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SciBooNE experiment (FNAL E954)

Booster Neutrino Beam

SciBooNE
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* Precise measurements of neutrino- and
antineutrino-nucleus cross sections near 1 GeV
 Essential for future neutrino oscillation

experiments
* Neutrino energy spectrum measurements
* MiniBooNE/SciBooNE joint v, disappearance

* v, constraint for MiniBooNE
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SciBooNE detector

SciBar

» scintillator tracking
detector

14 336 scintillator
bars (15 tons)

* Neutrino target

* detect all charged
particles

* p/n separation
using dE/dx

Used in K2K experiment 4m

Muon Range Detector
(MRD)

« 12 2"-thick steel
+ scintillator planes

* measure muon
momentum with range
up to 1.2 GeV/c

Parts recycled from
Past experiment at FNAL

Electron Catcher (EC)

> « spaghetti calorimeter
m « 2 planes (11 X;)
« identify 7% and v,
Used in CHORUS, HARP and K2K4




Protons on target (x1E20)
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SciBooNE data-taking

Number of Protons on target (POT)

= Delivered
SELLLLL For analysis

-
-
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Jun Jul Oct Nov Dec Jan Feb Mar Apr
'07 '08

May Jun Jul Aug
Date

« Jun. 2007 — Aug. 2008
* 95% data efficiency
« 2.52x10%0 POT in total

* neutrino : 0.99x1020 POT
 antineutrino: 1.53x1020 POT



Coherent pion production

- Neutrino interacts with nucleons

coherently, producing a pion
* No nuclear breakup occurs .A
: ) A% \\\\\
Charged Current (CC): v +A>u+A+n -

Neutral Current (NC): v +A>v +A+rO

o e No evidence of CC coherent =
”\ ] at 1.3GeV (by K2K Collaboration)

cuen| | © hard to explain results from K2K
and MiniBooNE at the same time

e Order-of-magnitude difference
between theoretical predictions

at Ev~1GeV

10 15 20 6
E, (GeV)



CC coherent pion production
in SciBooNE

Signal ﬂ'
CC-coherent & production V—»‘
v+C 2> p+C+rt T

- 2 MIP-like tracks (a muon and a pion)
> ~1% of total v interaction based on Rein-Sehgal model

Background

CC-resonant  production B often not
° V+p 9 H+p+7-c+ A% reconstructed

* V#N 2> u+n+mt T




Charged Current (CC) event

selection
* Muon is identified using MRD (v b
« The track should start from SciBar fiducial volume \(
/\
. \_N X
SciBar-MRD matched event (~30k events)
MRD -stopped MRD -penetrated MRD-side escapeﬂ
(low-energy sample) (high-energy sample)
EC EC EC
SciBar MRD SciBar MRD SciBar MRD
-
(———4&1 (‘_,m i
i\\

L sy

93% pure CC-inclusive (v+#N->p+X) sample 8




CC event classification

Define MC
normalization

s L

Number of
tracks

1)
S
o

Particle
identification

Energy deposit
around the vertex

h




Particle identification

Particle ID using dE/dx in SciBar Muon enriched Proton enriched
315001 380+
£ ® DATA |E | ® DATA
i = w L EFp
10001 [ ] other 60__ [ ] other
_ ol
500/ I
_ 20

% T2 ae 0 92T e 8 10
dE/dx (MeV/cm) dE/dx (MeV/cm)

Muon confidence level (MuCL)

MucCL >0.05 > muon-like
<0.05 - proton-like

Mis-ID probability
Muon: 1.1%
Proton: 12%




Vertex activity

Low energy proton is detected

as large energy deposition
around the vertex

= T - .

2 | noactivity | w/activity

% F * DATA

:g B ——| CC coherent &

5 200 CC resonant
100

Energy deposit (MeV)
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Extracting CC coherent pion

events
1) CC-QE rejection

ABp : 3D angle between the expected
and the observed 2"d tracks

Aep)\A(Observed 2nd track

Expected proton track
direction assuming CCQE

Muon track

ey

(=

o
|

* DATA
D CC coherent
CC resonant

f Other

B ccae

Entries /5 degrees
|

(%))
o

120 140 160 180
A8, (degrees)

80 100

¢ DATA
= cC coherent &

=
CC resonant ©

80

Entries /5 degrees

100
Pion track angle (degrees)

120 140 160

180

2) CC-resonant pion rejection

Events with a forward-going
Pion candidate are selected

12



CC coherent pion sample
(Q%<0.1 (GeV/c)?)

