


Current status of neutrino oscillations

Latest global-fit analysis of neutrino oscillation data Esteban et al., 2410.05380 NuFIT 6.0 (2024)
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Neutrino masses and mixing: Entering the era of subpercent precision
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More challenging questions:

> Absolute neutrino masses
» Majorana nature of neutrinos

> Origin of neutrino masses



Latest results from T2K+NOvA
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Future neutrino oscillation experiments

Precision era: 1. neutrino mass ordering; 2. mixing angles & mass-squared diff.s; 3. CP-violating phase

JUNO: 2025
20 kt liquid scintillator

Hyper-Kamiokande: 2027
260 kt water Cerenkov

JUNO collaboration, CPC 46 (2022) 123001
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DUNE: 2030
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DUNE collaboration, 2002.03005

Sanford

Figure 2.1: LBNF/DUNE project: beam from lllinois to South Dakota.



Neutrino mass measurements
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A. Neutrino interactions
PHYSICAL REVIEW D VOLUME 17, NUMBER 9 1 MAY 1978

Neutrino oscillations in matter

L. Wolfenstein

Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213
(Received 6 October 1977; revised manuscript received 5 December 1977)

The effect of coherent forward scattering must be taken into account when consideri h.

neutrinos traveling through matter. In partlcular, for the case of massless neutrinos for which vacuum

oscillations cannot occur, oscillations can occur in matter if the neutral current has an off-diagonal piece
connecting different neutrino ‘types. Applications discussed are solar ‘neutrinos and a proposed experiment
involving transmission of neutrinos through 1000 km of rock.
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One-loop matter potential 6

Extract one-loop corrections to couplings from the renormalized amplitudes
A% o0 = oo — Koo Tree & one-loop diagrams for the CC potential

(&4 (&
ACV,CC/CV,CC

Finite corrections
to CC couplings

I'

Am?
Acy oo = ( 42 x V2sT, ew> oo — —QWMCC

miy g

. . Acl o=d —el Ac! of
Tree & one-loop dlagrams for the NC potentlal VNG T YRGS TVRE VNG VNG

/./'-\.\ Finite corrections
f f

5 to NC couplings

EI‘

mz

IR / I 4m%)/VMf
> T Sowly vz ) Cvne T Sowl frz — —5 M

Ac! —
J. Huang, S.Z., 2307.04685 V,NC P



On-shell scheme & input parameters

One example for the ~fZvertex
€ Dim. regularization &

/ f ; / / f , S y / on-shell scheme
9 X Ot i R ¥
?ﬁi Z N Z N 2 2N # Physical parameters: the
f f f f f EM fine-structure constant
(1) 2) ) (4) (5) and particle masses
/ / / , /
ﬂ/E M{ W%: M{ { o = e?/(4m) = 1/137.035999084
R Vi A 7 W Y
4 gb\\ - 4 I - 2 I - Z 1! < Z 7 < my, = 80.377 GeV
O m ® o 10 7 iy — OLIST6 GeV
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m_ = 1.777 GeV

Aoki et al., 82; Bohm, Spiesberger, Hollik, 86; m, =2.16 MeV . m, =167 GeV,  m, =172.5 GeV
Hollik, 90; Denner, 93 my =467 MeV.,  m,=934MeV,  m, =478 GeV



One-loop corrections 8

Corrections to the NC couplings J. Huang, S.Z., 2307.04685

Self-energy VoV [-1-Z Box diagrams AC{C/’NC
5.1 x 1073 79x%x 1071
f=u —21x1073 % iy —6.0 x 1073 6 — 292 % 1073
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Estimate of one-loop correction
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Corrections to the CC couplings

Self-energy v-e-W  box diagrams  Acy ¢

—6.4 x 1077 4.5 x 1072 1.9 x 1072 5.8 x 1072

In conclusion, the one-loop correction to CC potential is 5.8%, while that for NC potential is 8.2%



Impact on DUNE 9

Tree-level potentials in term of on-shell parameters Huang, Sampsa, Ohlsson, S.Z., 2504.15998
Tams, Tam? f
VCC — N Ce V — Z N .c
2 2 2 e-V,CC NC 2 2 2 f“V ,NC
miy (ms, — miy,) myy, (my, —ms,)

Tree-level relation between the Fermi constant and on-shell parameters

2
Tam7

V26, = G, ~ 1.166 x 107® GeV~*
T mdy (mF —md,) g

determined from the muon lifetime

Tree-level relation will be modified by radiative corrections
2

_ Tamz - Denner, Dittmaier,
\/iG“ o m%v (m2Z — m‘%v) (1 + AT) Ar ~ 3.8% 1912.06823

