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Neutrinoless double beta decay search

with GERDA Phase II
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Università degli Studi dell’Aquila & INFN Laboratori Nazionali del
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Abstract

The GErmanium Detector Array (GERDA) experiment, located at the Lab-

oratori Nazionali del Gran Sasso (LNGS), searches for the neutrinoless dou-

ble beta (0νββ) decay of the isotope 76Ge. High-purity germanium crystals

enriched in 76Ge, simultaneously used as source and detector, are directly de-

ployed into ultra-pure, cryogenic liquid argon, acting both as cooling medium

and shield against the external radiation. The second phase of the experiment

is taking data since end of 2015 with a total enriched Ge mass of 35.6 kg, with

newly developed BEGe type Germanium detectors. Moreover, the instrumen-

tation of the cryogenic liquid volume surrounding the germanium detectors,

acts as additional active veto and assures a further background suppression.

Initial results from Phase II, with about 10 kg·yr exposure indicate that the tar-

get background of 10−3 counts/(keV·kg·yr) is achieved, thus making GERDA

the first experiment in the field which will be ”background-free” up to the

design exposure of 100 kg·yr. The last data release of June 2018, presented

in this paper, with a total exposure of 82.4 kg·yr of 76Ge allowed to further

improve the limit on the half-life to T 0ν
1/2 > 0.9 · 1026 yr (90% C.L.).

1 Introduction
The dominance of the matter over the antimatter in our universe is one of the most

interesting aspects of cosmology. One of the favored model to explain this domi-

nance is the leptogenesis [1], that is based on the violation of the lepton number.

In many extensions of the Standard Model [2], neutrinos are assumed to be their

own antiparticles (Majorana particles), explaining the origin of the low neutrino

∗e-mail:valerio.dandrea@lngs.infn.it
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mass and leading to lepton number violating processes. At present, the only feasi-

ble experiments having the potential of establishing that the massive neutrinos are

Majorana particles are the ones searching for the neutrinoless double beta (0νββ)

decay.

2 Search for 0νββ decay
The double beta (ββ) decay is a second order weak nuclear decay process with

extremely long half-life, consisting of the transformation of a pair of neutrons into

two protons as a single process with the emission of two electrons. The standard

model predicts the ββ decay with two neutrinos (2νββ):

(Z,A) → (Z + 2, A) + 2e+ 2ν̄e . (1)

This decay has been observed in a few isotopes. The neutrinoless mode of this

decay is not predicted by the Standard Model and consists in the emission of only

two electrons:

(Z,A) → (Z + 2, A) + 2e (2)

this decays violates the lepton number conservation by two units and has never

been observed up to now.

The search for a 0νββ decay signal consists in the detection of the two emitted

electrons. The rate of the 0νββ decay is usually factorized into three terms [3]:

(
T 0ν
1/2

)−1

= G0ν |M0ν |2
(
mββ

me

)2

(3)

where T 0ν
1/2 is the half-life of the 0νββ process, G0ν is the phase space factor (PSF)

and M0ν is the nuclear matrix element (NME) [4]. In the expression of Eq. (3) a

fundamental quantity appears, the effective Majorana mass mββ defined by:

mββ =

∣∣∣∣∣
3∑

i=1

U2
eimi

∣∣∣∣∣ (4)

where U is the PMNS mixing matrix [5] and mi are the neutrino mass eigenvalues.

This quantity appears in the Eq. (3) because the Majorana neutrino propagator

enters in the amplitude calculation. It follows that the decay rate is proportional

to m2
ββ . The key idea of the experiments is that, by studying the 0νββ decay, it is

possible to measure its half-life and then estimate mββ .

The sensitivity of a given experiment is expressed by a “detection factor of

merit” S0ν , defined as the process half-life corresponding to the maximum signal

14



isotope T 0ν
1/2 [1025 yr] S0ν [1025 yr] mββ [eV] experiment

76Ge 9 11 0.11–0.26 GERDA [6, 7]
76Ge 2.7 4.8 0.24–0.52 Majorana [8]
130Te 1.5 0.7 0.11–0.52 CUORE [9]
136Xe 1.8 3.7 0.15–0.40 EXO-200 [10]
136Xe 10.7 5.6 0.061–0.165 KamLAND-Zen [11]

Table 1: Comparison of results from different 0νββ decay experiments reporting

lower half-life limits T 0ν
1/2, sensitivities S0ν (both at 90% C.L.) and corresponding

upper Majorana neutrino mass mββ limits.

that could be hidden by the background fluctuations and is given by:

S0ν =
ln 2 ·NA · ε · fab

mA
· 1

nσ
·
√

M · T
BI ·ΔE

. (5)

This formula emphasizes the role of the experimental parameters needed in the

search of the decay: the detection efficiency ε , the isotopic abundance f ab of the

double β emitter, the target mass M , the experimental live-time T , the background

index BI and the energy resolution ΔE.

Of particular interest is the case in which BI is so low that the expected number

of background events is less than one count within the energy region of interest

and a given exposure: this is called “background-free” condition. Next generation

experiments aim for having this condition. The first Phase II data [12] showed that

GERDA is the first background-free experiment in the field, since it will remain in

this condition up to its design exposure. The advantage of this condition is that the

sensitivity S0ν grows linearly with the experimental mass and time, instead of by

square root like in Eq. (5).

The most recent results on 0νββ decay, including half-life lower limits, sensi-

tivities and upper limit ranges on the effective Majorana neutrino mass mββ (eval-

uated with the commonly used PSF and NME calculations) are listed in Tab. 1.

This paper presents the results of the GERDA last data release of June 2018

[6, 7]. With these results GERDA exceeded 0νββ decay half-life sensitivity of

1026 yr (90% C.L.), as shown in Tab. 1.

3 The GERDA experiment
The GERDA experiment [13] is located at the underground Laboratori Nazionali

del Gran Sasso (LNGS) of INFN in Italy. A rock overburden of about 3500 m

water equivalent removes the hadronic components of cosmic ray showers and

reduces the muon flux at the experiment.
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Figure 1: View of the GERDA experiment [13]. The germanium detector array is

inserted in the LAr cryostat with an internal copper shield, all is surrounded by a

water tank housing the Cherenkov muon veto.

The GERDA setup, illustrated in Fig. 1, has been designed to minimize the

main background sources which affected the previous generation experiments. The

shielding concept follows a multi-layer approach. High Purity Germanium (HPGe)

detectors enriched to about 87% in the double beta emitter 76Ge are operated bare

in liquid argon (LAr), being both source and detector of 0νββ decay. The argon

cryostat is complemented by a water tank with 10 m diameter which further shields

from neutron and γ backgrounds and also works as muon veto.

A first physics data taking campaign (Phase I) was carried out from Novem-

ber 2011 to June 2013 and the data showed no indication of a 0νββ decay sig-

nal [14]. The background index achieved at the Q-value of the 76Ge 0νββ decay

(Qββ = 2039 keV) was 10−2 counts/(keV·kg·yr) with an exposure of 21.8 keV·yr.

4 Upgrade to Phase II
After the completion of Phase I, the GERDA setup has been upgraded to perform

its next step (Phase II) [15]: the goal was the tenfold reduction of the background

with simultaneous increase of the enriched Ge detector mass.

Thirty Broad Energy Germanium (BEGe) detectors from Canberra [16] were

produced for Phase II. The two main advantages of these detectors are their op-
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timal energy resolution, due to the very low input capacitance (∼ pF), and the

powerful pulse shape discrimination (PSD). This is thanks to the particular shape

and configuration of the p+ and n+ contacts that produce a highly non-uniform

electrical field.

In addition, an active suppression of the background by detecting the LAr scin-

tillation light has been introduced [17]. The LAr veto consists of PMTs and wave-

length shifting fibers coupled to SiPMs. 16 PMTs (placed above and below the Ge

detector array) collect the light from a LAr volume of 220 cm height and 49 cm

diameter surrounding the Ge detectors. The curtain of wavelength shifting fibers

encloses the middle 100 cm length of this volume and can collect light also out-

side the diameter of the cylinder. An event is vetoed if a scintillation signal with

amplitude above threshold is found in a narrow time window around the Ge pulse.

The threshold and time window is optimized channel-by-channel. Accidental co-

incidences between the LAr veto system and the detectors create a dead time of

(2.3± 0.1)%.

In Fig. 2 the core of the Phase II setup is shown: the Ge detector array is at the

center of the instrumented LAr volume. The design allows to assemble both the

detector array and the surrounding LAr veto system under dry nitrogen atmosphere

and to lower both systems together into the cryostat.

Also the detectors holders, contacts and front-end electronics [18] have been

redesigned for Phase II to minimize the mass and improve the radio-purity of the

materials close to the detector array.

The Phase II detector array consists of 40 HPGe detectors, arranged in 7

strings: 7 enriched coaxial detectors with a total mass of 15.6 kg, 3 coaxial detec-

tors of natural isotopic abundance from Phase I and 30 enriched BEGe detectors

with a mass of 20 kg. The total enriched Ge mass available for the 0νββ decay

analysis in Phase II is 35.6 kg (enriched coaxial and BEGe detectors).

On December 20th, 2015 the Phase II data taking started with all the detectors.

5 Data taking and performance
The signals from the Ge detectors are amplified by low radioactivity charge-sensitive

preamplifiers [18] operated 35 cm above the top of the detector array in the LAr.

The signals are led via 10 m long coaxial cables to the outside of the lock where

they are digitized. The digital signal processing of the traces is performed within

a dedicated software framework [20] and the energy deposited in the Ge detectors

is reconstructed using a run-by-run optimized cusp-like filter [21, 22].

The calibration of the energy scale and the evaluation of the detector resolution

is performed by lowering three 228Th sources of low neutron emission with an

activity on the order of 10 kBq into the cryostat. The stability of the energy scale

is monitored using the test pulses injected every 20 s in the detector preamplifiers
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Figure 2: GERDA Phase II assembly of detector array and LAr veto system [15].
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Figure 3: Phase II energy resolution for all BEGe (in blue) and coaxial (in red)

detectors as a function of energy from calibration and background data [7].

between successive calibrations. During stable periods, shifts are typically smaller

than 1 keV.

During Phase II the average duty cycle is 92.9%, mostly due to calibrations and

hardware adjustments. Only data recorded in stable conditions are used for physics

analysis, corresponding to 80.4% of the total data. In addition a set of quality cuts

provide the rejection of the signals originating from electrical discharges in the

high voltage line or bursts of noise.

The energy resolution at Qββ is extracted from the summed spectrum of all

calibrations for individual detectors, then combined according to the exposure con-

tribution in the final physics data s et. The resolution evaluated from calibrations

is compared with the average resolutions of the strongest γ-lines in physics data

from 40K (at 1461 keV) and 42K (at 1525 keV). The energy resolutions obtained

for BEGe and coaxial detectors are shown in Fig. 3. The estimated effective resolu-

tion at Qββ in terms of FWHM is 3.0(1) keV for the BEGe data set and 3.6(1) keV

for the coaxial data set.

6 Background and LAr veto
In Fig. 4 the Phase II energy spectra for BEGe and coaxial detectors are shown.

Prior to the application of the LAr veto and the pulse shape discrimination (white
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Figure 4: GERDA Phase II energy spectra for enriched coaxial (top panel) and

BEGe (bottom panel) detectors with and without the application of the LAr veto.

Main contributions to the spectra are labeled. The inset displays the action of the

LAr veto cut for the γ-lines from 40K and 42K. In blue the predicted 2νββ decay

spectrum [23] is shown. The energy region of 50 keV around Qββ is blinded.

spectra in Fig. 4), the events are rejected if a muon trigger occurs within 10 μs or

signals are detected simultaneously in multiple detectors.

In the energy region up to 1700 keV of the background spectra, the events are

mostly coming from the spectrum of the 2νββ decay. The high energy region

(> 3000 keV) shows events coming from 210Po α contamination. At 1461 keV

and 1525 keV the γ-lines from 40K and 42K respectively are visible, they are the

most intense lines of the spectrum. Minor γ-lines from 214Bi and 208Tl are also

visible. The predicted 2νββ decay spectrum of the 76Ge using the Phase I result

with an half-life of (1.926± 0.094) · 1021 yr [23] is also shown Fig. 4.

The LAr veto, as shown in the inset of Fig. 4, suppresses by a factor ∼ 5 the
42K line at 1525 keV, due to the β particle depositing energy in the LAr. The
Compton continuum below the 40K line is efficiently r ejected b y t he L Ar veto,

indeed the spectrum up to 1700 keV is an almost pure 2νββ decay spectrum as

indicated by the overlay with the predicted 2νββ decay spectrum.

7 Pulse shape discrimination
The GERDA background is further reduced by applying the pulse shape discrimi-

nation (PSD) cut, based on techniques adopted in Phase I [24] with improvements.

Due to the different geometry and electric field configuration, BEGe and coaxial
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Figure 5: PSD cuts as a function of energy after LAr veto from the three different

techniques: in blue (top panel) the events from BEGe detectors surviving the A/E
cut, in red (bottom left) the events from the coaxial detectors surviving the neu-

ral network cut and in green (bottom right) the events from the coaxial detectors

surviving both the neural network and the risetime cuts.
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detectors need distinct PSD techniques.

For BEGe detectors the discrimination is based on the ratio between the peak

amplitude of the current signal A and the total energy E (A/E parameter). Low

values of A/E are typical for multi-site events due to γ-rays and β decays on the

detector n+ contacts, high A/E values are from surface events due to α on p+

contacts. The results of the PSD in the BEGe data set are reported in Fig. 5 (top

panel): the events survived the A/E cut are indicated in blue. The average survival

probability of a 0νββ decay event is (87.6 ± 2.5)%, estimated from 208Tl double

escape peak events.

For the coaxial detectors the discrimination between single-site and multi-site

events is based on an artificial neural network (ANN) [24]. The survival fraction

of a 0νββ decay event is in this case (84 ± 5)%, estimated using pulse shape

simulations and 2νββ decay events. Additionally, a new cut is applied on the

risetime of the pulses to reject fast signals from surface events due α decays near

the p+ electrode and in the groove. In this case the survival probability of a 0νββ
decay event is (84.7± 1.4)%. The combined PSD efficiency for coaxial detectors

is (71.2 ± 4.3)%. The events surviving the neural network cut and the events

surviving both the neural network and the risetime cuts are shown in the bottom

panels of Fig. 5 in red and green respectively.

8 0νββ decay analysis
Since the beginning of Phase I, GERDA has adopted a blind analysis strategy to

ensure an unbiased search for 0νββ decay. An energy region of 50 keV around

Qββ is removed from the data stream until all the analysis parameters are finalized.

The relevant parameters for the data sets used in the new analysis are listed in

Tab. 2. Data from Phase I and from the first part of Phase II have been already

reported in previous data releases [14, 12, 19]. Coaxial detector data from Phase II

are split into two data sets because the new PSD method provides a significantly

lower background level. The new analysis includes addional 23.1 kg·yr of coaxial

detector data (”PhaseII Coax2”) and 18.2 kgyr of BEGe detector data (part of

”PhaseII BEGe”). The total available enriched Ge exposure is 82.4 kg·yr.

The analysis window is from 1930 keV to 2190 keV without the intervals

(2104 ± 5) keV and (2119 ± 5) keV of known γ-lines. The final spectra in the

analysis region are shown in Fig. 6: the top panel shows the new coaxial detec-

tor data (23.1 kg·yr) and the bottom panel shows the Phase II BEGe detector data

(30.8 kg·yr).

For the coaxial detectors only three events survived all the cuts while in the

BEGe data set five events remain. The background index achieved is 5.7+4.1
−2.6 ·

10−4 cts/(keV·kg·yr) for coaxial and 5.6+3.4
−2.4 · 10−4 cts/(keV·kg·yr) for BEGe de-
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Table 2: List of datasets used in the new 0νββ decay analysis [12]: exposures

(for total mass), energy resolutions in FWHM, efficiencies (including enrichment,

active mass, reconstruction efficiencies and dead times) and background indices

(BI) in the analysis window.

data sets esposure FWHM efficiency background

[kg·yr] [keV] [cts/(keV·kg·yr)]

Phase I golden 17.9 4.3 (1) 0.58 (4) 11± 2 · 10−3

Phase I silver 1.3 4.3 (1) 0.58 (4) 30± 10 · 10−3

Phase I BEGe 2.4 2.7 (2) 0.66 (2) 5+4
−3 · 10−3

Phase I extra 1.9 4.2 (2) 0.57 (3) 5+4
−3 · 10−3

Phase II Coax-1 5.0 3.6 (1) 0.52 (4) 3.5+2.1
−1.5 · 10−3

Phase II Coax-2 23.1 3.6 (1) 0.48 (4) 0.6+0.4
−0.3 · 10−3

Phase II BEGe 30.8 3.0 (1) 0.60 (2) 0.6+0.4
−0.2 · 10−3
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Figure 6: Events observed in the analysis window for coaxial (top) and BEGe

(bottom) detectors. The blue lines show fitted background level and the 90% C.L.

limit on 0νββ decay of 0.9 · 1026 yr from the likelihood analysis of all GERDA

data sets.
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tectors. With this result GERDA reaches the lowest background ever achieved

in the field, taking into account the energy resolution, and will remain in the

background-free condition for all Phase II.

Both a Frequentist and a Bayesian analysis [12] based on an unbinned extended

likelihood function were performed combining Phase I and Phase II data. The fit

function for every data set corresponds to a flat distribution for the background

(one free parameter per set) and a Gaussian centered at Qββ for a possible signal

having width corresponding to the resolutions listed in Tab. 2.

In the Frequentist analysis the best fit yielded no 0νββ decay signal, setting a

90% C.L. limit on the 76Ge 0νββ decay half-life of:

T 0ν
1/2 > 0.9 · 1026 yr (6)

with a median sensitivity of 1.1 · 1026 yr (90% C.L.), thus making GERDA the first

experiment to surpass 1026 yr sensitivity. The probability to obtain a limit stronger

than the actual one in an ensemble of repeated experiments with null signal is 63%.

The Bayesian fit for a prior flat in 1/T yields a limit of T 0ν
1/2 > 0.8 · 1026 yr

(90% C.I.) with a sensitivity assuming no signal of 0.8 · 1026 yr (90% C.I.). In the

Bayesian framework the probability to obtain a stronger limit is 59%.

The fact that the actual T 0ν
1/2 limit is weaker than the median sensitivity is due

to the presence of an event close to Qββ in the Phase II BEGe data set (Fig. 6

bottom) with energy of 2042.1 keV 2.4 σ away from the Qββ .

9 Conclusions
The new data from Phase II confirmed the high quality of the G ERDA design and

the effectiveness of background suppression techniques, consisting of the power-

ful pulse shape discrimination and the detection of the argon scintillation light.

GERDA is a background-free experiment and, with an exposure of 82.4 kg·yr, re-

ports a background index of 6 · 10−4 cts/(keV·kg·yr).

GERDA continues to collect data and is projected to reach a sensitivity on the

half-life beyond 1026 yr with the design exposure of 100 kg·yr.

Based on the success of GERDA and MAJORANA [8] experiments, the search

for 0νββ decay in 76Ge will be continued in the next years by the LEGEND-200

experiment [25], that aims to reach a sensitivity up to 1027 yr using 200 kg of

enriched HPGe detectors. The preparation of this experiment, that will take place

at LNGS on the GERDA site, already started.
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COHERENT Experiment at the Spallation Neutrino Source

Yuri Efremenko, on behalf of the COHERENT collaboration

1 Introduction

Coherent elastic neutrino-nucleus scattering (CEvNS) was predicted in 1974 as a consequence of the neutral
weak current [1, 2]. Although the cross section is large compared to other neutrino-matter interactions

in the <∼ 100MeV energy range, this standard model (SM) process took a long time to be observed due
to the daunting technical requirements: very low nuclear recoil energy thresholds, intense sources/large
target masses, and low backgrounds [3]. Employing state-of-the-art low-energy-threshold detector technology
coupled with the intense stopped-pion neutrino source [4] available at the Spallation Neutron Source (SNS)
at Oak Ridge National Laboratory (ORNL), the COHERENT Collaboration made the first measurement
of CEvNS [5] in 2017. This first measurement, which used a 14.6 kg CsI detector, tested the SM with a
precision of ~30%. Even this rather large uncertainty was sufficient to produce consequential constraints on
new physics [5–9].

Forthcoming CEvNS measurements on multiple targets and with increased precision is motivated by
physics of interest to a diverse community. A first goal is a test of the SM prediction of proportionality of
the CEvNS cross section to neutron number squared, N2. A precision cross section measurement on multiple
targets will test for non-standard neutrino interactions (NSI), for which the interaction depends on the quark
makeup of the nucleus [4,10,11]. Additional beyond-the-standard-model tests are possible. First constraints
have already been made with the CsI[Na] measurement [5–9] and future possibilities are described as well
in reference [11]. We can also perform systematic characterizations of low-threshold recoil detectors with
neutrinos to validate experimental background and detector-response models, given that CEvNS of solar
and atmospheric neutrinos is an irreducible background for dark matter WIMP (Weakly Interacting Massive
Particle) searches [12]. In the long term, low-energy neutrino-scattering-based measurements of nuclear
neutron distributions will be competitive with other methods.

The COHERENT collaboration plans CEvNS measurements in three additional targets spanning a range
of N values in the next few years: a 610 kg single-phase liquid argon detector, a 3 t NaI array, and 14.4 kg
of Ge crystals. Prototypes of two of these are already deployed at the SNS – a 22 kg liquid argon detector,
and a 185 kg NaI detector. First results from the argon detector are expected soon.

In order to move to an era of precision CEvNS studies, we need to reduce experimental uncertainties
on several fronts. In part, we aim to reduce the global 10% uncertainty on the stopped-pion neutrino flux
normalization at the SNS by deploying a tonne-scale heavy water detector to measure νe − d interactions.
The cross section for this interaction is the only one of reasonable magnitude in this energy range known to
the few-% level (besides inverse beta decay, which cannot be used due to lack of ν̄e at the SNS).

Furthermore, the CEvNS process has one of the largest cross sections relevant for supernova dynamics
and plays a significant role in core-collapse processes [13–15]; measurements will therefore validate models
of core-collapse supernovae. Dark-matter detectors will also be able to detect CEvNS interactions in the
event of a nearby core-collapse supernova burst [16, 17], which will be sensitive to the full flavor content of
the supernova signal.

In addition, non-CEvNS interaction measurements including inelastic neutrino interactions on Ar, NaI,

and 16O, as well as neutrino-induced-neutron production cross sections in shielding materials, will also have
important scientific impact, due to their relevance for supernova neutrinos. In particular, neutrino-argon
cross sections have never been measured in this energy range, and have direct relevance for the supernova
neutrino sensitivity of the Deep Underground Neutrino Experiment (DUNE). These measurements also have
the potential to test weak interaction physics.

2 The Spallation Neutron Source

The Spallation Neutron Source (SNS) located at the Oak Ridge National Laboratory (ORNL) is the world’s
premier facility for neutron-scattering research, producing pulsed neutron beams with intensities an order
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of magnitude larger than any currently-operating facility. At full beam power, approximately 1.5 × 1014

1.0GeV protons bombard the liquid mercury target in short 600 ns wide bursts with a rate of 60Hz. Neutrons
produced in spallation reactions with the mercury target thermalize in cryogenic moderators surrounding
the target and are delivered to neutron-scattering instruments in the SNS experiment hall. The SNS is a
user facility and operates approximately 2/3 of the year.

As a byproduct, the SNS also provides the world’s most intense pulsed source of neutrinos in an energy
region of specific interest for particle and nuclear astrophysics. Interactions of the proton beam in the
mercury target produce π+ and π− in addition to neutrons. These pions quickly stop inside the dense
mercury target. Most of π− are absorbed. Contrary π+ in the subsequent decay chain produces neutrinos
of 3 flavors as shown in Fig. 1. The production of electron anti neutrinos, which is a result of π− decays in
flight, is suppressed by four orders of magnitude relative to other species.

neutrino energy (MeV)
0 50 100 150 200 250 300

a.
u.

μν

μν

eν

(a)

time from POT onset (ns)
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
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μν and eνDelayed

(b)

Figure 1: (a) The expected ν spectrum for 1.0GeV protons at the SNS, showing the very low level of decay-
in-flight flux and ν from μ-capture, in arbitrary units. The total neutrino flux is 4.2× 107 ν/cm2/s at 20m.
(b) The distinct time structure for prompt and delayed neutrinos is due to the short 600 ns proton beam
spills. “Prompt” neutrinos arise from pion decay, and “delayed” neutrinos arise from muon decay.

The sharp SNS beam timing structure is highly beneficial for background rejection and precise charac-
terization of those backgrounds not associated with the beam [18]. Looking for neutrino signals only in the
10 μs window after a beam spill imposes a factor-of-2000 reduction in the steady-state background.

An SNS neutrino flux simulation has been developed using Geant4.10.1 [19]. Using this code, a beam
of protons, with tunable energy, impinges upon a liquid mercury target. For the baseline simulation, a
simplified version of the SNS target geometry was implemented, which does not affect simulation results.
The resulting energy spectrum (Fig. 1) clearly shows three neutrino flavors ultimately originating from π+

decays at rest (below 53MeV), as well as a long, high-energy tail originating from π+ decays in flight. The
exact shape of this tail depends on the detector orientation relative to the incoming proton beam. The
timing plot shows a clear differentiation of prompt neutrinos created in π+ decay from delayed neutrinos
created in μ+ decay with a characteristic lifetime of 2.2μs.

The simulated neutrino spectra and time distributions for different Geant4 physics lists were compared;
good agreement was found between the “QGSP BERT” and “QGSP INCLXX” physics lists. The flux
prediction corresponding to QGSP BERT is used for the signal predictions shown here. See the supplemental
materials of Ref. [5] for more details.

The results of the simulations show that the contributions to the neutrino spectrum from decay-in-flight
π+ and μ-capture are expected to be very small (Fig. 1). The contribution to the CEvNS signal from these
high-energy neutrinos (E > 50MeV) is < 1%.

Our present knowledge of the neutrino flux at the SNS is based solely on simulations. Comparison between
different models gives an overall neutrino-flux uncertainty estimate of 10% [5], arising from uncertainties on
the charged-pion production rate and pion interactions cross section with mercury. Our present knowledge
of neutrino flux at the SNS is a limiting factor on systematics for studies of CEvNS and charged-current
interactions. Improvements to our neutrino-flux knowledge are required for accurate studies of CEvNS and
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supernova-related neutrino reactions at the SNS.
A stopped-pion beam has several advantages for CEvNS detection relative to reactor-based experiments.

First, the relatively high energies enhance the cross section (∝ E2) while still benefiting from coherence;
cross sections at stopped-pion energies (up to 50MeV) are about two orders of magnitude higher than at
reactor energies (~3MeV). Second, recoil energies (few to tens of keV) bring detection of CEvNS within
easy reach of the current low-threshold detectors. The pulsed beam structure leads to significant suppression
of steady-state backgrounds and the ability to measure signal and backgrounds at almost the same time,
without shutting down the facility.

3 Neutrino Alley at the SNS

The COHERENT Collaboration is planing to deploy four detector subsystems for accurate studyes of CEvNS,
each containing different target nuclei, spanning a range of neutron number, N . The current deployments
are summarized in Tab. 1, and the anticipated upgraded future detectors are described in Tab. 2. The
timing resolution of all four detector subsystems is sufficient to allow the observation of the characteristic
2.2 μs lifetime of muon-decay neutrinos, a further cross-check that any interactions are due to neutrinos from
the SNS. The technologies are mature and all are presently used for direct dark-matter detection or other
low-threshold experiments.

Nuclear Technology Mass Distance from Recoil
target (kg) source (m) threshold (keVnr)
CsI[Na] Scintillating crystal 14.6 19.3 9
LAr Single-phase 22 27.5 20

NaI[Tl] Scintillating crystal 185 21 13

Table 1: Parameters for the currently-deployed COHERENT CEvNS detector subsystems.

Nuclear Technology Mass Distance from Recoil
target (kg) source (m) threshold (keVnr)
Ge HPGe PPC 14.4 21 2.5
LAr Single-phase 612 27.5 20

NaI[Tl] Scintillating crystal 3388 22 13

Table 2: Parameters for the anticipated COHERENT CEvNS detector subsystems.

Fig. 2 shows the configuration of proposed COHERENT detector systems in Neutrino Alley expected to
be deployed starting from 2020. The alley is ideally located 20m from the target with contiguous intervening
shielding materials and overburden eliminating almost all free-streaming pathways for fast neutrons which
dominate beam related backgrounds. With significant internal funding at ORNL, the basement utility corri-
dor is now a fully equipped and operating neutrino laboratory including dedicated electrical power and ready
access to necessary utilities such as chilled water for cryogenic compressors, plant air for system actuators,
facility ventilation for cryogenic boil-off, etc. In addition, ORNL has installed an oxygen monitoring and
area alarm system for the safe operation of multiple cryogenic detectors along Neutrino Alley including the
CENNS-10 liquid argon detector that has operated almost continuously since November 2016.
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Figure 2: Siting of planned detector systems in Neutrino Alley proposed in this paper and presented in
Table 2. The MARS neutron background detector and the Neutrino Induced Neutron (NIN) detectors are
also shown.

4 COHERENT Physics

The immediate experimental impacts of the measurements envisioned by COHERENT collaboration include
multiple physics topics, related to both CEvNS measurements and to measurements of inelastic charged-
current (CC) neutrino interactions. Let us illustrate a few examples.

4.1 Coherent Elastic Neutrino-Nucleus Scattering Physics

The coherence of the CEvNS process results in an enhanced neutrino-nucleus cross section that is approxi-
mately proportional to N2, due to the small weak charge of the proton. The coherence condition, in which
the neutrino scatters off all nucleons in a nucleus in phase with each other, requires that the wavelength of
the momentum transfer be larger than the size of the target nucleus. The standard-model cross section for
CEvNS can be written as [20]:

dσ

dT coh
=

G2
FM

2π

[
(GV +GA)

2 + (GV −GA)
2

(
1− T

Eν

)2

− (G2
V −G2

A)
MT

E2
ν

]
(1)

where GF is the Fermi constant, M is the nuclear mass, T is the recoil energy, Eν is the neutrino energy.
GV = (gpV Z + gnV N)FV

nucl(Q
2), GA = (gpA(Z+ −Z−) + gnA(N+ −N−))FA

nucl(Q
2). gn,pV and gn,pA are vector and

axial-vector coupling factors, respectively, for protons and neutrons, Z and N are the proton and neutron
numbers, Z± and N± refer to the number of up or down nucleons, and Q is the momentum transfer [20]. The

maximum recoil energy for a given target species and neutrino energy is Tmax =
2E2

ν

M+2Eν
. The form factors

FA,V
nucl (Q

2) are point-like (F (Q2) = 1) for interactions of low-energy neutrinos < 10 MeV, but suppress the
interaction rate as the wavelength of the momentum transfer becomes comparable to the size of the target
nucleus.

Fig. 3 shows the expected CEvNS cross section weighted by stopped-pion neutrino flux as a function of
N , with and without form-factor suppression.
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Figure 3: Left: illustration of the ∝ N2 proportionality of the stopped-pion-neutrino flux-averaged CEvNS
cross section versus neutron number, N . The black line assumes a unity form factor. The green band shows
the effect of an assumed form factor. The points show the prediction for proposed COHERENT target
materials. The blue square shows cross section inferred from the measurement reported in Ref. [5]. Right:
differential recoil rates for the COHERENT suite of detectors at SNS.

COHERENT has made one measurement so far, and measurements with additional targets will result
in a clear observation of the N2 nature of the cross section. The expected precision of the cross section
measurements will quickly become dominated by the systematic uncertainty of the knowledge of the nuclear
recoil detector thresholds and neutrino flux uncertainties. The expected recoil spectra before detection-
efficiency corrections are shown in Fig. 3, right panel. Precision tests of N2 dependence can unlock access
to tests of many BSM phenomena such as non-standard neutrino interactions (NSI), accelerator produced
dark matter, measurement of the electroweak angle at low momentum transfer, and search for an anomalous
neutrino magnetic moment.

4.1.1 Beyond-the-Standard-Model Physics Searches: NSI

Because the CEvNS cross section is cleanly predicted in the SM, deviations can indicate new physics (e.g., [10,
20–23]). As one example, we consider a new vector coupling in the CEvNS cross section. Possible NSI
neutral currents mediated by heavy particles can be parameterized by new flavor-dependent ε couplings.
Following [4, 20], under the reasonable assumption that spin-dependent axial contributions are small, the

vector couplings εqVαβ = εqLαβ + εqRαβ , dominate. The differential cross-section for CEvNS with NSI of neutrinos
of flavor α off a nucleus is given by

(
dσ

dT

)
ναA

=
G2

FM

π
F 2(2MT )

[
1− MT

2E2
ν

]
× (2)

{[Z(gpV + 2εuVαα + εdVαα) +N(gnV + εuVαα + 2εdVαα)]
2 +

∑
α �=β

[Z(2εuVαβ + εdVαβ ) +N(εuVαβ + 2εdVαβ )]
2},

where gpV ∼ ( 12 − 2 sin2 θW ), gnV ∼ − 1
2 are the SM weak constants (modulo well-understood radiative

corrections). The effect of NSI for this type of heavy-mediator model is an overall scaling of the CEvNS
rate, which can be either a suppression or an enhancement. The ε values may be positive or negative, and
can conspire to result in the SM rate for given Z, N values.

To provide a concrete example of NSI sensitivity, lets focus on the εuVee , εdVee parameters. If their values
are non-zero, the SM couplings are modified as GV = ((gpV +2εuVee +εdVee ) Z+(gnV +εuVee +2εdVee )N) FV

nucl(Q
2).

Neutrino-scattering constraints on the magnitude of non-zero values for εqVee from CHARM [24] are of order
unity. They are shown in Fig. 4, left panel as the shaded grey region1. The initial NSI result from COHER-

1Note that these constraints are valid only for heavy mediators [11].
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ENT [5] for these two parameters, εuVee and εdVee (assuming all other ε parameters are zero) is shown in Fig. 4
left panel, as a blue band. Reference [6] shows that the first data-set already constrains the “LMA-Dark”
degeneracy, which can confound mass ordering measurements at long-baseline experiments. Sensitivity to
NSI parameters can be improved with simultaneous measurements of the CEvNS cross section on different
nuclei. The angles of the diagonal-band allowed regions vary slightly between the different isotopes due
to different N : Z ratios. With realistic efficiency and background for future COHERENT detectors the
expected constraints from a null search for a combination of CsI[Na], Ge, Ar, are shown in Fig. 4 right panel,
as superimposed diagonal bands.

Figure 4: Left panel, result from [5] with initial constraints on two of the NSI ε parameters, showing also the
constraint from the CHARM experiment [24]. Right panel, futures sensitivity which can be obtained with
the array of COHERENT detectors.

4.1.2 Relevance for Direct Dark Matter Detection Experiments

The CEvNS of solar and atmospheric neutrinos, which produce single-scatter recoils identical to those ex-
pected from WIMPs, is recognized as an irreducible background for dark-matter WIMP searches for next-
generation dark-matter experiments (neutrino floor) [12, 25–29]. COHERENT can provide detector-specific
response information for CEvNS interactions.

4.2 Non-CEvNS Neutrino Interactions

Inelastic charged-current (CC) and neutral-current (NC) interactions in the few tens of MeV regime have
never been measured on argon or oxygen. They are relevant especially for supernova neutrino detection.
The 40Ar(νe, e

−)40K cross section is of direct relevance for supernova neutrino detection in DUNE. The
future D2O detector will be sensitive to CC 16O(νe, e

−)16F on oxygen, from both light-water and heavy-
water components (see Sec. 5.1), relevant for Super-K and Hyper-K. We will have those measurements as a
by-product of CEvNS studies.

5 Future initiatives

5.1 Heavy Water Detector

The ~10% uncertainty on the SNS neutrino flux is already one of the dominant systematics for precision
studies of CEvNS. The future plan is to address this with a heavy water detector, taking advantage of the
fact that the theoretical uncertainty for the charged-current νe + d → p + p + e− reaction is on the order
of (2-3)% [30–32]. The SNS produces primarily pion decay-at-rest neutrinos, and the three neutrino flavors
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from decay of positive pions and muons are produced in equal quantities. Therefor calibration of the νe flux
is enough to measure the total neutrino flux. A small admixture of decay-in-flight neutrinos is present at
the 1% level, but these are mostly forward-peaked, away from the Neutrino Alley. COHERENT is going to
propose to deploy a 1-ton D2O flux-calibration detector. The improvement in flux uncertainty will improve
the precision of all COHERENT analyses. In addition to flux normalization, such a detector can also measure
CC interactions on 16O, of relevance to supernova neutrinos for Super-K and Hyper-K [33].
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Figure 5: Left, heavy water detector concept for neutrino alley. Right, performance summary of the heavy
water detector for two SNS-years for a detector located 20m from the neutrino source. The statistical
precision of the background subtracted measurement integrated above threshold is shown in the black curve.
For flux normalization we will use events with energy deposition above 35MeV where contribution from
interaction on oxygen is negligible.

The possible detector concept is shown in the left panel of Fig. 5. Space constraints have driven the
design to be asymmetric. A highly transparent acrylic vessel placed inside a steel tank of light water creates
a well-defined fiducial mass of heavy water. Cherenkov light emitted by the produced electrons will be
collected by photomultiplier tubes arranged on four sides of the outer vessel and within the light water.
The 10 cm gap of regular water and acrylic vessel walls will serve as a “tail catcher” and allow complete
integration of energy for electrons escaping from the heavy water volume. Teflon reflector panels will cover
the remaining two sides.

An initial Geant4 simulation has been implemented to prove the detector concept. The model includes
light attenuation and scattering by the acrylic inner vessel with a 1 inch thickness. The proposed design
will provide 18% energy resolution at 50MeV over the entire fiducial volume. The reconstructed energy
distribution of electrons from the charged-current νe-d interactions is shown in the right panel of Fig. 5,
yielding 2100 counts in two SNS-years. The dominant interaction producing electrons of comparable energy
is the charged-current interaction on oxygen which occurs in both the heavy water inner tank and the light
water outer tank. Cherenkov light from these interactions has also been modeled Fig. 5, right panel. We
find that a statistical precision of 2.6% can be reached in two years, considering the dominant competing
CC νe-O interaction in a simple counting analysis. The SNS time structure will significantly suppress all
steady state backgrounds. For energy calibration we will use Michel electrons from the decay of stopped
cosmic muons which are easily identified.

5.2 Tonne-Scale Argon

The design of the proposed tonne-scale detector and associated shielding will be guided by our ongoing
measurements of CENNS-10 performance and backgrounds. The preliminary design, shown in Fig. 6, has
been designed to fit into Neutrino Alley with Pb/H2O shielding at the location of the existing CENNS-10
detector, 27.5m from the SNS target providing ~3000CEvNS events year.
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Figure 6: Left, detector layout. Two pulse-tube cryocoolers rest on top of the main liquid volume, and
an instrumentation feedthrough protrudes from the side of the main volume. Right, expected detector
performance. Top: Total event rate versus energy. The steady-state background is dominated by the 39Ar
(red). Bottom: Expected rates after subtraction of the steady-state backgrounds. The remaining background
after performing the subtraction is the beam-related neutrons (BRN).

The 750 kg LAr volume will be contained in a cryostat. A TPB-coated teflon cylindrical part converts the
short-wavelength primary scintillation light to visible light. This provides a reliable means of light transport,
as already demonstrated by the success of CENNS-10.

The expected CEvNS signal and sources of background for the tonne-scale LAr detector are informed
by CENNS-10 data. The steady-state backgrounds can be very precisely measured and subtracted from the
beam-related CEvNS signal. The dominant steady rate background is from the 1Bq kg−1 of 39Ar with a
β-decay that overlaps substantially with the CEvNS recoil spectrum. The expected signal and background
rates for the tonne-scale detector including a reduction in background from PSD are shown in Figure 6 right.
The CEvNS signal is extracted by selecting the beam-on CEvNS candidate events, then subtracting the
well-measured steady state background.

5.3 NaI Detector

NaI[Tl] scintillating crystals are another detector material with the capacity for low-threshold recoil detection.
The sole stable sodium isotope, 23Na, with 12 neutrons, has the lowest N value of COHERENT’s target
materials, and hence will result in the highest-energy recoils so far. A small-N nuclear target in combination
with measurements on heavier nuclides reduces the impact of the flux uncertainty and improves the physics
reach. Furthermore, a few-percent effect from axial contributions is expected at high recoil energy, and could
be of interest to measure with a near-future lower-background, precision effort.

On the order of 4 t of recycled NaI[Tl] detectors are immediately available to the COHERENT collab-
oration, with potentially more available in the future. The NaI[Tl] detectors are available in the form of
7.7 kg NaI[Tl] modules sealed in aluminum and packaged with Burle S83013 (or equivalent) photomultiplier
tubes. These rectangular detectors are suitable for deployment in a compact array, as can be seen in the
deployment of the prototype array in Fig. 7. Their intrinsic backgrounds are high, as they were not designed
with low-radioactivity operation in mind. However, CEvNS backgrounds can be reduced by rejecting coin-
cident events between multiple detectors. The immediate focus of this CEvNS measurement is on the 23Na
recoils, which extend to higher energies than those of 127I. Studies of these crystals with different bases have
demonstrated a 3 keVee threshold, which allows the near complete separation of these two recoiling species.

5.4 PPC Germanium Detectors

P-type point contact (PPC) germanium detectors display a set of unique properties in a large-mass (up
to few kg) radiation detector: excellent energy resolution, sensitivity to energy depositions well below
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Figure 7: (a) installation of the prototype 185 kg NaI array in Neutrino Alley. (b) 3.388 t array visualization.

1 keVee, and the intrinsic radiopurity that characterizes detector-grade (HPGe) germanium crystals. Fol-
lowing their description in [34, 35], PPCs have been adopted by a number of searches in dark matter and
neutrino physics: CoGeNT (Coherent Germanium Neutrino Technology) [36–39], the Majorana Demon-
strator [40], GERDA [41], CDEX [42], TEXONO [43], and most recently CONUS [44, 45]. Continuous
development over the course of the past decade has enabled kg-scale detectors with energy thresholds be-
low of ~500 eVee to become standard offerings of detector vendors. Taking into consideration the measured
quenching factor for nuclear recoils in germanium, this allows for detection of recoils with energy below
2.5 keVnr with off-the-shelf units. Additionally, the SNS neutrinos are preceded by a distributed timing
signal which can be used to trigger waveform acquisition; this may allow detection threshold energies to be
further reduced. In addition to extremely low energy thresholds, the low noise and 3 eV band-gap energy
gives these detectors an excellent energy resolution near threshold. As a result, the measured (background-
subtracted) energy-deposition spectrum closely follows the true recoil spectrum, allowing for straightforward
searches for deviations of the recoil spectrum due to nuclear form factors or new physics.

The COHERENT Collaboration aims to deploy an array of low-background, low-threshold PPC germa-
nium detectors at the SNS, with the aim of sensitively measuring the CEvNS spectrum. A set of detectors
comprising an estimated 14.4 kg will be procured in low-background vendor-supplied cryostats, and deployed
in a 160-liter, multi-port dewar.

