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MiniBooNE experiment:

- Designed and built (at FNAL) to test the LSND observation of v oscillations
viav, - v, (and v - v, ) appearance.
- Currently running. 2002-2005,2007 in v, mode, 2005-2006,2008-2012 v, mode.

- 15 papers published (so far, on oscillations, scattering, details) See
http://www-boone.fnal.gov/publications/ (including theses)
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Quick review/status of MB oscillation results:

Energy distributions of background-subtracted

oscillation candidate events:

neutrino mode (v - v ):
1] e

- Ruled out “standard osc model”
interpretation of LSND
- however, low-E excess observed

(Excess from 200-475 MeV = 128.8+-20.4+-38.3 events)
- A.A. Aguilar-Arevalo et al., PRL 102, 101802 (2009)

antineutrino mode (v - v,):

- Preliminary results for 4.863E20 POT

(~50% increase in POT):
- Still not definitive wrt LSND
- low-E excess not large

(Excess from 200-475 MeV =11.4 £ 9.4 * 11.2 events)
- A.A. Aguilar-Arevalo et al., PRL. 103, 111801 (2009)

(from 3.4E20 POT)

“‘POT” = protons on target (provides
normalization of neutrino flux
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neutrino scattering measurements

In order to understand v oscillation measurements, it is crucial to understand the detailed

physics of neutrino scattering (at few-GeV)
- for MiniBooNE, both signal and backgrounds
- and for others (T2K, NOvA, DUSEL etc)

- especially for precision (e.g. 1%) measurements.

Nnu cross section data

(And it is interesting nuclear physics!)

Requires: Precise measurements to enable a
complete theory valid over wide range of variables
(reaction channel, energy, final state kinematics,
nucleus, etc)

A significant challenge with neutrino experiments:

- non-monoenergetic beams
- large backgrounds
- nuclear scattering (bound nucleons)

New measurements are forthcoming:
- MiniBooNE, SciBooNE (publications appearing)
- MINERVA, uBooNE, T2K, (coming soon)
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And likely to require even more input...
- from more theoretical work
- dedicated experiments.
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CCQE scattering

Charged-current quasielastic scattering (CCQE):

- crucial process to understand as it is... (in MiniBooNE)
- most common process in ~1 GeV energy region
- detection signal for VoV,

- normalization signal for v, flux

- details are slightly different for experiments with near/far detectors
(but CCQE still important channel)

- so CCQE scattering must be measured (using v, )

- challenging
- non-monoenergetic beams
- different detection details between exps. (recoil nucleon detected?)

- backgrounds (some “irreducible”, eg CCmtw/mtabsorption )
- bound nucleons

- but should be simple process to model...




CCQE models v, CCQE

The canonical model for the CCQE process is straightforward, /V e )
and well-constrained. It looks something like this: H H P
V s
- Llewellyn-Smith formalism for diff cross section ~—
do atn — 17+ M?G 2 cos®8, . o (s —u) (s —u)? |
\Z %

- Q? = 4-momentum transfer
- lepton vertex well-known
- nucleon structure parameterized with 2 vector formfactors (F_,F,), and

1-axial vector (F, ). These are functions of Q*and contained in A,B,C.
- To apply:
- bound nucleons, use a Relativistic Fermi Gas (RFG) model (typically Smith-Moniz version),
with parameters known from e-scattering

- F.,F, from e scattering measurements F (QQ) _ gA
- F, is large(st) contribution, not well known from e scattering 4 (1 4 Q_2)2
- F, (@Q°=0) = g,.. known from beta-decay , M3

assume dipole form, same M, should cover all experiments.

- No unknown parameters, model can be used for prediction of
CCQE rates and final state particle distributions.

- Until recently, this approach has seemed adequate (even though more
sophisicated approaches exist) and all common neutrino event generators use this.



M Afrom CCQE

- M, measurments,

summary of v, v measurements of M,
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Fig. 18. A summary of existing experimental data: the axial mass M4 as measured in neutrino (left) and antineutrino
(right) experiments. Points show results obtained both from deuterium filled BC (squares) and from heavy liquid BC and other
experiments (circles). Dashed line corresponds to the so-called world average value Ma = 1.026 £ 0.021 GeV (see review [33]).



Previous CCQE results

BNL QE data:

- Baker, PRD 23, 2499 (1981)
- dataon D,

- M,=1.07 +/- 0.06 GeV
1,236 v, QE events

- curves with diff M values,
relatively norm'd, overlaid.

- M, extracted from the shape
of this data in Q?
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Previous CCQE results 1800
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FIG. 2. A schematic diagram of the SciFi detector.



Previous CCQE results

- MiniBooNE results (from CH2)
(PRL100, 0323021, '08)

- Q?spectrum of data, compared to
“‘world average model” (dashed)
- event excess at Q2 > 0.2 GeV?
- also event deficit at Q2 < 0.2 GeV?

- could not get satisfactory fit (at
low Q> with only M, so had to add

new parameter K that increases
Pauli-blocking of outgoing nucleon

- shape-only fit of Q2 distribution
yielded:

MST =123 + 0.20 GeV,

k = 1.019 = 0.011.
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FIG. 2. Reconstructed Q? for v,, CCQE events including sys-
tematic errors. The simulation, before (dashed curve) and after
(solid curve) the fit, 1s normalized to data. The dotted curve (dot-
dashed curve) shows backgrounds that are not CCQE (not
“CCQE-like”). The inset shows the 1o C.L. contour for the
best-fit parameters (star), along with the starting values (circle),
and fit results after varying the background shape (triangle).



Previous CCQE results

- NOMAD (carbon target) total cross sectionas func of E_

- from Lyubushkin, etal (NOMAD collab, arXiv:0812.4543)

- curve is that predicted with M, of this NOMAD measurement
- M, =1.05+-0.02+-0.06 GeV>?

