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Particles of the “Standard Model”

ELEMENTARY Neutrinos are one of the fundamental

PARTICLES particles and have only week interaction.

\. \ U _ Neutrino has a zero mass,
a zero charge and a spin 1/2.

Direct measurement of the neutrino mass
by kinematical analysis of weak decays

o m - m <170keV

m <23elV
'l“h{-c (_;t"]]L'iI;llim‘i ‘11\1111““ m < 1 8 .2Me V
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The sources of neutrinos

Natural sources

®, =6 x 10'%/cm?
E, ~ 0.1-20 MeV

*

p, = 330/cm?
E,=0.0004 eV

S-Kamiokande
Sun Neutrinos

Solar Atmospheric Earth (Geo V) Super'novae BigBang

Relic Neutrinos

Artificial sources

-‘..
il

Accelerators Reactors
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A Brief History of the Neutrino

1914 The B-decay energy conservation crisis.

1930
1932

1956
1957
1962
1962
1973
1998

2000

3/24/2011

Pauli proposes a new neutral particle is emitted in B-decay.

Fermi names the new particle “neutrino” and introduces

four-fermion interaction.

The first observation of electron anti-neutrinos by Reines and Cowan.
Bruno Pontecorvo proposes neutrino-antineutrino oscillations.

Ziro Maki, Masami Nakagawa and Sakata introduce neutrino flavor
mixing and flavor oscillations (MNSP matrix).

The muon neutrino is observed at BNL.

Discovery of neutral currents at CERN.

Super-Kamiokande announced the evidence of atmospheric neutrino
oscillations

First direct evidence for the tau neutrino

4 cSu



Neutron [3 decay

Niels Bohr even suggested that perhaps energy
conservation did not hold inside the nucleus.

Measured B spectra
were continuous instead of
discrete for 2-body decay

3L - n

“At the present stage of atomic theory, however, we may say that
we have no argument, either empirical or theoretical, for upholding
the energy principle in the case of p-ray disintegrations”.

P—@—°° M E+E
n—opte

Pauli proposed that a neutral particle shared the
energy of beta decay with the emitted electron.

| «J have dene a tevible thing. I have pestulated
a panticle that cannat be detected.n (193()

Ry oy @ e
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n—-pte +v v

Fermi builds a new theory of to explain B-decay based on the current-current
Vv interaction and named a new particle “neutrino”.

. J\

y 1 & I
W telectron volts)

F1G. 5. Energy distribution curve of the bg

Neutron Beta Decay
p

Basic Current-Current Interaction

— Lepton current v
e'“mx (electronfneutring) .~
"-\._\_\_ . e G E

*‘HGF,«»’ Initial F _ Final

//\\ state state
Muclzon current v
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Discovery of Electron Neutrino (1956)

The fist experimental detection came The inverse B decay produces two signals in tanks
from the high flux of neutrinos created Seintill - .
in Savannah River reactor. \ 2)) vc’,”"f‘”f”” TP nte
4 “ e +e +
/ Scintillator Prompt signal
producing two
n+'%cd '"cd '“Cd 0.511 MeV y’s

Delayed signal from n capture on

A few us later

cadmium producing 9 MeVin y’s

Positron scope
N =(1.1 0.3) 10 ¥cm’

Science 124 (1956) 103;
Phys. Rev. 113 (1939) 273

e P The Nobel Prize in Physics 1995
C C
, ‘v‘mer + cdcl, was awarded to Frederick Reines

Liquid scm‘rllla'ror 1'a Rs Neutron scope "for the detection of the neutrino"




Discovery of Muon Neutrino (1962)

In 1962, Schwartz, Steinberger and Lederman built the very first
neutrino beam and presented evidence for the muon neutrino

proton IE
beam target protom accelerator i
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Part of the circular accelerator in Py 3 =
Brookhawven, in which the protons H""hh H., nEUt ﬂ“
were accelerated. The pi-mesons (1), L

which were produced in the proton
collisions with the target, decay into
muons (1] and neutrines (Vu). The 13
m thick :I:ur.'cl :hlr:l-l:l stops uII 'I:hl:

S
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N
The Nobel Prize 1998 was

awarded to Leon Lederman,
Melvin Schwartz and Jack
Steinberger "for the neutrino
beam method and the
demonstration of the doublet
structure of the leptons
through the dlscovery of the

29 v, interactions were registered muon neutrino "



Discovery of Tau Neutrino (2000)

800 GeV protons from TeVatron (FNAL) on Tungsten target produce Ds mesons

- Decay of D, meson and next t lepton decay give v,
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* momentum calibration




Neutral currents: triumph of the electro-weak unification (1973)

interactions, but it requires a “neutral” weak current.
The model introduces two types of weak interaction:
Charged current (CC) and Neutral current (NC).