MRD stopped sample MRD penetrated sample
<Ev>=1.1GeV <Ev>= 2.2 GeV

Entries / 0.025 (GeV/c)®

247events selected B7events selected

BG expectation BG expectation

228+/-12 events 40+/-2.2 events i



Results

MRD stopped sample o(CCcoherent )/ o(CC)
<Ev>=1.1GeV = (0.16 % 0.17(stat )"} (sys ))x 10~

MRD penetrated sample o(CCcoherent z)/ o (CC)
<Ev>= 2.2 GeV = (0.68 £ 0.32( stat )" ;. (sys ))x 107"

No evidence of CC coherent pion production is found

—_ =

90% CL upper limit (Bayesian)
c(CC coherent n)/c(CC) < 0.67x102 for <Ev>=1.1 GeV
< 1.36x10-2 <Ev>=2.2 GeV

K. Hiraide et al, PRD78,112004 (2008)
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Results (cont'd)

Comparison with theoretical models

—
~N @ O o
[=] o (=] o

[4))
o
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

6°¢(10*°cm?/Carbon nucleus)
(o}]
o

w/ lepton mass correction c(CC coherent n)/c(CC) ratios
(Our default model) - are converted to upper limits

on absolute cross sections by

-
-----
-
-
-
----
-
s
PLias
i.‘
-'.
-
-
-

- using o(CC) predicted by MC
40 : .
N SciBooNE 90% CL. simulation
20 ...'?tl\é?.r.?.z..lius.o et al.
10 Ty . | | Ka rtavtsev et al.
O =05 5 '2 ——35 3
E.(GeV)

We reveal that the Rein-Sehgal model

breaks down in the few-GeV region -



Summary

15t SciBooNE result

“Search for CC coherent pion production”
published in Phys. Rev. D

o(CC-coherent =)/c(CC)<0.67x102 @ 1.1 GeV
o(CC-coherent n)/c(CC)<1.36x102 @ 2.2 GeV

Many analyses are on-going

Cross section measurements

CC-QE, CC-n*, CC-nY, NC-n0%, NC-elastic, antineutrino
neutrino spectrum measurements
Expect many results at NuInt09
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Backup slides
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-~ () Booster Proton accelerator
- 8 GeV protons sent to target

Target Hall

«  Beryllium target:
71cm long 1cm diameter

- Resultant mesons focused
with magnetic horn

- Reversible horn polarity
50m decay volume

* Mesons decay to p & v,

« Short decay pipe
minimizes p—v decay

. SciBooNE located 100m from
the beryllium target

Booster

Magnetic Decay

focusing horn region Absorber

SciBooNE | '




Booster Neutrino Beam (BNB)

Expected neutrino flux at SciBooNE
(neutrino mode)

—
S
w

* mean neutrino energy
~0.7 GeV

all

Flux (/cm’/25MeV/POT)
o

—

:I
=y
=Y

* 93% pure v, beam
° C(nTi'VM (6.40/0)
v, +anti-v, (0.6%)

* antineutrino beam is
obtained by reversing
horn polarity
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Neutrino flux uncertainties

Arbitrary unit

A Default MC
® Mean
I Error (diagonal)

I

27 25 3 35 4 4

Ev (GeV)

Ratio

ot b b b Livaaly Lowoaliaualinsg

[ 11111 L1111
1 15 2 25 3 35 4 45 5

Ev (GeV)

« ~15% uncertainty in the overall normalization
« Mainly due to uncertainty in the pion production cross section

=)

Measure cross section ratio (normalized to total CC)
Not absolute cross section
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Neutrino event generator (NEUT)

o/E (10°% cm? GeV™)

0.5

Total (CC + NC)

DIS
(include CC-multi r)
CC-resonant

QE

* Llewellyn Smith, Smith-Moniz

« M,=1.2GeV/c?

« P-=217MeV/c, Eg=27MeV

(for Carbon)
Resonant & ™
« Rein-Sehgal (2007)
« M,=1.2 GeV/c?
Coherent =
- Rein-Sehgal (2006)

- M,=1.0 GeV/c?

CC/NC

-1n

Deep Inelastic Scattering

- GRV98 PDF

- Bodek-Yang correction

Intra-nucleus interactions

21



Neutrino events in SciBooNE

Mode Number of v, interactions

(/10tons/10*"POT)
CC QE 50,800
CC resonant 7 26,200
CC coherent w 1,700
CC DIS 6,300
NC elastic 21,400
NC resonant 10,400
NC coherent m 1,000

NC DIS 2.000




SciBar detector

Extruded scintillators with
WLS fiber readout

Scintillators are the neutrino target
3m x 3m x 1.7m (Total: 15 tons)
14,336 channels

Detect short tracks (>8cm)

Distinguish a proton from a pion
by dE/dx

Extruded

Multi—anode
PMT

| I | I T i
" Bl > 3 . ” . s I
T i i b
HH i I I I I
| | |
i
\ HHH .
I
i

(04 Ch; il

=
-?>F =

Wave- length\;
shifting fiber
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SciBar readout

Frontend board
Light injection - ear fiber
module &4ch

WLS fiber
Gy Holder

Extruded cookie

scintillator \

Detector structure

64-channel Multi-Anode PMT

oy -2x2mm?2 pixel (3% cross talk@1.5mm®)
3
Extruded Scintillator (1.3 X2.5 X 300cm’) _~_. nifor ity (20% RMS)

