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Leptonic CP Violation
Dirac & Majorana Phases
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in the lepto as well
as using leptogenesis to realize the very existence of matter-antimatter asymmetry
and subsequently the whole matter world that we are living in. With a nonzero
thetal3 mixing angle observed at the Daya Bay experiment and a 125GeV’ Higgs

]
boson at LHC, both incidenty in the same year of 2012, a new era of precision
neutrino study herads the possible meansurement of the leptonic Dirac CP phase.
and other possible new physics scenarios. Neutrino physics is not just the first
place 10 observe new physics beyond the Standard Model of particle physics, but L] L]
ing our Universe.
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Minimal Neutrinos A @Ay
Tsung Dao Lee Institute

Georg G. Raffelt

Stars as Laboratories

for Fundamental Physics

The Astrophysics of Neutrinos, Axions, and Other
Weakly Interacting Particles

In the standard model, neutrinos have been assigned the most min-
imal properties compatible with experimental data: [zero mass. zero
charge. zero dipole moments, zero decay rate. zero almost everything.

Why neutrino physics is so important?

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] Leptonic CP Violation @ B%4557Ez0, =1L [Feb/3, 2026]



v Oscillation as 1t New Physics AL B AR

Target

E_a(e.g. iy
L
W \
Amp Va > VB
Source
B. Kayser [hep-ph/0506165]
i b B
=2 Amp A ;
1 Us Prop(v.)
Source
Va:Zi Uaivi — Zi Uaiel(Eit_Pi'x)Vi
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Reactor: O(1~10) km
Accelerator: O(100~1000) km

Atmospheric: O(10°~10%) km
Solar: 0(10°) km

v oscillation is essentially
quantum interference @
macroscopic scales!

om? = (107° ~ 107 3)eV?
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Why Tiny v Masses are Important? A E AR
Tsung-Dao Lee Institute

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

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

@ Neutrino mass = Mixing

@ 3 Neutrino = possible CP violation

@ 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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Seesaw & Leptogenesis A E AT
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With decreasing N ) bt @
temperature, heavy * 7+ &
N decays to light

SM particles. l

Matter-Antimatter
Asymmetry

® Interference between tree & loop diagrams

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

Yanagida Fukugita
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Three Neutrino Oscillation
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® PMNS Matrix

Dirac Phase

Q O
\W4

CSCr SSCF @
Upning = P | —55Ca — C5525:€'0  4C5Ca — Ss525€'°° 5,60 | Q
\—’—5553 - CsCaSreiéD _Cssa - SSCaSre;(sD CaCr

(s,a,r) =

(12.23,13) for (solar, atmospheric, reactor) angles

P = diag(e'?,e'?2,e'?) & Q = diag(e‘, 1, e‘)

HH'H*“M"H P M0

Majorana Phases

-..l"lf"i

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn]
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v Oscillation Parameters

Daya Bay heralded a new era of precision measurement in 2012!
Kam-Biu Luk @ Neutrino 2022

Normal Ordering (Ax* = 0.6) Inverted Ordering (best fit)
bfp 1o 3o range bfp 1o 30 range
:; sin? 015 0:307+3012 0.275 — 0.345 030813012 0.275 — 0.345
g | bi /° 43651022 31.63 — 35.95 ga05 ' 00 31.63 — 35.95
QO
f? sin? 053 0561+ 00e 0.430 — 0.596 0.562+0:012 0.437 — 0.597
S | 0a3/° 48577 41.0 — 50.5 48.6107 41.4 — 50.6
5 . .
| sin® 613 0.0219570-00932  0.02023 — 0.02376 | 0.0222410:000%8  0.02053 — 0.02397
5 | 613/ 859701 8.18 — 8.87 858101 8.24 — 8.91
=
Z || ocp/° e 96 — 422 285125 201 — 348
= Am3
= NTZ;Q 7497019 6.92 — 8.05 7497070 6.92 — 8.05
2
% 4+2.5347002% 12463 — 42,606 | —2.5107002% 2584 — —2.438

Esteban, Gonzalez-Garcia, Maltoni, Martinez-Soler, Pinheiro & Schwetz [2410.05380, 2601.09791]
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Full vs Residual Symmetries A AT
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Lam, PRL101, 121602(2008), PRD78, 073015(2008)

® Full flavor symmetries

H=G xXF
o 1 Same doublet S
€2 —= — 1

[fL] ( | 2) T

UEUV:I {Gl,,Gg,,F}
1. Full symmetry HAS TO be Broken!

