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Neutrino Oscillations in a nutshell
e CP violation with neutrinos.
12K experiment

Analysis procedure

VA Cross-section

12K recent results.

Beyond T2K.

T2K
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¢ Neutrino flavour eigenstates are not the same than the neutrino Lorentz
eigenstates.

e Eigenstates are related through a rotation matrix.

Flavour eigenstates Lorentz eigenstates
(Ve, Yy, vr) (v1,v2,v3)
state of the neutrino interactions states of the neutrino propagation in space

Ve

Pontecorvo—Maki—Nakagawa—Sakata
(PMNS) matrix

V1

(ve vu v:)=Upnwms |12
V3
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® Neutrinos are produced always as a flavour neutrino (electron, muon, tau) but
they propagate in vacuum as mass states (they do no interact)

Mass state
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® Neutrinos propagate at different speeds (mass) keeping the coherence, at the
interaction point the proportions change and other neutrino flavour might appear.
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Neutrino oscillations is an interference phenomena similar to the one Iin
the double slit experiment.

|+ |
7 y,

Mass state

- N

\/\/+ o " _/ \/\/+
m/\/\/\/v\,-+—/<»— - Boiame ~A" VAVAVAV
Weak state \ : : Weak state
Electrons go from source to detector Neutrinos fly through both mass
through both slits at same time states at the same time.

Every mass state forces a different
- _~frequency and path length(phase)
— interference

Every slit forces a different path
length(phase) — interference

Ve,ur>=Aeut1(t) [Vi>+Ae pro(t)| Vo> +Ae yra(t)|Va>
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1.0 Probability to detect a neutrino tau, muon
or electron as function of the distance
0 s from an original neutrino electron
~
S Coherence
B 2nd mixing
2, Decoherence
= 04 R
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Simplified
2V formula

0 =112
Am2 = 2.x1038 eV?2
r A
| < v|vest > 2 =
0 Am?L GeV
.2V . 9
sin 5 sin“ 1.267 SRR
. Y,

Oscillations are seen as
change of v flavour
composition as function of:
Energy & Distance

P(Vq—»VB)
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o : normal hierarchy (NH)
Oscillations is a quantum

) m? A
interference phenomenon that I s
depends on the (quadratic) mass
difference: Am2,
AmZ2ij = M2 — m?2;
/o
. AmZ

Due to matter effects in solar e BT
neutrinos we know: e T tm

Am2+» >0 inverted hierarchy (IH) .)

A m”

V9

Hierarchy determines the ordering Am?,
of the masses. Traditionally: 2

® Normal: mi<m><mj Amg,,

® |nverted: m:<mi<my

T Vs




UNIVERSITE . -
DE GENEVE \SE 1N V T2K

FACULTE DES SCIENCES

CPT conserved: CP violation —> T violation

- CP violation is only possible with more than 2 neutrino species (property of
3x3 imaginary matrices). "
(Ve Vn 7/7') — UPNMS (V2>

V3

1 0 0 cos 613 0 e—ocp sin 013 cos 019 sinfyo O
Upnyms = |0 cosfys sinfog 0 1 0 —sinfy9 cosbis O

0 —Siﬂ@gg COS(923 —650P8in813 0 COS(913 0 0 1

- With less than 3 v’s, the imaginary phase can factorised (no CP violation).
- With more than 3 v’s, there is more than 1 CP phase.

- To observe CP violation, it is required “explicit flavour transition”:

P(vg = vg) = P(Uy = Ug)?

- Disappearance is like 2 neutrino oscillations (neutrino — all others) , no direct
CP violation can be observed.

P(vg = vy) = P(Uy — Uy)
10
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The mixing and CP violation phenomena was observed in 1964 in quarks
trough weak interactions in neutral kaon decays.

Quarks (CKM) Neutrinos (PNMS)

d S b \2 v, Vs
MOStI 99. 99

[Je M Flat”ish

= - diagonal

t

( 1— )2 /2 A A).S(p—z'q)\ ((1) (:()50923 sinoﬁgg)( _COS()913 g chposmaw) (_C(:lsféfz (S:ig:; 8)

0 —sinflps cosbag —ecPging; 0 cos 013 0 0 1
—X 1—X%/2 A)N?

A1 — p—img) —AN? . .

\ A= p—in) . Unitarity enforced by
Unitarity is not enforced by construction following

construction Nv=3 from LEP
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All limits are at 0% CL
unless otherwise noted

Normal hierarchy assumed
12 whene‘l«'er relevant

< CHORUS 747

PNMS Matrix

1 0 0
Upnyms = |0  cosflay  sinfag
0 —sin 923 COS 923

atmospheric

cos 013
0
—e'CP gin @5

0
1
0

Oscillation parameters T2

e CP gin @4 cos 01
0 — sin 912
cos 013 0

sin 912
cos B9

0

10
tanZo

1074 1072

00)
T Parameler best-Al, 3
)
C\I o, 2 —5 s 9 , : :
5 ~4% | Amd, |107° ¢V 2| 7.37 6.93 — 7.96
A || ~s% sz§1{23) 1073 oV 2| 2.56 (2.54) 2.45 — 2.69 (2.42 — 2.66)
O | | c119% |sin2 4o 0.297 0.250 — 0.354
sin® foz, Am3 g > 0 0.425 0.381 — 0.615
~15% . o
N sin? fas. Az o < 0 0.589 0.384 — 0.636
solar | t 32(31)
sin? 013, AmZ, a0 >0 0.0215 0.0190 — 0.0240
~7% . T o | o
sin g, AmZ, ., <0 0.0216 0.0190 — 0.0242
~31% |d /7 1.38 (1.31) 20: (1.0-1.9)

(20 (0.92-1.88))

B23 is known with 15% precision.

Remaining parameters are &cp. the hierarchy
and the B23 octant (>4597?)

Most of the parameters measured with <10% precision

0
0
1
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T2K experiment

the Japanese way”
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MR

30 GeV

protons beam e

) TV, dump detectors .

