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Neutrinos in the Standard Model

* Neutrinos v" Neutrinos do not have electric charge. They only interact weakly.
v, Vy, Ve * So, we see only the by products of the weak interactions.
v Ve, Vi, Vg Protgn R

* Interacts only through weak force i Muon
v' Mediators: W#,Z° {UELHPEPEEEEE A oo, Michel &

vV m, =0 Proton Vet noe+p

v'Neutrinos are left handed Electron

- anti-neutrinos are right handed | v. charged current

— P’.°t_‘f" g V+ XV + X
\Y \Y T
ﬂ» momentum _@» momentum n° (=yy) '1--_"..
~¢— spin — spin "
Neutrino Antineutrino Neutral Current
(left-handed) (right-handed)

v'Quite abundant: 100,000 billion pass through your body each second from the sun.
-Will stop ~1 neutrino which passes through it in a lifetime!

Neutrino interaction cross sections are small, O(10738 cm? /nucleon) at 1 GeV.
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Neutrino Sources

v'Solar: 0.1 — 15 MeV

- from fusion inside the stars
-85% fromp+p> dte + Ve

v'Man-Made: ~few MeV
- Nuclear reactors - byproduct

v Man-Made: ~0.5 MeV — 18 GeV
-Particle Accelerators

v’ Atmospheric: ~ MeV- 200 TeV

- Proton (from outer space)
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oW On Average 2 muon neutrinos are produced for

every electron neutrino in the atmosphere.
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Neutrino: A new Ildentity in the last 25 years!

Standard Model

= Neutrinos interact through weak
interaction.

= Lepton flavour is strictly conserved.

= Neutrino have zero mass.

Neutrino oscillations & Relative Neutrino Masses (confirmed by
SNO, SuperKamiokande, T2K, NoVA etc.)

= Observed neutrino oscillation itself is a great triumph
= Macroscopic manifestation of quantum effects.

* |ndicates non-zero mass for neutrinos
= Huge impact in particle physics & cosmology

= Neutrino mass states are different from flavor states.
= As neutrinos travel, they change flavor

= Beyond standard model.
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Neutrino Mixing

= Neutrinos mix, just like the quarks

) = ) Ve Ivic 1
k

0 0 13 0 S]g(_mr‘p Co1 S12 0 em 0 0
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Majorana

witha = e, U, Tand Uy is the unitar

matrix.

y

V, Long Baseline

V. OV, V,

Reactor Short Baseline
V, Long Baseline

Solar
Reactor Long Baseline

= PMNS matrix. CKM matrix for quarks

= Unlike the quarks, mixings are large
= All mixing angles and mass splitting
have been measured.

Long Baseline Accelerator Experiments

v oscillations can be described by 2 Am?,

3 angles, and one complex CP phase

C K M P M N S Parameter | Main method(s) | Source(s) Status
019 Oscillations solar, reactor known
d S b ) V. v 023 Oscillations atmospheric, accelerator known
1 ? 3 013 Oscillations reactor, accelerator known
dcp Oscillations accelerator hints
| . v . - a, B Rare processes double beta decay unknown
€ Am2, Oscillations reactor, solar known
|Am§2| Oscillations reactor, accelerator, atmospheric | known
Ordering (sgn Am%z) Oscillations reactor, accelerator, atmospheric hints
c [ ’ VU- . - mi23 Kinematics B decay, cosmology limits

«~ 0
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0,3 and |Am3,|

«  Atmospheric neutrino oscillations are sensitive to Am%, and 6,5.

* Signature: disappearance of upward-going g imem

Sin2023

|Am3,| [10~3eV?]

muon like interactions and the subsequent Antares

appearance of tau-like interactions, if the

tau can be reconstructed

* T2K and NOvVA also reported new
results from accelerator

IceCube
Super-Kamiokande (Super-K)
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New results from IceCube and Super-K using
atmospheric neutrinos

. 0.0035
Nova best fit: Normal hierarchy
Am?2;, = (2.41+0.07)x1073 eV?2 2.9%
Sin2023 = O.57+0'04_0.03 ~6% § 0.003
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All measurements are consistent with maximal mixing, though
Super-K has a weak (~10) preference for the second octant.
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912 and Am%1

Solar neutrino measurements have the best sensitivity to constrain the so-called
solar mixing angle 8;,and to a lesser degree, the Am3, mass splitting.
* Relies on the validity of the SSM predictions for solar neutrino fluxes.
e Electron-neutrino survival probability (P.,) of solar neutrinos is measured in the
energy range of ~ 1 MeV to about 15 MeVW.

