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Talk Summary

In this talk I will describe searches for differences between matter and anti-matter
with neutrinos. More specifically, I will focus on neutrino CP-violation and neutrino
mass. Today’s discussion will cover some of the efforts we are putting together to

probe these quantities. I will describe new experimental probes in areas of long-baseline
and OVf3f} searches.

* Introduction
* Neutrino oscillation physics
-Illustrated with Zelimir’s former and current experiments
* CP-violation
* Majorana neutrino
* Neutrinoless double beta-decay
-EXO
* Alternative ways to discover Majorana?
e Summary



Standard Model of Particle Physics
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The Particle Uiverse

protons

* Neutrinos are the most abundant
matter particles in the Universe
after photons

-336 cosmic neutrinos/cm?
(comparable to 411 CMB photons/cm? )

Neutrinos only interact through
the “weak force” and gravity

Neutrinos are very light

-neutrino mass < 10~%electron mass

Neutrinos play a crucial role for

electrons -energy production in the Sun

neutrons

-nucleo-sysnthesis: BBN, SN
-generating the baryon asymmetry of

dark matter, the Universe => Matter




Neutrino Sources

Neutrinos come from “everywhere”

Nuclear Reactors

Particle Accelerators

Earth’s Atmosphere
(Cosmic Rays)

Earth’s Crust
(Natural
Radioactivity)

Sun

Supernovae
(star collapse)

Astrophysical Sources

Big Bang
(330 v/cm?)



Neutrino Oscillation

e It has been observed that neutrinos change a flavor when travelling
over a distance.

______________ ________HT_._.._.,_.._.._.._.._.._.._.._.._.._.._.._.._.._.._ .
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v detector

* Explained by neutrino mixing:
-Neutrinos have (different) masses: m;, m, , mjs.
-Mass states (v;, v, , v3 ) and flavor states (v., v, , v, ) (objects that participate in weak
interaction) are not identical.
-Such behavior may be explained by quantum mechanics, if the flavor states (v, v, , V;)
are a linear combinations of the mass states (v, v, , v3 ).

‘Va> = EUak|Vk> (OC = €,M,T)
k=1



Neutrino Oscillation

Spontaneous change of neutrino flavor is what we call a neutrino oscillation.

Oscillation probabilities for an initial muon neutrino
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Example: Assume only two neutrinos v,, v, mix

[V, (t)> = -sin O [v,;>+ cos O [v,>

L is the distance from point of creation
of neutrino beam to detection point
Am? is the difference of squared

mass of the two neutrino states

0.0,4 1o 2000 3000 L[k
J L/E (km Ge) P, =sin?20 sin? 1.27 Am2[eV?] | _LkmI
100% vy, | 100% vy E[GeV]

100-x% v, x% (V. + Vq)

I 0 is the mixing angle I

I E is the energy of the neutrino beam I

-We know there are at least three neutrinos out there.

-With three known neutrinos the mixing of flavor and mass eigenstates is written in a form
of so-called PMNS (Pontecorvo—Maki—Nakagawa—Sakata) matrix:

Ve Uel UeQ UeB 1
Yy — U/.L 1 U/.L2 U/_l, 3 V9
Vr UT]. UT2 UT3 V3




Neutrino Oscillation

-PMNS (Pontecorvo—Maki—Nakagawa—Sakata) matrix:

Uel UeZ UeS
U= |Uu Up U
_UTl U7'2 U7'3_
1 0 07[ c3 0 spe®][ e s 0][em2 0 0]
=10 co3 S93 0 1 0 —819 c19 O 0 e/
|0 —s23 co3) | —s13¢® 0 ¢35 | L O 0 1f] o 0 1]
[ C12C13 812€13 size 0| [ ei/? 0 0]
= | —s12c23 — C12893513€  Ciaco3 — S12823813€°  Sa3Cis 0 el2/2 ()
| S12823 — C12C23813€”  —C12893 — S12C23813€°  cozci3 | L O 0 1]

* Mixing angles: ¢; = cos 6;;, s;; = sin 0;; where i j=1,2,3.
* Dirac phase O is non-zero only if neutrino oscillation violates CP-symmetry
-we are putting a significant effort to determine if sind.p # 0.
* Phases o, and o, are Majorana phases
-physical meaning if neutrinos are Majorana particles.
-additional source of CP-violation
-if OVPBP occurs, these phases influence its rate.

e If experiments show this 3x3 matrix to be non-unitary, a sterile neutrino or some other new physics is required.




Example of Neutrino Experiment

« KamLAND experiment: reactor anti-neutrino disappearance experiment
-demonstrated neutrino mixing and provided the most-precise measurement of

Am,,? up-to-date.

g5 My PhD thesis experiment !
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My PhD thesis
-radio-assay
-NAA
-oscillation

analysis
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Example of Neutrino Experiment

« KamLAND experiment: reactor anti-neutrino disappearance experiment
-demonstrated neutrino mixing and provided the most-precise measurement of

Am,,? up-to-date.
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My PhD thesis
-radio-assay
-NAA
-oscillation

analysis
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What We Know

* Neutrinos were assumed to be massless particles until the discovery of the neutrino oscillation

process.

* Neutrino Oscillation results
-Mass squared differences:

Am221 ~75x 10_56\/2
|Am232| ~25x 10_36\]2

-Mixing angles:

sin%0, = 0.31
sin2623 ~0.45-0.55
sin%0,; =~ 0.02 (measured recently)

-Absolute mass scale 1s
unknown
=> need determine it in
the future

Y
Y
Y
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Neutrino Oscillation Questions

m? m?
) A . v A
Recently measured what is v, component 013 S
in the v; mass eigenstate, i.e. 05. ] g
[— V‘C
Missing information in 3x3 mixing el | m,?
scheme: solar ~7.5x 1075 eV2 7.2
I. Isthe p -t mixing maximal? atmospheric !
o ~2.5x% 1073 eV2
-Only know sin?0,3 = 0.45 - 0.55 atmospheric
my?_ ~2.5% 1073 eV2
2. What is the mass hierarchy? 2 solar ~7.5 X 10-5 a2 ! 2
-Normal or inverted? S h T
9.
3. Do neutrinos exhibit CP violation, i.e. inverted
. 0 0
1S 6CP #07?
— — Am’ Am’ Am’
PV, 5V.)=PWVu = Ve)=—168,C,{5\C 8,:C osin| —2 L |sin| —2 L [sinl —2 L
(u e) (# ) 12 1@1323 2 (4E ) “(4E AE
4. Why are quark and neutrino mixing
matrices so different?
Big Big Small 1 Small Small
U,wsp ~| Big Big  Big vs. Ve, ~| Small 1 Small

Big Big  Big Small  Small 1

12



Measurement of 0,5: Double Chooz Experiment Vop > etn

. . . . N
* Reactor anti-neutrino experiment designed - _ > n capture

to measure a small value of 03

Near 8.6t - . Far 8.6t
overbdn 45m % overbdn 110m

Chooz-B Power Plant )
« 2 cores, 8.6 GW, ~I —

?e Survival Probability Measure the signal (separate it from backgrounds)

v - - s 2 c 2 2
Ve P(Ve > ve)=1-sin"20,; sin"(1.27Amy Lim]/ E [MeV])

) ~
o ~a v Oscillations observed
Ve l © as a deficit of v, \

1.0 ()

,Té’ Sin22913

é Un-oscillated flux

observed here 13



Double Chooz Experiment (cont.)