Weinberg and Salam develop a theory of electroweak vl\/p' x-'u\/vu
Wi CC Z: NC X

Big European

Bubble Chamber
csu




log,, (v Events After Selection per Month)
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Large neutrino calorimeter type detectors goals

1. Cross section measurements
+N +X _CcCDIS +N +X _ NCDIS +e +e - ve-scattering
+n +p - CCQE *pP TP - NCElastic +te + . - Inverse p-decay
2. Nucleon structureiyp_ctions measurements
By — g 2ehk (10 - G0 (- 57)6)
o + Q' =—q" v=E,—E,=FEya - 1Energy transferred to nucleon
| Q* =2E,(E, — p,cosf,) — -mi ~ 4F,p, sin’ 59“ - 4-momentum transfer

/@% In terms of the quark distribution functions
N(p) X)) 20F) = F) =2x(d+u+ s+ ¢) rFy =2z(d—u+s—7)

20F) = F3 =2x(d+u+5+¢) rFy = 2z(—d+u— 5+ ¢)

3. Measurement of s_‘inZHW SM parameters

-
-
-

o(vuyN — p=X) 2 @ 9 (1+ r)

) _ Paschos—Wolfenstein relation removes
_ G—KITC - G—K'TC _ RI} - T'RV ].

NuTeV| —> R~ =3~ sin? @y - the effects of sea quark scattering and is

1’ i 4
Tho — O00 1—7r

much less sensitive to heavy quark production

4. Beam-dump experiments

Search prompt neutrinos from charm particles 1productiom, Higgs, axion, heavy neutrino, ...
3/24/2011 . crr e ] csu
5. Neutrino oscillations




CERN: CHARM and CHARM-II (1986-1991) experiments
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CERN: CDHS (1977-1983) experiment

CDHS experiment was designed to study CC DIS and NC DIS neutrino interactions.
muon spectrometer hadron calorimeter

200.

120,
(B, =023/ \[E (GeV) - clectrons &0,
IE =0.56/E (GeV) - hadrons

Di-muon event

||||||||[i|ili|||'|

E——
L=
—

M=1250 ton
FV=700 ton

1 2 3 4 5 6 7 8 910111213141516171819
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FNAL: HPWF and NuTeV experiments

Neutrino target: liquid scintillator
Active detector: spark chamber and scintillator planes
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Neutrino target: iron planes
Active detector: drift chamber and scintillator planes
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Neutrino Oscillations

At t=0 we have a flavor eigenstates

[(0)= cos | )+sin | ,)

‘ (O)>: sin ‘1>+cos ‘2>

mﬂﬁmaga-i—_._

. and
which are both mixtures of mass eigenstates , and .

According to Schrodinger equation the mass
eigenstates ;and , with energy E, and E,
evolve in time as plane waves:

For relativistic g _ | pl 2 m? = p+ L ‘

neutrinos (E >> m) 2F

A ing th for both i(p+m?
ssuming the same energy 1or bo ‘Vu(t)> —e i(p+m;/2E, )t

neutrino components we can write:

J(D)=| )e T cos +| ,)e ™ sin
2 (t)> = | )e ®sin +| ,)e ™ cos
Vv, >sin0 + | v, >e’it m/Ey $ind

The transition probability is, then, given by

sin cos (I e

P( D=l @)=

it m*/2E )

If we measure Am?2in eV?, Lin km, and
Ein GeV we can write the above as:

2

with = m* =m;

2
m,
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Atmospheric Neutrinos

Neutrino Oscillations Discovery (1998)

Neutrinos are produced by cosmic ray interactions in Earth’s atmosphere

7 ++O + e+©© Expectation ( +7) 5
@ o (.+.)

SK was measured the Zenith

Isotropic fluec of

number of v and v, cosmic rays \ ¥
interactions as a f
function of zenith angle

41.4m x 39.3m (Diameter)
50 ktons of pure water tank
with =11,000 20” PMTs

Particle identification is based
on the pattern recognition of
Cherenkov rings arising in water

— fuzzy ring

s
e iy R
s

. "B
=
[

Phofomulipher

(such a5 muon
or an eectron) 1 6




/
Neutrino Oscillations Discovery (1998) R= (7€) pus
( /e)ye

(e Fegisiration efficiency for Muons &nd CIGGHONS SVERIGIEIeNtY -1 1 o osciation

Takeuchi, Neutrino 2010 At the Neutrino 98 conference, SK experiment presented new
~— ———————— data on the deficit in muon neutrinos produced in the Earth's

- swowveie T L atmosphere. This deficit depends on the distance the neutrinos
_—?ﬁj— travel - an indication that neutrinos oscillate and have mass.

