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N0 MATEPHANAM ICGHEP 2026

v Theory Challenges & Opportunities

P e Version ol sides aaapiea 1or FUF 10Mmal, o
/J see the PPTX version for a version with animatic

To Precision PMNS

> B @\ Measurements and Beyond
M ME
@ ,M @ W the status and prospects of long-baseline neutrino

e
ARD MODEL <

oscillation experiments

STHE STAF

3

ICHEP 2026
Natal — Brazil — June 30 to August 5, 2026

CERN Stephen Dolan
\ stephen.joseph.dolan@cern.ch
SLS Using plenty of new material from last
month’s Neutrino 2026 conference

NEUTRINO ‘26

André de Gouvéa — Northwestern University

André de Gouvéa
\(Northwestern University, USA)

Ste‘ph.érh Dolan
(CERN, Switzerland)

q . ( b2 Astrophysical
t Results in Neutrino Mass and ! 2 . il

trinoless Double-Beta Decay cosmological
; neutrinosa

Yvonne Y. Y. Wong
UNSW Sydney

ICHEP
July 30 - August 5, 2026

f‘:\‘:,:“'f,‘m v T U N L Natal, Brazil
Julieta Gruszko Yvonne Wong
(University of North Carolina at (University of New South Wales,
Chapel Hill and Triangle Australia)

Universities Nuclear Laboratory,
USA)




RVYIOA Mbl CMOTPHM?

Experiment (m) E (MeV) | |Am?| (eV?)
Solar 10'0 1 10720
Atmospheric 10° —10° | 10*-10° | 1071 —10*
Reactor SBL 10% —10° 1 1072 —-107°
LBL 10* —10° 1074 -10-°
Accelerator | SBL 102 103-10* > 0.1
LBL 10°—10°)10°-10" | 1072 — 1073 Solar neutrinos (v,)

Supernova

Cosmic
rays

Shower

v_ Flux P
dr D(}tectOr
L. | Atmospheric
neutrinos
Near Detector
Vyp Ve
Decay Tunnel B Bi
Proton Accelerator \ vy Pean Uiverges
¥
o «
1 L,
A\ Far Detector

Target Magnetic Horns
Near Detector,



UT0 Mbl HABNKOAAEM?

W T
Ocunnnaumn!
Ve V”
Ve V; Vu_’Ve'
V™ Ve
ATMOSPHERE
NN (V V.V V.V VVVVVV (V V V V. V.V VVVVV




4UT0 Mbl H3MEPAEMS

PMNS matpuua

Ve Uel Ue2 Ue3 1741 1 0
vy = U,ul UN2 UN3 1) =10 C23
Vr UTl U’r2 UT3 V3 0 —3823

Posp = [(va(®)va)|* = | _[UsUsie L2

The depends on:
 The difference in neutrino mass state

masses
« The distance travelled (L) over the neutrino

energy (E)

The depends on:
« The PMNS neutrino mixing matrix elements

0 C13
S23 0
C23 —S13 elocp
2
Amgl
|Am§1
sin? 93122
Sin2 913
SiIl2 023
dcp

sign(Am%l2 )

0 syze e cr2 S12 0
1 0 —S812 C12 0
0 C13 0 0 1

(7.388 £ 0.078) x 107 ° eV? (1%)
(2.50 £0.03) x 107° eV? (1%)
0.3036 & 0.0064 (2%)

0.02220 + 0.00068 (3%)

0.573 +0.023 (5%)

(105 — 405)° (30) (unknown)

+, slightly favored (unknown)
5



UT0 OTCIOAA CRERVET?

i P () ()" — I
(Am2)501
(m1)2 [
Ue7 Uez
H v,
(Am®),,
" (am),
m U#, Uﬂ > Uﬂ 3
E— e — ()’
‘ (Am’) Uz U Uys
= (m,)° (m,)’m Y —

normal hierarchy inverted hierarchy




UTO ELLE HEH3BEGTHO?

* Ocunnnupytot am (aHTU-)v,?
* MoryT am (aHTK-)V, MMeTb 60/1bLLYI0 ANIMHY OCLUANALNN?

* Kak no ot4e/1bHOCTM Ve OCUUANPYET BV, U V,? [10OKa M3MePEHO TO/IbKO NCYE3HOBEHUE V.

* Hackonbko TouHa CP-nHBapuaHTHOCTL (V; = V; Vs V; = V))?

* Hackonbko TouHa T-MHBApUAHTHOCTL (Vi = V; Vs V; = V)?

* Vlepapxusa macc.

* 3HaYyeHMs Macc.
* lnpak nanm ManopaHa?
* [louemy mMaccobl Takme masieHbkue?

* Kak 310 BNncatb B CtaHAapTHYO Moaenb?
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JKCNEPUMEHTDI C «KOPOTKOM» bA3OMW
[s B ll lllustration of oscillation, E, = 4MeV
1.0

‘5 0.8+¢
PeaKTOpr — CaMble C/1IbHbleé NCTOYHUKHA 8 06}
Y, X1 (20 =
HEUTPUHO Ha 3emie (2X102° WTyK Ha GW) S 04l —
E 1
Uranium-235 Fission w 0.2¢} e P. Vogel, L. ). Wen and C. Zhang
T Nature Communications 6, 6935
fission fragments b t& O'O * . .
. 1 10 100

\ r% Distance (km)
/ . - .

uranium - 235 @ antineutrinos é 1 O
thermal neutron / 'Dc:
= « prompt neutrons '% 0.8
N —
™~ e,
- —_
s
uranium - 235 v
- . E 0.6 T
{ ) xron
| =585b i = ael a\led n O -
1 i prompt y-rays I %)
| energy release = 210 MeV/fission | //,,/—//
E 90 quadrillion fission per second ; \% 04 1§
| in 3000MWith reactor ] o
A\ y (S
K P /el'ed
Tays
0.2

