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Introduction

o The emission of two particles requires interaction
mechanisms with a pair of nucleons (by procesess like
MEC, SRC, FSI...)

o In this paper we present predictions for the inclusive cross
section by neutrinos and electrons including the effects of
SRC and MEC separately.

o We'll apply an extended parametrized superscaling
analysis with effective mass (SuSAM¥) based on the RFM
theory.

o SRC phenomenological model is based in two premises:

o The tail of the scaling function is dominated by the
high-momentum components of the nuclear wave function.
o We follow the Bethe Goldstone formalism in nuclear matter.
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The 1plh response functions are

2
QE _ Vv / 3, (M) < imr o
RZ" (g, w) @) d°h~—X— FL S(E' —E—w)
x0(p' — kp)0(kp — h)2Uk. ey
where de Uk are the single nucleon responses in 1plh excitation
u, = w®, Ur = w'! + w?, (2)

corresponding to the single nucleon tensor

wh ZJOB(P h)z, jbs(p' h)ss, @3)

ss’

and
. _ . F
]?)B(P,rh)s’s = M(P/)s/ 1:'1,),]4 + ZﬁUWQV u(h)s’ (4)



We make a change of variable in the integral (1) so we reduce it
to an integral over the initial nucleon energy,

RE(9.0) = oy 2oy [ dente)2unte,nw), 6

where € = E/mj};. We’ve introduced the energy distribution of
the Fermi gas, n(e) = 6(er — €) and

eonax{le—i-%—A,ep—ZA}, 6)

with the dimensionless variables,

A=w/2my, k=q/2my, T=xr>—A\% (7)




We define a mean value of the single-nucleon response by
averaging with the energy distribution n(e),

5 den(e)Uk(e,q,w)
fef den(e) '

We rewrite the QE nuclear response as,

Uk(q,w) = ®)

vV 2mmi3

R (g, w) a2 / den(e )



Using the energy distribution of the RFG, n(e), we define the
Scaling function as,

Ser—1f ) = [ nte)de, (10)

and the scaling variable,

6’0—1

v= o0 a1

So finally we can factorize the nuclear response as,

-1 o W
S (ZUR+ NUQS (), e =ke/miy (12)
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o In RFG, the scaling function is zero for 1 < |¢*| for all
nuclei.

o In areal nucleus the momentum is not limited by kr since
nucleons can have higher momentum.

o In SuSAM*, we extend (12) by replacing f*(¢*) and use a
phenomenological scaling function obtained from
experimental data,

foe = (dew)exP (dé‘;w)MEc (13)
Q om(vLry + vrrr)
where,
r er — 1 (ZUy 4 NUy). (14)
K= K K
MK



The 2p2h inclusive hadronic tensor is computed by integrating
over all the 2p2h exitations,

4
Winw) = (g [ PRI
xw"”(pppz, hy, hy)
x0(py — kR )O(kY — h1)0(ph — ki )O(kY — hy)
><5(E1 —|—E2 —E1—Ep —w)
xd(p1+p2—q—hi —hy), (15)
W””(pi,p’z, hy, hy) =

Z Y M1,2,1,2)4°(1,2,1,2)4.  (16)

s1325152 tltzt t‘2
where the two-body current function is antisymetrized
#(1,2,1,2)4 =#(1,2,1,2) — j#(1,2,2,1). (17)
98



Taking the same formalism for 2p2h excitations,

Win (4, w)
wWhi(q,w) = NN AT N,N' =p,n (18)
NN #FNN/(Q,CU)

where we define the phase-space

* \4
Fyn (g w) = / A pid®phd®hy d3h2%

x0(p) — kO — h1)0(ph — kN )O(KY — ha)
x8(Ey +E; —E1 — E, —w)
x6(p1+p2—q—hi—hy), (19)

We get an exact factorization of the 2p2h hadronic tensor,
14 _
Wik (0.0) = sFuw (@ @B @@). @O



P51 P 5h it Ph. b
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Let’s now consider the matrix element of the OB current
between a correlated pair and a two-particle state above the
Fermi level,

<[P/1P/2]|](I;B(q)|[q>h1h2]>, (21)
Where the initial correlated state,
[hi, hy) = [Ppn,) = [hi, ho) + |ADPpp,). (22)
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Short range correlations responses

A®y, 1, is the high momentum relative wave function,
(P1P2|A®h;n,) = 6(p1 + P2 —hi —h2) Mg, (p).  (23)
By applying the OB current to a system of correlated nucleons,

7-[3
(it ) @) = 20

5(py+ P> —q—hi —ho)jlo (Pl ph hi o). (24)

Where we define the correlation current,

]élor(Pllx P/ZI hl/hZ) -
(270)%75(P, Ph — @) Bgnyn, (P = 3 )
+ (275 (P Ps — DBgnn, (P +3 ). (25)

with p* = 2(p’1 — p’2) is the relative momentum of the nucleon
pair.
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We add the correlation current (25) to the double nucleon (16),
so that transform to