- Q2 distribution consistent with this M,
V Cross section
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Previous CCQE results

Ad d itio n a | ti d b i tS : Quasielastic neutrino scattering: A measurement of the weak nucleon axial-vector form factor

N. I. 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

- scibar detector at K2K and at FNAL e
(sciboone) saw/seeing larger M, also BNL QE data, Baker, PRD 23, 2499 (1981)
(~1.20 GeV?)

with the data. Figure T shows the relative v, flux
spectrum obtained from the observed E, distribu-
- MlNOS a|SO (On Fe|) tion of the events after correcting for the deuteron

effects and the @,,° cut.

- so there exists a mystery in CCQE scattering
-whatis M, ? ]

- Different for different nuclei? My
- Inadequate model? il
- how much has old (bad?) experimental habits t
(necessities?) clouded the issue? EG: nu flux tuning : |
based on data. +Jr
—
1o} |

FIG. 7. The relative v, flux spectrum obtained from
the observed E, distribution of the events with M, =107
GeV.



Latest CCQE results from MiniBooNE

B In our |ateSt (and flnal) anaIySIS Of First Measurement of the Muon Neutrino Charged Current
V CCQE SCatteI’Ing, we have Quasielastic Double Differential Cross Section
reported mOdel—independent, A. A. Aguilar-Arevalo®®, C. E. Anderson'®, A. O. Bazarko'®, S. J. Brice”, B. C. Brown”, L. Bugel®, J. Cao'4,

L. Coney”®, J. M. Conrad'?, D. C. Cox”, A. Curioni'®, Z. Djurcic®, D. A. Finley”, B. T. Fleming!®,

absolutely normallzed (double) R. Ford", F. G. Garcia’, G. T. Garvey'?, J. Grange®, C. Green™, J. A. Green®!?, T. L. Hart?,

E. Hawker®'?, R. Imlay'', R. A. Johnson®, G. Karagiorgi'?, P. Kasper’, T. Katori®'?, T. Kobilarcik”,

0 C 0 I. Kourbanis”, 8. Koutsoliotas?, E. M. Laird!®, 8. K. Linden'®,J. M. Link!7, Y. Liu', Y. Liu!', W. C. Louis'®,
differential cross sections.

K. B. M. Mahn®, W. Marsh, C. Manger'®, V. T. McGary'?, G. McGregor'®, W. Metcalf'!, P. D. Meyers'®,

B o : F. Mills", G. B. Mills'?, J. Monroe®, C. D. Moore”, J. Mousseau®, R. II. Nelson?, P. Nienaber'®, J. A. Nowak'!,

arXIV 1 0022680’ SmeItted to PRD B. Osmanov®, S. Ouedraogo'!, R. B. Patterson'®, Z. Pavlovic!®, D. Perevalov', C. C. Polly”, E. Prebys’,
J. L. Raaf®, H. Ray®1%, B. P. Roe!*, A. D. Russell”, V. Sandberg!®, R._Sc.hiratom. D. Schmitz®,

M. I Shaevitz®, F. C. Shoemaker'®*, D. Smith®, M. Soderberg'®, M. Sorel®®, P. Spentzouris’, J. Spitz'%,

- theSiS Work Of Teppei Katori’ L. Stancu!, R. J. Stefanski”, M. Sung!'!, H. A. Tanaka!®, R. Tayloe®, M. Tzanov?, R. G. Van de W’aterm;

M. O. Wascko!', D. H. White!®, M. J. Wilking?, H. J. Yang'4, G. P. Zeller”, E. D. Zimmerman?
IU PhD 08 (The MiniBooNE Collaboration)
U University of Alabama; Tuscaloosa, AL 35487
2 Bucknell University; Lewisburg, PA 17837
3 University of Cincinnati; Cincinnati, OH 45221
Y University of Colorado; Boulder, CO 80309
5 Columbia University; New York, NY 10027
SEmbry Riddle Aeronautical University; Prescott, AZ 86301
V CCQE " Fermi National Aecelerator Laboratory; Batavia, IL 60510
M 8 University of Florida; Gainesville, FL 32611
YIndiana University; Bloomington, IN 47405
/ — \ Los Alamos National Laboratory; Los Alamos, NM 87545
V n H " Louisiana State University; Baton Rouge, LA 70803
“ “ p 12 Massachusetts Institute of Technology; Cambridge, MA 02139
13 Instituto de Cliencias Nucleares,
Unwversidad National Auténoma de México, D.F. 04510, México
V l.l_ Winiversity of Michigan; Ann Arbor, MI 48109

15 Princeton University; Princeton, NJ 08544
Y6 Saint Mary’s University of Minnesota; Winona, MN 55987

7" Virginia Polytechnic Institute & State University; Blacksburg, VA 24061

| 8Yale University; New Haven, CT 06520
W (Dated: February 13, 2010)
w A high-statistics sample of charged-current muon neutrino scattering events collected with the
\ J MiniBooNE experiment is analyzed to extract the first measurement of the double differential cross

section (dﬂfﬁ) for charged-current quasielastic (CCQE) scattering on carbon. This result
features minimal model dependence and provides the most complete information on this process to
date. With the assumption of CCQE scattering, the absolute cross section as a function of neutrino
energy (o[E.]) and the single differential cross section (diogg) are extracted to facilitate comparison
with previous measurements. These quantities may be used to characterize an effective axial-vector
form factor of the nucleon and to improve the modeling of low-energy neutrino interactions on
nuclear targets. The results are relevant for experiments searching for neutrino oscillations.