It has been determined that an 18-detector array (the capacity of the existing dewar) of 0.8-kg detectors
is a cost-effective approach appropriate for that funding solicitation; this will yield a total detector mass of
14.4 kg. A compact copper, polyethylene and lead radiological shield will encompass the array, and a 4π
plastic scintillator muon veto will be used to constrain backgrounds from cosmic-ray induced neutrons gener-
ated in the shielding materials (See Figure 8). The shielding package has a footprint of 66”×40” and stands
54” tall, designed to fit within the constraints of a neutrino alley deployment. With even modest shielding,
the environmental and beam-related backgrounds can be reduced to below the level of backgrounds due to
the detector cryostat materials. We are currently in the process of simulating environmental backgrounds to
determine if a more modest lead shield can be used, which would further reduce NIN and cosmic-ray related
backgrounds. A VME-based data acquisition system will be used to acquire waveforms from the germanium
detectors and amplitudes from the muon veto PMTs, triggered by the SNS timing signal.
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Figure 8: (a) Schematic view of a Canberra Industries large-mass PPC detector procured for deployment at
the SNS. (b) An array of 18 PPC germanium detectors deployed in a baseline design compact radiological
shield. From inside to outside: 1 in layer of copper to absorb bremsstrahlung from external shielding
materials; 6 in polyethylene neutron absorber to attenuate NINs from the lead shielding; 6 in lead gamma
ray shielding; and 2 in plastic scintillator muon veto panels.

6 Neutrino-Induced Neutron Backgrounds

The high-energy neutrinos from pion decay at rest have energies above the neutron separation threshold in
208Pb, a ubiquitous material in detector radiological shields. The CC interaction 208Pb(νe, e

−)208Bi, with
subsequent prompt neutron emission, may produce significant numbers of background-producing neutrons in
the Pb shields, pulsed in time with the beam and sharing the 2.2 μs characteristic time-structure of the νe due
to the muon lifetime. Other isotopes of Pb should have similarly large neutron-ejection cross sections, and
other elements commonly used for shielding (Fe, Cu) may also produce neutrino-induced neutrons (NINs)
in CC and NC reactions.

As described in Secs. ?? and ??, the NIN cross section is relevant as an interesting result in itself and as
information needed to evaluate beam-related backgrounds for CEvNS measurements. The NIN cross section
is estimated theoretically within a factor of ~3 [46–48]; the single measurement for these targets in this
energy range is an inclusive CC 56Fe(νe, e

−)56Co measurement [49].
The COHERENT liquid-scintillator-cell measurement inside the CsI shielding favors a non-zero NIN

signal at 2.9σ [5], although it also suggests a smaller cross section than from theoretical expectation.
Dedicated apparatuses for NIN measurements containing liquid-scintillator detectors surrounded by lead
or other target materials and further surrounded by a muon veto and neutron moderator were designed
and deployed to the SNS basement in September 2015 (see Figure 9). These detector systems, currently
running with lead and iron, are expected to continue operation for years to come. Presently we are in the
process of updating liquid-scintillator detectors to boron-loaded scintillator to enhance neutron detection
capabilities. COHERENT will use these apparatuses to measure the production cross sections of NINs in
lead, iron, and copper at the SNS, both to evaluate the NIN background for CEvNS and as independent
physics measurements.
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Figure 9: (a) Schematic drawing of the detectors to measure the neutrino-induced neutron cross section on
Pb, Fe, and Cu. (b) The imperfectly-named “Neutrino Cubes,” or “NIN Cubes,” modular neutrino-induced
neutron experiments.

7 Summary

Following its first observation of CEvNS at the SNS, the COHERENT collaboration plans to unfold a broad
program of precision tests of the SM. We expect to deliver stringent constraints on neutrino non-standard
interactions, which will be significant for exclusion of the “LMA-Dark” sector for neutrino oscillation studies.
Other near-term physics reach includes sensitivity to accelerator-produced dark matter. Farther future
physics programs include limits on neutrino magnetic moments and neutrino effective charge radius. A
future sterile neutrino oscillation program is also possible, exploiting the CEvNS channel as a unique tool
for unambiguous measurements of active neutrino disappearance. Measurements of the neutron RMS radius
and neutron skin for various nuclei, and study of nuclear axial structure are also of interest. In parallel to
the low-threshold CEvNS measurements, we are also planning a set of inelastic CC and NC neutrino cross
section measurements to support supernova neutrino physics at underground detectors including Super-K,
Hyper-K, DUNE, and HALO, and to potentially probe the nature of the weak interaction.

In the near term, the COHERENT collaboration is planning to deploy the following detectors in Neutrino
Alley:

One-tonne-scale heavy water detector: This detector will provide accurate normalization of the SNS
neutrino flux which is important for all COHERENT detectors. In addition, it will provide measurement of
CC neutrino interactions on oxygen in an energy range relevant to supernova physics.

One-tonne-scale single-phase liquid argon detector: This detector will provide precise measurements
of CEvNS on a light nucleus, and will measure CC neutrino interactions on argon in the energy range relevant
to supernova physics. Measurements in this argon detector will significantly improve the limits on accelerator
produced dark matter.

Three tonnes of NaI[Tl] detectors: The second phase of the NaI[Tl] will build on the NaIvE-185
prototype deployment to produce a significant measurement of CEvNS on the lightest nucleus currently in
COHERENT’s arsenal, providing a strong lever-arm to study the N2 nature of the cross-section. This NaI
system will also measure CC neutrino interactions on iodine with relevance for ga quenching studies.

Fourteen kilograms of PPC germanium detectors: The aim of this initial phase of CEvNS measure-
ment in germanium is to measure the CEvNS spectrum in a target with the lowest systematic uncertainties
in detectors with an energy resolution capable of faithfully reproducing the nuclear recoil spectrum and a
threshold low enough to be sensitive to electromagnetic properties of neutrinos. The germanium target also
adds an intermediate N value necessary for mapping the curvature of the cross section’s N2 dependence.

37



References

[1] D.Z. Freedman. “Coherent effects of a weak neutral current.” Phys. Rev. D9, 1389 (1974).

[2] V. B. Kopeliovich and L. L. Frankfurt. “Isotopic and chiral structure of neutral current.” JETP Lett.
19, 145–147 (1974). [Pisma Zh. Eksp. Teor. Fiz.19,236(1974)].

[3] A. Drukier and L. Stodolsky. “Principles and applications of a neutral current detector for neutrino
physics and astronomy.” Phys. Rev. D30, 2295 (1984).

[4] K. Scholberg. “Prospects for measuring coherent neutrino nucleus elastic scattering at a stopped-pion
neutrino source.” Phys. Rev. D73, 033005 (2006). hep-ex/0511042.

[5] D. Akimov et al. (COHERENT). “Observation of Coherent Elastic Neutrino-Nucleus Scattering.”
Science (2017). 1708.01294.

[6] P. Coloma, M. C. Gonzalez-Garcia, M. Maltoni, and T. Schwetz. “A COHERENT enlightenment of
the neutrino Dark Side.” (2017). 1708.02899.

[7] J. Liao and D. Marfatia. “COHERENT constraints on nonstandard neutrino interactions.” Phys. Lett.
B775, 54–57 (2017). 1708.04255.

[8] J.B. Dent, B. Dutta, S. Liao, J.L. Newstead, L.E. Strigari, and J.W. Walker. “Accelerator and reactor
complementarity in coherent neutrino scattering.” (2017). 1711.03521.

[9] T. S. Kosmas and D. K. Papoulias. “COHERENT constraints to conventional and exotic neutrino
physics.” (2017). 1711.09773.

[10] J. Barranco, O.G. Miranda, and T.I. Rashba. “Low energy neutrino experiments sensitivity to physics
beyond the standard model.” Phys. Rev. D76, 073008 (2007). hep-ph/0702175.

[11] P. Coloma, P. B. Denton, M. C. Gonzalez-Garcia, M. Maltoni, and T. Schwetz. “Curtailing the Dark
Side in Non-Standard Neutrino Interactions.” JHEP 04, 116 (2017). 1701.04828.

[12] J. Billard, E. Figueroa-Feliciano, and L. Strigari. “Implication of neutrino backgrounds on the reach of
next generation dark matter direct detection experiments.” Phys. Rev. D89, 023524 (2014).

[13] J.R. Wilson. “Coherent Neutrino Scattering and Stellar Collapse.” Phys. Rev. Lett. 32, 849 (1974).

[14] K. Sato. “Supernova Explosion and Neutral Currents of Weak Interaction.” Progress of Theoretical
Physics 54, 1325–1338 (1975).

[15] C.J. Horowitz, M.A. Perez-Garcia, J. Carriere, D.K. Berry, and J. Piekarewicz. “Nonuniform neutron-
rich matter and coherent neutrino scattering.” Phys. Rev. C70, 065806 (2004). astro-ph/0409296.

[16] C.J. Horowitz, K.J. Coakley, and D.N. McKinsey. “Supernova observation via neutrino nucleus elastic
scattering in the CLEAN detector.” Phys. Rev. D68, 023005 (2003). astro-ph/0302071.

[17] S. Chakraborty, P. Bhattacharjee, and K. Kar. “Observing supernova neutrino light curve in future
dark matter detectors.” Phys. Rev. D89, 013011 (2014). 1309.4492.

[18] A. Bolozdynya, F. Cavanna, Y. Efremenko, G.T. Garvey, V. Gudkov, et al. “Opportunities for Neutrino
Physics at the Spallation Neutron Source: A White Paper.” (2012). 1211.5199.

[19] S. Agostinelli et al. (GEANT4). “GEANT4: A simulation toolkit.” Nucl. Instrum. Meth.A506, 250–303
(2003).

[20] J. Barranco, O.G. Miranda, and T.I. Rashba. “Probing new physics with coherent neutrino scattering
off nuclei.” J. High Energy Phys. 2005, 021 (2005). hep-ph/0508299.

[21] L.M. Krauss. “Low-energy neutrino detection and precision tests of the standard model.” Phys. Lett.
B269, 407–411 (1991).

38



[22] R. Harnik, J. Kopp, and P.A.N. Machado. “Exploring nu Signals in Dark Matter Detectors.” JCAP
1207, 026 (2012). 1202.6073.

[23] B. Dutta, R. Mahapatra, L. E. Strigari, and J.W. Walker. “Sensitivity to Z-prime and non-standard neu-
trino interactions from ultra-low threshold neutrino-nucleus coherent scattering.” (2015). 1508.07981.

[24] J. Dorenbosch et al. (CHARM). “Experimental verification of the universality of electron-neutrino and
muon-neutrino coupling to the neutral weak current.” Phys. Lett. B180, 303 (1986).

[25] J. Monroe and P. Fisher. “Neutrino Backgrounds to Dark Matter Searches.” Phys. Rev. D76, 033007
(2007). 0706.3019.

[26] A. Gütlein, C. Ciemniak, F. von Feilitzsch, N. Haag, M. Hofmann, et al. “Solar and atmospheric
neutrinos: Background sources for the direct dark matter search.” Astropart. Phys. 34, 90–96 (2010).
1003.5530.

[27] P. Cushman et al. “Snowmass CF1 Summary: WIMP Dark Matter Direct Detection.” (2013).
1310.8327.

[28] A.J. Anderson, J.M. Conrad, E. Figueroa-Feliciano, K. Scholberg, and J. Spitz. “Coherent neutrino
scattering in dark matter detectors.” Phys. Rev. D84, 013008 (2011).

[29] A. Gütlein et al. “Impact of coherent neutrino nucleus scattering on direct dark matter searches based
on CaWO4 crystals.” Astropart. Phys. 69, 44–49 (2015). 1408.2357.

[30] Yu. V. Kozlov, S. V. Khalturtsev, I. N. Machulin, A. V. Martemyanov, V. P. Martemyanov, S. V.
Sukhotin, V. G. Tarasenkov, E. V. Turbin, and V. N. Vyrodov. “Anti-neutrino deuteron experiment at
Krasnoyarsk.” Phys. Atom. Nucl. 63, 1016–1019 (2000). [Yad. Fiz.63,1091(2000)], hep-ex/9912047.

[31] S. Nakamura, T. Sato, S. Ando, T. S. Park, F. Myhrer, Vladimir P. Gudkov, and K. Kubodera. “Neutrino
deuteron reactions at solar neutrino energies.” Nucl. Phys. A707, 561–576 (2002). nucl-th/0201062.

[32] J. A. Formaggio and G. P. Zeller. “From eV to EeV: Neutrino Cross Sections Across Energy Scales.”
Rev. Mod. Phys. 84, 1307–1341 (2012). 1305.7513.

[33] K. Scholberg. “Supernova Neutrino Detection.” Ann.Rev.Nucl.Part.Sci. 62, 81–103 (2012). 1205.6003.

[34] P.S. Barbeau, J.I. Collar, and O. Tench. “Large-Mass Ultra-Low Noise Germanium Detectors:
Performance and Applications in Neutrino and Astroparticle Physics.” JCAP 0709, 009 (2007).
nucl-ex/0701012.

[35] P.S. Barbeau. Neutrino and Astroparticle Physics with P-Type Point Contact High Purity Germanium
Detectors. Ph.D. thesis, U. Chicago (2009). Ph.D. thesis, AAT-3386971.

[36] C. E. Aalseth, P. S. Barbeau, et al. (CoGeNT Collaboration). “Experimental Constraints on a Dark
Matter Origin for the DAMA Annual Modulation Effect.” Phys. Rev. Lett. 101, 251301 (2008). URL
https://link.aps.org/doi/10.1103/PhysRevLett.101.251301.

[37] C. E. Aalseth, P. S. Barbeau, et al. (CoGeNT Collaboration). “Results from a Search for Light-Mass
Dark Matter with a p-Type Point Contact Germanium Detector.” Phys. Rev. Lett. 106, 131301 (2011).
URL https://link.aps.org/doi/10.1103/PhysRevLett.106.131301.

[38] C.E. Aalseth, P.S. Barbeau, J. Colaresi, J.I. Collar, J. Diaz Leon, et al. “Search for an Annual Mod-
ulation in a P-type Point Contact Germanium Dark Matter Detector.” Phys. Rev. Lett. 107, 141301
(2011). 1106.0650.

[39] C.E. Aalseth et al. (CoGeNT Collaboration). “CoGeNT: A Search for Low-Mass Dark Matter using
p-type Point Contact Germanium Detectors.” Phys. Rev. D88, 012002 (2013). 1208.5737.

[40] N. Abgrall, E. Aguayo, F.T. Avignone III, et al. “The MAJORANA DEMONSTRATOR Neutrinoless
Double-Beta Decay Experiment.” Advances in High Energy Physics 2014 (2014).

39



[41] The GERDA Collaboration. “Background-free search for neutrinoless double-decay of 76Ge with
GERDA.” Nature 544, 47 EP – (2017). URL http://dx.doi.org/10.1038/nature21717.

[42] W. Zhao et al. (CDEX). “Search of low-mass WIMPs with a p-type point contact germanium detector
in the CDEX-1 experiment.” Phys. Rev. D93, 092003 (2016). 1601.04581.

[43] S.T. Lin et al. “New limits on spin-independent and spin-dependent couplings of low-mass WIMP dark
matter with a germanium detector at a threshold of 220 eV.” Phys. Rev. D79, 061101 (2009).

[44] M. Lindner, W. Rodejohann, and X. Xu. “Coherent neutrino-nucleus scattering and new neu-
trino interactions.” Journal of High Energy Physics 2017, 97 (2017). ISSN 1029-8479. URL
https://doi.org/10.1007/JHEP03(2017)097.

[45] J. Hakenmuller. “CONUS: Towards the detection of coherent elastic neutrino nucleus scattering.” Pre-
sentation at TAUP 2017. Available from https://indico.cern.ch/event/606690/contributions/2591545/.

[46] G.M. Fuller, W.C. Haxton, and G.C. McLaughlin. “Prospects for detecting supernova neutrino flavor
oscillations.” Phys. Rev. D59, 085005 (1999). astro-ph/9809164.

[47] E. Kolbe and K. Langanke. “The Role of neutrino induced reactions on lead and iron in neutrino
detectors.” Phys.Rev. C63, 025802 (2001). nucl-th/0003060.

[48] J. Engel, G.C. McLaughlin, and C. Volpe. “What can be learned with a lead based supernova neutrino
detector?” Phys. Rev. D67, 013005 (2003). hep-ph/0209267.

[49] R. Maschuw. “Neutrino spectroscopy with KARMEN.” Progress in Particle and Nuclear Physics 40,
183–192 (1998).

40



What has the COHERENT experiment seen?

Vadim A. Bednyakov1 and Dmitry V. Naumov1

1Joint Institute for Nuclear Research, Dubna, Moscow Region

Neutrino-nucleus interaction νA → νA, when the nucleus conserves its integrity, is
discussed with coherent (elastic) and incoherent (inelastic) scattering regimes taken into
account. In the first regime the nucleus remains in the same quantum state after the
scattering and the cross-section depends on the quadratic number of nucleons. In the
second regime the nucleus changes his quantum state and the cross-section has a linear
dependence on the number of nucleons. The coherent and incoherent cross-sections
are defined by a proton/neutron form-factor squared |Fp/n|2 and a (1 − |Fp/n|2)-term,
respectively. One has a smooth transition between the regimes of coherent and incoherent
neutrino-nucleus scattering. In particular, for 133Cs and neutrino energies of 30–50
MeV the incoherent cross-section is about 15-20% of the coherent one. Therefore the
COHERENT experiment (with 133Cs) did not see the true coherent elastic neutrino nucleus
scattering (CEνNS). The incoherent (inelastic) admixture at a level of 15-20% is inevitable
in the measured data of the experiment. Due to the neutral current nature the coherent and
incoherent processes are indistinguishable if the nucleus recoil energy is only observed.
Two ways are seen how to detect the true CEνNS. One way is to separate the coherent
signal from the incoherent one by means of a γ-quantum signal which could be registered
from deexcitation of the nucleus excited during the incoherent scattering. For a pulse-
beam ν-experiment the γs should be correlated in time with the beam pulse, and the
higher energy of the γs allows their detection at a rate governed by the ratio of incoherent
to coherent cross-sections. Another way is to use a very low-energy threshold detector
and collect data at very low recoil energies, where the incoherent scattering is completely
suppressed.

After Freedman’s paper [1] it was confirmed [2–5] that in the Standard Model the
cross-section of elastic neutrino scattering off a nucleus is amplified with respect to
neutrino scattering off a single nucleon. The amplification factor for a spinless even-

even nucleus is |gnV NFn(q) + gpV ZFp(q)|2 � N2(gnV )
2|Fn(q)|2, giving the coherent

νA-scattering cross section in the well known form [1–12]

dσcoh

dTA
≈ G2

FmA

π

(
1− TA

Tmax
A

)
|Fn|2 (gnV )2 N2. (1)

Here TA is the kinetic energy of the scattered nucleus, mA is the nucleus mass, q is
the momentum transfer, GF is Fermi constant, Z and N are the numbers of protons

and neutrons, g
p/n
V are the proton/neutron couplings of the nucleon vector current, and

Fp/n(q) are the proton/neutron form-factors of the nucleus. The form-factors vanish
as |q| → ∞ and approach unity (Fp/n(q) = 1) if |q|RA � 1, where RA is the radius
of the nucleus. The famous coherency requirement reads as |q|R � 1.

Freedman used the terminology ”coherent neutrino-nucleus scattering” (CNNS)
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[1] to emphasize the fact that the dependence of the corresponding cross-section is
quadratic in terms of the number of nucleons.

The importance of the CNNS was demonstrated for a number of observables in
astrophysics, like stellar collapse [13, 14], Supernovae [12, 15–17], in studies of
physics beyond the Standard Model (SM) [3, 11, 18–28], and investigation of the
nuclear structure [4, 29–33]. Due to the neutral-current nature an observation of ν-
oscillations with CNNS could be evidence for sterile neutrino(s) [34, 35]. Coherent
scattering of atomic systems was studied in [36, 37]. There are some experimental
proposals to observe the CNNS [2, 10, 38–51]. This process is an unavoidable
background in sensitive direct dark matter searches [52–56]. Due to the CNNS one
expects to reduce significantly the size of a neutrino detector. It would help to develop
neutrino-based applied research (non-intrusive monitoring of nuclear reactors, etc).

The difficulty in observing CNNS lies in the detection of scattered nuclei with
low kinetic energy of the order of some keV. This nuclear recoil energy is the only
measurable CNNS signature. Detection of neutrinos (with Eν <50 MeV) via CNNS
is a challenge.

The first experimental evidence for CNNS was reported in 2017 by the COHER-
ENT Collaboration [57–59], who used the CsI[Na] scintillator exposed to neutrinos
with energies of tens of MeV produced by the Spallation Neutron Source (SNS) at
the Oak Ridge National Laboratory [60–62]. The COHERENT energy threshold was
5 keV (for caesium). At these energies the momentum transfer q is large enough
to break the condition |q|RA � 1. For example, energy deposits observed in [60]
correspond to 1 < |q|RA < 2.7, and the pure elastic cross-section should be
suppressed. At higher energies the elastic cross-section (given in Eq. (1)) vanishes
(due to form-factors), but the neutrino-nucleus interaction probability, obviously,
does not vanish and must be determined by some inelastic interaction (which is
absent in Eq. (1)). In general, the corresponding cross-section should be given by
a sum of elastic and inelastic cross-sections, similar to the theory of the scattering
of X rays [63] and electrons [64] off an atom and of slow neutrons off matter
constituents [65].

In our paper [66] a theoretical framework allowing for elastic and inelastic neutrino-
nucleus scattering of the process νA → νA(∗), was developed on the basis of
calculations from first principles. The possibility that the internal quantum state of
a nucleus can be modified after an interaction is labeled by the (∗) superscript. The
following consideration with some modifications relies on the results of [66].

Neutrinos with energies below tens of MeV predominately conserve the integrity
of nucleons allowing usage of an effective neutrino-nucleon interaction in the form

L(x) =
GF√
2
Lμ(x)H

μ(x). Here Lμ(x) = ψν(x)γμ(1 − γ5)ψν(x) and Hμ(x) =∑
f=n,p

ψf (x)O
μ
fψf (x) are the weak currents of neutrinos and nucleons, respectively,

Oμ
f = γμ

(
gfV − gfAγ5

)
= γμ

(
gfL(1− γ5) + gfR(1 + γ5)

)
, and left- and right-

chirality couplings gfL/R = 1
2

(
gfV ± gfA

)
are expressed in term of the vector g

p/n
V
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and axial g
p/n
A couplings with gA = 1.27± 0.003 [67]:

gpV =
1

2
− 2 sin2 θW , gnV = −1

2
, gpA =

gA
2
, gnA = −gA

2
. (2)

In [66] the SM coupling values were used (with gA ≡ 1).

As follows from [66], the neutrino-nucleus (νA → νA(∗)) cross-section is a sum of
incoherent and coherent terms (TA is the kinetic energy of the nucleus)

dσ

dTA
=

dσincoh

dTA
+

dσcoh

dTA
. (3)

The incoherent cross-section is

dσincoh

dTA
=

2G2
FmA

π

∑
f=n,p

(
1−|Ff |2

)[
Af

(
(gfL)

2+(gfR)
2(1− y)2−gfLg

f
R

2ym2
N

s−m2
N

)

+ΔAf

([
gfL − gfR(1− y)

]
×
[
gfL + gfR

(
1− y

s+m2
N

s−m2
N

)])]
.

(4)

Here y = (pq)/(pk) � TA/Eν , and mN is the nucleon mass. The total energy
squared s = (p + k)2 of the neutrino and the target nucleon is calculated assuming
an effective momentum of the nucleon [66]. In Eq. (4) Ap = Z, An = N and
ΔAp ≡ ΔZ = Z+ − Z−, ΔAn ≡ ΔN = N+ − N−, where Z±, N± stand for the
numbers of the protons and neutrons with the spin projection on the incident neutrino
momentum axis equal to ±1/2.

If the target nucleus is unpolarized, then terms proportional to ΔAf in Eq. (4)
vanish after averaging, and for an unpolarized target the incoherent cross-section is

dσincoh

dTA
=

2G2
FmA

π

∑
f=n,p

(
1− |Ff |2

)
Af

(
(gfL)

2+(gfR)
2(1−y)2−gfLgfR

2ym2
N

s−m2
N

)
. (5)

The coherent cross-section has the form (with τ = (
√
s−mN )/(

√
s+mN ))

dσcoh

dTA
=

G2
FmA

π

(
1− TA

Tmax
A

)
|GV +GA|2, where (6)

GV =
∑
f

gfV Ff

(
Af

[
1− yτ

2

]
+ΔAf

y

2

)
, GA=

∑
f

gfAFf

(
ΔAf

[
1− y

2

]
+Af

yτ

2

)
.

Spin averaging in Eq. (6) removes terms linear in ΔAf . The final formula of the spin-
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averaged coherent cross-section is

dσcoh

dTA
=

G2
FmA

π

(
1− TA

Tmax
A

)∑
f,f ′

FfF
∗
f ′

[
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AfAf ′

(
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+ΔAfΔAf ′
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2

)2
)

+ gfAg
f ′
A

(
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(
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2
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+AfAf ′
(yτ

2

)2
)

+ 2gfV g
f ′
A

(
AfAf ′

(
1− yτ

2

) yτ

2
+ ΔAfΔAf ′

y

2

(
1− y

2

)]
.

(7)

Eq. (7) can be simplified if terms proportional to gpV are abandoned (because gpV � 1)
and terms proportional to y ≈ 3%Eν/(30 MeV) and to ΔAfΔAf ′ are neglected.
This can be done either for a spinless nucleus or approximately for heavy nuclei with
ΔA � A. Finally, Eq. (7) arrives at a well-known result given in Eq. (1).

For an unpolarized heavy target (and y � 0) one has both terms in a rather simple
form

dσcoh

dTA
=

G2
FmA

π

(
1− TA

Tmax
A

) ∑
f=n,p

A2
f |Ff |2(gfV )2,

dσincoh

dTA
=

2G2
FmA

π

∑
f=n,p

Af

(
1− |Ff |2

) (
(gfL)

2 + (gfR)
2
)
.

A smooth transition between the coherent and incoherent regimes is the key feature
of Eq. (3). The elastic (coherent) interactions keeping the nucleus in the same quantum
state lead to quadratic enhancement (∝ A2

f ) of the cross-section in terms of the

number of nucleons and is simultaneously proportional to |Ff |2. The cross-section
of the inelastic (incoherent) processes in which the quantum state of the nucleus
is changed has the linear dependence (∝ Af ) on the number of nucleons and is
simultaneously proportional to

(
1− |Ff |2

)
. Both terms in Eq. (3) are governed by

the same Fp/n(q). In the limit q → 0, Fp/n(q) → 1, and the contribution of the
incoherent cross-section vanishes, while the coherent term totally dominates. In the
opposite limit of large q, Fp/n(q) → 0, and the coherent cross-section vanishes, as the
incoherent term dominates. In general, both the coherent and incoherent scatterings
contribute.

In what follows we present the results obtained with the Helm form-factors [68] for
definiteness. It is convenient to refer to the cross-section integrated over the kinetic
energy of the recoil nucleus

σ(Eν) =

∫ Tmax
A

Tmin
A

dσ

dTA
dTA. (8)
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This integral depends on the energy threshold Tmin
A , unique for each detector. As in

[66], three experimental setups are considered.
The first is a germanium detector with the natural isotope 74Ge only (for illus-

tration). The energy threshold for the electrons of the Ge bolometers in the νGEN
experiment at the Kalinin Nuclear Power Plant is 200 eV [49, 69], which roughly
corresponds to 1 keV [70] of the 74Ge recoil energy. The differential cross-sections
for Eν = 5 MeV and 7 MeV and the total cross-section for Eν ∈ (1, 20) MeV were
calculated. As an estimate, Δε = 900 keV was used for the excitation energy of 74Ge.

The second setup is a CsI scintillator exposed to the neutrinos from the SNS [60].
The differential and total cross-sections are calculated for Eν = 30 MeV and 50 MeV
and for Eν ∈ (1, 150) MeV, respectively. It was assumed that Δε = 100 keV for the
133Cs nucleus. A 5-keV energy threshold was set to the 133Cs recoil energy.

The third one is a liquid argon detector with an unprecedented low-energy threshold
of 0.6 keV for the 40Ar nucleus achieved by the DarkSide Collaboration [71]. The
differential and total cross-sections are calculated for Eν = 15 MeV and for Eν ∈
(1, 50) MeV, respectively.

In Fig. 1 the Helm form-factors for these nuclei as functions of |q| (and TCs) are
depicted. At TCs = 12–15 keV, where the maximum of the signal observed by the

FIG. 1. The Helm form-factor FHelm [68] as a function of the three-momentum transfer |q|
(bottom horizontal axis). The upper horizontal axis corresponds to the kinetic energy of the
133Cs nucleus.

COHERENT experiment occurred, |q| = 50–60 MeV and |F (q)|2 = 0.6–0.5. It is
seen that the coherent elastic scattering is suppressed, and a contribution from the
incoherent transitions should be expected.

In Fig. 2 (Fig. 3) the differential (integral) coherent and incoherent cross-sections
are displayed. The following features can be observed in the figures.

As TA → 0 the coherent cross-section totally dominates, since the incoherent
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FIG. 2. (Left) Differential cross-sections dσ/dTA for coherent (solid lines) and incoherent
(dashed lines) neutrino-nucleus scattering for the 74Ge (top), 133Cs (middle) and 40Ar (bottom)
nuclei and different Eν . Vertical lines correspond to the experimental energy thresholds.

FIG. 3. (Right) Integral cross-sections σ for coherent (solid lines) and incoherent (dashed lines)
neutrino-nucleus scattering for the 74Ge (top), 133Cs (middle) and 40Ar (bottom) nuclei and
different neutrino energies. The integrals are calculated for idealistic thresholdless (Tmin

A = 0,
blue lines) experimental setups and for state-of-the-art thresholds Tmin

A (red lines) achieved by
three considered experimental setups.

contribution vanishes. As TA → Tmax
A the coherent cross-section vanishes due to

the factor 1 − TA/T
max
A , and the incoherent cross-section rises. For small Eν the

coherent cross-section dominates over the incoherent contribution for any TA. For
larger Eν there is a value of TA above which the incoherent cross-section dominates
over Ahe Aoherent, as Aan be Aeen An Ahe Aiddle Aanel Af Aig. A Aor Eν =50
MeV. At
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low Eν the coherent integral cross-section is larger than the incoherent one by orders
of magnitude because the factors 1 − |Fp/n(q)|2 suppress the latter at small q. With
increasing neutrino energy, their interrelation changes, and the integral incoherent
cross-section becomes rather substantial above a certain Eν .

To quantify this statement, the ratio of integrals given by Eq. (8), σincoh/σcoh, is
displayed in Fig. 4 for the 133Cs nucleus. At Eν � 30 (50) MeV this ratio is about
5 (10)% for an idealistic thresholdless experiment and reaches about 10 (20)% for
Tmin
A = 5 keV (if gA = 1, left panel). For a more realistic case with gA = 1.27

FIG. 4. Ratio σincoh/σcoh for the neutrino scattering off a 133Cs nucleus as a function of Eν .
The curves correspond to the Tmin

A = 0 (5) keV threshold. Left (right) is with gA = 1 (1.27).

and Eν � 30 (60) MeV (right panel), this ratio is about 7 (20)% for Tmin
A = 0 and

reaches about 15 (30)% for Tmin
A = 5 keV. In the latter case the incoherent contribution

becomes equal to the coherent one at Eν � 110 MeV. The increasing importance of
the incoherent interaction is evident for increasing neutrino energy.

After the interaction the nucleus may remain in the same quantum state, or
the internal state of the nucleus could be changed. Experimentally, the scattered
nucleus, being in the same or excited state, is practically indistinguishable if one
measures only the kinetic energy of the nucleus. Nevertheless, inelastic interaction
(for example, nuclear excitation) must be accompanied by some emission of gamma-
quanta corresponding to the difference of the energy levels of the nucleus [72]. For
example, the time scale of this emission is in the range of picoseconds to nanoseconds
for the 133Cs nucleus. The energies of the γs are of the order of hundred keV for 133Cs,
and these γs should produce a very detectable signal in the scintillator correlated in
time with the beam pulses for an accelerator based experiment. The rate of these γs is
determined by the ratio Ninc/Ncoh, where

Ninc/coh =

∫
dEνΦ(Eν)

∫ dTmax
A

dTmin
A

dTA
dσinc/coh

dTA
ε(TA),

and ε(TA) is the detection efficiency. Fig. 4 suggests that the number of the γ-events
due to incoherent interactions could be rather detectable.
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Therefore one can conclude that due to the high neutrino energy and the high
energy threshold (5 keV) the COHERENT experiment (with 133Cs) did not see the
clear Coherent Elastic Neutrino Nucleus Scattering (CEνNS). This experiment saw a
rather substantial tail of the neutrino-nucleus neutral-current interaction, the tail of the
wanted CEνNS, but with 15–20% uncertainty. The incoherent (inelastic) admixture
at a level of 15-20% is inevitable in the measured data of the experiment. Therefore,
any serious analysis of the COHERENT data (neutron RMS radius, search for physics
beyond SM, etc) should take the point into account.

There are two ways for detection of the true CEνNS. One is to separate the
coherent signal from the incoherent one following the above-mentioned procedure
[66]. The incoherent processes, being a relatively small ”background” to the coherent
interactions provide, an important clue if γ-rays released by the excited nucleus are
detected. For a neutrino pulsed-beam experiment the γs should be correlated in time
with the beam pulse, and the higher energy of the γs allows their detection at a rate
governed by the ratio Ninc/Ncoh. Simultaneous detection of both signals due to nuclear
recoil and the deexcitation γs provides a sensitive tool for investigation of the true
CEνNS, studies of the nuclear structure and possible signs of new physics.

The other way is to use an extremely low-energy threshold detector and collect data
at recoil energies, where the incoherent scattering is suppressed very significantly.
Nowadays, this is an objective for the νGeN experiment with its very-low-energy
threshold. Furthermore, the study of the true CEνNS is inevitable for significant
reduction of a size of an (anti)neutrino detector.
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Abstract 
A project of the OLVE-HERO space detector is proposed for CR 

measurement in the range of 1012-1016 eV and will include a large ionization-
neutron 3D calorimeter with a high granularity and geometric factor of ~16 
m2 sr. The main OLVE-HERO detector is expected an image calorimeter of a 
boron loading of plastic scintillator with a tungsten absorber. Such a calorimeter 
allows to measure an additional neutron signal which will improve the energy 
resolution of the detector. More importantly, the rejection power between 
electromagnetic and nuclear CR components will be increased by factor 30-50 in 
the whole energy range. The boron loading scintillator detector prototype has 
designed and tested at the H8 beam test area at CERN SPS during Pb ion run in 
2016 and Xe ion run in 2017. The results of the beam tests and the corresponding 
Monte-Carlo simulation are presented. 

Introduction 

The energy range of 1014-1016 eV in the classical "knee" of the galactic 
Cosmic Rays (CR) spectrum is of great importance for study of the CR 
acceleration mechanisms and their propagation in our Galaxy. There are no direct 
measurements of the CR nuclei spectra specifically in the "knee" area. Basic 
information about CR nuclei in the area 1012-1014  eV were obtained in the 
balloon experiments  ATIC [1,2], CREAM [3,4], TRACER[5]  and on satellites 
AMS02 [6,7] and PAMELA [8] . Nowadays the CR study in satellite 
experiments CALET [9] and DAMPE [10] started.   

Determining of the high-energy electron spectrum (> 1010 eV) and its 
possible anisotropy is important to solve a problem of the near CR sources. 
Extension of the secondary CR spectra by two orders of energy, i. e. CR nuclei 
(Li, Be, B, sub-Fe etc.), will make it possible to research the processes of CR 
propagation in the Galaxy in detail. 
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The fundamental problem of modern physics is to establish the nature of dark 
matter, the existence of which is firmly established from the different 
gravitational effects and analysis of the microwave radiation anisotropy. To 
search for the dark matter particles one requires precise measurements of the 
electrons and gamma rays spectra up to the tens of TeV.   

Therefore additional direct measurements of CR at energies up to 1000 TeV 
with elemental resolution and measurements of gamma ray flux of TeV energies 
are needed. Due to the small flux of CR, its effective measurement at such high 
energies requires a large geometric factor.  

Within a framework of the Federal Space Research Program is expected to 
create the High-Energy Rays Observatory (OLVE - HERO) for the research of 
the cosmic radiation in the energy range 1010-1016 eV. The distinctive 
characteristic of this project is an unprecedented high exposure factor that will 
enable to resolve the above mentioned scientific problems. 

The main parameters of high-energy cosmic radiation are the type of particle, 
the value of its kinetic energy and the arrival direction. Therefore, the proposed 
design of the OLVE-HERO detector is based on the development of a heavy 
(~10 t) ionization-neutron 3D image calorimeter with a unique high geometric 
factor (~16 m2 sr). This geometric factor achieved by optimizing design of the 
absorber and detecting elements. The three-dimensional structure of the detectors 
will allow to register particles coming from different directions. As the main 
detector is expected a scintillation-tungsten image calorimeter with boron loaded 
scintillator as an active element. This will make it possible to measure an 
additional signal from neutrons that would improve the energy resolution of the 
calorimeter, and most importantly, increase 30-50 times the level of rejection 
between the electromagnetic and hadron-nuclear components of CR in whole 
energy range [11]. 

OLVE-HERO detector prototype 

It needs to deaccelerate neutrons that produced in calorimeter to measure its 
additional signal. A prototype of the OLVE - HERO detector is made for the 
purpose of experimental study of the neutron deceleration effects, schematic 
view of which is presented on Fig.1. It consists of the 4 boron loaded scintillator 
planes of 120x120x5 mm3, collected in pairs (1,2) and (3,4) in the form of 2 
modules on the bearing aluminum plate of 1 mm thick, located inside the 
lightproof container. Charged particles pass through the scintillator with WLS 
fibers and produce light pulses that are measured by 16-channel PMTs of 
HAMAMATSU H8711-10. The volume between the modules is filled with a 
polyethylene granule moderator. 

An incoming particle interacts with a target nucleus knocking out secondary 
particles and leaving the target hit nucleus in a strongly excited state. Removal of 
the nucleus excitation occurs due to an evaporation of n, p and more complex 
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nuclear fragments and -quanta. The average energy of evaporative neutrons is ~ 
2 MeV and they have an isotropic angular distribution. Evaporated neutrons are 
slowed down to thermal energy and interact with a boron-10 nucleus to produce 

-particle and the 7Li nucleus with a total energy 2.78 MeV. The choice of 10B is 
due to big neutron capture cross section of 755 b and an -particle 
production: 

n + 10B  7  
The weight fraction of boron in the scintillator is ~ 5%. Most of the energy in 

this reaction is carried away by -particle (1.47 MeV) and spends on generating 
of a scintillation signal. Its amplitude is equivalent to the signal from an electron 
with an energy of 76 keV. The typical deceleration time of an evaporative 
neutron with energy of ~ 2 MeV in polyethylene  

ʌ,e,A beam

Fig.1  OLVE-HERO detector prototype scheme on the test beam at SPS in 
CERN. 

The prototype tests were carried out at H8 test beam line of CERN SPS in 
2016 on the beam of the nuclear fragments with a rigidity A/Z = 2.2-2.5 from 
accelerated Pb nucleus with an energy of 150 Gev/n. Tests were carried out in 
2017 also in a beam of Xe with energy 13 Gev/n or its fragments with rigidity 
corresponding to A/Z =2.1. The intensity of the nuclei flux in the channel was 
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~5000 part/sec. Iron or lead bars of different thicknesses used as a target at a 
distance of 5 cm before of the container. 

In Fig. 2 the photo of the detecting plane is presented: the 1 mm grooves 
were cut in 5 mm thick boron loaded scintillator and WLS fiber by KURARAY 
was glued. Signals from fibers are gathering via collector to the 16-channel PMT. 
In detectors 1-3 the fare end of the fiber covered with a layer of silver to the light 
reflection.  In detector 4, as seen in Fig. 2, at the opposite end the fiber makes a 
loop and returns to the PMT on the other groove, which also increases the 
amplitude of the light signal on the photocathode. Amplified PMT signal 
obtained from the last dynode used to organize a trigger.   

The neutron signal occurs after the neutron capture by 10B in the scintillator 
with a delay in comparison with the signals of charged secondary particles from 
primary vertex that give simultaneous non-delayed counts of all 4 detector 
planes. 

Fig.2 Scintillation plane  OLVE-HERO detector prototype 

Evaporation neutrons produced from the exited nuclei and then thermalized 
by polyethylene moderator. They are registered after thermalization by the same 
detecting planes. The neutron signal occurs only in one of the planes because a 
produced -particle has negligible path and is registered at the place of its 
formation in the detector. Simultaneous random registration of neutrons in 
several planes is unlikely. Based on these considerations, the LeCroy electronic 
blocks was implemented for a measurement scheme, which is shown in Fig.3. 
The signal from each of the 4 planes is given to the input of the linear adder-
splitter "428". Their outputs are connected to the discriminator "623 A" inputs. 
Their outputs are connected to the inputs of the coincidence circuit"465". This is 
the trigger generation channel. 
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Fig.3.The block scheme of the measurement system 

The second outputs of the line splitter are connected to the V1720 digitizer 
inputs that is located in the VME crate and via the VME USB bridge V1718 
connected to a computer. All these units are located in the NIM and VME crates 
near to the detector.  The Dual Timer unit is located in the control room at a 
distance outside the beam zone. Its input is connected by a cable with a length of 
about 30 meters with an output of the “465” coincidence circuit which produces 
a trigger signal. The time position of the output signal from the Dual Timer can 
be changed from the control room and does not require beam overlap. The signal 
from Dual Time serves as an event recording trigger which allows measuring the 
distribution of analog signals up to 16 μs. The timeline of the digitizer V1720 is 
4 μs. The same detectors and PMTs were used as in the trigger system as for 
measuring the delayed neutron signals. 

The beam test results of 2017 

The test was carried out in a Xe beam with energy 13 Gev/n or its fragments. 
The linear adder-splitter was excluded from the data taking in the 2917 
measurements and signals from the second "623A" outputs were fed to the 
digitizer inputs with a 30 mV threshold and ~40 ns of the signal duration. The 8-
channel digitizer CAEN V1720 was used. In Fig. 4 the examples of events with a 
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are presented: the amplitude time dependences are shown with a 
time step of 4 ns in a 4 μs time window. The trigger channel is represented by a 
dotted line, the amplitudes from 1 to 4 information channels are shown by solid 
lines. The average values of the signal amplitudes are in the interval <A (t)> = 
2160 - 2190 ADC codes and the values are stable over time. 

Fig. 4 Time dependences of amplitudes in the 4 ns time steps and in a time 
window of 1024 time steps of 4 μs. 