R=0.63+0.03+0.05 (sub-GeV) )/
R=0.65+0.05+0.08 (multi-GeV), “O8
Ehe New Hork Simes

@y NATIONAL DESK | June 5, 1998, Friday
3% Mass Found in Elusive Particle; Universe May
Never Be the Same

By MaLcOLM €M, =

J - -
f Las Edeion 'F"“m Scientists in Japan may
B ABSTRACT - l s have discovered secret e in
to the universe's
A Japan and US munes :of
“p liim:iﬂl 'missing mass’
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FITERES The Nobel Prize in Physics 2002 ™

& was awarded to Masato Koshiba :
' “.. for pioneering contribution to : =
astrophysics, in particular for the @ ™
detection of cosmic neutrinos”  :ZE=EEREEES
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12 JBIR Mawtriao Dstactor

Member of the IHEP-JINR Neutrino Detector Collaboration from 1979 to 2000

@ Neutrino Detector

@ Beam dump Experiment
» Search of the light Higgs bosons and Axion
» Limit on the charm production cross section

@ Oscillation Experiment
@ Jotal cross section measurement

3/24/2011 18 CSU



IHEP-JINR Neutrino Detector Magnetic fri
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Neutrino Detector Calibration

Test beam with low momentum spread X =

‘/\““ll.ill

AM—DHETETD —leTeTop

Energy resolution vs momentum

The examples of events from pion, electron,
and neutrino interactions.

5 ¢ Hl1 HOB3-0HAH _ J
03 i Hadrons | " CHARM[mnTh[e-I-stint} |
| + CDHS{Fetsin) IIIIIIII\IIIIIIIIIIIIIIIII|I|IIIIIII.I'
i 7.3%+34%/EV%(GeV) by [ | vV
o \"\. A !f "‘”": | ik
- .
_ . IIHIIIIHIIIIIIIIIIIIIIHIIIII-IIIII |11
01k Electrons I
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Beam dump Experiment

0 100 200. -3'.?_0 [m]

piren shield

p-halc counters
,/ 7 \\\\\
—_——— JEJ;L {r R R

o _'__,.-a'-‘, I H J !

70 GeV proton beam |
beam beam ] ;
monitors v-—detector

region
 of p-flux
medsureme nt

“"// '

100 % (tem iron +1cm anr}

The 70 GeV proton beam with 1.21x10'3 average proton intensity per accelerator pulse.
Iron beam dump target was located in front of the 54 m long iron muon shield.
The neutrino detector followed at a distance of 64 m downstream of the beam dump.

In two runs 1.1x10'8 and 0.6x10'8 protons on target were
collected with relative target densitiesofp=1and p="%

3/24/2011 21 CSU



Number of Events

Number of Events

MSSM

s;, p; — model dependent coupling constants g, = i(\/EGF)l/szpf

Beam dump: Search of Light Higgs and Axion

Two Higgs doublets with 3 neutral Higgs. Two from these
particles (one scalar H and one pseudoscalar A) can be light.

Sy = i(\/EGF)l/meSf

MSSM | s¢= cosa/sinp, p;=cotp=1/x for f=u,c,t
s;=-sina/cosp, py;=tanfp= x for f=d,s,b,e,p, 7
x = v2/v1 —ratio of vacuum expectations of Higgs doublets
SM | s;,=1,p;=0 PQ axion p;isthe same asin MSSV

O 21 events
B.m* 005 rad
onte Carle

0} e

Number of Events

Number of Tracks

o

@

)
T

: <€ | Cutsforyy-and e*e—

1. E,, >3 GeV
2. No track at primary vertex
3.E; .4 <1.5 GeV —resolution

limit of reconstruction program
4.0, <0.05rad

Cuts for u*u -pairs

1. Two long tracks (muons)
2.P,>3GeV

2. AP, /P, <30%

3. [Eqep — Emipl <0.5 GeV

4. cos0,,, > 0.99

4, 5(dec‘]ree)

10

Four possible processes of production

e g

g “ B
>__<B g >”\
~ l,
q,§; q;q;

2. Parton parton interaction

NZ
3. Initial state bremsstrahlung
(*(p*.m)

4. Bethe-Heitler process



Beam dump: Search of Light Higgs and Axion, end

10 35 ‘ 10 35 T TV -
o DAREANSZ Scalar < AN // ‘¥ | Pseudoscalar
2_ i 7T - d i
10 “B7 R _ < standard oxion
' E1T % NN
7 :?(<excluded areq : /‘4_.\
E 1

