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What is neutrino oscillation?

In the Standard Model, we have three charged leptons: €, |1, T
and three neutral leptons, called neutrinos: v, Vi, Vo

Neutrinos “oscillate” as the flavor eigenstates are not the same as the
mass eigenstates. Like a double slit experiment; the neutrino mass
eigenstates propagate differently, resulting in an interference pattern.

Given an initial flavor eigenstate of Vi, observation some time later will
yield a combination which:

1) has maximal v_ (constructive interference) or

2) has only vy (destructive interference)
The amount of interference is governed by the mixing matrix, U

No mass means no interference is possible
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A refresher on neutrino mixing

The flavor state of the neutrino, v, is related to the mass states, v,, by a
mixing matrix, U

v,>=>U,lv,>

Since there are three observed flavors of neutrinos (v, Vi, v.), U contains
three mixing angles (64,, 0,3, 0,3) and a CP violating phase 0.

ve Uel UeZ Ue3 vl
Vo= Uy Uy Uyl v,
VT UT] U’L’2 UT3 v3
C;= Cosbj, s;= sing;
1 0 O ¢, O s, c, s, 0) “Atmospheric”: 0,3~37°-53°
U,=[0 c,; 5y 0 1 0 —-s, ¢, Of “CPsector”: 0,5<11°
0 —5,, cu M—5,° 0 ¢, 0 0 1) “Solar”:0,,~34°
Rather different from quark mixing: Open questions:
» Nearly diagonal unitary matrix " |s 0,5 exactly 45 degrees, or not?
= Small angles: " |s 0,5 non-zero? yes!
oM ,~13.0°, KM _,~2.3°, M _.~0.2° = |s there CP violation in the neutrino

sector?
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Neutrino oscillation

Because of neutrino mixing, as the neutrinos propagate, the mass states interfere:

Aml.z.L . .
:Baﬂ—4ZRe[U 4UUs Og]sm y é +221m[UﬁiUm.U ﬁjUaj]sm

> ] > ]

Probability to observe Vg after starting in flavor state v, depends on:

= L (km): Distance the neutrino has travelled

" E (GeV): Energy of the neutrino

= Am? (eV?): Difference of the square of the mass eigenvalues Am;. = ml2 — m?

At the atmospheric Am?;, ~ 10 eV?, a beam of v, will:

“disappear” into other neutrino flavors AmizL\

J

Pv,—>V,_, )= sin” 20, sinz(

X#U

Aml.sz

. . {( ] 2
A small fraction of v, will “appear Am;, L

2 ~ 2
Am?4;; ~ Am?,,

P(v, —V,)=sin"26,,sin" 0,, sin{

|
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Measurements of Am?;,and 6.,
3.5 ————1——

@ MINOS best fit
[ =—— MINOS 90%

3.0 I - - MmINOS 68%

MINOS 2008 90°% {1 L, E are determined from neutrino source
Super-K 90% 1 Extract |Am?|, sin?20 based on rate,
—— Super-K L/E 90% — energy spectrum after oscillation
/ | Accelerator-produced neutrino beam (MINQOS)

_1 L=735km, E(peak) ~3 GeV

{ = sin220,,>0.90 (90% CL)

Atmospheric neutrinos (Super-Kamiokande)

1-5 R R T N T N TS T T TN TR NN SR S
0.80 0.85 0.90 0.95 1.00
Sir?(26)
P(v, > V,.,)=sin’26,;sin
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" sin220,,>0.92 (90% CL)
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=] Phys. Rev. Lett. 101, 131802 (2008)
1" Am?;,=2.43 £0.13 x 103 eV?

1 New result (2011) 1103.0340 [hep-ex]
= Am2,,=2.32+012 ' x 103 eV? (68% CL)

TR Phys.Rev.D71:112005,2005; hep-ex/0501064
2[Am32L L~15km-13,000km, E~100 MeV-10 TeV
J| = 1.5<Am?;,<3.4x 103 eV?



VvV, appearance and 6cp

. . o[ Am3 L
P(v, —V,)=sin"26,,sin" 0,, sz[ . 2 j

Am; L
Fosin26,,sino,., cos6,, sin26,,sin26,, sin{%)

Am;, L Am;, L
+0sin26,, cos o, cosB,,sin20,, sin20,, cos(%) sin” (&)

4F
o = Am?,,/Am?,, ~ 0.04
Am?,, ~ Am?,,

Subleading terms depend on 6cp differently for neutrinos (-) and antineutrinos (+)

Sakharov’s conditions require CP violation and baryon number violation
A.D. Sakharov, Pis’'ma Zh. Eksp. Teor. Fiz. 5, 32 (1967) [JETP Lett. 5, 24 (1967)]

= CP violation in heavy, right handed neutrino decays creates lepton number

asymmetry which can be converted to baryon number asymmetry (leptogenesis)
M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986)

= CP violation with light neutrinos is suggestive of CP violation of the hypothetical
heavy neutrino; see saw mechanism gives light neutrino mass and heavy partner
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Measurements of 6, (prior 2011)

arXiv: 1006.0996 (2010)
L] L) L) L] l L] L] L] L)

2.0 e

A2 > 0 V. appearance:
f == MINOS BestFit
f WesucL
= Il o0% cL

----- CHOOZ 90% CL
2sin’e,,=1 for CHOOZ

AmglL\
/

P(v,—>v,)= sin’ 20, sin” 0., sinZ(

Ocp ()

Accelerator-produced neutrino beam (MINOS)
Phys.Rev.D82:051102,2010; hep-ex/1006.0996

L=735km, E(peak) ~3 GeV

=T " 2sin’0,3sin’26,,<0.12 (90% CL)

Am* <0 1 " Vgandv, interact differently in matter which
- alters the oscillation probability

1 = “matter effects” depend upon sign(Am?)
MINOS - called the mass hierarchy

20 7
7.01x107" POT - m, > m, implies Am?,, > 0 (normal)
. m, < m, implies AmZ,, < 0 (inverted)

= MINOS is sensitive to this effect and so the

0.0, o R limit depends on which hierarchy is assumed

2sin%(20,,)sin’0,,

Scp (M)
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Measurements of 6, (prior 2011)

'V, disappearance:

