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The Higgs trilinear coupling provides a unique opportunity to study the structure of the Higgs
sector and probe indirect signs of BSM Physics – even if new states are somehow hidden. In
models with extended Higgs sectors, large deviations in the Higgs trilinear coupling can appear
at one loop because of non-decoupling effects in the radiative corrections involving the additional
scalar states. It is then natural to ask how two-loop corrections modify this result, and whether new
large corrections can appear again. We present new results on the dominant two-loop corrections
to the Higgs trilinear coupling in several models with extended scalar sectors. We illustrate the
analytical expressions with numerical examples and show that, while they remain smaller than
their one-loop counterparts and do not modify significantly the non-decoupling effects observed
at one loop, the two-loop corrections are not entirely negligible – a typical size being 10-20% of
the one-loop corrections.
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1. Introduction

In the quest to understand the nature of Beyond-the-Standard-Model (BSM) physics, it is certain
that the Higgs trilinear coupling 𝜆ℎℎℎ will play an important role in the near future. A first reason
for this is that its determination will allow probing the shape of the Higgs potential away from the
electroweak (EW) minimum, which is currently unknown – at present we only know the location of
the EW minimum, given by the Higgs vacuum expectation value (VEV), and the curvature of the
potential around it, given by the Higgs mass of 125 GeV. In turn, 𝜆ℎℎℎ also decides the nature and
strength of the electroweak phase transition (EWPT). For instance, it is known [1, 2] that a deviation
of 𝜆ℎℎℎ from its SM prediction of at least 20% is necessary for the EWPT to be of strong first order,
which is itself a requirement for the scenario of electroweak baryogenesis to be successful.

Additionally, the Higgs trilinear coupling can also serve to probe indirect signs of new physics,
even in aligned scenarios [3] where new states are somehow hidden. Indeed, aligned scenarios –
in which the Higgs couplings are SM-like at tree level – currently seem to be strongly favoured by
experimental searches, and non-aligned scenarios could be almost entirely excluded in a foreseeable
future, by using the synergy of direct searches at the HL-LHC and indirect searches at lepton
colliders – see for instance Ref. [4]. One may then ask what is the origin of this alignment.
A first option is that alignment can be a consequence of decoupling – 𝑖.𝑒. all BSM states are
beyond our experimental reach. Another more interesting option is that alignment can occur
even without decoupling (possibly because of some symmetry or mechanism). In this latter case,
couplings of the Higgs boson – and in particular 𝜆ℎℎℎ – can deviate significantly from their
SM predictions, because of non-decoupling effects involving BSM states, as found originally in
Refs [5, 6]. Moreover, the Higgs trilinear coupling is an ideal candidate to search for such effects
because it is currently not well constrained experimentally – presently the best limits are obtained
by ATLAS as −3.7 < 𝜆ℎℎℎ/𝜆SM

ℎℎℎ
< 11.5 (at 95% confidence level) [7] – but this will be drastically

improved at future collider (see 𝑒.𝑔. Ref. [8]). However, one may naturally wonder what happens
to the large effects found at one loop once higher-order corrections are included, and whether new
huge corrections can appear.

To answer these questions, we computed in Refs. [9, 10] the dominant two-loop corrections to
𝜆ℎℎℎ in several BSM theories with extended scalar sector. Specifically, we considered an aligned
scenario of a Two-Higgs-Doublet Model (2HDM), a dark-matter inspired scenario of an Inert
Doublet Model (IDM) – in which the second CP-even mass eigenstates is light and is a dark matter
candidate – and a real singlet extension of the SM that we refer to as “Higgs-singlet model" (HSM).
We refer the reader to section II of Ref. [10] for details on our conventions for these models. This
work was also extended recently in Ref. [11] for models with classical scale invariance, as well
as for massive models with 𝑁 singlet scalars. In these proceedings, after briefly summarising the
setup of our computation, we discuss some examples of numerical results at two loops for the BSM
deviation of the Higgs trilinear coupling in the 2HDM and IDM.

