arXiv:hep-ph/0611236 v1 17 Nov 2006

Preprint typeset in JHEP style - PAPER VERSION CERN-PH-TH-2006-235

Two-loop amplitudes and master integrals for the production of

a Higgs boson via a massive quark and a scalar-quark loop

Charalampos Anastasiou' Stefan Beerli’ Stefan Bucherer? Alejandro Daleo? and Zoltan Kunszt?

YTH Unit, PH Department CERN, CH-1211 Geneva 23, Switzerland

2 Institute for Theoretical Physics, ETH, CH-8093, Zurich, Switzerland

E-Majil: babis@cern.ch, sbeerliQitp.phys.ethz.ch, stefabu@itp.phys.ethz.ch,
adaleo@itp.phys.ethz.ch, kunsztQitp.phys.ethz.ch

ABSTRACT: We compute all two-loop master integrals which are required for the evaluation of next-to-
leading order QCD corrections in Higgs boson production via gluon fusion. Many two-loop amplitudes
for 2 — 1 processes in the Standard Model and beyond can be expressed in terms of these integrals
using automated reduction techniques. These integrals also form a subset of the master integrals for more
complicated 2 — 2 amplitudes with massive propagators in the loops. As a first application, we evaluate
the two-loop amplitude for Higgs boson production in gluon fusion via a massive quark. Our result is the
first independent check of the calculation of Spira, Djouadi, Graudenz and Zerwas. We also present for

the first time the two-loop amplitude for gg — h via a massive squark.



1. Introduction

Next-to-leading (NLO) QCD corrections are important for a wide range of processes at the LHC. Recently,
there have been new breakthroughs in developing efficient techniques for one-loop amplitudes, e.g. [1]. It
is realistic that these theoretical advances will improve the data analysis for many interesting observables.
However, processes which cannot occur with tree-level interactions at leading order, require two-loop rather
than one-loop amplitudes at NLO.

Loop induced processes should be rather sensitive to new physics (see for example [2]). It is possible
that we revisit their NLO corrections several times in the future, in order to include new types of particle
interactions in the loops. In this paper, we study a basic LHC process of this kind: the production of a
Higgs boson in gluon fusion.

The two-loop QCD corrections for gg — H in the minimal Standard Model and its two-Higgs-doublet
extensions have already been computed in [3]. In this calculation, the mass effects of the quark coupled to
the Higgs boson were also fully accounted for. The impact of the NLO correction is striking; for example,
the SM Higgs boson production cross-section increases by more than 70%.

This calculation has never been verified in the literature, except in well known limits such as within
the heavy top-quark approximation [4]. It is thus important to perform an independent computation.
Our main objective, however, is to automatize the evaluation of the two-loop amplitude in QCD for this
and other processes with similar distribution of massive particles in the loops. This is essential for future
applications in gluon fusion and other processes for a variety of extensions of the Standard Model.

In 2001 Laporta introduced a new algorithm for an automated reduction of multi-loop integrals to
master integrals [5]. A parallel rapid development of the Mellin-Barnes method [6-10], the differential
equation method [11], and sector decomposition [12-14], yielded robust technology for computing master
integrals. As a result, two-loop calculations for three and four point functions with more than one scale
are now tractable.

In this paper we study the two-loop integrals which are required in gluon fusion processes. We apply
the algorithm of Laporta, using the package AIR [15] and an independent MATHEMATICA implemen-
tation [16], to perform a reduction to master integrals. Some master integrals were already known in
the literature [17-23]. We have recomputed them using the method of differential equations [11]. We
present here for the first time the remaining master integrals, including the most complicated scalar cross-
triangle. The same master integrals enter the evaluation of two-loop amplitudes of more complicated 2 — 2
processes, such as heavy quark pair production.

Our results are first given as an expansion in the dimension parameter € = (4 — d)/2 in terms of har-
monic polylogarithms. We present the series coefficients through the order where harmonic polylogarithms
with transcendentality four appear. The polylogarithms are real valued in a non-physical kinematic region
corresponding to imaginary center of mass energy s < 0. Then we perform explicitly the analytic continua-
tion in the physical regions below and above the threshold corresponding to two on-shell heavy particles in

the loops: s = 4m?. For s > 4m? the analytic continuation proceeds as in [24,29]. For s < 4m?, we find the



analytic continuation of harmonic polylogarithms using the procedure described in [19]. Interestingly, the
result for the master integrals is in general simpler than the analytic continuation for individual harmonic
polylogarithms.

As a first application, we compute the two-loop amplitude for gg — h in the Standard Model. We
have compared our result with the expression in [25], in the non-physical region. The result of [25] was
derived by series expanding the integral representation of the two-loop amplitude from [3] in a kinematic
variable, and mapping the expansion to a carefully chosen ansatz. Our result agrees with [25]. This is the
first independent check of the two-loop amplitude in [3].

We present here a new result for the two-loop amplitude gg — h via scalar-quarks. In the heavy
squark limit, our result agrees with [27]. With a completed setup for the reduction procedure and the
expressions for the master integrals, the evaluation of this new result is fully automated. Other amplitudes
with different particle content in the loops can be obtained easily. We note that preliminary numerical

results for the NLO K-factor for the squark case have been presented in [28].

2. Reduction of the amplitudes
We consider QCD virtual corrections to the process
g+g—h (2.1)

with just one massive particle running in the loops. Some typical Feynman diagrams are shown in Figure
1 for the cases of a heavy quark and a squark in the loop.

It is convenient to project the two-loop amplitudes onto scalar form factors. In this way we are left
only with loop integrals involving scalar products in the numerator. The scalar integrals can be classified
into topologies according to their denominators. In gg — h we find diagrams with at most six propagators,
of which five can be massive. In the numerators, however, one can find seven independent scalar products.
The irreducible scalar product can be dealt with by introducing an additional propagator, which is raised
to negative powers in the expressions for the physical amplitudes. After the introduction of the auxiliary

propagators, all scalar integrals belong to subtopologies of the three topologies, shown in Figure 2, with

denominators:
TP, TP, TP3
Dy = k2 Dy = k% — mf D3 = k% — m?
D1y = (k + p1)? Dyy = (k+p2)?—mi Dz = (k—1—p1)?
Di3 = (k + p12)? D3 = (k+p12)> —mi Dsz = (k+p12)> —m} (2.2)
Dy = (I+p12)> —mi Dy = (I+p12)>—mi Dss = (I+p12)> —mf .
Dis = (I4+p1)?—mi Do = (I+p2)*—mi Dz = (I+p1)?—m}
Dig = 12 —m? Dog = 12 —m? Dsg = (k+p1)? —m?
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Figure 1: Typical Feynman diagrams in the two loop contributions to gg — H with (a) a heavy fermion in the

loop, (b) a heavy scalar in the loop .

where p1o = p1 + p2, m; is the mass of the particle running in the loops and k and [ are the loop momenta.

The reduction to master integrals is done using integration by part identities [30,31] combined with
the Laporta algorithm [5] in [15,16]. We found 17 master integrals, which are shown in Figure 3. It is
possible to choose a different basis of master integrals; the basis we choose is particularly convenient for
the method of differential equations.

The master integrals in the first two lines of Figure 3 are products of known one-loop integrals [17,19].
The master integrals in the third, fourth and fifth line in Figure 3 are non-factorizable. Integrals in the
third and fourth line were calculated already in [18]! and [19,21,22]. respectively. The double triangle,
last diagram in the third line was calculated in [21-23]. Also the six propagators triangle - third diagram

in the last line of Figure 3 - has been calculated in [20].

3. Master integrals

We computed all master integrals using the differential equation method [11,32-36]. The natural variable

to express the results is
. 4mt2

vi-7-1
r=Y""T"" 1 where T= , (3.1)
V1i—-7+1 5

'Qur results fully agree with the results quoted in this reference taken from the electronic file in

http://pheno.physik.uni-freiburg.de/bonciani/. The printed version contains several typographical mistakes.
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Figure 2: Master topologies. Wavy lines denote massless particles both external and internal. Internal massive

lines are denoted by single straight lines whereas the double line denotes a massive external particle.

with s = (p1 +p2)?. The variable x is real valued in the space-like region (s < 0) and in the physical region
above threshold (s > 4m?). Below threshold z lies on the unit circle in the complex plane. In that region,
we introduce the variable 6 such that = = €. For quick reference, in Table 1 we list the domain of each

variable in the different kinematical regions.

