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INTRODUCTION



1IBooNE

MOTIVATION

if neutrinos have mass...

a neutrino that is produced asa v,

Sl (clo it — iV,
might some time later be observed as a v,

sE(c oty e )

...................e.

X

v detector
vV source
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NEUTRINO OSCILLATION

Ve PR 0 o - Con51de.r only two types
v. | \ —sinf cosf n of neutrinos
e [f weak states differ from

mass states
e ie. (VuVve)=(viva)

¢ Then weak states are
mixtures of mass states

v, (t)) = —sinf |v1) e “F1* + cos @ |vo) e "2
e Probability to find ve
Posc(Vy — ve) = [(Ve|vpu(?))] when you started with v,
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NEUTRINO OSCILLATION

e In units that experimentalists like:

o { 1.27Am*(eV =)L (k)
E,(GeV)
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e Fundamental Parameters
* mass squared differences
* mixing angle

e Experimental Parameters
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e [ = distance from source
to detector C(v,—Ve)

* E =neutrino energy
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SciBooNE "0

NEUTRINO OSCILLATION OBSERVATIONS

Neutrino masses (Am,,2, Am,,?)
Mixing Angles (0,5, 0,;)

Main

: Injector
7 Neutrino
Oscillation
Laiy e Search
' R —
SN\ ) N ol
SN O WIINOS
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atmospheric ~ Cross Mixing

%}:{é— Discover the last oscillation channel

— 043
Si& CP violation in the lepton sector (v, V)
— 0 non-zero? (Matter/antimatter asymmetry)
e polech .
%‘\{\- Test of the standard v oscillation scenario (U, )
— Precise measurements of v oscillations (+Am,,2, 6,,)
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NEXT STEPS

‘ |V(x> = ZUO“'|V1°

c; = cosO i

Sy = s1n6l.j

ey 0Gpe™ N e s 0
0 ] =512 €1 0
—S13€_l8 0 cp3 S|

atmospheric ~ Cross Mixing

%}:{é— Discover the last oscillation channel

— 043
Si& CP violation in the lepton sector (v, V)
— 0 non-zero? (Matter/antimatter asymmetry)
e polech .
%‘\{\- Test of the standard v oscillation scenario (U, )
— Precise measurements of v oscillations (+Am,,2, 6,,)
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ACCELERATOR OSCILLATION EXPERIMENTS

Gigantic
detector
d i
~_
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NE

ACCELERATOR OSCILLATION EXPERIMENTS

Gigantic
detector

Intense beam

o
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[H)NE

ACCELERATOR OSCILLATION EXPERIMENTS

Gigantic
detector

Intense beam

oscillation - -

N V’..\./ ...... ol oy
i . N aa—— 000 e
N QT R

o

Neutrino Energy

O—(E).(I)Vnear(E) PN O-(E).(I)Vfar(E)
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[H)NE

ACCELERATOR OSCILLATION EXPERIMENTS

Gigantic
detector

Intense beam

oscillation - -

N V’..\./ ...... ol oy
i . N aa—— 000 e
g W e 0 R

o

Neutrino Energy

@ O—(E).(I)Vnear(E) < O(E) .(I)Vfar(E)

MiniBooNE ~K2K-ND v @/ U
SciBooNE) MNERVA
M.O. Wascko
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BACKGROUND PROCESSES

v, appearance (v —V,) v, disappearance (v ~v,)
Signal v. CC-QE Signal v, CC-QE
Ve 7 e v, ~__ u
s, s,
Background NC-1m® Background v, CC-Irt*
V\K;OV% + VM\/
s ISy

Need to understand these processes well

M.O. Wascko Imperial HEP Seminar



SEARCH FOR 0,3

> g
4
Ve APPEARANCE v 2 s
. .
. - f 0 : N
¢ Subdominant oscillation d =
. o
2
P(VM%Ve) ~ Sin%2013 s’
35| _
T Exgerted Sienalesa
e Major background from NCsr” o | ooy
eventS 25 | — Total BG
— BG from v +antiv,
20
® yrings mimic e rings in Super-K = | m *

 Must reduce uncertainty on ? + +
NCr cross section ° !

0 l-l_l_-rl'l

0 05 1 15 2 25 3 35 4 45 5
Reconstructed Ev(GeV)

T — B
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SciBooNE

EFFECT OF NC=t°

é I I I I I
2
= - stat. only
S - 0BG=10%
0
®v—|
o
i=
= °
__\,\\
! A A A .
1 2 3 4 5
Exposure /(22.5kt x yr)
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Want to reduce uncertainty in o
(NCn?) from 20% to 10%

improvement of factor of 2 in
ultimate T2K sensitivity to 013

or 2.5 years vs. 4 years to 10-2
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V-NUCLEUS CROSS SECTIONS

Future neutrino oscillation experiments need precise
knowledge of neutrino cross sections near 1 GeV

G.P. Zeller

N

K2K, NOVA
, MiniBooNE, Sci 00

3 L romd
@
Data from old experiments ja
(1970~1980) SE R
Low statistics ~
Systematic Uncertainties oy
)
=3; 0.4 B
New data from B
K2K, MiniBooNE, SciBooNE ~eal
. . o TR
revealing surprises P T
0 - . " I Loy [T e =~77
10 MINOS’ 1

<
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SCIBOONE
DESCRIPTION



=2 SciBoo[\l__Eé

SCIBOONE EXPERIMENT (FNAL E954)

Booster Neutrmo Beam on ’
T O SciBooNE

A 100 m 440 m |

e Precise measurements of v- and v-nucleus os near 1 GeV
e Hssential for future neutrino oscillation experiments

e Neutrino energy spectrum measurements
e MiniBooNE/SciBooNE joint v, disappearance

e v. & v_constraint for MiniBooNE

M.O. Wascko Imperial HEP Seminar 16
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. Booster Proton accelerator
- 8 GeV protons sent to target

