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The trilinear Higgs coupling Annn is crucial for determining the structure of the Higgs potential
and for probing possible effects of physics beyond the Standard Model (SM). Focusing on the
Two-Higgs-Doublet Model as a concrete example, we identify parameter regions in which Appp is
significantly enhanced with respect to the SM. Taking into account all relevant corrections up to the
two-loop level, we show that already current experimental bounds on Apxp, rule out significant parts
of the parameter space that would otherwise be unconstrained. We illustrate the interpretation of
the results on Appp for a benchmark scenario. Similar results are expected for wide classes of models

with extended Higgs sectors.

INTRODUCTION

Experimental access to the trilinear Higgs coupling,
Ahhh, s crucial for determining the shape of the Higgs
potential and for unravelling the dynamics of the elec-
troweak phase transition. Sizeable deviations from the
Standard Model (SM) value are expected in many mod-
els of physics beyond the SM (BSM).

Accordingly, one of the main tasks of the Large Hadron
Collider (LHC) as well as future colliders is to mea-
sure Appn as precisely as possible, in particular through
the process of non-resonant Higgs-boson pair production.
Recently, the bound on App, has been significantly re-
fined to —0.4 < Ky < 6.3 [1, 2] at 95% C.L., where
Kx = Annn/ )\E%, thereby improving the previous best
limit [3] by a factor of roughly 2. In the future, more
precise determinations are expected [4]: at the high-
luminosity LHC, the projected sensitivity for the trilinear
Higgs coupling amounts to 0.1 < sy < 2.3 at 95% C.L.
with 3 ab™ " data [5] (assuming SM rates); at the ILC and
the FCC-hh, precision levels of O(10%) are expected [5-
7]. It should be noted that the sensitivity on sy can also
be affected by BSM contributions to Higgs-boson pair
production.

As we will show in this paper, already the current ex-
perimental information on k) puts severe constraints on
otherwise unconstrained parameter regions of BSM mod-
els with extended Higgs sectors. As a concrete exam-
ple, we focus on the Two-Higgs-Doublet Model (2HDM).
Double-Higgs production in the 2HDM has been studied
e.g. in Refs. [8-24]. Moreover, loop corrections to Apnp
(often with a focus on non-decoupling effects that can
cause large deviations from the SM prediction; the SM
result is however recovered in the decoupling limit) have
been studied in the 2HDM at the one-loop (NLO) [25-30]
and two-loop (NNLO) [31, 32] levels. Until now, it was,
however, believed that deviations of Appp, in the 2HDM
were too small to be constrained by existing experimental

limits on Appp. We will show that incorporating numer-
ically important two-loop corrections, which we evaluate
based on the calculation presented in Refs. [31, 32], and
confronting the obtained predictions with the improved
experimental limit of Ref. [2] changes this situation. We
trace the origin of these large corrections back to large
(but still perturbative) trilinear and quartic couplings be-
tween the SM-like and the BSM Higgs bosons, which can
appear not only in the 2HDM but in many BSM exten-
sions of the SM Higgs sector. As a result for the 2HDM,
significant parts of the parameter space that so far were
unconstrained are now excluded.

CONSTRAINING THE 2HDM PARAMETER
SPACE WITH M\ppp

We consider a CP-conserving 2HDM containing two
SU(2)r, doublets @1 2 of hypercharge 1/2. We impose a
Z-> symmetry in the Higgs potential under which &; —
Py, &3 — —Py, but that is softly broken by an off-
diagonal mass term. This potential reads

Vorpm (®1, @2) = (1)
= m2, 3By + m2, BLdy — m2, (@{% + @5@1)

1 1
+ oM (@]81) + S Ao (D5 02)° + (@] 1) (2] 2)
1
+ A(@[02)(@F01) + S5 ((@]@)? + (@]1)?).

As we focus on the CP-conserving case, all parame-
ters can be assumed to be real. After minimization
of the Higgs potential, the Higgs doublets are decom-
posed according to &' = ( T (vi + ¢ + le)/\/ﬁ) with
v} +v3 = v? ~ 246 GeV and ve/v; = tan .

Rotating to the mass eigenstate basis, the Higgs boson
spectrum consists of the CP-even Higgs bosons h and
H (obtained by a rotation of the ¢1 o states by the an-
gle @), the CP-odd A boson and the neutral Goldstone



boson G (obtained by a rotation of the x; 2 states by
the angle ), as well as the charged Higgs boson H*
and the charged Goldstone boson G* (obtained by a ro-
tation of the ¢f2 states by the angle 8). We identify
the lightest CP-even mass eigenstate h with the observed
SM-like Higgs boson and work in the so-called alignment
limit by fixing « = 8 — w/2 [33]. This ensures that
the tree-level couplings of the h boson are exactly equal
to their SM values and in particular that the tree-level
trilinear Higgs coupling )\Eggh is equal to its SM coun-
terpart, (A$M)(© = 3m2/v. The remaining input pa-
rameters for our numerical analysis are mpy, ma, my+,
M? = m2,/(sin Bcos3), and tan 3. Relations between
these parameters and the parameters of Eq. (1) are listed
e.g. in Ref. [26].

