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Brief introduction to neutrinos

Standard Model of Elementary Particles

three generations of matter

interactions / force carriers
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2 collides with proton

_ig¢The 'NeutrinoEvent' -~ oy
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In the Standard Model: no charge, no mass
- ghost particles...
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Parametrisation of the oscillation

For having oscillation, one needs: Ve Uer Ue Ues V1
B massive neutrinos, of 3 different masses ; Vp | — U pl UMQ U 13 V2
B anon-alignement: mass eigenstates = flavor eigenstates ; Ur Ui Ur Urs V3
DB L) = 6n— AN Re(U* U U0 ) sin? [ X7t + 23 Im(U, U, UpUs,) s A L
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Parametrisation of the oscillation

For having oscillation, one needs:
B massive neutrinos, of 3 different masses :

B  anon-alignement: mass eigenstates = flavor eigenstates ;

UpMNS =
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U w3 V2
Ui Ur2 Ugs V3
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CP symmetry

To explain matter-antimatter asymmetry in CP symmetry violation means the laws of
the Universe, three necessary conditions physics do not apply the same for particles
(Sakharov): and antiparticles

2 baryon number B violation

2> C-symmetry and CP-symmetry violation

_ PV
,u—>e
Acp =

77” X sin dcp
,u—>e

> interaction out of thermal equilibrium

C transformation P transformation CP transformation

charge

@
charge

positive charge negative charge

o

left handed right handed left handed right handed
DO = dlde negative charge
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experimen

The T2K




The T2K experiment
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Oscillation channels at T2K

Disappearance
channels

at first order:
Am2;, and B2

Combination of the 4 channels
to resolve degeneracies
between different oscillation

> parameters

- Especially the v /v ratio

Appearance
cha.nnels T2K oscillation physics:
at first order: m CP violation;
Ocr and 6 ’
o ® / AmZs, (NO) [ |Am?2s] (10)

/
u
m 0,3 octant
Far Detector L .
B oscillation interpretation

beyond PMNS (unitarity
> tests...)

m Mass Ordering ; 6
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Oscillation parameters at T2K
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Example for the T2K configuration:
« E=10.2; 3] GeV
* L =295km

* d.p modulates electron appearance
probability (asymmetrically for v, and v,)

* The disappearance (v, — v,) depth

depends on sin? 20,5
* The oscillation frequency depends on

2
|Am3, |
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the study
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How to measure the oscillation probability

g Models _ Probability for neutrino v, to Noutri
*+NR consiraints oscillate into v, with energy Etre : °Y I‘II:]O Neutrino energy
FD data : interaction .
and after travelling L reconstruction

cross-section

\

NB (Erec) = /dEtrue lpa—hB(EtrueaL)

d (Etrue ) Erec )

Number of Unoscillated Detectors
oscillated vg flux of v, efficiency
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Importance of the ND fit
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CPV search: appearance channel

At T2K, the 3 leading terms are:

P = 45555%5c%4 sin? Agy ‘ Leading term

7| Jop sin Agg sin Agq sin Aoy ‘ CP violating term
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CPC exclusion: latest constraint from T2K

T2K OARunl11B

. —— Normal ordering
30 Inverted ordering

1 68.27% C.L.
90.00% C.L.
~ 20F 95.45% C.L. ® |atest T2K constraint (2026): close to

99.73% C.L. 99% CL exclusion of CP conservation

: for the frequentist analysis (around
Ow|lll|ll|llll

20 for the bayesian analysis)
-3 —2 —1 0 1 2

CoM o

AN
w_ll/l]ll

CP conservation exclusion
=> min Ax?toexclude sin 6c,=0

' alX . -
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The HyperK experiment
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HyperK sensitivity to CPC exclusion

Statistics only
------ e:::x  Improved syst. (v /V, Xsec. error 2.7%)
............ e T2K 2020 syst. (v./V, Xsec. error 4.9%)
(<|-\ 12 B T I T | 1 T L I ! T T ] I I T | 1 T I
é( L
=10
S
% O ® we expect to reach the 5o level
> . . . .
O 5 in ~3 years if CP is maximally
> violated
o
4
O
Q
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(n - —
O L | 1 | 1 L 1 I | 1 1 J 1 | 1 | 1 1 |

2 4 6 8 10

Hyper-K preliminary HK years (2.7x10%* POT/year 1:3 vV)

True normal ordering (known)
sin’8,,=0.0218+0.0007, sin’8,,=0.528, Am3,=2.509x10°eV?/c*
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Producing neutrinos at T2K

J-PARC I~ Target Beam
accelerator:

Mesons focused/defocused by 3 electromagnetic horns
> neutrino mode (“Forward Horn Current’, FHC)
> antineutrino mode (“Reversed Horn Current”, RHC)

i Al 3 _ b Roisti
glrfuJ T2/ oK universite  pHENIICS Fest 2026 - P. Boistier

AmZ, =2.4x 107 eV?