) \=! off-axis
A g
beamllne target sta @.‘ ___________________ | 4

v Ooscillations

Neutrino flux
& flavour

Neutrinos produced in a particle Neutrino flux
accelerators or nuclear reactors. properties
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Hadron Beam Facility
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JAEA=Japan/Atgmic Energy Ag‘ancy .
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Neutrino to

N \\“““\‘\\‘“\\\‘\ ‘ N 3 =
-f P | ' *  Kamiokande

L

Main Ring
30 GeV

Rapid Cycling
3 Synchrotron

- (3GeV, 25 Hz, 1MW) i
J-PARC = Japan Proton Accelerator Research Complex

Joint Project between KEK and JAEA

0.75 MW = 1.3 MW
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* GPS system used to synchronise the beam and the [ AT emect
far detector. g | SRR
x |
. . g 2
e “Common view” GPS method is used. & |
B L
-g 10:—
* Asecond GPS and a Rubidium clock used infar 2 |
detector to monitor stability. obacced b Mob'o .3 .(|)|0.0.f4.0.(,)d 2
AT, (nsec)
20 [ AllFC events E':m 3:;3
" v, oandidates: OveBow s
- SR
£ 15f :
; s |
/ B [
e g :
/ L
/ <
/ I
i
! o T B RS T T

Mt.lkenoyama/‘
1,360re /

Residual (nsec)

50 ns resolution !!!
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Total Accumulated POT for Physics
v-Mode Accumulated POT for Physics
V-Mode Accumulated POT for Physics

o v-Mode Beam Power
o V-Mode Beam Power
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Accumulated POT (X 1020)
o
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e

0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 202

Year

1.97 x 1021 POT in v mode L
515 kW stable operation in 2019

1.63 x 102" POT in anti-v mode. + 33% of v-mode for next analysis

R
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), rroducing | o

neutrinos

Horns are light convergent lenses: increases flux of v's in certain directions.

- + +
Reversing the horn current we can select m- over 1+ [ 7
enhancing anti-neutrinos vs neutrinos. T — p b,
Magnetic Horn g
V
Neutrino i
Producing decays :

T2K runs a system of 3 consecutive horns to optimise v’'s yield and correct
‘optical” aberrations.

Decay volume

18
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sin°20,, = 1.0
sin°28,,=0.1
Am?, =2.4x 107 eV?

—NH,d.,=0 —-1IH,8,.,=0

> YCP T > Y CP

—— NH, 8. =m/2 —-IH,d,., =m/2
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Off-axis

e off-axis optimises the flux at the maximum of the

oscillation.

Only one oscillation maximum can be measured at
a fixed distance.

Narrow beam less dependent on beam
uncertainties but more on beam pointing.

Lower energies achieved.

On-axis
on-axis optimises the total integrated flux.

Spectrum with higher neutrino energy (longer
oscillation distances)

If broad enough, more than one oscillation
maximum can be measured at a fixed distance.
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NAG6] /SH|NE SPS Heavy lon and Neutrino Expt (SHINE)

“13m

MTPC. L
ToF-L
Vertex magnets
ToF-F
HER ”"°

rwcz "'
FTPC3 S5

ToF-F

l l ToF-R
~  MTPC-R

NA61/Shine measures the production of pions and kaons as function of the
momentum and angle for protons interacting with carbon.

Hadroproduction experiments carried in equal
conditions to v beam experiments are critical!

Latest measurements made with exact 12K replica target

20
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10< 8 < 200mrad
QGSP_BERT

FTF_mC
Gibuw

Fluka

d°n/(dpd®) [rad. (GeV/ie)'

43
p [GeVic]

d*n/(dpd®) [rad. (GeVic))

W< 6<40mrad
QGSP_BERT

FTF_BIC

Gilbuu

Fluka

d*n/(dpd 0) [rad. (GeVic) ]

PR

5 1n 15 20 25 30 15

a0
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Measurement of
production with exact
replica of the target to

account for re-interactions
iInside the target

d’n/(dpd 8) [rad. (GeV/c) ')

A1 =

nazp

]

....

20l< 8 < 4 mrad

QGSP_BERT

FTF_BIC

NAG1-SHINE

Measurement of pions,
proton, K and A's in a 30
GeV proton-Carbon
Interactions

—} NAB1/SHINE
— NuBeam
G4.10.03

... QGSP_BERT
G4.10.03

60 <6 <100 mrad

5 10 15 ) 35 35
p [GeVic]
s A 20< B <40 mrad
:,:_ [ QGSP_BERT
: T Fiv it
: »‘ i Ll 22T
5 g W ¢ -
!—_ \"\ = Data
p— \\1
- S,
= —
L 1 | U S T T B — — -J
1 15 0 25 ;
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18cm
P s
/ - r . ;
W2l'Z2"23"' Z4" 75
'-‘5 60 < 0 < 80 mrad
] L] L L L] L
S
)
(&)
'U 3
g_’_ [
c|o s
tla s
1T 0.1 :
- . [
|z 0.0~ ~g8""90 12 1416 990 2
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p [GeV/c]
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INGRID: On-axis

ND280: Off-axis

Barrel ECAL

Wagasci

positioned here

Wagasci/BabyMind: Off-axis

Side MRDs

22
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proton-module
for cross-sections

proton-module
for cross-sections

On-Axis ND

—
"
Spill# 222861, Time 1271289317
Module 8
[ Side View Top View
140%— 140}
120';— i I 120:— ‘B
3 ‘y i L i i i
1ooE : : 100 : 1 & S0e
‘BN ; | L - @
80~ AR EE 8o EEERREE
L : F
“ .-.."“'-..n “
b b ne | :
o 3 i | 40
3 ’
r ; [
20— HEEEENEE : 20—~ B-N:N-EE
. . . -
&‘t oF
L ...................... I
-20E _zo:_
L I | S P P UIPN N R e Y
20 0 20 40 60 80 100 120 20 0 20 40 60 80 100 120

Number of events

T2/K\

® INGRID counts v(v) CC events in a cross of |3
identical detectors:

total rate monitors beam intensity stability
with respect to proton on target counting.

The relative event counts between modules
monitor the beam direction stability.

o
o
x10°
15
x2/ndf 7.1/4
Center 0.05 =% 2.89
Sigma 433.2 + 4.7
10 PO AL
o °
Ky .
51
-—== Fitted gaussian
l A
800 0 500

x[cm] from INGRID center

x3¥/ndf 4.0/4
Center -11.0 £ 3.2
Sigma 464.1 £5.6

-—= Fitted gaussian

1

cn 15><103

=

Q

>

Q

4

(@]

= 10+

Ko

£

: .

z |
5_
800

y[cm] from INGRID center

0 ' 500
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Same off-axis angle as SuperKamiokande (2.5 degrees)

* Measure v, and Ve spectrum before the oscillation = TPCs + FGDs

Measure background processes to oscillation (NCr@, NClm, CClrt...)

Compare Carbon and Oxygen interactions (FGD2 and POD)

Excellent neutrino- ND280 installed in ex-UA1 2 FGDs (Fine Grained

antineutrino selection magnet (02 T) 3.5%3.6x7.3 m Detector):

active target mass for the
tracker, optimized for p/m

SMRD (Side Muon UA1 Magnet Yoke separation
Range Detector): e Carbon+Water target in FGD2
scintillator planes in magnet Detectors =
yokes. 3 TPCs (Time Projection
Measure high angle muons | [E)SXEStream Chambers):
measure momentum and charge
Solenoid Coil of particles from FGD and POD,

PID capabilities through dE/dx

POD (O detector):

scintillator bars interleaved
with fillable water target bags
and lead and brass sheets.
Optimised for y detection

Barrel ECAL POD, Barrel and
Downstream ECAL:

scintillator planes with
radiator to measure EM

Magnet was granted by CERN showers




remave  Off-Axis ND

FACULTE DES SCIENCES

Off-axis ND280 analysis real events
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41m

Far detector: capabilities T2/K

— 801" 4 7ok data

.

