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Outline

*MiniBooNE QE-like cross section and np-nh excitations
eReview of different theoretical models: comparison among them and with data

enp-nh excitations in connection with other experiments: SciBooNE, T2K, MINERVA



np-nh excitations and MiniBooNE data
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MiniBooNE CC Quasielastic neutrino cross section on Carbon
10739 AIP Conf. Proc. 1189: 139-144 (2009); Phys. Rev. D 81, 092005 (2010)
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Comparison with predictions using M,=1.03 GeV (standard value) reveals a discrepancy

In the Relativistic Fermi Gas (RFG) model an axial mass of 1.35 GeV is needed to account for data
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An explanation of this puzzle

Inclusion of the multinucleon
emission channel (np-nh)
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M. Martini, M. Ericson, G. Chanfray, J. Marteau Phys. Rev. C 80 065501 (2009)

Agreement with MiniBooNE without increasing M,
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CCQE and CCQE-like

MiniBooNE Phys. Rev. D 81, 092005 (2010)
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Cherenkov detectors measure CCQE-like which includes np-nh contributions
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MiniBooNE CCQE-like flux-integrated double diff. cross section
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MiniBooNE, Phys. Rev. D 81, 092005 (2010)
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Flux-integrated double differential cross section
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Agreement with MiniBooNE without increasing M, once np-nh is included

Similar conclusions in Nieves et al. PLB 707, 72 (2012)
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Antineutrino MiniBooNE CCQE-like d?o
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Agreement with MiniBooNE without increasing M, once np-nh is included
Similar conclusions in Nieves et al. PLB 721, 90 (2013)
M. Martini, Nulnt14
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Martini et al.

Nieves et al.

Amaro et al.
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Theoretical studies on np-nh excitations in v QE-like

M. Martini, M. Ericson, 6. Chanfray, J. Marteau (Lyon, IPNL)

Phys. Rev. € 80 065501 (2009) v ototal

Phys. Rev. € 81 045502 (2010) v vs antiv (ctotal)

Phys. Rev. € 84 055502 (2011) v d?c , do/dQ?

Phys. Rev. D 85 093012 (2012) impact of np-nh on v energy reconstruction

Phys. Rev. D 87 013009 (2013) impact of np-nh on v energy reconstruction and v oscillation
Phys. Rev. € 87 065501 (2013) antiv d?c , do/dQ?

arXiv 1404.1490 (2014) inclusive v d%c

J. Nieves, I. Ruiz Simo, M.J. Vicente Vacas, F. Sanchez, R. Gran (Valencia, IFIC)

Phys. Rev. € 83 045501 (2011) v, antiv ctotal

Phys. Lett. B 707 72-75 (2012) v d°c

Phys. Rev. D 85 113008 (2012) impact of np-nh on v energy reconstruction
Phys. Lett. B 721 90-93 (2013) antiv d%c

Phys. Rev. D 88 113007 (2013) extension of np-nh up to 10 GeV

J.E. Amaro, M.B. Barbaro, J.A. Caballero, T.W. Donnelly , JM. Udias, C. F. Williamson,
Phys. Lett. B 696 151-155 (2011) v d2s I. Ruiz Simo, €. Albertus (Superscaling)

Phys. Rev. D 84 033004 (2011) v d%c , ctotal
Phys. Rev. Lett. 108 152501 (2012) antiv d?c , ototal
arXiv: 1405.4280 2p-2h phase space

A. Lovato, S. Gandolfi, J. Carlson, 5. C. Pieper, R. Schiavifla (SNPA)

Phys. Rev. Lett. 112 182502 (2014) ab initio calculation of the sum rules for NC (but not X sections)
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np-nh excitations taken into account in an effective way

O. Lalakulich, K. Gallmeister and U. Mosel (6iBUU)

Phys. Rev. C 86 014614 (2012) v ctotal, d’c , do/dQ?

Phys. Rev. C 86 054606 (2012) impact of np-nh on v energy reconstruction and v oscillation
Phys. Rev. Lett. 112 151802 (2014) energy reconstruction in LBNE

Phys. Rev. D 89 093003 (2014) reaction mechanisms at MINERVA

A. Bodek, H.5. Budd, M.E. Christy (Transverse Enhancement Model/ - TEM)
EPJ C 711726 (2011) v and antiv ctotal, do/dQ?2

np — nh excitations in the Monte Carlo generators

J. Zmuda talk
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Sources and References of 2p-2h

M. Martini, M. Ericson, G. Chanfray, J. Marteau

Alberico, Ericson, Molinari, Ann. Phys. 154, 356 (1984) ( e,e? 'Y Tt
*Oset and Salcedo, Nucl. Phys. A 468, 631 (1987) Tt 7Y

Shimizu, Faessler, Nucl. Phys. A 333,495 (1980) Tl
Delorme, Ericson, Phys.Lett. B156 263 (1985)
Marteau, Eur.Phys.J. A5 183-190 (1999): PhD thesis @ \/ pioneer works
Marteau, Delorme, Ericson, NIM A 451 76 (2000)

J. Nieves, I. Ruiz Simo, M.J. Vicente Vacas et al.

Gil, Nieves, Oset, Nucl. Phys. A 627, 543 (1997) (e,e’)
*Oset and Salcedo, Nucl. Phys. A 468, 631 (1987) Tt Y

J.E. Amaro, M.B. Barbaro, J.A. Caballero, T.W. Donnelly et al.
De Pace, Nardi, Alberico, Donnelly, Molinari, Nucl. Phys. A741, 249 (2004) ( e/e? Y
Amaro, Maieron, Barbaro, Caballero, Donnelly ,Phys. Rev. € 82 044601 (2010) ( e/e?

A. Lovato, S. Gandolfi, J. Carlson, S. C. Pieper, R. Schiavilla

Lovato, Gandolfi, Butler, Carlson, Lusk, Pieper, Schiavilla, Phys. Rev. Lett. 111 092501 (2013) ( e e ?
Shen, Marcucci, Carlson, Gandolfi, Schiavilla, Phys. Rev. € 86 035503 (2012) \/- deuteron
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Nuclear Response Functions

1p-1h 1p-1h 2p-2h:
QE 1mt production two examples

N
NP

F®'po
\"p;' &P

Nuclear response in Random Phase Approximation RPA !

(the approach used by Martini et al. and Nieves et al.)

K
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An example of nuclear response : ()
transverse response in electron scattering V" \/\/\v> &y

Martini, J.Phys.Conf.Ser. 408 (2013) 012041
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np-nh creates a high energy tail in the nuclear response above the QE peak
[first pointed out in: Donnelly, van Orden, de Forest, Hermans, Phys. Lett. 76 B 393 (1978) and
Alberico, Ericson, Molinari, Ann. Phys. 154, 356 (1984)]

Various evaluations (Amaro et al, Martini et al, Nieves et al) of np-nh contributions to (e,e’) Ryare compatible among
them and with data. This test is important for v cross section which is dominated by the transverse response .
21/5/2014 M. Martini, Nulnt14 17



Two particle-two hole sector (2p-2h)

Three equivalent representations of the same process

2 body current 2p-2h matrix element 2p-2h response
} \P/h P/ AN
/ |
1 T e L

Cut
(optical theorem)

Final state: two particles-two holes

21/5/2014 M. Martini, Nulntl4 18



Some diagrams for 2 body currents

Nucleon-Nucleon / Meson Exchange Currents (MEC) \

correlations

Pion in flight Contact Delta

\_ /
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Some diagrams for 2p-2h responses

/N N correlations \
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Different contributions in the np-nh channel

Martini et al.