- made by FNAL (same as MINOS) :Good linearity (~200p.e. @6 X 105)

Wave length shifting fiber (1.5mm®) Readout electronics with VA/TA
- Long attenuation length (~350cm) « ADC for all 14,336 channels

-> Light Yield : ~20p.e./1.3cm/MIP * TDC for 448 sets (32 channels-OR)




Gain monitoring system

Light Injection Module _Scintillator

MAPMT D
PINphoto

WLS fiber
Light source Clear fiber

D=

Relative LED intensity

« MA-PMT gains are monitored
every ~8 hours using
custom-made monitoring system

« LED intensity is monitored with a
precision of 0.1%

« MA-PMT gains were stable within 2%

Relative gain

= Correct for the gain drift

1.2

—ry
-
LI T T

Stability of LED intensity

0.807' ‘i' !

I B
100 200

T S N R
300

Live time (day)

Stability of MA-PMT gain

1.2
11—
r ! ! +2%
R T R i I
= : : -2%
0.9—
P I N R ENVI R B
% 100 200 300

Live time (day)
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Electron Catcher (EC)

“spaghetti” calorimeter

1mm diameter fibers in the
grooves of lead foils

4x4cm? cell read out from both ends

2 planes (11X))
Horizontal: 32 modules

Vertical : 32 modules EC Vertioal Plane ] uirios 12725
Total 256 readout channels F | T

600 Il

00— |—

&n

Expected resolution 14%/J E (GeV)

400 |

Linearity: better than 10% wb | '.|
200 — |

100f- » L

 — E LT R 1=/ B, B )
dEddx [a.u.]



Muon Range Detector (MRD)

A new detector built with the used
scintillators, 1ron plates and PMTs
to measure the muon momentum

up to 1.2 GeV/e.

o
oo
Y in
i
MRS
s
MRS
"
" —
(LS

VL

(] Iron Plate View:1, Layer:3, Side:0 Mean Efficiency = 99.44%
* 305x274x5cm? lﬂm# 1l \ yl
* Total 12 layers N | NI q

Efficiency

0.6 T

e Scintillator Plane

04 1

* Alternating horizontal and |
vertical planes st | :

* Total 362 channels oo i W W S

Hit efficiency of a typlcal
horizontal plane




Detector
Assembly

(Nov. 2006




SciBooNE Timeline

Detector installation (Apr. 2007)

Detector Hall

End-of-run party
(Aug. 2008)



Neutrino event rate stability

w
o

20

Event rate (/4E16 POT)

iy
[=)

Neutrino events

occured in SciBar

'07

- v mode
i 1
L + -
vV mode vV mode
i il —_— s
| [ | | | \ | | \ |
Jun Jul Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
'08

Date

Event rate (/4E16 POT)

50

10

Neutrino events
occured in MRD

v mode

|

07

\ | | | | | |
Jun Jul Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
! '08

Date
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Neutrino event displays [real scieoone pata

L e e W o) ® ADC hits (area>charge)
e 5 mm TDC hits (32ch "OR")
il R ek o _
o T
o [l
: = i
i 50} o 1
0 B - I
. - o} == - I
] : i
- = I
i (il
-100 A '1002_ ‘ ‘ ‘ ‘
Ec""" i I
s o T  MRDL T e S0 o0 70 200 250 300
anti-v, CC-QE candidate v, CC-QE candidate

(V.+p>p+n) (v, +Nn=>pu+p) 31



CC-1rt candldate

?'ch:?]‘—‘.ll'm’ o e

SIDE VIEW

T

100}

100}

=

50 100 150 200 250 300 350 50 100 150 200 250 300 350
Z (em) Z (em)

150
0

1 -15'D-|'
1]
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Number of tracks

w
Search for tracks from E [
m —
the vertex (R<10cm) 50001 e =
: CC resonant &
i 1| Other
vertex 10000/ | [elefel:
Muon ;
candidate -
5000—
| -
R<10cm oL U
0 1 2 3 4 5

Number of tracks
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Particle identification (cont'd)

MuCL for 2" track
in 2-track event

p-like | n-like

34



CC event classification

Define MC
normalization

s L

Number of
tracks (

ction

N4

Particle
identification

Energy deposit
around the vertex

D Used for
Background estimation




Tuning of MC simulation

To constrain systematic uncertainties due to
- detector responses
* nuclear effects
* neutrino interaction models
* heutrino energy spectrum

Q? distributions of sub-samples are fitted to data

Q? reconstruction assuming CC-QE (v+n—>pu+p) interaction

2 rec 2
Q. =2E (Eﬂ —pﬂcosﬁﬂ)—mﬂ

(Pu,bp) ~H
EV / Erec=1(m12’—mz)—(mn_V)2+2Eﬂ(mn_V)

.......... ,\p y 2 (mn —V)—Eﬂ + pﬂcosﬁﬂ

CC-QE V: nuclear potential (27MeV)
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Entries / 0.05 (GeV/c)®

