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Charged current weak electroproduction of the A resonance
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We study the weak production df (i.e., e”+p—A°+ v, ande™ +p—A**+,) in the intermediate
energy range corresponding to the Mainz and TINAF electron accelerators. The differential cross sections
o(#) are found to be of the order of 18° cm?/sr, over a range of angles which increases with energy. The
possibility of observing these reactions with the high luminosities available at these accelerators, and studying
the weakN-A transition form factors through these reactions is discussed. The production cross section of
N*(1440) in the same kinematic region is also estimated and found to be smaller thamptbduction cross
section.[S0556-28188)04005-9

PACS numbes): 13.60.Rj, 13.10tq, 25.30.Rw

I. INTRODUCTION cently by Mukhopadhyagt al. [14].
The aim of the present paper is to give a general analysis
The study of the nucleon and its excitation spectrum haof the weak production oA through the processes
been pursued for a long time both experimentally and theo-
retically, especially in the region of th& resonance. In this e +p—A%+u, (1)
region, the QCD inspired quark models for baryon structure
provide theoretical insight into the nonperturbative regime of d
QCD at low and intermediate energies. At these energies, tHa"
study of various electromagnetic excitation processes, in- .
duced by electrons and photons, has been made at many et +p—AT T+, (1b)
research facilities around the world, and there exists exten-
sive literature on electromagnetic transition form facldis 54 o examine critically the feasibility of doing such an
On the other hand, similar studies on the correspondmg_weagxperimem at the Mainz Microtron and/or at TINAF. These
form factors have been few and far between. In a series ok actions were earlier studied by Hwaegal. [15], where a
experiments done with intermediate energy neutrinos at thgag model was used to calculate tHeA form factors and
ANL, BNL, and CERN laboratories, attempts have beenthe effect of theA width was not taken into account. In this
made to study the transition form factors for the chargework we retain all the weak vector and axial vector form
changing weak current, and there exists a fair amount of datgctors in the matrix elements dfl-A transitions. The
to determine these form factof2—6]. This is not the case present available information on these form factors from the
with the neutral current processes, where there are very fewxperimental data on electromagnetic and neutrino produc-
experimentd7,8] in the intermediate energy range and notion of A has been fully utilized through the application of
serious analysis has been made of the transition form factorsonserved vector currenfCVC) and partially conserved
The main interest in the neutral current sector has been taxial currenf(PCAC) hypotheses in thél-A sector[16—20.
study the parity violating asymmetry in the polarized elec-In addition, the width of theA resonance is properly taken
tron scattering with nucleons and nuclei in order to exploreinto account and is found to give important effects on the
the nonzero strangeness content of the nuc[&qt0]. differential cross section( ). The effect of various param-
Now, the availability of continuous wave electron accel-etrizations of theN-A form factors, discussed recently in the
erators with 100% duty cycle in the energy range of a fewliterature[16,17], has been studied to explore the possibility
GeV, and the possibility of achieving very high luminosities of distinguishing between them experimentally. Finally, we
at these accelerators, has led to the feasibility of performindpave also estimated the production cross section for the
electron scattering experiments in the resonance region witRoper,N* (1440, the next higher resonance, in order to un-
very good statistic§11,12. These experimental studies, in derstand its effect in the kinematic region &fproduction.
principle, can be extended to explore weak interaction physwe find its effect to be sufficiently small and well separated
ics in theA resonance region. In this paper, we explore thefrom the kinematic region of present interest to allow for a
possibility of doing such experiments and present a quantielean identification ofA through observation of the pions
tative analysis of the charged current reaction in whice  and nucleons produced as decay products.
are produced. Similar theoretical studies in the neutral cur- In Sec. Il, we describe the transition currents for the pro-
rent sector have been performed ear[i#8] and most re- duction of A and N* (1440, and derive expressions for the
cross sections. In Sec. lll, we present the numerical results
for the differential cross sections(#) for the considered
*Permanent address: Physics Department, Aligarh Muslim Uniteactions, and in Sec. IV we discuss the possibility of experi-
versity, Aligarh, India 202002. mentally observing them.
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Il. TRANSITION CURRENTS AND CROSS SECTIONS
A e +p—oA%+w,and et +p—oAtt 4+,

The matrix element for the process™ (k)+p(p)
—A%p")+ ve(K") is written as[21]

M= % co.l ,J¢, (2)
with
la=U(k") 74(1= ys)u(k), (3)
and
— C3 X
J“=¢M(p’)[ (9 d—a Y +a(9#9a-p’ —qp?)

