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70th anniversary of neutrino discovery

“ Postulated by Pauli in 1930 to explain conservation of energy in
beta decay

* “ one can conclude that there is no practically possible way of
observing the neutrino.” : Bethe and Peierls (1934)

“ Inverse beta decay process to detect neutrinos, possibility of a
Cl based experiment : Pontecorvo (1946)

+ (Cl based detector for reactor antineutrinos : Alvarez (1947)

“ Detecting neutrinos from nuclear explosions : Reines and
Cowan (1951)



Neutrinos: from poltergeist to particle

In 1956, 25 years after neutrinos were proposed
Using antineutrinos produced in nuclear reactors
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® Clyde Cowan (1919-1974)
® Fred Reines (1918 - 1998) "—“
® Nobel Prize to F. Reines in 1995 '

Three neutrino flavours are experimentally detected




The neutrimo mass matrix

* The neutrino mass matrix at low energy
m, = U;MNSDiag(mlvm27m3)U;’MNS

* Mixing matrix relating the flavour and mass states

Ve Del UeQ U e3 1
’/li — Uul UHQ ng V9
Vr UT]. Ue7'2 U’T’3 V3

Upmns = Roz(023)R13(013,0)R12(012)P(0, p) -



Parameters of the neutrimo mass matrix

* 9 unknown parameters for three neutrino flavours

3 masses my, My, My
3 mixing angles  0,,, 03, 053

3 phases 0, A, IB

+ Oscillation experiments sensitive to

. 2 2 2 2 2 2
2 mass squared differences Amy =my —my, Amy = m; —m

3 mixing angles 4,,, 8,,, 6,,
1 Dirac phase §

+ Absolute neutrino mass comes from

Tritium Beta-decay
Neutrino-less double beta decay

Cosmology

* Majorana CP phases from lepton number violating processes



Oscillation probability (vacuum)
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Neutrino Oscillation requires = *

Non-zero neutrino masses Ve 5= Not sensitive to the sign of Am?

Non-zero mixing angles

Not sensitive to the octant of ¢
Oscillation effect Am? ~ E/L




Matter effect

Inivacuum: in mnatters
|H HO+VI

T

Courtsey: A. Yu. Smirnov

W Effective
Hamiltonean

B Eigenstates

L
=
=4

m Eigenvalues

Mixing angle in matter is defined with
respect to the matter eigenstates

The eigenvalues and the mixing angle are
determined by diagonalizing the effective
Hamiltonian in matter




Matter effect

» In matter, only iv.'s undergoes Charged current interaction — an
effective potential of V2G IV,

Effective mixing angle 6 in matter

_ Am?sin 20 For antineutrinos potential
tan 20y =
Am? cos 20—-2v/2Ge neE Changes sign
2 _
Am? cos 20 = 2V2Gen.E, by — /4 MSW Resonance e s K- 0
L. Wolfenstein, PRD 17, 1978 S.P. Mikhyev, A.Yu. Smirnov, SINP 42, 1985

Matter effect is sensitive

to the ordering of the
mass states

Am?, =[(Am’cos20 - 2+/2Gn_E)? + Am’sin?20]"f

®» Probabilities are obtained by solving propagation equation in matter

®» Depends on density profile of matter



Neulrino Flux

Chlorine
I

Neutrmo oscillation: evidences
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Three neutrino oscillation paradigm

* Measurement of non-zero {3 in reactor experiments s====- three neutrino picture

Atm +LBL Sol+KL

C13 e °S3 | Gz

Coz Sp3
Sp3 €23 \ 6'6513 i3

Cip —cosOypetc., 8 CP-violating phase

7N

. )
@ Am3,, 612, b13 Solar + KamLND

e Am3,, #13 Reactor

\ S} Am%l, t>3, H13, ‘5CP Atm + LBL J

Interplay among different sectors
because of &,
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Global analysis

+ Combined analysis of data of all the experiments

« Theoretical inputs : flux, cross-section, probability,
detector parameters

* Frequentist and Bayesian approach

« Captures tensions in the data

* Complementarity and synergy

* Three groups : Bari, Valencia, NuFit
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Neutrino oscillation parameters