Target Hall

« Beryllium target:

7lcm long 1cm diameter
« Resultant mesons focused
with magnetic horn

= Reversible horn polarity
To MiniBooNE
50m decay volume

SciBooNE pr - Mesons decay top & v,

- Short decay pipe
minimizes p—v decay

. SciBooNE located 100m from

R\ the beryllium target
| ‘/

| BT SciBooNE )




‘“}[H)NE

BOOSTER NEUTRINO BEAM

Predicted neutrino flux at SciBooNE
(neutrino mode)

—
S
L -]

Flux (/om?/25MeV/POT)
o

—

Q
-
-

—t

e
—_
N

14 |
10 0 5
Ev (GeV)
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¢ mean neutrino
energy ~0.7 GeV

* 93% pure v, beam
e v, (6.4%)
o v+ ve(0.6%)

¢ Good match to T2K

¢ antineutrino beam
obtained by reversing
horn polarity

19



BOOSTER NEUTRINO BEAM

Predicted neutrino flux at SciBooNE
(neutrino mode)

M.O. Wascko Imperial HEP Seminar

S 1 T2K
m- )
E: ‘ '
f |
Nep [ SCIBOONE
el K2K
S|/
=
T 1 2
Ev (GeV)

® mean neutrino
energy ~0.7 GeV

* 93% pure v, beam
e v, (6.4%)
o v+ ve(0.6%)

¢ Good match to T2K

e antineutrino beam
obtained by reversing
horn polarity
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NEUTRINO EVENT GENERATOR (NEUT)

e QE
e Llewellyn Smith, Smith-Moniz

e M,=1.2(GeV/c)?
e P.=217 MeV/c, E;=27 MeV
(for Carbon)

e Resonant 1t
e Rein-Sehgal (2007)
e M,=1.2(GeV/c)?

DIS | e (Coherent m
(include CC-multi nl e Rein-Sehgal (2006)
CC-resonantm - e M,=1.0(GeV/c)?

* Deep Inelastic Scattering

* GRV98 PDF
e Bodek-Yang correction

Total (CC + NC)

'\

c/E (10 cm? GeV™)
—

CC/NC-1mt

o
»n
I | 1

CC-pohere:?'t Tt
% 1 2 3 4 5

T — e Intra-nucleus interactions

M.O. Wascko Imperial HEP Seminar 20



SciBooNE

SCIBOONE DETECTOR

Muon Range Detector

SciBar (MRD)

e scintillator tracking
detector

e 14,336 scintillator
bars (15 tons)

e Neutrino target

o detect all charged
particles

® p/m separation

using dE/dx i e

Parts recycled from past experiments

Electron Catcher (EC)

Used in K2K experiment

2m

DOE-wide Pollution Prevention

Star (P2 Star) Award
Used in CHORUS, HARP and K2K
M.O. Wascko Imperial HEP Seminar 21




SCIBOONE DETECTOR

Muon Range Detector
(MRD)

\\\\\\ -

Parts recycled from past experiments

SciBar

e scintillator tracking
detector
e 14 336 scintillator

LB
C’?
- LW

\

——

.
"""

Electron Catcher (EC)

Used in CHORUS, HARP and K2K
Imperial HEP Seminar 2
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ScIBOONE HIsST

Groundbreaking ceremony

Detector
4 Assembly
- (Nov. 2006y

R I Mar2007)

(Sep. 2006)




SCIBOONE HISTORY

-
Students N Detector installation
contributed (Apr. 2007)

significantly

M.O. Wascko

Sc

iIBooNE
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SCIBOONE DATA-TAKING

Number of Protons on target (POT)

S [ e Foranalyets . =
= . 4 » Jun. 2007 — Aug. 2008
g7 » 95% data efficiency
! | +2.52x1020 POT in total
§ il ' * neutrino  :0.99x10%° POT
! - antineutrino: 1.53x1020 POT
0 Jun  Jul lfoctl Novl Dec 1433 LFeb Mar LA:pr May lJun Ju[I) ;;::g

Results from full neutrino data set presented today

M.O. Wascko Imperial HEP Seminar 24



NEUTRINO EVENT DISPLAYS

Real SciBooNE Data
® ADChits (area o« charge)
vertex resolution ~5 mm TDC hits (32ch “OR”’)
150/
e 1] :
NN | | | =
HAoidle] | 00
nef (it - 1]
o0l 1 ;
= A 0
Tl -
e >H
i " |
W 00}
TRLRLELL - SciBar EC | MRD
L2y aal, » 150!
- 100 150 200 250 300 -50 0 50 100 150 200 250 300
anti-v, CC-QE candi ate v, CC-QE candidate

(b i) (v Rl Dl

M.O. Wascko Imperial HEP Seminar



NEUTRAL CURRENT
PION PRODUCTION



NEUTRAL PION PRODUCTION
The signal for today’s search

e Neutrino interacts with carbon nucleus,

producing a pion
e Inclusive signal definition >
® Require a ¥ and no w in final state Y 4%
X

Resonant: VM+C — VM—I—A—I-X — VM—I-X-HT,O

Coherent: VH-I-C —> VH—I-C-I-TEO

Few measurements (before K2K and MiniBooNE)
¢ only neutrino, no antineutrino

e Jow statistics
o >2 GeV, up to ~100 GeV

M.O. Wascko Imperial HEP Seminar 2



iBooNE

PAST MEASUREMENTS

Resonant

M Raocnnmnnt Qnnla PDian
i Nesoncnt o ge C !