Number of events

- v, and v charged current

\ i v, and v, charged current Neutral current i

Particle range

—2,000 -1,000

Electron or muon PID discriminator

Particle identification Interaction vertex reconstruction

Electromagnetic energy reconstruction

Track Multiplicity

Hadronic interactions
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One basic ingredient:

VA Cross-sections

T2K

28
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Since the neutrino energy is not monochromatic:
« we need to determine event by event the energy of the neutrino.

e This estimation is not perfect and the cross-section does not cancels
out In the ratio.

NI& (9_;7;660) . f U(EV)¢far(El/)Pfar(§Zeco‘EV)POSC(EV)CZEV + BaCkfar(greco)

evts

Nzear (greco) [ o(E,)¢m (B, ) Prear (05°°°| E, )dEy + Backpear(67¢¢°)

evts

e The neutrino oscillations introduce differences in the flux spectrum
and the ratio does not cancel the cross-sections.

far near Near and far fluxes are ( ) Cross-section neutrino nucleus
¢ (E”) 7 ¢ (E”) different g EV are not well known.

: Nreco Neutrino energy depended observables .rprecoy Background prediction depends
lznearufar(e ‘IEV) depend on cross-section models. lgaCk%“%”UfaT(HV ) on cross-section models.
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. 5 ° z °
5 5 f E15 2145
= = 545 S S
5 49 59 D D D 4
K K E
(0p)] (0p] 5
3
035 O5 Q Qa Q3
O O 23 ::’, "
25 25 4 8 8
Z 7 g . 2 . 2
3 ; g ° 35 35
5 g Z 5
=2 = p p
1

- (&) n
-a 181 n

NI&(@recoy [ (BT (B, )Prar(05°°°| Ey) Pose(Ey)dE, + Backgq, (67°%°)

evts\Yv A
Nser(Grece) [ o(E,)¢eam(E,) Prear (072°°| B, )dE,, + Backnear (670)
3 : . To some level all
Pyar(0,°°°|E,) 1S given by VA models experiments do the
same.
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Describing Prar (6,5 Ey)

@ the nucleon level !

@ the nucleus level !

_ S
CCQE vy — P g4
—_ _ 1.2
CClm vup — AT > uTatp ;E 1
At _y mnt 2
vyn — - AT = pTrn 0.8
v,n — ,LL_A+ — ,LL_T('Op %0.6
CCNT vuN — = AT T — = N, 20'4
L e 00.2
CCD:zs vulN — u N'mm, ... 2 s
0 1
10
I.--\/I-----. §04
Long Fange  Fermi 5 0.35
Brc:ad orrelations motion 5 03
spectrum ;
P & 20.25
Pauli &r 0.2 QE
. c
blocking S0.15
Short range 2 0.1
correlations Impulse £0.05
I>
0

| approximation }*
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Q1= cosAl < 0

0,0« cosﬂ“ <06

o™ Myhin width (b/GeV)

S v T
5.3_0., & l 3
Lok g
£ Feeceereremmeceaa- 4---3
Booz b R
=
c
£ NEUTs3
5w p| e fit + stat. em. 7
€ oork| —e— fit + stat. + syst. 3
---- GENIE
0.2
107 1

muon mamentum (GeV)

0,0.75 < cosd < 0.86

muon momentum (GeV)

0. 0.86 < cosh < 0.92

0.0.6<cosh, <0.75

y — N
< w >
T

" " fpin width (fb/GeV)
o
&

muon mementum (GeV)

0,093 <« cost < 1

= = 3
) © 0.6 =
o g ]
= 05
= o4
T =
2 =03
E £
E<] S0.2
£ z
'_5 5 0.1
o) "z 0.0
: 1 1 .01
107 1 1 107" 1
muon momentum (GeV) muon momentum (GeV) muon momentum (GeV)
e -1<cos 4, <-0.26 -0.25 <cos 4, <0.26 026 <cos b, <0.46
o C.06F = o =
2 1 vosE bl s i ] E
8 uus Ii i BF E
e T 1.1
a 0.03) X200 =
=002k T ¥ E x300
- - 3 s -
® 5001 - R
ok : : : ot :
10 1 10 1 10, 1n 1 10 5
P, [GeVic] P, GeVic P, [GeVi/c]
N45<cos i <0E 0E<ees l, <071 0.7t <eos (i <08
1ok 1 EE E
g 10f - {45 f 4
§ sk g - 3
E E 1% s T . e
2__ 5 x500 1 x300 | = ¢E 54 X200_
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‘?‘3 1 IIO 1 10, . |Eo ' 1 10, ”
P, [GeVic] P, [GeVic, P, [GeV/c]
087 <cos B =092 092 < cos B, 03¢
x150 3
w ; 10 _ .
p, [Gevrc] p, [GeVic]

096 <ensf, <0985

x DATA FIT YW/ NFUT (SYST)

Ve CC on Carbon

CC-v,(¥.) do/dp [x 103 cm2/nucleon]

1w
p, [Gevic]

19
p, (GeVic]

P o4Ta FIT v NEUT (SYSTHSTAT)

—}— DATA FIT Vi/ GENIE (SYST+STAT)

NEUTS532 (;2=2187)

OFMNIF 250 (¢ =1920)

vy NC0 on Water

Events / (20 MeV/c?)

24
22
20
18
16
14
12
10

o N B O

VA cross-sections _T2/K

|l I|I| |I|I|III TTT I|I| |I| II|I I||I

T2K FHC 11.92 x 10°° POT
T2K RHC 6.29 x 10%° POT

0" <= B <= 45"

FHC CC-v,

—e— Data

——— NEUT 5.4.0
GENIE 2.12.10 ( %2=4.0303)
- NuWro 19.02

RHC CC-v,

RHC CC-¥,

( %3=5.6594)

( 32=4.4545)
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03-16 1.6-3.2

J.Illl I o

3.2-30
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— | Otal Fit
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<o Fit Background

* Data

---l

H

IIII.I-. [
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Invariant Mass MeV/c?)
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oe ceneve A\ cross-sections T2k

Low energy recoll proton allow us to
measure transverse momentum
imbalance to access nuclear effects:
Fermi momentum and re-interactions.

V+N ->u+N+2??

Results from arxiv 1802.05078
— 6 LN S B B B R R LA S B S S B R B S B R

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

.......................................

lIII|l|||l|IIIIIIIIII]IIIIIII

llllllllllllll|Il[||lll|||||

NEUT 5.4.0 —
—4— Result 1
|
0.01 LFG *
0.008 - no nucl. FSI
—— no 2p2h

111[11111111111 | B
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0.3 |

pdf

True CClplh Events (no NrS)

0.2 |

T I T T T T I T T T T I I I

s SF

= LFG

= RFG
ROP

= RPWIA

50 MeV is ~7% of the mean neutrino energy in T2K

T2/K

removal energy

LFG and RFG are Fermi gas model

SF is a phenomenological model

ROP & RPWIA are Mean Field
calculations

Energy required to allow
for the reaction

vA — upA’

taking into account final
state excitation levels
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Main issues

Description of the initial (and final) nuclear state: energy
reconstruction,...