Figure 4A shows an example of an event when a trigger signal was generated 
(the peak on the dotted graph in the ~ 100 time step), but there are no signals 
from the delayed particles. Figure 4B shows an event in which there is both a 
trigger signal and a single delayed signal in the ~ 950 time step -particle, 
which cannot give a signal in several detecting planes. Figure 4C shows the 
event when, in addition to the trigger signal, a signal appeared in the ~ 200 time 
step from another beam particle that passed through the detection planes after a 
trigger signal.  As expected, such a signal occurs almost simultaneously in 
different planes of the detector. Our beam particles are fragments that fly from 
the primary target in the accelerator channel. Fragments fly at different speeds, 
depending on the mass. The difference of speed is small, so we see the 
appearance of these particles in the window of 4 μs. Figure 4D shows for clarity 
in more detail the signals from the delayed charged particles in ~280 time step 
and single signal from -particle in the ~305 time step. The effective target 
thickness is 24 mm of Pb plus 20 cm polyethylene to the first detector, which 
gives ~36% of the nuclear interaction length. That is, with a probability of 30%, 
secondary charged particles appear from the interactions in the target or retarder. 

As shown in Fig.4D, the spread of the appearance of pulses from the delayed 
beam particles in different channels is ~5 time steps.  By selecting the 
appropriate width of the histogram bin it is possible to obtain the signals from 
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the delayed particles in different channels in one bin. Accurate to random 
coincidences neutron will produce a single signal that is used as a criterion for 
their selection. 

Taking into account that a duration range of the delayed neutrons signals 
reaches 16 μs, an essential limitation of the experiment with this type of digitizer 
was a restriction due to the width of the time window - no more than 4 s. With 
this in mind, the data taken was made with a sequential change in the time delay 

T after trigger time in 4 s quanta and subsequent cross-linking of the results 
obtained at different delays. Fig. 5 shows the results of measuring of the delayed 
neutron yields in the range from 0 to 4 s on the Xe beam with a 24 mm thick Pb 
target in front of the container. The trigger was formed by a condition of the 
signals coincidence in all 4 detector planes and the data were recorded with a 

 The figure shows that there is a decrease in the 
yield of delayed neutrons by 1.5-2.0 times. The fourth detecting plane was 
different from the other ones as described above which is more effective for light 
collection. This effect is visible in Fig. 5 - the high peak at the first bins in the 
fourth plane is due to weak signals from the passage of secondary charged 
particles, which are below the sensitivity threshold on other detection planes.  

Fig.5. The time dependence of the neutron yield in the range from 0 to 4 s. 

To obtain the time dependence of the neutron signals in the entire interval of 
0– . 
The results of the crosslinking is shown in Fig.6. There is a monotonic decrease 
in the yield of neutrons with increasing time in all channels. Some number of 
delayed neutrons are lost due to random coincidences in the same time bin. To 
evaluate this effect, the integral distributions were compared when the interval of 
0-1024 time steps was divided into 64 and 32 bins those are represented in Fig.6 
by markers " " and "  " respectively. It seen that the effect of random
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coincidences within the available statistics is insignificant throughout the 
interval. Visible in Fig. 6 - 8 irregularities at the junctions of distributions with 
different delays are of a technical nature and have no physical meaning 

Fig.6. 
with a 24 mm thick lead target and a retarder between detectors. 

Fig. 7 shows the integral time distributions of neutron signals with delays 
from 0 to 12 s, obtained under the same conditions as in Fig. 6, but without a 
lead target. It seen that the qualitative behavior of the neutron yield after the 
removal of the target in front of the detector has changed insignificantly, i.e. 
most of the registered neutrons are produced and thermalized in a polyethylene 
moderator. 
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Fig.7. Integral distributions of the neutron yield in the absence of a lead target 
in  from 0 to 12 s. 

The beam test results of 2016 

The prototype tests were carried on the beam of the nuclear fragments of Pb 
nucleus with an energy of 150 Gev/n. The test beam was settled  in the rigidity 
interval A/Z from 2.2 to 2.5. Fig. 8 shows the integral time dependence of 
neutron signals with delays of up to 12 s. The setup configuration was the same, 
but in 2016 only three detector planes worked. In addition, the signals of 1 and 2 
planes were recorded in one channel and there was no data with zero delay. 
Obviously, the qualitative behavior of the neutron yields are similar for both 
tests. 

Fig.8. The integral time dependence of the neutron yield with delays from 3 
to 9 μs, obtained on a beam of fragments from lead ions with energy 150 Gev/n 

and with rigidity of A/Z = 2.5. 

Monte Carlo simulation results 

The following physical models were used in the simulation: the Bertini 
model of the intranuclear cascade, supplemented by evaporative Dresner model; 
the intranuclear  INCL4 cascade model, together with the evaporation ABLA 
(GSI) model, It was applied also the  CEM03.3 generator of interactions based 
on the cascade-exciton model using the improved evaporation model for 
calculating of the evaporation and division processes. 

The neutron spectrum and their spatial distribution in the detector were 
calculated.  Neutrons were generated in a lead target from one Xe-132 ion with 
energy of 13 GeV/n. The neutron spectrum in the detector is shown in Fig. 9. 
The spatial distribution of evaporated neutron sources of all energies with good 
accuracy is a narrow beam channel in the detector material surrounded by halo 
slowed neutrons. 
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Fig. 9. The Monte-Carlo spectrum of neutrons produced in a lead target from 
a single ion Xe-132 with an energy of 13 GeV/n. 

About 200 evaporative neutrons are born on average per xenon ion in the 
cascade, 180 of them leave the detector without interaction. To speed up the 
calculations, the simulation was divided into parts: (1) - neutron source 
calculation, which one represents as a track ~ 1 cm thick, (2) then one counts 
only neutron tracks, assuming their source is filamentary and with an evaporative 
isotropic neutron spectrum.  

The simulation result presented in Fig.10, which shows a noticeable 
discrepancy with the experimentally measured dependence of the neutron signal 
on the delay time. A possible reason of the discrepancy is the appearance of 
neutrons from the additional interactions of later-in-time beam particles in the 
target or moderator. Thus events with different initial 
superimposed and data cannot be directly compared with the simulation where 
are no such neutrons. That is, the measurements contain neutron signals that have 
arisen from later interactions of the beam particles, i.e. having a lower delay and 
giving the substrate in the measured distribution, which is not in the simulation. 
From the simulation shown in Fig.10, it seen there should be a large difference in 
the signals between the first and second pairs of detection. This is due to the 
thermal neutrons are formed mainly in the first part of the detector, so that the 
second detector planes located at a distance of 160 mm have smaller angular 
acceptances. This difference is not visible in the data obtained because detectors 

66



have different sensitivity thresholds and this "covers" the effect of acceptation. 
Another possible reason is that the simulation did not take into account the 
events whose primary vertex is not in the target but in the substance of the 
detector. 
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Fig.10. Dependence of the neutron signal value of the delay time 

Conclusion 

The results of the OLVE-HERO prototype calorimeter tests on lead and 
xenon ion beams on the SPS of CERN presented. Using a boron loaded 
scintillator in the prototype together with a polyethylene moderator gives a clear 
picture of the appearance of delayed signals from the neutron capture of boron-
10 in the range of  0 - 16 μs after the primary interaction of the beam particle. 
The results are in qualitative agreement with the Monte Carlo simulation. 

The density of the CR flux in the orbit of the Earth satellite with energy E > 1 
GeV/n is ~ 8 /cm2sr year. For the OLVE-HERO parameters in the form of a 
cylinder with a diameter of 1.6 m and a height of 1.5 m, the area of the lateral 
and upper surface 2, so that the total CR flux through the detector from 

6 -1. This flux will generated evaporative and 
thermal neutrons. Thus, inside the detector the equilibrium density of thermal 
neutrons will be established, which will determine the value of the constant 
background signal in the scintillator, which can "score" the signal from the 
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charged component of the CR showers, so there is a fear that the detector will 
"go blind" or give incorrect results. To obtain the final answer, it is necessary to 
carry out additional tests on the beams, a special simulation of this effect taking 
into account the spectrum and composition of the CR, as well as the geometry of 
the detector. The new OLVE-HERO prototype was built and tested at SPS CERN 
in 2018. Analysis of the new data is in progress. 
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Abstract. The TUS experiment is aimed to study the energy spectrum and ar-

rival direction of Ultra High Energy Cosmic Rays (UHECR) at E ∼ 100 EeV

from the space orbit by measuring the fluorescence radiation of the Extensive

Atmospheric Shower (EAS) in the atmosphere. It is the first orbital telescope

aimed for such measurements and is taking data since April 28, 2016. The

TUS apparatus structure, methods of UHECR on-line selection and off-line data

analysis are described. A few UHECR EAS candidates have been found. Pre-

liminary results of their study are presented.

1 Introduction

The measurements of Cosmic Ray (CR) energy spectrum, composition and arrival direc-

tions in the wide energy interval are an important part of modern particle physics and astro-

physics. The TUS project’s goal is the experimental study of Ultra High Energy Cosmic Rays

(UHECR) at energies about ∼ 1020 eV. The fluorescent and Cherenkov radiation of the EAS
generated by UHECR particles should be detected in the Earth’s atmosphere on the night

side of the orbit at altitudes 400–500 km. An important advantage of space detector is the

possibility of taking data from all arrival directions of the sky with the same apparatus and

with the same systematic uncertainties. TUS is the first attempt to detect UHECR from space

and is a pathfinder for the next more powerful detectors KLYPVE [1] and JEM-EUSO [2].

2 The TUS detector

The TUS detector on board Lomonosov satellite was launched into the orbit on April 28,

2016. It has a sun-synchronous orbit with an inclination of ∼ 97◦, a period of circulation

∼ 94 min, and height about 470-500 km. After a few months of flight tests and tuning of TUS
apparatus on the satellite, the regular data taking have been started. During regular operation,

the detector measures the UV background level and adjusts the HV and the sensitivity of

the PMTs at the background radiation variation [3]. The TUS detector is presented in Fig.1

and consists of two main parts: a modular Fresnel mirror-concentrator and a photo-receiver

matrix with 16×16 Hamamatsu R1463 PMT pixels and the corresponding DAQ electronics.

TUS optical system field of view (FoV) is ±4.5◦, one pixel FoV is ≈ 10−4sr, a PMT quantum

efficiency is ∼ 20% for the wavelengths of 300-400 nm.

∗
e-mail: tkatchev@jinr.ru
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Figure 1. Schematic view of the TUS detector on-board the Lomonosov satellite: “1” marks the mirror-

concentrator, “2” marks the photo-detector.

The TUS detector has a two-level trigger. The first-level t rigger is a threshold t rigger: the

photo-detector modules board calculates a moving sum of PMT signals during 16 time steps

in each channel and looks for an moving sum value above a threshold level. The second-level

trigger is a pixel-mapping trigger. This procedure selects cases of sequential triggering of

spatially contiguous active pixels that are also adjacent in time, allowing for the selection of

events with a special spatial-temporal pattern. The TUS DAQ electronics forms a file of 256

time steps for each 256 channels and can operate in four modes intended for detecting various

fast optical phenomena in the atmosphere on different time scales. In EAS mode the DAQ

electronics works with a time step Δt = 0.8 μs. The TUS trigger operation is described in

more details in [4]. During two years of operation, the TUS detector has measured more than

200000 events most of which are background events. More information about the different

types of the background events may be found in [5].

3 The relative PMT calibration

During the first days of operation ≈20% PMTs were broken due to HV tuning system failure.
For the same reason, the properties of the remaining PMTs are changed. Calibration of PMT

gains was done based on analyzing background data itself.

For this purpose all time sequences (256 time steps) in all pixels (224 working pixels) of

all received events were classified into 2 c ategories: pure “background” pixels and possibly

containing signal of any origin. Classification was d one b y a pplying m ultiple c uts o n the

statistical properties of data of each time sequence. Most important of the cuts are kurtosis,

a cut on the slope of the average and cuts on anomalously high and anomalously low mean.

Comparison with Monte-Carlo simulated signals shows that the tails of above distributions

of real data are significantly wider than what would be expected f rom pure Poisson based

background signal. Therefore the tails are presumed to contain non-background signals and

central part to not contain significant contamination to background.

Only events where there were more than 16 "background" pixels (and therefore more than one

PMT module) were included in the following steps. Selected in the above way "background"

pixels had their mean signal divided by the average mean signal over all "background" pixels

in the same event. That ratio was then averaged for that pixel over all the events. The phys-

ical background varies in time from event to event across the whole field of view of TUS.

Additionally it varies in each event from pixel to pixel due to ground albedo inhomogeneity

and clouds. The above order of averaging was chosen so that it should converge under such

conditions to real relative PMT gains Grel, given enough data. Division of data into 3 fully

statistically independent samples, corresponding to 6 month of operation each, provides con-
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sistently repeating coefficients as it presented in Fig. 2 that validate this assumption.

It is expected that this method could introduce systematic bias for pixels with extremely high

or extremely low PMT gains. Their signals might get counted at the edge of some of the

statistical cuts part of the time. This may lead to their gains evaluated as more moderate than

they really are. To counter that it may be sufficient to mark calibration of several pixels as

unreliable (though pixels with very low gains were already not considered reliable anyway)

and their exclusion from event reconstruction.

Figure 2. Relative PMT gain coefficients for all 256 channels according to pre-flight measurements

(top) and reconstructed from background data for first 3 half-years of operation.

The average value of the absolute relative difference of the PMT coefficients was per-

formed to minimize according to the value of the scale factor for all coefficients. They differ

by 0.09, difference from preflight measurements ≈ 0.35. Since these coefficients are approx-
imately normalized by one, it can be said that 0.09 is the error of this relative calibration

method.

4 EAS candidates

A few of EAS candidates were found and analyzed according to the understanding of the

EAS physics and the TUS detector simulation. The TUSReadData program package was

elaborated for TUS events analysis [4]. Some details of the analysis criteria may be found in

[6].

In Fig.3 the summary of the events is shown: the date and UTC time of the event mea-

surement are the figure t itle, h it p ixels together with dead ones in the upper panel and the

amplitude variation (ADC codes) of time for selected hit pixels in the lower panel. The

markers and colors of the selected pixels on the upper panel indicate the arrival times for the

maximum EAS signals in the time steps. Active pixels are grouped in an oblong spot. It

can be seen from the waveforms that characteristic duration of the signal is 70–100μs which

is more that one can expect from a vertical EAS. The time position of the maximum of the

signal in each pixel has some shift from one pixel to another. This is an argument in favour of

a EAS origin for these events. There is a general property of waveforms of two EAS events:

the EAS signal starts from dead module then moves across alive pixels and at last go to out-

side of the PMT matrix and TUS FoV. The EAS movement is shown by arrows and its exit

outside of FoV may be a possible reason for the Cherenkov peak absence at the EAS end

that presented in the bottom plots. Green and light blue colors in Fig.2 indicate PMTs that
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Figure 3. The EAS candidates. Upper plots – image of event with hit pixels and not-working (blue)

ones. Bottom plots – the amplitude variation of time for selected hit pixels

correspond to the found EAS candidates: green for event #123 and light blue for event #487

It is important to note that a possible thunderstorm activity was studied in the region of these

events measurements. During the time period of the TUS events, no lightning strikes were

register in these regions. This provides a strong support for a non-thunderstorm origin of the

events.

The next step of the EAS candidate study is a reconstruction of its arrival directions. It is

possible to do after the relative calibration coefficient calculated. The TUSFitData program

package was elaborated for TUS events analysis to do this job. Some details of the event

reconstruction procedure and arrival directions measurements are presented in [4].

To check a correctness and reliability of the procedure, the same analysis was fulfilled for

MC simulated events that is generated with ESAF package[7] and the TUSSIM program[8].

ESAF simulated events in the energy range logE [eV] = 19.7 – 20.5 and zenith angles θ =

30-50◦ were analyzed in the same way as for the real events. A difference between the ar-
rival angles of simulated EAS as given by ESAF program generator and the reconstructed

zenith θ and azimuth φ angles for these events is presented in Fig.4. It gives an evaluation

of the systematic errors of these angles measurements. There are rather long tails in the dif-

ferences those are not exactly understood. Possible reasons: 1) presently the TUSFitData
program doesn’t take into account that TUS detector is out of vertical plane with EAS axes,

2) ESAF generated arrival angles doesn’t affected by off axis EAS Cherenkov peak but the

reconstructed ones do it. To estimate the statistical errors of arrival angles of the measured

EAS events, location of the hit coordinates were randomly variated inside of every pixel at a

particular point in time. Afterwards the linear 3D-fit of hit pixels was done and arrival angles

calculated by the reasonable number times with a such randomization and real amplitudes of

the pixels. The distributions of θ and φ angles are plotted on the histograms and are presented

in Fig. 5. Variation of the minimum threshold value for the amplitude (in ADC codes) leads

to inessential change the angles and presented in Table 1. Finally the following arrival angles

were obtained for the EAS candidates: θ ≈ 28◦ ± 2.5◦stat±8.7◦syst, φ ≈ 275◦ ± 5◦stat±15.5◦syst

for event #487 and θ ≈ 54◦ ± 2.5◦stat±8.7◦syst φ ≈ 233◦ ± 4◦stat±15.5◦syst for event #123 in the
TUS coordinate system.

Analysis of TUS data shows that most of the events cannot be the EAS candidates. It looks
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Figure 4. Difference between ESAF simulated and TUSReadData reconstructed zenith θ and azimuth

φ angles.
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Figure 5. Distributions of the θ and φ angles measurements for event #487.

Table 1. Variation of the measured arrival angles and their uncertainties for EAS candidates at

different thresholds

threshhold #487 #123

θ φ θ φ

0 29 ± 2 279,3±4,5 55,82±2,4 234,6±2,8

5 27,9±2,2 273±5,2 54,17±+2,4 233±3

10 27,6±2,4 295,6±5,3 52,7±3 227,7±3,6

15 27,6±2,4 295,8±5 42,9±4,2 218,7±6,3

like a short ≈150μs flash of l ight. Typically such events look l ike t racks of the few pixels
length. The zenith angles of such events are near zero. It means that we have a non-moving

flash source of light. There were no Cherenkov flashes at the ends of cascade curves as it may

be expected in some EAS events. Besides the time durations of the signals are longer than

it should be for vertical EASs. The pseudo EAS events distribution on the PMT matrix is

homogeneous that excludes the apparatus nature for these events. The majority of EAS-like

events can be related to fast anthropogenic signals.

73



5 Discussion and conclusion

The TUS detector is operating on board the “Lomonosov” satellite. TUS proved the possibil-

ity of registration of UHECR from the space orbit. During TUS data taking in EAS mode and

a search for an UHECR a large number of rapid events of the various origins were observed

that take place in the atmosphere of the Earth. At least two EAS candidates were selected and

their arrival angles were measured. The EAS candidate energy evaluation is not yet obtained

due to absence of the absolute PMT calibration. Analysis of TUS data shows that most of

the events cannot be the EAS candidates [4]. Their look like short ≈150μs flashes of light.

Typically such events look like tracks of the few pixels length. The zenith θ angles of such

events are near zero. It means that we have a non-moving flash source of light. There were no

Cherenkov flashes at the ends of cascade curves as it may be expected in some EAS events.

Besides the time durations of the signals are longer than it should be for vertical EASs. The

pseudo EAS events distribution on the PMT matrix is homogeneous that excludes the appa-

ratus nature for these events. The majority of EAS-like events can be related probably to fast

anthropogenic signals. Nevertheless some of these events may contain genuine EAS events

at energy >70 EeV that is lower limit of the sensitivity according to TUS detector simulation

[4]. A more detailed analysis of the TUS data is in progress for search of the other EAS

candidate events.
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In the present work, the charged B1, B2 and B3 bastons with the condition of k(mm) = k >> 
k(dd) > k(dm) = k(lq) = 0 are explained as the good candidates of the dark matters. The 
proposed rest mass (26.12 eV/c2) of the B1 dark matter is indirectly confirmed from the 
supernova 1987A data. The missing neutrinos are newly explained by using the dark matters 
and lepton charge force. The neutrino excess anomaly of the MinibooNE data is explained by 
the B1 dark matter scattering within the Cherenkov detectors. And the rest masses of 1.4 TeV/c2

and 42.7 GeV/c2 are assigned to the Le particle and the B2 dark matter, respectively, from the 
cosmic ray observations. In the present work, the Q1 baryon decays are used to explain the 
anti-Helium cosmic ray events. Because of the graviton evaporation and photon confinement,

constant (k(dd)) of 10x-54k and gravitation constant (GN(dd)) of 10xGN

for the charged dark matters at the present time are proposed. The x value can have the positive, 
zero or negative value around zero. Therefore, Fc(mm) > Fg(dd) (?) Fg(mm) > Fg(dm) > Fc(dd) 
> Fc(dm) = Fc(lq) = 0 for the proton-like particle.

Key words: charged dark matters, missing neutrinos, cosmic rays, gravitation
constant, extended standard model, anti-Helium cosmic ray   

1. Introduction

The standard model has been well established. However, several new discoveries 
like the dark matter need the extended standard model. The present extended standard 
model [1] is compared with the standard model in Fig. 1. For example, the Z, W- and 
W+ bosons in the standard model do not have the lepton charge (flavor) dependence 
but the quarks and leptons have the lepton charge dependence in Fig. 1. Therefore, 
the quark mixing (CKM matrix) and lepton mixing (oscillation) are required in order 
to explain the particle decays. But, in the present extended standard model, the force 
carrying bosons of Z, W and Y have the lepton charge dependence in Fig. 1 like the 
quarks and leptons have the lepton charge dependence. In this case, the quark mixing 
(CKM matrix) and lepton mixing (oscillation) are not needed in order to explain the 
particle decays. The missing neutrinos are newly explained by using the dark matters 
and lepton charge force rather than the neutrino oscillation and sterile neutrino in
section 3. The neutrino anomalies of the SN1987A data and MinibooNE data are 
explained by the B1 dark matter scattering within the Cherenkov detectors.   

The dark matters have been known to have two properties. First the electromagnetic 
interactions between the dark matters (d) and normal matters (m) are zero. Secondly, 
the electromagnetic interactions between the dark matters are zero.  Therefore, the 

s of Fc(dm) = 0 and Fc(dd) = 0 have been proposed. Here, d and 
m represent the dark matter and normal matter, respectively. Because of the zero 

force, the electrically neutral particles have been proposed as the most 
possible candidates of the dark matters. In other words, the electric charges (EC) of 
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these dark matters are zero in Fc(EC) = k . Also, the mini-charged particles
(or milli-charged particles) with the near-zero EC charge [2] have been proposed as 
other possible candidates of the dark matters s
forces between the dark matters and normal matters and between the dark matters. In 

normal matters.

In the present work, the zero
applied between the dark matters and normal matters in order to meet the first 
condition. In order to meet the second condition, the very small k(dd) values for the 
dark matters and the k(mm) = k values for normal matters are proposed. Therefore, 
the relation of k(mm) = k >> k(dd) > k(dm) = 0 is shown in Figs. 1 and 2. In this 
case, the dark matters can have the EC charges close to the EC charge of the electron. 
The B1, B2 and B3 bastons with the tentative electric charges of -2/3e, -5/3e and -
8/3e, respectively, were, for the first time, reported as the possible candidates of the 
dark matters in Ref. [1]. The B1 and B2 dark matters are expected to be relatively 
stable because of the lack of the decaying channels. Therefore, in the present work, 
the B1, B2 and B3 bastons with the condition of k(mm) = k >> k(dd) > k(dm) = 0 
are explained as the good candidates of the dark matters. The relations of GN(ll) = 
GN(qq) = GN(mm) and k(ll) = k(qq) = k(mm) = k are assumed for the simplicity in 
Figs. 1 and 2. Here, l and q represent the leptons and quarks, respectively. Then, note 
that k(dm) = k(lq) =0. Then the normal matters consist of leptons, quarks and hadrons, 
and the dark matters are the three bastons of B1 with -2e/3, B2 with -5e/3 and B3 
with -8e/3 [1]. In Fig.
have been changed in terms of the conserved charges and conserved rest masses of 
the particles. Because the correct evolution curves of k and G are not known, these 
curves are tentatively drawn for the explanation in Fig. 2. And the effective charges 

Fig. 1. Charged dark matters, leptons, quarks and hadrons are compared [1].
The non-zero rest mass of a graviton is mg for the dark matters. The present 
model is compared with the standard model for the particle decays [1].
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constant (k) and fixed gravitation constant (GN). Then, the effective charge of the B1 
dark matter with EC = e is (EC)eff = e depending on the x value.
Here k(dd) = k. And the effective rest mass of the dark matter with the rest 
mass of m is meff = m depending on the x value. Here GN(dd) = GN.
Therefore, Fc(mm) > Fg(dd) (?) Fg(mm) >  Fg(dm) > Fc(dd) > Fc(dm) = Fc(lq) = 0 for 
the proton-like particle in Fig. 2. In Fig. 2, the cases of x = 6 and Fg(dd) > Fg(mm) 
are shown for the explanation purpose. Note that Fg(dd) = Fg(mm) for the x=0 case
and Fg(dd) < Fg(mm) for the x < 0 case in Fig. 2.

In Figs. 1 and 2, the new concepts of the photon confinement and graviton 

increasing of the time because of the photon confinement. The gravitation constant 

has been changed since the big bang because of the graviton evaporation. It is shown 
that the relation of, at the present time, Fc(mm) > Fg(dd) (?) Fg(mm) > Fg(dm) > 
Fc(dd) > Fc(dm) = 0 for the proton-like particle could explain the universe evolution 
including the B1, B2 and B3 dark matters by giving the tentative values of the 

s (k) and gravitation constants (G) for the explanation purpose in 
Fig. 2. It is discussed that the gravitation constant (GN(mm)) could be decreased from 
the very large value like 1036GN down to the very small value like GN near the
inflation period in Fig. 2. Therefore, during most of the universe evolution the 
gravitation constant could be taken as GN(mm)  GN. The inflation of the x1x2x3 
space is caused by the huge repulsive Coulomb force (Fc(dd)) between dark matters 
in the x1x2x3 space and huge graviton evaporations into the x1x2x3 space in Fig. 
2.

Fig. 2. The G and k values with x=6 are used for the explanation purpose.
Here Fg and Fc are the gravitational force strength and electromagnetic force 
strength, respectively. Here k(dd) = k and Fc(dd) =  10x-18Fg(mm).
The x value can have the positive, zero or negative value around zero.
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The rest mass of 1.4 TeV/c2 is assigned to the Le particle with the EC charge of -2e
from the cosmic ray observations [1]. This rest mass of Le is smaller than the 
tentative previous rest mass (25.3 TeV/c2) of Le [1]. The proposed rest mass (26.12 
eV/c2) of the B1 dark matter [1] is indirectly confirmed from the supernova 1987A 
data. In the present work, the Q1 baryon decays are used to explain the anti-Helium 
cosmic ray events.

2. Charged dark matters and gravitation constant

The baston dark matters have only the electric charges (EC) [1]. Then, the bastons 
can be described as (EC). For example, the B1 dark matter with the electric charge 
of -2e/3 is defined as B1(-2/3). The dark photon of (0) and the dark graviton of g(0) 
are associated with the bastons in Figs. 1 and 2. The leptons have the electric 
charges (EC) and lepton charges (LC). Then, the leptons can be described as 
(EC,LC) [1]. For example, the electron neutrino and electron are defined as 
e(0,-2/3) and e(-1,-2/3). The normal photon of (0,0) and the graviton of g(0,0) are 
associated with the leptons in Figs. 1 and 2. The quarks have the electric charges 
(EC), lepton charges (LC) and color charges (CC). And the quarks can be described 
as (EC,LC,CC) [1]. For example, the u and d quarks are defined as u(2/3,0,CC) and 
d(-1/3,0,CC). The photon of (0,0,0) and the graviton of g(0,0,0) are associated with 
the quarks in Figs. 1 and 2. Also, note that three charges of EC, LC and CC are 
tentatively quantized based on the systematics [1]. And, the baryons can be 
described as (EC,LC,-5) or (EC,LC) in Figs. 1 and 2 [1]. For example, the proton is 
defined as (1,0,-5) or (1,0). The fact that the baryons and mesons can be 
defined as (EC,LC) in the electromagnetic interactions is called as the 
hadronization in Figs. 1 and 2 in terms of the electromagnetic interaction. Then, 
the hadrons can emit and absorb both photons of (0,0) and (0,0,0). Therefore, 
the charged baryons and charged mesons are interacting with the leptons like the 
electrons through the normal photons of (0,0) in Fig. 1. 

Three things have been observed for the electromagnetic interactions. First the 
electromagnetic interactions between the dark matters (d) and normal matters (m) 
are zero. Secondly, the electromagnetic interactions between the dark matters are 
zero. Thirdly, the independent quarks have never been observed 
electromagnetically through the normal photons of (0,0). The third condition 
indicates that the electromagnetic interactions between the leptons and quarks are 
zero. Therefore, k(lq) = 0. And the first condition indicates that the electromagnetic 
interactions between the dark matters and normal matters are zero. Therefore, k(dm) 
= 0.  This indicates that three photons of (0), (0,0) and (0,0,0) are not changed to 
each other in Figs. 1 and 2. This is called as the photon confinement in the present 
work. This means that the different Coulomb force should be defined to the bastons, 
leptons and quarks in Figs. 1 and 2. Second condition can indicate that the Fc(dd)
value for the charged 

88



dark matters is nearly zero. So, the very small k(dd) value like k(dd) = 10x-54k for the 
charged B1, B2 and B3 dark matters can meet the second condition in Figs. 1 and 2. 

Three things have been observed for the gravitational force at the present time. First,
the gravitational force (Fg(dm)) between dark matters and normal matters is not zero
as seen in the galaxy structures. Secondly, the gravitational force (Fg(mm)) between 
the normal matters is very weak compared with the electromagnetic force (Fc(mm)) 
between the normal matters. For example, for the proton Fg(mm) = 0.8 10-36 Fc(mm).
Thirdly, the gravitational force is dominating over the electromagnetic force for the 
dark matters. Because Fg(mm) is so small in the second condition, Fg(dd) could be 
larger than  Fg(mm) for the proton-like particle. And the gravitational force of Fg(dm)
could be smaller than the gravitational forces of Fg(mm) and Fg(dd) because Fc(dm) 
= 0 is smaller than the Coulomb forces of Fc(mm) and Fc(dd). This gives the relations 
of Fg(dd) > Fg(mm) > Fg(dm) > 0 and   GN(dd) > GN(mm) > GN(dm) > 0 because the 
gravitational force formula is Fg(dd) = GN(dd) .  The non-zero gravitational
force of Fg(dm) indicates that three gravitons of g(0), g(0,0) and g(0,0,0) are 
changed to each other. This is called as the graviton evaporation in the present 
work in Figs. 1 and 2. These relations between the gravitational forces can be 
compared with the relations of Fc(mm) > Fc(dd) > Fc(dm) = Fc(lq) = 0 and k(mm) = 
k >> k(dd) > k(dm) = k(lq) = 0. In order to make dark matters to be 
controlled by the attractive gravitational force in the third condition, the 
attractive gravitational force (Fg(dd)) between the charged dark matters should be 
greater than the repulsive Coulomb force (Fc(dd))  between the charged dark 
matters. Therefore, Fg(dd) > Fc(dd). Therefore, the relation of Fc(mm) > Fg(dd) > 
Fg(mm) >  Fg(dm) > Fc(dd) > Fc(dm) = Fc(lq) = 0 for the proton-like particle is 
obtained for the x = 6 case as shown in Fig. 2. 

And why the gravitation force of Fg(mm) is so smaller than the electromagnetic 
force of Fc(mm) for the proton at the present time is explained as follows. In 
order to explain this question, we need to consider those forces near the inflation in 
Fig. 2. Because three photons of (0), (0,0) and (0,0,0) are not changed to each 
other, the (mm)inf near 

constant of k(mm)pre = k at the present time. This means that Fc(mm)inf

is equal to Fc(mm)pre for the proton. Because three gravitons of g(0), g(0,0) and 
g(0,0,0) are changed to each other, the gravitation constant of  GN(mm)inf near the 
inflation can be greater than the gravitational constant of GN(mm)pre = GN at the 
present time because of the graviton evaporations. Near the inflation, Fc(mm)inf

could be equal or similar to Fg(mm)inf for the proton. Then the Fc(mm) remains 
constant with increasing of the time since the inflation. However, Fg(mm)inf

near the inflation has been decreased to the present value of Fg(mm)pre = Fg(mm)
for the proton with increasing 
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of the time since the inflation in Fig. 2. Therefore, Fc(mm) >> Fg(mm) at the present 
time in Fig. 2.

Also, in Figs. 1 and 2, the photons are confined within the corresponding space. This 

Therefore, always k(mm) >> k(dd) and k(mm) = k.  However, the gravitation 
constant of GN is different because the gravitons can evaporate into other spaces in 
Figs. 1 and 2. This indicates that the gravitation constant of G has been changing 
since the inflation. In other words, near the inflation period, Fg(mm) >> Fg(dd) and
Fc(mm) Fc(dd) with the condition of GN(mm) >> GN(dd) and k(mm) >> k(dd) in 
Figs. 1 and 2. Then, because of the graviton evaporation, GN(mm) has been decreased
and GN(dd) has been increased since the inflation. At the present time, Fg(dd) > 
Fg(mm),  Fg(dd) Fc(dd) and Fg(mm) Fc(mm)  with the condition of GN(mm) < 
GN(dd) and k(mm) >> k(dd) in Figs. 1 and 2. At the present time,  Fc(mm) > Fg(dd)
> Fc(dd)  in the force strength and Fg(dd) > Fg(mm). In other words, it is assumed
that GN(dd) > GN(mm) = GN GN(qq) GN(ll).

The tentative numerical values of k and G in Fig. 2 are added just in order to show 
that the graviton evaporation and photon confinement can explain the relative force 
strengths of the electromagnetic interactions and gravitational interactions well. For 
example, near the inflation GN(mm) 1036GN, and GN(dd) 10-12GN in Fig. 2. At
the present time, GN(mm) GN, and GN(dd) 106GN because of the graviton 
evaporation in Fig. 2. And, always k(mm) = k 1048k(dd). This can be generalized 
as GN(dd) 10xGN and  k(mm) = k 10x- 54k(dd) in Figs. 1 and 2. The x=6 case is 
shown in Fig. 2. Therefore, in general, Fc(mm) > Fg(dd) (?) Fg(mm) >  Fg(dm) > Fc(dd) 
> Fc(dm) = Fc(lq) = 0 for the proton-like particle in Fig. 2. In Fig. 2, the cases of x =
6 and Fg(dd) > Fg(mm) are shown for the explanation purpose. Note that Fg(dd) =
Fg(mm) for the x=0 case and Fg(dd) < Fg(mm) for the x < 0 case in Fig. 2. It will be
interesting to look for the proper x value for the further studies.

At the present time, Fg(mm) = 8 10-37Fc(mm) 10-36Fc(mm) for the proton. Fc =
Fc(EC) + Fc(LC) + Fc(CC) Fc(EC) = k because k(EC) > k(LC) > k(CC)
[3,4]. The lepton charge force of Fc(LC) plays an important role for the neutrinos 
with the zero EC charges and non-zero LC charges [3,4]. The missing neutrino fluxes 
can be studied again by using the lepton charge force of Fc(LC) rather than the 
neutrino oscillation explanation as shown in section 3. Here it is assumed that the k 
and G values are similar for the leptons and quarks. Then Fc(mm) 1036Fg(mm), 
Fg(dd) = 10xFg(mm) and Fc(dd) = 10x-18Fg(mm) for a proton-like particle in Fig. 1.
This assumption can explain the relation of, at the present time, Fc(mm) > Fg(dd) (?)
Fg(mm) >  Fg(dm) > Fc(dd) > Fc(dm) = Fc(lq) = 0 for the proton-like particle in Fig.
2. For the B1 dark matter with the rest mass of 26.12 eV/c2 [1], Fg(dd) 10x-16Fg(mm)
and Fc(dd) = 10x-18Fg(mm) where Fg(mm) is for the proton. Therefore, Fg(dd) >
Fc(dd) for the B1, B2 and B3 dark matters in Figs. 1 and 2. This assumption can 
explain the reason why the gravitational force strength (Fg(mm)) between the 
matters
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is so weak compared with the electromagnetic force strength (Fc(mm)) between the 
matters at the present time
constant because of the photon confinement but the gravitation constant has been 
changed since the inflation because of the graviton evaporation along with the space 
evolution in Figs. 1 and 2. It is expected that the changing process of the gravitation 
constant between the matters from GN(mm) 1036GN to GN(mm)  GN happened 
mostly near the inflation period in Fig. 2. Therefore, during most of the universe 
evolution the gravitation constant could be taken as GN(mm)  GN. This explanation 
with the possible numerical values of k and G in Fig. 2 is only the example which 
needs to be further investigated in the future.    

In Figs. 1 and 2, if the gravitons are confined within the corresponding space like the 
photons, the gravitation constant of GN(mm) could be much larger than the
gravitation constant of GN(dd) like k(mm) is larger than k(dd). And the gravitation 
force strength (Fg(mm)) should be similar to the electromagnetic force strength 
(Fc(mm)). But because the gravitation force strength (Fg(mm)) is much weaker than 
the electromagnetic force strength (Fc(mm)), it is clear that the gravitons are not
confined but evaporated to other spaces as shown in Figs. 1 and 2. In Figs. 1 and 2, 
it is proposed that k(dd) is much smaller than k(mm) in order to explain the charged 
dark matter distribution of the galaxy cluster.  And if the gravitons are evaporated to 
other spaces, the gravitation constant of GN(mm) could be similar to the gravitation 
constant of GN(dd). Experimentally, Fg(mm) = 8 10-37 Fc(mm) for the proton. 
Therefore, the GN(mm) value is so small at the present time when compared with the 
k(mm) value in terms of the force strength. This indicates that the gravitons are 
evaporated as shown in Fig. 2.  Because of the huge number (N) of the evaporated 
gravitons into the x1x2x3 space, the gravitational force between the dark matters on 
the x1x2x3 space should be stronger than the electromagnetic force between dark 
matters. Because of the strong gravitational force between the dark matters, the 
charged dark matters of the B1, B2 and B3 bastons are distributed following the 
gravitational forces rather than the electromagnetic force between the dark matters. 
The observed dark matter distributions around the galaxies and galaxy clusters 
support the strong gravitational force between the dark matters. As shown in Figs. 1 
and 2, for the dark matters Fg(dd) >  Fc(dd), for the matters Fg(mm) << Fc(mm) and 
between the matter and dark matter Fg(dm) > Fc(dm) = 0. Here Fg and Fc are the 
gravitational force strength and electromagnetic force strength, respectively. Also, it 
is assumed that GN (dd) = 10xGN(mm) > GN (dm) for the gravitation constant and 
k(dm) = k(lq) = 0, k(mm) = k >> k(dd) = 10x-54k for the 
1 and 2. Here d and m mean the dark matter and (normal) matter, respectively. Then, 
Fc(dm) = 0, Fc(mm) >> Fc(dd) for the proton-like particle and Fg(mm) (?) Fg(dd) >
Fg(dm) for the proton-like particle. Also, Fc(mm) > Fg(dd) in Figs. 1 and 2.   

It has been observed from the gravitational lensing measurements for the bullet 
cluster [5], Abell 1689 cluster [6] and Abell 520 cluster [7] that the dark matters have 
been easily separated from the normal matters. The weak gravitational force with the 
small GN(dm) value between the dark matters and normal matters can explain why 
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the dark matters are distributed as observed in the gravitational lensing measurements 
[5,6,7]. In other words, these gravitational lensing measurements [5,6,7] are the 
direct evidence of the weak gravitational force with the small GN(dm) value between 
the dark matters and normal matters. Therefore, the dark matters and normal matters 
around the galaxies are connected by the weak gravitational force which can affect 
the rotational motions of the normal matters. For the bullet cluster [5], the dark 
matters and normal matters are taking the head and tail parts, respectively, when the 

corresponding galaxy cluster is moving. The non-zero rest mass of a graviton is mg
for the dark matters in Fig. 1. Then the non-zero rest mass of a graviton is 3mg for 
the normal matters of the hadrons in Fig. 1.  The strong gravitational force with the 
longer force range of the g(0) graviton between the dark matters can make the
location and shape of the dark matter distributions different from those of the normal 
matter distributions as observed in the Abell 1689 cluster [6] and Abell 520 cluster 
[7].  The weak gravitational force with the shorter force range of the g(0,0,0) graviton 
between the baryonic normal matters can make the location and the shape of the 
normal matter distributions as observed in the Abell 1689 cluster [6] and Abell 520 
cluster [7], which have mostly the normal matters (galaxies) in the outside area and 
dark matters in the inside center area. Recently, the ultra-diffuse galaxy called as 
NGC1052-DF2 without the dark matters was found [8]. The formation of the galaxy 
without the dark matters could be explained with increasing of Fg(dm) as a function 
of the time as shown in Figs. 2 and 3. The transition from the galaxy without the 
dark matters to the galaxy with the dark matters could be explained, too, as shown in 
Fig. 3. Therefore, the galaxies can be classified as the oldest galaxies, middle aged 
galaxies and the youngest galaxies as shown in Fig. 3. The ultra-diffuse galaxy called 
as NGC1052-DF2 without the dark matters was found [8] and is classified as the 
oldest galaxy. Then the dark matter galaxy and matter galaxy classified as the middle 
aged galaxies can rotate as the pair by the Fg(dm) force. Therefore, looking for the 
rotating pair of the dark matter and matter galaxies will be interesting. See Ref. [9] 
for the gravitational force range for the dark matters in Fig. 3.

Fig. 3. The transition from the galaxy without the dark matters to the galaxy with 
the dark matters is shown (see Figs. 1 and 2). The decay channels of several Q1 
baryons related to anti-Helium cosmic ray events are shown.

N(Q1,u,u)(0,0,-5)             p   +  e   +  e (Favored)
R(Q1,d,u)(-1,0,-5)            p   +   2e   + 2 e (Favored)

pR pp + 2e  +  2 e
2He  + 2 e

pn +  e  +  e d   + e
ppQ ppn + 2e  + 2 e

3He   + 2 e + e+ (Favored)
ppRR ppnn +  2e  +  2 e

4He  +  2 e + 2e+

2e  + 2 e

92



3. Missing neutrinos, Le lepton, Q1 quark and B1 dark matter

In Ref. [1], three heavy leptons (Le, L , L ) with the EC charge of -2 are proposed. 
The rest mass energy of the Le particle is expected between 3 1011 eV and 3 1013 eV 
because the gamma ray excess was reported from the TeV gamma ray spectrum from 
RX J1713.7-3946 with HESS and Fermi-LAT data [10,11]. In the present work, this 
gamma ray excess around 1.4 TeV is proposed as the gamma ray peak from the 
annihilation peak of Le and anti Le particles as shown in Fig. 4.  And the cosmic-ray 
electron and positron excess at the energy range between 1011 eV and 2 1012 eV was 
observed from the data of DAMP (Dark Matter Particle Explorer) [12].  Also, the 1.4 
TeV electron and positron peak was observed from the same data. And the 1.4 TeV 
peak observed at the cosmic ray is explained as the annihilation peak of Le and anti 

Le particles as shown in Fig. 4.  Then, the rest mass of 1.4 TeV/c2 is assigned to the 
Le particle with the EC charge of -2e. This rest mass of Le is smaller than the 
tentative previous rest mass (25.3 TeV/c2) of Le [1]. And the cosmic-ray electron 
and positron excess at the energy range between 1011 eV and 2 1012 eV, which was 
observed from the data of DAMP (Dark Matter Particle Explorer) [12], is explained 
to be originated from the decay of Le particle of . And the cosmic
gamma ray spectrum by CALET 5 year measurements [13] was observed from the 
Galactic center including galactic diffusing background. The 1.4 TeV gamma ray 
peak which was originated from annihilation peak of Le and anti Le particles was 
found [13]. Also, Planck collaboration [14] indicates that the electron and positron 
cosmic ray data observed around 1.4 TeV by the Fermi/HESS and AMS/PAMELA 
are excluded from the dark matter candidates by CMB. These electron and positron 
data can be explained by the decay and annihilation of the new Le particle. The rest 
masses of Le, L  and L  leptons can be tentatively calculated by E = 0.4498 1038+2F

Fig. 4. Cosmic gamma ray and cosmic ray [1,6]. 
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and F(EC,LC) = -23.24488 + 7.26341 |EC| - 1.13858 EC2 + 0.62683 |LC| + 0.22755 
LC2. These data support the existence of heavy leptons like Le, L and L .

