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Long Baseline Neutrino Oscillation
Results (T2K and NOvA)

Son'Cao (T2K collaboration)
IFIRSE, ICISE

Based on recent T2K works
and NOvA works

2025 August 10, 50th Anniversary of Reneontres du Vietnam — Windows on the Universe
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S— Neutrino—the most abundant massive particle— plays essential roles
Ref. J. Kopp, Y. Wong, A.Ishihara’s talks in the sensitivity, intensity, and energy frontiers 2



https://arxiv.org/abs/1910.11878

Adapted “The Growing Excitement of Neutrino Physics ”
by APS

* 1930: On-paper appearance as “desperate” remedy by W. Pauli

T2K hints on leptonic CP violation

IceCUBE observes extragalactic v

Nobel prize & Breakthrough prize
for v oscillation s )

"
T2K observe ve appeared from v,

* 1956: Anti-ve first experimentally discovered by Reines & Cowan

* 1962: v, existence confirmed by Lederman et al

. _ Daya Bay observe anti-v. disappeared
* 1986: Existence of v, was established
K2K confirm atmospheric v oscillation

* 1998: Atmospheric v oscillations discovered by Super-K KamLAND confirms solar v oscillation

i _ : 1 . e
Nobel prize for v astrophysics | %\)
pn) v

SNO observe solar v oscillation to
active flavor

% 2001: Solar v oscillations detected by SNO (KamLAND 2002)
* 2011:v,— v, transitions observed by OPERA

Super-K confirms solar v deficit
and images the sun

* 2011-13: v,— ve Observed by T2K and anti-ve» anti-ve by Daya Bay

Super-K observes v oscillation

_ . , (& 2
Nobel Prize for vdiscovery “‘%/
Y

SAGE/Gallex observe the solar v deficit

* 2015: Nobel prize for v oscillations, Breakthrough prize (2016)
% 2018: T2K hints on leptonic CP violation

Pauli Fermi’s Reines LEP shows 3 active flavors
predicts theory & Cowan muon Solar " Kamioka-Il confirms solar deficit T3
. of weak discover neutrinos neutrino Nobel Prize for neutrino beam & v, discovery @978
Neutrino interactions (anti)neutrino discovery anomaly SuBernova neutrino observed o
1930 1956 1962 1964 1980 1998 2018

~25 years
- 00000001 ]

More details: https:/neutrino-history.in2p3.fr/neutrinos-milestones-and-historical-events/



One of the most striking discoveries in the
last 25 years is that neutrinos have mass and
the leptons are mixed
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Takaaki Kajita and
Arthur B. McDonald
“for the discovery of neutrino oscillations, which shows that neutrinos have mass™

" Nobelprize.org



Known unknowns (at observable Ievel) in neutrino physics

® Neutrino mass ordering

® CP-violation in the lepton sector

® How close is leptonic mixing angle 0,5 to 7t/ 4?
® Absolute mass of neutrinos
® Origin of neutrino mass: Dirac vs Majorana?

® Sterile neutrino ?
@ ..

The first three unknowns can be addressed directly
with neutrino oscillation experiments



Some distance
Detector

« Neutrino oscillations require the existence of a

neutrino mass spectrum, i.c _with

dehnite mass m;(whereiis1, 2, 3* atleast)

. It requires flavor eigenstate with definite flavor, v, (where
a iS ¢, u, r) must be superpositions of the mass
eigenstates, d fundamental quantum mechanic phenomenon

*It’s still possible that there are more than 5 mass eigenstates
**PMNS is shorted for Pontecorvo-Maki-Nakagawa- Sakata
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IS Neutrino oscillatons in short

| hange its flavor when give it time to propagate
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Some distance
Detector Detector
P(v, = vy) = 6,5—4 Z Re(U*XU anJU;;)sm (Amgﬁ> where
i>] Amg; =m? —m?
for anti-neutrino 9) L
’ Im U*U U _.U*)sin | Amsi—
this changes to (—) &2 2 ( pr=ay ﬂf) ( "2F )

i>j
neutrino energy

By measuring the oscillation pattern/probability, typically as function of neutrino energy, it
is possible to extract all oscillation parameters



G icise Oscillation parameters
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C12€13 $12€13 S;€¢

UpMVINS = | = 512003 = €10813503€" 7 €15Cr3 — 5108135237 38,3 | Diag(e™, e'2,0)

1Ocp 10cp

512923 — €12513C23€ —C12523 = 512913Cp3€ C13C23

O Upwns is 3xJ unitary matrix parameterized with 3 mixing angles (012, 613, 025) and one
irreducible Dirac CP-violation phase (5cp), similar to CKM matrix of quark mixing

