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L Introduction

What is CCQE?

Quasielastic charge current reaction on a free nucleon target
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L Introduction

QE reaction on nuclear targets

The fundamental questions are:

m how reliable is the picture of (quasi-)free nucleons (think
about Fermi gas model)?

O - "o

m what do experimentalists actually measure? which quantities
are theorists expected to compute?
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QE reaction on nuclear target - MiniBooNE

m only 2 subevents (Cherenkov light from muon and then from
electron)

m no assumptions about proton

QE reaction on nuclear target - NOMAD

m 1- and 2-track events (muons and protons with
p > 300 MeV/c)

m discussion of an impact of formation zone effects which modify
predictions for the events multiplicities

Do MiniBooNE and NOMAD measure the same?!...
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Nuclear target: Impulse Approximation

m nucleus composed from individual quasi-free nucleons. How
well is this assumption justified?...

m de Broglie wave length of a virtual vector bosons should be at
least |1?| ~ 1 fermi.

m experience from electron scattering: momentum transfer
should be |g| > 300 — 500 MeV/c.
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: Impulse Approximation

In neutrino inclusive experimental data there is always a large
contribution from low momentum transfers. Below: results

obtained within IA.
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|G| > w (momentum and energy
transfers), Q* = §° — w®.

It follows that the region

Q* <~ 0.2 GeV? is subject to

large uncertainty.

We can continue with a picture of individual nucleons but at low

Q? problems are expected.
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Nuclear target: FSI effects

Charge Exchange [6) . o o _no o
Elastic Experimentalists distinguish:

Scattering

m QE-like events (no pions
@—? in the final state)
\@ m 17 -like events (a single

pion in the final state)

Absorption|

H etc

Pions produced in the primary interaction are subject to:
absorption, charge exchange reactions, inelastic reactions (if they
only have enough kinetic energy).

FSI effects introduce a lot of uncertainty.
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CCQE and CCQE-like

m it is a good idea that experimentalists report results for
CCQE-like events

m everybody can apply its own FSI model
but after all ...

m we need also predictions for parameters describing free CCQE
because they are universal
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< p(p")|[4¥n(p) >= cosOc Ny Npi(p" ) u(p)

(0% (07 s X F Q2 (07 (07
[ = y*Fy(Q?) +io Bqﬁﬂg(,v,)Jrv 5Fa(Q?) + q*v5Fp(Q?),

CVC and PCAC are to be used.
Electromagnetic FF are assumed to be well known.
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Axial mass

m the only unknown quantity is axial mass My,

m its value must be determined experimentally,

m M, determines both the overall integrated cross section and
do
the shape of J07
m because of large flux uncertainty the shape analysis is a
preferable way to get the value of M.

m current experiment are not precise enough to address a
question of a deviation from the dipole form
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LCCQE axial mass puzzle

| mass puzzle

Until few years ago it seemed that the measurements converge to a
value of the order My ~ 1.03 GeV.

There is a disagreement between old, mainly deuterium (left), and
recent (right) M4 measurements.

i
Argonne (1069) ; Experiment |Target [Cut in Q7 [GeV?]| M4 [GeV]
Argonne (1973) —
CERN (1977) —
1
Argonne (1977) . | K2K oxyeen Q*>02 124012
CERN (1979) - I
BNL (1980) : K2K' [earbon| @*>02 [114+0.11
BNL (1981} e
Argonne (1982) >_._%_< MINOS iron no cut 119+ 0.17
Fermilab (1983) S —
BNL (1986) MINOS™ | iren @>02  [Le+orr
BNL (1987) [
' MiniBooNE' |carbon no cut 135+0.17
BNL (1990) [ —
Avsrmge - MiniBooNE' |carbon|  @*>0.25  [1.27 £0.14
085 095 105 115 125
M, [GeV]
NOMAD® |carbon no cut 107 £0.07
[from Bernard, Elouadrhiri, Meissner]
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LCCQE axial mass puzzle

MiniBooNE double differential cross section data

The data is available in the form of double differential cross section
in muon kinetic energy and production angle:

A.A. Aguilar-Arevalo et

e Mmoo NE dis i (5%, =10.7%
A o < al.,[MiniBooNE collaboration]
[ minitionNE datm with shape error
E Phys. Rev. D81, 092005

(2010)

The best fit value is
M5 =1.3540.17 GeV,
x = 1.007 £ 0.012 (see
later).

