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There are today THREE compelling and firmly established observational fac ts
that the Standard Model fails to account for:

-- neutrino masses
-- the existence of dark matter
-- the baryon asymmetry of the universe

The fact that neutrino have masses and mix is established by neutrino oscillations
The neutrino masses offer a chance to explain the baryon asymmetry
in the most natural way via
*** | EPTOGENESIS ***
by a combination of
-- fermion number violation (authorized by neutrino ma sses and GUT)

-- three families of neutrinos ==> leptonic CP violati on
(authorized by the mixing of three families with large m ixing angles)

Alain Blondel — UNIGE seminar -- The T2K experiment — theta_13 2



T2/K The neutrino mixing matrix:
3 angles and a phase &
Am2 =2 10%V?

Vo =———7% amz-8105 ev2

OR?

Am2 =8 10°eV?

_—
Vi
Am? = 2 10%e\?

v
0 . (atmospheric) = 48, 08, (solar) =32, 0,,(Chooz) < 13

Unknown or poorly known

~ 2L V2 gin g, el :
I 0,.. phased, sign ofAm,
Umns : ~ 5 ~ 5 ~ —5 2
~Ll ol ~ V2
2 2 2
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Conventional three-neutrino oscillations

leutrino oscillations: where we are
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Updated global 6-parameter fit (including o.;):
— Solar: Cl + Ga + SK-1 + SNO-leta (I+Il) + SNO-III

+ BX-low + BX-high;
— Atmospheric: SK-| + SK-II + SK-III;
— Reactor: Chooz + KamLAND;
— Accelerator: K2K + Minos-DIS + Minos-APP;

BPS09(GS): best-fit and 10 (307):

612 =344+ 10 (*33) .

B3 = 42,8147 (+197) |

73 Amy, =

B3 =56120(<125).  dcp €0, 360];

BPS09(AGSS): same as above except:

Gi=345+1.0 (tﬁ_ﬂ} .

2.8 B =510 (2 12005

Amgz, =7.59 £0.20 (F555)x 107 eV2.
~2.36+0.11 (£0.37) x 1077
+2.46+0.12 (£0.37) % 1077 eV? .
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Solar model ‘ Sol+Kam Global
“O13 = 07; BPS09(GS) 1.260 1.31c
BPS09(AGSS) 1.05a 1.17c
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[Gonzalez-Garcia, MM & Salvado, arXiv:1001.4524]
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Tz Oscillation maximum 1.228m2 L/ E =12
~@
AtmosphericAm2=2.4 16° eV? L= 500km @ 1 GeV
Solar Am2=76 16¢ eV? L = 16000km @ 1 GeV.
Consequences of 3-family oscillations: Oscillations of 250 MeV neutrinos:
P,V

| There willbe v, v, and v, ov,

oscillation at L .,
0.45
@) P Vo Vo)max =~ %sin?28;; +... (small)
—_ _ H 229 + ” 0.4
(reactor) P (Ve « ve)max - 1 Sin 13 ...(Sma )
0.35
Il There will be CP or T violation 0.3
- = 0.25
CP: P 6)“9 Ve) =P (\)ue \)Q 0.2
T: P("p"’\’e) + P(Ve‘*vu) 0.15
. _ 0.1
1St maximum # second maximum 0.05
[l. we d_o not knqw if the neutrino v, 0 00070500 15500 20900 25200
(which contains morevy, Km

Is the lightest one (natural?) or not.
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PVe-Vv,) = IAPHSF+ 2 A S sind

PVe>V,) = IAPHSE-2 A S sin 3

PVe-v,) - PVe-v) sind sin (Am2,,L/4E) sin8,,Sin0y4

— = Acp O —
P(Ve-V,) + PU,-V,) sin? 26,5

... need large values o§in 0,,, Am? , (LMA-- we have it!) but *not* large sin20,,

... need APPEARANCE ...P(v.-V,) is time reversal symmetric (reactors or sun are oyt
... can belarge (100%) for suppressed channel (one small angle wsa large)

at wavelength at which ‘solar’ = ‘atmospheric’ and fa V=V, 5V,

... asymmetry is oe]posite fonn.—»V, and V_ -V
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T 2 Three family oscillations and v, v, oscillation
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Figure 3: Sketch of Pl — ) 25 function of the baseline computad for monochromatic neutrings
of 1 GeV in the solar baseline regime for éop =0 (left) and in the atmospheric baseling regime for
top = —w/2 (right), where the different temns of eg. 4 are displayed. The following oscillation
parameaters were used in both cases: sin” 283 = 0.01, sin® 263 = 0.8, Ami, = 251079 av?,
Ami, = 7107% av?,
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PVe-Vv,) = IAPHSF+ 2 A S sind

PVe>V,) = IAPHSE-2 A S sin 3

PVe-v,) - PVe-v) sind sin (Am2,,L/4E) sin8,,Sin0y4

— = Acp O —
P(Ve-V,) + PU,-V,) sin? 26,5

... need large values o§in 0,,, Am? , (LMA-- we have it!) but *not* large sin20,,

... need APPEARANCE ...P(v.-V,) is time reversal symmetric (reactors or sun are oyt
... can belarge (100%) for suppressed channel (one small angle wsa large)

at wavelength at which ‘solar’ = ‘atmospheric’ and fa V=V, 5V,

... asymmetry is oe]posite fonn.—»V, and V_ -V
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Asymmetry can be very large.

Stat. sensitivity
in absence of bkg

is ~independent of 0,5
down to max. asym. point

Asymmetry changes sign
from one max. to the next.

Sensitivity at low values
of 8., is better for short
baselines, sensitivity at
large values of 0, is
better for longer baselines
(2d max or 3d max.)

sign of asymmetry changes
with max. number.
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" Idea of T2K was born 1999-2001 hep-ex/0106019 combining:

- - existing SuperKamiokande detector (50kton W.C., 22.5 kton fiducial)

-- JAERI-KEK Japanese Proton Accelerator Research Complex (JPARC)
at TOKAI including a high power, 0.75MW/506eV Proton Synchrotron

-- baseline 295 km = neutrino energy for first maximum is ~600 MeV
achievable by pion-decay beam at 2.5 degrees off-axis
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T 2 University of Geneva:
N. Abgrall, J. Argyriades, A. Blondel, A. Bravar, F.

