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1 Introduction

The discovery of a Higgs boson with mass around 125 GeV [1, 2] and properties compatible
with the predictions of the Standard Model (SM) [3] goes a long way towards elucidating
the mechanism of electroweak (EW) symmetry breaking, but does not by itself preclude the
existence of additional, beyond-the-SM (BSM) Higgs bosons with masses around or even
below the TeV scale, which could still be discovered in the current or future runs of the
Large Hadron Collider (LHC).

The Two-Higgs-Doublet Model (THDM) is one of the simplest and best-studied extensions
of the SM (for reviews see, e.g., refs. [4-6]). In the CP-conserving versions of the model, the
Higgs sector includes five physical states: two CP-even scalars, h and H, with M} < Mpy; one
CP-odd scalar, A; and two charged scalars, H*. As discussed, e.g., in ref. [7], the so-called
“alignment” condition — in which one of the CP-even scalars has SM-like couplings to fermions
and gauge bosons — can be realized through decoupling, when all of the other Higgs bosons
are much heavier, or without decoupling, when a specific configuration of parameters in the
Lagrangian suppresses the mixing between the SM-like scalar (typically h) and the other
CP-even scalar. While the latter scenario can be viewed as involving a certain amount of fine
tuning, it is often enforced “from the bottom up”, based on the empirical observation that
the couplings of the 125-GeV Higgs boson appear to be essentially SM-like.

Beyond the requirement that they allow for a scalar with mass around 125 GeV and
SM-like couplings to fermions and gauge bosons, the parameters of the THDM are subject
to a number of experimental constraints from direct searches for BSM Higgs bosons, EW
precision observables, and flavor physics, as well as theory-driven constraints from perturbative
unitarity, perturbativity, and the stability of the scalar potential. Nevertheless, quartic Higgs
couplings of O(1-10) are still allowed by all constraints (see, e.g., refs. [8, 9]). Couplings in



this range may become the dominant source of radiative corrections to the THDM predictions
for physical observables, up to the point where one might wonder whether, in any given
calculation, the uncomputed higher-order effects spoil the accuracy of the prediction. This
has motivated a number of recent studies in which radiative corrections involving the quartic
Higgs couplings of the THDM were computed at the two-loop level. In particular, the two-loop
corrections to the p parameter were computed in refs. [10, 11], various effects of the two-loop
corrections to the scalar mass matrices were examined in ref. [12], the two-loop corrections to
the trilinear self-coupling of the SM-like Higgs boson, Appp, were computed in refs. [13, 14],
and the two-loop corrections to the decay width for the process h — v were computed in
refs. [15, 16].1 In all cases it was found that the two-loop corrections can significantly modify
the one-loop predictions of the THDM when the quartic couplings involved are large, and
should thus be taken into account for a precise determination of the considered observable.

The trilinear Higgs coupling Appp, which is crucial for determining the shape of the Higgs
potential and the dynamics of the EW phase transition in the early universe, can be probed
at the LHC through the production of pairs of Higgs bosons. In the SM, the amplitude
for the main production process, gg — hh, comprises a direct “box diagram” contribution
mediated by a quark loop, plus a “triangle diagram” contribution with a quark-mediated
gluon-gluon-Higgs vertex, the s-channel exchange of a virtual scalar h, and the production
of an hh pair through the trilinear coupling Appn. While the current sensitivity of the
searches for Higgs pair production at the LHC is still far from the SM prediction for the
corresponding cross section, those searches, also combined with the measurements of single
Higgs production, can provide meaningful bounds on the deviations from the (tree-level)
prediction A3}, = 3M?/v (v &~ 246 GeV being the Higgs vev) that might occur in BSM
models. Indeed, the ATLAS [19] and CMS [20] collaborations already constrain the ratio
Kx = Aphn/AL), to be in the ranges —1.2 < k) < 7.2 and —1.2 < k) < 7.5, respectively,
under the assumption that Appp is the only coupling that deviates from the SM prediction.

In the THDM, it has long been known (see, e.g., refs. [21, 22]) that one-loop corrections
involving the BSM Higgs bosons can induce modifications to Appn of O(100%), or even
larger. More recently, ref. [23] showed that there are regions of the THDM parameter space
— still allowed by all theory-driven constraints on the quartic Higgs couplings — in which
the two-loop corrections to App, computed in refs. [13, 14] can be about as large as the
one-loop corrections. Thus, the inclusion of the two-loop corrections can significantly alter
the constraints on the THDM parameter space that arise from the experimental bounds on
Kx. Moreover, in this model the gg — hh amplitude includes also a triangle contribution
involving the s-channel exchange of a heavy scalar H, which can in turn have a significant
impact on the prediction for the pair-production cross section. While the coupling between
two light scalars and one heavy scalar, Ay, vanishes at the tree-level in the alignment limit
of the THDM (i.e., when h is SM-like), a non-vanishing coupling is still generated by radiative
corrections. The impact of the one-loop corrections to the trilinear couplings on the cross
section for Higgs pair production at the LHC was recently studied in ref. [24], but the impact
of the corresponding two-loop corrections has not been addressed so far.

! Generic results for the two-loop corrections to the trilinear and quartic Higgs self-couplings were recently
presented in ref. [17], but they were applied to a singlet extension of the SM. Also, a two-loop calculation of
the h — v width analogous to the one in ref. [15] was performed in ref. [18] for a triplet extension of the SM.



In this paper, we study the impact of the two-loop corrections controlled by the BSM
Higgs couplings on the cross section for the production of a pair of SM-like Higgs bosons via
gluon fusion in the aligned THDM. To this aim, we reassess the two-loop calculation of Appp,
but we also consider additional contributions that, in principle, affect the cross section at the
same perturbative order in the potentially-large couplings. In particular, we compute for the
first time the two-loop corrections to Appp, and we include also the relevant corrections to
the Higgs-gluon couplings and to the s-channel propagators. We provide explicit analytic
formulas for the two-loop corrections to the trilinear couplings in two simplified scenarios,
while making our general results available on request in electronic form. We then discuss
the numerical impact of the two-loop BSM contributions, first on the individual couplings
and then on the prediction for the pair-production cross section. In particular, we highlight
the dependence of our results on the choice of renormalization scheme and scale for one of
the parameters that determine the masses of the BSM Higgs bosons.

2 Higgs pair production cross section in the aligned THDM

In this section we summarize some general results on the production of a pair of SM-like
neutral scalars via gluon fusion in the aligned THDM. Since we focus on the effect of the
potentially large BSM Higgs couplings, we only work at the leading order (LO) in QCD,
and we also neglect all contributions beyond the LO that are controlled by the Yukawa
couplings or by the EW gauge couplings. Therefore, in what follows, our use of the terms
LO, next-to-LO (NLO) and next-to-NLO (NNLO) refers to an expansion in powers of the
scalar couplings. We point the reader to section 2 of ref. [15] for an overview of the Higgs
sector of the CP-conserving THDM, and for a discussion of how the alignment condition
must be imposed at the perturbative order relevant to our calculations. Additional details
on the renormalization of the Higgs sector that will be relevant to the two-loop calculation
of the trilinear Higgs couplings are provided in the appendix.

We can write the cross section for the production of an hh pair via gluon fusion at
the LHC as

do Ldx dé
M, —— = / — ) ) M, ——, 2.1
hh M, T fo(@, pwe) fo(7/ 2, pe) My, dMZ, (2.1)
where: M7, is the invariant squared mass of the hh pair; fy(z,ur) is the density of the
gluon in the colliding proton, pr being the factorization scale; 7 = M7, /s, where /s is the
total center-of-mass energy; dé/dM, ,%h is the differential partonic cross section for gg — hh.

For the latter, we have

ds _ Gpof(ps) [t .
M2 _ Tus / 2 2 2.2
a2, = 1z (e Ji (177 +19P) . (2.2)

where: G, is the Fermi constant, with v = (v/2G,,)~'/? at the tree level; a(jiz) is the strong
gauge coupling expressed in the MS renormalization scheme at the scale jup; the Mandelstam
variable ¢ for the partonic process is defined as

. M? 4AM?
tZM}%—]Lh(l—COSQ 1- h), (2.3)
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6 being the scattering angle in the partonic center-of-mass system; the integration limits #4
are obtained by setting cos§ = +1 in eq. (2.3) above; finally, 7 and G represent the spin-zero
and spin-two form factors for the process gg — hh, respectively. While the spin-two form
factor G receives only contributions from box diagrams, hence we write G = G, the spin-zero
form factor F can be decomposed in box and triangle contributions as

F=F+CkFk+CcHFL. (2.4)

In particular, Fj contains the spin-zero part of the box diagrams, while Fg (F&) contains
the contribution of the triangle diagrams for the production of an off-shell scalar h (H) which
subsequently turns into the hh pair through the factor C’Z (C’g ).

LO contributions. At the LO in the scalar couplings, the triangle and box form factors of
the THDM are related to the corresponding SM quantities [25, 26] by a simple rescaling of the
Higgs-top-top coupling (we neglect here the small contributions involving the lighter quarks):

Fg = Gntt FZM ) Ff = gHtt FZM , fo= g%ztt B, Go= gith GR'. (2.5)
In the alignment limit, the rescaling factors become gp;; = 1 and gy = — cot 3, where

tan 8 = vy /vy is defined as the ratio of the vevs of the SU(2) doublets in the basis (@1, ®2)
in which a Z5 symmetry forbids flavor-changing neutral-current interactions at the tree level.
Also at the LO in the scalar couplings, the triangle form factors in eq. (2.4) are multiplied
by combinations of s-channel propagators and trilinear couplings

h /\;Lr;:,]el v H X;Lr](;eH v
Ch — —Zhhh = cil = : : 2.6
A ] 42h I 4]3 8 l%h H2 ¢ HH ( )

where the width I'y cures the pole in the H propagator for M l%h ~ MIQ{ (in contrast, there
is no pole in the h propagator because M lzh > 4M ,f ). In the alignment limit we have
e = 3 M2 /v and A¢, = 0, hence there is no LO contribution from the diagram with
s-channel exchange of H.

