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We extend the standard second order effective chiral Lagrangian of pions and nucleons by considering
the coupling to an external gravitational field. As an application we calculate one-loop corrections to the
one-nucleon matrix element of the energy-momentum tensor to fourth order in chiral counting, and next-to-
leading order tree-level amplitude of the pion-production in an external gravitational field. We discuss the
relation of the obtained results to experimentally measurable observables. Our expressions for the chiral
corrections to the nucleon gravitational form factors differ from those in the literature. That might require to
revisit the chiral extrapolation of the lattice data on the nucleon gravitational form factors obtained in the

past.
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I. INTRODUCTION

Three basic global mechanical properties of the nucleon
(mass, spin, and the D—terml) can be obtained as a linear
response of the effective action to the change of the space-
time metric.” The mass, spin, and D-term correspond to the
hadron gravitational form factors (GFFs) at zero momen-
tum transfer [2,3]. While the mass and spin of the nucleon
are well-studied and well-measured quantities, the third
mechanical characteristics (the D-term) is more subtle, as it
is related to the distribution of the internal forces inside the
nucleon [4] (for a review see Ref. [5]). The nucleon
gravitational form factors are measurable experimentally
in exclusive processes like deeply virtual Compton scatter-
ing (DVCS) [6,7] and hard exclusive meson production [8].
In the QCD description of these hard processes namely the

"The name “D-term” is rather technical, it can be traced back
to more or less accidental notations chosen in Ref. [1]. Nowa-
days, given more clear physical meaning of this quantity, we
might call this term as “Druck-term” derived from the German
word for pressure.

*Just recall that in classical physics our intuitive perception of
the mass is related to the gravity (weighing experiment), also
recall the classical experiment with the Foucault pendulum to
measure the Earth’s rotation.
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symmetric energy-momentum tensor (EMT) appears natu-
rally in the operator product expansion and hence these
processes are sensitive to the GFFs, see derivation, e.g.,
in Ref. [6].

The first results of measurements of the D-term in hard
QCD processes became available in Refs. [9,10] for the
nucleon, and in Ref. [11] for the pion. Profound studies of
all subtleties in the extraction of the D-term from hard
exclusive processes can be found in Ref. [12]. The GFFs
have been also studied in lattice QCD, see Refs. [13—17]
and references therein.

The hard exclusive process can be used not only to
access the GFFs of the nucleon, but also one can study
other hadronic processes induced by the gravitational
interaction. For example, the pion graviproduction off
the nucleon [18-21].

For systematic studies of hadronic processes induced by
gravity in the low-energy domain one needs to derive the
effective chiral Lagrangian (EChL) for nucleons and pions
in curved space-time. The corresponding EChL for pions
has been derived in Ref. [22], and the GFFs of the pion
obtained using EChL can be found in Ref. [23]. In the
present work we write down the full EChL of pions and
nucleons in curved space-time up to second order. For that
we couple the standard Lagrangian of chiral EFT up to
order two [24,25] to the gravitational field and introduce
two additional terms which depend explicitly on the
curvature characteristics of the space-time. Although these
additional terms are zero in flat space-time, they contribute
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to the EMT of pions and nucleons in Minkowski space-time
and hence to GFFs of the nucleon as well as to hadronic
processes induced by gravitational interaction.

In this work we apply the derived EChL to:

(i) manifestly Lorentz-invariant calculations of one-
loop contributions to the nucleon gravitational form
factors up to fourth order according to standard
power counting rules. To remove the divergences
and the power counting violating contributions from
one-loop diagrams we apply the EOMS renormal-
ization scheme of Refs. [26,27]. We obtain the result
which is at variance with the calculations of Ref. [28]
done to the same chiral order using the heavy baryon
formalism [29,30]. The origin of this difference was
clarified with the authors of Ref. [28]—they agreed
with our results. Our new expressions for the chiral
corrections to nucleon GFFs might require revisiting
the chiral extrapolation of the lattice data on these
quantities obtained in the past.

(i1) derivation of the large distance asymptotic of the
energy, spin, pressure and shear force distributions
in the parametrically wide region of distance
1/ Aggong < 17 1/ M.