KamLAND

Mpo JUNO pacckaxet AHapen Cokonos B p

cneayrowem 4oknaae. 0.1 1 10 100
L/E [km/MeV]




CNEKTPbI HENUTPHHO OT PEAKTOPOB

% 50 F ‘ =
S 4 Data
0l S NQ- 0 Reactor-v IBD |
T I (a,n)
G il T/ . . » & 1
600 ;™ JUNO Preliminary. June 2026 @ &30 2 Geow™UIBD |
¢ o g B Geo-v 2ThIBD
500 / 1 JUNO live time: 207.2 days - = —t
; \ | 20 - .
- ’ by + JUNO Data ' 1 Atmospherics
éj 400 rr’ "».Ll — x?%/ndf=495.27/500 101 1
~ I kY v, signal
-é 300 rrr " ===+ Non-oscillated 7, | % _*_
v 4 k! 97 : /8 : 0 E . . . .
3 { n "Li/*He 1 2 3 4 5 6 7 8
200! 1§ : Geo-neutrinos ] [2511.11856] Prompt Reconstructed Energy [MeV]
—— World rcactors ] -
211B1-211P0
100 Other backgrounds -
KamL AND Borexino
(5) —— - 28.6 + ° 47 + 87, 5 TNU™
/@ ’ ) ~ ° 0 . '
s L0 % = » g * o . .
OB IEIOR 30 X ¥R T X A P
AR D RO S v <73 g
o _gls o -7 = ‘ e AN _ 73 £ 11 TNU
- 1 Result from this
z 7 conference!
2 0 \ e ; .
2 4 6 8 10 12

Prompt energy (MeV)
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Central acrylic vessel (AV) holds
~1 kt water (or ~780 t scintillator)

6 m radius AV viewed by ~9400 PMTs

7 kt buffer water in cavity
(shielding)

Hold-down rope net
Upgraded calibration systems,

electronics, DAQ, underground
scintillator plants

A A
e— = ";“';
=
<
— :
<
50 kton
¥ " water
< »
39.3 m

- Located at Kamioka Japan.
- 50 kton of ultra pure water tank.
- 20-inch PMTs, 11,129 for ID (since SK-III).
- 22.5 kton for analysis fiducial volume.
- Water Cherenkov light technique. 10
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S

1

SNO+
Preliminary

5.0
0.1 0.2 0.3
Solar v

- Reactor v

0.4 0.5
= NuFit 6.1

0.6

0.8 0.9
sin3013

10.0
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AHOMANNWH B SBL JRGNEPUMEHTANX

Bamn Ha 5§ M3B (¢ 2014 BnasaT > 10 akcnepmmMeHTOB)

ymeas. /rpred.

(Data-HM*)/HM*

Ratio to Prediction

02 v ¥/ 7]

- - S A

0.1 RENO 53 Pt ’m’“ / A

- S it N

0 o e T OTATT, ...;rr::f!?..?t-.ﬂff.../, P

—0.1 I VA
2 3 | 3 6 7 4 8

(Huber + Mueller)

Prompt Ener;-_\ (MeV)

Daya Bay

4
Prompt Energy (MeV)

[annmeBad aHOMaIUA

1.2r

l.lf

0.9 T

08 { {
0.7

06 | T NI Ly | Ly 1

¢ & & £ F
5 5 &4‘, Vé & &
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A G AU et

e i PN . s, . o A
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&% Sa o 12 28 g ] : °
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L F Tl ida 5 &
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282 o 5 -
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JRCINEPUMENRTDI )
GC JRCTPA KOPOTHOM bA3ON

-

STEREO - ILL (HEU)

DANSS - Kalinin (LEU)

85 MW 58 MW 3GwW
7-12m 9-11m 10.7-12.9m
segmented °Li-LS 6-cell Gd-LS movable plastic scint.
Nature 613, 257 (2023 PoS ICHEP2022, 616 (2022
Phys Rev. Lett. 134, 151802 (2025) ( ) ( ) Am'=7.2 oV, sin’(20) = 0.36, e 20,0 Neutrino-4
& 7 . J ;' 1.8 O Observed, 24p, average (125, 250, 500 keV). First
- Av:r-gcllf, ls?.mh\' . .
NEOS / NEOS-II - Hanbit (LEU) Neutrino-4 - SM-3 (HEU) Solid - BR2 (HEU) o @ S nasaws S e
§14
i 90 MW 50-80 MW "7-212_
24m 6-12m 6-9m i ’
i movable Gd-LS “LiF:ZnS + PVT cubes o 10
RENO+NEOS fit g
0.8
Phys. Rev. D 105, L111101 (2022) Phys. Rev. D 104, 032003 (2021) Phys. Rev. D 111, 072005 (2025) 08
. . J 1.0 1.5 20 25

LE

| PROSPECT |

*  W3mepstoT OTHOCUTENbHbIE NcKaxeHus L/E cnekTpa Ha pasanyHbix 6a3ax.
* B kayecTBe pedepeHca MCNOoAb3YHOT S3KCNEePUMEHTA/IbHbIW CNEKTP, @ He

TeopeTUYeCcKy MOAeb.
* Boatomrogy Havanum paboty JUNO-TAO, SBND. N \

| EPPURPIE ISR SR U I EPI
08 3 35
U(E,) [mMeV]




M. Hostert

CTEPHNBbHOE HEUTPHHO

cue3roBeHNE Vi

n

ncyesHoBeEHUNE V,

Vv, Uy U,
— XX
- U2 Ul
2 o A2 V
Amyy ~ Amy,
| “u Y
) - - >
Am32 |I],u4|2
2
t Amj, v, v,
AY4 o
| Uy l?