NLO contributions. Beyond the LO, we choose to focus on the corrections that involve the
highest powers of A, by which we mean generic combinations of quartic scalar couplings that
can in principle be of O(1-10) without violating any constraints (the corresponding trilinear
couplings are then of the form 5\1)). Now, both the one-loop corrections to the s-channel
propagators and the two-loop contributions to the box and triangle form factors (for which
the LO is at the one-loop level) are at most of O(\?). In contrast, the trilinear coupling
Ahhh Teceives one-loop corrections of O(A3) which, as found in refs. [21, 22], can significantly
exceed its tree-level value. Similarly, An, g receives one-loop corrections of 0(5\3) which do not
vanish even in the alignment limit of the THDM. Therefore, the dominant NLO corrections
controlled by the potentially large BSM couplings are obtained by writing the form factors F
and G as in eqs. (2.4)—(2.6), with the sole replacements A\e¢ — A, and Afee, — AL
in eq. (2.6). We will furthermore assume that A > Aoy, where Agy = M,%/v2 ~ 0.26, and
thus employ the approximation M }% ~ 0 in all contributions beyond the LO.

The one-loop corrections to the trilinear couplings entering eq. (2.6) include genuine
vertex corrections and counterterm contributions stemming from the renormalization of the



tree-level couplings. To determine the latter, we remark that in the alignment limit the
tree-level couplings can be written as Al%¢ = 3Ajv and A%, = —3Agv, where Aq and Ag
are quartic couplings in the so-called Higgs basis, in which one doublet, ®g\;, develops the
full SM-like vev v, while the other doublet, ®ggy, has vanishing vev (see the appendix for
explicit definitions). At the tree level, the alignment condition implies A; = M}% /v? and
Ag = 0. However, as discussed in ref. [15], we require that the alignment condition apply
to the radiatively corrected mass matrix for the neutral scalars h and H, computed at an
external momentum equal to the SM-like Higgs mass. Under the approximation M, ,% ~ 0,

egs. (28) and (29) of ref. [15] lead to

3 T].K
51£>\hhh = Ai%ﬁPI(M}%h7 07 O) - ; |\H}L§L(O) - :] ’ (27)
14 14,1pP1 2 3 14 TIIJE
0 “Annm = A (M, 0,0) — > ,(0) — | (2.8)

where: we define /\llﬁm5 = )\}lr,fg + 516)\hh¢ for ¢ = (h, H); A}ll%(;m(qz,p%,pg) are the one-loop
one-particle irreducible (1PI) contributions to the hh¢ vertex (note that p; and py are the
momenta on the external legs, and ¢ = p; + p2 is the momentum flowing in the s channel);
H}fb(pg) and T(;g are one-loop self-energies and tadpoles, explicit expressions for which are
given in the appendix A of ref. [15]. The terms within square brackets in eq. (2.7) stem
from expressing A% in terms of the pole mass of the SM-like Higgs boson, whereas the
terms within square brackets in eq. (2.8) stem from requiring that the alignment condition
apply beyond the tree level. By direct computation of the one-loop vertex diagrams under

the appropriate limits, we obtain:

N = s |V~ NP (01 M2 M )+ (M2 o (M3, M2 M)
+2(M2 e — M) fV(MEIi,MQ,M,fh)} , (2.9)
N = g (M= M) [B(MF = M) fr (M, M2 M) + (M M) fr (03,2, M3,
2(ME M) fy (M M2, | (2.10)
with

Fv (M3, M?, Mjy,) = 4(Mg—M?)Co(Miy,,0,0; Mg, M3, M)+ Bo(Mj,; Mg, M) — Bo(0; Mg, M3).

(2.11)
where By(¢%;m2,m3) and Co(q?, p?, p3;m2, m3, m2) are standard Passarino-Veltman func-
tions [27]. In egs. (2.9)—(2.11), the minimum conditions of the scalar potential, the align-
ment condition, and the approximation M,% ~ 0 have been used to write the couplings
of the BSM scalars ® = (H, A, HF) in terms of the mass differences (M2 — M?), where
M? = 2m2,/sin 23, and m2, ((I)J{CI)Q + h.c.) is the mass term that violates the Z; symmetry
softly in the THDM Lagrangian.



We note that in egs. (2.7) and (2.8) there are no contributions involving the diagonal wave-
function-renormalization (WFR) counterterms 0 Zy;, and 0 Z, because those counterterms
would multiply the tree-level Higgs couplings, but A% vanishes under the approximation
M ,% ~ 0 and A\J%%%; vanishes under the alignment condition. We also note that in our derivation
of egs. (2.7) and (2.8) we did not consider any contributions involving counterterms of mixing
angles, or the off-diagonal WFR counterterms §Zyj and 0Z,g. As discussed in ref. [15],
since our calculation is restricted to the alignment limit, we avoid introducing a mixing
angle for the neutral scalar sector, and just require that the alignment still holds after the
inclusion of radiative corrections. We will now show that, in the standard approach to mixing
renormalization, the WFR contributions combine with the counterterms of the mixing angles
in such a way that the final result is the same as in our approach. Indeed, for generic mixing
between the neutral scalars, the tree-level trilinear couplings can be written as

Ajree :—g {]\/ﬁ sin(a — B) + (M}% — M2) cos?(ar — B)(sin(a — ) — cos(a — f3) cot 25)},
(2.12)

tree __ COS(a - ﬂ)

Ahtr == - 23 [(2 M}? + M% — 3 M?) sin2a + M? sin 25} : (2.13)

where « is the angle that rotates the neutral, CP-even components of ®; and ®5 into the mass
eigenstates H and h, while the combination (« — ) rotates the neutral, CP-even components
of ®gy and Py into h and H. The alignment condition corresponds to @ = 3 — 7/2, in
which case ¢9,, = h and ¢¥,, = —H. It is easy to see from eqs. (2.12) and (2.13) that in
this limit there are no contributions from mixing renormalization to ¥\ In contrast,
the contributions to d¥\,,y become

8)\;;}?% 8)‘;5?1(3{ tree 4M2_M%I 4(M2_M1%I) 6ZH/1
D0 da+ 95 OB+t 0Zmn , ﬁ_Té(a—ﬁ)— ” 5
a=p-%

(2.14)
where the approximation M, }% ~ 0 allowed us to neglect an additional contribution A} 6 Zpp /2.
Following ref. [15], we fix the counterterm for (o — ) from the requirement that this
combination of angles diagonalize the loop-corrected mass matrix for the neutral scalars in the
Higgs basis, evaluated at the external momentum p? = M7. In turn, the WFR counterterm
0Z gy, is fixed from the requirement that the renormalized two-point correlation function
L (p?) vanish for p> = M?. In the alignment limit, and taking M7 = 0 for consistency
with the rest of our calculation, this leads to

§Z ~1 TH
do-B="5" =1 [H#H(m - f] , (2.15)

hence the two terms on the r.h.s. of eq. (2.14) combine to reproduce the counterterm in
eq. (2.8).

We remark that, at this stage, we only need to specify a renormalization condition for
the combination («a — [3). However, even in the alignment limit the one-loop correction to
Anna depends explicitly on 3, see eq. (2.10). In the calculation of the two-loop correction to



Anni, it will thus be necessary to specify a separate renormalization condition for 5. This
implicitly defines a renormalization scheme for «, which may in principle differ from the
schemes introduced, e.g., in refs. [22, 28-30], where the counterterms of the mixing angles
involve also self-energies computed at external momenta equal to the heavy Higgs masses.
Since in our two-loop calculation of the trilinear couplings we will rely on the approximation
of vanishing external momenta, we find our approach, in which the mixing counterterms
only involve self-energies computed at vanishing momenta, to be particularly advantageous.
Finally, we remark that the complications related to the gauge dependence of scalar-mixing
renormalization that were discussed in refs. [28-30] do not apply here, because all of our
calculations are restricted for simplicity to the limit of vanishing EW gauge couplings.

NNLO contributions. At the NNLO in the potentially large scalar couplings, the dominant
contributions to the triangle diagrams are of (’)(:\5). Those can arise either directly, from
the two-loop corrections to the trilinear Higgs couplings, or indirectly, as the product of
one-loop, O(X?) corrections to the trilinear couplings times O(A?) corrections to other parts
of the gg — hh amplitude — namely, the gluon-gluon-Higgs vertex and the s-channel
propagators. For what concerns the box diagrams, we must take into account that at the
LO their contribution to the gg — hh amplitude is similar in size (and opposite in sign) to
the contribution of the triangle diagrams, and at the NLO they receive corrections of 0(5\2).
Since we are considering scenarios in which the NLO triangle diagrams are comparable with,
if not larger than, the LO triangle diagrams, we can expect the NLO box diagrams to be
comparable with, if not smaller than, the NNLO triangle diagrams.

In summary, for a determination of the Higgs pair-production cross section at the NNLO
in the scalar couplings we need to compute two-loop corrections to the three-Higgs vertices
and to the gluon-gluon-Higgs (triangle) and gluon-gluon-Higgs-Higgs (box) vertices, plus
a number of contributions that stem from the product of one-loop corrections. However,
two-loop diagrams with three external legs can be computed with relative ease only in the
limit of vanishing external momenta. To preserve the one-loop momentum dependence of the
trilinear Higgs couplings (i.e., their dependence on M7, , since we take the approximation
M,% ~ 0 on the external h legs), while including the two-loop corrections computed at
vanishing momenta, we define the two-loop couplings )\%w) for ¢ = (h, H) as follows:

528)\hh¢
14
) /\hh¢> M2, =0

Moo = Mg + 6" Dnng | 1+ : (2.16)

where the calculation of 525/\hh¢ will be described in sections 3.1 and 3.2, and formulas for
6%Anng in the limit M2, = 0 can be obtained from eqs. (2.9)—(2.11) by considering that
Co(0,0,0; M2, M2, M2) = —1/(2 M2). Similarly, the triangle form factors at the NLO in
the scalar couplings become, in the alignment limit,

h, 20 H,2¢
h \NLO SM A H\NLO SM A
(FA) = Fx 1+ 10 ) (FA) = —cot B Fx 1+ H,10 )
FA M2, =0 FA M?, =0

(2.17)



where F3M retains the full momentum dependence, while in the limit M7, = 0 we have
Fz’ 1 _ 4Tr/3 and Ff’ _ 4 Tr cot /3, with Tr = 1/2 a color factor. The two-loop
corrections to the spin-zero part of the box diagrams, F, are in turn included for vanishing
external momenta

(FD)NLO _ EM (1+ L%e

R :O) , (2.18)
hh

where again F%™ retains the full momentum dependence, while for vanishing external momenta
we have F[1]1z = —4Tr/3. The spin-two part of the box form factor vanishes under the
approximation of vanishing external momenta that we adopt in our two-loop calculations.
The calculation of the O()\?) corrections to the triangle and box form factors will be described
in section 3.4.

