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1. Introduction

Form factors measured in electromagnetic and weak processes asmiemdl| probes of
hadron structure. Calculations of such observables using lattice QCOrmapdrticular, the nu-
cleon form factors[J1[]2[] 3] has intensified during the last couple ofsydae to improvements
which allow full lattice QCD calculations with controlled lattice systemafji¢s [4]. Tdw$ of the
current work is the study of the electro-magnetic (EM) and weak W tansition form factors
(FFs). Experiments on the N tbEM transition have yielded accurate results on the EM transition
form factor for low momentum transfd[5] that point to deformation of thA Blstem. The axial
N to A transition FFs are experimentally not well known but there are ongoingrimpnts using
electroproduction of thA resonance to measure the parity violating asymmetry in Al oattice
QCD enables calculation of these fundamental quantities from first princle previous calcu-
lation of these form factors utilized quenched and dynamical Wilson as wealteybrid scheme
with domain wall (DWF) valence quarks on an improved staggered $¢h[@, A study of the
N to A transition using chiral dynamical quarks in a unitary approach is presémtiis work
where, in addition, we employ the coherent sink metfipd [2] in order to aeltevbetter statistical
accuracy on the determination of the form factors.

2. Lattice Techniques

We useNr = 2+ 1 dynamical domain wall fermions generated by the RBC and UKQCD
collaborations[J9]. The lattice spaciag* = 1.73(3) GeV is fixed using th& ~ mass. The length of
the fifth dimension is taken sufficiently large to suppress chiral symmetrkingeaFixingLs/a =
16 gives an additive residual massl0% of the light quark mass used in this work. We consider
configurations on a lattice of size 24 64 corresponding to pion mass 0881(1) GeV. We use the
standard interpolating operators to create nucleor\stdtes and employ gauge invariant gaussian
smearing of the quark fields with APE-smeared gauge fields optimized forsbppression of
excited states for the nucledh [3]. Suppressing excited state contribintitesthree-point function
is particularly crucial since for this study a source-sink separation ofn®.8 used. We show in
Fig. [ that extending the source-sink separation to 1.14 fm the plateais\aluthe dominant
dipole form factorGy1, which are the most accurate, are consistent with a time-separation of
0.9 fm, but with a two-fold increase in statistical errors.

The three-point functions that are needed are given by

(G Mt  piTe)) = 3 &P eer 0 QT [ X2 (xz, )3y (1, t) KR (0,0)] 19) (2.1)

X2, X1

whereJy (x) is a local currentg = p’ — p is the momentum transfeg;, is the Lorentz vector index

for theA andr"; projection matrices in Dirac spadg [7]. The large Euclidean time limit of the ratio

(G (t2,a:p",piT)) [<Gﬁﬂ<tz,p';r4>> (GVN(t, —t1,piTa)) <GﬁA<t1,p':r4>>T/2
(GR(t2,p";T4)) (GNN(t2,pT4)) (GfA(t—t1,p";T4)) <GNN(t17p;F4()2> by

R (t2,ti;p’,p;Tes ) =

yields a time-independent functidh, (p’,p ;' ¢; 1) (plateau region). In addition, all field renor-
malization constants cancel and therefidgeis a combination of the Lorentz invariant form factors
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and known kinematical factors. We use sequential inversions througimthio evaluate the three-
point function of Eq. [2]1). In this method the quantum numbers of the haah® fixed, which
means that a particular value@fandl’ ; must be chosen. This freedom is exploited in the construc-
tion of sources for the sequential propagator with the goal to produdealginear combinations

of Mg involving a maximal set of momentum vectors, thereby obtaining a maximum nurhber o
statistically independent measuremeffifs [6]. It turns out that three suchssiffice for achieving
this goal and enable us to extract the momentum dependence of the electetimyagxial and
pseudoscalar N th FFs accurately. A new ingredient of the current work is the use afdaherent

sink technique [B] in order to reduce the statistical noise. This consists of creating fetsraf
forward propagators for each configuration by placing sources at:

(0,0), (L/2,16), (0,32) and (L/2,48).