Reconstructed Q2 distributions
after fitting

1-track LU+p

(a) 1-track %7500: (b) p+p
lil DATA g a00 _+_+_+__> s DATA
CCresonamﬂ: :C’.;' %+_ s 22:::;;::: low Qz r‘eglon In “+p
E Other £ SDOE = Cth .
B - CCQE E 200% = - CC QE even.‘-s ls eXCIUded
: i ’ from fittin
100 9
0.2 0.4 0.6- * .0‘8 -I-‘-‘I : . K K 0.8 e 1
Q? (GeV/c)? Q? (GeV/ic)?
u+n with activity u+m without activity
500
L ith activi % 500 . .
f] () u+-:rc \;v}:m activity 3 - N (d) th \E.r)\::t:out activity
" S ccrnn S ] pemn: CC coherent = signal
— —p region is excluded
200 o4y
from fitting
100 L4
o 0.2 0.4 0.6 0.8 1

Q? (GeV/c)? Q? (GeV/c)?

Before fit : y2/ndf = 473/75 = 6.31
After fit : y2/ndf = 117/67 = 1.75 37



Entries / 0.05 (GeV/c)

Data excess Iin u+p sample

Features of excess events
* proton candidate goes at large angle
- additional activity around the vertex

_ Possible candidate
e CC resonant pion events in which pion
IS absorbed in the nucleus

R In MC simulation,
p,n such events are
reconstructed as

Not simulated 1-track events
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Data excess in u+p sample
(cont'd)

(b) 1+ Therefore,

* DATA

we expect migration between
the p+p sample and 1-track sample

Other

Entries / 0.05 (GeV/c)®

While the excess is ~200 events,

there are ~10,000 events in low Q2

1-track sample

ﬁ > hard to see this effect in 1-track sample

(a) 1-track

a2 (GeV/c)?

® DATA
I:l CC coherent
CCresonantn

Other

= This doesn't affect
CC coherent pion measurement

| Y
0.6 0.8 1
Q? (GeV/cy?
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CC event classification

Define MC
normalization

s L

Number of
tracks

1)
S
o

Particle
identification

Energy deposit
around the vertex

h




Efficiency

c(CC coherent 11)/c(CC)
cross section ratio

To reduce neutrino flux uncertainty, we measure
c(CC coherent n)/c(CC) cross section ratio

CC coherent & CC inclusive

generated in FV

matcied For denominator,
[ CC inclusive samples
E oo o = arechosen so that

they cover similar

, 0.6

[ — é‘ j ssariRomached 4 neutrino energy range
- stopped L
I]2_ + MRD penetrated Q) __ L GS COher‘enT 7T Samples.

L +++ ++ .6 0'4_ - MRD penetrated

: L el = +++++++
“T N + W oz T +++H—+

: + + : - —0—+

i o ++ + - = 4

T 2 3 . e

Ev (GeV) Ev (GeV)




Systematic errors

Detector response +0.10 @ +0.18 (-0.18

P

Nuclear effect (+0.20)/ -0.07 |+0.19 / -0.09
Neutrino interaction model |+0.17/-0.04 |+0.08/-0.04

Neutrino beam +0.07 / -0.11 @/ -0.13
Event selection +0.07 / -0.14 |+0.06/ -0.05
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Future prospects of coherent
pion analysis

Antineutrino CC coherent pion production

Most models predict similar absolute cross sections
for neutrino and antineutrino coherent pion production

Coherent pion enriched sample Counter event sample
(utm w/o vertex activity) (u+m w/ vertex activity)
H. Tanaka N : H. Tanaka
[Erue =es] sof Tomen oee
B vecar 7of B vecaE
@ v CC resonant 0 E“; @ v CC resonant &t
D v CC coherent 8 5‘“; D v CC coherent
@ v CC other "E 40 @ v CC other
[ J¥ne L =e [ Jwne
D v (wrong sign) =0 D v (wrong sign)
s e T L TS -::._.'._ = | _l_ -+ 4
Qtmevree” Q2. (MeV/c)?

* Large DATA deficit in antineutrino coherent pion sample
* Analysis is on-going



Future prospects of coherent
pion analysis

Neutrino NC coherent pion production

4 Y. Kurimoto N
140 + data
120 NCw/ «°
!\IC cc_)herent pion me_asurement o CCwl
in SciBooNE may verify 8 -
MiniBooNE’s result £
(W)
NC =0 analysis is in process
IIIIIII....I...........,—.—| ) _'_
% 50 100 150 200 250 300 350 400 450 500
M., (MeV/c?)
\_ " /
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NC coherent =

Surprises MiniBooNE,

CcC Coherent T+ PhYS.Let"'. B664,41 (2008)

