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Motivation: Neutrino oscillations, neutrino detectors Theoretical knowledge of

and nuclear cross sections \ \ QE, 11t and DIS cross
| sections is important to

carry out a precise neutrino
oscillation data analysis...
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Neutrinos are detected through
nuclear interactions

Theoretical knowledge of

E 0.4 the neutrino-nucleus cross
‘E 0.35 sections is important to

; 0.3 carry out a precise neutrino
2 0.25 oscillation data analysis...
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Pion production — misidentification of 1 Cherenkov ring events that are assumed to be produced by Charged
Current (CC) QE reactions v, 4 — I*A

Even distinguishing between p- and e-like rings

» Appearance Probability P(vu -V, ): The CC QE signature v,A — e A’ used to identify v, can be
confused with the NC 1x production v,A — v, A'n®

« Survival Probability P(vu -V, ): The CC QE signature v,A — p A’ used to identify v, can be confused
with the CCor NCv, ;A — (VM’T or \, T)A’n when only one of the particles emits Cherenkov light. For
instance, processes (v, , W, ) might produce an incorrect reconstruction of the neutrino energy E —
L/E analysis ?

Nuclear cross sections are crucial to reduce the systematic errors of oscillation analysis !

There exist dedicated experiments as MINERvVA (FermiLab), which seeks to measure low
energy neutrino interactions both in support of neutrino oscillation experiments and
also to study the strong dynamics of the nucleon and nucleus that affect these
interactions
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Neutrino Energy Reconstruction:
QE: v, +n —pu
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Neutrino Energy Reconstruction:
QE: v, +n —pu

2
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problem absorbed or not
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P. Coloma, P. Huber, PRL 111 (2013)
Quantitative impact in the

determination of the oscillation S :
parameters
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| will focus on v, N scattering; In the case of CC v;N the T mass
produces large differences

1.4

1.2

v cross section / E, (10 cm? / GeV)

0.8 —  Vu
0.6 -
0.4
0.2 Formaggio & Zeller
sl PR T |
0 10 102 Rev. Mod. Phys. 84 (2012) 1307
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2. High energy cross sections E,, > 1 — 5 GeV, Q% > 1 GeV?

At low energies the neutrino interacts with composite entities such as nucleons or nuclei.
Given enough energy, the neutrino can actually begin to resolve the internal structure of
the target: the neutrino can scatter off an individual quark inside the nucleon: DIS (deep
inelastic scattering) and manifests in the creation of a hadronic shower

(57

u(w) o q° =CI_0_ Epnga
2Myq® YT E,” E,

N

The Bjorken scaling variable plays a
prominent role in DIS, where the quark
can carry a portion of the incoming
} E, momentum of the struck target

nucleon Hadron
Shower
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d?oy,1 v GEMyE Myx 5 . v
vilbvil FYIN&=y {(1_}’_ N y) ;/,v_l_xyzFlv,viy (1_X)xF;/,v}

dxdy nr(1 — qz/Mﬁ,’Z)2 2E, 2
X = — qz = qo
2Myq®’ g . ( 2)
F3 X, q W3
Fi(x.q?) = 2MyMWs,  Foxq?) =20 PIW,  — == -2(q P32
l

Assuming the quark parton model, F;(x, g%) can be expressed in terms of the quark composition of the target. Thus

for instance in the simple case of scattering off nucleons..

0°) =2 Z [xq(x, Q%) + xg(x, 0?)]

I=u,d,..

xq (xq) is the probability of
finding a quark (antiquark)

_ , with a given momentum
xFs(x, O°) =2 Z [xg(x, 0%) — xg(x, 0?)] fraction

I=u,d,..

/

sum over all quark spices Juan Nieves, IFIC (CSIC & UV)



1+R(x,Q?)

aM% x2
QZ

scattering off longitudinally and transversely polarized exchange bosons

and F,(x,Q%) = 2xF(x,Q%), with R;(x,Q?) the ratio of cross sections for

1+

eutrino scattering can play an important role in extraction of these fundame
parton distribution functions (PDFs) since only neutrinos via the weak interaction can
resolve the ﬂavor of the nucleon’s constituentS' v interacts With d, s, u and ¢ while the v

igh-statistics
measurement of the nucleon’s partonic structure using neutrinos, could complement studies
with electromagnetic probes.
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Measurement of these
structure functions has been
the focus of many charged
lepton and neutrino DIS
experiments, which together
have probed F,,R; and xF3
over a wide range of x and Q%
values both for neutrinos and
antineutrinos.