From each sourcé&, Ti), a zero-momentum projectédsource is constructed @ away, i.e. at
(%, Ti+To) and a single coherent backward propagator is calculated in the simultapessence

of all four sources. The cross terms that arise vanish by gauge ingarighen averaged over
the ensemble. The forward propagators are already computed by thé Celaboration [[R] and
therefore we effectively obtain four measurements at the cost of dmis.aSsumes large enough
time-separation between the four sources to suppress contamination areongith open ques-
tion is whether there exists correlation among these four measurements.. B Wegshow the
dependence of the jackknife error Gy1 for different coherent sink bin sizes, which verifies that
cross-correlations between the different sinks are absent.

The full set of data obtained at a giv€)f value is analyzed simultaneously by a gloial
minimization using the singular value decomposition of an overconstrained Bgstm [B]. All
the results presented here are obtained by analyzing 200 configuratianstal of 200< 4 = 800
measurements of the ratio given in E[g. 2.2).
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Figure 1: The ratioS; of Eq. (3.R) versug/a for

a source-sink separation 0.91 fm shifted by a timeigure 2: Dependence of the jackknife error for

slice (blue triangles) and 1.14 fm (red circles) for th&w1(Q?) on the coherent sink bin sizes.

smaller non-zer@p.
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3. Electromagnetic N to A Transition form factors

The electromagnetic transition matrix element is decomposed in terms of three(5&eh

1/2
B0 N 9 =2 (o) B Domps @D
with

Oy = Guma(0P)Kgyi + Gea(0P)Kg 1 + Gea(0F)KSF
whereK}1, KEZ andKS2 are known kinematical factor§][7]. In this work we present results for
the dominant magnetic dipole form fact1(g?). Following Ref. [f] we construct the optimized

three-point functiors; from which GMl(QZ) is directly determined

3
Siaip) =Y No(0,—a;T4p) = iA{(pz— P3) 01+ (P3— P1) &2+ (PL— p2)53,u}GM1(Q2)
o=1
(3.2)
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Figure 4. CE for DWF, the hybrid action and
guenched Wilson fermionsrt; = 410 MeV) @S].
X_he green line is a dipole fit to experimental
data ]. The solid (dotted) line is a fit to dipole
(exponential) form of the DWF data.

Figure 3: GMl(QZ) using DWF fermions and using
the hybrid action. The diamonds show experiment
results. The solid (dashed) line is a fit to dipole (e
ponential) form for the DWF data.

In Fig. B we show the results of this work @Bwv1(Q?) using DWF. These are compared
with previous results obtained with a hybrid action that uses Asqtad impraéagdesed fermions
generated by the MILC collaboration and domain wall valence qu@fksT[i& pion mass in the
DWEF calculation is 331 MeV and in the hybrid action 350 MeV. These valueslase enough to
allow a direct comparison. Indeed the results are in very good agreefignto a dipole form,
do/(1+Q%/md)?, as well as to an exponential forgs exp(—Q?/1fp?) described equally well the
lattice results. A compilation of the experimentally available data (for more detailRsk [T]) is
also shown in Fig[]3 showing a clear disagreement between lattice resukgperiment. This is
reflected in the value of the dipole massmaf = 0.78 GeV obtained by performing a dipole form
fit to the experimental data as comparedrp= 1.164(20) GeV for the lattice results. A possible
explanation for the faster falloff of the experimental data maybe the ladigoifisant chiral quark
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effects —or equally the lack of strong pion cloud— from the still heavy piossreasembles that are
utilized. Similar behavior is also observed for the nucleon electromagneticfamtors [1], that
may again point to the importance of chiral quark effects. The W tase is particularly clean
since there is no ambiguity regarding disconnected contributions and thélattke dependence
observed in the N t& EM FFs must be of different origin. The large disagreement obsereag] h
however, would require large pion cloud effects to set in as we loweritdrerpass. Such large
pion effects have been shown to arise in chiral expansfohs [11] anthitssnteresting to perform
the calculation fom; < 250 MeV where they are expected to set in. We are currently analyzing
results to extract the subdominant FEg, andGc, using the same DWF configurations.

