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~ Lecture 3.CClIx*

® |ntroduction - discussion of processes
® Event kinematics and topologies
® Experimental Searches K2K

® Event Selections (SciBar),

MiniBooNE,
SciBooNE

® Efficiencies and Systematics

® Extracted parameters
® Upcoming measurements
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CClmt Intro

Charged current single pion
production

Anything producing a
charged lepton and one pion

Second largest cross section
at | GeV

Conflicting measurements of
Cross section

Many models for production

I2C
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CClmt Intro

G.P. Zeller

n‘GeV™")

® Charged current single pion ¢
production

©
0

® Anything producing a
charged lepton and one pion

O
o

® Second largest cross section
at | GeV

® Conflicting measurements of
Cross section

~
L
B

0:2

) - ™~ - \.58
o(v,N—> u'X)/E(GeV) (107" ¢

® Many models for production o
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CCIlm+ and Oscillations

Non-QE interactions and E

London

Reconstruction
Example: K2K Flux MC

Number of Events

True - Reconstructed Energy
C. Walter, NulntO7

Number of Events
- —
o (=] o B
o o o o

-

223
200
- 173
s 150
@ 123
%
S 100
2
E 73
=
Z =0
23
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Non-QE reconstructs at
low-energy in the oscillation dip!
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CCIlm+ and Oscillations

vUu w
W - — stat. only
. — 5(NQE/QE)= 5%
— T e — &8(nQE/QE)=20%
é- 1___'__ "'I'é"-'lz'z'e"_ S C g
o CClzn" events can o 10 (Sln)—‘ -
. . . . N e e .
create bias in oscillation IS % WSS SR IR
w o -
parameter extraction 0l N EF E
o Mustreduceuncerainty |
in 0(CCln*") from 20% F I - 1 s i i
10 l 1 | 1 | 1 | | l l | 1 10 1 | 1 1 1 | | | l | ] 1

to 5% for T2K 1 2 3 4 1 2 3

Am? (x10™ eV?) Am? (x10° eV?)
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CCIlm+ Reconstruction

/My
Vi—p

\A
y=
ZMI_} —E,+ \/(EE —m;) cos 6,

® Jwo approaches to neutrino
energy reconstruction

® Simple:

® Assume QE kinematics
with recoil A

® PBetter: /M'
e Use observed pion V e

and muon tracks
to reconstruct

energy mi + m,% — 2mN(Eu + Ex) + 2Dy - D
L, =
2(Ey+ Ex — |plu| cos by, — |Pr| cos Oy r — my)
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CCln+ Ag
H

e MiniBooNE CCla*/CCQE inclusivg"_/ |
e NUANCE i 1 ue
® Rein-Sehgal Model '/ +\/ 2
o K2K SciBar CCla*/CCQE ratio |

o NEUT ELE |
® Rein-Sehgal A ! Y | |

® SciBooNE & K2K SciBar CCla* 1\
coherent search SN

® Rein-Sehgal model

® Future Work
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MiniBooNE CClx?

o CCIla*/CCQE first
shown in 2005

® Since then, changed

CCQE analysis and
much of detector MC

e PRL draft now in
circulation

® Should be released
soon
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MiniBooNE CCIlmx™
First Level of Cuts:
e Neutrino-Induced Event Selection Cuts
® exactly 3 sub-events

e 2nd 2 sub-events consistent u- — e- V V and
with Michel e (20 < NpmT < 200)

wr %e’fvuv

Close Michel

No
V C ++ Final State ID

Cuts

P 84% purity
oy with 15t |evel

B—Far Michel bgrnd from

W+ N and QF
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W- .
Distance from end
of muon track
220: | | ] | | ‘ | l | 1 | ] | | | | | I [ T 1 I | R ] 1 | ! I I_I_
200:_ 30;’ T T T T T T —3 _:
T+ 180} 2sf -
i 160 20; A -
u+ 140} ’l 1 =
1202_ 10f - _:
100} of T
80 :— 7200 7300 7350 7400 7450 —:
60— =
e + 40 -
|5t Michel e~ subevent ok | E
O:J NI 1 e LL.J‘_I L [ l Jd.Jd 1 Ju 1.l L [ 1LL1 J lAL P l 1 1:
0 2000 4000 6000 8000 1000012000 1400016000 18000
Hit Time (ns)
In this case, I've drawn it as e-
2
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—