<500 events total

= ® LA Hownker

N

- ¢ " ”
Gergemelle re~onglysis

1y SiS
Krenz, Nuc, Phys, B135, 45 (1978), C i+

C

o(v

SciBooNE mean energy

M.O. Wascko

Imperial HEP Seminar

Coherent

] , ,
(e v CC

- anti-v CC i
e v NC ]
~» anti-v NC 3
- CHARM,| -
: GGM BEBC ;
X |
MB &
& +#, SKAT :
[ K2K ‘
[ grivatudt BE _ieap goicavedl sermsonn_sel g suvpcas ]
0 5 10 15 20

E, (GeV)
/

There are also recent K2K results

and a new MiniBooNE result. i



PAST MEASUREMENTS

Resonant

. MiniBooNE (Raaf, 2005) Coherent

%r:

S t

'E - /A 1.4 [y o] T T ¥ _\\“

gn; ~N :. v CC ‘
K2K ey || 0 12 7 RV EC t
(Nakayama, 2004) g° © 1+ anti-v NC 5

1200 z Z - )
] : TO08F  aom cHaRm, -
= | [ [T ; o O o6 f :
L2 | . ':o 0 02 o b4 0S 06 07 l)h.(;" - AP J
g 800 — ‘ | = Momentum (GeV/c) T 04 E'Mf# aar 4
€ enol (&) " :
s 02 F -
Pl T Z b _
m' - 1 M 1 4 M " M || & gu~iy 2
5% T e % 5 10 15 20
" | e E (GeV)
‘-—o-« an o SN ! \ /
% 200 400 600 800

«° momentum (MeV/c)

There are also recent K2K results

| | and a new MiniBooNE result.
M.O. Wascko Imperial HEP Seminar 28



NEUTRAL PION PRODUCTION

Signal
NC1n? production Vv
EEREE =yt X 1Y

€:Cha

o2 “shower-like” tracks (from n® decay)
e ~6% of total v interactions based on Rein-Sehgal model

Background

CCl1n® production Y
Secondary s’ production

External particles (“dirt” neutrinos)

M.O. Wascko Imperial HEP Seminar 28
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NEUTRAL PION PRODUCTION

Signal
NC1n? production Vv
EEREE =yt X 1Y

€:Cha

o2 “shower-like” tracks (from n® decay)
e ~6% of total v interactions based on Rein-Sehgal model

Background

CCl1n® production

Secondary s’ production

External particles (“dirt” neutrinos)
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’E%ﬁ\ SciBooNE(}
NC17T° CANDIDATE |

e Event selection cuts 5 MM
designed to find pairs of 100}
converted photons with '

; ; 50}
invariant mass of ¥ :

|
|
|
|
|
|
|
|
|
|
i
|
|
|

B Pre-5election of LT
2. Internal BG rejection cof UL UL L L
(muons) ' I

3. External BG rejection -100[ UL L L LU L
(particles from upstream) | U L U L L
-150-1llllllllllllllllllllllllllllllllllll

0 50 100 150 200 250 300 350

cm

M.O. Wascko Imper”ar —




M.O. Wascko

THREE RESULTS

N

e o(NCn?) /0o(CC) ratio

: : Published results
e 1tV kinematics

—

o NC Coherent i fraction  New resyis

Y. Kurimoto, et al., “Measurements of Neutral Current wt¥

Production on Carbon in a Few GeV v Beam”;
Phys.Rev.D. 81 033004 (2010), arXiv:0910.5768 [hep-ex].

Y. Kurimoto, ef al., “Improved Measurement of Neutral
Current Coherent t° Production on Carbon in a Few GeV

v Beam’; submitted to PRDRC, arXiv:1005.0059 [hep-ex].

Imperial HEP Seminar
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NEUTRAL CURRENT (NC) EVENT SELECTION

® Require tracks contained in SciBar v. NC
e Need further cuts to remove contained . . -
muons M\/ M
¢ MRD-matched events used as normalisation Wi
sample N— X
/ SciBar-contained tracks (~12k) MRD-stopped (~22k) \
cc | NC [ cc |
= <
X X X
SciBar MRD SciBar MRD SciBar MRD

k EC EC EC /

M.O. Wascko Imperial HEP Seminar 38




E*{ SciBooNEl<“%
PRE-SELECTION CUTS

e Require at least 2 tracks

| e (ellular automaton
algorithm

100f

e No hits in first layer
(rejects dirt)

50

e Tracks contained in
SciBar

-50f

. e Tracks must be in beam
-100 X
' window

P i

-llllllllllllllllllllllllllllllllllllll

0 50 100 150 200 250 300 350 e ~12k events, 15% purity

cm

——'_—';i

M.O. Wascko Imperial HEP Seminar 34




E*{ SciBooNEl<“%
PRE-SELECTION CUTS

e Require at least 2 tracks

| e (ellular automaton
algorithm

100f

e No hits in first layer
(rejects dirt)

50

e Tracks contained in
SciBar

-50f

. e Tracks must be in beam
-100 X
' window

P i

-llllllllllllllllllllllllllllllllllllll

0 50 100 150 200 250 300 350 e ~12k events, 15% purity

cm

——'_—';i
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PRE-SELECTION CUTS

e Require at least 2 tracks

Entries 31067

>
T - e C(ellular automaton
s algorithm
—— MRD matched event . : d
—— MRD stopped event e No hits in first layer
e (rejects dirt)

e Tracks contained in

] usy SciBar
W W e Tracks must be in beam

window

1 1 | III|III|III|III|III|III|III|III
2 0 2 4 o6 8 10 12 14 16 18

Event timing (u sec) o ~12k events, 15% purity
J — —f

M.O. Wascko Imperial HEP Seminar
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SciBooNE

MUON TRACK REJECTION

Jfoe

21 04 - =
* Reject tracks escaping S I Dt
trom side ;1O3f E .decay electron
Q
e (Calculate time difference € | o decay
LU
between track edges and 1 " Dirt
late TDC hits : '
e Require At<100 ns
e ~6k events, 24% purit h
& purily 0 2000 4000
Atmax (NS)
I— T—

M.O. Wascko Imperial HEP Seminar 35



|5 SciBooNE(n
TRACK SEPARATION

E [ Data

&) - .

