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We study the phase-space dependence of 2p-2h excitatioesiirino scattering using the rela-
tivistic Fermi gas model[[l]. We follow a similar approachRefs. [12[13] but focusing in the
phase-space properties, comparing with the non-relatvisodel of Bl]. A careful mathematical
analysis of the angular distribution function for the outgpnucleons is performed. Our goals are
to optimize the CPU time of the 7D integral to compute the badensor in neutrino scattering,
and to conciliate the different relativistic and non reletiic models by describing general prop-
erties independently of the two-body current. For some sinisangles the angular distribution
becomes infinite in the Lab system, and we derive a methodégrate analytically around the
divergence. Our results show that the frozen approximatibtained by neglecting the momenta
of the two initial nucleons inside the integral of the hadtensor, reproduces fairly the exact
response functions for constant current matrix elements.
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1. Introduction

The analysis of neutrino oscillation experiments require@gng under control all the nuclear
effects, which are inherent to amynucleus scattering event. These effects play a major role i
modifying the freev-nucleon cross section, and a good understanding of theleadycmandatory
in order to reduce the systematic uncertainty of the modafg@yed in the experimental analysis.
There is strong theoretical evidendé [F{]6, 7] about a sigaifi contribution from multi-nucleon
knockout to the inclusive Charged Current (CC) cross sedimund and above the quasielastic
(QE) peak region.

There are, at least, three different microscopic mod¢,[8.[8] which are based in the relativistic
Fermi Gas. But they differ from each other in several assiomptand different nuclear ingredients
for the interaction. Therefore, it is really difficult to éistangle the origin of any discrepancy in
the final results.

Other models[[]9[ 10] are based on the available phase spsicassuming a constant transition
matrix element and fitting it to the experimental cross secti

Finally, our goal is to reduce the computational time neadetis kind of calculations, or at least
to establish what assumptions previously made by othewoetire really good enough in order
to estimate accurately and fast the contribution of theski4mucleon processes to the inclusive
channel.

2. 2p-2h phase space in the Relativistic Fermi Gas model

The hadron tensor for the 2p-2h channel in a fully relatigifamework is given by:

WHY /d3pld3p’2d3h1d3h2 kY (p4, ph, h1,h2)8(E] + E) — E1 — B2 — w)

2p2h — (2m)9 EEEE2
(P,

Ph, h1,hp)&3(p4 +ph—h1 —hy —q) (2.1)

wheremy is the nucleon masy, is the volume of the system and we have defined the product of
step functions,

O(p}, P2, 1, hz) = B(py — ke )8(py — ke )8 (ke —hy)B(ke —hp) (2.2)

which encodes the nuclear model.

Finally, the functionr#¥(p7,p5,h1,hy) is the elementary “hadron” tensor for the transition of a
nucleon pair with given initial(h1,hz) and final (p,p5) momenta, summed up over spin and
isospin, given schematically in terms of the antisymmettigvo-body currents by:

rk¥(pY,ps,ha,hy) = Z] (1,2,1,2)4j"(1,2;1,2)a (2.3)

The above multidimensional integrl (2.1) can be done eithenerically or its dimensions can be
further reduced under some approximatioq [#,[I]L, 12]. Wealdknow exactly the origin of the
discrepancies between the available models. These couldebt different two-body currents, to
local Fermi Gas model rather than global one, or other effdtis difficult to make any concluding
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assessment right now, but all those models should agree ket of phase space functiériw, g),
obtained assuming a constat :

F(wq)= [ d*hidhedp O(ph, Ph 1, p)S(Ef + B~ E1—Eo— ) (24)

plEEE'E'

wherer#¥ = 1 andp), = h1 +hy+ g — p] integrating out the delta function of momentum conser-
vation.
The remaining delta function enables analytical integrativer the modulus gf;:

Mg P2
sing, L
lElEz azi|E/pG. E1py- Pl

F(w.q) =21 [ d*hyd*hyde; O Phtuhe)  (25)

p,l /(a

and the sum inside the integral sign runs over the two sm19qi1§(i) of the energy conservation
delta function (see appendix C on R¢i. [1]).

2.1 Frozen nucleon approximation

The frozen nucleon approximation is just a particular cdsesomean-value theorem in several
variables

/bf(x)dx: f(c)b—a) with celab] (2.6)
/ F(r)dr = f(c)/ dr = f(C)¥ with ce ¥ 2.7)
5 5

In our case we are going to skip the two 3D integrations overhtbles momentahi,h,) by
fixing them to some, in principle unknown, values inside tleenfi sphere, while keeping the
integration over the emission angle and constraining it thgr@y conservation. Of course, the
obvious particularization of the mean-value theorgm| (&:7)

Fw) = [l finhep) = (2) [ 1. hap) 29

where((h1), (h)) are the two unknown hole momenta inside the Fermi sphere.

Up to now the whole discussion is exact. What makes the difiez between an excellent ap-
proximation to the true result or a poor one is just the sileabf the “average” hole momenta
((h1), (hy)). Our choice to call ifrozen nucleon approximatiowill be (0,0). There are mainly
two arguments which favor this choice:

e For highg>> kr > h;, one can assume both initial nucleons at rest.

e If one does not assume the above statement, one has to detdhmiaverage angles for the
two holes. And this cannot be done without computing the#Dllintegral (see sectidn 2.2).

