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Neutrino Oscillation AT
Tsung-Dao Lee Institute

® PMNS Matrix Q—-0Q

CsCr S5C; s e 19D \ /

Upning = P | —5sCa — C5525-€797  +CoCy — Ss525.€'°  s,¢ | ©

+5sSa — CSC&'S!’ehSD —GCsSa — SsCaSreiéD CaCr
with P = diag(e'*, e'%2, €'%) & Q = diag(e'®™:, 1, e/%%s)

[(s,a,r) = (12,23,13) for (solar, atmospheric, reactor) angles]

® Oscillation o o
Mass Splitting + Mixing

Ve
v, -
vy Neutrino Oscillation

. . L
Paﬁlmgg — {Aa6|2 — sin” 26 sin® (5mzﬁ)
Amplitude Frequency
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Current Status of v Oscillation

){‘b‘i ARV

Tsung-Dao Lee Institute

with SK atmospheric data

Normal Ordering (best fit)

Inverted Ordering (Ax* = 7.0)

bfp £1c 30 range bfp £1o 30 range
sin? 0y, 0.304100%2 0.269 — 0.343 0.30410003 0.269 — 0.343
012/° 33451077 31.27 — 35.87 33457078 31.27 — 35.87
sin? 03 0.450 001 0.408 — 0.603 0.5700:0%¢ 0.410 — 0.613
B3/° 4217} 39.7 — 50.9 49.0103 39.8 — 51.6
sin? 13 | 0.0224610000%5  0.02060 — 0.02435 | 0.02241 7505075  0.02055 — 0.02457
013/° 8.627013 8.25 — 8.98 8.617015 8.24 — 9.02
dcp/° 230138 144 — 350 27872 194 — 345
Ay 7427021 6.82 — 8.04 7427021 6.82 — 8.04
10_5 ev2 = —0.20 : * = —0.20 ’ ’
.r’_‘-.ﬁ'*r,zF
T 3fV2 +2.510700%7 42430 — 4+2.593 | —2.490700%  —2.574 — —2.410
N . .

Gonzalez-Garcia, Maltoni & Schwetz [2111.03086]

Daya Bay heralded a new era of precision measurement in 2012!
Kam-Biu Luk @ Neutrino 2022
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Seesaw Mechanism A g5
Tsung-Dao Lee Institute

® Heavy neutrinos (N)

vMpN + h.c. + NMyN = [17 N’] ['V(')E m] [j\’f]

required by Grand Unification Theory ( X%—I2it )

® Seeaw Mechanism

The diagonalization of the full mass matrix

0 MD ]. T
M, = —Mp—M
[MB MN] ‘ "My P

Mo ~ O(100) GeV, My~ O(10%) GeV - M, ~ O(0.01) eV

MPERSA. fRI/]NI
AR—iLRGriRiRR !

Light neutrino mass M, is suppressed by the heavy ones

Shao-Feng Ge [gesf@sjtu.edu.cn] Neutrino CP @ FIND CPV [Aug/27, 2023] @ USTC 5



Neutrino vs Higgs A @5
Tsung-Dao Lee Institute

® Higgs boson = electroweak symmetry breaking & mass. ~ O(100)GeV

® Chiral symmetry breaking = majority of mass.

® The world seems not affected by the tiny
neutrino mass?

@ Neutrino mass = Mixing

=) p

( #Ling Ao NPP

Fy II
h ) DaYya Bay NPP

SN

@ 3 Neutrino = possible CP violation R
Daya Bay @ March 8, 2012

o CP violation = Leptogenesis
o = Matter-Antimatter Asymmetry
@ There is something left in the Universe.

o EW Baryogenesis is not enough.

LHC @ July 4, 2012
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Leptogenesis A BT
Tsung -Dao Lee Institute
£

With decreasing N { i+ ¢
temperature,

heavy N decays
to light SM
particles.

Matter-Antimatter
Asymmetry

® Interference between tree & loop diagrams

[ = rtree + rloop(+5D: _I_CSM)

[ = rtree I rloop(_(SD: _5M)

The matter-antimatter asymmetry needs
Dirac/Majorana CP phases.

Yanagida Fukugita

Shao-Feng Ge [gesf@sjtu.edu.cn] Neutrino CP @ FIND CPV [Aug/27, 2023] @ USTC 7
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Current Status of CP Measurement "{‘b‘iuﬁ.“ﬁ}i"}’

Tsung-Dao Lee Institute

CP violating phase (dcp) “ — CP symmetric
can take a value between -180" and 180° (No neutrino-antineutrino difference)

Disfavored
region at
the 30 C.L.