Region s T x

space-like —00<s<0 |0>7T>—-00 O<ax<l1
below threshold | 0 < s < 4m;? co>7>1 |z=€e? withO< O <7
above threshold | 4m;? < s < oo 1>7>0 —1<x<0

Table 1: Domain spanned by the variables in the different kinematical regions

The dependence on z of the master integrals is determined by solving the associated differential equa-
tions. These are obtained by taking the derivative with respect to = of the loop integrals and exchanging
the order of the differential operator and the loop integration. In this way, the derivative of a given master
integral is expressed in terms of scalar integrals which can again be reduced to masters. Applying this

procedure to all integrals in our master basis, we derive a closed system of differential equations.
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Figure 3: Set of master integrals. The conventions for the lines are as in Figure 2. Each dot on a propagator line

denotes an additional power of the propagator in the denominator. The diagram with a big dot contains a numerator,
it is defined in the following section.

We solve the differential equations order by order in powers of €. Only integrations with kernels 1/z,
1/(1 —z) and 1/(1 + z) are required, and the solutions can be written exclusively in terms of harmonic
polylogarithms [29].

To fully determine the solution of the differential equations, we require the value of the master integrals
at a certain kinematic point. The value at x = 1 is very easy to obtain. This limit corresponds to setting
the external momenta to zero (s = 0). All non-factorizable master integrals MINT) collapse to a vacuum

sunset diagram with extra powers of propagators:

4!
lim MINF) — . (3.2)

V3

The exponent v corresponds to the number of massless propagators in the integral whereas v + v3 is the



number of massive propagators. One can easily compute:

4!

_ (_ 1)1/123 mt2 (d—v123)

F(l/lgg —d)F(Vm - %)F(V23 - %)F(% _Vz) . (33)

T(v1) ()T (2) T (113 + 215 — d)
V3
We have observed that one could fix the solution of the differential equations by requiring simply that the
x — 1 limit is finite, since the homogeneous solutions usually diverge at x = 1. The explicit formula for
the limit x = 1 in Eq. 3.3 was then an additional consistency check of our calculation.
In one master integral, the x = 1 limit does not commute with the expansion around € = 0, due to a

collinear singularity as s vanishes. For this master integral, we have used the massless limit x — 0, which

c 2 7.(.4

In the following sections we shall present our results in the space-like and 0 < s < 4m? regions, and de-

is well behaved:

with

scribe the analytic continuation procedure. We have performed several checks on our results for the master
integrals. We have verified that our expressions satisfy the differential equations before and after analytic
continuation. We have also computed all master integrals numerically from their Feynman parameteriza-
tion, by using sector decomposition [12-14]. Our analytic expressions agree fully with the direct numerical

evaluation.

4. Results in the region s < 0

We now present the results for the master integrals in the space-like region. We give the definition of the
master integrals in terms of the propagators listed in section 2, and their e-expansion in terms of harmonic

polylogarithms.

4.1 One loop integrals

d?k 1 L(1+€), o _eyq 1
_ _ er1 1 41
O /z’wd/2 k2 —m? + ie 1—e¢ (mi) € (41)



dk 1 T(1+e), o 1ITR=T(1—¢) ((1—2)* \°
% /wd/z DDy 1-e (m?) e T(2-2) < v _Z€> -

Fr;gub (.Z')
F r(r]lbub(x)

F nlabub(x)

Flpun ()

F r?lbub(x)

dk 1 1 +€)
— = /Wd/2 DoiDys Z_z_:le Fopup () + O(e?)

— 1
= 1ix{—x+(x+1)H(0;x)+1}
L 2 12) 4 (o DH) 200+ DH(1,00)

+ (z + DH(O, o-g;)}
1

_ [~ L@ 1) 2@+ C@)e +¢(3) —2)

1—=x 6

+ %WQ(x +1)H(-1;2) — % (12 +7%) (z + 1)H(0;2)

—2(x+1)H(0,-1,0;2) — 2(x + 1)H(—1,0;2) + (z + 1)H(0,0; z)

Yz + 1) H(—1,-1,0;2) — 2(x + 1)H(—1,0,0: ) + (z + 1)H(0,0,0; x)}

= - e ) - g ) = 2+ (@) + ()~ 4)

1—= 40

+ %7‘(’2($ +1)H(0,-1;2) + %(az + 1) H(~1;2) (7 + 12{(3))

— %(a; +1) (7% + 12(=2 +¢(3))) H(0;2) — 2(x + 1)H (0,0, —1,0;x)
—2(x +1)H(0,-1,0;z) — §7T2(a: + 1) H(—1,~1;z)

+ % (12 +7%) (z + 1)H(-1,0;2) — % (12 +7%) (2 + 1)H(0,0; )

+4(zx+1)H(0,-1,-1,0;2) —2(z +1)H(0,—-1,0,0;z) + 4(x + 1)H(—1,0,

+4(zx+1)H(-1,-1,0;2) — 2(x + 1)H(-1,0,0;z) + (x + 1)H(0,0,0; )
F 4z + 1)H(-1,-1,0,0;2) — 8(z + 1) H(~1,-1,-1,0;)

+ (z + 1)H(0,0,0,0;z) — 2(x + 1)H(~1,0,0,0; :n)}

(4.3)

—1,0; )

(4.8)



d?k 1 T+ . 5
— = e 'FL 4.9
_<E /”rd/2 Doy D3 Dog 1— ZE i O(«) (4.9)

Foui(r) = —% (4.10)
Floi(z) = ﬁ{%wm(o;@+2H(0,—1,0;x)+H(0,0;x)+3§(3)
— H(0,0,0; :17)} (4.11)
X 7T2 7'('4
Frule) = s - 3rH0 1) + HO) (T4 203)) - 306)+ 5

1
+2H(0,0,~1,052) — 2H(0, ~1,0:2) + =’ H(0,0;2) — 4H(0,~1,~1,0:)
+2H(0,—1,0,0;x) + H(0,0,0;x) — H(0,0, 0,0;:17)} (4.12)

4.2 Factorizable integrals

/ zizl; 2761552 D151D17: O X O (4.13)

% / diljz diﬁzp D D D % =©= (4.14)
w W 1113014 D16

% / ziilj? Zﬁjz DHDllngﬁ: :ih;é: X O (4.15)

;C} / ziil; z;ljjz D14l)116D17: =©= x O (4.16)




d d
wd/Q imd/2 D14D15D16D17
d d
imd/2 md/ 2 Doy D23D24D26

d d
/d ko[ i 1 _ y (4.19)
imd/? md/ 2 D1 D93 Doy Das Dag

4.3 Three propagator integrals

/ ddk; dl 1
Z7Td/2 Z7Td/2 DllD%4D%7

2 2
= (P(llj;)> (m?)‘*‘l;e"Ff(w) +0(€) (4.20)
0 B 2xH(0,0; )
Fy(x) wo1 (4.21)
Fl(z) = ﬁ{éﬁH(O;:ﬂ) +12H(0,—1,0;z) +4H(0,0;x) 4+ 6¢(3)
—4H(0,1,0;x) — 6H(0,0,0;2) + 4H(1,0,0; x)} (4.22)
9 T 9 1374
F2(z) = m{ 2 H(0,~12) — 120(3) + ~

+ (-5 160)) H00) + 20,110 - 128120

2
+36H(0,0,—1,0;z) — 24H(0,—1,0;2) + (=2 + «) H(0,0;z) — g7T2H(1, 0; )

+8H(0,1,0;2) — 12H(0,0,1,0; z) — T2H (0, —1,—1,0; 7) + 48H (0, —1,0, 0; 2)



