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Abstract After the discovery of the Higgs boson in 2012
at the CERN Large Hadron Collider (LHC), the study of
its properties still leaves room for an extended Higgs sec-
tor with more than one Higgs boson. 2-Higgs Doublet Mod-
els (2HDMs) are well-motivated extensions of the Standard
Model (SM) with five physical Higgs bosons: two CP-even
states & and H, one CP-odd state A, and two charged states
H*.In this letter, we present the calculation of the full next-
to-leading order (NLO) QCD corrections to #H and AA pro-
duction at the LHC in the 2HDM at small values of the ratio
of the vacuum expectation values, tan 3, including the exact
top-mass dependence everywhere in the calculation. Using
techniques applied in the NLO QCD SM Higgs pair produc-
tion calculation, we present results for the total cross section
as well as for the invariant Higgs-pair-mass distribution at
the LHC. We also provide the top-quark scale and scheme
uncertainties which are found to be sizeable.

1 Introduction

2-Higgs Doublet Models [1, 2] are well motivated exten-
sions of the SM. They belong to the simplest Higgs sector
extensions of the SM that, taking into account all relevant
theoretical and experimental constraints, are testable at the
LHC. In their type II version they contain the Higgs sector of
the Minimal Supersymmetric extension of the SM (MSSM)
as a special case. Featuring five physical Higgs bosons after
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electroweak symmetry breaking (EWSB), they represent an
ideal benchmark framework for the investigation of various
possible new physics effects to be expected at the LHC in
multi-Higgs boson sectors.

The neutral Higgs boson pairs of the 2HDM are domi-
nantly produced via the loop-induced gluon-fusion process
88 — 9192, where ¢/, denote scalar or pseudoscalar Higgs
bosons of the 2HDM. Only for mixed scalar+pseudoscalar
Higgs production the Drell-Yan-type process gG§ — Z* —
A+ h/H takes over the dominant role in large regions of the
parameter space [3]. The topic of our paper is the calculation
of the full NLO QCD corrections to scalar Higgs-pair and
pseudoscalar Higgs-pair production via gluon fusion within
the 2HDM.

In the past the NLO QCD corrections to the gluon-fusion
process gg — HH have been calculated within the SM and
the MSSM in the heavy-top limit (HTL) [3]. This calcula-
tion has been extended to the NNLO QCD corrections in
the HTL [4-6]. Quite recently, this level has been extended
to the N3LO order in the HTL [7—10]. On the other hand fi-
nite top mass effects beyond the HTL have turned out to be
sizeable [11-15]. The inclusion of the related uncertainties
due to the scheme and scale dependence of the virtual top
mass has been shown to be mandatory, since they dominate
the intrinsic theoretical uncertainties [13—15]. For BSM sce-
narios, the NLO QCD corrections to all production modes
involving scalar and pseudoscalar Higgs bosons are known
in the HTL [3], while partial results for the virtual correc-
tions to pseudoscalar Higgs-pair production are known be-
yond NLO QCD within the HTL [16].

The paper is organised as follows. In Section 2 we intro-
duce the 2HDM and the benchmark point we have selected
to obtain our numerical results, then we give a short descrip-
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tion of the details of our calculation in Section 3. Our results
for hH and AA production are presented in Section 4. The
theoretical uncertainties are discussed in Section 5, in par-
ticular the top-quark scale and scheme uncertainties in Sec-
tion 5.2. A short conclusion is given in Section 6.

2 The 2-Higgs Doublet Model

The 2HDM is obtained by extending the SM by a second
Higgs doublet with the same hypercharge. We work within
the 2HDM version with a softly broken Z; symmetry under
which the two Higgs doublets @, behave as & — —P;
and @, — P,. In terms of the two SU(2),, Higgs doublets
with hypercharge ¥ = +1 the most general scalar potential
that is invariant under the SU(2), x U(1)y gauge symmetry
and that has a softly broken Z, symmetry is given by

V = m3 | By >+ mby | Ba|* — mdy (D] Py + hc.)
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Working in the CP-conserving 2HDM, the three mass pa-
rameters, m, myy and mj;, and the five coupling parame-
ters A1-As are real. The discrete Z, symmetry (softly broken
by the term proportional to m%z) has been introduced to en-
sure the absence of tree-level flavour-changing neutral cur-
rents (FCNC). Extending the Z; symmetry to the fermion
sector, all families of same-charge fermions will be forced
to couple to a single doublet so that tree-level FCNCs will
be eliminated [2, 17]. This implies four different types of
doublet couplings to the fermions that are listed in Table 1
together with the transformation properties of the fermions.
The corresponding 2HDM types are named type I, type II,
lepton-specific and flipped. The resulting couplings of the
fermions normalised to the SM couplings can be found in
[2]. After EWSB, the Higgs doublets &; (i = 1,2) can be ex-
pressed in terms of their vacuum expectation values (VEV)
vi, the charged complex fields (])ﬁ, and the real neutral CP-

(] D2)? + A3(P] 1) (D] P2)

Model ‘ UR d R €R ‘ Q UuR d R L ) R
type I e b b |+ + + 4+t
type II D P P |+ + -+ -
flipped > Y |+ + -+ 4+
lepton-specific | & & & | + + +  + -

Table 1 Classification of the Yukawa types of the Z; symmetric
2HDM. 2nd-4th columns: allowed coupling combinations of Higgs
doublet and fermion types; last five columns: Z; assignments for the
quark doublet Q, the up-type quark singlet ug, the down-type quark
singlet dg, the lepton doublet L, and the lepton singlet Ig.

even and CP-odd fields p; and n;, respectively, as

_(,o N
D1 = | prtimiv and D= | pyrimin, | - (2)
V2 V2

The mass matrices are obtained from the terms bilinear in
the Higgs fields in the potential. Due to charge and CP con-
servation they decompose into 2 x 2 matrices .#s, .#p and
M for the neutral CP-even, neutral CP-odd and charged
Higgs sector. They are diagonalised by the following orthog-
onal transformations

(2)-wa(%)
(1))

(5)-mo (7).

