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o Quantitative understanding of the nuclear response to
neutrino interactions needed for the interpretation of
neutrino oscillation signals
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o Quantitative understanding of the nuclear response to
neutrino interactions needed for the interpretation of
neutrino oscillation signals

o The description of the neutrino-nucleus cross section
involves non trivial additional difficulties, mostly owing
to the broad distribution of the incoming neutrino
energies

o Accurate theoretical models of electron- nucleus
scattering provide a satisfactory description of the
experimental data.
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QE electron- & neutrino-nucleus cross sections

@ Data: J.S. O'Connell et al

do/dQdw [ub/sr/GeV]

@ The calculations performed using the
measured nuclear vector form factors
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@ Data: MiniBooNE Collaboration
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@ The same scheme largely fails to explain the MiniBooNE data.
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QE neutrino-nucleus scattering

» The measured double differential CCQE cross section is averaged over
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» Energy distribution of
MiniBooNE neutrino flux

» Different reaction mechanisms
contribute to the cross section
at fixed 0, and T,,.

A description of neutrino-nucleus interactions, has to be validated through
extensive comparison to the large body of electron-nucleus scattering data.
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The electron-nucleus x-section

@ The double differential x-section of the
process e~ + A — e~ + X, can be

written as
IX
d’c _ a Eé L WAV . g
> L, is completely determmed by the lepton kinematics
» The hadronic tensor describes the response of the target nucleus.
WA =D (014"1X) (X|4]0) 6 (po + a — px) .
X
initial state final state
10) ; Po J |X) = |Lp;1h), [2p; 2h) ... ; px J

Non relativistic nuclear many-body theory (NMBT) provides a fully
consistent theoretical approach allowing for an accurate description of

|0), independent on momentum transfer.
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The factorization “paradigm”

e Simplest implementation: Impulse Approximation (IA)

o At [q| l < d:

L. gquw 2

.Y e

J,Z_>Z./;uv ’X>—>‘X7px>®‘R7pR> ;

@ The nuclear cross section can be traced back to the one describing the
interaction with individual bound nucleons

dop = / dEPk doy P(k, E)

» An integration on the nucleon momentum and removal energy is
carried out, with a weight given by the Spectral Function
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Spectral function and energy-momentum distribution
» Momentum and removal energy sampled

from LDA (red) and RFGM (green) oxygen

spectral functions

»> Oxygen spectral function,
obtained within LDA.

S+
JFe
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@ Scattering off high momentum

Prpa(p. E) :EDMF(Pv E)}{Pcon(P-, Ej .
and high removal energy
nucleons, providing ~ 20 % of
2 ZIFE - En [ Eroapito. o= oat) the total strength.
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Range of applicability of the IA

@ Electron-Carbon cross section for E, = 1.3 GeV, 6. = 37.5.

E, =1300 MeV 6 = 37.5 deg
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@ The IA provides a unified framework, suitable to describe the
measured cross section in different kinematical regimes, except in the
dip region, where two-body currents are expected to contribute.
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Role of reaction mechanism beyond IA

@ Scaling functions associated with the longitudinal (L) and transverse
(T) response of Carbon extracted from electron scattering data

Sprr T

q=400 MeV W\ ]
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1 #ood =
%E% T@m ) + + ]
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» the onset of scaling is clearly visible in the region of QE peak,
corresponding to y ~ 0.
» large scaling violations appear in Fr(y) at y > 0.
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How can 2p2h final states be produced?

In a model accounting for NN correlations, 2p2h final states can be
produced through 3 different reaction mechanisms.

o Initial State Correlations (ISC): e Final State Interactions (FSI):

/

@ Meson Exchange Currents
(MEC):

S

(b)
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Extending the factorization scheme

@ Using relativistic MEC and a realistic description of the nuclear ground
state requires the extension of the factorization scheme to two-nucleon
emission amplitude

» Rewrite the hadronic final state | X) in the factorized form:
[X) — [P P') @ |na—2)) = Ina—2)ip P)

where [n(a_5)) describes the spectator (A — 2)-nucleon system,
carrying momentum p,,.

