Neutrinos: Overview of theory and phenomenology
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Disclaimer

Rate of #neutrino# papers (1974-2026): currently ~2k/year. Source: iﬂ‘HLI‘R‘E}e

Large fraction involves v theory + phenomenology. Only few topics covered in this talk.
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Prologue

Neutrino masses are a bridge to new physics.
We have only just taken the first steps...

Aview from.Toyama Castle Park. Credit: Tripadvisor

We can't yet see what's at the other end, but...
It's already a pleasant walk, with nice views along the way!
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Where we are: 3v, circa 2026
The nearby theory landscape
A bridge to flavor physics
A bridge to higher scales
Epilogue



Where we are: 3v, circa 2026



The current 3v paradigm: (non)oscillation parameters

Mixing matrix: CKM—-> PMNS (Pontecorvo-Maki-Nakagawa-Sakata)

1 0 0 C13 0 8136_1'(S C12 si2 O 1 0 0
Uai = 0 Ca23 S923 0 1 0 —S12 C12 0 0 6'La/2 0
0 —S23 C23 —8136’“S 0 C13 0 0 1 0 0 ew/2
2-3 rotation 1-3 rotation 1-2 rotation Extra CPV phases
+ CPV “Dirac” phase [if Majoranal]

U) = U*v) not tested in oscillat.




The current 3v paradigm: (non)oscillation parameters

Mixing matrix: CKM—-> PMNS (Pontecorvo-Maki-Nakagawa-Sakata)

1 0 0 C13 0 8136_1'(S C12 si2 O 1 0 0
Uai = 0 Ca23 S923 0 1 0 —S12 C12 0 0 6ia/2 0
0 —S23 C23 —8136":(S 0 C13 0 0 1 0 0 ew/2
2-3 rotation 1-3 rotation 1-2 rotation Extra CPV phases
+ CPV “Dirac” phase [if Majoranal]
U(v) > U*@) not tested in oscillat.

Mass [squared] spectrum (E ~ p + m2/2E + “MSW interaction energy”)

K] 1 2 ] 6m2
(I
“Normal” +Am?2 ! “Inverted”
Ordering —Am?2 Ordering
]
N . O . 6m2 — R — I . O .

+ interaction energy in matter > ~ Gg - E - density
(Mykheev-Smirnov-Wolfenstein — MSW effect)




5 knowns and 5 unknowns

Oscillations:

knowns

mass? splittings
- oscillation
frequencies

mixing angles
— oscillation
amplitudes

Oscillations:

Mass ordering

unknowns CPV phase
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Nonoscill.: ctant desen
unknowns Lightest m;
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or: sinZ0;

o = sign(Am?) = = 1 (normal/ inverted)
cosd == 1 > CP conservation
disentangle, < /4 or > /4

<fewx 101 eV

Dirac or Majorana?




3v oscillations probed by different experiments in various flavor channels...
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... each known oscillation parameter is overconstrained by > 2 experiments
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Sensitivity to unknown oscillation parameters: NO/IO, CP phase 5, 0,3 octant
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Global analysis of 3v oscillations™ after Neutrino 2026
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3.0
sin? 01> [10_1]

3.5 7 8 9 2.0 2.5 24 25 26 4 5 6 0.0 05 1.0
6m? [107° eV?] sin20;3 [107°] |Am?| [1073 eV?] sin®8,3 [1071] 6 [m]
NO 10

Parameter best fit lo 20 30 “lo” = | best fit lo 20 30 “Jo?
om?2/107 7 eV? 7.465 7.386-7.538 7.312-7.609 7.239-7.681 :1.0%:| 7.439 7.364-7.516 7.292-7.589 7.218-7.662 1.0%
|Am?|/1073eV? | 2472  2.459-2.485 2445-2.501 2.432-2.517 (0.6%:| 2481  2.465-2.497 2449-2.513 2.429-2.529 0.7%
|Am3,|/1072eV? | 2.509  2.496-2.523 2.483-2.538 2.469-2.555 :0.6%:| 2.444 24282459 2412-2.476 2.392-2.492 0.7%
|AmZ;|/1072eV2 | 2435  2.421-2.448 2.408-2.463 2.394-2.480 :0.6%:| 2.518  2.502-2.534 2.486-2.551 2.466-2.567 0.7%
sin® 012/107! 3.047  2.993-3.104 2.940-3.160 2.888-3.217 :1.8%:| 3.036 2.981-3.092 2928-3.150 2.876-3.208 1.8%
sin? 013/10 2 2.218  2.162-2.273 2.106-2.328 2.049-2.384 :25%:i| 2.228  2.173-2.283 2.118-2.338 2.063-2.393 2.5%
sin® g3 /1071 4.908  4.703-5.383 4.557-5.594 4.439-5.735 :4.4%}| 5446  5.188-5.502 4.546-5.716 4.408-5.819 4.3%
§/m 1.186  1.052-1.343 0.920-1.647 0.790-1.951 16.3% | 1.517  1.399-1.632 1.277-1.737 1.157-1.838 7.5%

