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'Ilhe SciBooNE Experlment [J

SciBooNE

440 m

nti-neutrino cross sections
round 1GeV.

°| Interesting (but poorly understanding)
Physics itself

°| Important for neutrino oscillation
experiments

°| Important for future CP study in
neutrinos

» MiniBooNE near detector.

gremsmn study of neltrino and

T2K

SciBooNE

Flux (normalized by area)

—————

K2K-SciBar + FNAL-BNB 1 2

| Well developed Detector Ev (GeV)
o Most intense low energy neutrino
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. Gigantic detector

1. Introduction
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Physics Interests Bttty

» Elastic and Quasi-Elastic (QE) Scatterings
¢ Simple and Important Channels to be understood.

- Charged Current (CC) QE: v +nliutp
- Neutral Current (NC) Elastic: v +(n,p)v,+(n,p)

¢ Initial and final state nucleons are coupled with the
nuclear state (“Nuclear Effect”).

» 1t production in neutrino interactions

» Several production mechanisms

- Resonance n Production (A, etc..)
- Coherent © production (CC and NC)
- DIS and multi-pion productions

¢ Final state = meson is affected by nuclear medium in
the nucleus (“Nuclear Effect”).

» Understanding of nuclear effects is also an
Important subject beneficial to experiments.

» (maybe more)



Unexplored Areas of Neutrino Physics

o, in this E range of interest:

A I I IR I B .
_ : o R * Data from old experiments
% 1.00— O ANL 12—fest 1970~1980
E:’l i ® ANL 12—feet ( ) o
T ek [/ TQE - Low statistics
.| 3 . S » Systematic Uncertainties
S sl %\ DIS - Nuclear effects
- ; ﬁ‘ race § (n/p/n absorption/scattering,
% o) L {_fn T e shadowing, low Q? region)
5 B : i/ - San a(1lm)
AR - Not well-modeled
ool N2l T Ll
0.1 5 1.0 Ey E(Q}EVI)D,O 50.0 100.0 . New da.'.a fr.om KZK &
t ‘ MiniBooNE revealing surprises
MINOS, Minerva @NUML, pyone data at 1GeV with
K2K, NOvA

fine grained resolution will

MiniBooNE, T2K, SciBooNE advance Neutrino Physics.

< >
Super-K atmospheric v

Anti-v cross sections are in a poor situation.




Impact of Neutrino Cross sections on [SciBnuNE(]
oscillation measurements (T2K case)

ALLCHAN 1223.

2K
v, events
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® v *—)VM preC|S|on measurements
(923 and Amy3?)
> Slgnal. CC-QE (vtn—u+p

» Energy Reconstruction from u kinematics

> Background: Mainly CC- 1ﬂ\

(N ureN) o
» Cross section with the invisibility of © EVe® (GeV)
® v > v, search for 6,3 -
> Signal: CC-QE (vtn—e+p) - v events
> Background + Jf $in220,,=0.1
» Beam v, . +
. NGO T

Cross section as a function mentu Jr JFJF

Antirv for CP violation study s ST s
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The SciBooNE experiment
(FNAL E954)
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2 — ‘ 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 top & v,

= Short decay pipe
minimizes p—v, decay

SciBooNE located 100m from
the beryllium target

+
PR
2 v

o

Booster

Magnetic Decay
focusing hom rgion AR GuiBoONE
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Booster Neutrino Beam (BNB)

|
|

Expected neutrino flux at SciBooNE
(neutrino mode)

—
S,
w

> ' * mean neutrino energy
N AT ~0.7 GeV

Flux (/cm*/25MeV/POT)
o

-

<
-
-
|

) + 93% pure v, beam
g A . (.IFI‘I'i-VM (6.4°/o)
- * v, +anti-v, (0.6%)

 antineutrino beam is
obtained by reversing
R horn polarity




c/E (10°% cn? GeV™)

0.5

SciBooNE
Neutrino event generator (NEUT) Sdoeng

*NUANCE for MiniBooNE joint analysis
« QE

= Llewellyn Smith, Smith-Moniz

Total (CC + NC) = M,=1.26eV/c?
= Pe=217MeV/c, Eg=27MeV
(for Carbon)

= Resonant «
= Rein-Sehgal (2007)
- M,=12 GeV/c?

(include CC-multi 7) « Coherent n
CC-resonant - Rein-Sehgal (2006)
- M,=10 GeV/c?
« DIS
= GRV98 PDF

LE e e e ]

= Bodek-Yang correction

e Intra-nucleus interactions
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SciBooNE detector

Muon Range Detector
(MRD)

* 12 2"-thick steel
+ scintillator planes
* measure muon

momentum with range
up to 1.2 GeV/c

SciBar

- scintillator tracking
detector

- 14 336 scintillator
bars (15 tons)

* Neutrino target

- detect all charged

particles
- p/n separation Parts recycled from
using dE/dx | Past experiment
Used in K2K exper‘imenT 4m ' ddi Electron Catcher (EC)
4/2/' - spaghetti calorimeter
m - 2 planes (11 X;)
DOE-wide Pollution Prevention - identify 7% and v,

