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We study the off-diagonal Goldberger-Treiman relati@DGTR) and its discrepancyODGTD) in the N,
A, 7 sector through©(p?) using heavy baryon chiral perturbation theory. To this order, the ODGTD and axial
vector N to A transition radius are determined solely by low-energy constants. Loop corrections appear at
O(p*. For low-energy constants of natural size, the ODGTD would represenaR® correction to the
ODGTR. We discuss the implications of the ODGTR and ODGTD for lattice and quark model calculations of
the transition form factors and for parity-violating electroexcitation of she
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[. INTRODUCTION useful benchmark for both experimental and theoretical stud-
ies of the axial vectoN— A transition form factors. In prin-
The Goldberger-Treiman relatidiGTR) [1] plays an im-  ciple, the ODGTR can be tested using charged current reac-
portant role in theoretical hadronic and nuclear physics. Itions, such as neutrino excitation of the or weak neutral
relates hadronic matrix elements of the weak axial-vectocurrent processes, such as parity-violatiRy) electroexci-
current(the nucleon axial chargg, and the pion decay con- tation. These processes are sensitive to axial-vector transition
stantF ) to quantities governed by the strong interactionform factors, which can be related to the stromiyA cou-
(the pion-nucleon strong coupling constagt.,y and  pling via the ODGTR. The values for these form factors

nucleon massny): obtained from charged current scattering are fairly uncertain.
A measurement of the PV asymmetry for neutral current
_gamy electroexcitation will be performed at the Jefferson Lab by

gmNN=TE @D the Go Collaboratiofi10] in hopes of providing a more pre-

cise determination of the axial-vector transition form factors.
The GTR represents an approximation, sigegy is deter-  The ODGTR also provides a check on lattice QCD and had-
mined experimentally at the poiqlzzm,zT while g5 is mea-  ron model calculations of the axial transition form factors.
sured close to the poinf?=0. In the chiral limit, the GTR From either perspective, the theoretical analysis of the
would be exact, while, in the physical world, it holds to an ODGTR using HBy PT appears to be a timely endeavor.
astonishing level of accuracy. The small difference between

the physical value of .nn and the right-hand side of E¢L) Il. NOTATION
when the physical values @,, F,, andmy are used is _ )
called the Goldberger-Treiman discrepan@TD). Physi- We follow the standard HE PT formalism[8,9] and in-

cally, the GTD is driven by the explicit chiral symmetry troduce the following notation:
breaking introduced by the nonzero current quark mass.

Many theoretical discussions of this chiral symmetry- S=¢2, ¢=e™Fn, __, a.a )
breaking effect have appeared in the literat{®e 6]. Re-
cently the GTD in the context of SU(8X SU(3)r chiral
symmetry was analyzed by Goigt al.[7] within the frame-
work of heavy baryon chiral perturbation theory (KBT)
[8,9]. These authors found that chiral loop corrections appear D =D +V
at O(p*. The dominant contribution comes from the low- L
energy counterterm appearing in ti@(p® Lagrangian. i
Their result is consistent with more conventional approaches A,=5E(D,3)E,
where the current quark mass plays an explicit {@l&]. 2

In this work we analyze the off-diagonal Goldberger- 1 | i
Treiman relation (ODGTR) and its discrepancy for the _ = T gt I t
SU(2)m,N,A sector. As we show below, both the magnitude Vi 2(56"5 TEub) 28 Tut 2§|”§ ’
of, and theoretical uncertainty in, the off-diagonal

with F .=92.4 MeV being the pion decay constant. The chi-
ral vector and axial vector currents are given by

Goldberger-Treiman discrepanddDGTD) are ~m2/A% D,2=d,2—ir, 2+ixl,,
~0.01, whereA,=4nF_ ~1 GeV is the scale of chiral 5
symmetry breaking. Consequently, the ODGTR provides a ry,=v,+a,,
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~ , 1] by .
" L= ib3"v“’lﬁv_m—i%DV N+Hc+--- (7
Far=otr’— g rF—i[r "], X
_ where
Fr=oM"—av1*—i[1#,1"],
o', =Tr(7[D, A,]). ®
f[évngfngigTF[évg, 123 M

Ill. OFF-DIAGONAL GOLDBERGER-TREIMAN
RELATION AND ITS DISCREPANCY

X=2By(s+ip),
et gt gt
X==EXETEXE ®) It is convenient to introduce theNA form factor G,y

~ via the effective Lagrangian:
wheres,p,a, ,v, are the scalar, pseudoscalar, pseudovector,

and vector external sources witt=p'7' anda,=a,,7'/2.

