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We evaluate the contribution of the CP-violating gluon chromo-electric dipole moment (the so-called
Weinberg operator, denoted as w) to the electric dipole moment (EDM) of nucleons in the nonrelativistic
quark model. The CP-odd interquark potential is modeled by the perturbative one-loop level gluon
exchange generated by the Weinberg operator with massive quarks and gluons. The nucleon EDM is
obtained by solving the nonrelativistic Schrodinger equation of the three-quark system using the Gaussian
expansion method. It is found that the resulting nucleon EDM, which may reasonably be considered as the

irreducible contribution, is smaller than the one obtained after

3

‘ys rotating” the anomalous magnetic

moment using the CP-odd mass calculated with QCD sum rules. We estimate the total contribution to be
d, =wx20eMeV and d, = —w x 18 eMeV with 60% of theoretical uncertainty.
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I. INTRODUCTION

The discovery of the Higgs boson in LHC experiments
[1,2] completed the particle listing of the standard model
(SM), but it is known that still several cosmologically
important phenomena cannot be explained. One of them is
the matter abundance of the Universe, which, under the
criteria of Sakharov [3], revealed us that the CP violation is
crucially lacking [4,5]. This is why the search of new
sources of CP violation beyond the SM is currently so
actively pursued.

The electric dipole moment (EDM) [6-13] is a very
sensitive experimental probe of CP violation, and it may be
measured in many systems. Recently, the experimental
result of the EDM of neutron was updated (|d,| <
1.8 x 1072%¢ cm) [14], and the constraint on the hadronic
CP violation became tighter. The measurements of the
EDM of diamagnetic atoms [15-17] also constrain the
neutron EDM at a similar level [18-21]. Regarding
the EDM of the proton, experimental measurements using
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storage rings are currently in development, with impressive
prospective sensitivity of O(1072%)e c¢m [22-24]. There are
also attempts to measure the EDM of flavored baryons in
high energy accelerator experiments [25]. It is known
that the nucleon EDM receives contribution from many
CP-violating quark-gluon level processes. The most well-
known one is the quark EDM, for which the systematics is
now quite well controlled thanks to extensive lattice
analyses [26-30], although there are still discussions
regarding the disagreement with perturbative QCD extrac-
tions [31-35]. Contributions from purely QCD operators
such as the chromo-EDM or the 8 term are also well studied
in chiral effective field theory [36—45], and there are also
available lattice QCD results for the latter one [46.,47],
while the ab initio calculation of the former one is more
challenging [48].

As a more obscure CP-odd strong interaction, we have
the Weinberg operator [49-52]. This is a dimension-6
CP-odd interaction defined by

1 .
Ew = a wfabceaﬂy{stanyGﬁﬂ’c ’ (1 )

where f9¢ is the structure constant of the SU(3) Lie
algebra. It was first introduced by Weinberg as a potentially
large contribution of the C'P violation of the Higgs sector to
the neutron EDM [49]. The Weinberg operator is relevant in
many candidates of new physics beyond the SM such as the
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FIG. 1. Typical Feynman diagram contributing to the Weinberg
operator in Higgs-doublet models.

Higgs-doublet models [49,53—69], supersymmetric models
[70-81], and other models [82—88]. The SM contribution
generated by the CP phase of the CKM matrix [89] is
negligibly small due to suppression by the GIM mechanism
[90-92]. An example of the process generating the
Weinberg operator in the Higgs-doublet model is shown
in Fig. 1.

The analysis of the nucleon EDM generated by the
Weinberg operator involves sizable theoretical uncertainty.
The most important obstruction in the quantification of its
contribution to the nucleon level CP violation is the
absence of quark field in Eq. (1), which implies that chiral
techniques are not very powerful. Nevertheless, there were
several attempts to quantify this effect. The contribution of
the Weinberg operator to the neutron EDM was treated in
the original work of Weinberg [49] using the naive dimen-
sional analysis, giving

A
dy(w) ze4—wzwx90(e MeV, (2)
n

where A = 4zf,. There is also another work which used
the same method to estimate the quark EDM [93]. The
naive dimensional analysis is of course not more accurate
than the order estimation, and more precise ways to obtain
the relation between w and the nucleon EDM are definitely
required. Bigi and Uraltsev then inspected it in more detail
at the hadron level, and came out that the neutron EDM is
generated by the one-particle reducible and irreducible
parts (see Fig. 2) [56,57]. The reducible contribution is
obtained by “y5 rotating” the anomalous magnetic moment
with the CP-odd baryon mass. The CP-odd mass was then
evaluated using QCD sum rules, and the resulting nucleon
EDMs were given as [73,94]

(N =n)

(red) _ J wx25e¢ MeV
‘ (W)N{ w=p

N —w X 23e MeV

with 50% of theoretical uncertainty [94]. The ideal method
to obtain the coefficient relating w and dy is lattice QCD,
for which quantitative results are not yet available [48,95].
Another potentially interesting approach is to analyze
higher twist contribution to the parton distribution func-
tions [96].