Star (P2 Star) Award Used in CHORUS, HARP and K2K



2005,
2005,
2006,
2006,
2006,
2007,
2007,
2007,
2008,
2008,

SciBooNE Timeline

Summer - Collaboration formed
Dec - Proposal

Jul - Detectors move to FNAL
Sep - Groundbreaking

Nov - Sub-detectors Assembly
Apr - Detector Installation
May - Commissioning

Jun - Started Data-taking

Aug - Completed data-taking
Nov - 1s* physics result

{SciBnuNEGJ
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Protons on target (x1E20)

[SciBunNE(l

SciBooNE data-taking

— Delivered
L For analysis

Number of Protons on target (POT) « Jun. 2007 - Aug. 2008
|+ 95% data efficiency
-+ 2.52x1020 POT in total

* neutrino  :0.99x1020 POT
- antineutrino: 1.53x1020 POT

-
-----

........ - " We thank support from
Accelerator Division

<
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Jun Jul Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug

'07 '08 Date

Results from full neutrino data set are presented



Neutrino event displaysaemmess
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® ADC hits (area—>charge)
TDC hits (32ch “OR”)
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SciBnuNE(
SciBooNE Physics Result[s ]

| Both v beam and anti-v data
| [v results comes first, and anti-v results will follow]

» Elastic and Quasi-Elastic (QE) Scatterings
- CC-QE: V“+nDp+p
> NC-Elastic: v +(n,p)J v +(n,p)
e 1 production
> CC-coherent & production
> NC =° production
> CC n° production

o Short Baseline v oscillation between
SciBooNE and MiniBooNE




1600
1400
1200
1000

8388

<n

SciBooNE v data

e CC inclusive sample (muons stopped in
MRD)

{SciBnuNE(]

Reconstructed 6

1400 . Erfres 21657 |
1200 [Jother
w NE— 1mn : = 'F}G W N':-
R %" CC other 800 s " %v CC othar
EE e (\i ~| v CC coherent = S ~ v CC coherent =
- v CC resonance x 600 - v CC resanance x
e B3 v ccoE 400 °o  Evocae
200 =
2 04 0B 08 1 12 Tiofg™T % 10 20 30 40 50 &0 80 90
Pu (GeV/c) Ou (deg)
w
£ [#tracks from the.vg\r;;rex
u{ISDOO — __ | CCcoherentrt MC p r'ed I CT I O ns
e =
| Sot CC-QE
10000~ Bl ccoe ® CC_ res. 1

5000

Number of tracks

« CC-coh. =
e Others



CC-QE

[SciBunNE(l

v, +nop+ M -

" m :%Ewpu) o myE,—m 22
b mN—Eﬂ-I-p#COSHﬂ
v,-CCQE cross section per neutron ®  DATA

10" NEUT PREDICTION(M =1.2 GaV)
S 5 e
‘9 EM:—
O E ; L
e r 3 : |
G\)) %1:’.{— $
Q2 & - Data(stat. error only)
e " b MC prediction
\\) - B
2
uJ:_ N S TS N SN S S S S E S
0.6 0.8 1 1.2 1.4 1.6

E, (GeV)
Jose Alcaraz @ NuIntO9



-CC-QE kinematics auitipeied

 Form Factor & axial mass (szﬁl(ggz):(1 Qf;Mz)z

W « K2K SciFi (0, @%2>0.2)
Argonne (1969) ' B —
Argonne (1973) . : M,=1.20 : 0.12 GeV
CERN (1977) - - | : _
Argonne (1977) * I « K2K SciBar (12C, Q2>02)
CERN (1979) . : M,=1.14 :+ 0.11 GeV
BNL (1980) —* T | * MiniBooNE ('2C)
BNL (1981) . |
Argonne (1982) 0 : M,=1.35+0.17 GeV
Fermilab (1983) . —: A
BNL (1986) | N
BNL (1987 _ . . Systematic Difference?
BNL (1950) l . | Effective M, 1n
Average + : nucleus?

085 095 105 115 1.25 o
M, [GeV] ‘NOMAD (Q2 distribution)

GeV

past world avg: M, = 1.026 + 0.021 GeV %,f%,fgc%ooﬂ/? esu/ts
J. Phys. G28 R1 (2002)



cJIN —=1JIN

Proton track events

NC-FElastic ~ rakei@ nuintos

|

900
800;

- T data
700 )

- B NC elastic
600 others (SciBar)
500E- B  MC outside events
400
0E | preliminary
2000 |
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do M3 G2 9 5. S — U o (s —u)?
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TP e AR @)
2 _ 1 ~2 2 2 (QQ
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1'2:_ e data
= MC

—
T | T T

per nucleon

ot
o0
L

statistical error only

I do/dT,, (cm?/GeV)
o

preliminary

ot ‘
=9
L L

o
M
L

i 111 | I 11 1 | L 111 | L 111 | L 111
% 01 02 03 04 05 06
Ty (GeV)




NC r°

Y. Kurimoto®@ NuInt09

» 2 v events w/o muons

Contain sample

[SdBuuNE(J

Non contain sample

2

- NEntries
8

e

NCr°

00 S0 100 150 200 250 300 350 400 450 S00

=0.075+0.00574(stat.)" ) son. (ss.)

me]
B nepio E o
BINC 2nd pio -
. NC other -
50—

.CC any pio0

CC other

Dirt

Cosmic

ot

MeVic2

B nCpio

B NE 2nd pio

[ rC other

.CC any pid
CC other
Dirt

Cosmic

0

=0.073£0.00924(stat.)"y o (5y5.)

