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(New parameters ) (_Additional particles >

(New SM)
tional symmetrid

Neutrinos can provide guidance
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New parameters

Observation of neutrino oscillations:

— Strong evidence of physics beyond the SM

— introduced more parameters to the model
(3 angles, at least one phase, 3 masses)

— need to introduce neutrino mass mechanism

Neutrino parameters are an essential part of the new SM!
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New parameters

Where do we stand in measuring the parameters?
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https://arxiv.org/abs/2212.00809

New parameters

Where do we stand in measuring the parameters?

No strong preference for mass ordering from oscillation experiments
(Depending on data sets combined)

[nufit v6.0 2410.05380 ]
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https://arxiv.org/abs/2410.05380

New parameters

Where do we stand in measuring the parameters?

What is the absolute neutrino mass scale?

. [Denton, JG 23 ]
Strong bound from cosmology on sum of neutrino masses: e

Included:

— Osc data (avg of global fits)

— Preference for NO
m < O 07 2 ev — Cosmo constraint
: ' L N °

v

IDESI, '24]

(Depends on data sets combined)
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https://arxiv.org/abs/2308.09737.pdf
https://arxiv.org/abs/2404.03002

Adaditional particles

Neutrino sector

- ~— "o New neutrino interactions™,

. generation Neutrino portal
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Adaditional particles

What is the neutrino mass generation mechanism?

Dirac neutrinos Majorana neutrinos
] — — _ C
like other SM fermions Neutrinos are the only SM particles

that could have such a mass term
Term not gauge invariant!

In any case need new particles!

— observation of neutrino oscillations predicts new particles!
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Adaditional particles

Neutrino mass generation mechanism

Majorana mass term arises from higher dimension operators

— explains smallness of neutrino mass due to suppression by high scale

Majorana neutrino mass operators occur at odd dimension

[Kobach '16 |

O x (LLHH)(H'H)"
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https://arxiv.org/abs/1604.05726.pdf

Adaditional particles

Neutrino mass generation mechanism

Dimension 5 operator Dimension 7
LH*(H'L
P = %M o (LLHH)(H H)
Only dim-5 operator that can Dimension 9
be build with SM fields alone , ,
Expect first signs of & (LLHH)(H'H)(H'H)
9 X Cg

new physics from lowest SMEFT operator
— neutrino mass

A
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Adaditional particles

Neutrino mass generation mechanism

ldentify UV complete models for higher dimensional operators

Example: realizations of dim-5 operator

Type | seesaw Type |l seesaw | Type Il seesaw

L L

Np : SM singlet || | |
“Right-handed neutrino” | | A: SU(2), scalar triplet| | 2: SU(2), fermion triplet |
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Adaditional particles

Neutrino mass generation mechanism

ldentify UV complete models for higher dimensional operators

Example: realizations of dim-5 operator

Type | seesaw Type |l seesaw | Type lll seesaw

Ny : SM single || | |
| 1 A: SU(2); scalar triplet | | 2: SU(2); fermion triplet |

| “Right-handed neutrino” | |
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Adaditional particles

Neutrino portal

Couple right-handed neutrino to SM
— Neutrino portal

<% D yL, HN,

Sterile neutrino does not need to be involved
IN heutrino mass generation
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Adaditional particles

Neutrino portal

Interaction of sterile with SM governed by active-sterile mixing angle

yV .
0 o« ——, neutrino mass m,, x 0 X (yv)
My,
neutrino Kinks In beta Fixed target Precision electroweak
oscillations decay spectrum searches and flavour Constraints are
observables _
around 6% < 107
My but depend on M,
eV keV MeV GeV TeV [ ]
. Dev, Deppisch, Bolton '19

searches [Fernandez-Martinez et al '23 ]
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https://arxiv.org/abs/1912.03058
https://arxiv.org/abs/2304.06772

f

Adaditional particles

New neutrino interactions

4-fermion operators
— neutrino non-standard interactions (NSI)

NCNSI: Zyg = =226, ) el (@,Pup)(fPf)
a,p.f,P

U P=S,V,A, T
P =1, 1ys, y*, y!vs, 6/, o =1/2[y", y"]

Lots of possible NSI terms!