\%

C/ A
vz(97d-p—a“p?)

Cs5
Y5+ V(g““ﬂ— a“y®)

C4A ’ ’ A Cé
+ 2 (9490’ g#p" ) + Cg* it Zm a4 a® u(p),

(4)

where M is the nucleon massy,(p’) and u(p) are the
Rarita Schwinger and Dirac spinors fdr and nucleon of
momentump’ and p, q=p' —p=k—k’ is the momentum
transfer,CY and C* (i=3,4,5,6) are the vector and axial

vector transition form factors as defined by Llewellyn Smith
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r= L f)u So(W—-M 9
_G_ V_qucml 9( - _mqr): ()

m"IT
wherem,, is the pion masgj., is the pion momentum in the
rest frame of the resonance afitl=2.13.

We now turn to the process" + p—A* "+ v,. The ma-
trix element is written in the same way as E®—(4) with
the following replacements.

(i) The leptonic current, in Eq. (3), now involves anti-
particles and is written in terms af spinors instead ofi
spinors.

(i) The matrix element of the hadronic currehtin Eq.
(4) is now evaluated between initial proton and firaf *
states, with the relation

(ATF]3,1p)=3(A%3,lp).

With these two changes the differential cross section is ef-
fectively given by Eq(5), with L ,4(k,k")—L,4(k’,k) and
Jaﬁ(pip’)quaﬁ(pvp’)'

(10

B. N-A transition form factors

TheN-A transition form factors relevant to the weak tran-
sition current have been discussed in the literature in connec-
tion with the analysis of neutrino scattering experiments
[18-21] and in the context of quark model calculations
[16,17]. We summarize in this section some details of these
form factors, necessary for present calculations.

1. Vector form factors

[20] and are discussed in detail in Sec. Il B. It is relevant to

mention here thatg’(qz)zo, assuming CVC. With the ma-
trix element given in Eq9.2)—(4), the differential cross sec-
tion do/d(), is calculated to be

12
ddTUA_ = GZCOSZGCJ d|p’|||;eév
X Iz L apd®?, (5
(W=M")?+T?%/4
with
Lop= KoKt Ko Kg—0,upK-K' +i€,z,5K7K" %, (6)
and
3,5=33313;, (7)

where the summation is performed over the hadronic spin

using a spin 3/2 projection operatBr,, given by

pl_’_M/
2M’

_2p.p,
3 M/Z

g,uv

1p.y,~ply, 1
LLPL R, ) ®

3 M, _gy,u,’}/V "

In Eqg. (5), W is the invariant mass of thA given by W?
=p’%, M’ is theA mass and’ is its decay width given by

As stated in Sec. Il A, there are four weak vector form
factorsCy, Cy, CY, and Cy occurring in this transition.
The imposition of the CVC hypothesis implié:s\i’=0. The
other three form factors are then given in terms of the isovec-
tor electromagnetic form factors in th@A™ electromag-
netic transition. Specifically, the hadronic matrix element for
the reactiong1a) and(1b) are given as

(A%3,lp)y=(A*|IEM(T=1)|p) (119

and
(A |3,lp)y=V3(A*[IEM(T=1)|p),

whereJSM(T=1) is the isovector electromagnetic current.
The information on the isovector electromagnetic form

factorsCiV(qZ) (i=3,4,5) is obtained from the analysis of
photo and electroproduction data &f which is done in
erms of the multipole amplitudes, ;. ,M,, , andS;, [22].

he present data of;, andS;, amplitudes are very mea-
ger and these amplitudes are expected to be small. Assuming
M., dominance of the electroproduction amplitude, which
is predicted by the nonrelativistic quark model, the form fac-
tors CY'(g?) satisfy the relations

(11b

M
Cy.

