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1. Booster Neutrino Beamline

MiniBooNE extracts 8.9 GeV/c momentum
proton beam from the Booster
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1. Booster Neutrino Beamline

~ Magnetic focusing horn
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Protons are delivered to a beryllium

target in a magnetic horn
(flux increase ~6 times)
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1. Booster Neutrino Beamline

Modeling of meson production is based on the
measurement done by HARP collaboration

- Identical, but 5% A Beryllium target

- 8.9 GeV/c proton beam momentum

HARP collaboration,
Eur.Phys.J.C52(2007)29

HARP experlment (CERN)
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1. Booster Neutrino Beamline

HARP experiment (CERN)
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The error on the HARP data (~7%)
directly propagates.
The neutrino flux error is the

d®o/dpde, (mb

dominant source of normalization
error for an absolute cross section
in MiniBooNE.
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Modeling of meson production is based on the
measurement done by HARP collaboration

- Identical, but 5% A Beryllium target

- 8.9 GeV/c proton beam momentum

HARP collaboration,

Eur.Phys.J.C52(2007)29




1. Booster Neutrino Beamline

e Predicted v -flux in MiniBooNE

3 — The decay of mesons make the neutrino beam. The

2af o k) neutrino beam is dominated by v, (93.6%), of this,

@ 1 96.7% is made by n*-decay
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2. CCQE event measurement in MiniBooNE

v, charged current quasi-elastic (v, CCQE) interaction is an important channel for the neutrino
oscillation physics and the most abundant (~40%) interaction type in MiniBooNE detector

V,tn—=>p+u v, w

(v, +°C—X+u") \\

MiniBooNE detector

(spherical Cherenkov detector)
MiniBooNE collaboration,
NIM.A599(2009)28
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2. CCQE event measurement in MiniBooNE

v, charged current quasi-elastic (v, CCQE) interaction is an important channel for the neutrino
oscillation physics and the most abundant (~40%) interaction type in MiniBooNE detector

V,tn—=>p+u v, w

(v, +°C—X+u") \\

MiniBooNE detector

(spherical Cherenkov detector)
MiniBooNE collaboration,
NIM.A599(2009)28

v=-beam

muon like Cherenkov
light and subsequent
decayed electron
(Michel electron) like
Cherenkov light are
the signal of CCQE
event
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e
12C > \

Cherenkov 2

...’ 00000 000000

N
p

(Scintillation)

05/19/2009 Teppei Katori, MIT 11



2. CCQE event measurement in MiniBooNE

v, CCQE interactions (v+n — utp) has characteristic two
“subevent” structure from muon decay

26.5% efficiency
75.8% purity
146,070 events
with 5.58E20POT

05/19/2009
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2. CCQE event measurement in MiniBooNE

All kinematics are specified from 2 observables, muon energy E, and
muon scattering angle 6,

Energy of the neutrino E, %€ and 4-momentum transfer Q2. can be
reconstructed by these 2 observables, under the assumption of CCQE
interaction with bound neutron at rest (“QE assumption”)

poe _ 2(M-Ep)E, - (E; -2ME; + m; + AM?)
k 2[(M-E;)-E, +p,cos0,]
Qg =-m, +2E*(E, -p, cosH )

05/19/2009 Teppei Katori, MIT 13






3. CC1x background constraint, introduction
data-MC comparison, in 2 subevent sample (absolute scale)

Problem 1

CCQE sample shows good
agreement in shape, because
we tuned relativistic Fermi gas
(RFG) parameters.

CCln 4
MiniBooNE collaboration, - — i
PRL100(2008)032301 v, + N = [u+ X+ N—=v, tv He |+ N

(m-absorption)

CCQE 1
v, tn—=ultp—=>v, +Ve++p

However absolute
normalization does not agree.

The background is dominated = 75_ -

with CC1x without pion £ oo ;:+++ +++++++ 2 subevent (CCQE sam.ptligza
(CCQE-like). We need a G 4005 Tres ﬁ?;“géﬁ“"
background prediction with an 2000, canay.,  others
- 1oogm
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3. CC1x background constraint, introduction

data-MC comparison, in 3 subevent sample (absolute scale)

Problem 2

CC1rm sample is worse
situation, data and MC do
not agree in shape nor
normalization.

Under this situation, we
cannot use CC1x prediction
for background subtraction
for CCQE absolute cross
section measurement.

