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Neutrino-nucleon (quasi)elastic scattering

Charged current Neutral current
quasi-elastic (CCQE) elastic (NCE)
VNoUp v Nov N
13 13 1

Weak interactions are mediated by either neutral (Z°) or charged boson (W*)
interactions via Z° are neutral current (NC), via W= are charged current

If there are no additional particles created in the interaction, then the scattering is
called elastic (quasi-elastic).



Neutrino-Nucleon NC Elastic Scattering

- Fundamental NC probe of the nucleus.

- At low momentum transferred (Q?) the cross-section
is sensitive to the axial form factor, do/dQ2 ~ F,?

- Unlike CC quasielastic, sensitive to isoscalar
component of nucleon (strange quarks)

- via isoscalar or “strange” axial-vector
form factor, G,*(Q?)

1 Fg8,tAs - protons

F Q)= 24281
A - 2 2 - 2 <1+Q2/M124)2 + neutrons

-and As = G,*(Q?= 0)
- Experimental sensitivity to isoscalar effects best via ratios:
- NCE(p)/NCE(n), NCE(p)/CCQE
as many systematics (flux, nuc. effects) should cancel.

- Another view:
Does our knowledge of CCQE (usually measured via
muon) completely predict NCE (measured via recoil
nucleon) for nuclear targets?



Available world-wide neutrino NC Elastic data

BNL E734
BNL E734 used 170-ton high-resolution
target detector, comprised of 112 modules, BNL E734: PRD 35, 785 (1987)
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FIG. 2. The measured v, flux. The error bars represent data
from the reaction v,n —u~p. The solid curve is a Monte Carlo 8
beam flux calculation. Details of the flux measurement and
Monte Carlo calculations are given in Ref. 19.



Measurements of As(=-n) from neutrino experiments

+g,+tAs
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The best data to date are from BNL 734(1987):
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MiniBooNE experiment setup

- Proton beam from 8 GeV from the booster accelerator

.+ MB v Flux M v, Flux
B v_Flux

—
o

- Delivered to a beryllium target producing mesons

-2
10

- Which go through the magnetic horn, focusing
positively charged particles and defocusing negative

10

Fraction of v Flux / 0.1GeV

- Mesons decay producing a pure muon neutrino beam

0 0.5 1 1.5 2 2.5 3

E, (GeV)

- 541 meters away from the target is the MB detector Phys. Rev. D. 79, 072002 (2009)
target and horn decay region absorber dirt detector

V
Booster H ”
primary beam secondary beam . tertiary beam N 10

(protons) (mesons) (neutrinos)



MiniBooNE detector

MiniBooNE Detector
- 12 meter diameter sphere

Signal Region

- 800 tons mineral oil (CH,)

- Cerenkov detector with
cerenkov/scintillation = 3/1
for electrons

- 3 m overburden
- includes 35 cm Veto region”

- viewed by 1280 8"PMTs
(10% coverage) + 240 veto

- Simulated with a GEANT3
Monte Carlo program tuned
with external/internal
calibration data




BooNE detector
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Protons in the MiniBooNE detector

Protons have mass 938 MeV, thus the Cerenkov threshold is 350 MeV in mineral oil
(compared to 0.2 MeV for electron and 40 MeV for muon)

About 80% of the time protons from
NC elastic are below 350 MeV

Ekin = 110MeV

Ekin = 220MeV, on the outside




Protons in the MiniBooNE detector

Protons have mass 938 MeV, thus the Cerenkov threshold is 350 MeV in mineral oil
(compared to 0.2 MeV for electron and 40 MeV for muon)

About 80% of the time protons from
NC elastic are below 350 MeV

Ekin = 700MeV Ekin = 450MeV

Protons above 350 MeV

produce Cerenkov cone with

weaker strength and narrower opening
Cerenkov angle than other particles

1
COS chr— —
B n

Ekin = 220MeV, on the outside




MiniBooNE Event Composition

MO " CCMNC
20r,  DISING 4%

MC "
F5%
CiEia
A% EEIE
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CCx
22%

MB v events
composition

M elastic
18%

NC elastic is the third biggest sample of neutrino interactions in MiniBooNE
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NCEL events in MiniBooNE overview

Kinetic energy of nucleons in the NCEL events

NCEL proton
NCEL neutron
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Most of the events are below Cerenkov threshold, where cannot separate NCEL protons from NCEL neutrons,
so we measure the total NCEL cross-section.

But there may be some interesting physics results above protons Cerenkov threshold — we may be able to

measure proton/neutron NCEL channel separately. ”



BNL E734 vp Elastic (1987) Data and

MiniBooNE Preliminary NC Elastic Flux-averaged Differential Cross-Section
using 10% MiniBooNE data
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An early analysis, limited by oscillations analysis blindness requirement

Ph.D. Thesis, Chris Cox, Indiana University
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Outline

1. Neutral current elastic (NCE) events in MiniBooNE overview.
2. Analysis

Reconstruction

3. Results and conclusion
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Proton Fitter
In the early analysis the electron hypothesis fitter was used for the NC elastic events
reconstruction.