Q 3L | : - NCm

wn - :

(0} 10 - Int. BG with 1
g [ -

c [ A || Int. BG without 0
m *

A
s
|

A
T T r=TrTrTTrT

e Photons have finite
conversion distance

e Require tracks be at
least 6 cm apart

I

1 N 1 1 | ] 1 1 L J
0 50 100
Minimum distance (cm)

I — —

o ~4k events, 36% purity

M.O. Wascko Imperial HEP Seminar 36



1IBooNE

ELECTRON CATCHER CUTS

. : 100— g
e ‘Tracks mlght penetrate into | T
the EC [ LA HHH! T
S0 T 'f"s-*
e Three cuts [
° ° ° 0._ HH! ' - HE il e ———  ——
e Matching SciBar tracks with  HHHHAN R
EC clusters I T
-50 1 AL LR R - H
 Energy deposit in upstream I L H
EC layer - L
-1 00_—
e Ratio of energy deposited in o
two EC lavers B
y .150_-1'11111111 11111111 lllh‘rJTjrul
0 50 100 150 200 250 3
M.O. Wascko Imperial HEP Seminar
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SciBooNE/

SCIBAR-EC MATCHING

100 ittt ittt L HEH HH
? it i
o e
= 3 HiHEHH AR
m i Data
2000

l NCm 0

e EC clusters are contiguous

k. BG with " calorimeter modules with
= Bl Int. BG without ¢ energy deposited
1000 SN @

| Dir v If no SciBar track matches
[ | an EC cluster - accept

| 0 1 2 3 | 4 = [f there are matches, must
Number of tracks with matched EC clusters pass one of the next cuts

I — ——

M.O. Wascko Imperial HEP Seminar 38



SciBooNE/

EC ENERGY DEPOSIT

L L HH
07| e 3 |
WEELERERREEEL =
200" W[ ’
e Look for high energy o | .
deposited in upstream S | . B
EC layer 100~ = Int. BG with 110
[ : [:H]ln! BG without 1r°
* Require Egep > 150 MeV o
e removes MIP tracks
I 200 400
E: (MeV)

[ — T ——
Events that failed first EC cut

M.O. Wascko Imperial HEP Seminar 39



SciBooNE/

EC LAYER ENERGY RATIO

IHUEHE R U
100 TR
- : - 2| !
i ;
{1 ,!
. _}--r(-‘ﬂ ..‘-.l \. ;-l
| \HHHH
— i - B - e - .L:. - -‘- !J: - -; bt ‘:.' -
T RN
] !
‘ ! HHH } '
o e AL R L LY
10 ! il
| " T: : :
: ‘n‘

— Data SO il :
: ( {HEHE

.NCn° B

e EM showers from st
decays tend to
deposit most energy
in upstream layer

-

Eﬂtries
=

il

—— Int. BG with m°

Int. BG without r°

Dirt
b4

10F

* Require:

Rec=EC2/ECIE (8

e ~3k events, 42% purity

M.O. Wascko Imperial HEP Seminar 40



SciBooNE

PROTON TRACK REJECTION

e Remove highly ionising
tracks, which tend to

'g > Data
= M Gamma come from protons
w107F
] Muon
: Ig“:on e MuCL is PID parameter
u t .
10% . based on energy deposit
10F Ui
: ﬂ“ﬂﬂnﬂm’ ke
P e photon efficiency 87%,
o o5 11 photon purity 81%
MuCL
PR — — e NCr purity ~44%

M.O. Wascko Imperial HEP Seminar



| SciBooNEd
EXTENDED TRACKS "

_EF.DNEJ 1 EIEF":LE}"E.‘

EEEEEIEEEEEEEREEEL]

. L FLEREAFD 1 ELELERRFERL R

e Start from simple tracks i R
HHHHHEHE iw:nyw.fuu,

reconstruction  [HHHH R

= rl H | :%E _Fw:»

, =50 [ {1 L LR L
e Now extend to simple C U
HHHEE : i

. - LHE“H il

cluster reconstruction AT T

400 it

e Join colinear tracks
together

e (ollect hits within 20 cm
of reconstructed tracks

e Further cuts based on
extended tracks...

M.O. Wascko Imperial



| SciBooNEd
EXTENDED TRACKS "

_DF.DEE’J 1 EIEF":LE}'E.‘

EEEEEIEEEEEEEREEEL]

: L FLEREAFD 1 ELELERRFERL R

e Start from simple tracks i R
HHHHHEHE iw:nyw.fuu,

reconstruction  (HHHHHH H N HHH
_:rl H | :%E _&w:»

50— HHH HHHEE n‘:hihcg.‘

. L IN B j { D
e Now extend to simple C U
o Ty . "

. - LHEWH il

cluster reconstruction AT T

400 it

e Join colinear tracks
together

e (ollect hits within 20 cm
of reconstructed tracks

e Further cuts based on
extended tracks...

M.O. Wascko Imperial



’E%ﬁ\ SciBooNE(}
EXTENDED TRACKS |

e Start from simple tracks 0F yitmnnin F

reconstruction I \“
I HHH T N

e Now extend to simple -so:E”HEF J ~ES::|
cluster reconstruction B 45 (i
100 i i

e Join colinear tracks
together

e (ollect hits within 20 cm
of reconstructed tracks

e Further cuts based on
extended tracks...