Similar values of M5 were obtained both for shape only and for normalized

cross section analysis.
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LCCQE axial mass puzzle

MiniBooNE CCQE cross section data

Hypothesis: a large value of Mf\ff accounts for other dynamical
mechanisms which contribute to the MB’s CCQE sample.

If the value of M4 is

Lol
5 ‘ : ised from 1.03
= T f raised tfrom 1.03 to
T —— 1.37, the total CCQE
bE T\F.tl.-!.:w:‘h total error . .
i3 e cross section is
858 o8 1T 1z 14 OEHFG (GeV) increased by ~ 30%,
U 1 the huge effect!
£ 16 (b) —— NOMAD data wilh ot errae .
3 1]; —i— LSND data with total error NUANCE uses Ferml
o 10 Gas model...
8 M =103 GeV, k=100
4 RFG model with M27=1.35 G £V =007
2 Free nuclenn with M =103 Ge
0 . .
10" 1 10 ESEFFG (Gev)
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LCCQE axial mass puzzle

Theoretical approaches to understand MB data

Basic idea: to remain within the |A regime, but to use nucleus
model better than Fermi Gas.

m DPWIA (Distorted Plane Wave Impulse Approximation)
A.V. Butkevich, Phys. Rev. C82 055501 (2010)
m Spectral Function

C. Juszczak, JTS, J. Zmuda, Phys. Rev C82 045502 (2010)

In both analyses very similar values of the axial mass were obtained:

m Butkevich: My = 1.37 £ 0.05 GeV for RDWIA, and
My = 1.36 +0.05 GeV for FG

m JSZ: My =1.3440.06 GeV for SF (with a cut |G| < 500 MeV/c),
and My = 1.35 £ 0.07 GeV for FG
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LTwo body current

What is going on?!

Two body current

The problem of CCQE axial mass leads us to theoretical
frameworks going beyond simple theory of CCQE and Impulse
Approximation presented before.

m large contribution from two-body current?!

m one of the central themes of Nulntll

m not a new idea in the Nulnt community!



Status of Quasi-elastic Scattering after Nulnt11
LBefore Nulnt1l
LTwo body current

Two-body curre

The figure below is taken from Jacques Marteau presentation given
10 years ago at ... NulntO1l.

v, 10 differential cross sections (E, = | GeV) The original idea was put
forward by Magda Ericson
in 1990: appearance of
pion branch, a collective
state which decays into a
pair of nucleons.
The model (developed by
J. Marteau in PhD thesis
supervised by J. Delorme)
. predicts a large
it e T e ] contribution from n-particle
ey n-hole excitations

datda (107 fm® MeV'y

How large?
~ a half of bare QE part!
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Martini-Ericson-Chanfray-Marteau model
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The anomalous CCQE-like
cross section measured by
MiniBooNE is explained as
a contribution from

multinucleon ejection.

M. Martini, M. Ericson, G. Chanfray, J. Marteau, Phys. Rev. C80 065501 (2009); ibid C81 045502

(2010).
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y-Marteau model

One still needs a comparison with MiniBooNE’s double differential
cross section.

E ® in the MEChM model
>, e 2p-2h part is not a
B o0 subject to RPA

Ty
1200 "
Tu[MeV] "% 2000’

m the model is

non-relativistic and not

10 i’ /GeV fnucleon.

reliable for energies

C.J., JTS, J.Zmuda, PRC82 045502 (2010) larger then ~ 1.2 GeV

A difference between MB measurement B in the MB flux there is
and A predictions with Ma = 1.03. a significant component
np-nh contribution should reproduce with larger energy...

this shape. A large fraction of events
with backward moving muon! 19
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L Before Nulnt11
L

wo body current

MEChM model: neutrinos and a

Ineutrinos

The model predicts much smaller effect for antineutrinos:

*  MiniBooNE
—- QEbare
QERPA

— QE+npenh bare
— QEnpnih RPA

QE bare
QERPA
QE+npnh bare
QE+np-nh RPA

v v
QE np-nh QE+np-nh| QE np-nh QE+np-nh
bare [7.46 277 10.23  [2.09 052 2.61

RPA [6.40 2.73 913 [1.60 047 207

TABLE I: MiniBooNE flux-integrated CC v,-*2C and 7,-'*C
total cross sections per neutron and per proton respectively
in unit of 107" ¢m®. The experimental COQE v,-"*C value
measured by MiniBooNE is 9.420 x 107°% em® with a total
normalization error of 10.7 %

Which is the value of M5
from MB 7, CCQE data?!...
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Nieves, Ruiz, Vicente Vacas computations

On Feb. 15, 2011 a new paper with 2p-2h contribution to
neutrino-nucleus cross section was put on arXive:

J. Nieves, |. Ruiz, and M.J. Vicente Vacas, Phys. Rev. C83 045501 (2011).

The approach is a continuation of works:

A. Gil, J. Nieves and E. Oset, Nucl. Phys. A 627 (1997) 543;

J. Nieves, J. E. Amaro and M. Valverde, Phys. Rev. C 70 (2004) 055503 [Erratum-ibid. C 72 (2005)

019902].

“"’22 s AT h g " General strategy: calculate W boson
" h * self-energy and apply Cutkosky cuts.
w ; w* - . . o
‘lhl‘ A i?q: i Contributions from exclusive
N N* . .
" );LL‘ " channels to the inclusive cross
w S ST .
)”L\,F“ o section can be evaluated.
N N -
"
L“L*y“ g On the left: seven vertices used in
N - N

the computations.
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Nieves, Ruiz, Vicente Vacas computations

Comparison with MiniBooNE v,2C data and predictions for
= 12
7 (G

em’]
in

38

o/(A-Z)[10

1
04 0.6 0.8 1 0.8
E [GeV] E [GeV]

On the left: a difference between green and red lines. On the right: a

difference between green and dotted lines.

Fractions of 2p-2h contributions in neutrino and antineutrino reactions are of

similar size (MEChM model predictions are different).
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One could expect a very interesting debate at Nulntl1.

New paradigm?...

O. Benhar, P. Coletti, D. Meloni, PRL 105, 132301 (2010)

m within SF approach there is a 2p-2h contribution but not that large

m broad flux average causes problems: CCQE-like events come from
different kinematical regions with different reaction mechanisms

m one needs a more flexible model working in the wide kinematical
range corresponding to the relevant neutrino energies.

No need for a new paradigm!...

J. Nieves, |. Ruiz, and M.J. Vicente Vacas, arXiv: 1102.2777 [hep-ph]

m SF approach fails to include all the 2p-2h contribution

m the results support the basic picture that emerges from the MEChM ”m":;
model s

m MiniBooNE takes np-nh events as CCQE
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Nulntll CCQE experimental talks

MINOS CCQE reactions, N. Mayer (Indiana) 2545

SciBOONE CCQE reactions, Y. Nakajima (Kyoto) 25+5

Argoneut CCQE reactions, J. Spitz (Yale) 25+5

T2K Charged Current QE Analysis, L. Monfregola (Valencia) 2545
MiniBooNE CC QE Analysis, J. Grange (Florida) 25+5
MiniBooNE NC/elastic Analysis, R.Dharampalan (BNL) 25+5

MINERVA Charged Current QE Analysis, K. McFarlane (Rochester)
25+5
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Nulntll CCQE theoretical talks
Quasi-Elastic Scattering: A Review, J.S. (Wroclaw) 3545

Discussion of 2p-2h effects, L. Alvarez-Ruso (Valencia) 20
Nuclear Effects of CC QE Scattering, D. Meloni (Wurzberg) 3545

Talk and Discussion on New Paradigm for modelling neutrino cross
section, O.Benhar (Rome) 40

Unfortunately, the authors of 2p-2h papers were not present.
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CCQE at Nulntl1

The session was convened by: M. Yokoyama, M. Sorel, D. Schmitz.