T+

m

-+ Far Michel

. +
2nd Michel e~ subevent

Can use Michel subevents to
help understand the neutrino
subevent

Distance from end
of muon track

I
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Event Selection Validation

e validate CCPiP event selection with ut and u- lifetime measurement
e separate Electrons from pyt and P~ by distance to Y~ track

Close Michel v?/ndf 57.56 /62 Far Michel v?/ ndf 57.32/62
L LI L L LI L
® close: | | | N 2064 + 22.7 I | | | N 1876 + 20.7
U— capture (8%) T 2070+ 15.5 T 2242+173
3 _ 3 N
expect L : 10°F :
T=2026%1.5 ns ' .
measure

T=2070%15.5 ns

® far: a3
M+: do not capture

expect
T=2197.03+0.04 ns
measure

T=2242+17.3 ns LOF
K 10F

SN N N N N N N AN M A N A A A RN TN T N N N A M M

0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000

. t.-t, (ns) t.-t, (ns)
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use measured u visible

energy
and angle to

reconstruct E\,QE

2 2 2
FOE _ 1 2mpEy—|—mA—mp—mﬂ

RS N B SR
2Mp —E, + cos8,, Eﬁ —ml%

Event reconstruction

S. Linden

Signal
Entries 34375

8000

7000

6000

5000

4000

3000

2000

1000

IIII|IIIIIIIIIllIlIIIIIIlIIIIlIIIIIIIII|III

Mean 0.8782
RMS 0.2189

P |

o

2 I2-5 1 1 1 1 3
Reconstructed E_nu

CC1r+ total 86.8%

CC11+ resonant (red) 80.9%

CC11+ coherent (dark blue) 5.9%

CCQE (dark green) 5.2%

Multi-pion (light purple) 3.8%

CC110 (light green) |.5%

DIS (light blue) 1.0%
Other 1.6% I5
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Energy Unsmearing

Bin events by E_rec and E_true Normalize each E_rec bin S. Linden
3 ~ 3
S B 700( > u 0.8
S el S 25f —
< 2.5 5 “YL : 0.7
3 L 600 & [
N w n
Woaf v 2 0.6
o [ 500( g
g F 5 F 0.5
3 [ 2 1.5
£ 15[ 00 ¢ L 0.4
c — Q
=) ~ D
x 1 -
N 200( 0.2
s N 0.5
=5 el m 0.1
— B 1 L | 1 l 1 1 L 1 l L 1 1 1 I 1 1 1 L I 1 L 1 1 l 1 1 L 1
o_ 1 I 1 l L L 1 1 I 1 1 1 L l 1 L 1 1 l L 1 L 1 0 00 0'5 1 1'5 2 2.5 3 0
0 0.5 1 1.5 2 2.5 3 Generated E_nu (GeV)
Generated E_nu (GeV)
Migration Matrix (CCQE) Unsmearing Matrix (CCQE)

Avoids the problems of matrix inversion (which for this
analysis was not viable).

Introduces bias from MC true energy distributions - net
effect is increased systematic uncertainty.
5
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Resul

[

S. Linden
22— 2.2 —ccwj gocaE
2 I o| = MiniBooNE P l, .
[ iniBool result - . e - e K2K (SciB - -
1 8 Monte Carlo prediction Pl ellmlnal y 1 8 * ANL( “ ar) l e lmlnal y
o161 CLEE | |
21 .4 :_ E 1 -4 ;_ ISOSCALAR TARGET CORRECTED
S1.2[ S1.2[ I
©0.81 ho.81-
=~ = =
Oo.6[ ©o.61-
0-45— 0.4
0.2[ 0.2
o: j — j J-l 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 0: ! 4 l_*.—-i’:»ll 1 1 1 [ 1 1 | 1 l 1 1 1 1 I 1 1 1 L I 1 1 1 1 I
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5 3
E, (GeV) E, (GeV)
.. € E Ui x f x N,
O cepip,i ccpzp, 1] ccpip, ) ccpip—cuts, )
Oceqe,i ccqe i ¥ Z Ui] * fCquﬂ * Nccqe cuts,]
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Effective Ratio Measurement

