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1. Introduction

Form factors are fundamental quantities which characterize importaotdéeaof the hadrons
such as their size, charge distribution and magnetization. In this work veemnira calculation
of the axial form factors of the nucleon and the nucleon (NAttransition [1]. Spontaneous
breaking of axial symmetry in QCD is manifest in the existence of light ps€kmldstone bosons.
The smallness of the pion mass is connected to the axial symmetry breakinghthihmpartial
conservation of axial current (PCAC) hypothesis, which relates the divergence of the axial vector
current to the pion field. This translates into the pion-pole dominance of theéddnucleon
pseudoscalar form factdBp(g?). Furthermore, it relates the nucleon axial chaggeto the NN
coupling,gmmn Via the well known Goldberger-Treiman relation (GTRNGa = f7Omn, Where
f;r is the pion decay constant amgy the mass of the nucleon. Similarly, PCAC applied to the
N to A transition, leads to the assumption of pion-pole dominance in the ca@@ afd to the
non-diagonal GTR, iP\C2 = f grna, Wheregma is the strong coupling constant associated with
the TNA vertex. Our calculation of the nucleon axial vector form fact@g(qg?) andGp(g?), as
well as the pseudoscalar form fac®n, for a range of pion masses down to 380 MeV, both in
the quenched theory and using two degenerate flavors of dynamicahviéisoions, enables us to
check pion-pole dominance and the Goldberger-Treiman relation. Similathg icase of the N to
A\(1232 weak current transition, we evaluate the corresponding dominant moréC(g?) and
CE(q?), as well as the pseudoscalar form fadBa, using besides Wilson fermions, dynamical
staggered quark configurations generated by the MILC collaboratidrdamain wall fermions
for pion masses as low as 360 MeV. The evaluation of both nucleon andANramsition form
factors enables us to check tifedependence of ratios of transition to nucleon form factors, such
asGma(0?)/Gmin (%) andCA(g?) /Ga(g?), which show a weaker quark mass dependence and are
more likely to show less sensitivity to lattice systematics.

2. Axial Form Factorsand the Pion Pole

We take the u- and the d- quarks to be degenerate and work in terms ofittierfésospin
doublety. The axial vector and pseudoscalar currents are giveioy) = J(x) yuyg%a Y(x) and
P3(x) = tﬁ(x)ygr—;w(x) respectively, where? are Pauli-matrices acting in flavor space. The matrix
element of the weak axial vector current between nucleon states is witten a

g

1/2
(N(p’7§)|Ai|N(p,s)>:i<|W“m> u(p',s) 2my

3
(GA(qz)vqu + q"Gp(qz)) ] %u(p, s (2.1)

with the axial vectorGa(g?), and the induced pseudoscalar form fac@g(qg?), being functions
of the invariant momentum transfer squared,= (p' — p)2. Experimentally, the axial charge
of the nucleonga = Ga(0) is very well known from the neutrof-decay and takes the value
ga = 1.269529). The momentum dependence @f has been extracted from pion electropro-
duction or quasielastic neutrino scattering experiments (see [Ref. [2f@ws) and it is con-

2
ventionally parameterized by a dipole for@a(g?) = ga/ (1— &—2) , with an axial massyia =
A

1.026+0.0021 GeV. The induced pseudoscalar form faGp@qz) is less well studied experimen-
tally [f], with ordinary and radiative muon capture experiments giving differesults. Both form
factors have been studied in the context of chiral effective thediles [2
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In QCD the explicit breaking of axial current conservation leads to thed ¥ard-Takahashi
identity, d“Aﬁ = 2my4P?, wheremy is the renormalized quark mass. Using PCAC we have the
reIation,d“Af, = f,m2m®, and therefore the pion field is expressed in terms of the pseudoscalar
current asm® = quPa/f,Tm%. Taking the matrix element of the pseudoscalar density between
nucleon states, theNN form factor is obtained via