—¢— FD/ND data '
---------- No oscillation
’ M_easurecll FD Ve energy SpeCtrum 1.2 Best fit on sin? 20,, = 0.105 £ 0.014  |........ ..... L
F :I:—:::Ilation Mc - MD uncertainty |
i i I:I Accidentals 1 1 Uncertainty is the square root of the covariance matrix diagonal terms
3 °Li — ' : : :
E o )i L—— I FR— : :
E E i = ] Fast neutrons g FD/ ND data :
8 . E Exampleof § & | It
S - E S s . 1.0 [
£ 402 Lo -accidental I
i ~background _ ‘ | !
of 'source: **Bi 0.0 [ —_— _— e :
i ol = Measure - ' f ;
22141p; 214 i i i
e 8 Bl'_ Po I ¢ far (818 days) + near (258 days)
5 10 16 wp coincidence 0.8 I I I I |
Visible energy (MeV) -2500 &= — — — —— — ., 1 2 3 4 5 6 7
. . . plmm] Visibl MeV
« Consistency of sin%(20,;3) results: isible energy (MeV)
Total uncertainty | | £ 2 —
DC IV Statistical uncertaipty : S1n (2613) =S O . 105 i O .O 14 (Stat .+Syst.)
TNCMD (n-H+ n-C + n-Ga) | SIN(0x0) e (Published in Nature Physics 2020,

Daya bay

PRL 121, 241805 (2018) n—-Gd
PRD 93, 072011 (2016) n—H

RENO
PRL 121, 201801 (2018) n-Gd

sin?(26,,) = 0.086 + 0.003
isin®(26,5) = 0.071 + 0.011

H—eit $in3(26,5) & 0.090 + 0.007

https://doi.org/10.1038/s41567-020-0831-y)

Double Chooz notes:

-first non-zero value of 0,5 from reactor neutrino
experiments in October 2011.

-PhD thesis by Guang Yang (ANL/IIT 2016):

T2K P : “Measurement of 0,3 in the Double Chooz
Marginalization (Scp, 0,3) . . . . .
PRD 96, 092006 (201;2 . o o Experiment”, PhD thesis advisor: Z. Djurcic
> > T —e T .
A m§2< o ' i P : -More precise measurements from Daya Bay
I : (China) and RENO (Korea).
0.05 0.10 0.15

sin®(26, )
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Neutrino Oscillations at Long-Baseline

* v, Disappearance Probability

P(v, — v,) ~ 1 — 4cos?
~ 1 — sin? 2

913 Sil’l2 923 [1 — 0082 913 sin 923_ Sin2 Agz‘

923 Sin2 AB@'

* v, Appearance Probability

P(v, — ve)

(Aszi|— aL)?
in(As; —alL - L
+cogd sin 2093 |sin 26015 sin 2013 cos|Asp (81?1(33131_ a(Iz,) ) A31) (Sl?a(z) )Agl)
—sind sin 2023 sin 2012 sin 2913 sin A32(SI?A[?131—_&Z§; Agl) (Sl?(fz‘)L) Agl)
. 2
+ cos?(fy3 |sin® 2615 Sl? g;f) A21,
a
A;=Am;L/4E,
CP-violation parameter| Ocp . 1
_ , Need measure this! a=G.N,/ ND P —
Mass hierarchy (sign of{ Amjs;?) 3500km

Size of sin?

e23

« 92 .
sin® O3] sin? 2013

sin?(Asq|— aL)

2
A3]

See for example: Nunokawa, Parke, Valle,
“CP Violation and Neutrino Oscillations™,
Prog.Part.Nucl.Phys. 60 (2008) 338-402.
arXiv:0710.0554 [hep-ph]

Use the results of accelerator muon neutrino oscillation measurement

Mixing angle|0;

Take the value from reactor electron anti-neutrino oscillation experiments

alL = 0.08 for L =295 km (T2K)
alL =0.23 for L = 810 km (NOVA)
alL=0.37 for L = 1300 km

(DUNE)

15



Neutrino Oscillations at Long-Baseline

* Measure the oscillation probabilities of
a) appearance channels: v, — v.andV, —V,

1)
b) disappearance channels: v, — v, and vV, —V,
e Precision measurements of 0,5, Am2;,, 0y, P(v, — vp) # P(V, —Vp) ?
* Determine the neutrino mass hierarchy
. M th CP . 1 t. t 6 '4;} 0'08:I 1T I T 1T | T 1T | T 1T | 11T | T TT | LI II*[ T I:
casure the violation parameter 2 ok NOVA example N
e — (1)’ (m,)” e— - "§ ' E ) 9&47 &ﬁee‘\@?}fo‘c’ E
: I““""w B006E g 00 R =
m g - © & &,‘,}“\ ]
_ < 005- < ]
(Am:)alm ! E E E
H v, (Am®) 8 004__ R B
N - .
.o lT 0.03 =
, S 0.02F -
— e (),) Q ) C od=0 ]
(O : £ - ¢ 5=n/2 .
—— ()’ (m,)” m — _E 001F o § =q -
normal hierarchy inverted hierarchy & - | | "o =| 3n/2 | | | | .
‘4’5‘ 0 L1 L1 | || | | L1 11 L1 L1
. Additional Physics Goals: Z 0 001 002 003 004 005 0.06 007 0.08

Neutrino v, — v, oscillation probability

-Neutrino cross-sections and interaction physics
-Sterile Neutrinos
-Supernovae, nucleon decay and additional physics

searches enabled by capable neutrino detectors
; 16



NOvVA Experiment
Single Cell
* The long-baseline off-axis neutrino oscillation experiment M.l.
with functionally identical Near and Far Detectors )
* Data taking with complete detectors started in November 2014 i
* Low-Z tracking calorimeters; detectors are 14 mrad off-axis. : gg

yyyyy

Near Detector
0.3 kton
143mx4.1mx4.1m
206 layers

* High power NuMI beam

-upgraded for NOVA to take
the power 350 — 750 kW

-this result: 8.85 x 102 POT
neutrino mode,
12.33 x 1020 POT antineutrino
mode, 732 kW peak intensity.

17



NOvVA Off-axis Neutrino Beam

Target Focusing Horns A
%\ ‘ - : 2 m
— ‘ ey | v,

T

from MI v
3.5 20.0
Daily neutrino beam
3.0 | Daily antineutrino beam 17.5
—— Accumulated beam

5 55 | —— Accumulated neutrino beam 15.0

3‘ ) —— Accumulated antineutrino beam

N 12.5

=2.0 -

£ - 10.0

w0

8_1.5 1

) - 7.5

%1.0 ;

A 5.0
0.5 2.5
0.0 : - - < - - 0.0

2014 2015 2016 2017 2018

Date
8.9x1020 protons-on-target (POT) in neutrino beam configuration.

6.9x1020 POT of antineutrino beam, June 2016 to February 2019.

