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1. Introduction

After the discovery of a new scalar particle with a mass of about 125 GeV by ATLAS and
CMS in 2012, the determination of its triple Higgs coupling (THC) is now in the focus particle
physics, both from the experimental as well as from the theory side. On the other hand, scalar
particles play a fundamental role in the proposed answers to several open issues of the Standard
Model (SM). Among the most prominent shortcomings of the SM is its inability to explain the
observed baryon asymmetry of the universe (BAU). A dynamical explanation is given by elec-
troweak baryogenesis (EWBG), requiering a strong first order EW phase transition (SFOEWPT).
While no conclusive sign of BSM physics has been discovered so far, extended scalar sectors, fea-
turing parameter regions that are in agreement with all experimental and theoretical constraints,
are particularly appealing in this context. An SFOEWPT related to a shift in the prediction for
Annn can generically occur in models with extended Higgs sectors via the higher-order corrections
involving additional heavy states [1,2]. It has been demonstrated that in simple extensions such
as the Two Higgs Doublet Model (2HDM) the loop corrections to Az, can change the tree-level
value by several 100% while being in agreement with all existing experimental and theoretical
constraints [1, 3].

We define x;, as the coupling modifier relative to the tree-level THC in the SM,

Anhn : ) _ mj,
SM

The Large Hadron Collider in its High Luminosity phase (HL-LHC) will be able to significantly
improve the sensitivity to possible effects in k; in BSM scenarios [4]. Current prospects for the
sensitivity at the HL-LHC with 3ab~! integrated luminosity per detector are —0.5 < k; < 1.6 at
the 10 level in the combination of the bbbb, bbyy and bbt*t~ channels [5]. This on the one hand
motivates precise theoretical predictions for the Higgs pair production process, which at the (HL-)
LHC is dominantly given by gluon fusion into Higgs pairs, taking into account the possibility of
sizable BSM contributions to the occurring trilinear Higgs couplings. On the other hand it is im-
portant to ensure that the obtained experimental bounds on the gluon fusion Higgs pair production
process can be confronted in a meaningful way with theoretical predictions in different scenarios
of electroweak symmetry breaking, where a resonant contribution from the exchange of a heavy
neutral Higgs boson might be possible in addition to the non-resonant contributions that are always
present. The latter contain in particular a contribution involving the Higgs boson at 125 GeV and a
top-loop induced contribution where no resonant Higgs boson enters at leading order.

Here we use the well motivated 2HDM as theoretical framework, but it should be stressed that
our qualitative results are applicable to a wide class of extended Higgs sectors. Our results are
based on Ref. [6]. We review the effects of two contributions entering the process of gluon fusion
into Higgs pairs, gg — hh, which provides direct access to Ay, at the LHC. In particular, we review
the effect of potentially large higher-order corrections to A, and Ay on the Higgs pair production
process. It is demonstrated that the combination of the two effects has important implications on
the experimental limits that can be extracted from the Higgs pair production process.
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2. Higgs Pair Production in the 2HDM

2.1 The 2HDM and its THCs

Here we briefly review the main definitions. More details can be found in Ref. [6]. We assume
a CP-conserving 2HDM (see Ref. [7] for a review). The two Higgs doublets ®; and &, can be
conveniently parametrized as

+ +
<I>1=<1 o ) @, =<1 ho ) 2.1)
\ﬁ(m—i-PH—znl) \ﬁ(vz—i-Pz—an)

in terms of their respective vacuum expectation values, v; and v, (with 4 /v% + v% =y =246 GeV),
and the interaction fields q)fz, P12 and 1My > that mix to give rise to five physical scalar fields and
three (would-be) Goldstone bosons. The physical fields comprise two CP-even fields, # and H,
where by convention my;, < my, and we identify 4 with the scalar boson observed at the LHC
at about 125 GeV, one CP-odd field, A, and one charged Higgs pair, H*. The mixing matrices
diagonalizing the CP-even and CP-odd/charged Higgs mass matrices can be expressed in terms of
the mixing angles & and 3, respectively, with tan 8 = v, /v;.

The occurrence of tree-level flavor-changing neutral currents (FCNC) is avoided by extending
a Z;p symmetry from the Higgs sector (®; — &, &, — —P») to the Yukawa sector. This results in
four variants of the 2HDM, depending on the Z, parities of the fermion types. Here we focus on
the Yukawa type I, where all fermions couple to ®,. The couplings of the neutral CP-even Higgs
bosons to fermions are givenby £ = —¥ ;. 4, g [é;{fﬂl + C‘I];ffH} , where m are the fermion

masses, and éhf  are the fermionic Yukawa coupling modifiers, which express the couplings relative
to the ones of the SM Higgs. In the type I 2HDM the coupling modifiers are equal for all fermions
and given by 5}{ = Sg_q +Cg_gCOtP, é,’; = Cg_q — Sg_qCcotP (f =1,b,7). We work in the
physical basis of the 2HDM, where the Higgs potential parameters are expressed in terms of a set
of parameters given mostly by physical quantities as

2
CB,a, tﬁ? V, My, My, My, Mmy=+, My,. (22)

Here, my,my,ma, my= are the masses of the physical scalars, m%2 breaks softly the Z, symmetry
in the Higgs potential, and we use the short-hand notation s, = sinx, ¢, = cosx,tg = tan f3.