» The two nucleon current simplifies

XLg"10) — /C/3kd3k'/\/’n(k7 k") (pp'Liz" k') o(k + k' —pn) ,

» The nuclear amplitude: M, (k, k') = (na—2); k k'|0)
is independent of q, and can therefore be obtained within NMBT.
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Two nucleon spectral function

@ Two-nucleon spectral function of uniform and isospin nuclear matter

P(k,K',E) =Y "|My(k,K)?6(E + Eo — Ep)

n(k, k') = /dE P(k, K, E)

@ Relative momentum distribution o
K K B Full calculation
n(Q)=47T‘Q|2/ d3Kn (Q+2’Q—2) 100 ~ = = FG model ]
UE 75 |
k _ k/ % 50 |
K == k —|— k/ 5 Q = T . 25 A
! !

2 3

Q [fm™]

» Correlation effects lead to a quenching of the peak of the distributions
and an enhancement of the high momentum tail
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1plh and 2p2h contributions to the nuclear cross section

» The factorization scheme allows for a clear identification of the
1plh and 2p2h contributions

do = d01p1h + d02p2h X LM,(W{;VHI + W2,up1/2h)
» 2p2h response tensor

Wiy =S > (0]*T|hh'pp’)(hh'pp’|J*|0)
h,h' <kg p,p’ >kg
X 0(w+ Eg — Epwpp)o(@+h+h —p—p'),

» Current operator in momentum space:

JH(k1, k2) = ji'(k1)d(ka) + j5' (k2)d(k1) + ji5(k1, ka)

uyo nz v v
szzh = W2p2h,11 + W2p2h,22 + W2p2h,12 J
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Production of 2p2h final states

o Initial state correlations

@ MEC, two-body response

© Interference




Initial state correlations

Wi 11 = /d3k/dE Popip(k, E)wiy

8 [ T T T TroTT ‘ TroTT ‘ TroTT
i t e+1ECse'+X
Papip(k, E) Z Z |dy 4 Ps 0 E,=961 MeV |
, 6.=37.5 d N
h.h <kg p'>kr f 61 . eg
n L
><5(E+eh+eh/—ep/), } L
g [
_ CEA
@ appearence of the tail of 3t
. FO [
the cross section, % i
extending to large energy S 2[
loss. This contribution
amounts to ~ 10% of 0 bt e L
0.0 0.1 0.2 0.3 0.4 0.5

the integrated spectrum.
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Production of 2p2h final states

@ Initial state correlations

e MEC, two-body response

© Interference




MEC: Pion exchange

e N/ Y\
P, X P, P P, P,
K, K, 3 3
SN S ko kLl
)
q
P, P, k, P, P, P,
\§ '\ J
Seagull Pion
or In
contact flight
term term
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MEC: A-isobar exchange

p1 p2 p1 p2’ p1 p2 p1 p2
q q
b
k2 PP ke k1 k1 pd

_—- - = - - - _—— = — - — —

P pc
O /

p1 p2 p1 p2 p1 p2 p1 p2

The Rarita-Schwinger (RS) expression for the A propagator reads

P+ A <g,37 APy 20 AP —'Wp’3>

S%(p,M
(o Ma)= 3 3M3 3Mp

If the condition p3 > (mp + m;)? the real resonance mass has to be
replaced by Ma — Ma — iT(s)/2 where [(s) = Gfna) & (0 £,

127m2 /s
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2p-2h Transverse Response of nuclear matter

From the 2p-2h hadron tensor. ..

Wiy = | K Ppdp’ [ dE Panllc k' E)KK ity o) (o0 it )
x 3(k +K +q—p— p)0(w — E — e — e)0(Ip| — kr)O(Ip| - ke) -

Pan(k, K E) = D |0 [26(E + en + ew)
h,W <kg

» 12D integral, can be analitically reduced to a 7D integral — Monte
Carlo integration technique

» both the direct and Pauli exchange contribution have to be considered
(more than 100,000 terms) — Mathemathica and Fortran code

Noemi Rocco (INFN) ESNT 19 / 32



2p-2h Transverse Response of 12C
Set of Harmonic Oscillator
wave functions

)

)

3
)
\UO’070(r) Sa=1 zs?
\U071’1(I’) S a=2 2
wO,l,—l(r) S a=3
- 7 [fm]

