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Nucleon polarizabilities in covariant baryon chiral perturbation theory
with explicit A degrees of freedom
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We compute various nucleon polarizabilities in chiral perturbation theory implementing the A-full (A-less)
approach up to order €3 + g* (¢*) in the small-scale (chiral) expansion. The calculation is carried out using the
covariant formulation of xPT by utilizing the extended on-mass shell renormalization scheme. Except for the
spin-independent dipole polarizabilities used to fix the values of certain low-energy constants, our results for the

nucleon polarizabilities are pure predictions. We compare our calculations with available experimental data and
other theoretical results. The importance of the explicit treatment of the A degree of freedom in the effective
field theory description of the nucleon polarizabilities is analyzed. We also study the convergence of the 1/m
expansion and analyze the efficiency of the heavy-baryon approach for the nucleon polarizabilities.
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I. INTRODUCTION

Understanding the structure of the nucleon is one of the key
challenges in the physics of strong interactions, and quantum
chromodynamics (QCD), in particular. One of the most direct
ways to access the nucleon structure is to use electromagnetic
probes. In the present work we focus on the nucleon po-
larizabilities, which characterize the (second-order) response
of the nucleon to an applied electromagnetic field. In recent
decades, the nucleon polarizabilities have been intensively
studied both experimentally and theoretically. At the moment,
the dipole scalar (spin-independent) polarizabilities of both
the proton and the neutron are determined fairly well by
various methods [1] as well as the forward and backward spin
polarizabilities of the proton [2—4]. Recent measurements of
double-polarized Compton scattering at the Mainz Microtron
allowed one to extract also other proton spin polarizabilities
[5.6].

There are also experimental results for some of the gen-
eralized (Q?-dependent) polarizabilities of the proton and the
neutron [7-11].

From the theoretical side, a significant progress has been
made using lattice simulations [12-18], i.e., by directly
solving QCD in the nonperturbative regime on a discrete
Euclidean space-time grid. However, one is not yet in the
position to perform an accurate determination of the nucleon
polarizabilities calculated on the lattice for physical pion
masses.

Another systematic theoretical approach is provided by
effective field theories, in particular, by chiral perturbation
theory (xPT), see Refs. [19,20] for pioneering studies of the
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nucleon’s electromagnetic polarizabilities in this framework.
Chiral perturbation theory is an effective field theory of the
standard model consistent with its symmetries and the ways
they are broken. It allows one to expand hadronic observables
in powers of the small parameter g defined as the ratio of
the typical soft scales such as the pion mass M and external-
particle 3-momenta |p| and the hard scale Ay, of the order
of the p-meson mass. The effective chiral Lagrangian is ex-
panded in powers of derivatives and the pion mass. In the
nucleon sector, an additional complication arises due to the
presence of an extra mass scale, namely the nucleon mass,
which can potentially break the power counting. One way
to circumvent this problem is to perform the 1/m expansion
on the level of the effective Lagrangian. This leads to the
so-called heavy-baryon approach. The heavy-baryon scheme
has been intensively used for the analysis of many hadronic
reactions including the nucleon Compton scattering (and,
therefore, nucleon polarizabilities); see, e.g., Refs. [21-24]
and [21,25] for review articles. The heavy-baryon expansion
is, however, known to violate certain analytic properties of the
S-matrix [26], which may lead to a slower convergence of the
chiral expansion. This feature has also been observed in the
actual calculations of the nucleon polarizabilities.

An alternative approach to processes involving nucleons
consists in keeping the covariant structure of the effective La-
grangian and absorbing the power-counting breaking terms by
a redefinition of the lower order low-energy constants [26,27].
In this work, we adopt a version of the covariant approach
known as the extended on-mass-shell renormalization scheme
(EOMS) [27,28]. When necessary, we will slightly modify
this scheme to enable a direct comparison to the heavy-baryon
results (see, e.g., Ref. [29]).

Another obstacle for the rapid convergence of the chiral
expansion in the single-nucleon systems is the presence of the
A(1232)-resonance that is located close to the pion-nucleon
threshold and is known to strongly couple to the pion-nucleon
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channel. This introduces another small scale A = my —m ~
2 M, which leads to the appearance of terms of order O(M/A)
in the expansion of observables. A natural way to improve
this situation is to include the A-isobar field explicitly into
the effective Lagrangian. We follow here the so-called small-
scale-expansion (SSE) scheme by treating the scale A on the
same footing as M or | j| [30]. The universal expansion param-
eter is then called €. For recent applications of this theoretical
approach to various processes in the single-nucleon sector, see
Refs. [31-34]. In this work, we compare the efficiency and
convergence of both the A-full and A-less schemes by calcu-
lating various nucleon polarizabilities up to orders €3 + ¢* and
q*, respectively. Our analysis is particularly instructive since
we calculate a set of higher-order polarizabilities, which do
not depend on any free parameters. We also perform the 1/m
expansion of our results to analyze the efficiency of the heavy
baryon approach for the nucleon polarizabilities.

There is an alternative scheme for the chiral expansion in
the presence of explicit A degree of freedom [35] called the -
counting. The main difference from the small-scale expansion
is a different power counting assignment for the A-nucleon
mass difference A by assuming the hierarchy of scales M <
A < Ayp. In such an approach, loop diagrams with several
A-lines are suppressed in contrast with the calculations within
the small-scale expansion, see Refs. [36—39] for recent ap-
plications. In Sec. IV, we will compare our results with the
ones obtained within the §-counting, mostly in Ref. [40], and
discuss the importance of the additional contributions in the
small-scale expansion.

As a stringent test of our scheme, we also compare
our results with the fixed- dispersion-relations analyses of
Refs. [41-46]. This method is based solely on the principles
of analyticity and unitarity' and therefore defines an important
benchmark for theoretical approaches.

Our paper is organized as follows. The effective La-
grangian and the power counting relevant for the construction
of the Compton scattering amplitude within xPT as well as
the renormalization of the low-energy constants (LECs) are
given in Sec. II. In Sec. III, the formalism for the Compton
scattering is described and the nucleon polarizabilities are
introduced. The numerical results for the nucleon polarizabil-
ities are presented in Sec. IV. We summarize our results in
Sec. V. Appendices A-F collect the analytic expressions for
the nucleon polarizabilities.

II. COMPTON SCATTERING IN CHIRAL
PERTURBATION THEORY

A. Effective Lagrangian

The description of nucleon Compton scattering in xPT
relies on an effective Lagrangian. The effective Lagrangian
relevant for the problem at hand to the order we are working

'For the application of a scheme that combines effective field
theory with dispersion-relations technique for the problem under
consideration see Refs. [47,48].

consists of the following terms:

Lot = LG + LY + Ly + LY+ L2+ LK
L+ LA+ LE A+ L0 (1)
where Ly zw stays for the Wess-Zumino-Witten term [49,50].
This Lagrangian is built in terms of the pion field through the
SUQ) matrix U = u? = 1 4+ £7 - 7 — 57 +... (F is the
pion decay constant in the chiral limit), the nucleon field N
and the Rarita-Schwinger-spinor A-field y/*. The electromag-
netic field A* enters via v, = —%(1 + 13)eA,, (e > 0 is the
proton charge).
Here, we list only the terms in the pion-nucleon Lagrangian
[51] appearing in the course of calculating the nucleon polar-
izabilities:
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wNA and 7 AA Lagrangians:
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FIG. 1. Tree-level diagrams for nucleon Compton scattering
which are taken into account in our analysis. Vertices of order O(g),
0O(G*), O(¢*), and O(g*) are denoted by dots, circles, squares and
diamonds, respectively. Solid, wavy and double lines refer to nucle-
ons, photons and A-isobars, respectively. Time-reversed and crossed
diagrams as well as the diagrams with insertions of the nucleon
self-energy contact terms are not shown.

The covariant derivatives and the chiral vielbein are defined
as follows:

D, =0,+T,, D= 0" +T")8; — i€u(t'T"),
T, = u'd,u+ ud,u’ — i v,u+ uv,u'l, (7
uy = ilu' d,u —udu’ — it vu —uv,u),

while the vector field strength tensors are given by

Er=F} - %(F*lw),

+ t gyt
F;w =uvyu' Tu'vy,u, o

Uy = 0y Uy — Oy (8)

Notice that the definition of b; differs from the one in Ref. [30]
by a factor of m but is consistent with that of Ref. [31]. All
redundant off-shell parameters in £, ya and L, are set to
zero (see the discussion in Refs. [52,53]). Notice further that
we employ the isospin-symmetric limit throughout this work
and set all particle masses to their averaged values.

For the remaining terms in Eq. (1) and further notations we
refer the reader to Refs. [30,51,54,55]).

B. Power counting

To calculate the nucleon Compton-scattering amplitude
one needs to select the relevant Feynman diagrams according
to their order D, which is determined by the power-counting
formula [56]

D=1+2L+Y @n=2Vi +> @ -1)Vf. ()
n d

where L is the number of loops, Vo is the number of ver-
tices from £ and V# is the total number of vertices from
L9 L9 and £9) . Note that in the small-scale-expansion
scheme, the nucleon and delta lines are counted on the same
footing. In this work, we label purely nucleonic contributions
(containing no A lines) as g” and those involving A’s as €?.
The tree-level diagrams are shown in Fig. 1. Most of the
nucleon pole diagrams do not contribute to the polarizabilities
(as the Born terms are subtracted by definition, see Sec. III)

but are necessary for the renormalization of subdiagrams.
Only the nucleon pole diagrams with the d¢ and d7 ver-
tices generate a small residual nonpole contribution to the
generalized polarizabilities due to the specific form of the
corresponding effective Lagrangian.

However, the A-pole graph provides a very important con-
tribution to the nucleon polarizabilities. The pion #-channel
exchange diagram with the anomalous w%yy coupling is not
included in the definition of the polarizabilities either and
is, therefore, not shown. Also not shown are the yN — yN
contact terms from £ .

Loop diagrams start to contribute at order ¢*(e®). The
corresponding sets of diagrams are shown in Fig. 2 for the
¢*-loops and in Fig. 3 for the €3-loops. The subleading g*-loop
diagrams are shown in Fig. 4.

C. Renormalization

The ultraviolet divergencies appearing in loop integrals
are treated by means of dimensional regularization. Diver-
gent parts of the integrals are canceled by the corresponding
counter terms of the Lagrangian, and the resulting amplitude
is expressed in terms of the finite quantities such as renor-
malized low-energy constants, physical masses and coupling
constants. Due to the presence of an additional hard scale (the
nucleon or A mass), baryonic loops contain power-counting-
violating terms [57]. Since such terms are local, they can
be absorbed by a redefinition of the low-energy constants
of the effective Lagrangian. In this work, we adopt the ex-
tended on-mass-shell renormalization scheme (EOMS) [27]
in a combination with on-shell renormalization conditions for
the nucleon mass and magnetic moments.

For the nucleon mass and wave-function renormalization,
we impose the on-shell conditions

Sy(my) =0 and Xy (my) =0, (10)

with Xy(p) being the nucleon self-energy. By doing so, we
fix the bare nucleon mass m and the field normalization factor
Zy. The explicit formulas relating the physical and bare
parameters can be found in Ref. [32]. In what follows, we
will denote the physical nucleon mass by m, which will not
lead to a confusion since the bare nucleon mass will not be
discussed anymore.

In a complete analogy with the nucleon field, we renormal-
ize the A field. However, at the order we are working there are
no loop corrections to the A self-energy. For the calculation of
the static nucleon polarizabilities, we us the real Breit-Wigner
mass of the A. The precise value of the renormalized A
mass is irrelevant under the kinematic conditions considered.
However, for calculation of the dynamical nucleon polariz-
abilities, to be able to describe the A region, we implement
the complex-mass scheme [58,59] for the A resonance and
use the complex A pole mass taking the resonance width into
account explicitly.

For the renormalized constants ¢ and ¢;, we use the on-

shell condition for the nucleon magnetic moments:
Ce =kp—k, and 7 =k,. (11

The explicit relation between ¢ and ¢7 and the bare constants
¢e and ¢7 is given in Appendix E.
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FIG. 2. O(¢?) loop diagrams for nucleon Compton scattering. Dashed lines refer to pions. All vertices are from the leading order
Lagrangians £ and £!). Time-reversed and crossed diagrams are not shown.

For the remaining low-energy constants & we employ the
EOMS renormalization scheme. The renormalized LECs &;
are related to the bare quantities as follows:

_ Ag(M? Ag,
o - B0, b

F2 2M2 16mw2F?’
& € {ds, d7, esa, €74, €9, €g9, €90, €91, €92, €93, €94, €117, €118},
(12)
with the g8 functions:
1 —gﬁ 40h,4 Shi
i == T Pu=g
1 — g% +4C4
Peaw =0 Pou = o
(13)
2
/3691 = ﬂegz = Os 2/3639 + ﬂe% + /36113 = Es
(&)
2136'90 + 13694 + 136117 = _?’

-~ -
7z N z AN
/ \ / \
-~ - =~
s z N
/ \ / \
¢ 1

and the finite shifts

_ 3¢5 (c6 + 2¢7)

Agy=——", Ay 6

(14)

The constants e; do not receive finite shifts due to the power-
counting violation because we do not consider loop diagrams
of order higher than O(q4). The finite shifts for dg and d7 re-
produce those obtained in Ref. [60] (note a different definition
of the LECs). The constants es4 and e74 do not contribute to
the nucleon polarizabilities after subtracting the Born terms.
Nevertheless, we provide the corresponding 8 functions for
completeness. The LECs egog, eq, €93, €94, €117, €11 enter the
nucleon Compton scattering amplitude only in the linear com-
binations 2egg + €93 + €113 and 2egy + €94 + €117, for which
the B functions are given in Eq. (13).
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FIG. 3. O(€?) loop diagrams for nucleon Compton scattering. All vertices are from the leading order Lagrangians £2), £, £} and
L") .. Double lines denote the A. Time-reversed and crossed diagrams are not shown.
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FIG. 4. O(g*) loop diagrams for nucleon Compton scattering. Dots denote the leading order vertices and circles denote the vertices from

) .
L2 Time-reversed and crossed diagrams are not shown.

The pion tadpole function in d &~ 4 dimensions is equal to
[see Eq. (F1)]

=]
AoM) = —2M*| X+ ——In( — | |.

3272 m
i= A e -l as)
= ——1——+ =[yg — In(4m) — 1];.

1672 |d—4 27"
Here, yg is the Euler-Mascheroni constant and p is the
renormalization scale. The divergencies remaining after the
renormalization of t_he LECs are treated in the MS [27,54]
scheme, i.e., we set A = 0. We have checked that the residual
renormalization scale dependence of the amplitude is of a
higher order than we are working.

In what follows, we will omit the bars over the renormal-
ized LECs.

III. FORMALISM

We consider nucleon Compton scattering yN — y N with
the momenta of the initial (final) proton and photon denoted
as p (p)) and g (q'), respectively. We study the cases of real
Compton scattering with g*> = ¢’> = 0 and of double virtual
Compton scattering with Q%> = —¢*> = —¢>.

To calculate the static nucleon polarizabilities, it is advan-
tageous to work in the Breit frame from the point of view of
fulfillment of the crossing symmetry constraints, see Ref. [40]
for an extensive discussion. We decompose the scattering
amplitude T(q?, z, w) in the Breit frame, where w refers to
the photon energy and z = cos 6 with 6 being the scattering

angle, in terms of twelve functions A;:

12

T(q 2, 0) =2m ) AlG, 2, ®)i, (16)
i=1
with
X1 =€-&,
X2 =(G x 8- x@),
Xx3=§-€q-¢+q-eq &,
xa=q-€q e,
X5 = i0 - € x &%,

X0=1iG-€4-€"¢-¢x§ +q €4 -€5-4xq),
xu=ig -€"G-exqg—q-e3 - xq),
X2=1i(G €G- exq§ —q-€3 - x4, a7

where § (§) is the unit 3-vector of the incoming (outgoing
photon). The initial (final) photon polarization vector €, (E;L)
is defined in the Coulomb gauge (¢y = € = 0). The amplitude
Eq. (16) is supposed to be sandwiched between the Pauli
spinors of the initial and final nucleon.

Given the presence of the Pauli matrices ¢ in Eq. (17),
one can see that there are four spin-independent structures
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X1 — x4 and eight spin-dependent structures xs — xi2. All x;
obey crossing-invariance. For real Compton scattering, only
X1 X2 X5 X6 X7 X8 Survive.