*Proton fitter features reconstruction
of events assuming the event is a
proton

/E/
(Xo’yo’zo’to)
~_/0

eventvertex | - *Cerenkov angle profile, Cerenkov and
T scintillation light fluxes and time
ni-- v likelihoods for proton events have

phototube been determined from MC

*Point-like event is assumed

*Reconstruction is done by maximizing
Charge and Time likelihood functions
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Proton Fitter

In the early analysis the electron hypothesis fitter was used for the NC elastic events

reconstruction.

Proton
Muon
ves- Electron

e e e e e e |y
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*Proton fitter features reconstruction
of events assuming the event is a
proton

*Cerenkov angle profile, Cerenkov and
scintillation light fluxes and time
likelihoods for proton events have
been determined from MC

*Point-like event is assumed

*Reconstruction is done by maximizing
Charge and Time likelihood functions
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Proton Fitter

In the early analysis we have used the electron hypothesis fitter for the NC elastic events reconstruction.

With the proton hypothesis fitter we have improved the kinematics reconstruction :

1. Position resolution: 1.3m - 0.7m for protons

2. Energy reconstruction:
substantial improvement at

higher E
MC protons reconstructed with
-proton fitter
-electron fitter
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3. Direction: w
improvement above Cerenkov g "
threshold 3w ‘
MC protons reconstructed with 8 il "“I
-proton fitter :: IHHH“M
-electron fitter of
Ad = true - reconstructed angle 100200 500 400 0o o0 7oo oo 21
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Outline

1. Neutral current elastic (NCE) events in MiniBooNE overview.
2. Analysis

Events selection

3. Conclusion
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NC elastic event selection:

1 subevent - Removes decaying particles (u or )

Veto PMT hits < 6 - Removes cosmic rays, external (dirt) events
Beam time window - Neutrino induced events

Tank PMT hits > 24 - Reconstructible events

Reconstructed energy < 650 MeV - Signal is of low-energy

Time likelihood ratio between - proton-like events (removes beam-

proton and electron hypotheses unrelated Michel electrons)

R<4.2m if EKin <200MeV .
) ] [ec - Removes dirt events, assures
Fiducial volume =

R<5.0m if Ekin >200MeV reconstructable events
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NC elastic event selection:

1 subevent - Removes decaying particles (n or 7)
Veto PMT hits <6 - Removes cosmic rays, external (dirt) events
Beam time ]
Decaying pu event
Tank PMT R
Reconstruc N | E
180 =
Time Iikelij iiﬁi g beam-
proton an 120 — 1 Michel electrons)
100 | -
S0
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NC elastic event selection:

1 subevent - Removes decaying particles (u or )

Veto PMT hits < 6 - Removes cosmic rays, external (dirt) events
Beam time window - Neutrino induced events

Tank PMT hits > 24 - Reconstructible events

Reconstructed energy < 650 MeV - Signal is of low-energy

Time likelihood ratio between - proton-like events (removes beam-

proton and electron hypotheses unrelated Michel electrons)

R<4.2m if EKin <200MeV .
) ] [ec - Removes dirt events, assures
Fiducial volume =

R<5.0m if Ekin >200MeV reconstructable events
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NC elastic event selection:

1 subevent

Veto PMT hits < 6

Beam time window

Tank PMT hits > 24
Reconstructed energy < 650 MeV
Time likelihood ratio between

proton and electron hypotheses

R<4.2m if Ekin <200MeV

Fiducial volume =
R<5.0m if Ekinrec>200MeV

enn evwt 2
m- Entries 220012
Mean 2454
5000__ . RMS 147.8
i NC Elastic
4000— Irreducible
- Dirt
3000 OtherBGK
2000
1000
0_ | |

200
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Ekin__(MeV)

400 600 800
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NC elastic event selection:

1 subevent - Removes decaying particles (u or )
Veto PMT hits <6 - Removes cosmic rays, external (dirt) events

Beam time window

NC elastic
Michel Electron

Tank PMT hits > 24
Reconstructed energy < 650 MeV

Time likelihood ratio between
proton and electron hypotheses

R<4.2m if Ekin <20

—‘III|III|III|III|III|III|III

Fiducial volume =
R<5.0m if Ekinrec>20

BE
tllk_pr-tllk_el

27



NC elastic event selection:

1 subevent - Removes decaying particles (u or )

Veto PMT hits < 6 - Removes cosmic rays, external (dirt) events
Beam time window - Neutrino induced events

Tank PMT hits > 24 - Reconstructible events

Reconstructed energy < 650 MeV - Signal is of low-energy

Time likelihood ratio between - proton-like events (removes beam-

proton and electron hypotheses unrelated Michel electrons)

R<4.2m if EKin <200MeV .
) ] [ec - Removes dirt events, assures
Fiducial volume =

R<5.0m if Ekin >200MeV reconstructable events
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NC elastic events:

| Reconstructed energy spectrum |

Data with total error

4500 I absolute (POT) Total Monie Carlo

I'%”I normalization NC elastic (RFG, M, =1.23 GeV)
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Sazrm uUnralaizdd
Other
94.5K data events from
6.46 10%° POT
0 200 300 400 500 60 NCel efficiency = 26%

Ekin_rec (MeV)
NCel purity = 65%

2000

1500

1000

500

0
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NC elastic events:

| Reconstructed energy spectrum |

Data with total error

4500 I absolute (POT) Total Monie Carlo
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NC elastic events:

1500

Other

1000

500

| Reconstructed energy spectrum | Data with total error
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Dirt background measurement