O If neutrino is a Majorana particle, there are two additional CP-violation phases
(P, P»), which play no role in neutrino oscillations

O Oscillation wavelengths are driven by two mass-squared splittings

2 — m? 2 —5(,1/2/ 4
‘ Am321 ‘ — ‘ m32 — m12 ~ 2.9 X 10_3(6V2/C4) msy > M, > my or m, > my > n; is unknown



Far detector Constrained by external
measurement dataand Near Det. o= Det. efficiency Det. response to v energy

NU'B( E;eco 0) _ ( Etrue) % UD'B ( Etrue) X Mdet % GVﬁ ( Etrue) % Rdet ( Etrue EreCO)

x P(v, = vg| EJ™, 7)

Oscillation probability

where
—> 2 2 . .
O = (Amzp Am31, 015, 013, 053, 0cp; Prnar» L)
For precise measurement of neutrino oscillations:
O Powertul and well-controlled sources of (anti-)neutrinos

O Big detectors with flavor-tagging and energy-reconstruction capabilities

O Well-modeled v/7 interactions with nucleons/nuclei and detector’s /D energy resolution

O (Capability to resolve the parameter degeneracies , particularly among
Scps 013, 03, sign(Ams,) = Motivation for joint analyses 0
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Three generations of long-baseline
accelerator-based neutrino experiments
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T2K NOvA
Proton energy & power | 30 GeV/~500 kW 120 GeV /~700 kW
Peak neutrino energy 0.6 GeV 1.8 GeV
Baseline 295 km 810 km
Far detector mass 50 kton 14 kton
Detector technique Water Cherenkov Segmented liquid
scintillator bar
Run period 2010 — (~2027) 2014 — (-2026)
The two exp. with different baseline/energy and detection (1

technique are complementary to study neutrino oscillations
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O Proton from accelerator is extracted,

oguided, and bombarded onto a graphite
target (90—100 cmin length) JPARC [ Target .
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O Produced hadrons (z, K) are focused by a

M ' : |
\_ Decay volume mog?tgr/ Vi INGRLID J| F(aSr dete%())r
o N T e L g St wo g i S R " 5 uper-
magnetic horn system __ Neurinobeamline . I
Om 118m 280m 295km

O Positive or negative hadrons can be focused/
defocused by switching the horn polarity to

NuMI beam to NOvA exp.

Target Hall Decay Pipe Absorber
produce mainly v, or v, beam respectively Target ld /‘\\ _____
reren Ny TR EIETE .
O Both T2K and NOvVA far detectors are g ’“‘7 """""" S
placed off-axis to receive a narrow-band cronMonter | & =

beam



Ci%¢  powerful and well-controlled neutrinobeam 1 2/K
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Thanks to NA61/SHINE
Replica target data

Eur. Phys. J. C (2019) 79:100

18 cm
—p

Proton(\l B I":
beam \U_-1 .
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And more realistic modeling

of cooling water in the magnetic

horns

Highly pure v, /U, beam with <1% of intrinsic v, /T, with ~6%/~8% uncertainty at the peak for T2K/NOvA
before constraints with near detector data. Hadron production is a dominant source of uncertainty 13
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Neutrino-nucleon interaction
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= n Resonant
(RES)

Deep
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Scattering
(DIS)

2-particle
2-hole
(2p2h)

O

O

T2K is dominated by the CCQE interaction
and considerable 2p2h and CC resonance

NOVA haslarge contribution from CC
resonance and DIS at higher energy

Each experiment utilizes Near Detector to
tune and constrain interaction model (and
flux) and makes prediction at Far Detector

O T2K:~13% = ~3% uncertainty
O NOVA: ~15% = 3-6% uncertainty

'Two exp. use notably different interaction
models with independent neutrino event
generators as nominal MC (4
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T2K & NOvVA: Event classification

Numbe[u of events
o

0

Both detectors provide excellent capability

toidentity and classify the v, v, interactions

N
o

-2000 o 000 o' 1000 2000

T2K experiment

—+—T2KData [ |v.andv,CC -
vpandv, CC  Neutral current-

" vel d

<1% mis-ID

e/u PID discriminator

NOVA experiment

f- .. .