'

cmz/GcV]

12
|

[a—y

(dG/dU))np_nh [l()—_%’,

— AA 2p-2h | |MEC
3p-3h |

2 5 T T T

E,=0.7GeV NN 2p-2h| |Correlations
— NA 2p-2h | |Interference

Martini et al.

———

L = S S I AL

E =0.7GeV

12 - 1
e C—>un +X 1

-- QE bare
— QERPA

-=- np-nh total

0 0.1 0.2 0.3 0.4 0.5
o [GeV]
AA contributions
*Reducible to a modification of the A width in the medium
/ 2p-2h /’{ 3p-3h  From:
_____ [ "7/ E.Osetand L. L. Salcedo, NPA 468, 631 (1987)
* 1 } " ! Y }L? in Martini et al, Nieves et al and also in the T2K analyses.
’// /,/ ©
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eNot reducible to a modification
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Analogies and differences of 2p-2h

M. Martini, M. Ericson, G. Chanfray, J. Marteau
[ Genuine QE (1 body contribution): LRFG+RPA ]
NN correlations A-MEC NN correlations - MEC interference

J. Nieves, |. Ruiz Simo, M.J. Vicente Vacas et al.

[ Genuine QE (1 body contribution): LRFG+SF+RPA |
NN correlations MEC NN correlations - MEC interference

[ Genuine QE (1 body contribution): Superscaling ]
MEC

[ Inclusion of NN corr. and corr.-MEC Interf. in progress (already studied for the electron scattering)]

A. Lovato, S. Gandolfi, J. Carlson, S. C. Pieper, R. Schiavilla
[ Genuine QE (1 body contribution): GFMC with AV18 and IL7 potentials ]

NN correlations MEC NN correlations - MEC interference

Axial and Vector

Axial and Vector
J.E. Amaro, M.B. Barbaro, J.A. Caballero, T.W. Donnelly et al.

Only Vector

[ Generalization to axial in progress]

Axial and Vector

(

In the approach of Lovato et al., who work in a correlated basis, the effects of

N.B. | NN correlations are included in the 1 body contribution.

\

\

For this reason Lovato et al. refer to the “NN correlation — MEC interference” as

“one nucleon — two nucleon currents interference” )

21/5/2014

M. Martini, Nulnt14
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Gr Neutrino-nucleus cross section -
Lyw = —=cos(0¢c)l,h"

V2 Two equivalent expressions: v

The notation for example of Amaro et al: 1
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o) O¢ - -

The notation of
Lovato et al:
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Martini et al, Vector-Axial interference
I 1
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| Dotted:genuine QE
| Continuous:QE+np-nh
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A third simplified expression (useful for illustration)

Resp. Functions: Charge R_ (1), Isospin Spin-Longitudinal R, ,(t 6.q), Isospin Spin Transverse R__, (T 6xq)

oo G cos? 0, 0 [ (¢ —w?)? w?
= k'€ cos® = GL R, +—=G4R +
I O¢ 2 2 2 ¢ BT Al
0 q° — w? w? €+ ¢ 0
+ 2(tan® = + ——— G2, —+G4) R + 2 tan? = GA Gy R
Martini et al. Phys. Rev. C 81 045502 (2010) \\\
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450 |— ouT) v 7 \
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= 33 |-- 1 vandV - — (V)
o 3 —
T 25k .
) — — The relative weight of the 3 different
o 1.5 —  nuclear responses (R, Ry » Royn))
1 _ is different for neutrinos and
0.5 -1 antineutrinos due to the Vector-Axial
.0_ Y00 DUU IO SUT YO0 DTN WY TN U0 TR NUT TN T interference term
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Where 2p-2h contributions enter in the different approaches

Martini et al. Nieves et al. Amaro etal. Lovato et al. Bodek et al.

[ Follow the color and the style of the lines: ]

82
50 ge, =00 [Lec(Ree + Rée) + Lon (R + Rep) + Lo (Ry, + Ryp) + Lr(Ry + Ryp) £ Lyva Ryl
0o
M — O-O [L()OROO + LOZ@ _|_ Lzzfzz_z_’_ L:BJ}R.I’{B :l: La?yR:B_y]
0? G2, cos? ), 0 2 _ w?)? w?
TS ge’ — F2 2 k'e cos” B [(q A ) G, R+ 7 G% Ror(1)+
0 q* — w? w? _€+ ¢ v
2 2 2 >
+ 2 (tan 3 + o ) (?_A{? + G | Rorr) £2 e tan 5 Ga GM Ror (1)

Relative role of 2p-2h for neutrinos and antineutrinos is different due to the interference term
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Neutrino scattering

ade; G2, cos? ), 0 2 _ w?)? w?
O F2 . "¢’ cos” 5 [(q " ) Gy R, + 7 G% Ror(1)+
0 q* — w? w? €+ ¢ v
2 2 2 2
+ 2 (tan 5 + 27 ) (?_A{? + G5 RJT(T) + 2 My tan § Ga GM RO’T(T)

EIectzron scattering , - 5 )
d?o (w” —q~) 0 v —4q
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Excess in the transverse channel likely due to 2-body currents (MEC and correlations)
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Martini et al.

Nieves et al.

Amaro et al.

21/5/2014

= MiniBooNE
—— QERPA B

— QE RPA +np-nh
-=-= QE bare -
QE bare + np-nh

0.8 <cos 6 <09 |

30
=
v 251
o
(‘lr_ I
OS 20
% |
T 15F
=
- L
< 10f
S
&) L
S
rlb SR
= -
0
0
S
L
o
5
f-I.E
®:_
f
S
=
5
L

0

—

o
o

Full Model
-- Full QE (with RPA)
Multinucleon
--- No RPA, No Multinuc

™)
I M,~1.049GeV -~
W 0.80<Cos8 <090
\:';;%E Exp. data x 0.9
B
i\\‘T
el
| r e (X TEgay

1 1.5
Tu (GeV)

SUSA ——
SuSA+MEC il
0.8 <cosf, <0.9

T4
s
++

Yy

o

cm /GeV)

(10™’

Py

do/d cosB /dT

o0 (e
LA

=)
I

= MiniBooNE
—— QERPA

~-- QE bare

— QE RPA + np-nh

QE bare + np-nh

0.8<cosO<

0.9

10

S NN = O o

bl ST N AT T T Y TSN AN T N NN SRS

black: QE RPA+2p2h
red: QE RPA

ol

" SuSA ——
uSA+MEC

8 < cost, <0.9

27



Some instructive comparisons (of two different quantities) (I)

Sum rules of NC
Susl@)=Cas [

dw R.s5(q,w)
Y
Lovato et al. PRL 112 182502 (2014)
T

el

q (fm™)

In both approaches 2p-2h are important in all components (but the charge)

21/5/2014

0o

Cross sectlon
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Martini et al.
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M. Martini, Nulnt14
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Some instructive comparisons (of two different quantities) (I1)