Pan(k, k', E) Z Zo Zog|War (K) || Was (K)2F(E + €ay (k) + €ay (K'))

ag,a=1

71 =05, Zy3 = 0.625

20 / 32

e1 = —38MeV | er3 = —17.0MeV
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Contribution of the MEC to the transverse response

Separate contributions to the transverse response function Rt(w, q) at
g = 570 MeV: pionic, pionic- A interference, A and total.

q= 570 MeV
0.01 T

0.009
0.008 |-
0.007 TA =meeemen
0.006
0.005 |-

0.004

Ry(w,q) [MeV ]

0.003
0.002
0.001

-0.001 I I I I I
0
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Beyond the RFGM . ..

q= 570 MeV
0.02 T

Agy SF ——
Ay FG ———-

In the
0.015 RFGM
calculation:
E=-25 MeV
001F 1pi=221 MeV

Ry(w,q) [MeV]

0.005 -

Sizable differences

Different threshold = different treatment of the initial state energies of the
knocked-out nucleons.
Significant quenching of the response = short range correlations.
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Production of 2p2h final states

@ Initial state correlations

@ MEC, two-body response

o Interference




Interference term

[t cannot be written in terms of SF. ..

W pnia = [ & &€ ¢ & P Pp *p'oll” (0] (i p)

+ O P (KL 1P| (P, B/ Lial€,€)0(h + ' +q — p — ')
X 6(w+ en+ e — e, — ey)0(|p| — kr)O(IP'| — kr) + hoc. .

V.

Additional difficulty. .. This term involves the product of nuclear amplitudes
entering in P(k, E) and P(k, k', E)

This interference contribution would be zero if correlations were not
accounted for!
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12C electromagnetic response

q =570 MeV
0.02 5
tot ’
lbody —=—-—-
MEC ---- o
0.015 F  int M
. Exp t-e-- “
T
%
=)
— 0.01 | B
T
3
< -
=
0.005 B
» --
0 -
0 50 100 150 200 250 300 350 400

w [MeV]

12C calculations indicate a sizable enhancement of the electromagnetic
transverse response.
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Inclusion of Final State Interaction contribution

Convolution scheme

FSI d IA
dwdQ / s’ folw )dwdQ

The folding function can be decomposed in the form

fa(w) = 0(W)V/ Ta+ (1= V/Ta)Fa(w)

showing that the strength of FSl is driven by

» the nuclear transparency Tx
> the finite-width function Fg(w)

@ A.Ankowski et al., Phys. Rev. D 91, 033005 (2015)
@ O. Benhar, Phys. Rev. C 87, 024606 (2013).
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e~ - 12C inclusive cross section

The x-section can be rewritten in terms of Ry and R, such as

do
dEédQ - UMOtt

2

(@

2 —q? 0
q 2
) Rt (G a3 ) R

E, =961 MeV 6 = 37.5 deg

7000 =T

6000 -

5000 -

nb/sr/MeV’
o 'S
(=]
(=)
3
T

[
w
o
=)
(=]

T

do
dQdw

2000

1000 -

tot
lbody —==—-
2body ----
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e~ - 12C inclusive cross section

E, =1300 MeV 6 = 37.5 deg

2000

1800

1600

1400

1200

1000

[nb/sr/GeV]

800 -

do.
dQdw

600 -
400

200 -

The contribution given by the interference term and MEC currents turns
out to be sizable in the dip region.
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e~ - 12C inclusive cross section

E, =1500 MeV 6 = 37.5 deg
1200 T T T

totl ——

|l 1body ———-
1000 | gpody 777

Exp +-e--1I

600 -

[nb/sr/MeV]

do.
dQdw

400

200 |-

The contribution given by the interference term and MEC currents turns
out to be sizable in the dip region.
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Angular dependence of the two-body contribution

E, = 1300 MeV 6 = 10.0 deg E, = 1300 MeV § = 37.5 deg
3e+06 T T T T 2000 T T T T
1800 g -
2.5e+06 |- qe —— R 1600 [meetint ===+ |
2 2400 - 1 r B
glmﬂm F El F El
gg le406 B : :
500000 - R o 1
200 4
0 0 1(‘)0 200 300 400 500 00 200 400 600 >800 1000
w [MeV] w [MeV]
E, = 1300 MeV 6 = 60.0 deg
120 T T T T
T —— The relative strength due to
L two-body processes increases
| for larger values of the
& scattering angle where the
ka0
transverse response becomes
) / ‘ dominant .
0 0 200 400 600 800 1000 o’

w [MeV]
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Current & Future developments

» We are analysing the contribution of the interference between
amplitudes involving the one- and two-body currents and 1plh final
states.

