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PMNS oscillation matrix

neutrinos produced and detected in flavor basis

A4
Ve Uel UeQ UeB V1

Vr UTl U’T2 U’7'3 V3

A
|

neutrinos propagate in mass basis

Pontecorvo-Maki—Nakagawa—Sakata matrix relates two bases

( - oscillations are described by PMNS mixing matrix)
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PMNS oscillation matrix
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( - off-diagonal component of PMNS large besides U, )
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PMNS oscillation matrix
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( - tremendous progress in our lifetime
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CP violation and mass hierarchy@laboratory

650 m under rocks in mountain, 260000t of pure water
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Neutrino Beam

295 km

1.5 km underground, 70000t of liquid argon
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C - CP violation in PMNS and mass hierarchy in next 10-20 years !!D
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Neutrino experiments
Deep Underground Neutrino Experiment

Sanford - _ —
Underground — T Fermilab
Research e — = W B

Facility _ '

'.-'_-’/

Incoming beam:
100% muon neutrinos

1600 1400 1200 1000 800

Probability of detecting electron, muon and tau neutrinos

NV ~ /dEV(I)V (EV) X O‘(EV) X R(EV,EII;GC)

( - near detector: determine flux and cross sections ]
§)




Electroweak corrections

@LUMv EV < MWyMvaD

V >
— ~ 0.2 % multiplied b , In—, In—,...
s / P Y sin? Oy, N M N M

( - electroweak corrections can be included in low-energy interactions)
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couplings of effective Lagrangian are precisely determined

NC _ 3 U 1%
Leg = -y, PLyy - fW“(CLlfPL + chfPR)f

CC _ , )
Lo = —2V2Gr Z Upy'Pryg by, Prl’ — 1 Z (VM Prve ¢y, Prd
tFL 974’

Neutrino-lepton, neutrino-quark scattering

O.T. and Richard J Hill, PLB (2020)

known at permille level @

leading in Gr terms with loop expansion in a, as within Standard Model

poster at Neutrino 2020: https://youtu.be/mrW4aY]Ps7w



https://youtu.be/mrW4aYjP57w

Leptonic probes: “Standard Candles” for flux constraints

vV vV
vV vV
e ©
€ Y € i
€ €

Neutrino-electron scattering

O.T. and Richard J Hill, PRD (2020)
percent-level predictions for MINERVA

known analytically at permille level for NOvA and DUNE, solar v@JUNO
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O.T,, Kaushik Borah, Richard J. Hill, Kevin S. McFarland, Daniel Ruterbories, PRD (2023)
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https://youtu.be/mrW4aYjP57w

Leptonic probes: “Standard Candles” for flux constraints

process of interest at IHEP

V. Brdar and X J. Xu, PLB (2023)

V. Brdar, L.J. Ferreira Leite, G A. Parker, and X.J. Xu, PRD (2024)

J. Huang and Sh. Zhou, PRD (2025)

J. Huang, T, Ohlsson, S. Vihonen, and Sh. Zhou, PRD (2025)

L.A. Delgadillo, Q. Liu, R. Singh, arXiv:2603.20061

G.-FE Cao, X. Chen, L.A. Delgadillo, M. Gonchar, Y-E Li, and V. Zavadskyi, arXiv:2603.20061

Neutrino-electron scattering

O.T. and Richard J Hill, PRD (2020)
percent-level predictions for MINERVA

known analytically at permille level for NOvA and DUNE, solar v@JUNO

14 14 14 1%
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O.T,, Kaushik Borah, Richard J. Hill, Kevin S. McFarland, Daniel Ruterbories, PRD (2023)
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https://youtu.be/mrW4aYjP57w

MINERVA constraint

- electron energy spectrum:

MINERVA, PRD (2019)
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( - successful implementation by MINERVA collaboration ]
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MINERVA constraint by inverse muon deca

- muon energy spectrum: MINERvVA, PRD (2021)
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» Data + Data
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- 10-20% correction on flux normalization, reduced error
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Light-quark contribution

- description in terms of quarks is invalid

2 2
Q° < AGep
O.T. and Richard J Hill, PLB (2020)
vV vV
- light quarks Qg 7’5
CD _ 417(3 .2 (3)
5P = 411 (0) sin? Oy — 21132 (0) ¢ q
- SU(3) chiral symmetry approximation Y
- flavor independent A A

O.T,, Pedro Machado, Vishvas Pandey, and Ryan Plestid, JHEP (2021)
( - non-perturbative light-quark contribution: error at low energy ]
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Light-quark contribution

- charge-charge I1, and charge-isospin I1;, correlators:

(q“q” — QQgW) I1,- (qz) — 4j? /dd:z:'eiq'x(()\T J# (z) JY (O) 0)

(¢"q" — a°¢"") Uz, (¢*) = 4in” / d®we (0| [J4 (x) J5 (0)] |0)
vV V
- spurion technique in ChPT