@® Precision of known parameters at (sub)percent level

® Significant preference for normal ordering w.r.t. inverted ordering (3.90)

® Consistent with other (partial) analyses discussed recently

*F. Capozzi, EL, F. Marcone, A. Marrone (Bari Group) — preliminary results. See also the website global-nu.org
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“Deconstructing” the 3.9c preference for NO

SolRea = Solar + LBrea + SBrea

NO (a = +1)

PRI | PR W

o = N W A OO = N W HA OO =< N W A OO = N W A OO =< N WO H O

.2!5 3.0 3.5
sin? 61> [10_1]

*F. Capozzi, EL, F. Marcone, A. Marrone (Bari Group) — preliminary results. See also the website global-nu.org

6m? [107>eV?]

B .1
20

sin? 613 [10_2]
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25

B TR T
|Am?| [1073eV?]

‘4““5”“6I

sin? 623 [10_1]

AT AT
00 05 10 15 20
6 [n]

+JUNO

+ACdis

+ ACapp

+ Atmos

<:I Adding different data in sequence:

Data NF | Data NJ | Data NF | Data NI
SolRea 0.0 | SolRea 0.0 | SolRea 0.0 | SolRea 0.0
+ JUNO —-0.7 | +JUNO —0.7 | +ACdis +1.4 | +Atmos | +3.0
+ACdis | +2.0 | +Atmos | +3.7 | +ACapp | +1.0 | +ACdis | +3.0
+ ACapp | +2.0 | +ACdis | +4.1 | +Atmos | +2.7 | +ACapp | +2.7
+ Atmos | +3.9 | + ACapp | +3.9 | +JuNO | 439 | +JUNO | +3.9

Subtracting data in the global fit:

i}

® ALL data-Accel.: 3.7c
® ALL data - JUNO: 2.7c

- Atmos. +JUNO currently lead NO vs 10;
(Accel. data tensions limit their NO/IO impact)
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“Deconstructing” the 3.90 preference for NO

SET F UL I
4F _
sf 3 . . .
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0’] n |
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2F E ]
i3 10 Subtracting data in the global fit:
5 3
4_ z_ ﬂ
aF 2 ]
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2F 3
1E 2
ok e ® ALL data—Accel.:3.7c
Spr T
A3 ® ALL data - JUNO: 2.7c
32_ _ 1 +Atmos
2F 3
i3
055505 - T 20 25 ha a5 26 45 6 00 05 10 15 20 -> Atmos. + JUNO Current[y lead NO vs |O,
sin?01, [1071] 6m? [107°eV?] sin013 [1072]1  |Am?|[1073eV?]  sin?6,3[1071] 6 [n]

(Accel. data tensions limit their NO/IO impact)

Crucialinterplay of different oscill. expts on both frontiers: precision (knowns) and discovery (unknowns)
= Maintain future complementarity: Reactors (JUNO), Atmospheric (HK, IC, KM3NeT), Acceler. (DUNE, HK)



Interplay with nonoscillation observables: ( mg, mpg, >)

May provide extra handles to distinguish NO vs 1O

B decay (kinematics) - Sensitive to the “effective electron neutrino mass”:

1
7.2 2 2 2 2 2 2 2135
mg = [(313(:12m1 -+ C13S719M5 -+ 313m3]

Cosmology (gravity) - Dominantly sensitive to sum of neutrino masses:

Z:m1+m2+m3

0vBp decay: only if Majorana. “Effective Majorana mass” (+new CPV phases):

_ |2 .2 2 2 ip2 2 ip3
Mmpp = |C13C12M1 1 C13S812Ma€ "= + S73M3e

Current and prospective bounds 2



B: KATRIN ovpp: KL-Zen, Exo, >: Planck, Bao,

GERDA, Cuore... lensing ...

[+ nuclear model uncert.] [spread: model/data tension]
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10 “under pressure” from cosmo data. But: lively debate after recent (too strong?) DESI constraints
... systematics? dynamical dark energy? ... Our conservative view: 2 < 0.2 eV “within a factor of three”



B: ~0.2 eV (KATRIN) Ovpf: Well below IO limit

and hopefully below in @Ton scale (LEGEND, NEXO,
< PROJECT-8 + Ho +... CUPID...) w/ improved NME
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Large phase space for possible mass discoveries in sub-eV range. First claims on v mass
may come from cosmology, but laboratory detection via  (Ov3) decay is mandatory !