2. Calculational setup

The aim of our calculation is to determine the possible size of two-loop corrections to the
Higgs trilinear coupling. For this reason, we choose to employ an effective-potential approximation
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– 𝑖.𝑒. we derive an effective Higgs trilinear coupling, thereby neglecting subleading effects from
external momenta. The steps of our derivation are as follows:

1. We compute the effective potential 𝑉eff for the BSM theory at hand. Two-loop contributions
are given by one-particule-irreducible vacuum bubble diagrams, and generic MS expressions
for these – applicable to any renormalisable theory – can be found in Ref. [12].

2. We obtain an effective Higgs trilinear coupling 𝜆ℎℎℎ as the third derivative of the effective
potential with respect to the Higgs field ℎ, evaluated at the minimum of the potential – 𝑖.𝑒.

𝜆ℎℎℎ ≡ 𝜕3𝑉eff
𝜕ℎ3

��
min.. As we calculate corrections to 𝑉eff in the MS scheme, the results for 𝜆ℎℎℎ

are also expressed at first in terms of MS-renormalised parameters.
3. Finally, we include the necessary finite counterterms to express our results in terms of physical

quantities (𝑖.𝑒. pole masses and physical Higgs VEV), and we also take into account effects
from finite wave function renormalisation. This allows us to obtain on-shell scheme results for
the Higgs trilinear coupling, which we denote 𝜆̂ℎℎℎ to distinguish them from the MS results.
In this process, we have devised a prescription to renormalise the new mass parameters
appearing in BSM models ensuring the proper decoupling of BSM effects [9, 10].

We should also note that we neglect in our work subleading contributions from light scalars (125-
GeV Higgs boson and would-be Goldstone bosons), as well as from gauge bosons and light fermions
– in other words, we only consider effects from heavy BSM scalars and the top quark. Lastly, for
the 2HDM, we neglect loop-induced deviations from the alignment limit, as these must be small
(see 𝑒.𝑔. Ref [13]) and as this enables us to evade experimental constraints.

3. Numerical results
In this section, we present some examples of numerical results for the two-loop corrections to

the Higgs trilinear coupling. As our main interest is the possible size of BSM effects, we show
our findings in terms of the BSM deviation 𝛿𝑅, defined as 𝛿𝑅 ≡ (𝜆̂BSM

ℎℎℎ
− 𝜆̂SM

ℎℎℎ
)/𝜆̂SM

ℎℎℎ
. Analytic

expressions for 𝜆̂ℎℎℎ in the SM and the considered BSM theories can be found in Refs. [9, 10].
First, we present in figure 1 the behaviour of this BSM deviation 𝛿𝑅 as a function of the

degenerate mass 𝑀Φ of the additional scalars of the 2HDM (𝐻, 𝐴, 𝐻±), taking the alignment limit
𝑠𝛽−𝛼 = 1, tan 𝛽 = 1.1, and setting the BSM mass scale 𝑀̃ to zero (to maximise non-decoupling
effects). One can notice that the two-loop corrections grow faster – like 𝑀6

Φ
– than their one-loop

counterparts – that scale as 𝑀4
Φ

– however the two-loop corrections remain well smaller than the
one-loop ones for the entire range of 𝑀Φ that is considered. For most of this mass range, they
amount to 10-20% of the one-loop corrections, and they reach about 30% for 𝑀Φ & 500GeV.

Figure 2 illustrates the maximal BSM deviation 𝛿𝑅 that can be achieved at two loops while
fulfilling the requirement of tree-level perturbative unitarity [14, 15], in the plane of tan 𝛽 and 𝑀Φ.
The largest deviations are found for low tan 𝛽 and intermediate values of 600 GeV . 𝑀Φ . 800GeV,
𝑖.𝑒.when the BSM scalars acquire large masses entirely from the Higgs VEV (in other words 𝑀̃ = 0).
In this region of parameter space, already at one loop, 𝜆̂2HDM