1/2
Fame Gaun (9F) — o 4y T
EN(pr’;ﬁéN(P)> mzszNgZ(q)u(p’S,)%TZU(p’s)' (2)

Using the PCAC hypothesis together with Eg.](2.2) we obtain the diagonab&uger-Treiman
relation

2my < N(p,S)|P*IN(p,s) >= (

A + 4 Gyl = oL 23)

2y mE-
In the chiral limit, the pole on the right hand size of Eg.]2.3) must be compethéy a similar
singularity inGp(q?) sinceGa(0) is finite. Therefore, assuming pion-pole dominan@g(g?) is
given by

1 N ZGnNN(qZ) fn

2
ﬂ p( ) m%iqz (24)

and substituting in Eq[(2.3) we obtain the well known relatioRGa(g?) = frGmn (g?).
The invariant proton td™ weak matrix element is expressed in terms of four transition form
factors as

/ 3 ]2 MaMN 1/27\ /
<A(p,8)|ALIN(p,s) > = '\@<Eﬂ(p)> . (p,S)

(P")En
ACHINICACH CA(?
[(angg )y\/+ 4#2 )p >(gAugpv—gf\pguv)qurCSA(qZ)gAu+f’n(ﬁq)q,\qu up(p,s). (2.5)

The form factorsC2(g?) andC}\(g?) belong to the transverse part of the axial current and, as was
recently demonstratef] [3], both are suppressed relati@'t?) andC4(qg?). The pseudoscalar
transition form factorG,na, is defined similarly tadGnn, via

(P)En(p) N

The NN and 7iNA coupling constants are definedggt= m2 asgmn = Grn (MZ) andgma =
Gma(mZ). The dominant form factor€2(g?) andC4(g?), which belong to the longitudinal part
of the axial current, are related via PCACGgna(0°):

/ 3 .2 MaMN 12 2 Gna(0?) — Qv
2mq<A(pa5/)|P ‘N(p7s) >_I\/;<EA ) rn72-[7q2 UA+(p,SI)2m uP(paS) . (26)

2 16 2) fm?
CA(@) + T ca(ap) = - Sl T

g 2y me-q?

2.7)

which is known as the non-diagonal GTR. Pion-pole dominanc€gon?), as forG,(g?), leads to
the relationsC(9?) ~ MGna(0?) frr/2(me — g?) and 2nyCE(G?) = frGma(G?). Itis clear from
the above relations thaf' is analogous t&a andC analogous t@p.
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3. Latticetechniques

The techniques used for the evaluation of the axial form factors weetajeed for the study of
the electromagnetic form factoi$ [4,[}, 6]. In the evaluation of the thoést-functions involved in
the calculation of the electromagnetic nucleon and N transition form factors we use sequential
inversion through the sink, thereby obtaining the form factors for all moomerransfers. This
method requires fixing the source-sink time separation, as well as the indi&ihahhadron states,
but allows the insertion of any operator with arbitrary momentum at any time #licémportant
ingredient of our method is the construction of optimal sources and siimkggaiinear combination
of interpolating fields. It was shown in Ref§] [1, 3] that, for axial opans the most symmetric
linear combination of matrix elements that can be considered is

3
S M40, —q:TGp =) =
k=1

am (En+mn) (8j + &)+ 83,j) Ga(Q%) — (ql+qz+q3)2%‘NGp(Q2) ,

(3.1)
wherej = 1,2, 3 labels the spatial current directidn projects to definite nucleon spin states and
C is a kinematical factof1*(p’,p ;'; u) is the large Euclidean time limit of an appropriately con-
structed ratio of the three-point function to two-point functions, in which timysthdencies of the
time evolution and overlaps of the initial trial state and the nucleon state carinek this opti-
mized sink, involving momentum in all spatial directions, coincides with the oneleaéd for the
electromagnetic curremb new sequential inversions are required for the axial vector current. The
same holds for the pseudoscalar current and theNdptimized sinks. As indicated in Eq. (B.1),
we use kinematics where the final nucleon is produced at rest anddiestieé momentum transfer

q=p —p=—p. We take—g? = Q? > 0 with Q? being the Euclidean momentum transfer squared.