Sy ~ < (uTaﬂu — u@MuT) (uQu — uTQu >

J3 ~ < (uTauu— u@MuT) <uu ) > q q
chiral field U
Y
- SU(2) relation between charge and isospin:
1 7
- — 4+ — A A
« 2 2

O.T, PLB (2026)
( - exact relation within validity of ChPT: 11 =115, J
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Light-quark contribution

first ChPT analysis

14 of charge-isospin correlator

q —— neutral currents

reduction of uncertainty

by a factor ~35

O.T,, PLB (2026)
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From quarks to nuclei

fafnir.phyast.pitt.edu

( - scattering on quarks in nucleons in nucleus J
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A A

Coherent elastic neutrino-nucleus scattering

O.T,, Pedro Machado, Vishvas Pandey and Ryan Plestid, JHEP (2021)

Fiv (Q%) = Fw (Q7) + —[0" + 6% |Far(Q?)

flavor-dependent
at percent level

for Coherent and CCM
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https://uky.zoom.us/rec/play/7l91jKeDig1Ud-TGGtgZM2RK9usXAj5dOw1yqYbNLGXgHTTPSLdesgGGUg1n2HT24Jy-kk49ITE-MbRm.DXSDtmLj5SDWNbFi?_x_zm_rhtaid=218&_x_zm_rtaid=IbEUjvkYQru3VTf4yW1T2A.1620188066719.012e82cf6be20cbbdd4273894f64e31b&autoplay=true&continueMode=true&startTime=1616695428000

A A
Coherent elastic neutrino-nucleus scattering

O.T,, Pedro Machado, Vishvas Pandey and Ryan Plestid, JHEP (2021)

Fiv (Q%) = Fw (Q7) + —[0" + 6% |Far(Q?)
1.1 ==

flavor-dependent

00/0
%i)
i

at percent level

0.9 ' | ' | ' | ' | — |
for Coherent and CCM 0 20 40 60 80 100

Ey, MeV
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https://uky.zoom.us/rec/play/7l91jKeDig1Ud-TGGtgZM2RK9usXAj5dOw1yqYbNLGXgHTTPSLdesgGGUg1n2HT24Jy-kk49ITE-MbRm.DXSDtmLj5SDWNbFi?_x_zm_rhtaid=218&_x_zm_rtaid=IbEUjvkYQru3VTf4yW1T2A.1620188066719.012e82cf6be20cbbdd4273894f64e31b&autoplay=true&continueMode=true&startTime=1616695428000

flavor-dependence at tree-level ~ -

energy spectra from 7DAR * ) e

7z'+ —> Iu+I/M ~
-+ -+ — =SRRRI | S S I N q."-‘m'lru L1
H —> € Ul 0 50| 100 150 200 250 300
e U neutrino energy (MeV)

Akimov et al.,, Science (2017)

Neutrinos from muon, pion and kaon decays

O.T,, PLB (2022)
+ +
T — U yﬂy
N N < 0.1 Y%o0
K™ = u vy 5 B
. . '-f %10_4 //’/”’ leading order
flavor-dependence is clarified ki T O@mases
i : Sl @) mass correction ...
to permille level analytically 33y
084
+ + . _ i | | | | |
ﬂ — € l/eylu}/ 3 4 (700 ! 1|() 2|0 3|0 4|0 5'0

EVH, MeV

first QED/EW form factors with different mass
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DUNE

Deep Underground Neutrino Experiment

Sanford el — I
Underground e s T Fermilab
Research -

Viu :
Incoming beam:

‘ ‘ ‘—’ 100% muon neutrinos
< {
ol [ | | |

Ve

1600 1400 1200 1000 800 600 400 200 0 km

Probability of detecting electron, muon and tau neutrinos

- muon neutrinos oscillate to tau and electron flavors




Ideal case: monochromatic beam

oscillation parameters extracted from event rates

far dgtector
N, (E,, L) &
N,LL (El/v L= O)(\

near detector

Py, —v,)~

flavor-dependence of cross sections is crucial

N (E,,L) O (E)
N, (E,,L=0)o. (L))

P (v, — ve) ~

-

.

- disappearance is given by event rates for monochromatic beams
- appearance is given by event rates and cross-section ratios

~

J

21



QED corrections

Qi
Q;
v, L
>
E E
%~ 0.2 % multiplied by In— ~ 6 — 10 or In> — ~ 36 — 100
s Me Me

( - scale separation introduces large flavor-dependent QED logarithms )

22



factorization for radiative corrections with model for hard function

S 0 #T

Charged _current elastic scattermg on nucleons

O.T, Qing Chen, Richard J. Hill and Kevin S. McFarland, Nature Commun. (2022)
precise predictions for flavor ratios and radiative corrections

In exclusive and inclusive observables with GeV neutrino beams

Vy

2<><wn |

O.T, Qing Chen, Richard J. Hill, Kevin S. McFarland and Clarence Wret
23 editors suggestion in PRD (2022)