Tree-level matter potential with the Fermi constant already includes part of one-loop corrections

ﬁcc — \/ﬁGﬁONeé\%’CC ~ \@GELONeC%,CC (1+ Acy oo — Ar)) = 2.0%




Example: non-standard interactions

In the presence of non-standard interactions (NSI) Ohlsson, 1209.2710
1 [7 | [0 0 0 L+ €. €, Cor | v, A = 2V2G,N,E,
i& V| = 57 Ul0Am35 0 U+ A €0 €up Epr v, €ep = |eeu|e‘¢eﬂ
v, "1 \0 0 Ams3, €or € €7) | \Ur Ay = AmiL/(4E,)

Extra contributions to oscillation probabilities (e.g., just one nonzero NSI parameter)
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AP ~ 4e,, | cos? Oyq 8in 20, 4 sin 0,5 sin(aL) Agy cos (Agy + dcp + B,y
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+4 ‘eeﬂ‘ cos” 03 sin 20, sin (al)) A1 08 @,

sin (A;; — al)
Ag; —alL

+4 COS s sin 20, sin® 0,5 sin(a L) Ay cos (A31 — Cbeﬂ) )

€eps



Example: non-standard interactions

Neutrino events at DUNE: SI=Standard Interaction Huang, Sampsa, Ohlsson, S.Z., 2510.04841

3 0.50
- NSI SI
V@ events Nloop - Ntree

Events / 0.125 GeV

—— 1o CL (One-Loop)
0.4+ 4/ ame-- lo CL (Tree-Level)
*  Best-fit (One-Loop)
*  Best-fit (Tree-Level)

002 004 006 008  0.10
Neutrino energy [GeV] l€.,.| (test)

O

Warning! Do NOT mistake radiative corrections in the SM as the discovery of new physics!



Cross sections at one-loop 12

Feynman diagrams for v,-e~ scattering  Sarantakos et al, NPB, 83 J. Huang, S.Z., 2412.17047
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Cross sections at one-loop

Infrared divergences removed by including soft-photon contributions
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Example Il: appearance channel at JUNO

Possible detection of v, and v, from reactor neutrino oscillations at JUNO Wang, Xing, S.Z., 2509.00422

1O 100,
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S 04 — 5
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0.2 g 0.10.
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Due to the oscillation maximum, there will be
a large fraction of non-electron antineutrinos Event rates for elastic neutrino-electron scattering



Example Il: appearance channel at JUNO

Different cross sections for v,, and v;, but arising at one-loop level: only one percent

Zdaa 1 dN/ P _>_)dcfe+PJr d0”+d07_ +P_ do, do.
—2 . = : % % —T —
ar, T aprz ap Ve T ar, T 2 \ar, Tar,) T2 \ar, T g
0.0015, ] P_= P(7,

T% - — 0 = 1.17x (best-fit) JUNO ]
< 0.0010 . v
- < <
> i
Qo r
> 0.0005 .
~ j
o) o
~ 0.0000- — S
>  —6=0957 € €
o - —0=1.32n

_0'0008 1 02 05 1 2 5 ®Theeventrate doesdepend on the leptonic

' ' - CP-violating phase
I, [MeV] ¢ However, too small to be observed at JUNO



Neutrino-nucleon/nucleus interactions

1.2 T T T T T 12 T T L T
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B. Neutrino mass models

Minkowski, 77
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—_— X =
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Inverse seesaw model
Mohapatra, Valle, 87
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(H)
167°

Y, MY, T

Vv

Foot, Lew, He, Joshi, 89

€ H)
N
: :

M, = = (HY? Y'Yy

Radiative Dirac model
Kanemura et al, 11

e M.,
. -
* +




Canonical seesaw model

18
B The SM with three right-handed neutrinos: neutrino masses & baryon number asymmetry

_ | — o

After the gauge symmetry breaking Diagonalization of the 6x6 neutrino mass matrix

T %
C A~
Lo = 1 (VL Ng) 0T mp 2 Che V R OT mp V R _(m /(l
2 mp mg / \ Ny S U mp, Mg S U 0 M

In the basis where the charged-lepton mass matrix is diagonal: CC, NC and Yukawa interactions

{ (1 =) VW + (1 — 75)RJ/\7'WM_] + h.c., L, = _Wh {UVTVm(l + )+ VVTRM(l +75)N

m%\@

5 (1) VIVDZ, +59"(1 - 75) VIRN Z,

IR
)
o
m

L NRIVAE(1 +7,)7 + NRIRM(1 + mﬁ] +he.