V_ vV _
CS 0’ C4 M’

(12

The relations given in Eq12) have been used in the analy-
sis of the electroproduction experiments aﬁé(qz) has
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been determined. The following parametrization@é(qz),
available in the literaturg¢16,17), are used in our present
calculations:

2.05

V) 2y —
L) = 1= 0,54 Gew)?"

(1) (13

1.39

(2) CY(g)= :
3 V1—q%1.43 Ge\®)(1—q2/0.71 Gel})?

(14

For the purpose of comparison with a simple form factor
obtained in the quark model, we also U4é]

M
(3) C¥(g))= me%, (15)

wherem= 330 MeV is the quark mass awng=|q|/ ayq, With
apo=320 MeV, being the harmonic oscillator parameter.

2. Axial vector form factors

There are four axial vector form factog$, C;, Cs, and
C2, as defined in Eq4). Using the pion pole dominance of
the divergence of axial currefPDDAC), C’g(qz) can be
given by the equatiofil9]

M2

gAfw

, 16
2\/§M mi_qz ( )

Ca(g?)=

whereg,=f*2M/m,, is theA™ " —p#™ coupling constant
andf_=0.97m_ is the pion decay constant. Evaluating the
matrix element of the divergence of the axial current in th
limit mi_*)O andg?—0, gives the off diagonal Goldberger-
Treiman relation

2

CQ(q2)=Cémz—_qz-

ko

gAfW

2\/3M

In the absence of any other theoretical inpﬁl’;(qz),
C4(g?) and C2(g?)/C%(0) remain undetermined. The data

Ch(0)= (17)

e
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2 1 qo| -2
CA 2 — _+__ e—q /6,
5(a°) J3 343 m)
A i g2 A
Chgd)=— —= e 9%  Cc%g®)=0. (19
2(99) 35 M 3(09) (19

C.e " +p—N*+p,

The Roper resonandé*, with mass 1440 MeV and de-
cay width of about 350 MeV\[23], is the next higher reso-
nance which has appreciable strength iNt@ decay chan-
nel. TheN# events coming from thBl* decay can lie in the
invariant mass region of th& resonance. Therefore, we also
calculate the production cross sectionNf resonance and
the possibility to separate it from & resonance signal. It is
to be noted that there is no corresponding reaction with an
e’ beam, thus tha ™ * production signal is cleaner than the
A° production signal.

The matrix element for the process™ (k)+p(p)
—N*(p’)+ ve(k’) is written assuming standard properties
of the charged weak curredf in the AS=0 sector, neglect-
ing second class currenf&4]. Using constraints free form
factors and manifestly gauge invariant operators for the vec-
tor current matrix elemerj25], J* is written as

J*=up«(p)[FY(a?) (49— q?y*) +iF 3(g?) o*qp

+FA(a?) ¥ s+ FE(a%)q*ys]u(p), (20)
where FY g?) and F) p(g?) are the isovector vector and
axial vector form factors.

The expression for the differential cross sectiter! d(Q) y«
is given by Eq.(5) with M’ andT replaced by th&N* mass
and its width, respectively. For thé¢* width we have chosen
the model described in the Appendix of R¢R6], where
both #+N and 7+ 7+ N partial decay channels are taken
into account. Ther+ 7+ N decay is assumed to go through
a m+A intermediate state.

D. N-N* transition form factors

Using the matrix element in E§20) FY(g?) andF}(q?)
can, in principle, be determined from the available experi-

on neutrino scattering are analyzed using these form factor$,ental data on photo and electroproduction of Roper reso-

as free parameters and using Ek2)—(14) for the vector

form factors. The parametrizations used for the various axiaa
form factors are given below, where dipole form factors have,

been modified for a better fit to the ddia-6]:

|

with C5(0)=0, C,(0)=-0.3, C5(0)=1.2, a,=as=
—1.21, by=bs=2 GeV?, and M,=1.0 GeV. Recently,

