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1. Introduction

The Standard Model (SM) of particle physics features a single scalar field being a doublet
of weak isospin SU(2);, that is responsible for the breaking of the electroweak (EW) symmetry
[1, 2]. Once it acquires a vacuum expectation value (vev), a massive physical scalar particle arises,
the Higgs boson [2] discovered in 2012 at the Large Hadron Collider (LHC) experiments [3, 4].
In contrast, most models of new physics contain extended Higgs sectors: for instance, minimal
supersymmetric models [5] and two Higgs doublet models [6] feature a second doublet and the
type-1II seesaw models [7, 8] a zero hypercharge triplet. Scalar triplets appear also in the Georgi-
Machacek model [9]. In all these scenarios, the scalar fields acquire sizeable couplings to the SM
gauge bosons and fermions via vevs and/or via mixing with the SM Higgs boson. Consequently,
they are dominantly singly-produced at colliders, and most current searches focus on these channels.

Single production of a scalar is always model dependent and it can be suppressed by tuning the
single-scalar couplings. By contrast, pair production only depends on the gauge quantum numbers
of the scalars and cannot be tuned to be small. The couplings of two scalars from SU(2); x U(1)y
multiplets to the EW gauge bosons stem from the covariant derivatives in the scalar kinetic terms
and are always present. Their presence imply dominant pair production channels via Drell-Yan
processes, where two initial state quarks merge via an s-channel gauge boson. There is some model
dependence if their is mixing in the scalar sector but this mixing cannot reduce Drell-Yan pair
production cross sections of all scalars at the same time and some channels are guaranteed to remain
sizeable.

In this contribution, we focus on models where pair production is the dominant mode for scalars
charged under SU(2); X U(1)y. Such scenarios appear naturally in composite Higgs models, where
the Higgs boson is accompanied by additional light states, protected by parities internal to the
strong sector [10]. The Higgs boson emerges in these models as a pseudo-Nambu-Goldstone boson
(pNGB) [11] following the dynamical breaking of the EW symmetry triggered by misalignment in
a condensing strong dynamics at the TeV scale [12, 13]. A minimal model SO(5)/SO(4) based
only on the global symmetries with exactly four pNGBs matching the Higgs doublet components
can be constructed [14]. However, it is not easy to obtain this symmetry pattern in an underly-
ing gauge/fermion theory a la QCD. A fermion condensate (¥¢) can only generate the following
patterns [15, 16]: SU(2N)/Sp(2N), SU(N)/SO(N) or SU(N)?/SU(N) depending on whether the
representation of ¢ under the confining gauge symmetry is pseudo-real, real or complex, respec-
tively. The minimal model with custodial symmetry [17, 18] features SU(4)/Sp(4) [19, 20], and
has one additional gauge singlet pPNGB besides the Higgs doublet. The next-to-minimal cases con-
tain significantly more pNGBs: 14 for SU(5)/SO(5) [21, 22] and 15 for SU(4)2/SU(4) [23, 24].
The departure from minimality does not contradict the null results of direct searches for physics
beyond the SM (BSM) at colliders. The pNGBs are typically heavier than the Higgs boson and
have only EW interactions, hence being difficult to discover at hadron colliders and are too heavy
for past e*e™ colliders such as LEP or SLC.

The dominant channel is pair production via Drell-Yan and the vector boson fusion (VBF)
pair production via gauge couplings is found to be subleading to Drell-Yan [25, 26]. VBF single
production is generated via topological anomalies, hence it is suppressed by a small anomaly cou-
pling. Drell-Yan single production could also be present if the pNGBs couple to quarks. However,
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Figure 1: Examples of di-scalar channels from pair production via Drell-Yan processes with subsequent
decays into SM particles.

it is expected that pNGBs in models with partial compositeness couple only very weakly to light
quark flavours as the couplings are roughly proportional to the quark mass. Consequently, the dom-
inant couplings involve third generation quarks and the neutral pNGBs can be singly-produced via
gluon fusion similar to the Higgs boson. Moreover, both neutral and charged pNGBs can be singly-
produced in association with either ¢ or ¢b. This can provide a relevant contribution if the couplings
are large enough.