Cumulative exposure (10%° POT)
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NOvVA Event Topologies

Run: 15330 /4 D+
Event: 11978 / --

UTC Fri May 23, 2014
17:30:2.632293184

Run: 19058 / 38
Event: 568646 /--

UTC Sat Mar 7, 2015
23:05:47. 747174144

Scale shows energy -

Run: 26110/49
Event: 3213/ --

UTC Sun May 7, 2017
04:41:20910875840

4

- ---.I.-.=---
Run: 10713/ 4 Y
Event: 500244 /--

UTC Tue Jan 27, 2015
05:48:26.091133824

200

600

200
Z (cm)
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Neutrino Interaction in the NOvVA Far Detector

3000

3500

4000

4500

5000 5500

3000

NOvA - FNAL E929

Run: 18620/ 13
Event: 178402 / --

UTC FriJan 8, 2015
00:13:53.087341608

3500

4000

3 el L el

223 2232 2234 223.6 2238 22

t
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NOvVA Far Detector v, CC Candidate

Reconstructed E,

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Reconstructed
" electron energy

Reconstructed hadron energy
Ei.g = 2 (hadronic hits around vertex)

4400

NOvVA - FNAL E929

-
Event: 920415 / -- 10

102
Run: 19165/62 =10
1

UTC Mon Mar 23, 2015

11:43:54.311669120 218

4800 4900




Deep-learning particle classification

* Event classification with a convolutional visual network (CVN) initially based on Googl.eNet

80‘
track
[+ Is
’ﬂ VQrtex T - .:
B
shower FEATURE MAPS
= = DATA
= = EngDLUTIUNS
* CVN employs a Deep Convolutional Network — =
= =
in the "image recognition" style. - i
* The network is trained on two dimensional e e e
views of the event's calibrated hits. —— —m——
* Information of each view is combined in the - =
L1 ] ] -— T
final layers of the network. e
* We also train the network separately on a e e NCEPTION OUTPUT
neutrino and antineutrino beam samples. T .

|
S mm  FULLY CONNECTED



NOvVA Oscillation Search with Near and Far Detectors

% , 15
= —— ND data v
1 —— Base Simulation &
Q
E : Data-Driven Prediction -
S S
v 4 “« o
G S
g 3 AJ . . g
wo, , W
Q @
e e
= , F
“ND ;?ecoﬁEne'rgy (éev) h 10° ND Events 10” F/N Ratio Plvy—v,) FD Events S ;\“nal\;;ls Bin
* Sample un-oscillated neutrino beam at Near Detector
-compare observed and simulated near detector interaction spectrum
-with data-driven methods tweak simulated Near Detector spectrum
* Propagate Near Detector spectrum to predict oscillated spectrum at Far Detector O
-compare oscillated spectrum to far Detector Data \\(‘ o\
-extract oscillation parameters Pﬁ\)\
e Technique allows us to reduce key systematic uncertainties: _C;\)K
-neutrino flux G
-neutrino interaction cross-section models 68‘@‘0%
N

S Q‘ﬂ\o 23



[0

NOVA v, and v, Disappearance

* Identify contained v, CC events in both Near and Far Detectors

-Basic quality and selection cuts

-CVN particle ID cut

-Boosted decision tree (BDT) for cosmic rejection
-Split into four samples by hadronic energy fraction

* Measure Energy E, = E, + Ehad
» Extract oscillation information trom differences between the Far and Near energy spectra

NOvA Prellmlnary

o

Reoon(t)royed Neutrino Energy (GeV)
NOvVA Prellmlnary

10

3,

1 2 3 4
Reconstructed Neutrino Energy (GeV)

Neutrino beam
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1 2
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3 4 5
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1 2 3 4
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NOvVA v, and vV, Appearance

* Apply Basic selection and quality cuts.
* CVN particle ID cut, split into two samples.
* Peripheral sample selects events that fail basic selection but are pure electron-like events

* Near detector data used to constrain backgrounds and form prediction for Far Detector
NOvA Prellmlnary

Neutrino beam

: NOVA Preliminar T owPD 1 ohPD

NeurioMode  TVIVATTEN y g [oO Figh PID Total Observed 58
5°F  LowPDD High PID [0 S o0l — Fodata ~ —
T o ne L | — ot g Total Prediction 59.0
% 3 —v,cC 8 [ Wrong Sign Bkg. g <
S °F —y S 15— [ Total Beam Bkg. O|= o
S _vgjfo & T i commenme S Wrong-sign 0.7
gl —v 7 - X ot
3 e {7120 2 1o Beam Bkgd. 11.1
ol 1 %(? o ‘l‘ Cosmic Bkgd. 3.3
s 1 - —+4 & ““r
03227‘(‘ e doene) L ot ) Total Bkgd. 15.1

4 1 2 3
e @structed Neutrino Energy (GeV) Reconstructed l\@;mo Energy (GeV)
ke o
Antineutrino Mode 0[ NOVA Preliminary Antineutrinobeam N%Etellr’lmlnellr‘y
— ———— [~ LowPID High PID” .
el towrn 7 righ PID. [ FowR 2o g E Total Observed 18
et o [ —+ FDdata o .
L e " é-’ 10[- — 2016 Best i NE Total Prediction 15.9
P - Y - [l Wrong Sign Bkg. = | c
E ----- el () c?- 8_—-Total Beam Bkg. 8 £ _al
R 7 S 3 — N & Wrong-sign 1.1
E _E:j:,q"““wwc 00%)@ °r Beam Bkgd. 3.5
o ' ] © @ .
= HBES I ] 2 (2 Cosmic Bkgd. 0.7
g I o 2
J — @ | . Total Bkgd. 5.3

2 3 4 T_ 2 3
Reconstructed Neutrino Energy (GeV)

1 2 3 4 1 2 3 4
Reconstructed Neutrino Energy (GeV)

> 40 evidence of electron anti-neutrino appearance



NOVA v, and v, Appearance

- NOVA FD i .
[ 9.48x10% POT (v)

" 6.91x10% POT (¥)

N
a1

* Slight preference for the upper
octant and normal hierarchy with
observed neutrino and antineutrino
events

N
o

t uo
5in°6,,=0.59

-2

AMZ,=+2 50x10 e V>

* More sophisticated joint fit allows
us to probe oscillation parameters

|—
@)

sin%0,,,=0.46
H
AMZ,=-2 55x10°eV/?

Total events - antineutrino mode
) o
1 1 1 | I 1 1 1 | I 1 I I I I 1

0 8,p=0 ® dep= /2

o 6CP=|J'C u 6CF|’= 3n/2 | | |

20 30 40 50 60 70
Total events - neutrino mode
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1\ > NOVA FD 8. 85><102° POT 6.9x10% POT

NOVA joint fit results 5 VAP 885107 POT equiv v + v
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Eamee

» Best fit values: 5 5 = m
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=251 10 o S

SN0,

NOvVA Preliminary NOvA Preliminary 0.4F ]
o8 L LA A B S AL R L S L L LA L B L B
ol . B1o [J26 [J3c + Best Fit NH
T [ 2.4 - 0. .
% 26 1% o L
C“’J [a2]
[ L .
s I 9—2 6 -
2.4+ — ~ 0.6}
ad [ ol ' La——
g I g R
2.2 — —2.8 -
Feldman-Cousins i | Feldman-Cousins | o 0.5} (
-10 |:|2<s D3c +Best Flt | NH 4 -10 I:I2G =30 - =
— — — — P e T S S T S S S
03 0. 4 025 0.6 0.7 0‘3 O 4 O 5 0.6 0.7 0.4l
SiN6, sin’0
Hic 026 [J3c IH
0.3} .
lllllllllllllllllll
0 z T 3n 2n
2
Scp 27



NOVA Summary

NOVA Presented first analysis with joint-fit of neutrino and anti-neutrino beam
Observed > 40 evidence of electron anti-neutrino appearance

There is a slight preference for NH at 1.80 and exclude IH at > 30 around Ocp= 10/2
Rejected maximal mixing at 1.80 and the lower octant at a similar level