For theA, we use the isospurion formalism, treating the
A field T'M(x) as a vector spinor in both spin and isospin
space[11] with the constraint' T, (x)=0. The components
of this field are

G‘rrNA—| i
TN HL. ©

‘CWNA: -

In terms of the couplings appearing in E@), one has

\/5 A+ G*rrNA:gWNArnN1
k= N3lA0 ) P

T3 =
M

(10

whereg_ .4 IS the renormalizedrNA coupling constant. We
also express the matrix elements of the axial current between

A++
+_
Tu= ( A+/\/§)M’ A" and proton in terms of the Adler form factors2—14:

My my

(Ao,@) (A% (p")IALIP(P))
T,=—| .- : 4 Al 2
o A — Cs(a)
m :A+V(pl)(cé(q2)guv+ LmZ_q,qu
The field T!, also satisfies the constraints for the ordinary A A o N
Schwinger-Rarita spif-field: C5(g%) C2(a9)
J pé + 2 ’y}\+ . p,)\ (q)\g,uv_qvg)\,u) u(p)v

y*T,=0 and p*“T, =0. (5
(11)
We eventually convert to the heavy baryon expansion, in
which case the latter constraint becomefél"ﬂzo with v, where we have displayed only matrix elements of the neutral

being the heavy bgryon veIocit_y. _ ComponenTAi=q'y”y5(T3/2)q for brevity. Experimentally,
In order to obtain proper chiral counting for the nucleon,one expects contributions fro@f to give the dominant ef-

we employ the conventional heavy baryon expansion, and ifect. For future reference, we also define the off-diagonal
order to consistently include thee we follow the small scale  charge radius? :

expansion developed ifl1]. In this approach, external en-
ergy and momenta and the and nucleon mass difference
Sd=my—my and 1y are all treated a®(€) in chiral power
counting.

The leading order HR PT Lagrangian reads

d
r,§=6d—q2|n CE(a?)g2—0- (12

To arrive at the ODGTR, it is useful first to contract Eq.
LMO=N[iv-D+2g,S AN (11) with g#, yielding

—iT/iv-Dii— 8 5+g,S AT, (AT (Pl ALIP(P)

. . - CA 2
+ 90Nl TF o, N+ N, T —iA*"(p")| CA(g?) + Z(]g q?|qu(p). (13
N
F2
L T tot
+7Tr[D”EDME FXETHXE]E (6) We compute the same matrix element from the amplitudes of

Fig. 1. The pion pole contributiortFig. 1b depends on
G.na(G%) andP(g?), the coupling of the pseudoscalar cur-

where S, is the Pauli-Lubanski spin operator andiﬂ
rent to pions. At lowest order, one hﬁ’:{qz):miFw. We

=Tr(7'A,).

At subleading order we collect only theNA interaction
pieces which are relevant in the following discussion:

parametrize the nonpole contributioff§g. 19 in terms of a
function C(q?). We thus obtain
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In order to obtaim\ ., one requires thg? dependence of
o L -~ bothG ,na(g?) andP_(g?) as well as the nonpole amplitude
’ - e’ -i-4-® @) C(0). To that end, we first observe that, sind®(qg?)
=m%F, at lowest orderC5(0) starts off asO(p°). The
a b c d e nonpole termC(0) generates ai®(p?) correction, as we
| discuss in the following section. In principle, sinB¢qg?) is

}‘\ = [~ ~~ O(p?) at leading order, one might expect @8 dependence

HEE ot B L I ; to arise atO(p*). However, there exist no operators in the
-7 -7 -7 -7 O(p*) Lagrangian(see Ref[15]) which contribute to thig}?
1 g A i § dependence, nor do the corresponding loop graphs contribute
at this order.
L~ ey - L~ The g2 dependence ofsya(g?) requires more care. As
F v e Y e--d v e--f ! we show explicitly below, loop contributions to thig de-

- - - pendence arise first &(p*), and thus, for our analysis, may
be neglected. However, in the nonrelativistic theory obtained

via the heavy baryon expansion, thg+bg terms contribute

FIG. 1. Relevant Feynman diagrams in the derivation of theto theq? dependence via the factor
off-diagonal Goldberger-Treiman relation and its discrepancy. The 2 2 )
filled circle denotes the pseudoscalar or pseudovector source. The ~ My—My—(
double, solid, and dashed lines correspond to the delta, nucleon, and v-q= 2my )
pion, respectively.