_ Ti— —

= ~30% efficiency/>98% purity —

_ CCv, —-
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: A T —
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10° 4 (ADC)

Caveat: NOVA far detector is on surface and suffers from high cosmic ray rate

15
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¢12¢ Main oscillation channels to measure _1 2/K

— -V v
VM VM VM_>VM

Muon (anti-)neutrino disappearance

Q I | I I | I | | I | 1 I | 1 I | I | | I | I | 1 I |
o - 2.5° Off-axis v_flux :
A I 3 ]
O | —— Am%,=2.5x10° eV?, sin?0,,=0.5 —

o
4 . 2 . 2 ) Am; ' L :
P(v —>V ) ~ 1—(cos ,-sIn” 26,, +sin 24913)-sm
SR 4F .
Leading-term Next-to-leading ]
Fl o . : : : 3
ectron (anti-)neutrino appearance e
Vi —>Ves VM—WG
'8 0.1 I | I | | 1 | I 1 | | I I | I | | I | |
A 2.5° Off-axis v flux -
u i
Y A B Leading term o 0 (.08 - 6Cp=00’ NH, v ]
P(vi— ) =[4c13 S5 8, sin” A, 1] E & T N :
48015 51351585(C1aCr3 COSS —51,8135,) COS Ay, sin Ay sin A, CFC 0.06 "7m" 05,=0% NH, v -
[— 8C,3°C1yCrsS 581553 SIN O SIN A, SN A, Sin Azl] CPV] "Te 9gp=270% NH, v ]
: 0.04 —
+45,7C5 (Cry Coy- + 81y 893 05 —2C12Cr38125238; COSS) sin’ AZEolar matter effect :
=cos@,,s, =siné, ]
c; =cosf,,s; =sin0, 0.02 S CP effect .
A, =Am; 2 N £ 112 I i
4E, o\ Y s T T ——

CP violating term introduced by

replace 6 by -0 for P(v,, = V) 0.5 1 1.5 2 2.5 3 16

interference among three-flavor mixing
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Total Accumulated POT for Physics |
v Mods Acoumulated POT for Physies Used here
Data [POT] T2K NOvA " vMode Boam Power
(C?T\ 45 = uanun2 ............... Run3Run4 .................. RUHSRUH6 ............. RUH7RUH8RUH9 ................................. RUH]O .......... Runl_l_
Neutrino-mode 1.97E+21 1.36E+21 = =
< 35
—
Anti-neutrinomode |  1.63E+21 1.25E+21 % 2‘5)
5
Total analyzeddata | 3.60E+21 2.61E21 E f‘;
e
Expectation by the 2 10
P y 4 ) 10.E+21 7.0E:21 “ kg E
operation en N A 1 | | | "
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
30 Weekly neutrino beam —— Accumulated beam
Weekly antineutrino beam —— Accumulated neutrino beam e
oy —— Accumulated antineutrino beam [4° G
5 S // 2 0 ~30% data collected and analyzed
2 s ~ = 2 O Neutrino beamline upgrades will
= 0 E allow the two to obtain data
5 k considerably faster.
0 2014 2o£5 2016 2017 2018 02019 2020 200'21 2022 0 17

Date



Latest results on leptonic
CP violation, neutrino
mass ordering, and others



U parameters

Number of selected events

(Ams,, sin” 6,5)

U parameters

Number of selected events

(A73,, sin” 6,5)
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Disappearanceof v vs.D

Consider two independent parameter sets driving disappearances
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of v, and 7, (e.g. caused by CPT violation or NSI)

12K

° T2K runs 1-10

3-0 >_<:IQ | | | | | | | | | | | | | | | | | | | | | I T T T | T | I IrlIJnISI I I—
- — v, parameters + Best fit =

2.9 - — V, parameters ---68%C.L -
2.8 - — Joint Ve + Vv, analysis —90% C.L. -
27 =
26 — E
25 =
24 E
23 L rXivi2305.09916 E
22 :l rao v v v vy by ey by b b |:

030 035 040 045 050 055 060 0665

No significant difference btw.
disappearance

0.70

.2 . D=
SIN“0,4 (SIN“0,4

v and U,



Events / 0.1 GeV

'CI7¢  Consistent picture of atmospheric parameters T2K

v-beam PRD 106 032004 (2022) 3 Super-K: PRD 97 072001 (2018), IceCube: PRL 120 071801 (2018)
e . x 10 NOVA: PRD 106 032004 (2022), MINOS+: PRL 125 131802 (2020)
o5 - + FD Data —Best-fit Pred__ { B I | I | | | | [ | | | | | | | | | N | | | | I | | | i
l-osyst. | o~ S-2[C ——T2K2022 - Super-K 2018 -~ MINOS+ 2020
range > _ _
_ = 3l —~ NOVA 2020 IceCube 2017  * Best fits -
= (\l .
: N o Tt v, —
| - - Normal ordering, 90% CL. .- ’ >, -
f + n 2.8 —
—_— .‘. ; 2 .6 __' _—
| 24— -
8 g — .
2.2 ‘ : -
T AXiV2303.03222 e e _
2 .O _l | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | I_
0.35 0.40 0.45 0.50 0.55 0.60 0.65