PROSPECT coll. PRL 134 (2025) 15, 151802

T T T T T

T T T T

Research Reactor
= @ HFIR ORNL

LI

TIITI)I

----- CL, Sensitivity, 95% C.L.
|"—— CL, Exclusion, 95% C.L.
| --- CL¢ Exclusion,5¢ N\ .

B Neutrino-495% C.L. N :
Gallium Anomaly 95% C.L. 4

! L !

S Y L I T

107 -1
§in?26,, = 4| U, |>(1 = | U,4|?)

Adapted from KATRIN coll. Nature 648 (2025) 8092, 70-75

10° 4

102 E

Am3, (eV?)
3
1

100 E

107!

Reactors

T
1072

T
10" 10°

§in226,, = 4| U, |>(1 — | U,y %)

Adapted from
NOVA coll. PRL 134, 081804 (2025

L G v — —
- |
90% CL allowed [
IceCube ~
E NOvVA
MINOS/MINOS+
! < e
>
o
N
R
£ L
410’1 £ 90% CL excluded
F = NOVA Analysis 1
|- === NOVA Analysis 2
| —— MINOS/MINOS+
B CDHS
jg2— ccFrR  f  TTE
E e T2K (NH) T
E T2K (IH)
3 SciBooNE & MiniBooNE
- Super-Kamiokande
107 Ll ol Ll AlLl
10 10°° 102 10

sin? 6y > | U,y | < 1

DANSS
(95% C.L.)

Stereo
(95% C.L.)

Prospect
(95% C.L.)
BEST+GA
(20)

BEST+GA+SAGE
best fit

Neutrino-4

(20)

KATRIN exclusion
KNM1-5 (95% C.L.)
KATRIN sensitivity

" KNM1-5 (95% C.L.)

KATRIN exclusion
KNM1-2 (95% C.L.)



CTEPHNBbHOE HEUTPHHO

3+1 oscillations

Cosmology & f-decay kink searches Decays in flight & Rare meson decays Colliders

S T | T

_______________

205 B-decay

N 5 S
DELPH!
% . ees (sHorT)

D0 AWy

1077

1078 rRIUN x»:l"x

[ B kink (others) 95% CL NAOS
-9
107" F mmm 8 kink (KATRIN) 95% CL Solar 99% CL
10-10 Gallium 20 | Reactorls 95% CL | | (9] github.clom/mhostert[Hea.w_ly-NeutriI}o-Limits
-8 -6 - _
10 10 1074 1072 10° 10?

m/GeV




AHanN3 CnekKTPoB MNPY PAa3HOM PeaKTOPHOM

TOn/imBe.
235 239p,
Huber-Mueller (2011) i ——
[ PasgeneHue Bkiaaos 235U n 239Pu. ] |
Daya Bay (2017) —— L L
Daya Bay (2025) —— —_—————
RENO (2018) —— ; PN
3aBMCMMOCTb PAaCXOXAEHUSA M[y TeOpuen u s o Tl | .
STEREO (2020) ——
SKCNEPUMEHTOM OT N30TOMaA.

6.0 6.2 6.4 6.6 6.8 4.0 4.2 4.4 4.6 4.8

*DANSS also measured 235U / 23%Puy ratio in Phys. Rev. D 112, 112005 (2025)

[pyyrHa He B HANMYUKN CTEPUIBHOIO HEUTPUHO,
a B HETOYHOCTU MoAenn!

* HenosaHas nHdopmayms o npoLeccax TepMosgepHOro cuHTesa B peaktope (~ 800 npoaykToB).
* HeTouHoe onuncaHue cnekTpoB beta pacnagos (~10000 6paHumMHros).

* [pybas oueHka HeonpeaeNeHHOCTHM (KaK SKCMePUMEHTA/IbHOM, Tak N TEOPETUYECKOMN).




JHCNEPHMEHTDbI C ANHHHOK BA3ON
(LBL)

At the near detector Ev At the far detector Ev
Nu(E,) e o (B, Py (B e(Ey). Nu(E,) o P(v, = v,) 0 (E,) Py (E, e (E,)
Interaction Detector Ne(Ev) X P(Vu - Ve)O'(Ev)CDV(EV)E(Ev)
cross section Neutrino flux effects 17

Oscillation probability




s T2K <

Fermilab 810 km Far Detector
Batavia, IL Ash River, MN

Super-Kamiokande

 Near Detectors.

Near
Detector

i 1,700 m below sea level

. e D Y - e N R ———
Muon Neutrino Beam !

295 km

View from the top

(Baseline: 295 km \ l /Baseline: 810 km
Beam: Narrow band, ~0.4-0.8 GeV Beam: Wider band, ~1.3-2.5 GeV
Far detector: Water Cherenkov Far detector: Liquid Scintillator
Far detector mass (FV): ~23 kt Far detector mass (FV): ~10 kt
Observed N, 5,: ~150 Observed N, ;5 : ~200

\ Observed N, .3, ~450 ) \Observed N, 5 : ~490 Y,




Normal ordering

T2/K

T2K Preliminary

T T T l T ] I T ] T T T I T T T ] T
S MINOS+* SK+T2K* _ T2K Run 1-11 v1F -
- PRL 125, 131802 PRL 134, 011801 to be published, 2026 .
- ... Super-K¥ NOvA?B T2K Run 1-11 v2¥ |

PRD 109, 072014

IceCubef
PRL 134, 091801

. g, ==\ g
I -\ > il
- Pl v !
- \ i N
: "\ i 7 4 F Frequentist (90% C.L.) :
B T —— o B Bayesian (90% cred.)

\
/

PRL 136, 011802 this work

T2K+NOvA®

Nature 646, 818-824

1 | 1
0.5 0.6
s 9
sin” 63 28

Am2, (107 eV?)

