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Next-to-leading order (NLO) QCD corrections to the y* — Q0Q-Reggeon vertex are calculated, where
Q0 denotes a heavy quark pair ¢Z or bb. The heavy quark mass effects on the photon impact factor are
found to be significant, and hence may influence the results of high energy photon-photon scattering and
heavy quark pair leptoproduction. In our NLO calculation, similar to the massless case, the ultraviolate
(UV) divergences are fully renormalized in the standard procedure, while the infrared (IR) divergences are

regulated by the parameter ez in dimensional regularization. For the process y* +q — Q0 + ¢, we
calculate all NLO coefficients in terms of ez, and find they are enhanced due to the heavy quark mass, as
compared with the light quark case, and the enhancement factors increase rapidly as the quark mass
increases. This might essentially indicate the quark mass effect, in spite of the absence of real corrections
that are needed in a complete NLO calculation. Moreover, unlike the y* to massless-quark-Reggeon vertex,
the results in the present work may apply to the real photon case.

DOI: 10.1103/PhysRevD.106.034027

I. INTRODUCTION

High energy diffractive scattering can be well described
by the Pomeron exchange mechanism [1-5]. Within
the framework of quantum chromodynamics (QCD), the
Balitskii-Fadin-Kuraev-Lipatov BFKL) Pomeron [6-8], the
so-called hard Pomeron, is viewed as the Green’s function
of two interacting Reggeized gluons with vacuum quantum
number, which is evaluated by resuming the leading energy
logarithms in perturbative QCD (pQCD) applicable regime,
e.g., all (a,Ins)" terms in leading logarithmic approxima-
tion (LLA) and all a,(a, Ins)" terms in the next-to-leading
approximation (NLA). People noticed that the virtual
photon-photon scattering is an ideal process [9,10] to
testify the BFKL predictions and hence the pQCD calcu-
lation reliability, which is highly expected in the study of

strong interaction physics. The cross section 6{;{ s
calculable in the BFKL approach with relatively high
precision and can be realized in experiment through a
measurement of the reaction e™e™ — ete™ + X by tagging
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the outgoing leptons at high energy electron-positron
colliders, like LEP and more optimistically CEPC [11]
or ILC [12] in the future. Moreover, the recently proposed
electron-ion colliders like EIC [13] and EicC [14] may also
be good places to study the single diffractive process and
hence on small-x physics at lower energies.

Until now, the leading order (LO) BFKL predictions for
the eTe™ — ete™ + X process have been confronted to the
LEP data [15-17], in which the experimental measurement
is found above the two-gluon-exchange model result, while
below the leading order BFKL Pomeron prediction. Now
that the next-to-leading order (NLO) corrections to the
BFKL kernel are ready and numerically big and negative
[8,18], the higher order corrections may lower the BFKL
Pomeron exchange calculation and approach to the exper-
imental measurement. However, in the NLO BFKL calcu-
lations, there is still a task remaining: calculating the
NLO corrections to the coupling of the BFKL Pomeron
and the external photons, which is called photon impact
factor [19-21].

The photon impact factor can be obtained by calcula-
ting the discontinuity of the process y* 4+ Reggon — y* +
Reggon process in light of the optical theorem, which tells
us that the discontinuity is proportional to the scattering
amplitude, y* + Reggon — QQ, squared. The Reggon is
identified with the elementary z-channel gluons. The NLO
corrections to the photon impact factor with massless
internal quarks were given in Ref. [22], while here the

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.106.034027&domain=pdf&date_stamp=2022-08-23
https://doi.org/10.1103/PhysRevD.106.034027
https://doi.org/10.1103/PhysRevD.106.034027
https://doi.org/10.1103/PhysRevD.106.034027
https://doi.org/10.1103/PhysRevD.106.034027
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

SUN, CHEN, QIAO, and CHAO

PHYS. REV. D 106, 034027 (2022)

Q(Q) are massive quarks, charm, or bottom quarks. In the
NLO calculation, analogous to Ref. [22], we calculate the
NLO corrections to y* + Reggon — QQ amplitude on, for
example, the left-hand side of the discontinuity line, and
the leading QQg intermediate state on both sides of the
discontinuity line. The calculation of the NLO QCD
correction hence proceeds in three steps: (i) calculate the
NLO corrections to the y* + Reggon — QQ vertex, (ii) cal-
culate the leading order vertex y* + Reggon — QQg, and
(iii) carry out the integration over the phase space of the
intermediate states. In fact, here the calculation procedure is
similar to the massless case performed in Ref. [22]. In this
paper, as in [22], we give the results of the first step, in
which the vertex is extracted from the scattering process
v+ q — Q0 + ¢q in the high energy limit.

II. TECHNICAL PRELIMINARIES

The kinematics of the y* 4+ q — QQ + g process is
illustrated Fig. 1, where ¢ and p are the 4-momenta of
photon and incident quark respectively. In the calculation, e
represents the polarization vector of the photon, s is the
collision energy of the y*g system, and m is the mass of
the heavy quark. The Lorentz invariants shown include
S:(C]+p)2, sz_qz’ ta:kz’ tb:(q_k_r)z’
M? = (qg+r)? t=r? and x = Q*/2p - q, the Bjorken
scaling variable.

The momenta k and r can be decomposed in the Sudakov
form, i.e.,

k=aq +pp+ky, (1)
t t, +t, —2m?
ety S ERII @)
L ” 2 K +m’ 2
with ¢' = g +xp, ¢° = p~ =0, and fs = ~——— 0°.
q—k
,y*
q
k+r
r
p p—=r

FIG. 1. Kinematics of the process y* +¢q = Q0 + q.

The typical Feynman diagrams for NLO corrections are
shown in Fig. 2. Of these diagrams, except Fig. 2(n), the
upper part quark-antiquark exchange diagrams are implied.
For the color octet #-channel configuration, the sum of all
diagrams has to be antisymmetric if we interchange the
quark and antiquark: k - ¢ — k —r, A — A, where 4, 1’ are
the helicities of the quark and antiquark, respectively. In
particular, the “box” graph shown in Fig. 2(n) has to be
antisymmetric by itself. Throughout the calculation,
Feynman gauge is employed, and for the #-channel gluons
the metric tensor is decomposed into

2
G = (Pudl + Puay) + o (3)

as usual. Note, in practical calculations, the transverse term
is not taken into account, whose contributions are sup-
pressed by powers of s. We use the helicity formalism as
well, and then our results can be expressed in terms of the
following matrix elements similar to [22], i.e.,

H§ = a(k + r, A) pkfitv(q — k, 7)), (4)
He = a(k + r, ) #%v(q — k. 1), (5)
HY = a(k + r, )Av(q — k. 2), (6)
HY = w(k+ r, 2)patv(q — k), (7)
Hi, = a(k+r. )ffav(q — k. 2'), (8)
HY, = u(k + r. 2)pgatv(q — k. 2'), 9)
He = a(k + r. A)pkaco(q — k. 2), (10)
HY = ua(k+r,A)Av(qg — k,X). (11)

Here 1¢ are the generators of the color group. Note that
the last four helicity matrix elements do not exist in [22],
which always come up with the factor of m.