This leads to the physical Higgs states, a neutral light CP-
even, h, a neutral heavy CP-even, H, a neutral CP-odd, A,
and two charged Higgs bosons, H*. By definition, m;, < my.
The massless pseudo-Nambu-Goldstone bosons G* and G°
are absorbed by the longitudinal components of the mas-
sive gauge bosons, the charged W and the Z boson, respec-
tively. The rotation matrices are given in terms of the mixing
angles ©® = o and 3, respectively, and read

cos ¥ —sin
R = . .
(¥) <s1n19 cos ¥ ) ©)
The mixing angle f is related to the two VEVs as
tanf =2 )
Vi

with v} +v3 =v? = 1/(v/2Gr) = (246 GeV)?>. The mixing
angle « is given by

2(AMs)12
(Ms)n1 — (Ms)n’

where (.s);; (i, j = 1,2) denote the matrix elements of the
neutral CP-even scalar mass matrix .#s. Introducing

tan20 =

®)

= )
SBCp
we obtain [18]
528 (M?* — A345V%)
tan2o = 0o T (10)
cﬁ(M —Av )_SB(M —A2v?)
in terms of the abbreviation
Asas =3+ A4+ As (11)

and using the short-hand notation s, = sinx etc.
In the minimum of the potential, the following condi-
tions have to be fulfilled,

oV aV
(5:) = (5a) =" .



where the brackets denote the vacuum expectation values.
This results in the two equations

V2 )1,11)2 A,345V2
mn:m%zq—Tl—Tza (13)
Vi )sz 7L345V
myy = miy— = == = (14)

Exploiting the minimum conditions of the potential, we use
the following set of independent input parameters of the
model,

2
My, My, MA, My, My, O, tanfB, v. (15)

In this work we choose a benchmark point of the 2HDM
type I, in which the couplings of the two Higgs doublets to
the up- and down-type fermions are equal. The benchmark
point of the 2HDM type I that we use in our numerical anal-
ysis is given by the following set of input parameters

m, = 125.09GeV, my = 134.817 GeV,
my = 134711 GeV, my+ = 161.5 GeV, .
m, =4305GeV?, o = —0.102, (16)
tan B = 3.759, v =246.22 GeV .

It fulfils all relevant theoretical and experimental constraints.
For a description of the constraints, see Ref. [19].

3 Calculation
3.1 Partonic leading order cross section

As we work in the 2HDM type I, we are dominated by the
top-quark loop contributions so that we neglect the bottom-
quark loops as well as light-quark loops. Note that while we
work in the 2HDM type I, we could apply our approxima-
tion to the 2HDM (with natural flavour conservation) of any
type as long as we work at low tan 3 values, as the top-quark
Yukawa coupling is the same in all 2HDM types. In particu-
lar we could apply our approximation to the 2HDM type 11
and even to the MSSM as long as the squark contributions
can be suppressed, which is the case for squark mass above
400 GeV [3]. This is typically the case in current MSSM
fits to data [20-24]. The leading-order (LO) diagrams for
hH and AA production, as depicted in Fig. 1 include trian-
gle diagrams, involving a light and heavy CP-even Higgs
h, H propagator coupled to the final-state Higgs bosons with
various triple Higgs couplings, and box diagrams with two
Yukawa couplings. Note, that we focus here on the produc-
tion of a mixed CP-even and a pure CP-odd Higgs pair.
The analytical results and the numerical method for LO and
NLO QCD hh and HH production can be derived from the
SM results [11-14, 25, 26] by simple adjustments of the in-
volved Yukawa and trilinear Higgs self-couplings as well as
the sum over Higgs-boson propagators. It should be noted
that for larger Higgs masses, as e.g. for HH production, the

top-mass effects and the associated mass and scheme uncer-
tainties will be larger than for an SM Higgs mass of 125
GeV.

We follow the conventions of Ref. [3] and decompose
the cross section into scalar form factors after the applica-
tion of two tensor projectors on the matrix elements. The
partonic cross section 6(gg — ¢1¢2), with ¢ ¢, = hH or
AA, can be written as

2 v2(112 it
A S GFas (»LLR)/ df{
t
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Lo ‘
256 (27)*
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where G = 1.1663787 - 107> GeV 2 is the Fermi constant,
o ( /,Lf%) is the strong coupling constant evaluated at the renor-
malisation scale Lg, and the Mandelstam variables § and
are given by

2_ 2
$§=0"=mg,,

N 1

P=—3 [Qz_mgm —m3, — A(Qz’mszbl’méz) cosG],

(18)

with the scattering angle 6 in the partonic c.m. system and
where m, and m are the Higgs boson masses, i.e. either
my = m, and My =My OF My =My = Ny. The variable
mgy, ¢, denotes the invariant Higgs-pair mass. The factor .7 is
a symmetry factor, .# = 1/2 for AA production and .%¥ = 1
for hH production. The Killen function A is given by

Ax,y,2) = (x—y—2)* —4yz. (19)

The integrations limits read as

S 1 2 2 2 2 2
i:—é [Q _m¢1_m¢2$ A(Q27m¢l,m¢2)

The coefficients ChA/H contain the triple Higgs couplings

A¢, ¢,n/m and the reduced Yukawa couplings g, JH> which are
given by the 2HDM Yukawa coupling modification w.r.t. to
the SM top-Yukawa coupling, as well as the CP-even Higgs
boson propagators',

(20)

WH v
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The coefficient C contains only reduced Yukawa couplings
to the final-state Higgs bosons,

Co = g, &, (22)
For the various ¢ » they are given by
gy =cotf. (23)

"We neglect the total Higgs widths I, and Ij; in this work which are
both of &(MeV) for the chosen benchmark point.

g, =coso/sinf, gy =sino/sinf,
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Fig. 1 Generic one-loop diagrams for LO Higgs-boson pair production via gluon fusion, gg — ¢, ¢,, in the 2HDM type I. The contribution from

triple Higgs couplings is marked in red. Note that ¢, ¢, = hH or AA.