3

2.5

NOvVA PRL 136, 01180 (2026)

1 U 1 1 | I 1 1 1 1

1 1 I I
L_NOVA NO 90% CL 26.6x10%° POT-equiv. v-be
With 1D Daya Bay Constraint 12.5x10°° POT V-beam

B NOvVA
2024

X Best-fit

I

am

s IceCube 2024 ===~ T2K 2022  =:o=: MINOS+ 2020 —
[ e SK 2023 b
1 1 L 1 l 1 1 1 L I 1 1 L L I 1 1 L L
0.4 0.5 0.6

Fa2
sin“(8,,)



(\

T2K <

N O~
Normal Ordering Inverted Ordering
10 - — T 107"
i 16~
Posterior
Probability 107 [0
107 107

1010210310

PR R— 1 1a210™

— T2K-only 1o
— NOVA-only 1o
NovA+T2K: 1o [l20 i
a b
1 I | | 1 I 1 | 1 I 1 .
I T Tt
2 0 i 0 ‘2

Mo otaenbHocTb M Nova, n T2K cnerka npegnounTaloT HOpMasibHYO MEPaPXUI0 U BEPXHUM OKTaHT 0,
HO pa3Hble obnacTn ana Scp
CoBMeCTHble PpUTbI C/Ierka NpeAnoYnTaOT 0OpaTHYHO Nepapxuio.




bYAVULEE LBL
o] & O A

yper-
Baseline: 295 km Baseline: 1300 km
Beam: Narrow band, ~0.4-0.8 GeV Beam: Broad band, ~0.8-3.5 GeV
Far detector: Water Cherenkov Far detector: Liquid Argon TPC
Far detector mass (FV): ~190 kt Far detector mass (FV): ~4x10 kt
Projected N, _,5,: ~4500 Projected N,, 5. : ~4100
Projected N, .5, ~21000 Projected N, .3,: ~23000
First beam: ~2028 / First beam: ~2031

Projected statistics in far-detector samples

Experiment T2K NOvA | Hyper-K DUNE

Ny, (v-mode) | 318 384 ~8800  ~15000
Ny? (V-mode) | 137 106 | ~12000  ~8100
Ny° (v-mode) | 108 181 | ~2800  ~3300
NyP (v-mode) | 16 32 | ~1500 =900




(ATMOGDEPHDLIEN JRCNEPHMENTDI
C IRCGTPA IIIIHIIIIIIH BA30H

Inspired b Axani's Neutrino 2026

- Cosmic ray

Neutrinos

>

5"’?

@ 3Tom Bans
ECTy
ATMOLPEPA
(0,883)

ICECUBE

NEUTRINO OBSERVATORY




(ATMOGDEPHDLIEN JRCNEPHMENTDI
C IRCGTPA IIIIHIIIIIIH BA30H

- Cosmic ray

Neutrinos

5"’?

KM3NeT/ORCA Preliminary (1.4 Mton-yr) —r—Trrr —r—rrrr Ty T
E ‘ [ é 1.6 |- Super-Kamiokande |-VI (7076 days) 1
- tracks E 4 ¢ Data, high-res. p-like i
L O O N N 3 || = Best-fit oscillations
Ke] [ 1 %]
- c 3 = -
% 09f E | ' { | _‘% 12
7] £ ] \ | A 3 =
PR SNEUTRINO ‘26 B % 2 i
z ] ] IceCube Preliminary O
207 ORCAG-18 tracks B 2 08
S F —— Data B I I I e} 4
T 0.61 Best i 1 I = 5 0.6
CF e e 0 ie)
A : Lo TS P : ‘
0.5F = S 3 5 T o4 NEUTRINO ‘26
F E 0
QA ‘ 8 0.8 s
e kmicev) S %2r [
206 (EEIER % I P
| I 00 1 2 3 4
S ' ¥ I 10 10 10 10 10
n L/ERec. (km/GeV)
O 0.4 -
-

o
[N}

o
o

10° 10! 102 103
Lreco/Ereco [km/GeV]

ICECUBE

NEUTRINO OBSERVATORY




OCOBEHHOCTH B3AMMOAEHCTBUA
C MATEPHEM

v,CC with e~

C with e”,p,n
12 1

VorVpp Uy

Z

/\ .

Vne = F GpN,/ V2

e ,p,n

\ 4

scillations

[
P.....‘

electron
neutrino

n
neutrino

tau
neutrino

Presence of matter modifies
neutrino oscillations.




ICECGUBE CRAHHPYET 3EMIIIO

Neutrino tomography: mapping the Earth's interior

High energy (>TeV) neutrino attenuation can be used to map the Earth’s interior density profile

PREM density
Goal: Observe macroscopic object ’ + Scaled density
using the weak force: the “weak mass.” ), i i

.

% | Measures total mass, not
> how it is distributed.

-

, IceCube Prcli;ninar;
0.6 0.8 1.

| Sensitive to elastic : : r/Re
properties, not density T . 1 .

alone.

GEOMAGNETISM
Probes core dynamics, not
static structure.

log(neutrino rate)

.‘"'
!

*“1.,:,):;.

IceCube Simulation

-1.0 —-0.8 —0.6 —-0.4 -0.2 0.0

ICECUBE cos(0))

From the resulting density posteriors, we derive the Earth’s mass and polar moment of inertia, found to be consistent with
PREM and gravitational determination. Paper under collaboration review.

Image adapted from Jack Pairin




ICECUBE & KM3NET HLIVT
TOUEYHBIE HCTOYHHUKH HEUTPHHO

Right Ascension a
+75°

Equatorial Coord.