Determination of vector and axial current form factors: Q2
dependencies,...

* Collective nuclear effects: nuclear media polarisation, initial
correlated pairs, 2 (and 3) body currents, ...

* Nuclear re-scattering: nuclear transparency to pions and
nucleons produced during the v interactions.

e Also: nuclear mass dependencies, electron neutrinos, etc...
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Analysis procedure



seevive Statistical methods T2K\
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Joint Fit Separate ND and SK Fits

ND280 Data

ND280 Data

M V\
Constrained SK Fit
\4
Oscillation
Parameters

Oscillation
Parameters
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Less conceptually T2\

Near detector
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MINERVA

Slightly higher energy. Theory community (NUSTEC collab.)

Independent neutrino flux.

Large statistics. Local Fermi Gas models
Similar target material. Spectral Functions.
A | N Mean Field Approximations.
BEA: EBEA

Pion production models.
“ab initio” calculations.
Microscopic 2p2h models.
Vi VS Ve

Connection VA vs eA

e Use electron scattering data (electron energy
Is accurately known) to explore uncertainties
in the neutrino energy reconstruction.

« Compare VA modela vs eA data.
s 2.26 GeV, “He




UNIVERSITE
DE GENEVE

EEEEEEEEEEEEEEEEEE

12K results

T2/K
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Beam model is obtained from a full GEANT simulation of the particle transport
reweighed by the NAG61 results

Beam monitors

10< 68 < 20 mrad
QGSP_BERT

— — FTF_C

Gibuw

GEANT 3

d*n/(dpd®) [rad. (GeVie)'|

UL bbb e . =
-="1__ ] ]

LIN |
5 o 15 20 25 30 35 40 43
p [GeVic]
runl-9a at the far detector (v-mode) ND280: Neutrino Mode, v . .
— = W ND280: Positive Focussing (v) Mode, v
= I 5 B Hadron Interactions o —— Material Modeing.
,_.Q" Jrll g K ron Interactions aterial Modeling i 5 - MRS T
No 106 L m 03 = Proton Beam Profile & Off-axis Angle ~ Number of Protons ] = | Nuel. Error
; C _Ve ? Horn Current & Field = 13av2 Error E 03 __ Int. Lenglh Error T2K Prcliminary —_
= V g - Horn & Target Alignment === [11%3.2 Error g - Pion Rescater Error
E c 5 ] @xE,.Arb. Norm. 2 Unconstrained Interactions
% E k51 Replica Tuning Error
N 105 - s 02 = -~ Thin Tuning Error —
g 3 = i
<2
=
e
=
F

104

! B = y e \
107 1 10 0o Y = —_—
E, (GeV) 107! j
10° &
0 1 1 L} 1 1

T Including error covariance matrix

E, (GeV) 41
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Beam stability .T2kK\

[ e e .
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based on the visible
particles after Nuclear

&
w re-scattering.
A
@ /
&
&% N rS protons and neutrons are not
visible and have little selection
power.
Topology vV-nucleon
: trategy!
focus on pion
detection
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Forward(llz—llf)lgl) Current Reversed Horn Current (FHC)

v sample v sample v sample

All are duplicated in FGD1 (pure CH) and FGD2 (CH+0O)
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Data / Sim.

Forward Horn Current
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ND Input samples T2

We use 18 different samples (based on topology) in (pu, cos 6,)
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2000

Events/(100 MeV/c)

1000

0

UNIVERSITE Neutrino Interaction

® Add physical degrees of freedom to the cross-section models.
® Be sure the degrees of freedom fits/agrees with available data.

® Be sure we provide enough freedom for the model to adapt to the

® Check the physics validity and interpret them.

DE GENEVE Working Group (NIWG)

FACULTE DES SCIENCES

experimental results.

FGD1 v, CCOn

0

LI I LI T I I I | [ T I L I L I L
—#— Data 7]

'Ei'f B v CCQE |

B v CC2p2h S

I v CCResIn
B v CC Cohlx _
[ v CC Other

[ vNCmodes -
B v modes

II|IIII|IIIII
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) 5 @ v CC2p2h ]|
| 2 v CCRes In ___

S 4000 — B v CCCohlrn —
~ B [ vCCOther |
3 - ] v NC modes  _
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7 5] - _
- B ]
5 B _
2000 — —
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= i ]
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Global-fit p value = 74% 4
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Flux parameters X-section

parameters
ND280: Neutrino Mode, v

" ' ' ' L | | ! T CC1r, v, CC DIS, CC Multi , CC coh

Hadron Interactions — Material Modeling

0.3

Proton Beam Profile & Off-axis Angle Number of Protons

Variation rel. nom.

Horn Current & Field .
— 2020 flux (replica target)

Horn & Target Alignment
: ®xE,, Arb. Norm. = = == 2018 flux (thin target)

Fractional Error

120

CCBYDIS
CC coh. "0

CC coh.

CC BY Multi
CC AGKY Multi =

CC DIS/Mr norm v
. CC DIS/Mx norm ¥

esults do not deviate
from priors.
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F:I rrrrrrrrrrrrrrnr et rrrrrrrr - 1
o L . ] 0.8
2 = Before fit 06
[ E— - 04
PR — 02
, e 2 e After fit
?‘Iiﬂ:" T I I Ig

Flux

N ; J I‘

- = L i- e fh '-.- | iq" [
3 | 3 i 'A"l"'!"'l|
Flux Xsed
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ecveve  Before going on! T2K\

FACULTE DES SCIENCES

- To optimise available v statistics, T2K does not properly
measure CP violation.

- T2K takes the PNMS paradigm and adjust the CP phase
to the results (also CP conserving cos(0) plays a role):

e USIiNng a model helps to extract more accurate information
from the data.

 Most of the sensitivity comes from the comparison of the
Ve appearance (013,0cp) with the reactor ve
disappearance (013).

©E
O
ST
O
@®©
o
X
)
)
s
O
O
C
)
Q.
)
O
O
)
@
=

* |n the future the comparison ve and ve will be used alone to
determine the CP.
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 Even if we use (py,B8u) templates tor the fit, the
representation of the data is done using the
reconstructed neutrino energy assuming:

e 2-2 body reaction CCQE: vn—> p p reaction.

e with target neutron (n) at rest.