Top Bottom

2. Many other factors (Yukawa down
couplings, VEVs) may enter.

® Residual flavor symmetries

75 X Zg‘*’r Z3 ={I,F,F?}
If mixing is TRUELY determined

by symmetry, it has to be the L 5
residual symmetry G1(G2), Gz F =diag (1,w,w")

See also Smirnov et. al., [1204.0445, 1212.2149, 1510.00344]
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Residual Symmetry it fi“r’""‘”

Residual symmetry directly applies on the mass matrix!

® |nvariance ® Diagonalization ® Rephasing
T
GIM,G, =M, VMV, =D, D, =d,D.d,

M, =G/M,G, =G'V:D,VIG, f G ;
. » ViG, =d.V/]
= V:D,V! =Vvid'D,d, V]
e
G, =Vodo V]  w: G =75(Z5) x 27| di = diag (&1, £1, £1)
Fo = nggV;[ 6 FeU()x U() d=diag (et ez elf)

Direct connection between residual symmetry & mixing pattern!

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] Leptonic CP Violation @ B%4557Ez0, =1L [Feb/3, 2026] 11



Single Residual Z;

o Although Z5", represented by Gs, is Broken!

Tsung-Dao Lee Institute

o No particular reason for Z5 or Z, to be Broken!

Z;

5

Zy

Gi(k)

G2 (k)

. 2 — &
T 21 K2

1 .
T 21 k2

o 75 & 7. are Dependent

Gi(k) = Ga(k)G3

@ DIFFERENT Consequences!!!

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn]
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k2 |
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/

SFG, Dicus, Repko
PRD 2011 [1012.2571]
PLB 2011 [1104.0602]
PRL 2012 [1108.0964]

Leptonic CP Violation @ BK4F5!5ESN, =IE [Feb/3, 2026]
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Correlation between Observables A @A
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G; = V,dJ V],

oSy — (s2 —essp)(es —s5) cos 6 — (s2s2 — c2)(c2 — s3)
4C254CsSsSr 4 655:C:5:5

Residual Symmetry vs Custodial Symmetry

® Gauge symmetry has to be broken. Otherwise, no mixing.

® \Weak mixing angle is a function of gauge couplings, which
cannot be dictated by gauge symmetry (and VEV).

® Weak mixing angle is related to the physical observables,
the gauge boson masses by custodial symmetry

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] Leptonic CP Violation @ B%4557Ez0, =1L [Feb/3, 2026] 13



Prediction of Large CP A AR
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(5557 — c2)(c3 — s3)

(s — &557)(cs — 53)

cos0p = cos 0p =
BE€55:C:5:57¢ 4C,5,CsSsS,
0.03 T T T T T T T T 0.3 T — 1 T T T T T T
0.025 } ” —_— 7, '
== NuFIT 6.0
0.02 | 0,021 T2K+NOvA .

0.015

dP(I5pl)/d[8p|

0.01 f

0.005 f

50| ’ 3 225°  270°  315° 360°
D 6D(o)
A. Hanlon, SFG, W. Repko [1308.6522] SFG, Chui-Fan Kong & Joao Pinheiro [2511.15391]

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] Leptonic CP Violation @ B%4557Ez0, =1L [Feb/3, 2026] 14



CP Measurement AL B AR
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CP violating phase (8cp) “ — CP symmetric
can take a value between -180° and 180° (No neutrino-antineutrino difference)

Disfavored
| -90° region al
the 30 C.L.

