PROCEEDINGS

OF SCIENCE

Chiral Effective Field Theory for EM currents and
form factors

Stefan Kélling *
Institut fiir Theoretische Physik I, Ruhr-Universitat Boen, D-44780 Bochum, Germany
E-mail: st ef an. koel | i ng@ p2. r uhr - uni - bochum de

The application of chiral effective field theoryEFT) to the nuclear few-body sector has achieved
an extremely high level of precision. Calculations of thelear potential are performed up to
next-to-next-to-next-to leading @NO) order in the chiral power-counting. In this contributjo
we summarize our efforts to extend the application area ohcEFT to electromagnetic pro-
cesses. We present our construction of the electromagnetient operator consistent with the
potential at NLO. As an application of our current operator in the caldatabf observables,
We focus on the electromagnetic form factors of the deutestich allow us to determine two
low-energy constants.

The 7th International Workshop on Chiral Dynamics,
August 6 -10, 2012
Jefferson Lab, Newport News, Virginia, USA

*Speaker.
I would like to thank the organisers for a very enjoyable vetidp and my collaborators Evgeny Epelbaum,
Hermann Krebs, UIf-G. Meif3ner and Daniel R. Phillips.

(© Copyright owned by the author(s) under the terms of the @e&ommons Attribution-NonCommercial-ShareAlike Licen http://pos.sissa.it/



Chiral Effective Field Theory for EM currents and form facto Stefan Kélling

I ntroduction

The past two decades saw a very successful application rafl effiective field theory YEFT)
to few-nucleon dynamics at low energies, see Refs. [1, 2fdoent reviews. Two-nucleon po-
tentials have been derived to next-to-next-to-next-tmieg order (NLO) in the chiral expan-
sion [3, 4] and they accurately describe existing low-epeattering data and static properties of
the deuteron. Electromagnetic reactions on light nuclehsas elastic electron scattering, photo-
/electrodisintegration and radiative capture have be¢éensively studied in nuclear physics. To
achieve an accurate description, the knowledge of theretaeignetic current operator, constructed
consistently with the nuclear potential, is needed. Inrteeminal paper [5], Park et. al. were the
first to apply xEFT to derive the exchange currents. However, this worknstdid to threshold
kinematics|q| < My with M;; denoting the pion mass. More recently, this work was exténde
to the general kinematics suitable to study, e.g., eledoattering off light nuclei at momentum
transfer of|q| of orderM; by the JLab-Pisa [6, 7, 8, 9] and Bochum-Bonn groups [10, 2], 1

In this work, we discuss the expansion of irreducible twalean operatorgy andJ in powers
of P = (p,My)/A with A denoting the hard scale in the theory, e.g. the cutef600 MeV) used
in calculations. Following this expansion, the leadingdoorder iseP*. In calculations of the
deuteron form factors one has to keep in mind that most of dheections to the two-body pieces
of the two-nucleon current and charge operators at thisr @ideof isovector type and thus do not
contribute. In particular, up to this order, the only twadgacontributions to the isoscalar charge
density operator,]c(,s) emerge from the leading relativistic corrections of oneaprange so that
J(()S) is parameter free. The impact of these corrections on thiedsucharge and quadrupole form
factors,Gc andGgq is studied in Refs. [13, 14]. In these works the deuteron Viiawvetions obtained
from xEFT potentials at various orders were used to com@gt@andGgq (see also Refs. [15, 16]
for earlier work along the same lines). Good agreement vighcobmpilation of elastic electron-
deuteron data from Ref. [17] was then found for both formdestn the kinematic rang®? < 0.35
Ge\?, provided factorization was employed in order to accounsiiogle-nucleon structure.

The isoscalar two-nucleon current operal6t has two two-body contributions at ordeP*:
one from a short-distance operator and one of one-pion ranige impact of these terms on the
magnetic moments of the deuteron and trinucleons was exahiinRef. [18]. To study the inter-
play of these terms with each other and with one-body meshaiit is illuminating to take a look
at the|q|2-dependence of observables. In this contribution we pteébemesults of our study in this
direction [12], usingyEFT expressions fa#® derived in Refs. [10, 11] to extend the predictions
given forGy in Refs. [14, 16] taD(eP?).

Results

Since the deuteron is isoscalar, here, we are only intel@stbe isoscalar part of the exchange
currents. This yields a two-body isoscalar current operdfo[10, 11]:
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whereq labels the photon momentumy , labels the momentum transfer on nucleon one/two
respectively andly andL, are low-energy constants (LECs) that parametrize physitexplicitly

(a1 x q]+iely (01+02) x g1+ (14 2), (1)
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included inxEFT. SinceGy is determined completely by the one-body pardt up to O(eP?)
the total form factor is thus

1 CMCH
Gm = 1952 +J352 |0). (2)
M \/ﬁ|e|< ‘ 1B 2B ’ >
Here we use factorization to compuigs, i.e. we write:
+ e .
3" = e @2nt + i (@)1 x a). @

with p the momentum of the struck nucleon, a@és) and Gl(\,ls) the isoscalar single-nucleon form

factors, for which we take the parameterization of Ref. [T9]e use of the results from Belushkin
et al. for the one-body part QI<13§+ is equivalent (up to corrections that begin only two orders
beyond the order to which we work) to making a chiral EFT espamfor the "body" form factors
Dnm andDg [20]. Since we are primarily interested in the nuclear déffewe adopt here this more
practical approach, which allows us to concentrate on flegaat scales of the two-nucleon system,
without having to worry whether the theory describes thedatar nuclear structure satisfactory.

