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1 Introduction

Quantum corrections are known to significantly alter the high-energy properties of the
gauge theory scattering amplitudes. The asymptotic behavior of the amplitudes which
are not suppressed by the ratio of a characteristic infrared scale to the process energy is
governed by the “Sudakov” radiative corrections enhanced by the second power of the large
logarithm of the scale ratio per each power of the coupling constant. Sudakov logarithms
exponentiate and result in a strong universal suppression of the scattering amplitudes in
the limit when all the kinematic invariants of the process are large [1-9]. The structure of
the power suppressed logarithmically enhanced contributions is by far more complex and
the corresponding renormalization group analysis poses a serious challenge to the modern
effective field theory. One of the important problems in this category is the analysis of
the scattering amplitudes involving massive particle in the limit of small mass or high
energy. The mass effects on the leading-power contributions have been extensively stud-
ied in the context of the high-order electroweak and QED radiative corrections [10-20].
The next-to-leading power contributions for a number of key processes in QED and QCD
have been analysed in the leading (double) [21-30] and the next-to-leading logarithmic
approximation [31-33].1

In the processes with massive fermions already at the next-to-leading power the origin
of the logarithmic corrections and the asymptotic behavior of the amplitudes drastically
differ from the leading-power Sudakov case. The double-logarithmic terms in this case are
related to the effect of the eikonal (color) charge nonconservation in the process with soft
fermion exchange and result in asymptotic exponential enhancement for a wide class of

The next-to-leading power logarithmic contributions corrections have also been recently discussed in
many different incarnations [34-47].



amplitudes and in a breakdown of a formal power counting [23, 27, 28]. Thus, it is of a
primary theoretical interest to get insight into the asymptotic behavior of the next-to-next-
to-leading power contributions and determine whether any qualitatively new phenomenon
appears in this order. The renormalization group analysis has not yet been extended
beyond the next-to-leading power for any kind of power corrections to the high-energy
processes. In this paper we present for the first time such an analysis of the simplest but
fundamental and phenomenologically important amplitudes of the quark scattering in an
external electromagnetic field and of the light quark mediated Higgs boson production in
gluon fusion. The results of the analysis are used to get a quantitative estimate of the ac-
curacy of the fixed-order calculations [48, 49] and the calculations based on the small-mass
expansion [50, 51] of the light quark contribution to the Higgs boson production and decays.

The paper is organized as follows. In the next section we discuss the scattering of a
massive quark by an external electromagnetic field in the limit of large momentum transfer,
recall the main features of the double-logarithmic result for the next-to-leading power
contribution and extend the analysis to the O(mg’) amplitude. In section 3 we discuss
the amplitude of the Higgs boson production at O(mg’), derive the analytic result for the
three-loop double-logarithmic term and extend it to all orders in the large- N, limit and in
the case of the abelian gauge group. Section 4 is our summary.

2 Quark scattering by electromagnetic field

The amplitude F of a quark scattering in an external field can be parameterized in the
standard way by the Dirac and Pauli form factors

- 10,,q"

F = eqp(p1) (WFl + QW F2> ¥(p2) (2.1)
Mq

where e, is the quark charge. For on-shell quark p? = p3 = mg and the large Euclidean

momentum transfer Q? = —(py — p1)? when the ratio p = m?2/Q? is positive and small the

form factors can be expanded in an asymptotic series

o0
Fr=22% p"F", (2.2)
n=0

where the universal Sudakov factor for the external on-shell quark lines which incorporates
all the infrared divergencies of the amplitude. In dimensional regularization with d = 4 —2¢
in the double-logarithmic approximation it reads

Zg = exp [—CF <Ozslnp + :c)] , (2.3)
T €

where z = 2—;1n2p is the double-logarithmic variable and Cp = (N2 — 1)/(2N,) for the
SU(N,) color group. The infrared finite coefficients Fi(n) in a given order of perturbation
theory depends on p only logarithmically, and in the double-logarithmic approximation
are functions of z. Due to factorization of Sudakov logarithms into Zq2 these coefficients
include only non-Sudakov double logarithms and the leading-power Dirac form factor with



the logarithmic accuracy is just Fl(o) = 1. At the same time the Pauli form factor describe
the scattering with a flip of the quark chirality and therefore has to vanish in the high-
energy or small-mass limit i.e. FQ(O) = 0.

The next-to-leading power double-logarithmic contribution to the Dirac form factor is
generated by the soft quark pair exchange and starts with two loops. The corresponding
coefficient reads [27, 28]

Y = szf (—2) (2.4)

where z = (C4—Cp)z, C4 = N, and the function f has the following integral representation

1 1 1—mn2 1-m
f(z) =12 / dm / da / dé / dg; e?#m(&=82) 2262 (ma—m) (2.5)
0 1 0

&2

Due to the 1/m, factor in the definition of F; the coefficient FQ(I) corresponds to the O(my)
scattering amplitude. However, as we will see in the double-logarithmic approximation
FQ(I) = 0 and the Pauli form factor starts to contribute at (’)(mg), i.e. at the next-to-next-
to-leading power in small-mass expansion.

