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Summary. — The nucleon form factors (FFs) are studied in relativistic chiral per-
turbation theory (ChPT) in two flavors with explicit A(1232) degrees of freedom.
For the electromagnetic isovector form factors we also employ dispersion theory to
account for p-dominated isovector 77 interaction and its quark-mass dependence in
the t-channel nonperturbatively and beyond NLO in ChPT. With this framework
we explore how LQCD data are described in both the @2 and M, dimensions simul-
taneously. Furthermore, we have performed an NNLO calculation of the nucleon
axial form factor, extracting relevant low-energy constants (LECs) from a combined
set of recent LQCD results from different collaborations.

1. — Electroweak form factors in ChPT

Nucleon electroweak FFs contain relevant details about hadronic structure and strong
interactions in the nonperturbative regime. This information is encoded in their depen-
dence on the momentum transferred to the nucleon by external probes but also in their
quark-mass dependence, which is accessible by LQCD simulations. We calculate the nu-
cleon isovector electromagnetic and axial form factors in ChPT, modifying the first one
with dispersive relations.
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2. — Electromagnetic form factors

The electromagnetic FF receives a substantial resonance contribution, from the p
meson, which motivates our use of dispersive relations. The dispersive relation at low
energies is approximately

A2
ds ImF5.(s
(1) F(qQ) ~ / - A + FChPT without 27rcut(q2)'
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The first term on the rhs is the dispersive treatment for those diagrams where the photon
couples to two pions. The second term stays for the rest of diagrams, that we include up
to one loop in ChPT.

In the dispersive calculation, we employ the IAM method to obtain the phase shift
and its M, dependence, that we check with the LQCD results of [1]. Following (1), we
combine the dispersive calculation with relativistic ChPT with extended on mass shell
renormalization and explicit A. The details of the dispersive and the ChPT calculations
can be found in [2]. We then fit the unknown LECs to the LQCD data of [3] and analyze
the results.

2'1. Dirac form factor. — For the Dirac FF we include ChPT diagrams up to O(p?)
and the only free parameter in the combined dispersive and ChPT description is dg. We
observe that the fit is good for Q2 < 0.6 GeV? and all the M, i.e., M, < 350 MeV. In
fig. 1 (left) one can see the curve of the combined description, compared with pure disper-
sive and plain ChPT ones (details in [2]). The combined curve is a better description than
the other two, yielding a smaller x? as shown in table I. On top of that, the combined
description does not deviate too much from the experimental Kelly parametrization.

Turning to the radius and the M, dependence, the combined description yields a
better x? behaviour with respect to M, than ChPT. At the physical point, we extract

( %)gg’:ChPT = 0.4838 4 0.0047 fm?, in tension with the experimental value. This may
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Fig. 1. — Left: F1(Q?) at the physical point for the three descriptions. Black, red, and blue
bands stay for the pure dispersive prediction, plain ChPT and the combined calculation. The
bands show the 1o statistical error. The dashed orange curve is the Kelly parametrization of
the experimental F; ref. [4]. The points are the LQCD physical ensemble. Right: (ri)(M,)
curves. The points are the LQCD extraction from [3] using the z-expansion to parametrize
the Q? dependence of F; (green and blue correspond to summation and two-particle method,
respectively). The black point is an extraction of ref. [3] and the red one is the experimental
one [5].
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TABLE 1. — Results of the F1(Q* My,) and F2(Q* My) fits to LQCD in the top and bottom
tables, respectively. The experimental values are (r3)pnys = 0.577 & 0.0018 fm?, k = 3.706 and
(r3) = 0.7754 £ 0.0080 fm* (PDG [5]).

Fy disp ChPT disp+ChPT HB from [3]
x?/dof 2.32 1.61 0.53

(r) pnys (fm?) 0.4541 0.3626 + 0.0047 0.4838 + 0.0047 0.554 +0.035
F disp ChPT disp+ChPT HB from [3]
x?/dof 1.11 1.03 1.30

Kphys 3.632 + 0.037 3.423 +0.059 3.605 + 0.067 3.7140.17
(r3) phys (fm?) 0.792 £ 0.011 0.61885 + 0.0069 0.788 £ 0.015 0.690 + 0.042

be a consequence of the fact that we are not estimating a theoretical uncertainty or it
could be due to some missing LQCD systematics.

2'2. Pauli form factor. — We follow an analogous procedure with the Pauli FF. The
main difference is that F; starts at higher order in ChPT, so that we include the O(p*) A
in the ChPT term. This leads to three LECs that we fit to the same LQCD study [3] in the
same range as for F (details in [2]). In this case, the plain ChPT and the pure dispersive
theories on their own perform well enough to describe the data. One can see the results
in figs. 2, 3 and table I. In particular, the pure dispersive and the combined descriptions
agree closely with the experimental parametrization above the fit limit Q? = 0.6 GeV?.
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Fig. 2. — F»(Q?) at the physical point for the three schemes (same colors as in fig. 1).
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Fig. 3. — x (left panel) and x(r3) ~ F4(0) (right panel) vs. M, for the three schemes together
with LQCD and experimental points (same colors as in fig. 1).
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Fig. 4. — Left: the points are the lattice Fa(Q?) at different M,. Red, green, pink, black and
blue points belong to “Mainz” [6], RQCD [7], PACS [8], ETMC [9] and NME [10], respectively.
Right: our Fa (QQ) fit at the physical point. The dark band shows the 1o statistical errors. The
light band corresponds to the theoretical uncertainty.
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Fig. 5. — Left: ga(r}) ws. MZ2. Right: comparison of our (r%) with other determinations.
(Bodek), (Meyer) and (Hill) correspond to [11], [12] and [13], respectively.

Finally, nif}’f:ChPT = 3.605 £ 0.067 are extracted from the combined model, and

<r§>zf§S+ChPT = 0.788 4 0.015 fm?, close to the experimental values in table I.

3. — Axial form factor

Turning to the other term of the electroweak interaction, we calculate now the isovec-
tor axial form factor, Fyu, as defined in [14]. It provides information on the spin distri-
bution within the nucleon and is a key ingredient of neutrino cross sections. This form
factor is a much more challenging quantity than the electromagnetic one from the ex-
perimental side. In fact, a large effort has been made by the LQCD community in order
to shed light on this quantity. Notably, the LQCD results have improved in the recent
years, in particular in the reduction of the systematic error.

In general, any analysis of the axial form factor and extraction of its radius is strongly
dependent on the Q? (and M, for LQCD) parametrization employed. In this respect,
ChPT provides a parametrization in both variables given by the symmetries of QCD.
This is the motivation of our work: we calculate F4 up to O(p*) in relativistic ChPT
with explicit A and fit the unknown LECs to a combined set of LQCD results. There-
fore we obtain an axial FF which does not depend on a particular parametrization
ansatz.

The LQCD data for the fit is taken from: RQCD [7], NME [10], “Mainz” [6], PACS [§]
and ETMC [9] (fig. 4). We fit the seven free LECs (correcting for lattice spacing effects)
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and implement the uncertainty of truncating the chiral series. We obtain a good descrip-
tion of the data for Q? < 0.36 GeV? and M, < 400 MeV (fig. 4 and fig. 5 for (r%)(M;)).
We extract (r3)Phs = 0.291 + 0.052fm?> free of ad hoc parametrization (see [15] for
ga) which reflects the overall tension between the LQCD extractions and experimental
(model-dependent) determinations.
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