Comparison to data

1.1 | |

1.05 [~ %
=ZZ= -

T2K v,
NOVA v, h
— DUNE v, — - DUNE v,
09 T
—— MINERVA v, LE — - MINERVA v, LE
—— MINERVA v, ME — - MINERVA v, ME
0.85 | | | | |

0 0.2 0.4 0.8 1

0.6
Q% GeV?

- lepton energy spectra with lepton Kinematics
- NEUT generator + flux averaging

.

o

1.2
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Vector and axial-vector interactions

weak interaction upon left-handed fermions

matrix elements of tree-level interaction at quark level

T =q(y" =7"5) g

v v
VoA

induce vector and axial-vector contributions

V: electron scattering

fafmr.phyast.pltt.edu

C - vector and axial-vector matrix elements determine v cross sections)
25




Vector and axial-vector interactions

weak interaction upon left-handed fermions
matrix elements of tree-level interaction at quark level
T =q(y" =7"5) g
v v
V A

induce vector and axial-vector contributions

fatnir.phyast.pitt.edu

C - vector and axial-vector matrix elements determine v cross sections)
26




Elastic scattering on free nucleon

v (F) (k') tri
=k ¥ neutrino energy E,

momentum transfer Q2 _ _q2

contact interaction at GeV energies

- assuming isospin symmetry, nucleon current:
T (Q%) =< pla (v — y"s) din >

D4(Q%) = 1 FE Q) + T Y (Q?) +4#95Fa(@) + Trs Fr(Q?)

form factors: isovector Dirac and Pauli axial and pseudoscalar

V . 1p n
FD,P_FD,P_FD,P

tree-level amplitude

= (C(K )y (L = 5) Ve(k))(p(p’)r“(QQ)n(p)))

27




Elastic scattering on free nucleon

(k) v =B,/M—1—1
_ M _ @
"Tom T A
p(p’) unpolarized cross section
do M? 5 5 5 v o
0~ B ((T+7“ ) A(Q7) —vB(Q7) + ¢ ))

Llewellyn Smith (1972)

- structure-dependent functions

A=

(GY1)" = (GB)" + (L + )L -()(GXp) + F3 — 47F3 + 4FaFp)

B = +47FAGy, C=r7 (G]\V4)2 + (GE)Q +(1+7)F3

~

\—

- pseudoscalar form factor contribution is suppressed by lepton mass

- Cross section 1s sensitive to both vector and axial contributions

N

28



Elastic scattering on free nucleon

- only 3 experiments performed with deuterium bubble chamber

direct access to form-factor shape

ANL 1982: 1737 events

—

Byl

BNL 1981: 1138 events

FNAL 1983: 362 events

world data: ~3200 events

TELNR ST AT AN

Fermilab bubble chamber, Richard Drew

( - axial form factor extracted based on electromagnetic structure )

A.S. Meyer, M. Betancourt, R. Gran and RJ. Hill, PRD (2016)
29




MINERVA result with free protons

- 1dea of scattering on molecular hydrogen realized !
— Hydrogen fit — Deuterium fit — BBBA2007 fit — LQCD fit

vup — ,u+n

kinematic selection

40 v ';i' )50 0 5 <'——~— Non-QE and mesons
""'V"-"'V'--CCE
o e e W% QELike CCQE
- QELike non-CCQE
| : : e e t ¥ -NoniQErllil:]e
< I b D DD '® _
2 0t - CCE signal
N ‘_. * ' '}‘J’ h ‘, QE fit
-20 -‘_. R et e tﬁ QE validation
LA B
‘ N '® < Non-QE validation
-40 .
\ A |

‘_~— Non-QE fit
0

-40 =20 0 2
00

5580 events over
12500 background

background nuclear events

constrained by scattering of v
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10

4

~

NN W
mTmirnm

15

1.014 Gev/c?)

1.0

Ratio to dipole F, (M,

0.3

0.01 0.05 0.1

05 1 5
Q? (GeV/c)?
QE

10

11.0

10.5

0.3

( - 1st measurement of axial form factor on “free” protons v,p — ,u*n)

T. Cai et al., MINERVA Collaboration, Nature (2023)
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Lattice QCD vs MINERVA

- PNDME 2023 axial-vector form factor as representative of lattice QCD

. l 0,=20° 1.5GeV =<p,=20GeV
4 - Vup N u+ n .
=l > mmm  dcuterium fit for F
P
210 2 - . B PNDME Fy
k= ‘:‘g _ o hydrogen data
2 'T'
— 1- | Fi*
L ]
_ e
= =
O 1 1 1 1 1 L I 1 1 1 1 1 L It? ’
0.1 1
Q* [GeV?]
- 510 agreement for each bin besides two at small Q?
( )

- 2-30 tension between lattice QCD and deuterium data
- MINERVA hydrogen data consistent with LQCD and deuterium)

O.T, Rajan Gupta, and Tanmoy Bhattacharya, PRD (2023)
31
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https://arxiv.org/search/?searchtype=author&query=Bhattacharya%2C+T

DUNE projections

- estimates for 700 kg of H in Straw Tube Tracker at near detector
H. Duyang, B. Guo, S. R. Mishra, and R. Petti, PLB (2019)

107!