1 m%t 1 (mflff)z o 2 L ZEHmef

rec __ %
1% —
. Eu—\pu|coseu—m,‘iff

mé) =m, — E,,
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Ratio to prediction

o
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o
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1uOmm sample
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Ratio to prediction

RHC 1Re

Reversed Horn Current SK data T2
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i
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Reconstructed neutrino energy [GeV]

In RHC, the majority of delayed electrons are p+ which decay to electrons
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Lepton angle [deg]

Lepton angle [deg]
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x107
(\1> | —
2, B _
NEQ 2.6_— ] (s c . -
< N | ig ] 318 events %: 2' 137 events | |
- - 2| 8. 5T |
251 - ol T -
N . i ] UK g TTUET, ) !
N ] 51 ¥
24— ] L P eI ]
: : L ¢ R:'m;;trunc;ea rileuli,lnol‘mel}‘gvlféew Reconstuced Neuﬁlno'mergy [Ge\)] —j
al + Best fit ] .
- . . Slight preference for
(]
§ ] non-maximal 623
25— — 90% —
- — D2Konly 7 Slight preference for
26 _ — :
- T2K+PDG 6,; - normal hierarchy
0.4 045 05 055 06 065 07
sin 623
SiIl2 923
<0.5 >0.5 pu

>0 (NO) | 0.195(0.260) 0.613 (0.387) | 0.808 (0.647)
<0I0) | 0.035(0.152) 0.157(0.201) | 0.192 (0.353)

Sum 0.230 (0.412)  0.770 (0.588) 1.000

2
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> measurement _T2/K\
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Expected vs observed I;k\

True Ocp (rad.)
Sample Y 0 /2 - Data
IR v-mode | 346.61 34590 346.57 347.38 318
H v-mode | 135.80 13545 135.81 136.19 137
IRe v-mode 96.55 81.59 66.89 81.85 94
V-mode 16.56 18.81 20.75 18.49 16
IRelde v-mode 9.30 8.10 6.59 7.79 14
Uncertal ﬂtIeS after(before) ND fit
Sample Flux Uniiig:gﬂggurcg[()%j ST + PN Flux®Interaction (%) Total (%)
o v | 293.0) 31017 2.1 (2.7) 2.2 (12.7) 3.0 (13.0)
4 v | 28@.7)  3.0(10.8) 1.9 (2.3) 3.4 (11.8) 4.0 (12.0)
i v | 2.8(4.8) 3.2(12.6) 3.1 (3.2) 3.6 (13.5) 4.7 (13.8)
¢ vV | 29@7) 3.1(11.1) 3.9 (4.2) 4.3 (12.1) 5.9 (12.7)
IRelde v | 2.8(4.9) 4.2(2.1) 13.4 (13.4) 5.0 (13.1) 14.3 (18.7)

58



UNIVERSITE 2 . .
DE GENEVE —vents & CP violation TZ/K\
FACULTE DES SCIENCES p hase

T2K Runl-10 Preliminary

5 I IR L L L L
= 24 [ inverted ]
e, . hierarchy _
:.5 [ "“.;.‘.; .......................... = normal —
- 22 T hierarchy
= B _
O B _
O 20— |
EI‘/ u " 5CP~-m/2| 7]
O _ _
o 18 e ]
-8 B _
g 16 > §
2 - ToK Data|
. v— 14 - —
= - _
> - :
g 12 —
g B _
10 —
_I ] || || | || || | ] | I | | ] || ] | ] || ] | ] || ] | | I | ] | ] I_

N
-

60 70 80 90 100 110 120

Neutrino mode e-like candidates

v energy dependency is not reflected in this plot




UNIVERSITE
DE GENEVE

FACULTE DES SCIENCES

NOVA is a similar
experiment in USA
with oscillation over
800 km and different

detector technology &
neutrino energy.

T —

NOvVA s
Ash River A
v o

Fermilab Ash River

l10 km

810 km
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Capacitor Banks for BM3

* A new power supply was designed

Extraction

with capacitor banks for the cycle of Y
1.3s.
* The power supply for the BM3 family
was constructed and installed at D4. Injection
+ It has been tested with the BM3 family. g \
——>

Energy

time

515 kW stable

2.7x10!4 = [RBLA operation in 2019

MR Power Supply approved JFY 2020

fro=0.77.Hz | PPP = Y 30 Gev 810 kWV. exp. >800 kW by 2023

2.2x10'4

RF upgrade and Machine development

_ PPP =
frep_o.86 HB 32X I O|4 I 3 MW




e ND280 upgrade T2/,
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* sFGD: quasi-3D imaging.
* Improved target tracking.
* Improved proton detection threshold.
* Neutron detection capabilities &
Kinematics reconstruction in final state

x2 in statistics for equal p.o.t.

e L L e e B L L B
=
5 o09F Proton tracking threshold -
<9 :
E 08 Work In Progress 3
075 =
0.6 =
0.5 =
ND280 Upgrade 3
0.4 =
0.3; urrent ND280
02 - et
0.15 - =
P SEPPININC E  [  [ E
0 200 400 600 800 1000 1200 1400

momentum (MeV)

High Angle TPC’s: * Time of Flight
 Improved high angle acceptance: * Reduction of background from

magnet mteraotlons
* 0~ 130 ps =

Muons in TPC or =
stopping in SuperFGD o

=
—— ——
-+ Muonsin __
——
TPC only

————
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USA

Dune
4 x 17 kKTon
liquid Argon TPC

Argon target

Sanford Underground
Research Facility

Broad (on-axis)
neutrino beam.

5 EVN [1,5] GeV
~——+= 2 oscillation peaks

Neutrino energy (GeV)

e L <

CCRES

Track-Calorimetric
reconstruction ;z I

CC COH A

.........................
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Long Base Line technology is mature:

e research of years show the requirements for a precision measurement using this
technology.

* This includes hadron production experiments, nuclear theory, beam monitor
technology and advanced statistical methods.

Active theoretical developments on neutrino-nucleus interactions (systematic errors!)
Closing the measurement of the PMNS matrix (no unitarity meas. possible).
* Atmospheric angle close to maximal.

* Rejected large fraction of 6¢cp > 0 with 99.7% C.L.

Mild preference for normal hierarchy.
Tension with NOVA starts to be relevant.

T2K measurements paves the road for the approved HyperKamiokande to be operated in
2027.

 DUNE provides a complementary methodology and it will be in operation in 203X.
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Neutrino Magic!

Have a ‘ ' Neutrino
good look! . oscillation!

The flavor content of neutrinos and that of anti-neutrinos are
modified differently by the CP violation in the neutrino oscillation.

And hit Higgs boson /¢ There are
Higgs bosons! “"v more anti-
neutrinos?!
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More statistics and more interaction channels in SK (i.e.
adding pions to v, CC).

What is the role of neutrons?

Improve on cross-section models: more exclusive, more and
better data,

Can we constrain more interaction channels: NC, electron
neutrinos, transverse variables...”?

How much can we gain by fitting NoVa and T2K or SK and
T2K together?
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Super-FGD

ND280

—

lllllllllllllll]lllll

0.8

0.6

04

0.2

%

quasi-3D imaging.
e Improved target tracking.