Taking high energy limit in the calculation, where

t, Q% ty, ty, M?, m* < s, (12)

and do not impose any restrictions on the remaining
invariants, we then obtain the following amplitude

T =gTO + g1, (13)
with
0),a 2s 0),a
7O =10 TFE,J : (14)
and
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FIG. 2. Feynman diagrams for the process y* + g — Q0 + q.

Lyg™ =

. 1
©). ii(p = r.2)q'Au(p.2). (15)

The only unknown piece of the NLO amplitude is 7',
which corresponds to the processes in Figs. 2(a)-2(n) and
will be calculated analytically in the following.

III. CALCULATION METHODS

The method we use in our calculation will be briefly
described in the following before presenting the explicit
results.

In our calculation the Mathematica package FEYNARTS
[23] is applied to generate the Feynman diagrams and
amplitudes that are relevant to our process. We use
FEYNCALC [24] to calculate and simplify the amplitudes.
Color in the #-channel is projected onto the antisymmetric

octet as done in [22]. After simplifying the Dirac matrix
and employing the Dirac equation of motion, we express
the amplitudes as the combination of helicity matrix
elements and Passarino-Veltman integrals. For integrals
that contain divergences, we separate the divergence part
from the finite one. The high energy limit is taken
throughout our calculation, i.e., t, Q% t,, t,, M>, m?> < s.
In this work an extra scale m exists in comparison to
[22], and it is too lengthy and redundant to turn all the
Passarino-Veltman integrals into scalar integrals or loga-
rithms and dilogarithm functions. For amplitudes that do
not contain divergences and high energy scale s, we express
them as the combination of Passarino-Veltman integrals
and helicity matrix elements. The numerical values of these
integrals will be evaluated by LooptooLs [25]. For the
pentagon diagram in Fig. 2(n), the reduction method given
in [26] is employed to reduce the corresponding integrals to
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box integrals. In the end we find our result agrees with that
in [22] when taking the m — O limit.

IV. ANALYTIC RESULTS

The NLO amplitudes in 7)) of our concern can be
expressed in terms of different diagrams:

Here, the subscripts i denote diagrams in Fig. 2, and the
amplitudes A; represent those with quark-antiquark inter-
change in A;.

A. Results of two- and three-point diagrams

We categorize the diagrams similar to [22]. The results of
Fig. 2(a) and its conjugate one are given below, which are

() — i( A+ A+ A (16) split into divergent and finite parts in the MS scheme:
i1
|
N, ees 2 (0).a [3(H +mH§,)cr
A =—° ' H4[6m>Cy(1) 4+ 12Co0 (1)
1 2 (4m) =< 1(t, — m?) aq c + H3[6m*Co(1) + 00(1)fin

+ (5m? =21 4 31,)Cy (1) + (3m? — t + 1,)Co (1) + 21,C11 (1) 4+ 2(m? =t +1,)C1(1)
+2m* Cop(1) = 2] + asHE2m*C (1) + (3m* — 1,) Cy(1) + 22,C1 (1) + 2m*Cpy(1)
+2(ty +m?)Crp(1)] + mH$[3(t, +m?)Co(1) + 12Co0(1)gy + 2(m* = 1 +31,)C, (1)
+ (3m? = 2t 4 5t,)C5 (1) + 2t,Cy 1 (1) +2(m? — t + 1,)C15(1) + 2m*Cpy (1) — 2]

+ 2asmH[C, (1) + Cy(1) + Cpy (1) +2C15(1) + 622(1)}}. (17)

Here C;(1) = Ci(t,,t,m*,m?,0,0) with i the coefficient
index. The definitions of all the loop integrals such as C,
Cij»Dy, D, jx are standard and given in the Appendix for
reference. The subindex fin means the finite part of the
loop integrals. Note, the above result does not contain any
infrared divergences, while the ultraviolet divergence
remains only in Cyy(1), which can be properly regulated.
Numerical evaluation of the finite part may be performed
by means of LOOPTOOLS [25] in the MS scheme. The C;
|

A

[
functions can be reduced into a certain scalar one-loop
integral and then expressed as the combination of logarithm
and dilogarithm functions. Nevertheless, such kind of
reduction may yield a lengthy result and be difficult to
read. Due to this reason, we do not perform further
reduction on C; functions; its numerical evaluations are
carried by LOOPTOOLS directly.

The result of the conjugate diagram of Fig. 2(a) can be
expressed as

YT @n) ety —m?)

N, eey 2 (0)_u{3(H“T+me,g—sH§+2(H;(’—men)8-p+2HZ£-r)cr

€

+ (H$ +2H% - r + 2H{e - p)[6m*Cy(1) + 12Coo(1) gy + 2(3m* — 1 + 1,,) C1 (1)
+ (5m* = 2t 4+ 312)Cy (1) + 2m*C1 (1) + 2(m* — t + 1,)C 15 (1) 4 21,Cn (1) — 2]
+ sH{[~6m*Co(1) + (3(a = 3)m* + 21 = (1 + @)t,) C1 (1) = 12Coo(1)gi,

+ ((2a = T)m* 4 2t = 31,)Co (1) + 2(a = 2)m*>Cy1 (1) + 2(a — 2)1,C» (1)

+2((a=2)m* + t + (a = 2)1,)C15(1) + 2]

+2(a = 1)sm(H{, + Hée - r)[C1 (1) + Co(1) 4+ €1 (1) + 2C 15 (1) + Cyp(1)]
+ m(H%. —2e - pHS)[(9m* = 31,)Co(1) + 12Cg0 (1), + (9Im* = 21— 1,)C1 (1)

+2(4m? = 1)Cy (1) 4+ 2m*Cy (1) + 2(m* — t 4+ 1,)C1(1) + 21, Cor (1) — 2]}. (18)

Here, C;(1) = C;(m?,t,t,,m?,0,0).
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The calculation procedure of Fig. 2(d) is similar to that of Fig. 1, and its result reads:

1 4 o [(HE +mHy,
eey (0). {MJFH%W? —t+1,)Co(4)

A= N A, —m2) 2¢
+(Bm? =1+ 1,)Ci(4) + (2m? — 1+ 21,)C5(4) + 2Co0 (4)gin + m*C11 (4)
+ (m* =1+ 1,)Cra(4) + 1,Cp(4) = 1] + asHE[(m* = 1,)Co(4) — 1,C1(4)
+ (m* = 21,)2C,(4) = m*Cy(4) = (1, + m*)C1p(4) = 1,C(4)]
+ mH§[(2t, = 1)Co(4) + (2m? =t +21,)C1(4) + (m* — 1 + 31,)C,(4)
+2Co0(4)g + m*Cry (4) + (m* — 1 +1,)C12(4) + 1,C5(4) = 1]

—asmHL[C,(4) + Co(4) + Cii(4) +2C1(4) + Cn <4>]},

where C;(4) = C;(m?,1,t,,0,m?>, m?).
The result of the conjugate diagram of Fig. 2(d) is