Future data ¢~ dreams:

m, (eV)

Mg (eV)

102

102

3v convergence?

Vv

107E

10'3 1 1 IIIII III
107 1
III
10'3 1 1 1 II III
107 1
2 (eV)
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Future data ¢~ dreams:

3v convergence? ... Or surprises?
15"""| ELERELRRRLY e 1T LR
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Lack of convergence might suggest new physics: e.g., new cosmo model, nonstandard Ovf3j3 ...
19



The nearby theory landscape

® Stress-test the 3v framework via BSM “perturbations”
® Apply SM theory to difficult calculations (e.g., vin nuclei)

20



Surprises beyond the 3v paradigm?

Advancing the precision and discovery frontiers in JUNO, DUNE, HK, IC, KM3NeT,...

we might either confirm the paradigm, or find “anomalous” results beyond it, e.g.,

- new (sterile) neutrino states?
- nonstandard 4-fermion interactions (NSI)?

E.g., already in current data:

Saga of possible (fading) indications of sterile (~RH) neutrino state(s) at ~eV scale
NSI terms ~¢,;Ge slightly preferred by SK solar data & by T2K vs NOVA tension

[not reviewed herein]

21




Even if you do not believe such hints... > Stress-tests of the 3v paradigm

Testing the resilience of the 3v paradigm to extra v states or to new interactions:
Approach often involves PMNS unitarity violations or nonstandard FCNC, FDNC (NSI)
- N

Y,

SM+

- S f

Extra parameters may dilute hints of PMNS unknowns: CPV, 0,; octant, ordering.
Rich phenomenology in (non)oscillation experiments + astrophysics & cosmology

Going further: consider both extra states and interactions: RH neutrinos as a bridge
(“portal”) to weakly coupled BSM physics (“hidden” or “dark” sector), e.g. DM

hidden / dark
@ - - E

Low-scale BSM “portal” scenarios can provide new stress tests of the 3v paradigm
(as well as of 3v+1v, models), e.g. via modified neutrino dispersion relations.
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Within the SM: Ubiquitous “strong interaction” effects on “weak interactions”

d’6/(dQdp) [mb/(GeV/c sr)]

Need hadron production data, Current understanding of Improved PDFs at low-x via
e.g. pA~> X, +theory models v cross sections at O(GeV) ~forward charm production
to improve estimates of atm. does not match the needs  at LHCb essential to constrain

and acceler. v fluxes and errors  of (next-generation) vexpts  prompt componentin UHE v

— e ! G. Zeller xg(x,)t), comparison plot
; ,n+ T _|8=0'3° mrad f 6=100-I4(;mmd E 1.4F T2K/Hyper-K 50— it e et ipmgonry s B
r — 0=20-40 mrad 0=140-180 mrad | [ P—— %mmg‘gxmena .
3_ —0=40-60mrad  — 0=180-240 mrad | 1.2 40 ——— NNPDELFRLN 100LHoM
107 gt F  —0=60-100mrad —— 6=240-300 mrad E Q=3.16Gev ]

—— 6=300-360 mrad | 30

—— 6=360-420 mrad :

[ HERA + LHCb
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Progress requires cooperation of different expt+theo communities:
- emerging field might be named “Electroweak Nuclear Physics”




E.g., two recent EWNP highlights (among many)

Weak mixing angle from CEVNS & low-E v

0.245 . r :
— MS scheme * Exp. ° Particle Thresholds
0.240" ]E158
I
20235 all v
‘j‘g data
0230l PVDISTevatron A é_Ecl? }LHC ]
0225 0.01 1 100 10*

Q [GeV]

FIG. 3. Running of the weak mixing angle with
the energy scale as predicted by the SM in the MS
scheme [40], compared to the available experimental de-
terminations 71, 74]. In red the result of the
global fit of neutrino data obtained in this work. The
red shaded region identifies the region constrained by
the various neutrino data.

M. Atzori Corona et al., 2610.31254

CEVNS = coherent elastic neutrino-nucleus scattering

Ovpp theo+expt effort to improve NME’s

Welcome and Proposal to the
Community

Jason Detwiler, UW
Community Meeting on Recommended Values for ov3 NME
September 10, 2026

A New Era for NME

® More sophisticated and higher-fidelity and
calculations are now possible

® XEFT has provided a systematic approach to = \ '
NME and identification of the contact term  ° } (l I ]

® Ab-initio methods appear to resolve the TG+ Tise
quenching problem in ordinary beta decay SO A & PP

rrrrrr

® “Full” uncertainty quantification is underway

Belley et al., PRL 132, 182502
(2024)

https://indico.global/event/18868
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A long-standing general issue that affects several oscillation experiments:

Neutrino interactions in nuclei are not understood as accurately as desired!