» We will implement our results in the determination of the nuclear
response to electroweak probes. This requires the introduction of the
one- and two-nucleon axial currents, and the calculation of the
associated axial-axial and vector-axial responses for both the two-body
and interference terms.

» We will apply our approach in the data analysis of new generation
neutrino experiments which use liquid Argon detectors. To do that, it
will be necessary to extend the spectral function formalism in order to
describe the non-isospin symmetric nuclei.
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Inclusion of Final State Interaction contribution

b falw — o — Uy)

(MeV)

» We consider Ta = Ta(txin)
and Uy = U\/(tk,',,) where

Uy (tyin)

Il Il
30 60 90 120

E,f(l — cosf) fan (MeV)
M + Ex(1 — cosf)

thin =

> Fq(w) at |g| ~ 2 GeV,
including NN correlations

[P N B, S S B
-0.50 -0.25 0.00 025 050 0.7 1.00

@ A.Ankowski et al., Phys. Rev. D 91, 033005 (2015)
@ O. Benhar, Phys. Rev. C 87, 024606 (2013).
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CCQE interactions at moderate (|g| S 500 MeV)

@ Within NMBT the nucleus is described as a collection of A pointlike
nucleons, the dynamics of which are described by the nonrelativistic
Hamiltonian

A p2 A
i=1 j>i=1
o Initial state definition: o Final state definition
H|[0) = Eo|0) H|X) = Ex|X)

In the case of the MB experiment we will have that ...

IX)="B,p), |"C,n),|*°B,pn) ,|"Be,pp)...

@ The above Schrédinger equation can only be exactly solved for the
ground- and low-lying excited states of nuclei with A < 12.
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The nuclear current operator

@ The nuclear Hamiltonian does not commute with the charge density
operator: [H,J°] #0
@ In order for the continuity equation to be satisfied two body currents

are needed: 5

@ The nuclear current includes one-and two-nucleon contributions

A A
(@) =D @)+ > i@, 0)0(q — a1 — q)
i=1 j>i=1
kK @ non relativistic reduction of the current
§ (g/m expansions) .
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Kinematical range of accelerator-based neutrino experiments

MINERrA MiniBooNE

12 12

h » % P

<} e 9 0.642 V==

é 0.8 /r\\ (.876 é 0.8

i u.raa:x\l\ ?2‘:

= 04 & = 04l [aw

—_ N = M

S N 2 |y

S | Sy ? |

= 0 I B S = 0 i

0 1 2 3 0 2 3

laf (GeV) lal (Gev)

@ |g|-dependence of CCQE cross section averaged with the Minerva and
MiniBooNE fluxes

unlike the ground state, the nuclear current operator and the nuclear final
state depend on momentum transfer. At large q non relativistic
approximations become inadequate.
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The axial mass puzzle

® Unfolded total CCQE cross » The axial form factor is generally

section parametrized in the dipole form
20 T
1 <%MiniEooNE 2 gA
[ Fa(Q?) = 7
Ti5 +NOMAD . ( ) [1 —+ (QZ//\/I/%)]2
:% 10; %ﬁﬁ“ SRR “HH‘“F? » Deuteron data = My =~ 1.03 GeV
Lo %// b ] » MinibooNE = M, ~ 1.35 GeV
s/ T > KK = My~ 1.2 GeV
- o | » NOMAD = My ~ 1.05 GeV
%1 o0s 10 50100 500
E, [GeV]

@ Interpret the value of My reported by MiniBooNE as an effective axial
mass, modified by nuclear effects not included in the RFGM.

@ The results of the calculations carried out using a realistic SF show
that an even larger value of M, is needed to fit the data.