05/19/2009

Events

2500 3 subevent (CC1z* sample)
2000 " MCrotal
Z —1 ota
1500 j CQ?E
1000 ¢ oy 72CCIn
500 i T others
0.y L s rsee. . 4
0 01 02 03 04 05 06 07 08 09 (GeV)
CCln 4
VM+N9M—+J—E++N9VM+V6 + N
L Vi +ut— VM—I—TG —l——I—N
16

Teppei Katori, MIT



3. CC1r background constraint

data-MC comparison, before CC1x constraint (absolute scale)

Solution 2 g 3 subevent (CC1r* sample)
9 2000 3715 %, « data
- D 1500 / .. —MC total
Use data-MC Q2 ratio in NN AR Gk
500 ¢ others
CC1x sample to correct all 4 ///// 7 S e
CC1x events in MC. %)/ 01 05 08 07 08 09Q (Gev)

Then, this “new” MC is used
to predicts CC1x background
in CCQE sample

CC1n* weight
SO amaa N
oOaNBOONN

o

This correction gives both
CC1x background
normalization and shape in
CCQE sample 3000
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3. CC1r background constraint

data-MC comparison, after CC1x constraint (absolute scale)

Now we have an absolute
prediction of CC1n
background in CCQE

sample.
We are ready to measure

the absolute CCQE cross
section!
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4. Pauli blocking parameter “kappa’, «

We performed shape-only fit for Q2 distribution to fix CCQE shape within RFG
model, by tuning M,¢f (effective axial mass) and «

Pauli blocking parameter "kappa”, Smith and Moniz,

Nucl.,Phys.,B43(1972)605
To enhance the Pauli blocking at low Q2?, we introduced a new parameter k, which

is the energy scale factor of lower bound of nucleon sea in RFG model in Smith-
Moniz formalism, and controls the size of nucleon phase space

Elo =[cl(/(p> + M?) -w +E, )

final nucleon
phase space

Initial nucleon
phase space

Pauli blocked Pauli blocking
phase space is enhanced

05/19/2009 Teppei Katori, MIT 20




4. IVIAeﬁ'K shape-only fit M,eT goes even up, this is related to our new

Events

M, e - k shape-only fit result

M,ef =1.35+ 0.17 GeV (stat+sys)
Kk = 1.007 *0.007 __(stat+sys)

w2Indf = 47.0/38

background subtraction.

Kk goes down due to the shape change of the
background. Now x is consistent with 1.
Kk doesn’t affects cross section below ~0.995.

M, only fit (M,ef = 1.37 + 0.12 GeV, y2/ndf = 48.6/39)

data-MC QZ? comparison before and after fit Fit parameter space
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4500E- total error g 150 31 Old fit with 1-c contour
- o - O M{"=1.03 GeV, k=1.000
40001 shape error QE <
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eff . MiniBooNE anti-neutrino CCQE data
4. MA -K Shape-OnIy fit J. Grange poster, May 19 (Tue.)
M,°" - x shape-only fit result This new CCQE model doesn’t affect our

cross section result.
M,ef=1.35+ 0.17 GeV (stat+sys)

K = 1.007 *0007 __ (stat+sys) data-MC ratio in T -cos8 kinematic plane after fit
- 1
%
Data-MC agreementin T ,-cos6 g 08
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5. CCQE absolute cross section

Flux-averaged single differential cross section (Q%qg)

The data is compared
with various RFG
model with neutrino flux
averaged.

Compared to the world

averaged CCQE model
(red), our CCQE data is
35% high

Our model extracted
from shape-only fit has
better agreement
(within our total
normalization error).

05/19/2009

x107°

MiniBooNE data (8N,=10.8%)

MiniBooNE data with shape error

RFG model with M{'=1.03 GeV, k=1.000

RFG model with M{'=1.35 GeV, k=1.007

RFG model with M{'=1.35 GeV, k=1.007 (x1.10)
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5. CCQE absolute cross section

Flux-unfolded total cross section (E RF®)

New CCQE model is
tuned from shape-only
fit in Q2, and it also
describes total cross
section well.
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5. CCQE errors

Error summary (systematic error dominant)

Flux error dominates the _-16x10™
total normalization error. 54
12

. . 10
Cross section error is ool
small because of high 6 Flux

. . . MiniBooNE data
purity and in situ 4 shape error (5N, = 8.4%)
2 —— RFG model

background measurement.