The Born terms have to be subtracted from the amplitude
as explained, e.g., in Ref. [61] to exclude the contributions
with unexcited nucleons in the intermediate state. This proce-
dure essentially reduces to subtracting the tree-level Q% = 0
nucleon-pole diagrams with the nucleon charge and magnetic
moments replaced by the full Dirac and Pauli form factors
calculated consistently within our scheme applying the same
power counting. The anomalous pion ¢-channel exchange

J

diagram is also excluded from the definition of the polariz-
abilities.

The nucleon polarizabilities measure the response of
the nucleon to an external electromagnetic field and cor-
respond to the low-energy constants of the effective
Hamiltonian quadratic in electric and magnetic fields, see
Refs. [41,42]. Here, we provide the resulting expressions
for the expansion of the amplitudes A; in @ around w =
0 in terms of the nucleon polarizabilities (the depen-
dence of the amplitudes A; and polarizabilities on Q? is
suppressed):

47TE a)4 w6
Aj(w) = M agi0? + — (zap — Bua + 12051,) + [(30z% — 2)ags — 20zBus
12 2700
+ 450zotg2y — 225Bm2v + 27000g1,2] + (9(0)8)},
An Eyn 2 w* w® )
Ax(w) = Bviw” + —Q2zBwv2 — ag2 + 128v1,) + [(30z" — 2)Bm3 — 20zag3
12 2700
+ 450zB8may — 22502, + 270081021 + @(wg)},
4mEy ;@
As(w) = (YEIE1 — YEIM2)®~ + ?(ZOZVEZEZ + Syeieny — 10z¥E2Mm3

— SyEim2y + 2¥meE3 + Symamz) + (’)(a)7):|,

47 EyN 3 o’
Ag(w) = W (ymim1 — YMiE2)@” + ?(ZOZVM2M2 + Symimiy — 10z¥Mm2E3

— Symieay + 2¥e2m3 + Sveoe2) + O(w7)],

4 Ey ;@ 7
Ar(w) = YEIM2O + ?(ISZVE2M3 + 5veim2e — Tymeez — 10pvom2) + O(@') |,
An Eyn 3 @’ 7
Ag(w) = | YMiEe + ?(15ZVM2153 + Symieze — Tveams — 10yem) + O(0') |, (18)

where Ey is the nucleon energy. We also introduce the linear
combinations corresponding to the forward and backward spin
polarizabilities y, and y,

Yo = —VEIEl — YMIM1 — YEIM2 — YMIE2,
(19)

Yr = —VEIEl T YMIMI — VEIM2 + YMIE2,

the higher-order forward spin polarizabilty,

Y0 = —VYEIElv — YMIMIv — YMIE2v — VEIM2v
— Ve2r2 — Yvavz — £ (veams + zes), (20)

as well as the longitudinal-transverse spin polarizability,

5= L4 [ m A A Ap(@)]
LT—_gﬁ{m s(w) + A1 (w) + 12(60)}

w=0

2y

There are similar but different amplitude decompositions
used in the literature, which leads to different relations of
those amplitudes to the nucleon polarizabilities. For ease
of comparison, we provide the transformation matrix from
the vector of amplitudes Awiswork = (A1, Az, As, Ag, A7, Ag)
defined in Eq. (17) to the vector of amplitudes Apyp =
(A1, Ay, Az, Ay, As, Ag) considered in Ref. [40]:

1 z 0 0 0 0
0 -1 O 0 0 0
ApLmp = LAis work, L= 8 8 01 _i 02 (?Z
0 O 0 1 0 1
0O 0 0 0 1 0
(22)

In this work, we also analyze the so-called dynamical po-
larizabilities defined in terms of the center-of-mass multipoles
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TABLE I. Parameters used in the current work. The values of agy, M, m, ma, ga, F, are taken from Ref. [1]. The LECs ¢¢ and c¢; are
related to the proton and neutron magnetic moment and dg and dg with the proton and neutron charge radii [60]. The values of the LECs b, and
hy are extracted from the electromagnetic and strong width of the A-resonance, respectively, see Ref. [31] for details and explicit expressions.
For the static polarizabilities we use the real A mass as given in the Table, whereas for the generalized polarizabilities we use the pole mass

ma = (1210 — 50i) MeV.

agl M (MeV) F, (MeV) m (MeV)

ma (MeV) g4 Co c7 hy

by m™']

137.036 138.04 92.21

938.9 1232

1.27 3.706 —1.913 1.43 —4.98

as follows (see, e.g., Refs. [40,45,62,63]):
(+ Dfgi + Lfge
o2

[+1 1+ +1 I—
Bwi (@) = 1*(21 — 1)!1( )fzz)g Sotm

I+ _ gl I+
yere (@) = “EESEE L yens (@) = (21 £ 115

ap(w) = 1221 — D!

’

3

1+ [— &=

fle
ymimi (@) = % ezl (@) = (21 & l)fwgff] ,
(23)

for [ = 1, 2. Note that in contrast to the equations above, in
Eq. (23), w denotes the center-of-mass photon energy.

IV. RESULTS

We are now in the position to present our numerical results
for various proton and neutron polarizabilities calculated up
to order O(e3 + ¢*). Specifically, we consider the following
polarizabilities: spin-independent (scalar) dipole, quadrupole,
octupole, dispersive dipole, and quadrupole polarizabilities
as well as dipole, quadrupole and dispersive dipole spin
polarizabilities. We also discuss selected generalized (i.e.,
Q*-dependent) and dynamical (i.e., energy-dependent) polar-
izabilities.

As already mentioned above, most of the results we present
are pure predictions and contain no free parameters. The only
exceptions are the spin-independent dipole polarizabilities o)
and By at order O(g*) or O(e® + ¢*), which are fitted to the
experimental values. All remaining parameters are taken from
other processes and are collected in Tables I, II, and III.

In the course of the calculation we have used our own
code written in Mathematica [65] and FORM [66] for the
analytical calculation of Feynman diagrams. The numerical
evaluation of loop integrals have been performed with help of
the Mathematica package Package-X [67]. We have also used
our own Fortran code for estimating the theoretical errors.

For our complete results at order O(e® + ¢*), we also
provide estimations of the theoretical errors originating from
two sources, namely the uncertainties in the input parameters
and the errors caused by the truncation of the small-scale
expansion. For the latter uncertainty, we adopt the Bayesian
model used in Refs. [68,69] based on the ideas developed
in Refs. [70-72]; see Ref. [34] for a recent application to
radiative pion photoproduction. The observables are assumed
to be expanded in parameter Q given by

eff
mr Ve “’) 24)

Q_max< Ay Ay Ay

where Q7 on the right-hand side is the virtuality of the pho-
ton, and w is the photon energy in the case of dynamical
polarizabilities. The soft and hard scales are chosen to be
M =200 MeV and A, = 700 MeV in accordance with
Ref. [73]. Following Refs. [68,69], we utilize the Gaussian
prior distribution for the expansion coefficients c;:

pr(cile) = —=—= =7/,
e

(25)
1
In(z /c-) EO(C c.)b(c. — o),
with the cut offs c. = 0.5 and ¢.. = 10. Further details on the
employed Bayesian model can be found in Refs. [68,69].

In the following sections, we provide a detailed compar-
ison of our results with the available experimental/empirical
data as well as with other theoretical approaches based on
chiral perturbation theory and on fixed-¢ dispersion relations.
We also discuss generalized polarizabilities, investigate the
convergence pattern of the 1/m-expansion for the calculated
polarizabilities and compare the results of covariant x PT with
the heavy baryon approach. Last but not least, we emphasize
that the resulting large absolute numerical values of the oc-
tupole polarizabilities are merely due to the numerical factors
in their definition, which makes them consistent with the
definition of the polarizabilities for composite systems.

pr(c) =

TABLE II. Numerical values of the low-energy constants used in the current work as determined by
matching the solution of Roy-Steiner equations for 7N scattering [64] to chiral perturbation theory in
Ref. [33]. The values for g* + €3 correspond to the €? calculation of Ref. [33].

PE g &3 g +é

¢y [m™1] —0.94 £0.02 —1.05 £0.03 —1.05+£0.03 —1.05 £0.03
¢ [m™1] 2.39+0.03 3.15£0.03 0.96 +0.11 0.96 £0.11
¢ [m™1] —4.60 £ 0.05 —5.35+£0.06 —2.13£0.19 —2.13£0.19
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TABLE III. Numerical values of the low-energy constants obtained from the fit to the empirical values of the electric radius of the proton
and neutron (d;) and the proton and neutron spin-independent polarizabilities (e;). Note that the e; enter at fourth order and therefore do not

have values for ¢* and €.

q3 q4 63 q4 + €3
dg [m™?] —0.61 [60] —0.61 [60] —0.80 & 0.04 —1.274+0.05
d; [m™?] —0.43 [60] —0.44 [60] —0.44 +£0.01 —0.46 +0.01
o [m™3] —0.04 £0.22 —0.46+0.23
eoy [m3] —0.29 +0.79 —0.22+0.80
(2eg9 + eg3 + e113) [m] —0.07 £0.23 —2.53+0.50
(2eg + eos + e117) [m3] —1.76 +£0.80 2.024+1.20

A. Scalar dipole polarizabilities

We start by considering the spin-independent dipole
nucleon polarizabilities ag; and By;. The results of the calcu-
lations at order O(g*) and O(e® + ¢*) as well as the individual
contributions from orders O(¢?®), @(¢*) pion-nucleon loops,
O(€3) w A-loops and tree-level A-pole graphs are presented in
Table IV. At order O(g*), there appear low-energy constants
in the effective Lagrangian that contribute to the nucleon
Compton scattering. We adjust four relevant linear combina-
tions of them (691, €92, 2639 + e93 + €113, and 269() + egq +
e117) in such a way as to reproduce the empirical values of the
proton and neutron spin-independent dipole polarizabilities,
see Table III.

In the case of the A-less theory, the contribution at order
O(g") for the electric polarizability ag; of the proton (neu-
tron) is about two (five) times smaller than the one at order
O(q3), which is an indication of a reasonable convergence of
the chiral expansion. For the magnetic polarizabilities By,

due to some cancellations among O(g?) loops, the contribu-
tions at order O(g*) are larger than the ones at order O(g*)
but are, nevertheless, comparable with those for the og;.

In the A-full scheme, the O(q4) terms (that differ from
the ones in the A-less case by the values of ¢;’s and e;’s)
are significantly larger. This feature can be traced back to
the sizable O(e?) contributions, especially from the A-pole
tree-level diagrams, that need to be compensated by adjust-
ing the relevant contact terms. Such contributions appear to
be demoted to higher orders in the A-less scheme. Their
importance for other polarizabilities will, however, be demon-
strated below. Thus, a seemingly better convergence of the
A-less approach for the dipole polarizabilities can be ar-
gued to be accidental. Notice further that the convergence
issues are not really relevant for the dipole spin-independent
polarizabilities at the order we are working due to the pres-
ence of the corresponding compensating contact terms in the
Lagrangian.

TABLE IV. Numerical values for the spin-independent dipole polarizabilities of the proton and the neutron in 10~* fm®. The values are
compared with the results calculated within the §-counting scheme and obtained using fixed-¢ dispersion relations.

Proton Neutron

QE] Bmi OE] Bmi
q* (without A) 7.04 —1.85 9.51 —1.10
g* (without A) 4.16 4.35 2.09 4.80
Total (without A) 11.2 2.5 11.6 3.7
7 7.04 —1.85 9.51 —1.10
€3 A loop —1.45 5.54 2.78 0.96
€® A tree —3.78 11.96 —3.78 11.96
q* 9.40 —13.16 3.10 —8.12
Total 11.2 2.5 11.6 3.7
O(p®) N loops?® [40] 6.8 —1.8 9.4 —1.1
O(p"?) m A loops [40] 4.4 —-14 4.4 —-14
A pole [40] —0.1 7.1 —-0.1 7.1
Total [40] 11.2+£0.7 3.94+0.7 13.7£3.1 46+2.7
Fixed-t DR [41,43] 12.1 1.6 12.5 2.7
HBxPT fit [74] 10.65 £ 0.50 3.15+0.50 11.55+ 1.5 3.65+1.5
BxPT fit [75] 10.6 £0.5 32405
PDG [1] 11.24+04 25+04 11.6 1.5 3.7+£2.0

2The small discrepancy between Ref. [40] and this paper for the 7N loops at order ¢* originates mostly from the difference in the pion masses:
we use the isospin-averaged value, whereas in Ref. [40] the charged pion mass is employed. This is a more natural choice if only the leading

N loops are taken into account.
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TABLE V. Numerical values for the dipole spin polarizabilities of the proton (upper table) and the neutron (lower table) in 10~* fm*. The
upper errors originate from the uncertainty in the input parameters, the lower errors come from the truncation of the small-scale expansion.
The values are compared with the results calculated within the -counting scheme and obtained using fixed-¢ dispersion relations.

()

() (p) (p)

YEIEI YMimI YEIM2 YMIE2
q° (without A) —3.46 —0.13 0.57 0.95
q* (without A) —0.01 0.49 —0.25 0.56
Total (without A) -3.5 0.4 0.32 1.5
7 —3.46 —0.13 0.57 0.95
€3 7 A loops —0.11 0.58 0.48 —0.79
€® A tree —1.07 3.85 —0.88 1.74
q* —0.01 0.49 —0.25 0.56
Total —-4.781 4.8%04 —0.08%)-11 2.5%02
O(p*) N loops [40] —3.4 —0.1 0.5 0.9
O(p’’?) 7 A loops [40] 0.4 -0.2 0.1 —0.2
A pole [40] —-0.4 3.3 —0.4 0.4
Total [40] —-33+0.8 29415 0.24+0.2 1.1£0.3
Fixed-r DR [41] -34 2.7 0.3 1.9
Fixed-t DR [42,45,46] —4.3 2.9 —0.02 2.2
HBxPT [74,78] —-1.1£19 22+0.8 —04+0.6 1.9+0.5
MAMI 2015 [5] —35+1.2 3.16 £ 0.85 —-0.7+1.2 1.99 £0.29
MAMI 2018 [6] —3.18 +0.52 2.98 +£0.43 —0.44 +0.67 1.58 £0.43

Vérf;:l yl\(/ln l)Ml y];rlll)\/IZ yl\(/Fl)EZ
q* (without A) —4.86 —0.17 0.61 1.36
q4 (without A) —0.46 1.42 —-0.59 0.76
Total (without A) —-5.3 1.3 0.0 2.1
q3 —4.86 —0.17 0.61 1.36
€3 A loops 0.22 0.12 0.11 —0.27
€3 A tree —1.07 3.85 —0.88 1.74
q4 —0.46 1.42 —0.59 0.76
Total -6.2%)1 5204 —0.8%1 3.6%02
O(p?) 7N loops [40] —4.7 -0.2 0.6 1.3
op"H A loops [40] 0.4 —-0.2 0.1 —-0.2
A pole [40] —-0.4 3.3 —0.4 0.4
Total [40] —47+1.1 29+1.5 02+0.2 1.6+04
Fixed-t DR [41] —5.6 3.8 —-0.7 2.9
Fixed-t DR [40,44,45] -59 3.8 —-0.9 3.1
HB xPT [74,78] —40+£1.9 1.3+£0.8 —0.1+0.6 24405

In Table IV, we also provide for comparison the values
for the dipole spin-independent polarizabilities obtained by
analyzing experimental data using fixed-¢ dispersion relations
[41,43], and by fitting experimental data employing various
versions of the §-counting schemes (with the loop diagrams
calculated utilizing the covariant [75] or heavy-baryon ap-
proach [74]). It is particularly instructive to compare our
results with [40], where the individual contributions calcu-
lated within the §-counting scheme are presented. Such a
comparison allows one to analyze the importance of the ex-
plicit A degrees of freedom and the sensitivity of the results
to employed counting schemes for the A-nucleon mass differ-
ence. There are two main sources of differences between our
approach and the one used in Ref. [40] (apart from slightly
different numerical values of the coupling constants). First,
different terms in the effective Lagrangian corresponding to
the y N A vertex are used. The y N A Lagrangian of Ref. [40]

contains two terms with the so-called magnetic and electric
y N A-couplings gy, and gg:

3e

— — NT.(GgyF"™ — F*")o,A,+H.c.,
T — 5 (igm geysF"")a A,

(26)

ﬁyNA =

which in our scheme correspond to the b;- and h;-terms (the
contribution from the 4 -term is of a higher order in our power
counting and does not appear in the current calculations). The
two prescriptions are identical when both the nucleon and
the Delta are on the mass shell. Otherwise, the difference is
compensated by local contact terms of a higher order in the
1/m-expansion, see Refs. [52,53,76,77] for a related discus-
sion. Such off-shell effects manifest themselves, e.g., in the
tree-level A-contribution to the magnetic polarizability By .
Although the residue of the A pole in the magnetic channel
is the same in both schemes (the constants b, and gy, are
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TABLE VI. Numerical values for the combined polarizabilities yy, vz, 7, and 81 of the proton (upper table) and the neutron (lower table).
All values except for ¥, are given in 10~* fm* while 7, is given in 10~ fm®. The values are compared with various results either calculated
within the §-counting scheme and obtained using fixed-7 dispersion relations. The results of Ref. [31] are equivalent with our calculations

without the g*-contribution. For remaining notation see Table V.

