
P
o
S
(
L
L
2
0
2
4
)
0
1
4

TTP24-023, P3H-24-045, LTH-1377, ZU-TH 33/24

Electroweak corrections to 𝒈𝒈 → 𝑯𝑯: Factorizable
contributions

Joshua Davies,𝑎 Kay Schönwald,𝑏 Matthias Steinhauser𝑐 and Hantian Zhang𝑐,∗

𝑎Department of Mathematical Sciences, University of Liverpool,
Liverpool, L69 3BX, UK

𝑏Physik-Institut, Universität Zürich,
Winterthurerstrasse 190, 8057 Zürich, Switzerland

𝑐Institut für Theoretische Teilchenphysik, Karlsruhe Institute of Technology (KIT),
Wolfgang-Gaede Strasse 1, 76128 Karlsruhe, Germany

In these proceedings, we consider the factorizable contributions of the two-loop electroweak cor-
rections to Higgs boson pair production at the Large Hadron Collider. We discuss the classification
of factorizable diagrams and their renormalization. Compact analytic results for the renormalized
form factors are presented in a computer-readable form.

Loops and Legs in Quantum Field Theory (LL2024)
14-19, April, 2024
Wittenberg, Germany

∗Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/

https://pos.sissa.it/


P
o
S
(
L
L
2
0
2
4
)
0
1
4

TTP24-023, P3H-24-045, LTH-1377, ZU-TH 33/24

Electroweak corrections to 𝑔𝑔 → 𝐻𝐻: Factorizable contributions Hantian Zhang

1. Introduction

Higgs boson pair production will play an important role in constraining the Higgs self-coupling
in the coming years at the Large Hadron Collider (LHC) at CERN. Thus, besides the QCD corrections
also the higher order electroweak corrections are important.

The complete electroweak (EW) NLO corrections to 𝑔𝑔 → 𝐻𝐻 have been computed in Ref. [1]
although in a completely numerical approach. A different numerical approach has been applied for
the top-Yukawa and Higgs self-coupling corrections in Ref. [2]. For practical purposes it is often
useful to have also analytic results, even if they are only valid in a restricted region of phase space.
Up to now a few first steps have been undertaken in this direction. As a first well-defined subclass
all contributions involving four Higgs-top Yukawa couplings have been considered in Ref [3]. A
deep expansion has been computed in the high-energy limit and it has been shown that precise
results can be obtained once Padé approximants are constructed, even close to the top quark pair
threshold.

The leading 𝑚4
𝑡 and 𝑚2

𝑡 corrections have been considered in Ref. [4]. These results have been
confirmed in Ref. [5] and extended by considering all Feynman diagrams involving a top quark.
An expansion up to 1/𝑚10

𝑡 has been computed in the large-𝑚𝑡 limit. In this reference also the
renormalization is discussed taking into account all sectors of the Standard Model.

In this contribution we compute exact analytic results for the factorizable contribution to Higgs
boson pair production in gluon fusion. Sample Feynman diagram are shown in Fig. 1. In the next
section we provide details regarding the calculation, Section 3 deals with the renormalization and
Section 4 discusses the results and provides a summary.

class 1 class 2 class 3 class 4

class 5 class 6

Figure 1: Classification of Feynman diagrams contributing to factorizable contributions. The six diagrams
represent the six classes of diagrams which we distinguish in this paper.

2. Technical details

For the generation of the Feynman amplitudes we use qgraf [6] and process them afterwards
with tapir [7] and exp [8, 9]. We use the FORM-based [10] setup calc for the manipulation of
the 𝛾 matrix algebra, the application of projectors, and the reduction to master integrals. In the
following we provide more details regarding some of these elements.
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The amplitude for the process 𝑔(𝑞1)𝑔(𝑞2) → 𝐻 (𝑞3)𝐻 (𝑞4) (with 𝑞4 = −𝑞1 − 𝑞2 − 𝑞3) is
conveniently decomposed into two Lorentz structures