We have measure the dirt event energy spectrum by looking at the dirt-enriched
samples and fitting Z, R and Energy distributions.
Z fit example. Events with 3.8m<R<5.0m

Data

[67 MeV<EKin,,.<35 MeV | 7750 MeV<EKin,, <178 MeV |
MC before fit | 3 ﬁ_'m
MC after fit - 3 M
MC In-tank " _ :
MC Dirt a2 1A

% | |

| 234 MeV<Ekin,_ <261 MeV |

3501

300f

2501

2001

150F

100f

50

4 4 3 ‘ 4
Z(m) Z(m)

The three fits agree with each other, and MC/Data in Z and R distributions
agreement is good after the fit.
We constrain dirt backgrounds to 10% error from MiniBooNE data.
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NC elastic events:

| Reconstructed energy spectrum |

Data with total error

4500 I absolute (POT) Total Monie Carlo

o II}”I normalization NC elastic (RFG, M,=1.23 GeV)
3500

3000 I I|| Dirt
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oz LUnrelziac

Other
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R P 1 -
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0

(NC TU channels with no pion in the final state)

94.5K data events from 6.46 10 POT vp 5> Vp R
NCEL fraction 65%

Dirt background fraction 10% vp =V n%
Irreducible background fraction 15% vn s>vng

vn >vpx

intermediate energy background
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Outline

1. Neutral current elastic (NCE) events in MiniBooNE overview.
2. Analysis

Cross-section results

3. Conclusion

34



Calculating cross-section

| Reconstructed energy spectrum | pata with total error
4500F- TotalWlonte Carlo
i I NC elastic (RFG, M,=1.23 GeV)
4000E- |l| | Dirt
3500 -I I'I' III Irreducible
3000 E— lI.I.H-l.I.l]uI IH I I I Beam unrelaizd
- ) Other
2500 - 1
2000 f—
1500 f—
1000 E—
500 f
0 E- — . . | . 1 i
100 200 300 400 500 60

Ekin_rec (MeV)

Subtract backgrounds

NCE signal

Apply unsmearing procedure
(take into account the detector efficiency, energy resolution,
and reconstruction bias)

NCE event rate

Multiply by appropriate number
(Flux, number of nucleons etc)

do/dQ? 35



Statistical and systematic NCE cross-section errors

Error type Y%
Statistical........cooeveieiii 3.1
Discriminator threshold...........c..coooiiii . 1.1
QT PMT reSPONSE......ccceeeeeeieeeieeiiiiiieeeeeeeeeeeeeeeeee 2.0
D1 PP 1.4

[ (O [ USRI . .. .........euee e eree e enenas 1.7
gLl o (0o (U L1 1o] o TR 0.1
Additional hadronic error (photonuclear effect etc).. 0.2
CroSS-SECHON. .. .cciiiieeeieeee e 3.4
Horn uncertainties..........cccoeevveiiiii e, 4.7

| Gl 0] oo (U107 (o) o 0.1

| G o] o o [§ [ 1 o] o 1 0.5
T ProdUCHION. ....ciiiiiieii e 0.3
T PrOAUCHION. ...t 4.1
Optical model.........coooeinii e,
Unfolding (unsmearing)........cccuueeieeeiiinieeeiniineeeeennnn (7.5)

LI O 17 S 18.9
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Results: Flux-averaged MiniBooNE NC elastic differential cross-section

x107>°
B [
> B MiniBooNE NCEL differential cross-section with Statistical and Total error]
Q
c?_, 3.5 + Monte Carlo NCx with x absorbed
= - + Monte Carlo NC elastic (RFG M, =71.23 GeY, As = 0)
S — 2
&~ 3— O f BNL E734 vp>vp
g — + MiniBooNE preliminary cross-section with 10% MB data
L25F .
T L9
-+ +
_ o |
22— +
B -+
1E= e
L — -
- L
0.5 | _i_ : W
n_l e b by Ty T T ——
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Q;E(GEVE)

Note: “Q%." =2m T
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Outline

1. Neutral current elastic (NCE) events in MiniBooNE overview.
2. Analysis

Axial vector mass fit

3. Conclusion
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Axial vector mass M "

M, is a parameter in the nucleon axial form factor with the dipole approximation. For CCQE

Historical value,
MA=1 .026+0.021GeV

is set largely by deuterium-based bubble chamber experiments.

However recent MA measurements from CCQE on Carbon ...
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Axial vector mass M "

M, /x fits from MiniBooNE CCQE shows significantly higher M
(analysis is done by Teppei Katori, Ph.D)

Fit parameter space
1.6

" - ~ 16
© 5000 +  data % - ¥ New fit with 1-c contour
¢ - G Old fit with 1-c contour
4500 total error 150 3 G
i o F O M"=1.03 GeV, k=1.000
40005 shape error az <
SO . - T eff = I
3500 MAG 1.03 Ge\ff’, K f1.000 1.4 (=47.0/38
Fr —— RFG model after fit I ¥ eff -
30007 . M (GeV)=1.35
- ~ k=1.007
2500F -
- - o
20001 12—
1500 - -
1.1
1000/ e -
e -
500E 111 | L 111 | L 111 | 1111 | 1111 | 1111 | 1111 | 1111 ‘ 1111 | 111 -|- 1 11 1 1 Q 1L 1 1 1 | L 1 1 1 | 11 1 1 | 1L 1 1 1 | L 1 1 1
0 01 02 03 04 05 06 07 08 09 1 0.99 1 1.01 1.02 1.03 1.04
2 2 K
Qe (GeV')

M, = 1.35+0.17
k = 1.007:0.007

These higher M values are confirmed by K2K (twice), MINOS and SciBooNE

40

Can we test it with NC elastic?