The leading-order contribution to the Pauli form factor is given by the one-loop vertex
diagram and can be written as follows

CFOéS 1

[FZ]l—loop = T 1+4p

I, (2.6)

where the scalar integral over the virtual gluon momentum

— dt (p1l) + (p2l)
e 2 ((pr = 1> =m3) ((p2 = )2 = m3) 0

corresponds to a single insertion of the loop momentum in the numerator of a quark

propagator, figure 1(a). At the same time the terms without the loop momentum do not
provide the relevant Lorentz structure. The logarithmically enhanced corrections to the
on-shell (or almost on-shell) amplitudes in the high-energy limit are universally associated
with the emission of the virtual particles which are soft and/or collinear to the large
external momenta. For the one-loop Pauli form factor the virtual gluon momentum in the
numerator cancels one of the eikonal propagators and makes the integrand not sufficiently
singular to develop the double-logarithmic contribution in the leading order in p. Hence
the integral generates only a single soft logarithm

L=—Inp+..., (2.8)
where the ellipsis stands for the power-suppressed terms. Since the higher-order Sudakov
corrections factor out we get F2(1) = 0 in the double-logarithmic approximation and

C
Fz(l) — s Inp (2.9)
T

in the next-to-leading logarithmic approximation to all orders of perturbative expansion.
The absence of the double-logarithmic contribution in the leading-power Pauli form factor



(a)

Figure 1. (a) the leading-order one-loop Feynman diagram for the O(m,) logarithmic contribution

to the quark Pauli form factor. The Feynman diagrams representing (b) O(m,) and (c), (d) O(m3)

double-logarithmic contributions to the ggH amplitude. The black (empty) circle represents the
mass (loop momentum) insertion. The gray blobs correspond to the double-logarithmic off-shell
scalar form factor at O(mg) and (’)(mg). Symmetric diagrams and the diagrams with the opposite
direction of the closed quark line are not shown.

can be easily understood. Indeed, in a physical gauge the collinear logarithms are gener-
ated by the self-energy corrections to the on-shell external lines [2] while a new Lorentz
structure in the quark coupling to the external electromagnetic field can only result from a
vertex correction. We, however are interested in the O(p?) double logarithms contributing
to FQ(Q). The analysis of such terms is more complicated since the formal expansion of the
integrand in eq. (2.7) results in more singular integrals, which may have double-logarithmic
scaling. A systematic way to study the mass-suppressed double logarithms has been sug-
gested in [23] and discussed in detail in [25]. It is based on the expansion by regions
approach [52-54] which gives the coefficients of the small-mass expansion in terms of the
singular homogeneous integrals. The coefficient of the double-logarithmic term can be read
of the highest singularity of these integrals. This singularity in turn can be obtained by
the classical method of Sudakov [1] which on its own is blind to the power corrections.
As it has been shown in [23] the exchange by massless soft gauge boson does not produce
double logarithms in the first order in p. It can be directly checked for the one-loop integral
which gives

7] = O(lnp), (2.10)

1—loop

and the result extends to an arbitrary number of the soft gluon exchanges (see [25] for
detailed discussion). We would like to emphasize that the above statement is valid only
for the massless soft particles. A presence of a mass in the soft propagator does lead to
the double-logarithmic corrections at O(p) as we will see in the next section.

Thus the soft gluon exchanges do not contribute to F2(2) in the double-logarithmic
approximation. At the same time as in the case of the Dirac form factor at O(m?) [23]
starting with two loops the double-logarithmic contribution to this coefficient is generated
through the soft virtual quark pair exchange, figure 2(a), where the mass suppression fac-
tor comes from the numerators of the soft propagators, i.e. is associated with the chirality
flip. This makes the soft quark propagators sufficiently singular to produce the double-
logarithmic contribution. In figure 2(a) the large external momenta flow through the edges
of the diagram which for the soft loop momenta form the eikonal lines. Thus the cor-
responding momentum configuration is the opposite of the standard Sudakov case with
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Figure 2. (a) the leading two-loop Feynman diagram for the C’)(mg) double-logarithmic correction
to the quark Pauli form factor. The diagrams with an effective soft gluon exchange which incorpo-
rate the non-Sudakov double-logarithmic corrections (b) to the O(mj) Pauli form factor and (c),
(d) to the O(m?2) scalar form factor of a quark. The effective vertices (gray circles) are defined in
the text.

soft gauge bosons and eikonal fermions. The Pauli form factor structure requires an ad-
ditional chirality flip on an eikonal quark line, which is provided either by the mass term
of the propagator or by an external momentum p, acting on the corresponding on-shell
quark field. Such terms cancel in the diagrams with the soft gluon exchange but give a
contribution which is not suppressed by the soft momentum in the diagram figure 2(a),
where due to the topology of the fermion flow the operators p. should be commuted with
the photon vertex before the equation of motion for the initial and final quark states can
be applied. Let us consider the origin of the relevant Lorentz structure in more detail.
Due to chirality conservation the eikonal gauge bosons must have transversal polarization.
By using the property 7;v;7v;7; = 0 of the Dirac matrices in two-dimensional transversal
space we find that after neglecting the virtual momenta the entire contribution to the Pauli
form factor is generated by the photon vertex p,v,p, part of the Dirac chain where one
of the external momenta is converted into m, by the equation of motion. The evaluation
of the corresponding two-loop double-logarithmic integral is discussed in detail in [23, 25]
and gives

i

where the ellipsis stands for the subleading logarithms, which agrees with the expansion

2
| = ZCp(Cp —2Cp)2% + ... | (2.11)
2—loop 3

of the exact result [55]. The higher-order double-logarithmic corrections are generated by
the multiple exchanges of the leading-power soft gluons with light-cone polarization.? The
emission of a soft gluon with polarization « off the eikonal quark is trivial in the spinor
space due to the identity