4. Electroweak N to A Transition form factors and Goldberger-Treiman relations

We consider nucleon t@ matrix elements of the axial and pseudoscalar currents defined by
a

M= oS w0 . PR = Bk D e @1)

wheret? are the three Pauli-matrices acting in flavor spacearie isospin doublet quark field.
The invariant proton td* weak matrix element is expressed in terms of four transition form factors
in the Adler representation as

/ 3 _ 2 MaMy 1/2—)\ /
<A(p>sl)|A[J|N(pas) > = I\/;<EA<p)) uA*(p>§)

(P")En
2P A0 Al 2
Kcan(]s )VV+C4H(,2 )plv> (gAugpv—g)\pguv)qp—i—Cé(qz)gAu+C6r:ﬁq )QAQH Up(p,s). (4.2)

The form factor<C4(g?) andC}(g?) belong to the transverse part of the axial current and are both
suppressed][8] relative to the dominant form fac6fgg?) andC4(g?). The latter two are the

equivalent to the nucleon axial FBx(Q?) andG,(Q?) respectively [[6].
The pseudoscalar transition form fac(B,r;NA(qz), is defined via

, 3 . 2 mamy 12 fr[myz-[GnNA(qz)—v / Qv
2my <A(p',S)IP°IN(p,s) >_I\/;<EA(p’)EN(p)> e uN(p,d)ZmNuP(p,S) . (4.3)

Taking matrix elements of the axial Ward-Takahashi idenfityAf; = 2mqP* leads to the non-
diagonal Goldberger-Treiman (GT) relation

Ao oo 1 Gmal(o?) famg
CS(q )+ WNCG (q )_ 2my rn’z_[_qz : (4-4)

The PCAC relation on the hadronic Ie\de‘I‘Aﬁ = fnm%na, relates the pseudoscalar current to the
pion field operator and therefore provides the connection to the phembtmgéal TNA strong
couplinggmia = Gma(0) that appears in Eq[ (4.4). Assuming pion pole dominance we can relate
the form factoiC% to Gya via:

_ 1Gma(@®) fr

1 a2
K%(Q) ZW (4.5)
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Substituting in Eq.[(4]4) we obtain the simplified Goldberger-Treiman relation
Grna(0) fr = 2myCE(ar) (4.6)

in complete analogy to the well known GT relation which holds in the nucleonrseton pole
dominance therefore fixes completely the r&ft{g?) /C£\(¢?) as a pure monopole term

S CRI.
Chq?)  m&—q?

4.7)

The goal here is to calculatd(q?), C5(Q?) and Ga(Q?) and check the GT relations using
dynamical DWF. The relevant three-point functions required for theutation of these FFs are
obtained at aninimal extra cost using the sequential propagators produced from the optimized
nucleon toA sourceS; and in additionS; which is also used for the electromagnetic transition
study of the subdominant FFs. The detailed expressions are given.ifgRef
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Figure 5. The ratioC4/CA versusQ?. The dotted Figure6: Q*>-dependence of the pseudoscalar tran-

line refers to the DWF results and is the pion polgition form factorG,na. The solid line is a fit to

dominance prediction of Eq_(.5). The solid line is @ion pole dominance form of EQ.(4.9). The dashed

fit to a monopole form. line is a linear fit. The strong coupling constant
gmva is the value aQ? = 0.

In Fig.[4 we compare our results fﬁﬁ using DWF to those obtained previously using the hy-
brid action and quenched Wilson fermions at similar pion ma§sgk [6, 8]QF Hependence is well
described by a dipole Ansatz yieldi@j\(0) = 0.970(30) and a dipole massi, = 1.588(67) GeV.
This is to be compared with the valog = 1.28+ 0.10 GeV extracted by a dipole fit to the avail-
able experimental dat@ L0]. As in the caseGyf1(Q?), we observe a flatter slope for the lattice
data, reflected in the larger value of the axial magsxtracted for the lattice results.