Dufour, A. Ferrero, A. Haesler, A. Korzeney,
S. Murphy, M. Ravonel, 6. Wikstrom
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T2 OVERVIEW

-mon
H off-axis

N—————
e R

Om 120m 280m
¢ 2.5 degrees off-axis beam

- Low energy, narrow band beam tuned at osc. max.

- Neutrino peak ~600 MeV/c —
oNear detector @ 280 m from target
= extrapolatey energy spectrum and flux to SK

- INGRID: on axis to monitor beam direction

- ND280: off axis to measure , andv,

Interaction rates and backgrounds

¢+ NA61 at CERN
- hadro-production measurement

¢ Far detector SuperKamiokande @ 295 km
- Very large water Cerenkov detector
- Very goodu/e separation capability for sub-GeV
neutrinos
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T2/K T2K physics goals

L ||||||!|||||l'|'||1|||||||||||||IIII|IIII|||f_
. . . . - [ sin20 .,=0.1 ~
Experiment is optimized for the search of - [0 :
. . > g U] | =
v, -V, oscillation =>» 913 i |+ -
E - . + E H Signal With Statistical Error T
i C + Ty . i
. . . > [ | sn"20,,: 0.1 0.0l p
P(Vu—>\)e) 0 sin? 2913 sin? 623 Sln(l .27 Am223 L/Ev) g ol 4 . 4 of events =
5 rl in 0.35-0.85 [GeV] i
w oo * Signal .. 143 14 [
19% | i Beamv_BG ... 16 16 +H
- F + BG fromv, ... 10 10 |
O 500" 1000 1500 So00~ 8553005 "3 00 4368 45052000
Reconstructed v Energy (MeV)
-- is also able of precision measurement of
illati 2 L sin%26
v,-V, oscillation 3 6,3 Am®,; Neet -
1 E,.-’ﬁ““ i
r Y o«
P(v,~v,) O1-sin? 20,3 sin (1.27 Am?,3 L/E,) P T 1
1D-I 3 I|I
F ~
. i'l.milﬂl'l
-- and measurements of cross-sections ;
around 600 MeV in the near detector 0 2 3 Ev,(8eV)
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[ 2/K 013
90% CL 6,, Sensitivity 90% CL 6,, Sensitivity

Systematic Error Fraction Systematic Error Fraction

5% sys error 5% sys error

— 10% sys error

10% sys error

20% sys error

20% sys error

T2 Normal Hierarchy T2 [ : """""" _Inverted Hierarchy
. I / . f
w 0r / w 0r
B / B
B /// B
et : _— |
- / / sin2 0,,= 0.8704 - sin? 6,,= 0.8704
-2 sin® 8,5 = 1. L e sin® 8,3= 1.0
- \\\ Am2 , = 7.6 10° eV? - \m2 ;, = 7.6 102 eV3
B ‘t\\\ A ll?‘g;g = 24103 e\ B \ A ||>;3 =2:4-10-3 eV
- \\\\ ' - \\
-l AN . AN
10° 107 107 1 10° 107 10" 1
sin’ 2 0., sensitivity sin’ 2 9., sensitivity

90% C.L. 750kW X 5 years X 22.5 kton fid.
short baseline = little sensitivity to matter effects, but sensitive to d
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T 2 Appearance: Dis-appearance k\%

MINOS & Super-K preliminary @ Nu'10

90% CL 0,, Sensitivity 750kW ¢ T—— e R e
o MINOS bestfit —— Super-K 90%

— MINOS 90%  —— Super-K L/E 90%

T T TTTTT

Systematic Error Fraction
i | T SRy = - == MINOS 68%
] H 10% sys error o
_"i. 1 0_1 | — 20% sys er-rnr . ::h * vl
:E. Norma:I Hleltarchy: & mﬂJ 2 BI- i
c - ]
? ™ (I
™ il ° o T

< o T2K nominal: =N
N
@ é oy _"'::]_

- 2

?ExH} F'IDT 1r{!uc:al EWETI-'[E

LI e/# 0.8 08 09 095 1
E 22.5kt x 1
xposure/(22.5kt x 1year) S|n229
sin220,, < 0.008 (90% C.L.) spectrum centered on oscillation maximum
for 5 years@750kW > very rapidly sensitive fo Atm. Params.
= 8.3 102! p.0.t@30 GeV Asin226,,20.01

Amz,; <1x10-4 eV?2
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Beam Line

295km to
Super-Kamiokande

Muon
Monitoring Pit

.y
-

I
"""IHmmmm"

| Target

Station

———— —___;‘:\-_J |h"'
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Super-Kamiokande IV
T2K Beam Run 0 Spill 1143942

Run 66498 Sub 160 Event 37004533

10-02-24:06:00:06

T2K beam dt = 2362.3 ns
Inner: 1265 hits, 2344 pe
Outer: 2 hits, 1 pe
Trigger: 0xB80000007
D_wall: 650.8 cm

Time (ns)
® < 921

1047-1061
1061-1075
1075-1089
1089-1103
1103-1117

>1117

Alain B

hndol LINIGE coaminar The T2K avneriment

thata 12

06:00 J5TEeb. 24, 2010

500

1000

1500

Times (ns)
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Beam Monitors

T2

Proton beam precisely tuned (<1mm) to minimize beam

OTR Light for 5.1x10"" Protons on Ti A_uqy_'lfggﬁi

= 15pg <L
. = E o .
loss, and control direction of secondary beam £ e E
> 1058N E
- :
Horizontal beam orbit = e o o
, . IoEEGna s e | =
e Before tuning : : =
= W 3 i ]
g Sy '-‘"‘."i'—-t"_?t'" — - +- = e . D & ¥ f-i‘
: A ’ After tuning /*;
~.ooE|— _-|_- 2-mm ¥ o 3
: OTRx=-03mm -
R Y :J'\n ] IEI-D Too 1“ " 3
» o e e Rl i 10 15
 BRRELFRERERE CREFEE R rLERRREERRERL BEELELBLE PEFE I RERERE R R B R LR R R % {mm)