T ———— Or+
1/,—— — vyd data A

\

o~o-.-
* amn
o-o-o-.—.
- ¢

0.16 fm

0..
.0
4

0.02 fm

Q? [GeV?]

( )
- order of magnitude improvement in axial form factor and radius

- DUNE will probe vector form factors and isospin symmetry )

Roberto Petti, O.T,, and Richard J. Hill, letter in PRD (2024)
32
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Nucleon axial-vector charge

- effective field theory approach to low-energy charged currents

@ard Model -> LEFT-> HByPT > #EFT

— C4N3Lo _ C13\I3LO @

o 1(2c4 - c3)MQCD - C4N3LO' @ HByPT
——| CL]?orn _ C]330rn @
— FLAG2024 2+1+1 | [

lattice QCD
o i FLAG2024 2+1 ]
' | ' | ' | ' | ' | '
1.22 1.24 1.26 1.28 1.30 1.32 1.34
g

O.T. and Yi-Bo Yang, arXiv:2603.08596
Vincenzo Cirigliano, Wouter Dekens, Emanuele Mereghetti, and O.T,, PRD (2024) and PRD (2025)
V. Cirigliano, J. de Vries, L. Hayen, E. Mereghetti, and A. Walker-Loud, PRL (2022)

( - first consistent at 0.1%-level QED radiative corrections)
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Factorization approach

- Cross section is given by factorization formula

o5 (50) () ()

- determine hard function at hard scale by matching

experiment or hadronic model to the theory with heavy nucleon

- soft and collinear functions are evaluated perturbatively

SCET power expansion parameter

m2 AFE
~ —— ~ (A
A E2 ( 9) EV

In A enhancements

O.T, Qing Chen, Richard J. Hill and Kevin S. McFarland, Nature Commun. (2022)

O.T, Qing Chen, Richard J. Hill, Kevin S. McFarland and Clarence Wret
34 editors suggestion in PRD (2022)



Hadronic model at GeV scale

Uy 0~ >

n p n p
- exchange of photon between the charged lepton and nucleons
- assume onshell form for each interaction with dipole form factors
discussed for neutrino-nucleon scattering: Graczyk, PLB (2013)

- add self energy for charged particles

- reproduce soft and collinear regions of SCET

( - best determination of hard function J

35




6((10'/ dGLQ)

Error budget

uncertainties from hard function

0.002 Vel > ¢ p 4 00024 ™ Vep—e'n -
E,=2GeV,AE=10MeV | | Ty E, =2 GeV, AE = 10 MeV
total R
e R I
_____ FE i one.loop H E
00014 v diagram 1 50001~ =
................. pY dlagram o)
0 Teadl m— e | o I —— =z R .
0 0.5 1.0 1.5 0 0.5 1.0 1.5
02, GeV? Q?, GeV?

nucleon form factors

Meyer, Betancourt, Gran and Hill, PRD (2016)

Kaushik Borah, Gabriel Lee, Richard J. Hill and O.T., PRD (2020)
- add perturbative uncertainty by variation of scale

( - uncertainty of permille level for the ratio to LO result J

36



A resonance contribution

- vector part with magnetic transition only; pQCD for axial-vector

p p' p p' @

o (gr) <

QG

k k' k k'
- free from soft singularities —=——fp  flavor-independent

- expected collinear limit
gMagEafAvaS ~ const
fP7 f37 fR7 fT ~ Inm

( - expected infrared behavior )

O.T, PLB (2026)
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- widt]

A resonance contribution

h of A resonance included

;Mp—ﬂ.ﬁn

Evu = 600 MeV
-0.2 T T
0 0.2
Q” [GeV?]
0.3 —
vep - i n

Ey, = 1.2 GeV

0 0.5

1.0
Q’ [GeV?]

EVM =1 GeV
-0.2 T T T
0 0.5 1.0
Q* [GeV?]
0.3 —
vup - i n

E;u =2 GeV
-0.2 T T T
0 0.5 1.0 1.5 2.0
Q* [GeV?] O.T,, PLB (2026)

( -1n agreement with conservative error estimates of inelastic states )
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Nucleon axial-vector form factor

- first extraction of axial-vector form factor with QED

2.2
—— BBBA2005 w/o Ai@MAMI, yH data
r04 ——— Borah2020 with Ai@MAMI, xH data g
—— Borah2020 + radiative corrections
. A / /
Q\ 2
5 (1+3) L2
2 1.6- -7 -
O 2 -
(.(]'\ Z
% 1.4- > -
O L ~ ’/ _Z e
1.2 < = —=
- | - | - | - | - |
0 0.5 1.0 1.5 2.0 2.5
Q* [GeV?]