NO, IO (IC23 w/o SK-atm) NuFIT 6.1 (2025)

===== NO, 10 (IC24 with SK-atm)
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Oscillation parameters we do not know

# The neutrino mass ordering i.e. if

the third state is above or below
the first two states

* The octant of the 2-3 mixing angle

ie. if 6,; > 45° or < 45°

* The value of the CP phase

155
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Solar parameters
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JUNO: Jiangmen Underground Neutrino Observatory
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Firstresults from JUNO

First results using 59 days data published JUNO Collaboration Nature 654 2026

207 days data announced in Neutrino 2026

JUNO Preliminary. June 2026 @

I

—— Expected IBD rate ¢ Data IBD rate
| I |

[

1

50 |
o Full-power expected
) B o s yeiet = = S B e e
< 40 ; } }
: il
s .
< 30} }ﬁ_}_,.% “
5 .
T
E
B x2/n.d.f. =40.1/37

10 |

| | | | | | | | |
2025-09  2025-10  2025-11  2025-12  2026-01  2026-02 2026-03  2026-04  2026-05

Nate

Y. Wang Neutrino 2026
16



New results on solar parameters

JUNQO Preliminary. June 2026 @ sin22912
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Why JUNO gives better sensitivity ?

T + Optimal baseline to measure solar

————
B SNO+

u Y - s ] oscillations

+ Larger statistics than KamLAND ( 20 kt
vs 1 kt)

“ Better energy resolution

+ KamLAND had reactors spread over
wider range of baselines leading to
more averaging

M.C. Gonzalez-Garcia , Neutrino 2026
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Diflferent reactor experiments

Daya Bay
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Precisionof 0,
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Tension 1n Am221

Tension in the best-fit value of Am221 from solar and reactor measurements

SK observes more day/night The absence of spectral upturn at low energy as
asymmetry predicted by MSW effect
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[Events / 1 MeV]

SK solar + reactor

Addition of Gd makes it possible to observe reactor antineutrinos in SK

Reactor MC
R Geoneutrinos - 2 2 _5 2
Accidental Slll 812 A"lz 1 [1 O eV ]
Prediction
800 (Unoscillated Reactor MC)

Prediction
I [ I (Background + Reactor MC)
¥ SKWVI + SKVII Data

-
o
o
o

SK Solar 0.324%9:057 GAIG
400 ] I .
b l SK Reactor 0.50%93:1% 9.0810:2>
200 _ . i
oL ] = | || - SK Reactor + Solar 0.33%03:928 8.9410-4¢

Reconstructed Prompt Energy [MeV]

Analyzed SK VI-VII data (~400 live days)
* reactor v, in SK for the 15 time (60)
* solarv, & reactor v, in one detector

Tension persists at 1.94 sigma

Z. Hu, Neutrino 2026
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Mass ordering, octant , o -p

NO, 10 (IC23 w/o SK-atm)
—==== NO. 10 (IC24 with SK-atm) NuFIT 6.1 (2025)
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Lower octant and Normal Ordering preferred by global fit

Value of O,p closeto 180° for NO and 270° for 10

Why these parameters are particularly difficult to determine ?




Degeneracy problem

# The main problem in determination of hierarchy, octant and dcp in
LBL experiments is due to presence of degeneracies

+ Degeneracy different set of parameters giving the same

probability ’ equally good fit to the data

Hierarchy - o, degeneracy Intrinsic octant degeneracy  QOctant - S degeneracy
P/M(A-d-zn) - Rm*( A~5'<~p) 'y (():3) 1344((}23 -/ 2—033) liw(H.-‘}“S('l") =F, (H;r"‘(’z-')

o Lie

Minakata, NunoKawa, 2001 Fogli and Lisi, 1996 Gandhi, Ghosal, Goswami, Shankar 2005

Comprehensive Approach
Pue(f, A, dcp) = Pye(fs. -A'.d'fp) = generalized (hierarchy — By — d¢p) degeneracy.