In the heavy top-limit (HTL) approximation, the form fac-
tors reduce to

2 P 2
Za =z
3 y 40 3 )
with a = —1 for hH production and a = 1 for AA production.
The full m,-dependence at LO can be found in Refs. [25, 26].

Fp= Gy =0, (24)

3.2 Hadronic cross section

The structure of the NLO QCD corrections is very similar to
the SM case presented in Refs. [13, 14]. They include two-
loop virtual corrections to the triangle and box diagrams,
one-particle-reducible diagrams involving two triangle dia-
grams connected by a virtual gluon exchange, and one-loop
real corrections involving an extra parton in the final state.
The partonic contributions are then convolved with the par-
ton distributions functions (PDFs) f; evaluated at the factori-
sation scale Uy in order to obtain the hadronic cross section.
The parton luminosities d-#"/ /dt can be defined as

[ e (Cone). (25)

with T = Q?/s, s being the hadronic c.m. energy, so that the
NLO hadronic differential cross section with respect to Q2
can be written as

dGNLO - dGLo dA Ovirt dAO'gg dA qu

dAc,;
2 > T 2 2 2 )
dQ dQ dQ dQ dQ

ao?
(26)

with the LO and the virtual and real correction contributions

doio _ d.£88 cAYLO (Qz)
sz drt N T:QT.Z ’
dAcyin O (Ug) dL% 610 (@) . [0
o> & dt s Cuin (Q ) T:Q—Z’
dAcy; o (u3) /1 dzd £V 610 (0%) Cil2)
a2~ T JeZar s Y
zs (27)

for ij = gg, qu, and qu, z = Q?/7s, and the variable
4:d q

T is restricted to T > Ty = (mg, +myg,)” /s. We include five

external massless quark flavours. The coefficients C,;,s of the
virtual and C;; of the real corrections in the HTL have been
obtained in Ref. [3] and are given by
11 oo 33 —2N, z
Cvirt - 7+ﬂ2+CA.Kl¢2+76 F logg,
Can =

i 2
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Cog =55 (1-2)°, (28)
where CZ’XH/ 4 denotes the contribution of the one-particle

reducible diagrams in the HTL with the transverse momen-
tum p2 = (7 —mél méz)/Q2 involving i = mfbl —i—mgz,)2 i~
i. The functions Pyg(z) and Pyy(z) are the related Altarelli-
Parisi splitting kernels [27], given by

P, (2)26{(11_Z>++i—2+z(1—z)}

33 62NF 5(1—2),
41+ (1—2)?

ER.

with Ny = 5 in our calculation. The cross section 610 (Q?) is
calculated in the full theory, i.e. taking into account the finite
top-quark mass at the integrand-level. The total cross section
can be obtained after a final integration over Q° between the

Peq(2) = (29)

threshold (m¢| + m¢2)2 and the hadronic c.m. energy s.

3.3 Virtual corrections

Three generic types of diagrams contribute to the virtual cor-
rections cf. Fig. 2: (i) two-loop triangle diagrams involving



(iii)

Fig. 2 Generic two-loop diagrams for Higgs pair production via gluon fusion, gg — ¢, ¢, (192 = hH,AA): (i) two-loop triangle diagrams, (ii)

one-particle reducible diagrams, (iii) two-loop box diagrams.

the light and heavy scalar Higgs bosons in the s-channel
propagators, (ii) one-particle reducible diagrams emerging
from two triangular top loops coupling to a single external
Higgs boson that are connected by t-channel gluon exchange
and (iii) two-loop box diagrams. The diagrams of class (i)
consist of off-shell single scalar Higgs production dressed
with the trilinear Higgs vertex. The relative QCD corrections
coincide with the NLO QCD corrections to scalar Higgs bo-
son production with mass Q and can thus be adopted from
the single-Higgs calculation [28-32]. The diagrams of class
(ii) define the coefficients cy,c, in Eq. (28). The analytical
expressions of the coefficients cy,c; of the one-particle re-
ducible contributions can be obtained from the correspond-
ing Higgs decay widths of ¢ — Zy (¢ = h,H,A) [33-35]
with the corresponding adjustments of the involved couplings.
The full top-mass dependence of ¢y, ¢ is given by?

c1 = c2 =2[I/(th, A7) — b (Th, A)]

x [l (T, A) — b(th, A7)] - for ¢1¢p = hH
c1=—cy = —2[h(ta, 4))? for 01 ¢p = AA
212
WEA) = 5 + s e O~ SR
2 Y
+m[8(7)—g( )]s
B(E.A) = 5 (0 - £) (0)

with Ty = 4m7 /mg (¢ = h,H,A) and A; = 4m; /f. The generic
loop functions are given by

1
- arcsinzﬁ T>1
MO g aevize P
4 gl—\/l—r

’In the case of different pseudoscalar Higgs bosons as in
more extended Higgs sectors, the coefficient reads ¢y = —cp; =
—2h(Ta,, A1) 12 (Tay, Ar) Where T4, = 4m7 /m3 (k= 1,2) for the two
pseudoscalars Aj 5.

T<1

1
v T—1 arcsin — T>1
VT
8(0) =9 /=7 1+vV1-1 (1)
log —ir| <1
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These expressions approach the HTL values given in Eq. (28).