V)
(e
Ec)

NEE

Higgs boson of SM was excluded for my <80 MeV a) Excluded by e*e- and yy decays

b) Excluded by the e"e- Bethe-Heitler process
Standard axion was excluded ¢) Excluded by the p*p- Bethe-Heitler process
in the range 0.008 <X <32 d) Excluded by a combined fit using a) and b)

and for mass range

0.2-3.2 MeV for mostx>1 | Particle Data Group, J. Phys. G 33, 1 (2006)
0.2 - 11 MeV for most x <1 23 Ccsu




Beam dump: Charm Production Cross Section

Three types of interaction were studied for estimation
of charm production cross section:
1. Prompt v, charged current interaction
2. Prompt v, charged current interaction
3. “Equilibrium” or “rock” muons produced in neutrino
interaction at the end of muon iron shield.

Calculation of "prompt” events number

a) Extrapolation method
The charm production does not depend from target

Cuts for v, events

1.E,, >3 GeV
3.Y = Eypu/(E g+ Epag) < 0.4

elm

Cuts for v, events

1. Track lengthin ND >3 A,
2. Track length in magnetized steel > 50 cm
3.P, 23 GeV
4. Start of track in the fist plane of ND
(for muons from muon shield only)

.
density. The production of conventional neutrinos is T
proportionally to the inverse target density. ‘3; _
Npr‘ompf = 2N,y - Noyyp - E(Np=1/z - Np=1) S e %
€ - correction for the leakage of hadrons shower % Third order QCD
b) Subtraction method 5 atm, =12 GeV
Subtraction of calculated contribution of conventional 103 andm, = 1.5 GeV
neutrino interactions from the total number
of measured events.
10 |
s 2
G eparm < 2-4 pb/nucleon (90% CL) Vol
— Rhabies - SCAT
at /o =115 GeV ~~me_ _
FE=~o IHEP-JINR
P BT I BT T BT N B T
3/24/2011 24 0 10 20 30 40 50 60 70

Vs, GeV



Oscillation Experiment

Measurement of Neutrino Total Cross Section

Osc. experiment was initiated by paper pl. 0 B o S 0w ma a0 .,
of Prof. Conforto from ltaly. He studied
the results of 3 CERN experiments and 3 VN 2 g
was seeing some indication for oscilla- = E I ¥ LI _ %-ﬂ-ﬁ __________________________
tions. These detectors where exposed £ aeE % o i_g -
at the same time but located at the .
different distance from target. = oaf | ; ERY
- - I ) Bﬁl%ﬁ Wﬂ§%§§l§.|!i
P( e x)= sin” 2 Sin 1.27 m-— E§ (1] W CCFR (95) [6] ) BEBCWEE [11] A SKAT |3
FE 0.2 (2] ® COFR (%) 71 ¢ GoM-psv (121 ¥ crs |4 02
o . - 4l o COHSW (] &4 HEPINR  [14] ® BNL7A[]
h%\_a, \ E I[‘sli ® GGM-SPS |[|ri| ¥ IHEP-ITEP :ESJI g L‘i—mRME
an [ 1) = ST S TSN [T o o O it Sy 1
S | i 0 10 20 30 50 100 150 200 250 300 350
S G. Conforto, Nuo. Cim. E,[GeV]
10} 103 (1990) 751 - . . .
- : Special neutrino beam with 12 m short decay length was
developed. The fraction of v, for such beam was 3.25%
2 g which is much higher than for standard neutrino beams.
Am™ =377+27 eV
sin3(20) = 0.48%0.10 . .
! The length of the decay cavity (L = 72 m) is short when compared
07 to the distance from decay point to the detector (72 m average)
and to the length of the neutrino detector (L=25m).
— - 2
u Minimization of > =( R)
o Give possibility to study X with d;ife?in/t;/E]sar?Ln;:‘;rs
0.1 0.2 03 04 05 06070809 L/E dependency =2 e

sin?(20)

Ny (L1 E)




T2/K\ experiment

@ T2K experiment
@ ND280 detector
@ POD calibration with ‘rock’ muons

@ CC QE events in POD
@ First preliminary results of 72K experiment

3/24/2011 26 CSuU



T2K (Tokai to Kamioka) experiment

First off-axis long baseline oscillation neutrino experiment
with high power 30 GeV proton beam of J-PARC Main Ring

