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The main motivation in favor of BSM
physics Is dark matter

also probably some hints as:
1. (g-2)-muon anomaly

2. proton radius measured for electron and
muon atoms

3. B-mesons semi leptonic decays
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We know that dark matter exists

But we don’t know:

1. Spin of dark matter particles

2. Mass of dark matter particles

In SUSY with R-parity LSP Is gaugino or
Higgsino with s =% and m = O(100 GeV) as a
rule
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It Is possible that dark matter particles

are relatively light with masses O(1 GeV) or
less (C.Boehm, P.Fayet)

Renormalizable realization — additional
Interaction connects our world and dark
particles world.
The most popular scenario — model with vector
messenger (dark photon).

Also models with scalar mediator exist
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An example of dark mediator A’

Holdom’86, earlier work by Okun, ..

Dark Sector

» extra U (1), new gauge boson A’

°2 - kinetic mixing

. mixing, ¢ - strength of coupling to SM

* A’ could be light: e.g.

* new phenomena:

» A decay modes: sOF
l.e. decays

Large literature, >100 papers /few last years, many new
theoretical and experimental results
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THERMAL ORIGIN

If we assume that in the early Universe dark
matter is in equilibrium with the SM matter

DM density today tells us about annihilation
cross-section. Correct DM density
corresponds to <o, v> ~ O(1) pbn

See for example:
E.W.Kolb and M.S.Turner, The early Universe,
Frnt.Phys. 69 (1990) 1-547
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During the Universe expansion the temperature decreases and at some temperature 7, the

thermal decoupling of the dark matter starts to work[17, 18]. Namely, at some freeze-out

temperature the annihilation cross-sections

DMparticles —  SMparticles

SMparticles — DMparticles

become too small to obey the equilibrium of dark matter particles with the SM particles
and dark matter decouples. To obtain quantitative estimates of the dark matter density

(17, 18, 19] it is necessary to solve the Boltzmann equation

d
% + 3H(T)nd = — < OUpel > (ng o ng,ﬂq) '




The dark matter relic density can be numerically estimated as [61]
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For scalar light dark matter and vector
messenger one can find that the annihilation
Cross section

O : )
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For the case where dark matter consists of dark matter particles and dark matter an-
tiparticles the DM DM — SM particles annihilation cross sestion o,, = Z- Numerically

we find that

mpm m2.

A 4)2 = 2 ) 13
GEV) (m2DM ) € (13)

A(?RDM) 10_6 (

Here the coefficient k(mpar) depends logarithmically on the dark matter mass mpy and

Epy = 0.5(0.9) for mpy = 1(100) MeV. For instance, for ma = 2.2 my we have

mpm

0.71k(mppr) - 107°. (1 v
e

)2 =¢ay. (14)




So the main features of light dark matter
1. p-wave annihilation(or annihilation

shuts off before CMB)
2. The annihilation cross-section

As a consequence, crude estimate (E.lzaguirre, et al.,
Phys.Rev. D91, 094026 (2015)

10—+ 2 TTL AY v4 710 Mel =
o ~ 0.02 (—) ( A ( )
D ] € 100 M el ) 1T

f =0(1) -fermions, f= 0(10) - scalars
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H.Davoudiasl and W.Marciano,
arXiv:1502.07383

o, < 1

dS d consequcence

e £ F(m, ,m,.)
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| 3T
g (_qu) ~

(2ng +ns/2)In(q* /qo)

m' q = 1[] GV

: aq(qo) = 0.68/(np +ng/4)
ifnp=1and ng =1

qgo = [Ll GeV

 aalqo) S 0.5




Other hint in favour of BSM Is muon g-2
anomaly

Light vector boson contributes to muon g-2 at
one loop level

& a2 A

oa = P
2T my,

o [ 22 =2)7

1 — 2)% 4+ 222
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for my < m,

a, = (1.8+£0.5) x 107°

| s Mm%
o, = (2.7£0.7) x 107 x

2
m L




2.Search for light dark
- matter at accelerators
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2a.Visible dark photon
decays




Visible decays detection
1. Prompt decays — resonant behavior in
Invariant mass distribution
2. Displaced decays — long lived A

Dubna, 30 july 2018

19



1. The Al and NA48 collaborations excluded

masses between 30 MeV and 300 MeV as muon g-2

anomaly explanation.

