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" Lecture 2: CCQE

® |ntroduction

® Event kinematics and topology K2K

® Experimental Searches (SciFi & SciBar),

® Event Selections MiniBoolNE,

SciBooNE

® Efficiencies and Systematics
® Extracted parameters
® Upcoming measurements
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CCQE Intro

® Terminology:

® Charged current
quasi-elastic

® Simple reaction
kinematics

® Dominant reaction at
| GeV
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CCQE Intro

Terminology:

® Charged current
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kinematics
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CCQE Intro

® Determine flux (in near
detector)

® Reconstruct neutrino

energy using outgoing »
lepton (

® Energy reconstruction is
important for neutrino
oscillation measurements

1.27Am?*(eV*)L(km)
E,(GeV)

. .
Posc(Vy — Vo) = sin”20 sin?
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L
P(v, — V,) = sin“20;, sin2(1.27Am%ZE)

® ) fundamental parameters
® Am? <> period

® 012 <= magnitude

® ) experimental parameters
® | = distance travelled

® E = neutrino energy

® Choose L&E to target ranges
of Am? and 6

® Neutrinos disappear and
appear
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P(v, — V,) = sin“ 201 sin*(1.27Am7,—) N :
Ehsl __
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® ) fundamental parameters 0.6 7

e Am? <> period F :

® 012 <= magnitude E(vu—we)

02— —

® ) experimental parameters
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L
P(v, — V,) = sin“20;, sin2(1.27Am%2§)

® ) fundamental parameters
® Am? <> period

® 012 <= magnitude

® ) experimental parameters
® | = distance travelled

® E = neutrino energy

® Choose L&E to target ranges
of Am? and 6

® Neutrinos disappear and
appear
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L
P(v, — V,) = sin“20;, sin2(1.27Am%2§)

® ) fundamental parameters
® Am? <> period

® 012 <= magnitude

® ) experimental parameters
® | = distance travelled

® E = neutrino energy

® Choose L&E to target ranges
of Am? and 6

® Neutrinos disappear and
appear
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L
P(v, — V,) = sin“20;, sin2(1.27Am%2§)

® ) fundamental parameters
e Am? <> period

® 012 <= magnitude

® ) experimental parameters
® | = distance travelled

® E = neutrino energy

® Choose L&E to target ranges
of Am? and 6

® Neutrinos disappear and
appear
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L
P(v, — V,) = sin“20;, sinz(l.zmm%ZE)

2 fundamental parameters
® Am? <> period

® 012 <= magnitude

2 experimental parameters
® | = distance travelled

® E = neutrino energy

Choose L&E to target ranges
of Am? and 6

Neutrinos disappear and
appear
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CCQE Topology

® Final state particles in
detector:

® QOutgoing lepton
® Key to measurement

® Muons can be tagged
with penetration, PID or
decay electron

® Recoil nucleon

® Usually below
Cherenkov threshold

® Recoil nucleus
® Effectively invisible

.

v Ve
Mn\
»

J

Main background comes

from CClx+ with
unobserved pion
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Axial Form Factor

® Recall CCQE cross section written in Llellwyn
Smith formalism:

< N'|JIN > = w(N')

- / '.'
7,,["-'(1 ) +

2M

o s ) BV L) BN N
I(T,,,,(I’ SF{-: q-) o
+ 757,

u(N)

® Axial form factor usually parameterized as a

dipole function:

FA(Q?) =

JA

(1+Q3/M ,2)?
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Importance of Ma

Absolute §:;:
Cross-section §2
(includes Too
normalization) %=

Shape only

R. Gran

MA=I.l GeV
MA=1.0 GeV

1.5 1.75 2

Q?(GeV/c)?

MA=1.0 GeV
MA=I|.l GeV
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Basic Data

Timing and fiducial volume cuts

Number of muons

Number of tracks

Particle identification

Energy deposit
around the vertex

Reduction

Raw Data Sample

!

Neutrino Data Sample

v
Charged, Neutral Current

\ 4
|,2, multi tracks

v
MIP, shower, proton

!

untracked particles?