Enhance electron
antineutrino appearance

I—Aa—l «— CP symmetric
+180 (No neutrino-antineutrino difference)

Fig.1 The arrow indicates the value most compatible with the data. The gray
region is disfavored at 99.7% (3o) confidence level. Nearly half of the possible
values are excluded.

Enhance electron neutrino
appearance

Nature vol. 580, pages 339-344(2020)
https://www.kek.jp/en/newsroom/attic/PR20200416_T2K E.pdf
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Accelerator v’s by Lee & Yang A AR
Tsung-Dao Lee Institute
PHYSICAL REVIEW LETTERS |

Highlights Recent  Accepted Collections Authors Referees Search Press Ab

Feasibility of Using High-Energy Neutrinos to Study the Weak
Interactions

M. Schwartz
Phys. Rev. Lett. 4, 306 — Published 15 March 1960

Theoretical Discussions on Possible High-Energy Neutrino
Experiments

T.D. Lee and C. N. Yang
Phys. Rev. Lett. 4, 307 — Published 15 March 1960

S EMiE——604F Bl M BENNIE B P R F I R

@ 2021-01-04 @ 50
1E&:. BiR

EING0FRINTIE, SREENHFYIERFIES | BaHNAR

RN, ZEEGE S EF I AR
P T R P SR R ST ESNE AT, DRFOSSSEREER, EBSE/NLENSD 4L NS
iR, BIEERLUENNRENT, AT, BIEEPETREAHTBHTEERNE— M FYENS— DETF FUE, (GAMPERIRRS)
E% XOZENABTRNIES, HT201sEREIRMESY, BhiseBtmeanrmemanss 2021

dE, FHEEEATERMIVELRNESH, BELZ. THESHRETEHNSENERDE T LRE
B, S EEgaMNES, —HEEHETESE N FERNN FYEREEE AR,

https://tdli.sjtu.edu.cn/CN/customize/436?columnid=35
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Tension between T2K & NOVA

Normal Ordering

- *
-----------

T2K, NEUTRINO 2020: m BF —=<90% CL --- <68% CL

lllll

NOvA: +BF I:IsQD%CL .sS&%CL_
Ocp .

® Non-Standard Interactions
® Non-Unitary Mixing

® Lorentz Violation

® Sterile Neutrinos

Shao-Feng Ge [gesf@sjtu.edu.cn]

2 il
Sin“,4

Neutrino CP @ FIND CPV [Aug/27, 2023] @ USTC

A BT

Tsung-Dao Lee Institute

o7 T ]
Inverted Ordering i

0.6 S
i N
0.5 ]
0.4 =
[ T2K, NEUTRINO 2020: —=<=90% CL ---=68% CL 1
0.3; N INOVA: | I:'Iu_s.lgo?:,(lx IDISB:B%ICL_f
0 % T 3_:]1: 21

Ocp 2
NOVA [2108.08219]

Denton, Gehrlein & Pestes [2008.01110]

Rahaman, Razzaque & Sankar [2201.03250]

Chatterjee & Palazzo [2005.10338]

11



Confusion from New Physics Ak @5y

Tsung-Dao Lee Institute

® Non-Standard Interactions

1 0 1+ €ce €ep Eer Du, Li, Tang, Vihonen & Yu [2011.14292,
H=U Am? U Ve | 8 Eup 2106.15800]
v 2 * *
Am; W Sy e Tang & Zhang [1705.09500]

Du, Li, Tang, Vihonen & Yu [2106.15800]
Scalar NSI: SFG & Parke [1812.08376] Smirnov & Xu [1909.07505]

® Non-Unitary Mixing

oy 0 0 SFG, Pasquini, Tortola & Valle [1605.01670]
_ MNPy _ id Tang, Zhang & Li [1708.04909]
A=l o2|e'® 02 O | U Hu, Ling, Tang & Wang [2008.09730]

a31 «32 (33
® Sterile neutrinos Chatterjee & Palazzo [2005.10338]
® Lorentz ViOlatiOn Rahaman, Razzaque & Sankar [2201.03250]
Berlin [1608.01307] Liao, Marfatia & Whisnant [1803.01773]
® Dark NSI Chao, Hu, Ji & Jin [2009.14703
Zhao [1701.02735] a0, Hu, Jiang & Jin [ : ]
Brdar, Kopp, Liu, Prass & Wang [1705.09455] SFG, Murayama [1904.02518]