°
I._r—--L_L_L -
i_ 1—‘—l_l_‘———':_
ot L S —
-J.‘.'..'..E ”L”L"' 7]
! s T ]
| j ‘ } R W,
e SEGD (Alll) ]
_ ---=-- SFGD (noYZ) i ®
hanl v SPGD (N0 XZ) —
— — SFGD (noXY) i
I T B BT BT BT BT B

200 400 600 600 1000 1200 1400 1800 1800 2000
True Proton Momentum (MeV/c)

* |Improved proton detection threshold.
* neutron detection capabillities

ND280 upgrade goals

* |Improved high angle acceptance:
e High Angle TPC's.

X 2 in statistics for equal p.o.t.
e Time of Flight for background reduction.

VN
P = pu—
Q o9 Muons in TPC or ==
) = ]
S oaf stopping |i_S:JperFGD ——
D E"_—’—‘—+—+—+++ T ———— —
0.7 A 4 ‘ —t——
0.6— = é E _._—o—
*o.sz— : _.__’_'_.__'__'_
0.4:— —o—_’_+ —_—
03k e Muonsin __
F e TPC only
02 —
—_— ———— —_—
01 SR
[N | 1 [ I 1 S|
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 04 0.6 0.8 1
true cos 6

e Access to neutrons in final state (LANL

test beam).
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T2/K

Ve Vertex distripution
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1 10p
<R R N £ S
| 82— — AsimovA
] - . 7f_ — Martini2p2h
* Fit data simulated with alternate g |
. . —  — Normal ordering
interaction models and check 55 Inverted ordering |
A 4
parameter bias £
* No significant biases seen on 03, 2
B13 or 8¢cp from any of these e Ty o
0.%02 0.0022 0.0024 0.0026 0.0028 0.003

alternate models A M2, [eV7]
e Small bias seen on Am2s3,

2 °F |
* an additional uncertainty of § 4;’: panon
1.4x10-5> was added to account 351
for this 5
« Better treatment of nuclear removal 22: — Normal ordering
energy systematic reduces the (old T
fake) large bias. 0;: """"""""""""""""""""""""""""""""""""""""
B3 o oa 04 R




et Oscillation fits _T2/K\
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Vi~Ve and v—~Vve combined analysis within the 3v oscillation paradigm (PMNS).
Solar oscillation and 613 parameters from 2018 PDG values.

o N npbs\ '
2B m=2Y "?m'"[ném P - ™
i-1 £

+Ha-ay)' C'(a-ay)

Binned likelihood comparing data to MC predictions.

Bins of reconstructed energy from lepton kinematics

assuming CCQE two body interactions. — —
Ve Sample also bins in Be "¢ M — E, + |p.|cos0,
Three statistical methods Sensiivity
: ; A 3 N un 1-9 prelimina
Bayesian Markov Chain MonteCarlo and two S e
. 2 ISi .
frequentist approach. : a2 €0
e Analysis 3 (p,,,, 6)

+ Best fit

Frequentists confidence intervals (grid search) : -
agree with the Bayesian factors and credible : e P =il e

25 30

. 35
INntervals. sin%(0, )
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(NO) / 1Am3 | (I0) [eV?]
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results

—
N
>
x107 "Pm
[T T T | T T 1 T T 1 T T 1 T T 1 T T 1 T T 1 T 1T 1] o
- ] —
- B
3 E <
§ : :_:":-l- Best fit § a
- —— Normal ordering Ff-ee%CL 4 %
- - S —90% C.L. ] )
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NOVA Preliminary
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B 20 . Sln 2913=0085 . D) _I I L | | | | | ]
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8 i N Q 22 _ —_
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5 i g i N ]
Q T uo . o 18 -
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o | i g 16 —
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Sensitivity | s e
Volume 2015, Issue 4, y Sk £

T2K+Nova Sensitivity T2K+SK

A — .
: T2 K —— | Normal Hierarchy
6 NOVA — Hosh SK+T2K
i T2K+NOVA —— | R /7 N\ T
9 : ] 3— SK
X 25) .
4r ; \ |
= | ! & \
g : . .
3t 90% | 15 "
i A | \ \
[ ‘ 05" ., \ \
1. \ / - 0.1 TR T T EP Y T | '1] M - PR T . |
[ < 150  -100  -50 0 50 100 150
0 : W Ocp [degree]

—150 -100 =50 0 50 100 150

True oqp(°)

12K formed working groups with Nova and SK to
provide combined oscillation analyses
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Appearance

2a

P(v,V,) = 4ci3513555in° Ay X (12— (1—s§3))

Am?, Leading term

+8C755,,513523( C12Cp3 COSO — S5 513 5,3) COS Ag,Sin Ag, SIN A, CP Conserving

VVS. v
sign

change

_ : aL
+8 ch sia s§3 cos A,,SinA s, (1-2 siB) Matter effect

— 2 o ° . . 1 1
F8C75CyyCr3 519513523810 Osin A4,8in A 5, 5in A, CP Violating

2 2 2 2 2 .« 2
+4512013(012023+slzsl3sz3—2c12 C,3 515513553 COS 6)sm A, Solar term

» L

c;=cosB, , s,=sinb, A my g
'\'

Disappearance

=A a=2\/§GFn,_,E

i

2 A mgz'L

P(v,»v,)~ 1—(cos4 0,,-sin°20., +sin°20,,-sin’0,, |-sin

v
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$tatistica\ methods

Mass Hierarchy
Analysis

Near Detector

Analysis 1 Analysis 2 Analysié 3» w
Kinematic variables
for 1Re sample at Erec-6 Pe-6 Erec-0
SK

Likelihood Binned Poisson Binned Poisson Binned Poisson

Likelihood Ratio Likelihood Ratio Likelihood Ratio
Likelihood Markov Chain Monte Gradient descent and Gradient descent and

Optimization Carlo ' grid scan ' grid scan
Contours/limits Bayesian Credible Frequerlﬁsf Confidence |.nferva|s§ !:requen“St
with Feldman-Cousins . Confidence Intervals
produced Intervals

(credible intervals supplemental) Ewith Feldman-Cousins

Bayes factor from
fraction of MCMC
points in each

................. Ridrdrabha? "BE fa i g N L. /U@ ' 0 o A N N T N 1

. Bayes factor from | Frequentist p-value
likelihood integration from generated PDF

Simultaneous joint fit Constraint Matrix Constraint Matrix

Information
Systematics Simultaneous fit then éMarginaIization during Marginalization during
Handling marginalization | fit fit
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T2/K

EXpected vs Data

dcp = —7/2 dcp=0 bcp=7/2 Oécp=m | Data
FHC 1Ru 346.61 345.90 346.57 347.38 318
RHC 1Ru 135.80 135.45 135.81 136.19 137
FHC 1Re 96.55 81.59 66.89 81.85 94
RHC 1Re 16.56 18.81 20.75 18.49 16
FHC 1R v, CClnT 9.30 8.10 6.59 7.79 14
FHC 1Ry (Frec < 1.2GeV) | 209.14 208.80 209.11 209.57 191
RHC 1Ru (Frec < 1.2GeV) | 68.09 67.90 68.09 68.30 71
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T2K: impact of ND T2K\

° 12 [B 1 I | L] I I | L 1 I e R I |_FeeLied ) l 1 | {5 ) ] | E7_Fea I | J=we) 1 I L I B | I 13zl il
llm B -
v [ el - 2 0 G ) ) i
.ﬁ 10— Improved syst. =
w I A R d
'g = -
81— —
o - -
—
0 B BTSSRt N
= B =
(1)) 6— —
0 B i
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< T B
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Protons on Target (x10%)

e 2K has still significant x-section systematic errors.

e 2K measurements are important for HK, Dune, Nova and
atmospheric neutrino oscillations.