In my presentation | will try to focus on new results.
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T2K (Tokai to Kamioka) *=°

* second generation long baseline experiment

* high intensity off-axis beam from J-PARC to
Super-Kamiokande

flux prediction by flavour at SK

T2K goals:

* measurement of last unknown mixing angle 85 using vy — V. appearance

o precise measurement of the atmospheric parameters 8,3 and Ama3? using vy, — v, disappearance

27
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Miyagi Prefecture
Fukushima 1 - Daiichi
Fukushima 2 - Daini
Tokai %

@)

EARTHQUAKE

Onagawa /44 Mar 2011 - 14:45 (JST)

* 49,0 MAGNITUDE

)
TOKYO

JAPAN

Pacific Ocean

- earthquake epicenter

& damaged nuclear
power plant

() radioactive contamination
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2K - results

The overall number of ND280 CC events is the only
ND280information used in current oscillation analysis.

. e remea=—2 The work on CCQE is under

N CC Resonance
muon candidate ™o way.
momentum after |= torkl Dol e _—
the CC selection |mmm . rco . ==

events with 1and 2
tracks will be used in
the CCQE analysis

entries/(100 MeV/c)
2

|nm_,‘ e = LUGL 2 0.028(stat) N.“(du\\a]1(|lH‘l(nln»zzmdvl]|

Run1:2.88 x 10'° POT

>3 tracks

- 2 * negligible CCQE fraction
%50010001‘0020002*00"0003500400045005{!)0

P(u) (MeVic)
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ArgoNeuT in the NuMI beam

LE-10 neutrino-mode

-

2

s o
=

g .

2

B

E

Neutring energy (GeV)

NuMI beamline at Fermilab

loshua Spitz, Yale University
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L Experiment

106 120
Collection Plane Wire

90 tm

The threshold for reconstructed proton tracks is 50 MeV

Reaction | #events in AV (~1.33E20 POT)
v, CC IGO0
7, OC ~4900
u, CCQE ~600
v, CC ~130
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Segmentation:
5.94cm longitudinal
4.1cm transverse

Strips on adjacent planes
are mounted orthogonal
to allow for 3D event
reconstruction

= 1km from target
* 0.98 kton (0.03 kton fiducial)

+ 282 steel planes

« Magnetized
.Pu from range and curvature

* High rates so ND is instrumented with
deadtime-less QIE electronics.

32
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MINOS - RES rescaling function

A lot of work was devoted to estimate a background coming from

RES events.
A function rescaling RES MC The shape is similar to the
(NEUGEN) predictions was function introduced by
proposed: MiniBooNE:
MINOS Preliminary W :
5 s § 4 g
“Eﬂ-ﬂ i 6) 3 subevent if Y
5 H
g 056" 9 :1%
F3
% —— Final Supprossion ] gﬂ "
0'2} < Error Band 1 g;
% : 470570607 0. o002 0 e s ﬁﬁs. FETRTY
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 ! ¥ .| h A
True @7 (GeV/c) O {Geﬁ

m But MB corrections make the background much larger!

m MINOS argues that it is only the shape which matters.

m How to understand the very shape of both curves?!...
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LExperiment

MINOS - results

Characteristic Mock Data Example

Characteristic Mock Data Example
1.000

o @
WB ——— 1 Track Fit (From Nulnt 09} E 134 ——— 1 Track Fit {From Nulnt 09] |
4 0.595 Mock Data 3 Selection Fit y g el Mock Data 3 Selection Fit |

X
0.980 1a0f ]

0
0.985 1.28f ]
imi 1.26 ]
MINQOS Preli
0.280 oM MINOS Prefiminary ‘
110 115 120 125 1.30 110 115 120 1.25 130

M;® Scale ME Scale

* We project a factor of three improvement in the error bar due to
the fit when fitting for M **. At Nulnt 09 we measured M,°¢ to be

M, =1.19 009 | (fit) from this mock data study we project
M, % to be M, 9% = 1.16 002, (fit) which shows a factor of 3
improvement to the fit part of the error bar. n

How to estimate an impact of the hypothetical np-nh contribution in the
inclusive CC cross section?!...

| thank Rik Gran and Nathan Mayer for many clarifications
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Over_view

SciBooNE

100 m - 440 m
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SciBooNE
CCQE analysis is based on three samples of events