Enhance electron
antineutrino appearance

- « CP symmetric
+180 (No neutnino-antineutrino difference)

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

Enhance electron neutrino
appearance

https://www.kek.jp/en/newsroom/attic/PR20200416 T2K E.pdf

Nature vol. 580, pages 339-344(2020)

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] Leptonic CP Violation @ B%4557Ez0, =1L [Feb/3, 2026] 15



Confusion from New Physics

® Non-Standard Interactions

1 0 1 e €an
H= E U Am? Ut + V. S
v Am? & €

Scalar NSI: SFG & Parke [1812.08376]

® Non-Unitary Mixing

11 _ 0 0
N=NVPyU = laz1|e’? any O U
31 32 (33

® Sterile neutrinos

® Lorentz violation

® Dark NSI

Berlin [1608.01307]

Zhao [1701.02735]
Brdar, Kopp, Liu, Prass & Wang [1705.09455]

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn]

Leptonic CP Violation
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ok Du, Li, Tang, Vihonen & Yu [2011.14292,
€ur 2106.15800]
€Err

Tang & Zhang [1705.09500]
Du, Li, Tang, Vihonen & Yu [2106.15800]

Smirnov & Xu [1909.07505]

SFG, Pasquini, Tortola & Valle [1605.01670]
Tang, Zhang & Li [1708.04909]

Hu, Ling, Tang & Wang [2008.09730]

Chatterjee & Palazzo [2005.10338]

Rahaman, Razzaque & Sankar [2201.03250]

Liao, Marfatia & Whisnant [1803.01773]
Chao, Hu, Jiang & Jin [2009.14703]

SFG, Murayama [1904.02518]
SFG, PoS NuFact2019 (2020) 108
SFG, J.Phys.Conf.Ser. 1468 (2020) 1, 012125

@ BF4FaED, =1 [Feb/3, 2026] 16



Two Mixing Matrices in v Oscillation A B AT
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B. Kayser [arXiv:hep-ph/0506165]
(p
A -

ZAmp

C Should they be the same?

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] Leptonic CP Violation @ B%4557Ez0, =1L [Feb/3, 2026] 17



Production vs Detection AL @Ay

Qetection: ES, RES, Dy

Tsung-Dao Lee Institute

Q> ~ (100 MeV)?

Pion Accelerator Neutrino Beam Concept \

all neutrino or

proton L antineutrino types
accelerator pion 10 PeV pions killer P
_, Sd® horn %
J ‘ 5 -
-}l%_— —4 =)
target muons and el
10PeVlinear 01 neutrinos 0.01-10

lerator i
accelerato kiloparsec

\ Production: T, M, K decayy

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] Leptonic CP Violation @ B%4557Ez0, =1L [Feb/3, 2026] 18



Mismatched Momentum Transfer

AL B AR
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26°r  DUNE
24°}
299
20°(
18°|
16°|

S 14
12°F
10°
g0
6°
40
90

T T T T L} | T

—

v/ Q% distribution
v mode 1
Y U mode

B = 25GeV |
Q3 =1MeV?
Bs =3 x1072 ]

/ Q5 from 2108.11961

Ur::u | X
0.0

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn]

0.

1.0 1.5 2.0
V@ [GeV]
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Mismatched Mixing Matrices from RG

Q2
9@3’(@ ) =0 (Qo) + 055 In ( 2
0
) Q’
50(Q) = 60(Q2) + Bs1n ( 9 )
0
The mixing matrices needs not to be the same!
2
—il — 2
5 = Usi(@)e 0 U2,(Qp)
Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] Leptonic CP Violation @ BE4557&sN, = [Feb/3, 2026] 20



Degeneracy with CP Phase A AT
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o = Un(@De "B UL (Q)  6n(@%) = 0n(@)) + sl ( | 5