Near Site
. . Amz L 12 7 L l Far Site
P(v, > v_ )=sin’20,sin’| —2
4E 1.0 - -—————
&
= Deficit of antineutrinos from reactors Zv 08 | oy
= Detect antineutrinos via inverse beta decay, £ | ¥ SavannahRiver
prompt electron signal and delayed neutron Z g :253, \
Ca ptu re 04F o Goesgen \
i A  Krasnoyark ‘
CHOOZ experiment 6oL O PaoVeds \
= Single detector at L~1 km, E~3 MeV B Chooz ® KamLAND
= 5in220,,< 0.15 at Am2;,=2.4 x 103 eV? 0.0 L . ! !
| 2 3 4 5
Eur.Phys.).C27:331-374,2003; hep-ex/0301017 10 10 10 10 10

J.K.Jang for RENO @ PH2012

Thermal Distance Sensitivity
power near/far sin220,,
(m) 90%C.L.
Double France 8.7 GW 410/1050 8.3/8.3 0.03
Chooz
RENO Korea 17.3 GW 290/1380 16/16 0.02
Daya Bay China 17.4 GW 360,500/1985,1613 40,40/80 0.01
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The Tokai-to-Kamioka (T2K) experiment

T2K is designed to measure oscillations at the atmospheric Am?:
= Measure vy disappearance (Am232, 0,3 )
= Aim to discover v, appearance (0,3)

Produce a beam of v, on one side of Japan and detect it on the other

Far detector:

Beam source and near detectors:
Super-Kamiokande

J-PARC accelerator complex
located in Tokai-mura

4/11/12
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Creating an (offaxis) neutrino beam

e e —— - (DI _sSuper-
— N25 G >
| N U monitor |NGR|[;E.|
0 118 m “~280 m

Primary protons hit a target (carbon) producing secondary mesons (rm, K) which

N :::::f:f::&ﬂ?ﬁigiiﬂ;‘éw:
—— \"\? S I B

C 0AB 3 degre=
o llllllxllllllAlllllll)Allllllllllllllllllllllllll

0 1 2 3 A s 6 7 B a m

_ P (GeVic)
At angles away from the parent pion’s

direction, the neutrino energy is independent
of pion momentum, resulting in a narrower
neutrino energy spectrum

Peak corresponds to oscillation maximum
Reduces backgrounds from higher energy
%08 1 15 2 25 3 36 4 npeutrino interactions

EV (Gﬂm, Columbia HEP seminar 13

Event Rate (arb. units) Osc. Prob.



The proton beam

w monitor INGRID':‘\
118 m . ~280m

Start with 30 GeV protons produced at JPARC in Tokai-mura, Japan e

g.:! = [ -% -
151 eV LINAS — ’ .‘m —SGéV Synchrotron |

ST

_ Neutrino beam.

Completed 2007

Corhpleféci 5009




Secondary beam of mesons

------ >

__________________ S [I00__Super-K

‘ M monitor INGRIDE&,
0 118 m ~~280m
The protons hit a 91 cm long graphite target, producing pions and kaons

The mesons are focused by three magnetic "horns”

then decay in a 100m long decay volume

T—>u +v,

| The muons are sampled
B using a pair of muon

&% Mmonitors as a real-time
B neutrino beam monitor

D Target

PO

F L L
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Neutrino detectors of T2K

Neutrino detectors measure v,, v, candidates before and after oscillation:

Off-axis ND280 detectors @ 280m: Off-axis Super-Kamiokande @295km:

INGRIDY

proton beam
direction

On-axis INGRID detector @280m:

4/11/12 K Mahn, Columbia HEP seminar 16



Neutrino interactions at T2K

CCr*/CCn° NC elastic CCQE

CC other

Primary interaction is Charged Current Quasi-Elastic events
* Reconstruct neutrino energy from outgoing lepton
* Need e-u separation for Ve, Vyy and momentum measurement

CCrt (single pion production) and NCrt are backgrounds

* vy disappearance: Same as CCQE if pion is not identified
* v, appearance: NC backgrounds are flux dependant and can mimic a
CC v, interaction

* Final state interactions also alter how the underlying event is observed,

e.g. absorption or charge exchange of it*
4/11/12 K Mahn, Columbia HEP seminar 17




On-axis Interactive Neutrino GRID (INGRID)

16 modules arranged in a cross

e X-Y iron-scintillator layers, 7.1 tons each
Count neutrino interactions in each module to
determine neutrino rate vs. position

Extract beam direction better than 0.5 mrad
Monitor of neutrino beam vs. time

 ~1.5v /10 protons on target

* ~10,000 events / day
2 /ot 10474 | Run32 I 2 fonxt FRECHE

Constant 1.03¢404 - 61.96 Constant 1.063¢404 - 61.76

....;.............E..............:.........- Mean 22172918 12000 ,__. ............. . ............. . ......... Mean 2.991- 3117

Sigma 439.2- 4815 : : : Sigma 461.4 - 5.393

imiEmiEiE | 10000t :. ............. ;\..,.’.,.’. ......... '..1,,.‘(..2 ............. 5 ..... 10000+ e ;.,Q ....... e ‘..~ ...........
...... s 9 : s _ o'; - 2s .

| } : : : : : : : . :
! ! 11 m! | : o’ . : : : : v :
- : . : . | u ) . "' . - - “‘ . - . . . . .
e vessegfecanne Presnssssnnnes Pesssssssnnnnagunnns “essagesssns T T wesp Novageone
b | | | | | ' 8000 B 1 - o 8000 f
[ _ - - - ‘ : : %
’ V ) ‘ | ’ ’ .:' - ‘i ' . - >

—_— v ) 1R g : : : L : : ‘e

2000} B . F— . PO — S —

< > ) A T S ) A S T
1m Side view -400 -200 O 200 400 -400 -200 0 200 400
4/11/12 distance from INGRID center[cm] distance from INGRID center{gm]



Off-axis ND280 detector complex

Suite of near detectors sit within UA1 (B=0.2T, 850 tons) magnet just above INGRID
= Current analysis use the Tracker to measure the unoscillated CC v rate
= Future analyses will use ECals, POD and SMRD

Side Muon Range Detector UA1 Magnet Yoke
87x17x0.7cm instrumented
scintillator in magnet yoke
Active veto, cosmic trigger

Barrel ECAU
POD ECAL

Electromagnetic
Calorimeters

X-Y Pb/scintillator planes
POD, Barrel, TPC3

Tag photons, e from
Tracker and POD

Downstream
ECAL

. Tracker (F-G D) Tracker (TPC)
Pl-zero Dete.ctc_)r (POD) 2 Fine Grained Detectors 3 Time Projection Chambers
Pb/brass/scintillator planes e . . L