The analysis of QCD sum rules (3) is however incom-
plete. Indeed, the irreducible part has never been evaluated
and has been neglected in previous studies, but there is no
reason to omit it. The reducible “ys-rotated” contribution
may in some sense be considered as the relativistic effect,
since the CP-odd baryon mass and the anomalous magnetic
moment are higher order terms in the velocity expansion.
On the other hand, the irreducible one has no reason to be
generated from relativistic physics, and we may thus expect
it to be derived from the analysis of the internal structure in
a nonrelativistic framework. In this work we propose to
calculate the Weinberg operator contribution to the nucleon
EDM in the quark model.

The quark model was first conceived in the 1960s by
Gell-Mann to classify hadrons [97]. It was successful in
describing hadron mass splittings, as well as other funda-
mental quantities such as the magnetic moment or the weak
charge, using Lie algebra arguments by assuming that
hadrons are SU(3), singlet states composed of nonrela-
tivistic (anti)quarks in the 3 (3*) representation [98—102]. It
is now considered to be one of the most successful model to
describe low energy QCD, and the discovery of Q in the
early era [103], as well as that of double charmed baryons
quite recently [104], is demonstrating this. The pheno-
menological interaction used is confining, i.e., the inter-
quark potential becomes infinitely high at long distance and
resembles the one-gluon exchange at short range. Although
the first principle derivation of the quark model from QCD
is not available, lattice QCD calculations are strongly
suggesting this picture [105,106]. In view of the fact that
the quark model describes well the excitations of hadrons
[107-110], the above phenomenological features are now
undoubtedly established, and other aspects such as the
interbaryon force at short distance [111-113] may also
qualitatively well be derived. The quark model is also
working well for the description of hadrons involving
heavy quarks [114-116], and it is also applied to the
analysis of the pentaquarks [117], recently discovered by
LHCb Collaboration [118]. In this way, the quark model is
nowadays the first effective model of strong interaction to
be used for testing or predicting hadronic quantities. We
note that some low lying baryons, such as the P-wave ones,
are not reproduced by the quark model [107], which is
probably due to the mixing with meson-baryon composite
states. We however anticipate that these states are not
important in the study of the Weinberg operator contribu-
tion to the nucleon structure, since the creation of a pion by
a purely gluonic operator suffers from chiral suppression.

The advantage of the quark model is that the wave
function of the hadron may be calculated, and that physical
quantities may systematically be evaluated within quantum
mechanics. The nucleons are considered as a nonrelativistic
three-quark system with the phenomenological confining
potential. The calculation of the wave function of
such systems is possible using the Gaussian expansion
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FIG. 2. Diagrammatic representation of the nucleon EDM in the hadron level effective field theory. Diagrams (a) and (b) are the
contribution from the “ys-rotated” anomalous magnetic moment (black blob) by the CP-odd baryon mass (gray blob). Diagram (c) is the

irreducible nucleon EDM contribution evaluated in this work.

method [119], which is a powerful tool to solve few-body
Schrodinger equations. This method has been applied in the
calculations of the EDM of light nuclei [120-126], and we
expect it to also work well for the present case of the
nucleon EDM. We will therefore evaluate the nucleon
EDM generated by the Weinberg operator in the quark
model with the expectation to obtain results that go beyond
the accuracy of the naive dimensional analysis (2). This
will permit us to give an accurate constraint on the
Weinberg operator from neutron EDM experiments.

We organize this paper as follows. In the next section, we
derive the one-loop level CP-odd gluon exchange potential
between quarks generated by the Weinberg operator. In
Sec. III, we present the setup of the calculation of the EDM
of nucleons. In Sec. IV, we analyze our result by comparing
it with the former result obtained using the QCD sum rules.
The final section is devoted to the conclusion.