We will present here recent results from recent investigations presented in refs. [26, 27] to which
we refer for further details. We will first discuss simplified models and then focus on a specific model
based on SU(5)/SO(5) to present the interplay between various channels. This class of models can
be realised in the context of four-dimensional models with a microscopic description [28-30] and
emerges as the minimal symmetry pattern from the condensate (¥¢) of two EW-charged fermions
if ¢ is in a real irreducible representation of the confining gauge group, e.g. Sp(4). We note for
completeness, that the properties of the confining gauge dynamics, based on Sp(4), has been studied
on the Lattice with promising results [31-34]. Complementary information on the mass spectrum
and decay constants of the composite states can also be obtained using holographic techniques
[35-37].

2. Bounds on Drell-Yan pair-produced scalars in simplified models

We start with bounds in simplified models where we focus on pair production, via the dominant
Drell-Yan channels. We use parts of a simplified model which has been introduced in refs. [26, 27]
to which we refer for the underlying Lagrangian. We extend the SM by colourless scalar states
§9, 8% §*, S** that are physical mass eigenstates labelled by their electric charge. We include the
minimal set of states with charge up to two that have all the possible couplings to the EW gauge
bosons. In case of the neutral we include two neutral states with opposite parity and assume that
none of the BSM scalars obtains a non-zero vev.

We investigate all combinations of scalar pairs produced at the LHC through the Drell-Yan
processes:

pp — STESF §ES00) grrg grgm 5050 (1)

Together with the first tier decays of the scalar pairs into SM particles, these production processes
yield many di-scalar channels, see for example Fig. 1. Charge-conjugated states belong to the same
channel. We consider two complementary scenarios for the decays of the scalars
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fermiophobic SH§—- §EESF S*S— §50¢) 5959 /50750
WWWW | Wwrw-w- - - - WW-WW-
WWWy - W=W=W*¥y - WEyW*w- -
WWWZ - WEW=W*Z - WEZW*W~ -
WWyy - - WHyW~y - WHW~yy
WWZy - - WEyW*Z - WW-yZ
WWZZ - - WZW~Z - W*W~ZZ
Wyyy - - - W=yyy -
WZyy - - - W={Zy}y -
WZZy - - - W*{Zy}Z -
WZZZ - - - W*ZZZ -
YYYY - - - - YYYY
Zyyy - - - - Zyyy
ZZyy - - - - Z{Zy}y
ZZZy - - - - Z7Z7y
7777 - - - - 7777

Table 1: Classification of the 24 di-scalar channels in terms of the 5 pair production cases (columns) and the
15 combinations of gauge bosons (rows) from decays. In the channels, the first two and second two bosons
are resonantly produced. The notation {Zy} = Zy + yZ indicates the two permutations. Charge-conjugated
states belong to the same di-scalar channel.

1. The fermiophobic case, where couplings to SM fermions are absent at leading order and the
dominant decays are into EW gauge bosons:

ST > Ww, (2a)
St Wy, WHZ, (2b)
SO S WrWT, vy, yZ, ZZ. (2¢)

Combining the different Drell-Yan scalar pairs with the above decay channels leads to 24 di-
scalar channels, each containing four gauge bosons. One sample process is shown in the left
diagram of Fig. 1, while a complete list of all channels is shown in Table 1.

2. The fermiophilic case, where the scalars decay dominantly into a pair of third generation

quarks:
St — Wttb, (3a)
St — tb, (3b)
SO 5 4F or bb. (3c)

Note that doubly charged scalars cannot decay to two quarks due to their charge, but if they are
part of an SU(2);, multiplet, the three-body decay S** — W*S™ — W*tb is allowed. Con-
sequently, this yields 8 possible di-scalar channels for pair-produced scalars in this scenario.
One sample process is shown in the right diagram of Fig. 1 and a complete list in Tab. 2.