Additional effects must be
included in any realistic
description of DIS processes:
lepton masses, higher order
QCD processes, heavy quark
production, non perturbative
higher twist effects, nuclear and
radiative corrections. In general
these contributions are typically
well known and do not add
large uncertainties in the
predicted cross sections
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Figure 7: Nuclear correction factor R for the average F> structure function in charged current vFe scattering
at Q? = 1.2,2.0,3.2, and 5.0 GeV? compared to the measured NuTeV points. The green dashed curve shows
the result of the nCTEQ analysis of vA (CHORUS, CCFR, and NuTeV) differential cross sections plotted
in terms of the average Fg ¢ divided by the results obtained with the reference fit (free proton) PDFs. For
comparison, the nCTEQ fit to the charged-lepton data is shown by the solid blue curve.

Some tension between charged-lepton (I£A4) and the neutrino (vA) when comparing the

same A
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3. Intermediate energy cross sections (neutrino scatter off nucleons)

e Kaon production

CC: NC:
V#11—>;,L_K+1\” v.p — vV,
v,p— m K" p v,n— v,
v,n— ,u,_K”p VP Vy
1—'#1’1—>,{,L_K+n VoD — VYV,
vp — m KTXT v,n— v,

— N0
v,n— u K'X v,

— O+
v,n— u KX v,

n — V#K“Lz_

— N+
n—v,K >+,

These reactions typically have small cross
sections because the kaon channels are not

enhanced by any dominant resonance
K_I_j\“
KOAO . :
ot x 0 | DIS can also produce mutipion and kaon final states |
05+ All of the existing measurements have been
K”zn‘_performed strictly using deuterium-filled bubble

chambers 1

 Multipion production: Baryonic resonances created in neutrino-nucleon reactions can
potentially decay into multipion final states.

e |Resonance production
e |QE & QE-like processes
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QUASIELASTIC PEAK A(1232)RESONANCE PEAK

EXCITATION OF 4, N* ... DEGREES OF FREEDOM

VIRTUAL W BY ONE NUCLEON
Z

Nuclear effects are relevant!
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Resonance Production
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Electron data = Resonance vector form factors !
PCAC = Resonance axial form factors !
Background: chiral symmetry (when possible !)
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Figure 15. MiniBooNE flux-folded differential do/dp cross section for CClz’
production by ¢, in mineral oil. Data are from [27]. Left: predictions from the cascade

approach of [184]. The solid curve corresponds to the full model and the dashed one
stands for the results obtained neglecting FSI effects. Right: predictions from the
GiBUU transport model of [207]. The dashed curves give the results before FSI, the

solid curves those with all FSI effects included. Two different form factors C' (g°),

tuned to the ANL and BNL data-sets have been employed and give rise to the

systematic uncertainty bands displayed in the figure.
New J.Phys. 16 (2014) 075015
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Problems to describe pion production in nuclei (FSI, coherent
production ...) ‘ MINERVA and T2K will shed light ....
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3.d) Neutrino-nucleus inclusive QE scattering : MiniBooNE M 4 puzzle
E

Vi
RO p I by & ]_ong range
correlations
Fermi motion
&
Pauli blocking

Short range
correlations

F. Sanchez @
TMEX 14
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Inclusive QE processes [f.i. (1, 1)]

(W=, ZY absorption by one nucleon)

First ingredient: M.E. of the CC/NC current between nucleons.

