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Dynamical model of weak pion production reactions
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The dynamical model of pion electroproduction developed by Sato andPRlegs. Rev. C63, 055201
(2001)] has been extended to investigate the weak pion production reactions. With the conserved vector current
hypothesis, the weak vector currents are constructed from electromagnetic currents by isospin rotations.
Guided by the effective chiral Lagrangian method and using the unitary transformation method developed
previously, the weak axial vector currents ferproduction are constructed with no adjustable parameters. In
particular, theN-A transitions alQ?—0 are calculated from the constituent quark model and Qéidepen-
dence is assumed to be identical to that determined in the study of pion electroproduction. The main feature of
our approach is to renormalize these biraA form factors with the dynamical pion cloud effects originating
from the nonresonant production mechanisms. The predicted cross sections of neutrino-induced pion pro-
duction reactionsN(»,, ,u~ )N, are in good agreement with the existing data. We show that the renormalized
(dresseflaxial N-A form factor contains large dynamical pion cloud effects and these renormalization effects
are crucial in getting agreement with the data. We conclude that thetransitions predicted by the constitu-
ent quark model are consistent with the existing neutrino-induced pion production data in itbgion,
contrary to the previous observations. This is consistent with our previous findings in the study of pion
electroproduction reactions. However, more extensive and precise data of neutrino-induced pion production
reactions are needed to further test our model and to pin dow@?fhgependence of the axial vectbiA
transition form factor.
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[. INTRODUCTION transition form factorGN*(0) predicted by the constituent
quark model is about 40% lower than the empirical value.
It is now well recognized that an important challenge in Furthermore, the dynamical pion cloud is found to play an
nuclear research is to understand the hadron structure withifhportant role in determining theQ? dependence of
qguantum chromodynamid€®CD). One of the important in- GNA(Q?), which drops faster than the proton form factor

formation for pursuing this research is the electromagnetic (Q?) asQ? increases. The predicted electiie and Cou-
and weakN-A transition form factors. Such information are Ianb C2 N-A transition form factors, which exhibit very

important for testing'curr(.ent hadron models and pgrhaps als|5’ronounced meson cloud effects at 16, have stimulated
lattice QCD calculations in the near future. In particular, we '

can address the question about whetNeand A are de- some experimental initiativgd.8]. Similar results were also

o : obtained in Ref[10].
formed. If they are deformed, is it due to the gluon interac- Since weak currents are closely related to electromagnetic
tions between quarks or due to the pion cloud which has y g

resulted from the spontaneously breaking of the chiral Symg:urrents within the standard model, it is straightforward to

metry of QCD? gxtend our dynamicgl approach to study weak pion produc-
As a step in this direction, we have develofag?] in  tion reactions. In_ thls_ paper, we report on t_he progress we
recent years a dynamical model for investigating the piorlpave made in this direction. Our objective is to develop a
photoproduction and electroproduction reactions at energffamework for extracting the axial vect®-A form factors
near theA resonance. The dynamical approach, which hadrom the data of neutrino-induced pion production reactions.
also been pursued by several gro{(®s10), is different from  In particular, we would like to explore whether a dynamical
the approaches based on either dispersion relafibhs13  approach, as developed in our study of pion electroproduc-
or K-matrix method 14—17 in interpreting the data. In Refs. tion, can also resolve a similar problem that the aiah
[1,2], we not only have extracted the electromagnétid transition strength calculated 9,20 from the constituent
transition form factors from the data, but also have providedyuark model is about 30% lower than what was extracted
an interpretation of the extracted parameters in terms of had21] from the data. We will also make predictions for future
ron model calculations. In particular, we have shown thaiexperimental tests which could be conducted at the Fermi
including the dynamical pion cloud effect in theoretical Lab, KEK, and the Japan Hadron Facility in the near future.
analyses can resolve a long-standing puzzle thattdeM 1 To introduce our model, it is necessary to first briefly
review the dynamical approach developed in Ré¢fs2]
(called SL model Our starting point is an interaction Hamil-

*Electronic address: tsato@phys.sci.osaka-u.ac.jp tonian H,=T"g_g' Which describes the absorption and
Electronic address: uno@kern.phys.sci.osaka-u.ac.jp emission of meson®l by baryonsB. In the SL model, such
*Electronic address: lee@theory.phy.anl.gov a Hamiltonian is obtained from phenomenological
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Lagrangians. In fact, the approach is more general, and this separation of the reaction mechanisms from the excitations
Hamiltonian can be defined in terms of a hadron model, asf hadron internal structure is an essential ingredient of a
attempted, for example, in RgR2], or by using the vertex dynamical approach, but is not an objective of the ap-

functions predicted by lattice QCD calculations. proaches based on either dispersion relatifitts-13 or
It is a nontrivial many-body problem to calculateN ~ K-matrix method14-17. .
scattering andyN— «N reaction amplitudes from the inter-  In the above formulation, the matrix elements, and

action HamiltonianH, =T'ys..g . To obtain a manageable I yn-.a are determined by the electromagnetic currit.
reaction model, a unitary transformation methdg23 is  The dynamical formulation for investigating weak pion pro-
used up to second order Hy to derive an effective Hamil- duction reactions can be obtained from EGS—(6) by re-
tonian. The essential idea of the employed unitary transforPlacingJ, = by V,—A,,, whereV, and A, are the weak
mation method is to eliminate the unphysical vertex interacVector and axial vector currents, respectively. By conserved
tions MB—B’ with my+mg<mg, from the Hamiltonian Vector currenfCVC) relations, the vector currentS_M can be
and absorb their effects intdB—M'B’ two-body interac- thalned .from the electromagnepc currents .by isospin rota-
tions. For the pion production processes in theegion, the ~ tONs. Gwde@ _by the effective chiral Lagrangian method and
resulting effective Hamiltonian is defined in a subspaceSing the similar procedures of the SL model, we can con-