Theory: complex nuclear effects Experiment: relatively few data

31.4%

n P o 1.2
,\'~. +\€‘ o +\- (8 % 1:
50.6F

Free nucleon Initial nuclear Extra nuclear Final state §0 4:
scattering state effects interactions @
80.2}

s I

>0

Worldwide effort to improve the situation through dedicated experiments
(including near detectors, ND) and refined nuclear models (including
tuning to the above experiments), but non-negligible uncertainties remain

25



A bridge to flavor physics
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The SM lacks an organizing principle for flavor (Yukawa’s Y).
Are the PMNS parameters “accidental”, or suggestive of a “pattern”?

e E—" i RO TS ULERA Wk i i
S g AT et f s fobs -.Ar\\ i ;ntvu; wﬁa q vw] A s -.bf.‘: wimisgneses C

(\;muvwn mZ)Cz;Z i

“Anarchy” or elaborated “symmetries” of leptons (+quarks)?
Many interesting ideas, but no obvious answer/guidance so far.
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Subnuclear Physics: Past, Present and Future
Pontifical Academy of Sciences, Scripta Varia 119, Vatican City 2014
www.pas.va/content/dam/accademia/pdf/sv119/sv119-altarelli.pdf

THE MYSTERY OF NEUTRINO MIXING

GUIDO ALTARELLI

“ Finally, one could have imagined that neutrinos would bring a decisive boost
towards the formulation of a comprehensive understanding of fermion masses and
mixings. In| reality it is frustrating that no real illumination was sparked on the
problem of flavour. We can reproduce in many different ways the observations, in a
wide range that goes from anarchy to discrete flavour symmetries) but we have not

_yet been able to single out a unique and convincing baseline for the understanding of
fermion masses and mixings. @@

[But: the promising research line of modular symmetries just stermmed from Altarelli & Feruglio 2006 + Feruglio 2017...]
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Various symmetry attempts “unified” under the concept of “modular symmetry” (MS)
[inspired by string theory & compactified extra-dim; requires SUSY; aims at quark+lepton flavor sectors]

[from F. Feruglio]

X @x@©x@

7
w7 _aT+b
= ©2 === Im > 0 T— - —
@ t w1 (T) r cT+d

modulus modular symmetry

% Compactification
10D

Successful realizations of MS are rather
constraining on neutrino flavor sector
(including OvBp and Majorana phases)

'/ v:’@

Dimensionless T — no obvious scale, Y
many options ... 2> ot ) =
In a sense... 2@ |

SM: tell EW scale, but not flavor structure
MS: may tell us flavor structure, but scale?

Image: G-J. Ding]
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Testability and accuracy: two extreme viewpoints...

If there is no particular structure but random entries in the PMNS matrix (“anarchy”):
higher precision data would bring no further insights.

If there is an underlying symmetry: PMNS known parameters become correlated
and unknown ones are predicted. Future precise data could select models:

T
0.36 -

0.34}

Si112012

0.28F

026

1 1
0.022
Si112013

1 1 1 1
0.020 0.021

1 1
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0.024

1
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0.35

1.0 T T
0.5

0.0

1
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6
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F

Post. Prob. Density
o w

cosd
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TBM
GR1
GR3
GR2

HEX

[Model compilation by G.-J.

Ding]
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A bridge to higher scales
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Linking two fundamental research fields:

[1] Testing the Higgs sector [2] Finding neutrino masses
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Higgs (vev) coupling modifier

generation

F f5=13TeV, 126140 fb™!
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Where are the Vv’s on this plot?
Why are they so light?
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Higgs (vev) coupling modifier

generation

Dirac option
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Neutrinos couple very weakly
to the Higgs boson, Y ~ 10713,
for some unknown reason

Dante, Inferno:

« ... Vuolsi cosi cola dove si puote
cio che si vuole, e piu non dimandare »

«... It is so willed there where is power to do
that which is willed; and farther ask not »




Higgs (vev) coupling modifier

generation
N
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Majorana option
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Neutrinos couple “normally”

to the Higgs boson, Y = 1,
but also talk to (much) higher

new physics scale(s) M > v

- ...get an extra “see-saw”
suppression factorv/IM <« 1...
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Higgs (vev) coupling modifier

generation
N
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& EWscale,v=

Majorana option

... as well as a number of heavy N
(SM singlets) at the mass scale M,
mixed with light ones at O(v/M)
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generation

SM singlets may appear at any mass scale (s) > Expt searches from low E to high E
They may be linked to interesting phenomena = Theory modeling, prospective signals
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More ambitiously: Testing high-scale leptogenesis through its imprint on GW spectrum

A recent example from a growing literature:
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[H. Murayama et al., 2506.15772]
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Epilogue
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Epilogue

Neutrino masses are a bridge to new physics.
We have only just taken the first steps...