_ _ High-precision measurements of 8 solar neutrinos
* Reactor anti-neutrino data from KamLAND by Super-K and SNO dominate the combined fit

provides complimentary measurements. to all solar neutrino data.

¢ Tension between solar and reactor result, "« gs T A
< 6
150 sin(6),) = 0.316%093¢ g A
Ar 71221 = 754t8}z X 107eV? c\'> ;;2(@‘2)=0316<gggg ‘ Am§‘=(71548‘.2) “1;3"545‘\/‘2 ‘s‘i;;(‘ém‘);d.()“zHéi‘o‘.o“o:ﬁ !
. " () |sin%(®,,)=0.306+0.014 Am2,=(6.11+}2}) 10°%eV?
sin“(6;,) = 0.305+£0.014 D) ITeR03088E  am(rStY 0%
Am3, = 6.1019% x 1075 V? z 15
sin?(6,,) = 0.3050013 wF
Am2, = 7497019 % 10-5eV? <0
JUNO can simultaneously measure Am3,
and 64, using reactor anti-neutrinos and 5
solar neutrinos '
* Hyper-K will improve the solar results.
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913 and Am%z

* Reactor experiments use the inverse f —decay ot T S Ay
. . . . 5 -.. (+0.67 :.-y’A
reaction with prompt and delayed y signal to s e T L e
detect anti-neutrinos with liquid scintillator target B e
El’()mpt I I N()l‘llli::‘ll;&: ::r(ll(t)‘ring
VetPp e+ w -
Ve p - ~180 us A111232 (NO) MINOS + —_—
+p—>d+vy(22MeV) ' _)
+ Gd 9 Gd* 2.2 23 li.’:,%ﬂ ”;2': e 2.6 2.7 2.8
~3O H.S ’ D By G Inverted num:i]«:fng
for 0.1% Gd L Gd + Y's (~8 MeV) [
* Event rate without oscillation ~ 1 (ton.GWy,.day)? A% d0) s, e
e Survival Probability: 8;,term is negligible at DayaBay :
baseline. S e
PV, - 7v,)=1 —[sin22913 [coszelzsinz (AZ:I%;L) + sin8,,sin? (%)]] e %SE
] T <
—[cos4013sin220125in2 (A?Z—?L)J 5_
. \ _ 28F Normal hierarch
* New results from DayaBay using neutron-Gadolinium 27k Y P
(nGd) capture. 3 22 /
(e} DF
sin?260;3 = 0.0853 109024 (2.8% precision) =, 24F
5 23 AN
Normal hierarchy: ~ Am3, = + (2.454700°7) x 1072 eV? 2.2F N
' (2.3% precision) ’1 F
. . 2 —+0.057 -3 2 I A TN SN BRI PR EPEPENE SR AP VS PP PRI
Inverted hierarchy: ~ Amj3, = — (2-559—0.057) x 107" eV 0.07 0.075 0.08 0.085 0.09 0.095 0.1 51015
sin*20, , Ay?
Bipul Bhuyan | India-JINR Workshop 16/10/2023




Known Unknowns: CP Violation

= One of the major questions in physics which is yet to be understood
=  Why the universe is mostly matter? Where is anti-matter?

=  Possible answer is CP Violation
= The observed CP violation in the quark sector is too small to explain this
= CP violation in the lepton sector

will shed more light on the problem 0 NO [NuFITs.2(2022)

* Measurement of §¢p is critical. | ssH T[T UL T

] L "\ s R+NOVAX _

Some experiments slightly favor (< 30) . B (=g

L — R+ T2K B

5CP""27OO (—900) Néf L R:LBL-comb i

. 55 N\ 7
Combined results from Reactor +LBL || [ 40 1T

Experiments is far from stable. s — ~——— | SRV A

11111 | 11111 T I_-I—l | | | TS - = E|
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8CP ESCP

v" DUNE and HyperK can provide a definite answer.
v" Further improvement may come from KNO, ESSnuSB
and THEIA.