The involved part of our calculation is the two-loop box
diagrams of type (iii). We have used the same method as in
Refs. [13-15], i.e. we have performed a Feynman parametri-
sation, end-point subtractions and the subtraction of special
infrared terms to allow for a clean separation of the ultra-
violet and infrared singularities. For the stabilisation of the
6-dimensional Feynman integrals we have applied integra-
tions by parts to reduce the powers of the singular denomina-
tors and performed the integrations with a small imaginary
part of the virtual top mass. In order to arrive at the narrow-
width approximation for the virtual top mass, we have used
Richardson extrapolations [36] along the lines of our SM
calculation of Refs. [13, 14]. However, here we needed to
extend the calculation for scalar Higgs-boson pairs to the
case of different final-state Higgs masses. For the calculation
of pseudoscalar Higgs-boson pairs, we have used a naive
anti-commuting s matrix at the pseudoscalar vertices, since
only even numbers of 5 contribute to the (¢”&?-even) virtual
corrections diagram by diagram. For this case, we have used
the same projectors as in the double-scalar case, since the
contributing tensor structures are the same. Since each indi-
vidual two-loop box diagram is singular for the 7 integration,
we have applied a technical cut at the integration boundaries
and included a suitable substitution to stabilise this integra-
tion for each diagram. We have checked explicitly that our
results do not depend on this technical cut.

The top mass has been renormalised in both the on-shell
scheme and in the MS scheme. The on-shell scheme pre-
dictions are our default central predictions while the MS
scheme predictions are used to calculate the top-quark scale
and scheme uncertainties, see below. The strong coupling
constant is renormalised in the MS scheme with 5 active
flavours. We have obtained finite results for the virtual cor-
rections by subtracting the HTL results as in the SM case
so that we end up effectively calculating the NLO mass ef-



fects only. To obtain the final hadronic differential cross sec-
tion, we have added back the HTL results calculated with
HPAIR?. The calculation of each two-loop box diagram has
been performed independently at least twice with different
Feynman parametrisations and we have obtained full agree-
ment within the numerical precision.

3.4 Real corrections

The calculation of the finite mass effects in the real correc-
tions, AG/}** = Ac;; — Acy[™", follows closely the method
described in Refs. [13, 14] for the SM case. The HTL contri-
butions are calculated again with the program HPAIR while
the partonic mass effects are obtained as

dA 6[[}1TL (pi)

dAGP™S = dAG;; — dbio(pi) — ;)
n ij Y deHI ()

(32
where the exact four-momenta p; are mapped onto LO sub-
space four-momenta p; following Ref. [37].

The HTL matrix elements have been calculated analyti-
cally, while the full one-loop matrix elements have been ob-
tained by two different methods. They have been generated
using FeynArts [38] and FormCalc [39] on the one hand,
and obtained analytically using FeynCalc [40] on the other
hand. The scalar one-loop integrals have then been calcu-
lated numerically using the library COLLIER 1.2 [41]. The
phase-space has also been parameterised in two different
ways. The two methods agree within the numerical preci-
sion.

4 Numerical results

We present our numerical results at a hadron pp collider for
c.m. energies of /s = 13 and 14 TeV (LHC energies), /s =
27 TeV (high-energy variant of the LHC, the HE-LHC), and
/s =100 TeV (FCC energy). We use m; = 172.5 GeV for
the on-shell top-quark mass. We have performed the cal-
culation using the NLO PDF set PDFALHC15 [42] as im-
plemented in the LHAPDF-6 library [43]. Our central scale
choice is g = tr = po = Q/2, and o (M3) is set according
to the chosen PDF set, with an NLO running in the five-
flavour scheme. As done also in the SM calculation [13,
14], we have used the narrow-width approximation for the
top quark. We use the 2HDM benchmark scenario given in
Eq. (16).

We have calculated a grid of Q-values from Q =259.907
(269.422) GeV, for hH production (for AA production), to
0 = 1500 GeV, so that we obtain the invariant Higgs-pair-
mass distributions depicted in Fig. 3 for hH production (left)

3The program can be downloaded at http:/tiger.web.psi.ch/hpait/.

and AA production (right), for the LHC at 13 TeV. The re-
sults at 14 TeV are shown in Fig. 4, while the results for the
HE-LHC are shown in Fig. 5 and the results for the FCC
in Fig. 6. The full NLO QCD results are displayed in red,
including the numerical errors as well as a band indicating
the renormalisation and factorisation scale uncertainties ob-
tained with a standard seven-point variation around our cen-
tral scale choice (c¢f. Subsec. 5.1). The blue line shows the
(Born-improved) HTL prediction, while the yellow line dis-
plays the HTL supplemented by the full mass effects in the
real corrections only and the green line (including numerical
errors) the HTL supplemented by the full mass effects in the
virtual corrections only.

The mass effects in the real corrections increase with in-
creasing c.m. energy both for #H and AA final states. In CP-
even hH production, they reach a negative peak at around
0 =400 GeV and are of the order of —10% at 13 TeV (of
the order of —20% at 100 TeV) before mildly increasing up
to around -6% at Q = 1500 GeV at 13 TeV (—14% at 100
TeV). In CP-odd AA production, the behaviour of the mass
effects in the real corrections is slightly different. There is
also a negative peak around Q = 400 GeV, of the order of
—8% at 13 TeV (—14% at 100 TeV), but then it mildly in-
creases before reaching a plateau around Q = 1000 GeV.
The mass effects are then practically constant, about —6% at
13 TeV (—11% at 100 TeV). The mass effects in the virtual
corrections are negative at large Q values for both ZH and
AA final states, as expected by the restoration of partial-wave
unitarity in the high-energy limit. Combined with the mass
effects in the real corrections, the full mass effects reach
about —30% (—40%) at Q ~ 1500 GeV for hH production,
at lower c.m. energies (at 100 TeV), while the mass effects in
the virtual corrections are smaller for AA production, reach-
ing about —15% (—20% for Q ~ 1500 GeV, at lower c.m.
energies (at 100 TeV). This is the same behaviour that is
observed in the SM case [11-14], albeit with a smaller cor-
rection for AA production. Note that the mild increase in the
mass effects in the virtual corrections at large Q values for
AA production can be attributed to numerical fluctuations.
The most striking difference between CP-even and CP-odd
pair production can be seen around the 7 threshold and be-
low. There is a distortion of the shape that is distinctly dif-
ferent from the SM case and also between #H and AA pro-
ductions, hence discriminating between the two production
channels.