The last source of O(A\®) contributions to the gg — hh amplitude are O(A\?) corrections
to the s-channel propagators combined with (9(5\3) corrections to the trilinear Higgs couplings.
At the NNLO in the scalar couplings, the factors Ck and C¥ in eq. (2.4) become

h =
M, — M7 M, — M
+ )‘%H v H%{(Mf%h) - H%{(Mf%) (2.19)
M,%h—MIQJ+iMHI‘H M,%h—M,% ’
cl — )‘%H v 14 H%H(Mi%h) — Iy (M7)
A7 ME, — M +iMyTy M2, — M% +iMyTy
+ )‘%h v H%{(Mf%h) - H%{(Mf%) (2.20)
M?, — M} +iMuyTy Mp, — M} ’

where, in accordance with our approximations, we can further set M, ,% = 0 in all of the terms
within square brackets. While the self-energies evaluated at p?> = M7, in eqgs. (2.19) and (2.20)
stem from genuine loop insertions in the s-channel propagators, the other self-energies stem
from counterterm contributions associated with the renormalization of the Higgs masses
and mixing. Note that, due to the presence of the width I'yy in the NLO part of C’f , the
NNLO correction within square brackets in the first line of eq. (2.20) includes the whole
MY, (M%) rather than just the real part. Finally, the form of the second lines of egs. (2.19)
and (2.20) reflects the fact that, in our definition of the alignment condition beyond the
tree level, we require that the h—H mixing vanish for p? = M. ,%, but the momentum flowing
into the off-diagonal self-energy is in fact p? = M7,.

3 Two-loop corrections to the Higgs interactions

In this section, we first reassess the calculation of the two-loop corrections to Appp in the
aligned THDM, which was provided earlier in refs. [13, 14], then we obtain new results for the
two-loop corrections to App g, also in the alignment limit. We provide explicit formulas for the



two-loop corrections to the trilinear couplings in two simplified scenarios. Finally, we consider
the (’)(5\2) corrections to the Higgs-gluon couplings, which stem from the renormalization
of v and of the external Higgs legs.

Since we are focusing on the potentially large effects of the corrections controlled by
the quartic Higgs couplings, we neglect the corrections controlled by the EW-gauge and
Yukawa couplings, as they are subdominant in the region of interest where some of the
quartic couplings are of O(1-10). We also treat the mass of the SM-like Higgs boson as
negligible w.r.t. the masses of the BSM Higgs bosons, and rely on the approximation of
vanishing external momenta in all two-loop diagrams.

3.1 Two-loop corrections to Appp

In the alignment limit of the THDM, the trilinear self-coupling of the SM-like Higgs boson
reduces to Al5¢ = 3 M? /v at the tree level. In the calculation of the two-loop corrections to
Anhh We must specify a renormalization scheme for the parameters entering both the tree-level
and the one-loop parts of the coupling. In particular, we assume that the tree-level coupling
is expressed in terms of the pole mass of the SM-like Higgs boson, and we choose to express
the one-loop part of the correction in terms of the pole masses of the BSM Higgs bosons,
the MS-renormalized parameter M2, and the Fermi constant G),. Taking the limit M, ,3,1 =0

in eq. (2.9), we obtain the one-loop correction at vanishing external momenta

2\ 3 2\ 3 2\ 3
i) ) (- 35)]
(3.1)
where we henceforth denote JoA = 0A | M2, =0 for a generic momentum-dependent correc-
tion 0A.
Following the effective-potential approach outlined in refs. [13, 14], the two-loop correction

(V2G,)?

5(¥)\hhh = a2

to Appn can be computed from the derivatives of the BSM-Higgs contribution to the two-loop
effective potential, which we denote as AV?, w.r.t. the lightest scalar field k. In the alignment
limit, where h enters the effective potential only in the combination (v+h), the derivatives can
be taken directly w.r.t. v, and we can also exploit the fact that the tree-level squared masses
of the BSM Higgs bosons ® = (H, A, H*) are all of the form Mq% = M?+ 5\¢ v?, where 5\¢ are
different combinations of quartic couplings. The two-loop correction can thus be written as

B 3(d*> 1d

dvd v \dv? wvdv
_ Z 8(5(¥)‘hhh) 6M2+a(6(1)€)‘hhh) ((5M2) +(5Z _35U> Sy
i Hi) 8M(% D 8M2 cpl hh v 0 hhh >

(3.2)

where the term in the first line that involves the third derivative of AV? corresponds to
the proper two-loop vertex correction, while the terms that involve the second and first
derivatives are counterterm contributions — analogous to the self-energy and tadpole terms

in eq. (2.7) — stemming from the requirement that Al}% be expressed in terms of the pole



mass of the SM-like Higgs boson. We computed AV?* by adapting to the aligned THDM
the formulas for the scalar potential of a generic renormalizable theory provided in ref. [31],
and we obtained relatively compact expressions for the derivatives of the two-loop integrals
by means of the recursive relation given in the appendix A of ref. [32]. We verified that
our result for the first line of eq. (3.2) reproduces the one obtained by setting m; = 0 in
eq. (B.7)? of ref. [14], and we also verified that the same result can be obtained through a
direct calculation of the relevant two-loop vertex, self-energy, and tadpole diagrams.

The second line of eq. (3.2) contains additional counterterm contributions. In particular,
the first term stems from our scheme choice for the masses of the BSM Higgs bosons
® = (H, A, H*) entering the one-loop part of the correction, and explicit formulas for the
mass counterterms § M2 = Rellpe(MZ) are given in ref. [14]. The second term stems from
the one-loop corrections to the relations between the h®® couplings entering the one-loop
part of App, the BSM-Higgs masses M2, and the MS parameter M?. The shift (§M?),,,
derived earlier in ref. [15], can be written as

1¢

l
3=y (10) T ) —corz (-7

(Y

)—i(T”—QcowﬁT}f), (3.3)

where the first term on the r.h.s. stems from the renormalization of M, ,%, the second term stems
from the renormalization of Ag, and the third term stems from the corrections to the minimum
conditions of the scalar potential (see also the appendix). Finally, 67y, is the diagonal WFR
counterterm for the two external h legs in the gg — hh amplitude, and v is the correction to
the relation between v and G, both computed in the alignment limit and for M7 ~ 0 [15]:

5Zhhzw _ ! {(M%_MQ)Q+(M,%_M2)2+2(M]2{1—M2)2
dp2 p2:0 487T2U2 MIQ_I MZ‘ Mf%[i )
(3.4)
sv T (0 I -
== ;VAZVZ,( ) _ g [BQQ(O,M%,M@) + Bas(0, Mi,Méi)} : (3.5)
w
with

7 1 (m?+m3 m?2 m3 m?2
Boo(0.m2.m2) = - 1 2 _ 1My M 16
92(0,m3, m3) 5 ( 1 2 (m? — ) nm% (3.6)

Comparing our calculation of the two-loop corrections to Appp with the one described
in ref. [14], we note that the latter omits the contributions that arise from the one-loop
corrections to the relations between the BSM Higgs couplings and M2, see eq. (3.3).3

At this stage, it might again be worth commenting on the absence of any contributions
involving counterterms of mixing angles, or the off-diagonal WFR, counterterm 6 Zgp,, from
eq. (3.2). In our approach, the contributions to 5(2)5)\hhh from diagrams with an off-diagonal

2There appears to be a typo in the 25th line of that equation, where m?% should be replaced by m?3.

30ther discrepancies between our results for 535/\hhh and those in ref. [14] stem from the omission in
eq. (II1.19) of that paper of the BSM-Higgs contributions to dv, which vanish only for degenerate BSM-Higgs
masses, and from an error in the WFR, contribution in eq. (V.14), where the last term should be divided by 3
instead of 2.

,10,



self-energy on an external leg cancel against counterterm insertions, and the contributions
that arise from the renormalization of Ag are all accounted for by terms included in (§M?),,,,
see eq. (3.3). We verified that, in the limit of vanishing Higgs mass and mixing, these
corrections coincide with the ones that we would obtain in the standard approach to scalar-
mixing renormalization, i.e., by combining the contributions of mixing-angle counterterms
and off-diagonal WFR along the lines of egs. (2.12)—(2.15). To obtain the necessary one-loop
tadpoles, self-energies, and vertex corrections for generic values of v and 3, we adapted to
the THDM the general formulas provided in refs. [33, 34].

3.2 Two-loop corrections to Apppr

The calculation of the two-loop corrections to Appy entails several complications when
compared with the analogous calculation for Appp. First of all, in the alignment limit it
would not be possible to trade the derivative w.r.t. the field H with a derivative w.r.t. a
vev, because the BSM Higgs doublet has no vev. To circumvent this limitation, we compute
the two-loop tadpole Tff by adapting to the aligned THDM the results provided in ref. [33]
for a general renormalizable theory, then we take only two derivatives w.r.t. v to account
for the remaining h legs. As in the case of the two-loop corrections to Apppn, we verified
that the same result can be obtained through a direct calculation of the relevant two-loop
vertex, self-energy, and tadpole diagrams. Second, while the trilinear couplings entering the
one-loop vertex correction 63 \ppp in eq. (3.1) are all of the h®® kind, with & = (H, A, H),
the diagrams contributing to the correction 53£)\hhH involve two h®® couplings and one
H®® coupling. We thus need to include a separate counterterm contribution for the relation
between the H®® couplings, the mass MIQ_[, and the MS parameter M?2. Finally, by direct
calculation of the counterterm contributions associated to the renormalization of the mixing
between light and heavy fields, we find that, differently from the case of Appp, they are
not all accounted for by the counterterms of the h®® and HPP couplings. Indeed, we
find two additional mixing-induced counterterm contributions that need to be explicitly
included in our result for 532)\%]{.