<pip ' =P+q |iec(0)|n;p > = a(@’)[V*— A% u(p)
O 4 C : Fr gz L
Ve = 2cosf, x (F1 () +ipy 22i1[ff }::r qr;,.)
2M
A% = cosH.GA(q°) x (,.},&,.},5 + — _ng&’rg,) (PCAC)

with vector form factors related to the electromagnetic ones and

Ga(q?) = A . ga = 1.257
(1— 2/ [MZ])?
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MiniBooNE CCQE (PRD 81, 092005) Target

Booster .
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The largest background is from CC single
pion production: CC1mt™
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105, 132301)

. T T T ]
= r+4, @ --—-- M, = 1.80 Ge¥V |
--l-E | ‘+- M, — 135 GeWV b
5 1oon i* —— — M, = 103 Ge¥V ]
T, | - \\:{i 4: i
= - ~ e 1
= [ . \‘*’ _
= s ~ 2 i
"E - - h-h:-..é:n+ -
B - 5*—“!‘!.-..._* :

- R B TR e =2 S N
500 1 By 1500 i
T, [MeV]
y

ChPT O(p3) + single pion electroproduction data: M, = 1.014+
0.016 GeV (V. Bernard, N. Kaiser, and U. G.Meissner, PRL69,
1877 (1992))

 CCQE measurements on deuterium and, to lesser extent,
hydrogen targets is Ma= 1.016 + 0.026 GeV (A. Bodek, S.
Avvakumov, R. Bradford, and H. S. Budd, EPJC 53, 349 (2008))
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( W NN — NN \ WN— Nr—=Npty,
WT n — p +

, H
h D Np " N N nt
- - u- -
Wt A A Vi

...but key observatioh (Martini et al., PRC 81, 045502): in most theoretical works QE is used for
processes where the gauge boson W* or Z°is absorbed by just one nucleon, which
together with & lepton is emitted.

However in the recent MiniBooNE measurements, QE is related to processes in which only a muon is
detected (ejected nucleons are not detected !) = CCQE-like
It discardg pions coming off the nucleus, since they will give rise to additional leptons after their decay.

It includes multinucleon processes and others like 11 production followed by
absorption (MBooNE analysis Monte Carlo corrects for these latter events).
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The energy bin corresponding to the top of the QE peak at F, =

730 MeV receives significant contributions from cross sections

corresponding to different beam energies and different mechanisms!
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Long range

orrelations R
Fermi motion

&
Pauli blocking

Solution:
Multinucleon mechanisms
(renormalization of the

interactions inside of a nuclear
i medium...)

Short range
correlations
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For instance, let’s look at v, + AZ

Bagicbject

ihside of the nuclear medium.

= = —=LucWH
d kY dE’ |k | 472
Lo = kiko+khky— guok -k +iepoapsk’ Kk’
WHo = WH 4wk

W f— Im {1157 (g, p) + T3¢ (g, p) } ©(q°)

{2 /— Re {147 (q,p) — 17 (4, p) } ©(¢°)

vp
Ly, Z0 ~

(g, p)

Selfenergy of the Gauge Boson (W*, Z9, ~)

Perform a Many Body expansion, where

the relevant gauge boson absorption modes should be systematically

incorporated: absorption by one N, or NN or even 3N, real and virtual

(MEC) meson (7, p,

-+ +) production, A excitation, etc...
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Polarization (RPA) effects.l Substitute the ph excitation by an

RPA response: series of ph and Ah excitations.

W 1. Effective Landau-Migdal interaction
. v “ Vi) = s - ) {[ )]+ ment
. + | go(p)F102 |+ 96(0)&’132?’1?’2}
Isoscalar terms do not contribute to CC

2. S =T =1 channel of the ph—ph interaction — s

longitudinal (7) and transverse (p) + SRC
9031527172 — [Vi(@)didj + Ve (@)(8ij — 4:dy)] o1 od 717

JaNN,pNN q*
Vii(g) = —=~ Frp(¢®)5———5— +91.:(q)
TP 9= — Mz p

3. Contribution of Ah excitations important
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RPA corrections strongly decrease as
the neutrino energy increases. How-
ever, their effects might account for a
low Q? deficit of CCQE events and af-
fect the o, /0. ratio (~5 %)

Juan Nieves, IFIC (CSIC & UV)




= o . i 2 RPA (long range
I 5‘-;?“‘"“ Enm=3Gev J correlations) the weak
) L s ] . .
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L 6
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5 4f
3 3
g of
1
| 5' RPA effects — 0, when
bl T R 1 . o
o [
= RO < _ /\/@ < nuclear radius, since
: QE RPA / QE noRPA \3\ then the probe would see the
0.5% individual nucleons or even the

0 \0.5 I 15 2 25

Q? (GeV?) partons
Deplection at low Q? values
Juan Nieves, IFIC (CSIC & UV)
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PRL 105, 132301 (2010) Juan Nieves, IFIC (CSIC & UV)
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with w > p or w < p for S, and Si< respectiviely

(12 is the chemical potential).