M𝑎𝑏 = 𝜀1,𝜇𝜀2,𝜈M𝜇𝜈,𝑎𝑏 = 𝜀1,𝜇𝜀2,𝜈𝛿
𝑎𝑏𝑋0𝑠

(
𝐹1𝐴

𝜇𝜈

1 + 𝐹2𝐴
𝜇𝜈

2
)
, (1)

where 𝑎 and 𝑏 are adjoint colour indices and the Lorentz structures are given by

𝐴
𝜇𝜈

1 = 𝑔𝜇𝜈 − 1
𝑞12

𝑞𝜈1𝑞
𝜇

2 ,

𝐴
𝜇𝜈

2 = 𝑔𝜇𝜈 + 1
𝑝2
𝑇
𝑞12

(
𝑞33𝑞

𝜈
1𝑞

𝜇

2 − 2𝑞23𝑞
𝜈
1𝑞

𝜇

3 − 2𝑞13𝑞
𝜈
3𝑞

𝜇

2 + 2𝑞12𝑞
𝜇

3 𝑞
𝜈
3

)
. (2)

In this equation the following abbreviations have been introduced

𝑞𝑖 𝑗 = 𝑞𝑖 · 𝑞 𝑗 , 𝑝 2
𝑇 =

2𝑞13𝑞23
𝑞12

− 𝑞33 =
𝑡𝑢 − 𝑚4

𝐻

𝑠
, (3)

where 𝑠 = (𝑞1+𝑞2)2 is the squared partonic centre-of-mass energy, and 𝑡 = (𝑞1 + 𝑞3)2, 𝑢 = (𝑞2 + 𝑞3)2

are Mandelstam variables which fulfill 𝑠 + 𝑡 + 𝑢 = 2𝑚2
𝐻

, and the prefactor 𝑋0 is given by

𝑋0 =
𝐺𝐹√

2
𝛼𝑠 (𝜇)

2𝜋
𝑇𝐹 , (4)

with 𝑇𝐹 = 1/2, 𝐺𝐹 is Fermi’s constant and 𝛼𝑠 (𝜇) is the strong coupling constant evaluated at the
renormalization scale 𝜇. We define perturbative expansion of the form factors as

𝐹𝑖 = 𝐹
(0)
𝑖

+ 𝛼

𝜋
𝐹

(1)
𝑖

+ . . . (5)

where 𝛼 is the fine structure constant.
Equation (1) defines the two form factors𝐹1 and𝐹2. Note that the Feynman diagrams considered

in this paper from class 1 to 4 in Fig. 1 only contribute to 𝐹1 since 𝐹2 only gets contributions
from box diagrams. These diagrams all have at least one bridge connecting the initial and final
states. In practice, only Higgs bosons serve as bridges. Note that diagrams with 𝑍 bosons or
neutral Goldstone bosons do not contribute, as the vector coupling part vanishes due to the charge
conjugation symmetry, and the axial coupling part vanishes due to the parity-even properties of the
process. We will provide final results for the renormalized form factor 𝐹1 in Feynman gauge. Note
that the finite part of the renormalized factorizable form factor 𝐹1 depends on 𝜉𝑊 and 𝜉𝑍 . They will
drop out once also the non-factorizable contribution is added. This has been checked in Ref. [5] in
the large-𝑚𝑡 limit.

We classify the factorizable contribution into six groups which are shown in Fig. 1. Classes
5 and 6 contribute to the renormalization of the top quark mass and they cancel exactly if the
top quark is renormalized on shell.1 In our calculation the corresponding diagrams are included,
however, to avoid confusion, we discard them in the final expressions provided in the ancillary
file. The remaining diagrams can be classified according to the number of 𝑠-channel Higgs boson
propagators, 𝐷ℎ (𝑠) and propagators without momentum flow, 𝐷ℎ (0). The latter arise from diagrams
with tadpoles.

1Note that box diagrams in class 6 provide contributions both to 𝐹1 and 𝐹2.
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• class 1: single 𝐷ℎ (𝑠), no 𝐷ℎ (0)

• class 2: double 𝐷ℎ (𝑠), no 𝐷ℎ (0)

• class 3: single 𝐷ℎ (𝑠) and single 𝐷ℎ (0)

• class 4: double 𝐷ℎ (𝑠) and single 𝐷ℎ (0)

As we will discuss in Section 3 these classes renormalize separately.
For the practical calculation one only has to consider one-loop integrals which are well known

in the literature. However, it is important that in intermediate steps higher order 𝜖 terms are properly
taken into account. Thus, in our calculation we refrain from using published packages since they are
either targeted to the limit 𝑑 → 4 or the handling of higher order 𝜖 terms is not transparent. Rather,
we define box-type integral families within our FORM setup with external momenta 𝑞2

1 = 𝑞2
2 = 0

and 𝑞2
3 ≠ 0 ≠ 𝑞2

4. In our routines we even have 𝑞2
3 ≠ 𝑞2

4 although for the current application
𝑞2

3 = 𝑞2
4 = 𝑚2

𝐻
is sufficient. We use LiteRed [11] to generate generic reduction rules which we

then convert to FORM code. This allows us to perform the reduction to master integrals within the
calc setup in a fast and efficient way for general dimensional parameter 𝜖 .