Shao-Feng Ge [gesf@sjtu.edu.cn] Neutrino CP @ FIND CPV [Aug/27, 2023] @ USTC 12



Non-Standard Interactions (NSI) R bokis

Tsung-Dao Lee Institute

( \ b
1 0 €ee €eu E€er
— 2 *
H = 2—U Am: UT + V. €epn  €up  €urt
2 Am? €’ € €
\ a J er T T )
o Siardnid Tatevaction— (3'50 V ) The effect of NSI on the CP sensitivity at T2K [ 5= -90° ]
cc nc IR R

@ Non-Standard Interaction — €,

% (8p)

e Diagonal €, are real

o Off-diagonal €,«3 are complex

o Both can fake CP

L i i B B i S G
o Z' in LMA-Dark model with L, — L, gauged as U(1) %
o Mz ~ O(10)MeV
o gz ~107°

Shao-Feng Ge [gesf@sjtu.edu.cn] Neutrino CP @ FIND CPV [Aug/27, 2023] @ USTC 13



Non-Unitarity Mixing (NUM) Atk § 5

N=NVPy =

210t 12 2
,ue F=ai; {0'-22 [Ca|512| 83

Tsung-Dao Lee Institute

( 11 : 0 0 )
|a01]€’® a0 U
| @31 Q32 Q33 |

S{;.~,|:2 + 2c¢,s.(cos dpR — sin 6D]I)(5{25{§)] + |a21|2Pee

+ 2022 |21 | [Ca (cpR — sp 1) (5{1 5{;) + Sa (Cp+6p R — Spp+851) (5{15{2 ):| } :

The effect of including non-unitarity at T2K [BELFI’E: -90° NH ] The effect of including non-unitarity at T2HK [ 53'391 -90° NH ]

25 ! T ! ;‘ ! !

Unita@ :
Non-Unitary ——

: 100 ! ! ; -_ ; g !

90 ............... Unitary ——— ...................... ......................
' Non-Unitary ——— : ?

Non-Unitary + Prior

= s Rl s b g

........ P IR . N DN S N N .

........ D L. T N — S— W —

Ve 80 | ......................... ...............

Non-Unitary + Prior

Sl AN N AR W SR N N W AN S
S (. R [N N S SN U 5 AN [
Sl ISR | SN NN S S SRS ' AN S

ot I . W TR N S L . e

90° 135° 180° 225° 270° 315° 360°

Leptonic Dirac CP Phase a{‘}p

0 : : .
405° 450° 90° 135° 180° 225° 270° 315° 360° 405° 450°

Leptonic Dirac CP Phase a?fp

SFG, Pasquini, Tortola & Valle [1605.01670]

Shao-Feng Ge [gesf@sjtu.edu.cn]
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NUM vs Seeaw Mechanism At ¥y
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® Heavy Neutrinos

PMpN + h.c. + NMyN = [17 N] ['V(')E mﬁ] [j\’[]

The diagonalization of the full mass matrix

[0 MD]
MT My

A @11 : 0 0 )
W= NNPU — |Ci:21|15‘“;25 x99 0 U
. 031 32 (33

NUM is not exotic at all!

Shao-Feng Ge [gesf@sjtu.edu.cn] Neutrino CP @ FIND CPV [Aug/27, 2023] @ USTC 15
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CP Measurement & Issues AT

Tsung-Dao Lee Institute

., = amsin(26s)sin(26,)sin(26,) cos 8, sin dp

@ 1% oscillation peak

o Efficiency:
@ Proton accelerators produce v more efficiently than 7 (o, > o%).
@ The 7 mode needs more beam time [T7: T, =2 :1].

@ Undercut statistics = Difficult to reduce the uncertainty.

T2K v,
| mmm NOvA v,
0.175 \ DUNE v,

@ Degeneracy: | |

5 0.150{

0.2001

S
=0.125

@ Only sindp appearsin P, ,,, & Py, »7,.

©_0.100

o 0.075

@ Cannot distinguish dp from 7 — dp.