0
8 X X T T T T T T T T T T T T T T T T T T T T T o T z T v T L T . ; J T T T ¥ T
R e e i), I = AT0 00 = 1 Mey/® 35 ﬁ‘ — Qi =1MeV? = fixed f5=0
: "11'1 ree Q2 =100MeV2 = free B5
\

ho

DUNE: §%% = 270°
6.5 yrs (v)+6.5 yrs (v)

30
SBL 95% C.L. o
6} — 68% C.L. =+ 95% C.L.]
| DUNE: 6.5 yrs (v)+6.5 yrs (v) == 00% C.L. *»++ 99% C.L. _ lo
=5 L i | L : opb——— = : P P VA S s
180° 210° 240° 270° 300° 330° 360° 180° 210° 240° 270° 300° 330° 360°
5%2“ 6J1bcst

SFG, Chui-Fan Kong, Pedro Pasquini [PRD, 2310.04077]
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Zero Distance Effect A E AT
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m? , (1 ; 2F,
OSC % -
Uﬁz(Qd) QE U (Q ) Eu < < Am?j
\_ )

Non-zero transition even in the zero distance limit!

Pas = V@U@, #0

Effective non-unitary mixing!

A A
PO = 1L e gl (TD) sin® 2013 P,.(Q3,) = sin’ (TD) 524 5in” 20,3

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] Leptonic CP Violation @ B%4557Ez0, =1L [Feb/3, 2026] 22



Constraint @ Short-Baseline Experiments

257
-\
R\
oA\

200\
i |

v,

T r T T
===- NuTeV: v mode

—-— NuTeV: 7 mode
""""" NOMAD
—— (CHARM-II

— (Combine

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn]

A AR
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186 [rad] SFG, Chui-Fan Kong, Pedro Pasquini [PRD, 2310.04077]
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Momentum Transfer for Reactor v A @ AR
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2 ) 2 2
Q% ~ 1.67MeV? Q% ~ 0O(1072 ~ 10%)MeV
20 BREEEE EEEENEEEEENEEE DR D EEE R
2_1 59 _2 3 ® Reactor v oscillation does
N do/dQ% [10~4 cm?/MeV?)] not involve CP phase
L) o .
- Pee =1-— COS4 6'13 8‘1112 2912 SiIl2 (Agl)

= 0082 912 SiIl2 2913 SiIl2 (A?;l)

= SiIl2 912 SiIl2 2913 SiIl2 (Ag,g)

® But it can probe the RG
running of Dirac CP phase

2 3 4 3 §) 7 8 9 10
E [MQV] SFG, Chui-Fan Kong, Pedro Pasquini [PRD, 2411.18251]
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CP RG Running for Reactor v Osc At d ¥y
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2
) sin 2913,85]

1 2
1 — Pee(Q?g,p) ~ [— In (‘Q—g

2 < 4
x 10)
"ll l-"l -l.'_l"l--l LI I LI 'l-—l_ 1 I I I I I I LI L L L I L L L L I D. L | U ! 1 I I I ! I I 1 I I I 1 U | I 1 I I I T I 1 I |
= -..H _____________________________________________________________ . —
S 0.9;- o s T ] I JUNO-TAO (3 years)
= 0 8: '-.'-..,I_\‘\I .................................. ',(_':.J | = 15 - —_— IBD -
¢ 0.8F M AT {4 - . .
& . — Ww/oRG s P - % -=-= Accidental
8 U w/ RG, 5 =5 x 1077 Bl 1= Fast neutron
.......... - s R -2 7 e . - - .
ill 0.6E w/ RG, g5 =10x 10 L B e 2 g L0 _— 9L1/8He
— r ——- w/ RG, 85 =15 X 10‘2,./ 135 E S
= 05F Fa ©z £ |
e L ./', FE) 5
§ 0'4:_ /./ ,,,,, - d: 5
55 C /./' |00
O 0.3:‘ F e g 0.5
Z 09k Az ™ JUNO-TAO (L=44m) T
g | ’ e 2 = 1.3MeV? j
z /./ p o0
o 0.1F 7 S e ~
R e T lo
U 0 1?\?’&-’.’_1'.31";;-:1-4 L I—ﬂ'T—r‘\--;—T‘I--I——i |||||||||| | T R O.O--l—l"'F"l'"l-"r-.'l_ll-lur'P_;r-:l__.:'_A.I:--r.l___ll_J_I_l.J._-.J__:_J_.T.r':J-J:_l_"
2 4 6 8 10 2 3 4 3 0 7 8

