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v Oscillation as 1 New Physics

) f?_a(e.g. K)
L.
A
\V i V
Am >
p Vo Vs
Source
- B. Kayser
[arXiv:hep-ph/0506165]
f?IZIIE.
V.
=2 Amp W =
: Uy Prop(v;)
Source
Va::Zf Uaf.iV.r' — Z;‘ Uaiel(Eit_Pi'X)Vi

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn]
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Reactor: O(1~10) km
Accelerator: O(100~1000) km

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

Target

v oscillation is
essential quantum

NOPP @ IHEP [Aug/14, 2026]
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3v Oscillation & PMNS Matrix A @ AR

Tsung-Dao Lee Institute

CsCr S<Cy s,e

Upning = P | —56Ca — Cs525,€797  +csCa — 5552560 s,cr | © Q—0

\_’_SSSQ - CsCaSre‘(sD _CsSa - SSCaSreféD CaCr J \ /

with P = diag(e'?, /%2, e/?3) & Q = diag(e 1, e
[(s,a,r) = (12,23,13) for (solar, atmospheric, reactor) angles]

(P(ffa —vg) = |Amp(va — vp)|* )
L
= 0up — 42% Uﬁ;UuJUﬁ_J)QIIl (ﬁm*hl}j}
1>]
L
+2)  S(ULUsUa;Us;) sin (Am?,; —)

_ VE

L (km)
E (GeV)

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026] 3
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v Oscillation Parameters

A AR

Tsung-Dao Lee Institute

NUFIT 6.1 (2025)

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

NOPP @ IHEP [Aug/14, 2026]

Normal Ordering (best fit) Inverted Ordering (Ax* = 1.5)
bfp £1o 30 range bfp 1o 30 range
é sin? 012 0.308870 0955 0.2893 — 0.3295 | 0.3088T0009%  0.2893 — 0.3295
o | fr /2 3356 L ¢ 32.54 — 35.03 SR 32.54 — 35.03
)]
2. | sin? 623 OA70 s 5 0.432 — 0.587 B55SE: o 0.437 — 0.590
£ | 02s/° A3t 41.11 — 50.02 48.151075 41.40 — 50.21
2y
| sin® 013 0.022497 000027 0.02070 — 0.02420 | 0.0226110 0002  0.02091 — 0.02433
5 | 61s/° 860050 8.27 — 8.95 g.651 211 8.31 — 8.97
~
= || dcp/° 2. 7 e 114 — 405 2 e 202 — 347
& Am3
= = 2;2 Ay 7388 —5 7895 G 7.236 — 7.822
A 2
10_?2;2 1o 5010028 Lpasd .y yo5gs | —250000928 2560 — —2.430

Esteban, Gonzalez-Garcia, Maltoni, Martinez-Soler, Pinheiro & Schwetz [2410.05380]

See also [2601.09791]



Two Mixing Matrices In v Oscillation

A d i

Tsung -Dao Lee Institute

B. Kayser [arXiv:hep-ph/0506165]

ZAmp

Target

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026]

The same set of
mixing parameters
appear at two
different places.



Unitarity A @AY
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® Oscillation Probability

3 27
Fo= = 335 (422
1=1

® Unitarity

N
é

Pog(L — 0) = [(UU)ga|* = dap

No transition can happen @ vanishing baseline!

Should they be the same?

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026] 6



Momentum Transfer for Reactor v A @ AR

eta Q2 &~ 1.67 MeV?

Decay

20

Tsung-Dao Lee Institute

Q?ﬂ ~ 0(10——2 - 102)M8V2 Inverse

Beta

e Decay

L

2.1 2.2

do/dQ?3 [10~* cm?/MeV?]

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

I I I I I 1 1 1 1 1 1 1 T T I T T L] I I

6 i 8 9 10
EI«’ [MCV} SFG, Chui-Fan Kong, Pedro Pasquini [PRD, 2411.18251]

NOPP @ IHEP [Aug/14, 2026] 7



Mismatched Mixing Matrices from RG £ fﬁ-""T”"“

0:;;(Q°) = 0;;(Q5) + Bij In ( 2 )

5p(Q%) = 6p(QR) + fs1n ( @ )

The mixing matrices needs not to be the same!

5o = Usi(Qa)e LY Uai(@Qy)

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026]



Zero Distance Effect A E AT
Tsung -Dao Lee Institute

osc m; * 2 ! L [ 25 )
= Upi(Qa)e™" 7% Ugy(Qy) B, 7S Am?
\. J

Non-zero transition even In the zero distance limit!