3.0

O.T, Aaron S. Meyer, Clarence Wret, Tejin Cai, Richard J. Hill, Kevin S. McFarland, PRD (2026)

( - first consistent at 1%-level QED radiative corrections )
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PMNS oscillation matrix

0.8
0.2

0.45
0.15

10

0.04

-l \Vlas

‘98 2000 2000 2010

( - tremendous progress in our lifetime )
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CP violation and mass hierarchy@laboratory

30 determination of mass hierarchy

& e etpn

-'Guang Zhou

..‘\
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Jiangmen @8
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Hong Kc

o

Kaiping
®
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'gphan NPP
Yangjiang NPP -
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JUNO detection channel

A/ delayed \‘» . ’5
N ~200ps ’
v
prompt 99% : v (2.22 MeV)
~ few ns 1% : v (4.95 MeV)

v (511 keV) « - _.".+- > (511 keV)
=

Teng Li et al., ChPC (2017)

C - prompt-delayed time signature: background discrimination)

42




O.T,, arXiv:2512.07956
arXiv:2512.07957

Theory of inverse beta decay

for reactor antineutrinos
Ve e" U, et Ve e’
D n D n D Y n
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IBD with reactor antineutrinos

0.2

-42

o
d
($)]

0.1

0.05

cm2/fission /MeV x 10

Data / Prediction

neutron is heavier than proton by 1.3 MeV

I | T T T | T T 1 | T T 1
+
+

-t

—»

4 5 6
Antineutrino Energy (MeV)

Daya Bay, PRL (2016)

( - MeV-scale physics like in neutron decay )
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Complete EFT approach

- neutron is heavier than proton by 1.3 MeV and can decay

udu p

O.T., Few-Body Syst (2023)
Vi

ncenzo Cirigliano, Wouter Dekens, Emanuele Mereghetti, and O.T,
PRD (2023) and PRD (2025)

- four-fermion interaction between leptons and heavy nucleons

Lo = _ﬂGFVudévuPLye - N (gVU'UJ — QQASM) T

@ard Model -> LEFT-> HByPT -> #EFT

4 : : : b
- systematic approach: determine low-energy coupling constants

- first consistent at 0.1%-level QED radiative corrections

45
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Leff

Low-energy description

- four-fermion interaction between leptons and heavy nucleons

_ —ﬁGFVudé’Y,uPLVe . N(gvvu — QQAS'“) T+N + O <Jn\2;7057a%7;7042:_>

Me N Mp — Mn A. Sirlin, Phys. Rev. (1967)

- radiative corrections formulated in modern EFT language

// P € / L~ / _//
A - o ol :
; 4 . - vector and axial-vector
(a) (b) (¢)

counterterms (diagrams c, e, g)

/ / /
/ / /
/
. / ’
- - l/ —~ - / / - -

- / // / -

-~ - / — L ""3

> / / ¢
— / _/ / — a
& o - & ¢ & S
- - - v N - -

SV .

data Standard Model

» -
o~
- / oA -
- ava o
/_/ / /'/- /\J Vv ‘Y ///. ’\)'_\J\J
//’ — ~
- o= -

() (h) (i) S. Ando et al., PLB (2004)

( - two coupling constants predict all observables J
46




Effective field theory for IBD and / decay

Standard Model of Elementary Particles

Mz full content of Standard Model (SM) T oo e
S’/u /c /t g H
integrate out top, Z, W, h w || charm || top || gluon || niggs
neutrino: R. J Hill, O.T.,, PLB (2020) @ (9 |9 || @
down strange bottom photon
LEFT: W. Dekens, P. Stoffer, JHEP (2019)
electron muon tau Z boson
inte rate Out GeV articles <1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80. eV/c
T+ 5 P @ |-® (|-® | @
nonino || neutano || nevino | | W boson
M as becomes too strong going to lower energies

<4

matching to ChPT

Vincenzo Cirigliano, Wouter Dekens, Emanuele Mereghetti, and O.T,,
PRD (2023) and PRD (2025)

iz, dynamical pions
V. Cirigliano, J. de Vries, L. Hayen, E. Mereghetti, and A. Walker-Loud, PRL (2022)

photons, neutrinos, electrons, external nucleons
Me S. Ando et al.,, PLB (2004)

( - coupling constants from SM + small QED corrections J
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Charged current in SM. Vertexes

Vy Vv Uy
> > > >
W W
Y, 4 R W WernZ
/) /)
q 9 q
Vy ¢ Uy
> >
ng’v Wy, 7
W W
f%va ,) > /) =
q 9 q

( - contribution to effective couplings )
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Charged current in SM. Boxes

Vy 14 Uy 14
v v v v v v
> > > > > >
q qa q
Uy 14 Uy 14
v v v v v v
W Z, ’y W Za /Y
/) > > /) > >
q 9 q q

( - contribution to effective couplings )
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W self energy

Vy ¢/
%%
A
q vy
CC

- Vanishing contribution to matching
besides loops with t quark

( - contribution to effective couplings )
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LEFT Lagrangian