For the simulation of signal events we use the publicly available eVL() model presented in
ref. [26], which implements the simplified models as a FeynRules [38] model at next-to-leading
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fermiophilic | S**S™~ S*S§—  §tST §rs0) 05075070
teee - - - - 1t
ttth - - - tbtt B}
tthb - - tbbi - tthb
tbbb - - - thbb }
bbbb - - - - bbbb
Wttbb - Wttbbi - - .
WWithb | WHtbW bt - - - -

Table 2: Classification of the 8 di-scalar channels in terms of the 5 pair production cases (columns) and
the 5 combinations of top and bottom from decays (rows). In cases with one or two doubly charged scalars,
one always obtains ##bb with one or two additional W’s, respectively. The charge-conjugated states are not
shown.

order in QCD. All events are generated at a centre-of-mass energy of 13 TeV in pp collisions. For
each di-scalar channel, we perform a scan over the scalar mass mg; for channels involving two dif-
ferent scalars, we assume them to be mass degenerate. We generate 10° events of Drell-Yan scalar
pairs with decay into the target channel for each scan point. We use MadGraph5_ aMC@QNLO [39]
version 3.3.2 at NLO, in association with the parton densities in the NNPDF 2.3 set [40, 41]. After-
wards, we interface the events with Pythia8 [42] for the decays of the SM particles, showering and
hadronisation. The resulting signal events are then analysed with Mad Analysisb [43-46] version
1.9.60 and CheckMATE [47, 48] version 2.0.34. Both tools reconstruct the events using Delphes
3 [49] and the anti-k7 algorithm [50] implemented in FastJet [51]. The exclusion associated with
the events is calculated with the CL prescription [52]. Moreover, we run the events against the SM
measurements implemented in Rivet [53] version 3.1.5 and extract exclusions from the respective
YODA files using Contur [54, 55] version 2.2.1. To present simplified model bounds, we deter-
mine the signal cross section ogs which is excluded at 95% CL. We note for completeness, that
the procedure differs somewhat between the tools and we refer to ref. [27] for the details. For each
channel and each parameter point, we take the minimal value for o5 obtained from MadAnalysisb,
CheckMATE, and Contur as the final bound. We do not attempt to combine them.

We display results in Fig. 2, where we present the simplified model bounds on the cross sec-
tion for various di-scalar channels, i.e. bounds on the production cross section of the scalar pair
times both branching ratios. We show in Fig. 2a the bounds on the 8 di-scalar channels for the
fermiophilic scenario, consisting of third generation quarks plus one additional W boson per doubly
charged scalar due to the 3-body decay of S**. In channels with multiple top quarks, the dominant
bounds stem from a search for R-parity violating supersymmetry [60], while various supersymmet-
ric searches [61-64] and the generic search of ref. [65] are relevant for the multi-bottom channels.

Figures 2b to 2d show bounds for various channels of the fermiophobic scenario which are
split into three figures for the sake of readability. In Fig. 2b we display di-scalar channels with at
least one doubly-charged scalar, leading to at least 3 W bosons plus a W, Z, or photon. The photon
channel WW Wy can be constrained using measurements of the Zy production cross section [68, 69].
The most relevant searches for the WWWW and WWW Z channels look for multi-lepton final states
[57,70]. For these channels, the results of the ATLAS search [56] apply, and they are shown as blue
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Figure 2: Upper limits on the cross section of the di-scalar channels from Drell-Yan pair production. The
scalars decay to: (a) third generation quarks or (b)-(d) two vector bosons. Both scalars are assumed to have
the same mass. The analyses contributing to the bounds are refs. [57-70].

and orange dashed lines. The bounds from this dedicated search are obviously stronger compared
the bounds obtained from our recasts of a large number of BSM searches which target different
signatures and scenarios. This had to be expected and Figure 2c shows the di-scalar channels from
S*S~ production. We note, that the bounds on WyWy are by far the strongest, stemming from
a search for gauge-mediated supersymmetry in final states containing photons and jets [58]. The
main bounds for the channels WZWZ and WyWZ stem from a multi-lepton search [65] and the Zy
cross section measurements [68, 69], respectively. Finally, in Fig. 2d we present the S°S channels
containing at least 2 photons. The generic search [62] and the measurement of the yy-production
cross section [59] constrain the yyyy channel. For the remaining channels, the most important
analysis is a (multi-)photon search [58].