Axial vector mass M "

For NCE, the axial form factor:

+g, T A's - for protons

(1+Q2/Mi)2 + for neutrons

F (0%)=05

RFG model comparisons in reconstructed energy spectrum
Reconstructed energy

: I Data with total error
3000 — Nulnt09 MiniBooNE CCQE

: —— A MA='I.35 GeV,x =1.007 3* = 26.0/40 DOF u nt Iniboo measurement
2500 __ — WG M, =123 GeV, k = 1022 57 = 30,549 DOF Nulnt07 MiniBooNE CCQE measurement
2000— MG M 1.02 e,k 21,000 57 = 44,1149 0OF World-averaged values before MiniBooNE
1500—
1000—

5uuT
0 = 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
100 200 300 400 500 600
Ekin,,, (MeV)

Monte Carlo with values of MA 1.23 GeV and 1.35 GeV gives a better fit to the data, than 1.02 GeV, 4l

especially at low enerqgies.



Outline

2. Analysis
As measurement using high energy (above proton Cerenkov threshold) sample
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NCE proton-enhanced sample

In order to investigate G,°(As), need a proton-enhanced NCE sample..
Start with the high energy NCE reconstructed spectrum (after NCE cuts are applied):

| Reconstructed energy spectrum | absolute (POT) normalization | Reconstructed energy spectrum |
= . 3000
- Data with total error E Total Monte Carlo
3000— HH'I 1 Total Monte Carlo B wem=_Data with stat error
- 2500 i NCEL proton
- ,l, 1 |'I'I'| NC elastic (p+n) M- NCEL noutron
2500— F* III”'I, Dirt " g Irreducible backgrounds
- IIIIII Irreducible 2000 == nimnEn Dirt
2000 :_ Beam unrelated E - snnnnn Other backgrounds
ol Other backgrounds 1500 — =
1500— L B L
C N e
1000 100015z, .~
- H '|":"_=". . l:l:l
- o '""lJl.r ||JI"""-
C 500 1T 8 oLl
500+ L I,pll,"l'"l-u ETIRLLLY
- HH Attt IIL:IL="'.:r:;lulull
= b 118 n
BEI:—::;— —_—— ' e M SR s S :h:lh."”.nl"f”F'I'ﬁllllh”ﬂlllllﬂummwumuummmmmmm
100 200 300 400 500 600 850 400 450 500 550 600 650 700 750 800
Ekin_rec (MeV) Ekin_rec (MeV)

As one can see, much background. Signal (NCEL proton) is not strong. 43



NCE proton-enhanced sample

NCE proton particle identification

v

Single proton

NCEL proton with no FSI

V

N

NCEL neutron

Multiple protons

Single proton events should have more Cerenkov light fraction than multiple proton
events (such as NCEL proton with FSI, NCEL neutron and Irreducible backgrounds)
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NCE proton particle identification

N

Single proton

NCEL proton with no FSI

v

NCEL neutron

Multiple protons

0.07
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0.05
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0.02
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2 I NCEL proton with no FSI
c NCEL proton with FSI

_ J- :LNCEL neutron
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Single proton events have
more prompt light




NCE proton particle identification

NCEL proton with no FSI NCEL neutron

(ux.uvuz) |

Single proton Multiple protons

0.016_—
0.014;
o012F. NCEL proton with no FSI |
- NCEL proton with FSI r] Single proton events have
0'"1:_ NCEL neutron ||‘ more directional light
0.008]- k
u.uusf— ponkn Al
B l.-r-r-lFl-,.'l#r- H‘ J—.“-u- - : ‘*"J
0.004 ﬂﬁﬁeﬁﬂw | | |




Two additional PID cuts

(arrows indicate side of the cut is kept in the analysis)
p/n Cut

Fraction of prompt hits among PMTs that have cos6 > 0

'~ single proton

s \",L,,‘,,,‘L,,L, [ I AR
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Ekin,,. (MeV)
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Data
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Ekin,,, (MeV)

Fraction of hits Ons<t_,,<5ns of those with cos 6>0
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Two additional PID cuts
(arrows indicate side of the cut is kept in the analysis)

p/n Cut

Fraction of prompt hits among PMTs that have cos6 > 0

'~ single proton
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NC elastic proton-enhanced sample

Reconstructed proton angle with respect to the beam direction

absolute (POT) normalization

1200 — Data (stat err only)
- Total MIC
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B + NCEL proton with FSI
800 — + NCEL nzuiron
- F + Dirt
600 — + Irreducible
B + | Other
400, s
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200 T
P
O 20 40 60 80 100 120 140 160 180
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For the NCEL proton-enriched sample we make one more cut, 6p<60°
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NC elastic proton-enhanced sample