Number tracks

- -CC-QE like, High statistics
Connection vertex
‘ﬂ
2 track

2" track (vertex <10 cm)

e toen]

Particle
2track(MuCL<0.05)

Also working on analysis -5CC-nonQE like
with SciBar-stopped sample

(no update this time)

o -CC-QE like
2-track 2-track
1-track sample QE-like samle non-QE-like samle
L Sk sl | 2ch e G eehed s
2 = == St
$ Ls | |5
& L & ¥ 3 = - g
e B 2 _“ oF B
o N o o :
o " o "~ n i
5 b =i S X
Y10 30 50 6. (deg)

"10 30 50 Ou(deg) ' 10 30 50 6, (deg)

1628 events

13585 events
66.2% CCQE

2915 events
68.5% CCQE

32.3% CCQE
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SciBooNE

Fit is done for 13 parameters:

n=10
j\lie.i:p . Z .\. QE' k‘ '\rnanQE

rnonC B nonQE
-\'131 track:. — @ xd 13]. track?

non(}E e nonQE nonQE
V_;lf' track QF — VU 2—track QF —|—@X \'ri_;rl track:

and the measured cross section is equal to

O'(Ek) = FN * dy * JMC(Ek)
where oMC(E,) comes from NEUT (M4 = 1.21 GeV).

| thank Morgan Wascko and Yasuhiro Nakajima for clarifications
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SciBooNE - results
_ Cross section per proton

39
a(0.6-0.8)| 1.01 e 0
E 16 Preliminary
a(0.8-1.0)| 1.00 < 14
a(1.0-1.2)[ 1.09 12f ]
10 It
a(1.2-1.4)[ 1.0 £ i1
a(l1.4-1.6)] 1.04 sl —s— SGiBooNE
T 137 4 N
= e 2 — NEUT(M, = 1.2CGeV)
- ; fo7 1 10
a 0.030 E, (GeV)

The values of parameters a, and Fj indicate that SciBooNE
measurement can be translated to My ~ 1.25 — 1.3 GeV.
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Anti-neutrino data

Very important for np-nh hypothesis.

Data from MiniBooNE and from MINERVA (the first MINERVA
data ever?).
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v, NC El from MiniBooNE

The MiniBooNE Experiment

m designed to have same L/E as LSND experiment
average neutrino energy ~800 MeV

m 800 ton Cerenkov detector

= target mineral oil (CH

targetand horn
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v, NC El from MiniBooNE

E 1400 :_ = Data (minus Bkg) with total emror
© 1200 .. ' i ---MC (M,=1.35, x=1.007)
o .'=! e ---MC (M,=1.23, x=1.022)
'-g 1000 -8 . -- - MIC (M, =1.023, k=1.000)
[ E |
7 800 ‘—’ :
600 F=
400
200 F
0:....|....|....|...-:.r.-. T L IR Y
0 100 200 300 400 500 600

reconstructed proton energy(MeV)




Status of Quasi-elastic Scattering after Nulnt11
LccqE at Nulnt11
LExperiment

v, from MiniBooNE

=
2

The challange: evaluation of v,
contamination.
Three methods:

m angular distribution of (anti)
muons

m DATA/MC CCr* sample

m [, capture
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v, content of v, beam

i

v, flux seale
e i e

® cCir
[ m cege
oA wte PRELIMINARY

FINEVE (IR I ISP IR SRR S A S
0 02 04 06 038 1 12 14 16 18
True E, (GeV)

Discrepancy with prediction appears fo be in normalizafi
only - flux shape is well modeled

Important consequences: v, flux prediction scaled down by ?~ 20%; the

number of events identified as coming from 7, is automatically increased?...
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f MiniBooNE

v, CCQE

—*— Data - Bkg with Statistical Error

¥, CCQE Prediction with Syst Error

o
|22 Bound Target (*C) M = 135 GeV, x = 1.007

[777] Free Target a1y M1 = 102 Gev

0.7

03

04 05 ,08
2
Q2 (GeV?)

data/MC integrated raftio: 1.21 £0.12

If we accept an idea of a large contribution from np-nh, in the case of 7, the
contribution is even larger !