A= oL (4n) < 1(t, — m2) " 2¢
+ H[(m? =t +1,)Co(4) + Bm? —t + 1,)C1(4) + (2m* — 1 + 21,)C»(4)
+2C00(4)n +m*Cy(4) + (m* =1+ 1,)C1p(4) +1,Cpr(4) = 1]
+sH((a—=2)m? + t — at,)Cy(4) + (t = 3m? — at,)C,(4)
+ ((a = 3)m* + t = 2a1,) Cy(4) = 2Cpo(4)g, — am*Cy1(4)
+ (1 = am® — at,)C15(4) = a1,Cy(4) + 1]
+2(H{e- p+ Hye-r)[(m* =1+ 1,)Co(4) +2Co0(4)giy
+ (Bm? =1+ 1,)C1(4) + (2m* = 1 +21,) C(4) + m*Cy,(4)
+ (m* =1+ 1,)Cp3(4) + 1,Cp(4) = 1]
+ m(H%, +2H%e - p)[(2m* —1)Cy(4 4) + (4m> — 1)C (4) + Bm? —t + t,,)C,(4)
+2C00(4)gin +m*Cy(4) + (m* =1+ 1,)C1p(4) + 1,Cn(4) = 1]

+ (1 —a)m(H{, + 2Hje - 1)[C(4) + C2(4) + C11(4) +2C15(4) + Cn(4 )]}

with C;(4) = C;(m*, 1, t,,0, m*, m?).
(1)

The diagrams in Figs. 2(e) and 2(f) belong to the NLO corrections to the lower vertex qu Their results are

eey 2 (0).a (=1)~°
As = —N, r H¢ H¢ 1
5 (4]1_) —€ t( m2) q4q9 ( T +m ps)cr{ e + s

and

1 €Ef 2 (0),a . 2 3
Ag = Iyq™ (HS H¢, —1) S —5+—-+8.
6 ZNC (471_)2_5 l‘(l‘a _ m2> qq ( T +m p&)cr( ) 62 + € +

In the zero mass limit, it is obvious that these two amplitudes are just Eqs. (35) and (36) in [22].
Figures 2(g)-2(i) contribute to both the upper and lower vertices, and we find

ee; 2N.er(=1)° o 5 31
Agg =t ZeCT r'%He + mHa,) [ =+,
T+8 (4”)2_5 [([u _ mz) q9 ( T +m pS) 3¢ + 9
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and

eey 2cp(—t)~¢
(4m)*= t(t, — m?)

0 11 (2 10
T\ (HS + mH4,) <§ + 3>. (24)

Ag = —nf
The results of conjugate diagrams of Figs. 2(e)-2(i) can readily be obtained by substituting (Hf + mH¢,) with
(H} + mH¢, — sHE +2(H} —mHyj,)e - p + 2H%e - r) and making the replacement , — 1.
The result of vertex correction diagram Fig. 2(j) can be expressed as follows:

A =— L+ H[m2Cy(10) + Q2C,(10)

Creeys 4 (0),0{—(H“T + mH$,)c
(4z) < 1(t, —m?) " 2¢

+ (m* + Q> +1,)C(10) = 2Cpy(10), — m*Cy1(10) + (Q* + 1, — m*)C5(10)
+ Q2Cy,(10) + 1] + mHS, [m>Cy(10) + (Q* + 21,)C,(10) + Q*C,(10)
—2Cp0(10), — m*Cy1(10) + (Q* = m* 4 1,)C15(10) + Q*C,(10) + 1]

+ 2e - k[(m(ZmHZ + H?,k) - taHZ)C] (10) + m(mHI“, + sz)C” (10)

3 = 1) 10)] . (25)

Here C;(10) = C;(m?,t,,—Q* m?,0,m?).
The NLO amplitude of the conjugate diagram of Fig. 2(j) is

A= - Crees 4 (O)ﬂ{_ (Hf +mH¢, — sH{ +2(H} — mHj,)e - p 4+ 2H%e - r)cr
(47)> € 1(t, —m?) " 2e

+ (HY — sH? + 2H{e - p)[m*Cy(10) + (m? + Q* + 1,)C,(10) + Q*C,(10)
—2Cp0(10)g, — m*Cy1(10) 4 (Q* = m? +1,)C1,(10) + Q*C(10) + 1]
+ mHg,[m*Cy(10) + (2m* + 0*)C,(10) + Q*C5(10) — 2Cyy(10) g, — m>C,(10)
+(Q* = m? +1,)C15(10) 4+ Q*Cp(10) + 1] 4 2H4,[C,(10) + C,(10)]
X (e r+e-k) +2mHE[((2m* = 1,)C, (10) + m>C,, (10) + (m? — 1,)C15(10))e - k
+ (m*Co(10) + (3m? + 0*)C,(10) + Q*C5(10) = 2Cyo(10)g;, + Q*C1,(10)
+ Q*C(10) + e - 1] + 2mH;, [(=m*Co(10) — (2m* + 0*)C,(10) — 0*C,(10)
+2Co0(10)g, +m*Cy1(10) 4 (m* = Q* = 1,)C15(10) — Q*C5,(10) = D)e - p

_ (Cy(T0) +cu<1—>><e-r+e-k>]}, (26)

with C;(10) = C;(m?, t,, —Q* m?,0, m?).
The result of the quark self-energy diagram Fig. 2(k) is

All:

eey 2Cpcr 0 (Tm?* — t,)HY + 2(1, + 2m*)mH$,
(47)2 € 1(t, — m*)> 1 €

41,(t, + m*)mH4, — (m* — 101,m* + t3)HS.

+ In(m?)((t, — Tm*)H} — 2(t, + 2m*)mH%,] +

y
In(1 = 25)(1, —m?)((m* = 61,m* + 13)H§. = 21,(t, + m*)mHS,
N (1 —)( )(( . JHT — 21,( ) p)} 27)

034027-6



NLO QCD CORRECTIONS TO THE ...

PHYS. REV. D 106, 034027 (2022)

and the amplitude of the conjugate diagram of Fig. 2(k) reads

— €€f

N ), —m2)E €

a

1
+- [(H% —sH? +2H{e-p +2H% - r) <—tb(7m2 —t,) In(m?) —

€

2Cpcr F(O)’“{(7m2 —1,)(H} — sH¢ +2H{e - p +2H%¢e - 1) N 2(5m* = 21, )m(H%. — 2Hé%¢ - p)

m? —

t 2 ¢
b (m* - 6m*t, 4+ 12) In <m 5 b>
tb m

—m* + 10m*t;, — tﬁ) +2m(H$, —2Hye - p) <—t,,(5m2 —2t,) In(m?)

mz—tb

Iy

2y
(m* = 5m?t, + 2£2) In <m — b) — m* + 8m?t;, — 31%)} } (28)

B. The box diagrams

Here, we present the results of box diagrams. In the calculation of diagrams in Figs. 2(b) and 2(c), the four-point integrals
have to be considered. After taking the high energy limit and eliminating the s suppressed terms, in the end the results turn

out to be quite simple, that is

eerN, cr

A —
T (A o, — m?)

L () () )

—ln<1 —#)) —ln<—#> {m(—%) —l—ln(%)} —ln(l —%)2 —3T”z+c0(1)}. (29)

Here, Cy(1) = Cy(t,,t,m*,m?,0,0), as in A,.

The results of diagrams conjugating to Figs. 2(b)
and 2(c) can be obtained by taking the following replace-
ments: t, = t,, @ = 1 —a, (H} +mH%,) - (H} +mH,—
sHY +2(H{—mHj,)e-p+2H%e ).

Note that there are Ins terms in the amplitudes of
Figs. 2(b) and 2(c), and also their conjugate partners.

