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Effect of the bound nucleon form factors on charged-current neutrino-nucleus scattering
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We study the effect of bound nucleon form factors on charged-current neutrino-nucleus scattering. The
bound nucleon form factors of the vector and axial-vector currents are calculated in the quark-meson coupling
model. We compute the incIusiv’@C(v#,,u‘)X cross sections using a relativistic Fermi gas model with the
calculated bound nucleon form factors. The effect of the bound nucleon form factors for this reaction is a
reduction of~8% for the total cross section, relative to that calculated with the free nucleon form factors.
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There has been considerable interest in possible changgk2,13, which is simple and transparent for the purpose,
in the bound nucleon properti¢$]. A number of evidences, while implementing the bound nucleon form factors calcu-
such as the nuclear European muon collaboratttviC) ef-  lated in the quark-meson couplingMC) model [9,14)].
fect [2], the quenching3,4] (enhancing[5]) of the space Thus, we do not include the other nuclear structure correc-
(time) component of the effective one-body axial couplingtions[11,15.
constant in nucleaB decays, the missing strength of the  Of course, it is difficult to separate exactly the effects we
response functions in nuclear inelastic electron scattering;onsider here from the standard nuclear-structure correc-
and the suppression of the Coulomb sum r{#¢ have tions, particularly from MEC. However, since the relevant
stimulated investigations of whether or not the quark degreesurrent operators in this study are one-body qugrion)
of freedom play any vital role. operators acting on the quarksion cloud in the nucleon, a

Recently, the electromagnetic form factors of bound pro-double counting with the model-dependent MEA16] (the
tons were studied in polarizéd,e’'p) scattering experiments current operators act on the exchanged mesisnexpected
on %0 and“He [7]. The results from MAMI and Jefferson to be avoided. The same is also true for the model-
Lab on“He [7] concluded that ratio of the electriGp) to independent meson pair currents, because they are based on
magnetic(GF,) Sachs proton form factors differs by10% the antinucleondegrees of freedorf3,4,16. For the vector
in “He from that in'H. Conventional models employing free current, a double counting with MEC may be practically
proton form factors, phenomenological optical potentials,avoided as the analyses for thile(€,e'§)°H experiments
and bound state wave functions, as well as relativistic corf7] have shown. For the axial-vector current, the quenching
rections, meson exchange curre(EC), isobar contribu-  Of the axial coupling constafiga=Ga(0)] due to the model-
tions, and final state interactiolig,g], all fail to account for  independent meson pair currents was estimggdising a
the observed effect ifiHe [7]. Indeed, full agreement with Fermi gas model. The quenching due to the pair currents
the data was obtained only when, in addition to these staremounts to a 2% at normal nuclear matter density, thus con-
dard nuclear-structure corrections, a small correction due tributing negligibly to the cross section. Hence, the double
the internal structure of the bound proton was taken intccounting from the interference between the axial-vector and
account[7,9]. vector currents is also expected to be small when considering

Here, we study the effect of the bound nucleon form facthe analyses for théHe(€,e'p)®H experiments. Thus, the
tors on neutrino-nucleus scatterihgs an example, we com-  effect we consider here, which originates from the change of
pute the inclusivézc(vﬂ,,u‘)x cross sections that have been the internal quark wave function, is additional to the standard
measured by the LSND collaborati¢h0]. It is known that  nuclear-structure corrections.
the existing calculations for the total cross section based on The QMC model[17] has been successfully applied to
the nucleon and meson degrees of freedom overestimate theany problems of nuclear physics and hadronic properties in
data by~30% to ~100% [10,11]. Because our aim is to nhuclear mediunj18]. In the model, the medium effects arise
focus on the effects due to the internal structure change dhrough the self-consistent coupling of scalaej and vector
the bound nucleon, we use a relativistic Fermi gas modelw) meson fields to confined quarks rather than to the nucle-

ons. As a result, the internal structure of the bound nucleon is
modified by the surrounding nuclear mediuiDetails of the
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'Because the renormalization of axial-vector form factors are the (p's'[VE(0)|ps) = Ug (p'){F1(Q%) y * + i[F(Q%)/2my] o™
same for the time and space components in this stqdgnchedyl a
we will not discuss the time component. X(p' = p)H72usp), (1
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(p's'|AL(0)|ps) = Ug (P H{GA(QY) ¥ * + [Gp(QP)/2my ] 1h = - FAORO 0688, & pepy (<015 MM 1
) ——- R @QYF0)
X(p" = p)tys(ma/2)us(p), (2 N\ — G, Q)G (0)