2. BaBar collaboration excluded masses between

32 MeV and 10.2 GeV.

So the possibility of g-2 anomaly explanation In

the model with visible A" decays is excluded.

Also beam dump experiments(electron beam dump —
E137, E774, E141) exclude some regions in
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Current (2017) exclusion plot

g

NA48/2
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LHCb bounds on visible decays

CERN-EP-2017-248
Phys.Rev.Lett. 2018

90% CL exclusion regions on [m(A'), £7]

- LHCb prompt-like
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Future and current visible decays searches
. APEX at JLab(USA) —prompt decays
HPS at JLab — prompt decays
. NA64 — displaced decays
. Belle-|| at KEK(Japan) — prompt decays
. MAGIX at MESA(Germany) —prompt decays
. SHIP at CERN — displaced decays
. VEPP3 at BINP(Russia) — prompt decays

. SeaQuest(FNAL, USA) — dark photon
ecays Into muons

wiifio o e Lo JEEI SE STV S B
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APEX,HPS,MAGIX

The A’ bremsstrahlung production

A’ .
. e —+
o
Nucleus

7 —e—Z(A = 1H7) 31 ma
(e=Z

do(e

o
do

ye— (v = 1T17))  2Ngpa 0m

Dubna, 30 july 2018

24



Prompt visible decays
The MAiInz Gas Internal EXperiment

MAGIX Discovery potential

Experiment scheme (>2020)

Signal processes

102

KLOE 2013

107
Target Detector

107 107 1 o, 10
m,. [GeV/c]
Z
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Belle || (>2018) expected bounds for visible
decays, 50 ab*(https://www.belle2.org)
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SHIP (>2026) experiment as an example of

displaced decavs
Rep. Prog. Phys. 79 (2016)

ar X10:1504.04855
Tracker

spectrometer
Particle ID

Decay vessel

..—"'—f -

Emulsion g

_ detector =~
Active muon

Target and shield
hadron absorber
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Expected SHIP bounds on visible decays for
EPOT = 2*10%0

Technical Proposal CERN-5PSC-2015-016

Visibly Decaying 4’
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2b.Invisible decays
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1. Beam dump (SHIP, ...)

2. Missing mass measurement — resonant
distribution (PADME, ...)

3. Missing energy measurement (NA64)
4. Missing momentum measurement (LDMX)

Dubna, 30 july 2018
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Current and future invisible decays

searches
NAG64 — missing energy searches

PADME at LNF(Italy) — missing mass searches

1
2
3. VEPP3 at BINP(Russia) — missing mass searches
4. Belle-|| at KEK(Japan) — missing mass searches

5.
6
7
8
9

DarkLight at JLab(USA) — missing mass searches

. MMAPS at Cornell(USA) — missing mass searches
. LDMX at SLAC(USA) — missing momentum searches
. MiniBooNE at FNAL(USA) — proton beam-dump

SHIP at CERN — proton beam —dump

10.SBN at FNAL(USA) — proton beam-dump
11. COHERENT at ORNL(USA) — proton beam- dump

Dubna, 30 july 2018
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Recent experimental results from NA64 and
BaBar exclude (g-2) anomaly explanation

107

-

10°°

107 ry - 2 1
10 10 10 1 m, (GeV) 10
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Experimental bounds for L, -1, model

There Is possiblility that new boson Z,  interacts
onIy withL, — L. current

' .- - 1 4 - L’
Ls" — €y [.Iu ’Lﬂ“_l_'il"llt.!f YoVul — T T — Vs _?'fo-"'rf.-]zlu

For this model the most nontrivial bound
(W.Almannsofer et. al) comes from CCFR

data on neutrino trident v, N — v, N+t~
production. Masses m; > 400 MeV are excluded
New BaBaR bound excludes m > 214 MeV

Dubna, 30 july 2018

34



ete +»etey A
The knowledge of momenta e, e and vy
allows to restore the A mass - resonant

distribution on invariant mass
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PADME experiment

positron beam on
“electron” target

Dark Photon arXiv:1608.08632v1

107 g
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Invisible final state A’>yy
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1. Russia(VEPP3 at BINP, Novosibirsk)