+15°

24h

T S
e

Declination 6
|
@

o Mkrf 421

. CGCG 420 015
°

\ i {
010339 0156 thbb J1848-018:

[ |
0.0 1.5 3.0 4.5
Pre-trial significance / o

ICECUBE

NEUTRINO OBSERVATORY

\
0 i
3

]1333 szA,

0 R

—logo(pvalpre)
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UTO B HTOI'ED

sin220,,

2
Am~3,

Normal mass ordering
(=)

L . . . . . : JUNO (+Daya Bay) -o- 2500031

JUNO %2 —_——— 3.036+0.064 2.1% NOvA —— 25067003

J i . NOvA+T2K —e— 9.5] +0.04

SNO+ %, constrained ® 3.10 +0.12  3.9% . 0o

T2K —e— 25965036

Solar+KamLAND o 3.07 012 3.9% IceCube —— 248 100}

| SuperK+T1T2K —— 2.586-0:060
Solar global 3.06 +0.13  4.2% Daya Bay nGd o 9 54140000 249

SNO 2.99 T018  5.2% SuperK —e— 2.48 00"

7 —0.15 - ) 10,08

KamLAND 1034 MINOS+ T 2.48 983

am o 3.16 Tohg  9.5% RENO  nGd — 2.59 [

‘ > ava Bay ——e——— 9238 0.14

2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 Daya Bay nH 2.80 5

102 - ORCA 218 +0_:1.§

sm- 912, 107! i 2::

RENO  nH . 2.55 193

A 2 1.8 20 29 2.4 2.6 2.8
m 21 |Am3, |, 1073 eV?
) [l]\'(‘TT(,:(l mass ()ll‘(l(,‘l'illg

, . . . . . . . . . JUNO (+Daya Bay) o~ 24827403

JUNO % s o 7.388+0.078 1.1% NOvA+T2K —e— 2.40 +001

SNO+ %, constrained —O— 7.63 4017 2.9% NOvA —e— 2.4040.056

T2K —— 248620011

KamLAND —— 7.54 J:((Hg 2.5% IceCube —— 2.32 00

. KL TOK ¢ +0.057

Solar+KamLAND —0— 750 jgig 2.5% SuperK+T2K —— 240975150

: Daya Bay nGd —— 2.496+0.060

SNO+ % —e— 793 T02l 93y MINOS+ —— 2,37 1007

5 SuperK —— .40 +0.06

Solar global 6.10 99 1449 0.12

g 10 Zo 14.4% RENO  nGd — 255 112

SNO 5.60 j}:l)g 29.5% Daya Bay nll ——e—— 275 *0.U

' : ' ' ' ' y ‘ ' ORCA 176, 2.25
40 45 50 55 60 65 70 7.5 8.0 _ i
9 -5 9 RENO nH 2.51 Lt:zlz
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UTO B HTOI'ED

e Am,;?%, Am;;?, Ams,?, sin26,, U sin?0,; N3MepeHbl C MPOL,EHTHOM TOYHOCTbHO
* CP-coxpaHeHune Uckato4eHo Ha ypoBHe ~95%
* HopmasbHas nepapxusa npesnovtTuTesibHee NHBEPTUPOBAHHOW Ha YPOBHE

* 80-90 % 13 T2K/NOvA/SuperK (v, = v,)

o - s - 5} .. ()» “, A . . - o
e >90% us JU NO (Ve — Ve) + LBL (Ve — Vy) A\Tl(n 1]11(111 ()11(1(‘1[1119 - [T2]K ‘O‘T\R ll 1[13 P]I (,h]nuln(u]}
A MINOS+* SK+T2K* — _ T2K Run 1-11 v1¥  +
3 () [ PRL 125, 131802 PRL 134, 011801 to be published, 2026 ]
L ... Super-KF _ _ _ NovAB T2K Run 1-11 v2F
1 PRD 109, 072014 PRL 136, 011802
Experiment Value § IeeCubef TOK+NOVAB TceCube (11y) “
nGd —— 0.0851 +0.0024 2.8% — 2 8 B PRL 134, 091801 Nature 616, 818-824 [Wilks] ]
T 4-0] |
Daya Bay nH —— 0.0759 0% 6.5% o= [ 4 i
- L ; _
nGd+nH - 0.0833 +0.0022  2.6% MC/ 2.6F : |
S [ i
nGd —— 0.0920 0% 6.5% o [ : ]
RENO s L l. i
nH 0082 +0.013 15.9% f_\lg.\lf) —J;_ 3 |
=2 :
Double Chooz nGd+nH+nC [ P — 0.102 +0.012 11.8% < i .. \ i
Reactor Average e 0.0839 £0.0021  2.5% 59 [ 1 7
T2K + NOvA NO 0.0892 55155 15.9% : “\ v F Frequentist (90% C.L.) :
+ v *. - B :

2 - Bt ’ Bayesian (90% cred.) -

10 0.1008 *49152 14.2% 2 = | 1 | L | | | | | | | | | | | 1 |

s =
0.06 007 008 009 010 011 0.12 0.4 0.5 0.6

. .9
sin? 20,3 sin® 63
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MACCA ECTb, HO KAKAAS
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* betapacnag
— U3MepeHUe IHEePrnm 3/IeKTpoHa

— pacnajg TpuUTUS XOpoLo N3yYeH

* D/IeKTPOHHbIM 3aXBaT

— N3MepeHune CHATUS BO3byxaeHUs
Ao4vepHero aapa

— 601blwas fons cCobbITUM Ha Kpato
CNeKTPa, HO HYXXHO OYeHb TOYHOE
cf@;

)

MOZenpoBaHme

counts [a.u.]
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Evolution of Direct Neutrino Mass Limits
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AANs HEKOTOPbIX YETHO-YETHbIX A4EP OAVMHAPHbIM f—pacnaz 3anpeLLeH, BMECTO HEro OMUHUpPYeT
ABOWHOM f—pacnag.

e Cnabbin npouecc BToporo nopsakac T, = 10”7 — 102! ner.