T2/K

& 3D Projection v Transverse Plane
How to use this proton information:
“Single Transverse Variables” and beyond!
— measurements of Fermi momentum, binding
energy, 2p2h...

da. shape Is highly sensitive to proton FSI

5p, is a direct measurement of Fermi — allows to constrain it to ~1% : not anymore an
Issue to use protons in the ND fit for the
oscillation analysis!

(today 30% from e-scattering data)

momentum: shape measurement <10%
precision in each bin with 8x10%* POT

-39
'.:-\ 0.25 i<1'0' 1 L —~ 24 z<,1 pv?g, BN e e s e e e s e B By
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i i 7 - 3 +
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MC Events
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ND280 upgrade Tz

Another variable: total energy

m The Ev™ CCQE formula does not include information on the outgoing proton -
Ep+Ep is a much better estimator of the true neutrino energy

EvCCQE CC E formula

ag et Ve

E lowbinding | 0 o o

| energy | Eu"'Ep

I hlgh bmﬂmg

- energy

- - (i.e. constraining the
- - model using the muon
- ,mfo only)

—05—04—03 02—01 00 0.1 0.2 0.3 04 0.5

(Erec Etrue)/Etrue

With ND280-upgrade detector efficiency and resolution
@ 30000 — :

LA LA B L B

ent

> 25000

CE

< 20000

15000

10000 - formula

5000

M
<ﬂ
Q
| L1l Im

IIIWIIIIIIIIXIIII IIIIIIIIII_

EE LT A

0 —-—- L : : : : :

-05 -04 -03 -02 -0.1 0.0 01 02 03 04 05

(Erec Etrue)/Etrue
\Y \Y

'-f||\

Smearing of Ev'® is dominated by Fermi momentum,

smearing of Ep+Ep is dominated by flux (and detector effects)

- Ep+Ep is a much more robust estimator of true Ev and of binding energy

m This is just the appetizer! We are starting investigating possible other
variables and combinations - a lot of new sensitivity

A good example of the 'iterative’ process: new detector + *DATA* — new ways of doing

11

analysis / looking at our systematics — improvements of oscillation analysis!
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SuperFGD: neutrons

* The superFGD can detect neutrons with ~60% efficiency

« If the path is long enough (>50 cm) also neutron energy is measured with resolution 15-30%

(to be calibrated with neutron test-beam at LosAlamos)

« The background can be rejected by reducing the fiducial volume (no reliable simulation

uncertainty on 2p2h normalization

avai

The

lable yet)

same analyses shown for protons can

be repeated for neutrons.

Example of fitting single transverse variables

SN S R T T T T T
N
AN
0.1—ederns Nooeereerfersensenreenencs . ................ . ................................. . ..................................................................................
NP N U Do U O A S U S S
0.08 —antineutrino (neutrans)..
T
0.04 __ FRTTTRE RU ................. ................ ................ ................ R
- . neutrino {protons)
0'02__ .............................................................. ................................. ....... .
N | T I B | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

POT (10%)

Relative Error

A lot of interesting physics with neutron
tagging (e.g. DSNB, increased atm MH sensitivity)
— e.g. neutron multiplicity as a function of
neutrino energy
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HA-TPC e

e Test Beam with Resistive MicroMegas at DESY in June
2019

« 4 GeV electrons, analysis on-going

Excellent spatial resolution (~200 um for horizontal
tracks) and dE/dx resolution

400

LIS S =

e HA-TPC electronics:

Resolution [um]

First Front-End mezzanine (FEM) prototype has been R O L
tested b

First Front-End-Card (FEC) will be delivered in Jan 2020 T T

Z position [mm]

dEdx

Entries 7085
Mean 1309
Std Dev 221.4

400

350

%2 / ndf 107.5/56
Constant 3749586
Mean 1283+1.5
Sigma 121.7£1.1

300

250

200

150 9.5% resolution
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HA-TPC prototype @ CERN

Stable operation at 18 kV

2nd prototype to improve gas leak rate expected in Feb 2020

First TPC field cage expected in June

20.8 8 88 8
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* External review committee for the TPC field cage design has been formed —

expect 1st meeting in January

2.5

1.5

0.5
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Super-FGD

. Assembly with Fishing Line at INR —

o 27 full size (192 x 184 cubes) x-y layers
assembled

e 56 z layers (15 x 192 cubes) —
corresponding to the full height of the
Super-FGD

o All cubes will be produced by Jan 2021

* Review to discuss feasibility of assembly
method organized by T2K — Fishing-Line
method has been chosen as primary option 5 Layers

for the assembly 192 x 184

e Design of the Super-FGD electronics is on-
going — all CITIROC chips have been
bought
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December
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Time Of Flight

e Start assemblying
scintillator bars

¢ Most of the components
already received

e First ToF module
assembled

3 layers of Al foil + 6 layers of black stretch film

 Mock-up basket

e The 6 ToF modules will be installed into the “mini basket”
that has been delivered to CERN

* Mock-up of the upstream part of the real ND280 basket

¢ |t will be used to test integration of the different sub-
detectors
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e SK Gadolinium project
* enhance neutron detection to improve
low-energy Ve detection (non-T2K

goal).

* may provide wrong-sign background
constraint in Ve
* more exclusive data samples.
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SK-Gd

Diffused Supernova Neutrino Backgrounds

 Neutrinos produced from the past SN bursts and diffused in the

current universe.
« ~ a few SN explosions every second — 0(108) SNe so far in this universe
« Can study history of SN bursts with neutrinos

dl’}/

d El/

‘Zmax
¢ /o Rsn(2)

AN, (EL)
dE!,

it
(14 :)(—u’:
dz

Neutrinos from
past SNe

SN rate problem
* Observed SN burst rate lower than

prediction from cosmic star

formation rate

* |nvisible dim supernova?
« Black-hole formation?
« Something blocking optical light?