(F’i + mq) ta (F’i + mq) = 2pf (zﬁi + mq) : (2.12)

Thus the higher-order double-logarithmic corrections do not affect the spinor part of the
amplitude and the Lorentz structure relevant for the Pauli form factor is generated by the
same vertex part of the Dirac chain as in two loops. As a consequence they are identical to
the double-logarithmic corrections to the coefficient F’ 1(1) stemming from the same diagram
figure 2(a). After factoring out the Sudakov corrections to the external quark lines, the

2A covariant gauge is implied.



remaining non-Sudakov double logarithms are described by the diagram figure 2(b) [27, 28].
The effective soft gluon exchange in this diagram exponentiate and its coupling is obtained
from the standard QCD expression by replacing the quadratic Casimir operator C'4 of the
adjoint representation (gluon color charge) with the difference C4y — Cp which reflects the
nonconservation of the color charge along the eikonal lines in the process with soft quark
exchange, which is the physical origin of the non-Sudakov corrections.® The result for the
F2(2) then reads

2
Fy?) = S0r(Ca = 2Cr)a*f (—2) (2.13)
with the function f(z) given by eq. (2.5). The Taylor expansion of this function

3
f(z):1+§+%z2+3%+... (2.14)
gives the loop-by-loop double-logarithmic approximation of the Pauli form factor. The
three-loop pure gluon contribution to the massive quark form factors is known so far only
in the large-N, planar approximation [56]. The nonplanar diagram figure 2(b), however,
has a subleading color factor C'4 — 2C'r. Thus the leading logarithmic power-suppressed
contribution vanishes in the large- N, limit through O(mg ) and cannot be explicitly verified
against this result. At the same time the leading-color analysis [56] confirms the absence
of the three-loop mass-suppressed leading logarithms in agreement with eq. (2.4).
In the limit of large momentum transfer the asymptotic behavior of the form factor
crucially depends on the gauge group. The variable z is negative in QED and positive in
QCD. The relevant asymptotic expressions at z — oo are respectively

£(2) ~6 [m (Z) + ’YE] <27;5€Z>1/2 (2.15)

and
2

f(=2) ~ [(ln (22) +71)° - 7;] > (2.16)

where yg = 0.577215. .. is the Euler constant. The details of the derivation of the above
asymptotic formulae are given in appendix A.* Thus in QED the Pauli form factor at
(’)(mg) has the leading asymptotic behavior given by the exponential factor e*/2. At the
same time in QCD it scales with the double-logarithmic variable as In? z.

3 Higgs boson production in gluon fusion

A quark loop mediated ggH amplitude can be written as follows

Qs Yqm v v a a
— gﬁqq (Pips — 9" (p1p2)) AL (p1) A, (p2) HM ] 4 (3.1)

3The sensitivity to the eikonal color charge variation is characteristic to the soft emission. The single
logarithms resulting from the collinear emission do not have this property [31].

4n [27] the coefficients of the leading powers of logarithms in egs. (2.15, 2.16) have been estimated
numerically with a rather low accuracy of the fit.



where y, is the quark Yukawa coupling, mpy is the Higgs boson mass, p? =0, (pip2) =
—m%{ /2, the gauge condition 8“AZ = 0 is implied and one can choose the transversal po-
larization of the gluon fields. In the heavy quark limit m, > mpy the scalar amplitude
approaches the value Mgv n = —2/(3p), where now p = m2/m% is a Minkowskian param-
eter. In the opposite limit of light quark m, < mpy it can be expanded in an asymptotic

series
o

M =723 p”Mgg}{, (3.2)

n=0

where the coefficients M g(;z}{ are finite and

g2 2rm (3:3)

—E&
Zs = exp l— Cas asl
with s = m%{ is the universal Sudakov factor for the external on-shell gluon lines which
incorporates all the infrared divergencies of the amplitude. Note that as in the case of Pauli
form factor the amplitude is loop generated and in the high-energy (small-mass) limit is
suppressed by the quark mass due to chirality flip at the Higgs boson vertex.
The leading-order one-loop scalar amplitude reduces to

Mip], o =208, (3.4)
where 41
. 2
Ji = Z/ w2 (12 2 2(p1p22) 2 2 (3:5)
(l - mq) ((pl - l) - mq) ((pZ - l) - mq)
and

Ty — Z/ d*l I — 4(Ip1)(Ip2)/ (p1p2) (3.6)

™ @2 = md) (1 =2 = m3) (o2~ )2~ m)
are the scalar integrals corresponding to no and double insertion of the loop (soft quark)
momentum / in the numerators of the quark propagators, respectively (cf. the diagrams in
figure 1(b) and figure 1(c) with the leading-order Higgs boson vertex). The integral J; is
responsible for the leading double-logarithmic contribution to the O(my) coefficient M 521.
For the further analysis it is instructive to recall the evaluation of this contribution (see
e.g. [28]). With the double-logarithmic accuracy the propagators of the soft and eikonal

quarks can be approximated as follows

1
Pam— —im§(I* —m?), (3.7)
q
1 1
o=~ T30 (3.8)
q

Then the standard Sudakov parametrization of the soft quark momentum [ = upi +vps+1|
is introduced, where the first two terms correspond to the light-cone components and
the last term corresponds to the transversal component in the plane orthogonal to the
gluon momenta. For |u|,|v|] 2 1 the eikonal approximation in eq. (3.8) breaks down and



the quadratic dependence of the quark propagators on the virtual momentum is restored
cutting off the logarithmic integral. Thus the logarithmic scaling of the integrand requires
|ul,|v] < 1 and the additional kinematical constraints |uv| > p has to be imposed to ensure
that the soft quark propagator in eq. (3.7) can go on the mass shell. After integrating
eq. (3.5) over [ with the double-logarithmic accuracy we get