&
M2

a;q°

1_
bi—q

2

-2
Cl345a%)=Ci(0) ) , (19

nance from protons and neutrons. The data on the photopro-
uction of protons and neutrons fix onIE‘Z’(O). The
lectroproduction of Roper resonance has been measured
only for the proton, and data are not of very good quality
[27]. In the absence of any data on the neutron target, we
have to rely on a model to determine the isovector form
factorsFy(q?) andFY(q?)/Fy(0). There are many models

in the literature for the electroproduction of Roper resonance
with very different results[28]. For the purpose of the
present estimates, we use the following relations for the is-

these form factors have been calculated in some quark mo@vector transverse and longitudinal helicity amplitudes

els and a comparative study of various models has been pr
sented[16]. For comparison with the phenomenological

form factors, we also use a nonrelativistic quark model cal-

culation[16]

&%) andS{,(g?), respectively:

5
AlA0%) = 3ALA0%)  and Sy(q?)=Siy(a%). (1)
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These relations are valid in the nonrelativistic constitueniyheref is the N* — N coupling determined from the ex-
quark model without configuration mixing and are deducedyerimental decay rate for this channel and defined through
from the results given in Ref29]. The helicity amplitudes the N* N+ Lagrangian using pseudovector coupling, i.e.,
Al, and S, the superscripp referring to the proton are

defined in the standard wdg0] i.e., f—
Lig=1 = y*y57(d, )¢+ H.C. (29)
Al \ NS € 32N i
12 Kr < € JemNL), 22 A dipole form for theq? dependence of x(q?) is used
Fx(0)

2ma |q FY(g)=—2—"
S b e BRI NT L3P q°) : (30)

S Ny gV Ty € 8N D), S IR

whereM ,=1.0 GeV as taken in the case WfA form fac-
tors. Using Eqs(28) and(30) for the axial vector form factor
— . FY(9?) [F2(g®) contribution is negligiblg and Eqgs.(25)—
p_— i P/ A2 _ A2 p B A P

Jo=Un+(P)IF1(A7) (40— 0% ya) + Foi 040 ]u(p)23 (27) for the vector form factor, numerical results are pre-
(23 sented in the next section.

where the electromagnetic currelf} is given by[25]

and Ffvz(qz) are the electromagnetic transition form factors
for the N-N* transitions,q is the three momentum of the

virtual photon andkg is the energy of an equivalent real | this section we present numerical results for the differ-

Ill. NUMERICAL RESULTS

photon both in the rest frame &f*. They are given by ential cross section for the processes+ p—A%+v,, e
W2— M2 (W2— M2+ )2 +p_HA+++7e, e +p—N*+v, and study them using
kKp=—n—, F=——"-—"—"-0> various form factors. We stress here, in particular, the impor-
2W 4W? tance of the decay width in the angular dependence of the
cross sections and the effect of changing various form factors
W2=(k+p)2. (24)  in the vector and axial vector sectors.
Using Egs.(21) and (22), isovector helicity amplitudes are A e +p—A+y,

derived to be . o
We present in Fig. 1 thd angular distribution for ener-

v, q° Voo giesE,=0.5, 0.855, and 4.0 GeV using the expressions for
F2(9%) — wam F@d) s (25  the form factors ofN-A transition, given in Sec. Il B. The
electron energies are chosen to correspond to the Mainz and
TJINAF accelerators. The invariant mass has been restricted

AY (g% =|qlg(g?)

\%
5\1//2((12): ing(qz) F\l/(qz)_ F3(a%) ’ (26) to W<1.4 GeV to include thés dominated events only. The
V2 W+ differential cross section is found to be forward peaked at
lower electron energies, for example Bt=500 MeV, but
with the peak shifts to higher angles as we increase the energy.
There is a gain of 50% in the total cross section as we go
8ma(W+M)W? from the maximum Mainz energ§0.855 GeV to 4 GeV.
9(g%) = 5 (27)  We also study the cross section sensitivity to the transition
M(W-=M)[(W+M)“—q“] form factors. We do this by calculating the cross section for