Next, we give the result of the adjacent box as shown
in Fig. 2(1),

_ (0).a2s [eey 1 2 cr o _
an =t () (v {0+ 42}

(30)
in which the divergent part A7 is
_ . L\ M?x,In(x,)
A :_(HT+mes)mv (31)
with
1= /1 —_4m>
Xp = — 2m2+2}‘/[2 ’ (32)
4m
1+ - 2m*+M?

and M? = (q + r)?, defined in the above paragraph.
The finite term A?z is given in the Appendix. The
amplitude of the conjugate diagram of Fig. 2(I) goes as

- 0).a2s (eef 1 2 Cr=_1 , =
A =T 7(7 TN, T e A2 H AR

(33)
where the divergent term
- M?x,In(x,) . .
D= —mwr +mHj, — sH;
+2(Hf —mHy)e- p+2H%e - 1]. (34)

The finite piece is also given in the Appendix.

The opposite box diagram Fig. 2(n) does not contain any
divergence, its lengthy analytic expression is presented in
the Appendix.

C. The pentagon diagram

In this subsection we deal with the pentagon diagram
Fig. 2(m). The calculation procedure is complicated and is
performed by computer algebra. Due to the fact that the
integrals depend upon the large scale s, they can be greatly
simplified in the high energy limit. The results are as
follows:

0)

_paNe eer 1 o) 1 (1) Ap

AIS_qu Tt(ém)z—e{e_zAn +EA13 + A [
(35)

Here,

034027-7
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A =a(a—1)m* —m(t+ala—1)(t, + 1)) + ala = 1)(Q%t + 1,1,). (36)
(=2) 1 1 sH{ —2(H{ —mHy)e-p—2H%e - r
A" =3 —(H% + mHY¢, : 37
= { -t w4 ol )
and
t, 1
(=) _ a a 1 1 In(1 —-%) In(1 - )
(t, —t,) In(=1L) sHE —2(H{ —mH%)e-p —2H%e -1 ((t, —m*)a
b TR P . In : (38)
(tg —m?) (1, —m”) ty—m m(1 - a)

The finite piece A(lg) in (35) is listed in the Appendix. Note,
we can reproduce the massless result [22] when taking the
m — 0 limit in the above expressions.

We can obtain the amplitude of the conjugate diagram of
Fig. 2(m) by replacing s — —s in the Dy(1), Dy(2), Dy(3),
Dy(4), and D;(14) — —D;(14). With there replacements one
can easily find that the energy dependence Ins terms in
Fig. 2(m) cancel the terms in its conjugate diagram. Therefore,
the energy dependence terms merely come from A, 5 + A, .

For convenience, we give all the results derived from
Mathematica, which are in [27].

V. RENORMALIZATION

The results of our considered process contain both
infrared and ultraviolet divergences. The ultraviolet diver-
gences may be renormalized via standard procedure, i.e.,
canceled by counterterms, in modified minimal subtraction
(MS) scheme here. The infrared divergences may be
canceled out when the soft gluon radiation process
y* 4+ Reggeon — QQg is taken into account.

The ultraviolet divergences exist only in the self-energy
and triangle diagrams, which are

ee; 2(Hf +mHY,.) 0).43Nqcr

AV = , (39
! (47[)2_6 t(ta - m2) 4 2€UV ( )
AUV _ eef 2(H‘71- + mH?,g) F<0)'a _ cr (40)
! (4”)2_5 t(ta - mZ) “ 2]\]ceUV '
ee Z(Ha + mH”e) 0).a 3Ncc
AW = = ST e ) L, (41)
(4r) t(t, —m?) 2eyy
ee; 2(Hf +mHS%,) o c
AW — T pe)pOal__Cr )y
o (4”)2_6 t(ta - mZ) ‘I‘I 2]\']ceUV ( )
2(HE+ mHS) . cr (5. 2
WYyso = st el e £ (= ).
(47[) ¢ t(ta—m ) €uv 3 3
(43)
uv eef 2(H(71- + mHZg) F(O)'a iCF’ (44)

10 — (471_)2—5 l(la _ mZ) 99 euy

[
and

eef 2 (0).a Cr 2 a
r —2Cr((Tm= —1t,)H
(4ﬂ)2—e t(l‘a m2)2 a9 € F(( a) T

+ 2(t, + 2m*)mHS,).

A =
()

For the ultraviolet divergence discussed above, when
taking the massless limit we can find it is in agreement with
the result in [22]. We denote Z,, Z5, Z,,, Z, as the quark-
field, gluon-field, mass, and coupling renormalization
constants, respectively. Note, in our calculation the renorm-
alization constants Z, and Z,, are defined in an on-shell
scheme, while Z; and Z, are given in a MS scheme, which
tells us

1 2 4y
7, :1—ﬁcF[—+——3yE+31n< = ) +4],
471' €uv €uyv m

a, (5 2 1
Zy =1+ 5 (2N — 20 ) |——yp +n(dn)|, (47
3 "‘4” <3 ¢ 3”f> LUV ye + In( ﬂ)] (47)

a, (11 1 1
Z,=1-2(—=N.—=n; ) |— -7z +In(4 4
g 4 (6 c 3nf> |:€UV YE+ Il( ”):| ’ ( 8)

and

a 1 dg®\ 4
Zy=1=-32Cp|l— - In| —- =|. (49
m . F|:€UV yE+n< m2)+3:| ( )
After including the counterterms, all of the above ultra-
violet divergences and those divergences from their con-
jugate diagrams are canceled out. Hence our results will be
ultraviolet finite.

VI. NUMERICAL RESULTS

In the following we show the mass effect numerically in
NLO corrections of the photon impact factor. Since in this
work the infrared divergences still exist, the NLO ampli-
tude squared can be expressed as
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20 T T T T T
1
15- s=1000 GeV? i
——— Born
——— Loop IR2
w 10»» Loop IR1 ]
L = Loop finite
5 .
0 1 1 1 1 1 1 1
0 1 m, 2 3 4 my 5 6

m (GeV)

20 T T T T T
1
15- $=2000 GeV? 1
——— Born
1 ——— Loop IR2
# 10 i Loop IR1 ]
L = Loop finite
5 -
0 1 1 1 1 1 1 1
0 1 m 2 3 4 my, 5 6

m (GeV)

FIG. 3. The ratios of [M[g,m, IMIEo0pmra> M[foopri> @1d MIEo, finie Versus the quark mass in the process y* + ¢ = Q0 + g.

[Mniol* = MxLoMi o = (Mgom + Mroop)Mi o
= M, + eiz |M|%oopIR2 + é |M|I%oopIR1
+ |M|%oop finite* (50)
We then can evaluate respectively the mass effects for the

Born term |[M|3 ., second-order infrared divergent term
2 . . . 2
IM[{ gop1r2» first-order infrared divergent term [M[7 o,

and NLO finite term [MI7 o, iniee-
In the numerical evaluation, we take the following inputs:

0=17GevV, u=0
ty =1, =1t=>50 GeV2. (51)

nf = 5,
a=0.2,

In our calculation, the quark mass m varies from 0 to 6 GeV,
then ny = 5 (in the physical world the charm quark mass and
bottom quark mass are about 1.4 and 4.7 GeV, respectively).
In order to demonstrate the results more clearly, we define the

: — _Imp
ratioR(m) = Mo

m=0 Ge

, and the ratios of [M|g,,, IMIE oop v
|M|%oopIR2’ |M|ioopIRl’ and |M|12_,oop finite* The inputs s are
taken as s = 1000 GeV? and s = 2000 GeV?, respectively.
The curves are shown in Fig. 3.