M.O. Wascko Imperial



SciBooNE

NUMBER OF PHOTONS

* Need to reconstruct
pion invariant mass

v
-g Data
- .
W oo B * Require at least two
int. BG with 1o reconstructed photons
Int. BG without n° : )
| * Rejects ~58% of signal
Di
' events
e These can’t be
l—] s reconstructed anyway
0_ X ! i i i —— : i Fa—
0 1 2 39 4 o effective for dirt BG
Number of extended tracks
e 973 signal events,

46% signal purity

M.O. Wascko Imperial HEP Seminar 43



VERTEX POSITION CUT

e Significant backgrounds
from upstream of detector

e Require photon tracks to
point to a common vertex
within SciBar

X

* Removes significant
fraction of “dirt” events

SciBar

e 905 events,

Zto Zai
Zutz = 1 1
&2, T &7,

M.O. Wascko Imperial HEP Seminar son sid 44



M.O. Wascko

SciBooNE /

VERTEX POSITION CUT

Significant backgrounds
from upstream of detector

Require photon tracks to
point to a common vertex
within SciBar

Removes significant
fraction of “dirt” events

905 events,
49% signal purity

Entries / 20 cm

Y
o
o

Data

lNCnO

[~ Int. BG with n0

"int. BG without 0

Dirt

'J '.'-—'-.'1'--
—_ 1 "H- '
e S A i A —t

P

Imperial HEP Seminar

200 0 200
Z vertex (cm)

vertex resolution ~12cm
T —U

=FE + Zad

top sid

Zutx = 1 £ 1
&top &aid
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S(:iBO()NE-;"’

T° MASS CUT

]Int. BG without 1
100

§ 2000 * )

D i T Data

> .

S 7 ~ Pnere

N ' mxo"* slightly low due
; Int. BG with 1r° to energy leakage
Q

-

c

L

1 L L

0 200 400
Reconstructed mmass (MeV/c*)

rec \/ 2 rec Erec — COS grec)
Y

M.O. Wascko Imperial HEP Seminar 45



Maximum efficiency (two photons conversions) is 30%

M.O. Wascko

EVENT SELECTION SUMMARY

Event selection DATA NC#¥ NC=

Efficiency Purity
Pre-selection Cuts 11,926 27.3% 15%
Muon Track Rejection Cuts 5,609 19.8%  24%
Track Disconnection Cuts 3,614 18.9% 36%
Electron Catcher cut 2791 17.3%  42%
Number of Photon Tracks 973 6.5% 46%
7° Reconstructed 7° Position Cut 905 6.2%  49%
Reconstructed 7° mass 657 5.3% 61%

N.B.: SciBar is only four radiation lengths deep

Imperial HEP Seminar
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CROSS SECTION RATIO



NCt°® EVENT NUMBERS

NN Cn’  arNCrP g
N ( NCWO) 261 obs BG ;
ENCnO g )
e 657 observed events in data <
e 240 expected BG events (from
MG, relatively normalised) ;
e efficiency 5.3% (MC) ;é
=
L
e Total = [7.8+0.5 (stat)]x103 003
e E.>—11 GeV ‘ 2000 2000

Ev (MeV)
M.O. Wascko Imperial HEP Seminar [JRNIII——— B
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CC SAMPLE

e [Use CC inclusive
sample to normalise
Ccross section ratio

e Choose MRD-
stopped sample

e Similar energy to
NCn’ sample

e Best characterised

due to contained
tracks in MRD

* Lowest systematics

M.O. Wascko

Imperial HEP Seminar

SciBooNE "0

SELECTION

Reconstructed 6

2500F
S MRD-stopped
- SciBarll|{| MRD
1500} ulo
1000} e
500 |+
oo ..-:-:-.'- ' alo 15” 120 1410 I;w 180
Angle(°)
Reconstructed Pu
- *
16(”:__ ﬁ!\_"" * Dala
1400 —t (] Other
1200} ey Dirt
1000f— NC
800 CC other
s00f- 1 CC coherent x
400 CC resonance x
m:::_ O CCQE

%02 04 06 08 1 12 14 38515 2
Momentum (GeV)

*

49



M.O. Wascko

SciBooNE /

CC SAMPLE

2 r CC CC
§ N(CC) i Nobs K NBG’
g CC generated in FV GCC
£ e 21,702 events in total
CC selected Sample

- \ e 2348 BG events
k5 i
%’ e (from MCQ)

0.2

o efficiency 19%
o e (from MCQC)
ST —IT e [1.02+0.01(stat)]x10°
Ev (MeV)
—

!mperial HEP Seminar
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M.O. Wascko

NCn°/CC RATIO

o(NCr%) N(NC=)

o(CO) N(CC)

o(NCr")

=(7.74+0.5=

o(CC)

-0.5)x10~2

MC expectation is 6.8x10-2
based on the Rein-Sehgal model (NEUT)

Measurement is 11% higher that expectation,

but only 1.3 o higher

Imperial HEP Seminar
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SYSTEMATIC UNCERTAINTIES

Source error (x10™7)
Detector response -0.39 0.38
v interaction -0.25 0.30

Dirt background -0.10 0.10 e Tested 14 sources
v beam -0.11  0.22

Total -0.48 0.54

 Use MC to estimate
systematic uncertainties

* 4 categories

* Dominant systematic uncertainties:
e MAPMT crosstalk and single PE hit threshold

® CClm cross section and pion absorption

e Cross-check: use NUANCE generator and repeat analysis
e Result changes by only 3%

M.O. Wascko Imperial HEP Seminar 52



RECONSTRUCTED Jt°
KINEMATICS



SciBooNE/

T° RECONSTRUCTED VARIABLES

Kinematics determine misidentification rate in v, searches

3 L
2 S
= )]
w Data = Data
B o & .
* . NCf
100 Int. BG with m? » 100,
Q@ Int. BG with mr
Int. BG without nt? -
c
w Int. BG without 1r
Dirt
0 i _—‘WW',',',',',"}-—-—-\A-——_-.
A , 0 500
Reconstructed 1" direction (Cosine) Reconstructed i’'momentum (MeV/c)
O resolution ~ 6° p= resolution ~ 23%

Subtract backgrounds; use MC to remove resolution/
smearing effects (unfolding); apply efficiency corrections.