In Ref. [1], the B1, B2 and B3 dark matters (bastons) are proposed. These B1 and B2 
dark matters are very stable because of the lack of the decaying channels [1]. Their 
possible rest masses have been tentatively calculated in Ref. [1] under the assumption 
that the B2 dark matter has the 42.7 GeV/c2 [12]. The 42.7(7) GeV peak was 
identified in the gamma-ray spectrum from the Fermi Large Area Telescope (LAT) 

in the directions of 16 massive nearby Galaxy Clusters [1,15]. The 42.7 GeV peak is 
proposed as the B2 annihilation peak. Then, the rest mass of the B2 dark matter is 
42.7 GeV/c2 [1]. Also, the proposition of the 42.7 GeV/c2 B2 dark matter is consistent 
with the dark matter rest mass energy predicted by the Fermi Galactic center excess, 
AMS anti-proton excess, thermal cross-section and the CMB condition [14]. Planck 
collaboration [14] reported recently the possible rest mass energy range of the dark 
matter in Fig. 46 of the paper on Planck 2018 results. VI. Cosmological parameters 
[14]. This rest mass energy range [14] is consistent with the present B2 dark matter 
rest mass energy of 42.7 GeV/c2.    

The Cherenkov radiation of the electrons produced from the elastic scattering of the 
anti-neutrino and electron was observed by the Kamiokande II detector, Irvine-
Michigan-Brookhaven detector (IMB) and Baksan neutrino observatory detector 
(BNO) [16]. And the anti-neutrino data emitted from SN 1987A [16] were explained 
by using the annihilation of B1 and anti-B1 dark matters [1]. In the present work, the 
alternative explanation is tried to explain the SN 1987A data [16]. It is proposed in
Fig. 6 that the Cherenkov radiation of the electrons produced from the elastic 
scattering of the B1 dark matter and electron was observed by the Kamiokande II 
detector, Irvine-Michigan-Brookhaven detector (IMB) and Baksan neutrino 

Fig. 5. The B1 dark matter effects (Nd) are considered in the neutrino observation (N) 
as shown in Fig. 6. The proposed rest mass (26.12 eV/c2) of the B1 dark matter [1] is 
indirectly confirmed from the supernova 1987A data [16].

BG
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observatory detector (BNO) [16]. In Fig. 5, the curve A fits the observed data well 
except the 6 BG data. The equation of 2E2t = m2c4t0 is taken from the paper by Ehrlich 
[16]. Here, t0 is the travel time of the light from SN 1987A to the earth. The 
background data are expressed as BG in Fig. 5. The 5 data detected by the BNO 
detector considered as the background data are not shown in Fig. 5 [16]. The curve 
A uses the proposed dark matter mass of B1. It is proposed that the B1 particles come 
from SN 1987A to the earth. The energies, E( ) of the observed neutrinos are re-
interpreted as the energies, E(B1) of the B1 dark matters. This supports indirectly 
that the rest mass of the B1 dark matter is 26.12 eV/c2. The curve B fitted with all 
data in Fig. 5 is shown for the comparison with the curve A.

In Figs. 5 and 6, the missing neutrinos are newly explained by using the B1 dark 
matters and lepton charge force. Fc = Fc(EC) + Fc(LC) + Fc(CC) Fc(EC) = k 
because k(EC) > k(LC) > k(CC) [3,4]. The lepton charge force of Fc(LC) = k(LC)

plays an important role for the neutrinos with the zero EC charges and non-
zero LC charges in Fig. 5 [3,4]. The missing neutrino fluxes can be studied again 
by using the lepton charge force of Fc(LC) rather than the neutrino 
oscillation explanation as shown in section 3.The neutrino anomalies of the 
SN1987A data, MinibooNE data [17,18] and LSND data [19] are explained by the 
B1 dark matter scattering within the Cherenkov detectors in Figs. 5 and 6. Also, the 
reactor missing antineutrino anomaly can be explained by the condition of Nd < N
(LCF) in Fig. 5. In the present extended standard model, the force carrying 
bosons of Z, W and Y have the lepton charge dependence in Fig. 1 like the 
quarks and leptons have the lepton charge dependence. In this case, the quark 
mixing (CKM matrix) and lepton 

Fig. 6. The neutrino anomalies of the SN1987A data,
MinibooNE data and LSND data are explained by the B1 dark 
matter scattering within the Cherenkov detectors (see Fig 5).
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mixing (oscillation) are not needed in order to explain the particle decays. Then, it is 
concluded that the B1 dark matters were already observed in the SN1987A data [16]
and MinibooNE data [17,18].

Six anti-3He cosmic ray events and two anti-4He cosmic ray events were observed
by AMS-02 measurements [20]. Anti-matter clouds and anti-matter stars are
proposed by Poulin et al. as their origins [20]. However, in the present work  the Q1 
baryon decays are used to explain the anti-Helium cosmic ray events. It indicates that 
the enhanced anti- 3He events are originated from the anti- (ppQ) decay in Fig. 3.
And the anti- 4He events are originated from the anti- (ppRR) decay in Fig. 3. Also, 
the ultra high energy cosmic rays can be explained by the decaying channels of the 
Q1, Q2 and Q3 baryons [1] as shown in Fig. 3. This supports the existence of the 
new heavy Q1, Q2 and Q3 quarks with the charge of EC = -4e/3 [1].

4. Elementary particles and the extended standard model

The relations of GN(ll) = GN(qq) = GN(mm) and k(ll) = k(qq) = k(mm) = k are 
assumed in Fig. 2. Here, l and q represent the leptons and quarks. Then, note that 

k(dm) = k(lq) =0. And the normal matters consist of leptons, quarks and hadrons, and
the dark matters are the B1, B2 and B3 bastons [1]. Then the B1, B2 and B3 dark 
matter particles exist since the big bang along with the photons and gravitons [9].  
Therefore, all elementary particles including the B1, B2, B3 dark matters are 
created

Fig. 7. Elementary particles are created by the decay of the 
charged matter universe and by the pair production (PP) of the 
particle and anti-particle [1,4,9]. And (0) and g(0) are S(0) 
and T(0), respectively.
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near the inflation. The particles with the rest mass (m) of m Ep/c2 and the radius 
(r) of r < R become the virtual black hole particles from the condition of the
Schwarzschild radius of R = 2Gm/c2. Ep/c2 = mp is the Planck mass which is the black
hole. The real particles are defined as the particles with the radius (r) of r  R.
Therefore, the B1, B2 and B3 dark matters are the real particles. And it is proposed
that the force carrying bosons of gravitons and Z/W/Y bosons with the non-zero rest
masses have the radii equal to the Planck length (lp0) in Fig. 7 [9,1,4]. Therefore, the
force carrying Z/W/Y bosons and gravitons are always the real particles because the
radii of the force carrying bosons and gravitons are lp0 = 1.6 10-35 m larger than their
Schwarzschild radii given by R = 2Gm/c2. The size of the photon with the zero rest
mass cannot be defined. These Z/W/Y bosons exist only during the very short time
allowed by the uncertainty principle. These Z/W/Y bosons are created from the decay
of the vacuum energy in Fig. 7. Therefore, the first Z(0,0) and W(-1,0) particles with
the rest mass energies of 91 GeV/c2 and 80 GeV/c2, respectively, were the real
particles that were created from the decay of the vacuum energy. The pair of the
matter universe with the charge configuration of -Q and anti-matter universe with the
charge configuration of Q could be created from the big bang because our universe
is full of the matters in Fig. 7 [9]. In this case, if the matter universe is defined to be
negatively charged for the EC, LC and CC charges, the anti-matter universe should
be defined to be positively charged for the EC, LC and CC charges. Then, the matters
can be created from the decay of the matter universe with decreasing of the
gravitation constant (G(mm)) in Fig. 2. Also, the pair of the matter and anti-matter
can be created from the vacuum energy fluctuation with decreasing of the gravitation
constant (G(mm)) in Fig. 2. The anti-particles created by the pair production of the
particle and anti-particle are later changed to the photons by the pair annihilation of
the particle and anti-particle. And the particles created by the decay of the matter
universe survive to form the galaxies and stars. This is the reason why our matter
universe is full of the particles. The decay of the matter universe to create the new
particles takes place mostly near the inflation period through the formation of the
universe particle and galaxy particles [9,4]. But the pair production of the particle
and anti-particle to be created from the vacuum energy fluctuation takes place always
from the big bang time up to the present time. Also, the pair production of the matter
universe and anti-matter universe can explain the CP symmetry problem of why the
matters are dominating over the anti-matters on the present universe.

Elementary particles are created by the decay of the charged matter universe and by 
the pair production (PP) of the particle and anti-particle in Fig. 7 [1,4,9]. And g(0) 
and g(0) are S(0) and T(0), respectively in Fig. 7. Also, note that the elementary 
fermions are created by the particle-antiparticle pair production from the photon and 
the elementary Z/W/Y bosons are created by the particle-antiparticle pair production 
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from the high energy graviton. The high energy graviton is made by the constructive 
interference of the many low energy gravitons. The connection of the elementary 
bosons with the gravitons are for the first time proposed in the present work in Fig. 
7. In other words, the gravitons and the Z/W/Y bosons are created by the fluctuations
(T fluctuation) along the time axis of the space and time and the photons and the
elementary fermions are created by the fluctuations (S fluctuation) along the space
axis of the space and time in Fig. 7 [9,4].  The vacuum energy can be described as
the 3-dimensional and 1-dimensional space and time fluctuations of ST(0), ST(0,0)
and ST(0,0,0) in Fig. 7. These ST(0), ST(0,0) and ST(0,0,0) fluctuations can be
exchanged to each other. Therefore, these vacuum energies are not confined within
the corresponding space but evaporated to other space like the gravitons do. And the
gravitons (T fluctuation) and photons (S fluctuation) can be combined to form the
vacuum energy (ST fluctuation). Also, the vacuum energy (ST fluctuation) can decay
to the gravitons (T fluctuation) and photons (S fluctuation). Therefore, the gravitons
and photons are originated from the same space-time (ST) fluctuations [4,9]. The
vacuum energy density including the photons and gravitons is defined as the ST(0),
S(0) and T(0) vacuum energy density of the x1x2x3 space. If the ST(0) vacuum
energy is larger than the rest mass energy of two electron neutrinos, the ST(0) energy
will be changed to the ST(0,0) energy which makes the pair production of the
electron neutrino and anti-electron neutrino. And the increasing of the new g(0)
gravitons (T(0) fluctuation) can increase the ST(0) vacuum energy by combining
with the (0) photons (S(0) fluctuation). The increasing of this ST(0) vacuum energy
can cause the accelerated expansion of the x1x2x3 space and the inflation of the
x1x2x3 space since the big bang as explained in Ref. [9]. This should be further
studied in terms of the 3-dimensional quantized space model.

5. Summary

In the present work, the charged B1, B2 and B3 dark matters are expected to be 
relatively stable because of the lack of the decaying channels. When the proper 

matter and dark matters, the charged dark matters like the B1, B2 and B3 dark matters 
can be the good candidates of the dark matters.  Here it is assumed that the k and G 
values are similar for the leptons and quarks. Then Fc(mm) 1036Fg(mm), Fg(dd) = 
10xFg(mm) and Fc(dd) = 10x-18Fg(mm) for a proton-like particle in Fig. 2. This 
assumption can explain the relation of, at present time, Fc(mm) > Fg(dd) (?) Fg(mm) 
> Fg(dm) > Fc(dd) > Fc(dm) = Fc(lq) = 0 for the proton-like particle in Fig. 2. For the
B1 dark matter with the rest mass of 26.12 eV/c2 [1], Fg(dd) 10x-16Fg(mm) and
Fc(dd) = 10x-18Fg(mm) where Fg(mm) is for the proton. Therefore, Fg(dd) > Fc(dd)
for the B1, B2 and B3 dark matters as shown in Fig. 2. In order to make dark matters 
to be controlled by the attractive gravitational force, the attractive gravitational force 
(Fg(dd)) between the dark matters should be greater than the repulsive Coul
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force (Fc(dd)) between the dark matters. Therefore, Fg(dd) > Fc(dd). Therefore, it is 

confinement but the gravitation constant has been changing since the inflation 
because of the graviton evaporation along with the space evolution in Fig. 2. This 
assumption can explain the reason why the gravitational force strength (Fg(mm)) 
between the matters is so weak compared with the electromagnetic force strength 
(Fc(mm)) between the matters.

The rest mass of 1.4 TeV/c2 is assigned to the Le particle with the EC charge of -2e
[2,24,25]. This rest mass of Le is smaller than the tentative previous rest mass (25.3 
TeV/c2) of Le [1]. The proposed rest mass (26.12 eV/c2) of the B1 dark matter [1] is 
indirectly confirmed from the supernova 1987A data [16]. The neutrino anomalies 
of the  SN1987A data and MinibooNE data are explained by the B1 dark matter 
scattering within the Cherenkov detectors. The missing neutrinos are newly 
explained by using the dark matters and lepton charge force in section 3. Then, it is 
concluded that the B1 dark matters were already observed in the SN1987A data and 
MinibooNE data. In the present work  the Q1 baryon decays are used to explain the 
anti-Helium cosmic ray events and ultra high energy cosmic rays.

Finally, I thank the conference organizers for giving me the opportunity to talk on these
challenging topics at the 2018 new trends in high energy physics conference.     
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Sterile neutrino searches with the ICARUS detector 

Filippo Varanini (on behalf of the ICARUS collaboration) 

ABSTRACT: The ICARUS-T600 detector is the first large-scale example 
of a liquid Argon TPC, an ideal detection technology for neutrino 
physics, combining excellent 3D spatial reconstruction and calorimetry. 
Its operation with the CNGS neutrino beam proved the maturity of the 
technique, while providing important results in sterile neutrino searches. 
A fully sensitive verification of the existence of sterile neutrinos will be 
possible with the SBN experiment at the FNAL Booster beam, using three 
LAr-TPCs at different distances along the beamline. ICARUS, that will 
act as the SBN far detector, was extensively refurbished in order to adapt 
to surface operations; data taking is expected to begin during 2019. 

THE LIQUID ARGON TPC 

The Liquid Argon Time Projection Chamber (LAr-TPC) is one of the 
most innovative detector technologies now taking a leading role in the 
field of neutrino physics and other rare phenomena like nucleon decay. 
It combines an excellent 3-dimensional imaging capability (with a 
resolution of the order of the wire pitch, typically a few millimeters) with 
the properties of a uniform, full-sampling calorimeter, due to the 
collection of drifting electrons produced by ionizing tracks. 
In this detector, the argon acts as both massive target and detection 
medium at the same time; its accessible cost allows the construction of 
detectors with huge mass, beyond the kiloton scale. 
Moreover, the associated scintillation light in LAr provides a fast signal, 
that can be used to provide timing information or triggering. 
LAr-TPCs were first proposed by C. Rubbia in 1977[1]; a long 
development, carried out within INFN and in collaboration with industry, 
culminated in ICARUS-T600, that took data from 2010 to 2013 in the 
INFN-LNGS underground laboratory in Italy, representing the first 
application of a LAr-TPC to a large-scale physics experiment. 

ICARUS-T600 AT LNGS 

The T600 detector[2] is composed of two identical and independent 
modules, for a total instrumented LAr mass of 476 t; each module 
consists of two TPCs, sharing a central cathode. Each TPC has a drift 
length of 1.5 meters; a uniform electric field of 500 V/cm is applied in the 
TPC, corresponding to an electron drift velocity of ~1.6 mm/ s. 
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The anode system is composed by three parallel wire planes with 
different orientations (0°, ± 60° w.r.t. horizontal); both the distance 
between planes and the wire pitch on each plane are 3 mm. 
The wire biasing is tuned to guarantee a non-destructive readout of the 
signals generated by ionization electrons drifting to the anode; in the first 
two planes a signal is generated by induction, while in the last one all 
drifting electrons are collected, providing a signal proportional to the 
deposited energy.  
The wire signal is read-out and digitized with a 400 ns sampling time, 
corresponding to ~0.6 mm; the resolution on the drift coordinate is 
therefore of the same order. 
The LAr scintillation light is read by photomultipliers placed behind the 
wires; being in the VUV range (~125 nm), it has to be shifted to visible 
light by a layer of wavelength shifter (tetraphenylbutadiene) deposited on 
the PMT window. An internal picture of the TPC is visible in Figure 1. 

Figure 1: internal photo of one TPC of ICARUS-T600 during the 
refurbishing at CERN. The wire planes, cathode, PMTs and field cage are 

visible. 

The ICARUS-T600 detector took data for about 3 years at LNGS [100], 
exposed to both CNGS beam neutrinos (~8.6 1019 pot) and atmospheric 
ones; this very successful data-taking run (live time ~93%) proved the 
maturity of the LAr-TPC technology, paving the way for future even 
larger detectors such as DUNE. 
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In particular, an unprecedented Argon purity of ~20 ppt (O2 equivalent) 
[4], corresponding to an electron lifetime of ~15 ms, was reached, 
limiting the maximal attenuation of the ionization electron signal over the 
ICARUS drift length to ~7%. 

ICARUS RECONSTRUCTION 

This run confirmed the expected ICARUS performances, both in spatial 
and calorimetric reconstruction capability. Their most significant 
application for current and future neutrino experiments is the 
identification of electron neutrino interactions, separating them from the 
background given by neutral current with production of 0’s and relative 
electromagnetic showers. 
The signal/background discrimination is mainly due to the accurate 
measurement of ionization density dE/dx in the first few centimeters from 
the neutrino interaction vertex, before the shower onset (Figure 2); a 
genuine electron produces a m.i.p. deposition, unlike 0 showers, where 
initial ionization density is at least two times higher. This very detailed 
reconstruction of electromagnetic showers, made possible by the 
excellent granularity (3 mm, compared with a radiation length of ~14 cm) 
represents one of the major advantages of LAr-TPC with respect to other 
detection techniques. 

Figure 2: Example of identification of an electron neutrino interaction in 
the CNGS beam with the analysis of dE/dx. The ionization density is 

compatible with a m.i.p. for about 15 wires (~4 cm) before the electron 
develops into a shower. 

In the case of non-contained particles, mostly muons, for which a 
calorimetric measurement is not possible, the only alternative estimate of 
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energy is from multiple Coulomb scattering (MCS); since the RMS 
deflection angle of a muon along a track segment of length L is inversely 
proportional to its momentum p, a measurement of deflection angles 
allows to estimate momentum.  
A new algorithm[5] has been developed for ICARUS, introducing a 
statistical analysis of observed track deflections, optimizing segment 
length in order to enhance the genuine MCS effect w.r.t. the apparent 
deflections due to reconstruction uncertainties, which are estimated on an 
event-by-event basis. This analysis was validated on a sample of ~400 
stopping rock muons, i.e. muons produced in the CC interactions of 
CNGS beam neutrinos in the rock upstream of the detector, ranging out 
and possibly decaying in the detector itself. This subsample of contained 
events provides a direct estimate of momentum from calorimetry, that can 
be used as a benchmark for the MCS one, in an energy range (0.5-5 GeV) 
that is typical of future neutrino experiments 

The agreement between the two momentum measurements is generally 
good (Figure 3) despite a small underestimation of the MCS estimate 
w.r.t. the calorimetric one, growing at higher energies (~15% for p>3 
GeV/c). This effect is due to the non-perfect planarity of the cathode, that 
was independently measured with cosmic rays and during the detector 
overhaul, and could extend up to ~2.5 cm; this causes a distortion of the 
electric field, resulting in apparent track deflections which mimic a lower 
momentum value. 
This effect was corrected on average, by simulating the electric field 
resulting from the observed non-planarities and computing the 
corresponding fake deflections; the correction reduced the maximum 
underestimation to ~5%. 
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Figure 3:Scatter-plot of the MCS momentum measurement, compared 
with the calorimetric one, for the CNGS stopping muon sample described 

in the text. 

In addition the CNGS beam neutrinos, ICARUS-T600 could also observe 
atmospheric neutrinos, with an exposure of ~0.74 kt year. 14 neutrino 
interactions (6  and 8 e) were observed (an example is shown in 
Figure 4), while ~18 were expected, taking into account detector live-
time and detection efficiencies. This is the first observation ever of 
atmospheric neutrinos with a LAr-TPC; moreover, it represents an 
interesting benchmark for the identification and reconstruction of neutrino 
interaction in a similar energy range to the future SBN experiment. 
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Figure 4: A down-going ne neutrino interaction observed at LNGS. The 
total deposited energy is ~240 MeV. The electron can be identified by the 

single-m.i.p. ionization density in the first few wires. 

THE STERILE NEUTRINO PUZZLE 

While most results in neutrino oscillation physics are consistent with the 
standard scenario of 3 neutrino flavors and 3 mass eigenstates, a few 
anomalies, across very different neutrino sources and energy ranges, 
appear to point to a possible fourth mass eigenstate in the region of 0.1-10 
eV2, corresponding to an L/E ratio of ~ 1 m/MeV. The first of these 
anomalies was the appearance of anti- e in the LSND anti-  beam, with 
a ~3.8  significance[6], later partially confirmed by MiniBooNE. At 
some reactor experiments a ~3  deficit of anti- e was observed w.r.t. 
expectations[7]. Recent reactor results, however, are somehow 
contradictory: while some seem to provide alternative explanations for 
this effect, that do not involve oscillations[8], other measurements at very 
short baseline [9] appear to point to oscillations with large m2~ 7 eV2. A 
similar disappearance was also found in Mega-Curie neutrino sources, 
used for the calibration of solar neutrino experiments[10]. 

ICARUS performed a search for a sterile neutrino in this mass range by 
looking for e appearance in the  CNGS beam[11]; since the L/E ratio 
in this case is ~36 m/MeV, much larger than the LSND one, the m2 
dependency of the oscillation probability averages out, resulting in 
P( e) ~ ½ sin2(2 ). The non-observation of e appearance, 
consequently, resulted in constraining (together with the similar result by 
OPERA[12]) the allowed parameter space, identifying a small region 
around m2~1 eV2 and small angle, as illustrated in Figure 5. 
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Figure 5: Excluded region from the sterile neutrino search by ICARUS at 
LNGS, compared with LSND and MiniBooNE allowed regions in 

parameter space. 

Recent cosmological data such as Planck[13] seem to disfavor the sterile 
neutrino hypothesis, while both reactor and accelerator scenarios present 
tensions between different results; generally, the sterile neutrino picture 
appears far from clear, requiring a definitive explanation. 

THE SBN EXPERIMENT 

The SBN (Short Baseline Neutrino) experiment, under preparation at the 
Booster neutrino beam at FNAL, has the potential to perform a fully 
sensitive search of sterile neutrino oscillations, both in the appearance and 
disappearance channels[14]. In this project, ICARUS will act as the far 
detector, at 600 meters from the beam target; a near detector (SBND) also 
based on the LAr-TPC technology, with a mass of 112 tons,  will be 
installed at a ~110 m distance. A smaller LAr-TPC (MicroBooNE, with a 
mass of ~80 t) is already taking data on the same beamline. 
The use of the same detection technology for the far and near detectors 
will allow to cancel out a large part of the systematics associated to 
neutrino events identification, reconstruction and detector response. The 
near detector will provide a basically unperturbed flux composition and 
spectrum, and any difference between spectra at the near and far locations 
will imply some unexplained new physics. 
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Moreover, the e efficient reconstruction by the LAr-TPC will allow to 
reject a large fraction of NC-associated backgrounds. 

As a consequence, in 3 years of data-taking, SBN will be able to fully 
cover the region allowed by LSND in parameter space with a e 
appearance search, as shown in Figure 6, and at the same time extend the 
present sensitivity in the  disappearance channel. 

Figure 6: Sensitivity of the SBN experiment in the appearance channel 
(left) and in the disappearance one (right)  for 3 years of data taking, 

compared with LSND allowed region  

THE ICARUS-T600 OVERHAULING 

The operation of ICARUS-T600 at SBN will take place at shallow depth, 
protected by only a 3-meter concrete overburden. These experimental 
conditions will pose new challenges to the operation of a liquid Argon 
TPC; the rate of cosmic rays impinging on the detector will be ~11 for 
each TPC, during each drift window (~1 ms).  
Photons associated to incoming cosmic rays will generate, via Compton 
interaction or asymmetric pair production, electrons that could mimic e 
interaction and represent an important source of backgrounds for 
appearance searches. 

In order to reduce this background, the absolute position in space and 
drift time of each ionizing event during the drift window must be 
unambiguously reconstructed. This will be possible by combining the 
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TPC information with the scintillation light recorded by a much improved 
PMT system. 
The number of photomultipliers, in view of the SBN experiment, has 
been increased to 360 (90 per each TPC); the adopted PMTs are 
characterized by excellent timing features (transit time spread <1 ns, rise 
time ~ 4 ns) in order to guarantee a ~ns time resolution, allowing 
reconstruction of the event position within ~50 cm[15]. Moreover, a 
segmented Cosmic Ray Tagger system (CRT), made of scintillator bars 
with ~98% detector coverage, will allow identification and tagging of 
incoming cosmic rays. 

In addition to the improvement in the light detection system, the ICARUS 
detector underwent a major refurbishing at CERN starting in 2015, 
introducing newer technological developments while maintaining the 
already achieved performance, before transportation to FNAL in summer 
2017. In particular, new cold vessels and purely passive insulation were 
installed; the cathode was flattened by a thermo-mechanical treatment, 
reducing the non-planarity to a few mm and removing the largest 
systematic to MCS muon momentum measurement. 
The read-out electronics was also redesigned, introducing a shorter 
shaping time (~1.5 s) for all wire planes, including the middle Induction 
one. This resulted in a drastic reduction of the undershoot around signals, 
allowing a better description of crowded event regions around vertices, 
and permitted an off-line integration of the Induction signal, providing a 
calorimetric measurement also in that wire plane. 

The installation at the FNAL Far Detector building started in late 2017, 
with the assembly of warm vessel and the bottom CRT layer; activity on 
top of the detector was ongoing in September 2018, with the installation 
of feedthrough chimneys.  
Cryogenic work will begin in early 2019, followed by commissioning of 
the TPC, PMT and CRT subdetector systems. Filling with liquid Argon 
and start of data taking is planned for summer 2019. 

CONCLUSIONS 

The ICARUS-T600 detector represents the first large-scale example of a 
liquid Argon TPC; its very successful operation in tough underground 
conditions at the LNGS laboratory proved the maturity of this innovative 
detecting technology, paving the way to further developments in neutrino 
and rare event physics.  
The search for sterile neutrinos through e appearance studies in the 
CNGS beam provided significant constraints to the allowed sterile 
neutrino parameter space.  
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A more thorough verification of the sterile neutrino hypothesis will be 
possible with the SBN experiment at the Booster beam at FNAL, that will 
be able to cover the currently allowed appearance region in 3 years of 
data taking. The use of three LAr-TPCs at different distances – with 
ICARUS acting as far detector - along the beamline will strongly 
suppress systematics and allow a very sensitive search also in the 
disappearance channel. 
In order to cope with to its new more challenging shallow depth 
operation, the ICARUS detector underwent a significant overhauling at 
CERN from 2015 to 2017. In particular, the scintillation light detection 
system was fully renovated, increasing the PMT number and their 
resolution and redesigning the front-end electronics  
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Abstract. NOvA is a long-baseline neutrino oscillation experiment using 

identical scintillator detectors are placed off the beam axis, separated by 
810 km oscillation baseline. Both detectors have high active material 
fractions and are finely segmented allowing for precise identification and 
analysis of neutrino interactions. By observing both the disappearance of 
muon (anti)neutrinos and appearance of electron (anti)neutrinos in the 
beam, NOvA can impose constraints on the yet undetermined parameters 
of neutrino oscillation phenomenon, such as the neutrino mass ordering, 
CP violation and the octant of the large mixing angle. NOvA also studies 
neutral-current neutrino interactions, thus extending its scope beyond the 
standard three-flavor paradigm. This paper presents the latest NOvA 
results with the complete neutrino data sample up to date and first 
antineutrino data collected since February 2017.

Introduction
NOvA is a long-baseline neutrino oscillation experiment designed to make 
measurements of muon neutrinos ( ) disappearance and electron neutrinos ( )

for the first oscillation maximum around neutrino energy of GeV over km 
baseline, the experiment studies primarily four channels of oscillations:
or and or . They allow to address several concerns of
neutrino oscillations:

mass ordering, i.e. normal (NH) or inverted hierarchy (IH) of neutrino
masseigenstates,
direct CP violation ( phase) and
precise determination of and neutrino mixing parameters.

This paper reports the NOvA combined analysis of POT
(protons on target) neutrino data collected from Feb to Feb and 
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POT antineutrino data collected from Feb to Apr .
Neutrino oscillations parametrization, fits, predictions and interpretation of the 
results were done within the standard oscillation model of  active neutrino flavors 
of electron, muon and tau neutrino ( ) [ ].

The NOvA Experiment 
The experiment consists of two large functionally identical detectors sitting 

 mrad off the beam axis km apart. This off-axis configuration reduces 
uncertainty on energy of incoming neutrinos and suppresses the higher-energy 
neutrinos background producing neutral current interactions (NC) misidentified as 

e charged current (CC). On the other hand, it also results in a lower intensity than 
in the on-axis region, mitigated by the size of the detectors and beam power 
upgrades. 

The detectors are finely grained and high active ( % active mass) liquid 
scintillator tracking calorimeters, which allow for precise analysis of investigated 
neutrino interactions events. They are designed to be as similar as possible aside 
from size: the far detector (FD) is kt and on surface located in Ash River, 
Minnesota, the near detector (ND) is located underground in Fermilab, close 
enough to the neutrinos source to see a far greater flux with only  kt of mass. 
Both are constructed out of extruded PVC cells ( cm in cross section and 

/ m in length for FD/ND) filled with scintillator and equipped with 
a wavelength shifting fiber connected to avalanche photodiode (APD). They 
collect light produced by charged particles subsequently amplified and digitized 
by APDs. The cells alternate in horizontal and vertical orientation to allow for 
a stereo readout. More information on detectors can be found in Ref. [2]. 

NuMI beam is created following the decay of charged pions and kaons 
produced by GeV protons hitting a carbon target. These parent mesons are 
focused by two magnetic horns towards the NOvA detectors and decay in flight 
through the chain , with the muon then decaying as 

. By switching the polarity of the horns, opposite charge sign particles can
be focused, thus effectively selecting an antineutrino beam. The resulting 
composition in range GeV at ND is of % , % and % in case
of neutrino beam and % , % and % in case of antineutrino
beam. 

To identify and classify neutrino interactions NOvA uses a method based on 
image recognition techniques known as Convolutional Visual Network (CVN), 
see Ref. [ ]. CVN treats every interaction in the detector as an image with cells 
being pixels and collected charge being their color. When trained with simulated 
events and cosmic data, CVN can extract abstract topological features of 
neutrinolike interactions with convolutional filters (feature maps [ ]). With an 
input of calibrated 2D pixelmap (two views of horizontal and vertical event 
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projections), the output is a set of normalized classification scores ranging over 
hypotheses of beam neutrinos event ( CC, CC,  CC and NC) or cosmics.
CVN has been used together with additional supporting PIDs: seperate and

cosmic rejection boosted decision trees (BDT) and muon track identification in
 events.

-driven 
predictions of FD observations. ND neutrinos spectra are considered the effective 
unoscillated source of oscillated neutrinos measured in FD. FD  and  signal is
predicted using ND , whereas FD beam background is constrained using ND

sample. This Far/Near (F/N) technique includes several steps (Fig. 1). Firstly,
the reconstructed neutrino energy spectrum is unfolded to true energy using 
a simulated migration matrix. Secondly, F/N ratio accounting for geometry, beam 
divergence and detector acceptance is applied to create unoscillated FD prediction. 
Then the FD spectrum is weighted by the oscillation probability for a given set of 
oscillation parameters. Finally, the true energy is smeared back again to the 
reconstructed energy via the migration matrix. As a reward, F/N technique 
significantly reduces both neutrino flux and cross section systematic uncertainties. 
ND reconstructed energy spectra of and  (the source of FD  and  signals)
can be found in Fig. 2. 

Muon Neutrino and Antineutrino Disappearance 
Muon neutrino disappearance channel is primarily sensitive to  and

 and the precision with which they can be measured depends on the 

Figure 
reconstructed to true energy translation, F/N ratio, oscillation 
probability, true to reconstructed energy restoration. Base simulation in red,
ND data-driven corrected prediction in blue.

113



energy resolution. Energy of is reconstructed as a sum of the energy of a muon,
estimated from the range of muon track, and remaining hadronic energy. To get 
best effective use of the energy resolution, the data binning is optimized in two 
ways. First, the energy binning has finer bins near the disappearance maximum 
and coarser bins elsewhere. Second, the events in each energy bin are further 

energy fraction, which correspond to different  energy resolution. The divisions 
are chosen such that the quartiles are of equal size in the unoscillated FD 
simulation. The ( ) energy resolution is estimated to be % ( %), %
( %), % ( %) and % ( %) for each quartile, ordered from lower to 
higher hadronic energy fraction. F/N technique is applied separately in quartiles, 
which has the additional advantage of isolating most of the cosmic and beam NC 
background events along with events of worst energy resolution ( th quartile).

There are ( ) ( ) CC candidates observed in FD, whereas with no
oscillations, the projected ND flux would result in (syst.) (stat.)
( ) events. The total estimated background is ( ) events with

( ) cosmic-ray-induced events, ( ) NC events and ( )
other beam backgrounds. The expected wrong sign contamination is of in

 beam and  in . FD data and best fit prediction can be seen in Fig. .
All above show a clear indication of both  and  disappearance.

Electron Neutrino and Antineutrino Appearance 
In order to maximize the statistical power of the  selected events at FD, the
sample is binned in both reconstructed energy and CVN score. There are two CVN 

Figure : ND selected (left) and (right) reconstructed energy in data (black 
dots) and simulation (purple). Each bin is normalized by its width.
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cuts, but do have a very high CVN  CC score, may be added to the peripheral
sample. Because the events on the periphery are not always fully contained they 
are summed into a single bin instead of estimating their energy (up to 
reconstructed GeV). The overall integrated selection efficiency of  ( ) is

% ( %), beam backgrounds are reduced by % ( %), the purity of the final 
predicted FD samples depends on the oscillation parameters, but ranges from %
( %) to % ( %). 

To estimate FD beam background F/N technique is used with ND  sample.
It consists of beam  and  CC or NC interactions misidentified as  CC. Since
each of these components oscillate differently along the way to the FD, the sample 
needs to be broken down into them. In the case of neutrino beam,  component
is constrained by inspecting the low-energy and high-energy  CC spectra to
adjust the yields of the parent hadrons that decay into both and (track  and

to their common parents). The component is estimated from observed
distributions of time-delayed electrons from stopping decay. The rest is 
attributed to NC interaction. In the case of antineutrino beam, the components are 
only evenly and proportionally scaled to match ND data in each bin. ND selections 

. The high PID 
bin is dominated by the beam , the low PID bin has a significant admixture
of ( ) CC and NC events. The beam background of FD peripheral bin is
estimated from the high PID bin of the core sample. 

There are ( ) ( ) candidates in FD data with the prediction of to
 (  to ) depending on oscillation parameters (  and NH or IH).

Figure : FD data (black dots) selected (left) and (right) candidates
reconstructed energy compared to the best fit prediction (purple line) with
systematics uncertainty range. Summed over all quartiles of hadronic energy 
fraction.
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The total expected background is  ( ) events of  ( ) beam ,
( ) , ( ) , ( ) NC events, ( )

cosmic-ray-induced events and ( ) from wrong sign component of
the  ( ) sample. The FD data and best fit predictions can be seen in Fig. 5.
Antineutrino data gives more than evidence of  appearance in  beam.

Figure : ND selected (left) and (right) reconstructed energy data (black
dots), uncorrected simulation (dashed red) and data-driven correction (solid red). 
The selection is decomposed (broken down) into NC (blue), / CC (dark/light
green) and / CC (light/dark magenta). Binned in two PID bins, which are 
correlated to lower and higher purity of .

Figure : FD data (black dots) selected (left) and (right) candidates 
reconstructed energy binned in low and high PID bins and peripheral sample with 
energies up to GeV. Best fit prediction (purple) shows the expected 
background of wrong sign (green), other beam background (grey) and cosmics 
(blue) as shaded areas.
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Constraints on Oscillation Parameters

To obtain oscillation parameters, a simultaneous fit of joint and both
neutrino and antineutrino data was performed. Systematic uncertainties are 
incorporated as nuisance parameters with Gaussian penalty term, appropriately 
correlated between all the data sets. The leading systematics are worth a note: 
detector calibration (calorimetric energy scale), light production and collection 
model and muon energy scale (abs.+rel.) for disappearance; detector response
and calibration, neutrino cross-sections and actual ND to FD differences for
appearance. Several oscillation parameters are taken as inputs from other 
measurements: solar parameters and , the mixing angle and its
uncertainty was taken from reactor experiments, all in Ref. [ ]. The best fit is

which corresponds to normal hierarchy and the upper  octant (UO, ).
All confidence levels (C.L.) and contours are constructed following the Feldman-
Cousins approach [ ].

The % C.L. allowed region for a combination of  versus  in
the  half-plane, together with other results from MINOS+ ( ) [ ],
T K ( ) [ ], IceCube ( ) [ ] and Super-Kamiokande ( ) [ ]
overlaid is shown in Fig. . There is a clear consistency within all experiments 
despite that NOvA data asymetrically points to UO and rejects maximal  mixing 
( ) at about C.L.

Fig. shows the , and C.L. allowed regions for versus in
both cases of NH and IH (mass ordering). It is worth noticing, that the values of 

around  are excluded at C.L. for IH, similarly to previous NOvA
neutrino only analysis [ ]. On the other hand, rather weak constraints on itself
allow all possible values in interval for the case of NH and UO. 

Future Prospects 
NOvA is expected to run until  with about an equal total exposure of neutrino 
and antineutrino beam. Moreover, several accelerator upgrades to enhance the 
beam performance are planned for the next years. Based on these prerequisities 
and projected analysis techniques there is a possibility of more than 
sensitivity to hierarchy resolution by in case of favorable true values of 
oscillation parameters (NH and ), or by for % of all
possible otherwise. Besides that, about sensitivity to octant
determination and more than  to CP violation in case of  or 
(maximal violation) are expected by .
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Figure : Comparison of the allowed regions of vs. parameter
space at % C.L. as obtained by recent experiments: NOvA (black solid, black 
dot labels the best fit value), T K (green dashed), MINOS+ (red dashed), IceCube 
(blue dotted) and Super-Kamiokande (purple dash-dotted).

Figure : , and allowed regions of vs. neutrino oscillation
parameter space consistent with appearance and disappearance data. The
left plot corresponds to the case of normal hierarchy of neutrino masses (

), the left one to the inverted hierarchy ( ).
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To further improve neutrino oscillation analysis and to extend the reach of the 
experiment, NOvA plans to start an intensive test beam program in early .
The main focus will be on simulation tuning, systematics study and their 
reduction, validation and training of reconstruction or machine learning 
algorithms.

Summary
The first antineutrino data from NOvA ( POT) has been analyzed
together with existing neutrino data ( POT). The measurements are
well consistent with the standard oscillation model of active neutrino flavors. 
NOvA observes more than evidence for appearance in beam. The results
of joint analysis of neutrino and antineutrino and both disappearance and
appearance channels give the parameters estimates of
and , which are in a good agreement with other
accelerator and atmospheric oscillation experiments. There is an indication of 
nonmaximal mixing at and inkling of upper octant of angle. Data also
prefers normal hierarchy of neutrino masses at 1.8 , while simultaneously 
disfavoring inverted hierarchy for around at more than . NOvA plans
to continue running until in both neutrino and antineutrino beam modes.
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1 Introduction

ALICE experiment is dedicated to study the hot and dense nuclear matter
produced in heavy ion collisions at the Large Hadron Collider (LHC). In this
way we can explore QCD matter phase diagram and study strong interaction
at distances larger than hadron size. Also, it is an unique opportunity to
probe primordial matter from the Big Bang epoch in the laboratory.
A critical energy density needed for the creation of partonic degree state of

matter (also known as Quark-Gluon Plasma, QGP) is ∼ 1GeV/fm3 [1]. In
the heavy ion collisions at the LHC TeV scale this density is easily surpassed
by factor 12 [2]. Results from RHIC and LHC showed that quarks and
gluons are strongly coupled to their neighbours and as a consequence, the
QGP behaves like a relativistic hydrodynamic fluid. The partons undergo
a collective expansion until the critical energy density is reached and they
convert to hadrons. Most of the QGP signatures are thus inevitably indirect
- they can be studied via hadron properties measured by the detector.
A crucial part of the ALICE physics programme is to study pp and p–Pb
collisions and compare them with heavy ion collisions in order to disentangle
effects coming from individual nucleon-nucleon interactions or from cold
nuclear matter.
Some of the notable QGP signatures and their corresponding experimental
variables are elaborated in following sections.