II. QUARK LEVEL PROCESSES GENERATED
BY THE WEINBERG OPERATOR

In this section we calculate the CP-odd interquark force
induced by the Weinberg operator. It is generated by the
one-loop level diagram of Fig. 3 (the Feynman rule for the
three-gluon vertex is given in Appendix A). This diagram is
diverging if we calculate it directly, so it is required to
evaluate it with a scheme with a cutoff. Here we use the
heavy quark effective theory, which removes the relativistic
degrees of freedom, corresponding to integrating out field
configurations with energy-momentum component higher
than the constituent quark mass mg. This scheme is
adequate for deriving interquark potentials that will be

FIG. 3. The one-loop level quark-quark amplitude generated by
the Weinberg operator. The thick lines denote the constituent
quarks. The double line is the dressed quark propagator, which
will be considered to be heavy.

used in quark models. The final form of the two-body
scattering amplitude is

Ncgs‘avm 1 I I - =
iMrw——""I— H,t,H, - Hy1,6 - GH
7 |q|2+m§ 2talt2 1ta qtiy
+(1 < 2), (4)

where ¢ is the exchanged momentum, H; is the “large”
component of the spinor of the ith quark, and a; = 0.3 is
the QCD coupling chosen at the energy scale close to the
nucleon mass. We denote by ¢, the generator of the SU(3),
group. The derivation is given in Appendix B. Here the
mass of the gluon is given by m,~ 350 MeV, which we
took from the gluon propagator calculation in Landau
gauge lattice QCD [127]. The Compton wave length of this
gluonis 1/m, ~ 0.6 fm, which is quite compatible with the
picture where gluons are confined in a proton with the
radius ry ~ 0.8 fm. The velocity counting of this CP-odd
two-body force is O(v), due to 6%q,ys. After Fourier
transforming Eq. (4), we obtain the following nonrela-
tivistic CP-odd two-body force in the coordinate space

N.g,a,m o oMyl
H - B o, —0 . VT t
cpv 3 w(G) — 62) dnlr, — 75| 1
® (1) (5)

This interaction has exactly the same Lorentz structure as
the phenomenological C P-odd nuclear force with @ meson-
exchange [120,124,128-130]. The EDM of a nucleon,
composed of three quarks, can therefore be calculated like
the EDMs of *He and 3H with the CP-odd one-meson
exchange force.

The Weinberg operator also generates the CP-odd three-
quark potential through the three-quark amplitude depicted
in Fig. 4 [131]. However, the momentum dependence of the
Weinberg operator (see Fig. 6 of Appendix A) brings a
velocity suppression of O(v?), so the CP-odd three-quark
interaction should therefore be subleading. In the calcu-
lation of the nucleon EDM, we therefore only consider the
two-body force (5) as the source of CP violation.
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FIG. 4. The three-quark amplitude generated by the Weinberg
operator. The thick lines denote the constituent quarks.

III. CALCULATION OF THE NUCLEON EDM
A. Definition of the nucleon EDM

Now that we have the CP-odd interquark force, we can
evaluate the nucleon EDM. The nucleon EDM is defined as

iy =5

1

(Pyl(1/3 +75)Ri[Py),

t\.)lw

3

where |¥y) is the state of nucleon polarized along the z
axis, and 77 is the isospin Pauli matrix. The z component of
the coordinate of the ith constituent quark R, is defined in
the center of mass frame of the nucleon (that is why the
isosinglet term with 1/3 of the first equality does not
contribute). The nucleon state must be a mixing of opposite
parity states to yield a nonzero nucleon EDM, which is
possible if the CP-odd interquark force of Eq. (5) is present
in the Hamiltonian.

(Py|7iRi[Pn), (6)

l\.)lm

B. Quark model

In this work, we use the quark model to describe the
CP-even strong interaction. The nucleon is considered as a
three-body system of nonrelativistic constituent quarks. We
use the parameters of Refs. [132,133], which considered
the interquark two-body interaction. The three-body wave
|

function is calculated with the Gaussian expansion
method [119] in the coordinate space.

In this work we use three types of interactions. The first
one is the potential proposed by Bhaduri [132], given as

3 K Kk e/
% = = Ay | — A Ar A — ,
qq,ab(r) 16 a’‘b r+ r+ +m2Q rr(z) 0,0p

where mgy = 0.337 GeV, k =0.52, A =-0.9135 GeV,
A=0.186 GeV?, and r,=2.305GeV~! [132]. The
other two proposed in Ref. [133], named ALl and API,
are given by

3 (1 _ e—r/r(.)
— _ 7 P
qu,a;,(r) 16/1 /1;, . +/1r + A
2k’ B e/
3m2Q<1 —e r/rf)”Tzrgo'ao'b , (8)

where ry =A/ mg. The parameters are given in Table I.