1.4

1.2

0.8

0.6

0.4

0.2

0

The effective ratio is smaller than the true ratio because there is a significant number of

1][]III‘III]III]I]IIIII]ITI|II

Ll

ﬁ S.Linden
Preliminary
S .
—1__|
Red: Effective measurement e
Black:“True” measurement
e —

e
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Unsmeared Neutrino Energy (GeV)

CCQE-like CCT11+ events due to pion absorption.
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Model Comparisons

J. Nowak Nulnt07

CCpip
= data
BMC

Y‘I]IIITI

‘IT1TI’ITTII‘ T1;

T

=
=
N
4
B
=
o
=
(-]
—

12 14 16 18 22
Q° (GeV")

A Data/MC |
3 ¥
- _* 3

L PO B | pi-g : ' | t s+ 1+ s [ gr-g  guifop 3.l
0 02 04 0.6 08 1 12 14 16 18 2

Q° (GeVY)

DNPO8 J Nowak

ATA
RS, M =1.1GeV

——— Hernandez st. al
Lalkulich et. al
Graczyk and Sobczyk v1

1.2
Reconstructed Q7 (GeV®)

¥2/ndf(Q2) = 19.5(Hernandez),

14.9(Lalakulich)

, 28.05(G&S 2)
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Coherent pion production

@)
e Neutrino interacts with nucleons v, /.?(;mple diagram
coherently, producing a pion
e No nuclear breakup occurs

TA
w

Charged Current (CC): v, +tA—pU+A+r”
Neutral Current (NC): v +A—V +A+r’

e I[nterestingly theoretically because it
requires large wavelength in massive
propagator

Several past measurements
e both NC and CC

e both neutrino and antineutrino
e >) GeV (NC),>7 GeV (CC) up to ~100 GeV
%

21
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CC Coherent Pion Production

M

Signal .
CC-coherent 1T production vV }\

V+C — p+C+117

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

Background

CC-resonant TT production ~;
* V+p — U+p+TT?
* V+n — U+n+T1T"

22
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| Detector in 2 Beams

® Unique opportunity today to show the
same search in two different neutrino

beams using the same detector

K2K Front Detector
SciFi/Water target

SciBar detector

To Super

-Kamiokande

Muon chamber
)

SciBooNE

K2K

23
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v s o o o

Flux (cm2 * pot * 25 MeV)'1
S

SciBooNE
<E,>~0.8GeV
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o

d
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Similar fluxes per POT

Near Detector

V

L

E, [GeV]

<kE,>~1.3GeV



Imperial College

CC event classification

SciBar-MRD matched sample

!

MRD-stopped

A

Number of tracks | |track 2track >)track
Particle identification H+p H+TT
Energy deposit

w/ activity w/o activity

MRD-stopped
CC-coh-pi sample
5

around the vertex
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CC event classification

SciBar-MRD matched sample

!

MRD-stopped

A

Number of tracks | |track 2track >2track
Particle identification H+p H+TT
Energy deposit . o
round the vertex w/ activity w/o activity

MRD-stopped
CC-coh-pi sample
5

!

MRD-penetrated

Same Wselection

MRD-penetrated

CC-coh-pi
sample
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Number of Tracks

K.Hiraide M. Hasegawa
= | 7000
1s000r 6000 f
; 5000 |
10000_ 4000 v
3000 | -

5000_ 2000
M G 1000 XXX

Number of tracks 0 VA Vi1

Number of tracks / event

SciBooNE K2K
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o P . I I D
Muon enriched Proton enriched
© 1500 80
= - ® DATA |& [ @ DATA . : ® DATA
IS B S [ = p Zh
60
1000k [ ] other " [] other [] other

500

o 2 4 6 g0 o
dE/dx (MeV/cm) dE/dx (MeV/cm)

K.Hiraide Proton M. Hasegawa

enriched

3 h ]
10 @ Proton

7t enriched

102

0.2 0.3 0.4 05 0.6 0.7 0.8 09 1
Likelihood
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Untracked protons

* Vertex Activity : Energy deposit in vertex strip
->Reject BG : un-reconstructed particles (proton) of resonance pi prod.