Sum rule of the Transverse response Transverse contribution to the
multiplied by the form factors NC cross section
2.0 Lovato et al. PRL 112 182502 (2014) Martini et al.
. T T T T | T T T T | T T T T T T T T T T I T | T | T | T | T | T | T I T | T T I T
i Total 0-0 VNC, 1b - Dashed:genuine QF
I ;Xﬁg }%b i | 5L Continuous:QE+np-nh
- o—s ANC, 12b |
6‘0__ o-oNC,1b | i
L e—e NC, 12b e
: I g —
4.0_— R 4 e
i S |
©
0.5+
2.0
0.0 0 . .'.".‘TTT_. I R B B
. 0 01 02 03 04 05 06 07 08 09 1 1.1
0 1 2 3 4 E (Gev)

In both approaches, similar behavior:
2p-2h important also in the Axial part of the transverse contribution
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Some instructive comparisons (of two different quantities) (111)

Sum rule of the transverse response

| Qeqhqr, Lovalto,l Rpcco, an(v .1'1312.12110‘

Neutrino CCQE-like cross section

Martini et al.

i | r T ] 9 L T T T
L Total | Total ]
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- _ —————
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. s g ] © 31 _
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0 200 400 600 800 0 0.2 04 . (()G?QV) 0.8 1 1.2
q [MeV] v
* Sum rule function of g * Cross section function of E,,
* Only Vector Transverse e Total

No problem in our approach with the so called “1 nucleon — 2 nucleon currents interference”
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Comments

« The contributions corresponding to the interference between the NN correlation current and the MEC
are included in the approaches of Martini et al. and Nieves et al. as in the original corresponding
electron scattering papers [Alberico et al. AP 1984, Gil et al. NPA 1997] (see also slides 20-22). For the
moment the NN correlation contributions (and as a consequence the interference with the MEC) are not
included in the approach of Amaro et al. for the neutrino scattering but have been studied for the electron
scattering [Amaro et al. PRC 2010] .

* No problem in the theoretical approaches with the so called “1 nucleon-2 nucleon currents

interference”
equivalent

“1 nucleon = 2 nucleon currents interference” < > “NN correlation — MEC interference”

* In the correlated basis approaches the effects of NN correlations are included in the 1 body contribution
while in the uncorrelated basis approaches (Martini et al. Nieves et al, Amaro et al.) they are considered
as part of two-body currents. ﬂ

« Caution for the Monte Carlo community:
If the start is in a correlated basis pay attention not to include twice the NN correlation contributions
when adding a full theoretical (Martini et al., Nieves et al, Amaro et al....) multinucleon emission calculation.
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np-nh excitations in connection with
other experiments
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20

Inclusive CC total cross section on Carbon

Less affected by background subtraction with respect to exclusive channels

SciBooNE, Phys. Rev. D. 83, 012005 (2011)

arXiv: 1404.1490 (2014)
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Phys. Rev. C 83 045501 (2011)
T | T

M. Martini, M. Ericson, G. Chanfray, J. Marteau
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T2K flux-integrated inclusive double differential cross section on carbon

T2K, Phys. Rev. D 87, 092003 (2013)
M. Martini, M. Ericson, arXiv: 1404.1490 (2014)

15 1 I 1 | | 1 1 1 1 | 15 1 | 1 I 1 | 1 I 1
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= - QE
2 10} == QE+np-nh 10
% —— QE+np-nh+1rx
) B b TN —— 1t coherent
oS s N ~ s
g // 4 \ \; N _
o /‘ /, =
o 0 S b | ! | 1 [=5== 0
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D o e e e e B e IR 15
D | 0.90 < cosB < 0.94 |
S
= 10} 10
=.
Q |
)
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FU =
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First successful test of the necessity of the multinucleon emission channel in an experiment with
another neutrino flux with respect to the one of MiniBooNE.
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MINERVA (E,~ 3.5 GeV) CCQE Q? distribution
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MINERVA Q? distributions can be reproduced without the
inclusion of np-nh

This is not the case of the MiniBooNE Q? distributions

Gran et al: The np-nh enhancement and RPA effects could be
observable at MINERVA energies

Mosel et al: The sensitivity to details of the treatment of np-nh
contributions is smaller than the uncertainties introduced by
the Q2 reconstruction and our insufficient knowledge of pion
production 36



Isospin content: correlated pairs and observables

Martini et al. PRC 80 065501 (2009)
“Also an experimental identification of the final state would be of a great importance to clarify this point. In

particular the charge of the ejected nucleons will be quite significant. Because tensor correlations involve n-p pairs,
the ejected pair is predominantly p-p (n-n) for charged current neutrino (antineutrino) reactions and n-p for

neutral current.”
Gran et al. PRD 88 11307 (2013)
“The mix of initial state for these 2p2h interactions has a complicated dependence, from 50% to 80% pn initial

state for the non-A and Apeaks, respectively”

Lovato et al. PRL 112 182502 (2014)

“The present study suggests that two nucleon currents generate a significant enhancement of the single-nucleon
neutral weak current response, even at quasi-elastic kinematics. This enhancement is driven by strongly correlated
np pairs in nuclei.”

MINERVA PRL 111 022501 (2013)
The MINERVA vertex energy on antineutrino mode “might be explained if the dominant multibody process is

v_“(np) —u* nn since MINERVA is not very sensitive to low energy neutrons. A similar analysis on neutrino mode

Mosel et al. PRD 89 093003 (2014)
to1a|I 0 pions I

data is consistent with additional protons in the final state”
Mosel et al. PRD 89 093003 (2014)

“The channels with a pp or a pn pair are very similar, quite
flat, and suppressed and thus of minor importance.
Interesting, however, is the pileup of strength seen in the Xn
channel at small Q? = 0.1 GeV2. This is entirely due to fsi.”

25 r T T T T T T T T T

2
)
- W n

1/N do/dQ? (1028 cm?/GeV

o
w
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Summary
Several theoretical calculations agree on the crucial role of the multinucleon channel in

order to explain MiniBooNE CCQE-like data

There are some differences on the way to treat this np-nh channel which are reflected in
the comparisons with neutrino and antineutrino data

The sum rules of Lovato et al. support the cross sections results of Martini et al:
- the two-body contributions are relevant in all components
- there is a significant enhancement also in the transverse axial contribution

No problem in the theoretical approaches with the so called “1 nucleon—2 nucleon
currents interference”

The inclusion of np-nh excitations seems to be needed in order to reproduce the SciBooNE
and T2K inclusive cross sections. The role of np-nh in the MINERVA results is less evident.

Perspectives
Extension at higher energies of the RPA-based approach of Martini et al.

Add the axial MEC and NN correlations contributions to the SuSA approach of Amaro et al.

Calculations of neutrino cross sections in the SNPA of Lovato et al.

New calculations and new results are coming
(see e.g. the posters of Albertus-Torres, Ruiz-Simo, Van Cuyck)
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Comparison between our approach and the one of Nieves et al.

Morfin, Nieves, Sobczyk Adv.High Energy Phys. 2012 (2012) 934597
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< IF e no RPA (IFIC) weeee <
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* Genuine QE bare and RPA very similar

in Martini et al. and Nieves et al.