C. Gaussian expansion method

The object of the Gaussian expansion method is to solve
the nonrelativistic Schrodinger equation

(H=E)Y 1. =0, )
The Hamiltonian to

with the variational principle.
diagonalize is

H = ZTa + zb:qu,ab + 7—(CPV,(/zba (10)
a a,

with the kinetic energy operator 7, the CP-even interquark
potential V,, ., seen in Sec. Il B, and the CP-odd one
Hepyv.ap (5). Explicit indices indicating the labels of the
constituent quarks a and b were written.

We need two coordinates to express the wave function of
three-quark systems. The wave function of the three-quark
systems is given as the sum over three kinds of Jacobian
coordinates shown in Fig. 5, as

WYomra.(n, p) i Z ZZZC"”VL s TAH'I(C)(TC) ®1' (;>]1=51,

c=1 nlLNL T

y [ (r) ® ¥l (R, ®

where (7,17), (¢p,y), and (y,y’) are two isospin, radial, and
spin components of the nucleon state according to the
Jacobi coordinate, respectively. Here A antisymmetrizes
the whole system; i.e., the arguments inside the large

{x‘c) (s.) ® 4

x |color singlet) |, (11)

1
M

@)L,

bracket are entangled so as to be odd under the interchange
of each quark. Since the color part is completely antisym-
metric, [ + s + 7 must be even. The spin and isospin matrix
elements can be calculated exactly in the same way as those
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TABLE I. Input parameters of the interquark potentials AL1 and AP1 [133].

Potential p r. mg [GeV] K K’ A [GeV!tr] A [GeV] B A [GeVE1]
ALl 1 0 0.315 0.5069 1.8609 0.1653 —0.8321 0.2204 1.6553
AP1 2/3 0 0.277 0.4242 1.8025 0.3898 —1.1313 0.3263 1.5296

of *He and *H nuclei, except that the antisymmetry requires
[+ s+ T to be even. The radial components ¢ and y are
expanded with the following basis

Puim(x) = r'e Y, (B),

wyim(R) = RbeRIR' Y\ (R), (12)

where the following geometric progression for the
Gaussian range parameters is used:

— n—1
'y = Fmind

Ry = RminAN_1

(n =1- nmax)’

(N =1- Nmax)’ (13)
In this work we use all angular momentum channels with
[,L,A\ <2, for which good convergence of the result is
obtained.

To see the validity of the three-quark calculation, we
display the up- and down-quark spin matrix elements of the
nucleon obtained in the quark model. The numerical values
of the spin of the proton (neutron) are

Gp(n) = (132 — 133)014(0’) — (032 - 0'33)00’@4)’ (14)
where the range is showing the variation due to the change
of the interquark potential (Bhaduri, ALI, API, see
Sec. Il B). This is in very good agreement with the analytic

formula of the heavy quark limit ¢, = %au(d) - %ad(w.

The small difference between them is due to the mixing of

orbital angular momentum states. We note that the con-
tribution of the EDM of “constituent quarks” to the nucleon
EDM is also given by the same coefficients, but the EDM
of current quarks does not coincide with that of the
constituent quarks due to additional effects such as the
gluon dressing [134,135]. Recent lattice studies [26-30]

q1

FIG. 5.

are giving d, ., ~ 0.8d,4 — 0.2d ), which is smaller
than Eq. (14).

IV. RESULT

From our quark model calculation, we obtain the
following result:

—wx (4=5)e MeV (N =n)
wx (4—=5)e MeV (N =p)’

where the range of the values indicates the uncertainty
related to the choice of the interactions of the quark model
(see Sec. III B). The values are significantly smaller than
the QCD sum rules outputs (3) [73,94]. As mentioned in the
introduction, our result corresponds to the irreducible
contribution of Fig. 2(c), and it is consistent with the
dominance of the EDM induced by the “ys-rotated”
anomalous magnetic moment [Figs. 2(a) and 2(b)] at the
hadron level. We note that the heavy quark approximation
that we used in deriving Eq. (4) is not very accurate because
the gluon mass is not too far from the constituent quark
mass. However, even with uncertainties of 100%, the
correction we calculated will not significantly affect the
dominant contribution from the ys-rotated effect, in par-
ticular in light of the sizable uncertainty on the latter.
Keeping the uncertainty in mind, the total contribution to
the nucleon EDM is

() ~ { (1)

dy(w) = dy (w) + dy” (w)
{ w x 20e MeV

—w X 18¢ MeV
The theoretical uncertainty can be estimated by adding in
quadrature the absolute values of our result (15) and the
error bar 50% for the ys-rotated contribution obtained in

(N =n)

(N=p) (16)

q3 q3
R®
q2 q1 q2
73
2) (c=3)

The Jacobi coordinate for the three-quark systems.
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Ref. [94]. This amounts to about 60% for both the neutron
and the proton.