We have also obtained the total cross sections from the
differential distributions, using a numerical integration of Q.
For Q between 300 GeV and 1500 GeV we have used the
trapezoidal method supplemented by a Richardson extrapo-
lation [36] while we use a Simpson’s 3/8 rule [44] for Q be-
tween
270 GeV and 300 GeV and a simple trapezoid for Q be-
tween the threshold and 270 GeV. For the FCC c.m. en-
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Fig. 3 Invariant Higgs-pair-mass distributions for Higgs boson pair production via gluon fusion at the 13 TeV LHC as a function of Q using the
PDF4LHC15 PDF set, in the 2HDM type 1. Left: CP-even hH production. Right: CP-odd AA production. In both panels, the Born-improved HTL
results (in blue), HTL results including the full real corrections (in yellow), HTL results including the full virtual corrections (in green, including
the numerical error), and the full NLO QCD results (in red, including the numerical error) are depicted. The inserts below display the ratio to
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Fig. 4 Same as in Fig. 3 but for /s = 14 TeV.
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Fig. 5 Same as in Fig. 3 but for /s =27 TeV.

ergy of 100 TeV we have also included three new Q bins
between 1500 GeV and 2500 GeV and add their contribu-
tion using a Simpson’s rule. Including the numerical errors
on the final decimal number, we have obtained the follow-
ing results for the full NLO QCD total cross sections for hH
and AA production in our 2HDM benchmark scenario, using
PDF4LHC15 PDF sets,

13TeV: Op = 1.592(1)fb, G 4s = 1.643(1) 1,
14 TeV: Gy = 1.876(1)fb, Gy as = 1.927(1) 1,
27 TeV : Oy = 7-036(4)1b,  Gpe g4 = 7.012(4) fb,
100 TeV : Gy = 60.49(4) b, Gy 44 = 58.12(3) b,
(33)

The corresponding results in the (Born-improved) HTL ap-
proximation, obtained using the same numerical integration
of the Q grid, are

13TeV : gy by = 1.793fb,  Ogy iyy = 1.717 1D,

88 8
14TeV : 04y =2.120b,  Ogy syy = 2.0181b,
27 TeV : gyt = 8.2400b,  Ogy'hyy =7.5041D,
100 TeV : Ogy by =76.32fb,  Ggg iyy = 65.281b.  (34)

The comparison of Eq. (33) with Eq. (34) gives a ~ —12%
top-mass effect correction at NLO on the total cross section
for hH production at LHC energies (~ —21% at the 100 TeV
FCC), and a ~ —5% correction for AA production at LHC
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energies (~ —11% at the 100 TeV FCC). While the mass ef-
fects are of similar size as the SM Higgs-pair production for
CP-even Higgs bosons, they are smaller for CP-odd Higgs
pair production.

5 Theoretical uncertainties
5.1 Factorisation and renormalisation scale uncertainties

We have estimated the factorisation and renormalisation scale
uncertainties using the standard seven-point method. We have
varied both the factorisation scale ur and the renormalisa-
tion scale ug around our central scale choice Ug = Ur =
0Q/2, by a factor of two up and down while avoiding the
choices leading to the ratio g/ ur being either greater than
two or smaller than one-half. The maximal and minimal
cross sections obtained by this procedure are then compared
to the nominal cross section obtained with the central scale
choice.

We have obtained for the total cross section calculated
with
PDF4LHC15 parton densities the following scale uncertain-
ties for CP-even Higgs-pair production hH,

13TeV: Oy = 1.592(1)F 357 1,

g 13.4%
14TeV: 0y = 1.876(1)7135% fb,
27 TeV: Gy = 7-036(4)7 17 4% b,
100 TeV: Oy, = 60.49(4) " [55% b, (33
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Fig. 6 Same as in Fig. 3 but for /s = 100 TeV.

while we have obtained the following results for CP-odd
Higgs-pair production AA,

13TeV: 0, 40 =1.643(1)T 1} 5% b,
14TeV: 0, 40 =1.927(1)"13% b,
27TeV: Oy aq =7.012(4)F 1337 10,
100TeV: O, 40 =58.12(3)" 3% fb. (36)

The scale uncertainties are similar to what is obtained for
SM Higgs pair production [11-14]. They are slightly larger
in AA production than in 2H production. We have also found
the following scale dependences for the differential cross
section at 13 TeV for four distinct values of Q,

%;Mﬂ ooy ™ 0.004278(2)*194% b /GeV,,
%;hm i oy = 0007522(5) 767 b/GeV.,
%Q%W) o oy = 000102179) 7345 b/ GeV,
%;W) o100 ey = 0:00000956(6) /%, /Gev.