2 Strangeness enhancement

Enhancement of strangeness was originally proposed among first signatures
of QGP [3]. Production of strange quarks in QGP should be energetically
favoured and faster than production in hadron gas. Experimental variable
based on comparison of strange hadron production in nucleus-nucleus (A–A)
collisions with nucleon-nucleon (or nucleon-nucleus) collisions indeed con-
firmed strangeness enhancement at SPS [4], RHIC [5] and LHC [6].
A variable representing a size of the system is the number of nucleons par-
ticipating in the collision (Npart). Since at the LHC the Npart does not
scale with particle multiplicity [7] a different experimental variable is used
to study the strangeness enhancement: a ratio to pion production as a func-
tion of multiplicity. An outstanding LHC performance allows to study not
only multiplicity dependence in nucleus-nucleus collisions, but also in pp
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and p–Pb collisions. In Fig. 1 we can see a remarkable overlap of the ratio
in pp, p–Pb and peripheral Pb–Pb collisions at various energies. There is a
smooth transition among those three different collision systems with various
energies. It seems that the variable driving the strangeness production is the
produced multiplicity. We also see a rising trend for multistrange hyperons
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Figure 1: pT-integrated yield ratio to pions as a function of 〈dNch/dη〉 measured in
|y| < 0.5 in different collision systems

from low multiplicity pp collisions which can be better appreciated in Fig. 2.
Strange particle-to-pion ratios are normalized to the ratio in multiplicity-
inclusive sample and plotted as a function of multiplicity in pp and p–Pb.
The strangeness enhancement is clearly visible for high multiplicity pp and
p–Pb collisions and the hierarchy of the enhancement is determined by the
hadron strangeness content. The observation of the enhancement in small
system questions paradigm of QGP being solely produced in A–A collisions.
On the other hand there are also other effects (like colour reconnection or
colour ropes) which can produce more strangeness and hence mimic the
QGP signature [9].

124



ALI-PUB-106886

Figure 2: Particle yield ratios to pions of strange and multi-strange hadrons normalised
to the values measured in the inclusive pp sample (INEL > 0), both in pp and in p–Pb
collisions [8].

3 Azimuthal anisotrophy

A consequence of collisions with not fully overlapping nuclei is an almond
shaped fireball formed by hot and dense matter. In such asymmetrical
shape the pressure gradient is higher in in-plane direction than in out-of-
plane direction. Initial spatial asymmetry of partonic matter then leads to
azimuthal momentum space anisotropy in hadron distribution due to the
different pressure gradients. Anisotropy can be quantified by second Fourier
coefficient of the particle distribution (v2 a.k.a. elliptic flow):

E
d3N

d3p
=

1

2π

d2N

pT dpT dy

(
1 + 2

∞∑
n=1

vn(pT , y) cos[n(φ−ΨR)]

)
(1)

where
vn(pT , y) = 〈cos[n(φ−ΨR)]〉 (2)

and ΨR is reaction plane angle. “Lumpiness” of the fireball (due to fluctu-
ations in the initial energy density of the colliding nucleons) can give rise
to higher harmonics (vn, n = 3, 4, ..). Measured azimuthal anisotropy as a
function of system size is in a very good agreement with corresponding pre-
dictions from hydrodynamic models [10]. This is an indication of strongly
coupled matter. Multiplicity dependence of different flow coefficients for
various collisional systems and energies is plotted in Fig. 3. The results
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should not contain any contribution from other effects resembling collectiv-
ity like jets or resonance decays. It is intriguing to observe that non-zero
collectivity is also present in pp and p–Pb collisions.
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Figure 3: Multiplicity dependence of different flow coefficients vn{2} in 13 TeV pp, 5.02
TeV p–Pb, 5.44 TeV Xe–Xe and 5.02 TeV Pb–Pb collisions.

4 Hard probes

High pT partons are produced by hard scattering at early times and can
hence probe all stages of collision. Measurements so far suggest enormous
energy losses at the LHC about 10 GeV per 1 fm [2]. One of the most
common variable for studying interactions of high pT partons with QGP
medium is nuclear modification factor:

RAA(pT) =
d2NAA/dydpT

〈Ncoll〉d2Npp/dydpT
(3)

The RAA represents a ratio of production in A–A and binary scaled produc-
tion in pp. N in the formula could be particles or jets. 〈Ncoll〉 (number of
binary collisions of nucleons) is calculated by Glauber model [11]. The fac-
tor should be 1 for colourless objects in QGP like γ or intermediate bosons
as it is in Fig. 4. The factor is 1 also for high pT hadrons in p–Pb. On
the other hand, we see a strong suppression of high pT hadrons measured
in central Pb–Pb collision which indicates energy loss at partonic level.
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Figure 4: Transverse momentum dependence of the nuclear modification factor of var-
ious particles (h±) measured in minimum-bias (NSD) p-Pb collisions at

√
sNN = 5.02

TeV in comparison to data on the nuclear modification factor RPbPb in central Pb-Pb
collisions at

√
sNN = 2.76 TeV [12, 13].
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5 Summary

The ALICE experiment studies properties of QGP in nucleus-nucleus col-
lisions. Studying pp and p–Pb collisions is also important in order to dis-
entangle effects not related to QGP. Strangeness enhancement, as one of
the original proposed signatures of QGP, is also seen in high multiplicity
pp and p–Pb collisions. Elliptic flow in A–A and suppression of RAA con-
firm existence of dense and strongly coupled plasma of quarks and gluons.
Non-zero flow and strangeness enhancement observation in pp and p–Pb
collisions raises questions: Is high multiplicity pp (p–Pb) collision a small
droplet of QGP? If yes, why there is no evidence for the suppression of
particle production at high-pT?
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We study diffractive phenomena in proton-proton and electron-proton collisions at the LHC 
and DESY using analyticity, crossing symmetry and unitarity, particularly the Regge-pole 
model realizing these concepts. Fits to the data are presented and tensions between theoretical 
predictions and the data that may indicate the way to further progress are in the focus of our 
paper. Elastic pp (LHC) and DIS ep scattering (DESY) usually are considered by means of two 
pomerons, “soft” and “hard” or with a single one, but varying intercept. We introduce a 
reggeometric pomeron replacing the above objects. 
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1. Introduction

In this paper we present our study of diffractive proton-proton and electron-proton collisions in 
the framework of the Regge pole model (we recall that Regge poles lie on the so called Regge 
trajectories in the t channel) through the introduction of a reggeometric pomeron . 
First of all, we start with a brief recapitulation of the present state of the theory. The construction 
of the scattering amplitude implies two steps: choice of the input (Born term) and subsequent 
unitarization. The better the input (i.e.,the closer to the expected unitary output), the better are 
the chances of a successfully converging solution (i.e., the smaller are the unitarity corrections). 
The standard procedure is to use a simple Regge-pole amplitude as input with subsequent 
eikonalization. 

The common feature in many papers studying this problem (see Refs. 1-7) is the use of 
a supercritical pomeron, , as input, motivated by the rise of the cross sections 
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and by perturbative QCD calculations (for instance, Ref. 8, where the BFKL theory is 
introduced). The next indispensable step is unitarization, usually realized in the eikonal 
formalism. Unitarization is necessary at least for two reasons: to reconcile the rise of the total 
cross sections with the Froissart-Martin bound and to generate the diffractive dip-bump 
structures in the differential cross sections. The latter issue is critical for most of the theoretical 
constructions since the standard eikonalization procedure results in a sequence of secondary 
dips and bumps, while experimentally a single dip-bump is observed only, as confirmed by all 
measurements including those recent, at highest LHC energy. This deficiency is usually 
resolved e.g. by introducing the so-called enhanced diagrams, or extra free parameters. Still, 
none of the above-mentioned models was able to reproduce the whole set of pp and  a data 
from the ISR to the LHC in the dip-bump region. This is a crucial test for all existing models. 
These models did not predict the unexpected rapid rise, as , of the forward slope revealed 
by the experiment TOTEM (see Ref. 9) or the drastic decrease of the parameter , ratio 
of the real to imaginary part of the elastic scattering amplitude, reported in Ref. 10. The latter 
(a single data point) was fitted a posteriori by an odderon [11], although in an earlier paper by 
one of the authors the model predicted quite a different trend. To summarize, the existing 
Regge-eikonal models are compatible with the general trend of high-energy diffractive 
scattering, but many details, such as the dynamics of the dip-bump, the role of the odderon still 
remains open and controversial.  

The TOTEM Collaboration announced [12] new results of the measurements on the 
proton-proton elastic slope at 7 and 8 TeV, B(7 TeV)= 19,89 0,27 and B(8 TeV)= 19,9 0,3 
GeV-2, showing that the logarithmic approximation, with a ln(s) behavior, an exponential fit 
over the large |t|-range from 0.005 to 0.2 GeV2 describes the differential distribution well. These 
data offer new information concerning the burning problem of the strong interaction dynamics, 
namely the onset of (or the appoach to) the asymptotic regime of the strong interaction. 

The approach to the expected asymptotic behavior has two stages. One is the onset of 
pomeron dominance, i.e., of the domain where secondary reggeon contributions become 
negligible. It can be shown that in the nearly forward direction, at LHC energies the contribution 
from secondary trajectories is negligible, smaller than the error bars in the measured total cross 
section, i.e. “soft” physics at the LHC is pomeron-dominated. The next question is where does 
the pomeron itself reaches its asymptotics. Below we address these questions. 

2. S-matrix theory, Regge-pole models

Regge-pole theory is the adequate tool to handle “soft” or “forward” physics. It is a successful 
example of the analytic S-matrix theory, based on analyticity, unitarity and crossing symmetry 
of the scattering amplitude. It was developed in the 60-ies of the past century, culminating in 
discovery of duality and dual amplitudes, whereupon, in the 70-ies was overshadowed by local 
quantum eld theories, more specifically by quantum chromodynamics (QCD). 

2.1. Regge poles and trajectories; factorization 

Below we introduce the Regge-pole model with emphases on its practical applications. 
Its derivation from potential scattering, the Schrödinger equation and its relation to quantum 
mechanics can be found in many textbooks (see, e.g., Refs. 13-15). 

In relativistic S-matrix theory we do not have a Schrödinger equation, and the existence 
of Regge poles is conjectured by analogy with quantum mechanics. The use of the complex 
angular moments results (for details, see Refs.13-15) in a representation for the amplitude,  

,
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valid in all channels, where  is the residue and 

is the signature factor. 
Baryon and meson trajectories are nearly linear functions in a limited range of their 

variables. This is suggested by the (nearly) exponential shape of forward cone in elastic 
scattering and by the meson and baryon spectrum. In Fig. 1 a typical Chew-Frautschi plot is 
shown. Similar nearly linear plots are known for other mesons and baryons [13-15]. Whatever 
appealing, this simplicity is only an approximation to reality: analyticity and unitarity as well 
as the finiteness of resonances require Regge trajectories to be non-linear complex functions 
(see, for instance, Refs. 16-18). 

Fig. 1. Linear mesonic Chew-Frautschi plot (spin vs. squared masses, ). 

Let us reiterate that Regge trajectories are building blocks of the scattering amplitude. 
In dual models (see below) they appear as the only variables. By crossing symmetry, they 
connect (smoothly interpolate between) the resonance formation – which implies positive x=s 
or t) with scattering (negative x), thus anticipating duality. 

Fig. 2. Diagrams describing Regge-pole factorization. 

Factorization of the Regge residue  and the “propagator”  is a basic 
property of the theory (see Ref. 14). As mentioned, at the LHC for the first time, we have the 
opportunity to test directly Regge-factorization in diffraction, since the scattering amplitude 
here is dominated by a pomeron exchange, identical in elastic and inelastic diffraction. Simple 
factorization relations between elastic , single /  and double   /  
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cross-sections are known from the literature [19]. By writing the scattering amplitude as a 
product of vertices, the elastic f and the inelastic F, multiplied by the (universal) propagator 
(pomeron exchange), , ,  for the elastic scattering, single (SD) and 
double (DD) diffraction dissociation (see Fig. 2) one gets 

      (1) 

Assuming exponential residua exp(Bt) for both the elastic scattering and SD, and 
integrating over t one obtains 

 ,                 (2) 

where 
, . 

To summarize this discussion, we emphasize the important role of the ratio between the 
inelastic and elastic slope, which at the LHC is close to its critical value, BSD/Bel = 0.5,  which 
means a very sensitive correlation between these two quantities. The right balance may require 
a correlated study of the two quantities, by keeping the ratio above 0.5. This constrain may 
guide future experiments on elastic and inelastic diffraction. 

2.2. Pomeron and odderon 

Regge trajectories (reggeons), introduced in the 60-ies of the past century correspond to 
a family of mesons or baryons sitting on the real part of the trajectories – the so-called Chew-
Frautschi plot, to which their parameters (intercept and slope) are adjusted. There are two 
exceptions, namely the pomeron and odderon. The pomeron was introduced by I.Ya. 
Pomeranchuk as a fictive trajectory with postulated unit intercept to provide for non-decreasing 
asymptotic total cross-sections. In those days, the common belief was that asymptotically the 
cross sections tend to a constant limit. This has changed after the rise of cross sections was 
discovered at the ISR. The new, fictitious trajectory accommodates the asymptotically constant 
or rising cross section provided its intercept is respectively one or bigger, . The so-
called supercritical pomeron, typically with  violates the Froissart bound (and 
unitarity) at very high energies, beyond any credible extrapolation. Nevertheless, formally and 
for aesthetic reasons, the input amplitude should be subjected to unitarization.  

Unlike the case of ordinary (called also secondary or sub-leading) reggeons the pomeron 
trajectory was considered, since the beginning, as not connected to any observed particle. This 
assumption changed in the 70-ies with the advent of the quark model and the QCD. Nowadays 
the pomeron trajectory has its own Chew-Frautschi plot with glueballs, bound states of gluons. 
Glueballs are eventually mixed with quarks, forming “hybrids”: this makes difficult their 
experimental identification. 

The existence of the pomeron makes plausible the existence of its odd-C counterpart – 
the odderon. While the pomeron is made of an even number of gluons, the odderon is a bound 
state of an odd number of gluons. Moreover, the pomeron is “seen” as the imaginary part of the 
forward amplitude (total cross section), instead the identification of the odderon is not so 
unique.  
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2.3. Duality 

The notion of duality, discovered in 1968 [20], has many facets values. Here we deal 
with resonance-Regge duality (or the Veneziano model [21]), discovered by saturating the so-
called nite energy sum rules. Their analysis showed that, contrary to expectations, the proper 
sum of resonances produces a smooth Regge behavior and vice versa, their sum producing 
double counting. As a next step, an explicit dual amplitude was constructed. It is an Euler B-
function:  

.         (3) 

The Veneziano amplitude has several remarkable properties: it is crossing symmetric by 
construction, can be expanded in a pole series (resonance poles) in the s and t channel, and at 
large s, by the Stirling formula it is Regge-behaved, thus explicitly showing resonance-Regge 
duality - see, for instance, Fig. 3. At the same time, the model is not free from difficulties or 
limitations: it is valid only in the so-called narrow-resonance approximation, bringing to real 
and linear trajectories only, and  as a result analyticity and unitarity are violated. A solution was 
found in dual amplitudes with Mandelstam analyticity (DAMA) [22], replacing Eq. (3) with 

,               (4) 

where g > 1 is a parameter. 

Fig.  3. Diagrams describing the resonance-Regge duality 

Its low-energy pole decomposition the amplitude has the form 

 ,                         (5) 

where   is the residue, whose form is fixed by the t-channel Regge trajectory. 
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Fig.  4. (a) Re and Im  for the degenerate  trajectory; (b) continuous line: (s) 
for the degenerate trajectory, dashed line: (s) for the nondegenerate  trajectory. 

As an example of typical terms in Eq. 3, in Fig. 4 we present the Chew-Frautschi plot of the 
degenerate trajectory (real and imaginary parts) in Fig. 1(a), together with, in Fig. 1(b) 
the width (s) for the degenerate trajectory (continuous line) and the nondegenerate  
trajectory (see, on this, Ref. 23), by means of a dispersion relation. 

Resonance-Regge duality is applicable also in relating resonances in the missing mass 
of the DD to the high-mass smooth asymptotics, as shown in Fig.  5. 

Finally, we mention the parton-hadron (Bloom-Gilman) duality [24]: it relates 
resonance production in deep-inelastic scattering to the smooth scaling behaviour of  structure 
functions and may be a clue to the confinement problem! 

2.4. Geometry and the black disc limit 

The unitarity condition is simple in the impact parameters representation of the 
scattering amplitude; it is  

 ,   (6) 

with the inverse transformation 

         (7) 

In these equations  is called elastic impact parameter profile, A(s,t) is the elastic 
amplitude, J0(z) is the Bessel function of the zeroth order,  is a two-dimensional vector, 

 and b is the impact parameter.
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Fig. 5. Finite-mass sum rules (FMSR), Ref. 17, relating low missing-mass resonances 
(horizontal axis) with high mass production (vertical axis) in diffraction dissociation, are 

shown. 

For the observables the following expressions hold, see Refs. 5-7: 

                   (8) 

     (9) 

              (10) 

where, in the impact parameter b representation, h(s, b) is the elastic-scattering amplitude at the 
center-of-mass energy and Imh(s, b), usually called the profile function, represents the hadron 
opacity. The eikonal and u matrix approaches differ dramatically concerning the “black disc 
limit”, absolute in the eikonal model, but merely transitory for the u matrix. A large number of 
paper appeared, e.g. Refs. 5-7, dramatizing the “dangerous” vicinity of the black disc limit 

, reached or even crossed at the LHC. The transformation of the experimental 
data, including the differential cross sections measured at the LHC can be always questioned 
because the real part of the amplitude (or the phase) is not measured directly. 

Contrary to the eikonal, in the u matrix approach the black disc is not an absolute limit. 
Having reached 0.5, the nucleon will tend to be more transparent [25]. This 
phenomenon was discussed in a number of papers by S.M. Troshin and N.E. Tyurin (see, for 
instance, Ref. 25 and references therein). In Sec. 3 we come back to the predictions of this 
unorthodox unitarization scheme. 

3. Unitarity and “asymptopia”

3.1. Unitarity 

We find approximate solutions of the u-matrix unitarization with a double pole (DP) as 
input. Postponing a detailed fit to the data, here we explore the general trend in the behavior of 
the observables, concentrating on the expected transition to the asymptotic regime of the strong 
interaction. 

In the u matrix approach, the unitarized amplitude is [25] 

 , (11)
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where  is the input “Born” term. 
We obtain for the forward measurables, in the O(L-1) approximation (L = ln(s/s0), s0 

being a scale for the square of the total energy s) 

     (12) 

      (13) 

                   (14) 

where is a parameter, whose typical value is 0.06 [17]. 
One can see from Eqs. (12)-(14) that, in the leading O(L-1) approximation, the energy 

dependence of the cross sections is not affected by unitarization if g is constant, that was typical 
for the ISR era with geometrical scaling (GS). The GS is violated beyond the ISR energies, 
requiring the energy dependence, , to be discussed in what follows. 

Furthermore, in the O(1/L) approximation, the amplitude can be written as 

  .                     (15) 

In the “Born approximation” we have the McDowell-Martin limit [26] for the slope: 

  .           (16) 

The parameter g may be found from the ratio 

          (17) 

where g is constant in the case of unit dipole pomeron (DP) intercept, sharing the property of 
geometrical scaling (GS), typical of the ISR energy region, with 

    (18) 

Beyond the ISR the ratio (17) starts rising, braking the GS. This phenomenon is related 
with the rise of the parameter g(s); that can be calculated (and parametrized) uniquely from the 
experimental data on the the ratio (17). Consequently, the GS relation will be replaced by the 
asymptotic formulas to be discussed in the next Subsection.The results of the “perturbative” 
(due to smalleness at high energies of the parameter L-1) expansion are attractive for their 
simplicity and the possibility to perform the calculations analytically. Evaluation of higher-
order, subleading corrections is possible but was not done as yet. Even more interesting are 
exact numerical calculations with simultaneous fits to the date. They are feasible, although 
require huge machine resources (two-fold numerical Fourier-Bessel transforms with 
minimization (through MINUIT procedure at each step). 
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3.2. Asymptotic universality 

In this Subsection we use the obtained results to predict future trends. Our first 
conclusion is the existence of two regimes: the first is the “low-energy” ISR-FNAL region, 
which shows modest (logarithmic) rise of the cross section with constant ratios  and 

, i.e. GS; the second is asymptotic, with Froissart saturation and . The 
transition between the two regimes and the onset of the asymptotic behavior is quantified by 
the “running constant” g(s). 

One can see from Eq. (12) that the rise of  is a combined effect coming from two 
factors: increasing intensity of the interaction  and increasing interaction 
radius . Their product results in the Froissart saturation, 

.   (19) 

Eq. (19) relates the coefficient c with the slope of the pomeron trajectory   Setting 
 GeV-2, we get  mb, close to its fitted value. 

4. Diffractive deep-inelastic scattering: how many pomerons?

Let us establish two postulates: 
1. Regge factorization holds, i.e. the dependence on the virtuality of the external particle

(virtual photon) enters only the relevant vertex, not the propagator; 
2. there is only one pomeron in Nature and it is the same in all reactions. It may be

complicated, e.g. having many, at least two, components (soft and hard?). 
The first postulate was applied, for example, in Refs. 27 and 28 to study the deeply virtual 

Compton scattering (DVCS) and the vector meson production (VMP). In Fig. 6, where 
diagrams (a) and (b) represent the DVCS and the VMP, respectively, the Q2 dependence enters 
only the upper vertex of the diagram (c), where we explicitate the Regge-factorized form of the 
amplitude for both processes. The particular form of this dependence and its interplay with t is 
not unique. 

Fig. 6. Diagrams of DVCS (a) and VMP (b); (c) DVCS (VMP) amplitude in a Regge-
factorized form 

Hadron-hadron elastic scattering is different from exclusive VMP and DVCS not only because 
the photon is different from a hadron (although they are related by vector meson dominance), 
but even more because of the transition between space-and time-like regions: while the virtual 
photon's “mass square” q2 is negative, that of the hadron is positive and that makes this attempt 
interesting! 
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4.1. Reggeometric pomeron 

We start by reminding the properties and some representative results of the single-term 
Reggeometric  model (see Ref. 27). 

The invariant scattering amplitude is defined as 

. 
              (20) 

Here 
                       (21) 

is the linear pomeron trajectory, a and b are two parameters to be determined with the fitting 
procedure and mN is the nucleon mass. The coefficient  is a function providing the right 
behavior of elastic cross section in  = Q2 + MV

2 (MV being the vector meson mass):  

 ,                      (22) 

where  is a normalization factor,  is a scale for the virtuality and nS is a real positive 
number. Notice that we use the variable  as a measure of “hardness”. By using Eq. (22) with 
the norm and  

,      (23) 

the differential and integrated elastic cross sections become 

(24) 

and 

 ,            (25) 

where 
. 

Eqs. (24) and (25) (for simplicity we set 2) were fitted [29] to the HERA data 
obtained the by ZEUS and H1 Collaborations on exclusive diffractive VMP. 

A shortcoming of the single-term Reggeometric pomeron model, expressed by Eq. (20), 
is that the fitted parameters in this model acquire particular values for each reaction. 

4.2. Two-component Reggeometric pomeron 

In this Subsection we try to approach a complicated and controversial subject, namely 
the existence of two (or more) different pomerons: one “soft” responsible for on-mass-shall 
hadronic reactions, and the other one(s) “hard” applicable to of-mass-shall deep inelastic 
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scattering (DIS). There are similarities between the two soft and hard models (e.g., Regge 
behavior), but also differences. The main difference is that the Regge pole model, being part of 
the analytic S matrix theory, strictly speaking, is applicable to asymptotically free states on the 
mass shall only. Another difference is that the hard (or “Lipatov”) pomeron is assumed to follow 
from the local quantum field theory (QCD) with confined quarks and gluons. We do not know 
how can these two extremes be reconciled. Below we try to combine these two approaches by 
using a specific model, a “handle” combining three independent variables: s, t and Q2: 

We introduce an universal, “soft” and “hard”, pomeron model (see Ref. 27). Using the 
Reggeometric ansatz expressed by Eq. (20),  the amplitude is written as a sum of two parts, 
corresponding to the “soft” and “hard”  components of a universal, unique pomeron: 

  .                    (26) 

Here sos and soh are squared energy scales, and ai and bi, with i=s,h, are parameters to be 
determinated with the fitting procedure. The two coefficients  and  are functions similar 
to those defined in Ref. 25.  

Each component of Eq. (26) has its own, “soft” or “hard”, pomeron linear trajectory: 

,            . 

As input we use the parameters suggested by Donnachie and Landshoff [30], so that 

, . 

Let us illustrate the important and delicate interplay between the “soft” and “hard” 
components of our unique pomeron. Since the amplitude consists of two parts, according to  Eq. 
(26), it can be written as 

 . (27) 

As a consequence, the differential and elastic cross section contain also an interference term 
between the “soft” and “hard” parts, so that they read 

    (28) 
and 

.                     (29) 

Given Eqs. (28) and (29), we can define the following ratios for each component: 

              (30) 

and 
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,            (31) 

where i stands for s, h, interf. 
Fig. 7 shows the interplay between the components for both  and , as 

function of , for W = 90 GeV. In Fig. 8. both diagramts show that not only  is the parameter 
defining softness or hardness of the process, but such is also the combination of  and t, similar 
to the variable  introduced in Ref. 27. On the whole, it can be seen from the diagrams 
that the soft component dominates in the region of low  and t, while the hard component 
dominates in the region of high  and t. 

Fig. 7. Interplay between soft (green line), hard (blue line) and interference (yellow line) 
components of the cross section  (upper Figure) and the ratio  (lower Figure) as 

function of , for W = 90 Gev. 

5. Conclusions

The total, elastic and inelastic cross sections at the LHC did not reveal surprises; the rate of 
their rise (not predicted by the theory) follows extrapolations of phenomenological models, 
typically ln2s or, equivalently that of Donnachie and Landshoff 's supercritical pomeron with 

 
        Forward physics at the LHC is dominated by the pomeron exchange, the role of secondary 

(e.g. f of ) exchanges is negligible, their relative contribution there being smaller than the 
experimental uncertainties. The odderon is not “seen” in fits to total cross sections. Although 
the common belief is that cross sections will continue rising indefinitely, alternatives, e.g. 
tending to a constant, oscillations etc. are not excluded by the theory. 
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Fig. 8. Left column: soft (upper surface), hard (middle surface) and interference (bottom 
surface) components of the ratio  are shown as functions of  and t, for W=90 

GeV. Right column: some representative curves of the surfaces projected onto the  
plane. 

Contrary to total cross sections, the data on the forward slope B(s,0) and the phase (the  
parameter) offers surprises, triggering theoretical work. The forward slope B(s,0), typically 
logarithmic in Regge-pole models, was found by the TOTEM collaboration to accelerate from 
ln(s) to ln2(s) at highest LHC energy [9,12], needing theoretical explanation and understanding. 
Another news from TOTEM is the surprisingly low value  = 0.10±0.01 [10]. The low 
value of the ratio  is almost a direct evidence for the odderon, predicted many years ago 
and discussed in numerous papers, see e.g. Refs.17 and 31 and references therein. Recent fits 
to the TOTEM data with its low  value cannot prove or disprove the existence of the odderon 
until larger values of t, namely those at the dip will be shown to work. 

There is little doubt about the existence of the odderon, just because nothing forbids its 
existence. Its parameters are not predicted from theory. By a plausible estimate, based on the 
string model, the odderon's slope is roughly . The odderon could be detected 
directly by measuring pp and  differential cross sections at the same energy, e.g. by rescaling 
the LHC down to the closed Tevatron energy,v . 

The pomeron is the central object in forward physics at the LHC. As repeatedly stressed 
in this paper, in the LHC energy region one for the first time has a chance to identify the 
pomeron, uncontaminated by secondary exchanges. Perturbative quantum chromodynamics 
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(pQCD) predicted that the intercept of the (bare) pomeron is much higher than its “canonical” 
value 0.08. 

Finally we note that we ignore the so-called rapidity gap survival corrections that 
brought much confusion in studies of diffraction dissociation. In our opinion, the confusion 
comes from the mixture of the space-time treatment of inelastic processes with the analytic S 
matrix theory, part of which are Regge-poles, operational only for asymptotic states. A 
reasonable Regge-pole model compatible with unitarity should not contain “rapidity gap 
survival corrections”, otherwise it should be improved within its own formalism. In other 
words, the size of these corrections reflect the “goodness” of the model. 
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Abstract 

We present the most recent study of nuclear reactions, proton and tritium fusion, 
catalyzed by negative muons. The experiment was performed at TRITON installation in 
JINR, in 2016. This phenomenon of light nuclei pt-fusion at low temperatures was so far 
investigated in the only experiment (PSI, 1993). The yeilds of main reaction channels, 
gamma rays and conversion muons, were measured for two different tritium 
concentrations, and the rates didn’t match theoretical expectations. To study this problem 
in detail and to observe other possible channels predicted by the theory, namely, electron-
positron and gamma-gamma pairs, we carried out the experiment at the negative muon 
beam (104 s-1, 100 MeV/c) from the JINR Phasotron with a specially created target of 
50 c.c. volume, filled with a liquid hydrogen-tritium H/T mixture (tritium concentration of 
1%  and 0.1% ). The experiment used an effective detection system containing two 
gamma-detectors which ensured reliable registration and identification of pt-reaction 
products at different relative dispositions of target and detectors. In three experimental 
runs with a total duration of 300 hours, besides the channels of pt-fusion with single 
gamma-quanta and conversion muons, electron-positron (e+e-) and gamma-gamma ( ) 
pairs in the output channels were detected, which were not observed before, either "in-
flight" (beam-target experiments), or in pt - muonic molecules. The measured yields of - 
and - channels of pt-fusion are in a good agreement with the results of PSI experiment, 
what makes a major challenge for the nuclear physics theory to explain the results. The 
description of TRITON installation and the methods developed for the experimental 
search of the pt-fusion within the  molecule are presented. Further analysis of the 
experimental data and their interpretation will be performed on the basis of the Monte 
Carlo simulations to describe the kinetics of processes of muon catalysis in a hydrogen-
tritium H/T mixture and taking into account the actual geometry of the experiment. As a 
result of the time and energy experimental spectra analysis, the yields of pt-fusion 
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products (for the first time for e+e- pairs and  pairs) will be determined. This will allow 
extracting the nuclear reaction constants for magnetic dipole M1- and electric monopole 
E0-transitions in the A = 4 nucleon system. 

1     Introduction 

High fusion probability for nuclei of hydrogen isotopes in muonic molecules was 
theoretically predicted by F.Ch. Frank and A.D. Sakharov at the end of the 1940s 
and later experimentally confirmed by L. Alvarez (1957). The first strict 
scientific concepts regarding a complex chain of reactions induced by a muon in 
a mixture of hydrogen isotopes H/D/T (muon catalysis) were formulated in the 
papers of J. Jackson, Ya.B. Zel’dovich, and S.S. Gershtein in the early 1960s. In 
1964, V.P. Dzhelepov initiated systematic experimental research of muon 
catalysis at the Laboratory of Nuclear Problems, JINR, which resulted in what 
could be regarded as fundamental achievements in physics: resonant formation 
of muonic deuterium molecules was discovered. A high rate of the muon 
catalysis cycle in a mixture of deuterium and tritium (D/T) predicted by 
L.I. Ponomarev and colleagues at JINR was experimentally confirmed for the 
first time, and spin and temperature dependences of muonic molecule formation 
rates in liquid and solid deuterium were obtained for the first time. For decades, 
these results stimulated muon catalyzed fusion research both in our country 
(JINR, PINP) and abroad (United Kingdom, Canada, United States, Switzerland, 
Japan). 

The muon catalysis research at DNLP continued in fruitful cooperation 
with experimenters from VNIIEF (Sarov) initiated by V.G. Zinov. Systematic 
studies on the specially developed TRITON facility [1] resulted in obtaining 
parameters of the muon catalysis cycle in a D/T mixture under a variety of 
experimental conditions (temperature 20–800 K, pressure up to 1500 atm) and 
acquiring experimental data of record high amount and accuracy [2]. Muon 
catalysis in a dense triple H/D/T mixture of hydrogen isotopes was investigated 
for the first time, epithermal effects predicted for this mixture were observed [3], 
and a conclusion was drawn about a possibility of diluting the D/T mixture by 
hydrogen to a level of about 10% to save tritium, which is important for 
developing nuclear energy sources based on muon catalysis. Parameters of the 
cycle in pure tritium were measured [4] with a record accuracy, the mechanism 
for fusion of tritium nuclei was studied [5], and considerable  - n correlations in 
the final state of that reaction were inferred. Also, the yield of the radiative 
deuteron capture channel ddμ  4He +  with respect to the main channels of the 
dd reaction in the muonic molecule ddμ was experimentally estimated for the p-
wave state [6].  

Muon catalysis is an unique profitable tool for studying fusion reactions 
of hydrogen isotopes, especially at low, “astrophysical”, nuclear collision 
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energies. It helps one obtaining or refining constants of various reactions at 
particular spin states of nuclei and to observe fusion channels forbidden in 
collisions of free nuclei. By now, all kinds of muon-catalyzed nuclear reactions 
in mixtures of hydrogen isotopes have been well studied. An exception is fusion 
of proton and tritium nuclei. 

2     Background 

The latest experiment on the study of muon catalysis in the H/T mixture was 
carried out by an international team of experimenters at PSI (Switzerland) in 
1993 [7]. Two exit channels of this reaction were observed: M1 transitions with 
emission of a gamma ray and, for the first time, E0 with conversion on the muon. 
The measured yields of these pt reaction channels are appreciably larger than the 
expected values based on the experimental data on the in-flight radiative capture 
pt and the reaction n + 3He, which is a mirror reaction relative to the radiative 
channel of the p + t reaction, and also the values calculated from the data on the 
4He(e,e’)pt reaction (for the conversion channel). No explanation for this 
disagreement has been found so far. In addition, the conversion channel with the 
formation of e+e- pairs was not observed though its yield was predicted to be 
about the muon yield [8,9]. 

The so far unsolved problems in the description of the muon-catalyzed 
pt fusion aroused interest of the DNLP scientific experimental group headed by 
D.L. Demin, and they proposed investigation of the pt-fusion channels with 
energy output about 20 MeV: 

ptμ  4Heμ + , (1) 

ptμ  4He + μ, (2) 

ptμ  4Heμ + e+ + e-, (3) 

ptμ  4Heμ +  . (4) 

The TRITON project was prepared and soon supported by the JINR Programme 
Advisory Committee for Nuclear Physics in year 2011. The team established for 
conducting the experiment had an appreciable background to allow successful 
implementation of the project. By that time, Demin’s group had accomplished 
the experiment at DLNP on the search for the rare radiative deuteron capture 
reaction using specially designed “gamma” detectors [10] with a measurement 
range up to 30 MeV. With this unique experience, the Dubna experimenters were 
prepared for studying characteristic features of the pt reaction.  

The motivation to observe ptμ fusion is as follows. One can not observe 
the reaction channels (2), (3), (4) in a beam-target experiment. The reaction 
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channels (1), (2) had had the only previous observation [7]. The reaction 
channels (3), (4) were not observed previously. The knowledge of the reaction 
channels’ (1), (3), (4) yield is critical for primordial nucleosynthesis in 
astrophysics [11]. The reaction channels (1), (3), (4) are the perfect probe for 
developing four-body problem in nuclear physics. 

3     Experimental method 

The experimental methodology was proposed by Prof. V.V. Fil’chenkov. The 
experimental setup scheme is shown in the Fig.1. A detailed description of the 
experimental methodology is given in [12]. The Liquid tritium target (Fig.2) [13] 
was designed according to the JINR specification by VNIIEF group headed by 
I.P. Maksimkin and was able to contain 50 c.c. of liquid hydrogen at 22 K with 
up to 1% tritium admixture during hundreds of hours.  

Fig.1. Experimental setup:     
1-3 – plastic counters,       
BGO – crystal,          
E1-E2 – electron telescope, 

Fig.2. Liquid tritium target:          
1—cryogenic refrigerator,      
2 – vacuum chamber,        
3 – vacuum insulation,       
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F – copper degrader,        
G1-G2 – gamma-detector,       
H/T –  target containing H/T mix,      
M – muon detector (full absorption) 

4 – heater,       
5 – cold duct,       
6 – container,       
7 – liquid H/T mix 

The cylindrical geometry of the target was chosen to provide higher 
registration efficiency with respect to that in PSI experiment [7]. In this 
geometry the “electron” detectors E1, E2 (Fig.1) envelope the target tightly and 
serve to detect e+e- pairs (3). Cylinder-shaped “muon” detector M is designed to 
absorb conversion muon (2). Electron–positron pair E1, E2 detectors and 
conversion muon M detector were developed to suit the compact geometry. Two 
BGO-based “gamma” detectors G1, G2 mentioned above [10] are placed around 
and close to muon detector (at the distance 56 mm from the center of the target) 
to detect gamma particles (1), (4). The detectors are shown in the Fig.3. 

Fig.3. Detectors: E1, E2 – in the front, G1 – in the depth, scintillator with light-guide for 
detector M – in the middle 

The two “electron” detectors E1, E2 and two “gamma” detectors G1, G2 allow 
registering e+e- pairs and  pairs. Detectors E1, E2 are supplied with a fiber 
light-guide as shown in the Fig.4. This feature provides compact design together 
with spectrometric quality of the device (due to light collection uniformity). 
Plastic scintillator in detectors E1, E2 are of thickness 5 mm and that in detector 
M of thickness 19 mm. The heights of the plastics are both equal to about 
110 mm. The design of “gamma” detector is shown in the Fig.5. The BGO 
crystal Ø127x60 mm is surrounded with a plastic shell, which makes possible to 
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lower the cosmic background by two orders using pulse-shape analysis [14]. 

Fig.4. Make-up of the 
fiber light-guide 

Fig.5. Gamma detector:  1 - BGO crystal, 2 – plastic 
scintillator shell, 3 – light-guide, 4 – Teflon, 5 – iron 

magnetic shield, 6 – permalloy magnetic shield,     
7 – electronics, 8 – iron case 

The simplified scheme of the electronics is shown in the Fig.6. The 
coincidence signal 1,2,3,E1,E2 starts the timing gate with the duration of 20 
when the -particle or conversion muon (or electron-positron pair) signals are 
expected to be registered. The necessary condition is an absence of other 
incoming muon, detected as coincidence signal 1,2, during preceding 5 
Trigger block [15] selects the useful events. It monitors the detectors and 
produces the signal permitting the FADCs output (digitized from detectors E1, 
E2, M, G1, G2) to be “written” to a PC. 

Fig.6. Electronics of the experiment 

161



One of the goals of our experiment was detecting the yield of e+e- pairs, 
which were not observed in the PSI experiment [7] with  molecules. The 
conviction in the productivity to do so is supported by the theoretical results 
[8,9] predicting the conversion muons yield (2) and the yield of e+e- pairs (3) to 
be close within 25%. Equipped with the knowledge of the angular correlation in 
e+e- pair emission for nuclear E0-transition [16], the problem of parameterization 
of angular correlation of pair emission in the p + t reaction (3) was solved and 
the Monte Carlo simulation of corresponding physical processes in the TRITON 
installation was performed. The result of simulation of pair emission (3) is 
shown in the Fig.7. together with that for conversion muon (2), the proposed 
yields of both channels being set equal. The results of the simulation for the 
registration efficiencies  pertinent to the experiment are also given in the 
Table. 1: marker  corresponds to gamma-particle (1) registration in detectors G1 
or G2; marker  corresponds to conversion muon (2) stop registration in detector 
M; marker pairs 1 attributes to signal (E1 + E2)  M and corresponds to 
detection at least one particle of e+e- pair (3); marker pairs 2 attributes to signal 
E1  E2  M and corresponds to simultaneous detection of both particles of e+e- 
pair (3); marker ed corresponds to electron from muon decay. The latter is the 
logical sum ed = ed1 + ed2, where ed1 is the coincidence signal (E1 + E2)  M, 
responsible for the muon stop in the target; ed2 = M  (G1 + G2) means that a 
conversion muon decays in detector M. 

Table. 1: Registration 
efficiencies  

Fig.7. The Monte Carlo simulation of physical processes in  
TRITON installation: muons – process (2), e+e- - process (3) 

The calibration of the TRITON experimental equipment (Fig.8.) using 
electron beam (electron energy Ee up to 20 MeV) of LINAC-200 during 
commissioning works [17] and Monte Carlo simulation (Fig.9.) for electron 
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registration have been performed. Beam energy determination (the order of 
accuracy 1%) [18] was performed by the method of the ratio of photoactivation 
of 114In-115In isotopes [19]. 

Fig.8. Setup for calibration 
using electron beam 

Fig.9. Monte-Carlo geometry to simulate the calibration 
of the TRITON experimental equipment 

The results of the Monte Carlo simulation fit well with the 
measurements using electron beam of LINAC-200. The example of the energy 
deposited by a single electron in detector G1 is shown in the Fig.10. The detector 
apparatus line broadening was obtained as a function of energy of an incident 
electron, see Fig.11. The detector calibration using electron beam is necessary in 
data analysis handling the complicated scheme of muon catalyzed fusion 
processes in the TRITON installation. 
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Fig.10. Monte Carlo simulation - energy deposited by a single electron of energy Eelec in 
detector G1 
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Fig.11. The detector G1 apparatus line broadening was obtained as a function of energy 
Edep of an incident electron 

The simplified scheme of muon catalyzed fusion processes in the 
double H/T mixture is shown in the Fig.12. The dependences, obtained by two 
different (PSI [7] and our) calculating programs of kinetics modelling the muon 
catalyzed fusion processes, are in quite good agreement, see the Fig.13. 

Fig.12. The simplified scheme of 
muon catalyzed fusion processes in 

the double H/T mixture (Figure 
taken from [7] and the designations 

Fig.13. Yields for conversion muons (circles) and 
gamma emissions (squares) in pt-fusion as a 

function of tritium concentration ct [7]. Respective 
curves correspond to results of our Monte Carlo 
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therein) simulations at fixed muon catalyzed fusion 
parameters (presented on plot) 

4     Experiment 

From May till November 2016 the experiment on the search for muon catalysis 
in an H/T mixture was carried out on the DNLP Phasotron, JINR, in 
collaboration with VNIIEF specialists. The condition of the beam was as 
follows: internal proton current - 1 , negative muon pulse - 100 MeV/c, pulse 
uncertainty ±5%, beam spot FWHM - 4 4 cm2, intensity – 104  [20]. The mean 
counting rate was maintained at the level of a hundred muon stops per second 
(Fig.14) in the H/T mix inside the target (Fig.15). The run parameters and the 
target contents are summarized in the Table. 2.  

Table. 2: The run parameters and the target contents 

Run No. Tritium 
content 

Deuterium 
content 

Gamma-
detectors’ angle 

Triggers Run time 

Dec.’13 0% 10-4 180o 106 20 h 

I (May’16) 0.8% 10-4 180o 107 100 h 

II (Nov.’16) 0.08% 10-4 180o 107 100 h 

III (Nov.’16) 0.08% 10-4 110o 107 100 h 

Fig.14. Time spectrum in microseconds of -decay 
electrons (used for normalization) 

Fig.15. Make-up of the target 
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Earlier known pt-fusion channels (1), (2) with the yield of single gamma 
rays and conversion muons were observed in the experiment (Figs. 16, 17).  

For the first time the pt-fusion channel with the yield of electron-
positron pair (3) was observed. The sum energy spectrum of conversion muon 
and electron-  

Fig.16a. Timing spectrum of process (1) Fig.16b. Energy spectrum of process (1). 
The gamma line at 5.5 MeV corresponds to 

natural admixture of deuterium 

Fig.17a. Timing spectrum of process (2) Fig.17b. Energy spectrum of process (2) 
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Fig.18. Experimental energy spectrum of electrons/positrons from process (3) registered 
by the detectors E1+E2 together with experimental energy spectrum of conversion muons 

from process (2) detected by the same detectors. The Monte Carlo simulation plot 
performed before the experiment is also given 

Quite unexpectedly, the process (4) with the yield of two gamma 
particles (Fig.19) simultaneously registered in two different detectors G1 and G2 
was observed for the first time in run I (May’16) at the level comparable to that 
of the process (1).  