In Fig.[3 we show the rati@4/CZ. The dotted line shows the pion pole dominance prediction
of Eq. (4.J) where fomy andm; we use the lattice values calculated for DWF. The predicted
curve does not describe the data at IQi.e. in the regime where strong pion cloud effects are
expected. Fitting to a monopole foreg/(Q?/n? + 1) describes satisfactorily the ratio yielding a
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heavier mass paramet@rthan the lattice value of the pion mass. This behavior has been observed

also for the other action§][6].
The pseudoscalar form fact@ma(g?) is determined optimally from the sour& with a
pseudoscalar current operator insertion:

3 2 [En+mMy [+ 0o+03 a2
. o P P _ . |“ N N 1 i1 2
gf(q ' VS) - Z rla(07 q ,|_4, VS) - \/; EN |: 6mN zrnq(m%+ QZ) G"NA(Q ) (48)

o=1

We use the valud,; = 0.10527) GeV for the pseudoscalar pion decay constant determined in
Ref. [9]. The quark massy, is calculated through the Axial Ward Identity by constructing a suit-
able ratio of local-smeared and smeared-smeared two-point functioresafitd and pseudoscalar
currents [[B]. This requires only knowledge of the axial current nevadizationZa, which is deter-
mined to bezy = 0.7197(9) (Yamazakiet al in [fll]), where als@, = Zx holds up to a smalD(a?)
error for a chiral action[[9].

In Fig. [ we compare results @®ma(g?) using dynamical DWF to those obtained with the
hybrid action and in the quenched thediy [6]. The solid line is a one-paeafitdo the form

Q/me+1
(Q%/mZ +1)2(Q2/m? + 1)

expected if the validity of Eq[(4.7) is assumed. The fit-paramiétprovides an estimate of the

Gma(Q%) =K

(4.9)

strong couplingma = Gma(0) = 9.6(2). A straight line fit of the fornGya(Q?) ~ (1 — AS?)

as shown by the dashed line, would lead to an estigaie = 13.9(6). Thus a reliable evaluation
of gra requires further understanding of the behavior at @%and in particular of the decrease
observed in the hybrid action g close to zero.
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Figure 7: The ratio f,Gma(Q?)/myCE(Q?) as a Figure 8 The ratio my frGma(Q?)/2(mg +
function of Q? relating to the GT validity. Q?)CE(Q?) that relates to the validity of Eqf_ (}.5).

In Fig.[f we show the ratié;Gma(Q?)/myCE(Q?), which should be unity if the non-diagonal
GT relation of Eq. [[4]6) is satisfied. Deviations from this relation are eviihethie lowQ? regime
and they are present for all actions to the same degree which is surgisggone might have
expected a better behaviour for DWF. At higher momentum trans@rs-(0.5 Ge\?) the relation
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is satisfied for all actions. On the other hand, the relation given in[Eq. t#a7assumes pion pole
dominance to relat€% to Cf is satisfied excellently by the lattice data for all three actions. This
agreement is shown in Fif]. 8 where the ratifGma(Q?)/2(m2 + Q?)C5(Q?) is everywhere
consistent with unity.

5. Summary and Conclusions

The nucleon t& electromagnetic, axial and pseudoscalar transition form factors ardateld
usingN¢ = 2+ 1 dynamical domain wall fermions for pion mass of 0.33 GeV. The dominant
form factorsGy; and C@ show slower falloff withQ? as compared to experiment. A possible
explanation maybe that the pion cloud is still not fully developed, at pion nfa388 GeV. We
examined the Goldberger-Treiman relations and found that they are shfisfi@® > 0.5 Ge\? as
was previously observed for Wilson fermions and when using a hybtichadion pole dominance
relating the axial form facto€4 and the pseudoscalar form fac®na is satisfied for all values of
Q? irrespective of the lattice action used. Extraction of the strong couplinstaoty,na requires
special care since we need a better understanding of th@4dwehavior of the pseudoscalar matrix
element. A calculation on a finer lattice using domain wall fermions is underwayetckdor any
cut-off effects as well as obtain results on the subdominant and pheotrgamally interesting
electromagnetic quadrupole form factors.
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