£ 0

Poy = | 0@ @2,

Effective non-unitarity!

A AS
P02 =L - gin? (TD) sin®2013  Pe(Q3,) = sin’ (TD) 52, 8in”% 20,5

SFG, Chui-Fan Kong, Pedro Pasquini [PRD, 2411.18251]

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026] 9



CP RG Running for Reactor v Osc At d ¥y

Tsung-Dao Lee Institute
1 Q3
2 ) ~ d
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SFG, Chui-Fan Kong, Pedro Pasquini [PRD, 2411.18251]
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CP RG Running Sensitivity @ JUNO-TAO [t teeivs
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JUNO Experiment & 1t Data A AT

Tsung-Dao Lee Institute

PENGUIANG | = i x103
PRI e N 100F ) —
- 6 years of data taking —— No oscillations
X ——== 0Only solar term
8ok Normal ordering
- Inverted ordering
> !
g i
% ISTRECT o 60 :-.
L
g =
$3213 .-i"' A i
& + i
e g 4or
L L
I S11n 2913
20
0-....|..,l..,.|.H.|..,.|..,.|....|....
0 1 2 3 4 5 6 7 8 9
Ve (MeV)
Experiment . | . Value EApiEG Value
SNO (2011 e —— | 10299 0016 5 08% : : a 1
( ) | Tl S00L0 ’ SNO (2011) ; — 156 13 29.46%
SK + SNO NC (2024) R 10324 +0021 7750, SK+SNONC (2024) | —— L I | 610 +438 1738%
r i ! ' i ' : : i i
1 1 1 i 1 I i 1 i
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Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026] 12



JUNO 1st Data A @ AR
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NX N - \ || Fb | | 11 1 ]
a4 | - 8.2 -
5o T 8 |- £
- 59.1 days 1t ??{g;} : o o
A KamLAND {f o N} 7.8 :_ _:
_ (2013) it : [6)) L 7
] 75 L T i —ys———————— o e ar w sW a b red
0 —_— s - :
S 70} P11 = 74F N
X 1t | o - -
~E 6.5 F [ ] q 791k -
5] [ ¢ Best fit L al
6ol & Hlc I ¢ : 7 i T
“t SK + SNO W20 ] ] i o
_ (2024) 3o 1t : 6.8 - . 7]
ST 1t ] il = | L1 | Eoi i | L L | L L1 I Ll | L
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JUNO Collaboration [2511.14593] NuFit [2601.09791]

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026] 13



Slow & Fast Modes @ JUNO ”i“lin‘i’“‘ﬁ"'f

2
PVO

: 2 MEEN oo o
Pas = 2. Usi(Q@) exp  —ig— ) Uai(@7)

t=1

® Reactor v Oscillation Probability

Psz = 1 —4ctc?s%(1 4+ AOyp) sin? (Pg; + Ady;) Slow Mode

— 4c?s2c2(1 4+ AB3) sin? (P31 + Ads) }
Fast Modes
— 4625232(1 -+ &@32) SiIl2 (‘1332 - A‘I'?,Q)

Correction comes from both amplitude & oscillation phases Dirac
Majorana
ABOy; = (cotf, — tanb,) A, — 2tan 6, A0, Ady = —%1; l
AO3z, = —tan0,A0, + (cot 6, — tan6,)A0,,  Adzy = —UASpIH L Adys,
ﬂ.("‘)gg = cot QSQ.QS -+ (COt QT — tan QT)QHT, ﬁ(I)gl = —%A(’)‘D iﬁ(g}.ﬂl + i.ﬁémg

CP phases do not appear, but their RG running parameters can!
Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026] 14



Dirac vs Majorana A @A
Tsung-Dao Lee Institute

® Dirac neutrinos

(ml

M, = U, - Ul Up = PV 9r
\ ms | Ur = PrVRCQR
¢ eiozL \ 4 eiOﬂR )
Qr = e'fr Qr = e'fr
\ eiFYL J \ ez’VR J

For Dirac neutrinos, there is no
® Majorana neutrinos physical Majorana CP phase!

U =Up ‘ Qr & Op are correlated!

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026] 15



Slow Mode @ JUNO [15t Data]

std —
B,=+0.05 ==

Total background ==
| , Data ¢

~ JUNO (59.1 days) -

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

o
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—0.15

A AR

Tsung-Dao Lee Institute

. I I I I |
- JUNO (59.1 days)

68.3%, 95.5%, 99.7% CL

! I 1 1 I

% BF fixed A

— fixed 012, Am3, ]

= = margin.
l 1 | 1 1

—0.2 —0.1

0.0 0.1

O
Prefer a nonzero B!