An argument in favor of Nieves, Ruiz, and Vicente Vacas!
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MINERvVA

Goals for (Quasi)-Elastic
Scattering at MINERVA A

Fiducial CCQE Interactions/1.2E20 POT

+ MINERVA was designed in large e Ges S
part to map out features of quasi- -W

elastic cross-sections at moderate ~S9™ (GH) S8OCsaKC o
- . 2 Helium 2.6K 1.3K 0.25t
energies across a wide range of Q% 1o e sk ok oan

- Broad range of energies, target nuclei  water 1,00  s32¢ 22k 04t
Iron (Fe) 9.5K 4.3K 0.97t
Lead 11.4K 3.7K 0.98t

NuMi Beam MC, FLUKA |

150 ) Elpvation View
2 ‘I 1 e
2 ! _ME - B 5T
5 100 | 3 j el E E
&= [ - H 8
E i fl £ E 1 214 H] E
3 il i 4 :
S so 3 \ i-& §3) =8 gk
15tons | 301008 e Eg
% T ] 20 Sida HOAL 116tans
Nautrino Energy (GaV)
8 March 2011 K. McFarland, Quasi-Efastic @ MINERVA — "3
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f MINERVA

m one (u™) track

® no attempt to
reconstruct other

tracks, only the left
energy is summed up
Biop m low recoil energy
fiducial .
ks events are dominated
[ by CCQE
IR, o | L ]
3"F Preliminary
= 7,ccQE
= ool A
£ .
& [ 7, CC Conerent Pi

7, NC

& Non,

[, Area Normalized

o s 54 006 008 01 013 614 0.6 048 02
Calorimetric Recoil Energy (GeV) 46
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v, MINERvA
> [ reliminarv
210001 Preliminary WG uncertainty 5 —
o | (StateFlux only) @ 500/~ Preliminary
b= L 7, CCQE s F MC uncertainty
o * - (StatsFlux only)
- 80O i ¥, GC Resonant 8 F 7,6 0E
£ L it e S aoof- i 5, G5 Rosnant
© soo[~ 3 7, CC Coherent i .E F } }' v,coos
uw F ! 7, NC O 300/ o 7, CC Coherent Pi
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1

, from MINERVA

-

L] F . .
3 soof- Preliminary G uncertint
L uncertainty
(] E (Stat+Flux only}
N = 7,CC QE
S so0f7 ‘
< F v, GC Resonant
@ [}
£ 00 _{ v, cCDIS
g i } } ¥, CC Coherent Pi
Wal- 5, N
E i i Non¥,
200— 1
= ¥
E Lk, POT Normalized
100(— LY Y
I8 feg
Bl L 1 I.ll.\‘.'!’\""'I""'I-FF!H-v«-
N 02 04 06 08 1 12 14 16 18

Reconstructed @ (GeV?)
Data point are slightly below MC predictions (GENIE with Ma = 0.99 GeV)

Hypothetical 2p-2h final states with two low energy neutrons are included in
the analysis...

The shapes in @* seem to agree very well...

Unfortunately, it is impossible to say that there is no access of CCQE-like

events at large Q. This region is dominated by RES and DIS events.

| thank Kevin McFarland for clarifications 48
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Davide Meloni

(8 beam; 5 nucleus models - impact on experimental analysis

180

90

o O RMF
-~ RPA
RPA-2p2h
)
—180 :
107 10~ 1072 107"
sin® 26,
e Summary
e We studied the impact of nuclear effects on the determination of various neutrino

parameters

o In particular, we compare the FG results (widely adopted in MonteCarlo codes) with the
SF, RMF and RPA approaches

e The different behaviour of the cross sections translates into overstimated sensitivity to
#13 and dc p

e Although we focused on Oxygen, the same paitern is observed for other nuclear targets
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In neutrino interations the lepton kinematics is nor fully determined. The
flux-averaged double differential cross sections picks up contributions iat

different neutrino energies, corresponding to a variety of kinematical
regimes in which different reaction mechanisms dominate

08 T T T

ns

inclusive cross sectjon

| |
GO 800 1000
electron energy loss

50



Status of Quasi-elastic Scattering after Nulnt11
LccqE at Nulnt11
LTheory

mar Benhar - gedanken electron experim

@ Consider the cross section at #=37° and 550 £ T, < 650 MeV
(corresponding to the QE peak at 730 MeV)