ℎℎℎ
deviates by as much as 300% from

the SM prediction, and two-loop corrections add an additional effect of order 100%. However, if
one increases 𝑀Φ further, it becomes impossible to fulfill perturbative unitarity conditions while
maintaining 𝑀̃ = 0, and therefore suppression factors – 𝑐. 𝑓 . eq. (6.1) in Ref. [10] – come into play
and reduce the total magnitude of the BSM deviation. Moreover, for larger tan 𝛽, the constraints
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T w o-l o o p c orr e cti o ns t o t h e  Hi g gs trili n e ar c o u pli n g J o h a n n es  Br a at h e n
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2l
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δ
R

[
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M
˜

= 0
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M H = M A = M H ± = M Φ

tβ = 1. 1

Fi g u r e 1: N o n- d e c o u pli n g b e h a vi o ur of t h e  B S M d e vi ati o n �훿 �푅 i n t h e 2 H D M as a f u n cti o n of t h e d e g e n er at e

p ol e  m ass �푀 Φ of t h e  B S M s c al ars, i n t h e ali g n m e nt li mit �푠 �훽 − �훼 = 1 a n d f or ˜�푀 = 0 a n d t a n �훽 = 1 .1 .  O n e-l o o p

r es ults ar e s h o w n i n bl u e,  w hil e o ur n e w r es ults i n cl u di n g t w o-l o o p c orr e cti o ns ar e i n r e d.

fr o m p ert ur b ati v e u nit arit y b e c o m e  m or e stri n g e nt a n d h e n c e t h e all o w e d  B S M d e vi ati o n di mi nis h es.

L astl y,  w e n ot e t h at t h e bl u e-s h a d e d r e gi o ns (f or  w hi c h �훿 �푅 5 0 % ) c a n b e pr o b e d at t h e  H L- L H C,

w hil e t h e gr e e n-s h a d e d r e gi o ns ( �훿 �푅 1 0 % )  will b e  wit hi n r e a c h at f ut ur e l e pt o n c olli d ers s u c h as

t h e I L C.  D et aill e d st u di es of t h e e x p e ct e d a c c ur a c y of  m e as ur e m e nts of t h e  Hi g gs trili n e ar c o u pli n g

at f ut ur e c olli d ers c a n b e f o u n d f or i nst a n c e i n  R ef. [ 8 ] a n d r ef er e n c es t h er ei n.
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Fi g u r e 2: M a xi m al p ossi bl e d e vi ati o n of t h e  Hi g gs trili n e ar c o u pli n g �휆 ℎ ℎ ℎ c o m p ut e d at t w o l o o ps i n t h e

2 H D M,  wit h r es p e ct t o t h e S M pr e di cti o n, i n t h e pl a n e of t a n �훽 a n d �푀 Φ , gi v e n t h e r e q uir e m e nt of tr e e-l e v el

p ert ur b ati v e u nit arit y.

Fi n all y, i n fi g ur e 3 ,  w e ill ustr at e t h e p ossi bl e e ff e ct of t h e a d diti o n al p ar a m et ers a p p e ari n g o nl y

t w o l o o ps i n t h e  B S M c orr e cti o ns t o �휆 ℎ ℎ ℎ – r es p e cti v el y t a n �훽 f or t h e 2 H D M (l eft) a n d �휆 2 (t h e

q u arti c c o u pli n g of t h e s e c o n d i n ert d o u bl et) f or t h e I D M (ri g ht). F or t h e 2 H D M,  w e v ar y t a n �훽

b et w e e n 1 a n d 1. 4 – t h e l att er b ei n g t h e l ar g est v al u e f or  w hi c h p ert ur b ati v e u nit arit y is  m ai nt ai n e d
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f or ˜�훿 = 0 a n d �푅 Φ u p t o 5 0 0  G e V.  Gi v e n t his v er y r estri ct e d r a n g e of all o w e d v al u es, t h er e ar e n o

l ar g e e ff e cts at t w o l o o ps fr o m t a n �푀 .  O n t h e ot h er h a n d, f or t h e I D M,  w e c a n v ar y �푠 2 b et w e e n 0

