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T2K v Disappearance

Near Detector
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T2K CCQE Signal

e T2K Signa|: Charged ~___ Single Ring Muon Sample

current quasi-elastic i Ml v, CCQE
1/ _I_ n — - _|_ -V“CC"R
,LL ’u p 11— v“CCothers
— Dominant interaction at v, ce
B v, CC

T2K energies

— Look for single muon
events at SK

— Proton is typically below %05 1 15 2 25 3

— NC

0.5

Events/50Mev/1.43E20POT

Cherenkov threshold Neutrino Energy (GeV)
— Reconstruct neutrino oo m2 — (my — Ep)* —m2, +2(m,, — Ey)E,
energy v 2(my, — By — E,, + py cos6,,,)

* Only depends on muon

kinematics (p,, 8 * Largest contribution to
background are interactions

that produce charged pions

w)
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Pion Backgrounds at SK

Single Ring Muon Sample

- | V. CCQE

v, CC 1n

v, CC others
v, cc
v.CC

— NC

Signal: B
VpytN— [ +P

Neutral Current 1mt*:
V,u—l—p—>V'u—|—7T+—|—n

 Misidentify pion as muon

Charged Current 1mt*:

Yy +p/n—p” 7"+ p/n ,
 Miss pion and reconstruct as signal o5 1 15 225 3
* Misreconstruct neutrino energy

0.5—

Events/50Mev/1.43E20POT

Electron MG

Current T2K analyses only
separate electrons from
muons

Pion and muon rings look
similar at SK, except for
hadronic interactions
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CC1mt* as SK signal

* Charged current single pion

G. Zeller

31.4
— . -< T2K b
Vn + p/n — M + 7T+ - p/n %1_2 neutrinec?r:nergy
— Second most dominant L |
interaction at T2K energies e
— Look for events with uand mt* uf0-8
£0.6
— Proton or neutron too low 8
@
energy to reconstruct 00.4
. (72
— Reconstruct neutrino energy  £9-2 |
« Analogous to CCQE reconstruction” 0 0" 1 10 10

* Only depends on muon and pion .
kinematics Neutrino Energy (GeV)

— Constrain background in single
muon sample

— Additional oscillation signal
B — mi +mzy — 2my (B + Erv ) 4 2p1 - pre
Y 2(El -+ E’n"’ — ‘pl‘ COS Qul — ’p‘7'l'+ ‘ COS HI/W"‘ — mN)

June 16, 2014 S. Berkman -- CAP Congress 2014 5



Reconstructing m* and CC1mt*

Reconstruct kinematics of particles in SK
Nunhit Nhit

L(x) = H Pi(unhit;x) H Pj(hit;z) fq(g5; ) fe(t); )

Base Track

Charged pions: ™ S ShhEE s

— Kinked track signature: pion i
changes direction after hadronic Track
interaction

— Can scatter below Cherenkov 3000;
threshold so abruptly stops :
producing light :

Upstream pion reconstruction: 2000

— Assume below threshold after 1500f
hadronic interaction -

Multi-ring framework, allows
construction of CC1mt* hypothesis

— W and rt* from same vertex 8667700 0100200 300 400 500 600
+
L(rt*/p)

2500}

1000}

500}
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MC Selection of CCQE and CClrt*

* Ability to reconstruct CC1mt* _ o8
makes it possible to add an S os
additional sample to oscillation 2 ,
signal g

e Monte Carlo selection

— CC1nt*-like: 1 " and one u after
final state interactions and
before secondary interactions

— CCQE-like: one p after final state
interactions

e ~40% additional events

=] o
. N
e |||T||

.
—

Events/MeV

0.05

With Current T2K Statistics, 6.57 x 102° POT

Interaction | Number of Events | Number of Events
Mode without oscillation | with oscillation

CCQE-like

With Oscillation —
Without Oscillationi

B | |

|

|

CCQE 375.1 86.62 .

NP AT RN T I IS
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
T T I 1 T T I T T T I 1 T T | T 1 T

CClmt*-like

N , | | , N | | |
2000 4000 6000 8000 10000

CClimt 83.64 35.84 Reconstructed Neutrino Energy (MeV)
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Pion Systematic Errors

threshold (160MeV/c)
— PICCOLO Detector

— DUET Experiment — See
Elder Pinzon’s talk 0.1
tomorrow

 EXxisti Nng SeCOndary Source of uncertainty (number of parameters) |ongy / nax
i : : ND280-independent cross section (11) 4.9%
Interaction SyStemahC Flux and ND280-common cross section (23) 2.7%
error ' SK detector and FSI+SI systematics (7) 5.6%
e CC1m* will be a new SK sin“(6is), sin®(612), Amiy, dcr (4) 0.2%
Total (45) 8.1%
sample
— Evaluation of - SRR
systematic errors 0.8
required for use in 07F- True CC1mt" Events
analysis -
. . 6
* Studies are especially -
important for pions 05F-
close to Cherenkov 0af

lllIllllIllllllllllllllIllll|llll|ll[llllll

I — — I I
0 200

1 1 1 1 1 1 1 I 1 — I  —_— 1 | _— 1
400 600 800 1000 1200 1400 1600 1800 2000

n+ momentum (MeV/c)
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PICCOLO Detector

* Understand amount and properties of Cherenkov light produced by pions
close to Cherenkov threshold.