14 14 1 1-¢ In?
le/ i’/ —u:ln2p/ dg/ dp = =2, (3.9)
p U Jpu U 0 0 2

where the normalized logarithmic variables 7 = Inv/Inp and £ = Inu/Inp are intro-
duced.” As in the case of the soft gluon exchange the expansion of J; to O(p) does not
result in a double-logarithmic contribution. However, in the given kinematics this can be
seen immediately since p? = 0. Indeed, the expansion of the eikonal quark propagators

1 _ 1 1+l2—m2+ (3.10)
(pi —1)* —m3 2(pil) 2(pil) '

so that all the subleading terms cancel soft quark propagator and have no double-logarith-

then reads

mic scaling. Thus we get

1
Ji1 = 5 (ln2p+ (’)(plnp)) +..., (3.11)

which in double-logarithmic approximation gives

[a)

_ 2
ggHL_loop = In2p (3.12)

: (1)
and does not contribute to MggH.

The case of the integral eq. (3.6) is less trivial. It remains finite at m, — 0 but its
expansion to O(p) does produce a double-logarithmic contribution. The second term in the

numerator of eq. (3.6) cancels both eikonal quark propagators up to the terms proportional

2
q

12 with mg and get the same double-logarithmic integral as for J; up to an overall factor

to [? — m? and can be omitted. In the first term for the on-shell soft quark we can replace

—p, which gives
1 2
Jg——§(1+plnp+...), (3.13)

and

(M) ] oy = A% (3.14)
Let us consider the higher-order double-logarithmic contributions due to dressing of the
one-loop diagram with multiple leading-power gluon exchanges. After factoring out the
external line Sudakov corrections into Z 92 the remaining non-Sudakov mass logarithms are
determined by the effective soft gluon corrections to the Higgs boson vertex which can
be obtained from the double-logarithmic result for the off-shell quark form factor given

in the appendix B. At O(my) only the leading-power term should be kept in eq. (B.1)

5The contributions of the positive and negative Sudakov parameters are symmetric so we rewrite the
total integral in terms of positive u and v.



Figure 3. The three-loop Feynman diagrams for the Higgs boson two-photon decay amplitude
with triple soft quark exchange.

and included into the one-loop integrand of eq. (3.9), see figure 1(b). To account for the
variation of the color charge along the eikonal lines in the process of soft quark emission the
color weight in the Sudakov factor eq. (B.2) for the off-shell quark lines should be changed
from Cr to Cp — C4 [27, 28]. This gives

0
M0y =n2pg(2), (3.15)
where
1 1-¢
2) = 2/ dg/ dne?™™ = 3 Fy (1,1;3/2,2; 2/2) (3.16)
0 0
is the generalized hypergeometric function with the Taylor expansion
o
)" 3.17
ZO: 2n + 2 ( )

At (’)(mg ) the loop momentum insertion do not affect the structure of the leading-power soft
gluon contribution which is represented by the diagram in figure 1(c). As it was discussed
above, the logarithmic integral over the soft quark momentum is identical to the O(my)
term and the corresponding contribution to M é;}{ is given by —4M g(g)H, cf. egs. (3.12)
and (3.14). In principle in this order of the small-mass expansion one has to consider the
leading power correction to the off-shell form factor itself. However, as it has been pointed
out the soft gluons do not generate the double-logarithmic O(p) contribution. At the same
time the power corrections in the off-shell quark momenta A;/m?% to eq. (B.1) cancel an
eikonal quark propagator up to the terms proportional to {? — mg and also can be omitted.

Starting with three loops the diagrams with triple soft quark exchange, figures 3(a—d),
may contribute to O(mg) amplitude. The double-logarithmic part of the diagrams fig-
ures 3(b—d) vanishes after taking the spinor trace over the closed quark loop. At the
same time the diagram figure 3(a) includes a two-loop subdiagram corresponding to the
double-logarithmic off-shell scalar form factor eq. (B.1), i.e. has the structure of figure 1(d).
To get the corresponding corrections to the amplitude the next-to-leading power term
Zqz(n, §)F§1)(77, €) should be included into the one-loop integrand of eq. (3.9) and as before
in the factor Zg (n,€) the color weight Cr should be changed to Cp — C4. In this way we

1)

get the double-logarithmic corrections to the coefficient M g(g o

T
In?p ZTCFﬁh(z) , (3.18)



(d) (e) (f)

Figure 4. The Feynman diagrams representing (a) the two-loop and (b)—(e) the three-loop
corrections to the ggH amplitude with an additional eikonal gluon emitted by the soft quark.
(f) the Feynman diagram with the effective soft gluon exchange, which represents the total QCD
three-loop non-Sudakov double-logarithmic correction associated with the eikonal gluon emission,
eq. (3.20).

where the function h(z) has the following integral representation

1-n
h(z) = 6! / dn / d¢ / dra / dé / dm / dgy e nembztma) (3.19)

The coefficients of the Taylor series h(z) = 1 + > o2 hp2" can be computed for any
given n corresponding to the (n + 3)-loop double-logarithmic contribution. The first eight
coefficients of the series are listed in table 1.