Ghosh,Ghoshal,Goswami,Nath,Raut, 2015



Synergy between experiments

« Different experiments have different L, E dependence

and therefore the dependence on the oscillation

probability on a given parameter can be different
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Currentand future oscillation experiments

ORGA Daya-bay JUNO

Nigeria

SOUTH
AMERICA

Talk By W. Wang
— Atmospheric
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Mass ordering with JUNO
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> |
q’ [ [ ] [ ) [ ]
= °F Distortions in the energy spectrum
5 |
Q —
}é’ 60h Sil]2 2912
S [ . 2 :
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Impactof 1st JUNO results

NuFit 6.1

Inverted Orderlng
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M.C. Gonzalez-Garcia , Neutrino 2026
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T2K-NOVA tension

0.65- 0.65-
Test NH, 68% C.L. Test IH, 68% C.L.
0.60- 0.601
<l * N
0.55- 0.55-
m m
N N
D 0.50- D 0.501
£ =
» 0.45 @ 0.45-
0.401 — T2« —%— Best Fit T2K 0407 — T2k —*— Best Fit T2K
035 —— NOVA —*— Best Fit NOVA 035/ — NOvA —*— Best Fit NOVA
7| — T2K+NOvA  —— Best Fit T2K+NOvA 7| —— T2K+NOVA  —%— Best Fit T2K+NOVA
39945 90 135 180 235 270 315 360 0305735 90 135 180 235 270 315 360
Ocp [in deg] Ocp [in deg]
Present for NO But not for 10

Goswami, Gupta, Rahaman, Raut, JHEP 2026

T2K/NOVA joint analysis : Nature 646, 818-824 (2025)
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7, candidates

S

Electron events in T2K and NOvA

b
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? 10 |- P
— D 6cp =T
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i | . . | | . , , | , , , | 1 | 1 1 1 | 1 1 1 | 1 1 1 |
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e

The electron excess observed fixes the value of 0.p ~ 270° for T2K

Nature 646, 818-824 (2025)
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Impact on mass ordering

Normal Ordering Nature 646, 818-824 (2025) Inverted Ordering

—T2K-only lo

—NOvA-only lo
'lo 20 30 e Joint 1D HPD'

*Highest Posterior Density

T2K + NOvA weak preference for 10, because of overlap in O.p

Zoya, Neutrino 2026
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T2K+NOvVA +JUNO (stmulations)

sinZ653

unknown mass hierarchy, 68% C.L.
JUNO simul., True NH, NuFIT 4.1 BF
)
12 4
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1T —— NOvVA
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| T2K+JUNO
—— NOVA+JUNO
— T2K+NOvA+JUNO
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0.60-

0.557
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0.40

0.35-
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JUNO simul., True IH, NuFIT 4.1 BF

P
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—— T2K+NOVA
T2K+JUNO
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0 45 90
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Adding JUNO (6 years) with NOvVA removes the wrong-hierarchy solution

Goswami, Gupta, Rahaman, Raut, JHEP 2026
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DUNE

Fermilab

Sanford Underground
Research Facility

Fermilab
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Far Detector
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Mass hierarchy and CP with DUNE

Mass hierarchy sensitivity
B 5, = -n/2

) 100% of 5, values
- Nominal Analysis
------ 8,, & 6,, unconstrained

. DUNE Sensitivity (Staged)
12 }—Normal Ordering

- sin20,, = 0.085 + 0.003
™ sin’0,, = 0.441 = 0.042

Years

Hierarchy sensitivity due

to enhanced matter effects at 1300

km baseline

Dune collaboration

CPv sensifivity
12 :
L DUNE Sensitivity (Staged) | i, =-v2
. Normal Ordering () 50% of 5., values
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"
.
-
.
.
.
.
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Matter effects help in removing

wrong hierarchy-wrong CP solutions

Also HyperKamiokande for CP, talk by T. Tashiro



Beyond vanilla oscillations

Possibility of probing new physics beyond the SM in neutrino
oscillation experiments  talk by M. Dolan

Sterile neutrinos, non-standard interactions, non-unitarity of neutrino
mixing matrices, CPT violation, long range force, unstable neutrinos ....

Sub—leading effect see however, talk by M. Sen
Changes the oscillation probability

Impact on the 3-neutrino picture — extra
parameters and degeneracies

Constraining new physics parameters

Unique signatures of BSM physics in neutrino experiments ?
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[s there any hint of new physics in data ?
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Non-standard mteractions

Non-Standard NC interaction

Standard-NC interaction
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Hintfor non-zero NSI in T2K+NOvA ?