- .

Prefer Majorana v’s?

NOPP @ IHEP [Aug/14, 2026]
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Fast Modes @ JUNO Cé’“‘f"‘"‘”

" JUNO (2400 days) - Plast cc.s(zftveg D)

—~ 1000 NO std I
_ L 2
- [0 std — O, = A, L
I [O+RG . j 4EU
Bp—Bus/2=+0.20 1 Inverted

[04+RG

Events / (0.05 MeV
s 2

| NO: o cos (2|®c| — 24D, + P — AD)
200:_ 10: o cos (2\¢>EE| + 249, — O + &@Q)
e _
e —— 4 A®,. = §Adp + 3cAdvin — A0z
) - Lo
> 20 : _ ; .
z  qn ™ ﬁ v 4 | Adg = JuBiE %1. 5 {605%1&93
| Ol : L WA SR cos? @y; + cos? 20, sin® By
@) | 7, W 4 D Xmin = 449 ]
HZ 5 ' : foge g + %cos 20 sin 26, sin fIbglAéMl]

RG interferes with mass

Eys [MeV] .
orderlng measurement
Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026] 17



Restore MO Sensitivity with JUNO-TAO A @A RS

Tsung -Dao Lee Institute

SR FNO o
17.5¢ I 1(2400 days) ] B SIN 204 SIN @9 {
i / A= cos ©o1(A,
. l' ’l ] © cos? @y + cos? 20, sin’ @ 21
15.0 i :
f ,’ ,’ + %cos 20 sin 20, sipg
b ’, ’I _
V. ' /
< S 5 N U 1’ ___________________________ /... NO( %td)—_
/I / [O+RG == ]
_7 ,’ +TAO —
e L 4 (6:5y1 /W sys) :
-’ 1TAO :
________________________________________________________________________________________________________________________ (65yr /[ wosys) |
Pee(L — 0) ~ 1 - 1 sin®(26,)(Adp — 1Adys3)°

2.500 2.525 2550 2575 2600 2.625 2.650
[Am? | [1073 eV

Zero Distance @ JUNO-TAO

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026] 18



Summary el ol
sung-Dao Lee Institute

® Mixing matrices @ production & detection need
not to be the same!

U(Q2) # U(Q3) ) U(QUN(QF) # 1

® CP effects @ Reactor exp’s (JUNO, TAO, Daya Bay)
1. Effective non-unitarity @ TAO
2. Distinguish Dirac vs Majorana with v osc

JUNO 15t Data prefers nonzero Bwm:
3. Disentangle multiple RG @ JUNO
4. Interfere with mass ordering measurement

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026] 19
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Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026] 20



CP Measurement A AT

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

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

Enhance electron
antineutrino appearance

- «— 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

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] NOPP @ IHEP [Aug/14, 2026]

Tsung-Dao Lee Institute
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T2K vs NOVA A @AY T

Tsung-Dao Lee Institute

I L T2K
- == Normal - A
- ~— |nverted i
2 + Data B =
E 40 _— E :
5 | 5 |
© o © —
& : @
EN i N i A Ocp=0
I ® - A dgp=m/2
- 10 -
L o I:‘ (SGP =T
30 — L
- NOvA L
| L ! ! | ! L 1 | L : L I - 1 | 1 I L | L ! 1 | 1 1 L |
60 80 100 120 60 80 100 120
v, candidates v, candidates

Nature Vol. 646, pp.818-824, on October 22, 2025

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026] 22



T2K+NOVA Joint Analysis Ak d ¥y

Tsung-Dao Lee Institute

-2

52 sz

= 53
Za 10° £ g
0 o o Qa
C g e 2

T

Q 10" @

0.6 - 0.6
‘:bﬁ i %P\,
C\.j"'-_: 0.5 — 05 n_::
= ] ﬁ
— T2K-only 1o 11
— NOvA-only 1o £
0.4 AL 0.4
| | | | 1 Eoul IIIIILIIJ IIIIuIJJ Lo
107" 102 102 10™ _n 0 + _r 0 +I 10~ 107 102 10~
2 2 2 2
Ocp Ocp

Nature Vol. 646, pp.818-824, on October 22, 2025

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026] 23



CP from Global Fit

NO, 10 (IC19 w/o SK-atm)
NO, 10 (IC24 with SK-atm)

){—ﬂ:& & Mj’ T

Tsung-Dao Lee Institute

NUFIT 6.0 (2024)