MiniBooNE experiment, overview

target and horn decay region absorber dirt detector
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MiniBooNE experiment, v flux

- predicted nu flux:

\
w

. x10
"'E 0.452—
- determined from 1t prod S 0ser- <E,>= 788 MeV (a)
measurements plus MC S WE
simulations of target+horn £ 02t
(PRD79(2009)072002) 2 o5
. % 0.052
- no flux tuning based on % 05 1 15 7 25 3
MB data Ey (GeV)
- most important Ttprod T o5t
measurements from HARP ERY=
(at CERN) at 8.9 GeV/c £ o3t
beam momentum (as MB), AL
5% int. length Be target = MIE :
(same material, thinner than 5 ¢ 6% g gy 2.

T 3
MB) (Eur.Phys.J.C52(2007)29) E, (GeV)

- error on HARP data (5%) is FIG. 2: (color online) Predicted v, flux at the MiniBooNE
dominant contribution to flux  detector (a) along with the fractional uncertainties grouped

uncertainty which leads to into various contributions (b). The integrated flux is 5.16 x
biggest error on scale 107" v, /POT /cm? (0 < E, < 3 GeV) with a mean energy
error of cross sections. of 788 MeV. Numerical values corresponding to the top plot

are provided in Table V in the Appendix.



MiniBooNE experiment, detector

- 941 meters from target

- 12 meter diameter sphere MiniBooNE Detector
- 800 tons mineral oil (CH,)

- 3 m overburden Signal Region
- includes 35 cm “veto region” 3/ TN

- viewed by 1280 8" PMTs T,

(10% coverage) + 240 veto
- Simulated with a GEANT3




MiniBooNE experiment, event reconstruction

- charged particles in MB create cherenkov
(and some scintillation) light

- tracks reconstructed (energy, direction,
position) with likelihood method utilizing
time, charge of PMT hits (NIM, A 608
(2009), pp. 206-224 )

- in addition, muon, pion decays are seen by
recording PMT info for 20us around 2us
beam spill

- In this analysis, all observables are formed
from 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”)

Eu
cosf
pop _ _200)E, - (M3)* +m? — M) "
v 2-[(M})—-E,+ VF'EE —m? cos @, \
Qop = —m., +2E2F(E, — \,-"HEE —m?cosf,), (2)



MiniBooNE experiment, event types

neutrino process abbreviation reaction fraction (%)
CC quasielastic CCQE Vp+n—p +p 39
NC elastic NCE vy +p(n) — v, +p(n) 16
CC 17™ production CClz™ vy +p(n) — = + 7"+ p(n) 25
CC 17Y production CC17® Vy+n—pu- + 7 +p 4
NC 17= production NC17r* vp +pn) — vy +7(77) +n(p) 4
NC 17° production NC17” vu +p(n) — vy +7° +p(n) 8
multi pion production, DIS, etc. other vy +p(n) —pt + N7t + X ete. 4

TABLE I: Event type nomenclature and NUANCE-predicted v, event fractions for MiniBooNE integrated over the predicted
flux in neutrino mode before selection cuts. For the pion production channels, indirect production (through resonance states)
and direct production (through coherent processes) are included. (CC=charged-current, NC=neutral-current).

- raw (no selection, yet) event fractions
- CCQE process most common

- biggest background to CCQE, CC1m



MiniBooNE CCQE analysis event time dist within

19 DA ind
- CCQE experimental defintion: 1 =, no 1t (19mus) DAQ window

- Requires id of stopping i~ and 1 decay e (2 “subevents”) . "' i

0 ‘e

=V, Y, e (T-2us) 20 Y "R

- (No selection on (and ~no sensitivity to) f.s. nucleon) w M _ |
- CCmtproduces 2 decay electrons (3 subevents) - |® -

\}M + N N u— + N + T[+ 0 2000 4000 6000 8000 100001200014&)&0-:-(;(:‘(:(;1&2(;‘0;])

' —V tv + e’ (T~2us)
o V,tv te (T~2us)

- CCrt' is (largest) background,
(e* missed because of Ttabsorption, y capture)

Cherenkov
e
12 \

- MiniBooNE data used to measure this background A R Cherenkov |2

CCQE cuts n
CCQE p
cut # description effie.(%) purity(%) L. .
1 all subevents, # of veto hits < 6 54.8 36.8 (SCIntI”atIOH)
2 1st subevent, event time window, 4400 < T'(ns) < 6400 54.3 36.8
3 1st subevent, reconstructed vertex radius < 500 c¢m 45.0 374
4 1st subevent, kinetic energy > 200 MeV 39.7 46.3
5 1st subevent, p/e log-likelihood ratio > 0.0 36.0 62.3
6 # total subevents = 2 for CCQE (= 3 for CCln™) 29.1 71.0
7 (CCQE-only) 1st subevent, ;1 — e vertex distance > 100 em and

w1 — e vertex distance > (500 x T}, (GeV) — 100) cm 26.6 77.0




MiniBooNE CCQE analysis

CCr (absolute) background measurement:
- Use events with 2 observed p decays to measure CCr1r (3 subevents)

- Determine weighting function to apply to MC to better describe CCmt

before CCrtmeasurement after CCrtmeasurement
@ 7000—— 7000 —
S 6000E < v, (a) 2 subevent % 6000 o (a) 2 subevent
> 5000E* * ey « data > = « dat
w 40005 — MC total w5000 . —N?Catotal
= mCCOE 4000Z; | M mmCCQE
3000 5 A CClIn* 3000 = (i A CClIn”
2000F- S e others 2000 T . others
| e e LI
1000 770 memﬁm“ ol 1000 ; N
10203 04 05 06 07 080,08 0 03 04 05 06 07 0.8 a g.(% oV
2500 518 200057550 (b) 3 subevent

Events
Events

2000 %7_ -,

3 e,
AaE / .
1500 %_— Tae B2 o 1500 ,/7 o
1000 /7 7o **e Qost. o Qo (GeV) 1000 e
o Ve, 04 0.2 03 04 05 0.6 0.7 0.8 0.9 L
L ., (b) 3 subevent 7

500 7 500 %7
gy Sl .. .y L
Wi et te sty eanss W7 i i
0 61 02 03 04 05 06 07 08 .09 V21 0 01 02 03 04 05 06 07 08 _,09 V21
Qg (GeV) Qg (GeV')

Getting CCrtcorrect is very important in CCQE measurement as it is large
background ~20%



MiniBooNE CCQE analysis

- M,, k fit results:

- at this stage we fit (shape-only) for M, K

(but, not main result of analysis and has no effect
on cross section results).