Basic object: nucleon selfenergy in the medium: X (from realistic NN

i nte ra Ct i O n S i n t h e m e d i u m ) ¢ Electron neutrino scattering on 60, E,=130 MeV
This nuclear effect is additional to those due to ' L
08 _ '/,

do/dE [10%0 em2/MeV]

1 , — . (o/
RPA (long range) correlations ! oot N RN
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i i
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Juan Nieves, IFIC (CSIC & UV) JN and J.E. Sobczyk, 1701.03628




2p2h: Inclusive electron-nucleus scattering

0 (e,e")
15:— ‘/,{\ E=1080 MeV, 6-32° —

do/dOdE' [107°%cm?®/sr GeV]

EXCITATION OF A (1232) DEGREES OF FREEDOM

Juan Nieves, IFIC (CSIC & UV)

Dip region 2p2h /ZF'
Yy*"NN — NN




[A. Gil et al.,NPA 627 (1997) 543; NPA

627 (1997) 599]

2p2h (two body absorption) contributions

mly—a

Two cuts: y*"NN - NN

¥Y*N - N1t (dressed)

Juan Nieves, IFIC (CSIC & UV)

2p2h contributions

PA corrections to }
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Im UN

+b
=Uy@WP[1-UW

MEC contribution




_I | B I | L I | I I | LI I.II:I | L I | L I | I I | L I_ P A dominant Component Of
L (e,e'X) En =630 NeV ) the pion production
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one of the terms generates the
A contribution

Juan Nieves, IFIC (CSIC & UV)




7 | T T L S
o - U QE :
n p — 6 —-==- A+lplhln+2p2h| -
w+ E i Full model
----- Only A
[} — —
q Sl 2p2h |
A £ 4f RN 0 = 60° -
_ 2 s E =750 MeV -
n p + +.. S 3 —
= I
S 2r }
<
q ©
wt A (a) 7

MEC— QE like ! , :

v AT WY W%L“ AT
S N N’ N ) N W
N N’ A N N’ .
g A
w ST W .’ WLLK' - " Ny moy N
PRD D76 (2007) 033005 ’?%k. 7 .. XLH "
PRD D81 (2010) 085046 S = - —.

PRD93 (2016) 014016 (Watson’s theorem) + 1612.02343

[PRD in print] (1/2 dof in A propagator) Juan Nieves, IFIC (CSIC & UV)




2

cm’|

/A 1078

incl

C.

<
n

I T I [ I T
= NUANCE based 12 1
© Full Model (¢;*<12)] VT C ]
5t | o Including 2p2hin T A
-] QE ———
- A ———H
- | Full Model (C,*=1.0) B T
| | + NEUT based —— . _
e @
= e
(@) |
| | L | | | L ]
0 0.25 0.5 0.75 I 125
E [GeV]
v
12
v+ C _
B W, i

p—
h
T T

QE (rel4+RPA) +2p2h -a-
QE (rel+RPA) —

MiniBooNE - = |
o ' 2p2h
04 06 08 1 12 14
E [GeV]

Juan Nieves, IFIC (CSIC & UV)

d’o

MiniBooNE CCQE-like double differential cross section TTodeosd,

We define a merit function and consider our QE-+2p2h results

2
d2o_e:1:p dQO_th
5 <l )\(dTudcosﬂ)._(dTpdcosﬁ'). (A—l)z
X:Z z ot N
d?c
=1 AA (dTpdcosﬁ)i

that takes into account the global normalization uncertainty (A) =
0.107) claimed by the MiniBooNE collaboration.

We fit \ to data with a fixed value of M, (=1.049 GeV).