Lrerr ~ GrVuaCsla, p)erypler ury’dr

e > )6 V) > > V) >
© € € scheme
W v W T independent
> > > > > >
m / / /
Tq q d q d W q

ze scheme
e % dependent
ﬁff : . for quarks
Lm

- NDR scheme for y; for evanescent operators E

VYAPL @ 1u787aPL = 4 (1 + a (4 = d)) Y"PL @ 7, PL + E (a)
Buras and Weisz, NPB (1990)

( - scheme dependence of 1-loop matching and 2-loop running )
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Effective field theory for IBD and f decay

M 7

<4

My

Me

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
full content of Standard Model (SM) = Ccscre)
- @ - @ | @ 9 |- H
integrate out top, Z, W, h up_J|_cham f|_top )| gwuon J|_higes
‘'OI® I'® || ®
down strange bottom photon

eV/c = y e =1. =91,
1 Sl Sl 0
. @& v (M . &
electron muon tau Z boson

lntegrate out GeV partlcles | G| (|| e

O I-® |® | @

electron muon tau Wb
neutrino neutrino neutrino

as becomes too strong going to lower energies ol

dynamical pions

photons, neutrinos, electrons, external nucleons

( - coupling constants from SM + small QED corrections )
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HByPT to #EFT matching

- purely leptonic counterterm

nggt = e’ Xge (i0, + eA,) yHe

- 7EFT counterterms from Pl couplings in baryon sector

oy _
gV:CE(l—I—GQ 26 I2(V1—|-V2—|-V3—|-V4)—gg>

EW + electromagnetic

( - LEGs in terms of correlation functions J
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One-loop result

- clear 1llustration of leading logarithms

a |5 3 ,u2 ,u2
=1 In =% +1In
9v (#x) o |8 4 3 MG

_62/ idq v2 +Q° [T3(r,Q°) 2 1
IO % 2v 3Q2 4 u2

- same Regge and resonance inputs as in traditional approach

- updates in elastic; DIS is part of running in LEFT

( - agreement with current algebra evaluation J
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Effect of running

LrerT ~ GrVuaCsla, p)erypler ury’dr

- renormalization group equations

dC% (a, ) o Q) 2 o«
gla ) [« a N
H du B (VO T T (77) T e T 47T> Cs a, 1)
d . oa . faN?
o ) _ (%—m (<) ) gv (1)
[ T T

- resummed result with leading aa, corrections

matching s@ gy (iy = me) — 1 = (2.499 + 0.012) %

- one-loop result without aa, contributions

g‘l/—loop (MX — me) — 1 = (2430 T 0012) %

( - cancellation of various contributions -> 0.07 % effect )
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Vud from neutron decay

- A from electron spin correlation measurements

Vaual” T (14 3X7) (1 + ATOT> — 5283.321(5) s

=24

AFOR =T7.76120)%  vs Aot =T7.735(271)%  9v

- extraction with PDG lifetime and A CSNS physics!
v PPE = 0.97430(2) A, (13) A (82)4(28)-,, [88] otal

- extraction with UCNT7 lifetime and PERKEO-III A
VPt = 0.97402(2) A, (13) a4 (35)1(20) -, [42]total

- in agreement with superallowed / decays, similar error

VOT=0T = 0.97373(31)

Hardy and Towner, PRC (2020)

( - clean neutron lifetime extraction vs superallowed f decays )
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Complete EFT approach

neutron is heavier than proton by 1.3 MeV and can decay

W - e

four-fermion interaction between leptons and heavy nucleons

Leg = —ﬂGFVudEWMPLye -N(gvv“ — 2g4.5") TN

gv : theoretical prediction from Standard Model
g A: beta asymmetry in polarized neutron decay

Viuq: superallowed transitions

( - first consistent at 0.1%-level QED radiative corrections )
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Theory of inverse beta decay

for reactor antineutrinos
Ve e" U, et Ve e’
D n D n D Y n
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Bremsstrahlung

- new distributions beyond Egy\ spectrum

EnaE’w@n EeaE’Yaee
er n
En7 977/ E@? 96 /y
Eev = B + Efy
E,., Erm E. consistency at

cross-section level

O.T,, arXiv:2512.07956

. X1V: )
total cross section arAlv:2512.07957

( - analytical positron energy spectrum, 2D/3D distributions )
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Total cross section

------- Strumia 2003 ------ Raha 2011
----------------- Kurylov 2002 -——-- leading order
;"k\- T e e e e e S Emm s mmm e e s mmm s Emm s s e s e et e et et em et |
S
..... 1.85
| | | | 1.84
2 4 6 8
B|°183i
Eve [MeV] = 1-82'_ ga - 0171%
o, - reference 181+ Via : 0.064%
o - this work B S R S

Ey. [MeV]