We now evaluate the matrix elements in Eq. (2) with a variétyBFT deuteron wave func-
tions computed with the NLO and NNL@EFT potentials and different values of the cutoff$n
the Lippmann-Schwinger equation andn the spectral function. The result found fGf; with
LO xEFT wave functions and the leading piecel6¥, denoted here a3(eP), was computed in
Ref. [21]. Corrections to this come both from higher-ord&xcps of the NN potential/, which
affect the wave function, and from the correctionsJt® discussed in the previous section. The
NNLO xEFT potential includes all effects up @(P?) relative to leading (in this counting), so its
deuteron wave function, when combined with thgeP*) J©, yields axEFT calculation forGy
which includes all effects up t@(eP*).

The pertinent matrix elements are computed via Monte-CAMIG) integration. To increase
efficiency, we use importance sampling with the weight fiomcof Ref. [22]:

(r=3)(r—2)(r—1) c3

p(k)=p(k) = - Koy 4)

The functional form ofp(k) is chosen such that the weight function is maximal at theirorig
reflecting the large&swave component of the deuteron wave function. The paras€tendr
control the vanishing of the weight function at large moraesntd are tuned to optimal values (in
terms of the efficiency of the MC integration) by calculatihg expectation value of the one-pion
exchange potential yielding = 1 GeV andr = 11.

As in Ref. [22] we perform a path average over several runsu¥ee2730 sample points and
and the path average is performed for 3000 runs. Analysiseofun-to-run fluctuations indicates
a final answer with better than 1% precision throughout thenerdum range of 8 800 MeV. At
several points we compared this MC answer to calculatiomgyupiadrature methods, and always
found agreement within the precision claimed.

In order to fix the values of the two LECs enterid(g, namelyd_g andL, we adopt the follow-
ing procedure. First, we fix the value bbj for a givend_g by demanding that the magnetic moment
of the deuteron is reproduced. Then, we perforxPdit to the experimental data fdg| < 400
MeV (including four points from the parametrization of Rg4]) to determinedy. We found, that
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Figure 1: The magnetic form factoBy as a function ofg|. On the left panel the result with® computed
up toO(eP*) and on the right the impulse-approximation result. The dd&totted lines are the contribu-
tions from two-body pieces af(®, as described in the text. Experimental data for the magmetiment

is from [23]. The remaining data are from the parameteidzatif [24] (upward triangles) and scattering
experiments reported in [25] (downward triangles), [26ju@res) and [27] (solid dots). The light blue (dark
red) band represents the results with NLO (NNLO) wave fuomdi

using even lowefg| data for this fit resulted in unstable answers, reflectingrtbensitivity ofGy
to this LEC at small values df|.

The results of this procedure are shown in the left panel gf Ei The light/blue (dark/red)
band is obtained using wave functions computed with the NURL(O) x EFT potential. The width
of the band shows the variation of the predictioﬂ\amdf\ are changed in the range= 400...550
MeV (A = 450...600 MeV) at NLO (NNLO) andA = 500...700 MeV. The cutoff variation is
reduced at NNLO, and the data well described@r< 0.35 Ge\~.

In order to assess the momentum transfer at whicty T expansion fod'® breaks down,
in the right panel of Fig. 1 we show the size of different cilmitions to the final result. This
time the bands represent the impulse-approximation redi#iined with NLO (light/blue) and
NNLO (dark/red) wave functions. The dotted (dashed) linéhis effect from the piece af')
that is proportional td-, (d_g). For both two-body matrix elements, we show results awattag
over the five cutoff combinations considered, with the lighte lines showing the NLO case, and
the dark red lines obtained with NNLO wave functions. Wemate the breakdown scale of the
EFT expansion by values of momentum transfer at whictQifeP*) two-body contributions start
becoming comparable to the effect of BéeP) (impulse-approximation) piece of the current. The
right panel of Fig. 1 shows that the smaller two-body contidns toGy found with the NNLO
wave function delay the breakdown of the expansion. Evemweayould infer a breakdown scale
|g| = 600 MeV, as there the short-distance effedt, becomes equal in magnitude to the impulse-
approximation result.

In Table 1 we present the values (dS‘ and L, obtained in our fits. Small values dg are
preferred, which is consistent with the findings of Ref. [2Beassuringly, the inferred values of
dg show only a very mild dependence on the cutoffs as compar#dtketexpected natural size of
this LEC, |c£| ~ 1 GeV2. In contrast, the values &f, do depend on the choice of the regulator
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employed for the NN potential, as one would expect. It is ctirig to see that all obtained values
of L, are natural with respect to the cutoff scflemployed in these calculations. The values of
L, reported in the table show that two-body effect&ip play a larger role in the calculation with
NLO deuteron wave functions, as seen in the right panel afEig

Summary

The first two-body effects in the deuteron magnetic formda@y, occur atO(eP*) in xEFT,
i.e. three orders beyond leading. The descriptiorsgfis improved by the inclusion of these
effects. Further, this allows for an exact reproductionhef leuteron magnetic moment. Experi-
mental data is then well described fQf < 0.35 Ge\?, and the chiral expansion f@, is found
to converge well forQ? < 0.25 Ge\?, provided that the NNLO wave functions of Ref. [4] are
employed.
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Order | A/A [MeV] | do [GeV—?] | L, [GeV™4]
NLO | 400/500 —0.010 0.243
NLO | 400/700 —-0.011 0.249
NLO | 550/500 0.016 0.605
NLO | 550/600 0.017 0.731
NLO | 550/700 0.018 0.892
NNLO | 450/500 —0.011 0.188
NNLO | 450/700 —0.009 0.173
NNLO | 550/600 0.005 0.089
NNLO | 600/500 0.001 0.113
NNLO | 600/700 —0.001 0.028

Table 1: Values fordg andL, found by fitting data up t¢q| = 400 MeV, using different values of the cutoffs.
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