§in?0,,=0.4-0.6, IAMZ,1=2.5x107eV?, sin?20,,=0.082

> Hlierarlchy Iresoiutiorl1
NH §,,=3n/2
NH §,p=n
NH 6,,=0
NH 8p= m/2

)

I|II|IIII|I[II|IIII|IIII

= sz

Future NOVA sensitivities

-NOVA run plan is to continue in
anti-neutrino mode until spring
2019, then run 50% neutrino mode,
50% anti-neutrino mode to 2024
-Run through 2024 with incremental
upgrades to beam intensity to 1 MW

Significance (o
N W

—

II|IlII|IlII|IIII|IIII

2018 analysis techniques and
projectc?d beam exposPre improvemelnts:
o018 2020 2022 2024
Year

With those NOvVA will have up to S50 sensitivity to the mass hierarchy and up to
20 sensitivity to CP violation (if current best-fit)
-important to compare NOvA with T2K (points to O¢p~ 1.5 region)

0
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Deep Underground Neutrino Experiment (DUNE)

Dickinson : \
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& Major features of the DUNE experlment are:
* A high-intensity wide-band neutrino beam originating at FNAL
-1.2 MW proton beam upgradable to 2.4 MW
* A highly capable near detector to measure the neutrino flux / interactions
* A 40 kt fiducial mass liquid argon far detector

-Located 1300 km baseline at SURF’s 1.5 km underground level (2300 mwe)
-Staged construction of four ~10 kt detector modules. First module to be installed starting in 2024.
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Dickinson

Deep Underground Neutrino Experiment (DUNE)
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* A high-intensity wide-band neutrino beam originating a. <&y X,
-1.2 MW proton beam upgradable to 2.4 MW 22,03
, : . 002 Os
* A highly capable near detector to measure the neutrino flux / interac. <03, 70
* A 40 kt fiducial mass liquid argon far detector '

-Located 1300 km baseline at SURF’s 1.5 km underground level (2300 mwe)
-Staged construction of four ~10 kt detector modules. First module to be installed starting in 2024.
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DUNE Science Goals

* Primary focus of the DUNE science program is on fundamental open questions in
particle physics and astro-particle physics:

1) Neutrino Oscillation Physics
-CPV 1in the leptonic sector
“Our best bet for explaining why there i1s matter in the universe”
-Mass Hierarchy
-Precision Oscillation Physics & testing the 3-flavor paradigm
2) Nucleon Decay
-Predicted in beyond the Standard Model theories [but not yet seen]
e.g. the SUSY-favored mode, p — K™v
3) Supernova burst physics & astrophysics
-Galactic core collapse supernova, sensitivity to v,
Time information on neutron star or even black-hole formation

1
AI9A00SIp IOTBW B 9q p[nom Auy

* Extended DUNE Science Program -
-Other LBL oscillation physics with BSM sensitivity
-Oscillation physics with atmospheric neutrinos

-Neutrino Physics in Near Detector
-Search for signatures of Dark Matter and other Rare Searches

o 31



DUNE Far Detector

Four 10-kt (fiducial) liquid argon TPC modules

» Liquid Argon Time projection chamber with both charge and optical
readout

Single and dual-phase detector designs (1% module will be single phase)
Integrated photon detection (need wavelength shifting to visible)

Modules will not be 1dentical

APA CPA APA CPA APA
T I 1 i 1
b )
N i
> 144 m
!
3.6 m
F:ucial « 17.1/13.8/11.6 Total/Active/Fiducial mass
) St * 3 Anode Plane Assemblies (APA) wide (wire
L’\ 5 ——J planeS)
e b -Cold electronics 384,000 channels
" Steel Cryostat e Cathode planes (CPA) at 180kV

Single-phase: charge drifts -3.6 m drift length

to wire planes (APAs)
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DUNE Far Detector

Four 10-kt (fiducial) liquid argon TPC modules

» Liquid Argon Time projection chamber with both charge and optical readout
Single and dual-phase detector designs (15 module will be single phase)
Integrated photon detection (need wavelength shifting to visible)
Modules will not be identical

APA CPA APA CPA APA N I\ LR
I i
I I T
b )
N j
D
144 m
ﬁ—_ﬁ
=
N
— P
: 3.6 m
Fiducial
volume
o~ ——
Foam Insulation
__dteel Lryostat

Single-phase: charge drifts
to wire planes (APAs) 33



DUNE Far Detector: SINGLE Phase Concept

» Energy release from
charged particles in LAr:
-free electron charge (TPC)
-scintillation light (PDS)

Cathode
Plane

180 kV

—
Edrift ~ 500V/cm

Anode wire planes:

Liquid Argon TPC A

//]

i

m.i.p. ionization: iy
6000 MW

e/mm [Inlgmunﬂ

V

Y

U W L W W

1D Data-inspired Responses

—U (ind.)
—V (ind.)
—W (col.)

| I ST I A | I

230-20-10 0 10
Time (us)

Photo-Detector
for triggering and
t0 determination

time

»
L

3.6m > ~2.25ms to

* DUNE detector development is underway through R&D and with a large-scale prototyping
-The overarching goal is to demonstrate that the DUNE Far Detector meets the scientific

requirements and technical specifications to measure neutrino CP violation.

-Near Detector effort is underway.



ProtoDUNE-SP 35

» LArTPC located in the EHN1 Hall @ ProtoDUNE-SP TPC
CERN: 760 tons of liquid argon
» Provides a full drift length of future
DUNE SP Far Detector

 Main Detector Elements include:
-Time Projection Chamber (TPC)

-Front-end electronics | g
-Photon Detector System & | &
-Comic-Ray Tagger (CRT) |

*  ProtoDUNE-SP Goals: 7 LU -
-Prototype the production and installation = - ‘ o s AoAS
for SP DUNE Far Detector.
-Validate detector performance with cosmic-rays;
calibrate with different test-beam particle
» Demonstrate photon-detector concept

EHN1 APA #1 Detector Close TCO; Start Filling &
Beneficial @ CERN Installation Finish Commissioning

Occupancy Begins Installation

2016 2017 2017 2017 2017 2017 2017 2017 2017 2017 2017 2017 2017 2018 2018 2018 2018 2018 2018 2018 2018 2018 2018 2018
Q4 JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV




CERN North Area

07/17/2018 08 :29:55
NPOVERV IEW1 .

—
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ProtoDUNE Terst-Beam

Fully calibrated test-beam
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Contribution to ProtoDUNE-SP

* This 1s what my team built for the ProtoDUNE
* Argonne fully engaged with Fermilab and other Labs/Universities in the realization of the
ProtoDUNE-SP prototype experiment for DUNE.