500 MeV positron beam, dark photon mass
limit 22 MeV, &2 limit upto 107 , >2020

2. USA(Cornell, MMAPS), 6 GeV positron

beam, dark photon mass limit 73 MeV,
e? limit up to 10° -10"°
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Beam dump experiments

a. Electron beam dump
b. Proton beam dump

Dubna, 30 july 2018
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Electron(E_, ~12 GeV) beam experiment
for the search for light dark matter.
EOT =10%¢ is assumed. The natural variable

Tr *
Yy —= € 2 Y X
Tre Av
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Example of proton beam dump. MiniBooNE

Target Decay Pipe Beam Dump MiniBooNE Detector
1

Air

I

} } b X
50 m / 4m 487 m \
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—— MB 90% CL

b : MB 90% Sensitivity |
i — 90% Sensitivity Steel|

+2c




Future proton beam dumps at FNAL

SBND(Short Base Near Detector) —
factor 10 improvement in signal sensitivity
relative to MiniBoone

Dubna, 30 july 2018
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Spallation Neutron Source at Oak Ridge National Laboratory
he main goal — measurement of elastic
coherent neutrino-nucleus scattering

“CEVNS”:
Coherent Elastic v-Nucleus Scattering: vA—vA

The first result — arXiv:1708.01294

It is possible to extract bounds on A
S.-F.Ge and I.N.Shoemaker, arXiv:1710.10889
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95% sensitivity o sg,l‘r2
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FIG. 1: Diagram contributing to the A" production in the
reaction e & — e ZA'. A" — dark sector. The produouced
A" decays invisibly into dark sector particles.




LDMX DISCOVERY
POTENTIAL(180107867).

Thermal Relic Targets & Current Constraints

LHC
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Expected Belle || discovery potential for
invisible decays(https://www.belle2.org)
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3. NA64
experiment

NA64 - Searches
A ~-> invisible, A >
eTe
at SPS CERN

Dubna, 30 july 2018
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‘J\fﬁ%z; EExyerimem

Dark
Sector

NA64 is a fixed target experiment combining the active beam dump technique with
missing energy measurement searching for invisible decays of massive A’ produced
in the reaction eZ—> eZA’ of electrons scattering off a nuclei (A,Z), with a mixing
strength 10° <& < 10 and masses Ma < 100 MeV.

Dubna, 30 july 2018

49



\1 The NA64 Collaborati

D. Baum;jm.ll V. Burtsev.? D. Cooke.!! P. Crivelli,l! E. Depcru,ll A. V. Dermenev.? S. V. Donskov.® F. Dubinin.?
R. R. Dusaev.? S. Emmenegger, 't A, Fabich,® V. N. Frolov,? A. Gardikiotis,” S. N. Gninenko*,* M. Hosgen,!
V. A. Kachanov.® A, E. Karneveu,? B. Ketzer,! D. V. Kirpichnikov.* M. M. Kirsanov.* I. V. Konorov,?

S. G. Kovalenko,*® V. A. Kramarenko.® L. V. Kravchuk,* N. V. Krasnikov,* S. V. Kuleshov,'® V. E. Lyvubovitskij,”
V. Lysan,? V. A. Matveev,? Yu. V. Mikhailov.® V. V. Myalkovskiyv,? V. D. Peshekhonovf,? D. V. Peshekhonov,?
0. Petuhov.? V. A. Polvakov,® B. Radics.!' A. Rubbia.'' V. D. Samoylenko,® V. O. Tikhomirov,? D. A. Tlisov.?
A. N. Toropin.* A. Yu. Trifonov,? B. Vasilishin,” G. Vasquez Arenas,!" P. Ulloa,!® K. Zhukov.” and K. Zioutas”