0.0501[| |,
|

0.0251

0.000 .
1 2 3 4

%J}; ox cosdp = A(dp) ox 1/ cosdp

@ CP Uncertainty

SFG [1704.08518, PoS NuFact2019 (2020) 108]

Shao-Feng Ge [gesf@sjtu.edu.cn] Neutrino CP @ FIND CPV [Aug/27, 2023] @ USTC 17



Solution: Muon Decay at Rest Ad iy

Tsung-Dao Lee Institute

@ A cyclotron produces 800 MeV proton beam @ fixed target.

@ Produce 7= which stops &
@ 7w is absorbed,
o w1 decays @ rest: 7" — uT + v,

@ uT stops & decays @ rest: ut — et + T, + v

uDAR Spectrum

Well predicted
spectrum!

0 10 20 30 40 50 60
£, [MeV]

@ 7, travel in all directions, oscillating as they go.

@ A detector measures the 7, from v,, — V. oscillation.
Shao-Feng Ge [gesf@sjtu.edu.cn] Neutrino CP @ FIND CPV [Aug/27, 2023] @ USTC 18



uDAR & Accelerator v AT

Tsung-Dao Lee Institute

Combining v,, — v, @ accelerator [narrow peak @ 550 MeV] &
v, — Ue @ uDAR [wide peak ~ 45 MeV] solves the 2 problems:
@ Efficiency:

o 7 O high intensity, uDAR is plentiful enough.

o Accelerator Exps can devote all run time to the v mode. With same
run time, the statistical uncertainty drops by V3.

@ Degeneracy: (decomposition in propagation basis [1309.3176])

decomposition coefficients for cosé and sind at T2(H)K [295 km] decomposition coefficients for cosé and sind at uDARTS
0015 ! 1 4 1 T 00? T T 1 1 1 1
LT T~ ' near detector [10 km]: coeff of cosd
oor / \ 0.06 .I\ sing = = =
R D R R ;
/ T~ .
0.005 |- : g
' o
0 B
Sk =
\EL ' ; ﬁow
-0.005 e o
0,01 I S~
_ _ -~ Mode: coeff of cosd
N I
-0.015 e R _ &
5 v Mode: coeff of cos§ = = = = = = -0.
: SiNG =— = — ; : : : ; i
'0.02 | | 1 1 1 1 '0.04 L L 1 1 1 | |
300 400 500 600 700 800 900 1000 10 15 20 25 30 3 40 45 50
Ey 7[MeV] E,, y[MeV]

Shao-Feng Ge [gesf@sjtu.edu.cn] Neutrino CP @ FIND CPV [Aug/27, 2023] @ USTC 19



,le/urw

Tsung-Dao Lee Institute

50°

40°

=30° i

Average A(S
Average A(D)

20°

10° |-

Duo 1.0 2.0 :;o ;o 5-0. e:or 70 o . 10 20 30 40 5.0. E;D 70
1 P’;DAR source _I_ 2 detectors Baseline Length [km)] Baseline to SK [km]
Evslin, SFG, Hagiwara [1506.05023]
Advantages SFG, Pasquini, Tortola, Valle [1605.01670]

SFG, Smirnov [1607.08513]

@ Full (100%) duty factor!
@ Lower intensity: ~ 9mA [~ 4x lower than DAESALUS]

@ Not far beyond the current state-of-art technology of cyclotron
[2.2mA @ Paul Scherrer Institute]

@ MUCH cheaper & technically easier. Disadvantage: A second detector!
@ Only one cyclotron.

@ Lower intensity. Harnik, Kelly & Machado [1911.05088]

Shao-Feng Ge [gesf@sjtu.edu.cn] Neutrino CP @ FIND CPV [Aug/27, 2023] @ USTC 20



Guarantee CP against NSI Ad ¥

Tsung-Dao Lee Institute
The effect of NSI on the CP sensitivity at T2K [ 853®= -90° ] The effect of NSI on the CP sensitivity at uSK [ 8= -90° ]

22(8p)

NEEEEEEEE. SN

90° 135° 180° 225° 270°
sfit

The effect of NSI on the CP sensitivity at vI2K+uSK [ 35/¢= -90° ]

fit
dp
The effect of NSI on the CP sensitivity at T2K+uSK [ 85"¢= -90° ]

5 S
~ 3
315°  360° 405° 450° .1350
fi i
%  SFG & Alexei Smimov [1607.08513] ol

Shao-Feng Ge [gesf@sjtu.edu.cn] Neutrino CP @ FIND CPV [Aug/27, 2023] @ USTC 21



NUM Zero Distance Effect

11 0 0

)lez.srw

Tsung-Dao Lee Institute

U = NNPU = |(’Ilt21|t’i".(’fJ a9 0 U Pip(L — 0) — a%1|a21|2pee

31 32 33

Event Spectrum at uNear [20ton, L = 20m]

100 T T T
Signal é é
90 I Background = - | | |
60 _ ........................................ ....................................... ....................................