SFG, Chui-Fan Kong, Pedro Pasquini [PRD, 2411.18251]
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Zero Distance Effect AL @Ay
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_ 1 do
_ 2 2
PBE(EV) — /Pee(Qp,d);T%de
x "f N R =1 0 - =T =& = 2t = F S '::5
12 ‘i \ — sig, bp fixed 'RE
S - = sig, by free I./
EE ‘\ - sig+bkg, by free ’,_:,r' 2
| o
RS i
gk 5 %\ JUNO-TAO e -
g, | RA) — 65 i
o< .."._ ‘*\ ‘ Yt l :,"J _-':
< 6F L a\ — By L -
q‘; ‘ .:"‘ .
AN
4 - ‘i,‘ \ ..:rr . 20.
. “‘\ ":,’
n‘\\ .:’
2r EN £ |
\"!* _ _ 97"
0 PR T SR N (Y TR SR S N g PR R T T T TR T S
—30 —20 —10 0 10 20 30
/35 [10_2} SFG, Chui-Fan Kong, Pedro Pasquini [PRD, 2411.18251]
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Neutrinoless Double Beta Decay At d ey

Tsung-Dao Lee Institute

® Mediated by Majorana Neutrino

n

Lepton # Violation!

n

® Mass Suppression

]

M Z Uer'd — m; Uer' %Z Uef%uef

® Effective Mass

(M)ee = Zm;Uﬁ; =

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] Leptonic CP Violation @ B%4557Ez0, =1L [Feb/3, 2026] 28
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Majorana Triangle

j{“bi VESERY

Tsung-Dao Lee Institute

Im A : :
Majorana Triangle
= = =
’ SNy - e -
”; Jy- o <m>ee = Ll -+ I_2 -+ I_3
!f L] z “ 3 \\\
1 5 [ O M3 \ =0
: Ml_ﬂ-i' i » - '
£ O \ L3} r" Re
\ N S Y, SFG & Manfred Lindner, PRD 95
\ 0 P (2017) No.3, 033003 [1608.01618]
\\ ),[2\% —————— <
e SEEWS 7 2 2 2 8
__ _ M1
L1 =mUZ = micicie :
Xing & Zhou, Chin.Phys.C 39 T _ 2 2 2 2
(2015) [1404.7001] L[> = maUL, = \/ my + AmECr Ss
% 2 "
- . 2 2 2 ’5M3
[3 = m3U;3 = \/m1 + Amssre .

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn]
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Catching 2 Majorana CP Phases

Majorana Triangle

—————
- -~
- S

—————
> il Il N

““““
------

(® Nonzero — only 1 dof )

‘meel —_— f

\_ J

Xing, Zhao & Zhou [1504.05820]
Xing & Zhao [1612.08538]

Cao, Huang, Li, Wang, Wen, Xing, Zhao & Zhou [1908.08355]

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn]
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2 4 4 2 4 _4 2.4
msc’cl + m5c’s; — m3s
COSISMII— 1%r*s 2%r s 3°r

2m1 mo C;.1 CE 53

2 4 4 2 4 _4

2. 4
msC,C. — mMm~5C,S. — M3S
COS(SMB:-I- 1%r*%s 2%r s 3°r

2m2 ms3 CE 5?53

(e Zero -, 2 Majorana CP phases )
IMee| =0 = R(mMge) =1(mge) =0

Leptonic CP Violation @ BK4F5!5ESN, =IE [Feb/3, 2026]

|\mEE| <f = R(mee) <f I(mg) < D

SFG & Manfred Lindner, [1608.01618]
SFG, Chui-Fan Kong, Manfred Lindner, Joao Pinheiro [2509.14534]