K2k, Sa00t b)
Phys.Rev.Lett. 95,252301 (2005) =, k&
o - E++ 7’ 19.5% Coherent
§ 1000 = +++ FitCL.=7.14%
& 120 ¢ Data 800 i } Data
Yol [ ] CC coherent C by Full MC F:
L u it
g 80 BN CC 1m, DlS’ NC 600 = +H+"|' -- Resonant
~ 40 Bl CCQE 400 ='f__-.—_“"'-'.._ A +++++|_ — Coherent
8 - L. ey, T Background
E 0 o 200 = T
S "0 02 04 06 08 1 12 o e
q?ec (GeV/c)2 0 0.2 04 0.6

E (1-cos 6) GeV
No evidence of CC coherent pion

production is found at <Ev>=1.3 GeV First observation of NC coherent

pion production at Ev<2GeV

c(CC coherent n)/c(CC)<0.60x10-2 (907%CL)

(corresponds to 23% of the prediction) 657 of the model prediction
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Q2 distributions before tuning MC

1-track u+p

550001
3 L T
g’ 000 ® DATA 3
g |:| CC coherent & vy * DATA
~ == 2 I:l CC coherent ©
® CC resonant & 2 p—
2 » CC resonant t
-] Other 2
S £ Other
I ccae S
| L
0.6 0.8 1 0.8 1
Q? (GeVic) Q? (GeV/c)?
u+m with activity n+m without activity
«_ 500 . 500
L L =
> > E
&) & F
;‘ * DATA ;’ 400 = * DATA
g I:l CC coherent & g E |:| CC coherent &
; CC resonant t ; CC resonant
1] -]
E Other = Other
w B ccae w B ccae
- |
0.6 0.8 1

0.8 1

Q? (GeV/c) Q? (GeVi/c)



Fitting parameters (1)

MRD-stopped sample

Normalization parameter: R, ..
Migration parameters

Muon momentum scale : P,

: RZ‘rrk/l‘rrkf Rp/n' RGCT

s

H*p

p/m

1-track
IIRZTr'k/ 1trk
Rac‘r
T
w/ activity

~

AT
ho activity

v/

xR

norm
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Fitting parameters (2)

Parameters related to neutrino interaction models

R...: CC-resonat pion production
cross section scale factor

R thers 0ther "non-QE"
(mainly CC-DIS)
cross section scale factor

CC-QE

i+ Pauli suppression parameter (k>1)

Lowest energy of an initial nucleon
E,=x(\pi+m.-o+E,)

- first introduced by MiniBooNE
- employed because similar data
deficit is found in low Q2
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v2 definition

2 2 2
X _kdiﬁt_'_k&l}fﬁ

Gise =2 (N;?{P — NP° 4+ N> x In \—{{]) it Q2 bins
< i, J S j: sub-samples

fitting parameters

V: covariance matrix

Rres

| Rotrk/1tek
PsyS - Rp/ﬂ. s PO

R pscale
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Discussions
/KZK (<Ev>=1.3 GeV) \
o(CC coherent 7 )/ c(CC)=(0.04+0.29( stat )* 22 (sys ) x 10~

—-0.35

- light!
SciBooNE (<Ev>=1.1 GeV) Im@ved ﬂs'g y

improved
\O'(CC coherent 7 )/ o (CC)=(0.16+0.17( stat )*.>) (sys ))x10~*

—0.27 /

K2K result (90% CL U.L.=m+1.28%*c)
c(CC coherent n)/c(CC) < 0.60x102  for <Ev»>=1.3 GeV

SciBooNE results (Bayesian 90% CL U.L.)
o(CC coherent n)/c(CC) < 0.67x102  for <Ev>=1.1GeV
< 1.36x102 <Ev>=2.2 GeV

SciBooNE results are consistent with K2K result
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Discussions (cont'd)

Our result creates active controversies on the model of
coherent pion production in the community

Berger and Sehgal [arXiv:0812.2653]

They pointed out that the original Rein-Sehgal model
overestimates pion-Carbon cross sections in the
Resonance region. (0.2<Px (GeV/c)<0.4)

Their new predictions

o(CC coherent n)/c(CC) = 0.58x10-2 at 1.1 GeV

o(CC coherent n)/s(CC) = 0.68x10-2 at 2.2 GeV
Consistent with our results

However, cannot explain MiniBooNE result

Further investigation can be performed in SciBooNE using

a plenty of kinematic information (Pu, 6u, Lxr, 0 etc)
=» Future prospect
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Data excess Iin u+p sample

track angle of 2" track dE/dx of 2" track

PR 2 [
E T J(H + DATA E + DATA
L J( + — MC a0l J{ J{ — MC
100 L ‘|>

+

L L

150
Track angle (degrees)

-~ - additional large [T]T]
vertex activity Y ’?y i

so [ AT A A

-1001 ﬁ

T proton-like | | LIl

15007 b b b b b b L
0 50 100 150 200 250 300 350
cm

| [ [ | I [ o
[ I I | | | o[ I
[ I I ] | |

[ I | J—] | I I
[ | | 1 1 1 ] |
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Fitting parameters