" v " i
q* (without A) 2.08 3.72 2.20 1.54
q* (without A) —0.80 1.31 —0.37 0.58
Total (without A) 1.3 5.0 1.8 2.12
¢ 2.08 3.72 2.20 1.54
€3 7 A loops —0.16 —0.58 —0.01 1.21
€’ A tree —3.64 7.55 —1.24 —0.36
¢* —0.80 1.31 —0.37 0.58
Total —2.5%04 12.0 98 0.60:1 2.98 £0.98
O(p?) 7N loops [40] 2.0 3.6 2.1 —
O(p"?) m A loops [40] -0.1 -0.9 —0.01 —
A pole [40] -2.8 4.4 -1.0 —
Total [40] —-09+14 72+1.7 1.1+0.5 —
Fixed-r DR [41] —-1.5 7.8 — —
Fixed-r DR [42,45,46] -0.8 9.4 0.6 —
HBxPT [74,78] —26+19 5.6+1.9 - —
Experiment [2—4] —1.01 £0.13 8.0+ 1.8 — —
BxPT [31] —1.74 £ 0.40 — — 2.40 +£0.01
v v 7" o(x
q* (without A) 3.06 5.45 3.06 2.41
q* (without A) —1.13 3.23 —0.46 0.50
Total (without A) 1.9 8.7 2.6 2.91
¢ 3.06 5.45 3.06 2.41
€3 7 A loops —0.18 —0.49 —0.01 0.33
€’ A tree —3.64 7.55 —1.24 —0.36
¢* ~1.13 3.23 —0.46 0.50
Total -1.9%4 15.7 898 1.4%01 2.88 £0.06
O(p*) N loops [40] 3.0 53 2.9 -
O(p"?) m A loops [40] —0.1 —0.9 —0.01 -
A pole [40] -2.8 4.5 -1.0 —
Total [40] 0.03+1.4 9.0+2.0 1.9+0.7 —
Fixed-t DR [41] -04 13.0 - —
Fixed-r DR [40,44,45] -0.1 13.7 — —
HBxPT [74,78] 0.5+1.9 7.6+ 1.9 - —
BxPT [31] —0.77 £0.40 - - 2.38 +£0.03

roughly in agreement with each other when calculating the
magnetic y N A transition form factor), the full result differs
almost by a factor of two due to the presence of the nonpole
(background) terms. The nonvanishing (and sizable) contribu-
tion of the A-tree-level diagrams to the electric polarizabilities
ag) is in our scheme a pure 1/m-effect caused by the in-
duced electric y NA coupling stemming from the particular
form of the effective Lagrangian. However, the A tree-level
contribution to ag; is negligible in the §-counting scheme
because of the smallness of the electric yNA coupling gg.
Note that terms proportional to g% (h?) start to contribute only
at order € in the small-scale-expansion scheme. The observed
dependence of the considered polarizabilities on the off-shell
effects might be an indication of the importance of such higher
order contributions. Fortunately, such 1/m effects are strongly

suppressed for higher-order polarizabilities as will be shown
below.

The second difference between the two schemes is related
to power-counting of various diagrams with internal A-lines.
While the N loops in Ref. [40] at order O( p3) are identical
with the ones included in our O(g?) results, the diagrams
with two and three A-lines inside the loop are suppressed
in the §-counting and are not included in their leading-order
7 A-loop amplitude. However, such diagrams are required by
gauge invariance (notice, however, that in the Coulomb gauge,
their contribution is suppressed by a factor 1/m).

In any case, we observe a significant difference between
the size of the € w A-loop contributions in our scheme and
the O(p’/?) ones of Ref. [40] involving only the 7 A-loops
with a single A-line.
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TABLE VII. Numerical values for the dispersive and the quadropole polarizabilities for the proton (upper table) and the neutron (lower
table) in 10~*fm’. The values are compared with the results calculated in 8-counting x PT and obtained using fixed-t dispersion relation. For

remaining notation see Table V.

)

») (02 )

Ogy M2 Oy, M1y
q* (without A) 14.1 —8.7 0.8 1.9
g* (without A) 16.1 —15.9 —4.1 4.2
Total (without A) 30.2 -25 —-3.3 6.1
7 14.1 87 0.8 1.9
€3 7 A loops 5.8 —6.1 -0.9 1.1
€’ A tree 1.3 —4.7 -1.6 5.0
4 8.3 —76 22 23
Total 29.5% -27% —3.904 10.2 297
O(p*) N loops [40] 13.5 -84 0.7 1.8
O(p"?) m A loops [40] 3.2 -2.7 —0.6 0.6
A pole [40] 0.6 —4.5 —1.5 4.7
Total [40] 17.3£3.9 —15.5+3.5 —-13+£1.0 7.1+£25
Fixed-t DR [41,43], 27.5 —22.4 —-3.8 9.1
Fixed-t DR [42,45] 27.7 —24.4 -3.9 9.3

oy M2 o, Ml
q* (without A) 12.9 -9.0 2.2 1.9
q* (without A) 16.0 —15.6 -3.9 3.9
Total (without A) 29.0 -25 —-1.7 5.8
7 129 ~9.0 22 1.9
€3 7 A loops 6.2 -6.0 -1.2 1.3
€’ A tree 1.3 —4.7 —1.6 5.0
e 8.2 73 20 1.9
Total 28.7%%3 -27% -2.6%) 10.2%7
O(p*) 7N loops [40] 12.4 —8.7 2.1 1.8
O(p"?) A loops [40] 3.2 —2.7 —-0.6 0.6
A pole [40] 0.6 —4.5 —-1.5 4.7
Total [40] 16.2+3.7 —15.8+3.6 0.1+1.0 72+25
Fixed-t DR [41] 27.2 —23.5 -2.4 9.2
Fixed-t DR [40,44,45] 27.9 —24.3 —-2.8 9.3

B. Dipole spin polarizabilities

Next, we consider the dipole spin polarizabilities  ygg;,
ymiMi>  YeEim2, and  pvigz. These quantities are less sen-
sitive to the short range dynamics as the relevant contact terms
appear at order O(q°). Therefore, one expects a better conver-
gence pattern for them. At the order we are working, the spin
polarizabilities are predictions and do not depend on any free
parameters. The numerical values of the spin polarizabilities
for the proton and neutron are collected in Table V.

We also provide theoretical errors for our complete scheme
atorder O(g* + €3). The upper error reflects the uncertainty in
the input parameters, whereas the lower value is the Bayesian
estimate of the error coming from the truncation of the small-
scale expansion.

The experimental values in Table V are obtained from the
dispersion-relation analysis of the double-polarized Compton
scattering asymmetries X3 and X, [5], and, in a newer exper-
iment, also X, [6].

Our predictions for the proton spin polarizabilities at order
O(q* + €?) agree with the experimental values of Ref. [5]

within the errors with only a slight deviation for yym;. The
deviation from the values extracted in the recent MAMI exper-
iment [6] are somewhat larger. Note that the A-less approach
fails to reproduce yvim; for the proton because of the missing
A-pole contribution, which would appear as a contact term at
order O(¢°).

The contributions of order O(g*) are in all cases signifi-
cantly smaller than the leading terms of order O(g> + €3) in
the A-full scheme (except for ygim2 Where the leading-order
result is small due to cancellations between individual contri-
butions), which is an indication of a reasonable convergence
of the small-scale expansion. The smallness of the O(g*)-
terms can probably also be traced back to the fact that the
diagrams containing c, ¢;, and c¢3 vertices do not contribute
to spin polarizabilities. Our A-full results also agree well
with the values obtained from the fixed-¢ dispersion relations
for the proton and the neutron, except for yaimi, where our
prediction appears to be somewhat larger.

In Table VI, we present the results for the forward and
backward spin polarizabilities )y and y, which are the lin-
ear combinations of the four spin polarizabilities and can be

035201-11



M. THURMANN et al.

PHYSICAL REVIEW C 103, 035201 (2021)

TABLE VIII. Numerical values for spin-independent octupole polarizabilities agz and By, quadrupole dispersive polarizabilities og, and
Bmay as well as higher dipole dispersive polarizabilities «g,,2 and By,,2 the proton [denoted with (p)] and the neutron [denoted with (n)]. All

values are given in 10~*fm’. For remaining notation see Table V.

(p) (P)

(p) ) ») ,5 )

g3 M3 Upyy M2y g2 Miv?
q* (without A) 134.7 —95.6 —22.5 17.4 6.7 —-3.4
q* (without A) 123.4 —118.6 —21.2 20.6 3.0 -2.9
Total (without A) 258 —214 —44 38 9.7 —6.3
7 134.7 —-95.6 —-22.5 17.4 6.7 —3.4
€3 A loops 52.3 —48.7 —9.1 8.7 1.3 —1.3
€’ A tree —-1.2 4.3 1.7 -5.8 -1.0 2.5
q* 61.5 —59.8 —10.5 10.2 1.4 —1.4
Total 2475, ~200%], —40%! 302 8.4203 —3.7%04

2 2 . i
q* (without A) 136.2 —95.3 —25.1 17.3 8.3 -3.6
q* (without A) 123.4 —118.8 —21.4 21.0 3.1 -3.1
Total (without A) 260 —214 —47 38 11.4 —6.7
7 136.2 —-953 —25.1 17.3 8.3 -3.6
€’ A loops 52.2 —48.7 —-9.0 8.7 1.3 —-1.3
€3 A tree —-1.2 43 1.7 —5.8 -1.0 2.5
q* 61.6 —60.0 —10.7 10.5 1.5 -3.6
Total 249 %5, —200%7, —43%l 31%2 10.1%9-3 —4.0%%4

more easily accessed experimentally. For these quantities, the
agreement with the experimental values is slightly worse, as
can be seen from Table VI.

As in the case of scalar dipole polarizabilities, we com-
pare our A-tree-level and A-loop contributions with [40] to
analyze the differences of the two A-full approaches and the
size of the unphysical off-shell terms. For the spin polar-
izabilities, the off-shell effects (which we identify with the
difference of the A-tree-level terms in two schemes consid-
ered) are smaller but, nevertheless, comparable to theoretical
errors or even larger. This might indicate that our theoretical
errors are somewhat underestimated. This should not come
as a surprise because the Bayesian model for the error es-
timation that we implement is not fully trustworthy as long
as only two orders in the expansion in terms of the small
parameter Q are used as an input. Notice further that we
treat the order ¢* + €’ results as being the full fourth-order
predictions when estimating truncation errors. The off-shell
contributions add up constructively for the forward and back-
ward spin polarizabilities (as can be seen in Table VI), which
explains the worse agreement with experiment for these linear
combinations.

The A-loop terms are also different in the e- and
§-counting schemes, which points to the nonnegligible contri-
bution of the diagrams with multiple A-lines. Note, however,
that the overall absolute values of the € A-loops are, on
average, smaller than in the case of the scalar dipole po-
larizabilities and than the typical values of the dipole spin
polarizabilities. Therefore, spin polarizabilities appear to be
less sensitive to such details. However, the suppression of the
€3 A-loops does not exclude the possibility that the €* A-
loops (with order O(¢*) yNA and y AA vertices), which are
not included in the current study, yield important contribu-
tions, see also the discussion in Sec. IV D.

C. Higher-order polarizabilities

In this subsection, we focus on higher-order nucleon
polarizabilities, including scalar quadrupole, dipole disper-
sive, octupole and quadrupole dispersive, as well as spin
quadrupole and dipole dispersive polarizabilities. All relevant
numerical values are collected in Tables VII-IX (we also
provide the values for the higher-order forward spin polariz-
abilities j in Table VI). Note that unnaturally large values of
the scalar quadrupole and, especially, octupole polarizabilities
are related to the traditional /-dependent normalization factor
in the definition of these polarizabilities and have no physical
meaning.

We summarize the general features of the higher-order
polarizabilities. Both A-less and A-full schemes give roughly
the same results, except for the channels where the A-tree-
level contribution is significant, i.e., for magnetic multipoles.
Note that in the A-less approach, such contributions would
appear only at extremely high orders, which makes the A-less
framework rather inefficient.

The second observation concerns the loop contributions.
While for all spin polarizabilities, the €3-A-loops and the
q*-loops are strongly suppressed, for scalar polarizabilities the
situation is different. In the A-less scheme, the q4-100ps are
comparable with the g*-loops or larger, which spoils conver-
gence. However, in the A-full scheme, a significant part of
the ¢*-loop contributions is shifted to the €*-A-loops. This
happens due to the A-resonance saturation of the low-energy
constants c;, in particular, ¢, and c¢3 [79,80], which do not con-
tribute to the spin polarizabilities. As a result, the convergence
pattern of the A-full scheme looks very convincing for both
scalar and spin polarizabilities. The only exceptions are the
yamoe3 polarizabilities, where the € result is unnaturally small
due to accidental cancellations between the ¢3-loops and the
A-tree-level contributions.
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TABLE IX. Numerical values for the quadrupole spin polarizabilities ygog2, Ymam2, Veam3, and yapes and for the dispersive spin polarizabil-
ities YEi1E1vs YMiMIvs YEIM2y and Yaigz, Of the proton [indicated with (p)] and the neutron (indicated with (n)). All values are given in 10~°fm°.

For remaining notation see Table V.

(p)

) (p) )

YE2E2 Ymam2 YEam3 YM2E3
q* (without A) —17.56 1.16 5.78 4.85
q* (without A) —0.46 —0.63 0.32 —1.84
Total (without A) —8.0 0.5 6.1 3.0
7 —17.56 1.16 5.78 4.85
€3 7 A loops 0.30 0.22 —0.40 —-0.49
€3 A tree —1.01 —10.16 1.13 —-3.11
q* —0.46 —0.63 0.32 —1.84
Total -8.7504 —9.4%08 6.8%01 —0.6 504
Végl)az Vh(/;lz)Mz VFE;l)VB 71\(/;253
q* (without A) —1.18 1.97 5.59 3.56
q* (without A) —0.12 —2.27 0.40 —1.66
Total (without A) —1.3 0 6.0 1.9
7 —1.18 1.97 5.59 3.56
€3 A loops 0.33 0.13 —0.44 —0.33
€’ A tree —1.01 —10.16 1.13 —3.11
q* —0.12 —2.27 0.40 —1.66
Total —2.0%1 —10%! 6.7 %01 —1.6%4
) ») (p) (
VI;TEI v e Veimo VI\/ﬁ)EZv
q* (without A) —-3.26 0.40 —-0.29 0.85
q* (without A) 0.0003 0.24 —0.12 0.28
Total (without A) —-3.26 0.6 —0.41 1.13
7 -3.26 0.40 —-0.29 0.85
€3 7 A loops 0.02 —-0.02 0.02 0.001
€’ A tree —0.49 1.73 —0.56 0.70
q* 0.0003 0.24 —-0.12 0.28
Total —3.72%0% 2.4%2 —0.95 £0-06 1.83 1098
yéllll)il v yl\(/ln I)M 1v Vé?:vm yl\(/:ll)E2v
q* (without A) —4.62 0.46 —-0.29 1.23
g* (without A) —0.10 0.50 —0.18 0.28
Total (without A) —4.72 1.0 —0.47 1.51
7 —4.62 0.46 —-0.29 1.23
€3 7 A loops 0.03 —0.03 0.03 —0.01
€3 A tree —0.49 1.73 —-0.56 0.70
q* —0.10 0.50 —0.18 0.28
Total —5.17 % 2,702 —1.00 -9 2.195%

Our predictions at order O(g*+€*) for all scalar
quadrupole and dipole dispersive polarizabilities of the proton
and the neutron agree within errors with the results based
on fixed-r dispersion relations, see Table VII. Note that the
predictions of the §-counting scheme of Ref. [40] do not
reproduce the fixed-¢ dispersion relations values for ag, and
Bwmz. The main difference to our result in this channel comes
from the g*-loops and €3- A-loops. However, the difference in
the tree-level-A contributions appears very small, indicating
the insignificance of the off-shell effects, as one would expect
for such high-order polarizabilities.