. XY scintilator sandwich Field cage within a box
with water bags (13.3 tons) o ' _ . . .
Neutrino interaction target Neutrino interaction target filled with 95% Ar 3% CF,
(CH+H,0) (CH, CH+H,0, 1.1 tons each) 2% isobutane
Photons, electrons shower Detailed vertex information Momentum from curvature
separable from MIPs Particle ID from energy loss Particle ID from energy loss

R Ulalin, CoTUMDIa TED Sermar
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Example neutrino interactions in ND280

CC1in CC neutrino interaction candidate CCQE
charged current M=l = charged current
single pion production g quasi-elastic
n-
W
rd
P
VJ
A B —
- TPC2 PC3
i S 00
-GD1 FGD2
Neutrino interaction upstream of ND280 Deep inelastic scattering candidate
1 1\ /
o \J H){«
, A ?-5 lI
1 e | i"ﬁ% é#___ i |I
WAL
e 7 i
' KA
|
POD DSECal i (1% - s
J 1l E‘:-\\ ||||||||||
il \\Q\\\
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T2K far detector: Super-Kamiokande

295km away is the T2K far detector,

Super-Kamiokande (“Super-K”)

= 50kton water Cherenkov detector

(22.5kton fiducial mass)

= 39.4 m diameter, 41.4 m tall cylindrical tank

= 11,129 inner photomultiplier tubes (PMTs)
(40% photocathode coverage)

= 1885 veto PMTs located on the outside

of the tank reject events entering the tank

= Cosmic ray rate in Kamioka mine is 1.77Hz

at 2700m water equivalent

4/11/12 K Mahn, Columbia HEP seminar 21



Neutrino events in Super-K

Cherenkov light emitted at a fixed angle produces ring(s) on the tank wall,
recorded by PMTs

Data event in Super-K: single muon

CCQE Super-Kamiokande |

® 0.7-1.3 g v

( Super-Kamiokande Collaboration " Times (ns)

Muons from CC interactions produce well defined rings
Angle, momentum can be reconstructed from PMT charge, time information



Neutrino events in Super-K

Electrons produce fuzzy” rings, due to multiple scattering and showering
= CCv,events produce an electron (left)

= Ability to tag electrons from p decay from CC v, (right)

Super-Kamiokande | Super-Kamiokande IV

n 0 Spill 549269

Time (ns)

® 0.7- 1.3

Data event:
single electron

Data event:
k decay electron

500 1000 1500 2000

Times (ns) Times (ns)
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Delivered proton#

Data collected

108 —— Physics run Proton per pulse(for physics run) 1072
X
——— Delivered proton# ———— Proton per pulse(all runs) 8
140 — 100
120 — 80
|
100 — '
‘ 60
80 — | '
60 — L t" 40
. I‘Ql . "' 0
40 — ' ,
' -~ l|. : .
20 ‘ o 20
0 1 | 1 I 1 1 1 0
Jan/10 Aug/10 Mar/11

Run I: Jan 2010 — June 2010

Run | + Run |l protons on target

Run II: Nov 2010-Mar 2011
8 bunches / spill / 3.04s

=(0.32 +1.11) x 10%°
=1.43 x 10%°POT (2% of T2K goal)

4/11/12 K Mahn, Columbia HEP seminar 25
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Profile center [cm]

Neutrino beam stability

o 2
Q
Q
E E
L) 15 H+. F4‘+_Ld+‘hﬂri‘“-..lli+..ah-ii-hl-'¢‘-.-d*+i.!i+,."j“-iﬂ+i‘=~+“‘~w-'ui..l‘;ﬂuu.l*.l‘..nl.,l.-l-‘n.-‘.-pnhnr‘t'i';hru
=
2 Neutrmo rate at INGRID (1 pomt/ day)
o I
! Stable to 1% over both run perlods
0.5
0 }9&( Feb. EMar.z Apr. May Jun. Nov. Dec. ngl]‘ll Feb. Mar.
S(L) —
30 e ’g‘s :
—+— X center = of RUNT e RUA
20 —¥— Y center £ I " tteconr " Xetiecenter
....... +- llnrad 3 : et = Y profile center
10_ + 2 5_ ----- + 1 mrad
} - : \
0f— + \ i T Ay y £ o ]
o + * Y + -53 i .||
20 -
-10
i ————————) DYYOVNSIURI SOV SRS
. Feb~n?£ Pr W f ce €b 20]] .ar‘ Jan 31 Mar 02 Apr01 May 01 May 31 Jun30 Nov27 Dec27 Jan26 Feb25
Beam direction (x and y) at INGRID Beam direction (x and y)
Stable to <1 mrad with the muon monitor

Stable to <1 mrad
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Events/50Mev/1.43E20POT

T2K oscillation analysis method

For a fixed baseline (L=295km)
oscillation probabilities depend on
the neutrino energy E,

No oscillation

I v, CCQE
v, CC1n

v, CC others
v, cc
v, CC
—NC

0.5 1

1.5 2 2.5 3
Reconstructed E [GeV]

Disappearance observable as distortion to neutrino energy spectrum and

P(v,—vV,,,)=sin"26,,sin

xX#£U

5 AmgzL )

J

sin®20=1.0, Am?=2.4E-3eV?

scale!