- . ATEXP L
1-track: j\,L el = R, orm

QE res other
[ i1tk T Rresty 14rk + Rothern;, ltrk}

: NEXP . i
H+p: ﬁ'?’. up Rn::rrm Rﬁtrk;’ltrk Rpf:'r
QE other
|: 1, 0Lp _I_ Rre*-nl LD _I_ RGthCI‘ 1 LD :|
exp .
ptm o j\' . pumH Rnc:rrm ‘Rﬁtrk;“ltrk
w/ activity: QOF :
_ / res other
L [n?’.;ml—l + Ryesn Vi pmH + Rothern n; ;FI—I}
i chp P .
ptm }"f._ prl T Rnorm ‘R:Etrl-:;“ltrk Ract
n ivity:
0 act Y QE R R other
n; L + 1'%”1 j.n'.TL- other™; =1,
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Covariance matrix

Ap; Ap;i| e + Ap; Ap;|
Vij = cov|pi, pi] = Z / 5 :

source

Api Apj| (- the product of variations of two systematic parameters
‘ when the underlying physics parameter is
increased (decreased) by the size of its uncertainty

Example) CC-resonant pion production cross section

» change the cross section by +/-20%

* take differences of (Ryt/11rks Ry/) from nominal values

_+4.5% _1+4.3%
A(RZtrk/ltrk —-3.9% A(Rp/ﬂ ) T —-5.5%

ARy JA(R, /) P R i JA(R, )L 0
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Covariance matrix

Ap; Api| + Ap; Ap;| -
Vij = covpi,pi| = Z ! 5 :

source

ApiAp;| () the product of variations of two systematic parameters
when the underlying physics parameter is
increased (decreased) by the size of its uncertainty

R I:32’[rk/1 trk R

res

p/n R

(0.20)2 —(0.09)® +(0.10)*> 0

—(0.09)2  (0.09)2 —(0.07)2 0O

+(0.10)2 —(0.07)% (0.15) 0
0 0 0 (0.02)2

pscale

V =

95



Fitting parameters

8 fitting parameters

» hormalization (1)

* migration parameters (3)

* muon momentum scale (1)

* neutrino interaction model parameters (3)

A AN 00000

norm
2trk/1trk
p/m
act

pscale

other

: MRD stopped sample normalization

. Migration between 2track / 1track samples

. Migration between p+p / u+n samples

. Migration between low/high vertex activity samples
: Muon momentum scale

: CC-resonant pion cross section scale factor

. Other nonQE cross section scale factor

. Pauli-suppression parameter for CCQE
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Fitting result

Parameter |Value |Error
Roorm 1.103 |0.029
Rotrk/1trk 0.865 |[0.035
R,/ 0.899 (0.038
R« 0.983 |[0.055
Rpscale 1.033 |0.002
R e 1.211 |0.133
Rother 1.270 |0.148
kappa 1.019 |0.004
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MuCL calculation

plane-by-plane dE/dx measurement

alulnls Pl dE/dx for 3 % —
il i cosmic-ray muohs| 3 F(x)= L J(x")dx
A f(x) $
AE ? |
dE/dx= 0.05— 05,
1.3cm / cos 6 f I Ky
b e s 0 %z i s s o

dE/dx (MeV/cm) dE/dx (MeV/cm)
confidence level at each plane is calculated from the plot

MuCL: combined confidence level

In P) b H ‘L
i i=1 58

MuCL = sz (_



Q2 resolution of CC-coherent = sample

1001— J_ |:’ v CC coherentn
- E v CC rescnantn

—-:_ B B _*: - I 0.2 — 04
QZ%(rec)-Q?(true) (GeV/c)®

Q2 resolution of CC-coherent t events
Mean: -0.024 (GeV/c)?
Sigma: 0.016 (GeV/c)?
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Event selection summary

(MRD stopped)

Event selection DATA MC Coherent 7

Signal B.G. Efficiency
Generated in SciBar F'V 1,939 156,766 100%
SciBar-MRD matched  30.337 978 29,359 50.4%
MRD stopped 21,762 715 20,437 36.9%
2 track 5.939 358 6,073 18.5%
Particle ID (p + ) 2.255 292 2,336 15.1%
Vertex activity cut 887 264 961 13.6%
CC-QE rejection 682 241 709 12.4%
Pion track direction cut 425 233 451 12.0%
Reconstructed Q2 cut 247 201 228 10.4%

60



Event selection summary
(MRD penetrated)

Event selection DATA MC Coherent m

Signal B.G. Efficiency
Generated in SciBar FV 1,939 156.766 100%
SciBar-MRD matched  30.337 978 29.359 50.4%
MRD penetrated 3.712 177  4.375 9.1%
2 track 1.029 92 1.304 A4.7%
Particle ID (p + ) 418 78 A74 4.0%
Vertex activity cut 167 71 186 3.6%
CC-QE rejection 134 67 135 3.5%
Pion track direction cut 107 66 109 3.4%
Reconstructed Q? cut Y4 60 40 3.1%
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90% CL upper limit