Detector error dominates

shape error, because this “514

is related with energy
scale.

04706708 112 1.4 1.6 E¥6 Gev)

’-J 6 X1 0-39

12

Detector

i i MiniBooNE data
Unfoldlng error is the : e ooror (2N = 4.6%)
systematic error 2F  —— RFG model
associated to unfoldlng. 8_4' 06 08 1 9212 7s 'E"\?IF""‘('GeV)
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5. QE cross section comparison with NOMAD

Flux-unfolded total cross section (E RF®)

1 |
' l

New CCQE model is N'g 16
tuned from shape-only & 14E
fit in Q2, and it also o

describes total cross 8 MiniBooNE data with shape error
section well 6 ———— MiniBooNE data with total error
' 4 ————  RFG model with .\12‘;1.03 GeV, k=1.000
2 ———— RFG model with M{'=1.35 GeV, k=1.007
Comparing with 0206 08 1 12 14 16 ERFS (GeV)

NOMAD, MiniBooNE

. -39
cross section is 35% — 16>-i10
higher, but these 2 € 14E
o 3 — — o m———
experiments leave a o 125
gap in energy to allow 8E - R b L
. . — MiniBooNE data with total error
some inte reStIng 6 NOMAD data with total error
. 4E LSND data with tota] error
= RFG model with M =1.03 GeV, k=1.000
physics. 2 RFC model with MY'=135 GeV, k=1.007
0 :_=-¢‘ 1 1 1 1 T B T B | 1 1 1 T S T W |
. RFG
10™ 1 10 E."” (GeV)
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5. CCQE total cross section model dependence

Flux-unfolded total cross section (E RF®)

Unfortunately, flux
unfolded cross section
is model dependent.

Reconstruction bias
due to QE assumption

is corrected under
“‘RFG” model

assumption.

One should be careful
when comparing flux-
unfolded data from

different experiments.

05/19/2009
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5. CCQE total cross section model dependence

Flux-unfolded total cross section (E RF®)

Unfortunately, flux
unfolded cross section
is model dependent.

Reconstruction bias
due to QE assumption

is corrected under
“‘RFG” model

assumption.

One should be careful
when comparing flux-
unfolded data from

different experiments.
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5. CCQE double differential cross section

Flux-averaged double differential cross section (T -cos6)

This is the most
complete information
about neutrino cross
section based on muon
kinematic
measurement.

The error shown here
is shape error, a total
normalization error
(ON=10.8%) is
separated.

05/19/2009
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5. CCQE double differential cross section

Flux-averaged double differential cross section (T -cos6)

d‘a 2
.1/0.1
Wcm 10.1/10.1GeV) e

This is the most

1 = -
. : Zo0.8f | 2 Zosf M
complete information 806k 806k
about neutrino cross 3 i3
section based on muon of , of
. . 0.2F i -0.2F
: cross section

kKinematic 0.4F 04F shape error
measurement. py3 value o3

02 04 08 o T e T8 02 04 0 o T e T8
The error shown here T.(GeV) T.(GeV)
is shape error, a total . .

normalization error ggg :
(ON1=10.8%) is 0.4
separated. o2
-0.2
-0.4
-0.6
-0.8

M fractional 2
§  shapeerror &

T[T T [T [T [T [T [T I [T [ToTy|

-10 02040608 112141618 2
T,(GeV)
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- '6. Contlusions

: w " ®
;. . . ;. . . ;. . . ;.

: US|ng the. hlgh statlstlcs and hlgh purlty MiniBooNE X CCQE data’
sample (146,070 events, 26.5% effidiency; and75. 89, purity), the
_ absolute cross section is. measdred We especrally emphasize the
- measurement of flux-averaged double differential cross’section, -
because this'is the most complete set of information for muon *
* kinématics base€d néutrino‘interaction-measurenient. The double®
. differential Crosssection is the model independent result.