spanned by therN, yN, andA states, and has the following struct the axial vector currenss, for pion production reac-
form: tions. The resulting axial current amplitude consists of

nucleon-Born, p exchange, pion-pole, and excitation
Heri=Hotvant vyt Dancatloneas (1) terms, and can be calculated using the parameters in the lit-
erature. In particular, the bare axiblFA transitions atQ?
whereuv .\ is a nonresonantN potential andv . describes 0 are assumed to be those calculated by Hemmert, Hol-
the nonresonangN« 7N transition. TheA excitation is de-  stein, and Mukhopadhyajy19] within the constituent quark
scribed by the vertex interactions . for the yN«< A model.

transition andl" .., for the N« A transition. The non- Most of the earlier theoretical investigatiofd4—2§ of
resonanv . consists of the usual pseudovector Born termsweak pion production reactions were performed during the
p andw exchanges, and the cross&éderm. years around 1970. The model which was most often used in

From the effective Hamiltonian, Eq1), it is straightfor-  analyzing the data was developed by Ad26]. He consid-
ward to derive a set of coupled equations feN and yN ered a model based on the dispersion relations of Chew,
reactions. The resulting pion photoproduction amplitude carGoldberger, Low, and Nambfl1]. The driving terms and

be written as subtraction terms of the dispersion relations are calculated
o o from the nucleon Born terms. No vector meson exchanges
Iy an(BE)T N a(E) are included. Additional subtraction terms are added to re-
Tyn(BE)=t,(E)+ E-my,—>.(E) (2 move the kinematic singularities of multipole amplitudes. In
solving the dispersion relation equations, only Bhg phases
The nonresonant amplitude,, is calculated fronv . by are included to account for the unitarity condition via Watson
theorem and the imaginary parts of other multipole ampli-
t,(E)=v,,+t.Nn(E)GNn(E)v,,, (3)  tudes are neglected. Clearly, Adler’'s approach needs im-

provements for a precise extraction of the axiahN¥om
whereGy is the wN free propagator, antly is calculated  factors from the data. We, however, will not address this
from the nonresonantN interactionv , . issue in this paper. Instead, we focus on the development of
The dressed vertices in E(R) are defined by a dynamical approach outlined above.
_ _ In Sec. Il, we present a formulation for calculating the
L onoa(BE)=T neat0,2Gan(B)T v a(E), (4) cross sections of neutrino-induced pion production reactions.
The current matrix elements needed for our calculations are

FA—»WN(E)=[1+t7TN(E)GTrN(E)]FA—>7TN- (5  given in Sec. Ill. The results are presented in Sec. IV. Con-
clusions and discussions on possible future developments
The A self-energy in Eq(2) is then calculated from will be given in Sec. V.
EA(E):FWNHAGWN(E)FAHWN(E)- (6) Il. CROSS SECTION FORMULA

) _ ) The formula for calculating the cross sections of neutrino-

As seen in the above equations, an important feature qf,q,ced pion production reactions have been given in Ref.
the dynamical model is that the bare verlé, s is modi-  155] | this section, we would like to present a different
fied by the nonresonant interactien), to give the dressed  fqrmylation which is more closely related to the commonly
vertexI" y_. o, as defined by Eq(4). The second terms in used formulation of pion electroproduction, and is more con-
the right-hand sides of Eq&4) and(5) can be interpreted as venient for our calculations based on a dynamical formula-
the dynamicalpion cloud effects on thé-A transitions. tion of the problem.
We can then identify the parameters of the bare vertex We focus on thes+N—|+ 7+ N reaction, wheré stands
I' ,n_a with the predictions from hadron models within for electrone or muonwu, andv for electron neutrina, or
which thewr-baryon states isontinuumare excluded. Such  muon neutrinov,, . We start with the interaction Lagrangian
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G cosé, a“=p,—pf, (15
Lint(x)= T['“(X)JM(X)JFH-C-], (7)
Q*=g*=—mi+2(p,-p)), (16)
h =1.166 3% 10 ° (GeV) 2 =0.974
whereGe 6637107 (Gev) 7, cos6=0.974, where g* is the lepton momentum transfer amg is the
I“(x)z%(x) V(1= 8) th,(X) (8) mass of leptorl. We then obtain
is the lepton current, and ) 1 . . (9-1)(q-j*)
P LW, =5 2 | 2(K (K- )= =
JH(X) =VH(x)— A*(X) (9) SN SN
P 2, 2
is the hadron current. The vector currért and the axial _ G-)Q7+mi) i eaburg Ky i*
vector currentA* will be constructed later in terms of had- 2 a apludy |
ronic degrees of freedom. 17)
The coordinate system for calculating the differential
cross sections of the(p,)+N(p)—1(p)+7(k)+N(p") The hadron currenf” in Eq. (17) is defined in the lab

reaction is chosen such that the leptons are onxth@lane.  frame. To account for the finaxN interaction within the
The momentum transfeq=p,—p;, which is also the total ~dynamical formulation and to get an expression in terms of
momentum of the finairN system in the laboratory system, the scattering angl@* of Eq. (10), we need to writg* in

is along thez axis. The finalmN system forms a plane which teyms of the current” defined in themN c.m. frame. With

has an anglep, with respect to the leptom-1 plane. This  he choice of the coordinate system described above, the
choice is identical to that widely used in the study of pion i ansformation from the lab frame to theN c.m. frame is
electroproduction. It is then straightforward to show that thejust a Lorentz boost along theaxis. For thex andy com-