All the double-logarithmic contributions we have considered so far factored out into
the (effective) corrections to the Higgs boson vertex. In three loops a new source of the
double-logarithmic corrections opens up with an additional eikonal gluon connecting one
of the eikonal and the soft quark lines. To trace the origin of this contributions let us
consider first the two-loop diagram in figure 4(a). This diagram formally may have a
double-logarithmic scaling. Indeed, for the virtual momentum [ collinear to p; and for the
soft momentum /; the gluon propagator becomes eikonal and proportional to 1/(l;l). Thus
we get a standard scalar double-logarithmic integral over [; with external on-shell momenta
p2 and [ which is proportional to the eikonal factor 1/(pal). To get the double-logarithmic
scaling of the integral over [ it must be canceled since the same factor is already present
in the second eikonal quark propagator. However, due to transversal polarization of the
external gluons the relevant structure with the light-cone component of the momentum
[ does not appear in the tensor decomposition of the Feynman diagram and the double-
logarithmic contribution of this type does not appear in two loops. At the same time
the relevant tensor structures do appear in three loops. The corresponding abelian and
nonabelian diagrams are given in figures 4(b,c) and (d,e), respectively. The details of the
calculation of the abelian contribution are given in appendix C. Note that for the planar

~10 -



n 1 2 3 4 5 6 7 8
n227nlh 3 8 90 59392 5360 7559936 583744 | 2110652416
n 7 9 " 45045 3861 5360355 415701 1527701175
n! sab 17 | 83 | 241 47984 3645 97228 772588 19563776
“In 28 175 550 105105 7007 153153 944775 17782765

Table 1. The normalized coefficients of the Taylor series for the function h(z) and 5*P(z) up to
n =38.

topology figure 4(c) due to a cancellation specific to three loops the double-logarithmic
contribution vanishes. Moreover, in the diagram figure 4(e) the contribution of the soft
gluon momentum coming from the three-gluon vertex is not included. Though such a term
does produce a double-logarithmic contribution for a given diagram, it is proportional
to the momentum of the on-shell soft gluon and after we cut the corresponding gluon
line it vanishes in the sum of the diagrams by the Ward identity. After separating the
infrared divergencies in the same way as it has been done for the functions f(z) and g(z),
the remaining infrared finite double-logarithmic contribution is described by the diagram
figure 4(f) with the effective soft gluon exchange. The corresponding Feynman integral is
the same as for the abelian diagram in figure 4(b) computed in appendix C, which gives

the following contribution to M 5(,51,}1

—In%p (Ca = CF)éCA — 2CF)1:2 . (3.20)

The color structure of eq. (3.20) is quite peculiar. As it has been previously discussed
the factor C'4 — C'F accounts for the eikonal color charge variation caused by a soft quark
emission. The remaining factor C4 — 2CF reflects the change of the eikonal quark and
antiquark state into color octet after the emission of the eikonal gluon.

The higher-order double-logarithmic corrections of this type are obtained by dress-
ing the diagram in figure 4(a) with multiple soft gluons. This results in multiplication of
eq. (3.20) by a function of the double-logarithmic variable j(z) = 14 Yo% j,2". Thus
the complete double-logarithmic approximation for the next-to-next-to-leading power co-
efficient can be written as follows

TeCryy ) - (C4=OrOa=20r) ) ],

(3.21)

M 152
M,y =1In p[—4g(z)+ ( 15 h(z) — 9

Calculation of the functions j(z) requires a systematic factorization of the soft emissions
with respect to the emission of the additional eikonal gluon. For QCD this is a rather
complicated computational problem due to the soft interaction of the eikonal gluon, which
starts to contribute in four loops. The full QCD analysis, however, goes beyond the scope
of the present paper. Instead, we consider two complementary limits where such a compli-
cation is absent. First we discuss QCD with the large number of colors N, — co. In this
case the color factor of the diagram figure 4(a) vanishes and the double logarithmic ap-
proximation is entirely determined by the function g(z) where z = N.x/2. In the opposite
abelian limit C4 = 0 the gluon self-coupling is absent but the analysis of the factorization
is nevertheless quite nontrivial, see appendix C. For C'4 = 0 we get the following integral

- 11 -



representation of the function j(z)

1 1=n 1-¢ 1-m—¢
P =7 [Can [ a [dn [T dg g
0 0 0 0

—2znf _ 1 —2znf _ | +2z2né
e e zn
1 , 3.22
o R R (3.22)
where in the abelian approximation the double-logarithmic variable reduces to z = —Cpz.

The first eight coefficients of the Taylor series for j2P(z) are listed in table 1. The pertur-
bative expansion of eq. (3.21) reads

2 TpCr 14 23 9
MY = n? {—4—0 -C (F - —C3+ ZcpC —02) 2
oot = P g(Ca—Crat == ~ O+ gOrCa—5ca) -
Feqxd + .. ] (3.23)
where the four-loop coefficient is ¢, = —N2 /840 in the large-N. approximation and

Cq —

TrC% 13
— —C
210 90 F

in the abelian approximation. The series eq. (3.23) can be compared to the existing fixed-

(3.24)

order results. The two-loop term agrees with the expansion of the exact analytic result [57].
The high-energy expansion of the three-loop ggH amplitude has been obtained numerically
in ref. [48]. Eq. (3.23) corresponds to the following coefficient of the L¢/2? term in eq. (C.1)
of [48]