QE + np-nh
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0.8 < costl, <09
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2p2h (Martini et al.,) ===« -

2p2h (IFIC) s

MBooNE |
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0.5 1 1.5 2

Factor ~2 for the np-nh contribution

Both models compatible with MiniBooNE
(additional normalization uncertainty of 10% in the MB data not shown here)
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316 A. De Pace et al. / Nuclear Physics 4 726 (2003) 303—-326
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Fig. 8. The relativistic transverse response function R7(g,w) at ¢ = 550 MeV/c and g = 1140 MeV /¢
calculated with €» = 70 MeV (solid) and with €» = 0 (dot-dashed). Only the direct contribution is shown. The
non-relativistic results are also displayed in order to shed light on the role of relativity in the response (dotted).
For the sake of comparison the relativistic results obtammed i DBT are displaved (dashed). In all mstances
kp=1.3 fm—!.
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Fig. 9. Separate confributions to the transverse response function Ry (¢g.w) i the non-relativistic limit at
g = 550 MeV/c and g = 1140 MeV /c: pionic (dotted). pionic—A interference (dash-dotted), A (dashed) and
total (solid): kp = 1.3 fm L. The exchange contribution 1s disregarded here.
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A. De Pace et al. / Nuclear Physics A 741 (2004) 249-269
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Fig. 8. As for Fig. 2. but now for the region above the QEP.

M. Martini, Nulnt14

43



The “NN correlation — MEC interference” or “1 nucleon — 2 nucleon currents
interference” in Shimizu, Faessler, Nucl. Phys. A 333,495 (1980),
(one of the Sources of the Martini, Ericson, Chanfray, Marteau approach)

Nuclear Physics A333 (1980) 495-513 © North-Holland Publishing Co., Amsterdam

3.4. INTERFERENCE BETWEEN THE SINGLE NUCLEON ABSORPTION AND
RESCATTERING TERMS

Here we give the results of the case when both the single nucleon absorption with
the NN correlations and the rescattering terms shown in fig. 4 and fig. 5 are taken into

account simultaneously. In this case, there is the interference between these two
terms shown in ref. '?).

21/5/2014 M. Martini, Nulntl4 44



The interference in Alberico, Ericson, Molinari, Ann. Phys. 154, 356 (1984)

(one of the Sources of the Martini, Ericson, Chanfray, Marteau approach)
4, THE NUCLEON-NUCLEON CORRELATIONS

The MEC were revisited in the previous section in a basis of uncorrelated
nucleons. Actually the protons and the neutrons in the nucleus are correlated, among
other things, via the exchange of the same pion we have previously looked at as the
main carrier of the MEC.

To remedy this inconsistency we take the view that accounts for al/ the diagrams
where a single pion is exchanged. Accordingly, in this section we associate a current
to each of the four Feynman diagrams of Fig. 5: they indeed represent the absorption

The introduction of the correlation current accounts for 16 further perturbative
contributions to S1(g, w) which arise from the folding together of the 4 diagrams of
Fig. 6: the six topologically distinct diagrams are shown in Fig. 7. In dealing with the
diagrams of Fig. 7 we point out that we have kept the two nucleonic lines between the
pionic and electromagnetic vertices strictly off the mass shell (this prescription is
reflected in the # functions which are present in formulae (5.7) to (5.13)). In so doing
we neglect the contribution of self-energy insertions on nucleonic lines.

The same considerations apply alsc to the 56 perturbative terms corresponding to
the interference between the correlation current and the MEC (see Fig. 8), which
again arise from the folding together of the 7 diagrams of Fig. 3 and the 4 diagrams
of Fig, 6. Thus our theory, which consistently treats the one-pion exchange at the

" level of currents, includes 121 perturbative diagrams altogether. ’
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Main difficulties in the 2p-2h sector

eHuge number of diagrams and terms
16 from NN“;)_r_r_e—lations 49 from MEC 56 from _i;m_t—e-r}érence
Alberico, Ericson, Molinari, Ann. Phys. 154, 356 (1984)

fully relativistic calculation (just of MEC !):

3000 direct terms More than 100 000 exchange terms
De Pace, Nardi, Alberico, Donnelly, Molinari, Nucl. Phys. A741, 249 (2004)

eDivergences in NN correlations
prescriptions:

-nucleon propagator only off the mass shell (Alberico et al. Ann. Phys. 1984 )

-kinematical constraints + nucleon self energy in the medium (Nieves et al PRC 83 )

- regularization parameter taking into account the finite size of the nucleus

to be fitted to data (Amaro et al. PRC 82 044601 2010)
M. Martini, Nulnt14
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Further considerations on 2p-2h

q =410 MeV/c
central  tensor

eg. NN correlation = pA pa’
>0 11.3 20.3 Alberico et al.
100 12.5 31.8 ‘
150 216 478 Ann. Phys. '84
, 200 20.9 53.1
g 250 17.3 51.1
——————— 300 10.9 39.9

Tensor correlations are dominant in the NN correlation term but 2p-2h contributions
involving A excitations are also very important. Tensor correlations alone are insufficient
to account the overall 2p-2h effect.

3

— T —
Ev: 0.7 GeV — NN 2p-2h 1
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2
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Total CCQE and comparison with flux unfolded MB

2 r r r
o——T——7 7T T T T T "~ T T ~ T "~ 1 "1 ! . ' !
—=mw| Martini et al. _y _ Nieves et al. _
4= | _ QE+np-nh -|_ B 12
o ‘ } —+— . v + C
121 == T —L5F i _
ol ] =
Tz 10 wo - === 3
= s 2 L
S S
< sk : - QE
< — QE+2p2h
4= © 0.5 = Martini et al.| |
- * MiniBooNE
SL
% P A | | | | I
0.4 0.6 0.8 1 1.2 1.4
E, [GeV]
16 v4+n—p+u
= 1°r : NE, G
14t E | ’
_ R -
12 = R 2 R S e T ia
—~ 10} { e ) e
c‘? 81 . —~ data N 0-8: {.'}'
T Jr SUSA L MEC oo ~only vecttor -
= 6y ; RPWIA - -only MEC 2p2h 0.6) '
o 4 7 QE }{Li\sl % --------- | o4l odek et al.
- 4 M,=1.014
2 - B 0.2- 4 P ML s 1230
B " —— Tranv Enh in G,/ M,=1.014
O I | | I ‘?t;d/ [ :V n ] angcein (G, s 102
0 0.5 1 1.5 2 E (GeV)
E, (GeV)

N.B. The experimental unfolding is model dependent
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Flux-integrated v CCQE double differential X section versus T
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1.5 2
Martini, Ericson, Chanfray,

Tp,. (GeV) Phys. Rev. C 84 055502 (2011)

Delicate balance between

RPA quenching and np-nh enhancement but...
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Charged current Q? distribution

Historically of interest for the determination of the axial form factor

20 1 1 I 1 I 1 1 1 1 1 1 1 I I I 1 I 1
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Phys. Rev. C 84 055502 (2011)
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Neutral current Q2 distribution
Exp. Data: MiniBooNE, Phys. Rev. D 82, 092005 (2010)

obtained indirectly from the energy of ejected nucleons

I . .
. is not clear how multinucleon
NC = MiniBooNE .
QE RPA + np-nh component shows up in the
— - QERPA data
«= - QE bare
low Q2

opposite actions of
RPA quenching and
np-nh enhancement

Q? > 0.3 GeVZ:
np-nh contribution
_____ Bl . . singled out
2
Q2 (GeVz) Martini, Ericson, Chanfray,