In order to obtain our predictions we make use of re-
sults from Refs. [31, 32, 34] for the leading two-loop
corrections to Appp in various BSM models, including
an aligned 2HDM. These calculations were performed
in the effective-potential approximation, including only
the leading contributions involving heavy BSM scalars
and the top quark. This implies that we are neglecting
all subleading effects from light scalars, light fermions
or gauge bosons. Moreover, an on-shell renormalisation
scheme is adopted for all the mass parameters that en-
ter the expressions we use, i.e. the masses of the top
quark and the Higgs bosons, as well as the Z, symmetry
breaking scale M (for the prescription chosen to deter-
mine the counterterm for M, we refer to the discussion
in Refs. [31, 32]). We find that the largest type of quar-
tic coupling appearing in corrections to Appp (with one
external Higgs boson potentially replaced by the corre-
sponding vacuum expectation value), both at the one-
and two-loop level, are those between two SM-like and
two heavy BSM Higgs bosons, of the form
2(M? —m2) @)

v2 ’

where ® € {H, A, H¥}. We obtain results for A\, and
Ky = )\hhh/()\%%)(o) at the one- and two-loop level.

The limit on k) obtained in Ref. [2] relies not only on
the assumption that all other Higgs couplings are SM-
like (which is the case in the 2HDM alignment limit) but
also that non-resonant Higgs-boson pair production only
deviates from the SM via a modified trilinear Higgs cou-
pling. The additional Higgs bosons of the 2HDM can,
however, also give rise to further modifications of Higgs-
boson pair production. While the resonant contribution
with an H (A) boson in the s channel is zero in the align-
ment limit (in the CP-conserving case) of the 2HDM, at
the loop level the additional Higgs bosons can contribute
beyond their effects on the trilinear Higgs coupling. How-
ever, our calculation includes the leading corrections to
Higgs-boson pair production in powers of gnree (at NLO
and NNLO), which we find to be the source of the large
loop corrections in our numerical scan. Therefore, we ex-

9hhdd = —

pect our calculation to capture the dominant effects on
Higgs-boson pair production, justifying the application
of the experimental limit on k).

NUMERICAL RESULTS

While we expect similar results for all 2HDM types,!
for our numerical study we concentrate here on the
2HDM of type I. Regarding our predictions for xy, we
apply various other constraints of both experimental and
theoretical nature on the considered parameter space:

e vacuum stability [35] and boundedness-from-
below [36] of the Higgs potential,

e NLO perturbative unitarity [37, 38],2

e clectroweak precision observables (EWPO) cal-
culated at the two-loop level using the code
THDM_EWPOS [39, 40],

e compatibility of the SM-like scalar with the
experimentally discovered Higgs boson using
HiggsSignals [41, 42],

BSM

e direct searches for scalars

HiggsBounds [43-47],

using

e b physics [48].

We use ScannerS [49] to evaluate all of these con-
straints apart from the NLO perturbative unitarity and
the EWPO constraints, which are evaluated separately.
If applicable, we demand the constraints to be passed at
the 95% C.L. Taking into account these constraints on
the parameter space, we obtain for each parameter point
the one- and two-loop predictions for k). We note that
as ScannerS does not define a renormalisation scheme
for the 2HDM mass parameters, we choose to interpret
these as on-shell renormalised inputs when used in the
two-loop calculations of the EWPOs and Appp,.

Parameter scan

In order to identify the regions with significantly en-
hanced Appn we perform a random scan of the 2HDM

1 The difference between the 2HDM types appears only in the
down-type and lepton Yukawa couplings, which play no role in
the corrections to Appp at the level of the leading contributions
employed in our calculation.

2 We conservatively demand that |a;| < 1 for all eigenvalues a; of
the 2 — 2 scattering matrix.

3 In practice, the fit results of Ref. [48] are used to obtain 20
constraints in the mg+—tan 3 plane of the 2HDM parameter
space.



parameter space. While we fix m, = 125 GeV and
a = B —7/2, we scan over values of the BSM scalar
masses in the range [300 GeV, 1500 GeV], of tan 8 be-
tween 0.8 and 50, and of m?, between 0 and 4-10° GeV?.
We plot the results of our parameter scan in the (mpy —
mpy+,ma — mpy+) parameter plane in Fig. 1. All shown
points pass the theoretical and experimental constraints
outlined above.