From Fig. 3 we can see that, for s = 1000 GeV? and
s = 2000 GeV?, the curves change little. As the quark
mass gets larger, the NLO amplitude squared also gets
larger quickly, even for the |M\%Oop r1> the ratio is nearly 20
when the quark mass is 6 GeV. So we may conclude that, in
the y* — QQ-Reggeon vertex, the quark mass effects on
the photon impact factor are significant, and may influence
the results of high energy photon-photon scattering and
heavy quark pair leptoproduction.

VII. CONCLUSIONS

In this paper, we calculated the process y* + g —
Q0 + q at NLO with fully virtual corrections in the high
energy limit for massive quark pair Q(Q), which tells
the coupling of the Reggeized gluon to y* — QQ. This
calculation is just the first step of our final purpose, to
obtain the complete NLO corrections to the photon impact
factor and checking the BFKL pomeron prediction for the
process y* +y* — y* 4+ y* at high energies.

In our calculation all contributions from loop diagrams,
i.e., self-energy, triangle, box, and pentagon diagrams, are
regulated in dimensional regularization scheme and the
ultraviolet divergences are renormalized by adding the
corresponding counterterms. In the end, the infrared diver-
gences still exist in the result, which would be canceled
after taking account of the real corrections.

We find that for the y* + g — QQ + q process in the
massive quark case, the quark mass effects are significant at
the next-to-leading order of accuracy, which indicates that
for heavy quark diffractive photoproduction, the quark
mass is indispensable. Our result might essentially show
the quark mass effect, in spite of the absence of real
corrections, which are needed in a complete NLO calcu-
lation. Moreover, for the photon impact factor with heavy
quarks, the photon is legitimate to be real in order to
guarantee the perturbative QCD calculations applicable.
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APPENDIX A: DEFINITION OF THE LOOP INTEGRALS

The loop integrals in LOOPTOOLS are defined as

(2”ﬂ)4_2€ d4—26q
Co(p}. p3. P3. (p1 + p2)*.mi,m3, m}) = ~— ,
AR D in? (4> —m3[(q + p1)* —m3][(q + p1 + p2)* — m3]
Do(pt. p3. (p1 + p2)?. (P2 + p3)*. m}, m3. m3, m3)
_ (2mp)4=2¢ / a2
in (> = m3)[(q + p1)? —m3][(q + p1 + p2)* —m3][(q + p1 + P2+ p3)* —m3]’
(27w)4‘2€/ q"
- d4 2€q Cp ,
in® [¢* —mill(q + p1)* = m3][(q + p1 + p2)* — m3] ,Z o
(2mp )% q'q"

g#DC00+ ch]p pj7

in? /d eq[q —mi][(q + p1)* = m3][(q + p1 + pa2)* — m3] 5=

(27[/,!)4_26/ q”
‘ d+2q D;p,
in? [q* = mil[(q + p1)* = m3)[(q + py + p2)* = m3][(q + p1 + pa + p3)* — mj] Z o
(2ap)* > 7'q

d d4 e
in* / [q> = mi][(q + p1)* —m3)[(q + p1 + p2)* —m3][(q + p1 + P2+ p3)* — mj]

3
= ¢"Dyy + Z Dy;pi ph,
ij=1

(2mpu)*™> 9'¢'q

d d4 2eq

in* / lq*> —mi][(qg + p1)* - mz}[(q + p1 + p2)* —m3][(q + p1 + pa + p3)* — mj]
3
= Z(g””pf +97p} + ¢ p¥)Dooi + Z Dijip} 'y (A1)

i=1 ijk=1

All of the coefficients such as C;;, D;j. can be evaluated numerically by LOOPTOOLS.

APPENDIX B: THE LENGTHY AMPLITUDES

In the following, we list the expressions that are not given in the main body of the paper:

Ay =T« 2: <e§f> (ﬁ) (4711)2 (HS[3m>Dy(14) + 2(3m> — 1 + 1,)D, (14)
+ (2m? + Q% = 2t + 21, + 41,)Dy(14) — 302D (14) + 6Dy (14) + 5m>Dy,(14)
+ (4m> + Q% = 5t + t, + 5t,) D, (14) + 4(m? — Q* — t,) D 5(14)
+ (m* + Q% + 41,) D5, (14) = 2(2m* + Q* — 21,) D3(14) — 30*D33(14)]
+ mH%.[(3m? + Q* + 2t, — 21,) Dy (14) + (5m? + 2Q? — 2t + 3t,)D,(14)
+ (3m? +30Q% = 2t + 4t, + t,) D, (14) — Q*>D5(14) + 6Dy (14)
+ (4m?* + Q% +t,)Dy (14) + (4m> + 3Q% — 5t + 2t, + 4t,) D1, (14)
+2(2m? — Q* — 2t,)D15(14) + (2m* 4 20% 4 31,) Dy, (14)
+4(1, — m*)D3(14) = 30 D33(14)]
+ Hb[e - r(4m>D, (14) + 2(Q? — 3m? + 2t,)D,(14) — 40?D;(14) + 8Dy (14)
+4m* Dy (14) = 2(m* = Q* = 1,)D15(14) 4 4(m* — Q> = 1,)D13(14)
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—2(m?* = Q% =2t + t;,) D, (14) + 4(t, — m*)D,3(14) — 40> D35(14)

—20Dgp (14) = 2(m* = t 4 1,) D12 (14) +2(Q* = m* 4 1,)D13(14)

= 21,D95(14) + 207 D133(14) + 2(m* + Q% = 1,)Dyy3(14))

+ & k(=6m>Dy(14) —2(5m?* — 2t + 2t,)D (14) — 2(5m* — 2t + 2t,)D,(14)

- 2Q2D3(14) +4Dyy(14) + (41 — 6m? — 41,)Dy(14) + 4(t, — t,)D15(14)

- 10(m2 —t+1,)D»(14) — 2(2m2 — 2t +3t) Doy (14) + 4(1, — 1,) D3 (14)
—20°D3;3(14) = 20Dgg; (14) = 20Dgpy (14) = 2(2m* — t + 1,) Dy 15(14)

+2(Q% = m? +1,)D115(14) = 2(m* — 1+ 21,) D155 (14) + 207D 33(14)

+2(20% + 1, = 1) D1p3(14) = 21, Dppp(14) +2(m* + Q% — 1,) Dp33(14)
+20%Dy33(14))] + sHA[-2am>Dy(14) + (m* + Q* — (Tm?* + Q*)a)D,(14)

+ ((3 = 5a)m* + Q* + 21 = 2t, — 2(Q* + 1,)a) Dy (14) — 2(1 4 2a) Dy (14)

+ (m? + Q*(1 + 2a))D5(14) — ((1 + 3a)m? — (1 — a)(Q* + t,))D;,(14)
(2=3a)Q* +t, —t, —a(3m* + 2t, + 3t;,) + 2(a + 1)t)D,(14)

((Q* +1,)(2a+3) — (1 +2a)m?)D,5(14)