ﬁ (—TFCF + 14C% — 23CpCy + 9031) , (3.25)
which agrees with its numerical value 0.0005738811728. The result eq. (3.21) for the gluon
fusion amplitude can be transformed into the one for the amplitude of the Higgs boson
two-photon decay by changing the color charge of the external lines from C'4 to zero. This
results in the replacement C'y — Cr — —CF in the definition of the double-logarithmic
variable z and in the coefficient of eq. (3.20). By adopting the notations similar to the
gluon fusion case we get

45 45 F 9

The three-loop term can be compared to the numerical result for the high-energy expansion

(3.26)

P TrCp 14 CrC
Mg%—ln%[—él—i—g()’px—i—( FE o2+ 2F A);;;M..}.

of the amplitude given in ref. [49]. It corresponds to the coefficient

1 2
- 00 (TrCrp —14CE + 5CrCa) (3.27)

of the L¢/2% term in eq. (C.1) and agrees with its numerical value 0.001099537037. The
agreement holds for the contributions of the individual color factors [58].

Let us consider the all-order asymptotic behavior of the (’)(mg) amplitude in the high-
energy (small-mass) limit. In the large- N, approximation it reads

N
M, = —4ln2pg(26x) , (3.28)
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where

9(z) ~ <2wez)zl> (3.29)

53
at z — oo, i.e. the amplitude is exponentially enhanced. Note that the limit N. — oo is
taken first and in general may not commute with the kinematical limit z — oo. In the

abelian approximation the relevant asymptotic behavior of the functions in eq. (3.21) at
z — —oo reads

In(—2z2) + vg a 9
o) ~ BRI ) 012, ) ~ o (3.30)
z 2z
Thus the coefficient asymptotically approaches the value M é;)H = —In?p, i.e. the double

logarithmic corrections effectively reduce the leading-order coefficient by factor four.
Now we can estimate the effect of the high-order (’)(mg) terms for the physical values
of the parameters. The relative correction to the O(mg,) amplitude is given by the factor

1+p e = 1. (3.31)

9(2)

4y <TFCFh(Z) _ (CA—CF)S()CA—2CF) (Z)> 2 ‘|

In the large-N, approximation eq. (3.31) reduces to 1 — 4p with p ~ 1.6 - 103, which
amounts of approximately 0.64% negative correction to the O(my) contribution. It does
not depend on = and is the same for the gluon and photon external lines. Hence it gives
a universal all-order estimate of the next-to-next-to-leading power corrections both for the
production and decay amplitudes.

4 Summary

We have studied the high-energy asymptotic behavior of the electromagnetic quark scatter-
ing and the light quark loop mediated Higgs boson production in the third order of the small
quark mass expansion. To our knowledge this is the first example of the renormalization
group analysis of the next-to-next-to-leading power amplitudes.

For the O(mg’) quark scattering the asymptotic behavior is determined by the double-
logarithmic corrections to the Pauli form factor with the structure similar to the Dirac
and scalar form factors at (’)(mg). These non-Sudakov double logarithms result from the
eikonal color charge nonconservation in the process with the exchange of the soft virtual
quark pair. They are described by a universal function which shows exponential growth
for the large values of the double-logarithmic variable in QED and a logarithmic scaling
in QCD. We present for the first time the complete analytic asymptotic result for this
function, egs. (2.15), (2.16).

The double-logarithmic corrections to the C’)(mg) Higgs boson production and decay
amplitudes are induced by single and triple soft quark exchanges. This is the first ex-
ample where the mass suppression of the double-logarithmic contribution is not entirely
associated with the chirality flip on a fermion line. Starting with three loops a new source
of the double-logarithmic corrections opens up with an emission of an additional virtual
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eikonal gluon by the soft quark. Our analytic result agrees with the previous numeri-
cal evaluation of the three-loop QCD corrections to the Higgs boson production [48] and
two-photon decay [49]. Beyond three loops the all-order double-logarithmic asymptotic
behavior of the amplitudes has been derived in two complementary approximations. In the
large- N, limit, which is supposed to catch the qualitative behavior of real QCD, the struc-
ture of the double-logarithmic corrections significantly simplifies and becomes identical to
the one of the leading O(m,) contribution, which is exponentially enhanced for the large
values of the double-logarithmic variable. The opposite abelian limit C'4 = 0, though less
phenomenologically relevant, reveals a more complex structure of the double-logarithmic
contributions and represents the general case for the mass-suppressed amplitudes at the
next-to-next-to-leading power.

We have also presented a quantitative estimate of the accuracy of the high-order cal-
culations based on the small-mass expansion for the Higgs boson production and decays
mediated by the bottom quark loop, which may become relevant with the permanently
increasing accuracy of the QCD predictions [59]. On the basis of the double-logarithmic
analysis we conclude that neglecting the terms suppressed by the mass ratio m% /m?2; in
such a calculation introduces a relative error at the scale of one percent in every order of
the perturbative expansion. Our result can also be generalized to estimate the high-order
subleading top quark mass effects on the double Higgs boson production in the high-energy
limit [60, 61], where the role of the next-to-next-to-leading power terms could be significant.
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A Evaluation of the function f(£z) in the limit z — oo

It is more convenient to use an alternative integral representation of f(z)

1 1—m2 72 &
=2 [Cdn [T ageme [Tap [Tag ez, (A1)
0 0 0 0

which is equivalent to eq. (2.5). Then, the integration over &; and 7; can be done explicitly
with the result