Data are available at E. = 730, 961, 1108, 1299 and 1501 MeV
Compute the flux averaged cross section using experimental data and
assuming that the electron beam energies be distributed according to the
MiniBooNE neutrino flux (Zeyp)

©

[

Compute the flux averaged cross section using the results of theoretical
calculations including QE scattering only (Z)

©

The above procedure yields

Zexp

—=21.20
Zin
25 T T T T
e+Cse'+X iy E,= 730 MeV
F oo, =av # 961 Mev— 0
4 " Explanation: one can see
Epn e i 1269 Met | that in the inclusive data
by 1501 MeV i . K
3 ' there is a contribution from
ST E DIP and A regions
=z ¥ s wal b o
$ ok ¥ ALY = (starting from green
f
. curvel).
ol s BT s 2 )

0.00 025 050 075 100 125
T, [GeV]
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Omar Benhar - 3 im

Two particle-two hole final states may be produced through different
mechanisms

I. Initial state correlations (taken into account in TA)

2. Final state interactions (not taken into account in TA)

3. Coupling to two-body current (not taken into account in IA)

(taken into account in IA means taken into account in spectral function formalism)

According to the above scheme, Nieves ef al and Martini et al are in fact
contributing to the development of a new paradigm

Theoretical predictions must be tested against electron scattering data

(and the electron data should cover the whole interesting kinematical region)
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Luis Alvarez-Ruso: 2p2h discussion

Comparison with SciBooNE inclusive 1,'2C CC data (left: Nieves
et al, right: MChEM model)

= SciBooNE NUANCE based
* SciBooNE NEUT based

—- QE Martini et al.

— QE+np-nh  Martini et al.

] 151
+ - QE+np-nh+7 Martini et al »—F o

incl

6. JA[10%%em’)

0,

T T S E R | 1 L
0 01 02 03 04 05 06 07 08 09 1 L1 12 g
E, [GeV]

I 1.5
E,[GeV]

v

Data points include QE, np-nh and 7 productions

. The models give very
similar results!

The plots were done by MM and IRS for a purpose of Nulntll 2p-2h discussion!
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Luis Alvarez-Ruso: 2p2h or not 2p2h

> (Some) questions:

> Implications for oscillation measurements:

» Larger inclusive cross section

» 2p2h: CCQElike, do they affect E2 reconstruction?
> Do 2p2h explain MiniBooNE CCQE measurement?

> If YES, what about NOMAD, MA~1 GeV ???
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m there are two theoretical computations which predict a large
2p-2h contribution which can mimic CCQE and are able to
explain recent large My measurements

m the models give different estimations of the size of 2p-2h
contribution in the case of anti-neutrino CCQE reaction

m MiniBooNE 7, results seem to support Nieves, Ruiz,
Vicente-Vacas approach

m MINERVA 7, analysis is not yet finished.
Altogether...
m WE LIVE IN INTERESTING TIMES!
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Thank youl
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Back-up slides:
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Low @2 problem

In order to describe low Q2 deficit of CCQE events modification of
Pauli blocking (k parameter) was proposed.

Typical impact of RPA correlations

Differential cross section in Q2 for CCQE averaged over
MiniBooNE’s flux:

0 g
< 9 FG=Fermi Gas,
= 8 .
o pot=mean field
E & .
g 5 potential,
S
S
o e SF=Spectral
) 2 o
R Function for

0 .

0 02 04 06 08 1 12 14 outgoing nucleon.
Q?[GeV?]

L. Alvarez-Ruso, O. Buss, T. Leitner, U. Mosel, AIP Conf.Proc.

1189 151-156 (2009)
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Many-body 2p-2h computations in neutrino scattering

Nieves et al Local FG no real part of hole SF

all 2p-2h diagrams, full RPA
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MB CCQE data

Technical comments:

m overall flux normalization uncertainty is 10.7%.

m an effective parameter & is proposed to improve low Q2
behavior (Pauli blocking effect is made larger)

m subtracted CCQE-like
background is

corrected by a

function obtained

from the 3 subevents

data-MC comparison

Do we understand the shape of this function?!...
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Short detour: non dipole axial form factor

In early years of neutrino experiments non-dipole axial FF were
considered motivated by quark model vector-dominance (QM V-D)

L.M. Sehgal (1979)

_ Fa(0) ; _ @%[Gev?]