Phys. Rev. C 84 055502 (2011)
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Antineutrino do/dTu

4 1 | | I I | I I I I
®=  MiniBooNE
3.5 —— QE RPA + np-nh
- _ . ---- QE RPA
3 - np-nh

D
n
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= 1.5
|
0.5
O 1 !
0.2 0.4 0.6 0.8 1 1.2 Martini, Ericson
TM (GGV) Phys. Rev. C 87 065501 (2013)

Our results are fully compatible with experimental data.
Nevertheless a small but systematic underestimation shows up.
We remind the additional normalization uncertainty of 17.2% in the MiniBooNE data not shown here.
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do/dcos6

» Martini, Ericson, Chanfray, » Martini, Ericson,
Phys. Rev. C 84 055502 (2011)

Phys. Rev. C 87 065501 (2013)
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Antineutrino cross section falls more rapidly with angle than the neutrino one
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CC Q? distribution ure

Martini, Ericson,
Phys. Rev. C 87 065501 (2013)

Martini, Ericson, Chanfray, 10 . U L DL DL DL DL L
Phys. Rev. C 84 055502 (2011) i
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* Antineutrino Q? distribution peaks at smaller Q2 values than the neutrino one
* RPA effects disappears beyond Q? > 0.3 GeV? where the np-nh singled out

p.s. the additional normalization uncertainty in the MiniBooNE data of 10% for neutrino and
of 17.2% for antineutrinos is not shown here and in the double differential cross sections
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Real and effective cross sections versus E,

M. Martini, M. Ericson, G. Chanfray, PRD 87 013009 (2013) “’
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Our theoretical model
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The nuclear response (@) @Q
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Bare nuclear responses

AL

s\V“N\
Several partial components "NN QE NN 2p- _2h NA 2p 5
(final state channels)

*QE (1 nucleon knock-out) o
ePion production

Z
Z

\S\
e Multinucleon emission e
. | AA 2p-2h N AA 3p-3h
IIII|IIII|IIII|IIII|IIIIIIIIIlIIII_ D’015_IIII|IIII|IIIIIIIII|IIII|IIII|IIII_ . f,' - Q_O
— NNQE| - . — NN2p-2h |- ’ | --
M1 [ L - NA 2p-2h |] 5o
~ i i - AA2p-2h |
q=300 MeV/c 1 onf M [
P —~ 0,005 -
IIII|III]FIIII|Illlllllllllllh“l‘l-l_ 0 J'l.fl-l'l'l"" III‘I.\{{-T."I.‘i-ll—LLL-
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Bare polarization propagators

Quasielastic
fﬁ“sj
1/\} (7, w) = g/ dk |0(k+q] — kp)0(kp — k)  O(kr — |k +q)0(k — kr)
A\T/ - / (277)3 W — (u}gﬂ? — ,;‘) -+ Z77 w + (w,; — wEJr(j) — in
er

Nucleon-hole

Pion production

32M d3k 1 1
Ma—n(q) = = / ~0(kp — k) —— — — ]
(QW) S_MA+ZMAFA U—MA

Delta-hole
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Delta in the medium

Mass /’"‘“\ ﬁé

- -

T P
MA o MA 5 4O(M€V)P_O A—1t N Pauli correction (Fp)
Width @ ®
Ta =TaA Fp—2Im(ZA) pion distortion (Cj)
S >
Self energy 2p-2h | 3p-3h '
Im(Ta (@) = — | Co(£)* + Copan(£)? + Capan(L)
P0o 0 PO

E. Oset and L. L. Salcedo, Nucl. Phys. A 468, 631 (1987)
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AN contributions to np-nh in our model

eReducible to a modification of the Delta width in the medium

. . E. Oset and L. L. Salcedo, Nucl. Phys. A 468, 631 (1987):
A 2p-2h £ 3p-3h N
NN ST Ta =Ta Fp—2Im(X,)
oy robrany
p p p
Im(Ea(w)) = — |Co(=)* + Capon(—)" + Capan(—)"
dl S £0o PO P0o

Nieves et al. in PRC 83 (2011) and in PLB 707 (2012) use the same model for these contributions

eNot reducible to a modification of the Delta width

Microscopic calculation of  absorption at threshold: w=mn
Shimizu, Faessler, Nucl. Phys. A 333,495 (1980)

Extrapolation to other energies

Im(llyy) = —dmp
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2

cm /GeV)

(107

2

W

d"o/(dcos © dT

Relativistic corrections

w — w(l

TT—(1 + M%V)'IT

W
ZMN)

Martini, Ericson, Chanfray, Phys

. Rev. C 84 055502 (2011)

20 | I 1 I I I 1 20 I I I I I I 1
B 0.2 GeV < Tu < 0.3 GeV . - 0.4 GeV < TlLl < 0.5 GeV .
15 R — 15— —
|| --- QE RPA Relativistic i i )

o QE RPA Non Relativistic

= 10 —H  10F RN

20 L B B I © 4 N
0.4 GeV <T <0.5GeV o - . - s Y-

- : NE ______ ,/ \
; 8;“}:“-}:5Re]a[msuc N ‘ . 5 [ - -3 T~ ~ ~ 1 5 I 7/ —
15 |... QF+nE—nh Non Relativistic %_;}7’% +T - ao | - \\\ i i /// \L
/’ / ’{M | -2 0 I | | ] | , ot 0 1 l__—+-" ,| 1 |

101 +% v = -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

* '*,; % 20 T I T | T | T 20 T | T [ T | T
T 3 % D - 0.6 GeV < T <0.7GeV 1 - 0.8GeV<T <0.9GeV ]
H 8 sk - 15k ' '
e L Q - '
e = Tl R B T S R o] ,/ \\ / L
06 -04 -02 0 02 04 06 08 1 T B T4 B ,' !
cos 6 Nb 10 — ," 1 10 — i A
= I} ‘i ," ,
5 | II _', 5 - / —
i // ] i /’, ]

0 ] | ] | e | ] 0 1 | 1 | 1 e !
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

cos 6
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From nuclear matter to finite nuclei

5 =500 MeVi/c
0.025 . e ,—

0.02—

A comparison between a finite nucleus (Woods-Saxon +
continuum RPA) and pure nuclear matter calculation shows = oois-
that nuclear matter at these energies is a good |
approximation of the nucleus.