The generic tree-level THCs Algg,-)hj involving at least one Higgs boson i with my, ~ 125 GeV

are defined such that the Feynman rules are given by —ivn!?tifgi)hj, where 7 is the number of identical

particles in the vertex. The 2HDM tree-level THCs 1}52,)1 and 1152;1 can be cast into the forms

0 1 _ _
)L,ghl)l = N{mﬁsza + (Sm% — 2m2) cf;fasl;_a +2cot2f (m,% — mz) C%a}? (2.3)
A0 =~ o m — 42) 5+ 200t2B (2m2 + miy — 3i?)
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— (th +mH —2m )Cﬁ—a y with m” = % . (2.4)
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In the 2HDM, it has been shown that the loop contributions to the THCs involving the heavy
BSM Higgs bosons can give rise to corrections of the order of 100% and larger [1, 8] w.r.t. their
tree-level values. More recently, also two-loop corrections have been computed [9], potentially
enhancing the one-loop effects. For the computation of the one-loop corrections to the THCs
contributing to our numerical analysis we use the public code BSMPT [10-12], where the trilinear
Higgs couplings are extracted from the one-loop corrected effective potential (evaluated here at
Zero temperature),

Vett = Viree + Vew + Ver - (2.5)

In this equation, Vi, is the tree-level potential of the 2HDM, Vcw is the one-loop Coleman—
Weinberg potential [13, 14] at zero temperature, and Vcr is the counterterm potential. The counter-
term potential is chosen such that the masses and mixing angles are kept at their tree-level values.

2.2 Di-Higgs production in the 2HDM at the LHC

The THCs are directly accessible in Higgs pair production. At the LHC, the dominant pro-
cess is gluon fusion into Higgs pairs, which at leading order is mediated by heavy quark loops,
see Fig. 1. The THCs enter through the s-channel diagrams, as shown in the first two diagrams of
Fig. 1.
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Figure 1: Generic diagrams contributing to the pair production of the Higgs boson % at about 125 GeV in
gluon fusion within the 2HDM, mediated by heavy quark loops, Q = t,b. The red and blue dots denote the
triple Higgs couplings Ay, and Ay, respectively, evaluated at leading or next-to-leading order; the orange
(pink) dot denotes the i (H) Yukawa coupling parametrized by the coupling modifier éhQ (ég). The diagrams
labelled as A and C are the continuum diagrams, which appear in analogous form in the SM. The diagram
labelled B is the resonant diagram, involving the s-channel heavy H exchange.

In the 2HDM, there are two potential sources of changes w.r.t. the SM. Firstly, the couplings
in the SM-like diagrams can differ from the SM values. As discussed above, this applies partic-
ularly to Ayp,. Changes in this THC can modify the interference of the SM-like triangle and box
diagrams. Secondly, there is an additional s-channel contribution from the heavy Higgs boson,
involving the trilinear coupling A5 and the top Yukwawa coupling of the H. In case the mass my
exceeds twice the mass of the lighter Higgs boson, my > 2my, ~ 250 GeV, this contribution can
lead to resonant ik production, in which case the corresponding diagram is referred to as “resonant
diagram”. Thereby, the cross section can be significantly enhanced. On the other hand, there can
also be destructive interferences between the triangle diagrams of the & and H exchange and the
box diagram. Accordingly, the loop contributions to the trilinear Higgs couplings are expected to
have an important impact both on the prediction for the inclusive cross section and also for the
shape of the invariant mass distributions. In Ref. [6] we included for the first time in the 2HDM
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the one-loop corrections to the triple Higgs couplings in the computation of Higgs pair production
and analyzed their effects.!

For the numerical evaluation, we used the code HPAIR [16-19], adapted to the 2HDM. The
calculations are carried out at leading order (LO) with the full top-quark mass dependence and
(where indicated) include NLO QCD corrections, assuming the limit of an infinite top-quark mass
and neglecting bottom loop contributions. Furthermore, for this analysis, we have modified HPAIR
to include effective one-loop corrections to the THCs as described above.