§ Optical transition radiation detector (OTR)

— MR extraction Target immediately upsiream of target:
_ ) 1” Jan et hLar AT My Tine
Muon monitors (SiPIN and  profile center | vomw| % o
lonization chambers): LTI e T L e ot B et ARl o e
A - T i et 'r‘:.'-'.|'.';?:'1:'-'«='|; ':“:'l Im : Sming = -
» measure beam direction t ws ¥
and intensity spill-by-spill == I w—— o S
_ ‘muon/proton intens
* requirement. <1mrad .. [ RMS/M
peak __ 00 b I .
(AE 2%/ mrad) oo Hw .
1 Tan Jit‘b Jung
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P ,Q [_"

T

Off-Axis suite of fine grain detectors/tracker
 inside a 0.2 T magnetic field (UA1/NOMAD magnet)

ND280: \oasurements of

-- CCv , events
(normalization, disappearance)

-- CCv, events
-- 10 events
Backgrounds tov, - v, search

On-axis INGRID
scintillator-iron detectors
measurement of beam angular profile

Incoming heutrino
beam
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T2 IN GRID

v beam

v beam
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INGRID first neutrino event candidate

Side view
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T2K Spill# 241792
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T2

Stability of v beam direction (INGRID)

V beam stability

Stability of v interaction rate normalized
by # of protons (INGRID)

§ e ; ——
= —— X center -t

20— —*— Y center L R e T r—— i
g 10— + +- 1lmrad ~ f | }
2 7 . iy -
E oo |+ * o+ » %] i INGRID v int rate stability

L t
o b * s Run1+2/Runi <1% —
‘31:-%:“ - 1 B _|_ 1 "4 . | | |_ ________ I:.EAr' Fetr, : Mar, AL May Juz. M, Dz, :JI}I: Fab. Mar,
F%m f% o e F%EQUM& integrated day( ! deta point | Lday)

Stability of beam direction (Muon monitor)

v beam dir. stability < 1Tmrad

BeFm dir. stability < Tmrad

-t

g Ml 711
"F profile canter
=4 mrad

=15
=15 ;
im : S
35 - LI B
& i H W
B o ap |--!l nn ANk
2 : :
I - I e
10 - - i .
g g g
15t '
Jan 24 Jan 3 Feb24  Fab 28

Alain Blondel —

UNIGE seminar --

Mar 21 Mar24 Apr i

1 i i
May 0@ May 16 May 3  Jun13 Jun Zi Now 27 Dec 27 Jan 26 Feb 25  Mar 05 Mar 08

The T2K experiment — theta 13
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T2K

=]

Search for v, v, appearance

u
1. Event selection at SK

2. Prediction of number of expected events
(oscillation/no oscillation)

. Systematic errors

. Open the last three cuts

. Inspect what you see

. results

Ol bh W

most slides that follow from T2K seminar at KEK, K. Sakashita (KEK)
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T2K Signal & Background for V. appearance

® Signal = single electron event I

— oscillated Ve interaction :

e

VIJ--—-p ’V’e ----h»/

CCGE ve+n—-e+p

fdominant process at T2K beam energy)

® Background

- intrinsic Ve in the beam (from Y, K decays)

- ¥ from NC interaction

Alain Blondel — UNIGE seminar -- The T2K experiment — theta_13
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T 2/K Unbiased event selection

SK event selection was fixed before run.
=> Possible because SK is a mature & well understood detector.

Forv disappearance analysis For v, appearance search

Timing coincident w/ beam time (+TOF)
Fully contained (No OD activity)
Vertex in fiducial volume (Vertex >2m from wall)
E,. >30MeV E,. >100MeV
ne of rings =1
M-like ring e-like ring
No decay electron

Inv. mass w/ forced-found 2" ring
< 105MeV

E "¢ < 1250MeV

NB: slide shown at NUFACT10 October 2010
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T2

Ve selection at far detector (SK)
The selection criteria were optimized for initial running condition

The selection criteria were fixed before data taking started to avoid bias

/ selection cuts q
1. T2K beam timing & Fully contained (FC)

(synchronized with the beam timing,
no activities in the OD)

o T e T e O

P

2. In fiducial volume (FV)

(distance btw recon. vertex and wall = 200 e¢m .
— . atmospheric v FC events
o 800 — — MC
" Events too close to the wall are difficult to
700 @ Data
accurately reconstruct vertex 500
" Reject events which are originated outside the ID 500 t

" Define FV 22.5kton
400

300
200 Super-K 762.5 days
FCEV Sub-GeV
. L 30MeV < visible energy < 1330MeV E

0 200 400 600 800 1000 1200 1400 1600
Distance to Wall {cm)

NMumber of Events /762.5 days

EW

3. Single electron

(# of ring is one & e-like) 100

(=1
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T2

4. Visible energy > 100 MeV

(visible energy =

electron energy deposited in ID)

* Reject low energy events, such as
NC background and decay
electrons produced by TN

invisible muons o’ e
— 4 -
:(:]:; i i Osc. v, CC
= I “'u"';u CcC
o 13| =3 v, CC 0
- J NC =
= 2
1) T2K MC L.
§ 2 sin22043 = 0.1 =
O

; this cut rejects 4% of 'E
s NC, 30% of v, CC bkg. é&
5 B
fe) & 98% signal efficiency
g for this cut &

0 BN RN R s e '

0 1000 2000 3000
Visible energy (MeV)

Alain Blondel — UNIGE seminar -- The T2K experiment — theta_13

. No decay electron observed

(no delayed electron signal)

* Reject events with muons or pions
which are invisible or
mis-identified as electron
(v, events or

How %
CC non-QE events) ./ e

mis—id

777 Osc. v, CC
TAaRE s vu+;“ CC
:".'f ‘-"e CcC
ey NC

this cut rejects

85% of vu CC bkg.

_ 90% signal efficiency
_\ Vo  for this cut

10

0 1 2 3 4 =5
Number of decay-e
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T2

6. Reconstructed

invariant mass (Mi,) < 105 MeV/c2

* Suppress NC m® background

Find 2nd e-like ring by forcing to fit light pattern
under the 2 e-like rings assumption, and then
reconstruct invariant mass of these 2 e-like rings

5 .