(19

Note that this term is nominally)(p) in the small scale

(AT (p")|a*A%|P(p)) expansion, sincen; —mz/2my~ 8. However, it contains an
. O(p?) contribution(the g term) as a consequence of kine-
\/Z —v . D 2 matics. Since we derive expressions below valid in the non-
=—V\3zap )mqv“(p) (14 relativistic theory, we should include this contribution to
" Gna(d?).
with To complete analysis 0By (%), we observe that loop

corrections renormalize the bareNA coupling g%y,
—g,na atO(p?). However, theg? dependence of the vertex
due to loop corrections appeél(p?). Since we truncate at
O(p?), these corrections can be neglected, and all we need
Equating(13) and(14), using Eq.(15), and taking the limit  to do is to replac@?,, by g.,na - A similar situation holds

Gﬂ'NA(qz) Pﬂ'(qz)
My

D(g?)= +(g?—m?)C(g?). (15

q°—0, leads to for the diagonal GTD, as shown in the analysis of Ref. In
our case this observation directly leads to the conclusion that
Ao 2| Gmna(0)P4(0) the A, andr are solely determined by the counterterms.
Cs(0)=—\/5|——————+C(0)|. (16 . . 2
3 mNmfr It is useful to examine thg~ dependence of loop effects

in some detail. To that end, we first classify the various dia-
We emphasize that Eq16) involves no approximation. grams contributing to the ODGTR. Diagraita, (e), (g), (i),
However, neitheiG,y(0) nor P (0) is experimentally ac- (j), and (k) contribute to the tensor structugg,, while the
cessible. To the extent that these quantities vary gently beemaining diagrams contribute to the structargg,. The
tweeng?=m?2 andg?=0 we may replace them in E16) first diagram(a) in Fig. 1 is the tree level one. The second
with their values at;>=m2 . Assuming pion pole dominance diagram(b) is the pion pole contribution. Diagrants) and
and neglectingC(0) would then lead to the ODGTR. The (d) renormalizeP,T(qz) and their contribution is op(p?) as
off-diagonal Goldberger-Treiman discrepanty embodies €xplained above. The loops in diagrafes and (f) contain
the corrections to these approximations. Includihg we  NO q° dependence. Diagram)—(n) are similar to each

have the corrected ODGTR: other, so we take diagrarfy) as example. The amplitude
reads
2 G ana(m3)Po(m?)
C5(0)= \[5 e — (1-45) 17 iM Ngigﬁmf d°k  k,S-qSk
N @72 ] 2m)P K-mitie

where, to leading order in light-quark masses, we have

1
X
d . 2_ . 2
Aﬂ=miﬁzln D(q2)|q2=mi. (18) % k+[k (U k) ]lsz

1
An analogous expression for the diagonal GTD case was first X 2 >
derived in Ref[7]. Indeed, our treatment here largely fol- v (k+q)+H{(k+q)*—[v-(k+q)]7}/2my
lows the outline of that work. (20
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whereq is the external momentum and we include the lead-

oL
ing recoil correction in the nucleon propagator. According to af‘A' —4|mBOLXPT. (25
HB x PT, the recoil corrections may be included perturba- X
';glllec?\:\'/ss'o we expand the baryon propagators in &) as Equations(13), (14), (15), and(25) then imply that
D .aS. e(q ) 2[ m? - o~
iMoo~ d’k k,SqSk 1 1 C(0?) + ——— - qzz_\/;[Tmz ganat (b3 +bg)
@ ] 2mP K*-mZ+iev-kv-k+6 N Q" —my
2 2 2 2
2 2 my —my— m;
[ Kk war-2kq oa) | T e, 20
Mn(v-K) 2mo K my ' MNA Ay

(2)  where we have usedB®m=m>. With Eq.(18) we arrive at

The first term inside the square brackets generates tge off-diagonal GTD taD(p*):
g2-independent contribution @(p?). Upon integration, the m,\7 2¢, By+bg(A,
terms in the integrand containing explicit factorscpgener- A_= (—”) { ! 3 78 )} (27)
ate an additional factor of - g/my relative to the leading Ay
term. According to Eg.(19), this factor contains a The ODGTD—whose scale is of ordem(./A ,)?~0.01
q*-dependent term which varies aqu/ZTﬁ,. Thus, theg? —depends on three low-energy constargsis ! c;, and
dependence of this integral occurs@fp™). Similar argu- B3+58 (we count the latter as a single consjai@ince we

[CPNIN zgﬂ'NA

ments hold for the other loops in diagrariis—(n). have scaled out explicit factors ofAL{ in £Z3 we expect

these constants to be of order unity. In fact, determinations of

g.na andbs+Dbg from N scattering in the resonance re-
Consider firstA,. We collect theO(p®) low-energy  gion yield[16]

counterterms which may contribute 20, : 0,na=0.98+0.05,

IV. THE LOW-ENERGY COUNTERTERMS

E(C%z—%Ti“[DM,X_]iNJr %T'M[Dy,f’i”]iN b3+by=0.59+0.10.