3. Impact of loop corrections to THCs on my,,

Here we review the behavior of the invariant mass distribution of the di-Higgs final state when
incorporating loop corrections to the THCs involved in Higgs pair production. In Fig. 2 we present
various myy, distributions for a sample benchmark point in the 2HDM of type 1. It is defined by the
input parameters

Ig = 10, Ch—a = 0.13 (Sﬁ,a > 0)

) 5 5 3.1
my = 465 GeV, my = my+ = 660 GeV and my, = mycg/1p.
For this point we find
A(O) )L(l)
k) = T~ 0.84, K" = “H — 365, A7), = 0.10 and Ay, = 0.25. (3.2)
Asm Asm

The THC of the SM-like Higgs boson is hence very SM-like at tree level, but substantially
increased by one-loop corrections. The THC between the heavy Higgs boson and the two light
Higgs bosons is roughly doubled by the one-loop corrections.

Concerning the invariant mass distributions shown in our analysis, it is important to note that
they are calculated at leading order. It would be possible to compute the invariant mass spectrum
with HPAIR at NLO QCD in the Born improved heavy-top limit, but mass effects are know to
significantly modify the shape of the my,, distribution []. Since no public code is available that
includes the full top mass dependence, in particular including resonances, we chose to fully neglect
the NLO QCD effects.

We start with the left plot of Fig. 2, showing the my,, distributions without experimental uncer-
tainties. The blue curve is the invariant mass distribution for the specified benchmark point with
both THCs taken at tree-level, whereas the red line displays the result for the distribution for the
case where both THCs are incorporated at the one-loop level. The dashed black line indicates the
SM prediction. Starting our discussion with the tree-level distribution (blue line), several features
can be noticed. The small values of the differential cross section just above the threshold are a
consequence of a cancellation of the form factors involved in the continuum diagrams (diagrams
A and C in Fig. 1). The invariant mass distribution reaches a maximum at my,;, ~ 400 GeV, which
is related to the di-top on-shell production and is also present in the distribution of single Higgs
production. A further striking feature is the resonance located at my;, ~ my showing a peak-dip

IFor the SM di-Higgs production, this type of one-loop corrections was discussed in [15].
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Figure 2: Invariant mass distribution for the benchmark point in the 2HDM type I defined in Eq. (3.1).
The SM prediction (dashed black line) is shown together with the 2HDM results with and without loop
corrections to the THCs, see text. Left plot: without experimental uncertainties; right plot: including 15%
smearing and 50 GeV binning (see text). Left plot taken from Ref. [6].

structure. Apart from the resonant contribution, the shape of the tree-level distribution resembles
the SM prediction (dashed black line), taking into account that K/(IO) < 1.

Turning to the red line, incorporating one-loop corrections to both THCs, one can observe
that the shape of the distribution changes drastically. In particular the cancellation close to the
kinematical threshold in the leading order distribution is lifted. This cancellation now happens at
values of my,;, =~ 400 GeV and leads to a large reduction of the differential cross section in the region
where at leading order a maximum occurred. Furthermore, close to the kinematical threshold the
distribution is largely enhanced, leading to the appearance of a structure resembling a peak at
my, ~ 250 GeV.

Also shown in the figure are the total cross section values. The total cross section values are
given at LO QCD in accordance with the distributions given at LO. Including the NLO QCD cor-
rections obtained with HPATIR, the cross section values would increase by about a factor of 2 [21].
Here it is interesting to note that the decrease in the tree level value of k; of about 15% w.r.t. the
SM leads to an increase of roughly 20% of the tree level cross section, whereas the inclusion of the
one-loop corrections to the THCs results in a reduction of the 2HDM cross section by about 30%,
i.e. 20% smaller than the SM result.

The right plot of Fig. 2 shows the same my,, distributions, but now we apply a smearing of
15% and a binning in my,, of 50 GeV in order to take into account the limited detector resolution
in the experimental analyses, see Ref. [21] for details. Again the distribution with the THCs at the
tree level (blue line) largely resembles the SM my,, distribution (black dashed). The effect of the
resonance itself is very small, since its contribution to the full result is only about 4%. Furthermore,
the “resonance-like” structure of the full result is caused dominantly by the contribution of the
continuum diagrams, which peaks slightly above the di-top production threshold (~ 400 GeV),
while the resonant contribution (at ~ 465 GeV) in this case is minor and does not appear as a clear
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(1)

resonant structure above the continuum distribution. As can be inferred from the increase of lh}llH as
compared to A}E%, the pure resonant contribution in this example is increased. As indicated by the
red curve in the right plot, the combined effect of taking into account non-resonant contributions,
interference effects and the NLO corrections to the THCs has a drastic effect on the predicted myy,
distribution. The resulting my,, distribution is overall smoothly falling with just a small modulation
near my;, ~ myg. Resolving this structure experimentally will clearly be very challenging. A striking
feature that can be inferred from the plot is the large effect of the non-resonant contributions on
the my,, distribution just above the threshold at m,;, ~ 250 GeV. The shape of the differential cross
section in this region is very significantly modified in comparison to the prediction using the THCs
at lowest order (blue line). As discussed above, this enhancement happens as a result of a the change
in k; which affects the cancellation between the triangle and box form factors of the continuum
diagrams that is present at the my,, threshold at leading order. For k; # 1 this cancellation does
not take place, giving rise to a large enhancement just above the threshold, even after taking into
account the 15% smearing and 50 GeV binning.