—NC

Events/50Mev/1.43E20POT

0.5 1

1.5 2

Note different Y, CCQE
v, CC 1

\ CC others
[ ] v, CC
v.CC

2.5

3

Reconstructed E [GeV]

reduction of overall rate at far detector

Appearance is a small excess of
electron neutrino candidates over

background (counting experiment)
4/11/12

P(v,—>v,)= sin” 20,, sin” 0, sin’

Am;, L

K Mahn, Columbia HEP seminar
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T2K oscillation analysis method

NFrp
RGP (CC v,)

Ngp = RN (CC v,) X

Negp ﬂqDSDXUXEFDXP(V’u—)VCB) dE,

R?\ng - f‘(l)]\;D| X‘:\X END dEV

* Formula is a simplification, ignores summations over
neutrino flavor types and interaction modes

= Calculate unoscillated event rate using flux (®), cross section (o) predictions and
detector (&) efficiencies

= Correct far detectorv spectrum (N’;) by observed ND280 rate R(CCV ) to
reduces flux, cross sectlon uncertainties and set normalization

= Extract Am?, sin?20,, oscillation parameters from a fit to N’

4/11/12 K Mahn, Columbia HEP seminar 29



Neutrino flux prediction

(\'I— R R R R R R R R
= 10°E~ —v,aSk | =
2 - —V, at SK .
% 10° __‘__ —VratSK E;
= 10 -_,....___—:_— —V, at SK .
o S — -

S0 e =
2 100k i

ERUS

% :IIllIIllllllIllllllllllllllllllllllllllllllllllll
UE: o 1 2 3 4 5 6 7 8 9 10

E, (GeV)
Geant3/FLUKA based flux prediction

Unoscillated flux at Super-Kis v,
= Also VM (~6%) and

= v, components (~1%)
Neutrinos at peak from rt* decay,
high energy flux from K decay

Prediction and uncertainties are determined
by external or in-situ measurements

Use of ND constraint reduces flux
uncertainties by a factor of 2

Largest uncertainty is i, K production

from the target, constrained by NA61 exp’t

Flux uncertainties IND  |v bkrd |v,/ ND
(%)

Proton beam 2.2% 0.0% 2.2%
Pion production 57% 6.2% 2.5%
Kaon production 10.0% 11.1% 7.6%

Other hadronic

) ) 9.7% 9.5% 1.5%
interactions

Meson focusing,
beam direction

Total 15.4% 16.1% 8.5%

Total v, signal/ND uncertainty: 4.8%
@AmM?2,,=2.4 x 103 eV? sin%26,,=1.0

2.8% 2.2% 0.8%



T production from p+C

NA61/SHINE experiment at CERN

Designed to measure hadron production

30 GeV p beam on:
thin target (2cm) in 2007-2009 run

T2K replica target (91cm, 1.9A) in 2010 run

Use TOF and dE/dx to select pions

L | | '
L2 2<plGeViel <340
> 1
o AP —_—
o I -~
o- 20 =
e
" 85
o _‘ 2
T B 0 ©
dE/dx [mip]

Differential pion multiplicity reproduces simulation

102 I

107

10"

10

107

N.Abgrall et al., Phys.Rev.C 84, 034604 (2011)
arXiv:1102.0983 [hep—ex] K Mahn, Columbia HEP seminar 31

6-p at production point of x* producing v, @ SK

= 04 chy
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= 0, Lty
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3000

1000
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Neutrino interaction uncertainties

Cross section model, uncertainties set from external data at E, ~ 1 GeV
e.g. MiniBooNE, SciBooNE, K2K and constrained by ND280 rate

o uncert. (%) External data on 1t* interaction cross sections
(after ND) T _

3 .
CCQE nuclear 2 59 3.1% % ) "‘ ------ geac:ive E-I(—)Ingll:)SI)
model (@lowE) 400 Y w120 i\:zgasi-?asnc
’ ‘ Sorption
CCim +0.4% -0.5% 2.2% Single OX
1t Production
CC coherent it - 3.1%
0]
CC other +4.1% -3.6% 4.4% AT T
NC all 0.9% - ] !‘:‘;i' O N
NC1mo _ 5.3% AR N *v
NC coherentmm - 2.3% I g 8Nk [ [ et
NCother - 23% B
0 200 400 600 800 1000 1200 1400 1600
G(Ve) N/A 3.4% 7* Initial Momentum (MeV/c)
Final State = FS| alters the energy dependence of how
: 6.7% 10.1% backgrounds are reconstructed
Interactions (FSI) 8
Total +83% -81% 14.0% * Modify 1t re-interaction probabilities within

_ , s cross section model according to external
vysignal @ Am=g; =2.4 x 10 eV* 5in“20,,=1.0 data to determine FSI uncertainty



entries/(100 MeV/c)

entries/(0.05)

ND280 CC v, sample

200 :_ I I I I I I _:
= u b 3
180 B vV, CC non QE =
160 - B NC —
140 Vv, CC =
120 E_ I Outside FGD _E
100 = . —
s0E- No tuning to flux or 1
60 cross section applied
40 =
20 -
% 500 1000 1500 2000 2500 3000 3300 4000 4300 5000
Muon Momentum (MeV/c)
4'5()§_IIII| |||||||||||||||| IIII|||||||I|Il||||||||||
400 v, CC QE
350 - [ ] v CCnon QE
- BN
300 E_ B V CC
250 Out31de FGD
200 -
150
100 -
S0
O:| 111 I | .| I 11
0 01 02 03 04 05 06 07 08 09 |1

Muon Cos(0)
Dataset shown here: 2.88 x 101° POT

4/11/12

Reconstructed momentum and angle of

the CC vy candidates:

1. Require no tracks in TPC1 (veto v interactions
upstream of FGDs)

2. Select events which originate in FGD1 or
FGD2 fiducial volume

3. Use the highest momentum, negative TPC2
or TPC3 track

4. Select u from TPC dE/dx information to
determine flavor of neutrino

Rate used to normalize expected number
of events at far detector:

R(data/MC) = 1.036 + 0.028 (stat)
+0.044 13, (detector sys)
+ 0.038 (xsec model)
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Basic neutrino event selection at far detector

: : : ’ <
Basic neutrino selection (precuts) 15 |- —+ Data
- —— MC (w/ 2-flavor osc.)

Event time within beam window %)

-
No activity in the veto % 10l T1 _
Visible E > 30 MeV ©

()] 4
Reconstructed vertex >2m from wall =

o

Z

5 | N N e e
Single reconstructed ring y 1: +
| ‘ ) | 11

o . [ BeamTime Aun-T ol . TT
- mmm RUN-2

3 1 via GPS 0 1000 2000  yqq°

S | Vertex R? (cm?)

< 7

@ ’ 15 | [7 —+ Data <

g 10 i - —— MC (w/ 2-flavor osc.)