X X Werec, also to be of order unity, we would expett. to be
of order a few percent. This magnitude ftr, is consistent
with previous estimatefb,17]. As in the diagonal GTR the
ODGTR should hold to within a few percent accuracy, as a
where[D,,,x_1'=Tr{(7/2)[D,,x_1}, etc. The ellipsis de- consequence of chiral symmetry.
notes otherO(p?’) terms WhICh do not contribute ta . Consider now the leading? dependence ot:’g(qz).
Detailed expressions of these terms can be found in ReBince loops do not contribute to thg? dependence of
[16]. After carrying out the heavy baryon expansion, theCA(qz) at O(p?) we need consider only the tree-level con-
third term in Eq.(22) is of O(p®), where one power op  tributions generated bg &). They are most easily obtained

arises from a factor op/my generated by theéys tensor  py considering the dependencelb?) on the pseudovector
structrure. Also the third term contains two pion fields. So 'tssourcea

contribution toA . involves one additional loop and is fur-

ther suppressed byzli In other words, this piece can be Al :5‘CHBXPT (29)

neglected. ” 5ai# '
Since we obtained our general expression Agr using

matrix elements oﬂ”A , we may deduce its dependence onWe then arrive at

C3— .
+ A—S;T{‘i Yol x A J'N+H.c+--- (22)

¢; by varying £} with respect to the pseudoscalar source 2 o [mi-mi-g?
p'. To that end, we use the chiral Ward identity of QCD: () gxnat+ (b3t Dbg) Tomeh.
X
— 7 A — ) 2 2
T al=mia m2
| 4y, vs7d|=mlai ys7q] (23) _ZClP_Cz% (29
X X
with m=(m,+mg)/2. Moreover, so that
6| c, Dbytbg/A
— ;  0Lqco ra=— 2 12 8(—)(” 30
qiys7'q= 5o (29) A A Oana Oana My €0
p
) where we have dropped higher-order contributi@g., cor-
From Egs.(23), (24) and the leading-order relatiowy’ rections of orders/my). From Eq.(26) we also conclude
=4iByp' we obtain that
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uncertainty is dominated by the error@ﬁ(O), it would be
+ O(QZ,mi) advantageous to reduce this uncertainty through more precise
form factor measurements.
Such measurements could also reduce the present uncer-
+@(q2,mi)_ tainty in rf\, which has been determined from charged cur-
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2
61}
o

2
Cé(qz): - \[gmﬁngA P—m
2
== \/:mNF'n'G’n'NA
3 rent neutrino scattering data. An empirical parametrization of
@31 C£(g?) obtained from these data givEal]

Note that the lowg? behavior of the induced off-diagonal

———— —6ra
2 2 A
q —mz

1+1.219%(2 GeVP—q?)

_pseudoscalar for_m_ factor is completely determ@nlc_erA Cé(qz)zcé(O) —— (38)
is known), since it is expressed in terms of the physical and (1—qg“/M3y)
measurable parameters as can be seen from the second equal-
ity in Eq. (31). with M,=1.14—1.28 GeV. From this parametrization, one
would deduce
V. IMPLICATIONS FOR EXPERIMENT AND THEORY (2 121
A .
In principle, an experimental test of the ODGTR could be 5 (_2 R =(1.82-2.14 Gev 2. (39

carried out by drawing upon precise measuremen@‘g‘tﬁf))
and G ,ya(m2). A value for C£(0) has been obtained from Accordingly we determine
charged current neutrino scattering from hydrogen and deu-

terium[18]: c,=—(3.1-3.5). (40)
A 1 While the value forc, is consistent with expectations that it
Cs5(0)= ﬁ(Z-O“—“ 0.4), (32)  be of order unity, its uncertainty is roughly 10%.

Parity-violating electroexcitation of th#, as approved to
run at Jefferson Lafl0], will provide new, precise measure-
ments of the axial-vectdd— A amplitude at a variety of?
points. At first glance, this program of measurements could
yield a determination of botiC5(0) andra. However, the
extraction of these quantities from experiment requires reso-