Let us derive the constraint on the Weinberg operator
imposed by the recent experimental data of the neutron
EDM. The upper limit to w at the scale y = 1 TeV is

w(u=1TeV)| <23x 10710 GeV=2,  (17)

where the renormalization was calculated in the leading
logarithm approximation [19,75,80,136—-140]. Naively, we
might see that the above equation is constraining the scale
of new physics at the level of O(100) TeV, but we have to
note that the Weinberg operator only appears from the two-
loop level in many known candidates of new physics
[49,86], so that the constraint on the energy scale can be
attenuated.

Let us try to interpret our result. The reducible part
calculated in Refs. [73,94] is obtained after the y5 rotation, so
it is inheriting the large size of the anomalous magnetic
moment [141], which is an O(1) quantity for nucleons. Our
calculation, in contrast, is encompassing the electromagnetic
external field and the CP-odd interaction in a same quark
level package, so it cannot be enhanced beyond the extent of
the baryon. Another argument is that the irreducible part
must involve opposite parity excited states in the intermedi-
ate states, which require O(100) MeV of energy transition.
Our result might also have overlap with the ys-rotated
anomalous magnetic moment, but we estimate this effect
to be small, since we calculated in a nonrelativistic frame-
work, while the y5 rotation is a relativistic one.

V. SUMMARY

We calculated the CP-odd two-body force generated by
the Weinberg operator and the nucleon EDM induced from
it in the nonrelativistic quark model. In the language of the
velocity expansion, the CP-odd two-body force gives
the leading contribution to the nucleon EDM. We solved
the three-body problem in the coordinate space formalism
using the Gaussian expansion method. It was possible to
calculate the nucleon EDM with the same calculational

8,0

/

k

3

FIG. 6.

procedure as that of the EDM of He/?H. We obtained a
smaller nucleon EDM than the one calculated with the
QCD sum rules [73,94]. We interpret this result as the
dominance of the ys-rotated anomalous magnetic moment
over the irreducible nucleon EDM.

Our analysis and results make us expect that the leading
contribution to the isoscalar contact CP-odd nuclear force
is also due to the ys-rotated CP-even contact NN inter-
action determined in chiral effective field theory by the
CP-odd nucleon mass. This contact CP-odd nuclear force
is one of the important subprocesses generating the nuclear
and atomic EDMs. For that we have to show again that the
direct contribution to the isoscalar contact C P-odd nuclear
force is small. This analysis is also possible using the quark
model, but it will be left for a future work.
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APPENDIX A: FEYNMAN RULES OF CP-ODD
THREE-GLUON VERTEX

We derive the Feynman rules of the three-gluon vertex
generated by the Weinberg operator. The three-gluon part
of its Lagrangian is

1
L, = gywf e GGl Gy

1
=3 wfeer?(0pA7)[(0,A5) (0" Af)

= 2(0uA0) (0" A5)] + O(AY), (A1)
where we omitted the contribution from higher orders in the
QCD coupling. The Feynman rule for the Weinberg
operator (Al) is shown in Fig. 6. The greek letters a, f3,
and ¢ are the Lorentz indices of the gluon polarizations, and
a, b, c are the color ones.

.2 .
= Z_wfabcl{ [pzkv + kQPv +2(p-k)(py + kv)]

xe M0 (p)en(k)es (—p — k)

e (p)es (k)pyk (0° — K)es (—p — k)
M e (—p — k)en ()pakn (—k° — 27 )€l (k)

eﬂéweg(k‘)%(—p — k)pyku (™ + Qk”)eg(p)}

Feynman rule for the Weinberg operator.
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APPENDIX B: TWO-BODY AMPLITUDE (INTERQUARK POTENTIAL)
The amplitude of the diagram of Fig. 3 is given by