(iii) calculation of the amplitude of the pion graviproduc-
tion to next-to-leading order. The pion graviproduc-
tion can be accessed in hard exclusive processes
[18-21] and can be used to get additional information
about the new low-energy constants of the EChL.

Surely, applications of the EChL derived here are not
limited to the above physics problems. It can be used for a
wide spectrum of applications, ranging from the physics of

hadronic reactions in recently observed violent events, such
as the neutron stars mergers [31], to the fundamental
questions of general relativity (see, e.g., Ref. [32]), and
to the theory of hard exclusive processes and physics of
exotic hadro-charmonia [33-35].

Our paper is organized as follows: In Sec. II we obtain
the full second order EChL for pions and nucleons in
curved space-time and the corresponding expression for
EMT. Next we calculate the nucleon matrix element of the
EMT in Sec. IIl. The large distance asymptotic of the
energy, spin, pressure and shear force distributions is
studied in subsection III A. In Sec. IV we discuss the
one-pion graviproduction tree-level amplitude at next-to-
leading order. The results of our work are summarized in
Sec. V. The Appendixes contain definitions of loop
integrals, explicit expressions of GFFs in the chiral limit,
and the pion graviproduction amplitude.

II. EFFECTIVE ACTION IN CURVED SPACE TIME
AND THE ENERGY-MOMENTUM TENSOR

In this section we obtain the full second order EChL for the
pions and nucleons in curved space-time and derive the
corresponding expression for the EMT. The EChL for pions
and nucleons without including the coupling to gravitational
fields can be found in Refs. [24,25]. For the purpose of
obtaining the EMT corresponding to these -effective
Lagrangians, analogously to Ref. [22], we consider their
coupling to gravitational fields. The action corresponding to
the leading order effective Lagrangian of pseudoscalar
mesons interacting with the gravitational field is given by [22]

s.= [ d4x¢——g{§gﬂvTr<DﬂU<Dpu>*> i Uﬂ)}, (1)

where y = 2B(s +ip), D,U = 0,U — ir,U + iUl, and the 2 x 2 unitary matrix U represents the pion field. The parameter
By is related to the vacuum condensate and s, p, [, = v, — a, and r, = v, + a, are external sources.
For the action corresponding to the leading- and next-to-leading order effective Lagrangians of nucleons interacting with

pions and the gravitational field we obtain:

1. lo 5 ¥
S = / d4x\/—_g{§ Wichy'V, ¥ -2V, Wiehy"¥ - mPY + %"‘Pe’ér“rsuu‘l’

1l )P = 25 0 (,,) (V. VO o (V0 VB + 2 g 1, P

+ l%‘i’e’é et o lu,, u,|¥ + csPy W+ ;—;‘i‘e’é el”,o"“bF;r,,‘P + ;—;l Weheb o (Fih

Y

Hv

Cg - ic - -
+ §8 RYY + ﬁR"”(‘PeﬁyaV,}P -V, ¥ely,¥) } (2)

As usual, the action at this chiral order has been reduced to the above (minimal) form by using field redefinitions. In Eq. (2)
¢ and ¢}, are the metric (we use the signature (+, —, —, —)) and vielbein gravitational fields, respectively,
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u, = i[u'Ou —ud,u’ —i(uv,u —uv,u’)],
Fl, = uTFRWu + uFLm,uT,

Fry = Oyr, = 0yr, = ilr,. 1],

Fru = 0,0, = 0,0, —ill,. 1],

xe = ubput + gt

)A(+:)(+_%<Z+>» (3)

and the covariant derivative acting on the nucleon field has
the form

i . (s
V¥ =0+ Silo, ¥+ (T, - i)Y,

- . - _
V¥ =0,% — S Wo,01 —H(T, - i),  (4)
where v,(f) is an isoscalar external vector source, o,, =

% [}/a’ Yb] and

1
Lu=3 [ Opu + u0,u’ — i(u'v,u + uv,u’)],

Wit = —g"*ed(d,el — b1y,
1
Fi/} = Eglﬂ(aagﬂﬂ + aﬁg(m - 869(1/})’
Ry = 8,006 — 0,1 + T, T, =TT,
R = g}lel;My' (5)