differential cross section can be written as ponents of the hadron current, we obviously have the follow-
ing simple relations:
do®  GEcodd, p| |kImy 9 5mp
= L“'W,,,, (10) i Sy
dE,dQ,dQ* 2 pl (2m)5wW j*=cos¢ jc—sing,i¢, (18)
wheremy is the nucleon mass, and the phase space factor is jY=sin¢ js+cosd,jl. (19

expressed in terms of lepton momeptaandp, in the labo-

ratory (lab) frame, pion momentunk, in the #N center of  For thez and time components, the transformation relations

mass(c.m, frame, and the invariant ma¥¥ of the #N sub-  are

system. The angl® in Eq. (10) is the pion scattering angle ) 0. )

defined in therN center of mass frame. jo=coshaj +sinhajg, (20)
The lepton tensor in Eq10) is

_ j?=sinhaj2+ coshaj?, (21
L#"=pf'p,+piph— g (p,-pi) =i€*P“'p, .pi 4.
(11 where

Here e™*=1 and + (—) in the last term is for neutrino Ene Myto

(antineutring reactions. The hadron tensor is cosha= m' BT (22
N
1w,
W=z 22 1ul3- 4 sinha= 12 _ 19 (23
S\SN my W

herej , implicitly represents the matrix element .
W J IMPHCItly Tep X Here we have introducegl*=(w,q) andg%=(w.,q.) as the

1 m2 momentum transfers in the lab amdN c.m. frames, respec-
’ N . . -
(k,p"syldlpsw) = 3\/ , P tively, andENyc—\/qchrmzN.
(2m)> ¥ 2E(K)En(P")En(P) Since the leptons are on thez plane and the momentum
transferq is in thez axis, we obviously have

with sy denoting thez component of nucleon spin. Such a

simplified notation for hadron current matrix element will be szwsmgl , (24)
used in the rest of this paper. [¢]
To see the current nonconserving part of hadron current
explicitly, we introduce the following variables: KY=0, (29
Py +pf .= Pl
K= : (14 Kf=—Fr—, (26)
2 2|q|
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lp,| +E
0= L 27)

In the above equationg), is the angle between the outgoing
lepton momentunp, and the incident neutrino momentum

Py -

By using the above relations, Eq$8)—(27), it is straight-
forward (although tediousto cast Eq(17) into the following
form:

1
LE"W,,=> > [Ry+R_+R_7C0Sh,+Ry1COS2p.,

!
Sy SN

+R 1 sing,.+ Ry sin2¢_]. (29

All terms in the above equation can be calculated frigm
defined in thewN c.m. frame. Explicitly,Rt and R, terms
are given as

Q*+m?) . o
:(<KX>2+T‘)<|Jé|2+|Jz|2>:xlm<mz*>,
(29)
Rﬁ%[(xz—Q“—szf)ljglzﬂL2(Xy—Q2wc
— wM)RE(jop* )+ (y2—wi+md)|pl2],  (30)
with
E,+E)Q%—wm’
X:( V+ I)Q (x)m|, (31)
|dl
(E,+E)) wc+ cosham?
y= . (32

|q

In deriving Eq. (30, we have definedp=q-]j =ij2
—|qcljz and eliminated ¢ .
The other terms in Eq28) are given as

X

Rur= *1EIML(Q% 2+ wep) i ¥* 1}

(33

EX i Rd:(XJc+ yP)J

Rer=(K¥)2(]j %= 1i¥?), (34)
2K*
RLT:m{Re[(ijwp)jz*]tlm[<Q212+wcp>jé*]},
(35)

R =—2(K*)?Re(j 5j1*). (36)
It is interesting to note that in they =0 limit the above

formula becomes

|JX|2+|Jy|

Rr= 1 —— 1= €M) |,

(37

PHYSICAL REVIEW @7, 065201 (2003

QZ 2
TSl (38)
o Q? /25(1+6)Q2[
RLT_l—e | C|2 [ d ch )
1-¢ S0 y*
* \/1+6|m(lc ¢ )}, (39)
(|i52=1id1%)
Ryr= 1_ e e, (40)
o Q? /26(1+6)Q’-’[ —_—
RLT’_l_E g LRG(JC )
’1—6 0 X%
— ml (Jc]c }v (41)
QZ
RTT’ 1_6[_6RdJch*)]l (42)
where
! (43
e=—2,
1+ 2ld ;12 n2

with T8=j2+ wp! Q2. Equations(37)—(43) are very similar

to the familiar forms of pion electroproduction. In the energy
region we are considering, the muon mass cannot be ne-
glected. Calculations of the differential cross section, Eq.
(10), for the v,+N— u+ 7+ N reactions must be done by
using Egs.(29)—(36).

To deal with the old data, we need to calculate the differ-
ential cross section in terms of the variabM&invariant
mass of 7N subsyster) Q?=—q? [Eq. (16)], instead of
lepton energyE, and scattering anglé,. The relation be-
tween them are

Q°=2E,E ;- (44)

2|pil|p,| coss—m?,

W= \m?2+2my(E,— E))— Q2 (45)

By using the above relations, we can obtain the following
relation:

do B 27W do
dwd@dQ* 2mylp./|pl dEdOdO*

(46)

To calculate the differential cross sections in the right-hand
side of the above equation using Efj0) and Eqs(29)—(36),

we also need to know the variables4tN c.m. frame. These
are given by

W2—Q?—my

W 7

W=
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my matrix elements. The amplitudes associated withAhexci-
|| = W|Q|a (48)  tation will be given in Sec. Il B.
\/ W2+ mi_ mﬁ 2 ) A. Non-A amplitudes
kel = 2W —Ma (49 We first consider the hadronic currents associated with

and N degrees of freedom. Here the chiral symmetry is the
The total cross section for a given incident neutrino en-guiding principle. These currents can be derived by using the
ergy E, is then calculated by well-developed procedurég9,30. Within the SL model, we
also need to consider currents associated wiind o me-