+24H(0,—1,1,0;z) + 12H(0,0,0;2) — 24H (1,0, —1,0; 2) — 8H(1,0,0; z)

+8H(1,0,1,0;x) + 24H (0,1, —1,0; ) — 20H(0,1,0,0; 2) — 8H(0,1,1,0; z)

— 14H(0,0,0,0;z) + 12H(1,0,0,0; 2) — 8H (1,1, 0,0;9;)}

B /ddk /ddz 1
~ Jind/2 | ind/2 D? D?,Ds7

2 2
— <F(11_+€6)> (m?)=2e1 ig_:l e Fi(x) + O(e?)
xH(0;z)
z?—1

(z— 13z +1)

{ —2H(0;2)(z — 1)% — %772(:5 1)

+ (z — 1)(5z — 3)H(0,0;2) — 6(x — 1)2H(~1,0;z)

+2(z — 1)2H(1,0; x)}

(z -1z +1)

+ 7
1

x {%(x —1) (6¢(3)(4 — Tz) + 7*(z — 1))

2(x—1)2H(-1;2) — %(az —1) (=6x + (52 — 3) + 6) H(0;x)

- g7r2H(1;a;)(a; —1)2 = 6(52 — 3)H(0,—1,0;z)(x — 1)

+12(z — 1)2H(~1,0;2) — 2(z — 1)(52 — 3)H(0, 0; )

+2(z —1)(5z — 3)H(0,1,0;z) — 4(x — 1)?H(1,0; z)

+36(z — 1)2H(—1,-1,0;z) — 24(z — 1)2H(~1,0,0; z)

+ (x — 1)(13z — 7)H(0,0,0; z) — 12(z — 1)*H(-1,1,0; z)

+2(z —1)(3z — 5)H(1,0,0;z) — 12(z — 1)2H(1,—1,0; 2)

+ 4 — 1)2H(, 1,0;9;)}

(x —1)3(x+1)

> { - %(m — 1) (607*(z — 1) + 7*(61z — 35) — 1440(Tx — 4)¢(3))

+ 7% (z — 1)(5z — 3)H (0, —1;2) — 2(z — 1)2H(-1;2) (7* — 33((3))

L1
3

(z — 1)H(0;2) (6¢(3)(9 — 17z) + 7*(5z — 3))

,10,
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(4.27)



+ > (z - DH(L;2) (6¢(3)(7 — 42) + n2(x — 1))
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—48H(—1,0,1,0;z)(z — 1)® — 2(13z — 7)H(0,0,0; z)(z — 1)
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+8(z — 1)2H(1,1,1,0; x)}

— 11 —
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4.4 Four propagator integrals

/ddk dil 1
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- 4) H(1,0;z)
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1
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ﬁ{g(x — 124 (1—2%) H(0; x)} (4.36)
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— 22H(1,0,0,0; x)} (4.38)

/ddk d’l (k+p1)- (1 —k)
imd/2 md/z D12D14D16 D17

1
< 11_+: > (m§)' =2 >~ éFi(x) + O(e) (4.39)

i=—2

(4.40)
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(1—x)2x

1

m{%(w—1)4+<—§+w3—w+i> H(O;:U)} (4.41)

| 1
{3—2 (312" — 1402® + (218 — 64¢(3))a® — 140z + 31)

1
+ 55 (—152* + 542® — 4n®2? — bdx + 15) H(0;2)

1
+5 (z* — 42® + 42 — 1) H(-1,0;2)
1 4 3 2 at g 1
—1—1(—:17 +4z° + 32° — 8z +2) H(0,0;z) + _Z+$ —:E—I—Z H(1,0;z)
1
— H(0,1,0;2)a? — ZH(0,0,0: x)x2} (4.42)
1 189 ¢(3)\ 4 233 72 B (743 1zt 3¢3)\
(1—:13)%{(64 4>x+ "6 T T Gy s T T )
1 ) 189 1, .,
I (699 4 2% — 192¢(3)) = — ¢(3) + o T3Te H(0,—-1;)

418H(0 z) (— (93 +27%) a* + (342 + 87%) 2® + 6 (7% + 12((3)) 2° — 3422 + 93)

1 ] 2 204 4.3 _
+ 57 H(1:2) (962°C(3) = 7 (2! —4a® + 4o — 1))

1
+ 22H (0,0, —1,0;z) — 67r2gc2H(o, 1;z)

_|_

+
— 4>|»~ =
|
t
E
+
[\"]
w

(2! — 42® — 32% + 8z — 2) H(0,—1,0;2)
(5a* — 182° + 18z — 5) H(—1,0;2)

1
e” = o (—57—1—27T2) $2—5x+2> H(0,0;z)

oo

(—152* + 602® + 8n%2* — 602 + 15) H(1,0;)

+
EIH

+

—

—zt 4 423 + 32% — 4z + 1) H(0,1,0;z) — 22H(0,0,1,0; z)

+ H(0,—1,0,0;2)z® +2H(0,—1,1,0;z)2* + (—2* +42° — 4o + 1) H(-1,-1,0;2)

_|_

(2! — 42® 4+ 42 — 1) H(-1,0,0; z)
(2! — 42® + 42 — 1) H(-1,1,0;2)

2
+ 2z 3+QT —4x+1> H(0,0,0; )

_I_
M|€i

+ +
w|)—~/—\ DO = | W m | —

(z* — 42® + 42 — 1) H(1,-1,0;2)
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4 2

x 3 3 3

—= i ) H(1,0,0;

—|-< 1 +x° + 5 3x+4> (1,0,0;x)
1

+2H(1,0,1,0;x)z% + 3 (—2* +42° — 4z + 1) H(1,1,0;2)

+2H(0,1,-1,0;z)2® — 2H(0,1,0,0;z)z? — 2H(0,1, 1,0; z)z?

+22H(1,0,0,0;2) — gsz(O, 0,0,0: x)} (4.43)
ddk 9 1
o Z7Td/2 Z7Td/2 D12D14D16D%7
2
I'(1+e) e i i
- ( 1t ) (m2) 223" éFi(x) + O() (4.44)
=0
0 ~ xH(0,0;x)
1 _ z _}2 oY 10 . _9€(3)
R = o _$)2{ 7 H(0:2) = H(0,1,050) — H(0,0:2) — =
1
— H(0,1,0:) + 5 H(0,0,05) + H(1, 0,0;az)} (4.46)
T 1 1 1174
Fz) = i _$)2{§7T2H(0,—1;:E) + om H(0:2) +9¢(3) + -

1
+3¢C(3)H(1;z) — EW2H(0, 1;2) — H(0,0,—1,0;z) + 2H(0, —1,0; )

1 1
+135 (6 —x*) H(0,0;2) + 5772}1(1, 0;x) + 2H(0,1,0; )

+2H(0,—1,-1,0;x) +2H(0,—1,1,0;x) — H(0,0,0;x) —2H(1,0,—1,0;x)
—2H(1,0,0;2) + 4H(1,0,1,0;x) + 2H(0,1,—1,0;2) — H(0,1,0,0; )

1
— 2H(0,1,1,0;2) + 5 H(0,0,0,05) + 4H(1,0,0,05) + 2H(1,1,0,0; x)} (4.47)

4.5 Five propagator integrals

o /ddk / d’l 1
ird/2 | iwd/2 Doy D3 Doy Dog Doy

2
_ ( (1 + 6)> (mt2)—25—1F70(x) + 0(61) (448)

1—¢
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1 1 T
Foz) = = 3:)2{ - 67T2H(0’0; x)xr — §7T2H(1,0;:E)l’ ~ 3

—xH(0,0,1,0;2) — 2¢H(1,0,1,0;x) — 2¢H(0,1,0,0;x) — 3xH(1,0,0,0; )
— 42H(1,1,0,0; 3:)}