/ e ~ O(Gy/Gy)

[Wolfenstein '77 ]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.17.2369

Adaditional particles

Vector NSI effects in oscillations

In oscillations: new forward scattering with matter

— independent of mass of new mediator!
Affect neutrino oscillations as a new matter effect

1+ Cee Ge,u Cer

|
= E U?MzU Ta Gjﬂ Gﬂ,bl Cer

°K K
Cer €//tT €rr

Matter potential a x GppE

— experiments with largest E and L provide leading constraints
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Vector NSI:
Complementarity with

Adaditional particles

NSI effects in NC scattering

dependence on mediator mass

Axial-Vector NSI:
Data from SNO

Julia Gehrlein

oscillations First analysis of NOvA’s NC data set
[JG, Machado, Pinheiro ‘24]
2 i Using NC data from NOvVA
This work u T Eoe| — B Thic work
Global fit —_ A | | £
(marginalized) I'_i_+ = E |_=_| G Oba It
~ Ul | = R B
| [Colomaetal,'23] ~ — — eA B (Goloma et al, 23}
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https://arxiv.org/abs/2412.08712
https://arxiv.org/abs/2305.07698
https://arxiv.org/abs/2305.07698

Adaditional particles

NSI effects in NC scattering

0.04:-
In SMEFT framework: 0.02 COHERENT
Complementarity with
constraints from charged lepton WERS.eS
observables
-0.02
—0.04+
[for more on SMEFT see talk by Vryonidou]

_0.04 -0.02 0.00
€,

[Breso-Pla et al ‘23]

EWPO

002 004
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https://arxiv.org/abs/2301.07036

Adaditional particles

Anomalies

Some (persistent) anomalies in neutrino physics
eV-scale vanilla sterile neutrino explanation not a good global fit!

5o far no convincing SM explanation either
10~ [Brdar, JG, Kopp ‘23]

MiniBooNE v, + v, CCQE 1.2
I'I'| Data T
H+ 3+ 1 Prediction (Constr.)
== SM Prediction (Constr.)

3+ 1 v,(7,) = ve(?e) (Osc.)
0 341 ve(Pe) = ve(Pe) (Intrin.)
3+1v,(7,) = vu(v,) (MISID)

Events / MeV

0.2 0.4 0.6 | 0.8 1.0 1.2 1.4 0.6: T R N S S S S S S S ST T NI T N M
Neutrino Energy [GeV] OQ)’C} 6@33 +C}\ ,_FCJO/ /\QQQ} S &Q}
< ' S &
. : & N N ) Q)CD Q)%
[IMiniBooNE+MicroBooNE 2201.01724] o 6?3’ 9 Q [BEST 2201.07364]
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https://arxiv.org/abs/2303.05528
https://arxiv.org/pdf/2201.01724
https://arxiv.org/pdf/2201.07364

Leptonic CP violation

New symmetries

Neutrino sector

(_Lepton number violation )

Flavor symmetry

Julia Gehrlein
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New symmetries

Leptonic CP violation

Use long-baseline experiments:
(I/_e) appearance probability in (1/_/3 beam depends on 0

(However also dependence on mass ordering, other oscillation parameters)

014 -

. — 520 ] . .

O.lj | To alleviate effects of systematics
: —_ 5:7'[/2 ] . .

0.10 : uncertainties:

T — O=T f

2 08 53/ Compare neutrino to anti-neutrino
3 N =377 J
= 0.06' \ channel

0.04
| If they behave differently
— CP violation

0.02

0.00
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New symmetries

LeptOn]C CP V]Olat]On [see talk by Rusov for the status of

CPV in the quark sector]

Current experiments long-baseline experiments:
NOvVA (US), T2K (Japan)

0.7 B éayésién Cred. Int. ' I\/'Iarg';ina'liz'ed Eep'arételly ' ] 0.7 R éay'esién Cred.Int. ' Maréinélizéd Eep'arételly ' ]
| 68% CI over orderings, Normal MO | 68% CI over orderings, Inverted MO
" % NOVA HPD : l :
0.6 - 7 0.6 |- ) 7
NGD c\? i
= c o5 -
7)) 7)) -
04l —— NOVA — - NOVA+T2K i 04| —— NOVA — - NOVA+T2K i
- —— NOVA (previous result)  ----- T2K - - —— NOVA (previous result)  ----- T2K .
[ -~ T2K+SuperK ] | - - T2K+SuperK
0 T T i 2n 0 T T i on
2 2 2 2
8CP 8CP
. . INOVA '25]
In normal ordering: In inverted ordering:
slight disagreement improvement on constraints
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https://arxiv.org/pdf/2509.04361

New symmetries

Lepton number symmetry

If neutrinos are Majorana particles <> lepton number is violated

Neutrinoless double beta decay most i o
promising probe of Majorana nature of

neutrinos

[Denton, JG, 23]

109 ¢

Julia Gehrlein
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Cosmology (NO) 95%

TN lightest [GV]

102

10~1
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https://arxiv.org/abs/2308.09737.pdf