We measured 35% hlgher Cross sectlon than RFG model with the '
. world averaged nucledr parameter Interestlng to note, éur total cross
section-is consistent with RFG model with nuclear parameters

extr’acted from §hape-only fit in bur Q? datat
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1. CCQE event measurement in MiniBooNE

cut type efficiency
1. veto hits < 6 for all subevents 45.1
2. 1st subevent time T is in beam window 44.7
3. 18t subevent reconstructed vertex < 500 cm 37.5
4. 1st subevent kinetic energy > 200MeV 32.7
5. u to e log likelihood cut 31.3
6. 2 subevent total 29.0
7. u-e vertex distance cut 26.5

26.5% cut efficiency
75.8% purity
146,070 events with
5.58E20POT

05/19/2009 Teppei Katori, MIT
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4. CCQE absolute cross section

Absolute flux-averaged differential cross section formula

i ‘true index U; :unsmearing matrix

J :reconstructed index

dj :data vector

The cross section is
function of true value, for

example, EUij(dj _bj}\
_ ]

doZ/TM/coseu, G
do/dQ2q, etc 1 £. (PT)

b; :predicted background

Integrated flux is \
removed, so it is called

flux-averaged cross

T :integrated target number

section

g, :efficiency

® :integrated v-flux

05/19/2009 Teppei Katori, MIT

36




4. CCQE absolute cross section

Absolute flux-unfolded total cross section formula

i :true index
J :reconstructed index

The cross section is
function of true neutrino
energy, o[E Y]

Flux shape is removed bin

by bin, so it is called flux-
unfolded cross section

05/19/2009

U; :unsmearing matrix

dj :data vector

/

EUﬁ(dj —bjr |

] =

£ (PT)

b; :predicted background

\

T :integrated target number

g, :efficiency

®, :v-flux vector

Teppei Katori, MIT
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5. CCQE flux error

Flux error
The flux error ' = s e
dominates total : e T
normalization error. “E . ’ >
o fractional
The shape error is ik shapeerror e e
weak, except high 3 oNy= 8.4% !
energy region, where b B
HARP measurement
has large error and e
skin effect of horn has ~ §*F o i Fop
large error. o S
o P 3
o 1 o 1'(iE.,FfFGL(BGt!V)z T e 0-7020'8 (g:VZ)

RFG
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5. CCQE background cross section error

Background cross section error

The background cross —$9 e 10 1ev
section error is small, S
because of high purity “E ]
and in situ background of fractional i |
constraint. 3 shape error i
P SN;= 4.3%
The large error comes 01:.,5
from pion absorption,
so the kinematic space .- s 10”
of CC1x events has D g
large error I £
B ~ .25
ef_ %0-2_—
ST T ey U T cevy
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5. CCQE detector error

Detector error

The detector error has — S e v, N
the largest contribution .. P

to the shape error “E >

because it is related of fractional

with the energy scale ik shapeerror s e

of muon. os ONy= 4.6% “

o sl Lo Lo boaa boaa b a baaalang
0 02 04 06 08 1 1.2 14 16 18 2

However the

contribution to the total - o
normalization error is Sl - Eoil
not so large. L il
B;-- "‘éZS;—-
S © ERS(Gev) @ (GeV)

RFG
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Jon Link, Nov. 18, 2005

. . . E 23, NUMBER 11 1 JUNE 1981
Fermilab Wine & Cheese seminar

Quasielastic neutrino scattering: A measurement of the weak nucleon axial-vector form factor

N. J. Baker, A. M. Cnops,* P. L. Connolly, S. A. Kahn, H. G. Kirk, M. J. Murtagh, R. B. Palmer, N. P. Samios, and

M. Tanaka
@(\ Brookhaven National Laboratory, Upton, New York 11973
Y < (Received 12 February 1981)
QN %)

O\(‘ quasielastic reaction v,n—u ~p was studied in an experiment using the BNL 7-foot deuterium bubble chamber
%‘0 ?\CQ O‘prosed to the wide-band neutrino beam with an average energy of 1.6 GeV. A total of 1138 quasielastic events in

\0\6 the momentum-transfer range Q% = 0.06 -3.00 (GeV/c)® were selected by kinematic fitting and particle

\SO identification and were used to extract the axial-vector form factor F,(Q? from the Q7 distribution. In the
framework of the conventional ¥ — 4 theory, we find that the dipole parametrization is favored over the monopole.

Q\Oq’ The value of the axial-vector mass M, in the dipole parametrization is 1.07%0.06 GeV, which is in good agreement
A with both recent neutrino and electroproduction experiments. In addition, the standard assumptions of conserved

vector current and no second-class currents are checked.