% (—Ei(—2zm2&2) + In(221m2&2) + vE) - (A.2)

For the remaining integrals we introduce new variables & = yA'/2, ny = AY/2/y with the

Jacobian |J| = y and the integration limits

1—(1—4)1/? 14 (1 —4))Y/?

oNI/Z <y< NI , 0<A<1/4. (A.3)
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The logarithmic integral over y gives

1+ (1—4))1/2
In (M) . (A.4)

The further analysis depends on the sign of the argument of f(z). For z — oo the factor
e?#1282 = 22X provides exponential enhancement and the integral over \ is saturated with
the region in vicinity of the maximal value A = 1/4. Thus eq. (A.2) can be approximated
as follows

oo (n(=/2) +78) . (4.5)

and eq. (A.4) reduces to 2(1 — 4\)'/2. The asymptotic expansion of the resulting integral

is straightforward
1

PN
/4 2(1 — 4\) 22 d\ ~ (m )2 , (A.6)
0

223
which gives eq. (2.15).
For the negative value of the argument f(—z) at z — oo the asymptotic expansion of
the resulting integral is more involved but can be performed by the standard techniques

i (141 —aNy2\ o (In (22) 4+ yg)* — ©2/2
/0 In (1—(1—4A)1/2> (Ei(22)) — In(22A) — ) e 2AdA ~ o ,

(A7)

which gives eq. (2.16)

B Off-shell scalar form factor of massive quark

We consider the scalar form factor of a quark with the off-shell external momenta A; =
(pi —1)%— mg # 0 and Minkowskian momentum transfer (ps — p1)? = m%. In the double-
logarithmic approximation we can set 1> = mg so that Ay = —2(p1l) = vm%, Ay =
—2(pal) = um3;, and consider the case [A;| > m2. The form factor can be simultaneously
expanded in p = m?2/m3; and A;/m3; as follows

Fs(n,€) = Z2(n,€) S p"F§" (1,€) + O(Ai/m3y) (B.1)

n=0

where Zg(n,ﬁ), F én) (n,€) are the functions of the logarithmic variables 7, £. Though
formally |A;| > m?l we are not interested in the terms vanishing for A; = 0 since they do
not produce the double-logarithmic corrections to the Higgs boson decay amplitude. As in
eq. (2.2) the coefficient

Z4(n,€) = e 2Cree (B.2)

represents the usual Sudakov factor now computed for the off-shell quarks. Thus in the
double-logarithmic approximation the leading-power coefficient is just F' éo) (n,&) = 1. The
next-to-leading power coefficient Fél)(n,ﬁ) gets the double-logarithmic contribution from
the diagrams with the soft quark pair exchange, figures 2(c,d), and has been evaluated for
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the on-shell quarks in [27, 28]. This analysis can be extended to the off-shell case in a
straightforward way by changing the infrared cutoff from mg to A;. The result reads

n 13 72 &2
Fél)(n,ﬁ) = SCFTFx2/0 d772/0 dﬁz/0 dm/o d&, ez g2amén (B.3)

where the exponential factors corresponding to the diagrams figure 2(c) and figure 2(d)
are given separately. The only difference of the above equation with respect to egs. (12,13)
of [27] is in the integration limits over the logarithmic Sudakov variables 7;, &; corresponding
to each loop momenta. Since we perform the calculation for m, = 0 there is no correlation
between the 7; and §; variables unlike eq. (3.9) and the logarithmic integration intervals
in eq. (B.3) are given just by ordering these variables along the eikonal lines £ > & > &1,
n>n2 > .

C Evaluation of the function j(z) in abelian approximation

Let us begin with the calculation of the leading three-loop term. In the abelian approxima-
tion only two diagrams in figures 4(b,c) may have double-logarithmic scaling. We consider
the nonplanar topology first. Defining the loop momenta [ and [; as in figure 4(a) we intro-
duce the following Sudakov parametrization l; = wil+vipe+11,, k) = rip1+w)p2+k] | and
assume that in the light-cone coordinates p; = p], p2 = p3 . Then the on-shell condition for
the soft quark propagators requires uv > p, ujv; > p/u, and the logarithmic scaling of the
integrals over the Sudakov parameters imposes the conditions v < w}, uu; <} < u. The
double-logarithmic scalar integral over [; results in the factor 1/(psl) = 1/(p31~) which
has the same structure as the lower eikonal quark propagator

S(pg—k’l—Z):—%Jr..., (C.1)
where we used the relation kj~ < [~ valid in the logarithmic integration region. To get
the logarithmic integral over [~ one of the 1/I~ factors must be cancelled. By taking into
account that the real (virtual) gluons have transversal (light-cone) polarization we find
that the only relevant tensor structure is given by the [~ term in the numerator of the
upper eikonal quark propagator

+ - -
/ Y kl l
-k -DNN=—"1 - 2
S(p1— k1 —1) k:’1+ ( o ) + ) (C.2)

as it is indicated in figure 4(b). The integral over r} and w] within the logarithmic limits
specified above results in the standard one-loop Sudakov correction factor 2zné;, where
z = —Cpz and we introduce the logarithmic variables 71 = Inwv;/Inp and § = lnwuy/Inp
in the same way as for the loop momentum [. Then the C'4 = 0 abelian double-logarithmic
contribution of the diagram figure 4(b) to the coefficient M g(;)H reads