F b 1 1 1 I L | it 1 1 1 I P11 1K
/ N \ \ I _
/ \ !
— / \ \ !
- / \ |
\ /
/ \
- \ I/
/ \ /
—— \ \
" \ \ ! -
\ !
. \ _
\ \ 7/ F
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- p—
| N\ —
L1 1 1 1 I L1 1 | T ol A /I | | L1 1
0 90 180 270 360
8C P
Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026] 24



T2K+NOVA Constraint on Am>3: A @AY T

Tsung-Dao Lee Institute

Inverted ordering

NOVA+T2K —— 248 *00% 1.4%
T2K ——s 2.53 +005 2.0%
NOVA pr——a 244 005 2.0%
MINOS+ —— 945 To8l 3.49%
lceCube —e— 2.40 *3%° 1.9%
SuperK+T2K i 248 +006 2.4%
SuperK = .-t 2.48 *335 3.6%
Daya Bay nGd e 2.571 +0.060 2.3%
RENO nGd | ® - 262 *01) 4.4%
Daya Bay nH = o ' 2,83 Th0E 5.1%

2.4 2.6 2.8

|AmZ,| (107° eV?)

Nature Vol. 646, pp.818-824, on October 22, 2025

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026] 25



Future Accelerator Exps

NOVK Far Detector (Ash Rlver MN)

Flux upgrade: T2K-Il, NOVA-II?

Baseline upgrade: T2KK, T2KO 02

o
® Detector upgrade: T2HK
[
o

MOMENT

® |In China?

® Atmospheric

Super-PINGU: Razzaque & Smirnov [1406.1407]
JUNO: An et al [1507.05613], 2310.06281

Cao et al [1401.8125] =04

Tang et al [1909.01548]  o2||

Tang, Vihonen & Xu [2202.13595] 0
Li et al [2204.11871, 2205.15350,

2301.02493] =7 04]

A AT

Tsung-Dao Lee Institute

I —— o
"'-u-_.-_-‘
Fermilab
DUNE
cos@, =—1.0 1L — &,=0
— Gp=m2
— Sp=7
— 8,=3n2

I‘A

FANVG- N
0s8,

N

LY VAN A Y

1 )
E, (GeV) E, (GeV)

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

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

NOPP @ IHEP [Aug/14, 2026] 26



Tension between T2K & NOVA A @AY RS
Tsung-Dao Lee Institute

_ 0.7p -
Normal Ordering _ Inverted Ordering i
0.6 S
g 2 :
£ £ 0.5 =
73 D - ’
0.4 = | _
: Nat. =35 ™ BF — <90% CL -~ <68% CL ] 0'4: o, — <90% CL -
s Wbl _aiiesine oaf Mo [zsmectfleme
0 B T 3r 21
NovA, Phys.Rev.D 106 (2022) 3, 032004 [arXiv:2108.08219] 8CI:> 2
® Non-Standard Interactions Denton, Gehrlein & Pestes [2008.01110]
® Non-Unitary Mixing
Rahaman, Razzaque & Sankar [2201.03250]
® Lorentz Violation
® Sterile Neutrinos Chatterjee & Palazzo [2005.10338]

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] NOPP @ IHEP [Aug/14, 2026] 27



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 = NNPU — |a21|e’¢‘ X292 0 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]

Smirnov & Xu [1909.07505]

NOPP @ IHEP [Aug/14, 2026]

AL BT

Tsung-Dao Lee Institute

Du, Li, Tang, Vihonen & Yu [2011.14292,
2106.15800]
Tang & Zhang [1705.09500]
Du, Li, Tang, Vihonen & Yu [2106.15800]

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
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A AR
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Accelerator v Experiments

ONTARIO

J-PARC Centre \ MINNESOTA

KEK/JAEA |

g Kamioka .
' ddn : INGRID

Near detectors

{2k \ Férmilab
=== Muon neutrinos A
L — e Tau neutrinos C
— Electron neutrinos / ILLINOIS

Super-Kamiokande -y .‘

Sanford Underground
Research Facility

Fermilab

| L b e e
e e
-
=
L ==

29
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Production vs Detection A E AT

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
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Mismatched Momentum Transfer
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Degeneracy with CP Phase A AT
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Momentum Transfer in Matter Effect A @AY
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Energy Reconstruction @ DUNE A @A R
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Momentum Transfer Reconstruction A d AT
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Extended GLOBES Simulation A @AY 5T
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Existing Short-Baseline Experiments
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Constraint @ Short-Baseline Experiments a2 WEE
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