Fig.19a. The sum G1+G2 energy spectrum 
of process (4) 

Fig.19b. The G1 energy spectrum of one 
partner of two-gamma process (4) 

The measurements were repeated in runs II and III (Nov.’16) with lower 
content of tritium and different relative positions of gamma detectors G1 and G2 
in order to observe the angular correlation between gamma particles in process 
(4). The tritium content 0.08% was chosen for runs II, III in the way (Table.2) 
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that the yield of conversion muons (the E0-transition) remains the same, the 
gamma emission yield (the M1-transition) being lower. And the observations 
confirmed this suggestion, based on kinetics calculations (Fig.13). However, no 
severe angular correlation for process (4) was observed, as seen from the Fig.20. 
But another process was noted. The gamma line at 5.5 MeV corresponding to 
natural admixture of deuterium appears in the sum energy spectra of double 
gamma events more clearly as relative content of tritium/deuterium decreases 
(Figs.19a, 20). This appearance can be accounted for the fusion reaction not 
observed yet: 

  3  +  +  + 5.5 MeV.    (5) 

Fig.20. The sum energy spectra of process (4) registered in G1+G2 at tritium 
concentration ct = 0.08% with the same beam statistics for two different relative positions 

of gamma detectors G1 and G2:     relative angle of 180O (top),      110O – (bottom) 
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Following the recommendations of the 46-th Session of JINR 
Programme Advisory Committee for Nuclear Physics, 14–15 June 2017 
(Dubna), we plan to perform further data analysis: modeling of kinetics of 
mesoatomic and mesomolecular processes in the target; development of a 
technique for modeling the channel registration process with the emission of two 
gamma quanta from the pt-fusion reaction in the TRITON installation; in-depth 
analysis of the experimental data obtained. 

5     Results 

The analysis of the main pt-reaction parameters (radiative fusion rate and muon 
conversion rate) has been already accomplished in the Table. 3 except for the 
systematical errors, estimated below 10%. 

Table. 3: Comparison of the rates of nuclear reaction from different spin states of 
the pt-system, corresponding channels (1), (2) - the analysis of time spectra 

Fusion rate pt  ( s-1) 

Channel (1), Ipt=1 

Muon conversion rate pt  ( s-1) 

Channel (2), Ipt=0 

PSI results [7] 0.067 0.002-0.002
+0.005 0.15 0.02 

The preliminary 
results of TRITON 

experiment 
(2016y.) 

0.065 0.004(stat.) 0.11 0.01(stat.) 

The further analysis of the experimental data is now under way, and the 
following important conclusions can already be drawn: 

1. The obtained results confirm theoretical predictions of Ya.B. Zel'dovich and
S.S. Gershtein (1960) [21] on the output products of nuclear reactions in cold 
hydrogen isotope mixtures caused by muons; 

2. The preliminary analysis of data and obtained rates of previously observed pt-
fusion channels (1), (2) with the yield of single gamma quanta and conversion 
muon agree well with results of PSI experiment [7]; 
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3. The pt-fusion channel with the yield of electron-positron pairs (3) as well as
the channel with the yield of a pair of gamma quanta (4) was observed for the 
first time; 

4. The first indication was made for the channel with a yield of pair of gamma
quanta in pd-fusion (5). 
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Radiation hardness of scintillation detectors based on organic 
plastic scintillators and optical fibers  

Yu.N. Kharzheev 

The scintillation detectors (SDs) based on the organic plastic 
scintillators and the optical fibers are one of the basic detectors used in the all 
modern accelerator, astrophysics, and neutrino experiments. They are 
multifunctional being used in calorimeters, triggering, tracking, TOF, Veto 
systems are. This is due to the remarkable properties of the organic scintillators 
and the optical fibers such as good optical and mechanical properties, short 
decay time, reliability and stability of their characteristics, ease manufacture and 
operation, compactness, and cheapness [1-3].         

In recent years, interest in using SDs has significantly increased due to 
the forthcoming upgrade of the LHC [4] and the construction of new accelerators 
FCC [5], FAIR [6], NICA [7], and others, since their energy and luminosity 
significantly exceed the currently achieved values (Table 1). However, under the 
influence of high radiation loads, the light output and transmission of both 
scintillators and optical fibers deteriorate. Requirements on stability and 
reliability of SD operation in new conditions became strickler and their 
fulfillment largely depends on the radiation hardness of the scintillators, optical 
fibers, and photodetectors. In the framework of the upgrade the spectrometers 
ATLAS [8], CMS [9], LHCb [10] research is being carried out on both known 
and new materials capable of meeting the increasing requirements of radiation 
hardness. 

Accelerator       Luminosity Particles Energy Refer. 
LHC 
HL-LHC 

1034 cm-2 s-1 (in present) 
5x1034 cm-2 s-1( 2025) 

P+P 
P+P 

14 TeV 
14 TeV 

4 

FCC 5x1034 cm-2 s-1 (2035) P+P 100 TeV 5 
FAIR(HESR) 10 34 cm-2 s-1   (~2025) anti P+ions 1-16 GeV 6 
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Table 1. Luminosity and energy of modern and planned accelerators 

A charged particle passing through on organic scintillator excites and 
ionizes its molecules, and -electrons are transferred to high-energy states, 
return of which to the ground state occurs through a singlet or triplet state 
accompanied by emission of fast (luminescence) or  slow (fluorescence) photons. 
However, the most popular polystyrene (PS)  and  polyviniltoluene (PVT) 
scintillators have large self-absorption: therefore, they are usually used as three-
component scintillators (Fig. 1a,b). The energy of the excited molecules of the 
scintillator (base) is transferred to the primary fluor (activator), return of which 
to the ground state accompanied by  emission of  light with 
Secondary fluor (shifter) absorbs this light and re-emits 
more. Transformation of light wavelength from the short (UV of base) to the 
long (blue or green of shifter) waves leads to a decrease in the transmission loss 

is absorbed and scattered more intensively than 
 

Fig.1. Light emission mechanism in one-component (a) and three-component 
OPS (b); and molecular structure of PS (c), PVT (d) and PMMA (e) polymers. 

The efficiency of light transmission in this chain depends on the shift 
value between absorption and emission spectra (Stokes shift) of the fluors - the 
greater the shift, the less  in the light transmission.  The peak values of 

NICA 1027 cm-2s-1    ( ~2020) Au79+ ions 4-12 GeV 7 
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absorption and emission as well as their differences for the most popular fluors 
compiled from [11] are given in Table 2. 

Table 2.  Absorption and emission peaks and their differences of some popular 
flours [11] 

Item Absorption 
peak, nm 

Emission 
peak, nm 

Difference, nm 

b-PBD 305 360 55 
BDB 360 405/425 45/65 
Y7 437/460 490 63/30 
3HF 350 530 180 
Y11 400 476 76 
pTP 290 360 70 
POPOP 385 420 35 
K27 355 492 37 
PPO 310 365 55 
Naphthelene 310 325/340 15/30 
X25, X31 400 500 100 

Under the influence of radiation molecular structures of polymers break 
down as scission or cross-linking between adjacent chains of the polymers both 
in the base of the scintillator and fluors occurs [12].  Molecular structures of the 
most popular PS and PVT scintillators and also PMMA often used in the inner 
cladding of  fibers are shown in Fig.1(c, d, e).  Irradiation results in formation of 
free radicals (color centers) on which the scintillation light is absorbed and 
scattered, and various gaseous products are released. Radicals are unstable 
formations that can decay or interact with each other. Damage and recovery of 
the irradiated scintillators depend on many factors – the materials of the base and 
the fluors, the absorbed dose and dose rate, irradiating particles, environments 
[13-15], etc.   

During  irradiation  scintillators lose their transparency and turn yellow 
or dark brown depending on the absorbed dose. After irradiation bleaching and 

recovery of irradiated materials occur. Bleaching of PS- and PMMA- based K27 
WLS light guides after immediate irradiation by  rays at 27 kGy and their full 
annealing in O2 and air is shown in Figs.2a and 2b [13]. In dry air the bleaching 

time of the 10.1- mm- thickness SCSN-38 is about 40 hours while that of PMMA 
is greater than 1 year. Thickness of bleaching zone (z) behaves as z2~t. Such 
behavior is similar to diffusion of O2 into materials. Recovery of SCSN-38 

proceeds very fast in O2 (2-3 days) and very slowly in inert gases (> 200 days) 
(Fig.2c).  Radical concentration in PMMA is 60 times larger than in PS, and the 
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diffusion rate in O2 is about 10 times larger than in PS [13]. 

Fig.2. Bleaching of the PS (a) and K27 WLS (b), and recovery of SCSN-38 
under different gas atmospheres (c) [13] 

Light yield and recovery of the scintillators to a large extent depend on 
the fluors and are influenced by environments (temperature, presence of O2). 
Comprehensive studies were carried out on a large number (~ 30) of fluors 
irradiated by 137Cs source at doses of 2.3, 10 and 14.3 Mrad [11]. It was shown 
that primary fluors pTP, PPO, PBD, bPBD show good radiation hardness, and 
their characteristics do not differ much from one another. Secondary fluors 3HF, 
M3HF, X25 and X31 are most radiation resistant among many examined ones. 
Adding naphtaline and increasing its concentration provide higher radiation 
resistance. 

Light yield of  pure PS and PS with primary fluors with concentration 
(0.05%  - 2.0) %  3HF and, as a reference, BC-408, two ternary scintillators 
PS+pTP(1%)+3HF(0.01%) and PS+pTP(1%)+3HF(0.10%) were investigated  by 
60Co -rays at integrated doses of 10 Mrad and 30 Mrad (Fig.3).  PS with 3HF 
concentrations of 1.0%, 0.10%, 0.05%  showed 3%, 12%, and 17% light loss 
respectively for 10 Mrad (minimal light loss is at 1% 3HF). The ternary 
scintillator PS +1%pTP with 0.01%3HF and 0.10% 3HF concentration showed 
17% and 6% light loss respectively for 10 Mrad.  Transmittance losses remain 
small (~12%) even for the 10-cm-thick 3HF scintillator with the 3HF 
concentration 1% and at 10 Mrad irradiation.  The main causes of the LY loss 
are destructions in the scintillator base but not in the 3HF [14]. 
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a                                            b 
Fig.3. 3HF scintillator light yield as a function of the 3HF concentration 

(a) and ratio of the light yield measured after 10 Mrad and 30 Mrad exposure and 
annealing to the initial light yield for the intrinsic 3HF samples (b) [14] 

In the frame of upgrade of the ATLAS spectrometer it is planned to 
replace the scintillators used in the gap region between the barrels of the tile 
calorimeter. The samples (5x5x3.5) mm3 of the scintillators made of the different 
manufacturers (ISMA [17], Protvino [18], Bicron[19], and ELJEN [20]) were 
investigated at high radiation doses 0.8, 8, 25, and 80 MGy by the 6 MeV 
protons beam[21]. The samples of ISMA (designated in Table 3 as Dubna) and 
Protvino are made of PS, and Bicron and ELJEN are made of PVT. It was 
interest to investigate the transmittances and recovery properties of the various 
grades of the ELJEN samples (EJ -200, EJ-208, EJ-260), which were no 
previously used in ATLAS detectors in contrast to the others. The transmission 
losses of all these samples at a wavelength  420 nm for different doses are 
presented in the Table 3. Transmission losses of all scintillators were almost 
identical . EJ scintillators have better 
transmission than the others especially for a high dose of radiation.  
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Table 3. Transmission losses of  420 nm for different doses [21] 

Light transmission of all EJ scintillators behaves in a similar way. With 
increasing doses, their 
losses increase (Fig.4a).  Significant recovery occurs during 2-3 days (Fig.4b). 
EJ - 208 is the best one, and in addition the emission peak (435 nm) well 
matches the absorption peak 430 nm of Y11 used in WLS fibers. At higher doses 
some structural changes in the base and fluors were observed in Raman spectra 
[22]. 

         a                                                                 b           
Fig.4. Transmission versus wavelength for EJ-208 for different exposure doses 

(a) and on different days after irradiation (b) [21] 

In the frame of the upgrade of the hadron calorimeter of the CMS 
spectrometer a search for new scintillators instead of SCSN-81 was performed. 
The EJ-200, EJ-200 P2, EJ-200 2X, EJ-260 scintillators [20] and SCSN-81 as a 
reference were irradiated by 150 GeV μ-meson beam at H2 line SPS CERN [23]. 
The EJ-200 P2 and EJ-200 2X scintillators are two special version of EJ-200 
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having different types of primary fluors and primary fluors with the 
concentration  twice as high as in  EJ-200 respectively. The scintillators under 
tests have the form of tiles with dimensions 100x100x4mm3 with a -shaped 
groove on the surface of the plastic in which the WLS fiber was embedded. It 
was shown that such tiles provide highly uniform light collection from the tile. 
Integrated charge distribution of the different samples showed that the light 
output of over-doping EJ-200 2X and green EJ-260 scintillators are less than 
SCSN-81 (Fig.5a) [23].  Differences of the time signals arriving from SCSN-81 
and from different flavors of EJ-200 are roughly centered near at 0 ns whilst EJ-
260 signals are slower than those of SCSN-81 by  about 5 ns. The investigation 
of light yield, light collection and signal timing shows that the over-doping the 
scintillators (EJ-200 2X) and shifting to a longer wavelength  (green-emitted EJ-
260) are two viable methods for improving radiation hardness.  

Structural and optical properties of EJ-200, EJ-208, EJ-260 (ELJEN) 
and UPS-923A (ISMA) were studied by irradiation them with a neutron beam 
with E>1 MeV and fluencies (1.2, 3.6, 9.4) x 1012 neutrons/cm2 [24] at IBR-2 
JINR[25]. No structural and optical changes were observed in the Raman and the 
light output spectra (Figs.5b, c). 
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Fig.5. Distribution of the integrated charge per 25 ns time slice in the 
whole data sample (a) [23], Raman spectra for the EJ200 sample (b), and light 
yield output spectra versus neutron fluencies for different samples (c) [24]. 

In modern and future experiments, scintillators not only with higher 
radiation resistance but also with excellent time characteristics are required.  
New scintillator materials (custom polyester used in the production of plastic 
bottles and containers), - Polyethylene Naphthalate (PEN) (100x100x1mm3, 

peak  nm) and Polyethylene Terephthalate  (PET) (100x100x 2mm3, 
peak , were  irradiated by 137Cs  at doses of 1.4 Mrad and 14 Mrad. 

Light yield (Fig. 6), light yield and time recoveries (Table 4) were tested [26].  It 
was shown that PEN is more radiation hard than PET (factor of 2 for 1.4 Mrad 
and 3.8 for 14 Mrad).  Also, PEN has much shorter recovery time than PET [26]. 
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Table 4. Summary of the PEN and PET light yield and recovery time results [26] 

Recovery tests of PEN and some other materials in the form of tiles 
(lab-produced elastomer (ES), EJ-260(EJN), and EJ-260(EJ2P)) were performed 
by using blue LED stimulation after 137Cs  at doses of 100 kGy 
(PEN) and 75 kGy (ES, EJN,EJ2P)[27]. After 40 days, recovery was measured 
of two samples of each tile, one exposed to RGB LED and other was kept in a 
dark box.  After 7 days PEN tiles recovered to 72% in LED and only to 40% in 
the dark box. The corresponding values for ES were 56% and 46%. Neither EJN 
nor EJ2P showed a significant effect due to LED simulation (24% and 26% for 
LED and dark box respectively). Note that PEN and ES are “blue” scintillators 
whereas Eljien samples are “green” (Table 5) [27]. 
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Fig.6. PEN light yield at 1.4 Mrad and 14 Mrad over 50 days after irradiation 
respectively (a, b) and the same for PET at 1.4 Mrad and 14 Mrad (c, d) [26] 

Table  5. Fit parameters of the exponential functions a*exp(-bx) + c used for 
decribining the recovery of the tiles where ‘a’ is the difference between the 
initial and permanent damage,  ‘b’ is the recovery constant, and ‘c’ is the 

permanent damage[27] 
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 Radiation damage depends not only on the dose, but also on the dose rate. 
Detailed studies were carried out on the scintillators SCSN-38, SCSN-81 and 
Bicron 499-35 irradiated with dose rates of 2.3 krad/h - 1.05 Mrad/h and 
absorbed dose of 10 Mrad [28]. The final light output (LO) of all samples versus 
of dose rate shows the semi-logarithmic behavior. LO significantly decreases 
with decreasing dose rate. On the immediate LO curves of all samples one can 
see the convergence points.  Above that points when the dose rate decreases, the 
immediate LO can either increase (SCSN-38), or stay constant (SCSN-81), or 
decrease (BC-499-35) (Fig.7). Such behavior depends on the O2 permeability, 
chain mobility of the scintillators and glass transition temperatures. 

Fig.7.  Immediate (triangle) and final (squares) LO of SCSN-38 (a),  SCSN-81 
(b),  BC-499-35 (c)  and their final LO after seven days of recovery (d) versus  

dose rate. Final LO of all scintillators in Fig. 7d are denoted by triangles (SCSN-
38), black squares (SCSN-81), and circles (BC-499-35) [28]. 

Light output of SCSN-81 were investigated by 60Co  rays at very low 
dose rates of 10-4 -0.1 krad/h and dose D  0.01-0.2 Mrad (Fig.8) [29]. The 
results were compared with that measured at a high dose rate of 14 krad/h [28]. 
Light loss in CMS scintillators as a function of   dose rate is obeys the power law 
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as predicted by the diffusion of O2 into scintillator. The measured light loss is in 
reasonable agreement with the  irradiation [28].  Light loss at low 
dose rates is larger than at high dose rate. 

Fig. 8.  Exponential constant as a function of the dose rate. Results from 
scintillators based on PS are shown in blue, while those based on PVT are shown 

in red. Results from the scintillators in layer 1 (7) of the CMS HE detector are 
denoted by filled squares (open squares)[29]. 

Investigation of radiation hardness of the scintillators irradiated with 
neutrons is very important since in the electromagnetic and  hadron calorimeters 
of the modern accelerators, as well as in some of their other parts,  neutrons are 
produced in large quantities. For example, in the most radiation-loaded parts on 
the LHC, more than 1015 neutrons / cm2 per are expected for 10 years [4]. 

 Investigations were carried out on pure PS, SCSN38 and pure PMMA 
using fast neutrons produced in the reaction 9Be(d,n)10B (with low gamma 
background) at the PTV cyclotron (Germany) and neutrons from the reactor 
(Belgium) [30]. It was shown that neutrons produced about 5 times more 
radiation damage in PS and SCSN38 than  rays (Fig.9a). This effect is 
explained by the fact that in Polystyrene, the protons produced during the elastic 
scattering of the fast neutrons on them, have much larger interaction cross 
sections than gamma quanta. On the contrary, in  -rays produce ~1.5 
times more damage than neutrons (Fig.9b).  
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Fig.9. Compilation of radiation-induced permanent optical absorption 
coefficients at 440 nm for PS and SCSN38 (a) and the same at 290 nm for 

PMMA (b) [30]. 

The possibility of increasing light yield and radiation hardness of the 
scintillators was shown by “fingering” of a tile [31].  The tile of 100x100x4 mm3 
and 16 strips of 6x100x4 mm3 were irradiated by electrons of  90Sr (Ee  
for  and 30 Mrad (Minsk Belarus). Light yields of 16 “fingered” 
strips were summarized and compared with light yield of the tile. The positive 
effect achieved in LY was about 40% for the transmission loss 
coefficient of light collection in the optical “OR” coupler used). Radiation 
hardness was increased up to 20 Mrad (Fig. 10a). 
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Fig.10. The calculated relative light yields from different samples based on 
measurements (a) [31].  Comparison of the experimental data from the gamma-
neutron exposure (IBR-2 JINR) and  exposure (60Co, Tashkent) (b). Light 

yield from the strips irradiated with up to 20 Mrad (c) and 25 Mrad (d) at 
different dose rates [29]. 

Relative LY of the “fingered” BC-408 and EJ-260 irradiated with 
neutrons from IBR-2 (JINR) [25] and 60Co Tashkent) was measured [32]. 
The fluence of the neutrons and the mean energy of the rays were 3x1015 n/cm2

and <E >~1.5-2 MeV respectively. The dose rate was changed to 500 krad/h. At 
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the same dose neutrons have a larger impact on the  
(Fig.10b). LY from the strips irradiated by 60Co  at 20 Mrad and 25 Mrad 
shows that light loss at lower dose rates is greater than at high dose rates (Fig. 
10c, d). 

Scintillating fibers (SciFi) are used in the most radiation-loaded areas 
of accelerates for  measuring in luminosity (ALFA at LHC [33]), for tracking 
(D0 [34], LHCb [35,36]), and for beam hodoscopes (COMPASS [37], MUSE 
[38]) etc.  

The SciFi hodoscope for COMPASS comprising  3 layers of 1mm 
SCSF-78MJ (Fig. 11a) was used in the intensive (100-200) GeV/c muon beam of 
108 muons/s (106 muons/s for fiber channel). The hodoscope allowed collecting 
up to 20 photoelectrons per pixel of the multi-anode H6568 photo detector and 
provided excellent space and time resolution (400 ps). The light output losses in 
the 8 mm of the fiber portion irradiated by electrons from 90Sr with a dose of 100 
kGy were no more than 15% (Fig.11b). To efficiently transport light from the 
SciFi fiber to the photo-detector the fiber was connected to the clear fiber by 
melting their ends at a temperature of 1050C-1100C. Such connected fibers 
allowed to transmit light with loss less than 10% [37].  

The SciFi Tracker of LHCb at the High Luminosity Colllider was 
proposed instead of gas straw tubes and silicon microstrip detectors. It is 
composed of mats of six densely packed fibers layers with dimensions 
131x2424x1.4 mm3 [35, 36]. The tracker will cover total area of the detector 340 
m2 and made of 250-μm-diameter 2.4-m-long SCSF-78MJ fibers on the basis of 
PS+pTP+tetra butadiene. These fibers have longer Latt, more LY and fast 
scintillation time. It allows significantly minimizing the material budget and 
achieving the efficiency of ~99%, and space resolution of 70 μm. Irradiation of 
the detector shows that the reduction in SciFi Latt as a function of the 
accumulated dose for different particles (protons, rays, X rays) and  
kGy may be estimated at a level of 40% ( for 10 years of irradiation). 
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Fig.11. Fiber configuration for the scintillating fiber hodoscope with 3 layers of 
fibers (a) and light output of Kuraray SCSF-78MJ SciFi after local irradiation at 
10Mrad (b) [37],  and the ratio of the attenuation lengths of 3HF and clear fibers 
after /before irradiation (c) where data of 3HF fibers, 3HF fiber ribbons and clear 
fibers are denoted by  open symbols, crosses and filled marks respectively [39]. 
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Radiation hardness and mechanical durability of Kuraray Scintillating 
3HF and clear S-type fibers were tested by 60Co  at – 500 krad [39]. 
It was shown that the ratio of the Latt after/ before irradiation is similar for both 
CF and 3HF fibers as a function of the dose for different dose rates and fiber 
curvature (Fig.11c). Recovery 3HF fibers is rather insensitive to the dose rates 2-
12 krad/h and accumiulated dose 6-48 krad. Latt as well as LY decrease with 
increasing S-parameter. For example, LY(S40) is 30% greater than LY(S70). 

A new class of scintillating fibres with Nanostructured Organosilicon 
Luminofores (NOL) has been developed at the Enikolopov Institute of Synthetic 
Polymer Materials, Moscow [40, 41]. Unlike the case in traditional plastic 
scintillators, where molecules of activators and wavelength-shifting fluors are 
independently and randomly distributed in the PS matrix,  in the new scintillator 
they are connected via “bridges” of silicon nanoparticles (Fig.12). The close 
geometric correlation of the activator and the WLS complexes is expected to 
reduce the losses of UV photons and to increase the overall efficiency of the 
conversion process by non-radiative energy transfer (Forster transfer). 

Fig.12. Simplified principle of light yield increase in NOL fibers - conventional 
plastic scintillator (left) and NOL scintillator (right) [35] 

Absorption and luminescence spectra of the NOL11 and NOL19 used in 
the production 250 μm diameter BPF-11 and GPF-19 fibers are given in the 
Figs.13.   LY of NOL11 and NOL19 is ~3 times larger than that of POPOP. The 
NOL11 (NOL19) emits light in the blue (green) region with the 
photoluminescence quantum yield of 96% (87%) and decay time of 0.98 ns 
(0.93ns). Decay time of the green GPS-19-1 is ~ 6 times shorter than that of the 
SCSF-3HF and of the blue BPF-19-1 fiber is ~2 times shorter than that of SCSF-
78 (Table 6). NOL fibers may be atractive option for the LHCb SciFi tracker. 

191



Fig.13. Absorption spectra of NOL11, NOL19, POPOP (left) and luminescence 
spectra of NOL11, NOL19  (right). 

Table6. Peak wavelength, attenuation length, light yield and decay time of 
different fibers [41] 

Radiation hardness of the GPS-19-1 and BPF-19-1 fibers after X-rays 
irradiation with dose of 1 kGy and dose rate of 23 Gy/min is about the same as 
that of the SCSF-3HF and SCSF-78 fibers, but further testing  of the fibers with 
other particles is required.  

Wave-length shifting (WLS) fiber ollect the light from the 
scintillator, convert its wavelength so that it matches to the spectral sensitivity of 
the popular photo-detectors and transfer it to the latter.  WLS fibers are mostly 
used as active elements in the calorimeters, TOF and veto-systems, etc.  The 
effect of radiation on the fiber is manifested in deterioration of its light output 
and transmission, and it depends on its material, absorbed dose, dose rate, and 
environment. 

 Light yield of 1mm WLS fibers BCF91A-MC (Bicron), Y11(200)MSJ  
(Kuraray) and  S250-100 (Pol.Hi.Tech.) was compared under their irradiation by 
60 .  Kuraray fibers have 
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the best LY and Latt. Immediate relative light losses are 17(46)% (BCF91A), 
13(29)% (Kuraray) and 40(48)% (Pol-Hi.Tech) at   kGy. After 10 
days the recovery in the light output of Bicron and Kuraray fibers is a few 
percent at both doses but the recovery of Pol.Hi.Tech.is much larger (Table 7).  

Table7. Relative light output at x 140 cm and for total doses of 1.16 and 6.93 
kGy [42] 

Radiation hardness of the BC9929 WLS fiber and the BC404 scintillator 
with WLS fiber embedded in it was investigated [43]. BC9929 WLS fibers were 
irradiated by 60Co rays at the doses ,100,200,300,650 krad and 1 Mrad 
using 7 krad/min dose rate, and the scintillator + WLS fiber was irradiated with 

 dose rate of 4.4 krad/min. 
 The WLS fiber was recovered a hundred times faster than that of the 

scintillator + WLS fiber system (Fig. 14 a, b). In the latter 80% permanent level 
was reached after 300h (Fig. 14a).  the 
permanent level of the BC9929 WLS is 50(70) % and its recovery time increases 
significantly at these doses (Fig.14 c). 
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Fig.14. Relative PMT signal amplitude of post-irradiated to pre-irradiated 
scintillator +WLS for dose 200 krad (a) and WLS fibers for doses 50 krad, 100 
krad;  200 krad, 300 krad (b), and 650 krad and 1 Mrad (c). The horizontal axis 

shows the time elapsed from the end of the irradiation [43]. 
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Optical glues 
Light collection from tiles or strips is usually carried out by WLS fibers 

inserted into the groove on the surface of the tile or strip and the hole in the strip 
filled with air (“dry” case). However, gluing the WLS fiber into the groove by 
some high transparent optical fillers increases the light collection by a factor of 
up to 1.8 [44] and 1.6 [45] against the “dry” case. High transparent optical glues 
on the epoxy base (EJ-500, Aqua E-300, BC-600, and Araldite Crystal) are often 
used as filler in the groove of tiles or strips. The transmission of these 
unirradiated glues is more than 90% in the visible region [46].  

The high-transparency (T>95% for >400nm) and high-viscosity (10 - 
20 Pa*s) low molecular weight  synthetic resin SKTN-MED(E) [47] as a filler in 
the hole of the strip (up to 5m long) have been studied [48]. It was demonstrated 
that this filler increases the light collection by a factor of 1.5 -1.9 in comparision 
with “dry” case depending on the strips length, and presence (absence) reflective 
coating at the end of the strip [48]. As the filler has high viscosity a special 
technique for injection it into the small hole (2.6 mm) of a long strip (with length 
up to 5m) was developed and realized. It is of great interest to study radiation 
hardness of the optical glues used as fillers.  The radiation resistance of the 
SKTN-MED (grades E and D) and BC-600 [49] under irradiation by the fast 
neutron beam (E>1 MeV) with fluencies 16x1014, 3.8x1014 and 1.2x1014n/cm2 
were tested at IBR-2 (JINR) [50]. Transmittance of these fillers in the form of 
resin (liquid) and glue (polymerized resin), and short strips with the WLS fiber 
and with/without filler in it were measured. 

Transmittance of the SKTN-MED(D) and SKTN-MED(E) as well as 
their resins and glues did not differ from each other and was > 90% for >400 
nm after the irradiation by a neutron beam with the fluencies of 3.8x1014 and 
1.2x1014 n/cm2, and the transmittance of the irradiated and non-irradiated 
samples is almost the same (Fig. 17a and b) [50]. 
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Fig.17. Light transmittance of the resin (liquid (a) and polymerized SKTN-
MED(D) (b)  before and after irradiation as a function of the wavelength for 

different neutrons fluencies  and  E>1 MeV [50]. 

Fig.18. Light transmittance of the resin (a) and polymerized BC-600(b) 
as a function of the wavelength for different neutron fluencies [43], and of 
polymerized BC-600  of 60Co at the dose 27 kGy as a 

function of wavelength (c) [51] 
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         Transmittance of the BC-600 resin as well as its glue is very sensitive to 
the impact of the neutron beam and wherein BC-600 glue is more sensitive to 
radiation than its resin (Fig. 18a and b). Similar behavior in the transmittance of 
BC-600 glue irradiated by  of 60Co at the dose 27 kGy was also observed 
[51]. 

Photos of nonirradiated sheets and strips and those irradiated with 
different neutron fluencies are shown in the (Fig.19). Large changes in 
transparency are observed in the BC-600 samples (Fig. 19a) whereas in SKTN-
MED (D) samples changes are practically not visible (Fig.19b). Noticeable 
changes are visible in the transparency of irradiated PS strips in comparision of 
non-irradiated PS strip as neutron fluencies increase (c). 

Fig.19. Photos of the SKTN-MED(D) (a) and BC-600 (b) sheets irradiated by the 
neutron beam with fluencies of 16x1014 n/cm2 (samples 1) 3.8x1014 n/cm2 

(samples 2) and 1.2x1014 n/cm2 (samples 3). Samples 0 were not irradiated. 
Photo of the non-irradiated and irradiated strips (c). The nonirradiated strip is 

located in the lowest position, followed clockwise by three other strips irradiated 
by the neutron beam with fluencies of 1.2x1014,  3.8x1014 and 16x1014 n/cm2 

respectively (c). 
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Radiation influence of different neutron beam on the LY was 
investigated on the short (15 cm long) strips with the WLS fiber in the hole filled 
with the various fillers. The measured anode currents of the irradiated strips 
decreases with increasing neutron fluencies. Decrease in LY is mainly caused by 
destructions in the strip and fiber but not in the filler, since the transparency of 
SKTN-MED fillers did not change significantly (see also photo of the irradiated 
strip) (Fig.19c).  

Conclusions.  
According to the results of the previous investigations carried out at doses below 
1 MGy (predominantly up to 100 kGy) (“old” studies) and during last years 
(“recent” studies) some conclusions can be drawn: 

Part 1 (“old’’ studies) 
1. Radiation damage of OPS and fibers increases with decreasing dose rates at

the same dose. 
2. Radiation damage induced in PS by the neutrons is 5 times higher than that

by rays and vice versa in PMMA. 
3. Radiation damage in OPS is mainly due to the destructions of their base and

not of the fluors. 
4. The position and shape of the emission peak remain unchanged.
5. Recovery of OPS in O2 much faster than in inert gases while PMMA

recovers faster in inert gases than in O2. 
6. The attenuation length of “clear” fibers decreases with increasing parameter

S (alignment of base moleculars along the fiber axis). 
7. Fibers recover much faster than the system of a scintillator and fiber in it.

Part 2 (“recent” studies) 
1. At higher doses (>25 MGy) PVT scintillators (ELJEN) are more radiation
hard than BC (Bicron) and PS. 
2. Radiation hardness of scintillators can be increased by using fluors with the

emission spectrum shifted to the green region. 
3. The fibers based on the new type of luminophores NOL11 and NOL 19
(Nanostructured Organosilicon Luminophores) have a high photoluminescene 
quantum yield and very short decay times of 1.34 ns and 1.18 ns respectively.  
4. The new PEN (Polyethelene Naphthalat) scintillator exhibits both good
radiation hardness and very short recovery time, being also very inexpensive. 
5. Recovery characterictics of PEN and elastomer scintillator (p-terphenil in
epoxy) are significantly improved  by LED stimulation with the blue emission 
spectrum.  
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6. Segmentation of tiles into strips (“finger” strips) provides an increase in the
LY and the radiation hardness 
7. Deterioration of the LY and transmittance of the scintillator caused by
irradiation can be significantly compensated by the synthetic low-molecular 
weight resin SKTN-MED embedded between the scintillator and the fiber. 
8. Along its good optical properties, the SKTN-MED showed high radiation
hardness when irradiated by a neutron beam with fluencies up to 1.6x1015n/cm2. 
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1.Introduction
One of the major parameters of any collider is luminosity. As we know 

luminosity is affected by many factors. Among them, the least explore: the effect 
of the oscillation of Earth’s surface on the position of beams. This oscillations can 
have a different origin: industrial noises, oscillations of seismic origin, etc. These 
oscillations reduce the luminosity in collision area. This effect is expected to be 
especially noticeable in case of e+ e- colliders, where beam diameters at the 
meeting point are especially small. The same significant reduction in luminosity 
may be in future multi-Tev accelerators , like FCC(Future Circular Collider).This 
research under ATLAS program and the HL LHC project[1] 

The Precision Laser Inclinometer (PLI) – a instrument for recording 
micro-seismic activity of the earth with nano-radian accuracy, developed at the 
Dzhelepov Laboratory of Nuclear Problems(DLNP) at Joint Institute for Nuclear 
Research (JINR). Today JINR has manufactured 6 PLI for European Organization 
for Nuclear Research (CERN), which will be deployed at the Large Hadron 
Collider(LHC) stop period. This 6 PLI will be deployed full length LHC. Existing 
software for PLI allow work correct one PLI as unique instrument. For 6 PLI create 
network is needed, this network allow us to monitor and synchronize all the 
instruments included at network. Also necessary to provide data corresponding to 
CALS (CERN Accelerators Logging Service). 

At this article discusses software that provides automated data collection 
and processing. And method for processing and data storage, which makes 
possible to become part of the CERN computing services . 

2. Software and PLI data description:
Currently, data from PLI are processed on computer under Windows 

operation system, and using LabView[2]. LabView using official drivers for a 24-
bit Analog-to-Digital Converter(ADC), this ADC collect information from 
photodiodes. Figure 1 shows the scheme of photodiodes 
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WL2 WL1

WL3 WL4

RL2 RL1

RL3 RL4

ADC WL ADC RL

UWL1 UWL2 UWL3 UWL4 URL1 URL2 URL3 URL4

Fig.1. The scheme of photodiodes 

The PLI instrument uses 2 photodiodes, which are divided into 4 sectors. 
The ADC transmits the voltage value from the photodiodes. Two designations for 
photodiodes are introduced: “WL” (Wanted / Liquid) and “RP” (Reference / 
Prism). WL – registers the useful signal of the inclinometer reflected from the 
surface of the liquid. RP – the reference signal of the beam reflected from the 
prism to compensate for the noises of the laser source. 

The PLI data in file introduced below. Time in UTC format, and 8 voltage 
values from quadrant photodetectors. The general structure of the file looks like: 

Time(UTC) Wl1 Wl2 Wl3 Wl4 Rl1 Rl2 Rl3 Rl4 

To calculate the coordinates of the displacement the laser rays can be calculated 
with formulas: 

XWL = (UWL1 + UWL4) – (UWL2 + UWL3) 
YWL = (UWL1 + UWL2) – (UWL3 + UWL4) 
XRP = (URP1 + URP4) – (URP2 + URP3) 
YRP = (URP1 + URP2) – (URP3 + URP4) 
X= Xwl-Xrp Y=Ywl-Yrp 

Modified data file: 
Time(UTC) X Y 
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This format is more preferable, as it directly reflects seismic activity and allows 
build visual graphs. 

3. CALS (CERN Accelerator Logging Service)
The CERN-wide Accelerator Logging Service(CALS)[3] was born out of 

the LHC Logging Project, which was launched in 2001. The service first became 
operational in late 2003, and has since become what is considered to be a mission-
critical service. The current mandate can be summarized as: 

Information management for Accelerator performance improvement.
Meet INB* requirements for recording beam history.
Make available long-term statistics for management.
Avoid duplicate logging efforts

The logging service persists data of close to 1 million pre-defined signals
coming from heterogeneous sources. These signals range from data related to core 
infrastructure such as electricity, to industrial data such as cryogenics and vacuum, 
to beam related data such as beam positions, currents, losses, etc. 

Java[4] is used to record event in the database, approximately 2TB of data 
is recoded weekly in the Short-term Change Database(MDB), 1Tb data is stored 
on the Internet, Long-Term Event Database(LDB). Access to this data is organized 
using the Java API(application programming interface). For visualization of data 
using a graphical interface called TIMBER. 

4.Timber and pyTimber
Access to the TIMBER graphical interface, performed using software 

written on Java, pyTimber[5] is a Python language library designed specifically 
for accessing CALS data, which make it possible to integrate information from the 
database into their projects. PyTimber include PageStore – this library allow to 
save information on local hard drive. 

5.The PLI data method storage
CALS is a closed system, access to this system provided with approved 

tool. For software development that meets the requirements of CALS, was decided 
to locate data from PLI on accessible place – EOS service[6](EOS – disc space 
with fast access). The structure of our proposed method is presented on figure2. 
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Fig. 2. The structure of our proposed method 

The method includes three main components: 
1. Conversion data described in section 2.
2. Redirecting processed data to EOS service, CernBox
3. Create SQLite database
This method allow to use PyTimber/PageStore to access PLI data. In the same 

way as access to the TIMBER database. Also, the data will be available from 
CernBox (CernBox – provides cloud data storage to all CERN users) 
Creating a SQLite database in necessary for retrieving data, it organizes fast access 
to data. 

6.Conclusion
This method provides data processing from one PLI. This method does 

not depend on the number of instruments, which will further create a network of 
several PLI. This make possible to be part of the CALS system. 

The author of the article expresses the gratitude to Yulian Aramovich 
Budagov for setting the tast, Nikolai Sergreyevich Azaryan, Mikhail Vasilyevich 
Lyablin for consulting and clarifying the PLI instrument. Beniamino Di 
Girolamo,Riccardo De Meria for presenting his software development experience 
and Jacub Wozniak for clarifying the CALS service specification. 
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For the A2-Collaboration 

We have developed a Frozen Spin Target in close collaboration with the polarized 
target group of the Joint Institute for Nuclear Research (JINR, DLNP) in Dubna. 
The 3/4Helium dilution refrigerator provides temperatures down to 25 mKelvin. 
Both longitudinally and transversely polarized protons and deuterons are possible 
with the help of superconducting holding coils. 
The A2 Collaboration at the Mainz Microtron MAMI measures photon absorption 
cross sections using circularly and linearly polarized 'Bremsstrahlung' photons up 
to an energy of ~1.5GeV. We use a 4  detection system with the 'Crystal Ball' as 
central part.  
In this paper the first double polarized experiment with the use of a newly 
developed active polarized solid target in the year 2016 will be described and new 
possibilities for the use of this technology in high energy physics experiments will 
be addressed. 

1. The A2 Real Photon Facility at MAMI

The Mainz MAMI electron accelerator with its source of polarised electrons, based 
on the photoeffect on a strained GaAs crystal, routinely delivers polarised beam 
with a maximum energy of 1604 MeV and a degree of polarisation of 
approximately 85%. The last accelerator stage, MAMI C, is realized as a Harmonic 
Double Sided Microtron (HDSM). Main features of this new machine concept are 
the four 90° bending magnets and the two LINACs working on 2.45GHz and the 
first harmonic. Details of the machine can be found in reference [1]. 
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Figure 1. Floor plan (top) of the MAMI accelerator with zoom in the Glasgow-
Mainz tagging system (bottom part). 

The A2-Glasgow-Mainz tagging facility [2] stands out due to its high photon 
intensity. The beam is derived from the production of Bremsstrahlung photons 
during the passage of the MAMI electron beam through a thin radiator. The 
resulting photons can be circularly polarised, with the application of a polarised 
electron beam, or linearly polarised, in the case of a crystalline radiator. The tagger 
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focal plane is segmented into 352 scintillation detectors. Each counter can operate 
reliably to a rate of 1 MHz, giving high photon flux. The photons can be tagged in 
the momentum range from 4.7 to 93.0% of E0. A new detector system with roughly 
the same segmentation, but even higher count rates is being implemented at the 
moment. 

2. The Crystal Ball detector setup

The central detector system consists of the Crystal Ball calorimeter combined with 
a barrel of scintillation counters for particle identification and two coaxial 
multiwire proportional chambers for charged particle tracking. This central system 
provides position, energy and timing information for both charged and neutral 
particles in the region between 21o and 159o in the polar angle and over almost the 
full azimuthal range. At forward angles, less than 21o, reaction products are 
detected in the TAPS forward wall. The full, almost hermetic, detector system is 
shown schematically in figure 2. 
The full angular coverage of this detector system sets very rigorous condition for 
the construction of the polarized target. 

Figure 2. The Crystal Ball calorimeter, with cut-away section showing the inner 
detectors, and the TAPS forward wall. 
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Figure 3. The 3/4helium dilution refrigerator (magenta - high temperature heat 
exchanger 300k - 4K; red - low temperature heat exchanger between separator 
and evaporator helium pot 4K - 1.5K; green - dilution sintered heat exchanger 

0.7K - 0.022K). 

3. The Polarized Target

The new frozen spin target was designed to retain the high angular acceptance of 
the detector system. The main boundary condition for the outer diameter of the 
frozen spin target cryostat was the most inner particle identification detector with 
a diameter of 104 mm. The internal holding coils had to be as thin as possible to 
allow particles to punch through (figure 4). 