(4.49)
 [dk a4 1
- - /Z'Wd/z /Z'Wd/z D11 D13D14 D16 D17
2 1
_ (”;_*?) (m) 21 Y @ Ri(x) + O(e) (4.50)
=0
F(z) = ﬁ{ —2H(0,0,1;x) — 2H(0,1,0; ) + 4H(1,0,0; z) — 6{(3)} (4.51)
X 7T4
B@ = goon{ - 2@ H0) + 3r2H0.12) - 208 (1)) - T

2
— 8H(0,0,0,1;z) — 10H(0,0,—1,0;z) + 4H (0, —1,0, 1;2) — g772}1(1, 0; )

—4H(1,0,0,1;z) —4H(0,1,0,1;2) —4H(0,0,1,0;2) — 4H(0,0,1,1;2) + 4H(0,—1,0,0; x)
+4H(0,—1,1,0;x) —24H(1,0,—1,0;x) + 4H(1,0,1,0;x) + 4H(0,1,—1,0;x)

— 6H(0,1,0,0; ) — 4H(0,1,1,0;2) + 12H(1,0,0,0; a:)} (4.52)
4.6 Six propagator integrals
_/ddk /ddl 1
) iw?/2 | ixd/2 Doy D3 Doy Das Dog Doz
I(1+e))? e
- (D) 22 + o) (1.53)
0 332 4
F, . A— H(0; 16H (0,0, —1,0; -
@) = g CBH ) + 16H(0,0,-1,0:0) + 5
P
+ g7T2H(0,o;a;) —4H(0,0,1,0;z) — 8H(0,—1,0,0;2) 4+ 14H(0,1,0,0; z)
+ H(0,0,0,0; :c)} (4.54)
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/ dk / d?l 1
iwd/2 | ind/2 D3y D3g D33 D3y D35 D3y

0
Fil(z) = ﬁ{ - §w2H(0; z) —8H(0,—1,0;x) +4H(0,0,0;2) — 124(3)} (4.56)
z? 4
Floo(x) = m{gﬂzf[(o,—l;x)+24€(3)—%

+ % (7% —33¢(3)) H(0;z) — %wQH(O, 1;2) — 48H (1;x)C(3)

—56H(0,0,—1,0;2) + 16H(0,—1,0;2) — 1—;77211(0, 0;z) — §w2H(1, 0; z)
+8H(0,0,1,0;z) + 64H(0,—1,—1,0;z) — 40H(0, —1,0,0; ) — 16H(0, —1,1,0; z)
—8H(0,0,0;x) —32H(1,0,—1,0;x) — 16H(0,1,—1,0;x) + 8H(0,1,0,0; x)

+12H(0,0,0,0;2) + 16H (1,0, 0,0;:17)} (4.57)

5. Analytic continuation

The expressions in section 4 correspond to the unphysical, space-like region. The results must be
analytically continued towards the time-like region. Due to the threshold in s = 4m?, the physical region
splits into two subregions, namely above and below threshold.

5.1 Analytic continuation above threshold

The region above threshold corresponds to the range —1 < x < 0. The analytic continuation to
this region is straightforward, using the properties of harmonic polylogarithms under the transformation
x — —x [24,29]. For harmonic polylogarithms H (ay,...,a1;z +ic) with a; # 0 the analytic continuation
is obtained trivially

H(ap,...,+1;z +ie) = (~D)F T g(—qa,,...,F1;-z) . (5.1)

where ap = —1,0,1 for £ # 1. We can eliminate higher rank harmonic polylogarithms with a; = 0 by
applying integration by parts and product identities [29]. For instance:

H(1,0;2) = H(O;z) H(1;2) — H(0,1;z) . (5.2)
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Recursively, one can write similar identities for the harmonic polylogarithms of higher rank. At the end of

this procedure we only require the analytic continuation of simple logarithms:

H(1; 2z +ie)

—H(—1;—z +i¢)
H(0;x +1ie) = H(0; —x +i¢) +im
H(—1;x+41ie) = —H(1;—x +ie) . (5.3)
The analytic continuation described here is incorporated in the Mathematica package [37]. The expressions
for the master integrals above threshold can be easily obtained from the ones in the space-like region using
the routines implemented in this package.
5.2 Analytic continuation below threshold

Below threshold, the variable x lies on the unit circle of the complex plane. For this analytic continu-
ation we follow the procedure in [19], which we summarize here.
We first express our results in terms of the variable 6 given by 2 = exp(i ), and introduce the following

notation for the harmonic polylogarithms as functions of 0:
H.(ay,...,a1;0) = H(ay, ..., a1;€"Y) . (5.4)

We now eliminate polylogarithms H.(ay,...,a1;0) with a, = 1, using integration by parts and product

identities [24]. Then we use the analytic continuation of harmonic polylogarithms of weight one as kernels.

i T 0
Slng‘ + z<§—§> (5.5)

H.(0;0) = i6 (5.6)

For 0 < 8 < m we have

H.(1;0) = —In2

H.(-1;0) = In2

g .0
cos 5' +z§ (5.7)

We can find the analytic continuation for the harmonic polylogarithms of higher weights recursively, using

0
H.(an,an_1,...,a1;0) = H(an,an_1,...,a1;1) —|—i/ d0'g(an; 0 )He(an_1,...,a1;0") (5.8)

0
where
et? 1 1 0
g9(1;0) = -8~ 3 + 25 cot§ , (5.9)
00
9(0;0) = = =1, (5.10)
g(~1:0) = e 1 Lt (5.11)
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In this way, we have obtained expressions for the analytically continued harmonic polylogarithms through
weight 4. The analytically continued master integrals can be expressed in terms of the following functions
[19,38,39]:

ClLi(#) = —In2 sing , (5.12)
k o ko '
Ls(9) = - / a0’ 0" I 2 lsin 2 | (5.13)
0
0 ) / ) /
Lsc; j(0) = —/ df’ In""1 2 |sin — [ In? 71 2 |cos 7| (5.14)
0
[% 0 ) / ) o’
LsLscy;,5(0) = /0 dH/Lng)_l(H/) In"~1 2 |sin —|In/ 12 COSE‘ . (5.15)

Interestingly, these functions are a smaller set than the functions that appear in the analytic continuation

of individual harmonic polylogarithms.

6. Results for the master integrals in the region below threshold

We now present the master integrals in the kinematic region 0 < s < 4m?. The expressions 13’;(9)

correspond to the analytic continuation of the coefficients F;(a:) in section 4.

6.1 One loop integrals

Fapw® =1 (6.1)
Fopan(0) = —6cot <6> +1 (6.2)
Flow(®) = cot ( — 201, (0 — 0) (g _

mbub = 1(0 =) +2Lsy (0 — ) ) +2 (6.3)
~ 3
20 = - cot < — 20— —) —120CL (0 — ) — 120C1, (0 — )?

) _ ) _
+(24C1 (0 — 1) + 12)Ls (0 — ) + 1205 (0 w)) ) (6.4)

F3 0 = —cot — 72 — 240 (— —7T—3 —7) — — )2

mbub - 7T +6 46 3 Cly (9 7'(') 126Cl, (9 7'(')

— 86C1 (6 — m)® + (24C1y (6 — ) + 24C1, (6 — 7) + 24) LsL) (6 — )

+(24CL (0 — ) + 12)Ls” (0 — ) + 8Ls" (6 — 7) + 127r<(3)) +8 (6.5)
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mi(0) = - %92 csc” (g) (6.6)
L9 = % csc? (g) (92 + (40 — 8mLs (0 — ) — 8LV (6 — ) — 14g(3)) (6.7)
2 () = i csc? (g) ( — %0+ 12(2m — O)Ls) (0 — ) + 12Ls (0 — 7)?