The vielbein fields satisfy the following relations:

2

o F
TE = 5 TH(DUD,U) +DUD,U)) =1y

where 7, is the Minkowski metric tensor. For the fermion
fields interacting with gravitational vielbein fields we use
the definition [37]

(10)

1|68 oS
2e | e Y e M|’

o) =[S 5

_ b __
eselngy = gu.  eaein® = g,

ezefgﬂy = nah1 e}:lezg;w = Nab- (6)

When calculating {V,, V;}¥ and {V,.V;}¥ in Eq. (2)
we need to take into account that the purely gravitat-
ional covariant derivative V5 acting on a tensor has the
form:

VT =0, T + T8I + - =T, Toh — ..

(7)

The effective action of Eq. (2) contains low-energy
constants (LECs), c¢;_7 corresponding to the constants of
the second order zN effective action introduced in
Ref. [25], the values of which are constrained by data
on low-energy physics of pions and nucleons. It also
contains two new LECs, cg and c9 which are not present
in the theory formulated in flat metric.’ We shall see below
that they can be constrained by GFFs of the nucleon and/or
by the pion graviproduction. It is important that these new
LECs (like all others) are universal—the same constants
enter various hadronic processes induced by gravity.

Using the definition of the EMT for matter fields
interacting with the gravitational metric fields,

2 88,
/_g(‘jgﬂl/’

(8)

T,(9.w)

from the action of Eq. (1) we obtain in flat spacetime

> 2
{%Trwauwaw*) FTGUT 4 Ux*)}, ©)

[
where e is the determinant of ey. The action of Eq. (2)

leads to the following expression for the EMT in flat
spacetime:

*Notice that these couplings are not the same as introduced in
the effective Lagrangian with external tensor sources in Ref. [36].
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T =
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where

DY =8,% + (T, —ivy))¥,
DY =0,% -9, -iv)). (12)

The expression of Eq. (11) can be used for calculations in
the low-energy region of various matrix elements of the
EMT (and of its various products with scalar, pseudoscalar,
vector and axial-vector quark currents) between states
containing one nucleon and an arbitrary number of pions.
Below we apply Eq. (11) for calculations of the one-loop
corrections to GFFs of the nucleon up to fourth chiral order,
and of the pion graviproduction tree-level amplitude in the
leading and next-to-leading chiral orders. The expression
for the EMT of Eq. (11) can be also applied to variety of
low-energy hadronic processes induced by gravity (by
EMT) and to calculations of various corrections to GFFs.

FIG. 1.

III. ONE LOOP CHIRAL CORRECTIONS TO
NUCLEON GRAVITATIONAL FORM FACTORS

In this section we calculate the tree and one-loop
contributions to the nucleon matrix element of the EMT.
The topologies of the corresponding diagrams are shown in
Fig. 1. Standard power counting rules apply to these
diagrams [38,39], i.e., the pion lines count as of chiral
order minus two, the nucleon lines have order minus one,
interaction vertices originating from the effective
Lagrangian of order N count also as of chiral order N
and the vertices generated by the EMT have the orders
corresponding to the number of quark mass factors and
derivatives acting on the pion fields, derivatives acting on
the nucleon fields count as of chiral order zero. The
momentum transfer between the initial and final nucleons
also counts as of chiral order one, therefore in those terms
of energy-momentum operator which contain full deriva-
tives, these derivatives (although also acting on nucleon

Tree and one-loop diagrams contributing to the nucleon matrix element of the EMT. Dashed and solid lines correspond to

pions and nucleons, respectively. The circles with crosses represent the EMT vertices. (a)—(g) are used to distinguish between individual

diagrams in the text.
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fields) count as of chiral order one. Integration over loop
momenta is counted as of chiral order four.