Bipul Bhuyan | India-JINR Workshop 16/10/2023




Known Unknowns: Neutrino Mass Ordering

= So far only the mass squared difference between neutrino mass states have been
measured
= Two states have similar mass, one is different

= |sit 2 light states + 1 heavy state or 2 heavy states + 1 light state?

m? 4 Am?2
N v
+ 3 . V9
Anlsol
n
Z
A7n’atm
2
Afrn’atm
v
1P
A’rngol v
41 T s
Ve VH Vr

Normal Hierarchy (NH) Inverted Hierarchy (IH)

= No concrete evidence of mass ordering from individual experiments such as T2K,
NoVA and SuperK.

* Global fit seems slightly prefer Normal Ordering (< 30)
e Definite answer will come from DUNE, JUNO, HyperK, ORCA and IceCube.
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Known Unknowns: Neutrino Mass

= Yet to be measured. Exisitng limits:
= Cosmological observations: ), m; < 0.12 eV (95% CL). Strongly relies on the underlying cosmological
assumptions
* Neutrinoless double B-decay experiments: mgpg < 0.04 — 0.16 eV (90% CL), depending the on the
nuclear matrx element calculation.
= In contrast to m,, the effective mass in double-beta decay is given by mgg = | X, UZm; |
= Limitis only valid under the assumption that neutrinos are their own anti-particle (Majorana
particle)
= Search for Qv decays is a no loss game:
= |If OvBS decays are seen = Majarona neutrinos, lepton number violation
= If no OvfS[ decays upto |Mﬁﬁ|~0.001 el — lightest neutrino mass can be determined to
be ~5 meV.
=  Sophisticated experiments to measure the end point of the beta decay spectrum.
= |ndependent of cosmological model or the nature of the neutrino particle (Majorana or Dirac)

1100 -

0

m,=10eV —— S
- g
Latest result: © / ]
m, < 0.8 eV from T E
v . F ]
KATRIN (2022) KARNGoa)

arXiv:2105.08533

Future of -decays: Project 8: Cyclotron y

Radiation Emission Spectrosco CRES
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Deep Underground Neutrino Experiment

* Muon neutrinos/antineutrinos from high-power proton beam
v’ 1.2 MW from day one; upgradeable to 2.4 MW

* A Massive Liquid Argon TPC Far Detector in South Dakota, located ~ 1.478 km
underground in a former gold mine.
v' 4 modules, 70 kton of liquid Argon.

* A Near detector complex with multiple detectors, located approximately 575 m from
the neutrino source at Fermi Lab
v Characterize the beam with 100s of millions of neutrino interactions.

South Dakota 1300 km
~ sanford *  Chicago

Underground Fermilab
Research
Facility
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The DUNE Collaboration

As of today: 60 %lnon-US

1400+ collaborators fron'1 200 institution\s in 32 nations

Armenia, Brazil, Bulgaria, Canada
CERN, Chile, China, Colombia,
Czech Republic, Spain, Finland,
France, Greece, India, Iran, ltaly,
Japan, Madagascar, Mexico,
Netherlands, Paraguay, Peru,
Poland, Portugal, Romania,
Russia, Korea, Sweden,
Switzerland, Turkey, UK, Ukraine,
USA

DUNE: a fully international science collaboration

LBNF (Long Baseline Neutrino Facility): US(DOE)-hosted project
with international contributions

ST gy

AON:
Bipul Bhuyan | India-JINR Workshop 16/10/2023 ;f@f
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DUNE Far Detector

= Located at Sanford Underground Research Facility (SURF)

* 1 mile underground at Homestake mine in South Dakota
e SURF already hosts particle physics & <
experiments
* Excavation for DUNE has already started.
* Requires excavation of -
875,000 tons of rock