[MeV

o 001

0.005

‘ L | L | L | L L
%0 50 100 150 200 250 300
® [MeV]

The agreement further improves introducing the Local density Approximation (this is the case of our
model)

; Local Density Approximation §z I 12~ “
2k \-g- .25
p — 37Z_F2 kF % kI: (r) 0.2 (SdG)

constant

in nuclear matter kF (r) — [3/ 2 ﬂzp(r)]UB

LT, (9, w) —> 1} by (9, w)

0.15

HY*=2.471 fm

III|IH [l Il[f TT

T
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Switching on the interaction: random phase approximation

o rea 1=
19Ny
e N [mll = |TI|?
" I
%/ \./

M. Martini, M. Ericson, G. Chanfray, J. Marteau, PRC 80 065501 (2009)

1 1 1 1 I I 1 1 1 I 1 1 1 1 I 1 1 1 I I 1 1 1 1 I 1 1 1 1 I 1 I 1 1
0.2 —
= q: 300 Me\// C —— total longitudinal -
= -—-- total transverse -
- —— coherent longitudinal | S
- — — coherent transverse -
0.15 —
L, B _
o - —
g 0.1
[a ’ i
0.05 —
0 B I 1 LLL L~+—|_I_I_I_1"T‘—|——I—I-—J__L._I | ]
0 100 200 300 400 500 600 700
® [MeV]
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M° + 11° VII

ImV + [14+ IO V[* ImIT°

10 =) 1If,
k=1

exclusive channels:
QE, 2p-2h, A—>nN ...

coherent it
production

Several partial components
treated in self-consistent,
coupled and coherent way
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Effects of the RPA in the v genuine quasielastic scattering

QE totally dominated by isospin spin-transverse response Ro(m)

RPA reduction

eexpected from the repulsive character of p-h interaction in T channel
emostly due to interference term RN2 < 0
(Lorentz-Lorenz or Ericson-Ericson effect)

Lowest order contribution to QE

5 t
?f I-'/—H\'-,'-. V)
4 N *:‘ ﬂ SN ~
[ \ /
. e S I
\ {1 \
ﬁ‘;j/ ,. I . IT o~ NS
e t)
o «.; /
R NN NA AA
QE R QE R QE

4/12/2013

M. Martini,

INT Seattle

25_ T T T T T T T T | T T T | T T T | T T T ]
i 12 _ _
- v+ C—>un +X |

20_;" \\ |LL —
1 N 4
I E =0.7GeV ]
LI _

15H \ :
| -- QE bare | |
K — QERPA |7

10+ -—- np-nh total | -
[ :
st =l 1
S 2R
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From nuclear matter to finite nuclei

Semi-classical approximation

—~ 03
= C 12
1 = oo2s — C

(SdG)

M(w,q,q') = /drez(q Q)TH()( (q+q’),r>

Local density approximation kr(r) = (3/272 p(r))/?

NJ

Y2 =2.471 fim

of a+q q+q N
11 (Wa > ) Hkﬂr)(? 9 ) ) 2 T rEm

e.g. Lindhard funct. for QE

o +q’

, Lo LY\
HO(L)(w,q,q) = 47r;(2l1—|—1)(212—|—1)( 6 5 0 )

< [ AR i (aR) (I, 0.

AN A V o« 2J 4+ 1
, 0(J
R?;fi;,& )= ) [T, (9,0, )

QE.2p-2h,.. Longit., Transv., Charge
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67

Details: p-h effective interaction

V:r\r_,'\,. = ( -+ I/T + I»‘r + L‘;J')'T]_-TZ V. - (2%‘,}\)21:‘3 _ ;122 — o1.0 O2.G
V:'VA = (Vr -+ 1/ —+ ‘/ )’Tl.Tg Ag 2 q2 "

Vav = (Vo +V, + V) T1.7 Vo= (Fi) O g i
Vaa = (Ve +V, + V) T1.T4. Vv, - (25{[ )ng i oo

M

Ji 9-\: *f aa C,=1.5 Filg) = (A2—m?)/(A2—
G /G =GL/Ga=["/f=22 A, — 1 GeV A, = 1.5 GeV
RPA

n=1"+1'vi
14+0OV)y*II=0+0OV)*II" + 14+0OV)*II°VII
I+ IFV*I = (14I1V)*II° (1 + VII)
Im (IT) = |II]* Im (V) + |1 + V II|* Im (II°)

exclusive channels:
QE, 2p-2h, A—>nN ...

coherent
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Testing our model: pion-nucleus cross-section

2
tot Yr
0% (w) = 7qr Ry (w, qr)
2M N
M. Martini, M. Ericson, G. Chanfray, J. Marteau, PRC 80 065501 (2009)
800 B I ] 1 1 ] I 1 ] 1 1 I 1 1 ] 1 I | 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 i
™ 12 + (Ot 7]
- + . I -
700 — n C * inel-- ]
u K x abs .. -
_ 1 = = abs+ch exch+inel . | 1
600 [~ —
N x i
500 |- =
El N 3 = -
o - -
= 400 — LT R -
o [ el T ]
300 I I =
200 - % I I R -
100 - o % e } T =
0:-"-‘;1-1-—-]”[ [ R R N T T N A Y T R M T A R A |||||| BT e
150 200 250 300 350 400 450 500

® [MeV]
21/5/2014 M. Martini, Nulntl4

Overestimation of
inelastic ch. in the

delta peak region

Underestimation of
absorption

Absence of mt FSI
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Dominated by R longitudinal

Reshaped by collective effects

A MeV]

R

Softening of the responses

M. Martini, M. Ericson, G. Chanfray, J. Marteau, PRC 80 065501 (2009)

300 I T 1771 LI I LI I LI I LI I LI I LI
- I—_\\
200 I —
% B
: | — i ]
b - -
/ \-\
100 |- / =
0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
150 200 250 300 350 400 450 500
o [MeV]
21/5/2014

0.0025

0.002

0.0015

0.001

0.0005

Coherent channel

M. Martini, M. Ericson, G. Chanfray, J. Marteau, PRC 80 065501 (2009)

I B LA AL I IR LR LR
L =300 MeV/c — “c ]
B e )
__ 40('21 __
B -- _Pb 4
- per nucleon -
3 ; mon-shell i ;
[ r—l e \|/ ol 1~u ]
0 100 200 300 400 500 600 700
o [MeV]
Test: 1t - 12C elastic cross-section
g 2
elas r coh
o (w)=|=———) mqz R} (w, qx)
2My
2 _ 2 .9
q: = w"—m:

M. Martini, Nulnt14
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Where 2p-2h enter in V-nucleus cross-section?

2
o0 Ok - - (k ) cos” g [GQE qu) RNN isovector nuclear response

M — M
+ G2 2 al @ isospin spin-longitudinal
2 qu . .
+ (G 7 —+ G ) (q + 2 tan? 5) |sosp|n spin-transverse
k+ K v
+ 2G4Gyy Vi tan? 5 interference V-A
N

The 2p-2h term affects the magnetic and axial responses
(termsin G,,, G,)
(spin-isospin, ot excitation operator)
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Other processes, with the same excitation operator (oT),
where 2p-2h are relevant
ePion absorption
Two-nucleon mechanism: mNN --> NN  (rtN --> N strongly suppressed)
Dominated by p-n initial pairs
Ejected pairs will be predominantly:
p-p for v CC

V Scattering n-n for antiv CC
p-n for NC

First results of MINERVA seem to confirm this
prediction (PRL 111 022501, 022502 2013)

ePhoton absorption

@7
ot = 27T25RT(CL q)

eTransverse response in electron scattering

dZO, (a)2 . q2)2 , 0 a)2 _ q2
A O’M{ 7 R (w,q) + [tan (5) — Ve }RT(a),q)}
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NN correlations and NA interference contributions to 2p-2h

Stigw)