(E.) fwmaxdw Qmalx 4 (50 sons. Since the electromagnetic curréj‘j{‘ is related to the
o = , . ~ )
" N Q2 dWd@ isovector vector current” by J8™=J2°%¢2+ V3 we can
use the CVC hypothesis to obtain the weak vector current
where from Vi of SL model by isospin rotation. We find
do e q B KV wvy ;N
- & 0, — A O »U T A
deQ2 & swdgdar wETT 2my “'2
GZ cog0 DN N E s i
=-—— = |k°|2 dQ* S [RetR. o NV ysINX T (X v,
32w |pv| sN N
Jounv a” hd S5
(51) +m_776“ﬁ75[a Uﬁ]-’ﬂ[oﬂ/w ], (58)
The integration ranges in E¢50) are found to be
W N 50 wherev . IS an arbitrary isovector function. Note thatme-
min= M+ Mz (52 son does not contribute to the charged vector currents con-
Woo = W 53 sidered in this work since-# current is isoscalar.
max= Wr—m, (53 To construct axial vector currents associated witandN

degrees of freedom, we are guided by the standard effective
chiral Lagrangian method29,30 and follow the procedure

of SL model. We then obtain the following form of axial
vector current:

wherem_., my, andm,; are the masses of the pion, nucleon,
and the outgoing lepton, respectively, andV;
=(p,+ pn)%= V2m\E,+mj is the invariant mass of the
initial »-N system. For a given allowed, the range of)? is
found to be -

- — T - . -
A“=gANy"y5§N—fprp'“><7T—F(3"“7T. (59

Qhin=— M+ 2ES(Ef—pf), (54)

Q2 o= — M2+ 2ES(Ef+pP), (55 HereF =93 MeV is the pion decay constant, agg= 1.26 is
the nucleon axial coupling constant. Note thatr current is
where Ef = \/m|2+ P ez ES, andp; are the neutrino energy G-parity violating second-class current and is not considered
and outgoing lepton momentum in the c.m. frame of thehere.

whole system(not the c.m. frame of the finalrN sub- With the above current operators and the following
system. Explicitly, we find Lagrangians from SL model,
We— f
?}ZZ—VVT' (56) L‘ITNN:_ 77.NNN’)’II_L’)/5’7'|\| (9” (60)

>

pr= \/

2 W2 2 2
Wi+ W m,) e

5 . - KP v
( 7) LpNﬂ'_gp<ﬁ{ﬁ_ Z_rnNo-,uV& pM

T - - -
2Ws '§N+7TX5M7T'p’U‘
(61)
[ll. CURRENT MATRIX ELEMENTS
To proceed, we need to construct current operafiors LwNN:ngNﬁ{d)_K_U 3" w*|N, (62
=V,—A,. The matrix elements of these currents are the 2 .

input to solving the dynamical equations that are of the form

of Egs. (2)—(6) with appropriate changes of notations; we can evaluate the current matrix elements of the tree dia-
namely,v ,N—vyn OF vy @NdI ) jn—T A ynOF 'y AN- grams illustrated in Figs. 1 and 2.

In the first part of this section, we present the norcurrent For vector current contributiongig. 1), we have
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(@ (b) (©) (d) (€)

FIG. 1. NonA vector current contributions. Dashed lines repre-

sent pion. Waved lines represent the vector field.

VE(k,j.q.i)=

1 g _
<2w>3\/2E,T<k>EN<Np>EN<p'>“(p')
X[VEor(k.j,a.1) +V§ (Kk,j,0,i)]u(p),

(63)
where the Born ternpFigs. 1a)—(d)] is
Veorn(k,j,a.1) =i[T (k) Se(p" +K)V{(a.i)
+VR(ADS(p— k)T (K, j)]

waN

+ 5
m

€Tk — Yy

m

r_ 5
- %(WF p—p’)“],

(64)
with

f
T (k)= "=

Kys, (65)

\Y

L K i
+1
2m

T
2 1

ot'q, (66)

Vi(a.i)=|

N

and

Se(p)= b—my

is the Dirac propagator. The-7 term[Fig. 1(e)] is

(a) (b)

FIG. 2. NonA axial vector current contributions. Dashed lines

represent pion. Waved lines represent axial vector field.

PHYSICAL REVIEW @7, 065201 (2003

FIG. 3. Pion-pole term of axial vector current contributions. The
dashed-box represents either the @omechanisms of Fig. 2 or the
crossedA mechanism of Fig. ).

ngNgwﬂ'V

VZJKkJqu):__éu m

v+ o8B
2my

flu B/yaqﬁl(p,_p)y
(p—p")2—m?

X(p'—plg

(67)

The p-7 term has a similar form, but it is an isoscalar and
does not contribute to the charged currents considered in this
investigation.