In the left panel of Fig. 1, we display for every small
hexagon-shaped patch the mean value for 5&2), which
denotes the prediction incorporating contributions up
to the two-loop level. This mean value is computed
over all the points from the parameter scan contained
in each patch. The “cross-like” shape of the yet un-
constrained region is determined by the electroweak pre-
cision constraints which enforce either my ~ mpg+ or
ma ~ my+ (see e.g. Ref. [50]). We find the largest cor-
rections to the trilinear Higgs coupling for my ~ mpg=+
and my — mg+ < —300 GeV and to a lesser extent for
myg ~ my+ and mag — myg+ < —220 GeV. In particu-
lar, for mg ~ mg+ and myg — my+ S =375 GeV, Ky
can reach maximal values of up to ~ 9.2. This clearly
surpasses the current experimental 95% C.L. limit of 6.3,
as indicated by the red line in the colour bar of the plot.
Accordingly, we find that already the present experimen-
tal limits on x) have an important impact on the viable
2HDM parameter space.* While we have shown in Fig. 1
the mean value of Kg\z) for points within each hexagonal
patch, it should be noted that showing the minimal value
instead would result in a very similar plot. On the other
hand, if we consider the maximal values for each patch,
we can find large BSM deviations for most of the parame-
ter plane, and in particular also in the centre of the cross
shape, where values of k) above 4 can occur [31, 32].

The location of the largest deviations of k) from the
SM can be understood in terms of the interplay between
the size of the different underlying couplings entering the
corrections to Appp and the constraints on the allowed
2HDM parameter space. As can be seen from Eq. (2),
the gnree couplings grow with the difference between the
BSM mass scale M and the masses of the BSM scalars.
On the other hand, while the “cross-like” shape of the
allowed points is caused by the constraint from EWPO,
its boundaries are determined by perturbative unitarity
and boundedness-from-below. These two constraints are
more stringent in the regions where mg4 < myg ~ mpg+
as well as where myg > m4 ~ mpg+ than in the one
where myg < ma >~ mpg+. In terms of model parameters,
this translates into smaller allowed splittings between M
and the BSM scalar masses, and hence into smaller quar-
tic couplings in the former regions. Consequently, the

4 We note that these mass splittings can also give rise to interesting
decay signatures of the BSM Higgs bosons (see e.g. [51-53]).

largest deviations in k) are then obtained for parameter
points where myg ~ M < m 4 ~ mpy=+.

After having investigated the absolute size of the cor-
rections to the trilinear Higgs coupling, we assess the rel-
ative size of the two-loop corrections in the right panel of
Fig. 1. We show there for each hexagon-shaped patch
the mean value of KJ&Q)/I{E\D — the ratio of the two-
loop and one-loop predictions for the trilinear Higgs cou-
pling. We find the largest two-loop corrections (in rela-
tive size) for my < ma ~ my+ and to a lesser extent
for ma < myg ~ mg+ and myg >~ mg+ < my. The
plot shows that the parameter region where the mean
value of 5&2) is largest coincides with the region where the
two-loop corrections are most important, reaching values
of close to 70% of the one-loop corrections. Thus, the
proper incorporation of the relevant two-loop corrections
is crucial for the confrontation of the prediction for the
trilinear Higgs coupling with the experimental bounds.
It should be noted that the quite large two-loop correc-
tions encountered here do not indicate a breakdown of
perturbation theory. As discussed above, all displayed
parameter points pass the criterion of NLO perturbative
unitarity. Moreover, employing a dimensional analysis,
we have estimated the size of the corresponding dominant
three-loop corrections, and find for all points passing all
other tests in our scans that the three-loop contributions
are estimated to be significantly smaller than the two-
loop ones.

Benchmark scenario

In order to illustrate the impact of the present (and
future) experimental information about k) on the pa-
rameter space of the 2HDM, we consider as an example
a benchmark scenario where we fix M = mpg = 600 GeV,
ma = mg+, tan 8 =2, and « = 8 — w/2. We then vary
m4. We show in Fig. 2 our results for /@E\U (dashed blue

curve) and /@&2) (solid black curve) as a function of m 4.
The colouring indicates parts of the parameter space that
are excluded by one or more of the various constraints (or
will be probed in the future). In the displayed plot, from
the constraints discussed above (besides the one on the
trilinear Higgs coupling) only the constraint from NLO
perturbative unitarity gives rise to an excluded parame-
ter region, which is displayed in grey. The dotted red and
purple horizontal lines indicate the current experimental
upper limit on k) and the projection for the upper limit
that the HL-LHC could achieve. The part of the KJE\Q)
curve highlighted in red indicates the range of masses m 4
that is excluded solely by the current constraint on the
trilinear Higgs coupling, where the theoretical prediction
includes contributions up to the two-loop level as dis-
cussed above. For comparison, we also indicate the part
of the mg\l) curve, highlighted in orange, that would be
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FIG. 1. Parameter scan of the type-1 2HDM in the (my — mg+,ma — my+) parameter plane. Lefi: the colour indicates

the mean value of ncfj in each hexagon-shaped patch; right: the colour indicates the mean value of the ratio n?]fﬁyj. In the
colour bar of the left-hand plot, the red line indicates the current experimental upper limit on &, .

regarded as excluded if only one-loop contributions were
incorporated in the theoretical prediction. Furthermore,
the purple-highlighted part of the ﬁiﬂj curve indicates the
parameter region that will be probed in the future at the
HIL-LHC, based on the projection for the upper limit on
k) discussed abowve.