M= 1.35%0.17 GeV (stat+sys)
K =1.007 *0007 (stat+sys)
X?/ndf = 47.0/38

Compared to prev result:
- M " goes up slightly, this is related to our

new background subtraction.

- K goes down due to the shape change of
the background. Now K is consistent with 1.
K doesn'’t affect cross section below ~0.995.

- with world-average M, and kK =1.0
X?/ndf = 67.5/40 (0.5% prob)

- M, & only fit
M, =1.37 £ 0.12 GeV
x?/ndf = 48.6/39

Q2_distribution before and after fitting

N
‘© 5000 * data
g 4500 total error
w 4000 shape error

eff _ —
3500F. M} =103 GeV, k=1.000
—— RFG model after fit
3000
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2000
1500 -
1000 ;
it T
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M e - kK shape-only fit result
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MiniBooNE CCQE analysis

Muon energy, angle distributions:

- Good description of data in muon energy/angle (2d) space after
background adjustment, fit

- important check as adjustments to model depend only on Q?

before CCQE fit w/ world-average RFG
model, M "= 1.03, Kk = 1.000 after fit

(a) EX'=0.4GeV
(b) EX°=0.8GeV

(¢) E¥=1.2GeV

(d) Qim:t).zcevz
(e) Qg =0.6GeV?
() Qg =1.0GeV’

0.2 04 06 0.8 1 1.2 14 16 18 2 0.3
T, (GeV)

04 06 08

1

(a) EX'=0.4GeV
(b) EX°=0.8GeV

(¢) E¥=1.2GeV

(d) Qim:t).zcevz
(e) Qg =0.6GeV?
() Qg =1.0GeV’
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T, (GeV)

1.05

0.95

0.85

0.8



MiniBooNE CCQE analysis

integrated protons on target 5.58 x 10%°
. . . energy-integrated v, flux 2.90 x 10" v, /em?
NOV\_/ extract dlff_ere_ntlal Cross SeCtlon?’ for CCQE candidate events 146070
particular true bin i, from measured bin j: COQE efficiency (R < 550 cm) 26.6%
background channel events fraction
U, :unsmearing matrix NCE 45 < 0.1%
CClrt 26866 18.4%
d; :data vector CClr’ 3762 2.6%
NClzx* 535 0.4%
NC17° 43 < 0.1%
E U; (d;=b; Je other v, 328 0.2%
ij ] ] . . F
o b, :predicted background all non-, 1977 4%
: 3 (®T) total background 33556 23.0%
\ TABLE ITI: Summary of the final CCQE event sample includ-
ing a breakdown of the estimated backgrounds from individ-
T :integrated target number ual channels. The fraction is relative to the total measured

sample. The channel nomenclature is defined in Table L.

g, -efficiency

d :integrated v-flux

- unsmearing corrects for detector “smearing” effects in differential cross sections.
Not nuclear model effects. ( excepting total cross section, come back to this)



MiniBooNE CCQE results

- maximum information
possible on CCQE
process from MB

(using muon only) dsc _  m¥Gev)
dT dcosb,

Flux-integrated double differential cross section (T -cos0):

MiniBooNE data (5N.,=10.7%)
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MiniBooNE data with shape error

- model-independent e S
2537 ___-
izati 203 TS -
- normalization (scale) . = d
erroris 10.7% (not 15_ =
] : C =T
shown) BT
W T
- - 51 SEig——te N
- error bars is remaining el e e e
e
(shape) error ? -
: S e e S Sy
SR = =3
vy S ey 2
S s .
Mg T 12 e
0.8 0.6 O ¥



MiniBooNE CCQE results

- data is compared with
CCQE (RFG) model with
various parameter values

- Compared to the world-

averaged CCQE model (red), Flux-integrated single differential cross section (Q?):

our CCQE data is 30% high

x107°
- T 18 o ]
- model with our CCQE ~ = ®  MiniBooNE data with shape error
parameters (eXtraCted from 8 16:_ .............. RFG model (M:ff:],ng, GeV, k=1.000)
shape-only fit) agrees well N'"E‘ 141 iy
with over normalization (to S qoF il T G model (W, 715 Gebh =L 00D
within normalization error). w F RFG model (M}'=1.35 GeV, k=1.007) x1.08
N0G10j
o 8:
© F
aA- L
22 T |
0:| [ 1 I B R R A |m;m|m;“|m|mim|mf”i”1 'r"i"'l"'I"E"i‘"l"'l"'l"
0 02040608 1 1.214 1.6 1.822
Q. (GeV")




MiniBooNE CCQE results

- same plot as previous but
with “irreducible”
background overlaid.

Flux-integrated single differential cross section (Q?%,;):

- this background is

subtracted, put may «1073°
be undone (if desired) & 18FE
to produce “CCQE-like” 7 165
sample Q "I
NE 145
- also report this for CRYE
double-diff xsection woF
o~ U‘lo:
0 -
S gL
e E
T gE

] MiniBooNE data with shape error

RFG model (M{ =1.03 GeV, k=1.000)

------ RFG model (M, =1.35 GeV, k=1.007)

=135 GeV, k=1.007) x1.08

RFG model (M

[[I]]]]]mm] Irreducible background distribution

0 02040603'"1 12 1416 18 2

Q2. (GeV?)