4. Impact of THC loop corrections on experimental limits

In view of the significant improvements in the experimental sensitivity to the di-Higgs pro-
duction cross section that have occurred recently and are expected to be achieved in the future it is
crucial that the experimental limits (and of course eventually also the experimental measurements)
are presented in such a way that they can be confronted with theoretical predictions in different
scenarios of electroweak symmetry breaking in a well-defined way. Up to now the experimental
limits presented by ATLAS and CMS are given either for non-resonant production, taking into ac-
count only SM-like contributions, or for purely resonant production, where SM-like non-resonant
contributions are omitted. We review the first type of limits, whereas a discussion of the latter can
be found in Ref. [6].

In the case of non-resonant limits, they are obtained under the assumption that there is no
contribution from an s-channel exchange of an additional Higgs boson, i.e. only the contributions
of diagrams A and C in Fig. | are taken into account. The latest results from ATLAS [22]* and
CMS [24] report a limit on the cross section of gg — hh, which depends on the value of k;, and a
bound on k; is extracted. This is done by comparing the experimental limit with the SM prediction
for a varied k. We show in Fig. 3 an example of the application of these limits for one particular
benchmark scenario in the 2HDM, where we vary cg_. The chosen input parameters are

Ig = 10, C—a € {O 0.16} (S[g,a > 0),

(4.1
my = mp = my= = 1000 GeV, m7, = mjcy /15 .

The large my value ensures that the resonant contribution from the s-channel H exchange is negli-
gible. The variation of cg_, results in a variation of k; as indicated in the left plot of Fig. 3. The
blue dashed line shows the prediction for k; at lowest order, while the blue solid line shows the
one-loop prediction for k3. The gray line indicates the value of k) = 1, which corresponds to a

coupling value of Ay, = ls(ﬁ,}. The parameter spaces that are excluded by theoretical constraints

2The most recent ATLAS result [23] shows slightly weaker limits, but has no qualitative effect on our results.
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are indicated by the yellow (vacuum stability), dark green (perturbative unitarity at LO) and light
green (perturbative unitarity at NLO) shaded areas. For the application of these limits we used the
public package thdmTools [25]. The constraints from vacuum stability exclude the displayed
yellow region with negative values of cg_,. For the largest positive values of cg_,, the tightest
bound arises from perturbative unitarity. Demanding that the measured properties of the Higgs
boson at 125 GeV should be satisfied poses a bound that is weaker than the one from NLO pertur-
bative unitarity and therefore this bound is not explicitly shown in the plot. It can be observed that
at tree level the variation of cg_,, towards larger values results in a decrease of K/(lo), which reaches
values close to zero for cg_q 2 0.1. Including the one-loop corrections, as shown by the blue solid

line, yields a strong increase of K)(LI), with K;(LI) 2 5 for CB—a 2 0.1 in this example.

14
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Figure 3: 2HDM type I scenario described in Eq. (4.1). Left: k, as a function of c¢g_. For the line styles:
see text. Right: Limits on it = o»»pm/0Osm (each cross section calculated at LO QCD) as function of CB—q-
For the colored regions and line styles: see text. Plots taken from Ref. [6].

In the right plot we present the corresponding experimental limits and theoretical predictions
for the ratio between the 2HDM and SM di-Higgs cross sections, Ut = Gappm/ Osm, both calculated
at LO QCD at /s = 13 TeV. The solid (dashed) blue line shows the theory prediction using the
one-loop (tree-level) value for k. The red line shows the latest experimental observed limit from
non-resonant searches reported by ATLAS [22] (see, however, Ref. [23]). The solid (dashed) line
indicates the observed limit for the value of kx; which we have calculated at NLO (LO). The corre-
sponding gray line represents the expected limit for k; at NLO (LO). Confronting the experimental
limits with the theoretical predictions, a value of cg_, is regarded as excluded if the predicted cross
section is larger than the experimentally excluded one. One can see that non-resonant di-Higgs
searches would not exclude any value of cg_, for the case where K/(IO) is used. As a consequence of
the large loop corrections to K, this changes once the one-loop corrections are taken into account.
One can see that in this case for the considered example the non-resonant searches exclude a region
for large cg_, values that is allowed by all other constraints.
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