The nonA axial vector current amplitude has two parts.
The first part is due to the first two terms of E§9) and is
illustrated in Fig. 2. The second part is due to the term

—Fo . Obviously, this interaction will induce a pion-pole
term illustrated in Fig. 3, where the shaded box is identical to
Fig. 2 except that the axial vector fielgdvaved ling is re-
placed by the pion fielddashed ling For the non-pion pole
part of the axial current contributiori&ig. 2), we have

Aol )= \/ ™ )
NEERETET T (2m)3 N 2E (K EN(P)En(P)

X[Agorn(K:],0,1) + AL 7(k,j,0,1) Ju(p),
(68)

where the Born term is
Agorn(K,j,0,1)=1[T ;(K,j)Se(p’ +K)AN(Q,i)
+ AN, D Se(p—K)T A(k,j)], (69
with

) T
AR =0a7"7" 5. (70

The p-7 term in Eq.(68) is
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k

“ . T o kP v ,"
Ap,ﬂ'(kijlqvl):_gpfpﬂ'AEijk? Y +I2mN0- Q'
( ) (71 A
X(p'=p), ., N
m>—(p’ —p)? LLL\
Taking a phenomenological point of view, we fix the cou-
pling constantf .5 in the above equation by using the soft
pion limit, (a) (b)
_ m,z, FIG. 4. TheA current contributions. Dashed lines represent
fpr_ ng' (72) pion. Waved lines represent either the vector field or axial vector
field.

The pion pole term(Fig. 3) can be easily obtained by

modifying A{p, defined by Eq.(68), to include a pion It is well known [25,19 that the most general form of

propagator. By using the partially conserved axial vector curaxjal vector current matrix element can be written as
rent(PCAQC) relation, we find that this pion-pole term can be

easily included by the following procedure: (A|AMINY=u,,(p)TE"T'u(p), (75)

qMQ'ANP(kIjqu)

Ak K, 0,1 =Alp(K,],0,1) = > 2 with
q —mz
(73
In the dynamical approach, as briefly reviewed in Sec. |, v 2 v da(g?) ey va
the nonresonant amplitudes will be integrated over i FA"=dy(a7) g+ mﬁ P.(q%g"™"=a"g"™)
scattering amplitudes. Thus the ndnamplitudes, as illus-
trated in Figs. 1 and 2, must be regularized by introducing a ds(g?) dy(g?)
form factor at each vertex. Furthermore, the finite size effects - =P +i———€e*"*FPqzys,
of hadron structure also require the inclusion of form factors. My My

Fortunately, these form factors can be taken from the SL
model and other theoretical investigations. The vector cur- . . , . :
rent matrix elements are regularized as those in SL modeY._vhere Ua,(P) is the spin-3/2 Rarita-Schwinger spinap,

i i ; ~=p'—p, P=p'+p, and T' is the ith component of the
qu axial currgnt matrix elements, tHeNN vertex is regu isospin transition operatofefined by the reduced matrix
larized by a dipole form factor,

element (3/2||T||1/2)=—(1/2||T"||3/2)=2 in Edmonds

convention[32]).
= 2y 74 It is useful to explore here the meaning of each form
b(Q?) —., (74) ) , ; ;
(1+Q“/M3y) factor of Eq.(75). Since u,,(p’)=u(p’)ea (p'), where

€x,(p") is an unit four-vector, we can rewrite E((5) as
where M ,=1.02 GeV is taken from Ref.31]. The 7-NN
and p-NN form factors are taken from SL modEl]. The
A-p-7r form factor is also assumed to be of the dipole form i — . P-q )
of Eq. (74). With these specifications, the ndnamplitudes (A[AMIN)=u(p")| | d1(a®) + Fdz(q ) | €k
do not have any adjustable parameters in our investigations. N

g-€a
B. A Amplitudes +[—da(q?) P“+d3(q2)q“]?
The A has two contributions to weak pion production N

reactions, as shown in Fig. 4. The resonant amplitude is due dy(g?)
to the formation of &\ in s channelFig. 4@)]. The crossA
term, Fig. 4b), is part of the nonresonant amplitude. Each
term has a corresponding pion-pole term illustrated in Fig. 3, (76)
and these pion-pole terms must be also included in our in-

vestigations.

To calculate thes@ amplitudes, we need to define the In the rest frame of aA on the resonance energy’(
matrix elementgA|V#|N) and(A|A#|N). The vector cur- =(Mx,0),p=(En(q),—a),q=(my—En(q),0),ex=(0.e),
rent matrix elementA|V#|N) can be obtained from SL u(p’=(m,,0))=(xx,0), andu(p)=yxy., where x4 is the
model by appropriate isospin rotations. Here we focus on th®auli spinoj, the space and time components of Ef6)
axial vector current matrix element. become

E'uvaﬁEA,VPa/QBFV5 Ti U(p) .

my
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. En+my m3 —m? . 1\F2 5 S (pa+py)
i _ Oi N P = v
<A|A|N>_ 2mN (dl+ m’%l d2 S <pA|A |pN> 2 25 SgAq 2(3mq)
S Sxq(o- . 0 :
_(d2+d3)( (:2])q_| 4 2 q( q) TI, + 2 qu Tl. (84)
my, my(En+my) q —m;
(77) .
) In the above equationp, andp, are the momenta fd¥ and
o Ey+tmy S qimy+Ey) A respectively, and we have expressed the right hand sides in
(A|AYIN) = S| 92 2 terms of usual nucleon spin and isospin operators and the
N N A-N transition operator§ and T (as defined aboye
Sqmy—Ey) ] If we set ang=my and $ga,=9a(0)=1.26, Egs.(81)
—dg————— T, (79 and(82) can be identified with the usual nonrelativistic form
my for the nucleon axial current matrix elementggt=0. This

] - N then fixes the value ofaq which also determine Eq$83)
where we have defined the transition s{@m x, exn (the g9 (84) for the axialN-A transitions.