30



AL B AR
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CP Phases

JUNO for Catching 2 Majorana

5 mictct + mictst — m3s?
COS M]_ —_ 2 4 2 2 120° -
mymyctc2s: = ey _
2 4 4 2 4.4 2.4 i o :
m{C,C. — mM~5C, 5. — M7S
COoSs 6M3: -I— 1r=s 2 5 ; > 3°r ) giosaigtvv'/ JUNO |
2ITT2 m3 Cf' Sr SS i O A Global fit 2016

® JUNO can significantly reduce uncertainties

—180°

1 L
—170° —160° —150°

OAr,
SFG, Chui-Fan Kong, Manfred Lindner, Joao Pinheiro
[2509.14534]
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SFG & Manfred Lindner, [1608.01618]
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see also SFG & Rodejohann [1507.05514]
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Normal vs Inverted %‘lt@‘rﬂ*‘r‘
sung-Dao Lee Institute

f Inverted 4 m 1910.04688

Am2 2 1 ;
E 2 Excluded by KamLAND-Zen,

GERDA, EX0-200, CUORE

Am?

atm

INVERTED

ensitivity goal ol next generation g

NORMAL

m2‘

—:J V3 0.001

0.00001 0.0001 0.001 0.01 0.1 1

| —— )q What else?
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Daya Bay + JUNO - Precision Era At d AR

Tsung-Dao Lee Instltute

Daya Bay JUNO
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Uncertainties from Particle Physics A d A

Tsung-Dao Lee Institute

—1
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/ TOI/ x
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1

2
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= e ___ 1 - @, ,
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S 1007 o
~— i <] |20
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My, [me\/] SFG, Chui-Fan Kong, Manfred Lindner, Joao Pinheiro [2509.14534]
ightes

Uncertainties by particle physics can be eliminated!
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A AR

Tsung-Dao Lee Institute

Possibility of Vanishing me.

1+ NO ™y = 4mer i

Im({me.)) [meV]

> 99%

—5.0F EER Global fit + JUNO 7

> 95%
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\ ¥ % J ¥ A )

2.5¢

> 68%

0.0

Im({m.c)) [meV]

—=5.0r

3 69

o T

Re((mee)) [meV]
SFG, Chui-Fan Kong, Manfred Lindner, Joao Pinheiro [2509.14534]
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Prey of Leptonic CP Phases Atk d Ay

Tsung-Dao Lee Institute
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JUNO Experiment & 15t Data A AT

Tsung-Dao Lee Institute

PENGUIANG | = i x103
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JUNO 1st Data A @ AR

Tsung-Dao Lee Institute
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Residual Z, Symmetries At Ay

Tsung -Dao Lee Institute
@ Two Nontrivial Independent possibilities of d,

d{}) = diag(—1,1,1), d¥ = diag(1,—-1,1), d{3) = _gdtg2)

@ O5 parameterized in terms of k: tanfs = \/§/k

k \/§ b — — o
v _01 k=2 6;=35.3° [TBM]
Vi(k) = | Va2 J2Gerie) V2 k=3 6,=33.7°
1 k 1
VAR 2tk V2, k=v6 6s=30.0°

@ Two Independent Symmetry Transformations G; = V,,dg)\/l

g [2 _ k2 2k Qk] 1 0 0
i 2 —p|. B [0 0 1]
2+ K* K> 0 1 0
75(xZy) x Z4™ = G = {E, Gy, G2(= G1Gs), Gs}

Lam, PRL101:121602(2008), PRD78:073015(2008)
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Momentum Transfer in Matter Effect A @AY

Tsung-Dao Lee Institute
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Mpmd Uc:i( ;233 '?n! V) v; (p) Uﬁi(Qi Q?‘n V) Mot
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M 2 W(QP) M 2

prod () Source Target det(Q7)

x
- 7
b
L
blue : vacuum w/o RG ruuning red : vacuum w/ RG ruuning black : w/ matter effect & RG ruuning
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Accelerator v Experiments A @AY