+12005 (0 — 1) + 2415 (0 — ) + 42g(3)) (6.8)

6.2 Three propagator integrals

F7(9)

- 10 csc <§> (6.9)
1

5 osc? <g> (92 + 6201 (0) + 2015 (6) + 6Ls (0 — ) (— 27 + 0)

—6Ls{V () — 12050 (0 — 7) — 214(3)) (6.10)

1 0
510 csc? <§> (797r4 — 180730 — 606% — 300* — 1200°Cly(9)? + 12072 log?(2) — 1201og™(2)

— 4800LsY" (0) + 480Lsy (6)? + Ls{” (8 — ) (28807 — 14406 + 2880Ls}” (6))
+2160Lsy (6 — )2 + 2400Ls (6) + 720Ls (6 — ) (— 7 + 36) + 1440Ls" (0)
(

+2880LsSY (0 — ) + 180Ls " (20) — 720Ls{" (6 — ) + 14400Lscy 2 (0) + 1440LsLscy 1 ()
— 2880Liy <%> + 5040 (3) — 252010g(2)¢(3) + 011(9)< — 24062 — 4800Ls\” (0)

— 14400 — 2m) L (0 — ) + 1440LsS" (0) + 2880Ls (Y (6 — ) + 5040((3))) (6.11)

(6.12)

)
262 cot <§> cse(6) + csc(e)( — 0+ 6C1(0) + 30C1 (0 — ) — Ls (8) — 3L (6 — 77)>
(6.13)
+ 5 cot <§) cse(0) ( — 62 — 62C,(6) — 201 (9) + (127 — 60)L (6 — ) + 6LsL) (0)

csc(0)
4

4+ 360C1; (6 — )% + C11(0)(240C1y (0 — 1) — 86) + (—8C11(#) — 24C11 (0 — 7) + 8)Ls§0)(9)

+12Ls0(0 — ) + 214(3)) + ( + 373 + 20 + 20° + 40C1, (0)% — 240C1, (6 — 7)
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+ (—24C1 (0) — 72CL (0 — ) + 24)Ls\) (0 — ) — 4Ls{” (6) — 36Ls\ (6 — )

- 24Lch,2(9)) (6.14)
F2(0) = —— cot <g> csc(9)< — 797" 4 180736 4 600% + 300" + 1206%Cl1,(6)*

— 12072 log2(2) + 1201og*(2) — 480Ls{” (6)2 + Ls{” (6)(480C1; (8)6 + 4800

— 2880Ls{” (0 — 7)) + (240(60 — 127) + 1440(0 — 2)Cly (0))Ls\ (6 — ) — 2160Ls{” (0 — )2
— 2400Ls{” (0) + 240(3m — 90)Ls{" (0 — ) + (—1440C1; (9) — 1440)Ls " ()

+ (—2880C1; (6) — 2880)LsS” (6 — ) — 180Ls (" (260) + 720Ls{" (6§ — 1) — 14400Lscy 5(6)

1
— 1440LsLscy 1 2(0) + 2880Liy <§> +240C1; (0) (6% — 21¢(3))

— 5040¢(3) + 2520 1og(2)g(3)) + %@ (49011(9)3 + (1863 + 180 + 277%) CLy (0 — 1)

— 10860C1; (A — 7)* + 1080C1; (6 — 7)) + C1(0)?(360C1, (6 — ) — 126)

+ CL () (66° + 108CLy (6 — m)%0 — 72C11 (0 — 7)0 + 66 + 97°) + (— 180 — 12C1;(9)?

— 108C1, (6 — )% + C1,(6) (24 — 72C1y (0 — 7)) + 72CL (8 — 1) — 6)Lsy (6)

+ ( — 546 + 21676 — 36CL; (9)* — 324C1 (0 — 1) + Cly(0)(72 — 216C11 (0 — 7))

+216C1; (6 — 7) — 2167 — 18)Lsy) (6 — ) + (—12C1y (6) — 36C1, (6 — )

+12)Ls\” () + (—108C1 (0) — 324C1, (0 — ) + 108)Ls (6 — )

+1080Ls{" (0) + (2160 — 432m)Ls{ (6 — ) — 4Ls{” (9) — 108Ls{” (6 — =)

—126Ls{? (0) — 216Ls{? (6 — 7) + (—72C1 (6) — 216C1 (6 — ) + 72)Lsca(0)

— 108Lscy 3(0) — 36Lscs 2(0) — 3 (20 — 126¢(3)0 + 1987¢(3) + 37°) ) (6.15)

6.3 Four propagator integrals

2(0) = % (6.16)

Yo = — % (6.17)
o) = i csc? <g> ( — 6+ 0% + 202CL (0) + 6.cos(6) — 62 cos(6) — ALsS (0) + 46 sin(e)) (6.18)
o) = ﬁ csc? (g) ( 1440 + 797 — 6062 — 12002C1, (6)? + 1440 cos(8) + 18062 cos(6)

+ 12072 log2(2) — 120log*(2) + 240Ls{” (6)? — 7207 Ls\”) (6 — ) + (1440C1; (6)
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— 240(3 cos () — 4))Ls{" (0) + (2880C1; () — 1440(cos(#) — 1))Ls§” (6 — ) + 180Ls " (26)
1

— 720Ls{") (0 — ) + 1440LsLscy 1 5() — 2880Liy <§> + Lsi”) (6) (—4800C1, (0)

+1440Ls” (0 — ) + 240(cos(0)0 — 0 — 25sin(0))) + 9600 sin(6) + 14400C1 (0 — ) sin(6)

+ Lsgo) (0 — ) (144027 — 0)Cl11(0) — 720(— cos(0)6 + 0 + 27 cos(6) + 2sin(0) — 27))
+ 2520¢(3) — 2520 cos(6)¢(3) — 252010g(2)¢(3)

+120C1 (6) (cos(6)6% — 26 + 4sin(0)6 + 42¢(3)) ) (6.19)
% (6.20)
— 0O cot <g> + g (6.21)

% csc? <g> (20 — 6% — 20cos(6) + 62 cos(0) + 8Ls§1)(9) - 4Ls§0) (0)(0 —sin(0))
— 1260sin(f) — 40Cl1(9) sin(6) — 80Cly (0 — ) sin(f) + 8LS§0) (@ — ) sin(@)) (6.22)
3G &5 ( > <768 3602 — 0* — 768 cos(6) + 3662 cos(0) — 96Ls\ (0)% + (—192C1 ()

_I_

— 48(cos(0) + 1))Ls{" (0) + 96(cos(0) — 1)Ls{" (6 — ) — 96Ls " (8) — 48Ls\") () (0 — sin(6))
— 96Lsco 9(0)(0 — sin(f)) — 87 sin(6) — 4800 sin(6) 4 46 sin(#) — 480C1(0)* sin(0)

— 2880C1; (0 — ) sin(0) — 960C1 (6 — )2 sin(6) + 96Ls\” (0 — ) sin(6)

+ Ls\ (0)(—96Ls (0 — ) + 96C1 (0 — ) sin(8) + 96C1; () (8 + sin(6)) + 48(6 + 3sin(6)))
+ Lsi (6 — 7)(96C1 (8) sin(6) + 192C11 (6 — ) sin(8) + 48(— cos(6)0 + 0 + 2 cos(6)

+ 6sin(6) — 2m)) + Cly(0) (24 (cos(0)6* — 6% — 6sin(0)0) — 960CL; (6 — 7) sin(6)) — 168¢(3)

+168 cos(e)g(?,)) (6.23)

= - %Sln2 (g) (6.24)
1

= 5 csc? <g> (20 cos(f) — 5 cos(26) + 166 sin(f) — 46 sin(26) — 15) (6.25)
1

= & csc? <g> ( — 109 + 662 + 140 cos () — 862 cos(#) — 31 cos(260) + 26% cos(26)
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— 32Ls{"(0) + 720 sin(0) — 16Ls\) (0 — ) (4sin(6) — sin(26)) — 200 sin(20)

+8Ls\" (0) (20 — 4sin(6) + sin(260)) + 8CLy (0) (40 sin(6) — O sin(26))

+16C1 (0 — (40 sin(6) — 9sin(29))> (6.26)
1

0
= —csc? <2> ( — 2229 + 1146% + 20" + 2796 cos(0) — 1446? cos () — 567 cos(26)

384

+ 3002 cos(20) + 192Ls\") (0)% + (384C1 (0) + 48(4 cos(0) — cos(26) + 3))Ls{” (0)