SciBooNE CCQE
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CC Inclusive

* u's easily identified if penetrate MRD

* 96% pure CC MRD matched/stopped event timing
» 21,431 stopped v events £ | Entrios 31067 | <
LLI ) I | )
B %
SciBar MRD 0Pk ’
[ - —— MRD matched event
i MRD stopped event
10°F
Y,
mﬁfr ILHLZLLJ]JTHUL]R‘W:M fﬂlm
;_L . J .__.\:.L [ _.U __'L | _'I. . . ] _L
I ﬁ'WJ_ AIUS LA Jjwr
*Normalisation set by e H
*MRD-matched events 2 0 2 4 6 8 10 12 14 16 18

Event timing (u sec)
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Normalised
to MRD
matched

events

Angular
discrepancy is
not detector
effect
—physics?

CC Inclusive

MRD stopped events

SciBar

MRD

Reconstructed Muon Angle

90

& o Data LENLriES 21431
1200 I:lomer
1000 vNG
vCCother
800 o v CC coherent n
@vOCresonance:
600 = oo B3 ccae
400 = === - ==
% 10 20 30 40 50 60 70 - 80
0, (deg)
3 Reconstructed Muon Angle
25F 6, resolution = 0.9°
2|
1.5 + J(
- ++*T++++++++++++“+ ++
1 3'_.'..'*"*' ' ++**+*** +
0.5} #
% 10 20 30 40 50 60 70 80 90
0, (deg)

Reconstructed muon momentum Y- Nakajima

3500 3 O Data LENtries 21431
3000 :— D Other
:.':.._ v NC
2500 - v CC other
2000 v CC coherent =
E @vCCresonanoex
1500 = B3 ccae
1000 == =
500 = —
: - AT ATATATATATAT :-:-:-"E-:-:-:-:-:-E-:-: o '
% 02 04 06 08 1 12 1.4 16 18 2
P, (GeVic)
3 Reconstructed muon momentum
255 p, resolution = 50 MeV/c
2
1.5F J»
1; ! ey — —— —‘—' ) _ll_ ‘
0.5 }
:, PR SRR T BN S S Ny . 4+ 1 . . .1 " 1 s a1 . o
% 02 04 06 08 1 12 1.4 16 1.8 2

P, (GeVic)
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SciBar

CC Inclys

MRD

Entries

ive - Fe ...

ack timing (vertex in FV)

10* = Entries 104664
- M
10°F
-II | IIIIIII|III|III|III|III|III|III|III
-2 0 2 4 6 8 10 12 14 16 18
L Sec

13
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CC event classification

Defm.e M,C SciBar-MRD matched sample
normalization 1
MRD-stopped
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 analysis

samples
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CC event classification

Define MC
normalization

SciBar-MRD matched sample

!

MRD-stopped

A

Number of tracks | track

Particle identification

Energy deposit
around the vertex

2track

>2track

N

p+p

P+TT

—

w/ activity

w/o activity

MRD-stopped

CC analysis

samples

!

MRD-penetrated

Same Wselection

MRD-penetrated

CC analysis
sample
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SciBar Cuts

® Additional track
parameters used to
distinguish interaction
sighatures
® Vertex separation

® 2nd track angle
o AOp

THEaaay
i HHERELE
L
=
Track Ong distance
::F Entries 11181
2000
1500 :—
»
1000 :— >
: rejected
500 :—

10 20 30 40
Track edge distance (cm)

|5
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SciBar Cuts

® Additional track
parameters used to
distinguish interaction
sighatures
® Vertex separation

® 2nd track angle
o AOp

A6, (2track p+7) ALV P K. Hiraide

150 | 4 Entries 2416

100

20 40 B0 80 100 120 140 160 180
A8, (degree)

|5
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ciBar PID

dE/dx (muon track sample) K. Hiraide Hi |
1500 . | i |
i Entries 17655 |
l » p Energy deposit g
1000 %u used as PID (L8 |
i =Q '
L D others P
500 ——
i | MuCL (2-track sample) | K_Hiraide
—. Entries 4056

dE/dx (MeV/cm)

MIP-like

- Entries 933

60

40

0 01 o

20 05 06 07 08 09 1
MuCL
[ = g Cut at MuCL>0.05 for 2" tracks:
oo | EE m—“ (M/cm) 4% J-I:+ effiCiency