The microscopical model, with no free parameters, agrees
remarkably well with data! The shape is very good and y?
strongly depends on A\, which is strongly correlated with 4.
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Juan Nieves, IFIC (CSIC & UV)

PRC 82, 045502

| | ———
— Fu{l Model X
- - Full QE (with RPA)
2 L 0.15L -0.25] -0.65 > 2 — Multinucleon
Q --- No RPA, No Multinuc.
i i “'E — No RPA,No Multin., M ,=1.32
] - | n | o
ij = 15F .
s X ‘\ = M, =1.049 GeV
\* o> 0.80 < cos 8 < 0.90
2t L 0.05] -0.35] -0.75] & it W=
=)
1 [ B - - 5 0.5+
©
| \ ALV
. . . o o .
= 0.75¢ 35F -0.0% -0.45} -0.85 0.5 ! 1.5
2 0.35 T (GeV)
= = - = - 2)
1 - _ \ i X i \ | Model Scale ﬁ
0 ) I ) ] ° \.
5L 0.65L 0.25L -0.19 -0.55L -0.95 LFG 0.9640.03 1.3240.03 35/137
i i i i | Full 0.92+0.03 1.08+0.03 50/137
1+ | B | B Full 0.8340.04 1.014+0.03 30/123
I i 5’\ I \ i I gl > 0.4T GeVv
0 . . L Bog | u \, \




(10™ cm” GeV)

i

do/dT d cos6 /Z

— -0.25" |
P I T Qﬁ:
: I | I I |_ :-
[ -0.35 "‘I{
- %J -
_vt, B
u \

- 5 I T
— I |_

L -0.45
%_1_'; P T

[ LI N

— 0.65 -0.551
ﬁ i [ ) i T T
0 05 1 I 15 7.9 05 1 15 2

Juan Nieves, IFIC (CSIC & UV)
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show sizable nuclear effects for all muon
kinematics. Models including 2p2h+RPA

contributions agree well with the data
Juan Nieves, IFIC (CSIC & UV)
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6 0.0< qSIGeV <02] 0.2< qs/GeV <0.3 0.3< qSIGeV <04
% ¢ Data ' :
GENIE 2.8.4:

&Q B Default ”H I

E | o +RPA

O 5l — 4RPA2D2N i
3 202h on ‘

o | p2h only N

;;w g 04<qGeV <05 T 05< q/GeV <056 0.6 <-q;/GeV <08
Luﬁ . iy i | |

S Y RN T
o 2 E ’

0.0 0.2 04 0.0 0.2 04 0.0 0.2 04

PRL 116, 071802 (2016);
see also talk by A. Bravar

Available energy (GeV)

The data make clear two distinct multinucleon effects

that are essential for complete modeling of neutrino inter-
actions at low momentum transfer. The 2 p2h model tested
in this analysis improves the description of the event rate in
the region between QE and A peaks, and the rate for
multiproton eve enough to fully
descr] e data. Oscillation experiments S€msitive to
ergy reconstruction effects from these events
account for this event rate. The cross section presented here
will lead to models with significantly improved accuracy.

Juan Nieves, IFIC (CSIC & UV)




3. Neutrino energy reconstruction

Neutrino beams ARE NOT monochromatic. For QE-like events,
only the charged lepton is observed and the only measurable quantities
are then its direction (scattering angle , with respect to the neutrino
beam direction) and its energy E,. The energy of the neutrino
that has originated the event is unknown. Assuming QE dy-
namics is defined a “reconstructed” energy

ME, - m/2
- M-E, +|p,|cost,

Tec

(genuine quasielastic event on a nucleon at rest, ie. Fi is determined
by the QE-peak condition ¢° = —¢*/2M). Note that each event con-
tributing to the flux averaged double differential cross section

do/dE,dcos, defines unambiguously a value of E;... The ac-

tual (“true”) energy, E, of the neutrino that has produced

the event will not be exactly Ei...

f)

Flus-folded do/dT,dcosf, 7> CCQE-ike unfolded of £

Unfolding procedure needs theoretical input!

g true(E) - / dErec g rec(Erec) P (E‘Erec)
e S

EXP theory!
Prec(Eiec) i5 the pd of measuring an event with reconstructed energy

Eree. P(E|Ey) 1, given an event of reconstructed energy Ei, the

conditional pd of being produced by a neutrino of energy E.