D. Generalized polarizabilities

Now are now in the position to discuss the generalized
(Qz-dependent) nucleon polarizabilities. We consider the

doubly virtual Compton scattering with the initial and final
virtuality of the photon equal to Q2. In Fig. 5, the scalar and
spin dipole polarizabilities for the proton and the neutron are
plotted as a function of 07, and the A-full and A-less schemes
are compared. The scalar polarizabilities at Q> =0 are
adjusted to the empirical values, see Sec. IV A. The difference
of the A-full and A-less spin polarizabilities at Q> = 0 was
discussed in Sec. IV B and can be considered as a higher-order
contact-term contribution. Therefore, we focus here on the
Q?-dependence of the polarizabilities relative to their Q* = 0
values. For the spin polarizabilities and for the electric scalar
polarizability, the A-full and A-less curves go almost parallel
to each other, whereas for the magnetic scalar polarizabilities
the slope and the curvature of the curves are opposite in sign.
This is due to a significant contribution of the A-tree-level

035201-13



M. THURMANN et al.

PHYSICAL REVIEW C 103, 035201 (2021)

14

E:g
A
E
&= 6 |
3 N
4
2
0
0.05 0.10 0.15
Q? [GeV2]
-2.0

Y11 [107 fm?)

0.05
Q? [GeV?]

0.10 0.15

Yeinvz [1074 fm?]

0.05 0.10
Q? [GeV?)

20
15 -
~ |
g 10
A
=
é
=
0 |
)
0.05 0.10 0.15
Q? [GeV?
10
8
<
&
L
=
ERE!
2
2
2 e T E s
0
0.05 0.10 0.15
Q* [GeV?)
6
5
s ]
So4y :
Loy |
™,
=
C P R
2 TToe-ol -
1
0.05 0.10 0.15
Q* [GeV?)

FIG. 5. Q*-dependence of the scalar and spin polarizabilities for the proton (dotted and dash-dotted cyan lines) and the neutron (dashed
and solid purple lines). The dotted and dashed lines correspond to the A-less O(g*) results, whereas the dash-dotted and solid lines correspond
to the A-full O(e* 4 ¢*) results. The bands indicate the theoretical truncation errors.

contribution in this channel. It should be emphasized that the
scalar generalized polarizabilities contribute to the Lamb shift
of muonic hydrogen, see, e.g., Ref. [81].

We also present the Q*-dependence of several combined
spin polarizabilities, for some of which the experimental data
are available, see Fig. 6 (their limiting values for Q%> =0
are collected in Table VI). We observe no improvement as

compared to Ref. [31] [pure O(€3) calculation] due to the
inclusion of the O(g*) contributions. In fact, the descrip-
tion of y, for the proton is even worse. A possible source
of such a discrepancy could be a missing contribution of
the A-loop diagrams at order O(e*), as was suggested in
Ref. [31]. However, taking into account a much better de-
scription of the data in Ref. [82] (within the §-counting
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FIG. 6. Q?-dependencies of the forward polarizabilities y, and 8y, the backward polarizability y, and the combined higher-order
polarizability %, for the proton (left) and the neutron (right). The thick solid blue lines indicate our A-full O(g* + €*) calculations with a
1o truncation error band corresponding to 68% degree-of-belief intervals and the thick dashed blue lines show our A-less O(g*) calculations.
The red loosely dashed lines represent the NLO B x PT calculation from Ref. [39] with the red error bands. The black dash-dotted line presents
the MAID model predictions from Ref. [44] (proton) and Ref. [8] (neutron). The green double-dash-dotted line is the O(p*) calculation from

()

Ref. [83]. Empirical data are: for y,"" from [10] (triangle) and [7] (squares); for yo(”) from Ref. [11] (preliminary, triangles), Ref. [8] (square),

and Ref. [9] (diamonds); for 51(}) from Ref. [8].

scheme) and the fact that the disagreement of our result with
experiment for the value of y, for the proton at Q> = 0 was
caused by the large contribution from the induced electric
y N A-coupling (as a 1 /m effect), one may expect the improve-
ment to be achieved after including the relevant higher-order
yN A-vertices from the effective Lagrangian analogously
to Ref. [82].

E. Dynamical polarizabilities

One can also probe the electromagnetic structure of
the nucleon by looking at dynamical (energy-dependent)
polarizabilities that describe the response to the nucleon elec-
tromagnetic excitations at arbitrary energy. In Figs. 7 and 8§,
we present the energy dependence of the dipole and spinless

035201-15



M. THURMANN et al. PHYSICAL REVIEW C 103, 035201 (2021)

_—
I 20 | A
[ o //, N \\
20/ A o p
e "z 10]
z £
é _____ S —
—10f o Og
§ S
i —10| !
oL Lo s i n Il o AR —920 ]
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Wems [MeV] Wems [ MeV]
e L
) ):
T I
5 =)
i i
& g
ool
0 50 100 150 200 250 300
Wems [MeV]
o o
& &
b b
= 2
8 g
0 50 100 150 200 250 300
Wems [MeV]
40
0 I
& E 10|
< T -
= =
2 2 —20f
—30 |
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Wems [MeV] Wems [ MeV]

FIG. 7. The w-dependence of the real parts of the dipole polarizabilities and the spinless quadrupole polarizabilities ag, and By, for the
proton. The solid blue lines represent our A-full O(g* + €*) result. The inner (outer) blue bands stand for the 1o (20') truncation error. The red
dashed lines are the B x PT calculation [40] with the red error bands. The black dash-dotted lines correspond to the fixed-# dispersion-relations
calculation [45] and the green double-dash-dotted lines correspond to the results of Ref. [84].

quadrupole polarizabilities up to the center-of-mass energy [84].2 Note that the heavy-baryon results for these quantities
wcm = 300 MeV. For comparison, also shown are the results are also available [85] and agree rather well in the shape
obtained using the §-counting scheme [40], the fixed-¢ disper-
sion relations [45], and the Computational Hadronic Model

2We have extracted those data points from Ref. [40].
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FIG. 8. The w-dependence of the real parts of the dipole polarizabilities and the spinless quadrupole polarizabilities ag, and By, for the
neutron. The solid blue lines represent our A-full O(g* + €*) result. The inner (outer) blue bands stand for the 1o (20) truncation error. The red
dashed lines are the B x PT calculation [40] with the red error bands. The black dash-dotted lines correspond to the fixed- dispersion-relations
calculation [45].

with the other approaches. The 1o and 2¢ truncation errors two approaches at nonzero energies. As can be seen from the
corresponding to 68% and 95% degree-of-belief intervals are figures, the deviation of our results from those of the fixed-¢
shown as bands in the figures. Our results agree rather well ~ dispersion relations increases with energy, which may provide
with the ones of the fixed-t dispersion relations at wcy = 0 yet another indication that our theoretical errors are underesti-
(except for ygipm2). Therefore, it is natural to compare the mated (as discussed in Sec. IV C), and the convergence of the
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TABLE X. Numerical values for the 1/m-expansion of ag;. Note that the €3, only starts at NLO.

(p) 3 4 3 3

o[El q q 6I;oop €Tree Full Ot](inl) q3 q4 6I%oc»p 6%'ree Full
LO 12.78 8.86 7.86 . 29.50 LO 12.78 2.67 7.86 .. 23.31
NLO 8.47 8.86 2.89 —5.60 14.61 NLO 9.67 2.67 4.94 —5.60 11.68
N’LO 6.60 9.53 0.97 —2.98 14.13 N’LO 9.50 3.22 3.03 —2.98 12.77
N3LO 7.01 9.40 —1.03 —4.11 11.26 N3LO 9.51 3.10 2.70 —4.11 11.19
N*LO 7.04 9.40 —1.33 —3.65 11.46 N*LO 9.51 3.09 2.83 —3.65 11.78
N°LO 7.04 9.40 —1.49 —3.83 11.12 N3LO 9.51 3.09 2.75 —3.83 11.52
Full 7.04 9.40 —1.45 —3.78 11.20 Full 9.51 3.09 2.78 —3.78 11.60

small-scale expansion becomes slower wcy 2 150-200 MeV.
However, for ag, a large discrepancy (beyond 20) between
the two theoretical frameworks is observed already for wcy =
100-150 MeV. This could be due to the aforementioned large
induced electric ¥ N A-coupling in our scheme, whose effect

increases with energy.

F. Heavy-Baryon expansion

In this subsection, we study the convergence of the 1/m-
expansion of our results (the nucleon-A mass difference A is
kept finite and constant) obtained within the covariant frame-
work. analyzing such an expansion we can test the efficiency
of the heavy-baryon approach by reproducing some of its
contributions appearing at higher orders. We present the 1/m-
expansion for the dipole scalar and spin polarizabilities in
Tables X—XV starting from the leading order (LO) static (m°)
results up to the order 1/m> (N°LO). Obviously, the static re-
sults as well as the 1 /m-corrections to the leading-order terms
coincide with the corresponding heavy-baryon calculations,
see Refs. [21-24].3

We first consider the convergence of the 1/m-expansion
of the individual contributions from the ¢°-, ¢*-, and €3-
loop diagrams, and from the A-tree-level terms. In general,
the convergence is rather slow. The most rapid convergence
is observed for the ¢°- and g*-loops. Sometimes (e.g., for
g1, Ymig2), the expanded value approaches the “exact” one

3Notice that the heavy-baryon results for the spin polarizabilities
from Refs. [22,23] differ from each other. The origin of this discrep-
ancy lies in the definition of the Born (nucleon-pole) terms, see a
discussion in Refs. [86,87]. We follow the standard treatment of the
Born terms (see Sec. III), and, therefore, our results reproduce the
ones of Ref. [22].

already at NLO-N2LO. In other cases, the expanded values
oscillate at lower 1/m-orders, especially when the resulting
value is small due to cancellations among various diagrams.
It is natural to expect a slower convergence for the dia-
grams with A-lines as the formal expansion parameter A/m
is roughly twice as large as M/m. Nevertheless, the expan-
sion for the tree- A-graphs converges, in general, only slightly
worse than the 7w N-loops (B is accidentally m-independent).
However, for the Am-loops, the convergence is very poor. This
set of diagrams comprises loops with one, two and three A-
lines, and cancellations among them occur quite often. Some
of the values strongly oscillate and one hardly sees a sign of
convergence even at N°LO, e.g., for yyimi, Yeim2.

Nevertheless, we have checked that the 1/m-expansion
converges in principle (formally) for all diagrams. This is
illustrated in Figs. 9 and 10, where the logarithm of the
remainder in the 1/m-series is plotted against the order of
expansion. As one can see from the plots, the expanded
A-loops approach their unexpanded values very slowly,
making such an expansion impractical. Note that contri-
butions of the A-loops are smaller for the spin-dependent
polarizabilities.

We now consider the 1/m-expansion of the sum of all
contributions to the nucleon polarizabilities. As one can see
in Tables X and XI, the electric and magnetic scalar polariz-
abilities at NLO agree rather well with the unexpanded values
(for the absolute difference is large but the relative difference
is small), while the individual contributions in some cases
strongly oscillate. Such an agreement is accidental. Moreover,
e.g.,the B ﬁf 1) at N?LO deviates significantly from the full result
and approaches it again after several oscillations. Neverthe-
less, these effects can be compensated by a redefinition of the
q4 contact terms.

TABLE XI. Numerical values for the 1/m-expansion of By .

15/1[)1) q3 q4 eﬁoop e%ree Full 15/,[[; q3 C[4 6I%oop 6"?"ree Full
LO 1.28 —12.33 1.36 11.96 2.26 LO 1.28 —17.35 1.36 11.96 7.24
NLO 0.56 —12.09 1.61 11.96 2.04 NLO —0.88 —17.60 0.34 11.96 3.83
N2LO —2.83 —13.75 9.05 11.96 4.43 N2LO —1.11 —-8.27 1.28 11.96 3.85
N3LO —1.94 —13.23 5.67 11.96 245 N°LO —1.10 —-8.12 0.69 11.96 343
N*LO —1.83 —13.14 6.39 11.96 3.38 N*LO —1.10 —8.12 1.09 11.96 3.83
N°LO —1.85 —13.16 5.32 11.96 2.28 N°LO —1.10 —-8.12 0.90 11.96 3.64
Full —1.85 —13.16 5.54 11.96 2.50 Full —1.10 —8.12 0.96 11.96 3.70
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TABLE XII. Numerical values for the 1/m-expansion of ygg;. The dots mark entries that do not exist, e.g., the e%me starts at NLO and

therefore does not have a LO contribution.

yéfl)il q3 q4 6l:joop E%ree Full y]:(‘ri)E 1 q3 C]4 6I3J>op E%ree Full
LO —5.81 e 0.60 .. —5.22 LO —5.81 e 0.60 .. —5.22
NLO —1.38 0.96 —0.63 —1.05 NLO —4.34 0.66 —0.63 —4.31
N%LO —3.03 0.20 —0.63 —-1.22 —4.68 N2LO —4.83 -0.37 0.84 —1.22 —5.58
N3LO —3.57 —0.11 —1.41 —1.02 —6.11 N’LO —4.86 -0.49 0.07 —1.02 —6.30
N*LO —3.47 —0.02 0.07 —1.08 —4.50 N*LO —4.86 —0.46 0.26 —1.08 —6.15
N°LO —3.46 —0.01 —-0.13 —1.06 —4.66 N°LO —4.86 —0.46 0.23 —1.06 —6.16
Full —3.46 —0.01 —0.11 —1.07 —4.65 Full —4.86 —0.46 0.22 —1.07 —6.17

The situation is different for the spin-dependent polariz-
abilities, where the NLO values in most cases deviate rather
strongly from the unexpanded result, see Tables XII-XV. It
should be emphasized that these differences can be absorbed
into contact terms only at order ¢°.

Summarizing, we conclude that the 1/m-expansion (and,
hence, the heavy-baryon scheme) is rather inefficient for cal-
culating nucleon polarizabilities in the A-full approach, which
is in line with the results of the heavy-baryon calculations
mentioned above. However, the small-scale expansion seems
to converge reasonably well.

V. SUMMARY AND OUTLOOK

In this work, we have presented various nucleon polariz-
abilities obtained within covariant chiral perturbation theory
with explicit A(1232) degrees of freedom, calculated up to
order O(e?® + ¢*) in the small-scale expansion. The theoret-
ical errors were estimated by combining the uncertainties of
the input parameters and the errors due to the truncation of
the small-scale expansion calculated using a Bayesian model.
The results were compared with the A-less approach at order
O(q?) and O(q*), as well as with the empirical values and
other theoretical approaches (in particular, with the §-counting
A-full scheme and the fixed-¢ dispersion-relations method).

The general conclusion of this study is that the A-full
scheme that we adopt is quite efficient for analyzing the nu-
cleon polarizabilities. It shows reasonable convergence, and
the obtained results agree well with experiment and the fixed-¢
dispersion-relations values. The results obtained in the A-less
approach are considerably worse both from the point of view
of convergence and agreement with experiment.

The scalar dipole polarizabilities were used as an input to
adjust four low energy constants appearing at order O(g*) in
the effective Lagrangian. Therefore, we were not concerned
with the issue of convergence for these quantities (although
the convergence is far from being satisfactory).