~90% p rejection
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* CCQE - | track

VM)\/-’e_
W+
. [
/\p
SciBooNE data

150 I

100

50

-100

B
i
il

(=)
o rrrrp [ T T [ T T | T [ T 1

-150|||||||||||||||||||||||||||||||||||
50 O 50 100 150 200 250 300
@
3

2 rec 2
Q. =2E"(E,—p,cosO )-m,

rec

Reconstructed Q*(1track)

J. Alcaraz-Aunion

4000

3500

3000

TETTLRLRT ]' FT [T I@‘ |

Entries 16021

[ Tw€Ccoh
E2 v he

B v-Others
[:] antl-y

b 01 02 03 04 05 06

0.7

0.8

0.9 1
GeV?

1 track events 67% pure

CCQE

using NEUT (Ma=1.1

GeV)
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SciBooNE data

150

100

50

-100

-150

A ] P S [ P S D R P S O ] O S N S G [ ] I S Y e |

JHEE

| 1

lll

|

lllllll 1

50

100

150

200 250 300

CCQE - 2 track

2 rec 2
Q. =2E""(E, -p.cosO )-m,

rec

J. Alcaraz-Aunion

Reconstructed Q?(2track)

Entries 1290

160

140

120

100

l["j,.|llllllllll|l

40

A AAAG AP AAIAASI ARG I AAG AN

°°

01 02 03 04 05 06 07 08 059 1

GeV?
2 track events 81% pure CCQE
(u + proton using PID)
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" CCQE - SciBar 0n|y

SciBar 1
J. Walding
ESOT
LH | e
50:— nlntnin L
e Events can remain in SciBar
L HH only
ululiln ® Look for muon decay to
THTHTTT tag the muon tracks
fif
[ ] Different kinematic regions
-150_1llllIllllIllllllllllllllllllllllllll
0 50 100 150 200 250 300 350 ) )
em Different systematics on py,
measurement
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- CCQE - SciBar only

Tue May 20 01:50:26 2008

J. Walding Muon Lifetime (Data)

—

- %2 / ndf 5093

| llllllll+ |

| Illlllll

-&- - e . s o

\
\
| | I | | | l | | | l | | | l | | | l | \ &

lllll
0 2000 4000 6000 8000 10000 12000 14000
Time (ns)

T, = 2.003 £ 0.047 (stat) us
expected = 2.026 £ 0.001 us

Suzuki, et al., PRC35, 2122 1987
=

Illllll

SciBar

® Events can remain in SciBar
only
® Look for muon decay to
tag the muon tracks

Different kinematic regions

Different systematics on py,

measurement
19
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SciFi CCQE

&

N

Fiber sheet)

To Muon Range
Dete oo Water filled
aluminum target
Muon in the Muon Range / >
Detector must have 5;*:;’;;:;’,‘.:‘: panal+

P> 600 MeV/c ((((r
W /

;‘iﬁ\)ﬁw&\\ -@'

Recoil proton threshold is ‘.’}JWI‘E"J

three layers in SciFi g‘ﬁg,ﬁ-ﬁ:ﬁw

> ~ 600 MeV/c :’\’ui:’:w’
! '::’\4,‘ ).\‘ 'p'/!- i ‘ Jlmage intensifier

' W

% - ' ' Micro-Channal-Plate
' — |CCD camera

260cm

\
ot
\

Pproton

|-track events with muon only
2-track events with muon plus either proton or pion

21
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Event Selection

Typical two-track event showing the muon and second track

K2ZK Fine-Grained Detector

Run 2279 Spill 18568 TRGID 1
O

P _—
/’ﬂ/ < /ﬂ

1 track event 2 track event

Neutrino interaction on H,O target (+ 20% Aluminum)

22
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2 track events

SciFi 2 track cos(A®;) distribution

600

use the location of proton track g
to separate events

into three subsamples: 200

|-track (no proton) 60% QE 200 |

2-track QE enhanced 60% QE

2-track nQE  85% nonQE, 15% QE 4, |

(NEUT)

100

(CCQt™

R. Gran

NN N NSNS W N
PAWAN Pa VAN

4|

1<25°

ToYa %%

= W TS
-08 -06 -04 02 0 02 04 06 038

1

cos(AQ.)