M= 2 wfanalpe + i) o [T :
IM=1i-wf it u
3 WS avcll2 P2 T q)YylaU2\P2 p _mg (2n)* k2 —mé][(lﬂ—p])z —mz][(k—l—q)z—mg]

x {e?uy(p1 = Qrst (K + P+ m)ygtyun (po)la’k, + K2q, +2(k - q) (k, + ;)]

— €lfﬂ}’llqykﬂﬁl(p1 —q)(d = 0t(k+ p1 + m)ygtyu;(py)

— e gk, (pr — @)vste(K+ Py + m) (=24 — )1, (py)

— Pk, (g" + 2K iy (py = @)yste (K + py + m)yptyuy(p1)}, (B1)
where the indices of the Dirac spinor u label the quarks. The loop integral is of course divergent due to the Weinberg

operator which has a mass dimension of 6. To remove the divergence, we apply the heavy quark approximation, which goes
to the nonrelativistic quark model. We then have

: Ne - = /d4k 1
M =S wH,y, t,H ‘ .
TR e | @y e =)l 7 = kv i

AP H ysPyptath @k, + K2q, +2(k - @) (k, + q,)]
— GDﬂW‘]ykﬂHI (% - k)P-t-yﬂtaHl - €5Wﬂqykﬂl:11y573+(—2d - k)taHl
_ €ﬂ57ﬂqykﬂ(q” + 2]{”)]:11}’57D+7ﬂtaH1}’ (BZ)

where v is the velocity four vector of the quark 1, defined by separating the scale of the four momentum of the quark as
pu=mgv, +k,, and H, = e™o*P y(x). Here the nonrelativistic projector of the quark P =1(1=+) satis-
fies P,H, = H,.

The point is to reduce the two-quark scattering amplitude of Eq. (B2) to the CP-odd two-body potential with the form
6 - Vf(r), which is the leading contribution to the EDM in the nonrelativistic quantum mechanics. Such a structure can be
obtained from the color dipole moment-vector current interaction. The loop integral of Eq. (B2) must then give a chromo-
EDM to contribute to the CP-odd potential. Since the chromo-EDM involves a chirality flip, we take the scalar part of the
projector P, = % (1£9) — % We also take the leading order terms in the exchanged momentum ¢, to agree with the
nonrelativistic quark model. The CP-odd two-quark scattering amplitude is then

. Nc 3 _g% / d4k 1
iM=—wHyy t,H ‘ -
6 g —m2 ) (2n)* [ - ml][(k+ q)* — m2][ky + ie]

x {e’°Hyysyst,.Hy g%k, + K2q, +2(k - q)(k, + q,)]
—e’trg k, Hy(f — K)ypt Hy — €7 q,k,Hyys(—24 — K)1,H,
— P q,k,(q" + 2k*)H ysy5t,H, }.
—-q / d*k (Principal value) — izd(k;)
(27)* K —m2)?
X {60/}751:1176}’/1%111 [kzqy +2(k - q)k,] + 50/37”5177941:11%}’/;%111 + 6507”%](,41:11}’5#%1‘11}»
1 / d*k  5(koy)k?
m;

N, -
= igin—SwHyt,H
RIS o 2r) k2 — m2P?

N, -
~—wH,t,H
6 2 2q2_m§

3 _ 1 _
X {5 q,""Hyy,ypt, Hy + §€Oﬁy”qu17ﬂ7ﬁlaH1},

d*k  S(ko)k?

) T~ i

3 9

N, - 1 -
= —2l.gg7l'—CWH2taH2?Hlﬁquﬂ/stal'[l/
&Pk kP
3 - ’
27) [|k[? + m2]?

N, - 1
:g:s))?WHZtaH2?H1160yQy}/5taH1/(
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where we used §¢%"s,, = —ic%ys. The integral can be
calculated with the dimensional regularization:

/dDI? k|2
o
(27)° (|| + m2)?

1 DIr(2-D/2-1) [ 1D/
(47)P2 2 rQ2) ( )
1

7
mgy

dr(=1/2) (2 3
- — _J(- j— = ——m
(471')3/22 m{z] 8z 7

where we took the limit D — 3. Here we used
I'(—1/2) = —V/4x. The final form of the two-body scatter-
ing amplitude is

N, g,a;m _ _
iM=— Cg“zs Yw——— Hst,H, - Hyic%q,yst,H,
q _mg
_N.gsasm, 1

~

s Hyt,Hy - Hy1,6 - GHy. (B5)
9

W=
2 |G]* +m
By adding the contribution from the diagram with the
quarks interchanged, we obtain Eq. (4).
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