Field Cage -
Designed at ANL

NPO4 control
room

SSPs (ANL) and
DAQ patch panels <

Photon Detect
Readout ad

Built at ANL




ProtoDUNE-SP Main Detector Elements

DAQ

]

SSP (FEE readout

¢l TPC Readout

Ei ii j;Jf]]lange E} ii PD / Ei gi TPC Flange
LT e Plange: == PD Signal
A S | || . Ll Cables
N NN 000000 (10 per Port)
N\ I - 10 PD Light
N N N Collection
i i - units per
i o (| I APa
|| | || (12) SiPM
— — - Sensors on
T ] — the end of
— " 7Z | 1‘4 Light guides;
58 light guide and 2 ARAPUCA v Z\ng%Z/(\:ﬂ: in
photon collectors
array
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Photon Detector n ProtoDUNE SP

D Flber Feedthrough

.--Fv -

J N\
PD Cable Route

= el N |, b =
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Photon-Detector Readout in ProtoDUNE-SP

* A dedicated photon-detector readout system (SSP) was developed for ProtoDUNE
P o » Fast 150MS/s ADC sampling, 14bit
rigger < Fiber .
System - dynamic range
From
Sovocoe | Ext. LVPower |y g . . .
oo s [ Wl > Tlmlng/Trlgger and DAQ
Inputs from SiPMs < 1nterfaces
Ali):iData Data 5 “tio
= Processing [ er PGA DDR3 Interface [ Hilal/
Bias Control & Status : Giga?ié:/:hemet > 1;; s[:::
Timing Interface ™ Ti;g'i’;?bs:'p“t > Tcs’yzit’::::g
SiPM Bi:;:v};iference TS ot siomn From
converter [*ias ”S‘:::I'y" I 4 SSPs, signal cables, signal feed-through

<«— SSP Front Panel

Y

SSP (SiPM Signal Processor) Block Diagram § at CERN cold-box integration test stand

SSP Rear Panel —

Twenty-four custom SiPM Signal Processor
(SSP) units were produced to read out the 58
light guide and 2 ARAPUCASs photon
collectors in final ProtoDUNE

288 readout channels
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Photon-Detector Readout in ProtoDUNE-SP

E— - ] -

-t X1 X e

/{A—LT»- — N
s
// > _— -

» The ProtoDUNE detector is filled with liquid argon, and is taking data
. » The flashing lights in the crates on the top are the photon-detector readout boards 43
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Photon Detection (cont.)

» Related photon-detection R&D at Argonne: DUNE photon-detector calibration system
* The system emits UV-light: electronics module -> fiber (through cryostat) -> point-like diffusers
-Result: distribute UV light from cathode to photon detector at anode
-Fully integrated with DAQ/timing, emits light with desired intensity and repetition rate
-Full test and verification completed with ProtoDUNE => will equip full DUNE SP FD

Calibration Module

/ photon
f calibration
5 Fibers and t
Diffusers >< System
>< schematics
CPA \ APA
Plane Plane
Two Calibration

modules

ProtoDUNE-SP
I I

12-H-MPPC
I

T T T 71 X
. S} Constant 1903+75
i - PhOton G am g Mean 333320000
thlcal 1500 |- 1 2 w PhOton Sigma  0.01376+ 0.00032
fibers E T
and feed- g = 1me

1000 - ] .
thruough i ] Resolutidn

500 [~ —

L B v R R EE R L
0 I(; II‘ ;OIOO‘ = I20IOCI0 = 501)6 - ‘4000 5000 3 31 32 33 34 35 36
Charge [ADU x tt] At[us]
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Data Analysis

The primary goal of photon-detector system (PDS) is to provide a time (“T0”) of event

» We studied the time capabilities of PDS and measured time resolution
-Measured by UV light from calibration system, triggered by ProtoDUNE-SP timing system

ADC Count/Tick

» Distribution of time wrt external trigger (t1), and ability
to observe two separate pulses (t2 - t1) demonstrate good
time resolution in the 10-20 ns range.

-Light recorded by PDS photo-sensors and SSP readout.

1680

1660

1640

1620

1600

1580

PDS SSP waveforms from calibration light

H\‘H\‘H\‘HA\H‘H\‘H\'H\

Time wrt trigger

tl

Time [us]

Events/Tick

Events/Tick

200
180
160
140
120
100

N A @ @
o © & o ©

Time distributions from 1000 waveforms

Constant 2725+ 11.3
Mean 7.175 £ 0.000

Sigma 0.009573 + 0.000254

= Ot;~ 10 ns
I IR S NI SR | L PR IS S NN SR S N
6.9 7 71 7.2 7.3 7.4 7.5
Time 1 [p s]
? Constant 190.3+7.5
E Mean 3.333 + 0.000
? Sigma 0.01376 + 0.00032
i L L [
3 3.1 3.2 3.3 3.4 3.5 3.6
Atfus]

Understanding of time resolution and time delays wrt detector trigger is an important
input for the next step to correlate event times between TPC (charge) and PDS (light)
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Data Analysis

» We studied how to correlate PDS and TPC timing with Muon data and MC samples

-Required development of an analysis that combined TPC and PDS detector systems
-Included the selection of stopping muons with tracks in both drift volumes

» Demonstration of correlated timing
3000

2000

1000

o

-1000

-2000

Photon detector track time (usec)

_3098500 -2000 -1500 -1000 -500 0 500 1000 1500 . 2000 2500
TPC track time (usec)
» Time resolution dominated by TPC effects
%2/ ndf 71.57 /48
2 : PO —12.49 + 1.05
Soool o Semeome
—-— o pP3 6.766e+04 + 1.189e+03
8 C pa 80.65 + 2.11
@ 400 — p5 1.353 + 0.763
o - =
E r 7
= 300— —
200f- =
T, measured by oo E
6566300 a0 106 5 00 poo 500 555500
phOtOn SyStem photon detector - TPC time (usec)5

» Next “natural” step was selection of stopping muons with Michel electrons
46



Data Analysis and Interim Results

Analysis Steps

TO-tagged

Stopping tracks

Unbroken tracks

Track length

Collected wire hits

Hit peak time

—
f—

Muon track-end
/cone hit count

Closest reco
shower distance

Collected charge
calibration

@ _

Michel energy
spectrum

Extended the analysis introduced above to Michel electron search

» Needed for neutrino oscillation, supernova, and

nucleon decay search

Selected Muon track length

'g 1400 [mc -
w
Muon  Data

selection ™

800

600

[Illll\l‘\\llllll\\\‘\

400

200

100 200 300 400 500 600 700 800 900 1000
selected frack length (cm)

Muon track-end activity

g Eme
1 4 Data
Michel
electron
candidate
selection
00 5 10 15 ;;E. 2ﬁo 3‘5 4‘0 4I5‘ - ‘50

number of CP hits close to the end of selected track
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Reconstructed Muon Energy
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Our First Science Results

Energy spectrum of selected Michel electron candidates

Reconstructed MlChel EleCtron ]Ener}ZV 2200 ProtoDUNE-SP Run 5809 Event 25216 @2018-11-07 12:56:11 UTC
_l T TT I TT 1T | LI | LI | L | LI | TTTT l T TT 1T I_
350 — =
- t Data J
300{— —
250 :_ seflconehitsE sEelc:?ehitsEDala;(c)oSp; _E .
%) - Entries 8108 niries N ~
c - - || Mean ag Mean 24.31 H 2
D 200~ StdDev <1 A StdDev  13.43 [T S
weE g ] E
+ I 4)(? . — 1600
150 — 1}9( -
- ‘e, > -
100 0, o
p&l 1400 .
. - 030 Candidate
- TO 1 79 - michel
Cooaa oo v o bvva s bavavaa b s W Fil gt gy
0
0 10 20 30 40 50 60 70 80 90 100
Michel electron reco energy (MeV) vire rumber

Addressing DUNE low-energy physics via Michel electron studies

-Our goal is to provide reconstruction and calibration algorithm to be used from Far
Detector day one
-Potential for application in Near Detector
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Response to Electron Beam

ProtoDUNE PDS Group - DUNE PD Consortium

* Operating on the H4-VLE charged particle test beam offers an opportunity to directly
probe the calorimetric photon-detector response to EM and hadronic showers in the sub-
to few-GeV momentum range.

e Showing calorimetric response from light signal from a single ARAPUCA module
(~0.5%0 photo-sensitive area coverage) to EM shower at ~3 m distance in the

ProtoDUNE - SP Electrons ARAPUCA
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Response to Electron Beam

ProtoDUNE PDS Group - DUNE PD Consortium

* Gaussian mean value (left) and the ratio of the standard deviation to the mean (right)
numbers of detected photoelectrons as functions of the beam electron energy.