Event Rate [MeV'l]

30 b ........................................ ........................................ \ ...............................

|a12|‘“‘f‘ =0.02

u DAH.‘u DAR 5){10

0 ; ; ;

30 35 40 45
E, [MeV]

~ aj|a |’ ~ |az|?

Transition@L — 0

SFG, Pasquini, Tortola
& Valle [1605.01670]
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uNear @ uDAR A Ay

Tsung-Dao Lee Institute

Pﬁﬁp(!_ — 0) = afy|a21]?Pee = 021|a21]? =~ |a21|?

1o Upper Limit on |o,4| at pNear
10°

5

Detector Size [ton]

[
o
=

10°

Backgroud-Signal Flux Ratio [x10™]

SFG, Pasquini, Tortola & Valle [1605.01670]

Shao-Feng Ge [gesf@sjtu.edu.cn] Neutrino CP @ FIND CPV [Aug/27, 2023] @ USTC 23



TNT2K + uNear

50

The effect of including non-unitarity at T2K+uSK [

true_
CP =

-90°% NH ]

45
40
35

30 |-

20
15

Unitafy
Non-Unitary
Non-Unitary + Prior

Leptonic Dirac CP Phase Sgtp

true_

The effect of including non-unitarity at T2K+pSK+uNear [ §cp = -

90°% NH ]

50

45

40

35

30

20

15

10

Unitafy
Non-Unitary
Non-Unitary + Prior

1

135°

180°

225° 270° 315°

Leptonic Dirac CP Phase Sg'p
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360°

405°

450°

A BT
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The effect of including non-unitarity at T2HK+uHK [ §e= -90°, NH ]

250 : , ! 5 ? : :
: : . ' Unitafy : :
Non-Unitary
Non-Unitary + Prior

200

150
=
100
50
0
90° 135° 180° 225° 270° 315° 360° 405° 450°
Leptonic Dirac CP Phase Bzi:'p
The effect of including non-unitarity at T2HK+uHK+uNear [ gsc= -90°, NH ]
250 T ! ) 1 ; !
: ! Unitary {
Non-Unitary
200 Non-Unitary + Prior
150
=

100

50

0
90° 135° 180° 225° 270° 315° 360° 405° 450°

Leptonic Dirac CP Phase chitp

SFG, Pasquini, Tortola & Valle [1605.01670]
Neutrino CP @ FIND CPV [Aug/27, 2023] @ USTC 24



UTHEIA+DUNE

Sanford Underground

2

Fermilab

Rasearch Facility
L .

THEIA25

20m

THEIA [1911.03501, 2202.12839]

A @M

Tsung-Dao Lee Institute

NOvA _{

(2021)

TjK 1080+4[]‘°

33°

6NUL—'—'\ 1480+-N

SFG, Kong, Pasquini [2202.05038]

Shao-Feng Ge [gesf@sjtu.edu.cn]
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T2K )_._
(2021)
f—\'fSD ﬂtSD
~ T2HK —e—  +2° +10°  Fo-
(g =1+ 0.06)
DAESALUS }_._{ +18° +-98° }_._{
DAESALUS + JUNO —— . .
(10 MW) +18 4910 —e—]
DUNE e L0 120 e
(g=1=+0.1)
MOMENT —o o .
{10% norm) =15 +15 }_._{
T2HKK e . i
(g =1+ 0.06) +13 +7 -
TNT2HK e 1190 L o
(g=1)
DUNE + yTHEIA-25 M +11° 110 M
(g=1+0.1) |
DUNE + pyTHEIA-100 o o
(g=1+40.1) re- +8 +7 >
[ M L [ | ) . L L L
—180° —135° —=90° —45° 90°  135°  180°
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Neutrinoless Double Beta Decay [ Yokl