M.O. Wascko Imperial HEP Seminar



SciBooNE “

T1° KINEMATIC VARIABLES

o
NN
o
w

. o
- =~ .
> statistic error
0 B - =+ —~
L . — =
..6 statistic error 8 .s ystematic error
c ~0.2
O ' 7, |
g ] Isystematic error ‘qc'; - —“+ MC expectation
' 0.2 >
a - 22
MC expectation O 0.1~ |
- S~ =
F—'—— THR - -
-1 -0.5 0 0.5 1 0 500 720
. . . 0
Corrected =° direction (Cosine) Corrected @ momentum (MeV/c)

Final results
Systematics from same sources, estimated in same way, as ratio

Already being used by theorists and model builders!

M.O. Wascko Imperial HEP Seminar
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COHERENT PION PRODUCTION

: e AV
e Boson interacts with ‘entire

nucleus

e No recoil nucleon

e Search for recoil nucleon near
vertex in each view
e Vertex activity: highest single

scintillator +40 cm of vertex
(not associated with tracks)

Split into 2 samples

e (Coherent enhanced and resonant
enhanced

resonant

PR
backgroun%é e

=i

>

N 7 ——°¢¢

ot Y!
-so- S
100

S —

M.O. Wascko Imperial HEP Seminar

o7



COHERENT PION PRODUCTION

: e AV
e Boson interacts with ‘entire

nucleus

JF — Data

B NC coherent
B B \C other °

| | — Int. BG with =
B UL int. BG without =°
1008 Dirt

e No recoil nucleon

Entries / 1 MeV
N
o
o

e Search for recoil nucleon near

vertex in each view

e Vertex activity: highest single
scintillator +40 cm of vertex
(not associated with tracks)

e Splitinto 2 samples ® | 10 20
Vertex Activity (MeV)

‘ﬁ

e (Coherent enhanced and resonant
enhanced

M.O. Wascko Imperial HEP Seminar bk



COHERENT PION PRODUCTION

e [ow momentum transfer to

nucleus

= Hard to measure!
e Fit E(1-cos0) distributions

e Split MC into three

templates:

e NCcohr

e NCothers!
e BG

M.O. Wascko

Entries / 25 MeV

50

without

I vertex
activity

Entries / 25 MeV

with vertex activity

— Data

NC coherent

- NC other
% Int. BG with 7’

M Int. BG without =°

= e o o o —

Imperial HEP Seminar
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COHERENT FRACTION

o (NCcohr")
a(CO)

—(1.17 £ 0.23 0=

o~ 14 ————r——————————
£ v GG :
0 1.2 o anti-v CC ! =
e <E.,>0.8GeV 3 Fe v NC :
© 1l anti-vNC =
. . _2 o~ : :
o MC eXpeCtathn 1S 1.21X1O :;‘ 0.8 :- GGM .Q ggégm’ =]
Oosf H
=. AP
1 0.4 e 3 - -
e Rein-Sehgal model predicts ":10.2 j—i : :
1 — \6 : B g B < oy g . § -9 g g g § 5 g g g :
@C/ NC ratio=2 e = + o
E, (GeV)
——

o(CCcohrn™) saE i
> (NCeoh0) = (0147 5 )5 1)

M.O. Wascko Imperial HEP Seminar 59




COHERENT FRACTION

o (NCcohr")
a(CC)

—(1.17 £ 0.23 0=

e <E,>0.8GeV - sl e
e MC expectation is 1.21x102 ']
1.0 !,’v
, , R Mo |
e Rein-Sehgal model predicts  °°7 ;i o
- !
@0/ NC ratio=2 ssllgud
V.U T T T |
0 2 }
£ (GeV)
S. Boyd, et al., AIP Conf. Proc. 1189, 60 (2009

Sl U

— (0.1470-30) ¢ 102

o(CCcohn™)
a(NCcohm")

M.O. Wascko Imperial HEP Seminar 59



1IBooNE

ANALYSIS SUMMARY

o(NCn")
e Measured NC n?/CC a(CC)
Cross section ratio

=(7.7£0.5:0.5)x108

o
w

§ - —
.
e Goal 10% %o.z
‘g - - N espectanos
Measured 9% g - 204
0.1 $ 11
: 'I_- S -
e Measured n¥ kinematics = w0 5, B
Corrected »°momentum (MeVic) ——— .
g— -
e Extracted coherent s : N
production fraction By Weer onmcan 8 dencon (o
S P—————
e CC/NC ratio disagrees

with models! O 0

Enrfc(1 -c0s0/°)

M.O. Wascko Imperial HEP Seminar 60



MANY MORE ANALYSES!

Oscillation searches with MiniBooNE
e Flux studies (absolute cross sections)
Cross Sections

CCQE cross sections

 Two separate data samples
Incoherent (resonant) CClx*
Neutral current elastic

e As

CC1nP cross section
A-dependence

Modern nuclear models
Antineutrino analyses!

e “Exotic” analyses

M.O. Wascko

e Short range nuclear correlations

Imperial HEP Seminar

11 PhD students

Expect 20+
publications total

61



MANY MORE ANALYSES!

 (scillation searches with MiniBooNE
e Flux studies (absolute cross sections)
e (Cross Sections
e (CCQE cross sections
 Two separate data samples
e Incoherent (resonant) C ZR =" o
e Neutral current elastic =
e As
o (CC1mn cross section
e A-dependence B
* Modern nuclear model: , § ‘ M=
A

|

e Antineutrino analyses! “§
e “Exotic” analyses = R
e Short range nuclear correlations

M.O. Wascko Imperial HEP Seminar 61



CONCLUSION

e To search for CP violation
neutrino physics must enter a
precision era

* Including v-nucleus scattering!

e T2K beginning this year

* 013 next important step in CP
violation search

® SciBooNE ran successfully at
Fermilab in 2007-8
e Publishing high quality data
needed by future experiments

o — SciBooNE, 2008

There’s never been a better time
for neutrino physics!