Now, we can define thifozen approximatiophase-space functida(w, q):

g
F(w,q) = ( >/d3 O(E;+E;— w—2my) O (|Ol,p2,00)E,E2 (2.9)
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where nowp,, = q — pj.
The above phase-space functign](2.9) allows us to definertpelar distribution in thefrozen
approximation

2
_ 4 T
o / /
Flw,q) = <§nk,§ or [ dejo(6]) (2.10)
(D(Ql - S|nel/dmp 5 E1+E2—0.) sz)@(pl, p2,0 O) E/E/ (211)
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Figure 1: Angular distribution®(6;) for g = 500 MeV/c (left panel) and foq = 3 GeV/c (right
panel) in the frozen nucleon approximation, for three défé values ofw as a function of the
emission anglé;.

The problem stands on the divergence of the angular diisibfor some kinematics. This can be
seen in some of the panels of figyfe 1 for the frozen nucleoroappation. For other values of
the holes momenta, the position of the pole is different,itagtstill present. This makes crucial
to determine analytically the angular interval where thtedration has to be performed. This was
done explicitly on section VI of Ref[][1].

Once the problem of the divergence has been correctly aitieshe results for the phase
space function in the frozen approximation can be compariédl te full integral in figure[J2.
Here we can appreciate the quality of the approximated trésula wide range of momentum
transfers. The main discrepancies arise on the low eneaggfer region in each plot. But the phase
space function is well-reproduced in the rest of the inteavel, furthermore, we have skipped 6
additional integrals (over holes momenta), thus redudigujfscantly the computation time. These
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Figure 2. Comparison between frozen nucleon approximadiwhfull integral for low and inter-
mediate momentum transfers (left panel) and for high moomartansfers (right panel).

results indicate that this approximation is especiallyl\saited for Montecarlo event generators,
particularly if the goal is to estimate quite accurately ¢thess section for multi-nucleon knockout
in the shortest time as possible.

2.2 Other initial configurations

We have chosen up to now tlizen nucleon approximatiorbut other initial ((hs), (h2))
configurations could have been selected as well. We havedevad six configurations depicted
in fig. B&. The configurations with total initial momentum bétpair equal to zero (U,D or FT)
would, in principle, yield a result very close to that of fih@zen approximationThis can be easily
observed in figurg 4a.

In the first comparison, Figl Bb, we show the contributionved pairs of nucleons with the
same momenturiy = h, = 200 MeV/c, and both parallel, pointing upward (U) and dowrdy@)
with respect to the z axis, that is, the directiongofThe contribution of the UU configuration is
smaller than average, while the DD is larger. This is so beg&uthe UU case the total momen-
tum p’ in the final state is large. By momentum conservation, the ergap; and p, must also be
large. Therefore, these states need a large excitatiogyeraerd they start to contribute for high
transfer. In the DD configuration, the total momentphis smaller, so the final moments and
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Figure 3: Geometry employed for emission of a pair of nuctentith initial parallel momenta
(UU,DD), anti-parallel (UD,T-T) and perpendicular (TTI;T’) on the left panel. In the right
panel a comparison between average momentum approxinatibfull integral is shown. Initial
momenta are both 200 MeV/c.

p, can also be small, with small required excitation energyer&fore, they start to contribute at
lower w.

In the example of Fig[_%a, two anti-parallel configurations shown. In the UD case, one nucleon
is moving upward and the other downward the z axis with totahmantum zero of the pair. This
situation is similar to that of a pair of highly correlatedcteons with large relative momentum
[L3]. Since the total momentum is zero, the final 2p-2h statetbtal momentum g, exactly the
same that it would have in thfeozen nucleon approximationTherefore, the contribution of this
configuration is similar to the average. The same conclgsiam be drawn in the case of the con-
figuration T, —T, with one nucleon moving along theaxis (transverse direction) and the other
along—x with opposite momentum. The contribution of this pair isekathe same as that of the
UD configuration in the total phase-space function.

Finally, we show in Fig[4b two intermediate cases that aitheeparallel nor anti-parallel con-
figurations. They consist of two pairs of transverse nud@aooving along mutually perpendicular
directions. In the first case, we consideF aucleon and a second nucleon moving in the y axis
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Figure 4: Comparison between average momentum approximatid full integral. In the left
panel the initial momenta are both 200 MeV/c with total motnenof the pair equal to zero. In
the right one the initial momenta are both 200 MeV/c poiniimgrthogonal directions.

out of the scattering plane. The contribution of Th&’ pair is large, while the one of the opposite

case—T, —T’,is small. On the average, they are close to the total result.

3. Conclusions

We have performed a detailed study of the two-particle- hote phase-space function, which
is proportional to the nuclear two-particle emission res@ofunction for constant current matrix

elements. Our final goal was to obtain accurate enough sesuttiout calculating the 7D inte-
gral. The frozen nucleon approximation (1D integral), ieaheglecting the momenta of the initial

nucleons for high momentum transfer, seems to be a quiteigirgrapproach to reduce the com-

putation time without missing significant accuracy. The Citte of the 7D integral has been

reduced significantly. We are presently working on an imgetation of the present method with
a complete model of the MEC operators.
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