(The NAG4 Collaboration®)
P Universitit Bonn, Helmholtz-Institut fiir Strahlen-und Kernphysik, 53115 Bonn, Germany
2 Joint Institute for Nuclear Research, 141980 Dubna, Russia
YCERN, European Organization for Nuclear Research, CH-1211 Geneva, Switzerland
f Institute for Nuclear Research, 117312 Moscow, Russia
5P N. Lebedev Physics Institule, Moscow, Hussia, 119 991 Moscow, Hussia
“Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow, Russia
T}"h.y.-i'i(:.w Department, University of Patras, Patras, Greece
8State Scientific Center of the Russian Federation Institute for High Energy Physics
of National Research Center 'Kurchatov Institute’ (IHEP), 142281 Protvino, Russia
“Tomsk Polytechnic University, 634050 Tomsk, Russia
1 Universidad Técnica Federico Santa Maria, 23901253 Valparaiso, Chile
HMRTH Zirich, Institute for Particle Physics. CH-8093 Ziirich, Switzerland

47 researchers from 12 institutes
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PREPARED FOR SUBMISSION TO SPSC

Proposal for an Experiment
to Search for Light Dark Matter at the SPS

5. Andreas®", S.%. Donskov- , P. Crivelli“, A. Gardikiotis®, S.M. Gninenkao'"!,

MN.A. Golubew', F.F. Guber’, A.P. Ivashkin’, M.M. Kirsanov', N.V. Krasnikov',
VoA, Matweevw'5, Yu.V. Mikhailov®, Yu.V. Musienko®, V.A. Polyakow®, A. Ringwald=,
A, Rubbia®, V.D. Samoylenko®, ¥.K. Semertzidis™, K. Zioutas®

2 Dewtasches Elektronen-Synchrotron DESY, 22607 Hamburg, Noftkestmsesse 85, Germany

b mstitut d Astrophysioue de Paris TAP, 750148 Poris, Fronce

© Sfate Research Center of the Russian Federation, Instifute for High Energy Physics,
142281 Profvinog, Russia

SETH Zurich, Institute for Particle Physics, CH-8093 Zurich, Switzeriand

“ Physics Deportment, University of Pafras, Patres, (Freece

L Imstitute for Nuclear Resenrch, Moescow 117512, Russia

# Joint Imstitute for Nuclegr Research, 141950 Dubng, Russia

hCenter for Axion and Precision Physics, IBS, Physics Dept., KAIST, Dasjeon, Republic
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December 6, 2013
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NAG4 fxyeriment

tracker/SR tagging
2 Missing momentum

'
- - I

' » 2
[ wzlo | Dark :r
s | Sector ¥ ¥

L1
| |
1

HCAL

Selection of 100 GeV electrons VETO

For NA64 a beam of 100 GeV electrons will be dumped against an ECAL, a sandwich of
lead and scintillators (34 Xo), to produce massive A’ through scattering with the heavy nuclei.

A typical signature for a signal will be missing energy in the ECAL and no activity in the
the VETO and HCAL.

Background from hadrons, muons and low energy electrons must be rejected upstream.
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NA64 Research program

Reasearch program: Searches for sub-GeV Z'boson, NHL,... coupledtoe, y, q’s.
New method: Active beam dump combined with missing-energy technique

1. Beam Purity for Light Dark Matter Search in Beam Dump Experiment
D. Banerjee, P. Crivelli, and A. Rubbia (Zurich, ETH) ‘Adv.High Energy Phys: 2015(2015)105730
2. On detection of narrow angle e+e- pairs from dark photon decays
A.V. Dermeneyv, S.V. Donskov, S.N. Gninenko, S.B. Kuleshov, V.A. Matveey, V.V. Myalkovskiy,
V.D. Peshekhonov, V.A. Poliakov, A.A. Savenkov, V.O. Tikhomiroy, |.A.Zhukov
IEEE Trans.Nucl.Sc. 62 (2015) 3283;
3. The K_L invisible decays as a probe of new physics
S.N. Gninenko and N.V. Krasnikov
Phys. Rev. D92 (2015) 034009;
4. Search for invisible decays of M0, n, n', K_S and K_L: A probe of new physics and test using
the Bell-Steinberger relation
S.N. Gninenko,
Phys. Rev. D91 (2015) 015004;
5. Muon g-2 and searches for a new leptophobic sub-GeV dark
S.N. Gninenko, N.V. Krasnikov, V.A. Matveev,
Phys. Rev. D91 (2015) 095015;
6. Search for MeV dark photons in a light-shining-through-walls experiment at CERN
S.N. Gninenko,
Phys. Rev. D89 (2014) 075008
7. The Muon anomalous magnetic moment and a new light gauge boson,
S.N. Gninenko and N.V. Krasnikov,
Phys. Lett. B420 (2000) 9;
. Proposal for an Experiment to Search for Light Dark Matter at the SPS
S. Andreas, D. Banerjee, S.V. Donskov, P. Crivelli, A. Gardikiotis, S.N. Gninenko, F. Guber et al.,
arXiv:1312.3309[hep-ex]

(0]
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search for A ->invisible at CERN SPS

Invisible decay of Invisible State!