Japan
Proton Accelerator
Research Complex

50-kT water
Cherenkov detector

Supar-Kaminkandea

e ——— A

water equbv, g =

& t1.llﬂ|lm
NEUTRING BEAM

295 km

3/24/20117




Main Physics Goals

The Maki—-Nakagawa—Sakata—Pontecorvo (MNSP) lepton mixing matrix
relates the mass eigenstates (v,,v,,v;) to the flavor eigenstates (ve,vp,vT)

. COS SiIn =~ (Y sin, 0,

= cos@ smU — 1, cos , O 5

0 sin ,, cot Sln COS ) 0 1 :
atmospheric, beam solar, reactor

SK atm,K2K,MINOS, ‘T_ZQ CHOOZ, \TZK‘ SNO, KamLAND
=45 8 “sin’2 </0 14(90%CL) 1 =339" 1.2°
m23 ~2.5 10 °elV? W m’, ~8 10 °elV”
Measurements

@ Measure the mixing parameter 6,; by search v, appearance

P( ) Gin*2 Jxin® ;sin®(1.27 m3L/E )

@ Precise measurement 6,3,|Am,;2| by observing v, disappearance

3/24/2011 £ ) | i%g'27@L/E ) csu



Off-axis beam

* Neutrino energy depends on the angle relative  « Narrow neutrino spectrum reduces the backgrounds

to the beam axis in the electron neutrino measurement from DIS high
* Increasing of the angle gives narrower neutrino energy interaction and the high energy V. beam
spectrum like monochromatic narrow beam contamination
* Off-axis angle was set to 2.5° where peak of * CC QE 1is dominant process in region of neutrino
Flux x ¢, has an oscillation maximum spectrum at 2.5°

Qlo—zwz
— GOA =0.0°

DA2.5° — gy =20°
— GOA =25°

— 0y, = 30°
v

NuFact09

ARenoa0ch
paidubbinubioa

[~ ny (7% ] (o]
o on o U
[ =3 (= (=] (=]
L=} o o o
— -

Neutrino flux, au

|I'.5';:|
' E, (GeV)
500 [

| T ——
05 1 15 2 25 3 35 4
3724011 Energy, GeV 29 CcSu




SenSitiVity {0 6 13

Detection of v, appearance: Vv, — V,

H
Reconstructed E, in CC QE V. interaction

A —
in26._=0.1 - 10 =

90% CL 0,, Sensitivity

50

ITIIII

10

T | T

BG fromv, ... 10 10

> A0

2 Tt

e il —

E 30— HS" ]

§ 1 + sin?20,,: 0.1 0.01f] 10l =l

@ ol | | |#ofevents ™=

5 [ in 0.35~0.85 [GeV] iR

w B : T Slgnal ... 143 14 | -~ : R _ i
| 1 24 10°eV> N

! < RN

.+ Beamv_BG... 16 16
1

1500 2000 2500 3000 3500 4000 4500 5000 10
Reconstructed v Energy (MeV)

rTTTT]

Main baCkgrounds Systematic Error Fraction

5% sys error

* beam v, contamination —— 10% sys error

- — 20% sys error
Ve tTn-oe + P [] cHOOZ Excluded

* NC ¥ events 10:0-3 102 10" 1

0
Vet Nov,+p+m N sin® 2 0,, sensitivity
rTy 30 csu
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Sensitivity to 0,; and Am,,?

Detection of V,, disappearance SK with oscillation
, . 3 20F sin220= 1.0
. x10° LY eneray spectrum ot Supert| - ! —— Am? =2.25x 107eV?
S i | o Oscillation changes a s L= 250 10 eV ]
= l SK w/o oscillation lang 2 | 1 — am? =2.75x 107ev?
I form of neutrino spectrum g 80 (dashed lines:
E J l mof non-CCQE B.G.)
S 0.6 60}
g1 | | P(v,-v,) - f
g 04 | * 40f
= ] I n
E u_thl L [ 8
[ 1 i L
R PP T S L R 20__
0 05 1 15 2 25 3 N
Eneray (GeV) 0 - I_ B *-..“. “.m"‘-—-.,.r_,-._._T_...__.
Present limits 0 02040608 1 1214;@318 2
v (GeV)
4.0 T BRI
T ] e 21
s/ K2K — Am? 107 ev?] 8x 102 POT
| ] | -68%CL |.._.L.
> 3.0 I%AQ 2.9 -| --90%CL
% o5 MINO 90% CL 28 L[ 5‘?:‘*'=:|C|_
2.5 D +—— T2K sensitivity «— ]
E 20 -' . 27 @
g 20r 0(sin?26,5) <0.01 N
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J-PARC accelerator facility