..using Bayes's theorem P(E|F) could be related to

4 I )
P(E|E) s determined by dE—(E: Fre)
k IeC j

Juan Nieves, IFIC (CSIC & UV)




Neutrino Energy Reconstruction and

= QE(1el+RPA), Eree = 0.5, 0.75, 1., 1.25 GeV the Shape of the CCQE-like Total
5 - | | | Cross Section
?ﬁ” 6 v+ 2
%i (qualitatively in agreement with Martini et
¥ / al., PRD85 093012)
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E E »/
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%[J.Z /%% ;@ Vallle Of Ercc.
?E 0 4// . : -
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Juan Nieves, IFIC (CSIC & UV)
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Juan Nieves, IFIC (CSIC & UV)
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Juan Nieves, IFIC (CSIC & UV)




Conclusions

Nuclear effects lead to sizable uncertainties on the
neutrino nucleus cross sections at low 0% < 1 GeV?

It is important to incorporate these effects in event
generators (GENIE, etc..)

Juan Nieves, IFIC (CSIC & UV)
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Conclusions Il

e We have analyzed the MiniBooNE CCQE ;%2 data

using a theoretical model that has proved to be quite suc-

cessful in the analysis of nuclear reactions with electron,

photon and pion probes and contains no additional free

parameters.

e| RPA and multinucleon knockout have been found to be
essential for the description of the data.

e MiniBooNE v and v CCQE-like data are fully compat-

ible with former determinations of M4 in contrast with

several previous analyses. We find, | M4 = 1.08 & 0.03 |.

Juan Nieves, IFIC (CSIC & UV)




e Because of the the multinucleon mechanism effects, the
algorithm used to reconstruct the neutrino energy is not

adequate when dealing with quasielastic-like events.

e The inclusion of nucleon-nucleon correlation effects in the
RPA series yields a much larger shape distortion toward
relatively more high-¢° interactions, with the 2p2h com-

ponent filling in the suppression at very low ¢°.

Juan Nieves, IFIC (CSIC & UV)




The simplest description = relativistic Fermi Gas with Local vs Global Fermi Gas ¥

non interacting fermions | =0}, kp(r) = [Eﬂgp[r);’i} U3\ kp= cte ?
W] -He), Sh(w, 7) = 8w = B(F))0(kr - |5)/2
S(w.p) = -F
P( p) QE(p) ( (p)) - "
(kF i |) n () = PR / dw2wSh(w, p)
(4] = o) %
P M T N L B B R = e 0k — |p|)
bk ! [~ Lafames  H F
and only Pauli blocking is incorporated!! N S 2y
L / : ! P B = 4/(2T)3/mmh( 7 )
= t ; | 7
Z 12 o
Local vs Global Fermi Gas 7 jgm i _ / (;f; e (1) - 7
B (r) = [3ﬂ2pp-‘"(1‘)}w vs k= cte ? o

([ dpn(l5]) = A

Convolution approach: C. Ciofi degli Atti, S.
Liuti, and S. Simula, PRC 53, 1689 (1996),

provide realistic distribution due to short-

range correlations !

Juan Nieves, IFIC (CSIC & UV)
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Juan Nieves, IFIC (CSIC & UV)
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RPA vs SF effects: Differential cross sections for the CCQE
reaction on 12C averaged over the MiniBooNE flux

(Alvarez-Ruso L et al., 2009 AIP Conf. Proc. 1189 151)

[RPA SF |~

It depends on the specific
kinematics and observable !




Superscaling approach: Inclusive electron scattering

data exhibit interesting systematics that can be used to
predict (anti)neutrino-nucleus cross sections (T. Don-
nelly and I. Sick, PRL 82, 3212 (1999)),

do
- / /
f _ kF dQ2'dFE

Zo'ep + Noen

o = f(v), with v/ =¢'(¢°,|7])

e [ is largely independent of the specific nu-

cleus

Scaling violations reside mainly in R7: excitation

of resonances, meson production, 2p2h mecha-
nisms and even the tail of DIS. An experimental
scaling function f(v’) could be reliably extracted
by fitting the data for Ry, .

Superscaling function does not
take into account dip region
events

v QE cross sections can be calculated with the
simple RgFG model followed by the replacement

ngFG — fexp-
Juan Nieves, IFIC (CSIC & UV)
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Dependence of the 2p2h contribution
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Juan Nieves, IFIC (CSIC & UV)
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We compare rather well with Martini
et al., PRC 84, 055502 for bare QE and

QE+RPA

...however our 2p2h contribution

about a factor of 2 smaller!