3. Bounds on the SU(5)/SO(5) pNGBs

Investigating simplified model is very useful approach as the limits can be applied to a broad
class of models, at least to a certain extent. We investigate now a specific full model with an extended
EW scalar sector, study the bounds on the full model and compare the results to estimates one can
very quickly obtain by using the simplified model approach of the previous section. We take the
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SU(5)/SO(5) coset [25] as an example as it features a doubly charged scalar. We first summarise
some key elements and discuss some details of the underlying LHC phenomenology. For detailed
discussions and the underlying couplings we refer to refs. [26, 27]. The pNGBs of the EW sector
form a 14 of SO(5) which decomposes with respect to the custodial SU(2);, x SU(2)g as

14 - (3,3)+(2,2) +(1,1). 4)

We identify the (2, 2) with the Higgs doublet. The bi-triplet can be decomposed under the custodial
SU2)p € SU(2), x SU(2)g as [25]

(3,3) > 1+3+5=n1+n3+7s5, Q)

with
m=n), m=35n%m3), 715= @O nin%n5.057). (6)

This basis is suggested by the fact that the vacuum of the strong sector preserves the custodial
SU(2)p. In the following we neglect a possible mixing and assume that the three multiplets have
common masses mp, ms and ms, respectively, to simplify the analysis. Mass differences are due
to the EW symmetry breaking, hence one naively expects a relative mass split of the order v/m;
(i =1,3,5) with v being the vev of the Higgs boson.

The LHC signatures of pNGB pair production depend strongly on whether the pNGBs are
fermiophilic or fermiophobic as already mentioned above. We start with a brief discussion of the
fermiophobic case and refer to ref. [27] for further details. The singly charged states decay as

ms— Why, Wz, (7)

with dominant photon channel as Br(r];”s — W*y) ~ cos? Oy ~ 78% [25] for both multiplets in
case of a small mass split between the multiplets. The neutral singlet and quintuplet decay domi-
nantly as

ms— vy, vZ. ZZ, (8)

with comparable branching ratios, again for small mass split. The only available decay channel for
the doubly charged pNGB in the quintuplet is

7t - WY )

Finally, the 77(3) is CP-even and thus undergoes three-body decays via off-shell pPNGBs:

n = WW Ty, WW™Z  vian;l, and (10a)
n — Zyy, ZZy, ZZZ vian)y . (10b)

The discussion so far applies to the lightest multiplet and also covers scenarios where the multiplets
are very close in mass. However, there could be a sizeable mass split. In such a case, cascade decays
from one multiplet into a lighter one and a (potentially off-shell) vector boson become important.
Taking the case ms > m3 > m as an example, we have

ne s Wt gt S ZWni, wrRl, - wEORT, 240y, (11a)
nh — Wl ny — Z5n9. (11b)



Hunting scalar partners of the Higgs boson at the LHC Werner Porod

One finds that both classes of decays are of similar importance once the mass split is between 30
and 50 GeV [27]. We note for completeness, that the 175 multiplet does not couple to '7(1) in the model
considered.

One expects in the fermiophilic case that the couplings scale like the quark masses, e.g.

0 0 + .
n; ¢ My n; i Mp n; ny
Ktl :C;7 , Kb" :CZT and Ktl; :Cib7’ (12)

where f is the decay constant of the 14-plet and the ¢ coefficients are of order one. In this case the
decays to third generation quarks dominate over the loop-level anomaly-induced decays into two
vector bosons or the three-body decays discussed above and, thus, we consider the decays

nys — tb, '7?,3,5 — tf, bb . (13)

From Eq. (12), the ¢7 channel dominates over bb above threshold. In the case of 1", the three-body
decay
nit — Wb (14)

via an off-shell 77;,5 dominantes over the decay to W*W™*. In case of ms > mj3 also the decay
nit— W+(*)77;' becomes important [27].