- e- A ..+ | Dark
*": Sector
Y

3 main components :

* clean, mono-energ. 100 GeV e- beam
 e- tagging system: MM tracker + SR

o 411 fully hermetic ECAL+ HCAL

S.G., PRD(2014)

Signature:

 in: 100 GeV e- track

 out: <50 GeV e-m shower in ECAL
* no energy inthe Veto and HCAL

e Sensitivity ~ €2

Dubna, 30 july 2018
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Active target beam dump concept
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Heal vs Ecal
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The NA64 first new result from
July 2016 run

NAG64 Collaboration,
Phys.Rev.Lett. 118, 011802(2017)
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FIG. 3: The NA64 90 % C.L. exclusion region in the (m.a,€)
plane. Constraints from the BaBar [48, 55], and ET87T+ E949
experiments [47, 56], as well as muon o, favored area are also
shown. Here, o, = 22 For more limits obtained from
indirect searches and planned measurements see e.g. Refs.




arXiv: 1710.00971

Exact tree-level calculations of cross sections o(eZ->eZA").
Large corrections to the WW approximation for m,-> ~100 MeV.

102

10-°
102 102 10t 1 10

my,GeV
Plans to accumulate ~ 4x10'2 EOT after LS2

S.N. Gninenko - NA64++ report - PBC Workshop, CERN, November 21-22, 2017
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1 TeV Landau Pole i ] 1 TeV Landau Pole

Majorana Thermal DM
Pseudo Dirac Thermal DM




1 TeV Landau Pole 1 TeV Landau Pole

Pseudo-Dirac Thermal DM Majorana Thermal DM

1073
LSND

1073 10-2 107! 1072 10!

m,, GeV m,,GeV

Figure 6: The provisional NA6/ constraints in the (ap;mas) plane on the pseudo-Dirac (the left panel)
and Majorana ( right panel) type light thermal DM obtained for 2 x 101 EOT and shown in comparison
with bounds from other experiments




8Be* anomaly: a new light X boson?

7Li(p, v )®Be, M, =16.7 MeV

| PRL 116, 042501 (2016) PHYSICAL REVIEW LETTERS i e
Observation of Anomalous Internal Pair Creation in ®Be: A Possible Indication of a Light,
Neutral Boson
AT Krasmahorkey, M. Csatlds, L. Csige, Z. Giosi, J. Gulyés, M. Hunyadi, 1. Ruti, B. M. Nyaké, L. Stuhl, T. Timés,

T.G. Tomyi, and Zs. Vajta
Institute for Nuclear Research, Hungarian Acadenty of Sciences (MTA Arombki), P.O. Box 51, H-4001 Debrecen, Hungary

T.J. Ketel
Nikhef National Insiitute for Subatomic Physics, Scicnce Park 105, 1098 XG Amsterdam, Netherlands

N, (Waghied Counteh s MeV)

A. Krasznahorkay
CERN, CH-1211 Geneva 23, Switzerland and Institute for Nuclear Research, Hungarion Academy of Sciences (MTA Aiowmki), I .
P.O. Bax 51, H-4001 Debrecen, Hungary W 10 11 12 13 14 15 16 17
{Reccived 7 April 2015; published 26 Jenuary 2016) - (MeV)

FIG. 5. Invariant distribution derived for the 18.15 MeV
transition in *Be.

