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PMNS oscillation matrix
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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,, Chin. Phys. C (2017)

C - prompt-delayed time signature: background discrimination)
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Theory of inverse beta decay

for reactor antineutrinos
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IBD with reactor antineutrinos
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neutron is heavier than proton by 1.3 MeV
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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
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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
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( - two coupling constants predict all observables J
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Effective field theory for IBD and f 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
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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

- NDR scheme for y; for evanescent operators E

YV AR PL, @ Vv PL = 4 (1 4 a (4 — d)) v*PL @ 7,PL + E (a)
Buras and Weisz (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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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
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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 )
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Total cross section

N
T
5T update in QED radiative correction
_'+ 37 to total unpolarized cross section
|
o| 3 2-
< | B
o
N————
co. 1 N
=
O | ' | ' | ' | ' | ' | ' | ' | '
2 3 4 5 6 7 8 9 10

Ev [MeV] S.A. Fayans, Sov. J. Nucl. Phys (1985)
© P. Vogel and J.E. Beacom, PRD (1999)

E;, xm,—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
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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
>
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JUNO (2021)

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

Ve e"
D T
1.05}
v |
Z 1.00}
3| Best fit + 68% C.L.
© 0.95¢
E | e
§ 0.90; — ’V+
O i e
= 0.85}
0.0 .2:5' - ‘5:0' o .7:5' - 100 o
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1
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¢ M

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

Ve e"
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( - 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>

- Vud from superallowed transitions

+ .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
) — Ny — Ny
N T —|— N l
changes by 1/3 of PERKEO-III experimental uncertainty

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

Ve e’ - .
radiative corrections
>< —_D in EFT framework
+ scheme-dependence
D n
@ard Model > LEFT > HByPT -> #EFT

- 1st consistent inclusion of all QCD/EW effects at 0.1% level

- total cross section, energy spectra, 2D/3D distributions in IBD

- precision physics: important to control y and e™ kinematics '

in calibration of energy response in liquid scintillators .

- 10/0.30 updates in Vyq/ga from nuclear/neutron decay
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Thanks for your attention !!!
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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?
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ees=s Count #1 o¢
.

.l..........I......O......) Count #2
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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~ )
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Neutron lifetime Euzzle
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0.970 1
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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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