= 4 modules with 70-kt LAr-TPC in total

* Each module contains 17 kt of
liquid argon, 18 x 19 x 66 m3 volume
DUNE {- 1 Horizontal Drift (HD) Module (like ICARUS and MlcroBooNE)

Phase-I| * 1 Vertical Drift (VD) Module
e 2 Modules of Opportunity: Yet to decide on the design

= Why liquid Argon?
* Argon scintillates: 20,000 photons/MeV
@500 V/cm
* Argon can be easily ionized: 55,000 electrons/cm

Bipul Bhuyan | India-JINR Workshop 16/10/2023 14



DUNE Far Detector: LAr TPCs

Neutrinos interact in Argon producing
charged particle
Argon scintillates, light is detected by
photon detectors
Charged particles ionize Argon, electrons
slowly drift to anode
Anode is instrumented (readout wires)

*  Combining with light, reconstruct 3D

events.

Sende Wires
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LAr TPC provides:
e Excellent 3D imaging
* few mm resolution over large volume
* Excellent energy measurement
* Fully active calorimeter
* Allows particle ID by dE/dx, range, event
topology
* Excellent at imaging neutrino interactions
* Both high energy (~ GeV) and low
energy (~ 10 MeV)

Major (and exciting) challenges

Scaling technology to very large detector volumes

16/10/2023
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The LBNF Beam: PIP Il

« Goal: Deliver world-leading beam power to the U.S. neutrino
program while providing a flexible platform for the future

- 1.2 MW (~10'4 POT/s) to LBNF over 60-120 GeV; upgradable to 2.4

MW
* Scope f\/ Horn focused neutrino beam line )
— 800-MeV SC Linac optimized for CP violation sensitivity
— Modifications to Booster, - Both neutrino (FHC) and anti-neutrino
Recycler, Main Injector (RHC) modes.

: i - v/vV energies between 0 to 8 GeV.
. Broad international effort \_ /v energies betw Y,

— India is deeply involved in R&D and

Construction phases Neutrino Flux at SURF, 1300 km away
Forward Horn Current (FHC) Reverse Horn Current (RHC)

10"

-
o
©

v fluxm?GeV/1.1x102'POT at FD
=

107 | ] 107

0 1 2 3 4 5 6 7 8 9 10 0o 1 2 3 4 5 6 7 8 9 10
Energy (GeV) Energy (GeV)
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Absorber Hall Target Hall Complex
Service Building
LLLLLLL

Near Detector (ND) — Phase | S

v" Role: constrain systematic uncertainties
needed in oscillation analyses
* Precisely measure un-oscillated beam

neutrino flux
 Measure multiple interaction cross-section channels.

PRISM

Detector Travel Up To 30 m
Off-Axis Beam Measurement J

v ND Ha” |OC3.tIOn Temp. Muon Spectrometer
L] 574 m fro m LB N F ta rget Magnetized Steel Stack, Polystyrene

* 760 m underground (SAND Beam Monitor )
v" An integrated system composed of L ff:f;‘””J
multiple detectors:
* Highly segmented LArTPC (ND-LAr)
* Same target as FD
* Temp. Muon Spectrometer (TMS)
* Upgradeable to ND-GAr, Phase-l|
* System for on-Axis Neutrino Y
Detection (SAND): Interest of Indian In’stltutlons

v’ Capability to move part of ND for off-axis measurements, sampling different E,
spectra 3 DUNE PRISM Concept

%& b
Bipul Bhuyan | India-JINR Workshop 16/10/2023 f@f 17
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DUNE Prototypes

v" DUNE prototypes are being built at CERN and tested with charged particle beam
v 2x1 kton cryostats used to validate FD components at full scale.

v Successful run from 2018 — 2020 and spring 2023.