I L Libl 11 1
50 100 150 200 250 300 350 400 450 500
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(CC-coherent .  Hradeenummos  [SsiBosNeg

'+ p+m events (look for Q2 distribution)

14— Sl MRD p stopped
E T le VI CICI S - % * DATA
012 :‘. anti-v CC ) —: § CC coherent &t
$ [® vV NC ] E E=] cc resonant &
© 1L anti-vNC ] £ B other
~ [ ] w I ccce
L08E o |
Oosf .
=. C AP .
T 04 N +B SKAT ] 5
2:10-2 o - Q2 (GeV/c)?
T ool . ' AT 247events selected
oV 5 10 15 20
E, (GeV)

BG: 228+/-12 events
Efficiency: 10.4%

90% CL upper limit (Bayesian)

c(CC coherent n)/c(CC) < 0.67x102 for <Ev>=1.1 GeV

Most stringent limit <1.36x10 <Ev>=2.2 GeV
(~1/3 @f Rein&Sehgal model) K- Hiraide et al, PRD78,112004 (2008)




|Anti-neutrino CC coherent it [sseeeneg]

* u+m events in anti-v data set

=R Reconstructemﬁz' Excess observed in anti-v data
' over no coheren’r n prediction:
~4o (stot crror only)

\ 4

Similar excess is found for
N SR neutrino events with 6_< 35
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.B 0.9 1

Qrec? (GeV/c) ===l degree =

H. Tanaka@ NuIntO9

| v CC coherent =

v OC resonant =

30

10

15
P, (GeVic)



CC TCO J. Catala @ NuFact09 [SciBnuNEq

» u+2y events: Complicated events

[ Pi0 Momentu m |
Entries 141
F Ent 141
30—
CC-Inc norm 25l CC-| m
B DATA - B pATA

[ ﬁﬂgnal:_ﬂ.: pil) - I mC signal (CC pid)
[ mC bhy | pil) = [ mic bk (wi pil)
B MC bhg ( wio pil) I MIC bhg | wie pid)

100 150 200 250 300 350 400 450 500
Pill reconstructad

@ 50 100 1450 200 250 300 350 400 450 500

mazs [(MaV) Fi0 momentum (Mev)

M., (MeV) p., (MeV)

» Analysis will be improved and update

S0o0n.



| v, disappearance between SiBooNEy

SciBooNE and MiniBooNE

o Exotic model of neutrino

j oscillation MiniBooNE MC sample
Beam fillux ® cross sections constrained
y SciBooNE w/ NUANCE o0 Fl Total Error =4.4%
4000 - Flux/X-sec error
: _IE"’ debuinafiertt - —— a0 g - MB detector error
ng:_ PETTT- R [T P _
2000E Al MC prdicion II — Nl Ehires
6000F- i : _ e -+
5000 g,, 1 Fit wio flux constraint .
4000F- -
3000 —r ' =
1000 S R UI‘r! |S DEII.[II.[.II-H
- - : J@S | 0 02 04 06 08 1 12 14 16 1.8
u e, 1 | I - ] i i . . .
o0 1 13 Thﬂ R Rec. E of MiniBooNE with the
y NUANCE MC prediction by using

Perspectives Conference 2009

Na%aj/’ma@ Fermilab New

the SciBooNE measurements



[SciBunNE(l

More results

| e Electron neutrinos
' o More studies on anti-neutrino data

 Interesting results w/ more ideas



Summary and Outlook (==

» SciBooNE successfully collected neutrino
and anti neutrino data from June 2007 to

Aug. 2008.
* neutrinos : 0.99x1040 POT
 antineutrinos: 1.53x1020 POT

» Analysis are underway and many
interesting results are coming soon!

» The SciBooNE measurements will be
essential for future neutrino oscillation
experiments, especially T2K.
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2.1 QE (Quasi-Elastic) scattering [_(SC‘BWNE ]

CC quatsi elastic (QE) CC inelastic
v.+n-p+ M
> %E P,
p
E —m*/2 . 57
E = Ty mﬂ/ = 4.5}
my—E, +p,cost, O 4
: u:: 301
| -
Rate(Ev,Near) > ¢(Ev,Near) E 2.5
2 [
o(QE), c(nonQE) 1';5
0.5_—
0051 152 253 35 4 455

Reconstructed Ev (GeV)



QE Scattering ey

o|T Is IMportant fo understand

*Nuclear model
*Assuming Fermi Gas model

‘Nuclear form factors (FF)
*Vector FF is known from e scaftering. [z
-Axial Vector FF can be measured by |«
neutrino scattering L
 Dipole form factor

Fi0)- (1+Q§7Mj |

Single Parameter: M, (=1.03 GeV/c?) | ..

06 |

from the past measurements .
o [Shape only S

Le]

PP PR e
0 025 05 075 1 1.25

Q¥(GeV/c)?




Recent measurements of M&@q

e « K2K SciFi (0, Q2>0.2)

Argonne (1969) - N —t—
Argonne (1973) X : M,=1.20 - 0.12 GeV
CERN (1877) | . | :
Argonne (1977) * I
CERN (1679) . : « K2K SciBar (C, Q2>0.2)
BNL (1980) S 1 _ )
o (o L M,=1.14 - 0.11 GeV
Argonne (1882) S l o
Fermilab (1983) o  MiniBooNE (2C, Q2>0.25)
BNL (1986) e |
BN (1987) == M,=1.25 + 0.12 GeV
BNL (1990) N . |
Average i : . _

s obs 1es 1as 1es | Systematic Difference?