A S6Fg
[ e Carthy A=370 Mev/c Starting point: a microscopic evaluation of R;
—Total
500 | —To-h RPA Alberico, Ericson, Molinari, Ann. Phys. 154, 356 (1984)
w00 b --—MEC only
T
300 | e N 1 Transverse magnetic response of (e,e’)
- , 1
200 | e N P for some values of g and w,but:
100 ‘ \ S6FEA i 12 :
A e o Fe, instead of “C and responses available
0 BT 100 150 200 only for few q and w values
fw (MeV)

Our work

g2 —w? Extrapolation to

eParameterization of these contributions in terms of 7 — SV cover neutrino region
/| N

eGlobal reduction = 0.5 applied to reproduce the absorptive p-wave n-A optical potential
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A comparison between our parameterization of 2p-2h (PRC 2009) and
the one of the PRC (2010) paper of Amaro et al. on electron scattering

Alberico et al. Ann. Phys. 154, 356 (1984)

Amaro et al. PRC 82 044601 (2010)

A (not yet inserted in neutrino calculations)
“bFe 500 S —
500
q=410 MeV/c i
400 ~ total 400 1p-1h bare
. . 300 F
300 1p-1h RPA I ~
- ~ Ly n
L~ N 200 F
200 b > N
s 2p-2h Alberico......; ——
100 i D SRS 100
...... - _;;'—'_.—"_‘:.:'.TA.L‘:::_—__—__L our 2F])-2h \‘\ L . (0 = . | \ !
! 50 100 150 200 0 50 100 150 200
w [MeV] w [MeV]
Our parameterization is quite close to the results of Amaro et al.
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R; of 12C: comparison with data and with calculations of Gil, Nieves, Oset

Our calculation J.Phys.Conf.Ser. 408 (2013) 012041 Gil, Nieves, Oset NPA 627, 543 (1997)
0.035 B T T T T | T T T T | T T T T | T T T T I T T T T | T T T T | T T T T | I I_
C ] L AL B L L L L L L L L
- q =300 MeV/c 1 L .
0.03 - B 03— o —
C = Barreau er al. | = -
_— . *  Jourdan B l
‘> 0.025 - -- 1p-1h q=300 MeV
= B — np-nh B -
E [ np-n i i
— onf i o2 .
a4 L s | -
¥ & i _
2]{.) 0.015:— i | Iﬁ 1p‘1h + 2p‘2h -
o 001 01— 1p_1h —
0.005 i ]
0 : v v v v b v v by v v b b e Ly \l\-‘:‘T"r"r: 0 i I 1 1 1 | 1 1 1 | 1 1 1 I L 1 1 I 1 1 | I 1 ~
0 20 40 60 80 100 120 140 40 80 80 100 120 140
m [MeV] w (MeV)

eTwo evaluations of 2p-2h: same order of magnitude

eAgreement with data

N.B. Some discrepancies in the two experimental data sets
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Our results vs experiment for other g values

003 [ | [ | I | I | [ 003 [ | [ | | I | I
| =380 MeV/c | | q=400 MeV/c 1
*  Jourdan = Barreau
0.025 - E —{ 0.025
i | ;F | \]‘ _
— 002+ ? % — 0.02
o ¥ L
0.015— I.-"f | 1'-. — 0.015
— ~ Ti I'n I'. £ ) —
=, I LB
s _._.I' i ,_ e
5 001 %% \ I if— — 001
L N i
i Vo
/ Y
0.005 / v\ 4 0.005
.I'il 1.\ R
| !
oy . p
/ \ e
0 I I T I TR R el 0
0 50 100 150 200 250 0 50 100 150 200 250
m [MeV] w [MeV]
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Our results vs experiment for other g values

M. Martini, J.Phys.Conf.Ser. 408 (2013) 012041

‘_.‘I_I q=550 MeV/c ] i q=570 MeV/c 1

> 0.03 - = Barreau ef al. - 0.03- *  Jourdan N

O : ——— QE+A . R ——— QE+A .

2 L — QE+A+np-nh| 4 - — QE+A-+np-nh| |

I B ] B 7]
- i -
m 0.02 — 1 0.02
~ i -
— 001+ 0.0l —
VY L -
G.)n - B
O i -
p—— L L

O | | | | | | | | | | | | | | | | O //I | | | | | | | | | | | | | | |

0 100 200 300 0 100 200 300

® [MeV] ® [MeV]

Conclusions: various evaluations of 2p-2h contributions to R;are compatible among them and the data
in the DIP region are never overestimated.

This test is important for v cross section which is dominated by the transverse response.
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In order to avoid confusion further comments on our model for the np-nh sector

M. Martini, M. Ericson, G. Chanfray, J. Marteau, PRC 80 065501 (2009)

l"\ I I T | T | T | I | T | T | I | I T T I I
— [ ® MimiBooNE .
£ [|== QE+np-nh "new" 7
2 10H— QE+np-nh "old" -
= f==-Q | =Pt eememmmmmm TS ;
S i
g sk ]
S C -
oL NI NI N EIN NI NI
0 or 02 03 04 05 06 07 08 09 1 L1 12
E, [GeV]
M. Martini, M. Ericson, G. Chanfray, J. Marteau, PRC 80 065501 (2009)
1 T T T I T 1 1 T I T T T 1 I T 1 L T I T T 1 T I 1 T T 1
- E =0.7GeV .
10 | —— Total np-nh "new" Sec. 4.3 |_|
| == NN 2p-2h "new" Sec. 4.3
- ‘II . = NA 2p-2h "new" Sec. 4.3 | 1
I7 —— Totalnp-nh "old" Sec. 3.3
i fi i ---- NN 2p-2h "old" Sec.3.3| ]
i |'." «=-- NA 2p-2h "old" Sec.3.3]

(do/de)™™ (107 em’/GeV]

_—

“~ .
s mo® oE m o Em.E BN &R oEow s oo, ,

L
.= -
« " - L)

; -
2
3

0.1 0.2 0.3 0.5

o [GeV]

0.4

21/5/2014

In the paper
Martini, Ericson, Chanfray, Marteau, PRC 80 (2009)
we considered 2 different parameterizations of np-nh

4 “old” red: )

Extrapolation from 2p-2h mt absorption (Delorme, Guichon)
used for total neutrino cross section in:

Marteau, Delorme, Ericson, NIM A451 (2000) 76-80
Sometimes called “The Marteau model”

M. Martini, Nulnt14

Oversimplified: no q dependence in NN and NA contributions

inym dependence -
4 “new” blue: )
The more realistic parameterization
described previously
deduced from Alberico et al.
N /

These two approaches give results

very similar for the total cross section
very different for the differential cross sections

The “New” parameterization is the only one
we have considered in all our later papers
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Comparison between the two approaches in electron scattering

003 T | I | I | | | I | I | I 003 I | I | I | | | I | I | |
q=550 MeV/c =570 MeVic —
- ] B —— Martini et al. Total | 7
—— Marteau et al. Total
0.025— — 0.025 = — — Martini et al. np-nh |7
- i — — Marteau et al. np-nh | |
>
é’ 0.02 0.02
— _
a
0.015 0.015
@) _
o
~ 001 0.01
O"\
o _
A
0.005 0.005 |~
0 N A A R B A
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
o [MeV] o [MeV]

In the “old” model too much accumulation of strength at low o reflecting the absence of g dependence
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Comparison between the two approaches in neutrino scattering
V 0.3 GeV < T, <04 GeV 0.6 GeV <T <0.7GeV

15 T | T | T | T 25 T | T | T | 1
MiniBooNE
flux folded

MiniBooNE
— Martini et al.
— Marteau et al.