\
where Q?=-(p’-p)?, and other notations should be self-

explanatory. The vector form factors;(Q?) andF,(Q?), are
related to the electrifGg(Q?)] and magneti¢ Gy, (Q?)] Sa-
chs form factors by the conserved vector current hypothesis
The induced pseudoscalar form factGg(Q?), is dominated 0 . . . . . .

05 |

by the pion pole and can be calculated using the partially | —-— Fr@yF™@) ps=0.668p, Pa=Po

conserved axial vector curre(PCAQC) relation[19]. Never- 13 R T _4
theless, the contribution froiG(Q?) to the cross section is 1.2 | — 6,(@6,"(@) T ,,// ]
proportional to (lepton masg/mg, and is small in the F  ____-== I SRy - P

present study. We note that since there is another vector i
the nuclear medium, the nucle@nattep four-velocity, there
may arise various other form factors in addition to those ino.s \____/v
Egs. (1) and (2). The modification of the nucleon internal . ,
structure studied here may also be expected to contribute t © 0.5
such form factors. However, at this stage, information on

such form factors is very limited and not well under control £ 1. calculated ratios for the bound nucleon form factors.
theoretically and experimentally. Thus, we focus on the in-

medium changes of the free form factors given in Hgs. . _ 1
and(2), and study their effects on neutrino-nucleus scatte:ggﬁelz ﬁ;m;igrnin;ﬁzwﬁg;iisamg\r;(:gtr O:Cr:%lo;r;ittlj?:vggpen-
ing. (Hereafter we denote the in-medium quantities by a Nence oﬂ:;(Qz) andG;(QZ), as well as the enhancement of

asterisk) . . x )

Using the improved cloudy bag mod@CBM) [20] and ~ F2(0) and quenczhmg 0B,(0) [9,14,24. Although the modi-
QMC, the electromagnetic and axial form factors in nuclearication of theQ® dependence is small, we emphasize that
this effect originates from the nucleon internal structure

medium are calculated in the Breit frarf@14) ' o ‘ '
. change. The main origin of this ne@? dependence is the
GEMA(QY) = PG A(7PQP), (3)  Lorentz contraction effect to the quark wave function ampli-
fied by the reduced effective nucleon mafSee also Eq.
(3).] Note that the relative change of the bound nucleon form
factor F5(Q)[GE (Q?] to that of the free nucleon is an en-

-
e e e == L
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1 1
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where 7=(my/E,) is the scaling factor with Ey
=my2+Q?/4 the energy, anthy, the effective nucleon mass

in nuclear medium. The explicit expressions for E8). are . a0 or] i 1 9
given in Refs[9,14]. The ICBM includes a Peierls-Thouless Eancement(quenchmg[g]) of . 8% [4%] in ZC atQ
=0.15 GeVf, and we are focusing on such relative change.

projection to account for center of mass and recoil correc- Next, we investigate the effect of the bound nucleon form
tions, and a Lorentz contraction of the internal quark wave ' : .
actors on charged-current neutrino-nucleus scattering. We

function [20,21. . compute the inclusive®C(v,,u")X differential and total
Now we calculate the ratios of the bound to free nUCIeoncross sections, which have Geen measured by the liquid scin
QMmC* ICBM fre H y -
form factors, [Gga/Gewa '~ to estimate the bound tillator neutrino detecto(LSND) collaboration[10]. We use

pucleon form !ggtors. Using the empirical parametrizationsthe formalism described in Reff12], and that the empirical
in free spacdSe i [22,23, the bound nucleon form factors parametrizations of the electromagnefit2,22 and axial

Gem,a are calculated by [14,23 form factors for the free nucleoriSee Eq.(4).] A
Gema(@) = [GENA(QI/IGERY "™HQIIGEWAQD). (4  relativistic Fermi gas model is used implementing the bound

nucleon form factors to calculate the differential cross sec-
tion (do/dE,), averaged over the LSND muon neutrino
spectrumd(E, ) [12] for the full range of the LSND experi-
mental spectrﬁnﬁlO], 0= Evﬂs 300 MeV,