(m* + Q% — 1, = 2a(m* + Q% 4 1,,)) D (14) = 2Dg3(14)

3+ 2a)m2 +30% - (14 2a)t,)Dy3(14) +2(1 + a)Q2D33(14)

(@ =1)(Dgoi (14) + Dopa(14)) + (a = 1)(2m* — 1 + 1,) Dy 15(14)

(@ =2)m* + (1 = a)(Q® +1,))D113(14) + (m* — 1+ 21,) (@ = 1)D15,(14)

—m* + 1+ (a=2)t, = 20*(a — 1) + (1 = a)t,) D1p3(14)

ty—m* + (2= a)0?)D33(14) + (a = 1)1, Dy (14)

m* + Q% =21, — a(m® + Q% — 1,))Dyy3(14)

+ (m* =1, = Q*(a = 2))Dp33(14) + 0*D333(14)]

+2mHS[2s((1 + a)D,(14) + 2D »(14) 4+ (3 — a)) D (14) + (a + 2)Dy3(14)

+ (I = a)D115(14) +3(1 = @) D15y (14) + (2 — @) D1p3(14) + 2(1 — @) Dy (14)

+ (3= a)Dy3(14) + 2Dy33(14))e - r + 25(2aDy(14) + (1 + 3a) D (14) + 4aD,(14)
+2D,;(14) +4D,(14) + (2 + a)D3(14) + 2D (14) + (1 + a)Dy3(14) + Dy33(14)
+ (1= a)D111(14) +4(1 = @)Dy 15(14) + (2 = @) Dy113(14) + 5(1 — @) Dy, (14)

+ (5 =2a)D153(14) + 2(1 — @)Dy (14) + (3 — @) Dyp3(14) + Da33(14))e - k

+ (=(m?* + Q* 4 21,)Dy(14) — (2m* + 207 + 31,)D; (14) — (m* +30* — 21

+ 41, + 1,)Dy(14) = (m* + Q*)D3(14) = 6Dy (14) = (Q* + 1,)D1,(14)

— (30% — 1+ 21,)D15(14) = 20°Dy5(14) + (1, — 2m* — 20%)Dpy(14)
—40%Dy3(14) — Q°D33(14) + 2Dy (14) + 4Dpy (14) + 2Dgg3(14) + m> Dy (14)
+ (3m? =t 4 1,)D11p(14) + (2m* = Q> = 1,)Dy13(14) 4+ (2m* = 21 + 31,) D155 (14)
+ (2m* =3Q% — 1 = 21, + 21,) D1p3(14) + (m* = 20% — 1,)D133(14) + 21,Dy(14)
+ (31, = 2m* = 20%)Dy3(14) + (1, = m* = 30%)Dy33(14) — Q°D333(14) )e - p]
+2H{[25((1 = a)Dy(14) + (1 = @)D15(14) — aD3(14) + (@ — 1)D 1 (14)

+ (a = 1)D133(14) + (a = 1)Dypy(14) + (a = 2)Dp3(14) — Da33(14))e -

+ o+ + + + + + + o+
[\ I

(
(
(
(
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+25((1 —a)Dy(14) — (1 + a)D3(14) — aD43(14) 4+ (a — 1)Dy1,(14)
+ (@ =1)D113(14) + 2(a = 1)Dy5,(14) + (2a = 3)Dy23(14) — Dy33(14)
+ (@ = 1)Dyys(14) + (@ = 2)Dy3(14) = D33 (14) ) - k + (2m* Dy (14)
+4m*Dy(14) + (m* + Q* + 2(1, + 1, — 1)) D5 (14) + (m* — 0*)D;(14)
+2Dgo(14) + (m* + Q% = 2t + 1, + 21,) D15 (14) + (m* — Q% — 1,)D13(14)
+ (m* + Q* 4 1,) Dy (14) + (Q* = m* + 1,) Dy3(14) — 2D (14) — 2Dp3(14)
—m*Dy1p(14) = m*Dy13(14) + (1 = m? = 1,) D155 (14) + (Q° = 2m* + 1 + 1,
— 1y)D13(14) + (Q* = m* + 1,)D133(14) = 1,Dy05(14) + (m* + Q* = 21,) Dyp3(14)
+2m*Dyy (14) + (m* +20% = 1,) Dy33(14) + Q°D333(14) e - p]
—4mH¢$, [(2(Do(14) + D11 (14) + D (14)) + 4(D1(14) + Dy(14) + D15(14)))e - k
+ (Do(14) + D1 (14) + 3D, (14) 4+ 2D, (14) + 2D5,(14))e - 7]
+2msH{.((1 = 2a)Dy(14) 4+ (2 = 3a)D(14) + (2 = 3a)D,(14) + (1 — a)Dy;(14)
+2(1 = a)D15(14) + (1 — a) Dy (14) + Dy5(14) + Dy3(14)) }
and D;(14) = D;(m?,t,m*, —Q?, t;,, t,, m*,0,0, m?).
A}, = =H{[(3m*Dy(12)g, + (4m* = M?) Dy (12), + m* D1 (12)g,)
+ (2m* + M?)(D5(12) + D15(12) + Dy (12) = D123(12) — Dp3(12))
= 2D(12) + Q*D33(12) = 6Dgo3(12) + Q*D333(12)
— (m? = Q* —1,)D133(12) — (2m* = 2Q% — t, — 1) D133(12)]
+ mH§[~(3m® + 1, — 1,)Do(12) g, — (4m* + 20 = 1 + 31,) D, (12);,
= (@ + 1,)D11(12) gy + m* D111 (12) g, — (2m* + M?)(D5(12) + D(12)
= Dy15(12) = D155(12) = Dy3(12)) = (Q% + 1)D15(12) = 20°Dy3(12)
— 0?D33(12) + 6Dgg; (12) 4 6Dgo3(12) + (2m* — Q% = 1,)Dy153(12)
+ (4m* = 30% 41 = 21, — 21,) D123(12) + (m* = 20* — 1,)Dy33(12)
+ (2m* =207 — 1, — 1,) D33(12) = Q*D333(12) + 2Dgo(12)]
+ sHlam?(Dy(12)g, + 3D1(12)g, + 2D11(12)g,) + 2aDgo(12)
+((M+aym* +t—1,—a(20? + 1, + 1,))D(12) — aQ*D5(12)
+ (4am? + (1 + a)t — (1 + 2a)t, — 2at, — 3aQ?)D,(12)
— (200 — am® + (1 + a)1,)D13(12) + a(2m? = 20% — 1, — 1,)Dans(12)
+ (1 +4a)ym*> + (1 + @)t — 3aQ? — (1 + 2a)t, — 2at,) Dy, (12)
+ (1 +2a)m* = (1 + a)t, — at, — 4aQ?)D,3(12) — aQ*D,33(12)
— aQ’D33(12) + 2(a = 1) Doy (12) = 2(1 = 3a) Dypa (12) = 2Dgo3(12)
+a(2m? + M?)(Dy5(12) + Dy (12)) + a(m?® — Q> — 1,)D13(12)]
+ sHE, [(2a = 1)Dy(12), 4+ (3a = 2)D; (12)g,
+ (a = 1)Dy1(12)g, — D12(12) = D15(12)]
+2mH[(2Do(12) g, + 3D1(12)g, + D11 (12), )€ - &
+ (Do(12)5, + D1(12) 5, — D12(12))e - 7]
+ 2sH{[(D5(12) + D15(12) + (1 4+ @) D13(12) + D (12) + Dp3(12)
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Here D;(12) =