Since we are interested in the nucleon matrix element of
order four in the chiral expansion, we need vertices with
two nucleon lines, generated by the EMT, up to order four.
While we have obtained these vertices from the expression
of Eq. (11) for zeroth, first, and second chiral orders, for the
third and fourth order terms we use a parametrization as
specified below. Simple power counting arguments show
that, because the pion-nucleon-nucleon vertices have at
least chiral order one, for all one-loop diagrams except (f)
we only need vertices up to order two. Naively it seems that
for diagrams of topology (f) we need also pion-nucleon-
nucleon vertices of chiral order three, because the nucleon-
nucleon vertex originating from the EMT starts with chiral

|

P,P
24 iJ(n)
my

(PrssplTulpissi) = a(py,sy) |At)

where my is the physical mass of the nucleon, (p;, s;) and
(py. s) are the momentum and polarization of the incoming
and outgoing nucleons, respectively, and P = (p; + py)/2,
A=ps—p;,t=A%

The tree-order diagrams up to chiral order four give the
following contributions to the form factors:

2
Avee(t) = 1= 221 1 x, M2t + x,12,

my
1 ¢
Jtree(t) = E_m_i]t’
Dtree(t) = Cgy +ylt+y2M72rv (14)

where cg and c¢g9 terms are generated by the EMT of
Eq. (11), while x; and x, (y, and y,) parametrize the tree-
order contributions of the fourth (the third) chiral orders.
The parameters x; and y; are given as linear combinations
of the coupling constants of the corresponding effective

94

~ e [ B 0. %) + Ag(om3 )

PMGWA“ + P,0,,A%

order zero. However more careful examination reveals that
the leading order contribution of the diagram with the
mentioned zeroth order vertex is exactly canceled by the
nucleon wave function renormalization constant multiplied
by the tree order diagrams. Therefore the formally zeroth
order vertex in effect starts contributing as a vertex of order
one. As a result of this the diagram with the pion-nucleon-
nucleon vertex of order three starts only contributing at
chiral order five. For this reason we do not consider such
diagrams in this work. Notice here that the above described
power counting is realized in the results of our manifestly
Lorentz-invariant calculations only after performing an
appropriate renormalization.

The one-nucleon matrix element of the EMT is para-
metrized in terms of three form factors as follows [5]:

2
Ho + D(l) AyAv - ”}ll/A

3089/24
3272 F?

u(pi,s;), (13)

2mN 4mN

|
Lagrangians in the presence of the external gravitational
field, derivation of which is beyond the scope of this work.

In calculations of loop diagrams, shown in Fig. 1 we
applied dimensional regularization (see, e.g., Ref. [40]) and
used the program FeynCalc [41,42]. The one-loop expres-
sions of the form factors are too large to be shown
explicitly. Instead we give the corresponding expressions
in chiral limit in the Appendix.

We perform the renormalization of loop diagrams by
applying the EOMS scheme [26,27] with the renormaliza-
tion scale y = m,,. Notice that the divergent pieces of one-
loop contributions to A(z), as well as to J(r), with
coefficients of chiral orders zero and two, vanish. On the
other hand, there is a power counting violating contribution
to A(f) given by 33/ (64z*F?) which is absorbed into the
renormalization of the coupling constant cq without affect-
ing the power counting for J(¢) in which c¢g also gives a
tree-order contribution. The coupling cg has to cancel the
divergent part and the power counting violating piece of the
one-loop contribution to D(f) given by

2
3cogamy

2m3; — 3myAy(m3
(mN my ()(mN))+ 271'2F2

Ao(my), (15)

where the loop integrals A, and B, are defined in the Appendix.4
Adding the tree-order contribution of Eq. (14) to the one-loop result we obtain the following expression for the D-term

D(0) expanded in powers of the pion mass:

*Infinite renormalization of c¢g implies that, while being a dimensionful coupling constant of an interaction of the gravitational and
nucleon fields, it is only suppressed by hadronic scale(s), because it receives corrections due to pion loops.
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D(0 -3 2(—4 2 M
Q—Cg-i- 922M n ga/my + (2021+02+ c3)M,2,1n My
my 16z F 8 F my
(=4 (3cg + 14/my) + 8¢z — 16¢;) Vs
M2+ == M2+ O(M3). 16
32772F2 Jr+mN 7t ( Jr) ( )

We notice that our result is at variance with calculations of Diehl ez al. [28] done to the same chiral order using heavy baryon
approach. More specifically our coefficients of the nonanalytical ~MZ21In(M,/my) terms proportional to LECs Cp3 are
different from those of Ref. [28]. For the remaining nonanalytical contributions we found agreement with calculations of
Ref. [28] and with other lower order calculations in Refs. [36,43—45]. Mentioned difference might lead to the revision of the
extrapolation of lattice data of nucleon GFFs to the physical point.