Note that the pion cloud effect is not included in the axial
form factor in the present treatmejit4]. However, the nor-
malized Q%> dependencédivided by ga=Ga(0)] reproduces
relatively well the empirical parametrizatigi4]. Further-
more, the relative modification dE*A(QZ) due to the pion
cloud is expected to be small since the pion cloud contribu-(do/dE,)

tion to entireg, is ~8% [19] without a specific center-of- o o

mass correction. = lf (do/dE,)P(E, )dE, ]/{f ®(E, )dE, ]
In the calculation we use the parameter values, the current 0 BeoooR 0 Bk

quark massn, (=m,=mg)=5 MeV assuming S(2) symme- (5)

try, and the free nucleon bag radiRg=0.8 fm, where both

values are considered to be standard in Q[\lq Figure 2 shows the result dﬁo’/dEﬂ) calculated Using

First, Fig. 1 shows ratios of the bound to free nucleonthe nucleon massesy and my. For the Fermi momentum

form factors calculated as a function @* for pg=p,  kr=225 MeV (pg=0.668y) for '2C, we use the QMC calcu-
=0.15 fn73 (the normal nuclear matter dengitgnd 0.668, lated value,m =802.8 MeV. A moderate quenching of the
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6 —m—m———r——————— 77— TABLE . Calculated total cross sections fiC(v,,, u")X. See
. the text for notations.
——— m, with free form factors
-~ My With in- medium form factors |
—-—- m,* with free form factors Notation Type of calculation Eg (MeV) (o) in 1079 cn?
= —— m* with in medium form factors
2 4 (M, =939 MeV, m,'=802.8 MeV) - (a(F,G))  my,F1Q?%),Gap(Q?) 0 32,5
e (o(F",G")) my,F15(Q%),Gup(Q?) 0 30.0
e (o(F,G))  my,F1(Q%,Gap(Q?) 0 28.4
2 (a(F",G") my,F15(Q9),Gap(Q?) 0 26.2
A:.
2+ . * *
g (0(F",G)) my.F14Q).Gap(@) 0 335
v <U(F,G*)> mN!F1,2(Q2)!GAqP(Q2) 0 291
(o(F,G))  my,F1Q%,Gap(Q?) 20 16.1
oL F',G")) my,F;AQ),Gpp(Q? 20 14.8
100 150 200 250 (o by 1’2(Q2) A'P(Qz)
E,(MeV) (o(F,G))  my,F1Q%),Gap(Q) 25 13.2
(o(F",G)) my,Fy4Q?),G,p(Q2) 25 12.2
FIG. 2. Angle-integrated inclusivé’C(v,,u")X differential  (a(F,G))  my,F1AQ?),Gap(Q) 30 10.7
cross section as a function of the emitted muon end&gwsing  (o(F",G")) vaF;_ 2(Q2)1G*A o(Q? 30 9.9
Eg=0 for all cases. ’ '

. . . Experiment[10] (200 10.6£0.3+1.8
cross section can be observed due to the in-medium form Experiment{m} 21993) 11.240.3+18
factors for both cases. Although the effective nucleon mass P oA T

Experiment[10] (1995 8.3+0.7£1.6

can account for, to some extent, the binding effétte
Hugenholtz—van Hove theorefR5]), there is an alternative
to include the binding effect, i.e., the “binding enerdyg is ) .
introduced and the ag\]/ailable reaction eneEgy;greplac% by 3, the bound nucleon form factors reduce the differential
E-Eg. In this case, we use the free nucleon mass in th&0SS section. In Fig. 3, as the binding enefgyincreases,
calculation. SinceEg is an effective way of accounting for the peak position shifts downward for both cases with the
the binding effect[26], we regardEg as a parameter and free and bound nucleon form factors. The similar tendency
perform calculations forEg=20, 25, and 30 MeV(E.g.,, du€ tomy is also seen in Fig. 2. _ _
Es=25-27 MeV is commonly used for th&O nucleus The total cross section is given by integrating Es).over
[27].) We emphasize that our aim is not to reproduce thdhe muon energy. We denote the cross section calculated with
. 2 2
LSND data, but to estimate the corrections due to the bound® freg(bounc) TUCIe,?n form factors; 5(Q%) and G, p(Q°)
nucleon form factors. In Figs. 3 we present the results ofF1,Q") and G,p(Q7] as (a(F,G)) [{a(F,G))]. Thus,
(do/dE,) for Eg=20, 25, and 30 MeV. In both Figs. 2 and {o(F,G)) calculated withmy and Eg=0 corresponds to the
free Fermi gas model result. The results wig=0 and ei-