M.O. Wascko Imperial HEP Seminar
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THANK YOU!
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First neutrino interaction in ND280 off axis detector
December 19, 2009

Event number : 491 | Partiticn : INVALID | Run number : 1539 | Spill : INVALID | SubRun number :0 | Time : Sat 2009-12-12 07:40:13 JST | Trigger : 1




Super-Kamiokande IV
rok Beam Run :

Time (ns)
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500 1000 1500
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Super-Kamiokande IV
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Booster Beam: Modeling Meson Production

Prediction from a fit to p Be » n™ X production data form
HARP experiment (p, = 6-12 GeV/c, ©, = 0 - 330 mrad.)

HARP P =8.9GeV

. ! e hep-ex/0702024
Fit (shown at right) uses S80I T T ] B B AR AR S
. . 200 LR 8=45 mrad + - =75 mrad P
Sanford-Wang parametrisation i ¢ o iRy - §3242 i ;
100 | :
HARP has excellent phase i ] ;
= [ » Nt % g :
space coverage for MiniBooNE L e o R e R S B R B B A T TR B B
[ (3 150 " e 433 =105 mrad o /. s 1] #=135 mrad
Z 14 I O 910 Dutn (64, 123 GeVic) ‘g e, I Ea s
4 HARP Dats &9 GeVic) E 100 | N 3 A ]
s [] WhailbeasNE MC: 7 wifh v ia detectar aoeptnse : % o , ~ ‘s . o i
g 2 " N B Nie - 4
? §. Ni 200 F } t } - “‘ 1 + ' ..'?““‘j‘
1 150 F 4] 6=165 mrad 1 =195 mrad _‘
0.8 100 s .
50 | X \ 3
06 - . . boa b S PR STy P e e tmandn
: 1 2 3 4 5 1 2 3 B 5
p.(GeV) p.(GeV)
04 - . . .
| | ; n” similarly parametrised
" Tt .
= Kaons flux predictions use a Feynman Scaling
o Lottty coimdnane s oo ol parametrisation (no HARP data)
-1 08 06 -04 02 0 02 04 06 08 1

% PRD 79 072002 (2009)



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

=» Clear identification of v interaction

process

M.O. Wascko

Multi-anode
PMT (64 ch.

Extruded §
scintillato

ﬂ

- = T
YUJ[*HYTI'#
=k -]

s

r -
Lt
- 3 -
ERIER
o [ 1 0 D B
E'.rl
F 5l
-

. ’
o smpin chy 59 s b dn iy a» 5o chy 35 5 ihyls iy o)
A LAA L LA A

i
:
i)

e

shifting fiber

. ik
Wave length

Imperial HEP Seminar
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SciBooNE/

SCIBAR READOUT

Clear fiber Frontend board

B4ch '
MAPMT

Holder [

Light injection
module

|
J -

64 charge info.
2 timing info.

WLS fiber
(xB4)
Extruded cookie
scintillator

NHITHHIHHE

\

Detector structure

Extruded Scintillator (1.3x2.5x300cm?3) 64-channel Multi-Anode PMT
 made by FNAL (same as MINOS) -2x2mm? pixel (3% cross talk@1.5mm®)

-Gain Uniformity (20% RMS)
Wave length shifting fiber (1.5mm®) -Good linearity (~200p.e. @6x%105%)

* Long attenuation length (~350cm) Readout electronics with VA/TA
- Light Yield : ~20p.e./1.3cm/MIP ADC for all 14,336 channels
TDC for 448 sets (32 channels-OR)

M.O. Wascko



iBooNE

SCIBAR PHOTOS

=
b N J\
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“ \‘\"‘t ‘S“ 3

.

B AN R
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Wt e
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W, e
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| >
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-
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-
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—
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p
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SciBooNE

ELECTRON CATCHER (EC)

Fibers

* “spaghetti” calorimeter

* Imm diameter fibers in the
grooves of lead foils

 4x4cm? cell read out from both ends
« 2planes (11X)

Horizontal: 32 modules
Vertical :32 modules

700 ¢

e Total 256 readout channels
* Expected resolution 14%/VE (GeV) 1

* Linearity: better than 10%

5 50 T ) 200 250 300
dFide o)

M.O. Wasckn Imperial HEP Seminar 7



1IBooNE

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.

—
=~
-
-
-
-
-
-
-
—

-
-
-
-~
-~
-~
-~
-~
-~
-

R

e 305x274x5¢cm?

* Total 12 layers

 Scintillator Plane
e Alternating horizontal and
vertical planes

 Total 362 channels 7 B R ST

M.O. Wascko Imperial HEP Se

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

* [ron Plate E
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SCIBOONE TIMELINE

2005, Summer - Collaboration formed
2005, Dec - Proposal

2006, Jul - Detectors move to FNAL
2006, Sep - Groundbreaking

2006, Nov - Sub-detectors Assembly
2007, Apr - Detector Installation

2007, May - Commissioning

e 2007, Jun — Started Data-taking

e 2008, Aug — Completed data-taking
e 2008, Nov — 15t physics result

M.O. Wascko Imperial HEP Seminar

Only 3 years from
formation to
15t physics result

7D



CC-inclusive

NC-resonant

NC-coherent

2.5

GeV

Interaction Type

# Events Fraction(%)

CC quasi-elastic 53,363 41.4
CC single 7 via resonances 29,688 23.1
CC coherent 1,771 1.4
CC single meson except 839 0.7
CC DIS 6,074 4.7
NC elastic 22,521 17.5
NC single 7Y via resonances 6,939 5.4
NC coherent 7° 1,109 0.9
NC single meson except 7° 4,716 3.7
NC DIS 1,768 1.4
MO, WiSCKOW— —Triperial HEP Seminar

SciBooNE

SECTION PREDICTIONS

e NEUT cross sections
VS energy

e NEUT event
breakdown for
0.99E20 POT



SciBooNE/

PARTICLE IDENTIFICATION

Particle ID using dE/dx in SciBar

Muon enriched Proton enriched

81500 k:
‘2 I ® DATA ‘E
w =] w
[ other
1000 O

ol i
e e

Muon confidence level (MuCL) dE/ix (MeVicm) dE/ix (MeVicm)

® DATA
Elp

MuCL >0.05 — muon-like
<0.05 — proton-like

Test mis-ID probability

with CC sample
Muon: 1.1%

Proton: 12% S ' o

Imperial HEP Seminar

M.O. Wascko



M.O. Wascko

PHOTON LEAKAGE

e Some gamma ray energy escapes detection - Leakage
 La«=1-(E, in ext-track)/(total E,) = 24%

 11% from loss in passive regions

e 13% from energy deposited but not assigned to ext-track

® [ .- 1-(Erec Of ext-track)/ (true Erec) = 15%

e (sortof a purity measure....)