Invariant mass (MeV/c?)

Alain Blondel — UNIGE seminar -- The T2K experiment — theta_13

N: T2K MC

= : < Osc. v, CC

)] B v, +v CC
s 4 v, CC

L0 I NC

= al sin2613 = 0.1

32 7 this cut rejects 71% of

% 5 NC background

> 2 5 9 1% signal efficiency

5 2 for this cut

8 1

g ]

200 300

demonstrate to reconstruct invariant
mass using atmospheric v data

Il v. CC single- 4
400 - [ v, CC other
= v, CC
i [INC 3
300 < : : :
250 SK atm. v data and MC
200 (single ring e-like event with
T2K ve selection)

150 3
1008 i
s z

% S0 100 150 200 250 300 350 40

Invariant mass (MeV/c?)
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T2

CERN NAG61/SHINE measurement

Measure hadron(x, K) yield distribution in it production: Two analysis
30 GeV p + C inelastic interaction o iferem momcItim. legion

= thin target 4%\, (2cm) I <%

25

~13m

-
-

NAG61/SHINE setup

2

dE/dx [mip]

15

Target /
e S i

(

—— p [GeV/cl
dE/fdx at low momentum

dE/dx + ToF

. 2<plGeVic] <3

L 20
Large acceptance spectrometer + TOF ’
detector performance P
o(p)/p® ~ 2 x 1073, 7x 1073, 3 x 1072(GeV/c) ™! o(dE/dx)/(dE/dx) ~ 0.04 7 I ' s
forp>5,p=2p=1GeV/c o(TOF-F) ~ 115 ps dE/dx [mipl

Alain Blondel — UNIGE seminar -- The T2K experiment — theta_13
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T2

Neutrino flux prediction

. . . O(Ey) - Py (Ev) -0(E,) - €sk(E,) dE,
T2K Neutrino beam simulation based f -

. HND E)-o(E,) - E,) dE,
on Hadron production measurements f v () 0(E,) -enp(E,)

horn focusing, VIJ
decay Is simulated
by GEANT3

SK

actual beam profile & i

ND

(beam monitors meas.) target
Hadron production in 30GeV proton + C

» Use CERN NAG61/SHINE pion measurement
(large acceptance: >95% coverage of v parent pions)

* Kaon, pion outside NA61 acceptance, other interaction
in the target were based on FLUKA simulation

» Secondary interaction x-sections outside the target were based on
experimental data

Alain Blondel — UNIGE seminar -- The T2K experiment — theta_13
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T2

UNIGE: Bravar,
Abgrall, Murphy, Ravonel,
Argyriades, Korzenev, Haesler

Results of pion production from thin target (2007 data)

Differential cross section for Tt™ production
in 30GeV P"'C Error bars = stat. + syst. in quadrature

no normalization error is shown

T o01sF ' ' ' T }
3 T i
@) i 1A { Fi i
= ool #H ! 5
:Ta 0<B<20 mrad { Iﬂi 20<B<40 mrad
=17 0005k izt . .
- j-ji‘fi'iihj i il; B '
=N F ' 1 . 1 . 1 . ‘! . 1 e p =
006 £ |
004 - |
00n '_ A0=B=00 mrad ___i iﬁi Gi=B=100 mrad _‘
e /’!E%gh a _;f i!ul i
N T .
‘3'-‘35% E 100<B<140 mrad _}Iﬁij 140<8<180 mrad |
H y'l. i
F . ‘I. bkl T TR | . 1 . F . &ﬁ" 1 . 1
5 10 15 5 10 15
p [GeV/c] p [GeVic]

— Input to T2K neutrino beam simulation

N.Abgrall et al., arXiv:1102.0983 [hep-ex]
submitted to Phys.Rev.C (2011)

] Systematic uncertainty was
| evaluated in each (p,8) bin

typically 5-10%

The normalization
uncertainty is 2.3% on the
overall (p,8)

— Propagate the systematic
uncertainty in each (p,8) bin
into the expected number of
events in T2K
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T2

Total # of protons used for analysis

0t B Delivered proton#
k.

- Froton per pulse{for phiysics mnb

=

e

=]
R

v - Physics run - Protow per pulsciall runs]
= —" TE—  —=100 &
S 14 —Run {—mmm> «—Run 2 2
E "'" l't Ir\-’\-;] i ||-||r Il EIE N . . .. |
(ol J.EI.] — B j:q: ¥y {
— S —_-Eﬂ g_
o [ - f
[0 — k -y . r = =
5 v LS
B f0f— : 5 —60 -g
L P 1 - =] b~
% e « ol '}« #ofbunch:6—8 . 1 a
3 6o~ S0kW “,.‘1-. i . hh rep. rate : 3.64s —40
£ ol R i T R — 3.95 — 3,045 i
qlu L] anm ] l1 q =
§ b 8 | . — 20
w W~ - o ayy
- ; . . I . =
Jan/10 Aug/10 Mar/l |
Date

Run 1 (Jan. "10 - June "10)

- 3.23 x 10" p.o.t. for analysis
- 50kW stable beam operation

Run 2 (Nov. '10 - Mar. ’11)

- 11.08 x 10" p.o.t. for analysis
- ~145kW beam operation

Total # of protons used for this analysis is 1.43 x 1020 pot
2% of T2K’s final goal and ~5 times exposure of the previous report
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End of exposure was
-- dramatically -
decided by external event

[



Predicted neutrino flux (center value)

; = ‘I’SK E L d
= v, 7 — kaon parents =
4 - : — plon:parents P
E ] TGN parents 5
HE: > g ;
o o
(=5 =
L 10 1 %
= b i
g +—|—+ - 1= E
= + : =y
e f ; N =
| f B
' VR
0 1 2 3 4 3 6 T 8 9 1C
E, (GeV)

Flux[/10°' POT/em?/50MeV]