Reconstructed proton angle with respect to the beam direction

:}Qiill }"]L-; % absolute (POT) normalization
% T -1{: 1200 :— Data (stat err only)
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Sam Zeller

For the NCEL proton-enriched sample we make one more cut, 9p<60°



2 samples of NC elastic events

After NCE + p/u + p/n + 9p<60° :
we get the NCE p-enriched sample:

| Reconstructed energy spectrum | absolute (POT) normalization
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NCE p fraction is 55%
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After NCEL + p/u,
we get the NCE (p+n) sample:

_Reconstructed energy spectrum | apsolute (POT) normalization

3000

|‘ Total Monte Carlo
- = Data with stat error
2500 — i NCEL proton
il NCEL neutron
- Irreducible backgrounds
2000 == nnEnn Dirt
£ = snnnnn Other backgrounds
1500— ==
C L
r L e
1000 = -
TIL
el 7 T o
500 SRR ——— o
1 |
Ti:”lhl i agpat '.'““l‘ﬁuﬁtﬁﬂilﬂﬁh!l'"'"'ﬂ' LT L L
1R LY P T
il LT ST Y S A DA A

:950 400 450 500 550 600 650 700 750 800
Ekin_rec (MeV)

NCE (p+n) fraction is 45%

We can form a ratio in order to cancel systematics...
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NC elastic ratio
NCEL p / NCEL (p+n),

Reconstructed energy spectrum |

700

where the numerator — the NCEL proton-enriched sample,
the denominator has standard NCEL cuts, thus NCEL (p+n) sample
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Conclusion

1. MiniBooNE has collected the world largest sample of neutrino NCE interactions
(~94.5K NCE candidates) with high purity (65%). Currently it also has the largest sample of
antineutrino NCE, which are waiting to be analyzed.

2. Measured flux-averaged NCE (p+n) cross-section.

3. A test of measured from CCQE M /x on MiniBooNE NCE has been performed.
Higher (~1.2-1.3 GeV) values of M, are preferred.

4. Using the high energy NCE proton-enriched sample we have measured
the ratio NCE p /NCE (n+p) in order to reduce systematics.
From the ratio measurement, the strange quark contribution in the nucleon has been
extracted, As = 0.0 = 0.3 (preliminary)
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How was it measured?

Quark Helicity Distributions, Flavor Separation

Double-spin asymmetry

e+N s e +X

Polarized beam and polarized target

-
R LT N

Virtual photon

-
XA N Nz

rhw r#w
; _>I><:| <: :
Nucleon
( I \ ( I )
— —
< | >|:> < | >
O-(X)—0- (X
A (x,2)= = (X) 2 (%)

o (x)+o:(x)



Asymmetry, Polarized Quarks

0,(x,z) 0 z e; q(x) Dc';(z) lepton

( quark distribution ) x
( fragmentation function)

o-(x)—o-(x) [ %7
o: (x)+o:z(x)

A,(x,2) =

q(X)=q (x)+ g (x) Quark Density Distribution

Aqg(x)=q (x)-q"(X) Quark Helicity Distribution



Neutral current elastic cross-section on a free nucleon

;lgzfii;(A(Qz)JrB(Qz)WJrC(QZ) W) , where

A(Q) = [(F (1 1) = (F{ P = (F57) (1= )+ 4 F] ]
B(QZ):—iFi(Flz—kF;)

()= Y (F7) +1(F7)]



At low Q2,

do
~(F(0))+(F;(0))+0(Q")
dQ’
Under CVC
1 ) n ) , n 1
FiZ(Qz):(E—smze ) FA P —F T —sin®o [F P+ FEY ]—EFZ_
4 2 T3 1 Ky .
F'(Q°)=—F ,——F, ,where T, is +1 for protons and -1 for neutrons
2 2
At Q°=0
Ff’p(O)zl—ZsinZQWNO do
2 vp 2 2
g —2As+(As)
S | a0
F (0)——5
do
F,(0)=g, ]+ g2 +2As+(As)
dQ’



In MiniBooNE we measure

Thus, at small values of As, the cross-section doesn't depend on it in the first order



Different M A Different As

- — M,=1.23 GeV -
2500— 2500
n M,=1.49 GeV .
2000— 2000
1500 1500—
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500 500+
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Ekin,,.(MeV) Ekin,..(MeV)

From 0.0 to -0.3, As doesn't change the energy spectrum, but after that gives a significant
contribution at low energy < 250 MeV



Subevents

Both charged pions and muons decay within the DAQ time window, producing “subevents” -
separate events in the same DAQ time window, each of which consist of at least 10 PMT hits
and ~100 ns long

220 reT T ]

1. Charge current quasi-elastic (CCQE) 2001 T E
O

160 |- =
140

3 120 =

vV +n-> p+ U 100} ) g

i 20 S5a 200 x T )
1st SE S— 60 — ' | Michel elect —
»lo + 40 | ichel electron
T~2.2;tS e Ve + vu 20| . I ]
2nd SE 00 2000 40(}()IL 60I()LL'} ‘ l8:(1'(}'1}' 100001 2(}()0I1 -’I—l:(l)(}lll) 1600018000

Hit Time (ns)

Typically CCQE has 2 subevents: neutrino interaction and a muon decay
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Subevents

Both charged pions and muons decay within the DAQ time window, producing “subevents” -
separate events in the same DAQ time window, each of which consist of at least 10 PMT hits

and ~100 ns long

1. Charge current quasi-elastic (CCQE)

Vu+n9 P+ W

7~2.2Us

€ +V +Vv
e u

2nd SE

2. Charge current n* (CCpi+)

VH+N9 T +uw +N

~21ns ", ‘ /y

220

200
180

1601

140
120
100
80
60
40
20
8]

| Michel electron
I.