( - %-level improvement to previous results; 0.18% uncertainty )
60




Total cross section

N
o
LS . " :
3k 3 update in QED radiative correction
! to total unpolarized cross section
|
o| 3 27
< | B
o
N
co. 1 7]
S
™
04 — 1 1T T T T T T T T T
3 4 ) 6 7 8 9 10
E- [MeV] S.A. Fayans, Sov. J. Nucl. Phys (1985)
Ve P. Vogel and J.F. Beacom, PRD (1999)
Eye ~om, —m, + E,. + E;, + O <M> M. Fukugita and T. Kubota, PRD (2005)

U. Raha, E Myhrer, and K. Kubodera, PRC (2012)

O.T,, Qing Chen, Richard J. Hill, Kevin S. McFarland, and Clarence Wret, PRD (2022)

( - analytical expression 07 in static limit works at <0.1% level )
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CP violation and mass hierarchy@laboratory

30 determination of mass hierarchy

& e etpn

-'Guang Zhou

-
Shen Zhen

Jiangmen @8
syincn .

Kaipin_g o NN “( . JI
® a \
n 4

st sy SOy S5y

_Ho

JUNO@ s53km
E3 kit o’ UNO-TAO

'gphan NPP
Yangjiang NPP

C partial reduction of cross-section uncertalnty w1th JNO TAO)
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Data / MC (Shape-Only)

5-MEYV flux excess

: Reactor Prediction Model 1o Uncertainty

1.2 RENO 2016 (Modif:ied Average R=1)

NEOS 2016 (Modified Average R =1)

: Daya Bay 2016

5 : Double Chooz IV : ND
l ) l : .

0.9

Visible Energy (MeV)
Double Chooz, Nature Phys (2019)

C - update in cross section at 4-6 MeV: shift by 10-15% of bump)
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Energy reconstruction is key

x10°
120 - 2000 days of data taking —— No oscillations
! Only solar term
: —— Normal ordering
100r —— Inverted ordering
>
D I
S 80
= I
g |
60 |-
£ sin” 201,
)
T 40k l sin” 263
VA2 \
v o~ \ )
L2 e
[ Am Am
’ 21 ,‘ 32
0 " | | 1 | | | |

OIH1HI2IH3”'I4HH5HII6HH7HH8I 9
JUNO, PPNP (2021)

C - JUNO: 3% energy reconstruction for precision goals)
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Energy reconstruction is key

Ve e’
e mn
1.05}
o —
Z 1.00}
3 Best fit + 68% C.L.
© 0.95}
E | e
§ 0.90; — 'V+
O i (&
= 0.85}
0.0 ‘2:5‘ o ‘5:0‘ o ‘7:5‘ o 100 o _
True energy (MeV) JUNO, arXiv:2511.14590

1
El7 %mn—mp+Ee++0<—)
¢ M

( - control over each particle is necessary to achieve precision)
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Energy reconstruction is key

Ve e’
e mn
1.05}
o —
Z 1.00}
3 Best fit + 68% C.L.
© 0.95}
E | e
§ 0.90; — 'V+
O i (&
= 0.85}
0.0 ‘2:5‘ o ‘5:0‘ o ‘7:5‘ o 100 o _
True energy (MeV) JUNO, arXiv:2511.14590

1
E, %mn—mp+Ee++Ey+O<—>
e M

( - control over each particle is necessary to achieve precision)
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Access each particle kinematics

- evaluate radiative process w/o no-recoil approximation

1.0 1.05
—— positron E- —3.5MeV —— positron E- —3.5MeV
-------- - static limit Ve = T 1 pasa02n  positron + photon Ve = T
057 J 1004 - static limit
5= 1Y | IR prpupp == ARG SE S S SS IS S ESS S E S SRS C RS EEEEEEEEEREEE S
© @) zEEE:'-::===="""“"""""" uuuuuuuuuuuu ....,.!.‘2
ol Q@ O == 8‘5' ¥
8lg | T e S

] \\'\. 0.5 ﬂ
-0.5 . O.T, arXiv:2512.07956

\ ] arXiv:2512.07957

-1.0 - | - | - | : 0.90 - | - | - |
0.5 1.0 1.5 2.0 2.190 2.195 2.200 2.205

E, [MeV] E [MeV]

- 1st analytic expression for positron energy spectrum

1
E. %mn—mp+Ee++Ey+O<—>
: M

( - control over each particle is necessary to achieve precision)
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Update in nuclear/neutron decay

- evaluate radiative process w/o no-recoil approximation

1
mn:mp+E€+E7+E,,—I—O<M>

- Vyga from superallowed transitions and neutron decay

+ .0+ + .0+
VO =00 =0.97373(31) —® V2 7Y =0.97361(31)
Hardy and Towner, PRC (2020)
changes by 1 uncertainty of radiative corrections

- gafrom beta asymmetry in polarized neutron decay

_ M =Ny CSNS physics!
A_NT—I—]\Q p yl

changes by 1/3 of PERKEO-III experimental uncertainty

( - numerically quantified shifts in Vuq and ga 516)
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Conclusions

radiative corrections and cross sections in EFT framework
various production and interaction mechanisms at all energy scales
radiative corrections (1-20%) for consistent uncertainty estimates

radiative corrections for precise flux determinations

total and differential ve, v,n — ¢ pand v,p — £ 'n

flavor ratios evaluated from theory with rigorous error analysis

most precise calculation of neutron lifetime with rigorous errors
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ve~ —ve ()

