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The light-quark mass dependence of the nucleon axial charge
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The light-quark mass dependence of the nucleon axial isovector charyéds been analysed up to NNLO|p*), in relativistic chiral
perturbation theory using extended-on-mass-shell renormalization, without and with e&li@$2) degrees of freedom. In thA-less

case at this order, thea (M) dependence of lattice QCD simulations cannot be reproduced using low energy constants extracted from
pion-nucleon phenomenology. A good description of these LQCD data is only accomplished in the theaky Wwithm this fit we obtain
ga(Mr(phys)) = 1.260 & 0.012 close to the experimental results af@d = —0.88 + 0.88 GeV~2 in agreement witor N — 7w N. The
sizeable errors are of theoretical origin, reflecting the difference bet@¢gt) andO(p*) at largeM...
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1. The axial charge in baryon ChPT pion-mass,M,) dependence af4 close to the chiral limit.
Therefore, it is natural to extract it from LQCD at low pion

The axial isovector charge, is a fundamental property of 35ses (see [11] and references therein).

the nucleon, associated to the difference in the spin fractions | order to describe thaZ, dependence of4 and ex-

carried byu andd quarks. The matrix element of the ax- tract 4,4, we have calculated the axial charge in relativis-

ial isovector currentdy(z) = q(x) (v,757"/2) q(x), with  tic paryon ChPT (BChPT) up to NNLO with explici.

q = (u,d)” the quark doublet, taken between nucleon statesye use the extended-on-mass-shell (EOMS) renormalization

can be written as scheme [12], so that not only the power counting, but also the
B analytic properties of the loops are preserved.
(N (PN AL O)IN (p)) = a(pr) Up to NNLO= O(p*) = O(M3) with explicit A, g4 can
Fa@) + S Fo@)| ), @)
X |7 Falq P(q”)| v 5 u(p), . )
8 2my 2 ga = ga + 4digM? + gf()fop) (ga; M)

wherer? are the Pauli matrices apd= p/ — p is the momen-
tum transferred to the nucleop? = p’? = m%,. Fa(q¢?) and

A i
+ gz(:()loop) (gA7 hA7 gi; ]\/[ﬂ-)

F,(g*) are the nucleon axial and induced pseudoscalar form (COV. N )
) ) . + ,C1,Ca,C3,Cq; My
factors. The axial charge is nothing byt = Fa(¢? = 0). 9t00p) (94, €1, €2, €5, €43 M)
Accurately extracted from neutrghdecay (see Ref. [1] for + gff()lfop) (G4, ha,g1,c1 a1, ba,bs; M), (2)
a recent determinationy, is a benchmark for lattice QCD

(LQCD) studies [2]. Details about the relevant terms in the Lagrangian, Feynman

Chiral perturbation theory (ChPT) is the effective theorydmgrams and renormalization can be found in Ref. [11].
of QCD at low energies. It allows to determine the light
(u, d) quark mass dependence of hadronic observables i2.  Pion mass dependence of the axial coupling
terms of low-energy constants (LECs) and perform model-  ysing LECs from 7N scattering
independent extrapolations of LQCD to the physical point.
ChPT can also account for finite volume and lattice spacBefore extracting the LECs from LQCD, we investigate
ing corrections in a systematic way [3, 4]. Moreover, it hashow well do the LECs extracted from experiments describe
proved helpful to deal with the contamination from excited g4 (M,). In Ref. [13], elastict N and inelastict N —
states [5-7]. The synergy between ChPT and LQCD can alspr NV scattering have been studied up®gp*) in covariant
be used to determine LECs which are difficult to access ex€hPT using a modified version of the EOMS approach [14].
perimentally. This is the case dfg, presentinth€(p®) part  The ¢;_4 LECs that entega (M, ) at O(p?) in the A-less
of thew N Lagrangian. This parameter has been regarded a®odel were extracted, together wifls, owing to the inclu-
one of the most important sources of uncertainty in the quarkion of TN — 77w N in the combined analysis. We have
mass dependence of nuclear properties such as ground-statmverted these LECs from their modified EOMS to the con-
and binding energies [8-10]. On the other hand, this LEGrentional one (details in Ref. [11]). The chiral limit axial cou-

dictates the slope of the light-quark mass (or, equivalentlypling, ., is determined frong 4 (M =M (phys)=135 MeV,
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2.5 T T T T any prediction in this model. We do stugy with explicit A
in our own fits to LQCD in the next Sec. 3.