-2 (coherentw) (resonance )
| 1

Small activity

.......

: no activity

Entries / MeV

‘ non-QE & sample | M. Haseg

Coherent selection cut (< 7MeV).

4 - | e Data (a)
1 CC coherent =

B CC ir, DIS, NC
Bl CCQE

w/ activity
* DATA

CC coherent &

CC resonant

Entries / MeV

ek
o 8 8 3

(-

10
E in vertex strip (MeV)

20 30

Energy deposit (MeV)
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Tuning of MC

To constrain systematic uncertainties due to
e detector responses
e nuclear effects
e neutrino interaction models
® neutrino energy spectrum

Q? distributions of sub-samples are fitted to data

rec

2 rec 2
Q.. =2FE (Eu—pucosﬁu)—mu

1 (my—m})=-(m, V)’ +2E, (m,-V)
2 (m,-V)-E + p,cosH

rec
E~ =
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Fitting parameters (1)

Normalization parameter: R
Migration parameters

norm

: R2tr|</ | trio Rp/Tr’ I:)\act

Muon momentum scale :P.,.
MRD-stopped sample
| -track
9 -track II P\2trl</ltrl<
RP/TI' RaCt
o | | T | ) B
P w/ activity no activity

~

x R

norm

30
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K2K After fit

M. Hasegawa

1000 |- 1 track CCQE 100 | 2 track CCQE
800 CCin 80 _ _ CC1lx
Coherent n non QE p Coherent n
600 . 60 . ’
Multi x Multi =
400 NC 40 + NC
200 20
00 02 04 06 08 1 1.2 1.4 1.6 ;1-8 12 °o 02 04 06 08 1 12 14 16 18 2
1 track @'(GeVic) 2 track nQE (2nd track proton-like) O (GeV/c)’
140 [
120 | 2 track QE CCQE 250 z 2 track CCQE
100 | CC1x 200 \non-QE-ﬂ: CCln
80 Coh?rentn 150 | Coherent x
60 | Multi = Multi =
40 . NC 100 NC
20 . 50
0

0 0.2 04 06 038
2 track QE

1

1.2 14 16 18 2

Q*(GeV/c)?

0

0 02 04 06 08 1
2 track nQE (2nd track plon-like)

1.2 14 16 1.8
Q% GeV/c)?

2

31



Imperial College

S

Cl

K.Hiraide +
1-track %
~_ 500
550001 % 590F 0
S (a) 1-track > (b) u+p
> B
g S ool
;’ 8 DATA g 400_ ' DATA
§ | CCcoherentn o r =] CC coherent nt
g == CC resonant & g 300+ CC resonantnt
"E' I other *E I Other
w Bl ccae w
200
100

0 0.2

0.8 1 0

Entries / 0.05 (GeV/c)®

o

TT H T T

e ———————

Q2 (GeV/c)?

0.8 1 % 0

: 0 0.2 0.4 0.6 0.8 1

Q? (GeV/c)? Q? (GeV/c)®

u+m with activity utm without activity
o 500
. . . (3] . . .
(c) u+m with activity > (d) u+m without activity

o s DATA % s DATA
g ——| CC coherentn 3 .| CCcoherent n
g CC resonant & 5 CC resonant n
; W other 5 N B other
—% Bl ccce w B ccaoe

T 0.8 1
Q2 (GeV/c)?

Before fit : y%/ndf = 47375
After fit : y?/ndf =117/67

6.31

BooNE After Fit

low Q? region in p+p
events is excluded
from fitting

CC coherent m signal
region is excluded
from fitting
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Data excess in utp

K.Hiraide

v 500
Q)

2

(b) u+p

® DATA

Features of excess events

e proton candidate goes at large angle
= o e additional activity around the vertex

Entries /0.05 (GeV/
'd
|
: N e
I

7
L

i

0 0.2 0.4 0.6 0.8

T Possible candidate

CC resonant pion events in which pion
is absorbed in the nucleus

33
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Rejecting QE events

K. Hiraide
o
o 100— —
g’ - s DATA
0 n | CC coherent
.g % CC resonant ©t
c
L
50
00 20 40 60 80 100 120 140 160 180
A6, (degrees)
SciBooNE

A8, is the angle between the second

track and the predicted proton direction
assuming CCQE reactions.