* Ecnmy HenTprHO ManopaHoBcKas Macca, TO BO3MOXeH He3HEeMTPUHHBIW ABONHOMU f—pacnag, C
HapyLweHneM NenTOHHOro Ymncaa (4l = 2).
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Sensitive background [events/(mol yr)]
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Sensitive background [events/(mol yr)]
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 Hangem:
* ManopaHoBCKME HEUTPUHO;
* HapyLlUeHMe IeNTOHHOr o YMCAa.
* He Hanagem Bbilie 1 meV:
e Macca nervyavwero HentpuHo m; (0.7 — 8) meV;
* MauopHaHoBckast CP ¢asa (1300 — 2300).

i 1004 ™ 6Ge
,//’/fﬁ ‘\'K‘""‘\\ h — e _ §
7~ ) S < o —
e \ 5 o 2 . 5
\ [mgsl = 1.1 meV s S I gI S S
g N ' -1 ~N L N ~
. . g z 3 ] L]
1073f= - 10 i alg8 3 Q S
% . Z g 2 ] N
r I|mgs] = 0.3 meV % e |:| = % o
- - < 5Us 5 s g
L g & = £ =t 5 >
E ngsl = 0.1 meV e 102 - < l:| % © ﬁ
— 1074 E L [=
Q ] O
il 1 |
= |
1 S.Mertens @ ICHEP2024
e 1072 4 B result (90% upper limit)
103 \\\ ] 1 projection (3-0 discovery sensitivity)
LS | M M N N | FENL TR T | ' . v N L AR LA ! ! ! M R S L |
. 10 10 10 108
1 /{’W m (eV) 36




KOCMHYECKHH HEHTPHHHDIH SOH

=1cC

CvB: BblieTaHWe HEMTPUHO NpuU t

CMB: BbiieTaHne GOTOHOB NpU t = 105/1€T

Temperature today

4 1/3
T =— T, ~1945 K
= (1) T=1es

Mean momentum today
(p,) ~ 3.151T,
~ 5.281 x 107* eV

w yiep 2|qiss0d

Ve + "H — *He + e~
)
\
Sl

©)

Q
~
@
=
)
=
o]
o

PTOLEMY

Key: W, Z bosons \/\, photon
PonTecorvo Obersvatory for Light

g quark A% meson '"‘ galaxy

g gluon i & ® baryon
* star

e electron &8 ion

W muon Ttau
S Btom black ]
V neutrino hole | Particle Data Group, LBNL, © 2013. Supported by DOE and NSF
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43 __owvs
Py = Negr X 5 < ) Py energy
/ 8\11 density

/

[MnoTHOCTbL 3Hepruu B paHHen BceneHHom no3sosisieT f)':gdiction_ N = 3.0440 + 0.0002
OLEHUTb 3P PeKkTUBHOE YNCNO0 HEMTPUHO N g.

B no3aHen/coBpemeHHOW BceneHHOM OHa 3aBUCUT OT %-level correction from QED equation
CYMMbl MaCC HEMTPUHO. m, of state, finite-temperature effects,

flavour oscillations, transport, etc.

0= Z 93.75 h2eV

Planck  Ngge = 2927336 (68% C.1.)
E CcMB
: T SPT-3G Nggr = 3.181322 (68% C.1.)

] only
3 D1
- ACTDR6  Negs = 2.601022 (68% C.1.)

ACDM + N 7-parameter fit

—
@
|

[a—y
B
lll

BEN - Hellum 4+ — 294 +0.092 (68% C.1.)

only Deuterium

—_
o
|

NS\

N \
Cacd(Wem) = 08 N \/\
fixing Q,h° 2gq, 05 Nt 58 ]

——

— ' ) ) Planck Z 0
500 1000 1500 2000 2500 m, < 0.19 eV(95%C.I)
Multipoles (1) +ACT+SPT

(o))
L

*(1+1)C,/(2m) [10°mK?]
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Oepy ~ 10% ObITb MCNOIB30BAH A9 ONpesesieHnS
Qcpm ~ 25% Q, ~ 15% (or ¥m, = 6.9 V) MaCCbl HEUTPUHO.

—

108

l]l!lll L] L ]llll‘l L] 1 I1lllll

L LA

104
A .
v 93.75 h%eV

A L} 'Il"ll

e

Matter power spectrum, P (k) [(Mpc/h)3]

Replace some CDM
103 3 with massive neutrinos 3
Observable universe ~0(10)Gpc nby T ; AP Q, ;
- R “ R—— -
2 m, =0eV P QA
- 102 -
DESI (fuII. shape matzter power spectrL.Jm+BAO) : y m, =12 eV 5
+ BBN prior on (1 h“+ Planck CMB prior on n. - .
> m, <0300 eV (95%C.1.) Tight n prior D P T e
- Wavenumber, k [h/Mpc]
Z m, < 0.409 eV (95%C.1.) Loose s prior < >
[10 X o(ng)] Large scales Small scales

ACDM+ Y, m,, 7-parameter fit 39




2 my [eV]

CRONbRO BEWATb B TPAMMAKX?

0.31

0.11

0.0

DESI
s DESI+CMB
=== CMB
Z m, < 0.064 — 0.077 eV (95%C.I)
) CMB+DESI BAO; ACDM+ ), m,, 7-parameter
fit, depending on the Planck likelihood used
A7 ACDM
0.28 0.30 0.3 0.34 0.36
Qm
Probes ’ Determine v masses ’ Current
3 Effective mass in B decay < 0.45 eV
H B decay 5 2\1/2 .
mg = (Z;|Uq;i|*mf) (90% C.L., KATRIN@2024)
Total neutrino mass <0.12 eV
Cosmology Y= m,;+m,+m, (95% prob., Planck@2018)
Effective mass in OvBB decay < (0. ~ 0.

mgp = |Z;U%,m;| [eV] (90% C.L., KamLAND-Zen@2024)

Future

<40 meV
(e.g., Project 8)