Wy (P1, P2 hi b)) =
(27m) ‘]N(Pllpl Q)Agik, (pl B %) ’2
+ (27)° ik (ph P5 — @)D gRN, (P'+%)\2
+202mRe {4 (1,0~ @)ohe (v~ 3)

X i (P2 P — )AG”hlh2 ( "+ g) } . (26)



We suppose that we can approximate the average of the
product as the product of the averages so we’ll have only the
diagonal terms,

2 NN |2
) x ’Aq)hlhz

@ho(g.@) = @me ([ + 7

4

(27)
where we use the notation,
|2 . 2 . 2
[ =k -] = [Rpp s - ) (28)
NN [ NN’ 2
’Aq)hlhz = ‘Aq)hlhz (P’ + )‘

q
2
— ‘A(pﬁ’fﬁ;( —%)‘2. (29)



We define a 2p2h coefficient dependent on the momentum
transfer q:

= )~ (an) (Z ‘A(Phlhz(p,+q/2)‘2)~ (30)

2
LN 5152815)

Then, for a symmetric nuclei, N = Z, the semi-empirical
response due to the 2p2h contribution reduces to

Z+a(Z—-1)cP"(q)
R =5 )9( D271 mmt

(U +Ug). (31)
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Cross section

From the response functions we can write the semiempirical
formula for the inclusive cross section in the 2p2h channel
induced by the OB current. In the case of electromagnetic
scattering the semiempirical formula is,

do "  omouV F(q,w)cP™(q) Z+a(Z —1)
aQyde’ pon (270)° mEmk 27 —1
[m(Uf +Uy) +or(Ur + U’%)] , (32)

In the case of CC neutrino scattering formula extends naturally
by replacing the electromagnetic single nucleon responses with
the corresponding to the n(vy, u)p or p(V,, u™)n,
do \" ooV F(qw)c"(q) Z+a(Z —1)
dQYde’ 2p2h @) mimi 27 —1
[VecUcee + 2VerUer + VirUpr
+ Velr + 2VT/UT’] . (33)
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Dividing the cross section by the single nucleon,

d
(ﬁ)Zka ) (34)
O'M(ZJLTL + Z)TT’T)

4
_ VE(qw) mynpk Z+a(Z—1) c™(q)

*
fapan(9, @) = (2m)?  Z&r 22 -1  mim¥

f Z*pzh =

(35)

Finally, the semiempirical formula will make use of the frozen
aproximation for the phase-space function to compute the

integral (17),
A3 m*2 4m*2
Fyne(g,w) = (4nk£¥k¥ ) 1—5\/1— o +j)2_qz- (36)



q=100 MeV/c

q=200 MeV/c

q=300 MeV /c

q=400 MeV/c

q=600 MeV /¢

=700 MV /c

q=1000 MeV/c

q=1500 MeV /e

o f5 data for several
g-values are shown.

o cP"(q) is fitted from the tail
of the scaling function
f;uSAM* for ¥* > 1.5.

o The f¢, ¢ - is obtained by
fitting a sum of Gaussians:

f*(ll)*) = aze (4} —ﬂ]) (2“2)

+hae— (" —b1)*/(283)




o The total QE data are
concentrated in a band for
. g <1000 MeV/c.
e o We compare the f2*p2h
Frme contribution for the
kinematics of the total QE
experimental data.
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function.




o The remaining 2p2h
contribution is also
subtracted so Purely QE
1p1h data remains.

o New band of points is
symmetrical as is the new

f 1*p1h:

* * —(1h*)2 /2
Frn(@*) = be” W%,

fr @)




Total Cross Section

do do n do I do
dQ'de’ — \ dQYde' 1p1h dQYde’ 2p2h aqyde’ J yiec
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¢ (q) = a0y 'qu+ : ? (38)
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Summary

o We've presented a new parameterization of the
phenomenological scaling function which consists of a
sum of a symmetric function corresponding to the single
particle (1p1h) emission plus a contribution from two
particle (2p2h) processes, associated to the high-energy tail
of the scaling function.

o By a correlation current, we’ve shown that the hadronic
tensor for 2p2h process can be written as the product of the
2p2h phase space, the averaged single-nucleon tensor, and
a 2p2h coefficient dependent on the momentum transfer g,
for pn, pp or nn pairs.

o In the independent pair aproximation, c,,(g), fitted to the
tail of the scaling function, are related to the average
high-momentum distribution of the pair.
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Summary

o Even if in reality, those parameters encompass additional
contributions.

o We've restored the symmetry of the 1plh scaling function
with the new parameterization and we can effectively
separate the 1p1lh, 2p2h contributions.

o The parameterization of the scaling function
approximately captures the two-nucleon emission,
including correlations and other effects, induced by the OB
current and we’ve seen that it can be applied to neutrino
calculations.

o Our model approximately reproduces the calculations of
Ghent with SRC and the calculations of the Valencia
model.
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