2 1 3. Analysis of LQCD data and LEC determi-
nation

3.1. Data set and fit strategy

Recent developments, in particular about excited-state con-
tamination, have led to LQCD results that agree with the
ga experimental value at the level of a few percent [2].
Therefore, we only have in our data set results with an im-
proved treatment of these effects. We analyse renormalized
{g%,} data at differen{ M, a;} values, where: stands for

5 B 5 g i the lattice spacing, from CalLat 18 [15], Mainz 19 [16],
RQCD 19 [7] (withm, ~ mgpnys)) and NME 21 [17] (fit
{4N7 3*} averaged oveZ; and Z, renormalizations). We
FIGURE 1. ga(M,) at O(p®) (red) andO(p*) (blue) using  only consider large lattices\{,. L > 3.5), for which we can
phenomenological input from Ref. [13]. The LQCD data from neglect finite volume effects.

CalLat 18 [15] (black circles), Mainz 19 [16] (red crosses), In order to evaluate the performance of BChPmp3>
RQCD 19 [7] (green triangles) and NME 21 [17] (blue squares) are 5,4 O(p ) for g4(M,), and to extractj, andd,¢ LECs,

shown at finiten values, without (small) discretization corrections. we perform fits to the ensemble of LQCD results introduced
above. For this purpose we define

—— 0(3)
——O(4)

My (GeV)

i i\2
TABLE I. ga anddse used to predicy 4 (M) in the A model. 2 (gA(Mm a;) — QA) 2
X = Z (A 7 )2 + Xprior (3)
o(r®) o@") i 9a
9a 1.251 £ 0.051 1.089 £ 0.030 Additionally, we account for discretization correc-
dis (GeV~?) -2.2+1.1 —1.86 = 0.80 tions as ga(Mi,a;)) = ga(Mi) + zja]’, where
xz; are free parameters, withj = 1,2,3,4 for

ga,di6,¢i) = ga(phys) = 1.2754(13)exp(2)re [1]. The val-  {CallLat 18, Mainz 19, RQCD 19, NME 21 respectively,
ues ford,;s and g, are given in Table | while:;_4 are the and then; 4 = 1, no3 = 2 are action specific. Let us
same as in the second column of Table II. Up to higher orstress that these corrections are small and do not change the
ders, the pion decay constant and the nucleon mass in thextracted LECs, although they reduce ¢/ dof.
chiral limit are Fry ~ Frpnys) = 92.2 MeV andm ~ In order to improve the description of the data and re-
MN (phys) T 401M7r(phys)’ With My (phys) = 939 MeV. duce correlations [22], we assume naturalness for free LECs,
The obtainedy4 (M) atO(p?) andO(p*) are shownin A" !¢, ~ 1, and therefore we define:
Fig. 1 together with recent LQCD determinationsr drror - 5
bands from the LECs’ uncertainties are depicted. We assume N Z <A Cn> ) ()
Gaussian-distributed errors. Correlations are neglected since pret ’
the uncertainty is clearly dominated by tlig; error.
The O(p®) agrees with the lattice determinations, al- ¢, denotesaLEC aD(p™) andA = 1 GeV~ 4rF; [23,24].
though the tension increases willi,. On the contrary, it We anticipate that a prior fgy4 is superfluous, since it is tied
is clear that the)(p*) prediction does not describe th¢,  to a natural value by low/; data.
dependence of LQCD data. We have checked that alternative The large contribution ab(p*) discussed in the previous
¢1_4 determinations [18, 19] do not reduce the disagreemengection indicates that the error associated with the truncation
This conflict between the light-quark mass dependence o#f the chiral series should be included. Following [25] we
ga atO(p*) and phenomenology was already noted in non-estimate it as:
relativistic heavy-baryon (HB) ChPT [20, 21], and we have