00 ProtoDUNE-SP ARAPUCA
T T T T T T T T

T T T T T

. —=— FElectrons

" 2/ ndf 3.145/5

600 [~ Pprop 0.6777 7
- po -8.409 + 1.431 ]
- pt 102.1+ 1.478 ]

400

< NPh >de’(ected

200

|

4
(E,), _[GeV]

€ "beam

» Linearity of light response over the entire
range of energies. The slope gives the light
yield from (only) one ARAPUCA module,
relative to a diffused light source (EM
shower) at a distance of ~3 m

0.4 ProtoDUNE-SP ARAPUCA
. T T T { T { T T T { T T T
i —=— Electrons
03 %2/ ndf 5.134/4 |
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<
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0.0 i L L L l L L L l L L L l ]
0 2 8

4
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» Energy resolution of light response

EBPz
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Science Opportunities

Ultimate science goal is to provide a definite measurement of CP-violation, and to enhance
a sensitivity to other deep underground physics

Further Opportunities
-Understand how to combine light and charge to achieve unprecedented energy resolution (potential

improvement in energy resolution / background rejection)

-TPC data is 2D image data with a slow timescale, while the optical data is 1D time series
data/channel; combining these datasets in a meaningful way is an important and unfilled challenge.

O= NWAOUUONO®

| CP Violation Sensitivity

T 1 Ll T

improvcmcnt in

-
' d

. experimental

sensitivity
80 GeV Beam
Signal/background
uncertainty varied

-:". ......................................... —

—3

.

0

1%/5%
2%/5%

200 400 600 800 1000

Exposure (kt.MW.years)

event_100639 ‘

10 i B W AP B Entries 288000
I i i e — i | Mean x 999.5
Mean y 71.63

1 2 StdDevx 576.9
Std Devy 41.28 ¢

200 400 600 800 1000 1200 1400 1600 1800 2000
P = 1.001846 [GeV/c]

=> An older sensitivity study
we performed at ANL: assumed
improvement in energy
resolution and background
reduction. Potential for Q-pix.
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DUNE Sensitivity

* The DUNE Experiment is expected to meet or exceed the following sensitivities

-Far Detector oscillation spectra (7y)

-example: normal mass ordering:

> 800¢ DUNE v, Disappearance
g 700 sin%,, = 0.580
S Am2, = 2.451 x 102 eV?
— 3.5 years (staged)
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CP-violation significance

» Significance of determination of CP-violation as a

function of the true value of CP, for seven (blue)
and ten (orange) years of exposure.

- DUNE Sensitivity

12— All Systematics

[~ Normal Ordering
| sin®20,, = 0.088 + 0.003

10}-0.4 < sin®,, < 0.6

as a function of time [years]

IIIIIIIII

o
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12
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Median of Throws
1c: Variations of

statistics, systematics,

and oscillation parameters

. DUNE Sensitivity (Staged)
| All Systematics
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10} sin®26,, = 0.088 + 0.003
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Nominal Analysis
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DUNE Sensitivity

Physics Milestone

Exposure (staged years, sin? 653 = 0.580)

50 Mass Ordering

1

dcp = -7/2

50 Mass Ordering 2
100% of dcp values

30 CP Violation 3
dcp = -7/2

30 CP Violation 5
50% of dcp values

50 CP Violation 7
dcp = -7/2

50 CP Violation 10
50% of dcp values

30 CP Violation 13
75% of dcp values

dcp Resolution of 10 degrees 8
dcp =0

dcp Resolution of 20 degrees 12
dcp = -7/2

sin? 2643 Resolution of 0.004 15

e

 DUNE Exposure in years
-assume true normal ordering and
equal running in neutrino and
antineutrino mode
-required to reach selected physics
milestones in the nominal analysis,

using the current (NuFIT 4.0 best-fit)
values for the oscillation parameters.
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Summarize What we Have Learned So Far

To incorporate new knowledge into the three-neutrino oscillation framework one usually
performs global fits, where all available results on neutrino oscillation parameters are

combined.

* Neutrino oscillation parameters:
-MNSP matrix:
3 mixing angles: 0,5, 053, 03
1 phase: 0 => CP-violation in v-sector
-Mass differences:

2 mass difference scales: Am?,,, Am?y;.

Example of recent global fit to three
neutrino mixing is given in
arXiv:2003.05811, by F. Capozzi et al.

No

No

LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

[rrrr

%.5 7.0 75 8.0
dm? [10° eV?

85 22 23 24 25 26 27 00 05 1.0 1.5 20

AM? [10° eV?

4_ I IIIIIIII T L I l II_
NWIARNES
s\ 1 B 4Ym=10
] Ry A o I i & SRR
. 4 B
O:I I 11 1 IIIIIIII —I 11 II I|||||I|
0.25 0.30 0.35 0.01 0.02 0.03

. P2

sin’e,, sin’e,

How well we know the oscillation parameters?
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Combining all Oscillation Results Together

e Current Picture

Parameter Ordering Best fit lo range 20 range 30 range “lo” (%)
dm?/107° eV? NO 7.34 7.20 — 7.51 7.05 — 7.69 6.92 — 7.90 2.2
10 7.34 7.20 - 7.51 7.05 — 7.69 6.92 — 7.91 2.2
sin? 015/107* NO 3.05 2.92 — 3.19 2.78 — 3.32 2.65 — 3.47 4.5
10 3.03 2.90 - 3.17 2.77 — 3.31 2.64 — 3.45 4.5
|Am?|/1072 eV? NO 2.485 2.453 — 2.514 2.419 — 2.547 2.389 — 2.578 1.3
10 2.465 2.434 — 2.495 2.404 — 2.526 2.374 — 2.556 1.2
sin® 013/1072 NO 2.22 2.14 — 2.28 2.07 — 2.34 2.01 — 2.41 3.0
10 2.23 2.17 — 2.30 2.10 — 2.37 2.03 — 2.43 3.0
sin® 623 /107! 5.45 4.98 — 5.65 4.54 — 5.81 36—5- 4.9
10 5.51 5.17 — 5.67 4.60 — 5.82 4.39 — 5.96
NO 1.28 1.10 — 1.66 0.95 — 1.90 0-0.07 & 0.81 - 2
10 1.52 1.37 - 1.65 1.23 - 1.78 1.09 - 1.90

What is the value of O¢p?

-sinO¢p >0 but CPC value sindqp= allowed at 1.6 o

What’s next? Can these results be further improved?

-DUNE/Hyper-K

How well we need to know CP-violation phase O¢p ?

Are there other sources of CP-violation?
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Why 1s CP-violation with neutrinos so important?

-Need to understand the striking feature of the Universe: only matter, virtually no anti-matter!

-Observation of CP-violation would make it more likely that the . . ”

. . Big Bang produced slightly different
baryon-antibaryon asymmetry of the universe arose through amounts of matter and anti-matter,

; with some tiny asymmetry?
leptogenesis. M

-The theory of leptogenesis is linked to the see-saw theory and as
a consequence the light neutrinos are Majorana and

have GUT-scale partners. . { amiliar
ight
neutrino
Very
heavy }-’ Then matter and anti-matter
neutrino

annihilated leaving just us?