Tsung-Dao Lee Institute

Pion Accelerator Neutrino Beam Concept

all neutrino or

proton Lo antineutrino t es
accelerator pion 10 PeV pions killer P

“ - horn Vi . ¥
— e EEEes———— — =D

.f -
£
target ) muons and =
10 PeV linear muon neutrinos 0.071 -10
accelerator kiloparsec

P IPARC
J-PARC Centre \ MINNESOTA '.

KEK/JAEA
g Kamioka

Near detectors | ) B |

IOWA

‘ _ Fermilab
=== Muon neutrinos ——
Su er-Kam|okande === |au neutrinos
" === Electron neutrinos / ILLINOIS

K. Engman, Science 345, 6204
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Invention of Accelerator v’s %‘Eiuﬁ“ﬁi“ﬁ’
Tsung-Dao Lee Institute
PHYSICAL REVIEW LETTERS

t!-'-ocusing Decay Pipe

Prot
Highlights Recent Accepted Collections Authors Referees Search Press Ab B;Z;n

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

A SEENIE——605F A B RE NN R 38 S R =

(L) 2021-01-04 & 50

EE&: BiR%

XT60FRIBI LI, SREFENNFHEMRISS I BRHBAME

" ':F'Tji%%*ﬁ;%igﬁﬁﬁ!Ehii*.%“ﬁﬁﬁifgﬁzﬁih mﬁzﬁgzssggfm%iwggnﬁiﬁ% /NI, FEE SRR
3 TLEIE "I%ﬁﬁl‘;( "ﬂl"] y.%o nnﬁlﬁ: =] I:IIEIE 1 ? A T =] J'_‘-;E #Eg 3 _‘/|\'. @}gﬂﬂ i ? I—I N \Dj.b:!:

5 RESHEARRBNER, HT0SERENTMEEE, RAEdGHtEREERRnER 2 (v VIEANERE) 2021
%E, EHHEREATERNTYELRNESH, HEZ. THESHRTREHNSENERPRTFIRE

2, 2—MEEERNNSEN, —EEEEHEE PR TENNIFYEREE LR,

https://tdli.sjtu.edu.cn/EN/customize/436?columnid=35
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Accelerator v’s inSpired by Lee /Hmz.srww

Tsung-Dao Lee Institute

*%%TD Lee 1926-2024

https://www.nature.com/articles/d41586-024-02585-1 Among his many other accomplishments, T.D. Lee is given

credit for the idea of neutrino beams. Following a suggestion in the theory paper by Lee and Yang, Lederman,
Schwartz, and Steinberger verified that there are 2 different neutrinos in 1962 and won their Nobel Prize in 1988.
In his Nobel Lecture, Schwartz recalled: “The Columbia University Physics Department had a tradition of a coffee
hour...... At one of these Professor T. D. Lee was leading such a discussion of the possibilities for investigating
weak interactions at high energies. ...... That evening the key notion came to me ...... [ called T. D. Lee at home
with the news and his enthusiasm was overwhelming. The next day planning for the experiment began in earnest”.
Schwartz also gratefully mentioned in Nobel Prize webpage: “I.D. Lee ...... was the inspirer of this experiment”.
And in Lederman's Nobel Banquet Speech: “We are also agreed that we owe much to many others, and I would
like to mention Professor T. D. Lee, our Columbia colleague, for his guidance and inspiration."