We have used a maximum likelihood method to They didn’t even try to determine
extract M, from the shape of the @2 distribution . . :
~ for each observed neutrino energy. This likeli- their v flux from pion prOdUCtlon

hood function £ is independent of the shape of the and beam dynamics.

neutrino spectrum... Phys. Rev. D 251 617 (1982)
The distribution of events in neutrino energy for
In Subsequent Cross section the 3C vd —u " pp, events is shown in Fig. 4 to-

: ‘ » gether with the quasielastic cross section
analyses the theoretical ( known ) o(vn—pu~p) calculated using the standard V' —A4

quas-ielastic cross section and theory with M, =1.05+0.05 GeV and M, —0.84
observed quasi-elastic events GeV. The absolute cross sections for the CC in-

. teractions have been measured using the quasielas-
s g)%&l’sed to determine the ﬂu%'ppei Katogidevents and its known cross secticg)n.4 : 41
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To obtain the total cross section from the num-
ber of events, the neutrino flux has to be meas- = |
ured on an absolute scale. In this analysis, we 38
determine the neutrino flux using 362 quasielastic TS
events identified in our data!® and the cross sec- ks |
tion for reaction (2) derived from the V —A theo- B
ry. 7 \3\\\\‘:\
L?J | \.‘_\\\
Again, they use QE events and theoretical . 10| S
cross section to calculate the v. : o O
When they try to get the flux from meson (1T B
and K) production and decay kinematics 0 o e
v e

they fail miserably for E, <30 GeV.

05/19/2009

FIG. 2. Neutrino flux distribution obtained from the

quasielastic events and the predicted cross section with
M, =1.05 GeV. The solid curve is obtained from the
best fit to the flux data for E,> 30 GeV. The dashed

Teppei Katori, MIT

flux.

curve is taken from the Monte Carlo simulatichdf the
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Determination of the neutrino fluxes in the Brookhaven wide-band beams

L. A. Ahrens, S. H. Aronson, P. L. Connolly,* B. G. Gibbard, M. J. Murtagh, S. J. Murtagh,’
S. Terada, and D. H. White
Physics Department, Brookhaven National Laboratory, Upton, New York 11973

o
QA
O\[S\ S fo\o‘ The beam calculations described here were based on
Q}O ?‘Co ‘ \Q\\\\ the Grote, Hagedorn, and Ranft (GHR) (Ref. 11) pa-
.660 rametrization; that of Sanford and Wang was used for
O comparison. An estimate was made of pion production

by reinteracting protons guided by the shape of the ob-
served v, spectrum and the observed angular distribution
of muons from quasielastic events. The procedure is
described'? in the Appendix.

The Procedure

*Pion production cross sections in some low momentum bins are
scaled up by 18 to 79%.

* The K*to 11* ratio is increased by 25%.
 Overall neutrino (anti-neutrino) flux is increased by 10% (30%).

All driven by the neutrino events observed in the detector!
05/19/2009 Teppei Katori, MIT 43
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S ‘0?} Study of neutrino interactions in hydrogen and deuterium:
Q/L%Q@pﬁon of the experiment and study of the reaction v+ d —p+ p + p, T

O@?@Kﬁsh} J. Campbell,} G. Charlton,® Y. Cho, M. Derrick, R. Engelmann,' L. G. Hyman, D. Jankowski,

?Sg % ann,’ B. Musgrave, P. Schreiner, P. F. Schultz, R. Singer, M. Szczekowski,** T. Wangler, and H. Yuta''
o Argonne National Laboratory, Argonne, Illinois 60439

&

8
Flux derived from pion production data. Were able to test assumptions about

the form of the cross section using absolute rate and shape information.
TABLE IV. Results of axial-form-factor fits.

Likelihood function MRiPke (Gev) MYororole (Gev) M TPl (Gev)
Rate 0.7520:13 0.45%0:14 0.962%-17
Shape 1.010 £0.09 0.56+0.08 1.32+0.11
Rate and shape 0.95 £0.09 0.52+0.08 1.254+0.11
Flux independent 0.95 £0.09 0.53+0.08 1.25+0.11

 Pion production measured in ZGS beams were used in this analysis
* A very careful job was done to normalize the beam.

* Yet they have a 25% inconsistency between the axial mass they measure
considering only rate information verses considering only spectral information.

Interpretation: Their nor,deTIization IS wrong.

05/19/2009 Teppei Katori, M 44