We consider in a first step only the quintuplet 775 and apply the simplified model bounds from
the previous section. In Fig. 3a we compare the cross section times branching ratio of all multi-
photon final states (solid lines) with the corresponding bounds from Fig. 2 (dashed lines). From the
individual channels one finds that masses below 340 GeV are excluded, with the strongest bound
coming from the channel 77;—'77(5) — Wryyy. We perform in addition a full simulation in which all
states contained in the quintuplet are pair-produced and decayed. The solid green line denotes the
sum over all pair production cross sections of the quintuplet and the dashed green line the corre-
sponding bound, i.e. the sum of scalar pair production cross sections that would be needed in order
to exclude the convolution of all decay channels from quintuplet states. As can be seen, one obtains
a bound of 485 GeV on the mass mg which is significantly higher than the bounds obtained from
individual channels. The apparent discrepancy between simplified models and the full simulation
can be understood from the fact that all multi-photon channels populate the same signal region of
the search presented in ref. [58]. Adding up the various signal cross sections with two or more
photons gives the blue line in Fig. 3b. This summed cross section yields an estimated bound on m
of 460 — 500 GeV when compared with the bounds from different multi-photon channels (shaded
area in Fig. 3b). This is in agreement with the result of the full simulation. This example shows
the usefulness and limitations of the simplified model bounds and demonstrate how they can be
combined in the context of a particular model.

In a second step, we take all multiplets into account and consider two scenarios which are
characterised by varying a single mass scale mg:

S-eq: m3=mgs—2GeV, ms=mg, m; =ms+2GeV; (15a)
S-135: m; =ms —50GeV, m3=mg, ms=mg+50GeV. (15b)

The choice of 50 GeV is motivated by the fact that the mass splits are expected to be a fraction of
the Higgs vev. The phenomenology differs in the two cases: In scenario S-eq, all particles decay via
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Figure 3: Application of the model-independent bounds to a specific model, the custodial quintuplet 175 from
the SU(5)/SO(5) coset. In (a) we determine the bounds from the dominant individual channels by comparing
the cross section time branching ratio from the model (solid) with the upper limits from Fig. 2 (dashed). In
green we show the results of a full simulation. The blue line in (b) is the sum of the individual multi-photon
cross sections shown in (a). Further details are given in the text.
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Figure 4: Bounds on the pNGB masses for the Drell-Yan production of the full bi-triplet for the benchmark

mass spectra defined in Eq. (15). In (a) all masses are approximately equal and in (b) there is a 50 GeV mass
split between the multiplets.

the anomaly and ng exhibits three-body decays. We introduce a small mass split of 2 GeV to avoid a
cancellation for some 17(3) decays as discussed in ref. [27]. In scenario S-135 the heavier states decay
into the next lighter states or di-bosons, while the lightest state only has anomaly induced decays.
We present the bounds on the mass parameter mg for the two scenarios in Fig. 4. In orange the
sums over all scalar pair production cross sections oys is shown that would be needed to exclude the
model at 95% CL at each parameter point. The strongest bounds come from multi-photon channels,
with ref. [58] being the dominant analysis. Note, that the kink in o5 is due to a change in dominant
signal region within the same analysis. In blue, the actual sum over all pair production cross sections
in this model is drawn. The different bounds for these scenarios considered are due to the relative
size of the cross section for the triplet and quintuplet.

We turn now to the scenarios in which the pNGBs couple dominantly to quarks. In these
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Figure 5: Bounds on the pNGB masses for the Drell-Yan production of the full bitriplet with decays to third-
generation quarks.

scenarios, one has single scalar production via the processes
pp — 8%t and  pp — S*tb (16)

induced by strong interactions. In addition, the couplings of the neutral scalars to quarks induce
couplings to gluons and photons at the one-loop level leading to processes like

pp —» S" > and pp — ¥ > yy. (17)

It turns out that presently available searches can constrain these channels for masses of up to 500
GeV only if the c-factors in Eq. (12) are close to 5 and a decay constant f of 1 TeV which is only a
very small part of the available parameter space.