. . three sets of vector and axial vector form factors. In the first
Invert|ngVEqs.(25) an\(;l (26) we calculate the isovector form  qot \ye yse Eq€12) and(13) for the vector form factors and
factors F1(q?) and F3(q?) in terms of the helicity ampli-  £q (18) for the axial vector form factors, and the results are
tudes and use Eq21) to obtain them from the presently shown in Fig. 1(solid line). In the second set, we take the
available data om\,(q?) and Si;(g?), quoted by Liet al.  form factors recently discussed by Hemmett al. [17],
[28]. which use Eqs(12) and(14) for the vector form factors and

In the case of axial vector form factoﬂéX(qZ) and  Eq. (18) with C§(0)=0.87, C4A(0)=—O.29 MeV for the
Fr(g?), there is no experimental information available. We axial vector form factors. The results are shown by the short-
use the pion pole dominance of the divergence of axial curdashed line. In the third set, we use the nonrelativistic quark
rent (PDDAC) hypothesis, as done in Sec. Il B, to relate model form factors given by Eq$15) and (19) taken from
FY(9?) andF3(g?) to each other and also to obtain a corre-Liu et al.[16] and the results are shown by the long-dashed
sponding Goldberger Treiman relati6BTR) relatingF x(0) line.

to the N* — N couplingT andf .. A straightforward cal- In Fig. 2, using the first set of form factors, we show the
culation giveq24] effect of the decay widtli" on the differential cross sections

do/dQ, for E.=500 and 4000 MeV. It is clear from Fig. 2

T M+ M* that theA width plays an important role in the angular cross
FX(0)= \/Efw—, F\F’,zz—ZFX, (28 section. In the limit of'— 0, our results qualitatively agree
Mz mz—q with those of Hwanget al.[15]. The narrow angular range in
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T 0 bt e FIG. 2. A® angular distribution for the reactioa™ +p—A°
j;~ T I ! i + v, with finite (solid line) and zeradashed lingwidths. The form
= 8 '_Ee = 500 MeV ] factors are taken to be the same as for the solid line of Fig. 1.
6 N 7] The role of interference terms is very interesting in the
i 1 case ofN-A transition. As a comparison of Figs. 1 and 3
4 - shows, the suppression due to the opposite sign of interfer-
i ence terms is quite large at lower energies to overtake the
o overall increase by a factor of 3 due to isospin. As the energy
[ increases, the relative importance of the interference terms
[ | | becomes small and the cross sectioh+p—A*"+ v,
S EE—— dominates. At around,~1.5 GeV, the cross sections for

0.7 0.8 0.9 1 e +p—A%+y, and e"+p—A* T+, are comparable.

The effect of the decay width af is same as discussed in

Sec. lll A, and our results with'=0 are in qualitative agree-
FIG. 1. A® angular distribution for the reactioa™+p—A°  Ment with the results of Hwangt al. [15], except that we

+ v, with three different sets of form factors, as explained in theObtain a larger cross section compared to the cross sections

text. obtained by them in the region away from the peak.

cos 0,

which the cross sections were earlier predicted to dominate is C.e +p—=N*+v,
not there when the effect of decay width is taken into ac- ,
count. On the other hand there is a considerable cross section In Fig. 4, we present the results for thie/d(ly at E

. ) S .~ =4 GeV with the same invariant mass cut féf production
over a wide angular region, which increases as energy raises

R _ as forA production W<1.4 Ge\j. We use the form factors
and corresponds 10-06<45° for E.=4.0 GeV. Therefore, .obtained from Eqs(25)—(27). In order to calculate them we

a high angular resolution is not really needed in the experi- .
the amplitudes?!,, and A}, of Gerhard{27] as quoted
ments and large acceptance detectors can be used to stufyC. 12 < 12 o
9 P '@l}u et al.[28]. The solid and dashed curves shown in Fig.

this reaction. This feature of angular dependence of the cro e b
section is maintained with all the form factors used in this? correspond to the two parametrizationsSgf, and A%, of

study. Ref.[28]. We find that the cross sections f* production
are smaller than thA production cross sections by an order
of magnitude. Furthermore, the* angular cross section
peaks around c@s-0.82 as compared to th& production