0 1 2 3 4 5
Reco. v, / v, energy (GeV) * Super-K and IceCube improve their results recently sin26 20
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21819¢ T2K data: new v, disappearance sample

Vi SpeKmkdIV

Run 999999 Sub 990 Event 281

O First use of the multi-ring sample in neutrino-

mode, dominated by CClr o B

O 309% increase in statistics (o=

SR .- 4 -
e o B ooy L

O Higher energy and thus less sensitive to
oscillation parameters than the single ring sample

T2K preliminary

POT = 1.9663x10*!, v mode, 2 decay electron sub—sample S 450[
24 - e
- BN NC < - I 1Rp sample
221 T2K preliminary v~ " 7'y 4 ¥ CC 3 -
E | T T T T aa e ¢ E | New sample
201 W v, cc £ asoF Neutrino-mode P
- " g PIL Muon like data
18 3 v, ccpis i =
w . {00 v, CC multi-n 300—
"E 16— ®wB! 0 -
s i v, CCIn o5 F
;_; : i} v, CcCrt -
12— —9— CCQE -
3 F R 200
é 10— — — All with oscillation -
2 o —¢— Data runs 1-10 v mode 150 —
6F Neutrino-mode 100
aF- s
- 50 = -
2 = —_—
gt 111 T (3f TSNS SRR 0
% 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 21

E, (GeV) Reconstructed Neutrino Energy (GeV)
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T2K data:v, — v,appearance channels
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T2K Run 1-10, 2022 Preliminary
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s 3
R -
B v T2K Run 1-10, 2022 Preliminary
2 [ PDG 6, Constraint
B T2K only 90%
-
- - mmmma= T2K only 68%
0 . A T2K only Best Fit
B T2K + Reactor 90%
—1 B
- < 1 o  f  =====- T2K + Reactor 68%
-2 :_ A T2K + Reactor Best Fit
N arXiv:25035.05222
_3_IIII|IIII b | | |IIII|IIII|IIII|IIII|IIII
0.01 0.015 0.02 0025 003 0035 0.04 0.045 0.05 0.055 0.06
2
sin“0, ,

O T2K self-measurement of 6, 5 is consistent with the much
stringent constraint of this parameter fr. reactor-based exp.

O T2K then implements the external constraint on @, ; to gain
a better sensitivity to the other parameter measurements

22



Events / 13.60x10%° POT-equiv

Events / 12.50x10%° POT
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7 NOvAdata:v, — v,appearance channels
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Core only
# FDdata
—— 2020 best-fit
. 1-osystrange
B Wrong sign bkg
I Total beam bkg
7] Cosmic bkg
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Reconstructed neutrino energy (GeV)
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Core only
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—— 2020 best-fit
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Also, there is no significant indication of sterile
neutrinos in both T2K and NOvA data. The two data
sets are well-described with 3x3 standard PMNS mixing.

NOVA Preliminary

o s
[ 90% CL allowed _
2500 ND CC v,, 11.0 x 10*° POT 220 FD CC v,, 13.6 x 10%° POT equiv. i e 'j : : O
%) - . — IceCube : . <
) > 180 : >
e 3 o u s P 3+1 best fit , |
= - W 12 10| | U
. 120 i/ A - 1 s
= @9 100 'z, | D
& c 7 Z —
p 5 24 - |
c T 60 g 7 3
Q L ':' vor ! p——
o OF e ~
. U OISt i v & QJ
0 P bt Al aaaa bl o ool ..., ] 0 . m b & —3 PP EPEPETETE EPRPEP R PR R = —
0 0.5 1 1.5 2 2.5 3 3.5 4 45 5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 > - o.<
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV) & 0
oS
S = ND NC, 10.9 x 10*° POT FD NC, 13.6 x 10° POT equiv. e
Q ) o
G 200 5, Data > <Uyg1L 90% CL excluded
- At Nominal pred. 8 -~ —— NOVA
«g 150 3F pred. w/ syst shifts . I MINOS+
'; = Best fit pred. w/ syst shifts ?; | CDHS
o OF [ ] Beam background S CCFR
s <o [  Cosmic background i ’ 107 T2K (NH)
> e [
[ T I g | T2K (IH) e, S S0
D > : — 7 : SciBooNE & MiniBooNE
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV) | —— Super-Kamiokande
. 10—3, I | 11 Iii I 1 11111 1 | 1 iiiii J Y Alll
Ao Aurlsan() @ NOW2022 1 044 1 0—3 1 0—2 1 04 1