We now turn to Drell-Yan pair production and display our results in Fig. 5. We have assumed
that all pPNGBs are mass degenerate and that all c-factors are 1. Note, that neither branching ratios
nor production cross sections depend on f. The blue line gives the total cross section summing over
all pNGBs irrespective of their decay modes. The orange lines give the exclusion when considering
all possible channels. The exclusion is dominated by the results of ref. [60] implemented in Check-
MATE. CheckMATE uses the signal region with the strongest expected bound and reports the
corresponding observed bound as final result. One obtains the bound given by the solid orange line
using this standard procedure. This can lead to difficulties in cases for which observed and expected
bounds differ significantly. This is the reason for the kinks at mg = 350 GeV and 450 GeV. How-
ever, modifying the procedure such that always the strongest observed bound is taken, one obtains
a smoother curve shown by the dashed orange line, see [27] for further details.

We note for completeness, that models with and gauge/fermionic underlying dynamics [10,
28, 29] also predict pPNGBs which are strongly interacting. The SU(5)/SO(5) coset is for example
realized in the model M5 of ref. [30] which predicts beside the electroweak pNGBs discussed above
also a color triplet pNGB 73 and a color octet pNGB rg. The mg decays either dominantly into ¢¢
or gg depending on whether we are in a fermiophilic or a fermiophobic scenarios, respectively. In
both cases currently available analyses give a bound of about 1.1 TeV on its mass [71]. The n3 has

10
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the same quantum numbers as a right-handed stop, the supersymmetric partner of the right-handed
top-quark, and its phenomenology depends on the mass spectrum of the baryonic bound states [72].
This baryonic bound states contain two color neutral fermions denoted by b and % in [72] where the
first one is a gauge singlet and the second an SU(2);, doublet with hypercharge 1/2. It is possible
that this states, being color singlets, can be lighter than m3. In such a scenario the 3 decays into
one of these fermions and an SM-fermion:

3 — B, th°, bi* . (18)

This resembles the decays of stops in supersymmetric models. In principle, decays into lighter
families, like ¢ B and u B, are also possible, but in the spirit of composite Higgs models we expect
those to be strongly suppressed. Consequently, LHC bounds from stop searches can be directly
applied [73-75]. For large mass differences this gives a bound of about 1.3 TeV. We note fore
completeness, that in case of small mass difference between 73 and B three-body decays via an off-
shell top-quark would become important similar to supersymmetric models [76—78]. In case that 73
is lighter than these baryons, lepton or baryon number violating interactions need to be included in
order to avoid a stable 3 which require an extension of this model [72]. The simplest possibilities
are

3 — d_id_j withd; =d,s,bandi # j (19)
or
7r3—>uivlj,d,~lj withu; =u,c,tandlj = e, u,7. (20)

The former violates baryon number whereas the latter violates lepton number. Note, that only one of
the two interaction types can be present as otherwise the proton could decay at a rate incompatible
with experiment. In case of lepton number violation, one can use searches for leptoquarks and finds
a bound of 1.4-1.5 TeV depending on whether final states with a 7 or e, 4 dominates [79, 80].

4. Conclusions

In this contribution we have presented bounds on the Drell-Yan pair production of scalar bosons
that carry electroweak charges at the LHC. We first consider various channels in a simplified model
approach. These channels contain either four vector bosons or top/bottom quarks in the final states.
These two scenarios arise from fermiophobic and fermiophilic models, respectively. The limits,
presented in Fig. 2, can be applied to any model with an extended Higgs sector dominated by pair
production.

In addition we have taken as a concrete example a composite Higgs model based on the coset
SU(5)/SO(5), which features a custodial bi-triplet. We show that while the limits on individual
channels lead to relatively weak bounds on the scalar masses, significantly stronger bounds can be
obtained by combining various pair production channels. Considering various benchmark scenar-
ios, limits on the scalar mass scale around 500 — 700 GeV have been established in the fermiophobic
case. The bounds are close to 500 GeV in scenarios in which decays into top and bottom quarks
dominate.
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