MiniBooNE CCQE results

L Flux-unfolded total cross section (E, ®&RFC)
- total cross section is extracted

-39
by binning in “true” — 16?10
neutrino energy bins. £ 145 () I
S 12t
: O 05 gl T e T I ___________
- Caution, model dependent St T -
L MiniBooNE data with shape error
21 ’ g MiniBooNE data Wigl total error
- i i —  aamammsas RFG model with M$"=1.03 GeV,x=1.000
agaln’ tOtaI el SeCtlon Zf— = RFG model with )-I:%f:l.SS GeV,x=1.007
value well-reproduced from 8:
4 06 038 1 1.2 14 EQERFG (GeV)

extracted CCQE model

0.05

parameters
0.25 fractional errors
0 . w V.
- fractional errors (as function S - Detector error 4.60%
of neutrino energy) and overall o R Flux error 8.66%
normalization errors reported :%i 0.2 Background error  4.32%
= . Unfolding error 0.60%
= 0.15[ total 10.7%
g 0
S 0.1
& ¥

||||||||||||||||||
||||||||||||||||||
e

_ I 1 -I II IITI-""--I-.I | SHES | 11 1 | 11 1 | 11 1 | 11 1
04 06 08 1 12 14 16 18 2
EQREC (Gev)




MiniBooNE CCQE results

Flux-unfolded total cross section (E “ERFC)

- MiniBooNE cross section x10™?
at 0.5-2 GeV is 30% higher e 155 ) : |
than NOMAD at 5-100 GeV % 125 i
100 gl Pt T T
- physics? or something QI e NinibootE i s o
else? 4= . RFG model with M*"=1.03 GeV, k=1.000
2 = ———— RFG model with Mi‘“’=1.35 GeV, k=1.007
7 S I X T I 1 R v EERT (Gev)
— 16x10'39
E 14F (b) T LSND date with totat ervor
— 12 .
° 10 iy, o kadipeyg
8 —_— MiniBnnNﬁ;a with tn;a-l-tj:nr ]
6 ------- RFG model with M*"=1.03 GeV, k=1.000
4 ———— RFG model with Mm=1.35 GeV, k=1.007
2 Free nucleon with M ,=1.03 GeV
0_=-l—|—l " PR TR N S B | " " PR TR T T N A | L L P T R R
10" 1 10 EXRC(GeV)



MiniBooNE CCQE results

1
s
© 1
MB neutrino CCQE summary:
- first measurement of double
differential cross section o 1
- single, total cross section, E_ :II
M, , also reported ° 1
- data indicates a larger M
(or “stonger” Q2 distribution)
than previous (world average)

in both shape and overall rate.

Flux-unfolded total cross section (E “ERFC)

6 x10™
4E (a) I I
2= I
T S - = e
g A, i " MiniBooNE data with shape error
e ——a—— MiniBooNE data with total error
4 ;— ------- RFG model with M$=1.03 GeV, k=1.000
2 — ————  RFG model with .‘«l; =1.35 GeV, k=1.007
- 1 L 1 | L 1 | 1 | 1 | L 1 L | 1 1 1 | L 1 1 | 1 1 L
B E,RFG
4 06 038 1 1.2 1.4 EQ (GeV)
x107?
6 —k—— NOMAD data with total error
——#—— LSNID data with total error
4E (b) s
2 -
0 .---“—.Jfﬁple* ok
i e LR S ---)—%—‘)—-—;—Jr%ﬁ
8 ——a—— MiniBooNE data with total error
6 ------- RFG model with M$=1.03 GeV, k=1.000
4 ——  RFG model with M%"=1.35 GeV, xk=1.007
2 Free nucleon with M ,=1.03 GeV
0_=-l—|—||||||||| " IR TR T T T S A | L T TR T S S
10" 1 10 EXF°(Gev)

- these are separate experimental observations. Coincidence?

- Can larger M, be attributed to nuclear effects (in carbon)? But at odds with NOMAD.



CCQE models

Much recent theory work on CCQE T T T

J. E.Amaro etal.,

Phys. Rev. C 71, 015501 (2005);
Phys. Rev. C 75, 034613 (2007);
T. Leitner etal.,

Phys. Rev. C 73, 065502 (2006);
Phys. Rev. C 79, 065502 (2006);
O. Benhar etal.,

Phys. Rev. D 72, 053005 (2005);
arXiv:0903.2329 [hep-ph];

A. Butkevich etal. ,

Phys. Rev. C 76, 045502 (2007);
Phys. Rev. C 80, 014610 (2009);
S. K. Singh etal.,
arXiv:0808.2103 [nucl-th];

J. Nieves etal.,

Phys. Rev. C 73, 025504 (2006);
N. Jachowicz etal.,

Phys. Rev. C 73, 024607 (2006);

predicted differential cross section

. - 15 ‘
0 L ® ’ 10%do/d0dk’ (fm? c/MeV) 10"%0e/d0dk’ (fm? ¢/MeV)
scattering and the “high-MA™ puzzle : , i) : o
L] rk=1000 MeV/c, 0= 45° ] lk=1000 MeV/c, 8= 90
8
r 1 10— —
r q N - SN
H A ] | —
4 £\ L / )
[ . V4 "\ ] ; B
: / - ‘-\""/'l \ : o :I v ‘:I"‘ 7
2 !l N \'\\ [ ﬁ:‘: ,‘. ,\
[ / s \ i L / SN \
L / A 1 t S A 3
) N 5N DS E SV IS B B | M/ NP ni\mu_ |
0 200 400 600 800 1000 0 200 400 800 800
k' (MeV/c) k' (MeV/c)
T T o ! S ] T [
10%%0/d0dk’ (fm® ¢/MeV) ] 5i016du/dﬂdk‘ (fm? c/MeV) B
6— v, | [ Vi
tk=1000 MeV/c, 8=135° (ve) 4 k=1000 MeV/c, 0=180° (vhe)
L 4‘7_ —
—\ L N
4 / \ 3l .r/ A —|
I “.‘5“ 2
2 T f " \ kY _, F ;’ I 3\
/ S 1 4B/ o ]
L/ SN 1 B/ ! oA
U/ . f*|&,_+ N B Or/ﬂ-.". RS
0 200 400 600 800 0 200 400 600 800
k'(MeV/c) k'(MeV/c)