X cannot be A'due to

constraints from =%->Xy decay:
X

e ——

—= (uii — dd)
i Y
Fengetal, 2016 (n%->Xy)~ (8,0y-2qGa)” ~ O
2x10%< e,.<1.4x1073 if 2e,=-¢4 -> protophobic X
S.N. Gninenko - NA64 Status Report, SPSC Open Meeting, CERN, June 20-21, 2017




Search for A ->ete-

e+ . MU2 HCAL4

magnet 2

e, 100 GeV ]

« A" decay outside W-Sc ECAL1

 Signature: two separated e-m
showers from a single e

S= ECAL1xS1xS2x ECAL2 xV1xV2xHCAL
« E,;<Ey and Ey= E;+ E,
e 0.... IS small to be resolved
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Visible decays. New NA64 result-October 2017 run
with 4.5*10* EOT

New NAG64 result:

ALLOWED REGION, arXiv:1803.07748(Phys.R

J.Feng et al., Phys.Rev.Lett., 117, 071803 ev.Lett. 2018)
(2016)

1074 < e <1073

The part of this region is excluded , namely:

13%x107* <€ <42 x 1074

for

nEporT 2_5.4 f{ l'D'm EDT

my,, GeV
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Visible decays activity

11.

N Expected Bounds on X, A" e*e

Could be covered
by using Si pixels X, A" ete"
Under study.

5( T \I T T T I II T T T T TT1T1T
SINDRUM 3 v 15E5S BaBaé

103 Al 7
APEX E_

E

w ., .

104 v-Call (@) E:
E

1077 NOMAD 7]

& P5191 y

~ E137 c.HARMa

10°° 10 oV 1'00 E IR L L
mx [MeV] 10-2 10-1 1

my [GeV]
2016 - testrun
2017 > ~5x1070 EOT at 100 GeV. Analysis in progress.
2018 +.. > ~T10'TEQT at 150 GeV required

S.N. Gninenko — NA64++ report - PBC Workshop, CERN, November 21-22, 2017
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S.Gninenko, N.Krasnikov and V.Matveev,
Phys.Rev. D91(2015)095015

Proposal to look for dark photon at
collisions of

CERN SPS muon beams

u(p) + Z(P) = Z(P) + ulp) + Z.(k)

Dubna, 30 july 2018
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The experiment at CERN SPS
muon beam
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Schematic illustration of the
setup to search for dark boson

5T4 oo
1 '

X
53
-1~ = scattered |L
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Coming muon produces dark boson at the
target. Dark boson decays into neutrino or light
dark matter and escapes the detection. So the
signature is imbalance in energy for

Incoming and outcoming muons without

big activity in HCAL and ECAL
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3
10
Zu mass, MeV



S.N.Gninenko an N.V.Krasnikov, Phys.Lett.
B783, 24 (2018)
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Ly =e,Z) i n— 1T + v, v, — 7.7 1] (1)
and it leads to additional contribution to the muon anomalous magnetic moment [44]

(@3 A
Sa = _FF 2
a=EF(E), (2)

mpy

[ R0
F@”iﬂd[ (3)

(1 —2)2 + x27]

2
and o, = ;i';‘?. The use of the formulae (2,3) allows to determine the coupling constant a,,
which explains the value of the g, — 2 anomaly [16] - [29] and it does not contradict to

existing experimental bounds for mz < 2my, [29]. Namely, for myz < m, [44]

o, = (1.8£0.5) x 107%. (4)




Let us now discuss the mixing between the Z’ and ordinary photons. As it has been
shown by Holdom [19] an account of one-loop diagrams, which is in our case propagator

diagrams with virtual p- and 7-leptons in the loop, leads to nonzero v — Z’ kinetic mixing

sH ZF where € is the finite mixing strength given by

8 ee

‘T 376n2

g1

Z hﬂ%) —143-102.¢,. (6)

o

e=(6.84&1.1)-10"°




Figure 1: The NA64 90% C.L. expected exclusion regions in the (mz,¢,) plane (dashed
curves) from the measurements with the election (NA64-e, ~ 5 x 1012 EOT) [41, 42, 46]
and muon (NAG4-j1, ~ 102 MOT) [45] beams. Constraints from the BOREXINO [36],
CCFR [10], and BABAR [38] experiments, as well as the BBN excluded area [36, 47] are

also shown. Two triangles indicate reference points corresponding to the mass mz = 9

and 11 MeV, and coupling ¢, = 4 x 10°* and 5 x 1074, respectively, which are used to

explain the TeeCube results, see Ref.[36] for details.