Taking the limit M?, = 0 in eq. (2.10), we obtain the one-loop correction to A\pnp at

vanishing external momenta

3 2 2
1¢ (V2G,)? 2 2 2 M? 2 M?
50)\hhH=—T2“cot2B(MH—M) 3 Mj; 1_M712{ + M3 1_M731

2

M2

+2 M3 (1 — M2> , (3.7)
H=*

where the overall multiplicative factor cot 283 (M7 — M?) stems from the H®® couplings,
which in the alignment limit are all controlled by the quartic coupling A7 (see the appendix).
In analogy with the calculation of Ay, in the previous section, we express the one-loop
corrections to the relation between the trilinear couplings, the BSM Higgs masses, and M? as
shifts to the latter parameter. However this requires that, in the calculation of the counterterm
contributions to 533 Annir, we distinguish the parameter entering the H®® couplings, M2, from
the parameter entering the h®® couplings, M?2, as the two kinds of couplings receive different
shifts. We also need to specify a renormalization prescription for the angle 5 that enters
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(5(1)5)\% g in eq. (3.7) via the H®® couplings, and we choose to define it as an MS-renormalized

parameter. However, we remark that in the approximation of vanishing Yukawa couplings

there are no divergent contributions to the counterterm for 3, hence we are effectively

taking 65 = 0. In the standard approach to mixing renormalization, this would also fix the

counterterm da when combined with our definition for the combination (o — ) in eq. (2.15).
The two-loop correction to Appgy can in turn be written as

d? 3/d 1
20 T2€
50 AhhH l(w_v <dU_U>‘|

OO0 Nnm) < o OO Anmr) 2 O MmH) < =10
- ) S AM e (OMP) i —— s (OMP) o
2 (3] 2 p p
»=(H,A,HT) Mg oM OM?
v\ 1y
+ 5Zhh_3? 00 AnhH + Amix AhhH (3.8)

where the term in the first line that involves the second derivative of Tff corresponds to the
proper two-loop vertex correction, while the other two terms are counterterm contributions —
analogous to the self-energy and tadpole terms in eq. (2.8) — stemming from the requirement
that the alignment condition apply beyond the tree level.

The first two terms in the second line of eq. (3.8) are analogous to those in eq. (3.2), with
M2 given in ref. [14] and (§M?),,, given in eq. (3.3). The third term stems instead from the
one-loop corrections to the relations between the H®® couplings entering the one-loop part
of A\pnp, the mass MIQ_I, and the MS parameter M?2. The shift (5M %) 1, whose derivation
is described in the appendix, reads

1

(6012)y = —= tan 28 [ 1114,(0) — Lit
r 2 v v

(T,}Z — 2 cot 283 T}f) . (3.9)
Note that after the inclusion of this contribution in eq. (3.8) we can identify M? with M?.

The terms that multiply 535)\% g in the third line of eq. (3.8) are analogous to those
multiplying 566)\hhh in the second line of eq. (3.2), with 67, and dv defined in egs. (3.4)
and (3.5), respectively. The last term in the third line of eq. (3.8) contains two counterterm
contributions associated with the renormalization of the mixing between light and heavy
scalars that are not accounted for by the mixing-induced terms in the shifts (§M?).,, and

(6M?).,. Tt reads

1 M2 _ M2 M2 _ M2 2
Amix AhhH = —4ﬂ_2v3 [ ( A H]\)4(4 A ) HgOA(O)
A
Q(Mzi—Mz)(M2i—M2>2 2AM2 — M2)3
4 e T ey (0) - 2 A o)
MH:E MH
L] [ (M3 — M) (M3 — M?) | 2(Mp. — M) (M. — M?)
47293 M3 M%Ii
6(M2 o M2)2 TlE
—H;W—a 1T, (0) — TH : (3.10)
H
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As detailed in the appendix, the terms in the first and second lines of eq. (3.10) stem
from counterterm insertions that mix light and heavy scalars in the internal lines of the loop
diagrams. We remark that I1}, ,(0) = It ;. (0) = T} /v. Finally, the third and fourth
lines of eq. (3.10) collect all terms stemming from the renormalization of Ag that are not
accounted for by (6M?).,, and (6M?)., .

3.3 Explicit formulas for the trilinear couplings in two simplified scenarios

The formulas for the two-loop BSM-Higgs contributions to Appp and Appg, valid for generic
values of all the relevant masses, are rather lengthy and not particularly illuminating. We
thus make them available on request in electronic form, and print explicit formulas only
under two different sets of simplifying assumptions. In the first case, we take the pole masses
of the BSM Higgs bosons to be degenerate, i.e. MH = MA = M? g = M(%. We thus obtain

2 3
5o 2 N, = V26, )2 (2GEM (1 - M>

2 M(%
() e () b )
) )
5(1)H2£>\hhH — _W (1 — ]\]\g>3mt 23
e o) (o) e
+<1_J\]\g><11+16]\]\g>+1§\4]\§(1_111]\5;%)}’ (3.12)

where the first line of each equation represents the one-loop part of the correction, and the
second and third lines represent the two-loop part. In the last term within curly brackets
of each equation, Q2 represents the renormalization scale at which the MS parameter M?
entering the one-loop part of the correction is expressed. For later convenience, we also
define a correction 5M+2[)\hhh in which all three of the h legs are renormalized in the OS
scheme. This can be obtained by changing the pre-factor of the first term in the third line
of eq. (3.11) from —1/3 to —1/2.

A second limiting case, corresponding to the benchmark scenario proposed in ref. [23],
consists in taking M% = M? and the remaining two BSM-Higgs masses degenerate, i.e.,
M3 = M%. = M. We thus obtain

3 3
14+2¢ 3 (ﬂGu)Q Mé M?
0o " Anhn = 1 1——

2 Mq%
3 M3 M2 3{8M4+9M2 2319 (44 3\ M
M\ f8MT 9MT _3MT N M
T 256405 M2 ME T M2 M2 M2 ) M2
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2
M2 M2 2
41— 2 Injl1 — —-2
! ( Mé) (*M%) I7E
36 M?2 M2
+ 2 (1 1an>>}, (3.13)
9 M6 M2\’ M2 Mm2\? M2
S 2 N = 4<I>5< 2) cotQﬁ{l— 5 1—( —‘}}) Infl—>"s
6470 Mq) S M M<I>

M? M2
T <1 —In Q‘;) } : (3.14)

In this case 5(1)“% Anhn can be obtained by changing the pre-factors of the first three terms
within curly brackets in the second line of eq. (3.13) from (8,9, —23) to (10,5, —21). We also
remark that the correction to A\ppp in eq. (3.13) does not depend on (3, and that the correction
to Appm in eq. (3.14) starts directly at the two-loop level. This is due to the fact that, in the
alignment limit, the tree-level couplings involving three heavy scalars are all proportional to
(M?% — M?) cot 23, hence they vanish in this simplified scenario. The non-vanishing two-loop
contribution to Appy stems from the fact that the condition MIQJ = M? is imposed on the
pole mass of H rather than on the MS mass, and from the presence in (§M?).,,, see eq. (3.9),
of terms that do not vanish for M3 = M?.

To conclude this section, we comment on the decoupling behavior of the corrections to the
trilinear couplings for large values of the mass parameter M?2. As discussed in refs. [13, 14],
when M? is defined as an MS-renormalized parameter the two-loop parts of the corrections
to the trilinear couplings do not vanish in the limit M? — oo, when all of the BSM-Higgs
masses become very large. However, the sum of one- and two-loop parts does vanish if the
one-loop relations between M? and the Higgs masses are taken into account. To make the
decoupling behavior more explicit, the non-decoupling terms can be absorbed in a redefinition
of the mass parameter, (M?2)dec = (M2)MS 4 502 with [15]

SM? = M?

ey |(ME + M3+ 2 M — 4 M?) L ow M (3.15)
1672 02 i 4 H= ' '

Q?

If the one-loop parts of the corrections are expressed in terms of the “decoupling” mass
parameter (M?2)9¢ all terms of the form (1 — In(M2/Q?)) in egs. (3.11)—(3.14) are replaced
by In(M?/M2) . In that case the two-loop parts of the corrections do not depend explicitly
on the renormalization scale, and vanish when M? — oco.

3.4 Two-loop corrections to the Higgs-gluon interactions

Among the two-loop contributions to the Higgs-gluon form factors F' g, F f , and Fp introduced
in eq. (2.4), those that stem from 1PI diagrams involving Higgs bosons coupled to the top-
quark loop are ultimately of O(y?), where y; is the top Yukawa coupling, and thus cannot
contribute to the cross section for Higgs-pair production at the NNLO in the potentially large
scalar couplings. To verify this statement, we obtained FZ’ 26171 and Fég’m at vanishing
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external momenta from a calculation along the lines of those performed for the MSSM
in refs. [35, 36|, relying on the low-energy theorem for the Higgs-gluon interactions from
refs. [37, 38]. In the case of Ff’ 26171 we computed directly the two-loop 1PI contributions to
the ggH vertex at vanishing external momentum.* To identify the terms that may contribute
at the highest order in the scalar couplings, we further expanded our results for the triangle
and box form factors in powers of m?/M2, with ® = (H, A, H*). We thus found:

Fh,2£,1P12m3C0t25 3 1_% _5 1_%2 —4 1_£2 L0 ﬁ
A 48 72 2 MI2{ Mi MIQ{i M(% )

(3.16)

2 cot? B M2 M2 M2
FH,ZZ, 1PI _ my cot” g 9 1_ —grsMu 4 Fh
: e |17 O T MR
M2 M2 M2 M2
M\ | M. m?
41— £ ) In—4£ R 1
+ < M2i> n 2 +O<M§) , (3.17)

F2Z,1P1 _Fh,2é,1P1
O - T A
m? cot? 3 M? 2 M? 2 M? ? m?
-t~ |3 l—— ] =5|1-—-5 | —4(l-55 | +O —tz .
24 72 2 M5 M35 M. Mg

Keeping into account that m? = y? v?sin? 3/2 and that the BSM Higgs masses are of the

form M% = M? + \v?, where \ denotes generic combinations of quartic couplings, inspection
of egs. (3.16)—(3.18) reveals that the two-loop 1PI contributions to the triangle and box
form factors are all proportional to »? , times combinations of BSM Higgs masses that scale
like Av?/MZ, Av?/M3 In(MZ2/m?), or, in the case of the contributions from “ladder-like”
box diagrams in the second line of eq. (3.18), A2v*/Mj. These combinations do not grow
linearly with X\ when the latter is large, in contrast with the corrections to the trilinear Higgs
couplings in egs. (3.11)—(3.14), where the two-loop part is enhanced by A w.r.t. the one-loop
part. We stress here how the dependence of the BSM Higgs masses on the quartic couplings
alters the superficial counting of powers of X in a given diagram.