+ (1 —a)D113(12) 4+ D1p3(12) + Dy33(12))e - k + ((1 — @) (D1 (12)

+ D15(12) + D (12) = D123(12)) — aDy3(12) — Dy3(12) — Dy33(12))e - 1]

+ 2msHy,[(—2aDy(12)g, — (1 + 3a) D (12)g, — 2Dy (12)g, + (@ = 1)D 111 (12)g,

— D,(12) = 2D5(12) = (@ + 2)D13(12) — D (12) — Dp3(12) — Dy15(12)

+ (@ =2)Dy15(12) = D1p3(12))e - k + ((1 4+ a)D2(12) + 2D15(12) + (1 4 a)Dx(12)
+ (24 a)Dy3(12) + (1 = a)D112(12) + (2 — a)D123(12) + D122(12) + D13(12)

+ Dy33(12))e - 1

— 2H4[(=2m*Dy(12)g, — (2m* — M*)D(12)g, + (m?* + M?)Dy,(12)
— (m? + Q% +1)Dy(12) — (m* + Q*)D5(12) + (4m> = 3Q% + t — 2t, — 2t,) D15 (12)
+4Dy(12) + (2m* —=3Q* — 1, — 1,)D13(12) + (2m*> =20 — 1, — t,) D (22)

+ (2m* =40 — 1, — 1,)D3(12) = 20°D33(12) + 6D (12) 4 6Dgo3(12)

+ (3m? + M*)Dy15,(12) + (2m? — Q% — 1,)D115(12) + 2(2m* + M?)D 5, (12)

(Sm® = 4Q% + 1 =31, = 21,)D123(12) + m* Dy, (12) g, + (2m* + M?) Dy, (12)
(m* =20% = 1,)D133(12) + (4m* = 30* 4 1 = 21, — 21,,) Dp3(12) + 4Dgpy (12)
(
(

fin fin

(

2m* =30 — 1, = 1,)Dy33(12) = Q*D333(12))e - k + (m* Dy (12)g, + m* Dy (12)g,
Q* = m? +1,)D,(12) = Q*D5(12) + 2D(12) — 0*D33(12) + 2D (12)
(m* = Q> = 1,)(D13(12) + Dy (12)) + (m* = 2Q* — 1,)Dp3(12) e - 1]
+2¢ - pHY[=m*Dy(12)g, = 2m* D, (12), — m* Dy (12)g, — (2m* + M?)

X (Dy(12) + Dy5(12) + Dy;y(12) = Dy3(12) = Dyp3(12)) = m*D5(12) — 0*D33(12)
+4Dg3(12) + m*Dy13(12) + (2m* = 20% — 1, — 1,) D33(12) — Q> D333(12)
+ (m* = Q% = 1,)Dy33(12)]
+2mHje - p[(m®* + Q® + 1,)Do(12)g, + (m* +20° +21,)D; (12)g,
+(Q% = m® +1,)D1(12)g, — m* Dy (12)g, + (O + 1)D,(12)
+ (m* +20%)D3(12) + (20* = 2m* 41, + 1,)D5(12) + 20*D33(12)

— (m* =30 = 1,)Dy3(12) = (2m* = 20% — 1, — 1,) Dp3(12) — 4D, (12)

— (2m* + M?)(D115(12) + D15(12) + Dpp3(12)) 4 (Q* = 2m* + 1,)Dy13(12)

— (4m* =30 +1 =21, = 21,)D153(12) = (m* = 20% — 1,) D133(12)

—4Dg3(12) + (20% = 2m* + 1, + 1,)Dy33(12) + Q*D3335(12)].

N
.
N
"
+

D;(m?, m*,t,—Q% 2m* + M?, t,,m*,0,m?>, m?).

Al = =H{[(3m*Dy(12)g, + (4m* = M) D, (12), + m* Dy, (1 2)f1n)
+ (2m* 4+ M?)(D5(12) + D15(12) + D (12) = Dyp5(12) -
—2Dyy(12) + Q*D33(12) = 6Dgg3(12) — (m* — Q> — fb)Dm(l )
= (2m* =20% — 1), = 1,)D133(12) + Q*D333(12)]

— mH3[(3m* + 1, — 1,)Do(12)g, + (4m* — t + 21, — 1,) D1 (12),
+ (2m* = 0* = 1,)D11(12), + m* D111 (12), + m*D5(12)
+ (2m* + M?)(D5(12) + D (12) + Dy12(12) + D155(12) = Dy3(12))

23(12))

fin
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+ (4m?* = 30% + 1t — 2t, — 21,)D15(12) — 20%D15(12) + Q*D3;3(12)
+ 6Dgo; (12) = 6Dg3(12) — (Q* + 1,)D113(12) — (Q* + 1)D13(12)
+ (m* = 1,)Dy33(12) = (2m* = 20 — 1, — 1,)D133(12) + Q*D333(12)]

+ sHE[(a + 2)m*Dy(12)g, + (Ba + 1)m* = M?)D; (12)g,
+ (2a = 1)m*Dy;(12)g, + (am® + (1 = 2a)Q* — at, + (1 — a)1,) D,(12)

+ (m? 4+ (1 —a)Q?)D5(12) + 2(a — 2) Dy (12)
+ (220 = Dm® + (2= 3a)Q* + (a = 1)(t + 21;) + (1 = 2a)t,) D15(12)
+ 201 =a)Q* + (a= )m® + (2 = a)1,)D13(12)
+ (da=3)m*> + (a— 1)t + (2= 3a)0* + (1 = 2a)t, +2(1 — a)t,) D (12)
+(2a=3)m? + (1 = a)t, + (2 — ), = 4(1 — 2)Q*) Dx3(12)
+ (2= a)0*D33(12) + 2aDgo; (12) + 2(3a = 2) Dops (12) — 4Dz (12)
+ (@ =1)(2m* + M?)(D15(12) 4 Dypp(12)) + (Q* — m* + 1,) D133(12)
+ 2(a@=2)m*> + (3=2a)0* —t+ (2 —a)(t, + t;,))D23(12)
+((a=3)m* + (2= a)Q” =t + 1, + (2= a)t,)D153(12) + (a = 1)m* D, 15(12)