@ JINR

=7

uuuuuuuuuuu

ArgonCube 2 x 2
ND-LAr Demonstrator

First R&D and physics results 4 independent modules,
[JINST 15 (2020) 12, P12004 Test in NuMI beam

scheduled in 2022 o

Bipul Bhuyan | India-JINR Workshop 16/10/2023
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DUNE Neutrino Oscillation Strategy

Measure neutrino spectra at 1300 km in a wide-band beam

* v, appearance probability depends on 83, 8,3, 65, and matter effects.
All four can be measured in a single experiment.
* Wide-band beam covers 15t and 2"? oscillation maxima

0.20
] 1300 km
0.18 Normal MH
0.16
.-
0.14 - Bep=0
2012 Sep = 112
T — ;. = 0 (s0Olar term)
0.10
Z
o 0.08
0.06
0.04
0.02
0.00%

Neutrino Energy (GeV)
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Oscillation Sensitivity for DUNE

* Reconstructed spectra of

selected CC-like events S

* Includes full FD systematics &

=

e 3.5 years neutrino beam mode :u

i

e 3.5vyears anti-neutrino beam

mode

 ~1000v,/v, eventsin 7 years

)

« ~10,000 v, /v, eventsin 7 years §

: . o

* Simultaneous fit to four spectra &

to extract oscillation g

parameters =

=

e
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Neutrino Mode

DUNE v, Appearance
Normal Ordering
sin?20,, = 0.088
sIn0,, = 0.580
3.5 years (staged)
—j— Signal (v, + V,) CC
[ Beam (v, + V) CC
NC

""""""

Events per 0.25 GeV

6 7

5 8
Reconstructed Energy (GeV)

DUNE v, Disappearance
sin®,, = 0.580

Am3, = 2.451 x 107 eV?
3.5 years (staged)

~

— signal v, cC
v, CC

[ NC

I (v, + v.) CC
(v.+ V;)CC

Events per 0.25 GeV

1 2 3 4 5 7 8

6
Reconstructed Energy (GeV)

Eur. Phys. J. C 80 (2020) 10, 978

@ o
IR I
IS

Antineutrino Mode

DUNE ¥, Appearance

Normal Ordering

sin?29,, = 0.088

sin6,, = 0.580

3.5 years (staged)

—4— Signal (v, + v,) CC

I Beam (v, + V,) CC
NC

B (v + v,) CC
.+ v) CC

Events per 0.25 GeV

e B = K2
—bp=0

5 6 7 4 8
Reconstructed Energy (GeV)

= 350 -

8 DUNE v, Disappearance
5 sin’s,, = 0.580

& 300 AmZ, = 2.451 x 10%eV?
- 3.5 years (staged)

2 250 —— Signal v, CC

2 @ v, cC

< I NC

G 200 B (. + v.)CcC

v.+ v) CC

2 3 4 5 6 7 8
Reconstructed Energy (GeV)

£
%
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CP Violation Sensitivity

CP Violation Sensitivity dcp Resolution
[ DUNE Sensitivity — mecwgenrs 45 DUNE sensitivity p—rT—
12— All Systematics 624 kt-MW-years All Systematics I 624 kt-MW-years
[ Normal Ordering = Median of Throws 40 Normal Ordering 1104 kt-MW-years
[ sin’20,, = 0.088 +0.003 o M e sin’20,, = 0.088 + 0.003 e o
10}-0.4 <sin®,, < 0.6 WSS, Mwom———" 35} sin%,, = 0.580 unconstrained b
" and oscillation parameters 'a
: £ 30 |
N _e o Width of the band
N = 25 . L
g E 1 indicates variation in
n g = .
b F 2 the possible values
E (7]
4 N &:- Of 02 3
=
o
91" 08-06-04 02 oP/7t 0.2 0.4 06 08 1 01 08-06-04 020 02 04 06 08 1
C C

* 50 discovery potential for CP violation over > 50% of 6., values

« 7 — 16 resolution to Ocp, With external input only for solar
parameters.

* Simultaneous measurement of neutrino mixing angles and 6.p

gakig
&&&w im,,’}
2
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Mass Hierarchy