There are, however, additional contributions to the Higgs-gluon form factors that, in
principle, contribute to the cross section for Higgs pair production at the same order in
the scalar couplings as the two-loop corrections to Appn and Appg. These stem from WFR
insertions on the Higgs legs and from the renormalization of the relation between v and the
Fermi constant G, that is factored out of the cross section in eq. (2.2). We find:

v

5 5
phot = SOphat o p2t 00 pllat o pat <5Zhh —2 “) B, (3.19)
(Y v v

“We refrain from providing details on these calculations since their results are ultimately not included in
our analysis.
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where the one-loop form factors at vanishing external momentum are given in section 2,
and explicit formulas for §Z;, and Jv are given in egs. (3.4) and (3.5), respectively. The
difference between the coefficients of dv/v in the triangle and box form factors stems from
the v introduced in eq. (2.6) to normalize C% and CX. Also note that we include a WFR
counterterm only in the box form factor because, in the gg — hh amplitude, the Higgs legs
of the triangle form factors correspond to the internal s-channel propagators.

4 Numerical impact of the two-loop BSM corrections

Before studying the impact of the two-loop BSM corrections on the cross section for the
production of a pair of SM-like Higgs bosons in the aligned THDM, we illustrate their effect
on the trilinear Higgs couplings. For the coupling between three SM-like Higgs bosons,
we consider the modifier Ky = Appnp / Aj)y, » Which is often introduced in phenomenological
discussions of BSM models. In the alignment limit, and for the purposes of the present
discussion, we can express the coupling modifier as ry = (A5 + 56 mmn + 58€5\hhh) / Airee
where A\J52¢ = 3 M ﬁ /v? while the one- and two-loop contributions at vanishing external
momenta are those computed in section 3.1.

In figure 1 we examine the dependence of k) on the pole masses of the BSM Higgs
bosons in the simplified scenarios for the aligned THDM that we introduced in section 3.3,
with either M7 = M3 = M3, = M§ (left plot) or M7 = M?, M3 = M7, = M3 (right
plot). We can thus rely on eq. (3.11) or on eq. (3.13), respectively, to compute the one- and
two-loop corrections to Apppn. However, to facilitate the comparison with earlier calculations,
we modify those equations as indicated in section 3.3 to ensure that all three of the h legs
are renormalized in the OS scheme. In both plots we take M? = (600 GeV)?, and in the left
plot we also take tan § = 1.2 (in contrast, as mentioned earlier, the BSM-Higgs contributions
to k) do not depend on tan 8 when MIQ{ = M?). Note that our choice for the value of M?
implies that the right plot corresponds to the benchmark scenario introduced in ref. [23]. In

both plots we show k) as a function of Mg, denoting by Hg\l) the quantity obtained including

only the one-loop part of the corrections (black dot-dashed line), and by /{&2) the quantity
that includes both the one- and two-loop parts (blue, green and red solid lines). The three
solid lines differ in the definition of the parameter M?2. In particular, the blue line is obtained
when M? is an MS-renormalized parameter at the scale Q* = M2; the green line is obtained
when M? is an MS-renormalized parameter at the scale Q? = M?; the red line corresponds
instead to the use of the “decoupling” mass parameter (M?2)d¢¢ as defined in eq. (3.15).
The horizontal dotted lines correspond to the most recent upper bound from ATLAS [39],
k$P < 6.6, and the HL-LHC projection [40], k" < 2.3. In these scenarios, larger values
of Mg correspond to larger values of the quartic Higgs couplings, some of which become
of O(10) towards the right edge of each plot. However, we evaluated the constraints on
the couplings from tree-level perturbative unitarity following egs. (7)—(11) and (18)—(23) of
ref. [8], and verified that they are satisfied up to Mg ~ 1000 GeV in the left plot, and over
the whole range of Mg in the right plot. We remark that choosing a value of tan § farther
away from unity (in either direction) would lower the tree-level perturbative-unitarity bound
on Mg in the left plot, but would leave it unchanged in the right plot, where M7 = M2
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Figure 1. Left: trilinear coupling modifier k) as function of a common pole mass Mg for the
BSM Higgs bosons, in a benchmark scenario for the aligned THDM where M? = (600 GeV)? and
tan 8 = 1.2. The dot-dashed line is the one-loop result and the solid lines are two-loop results. The
latter correspond to three different definitions of the parameter M2, as explained in the text. Right:
same as in the left plot, for the scenario with M7 = M? = (600 GeV) and M3 = M3, = M3.
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Figure 2. Left: trilinear coupling A, g as function of a common pole mass Mg for the BSM Higgs
bosons, in a benchmark scenario for the aligned THDM where M? = (600 GeV)? and tan 8 = 1.2. The
dot-dashed line is the one-loop result, the solid lines are two-loop results for three different definitions
of the parameter M?. Right: same as in the left plot, for the scenario with M% = M? = (600 GeV)?,
M3 = Mlz_li = M2, and tan 3 = 1.2. Note the different scale on the y axis w.r.t. the left plot.
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The comparison between the dot-dashed line and the solid lines in each of the plots
of figure 1 shows that the two-loop BSM-Higgs corrections to the trilinear self-coupling
of the SM-like Higgs boson can be comparable in size with the one-loop corrections, and
they can have a significant impact on the bounds on the BSM-Higgs masses that can be
extracted from the comparison with the experimental bound on k). However, the spread
among the solid lines shows that any statement on the significance (and, in the left plot, even
the direction) of the two-loop corrections is strongly dependent on the definition adopted
for the parameter M? entering the one-loop part of the corrections. We stress that the
three solid lines in each of the plots of figure 1 map three different regions of the THDM
parameter space, thus their spread should not be interpreted as a theory uncertainty of the
two-loop calculation. For example, for Mg = 1TeV and (M?)4¢ = (600 GeV)?, eq. (3.15)
implies that M?(M?) ~ (513 GeV)? and M?(M2) ~ (406 GeV)? in the left plot, and
M?(M?) =~ (536 GeV)? and M?(M2) ~ (462 GeV)? in the right plot. This said, in scenarios
where M? is kept fixed and the growth of the BSM-Higgs masses is driven by the growth of
the quartic Higgs couplings — hence, we cannot rely on decoupling considerations — we see
no obvious criterion to choose a priori whether we should use M2(M2), M?(M?), or (M?)de
as input parameter. This ambiguity in the size of the two-loop corrections might just have to
be regarded as an undesirable aspect of BSM scenarios in which some couplings are very large.

Finally, the black dot-dashed and red solid lines in the right plot of figure 1 can be
compared with the one- and two-loop lines in figure 2 of ref. [23], which relies on the calculation
of )\%lh from refs. [13, 14], with all three of the h legs renormalized in the OS scheme and
M? interpreted as the “decoupling” mass parameter. We find good agreement between
the predictions for Iig\l), whereas our prediction for nf\z) is somewhat lower than the one in
ref. [23]. We point the reader to section 3.1 for an explanation of the discrepancies between

our calculation of A2, and the one of refs. [13, 14].

In figure 2 we illustrate the effect of the two-loop BSM corrections on the coupling
between two SM-like Higgs bosons and one BSM Higgs boson, in the same benchmark
scenarios for the aligned THDM that we considered in figure 1. In this case we do not
introduce a coupling modifier, but plot directly the coupling Ay g that enters the amplitude
for Higgs pair production via eqs. (2.19) and (2.20). We can thus rely directly on eq. (3.12),
for the left plot, and on eq. (3.14), for the right plot, to compute the one- and two-loop
corrections to Apppr. As in figure 1, the black dot-dashed line is obtained including only the
one-loop part of the corrections, while the three solid lines are obtained including both the
one- and two-loop parts, and differ in the definition of the parameter M?2. In particular,
the blue, green, and red solid lines are obtained by requiring that M?(MZ2), M?(M?), and
(M?)dec | respectively, be equal to (600 GeV)2.

The comparison between the dot-dashed line and the solid lines in the left plot of figure 2
shows that, even in the case of Apppr, the two-loop corrections can become comparable with
the one-loop corrections for large values of Mg, where the quartic Higgs couplings are in
turn large. Again, we find that the size of the two-loop corrections depends strongly on
the definition adopted for the parameter M? entering the one-loop part. The right plot of
figure 2 is different, because the one-loop correction to Appp vanishes for Mi, = M?, while a
residual two-loop correction is induced by counterterm contributions. Indeed, we zoomed the
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Figure 3. Top: cross section for the production of a pair of SM-like Higgs bosons at the LHC
with /s = 13 TeV, normalized to the SM prediction, as function of a common pole mass Mg for the
BSM Higgs bosons, in a benchmark scenario for the aligned THDM where M? = (600 GeV)? and
tan f = 1.2. The meaning of the different lines is described in the text. Bottom: ratios of the dashed
lines over the solid lines.

y axis in by a factor 10 w.r.t. to the left plot in order to improve the readability of the four
lines. We note that eq. (3.14) implies that a larger value of tan § would result in a larger
two-loop correction to Apppr. However, the tan S-independence of the perturbative-unitarity
bounds that we obtain at the tree level in this scenario is likely to be violated at higher
orders, in analogy to what we find for the vanishing of A\p,g. Away from tan 5 ~ 1, a more
accurate determination of those bounds would be necessary to ensure that the considered
range of My is not ruled out. Moreover, in the amplitude for the process g9 — H — hh
any enhancement of A\;pp due to a larger value of tan 8 would be compensated for by a
suppression of the ggH form factor, see eq. (2.17).

We are now ready to discuss the combined impact of the two-loop BSM corrections on
the cross section for the production of a pair of SM-like Higgs bosons in the aligned THDM.
In figures 3 and 4 we show the predictions for the cross section at the LHC with /s = 13 TeV,
normalized to the SM prediction computed at the same order (i.e., the LO) in QCD, in the
two benchmark scenarios introduced earlier for the left and right plots of figures 1 and 2.
We used a modified version of the public code HPAIR [41] to compute the pair-production
cross section (setting pr = pp = Mpp/2), and the code HDECAY [42, 43] to compute the width
'y entering eqs. (2.19) and (2.20). In the upper plot of each figure, the black dot-dashed
line represents the prediction obtained at the NLO in the BSM Higgs couplings, i.e., using
only eqgs. (2.4)—(2.11) for the various components of the spin-zero form factor F. The blue,
green and red solid lines represent the full NNLO predictions, in which F is obtained from
egs. (2.16)—(2.20). The blue, green and red dashed lines are instead obtained by including only
the two-loop corrections to Appp, and neglecting all of the other sources of NNLO corrections.
As in the previous figures, the blue, green and red lines (either solid or dashed) are obtained
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Figure 4. Same as figure 3 for the scenario with M7 = M? = (600 GeV)? and M3 = M%. = M3.

by requiring that M?2(M2), M?(M?), and (M?)%, respectively, be equal to (600 GeV)2. To
illustrate the collective impact of the NNLO corrections other than 586)\;1%, in the lower plot
of each figure we show the ratio of the blue, green and red dashed lines over the corresponding
solid lines. Finally, the grey dotted line at o/ogy = 6.8 represents the upper bound on the
cross section that can be extracted from the most recent ATLAS bound on k) [39].