G,na(m2)=11.6-1.3, (33  lution of two theoretical issues. The first involves the overall
normalization of the axial-vector amplitude and, thus, the
Substituting this result into Eq17) and dropping the correc- determination oC5(0). Thenormalization—which could be
tion A, yields the leading-order ODGTR prediction for obtained from a fit to the measured dependencé22]—is
CQ(O): strongly affected by electroweak radiative correctiﬂﬁsas
discussed in detail in Ref23]. As emphasized in that work,
C§(0)|,0_=0.93i 0.10. (34  these corrections are theoretically uncertain, as a result of
nonperturbative QCD effects, and the corresponding uncer-
A comparison of this value with the experimental result intainty could be on the order of 10-20% relative to the tree-
Eq. (32) leads to an experimental constraint on the ODGTD:level amplitude. The radiative corrections always come in
expt_ tandem with the axial-vector amplitude for PV electroexcita-
ATP=-0.24:0.3, (39 tion and cannot be determined independefely., by proper
) . , . choice of kinematics or targetThus, they introduce an in-
where the error is dominated by the experimental error Nyinsic, theoretical uncertainty in the extraction 6@(0)

A
Cs5(0). _ from this process. Given the estimated size of the uncer-
Alternately, one may draw upon the older analysis of theinty it appears unlikely that PV electroexcitation will im-

K matrix fpr pion ph.otoproductiorﬁlg,zq in the A reso- prove upon the result in Eq32).
nance region to obtain Nevertheless, determining the normalization of the axial-
vector amplitude via the Jefferson Lab measurement would
Gona(m;)=14320.2, (36 be interest?ng from another perspective. Because the theoret-
ical uncertainty in the ODGTD is considerably smaller than
both the current experimental error @£(0) as well as the
A®P'=0.01+0.2. (37) estimated theoretical uncertainty Rﬁ one might use the
ODGTR prediction forC2(0), in tandem with the normal-

In both cases, the value & is consistent with zero ization of the axial-vector amplitude extracted from PV elec-
and thus in line with our expectations that the ODGTD be oftroexcitation, to determinaﬁ. Recently, the study of axial
order a few percent at most. At present, however, the uncexector electroweak corrections has taken on added interest in
tainty A% is an order of magnitude larger than one wouldlight of the results of the SAMPLE experimef25], which
like in order to test this theoretical expectation. Since thismply that the magnitude dR, for elastic, PV electron scat-

where the prefactor is due to relative normalization of
charged and neutral current amplitudes.

For the strongmNA form factor, one may rely on the
analysis ofwN scattering given in Ref.16], which gives

which implies
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tering may be considerably larger than implied by theorymodel computations of the axial vectdti— A transition
[26]. Understanding these corrections could have importanfiorm factors. While there exist lattice calculations of the

implications for the interpretation of other precision elec-
troweak measurements, such as neujBodecay[27], so it

electromagnetidN— A amplitudes, the axial-vector ampli-
tudes remain to be computed. The lattice electromagnetic

would be of interest to study them in both the elastic andamplitudes appear to differ significantly from experimental

inelastic channels.
A second interpretation issue involves tifedependence
of the PV asymmetry and thus the determinatiorri;f In

values, and it would be useful to have a corresponding com-
parison in the axial-vector channel. Historically, a variety of
hadron model calculations (ﬁ’g(O) have been performed,

contrast to the situation for elastic, PV electron scattering—with predictions generally lying in the range 6-8.0 (see

where the PV asymmetry vanishes linearly with at low

Ref.[28] for a compilation. Those lying near the lower end

2| —the asymmetry for PV electroexcitation contains aof this range are most consistent with the ODGTR, based on
q Yl y

g%-independent term. In the framework of R¢R4], this
term is characterized by a low-energy constdgt On the
scale of the expected asymmetry, the magnitude ofdthe
contribution could be significant, particularly at lojg?|
where one would want to determimg . In order to deter-
mine the latter reliably, one also requires knowledgel pf

The second issue could, in principle, be resolved through

a measurement ok,, the asymmetry for PV photoproduc-
tion of the A. SinceA,, is proportional tod,, and since
chiral corrections to the asymmetry are small, its measur
ment could remove thd,-related uncertainty in PV electro-
excitation. Thus, measurements of béth and the PV elec-
troexcitation asymmetry at a variety qf points could yield
values forr3, d,, andR5 .

the value ofG,y,(m?) from Ref.[16]. For example, the
quark model calculation of Ref5] predictsC£(0) in terms
of g, and the nucleon and masses:

1 6
11753

The leading-order ODGTR prediction is given in E§4),
where the uncertainty is dominated by the error in

2mA

my +Mmy (41)

CA(0)qm.= ga=0.87.

eGWNA(me) obtained from Ref[16]. Thus, the quark model

appears to be consistent with the expectations derived from
chiral symmetry and the latest analysis of strong interaction
data. Having in hand similar agreement with future lattice

calculations would be similarly satisfying.

New, precise neutrino scattering experiments would

complement this program. Since neutrino scattering probes

of the axial-vector transition amplitude are free from the
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