A. M. Ankowski etal.,

Phys. Rev. C 77, 044311 (2008);
A. Meucci etal.,

Nucl. Phys. A 739, 277 (2004).

FIG. 6. Charge-changing neutrino reactions (v, ;z~) on C for 1 GeV neutrinos and neutrino-muon scattering angles of 45, 90, 135, and
180 degrees. The cross sections are plotted versus the final-state muon momentum &’. The dash-dotted curve gives the QE contribution, the
dashed curve the A contribution, and the solid curve the total. As discussed in the text, results for values of &’ lying below the A peak (higher
excitation energies than that of the A) must be viewed with caution.

- No solution has yet emerged, except perhaps... PHYSICAL REVIEW C 71, 015501 (2005)
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CCQE models

- ... a recent work by Martini et al
(arXiv:1002.4538v1) proposes a model that
reproduces larger CCQE cross section.

- Involves multinucleon excitations,
tensor correlations.

G/(A-Z) 1 0’ cmg]

—
wn

[—
[=]

h

52 G% cos? 0, (K2 .0 | o 4
C g . (Uj C( ) cos? = GQE (I—p)g R;\\
d0 Ok 272 2 q>
L (Ma—M)? _ya o (Ma—M)?
+(I‘24TRUT(L) + 1311 5
. "2 {.2 H
AA 42 W 42 In | 2
XRJT(L)+((TJ.I[12(7A) (q};_)tilll 2)
T AT T ~ . Jll—i_lll’
NN apNA AA Y v
X |:RETT(T) 72RO’T(T)7}?UT(T):| :l:z(:IA(le__{ J[

9 AT ;
2 NN opNA AA (1)
X tan 5 |:R{TT(T) T 2Rar'r(’]") + RJT(T)} } (1)

T T T T T T ‘ T ‘ T ‘ ‘ | T | T
. MiniBooN.

- 12
-l — = QE bare +
[l ---- QERPA V“ C _______
| =— QE+np-nh bare - - - S
| — QE+up-nh RPA -~ 1
[ T Y Y I I I AN |
0 01 02 03 04 05 06 07 08 09 1 1.1 1.2
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- T | T | T | T ‘ \12‘ T ‘ T ‘ 7
F| == QE bare - —
| -——- QERPA V“+ C ——7
F| — QE-+npnh bare = .
£l — QE+np-nh RPA o .
E | - | ‘ | | | ‘ | | | | | F
0 01 02 03 04 05 06 07 08 09 1 1.1 1.2
E.[GeV]
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Other MiniBooNE scattering results

anti-neutrino CCQE scattering NC:
- preliminary results presented
(arXiv:0910.1802)

— +
V,+p—Ww +n

- results consistent with neutrino mode CCQE scattering

(higher M, prefered)
R ——— MC World V. =1.000, M, = 1.02 With § F
3500 IC World Values, « = 1.000, M, = 1.02 With Shape Error
—— Hydrogen
3000 ——— Wrong Sign
Non-QE Bkg

Data

MC v mode fit, x = 1.007, M, = 1.35 With Shape Error

Hydrogen

Wrong Sign
Non-QE Blg
Data

'='\I\I|IIII|\II\|\III|I\I\|

Q* (GeV))



Other MiniBooNE scattering results

NC elastic scattering:

- differential cross section
(arXiv:0909.4617v1)

- M, consistent with CCQE scattering

- very little As sensitivity

—
V,+pP—>V, +D

%
'VM+II VM+II

- full publication in preparation (will include NC/CCQE ratios)

NC elastic differential cross section

0¥
o L
> C + MiniBooNE NCE cross-section with total error
o C ++ mmmmmmm — MC irreducible background cross-section
S s B
Q =
T 25 +
e & +
T C +
2 +
C +
. 52 +
D +
C +,
10+ i
- N +
i +y
05__ +++ i
- b =k
0_""h,"umgumhullﬂll!"'f"'*"\r.l P I T O e 1 i ++jﬁ'ﬁ"hﬁ“hﬂﬂ_ﬁlﬂ!‘ﬂ1dﬁl_
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NC elastic M, fits

- Data with total error

MC, M, =1.35 GeV , k = 1.007

................ MC, M, =1.23 GeV , k = 1.022

MC, M, =1.02 GeV , x = 1.000
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Other MiniBooNE scattering results

CC pion production:
- CC1t/CCQE ratio measured
(Phys. Rev. Lett. 103, 081801 (2009))

v, +pm) = u+ A" —p+pn)+m’

v,+tA—=nu+A+a’

- CCt/CCQE ratio in agreement with expectations. So CCrt rate (cross section) is
also larger than expected. True in both FSI corrected/uncorrected samples

CC1t /CCQE ratio, FSI corrected

2.2 —
C_"_"O m MiniBooMNE
o 2 . k2K
g « ANL
%1.3
k1.6
O ar | ISOSCALAR TARGET CORRECTED I
© 2t [ T
1 i l —T—
| L2
0.8 LT J
E [l
0.6— }.IT.T. |
0.4 -
0.2 W
D:III"-;.AlllllllII|IIII|IIII|IIII|
(0] 0.5 1 1.5 2 2.5 3
E. (GeV)
FIG. 2: FSlI-corrected CClr " to CCQE cross section ratio

on CHs compared with results from ANL (Ds) [1] and K2K
(CsHg) [3]. The data have been corrected for final state in-
teractions and re-scaled for an isoscalar target.