New symmetries

Lepton number symmetry

Schechter-Valle theorem

Any AL = 2 operator contributing to O/ will generate

MaJorana neutrino mass contribution 'Schechter, Valle 1982

Majorana mass induced by this (dim-9) operator tiny: < O(1072° eV)

%

Even if lepton number violation is detected: neutrino mass might be dominantly of
Dirac type (=pseudo-Dirac neutring) Pver Hindner Merie 1]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.25.2951
https://arxiv.org/abs/1105.0901

New symmetries

Flavor symmetry

| Ue

|Ue

Uy

| U1
Leptons
U 1l
0.2
| U
fermion masses
de se be
U -& Ce te
SR PR Sy W I P TR TN N [ I N S R N S (RN oI R |
ueV meV eV keV MeV GeV TeV

|Uudl

‘Uusl ‘Uub‘

[Uudl

‘Ucd‘

|Uidl

0.8
0.6
0.4
0.2

[see talk by Cornella]

Quarks

could provide rationale between
difference in mixings in quark sector
and lepton sector
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New symmetries

Flavor symmetry

Most successful neutrino flavor models use discrete symmetries

Most predictive flavor models predict relations between mixing

OPMNS _ gv 0 0PMNS o5 5

parameter like

Also prediction for other mixing parameters and masses

Julia Gehrlein Neutrino physics overview
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New symmetries

Flavor symmetry

Precise measurements of oscillation parameters can distinguish flavor models

50¢
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e discrete symmetries w/ CP

m discrete symmetries w/o CP (NO)
discrete symmetries w/o CP (lO)

A modular symmetries (NO)

v modular symmetries (10)

[JG, Petcov, Spinrath, Titov '22]
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https://arxiv.org/abs/2203.06219.pdf

Neutrino physics
The future

Oscillation (standard+BSM) physics

Long baseline (300 km, 1300 km) accelerator neutrino experiments:
Hyper-Kamiokande, DUNE

Atmospheric neutrino experiments:
HK, lceCube-Gen2, KM3NeT-ORCA

Medium baseline (~50 km) reactor neutrino experiment:
JUNO

Julia Gehrlein Neutrino physics overview
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Neutrino physics
The far future (maybe?)

renewed interest of particle L
physics community in muon ittt

O—linac option

colliders s
Neutrino factory could be a pre- @ |
stage of a high-energy muon

Bison at Fermilab

muon decay
rnng

=
S 755 m
-
3
) = o0
o X ol [} —
D (&) (%) —
5 2 8
S 0 o o

collider @ =i

linac to 0.9 .GeV-"“"""O‘.'Q‘-.B.G GeV RLA

Synergy with future collider > i

3.6-12.6 GeV recirculating
p rog ram UON linear accelerator (RLA)
COLLIDER 12.6-25 GeV FFAG

a L
A
™ 4
a 2
2
™ 2

neutina beam: | Snaop LR

-
-----
2 + L
. 4 -

a &
L

¢

muon decay ring
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Neutrino physics

Neutrino factory

neutrino bearn o Neutrino production from GeV
| pton e (anti-)muon decays
ring option 2

muon decay

ing e Muons decay along straight line of

race track design — very collimated
neutrino beam of known composition

755 m

target
buncher
phase rotation
cooling

linac to 0.9 GeV-~~ 0.9-3.6 GeVRIA_

= D ».':_:;;:.‘7\ 3
—aa=® : _,--'- & ‘~‘::f»
po®” go®®” hS
7 )
> bl i

e» Vy» Uy @ppearance & v, U,

disappearance searches possible

3.6-12.6 GeV recirculating
linear accelerator (RLA)

e Will improve constraints on SM + BSM
scenarios assuming FNAL-SURF

baseline and 40 kT — 10%* 1 decays

[Denton, JG, '24]  [Denton, JG, Kong, '25]

12.6-25 GeV FFAG

—{
.

muon decay ring
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https://arxiv.org/abs/2407.02572
https://arxiv.org/abs/2502.14027

Neutrino physics
The future

Short baseline program:
Testing the MiniBooNE anomaly

———————————
v v
W ——— —— *
- ——— "
W v v — —
T - v o v v g
v v

= e
] = :
@0 " -
e —— . e e : e
o GAMREE == =¥ [ X el & - : S SN
-.. d ’ 5 v -y 7 . P s
= SBN Far Detector MicroBooNE
Yoo e ter Neutrino Beam
I e o rrad ! B__ _<_______<_—-——-;‘—.-_'
= R TS paem e ST
—————————————
——————————— - :

Short-Baseline Neutrino Program

W S

= - - .