After inserting explicit result for the one-loop tadpole contributions we can express our final
result in terms of (products of) one-loop two- and three-point functions. More precisely, we have
the 𝜖0 term of two-point functions with squared external momentum 𝑠, 𝑡 or 𝑚2

𝐻
. Both internal lines

have the same mass, either 𝑚𝑡 , 𝑚𝑊 , 𝑚𝑍 or 𝑚𝐻 . Furthermore, there are two types of three-point
functions. Both of them have the virtuality 𝑠 on one of the external legs and the other two are both
either zero or 𝑚2

𝐻
. All three lines have again the same mass. The bare expression also contains the

term of order 𝜖 of the three-point function with external momenta {𝑞2
1, 𝑞

2
2, (𝑞1+𝑞2)2} = {0, 0, 𝑠} and

internal top quark mass. As we will see in Section 3, this contribution cancels after renormalization.
In our final results, we introduce the following notation for these functions

𝐵fin
0

(
𝑞2, 𝑚2

𝑋 , 𝑚
2
𝑋

)
: 𝜖0-part of two-point function

𝐶0
(
𝑞2

1, 𝑞
2
2, (𝑞1 + 𝑞2)2, 𝑚2

𝑋 , 𝑚
2
𝑋 , 𝑚

2
𝑋

)
: 𝜖0-part of three-point function

𝐶 𝜖
0
(
𝑞2

1, 𝑞
2
2, (𝑞1 + 𝑞2)2, 𝑚2

𝑋 , 𝑚
2
𝑋 , 𝑚

2
𝑋

)
: 𝜖1-part of three-point function (6)

where 𝑚𝑋 is the internal particle mass. These notations are quite standard and we have adopted
them from LoopTools [13]. To clarify our convention and normalization, we provide the two-point
and three-point functions including O(𝜖) terms

𝐵fin
0 (𝑠, 𝑚2

𝑡 , 𝑚
2
𝑡 ) = log

(
𝜇2

𝑚2
𝑡

)
+

√︃
𝑠(𝑠 − 4𝑚2

𝑡 ) log(𝑥)
𝑠

+ 2

𝐶0
(
0, 0, 𝑠, 𝑚2

𝑡 , 𝑚
2
𝑡 , 𝑚

2
𝑡

)
=

log(𝑥)2

2𝑠
,

𝐶 𝜖
0
(
0, 0, 𝑠, 𝑚2

𝑡 , 𝑚
2
𝑡 , 𝑚

2
𝑡

)
=

log2(𝑥) log
(
𝜇2

𝑚2
𝑡

)
2𝑠

− 4Li3(−𝑥)
𝑠

− log(𝑥)
(
𝜋2

6𝑠
− 2Li2(−𝑥)

𝑠

)
+ log3(𝑥)

6𝑠
− 3𝜁 (3)

𝑠
, (7)
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where 𝑥 =
(√︃

𝑠(𝑠 − 4𝑚2
𝑡 ) + 2𝑚2

𝑡 − 𝑠
)
/(2𝑚2

𝑡 ). As presented, the formula is valid for 𝑠 > 4𝑚2
𝑡 . It

can be evaluated in other kinematical regions by proper analytic continuation taking into account
𝑠 → 𝑠 + i 𝛿.

3. Renormalization

The renormalization of the complete contribution (i.e. factorizable and non-factorizable) is
discussed in Ref. [5] where it has successfully been applied in the large-𝑚𝑡 limit. From the
considerations in [5] it is straightforward to extract the following prescription which leads to a finite
results for the factorizable contribution:

• At LO we only consider the triangle diagram and renormalize the parameters {𝜆, 𝑣, 𝑚𝐻 }
associated to the Higgs propagator and trilinear coupling in the on-shell scheme. Here 𝜆 is
the Higgs boson self-coupling, 𝑣 is the vacuum expectation value, 𝑚𝐻 is the Higgs boson
mass. Note that the top-Yukawa coupling 𝑦𝑡 and top-mass 𝑚𝑡 are not renormalized.

• In addition to the parameter renormalization we have to take into account the wave function
renormalization of the external Higgs boson field. For the factorizable part half of this
contribution is needed; the other half is needed for the non-factorizable contribution.