CCtt' /CCQE ratio, no FSI corrections
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FIG. 1: Observed CClzr™-like/CCQE-like cross section ratio
on CHa, including both statistical and systematic uncertain-
ties, compared with the MC prediction [6]. The data have
not been corrected for hadronic re-interactions.



Other MiniBooNE scattering results

CC pion production:

- CCrt differential cross sections to appear
(article in preparation)

- CCrtt cross section larger than expected

_CCToin the works also CCrtt event distribution
. ’:‘.1.[’[1|a...|...|... R
3 12F -
CC1r total cross section 2 [t Absolute norm
o 2 t — data (stat enors) —
'E pa2f— E_ 4 L4 — total MC :
w u ~ 08 — nuclear CCn® |
® M:_ g t — evenything else -
008 @ 06 —
ﬂ.ﬂﬁ:— —: D.-'ll:
04— . -
: : 02 .
e CH> Target 3 ;
o gty s~k the 00204 06 08 1 12 14 16 18 2
Meutring Energy (MaV) QZ{GE'VZ}

v, +p(n)—=>u+ A s u+pn)+m’

+ (6]
i vV, +tn—=u+A" =u+p+a
vV, tA—=u+A+mn



Other MiniBooNE scattering results

NCT® pion production: o o
- differential cross sections in both neutrino Vu +N — Vp, +A — Vu +N+m

and antineutrino modes . .
(Phys. Rev. D81, 013005 (2010)) Vu + A 'VM +A+m

- coherent fraction extracted

vy NC 12" Production Cross Section on CH; vy NC 1" Production Cross Section on CH;

CV = St B

Gys. Erm.
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SciBooNE CCQE results

CCQE results:

- SciBooNE: (highly segmented) scibar in Booster nu beam at FNAL (as MiniBooNE)
- (preliminary) results indicated higher cross section as seen by MiniBooNE
(arXiv:0909.5647)

- final results soon and (hopefully) differential cross sections

A

e

-
fad
=]

'._rh.
£

L
o

-

2 ONLOOONAED

. MiniBooNE data with total error
* NOMAD data with total error
SciBooNE data with preliminary error
RFG model with _\-'l‘,‘ =1.03 GeV, x=1.000
RFG model with _‘\rl.‘xr—l.BS eV, k=1.007

10 ERFC (GeV)

o
N
-

- (near) future experiments such as MINERVA, T2K will also provide CCQE results

- and there is another possibility... SCINOVA...



SciNOVA

A proposal to reinstrument the existing SciBar detector and

deploy in front of the NOVA near detector in the NuMI (off-axis) 2 GeV
narrow-band beam. A fine-grained detector such as SciBar in this location
enables important and unique v scattering measurements and

enhances the NOvVA v oscillation measurements.

38



CCQE scattering with SClNOVA event rate from NuMI near locations

- A measurement with the SciBar detector Medium Energy Tune

(which has produced CCQE measurements B0 |- Comaxis -
. . mrad OIT-axis e%e
in SciBooNE/K2K)... © — 14 mrad off-axis R

| — 21 mrad off-axis . .

- in the narrow-band 2 GeV v, v beam, where
CCQE vs CCpi kinematics, are more easily
separated..

- will be invaluable in testing/guiding
future CCQE models

neutrino event rate at NOVA near location

(o))
=)

30000 | .

Vu CCevents /kt/ 1E21 POT /0.2 GeV
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% 20000 F —
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SciINOVA experimental plan

Reinstrumenting the SciBar detector
for SCINOVA:

- PMTs/readout electronics removed from
SciBar after SciBooNE completed

- At Indiana U. , a system has been
developed (with support from Indiana U.
and NSF) for WLS-fiber readout of
“scibath” detector

- 15 “IRM” boards built and running!

- Integrated readout of (64-channel) PMT
with flash ADC of “ringing integrator” front-
end circuit for charge, time info with one-
ADC channel.

- Cost:
- $50/channel for readout (including

mechanical)
- $25/channel for PMT
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B
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SciNOVA status

- “expression of interest” presented to
FNAL PAC in 11/09:

- FNAL PAC was “intrigued”, asked for
more information on a few issues and

to verify availability of detector

- A Japanese group wants to use
scibar detector for cosmic neutron
experiment in Mexico. Funding situation

for that will be more clear in April...

- ... hext steps on SciNOVA

SciNOvVA: A Measurement of
Neutrino-Nucleus Scattering in a

Narrow-Band Beam
D. Harris, R. Tesarek
FNAL
G. Feldman
Harvard
C. Bower, L. Corwin, M.D. Messier, N. Mayer, J. Musser,
J. Paley, R. Tayloe, J. Urheim
Indiana U.
M. Sanchez
lowa State U.
K. Heller
U. of Minnesota
S. Mishra, X. Tian
U. of South Carolina
H. Meyer
Wichita State U.
P. Vahle
William and Mary

41



Conclusions

- Important to understand the CCQE process as it is a
fundamental process, required for measuring neutrino
oscillations as well as independently interesting.

- Recent results from measurments on carbon, oxygen, Fe,
dont agree with what we thought we knew about CCQE,

~10 years ago.