free LECs

nt+l1)) _ n+1| (0) n (1
shown that it is also present in the relativistic version of the [Agy™ | =max {Q 19471, Q"|Ag,4",
theory. This disagreement &t(p*) could be caused by an (n)
accidental slow convergence gf, in BChPT. On the other - QlAgy |} ; )

hand, adding degrees of freedodo{g such as theA [21]

resonance might solve the problem. Some of the addltlonaA/hereAg(m) ﬁ{”) - gﬁ{”’l) encompasses all the mono-
LECs needed to obtaip4 (M) with explicit A have not mials that start at orden andQ is the expansion variable,
been phenomenologically determined, so that we do not givevhich in this case i€) = M, /A. Notice that in ourO(p?)
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fits we deliberately do not assume any information aboutxtend the analysis to a broader rangéff because LQCD
O(p*), and therefore the truncation error for these calculapoints with largeM.., where the convergence is worse, have
tions is different than the one for th@(p*) case ([11] for a larger combined uncertainty.
details).

Altogether, in Eq. B) (Agy)? = (Aghnqep)® +
(Agay (M?1))2. In this way, however, LQCD and truncation

errors are not independent. Therefore, following Ref. [14]1he fit results for the different models are displayed in Fig. 2.
we plot them as two different error bands fof(1r). More-  giarting by thed(p?) A, we actually find that the description

over, as a measure of the agreement of our best-fit curve wit, 1his model is misleadingly good. Looking at the results of
the data, we also give the} value without truncation error: the O(p*) A fit, one can see a large contribution fraffp*)

iy i )2 as in Sec. 2. These terms are much larger than the trunca-
2 (gA(M-;rvaz) gA) . 3N £ . 3
Xo = Z (Ag 2 (6) tion error of theO(p?) fit, estimated fromO(p) and O (p?).
i garqep Therefore arO(p*) calculation is necessary to account real-
We have also investigated the convergence by varying thistically for the M. dependence.

range of M, in which the fit is performed. We have seen In the O(p*) A calculation thec; _, enter the picture.
that they? and the LECs reach a plateau when the maximume fix them to their central phenomenological values [13]
M included is between 300 and 400 MeV (see Fig. 5 ofin Table Il (letting them vary constrained to their uncertain-
Ref. [11]). The consideration of theoretical errors allows toties yields substantially the same result). The accord of the

3.2. Fitresults

1.5 T 15 T
o°) & |- o) Al

14 - 14 =

ga

Ga

L L |
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4

- 0.5

My (GeV) My (GeV)

FIGURE 2. ga(M,) LQCD fits with O(p®) andO(p*) relativistic BChPT without and with\ (1232) as explicitdof. Gray (dark) bands

correspond to errors determined by propagating LEC uncertainties. Blue bands represent the estimated theoretical um@ﬁﬁ?nﬁﬂm
LQCD points are the same as in Fig. 1.
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TaBLE Il. LEC values, both fixed and fitted to LQCD data, in the four different models under study.

o) A O(p*) A O(p’) A O(p*) A
ga (free) 1.1302 + 0.0098 1.453 4 0.048 1.1383 £ 0.0099 1.240 4 0.046
dis (GeV~?) (free) —0.925 + 0.055 —9.77 £ 0.87 1.224 4 0.040 —0.88 £0.88
ha - - 1.35 1.35
g1 - - —2.29 —2.29
c1 (Gev™) - —0.89 £ 0.06 - —1.15+0.05
co (GevY) - 3.38+0.15 - 1.57 £0.10
c3 (Gev™1) - —4.59 £ 0.09 - —2.54 4 0.05
¢4 (GeVh) - 3.31+0.13 - 2.61 £0.10
a; (Gev™1) - - - 0.90
by (GeV?) (free) - - - ~12.34+1.0
m (GeV) 0.874 0.874 0.855 0.855
ma (GeV) - - 1.166 1.166
x?%/dof 36.06/(43 —6) = 0.98  13.31/(43—-2)=0.33  37.60/(43 —6) =1.02  11.14/(43—7) = 0.31
x2/dof 11.48 2995.63 11.87 13.93