(
+ (3= )Q* = 2m?* + 1, + 1,) D33(12) + Q*D333(12) — m*Dy15(12)]
+ sHE[(2a = 1)Do(12)g, + (3a = 1)D1(12), + aDy1 (12)g, + D1(12)
+ Dy3(12)] + 2mH, [(2Do(12), + 3D (12)g, + D11 (12)g5)e - &
+ (Do(12) gy + 2D (12) g, + D11 (12)g, + D12(12))e - 7]
+ 25H{[(D5(12) + D15(12) + (2 = a)Dy3(12) + D (12)
+ Dy3(12) + aDy3(12) + D1p3(12) + Dy33(12))e - k
+ (1 = a)(D2(12) + D15(12) + Dy(12)) + aDy13(12) + Dy33(12)
+ (2= a)(Dy3(12) + Dy3(12)) + (1 4+ a)D123(12) + D3 (12) + Dy33(12) ) - 7]
+ 2msHj,[(=2aDo(12)g, + (1 = 3a) D, (12), + D11 (12)g, + @D 11y (12)g,
— Dy(12) = (1 = @) D13(12) = Dy (12) = D3(12) + Dy15(12) + (1 = @) Dy15(12)
—D123(12) = D133(12))e - k + (D1 (12), + (1 + @)Dy (12) g, + @Dy (12)g,
— Dy(12) + (1 + a)(2D5(12) + Dy5(12) + D115(12)) + (1 — a)Dy13(12)
+aDy3(12) = aD133(12) + D5 (12) = Dy33(12) — Dyp3(12) = Do33(12))e - 7]
= 2H3[(=2m*Dy(12)g, — (2m* = M?) D, (12) g, + (m® + M?) Dy, (12)g,
+m2D 1 (12)g, — (m* + Q% + 1)D,(12) — (m? + Q?)D5(12) + 4Dg(12)
+ (4m* =307 + 1 =21, = 21,) D15 (12) + (2m* = 3Q% — 1, — 1,) D 3(12)
+ 4Dy (12) + (2m* = 20% — 1, — 1) Dy (12) + 6D (12) + 6Dgo3(12)
+ (2m* = 40% — 1, — 1,)Dy3(12) = 20°D33(12) + (3m* + M?)Dy15(12)
+ (2m* = 0* = 1,)Dy13(12) + (Sm® = 4Q° + 1 = 21, — 31,) D 23(12)
+ (m* =20 = 1,)Dy33(12) + (4m> = 30° + 1 = 21, — 21,) D13(12)
+2(2m + M?)D1p(12) + (2m® + M?)D(12) = Q*D33(12)
+(2m? =307 —t, — t,)Dy33(12))e - k
+ (m*Do(12)g, + m*Dy(12) g, +m* Dy (12) g, + m* Dy (12)g,
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Here D;(12)

—(Q* +1,)D5(12) + (4m* = 3Q% + 21 = 31, — 21,) D15(12)
+ (m* =20% = 1,)D3(12) + (3m* = 20 + 1 = 21, — 1,) D (12)
+ (m? = 20% = 1,)Dy3(12) + 4Dy, (12) + (3m* + M?)D15(12)
+ 4Dy (12) + (m* = Q® = 1,) D113(12) + 2(2m* + M?) D15, (12)
+ (3m* =30% — 1, — 21,)D133(12) + (2m* 4 M?)Dppp(12)
+ (2m* =207 = 1, = 1,) Dyy3(12) = Q*Dy33(12) = Q°Dy33(12) ) - 7]
+2¢ - pH{[=2m*Dy(12)g, — (2m* = M?) D, (12)g, + 2Doo(12) i, + 2D003(12) 5
+2mHje - p[(2m* + Q% + 1,)Do(12)g, + (m* +20% — 1 + 21, + 1,) D1 (12),
—m?Dy(12)g, — 2m* = 20% — 1, — 1,)D,(12) + 207 D5(12) — 2D (12)
+(Q% =2m® =t + 1, +1,)D1,(12) = (2m* =20 — 1, — 1,) Dy3(12)

+(Q? = m? + 1,)D15(12) + Q*D33(12) + 2Dy, (12) — 2Dg5(12)].

= D;(m?,m*, —Q?,t,2m* + M?,t,, m*,0,m*, m?).

A = Hi{a(a = 1)i(t, = 1,)[(@ = 1)sDy(2) = asDy(1)]
—(a=1)(2A + (a = Da(t, = 1,)(t, = m*))sDy(3)
—a2A + (a— Da(t, — t,)(t, — m?))sDy(4)
—R(a=Dam® + m*(2(a®> —a— 1)t =3(a—1)a(t, +1,))
+m?2t(a(a—1)Q* —ala—2)t, + (1 —a?)t,) — 212
+ (a=Da(ta + 41,y + 1)) + (@ = Da(2t =1, = 1,)(Q°t + 1,1,)|Do(14) }
+ (sHE = 2(HY — mH,, )e - p){t(a— )a(t, —m*)(asDy(1) — (a = 1)sDy(2))
—a(—=A+ m?t — (a — 1)aQ?t)sDy(4) + (a = 1)%a(t, — m?*)*sDy(3)
— [=(a = 1)am® + am*((a = 1)(2t, + t,) = 2(a — 2)1)
+ m*(at(—(a = 1)0% + 2a(t, + t,) = 2(2t, + 1)) + 262 — (a — Dat,(t, + 21;))
= (a—=1Da(2t = 1,)(Q%t + 1,1,)|Do(14) }
+2tA(H} +mH, — sHY —2H%e - k + 2(H{ — mHy,)e - p)Dy(14)
+ mH{1(t = (a = Da(t, — 1)) (asDo(1) — (@ — 1)sDy(2))
- 2(a = Dam* = m*(3t + (a = 1)a(t, + 3t,))
+1(2(a - 1)aQ® +1,) + (a — Daty(t, + 1, )JasDy(4)
— 2(a = )am* — m?(t + (a = D)a(t, + 3t,))
+1t2(a = 1aQ? —t,) + (a = at,(t, + t,)](a — 1)sDy(3)
- 2(a=Dam® + m*(t(2a*> —4a—1) = 3(a = )a(t, + 1))
+ m*(1(=2a*(1, + t, — Q%) + 2a(3t, + 1, — Q%) — 1, + 1)
=20 + (a— Da(2 +4t,t, + 12))
+ (0% + 1,1) (207 —da + 1)1 = (a = a(t, + 1,))]|Do(14) }
+ 2mtH¢ e - p{—atDy(1) + (a — 1)tDy(2)
+a(t, = m*)Do(4) = (a = 1)(t, — m*)Dy(3)
+ (1 =2a)(m* —m?(t, + 1) + Q%t + 1,1,) Do (14) / s}
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+ 2H4{t(a(a — 1)s(m?* —1,)e - r — tm*e - p)aDy(1)
+ t(ala=1)s(t, —m?)e - r + tm*e - p)(a —1)Dy(2)

+ (ty = m*)(a(a—1)s(m? — t,

e r—tm?e- p)(a—1)Dy(3)

— (s(A=m’t+ (a—1aQ?t)e - r+ m*t(m* — 1, )e - p)aDy(4)
—[Qa=Dm*t(m* —m*(t, + 1,) + Q*t + t,1,)e - p/s
+ (m? = 1) (A + m?t(1 = 2a))e - r — 2tAe - k| Dy(14)

—21Ae - k(D (14) + Dy(14)) — 21Ae - rD,(14)}. (A5)
and
Dy(1) = Dy(m?,0,0,t,,as,t,m?>,0,0,0)s.
Dy(2) = Dy(m?,0,0, t,, (@ —1)s,t,m?,0,0,0),
Dy(3) = Dy(m?,0,as, —Q%, (a— 1)s,t,,m?,0,0,m?),
Dy(4) = Dy(m?,0, (a = 1)s,—Q?%, as, t,,,m*>,0,0, m?),. (A6)

D;(14) is defined in the above paragraphs. The finite parts of these four-point integrals can also be obtained from [28], or

evaluated by LOOPTOOLS numerically.
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