M, [GeV] Effective M, in

nucleus?
past world avg: M, = 1.026 * 0.021 GeV

J. Phys. G28, R1 (2002)



Reconstructed &

1000= &7
r e % éﬁ:—‘_‘?‘ﬁ)
800 _— R 5 -{3.
L = .
r : &
E -~ ° =P
wol  ~ 1 o B coae
B ._'5‘ s g
200/~ 22
DD 10 20 : 30 : 40 :;ﬂ 60 Fi 80 90
[] 30 60 90
3 Heconstructed &
[ Entries 16926
2.5 f—
- Data/MC(0 )
ol

M"’ﬁ%

o 10 S0 T 7o 80

[] 30 60

90

‘and Q2 in SciBooNE

SciBooNE
MRD Stopped [_4

sample(normalized
by muon events)

Reconstructed g

2000 E Q o) [ Jother

= v NC
=-. rec B9\ CC other
3000 = ===

== s v CC coherent t
2500 2: :: 2 E== v CC resonance =
2000 £, ccae
Bl =
1000 E st O—

500 -
0.1 0.2 ) 0.3

ey

0.4 6.5 0.6 0.7 0.8 0.8 1

Heco[ﬁrucled q

(]

2.5

1.5

na
|III|II|I|IIII|IIII

| Entries 16926

Data/MC(Q2,..)

e

B o ——— ==

05

c:&
(B WL

MC D1screpancy

[]

(degree)

[T R Y S-S (Y- S— 2 09 1

1
5 (GeV/c)?2

=]
-
=]
2

M, effect or other sources ?



Low Q2 region in QE

(T. Katori)

before fit

'?E) ::"".__ ] [
g 12000 :--:__ MiniBooNE

:I IR B |I"I|.-|.li_ Ty | L

do

0 0. 0.2 0.3 0. 0.5 0.6 0. :)2 (([]::Vz)
e fit fo Q2 distribution, Q2>0, fixes high Q2
carbon /
“M, =1.23 - 0.20 GeV |
—1=1.019 © 0.011 (Pauli blocking par) - fixes low Q?

(PRL 100, 032301 (2008))



CC-c

SciBm:E(

(CC)-v = production at low energy (~1 GeV)

CC-1xn (vtp2utp+n)
oherent n (vtA>u+A+n) Mainly through A resonance.

/ !

<

>‘\ \Y proton
T

Coherent n sighature
- One muon and one pion in the final state
- Low momentum transfer
- No vertex activity due to no proton
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Coherent © production in CC and NC reaction

140 | £ )
3 51400 WaEea:
120 ||| K2K p+n (CC) Zz "k MiniBooNE r° (NC‘{
100 |- 1200 [, .
30 ] E Coherent & F m 19.5% Coherent
50 I &4 Multin 1000 +++ Fit CL.=7.14%
i .
40 [y -~ NC WM, resonance
20 | [ ¥ 600 - ! coherent
o L “o’wmgf.‘ T I a4
0 02 04 06 08 1 12 14 16 1.8 2 400fk BG
2 T LA
Q (GeV/c) 200 - : 1_,:#++*
ok T e
0 0.2 0.4 0.6

GeV
E (1-cos ) ©

o CC-coherent tis NOT observed.
» NC-coherent it is observed.



> 10
@ g : cs(v“CC)=1.07x 10 cm?nucleon — Rein-Sehgal
O g
% g f K2K M+TC (CC) GGM(NC)
= 5] PRL95,252301(2005)
e 4}
S 3}
v 2]
L
0005 1 15 2 25 3 35 4 45 5

E, (GEV)

e Consistent?

[SciBunNE(l

MiniBooNE r° (NC)

First observation of NC
coherent pion production at
Ev<2GeV

65% of the model prediction

> The new CC result comes from SciBooNE.



1000; |
| K2K 170 (CC)
800j |

600 |

400 |

200

¥ momentum distribution

rec t° momentum (MeV/c)

® More low momentum =07
> Less high momentum =®?
> If so, it is a good news for v osci. Experiments.

~ 18000
2 -
2 16000

< 14000

=

= 12000

g

5 10000

2 3000
6000
4000
2000

Reweighting
Factor

[SciBunNE(l

_MiniBooNE =° (NC)

—F— Unsmeared Data
Monte Carlo

(K2K) : Onc1mo/Occ.q=0.06420.001 £0.007 (MC: 0.065)




First Result In m—

Search for Charged Current Coherent Pion Production on Carbon in a Few-GeV
Neutrino Beam