SNR [107 v Mpe™]

DSNB signal could resolve the puzzle

17
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10F

0.1

H. Horiuchi et al, Astrophys. J. 738, 154 (2011)
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O Lietal. (2011a) ]
p  Cappellaro el al. (1999)
& Boitticella et al. (2008)
< Cappellaro et al. (2005)
- © mean l(ﬁ‘,;\l SFR B Bazinctal. (2009)
(see Figure 2) A Dahlen et al. (2004)
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SK-Gd

NCQE measurements with T2K

« Another important data:
Neutron multiplicity

Multiple neutrons produced through hadronic final-state
interactions (FSI) in nuclei, and secondary interactions (SI) in the

detector medium

Mean neutron multiplicity

. Key to reduce NCQE BG

Measured mean neutron multiplicity (CC) and MC predictions
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Large discrepancy causes ~44% systematic error for NCQE BG estimation
2020.1.17 29th J-PARC PAC meeting
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Migration of
the water system

» Since Dec. 24, 2019, the
SK pure water system
has been disconnected
from the recirculation
loop and the new SK-Gd
is in use with 60t/h rate.

» Specially developed
resins for Gd,(SO,); are
under final test.

e Full 120t/h power is
under preparation

2020.1.17 29th J-PARC PAC meeting

Confidential

SK-Gd
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The water transparency

» After 2 weeks of SK-Gd water system operation
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Removal Energy robustness
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wverse Changes from 2009 124

and 2010

Main change is coming from data fluctuations in 2010
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Pre-fit /

Post-fit
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Pre-fit A
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FHC is v-mode
RHC is -mode
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eeee INEUTININO beam T2k

FACULTE DES SCIENCES

.  Hornl )
® 3 Horns system with 250 kA current “\ 2 DJ
sinusoidal ~3ms pulse. |
® Forward (neutrino enhanced) and // 10 ;o
Reversed (anti-neutrino enhanced) o
modes.

® The beam i1s slightly tilted towards ,
the earth. |

1. .

planned upgrade to reach 320kA

—> +~20% v flux
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FACULTE DES SCIENCES

Matter around us is
made of the lightest
particles.

quark Up/down
lepton electron

Standard Model

Fermions are grouped in three families
with similar properties but larger masses

mass
charge

spin

name

SOUINSN H QLarks

nes

Lepto

|

1.24 GeV

172.5 GeV

Forces and bosons.

Photon
gluon
Z0 Wt

Electromagnetic
Strong (Nuclear)
Weak (radioactivity)

3 MeV
1= U | C |«
up charm top
6 MeV -95 MeV 4.2 GeV
-Ys d Vs Y b
A A S
down strange bottom
<2 eV <0.19 MeV <18.2 MeV
0 V D V 0 V
v Y|l YU |l YT
electron muon tau
neutrino neutrino neutrino
0.511 MeV 106 MeV 1.78 GeV
-1 -1 -1
el M T
electron muon tau
Produced in

accelerators
and cosmic rays

0y

photon

e

gluon

90.2 GeV
0
 £0

Weak force

80.4 GeV
+1

= -+
- W=

Weak force

All these particles are
iIndivisible, they are the
smallest components in nature.
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What are neutrinos?

FACULTE DES SCIENCES

“When you ask what are electrons and protons I ought to answer that this
question is not a profitable one to ask and does not really have a meaning.
The important thing about electrons and protons is not what they are but how

they behave - how they move.”

P.M. Dirac, Indian Science Congress Badora (1955)

Neutrinos are:
e indivisible fermions with Spin 1/2. Ve,ut LU, T
e with no electric charge.
W_

* interacting only through weak interactions (and gravitation):

e cross-section is very small. A 1 GeV neutrino can cross 106 earth diameters with no
interactions.

e with very small mass ( ~ 10-6 times the electron mass)
* neutrino flavour (3 families) is defined by the charged partner in weak interactions:

* Ve, 1 are produced/consumed associated to e,u,,T

-
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Muon Monitor Horn , Beam monitors

Si array |
+IC array | /’

Super-Conducting

;ﬁ‘.

........ 2 ~ Magnets
“ intensity, position N =
profile il AL

N
\\\\,\
to Super-K N

S
S

Near detector
(at 280m from target)

Graphite, ®26 x | elim cooling
900 I
Ll proton beam

Beam Dump 110m length

Fast extraction with beam pulse every 2 sec.
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Beam monitors T2\

Proton beam monitors are essential for protecting beam-line equipment, as well as for

understanding and predicting the neutrino flux

Beam intensity

Current transformers

<2.7% precision

Beam Loss

Sensitive down
to 16mW loss

Segmented
Secondary
Emission
Monitors

100pum position
200pum width

Wire Secondary
Emission Monitors

100um position
200pum width

Beam position

Electro Static monitors

Optical transition

450um precision

radiation

<500um precision
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Horns . Beam dump

_....*:L 7 A% 2

s .p\-}f&.ﬂ—f s S — “A, ‘3 ND
e Target \L.l\"" S W 2.5 ‘- ~ Super-K
Sy Decay volume (96 m) Muon monitor

Om 118 m 280 m

* Monitors the beam direction from the y produced in m
decays.

* Embedded in the beam dump samples the high energy
muons.

e jonisation chambers and silicon PIN diodes.

* High irradiation area: ~1014 .electrons/cm/month at 750 KW.

S \ Simulation
"""""""" ’ | |of pfluency

Flux (10”/cm?/spill)

~
3
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Leptonic CP violation will manifest as a difference of the vacuum

oscillation probabilities for neutrinos and anti-neutrinos
Cabibbo, 1977; Bilenky, Hosek, Petcov, 1980, Barger, Whisnant, Phillips, 1980

Ams E | Ami,L | Ami L
P(vg Ays)l—~PWo = Bgh= —16 3 sin Z%l sin TEQ sin Tgl

Jarlskog invariant Jqg gives an idea of the amplitud of CP violation:
Jarlskog, 1985

Jaﬁ o Im(Ua]_UZZU;lUBQ) — ::J Sigﬂ depeﬂds on the

permutation of af3

Jmax

= 8128128236238136%3 sin 0 = sin o

Jmax ~ 0.033 for neutrinos Jmax ~ 0.000032 for quarks |l J7* ~ 0.09 for maximal mixing

The expected effect is larger in neutrinos than in quarks
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355535\:5&5 12K Collaboration T2
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~500 members, 69 Institutes, 12 countries

i Wy
Americas iy

Canada
USA

Japan 114

Vietnam 3

France
8%

Europe 262

Switzerland
France 40 7% 1200
——all (total)

Germany 5 1000 —all (current)

Russia Viet ——authors (current)

ietnam

Italy 24 a% 1% 800 ——postdocs (current)

Spain Canada students(current)
Poland 27 3% 5%

Russia 19 Poland
6%

Spain 14

Jul-98 Apr-01 Jan-04 Oct-06 Jul-09 Apr-12 Dec-14 Sep-17 Jun-20

Switzerland 34
UK 99 uK

21%

Very strong European contribution including CERN| |Operated since 2009
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