Near detectors

=& Neutrinc Beam -
! ‘-—h-" ol & - - R e =

i : I ?
1 30 GeV proton accelerator
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Near detectors

J

Off-axis
Neutrino Detector

On-axis
Neutrino Beam
Monitor
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ND28&80 off-axis detector

ND280 detector consists of 5

subdetectors:

10 detector (P@D)
- Optimized for CC 1° and NC m©

measurements

- Measures v, contamination

* Tracker: fine-grained detector (FGD)
and time projection chambers (TPC)
measures CC QE, CC 1w and NC 1n
interactions

* Electromagnetic calorimeter (ECAL)
detects EM activities coming from
P@D/Tracker

« Side muon range detector (SMRD)
identification of side-going muons

All detectors housed in UA1/NOMAD

magnet with field 0.2 T

3/24/2011

Magnet
voke

Magnet
coils

g
v beam
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SMRD

ECAL

. Tracker
Pi-zero At

Detector

Detector was commissioned
in March 2010 and now
taking the data during 1 year
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Top view of ND280 detector
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0 detector (POD)

4 supermodules (pOdules)

Upstream and Central
Ecal y-catchers
Lead/Scint sandwich

Upstream and Central
Water Target Ecals
Water/Scint sandwich

17x35 Smm trlangular bars

Scintillator detectors read out
via WLS fiber coupled to St MPPC: .

667 pixel avalanche photodiode, .
area of 1.3x 1.3mm? sosif J
First large-scale use in HEP L S B [ % e T

experiments: ~50,000 MPPCs for ND280 Fised mualanche

Water Targe't 'Super"PODu_.lé
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First neutrino event (INGRID)

Side view

Nov. 22, 2009
20:25:48 JST

METEER e

'I'|'I'|'I['ITT[ITI[IT1|-I:'II'IT'I['I
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(U ST

(EETRRERERR e ke

LERRANRIE JHE JRRNRRRL

LARNRRNARTRAL JENNRERNY]
ERRIRNUNRNENT TR
LLRRIRRURRRENL JRCRRRNL

Top view

B

8
8

ST

L ETERREEE E - M
LRI LACR RN R LAY
SRR RR R R AR AR

SRR RN AR ARG RRET

(T LRI

LT ERI
AL LARERRARR RN RN

STHET
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First neutrino event at ND280

Everrl number ;45! | Parfaon . IBVALID | Puey semmbisr ; 1530 | Soll | INVALID | SubPun pursten .0 | Tiow - Sat 20081210 074813 JST.1 Triggor: 1|

Magnet off

POD

07:40 19 Dec 2009

TPC EGD TPC EGD

Mote: 1% TPC is not taking data

CCQE event at Tracker

TPC

DSECAL




First neutrino event at SK

Super-Kamiokande IV

Time |ns)

1st ring + 2nd ring
Invariant mass : 133 MeV/¢c?
(close to 7% mass)
momentum  : 148 Mel//c

2010/2/24 6:00:06
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POD calibration with ‘rock’ muons

‘Rock’” muons are going outside to POD muons produced at neutrino interaction
on the outer matter that is mainly magnet steel, pit construction concrete and rock ground.,

\_L_’I ‘_H C

Sso N
~
Bottom ‘\ \
i | ] run:;"x W

ey
[ 0 1000
X, mm
l,’..'lnl.'..-.':n-{
. | Charge/plane | — I
il T Waan FeAF
- RMS 12,63
- (t = 2IT.8/E
5 w0 @ . M| wie itk 2067 1 DL
" Lo 22 48
- - r 4.0 o4+ 5.2
5 1 4855 &
- @ T
I n h3
e N s SR ... Entries 143161
TR ah 8a &8 @ 'ﬂj O T T T T T T ] -gé TR T Maan 2058
nno |
Angie ai £ dimclion | weankl Cos Y R._HIS 11.82
(o= ] - == - Data ¥ | ndf 3M32ITE
- Thean 0
[ — Width 2.111+ 0,029
: B gsuitr B === - Monte Carlo W 22714 004
ssal - . .
m: — Area 3.22e+04 £ 1.84a+02
| - GRigma J.004 + 0,049
et ll_ C
150} \ r
| —_
1ea (O -
| —
sl C E I
: orrected — = e
= ST PP UM 0 100 120
%= | F H: L] us 1 path length Charae p.a
cos0,, g9, p-2.




Charged current quasielastic neutrino interaction (CCQE) in POD

—~ 1.2
. |
i +

D

1‘&_) —

e 11 TOTAL
o

)
j

CC QE 1s dominant process in the region
of T2K off-axis neutrino spectra at 2.5°
and has simple 2-body kinematics

|

In the simplest case of invisible proton rec
E, can be calculated from measured = E, =

momentum and angle of p

my —E, +p, cos6,

CcCSu
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CCQE: POT’s, requirements, cuts, ...