(8]

‘e'+v +v
e u

2nd SE

e+ Vv +v
e u

3rd SE

L Lo by ITIN & I 1
2000 4000 o000 S000 1000012000 14000 1600013000

Hit Time (ns)

Typically CCPi+ has 3 subevents: neutrino interaction with pion decay and two muon decays
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Subevents

Both charged pions and muons decay within the DAQ time window, producing “subevents” -
separate events in the same DAQ time window, each of which consist of at least 10 PMT hits

and ~100 ns long

220 ]
1. Charge current quasi-elastic (CCQE) 2000 muon = E
160 / B
140 =
- 120 “ =
vV +n-> p+ UL 100[ ° E
E 80| e =
1st SE — 60— | Michel slect =
> = 40| IChel electron —]
7~2.2UuS e + Ve T Vu 20 | |
2nd SE % 2000 4000 6000 $000 10000 1200014000 16000 18000
Hit Time (ns)
2. Charge current n* (CCpi+)
B e +V +Vv
v+N=2{n +u +N |- e u
g | 2ndsE
+ S
w2tns Y TH | g let 12
1st SE — 3rd SE
3. Neutral current elastic
v,+N=2>1v +N NC elastic usually has only 1 subevent 63

1 SE



Dirt-enriched samples

Cut on the radius (lo tt

the Z (looking at upstream part)

B

v

£



Calibration sources span various energies

Calibration Sources

Tracker system  © £
e e 5% o f
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Extinction or Fluorescence Rate (1/m)

Light propagation in the detector

o . % . ; Timing Distribution for L E
Extinction Rate for MiniBooNE Marcol 7 Mineral Oil iming Distribution for Laser Events .
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+2/(50 DOF)
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Cerenkov angle
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Protons have much different Cerenkov profile... need to have a proton hypothesis reconstruction
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NCEL cross-section results

MiniBooNE NCEL differential cross-section

51039
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NCEL cross-section results

MiniBooNE NCEL differential cross-section




Outline

5. MA fits of the NCEL cross-section.



M A fits of the NCEL cross-section

Nucleon structure

Nucleon structure is parameterized in the nucleon weak

current: :<N<p,) F1<Q2>yu+F2(Q2)aqu+GA(Qz)yuysN(p)>

u

F,, F,, and G, are the nucleon form factors

C¥ is the momentum transferred to the nucleon in the interaction
Q° =—(p'-p)’



M A fits of the NCEL cross-section

Nucleon structure

Nucleon structure is parameterized in the nucleon weak

Current J :<N<pr) Fl(Qz)yu-l_Fz(Qz)O_uqu-l_GA<Q2)y”y5 N(p)>

u

F,, F,, and G, are the nucleon form factors

C¥ is the momentum transferred to the nucleon in the interaction
Q° =—(p'-p)’

In neutral current scattering, contributions from strange quarks are

additions
to form factors  F° (CQ¥), F°(Q¥), G°,(C¥) where G*°,(CF=0) = As

The NCEL cross section is very sensitive to the axial form factor

G,atlow (% + for
: o proton
d_QZOC(iGA(Q )+G',(Q7)) scattering

— for neutron
scattering



M A fits of the NCEL cross-section

G (Q ): ,gA=1.267 .
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Outline

6. Proton energy calibration



Scintillation fraction (in the electron fitter) vs NCFitterE
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Outline

7. High energy NCEL proton sample
Particle identification (proton/neutron, proton/other backgrounds)




High energy NCEL proton sample

We start with the high energy NCEL reconstructed spectrum (after NCEL cuts are applied):

2200
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}

:

NCFitterE (MeV)
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Data
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NCEL proton
NCEL neuiron
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Irreducible
OtherBGK

As one can see, there are lots of backgrounds. Signal (NCEL proton) is not strong.

Cuts: 1SE+ Vhits<6 + R<5.0m + beamtimewindow + tllkdiff<0.42 + 350MeV<E<900MeV



High energy NCEL proton sample

What exactly are we going to identify?