Let us now show that an extension of the L, — L; model is able to explain today

DM density in the Universe. Indeed, let us consider the simplest SM extension with an
additional complex scalar field! ¢;. The charged dark matter field ¢, interaction with the
Z' field is

Lozt = (0" — icaZ ¢)*(0u — icaZy,¢) — mpp ¢ ¢ — As(6*0) (8)

The annihilation cross section ¢q¢q — v, Vy, VrVr for s = 4m2DM has the form?

81 2aagmiyv2,
TUpel = — 5 1.9 9o
_ 27
3 (m%, —4m3,,)



For the case where dark matter consists of dark matter particles and dark matter an-
tiparticles the DM DM — SM particles annihilation cross sestion o, = % Numerically

we find that
k(mpa) - 107°. (mDM ) (— My —4)* = S (13)
M GeV M, N b

Here the coefficient k(mpar) depends logarithmically on the dark matter mass mpys and

kpn == 0.5(0.9) for mpy = 1(100) MeV. For instance, for m s = 2.2 my we have

_ mMpnr
0.71k 107 = ay. 14
(mpar) - (1 a eV) € oy (14)




As a consequence of (14) we find that for mz < m, the values €2 = (2.5£0.7)

mpmp )2

g = (028 + Ol)k(’ﬂ?DM) . (1 GoV

explain both the g, —2 muon anomaly and today DM density. We can rewrite the equation

(15) in the form

“_ (16 % 5)b(mpay) - (-2Y )2 (16)
— = T . .
ei bM 1 MeV

So we see that for mpy > 1 MeV we have e; > ¢, i.e.the Z’ must interact much more

strongly with light DM than with the SM matter.




Light dark matter?
To be or not to be?
That's the question!
| believe the answer (positive? or negative?)
will be known in 10 years.
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BACKUP
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APEX(A-prime experiment) (1108.2750) and
HPS(Heavy Photon Search) at JLAB(USA)

11 GeV electron beam from CEBAF.
APEX —¢2=107 for 60 < m, <550~MeV
after 2018

HPS— 2210 for 18 <m, < 500 MeV
after 2019
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Both visible and invisible decays using the
reaction pp —-ppA’, A —ete- - all visible
final states momenta restoration

LERF accelerator with E_, ~170 MeV with
high intensity electron beam

e2=10° for 10 <m,< 80 MeV (>2020)
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- 4 A i
il o a

v

Visible dark photon decay searches at the

muon spectrometer at the 120 GeV Main
Injector beamline at FNAL

e2=210° for 2m < m,< 9 GeV (prompt decays)
e2>1014 .10

for m, <2 GeV (displaced decays)
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The approximate solution of the Boltzmann equation can be represented in the form [20]

Ta dT
Qgh? =876 x 1071 GeV 2 [ (91? < ovpg >)—] 7! (27)

To )
The ratio of dark particle mass my4 and freeze-out temperature T, depends logarithmically

on the mg, < ovegq >, Ty, namely [21]

?d ~ 1T+ In(< ovpeg > /1075em® 578 + In(mg/GeV ) + In(v/mg/Ty) . (28)
d

Numerically 74 ~ (12 — 20) and gt~ 3.8 for 10 MeV < Ty < 100 MeV 20]. Today

dark matter density z—j ~ (.23 [22] leads to the estimate?

< Oan(Vatbg = f e > | < v2, >= 4.4k, - 107° GeV ™2, (29)
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INVISIBLE DECAYS
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Projected Belle Il exclusion region, 20 fb!
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-3
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VEPP-3 LAYOUT

Csl calorimeter
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VEPP-3 PROJECTED SENSITIVITY

107 =
10 =
10 Ol [P —N "PADME }| @ ¥ —
1 .
W |
1077 —
EmEn Ve'to DFF MMAPS ]
1078 veto ON _
- A0 :
- N @ o _
107 W =
— 1 I | | | | | L 1111 | | | L 1111
1072 107! 1

my, (GeV)
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hodoscopes,

Micromegas, straws

BGOs

94
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Background estimates

f AY Background estimates

Source Expected level Comment

Beam contamination

-7, p, 1 reactions and <1013-10"2  |Impurity < 1%
punchthroughs,... high precision MM

- " low energy tail due to tracker + e

bremss., r, 1 -decays in flight... <1012 SR photon tag

Detector

ECAL+HCAL energy resolution, Full upstream

transverse hermeticity, <1013 coverage

holes, dead material, cracks...