— ]

il pivonill bl veennl 1w 1

— kaon parents
—— pion parents
= MUON parents

g

Alain Blondel —

% 7 8 9 10
E, (GeV)
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e [ AL TN = kaon parents |7
= -.-_'_—-___E P pion parenils ;
0 TR S S . e —— muon parents ||
10 ,;_..‘- ....... ___ﬂ-n_l_ : - iy . é
[ o S R .
“]-I | i/ |
EI | | B BT | |3
0 1 2 3 4 5 6 7 8§ 9 10
| _ E, (GeV)
u decay is dominated af
low energy
Tt Pﬂr
P5+ — et VyVe
NA61 pion measurement
predicts the beam ve from
pion origin
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T2

Vy interaction rates at near detector

® Measure # of inclusive vy charged current interaction (NPatap)

Event display (data)

i e | 24083 | Pariion - 83 | s nember | A0 | SpiE 0] ] Bubfon surrhar £ | T Sen 2010-08-20 223528 18T [Triggst Buam Spd

Select events - TIPCl F - TPC2 t i —

which have FGD hits and
p-like tracks reconstructed
in single TPC ]

,/ TPC3
J-d—""'.a-_r 1-1

- : 1
V = - -"'"J " : FHA || e e

FGD1 FGD2 !

High purity : 90% vu Charged Current int. (50% CCQE)
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TZ The Off-Axis Near Detector

Cannot be Water Cherenkov:
-- pile-up
-- (worse) granularity of
small vs large detector

ECAL TPCs FGDs

NN

Tracker

Pi-zero
Detector

fine grain detector of light material

(even water!)

-- Scitillators with MPPC readout
(60'000 channelsl!)

-- TPC tracker

Alain Blondel — UNIGE seminar -- The T2K experiment — t




FGD1 FGD2
LA Magnat Yaka
g £ a
0 {
& V]
s [&]
Downstream
| : ECAL
d ] - Solenaoid Coll
[+ -] (1] -
s [&] WLS fiber [ [ |
.. e ] ot
] ‘t i

Barral ECAL

< SMRD

FGD: 2 x 1.3 Ton active target
e 15t FGD: plastic only
e 2nd FGD: plastic + water

— Scintillators similar to K2K SciBar

TPC -' TPC TPC — Light detection by Geiger mode
Avalanche Photodiodes (MPPC)

. — About 9500 channels




T2
% ;:;‘\a~ {hr/?.wll

Srekion Irmer wall and
5 field cage
H‘a
_1
heam
direction _bot W /
”P/ A
| Frontend
. cands
Central cathode
Central
cathode HY

3 TPC's, 1.8 x 2 x 0.70 m3 sensitive area
World's Largest TPC
with micro-pattern read out (MicroMeGas)

TPC modules built at CERN/UNIGE->
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T2

Intrinsic Beam Ve background
at Far detector

® The number of beam v. background events at far detector

is predicted using the v beam simulation based on NA61
measurements (pion) and FLUKA (kaon)

- ND measurements (4 momentum and event rate) are consistent with
MC based on the v beam simulation

Nea:p . R,u,, Data % NS’K beam v, bkg.
SK beam v, bkg. R,u,, MC
q)SK E Ve—bg V1) E;u ) Eu dEv
Nﬁfcbeam ve bkg. / ( ) ( ) J( ) ESK( ) MSK POTSK
R,u, MC — ) MN

/ ®,”(B,)-o(E,) - enp(Ey) dBE,
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T2

The expected number of events for sin?2613=0

The expected number of events with 1.43 x 10?0 p.o.t.

NexpPgr 1ot = 1.5 events

Beam Ve NC Oscﬂated .
background background Vu— Ve
(solar term)
The expected #
of events at SK 0.8 0.6 0.1 1.5

# of NC background is calculated by

NMG
NezP — R Data % SK NC bkg.
SK NC bkg. — ND R": MC
ND
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T2

Systematic uncertainty on N®Psk

€rror source

syst. error

(1) v flux

(2) U int. cross section
(3) Near detector
(4) Far detector
(5

) Near det. statistics

18.5% forsin?2613=0

+14.0%

TR

+14.7%
+£2.7%

Total

; NSK :

exp i, Data
Ngxg = HRyp X i Rt MC
Ryp .

f (ﬁf’i{[yaj(E”) ' Pﬂsc.(Ev) 1 G'(Eu) " ESK (Eu) dE,

+22.8
—22.7%

®» Nexpg=1.5+0.3 events

/ ®,°(E,) - o(E,) -enp(By) dE,

Alain Blondel — UNIGE seminar -- The T2K experiment — theta_13
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EITOT SOUTCE
[(1) r flux |

Neutrino flux uncertainty o=

(3) Near detector

Uncertainties in hadron (4) Far detector

(5) Near det. statistics

production and interaction are f 85, (B) - Pruc(E,) - 0(B,) - esc(E,) dE,

dominant sources f O (B,) - o(E,) - enn(Ey) dB,

® Pion production
- NAG61 systematic uncertainty in each pion’s (p,8) bin
® Kaon production

- Used model (FLUKA) is compared with the data(Eichten et. al.) in each

kaon’s (p,8) bin
® Secondary nucleon production T, K
- Used model (FLUKA) is compared with n,
the experimental data proton
® Secondary interaction cross section graphite target

- Used model (FLUKA and GCALOR) is compared with
the experimental data of interaction x-section (r, K and nucleon)
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T2

Summary of v flux uncertainties on N®Psy for sin?2613=0

FMC
rexp Rp',, Data “YSK
AYSK — R”” MC
ND
Error sourc 1. UC' UC NME
ITOT SOUrce Ry Ng R MO
Pion production .J.T% 6.2‘/{: 2.5%
Kaon production 10.0% 11.1% 7.6%
Nucleon production 5.9% 6.6% 1.4%
Production x-section 7.7% 6.9% 0.7%
Proton beam position/profile 2.2% 0.0% 2.2%
Beam direction measurement 2.7% 2.0% 0.7%
Target alignment 0.3% 0.0% 0.2%
Horn alignment 0.6% 0.5% 0.1%
Horn abs. current 0.5% 0.7% 0.3%
Total 15.4% 16.1% 8.5%

The uncertainty on N®¥sx due to the beam flux uncertainty is 8.5%

Error cancellation works for some beam uncertainties (factor 2)
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error source