K. Hiraide,'® J. L. Alcaraz-Aunion,' S. J. Brice,* L. Bugel,!? J. Catala-Perez,'® G. Cheng,® J. M. Conrad,!?
Z. Djurcic,® U. Dore,'® D. A. Finley,* A. J. Franke,? C. Giganti*,!® J. J. Gomez-Cadenas,'® P. Guzowski,?
A. Hanson,” Y. Hayato,® G. Jover-Manas,! G. Karagiorgi,'® T. Katori,” Y. K. Kobayashi,!” T. Kobilarcik,*
H. Kubo,!® Y. Kurimoto,!® W. C. Louis,!! P. F. Loverre,'® L. Ludovici,'® K. B. M. Mahn,® C. Marianif,'®
—— S. Masuike,'” K. Matsuoka,'® W. Metcalf,!? G. Mills,’* G. Mitsuka,’ Y. Miyachi,!” S. Mizugashira,!” C. D. Moore,*
Y. Nakajima,'? T. Nakaya,'” R. Napora,'? P. Nienaber,'® V. Nguyen,'® D. Orme,'” M. Otani,'° A. D. Russell,*

F. Sanchez,! M. H. Shaevitz,® T.-A. Shibata,!” M. Sorel,!® R. J. Stefanski,* H. Takei,'” H.-K. Tanaka,>

M. Tanaka,” R. Tayloe,” I. J. Taylor,® R. J. Tesarek.,? Y. Uchida,’ R. Van de Water,'! J. J. Walding.®

M. O. Wascko,® H. White,* M. J. Wilking,2 M. Yokoyama,'? G. P. Zeller,!! and E. D. Zimmerman?

(The SciBooNE Collaboration)

! Institut de Fisica d’Altes Energies, Universitat Autonoma de Barcelona, E-08193 Bellaterra (Barcelona), Spain

?Department of Physics, University of Colorado, Boulder, Colorado 80309, USA
3 Nenartment of Phucice  (Talumhin Tminercitu  New Vork NY 10027 TISA

3 Nov 2008
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4.1 Search for Charged
Current Coherent Pion
Production
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Coherent pion production

* Neutrino interacts with nucleons = é’"
coherently, producing a pion , ‘@\
* No nuclear breakup occurs v -
T

Charged Current (CC): v +A>pu+A+m’
Neutral Current (NC): v +A>v +A+n0

Several measurements (before K2K and MiniBooNE)
* both NC and CC
* both neutrino and antineutrino
+ >2 GeV (NC), >7 GeV (CC)  up to ~100 GeV



CC coherent pion production —
in SciBooNE
Signal ﬂ'

CC-coherent & production V—»‘
v+C > p+C+r =

> 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 > M*P*TC+ \Y reconstructed

* VHN 2 pu+n+mt T



Charged Current (CC) event —
selection

. Muon is identified using MRD (v 1)
- The track should start from SciBar fiducial volume T~ f
- — T S
| N X

SciBar-MRD matched event (~30k events) e

MRD -stopped MRD -penetrated MRD-side escapeh
(low-energy sample) (high-energy sample)

EC EC EC
SciBar MRD SciBar MRD SciBar MRD

I o
(.. muon (__,m i

= - heel,

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

| Define MC

normalization

Number of
tracks

Particle
identification

Energy deposit
around the vertex

0
3

E
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Number of tracks

MRD-stopped l

1track | ¢ 2track F>2'rr'ackj

E e DATA
15000 - - | cCcoherentn
e —
Search for tracks from = F—] CCresonant r
the vertex (R<10cm) I other
10000(— B ccaEe
vertex :
_ Muon —
0—candida —
B ——
‘ -
R<10cm i
0|I|II 1|*||||‘||
0 1 2 3 4 5
Number of tracks




Particle identification SciBooNE(

Using dE/dx in SciBar Muon enriched Proton enriched
8 1500 © 80
"E o ..E : ® DATA
Ll [N} |
L 60_
1000 i
40
500/ I
_ 2]
Muon confidence level 0~ amsas— 0]
(MUCL) dE/dx (MeV/cm) dE/dx (MeV/cm)
* MuCL >0.05 - muon-like -
. <0.05 - proton-like£ |
E f

103;

Mis-ID probability
Muon: 1.1% 1%,
Proton: 12%




-
,.*..__..g.._._._ M
,_____ :. ,,_
I
;_r,,.? &.ﬁ
. ;:ﬂ

:...# i)

*EE

DATA

lon (cont'd)

MuCL for 2™ track in 2-track event

p-like | n-like

salug

Particle identificat
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w/ activity w/o activity

rtex activity

Entries / MeV

T

Low energy proton is detected
as large energy deposition

around the vertex

[SciBnuNE(]

| no activity

AURARTLARRTSGE B0 —

W =
A

w/ activity

DATA

| CC coherent &t

CC resonant «

Energy deposit (MeV)
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| Define MC

normalization

Number of
tracks

Particle

identification

Energy deposit
around the vertex 7

D Used for

Background estimation

CC event classification

+__

X

./

{sci BnuNE(]




Tuning of MC simulation  22=¢

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
2 rec _ _ 2
Q,..=2E(E,—p,osf, )—m,

rec

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

(Pu,bp) ~H
EV/ e =1(m12)_m;21)_(mn_V)2+2Eﬂ(mn_V)

Y Y2 (m,—V)—E, +p,cosf,
CC-QE

V: nuclear potential (27MeV)
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Fitting parameters (1)

| Normalization parameter: R, ..
| Migration parameters  : Ryi/troks Ro/ns Racy
| Muon momentum scale : P .