Juan Nieves, IFIC (CSIC & UV)
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Differences with the work of Martini et al. (PRC80,065501)

1. Similar for the 2p2h contributions driven by Ah excita-

tion (both groups use the same model for the A—selfenergy in

the medium).

2.(Martini et al. do not consider 2p2h contributions drlve
by contact, pion pole and pion in flight terms.

3. Martini et al. give approximate estimates (no microscop-

ical calculafion) for the rest of 2p2h contributions [relate

them to the absorptive part of the p—wave pion-nucleus optical

potential at threshold or to a microscopic calculation by Alberico

et al. (Annals Phys. 154, 356) specifically aimed at the evaluation

of the 2p-2h contribution to the isospin spin-transverse response,

measured in inclusive (e, ¢') scattering].

This 2p2h parametrization includes MEC
effects driven by the vector current !

Juan Nieves, IFIC (CSIC & UV)

Martini et al. model does not
account for all axial and axial-vector
interference contributions !




d*c/dcosB,/dT, [10*%cm?/GeV]

d*c/d cos0,/dT, [10~**cm?/GeV]

12¢ Foldc,d with MmlBoo\IE flux
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RPA+2p2h (TFIC) ===~
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-,
-----

Martini et al., predictions look con-
sistent with MiniBooNE data ..., but
their estimate rely on some computa-
tion of the 2p2h mechanisms for (e,e’)
(Alberico et al.,) = no info on axial
part of the interaction!

...however our predictions for the 2p2h
contribution would favor a global nor-
This
would be consistent with the Mini-

malization scale of about 0.9.

BooNE estimate of a total normaliza-
tion error of 10.7%.

Juan Nieves, IFIC (CSIC & UV)




N events/0.05 GeV?

300

250

200 —

150

100 -

. |
* NOMAD data 1
---- MC (DPMJET)
Background

% 7 V. Lyubushkin et al. (NOMAD Collabo-

{J+ | ration), Eur. Phys. J. C 63, 355 (2009). In
%J the two-track sample, which is primarily

+ | Q? above 0.3 GeV?, a large fraction of the

L | 2p2h component, as well as QE and pion

- production where the hadrons rescattered as

. they exited the nucleus, are rejected.

0° (GeV?)

It is observed a relative deficit at Q? = 0.3 and excess at 1.5 GeV?
compared to QE without RPA. If the first two or three points are
eliminated, the distribution will be consistent with M4 ~ 1.2 GeV.

Juan Nieves, IFIC (CSIC & UV)




Meson Exchange Contribution

Juan Nieves, IFIC (CSIC & UV)




W number of hole lines (density) =®

2
MEC term
77777 > T
W 2
number of hole lines (density) = 2
I M EC / FSC
fffffffff \ | term
\ Effective NN interaction
in the medium. It is

not just a pion and
accounts for SRC and Juan Nieves, IFIC (CSIC & UV)
RPA correlations




number of hole lines (density) =@

Effective NN interaction
in the medium. It is
not just a pion and
accounts for SRC and
RPA correlations

MEC/ISC
term

Juan Nieves, IFIC (CSIC & UV)




Effective NN interaction  ESC-MEC interference term

in the medium. It is
not just a pion and
accounts for SRC and
RPA correlations

Juan Nieves, IFIC (CSIC & UV)




number of hole lines (density) =® MEC-ISC inte rfe rence term

> ER—

Effective NN interaction

in the medium. It is
not just a pion and

accounts for SRC and

RPA correlations

Juan Nieves, IFIC (CSIC & UV)

Important ?
Benhar, Lovato,
Rocco [PRC 92
(2015) 024602]

IFIC 2p2h calculation
does not incorporate
these terms.

Martini et al.
predictions are based
on a 2p2h calculation
for (e,e'X) [Alberico
et al.,] that accounts
for such contributions
(only vector current)



do/dQ? for C12 (cm/GeV)? x107*

=

MINERVA

PHYSICAL REVIEW D 88, 113007 (2013)

Juan Nieves, IFIC (CSIC & UV)
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Comparison with nuclear models
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Measurement favor presence of 2p2h interactions.

Juan Nieves, IFIC (CSIC & UV)
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