Mass Hierarchy Sensitivity DUNE low exposure, PRD 105, 7,
40 072006 (2022)
- DUNE Sensitivity e 336 kt-MW-years
[ All Systematics T ey 20E DUNE Sensitivity R —
35 —Normal Ordering === Median of Throws 18[-All Systematics e 100 kt-MW-years
5 s|n220 =0.088 +0.003 10: Variations of Normal Ordering —_— :-:d::u::::-
- 04< 8?“2923 <0.6 statistics, systematics, 16 3'22:(:';“‘:9:0::: i statistics, systematics,
30 __ and oscillation parameters m and oscillation parameters.
- ) 14
. O 12
25
L - < 8 |>2§ 10 N H
o~ C // \ —_—
\>Ef 20 N 8
/ AN i (e]
. S ‘
15 — X, af
10~ 0o 6 G:""'“'“""""""""""""""'
n -1 -08-06-04 —CI.Z8 0 02 04 06 08 1
- Cl
5 = “ DUNE Sensitivity 66 kt-MW-years
: 18 All Systematics 100 kt-MW-years
Inverted Ordering = Median of Throws.
G-lllllllllllllllllllllllllllllllllllllll 16 sin®20,, = 0.088 + 0.003 :.:::'"“":‘:'M
-1 08-06-04-02 0 0.2 04 06 08 1 0.4 <sin’0,, <0.6 pls e

and oscillation parameters

Scp/n 14

* Mass hierarchy determination: > 50 for all parameter o
values

IH

*  Even by exposure of 66 kt-MW-yr, probability to extract
wrong ordering < 0.01

1 -08-06-04-02 0 02 04 06 08 1
(=

With 1.2 MW beam running, DUNE will need only 1 -2 years
to measure mass ordering definitely.
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DUNE Near Detector: Indian Interest

O The Indian group on DUNE has shown interest in the Near Detector since LBNE era.

<*Interest has been on a high resolution STT tracker, surrounded by an plastic scintillator
based ECAL, and a RPC based muon detector inserted in a dipole magnet.

The signing of the Annex-ll of the agreement between DAE (India) and DOE (USA) in April
2018 is the result of such interest by the Indian physicists.

Annex Il (operative part of agreement signed between Secretaries of DoE and DAE)

% |B.  Technical Cooperation

1. Detector technology for the Deep Underground Ncutrmo Experiment
(DUNE), hosted by the United States
a. Liquid A;gon Tlme Pro_wcﬂon Chamber (FPC) components
b. Magnet .
igh precxslon charged partlcle tracking
lectromagnetlc and hadron calorimeter
Muon ‘
High performance electronics o "\to‘(:.) A ?;0@“‘
High performance computing 1. 1\\%&@&?{2&“‘& .
High power particle beam system. 03“600“

Tge Th O O
- . . - .
: RSN
< AR i Sy 2
a2 o R A RN
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DUNE-India

<>DUNE-India group proposes major contribution to the STT
construction for the SAND Detector under Annex II of the
agreement between DAE and DOE:

<STT is the central tracking detector of SAND. Core cost of the
detector is about 6.5 M USD including the contingency.

<Propose to setup STT production facility at IITG, PU and NISER.
Closely working with our colleagues at JINR on the ongoing
prototyping activities and analysis of the test beam data at CERN.

<-Possibility of further expansion of the collaboration with JINR
with adequate resources.

111023 N




Summary

(J DUNE will use a broadband beam and long baseline (1300 km) to make precise,
simultaneous measurements of the mass ordering, the CP-violation phase, and
the neutrino mixing angles.

4 The large mass, high granularity, and deep underground location of the DUNE
far detector also provide good sensitivity to BSM physics.

 Several successful run with the protoDUNE. Expect first DUNE FD data in 2028,
oscillation physics starts at the end of this decade.

U India is playing a major role in the PIP-Il accelerator upgrade program at Fermi
Lab.

] India is set to reap the benefit by actively participating in the DUNE science
program.

] Active collaboration with JINR for the construction of the STT based tracking
detector for SAND.