AX2 - X%M — X§M+NSI

lllllllllllllllllll

1.5

dcp/m Geulm
NMO NSI |605| (,bag/ﬂ' 5cp/71' AX2
NO | Zen [013] 135 [ 144731

cer 10.22] 1.70 | 1.42 | 3.2
1O | Een | 005 144 [ 150 [0.94

cer [0.23 1 1.54 | 1.54 | 2.9

S.S. Chatterjee, A.Palazo, PRD 110, 113002 (2024)

2.0
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NMO |NSI||eas||bas/7|dcp /7| Ax?
NO | Zen 0.13] 1.35 | 1.44 | 3.1
eer [0.22] 1.70 | 1.42 | 3.2

1O |ex 0.05] 1.44 | 1.50 [0.94
cer |0.23 1.54 | 1.54 | 2.9
................................... =




T2K /NOvVA tension and non-standard interactions

SM + NSI (&) SM + NSI (&.;)
20— FrTES S ST LY T 5] P e LI B B E ] e . L R B
:X—z — T2K i i —  T2K e XK
L e NOVA - i — NOvA 4 E e NOVA .
15[ — T2K+NOVA| = 15[ e T2K+NOVA| 7 15F — T2K+NOVA | ]
| ()]
5 10 10

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

Ocp/m Ocp/n

Tension reduces in presence of NSI

Chatterjee, Palazo, PRD 110, 113002 (2024). PRL 126 051802 (2021)

Denton, Gherkin, Pestes, PRL 126 051801 (2021)
Rahaman, Razzaque, Uma Sankar Universe 8, 109 (2022)
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Very light sterile neutrinos

Sterile neutrinos with Am? ~ 107> — 1072 eV? invoked to explain T2K/NOVA tension

10~ _TQI<I _NO\lA | ._.]()illlt

s I
1072 . ‘ : .
1073 1072 10! 11073 102 107! 11073 1072 10! 1

2 g sin? OB sin? 5P

Sin

Us = Raa(03a. 034) Roa(024) R14 (014, 614) Roa(023) Ri3(613, 013) Ri2(612)

Additional parameters give improved fit

De Gouvea, Sanchez, Kelly, PRD106, 5,055025 (2022)
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Spectral upturn in solar neutrino data

‘l . ! L] ' L] I

= = no sterile -

sin’20=1x10°| The predicted spectral
e upturn from
MSW effect not seen in data

E Ultra light sterile neutrinos with

Counts / 2 MeV /! 3453 days

A ~ 107 — 107 eV?

: sin2a ~ 107> — 1073

14 can explain this

Encrgy (MeV)

P. C. de Holanda and A. Yu. Smirnov.. Phys. Rev. D, 83:113011, 2011
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L)

L)

Light sterile neutrinos

Hints of eV scale sterile neutrino :
LSND,MiniBoone, Ga Source
anomaly

3+1 picture minimal scenario

Strong tension in disappearance and
appearance experiments

MicroBooNE distavour eV scale
sterile from appearance mode

Results from SBND awaited

10:-

10™ 3

MicroBooNE

LSND 99% CL (allowed)

[ MiniBooNE 95% CL (allowed)

llllll 1 1 lllllll

BNB 6.369 x 10°° POT

NuMI 1.054 x 10°' POT
«== Data, profiled, 95% ClL

10

Am @VP)

107 107
sin“(26,,)

| GALLEX + SAGE + BEST 20 (allowed)

Il Neutrino-4 2 (allowed)

- MicroBooNE

- BNB 6.369 x 10% POT

[ NuMI 1.054 x 10%' POT

| === Data, profiled, 95% CL,

Excluded

107"

1072

1 1 1 l
107
sin®(26,)

MicroBooNE Collaboration Nature 648, 2025

42



Conclusions

# Three flavour oscillation paradigm well established

# Precision era in measurement of oscillation parameters

+ Initial JUNO data already gives best precision to Amj,, sin’@,,

+ Preference for NO from global analysis, initial JUNO results

« T2K/NOVA tension for dp

* Synergy between experiments can help in removing the degeneracies

+ Ongoing and upcoming experiments makes the field very vibrant

+ Existence of eV scale sterile neutrino oscillations unsolved for 30 years

* No other strong hint for beyond oscillation physics

» Future high-statistics high-intensity expts have potential to probe this
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Many more exciting results in the coming years
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Constramton Am321