Aview from.Toyama Castle Park. Credit: Tripadvisor

We can't yet see what's at the other end,
and there may be a long walk after the bridge, but...
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... exciting prospects lie ahead for discovering
St vast and beautiful landscapes!

View from Mount Yakush'r-;.'ﬁ)y;ama _F:rgi‘ectljr’eiT CTedltWi/éI-nZlEfﬂH L Mfw—-ﬂ::z? .J‘:f‘: S
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Extras
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Broken “symmetries”? Time-honored ideas still illuminating the path forward...

F NATURE PHYSICS | VOL 14 | FEBRUARY 2018
perspective

Sym mEtl’y and emergence [E. Witten, arXiv:1710.01791]

In a modern understanding of particle physics, global symmetries are approximate and gauge ‘
symmetries may be emergent. This view, which has echoes in condensed-matter physics, is supported
by a variety of arguments from experiment and theory.

No reason for global symmetries to be exact, from different theoretical perspectives.

No global lepton number conservation £, = L parr Majorana neutrinos

M
No global baryon number conservation . _ A%QQQL Proton decay

No a priori CP conservationin QCD 0 iy g Axion
320 v ap

General arguments not weakened by lack of new physics sighals at collider scale



Model building by assuming symmetries

gauge symmetry

New scale(s) with
higher symmetries

flavor symmetry

\Leptons
Ve V, V,
e MU T
Quarks
b ol ol

Flavor symmetries:
group patterns

Gf

N\
Gr Gy

Ur U,
NS

UPMNS = Uy ’ (Uv

PSL(2,7)
N=7

[Ding]

| 2(168)

No baseline for flavor symmetry group!

A(96) | SO(3)

\

_/

5

li
\A ! 3

Hope to “explain” at least lepton,
+ possibly also quark flavor sector,
with relatively few new d.o.f.

Gix H.p | Gy x HYp U # parameters
s Ky x CP QIPTziT.P.Q. 0
Z, Z x CP QI TS|, Ras(0)P.Q,
Zyx CP | KyxCP' Q!PT RL(0)Z2,P,Q, 1
Zyx CP | Zyx CP' | QIPTRL(6)%I%, Rys(6,)P.Q, 2
Zy Ky x CP QI PTUL(6,,0)%1%,P,Q,
Z, CP QIPTYIE, 05601, 65,05)Q,
CP | KixCP' | QiOF(6,,0:.0)5i5.Q, 3
Z Zy x CP | QIPTUL (61, 8)S1%, Ros(6,) P, Q.
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*F. Capozzi, EL, F. Marcone, A. Marrone (Bari Group) — preliminary results. See also the website global-nu.org



Before Neutrino 2026 Conference:

Pre-JUNO mass? parameters (6m?, Am?..) vs JUNO O(1) yr expectations

Pre-JUNO 3v mass parameters & ordering

' R Where might JUNO data fall?
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Examples of would-be JUNO outcomes after ~1 yr

A synergy favoring NO

Pre-JUNO 3v mass parameters & ordering
8 IIII|IIII|IIII|IIII|IIII
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Examples of would-be JUNO outcomes after ~1 yr

A synergy favoring NO A synergy favoring IO
Pre-JUNO 3v mass parameters & ordering Pre-JUNO 3v mass parameters & ordering
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Examples of would-be JUNO outcomes after ~1 yr

A synergy favoring NO A synergy favoring 1O An undecided NO/IO...

Pre-JUNO 3v mass parameters & ordering Pre-JUNO 3v mass parameters & ordering Pre-JUNO 3v mass parameters & ordering
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A synergy favoring NO

Pre-JUNO 3v mass parameters & ordering
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An undecided NO/IO...

Pre-JUNO 3v mass parameters & ordering
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... With further cascade (correlated) effects on the other oscillation unknowns
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After Neutrino 2026 (1o):
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*F. Capozzi, EL, F. Marcone, A. Marrone (Bari Group) — preliminary results. See also the website global-nu.org