» NEUT MC for study of backgrounds, reconstruction efficiency
and purity of 1-track and 2-track CCQE events
» The total data PoT’s number is 2.84x10%°
» The total PoT’s number of NEUT MC is 1.3x10%°
» MC distributions were normalized to the total number of data PoT’s

Fiducial Volumes

. Full POD -3224 <7 <-1016 mm
First 3 and last 1 PODules were excluded
. Water Target -1236 <Z <-1348 mm
24 internal PODules

. Central Ecal -3224<7<-1016 mm
5 internal PODules

Requirements and cuts

Negatively charged tracks

—— MUuons
— eglectrons
— plons

— protons

Energy Loss (keV/cm)

PTEN EETEEN BT R I IS BRI
0 200 400 0O BDCI 1000 1200 1400 1600

1. 1 or 2 track segments in TPC

2. Vertex should be at POD Fiducial Volume
3. Long track should be negative

4. TPC PID corresponds to muon

3/24/2011
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"Good PID via TPC dE/dx

15002000
p (MeV/c)

Posltwely charged tracks

"E"‘ S - —— muons

G 45 - _|— electrons

S i — plons

o +H u —— protons

7%

]

|

]

o

T

@

=

(I}

———

T T T T T T T T T T T T T T T T Ll
200 400 600 800 1000 1200 1400 1600 1800 2000

o (MeaV/'e)y




[ Truth Vertex X-Y Position |

-1000

CCQE: Full POD True Vertex position

truth_vix_XY -
Entries 72184 |
Mean x 176 | 80

| Meany  -70.75

Truth Vertex Z-X Position |

e

R

[ Truth Vertex Z-Y Position |

8t "

I

3/24/2011

60
403
20
a.
1000
500
¥+
'%6 <500
7, mm
truth_vix_ZV truth_vix
Entries 72184 |__ Truth Vertex Z Position | R
Mean 2143
- RMS _ 705.3
1400 —
1200—
1000
800 -
600/—
“F MMM {
N I.II-.L !
200— m‘ 1
f] o P S I I I
=3000 -2500 =2000 =1500 =1000
Z, mm
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N, events

N, events

CCQE: 1-track CCQE and backgrounds for selected events

Data

Entries 2163

2338
2131

Mean
RMS

Full POD

3000 4000
Muon Momentum,

1000 2000

= Mean 1630
- RMS 1683
— |
S0
C CEcal
40__ - Data
- - CCQE
- - 1In
B - Nz
30— - v, K*, DIS
- - NC
20—
10

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Muon Momentum, MeV/c

Data
| Entries 1402
2 Mean 2524
c 90 RMS 2206
-
;_ 80 Water

_*_

II|IIII|IIII 1 1 1111 1111 111 e
1000 1500 2000 2500 3000 3500 4000 4500 5000
Muon Momentum, MeV/c

~200-300 MeV shift b/w Data and
MC due to the Global reconstructed
momentum is not corrected for
track energy loss in POD

Small ~50-100 MeV shift b/w
Data and MC for Cecal due to
the short track length in POD
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N, events
141
(=]
(=]

400

300

200

100

N, events

10

(=

CCQE: I-track CCQE and backgrounds angles for selected events

Data
Entries 2163

of T T T 1
(=1]

m0EnN-

- Data

- CCQE

- 1

- Nn

- v, K*, DIS
- NC

0.65 0.7 0.75

Mean 0.9363
RMS 0.07302

Full POD

0.8 0.85 0.9 0.95

0s0

Data

Entries 347

O[T TTT
1]

B0OnN-

- Data

- CCQE

- 1

- Nx

- v, K*, DIS
- NC

Mean 0.8972
RMS 0.09543

CEcal

0.8 0.9 1
cosb

Data

- Data

- CCQE

- In

- Nn

- v, K*, DIS
- NC

0.75

0.8

0.85

Entries 1402
Mean 0.9485
RMS 0.05769

Water

0.9 0.95

cost

Nice agreement between Data and MC
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First T2K preliminary results

2010a data were collected during Jan - June 2010.