Tsung-Dao Lee Institute

® Mediated by Majorana Neutrino + Lepton # Violation

hierarchical cancellation quasi—degenerate
n 1 (only normal)
A'rn‘:;tﬁa cos 2015 "
5 An () \
L
— 0.01 } mnl—ﬁr:!—_;zs'f.i
é’ it
o JE
0.001 | i
A2 2 —y/AmE + mist,
i + Amis";‘s _ 2 L
©0.0001 0.001 0.01 0.1 1

m [eV]

® Mass Suppression
I

Moy U Ui 3 Ue,%ue,-

® Effective Mass

c52 c;',f,2 mye'om 4 53 c?

r

my + s>mze'oms

(M) ee = Zm;Ug,- =
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Majorana Triangle A day
Tsung-Dao Lee Institute

Im A Majorana Triangle
/,I’ “\\\
Ny emm——
,,,l \JL,# "‘\
b Y
:” ) .r', A3 \\
i I ' O M3 \
I OMI—TT 1 - !
| T . 5
\ O \ L2 1 Re
“ ‘\ f, II
\\ \ﬁf ,,I
\\\\ /,[ 2\\ ****** -’
\\‘. ’I’
7 2 3 D
— — idn1
L1 = mU;; = micicie :
? y = L
— _ 2 2 2
(M)ee = L1 + Lo + L3 Lo =myUs, = \/m% + Amgcr 5=,
—

h
w
]

msU2; = \/m% + Am2s2e/oMs
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Catching 2 Majorana CP Phases

07 ity I E L
2.4 4 2.4 4 2.4
Cos Oppq = — mic, Cs + m5c,s; — m3s, ol |
2m 1"?’12(1‘:}C1'52552 E _
-] . m=4meV
2 L -
michch — michst — mis 2 £ iy
cos O3 = + —— : |
2Mmym3Cy Sfss el i
I m =6meV
See ms mes  bse mees st e
® JUNO can significantly reduce uncertainties dwi [Degree]
13{}'3‘_% 18!]':'----|----|----|----|----|""
(a) - e —— (b) |
| Posterior —- |
135° 135° .
m, = 3meV | my=3meV
4meV - 4meV - .
= " EmeV e} al sSmeaV |
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SFG & Manfred Lindner, [1608.01618]
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® CP Violation in the Neutrino Sector

® Dirac CP Phase & New Physics
® Accelerator + UDAR for better CP measurement

® Majorana CP Phase

® Neutrino Electromagnetic Properties

Shao-Feng Ge [gesf@sjtu.edu.cn] Neutrino CP @ FIND CPV [Aug/27, 2023] @ USTC 34



Electric & Magnetic Moments A g vy
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® Being neutral, neutrino does not have charge

® But can have electric & magnetic moments
Hy =v [_fM (qg)i‘gp:uqy T fE(qg)Jﬁaqu’Faﬁ] VAP:(Q)
Magnetic Moment  Electric Moment

1) Majorana neutrinos (uv)i; = — ()i and (e)i; = —(€v)ji

2) Dirac neutrinos nonzero diagonal (€, );; also indicates CP violation
® Possible tests

(Ha5)? :Z > Uae (k)i = i) (1) = D ()i * + I(ew)i?

Scattering & recoil Stellar processes

Giunt & Studenikin [1403.6344]
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Light mediator @ v Pair Emission EElGEis
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1) Mass Song et al [1510.00421]; Zhang & Zhou [1604.08008]
2) CP phase Yoshimura & Sasao [1506.08003]

le) 3) Dirac vs Majorana Dinh, Petcov, Sasao, Tanaka & Yoshimura [1209.4808]

4) Unitarity Huang, Sasao, Xing & Yoshimura [1904.10366]
— |g) +~+pv 5) Sterile neutrino  Dinh & Petcov [1411.7459]

) 6) Axion Huang & Zhou [1905.00367]
Fukumi et al [1211.4904] 7) Dark photon Bhoonah, Bramante & Song [1909.07387]
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J === ¢°gpy Dirac 510 : s 3
o sk Mai ) -' == gfy%y; Dirac
1072 : gq-gf” o 1071 il Maj"’a“a -
10-2 | """ 9°9i.11 Majorana 107k & HBstars x Meson Decay .
w0 ! ' ] R L - N N R R
10~ ! -19 [ 2 ] RG stars x Meson Deca
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SFG & Pasquini [2110.03510]
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v Moments @ v Pair Emission At d T
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Can disentangle EDM & MDM elements! SFG & Pasquini [2206.11717]
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2
(r,)

I . q
Hpy =V | —i0q” (1 +i€,75) + (’m - qu) ¢ ( T au%)] vA*(q),

0.10 =

Yb, NO, m; = 0.01eV
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w [eV] SFG & Pasquini [2306.12953]
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® CP Violation in the Neutrino Sector

Important consequence for explaining matter-antimatter asymmetry.