— 96(4 cos () — cos(20) — 3)Ls{" (0 — ) + 192Ls{" () + 327 sin(6) + 13680 sin(0)

— 1663 sin(0) + Ls\) (6 — ) (—48(—4 cos(0)0 + cos(20)0 + 30 + 8 cos(0) — 2 cos(26)
+18sin(0) — 5sin(20) — 67) — 96C1 (9)(4sin(6) — sin(260)) — 192C1 (0 — ) (4sin(6)
— sin(20))) + Ls\” (0)(192Ls{” (0 — 7) — 24(60 + 20sin(0) — 5sin(20))

— 96C1y (0 — ) (4sin(0) — sin(260)) — 96C1(0)(20 + 4sin(0) — sin(26)))

— 96Ls{”) (6 — )(4sin(6) — sin(260)) — 877 sin(20) — 3720 sin(26) + 46° sin(26)
+48Ls{” (0) (20 — 4sin(0) + sin(26)) + 96Lsco 2(0) (20 — 4sin(h) + sin(26))

4 48C1y (0 — ) (186 sin(0) — 50 sin(20)) + 48C1y(0)? (46 sin(0) — Osin(26))
+96C1 (6 — m)2(46 sin(6

) — 0sin(20)) + Cly (0) (96C1, (6 — 7)(40 sin(h) — 0sin(26))
—24 (4cos(0)60* — cos(20)6 — 30% — 20sin(0)6 + 5sin(20)6))
+ 504¢(3) — 672 cos(0)¢(3) + 168 cos(zo)g(g)) (6.27)
62 csc? <g> (6.28)
é esc < (— 62+ 6200 (0) + 2615 (6) + 2(27 — )L (0 — )
— 6Ls{V () +4LsV (0 — 1) + 7((3)) (6.29)
1

0
5550 csc? <§> (797r4 + 60730 + 18002 + 150" + 3600%Cl1; (0)% + 12072 log?(2) — 1201og*(2)

+2160LsS” ()% + (14400 — 720(260 — 47)Cl1(0) — 2880m)Lsy (6 — )
— 720Ls (6 — )% + Ls{”) (9)(—2880C1, (0)6 — 14400 + 2880Ls " (6 — 7)) + 7200Ls” ()
— 720(0 + m)Ls{ (0 — ) + (4320C11 (A) + 4320)Ls " (8) + (2880C1 (6) — 2880)Ls " (6 — )

+1440Ls{" (0) + 180Ls{" (20) — 720Ls{" (6 — ) + 14400Lscy 2 (0) + 1440LsLscy 1 2(0)
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— 2880Li, <%> — 720C1 (A) (6% — 7¢(3)) — 5040C(3) — 2520 1og(2)¢(3)> (6.30)

6.4 Five propagator integrals

_ 1

F6) = oo <g> ( — 6% — 160°C1,(0)2 + 320C1, (0)Ls\ () — 16Ls§0>(9)2) (6.31)
o) = écsc2 (g) ( — im0 + 40°CL (0) — 12Ls§,}>(9)) (6.32)
@) = 5 4140 csc? <§> (553774 + 1207202 + 84072 log?(2) — 8401og*(2) + 1440Ls (0)2

im0
+ (1440(% — im?) + 8640(2 — 0)C1,(0))Ls{ (6 — 7)

+ Lsi (0)(10080Ls{” (0 — ) — 28800C1;(6)) — 50407 Ls\”) (6 — ) + 4320C1; (A)Ls" ()
+ (17280C1 (0) — 1440im)Ls{Y (0 — ) — 2880Ls " (6) + 1260Ls " (20) — 5040Ls " (6 — )

1
+ 10080LsLscy 1 2(0) — 20160Li4 <§> — 360iCLy (0) (762 + 84i((3))

— 2520im¢(3) — 17640 1og(2)g(3)) (6.33)
6.5 Six propagator integrals

o) = - % csc® (g) sec (g) <2Lsg°>(9)92 — 22LsM (0)0 — 40Ls{" (0 — 7)0 — 70¢(3)6 + 27Ls'Y (0)

+4(26% — 1076 + 97%) Lsi (6 — ) + T27Ls{ (6 — ) + 36Ls') (6 — ) + 727r<(3)> (6.34)

- 1

Fghe) = ;osct (g) ((29 —am) L (0 — ) — aLs$Y (0 — 7) — 7g(3)) (6.35)
. 1

Ey0) = 1100 csct <g> ( — 1587% — 240730 — 750" — 2407% log?(2) + 24010g?(2)

+ (—14400 — 1440(47 — 20)C1,(0) — 1440LsY" (6) + 28807)Ls{” (6 — )

+2880Ls\” (0 — )% + 1440(260 + m)Ls{” (0 — ) + (2880 — 5760C1;(0))LsS” (6 — )

+1440Ls (" () — 360Ls\" (20) + 1440Ls{" (6 — ) + 14400Lsco 2 (6)

— 2880LsLscy 1 2(0) + 5760Liy (%) + 5040 (3) — 10080C1; (0)¢(3) + 5040 1og(2)<(3))
(6.36)
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7. Virtual corrections to gg — h

In this section we will present the results for the two loop corrections to the Higgs boson production process

via gluon fusion, with either quarks or scalar quarks running in the loops, in the region below threshold.

et LT

%---4---3
1

3,3

Figure 4: Contributions to gg — h at the lowest order

At order a?, the unrenormalized amplitude for the process gg — H, is given by

M= % 2. (MZ(O) + Z_;Mz('l)> +0(a3), (7.1)

i=s,f
where s and f denote the contributions of scalars and fermions in the loop. The Born amplitudes are given
by the diagrams in Figure 4. They are given by
2

4:22> e=<ve MO (7.2)

MEO) = abKabAz’ <

Explicit expressions for the form factors MZ-(O) are given in sections 7.1 and 7.2 for fermions and scalars
respectively. Indices a and b denote the colors of the gluons, €;(p;) the corresponding polarization vectors
and m; the mass of the particle running in the loop. The couplings of fermions and scalars to the Higgs
boson have been written as grrg = Afmy and gesg = As mg respectively. The constants A; have inverse
mass dimensions, in the case of the SM, Ay = 1/v, where v is the VEV of the Higgs Boson. Finally, the
helicity projector K is given by

Koy, = €a(p1) - ev(p2) p1 - p2 — 1 - €6(P2) P2 - €a(p1) - (7.3)

The two loop contributions to the amplitudes can be written as

(%>2M§1) = M+ MO+ G K A

A7 2,ir 2,uv

Qs

471')2 <Mz’(711ci)n + 2”50) +0(e), (7.4)
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where the infrared and ultraviolet poles have been extracted into M( and ./\/l respectively. The form

ZlI‘ leV

factors Mi(,ﬁ)n are finite in the limit ¢ — 0, their explicit expressions in the region below threshold are
given in sections 7.1 and 7.2. We have omitted contributions from diagrams with gluon self-energies in
external lines. These drop out if one renormalizes in a heavy quark and squark decoupling scheme; the
running of the renormalized strong coupling is then determined from the light flavors below the decoupling
scale [40,41].

The singular contributions can be written in terms of the Born amplitudes. For the infrared contribu-

S - - 2 2 2
st = () o [ (3-F) B0 vo0. a9

The ultraviolet pieces, in turn, are given by

tions we have

1 s\ ¢ 0 0 0
ME,IZV == <F> <2 6Zg ME ) + 5Zmi,gluon 8—771,1 (ME ))> 5 (76)
where 67, is the strong coupling renormalization constant at one loop in the MS scheme, given by
Qs € _—¢ 50
5Zg = —E (47'(') e E ? s (77)

and 0Z,,, gluon are the gluonic contributions to the mass renormalization to fermions and scalars, also in
the MS scheme:

5 Zm guon = 3 (4m)* =% Cp . (7.8)
As discussed in the introduction, the fermionic contributions have been computed in [3] and expressed
in terms of 8 one-dimensional integrals. In turn, these integrals were computed in terms of harmonic
polylogarithms in [25], giving the analytical result for the two loop corrections with fermions in the loop.
Our results for these pieces fully agree with the ones quoted in [25].