Noemi Rocco (INFN)
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Spectral function and energy-momentum distribution

» Momentum and removal energy sampled
> Oxygen spectral function, from LDA (red) and RFGM (green) oxygen
obtained within LDA. spectral functions

P(KE) [GeV™]

0.08:

E(GeV)

0.0z

0.0

0
00 0. 02 0.3 04
k [GeV]

k[GeV]

o FG model: Prrgm(p, E) < 8(pr — p) 0(Ep — e+ E)

@ Scattering off high momentum and high removal energy nucleons,
providing ~ 20 % of the total strength, gives rise to 2p2h final states.
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The impact of relativistic effects

8 [
F et ®Coe'+X
= E,=961 MeV |
O 6 0.,=37.5 deg —
et g 1 Electron-carbon cross
. Spe|  Section obtained within
2 40 3 ﬂiﬁﬁ ®  the IA approach using
I 5 ] o -
5 L ¢ 2 | relativistic (solid line)
[ L 4 e
s and non relativistic
I . (dashed line)
i = kinematics.
L /
ol A
0.0 0.1 0.2 0.3 0.4 0.5

w [GeV]
> In a kinematical setup corresponding to |g| ~ 585 MeV at w = wge
relativistic kinematics sizeably affects both position and width of the
quasi elastic peak.
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Range of applicability of the IA

@ Electron-Carbon cross section for £, = 1.3 GeV, 6, = 37.5.

T I
500 -
E 2500 et+'¥Coe'+X
U ?=0.4 GeV?
< 2000 - 8 ¢ -
2
n L
e L
2 1500 - g -
o [ £ ap
o [ k)
e L i
S 1000 F 5?/
S [ o 1
00~ / , i
500 ¢ ey dip region |
[ &= ]
olow s o @ 4 o wu iy o oy o
0.0 0.2 0.4 0.6 0.8
w [GeV]

@ The IA provides a unified framework, suitable to describe the
measured cross section in different kinematical regimes, except in the
dip region, where two-body currents are expected to contribute.
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Different results obtained within GFMC and SF approach

—— —— 0,025 ‘
0.03f ‘He L 1R¢
oor <t> =500 MeV | — b
— #% 4 5700201 570 MeV 7
7 PN ’ L r
= L N
) LT IS B
= 002 Voo . = ootsf 1
: 1 & .?'\® <1><J> — ]
Q I ¢ 3 1
= [ ‘1/> .\.,\%%W < 0010 g
<. 0.01 o — /]
o K RN o
pro N 0.005 -
vd S~ S ]
ooolt i L T Traho ey i
: 0000 L L L L L L L L L
0.0 0.1 0.2 0.3 0.4 0 100 200 300 400

These differences should be ascribed to. ..

@ Differences in the two-nucleon currents employed in the two cases
@ The non relativistic nature of the GFMC calculations

@ Interference between amplitudes involving the one- and two-body
currents and 1p1lh final states
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May MEC explain the MiniBooNE data?

@ It is apparent that the disagreement between theoretical calculations
not including MEC and data is less pronounced at small 6,

do/dcost,, dT, [107% em?®/GeV]

0.5 1.0 1.5 2.0
T, [GeV]
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Non Relativistic expression of the 2p2h contribution to

RT(wv C])

PHYSICAL REVIEW C VOLUME 49, NUMBER 5 MAY 1994

Relativistic meson exchange and isobar currents in electron scattering:
Noninteracting Fermi gas analysis

M. J. Dekker* and P. J. Brussaard
R. J. Van de Graaff Laboratory, University of Utrecht, P.O Boz 80.000, 3508 TA Utrecht, The Netherlands

J. A. Tjon
Institute for Theoretical Physics, University of Utrecht, P.O Boz 80.000, 3508 TA Utrecht, The Netherlands
(Received 22 November 1993)

Re=61ck 2 K 1wz (2 kikj -4 Ly + L
T e mar T T e mE e A map T A m2)P(kF 4 m2) " (kF + m2)(kf + m3)
1 q4k2
. 1T
(k? +m3)? (k? +m3) (k] +m})
4q’kPk}, ., a’k?, _y kK
(6 +m2)?(kF +m2) " (k] +m2)(kF +m2) (k] +m2)?