#confs| koram | my(GeV) | My (GeV) | Ma (GeV)
Quenched 32x 64 a!=214(6) GeV
200 0.1554 | 0.563(4) | 1.267(11)| 1.470(15)
200 0.1558 | 0.490(4) | 1.190(13)| 1.425(16)
200 0.1562 | 0.411(4) | 1.109(13)| 1.382(19)
ke=0.1571| 0. 0.938(9)
Unquenched Wilson 24x 40 [j] a~! = 2.56(10) GeV
185 0.1575 | 0.691(8) | 1.485(18)| 1.687(15)
157 0.1580 | 0.509(8) | 1.280(26)| 1.559(19)
Unguenched Wilson 24x 32 [§] a ! =256(10) GeV
200 | 0.15825 | 0.384(8) | 1.083(18)| 1.395(18)
Ke=0.1585| 0. 0.938(33)
MILC 20° x 64 a1=158GeV
200 0.03 0.594(1) | 1.416(20)] 1.683(22)
198 0.02 0.498(3) | 1.261(17)| 1.589(35)
100 0.01 0.362(5) | 1.139(25) | 1.488(71)
MILC 283x 64 a1=158GeV
150 0.01 | 0.357(2) | 1.210(24) | 1.514(41)

Table 1. The number of configurations, the hopping parametefor the case of Wilson fermions or the
mass of the light quarksy, for the MILC staggered quarks, and the pion, nucleon&nthsses.
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In Table | we collect the parameters for our calculation. In the so calledichgpproach,
that uses staggered sea quarks and domain wall valence quarksyeweo®&(a) artifacts, unlike
Wilson fermions where cutoff effects aré(a). We use the same parameters for the domain wall
operator as those used in Réf. [9], namely we take the length of the fifth giomebs/a = 16 and
the valence quark mass that is tuned to reproduce the pion mass calculatébwitiggered quark
action. Finite volume effects can be assessed by comparing results at 8% pg@n mass. It was
shown [1] that results on the 2@patial volume were consistent with the results on thel@sice.
The source-sink separation is optimized so that, on the one hand, it isesuffidarge to ensure
ground state dominance and, on the other, small enough so that gaugeésrk@pt at a minimum.
In all cases, we use the non-perturbatively determined value for therem@malization constant,
Za. Note that the pseudoscalar renormalization constant is not neededefquamtities under
consideration here.

4. Results

We first consider the ratio&ma(Q?)/Gmn(Q?) and ZE(Q?)/Ga(Q?). We note that, in
the ratioGma(Q?)/Gmn(Q?), the renormalized quark mass cancels eliminating one source of
systematic error.

25 T T T 2.5 T T T
2.0F 7 2.0F ;l' { 7
G xousl 4= ¢ La-xlng i'»:ﬁ? %‘r
1sf k] 1< s T T T B -
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Figure 1: The ratio of form factors Figure2: Theratioon:Q(Qz)/GA(Qz) as a func-

Gma(@)/Gmin(Q?) as a function of @ ion of Q?. The notation is the same as that of
for Wilson fermions for the quenched theory,rig 1.

denoted byNr = 0, and for two dynamical Wilson
quarks, denoted by = 2.

As can be seen in Figf. 1 afild 2, these ratios show weak dependeneecpratk mass and
are therefore more suited for comparison with physical results. Both tla¢iss areQ? inde-
pendent and can be thus fitted to a constant. Fitting the quenched data,calmghhe small-
est statistical errors, we obtain the value of 1.60(2) shown by the daisleedTaking the ratio
of the diagonal and non-diagonal GTRy Ga = f;G;nn and ZnNCQ = f:Gma, We find that
Gmna(Q?)/Gmn(Q?) = 2CE(Q?)/Ga(@?). In Fig. 2, we show the ratioC(Q?)/Ga(Q?), which
is indeed als®? independent, and fitting to the quenched data we find the valu®afl) shown
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by the dashed line. They are also approximately equal in the unquenase(fl4. Therefore, on
the level of ratios, the GTRs are satisfied.