(1) v fux

V int. cross section uncertainty s

Evaluate uncertainty on F/N ratio by varying the

cross section within its uncertainty

(3) Near detector
(4) Far detector
(5) Near det. statistics

Main v interaction in each event category ~ f B35 (By) - Pose.(Ey) - 0(By) - eskc(Ey) dE,

NC background : NC1a°
Beam ve background : ve CCQE
Signal : ve CCQE
ND CC event : CCQE(50%)

f ®,°(E,) o(Ey) - enp(Ey) dE,

X CC1m(23%) Cross section uncertainties are
Crose section uncertaint estimated by Data/MC comparison,
Process relative o the CCQE total x-section m uq?{ comparison and parameter
CCQE energy dependent (~ £7% at 500 MeV) variation
CC 1r 30% (E, < 2 GeV) — 20% (E, > 2 GeV) S A R
CC coherent 7° 100% (upper limit from [30]) HE 1 s ® MiniBooNE data ]
CC other 30% (E, < 2 GeV) — 25% (E, > 2 GeV) A {» CIMC (NEUT)
NC 17° 30% (Bv < 1 GeV) — 20% (E. > 1 GeV) € & 1F .
NC coherent 7 30% 3 - ]
NC other 7 30% “F E
Final State Int. energy dependent (~ £10% at 500 MeV) or an 1 . J.

Uncertainty of o(ve) / o(vy,) = 26%

Alain Blondel — UNIGE seminar -- The T2K experiment — theta_13
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T2

(

[(2) 1 eross section
(3) Near detector
(
(

V Int. cross section uncertainty
on N&Psk for sin?2613=0

4) Far detector
5) Near det. statistics

Error source syst. error on Ngz”
CC QE shape 3.1%
CC 1 22%1
CC Coherentr 3.1%
CC Other 4.4%
NC 17° 5.3%
NC Coherentw 2.3%
NC Other 2.3%
o(Ve) 3.4% Uncertainty in pion’s
F'SI 10.1% <—final state interaction

Total @ is dominant

The uncertainty on N®¥skx due to the v x-section uncertainty is 14%
(sin?2613=0)
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_ @vha
Far detector uncertainty 2o
{(4) Far detector
(5) Near det. statistics

® Uncertainty due to the SK detector uncertainty

® Evaluation using control sample f@ﬁf{,ﬂ} (By) « Pose.(Bv) - o(Ey) - s (By) dEy

_ f O(E,) -o(E,)  enp(B,) dB,
One of big error sources:

detection efficiency of NC 1n? background

control sample with one data electron + one simulated y

s000-————<—|—-——-@ control sample data £ data feom
N . = | | atm.-v,
I Emﬁ | | IMC _ 0"
: ¥ ¥ ] Y MC
ISDE]: E HE
100014 'y il 1 apply T2K ve selection and compare
5nnfﬂ 5” Hﬁ . i
ot | 1 the cut efficiency between control sample data

0 S0 o0 w0200 % and its MC
invariant mass Miv [MeV]  — difference is assigned as sys. error
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T2

Summary of Far detector systematic uncertainty

Error source 5N§'§{C"ﬂ sig. éNg‘bekg- tot.
NSK ve sig. | N&tEng. tot

0 rejection - 3.6%
Ring counting 3.9% 8.3% Evaluated by
Electron PID 3.8% 8.0% atmospheri;
Invariant mass cut 5.1% 8.7% ve enriched data
Fiducial volume cut etc. 1.4% 1.4%
Energy scale 0.4% 1.1%
Decay electron finding 0.1% 0.3%
Muon PID - 1.0%

Total 7.6% 15%

— The total uncertainty on NMSsk tot. 15 14.7 % (sin?2013=0)
(uncertainty on the background + solar term oscillated ve)
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T2

Total Systematic uncertainties

Summary of systematic uncertainties on NexPsk a1 for sin?2613=0 and 0. 1

Error source sin® 26,3 =0 sin®20,3=0.1  ¢f
o 0 sin22013=0:
(1) Beam flux 18.5{6 18.5,:73. tsig = 0.1 #bkg = 1.4
((2) v int. cross section +14.0% +10.5%
o) 5.

(3) Near detector 5% T20% Sm#igi g:jd#bkg =13
()4) Far detector +14.7% +9.4%

(5) Near det. statistics £2.7% +2.7%

Total 2y e

(due to small Far det.
uncertainty for signal)

NexPggtor. = 1.5 £ 0.3  at sin?2013=0

Alain Blondel — UNIGE seminar -- The T2K experiment — theta_13
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T2K

SK events in beam timing

® [vents in the T2K beam timing synchronized by GPS

relative event timing to the spill timing

LE fower

By Evers

103 FC. Mo h

L Q0 hits gt Cwter Detlector.

t at Outer Detector

102

10

Number of events / 20usec

1

-500  -250 0

ATo = Taps@SK - Taps@J-PARC - TOF(~985pusec)
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AT, (usec)

250

200

Number of events / 40nsec

Clear beam structure !

pn !
mf—
i

[} T
-1000 0 1000 2000 3000 4000 5000
AT, (nsec)
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T2

Number of T2K events at far detector

Number of events in on-timing windows (-2 ~ +10 usec)

Class /Beamrun___| RUN-1 | RUN-2 | Total | non-beam

POT (x 1019) 323 11.08 14.31 et
Fully-Contained (FC) ofs 88 121 0.023

The accidental contamination from atmospheric v background
is estimated using the sideband events to be 0.023
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T2

Apply Ve event selection

defined before the data collection
6 selection cuts in addition FC cut

Fiducial volume cut
(distance between recon. vertex and wall > 200cm)

FC, Evis>30MeV, R<1490cm FC, Evis>30MeV, |Z|<1610cm
W
210 £ 10 |
QO \ . F\/ ﬂ}} R HV
a; S 5 . 'EL" (= =] (':_
5 1 1 A S i T e
: B LT
£ 5| |t = £ ° T Tl T
S s 3 1 ]
ya Z _}
: oL
Q ' 0 1000 2000 3000
-2000 -1000 0 1000 2000 Vertex R (sz) 10 3