- Need to dig into problem and sort this out with:

- unbiased, cross section (model-independent) measurements

- complementary measurements with different (but understood) flux
- detailed work modeling, understanding data (including backgrounds)

- Recent MB results are a step in this direction.

o

dT dcos

25
20

- (cm’/GeV)
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s MiniBooNE data (8N,=10.7%)

I:I MiniBooNE data with shape error
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CCQE scattering

Charged-current quasielastic scattering (CCQE):

- crucial process to understand as it is... (in MiniBooNE)
- detection signal for VoV,
- normalization signal for v, flux

- Thought to be a simple process....
- Llewellyn-Smith formalism for diff cross section:

lo T 4y M2G - 2eos?8., ., o (s —u) (s —u)?
@ _( vt mrp ) L TF 77 e L A(QY) + BQY) L+ C(QF)
dQ* \ m+p=>1"+n S7E,’ | NN Ve A VT

- combined with model of nucleus (eg for Carbon)

- with only one unknown parameter, , g
M, (via axial form factor, F,): Fa(@) = - N2
A A (1+ Q )

J2
M3

- and measuring v, CCQE process (has been) thought of as
extraction of M, .

- However:
- non-monoenergetic beams
- different detection details between exps. (recoil nucleon detected?)

- backgrounds (some “irreducible”, eg CCrtw/ttabsorption )
- bound nucleons

- and a puzzle has emerged (with newer data over last few years)....




MiniBooNE: continuing to collect data...

- Have collected both neutrino and antineutrino data
- 2002-2005, v mode, 5.5E20POT, published oscillation data
- 2005-2007, v mode, 2.3E20POT, first SciBooNE data
- 2007-present, v mode, 1.0E20POT, for SciBooNE
- 2008-2009, v mode, ~3E20PQOT,
to collect ~5E20POT in v mode, for MB v oscillation search
- *POT=protons on target

3E20

Green is projected POT
I rates given expected

T o Booster output

w0 |-a@nti-neutrino Planned 09 Shutdown
data at start June 15, 2009
of run April08 ' -

0

%%%%%%%%%%% G H D H P D S %b%v}fatacaraqcacarata
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6. CCQE total cross section model dependence

Flux-unfolded total cross section (E RF¢)

24000 —
Unfortunately, flux -E 22000 =
unfolded cross section is € 1s00F
model dependent. oo
1200!‘.];—
_ _ 10000 =
Reconstruction bias due 8000 -
to “QE” assumption is 32333
corrected under “RFG” I —
model assumption.
— 10
16 —
One should be careful ~ § uf
when comparing flux- b E
10—
unfolded data from E
different experiments. 6E
4
2
3.2 0.4 0.6 0.8 1 1.2 14 1.6 1'3EU ( Ge\r“?

03/09/2010 Teppei Katori, MIT 46



6. CCQE double differential cross section

Flux-integrated double differential cross section (T -cos0)

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.=10.7%) is
separated.

03/09/2010
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Preliminary CCQE results from SciBooNE

- 1 track (1) MRD-stopped sample
2
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- total measured rate data in excess compared to Neut MC (M, ,=1.2GeV)

- excess of data at Q*>0.2 GeV?
- both are (qualitatively) similar to MiniBooNE observations
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costs and schedule

Estimated costs:
- readout system, equipment: $1.255M
boards: $775k
PMTs: 400k
Mmisc: 80k
- readout system, personnel: $290k
- readout total (w/overhead) $1.75M

- costs of moving detector and associated, TBD.

Schedule:
- 11/09 FNAL support agreed (details TBD)
- 01/10 NSF MRI submission
- 08/10-12/11 PMT/readout
procurement/fabrication
- 08/10-12/11 scibar detector move

planning Support fabrication Draft 2010-13 Fermilab Accelerator Experiments' Run Schedule

_ O 1 /1 2'06/1 2 COmmISSIOI’]Ing, __ Typically Revised Annually - This Version from October, 2009
Your 2010 2011 2012 2013
Su bStru Ctu re assem bly T‘:'a_tm" CDF & DZero CDF & DZero o=E|N OPEN
- 07/12 ready for installation at o [mEore
. ) OPEN QOPEN MicroBooNE
NOVA near location oo NEReA K
MT |Test Beam Test Beam = Tezt{;v:am
sY i NMe| E-906/Drell-Yan E-906/Drell-Yan E-906/Drell-Yan

This draft schedule is meant to show the general outline of the Fermilab accelerator experiments schedule, including unscheduled periods.

49



4. Kappa and (e,e’) experiments

In low |q|, The RFG model systematically over predicts cross section for
electron scattering experiments at low |g| (~low Q?)

We had investigated the effect of Pauli blocking parameter “k” in (e,e’) data.

K cannot fix the shape mismatching of (e,e’) data for each angle and energy,
but it can fix integral of each cross section data, which is the observables for
neutrino experiments. We conclude K is consistent with (e,e’) data.

black: (e,e") = E=240MeV =E E=730MeV
CN L 0=60 degree - 0=37.1 degree
energy transfer - Q®=0.102GeV? | Q2=0.182GeV?2
red: RFG - -
model with s HE
kappa (=1.019) ¢ -
blue: RFG 100 oxx 10— o
model without o x -
kappa i ¥¥¥***xxxx*xx** 5:— )
- w(MeV)| Lx [ w (MeV)
0“3 20 60 80 100 120 140 160 180 200 220 % s qoo im0 200 280 300
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4. Kappa and (e,e’) experiments

In low |q|, The RFG model systematically over predicts cross section for
electron scattering experiments at low |g| (~low Q?)

We had investigated the effect of Pauli blocking parameter “k” in (e,e’) data.
K cannot fix the shape mismatching of (e,e’) data for each angle and energy,
but it can fix integral of each cross section data, which is the observables for
neutrino experiments. We conclude K is consistent with (e,e’) data.

RFG prediction-(e,e’) data ratio in Q?(GeV?)

= red: RFG prediction with kappa (=0.019)
blue: RFG prediction without kappa
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