| L y L . |

— NH,8,=0  —-IH,8,=0

— NH,8,=m2 —-IH,8,=n/2

T SN 0A2.5°
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Super-K

® ®
DEtGCtlng neUtrlnos ﬂt TZK B SuperK uses PMTs to

reconstruct the light-
cone emitted by
charged particles via
Cherenkov effect in

® ND280 uses FGDs
(scintillator and water
layers) and TPCs (gas

water.
detector) to reconstruct
particle tracks. el @

Run 66778 Sub 585 Event 134229437

rigger: OxA0
D _wally €14.4 cm
. - 17

Charge (pa)
. *26.7

ol 1
| KRR W B S

a S0 1000 VS0 2000

AT

b Ll s
1600 2000

0D Times (ns) Times (ns)
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Strategy for T2K oscillation analysis

Super-K data
Hadron production ND280 data Nlrl)a (ETec)
data \ obs \"'V
Flux model

Ingrid/Beam

Near
Detector
Fit

monitoring data

Cross-section ’
model
ND280 detector Super-K
model detector model

. ’N&: N R
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CPV search: 6cr likelihood scan

Normal ordering Inverted ordering
40 1 I I I [ [ 40 1 I I Ill I' I I (WY
T2K Preliminary Simplified ND \ T2K Preliminary Iy ~ =~ Simplified ND
AsimovA22; Normal Ordering extrapolation \ AsimovA22; Inverted Ordering I’l /
—~ Stat. Only; with RC —~ “\\Stat. Only; with RC ,,l II
2301 3.8 x 10% POT 1 E30P, === 38x 102 POT
] —— 4.6 x 10 POT ] \\\\\ —== 46x 10" POT I/
2| — woxwpor 2 === 100102 por
— 90F  FHC:RHC ratio = 90F\\\W  FHCRHC ratio M1/ /
| _- | \\\ [II, / /
10 31 L1 1:3 0:1 W10 31 L1 13 01 000 4y
I I W s
~ o \\ W\ Px / // /
=10 S0 RN _//”/ ol =
U D B N A Y,
B NN A
lo ======"
"""""""" I ey [ S N B
0 03— == -1 0 1 2 3
5@13 [rad]
® good exclusion of the sin 8¢ > 0 region; ® full neutrino mode is preferred since neutrino
¥ some sensitivity to excluding the wrong cross-section with matter about ~3 times higher
hierarchy; than antineutrinos;
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CPV sedrch:CP conservation exclusion

Normal ordering Inverted qrdering
A0F T | | ) W w— = T | Tty | L ——
T2K Preliminary Simplified ND \ T2K Preliminary 1) Ran Simplified NIp [\
AsimovA22; Normal Ordering extrapolation \ AsimovA22; Inverted Ordering III / extrapolatior _“‘
—~ Stat. Only; with RC —~ “\\Stat. Only; with RC ,,l I" \
230 3.8 x 102 POT 1 E30R) --- 3sxw?poT -
2| — 46x 107 POT ] ‘\\\\\ === 46x 10" POT NI S . o\
S | — woxwtpor 2 === woxwtpor M) S NN
\
~ 20-  EHCRHC ratio = 20F\\W\  FHCRHC ratio i} /| 7 e
-] ! {
| 1.0 31 L1 1:3 0:1 | ‘WL 111 13 01 Jur) s / MO
I [ AN wl A Y \
NX C\IX N\ \\\\ //// ) |
B B2 (V] A S » PPAARY A R |
NSNS A
i, __39___?_§;~_<_;:_;:7?_f _____ O ]
] = SEEEE 0-1-1-0 --------- [oooomooo- ittt 'l ilnintetet [oooooooe- o aleietstniieiets N
-3 —2 —1 -3 —2 —1 0 1 2 3
5@13 [rad]
CP conservation exclusion => min Ax2to exclude sin 8c=0
. =\ - .
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CPC exclusion: summary plot

[ [ [ [
true (ordering, écp, sin? f3) T2K Preliminary 267 po pOT: 3785107 o
o 12 — (NO /2 O 561) Wlth RC) Full Syst 1 Splitop:zr horn current: T2K Prellmlnary
—/2,0. - mh

| (NO7 /2’ o) FHC-RHC ratioc  Unknown Ordering g 21 i

100~ (NO /204 I
S| —— (10, —7/2, 0.561 39 =

° (10, =m/2,0.561) 1.0 3.1 1:1 1:3 01 --ricommm - =

(&)

‘m & (NO, —7T/4, 0.561) — Rk ‘\\

D) E .

B e ——— @ 201 S

% gl 99% C.L. | é R, |

% S 18 M. 210 >. A2

20_ E Wy, Y
8 4 e ] é | | gcp =—7/2 \\‘:\\\ eXSII)r~nOV
= -0 PR
gy ORI E R N
® Ocp =T -,
<1 2r lo Simplified ND | ] ~ e 220 A22'-LO
e —— e extrapolation |- 144 ! 0
0 | ' ' ' 60 80 100 130
4 6 8 10 91 Neutrino mode e-like candidates
Statistics [POT] x10

m the further away from degeneracies smm the better the sensitivity;
® the further away from degeneracies === full neutrino mode is preferred (in upper octant);
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