O(p*) A model with the data is poor. It is reflected in the points and convergence are highly improved with respect to
largex2 and the unnatural;s value despite being constraint the O(p*) A model. The last column of Table Il displays the
by a prior. It has been shown in HB ChPT [20] that agree-extracted LECs. Thé, seems unnatural, but one should re-
ment can be achieved by including contributiongXp>°®).  mind that it is a combination of LECs. We have noted that
We have instead followed a different path, introducingshe correlations among LECs are large. This reflects a certain
as an explicidof. This option is supported in Ref. [21] based degeneracy that could be partially lifted adding an extra di-
on the Adler-Weisberger sum rule and a HB ChPiTcalcu-  mension,i.e. studying also the? dependence of th&,.
lation. The extracted,s = —0.88 4 0.88 GeV~2 is in good agree-
In the model withA we fix h4 to its largeN, value, —ment with the determinations fromN — 77N with ex-
ha = 1.35 [13], close to its phenomenological value [19]. plicit A pole [13], which, translated to standard EOMS is
The larged, limit gives |g1| = 2.29 [13,19]. We choose dig(pheno) = —1.0 = 1.0 GeV~2. Although theg, is in
the negative value, suggested by elastic scattering [19] principle the most suitable observable to extragt the con-
and our own analysis of th&, (to be reported elsewhere). vergence issues lead to an error comparable with the phe-
In addition, we fixima ~ ma(phys) — 40’1M(2phys) with ~ nomenological one. The, value is higher than in thé(p?)
MA(phys) = 1232 MeV anda; = 0.90 GeV-! from [26]. fits, Ie_adlng t0 @A (M (phys)) = 1.260 £ 0.012 close to the
When performing the fit up t@(p®) and comparing it €XPerimental value.
with the O(p*) the situation resembles tifecase: thed(p*)
fit yields O(p*) terms that are larger than the error estimated,
in the O(p®) one. Consequently, it is necessary to introduce

the wholeO(p*). We have studied thdZ, dependence of the nucleon axial
In the light of our results, the calculation that we regardcoupling up toO(p*) (NNLO) in relativistic BChPT with
as a realistic description of4 (M) is the O(p*) one with  EOMS renormalization. At this order, but without explicit
explicit A. Here we fix the; 4 to the values extracted from A, we have shown that the, obtained using LECs ex-
mN scattering [14], which account for th& pole, in good  tracted fromr IV elastic and inelastic scattering does not de-
agreement withr V' + 7w IV fits [13]. In addition, we have scribe theM, dependence of lattice data. This feature has
two more LECs,b, andbs. These appear @(p*) in the  been earlier noticed in HB ChPT [20, 21], and persists in the
combinationby = by + (12/13) bs. Hence, we only fit as relativistic theory. O(p*) terms become large already from
a free parametel, and neglect the higher order monomials M, > 200 MeV, suggesting thad(p®) analyses of.4 (M)

Conclusions

proportional tobs.

The result of this fit satisfactorily describes the trend of

ga(M,) predicted in the lattice up to relatively hight,.
The theoretical error is sizeable at high, due to the large
contribution of O(p*) terms. Still, the description of LQCD

underestimate theoretical uncertainties.
In line with the conclusions of Ref. [21], we can satisfac-
torily describe the LQCD data fagrs (M) atO(p*) only af-
ter theA is included as an explicidtof. However, although in
a much smaller degree than in themodel, a rapid increase
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in the size of0(p*) terms withM, is observed and reflected purpose it would be convenient to have more input about the
in the theoretical uncertainty. Together with the large corre-A pole position for the different lattice ensembles.

lations, which could be reduced by fitting thé dependence
of the axial form factor, this implies that heavier resonanced.260 + 0.012 close to the experimental result adgs =
and/orO(p°) terms are still required to reach a good conver-—0.88 + 0.88 GeV~2 in good agreement withr N phe-
gence and reduce theoretical uncertainties. Setting the baryamomenology. As a consequence of the aforementioned issues,
masses in the loops to the values obtained by the LQCD sinerrors are still sizeable fat;. Our ongoing work to extend
ulations might be also worth exploring in view of the findings the study to the whole axial form factor (at lay#) may pro-

of Ref. [27] although this would correspond to the resumma-vide more information about, ¢, as well as other LECs such
tion of baryon selfenergy insertions of higher order. For thisasdss.
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