QE Non'QE M. Hasegawa
ol CCQE.
g- : | L Mul‘n P|
CRHKS . [1 others
0 20| 40 60 80 100 120 140 160 180
A0, (DEG.)
K2K
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Resonant pion rejection

K. Hiraide

s DATA

CC coherent &t

80—

—| CC resonant T
Other

B ccaE

++

I

Entries /5 degrees

60—

40—

20—t

00 20 40 60 80 100 120 140 160 180
Pion track angle (degrees)

Events with a forward-going
Pion candidate are selected

s
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CC coherent pion sample
Q2 < 0./ (GeVic)?

K. Hiraide

‘151 50— MRD stopped sample

>

S <Ev>=|.| GeV

~ ® DATA

m =,

8_ ——| CC coherent &

%10 CC resonant &

'g - Other

A Bl ccoe 247 events selected
50 .

BG expectation

228+/-12 events

S04 05
Q?(GeV/c)?

Entries / 0.025 (GeV/c)?

MRD penetrated sample
<Ev>= 2.2 GeV
® DATA

| CC coherent
CC resonant n
0 other

Bl ccaEe

57 events selected

BG expectation
40+/-2.2 events

: 0.5
Q?(GeV/c)?

SciBooNE

120
80
40

0

M. Hasegawa

cut @ g2=0.10 (Gev/c)?

e
® Data
| CC Coherent pion

Bl CCinDISNC
Bl CCQE

0 02 04 06 08 1 1.2
g2 . (GeVlc)?

rec
| | 3 events selected

BG expectation
| 11.4+/-2.2 events

K2K
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Cross section ratio

To reduce neutrino flux uncertainty, we measure
O0(CC coherent 11)/0(CC) cross section ratio

CC coherent TT CC inclusive

generated in FV
generated in FV

SciBar-MRD
matche

_ MRD penetrated

3 0 1 2 3
Ev (GeV) Ev (GeV)
0.6
B B SciBar-MRD |11atchecl++++++
- L +
L>)\ 0.2 MRD stopped g>)\ _._-.-'-'*'_H-
C L RD penetr cC i I
@) +++‘|'—{- Q 04 e
o — + o — B — MRD penetrated
= — = - B
TR + LLI - G
a + 0.2 B Lt
i + SR L
- + § .
L — | 1 | 1 —1_._ | |
Ev (GeV) Ev (GeV)

For denominator,
CC inclusive samples
are chosen so that
they cover similar
neutrino energy range
as coherent TT samples.
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Comparison

-~

=

K2K (<Ev>=1.3 GeV)

~

0 (CC coherent ) /5 (CC) = (0.04 = 0.29( stat )*, 52 (sys ) x 10~

SciBooNE (<Ev>=1.1 GeV)

0 (CC coherentrw )/ (CC) = (0.16 = 0.17( stat )"y (sys ))x 10~

/

K2K result (90% CL U.L.=m+1.28%0)

0(CC coherent 11)/0(CC) < 0.60x10-2

for <Ev>=1.3 GeV

SciBooNE results (Bayesian 90% CL U.L.)
0(CC coherent 11)/0(CC) < 0.67x102

SciBooNE results are consistent with K2K result

< [.36x10-

for <Ev>=I.l GeV
<Ev>=2.2 GeV
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Comparison

-~

=

K2K (<Ev>=1.3 GeV)

~

0 (CC coherent ) /5 (CC) = (0.04 = 0.29( stat )*, 52 (sys ) x 10~

<

SciBooNE (<Ev>=1.1 GeV)

0 (CC coherentrw )/ (CC) = (0.16 = 0.17( stat )"y (sys ))x 10~

/

K2K result (90% CL U.L.=m+1.28%0)