Figure 4. The thin superconducting solenoid (left side) and saddle coil (right 
side). 
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Longitudinal and transverse superconducting magnetic holding coils can be 
integrated to provide all directions of polarization. 
The core of the frozen spin target for the Crystal Ball detector is a specially 
designed, large horizontal 3He/4He dilution refrigerator (see figure 3) that was built 
in cooperation with the Joint Institute for Nuclear Research (JINR) Dubna. More 
details about the cryostat design and concept can be found in these proceedings 
[14]. 
Several papers have been published in the last years [3-12] about our results 
concerning Baryon spectroscopy and meson photoproduction.  
In addition, we have started an extended program to investigate un-polarized and 
polarized Compton scattering. Since the cross section is two orders of magnitude 
smaller compared to pion-production and the final state requires an open trigger 
the experiment is very challenging. These experiments will lead to a better 
determination of the scalar polarizabilities [13] and a first independent 
measurement of the spin polarizabilities [14]. 
Beside the measurements on a polarized frozen spin target with Butanol, where 
we use the polarized protons, we have also done a series of measurements with 
deuterated Butanol, in order to get access to the polarized neutron. In paper [9] the 
‘Helicity-dependent cross sections and double-polarization observable E in -
photoproduction from quasi-free protons and neutrons’ has been presented. Recent 
other results are presented in these proceedings [16]. 

4. The Active Polarized Frozen Spin Target
A typical challenge in the analysis of data that stem from experiments using frozen 
spin target is the determination of low energy recoil particles. This is due to the 
fact that the actual target material is surrounded by the cooling liquid and several 
thermal shields and does not consist itself by pure hydrogen. In addition, the 
particles have to punch through the internal holding coil and the vacuum jacket of 
the cryostat. To overcome this problems, we have started to develop an active, 
scintillating polarised target. A series of tests [17, 18] with photodetectors for 
operation at cryogenic temperatures down to 4.2 Kelvin in order to do a readout 
of the scintillation-light of our frozen spin target have been performed in the 
framework of the PhD-thesis of M.Biroth. 
Finally, the active polarised proton target was in operation in our detector system 
in June 2016. A stack of polarisable material polystyrene target plates was used. 
Figure 5 shows the scintillating head of our system. The 15 SiPMs were operated 
at the end of a 1.5m long PMMA light guide tube at a temperature level of 150K 
(figure 7). An operational temperature of 45mKelvin could be reached for 2 weeks 
during the run. A maximum polarisation of +46% and -49% could be achieved 
with relaxation times of 78h and 74h at a magnetic holding field of 0.44Tesla 
(Figure 6). 
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Figure 5. The front end part of the active polarized proton target. 

Figure 6. Time dependence of the degree of spin polarization in our first active 
polarized proton target run. 
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Figure 7. The SiPMs for the active polarised proton target light readout. 

We plan to use this target type in Compton scattering experiments and in threshold 
meson production, were it is difficult to detect the recoiling target proton or 
nucleon. In addition, it can be foreseen to use a combination of alcohol–targets 
(e.g. Butanol) in combination with segmented scintillators inside the 3/4helium 
dilution of the refrigerator to get an additional information about the direction of 
the recoiling particles.  
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Abstract. The description of the design, construction and recent results of the 
horizontal cryostat for the new Bonn frozen spin target developing for the spin 
physics experiments with tagged photons from the Bonn electron accelerator 
“ELSA” are given. In addition, the overview of frozen spin polarized targets 

ion refrigerators developed at the DLNP JINR since
1976 for different accelerators is given.

Introduction
The dilution refrigerator principle was suggested by Heinz London in 1952.
H. London, G.R. Clarke, and E. Mendoza proposed a prototype of continuous
refrigerator in 1962. Two years later, in 1964, P. Das, R.B. Ouboter and K.W.
Taconis realized it in the Kamerlingh Onnes Laboratory at Leiden University.
They obtained Tmin~220 mK. In 1966 B.S. Neganov, N.S. Borisov and M.Yu.
Liburg at DLNP JINR created a dilution cryostat that allowed to obtain a
temperature of 50 mK in long time mode and up to 25 mK in short time mode [1].
Modern «wet» refrigerators are based on the Grenoble design by Frossati and
coworkers. They allow to obtain a stable temperature in the range of 20…50 mK.
The lowest temperature obtained in the dilution cryostats Tmin~2 mK. These
cryostats are widely used in various experiments of particle physics.
Theory of operation and schematic diagram of dilution refrigerator 
The refrigeration process uses a mixture of two isotopes of helium: helium-
3 and helium-4. When cooled below approximately 870 millikelvins, the mixture
undergoes spontaneous phase separation to form a 3He-rich phase (the 
concentrated phase) and a 3He-poor phase (the dilute phase). As shown in the
phase diagram (Fig. 1), at very low temperatures the concentrated phase is
essentially pure 3He, while the dilute phase contains about 6.6% 3He and
93.4% 4He. The working fluid is 3He, which is circulated by vacuum pumps at
room temperature. 3He enters the cryostat at a pressure of a few hundred millibar.
In the classic dilution refrigerator (known as a wet dilution refrigerator) (Fig.
2), 3He is precooled and purified by liquid nitrogen at 77 K and a 4He bath at
4.2 K. Next, 3He enters a vacuum chamber where it is further cooled to a
temperature of 1.2–1.5 K by the 1 K bath, a vacuum-pumped 4He bath (as
decreasing the pressure of the helium reservoir depresses its boiling point). The
1 K bath liquefies 3He gas and removes the heat of condensation. 3He then enters
the main impedance, a capillary with a large flow resistance. It is cooled by the
still to a temperature 500–700 mK. Subsequently, 3He flows through a secondary
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Figure 1. Phase diagram of liquid 3He/4He mixtures 
showing the phase separation

Figure 2. Schematic diagram of a standard, or wet, 
dilution refrigerator
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impedance and one side of a set of counterflow heat exchangers where it is cooled
by a cold flow of 3He. Finally, the pure 3He enters the mixing chamber, the coldest 
area of the device. In the mixing chamber, two phases of the 3He–4He mixture, the 
concentrated phase (practically 100% 3He) and the dilute phase (about 6.6% 3He 
and 93.4% 4He), are in equilibrium and separated by a phase boundary. Inside the 
chamber, 3He is diluted as it flows from the concentrated phase through the phase 
boundary into the dilute phase. The heat necessary for the dilution is the useful 
cooling power of the refrigerator, as the process of moving 3He through the phase 
boundary is endothermic and removes heat from the mixing chamber environment. 
3He then leaves the mixing chamber in the dilute phase. On its way up, the cold, 
dilute 3He cools the downward flowing 3He via the heat exchangers until it enters 
the still. In the still, 3He flows through superfluid 4He which is at rest. The pressure 
in the still is kept low (about 10 Pa) by the pumps at room temperature. The vapor 
in the still is practically pure 3He, which has a much higher partial pressure 
than 4He at 500–700 mK. The pump therefore creates an osmotic 
pressure difference, which drives more 3He from the concentrated to dilute phases 
in the mixing chamber, and then up from the mixing chamber to the still. Heat is 
supplied to the still to maintain a steady flow of 3He. The pumps compress 3He to 
a pressure of a few hundred millibars and feed it back into the cryostat, completing 
the cycle.

refrigerators developed at the DLNP JINR since 1976
Therefore, after learning how to realize the dilution method, cryostats were used 
in experiments with a polarized target. In Fig. 3, you can see B.S.Neganov during 
tuning of 1 K Dynamic Polarized target.

Figure 3. B.S.Neganov during tuning 1 K Dynamic 
Polarized target ( app.1965)
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Further development of the dilution method led to the fact that in the laboratory of 
nuclear problems was created a combined setup including a 1 K dynamic polarized 
target and a dilution refrigerator where an ultra low temperature 5 mK was reached 
(Fig. 4). 

Figure 4. A combined setup including a 1 K dynamic 
polarized target and a dilution refrigerator where an ultra 

low temperature 5 mK was reached (1966)

Figure 5. The first Frozen Polarized Target (1975) during tests 
preparation (B. Neganov and N. Borisov)
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The next step was the use of cryostats in experiments with a frozen spin target to 
achieve very low temperatures. The principle of operation of a frozen spin target 
is based on long nuclear spin relaxation time at low temperatures ( mK) and
moderate T).  After the polarization build-up with so the
spin relaxation time can be many days at about 50 mK. 
In 1975 at the Laboratory of Nuclear Problems JINR the experiments at the 
Phasotron of LNP on measurement of a polarization parameter in the elastic pp-
scattering were begun with a newly made frozen spin proton target (Fig. 5). This 
target is working in Gatchina until now [2].  
The next target (Fig. 6) with length 20 cm and 60 cm³ in volume, which has been 

accelerator of the Institute of High Energy Physics in Protvino since 1978 [3, 4]. 
Lot of articles (over 40) were published since 1976 using these two targets. In 
1988 this frozen target was upgraded to deuteron mode.

Low temperature sector DLNP JINR developed the target with a frozen nuclear 
polarization for experiments at low energies in Prague (Fig. 7) [5]. In the near 
future it is planned to conduct new experiments with a polarized target in Prague. 

Figure 6. Second FPT before transportation
to IHEP (Protvino) – 1978
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Also our team upgraded the Saclay-Argon frozen polarized target to movable 
polarized target for high energy spin physics experiments (Fig. 8) [6]. 

In our sector, the dilution cryostat (Fig. 9) was manufactured for experiments with 
Frozen Polarized Target at MAMI C (Mainz) [7]. In the Figure 10, one can see the 
main parts of the experimental setup including a dilution cryostat with a target 
container, a superconducting magnet and a Crystal Ball detector. Temperature 
stability during the experiments is also shown (Fig. 11). At the moment this 

Figure 7. Target with a frozen nuclear polarization for 
experiments at low energies in Prague

Figure 8. The reconstruction of the Saclay-Argon frozen spin 
proton polarized target
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cryostat is used in Bonn experiments while another new one is being manufactured 
by our group in Dubna.

Figure 9. Frozen Polarized Target at MAMI C (Mainz) - 2010

Figure 10. Crystal Ball and Superconducting magnet at MAMI C (Mainz)
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New 3He/4He dilution cryostat for Bonn electron accelerator “ELSA”
In 2015 the contract on producing new cryostat was concluded between JINR and 
Bonn University. According to this contract, our team should make a dilution 
cryostat with the following technical characteristics: 

Mixing chamber temperature < 30 mK is guaranteed in continuous operation.
Goal for the base temperature is 25 mK;
Cooling power at 300 mK > 30 mW at a 3He circulation rate of 10 mmol/sec;

K;
Temperature of integrated holding or polarizing coil is 1.3 K. A supply of
50 A current to this coil is guaranteed. The design should make a coil current
of 100 A possible;
Liquid 4He consumption < 4 liter/hour;
Target size: diameter – 20 mm, length – 20 mm.

At the beginning, the design of the cryostat was carried out. Figure 12 shows its
cross-section. It shows the main elements of the installation: heat exchangers,
evaporator, separator, insert, etc.

Figure 11. Temperature stability during experiments in Mainz

Figure 12. Cross-section of Bonn dilution cryostat
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Then the parts were manufactured from which the main elements of the cryostat 
were assembled (Fig. 13 - 15).

Figure 13. The gas heat exchanger Figure 14. Vacuum jacket and screen

Figure 15. Pumping flanges and sintered heat exchanger
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At the moment we have all the main parts of the Bonn cryostat and we started the 
general assembling. According to our plans the setup should be finished before 
new year (2019), and then the cryostat will be transported to Bonn for final tuning
(during 2019).

Summary
The team of the low temperature sector DLNP JINR has extensive experience in
conducting experiments with polarized targets, as well as designing and 
manufacturing dilution cryostats. At the moment according to the scheme
(Fig. 16), polarized targets and cryostats developed by our team are located in the 
following cities: Dubna, Protvino, Gatchina, Prague, Mainz and Bonn [8]. 
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Abstract

A future giant electron-positron collider, operating at the energy frontier,

is a natural next step and a formidable tool to push particle physics into new

regime of precise measurements, in particular in the sectors of electroweak

observables and Higgs boson parameters. The four projects of such accel-

erators: two linear (ILC and CLIC) and two circular (FCC and CEPC) have

been proposed. The next few years will be of paramount importance for their

fate, especially in view of the update of European HEP strategy for parti-

cle physics and expectations of important decisions from Japan, China and

USA. The paper concisely reviews the relevant aspects and challenges of the

proposed accelerators and detectors together with the presumed schedules of

construction and operation.

1 Introduction
In the past, the synergic operation of proton-proton and electron-positron colliders

was the workhorse of particle physics. The Higgs boson discovery (2012) taking

place in pp collisions at Large Hadron Collider (LHC) [1, 2], reinvigorated the

projects of new giant e+e− colliders, oriented to collect data at the energy frontier.

The detailed study of Higgs boson parameters is among the primordial goals of

these machines. Two accelerators are proposed in each of the two possible geome-

tries: circular and linear. The former are Circular Electron Collider (CEPC) [3]

in China and Future Circular Collider (FCC) [4] in CERN area. The latter are

Compact Linear Collider (CLIC) [5] at CERN and International Linear Collider

(ILC) [6] in Japan. All four projects will be discussed briefly in the next chapter 2.

The physics program of future electron-positron colliders at the energy frontier is

discussed, in particular, in [7].

∗Tadeusz.Lesiak@ifj.edu.pl
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2 Projects of future e+e− colliders
The Large Electron Collider (LEP) [8], the largest circular electron-positron col-

lider built so far, was decommisioned in 2000. At this time it was commonly

accepted that every LEP successor should realize linear collisions. This conviction

was motivated by the fact that for circular accelerators, the beam energy losses due

to synchrotron radiation (and operation costs as well) grow rapidly with the centre-

of-mass (CM) energy. In parallel, the luminosity of such machines was limited by

the level of the beam size reduction (β∗
y - the vertical beta function at the interac-

tion point), which was available at the LEP time (β∗
y ≈ 50 mm). Moreover, for a

linear geometry of collisions, the synchrotron radiation is absent and the longitu-

dinal beam polarisation can be implemented relatively easily. However for linear

colliders, the beams are accelerated and collided only once. As a result, in order

to reach the desired high-luminosity, the beam size must be reduced enormously

(even to the of the order of nanometer in the vertical direction), which comprises

the technological challenge. In addition, in such conditions the beam-beam elec-

tromagneting interaction and the associated beamstrahlung radiation losses should

be tamed.

In parallel with the development of linear colliders’ technologies, a substantial

progress in the circular electron-positron acceleration took place, mainly due to the

successful operation of B-factories. In particular, the possibility to reduce signifi-

cantly the β∗
y parameter (by a factor exceeding 50) have arised. At the same time

the instantaneous luminosity could be constantly kept close to the optimal level by

exploiting the so called top-up or continuous injection. Here, the additional col-

lider ring, so called booster, periodically top-ups the main rings of the accelerator

(adding typically ∼ 10% of beam particles every ∼10 s). In this way the booster
compensates for the short beam lifetime caused by Bhabha scattering and the loss

of particles in collisions. With these and other advances, like e.g. the crab-waist

crossing, and assuming a large circumference collider of the order of 100 km, the

overall increase of luminosity by a factor exceeding a 1000 (to compare with LEP),

is feasible. In view of this progress, the circular geometry is currently considered

as a viable option for a future e+e− collider, in parallel with the linear one. The
brief discussion of the two projects of linear colliders (ILC and CLIC) and two

circular ones (FCC and CEPC) is given below.

2.1 The International Linear Collider
The International Linear Collider (ILC) [6] is proposed as a 250 GeV machine,

(optionally to be extended up to 1 TeV) with the location in Japan. The Technical

Design Report (TDR) [9, 10, 11] of ILC, issued in 2013, assumed a CM energy of

500 GeV. Since 2017, the project was downgraded to 250 GeV with the motivation

of cost reduction (by ∼40%), while keeping the opportunity of future extensions
of the linacs with the associated increase of the collision energy. This so called

ILC250 with the total length of 20 km (cf. Fig. 1) would concentrate on the studies
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Figure 1: The layout of the ILC250 collider.

Figure 2: The ILC250 integrated luminosity with two scenarios of staging

(from [13]).

of the Higgs boson, with the potential of reaching the tt̄ threshold in the upgraded
machine.

The ILC would be based on 1.3 GHz superconducting radiofrequency cavities

with the acceleration gradient of 31.5 MV/m. This would be a unique new e+e−

collider with longitudinal polarisation of both beams (80% for electron and 30%

for positron beam). The basic parameters of the ILC are collected in Table. 1 and

in Fig. 2. It is worthwhile to mention that with the successful commissioning of

the European Free Electron Laser (E-XFEL) [14] at DESY (Germany) this accel-

eration technology has passed the practical test (10% scale of the ILC project).

The decision of Japanese government about the realization of the ILC is awaited

by the end of 2018.

2.2 The Compact Linear Collider
The Compact Linear Collider (CLIC) [5] is currently a unique project envisioning

electron-positron collisions up to multi-TeV range The construction of the CLIC

infrastructure is considered in the CERN area. The machine would rely on a novel
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Parameter Unit Initial Upgrades

Centre of mass energy (
√
s) GeV 250 500 1000

Luminosity (L) 1034cm−2s−1 1.35 1.8 4.9
Repetition frequency (frep) Hz 5 5 4
Bunches per pulse (nbunch) 1 1312 1312 2450
Bunch population (Ne) 1010 2 2 1.74
Norm. hor. emitt. at IP (γεx) μm 5 10 10
Norm. vert. emitt. at IP (γεy) nm 35 35 35
RMS hor. beam size at IP (σ∗

x) nm 516 474 335
RMS vert. beam size at IP (σ∗

y) nm 7.7 5.9 2.7
Site length (Lsite) km 20.5 31 40

Table 1: The ILC accelerator parameters. The baseline, “initial” configuration is

followed by possible upgrades.

Figure 3: The sketch of the CLIC collider. The three energy stages are shown with

different colours (from [16]).
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Parameter Unit Stage 1 Stage 2 Stage 3

Centre of mass energy (
√
s) GeV 380 1500 3000

Luminosity (L) 1034cm−2s−1 1.5 3.7 6.0
Repetition frequency (frep) Hz 50 50 50
Bunches per pulse (nbunch) 1 352 312 312
Bunch population (Ne) 1010 0.52 0.37 0.37
Norm. hor. emitt. at IP (γεx) nm 950 660 660
Norm. vert. emitt. at IP (γεy) nm 30 20 20
RMS hor. beam size at IP (σ∗

x) nm 149 60 40
RMS vert. beam size at IP (σ∗

y) nm 3.0 1.5 1.0
Site length (Lsite) km 11.4 29.0 50.1

Table 2: The CLIC accelerator parameters, shown separately for the three energy

stages.

Figure 4: The CLIC integrated luminosity (from [17].
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two-beam acceleration scheme. Here the first one, so-called drive-beam is a high-

current, low-energy electron beam based on normal-conducting high-frequency

(12 GHz, X-band) radiofrequency structures. Such beam would be passed through

so-called Power Extraction and Transfer Structures (PETS). There, the drive-beam

is decelerated and thereby generates the powerful RF pulse (at 12 GHz). The

former is used to accelerate the second so called main-beam, operating at room

temperature with the gradient of 100 MV/m. The above described acceleration

model appears to be more efficient a nd l ess c ostly t o c ompare w ith a classical,

klystron based, RF powering scheme.

The CLIC Conceptual Design Report [15] foresees 80% polarisation of the

electrons at collision. The development of CLIC is planned in three stages with

the first one a t 380 GeV CM e nergy, the intermediate phase a t 1 .5 TeV and the

final stage at 3 TeV, with the corresponding length spanning the range from 11 km

to 50 km (cf. Fig. 4). The most relevant characteristics of CLIC can be found in

Table. 2.

2.3 The Future Circular Collider
The overall goal of the Future Circular Collider (FCC) project [4] is the construc-

tion of a 100 km circumference accelerator tunnel in the Geneva area. The first

phase of the project, so-called FCC-ee, would correspond to the instrumentation

of the tunnel with a high-luminosity e+e− collider. This accelerator would ac-

cumulate data with CM energies ranging from the Z0 mass up to beyond the tt̄
threshold. The core of the overall project is a 100 TeV proton-proton collider

FCC-pp, which is to be commissioned after the e+e− phase. The electron-proton

collisions are proposed as well with the e− beam from the Electron Recovery Linac
(ERL).

The FCC-ee would collect data in four working points, corresponding to the

relevant physics thresholds for the Z, WW , HZ, tt̄ production. The collider’s
parameters are collected in Table. 3. It would be a double-ring accelerator with

e+ and e− beams circulating in separate vacuum chambers. A top-up injection
scheme will be realized with a booster synchrotron located in the collider tunnel

itself. The operation model of the FCC-ee is shown in Fig. 6.

2.4 The Circular Electron-Positron Collider
The Circular Electron-Positron Collider (CEPC) [3] is proposed with the setup

and parameters very similar to FCC. It would be located in China. The 100 km

circumference underground tunnel for such accelerator could also host a Super

Proton Proton Collider (SPPC), intended to reach energies beyond the LHC. As

shown in Fig. 7, the CEPC will be composed of a linear accelerator, a damping

ring, the booster, the collider and the relevant transport lines. The core of the

project would compraise the operation as Higgs factory with the CM energy of

240 GeV. The runs at the Z mass peak and WW threshold are planned as well.
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Figure 5: The sketch of the FCC collider (copyright by CERN 2014).

Parameter Unit Z WW ZH tt̄
Centre of mass energy (

√
s) GeV 91.2 160 240 350

Luminosity/IP (L) 1034cm−2s−1 230 28 8.5 1.8
Beam current (fI) mA 1390 147 29 6.4
Bunches per beam (nbunch) 16640 2000 328 59
Bunch population (Ne) 1011 1.7 1.5 1.8 2.2
Horizontal (H) β∗

x m 0.15 0.2 0.3 1.0
Vertical (V) β∗

y mm 0.8 1.0 1.0 1.6
H emittance εx nm 0.27 0.84 0.63 1.34
V emittance εy pm 1.0 1.7 1.3 2.7
H beam size at IP (σ∗

x) μm 6.4 13.0 13.7 36.7
V beam size at IP (σ∗

y) nm 28 41 36 66
Energy loss/turn GeV 0.036 0.34 1.72 7.8
RF voltage GV 0.1 0.75 2.0 4.0/5.4

Table 3: The FCC-ee accelerator parameters, shown separately for the four work-

ing points (from [18]).
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Figure 6: The FCC-ee integrated luminosity (from [17].

Figure 7: The layout of the CEPC collider (from [19]).
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Parameter Unit Z WW ZH
Centre of mass energy (

√
s) GeV 91.0 160 240

Luminosity/IP (L) 1034cm−2s−1 17 10 3
Beam current (fI) mA 461 88 17
Bunches per beam (nbunch) 12000 1524 242
Bunch population (Ne) 1011 0.8 1.2 1.5
Horizontal (H) β∗

x m 0.2 0.36 0.36
Vertical (V) β∗

y mm 1.5 1.5 1.5
H emittance εx nm 0.18 0.54 1.21
V emittance εy pm 4.0 1.6 2.4
H beam size at IP (σ∗

x) μm 6.0 13.9 20.9
V beam size at IP (σ∗

y) nm 78 49 60
Energy loss/turn GeV 0.036 0.34 1.73
RF voltage GV 0.1 0.47 2.17

Table 4: The CEPC accelerator parameters (from [19]).

Particle ECM L per IP integrated L Years Total Total

(GeV) (1034 per year integrated L no. of

cm−2 s−1) (ab−1, 2 IPs) (ab−1, 2 IPs) particles

H 240 3 0.8 7 5.6 1× 106

Z 91 32 8 2 16 7× 1011

W+W− 160 10 2.6 1 2.6 1.5× 107

Table 5: The CEPC operation plan (from [19]).

2.5 Complementarity of circular and linear colliders
The expected luminosities vs the CM energies for all four abovementioned projects

are presented in Fig. 8. In the region of relatively low energies, roughly to the tt̄
threshold, the expected luminosities of circular colliders are superior to compare

with linear ones . For higher CM energies, the linear colliders seem to be the only

viable option. Thus both linear and circular geometries are complementary.

The typical timelines of potential future e+e− colliders at the energy frontier
encompass first the few years of preparatory work devoted in particular to the final

R&D work. Next the period of construction would come, spanning the range of 6-

8 years. Finally the data taking is expected to take at least a decade (as given in the

respective fiures and tables) with various strategies of the time order of different

working points.

2.6 Detectors for new e+e− colliders
For each of the abovementioned projects of future e+e− colliders one-two in-
teraction points equipped with the general purpose, 4π-barrel type detectors, are
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Figure 8: The luminosities vs the CM energies for all four projects of electron-

positron colliders discussed in the paper.

planned. They are generally proposed along the same lines as its successful pre-

decessors, designed and built for LEP. The overall scheme of such spectrometer is

illustrated with the layout proposed by the CLICdp collaboration [20] (cf. Fig. 9).

Generally, such apparatus should be lightweighted in terms of the material con-

tent and hermetic. At the same time it should provide also precise tracking and

fine-grained calorimetry.

For the tracking system, the Silicon-based spectrometer is usually considerd.

The drift chamber solution is also being developed as an alternative solution. The

system of calorimeters should meet tights requirements in order to allow for allow

for the application of the Particle Flow Algorithms [21]. The intense R&D efforts

in calorimetry, carried on by of the CALICE collaboration [22] yielded several

proposed setups of calorimeters. The overall ambitious goal of the spectrometers

is to reach 3 GeV resolution of jet reconstruction. This would allow to discriminate

between jets originating from the W and Z bosons. It is worthwhile to underline

that data taking at future e+e− colliders will be triggerless i.e. all collisions can
be safely recorded for further studies.

3 Summary
The projects of future e+e− colliders at the energy frontier have been briefly pre-
sented.

236



Figure 9: The layout of the CLICdp detector.
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Abstract

The Compact Linear Collider (CLIC) is a proposed high-luminosity linear electron-positron

collider at the energy frontier. To optimise its physics potential, CLIC is foreseen to be built

and operated in three stages, with a centre-of-mass energy from a few hundred GeV up to

3 TeV. In the first stage, CLIC will focus on the Higgs-boson and the top-quark properties,

such as a high precision measurement of the Higgs total decay width and couplings and of

the top-quark mass. During the subsequent energy stages, the aim of the physics programme

will revolve around measurements of rare Higgs-boson processes, as well as direct and in-

direct searches for new physics, and precision measurements of possible new particles. To

pursue this rich physics programme and to face the challenges imposed by the CLIC con-

ditions, an optimised detector design and innovative new technologies are required. In this

document, an overview of the CLIC accelerator, the CLICdet detector and its performance,

and the CLIC physics programme is given.
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2 CLIC accelerator

1 Introduction

The Compact Linear Collider (CLIC) [1–3] is a mature options for a future high-luminosity linear

electron-positron collider at the energy frontier. It is foreseen to be implemented in several energy stages

with increasing centre-of-mass energy with the aim of measuring with high precision the properties of

the top quark and the Higgs boson and searching for physics beyond the Standard Model (BSM). A re-

cent update on the CLIC staging baseline scenario can be found in [4], where the assumptions about the

accelerator ramp-up and up-time have been harmonised with those of other potential future colliders. In

this new staging scenario CLIC is foreseen to run at the centre-of-mass energy of 380 GeV, 1.5 TeV and

3 TeV, and to deliver a total integrated luminosity of 1 ab
−1

, 2.5 ab
−1

and 5 ab
−1

, respectively. The total

integrated luminosity at 380 GeV CLIC stage includes about 100 fb
−1

taken in an energy scan around

the tt production threshold at 350 GeV. The CLIC baseline foresees also ±80% electron polarisation,

and no positron polarisation. The luminosity per year and the total integrated luminosity in the updated

scenario can be found in Figure 1.

2 CLIC accelerator

The high centre-of-mass energy of CLIC requires an accelerating gradient of 100 MV/m, using normal-

conducting accelerating structure operating at 12 GHz. The CLIC accelerator features a novel acceler-

ation scheme. In this technique, the deceleration of a high intensity beam, the so-called drive beam,

in power-extraction and -transfer radio-frequency (RF) structures, is used to generate power in the RF

cavities that accelerate particles of the colliding electron/positron beams, also called the main beam. The

two-beam technique was demonstrated at CERN in the CTF3 test facility [2].

CLIC achieves high luminosities by using extremely small beam sizes, of the order of (σx , σy) =

(40 nm, 1 nm). The beamstrahlung radiation emitted by the electron and positron bunches traversing

the high field of the opposite beam produces two main types of background, incoherent e
+

e
−

pairs

and γ γ → hadron events. While the former impacts mostly the particle occupancy in the detector and

is mainly concentrated in the forward region, the latter has a more significant impact on the physics

measurement due to the high energy deposits left in the detector. The effect of the beamstrahlung on the

occupancy and the collision energy strongly depends on the centre-of-mass energy of CLIC as can be

seen in Figure 2 and in Figure 3, respectively [5].
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Figure 1: Luminosity per year (left) and the total integrated luminosity (right) in the updated CLIC scen-

ario [4].
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3 The detector for CLIC

Figure 2: Angular distribution of the produced background particles in the case of 380 GeV (left) and

3 TeV (right) stage of the CLIC accelerator [5].

Figure 3: Luminosity spectrum at 380 GeV and 3 TeV stage of the CLIC accelerator [5].

Bunch trains of 312 (352) bunches at the 3 TeV (380 GeV) energy stage separated by 20 ms and single

bunch separation of 0.5 ns in each bunch train allow for power pulsing in the detector and a trigger-less

readout. To obtain excellent physics performance in trigger-less readout mode and to cope with the

γ γ → hadron background, the subdetectors must provide a precise hit timing information which is used

in offline software reconstruction as described in Section 3.1.

3 The detector for CLIC

CLICdet is a detector model designed to exploit the physics potential of the CLIC accelerator [6]. It

foresees cutting-edge technology and is designed to obtain high performance using the Particle Flow

Analysis (PFA). Moreover, it is optimised for the challenging conditions at CLIC, such as the bunches

time structure and the high intensity γ γ → hadron background.
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3 The detector for CLIC

3.1 Detector requirements and optimisation

Some of the main detector requirements are the following:

• excellent track-momentum resolution for high-momentum tracks in the barrel, at the level of

σpT
/p2

T ≤ 2×10
−5

GeV
−1

;

• precise impact-parameter resolution, at the level of σ 2
d0
= (5μm)2 +(15μmGeV)2/(p2

sin
3 θ), to

allow accurate reconstruction and enable flavour tagging with clean b-, c-, and light-quark jet

separation;

• jet-energy resolution for light-quark jets of σE/E ≤ 3.5% for jet energies in the range 100 GeV to

1 TeV (≤ 5% at 50 GeV);

• detector coverage for electrons and photons to very low polar angles (∼10 mrad) to assist with

background rejection.

In order to fulfil these requirement, CLICdet features an ultra-low mass silicon tracking system, highly

granular calorimeters, and subdetectors with a precise hit-timing resolution. The CLICdet layout follows

the typical collider detector scheme. In the innermost part are placed a vertex detector composed of

25× 25 μm
2

pitched pixels arranged in double-layers and a large tracker volume with barrel and disks

of silicon micro-strips. The former is an extremely accurate subdetector with a single point resolution

of 3 μm. All silicon tracking elements have a single hit time resolution of about 10/
√

12 ns. The total

tracker volume has a radius of 1.5 m and a half-length of 2.2 m with a total material budget less than

10%X0 in the barrel region. Surrounding the tracker, an electromagnetic and hadronic calorimeter are

placed, all embedded inside a superconducting solenoid providing a 4 T field. The basic ECAL structure

of the CLIC detector is a silicon-tungsten sampling calorimeter with 5× 5 mm
2

silicon detector cells,

while the proposed hadronic calorimeter consists of steel absorber plates interleaved with 3× 3 cm
2

scintillator tiles. The hit time resolution for all calorimeter hits is 1 ns. The outermost part of the detector

is an iron yoke, interleaved with muon chambers. A quarter-view of CLICdet is shown in Figure 4. In

the most forward part of CLICdet are placed two smaller electromagnetic calorimeters are placed, both

built with layers of tungsten plates interleaved with sensors: LumiCal, covering an angular range from

39 mrad to 134 mrad, and BeamCal, covering from 10 mrad to 46 mrad.

The CLICdet geometry is optimised using a dedicated software suite which uses the DD4HEP software

framework [7] and GEANT4 [8] via the DDG4 [9] package of DD4HEP for the geometry description and

simulation. The design of the CLICdet concept ensures that the detector performance meets the require-

ments, as demonstrated in full simulation. An example of an event fully reconstructed with CLICdet and

of an optimisation study aimed at establishing the outer tracker size taking into account the magnetic

field and the pT resolution goal is shown in Figure 5.

In full simulation, several studies were performed on the rejection of the beam-induced background

from γ γ → hadrons. The energy deposit of these hadrons at the 3 TeV stage is around 20 TeV of energy

per bunch train in the central calorimeters and as a consequence, their rejection is imperative to keep

high physics performance. This can be efficiently done using the timing information coming from the

subdetectors combined with additional pT information on individually reconstructed particles. Figure 6

show the effectiveness of this selection for a typical e
+

e
− → tt event at centre-of-mass energies of

3 TeV [1, 10].

3.2 Detector performance

The CLICdet model fully satisfies the requirements described in Section 3.1. A detailed report on the

CLICdet performance can be found in [5]. Some of the main results are summarised here.
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Figure 4: Longitudinal cross section of CLICdet [5].
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− → tt events at a centre-of-mass energy of 3 TeV (left). Transverse

momentum resolution as a function of tracker radius for different strengths of the B-field

(right) [6].

Firstly, some highlights on the tracking performance can be found in Figure 7. On the left, the robust-

ness of the conformal tracking algorithm used at CLICdet is shown in terms of tracking efficiency as a

function of pT for e
+

e
− → tt events with and without the γ γ → hadron events at the 3 TeV CLIC stage.

In Figure 7 (right), the transverse momentum resolution for single muons as a function of the momentum

in the case of different polar angles shows that the requirement on the resolution is achieved for high pT

tracks in the barrel.

Moreover, the choice of highly granular calorimeters and the optimisation of CLICdet to make full use

of the PFA result in a very accurate jet energy resolution as shown in Figure 8 (left). Di-jet events using
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3 The detector for CLIC

Figure 6: Event displays of e
+

e
− → tt events at a centre-of-mass energy of 3 TeV before (left) and after

(right) background suppression using a timing selection.
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decays of a Z/γ ∗ particle into light quarks (u, d, s) at different centre-of-mass energies are analysed

and the energy resolution for light-quark jets is found to be around 3− 5% for all jet energies with

|cosθ | < 0.925, where θ is the quark polar angle. In Figure 8 (right) the efficiency for the electron

reconstruction in the LumiCal as a function of the polar angle is shown in the case of the 3 TeV CLIC

stage. Electrons with energy between 1.5 TeV and 190 GeV are reconstructed in the forward region with

an efficiency well above 90% for all polar angles within the fiducial volume of LumiCal.

Finally, the performances of b- and c-flavour tagging at CLICdet are presented in Figure 9. In

both cases the tagging results are shown using di-jet samples at 500 GeV without and with overlay of

γ γ → hadron background produced at 3 TeV CLIC stage. On the left, the beauty quark misidentification

probability is plotted as a function of the correct identification efficiency separately for charm and light-

flavour contamination. In the right plot, the charm misidentification probability is assessed for beauty

and light-flavour contamination. In both cases, the robustness of the flavor jet reconstruction and tagging

is proven given that the effect of the background is only increasing the misidentification by a few percent.
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4 Physics potential

CLIC, as a lepton collider with a wide range of energies and high luminosity, can pursue a physics

programme with an unprecedented precision on many measurements in the Higgs and top-quark sector

as well as potentially addressing several open questions exploring BSM physics.
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4.1 Higgs physics

Studying the Higgs boson in great detail is one of the top priorities of the CLIC physics programme. The

CLIC accelerator will produce and be able to reconstruct around 160 000 Higgs bosons during its initial

stage, and millions are estimated for the highest energy stage. A detailed and comprehensive report on

this topic can be found in [11], and including the latest update on the luminosity scenario in [4].

As shown in Figure 10 (left), the different energy stages of CLIC allow the study of several Higgs

production channels as predicted in the Standard Model (SM). In the first CLIC stage, the Higgsstrahlung

process e
+

e
− → HZ is dominant. The Higgs boson can be identified event-by-event using only the

Z boson recoil mass which allows for a measurement of the Higgs branching ratios and decay width

without any assumptions about invisible BSM decays of the Higgs boson. At higher energy stages,

the contribution from the WW-fusion process e
+

e
− → Hνeνe becomes significant and can be used to

improve the Higgs measurement precision. Moreover, rare processes become available such as the direct

double-Higgs production e
+

e
− → HHνeνe which allows for the extraction of the trilinear Higgs self-

coupling as well as the quartic HHWW coupling. In this study the possibility of polarising the electron

beam plays an important role: the negative polarisation of -80% leads to an increase of the double-Higgs

production cross section by a factor 1.8, while the positive polarisation of +80% reduces it by a factor of

0.2. The trilinear Higgs self-coupling can be determined at CLIC with a relative uncertainty of −7% and

+11% at 68% C.L. under the SM parameters assumption.

As an example, the H → μ+μ−
invariant mass distribution is shown in Figure 10 (right). Thanks to

the high momentum resolution achieved by the CLIC detector, the peak is well visible on top of the

background despite the very low SM branching ratio of 2 × 10
−4

. In Figure 11, two results on the

Higgs couplings and width are presented. On the left, the results obtained using a model-independent

global fit are shown. Sub-percent precision can be obtained for the Higgs couplings (around 1% for

rare decays), while the Higgs width can be extracted with precision of 2.5%. On the right, results

for a model-dependent fit allow to compare CLIC with HL-LHC projection. It can be noted that, for

several couplings, the precision achieved already at the first CLIC stage is significantly better than what

is expected at HL-LHC.
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4.2 Top physics

Until now, the top quark has been produced only at hadron colliders. Therefore, CLIC would provide a

unique opportunity to study this particle in detail, testing the SM limits and searching for possible BSM

effects [12]. Depending on the energy stage, different aspects of top-quark production and properties can

be studied.

In the first stage, CLIC foresees an energy scan around the top-quark pair-production threshold where

samples of about 10 fb
−1

are recorded, separated by 1 GeV in collision energy as shown in Figure 12

(left). From the cross sections measured at each energy point, the top-quark mass, width and other

model parameters are extracted using a template fit. The total uncertainty of the measurement on the

top-quark mass amounts to about 50 MeV, mainly dominated by the present theoretical uncertainty.

Moreover, tt events allow to search for top-quark decay modes produced by flavour-changing neutral-

current processes which are strongly suppressed in the SM.

The higher energy stages of CLIC open the possibility of studying with high precision the top Yukawa

coupling and CP properties in the ttH coupling. As an example, in Figure 12 (right) the sensitivity of

the top-quark coupling to Z and γ in terms of form factors is reported [13]. The uncertainty on this

measurement is particularly important to search for the existence of new heavy particles predicted by

CP-violating new physics models which could modify the top-quark form factors. Already at the first

stage, CLIC is able to perform a significantly more precise measurement than the HL-LHC. Finally,

thanks to its highest centre-of-mass energy, CLIC is also the only currently proposed accelerator for

which the vector boson fusion production process of top pairs e
+

e
− → ttνeνe is accessible.

4.3 BSM physics

An extensive report on the CLIC potential for new physics was recently published [14]. Given that the

relative BSM contribution in many models is expected to increase with centre-of-mass energy, CLIC

operating at the highest energy stage provides significant discovery potential for BSM physics. BSM

searches can be pursued through direct and indirect measurements.

Direct searches at the highest energy stage of CLIC have the potential to find new particles up to

about 1.5 TeV with a 1% accuracy on their mass measurement. Their observation is easier in comparison
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to searches at hadron colliders thanks to the low background, and precision measurements of the new

particle can also be performed after discovery. Such precise studies could also be conducted on new

piarticles discovered at the LHC or the HL-LHC.

For indirect searches of BSM physics the CLIC strategy involves high precision measurements of

parameters and couplings of the SM. In this way, the searches can reach sensitivities beyond the centre-

of-mass energy of the collider. An example is reported in [15], where the process e
+

e
− → μ+μ−

is

studied in the frame of the minimal anomaly-free Z
′

model. The 5σ discovery limit as a function of the

integrated luminosity illustrates how the discovery can be extended to new particles with masses up to

tens of TeV (Figure 13).

5 Summary and conclusions

CLIC is a mature international project with the aim of building an electron-positron linear collider with

centre-of-mass energy spanning from a few hundred GeV up to 3 TeV. Thanks to its energy staging and

the high luminosity foreseen, CLIC is a precision machine with a unique physics potential. Already in

the first stage, the Higgs boson couplings and width can be measured with high precision. Moreover, a

dedicated programme for the top quark is foreseen to extract its mass, width and other properties with

very low uncertainties. At higher-energy stages, the programme will extend to search for rare Higgs

processes and decays, as well as for BSM physics up to several tens of TeV with both direct and indirect

measurements.

On the accelerator side, the technical challenges of such a high-energy linear collider are solved using

a two-beam acceleration scheme, whose proof-of-concept was demonstrated. The CLIC environment

and physics goals, especially in the highest energy stage, lead to strict requirements on both the detector

and the software. The CLIC detector model, using cutting-edge technology and thoroughly optimised by

simulation, has proven to fulfil them all.
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Muon System for Spin Physics Detector at NICA 

V. Abazov, G. Alexeev, G. Golovanov*, S. Kutuzov, A. Piskun, I. Prokhorov, 
A. Samartsev, A. Skachkova,V. Tokmenin, A. Verkheev, L. Vertogradov,  

N. Zhuravlev 

Joint Institute for Nuclear Research, 141980 Dubna, Russia 

Abstract. The SPD project is under preparation at the second interaction point of 
NICA collider. The main purpose of this experiment is the study of the nucleon 
spin structure with high luminosity proton and deuteron beams. Both beams will 
be effectively polarized. One gives us unique possibilities to investigate the wide 
range of polarized phenomena. One of the main detectors of the installation is the 
Range System which provides the identification of muons. The latest results on 
the Range System Prototype tests are presented. 