MRD-stopped sample

/ 1-track \

XRporm

|
|
|
|
I L+t p+m
H*p ”I\ w/ activity ” no activity :
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Fitting parameters (2)

Parameters related to neutrino interaction models

R...: CC-resonat pion production CC-QE

cross section scale factor . .
ki Pauli suppression parameter («x>1)

Rother OTh?'” “non-QE" Lowest energy of an initial nucleon
(mainly CC-DIS) = =
cross section scale factor E, = K(\/PF +m,—o+Eg)

- first introduced by MiniBooNE
- employed because similar data
deficit is found in low Q2
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Fitting result

Parameter |Value |Error
R orm 1.103 [0.029
Rot ek /1trk 0.865 [0.035
R,/ 0.899 |0.038
R, .t 0.983 |0.055
Roscale 1.033 |0.002
R, s 1.211 |0.133
R, ther 1.270 [0.148
kappa 1.019 |0.004




reconstructed Q< distributions atter

fitti
+-50001 .
S (a) 1-track 2
3 [ 1-track :
53000 + DATA <
s = cCcoherentx g
-~ — o
ﬁ CC resonant 3
E I other %
- B ccae wi

0.8 1
Q? (GeVic)

]J"'ﬂ: with activity

“a? (GeV/c)

Before fit : y2/ndf =473/75 = 6.31

After fit :

~__ 500 o 5
% S (c) u+m with activity %
€ 4005 * DATA e
g % CC coherent §
E 300 CC resonant « E
'% 0 other %
w I ccae w

[SciBnuNE(J

pu+p (b) u+p

*  DATA
f:t%:% CC coherent &t
CC resonant
0 other
I cccae

= —
e
| e

;f—:?—"
.—-.-_.

Eed

low Q2 region in p+p
events is excluded
from fitting

0.8 B
Q? (GeVic)’

u+n without activity

0.2 0.4 0.6

(d) u+m without activity

* DATA
% CC coherent

CCresonant

0 other .
Wcca= CC coherent =« signal

region is excluded
from fitting

1
Q? (GeV/c)®

v2Indf = 117/67 = 1.75



Entries / 0.05 (GeV/c)

| [SciBuuNE(]
Data excess in u+p sample

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

- Possible candidate
wews'  CC resonant pion events in which pion
IS absorbed in the nucleus

K In MC simulation,
p,N such events are
reconstructed as

Not simulated 1-track events




|Data excess in u+p sample (cont T

() s o
Y Therefore, we expect migration

= cC coherentx

Slecmnm. | between the p+p sample and 1-track
[ other Sample.

Entries / 0.05 (GeV/c)®

_ While the excess is ~200 events,
%oz e s oa 1 thepre are ~10,000 events in low Q? in

Q? (GeV/c)®

the 1-track sample
=>hard to see this effect in 1-track

2
(4]
[=]
[=]
[=]

;, (@) track sample
s This is not expected to affect
i B ccoe

CC coherent pion measurement

0 0.2 0.4 0.6 0.8 1
Q? (GeV/c)
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2) ¢

r&ScanuNE
Extracting CC coherent pion eve

-QE rejection

-resonant pion rejection

i

g100~ —— 5

> - Muon track

© -

W = n

-E i ; Aep)u serve rac

S 4 = Expected proton track

== direction assuming CCQE
50 [S=r=o
B E%E =B 3D angle between the expected

- and observed 2M tracks

140 160 180
AB, (degrees)



Entries /5 degrees

Extracting CC coherent pion eve%t_écgﬂ

1) CC-QE rejection
2) CC-resonant pion rejection

Events with a forward-going

-_

80

Pion candidate are selected
®» DATA
| CC coherent n

% CC resonant

. Other

100 120 140 160 180
Pion track angle (degrees)
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1))
o

Entries / 0.025 (GeV/c)®

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

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

)

iy
o

—

® DATA

CC coherent &

CC resonant «

[ other

® DATA

CC coherent n

CC resonant n

I other

Entries / 0.025 (GeV/c)?
W
[=]

05 % 0.1 0.2 0.3 04 05
Q?(GeV/c)? Q?(GeV/c)?
247events selected H7events selected
BG expectation BG expectation

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



Efficiency

o(CC coherent nt)/c(CC) cross sectiorLMq

ratio

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

CC coherent =«

generated in FV

MRD stopped

MRD penetrated

o —t—y

3
Ev (GeV)
0_2__ MRD st_TJ)ped
MRD penetrated
4t
+
_I_
_|_
0.1—
_ d4
L +
| Fly
- o
L e L .
% : 2

3
Ev (GeV)

CC inclusive

generated in FV

SciBar-MRD
matcl

MRD penetrated

Ev {GEV?
, 0.6
a SciBar-MRD mjjjjfi+++++ﬂ
Sl = CC inclusive samples
& - vRDpeneuaed gre used o
T, - . +++++ " normalize the cross
o2 . T section of coherent
- T n samples.
G — ' )
Ev (GeV)
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Result

MRD stopped sample c(CCcoherent 7 )/ oc(CC)
<Ev>= 1.1 GeV = (0.16+0.17( stat )* )3 (sys ))x 107

MRD penetrated sample o(CCcoherentz)/o(CC)
<Ev>= 2.2 GeV = (0.68+ 0.32( stat )*232 (sys ))x 1072

No evidence of CC coherent pion production is found

- .