Long-Baseline Neutrino Oscillation Newsletters

https://www.hep.anl.gov/ndk/longbnews/ Maintained by Maury Goodman
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Dirac CP Phase 3o At d ¥y
Tsung-Dao Lee Institute

® Oscillation probabilities @ Accelerator Neutrino Exps

s I

P.,—ve = 4s;crsesin ¢J31
If“"—"H'J'E
— 8C45,C25,CsSs SiN 215in P31 [cOs pcos ¢31Esin Spsin B3]

: dm2L
for v & 7, respectively. [¢ij = 4E':,

M2

® Run both v & 7 modes @ first peak [¢31 = 5,21 = aF]|, o= Fpéy ~ 3%

PF#——}FE i PVP;"—’}UE — 252C Sr ;
aT sin(265) sin(26,) sin(26,) cos @, sin dp .

PF“—-}FE £ Pv#%ve

Difference in v & vbar osc. probilities - infer CP phase 0p
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T2K vs NOVA A @AY T

Tsung-Dao Lee Institute

I L T2K
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Nature Vol. 646, pp.818-824, on October 22, 2025
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T2K+NOVA Joint Analysis Ak d ¥y

Tsung-Dao Lee Institute
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Nature Vol. 646, pp.818-824, on October 22, 2025
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CP from Global Fit

NUFIT 6.0 (2024)
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CP Measurement & Issues Ay @AY T

Tsung-Dao Lee Institute

. = asin(26s)sin(26,)sin(20,) 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 [T+ : T, = 2 : 1].

@ Undercut statistics = Difficult to reduce the uncertainty.

T2K v,

mmm NOYA v,
DUNE »,

0.2001
0.1751

@ Degeneracy: -

; 0.1501

u

=0.125

[a

0,

@ Only sinédp appearsin P, ., & Ps, 5.

©_0.100

s 0.075

@ Cannot distinguish dp from 7 — dp.

0.0501|{;
|

0.025 |

0.000
1

@ CP Uncertainty %’%‘; x cosdp = A(dp) x 1/ cosdp

SFG [1704.08518, PoS NuFact2019 (2020) 108]
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uDAR & Accelerator v A @A R

Tsung-Dao Lee Institute

Combining v,, — v @ accelerator [narrow peak @ 550 MeV] &
v, — Ue @ ntDAR [wide peak ~ 45 MeV] solves the 2 problems:
@ Efficiency:
@ 7 @ high intensity, uDAR is plentiful enough.
@ Accelerator Exps can devote all run time to the v mode. With same
run time, the statistical uncertainty drops by /3.
@ Degeneracy: (decomposition in propagation basis [1309.3176])

decomposition coefficients for cosd and sind at T2(H)K [295 km] decomposition coefficients for cosd and sind at uDARTS
0.015 ; -. ) , ; , 0.07

near detector [10 km]: coeff of cosd

bl T T~ e Sl
' T~ 0.05 |yt .

e 0.04 [y 5 5 5 | 5

0

i)

ue
P, or P

; : -~V Mode: coeff of cosd : a s
N - SiNG = = = “0.02 |y e

T v Mode: coeff of coss = = = = = = -0.03 E
Sing =—— = —

-0.02 . i L . -0.04 i . i i j j
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Ey v[MeV] E,, v[MeV]
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j{“bi VESERY

Tsung-Dao Lee Institute

50° L L R s L A
| *oee — — T2Kv+uDAR (5%) 14° B T2Kv+T2HKv+uDAR (5%)
40° S SO PRSP SUU: SR SE- S-S 12° _-‘__ ________ ', o) ,,.
10° |
= 30° =
g S I
100 [P S B e SET
o H M H i H i H i H i H i H o H : 5 H i H i E:DD _-
0 (0] 10 20 30 40 50 60 70 © 0 10 20 30 40 50 [s10] 7O
1 ’{L DA R source _|_ 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]

o MUGH elsempar s tochnicolly Seswes: Disadvantage: A second detector!
@ Only one cyclotron.

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

Sanford UWnderground

\K‘

Farmilab

Rassarch Facility
L

AL B AR

Tsung-Dao Lee Institute

THEIA25

20m

THEIA [1911.03501, 2202.12839]

SFG, Kong, Pasquini, Eur.Phys.J.C 82
(2022) 6, 572 [2202.05038]

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn]
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