20

—
o

15

u

10

d°6/(dcos® dT ) (10” cm’/GeV)

T T 1 I T T 1 I T T 1 I T T 1 I T T 1

-1 -0.5 0 0.5 1 0 0.25 0.5 0.75 1
cosO cosO

The “old” (Marteau) model does not hold for the neutrino double differential cross sections.
It is obsolete. Don’t use it to study neutrino energy reconstruction problems.
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Form Factors

Standard dipole parameterization
Vector 0? = g° —

6o(Q) =6 (@, ~) = QM (oo
Axial
GA(QZ) = gA(l-I- Q2 I\ i)—Z g, =1.26 from neutron B decay

M, = (1.026+0.021) GeV /c?’

1 ",

08 § % ; Argonne (1969) - from v-deuterium CCQE
2 Argonne (1973) e
—_ | rss } B CERN (1977) . 1 ‘ and
8 0.6 B i - Argonne (1977) f . ! i .
o) - T t CERN (1979) e from m electroproduction
-~ 0 } - BNL (1980) . ;
o T BNL (1981) [
% 04 1 § ¢ P Argonne (1982) ‘
Q)] ) . Fermilab (1983)
% BNL (1986) ‘
0.2 BNL (1987) R
BNL (1990) e
Average .
Oo 0.2 0.4 0.6 0.8 1 085 095 105 115 125
Q° [GeV7] M, [GeV]

V. Bernard, J.Phys. G28 (2002) R1-R35
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Experience from electron quasielastic scattering on car=
bon suggests that multibody final states are dominated by
initial-state np pairs [24,43,44]. This could lead to an
expectation of final state pp pairs in neutrino quasielastic
scattering and nn pairs in the analogous antineutrino chan-
nel. The vertex energy measurement, shown in Fig. 5, is
sensitive to these effects. These data prefer the addition of
a final state proton with less than 225 MeV kinetic energy
in 25 = I(stat) = 9(syst)% of the events. The correspond-
ing result in the antineutrino mode [35], in contrast, prefers
the removal of a final state proton in 10 * I(stat) =
7(syst)% of the events. The systematic uncertainties for

the two samples are positively correlated with a correlation
coefficient of +0.7, implying that the observed difference
is unlikely to be due to one of the systematic uncertainties
considered. The systematic uncertainties are primarily
from the detector response to protons and uncertainties in
reactions in the target nucleus that absorb or create final
state protons. Independent of models, elastic and inelastic
nucleon reactions which might produce additional final
state protons in the neutrino data should have analogous
reactions in the antineutrino data, and the difference in the
two results makes it unlikely that any modification of final
state nucleon interactions can explain the discrepancy. Pion
final state interactions (FSI), especially absorption, would
produce more protons in the neutrino reaction and neutrons
in the antineutrino reaction, but the associated uncertain-
ties are included in the total systematic errors. The
observed patterns in the neutrino and antineutrino chan-
nels, combined with the observation that electron quasi-
elastic scattering with multinucleon final states in carbon
produces primarily final state np pairs, suggests that an
initial state of strongly correlated np pairs also may par-
ticipate in the neutrino quasielastic interaction.

PRL 111 022502 (2013)

MINERVA ure

PRL 111 022501 (2013)

Transverse enhancement is included as a parametriza-
tion affecting the QEQE dependence in our analysis but is
thought to be due to underlying multinucleon dynamical
processes [57-63]. Such processes could have an effect on
the vertex and recoil energy distributions that we do not
simulate. Motivated by these concerns and by discrepan-
cies observed in our analysis of v, quasielastic scattering
[64]., we have also studied the vertex energy to test the
simulation of the number of low energy charged particles
emitted in quasielastic interactions. Figure 5 shows this
energy compared to the simulation. A fit which modifies
the distributions to incorporate energy due to additional
protons is not able to achieve better agreement. This might
be explained if the dominant multibody process is
I?ﬂ(np) — " nn [57,60,65] since MINERVA is not very
sensitive to low energy neutrons. A similar analysis on
neutrino mode data 1s consistent with additional protons
in the final state [64].
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FIG. 5.
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Reconstructed vertex energy of events passing

100
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Vertex Energy (MeV)

the

selection criteria compared to the GENIE RFG model for Qéb- <
0.2 GeV?/c? (left) and for Qg > 0.2 GeV?/c? (right).

Reconstructed vertex energy of events passing the
selection criteria in the data (points with statistical errors)
compared to the GENIE RFG model (shown with systematic
errors) for QZQE < 0.2 GeV?*/¢* (top) and for QZQE p
0.2 GeV?/c? (bottom).
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Neutrino energy reconstruction problems and
neutrino oscillations
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Crucial role of np-nh: low energy tail
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Viceversa: distributions in terms of true E, for fixed values of reconstructed E,

Martini, Ericson, Chanfray, PRD 85 093012 (2012)
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* The distributions are
not symmetrical around Ev.
* The asymmetry favors higher
energies at low Ev and smaller
energies for large Ev.
* Crucial role of neutrino flux.
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M. Martini, M. Ericson, G. Chanfray, PRD 87 013009 (2013)

/; 20 T I T T T T T T I T I T I T I T | T | T I T I T
= L i
Q - ——. NDo®(E,) :
- E : ’,‘\\\ — ND Dn::(E\-' ) :
%o 15 / Y ____ FDo®(E,) -
= [ / D E)| ]
= i ’ ]
o - 1
'Elu 10— |
a -
— - -
=)
=™ 5[ .
! ]
>1 B N
= L 7 e —— e T
b 0 1 ’fl‘ | 1 | 1 | 1 \\I'"lf’il 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
0 01 02 03 04 05 06 07 08 09 1 1.1 12 13 14 1.5
E, orE (GeV)
u u
6 | | T
— | — Experiment (EV )
> Sk b ®) |4
2 L - O'(D(Ev ~) i
= .
& oat- .
S
E L i
S 3 .
>
M L _
oD
]
S 2 N
>
m L -
s
-~ L ]
= /
0 R A N P IR ittt
0 250 500 750 1000 1250 1500
EV or EV (MeV)
21/5/2014

O. Lalakulich, U. Mosel, K. Gallmeister, PRC 86 054606 (2012)

P(v, = v,) X 0 0, (10°°% cm®/GeV)
(o]

P(v, = Ve) X 0 X Gy (107 cm®/GeV)
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MiniBooNE electron events distribution for Ve background
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The electron event background is underestimated for low reconstructed
heutrino energies E < 0.6 GeV and overestimated for larger ones
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MiniBooNE muon events distribution
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Real and effective cross sections for v and v,
Let’s define the effective cross section through Drec (EV) — (T;c/,ff(EV)(I)(EV)

Let’s then ignore the difference between the true and reconstructed neutrino energies
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The effective cross section is not universal but
it depends on the particular beam energy distribution

(here we used v, and v, MiniBooNE fluxes)
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