Our predictions for the dipole spin polarizabilities ygig1,
YE1M2, Ymig2 obtained in the A-full scheme agree with exper-
imental values of Ref. [5] and are slightly larger for yps1p1-
The agreement is somewhat worse with the analysis of the
recent MAMI experiment [5]. The same pattern is observed
in the comparison with the fixed-# dispersion-relations re-
sults. However, the predictions for the forward and backward
spin polarizabilities yy and y + 7 differ noticeably from the
empirical values. Such a deviation can be explained by a
sizable contributions of the “induced” electric y N A-coupling
observed for these linear combinations. This effect if formally
suppressed by a factor of 1/m, but numerically it turns out to
be sizable. In the §-counting scheme of Ref. [40], the electric
y N A-coupling constant is adjusted to data and appears to be
rather small. This is an indication that including higher-order
A-pole graphs in our scheme might improve the results.

Due to small contributions of the g*-loops to spin polar-
izabilities, a rather rapid convergence is achieved for all of
them.

We have also analyzed several higher-order polarizabili-
ties. A nice convergence rate is observed for all polarizabilities
calculated within the A-full scheme. This is, however, not the
case for the higher-order scalar polarizabilities calculated in
the A-less approach. This pattern can be understood in terms
of the A-resonance saturation of the low-energy constants c¢;
and c3. The main effect of the explicit treatment of the A is
that some parts of the g*-loops are shifted to the €3-loops.

TABLE XIII. Numerical values for the 1/m-expansion of yyn. The dots mark entries that do not exist, e.g., the g* starts at NLO and

therefore does not have a LO contribution.

yl\(/lpl)Ml q3 q4 6I%oop 6"i"ree Full y!l(di ll)M 1 q3 q4 EI%oop 6%ree Full
LO —1.16 e 0.21 4.03 3.08 LO —1.16 . 0.21 4.03 3.08
NLO 1.39 1.93 —-0.12 3.40 6.59 NLO 0.31 2.05 —-0.27 3.40 5.49
N2LO 0.52 1.24 2.21 3.89 7.85 N2LO —0.13 1.56 0.78 3.89 6.11
N°LO —-0.37 0.19 —0.44 3.87 3.26 N°LO -0.17 1.39 0.04 3.87 5.13
N*LO —-0.15 0.46 0.81 3.84 4.96 N*LO -0.17 1.42 0.23 3.84 5.33
N°LO —0.12 0.50 0.39 3.86 4.62 N°LO -0.17 1.42 0.05 3.86 5.16
Full —0.13 0.49 0.58 3.85 4.80 Full -0.17 1.42 0.12 3.85 5.22
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TABLE XIV. Numerical values for the 1/m-expansion of ygm2. The dots mark entries that do not exist, e.g., the €3, starts at NLO and

therefore does not have a LO contribution.

yél])I)VIZ q3 q4 6l:joop E%ree Full yE(’BVIZ q3 C]4 6I%oop e%ree Full
LO 1.16 —0.21 e 0.95 LO 1.16 —0.21 e 0.95
NLO 0.22 ... 0.01 —0.63 —0.40 NLO 0.49 . 0.04 —0.63 —0.09
N%LO 0.57 0.03 1.43 —-0.92 1.11 N%LO 0.60 —-0.43 0.21 —-0.92 —0.54
N3LO 0.54 —0.36 0.84 —0.88 0.15 N’LO 0.61 —0.63 0.27 —0.88 —0.64
N*LO 0.56 —0.26 0.05 —0.88 —0.52 N*LO 0.61 -0.59 0.03 —0.88 —0.84
N°LO 0.57 —0.25 0.70 —0.88 0.14 N°LO 0.61 -0.59 0.16 —0.88 —-0.70
Full 0.57 —0.25 0.48 —0.88 —0.08 Full 0.61 -0.59 0.11 —0.88 —0.75

For the scalar quadrupole and dipole-dispersive polariz-
abilities, our predictions agree with the results of the fixed-¢
dispersion-relations approach. However, our results differ no-
ticeably from the ones obtained in the §-counting scheme.
This difference is caused not only by the g*-loop contribu-
tions, but also by the €3-loops with multiple A-lines, which
contribute at higher orders in the §-counting scheme. This
points to the importance of such terms also for higher-order
polarizabilities.

We also studied the Q*-dependence of the nucleon po-
larizabilities by considering generalized scalar and spin
polarizabilities. We found that the Q*-dependence of the mag-
netic scalar polarizabilities is significantly different in the
A-full and the A-less approach. We also observed a substan-
tial deviation of the O(e* + ¢*) results for the Q*>-dependent
polarizabilities y; for the proton and for the neutron as well as
Sy for the neutron from the available experimental data and
no improvement compared to the O(e?)-results. We expect
that taking into account the O(e*) terms (in particular, the
tree-level graphs) might improve the description of the data.

An alternative way to study the electromagnetic struc-
ture of the nucleon is to consider dynamical (energy-
dependent) polarizabilities. We have analyzed the energy
dependence of the dipole and spinless quadrupole polariz-
abilities and compared them with other theoretical investi-
gations. In particular, we observed a rather large deviation
from the fixed-r dispersion-relations approach at energies
wcm 2 150-200 MeV (in some cases for wcy 2 100 MeV),

TABLE XV. Numerical values for the 1/m-expansion of yug;.
therefore does not have a LO contribution.

which indicates the slow convergence of the small-scale ex-
pansion in that energy region.

Finally, we have analyzed the convergence of the 1/m-
expansion of the results obtained in the covariant calculation
for various polarizabilities. Such an scheme allows one to see
how reliable the heavy-baryon expansion is for the evaluation
of the nucleon polarizabilities. We considered the expansion
up to N°LO. Our conclusion is that the heavy-baryon expan-
sion is not efficient for calculating nucleon polarizabilities in
the A-full approach. Nevertheless, the small-scale expansion
seems to converge reasonably well.

A natural extension of the current work towards increasing
accuracy of the results follows from the discussion above.
We expect a better accuracy and a better agreement with the
experimental data after including the A-tree-level graphs of
order O(e*) with the electric ¥ N A-coupling as well as the
O(e*)-loop diagrams, that is performing a complete O(e*)
calculation.
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The dots mark entries that do not exist, e.g., the €3, starts at NLO and

yl\(/lpl)EZ q3 q4 6I:ioop E%ree Full y]\(/:l])EZ q3 q4 Eﬁoop e%ree Full
LO 1.16 —0.21 . 0.95 LO 1.16 .. —0.21 . 0.95
NLO 0.76 1.03 —0.11 1.89 3.56 NLO 1.30 0.96 —0.08 1.89 4.06
N’LO 0.89 0.66 —1.32 1.59 1.82 N’LO 1.36 0.87 —0.33 1.59 3.48
N’LO 0.98 0.52 -1.02 1.82 2.31 N’LO 1.37 0.73 —0.25 1.82 3.67
N*LO 0.95 0.56 —0.80 1.71 2.42 N*LO 1.36 0.76 —0.26 1.71 3.57
N3LO 0.95 0.56 —0.86 1.76 2.40 N3LO 1.36 0.76 —0.29 1.76 3.59
Full 0.95 0.56 —0.79 1.74 2.47 Full 1.36 0.76 —0.27 1.74 3.59
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FIG. 9. Logarithmic difference of the absolute value between the HB-expanded contributions and the final, nonexpanded value for the
spin-independent and spin-dependent dipole polarizabilities of the proton. i stands for the i-th order in the HB expansion. The black squares
represent the ¢* contribution, the red triangles represent the ¢* contribution, the blue circles represent the €*-loop contribution and the green
diamonds represent the €3-tree contributions. The dashed lines stand for the corresponding linear regression.

APPENDIX A: ¢ VALUES

The analytic expressions for ag;, Bmi, ¢z, Bme and a linear combination of the spin-dependent first-order polarizabilities for
both proton and neutron were already calculated in Ref. [40] but are also given here for completeness. We have verified that
our results for these quantities agree with the ones of Ref. [40]. For convenience we define E, = E(m?, m, M)/(u> — 4) where

u=M/m, E; =In(u)and
w4 w3 7 3. p?) —

2mymy

E(p*, my,my) = >

X(m%, m3, p2) In

rMa, b, c) =a> + b* + ¢ — 2ab — 2bc — 2ac. (A1)
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FIG. 10. Logarithmic difference of the absolute value between the HB-expanded contributions and the final, nonexpanded value for the
spin-independent and spin-dependent dipole polarizabilities of the neutron. i stands for the ith order in the HB expansion. The black squares
represent the ¢* contribution, the red triangles represent the g* contribution, the blue circles represent the €*-loop contribution and the green
diamonds represent the €3-tree contributions. The dashed lines stand for the corresponding linear regression.
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a. Spin-independent first-order polarizabilities
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b. Spin-independent second-order polarizabilities
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c. Spin-dependent first-order polarizabilities
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d. Spin-dependent second-order polarizabilities
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APPENDIX B: ’-TREE VALUES

We give here the explicit analytic expressions for the A-tree contribution to the nucleon polarizabilities:
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APPENDIX C: €-LOOP VALUES

Due to the length of the expressions, we only provide here the expressions for the first-order polarizabilities. In addition to
the definition from Appendix A, we now have ma as an additional mass scale and it is convenient to introduce pua = ma/m,
B3 = In(ua) as well as B4 = B(m?, ma, M)/ (u> — 4).
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a. Spin-independent first-order polarizabilities
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— 145p* = 97p% + 136)p) — 4(u® — 1*(@6p* + 357 — 102)u3 — 141 — 1)* s + 14(* — 1)°]

— %[—mmj —30ull + (972142 + 568)u 0 4 6(47u> — 63)u

—2(729u* + 619u* 4 256)ud, — 6(111p* 4+ 59> — 203)u’y + 2(486u8 + 308u*

+ 620% + 4TS+ 6(1010° 4 111 pu* — 58u? — 142)p + (—243u® 42248

+336p* + 197 ), — 12(16u® — 9u® — 41u* — 52 + 18)ud, — 4(46pu® — T1u® — 84p* — 19712

+88)un — 42(u® — 4p® — 18u* +4p” — Dpa + 14" — 5u® 4+ 10u° 4+ 22 — 5% + 1))

%[—mmj —30ul! + (972142 + 568)u 10 4 6(47u> — 63)u
—2(729u* + 619u* 4 256)ud, — 6(111p* 4+ 59u* — 203)u’y + 2(486u8 + 308u*

+ 620 + 478 + 6(101 08 4 111p* — 581> + 80)u + (—243u® +2241° + 336u*
—233)uh — 12(160% — 9’ — 41p* + 5202 — 18)ud, — 4(u® — 1)* (46’ + 21>
—88)uj — 421 — 1*pa + 14(u* = 1)°]

27,2

eh
* m[l‘”%" + 180 — 3(14581% + 893y — 18(84° — 131)u),
A

+ 6(729u* 4 67012 + 309)u& + 18(138* 4+ 217> — 162)u + (—1458u°
— 405* + 1656u% 4 1445)u% — 1209618 + 15u* +90u* — 1193, — 2(510u° — 450

—370p% + 503)uy — 42(61° +39u* — 22 + D)pua + 14(6p® — 27u° — 65u* + 16> —2)].
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b. Spin-dependent first-order polarizabilities

O 3B (—81u2
= A
FIF! 15552F2m2m3 S (u? — pa + 2ua — 1)3(,u2 —pi —2ua — 1)2

42820 + (6481 —361)u!¥ — 2(723 % — 94y — 4(567u* — 501 4% — 886)u !’

+ (2226* — 3596 — 6942)u kY + (45368 — 5007 — 1319614 — 10489)u

+ 620318 + 2281 u* 4 37241 + 3951 ) + (—5670u® + 818118 + 19029,

4 25959u% 4 16267)!2 — 2(4305u® + 10535u° + 11493 u* + 142594% 4 19673) ]

+ (453610 — 1067718 — 1232611 — 18558 — 2315412 — 14543)u ¥ + 2(6279,'°

+ 63801® + 2604° + 804t + 471 + 19122)u) + (—2268u "% + 11121"0 — 11694® + 230u° — 78"

+ 12487 4 6389)ud — 6(1519u'? — 21210 — 511 — 776148 — 403u* — 3676 + 3835)1uy

+ (648" — 7989 '? 4+ 10752110 — 1203 % — 16361° + 4107u* — 60001> + 1321)u + 2(u* — 1)*(1707p'°
+1057u® + 4251° — 1038 — 760> + 390115 — (u> — 1> (8110 — 30844° + 38u° + 1500* — 226514
— 3194k —2(u® — 1426418 + 319u° + 13u* — 86912 + 252) 3,

—2(u* — 1)°(303u® + 34t — 137p% + 556)u3, — 84(u* — DP(u* + S)pa + 70> — ' (n* —2u7 - 5))

- %(—smf + 120p ) + (3241 —283)ul0 + 12(14u” + 29)uy

+ (—486u* + 11361 +2954) 8 + (—1224u* + 158 + 874)uk + (324u°

— 1987u* — 18881 — 4039)uS, + 6(2441° — 166u* — 117u> — 354)u + (—81u®
+ 17051 — 825u* — 1651* + 1030) % — 6(88u® — 84’ + 26u* — 24> — 75)13
4 (—=5781® + 49618 + 300" 4 340> — 482)ph — 14(u® 428 — 30u* + 462

—25)un + 7' = 5 + 4 + 160" + 137 - 5))

62]’12 Eg,
" T332 ity (B~ 1205+ (283 = 324ty — 12140 + 290

42243 u* — 5681 — 14778 4 2(612u* — 790> — 437 )y + (—324u° + 1987 + 18881
+4039)u& + (—14641° + 996" + 7024% + 3048) 1> + (81u® — 1705u° + 825u* 4 16512
+ 820)uk + 6(881® — 8418 4 260" + 84u> + T5)ud + (578ud — 496° — 300

+ 70007 — 482)u% + 14(1* — 1P (e + 4% +25) s — T(1? — 1P (u* — 247 - 5))
ezhi

- 93312F2m2n3M6A(/L2 — p3 4 2un — 1)2(M2 —puA —2ua—1)

(4864)° — 16924}

—3(972p% — 965)u + 6(882u* — 611)u ) + 3(2430u* — 3293u* — 5708)
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— 12(90u* — 16372 — 3453)ul) + (—97201° + 139501* + 36153 + 2691 1) ¥
— 2(7380u° 4 16422u* 4 27279 + 49276)u’\ + (7290u® — 149526 — 23619y
— 300921 + 225)u’ 4+ 2(11610u® + 86641° + 6543 u* + 8679u> + 46169) 14’y

— (2916 — 16563 1% 4 397218 + 10382u* + 13357 + 25208)ub + (—14148,'°
+36301® +9990u°® — 34308t + 681661 — 28466)u>\ + (486u'% — 12087u'°

+ 2012418 — 228345 4 28369u* — 214931u% + 6763) 4+ 2(15841'2 — 2046,

— 724518 + 10135u® — 4430u* — 14154 + 393)u + (3552u'% — 11877u"°

4 16691 1% — 2502516 4 319351 — 205101% + 5234) i + 168(u> — 1)*(27u®
—52p* + 477 — 13)pua — T(u* — 1P (6p® — 27u° — 137u* + 76p* — 26)),
(P) ezhf‘ 84

YMiMI = (=567
MM 15552F2m27t3u6A(M2 — p3 4 2un — 1)2(M2 —ph —2ua—1) 8

+ 1446 + (34020 + 1649)ut — 6(1149% 4 893)u '3 — (8505 + 6710

+ 2767 )il + 43195 + 34320% + 2113)u ) + 2(56701° + 50251* + 4973
+2336)u 10 — 2(5550u° 4 4365u* + 52257 + 4044) 5 — (8505u® 4 6073 °

+ 10931 " + 84551% + 6140)u’, + 6(645u® — 43318 +208* + 339u* + 1116)u’y
+ (34024'° 4 277u® + 35768 4 892t + 3154% 4 3885)u& +2(117u'0 + 1632u®
—335u% + 971t + 1116p* — 2381, — (567u!'? — 112810 + 3438 — 15486

+ 657 + 850U + 259t — 2(u? — 1)(168u° + 489u° — 261" + 1> — 849)u3,

= 2(u® = 1’ (164u° + 215p* +3021° — 261)p — 84(u® — 1* G’ + Dua +7(u* = 1)’ (u* = 7))

62}1‘%31

— A (567u!? —312ul — (226812 + 2273)u!0 + (600u> — 322)1’

+ 15552F2m2n3ug( I ma — (22681° +2273)w, + (600 WA
+ (3402t 4 5122p% + 3314)ud, + (72 +2062u% 4 2410)u )y — (22681°