23
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London
Basic Distributions, P, 6, for Scifi Detector

Overall agreement is good

MergedFit Single Track MergedFit Single Track R. Gran
] i o
T 1600 | £ :
S : Q 600 |
o 1400 | - _ OM
Qo - o] |
) : S 500
-g 1200 B .g -
S I B CCqge g I [ CCqge
< 1000 | 400 |
800 |- s00| |
600 | [
: 200 |
400 |- 1
: 100 |
200
: L 3
0505 7 35 2 25 3 i O 10 20 30 40 50 60 70 80 90
® (de
Muon momentum F.(GeVrc) Muon angle u(deg)

One-track events (60% QE, NEUT)
w3l

24
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Reconstructed Q< distribution in SciFi detector

1 track sample 2 track QE enhanced 2 track non-QE

MergedFit Single Track MergedFit Two Track A® <25° MergedFit Two Track AG ;>30° R. Gran
D 1800 [ ® - @
§ § 120 - § 350 H
W 7600 Coherent n i i kW [ Coherentn
o other CC ? B S 300 B othercC
s 1400 100 =
3 muitin ‘E - 3 0 muftin
§ 1200 Coge 3 ‘ £ 20 — B cooe
2 % s 80 3 @ ccge

*

1000

i 200
60 -
800 i
150
600 30 -
- 100
400
20
200 50
0 lllllllllllll 0 b 0 ||||||
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 1.4 16 18 2 0 02 04 06 08 1 12 14 16 18 2
p— - awvas D

Q? (GeV/c)? Q? (GeV/c)? Q? (GeV/c)?
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Fit only Q% > 0.2 region

R. Gran
2000 |-
- |-> Q2 cut
Most significant 1750 - |
uncertainties due to Pauli l — Monte Carlo best fit
blocking and choice of 1500 |- | | |
pion, correction to DIS 1250 L
1000 (=
QE signal 730
and inelastic background
are treated the same way 900
250
0::“ s e S I U W SR T (SN TR T SN S N S
1.5 2 2.5

Reconstructed Q2 (GeV/c)?
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Uncertainty in QE cross section due to Pauli
Blocking

in the Q% < 0.2 region
a Fermi-gas model with different Fermi-momenta k;

R. Gran

do/dQ? (107°° cm2/GeV?)
N B D @ N

© o 9o o
S N & O OO o

o
o
-

02 03 04 05 06 07 08 09
1 Q(GeVIC)

We Cut here

27
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K2K SciFi Ma fit

Fit the 1track, 2track (QE), and 2track (nonQE) simultaneously
K2K-I: 8114 events total 4310 Q2>0.2 in fit
K2K-IIa: 5967 events total 2525 Q2>0.2 in fit

Ma = 1.20 £ 0.03 stat + 0.12 syst

Bodek/Yang DIS correction and Marteau Coherent Pi cross-section

R. Gran

2000 400

140
‘“"1 1 Track 2 Track QE == 2 Track nQE
1600 120
1400 | T 100 0
1200 250 +
1000 80 200
800 | 60 + 150
600 ! %0 100
400
200 20 S0

00 05 1 15 2 25 04 0.5 15 2 25 . % 0.5 1 15 2 25 .

Reconstructed Q2
28
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Systematic Errors

Source Uncertainty

Energy scale 0.08

LG density 0.02
Escale/LC correlation 0.04
Escale-MA correlation 0.03
MA- | pi 0.03
nQE/QE 0.03
Statistics 0.012

TOTAL 0.12
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K2K: SciBar

TOTAL

10206

527

® Event selection similar to SciBooNE’s
® (actually, SciBooNFE’s was based on K2K’s)

Sample Q?>0.0 Purity Q?*>0.2 Purity

F Sanchez

0 cc—E

-trk | 7405 | 54% | 4032 | 59% | . -
2-trk o o :: O Ohers
OF | 1264 | 77% | 1142 | 80% -
2-tl"|( o o - 38.5/25
omoE| 1837 | 19% | 923 | 28% | -