1.4
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Figure 3: Ga(Q?) (upper) andGp(Q?)(lower) for Figure 4: C&(Q?) (upper) andC§{(Q?) (lower)

the quenched theory and for two dynamical Wilsofor Wilson fermions and in the hybrid approach.
fermions. Results in the hybrid approach are frﬂn [9].

In Fig.[3, we show our results for the nucleon axial form factors usirigof fermions. We
also include recent results obtained in the hybrid approfich [9] using sipaitameters to those
used in our evaluation of the N foaxial form factors. The main observation is that, at the smallest
domain wall quark mass, results in the hybrid approach deviate from egdnmesults. In partic-
ular, we note that the value of the nucleon axial chaggéecomes larger in the hybrid scheme
approaching the experimental value. The dotted line shows the dipole fit é&xpleeimental data.

As can be seen, lattice results fall off slower than experiment. Howeeflatbe deviations ob-
served at lowQ? for a pion mass of about 360 MeV point to large pion cloud effects, whioti te
increase the form factors at sme@#f. The solid line is a dipole fit of the quench€gd (Q?) at a pion
mass of 411 MeV, yielding an axial malgk = 1.58(3) GeV. We note that a fit to an exponential of
the formdp exp(—Q?/i), also describes the lattice data, yielding a curve that is indistinguishable
from the dipole fit.

Very similar behavior is observed for the transition form fa@§¢Q?) shown in Fig[}4, where
a dipole fit, shown with the solid line, provides a good description of the lattmdtee Again the
axial mass obtained by fitting the quenched results at the lowest mass isttaagehe value of
1.28(10) GeV extracted from available experimental resylt$ [10]. A fit to an expitedeorm also
provides a good fit to the lattice data.

Having fittedGa(Q?) andC%(Q?), theQ?-dependence for the form factds(Q?) andCS(Q?)
can be obtained using pion-pole dominance. The resulting curves ave slydhe dashed lines in
Figs.[B and}4 for the quenched theory at the lowest pion mass and shiatiates at lowQ?. The
dotted line is the corresponding result in the hybrid approach at the sn@btleshass. In addition



Nucleon and Nucleon-to-A Axial Form Factors from Lattice QCD Antonios Tsapalis

we show curves that are obtained usin
Cgp(Q2

) . do
G @) ~ (@21 1) *1)

with a corresponding expression faf(Q?) /C£(Q?), wherego andm are treated as fit parameters.

As expected, this provides a good description of @fedependence fo6,(Q?) andC4(Q?) as
shown by the solid lines, which correspond to the fits of the quenched tdhlawest pion mass.

5. Conclusions

We present results for the nucleon axial vector form fac@x6Q?) andGp(Q?), as well as
for the corresponding N tA axial transition form factor€2(Q?) andC4(Q?). The NN and iNA
form factorsGyn (Q?) andGna(Q?) are also evaluated. One of the main conclusions isGhat
and Gyna have the samé&? dependence yielding a ratio @ma(Q?)/Gmn(Q?) = 1.60(2) in
good agreement with what is expected phenomenologically. The @iE#)/Ga(Q?) = 1.63(1)
is also independent @?. Equality of these two ratios implies the Goldberger-Treiman relations.
We also studied th@?-dependence of the form factors separately. Comparing quenchleahan
guenched results at pion mass of about 360 MeV, we observe largencttng effects on the low
Q?-dependence of the four form facto@a(Q?), Gp(Q?), CA(Q?) andC%(Q?). This confirms the
expectation that pion cloud effects are expected to be large afowurther study of pion cloud
effects using lighter quark masses on a finer lattice is called for.
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