Next we define the slopes of GFFs by writing the form factors as:

A(t) = 1+ 541+ O(F),
J(t) = % + 550+ O(2?),
D(t) = D(0) + spt + O(%). (17)

For the chiral expansion of the loop contributions to the slopes we obtain [while the tree-order contributions are included in
Eq. (14)]

795 (comy —44%) M,\ 3¢ (2comy +1)
SA = — Az M, : 1;] 2 2A MZIn{ —* ) — == 29 2N 2 Mz + O(M3),
1287w F my l6n°F my my 32n°F my
i M\ | gi(dcomy —5) 794 >
- 1 M, + O(M3),
YT T3P n(mN> ATy 1282 F2my M+ OMz)
P gamy 1 (593 +4(ca +5¢3)my) (M=) 4 94(24 + (15¢g +40cg)my)
P 40nF? M, 807> F2 My 4807 F
(401 —Cy — 7C3)mN
O(M,). 18
2P o) (18)

Again the nonanalytic terms ~c, 3M2 In(M,,/my) in our calculation differ from those of Ref. [28]. For other nonanalytical
contributions we find agreement with calculations of Ref. [28] and with other lower order calculations in Refs. [36,43-45].

A. Large distance asymptotics of the energy, spin, pressure, and shear force distributions
The GFFs of the nucleon A(f), J(¢) and D(z) can be related to the energy and spin densities as [4,5]:

3 2
() = my [ 5 5 A% 4 o (A7) = 2(-8) + D=2 (19
3
ps(r) = / éﬂA)3 e~ird [J( —A?) +3 A2 %} (20)

The vector field of the spin distribution in the polarized nucleon has the form Ji(r,s) = 3 (6% — ’;—Zk)skp ;(r) [46,47]. The
distribution of the pressure p(r) and shear force s(r) are obtained through [4,5]:

s(r) = ——r——— D(r),  p(r)=

D( ), D(r) :/ (621;:4)3 e~Arp(—A2). (21)

QL.|QN

1 1 d
6my 2 dr
The large distance power-like behavior of the distributions in the parametrically wide region 1/Agon, < r << 1/M is
governed by the singularities of GFFs at t = 0, i.e., by the nonanalytical terms of the GFFs in the chiral limit. From our loop

calculations we can obtain the following small ¢ behavior of the GFFs in the chiral limit, i.e., first taking the limit of
vanishing pion masses, to the accuracy of our calculations:
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2¢q 3% 3 (comy —1043) , —t (253 (12comy —7) — 62¢c,my) 5
Ay =1-—t+—==— (=t ——— 2 In[ — | — tz Otz,
(x) e T 502Pmy T T 02, | Mg 9600722 F2m3, o)
I ¢ I —1 g5 (12comy —17) 393 3 2
J === —1— tIn| — t— —1)2 O(t S
0 =3 = "G ) T e ST2F2 O
3gimy (593 + 4(cy + 5¢3)my) —t
D(t vV —=t— tIn| —
(1) = myes g2 1602 F? \m3

N (55 (40comy + 15cgmy + 28) + 94cymy + 200c3my) ,

240072 F?

+0(n). (22)

Performing 3D Fourier transformation of these expressions we obtain the large distance behavior of the spatial distributions

in the parametrically wide region 1/Agone < ¥ << 1/M:

992 1 3(10g3/my + (c; +10c3)) 1

1
= — o|—=|. 23
Pe() = G 6 162°F A <r8> (23)
597 1 997 1 1
= - —+0(=). 24
pa(r) 643 F> P 647> F?my r® * r! (24)
~ 39‘%‘7’”1\] 1 3(59124 +4(C2 +5C3)mN) 1 1
D(r) = - — —+0|—=). 25
)=~ Taswr A 1607° F2 5O\ (25)
Using Eq. (25) in Eq. (21) we obtain the large distance behavior of the pressure and shear force distributions:
33 1 (564 4 5¢3)) 1 1
p(r) = — 92A - ( gA/mN+3(C22+ CS))—7+O <)
64n-F= r 167°F r r
93 1 21(5¢%/my +4(cy +5¢3)) 1 1
= — = —+0|—=). 26
) = G s 1287° F2 7O (26)
|
The leading terms (~1/r°) in Eq. (26) have been obtained 1 d [dAL 4 5
for the first time in Ref. [48] in the framework of the soliton (/Ba) (b1) = = 2 by % (2n) em PR (A7), (27)

picture of the nucleon. The obtained large distance asymp-
totics can be useful for the analysis of lattice data on GFFs
of the nucleon and for deriving general constraints on the
GFFs. To illustrate the latter point we note that the large
distance behavior of the energy density, given by Eq. (23),
and of pressure and the shear force distributions, specified in
Eq. (26), satisfy the general stability conditions—pg(r) > 0
and 3s5(r) 4+ p(r) > 0, see discussion in Ref. [5].

Furthermore with help of expression for J(¢) in Eq. (22)
we can obtain large impact-parameter behavior of the
distributions of Belinfante-improved total angular momen-
tum. The latter is defined as [46]:

Performing the 2D Fourier transformation we obtain the
large b, asymptotics of (Jg.)(b ) as:
1
oy )
by

(28)

g1 135, 1
C1623F* b4 20487F my b,

(/Bet) (b1)

This model-independent asymptotics is valid in the para-
metrically wide region 1/Agyone < b < 1/M, and can be
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used for derivation of model-independent constraints for
total angular momentum distribution in the nucleon.

IV. PION GRAVIPRODUCTION

The effective action of Eq. (2) obtained from the
effective Lagrangian is universal and, hence, can be applied
to a wide range of low-energy processes induced by gravity.
As an example of an application of the action of Eq. (2) we
consider in this section the tree-order amplitude of the one-
pion production in a gravitational field close to threshold,
where the chiral expansion of this quantity makes sense.
The pion graviproduction is relevant not only for hadronic
reactions in strong gravitational fields, but it can also be
measured in hard exclusive processes [18-21].

The full tree-order amplitude of the one pion production
M@ = (z%(k)N(ps)|T*(0)|N(p;)) of leading and next-
to-leading chiral orders is given in Eq. (Cl) of the
|

—iMgle = Fi(A%)ia(py) % {AZP#P" — (m? = m3) APt 4

T

+ Fz(Az)Ijl(pf) 5 {Az}/{/‘P”} — (m* + mN)A{ﬂPu} _

_ ¢
+ F3(A%){A*AY — g A*}ia(py) Eﬁu(pi),

(m? = m3)

- ®’,- //;
| z

—>—® z —>—®—>—

FIG. 2. Tree-order diagrams contributing to the pion gravipro-
duction. Dashed and solid lines correspond to pions and nucle-
ons, respectively. The circles with crosses represent the EMT
vertices.

Appendix—the corresponding diagrams are shown in
Fig. 2. Here we give the expression for the amplitude at
threshold which can be parametrized in terms of GFFs for
the 1/2% — 1/27 transition. The corresponding form
factors were introduced first in Ref. [2] for the case of
equal masses of the final and initial states, for different
masses they were considered in Ref. [49]. Following the
latter reference we obtain the threshold amplitude of the
pion graviproduction in the following form:

2
1 Q”V}VSM(Pi)

M (A% — (m, + mN)g””)}Vsu(Pi)

(29)

where A = p; +k — p;, P = p; + 5, m, = my + M,, and the symmetrization is defined as xleyvt = (xryr + xXvym))2.