< 80 meV

<10 meV
(next generation)
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Oscillation
/ sterile
neutrinos

Magnetic
moments

Dirac/
Majorana

Geology

Relic-
neutrino

Radioactive

sources objects

Nuclear
chemistry

Water
Cerenkov

Semiconductor /
crystals / gaseous /
scintillator

Liquid
scintillator

Sampling
detector

WORK IN PROGRESS
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CNEKTP HEMTPHHO
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>
g 102°

%101
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;V" 1012
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z
= 10¢
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Cosmic v background

Solar v's
Supernova v burst (1987A)

2N\
’ Reactor anti-v's
/

Supernova relic v background

Geo-anti-v's
Atmospheric v's

v's from AGN
B observed
I expected GZK v's
10 10 1 10° 108 10° 10* 16 L 1a'e
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Neutrino energy
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|The New Minimal Standard Model |

e Minimal Extension to allow for LFV = give Mass to the Neutrino

* With SM fields: Use v} is right-handed
(
L is violated = Majorana v = v°

L—Lgp = —%Myﬁuf—l—h.c. = 4
SU (2) is violated = Effective LE

\

x Introduce v AND 1mpose L conservation

L—Lsy =—MpULvgr — %M%Vg + h.c. = Dirac v # v°:

e Either way = Charged current interactions of massive leptons are not diagonal

\%WJZ(U&PEV“LW + Uy U LDI) + he.
1]

For N =3+ s V's: ULEP= 3x N ULEPUI]:EP = I3x3 UI]:EPULEP 7& INxnN

e Either way = Lepton flavours not conserved in v propagation
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The New Minimal Standard Model: v flavour oscillations

e In vacuum:

Aqj .
Pop = 0ap—4 ZRC 3:UpiUq;U%j]sin® (Tj) +2 Zlm[U;z‘UﬁanjUEj]Sm (Ai)
VEad JFT

A;j = (m2 — m?) & = No information on v mass scale nor Majorana/Dirac

e When osc between 2-v dominates: Py = sin2(29) sin (Am2 4%)

= No information on Mass Ordering (= sign(Am?)) nor octant of § nor CPV

e If v cross matter regions (Sun, Earth...) : v ‘
it interacts coherently 7 W
Different flavours have different interactior

: v

AT AT e
€, N Ve, Vy, Vr €, N only Ve

= Effective potential in v, evolution: V., #V, , = AV" = —AV”e = V2GFr N,
= Modification of mixing angle and oscillation wavelength (MSW)

= Solar v/, s: 2v-dominant dependence on € octant

= LBL & ATM v,,(c), V,,(¢): Dependence on sign(Am?)
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Seesaw Mechanism

v has a right-handed partner vg

In addition to the usual “Dirac mass" connecting v, with vg, there
is also a large mass connecting vg with its conjugate (v°),

. 0 mp
M= (mg MR>

Mg is not protected by any symmetry, and can be very large. =

2
light _ Mp

m, 8" =
Mr

For mp ~ 100 GeV, Mg ~ 10'® GeV, light neutrino mass of 1072 eV
is obtained. Mg ~ 10'° GeV is close to the scale of grand unification

Left-Right Symmetric Models

€ Gauge symmetry is extended to:
SU(3)C X 5U(2)1_ X SU(2)R X U(]-)B—L

Pati, Salam (1974); Mohapatra, Pati (1975); Mohapatra, Senjanovic (1979)

€ Fermions transform in a left-right symmetric manner:
up ur
aG2119)=(%), weL2y9=(4),
L R

v, (1,2,1,-1) = (’;L) Ve (1,1,2,-1) = (’;"’)
L R

€ Note the natural appearance of the right-handed neutrino

€ Under Parity symmetry Q; <> Qr, V. ¢ Vg, W, & Wk

Varieties of Seesaw

€ v, — VR seesaw is termed “Type-I" seesaw. Here one integrates out
a heavy fermion, the vg

€ A second “Type-IlI" seesaw can be realized by integrating out scalars:

2

. v
bt Y(ﬁ/ﬂ)

A

vy, vy,
VR VR
I I
I I
o Hy
o H H»o
\k }/
\I/
v
IA()
vy, vy,

Two-loop Dirac Neutrino Masses

Neutrino masses arise as quantum corrections
W," — WZ mixing is absent at tree-level in the model

W,;" — W mixing induced at loop level, which in turn generates
small Dirac neutrino mass at two loop Babu, He (1989)

Flavor structure of two loop diagram needs to be studied to check
consistency

Oscillation date fits well within the model regardless of Parity
breaking scale Babu, He, Su, Thapa (2022) 47



Turning KamLAND into a Ovff Detector

KamLAND Liquid
Scintillator

1 kton liquid scintillator
made of 80 % dodecane
+ 20 % pseudocumene

+ 1.36 g/L PPO

Water Cherenkov
(Veto) Detector

3.2 kton water for
muon veto

48




3+ Sterile Neutrino Search: Two beam lines BooNP _

Protgns

£& Fermilab

Booster
Accelerator

8
v
y X
BNB e AR LR =
________————_—_'_"_'_—_-_—___4-_{———-: _____________ Ead
e e e e i i e e il b 4,_ d
3 Py >V

Main Injector oG 6\)‘
~120 GeV
Protons

ICARUS and the SBN Program

i ¢ ICARUS: far detector of Short-Baseline Neutrino (SBN) Program at Fermilab

aaaaaaaaaaaaaaaaaa Jay Hyun Jo

¢ Originally operated at LNGS (Gran Sasso, Italy); shipped to US in 2018

¢ Primary physics goal: study anomalous neutrino oscillations (e.g. sterile
neutrinos) at short baselines (L. ~ 600 m) and L/E ~ 1 m/MeV using the BNB

Target SBND ICARUS
INuNnInnOnNnoIoanan
Booster s T . \!IIIIHNIWH\IIIIIWHIII\IlillHIl\II\IIHINII\IHIIHII\I
Neutrino L : \IIIIII\HilHllMIIIIHIIJIIHII:IHUHIE\IIHIMIIUIHIIHII\I
Beamline — [ 5
(BNB)
@
Fermilab

270 tons of argon 760 tons of argon

1 1
110 meters 600 meters




NOVA is a long-baseline neutrino oscillation experiment.