g mm— 77— thermy or m’,:‘ are listed in the top group rows in Table I. The
- E,=20 MeV with fres £ s LSND experimental datg10] are also shown in the bottom
SN —-—- E_=20 MeV within medium f.fs group rows in Table I. As expectdd0], the free Fermi gas
/77N — Es=25MeVwithfree tfs result overestimates the data by a factor of 3. The results
=~ NN T Esfgg mex W?”I: in "f‘?dium tfs obtained using the bound nucleon form factors, with either
é 2 b \“\\ T £ 30 ey mh o um s 1 my or my, similarly overestimate the LSND data. In order to
= \\\ (E,: binding energy, £ fs: form factors) make discussions more quantitative, we define
IO = _ * *
o Formi gas modl restlfs R(30) =[(o(F,G)) = (o(F .G NIo(F.G).  (6)
/\ *
I_.Iéli 1+ - For the total cross sections calculated withy,m,) and
E Ez=0, we getR(50)=(7.7,7.7%, respectively. Thus, the
v correction due to the bound nucleon form factors to the total
cross section is not sensitive bgy or my in the case okg
=0.
0100 s 200 . 25'30 : Next, we investigate which bound nucleon form factor
E (MeV) gives dominant corrections to the total cross section. We cal-
i

culate the total cross section withy, using the free and

FIG. 3. Same as Fig. 2, but usingy=939 MeV for all bound form faCt0r§ for two casefF; 5(Q?) and Gap(Q?)]
cases. and[F; AQ?) andG, p(Q?]. They are denoted byr(F",G))
and {o(F,G")), respectively. The results are given in the
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middle group rows in Table |. Together with the results inthe To summarize, we have estimated the effect of the bound

upper group rows in Table I, we obtain inequalities for thenucleon form factors arising from the nucleon internal struc-
total cross sections calculated withy, and Eg=0: ture change on the inclusivéC(v,,, u™)X cross sections. We

have used a relativistic Fermi gas model implementing the

(o(F,G")) < (o(F",G")) < (a(F,G)) < (o(F",G)). (7) bound nucleon form factors calculated in the QMC model.

The effect of the bound nucleon form factors for this reaction

. . 0 . 0
This shows that the most dominant reduction is driven by thtirsegurcei%ﬁg?ggfngr fgfr i%eo/: C;L?I ac rﬁ g;vsigrc tr:%rgzle)-r;]ﬁ(?ul/od

axial form f?ctqr,GA(Qz). (The induced pseudoscalar form po ayen into account additionally to the standard nuclear-
factor Gp(Q) gives only a few percent contribution when strcture corrections. To draw a more definite conclusion, it
calculated using all free form factoygurthermoreF; (Q?) s essential to perform a more precise, elaborate calculation
enhance the total cross sectignostly due to=,(Q?] as can  within the framework of the random-phase approximation
be seen from the lower panel in Fig. 1. [12], including the effect of bound nucleon form factors.
The total cross sections f@;=20, 25 and 30 MeV are However, even at the present stage, it is important to point
listed in the bottom group rows in Table I. The boundout that the correction due to the in-medium form factors
nucleon form factors for these cases also reduce the totgPuld be significant for a precise estimate of the charged-
cross section relative to those calculated with the free forn§urrent neutrino-nucleus cross section.
factors. In addition, the results are rather sensitive to the e would like to thank D. H. Lu for providing us with the
values forEg. However, we findR(60)=(8.1,7.6,7.5% for  improved cloudy bag model codes, and K. Kubodera, K.
Eg=(20,25,30 MeV, respectively. Thus, the effect of the Nakayama, and R. Seki for useful discussions. K.T. was sup-
bound nucleon form factors to the reduction rate is again noported by the Forschungszentrum-Jiilich, Contract No.

sensitive toEg. 41445282(COSY-058.
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