® Dirac CP Phase & New Physics

Needs to exclude multiple theoretical uncertainties.

® Accelerator + UhDAR for better CP measurement

Combination of high- and low-energy neutrino sources.

® Majorana CP Phases

No-loss for Ov2b measurements. T h an k Yo u

® Neutrino Electromagnetic Properties

Atomic RENP (radiative emission of neutrino pair) is a unique probe.
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® Oscillation probabilities @ Accelerator Neutrino Exps

Pv“%ve M452C2525| ¢31
Uy—e

2

— 8C252€75,CsSs Sin ¢o15in 31 [cos dpcos ¢p31Esin dpsin @3]

) 2|.
for v & T, respectively. [¢|J = 4“;,

@ Run both v & 7 modes @ first peak [¢31 = F, P21 = aF], a= \:;_:nﬂ;LI ~ 3%
31
PF“—'}’FE- + PVP;"_'}VQ 252(:25}? i

PF“_"}FE a PI/

L

v = amsin(26s)sin(26,)sin(260,) cos 8, sin dp .

PiF. RPFBFIIRZEEZERZER — WE CPHMA doo
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DAEOALUS with uDAR A g My

Primary

Cyclotron &

Target/shielding

7T+—>-,u++v,_,,
pt—et +U, + e

Tsung-Dao Lee Institute

SC. maxim
at ~40 MeV

Injector Cyclotron

BMIATH (FEEtHIE

@ Disadvantages: RYERID. TE)
@ The scattering lepton from IBD @ low energy is isotropic.
e Cannot distinguish 7, from different sources Ve + D — 6+77,
o Baseline cannot be measured.
o Cyclotrons cannot run simultaneously (20~25% duty factor).
o Large statistical uncertainty.
Conrad & Shaevitz [0912.4079]
o Higher intensity is necessary. Agarwalla, Huber, Link & Mohapatra [1005.4055]
o Expensive & Technically challenging. DAEJALUS [1006.0260, 1307.2949]
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New Proposal A Ay
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1 4uDAR source + 2 detectors

Advantages
o Full (100%) duty factor!

@ Lower intensity: ~ 9mA [~ 4x lower than DAESALUS]

@ Not far beyond the current state-of-art technology of cyclotron
[2.2mA @ Paul Scherrer Institute]

@ MUCH cheaper & technically easier.
@ Only one cyclotron.

o Lower intensity.

Disadvantage: A second detector!
@ uDAR with Two Scintillators («DARTS) [Ciuffoli, Evslin & Zhang,
1401.3977] also Smirnov, Hu, Li & Ling [1802.03677, 1808.03795]

@ Tokai 'N Toyama to(2) Kamioka (TNT2K) [Evslin, Ge & Hagiwara,
1506.05023]
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Future Accelerator Exps

" NOVAFar Detector (Ash River, MN)

) et
i gt 11 ——
® Flux upgrade: T2K-II, NOVA-II? “ih — g
2041 -
® Detector upgrade: T2HK \
. 0 i mf}&‘}}‘.“&"‘}ﬁ/ IIIIII‘.'\/IHIHH;\ wwwwwwwwwwwwwwwwwwwwww
® Baseline upgrade: T2KK, T2KO ool o) | |
® MOMENT Cao et al [1401.8125] .z04 |
Tang et al [1909.01548] “ ana, f
® |n china? Tang, Vihonen & Xu [2202.13595]  ° ““""M‘é""‘ﬁ"’
® Atmospheric
Super-PINGU: Razzaque & Smirnov [1406.1407] 1] tl | n 4; ’
JUNO: An et al [1507.05613] LA R e B h S W S

DUNE: Kelly, Machado, Martinez-Soler, Parke & Perez-Gonzalez [1904.02751]
Super-ORCA: Hofestadt, Bruchner & Eberl [1907.12983]
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XENONNT [2207.11330]

Neutrino CP @ FIND CPV [Aug/27, 2023] @ USTC

(Lz
Corona, Bonivento, Cadeddu, :

Cargioli & Dordei [2207.05036]

45



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45