reduced matrix elemenrt||S||3) is identical to that of the Comparing Egs(83) and (84) evaluated at the\ rest
transition isospinT). The above expression suggests thatframe (@,=0), and Eqs(77) and(78) taken in the nonrela-
d,,d, terms describe the Gamow-Teller transition athd tivistic limit (Ey— my andg?/mg—0), we find that
describes the quadrupole transition. The ternmdgfcomes

from the pion-pole term illustrated in Fig. 3. 2 2

For simplicity, we now follow Ref[19] to fix the form 2y _ o* (02 My~ My
factorsd;(q?) atq?=0 using the nonrelativistic constituent 41(Qo)=ga(Qo){ 1+ 2my(my+my) )/’ (89
guark model. The axial vector current operator for a constitu-
ent quark is derived from taking the nonrelativistic limit of m
the standard forny,0y*vs 7 d. By using a procedure simi- da(Qf) = — gK(QS)Z(m—Em)’ (86)
lar to Eq. (73) based on the PCAC relation, we then can A N
extend the resulting current operator to also include the pion-
pole term contribution(Fig. 3) induced by the current mﬁl
—Fo*m of Eq. (59). The total axial vector current operators d3(Qf) = _gZ(QS)qZ——mZ’ (87)

m

associated with a constituent quark model are found to be of
the following forms

where g (Q3)=(1/1/2)(£g,). Here we also follow Ref.

AN a i
(P'|A D) =gaq 0+ ———0-q oL (790  [19] to assume that the quark model results, HgS) and
g°—m: (84) are for the momentum transfep=(m,—my,0) and
. _ Q2= —qg3=(m,—my)?. Equationg85)—(87) agree with the
) . o-(p+p') q 7 results of Ref[19] if we neglect the difference between
<p |A0 I|p>:gAq 2mq + qz_ng'q El (80) andmA .

To account for they? dependence, we assume that

wherep is the quark momentum, and and = are the quark
spin and isospin operators, respectively. By using the stan-
dard nonrelativisticswave quark wave functions fd{ and

A, it is straightforward to obtain

di(Q%)=d;(0)F(Q?), (89)

whereF (Q?) will be specified in the following section. For a
7 given choice ofF (Q?), we can use Eq$85)—(87) to obtain
7 (8D di(0)=d(QY)/F(QF). The form factors di(Q*) for i
=1,2,3 of the covariant form in Eq75), which is used in
our numerical calculations, are then completely fixed by the
T constituent quark model calculation. We neglect shdefor-
mation in this work and sed,(g?)=0.

With the axialN-A vertex specified above and theN
model constructed in Refl], the dressed®N— A vertices
[i.e., Egs.(4) and (5)] can be calculated for evaluating the
resonant amplitudgFig. 4@)], i.e., the second term of Eq.
(2. With the =NA interaction Lagrangian L ya
=f na /M (X) TN(X) - 9, 7(x) of SL model, the crosa
term[Fig. 4(b)] is found to be

(PU A pn) = o+

S q

o (Py+pn) . q°
2(3mq) qz_mﬂ_

. 5
<p’N|A°'|pN>=(§gAq>

and

S+

i 1\F2 5
<pA|A|pN>:§ 55| 3YAq

q°—
(83
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Ake(k.j,a.i) —
E‘ 0.8 | Vup—>ummp
. \/ s u(p) g 00f
= u(p i
(2m)* N 2E(K)En(P)En(p") S 04
S) L
X 14e(k,j,q,)u(p), (89) 0-(2)
with 0.6
T o4l
f. 0.4
146(k,J,0,) =1 =T TR, (p— k) TR, (90 il
i S 02t
where the Rarita-Schwinger propaga®y,(p) is given ex-
plicitly in Eq. (3.18 of Ref.[1]. 0
The above derivations allow us to use the constituent 0.4
quark model to calculate th& amplitudes. This completes T
our derivations of the weak current matrix elements which 0
are the inputs to the dynamical equations, Egs-(4), with 5 02r
the subindexy replaced by eithe¥ or A. %
IV. RESULTS AND DISCUSSIONS 0

0.5 1 1.5 2 2.5

As presented in Sec. Il A, the nak-amplitudes, illus- E, [GeV]
trated in Figs. 1 and 2, do not have any adjustable parameters
in this investigation. While more theoretical investigations FIG. 5. Total cross sections (v, ,u” m)N reactions pre-
may be needed to refine these nonresonant amplitudes, dicted by model I. The data are from REZ3]. The solid curves are
may not be necessary at this time since the weak pion prdrom full calculations. The dotted curves are from turing off pion
duction data are still limited. Instead, we focus on the inves<loud effects orN-A transitions. The dashed curves are the contri-
tigation of the axial vectoN-A transition form factors de- butions from the nonresonant amplitude.
fined in Sec. Il B.

To proceed, we first recall thel-A form factors intrq- where Rg,(Q?) is given in Eq.(92), and GA(Q?)=1/(1
duced in SL model. For the bare magnetd N-A transi- +Q?%M3)? with M,=1.02 GeV of the nucleon axial form
tion, it was taken as factor [31]

2y 2 2 We first compare the total cross sections predicted by
Gm(Q)=Gu(0Rs(Q7)Go(QT), ©1 model | with the datd33]. The results are shown in Fig. 5.