The comparison between the black dot-dashed line and the solid lines in figures 3 and 4
illustrates once again the effect of the NNLO corrections controlled by the potentially large
BSM-Higgs couplings. In both scenarios, the qualitative dependence of the prediction for
the cross section on the definition of the parameter M? (i.e., the relative position of the
blue, green, and red solid lines w.r.t. the black dot-dashed line) matches the behavior of
the corrections to Appp shown in figure 1. The comparison between the blue, green, and red
solid lines and the corresponding dashed lines in figures 3 and 4 shows that, at least in these
scenarios, the two-loop corrections to Ay, make up the bulk of the NNLO contributions
to the cross section for Higgs pair production. The remaining, sub-dominant contributions
include the two-loop corrections to A\pppm in egs. (3.12) and (3.14), the corrections to the
Higgs-gluon form factors in eq. (3.19), and the momentum-dependent corrections to the
s-channel propagators in eqs. (2.19) and (2.20). The ratios of dashed over solid lines in the
lower plot of figure 3 show that, in the scenario where all BSM Higgs masses are degenerate,
the combined effect of the sub-dominant NNLO contributions to the cross section can be up to
about 20% when the couplings are large. On the other hand, in the scenario of figure 4, where
Annp is strongly suppressed (in particular, it vanishes at one loop), the lower plot shows that
the effect of the sub-dominant NNLO contributions to the cross section remains within 10%.
In both scenarios, the apparent dominance of the corrections to Appp over the other sources
of corrections validates our use of an upper bound on ¢/ogy derived from the bound on k.

Finally we note that, even in the scenario of figure 3 where the loop-induced coupling
Anni can be sizeable (see the left plot of figure 2), the contribution to the pair-production
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cross section from diagrams with s-channel exchange of H is always within the +10% range.
This happens because at large values of Mg, where the BSM Higgs couplings are enhanced,
the resonant contribution to the gg — hh amplitude is suppressed by a low gluon luminosity.

5 Conclusions

The requirement that an extension of the SM accommodate a Higgs boson with properties
compatible with those observed at the LHC constrains the parameter space of the BSM
model even before the direct observation of any new particles. However, the searches for
Higgs pair production at the LHC have not yet reached the sensitivity necessary to test the
SM prediction for the trilinear self-coupling of the Higgs boson, and significant deviations
from that prediction are in principle still allowed.

In models with an extended Higgs sector, some of the quartic scalar couplings can be
significantly larger than any of the SM couplings, while still satisfying all of the theoretical
and experimental constraints. In such cases, the radiative corrections controlled by those
couplings can be expected to be the dominant ones, and their inclusion at the highest
available order may prove necessary to obtain accurate predictions for the properties of the
observed Higgs boson. In particular, it has long been known that, in the THDM, the one-loop
corrections involving BSM Higgs bosons can induce modifications of O(100%) to the trilinear
self-coupling of the SM-like Higgs boson [21, 22].

In this paper, we studied the impact of the radiative corrections controlled by the BSM
Higgs couplings on the cross section for the production of a pair of SM-like Higgs bosons
via gluon fusion in the aligned THDM. We relied on earlier work [15] for a definition of
the alignment condition beyond the tree level. We computed all of the contributions that
affect the cross section up to the NNLO in the potentially large scalar couplings, namely: the
two-loop corrections to the trilinear couplings Appp and Appp; the one-loop corrections to
the s-channel propagators entering the gg — hh amplitude; the two-loop corrections to the
Higgs-gluon form factors. Since we are focusing on scenarios where the BSM Higgs couplings
are much larger than the SM couplings, we worked at the LO in QCD, and we neglected
the corrections controlled by the EW-gauge and Yukawa couplings. We also relied on the
approximations of vanishing external momenta in the two-loop diagrams and of vanishing
mass for the SM-like Higgs boson.

Our calculation of the two-loop corrections to Appp allows for a reassessment of the
earlier result from refs. [13, 14], and we found that the latter omits contributions arising
from the corrections to the relation between the h®® couplings, with & = (H, A, H jE), the
masses M(%, and the parameter M?2. In contrast, our calculation of the two-loop corrections
to A\ppp is entirely new, and entails several complications when compared with the case of
Annh o it cannot rely solely on effective-potential methods; it requires a separate counterterm
for the H®® couplings; it involves contributions related to the renormalization of the mixing
between light and heavy fields that cannot be absorbed in a shift of the parameters entering
the one-loop part of the coupling. For both Appp and Appg, we provided explicit analytic
formulas valid in two simplified scenarios where some of the BSM Higgs masses are taken
equal to each other, but we make the general results available on request in electronic form.
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We discussed the numerical impact of the two-loop BSM contributions, first on the
individual couplings and then on the prediction for the pair-production cross section, in
two benchmark scenarios for the aligned THDM, one of which was previously introduced
in ref. [23]. In both of these scenarios the parameter M? is kept fixed, so that an increase
in the BSM Higgs masses corresponds to an increase in the quartic scalar couplings. We
find that, in the regions of the parameter space where the quartic scalar couplings get
large (but still allowed by the perturbative unitarity bounds), the two-loop corrections to
the trilinear couplings become comparable in size with the one-loop corrections, thus their
inclusion becomes crucial in order to obtain precise predictions. This finding carries over to
the predictions for the pair-production cross section. However, by analyzing the impact of the
individual NNLO contributions to the cross section, we see that the two-loop corrections to
Anhn Play by far the largest role, while the remaning NNLO contributions (namely, corrections
to Annm, propagator corrections, and corrections to the Higgs-gluon form factors) account
for a 10%-20% effect at most.

Finally, a recurring feature of the plots in section 4 is the fact that the size and even the
sign of the two-loop corrections depend strongly on the definition adopted for the parameter
M? entering the one-loop part of the corrections. While this does not imply by itself a large
uncertainty of our predictions — after all, a fixed value of M? corresponds to different regions
of the parameter space when the definition of M? changes — it illustrates how sensitive
BSM scenarios with very large couplings can be to choices of renormalization scheme for
the parameters of the underlying Lagrangian, including parameters that do not necessarily
allow for a direct interpretation in terms of physical observables.

The work presented in this paper could of course be extended in multiple directions.
For example, alternative definitions for M? and even for tan 8 could be explored, aiming
to connect all of the input parameters of the aligned THDM to physical observables. The
alignment condition itself could possibly be defined in different ways. Finally, our calculation
could be generalized to the case of a non-zero (but necessarily small) mixing between the SM
and BSM Higgs doublets. Even for what concerns the numerical analysis in section 4, our
results should be regarded as merely illustrative. A first improvement in our prediction for the
pair-production cross section would consist in combining the contributions up to NNLO in the
scalar couplings with a state-of-the-art calculation of the QCD contributions. A systematic
scan over the parameter space of the aligned THDM, taking into account all of the theoretical
and experimental constraints, might then reveal other interesting phenomena, such as regions
where the sub-dominant NNLO effects are larger than what we found here. We leave all of
this for future work, hoping that the results presented in this paper will help the collective
effort to use the properties of the Higgs boson as a probe of what lies beyond the SM.
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A Details on the renormalization of the Higgs sector

In this appendix we provide additional details on the renormalization of the Higgs sector
of the aligned THDM. We first summarize the renormalization of the mixing between light
and heavy fields in the Higgs basis, then we discuss how to consistently connect the Higgs
couplings entering the one-loop part of the corrections to Appp and Appy with the parameter
M? = 2m?2,/sin28.

Mixing renormalization in the Higgs basis. The so-called Higgs basis of the THDM
is the basis in which one of the SU(2) doublets develops the full SM-like vev v, and the
other has vanishing vev:

Gt HT
By — . L Dpey = ). Al
<;§<v+¢2M+zG°>> o (;iwgsmm)) (A1)

The scalar potential in the Higgs basis reads
Vo = M Ol @y + M3, ®hoy @ps — My (Bl @ps +hic.)

A
2

(0a)” + 22

2 (q)LSMq)BSM)2

_|_
+ AS (CI)Jsr,M‘I)SM) ((I)JErsSM(I)B&vI) +A4 (‘I)JST,M(I)BSM> (@LSMq)SM)

+ {A; (q)qu)BSM>2 + (AG (I)gM(I)SM + A? (I)I%SM(I)BSM) (I)qu)BSM + h'C} . (A-2)
The relations between the mass and coupling parameters in eq. (A.2) and the analogous
parameters of the basis (®1,®2) in which the Zs symmetry that forbids flavor-changing
neutral-current interactions is manifest are given, e.g., in the appendix of ref. [44]. We focus
now on the terms in the scalar potential that determine the mixing between light and heavy
fields. At the one-loop level, the minimization of the potential w.r.t. the neutral scalar
component of the BSM Higgs doublet implies

i¥4
A 0
ME =200+ % . (A.3)

Combining eqgs. (A.1) and (A.2), we find that the potential contains the light-heavy mix-

ing terms

3A A
Vo D <—M122 + 76 v2> 0 Po s + <—M122 + 76 zﬂ) (GOA +GTH™ + G—H+) . (A4)

Thus, the (1,2) element of the one-loop-corrected mass matrix for the neutral scalar compo-
nents of the doublets, evaluated at the external momentum p?, reads

3A¢
Miy(p?) = —Miy + N v? + Hgqus%SM (p%). (A.5)

As discussed in ref. [15], we define the alignment condition at the one-loop level by requiring
that M?2,(p?) vanish for p? = 0. In combination with the minimum condition on M?%,, see
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eq. (A.3), and taking into account that in the alignment limit ¢%, = h and ¢%,, = —H,
this leads to

1 TM
o= 1 (00 - ). (A6)

while the light-heavy mixing terms in eq. (A.4) can be expressed as

Tl(
Vo O ~T0hiy (0) hH + = (G°A+GYH + G HY) (A7)

In the calculation of the two-loop corrections to the trilinear coupling Appy we must
include the contributions from one-loop diagrams with one insertion of the one-loop-induced
interactions given in egs. (A.6) and (A.7). We collect those contributions in the correction
AnixA\npg given in eq. (3.10). In particular, the terms in the first two lines of eq. (3.10),
where we also made use of the identities IT}% , (0) = IT}5; 4 (0) = T} /v, stem from diagrams
with the insertion of a light-heavy mixing term from eq. (A.7) in one of the internal scalar
lines. The terms in the third and fourth lines of eq. (3.10) stem instead from diagrams in
which one of the interaction vertices is proportional to the coupling Ag given in eq. (A.6).
Finally, we remark that there are no contributions of this kind in the case of Appp, because
the relevant one-loop diagrams would require two insertions of one-loop-induced interactions,

thus amounting to three-loop effects.