Vertex Z (cm)
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T2

Single electron cut (# of ring is one & e-like)

—4— Data - —4— Data
— — —
g 2 10f
S 40 ff/%/ 5 |
> : (MC w/ > (Tiﬁzgéha ~0.1)
u— sin22643 = 0.1) S I ] *
o o> | e-like I H-like
@© E c —
Q o -
c 20 + £ I
- -
: 4+ |2 i
_— s
0 NN S 0 BT A s ol e
1 2 3 4 =5 -10 0 10
Number of rings PID parameter

Alain Blondel — UNIGE seminar -- The T2K experiment — theta_13

55



T2

Visible energy > 100 MeV No decay electron

4 B
< - —+4— Data —4— Data
:t]}J g Osc. v, CC < Osc. v, CC
= v, +v, CC i — v, +v, CC
o - [ v, CC 9 10t v, CC
3 e
— Y NC = L Ne
ﬁ (MC w/ o . (MC w/
= 5iN22613 = 0.1 "5 sin2281z = 0.1
ch ol 4+ 13 ) E / 12 )
>
@) 7L a
5 i s Lk
3 1 ey 7/ Z e
e | |
= 15
= 0 \“::.’A. % g NNRVARSS I I
0 1000 2000 3000 0 1 2 3 4 =3
Visible energy (MeV) Number of decay-e
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T2

Invariant mass cut (Minv < 105 MeV/c?)

— 5
N(.} : —¢— Data
S - < 7] Osc.v,CC
O 4 | ""!,.,"'?g CC
= i ] v, CC
o) : L] NC
—
— i (MC w/
~ 3K 5in22812 = 0.1)
w W
E ]
]
e i
o 27
5 |
| - 7,/
5 | %%ﬁ B
= o L / 24\ %
0 100 200 300

Invariant mass (IVIeV/cg)
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T2

Reconstructed v energy cut (Erec < 1250 MeV) : Final cut

- —4— Data
> | <
= 3F
S |
o)
% (MC w/
sin%26812 = 0.1) .
2 21 4+ 6 candidates
> after all cuts!
“— % N¢,,=1.520.3 for sin°26,5=0
© 7
— 1F ——
1T
E | L
— 7 L Z/% :
0 NN e - s e s
0 1000 2000 3000

Reconstructed v energy (MeV)
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T2K

Super-Kamlokande IV
T2FK Beam Bun 0 S5pill 1038222
Bun 6795% Sub 521 Event 213931934

10-12-22:14:15:18
T2F. beam dt = 178Z.6 ns
Inner: 4204 hits, 5570 p=
outer: 4 hics, 3 pe
Trigger: OwEO00000T
Dowall: 244.2 am
=-like, p = 1042.0 MeV/io

Charge(p=)

26.T

1
C=T =T o N PV
B I Y R WY

OB = ke
B e L R L e
(il

Y]

visible energy : 1049 MeV "l

# of decay-e :0 -

2y Inv. mass :0.04 MeV/c? me N
recon. energy : 1120.9 MeV 0 o

Times (ns)
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T2K

Look at the events properties

Alain Blondel — UNIGE seminar -- The T2K experiment — theta_13
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T2

+

NN

@3

: —+— Data
- 7 Osc.v, CC
3 L
m -
=
3
F(MC w/
N . e % 5in22613 = 0.1)
5 2
Obeam &
N o)
4 c I
Beam direction - 1+ —e
Z I
o lrzz

-1
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T2

Vertex distribution of ve candidate events

2000 peam direction 2000
1000 1000
- ! = ¢ |
2 2 *e !
> ol N :
o 0 i 5 0r i
% g . i
2 2 ;
-1000 - -1000 |
2009 et e 22000 e
2000 -1000 0 1000 2000 0 1000 2000 3000
Vertex X (cm) Vertex R™ (cm”) x 10
Events tend to cluster at large R o7 Event outside FV

— Perform several checks. for example
* Check distribution of events outside FV — no indication of BG contamination
* Check distribution of OD events — no indication of BG contamination
* K.S. test on the R? distribution yields a p-value of 0.03

hmmmmm....?
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T 2/K\

Result of the v, appearance search
with 1.43 x 1020 p.o.t.

The observed number of events is 6
The expected number of eventsis 1.5 + 0.3 /7 8,; =0

the probability to observe six or more candidate events is 0.007
(equivalent to 2.50 significance)

We will be eagerly waiting for more data to obtain a larger significance!
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fjr%% Cornell University

oy

WS
By Library

Search or Article

arXiv.org > hep-ex > arXiv:1106.2822

High Energy Physics - Experiment

Indication of Electron Neutrino Appearance from an
Accelerator-produced Off-axis Muon Neutrino Beam

T2K Collaboration: K Abe {49), N Abgrall (16), Y Ajima (18), H Aihara (48), B Albert (13),

C Andreopoulos (47), B Andneu (37), M. D Anerella (6), 5 Aokl (27), O Araoka (18), J Argyniades
(16), A_Ariga (3), TArga (3), S Assylbekaoy (11), D Autiero (32), A Badertscher (15), M.Barbi (40,
.J Barker (56), G Barr {36), M Bass (11), FBay (3), S Bentham (29), W Berard {(22). B E Berger
{11}, | Bertram {29}, M Besnier {14), J Beucher (8), D Beznosko (34), S Bhadra (59), F.d M Blaszczyk
(&), A Blondel {16), C Bojechko {($3), J Bouchez (8, deceased), S.B Boyd (56), A Bravar (16),

C Bronner {(14), D.G Brook-Roberge (5), N .Buchanan {11), H.Budd (41), D Calvet (8), 5 L Cartwright
(44), A Carver (56), R .Caslllo {(19), M .G Calanesi (22), A Cases (32), A Cervera (20), C.Chaves
{30], S5.Choi (43), G.Chrstodoulou {30), et al. {264 additional authors not shown)

{Submitted om 14 Jun 20771)