—=- DYB Constraint —&— JUNO w/ DYB constraint
—=- LBL Constraint  —&— JUNO w/ DYB | LBL constraints

A — 7

T

7
el o 1 —l 1 e PP N al L o™ . e o - PR TR i 1
—2.65 —260 —255 -250 -245 -240 -235 -230 2.30 2.35 2.40 2.45 2.50 2.55 2.60 2.65 2.70
Amj, [1073 eV?] Amj3, [107% eV?]

P WL

495

~9.70

Y. Wang, Neutrino 2026
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Determination of 6,,

0 | NO | NUFIT 6.1 (2025)
| I VL | L | | IR | L I | | L I |
15 \\ — Minos H
— NOvA
— T2K
— 1C23
10 — LBU/IC
g [ ) ]
5 - - —
0 _l | 1 1 I | | | _I | | 1 | 1 | | I | | I—
I L | | I L | | 1 | ” I I | L I I_
15 i R + Minos _
N R + NOvVA
B - R+ T2K
= R +1C23
10 . R + LBUIG
= - — - —
< — — — —
5 - — - —
0 _I | L1 11 | I | | I | | I | I I— i | | I | | I_

0.3 0.4 0.5 0.6 0.7 0.4 0.5 0.6 0.7
. 2 . 2
Sin 923 Sin 923
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1.0

0.2 -

0.0 -
107

Determination of 6,,

Both Orderings
——

- = 68% credible interval
— 95% credible interval

A A T T A T T T T T W T T T VLV LT v v

Zoya, Neutrino 2026

NOVA Preliminary -

T T L T L T L T L T T T T AT A T A T T T T T T V. 7. V. V. V.Y

—=Ve-only (Am3, prior) }
), ~ONNY

= Joint ve and vy,
Daya Bay
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Interplay of 913 and 923

Interplay of appearance
and disappearance



Synergy between neutrinos and antineutrinos

sin® 2643 = 0.1, NOVA[6+0] NOVA[3+3]
180 L Ll L | Ll 1 l Ll Ll Ll I 1 Ll ) 180 - ' ’ l -
: \ \,‘ . — : :
135 | H-NH ; . 185 :
s 5 () wf | ]
. 45 [ ,, : l,:_' & 45 :— ' “:
? [ o \ . i )
g oL I)L-; \‘\ \ "l k é s b
S 1 ': e ] S - NHNH ]
T A5 WH-WO-RCP © a5t NH-AH -
. / . - truept. = 1
90| NH-IH 1o - 00 F . ]
r : oA y [ 26 ------- u
E | wh-Ro-wep 1O ; Rl 1o E
C AW 2y =———m== i I OF ===eee- i
_180 - . LA S SR S S S S E—— _180 T | N PO L S SN SN N SN S |
35 40 45 50 55 35 45 50 55

023(Test) 923(‘Te$t)

Ghosh, Ghoshal, Goswami, Nath, Raut, PRD 2015
Agarwala, Prakash, Uma sankar, JHEP 2013

Combination of neutrino and antineutrino run removes wrong octant solutions
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Synergy between channels

NOvA[3+3],NH-NH

20

App
f Disapp

16 1 App+Disapp

R Ve D] TR e

Total 2~ greater
than individual
c Contribution

12 [

xz

8 [ Tfue 6,5, =39° !
\ 8o = -90° (True = Test)

\ f ‘

PIRA O T b T A et O ] T

35 37 39 41 43 45 47 49 51 53 55

B,4(Test)
Ghosh, Ghoshal, Goswami, Nath, Raut, PRD 2015

Combination of disappearance and appearance channels can give octant sensitivity.
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Absolute neutrimo mass

Neutrino less double beta decay

Z — ml -+ m2 -+ WI3 m2 _— ZUezlmlz mﬂﬂ — Z ‘ l]ezl’/’/ll2 ‘
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