2 2
1+ 2% 14+ %=

)

Various analysis produced the following results for My:

Serpukhov (1985) 1.00 £ 0.04 1.11+£0.10
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] ; — factor - references

[SKAT] J. Brunner et al, Z.Phys.

C45, 551 (1990)
[Serpukhov] S.V. Belikov et al,

J Z.Phys. A320, 625 (1985)

Events/10.05 Gev /ef]

A [BNL] N.J. Baker et al, Phys. Rev.
D23, 2499 (1981)

[ANL] K.L. Miller et al, Phys. Rev

0s 10 15 20 25 D26, 537 (1982)

Q' 1Geve)

FIG. 4. Weighted Q? distribution. The solid curve is
from a maximum-likelihood fit to the dipole model
(M4=1.00 GeV/c?). The dotted curve is from a fit to
the AVMD model (M =1.11 GeV/e?).

The QM V-D fit is better by one
standard deviation!

ANL 62
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Non dipole axial form factor

Also monopole and tripole expressions

Fa(0 : Fa(0
F;\nonopole(Q2) _ A A(Q)2 : Flgrlpole(Qz) _ ; A(Qz) S
a4 Mz ( = ,\/Ti)

were confronted with the data:

Both [monopole and tripole] gave worse fits than obtained from the
dipole form by at least 1.5 standard deviations

The end of detour

63
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Two-body currents - terminology

There will be a lot of discussions on two-body contribution and it is
useful to remind basic concepts and terminology:

2 body current 2p-2h matrix element 2p-2h response

P /h VP /h

...........

———,——Y Mo

cut

from M. Martini talk at Fermilab, Sept. 30, 2010
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Two-body currents - terminology

N
AL VALY
Ij ______ )0

N IYNY O/

/&f_}_____l) L) |

Q I::or'rela'riorw/ \ MEC / \N_A in‘rerferemy

from M. Martini talk at Fermilab, Sept. 30, 2010
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wo-body cur - terminology

There will be a lot of discussions on two-body contribution and it is
useful to fix terminology:

H LA

Meson Exchange Currents
(MEC) diagrams

From: J.E. Amaro, C. Maieron, M.B. Barbaro, J.A. Caballero, and T.W. Donnelly, Phys. Rev. C82

044601 (2010)
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R L . b L . L
0 50 100 150 200 250 100 150 200 250

w (MeV) w (MeV)

FIG. 7. (Left pancl) Comparison of the cross scction of GSF (solid linc) and the FG model (dotted line) with experimental points for
Ar(e, ') at beam energy 700 MeV and scattering angle 32° [7]. (Right panel) Same but for oxygen. Note that in both cases the similar accuracy
is obtained. The value of momentum transfer at the peaks is 371 MeV.

[from: A.M. Ankowski, JTS, Phys. Rev. C 77 044311 (2008)]

Typically, SF based computations reproduce better QE peak. But...
m we compared to inclusive data which include A excitation and
other dynamics in the DIP region (see later)

m SF computations include effects beyond PWIA which modify
the shape of the distribution
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Axial mass - pion electropro

An independent theoretical argument in favour of a low value of
M4 coming from PCAC.

Frascati (1970)
Frascati (1970) GEn=0
Frascati (1972)

DESY (1973}
Daresbury (1975) SP
Daresbury (1975) DR
Daresbury (1975) FPV
Daresbury (1975) BNR
Daresbury (1976) SP
Daresbury (1976) DR
Daresbury (1976) BNR
DESY (1976}

Kharkov {1978)

Olsson (1978)

Saclay {1993)

MAMI {1999)

Average
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The transition amplitude is written
in multipole expansion. At the
threshold two amplitudes
contribute; Eo+ and Lo+

Nambu, Lurie and Shrauner
proved the low energy theorem:
electric dipole amplitude Eé;) at
the threshold can be expressed in
terms of Ga(Q?).
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