Imperial HEP Seminar
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SYSTEMATIC UNCERTAINTIES

® Detector response and

reconstruction

MAPMT cross talk, 3.15%+0.0.4%
Single PE resolution, 50%+20%

Birk’s constant, .0208+.0023 cm /MeV
Hit threshold, £20%

n-C scattering, +10%

gamma energy scale, +3%
cross-check: alternate gamma
reconstruction algorithms

e Neutrino interactions

M.O. Wascko

CC1 m rate £20%

MAQE, Malr +0.1 (GeV/c)2
NC/CC ratio £20%

pion absorption, +30%

pion charge exchange, +30%
cross-check: NUANCE

e Dirt BG

alter dirt density in MC
scale rate by +15%

e Neutrino flux

Imperial HEP Seminar

PRD 79, 072002 (2009)

pion production cross sections varied
within error bands from AHRP
analysis

kaon production varied by errors
from global fits

secondary hadronic interactions
horn current

79



= SciBooNE/

UNFOLDING MATRICES

Y

g L] — - - E‘ |
(= o o o ] w)
s | / > - o L
O 0O 0O o o o o o [] // O :2: o o 0O 0O /
S~ b E .
é o o oo o o Q|0 o % s o [] / .
$ |0 O o ooQdy0 o o £ ok® ° ¢ o O 0
; o 0O 0O O D [J] o o o OE o o o [ [:] 0O
o~ 3 /
© |° © o [JL/[ o o o g 0O o O O O o o o
~ =L :
b o O[]/ 0 o e & o O O /10 o o o 0
o [] 0 o o o . H ] /10 o o o oo O
D / D D o ] o = . . | / D 0 o 0 3] 0 0 D
0 0 . o | . . B . . | / ) o T a ) o ) o :
1 0 1 % 500
Reconstructed 1 direction (Cosine) Reconstructed m° momentum (MeV/ c)
O resolution ~ 6 pre resolution ~ 23%

Subtract backgrounds then use MC to remove
resolution /smearing effects (Unfolding)

M.O. Wascko Imperial HEP Seminar 80



M.O. Wascko

Arbitrary unit

EFFICIENCY CORRECTIONS

NCn0generated in FV

NCnselected

 S—

Efficiency

o
(=)
(3]

4

"é
-
[y
o
-‘é NCr? generated in FV
NCrP selected
J
) J
> ala i
(&)
@
i ——
w e
0.05 . + ——
2 A 1
0 0

True n'direction (Cosine)

500 1000

True m°momentum (MeV/c)

I —

Imperial HEP Seminar —
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AFTER COHERENT FITS

E I — Data E - — Data
100/ NC coherent - NC coherent °
- - NC other o° - . NC other =i° +
i — Int. BG with® 50 — Int. BG with «° +
[ Int. BG without = I Int. BG without =°
o0 Dir Dirt
: R
oy 0 ;
Reconstructed =° Direction (Cosine) Reconstructed =’ Direction (Cosine)

M.O. Wascko Imperial HEP Seminar



N
o
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Entries / 80 MeV/c

—
o
o

T —

M.O. Wascko

AFTER COHERENT FITS

— Data

NC coherent =°

. NC other «°

Int. BG with =°

Int. BG without °

Dirt

500
Reconstructed ° Momentum (MeV/c)

T

Entries / 80 MeV

—
o
S

o1
S

— Data

NC coherent °

. NC other =°

Int. BG with n°

+ Int. BG without r°

Dirt

T

——=]

Imperial HEP Seminar

500

Reconstructed @ Momentum (MeV/c)

‘q.
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COMPARISON WITH MINIBOONE

o(NCcohr?")
o(NCcohn®) + o(NCresn?)

M.O. Wascko

Entries / 25 MeV

50

without vertex activity

— Data

NC coherent =’

+ - NC other

Int. BG with i’

"‘ M Int. BG without

ﬁ oi

17.9+3.9 %

T

vents

5 1400 [

0

E

1200 0

i

9.5% Coherent
1000 |- 3, Fit C.L. = 5.97%
S00

600

E (1-cos 0,)

[ —— E—

19'5i1'15tati2'55ys %

Imperial HEP Seminar
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DISCUSSION

Comparison with MiniBooNE NC

C i ith CC t
omparison wi e et (6(NCcohm) / (6(NC1m0))

NC coherent t cross section

~100C . . .
- S R-S w /o lepton mass effect BHIESEINIE N
[ R-S w lepton mass effect 19: 541 40 2o
E 805 Alvarez-Ruso model Stole TSt /o
§ 7o Kartavtsev model SciBooNE NC Good
O 605 p— e | Agreement
t oo [ OCIBOONENCHE .~ L e 3
§ F \ ,,,,,,,, SciBooNE CC
g 40:- o / \
% 30E / T ¢ No contradiction among recent
* U7 it Measurements
W A —r~1— .................................................. (SciBooNE,K2K,MiniBooNE)
% 05 1 15 2 25 3 * However, the RS model can not
Assuming E,(GeV) -
explain all of measurements
o(CC) =7.6 x 10% cm? at 0.8 GeV by P HEETEn
NEUT

==l Further study is ongoing

M.O. Wascko G(CCCOh)=20(NCCOh> Imperial HEP Seminar