S » : i H " |

> | =

o 2

S 5 @

Qo i o

£ | 5

z | h 2 I
0 P | | R - | I R 2 |
-1000 O 1000 2000 3000 4000 5000

AT, (nsec) z : +
Events are consistent with expectation X S 1

-1000 0 1000
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T2K far detector vV, event selection

Select CCQE vy candidates:
1. Apply basic neutrino selection
2. Muon-like ring

a) Sufficient momentum for e-u
separation

3. O or 1 decay electrons, to reject CC1m

a) Search for low energy electron
events after primary event

CCQE CClm

K-
Vu ——

Data event in Super-K: single muon

Super-Kamiokande |

Signal CCQE vy Efficiency = 72%

Background CCnonQE Rejection = 79%



T2K far detector v, event selection

Similar selection for CC v, candidates: Additional background from NCn° events,
a) Basic neutrino selection where n° decay to two photons (electron-
like rings)

e) Calculate invariant mass assuming 2"

ring, and reject invariant mass
consistent with m°

b) Single electron-like ring

c) 0 decay electrons (reject CC Vu)

d) Remove Ev>1.25 GeV events as beam CC
v, have higher average energy than signal

MC event: _ MC event:

electron

Signal efficiency: 66% Rejection efficiency for all NC bkrds: 99%



T2K far detector selection uncertainties

detector

uncertainties (%) | signal

Ring counting 3.9%
Electron PID 3.8%
Invariant mass 5.1%

n° rejection -
Fiducial volume 1.4%
Energy scale 0.4%
Decay electron eff 0.1%
Muon PID -
Total 7.6%

Total uncertainty for v, analysis: 10.3%
(predominantly ring counting)

bkgd
8.3%
8.0%
8.7%
3.6%
1.4%
1.1%
0.3%
1.0%
15%

Evaluated with atmospheric v control samples
Evaluated with a special control sample

= Select an atmospheric v_ candidate or decay
electron event

= Add a simulated photon to the event to
create a “hybrid n®”

= Difference in n° rejection efficiency between
hybrid sample and pure simulated n® sample

IS set as uncertainty .
Hybrid n° sample

3000 < MC rt® sample
2500 eoee
2000 | eﬁﬁ
L
1500 9,
o

1000|3 ’ &

. .

0
500 |- & .
- o~ -
0 0 100 150 200 250 00

Invariant mass (MeV)



Introduction to neutrino oscillations
Overview of the T2K experiment
Data collected by T2K
Oscillation analysis method
1.  Neutrino flux and cross section prediction
2. Near detector measurements
3.  Far detector selection and systematics
5. Results: vy disappearance and v, appearance
6. Future plans and summary
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Events/50Mev/1.43E20POT

T2K v, disappearance method

For a fixed baseline (L=295km)
oscillation probabilities depend on
the neutrino energy E,

No oscillation

I v, CCQE
v, CC1n

v, CC others
v, cc
v, CC
—NC

0.5 1 1.5 2 2.5 3
Reconstructed E [GeV]

P(v,—>vV

o Ams, L )
J

.2 .
ep) = 8107 20,5 81n

Events/50Mev/1.43E20POT

0.5

sin®20=1.0, Am?=2.4E-3eV?

Note different Y, CCQE
scale! v, cC i

v, CC others
v, ccC
v.CC
—NC

0.5 1 1.5 2 2.5 3
Reconstructed E [GeV]

Disappearance observable as distortion to neutrino energy spectrum and

reduction of overall rate at far detector

4/11/12
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Number of events

v, disappearance resulis

20—
18
16
14
12
10

————

N B~ N 0

No-disappearance hypothesis
Best-fit oscillation hypothesis

T2K Run 1+2 data

O\II|III|III|III|III|III|III|III|III|III

3 4 5

Reconstructed energy E, (GeV)

Summary of

uncertainties

v flux

v interactions
Near detector
Far detector
Total

v, signal
Am?,;=2.4 x 103 eV?
sin?20,;=1.0

+4.8%

+8.3 -8.1%
+6.2 -5.9%
+10.3%
+15.4 -15.1%

2l (eV7/eh

2

IAm

W
N

2

D
n

—— T2K Run 1+2

----e---- T2K Run 1+2 Alternate Analysis
— —— MINOS 2011 o

—  — Super-K Zenith

----------------- Super-K L/E

— Results accepted
by PRD Rapid Comm. g

Super-K: Phys.Rev.D71:112005 (2005)

0.8 0.85 0.9 0.95 1
sin“20,,
31 events pass vy selection criterion

103.6*138 . , expected for no osc,
excluded at 4.50

Fit E, distribution for 2 flavor osc.

parameters (binned y? fit)

Best fit: | Am2,,|=2.65 x 103 eV
sin220,;, = 0.98



vV, appearance at T2K

Extract sin?20,; by comparing 2
. . 2 . 2 . 2 Am31L
observed number of v, candidates P(v, —>Vv,)=sin" 20, sin" 6,; sin TR

to expectation (counting experiment)

Signal (v, to v, osc) m

@sin?20,,=0.1,6cp=0 4.11

Uncertainties Lvebkrd v, sigtbkrd
Background m v flux +8.5% +8.5%

beam v, 0.76 v interactions +14.0% +10.5%
v, CC background 0.03 Near detector +5.6-5.2% +5.6 -5.2%
Far detect +14.7% +9.4%
NC background 0.61 ar detector ° °
Total +22.8-22.7% +17.6-17.5%
osc through 6, 0.09
total: 1.49+0.34(sys)

V. signal@Am?;,=2.4 x 103 eV?, sin%20,,=1.0
Event predictions normalized by ND280
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8CP

vV, appearance results

Number of events /(250 MeV)

< —+— Data

: I Osc.v, CC

3r o v,+V,CC
i 1 v,CC

B NC

(MC w/ sin®26,,= 0.

0
0 1000 2000 3000

/2

-1t/2

)
IIlIlIIIIlIIIIIIIII

rd"'o

4/11/12

Reconstructed v energy (MeV)

1)

" 6 candidate events observed for
background of 1.49 + 0.34

= Probability to see 6 events or more for
sin®20,,=0is 0.007 (2.50 equivalent)

= For |Am?;,|=2.4 x 1073 eV?; sin?26,, =1
Best fit: sin?20,5 =0.11
0.03 < sin%20,, <0.28 at 90% C.L.

= Recent results are consistent with T2K:
MINOS: sin220,, <0.12 at 90% C.L.