+6achk? (kPq?(28 + &%) — (25° - a%) (I rq)’) +64c2 a2

+64cacnd ( ) +(162) (5.11)

f
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The impact of relativistic effects in the two-body response

Relativity dramatically affects the behaviour of the response.

q= 570 MeV/
0.01 T

0.009
0.008 |

0.007 |

i Relativistic
?0-004 r
é% 0.003 |
0.001 :

-0.001
0

q= 570 MV
T

Nonrelativistic

L L L L L
100 200 300 400 500 600
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The relevance of the interference term. .. Rr(q, w)

T T T
“He 1
_ 0.03 R q=500 MeV |
T> b 4>¢ " ]
AN
L EENN ¢ ]
= 0021 VRN o -
— r P R o ]
/Egt [ 4>f \\®®<I> ®® ]
c 3 j N Lopod .
< 0.0l i BN —
~ : ! N |
b pr_ RN .
L {'/' \\\\ ‘1.\‘_>¢\ 4
OOO;;/ | \TTTT"Fr.;Pw—ij
0.0 0.1 0.2 0.3 0.4
w [MeV]
Noemi Rocco (INFN) ESNT

» Green's Function Monte
Carlo calculation of the
transverse
electromagnetic response
function of “He.

» MEC significantly

enhance the transverse
response function, not
only in the dip region,
but also in the
quasielastic peak and
threshold regions.
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The relevance of the interference term...Sum Rule

@ Sum rule of the electromagnetic response in the T channel

ST(q)—/deT(q,w), Sr(q,w) = S™(a,w) + S (a,w) |

where
> S8 =S (0JX|N)(N|J5[0)(Eo + w — En)

14t AL - .
L2 b AT+ T )+ h)) e 1
(JEVTE 4 JIEITy oo o
o Need for a 1+ <]¥)T ]179+ ]Zb’fJ?;) R //E>_<E”/E>/ =]
. — - )
consistent = sl = e
3 0. = e
treatment of both DL
i © 0.6 A 4
correlations and &
04 T ]
MEC currents. e
0.2 B gi" “ P i R .
po-goF T U
0 e ‘ ‘ ‘ ‘ ‘
0 0.5 1 1.5 2.5 3 3.5 4
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Contribution of different reaction mechanisms

@ As neutrino beams are produced as secondary decay products their
energy is broadly distributed

@ The flux-averaged cross section at fixed Ty and 6, picks up
contributions at different beam energies

——
T, = 055 GeV

cos = 0.75 -]

#(E,) (arbitrary units)

0.5 1.0 1.5 2.0 2.5
E, [GeV]

» x=05— E, =0.788 G&V , x=1— E, =0.975 GeV.
> (0.975)/4(0.788) = 0.83
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Two-body contribution within the SF anf FG formalism

The introduction of the two-nucleon current contributions in theoretical
approaches based on the independent particle model (IPM) of nuclear
structure, provides a quantitative wealth of the experimental data.

E, =1300 MeV 60 = 37.5 deg

1400 1= o1, s ——

2b FG ——
[ SF bg ——
SF mec

SF int
1000 4

1200

800 [

[nb/sr/MeV]

600

do
AQdw

400

200 |-

0

0 200 400 600 800 1000
w [MeV]

@ The total two-body contribution obtained within the SF formalism do

not differs too much from the FG result.
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e~ -12C cross section within the SF and FG formalism

E, =1300 MeV 60 = 37.5 deg

2000 T T
1800 - B
Exp +—e—i
ge+ 2b SF —— II I I
1600 getob FG —— III IH 1 HI I}:i
— 1400
3
= 1200 |
~
&
= 1000 |
A
3 800 -
155
%
600 -
400
200
O L Il Il Il Il Il
0 100 200 300 400 500 600 700

w [MeV]

@ While there are sizable differences both in the position and width of
the QE peak, in the “dip” region the results obtained for the e~-12C
cross section within the SF and FG approaches do no differ
significantly.
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"Flux averaged" QE ele -Carbon cross section