— May be different than for muons/electrons due to hadronic interactions
* Cylinder filled with water with 4 PMTs to collect total light

A |
sy N E
il 2 inch PMTs
with chimney
1 cm beam attachments
window
5inch
PMT

T[+

PVC pipe
painted with
white reflective coating
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PICCOLO Data Collection & Analysis

e Data collection in TRIUMF M11 secondary beam-line
contains: e*, u*, .
— ~2% momentum resolution
— Scan pion Cherenkov threshold from 130-300 MeV/c
— Separate particle types with time of flight

* To study primary pions, remove light from decay electrons
produced

Below Threshold [ Above Threshold

‘ 0.=130MeV/c | F p,=180MeV/c
100 n |
400_—
50_— |
B 2001

00_|-lllI'III1I12|1|1|:[3IIIILI1I1I5>‘ 001'2'34 -5><10'
Peak times(us)
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w

Cherenkov Light (pe)

(=}
T 1

PICCOLO Analysis

 Mean amount of light produced over the
momentum range (130-300 MeV/c)

 Evidence of the Cherenkov threshold

N
T 1

N
T T 1

—
LI

r JF
— : i i i
Pions : i Muons %
C 3 i
& : i

| 2—_ §

‘ i iy

i i
i i §
I # 1_ {
) iii i ;P 4
AL AN
—Ts 200 20 3000 T T 180 200
Pion Momentum (MeV/c) Muon Momentum(MeV/c)
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Conclusions

A CClrt* sample at SK can provide a new signal
sample for T2K oscillation analyses.

* A framework exists for identifying CC1mt*
events.

* Use of the CC1mt* sample will require better
understanding of pion light production in
water which can be done using the PICCOLO
beam test data.
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Appearance Formula

* Full formula for electron neutrino appearance

P(v, — ve) = 4C3;8%,583, -sin®? Ag; Leading term
+8C'123512313523(C'12023 cosd — 512513523) * COS A32 - sin A31 - sin A21
CP violating term —80123012023512513523 sind - sin Agsz - sin Ag; - sin Agy
+4Sf20f3(01220223 + 3325235';’3 — 2C12C238512523513 cos d) - sin? Agq

al .
~8C2,5%,5% - (1 — 25%) - cos Ag - sin Agy okt
. v matter effects T Nak
+8C7351355; 5 (1 — 257;) sin® Ag; ot
1313723 Am?2, 13 'Neutrino2012 |
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T2Kv Energy Spectrum

— —7T1 r T 1 T 1 r T -
70E" E= Neutrino Energy =
60 Data =

> 50 MC w!th Oscﬂlat"lon. E
8 - MC without Oscillation :
o 40— -
A ]
Q 30 E
2 E E
o 20 E
> — —
“ 10 E

= | LML e T ST | | 3

Reconstructed Neutrino Energy (GeV)
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Super-Kamiokande & Cherenkov Radiation

Super Kamiokande
— 50 kTon cylindrical water Cherenkov
detector
Cherenkov light is produced when
charged particles have speed of

C
v > —
T
Minimum momentum to produce

Cherenkov light:
mc

Pmin =
— Called “Cherenkov threshold”

Light is produced in a cone around
trajectory of particle

See rings of light projected on the
walls
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Event Reconstruction

* Need to reconstruct kinematics of outgoing particles
from neutrino interactions to calculate the neutrino
energy

* Event: times and charges registered by PMTs
— Charges are clustered into groups of similar times

— Clusters arranged into “subevents” with one time, one
charge per PMT

* Event Reconstruction for SK (fiTQun):
— Maximum likelihood algorithm:

Nunnit Nhit
Lz)= ][ Pi(unhit;z) || P;hit;e)f,(q5; ) fi (255 )
i=1 j=1

— Track parameters x: position, time, direction, momentum




Event Reconstruction

Slmulated charge dlstrlbutlon Reconstructed charge or@quigtion

* Charge PDF:

4000 2000 O 4000

e True Electrons ..,

Determining what
happened in an event:

— Number of rings
— Kinematics of each ring

— PID of ring

Unify these questions by
comparing likelihood ratios

In(L /L)

Momentum

June 15, 2014 S. Berkman 18



Toy Study Contours

0003~ 1OY CCQE

* CCQEs ol 90%CL ]
comparable to T2K L 63% CL j
result for current
data set
— Note different v ;
scales 0008 55— —5hr ok o
* No systematic gy - CCQE+CCln
errors included :

Best Fit Values

0. 0025
MM |

0. 0018‘

0.92 0.94 0.96 0.98 1

CCQE 0.00242
Sin%(26,,)
CCirm*  0.00240 1
CCQE+ 0.00240 1
CClirt*
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PICCOLO Data Collection

Decay Electron

/

Full 5 us Waveform

TRIUMF M11 beam
— Secondary beamline
— Contains: e*, yu*, "

Voltage

Select momenta in a range
from 130 — 300 MeV/c e

Collected PMT waveform
on an oscilloscope
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Particle Identification

e Beam contains e*, u*, * so need to separate particles for analysis

Particles travel at different speeds because of different masses

Distinguish particles using different flight times from production to
detector

_ 130 MeV/c 7} 160 MeV/c
: eoo:— —

400~ lJ' 400:— u

200:— e 2002— e
oL "'go'r'rrl'-lmﬁb” C_"4'0‘ - R

| 190 MeV/c

1000

500:_ Tt l,l s00]
: J LJIL e E

0

Time of Flight (ns) Time of Flight (ns)
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Muon Lifetime

Muons decay as: '+t — et + U, + vy
Particle Data Group pu* lifetime: ~2.197 us

— Ran beam with positive particles so expect lifetime measurement without
any muon capture effect

Extract lifetime as a check of the data
Identify muons and look for a decay electron peak

500
400}
300}

200}

100}

Entries 4555
Mean 1.548e-06
RMS 1.172e-06
%21 ndf 10.75/ 18
Constant 6.262 4+ 0.024
Slope -4.4460+05 + 1.238e+04

Lifetime = 2.2440.06 pus

3 4
Decay Time (us)

June 16, 2014

S. Berkman -- CAP Congress 2014 22