— L, ~ ” MINOS PRELIMINARY
AMZ50 7
E 1.5 -
7 ’\  T2K 2011 -
Phys. Rev. Lett. 1 B ) .
107,041801(2011) | g 1.0 ) Am >0 -
Best fit to T2K data ] < L Whltehead @ -
68% CL _ 05 . 6/14/11 FMAL e
T 90w cL . _12k _ Phys. Rev. Lett 107,3
. bestf‘t .
L - . '181802 (2011) IIIII -
0.4 0.5 0.6 0 2 0.3 0.4
2 . 2 . 2
Sin 2913 K Mahn, Columbia HEP seminar 2sin 29138‘“ 623 42



Results from reactor experiments

> [ —
% 200 - 4 Far hall V, disappearance: .
9\ I :

- —}— Near halls (weighted) . . Amz L
% 600 ! P(ve — vx#e) = Sln2 2913 SIHZ(A
E I

400 = Double Chooz:
I Dec 2011, arXiv:1112.6353
200 F 0.017 < sin%20,; <0.16 at 90% C.L.
_oFf S = Daya Bay (right)
o) L
g I No oscillation Mar 2012, arXiv:1203.1669v1
e 1.2 — Best Fit .2

5 IS s sin“20,; = 0.092
g 1k 3 L +0.016(stat)£0.005(syst)
- - ~*- = RENO:

s 0.8 .
= 1'0 - April 2012

Prompt energy (MeV) sin22613 =0.103
arXiv:1203.1669v1, submitted to PRL +0.013(stat)+0.011 (syst)
v n — @ n .
e TP T Evidence for Non-zero 0,
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Implications of a large 0,

Long baseline experiments depend on 6., and 0,5

: : [ Am3 L
P(v, —V,)=sin’26,,sin’ 6,, sm2(4—2)

neglecting matter effects

Am>. L
Torsin 26, sind.., cosB, . sin20., sin26.. sin’| —— .
* e B 2 > ( AE and mass hierarchy

Am’ L Am’ L
+0:8in 26, c0s S, cos B, 8in 20,, sin 26, COS(&] sin’ (&)

4E 4E
Reactor experiments are pure measurements of 0,;:
I T —TT —T—TT —T—TT —T—TT ™
AmZ L I I I I I
. 2 . 2 31
P(v,>Vv_ )=sin"20,8In"| —— AM2 >0
/2

= Comparisons between long baseline
. . a5
experiments and reactor experiments O 0
can eventually constrain values of 6.,

Best fit to T2K data
-Tt/2 68% CL

90% CL

IIIIIIIIIlIIIIlIIII
lIIIlIIIllllIllIIII

I\I 1 /| l 1 1 1 1 l 1 1 1 1 l 1 1

L T A
"0 01 02 03 04 05

Daya Bay result 250
4/11/12 K Mahn, Columbia HEP seminar S11 13 44

S
o)



Implications of a large 0,

Long baseline experiments depend on 6., and 0,5

: : [ Am3 L
P(v, —V,)=sin’26,,sin’ 6,, sm2(4—2]

Am; L
Fasin20,,8ind, cos6,, sin 20, sin20,, snﬁ[%)

. . Am;, L
+asin26,, cos O, cos B, sin 26, sin 20,, cos(’:—;jl)
Reactor experiments are pure measurements of 0,;:
, L[ Amz L i
P(v, > v_ )=sin’20,,sin’| —2— 200 |
4FE i
= Comparisons between long baseline
. . o -
experiments and reactor experiments g_,zoo
o

can eventually constrain values of 6.,
Int. J.Mod. Phys. A 21, 3825 (2006), hep-ex/0409028
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neglecting matter effects
and mass hierarchy

2 AmglL
4F

6.p=90deg

T2K (Vv only)
Bl W med reacto
[ no reactor

Not T2K or
reactor official
nsitivity!

1= |

.2
sin“20, , 4



Implications of a large 0,

= Combinations between long baseline experiments at different baselines is also
sensitive to mass hierarchy and 6,
= Atmospheric neutrino measurements also sensitive as well (i.e. Hyper-K LOI)

0.04
0.035

0.03 E
0.025 E

0.02
0.015
0.01
0.005
0

0.04
0.035
0.03

0.025 E

0.02
0.015
0.01
0.005

o:llll

T2K/JParc E=.65 GeV, L=295 km

.,
L. -
.
"’
-

.. 0.:?°°°e’...
_ ----- v,inverted —— v, normal
| | Q V,inverted @ ¥, normal
0 50 100 150 200 250 300 350
= Nova E=2.1 GeV, L= 810 km

-“.
-
-
.
.

-

t s e e

v, inverted
l 1 L1 1 l 1 L1 1 Q 1 lv,lllllvFrl‘eldl 1 l

- -~
- -
e -
Seu wnr”
Tammmm

-
e
-
-
-

.

v, normal
® V,lnormal 1

0

50 100 150 200 250

Oscillation probability comparison
including matter effects (assumes sin?26,,=0.05)

Int. J.Mod. Phys. A 21, 3825 (2006), hep-ex/0409028
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300

350

o (m)

2

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

[ Am,2=2.410"eV?
[ sin“(20,,) = 1 ;
[ Am°>0

NOVA + T2K .

3 years for each v and v
NOvVA at 700 kW,
1.2MW, and 2.3MW

+ T2K 6 years of v

at nominal, x2, and x4

L=810 km, 15 kT
2

1 I |

l 0.1 l 0.15
2 sin’(0,,) sin*(26,,)

0.05

G. Feldman, for Nova experiment
arXiv:hep-ex/0503053
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Searches for CP violation

Long baseline exp’ts can extract &, by comparing v, appearance to v, appearance:

Pv, — v.) — P(p, — v.) N Ami,L  sin26,,

Acp

P(v, — ve) + P(7, — 7.)

41F,

, . s1no
sinfy s

Can produce a predominantly antineutrino beam by switching polarity of magnetic

focusing horns to focus  instead of t*

Future long baseline experiments will require very intense sources of neutrinos and

very large far detectors to make
a determination of 6., at >30
= LBNE (right)
proposal: arXiv:1110.6249
» Hyper-Kamiokande
proposal: arXiv:1109.3262

10000

©
o
(=}
o

CC evts/GeV/100kT/10 2'PO

= LAGUNA, Daedalus, and more ;sooo

Large 0, increases signal,
but decreases A.p

v, CC spectrum at 1300km, A m?2 = 2.5e-03 eV

— :
sin“20,, =0,5cp= n/a

sin ?20,,=0.02,5 =12

sin”29,, =0.02,5_=0

sin?20,,=0.02,5_ ="

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

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




Introduction to neutrino oscillations
Overview of the T2K experiment
Data collected by T2K
Oscillation analysis method
1.  Neutrino flux and cross section prediction
2. Near detector measurements
3.  Far detector selection and systematics
5. Results: vy disappearance and v, appearance
6. Future plans and summary
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Earthquake and T2K

On March 11th, 2011, Japan experienced a severe earthquake followed by a tsunami

= Magnitude 9 earthquake on Richter

scale, magnitude 6+ at J-PARC
= The tsunami did not reach J-PARC

= Accelerator was not operating
(maintenance day)

= No reported injuries to T2K
collaborators or J-PARC employees

T2K experiment status:

= Repairs made to infrastructure and
accelerator

= Minor repairs and recommissioning
of J-PARC near detectors successful

=  First beam in late Dec 2011

m  T2K run scheduled for ¥4 months
prior to summer 2012 shutdown

!