In Fig. 3, we present the results fei + PHAHJF;e- that peaks around c6s:0.73. The present uncertainty in the
For this process, the cross section is overall enhanced by atetermination of the form factorsy(q?) andFy(q?) leads
isospin factor of 3 and reduced due to the different sign oto an uncertainty of 20% in the cross section in the peak
the interference term, which depends on energy and momemegion, as shown in Fig. 4. This uncertainty does not affect
tum transfer. The angular dependence of the cross sectidghe main conclusion of this study as the contributiorNgf
and its increase with the energy are, otherwise, quite similaproduction in the kinematic region of pions coming fram
to thee™ +p—A%+ . decay is still too small and peaks at a different angle than the

B.et+p—Att+y,
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FIG. 3. Same as Fig. 1 for the reactieh +p—A* "+ v,.
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FIG. 4. N* angular distribution for the reactioa™ + p— N*
+ v, with two different parametrizations of the vector form factors
extracted from Gerhardt's analygi&7], as explained in the text.

counts/hour-360X AQ) (sr) X detector efficiency/hour.
(32

A similar count rate is expected &.,=855 MeV in the
vicinity of 20°, where the cross sections are of the same
order. Keeping in mind the finite angular range over which
the cross sections are appreciably larger tharf46m?, the
estimates made above suggest that the number of counts
could be high enough for considering the feasibility of doing
such an experiment.

Finally, to summarize this paper, we have made a theo-
retical study of the weak production df and N* (1440)
through the charge changing reactions induced by electron
beams of energies corresponding to Mainz and TINAF ac-
celerators. We find that:

(1) The differential cross section for the weak production

A’s. Increasing the invariant mass cut from 1.4 GeV toof A resonance with electron beams of the order of 30

(M*+m_), shifts the peak ofN* to still lower angles.
Therefore, the larger width of té* affects pion production
rates in an angular region well separated from thero-

duced pions.

IV. DISCUSSION AND CONCLUSIONS

We now address ourselves to the present experiment§F
situation and the possibility of observing these reactions att
Mainz and/or TINAF accelerators. At these accelerators |u-
minosities of the order of 8 cm™

2 1

sec

expected. The estimated count rate is given by
counts/hou= AQ X (da/dQ)

X luminosityx3600 sec/hour

X detector efficiency.

or more are

cn?/sr, which is quite sizable. AE,=855 MeV, the cross
section for thee™ + p— A%+ v, is larger than the cross sec-

tion for the e* +p—A**+ v, while at E,=4.0 GeV, the

cross section for the*+p—A* "+ v, process is about a
factor of 2 larger than the™ + p— A%+ v,. As we increase
the energy from 855 to 4000 MeV the peak in the cross
ction shifts to a higher angle from 20° to 40°.
(2) There is a large angular region in which the differen-
ial cross sections are appreciable. This feature of the differ-
ential cross sections facilitates the observation of this reac-
tion at current electron accelerators where large angle
acceptance detectors are planned to be used in electron scat-
tering experiments. There is no need for a sharp angular
resolution in the vicinity of 0.1° as found earlier, based on a
calculation neglecting the decay width Afresonance.

(3) The production cross section fd&* is an order of
magnitude smaller than the production cross sectiak ahd

Using this formula, for example at 4.0 GeV, in the peakpeaks at an angle well separated from shproduction peak
region of around 40° where the cross sections are of theegion. This makes the identification Af through the mea-
order of 10 *° cm?, we find the count rate to be

surement of pions and protons quite clean for the invariant
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mass cut ofW<1.4 GeV. There is no such contamination for nucleon structure as well as for some earlier analyses
from N* resonances in the identification af" . which use quite different values ﬁf’; andC4A for explaining

(4) The production cross section is dominated by the thre¢he experimental data on neutrino scattering in the interme-
form factorsCt, Cy, andC} and an experimental measure- diate energy region.
ment could discriminate between the various models used for
these form factors. If the electromagnetic production cross ACKNOWLEDGMENTS
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