N AVa> RN .
N’Y (1= 3)RIVIZ, + Ny"(1 - 3R RNZM} l Calculate all the observables in expts.

It is evident that only V and R in the first three rows of the 6x6 unitary matrix are physical!



Canonical seesaw model 19

B All parametrizations are equivalent, but one can be more advantageous than another

V R Xing, PLB, 2008; PRD, 2012

U= > U = 10 AR . Vo 0 N~

SU 0 U, DB 01 & ”

O = S

AR TS Gy

(D B) = O35+ Og5 - Ot O35 - Ogs - O15 - Ogy - Ogy - Oy
heavy sector Interplay between heavy and light sectors light sector
10 9 angles + 9 phases = 18 V,0
(0 U. | = Os6 - Oy - O3 00 1 = Oy3- 015 Oy
0

6 = 3 angles + 3 phases vmV' + RMR'=0 6 = 3 angles + 3 phases

V=A-V, 12angles + 12 phases + 6 masses — 12 constraints = 18 parameters

Choosing 18 physical parameters: 3 heavy Majorana neutrino masses + 9 angles + 6 phases,
one can in principle calculate all observables and determine parameters from experiments



One-loop renormalization

P)C;; + (M Py —

Loo = \/_ I A"P.B wiXiW, +he,

Lyne = 4271'7 (P Cij — PRC:}) XiZu s
bn = 4mW

Ly = \/_mW I, (m; Py

Lgo = 4£W¢07i (7 Pp —

maPL) BaiXi¢_ + h.c. )

2 x; [(; Py + M, BL) Cyy + (M Pr + 1, PL) C5] X

PL)C%} Xj s

B Fully renormalize the canonical seesaw model the MS-bar scheme

20

Huang, S.Z., 2507.21691

Diagonalization of v mass matrices

(<) (

0 m,\ (VR (@m0
mimg/ \SU/) \0oM

Lepton flavor mixing matrix

B = (V R) ., C=B'B= (VTV VTR)

1671, = —g2mz{

84c* — 142 — 11

+3

mj + 4m3, + 2m7

-2

f=q,l

+Z

12¢2 dmz,m3
- 2 2 2
() + () 2(d) m  om
3c2 B mé, + mé,ms
C2 +C?) mym; + |C,, (Bm + 32 — 2m3%)
12mW

_QZ

~ 4
Crimy,

2,02

e T Ty

|

R'V R'R

> extra contributions to
the SM results (e.g., the
running Z-boson mass)

» Complete one-loop RGEs
for all parameters



One-loop renormalization

B Fully renormalize the canonical seesaw model the on-shell scheme

Huang, S.Z., 2509.12844

Naive On-shell renormalization of the CKM matrix leads to gauge-dependent results

~ 1 Denner, Sack, NPB, 1990
é‘VcKM _ _ [VCKM (52d,L . 6Zﬂl,L1’) + (5ZUJ,LT . 5ZU,L) VCKM}
4 Gambino et al., PLB, 1998
A practical scheme for gauge- CKM cxrM1¥Ct = o] @
independent counter terms oV [5\[ } T [5V } Liao, PRD, 2004

5B = 6B-CT 4 5BX T 4 [Es“gxaé}

Generalized to the lepton sector with some modifications:

0B = —i B (62%" — 620 + (62511 — 5257) B]

div

Gl/¢ terms named according

gauge-independent to the scalar functions
8], = g S8 30, (38— ) + 30 T (G, — i) | + it 3 2 (¢~ i)
* ] div 647rszmw oy @ - ﬁiiﬁ@j gk kit ki 647'('82 W - mz i ik




Precision tests

B Take the seesaw model as the UV-complete theory at the electroweak scale

Fernandez-Martinez et al., 2304.06772
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Precision tests of the SM require loop corrections, so calculate them for seesaw for self-consistency



Summary & Outlook

Neutrino beam production is done using a 30 GeV proton beam from the J-PARC MR accelerator " ! 74

incident on a carbon target, which produces a secondary hadron beam.

Hadrons are focused by three magnetic horns (sets neutrino/antineutrino mode) and eventually
decay into neutrinos in a decay volume (100 m Iong)

>>>>>
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(1) Preparation section
(2) Arc section

(3) Final focusing section
(4) Target station

(5) Decay volume

(6) Beam dump
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® Precision measurements in neutrino physics are limited by complex neutrino-matter interactions
® Radiative corrections become relevant , more theoretical works needed to reduce TH uncertainties



Summary & Outlook

B Non-invertible symmetry B Gravitational waves Murayama etal., 2506.15772
Kobayashi, Otsuka, 2408.13984
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