-The matter-antimatter asymmetry of the universe may be explained
through CP-violating decays of the heavy partners, producing

a state with unequal numbers of Standard Model leptons and
antileptons.

N—->L+¢"and N—> L"+ ¢ (¢, ¢ - Standard-Model Higgs)

MATTER

-The Standard Model processes convert such a state into the world
around us with an unequal number of baryons and antibaryons.
-It 1s thought that CP-violation would be very unlikely to appear in the heavy sector without

happening in light neutrinos.
T



Majorana Neutrino

* With the demonstration on non-zero neutrino mass we are now positioned to look into the
difference between Majorana and Dirac masses.

* What neutrino scientists hope to accomplish in the next generation of experiments is to
observe
-CP-violation in neutrinos
-Discover Majorana fermions.

* Neutrinoless double-beta decay (OvBf) is a powerful tool to investigate Lepton Number
Violation (LNV), and the only known practical way to assess the nature of the neutrinos.

Standard p Decay  Double 3 Decay Neutrinoless Double p Decay
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Neutrinoless double-beta decay

 If observed, the Ovpp decay would demonstrate the explicit existence of lepton number
violation.
-Majorana mass term effectively produces excess of matter over anti-matter
-If the neutrinoless double beta-decay process occurs it may be responsible for
seeding the Early Universe with ordinary matter.
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As the SM process the 2vp[ decay process conserves both baryon and lepton number
separately

-observed in about a dozen isotopes.
The OvBp decay is a leptogenic process that creates two out-going leptons - only possible if
neutrinos are Majorana-type particles.

-current searches setting half-life limits of > 10% years

YYyy
YYY
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Enriched Xenon Observatory (EXO) Experiment

EXO (Enriched Xenon Observatory) is the program put together to search for neutrinoless

double beta-decay in 136Xe 100
-EX0O-200: initial EXO phase I
-nEXO: next phase with 5 tonne LXe TPC - EXO-200
Nature 510,229 (2014) 1r ~ 5 125 yr
— EXO-200 Phase-ll | /| * ™ /
507 " PRL 120 072701 (2018) /
2.0 *, 407 /]
' 2\/ 5 v ] ,’
SR e o1
‘M\:‘ 0.90 I];e;)g 1.10 'X‘ |
T 10 = I H.
: Ovpp &
0.5 /\ 102 _—nEXO %a% Tl/Z = (5-10) X 1027 yr
0.0 T T T | """"""" T E___.____// l"
0.0 0.2 0.4 0.6 0.8 1! L NH ,,'
B8 6Xe Q= 2458 keV S
2 NN
[TOV ]—1 — <m/816> GOI/|MOV’2 10_1%)16—3 10‘—2 10|—1 104 10|—3 10|—2 10|—1 10°
1/2 m2 Mmin [€V] Mmin [€V]
e
_ 2 2 11 2 12
(mpp) = l|Ue1>m1 + |Ue2*maei + |Ues|*mze®|
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Enriched Xenon Observatory (EXO) Experiment

EXO (Enriched Xenon Observatory) is the program put together to search for neutrinoless

double beta-decay in 136Xe /o0
-EX0O-200: initial EXO phase -
-nEXO: next phase with 5 tonne LXe TPC - EXO-200
.  Nature 510, 229 (2014
_________ » Experimental challenge: " EXO-200 Phase-|l
| Count thee events with " PRL 120 072701 (2018) /
“0 2VPBP excellent energy resolution y
01 -
and no backgrounds -
s 1.5 -observe process i
x’ -measure half-life i
T 104 = I H.
0.57 / 10-2L-nEXO 10 Years Ty = (5-10) x 10?7 yr
0.0 . . . e | :__,_// ]
0.0 0.2 0.4 0.6 0.8 1! L NH ,,'
RS9 B6Xe Qpy = 2458 keV o
2 N
[TOV ]—1 — <m/818> GOI/|MOV|2 10_1%)16—3 10‘—2 10|—1 104 10|—3 10|—2 10|—1 10°
1/2 m2 Mmin [€V] Mmin [€V]
e
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Enriched Xenon Observatory (EXO) Experiment

» EXO0-200: initial EXO phase provided the following:

Observation of Two-Neutrino Double-Beta Decay in *Xe with EX0-200

N. Ackerman,’ * B. Aharmim,? M. Auger,® D.J. Auty,* P.S. Barbeau,® K. Barry,® L. Bartoszek,® E. Beauchamp,?
V. Belov,% C. Benitez-Medina,” M. Breidenbach,! A. Burenkov,® B. Cleveland,? R. Conley,' E. Conti,!>
J. Cook,® S. Cook,” A. Coppens,? I. Counts,> W. Craddock,! T. Daniels,® M.V. Danilov,® C.G. Davis,'®
J. Davis,” R. deVoe,® Z. D]’urcici‘i’i A. Dobi,’® A.G. Dolgolenko,® M.J. Dolinski,® K. Donato,>2 M. Dunford,®
W. Fairbank Jr.,” J. Farine,? P. Fierlinger,!! D. Franco,® D. Freytag,! G. Giroux,®> R. Gornea,? K. Graham,®
G. Gratta,® M.P. Green,® C. Higemann,® C. Hall,'° K. Hall,” G. Haller,! C. Hargrove,® R. Herbst,! S. Herrin,*
J. Hodgson,! M. Hughes,* A. Johnson,! A. Karelin,® L.J. Kaufman,'? T. Koffas,? § A. Kuchenkov,® A. Kumar,?
K.S. Kumar,® D.S. Leonard,'® F. Leonard,® F. LePort,% ¥ D. Mackay,' R. MacLellan,* M. Marino,!! Y. Martin,3 **
B. Mong,” M. Montero Diez,> P. Morgan,® A.R. Miiller,® R. Neilson,® R. Nelson,!* A. Odian,! K. O’Sullivan,®
C. Ouellet,® A. Piepke,* A. Pocar,® C.Y. Prescott,! K. Pushkin,* A. Rivas,® E. Rollin,® P.C. Rowson,' J.J. Russell,!
A. Sabourov,’ D. Sinclair,® t K. Skarpaas,! S. Slutsky,!® V. Stekhanov,® V. Strickland,® 't M. Swift,! D. Tosi,’
K. Twelker,® P. Vogel,'® J.-L. Vuilleumier,® J.-M. Vuilleumier,®> A. Waite,! S. Waldman,? # T. Walton,”
K. Wamba,! M. Weber,® U. Wichoski,? J. Wodin,! J.D. Wright,® L. Yang,' Y.-R. Yen,'® and O.Ya. Zeldovich®

* Both the first and the most-precise measurement of 2v[3 decay mode of 3¢Xe

PRL 107, 212501 (2011)

EXO-200 (2011) ——e——
KamLAND-Zen (2012) —e—
EXO-200 (this work) —e—
PRC 89, 015502 (2014)
P S NS S NN R R N N RS
1.5 2 25 - 3
2\1[SBT1/2 (x10°"yr)

One of the most competitive limits on %[ o T
Ovpp half-life ~ PRL 123, 161802 (2019) 210 F s

Counts

O
25 |
T > 35x10 yr (90% CL) g
10° il - Ofher Bigds
S10° - e T xe 2
F10°F

Phase II, SS

Counts

Res.
1
L
5

2000
Energy [keV]
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Enriched Xenon Observatory (EXO) Experiment

» EXO-200: initial EXO phase provided the following:

Established the unique capabilities of a monolithic

LXe TPC
-optimal energy resolution

-enhanced signal detection efficiency
-strong topological discrimination of backgrounds

-reproducible background model

These achievements provided a path
forward for nEXO

-planned five-ton scale successor
to EXO-200

-designed to achieve a sensitivity

to the OvPP half-life of ~1028 yr
in 13%Xe.