whereGp(Q32) = 1/(1+ Q¥M?2)2, with M2=0.71 Ge\? be- We see that the predictior(soljd curve$ agree reasonably
ing the usual dipole form factor of the nucleon, and the cor-We” with the data for thr.ee_ pion .channels. .For the Qata on
rection factor is defined as neutron target, our predictionsolid curves in the middle
and lower figuresare in general lower than the data. This is
Re = (1+aQ?)exp —bQ?). (92) perhaps related to the procedures used in B3&j.to extract
these data from the experiments on deuteron target.
By fitting the pion photoproduction and electroproduction  One of the main features of the dynamical approach taken
data up toQ?=4(GeVic)?, it was found thatG,(0) in this work is to renormalizedres$ the N-A transitions
=1.85, a=0.154 (GeVt) 2, and b=0.166 (GeVt) 2. with the dynamical pion cloud effect, as described E¢gs.
Here we remark that if we follow the same procedure given2nd(5). The importance of this effect is shown in Fig. 5. We
in Sec. IlIB to also calculate theN— A transition using See that our full calculationgsolid curve$ are reduced sig-
nonrelativistic quark model, we find that the quark modelnificantly to dotted curves if we turn off the dynamical pion
(Q.M.) yields G™M:(Q2)=2.37 for Q2=(m,—my)2. This  cloud effects. If we further turn off the contributions from
value is very close to the valuy(Q3)=2.42, which can bare N-A transitions, we obtain the dashed curves which
be obtained from SL model by using E481) and(92). This  correspond to the contributions from the nonresonant ampli-
suggests that the use of Eq85)—(87) for definingd;(Q3)  tudes(Figs. 1-3. Clearly, the nonresonant amplitudes are
of the axialN-A form factors is a good starting point of our weaker, but are also essential in getting the good agreement
investigations. As a continuation of SL model, we thereforewith the data since they can interfere with the resonant am-
first consider a model, called model I, which assumes thaplitudes.

the form factor of Eq(898) is We next compare th€? dependence of the differential
cross sectionslo/dQ? predicted by model | with the data
F(Q?)=Rg(Q%)GA(Q?), (930  from ANL [33], BNL [21], and CERN34]. Here we need to

065201-9
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FIG. 7. The differential cross sectionsd;/sz of
p(vﬂ,ﬂ’,w*) reaction calculated using Eq94). The data are

gr.

0 4 . , T from Ref.[21].
0 02 04 06 08 1
QGeV?]

Q?=0.2 (GeVk)?. As shown in Fig. 7, the data can be re-
produced very well by model I. The BNL data was used in
the most recent attempRl] to extract the axiaN-A form
factor. We will discuss this later.

FIG. 6. Differential cross sectionsa/dQ? of p(v,,u”7")p
reaction averaged over neutrino energies 0.5 GEY<6 GeV.
The curves are from calculations using E84). The dotted curve

(dot-dashed curyeis the contribution from axial vector currest The comparison with CERN daf&4] is given in Fig. 8.
(vector curenV). The solid curve is from our full calculations with Here the data have some structure, which is perhaps mainly
V-A current. The data are from R¢B3]. due to the poor statistics of experiment. We see that model |

can reproduce the main feature of 8 dependence.
account for the variation of neutrino flux in the experiments  To explore the effects due to the dynamical pion cloud on
at ANL [33] and BNL[21]. We calculate the following quan- the N-A form factors, it is instructive to recall here the re-

tity: sults of Ref.[2] for the magneticM1 yN—A transition.

- This result is displayed in the left panel of Fig. 9. We see that
do JEmax N(E,) domodel / the pion cloud effect is essential in explaining the empirical
sz_ Emin " OmodelE,) sz (&)

[ fEmaxdE N(E,) } 04 14
Emin "TmodelE,) |’
12+

whereN(E,) is the distribution of events in neutrino energy
E, which is within the range betwedg,,;, and E,,.x, and
omodel E,) is the calculated total cross section. The distribu-
tions N(E,) are given in Fig. 6 of Ref[33] and Fig. 4 of
Ref. [21].

The predictions from model | are compared with the ANL
data[33] in Fig. 6. We see that our predictiofsolid curve
agree reasonable well with the data both in magnitude and
Q? dependence. In Fig. 6 we also compare the contributions
from vector currentdot-dashed curyeand axial vector cur-
rent (dotted curvg. They have rather differen®? depen-
dence in the lowQ? region and interfere constructively with
each other to yield the solid curve of the full results. Since . . . .
vector current contributions are very much constrained by 0 02 04 06 08 1
the (e,e’ 7) data, the results of Fig. 6 suggest that the axial P[Gev]
vector currents constructed in Sec. Il are consistent with the

data. . . . FIG. 8. Differential cross sectiondo/dQ? of p(v,.u 7)p
For comparing with the BNL datg21], we normalize the  o5ction at neutrino energg, =15 GeV. The data are from Ref.

calculateddo/d Q? to the events data of Fig. 5 of R¢R1] at  [34].

do/dQ[10"Bcm2/GeV?]
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1.5
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— ]
$2t 9: 1
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© 1| Dressed — 1 05 r
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0 1 2 3 4 0 0.5 1 1.5 2
Q@ [(GeVicy] Q?[(Gevic)]

FQ

FIG. 9. TheN-A form factors predicted by model I, left panel:
magneticM 1 form factors given in Ref.2], right panel: axial vec-
tor form factor. The solid curves are from full calculations. The
dotted curves are obtained from turning off the pion cloud effects.
Gp=1/(1+Q?M2)? with M,=0.84 GeV is the usual proton di-
pole form factor ands,=1/(1+ Q*M?2)? with M,=1.02 GeV is
the axial nucleon form factor of Ref31].

values extracted directly from the data. The corresponding 0 0.5 1 15 2

dynamical pion cloud effect on the axidlA form factor is QqGeV?