Simple calculation

90% CL upper limit = mean+1.28x sigma

(This is for gaussian statistics without physical boundary)

A

v

Bayesian approach

A

©
(@)
DA
O
£/ :
0 )
a

(90% CL upper limit)

L(x) Probability density function
Asymmetric gaussian

(mean, sigma+, sigma-) 62



Results (cont'd)

90% CL upper limit (Bayesian)
o(CC coherent n)/c(CC) < 0.67x102 for <Ev>=1.1GeV
< 1.36x10-2 <Ev>=2.2 GeV

K2K result (90% CL U.L.=m+1.28%c)
o(CC coherent nn)/c(CC) < 0.60x102 for <Ev>=1.3 GeV

Our results using same definition (90% CL U.L.=m+1.28*c)
o(CC coherent n)/c(CC) < 0.60x102 for <Ev>=1.1 GeV

< 1.33x1072 <Ev>=2.2 GeV
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Systematic errors
(detector response)

Source

MRD stopped
error (x1072)

MRD penetrated
error (x1072)

Cross talk
1 pe resolution
Scintillator quenching

Pion imteraction mm SciBar

Hit threshold

+0.04  —0.05
+0.05  —0.02
+0.03  —0.17
+0.01  —0.01
+0.07  —0.03

Subtotal

+0.10 —0.18

+0.12 —0.04
+0.07 —0.06
+0.07 —0.16
+0.01 —0.00
+0.09 —0.02
+0.18 —0.18
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Pion interaction simulation in
Geant4

=1
=
o

n*-12C cross section (mb)

200

S
o
o

N B Y B B B

o 200 400 600
Tr (MeV)
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Systematic errors
(nuclear effects)

Source

MRD stopped

MRD penetrated

error (x1072) error (x1072)
Pion absorption cross section +0.00 —0.05 | +0.11 —0.00
Pion inelastic cross section +0.17  —0.00 | +0.04 —0.00
Nucleon re-scattering cross section +0.11  —0.05 | +0.15 —0.08
Fermi momentum +0.02 —-0.02 | +0.03 —0.03
Subtotal +0.20 —0.07 | +0.19 —0.09
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Systematic errors
(neutrino interaction model)

Source MRD stopped | MRD penetrated
error (x1072) error (x1072)
Axial vector mass +0.16 e | 4+0.05 X
CC resonant p~nn™ /p~pr™ ratio +0.04 —0.04 | +0.04 —0.04
Low Q? suppression in CC resonant pion +0.04 - | +0.04 :
Subtotal +0.17  —0.04 | +0.08 —0.04
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Systematic errors
(Ev spectrum)

* Pi+ production (SW)
* Pi- production (SW)
e K* production (FS)
KO production (SW)

* Horn skin effect

* Horn current

* Be-nucleon x-section
» Be-pion x-section

Variation of the cross section ratio
using 1,000 multisim parameter sets

100

Entries

50

I'I.-I—.HI"J_L—.

Entries 1000
2/ ndf 67.98/41
rob 0.005086

o

onstant 84.78 £ 3.82
ean 0.001408 + 0.000030
gma 0.0008773 + 0.0000279

NEQ

Mean: 0.14x10-2
Sigma: 0.09x10-2

Default MC:
0.16x1/0-2

~0.005

1 | L L L L | L
0.005 0.01

6(CC coherent n)/c(CC)

= (+0.07, -0.11) x10-2 is assigned

for the MRD stopped sample
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Systematic errors
(Event selection)

AOp for the u+n events

—

-y

o

o
\

s DATA
=] cC coherent &
CC resonant &

Other

B ccae

Entries /5 degrees

[41]
o

=
e =

&
3RE

A8, (degrees)

Vary A6p cut by +/-5degrees
Take the change as systematic error



Low Q2 suppression
in CC resonant =

T Wiﬂ:id:x;h:w low Q? data deficit is observed in

. o CC resonant pion enriched sample

I:l CC coherent
CC resonant

Other

 cooe The Q2 shape uncertainty affects
background estimation for CC
=  coherent pion sample

"Q? (GeVrc)?