TPC Vessel
TPC Endcap

Anode Wire
an}l APD planes
N

r4 X

Cathode BT |

HV FILTER AND
FEEDTHROUGH

High purity

Heat transfer fluid
) HFE7000
A |l >50cm

| O S|l pousLe-waLLED
FRONTEND | T | )

CRYOSTAT
ELECTRONICS 25mm ea

VACUUM PUMPS LXe VESSEL

1.37 mm

LEAD SHIELDING
>25cm

: =t VETO
PANELS
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.
Enriched Xenon Observatory (EXO) Experiment

* nEXO detector design
-LLXe TPC located inside a vacuum insulated cryostat filled with HFE-7000
-Outer detector is composed of a large active water tank

Charge
collection tiles

Underground

cavern
Photon

detection

High voltage system

field cage

Cathode

Cross-section of the TPC

Access tunnel 'I
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EXO Discovery Potential

» Sensitivity as a function of background within
the FWHM Qgg region
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Breakdown of background components:
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T
EXO Discovery Potential PRC 97, 065503 (2018)

2vpp B Other Bgds. o 0w = Sum

Frd VoI Inner 3 t Inner 2 t Inner 1 t

106

LERD
‘ N ’Nr

1.0 3.0 1.0 330 1.0 20 3.0 1.0 2.0 3.0
Energy[MeV] Energy[MeV] Energy [MeV] Energy [MeV]

SS Events
[cts/(0.02 MeV)]

=
o
—

10°
10°
104
10°
102
101
10°
10

MS Events
[cts/(0.02 MeV)]

» nEXO 10-year discovery potential at T, = 5.7 x 10?7 yr.
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nEXQO: Active Detector Elements

* EXO Detector components
-Monolithic TPC
-Single dri
_old Electronics (ASIC)
to reach adequate energy resolution
-Purification methods to control and
maintain LXe purity
-Radiopure materials (silica, sapphirg

Prototype charge collection tile

Charge Tile

Support
*"4“ i‘:{“ 3
u$uu:p * *r’ . Array of
Charge Tiles
; i J .\
:_ 71 * 2= * ' -*

Field Shaping
Rings

. ~6cm

-

l
|
l
l
l
l

* The red indicated areas where SLAC group established leadership roles.

020¢ 1Ay SAV/ d 2I[QYSTA WOL] 212l
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More on CP-violation Phase(s)

Long-baseline measurements measurements, based on neutrino oscillation are sensitive
to Ocp phase, but cannot measure Majorana phases, should the neutrino be a Majorana particle.

Can these Majorana phases be observed?

-Yes, if NLDBD is observed and if neutrino mass i E' f
is directly measured in tritium beta decay §
I TR
(or cosmology) Y. m; 1S 4
-We would combine these measurements | RIS NN O NN SO0 L
g i
Mass (eV)
_ 2 2 il 2 i2
Mpgg = ||Ue1|*m1 + |Ue2|*mae*” + |Uez|“mse
1071 5 \nverted Orderig -
2 — . 2 2 Nom‘a\o(de
m/B - Zi |Ue?’| mi — Future 0023 /l
3 10-2 | (NEXO,39) /
-In a reasonable approximation Am?2, << AmZ, & _ 4 {'
one Majorana phase dominates, and could be Lo E E
extracted as e c
M2 1
04 T v T T
COS al z 1 —_— Sin220 (1 —_— mﬁle) 0.04 0.06 ngvotéov] 0.20
12 B 67



More on CP-violation Phase(s)

* There is an idea where authors in principle hope for a negative outcome of Ov[3[3:
-“The Normal Neutrino Mass Hierarchy is Exactly What We Need”, arXiv: 1910.02666
-In this scenario Normal ordering opens up the possibility of simultaneously measuring the
two Majorana CP phases.

-Other goal is to test NSI models that might affect solar LMA solution (HO).

100F— —— Saa
g 10 ,’n‘};XO_?I
g // 7 meV):
. . . Na)) 1 ~ -
* Itrequires two challenging things to happen, S 3
assuming the neutrino is a Majorana particle: B g e ey :
-Push the sensitivity of Ovpf to - = E
unprecedented value of Mgg < 1 meV 001 0.1 1 10 100

-Discover Majorana neutrino through Mo (meV)
a process other than Ovpf3 e

* This brings me to tell you about one other method to look
for Majorana neutrinos.

Majorana Triangle Size (meV)
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Alternative Majorana Neutrino Searches

q

Search for a heavy neutral lepton N.

Example: the following process
would violate lepton number
conservation, to indicate q
that N is a Majorana neutrino

-requires a charge-sensitive detector.

v=vl v2,v3, but X =X

The decays of the form N—v + X could also .
reveal whether neutrinos are Dirac or Depending on the mass of N:
Majorana particles. X=vy,n 00,7, H.

What is different in two cases?
-Decay rates (but depend on unknown mixing angles): F(N Y vy X ) = ZF(N PsvP+Xx )
-Angular distribution of Dirac vs Majorana decays

ND ->+vD 4 10
dI’
d(cos@

Dirac case: Not isotropic
) o< (1 +cos6 ) Majorana case: Isotropic
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Heavy Neutral Leptons could be search with DUNE Near Detector(s)

* Production of charge and bottom mesons in beams (such as LBNF) enables search for weekly
interacting HNLSs such as right-handed partners of active neutrinos

1 : . -
arXiv:1805.08567 el
— — - D'»K%+e+N
0100k -~ _ 7N | T D*>k*404N » Dominant branching ratios of a
= —-—- D*>m%e+N . .
% 0010 e DOkt sesN potential HNL production from
S L. NI N\l |\ DK +e+N different charmed and beauty
o —-—- D>t +e+N
0.001} DesesN mesons.
— = = Dg-»n+N
107 : e — .
0.0 0.5 1.0 1.5 2.0

munL[GeV]

« DUNE ND sensitivity (90% CL) for N — vee, veu, vuu, va?, em, and pt (combined)

' —DUNE .. S
1072 = gBND \

— SHiP
Excluded — NA62

— MATHUSLA
FASER

— MATHUSLA

& & Excluded
Z10-6 Z10°6
= S “
10—8 p 10_8 \J}
Type 1 Type 1 N
10710 | ) 10-10 | - i
- arXiv:2002.03005 :
0.01 0.05 0.1 0.5 1 2 0.01 0.05 0.1 0.5 1 2
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Summary

With the demonstration on non-zero neutrino mass we are now positioned to look into the
the question of CP-violation, and to search for differences between Majorana and Dirac
masses.

What we hope to accomplish in the next generation of experiments is to observe
-CP-violation in neutrinos
-Discover Majorana fermions.

The DUNE, with Near and Far Detectors, is planned to measure a non-zero Ocp over a large
range of values.
-In addition, the DUNE results will be augmented with T2K and NOvA measurements.

Neutrinoless double-beta decay (0vpp) is a powerful tool to investigate Lepton Number
Violation (LNV), and the only known practical way to assess the nature of the neutrinos
-Majorana phase could present additional source of CP-violation
-Determination of absolute neutrino mass.

EXO program will probe Ov3[3 half-life at ~10%® yr level
-We hope for a discovery!
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