NCEL Type | (no FSI) NCEL Type Il (with FSI)

The FSI probability on “C is 26%
The FSI probabilityon H is 0%
The FSI probability on CH, is  22%



High energy NCEL proton sample
NCEL protons (vp—vp)

Type | Type ll

1 proton Multiple protons



High energy NCEL proton sample
NCEL neutrons (vh—vn)

Type ll

Type |

Multiple protons Multiple protons

Both types for NCEL neutron are equivalent



High energy NCEL proton sample

Irreducible background (NC © with no &t in the final state)

Multiple protons

Equivalent to NCEL neutron



QCEL proton type |

NCEL proton type Il Multiple protons
NCEL neutron type | Multiple protons
NCEL neutron type Il Multiple protons
Irreducibles Multiple protons

Single protoD

High energy NCEL proton sample

At high @7 (above 0.7 GeV?) for the same amount of charge, single proton
events have more Cerenkov light, than multiple proton events.
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High energy NCEL proton sample
Particle-id variables (input for Boosting)
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Trained Boosting
based on these variables
to separate :
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N High energy NCEL proton sample
additional PID cuts:
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High energy NCEL proton sample
Proton angle with respect to Z axis (arccos UZ)
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High energy NCEL proton sample
Reconstructed energy after NCEL proton cuts are applied
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High energy NCEL proton sample

Reconstructed energy after NCEL (proton+neutron ) cuts are applied

2500 — Data
B viC
2000 NCEL proton
B NCEL nauiron
1500|— Dirt
E Irrecduciole
1000 OtherBGK
=
500— ==
—r—r— . _ﬂ'“—i—f—g_

P T O e s e e e P S R ——— : .
gbﬂ 400 450 500 550 600 650 700 750 800
NCFitterE (MeV)

Data has 19704 events
(NCEL proton+NCEL neutron)/MC = 0.47

NCEL cuts + NCFitterE>350MeV +

Cut1) Cut2 | .
3s00 F E
3500
3000 E
3000
2500 F 2500
2000 E
2000
1500 | 1500
mof 1000
500 500 — o
o_ n§-|_ ' P iy S | =9 L
Y 11~"45 06 @4 02 ¢ 02 04 06 0

. .8
Boosting varlable 2

5}
-4
=

4>

ST R RN

L. e, N B, e -
48 046 04 402 [] [¥] 04 06 08 1
Boosting varlable 4




Outline

7. High energy NCEL proton sample

Preliminary high energy NCEL proton cross-section results



Reconstructed energy
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Preliminary high energy NCEL proton cross-section

Measured NCEL proton cross-section
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The errors seems to be too large.



Outline

7. High energy NCEL proton sample

Preliminary As fits from the ratio of (NCEL proton-enriched)/(NCEL-like) at high energy



As fits from NCEL proton/NCEL (proton+neutron) ratio

Measuring NCEL proton/ (NCEL proton + neutron) ratio

For numerator using NCEL proton cuts, for denominator — NCEL proton + neutron cuts,
calculate the ratio.

Look at the reconstructed energies only. No unfolding involved.

No background subtraction.
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As fits from NCEL proton/NCEL (proton+neutron) ratio
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Conclusions

1. A proton reconstruction package was developed, and used in the NCEL analysis.

2. We have measured the spectrum of dirt backgrounds in the NCEL event sample from dirt-
enriched samples of events. This reduced the systematic errors due to dirt.

3. The NCEL differential cross-section has been measured and systematic errors were taken
into account.

4. Fits to MA from the NCEL differential cross-section were done. Absolute normalization was

used in this fits. The results are consistent with MiniBooNE I\/IA from CCQE.

4. We looked at a possible proton energy scaling. Although we found a possibility of
~10%wrong energy scaling, it is covered with systematical uncertainties in the optical model.

5. High energy (above proton Cerenkov threshold) NCEL sample was studied. We were able to
identify a pure sample of NCEL protons at those energies and measured the differential cross-
section. However the errors for the cross-section are too large.

6. The As fits from the ratio of NCEL proton/NCEL (proton+neutron) were done. The results are
shown to the collaboration.



Conclusions 2

7. Technical notes 268 (on the method of unfolding used for NCEL analysis) and
270 (on the NCEL differential cross-section measurement) are on the website
and are being reviewed.



Conclusions 2

7. Technical notes 268 (on the method of unfolding used for NCEL analysis) and
270 (on the NCEL differential cross-section measurement) are on the website
and are being reviewed.

Many thanks to: lon, Sam, Rex and Teppei for ideas, guidance,
help in the analysis and letters of recommendation.
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BNL E734 vp elastic (1987) data
w/ Chris Cox's NCEL Differential Cross-Section using 10% MiniBooNE data
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Measurements of As(=-n) from neutrino experiments

As
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The best data to date are from BNL 734(1987):
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Reconstruction of the NCEL events

Reconstruction of the NCEL events

NCFltter features reconstruction of
events assuming the event is a
proton.

It is done by minimizing the likelihood
functions — Charge and Time likelihoods,
parameters of which were measured
from Monte Carlo events.



Reconstruction of the NCEL events
F(coso_,E) for protons

F(cos6_ ) 2-dimensional plot F(coso__ ) for different energies
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Reconstruction of the NCEL events

Reconstruction performance

NCFitter vs StancuFitter (electron fitter)
Position resolution

Accuracy: 1.29m - 0.74m
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Reconstruction of the NCEL events
Reconstruction performance

NCFitter vs StancuFitter (electron fitter)

Direction resolution
¢ = angle between true and reconstructed directions

¢ (degrees)
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Reconstruction of the NCEL events

Energy reconstruction

| Migration matrix for NCEL proton | | Migration matrix for NCEL neutron
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NCEL events in MiniBooNE overview

Cerenkov angle
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Cerenkov profile for protons is much

different, than muon or electron,

thus in order to reconstruct protons, we had to develop a special fitter (NCFitter)