Bipul Bhuyan | India-JINR Workshop 11/10/23
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| NuFIT 5.1 (2021) |

Bipul Bhuyan | In

Normal Ordering (best fit) Inverted Ordering (Ax? = 2.6)
bfp +1o 30 range bfp +1o 30 range
sin? 612 0.30470°015 0.269 — 0.343 0.30410012 0.269 — 0.343
8
5 | 01/° 33.447077 31.27 — 35.86 33.457077 31.27 — 35.87
o
E’ sin? 63 0.5737003% 0.405 — 0.620 0.57810-017 0.410 — 0.623
g | 02/° 49.2719 39.5 — 52.0 49.5719 39.8 — 52.1
g
= | sin?6y3 0.0222070-00968  0.02034 — 0.02430 | 0.0223875-009¢7  0.02053 — 0.02434
S| 0130 8.57+0:13 8.20 — 8.97 8.6010-12 8.24 — 8.98
i)
=
§ dcp/° 194752 105 — 405 287127 192 — 361
® Am3
ﬁ 7.421020 6.82 — 8.04 7.421020 6.82 — 8.04
Amge +0.028 +0.028
TosovE | TROISIOGER 42431542509 | —2498%005 2584 - —2.413
Normal Ordering (best fit) Inverted Ordering (Ax? = 7.0)
bfp +1o 30 range bfp +1o 30 range
sin? 612 0.30470012 0.269 — 0.343 0.3040015 0.269 — 0.343
g | 62/ 33451077 31.27 — 35.87 33.457072 31.27 — 35.87
5]
2 | sin® 623 0.45079012 0.408 — 0.603 0.57019-016 0.410 — 0.613
(5]
% 023 /° 42151 39.7 — 50.9 49.0799 39.8 - 51.6
<§ sin? 6,3 0.0224670-00062  0.02060 — 0.02435 | 0.0224175-9097%  0.02055 — 0.02457
X 613/° 8.627012 8.25 — 8.98 8.617019 8.24 — 9.02
£ | 6cp/° 230736 144 — 350 278122 194 — 345
=
Am%l +0.21 +0.21
W 7.42_0_20 6.82 — 8.04 7.42_0_20 6.82 — 8.04
ia-J A H orkst op 40.027 40.026 19/39/63
m +2.510_0‘027 +2.430 — +2.593 _2'490—0.028 —2.574 — 2!
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CAD model of
full STT assembly:

78 CH> modules
7 C modules
5 tracking modules

FV mass:
4.7 t CHz
557 kg C

Number of straws 234,272
Total straw length (m) 753,073
Straw outer diameter (mm) 5
Average straw length (m) 321
Maximal straw length (m) 3.87
Total straw film area (m?) 11,823
Total straw internal volume (m®) 15
Total length of C-composite frames (m) 1,207
Number of modules 90
Number of modules with CH, target 78
Number of modules with graphite target 7
Number of tracking modules (no target) 5
Number of straw planes 372
Number of FE boards 458
Number of HV channels 372

Number of LV channels 115 Prototype 50cm x 50cm tested at JINR with
VMM3 readout FE boards from Mu2e (BNL)
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SUMMARY

OF FLUX MEASUREMENTS

4 Relative v, flux vs. E, from exclusive v,p — p~pr™ on Hydrogen: < 1%

v < 0.5 GeV

flattens cross-sections reducing uncertainties on E,, dependence.

4 Relative v,, flux vs. E, from exclusive v,p — p™n QE on Hydrogen: < 1%

v < 0.25 GeV|:

uncertainties comparable to relative v,, flux from v,,p — p~pr™ on H.

4 Absolute v, flux from ve~ — ve~ elastic scattering: < 2%
=—> Complementary to measurement in LAr TPC with small systematics

4 Absolute v,, flux from QE v,p — pu™n on H with|Q? < 0.05 GeV? |: ~ 135k in RHC

4 Ratio of v. /v, AND v, /v, vs. E, from CHy (& H) targets

=—> Excellen

t e* charge measurement and e* identification (~ 75k v, CC in FHC)

4 Ratio of v, /v, vs. E, from coherent 7~ /m* on C (CHy and C): 3.5-7%

—> Excellen

t angular resolution (t variable) and light isoscalar target

4 Determination of parent y/7 /K distributions from v(v)-H (& CH,) at low-v
= Direct in-situ measurement for flux extrapolation to FD
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Schedule summary:

LBNF/DUNE

2028

2031
am s 2019 p.rii 0 xus Paeil ) s xue 2007 2 o
mmmmmmmmmmmmmmmnlwmmmmo’mmwmmmmmmmmmo‘mmmmummmmmmmmmmmmm
ICD Milestone .mcwm
@ co-rr
FCrER ] caverr & 0r# Excavation
mmws«mm
FSCFBsI I suiiding & Site Infrastructure
FOC Far Detector Components #1 - Design and Fabrication
Far Detector #2 Components - Dezign and Fabrication
Cfyostat #1 Set-up and Installation| |
Q\ Cryostat #2Setupandinstallation| ]
Q& Crogencs s coc [
A’ e
00 Detector Inztall®2
e Instail and commission Lar Pumps #1111
O Purge. Cooldiown and Fill Cryostat #1 [N Task Type
0 Purge, Conidown and Fill Cryostat #2 to 40% - KPP DOE Task I
0\‘ Cobmerkssian Dited DOE & NonDOE Tazk !
né s St bt Milestone
NSCFB

Beamline Design

Horn Plototype Testing/ Horn A B, C Fab/Aszemble
ey ———————————

§iS Conventional Facilities - Funding Start Corstraint @
Target Complex Conztruction & Beam Inztall
Absorber Complex and Decay Pipe Construction and Beam Install
Primary Beam & Extfaction Enclasure Construction and Beam Install (incl Long Shutdown)

ND

DUNE Science begins when the
FD1 is filled and turned on and
start recording tracks.

Beam Checkout Complete (NS Kig:

o re——
P m—————s

Procure. Fab, Testing and Deliver - Muon Spesrometer [

Procure, Fab and Azsembly of C Cryo Threshoid I

Pridm, Detatctof and Cryo Threshold instalitior) and| vk
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BSM Searches

DUNE can also look for beyond
Standard Model (BSM) physics

* Non-standard neutrino
interactions

e Sterile neutrinos
e Dark-matter searches
* Nucleon decay

* Many others

Bipul Bhuyan | India-JINR Workshop

Sterile Neutrino Sensitivity
(v, CC appearance at ND)
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Sensitivity vs. time

Mass Hierarchy Sensitivity CP Violation Sensitivity

12
L. DUNE Sensitivity (Staged) B o5 =-n/2 | DUNE Sensitivity (Staged) B 5 = /2
4 2}—Normal Ordering [ 100% of o, values L Normal Ordering [ 50% of 5, values
- sin’26,, = 0.085 = 0.003 Nominal Analysis - sin’26,, = 0.085 = 0.003 [ 75% of 8, values

" sin®0,,=0.441:0.042 AF --e-e- 0,5 & 0,, unconstrained 10}—sin0,, = 0.441 = 0.042 Nominal Analysis
10 B - messes 0,5 & 0,5 unconstrained
N [ o
SR
< 6

Years

Important sensitivity milestones throughout beam physics
program
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SN Neutrinos in DUNE

O LAr provides unique sensitivity to v,: v +*°Ar—e-+40K*

1 About 3000 v, events in 10 sec from SN at 10 kpc

 The time structure of the SN signal during the first few tens of ms after the
core bounce can provide a clear indication if the v, burst is present, and
makes it possible to distinguish between different mixing scenarios

40 kton argon, 10 kpc

80

nfall,  Neutronization

'_g ET ' Accretion Cooling
8_ 70 ;_ E —— No oscillations
2 60 = : —}+— Normal ordering :
C — ] : . :
) - ! : —+— Inverted ordering :
> — 1 : :
M S0 é é
s0f |
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20 =1 i
= I e e
10— ]
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SN Neutrinos in DUNE

O LAr provides unique sensitivity to v,: v +*°Ar—e-+40K*

1 About 3000 v, events in 10 sec from SN at 10 kpc

 The time structure of the SN signal during the first few tens of ms after the
core bounce can provide a clear indication if the v, burst is present, and
makes it possible to distinguish between different mixing scenarios
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Two Far Detector Modules

* Horizontal Drift Module
* 3.6 m horizontal drift
* Anode-cathode-anode-cathode-anode
geometry
e Charge readout with wires
* Photon detectors in anode planes

* Vertical Drift Module

Evolved from dual-phase design
* 6.5 m vertical drift
Anode-cathode-anode geometry

Charge readout via printed circuit
boards

Photon detector in cathode plane
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