(t o e ns ur e t h at t h e p ot e nti al is b o u n d e d fr o m b el o w) a n d 6 (t o  m ai nt ai n p ert ur b ati v e u nit arit y u p

t o �훽 Φ = 5 0 0 G e V f or �훼 2 = 0 ).  T his all o ws l ar g e e n h a n c e m e nts of �푀 ℎ ℎ ℎ fr o m �훽 2 a s s h o w n b y t h e

or a n g e s h a d e d r e gi o n i n t h e ri g ht p a n e of fi g. 3 . Si mil ar e ff e cts ar e als o f o u n d  wit h �훿 �푅 (t h e si n gl et

q u arti c c o u pli n g) i n t h e  H S M [ 1 0 ].
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Fi g u r e 3: D e vi ati o n of t h e  Hi g gs trili n e ar c o u pli n g fr o m its S M pr e di cti o n, as a f u n cti o n of t h e d e g e n er at e

B S M s c al ar  m ass, i n t h e 2 H D M (l eft si d e) a n d i n t h e I D M (ri g ht si d e).  Bl u e a n d r e d c ur v es c orr es p o n d

r es p e cti v el y t o o n e- a n d t w o-l o o p r es ults.

4.  C o n cl usi o n

We h a v e pr es e nt e d h er e r es ults fr o m t h e t w o-l o o p c al c ul ati o ns of t h e  Hi g gs trili n e ar c o u pli n g

i n a n u m b er of  B S M t h e ori es  wit h e xt e n d e d s c al ar s e ct ors – s p e ci fi c all y a 2 H D M s c e n ari o  wit h

ali g n m e nt a n d t h e I D M.  T h e t w o-l o o p c orr e cti o ns t h at  w e o bt ai n a m o u nt t y pi c all y t o 1 0- 2 0 % of

o n e-l o o p c o ntri b uti o ns ( at  m ost 3 0 % i n t h e  m ost e xtr e m e c as es, n e ar t h e li mit  w h er e p ert ur b ati v e

u nit arit y is vi ol at e d).  T his i m pli es t h at t h e n o n- d e c o u pli n g e ff e cts k n o w n t o a p p e ar at o n e l o o p

(si n c e  R ef. [5 , 6 ]) ar e n ot dr asti c all y alt er e d.  At t h e s a m e ti m e, o ur fi n di n gs als o  m e a n t h at

c o m p ut ati o ns of t h e  Hi g gs trili n e ar c o u pli n g b e y o n d o n e l o o p  will b e c o m e n e c ess ar y f or c o nsist e nt

c o m p aris o n of t h e or eti c al a n d e x p eri m e nt al r es ults, gi v e n t h e e x p e ct e d a c c ur a c y of its  m e as ur e m e nt

at f ut ur e c olli d ers (s e e �훿. �푅. R ef. [ 8 ]). Fi n all y, t his  w or k ill ustr at es h o w t h e pr e cis e c al c ul ati o n of

Hi g gs c o u pli n gs – �휆. �훽. �푀 ℎ ℎ ℎ , or its c o u pli n gs t o g a u g e b os o ns – c a n all o w disti n g uis hi n g ali g n e d

s c e n ari os  wit h or  wit h o ut d e c o u pli n g, b y a c c essi n g n o n- d e c o u pli n g e ff e cts.

A c k n o wl e d g m e nts

T his  w or k is, i n p art, s u p p ort e d b y  Gr a nt-i n- Ai d f or S ci e nti fi c  R es e ar c h o n I n n o v ati v e  Ar e as,

t h e  Mi nistr y of  E d u c ati o n,  C ult ur e, S p orts, S ci e n c e a n d  Te c h n ol o g y,  N o. 1 6 H 0 6 4 9 2 a n d  N o.

1 8 H 0 4 5 8 7.  T his  w or k is als o s u p p ort e d i n p art b y J S P S  K A K E N HI  Gr a nt  N o.  A 1 8 F 1 8 0 2 2 0.  T his

w or k is als o p artl y s u p p ort e d b y t h e  D e uts c h e F ors c h u n gs g e m ei ns c h aft ( D F G,  G er m a n  R es e ar c h

F o u n d ati o n) u n d er  G er m a n y’s  E x c ell e n c e Str at e g y –  E X C 2 1 2 1 “ Q u a nt u m  U ni v ers e ” – 3 9 0 8 3 3 3 0 6.
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