1    Introduction 

One of the proposed modes of the Nuclotron-based Ion Collider Facility 
accelerator complex (NICA) designed at the Joint Institute for Nuclear Research 
(JINR, Dubna, Russia), is a collision of high luminosity polarized proton and 
deuteron beams. The plans for basic specification of polarization states and 
combinations available at NICA include: (a) pp collisions with longitudinal and 
transverse polarization with respect to a particle velocity; (b)  ollisions up to 
4 GeV/c momentum with vertical direction of polarization, changing the 
polarization direction by 90°; (c) a possibility to collide any available polarized 
particles (pp, dd and ). The polarization control system is going to be able to 
keep longitudinal and transverse polarization degree up to 70% with the collision 
luminosity 10  over the particle momentum range (2 13.5) / . 
The above specification offers unique prospects to investigate a wide range of 
polarized phenomena. The effects of longitudinal and transverse distributions of 
the partons within a hadron can be experimentally investigated by studying the 
Drell-Yan (DY) [1, 2] processes in collisions of polarized and unpolarized beams. 
One provides opportunities to derive transverse-momentum dependent parton 
distribution functions, e.g. transversity, pretzelocity, Sivers, Boer-Mulders, and 
Worm-Gears by measuring azimuthal asymmetries [3, 4]. While the unpolarized 
gluon content of a proton is widely investigated in collider and fix-target 
experiments the understanding of the polarized parton distribution functions 

* E-mail: georgy.golovanov@cern.ch

251



strongly need an experimental input. Studies of the direct photon production 
processes allow access to the information of the gluon structure of the nucleon [5]. 
The opportunity to have high luminosity collisions of polarized and unpolarized 
protons and deuterons at the NICA collider allows studying the spectroscopy of 
quarkonia as well as a great variety of spin dependent effects in various exclusive 

processes, diffraction and elastic reactions. 
Figure 1: Schematic view of the SPD detector. 

    The wide range of physics motivation topics suggests a detector designed to 
meet the spin physics capabilities of the NICA collider. The Spin Physics Detector 
(SPD) is a specialized detector aimed at studying nucleon spin structure that 
remains one of the key topics of the modern high-energy physics. The proposed 
detector design should satisfy the following requirements: (a) close to 4  
geometrical acceptance; (b) high-precision ( 50 ) and fast vertex detector; (c) 
high-precision ( 100 ) and fast tracking system; (d) good particle 
identification capabilities;  (e) efficient muon range system;  (f) good 
electromagnetic calorimeter;  (g) trigger and data acquisition system able to cope 
with rates  at 10  luminosity;  (h) modularity and easy access to the 
detector elements, that makes possible further reconfiguration and upgrade of the 
facility. 
      A concept matching these requirements is shown in Fig. 1. The SPD length 
along the beam axis is 9.2 m, the diameter is 6.8 m and it consists of 3 parts: two 
end-caps and a barrel part. Each part has an individual magnet system: the 
endcaps   solenoidal coils, the barrel   toroidal magnetic system. The main 
detector systems are as follows: Range System (RS), Electromagnetic Calorimeter 
(ECal), Time-Of-Flight system (PID), main Tracker (TR) and Vertex Detector 
(IT). The estimated total weight of the facility is about 1800 ton.  
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2    SPD Muon Range System 

The concept for SPD Muon System is based on a range system technique to 
register muons in a laminated iron absorber. Mini-Drift Tubes (MDT) [6, 7] with 
two-coordinate readout of track information (the wires and the orthogonal strips) 
will be used for charged particle detection in the RS. The Mini-Drift Tube tracking 
detector is a type of aluminum Iarocci tubes (streamer tubes) that consist of an 
array of cells with anode wire in the center but uses proportional mode of operation 
instead of streamer one. The eight-wires MDT detector (see Fig. 2) comprises the 
following parts: metallic cathode-aluminum extruded comb-like profile, anode 
wires and plastic envelope for gas tightness. The used gas is a mixture of :   (70: 30) at atmospheric pressure. The chamber with various number of 
MDT tubes and up to few meters long can be assembled to have hundreds of cells 
in a detecting plane. One of the advantages of using MDTs for RS lies in a fact 
that the detector is made of a simple repetitive cell with properties defined by an 
individual cell.  

Figure 2: A single MDT tube and its cross section; individual wire cell has 1 × 1  cross section; for reading out the induced signals on strips the stainless-
steel cover may be removed. 

    The main purpose of the Muon System is the identification of primary muons 
with maximal possible separation from background contamination originating 
mostly from primary low-momenta pions and secondary decay muons in full SPD 
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energy at =  27  resolves muons and hadrons with nearly 100% 
efficiency above 1 /  by obviously different response pattern. The separation 
of muons and pions below 1 /  is less efficient and requires test beam 
measurements for calibration. The resolution of Muon System is enough to use it 
as a coarse sampling hadron calorimeter (from 30 to 60  of iron). It is also 
very important feature for neutron registration.  

Figure 3: The cross section of the SPD Muon Range System concept. 

Figure 4: The structure of the barrel (left) and the endcap (right) parts of the SPD 
Muon Range System. 

    The Range System is a well-known solution for detecting muons stopped by the 
absorber and those crossing the iron. In the former case one may even roughly 
estimate the energy of muons keeping in mind the stopping power of iron absorber 
(about 1.5 / ) for the relativistic muons with /  =  2 / . The 
Muon System consists of eight barrel and two endcap modules. The cross section 
of the RS 3D model is shown in Fig. 3. Figure 4 illustrates the detailed structure 
of the barrel and endcaps. 
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    In the barrel part the granularity of the iron absorber is 30  (60  for the 
inner and outer layers only). The nineteen 30  layers of absorber with 35  
gaps for MDT detectors in between and two wrapping layers give about 4 nuclear 
interaction lengths ( ) of material. The twelve 60  endcap absorber layers 
giving about 4.2  of total material thickness are used for better 
detection/absorption of muons with higher momenta in forward direction. The 
SPD Muon System weights around 1650 ton considering the designed 8  length 
of the barrel part and 8.3  total height of the endcap modules.  

3    SPD Muon Range System R&D program 

To test and optimize different aspects of the SPD Muon Range System 
performance based on MDTs with two-coordinate readout the Range System 
Prototype (RSP) has been constructed. The Range System Prototype (weighing 
about 8 ton) has 20 detecting layers of MDTs alternating with 30 and 60  
thick absorber plates and two “zero” bi-layers. Figure 5 illustrates schematic view 
of the RSP and its installation on the T9/PS test beam at CERN. It is designed as 
‘2 in 1’ device: the structure of the absorber plates reproduces barrel or endcap 
subsystems of the Muon System depending on the particular direction of the beam 
and number of engaged layers. The prototype is equipped with 270 (~1  long) 
MDT detector units, 22 strip boards (~1 × 1  size, 3  wide strips), and 
corresponding electronics (2160 channels for wire readout and 760 for strip 
readout). The R&D program includes calibration of the system response to a 
variety of particles at different energies, muon/hadron separation performance, 
pattern recognition algorithm testing as well as tuning of the Monte Carlo (MC) 
simulation parameters. 

Figure 5 (color online): The ‘2 in 1’ RSP scheme: 30 and 60  absorber plates 
(pink color) reproduce barrel and endcap parts of the Muon System; detecting 
layers of MDTs and strips are positioned in between the plates; two types of “zero” 
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bi-layers are put outside the absorber (left). The RSP installed on the T9/PS test 
beam at CERN (right). 

Figure 6 (color online): A sample of hit profile in the Range System Prototype for 
a muon with = 10 /  (top) compared to a pion with the same momentum 
(bottom). Left side plots correspond to hits produced in MDT wires (green) and 
right plots to the ones received from strips (purple). 

A hit profile in RSP corresponding to a particular kind of particles with a certain 
momentum has a specific pattern. Low momentum pions (  <  1.0 ) are 
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almost indistinguishable from muons with the same momentum. Finding variables 
sensitive to differences in such patterns is directly connected to the possibility of 
separation between muons and pions, e.g. the depth of particles penetration in 
layered structure of the Range System can be used as an input to various machine 
learning techniques. Increasing energy of pions significantly changes the profile 
of hits, forming a shower of secondary particles with momentum up to 10 / . 
Figure 6 shows an example of hit profile in the Range System Prototype for a 
muon with = 10 /  compared to a pion with the same momentum.      
    Hadron calorimetry is implemented by measuring total number of hits in an 
event (proton and antiproton data are presented in this paper). The prototype’s 
trigger system is equipped with two scintillation counters of time-of-flight (for 
momenta up to 5 / ) which fixes also a beam entrance spot and erenkov 
counters (for momenta greater than 5 / ) with  variable gas pressure to 
separate electrons/pions/muons. Various combinations of layers can be used to 
represent different parts of Muon Range System. Range System Prototype was 
calibrated for proton/antiproton responses by selecting of prototype total thickness 
with chosen sampling (corresponding to barrel and endcap structures). The same 
calibrations will be repeated once the SPD Muon Range System design is finally 
established. A proton and antiproton hit multiplicities as a function of particle 
kinetic energy using RSP sampling equivalent to the barrel part of the SPD Range 
System are shown on Fig. 7. When proton and antiproton annihilate the energy 
deposition of the products adds up to twice the rest mass of the proton ( 2 ). 
This effect is clearly visible on Fig. 7. Few additional measurements at different 
momenta for antiprotons will allow to estimate the entire calibration line. 

Figure 7 (color online): Proton (green points) and antiproton (blue star) total 
number of hits as a function of particle kinetic energy using RSP sampling and 
total thickness equivalent to the barrel part of the SPD Range System. 

    Another very important feature of the proposed SPD Range System is a 
possibility to identify neutrons and estimate their energy. During the RSP beam 
tests it was demonstrated by use of the same charged particles monochromatic 

257



(5 / ) beam at T9/PS with a carbon target as a neutron source installed in 
front of the first prototype’s detecting layers along with scintillators for vetoing 
protons. A distinctive feature of neutron hit profile is an absence of incoming 
charged track. Figure 8 illustrates an example of a neutron response in the Range 
System Prototype as compared to a proton’s one. 

4    Conclusion 

The SPD project is under preparation at the NICA collider. The SPD Muon Range 
System being based on the Mini-Drift Tubes as a detector followed by a robust 
analogue amplifier/discriminator technique supplemented by a digital data 
acquisition is up to its tasks: identification of the primary muons, optimal 
separation from background hadronic contamination, and coarse hadron 
calorimetry.  

Figure 8: A sample of hit profile in the Range System Prototype for a proton 
(left) compared to a neutron proton (right). 
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Abstract. 
The Baryonic Matter at Nuclotron (BM@N) is the first experiment at the NICA-
Nuclotron complex, JINR, Dubna. This experiment at fixed target is aimed to 
study interactions of relativistic heavy ion beams with kinetic energy from 1 to 
4.5 GeV per nucleon. First results of the analysis of minimum bias interactions of 
deuteron and carbon beams with kinetic energy of 4 AGeV with different targets 
are discussed. Some preliminary results from the data collected in the recent 
experimental run with the argon beam are also presented. 

1 Introduction 

A new BM@N experiment is designed to study properties of dense nuclear matter 
in nucleus-nucleus collisions. The NICA-Nuclotron complex will provide several 
kinds of heavy ion beams up to gold of kinetic energy from 1 to 4.5 AGeV and 
intensity up to 107 per second. The Nuclotron beam energy range is suitable for 
studying strange and multi-strange particles ( , ,  produced close to the 
kinematic threshold. As is clear from Figure 1, in heavy ion collisions, strange 
hadrons can coalesce with light nuclear fragments and form hypernuclei [1]. The 
maximum in the hypernuclei production rate is predicted at NN ~ 4–5 GeV, 
which is close to the Nuclotron beam energy range. Studying the hypernuclei 
production processes will provide insight into the properties of the hyperon-
nucleon and hyperon-hyperon interactions. 
The first methodical paper describing 0-hyperon reconstruction in interactions of 
the deuteron beam with different targets (December 2016) is published [3]. The 
paper also describes the data analysis methods such as the detector alignment and 
Lorentz shift correction, primary vertex reconstruction, and technical details of the 
central tracker such as the spatial and momentum resolution. 
In the last experimental run performed in March 2018, the research program 
included the measurement of inelastic reactions of the argon and krypton beams 
with various targets. In particular, the measurement was focused on hyperon 
reconstruction in the central tracker, identification of charged particles and nuclear 
fragments with the time-of-flight system, reconstruction of  and multi-  states 
with the electromagnetic calorimeter. A separated run of the BM@N experiment 

260



performed in the carbon beam with the liquid H2 target was devoted to studies of 
short-range correlations (SRC) [5]. 

Figure 1. Left plot: Yields of mesons and (anti-) hyperons measured in different 
experiments as a function of the energy per nucleon- nucleon collision in c.m.s. 

for Au + Au and Pb + Pb collisions [4]. The Nuclotron beam energy range 
corresponds to NN = 2.3–3.5 GeV. Right plot: Yields of hypernuclei predicted 

by the thermal model [2] for Au + Au collisions as a function of the nucleon-
nucleon collision energy in c.m.s. Predictions for the yields of 3He and 4He 
nuclei are presented for comparison. The Nuclotron BM@N energy range is 

specified. 

2 Detector geometry 

2.1 Conceptual detector setup 
Figure 2 shows a sketch of the BM@N setup. The detailed description of the 
BM@N geometry is presented in [6]. The basic detector setup comprises the 
central tracker inside the analyzing magnet (forward silicon detectors and GEM 
detectors), outer tracker based on drift chambers (DCH) and cathode strip 
chambers (CSC), electro-magnetic calorimeter behind the magnet, two time-of-
flight detectors (mRPC-1 and mRPC-2), zero degree calorimeter (ZDC), start T0, 
and trigger detectors around the target. 
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Figure 2. Schematic view of the BM@N setup. 

The main advantage of the setup is a large aperture analyzing magnet with a 1 m 
gap between the poles. The magnet aperture is filled with coordinate detectors, 
which sustain high multiplicities of particles and are operational in the strong 
magnetic field. Two walls of time-of-flight detectors situated “near to magnet” and 
“far from magnet” serve to identify particles with low and high momentum. The 
link between the central tracker and time-of-flight detectors is performed by the 
outer tracker. 

2.2 Central tracker 

The central tracker of the BM@N experiment is based on two-coordinate triple Gas 
Electron Multipliers (GEM) [7]. The GEM detectors have the established 
technology developed at the CERN workshop and have been used in various 
experiments (COMPASS, JLAB, STAR, CMS). 
Based on the analysis of experimental data collected in the deuteron run, the 
central tracker was extended with two-coordinate planes of the forward silicon 
detector designed to improve the primary vertex reconstruction [8]. The GEM 
tracker was upgraded to six large area detectors. The central tracker configuration 
was tuned to measure soft decay products of strange V0 particles. The positions 
of the GEM and silicon detectors were optimized using Monte-Carlo simulation. 
Figure 3 shows the central tracker configurations in the recent runs. 
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Figure 3. Left plot: BM@N setup used in the carbon run. Right plot: BM@N 
setup used in the Ar/Kr run. 

3. Event reconstruction and Monte-Carlo simulation

The track reconstruction method was based on a so-called “cellular automaton” 
approach [9]. The tracks found were used to reconstruct primary and secondary 
vertices using the “KFparticle” formalism [10]. In fact, both (track and vertex) 
reconstruction packages were adapted from the CbmRoot software framework [11] 
where they were used extensively for Monte-Carlo performance studies of the 
CBM detector Silicon Tracking System (STS). The event samples of C + A 
collisions were produced using the DCM-QGSM event generator [12–15]. The 
passage of particles through the setup volume was simulated with the GEANT 
package integrated into the BmnRoot software framework [16]. To describe the 
GEM detector response in the magnetic field, the microsimulation package 
Garfield++ [17] was used. The package gives a very detailed description of the 
processes inside the GEM detector, including the drift and diffusion of ionization 
electrons in electric and magnetic fields and electron multiplication in GEM foils, 
so that the output signal from the readout plane can be reproduced. 

4. Results and discussion

Some analysis results for the experimental data collected in the carbon and 
argon beams are presented below. 
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4.1 Primary vertex reconstruction 

Figure 4 shows distributions of the primary vertex along the beam (Z-
coordinate) reconstructed in the carbon and argon runs with different targets 
positions: at -24 cm for the carbon run and at 0.6 cm for the argon run. One can 
see that the resolution obtained for the argon beam is better because of a higher 
track multiplicity, a better detector coordinate resolution (in particular, due to 
additional silicon detector planes), and a smaller distance from the target to the first 
detector station. The reconstructed experimental Z-coordinate distribution width 
(   0.6 cm) for the C + Al interaction vertices was well reproduced by the 
simulation. 

Figure 4. Reconstructed primary vertex along the beam. Left plot: C + Al 
interactions. Right plot: Ar + Al interactions. The small bump in the Ar-beam 

distribution is due to interactions in the trigger counter BC3. 

4.2 Beam momentum determination 

To measure the carbon beam momentum in the central tracker situated in the 
magnetic field of 0.6 T, the experimental data without a target were collected. 
Since the carbon ionization is 36 times as large as that of deuteron, the high voltage 
applied to GEM detectors was reduced in order for the output signal to fit the 
electronics dynamic range. 

Figure 5 shows the momentum distribution for the reconstructed carbon beam 
particles with a rigidity p/q of 8.67 GeV/c. Here p is the beam particle momentum 
and q is its charge. It is the value that is measured in any magnetic spectrometer. 
The obtained beam rigidity resolution is  5.5 %. The momentum resolution for 
reconstructed tracks produced in interactions (like protons or -mesons) should 
be much better because their momenta are lower than the beam particle momentum 
and their trajectories have larger curvatures. 
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Figure 5. Carbon beam rigidity measured in the central tracker. 

0and reconstruction 

0 hyperons were reconstructed using their decay mode into proton and . The
signal event topology (decay of a relatively long-lived particle into two tracks) 
defined the selection criteria: relatively large distance of the closest approach 
(DCA) of decay products to the primary vertex, small track-to-track separation 
in the decay vertex, relatively large decay length of the mother particle. Since 
the particle identification was not used at this ana lys is  stage, all the positive 
tracks were considered as protons ( + for ) and all the negative tracks as .
The kinematic reflection of - decay into the (p, ) effective mass spectrum
contributes to higher masses (around 1209 MeV) of (p, ) than the mass of the

0 0 hyperon signal. Vice
0 - decay contributes to lower masses

(around 344 MeV) in ( +, ) effective mass spectra than  mass of 498 MeV
and is not mixed with the signal. In the Lambda reconstruction  algorithm 
candidates to protons are selected with much higher momentum than candidates 
to . This requirement eliminates the background from + among the proton
candidates. 

The data samples collected with three targets (C, Al, Cu) were analyzed to 
reconstruct 0-hyperons and  in the carbon run. The left plot of Figure 6 shows 
the obtained invariant mass distribution of proton, -pairs. The right plot of 
Figure 6 shows +,  invariant mass spectrum. One can see the 0-peak with 

 2.8 MeV. The significance of the  reconstructed peak in the right plot of 
Figure 6 is not very high. It can be explained by the fact that the central tracker 
configuration was tuned to measure relatively high-momentum beam particles 
and the geometric acceptance for relatively soft decay products of strange V0 
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particles was rather low. The Monte-Carlo simulation showed that only  4 % of 
0 and  0.8 % of could be reconstructed.

Figure 6. Left plot: Invariant mass spectrum of proton+  pairs. Right plot: 
Invariant mass spectrum of ++  pairs.

Figure 7 shows a “first look” result of the invariant mass spectrum of proton-  
pairs reconstructed in interactions of the argon beam with targets. The result was 
obtained on a small fraction of the collected statistics and without dedicated tuning 
of the track reconstruction algorithm. 

Figure 7. Invariant mass spectrum of proton+  pairs reconstructed in 
interactions of the argon beam with targets. 

5 Summary and plans 

The BM@N experiment is in the starting phase of its operation and has recorded data 
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on interactions of the carbon, argon, and krypton beams of several energies with 
different targets. Experimental data of minimum bias interactions of the carbon 
beam with different targets were analyzed with the aim to reconstruct tracks, 
primary and secondary vertices using the central tracking detectors. The signals 
of 0-hyperon and  were reconstructed in the invariant mass spectra of
particles originated from secondary vertices. To improve the vertex and momentum 
resolution and reduce the background under the 0-hyperon signal, two extra
silicon planes were installed into the central tracker. The BM@N setup will be 
extended to the full configuration to adapt its performance for measurements of 
interactions of heavier ion beams with targets. 

Acknowledgments 
This work was partially supported by the Ministry of Science and Education of 
the Russian Federation, grant N 3.3380.2017/4.6, and by the National Research 
Nuclear University MEPhI in the framework of the Russian Academic 
Excellence Project (contract No. 02.a03.21.0005, 27.08.2013). 

References 

[1] J. Steinheimer, H. Stoecker, I. Augustin, A. Andronic, T. Saito and P. Senger, 
Strangeness at the international Facility for Antiproton and Ion Research, Prog. 
Part. Nucl. Phys., 62, 313 (2009) 
[2] C. Blume, J. Phys. G, S57, 31 (2005) 
[3] D. Baranov et. al (BM@N Collaboration), First results from BM@N technical 
run with deuteron beam, PEPAN Letters, 15, 2, 148-156 (2018) 
[4] A. Andronic et al., Phys. Lett. B, 695, 203 (2011) 
[5] Probing Short Range Correlations BM@N Project, 
http://bmnshift.jinr.ru/wiki/lib/exe/fetch.php?media=proposal_bmn_dubna_final.p
df 
[6] BM@N Project report, 
http://bmnshift.jinr.ru/wiki/lib/exe/fetch.php?media=bmnproject_2016.pdf 
[7] BM@N Technical Design Report for the GEM Tracking System, 
http://bmnshift.jinr.ru/wiki/lib/exe/fetch.php?media=     tdr_gem_may2017_v1.doc 
[8] N. Zamiatin, Status of Silicon Detector for next Run, 
http://bmnshift.jinr.ru/wiki/lib/exe/fetch.php?media=sildet_bm_n_21.12.17.ppt 
[9] V. Akishina, I. Kisel, Time-based Cellular Automaton track finder for the 
CBM experi- ment J. Phys. Conf. Ser., 599, 012024 (2015) 
[10] S. Gorbunov, I. Kisel, Reconstruction of decayed particles based on the 
Kalman filter, CBM-SOFT-note-2007-003 (2007) 
[11] http://cbmroot.gsi.de 
[12] V. Toneev, K. Gudima, Particle Emission In Light And Heavy Ion 
Reactions, Nucl. Phys. A., 400, 173 (1983) 

267



[13] N. Amelin, K. Gudima, V. Toneev, Ultrarelativistic nucleus-nucleus 
collisions within a dynamical model of independent quark-gluon strings, Sov. J. 
of Nucl. Phys., 51, 1093 (1990) 
[14] N. Amelin, L. Bravina, L. Csernai, V. Toneev, K. Gudima, S. Sivoklokov, 
Strangeness production in proton and heavy ion collisions at 200-A-GeV, 
Phys. Rev. C., 47, 2299 (1993) 
[15] K. Gudima, S. Mashnik, A. Sierk, LANL Report LA-UR01-6804 (2001)  
[16] http://mpd.jinr.ru 
[17] http://garfieldpp.web.cern.ch/garfieldpp/ 

268



The front-end electronics of the Mu2e electromagnetic 
calorimeter 

N. Atanova, V. Baranova, J. Budagova, F. Cervellie, F. Colaob, M. Cordellib, G. 
Corradib, Y.I. Davydova, S. Di Falcoe, E. Diociaiutib,j, S. Donatie,g, R. Donghiab,k, 

B. Echenardc, S. Giovannellab, V. Glagoleva, F. Grancagnoloi, F. Happacherb, 
D.G. Hitlinc, M. Martinib,d, S. Miscettib, T. Miyashitac, L. Morescalchie,f, P. 
Murath, E. Pedreschie, G. Pezzulloe, F. Porterc, F. Raffaellie, M. Riccib,d, A. 

Saputib, I. Sarrab, F. Spinellae, G. Tassiellii, V. Tereshchenkoa, Z. Usubova and 
R.Y. Zhuc

a Joint Institute for Nuclear Research, Dubna, Russia 
b Laboratori Nazionali di Frascati dell'INFN, Frascati, Italy 
c California Institute of Technology, Pasadena, United States 
d Università "Guglielmo Marconi", Roma, Italy 
e INFN Sezione di Pisa, Pisa, Italy 
f Dipartimento di Fisica dell'Università di Siena, Siena, Italy 
g Dipartimento di Fisica dell'Università di Pisa, Pisa, Italy 
h Fermi National Laboratory, Batavia, Illinois, U.S.A. 
i INFN Sezione di Lecce, Lecce, Italy 
j Dipartimento di Fisica dell'Università di Roma Tor Vergata, Rome, Italy 
k Dipartimento di Fisica dell'Università degli Studi Roma Tre, Rome, Italy 

The main goal of Mu2e experiment at Fermilab [1] is to found for Charged Lepton 
Flavor Violation (CLFV) in the neutrinoless conversion of a negative muon into 
an electron in the field of nucleus. For 27Al nucleus, which is planed to be used 
as a target, the energy of such electrons should be at the level Ee = 104:97 MeV 
[2]. The Standard Model extended with neutrino masses mechanism predicts the 
rate for this process as O(10-52)[3], so any signal observed with higher rate would 
be explained with new physics models. The experiment Mu2e is designed to reach 
the single event sensitivity (SES) of 2.4*10^-17 in three years of running [1], that 
improves significantly the current experime -

13@ 90% C.L. set by the SINDRUM II experiment [4] 
The Mu2e detector consist of a low mass straw tracker that provides an accurate 
track momentum measurement and the electromagnetic calorimeter for powerful 

dentification. The calorimeter will be built from ~1400 CsI 
scintillation crystals with sizes 3.4x3.4x20cm3. At the moment, the first probe 
section, so called Module-0, have been built from 50 crystals, installed and being 
tested [5], and it is planed to start assembly of the main calorimeter disks in the 
2019. 

269



Fig.1 Simplified scheme of electromagnetic calorimeter 

The simplified scheme of electromagnetic calorimeter FEE is presented on fig.1. 
The optical signal from crystal is detected by SiPM array, and to collect one 2 
arrays of 6 UV-extended SiPMs are used. Than weak electrical signal is amplified 
and formed in FEE preamplifier (fig. 2), which is placed at the end of each crystal 
and each preamplifier is a multi-layer, double-sided, discrete board directly 
connected to photosensor. Besides amplification function preamplifier provides a 
regulation of the SiPMs bias voltage with custom digitally controlled low-dropout 
regulator (LDO). 
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Fig.2. FEE preamplifier with SiPM array connected. 

Then preamplifiers are connected to “hub”, so called mezannine board. Each 
mezzanine board holds 20 preamplifiers, i.e. serves to readout 10 crystals. Another 
function of mezannine board is a HV distribution and digital control of preamp, in 
particular LDO, which gives HV to SiPM array.  
The design of FEE preamplifier have several constrains and requirements that 
gives us detector construction. They are: 
1)SiPM 6x6 array of photodiodes similar to Hamamatsu capacity has value of 860
pF, that requires special solutions to stabilize preamplifier; 
2)radiation hardness, maximum dose ~ 100kRad  & strong neutron integrated flux

; 
3)heat efficiency because of a 10-4 Torr vacuum - all detectors are supposed to be
placed in vacuum vessel; 
4)constant 1T axial magnetic field strength;
5)linearity in wide input current range from 2uA to 2mA, due to variety of particle
in background; 
6)s .

Preamplifiers that should satisfy this constraints were created in LNF,INFN in 
collaboration with JINR group. In May 2017 first section made of 40 CsI crystals 
was built in LNF,INFN, Frascati and the first teastbeam to estimate 
electromagnetic calorimeter prototype efficiency has been proceed[5]. It 
demonstrated good results in charge-energy determination, but several changes 
were necessary to introduce to the preamplifier scheme. Now next version of 
preamplifier is produced and is subjected to radiation hardness tests.  
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The structure of FEE preamplifier is presented on fig.3. This is complex device, 
that consist of next blocks:  
1)input transistor cascade;
2)pulse shaper;
3)linear regulator (LDO) for SiPM array;
4)gain switch;
5)current monitor;
6)charge pump for test pulses;
7)temperature sensor.

Fig.3. FEE preamplifier simplified scheme. 

The the main performance characteristics of preamplifier designed are: 
- Input resistance 33 Ohm; 
- Output resistance 100 Ohm 
- Diff. output range 2V 
- Gain for current 4-8 
- Bandwidth 40MHz 
-  
- Power supply +8V 
- Power consumption 45mW 
- Rise time 25ns 
-  
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To provide HV to SiPM array LDO with analog and digital feedback is used. Pass 
transistor block based on NMOS depletion-mode transistor. It is designed to 
provide stable DC output for load current from 2uA to 2mA. Analog feedback is 
formed by divider, buffer and error amplifier. Digital feedback consist of ADC, 
DAC and it is controlled via I2C interface. LDO performance is presented on 
fig.4,5: o
Vout=160 with a constant load current I_load=2mA (maximum) and a total noise 
level for high current is less then 3 mV peak-to-peak, temperature coefficient is 
TC=-  

Fig.4. Output noise spectrum, high load current I_load = 2mA, Vin=200V, 
Vout=160 V 

Fig.5. Output LDO voltage temperature dependence 

Several more words about heat efficiency. All front-end electronics is placed in 
vacuum vessel. To avoid overheating only direct connection to rack and radiator 
is allowed. For this main PCB layer of preamplifier is surrounded with 
electrically insulated metal layer that is connected to rack. To transfer heat from 
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electronic components thermal bridge capacitors are placed around the perimeter 
of PCB (fig.6).  

Fig.6. PCB layer of preamplifier is surrounded with electrically insulated metal 
layer that is connected to rack 

Another very useful block in preamplifier is the current monitor. Its main goal is 
to determine start of a very high current pulse from SiPM. Such signal can be 
produced by high-energy photons that are born in different ways near the detector. 
One of the absorption reaction channel in semiconductor layers is massive 
electron-holes production. By monitoring a start of such waves we can reduce 
SiPM’s supply voltage in time to protect detector from overheating damage. 
For QA of preamplifiers for the MU2E electromagnetic calorimeter in DLNP, 
JINR testbench for preamplifier linearity and LDO settings is created (fig.7). The 
voltage settings are controlled by digital voltmeter, linearity and noises are 
estimated by writing and analysis multiple waveforms, that are written with DRS4 
digitizer. The source of signal is a pulse signal generator that uses specially 
designed input probe to emulate SiPM array response. At the moment the first set 
of preamplifiers is tested (fig.8). 
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Fig.7. Test-bench for Mu2e FEE preamplifiers QA installed in DLNP, JINR. 

Fig.8. Set of first tested preamplifiers and sample of preamplifier linearity 
measurement linearity plot. 
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Conclusion 

 A FEE electronics to meet MU2E experiment requirements is designed in 
LNF,INFN in collaboration with JINR group passed, installed in Module0 
electromagnetic calorimeter prototype. The test-bench for preamplifiers QA is 
installed in JINR. To complete design and start mass production dose tests should 
be passed. 
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Abstract. -particle triples in the 
Hoyle’s state produced in dissociation of 4.5 and 1 A GeV/c 12C nuclei. The 
relevant events are identified by invariant mass values calculated on a basis of 

-particle emission angles. An estimate of the Hoyle’s state 
contribution to the dissociation 12 -15%. 

1.Introduction

Dissociation of relativistic nuclei in a nuclear track emulsion (NTE) is a 
well-established phenomenon allowing holistic exploration of relativistic 
ensembles of lightest nuclei. The NTE technique remains the only source of such 
observations staying unconquerable in sensitivity and angular resolution. 
Individual features of investigated nuclei manifest themselves in their projectile 
fragmentation cones. Events of coherent dissociation which does not feature 
either slow fragments or charged mesons (“white”' stars) are clearly observed in 
NTE. Since distortions of projectile initial states are minima in them they are 
especially evident in studies of nuclear structure (example in Fig. 1) (see 
Table.1).  

The cluster structure of light nuclei and the role of the unstable 8Be and 
9B nuclei in them is a subject of the BECQUEREL project (reviewed in [1] and 
[2]). The studies are performed on a basis of NTE layers longitudinally exposed 
to relativistic Be, B, C and N isotopes, including radioactive ones. To set new 
limits for NTE technique it is suggested to search for the Hoyle-state (HS) in 
dissociation relativistic 12C nuclei using the invariant mass approach.  

Despite capabilities of the NTE technique its history seemed to be 
mpany “Slavich” 

(Pereslavl Zalessky, Russia) has resumed production of NTE layers of a 
m on a glass base. NTE samples were tested in state-

of- ). On the basis of photography on 
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microscopes, the experience of computer recognition of short nuclear tracks in 
m thick 

layers of is being mastered. Reproduction of NTE allows one to put forward new 
proposals grounded on this classical technique.  

The status of the experimental and theoretical studies of the second 
excited state of the 12C nucleus is reviewed in [4]. This excitation is named after 
the astrophysicist F. Hoyle who postulated its existence to explain the prevalence 
of the 12C isotope. Following an accurate prediction of the HS energy it was 
experimentally confirmed that the 12C nucleus has the excited state located at 

 particles. Although it is 
unstable, its width is only 8.5 eV. Such a value indicates that the HS lifetime is 
comparable with the values for 8Be or -meson. Observation of HS at a contrast 

-ensembles 
can demonstrate HS as a nuclear-molecular object similar to 8Be. First of all it is 
necessary to establish the very possibility of HS appearance in the relativistic 
fragmentation cone that is the purpose of the present study. 

Fig. 1. Consecutive frames of coherent dissociation 12C A GeV/c 
 

2. Reconstruction of invariant mass

In general, energy of a few-particle system Q, can be defined as 
difference between the invariant mass of the system M*, and a primary nucleus 
mass or a sum of masses of the particles M , that is, Q = M* – M. M is defined as 
the sum of all products of 4-momenta Pi,k fragments M*2 = Pj)2  (PiPk). 
Subtraction of M is a matter of convenience and Q is also named an invariant 
mass. Reconstruction of Q makes possible to identify decays unstable particles 
and nuclei. 
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Table 1 > and <Q > (  
regions of 8Be decays. 

Nucleus (P , A 
GeV/c) 

 
rad 

(Q   

<Q > (RMS), keV 

12C (4.5)   
14N (2.9)  119.6 ± 9.5 (72) 
9   86 ± 4 (48) 

   
11    

B (1.6)   
12   117 ± 12 (75) 

For the most part, fragments of a relativistic nucleus are contained in a 
narrow cone of the polar angle , which is estimated as = P , where the 

c is determined by the spectator-nucleon transverse momentum, 
while P  is the momentum of the accelerated projectile nucleon. The fragment 4-
momenta Pi,k in the cone can be determined in assumption of conservation of 
momentum per nucleon by fragments of a projectile (or its velocity). This 
approximation is well grounded when primary energy above 1 A GeV [5]. Then, 
Q is functionally related with opening angles  between fragments. In the 12C 
context the assumption about the correspondence of a doubly charged fragment 
to the 4He isotope is well justified also. 

The unstable 8Be nucleus is an imminent participant of HS decay and its 
reconstruction is the precondition of HS identification. The ground state 8Be is 
sufficiently separated from the first excited state 2+ [6] to be identified in a 
spectrum over the invariant mass Q  calculated by -pair opening angles  
[1,2]. Like 8Be, HS is well separated from the higher 12C excitations [6]. 
Therefore, the same approach can be extended to the identification of HS with 
respect to the invariant mass of -triples Q , according to formula 

i j i j
i j

Q E E P P m

,where E  and P  are energy and momentum values of the -particles i and j,  
is the angle of separation between them, m  is the mass of the -particle; P  = 
4P , where P  is the momentum per nucleon of incident nuclei. 

The foundations of required methods of measurements on microscopes 
in exposure NTE layers were laid at the beginning of studies on the physics of 
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cosmic rays [7] and, then, used widely beams of relativistic nuclei became 
available. For these purposes microscopes KSM-1 manufactured by Carl Zeiss 
(Jena) about half of century and still functioning well are applied in JINR. Each 
microscope is equipped with apochromatic and achromatic lenses providing an 

ns 2x which together 
 –

m. Further, samples of 99 
events B 2He + H at 1.6 A GeV/c and 212 events 11C  A 
GeV/c are used to describe in brief the procedure of coordinate measurements as 
a key aspect of the ongoing HS search. 

Fig. 2. Example of restored directions in event B 2He + H over vertical and 
planar planes. 

Fig. 3. Distributions of fragments He (solid) and H (dotted) over dip and planar 
 

280



Fig. 4. 
fragments He (solid) and H (dotted) in events B 2He + H. 

Fig. 5. y z of fitting of coordinates of H and He 
tracks in events B 2He + H. 

When an event in an emulsion plate is found it is fixed on a microscope 
stage in such a way that direction of a beam track coincides with direction of 
lengthwise movement of a microscop – m 

-geometry in a 
Cartesian coordinate system associated with a microscope. Coordinates x, y, z of 

ent tracks. NTE 
shrinkage due to development has to be taken into account. The found 
coordinates are linearly approximated to derive the dip and planar angles and 
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) for the beam and secondary tracks. The primary track angles are used to 
transit for the fragment tracks to a coordinate system associated with this track. 

Fig.2 shows an outline a reconstructed event B  2He + H. The 
distributions of the He and H tracks over the angles and  
They are characterized by mean values (RMS) He> = – ± 

He> ± – H> = – ± 
H> = – ±  = 

±  ± Fig.4). Scattering of the 
coordinate fitting residuals y and z (Fig.5) differs about 4 times and doesn't 
exceed more than 2 – 
than planar one due to noise generated by vertical displacements of a microscope 
tube, shrinkage coefficient and vertical NTE distortions during development. 

Resulting reconstruction of values Q p and Q  for the B and 11C 
fragmentation is presented in Fig.6 in the range which is relevant for 9B (Q p < 

9B decays serves as source of 8Be [2]. Both 
distributions are similar. Their mean values (at RMS) <Q2 p> = 265 ± 
keV and <Q2 > = 91 ±  keV match the accepted values [6] and expected 
resolution. Thus, condition Q  < -off for 8Be 
identification. 

3. Angular measurements in 12C exposure

m NTE pellicles on 
2 mm glass of size 9 –12 cm which is irradiated longitudinally 12C nuclei at 
initial momentum P  =1 A GeV/c. This exposure was performed recently in the 
medical-biological beam of the Institute of High Energy Physics (Protvino). This 
12 A MeV and used for medical and biological 
studies. 2% irradiation homogeneity is provided by application of two rotating 
electrostatic wobblers. The steps taken in December 
resulted in the controllable irradiation with a particle density at the area of 

 – 2 -events the 
developed pellicles is carried out by scanning along bands that are transverse to 

12C at 1 A GeV/c, 
“white” stars, are founded and measured following the described 

procedure. 

12C 
beam at momentum P  = 4.5 A GeV/c at the JINR Synchrophasotron are 
available for 72 (G.M. Chernov's group, Tashkent) [8] and 114 “white”' stars 12C 

 (A.Sh. Gaitinov's group, Alma-Ata) as a legacy of the emulsion 
community. At that time, the HS problem was not set. Fig.4 shows jointly 
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distributions of -particles at both momentum values over the polar emission 
angle . They are described by the Rayleigh distribution with the parameters  
equal to 27 A GeV/c) and 6.5 ± A GeV/c) corresponding to a 
simple inverse relationship between P  and . In addition, Fig.7 shows data on 

A GeV/c 11C dissociation where the 4He isotope 
dominates. 

Fig. 6. p over invariant mass Q p (a) for fragmentation 
B  2He + H at 1.6 A GeV/c (solid) and 11C  2He + A GeV/c 

(added, dashed) and Q  -pairs in 9B decays identified in these events (b). 

Fig. 7.  of relativistic He fragments in exposures 
at 4.5 (dashed) and 1 A GeV/c (solid) 12 A GeV/c 11C (dotted). 
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Fig. 8. -pairs over invariant mass Q  < 1 MeV in the 
dissociation 12C A GeV/c (added, dashed). 

Fig. 9. -triples over invariant mass Q  < 2 MeV in dissociation 
of 12C A GeV/c (solid) and 1 A GeV/c (added, dashed). 
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Fig. 10. -pairs over invariant mass Q  in the HS like decays 
(Q  < 1 MeV) in dissociation of 12C A GeV/c (added, 

dashed). 

The Q  distributions obtained on a basis of angular measurements of 
events 12C   at two values P  are presented jointly in Fig.8. Both are 
distributions do not differ within statistics. The region  < 
peak pressed to the origin which corresponds to decays of 8Be. Although the 8Be 
signal is present the Q  distribution appears to be significantly wider than in 
Fig.6(b). 

In the Q  distribution over the invariant mass of the -triples (Fig.9) 
there is a peak in the region Q  < 1 MeV where HS decays could be reflected. 
For events at 4.5 A GeV/c the mean value for the events at the peak <Q > (at 
RMS) is 441 ± A GeV/c ± 28 (85) keV. 
According to the “soft” condition Q  < 1 MeV in the 4.5 A GeV/c 
(of 186) events can be attributed to HS and 9 (of 86) including 5 “white” stars (of 

A GeV/c exposure.

When selecting -pairs from -triples that correspond to the HS 
criterion Q  < 1 MeV the Q2  distribution acquires the form shown i
The average value <Q2 > ± 15 (156) keV. The distribution form 
becomes wider and separation of the 8Be peak in the region Q2  
impossible. This change is caused by the increased contribution of non-8Be-
resonance  pairs of HS decays masking the 8Be signal. In turn, this 
circumstance makes unattainable a more detailed analysis of the HS inner 
structure. It characterizes a limitation of our approach to penetrate in the HS 
structure. Nevertheless, it is concluded that HS is observed in a relativistic 
dissociation 12C -15%. 
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Fig. 11. -triples of HS like decays (Q  < 1 MeV) over total 
transverse momentum <PTsum> in dissociation 12C A 

GeV/c (added, dashed). 

The angular measurements make it possible to conclude about the 
dynamics of the HS appearance according to the distribution of -particle triples 
over their total transverse momentum PTsum (Fig.11). Its average value <PTsum> 

± 19 (118) MeV/c corresponding to the nuclear-diffraction 
mechanism. In the case of electromagnetic dissociation on Ag and Br nuclei 
composing NTE the limitation is expected to be PTsum < c [9]. It is 
surprising that such a “fragile” formation of three -particles as HS can arise in 
relativistic collisions as an ensemble which is “bouncing off” with the transverse 
momentum PTsum characteristic for strong interactions rather than 
electromagnetic ones. It can be assumed that increased statistics allow 
registration of the HS formation outside the angular cone of fragmentation of the 
parent nucleus. Events of this kind were observed in the cases 9Be  8Be and 

C  9B. Such observations would clearly demonstrate HS as a holistic and 
long-lived nuclear-molecular state. 

4. Conclusion

In dissociation 12C   at 4.5 and 1 A GeV/c in nuclear track emulsion 
production of the Hoyle's-state is identified by using approximate invariant mass 

-15%. This 
conclusion is grounded on the basis of the most precise angular measurements 
performed by three research groups in two exposures at two momentum values 
that are separated in time by two decades. By itself, this finding demonstrates the 
thoroughness of the NTE technique. 
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However, the NTE grounded approach doesn't allow one to address the 
features of the HS decay. Nevertheless reconstruction of HS in NTE by the 
invariant mass of relativistic -triples can be applied to study processes with the 
HS formation as a wholesome relativistic object at large moment transfers. It is 
possible that a HS wouldn't be limited only as the 12C excitation but can manifest 
itself similarly to 8Be as a universal object in fragmentation of heavier nuclei. In 
this respect, the closest source to verify such a assumption is the 14N nucleus. 
The N and C nuclei whose beams can be formed in the 14N fragmentation are 
even more convenient in this respect. 
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