Entries / 0.05 (GeV/c)®
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Low Q2 suppression
in CC resonant =

Rec. Q2 assuming A-resonance Q2 resolution (rec-true)

Entries / 0,025 {GeVic)®

% 02 0 02 04
Q? (rec.-true} (GeVic)

DATAMC

Apply this weighting function
to CC coherent = sample

in order to estimate systematic
error

71
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Uncertainty in CC resonant
unn/upr ratio

:no activity | w/ activity

The uncertainty in the CC
resonant pnm/upn ratio
causes migration between

low/high activity samw \

evn=2>punmwt
*vp2upr

Entries / MeV

)

(=]

=)
[

N
IS ——r— o

\

1
Energy deposit (MeV)

The uncertainty in the CC resonant unn/ppn ratio is ~7%,
estimated using SciBooNE sub-samples

> 5(c(coh)/o(CC)) = +/-0.04x102

considered as systematic error 25



CC-coherent 1 Selection

vs. P, Ou

Pp

GO0

400

200

Generated in FV

] 0.5 1 1.5 2
P, (GeV/c)
0.4
03
B MRD stopped MRD penstrated
0.2 _— _|_—|—_|_ _|_
B —+ —I—_|_ +
- :|:—|— ‘H‘_\_
+
01— ‘|‘
B —+
F At
U B _|_| 1 1 | 1 1 1 1 [ — 1 1 1 | 1 |_._| 1
i 0.5 1 1.5

2
P, (GeVic)

Ou

efficiencies

1000 —
L Generated in FV
500—
L N R —
DE.I 20 40 &0 a0 100
i, (degreas)
0.4
03
- MRD penetrated
0.2 -
_If_ —
—
B —+
oAl —+ L MRD stopped
T - I
C —+
—_
U -+_| =] 1 1 | 1 |_'_|_'—I_|_l_'_|_|_| | 1 1 1
i} 20 40 &0

80 100
i, (degrees)
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CC-coherent 1 Selection efficiencies
vs. Pr, On

Pr on

1000 |— 600—
R Generated in FV i
- 400— Generated in FV
500— -
I 200

|

=
]
™
=
=
=

0.8 L [21i] 100
P, (GeVic) 4, (degreas)

0.4 0.4
0.3 [ 0.3 r
B MRD stopped + B
ozl L+ _|_—|—_|_ 2l + 0zl MRD stopped
B . L ++++ .
- - [+ o+
01| 0.1 :F+ 4
- — MBD peneirated + + - MRBD penetrated —+
N —+ N ‘\‘ B - —+—
u i '_'—I_|_:_._:_._I |_|_|_'_| 1 | 1 |_+_| |_|_| ——/ U e T 1 | 1 1 |_._i_"_:_'_| 1 |_|_| l:.:l_n_l 1 1 1 74
4] 0.2 [ ] 0.8 i} i ] 40 1] 80 100

0.8 1
P, (GeVic) 8, (degreas)



Kinematical distributions
after MC tuning

1 track utp

600/ + i ~+ oama
L + F E5 v cocoherent =
L L B v coresonant =

VEG

[Jvne

v CC other

BE vecce

400~

Py [®] 200 200
[ - i — DaTa -
[ --__" i [E] v oc coherert « L
2000~ i v CC rascnant n
L 2000 - % 1 5 % 20 40 0 80
) P, (GeVic) 6, (degrees)
r v NC
r v CC other
= v CCQE
o ; + —+ pata + —+ cata
L 600 5 v oo coheram & I [ v coconaram =
T [ + CC resonant « 400 v CC rescnart «
% 5 % 2 40 0 a0 - g e g .
P, (GeVic) 8, (degrees) L = v F = v
¥ NC v NC
400— F
B coote B« coother

5 vocae EH voooe
200

200

100 0 % 50 100 150
Track length (cm) Track angle (degrees)
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Kinematical distributions
after MC tuning

u+m w/ vertex activity u+m w/o vertex activity
P, 6] P,

—+ pata - —+ oata

200
L [E] v cc coherert = o [ E5 v cocoherent =
E5 v ccresonart = 200 150 B v coresonant =
r TEG + | 7
150 =
L [Jvne L e
B v coomer L ¢ £C other

L B vccoe 100
100
N 100~

% 05

15 0 80 % 05 " 15 0 80
P, (GeVic) 8, (degrees) P, (GeVic) 6, (degrees)

150 r
+ —+ pata L + —+ pata —+ pata r —+ cata

[E v cc coheram = 100 [E] v ccconerart 100~ 5 v o coheram = 100~ [E] v cocoharart 2
[ES v cC resonant 1 BS v ccresonart 1 r S v ccrescnant L B v ccrescnart =
Ed~ea E~ea = Edvea Ed~ea

100 [ vne [Jvne L [ vne [Jvne
B  coother B coother L B coote B« coother

v CCOE v CCOE v CCQE v CCOE

2] & = &

‘

) 50
Track length (cm) Track angle (degrees) Track length (cm) Track angle (degrees)
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inematical distributions of

RD stopped coherent 1 sample

les E

Entr

- oata
B3 v coccherent

CC resanant &

es E

Entr

- DaTa
B3« e coherent=
v G resorant £
Elvec
e

GG other

E v
E v GG QE

80
6, (degrees)

- DATA
B3 v co coherentx
S v co msonantx

I15(:I
8, (degrees)
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Kinematics variable

100—

-100 0

Ao resolutlon (CC-coherent )|

Enfrles 425

100
Ao (degree)

- resolution

10

Ad(rec)-As(true) (degree)

E v CC coherentn

E v CC other
E v CC QE
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