4
’
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] MIYAGI
' © D
/ . Sendai

FUKUSHIMA

o @9
9

Tokye @
- Narita

CHIBA

-
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'
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1
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OKesennuma

JAPAN

4
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Lab Location Legend

@J-PARC @KEK @RIKEN

Source: USGS

Estimated shaking intensity
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0 200km




First neutrinos post-earthquake!

Side View Top View
C C /
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Enormous amount of work by collaborators, labs (KEK, J-PARC) and
funding agencies) to make this happen, to which we are very grateful



Improvements to the oscillation analysis

Neutrino flux: Neutrino interactions:
= NAG61 results with K production = Add newer external data results
= NAG61 results with replica target » e/m scattering data for FSI model
v, signal
Am?,,=2.4 x 1073 eV?
sin%20,,=1.0
v flux +8.5 +4.8
v interactions +14.0 +8.3 -8.1
Near detector +5.6 -5.2 +6.2 -5.9
Far detector +14.7 +10.3
Total +22.8-22.7 +15.4-15.1
ND280 (near) detector: Super-K (far) detector:
" |nclude CC Vv, spectrum information = |mproved selection cuts,
= Improved CC v, measurement with ECal reconstruction for background
information; POD HE v, separation
= CCQE, CCre*, NCr© cross section = |mproved detector uncertainties and

calibration techniques

measurements; O vs. C targets

meringlude spectrum information




The T2K experiment is designed to make precision measurements of:
= v, disappearance (Am?;, 6,;)
= v, appearance (045)

With dataset prior to the earthquake (2% of design POT)

= Preliminary v, disappearance results are inconsistent with no-oscillation
at 4.50 and consistent with previous experiments (MINOS, Super-K,K2K)

" 6 candidate v, events were observed with expected background is
1.49 + 0.34 (2.50 equivalent indication of 0,5) and consistent with
recent results from MINQOS, Double Chooz, Daya Bay

T2K has resumed running to confirm the observation of non-zero 0,4
= Run period of “4months prior to 2012 summer shutdown of accelerator
" |mprovements to all aspects of the analysis

Observation of large, non-zero 0,5 key to future experiments which will probe
CP violation in the neutrino sector. Exciting time to be in neutrino physics!



Backup slides
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Pictures of JPARC, May 2011

http://www.kek.jp/intra-e/Introduction/column/
110509map.html

Map of the damages at Tokai Campus (J-PARC)
(D Linac
(2 3GeV Synchrotron
(3 50GeV Synchrotron
@) Main Control Room :

- (B Material and Life Sciences Expenmental Facnllty

® 3NBT ¥ 4
(7) Neutrino Experimental Facﬂlty
(8 Hadron Experimental Facility
(@ Accelerator-Driven Trz

AmmTtlon.Expenmental Facility:

| ‘ "-. .g A

& |
il Hll

3 GeV synchrotron &
power station |

= Neutrino Hall AC

, Columbia HEP seminar

Neutrino beam dump
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Pictures of JPARC, July 2011

http://j-parc.jp/en/topics/2011/en.html
Preliminary Results of Circumference Measurement by Laser Trucker

a0 1 " Dmplacement of electromagnet A
Wt B — L0 d »
// 1 (mm) =~ 2" # -
e 1 r TR
180 | s N | £ :\\; ;
{ / Ring Shape . :
0 ),
o0 wed 2000 00 400 000 2000

“ N, Ampified 2000
N0 -\Q\\ /.:'.
u \:f"f/
KEK_J-PARC R %

900

+ It appeared there was a large misalignment in both honzontal and vertical directions.
+ ~20 electromagnet mounts shifted more than a limit of simple adjustment.
» All electromangets will be realigned. Three teams will be done between August and October.

Road near 3 GeV RCS Neutrino beam dump
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ND280 performance

Low rate of broken channels

4/11/12 K Mahn, Columbia HEP seminar

ECAL 22,336 35 0.16%
(DSECAL) (3,400) (11) (0.32%)
Events / POT stable SMRD 4,016 7 0.17%
POD 10,400 7 0.07%
Timing consistent with FGD 8,448 20 0.24 %
beam (FGD) INGRID 10,796 18 0.17 %
TPC 124,416 160 0.13 %
, . - Timing distribution |
g 16005 avents/(1e17 POT): (5.289 +/- 0. 0141. = v
.g’ 1400 »” = -
2 1200F R - »
B 1k o~ ] g
2 1000 > - ¥ 800
800 p & - @ sool
600f- /..-?'. - !
400 - . 400
2(!];},/. SeIeLteCI ev EI“I’ES VS POT E " 200
06.... %110 1.115,., 20,.. )1\1 N 1(] x 11 | .
integrated POT Q0003500 40004500 5000 5500 6000"
Signal tlming [ns]
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vV, selection
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Future v, appearance sensitivity
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4/11/12

K Mahn, Columbia HEP seminar

102 10"
sin® 2 9, sensitivity

58

1



Implications of large 6,, on future programme

Slide from Sam Zeller’s talk (informal discussion at FNAL about T2K results)
https://indico.fnal.gov/conferenceDisplay.py?confld=4546

|IP-P|/|P+P|

Neutrino—AntiNeutrino Asymmetry

1.0 I LI BB I ll]llll 1 llllllll. 1
: Lo o
. v QO
: = |
5 é=mn/6 -
™ 'é: = : v -
L & 7 h ;é -
o '
04f—=o 7 : o—
- , . E -
o % Bap=m/2 + O A
[ @ - : -
0.21—5 ' 6mj = 7.0 x 107° eV® ~ N
T T
- " - ~,
- »: ém3; = 2.5 x 107° eV® o~ 3
0.0 L 1'1111111 11 111111] L1 111111[' ]
1073 1072 101
2
(S. Parke) sin?20,,