In the case of scalars mediating the gluon-Higgs boson interaction, there are additional contributions
originated in quartic couplings between the scalars. In supersymmetric theories, these interactions have a
component proportional to g2. Contributions containing the quartic interactions involve, additionally, the
mixing between different scalar quarks. Therefore, the NLO corrections associated to them contain more
than one massive particle running in the loops. However, as the gluon couplings to the scalars are diagonal,
the corrections due to mixing only give contributions in the form of products of one loop integrals. In what
follows we will only consider the gluonic corrections and postpone the treatment of contributions due to
self interactions of the scalars to a forthcoming publication.

If the mass of the Higgs particle is significantly smaller than the mass of the particles circulating in the
loops, the amplitudes can be approximated by their limit when m; — co. These results have been obtained
in the context of effective field theories, both for fermions and scalar loops in references [4,42] and [27]

respectively. Choosing the MS scheme -notice that in the infinite mass limit, the scheme dependence due
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to mass renormalization cancels out- we obtain

Qg ag 11
Moo = bab Kap Ay 3 (1 +— Z) + Mﬁiw +0(e), (7.9)
for fermion loops, whereas for scalar quarks, the amplitude is given by
S S 9
M0 = 0 Kap As 23—77 <1 + % 5) + MY+ 0. (7.10)

As mentioned above, this last result, which agrees with [28], does not include the self interactions of the
scalars, thus it differs from the one quoted in [27]. Including a four scalar vertex with coupling given by
>, g2 (TZ TG + ﬂ?]}“k), and modifying accordingly the mass renormalization of the scalars, we find
« Qg 25
Mo = dap Kap Ay 5= (1 += —) + MY 10, (7.11)

T 6 s,ir,00

in agreement with [27].

Notice that in the expressions quoted above, we have taken the limit ¢ — 0, except in the infrared
singular pieces, before evaluating the limit m; — oo. The infrared contributions contain a prefactor (m?)_6
that can be expanded only after combining with the real radiation pieces.

The following two subsections contain the explicit results for the form factors MZ-(O) and M i(,lﬁ)n in the
region below threshold, s < 4m?. As discussed above, in this region the natural variable to use is 6 defined
by x = exp(if), with 0 < 6 < 7. In Appendix A we also give the results for the form factors as linear

combinations of the master integrals introduced in the previous sections.

7.1 Amplitudes for quarks

At the one loop level, the contributions from fermion loops to the process gg — H when s < 4m% are

given by
Mf(o) = i (4 — 0% — (4 + 6% cos(h)) csc? <g>
+e| —2(2m — ) cot? <§> csc? (g) Lsgo)(ﬁ — ) — 4 cot? <§> csc? (g) Lsgl)(ﬁ — )
oot |5 (6 —6%—26 sin(f) — 7¢(3)(1 + cos()) — 6 cos(8))
+€2| — 46 cot <§> csc? <g> Cly (0 — ) + 2 cot? <§> csc? <g> Lsg))(e —)?

+26 cot? (g) csc? <g> Lsi(,)o) (6 — ) — 4 csc? (g) Lsgl)(ﬁ — )

1
—2 csc? <g> (2w — 60 —sin(0)) Lsgo)(ﬁ —7)+ 5 cscl <g> (336 + 4% — 4730 — 2462

,27,



—72 0% — (336 +47° 0 + 7% (4 + 6%)) cos(6) — 1446 sin(0) — 336((3)) | + O(e®). (7.12)

The form factor at two loops, in turn, is given by:

Mf(lﬁ) B Cos 0 cos() Lsf) (0) + 18 cos 4 cos() Lsf) @ —m)
o N 2 2 2
o
2

9

2

> ((6 4+ 46%) cos(6) + 3 (—2+ 6% — 0 sin())) C11(0)

_% (119 cos (g) + 116 cos <32—9> + 9 sin <g> — 7 sin (%) > Ls{" (6)
. ( (g) (-36°+0(4— 140¢(3)) + 1447 ((3))

—4 sin <§> (18 —96% — 28¢(3) — 2 cos(0) (9 + 6% 4+ 14¢(3)))

— cos <32_9> (0° — 1447 ((3) + 40 (1 +35¢(3))) )] csc” <§>

—N [ —16 cos?® <g> sin <g> LsLscy 1,2(6)
+277 cos <g> cos(6) Lsf) (0) + 18 cos <g> cos(0) Lsf)(H — )
+87 cos? b sin o Lsgo) (0 — ) + 8 cos? o sin o Lsil)(e)
2 2 2 2

o\ . (0 1 o\ . (0 1
—2 cos? <§> sin <§> Lsz(1 )(2 6) + 8 cos? <§> sin <§> Lsz(1 )(9 — )

2 (0N . (0 1.0 4 , (0)
—{ 16 cos ) sin{ 3 Lsy” (0 — ) — 0 cos 3 (6 cos(#) —sin(#)) | Lsy ' (9)
—4 <8 Cl; () cos? (g) sin (g)

— cos <g> (97 — 56) cos(8) + 2 sin(e))> Ls{" (6 — )
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_9 <8 (27 — 0) Cly(0) cos? (g) sin <g>

— Cos <§> (97 — 1070 4 26%) cos(6) +2 (27 — 0) sin(0)) > Lsgo)(ﬁ — )

1 0 30 . (0 . (30 (1)
—3 (119 Ccos <§> + 116 cos <7> — 5 sin <§> — 13 sin <?> > Lsy” (6)

—sm< ) (—6 + 86 — 30 sin(0) + 28 ¢(3) + cos() (6 + 762 +28((3))) Cl;(0)

_écos< > (963 —46 (1 —35¢(3)) — 1447 ¢(3))

—% cos<20> (369 446 (1+35C(3)) — 1447 C(3))
6 7 o\ 79 , 4 1
—sin<§> (——92—1-30—1-005 < >(9O 4—|—37T log(2)? —362+194

—g (45 4 2 log(2)* + 48 Liy(1/2) 4 42 ¢(3) + 42 log(2) g(3))))] csc? <g> + O(e) (7.13)

7.2 Amplitudes for scalar quarks

The one loop form factor for scalar quarks, s < 4m3c is given by

MO = —1(2 — 0% — 2 cos(#)) esc? <g>
8 2
¢ NLATHU! NLATH
—|—§ [4(2% —0) csc 3 Lsy”’ (0 — ) 4+ 8 csc 3 Lsy (6 — )

+ csc? <g> (=6 + 6% + 6 cos(f) + 26 sin(#) + 14C(3))]

96 6 cot <g> csce <g> Cly (0 — ) — 48 csc? <g> Lsgo)(ﬁ —m)?

6
—486 csct <g> Lséo)(H —7) + 96 csc <§> Lsél)(e — )

2
96

—48 csct <g> (=274 60 +sin(0)) Lsgo) (6 — ) — csc? <§> (168 4272 —47% 0 — 1262

—m2 6% — 2(84 + 72) cos(f) — 726 sin(f) — 168¢(3)) | + O(e?) . (7.14)

The form factor at two loops, in turn is given by:

MY = _% [ % cos(6) Ls'? (8) + 9 cos(0) Ls{P (0 — )
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—% sin (g) ((—3 +862) cos (g) + 3 (cos <32—9> — 20 sin <§>)) ClLi(0)

—% (116 cos(0) — 3 sin(h)) Lsél)(H) + %9 (6 cos(f) — sin(#)) Lsgo) (9)
+2((97 — 50) cos() + 2 sin(0)) Ls{" (6 — )
H((972 — 10760 + 26%) cos(f) + 2 (27 — ) sin(0)) Ls\) (6 — )

—i—% (=116 4 6% — 360 cos(26) — 28 sin(6) + 1762 sin(6) + 14 sin(26)

+112 sin(6) ¢(3) + cos(8) (6% + 6 (14 — 280 C(3)) + 288 7 4(3)))]