30
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K2K: SciBar

® Fit 3 data samples, allowing these
parameters to float:

Overall normalization

Ma

Ratio of nonQE/QE

Ratio of 2-trk/|-trk

Ratio of 2-trk nonQE/2-trk QE

4 energy bins constrained by PIMON
data

31
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K2K: SciBar

1 Track samples

2250

2000

1750

MAAAS RAAAS RARAS RALAAS RAAAS RAALY LAAAS RARAS RARAS RARS

O
-
-
o

Lasasabiasslauan

¥’ /d.o.f.=17.2/9

1 MC
[ 1 BKG

= DATA

laaaalas

» .
rd '
- :
L '
- ’
I ) P
- .
X '
- ' l
Y . '
Fllllllllljlllllllllllll A A A Lllll‘ll“‘
0 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2

q’ (GeV?)

2 Track=QE samples

- H
" :
- '
-
550
- x'/d.o.f.=8/9
-
300
-
-
-
250 = MC
: p—
= ‘ YK G
200f= +
[ = DAT;
150~
-
-
100f=
L
50
-
O.lll LJ.IIILJ .vl.l IALL‘IlLL
o
- i
- :
t : _\_|_
-2k
.llllllllllllllll‘lllllllI‘llll‘llllllll

o

0.2 04 0.6 0.8 1 1.2 14 1.6 1.8 2

q’ (GeV?)

Fuall

450

400

350

300

-2

2 Track=NQE samples F. Sanchez

L N N R R R R R AR RS LA LR R

xX'/d.o.f.=9.8/9

- l’ l‘l“lLJI'I‘IVLLI“ LA

— i

- i
-LlllllllllllllllllllllllLllllllllllllll
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

q° (GeV?)

Ma = 1.144 £ 0.077 (fit) +0.078 -0.072 (syst)
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- K2K: SciBar Systematics

Sources of uncertainty Errorin My | Error in R"%E/ %
. - <0030 +1013
Momentum Scale 000 0014
Cross section and nuclear effects | 7o j”%[-ﬁ
tAar +8.8§l +0.024
Detector _88%: —8'8}'0
| +UVUIlL +U.
Analysis b m?}'; v Dm%
Total om | hg

33
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MiniBooNE Cuts

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

220
oE | we—————————
180 oo
160 muon /
o oF >200 hits
100 N 3 -]
S0 | | | "
60 Michel
40 electron
20 | <200 hits |
0 2000 2000 6000 8000 100001200014000 16000 18000
Hit Time (ns)
total 2 subevents 54.2%
muon in beam window (4400ns < Time < 6400ns) 52.9%
muon veto hits < 6 and Michel electron veto hits < 6 46.4%
muon tank hits > 200 and Michel electron tank hits <200 |41.6%
fiducial reconstruction for muon 41.3%
muon and electron distance < 100cm 35.0%

74% pure CCQE (NUANCE)

35
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- MiniBooNE Data/MC

data-MC ratio from RFG model T Katori
S (a) (b) (c) .1,2
2 08 —1.15
&
0.6
—1.1
0.4 ; (a) E,.=0.4GeV
i/ - —1.05
0.2 (b) E,=0.8GeV
Ny (c) E,=1.2GeV —1
0.2 . (d) Q°=0.2GeV’ —10.95
N )
0.4 - (€) Q"=0.6GeV’ los
0.6 () Q"=1.0GeV>
08 } —0.85
-1 ——0.8

0 02 04 06 08 1 12 14 16 18 2
T, (GeV)
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2. Prediction for CCQE events

. : Smith and Moniz,
Relativistic Fermi Gas (RFG) Model Nucl.,Phys.,B43(1972)605

Carbon is described by the collection of incoherent Fermi gas particles.