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

arXiv:0811.0369, Submitted to PRD




Result (cont'd) =

'K2K (<Ev>=1.3 GeV)

o(CC coherent 7 )/ o(CC )= (0.04+0.29(stat )*,>= (sys ))x 107

SciBooNE (<Ev>=1.1 GeV) im*ved lsligh'rly

~

| o(CCeoherent7)/5(CC)= (0162 017 stat )33 (sys)x107

improved

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 nn)/c(CC) < 0.67x102 for <Ev>=1.1 GeV

< 1.36x10-2 <Ev>=2.2 GeV
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Systematic errors

MRD stopped | MRD penetrated

Error (x10-2) |Error (x10-2)
Detector response +0.10 £-0.18) [+0.18 /@.IE
Nuclear effect (+0.20Y -0.07 |+0.19 / -0.09
Neutrino interaction model |+0.17 / -0.04 |+0.08 / -0.04
Neutrino beam +0.07 /-011 (30.27Y -0.13
Event selection +0.07 /-0.14 |+0.06 / -0.05
Total +0.30/-0.27 |+0.39/-0.25




are converted to upper limits on absolute cross sections

Result (cont'd)

Measured upper limits on o(CC coherent n)/c(CC) cross section ratios

by using (CC) predicted by MC simulation

-
(=]
o

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

6°¢(10%cm?/Carbon nucleus)
(o1}
(=]

Rein-Sehgal
w/ lepton mass correction
(Our default model)

Elia
-
.....
-
-
--—-
-
----
-
..-.
-.-
-
-

SciBooNE

-----
----------------
-----
--------
e
-t
w® "

- Alvarez R

aI.

CJQ

25

3

E.(GeV)

uso et al.

[SciBunNE(l

fevCcC | ]
~* anti-v CC |

re v NC
[ anti-v NC ]
- oo kssa&m’ :
AP
MB ]
K b
0 15 20
E, (GeV)
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4.2 Neutral Current r°
reconstruction in SciBooNE.




NCrO signal and background 2%

e [
/// ZY from 0
Sigrial (A v ® 2 tracks in Fiducial Volume
——(0) ® Disconnected
> y ’/e%' ® Both fracks are not p,p

Internal B.G.: v int. in SciBar External B.G : from outside
CCQE, CC-1n0 : Dirt (wall), cosmic

W W SciBar
a

— i l

\
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Event Selection

NC7° Candidate

- 1. Pre-selection
1. Two tracks or more(2y)
2. No 15" layer hits
H (against dirt BG )
"l [ 2. Track information
| 1. Stopped in SciBar
(agams’r u BG)
. No proton track identified
by dE/dX
it 3.No decay-e

* 3. Event Topology
1. Two tracks are separated.

 SciBar | | MRD

74"
4




Pnitoton rejection by dE/dx B

| mucl_stoppedsignal_long_mc |

" 2contained track sample w/o
separation cut
10°
4
}
10
Dot : data
; Cosmic
I MuCL

:n ;I_sj:a_ppedsignal_lung_mc I p ‘ y 9

: C > select H b e
e EMShower

. ) Ve, \
i Mucl > 0.03




Tiwo track separation utsng

Minimum 2D-distance Reject CC events
between track edges

Distance > 6cm

proj_distance ncsignal_mc

10

3

accepted rejected

Reject 31 % of CC events
m Keep 92 % of =¥ events (NC)

10




| . . SciBooNE
Olreconstruction at final sampie_4
 Track based y

Reconstructed 2y Mass reconstruction.
(rec_piomass oz | » Several separated tracks

1407 Dot n'p’ra are connected if they are in
1201 NC w r° the same direction.

: NC W /o 0 * The energy is reconstructed
100— ’ - neo .

- cc w 7t° in the sillinder of 20cm radius
s CC /g0 @round the track.

Clear n° mass peak |
~850 events selected
N ~460 10 events (NC)

% 50 100 150 200 250 300 350 400 450 500 SciBar can
MeV/c2

Dirt

reconstruct =0 Il

Next Step: Cross Section Measurement
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Y Kinematics

| rec_pidmom_mc_z | ‘rec_piﬂcos_mc_z
160 70
1401 -
120~ -
100 -
B 40—
80—
50:— 30
40— 20
20 10
1 1 | 1 1 1 -_
200 400 sﬂﬂ a‘nn 1000 ﬂl IIIIII|III|III|III|III|IIIIII
1 08 06 04 02 0 02 04 06 0.8
Momentum(MeV/c) cos0

{0)

v




{SciBuuNE(]

4.3 Beam Flux
Measurements




- Spectrum Measurement

Result of MiniBooNE-only .

[SciBunNE ]

disappearance search (shape = MiniBooNE/SciBooNE

only analysis) joint . disappearance
e search
TEowe, - ®Share beamline
— ®Share target material
10} T Strong constraint for flux and
9 » cross-sections at MiniBooNE
(Shape + Normalization)

L Preliminary g ® Feed-back to cross
section measurements
= SRR at SciBooNE
|77 it s, 2

10" o
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Event Selection ,\! —

Use charged current

inclusive sample \/N/

® Select MIP-like energetic tracks (P >0.25GeV)
® Reject side-escaping muons.