0N . [0
8 cos <§> sin <§> LsLscy,1,2(6)

—2747 cos(#) Lsf)(H) — 9 cos(#) Lsf) (0 —m)

—47 cos <g> sin <g> Ls{” (0 — 7) — 4 cos (g) sin (g) Ls{" ()
+ cos (g) sin (g) Ls{"(260) — 4 cos <g> sin <g> Ls{" (0 — )
—% 6(6 cos(8) — sin(8)) L) (6) + % (8 cos(8) — sin(6)) Ls{") (6)
+2 (4 CL(0) sin(0) — (97 — 56) cos(6) + 2 sin(e))> Ls{" (6 — m)
+ (4 (27 — 0) C1y(0) sin(6) + 4 sin(0) s\ (0)

—((97% — 1070 + 26%) cos(0) + 2 (27 — 0) sin(e))> Ls{” (6 — )

% sin (g) (3 cos (%) — 60 sin (g) — cos <g> (3—2467 — 1124(3))> CLi(0)

—i—% <11 6 +36%+36 cos(26) + 52 sin(h) + % 7t sin(0)

—216% sin(0) + 6* sin(9) + 1—36 72 log?(2) sin() — ? log?(2) sin()

—128 Liy <%> sin(f) — 26 sin(26) — 112 sin(0) ((3) — 112 log(2) sin(#) ¢(3)

CSC5 (g)

2 cos (g)

+cos(6) (36% — 146 (1 —20¢(3)) — 2887 g(3))>] + O(e). (7.15)
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8. Summary

In this paper we have computed the two-loop master integrals which are needed for the evaluation of the
two-loop QCD amplitude in the gluon fusion process gg — h. This is a loop induced process and generally
requires a new calculation when modifying the particle content in the loops.

We have automatized the evaluation of the two-loop amplitude using modern reduction methods and
providing analytic expressions for the master integrals. We computed the master integrals using the
differential equation method. Our results agree with the literature when a comparison is available and
with a direct numerical evaluation which is performed with an independent method.

In this paper we have evaluated analytically the two-loop amplitudes for gg — h via a quark and a
scalar quark. The first result agrees with the result of Spira et al., in the analytic form written by Harlander
and Kant. The amplitude for the scalar quark is a new result, and agrees with the result derived within
the heavy squark approximation.

The master integrals we have presented here, are relevant for other 2 — 1 processes in the Standard

Model and its extensions and more complicated 2 — 2 processes with heavy particles in the loops.
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A. Amplitudes in terms of master integrals

We present the results for the amplitudes in eq. (7.1) in terms of the master integrals in Section 3. We
write the amplitudes as

ME“’ = Oap Kap Ai (47 p?) 1+ € Mz('n) - (A1)

A.1 Fermionic amplitudes

For the fermionic contribution at one loop, we have

€ €)x ST € e2x 332
M§o>:{8(1(1_4;)2 {}_4 (1+(2(+14iw+)44 )T+ )<[} (A.2)
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At two loops:

_ N
MM :{T[_zm(wa;)? —e(14 56z +2382” 4+ 562° + )
€S

+€2(9—360x — 99422 — 36023 +92%) +2€3 (19 — 9002 — 2014 22 — 9002 + 19 z%)

Cr

2 3 4 5 6
+m|:4(1—12$—253) +8x” —25x" — 12« —I—JJ)

—8¢(1+10x +512% +362° + 51 2* +102° + 2°)

— 82 (5+ 372 4 20322 + 21423 + 203 2" + 37 2° —|—5x6)]}

N
+ {m[24(1+33)2+2062 (17 + 46 = + 17 27) —|—4e(23—|—42:17+23x2)]

Cr
LY Y

+ 8¢ (21+8x+102x2+8x3+21x4)]} {%
N
+m|:16.’1’— 166%—1662x:| %

N
+ {74[48l‘(1+$)2+2€8$(3+l‘)(1+3$>+€28(1+2$+122$2+2ZE3—|—3§4)

[8(1—x)2(1—6x+x2)+8e(9—8x+30x2—8x3+9x4)

e2(1—ux)

+7334[830%(1—1—3:)2—463(1—8x—10x2 —8x3+x4)]}

+{(1 iv$)4 [468(1—!—@2(1—26:174-:172)} + (1(52)2 |:—16€S(1+:E)2]} @z

N
—|—{W[—24(1+:1:)2(1—4$+$2)—46(1—4:E+:E2)(7+26x+7x2)
€
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—46% (43 — 461 — 44227 — 4623 +4321) — 43 (1 — 42 + 2?) (201 4 550 = + 201 z?)

+(1(51;)4[_16(1+517)2(1—4:E—|—x2)—86(7—16x—30$2—16x3+7gp4)
—166(0—19x—70x — 1923 +10x g
7]\7 2 2 52
+ (12 —325%x (1+x) — 16€s° 22 5+14:17+5:17 (41+118$+41x)
Cr
+ cA—ap — 165222 (14 2)? —32es°x (3—1—4x—|—3x S

‘|‘{%[—88:17(1+ZE)2+16€81‘(1—|—$2):|}_ —

2 [326(1+x)2+4(1+6x+x2)]

Cr
(1—x)?

[8(1+14x+x2)+966x” =\

N — 802 )2 — 182+ 22) — 16¢€ T+ 22
+{(1_x)2[ 80€e”(1+2)"+2(1— 18z +2a”) —16e(1+4x+ )}

[—8(1—63:—|—a:2)+8e(1+6x+x2)+8e2(5+6x+5x2)}}
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N 2 2
+{(1_$)4 |:8833(1+33) +24esx(1—|—x)]

(1_x)4[—1663(1—:n)2x+83x(1+a:)2”

+ (1?1;)6 [—882x(1+:17)2 (1+:172)] =@:

—|—{ﬁ[—éls%p(l—l-xf_263233(34—:17)(1—!-3:17)}} —

N
— 1 -96(1 2_32¢(5+16x + 5>
+{es(1—:1:)2[ (1+4+2x) e(5+ 16z + 5x*)

—86% (105 + 326z + 10522) — 24 €3 (161 + 446 2 + 161x2)]

16CF 2 2
SO a) [4(1—#96) +8€e(2+4+ 3z +22%)

+3e2 (17 + 382 + 17:172)}} ={>: + O(e) .

A.2 Scalar amplitudes

The scalar contributions are given by

- 2¢e(1+¢)x 4(1+e+e€*)sa?
0 _ 2=\ T5~ —
= |

at one loop, and

MY =+ {

o [24:5—462(1 — 108z +2%) —4de(l — 242 +2%) + 463 (5+ 4622 + 522)
€

Cr

2 2 3 4
T sty [4w(9—2x+9x )+4e(l+232+ 3227 +232° +2)
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+8¢€° (1+48x + 782° +48:E3+:E4)]}

N 2
+ {m[—243)‘—886$—4006 x}

Cr
a0y

—1662(1+x)2(1+3x+x2)” {}
N
+m[—4x+4ex+4e2x} %

N

[—4(1—3;)2(2—33:4—23;2)—86(1+3x+3x3+x4)

e(l—=x

—l—ﬁ[ﬂlesaj(l—l—x)z] @:

N
t {ﬁ[ﬂw(l—4w+w2)+406x(1—4x+x2)+862x(27— 1102 + 2727)
€

+ %[—833}2 —24633:2]}

1—x)
+95263$(1—4x+m2)}

c
+ ﬁ[m;pu —dz+2%) +8ex (5222 4 527%)

+8e2x (21 —86x+21x2)” =@

,35,



N
+ {62 (=) |:3282ZE3+96682$3+40062 823}3:|

T — :ﬂ>=
[l v gl s} L]
T <>{}}=@

+
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N

A

[432:1724—8632:172] —

N
+{d— 1962 +208€ex + 1072 6% z + 4608 €>
es(1—ux)?

L X €EX 62.'1' o €
+8(1_$)2[64 4224 ex + 864 H QZ:H’)(), (A.5)
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