18 12
, 3510 x10 o
S -  —— Total delivered 4 2
=3 - - o
& 30 —— Good spill 2010a data en =
— n =
e F —— INGRID 1 ¢
- N =
€ ®F — ND280 off-axis {1 £
3 - — Super-K B
° 20 P 8
8 F i
= ~ -
E 15 —40
8 = i
< - |
10— o
E —{20
5 :
0: B R T W TS | S R | _O
01/31 03/02 04/01 05/01 05/31 06/30
Date in 2010

No Oscillation
Am?=2.4x10° (eV?)

oscillation 5in?26,,= 1.0

Fully-Contained 33 54.5

Fiducial Volume, »3 368 167
E...> 30MeV ' '

» 8 24.5+3.9 7.1+13

Single-ring e-like »@
(P_>100MeV/c) 1.5+0.7 1.3 +0.6
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v, disappearance analysis

:
No Oscillation a = Mull oscillation
e Am?= 2.4 x 10% (eV?) O 4
oscillation §in?26,,= 1.0 -~ — v, - v, oscillation
FuIIy-Contalned 54.5 24.6 ﬁ 3 b ﬂ’“%:;;‘; ‘]‘: ev:
Fldumal Volume, s e e % P } pata
E _>30MeV ' ' g 2
Single-ring p-like 2
(P, >200MeV/c) 8 24.513.9 7.1+13 g |
N(decay e)<2 _JILIH_,_:;“ ..
8 22.8+3.2 6.3 £1.0 ; e — -
E. <10 GEV) ° o5 1 15 2 25 3

Reconstructed E,~r GeV

Expected # of events as a function of
Oscillation parameters.

lﬁiﬂnm

_5 Dons * MNOS best i — Suparkoox T | ,
— MINOS 90%  — Super-K LE su%/
— we MINOS 685 »
&
el e | ~
Jboas
o { T2K
PO = goal
=
el Praliminary
results presented \
al Neultring 2010 ""'\._\__\_‘_
D861 46 08 08 09 095 1 csu
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Final v, event selection

Oscillation

No St Additional background rejection
i i 5in?20,,=1.0
oscillation e - no decay electron
FuIIy-Contalned 54.5 m,, < 105 MeV assuming

Fiducial Volume, | second ring exist

E._>30MeV 36.8 16.7 - reconstructed E, <1250 MeV
Slngle-rmg e-like

( P.>100MeV/c) @ LD 1.3:06

=
—-~__
—_—

—
—
—
I e B

When # of decay electron cut was applied only 1 candidate of v, event remains

~~

L
por-Kar i . T T —e— Dum
- 5 M
= 7| M Signal v, (sin28 =0.0)
= .l Beam v,
LE i Beam Vo
h - Beam T,
0 : ]
H
Z
.D:IIII 111 11 1 1 X 99 98 Ellll.llllillllillll:
47 0 05 1 15 2 25 3 35 4 45 5

# of decay electron



v, appearance analysis

Upper bound of 6,; are evaluated
by 2 independent methods:

90% CL upper limit at

A: Feldman-Cousins

B: Classical one-sided limit
Systematic uncertainties are took
into account for both analysis.

Hierarchy Upper Limit  Sensitivity
Normal (Am3, > 0) 0.50 0.35
Inverted (Am3; < 0) 0.59_ 0.42
Hierarchy ‘ Sensitivity
Normal (Am3, > 0) 0.44 0.32
Inverted (Am3, < 0) 0.53 0.39

-1
r'; 10 Am}>0 90%CL.
L Feldman-Cousing
—_
Classical one-sided Poissonfy™
e) :
("‘]E(‘ ]
-2
<10~

107 =

107 . P
107 10~ 107! 1

sin?(2 0,5

Aml<0 90%CL.

Feldman-Cousins

Classical one-sided Poisson|

1073

107 10~ 107! 1

sin*(26,,)
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Backup slides
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Future prospects

10 Dﬂh'k.fl.‘l'ﬂd proton# Proton por pulsoffor phys=ics run) 10"
It Physics run Proton per pulse{all runs)
= 140 F a0
- 9994444 - - - OO 1
E 120k— Cycle: 3.52(s] I — 80
— 70
E 100k— 6 bunch | pulse | =
i | | =160
o B — =
- | . 1.,' I L = 50
60— e o —|40
. ) *-' PRLIL I _— 31:.
awob— Fﬂ e =
. | // ; Cycle: 3.20[s] 3 3.04[s] 2 *°
F | Y | - Bbunch/ pulse El
O Mario May/10 Jul/10 Sep/10 Nov/10 Dec/10 Mar/ I
Date

Run 2010b (from Nov 2010 — March 2011)
« 9.3x1013 p/spill (8 bunches/spill/3.04s)
» Max beam power: ~145 kW
- Total data collected up to Mar 11: 1.45x10% PoT
(including run 2010a)
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Proton par pulse
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