The T2K experiment observes indications of $inu_vmuvightarrow \nu_e$ appearance in data
accumulated with $1 43\times10*{20}% protons on target. Six events pass all selection criteria at the far
detector. In a three-flawvor neutrino oscillation scenario with $[\Delta m_§23}*2]=2 4A\times10*-3}%

evE 2%, $isin2 2theta [231=1% and $sin*2 2itheta [13)}=0%, the expected number of such events is
1.9%ypm$0 3(syst.). Under this hypothesis, the probability to observe six or more candidate events is
THFdimes10-3}%, equivalent to 2 5$\sigma$ significance. At 90% C L, the data are consistent with
0.03({0.04)$<\sin"2 Atheta_{13}<$ 0.28(0.34) for $delta_{wm CP}=0% and normal (inverted) hierarchy.
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T2

Allowed region of sin?2013
as a function of Ocp

(assuming Am?23=2.4 x 103 eV2, sin2283=1)

— Best fit to T2K data

68% CL
W g0 CL
T R R N N T T T B R R |_ -7 i L 1 L L
04 035 06 0 0.1 02 03 04 05 06
sin"26 sin"28,

90% C.L. interval & Best fit point (assuming Am22;=2.4 x 10-2 V2, sin22023=1, 5cp=0)
0.03 < sin22013 < 0.28 0.04 < sin22613 < 0.34
sin22043=0.11 sin22013=0.14
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180

e E 90% C.L.
60 |- —
Lo . - [Gonzalez-Garcia, MM & Salvado, arXiv:1001.4524]
[ aw i
0 .
120 —
_TS”:Illllllllllllll | IIII:
0.0.04 0.08 0.12 0.16 0.20
sin? 26,
2 M TILS 5 = O .
o - —
— | - Ee=st 1t to T 2E data —
— SETs —
— BN o< CL -
B o= o.a o= 0.6
sin~ 26, 4
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T2K

1. the T2K experiment is working very well |

2. Although the significance is only 2.5 sigma the analysis procedure is such
(cuts fixed in advance, sample defined by external events) that a statistical
“fabrication” can be completely excluded.

3. T2K is now under reconstruction:
beam expected to resume (if no bad surprise) in November 2011

4. if it is confirmed that 8,5 is “large” this will have consequences on the design
of the next generation of experiments (good for NOVA in first instance)

5. this summer will be very exciting on the neutrino front:
new results from (at least) MINOS, OPERA, DCHOOZ are expected

COME TO NUFACTI11 at CERN/GENEVA 1-6 August 2011l
http://nufactll.unige.ch
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T2

A few reserve slides
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Event display
single-ring U-like events

Super-Kamiokande IV ‘/ \, Super-Kamiokande IV ‘/ \‘

T2K Beam Run 0 Spill 472240 l / T2K Beam Run 0 Spill 952106 l

Run 66719 Sub 196 Event 44482935 \\\ '// Run 66831 Sub 410 Event 96851432 \\\ '//

10-04-27:00:56:21 . 10-05-18:18:33:08 .
3 T2K beam dt = 1879.5 ns

T2K beam dt = 3032.3 ns
Inner: 2696 hits, 9164 pe

Inner: 2949 hite, 8030 pe
ts, 2 pe

mu-like, p = 1061.4 MeV/c mu-like, p = 1024.6 MeV/c
Charge (pe)

Charge (pe)
. 526.7

. >26.7

* 3.3- 4.7 ¢ 3.3- 4.7
* 2.2- 3.3 * 2.2- 3.3
® 1.3- 2.2 * 1.3- 2.2
® 0.7- 1.3 ¢ 0.7- 1.3
* 0.2- 0.7 * 0.2- 0.7
. < 0.2 - < 0.2

1 1 1
0 500 1000 1500 2000

A 1 1
0 500 1000 1500 2000

Times (ns) Times (ns)

PL=1061 MeV/c PL=1025 MeV/c
1 decay-e 1 decay-e
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Tz Event dISpIay
multi-ring U-like event

Super-Kamiokande IV

T2K Beam Run 0 Spill 1679196
Run 66932 Sub 205 Event 48713749
10-06-19:17:40:11

T2K beam dt = 2495.3 ns

Inner: 6036 hits, 21915 pe

Outer: 1 hits, 1 pe

Trigger: 0x80000007

D wall: S900.5 cm

Charge (pe)
. >26.7

- 2.7
* 2.2.3.3
C I T S i
* 0.7- 1.3
* 0.2:0.7
. 0.2

PLL=1438 MeV/c

2 decay-es

vl e L

500 1000 1500 2000

Times (ns)
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Tz Vertex and direction

(FC, Evis>30MeV)

Points : Reconstructed event vertex
Arrow : 1st-ring direction
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T2K\

ratio to mean

ratio to mean
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102 | i : : TZK beam i 3
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i REREN | B
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0.97 : : : : : :

103

1.02

1.01

0.99
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Stopplng H (momentum/range)

out 10 days)

T2K beam L
T N Q RS A
4 ! —+- —+—+"+—+'+ + g —+1
" DEC.00 | JAN.1O | FEB0 | MARMD | APRA0 | MAY.0 | JUN.1D -

time (each point for about 10 days)

] -1%

Super KamiokaNDE
Energy scale stability

1 +1%

o

+1%

1 1%

RMS/MEAN
T2K period : 0.31%
(SK-1V all : 0.39%)

RMS/MEAN
T2K period : 0.28%
(SK-1V all : 0.45%)

Energy scale has been quite stable.
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T2

BEAM POWER [MW]
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3-50BT collimator shields,
RF (1st HH), FX kickers

Ring collimator shields, RF (6th F, 2nd HH), Inj. Sep 1

Power upgrade plan of RCS and MR(FX)

For 8 bunches, 30 GeV at MR: Pygp=1.6 X (Pgee/ Tyg)

Gsec (27%)

52sec (45%)--

|
|
|
o

|
|
| |
T

..RCS F'DWEF!‘. FOR MR __

RCS POWER FOR MLF

( ) PHRIPRCS

T

MR CYCLE T, [sec]

(@25H2)

JFY2008 JFY2009 JFY2010 JFY2011 JFY2012 JFY2013 JFY2014

ACS Installation in JFY2012
400 MeV injection in the RCS

RF (3rd HH), Inj. Sep 2, FX Septa,

750kW
in 2014