1 1-n 1-¢ 1-m—¢ Inp 2\ 2
— 81n2pz2/ dn/ dﬁ/ dm/ dé&né = — ( g ) . (C.3)
0 0 0 0
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In the case of the planar diagram figure 4(c) the logarithmic intervals for the Sudakov
parameters of the soft gluon momentum ki = rip; +wips+ k1| are v < wi, u < rp and the
integration over k; gives the factor 2zn&. In contrast to the nonplanar case the required [~
term is generated in two different ways. Indeed, in the logarithmic integration region now
7 < k17 and the denominator of the lower quark propagator can be expanded as follows
" I~
Spe—k1—-l)=—7—|1——|+..., (C.4)
k1 k1

while the upper quark propagator has the expansion similar to eq. (C.2)

Swl—mf4)=—71<1—k1fl>+a”. (C.5)
ky Dy

The product of I~ /k; term in eq. (C.4) and k; /p; term in eq. (C.5) generates the relevant
tensor structure which cancels the contribution from the product of the leading term in
eq. (C4) and I~ /p] term in eq. (C.5). Thus the total double-logarithmic contribution
of the planar three-loop diagram to the coefficient M é;}l vanishes and eq. (C.3) with the
equal contribution of the symmetric diagram determines the abelian part of eq. (3.20). The
above cancellation, however, does not hold for the multiple soft gluon exchanges.

Let us now consider the case of n soft gluons. In the abelian approximation the double-
logarithmic corrections are generated by the diagrams with m’ leading-power exchanges of
the topology figure 4(b) and m = n — m’ exchanges of the topology figure 4(c), with
all possible permutations of n vertices along the upper quark line. Let k] and k; be the
momenta of the gluons from the first and the second group, respectively. Each of the n
gluons contributes the term [~ from the numerator of the eikonal quark propagator, as
in egs. (C.2), (C.5). After the summation over all the permutations of the n vertices the
integrals over the kit and k" factorize. After the (redundant) summation over m'!m!
permutations of vertices along the lower quark line within each group the integrals over
the k;~ and k;~ also factorize. Thus the n-loop soft contribution can easily be evaluated
with the result

(220€1)™ (22mE)™. (C.6)

The analysis of the [~ terms originating from the denominators of the eikonal quark prop-

m/!m/!

agators, as in eq. (C.4), is more subtle. These terms are generated by the soft gluons from
the second group only and come from the expansion of the following expression

AT+ .+ fuk

(ky +17)c(by + oot b +17) (C.7)

where the gluon momenta are enumerated from the eikonal gluon to the Higgs boson vertex
and f; is the number of the eikonal propagators carrying the momentum k; on the upper
quark line for a given diagram. The numerator of eq. (C.7) can be rewritten as follows

Fm(kT 4. 4k +17)
+(fmr = f) BT+ ke 1)+
+(fi=f)ky +17) = fl™. (C.8)
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Note that every term in eq. (C.8) except the last one cancels one of the eikonal quark
propagators in eq. (C.7) removing the double-logarithmic scaling of the integrand. Thus
we have to consider only the contribution of last term corresponding to the soft gluon
emitted next to the eikonal gluon vertex and the total result is obtained by summing
up the coefficients fi over the diagrams with all possible permutations of the remaining
vertices. It is convenient to perform the double-logarithmic integration over k. and k; first.
Since in the logarithmic region the Sudakov parameters are ordered along the eikonal lines,
for every diagram the n-fold integral over w) and w; gives n"/n!, the m’-fold integral over 7
gives {}”/ /m/!, and the m-fold integral over r; gives £™/m/!. This combines into the common
n-loop factor

nlm/Im) ’

Since f1 does not depend on the routing of the other loop momenta we can perform sum-
mation over the permutations within the groups of m’ and m — 1 remaining vertices on the
lower quark line, which results in the factor m’!(m —1)! for m > 0. Now let 5/ and j be the
numbers of the vertex with the soft momentum kq in a sequence of all n vertices and in a
sequence of m vertices of the second group on the upper quark line, respectively, counted
from the Higgs boson vertex. Then for a given diagram f; = j' and the sum over all the
diagrams gives

WS (J —1) (n—j")! , nl (n+1L)m
]Z:: 2:: GG — ) +j— iNm - ~ mm! 2 (C.10)

where the combinatorial factor corresponds to the number of ways to arrange m’ ordered
vertices from the first group and m — 1 ordered vertices from the second group for a given
j" and j. Bringing all the factors together we get

n+1
C2m/!m

(221761) "(2zm&)™, (C.11)

which after adding the contribution eq. (C.6) gives the total result for m > 0

AL o )™ (2™ (C.12)

2m/!m)!

The m = 0 result can be obtained directly from eq. (C.6) and reads

(22n&)™

T (C.13)

The dependence on m and m’ in eq. (C.12) factorizes and the summation over the number
of soft gluons in each group can be directly performed

= (2amé)™ [ & -1 41
2 : anglll) [Z m+m! (2eme)™ + "

m/=0 m=0 2m 2

e2zn(§+6€1)

- 9 [(6_22775 -1+ 22775) + (2zn&1) (6_2”75 + 1)} , (C.14)
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where the second term in the first line provides the correct m = 0 contribution, eq. (C.13).
After factoring out the leading soft gluon contribution 2zn&; we obtain the integrand of
eq. (3.22). Note that the contributions of the first and the second group of the soft gluons
completely factorize and exponentiate in the final result.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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