Physical

- hadron electroproduction, e.g. <1073

e A->e’A* + nmp,J/y- HERA ep-dat_a

- n punchthrough, w inefficiency 5 (HT Collaboration)

- Wl process: e Z->e” Zvv <10 i aroe

Total <1072
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\q Limits on A' paramete
N

Average number of A' from Poisson distribution:
N =ngnlem. ANE, )e,(m,  AE,)

» A'yield depends on coupling, mass and missing energy
» Signal selection efficiency slightly depends on mass and Energy

PN pdn
eot APb A’ dEA!

With signal selection efficiency:
. i 1035
(0.69+0.09)<¢,,<(0.55+0.07) m

And yield predictions from MC

N, =n

dE,

dN/dE

\J

_k-?’:‘em € )2 IOMGV)Z
10% 107 M,

4
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/A Background suppression
N
$ 'Y axiv70305993 | —wow | |SRD: (BGO crystals or PbSc Sandwich)
3w \ — 100 Gav « Contamination: ~1% 1, <0.1% K, p

» ~ factor 10* hadron suppression

120
Energy deposited [

_ 1 §
...... L/ USS c

Requirements to the beam:

» Highest possible intensity (~5x10° e/spill of ~4.8 s)
* Lowest possible hadron/muon contamination

» Smallest possible low energy tails
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Dimuon production in the ECAL target by 100 GeV e-

Nice benchmark process similar to A" production

o 10’ Heal Ecal, CT,TR,SRD.OK
S U Entries 175889
. 'k Meanx  6.873e+04
> M- W Meany 25950404
Q N g axile, b ‘ |RMSx 14668404
2 e LA A WS L | BT
T z : . o -'_. -~ p p : .
100 f=
i
0=
01— ‘
0
20
VR S R ST e ST g 10"
<A ERERE RN RNV Y 1"L ;-=|-1. p"f';ﬂf feeas by B
10000 20000 30000 40000 50000 60000 70000 80000 90000
FH'“_ ECAL, MeV 99
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Dark photon in n° decays

Decay (if no light dark sector)

Production (kinetic mixing)

Al

A2 2
0 B F(A‘ —s €+(;’_) — gEQMAI 1— —1'?”2(_, 1+ an;
(: 3 MA' MA‘

0 ! 2 3
BR(x O_:' VA ) ~2e | F(Mj) F11= Mzi Batell, Pospelov and Ritz, PHYS. REV. D 80, 095024 (2009)
BR(x" = yy) : — .

x 100

0.50 -

] BR(1&') (BR(z*>11) vs My |

F1 i valid for s2«1

0.1 0.2 0.5 1.0 20 5.0 10.0

i i i ] i iy (GeV)
%02 0.04 0.06 008 01 0.1 My <M, and no lighter wrt A
My, GeV/c? dark sector particles exist BR(A'—e*e)=1
10

Mauro Raggi, Sapienza Universita’' di Roma
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/pot/=2%Ap/p within +0.1mm+*12(0.6)mrad

W T T

SPS e- beams

e H4, | .~ 50 GeV e-

« 1012 pot per SPS spill,

» ~ 5x10° e- per spill

o duty cycle is 0.25

« ~10'% e- / month
additional tunning by
a factor 2-3 ?

e beam spot ~ cm?

e beam purity <1 %
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MeV A" production and decay

R

. bremsstrahlung A’
i

e Z->e Z A'cross section 0, ~ €2 (m./M, )0, ; Bjorken'09, Andreas’12
* decay rate [ (A'-> e+e-) ~ 0e” M, /3 is dominant for My<2 m,,
e sensitivity ~¢* for long-lived A", typical for beam dump searches

For 10°< ¢ <103, M,.< ~100 MeV

e very short-lived A™: 10*< 1, <10%%s
e very rare events: 0, /o, < 10°-107

|

* A energy boost to displace decay vertex,
£ ~104, M, ~50 MeV, E,-~100 GeV, Ly;~1m
e background suppression
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