Connecting the Higgs couplings with M?2. In phenomenological analyses of the THDM,
it is customary to express the couplings between Higgs bosons as differences of squared
mass parameters divided by appropriate powers of v, and to use M?, a parameter of the
Zy-symmetric basis, as an input instead of the Higgs-basis parameter M2, . At the tree level,
the combination of the minimum conditions of the scalar potential, the alignment condition,
and the approximation M ,% ~ 0 implies that M2, = M?. However, this relation receives
one-loop corrections, which must be taken into account in the calculation of the two-loop
corrections to Appp and Apppg. In particular, we can write M222 = M? + ((5M2)Cp1, where
the two squared mass parameters are renormalized in the MS scheme, and the correction,
which was derived in section 2 of ref. [15], is the one given in eq. (3.3). Moreover, the
corrections to the tree-level relations between Higgs couplings, Higgs masses, and M? depend
on whether the couplings under consideration are of the h®® kind or of the H®® kind, with
® = (H, A, H*). In the alignment limit, the two kinds of couplings can be expressed in
terms of parameters of the Higgs basis as

2 2
My — My
v )

Ahdd X Agoe < Arv, (A.8)

where the form of the Apgp couplings reflects the fact that they depend on the same
combinations of quartic couplings that enter the terms proportional to v? in the tree-level
masses M(IQ,. The form of the Aggs couplings reflects instead the fact that the only term
in the scalar potential that can induce a coupling between three BSM Higgs bosons is the
one involving three BSM doublets and one SM doublet, see eq. (A.2). Expressing the A\ppe
couplings entering the one-loop part of the corrections to Aunn and Apppm in terms of M2
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instead of M3,, both interpreted as MS-renormalized parameters, leads to the two-loop shifts
given in the second term of the second line of egs. (3.2) and (3.8), respectively. Similarly,
the conversion of the BSM Higgs masses M2 entering the expression for A\yee in eq. (A.8)
from MS-renormalized parameters to pole masses is included in the two-loop shifts given
in the first term of the second line of egs. (3.2) and (3.8).

To express Agoe as well in terms of a difference of squared mass parameters, we rely
on the fact that, as discussed in ref. [15], the (2,2) element of the one-loop-corrected mass
matrix for the neutral scalar components of the doublets in the Higgs basis can be written as

M%) = M2+ Re? + T o (p%) —

BsM?PBsMm v

14 12
(736 +2c0t28T) ), (A9)

where A is a combination of quartic couplings that, in the case of the Z-symmetric THDM,
can also be written as A = (A7 — Ag) tan25 /2. In the alignment limit we can identify
Re M3, (M%) with the pole mass M%, and invert eq. (A.9) to obtain

2cot2f
2

1 THY 1
Ar= Mg—M2—ReH}§H(M,2{)+§tanzﬁ <H,1§I(o)—H> += (T,%‘f—zcotzﬁTg)] ,
v v

(A.10)

where we made use of the alignment condition on Ag, see eq. (A.6). When the Agse
couplings entering the one-loop part of the corrections to A\, are expressed as multiples
of 2 cot 28 (M% — M?) /v, the term involving ReIl¥ (M%) in eq. (A.10) above is included
in the two-loop shifts given in the first term of the second line of eq. (3.8). The remaining
one-loop corrections in eq. (A.10) are treated as a shift to the parameter M2, see eq. (3.9),
leading to the two-loop shifts given in the third term of the second line of eq. (3.8). We stress
again that, in section 3.2, the parameter M? should be viewed merely as a book-keeping
device introduced to distinguish Agee from A\pee in egs. (3.7) and (3.8), and that, after
accounting for the different counterterm contributions to those couplings, we can ultimately
identify M? with M?2.

Data Availability Statement. This article has no associated data or the data will not
be deposited.

Code Availability Statement. This article has no associated code or the code will not
be deposited.

Open Access. This article is distributed under the terms of the Creative Commons Attri-
bution License (CC-BY4.0), which permits any use, distribution and reproduction in any
medium, provided the original author(s) and source are credited.

References

[1] CMS collaboration, Observation of a New Boson at a Mass of 125 GeV with the CMS
Ezperiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] [INSPIRE].

[2] ATLAS collaboration, Observation of a new particle in the search for the Standard Model Higgs
boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1 [arXiv:1207.7214]
[INSPIRE].

,25,


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.48550/arXiv.1207.7235
https://inspirehep.net/literature/1124338
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.48550/arXiv.1207.7214
https://inspirehep.net/literature/1124337

[3]

(4]

[5]

(6]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

PARTICLE DATA GROUP collaboration, Review of Particle Physics, PTEP 2022 (2022) 083C01
[[NSPIRE].

J.F. Gunion, H.E. Haber, G.L. Kane and S. Dawson, The Higgs Hunter’s Guide, CRC Press
(2000) [DOI:10.1201/9780429496448] [INSPIRE].

M. Aoki, S. Kanemura, K. Tsumura and K. Yagyu, Models of Yukawa interaction in the two
Higgs doublet model, and their collider phenomenology, Phys. Rev. D 80 (2009) 015017
[arXiv:0902.4665] [INSPIRE].

G.C. Branco et al., Theory and phenomenology of two-Higgs-doublet models, Phys. Rept. 516
(2012) 1 [arXiv:1106.0034] [INSPIRE].

J.F. Gunion and H.E. Haber, The CP conserving two Higgs doublet model: The Approach to the
decoupling limit, Phys. Rev. D 67 (2003) 075019 [hep-ph/0207010] [INnSPIRE].

F. Arco, S. Heinemeyer and M.J. Herrero, Ezploring sizable triple Higgs couplings in the 2HDM,
FEur. Phys. J. C 80 (2020) 884 [arXiv:2005.10576] [INSPIRE].

F. Arco, S. Heinemeyer and M.J. Herrero, Triple Higgs couplings in the 2HDM: the complete
picture, Eur. Phys. J. C 82 (2022) 536 [arXiv:2203.12684] InSPIRE].

S. Hessenberger and W. Hollik, Two-loop corrections to the p parameter in Two-Higgs-Doublet
Models, Eur. Phys. J. C 77 (2017) 178 [arXiv:1607.04610] [INSPIRE].

S. Hessenberger and W. Hollik, Two-loop improved predictions for My, and sin®G.g in
Two-Higgs-Doublet models, Eur. Phys. J. C' 82 (2022) 970 [arXiv:2207.03845] [INSPIRE].

J. Braathen, M.D. Goodsell and F. Staub, Supersymmetric and non-supersymmetric models
without catastrophic Goldstone bosons, Fur. Phys. J. C 77 (2017) 757 [arXiv:1706.05372]
[INSPIRE].

J. Braathen and S. Kanemura, On two-loop corrections to the Higgs trilinear coupling in models
with extended scalar sectors, Phys. Lett. B 796 (2019) 38 [arXiv:1903.05417] [INSPIRE].

J. Braathen and S. Kanemura, Leading two-loop corrections to the Higgs boson self-couplings in
models with extended scalar sectors, Eur. Phys. J. C' 80 (2020) 227 [arXiv:1911.11507]
[[NSPIRE].

G. Degrassi and P. Slavich, On the two-loop BSM corrections to h — vy in the aligned THDM,
Eur. Phys. J. C 83 (2023) 941 [arXiv:2307.02476] [INSPIRE].

M. Aiko, J. Braathen and S. Kanemura, Leading two-loop corrections to the Higgs di-photon
decay in the inert doublet model, Eur. Phys. J. C 85 (2025) 489 [arXiv:2307.14976] [INSPIRE].

H. Bahl, J. Braathen, M. Gabelmann and S. Paflehr, Generic two-loop results for trilinear and
quartic scalar self-interactions, arXiv:2503.15645 [INSPIRE].

G. Degrassi and P. Slavich, On the two-loop BSM corrections to h — v in a triplet extension
of the SM, Eur. Phys. J. C 85 (2025) 49 [arXiv:2407.18185] [INSPIRE].

ATLAS collaboration, Combination of Searches for Higgs Boson Pair Production in pp
Collisions at /s = 13 TeV with the ATLAS Detector, Phys. Rev. Lett. 133 (2024) 101801
[arXiv:2406.09971] [INSPIRE].

CMS collaboration, Constraints on the Higgs boson self-coupling from the combination of single
and double Higgs boson production in proton-proton collisions at /s = 13 TeV, Phys. Lett. B 861
(2025) 139210 [arXiv:2407.13554] [INSPIRE].

S. Kanemura et al., New physics effect on the Higgs selfcoupling, Phys. Lett. B 558 (2003) 157
[hep-ph/0211308] [INSPIRE].