3 and 3+1 flavor best fits ~ identical

. sin® @,
Goodness of fit: ¥*DOF = 56.4/66
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Gricise K. CPviolati deri [ 2/K
o ®
S ostiers: . violation, mass Oor ermg...
. 68(y S _ . . 2 = AL O 6C'P= Jt ~N _I | | | | | | | | | | | | | | I | | | | | | | | | | | | ]
1 68% syst err. at best-fit sin"0,; = 0.45, 0.50, 0.55,0.60 o s _ S B |
v Best-fit — Am3, =249x10° eVP(NO) % _, < a5 ]
—o- Data (68%staterr.) ~ ----Amj = —246x10"eV>(10) o “__ ~ —— Normal ordering i
CP - =
8 24i'l""l""l""l""""I""I""I': 20— Inverted ordering 7
- - = ’ - lo CL -
g 2 — N 90% CL ]
S - . 15[ 20 CL o
:%) 20:_ - —: N 30 CL S
) 18__ — B —
g b : OF :
g 16 — N N
e . - -
£ 14f = o
5 F -
& P arXiv2305.03222 = " il
< 10 | | | | | | = -3 -2 1 0 1 2 3
50 60 70 80 90 100 110 120 Ocp
Neutrino mode e-like candidates O T2K excludes CP conservation (0cp = 0, ) withmore
. 2 2 . .
T2K preliminary | sin”fy3 < 0.5 sin”fp3 > 0.5 | Sum than 90% C.L. but less than 26 C.L. Wide range of §-p in
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2+ 1C "’ «:  Prospects: Coming data with T2K and J-PARC upgrades T2
(1) Super-K as T2K far detector has (2)J-PARC accelerator upgrade to faster proton delivery 2.48 s > 1.32s.

been successful in loading Gd (0.05%),

Horn operation with 250kA = 320KkA, effectively 10% statistics increase
~ 75% neutron capture efficiency |

Area normalized

SK7 (0.03% Gd)

T: 64+1 US

SK6 (0.01% Gd)

T: 1159+£3 ps SK5 (3)New near detectbr, Suer-FGD, ith ~2 millions 1Icm3
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w/ atmospheric v events

Ref: N. Q. Viet’s talk on Aug. 8th




g 2 | o | | | || | ,I“‘P' | || 'I"{"l' | HE || | | | | | | | | V T -\l | | || |
- Normal - + Inverted —— \ N
& 1.8 - ordering ’ + ordering -
L6 s =
1.4 T =
1.2 + —
1= - -
0.8 T : -
. T arXiv:2505.03222 4
0.6/ T =
0.4F T —— T2Krunl-10 -+-- Super-K 2020 0%¢L.. 3
C T OV A 2020 ; Eakin over
- T2K +— —=—N + Best fits oth mass -
0.2 C Preliminary / // -+ orderings -
0 B || | | I I I | | 11 1 1 ‘|-"|‘"|-,.| ] | | I I I | | el | | | | I I I | | || 1 || | | I I I | | | I I I | | | I I I | | | I I I | | 1 1 1 1 | | I I I | | || H

0.35 04 0.45 0.5 0.55 0.6 0.65 0.35 04 0.45 0.5 0.55 0.6 0.65
sin2623 sin2€)23

Ofhcial joint analysis btw. T2K and NOvA formulated and now under review process. Expected benefits:

O Complementarity (baseline/energy) to explore wider range of oscillation parameter space,
particularly for CP violation, mass ordering, and precise mixing angle 6,

O To use full likelihood maps for both experiments
O Study and examine neutrino interaction models currently used and tuned in each experiment

O Correlate the systematic uncertainties where appropriate
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Summary

O T2K provides significant hints on CP violation but NOvA shows dissimilar tendency if
mass ordering is normal. If mass ordering is inverted, the two consistently favor maximal
CP violation.

O Normal mass ordering and higher octant of 6, are weakly preferred for both exp.
O Fornon-standard physics

O No significant deviation from the CPT' (and Lorentz) conservation

O No indication of sterile neutrino
O More data is coming and being acquired faster thanks to the beamline upgrade

O Incoming joint T2K-NOVA analysis; and joint T2K-Super-K analysis

We are getting close to the answers to the remaining unknowns in
the vStandard Model. Stay tuned!
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