Our tree order calculation gives:

’

o 8cogamy dgamy(my —M,)
Fi(A%) = nt 2\( M2 2 ’
Fm, (my(m, +my) =A%) F(my(m, +my) = A%)(Mz(m, + my) — A%my)
Fy(A?) = 2gamy _ 2c9ga(Momy(m, + my)? + A%2(2m% — M2))
? F(m* + mN)<mN(m* + mN) - Az) Fm*mN(m* + mN)(mN(m* + mN) - Az)
Fy(A?) = coMpga(=Mzmy +4my + M, A?) cgm,ga(2my(m, + my) — A?)
g —_ _

Fm,my (my(m, +my) — A%)

M, gamy(=4m% + M2 + A?)

2F(m* + mN)(mN(m* + mN) - Az)

T Flmy(m, + my) — 82 (M2(m, + my) — A2my)

In the momentum transfer range A2 ~ M2~ &> — 0 the
above form factors scale as F(A?) ~ 1/&?, F,(A?) ~ €°,
and F3(A%) ~1/e.

Our amplitude of the pion graviproduction (see the above
equation and Eq. (C1) in the Appendix) depends on the new
LECs cg and cg. Therefore the measurements of the pion
graviproduction process can be used as an additional source

(30)

|
of information on these LECs, and also for studying the
applicability of the chiral effective field theory to reactions
induced by gravitational interactions. The pion gravipro-
duction can be accessed in hard exclusive processes like
the nondiagonal DVCS (y* + N — y + (zN)) [18-21]. The
corresponding measurements are planned by the CLAS12
collaboration at JLab (USA) [50].
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V. SUMMARY

In the current work we presented the effective chiral
Lagrangian of pions and nucleons up to the second chiral
order in the presence of external gravitational field. We
derived the corresponding energy-momentum tensor of
pions and nucleons (with external scalar, pseudoscalar,
vector and axial-vector quark currents included) in flat
space-time. Next we calculated the one-loop contributions
to the one-nucleon matrix element of the energy-momen-
tum tensor at fourth chiral order and extracted the corre-
sponding contributions to gravitational form factors of the
nucleon. To renormalize the loop diagrams we applied the
EOMS renormalization scheme of Refs. [26,27]. For the
tree contributions of the first and the second order we
obtained the Feynman rules from the corresponding
expressions of the energy-momentum tensor while for
the third and fourth orders we used parametrizations in
most general form. While the coefficients of these para-
metrizations can be expressed as linear combinations of the
coupling constants of the effective Lagrangians of the
corresponding chiral orders in the presence of an external
gravitational field, derivation of these Lagrangians and the
corresponding energy-momentum tensors is beyond
the scope of this work. As the obtained expressions for
the gravitational form factors of the nucleon, defined by the
matrix element of the energy-momentum tensor, are too
large to be given explicitly, in the Appendix we quote them
in the chiral limit. We calculated the chiral expansion of the
D(0) and slope parameters for all GFFs to the fourth order
of the chiral expansion. Our results for nonanalytical
contributions of the type ~c,3M2In(M,/my) differ from
those of the previous fourth order calculations of Ref. [28].
For the remaining nonanalytical contributions we found
agreement with the calculations of Ref. [28] and with other

lower order calculations in Refs. [36,43-45]. The differ-
ence of our results with those in Ref. [28] was discussed
with the authors of Ref. [28]. In an updated version of
Ref. [28] agreement with our results has been established. It
is very important to check how strong the new results affect
the chiral extrapolation of the lattice data on nucleon GFFs
obtained in the past. However this is beyond the scope of
the current work.

Furthermore we calculated the leading- and next-to-
leading order tree contributions to the amplitude of the
pion graviproduction. The process of the pion gravipro-
duction provides an additional independent (to gravita-
tional form factors) source of information on the new LECs
cgo. It also offers a test of applicability of chiral perturba-
tion theory to gravity-induced low-energy processes.
Possibility of measurements of the pion graviproduction
in hard exclusive processes has been discussed in
Refs. [18-21]. Such kind of experiments are planned by
the CLASI2 collaboration at JLab (USA) [50]. The
effective action of Eq. (2) obtained here provides a
systematic tool of analyzing the data on these processes.
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APPENDIX A: DEFINITION OF LOOP INTEGRALS