— 26 —


https://doi.org/10.1093/ptep/ptac097
https://inspirehep.net/literature/2106994
https://doi.org/10.1201/9780429496448
https://inspirehep.net/literature/279039
https://doi.org/10.1103/PhysRevD.80.015017
https://doi.org/10.48550/arXiv.0902.4665
https://inspirehep.net/literature/814281
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.48550/arXiv.1106.0034
https://inspirehep.net/literature/902365
https://doi.org/10.1103/PhysRevD.67.075019
https://doi.org/10.48550/arXiv.hep-ph/0207010
https://inspirehep.net/literature/589599
https://doi.org/10.1140/epjc/s10052-020-8406-8
https://doi.org/10.48550/arXiv.2005.10576
https://inspirehep.net/literature/1797260
https://doi.org/10.1140/epjc/s10052-022-10485-9
https://doi.org/10.48550/arXiv.2203.12684
https://inspirehep.net/literature/2058011
https://doi.org/10.1140/epjc/s10052-017-4734-8
https://doi.org/10.48550/arXiv.1607.04610
https://inspirehep.net/literature/1476370
https://doi.org/10.1140/epjc/s10052-022-10933-6
https://doi.org/10.48550/arXiv.2207.03845
https://inspirehep.net/literature/2107935
https://doi.org/10.1140/epjc/s10052-017-5303-x
https://doi.org/10.48550/arXiv.1706.05372
https://inspirehep.net/literature/1605585
https://doi.org/10.1016/j.physletb.2019.07.021
https://doi.org/10.48550/arXiv.1903.05417
https://inspirehep.net/literature/1724832
https://doi.org/10.1140/epjc/s10052-020-7723-2
https://doi.org/10.48550/arXiv.1911.11507
https://inspirehep.net/literature/1767216
https://doi.org/10.1140/epjc/s10052-023-12097-3
https://doi.org/10.48550/arXiv.2307.02476
https://inspirehep.net/literature/2674453
https://doi.org/10.1140/epjc/s10052-025-14184-z
https://doi.org/10.48550/arXiv.2307.14976
https://inspirehep.net/literature/2682406
https://doi.org/10.48550/arXiv.2503.15645
https://inspirehep.net/literature/2902224
https://doi.org/10.1140/epjc/s10052-025-13758-1
https://doi.org/10.48550/arXiv.2407.18185
https://inspirehep.net/literature/2811067
https://doi.org/10.1103/PhysRevLett.133.101801
https://doi.org/10.48550/arXiv.2406.09971
https://inspirehep.net/literature/2798812
https://doi.org/10.1016/j.physletb.2024.139210
https://doi.org/10.1016/j.physletb.2024.139210
https://doi.org/10.48550/arXiv.2407.13554
https://inspirehep.net/literature/2808928
https://doi.org/10.1016/S0370-2693(03)00268-5
https://doi.org/10.48550/arXiv.hep-ph/0211308
https://inspirehep.net/literature/602552

[22]

[23]

[24]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

S. Kanemura, Y. Okada, E. Senaha and C.-P. Yuan, Higgs coupling constants as a probe of new
physics, Phys. Rev. D 70 (2004) 115002 [hep-ph/0408364] [INSPIRE].

H. Bahl, J. Braathen and G. Weiglein, New Constraints on Extended Higgs Sectors from the
Trilinear Higgs Coupling, Phys. Rev. Lett. 129 (2022) 231802 [arXiv:2202.03453] [INSPIRE].

S. Heinemeyer, M. Miihlleitner, K. Radchenko and G. Weiglein, Higgs pair production in the
2HDM: impact of loop corrections to the trilinear Higgs couplings and interference effects on
experimental limits, Eur. Phys. J. C' 85 (2025) 437 [arXiv:2403.14776] INSPIRE].

E.W.N. Glover and J.J. van der Bij, Higgs boson pair production via gluon fusion, Nucl. Phys. B
309 (1988) 282 [INSPIRE].

T. Plehn, M. Spira and P.M. Zerwas, Pair production of neutral Higgs particles in gluon-gluon
collisions, Nucl. Phys. B 479 (1996) 46 [hep-ph/9603205] [INSPIRE].

G. Passarino and M.J.G. Veltman, One Loop Corrections for eTe™ Annihilation Into p*u= in
the Weinberg Model, Nucl. Phys. B 160 (1979) 151 [INSPIRE].

M. Krause et al., Gauge-independent Renormalization of the 2-Higgs-Doublet Model, JHEP 09
(2016) 143 [arXiv:1605.04853] [INSPIRE].

L. Altenkamp, S. Dittmaier and H. Rzehak, Renormalization schemes for the Two-Higgs-Doublet
Model and applications to h — WW/ZZ — 4 fermions, JHEP 09 (2017) 134
[arXiv:1704.02645] [INSPIRE].

S. Kanemura, M. Kikuchi, K. Sakurai and K. Yagyu, Gauge invariant one-loop corrections to
Higgs boson couplings in non-minimal Higgs models, Phys. Rev. D 96 (2017) 035014
[arXiv:1705.05399] [INSPIRE].

S.P. Martin, Two Loop Effective Potential for a General Renormalizable Theory and Softly
Broken Supersymmetry, Phys. Rev. D 65 (2002) 116003 [hep-ph/0111209] [INSPIRE].

A. Dedes and P. Slavich, Two loop corrections to radiative electroweak symmetry breaking in the
MSSM, Nucl. Phys. B 657 (2003) 333 [hep-ph/0212132] [INSPIRE].

J. Braathen and M.D. Goodsell, Avoiding the Goldstone Boson Catastrophe in general
renormalisable field theories at two loops, JHEP 12 (2016) 056 [arXiv:1609.06977| [INSPIRE].

J. Braathen, M.D. Goodsell and P. Slavich, Matching renormalisable couplings: simple schemes
and a plot, Eur. Phys. J. C' 79 (2019) 669 [arXiv:1810.09388] [INSPIRE].

G. Degrassi and P. Slavich, On the NLO QCD corrections to Higgs production and decay in the
MSSM, Nucl. Phys. B 805 (2008) 267 [arXiv:0806.1495] INSPIRE].

A. Agostini, G. Degrassi, R. Gréber and P. Slavich, NLO-QCD corrections to Higgs pair
production in the MSSM, JHEP 04 (2016) 106 [arXiv:1601.03671] InSPIRE].

M.A. Shifman, A.I. Vainshtein, M.B. Voloshin and V.I. Zakharov, Low-Energy Theorems for
Higgs Boson Couplings to Photons, Sov. J. Nucl. Phys. 30 (1979) 711 [InSPIRE].

B.A. Kniehl and M. Spira, Low-energy theorems in Higgs physics, Z. Phys. C 69 (1995) 77
[hep-ph/9505225] [INSPIRE].

ATLAS collaboration, Study of Higgs boson pair production in the HH — bbyy final state with
3086~ of data collected at \/s = 13 TeV and 13.6 TeV by the ATLAS experiment,
arXiv:2507.03495 [INSPIRE].

M. Cepeda et al., Report from Working Group 2: Higgs Physics at the HL-LHC and HE-LHC,
CERN Yellow Rep. Monogr. 7 (2019) 221 [arXiv:1902.00134] [INSPIRE].

— 27 —


https://doi.org/10.1103/PhysRevD.70.115002
https://doi.org/10.48550/arXiv.hep-ph/0408364
https://inspirehep.net/literature/657955
https://doi.org/10.1103/PhysRevLett.129.231802
https://doi.org/10.48550/arXiv.2202.03453
https://inspirehep.net/literature/2029612
https://doi.org/10.1140/epjc/s10052-025-14124-x
https://doi.org/10.48550/arXiv.2403.14776
https://inspirehep.net/literature/2771130
https://doi.org/10.1016/0550-3213(88)90083-1
https://doi.org/10.1016/0550-3213(88)90083-1
https://inspirehep.net/literature/252796
https://doi.org/10.1016/0550-3213(96)00418-X
https://doi.org/10.48550/arXiv.hep-ph/9603205
https://inspirehep.net/literature/416422
https://doi.org/10.1016/0550-3213(79)90234-7
https://inspirehep.net/literature/133460
https://doi.org/10.1007/JHEP09(2016)143
https://doi.org/10.1007/JHEP09(2016)143
https://doi.org/10.48550/arXiv.1605.04853
https://inspirehep.net/literature/1459086
https://doi.org/10.1007/JHEP09(2017)134
https://doi.org/10.48550/arXiv.1704.02645
https://inspirehep.net/literature/1590910
https://doi.org/10.1103/PhysRevD.96.035014
https://doi.org/10.48550/arXiv.1705.05399
https://inspirehep.net/literature/1599853
https://doi.org/10.1103/PhysRevD.65.116003
https://doi.org/10.48550/arXiv.hep-ph/0111209
https://inspirehep.net/literature/566764
https://doi.org/10.1016/S0550-3213(03)00173-1
https://doi.org/10.48550/arXiv.hep-ph/0212132
https://inspirehep.net/literature/604296
https://doi.org/10.1007/JHEP12(2016)056
https://doi.org/10.48550/arXiv.1609.06977
https://inspirehep.net/literature/1487741
https://doi.org/10.1140/epjc/s10052-019-7093-9
https://doi.org/10.48550/arXiv.1810.09388
https://inspirehep.net/literature/1699596
https://doi.org/10.1016/j.nuclphysb.2008.07.022
https://doi.org/10.48550/arXiv.0806.1495
https://inspirehep.net/literature/787700
https://doi.org/10.1007/JHEP04(2016)106
https://doi.org/10.48550/arXiv.1601.03671
https://inspirehep.net/literature/1415291
https://inspirehep.net/literature/141287
https://doi.org/10.1007/s002880050007
https://doi.org/10.48550/arXiv.hep-ph/9505225
https://inspirehep.net/literature/394770
https://doi.org/10.48550/arXiv.2507.03495
https://inspirehep.net/literature/2943676
https://doi.org/10.23731/CYRM-2019-007.221
https://doi.org/10.48550/arXiv.1902.00134
https://inspirehep.net/literature/1718163

[41] M. Spira, HPAIR home page, https://tiger.web.psi.ch/hpair/.

[42] A. Djouadi, J. Kalinowski and M. Spira, HDECAY: A Program for Higgs boson decays in the
standard model and its supersymmetric extension, Comput. Phys. Commun. 108 (1998) 56
[hep-ph/9704448] [INSPIRE].

[43] HDECAY collaboration, HDECAY: Twenty,y years after, Comput. Phys. Commun. 238 (2019)
214 [arXiv:1801.09506] [INSPIRE].

[44] S. Davidson and H.E. Haber, Basis-independent methods for the two-Higgs-doublet model, Phys.
Rev. D 72 (2005) 035004 [Erratum ibid. 72 (2005) 099902] [hep-ph/0504050] [INSPIRE].

— 28 —


https://tiger.web.psi.ch/hpair/
https://doi.org/10.1016/S0010-4655(97)00123-9
https://doi.org/10.48550/arXiv.hep-ph/9704448
https://inspirehep.net/literature/442662
https://doi.org/10.1016/j.cpc.2018.12.010
https://doi.org/10.1016/j.cpc.2018.12.010
https://doi.org/10.48550/arXiv.1801.09506
https://inspirehep.net/literature/1650944
https://doi.org/10.1103/PhysRevD.72.099902
https://doi.org/10.1103/PhysRevD.72.099902
https://doi.org/10.48550/arXiv.hep-ph/0504050
https://inspirehep.net/literature/679963

	Introduction
	Higgs pair production cross section in the aligned THDM
	Two-loop corrections to the Higgs interactions
	Two-loop corrections to lambda(hhh)
	Two-loop corrections to lambda(hhH)
	Explicit formulas for the trilinear couplings in two simplified scenarios
	Two-loop corrections to the Higgs-gluon interactions

	Numerical impact of the two-loop BSM corrections
	Conclusions
	Details on the renormalization of the Higgs sector