+ 31251 + 3048 + 1481)uS — 6(1161° 4 353u* 4 361 u* 4 304)15, + (5678
=318 — 159u* — 321 0% + 986) i’y + (3361® + 3641° — 366" + 324u% + 612)13
+ (31418 + 88 — 204t + 6921 — 494 > + 14(u® + 16u°® + 12 — 20u°

+ Dpa = 71" = 3p® —4pu® =200 +21p% = 7))
ezh/% E3

— A= (—567ul2 +312ul 4+ (22681 + 2273)u!? + (322 — 60012’
+ 15552F2m27r3u6A( Un + a +( ©+ e + ( UM

—2(1701u* 4 2561 4% + 1657)u’ — 2(36u* 4 103114% + 1205)uky + (226848

+ 3125 + 3048 + 1481)u8 + 6(116u° 4 353u* + 361 u? + 458)u + (—567u® 4+ 31 + 159u*
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+ 3212 + 1196)uh + (=336 — 36418 4 366" + 3244 + 612)u3 4 (—314u® — 88us

+204p* + 6920 — 494)u; — 14(u* — DX (u' + 18 — Dpa +7(0* — 1P (u* = 7))

272
e“hy

- 340212 — 8676 — 3(4536°
93312F2m27T3M6A(M2 _ I'L2A T2 — 1)( 12N LA ( "

+ 15970 + 18(1334 12 + 1063) % + 3(6804u* + 512312 + 2666) 15

— 6(3330u* +35160% 4 3829)u ] — (136081° 4 14565u* + 18741 4% + 6716)u

+ (26281° — 2898u* 4 940814 + 23984) >, + (340248 + 214518 + 6003 u* — 843 — 14987)uk
+ (201648 4- 4860u° + 3270t — 80181* 4 298) >, + (1884u® — 2671’ — 3495u* — 10381

+2090)u% — 84(30u® — 41p* +281% — 8)pup — T(6p'0 — 21 + 1964° — 349,* + 2181* — 50)),

212 =
() e hy By 16 15

¥, =— (81;1A —210p,
FME T 15552F2m S, (12 — gl + 2 — 1) (12 — i — 2pa — 1)

— (486> + 475l 4+ 6(183% 4+ 178y + (12150 + 1714% + 1583) 12

— 4(585u* + 642u% 4+ 428)u !l — 2(810u° + 1077 + 17651% 4 2159) 1

42129018 + 654u* — 5110% 4901\ + (121513 + 9838 + 1733u*

+ 573312 + 5652) 18 4 (—1530u® + 76218 + 3840u* 4 15701 — 804)u’ — (486p'0 + 478
—9681° + 1340u* — 546% 4 3607)u + 222510 — 23718 — 587u° 4+ 100314*

—352u% — 248)u 4 (81p'? 4+ 481'0 — 9371® + 148410 + 483t — 2438u% + 1279k

—2(u® — 12Q4u® + 11768 +92u* 4+ 2090% — 197)u, — 2(1* — 13381’ + 19u* + 2054 — 94)u
+42(0% = (1 + Dpa + 71 = 1°(u* +4p° + 1))

62]13‘81
A (81 — 48y — (3241 4+ 5Ty + 4(48u% — 59)u)
15552F2m2 3 A A A A

+
+20243u* + 607 + 644)u’, + (—288u* + 758 + 1958)u’y — (32418 + 763"
+300% 4+ 501) 8 +2(961° — 255u* — 611> — 1006)u + (81u® + 175u°
—587u* — 1792 — 1000)uh — 2(24u® +20u® + 75u* +2700* — 96)1u3

+ (—62u® + 24u° — 246u* — 800> + 300)u? + 28(u® — 4’ — 21u* — 20 + 2)un
+ 7'+ p® - 8u® —32ut + p? + 1))

€2h2 83
~ T555aF iy (BLU — 4Bu — (32414 + ST +4(4840" — 59)uy
A

+20243p* +607u” + 644)u’, + (—288u* + 758 + 1958)u’y — (324u° +763u*
+ 30012 + 501)u& + 29618 — 255u* — 611u% — 544y, + (81 +175u°

— 587t — 179 + 1182)uh — 2(24u® +20u® + 75u* — 544 + 96)1u>,
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4 (=623 + 2418 — 246" + 584> — 300)u3 4 28(u® — 1> (u* — 21* — )
+7(0? = D’ (ut + 42 + 1))
ezhi

93312F2m2 S (1 — i3 + 2pa — 1)

(4862 — 1260} — 3(6481* + 7071y

+ 18(22644% 4+ 251)puy + 3(972u* + 1285u% +2038)ud — 12(387u* + 180u* — 134)u’
— (1944° + 1635u* + 50550 + 23338)u + 2(1062u° — 927u* — 8307u” + 4691)
+ (48618 + 231 1% — 46831 + 465> + 4651 )k — 2(144p® + 37818 + 2154u*

+ 11p? — 1707)u3, — 3(124u — 229 — 629u* — 980u” + 944)u%

+ 126218 +27p® — 29u* + 164 — 2)pun + 76" + 3u® + 1608 — 2491* + 1024 — 22)),
(P) o Ezhi E4
YMIE2 = — 6 ) 2 2
15552F2m2m3 S (u? — i +2ua — 1) (12 — pi — 2ua — 1)

(—81uy

+ 114y + 486u% 4 233)uld — 2(261u> + 347)uld + (—1215u* — 9322

+4Dul + 40250 + 5332 +453)ul +2(810u° + 687t + 3172 — 763)u 0
—2(330u® + 1124p* +2069u% + 442)u + (—1215u8 — 829 — 1623u* + 1709u>
+ 1544)ud +2(45u® 4 42518 + 1725u* 4+ 455u% — 781 )i’y + (48610 + 6148

4 13248 — 1744p* — 894> + 613)uS +2(63u'® + 14u® — 70516 4- 360"
—572u% + 924)u + (=812 + 13810 — 5413 + 508 — 10054* + 24044
—1423)uy — 2(u* — 1)*(24p® + 10318 + 39u* + 631% +296) )

=20 = 1)3@6u® — 15u* — 1532 + 310)u? + 42(u” — D*(u* + 4 — Dua

+70 = 1 + 207 + 3))
ezhiEl

_l’_ £ —
15552F2m2 3

(—81p}2 —48u)) + (3247 + 137) ) + 6(3214% — 43) )
—2043u* + 17012 +230)u’, + (=288t + 242 + 570)uk + (32418 + 245u*

4 796> + 267 )u + 63218 + 8u* — 91p* 4+ 52)u3 — (818 4 1108 4-315u*
428512 — 568)uh — 6(8u® 4 10u® — 40u* — 48> + 59)u3 + (=38 + 40u° + 66u*

+ 52007 — 452)p 4+ 28(u® 4+ 3p 4+ 120* — 11p? + 3)pa +T('" — u® +4p* — 7u* + 3))

ezhi E3

_l’_ £ —
15552F2m2 3 S

(81 +48u) — (324> + 137 — 6(32u% — 43)uy

+ (4864* + 340u% + 460) S + (288t — 2421 — 570)uy — (32410 + 245u*
+ 796> + 26T)u — 6(32u° + 8u* — 91pu® — 102)p> + (81 + 118 4 315
428512 + 1282)1u% + 6(81u® + 1014 — 40u* + 601> — 593, + (38 — 40u®
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— 66pt + 52007 — 452)p3 — 28(u® — 1*(u* 4 507 = B)pa — T(w? = 1’ (1 + 207 4 3))

272
e“hy

©93312F2m23 b (U2 — pd + 2pa — 1)

(—4861) + 684 + 3(6481* +223)u
— 6(294u* + 523)uy — 3(972u* + 689 — 484\l + 6(198u* + 8161* +217)u)y

+ (194405 + 1983 u* 4 331512 + 1874)u8 4+ 2(90u® — 711 p* — 194412 — 3338)u,
+ (—4864% — 399u° — 2499 + 4659 + 927 1)k + (—288u® — 588u° + 5916u*

+970u* — 4090) 3, + (—228u® + 711 — 4995u* 4 4248 — 1444) 1% + 42(68

— 87u + 115u* — 5607 + 10)ua + 7(6p"0 — 9u® — 1468 + 313u* — 21847 + 54)).

2. Neutron values

a. Spin-independent first-order polarizabilities

ezhi E4

(n)
Uy = — 3
3888F2mm3pl (— u? 4+ uk —2ua + 1) (= w2+ ui +2ua +1)

El

[—8un

7018+ (5002 — 239)112 + (105 — 3482 ) + (—132* + 9367 + 42910
+3230p* — 1354 — 93)uy +2(95u° — 681t — 150 — 157)ud, + (—680u°
4597 + 90> + 133)p ) + (—160u8 4 86818 — 651u* +98u” + 217)u§

4+ 311008 — 1378 + 81p* + 5u* — 59)u + 3(u* — 1)?(261° — 170* 4 1042
13k — 6(u? — (A0 + 9 + 21} — 4(p? — D*GSpt + 1767 +32)u3

—2(1% = D’ + 1Dpa +2(0* = DO +2)]

ezhiEl
— AT [ 2u" 0 au® +4ub + 16t — 14p% + 8110 — 545 + (131
3888[72,7“13@[ ' +4u +4u° + 16p 1+ 8y A+ (
—34uP)ud + 35212 + 4T )l + (56pt — 238 — 31 — 3(48ut + 414
+33)ud, — (448 — 87 + 126> + 35)uk + 6(6u® — 5u* + 4u® — 3)ud +44ud

+4u® = 3pt + 2207 — 1T)ui +6(u® +2u° 4+ 12 — 141> + 5)pua + 4]

ezhiE3
— A7 8u!l + 54 + 34u® — 13D)ud — 3(52u% + 47’ + (—=56ut
3888[72,71”3%[ pa +54u + (34u Wy —3(52u” + 4T + (=564
+238u% 4+ 31 +3(48ut + 41 — T + (44’ — 87u* + 126p% — 53)uh
—6(61° — 5p* — 417 4+ 3 — 4(” — 172Gt + 1207 + 1)pj — 6 — 1) (1

+5)ma + 20 = D’ +2)]
e*h;

+
23328F2mm3 S (— u? + ui —2pa +1)

[48u) — 420u) — 6(34u* — 251
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+ 12010407 — 123)u)y + (3361 — 2838u* + 413)us + (—1224u* 4 17644 + 62)u
+ (26410 + 1188u* — 3991 + Dk + 2192 — 9 — 230u> + 22)u3
4 2(481® + 578 — 510u* + 4270% — 85 )’ + 2613 — 13518 + 85u* + 4u* — 14)

+2(—6p"0 + 150 — 731° + 108" — 54> + 10)],

€2h2 =}
() _ _ A4
Ml 3888F2mm3pd (—u? + ul — 2pa + 1)

[—8u)) +70u) + (34u* — 183)uf
+ (245 — 2081 ) + (—56u* 4 358u* — 241)ul 4+ (204u* — 305u* + 45)u
+ (44 — 177 + 38u% + 107y + (—64u® + 52t + 100 — 88)ud

— 4 = D2t + 507 =12 = 2% = D + 24 = 1))

- %[—mf +54p5 + B4u* —59ud + (3 — 156 )l + (—=56*
+ 118u* 4+ T)uS 4+ 3(48u* — 29 — 63)ud, + (44u® — 69u* + 18u* — 37)u’k

+ 1202 (=3ut 4 5% 4 2)ud + (=16 + 2008 + 48t +92u% — 40)uk — 6(u®
— 40 — 18" +4u® — Dpea + 21" = 5p® +10u° + 220" — 502 + 1)]

ezhi E3

+ . —
3888F2mm3 s

[—8uk + 54u + (34u® — 59)ul + (3 — 156p7 )} + (=564
+ 118u* 4+ T)ul 4+ 3(48u* — 29 + 41, + (44u® — 69 + 18u* + 19)uk

— 12023t — 507 + 2)up — 4’ — D@t + 37 — 100y — 61 — 1) s +2(0° — 1]

212
e“hy

_I_ . £ S—
23328F2mm3 8

[48u% — 324u) — 6(261% — 63)u + 36(17u* + Dp + (180u*
—360u* +371)uy — 12Q1u* +6pu? — 17 —2(42u° — 18u* — 94u® + 717k

—6(6p° + 391" — 220 + D)pua + 2066 —27u® — 65u* + 167 — 2)].

b. Spin-dependent first-order polarizabilities

2h2r;:
y(n) _ e A4
EIEl =
7776F2m27r3u6A(,u2 — pA 4 2ua — 1)3(u2 —pi = 2ua — 1)

2 [_34/‘28

+122uV 4+ (27317 — 38)u ! — 7(122u% 4+ 5SDHUY + (—960u* 4 316u* — 49)u

+ 3(854u* 4+ 457p% 4 3473 + (19328 — 1107p* 4 7081% 4 733)u ' — 2(21351°
+ 744pt 4 134707 + 1265 ) — 2(12188 — 106718 + 1116p* + 507 + 625)u 0
+ (4270 — 6301° + 2142u* + 898u* + 3456)u’y + (197410 — 2465 + 2858°
— 10081 + 946> + 935)1u8, — 3(854u'0 — 8258 + 228 — 482u* — 75442
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+915)u + (—10084' 4+ 17284'% — 1557u® + 1256146 + 540u* — 804> — 155)u,
+ (u* = 1)*(854u® — 12518 — 579u* + 972 + 1265)u, + (u* — 1)*(300u®
+ 19918 — S1p* + 41162 + 323)uh — 2(u* — D*O1u8 4+ Tt — 1671% 4 96) 1

=20 = 1’ Q1p° +34p* = 35p% + 88)uy — 12(u” = D°(? + S)pa + (0 = D (u* =207 = 5)]

202 =
ehAm

m[—um + 5M8 - 4M6 — 16/,L4 — 13#2 + 34/LIAO - 54,bL9A — (137M2 + 2)/,L8A
A

+ (160p* + 41)ul 4 (208u* + 461> +451)uS + (—156p* 4 39> + 1593,
— (1420 4 81p* — 60u* 4 151)u + 6(8u® — 14u* + 12u% — 25)u3,

+ 201918 + 168 — 66p* — 14p> +43)u% + 2(u® + 20 — 30u* +46p* — 25)ua + 5]

ezhi E’;
— A 34y — 54ud, — (137 + 2)ud + (160> + 41)u + (208
TTT6F *m?m3 u§

+ 462 + 451 + (=156t +39u% + 279 + (—142u° — 81u* + 60u°
+ 12Dk +6(8u’ — 14u* + 8u® +25)u3 +2(19u® + 16u° — 66u* + 741>
— 43y + 207 = DAt + 4P +25)a — (W = D (207 — 5)]

ezhﬁ

46656F 2m?m3 b (u? — ui + 2pa — 1)2(M2 —ui —2ua — 1)

[—204p) + 7321

+ 6(205u* — 892 — 12(305u> + 132)u ) + (=3096,* 4 2367 + 230) 1K

+ (73201 + 3186u% 4 5678)u’y + (417018 — 4173 + 2261 0> — 1530)ud,
—2(3660u° — 297 + 4827u% 4 4253)u + (—3180u® + 370218 — 5173

4 4783 + 4820)u’, + (3660u® — 5058146 4 5706u* — 82981 + 2966)

+ (131410 — 172818 4+ 2605 — 6124u* 4 6079u> — 2050)uh + (—=732u'°
+3510p% — 427410 4 32201 — 126214% + 402)p13, + (—240p'* + 411" + 1158

+ 11278 — 3369 + 2714u% — 758)ul — 24(u* — 1)*(2Q7u® — 52pu* +47u* — 13)ua

+ (= 1P 6p® —27u — 137u* + 7617 — 26)],
y(n) _ ezhA E4
MM 776 R 2m w8 (2 — 3+ 2ua — 1) (12 — 1 — 2un — 1)

[—34p)

4+ 10218 + (2050 — 262)u 2 + (139 — 5100 )} + (=516 + 11144% 4 613)u 0
+ (1020* — 49312 — 543)u\ + (695u°® — 1841 u* — 7271% — 659)ud — 3(340u°

— 227t 4+ 62u% — 193) s + (—=530u® + 1464u° — 497 + 5621 + 567)u

+ 5102 — 9508 + 149u* 4+ 150% — 107)u + 21910 — 556> + 72618 — 360"
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4+ 1491 — 178)uh — 2(u? — 1?51’ + 10p* +43u* — 135)u3, — 2(1?