In practice, we use the relation

𝜆 =
𝑚2

𝐻

2𝑣2 , 𝑣 =
2𝑚𝑊 sin 𝜃W

𝑒
(8)

where 𝜃W is the weak mixing angle and cos 𝜃W = 𝑚𝑊 /𝑚𝑍 . We use this relation between bare and
renormalized parameters for 𝑒, 𝑚𝐻 , 𝑚𝑊 , 𝑚𝑍 where 𝑒 is the electric charge. Note that in all parts
we retain all tadpole contributions from Higgs boson lines except those where the Higgs boson
is attached to a top quark line. The latter contribution is closely related to the top quark mass
renormalization in the non-factorizable contribution (see also discussion above).

The main results of this contribution are obtained in Feynman gauge. In principle, a calculation
for generic gauge parameters (𝜉𝑊 and 𝜉𝑍 ) is possible but tedious since in that case different masses
appear inside the loop functions. In Ref. [5] we have incorporated the 𝜉𝑊 and 𝜉𝑍 terms in the limits
𝜉𝑊 , 𝜉𝑍 � 1 and have checked that in the sum of all contributions the gauge parameters drop out.
In other kinematic limits we can proceed in a similar way.

4. Results and Summary

We present our final results in electronic form [12]. We introduce labels for each counterterm
contribution such that the bare result is obtained if they are set to zero. Furthermore, there are labels
for the four classes 1 to 4. Note that the 𝐶 𝜖

0 introduced in Eq.(6) drops out after renormalization.

5
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For reference we provide in the following the one-loop triangle form factor up to O(𝜖)

𝐹
(0)
1 = −

6𝑚2
ℎ
𝑚2

𝑡 log2(𝑥) (𝑠 − 4𝑚2
𝑡 )

𝑠2(𝑠 − 𝑚2
ℎ
)

+
24𝑚2

ℎ
𝑚2

𝑡

𝑠(𝑠 − 𝑚2
ℎ
)
+ 𝜖

[
48𝑚2

ℎ
𝑚2

𝑡 Li3(−𝑥) (𝑠 − 4𝑚2
𝑡 )

𝑠2(𝑠 − 𝑚2
ℎ
)

−
24𝑚2

ℎ
𝑚2

𝑡 Li2(−𝑥) log(𝑥) (𝑠 − 4𝑚2
𝑡 )

𝑠2(𝑠 − 𝑚2
ℎ
)

+ log2(𝑥)
(

24𝑚2
ℎ
𝑚4

𝑡

𝑠2(𝑠 − 𝑚2
ℎ
)
−

6𝑚2
ℎ
𝑚2

𝑡 (𝑠 − 4𝑚2
𝑡 ) log

(
𝜇2

𝑚2
𝑡

)
𝑠2(𝑠 − 𝑚2

ℎ
)

)

−
2𝑚2

ℎ
𝑚2

𝑡 (𝑠 − 4𝑚2
𝑡 ) log3(𝑥)

𝑠2(𝑠 − 𝑚2
ℎ
)

+
2𝑚2

ℎ
𝑚2

𝑡

(
12

√︃
𝑠(𝑠 − 4𝑚2

𝑡 ) + 𝜋2(𝑠 − 4𝑚2
𝑡 )

)
log(𝑥)

𝑠2(𝑠 − 𝑚2
ℎ
)

+
36𝜁 (3)𝑚2

ℎ
𝑚2

𝑡 (𝑠 − 4𝑚2
𝑡 )

𝑠2(𝑠 − 𝑚2
ℎ
)

+
24𝑚2

ℎ
𝑚2

𝑡 log
(
𝜇2

𝑚2
𝑡

)
𝑠(𝑠 − 𝑚2

ℎ
)

+
72𝑚2

ℎ
𝑚2

𝑡

𝑠(𝑠 − 𝑚2
ℎ
)

]
, (9)

where 𝑥 is defined after Eq.(7). Note that our final expression only contains scalar functions and no
tensor coefficient functions. The analytic results are well known and easy to evaluate numerically
with packages like LoopTools [13], PackageX [14], Collier [15], OneLoop [16] and other
packages. For a subset of our results involving top-Yukawa and Higgs self-coupling contributions,
we have compared to Ref. [2] and found agreement.

To summarize, in these proceedings we present a further building block to the NLO electroweak
corrections to the process 𝑔𝑔 → 𝐻𝐻: the complete factorizable contributions. We provide
our results in a computer-readable file which makes an implementeation in a numerical code
straightforward.
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