(37)
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do(sg —AA) 17.19%
- A =0.006346(6) 1717 f /GeV
o 0400 GeV (6)71449 b/GeV,
do(sg —AA) 14.49%
- A~ = (). 2 +14.4%
dQ 0=600 GeV 0.0005328(7) 344 fb/GeV,
do(gg — AA) -
- A = 0. 2 2 +9.7% )
dQ 0=1200 GeV 0.00000280(2) 1 75.¢, b/ GeV

(38)

5.2 Top-quark scale and scheme uncertainties

The calculation of the NLO QCD corrections has been per-
formed in two different schemes for the renormalisation of
the top-quark mass. Our central predictions use the on-shell
(0OS) scheme with a mass m, = 172.5 GeV both in the Yu-
kawa couplings and in the loop propagators. The MS scheme
can instead be used, with an appropriate choice of the top-
quark mass counterterm. On top of this scheme choice, there
is also a scale choice for the renormalisation of the top-quark
mass, m(l, ). To obtain the top-quark scale and scheme un-
certainties, we have compared three MS predictions to our
central OS prediction, for y, = Q/4, Q, and y, at the MS
top mass itself, 777, (777, ) = 163.02 GeV for our choice of the
OS top-quark mass value, obtained with an N°LO evolution
and conversion of the pole into the MS mass 7 (7, ). The
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Fig. 7 Higgs-pair invariant mass distribution at the 13 TeV LHC with different scale and scheme for the top-quark mass, in the 2HDM type I. Left:
CP-even hH production. Right: CP-odd AA production. The lower panels display the ratio to the default OS prediction.

minimal and maximal cross sections against the central OS
prediction are used to calculate the scale and scheme uncer-
tainties. This procedure has already been used for SM pre-
dictions and this gives rise to significant uncertainties that
are comparable or even larger than the usual factorisation
and renormalisation scale uncertainties [13—15].

We compare the five predictions (the OS predictions and
the three MS predictions) in Fig. 7 at the 13 TeV LHC, in
Fig. 8 at the 14 TeV LHC, in Fig. 9 at the 27 TeV HE-
LHC, and in Fig. 10 at the 100 TeV FCC. The red lines
display the OS full NLO QCD Higgs-pair invariant mass
distributions, the blue lines the MS full NLO QCD predic-
tions with 7, (71, ), the yellow lines the MS full NLO QCD
predictions with 77, (Q/4), and the green lines exhibit the MS
full NLO QCD predictions with 7, (Q). For Q values above
Q = 400 GeV, the MS prediction with g, = Q always leads
to the smallest distribution while the maximum at large Q
values is given by the OS prediction. The lower panels in
each figures display the ratios of the various predictions to
our central OS prediction. As in the SM case, we see large
deviations at large Q values, ~ —50% at Q = 1500 GeV for
all c.m. energies. We have obtained the following uncertain-
ties at 13 TeV for selected Q values in ZH production using
PDF4LHC15 parton densities,

do(gg — hH)

do ‘Q:SOO GeV
do(gg — hH)

do ‘Q=400 GeV

=0.004278(2) 437 fb/GeV,

=0.007522(5) "% tb/GeV,

do(gg — hH) ’ o

— 5 — 0.0010217(9) %% b/GeV,
dQ 0=600 GeV (9) 290, Tb/Ge

do(gg — hH) o

- 0 = 0.00000956(6)"V% fb/GeV
dQ ’Q:1200Gev 956(6) 440, Tb/GeV,

(39)

and the following uncertainties in AA production,

dff@’igm o0 ey = 001005(2)* 17 fb/GeV,
%Q—”\A) o s00 oy = 0006346(6) 3 1b/GeV.,
%Q%AA) o oy = 0-0005328(7) 75 £/ GeV,
%;AA) o0 ey = 0:00000280(2) % b/GeV.

(40)

As already seen in the SM case, the top-quark scale and
scheme uncertainties turn out to be significant, as large or
even larger than the factorisation and renormalisation scale
uncertainties. For Q > 400 GeV, the maximum cross section
is always the OS prediction.

From the differential distributions, we can obtain the top-
quark scale and scheme uncertainties on the total cross sec-
tion. We adopt the envelope for each Q-bin individually to
build up two maximal and minimal differential distributions
and we integrate these distributions over Q using fits of the
various distributions which are then numerically integrated.
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Fig. 9 Same as in Fig. 7 but for /s = 27 TeV.

We have arrived at the following top-quark scale and scheme 27TeV:  Oppyjy = 7.036(4)*5% fb,

I3 —12%

uncertainties for the CP-even hH total cross section, 100 TeV : Ly = 60.49( 4)+4% b (41)
gg~> H — —14% %>

13TeV: 0y = 1.592(1)57, b,

14TeV: 0y = 1.876(1) 707, b,
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and we have obtained the following results for the CP-odd
AA total cross section,

13TeV: Oy 440 = 1.643(1)"5% b,
14TeV: 0y 40 = 1.927(1)73% b,
27TeV: Oy q =7.012(4) 57 b,
100TeV: Oy 40 =58.12(3)157 fb. (42)

The scale and scheme uncertainties are sizeable and should
be included in an uncertainty analysis of the 2HDM Higgs-
pair production cross sections according to the procedure of
Ref. [15].

6 Conclusions

In this work, we have calculated the full NLO QCD cor-
rections to mixed scalar and pure pseudoscalar Higgs-boson
pair production via gluon fusion gg — hH,AA within the
2HDM type I, working in our benchmark scenario that is
not excluded at the LHC. We have integrated the two-loop
box diagrams numerically by performing end-point and in-
frared subtractions of the contributing Feynman integrals.
A numerical stabilisation across the virtual thresholds has
been achieved by integration by parts of the integrand to
reduce the power of the problematic denominators of the
Feynman integrals. The results of the triangle diagrams, in-
volving s-channel scalar Higgs propagators and the corre-
sponding trilinear Higgs couplings, have been adopted from
the single-Higgs case. The one-particle reducible contribu-
tions emerging from either two single scalar or pseudoscalar
Higgs couplings to gluons can be derived from the known
results for A, H,A — Z7y with appropriate replacements of
the contributing couplings and masses. After renormalising
the top mass and the strong coupling, we have subtracted
the (Born-improved) HTL to obtain the pure virtual NLO
top-mass effects. The real corrections have been computed
by generating the full one-loop matrix elements with auto-
matic tools. These have then been connected to suitable sub-
traction matrix elements in the HTL for the radiation part,
but keeping the full LO top-mass dependence. This could
be achieved by suitably projected 4-momenta inside the LO
sub-matrix elements. This yields the pure NLO top-mass ef-
fects of the real corrections.