7T+ — //l+l/ﬂ(7/) K+ —> //t+1/lu(}/) //l+ — e+yeljlu(y)

Thanks for your attention !!!

p—Lrn(y) R ven = p(y)

n — Pe Ve

v WAr — v “YAr (v)
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Invariant amplitudes

ve(k) ((k") -
averaged lepton momentum K, = -t : p

Py + D,

averaged nucleon momentum P, = H . p

n(p) p(p’)

- four amplitudes for massless charged lepton
me= i _ K
wa;_&_p — \/§GFVud€ YHPLLvp p (7’“ (g + fays) — (f2 + fiW5) ﬁ) n

- four extra amplitudes for massive charged lepton

m my —_ _ P
Tmiioe—p — —\@GFVUCZME " Pruep (f3 + fpys — ff ]\;7“75) n
+ \/iGFVud e f1 (=" PrLuy pown

M 4

( - 8 invariant amplitudes for charged-current elastic scattering)
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Neutron lifetime measurements

Neutron beam Electrodes Proton
(known intensity)
passes through

Count the number of decays within the time interval

Measured slope

Number of
neutrons going
through trap

how many neutrons pass?

X
%

Aw
e
LB
u
\o e

bottle method

Fill with a
neutrons e e
e .
ees=s Count #1 o¢
.

.l..........I......O......) Count #2

..'...Q.........................................) Count #3

Number

of neutrons

observed
Time —

how many neutrons surviver



Neutron lifetime puzzle

® Results using beam method @ Bottle method UCNT: E Gonzales et al., PRL (2021)
895 ..............................................................................................................
® _—Beam method average
@ o101 0 RREEEEERET CECLE LR TR RRPPPrP PP I TR S A S L A SRt
R 00 O
=
9
R -1 - [ RETTTTTTT] PRRPPIORIOE, JRPPree P T o PR A L G RARU AR B e - o B A G0 S P AP R S o
S N Latest
= @
= | UCNT
> _—Bottle method average 4 _
= BB et [RERLELIORREE: GEETT | e | e
e, 2 -0 -

BT e A A Y[ A AT A A e A

1985 1990 1995 2000 2005 2010 2015 2020

" - 8-9 seconds discrepancy beam vs bottle method : 3-560
- Vud from o*—o* + gA from f asymmetry = bottle
- 0.3 seconds uncertainty of UCNT@LANL : (3 — 4) X 10~ )

73




Vg determinations

0+r—0* Neutron

—
(Y

UCNT

g |

Frac. Unc. (%)

& =

- S

S O
| |

B Experiment 1 Radiative B Nuclear

2022 Fundamental Symmetries, Neutrons, and Neutrinos (FSNN) white paper

( - neutron decay becomes competitive with o*->0* J
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Our work

detailed error budget and perturbative corrections

e
-
!

N\
S
|

W
-
l

‘Vud‘Q

Uncertainty (x107°)

-

hadronic pQCD ChPT other

r

- shift of central value by ~1 error of radiative corrections

- quantification of perturbative/nonperturbative uncertainties

J
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Neutron lifetime Euzzle

0.990 |
|
o |

o |

aSPECT aCORN

o |

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

0.985

PERKEO III

0.980 ~

‘Vud‘

0.9751 Superallowed 3 decays

0.970 1
< ( CalLat ) > :
o |
( FLAG D >
0.965 - - - - —
1.250 1.255 1.260 1.265 1.270 1.275 1.280 1.285

Al
Andrzej Czarnecki, William J. Marciano, Alberto Sirlin, PRL (2018)

Susan Gardner, Mohammadreza Zakeri, Universe (2024)

[ - tensions in gA data: puzzle is not resolved j
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Logarithms in neutron decay

M z

four-fermion interaction between leptons and heavy nucleons

Leg = —\/iGFVudéfyuPLue -N(gvv“ — 2g4.5*) TN

scale separation introduces large logarithms:

M Z Ahad
hadronic SCE In In
Ahad me

explain ~ half of radiative correction to neutron lifetime

A = 7.756(27)%

‘me

( - 8y, &4 encode electroweak logarithms and hadronic corrections ]
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B I (m3)2
(Am®),
—
(Amz)sol

e (ml)2

normal hierarchy

s (m,)’

Neutrino mass hierarchy

inverted hierarchy

mass ordering

C - matter effects can resolve neutrino mass hierarchy)

/8

2
) A (Am?) forward scattering
sol :
(ml)z v bl on atom1‘c electrons
matter effect
" distinguishes vand U
(AII'I )atm l
(m% — m%)L X (m% — m%)L Grne
iE, " 4E, T
(m,)°s Y — ¢