'~ :

Ay
~_ SBN Near Detector ~
o ey - -,
________ -9 e —— =
R G — — e — @ = =T Booster Neutrino Beam

arget

3 detectors: MicroBooNE, ICARUS, SBND

10

(1) S. Gariazzo et al., arXiv:1703.00860 [hep-ph]
(2) M. Dentler et al., arXiv:1803.10661 [hep-ph]

v, = V. appearance

LSND 90%

LSND 99%
" | Global 3+1, 3 allowed"”

v,/ Vv, App, 30 allowed"”
—— SBN 30

1073 1072 10~ 1
sin“20

[Machado, Palamara, Schmitz
1903.04608]
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https://arxiv.org/pdf/1903.04608

FASERv,

SBN@LHC:
xsec at TeV
energies

SHIP:
measurement

of U_ xsec

Neutrino physics
The future

Neutrino scattering

10° 10! 102
E LI L L I 1 L] I LI I 1
— 107 i cecubpe-
S - 4 T2K(Fe)14 ™ GGM-SPS81 LEP
g [ 4 T2K(CH)14 ™ GGM-PS79 & FASER Pilot 21 )
o 100 b * T2K(©13 V¥ IHEPITEP79 ot favg‘ v+v) . G e n 2 o
P E A ArgoNeuT14 V IHEPJINR96 ¥ FASERat5 fo™" (avg. v +7, proj.) .
- ® ArgoNeuT12 ® MINOS10 < FASERv proj
— 105 | % ANL79 A NOMAD 08 .
U= E O BEBC79 ¢ NuTeVo06 U H E m
Ub> [ A BNLS2 X SciBooNE 11 A C O S ] C D S
~ 4 _ ¢ CCFRY7 ® SKAT79 ¢ i
8 10 E O CDHS87 F
B - -
8 i
o 10 E
: | CEVNS
g ! Accelerator v igh-energy cosmic v Ultra-high-energy cosmic v V
c ]_02 - IceCube tracks (avg. v + 7) IceCube-Gen2 Radio (10 yr, projected) — .
o - (IceCube 17) ' ' l t i
D - Using cosmogenic v flux,
! 1 - IceCube showers (avg. v + 7) fit to TA UHECRs (Bergman & van Vhet) eX p e r"I e n S °
g 10* £ (Bustamante & Connolly 17) oy Using IceCube v, flux (9.5 yr), -
! - IceCube HESE (avg. v + 7) extrapolated to UHE ] M V t .
‘N eV neutrino
. 100 a from all AGN (Rodrigues et al.) _
2 0 ) - oF £=—1 vN DIS prediction b.f. + 15 (BGR18) - SC a tte r"l n g

! ul Lol L1
10-1 109 10!

Ll L1
102

Lol L 1l L 1ol Lol Lol Lol Lol L1
103 10¢* 10° 10® 107 108 10°

Neutrino energy, E, [GeV]

'1011
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Neutrino physics

Th e fLI tLI re [Di Valentino, Gariazzo,

Mena, '21]

Absolute neutrino mass scale/
nature of neutrinos:

CMB
BAO
+Pantheon

Future cosmological observatories will This work

measure sum of neutrino masses (maybe
very soon)
(And potentially mass ordering)

Future cosmo
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https://arxiv.org/abs/2106.15267.pdf

Neutrino physics
The future

[Denton, JG, '23]

Future neutrinoless double beta experiments
aim to fully probe 10 region

Progress on nuclear matrix element calculation
(new results: matrix elements are smaller 10-3 |

— bound on |m,| weaker)

Cosmology (NO) 95%

10—4 .
[Belley at al, '23] 10~

1073 1072 101

mlightest [ev]
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https://arxiv.org/abs/2308.15634
https://arxiv.org/abs/2308.09737.pdf

Neutrino physics

Challenges
e For neutrinoless double beta decay (MeV):
nuclear matrix element calculation ¢ -
%1.2.— I
T
o For accelerator based neutrino o8- /M

-y
N
lIll

experiments (GeV):
cross section & flux prediction

v cross section/
o
b
|

o
N
llIlll LI

s -
L0
i = L
ll 1 L1

-1 — Dy
10" 1ok TnOva 10 102

> > E, (GeV)
e For high energy atmospheric and astrophysical neutrinos:
hadronic interactions for flux prediction

— forward physics program at the LHC

o
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Neutrino physics

Conclusions

e Neutrinos play an essential role in our search for the new SM

e Future experiments will measure all neutrino parameters and
potentially uncover new symmetries and particles in nature

e Possibilities that the neutrino sector will continue to amaze us

in the future
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Thanks for your attention!
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