Adding both subtracted virtual and real corrections, we
obtain the full NLO QCD top-mass effects that have then
been added to the (Born-improved) HTL results of Ref. [3]
by using the code Hpair. Very similar to the corresponding
SM calculation of Refs. [11-15], we find NLO top-mass ef-
fects of about 15-25% (depending on the collider energy)
for the total cross sections if the top mass is defined as the
top pole mass. For the invariant Higgs-pair mass distribu-
tion, the NLO top-mass effects can reach a level 30-40%

for large invariant mass values. The larger the hadronic col-
lider energy, the larger NLO top-mass effects emerge. The
renormalisation and factorisation scale dependence induces
uncertainties at the level of 10-15% for scalar Higgs pairs
and 12—-17% for pseudoscalar Higgs pairs at NLO, i.e. simi-
lar to the SM case. We have studied the additional theoretical
uncertainties originating from the scale and scheme choice
of the virtual top mass and obtained additional uncertainties
of about 5-15% for scalar and about 10% for pseudoscalar
Higgs-pair production that are significant and should be in-
cluded in future Higgs-pair analyses. These uncertainties are
larger for distributions at large invariant Higgs-pair masses.
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15. J. Baglio, F. Campanario, S. Glaus, M. Miihlleitner, J. Ronca, and 32.

M. Spira, Phys. Rev. D 103, 056002 (2021), arXiv:2008.11626

[hep-ph] . 33.

16. A. Bhattacharya, M. Mahakhud, P. Mathews, and V. Ravindran,

JHEP 02, 121 (2020), arXiv:1909.08993 [hep-ph] . 34.

17. S. L. Glashow and S. Weinberg, Phys. Rev. D 15, 1958 (1977).

18. S. Kanemura, Y. Okada, E. Senaha, and C. P. Yuan, Phys. Rev. D 35.

70, 115002 (2004), arXiv:hep-ph/0408364 .

19. H. Abouabid, A. Arhrib, D. Azevedo, J. E. Falaki, P. M. Fer- 36.

reira, M. Miihlleitner, and R. Santos, JHEP 09, 011 (2022),

arXiv:2112.12515 [hep-ph] . 37.

20. P. Athron et al. (GAMBIT), Eur. Phys. J. C 77, 824 (2017),
arXiv:1705.07935 [hep-ph] .

21. P. Athron et al. (GAMBIT), Eur. Phys. J. C 77, 879 (2017), 38.

arXiv:1705.07917 [hep-ph] .

22. E. Bagnaschi et al, Eur. Phys. J. C 78, 256 (2018), 39.

arXiv:1710.11091 [hep-ph] .

23. E. Bagnaschi et al, Eur. Phys. J. C 79, 149 (2019), 40.

arXiv:1810.10905 [hep-ph] .

24. A. Arbey, M. Battaglia, A. Djouadi, F. Mahmoudi, M. Muh- 41.

lleitner, and M. Spira, Phys. Rev. D 106, 055002 (2022),

arXiv:2201.00070 [hep-ph] . 42.

25. E. W. N. Glover and J. J. van der Bij, Nucl. Phys. B309, 282

(1988). 43.

26. T. Plehn, M. Spira, and P. M. Zerwas, Nucl. Phys. B479,
46 (1996), [Erratum: Nucl. Phys.B531,655(1998)], arXiv:hep-

ph/9603205 [hep-ph] . 44.

27. G. Altarelli and G. Parisi, Nucl. Phys. B126, 298 (1977).

28. D. Graudenz, M. Spira, and P. M. Zerwas, Phys. Rev. Lett. 70,
1372 (1993).

29. M. Spira, A. Djouadi, D. Graudenz, and P. M. Zerwas, Nucl. Phys.
B453, 17 (1995), arXiv:hep-ph/9504378 [hep-ph] .

30. R. Harlander and P. Kant, JHEP 12, 015 (2005), arXiv:hep-
ph/0509189 [hep-ph] .

31. C. Anastasiou, S. Bucherer, and Z. Kunszt, JHEP 10, 068 (2009),
arXiv:0907.2362 [hep-ph] .

g9 — AA at NLO QCD | /s = 100 TeV | PDFALHC15

T T T T T T
1L —— MS scheme with m,(m,) i
MS scheme with 77,(m 4 4,/4)
—— MS scheme with 77,(m 4 4)
107 — OS scheme, m; = 172.5 GeV |
102 F 2HDM type I
my = 134.711 GeV
-3 L
107 ¢ do/dm,, [fb/GeV]
HR = Hp=myy/2
Full NLO results for different top-quark masses
10-1 L
1.3 } } t t t t
1.2
1.1
1.0
0.9 &
0.8
0.7
0.6
0.5 1 1 1 1 1 1
400 600 800 1000 1200 1400
m, 4 [GeV]

U. Aglietti, R. Bonciani, G. Degrassi, and A. Vicini, JHEP 01,
021 (2007), arXiv:hep-ph/0611266 [hep-ph] .

R. N. Cahn, M. S. Chanowitz, and N. Fleishon, Phys. Lett. 82B,
113 (1979).

L. Bergstrom and G. Hulth, Nucl. Phys. B259, 137 (1985), [Erra-
tum: Nucl. Phys.B276,744(1986)].

G. Gamberini, G. F. Giudice, and G. Ridolfi, Nucl. Phys. B 292,
237 (1987).

L. F. Richardson, Philosophical Transactions of the Royal Society
A210, 307 (1911).

S. Catani and M. H. Seymour, Nucl. Phys. B485, 291 (1997), [Er-
ratum: Nucl. Phys.B510,503(1998)], arXiv:hep-ph/9605323 [hep-
ph].