All details come from hadronic tensor.
Ehi e

W,)w = f f(k,q, w)T  dE : hadronic tensor

Elo
f(k,q, w) : nucleon phase space density function
T, =T, (E,E,F,,FE):nucleon tensor

F,(Q)=g,/(1+ Qlez; )* : Axial form factor
Ehi : the highest energy state of nucleon = \A(p_iil- M?)
Elo: the lowest energy state of nucleon = . /I(pi +M*)-w+E

B

3 parameters are especially important to control nuclear effect of Carbon;
M, = 1.03GeV : axial mass

P. = 220MeV : Fermi momentum
E; = 34MeV : binding energy
05/31/2007 Teppei Katori, Indiana University, N 12

.
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3. CCQE data-MC comparison

Pauli blocking parameter "kappa" :

To enhance the Pauli blocking at low Q?, we introduced a new parameter k, which

is the scale factor of lower bound of nucleon sea and controls the size of nucleon
phase space

Elo=K\/(p§+M2)—w+EB)

Ehi(fixed) pz? pzt , -
\ Thls mgdlﬁcatlon
gives significant
Elo(tuned) y T py ~ effectonly atlow
OX oX Q< region
We tune the nuclear parameters in RFG model using Q? distribution;
M, = tuned
P. = fixed
E; = fixed
Kk = tuned
05/31/2007 Teppei Katori, Indiana University, N 17
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o

—

=

-

- 12000

—
10000
8000
6000
4000
2000

Q? dis“tofjbution with x variation
—

el

—

=

&

- 12000

—
10000
8000
6000
4000
2000

Effect of Ma and K

Q? dlstrlbutlon with M, variation

T. Katori
: - data with statistic error
- M, = 1.00 GeV ,x = 1.00
— | M:\=110Ge\/ k= 1.00
e M, = 1.20 GeV .,k = 1.00
— M, = 1.30 GeV , k= 1.00
= M\ = 1.40 GeV ,x = 1.00
- M, = 1.50 GeV ,x = 1.00
0:‘ ‘ 06 07 08 08 1

Q’ (GeV?)

e

TTTlTTIT

J
[—' —

H"TT‘T

l°.1‘ A A Lo-zl A A A

. data with statistic error

M, = 1.25 GeV ,k = 1.00

M'A = 1.25 GeV ,k = 1.01

— M, = 125 GeV ,xk = 1.02
—— M'A = 1.25 GeV .,k = 1.03
e M = 1.25 GeV ,k = 1.04
e M = 125 GeV ,k = 1.05

PR U S S S TN AU T WY U ST SN S SUN S T WU S U S S
0.5 0.6 0.7 0.8 0.9 1
Q* (GeV?H)

39



Imperial College

After Fitting
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After fitting

Ev distribution
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Is K necessary!

® Only MA is allowed to
vary in this fit

Such a fit cannot
improve over all phase
space

(Additional experimental
information would allow
different tests)
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- MB CCQE Systematics

Source OMa(GeV) 0K

Data statistics 0.03 0.003
neutrino flux 0.04 0.003
neutrino cross section 0.06 0.004
detector model 0.10 0.003
CCpit+ background shape 0.02 0.007

TOTAL 0.20 0.01|
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Comparisons

® MiniBooNE has nearly
flat acceptance in Q2

® But no resolution of
protons

® SciBooNE (with MRD)
falls off quickly because
we require a forward
going muon

® SciBar contained
analysis is needed!
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Summary

Why is this Interesting?

Argonne (1969) .
Argonne (1973) .

CERN (1977) .

Argonne (1977) .

CERN (1979) .

BNL (1980) .

BNL (1981) .
Argonne (1982) .
Fermilab (1983) .
BNL (1986) .
BNL (1987) .
BNL (1990) .
Average ¢

085 095 105 115 1.25
MA (GeV]

[world avg: M, = 1.03 £ 0.02 GeV]
J.Phys.G28, R1 (2002)

Sam Zeller, 06/01/07

+ K2K SciFi (H,0, Q>0.2)
Phys. Rev. D74, 052002 (2006)

M,=1.20 £ 0.12 GeV

« K2K SciBar ('2C, Q2>0.2)
M,=1.14 £ 0.11 GeV

* MiniBooNE ('2C, Q2>0.25)
M,=1.25 + 0.12 GeV

* new results consistent

* 10% measurements of M,

* modern data measuring ?
systematically higher M,
(measuring an “effective M,”)
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