The one-loop integrals appearing in expressions of our quoted results are defined as follows:

n,4—n n
aglot) = B2 [

2

k> —m?* +ie’

d"k

in
2m)4n
Bo(p2. m2, m> :( /
0(p my mz) )
5 5 5 (2ﬂ')4_”

(k> —m? + ie][(p + k)? — m3 +ie]’

d"k

C 2, 2’ Z’m’m,m — / ,
olP1 P2 P13 ) = | G o [y ¥ R — i 4 iel[(py + 2+ K= md 4 i

(A1)

with p;, = p; + p,. For the reduction of tensor loop integrals to scalar ones we apply the formulas specified in Ref. [51]
while for the expansion in terms of kinematical invariants we use Ref. [52].
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APPENDIX B: ONE-LOOP EXPRESSIONS FOR FORM FACTORS IN CHIRAL LIMIT

Renormalized expressions of form factors in chiral limit for g = my:

2cgt g4
A(t) = 1 - my 647[2F2(4m]2v _ t>3 [_48tm;‘\/(m12\/ —+ I)CO(I’I’I%V’ mlz\’a t, 07 mlz\’?O)
—2m3,(t — 4m3,)?By(t, m%,, m%) — 4tm3,By(t,0,0)(26m3 + t) — 422m?% + 248tm3%, — 32m8, + 31%]
cot>gamy (Bo(t, m%, m3,) — 1) N c2t*(15B,(2,0,0) + 16)
16722 F?(4m% — 1) 480072 F>my '
J(0) I cot I 242 m 2 2 2 2 2
5 [2417m3,Co(my, my. 1,0, my, 0) 4 4tmyBy(1,0,0)(8my + )

T2 my | 12827t - 4m3)
_ cotgamy (Bo(t, my, my) — 1)
3272 F?

’

+ 2(tmy — 4m3,)*Bo(t, m, m3,) + 302 m3, — 128tm7y + 32m$, — 31°]

2.2
gim
D(t) = mycg + 487I2F2tfzt iv4m12\,)2 [6m3,(3t2(2m3, — t)Co(m3%, m%,,t,0,m%,0) — 2(t — 4m2%)*By(t, m%,, m%))

3esgamy (Bo(t, my. my) + 1)

+612By(1,0,0)(m% — 1) — 222m3, + 128tm3, — 192m$, + 5¢°] +

1672 F2
c9gf\m,3v(Bo(t, m%,m%) + 1) n c,1(15B,(t,0,0)(8m% + 3t) + 68m%, — 42t)
27 F? 480072 F*my
C3tmN(3Bo(t, 0, 0) - 1)
2472 F? ' (B1)

APPENDIX C: TREE-ORDER AMPLITUDE OF THE ONE-PION PRODUCTION
Tree-order amplitude of the pion production M®** = (z*(k)N(p;)|T*(0)|N(p;)) has the following form:

) . _ ¢ ga ) ,
—iMgld = a(py.sy) 5 {m (csmy(q* 9™ — 4" q")Ky° + (my — 2¢oq*) ((2PY + ") ¥y*Y°

ga

+ QP+ d ) + s (csmn (6P = ¢* 4 )y + (2coq® — my)((2p% = ¢*)r* kY
2F(my, — u)

2% — VP Ry gamy S(a2d" + 4kHKY — 2aV k! — Dah kY
+ (27 Q)rky))JrF(M%_t)r(qg"ﬂL q q"'k)

c g v v v v 2
- 21?,: 2(q* = g™ Ukr® = 2(¢"K* + "k )(fy” = 27°my) + 77’ 2¢°K* + ¢* (1 — ¢%))

N

U502 2 coM7zg, e Sy s

+ 77 2¢* k" + ¢"(t — g°))) Ry (=29"Kr° + Y q" +7r'r’q")
my

c g v U g m v

+—28FA (9" - ¢"q") +—AFNJ/59" }”(pi’si)’ (C1)

where ¢ = p; + k — p; and the Mandelstam variables s, 7, u are defined as: s = (p; + k)%, t = (p; — p;)%, u = (k— p;)*.
One can easily check that the obtained amplitude is explicitly transverse, i.e., g,M“*" = g, M*"* = 0 as it follows from
conservation of EMT.
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