— 1PQOp® + 17p* 4 50p% = 27y — 12(6” = *Bp® + Dpa + (0® = 1’ (u* = 7)]

ezh/Z‘El 10
— A [ 3ud +4us + 20t — 2107 + 34010 — 3445 + (194
7776F2m2n3ug[ 1!+ 3u® +4pC +20u* — 2107 + 34y — 34y + (

— 137p®)ud + (100> + 181)uk + (208u* — 390u* — 149)uS — 3(32u* + 81u°
+ 59> 4 (14248 +201u* — 96 + 137k +2(14u° + 15u* — 6% + 78,

+ 20190 — 4p° + 6t +46p% — 25)h + 2(u® + 16p° + 12u* — 200 + Dpa + 7]

e’h’ 8
t m[—ﬂu? +34p% + (1372 — 194)8, — (100> + 181)
A

+ (=208t + 390 + 149)u8 + 332" + 81 +99)u) + (142u° —201p*
+ 961> + 16T )k — 2148 + 15u* + 6p* — 78)ud — 2(19u® — 4u® 4 6u* — 4642
+25)u —2(u® = DXt +18% — Dpa + (1° = P (u* = 7]

e’
46656F2m2>m3 S (u? — p +2pa — 1)

[—6p'" + 2118 — 19648 + 349" — 218,
+ 204010 — 6120 + (1878 — 822u®)ud, + 12(153u% — 191)uk + (1248u*
—3855u% — 242)u8 + (—1836u* + 16501% +2390)u — (852u° — 2097 + 28512
+2024)uk + 230608 + 5010 — 727p* + 11, + (228u® — 141u° — 129u*

— 49817 + 422)ph — 12(30u® — 41p* + 286 — 8)ua + 50,

ym o ¢ h; Bs [20}
= A
B2 TT76F2m2 3 S (n? — i + 2ua — 1)2(/L2 —ui —2ua—1)

+48u k3 — (11p% 4 148)u 2 + (247 — 24607 u ! + 24u* 4 574> — 229)u 10

+ (510t — 881u% — 325)uy + (2518 — 817 + 741 1% 4 669)ud, + (—540u°

+ 1185u* — 50 + 63)u’y + (1013 + 488" — 785u* + 234u* — 397)u + (30048

— 73908 4 653t — 173u% — 97 )i + Bu'® — 82u® + 25418 — 156 — 143> + 124)
—2(u* = 1)2(39u° — 28t +59u% — 35)ud — 2(* — 1)} ul + 13u*

+ 1912 = 10)p +6(u” — 1’ (1® + Dpa + (1® = (' +4p® + 1]

621’& E]

oA [+ =8 = 32ut — 20320t — 514 + 30) i P + w42
TT716F 2m?m3

+ 520 — (T + 4d)ud — 50321 = 3D + Bu* 4+ 661> — 21)us + (168u*
—241p% — 227 ) + (=218 + p* — 681 — 139t — 2(u® + 128 — 3u* + 6442

—18)ph + 4 —4pb —21pt — 207 + 2)pa + 1]
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ehE
B m[z“ N 4520 — (T + 44l — 532u° = 31 + (8u* + 664>
A

—2D)uS + (168u* — 241 — 107)u + (—2u® 4+ p* — 68u* + 165)u}, — 21> (324
— 512 +42)u3 — 2(u® 4 120 — 3u* — 281% 4+ 18)pk + 4(u® — 1P (u* — 2

= pa + (1? = Dt + 412 + 1]

272
e“hy

B 46656F2m2m3 s (u? — ui +2ua — 1)

[61'0 +3u® + 16016 — 249u* + 102
+ 12010 428815 — 6(Tp? + 145)u + (2454 — 900> )y + (48u* + 1659,
—3388)u8, + 4(243u* — 684u% 4 328)u3 4 (—12u° — 705u* + 6272 + 172)uk
—2(198u® + 10240* 4 1252 — 285)u3 — 3(4u® 4 29u° — 179 — 924% + 128)u’y

+ 182" +27u® = 29u* + 166* — 2)un — 22],

S e’h} By [ZMM
MIE2 T T776F2m2 i (2 — i + 2 — D2 (u? — i —2pua — D8

+44pld — 1?4 184l 4 (219 — 226p>) k) 4+ 4u* + 7304 + 67l

+ (470p* — 811p% — 281’y + (2518 — 1083* 4 269> + 161)u’, + (—500.°
+ 1119u* + 46p* — 131)uk + (10u® + 71218 — 673u* — 54u% — 17)ul + (28048
—681u° 4 333u* — 1990 + 291 + 3’ — 178u® +274u° — 150u* + 169>
— 18k —2(1% — 1*37uS = 3p* — 27p% 4+ 68)ud — 2(u* — 1’ 2u® + 3u*

= 27p* +46)p + 6(1° — D}t 4+ 4u® — D + (02 = 1’ (' + 24 + 3)]

ezhial 10 8

A= — Aut — 7 +2p10 4+ 4815 — (Tu® + 88)ud + (39
+7776F2m2n3uz[u WAt = Tps 4 2y + 48y — (T + 88)pup + (
— 148>l + But 4+ 1661% 4+ 51)u +3(52u* — 411% +15)u, — 2u® + 69u*
4 24u% — 85)uh — 6(10u® — 12u* + 4u® 4+ D — 2(u® + 4u® — 15u* — 4442

+ 30 un + 4t +3p0 + 12uf — 11p +3)ua + 3]

¢*h} B3 10 9 2 8 e g . ,
IO Iy L2 A8 — O 88y o (39 — 1483y + By’ + 1661

+ 5D +3(52u* — 41 — 25)u5 — ub + 69u* + 24u* + 187k + (—60u°
+72u* 4 6 — 2(uB 4 4p® — 15u* + 44p® — 34y + 4P — D2t + 5P

= 3pa + (1 = Dt + 207 +3)]

272
e“hy

 46656F 2m2m3 S (n? — A + 2pa — 1)

[6n'" —9u® — 1461° +313u* — 218>

+ 120)) + 2640 — 6(Tp” + 181)y — 18(46° — 65)y + (48" + 21634
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+ 8)u +4(225u* — 483u% — 256)ud + (—12u8 — 1077p* 4 12756 + 1444)
—2(186u8 — 642u* + 61 % 4 299)3 + (=12 +9u’ — 621u* + 576> — 196)u

+6(6u® — 87u° + 115u* — 56u” + 10)1u4 + 54].

APPENDIX D: ¢* VALUES

Here, we use the notation

2¢6 + 3¢ 13¢c¢ + 15¢
5 2 “C6 7 = 6 7
€117 = e117 + 2e90 + egy +8Am and &3 = €13 + 2eg9 + €93 — gim
1. Proton values
a. Spin-independent first-order polarizabilities
P B m St — 1T 4 4) 4 3erEaGurt — 1+ 4) 4 Seq?
Op = 6473 F2m Cozn (DU 1 c7Ep(Ou 158 Col
90t — e*(8117 + 28115 + e + 2e91) _ e*(4ci + 2 — 2¢3)
TH T 19273F2
2
e & 2052 24,2
+ mbgﬁcﬁu OGpu =7+ 9g§C7u QBu-—=5)— 2sz],
g g [c6 Ba(—150° + 1131* — 230> + 96) + ¢ (=21 14°
= Cc68a(— — c782(—
M1 647T3F2(M2 _4)m 62 12 2 12 72 2
+159u* — 328u” + 144) + co(15u* — 55u% + 4) + ;21 pu* — 781> + 8)]
2e% (8115 +eo1) . €X(4c) — 2 — 2c3)
T 19273 F2
2
¢ = 2 4 2 4 2
+ mu][3C6gA(15M —23u"+2)+ 3C7gi(21,u —33u°+4) — 2czm].
b. Spin-independent second-order polarizabilities

P _ e’

= 4&,,6 4 2 = Q1,6
W = G0 D [coBa(—45u° + 340" — 69614> + 276) + ¢7E2(—81p

+ 628t — 13562 + 636) — (81t — 35812 + 212) — c6(45u* — 190u% + 92)]

2
e oy 4 2 2 4 2
+ m[Zczm + gace(45u* — 70U + 6) + g7 (B1p* — 142> + 18)]
62(—326‘1 + 15/¢L26‘2 —44c3) 36’25117
96073 F2112m? 2am?’
() _ 628,24

= E,(—105u'" + 1208 — 47568 + 7100*
M S (A [c6Ea(~1051"" + 1208 1® + 7100
—29201% + 64) 4 ¢78,(—153u'0 + 1772% — 705618 + 10780u* — 4720% + 160)
+ c6(—105u° + 848" — 1882u% + 848) + c7(—153u® + 1250p* — 2848”4 1400)]
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2~
e a 2 4 2 2 4 2
+ m[%gm + gace(105u™ — 158u” +26) + g,c7(153u™ — 242" + 46)]
e>(32¢; + (15> + 8)cy + 44c¢3) N 3e%8117
96073 F2u2m? 2rm?’
() ezgﬁ

_ = 10 8 _ 6 4
R e e eprym L 56710 + 66161 — 266601° + 416204

— 1908042 + 576) + ¢782(1312 — 5> (1718 — 200418 + 8136,* — 129004
+6176)) + (=567’ + 4624u* — 104341° + 4784) + 3¢7(—285u° + 2338u* — 534812 + 2568)]

20

+ e (=]
76873 F 2m3
e2(96¢c; + (16 — 15u)cy + 132¢3)  €%*ey17

[ghco(567u* — 946> + 190) + 15g3¢7(57p* — 98u? + 22) — 2com]

1152073 F2 u2m? 8rm?’
P _ g - 12 10 8 6
M = 68 F R (2 — AR [Cﬁu2(627ﬂ/ 97641 + 579041° — 1597401

+ 1964961.* — 8099212 + 4352) + ¢7E,(927'? — 14484 "0 + 863008 — 239764 °
+298416p* — 1255047 + 6400) — c6(—627'0 + 75628 — 313760 + 49112u*

— 193927 +256) — ¢7(—927u"0 + 112264* — 46880u° + 74336,* — 30464° + 512)]

6231

4 2 4 2
+ m[gi%(ézm —986% + 210) + g5¢7(927u* — 1506* + 326) — 2com]
e2(32c1 + (5p? + 8)cy + 44c3)  €*eyrn
384073 F2u2m? 8rm?’
c. Spin-dependent first-order polarizabilities
() 623124

VR = 35 G0 4P [—c6Ba(54° — 635u° +2582u* — 4056.° + 1704)

— ¢782(72u® — 8518 + 3488u* — 5556 % + 2400) + 2c6(—271° + 223
— 5172 +216) + c7(=72u% + 599u* — 1408% + 608)]
€2g%xEl

38473 F2m?

P _ g
MMt = 3843F2 (12 — 4)2m2 2

+ [ce(54p* — 95u% + 12) + c7(72u* — 131 + 18)],

[ceBr(—1441"0 + 1651 4% — 64681 + 9584 %
— 396812 4 128) + c7Eo(— 180" 42053 — 79728 + 11604* — 4592142 + 128)

+ ce(—144u® + 1147 — 2456* 4+ 9761%) + c7(—180u® + 142315 — 2996, + 11201%)]
ezgiE]
38473 F2m?

P _ ezgi
VEIM2 T 38473 F2(u2 — 4)im?

+ [ce(144p* — 211 0% + 38) + c7(180p* — 253 4 42)],

[—3ceBa(12u® — 13918 + 552u* — 832> + 312)

— 78,3618 — 411u° 4 1592u* — 2276% + 672) + c(—36u° + 291 % — 650u% + 224)
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ezgﬁEl

g panlee(12 = 1907 +2) + 636" — 514 +2))

+ c7(—36u° +285u* — 60812 + 128)] +

yo g
MIE2 ™ 38473 F2 (2 — H)m2p?
—24p* = 12p% +16) — 2¢6(31® — 14p* + 4p®) + c7(5p* + 4ph)]

@283451 2
SR bk 6p* — 13) — c7(5u% + 6)].
+ 3847T3F2m2[c6ﬂ (61 ) —c7(5u” +6)]

[c6 Br(—6u® +49u° — 114u* + 481>) + 7 E(5u®

d. Spin-dependent second-order polarizabilities

) _ 628124

Vel = SreaRom F R (i = A7 [—6c6E2(2815'% — 44860u'” + 274613u° — 793312°

+ 1048500.* — 4780001 4 17920) — 6¢7E,(45301 ' — 7261510 + 4481788
— 13107528 + 1768680* — 8430401% + 38400) — o> (1689018 — 2100458

+914298,* — 1564712u> + 742400) — 4e7u(6795u® — 8514018 + 374947 % — 65526814 + 328480)]

ezg%El
— OAT [ce(2815u* — 5450° + 1263 4530 — 91952 + 2348)],
t 16080, 3 F 2t Lo(28151 n+ )+ ¢7(4530u e+ )

2
P 8 6072,(—122701"% + 189729110 — 11140388
WM = 3764807 P22 (i — a0 5 wer . a

+3028128u° — 3641480* + 145808012 — 78720) — 66 22(92651'% — 143484110
+ 8444038 — 23034888 + 2788060* — 113208012 4 61440) + c6(—55590'°
+ 666339 — 27384945 + 4234376 — 168025614 + 23040) + 4¢7(—18405,'0

+22017614% — 901871 14°® + 1385404 ,* — 5385442 + 7680)]

ezgi E]
460803 F2m*
(p) ezgi

Vens = 38200002 — dpt [6¢7Eop”(—930'" + 14319° — 834021° + 222784y*

[c6(9265u* — 13774u> + 3017) 4+ 3¢7(4090* — 598312 + 1284)],

— 255000142 4 77920) — 6¢6 E2(8951'2 — 13924110 + 82397u® — 22614415 + 2740201*
— 10264012 4 2560) — o> (53701 — 647491 + 268578 * — 4208721 + 148736)

— 4c7 (139518 — 1659618 + 67237t — 99788% + 25504)]
ezgi El
2304073 F2m*

y(p) _ 628124
M2E3 ™ 13824073 F2 (2 — 4)2m#

[c6(895u* — 139412 4 231) + ¢7(930u* — 1299u% + 116)],

[—6c6 B> (145u% — 18088 + 7971u* — 140201% + 7020)

— 6078,(30'0 — 51313 +29461.° — 61201* + 16401 4 1920) + cou*(—870u° + 78031
— 2021812 + 11008) 4 4c7(—45u® + 6128 — 2177u* 4 11121% + 480)]
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ezgﬁ El
2304073 F2m?
M g
EIELV ™ 021603 F2u2(u? — 4)*m*

[ce(145u* — 358u% + 41) + 3c;(10p* — 71u% — 28)],

[6c6 Ba(—12795u™ 4 2527681 "% — 2022553410

+ 83140201 — 18266004 ° 4+ 19956640* — 84624001 + 586240)

+ 6¢782(—17370p"* + 34360312 — 2754238 1% + 113497208 — 250279445
+27512320u* — 118016001> 4 837120) — c6(76770p'? — 12479131'° 4+ 777291018
— 226914881.° + 29783392u* — 1272499212 + 276480) — 4¢7(26055u ' — 42421210

+ 26484758 — 77607528 + 10258144 — 4459456% + 111616)]
ezgﬁ El
1536073 F2m*

2.2
y(p) _ €84
MIMI = 3072073 F 2 (u? — 4)4m#

+ [ce(12795* — 22458 % + 6139) + ¢7(17370u* — 30943 4% + 8644)],

[2¢6 E2(—186451'° + 365512 — 289503912

+ 11734236'° — 25255068 + 26691840 — 10715712u* 4+ 6901764 + 12288)

+ 207 8,(—24390' + 477637 u'* — 3777690'? + 15279624110 — 327751448 + 344275208
— 13633152* + 84377614% + 12288) — ¢’ (372902 — 600509440 + 36917743

— 105676961° 4 13374368u* — 53401601 4 145408) — dc74> (1219511 — 19613610

+ 12034898 — 3433800° + 4317072* — 16915201° + 40448)]
ezgi E]
1536073 F2m*

y(p) _ ezgf,
EIM2v ™ 23040073 F2 2 (2 — 4)4m#

[c6(18645u* — 2990212 + 7533) 4 ¢7(24390u* — 38617% + 9444)],

[6¢6 22 (—28605'* + 5587522 — 440331510

+ 177126848 — 3764684415 + 388811201* — 14719680> + 787200)