Reconstruction of the NCEL events

Reconstruction performance

NCFitter vs StancuFitter (electron fitter)
Position resolution

Accuracy: 1.29m - 0.74m

B Mean -0.0005 i Mean -0.0009 = Mean -0.0007
0.12- 012 0.12—
N RMS 0.4313 L RMS 0.4277 ol RMS 0.4263
Mean -0.0338 - Mean -0.0423 Mean -0.0283
i RMS 0.6941 i RMS 0.6863 B RMS 0.6992
0.1— 0.1— 0.1-
0.08— 0.08— 0_03__
0.06| 0.06 0.06
0.04 0.04 0.04
0.02- 0.02- 0.02-
0_||||||||\‘|| 1 ||||H 0_|||\|||||| | |H||||| o_illllllll ||||||‘||||‘ II|||H|J_|_|_L
5 4 3 2 414 0 1 2 3 4 5 5 4 3 2 1 0 1 2 3 4 5 5 4 3 2 414 0 1 2 3 4 5
Xgen-Xrecon [m] Ygen-Yrecon [m] Zgen-Zrecon [m]

Protons 100MeV<Ekin_gen<800MeV Cuts: VHits<6 + THits>24 + NCFitterR<4.5m



Selection cuts for NC Elastic

Selection Purpose Fraction of events, % INCEL eff, | Total events*,

NCEL Dirt Irr CCQE BU Other| % 10°

No cuts (>0SE) 0.6 1.7 | 041 1.9 94 1 1.7 100.0 33910.0

Veto PMTs<6 Remove cosmic rays 3.7 2.6 | 0.6 7.0 798 | 64 95.3 10853.0

1 Subevent No decaying particles | 7.1 5.1 1.1 2.4 80.8 | 3.5 80.8 1942.5

4400<Time<65001Events in beam time 26.6 | 191 4.2 9.1 27.9 13.1 80.8 516.1

Tank PMTs>24  |Reconstructible events | 29.2 | 16.7 | 5.5 12.2 18.9 17.6 65.5 380.5

NCFitterE<650 |Ensures low energy 38.7 201 | 74 1.9 26.7 | 5.2 59.5 261.3

tlIkdiff<0.52 Assures protons 56.6 214 11.0 | 2.5 1.6 6.9 59.1 177.5

CUTR** Reduces dirt 61.8 | 12.6 | 14.7 | 2.1 1.2 7.6 33.8 93.0

*Total number of events for official MiniBooNE neutrino data for 6.46 102° POT
**CUTR={R<4.2m if Ekin_rec<200MeV, R<5.0m if Ekin_rec>200MeV}



Reconstructed energy and THits distribution for may06cocktail+dirt with CUTS
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We can see that Dirt events are mostly at low energies. So, the idea is to use a tighter cut on
NCFitterR at low energies(E<200) and probably, we'll just use NCFitterR<5 at high energies
(E>300)

L = | |
1200

CUTS: 1 subevent + THits>24 + VHits<6 + 4400<ProtonT<6500 + fthjp<.55 + NCFitterR<4.5



Constraining Dirt events in NCEL sample



Constraining Dirt in NCEL

First method is based on fitting reconstructed Z and R distributions for each reconstructed energy bin

2 additional dirt-enriched samples (3 overall):

1. NCEL 1 subevent + THits>24 + VHits<6 + 4400<T<6500 + tllkdiff<0.42 + NCFitterE<650 + CUTR
Dirtfra=12.6%

2. dirtZ 1 subevent + THits>24 + VHits<6 + 4400<T<6500 + tllkdiff<0.42 + NCFitterE<315 + 3.8<NCFitterR<5.2
Dirtfra=31.5%

3. dirtR 1 subevent + THits>24 + VHits<6 + 4400<T<6500 + tlkdiff<0.42 + NCFitterE<315 + NCFitterZ<0

Dirtfra=36.6%

dirtZ sample is used in the Z-distribution fit. DirtR is used in R-distribution fit.

where CUTR={NCFitterR<4.2m if NCFitterE<200MeV, NCFitterR<5.0m if NCFitterE>200MeV}



First method of constraining Dirt

Based on fitting reconstructed Z and R distributions for each reconstructed energy bin

Clearly, for the dirt-enriched samples, we can fit dirt fraction from data in both Z and R distributions
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Dirt energy correction from Z fit
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Dirt correction
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Dirt energy correction
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7 new bins of energy.
The same plot as on the previous slide but with new bins and only above Cerenkov threshold for protons:

Reconstructed nucleon energy
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Boosting PID variables (by training on the may06 cocktail with 11 variables — NO UZ)
8 Boosting variables for separating proton/Other backgrounds. [See my 12/16/08 talk for an ideal
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And 8 Boosting variables for separating proton/neutron.
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MC shapes for different M, MC shapes for different As
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M, does change the shape a little, mostly at low As we can see, As doesn't change the spectrum much
energy E<800MeV or so (backgrounds start to
dominate)

But overall, there is not much shape difference for different MA/As



After all systematic errors, this is the chi2 that | get for the ratio.




The chi2 that | obtained previously for NCEL cross-section (for 0 MeV<Ekin<650 MeV )
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