Far Detector

Near Detector
neutrino
beam ) by
__________ v v e e
crerey @ | e Vi Baseline (L) v v ]
810 km Far Detector

Fermilab

Batavia, IL < g Ash River, MN

Neutrino Near
Beam Detector

n

—

—

I

Not to scale
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The NuMI Beam at FNAL

Absorber Muon Monitors

Target D . P3

E ecay Pipe
\ Target Hall g
120 GeV

protons

Main Injector

675m

) Hadron Monitor . 2m  1&m
* Lowest energy possible was chosen as final LE Nl omaxis v, specirum
3 setting (just low enough!) P 10° "‘ = 2
| SRS | § v ==%%  The MINOS Experiment
e Medium Energy configuration, energy peakat | > ™} T e tmoss s = -
el oonf- ' MINOS detectors were two functionally identical,
* Hardware (slow) failings and component changes | “*} ‘; magnetised (1.4T), tracking, sampling calorimeter detectors.
. g\;:::ieHorn Current (FHC, v) and Reverse Horn w e H e Oriented for beam vu-charged current (CC) events (track
bt N orthogonal to planes), full event containment (muon and
’ shower)

23t ¥ “\‘_

Far Detector

735 km from beam target
5.4 kton mass

Near Detector
1 km from beam target
1 kton mass

1




ING'S
Nt T2k

e Accelerator-based neutrino oscillation experiment in Japan

Beam
dump

(Near detectors;

J-PARC ‘/
accelerator,

Muon !

Far detector

N Decay volume _ monitor, GASC
| Neutrino beamline 1 -BabyMIND (SUPCIF-K)
Om 118m 280m 295km

e High intensity neutrino beam, predominantly v, (vﬂ)
e On/Off-axis near detectors (280 m): INGRID, ND280, WAGASCI-BabyMIND

e Off-axis far detector (295 km): Super-Kamiokande
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DUNE in a Nutshell

Sanford
Underground
Research Facility

DUNE has entered
LTI the installation
PRODUCTION phase!

)[ UNDERGROUND PARTICLE
PARTICLE DETECTOR DETECTOR

LBNF: Long Baseline Neutrino Facility

/The Science (DUNE) | [ The Technology (DUNE) ) ( The Facility (LBNF) )
« CPV in neutrinos  Four 17 kiloton LAr « Colossal caverns at 1.5 km
- neutrino mass ordering detectors — largest of its l\;\rl]delcrj’groundt . .
. Test 3-flavor paradigm kind! » World’s most intense neutrino
et | - Aot s || e
« Astrophysics .

K oy / DUNE will be built in two phases \ neutrinos ever traveled /

—~
2 6/22/26 Sowjanya Gollapinni | NEUTRINO 2026 ‘:Q Nl-A(T)IB‘.'oN A!gmgs (\
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* Rich physics program with dlscovery potenUaI

 Operation planned for 2028
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» Hosted by two institutes; UTokyo & KEK

\

N

j\

L

Kamioka
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The Super-Kamiokande Detector

Located at Kamioka, Gifu, Japan

Under Mt. Ilkenoyama (2,700 m.w.e)
Inner detector watched by >11,000 20-inch PMTs

Multi-purpose neutrino observatory
® Solar neutrinos

- I Reactor neutrinos

F erenka * Supernova neutrinos

\ * Accelerator neutrinos
B Atmospheric neutrinos

: Neutrino \ Neutrino \ N
D
50 kton Nucleus 0 - *0 ’

414 m

c

Electron

v water :
Muon or Elecm:x \

39.3 m
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SNO+ detector

M2 14

Central acrylic vessel (AV) holds t:ﬁuggaw»‘y;
~1 kt water (or ~780 t scintillator)

6 m radius AV viewed by ~9400 PMTs

7 kt buffer water in cavity
(shielding)

Hold-down rope net
Upgraded calibration systems,
electronics, DAQ, underground

scintillator plants

SNO+ detector paper: JINST 16 PB8059 (2021)




T2K & NOVA
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.011801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.011801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.011801

I CECUBE

NEUTRINO OBSERVATORY

0 -

A CUBIC KILO R!a
ANTAR‘C'nc?lG
“TO D cm ul-.;i ={[\]

o

(07.15107.10) =

Neutral Current v Interaction

DIGITAL OPTICAL MODULE (DOM)
Each DOM contains:

* 10" PMT

* Readout electronics

« Calibration LEDs
5,160 DOMSs total

MULTI-PMT DOM (mDOM)
Each mDOM contains:

* x24 3.15" PMT

* Readout electronics

+ x10 flasher LEDs

* Three cameras
288 mDOMs total

DUAL SENSORS IN AN ELLIPSOID
GLASS FOR GEN2 (D-Egg)
Each D-Egg contains:
+ Two 8" HQE PMT
* Readout electronics
* x12 UV LEDs
* Three cameras
200 D-Eggs total

+ additional special devices




KM3NeT: research infrastructure in the Mediterranean Sea km3 Neutrino Telescope

Two neutrino telescopes + portal for earth/sea sciences and marine biology

Capo Passero, Sidly, italy

3D array of light sensors in glass spheres at large depth.
Lines connected to sea-floor network, real-time data to shore station.

Uses Cherenkov light: single photon sensitivity, precise timing.

6/26/2026 Atmospheric neutrinos in KM3NeT
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