0(CC coherent 11)/0(CC) < 0.60x10-2

for <Ev>=1.3 GeV

SciBooNE results (Bayesian 90% CL U.L.)
0(CC coherent 11)/0(CC) < 0.67x102

SciBooNE results are consistent with K2K result

< [.36x10-

for <Ev>=I.l GeV
<Ev>=2.2 GeV
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Comparison

-~

=

K2K (<Ev>=1.3 GeV)

~

0 (CC coherent ) /5 (CC) = (0.04 = 0.29( stat )*, 52 (sys ) x 10~

SciBooNE (<Ev>=1.1 GeV)

<

0 (CC coherentrw )/ (CC) = (0.16 = 0.17( stat )"y (sys ))x 10~

/

K2K result (90% CL U.L.=m+1.28%0)

0(CC coherent 11)/0(CC) < 0.60x10-2

for <Ev>=1.3 GeV

SciBooNE results (Bayesian 90% CL U.L.)
0(CC coherent 11)/0(CC) < 0.67x102

SciBooNE results are consistent with K2K result

< [.36x10-

for <Ev>=I.l GeV
<Ev>=2.2 GeV
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SciBooNE Systematics

MRD stopped
Error (x10-%)

MRD penetrated
Error (x10-%)

Detector response +0.10 +0.18
Nuclear effect 007 | +0.19/-0.09
Neutrino interaction model +0.17 / -0.04 +0.08 / -0.04
Neutrino beam +0.07 /0.1 0.13
Event selection +0.07/-0.14 +0.06 / -0.05
Total +0.30 / -0.27 +0.39 / -0.25
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Discussion

Other measurements at
hlgher neutrlno energy

Comparison with theoretical models

-t
(=
o

80
70
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c°¢(10"*%cm?/Carbon nucleus)
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Rein-Sehgal
w/ lepton mass correction
(Our default model)
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Measured upper limits on 0(CC coherent T1)/0G(CC) ratios
are converted to upper limits on absolute cross sections

by using 0(CC) predicted by MC simulation
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Method and Goals

Bin the data using muon kinematic variables and perform a
maximum likelihood fit based on Poisson statistics

L.Whitehead, Nulnt07

P 4

MRD sample >

1 track

~

2 track

QE-like

i

nonQE-like

~

Divide data and MC into four
event samples

2" track pion-like

~

2" track proton-like

MC events further divided based on:

- interaction type — CCQE, CC11", and background.
- true neutrino energy

Data and MC binned in p,Vs. 0u bins (0.2 GeV/c, 10° bins)

Fit gives number of CCQE, CC11", and bkgd. interactions in
data relative to MC — can extract cross section ratio from this
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Event Selection
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Fitting procedure
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parameters in fit
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0CC1:t*/0CCQE

Results
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Systematics

Condition ARy AR, AR5 AR5

Nuclear

T absorption | T70E Fre eI wpa

m scattering 10013 0173 t0.026  —0.231
—0.071 —0.119 —0U.06o —0U.141

p rescattering

+0.025 —0.019 +40.059 —0.086

Fermi momentum

+0.004 +0.021 +0.008 +0.029

Other
MQE —0.038 —0.053 —0.032 —0.276
A i0.017 0.048 0.021 0.271
. . . —UuU.JUo
Poad s R
Bovemen g
. . . JUO
e iy HED hR T

. —0.005 . U020 —0.

PMT 1 p.e. Resolution 0017 —0.005  —0.003 —0.083
I ) —0. —0.005 —0.05
Birks’ Constant +0.044  +0.047  40.099 —0.135

Hit Threshold +0.014 4+0.045 +0.012 +0.168
Angular Resolution |£0.013 4+0.001 +0.022 +0.039
MC Statistics +0.006 +0.015 £+0.017 +0.037

FOTS8 F0130 0319 F0.386 -
Total —0.116 —0.258 —0.185 —0.55
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Future Measurements

e MiniBooNE CCln/
CCQE ratio

® MiniBooNE CClnx

differential cross section

® New fitter
® SciBooNE CClx

inclusive/exclusive cross

section
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