® 3 samples:
® SciBar-stopped (P,.)
® MRD-stopped (P,.)
® MRD-penetrated (.)

x10° Trug Ev (All GO event)
= . E _ L 6 Generated in FV
s h— J . 00 —— Total selected
3 — &&_L —— SciBar stopped
N _ | &0 —— MRD stopped
o L
> L[ MRD penetrated
1

% 05 4T 15 2 25 3

True Ev (GeV)
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Extracting E Spectrum

® Use muon kinematics ¢«
to extract E

Linformation’ - m: + 2m. - V(B 2
v = 2(m,, — V —®+cn o n;'

(Assuming CC-quasi-elastic scattering) v

[SciBuuNE(]

Generated in FV

06 — Total selected
1 .. .\Q —— SciBar stopped
. (Q — MRD stopped
A\
0 L MRD penetrated

12 14 16 1.8 2
True Py (GeV)

02 04 06 08 1

True 0 (Al CC event)

g
® Good coverage of

. . . é 35E ] o L ﬁBar Generated in FV
entire kinematic o[ S eometry  — To ot
. . 25 Q& ] 'foCCT — SciBar stopped
region with these 3 @ | — e
- Sk ' _ MRD penetrated
samples. 1 ~—
020 40 60 B0 100 120 140 760 180

™

True 6u (deg)



Muon Kinematics

SciBar stopped (P,.)
|

Reconstructed Pu

& [Eniries 13547 |

P © Data
' (] Other
Dit
NC
CG other
Y oherent 1

MRD stopped (P, .)

Reconstructed Pu

[Enties 20124 |
o Data

(] Other

B0 80

SciBooNE }

MC are relatively
normalized to data by the
number of SciBar-MRD
matched event.

MRD penetrated (.)

Reconstructed 6

Ertfui.  E7HS0

. Data
. MC

800
600 -
400

n.. \

znué_ &\&
b 10Q 50 46 50 60 70 80 90

(Unable to reconstruct P

since muons are not
stopped in the detectors)

Predict neutrino energy spectrum at SciBooNE by
fitting P.and .. distribution from each sample



Spectrum Fit Result SeiBooNE(|

|(data-MC)/(stat. error) MRD-penetrate
P o Reconstructed Puvs.6 . Reconstructed Puvs.6 Reconstructed D ___
18- SB-stop before fit l2 1¢ SB-stop after fit l2 . Data
1.6/ g : 800 .. . MC (Before fit)
1.48 &01 40 t - MC (afteryfit)
12 , 2 600 . & d
1 S Ty o &
0.8" - ‘ Ve = m e 400 \\(0\
0.6 s; '
0.2 2 |
-3 -3 q.') 10 20 30 4{} 50 60 70 80 90

QJ 10 20 30 40 50 60 70 80 90 QJ 10 20 30 40 50 60 70 80 90

= Better data/MC
P ,_ Heconstructed Puvs.6 Reconstructed Pu vs. 6
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Flux Predlctlon
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Conclusion —

» SciBooNE successfully finished data-taking.

» First physics result from SciBooNE

> No evidence of CC coherent pion production is
found

o arXiv:0811.0369 (Submitted to PRD)

 Many analyses are on-going

o Neutrino cross section measurements
(CC-QE, CC-resonant n*, CC-n%, NC-=%, NC-elastic)

> Neutrino energy spectrum measurements

o Anti-neutrino cross section measurements will also
come soon.
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 Extruded scintillators with
WLS fiber readout

« Scintillators are the neutrino target
« 3mx3m x 1.7m (Total: 15 tons)
14,336 channels

« Detect short tracks (>8cm)

« Distinguish a proton from a pion
by dE/dx

=» Clear identification of v interaction
process

SciBar detector

PMT (
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Wave length

shifting fiber
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Light injection
module

SciBar readout

Clear fiber Frontend board

[SciBnuNE(J

WLS fiber
(B4

Extruded cookia
scintillator

Extruded Scintillator (1.3.2.5.300cm?
. made by FNAL (same as MINOS)

Wave length shifting fiber (1.5mm.)
. Long attenuation length (~350cm)
- Light Yield : ~20p.e./1.3cm/MIP

gdch
MAPMT
\ 64 charge info.
1K 2 timing info.
Haolder

\

Detector structure

64-channel Multi-Anode PMT

2x2mm?2 pixel (3% cross talk@1.5mm))
.Gain Uniformity (20% RMS)

.Good linearity (~200p.e. @6.10°)
Readout electronics with VA/TA

« ADC for all 14,336 channels

» TDC for 448 sets (32 channels-OR)
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4x4cm? cell read out from both ends

paghetti” calorimeter

m diameter fibers in the
oves of lead foils

2 planes (11X)
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T

Expected resolution 14%/ E (GeV)

rtical : 32 modules
al 256 readout channels
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Linearity: better than 10%

| EE vertical Plane |

TO0

600 |

500

400

300

200

Electron Catcher (EC)
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Muon Range Detector (M

A new detector built with the used
scintillators, iron plates and PMTs
to measure the muon momentum
up to 1.2 GeV/c.

View:1, Layer:3, Side:0 Mean Efficiency = 99.44%

 [ron Plate

 305x274x Sem’ ARSI AN
* Total 12 layers “H ] RN e
e Scintillator Plane L
« Alternating horizontal and i R O O
vertical planes & '.I-, f' VLT I; \ ‘: |
* Total 362 channels e o

Hit efficiency of a typical
horizontal plane
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SciBooNE Timeline
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Detector Hall
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