S. Zeller. FNAL. 06/17/11

(ignoring matter effects & backgrounds for now)

K Mahn, Columbia HEP seminar

* the asymmetry
P(v

:::.\'Ej) o P(\'U ::""\'e)
P(\'u- >V

LA

+ P(v,—>V,)

e
is proportional to ~1 /sin0,,
* the asymmetry gets

smaller as 0, increases

~75% for SIIWEQQISIO.OT

0 - — =7t/
~25% for sinl"QH]B:O.] 0 Ocp—a 2

factor ~3 reduction in CP asymmetry
(independent of baseline)

* signal rate increases w/ 0,,

factor ~ 10 increase from 0.01 to 0.1
so x3 improvement in stat sig of signal




Proton beam monitoring

Multiple beam monitors measure the proton beam on the way to the neutrino target

Foil Optical Transition Radiation is produced by the
the protons as they pass through a thin Ti foil in
in front of the neutrino target.

The light is emitted perpendicular to the beam
direction, and is recorded with a 40mm camera
OTR light is used to determine the beam

profile and position on the target

Forward Light

Protons

Backward Light

Reflection Axis OTR Light for 9.0x10" Protons on Ti Alloy Foil

405
353
30 £
25 3
&
20 ©
o
15 <
10
. \ - - 5
10 EN S
“‘__:- . ' . - -5
-10

-10 0 10
4/11/12 K Mahn, Columbia HEP seminar X (mm) 60



Fractional Error

SK Systematic Error Envelopes

SK vy Fractional Error

Error envelopes show the fractional error in each neutrino energy bin, but do not

Nucleon Production

Pion Production

Kaon Production

Prod. x-sections

Proton Beam Pos./Profile
Target & Horn Alignment
Beam Direction Measurement

Horn Abs. Current

| T T 1T 1 T 1 1 7 1 1 1 11

6 7 8 9 10

E, (GeV)

Fractional Error

<
N

<
=

_llll[llllllllllllll

SK Vu Fractional Error |

Nucleon Production

Pion Production

Kaon Production

Prod. x-sections

Proton Beam Pos./Profile
Target & Horn Alignment
Beam Direction Measurement
Horn Abs. Current

Total

------------
femnsnaden e

6 7 8 9

E, (GeV)

show correlations between bins. Error types described on slide 16.

10dv3 Official Plots




Fractional Error

SK Systematic Error Envelopes

SK v, Fractional Error SK V, Fractional Error
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Error envelopes show the fractional error in each neutrino energy bin, but do not
show correlations between bins. Error types described on slide 16.
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Efficiency of CC v, events

v

Efficiency

4/11/12
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Overall efficiency for CC v,: 38.310.2% within FGD FV
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Efficiency of CC v, events

efficiency vs E_ —e— CC+FGD
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Overall efficiency for CCv,: 21.5 +0.6% (<2 GeV, within FGD FV)
Eff diff between v, and v, is due to:

* More stringent PID cuts (large mu misID reduction required)
e Large background at low energy from decay e and photons
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energy loss (keV/cm)
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TPC dE/dx particle ID
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Energy loss of the particle (dE/dx) can be used to separate particle type

dE/dx resolution for MIPs is 8%

Probability for a muon between 0.2 and 1.0 GeV to be identified using dE/dx
as an electron is less than 0.2%

4/11/12
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Number of events

Vv, events after cuts
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Basic distributions of v, candidates

. - C1. Osc.v, CC i v +V CC
Momentum, angle with 150 -5 © 190 = Ho i
respect to beam direction Cma i
L 100 | i52m: 100 |
distributions are reasonable [ amEm- i
IR S
50 -l EEC. 50 |+ °°
sHEN= - - i °
sl i
O‘-i.::: T|--. O_ | l . | |
0 1000 0 1000
= 150 | Ve CC | 150 | NC
o - -
> : -
< 100 :— 100 REEE
S i R
D i i . .
oL ot o L tiitiintt
0 1000 0 1000

Momentum (MeV/c)

4/11/12 K Mahn, Columbia HEP seminar 67



2000

)=
o
o
(@)

T

-2000

-2000 -1000 0
Vertex X (cm)

Basic distributions of v, candidates
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Clustering of candidates

at high R in beam direction
KS test of R? variable is 3%
(does not include beam dir)
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counts

Beam backgrounds at high radius

MC simulates neutrino interactions upstream of the detector (e.g. m® production)
= Only 1v, event cut by FV selection (no excess of v, events outside FV)
* Dedicated sample of events entering tank (with activity in veto) agree
* No bias to radial distribution of atmospheric sample under T2K v, selection
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Entries / (100 MeV/c)
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ND280 beam v, rate cross-check ()

Select v, candidates at ND280 with TPC
PID to check rate of intrinsic beam v,

B v. FGD
misid w

M v, FGD
Out of FGD

|IIII|IIII|IIII|IIII|IIII

Additional backgrounds to v, selection,

Vv, selection candidates
VS. momentum

measured via control samples
= u misidentified as e
= e from photon conversion (photons

emitted in Vv, interactions in FGD and

0 200 400 600 800 1000 1200 1400 1600 1800 2000  other subdetectors)
p MeV/c)

——

—_— D W Bk~ N J 0 O

[HEEEEE NN IIII|

(-

Ratio of observed v, /v, events is consistent with untuned prediction

N(v,)/ N(VM) = R(e:1) = 1.0% £ 0.7% (statistics) + 0.3% (systematics)
R(e:u, data) / R(e:u, MC) = 0.6 + 0.4 (statistics) + 0.2 (systematics)

Improvements to the analysis:
= Improved rejection of backgrounds with ECals
* More data: 2.88 x 10%°® POT shown here
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ND280 beam v, rate cross-check (ll)
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Select high energy CC v, candidates within the POD:

= Reconstructed track matched in x,y with vertex in FV consistent with an
single EM shower (reject m® mutiple photon showers and muons)

= Primary backgrounds are HE n°® events
Consistent with current untuned MC:

data-bkrd(MC)/sig(MC)=R =1.19 + 0.15(statistics) + 0.26 (systematics)
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