25 [T [ I B I
e+Coe'+X s o E,= 730 MeV | @ Electron-Carbon
L o gm ’ . . .
= R0 0. =37 c‘; 961 Mev— scattering cross sections
S ‘ TN t 6 = 37° plotted
5oL 1 o 1299 MeV | at Ve = plotted as a
>t : | 1501 MeV 1 function of T,r.
3 0 ] . :
o | @ Reaction mechanisms
g 10 # 7 n .
g s ] other that single-nucleon
>~ ol & ] 2
s L iﬁ& ¥ 'l‘/‘ Y B knockout contribute to
4 Pt ) 4
7 g 4 ] the "flux-averaged" cross
ol el AT T ] section. )
0.00 0.25 0.50 0.75 1.00 1.25
T, [GeV]

» development of models based on a new paradigm, in which all relevant
reaction mechanisms are consistently taken into account within a
unified description of nuclear dynamics.
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The IA x-section

@ The hadronic tensor can be written in the simple form

M
Wi — / PpdEP(p, E) 5 [ZW" + (A— Z)Wj"] |
p

o Elements entering the definition of the IA x-section
> the tensor describing the interactions of the i-th nucleon in free space

W = "(—pr, Nj*LIX, px) (X, pxLik| — pr, N)O™(§ — pr — px) -
X

B=Ex— VP +M =w+M—E—/p2+ M

» The nucleon energy and momentum distribution, described by the hole
spectral functions
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Violation of current conservation

The replacement of w with & leads to a violation of the current
conservation:

quwy’ =0
Prescription proposed by de Forest:
iy = wh (@)

The violation of gauge invariance only affects the longitudinal response. As
a consequence, it is expected to become less and less important as the
momentum transfer increases, electron scattering at large |q| being largely
dominated by transverse contributions.
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Local Density Approximation (LDA) P(k, E) for oxygen

Pipa(p, E) = Pur(p, E) + Peore(P, E)

e Pyr(p, E) — from (e, €' p) data

@ Peore(p, E) — from uniform nuclear matter calculations at different

densities:
Pur(p, E) = Y Zuldn(p)PFalE — En)
ne{F}
Peorr p, / derA r)Pcl\(l)% p? E; 0= QA(r))
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Hadronic monopole form factors

A2 —mZ

Frenn(k?) = A2 g2
/\2 (1)

Fﬂ_ k2 _ TNA

vl = Ry - R
and the EM ones
1
Fonl@) = T s
(1—q?/N3)?

(2)

Fnale) = Fan(@) (1= ) (1= 5) 7

where A, = 1300 MeV, Aya = 1150 MeV, A3 = 0.71GeV?,
Ay = M+ Mp and A3 = 3.5 GeVZ.
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Including MEC within the IPM

> J. Nieves et al, Phys. Lett. B 707, » M. Martini et al, Phys. Rev.C 80,
72 (2012) 065501 (2009);
— — 30 ‘
— Full Model
< Full QE (with RPA) o r = MiniBooNE
2 21 Multinucleon 2 25k — QERPA +np-nh B
Q -~ No RPA, No Multinuc. <] 9 b+
g — NoRPANo Multin., M, =1.32 g T o
5
L2 sk A 20 QE RPA without LL quenching | —|
& _ = L ]
e M,=1.049 GeV S L 0.8 <cos0 <009 |
N 0.80 < cos 6 <0.90 = |
2 1- " — o
1 < 10 |
o
o= g |
3 05k 5 st E
o w7
. . 0
0 03 ] 5 0 : 2
T, (GeV) T, (GeV)

@ After the inclusion of MEC, both schemes turn out to provide a
quantitative account of the data

o A fully consistent treatment of 2p2h processes requires a realistic

model of nuclear structure, taking into account the effects of NN
correlations.
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Neutral weak current two-body contributions

The enhancement due to two- nucleon currents, at g ~ 1 fm~! is about
50% relative to the one-body values.

8.0
L o-oVNC, Ib A
Fy o—e VNC, 12b 1
[ ANC, 1b 1 f
r o ANC, 12b | >
6.0f ToANG ] Low momentum transfer

the dominant
contribution is given by:

eeNC, 12b ]

9) I
< | (il ool
S0k ya S gl > At higher momentum
- ‘ transfer:
00: e T (ili3pinsi) + (iLifpioel)
: 1 2 3 4 plays a more important
!
q (fm ) role.

> A.Lovato et al., Phys. Rev. Lett. 112, 182502
(2014)
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