T. Hahn, Comput. Phys. Commun. 140, 418 (2001), arXiv:hep-
ph/0012260 [hep-ph] .

T. Hahn and M. Perez-Victoria, Comput. Phys. Commun. 118, 153
(1999), arXiv:hep-ph/9807565 [hep-ph] .

V. Shtabovenko, R. Mertig, and F. Orellana, Comput. Phys. Com-
mun. 256, 107478 (2020), arXiv:2001.04407 [hep-ph] .

A. Denner, S. Dittmaier, and L. Hofer, Comput. Phys. Commun.
212, 220 (2017), arXiv:1604.06792 [hep-ph] .

J. Butterworth et al., J. Phys. G43, 023001 (2016),
arXiv:1510.03865 [hep-ph] .

A. Buckley, J. Ferrando, S. Lloyd, K. Nordstrom, B. Page,
M. Riifenacht, M. Schonherr, and G. Watt, Eur. Phys. J. C75,
132 (2015), arXiv:1412.7420 [hep-ph] .

M. Abramowitz and I. Stegun, Applied Mathematics Series S5,
307 (1964).



http://dx.doi.org/ 10.1103/PhysRevD.103.056002
http://arxiv.org/abs/2008.11626
http://arxiv.org/abs/2008.11626
http://dx.doi.org/10.1007/JHEP02(2020)121
http://arxiv.org/abs/1909.08993
http://dx.doi.org/10.1103/PhysRevD.15.1958
http://dx.doi.org/ 10.1103/PhysRevD.70.115002
http://dx.doi.org/ 10.1103/PhysRevD.70.115002
http://arxiv.org/abs/hep-ph/0408364
http://dx.doi.org/ 10.1007/JHEP09(2022)011
http://arxiv.org/abs/2112.12515
http://dx.doi.org/10.1140/epjc/s10052-017-5167-0
http://arxiv.org/abs/1705.07935
http://dx.doi.org/10.1140/epjc/s10052-017-5196-8
http://arxiv.org/abs/1705.07917
http://dx.doi.org/ 10.1140/epjc/s10052-018-5697-0
http://arxiv.org/abs/1710.11091
http://dx.doi.org/ 10.1140/epjc/s10052-019-6658-y
http://arxiv.org/abs/1810.10905
http://dx.doi.org/ 10.1103/PhysRevD.106.055002
http://arxiv.org/abs/2201.00070
http://dx.doi.org/10.1016/0550-3213(88)90083-1
http://dx.doi.org/10.1016/0550-3213(88)90083-1
http://dx.doi.org/10.1016/0550-3213(96)00418-X, 10.1016/S0550-3213(98)00406-4
http://dx.doi.org/10.1016/0550-3213(96)00418-X, 10.1016/S0550-3213(98)00406-4
http://arxiv.org/abs/hep-ph/9603205
http://arxiv.org/abs/hep-ph/9603205
http://dx.doi.org/10.1016/0550-3213(77)90384-4
http://dx.doi.org/10.1103/PhysRevLett.70.1372
http://dx.doi.org/10.1103/PhysRevLett.70.1372
http://dx.doi.org/10.1016/0550-3213(95)00379-7
http://dx.doi.org/10.1016/0550-3213(95)00379-7
http://arxiv.org/abs/hep-ph/9504378
http://dx.doi.org/10.1088/1126-6708/2005/12/015
http://arxiv.org/abs/hep-ph/0509189
http://arxiv.org/abs/hep-ph/0509189
http://dx.doi.org/10.1088/1126-6708/2009/10/068
http://arxiv.org/abs/0907.2362
http://dx.doi.org/10.1088/1126-6708/2007/01/021
http://dx.doi.org/10.1088/1126-6708/2007/01/021
http://arxiv.org/abs/hep-ph/0611266
http://dx.doi.org/10.1016/0370-2693(79)90438-6
http://dx.doi.org/10.1016/0370-2693(79)90438-6
http://dx.doi.org/10.1016/0550-3213(86)90074-X, 10.1016/0550-3213(85)90302-5
http://dx.doi.org/10.1016/0550-3213(87)90644-4
http://dx.doi.org/10.1016/0550-3213(87)90644-4
http://dx.doi.org/10.1098/rsta.1911.0009
http://dx.doi.org/10.1098/rsta.1911.0009
http://dx.doi.org/10.1016/S0550-3213(96)00589-5, 10.1016/S0550-3213(98)81022-5
http://arxiv.org/abs/hep-ph/9605323
http://arxiv.org/abs/hep-ph/9605323
http://dx.doi.org/10.1016/S0010-4655(01)00290-9
http://arxiv.org/abs/hep-ph/0012260
http://arxiv.org/abs/hep-ph/0012260
http://dx.doi.org/10.1016/S0010-4655(98)00173-8
http://dx.doi.org/10.1016/S0010-4655(98)00173-8
http://arxiv.org/abs/hep-ph/9807565
http://dx.doi.org/10.1016/j.cpc.2020.107478
http://dx.doi.org/10.1016/j.cpc.2020.107478
http://arxiv.org/abs/2001.04407
http://dx.doi.org/10.1016/j.cpc.2016.10.013
http://dx.doi.org/10.1016/j.cpc.2016.10.013
http://arxiv.org/abs/1604.06792
http://dx.doi.org/ 10.1088/0954-3899/43/2/023001
http://arxiv.org/abs/1510.03865
http://dx.doi.org/10.1140/epjc/s10052-015-3318-8
http://dx.doi.org/10.1140/epjc/s10052-015-3318-8
http://arxiv.org/abs/1412.7420

	Introduction
	The 2-Higgs Doublet Model
	Calculation
	Numerical results
	Theoretical uncertainties
	Conclusions