+ 607 22(—34470u" 4+ 6709171'? — 526085010 + 2100398418 — 44091984 .5

+ 44459680* — 1580032044 4 593920) — ¢6(171630'? — 2751807 + 1679953818
— 474891201° 4 58760928* — 21684352% + 307200) — 4¢7(51705u'% — 8254081 1°

+ 500572218 — 139917401 + 16921472* — 57991681 + 28160)]

ezg% g1
— %A [6(28605u* — 4386217 + 9569 34470 — 5045712 + 9404)],
+38400n3Fzm4[06( 2 o+ )+ ea( w w+ ]

2
» g 6¢78r(—173701' + 27505111 — 1668778 4'°
YMiE2w 2304007T3F2/1'4(M2 —4)31114[ c782( uw+ 12 n

+ 475661618 — 6145600° + 2653280u* — 748801 + 5120) — 6¢6Eop? (1435512
—2269561'% 4+ 13743734 — 39090561.° + 5044180.* — 2201360> + 77440)

— cop*(86130u8 — 1060281 1° + 4545762u* — 7588888 > + 3381184)
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— 4e7 22605510 — 32138418 + 13814280 — 2311252u* + 10105762 + 16640)]

ezg%El
——SAT [ce(14355u* — 2598617 + 5719 17370p* — 318714 + 6684)).
t 38200, F 2t L66¢ w o+ )+ e Iz w+ )

2. Neutron values

a. Spin-independent first-order polarizabilities

2 25 -
) _ g =2 -2 e“ (8117 + 28113 — egr — 2e9)
ag; = —m(zcﬁuz(ﬂ —2)+3c7Ex(u” —2)) — -
24 2
e’E, 5 2 e*(4ey + ¢ — 2c3)
_CE_(6 9 — cym) — ,
T Seiry, Ocegal’ +9ergiu’ = com) 19273 F2
(n) _ ezg%

MU= T F2 (12 — dym (2c6Ex(u* — Tiu? + 8) + 2¢78,(Bu* — 201> +24)

2e%(2113 — eo1) e
— (4 —3u>) — 2¢7(4 — 3u? dep —cy —2
co( ") = 2en( n) + - t Togpapz (461 — €2~ 2¢3)

2

EE]

+ m@gﬁ%(uz — 1) +3g5c73u* — 2) — cam).

b. Spin-independent second-order polarizabilities

o™ = _ g
E2 12873 F2(u? — 4)m3

[8ce Za (Tt — 451 + 60) + 4¢7 2,20t — 129u% + 174)

e>(=32¢; + 15u%c; — 44c3)

— ¢6(196 — 651%) — 2¢7(152 — 494>
ce( w) —2e( uHl+ 0603 F2 2t

6231

2 2
+ m[ZgﬁCG(7M — 3) + g/2467(20u — 9) + sz] +

m _ _ g
M2 12873 F2pu2(u? — 4)2m3

3e%(2117 — en)
9

2w m?

[24c6E,(2ud — 218 +70u* — 661% + 8)

+4c7E,(22u8 — 2318 + 770t — 74012 + 80) + (571’ — 412u* + 544%)

2(32 15u% +38 44 3e2(8117 —
+2C7(53/L6—382M4+536/L2)]+e( c1+ (50" 4+ 8)c, + C3)+ e (8117 — en)

96073 F2 12m? 2 m2
P
+ m[@icﬁ(zuz — D)+ 1ge;Qu? = 1) + com],
g 6 4 2
al = [8ceEr (1818 — 19718 + 710u* — 82647 + 184)

153673 F2u2(uk — 4y2m3

+4¢78,(90u® — 9698 + 3390t — 3740% + 656) + c6(135u* — 1012147 + 1408)

2
4 2 e o 2 2
+ 607(57pt — 414u% + 584)] + m[zggcé(lsu —17) + 357,301
23) 1+ e>(96c; 4+ (16 — 15u%)cy + 132¢3)  €2(&117 — e9)
—923) — com _
: 1152073 F212m? 8m?
n) _ 528%

[8c6Er(—29u'0 + 4191 — 221218 + 5016*

MIv ™ 153673 F2 2 (u? — 4)3m3
—3976p% + 128) + 4¢7 22 (—1081 "% + 1567u® — 83301° + 19104u* — 155202
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+ 896) — ¢6(223u® — 24201° + 8768u* — 979214% + 512) — 2¢7(207® — 22648

631

+ 8240u* — 9152u% +512)] + [2g3c6(291* — 13) + g4c7 (108

38473 F2m3
s e*(32¢c; + (5 + 8)cy +44c3)  €2(8117 — e9n)
R 384073 F2 u2m? B 8rm?
¢. Spin-dependent first-order polarizabilities
) g

it = 1030 — dpr [ceZa(—4u° + 43u* — 1500 + 180) + ¢782(—13u°

+ 139u* — 4741 + 516) — co(4p* — 291 + 64) — c;(13* — 891 + 160)]

P8B4 31347 — )
19273 F 22 O H AR ’

2
) g = 8 6 4 2
MMim1 = 1923 F2 (12 — A2 m 12 [c6Ba(—9u® +92u® — 290u”* + 216147)

+

— 78,238 — 2398 + 786t — 71212 + 64) — (I’ — 62u* + 5612)

2g27;:

— (2315 — 166p* +20012)] + —8A=T
c7(23p w4 200u7)] + 19903 F o2
(n) ezg%

Ve = o333 (00 —ane [c6E2(3u® — 32u* + 110u* — 108) 4 ¢7Ex(—3u°

[ce(Ou* —2) + ¢7(23u* — 9)],

+ 31t —94p% + 84) 4+ c6(But — 23u® 4+ 32) — c;3ut — 13 + 16)]

+ —ezgigl [c6(2 — 3u?) +c;3u* — D],
19273 F2m?
(n) g - 4 2 = 4 2 2
YMig2 = T2 Femi [c6B22u™ =T +2) —c782(” + ™ — 2) + (2c6 — c7)u”]
2g2 =
€ 8A=1 2 2
———[cs(3 -2 3)].
t o0 F i [eo( w)+er(pn” +3)]
d. Spin-dependent second-order polarizabilities
Q) g

Vw2 = 135380520 (7 — 4 [3c6B2(—8951'0 + 13239 — 725768

+ 175180u* — 1642402 + 20480) + 6¢7 2> (—795u'0 + 117821 — 64748°
+156750p* — 14708012 + 19200) + cou®(—2685u° + 30197 u* — 111268

+ 138080) + ¢7u*(—4770u® + 53717* — 19790814 + 241760)]
€2gﬁ E]
4608073 F2m*
() ezg%

Az = T333207 72500 — dp [3c6Er(—1377u'% 4+ 199293 — 1055048

[c6(895u% — 709) + 2¢7(795u* — 652)],

+238100u* — 1815201% + 17280) + 6¢7E5(—134112'° 4 194823 — 1038125
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+237490* — 1894001 + 22080) — co(4131 8 — 4545118 + 159284 %

— 14502414 4 3840) — ¢7(80461% — 8901115 + 315884, — 306304, + 15360)]

€2g% El
1536073 F2m*
(n) g

Y = T30 dy [BceBa(11301% — 16898 + 94081° — 23060.*

+ [c6(459u% — 217) + 2¢7(447 1% — 236)],

+20080% — 2560) — 6¢7 o> (51u® — 7188 + 3596u* — 723012 + 5000)

+ cep> (33918 — 4003t + 154521 — 15136) + ¢ > (—=306® +2957u* — 7828>
ezg% E]
2304073 F2m*

(n) 628124

VRES 6012073 F2 2 (1 — )2

+7904)] + [c6(107 — 113p%) + 2¢7(51p° — )],

[BeeBa (11108 — 122718 + 4500* — 598012 + 1920)

+ 6072238 — 6618 + 420u* — 10701 + 960) + ¢6(3331® — 2393 % + 4568 — 960)

2g2 =

18148 — 53u* + 24812 — 960)] + —BAZL 0039 — 37%) — 2¢(1® — 12)],

+c7(18u w4+ 248u )]+ 76803 F 2t [es( w) —2c7(u )]
2

= 8 [—3c6E2(1339u'? — 2499910 + 1848608

4608073 F2pu2(u? — 4)*m*
— 6748925 4+ 1211040u* — 883520% + 122880) — 6¢7 E,(1787 !> — 3342210

+2478601% — 9099661.° + 1654880.* — 1245280u> + 184320) + c5(—40171°
+61305u® — 3461120 + 833840u* — 727424 1% + 84992) + ¢7(—10722u'°

+ 16384518 — 9296720 + 22839201* — 207142412 + 223232)]

€2g% El
1536073 F2m?
() &

Al = 1536003 TRt G — 37 [—c6Bon (14130 — 263450 + 194436,

+ [13c6(103% — 69) + 2¢7(1787 % — 1256)],

— 708756,% 4+ 1285760* — 953280% + 122880) — 2¢7E,(1997u'* — 37266,
+275292,'° — 100389018 + 181440018 — 1334496* + 1684481> + 6144)
+ cop?(—1413p'0 + 21277 — 117992148 + 292400u* — 2568964% + 8192)

+e72(—399410 + 60273148 — 33463210 4 818160u* — 707712u% + 31744)]

€2g% El
1536073 F2m*
(n) e2g§

Ve = TT5200m3F 2502 (2 = dyht 2c0=2(— 1621 w'* 429085, "0 — 2025724

[ce(1413u% — 911) + 2¢7(1997% — 1320)],

+ 6674521° — 9497601 + 264640u* 4 180480) — 6¢7E,(3183u'* — 586001 '°

+ 42483618 — 15048068 + 2553440* — 16088001 + 76160) — c6(48631'°
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— 713378 + 376280u° — 744112* + 285888% + 97280) + c7(—19098.'°

+ 28727718 — 1591400118 + 3681712 — 280876812 + 56320)]

e’g2 B
T S5a00ns i €o(162112% +93) + 26, (3183,4" — 1306)]
(n) ezgi " 0 .
YMiE2 = [—3c6 2 (4430 — 635900 4 33208

11520073 F2u*(u? — 4)3m?
— 746601° + 696801t — 3840% + 5120) — 6¢7 22(20891 "% — 30692110 + 1662048

— 39137018 4 3502000* — 422401 + 2560) + cop®(—1329u8 + 133238 — 40892,*

+516160% + 33280) + c7u”(—12534u8 + 1377638 — 482012u* + 5421764

EzgﬁEl

39000 2t 1Co (44317 — 157) + 267 (2089u" — 1446)).

+ 33280)] +

APPENDIX E: RENORMALIZATION OF THE NUCLEON MAGNETIC MOMENTS

Below, we provide the expressions for the LECs cg, ¢7 in terms of the renormalized quantities ¢ and ¢7, see Sec. I C.

ce = C + 8023) + (chw, c7=¢C7+ 56;3) + 56;4), (E1)
with
3) gz
5e” = = it = (e = = 3(e = MDA ) + (4G5 = 26m” + 3(e = MDA (M)
+ (16m* + 2(4e — 13)M*m?* — 3(e — 2)M*)By(m, M, m*))

_ &
3(e —2)(2e — 33 F2m>m’
+ (20( — 1)*(2€ — 5)(2€ — 3)M* + (¢ — 2)*(e(4€(Te — 18) — 13) + 4T)m} )m*
+2(e — 2)(2€ — 3)ma(10(e — 1)(3€ — 4)M?* + (e(e(14€ — 43) + 10) + 2)m% ))m’
+2(e — 2)(5(e — 1)*(2€ — 3)M* + (7 — €(8e((€ — 5)e + 3) + 25))m A M>
+ (e(e(8€* — 50€ + 71) — 51) + 35)my )m* + 2(e — 2)(M* — m3 )ma (((e — 2)e(12(e — 3)e +47)

(—10(e — 2)(€ — 1)*(2e — 3)m® — 20(e — 2)* (e — 1)(2€ — Dymam’®

+20)m3 —20(e — 12M>)m — 3(e — 1)(2€> — Te + 6)*m3 (mh — M?)*)Ag(M)
G

T 3 = 2)2e — 3y Fomend, €T

+ (=20(e —2)(e — 1)*(2¢ — 3)M? — (e(e(e(4e(Te — 36) +207) + 111)

— 460) + 248)m% )m* + 2ma ((e(e(e(4€(13€ — 94) + 1035) — 1306) + 754)

— 172)mA — 10(e — 2)(€ — 1)(e(2e — T) + HM*)m® + 2(e — 2)(5(€ — 1)*(2€ — 3)M*

— 5(e(e(4(e — S)e +27) — 13) + )maM?* + (€(2e(Se(2€ — 11) +91) — 141)

+ 62)mp )m* + 2(e — 2)(M — ma)ma(M +mp)(((e — 2)e(12(e — 3)e + 47)

2)(e — 1)?(2e — 3)m® + 20(e — 2)%(e — 1)(2e — Dmam’®

+20)my — 20(e — 1’M*)m — 3(e — 1)(2€> — Te + 6)*m3 (my — MZ)Z)AO(mA)
R3((m 4 mp)* — M?)
3(2¢ — 3)3F2m?m?

+ (2€ — 3)(20(e — 1)’M? + (e(e(14€ — 23) — 39) + 38)m> ym™* + 2ma ((€(4(22
— 5€)e — 159) + 98)m% — 10(e — 1)(2e — HM*)m® + 2(2¢ — 3)(—5( — 1)*’M*

(—10(e — 1)>(2¢ — 3)m® + 20(e — Dmam’®
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+5(e(€e = 7) +7) — H)myM* + (7 — 2(e — 1)e(5e — 12))my )m*

+2(M?* — m3)ma(20(e — 1’M* + (e(4(10 — 3€)e — 59) + 34)m3 )m

+3(3 — 2€)*(e — 2)(e — Dm3 (M — mZA)z)BO(M, ma, m>),
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A
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B 2n3
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— (€ — 2)(e(e(4(e — 5)e +27) — 13) + HM*)m?
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+ (€ — 2)(€ — 1)*(2€ — 3)m(m — M)*(m + M)*)Ao(ma)

B 213 ((m + mp)?* — M?)
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—39) + 25)m} )m* — (2€ — 3)(M* — mA)((e — 1)*M?* + (e(—2(e — 4)e — 9)

+ 5)ymi)m + 4(e — 1’ ma(M? — m3)*)Bo(ma, M, m?),

T (—4e —2)(e - 17?m) + (€ — 2)(e(2e — T)(2(e — 2)e
A

(—(e — 1)*(2e — 3)m® + 2(e — Dmam™* + (2 — 3)(2(e

gﬁcGMzBo(m, M, m?)
2F2(4m? — M?)
Ag(M)
2F2m(2e — 4)(4m? — M?)
+ M?*(2 — 3g5(2¢ — 2))) + 4(dm* — M?*)(2cqm* (2€ — 4) + 3c,M?))

2
_ %(4%(26 S )4+ M25— 66) + 41\’;
AM*By(m, M, m?)
2P (Al — M)
A
2F2An — M)

et = (8m*(2e —2) + M?(5 — 6¢))

(cem(2e — 4)(8m* (g% (2 —2) — 1)

+

(c1c6 + deroem?),

st = (c6(2M? — 4m’ (2¢ + 1)) — 3¢5 (M*(2€ — 3) + 8m”))

iAo(m)

m(%(w(ze —1)—2M?)

+ desm(@m® — M?)) +
2

4
+ 3c7(4m*(2e — 1) + M*(2€ — 3))) + (cre7 + 2m*(2e105 — €106))

m

with the space-time dimension d = 4 — 2¢. The expressions for the loop integrals are provided in Appendix F.

035201-47

(co(4m?(g5(2e + 1) — 1)+ (1 — 3g3)M?) + 3ghc7(M*(2€ — 4) + 8m?)

(E2)

(E3)

(E4)

(E5)



M. THURMANN et al.

PHYSICAL REVIEW C 103, 035201 (2021)

APPENDIX F: LOOP INTEGRALS

The loop integral functions are defined as

4—d

1

1 dl
Ap(m) = —./

1 d?l

Q) 12 —m} +ie’

ptd

Bo(my, ma, p*) = ~

The renormalization scale u in all integrals is set to u = m.

i) Qo) (12 —m}+ie)[d — p)* —m} +ig]
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