shown in the right panel of Fig. 9. We again see fairly sizable

contribution from dynamical pion cloud. We stress that the FIG. 10. Bare axiaN-A form factors for model (solid curve
empirical form factor, such as that extrac{@d] from BNL  and model li(dotted curvg

data, can only be compared with our dressed form factor,

since the dressed form factor, not the bare form factor, digependence are compared in Fig. 10. We see that the form
rectly determines the reaction amplitude, E2). The differ-  factor of model Ii(dotted curve are much lower than that of
ences between the solid and dotted curves in Fig. 9 explaifhodel | (solid curve. Consequently, the weak pion produc-
the observation19] that the quark model prediction of axial tion cross sections calculated from model Il are found to be
vector N-A strength atQ?—0 is lower than the empirical ahout 20% lower than the data. This is illustrated in Fig. 11.
value of Ref.[21] by about 35%. This is simply due to the we find that model Il can fit the data better if we increase the
fact that the dynamical pion cloud is not included in constitu-strengthad;(0) of axialN-A form factor by 20%. The results
ent quark model calculation and most of the hadron modeshown in Figs. 10 and 11 demonstrate the sensitivity of the
calculations ofN-A transitions. It is also interesting to ob- data to the form of the bare axidl-A form factor. The data
serve from Fig. 9 that the pion cloud effect on the akiaA clearly favor the form factor of Eq93).

form factor is mainly to increase the magnitude, not much to  As seen in Eqs(2) and(4), the empiricaN-A form factor
change the slope. On the other hand, both the magnitude argktracted directly from the data, such as those obtained in

slope of the magnetiM1 form factor(left-hand side of Fig.  Ref.[21], can only be compared with our dressed form factor

]?) are significantly changed by including the pion cloud ef—F The comparison is given in Fig. 12. We see that they do
ects. i P

To see the dependence of our predictions on the paral not agree well, in particular in the hig® region. The dif-
L iep P . Paramg ences mainly come from the fact that the nonresonant am-
etrization of axialN-A form factor, we next consider model

Il which differs from model | only in replacing the correction plitudes of the Adler model, which was usgll] in extract-

. o ing the empiricaN-A form factors, are rather different from
factorRg, of Eq. (93) by a different form. Rather arbitrarily, : . . Y
we consider a form used in Ref@5,21,19. The axialN-A what we have in our dynamical model. With the very limited

Lo . . . data, it is not possible to exclude one of these two rather
form factor in this model Il is also defined by E(@8) with different results. Clearly, more precise data are needed for a

F(Q?)=R,(Q%)GA(Q?), (95) better test of our models.
whotlareGA(Qz) is the axial nucleon form factor of Eq93) 1 . . . .
an E 0.8 | up—>uTrp
QZ %o 06
R, = 1+ab+Q2 , (96) g oal Al
© 02}
with a= —1.21 andb=2 (GeV/c)>. 0 / , , ,
The main difference between models | and Il is in deter- 05 1 15 2 25
mining d;(0)=d(Q2)/F(Q3) from the quark model values E, [GeV]
di(Q3) given in Egs.(85—(87). We find that 1F(Q3)
=1.20 for model | and H(Q2)=1.26 for model Il. Thus FIG. 11. The total cross sections pfv, ,u”7")p calculated

these two models are already different@t— 0. Their Q2 from model I (soild curve$ and model ll(dot curves.
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FIG. 12. Compare the dressed axMA form factor predicted
by model I (solid curve with the empirical form factofdot-dash
curve determined in Ref{21].

To stimulate future experimental efforts, we now present
two predictions of model | in Figs. 13 and 14. In Fig. 13, we
present theQ? dependence of differential cross sections at
W=1.1, 1.2, 1.236, 1.3 GeV. Th& dependence af?
=0.1, 0.5, 1.0, 1.5 (Ge\¢)? is shown in Fig. 14.

V. CONCLUSIONS

We have extended the dynamical model of Rgfs2] to
investigate weak pion production reactions in thaegion.
The calculations for neutrino-induced reactions have bee

Figs. 1-3. The parameters for the nonresonant téFigs. 1
and 2 are taken from the previous investigations of pion

8

vyp—>pmtp E,=2GeV

do/dWdQ[10 ®em2/GeV3|

Q° [(GeVio)]

FIG. 13. The predicted differential cross sectiahs/dWdQ
for p(vw,u’w*)p at neutrino energye,=2 GeV and invariant
massW=1.1 (dashed, 1.2 (dotted, 1.236(solid), 1.3 (dot-dashep
GeV.

PHYSICAL REVIEW @7, 065201 (2003
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FIG. 14. The predicted differential cross sectiahs/dWd@

for p(v#,,u’n-*)p at neutrino energyE,=2 GeV andQ?=0.1

(solid), 0.5 (dasheg, 1.0 (dotted, 1.5 (dot-dashefl(GeV/c)?.

electroproduction. The bar-A transitions atQ?—0 are

performed by using the current matrix elements illustrated inf')«Ed by the constituent quark model. With the axlA

orm factor given in Eqs(85)—(87), the predicted total cross
sections and the differential cross sectiahs/dQ? agree
reasonably well with the existing data.

We have analyzed the calculat®idA form factors. Simi-
lar to the finding of the ¢,e’ 7) studies[1,2], we show that
the constituent quark model prediction of axial vedibiA
form factor atQ?—0 is consistent with the data. The dis-
crepancy observed in Rdfl9] is due to the dynamical pion
cloud effect that is not included in the constituent quark
model calculation.

An unsatisfactory aspect of the present investigation is the
lack of extensive and good quality data. Thus the axial vector
N-A form factor extracted21] from the data relied heavily
on model assumptions, and hence the origins of the differ-
ences seen in Fig. 12 are not clear. It will be very useful to
have sufficient data for performing partial wave decomposi-
tion, like what have been routinely performed ia, &’ )
studies, such that th&l-A form factor can be extracted
model independently. Hopefully, the situation will be im-
proved in the near future when new neutrino facilities will
become available.
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