Omne can see thatconfronting the existing experimental
limit on the trilinear Higgs coupling with state-of-the-art
theoretical predictions incorporating contributions up to
the two-loop order excludes important parts of the pa-
rameter regions of extensions of the SM that would other-
wise be allowed by all relevant experimental and theoreti-
cal constraints. In the displayed example (with M = myg
kept fixed® at 600 GeV) the s, constraint gives rise to
an upper limit on my of my < 900 GeV, while the con-
straint from NLO perturbative unitarity would allow m 4
values of up to 1020 GeV. The impact of the & constraint
would be much smaller if only the one-loop contributions
were included in the theoretical prediction (indicated by
the part of the nil:' curve that is highlighted in orange).
The sensitivity of the HL-LHC in this example will allow
one to probe my values down to about 800 GeV via an
upper limit on &3 or a measurement of a non-SM value.
While future data from the LHC will clearly further en-
hance the impact of the &, constraint for probing possible
scenarios of electroweak symmetry breaking, it should be
mentioned that the impact of the theoretical constraint
from perturbative unitarity (indicated by the grey area

& Different choices of M = my lead to qualitatively similar results
for the same amount of splitting between the masses.

IHDM type I, a = f — 72, ma = Mgz, M = my = 600 GeV, tan § =2
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FIG. 2. kK, as a function of ma at oneloop (dashed blue
curve) and at two-loop order (solid black curve). The grey
region is excluded by the constraint of NLO perturbative uni-
tarity. The dotted red and purple horizontal lines indicate
the current upper limit on &, and the HL-LHC projection,
respectively. The parts of the two- and one-loop curves for
#, that vield a prediction above the current limit of 6.3 are
highlighted in red and orange, respectively. The part of the
two-loop curve highlighted in purple vields a prediction above
the HL-LHC projection for .



in the plot) is not expected to change in the future.

Finally, we remark that a more aggressive application
of the constraint from perturbative unitarity would not
qualitatively change our results. In particular, demand-
ing that |Re(a;)| < 0.5 for all eigenvalues of the 2 — 2
scattering matrix would lower the perturbative unitary
bound to mg ~ 958 GeV, which is still significantly
weaker than the current bound imposed by “&2)- As an
additional cross-check, we have verified for several repre-
sentative points in the benchmark scenario that the scalar
couplings do not acquire perturbative-unitarity-violating
values under renormalisation-group running until well
above the BSM scalar mass scale. We have also confirmed
that the inclusion of finite-energy effects in the evalua-
tion of the perturbative unitarity constraint [54, 55] does
not lead to more stringent bounds (for these checks, we
employed SARAH [56-59] and SPheno [60, 61]). We leave
a detailed study of the perturbative unitarity constraints
for future work.

CONCLUSIONS

A precise determination of the trilinear Higgs coupling
is crucial for gaining access to the shape of the Higgs po-
tential and for probing possible effects of BSM physics.
In this work, we have demonstrated that confronting the
latest experimental bounds on the trilinear Higgs cou-
pling with theoretical predictions incorporating numeri-
cally important two-loop contributions allows one to ex-
clude significant parts of the parameter space of exten-
sions of the SM Higgs sector that would otherwise seem to
be unconstrained. These results have important implica-
tions for future searches at the LHC (and elsewhere) and
indicate the crucial role played by the trilinear Higgs cou-
pling for discriminating between different possible mani-
festations of the underlying physics of electroweak sym-
metry breaking.

Focusing in our numerical discussion on the case of the
2HDM and taking into account other relevant theoretical
and experimental constraints, we have found that large
BSM quantum corrections can enhance Appn, by up to
an order of magnitude as compared to the SM value. We
stressed in this context the importance of incorporating a
particular class of two-loop corrections, which can reach
about 70% of the one-loop contribution. Based on these
findings, we investigated a suitable benchmark scenario
and discussed the impact of the present and prospective
future bounds on Appp. Our analysis places new exclusion
bounds on parameter regions that up to now were in
agreement with all relevant constraints.

Further details of our results and their extension to
other models with extended Higgs sectors, such as the
Inert Doublet Model or a singlet extension of the SM
(for which large corrections to Appp, are also known to be
possible [32]), will be presented in an upcoming paper.
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