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(almost) the talk in one plot                          

Figure 2: Upper limits on the cross section times branching ratio of the Drell-Yan production
of electroweak pNGBs. The bounds are obtained from recasts implemented in Contur and
MadAnalysis5 except for the ones presented in [63]. The reference cross sections � for
pair production are calculated for a custodial quintuplet from a benchmark model that is
discussed in detail in Sec. 4.

against the SM measurements implemented in Rivet [84] version 3.1.5 and have calculated
exclusions from the respective YODA files with Contur [85, 86]. Here, we have used all
available analyses in Contur version 2.1.1, as well as Refs. [65, 66, 87] from the upcoming
release 2.2.1.

For final states with quarks (in particular top quarks) we found BSM searches im-
plemented in MadAnalysis5 to be the most constraining.∗ In contrast, in case of vector
boson final states, we obtain the bounds in general from measurements implemented in
Rivet, on which Contur is based. In Fig. 2 we present the bounds on the pair-production
cross section times branching ratio for various final states. Beyond our recast results,
we also included the results of the ATLAS search for pp ! S

++
S
��

! WWWW and
pp ! S

±±
S
⌥

! WWWZ [63] for completeness. In Tab. 2 we give the most sensitive
Contur pools for the various vector boson final states. In the case of quark final states the
strongest bounds stem from the four-top search CMS-TOP-18-003 [90], which is implemented
in MadAnalysis5 [91].

For reference, in Fig. 2 we also show the production cross section for members of a

∗An analysis using BSM searches implemented in CheckMATE [88, 89] is in preparation.
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Motivation                          

Why is BSM di-scalar production interesting?  
• Many SM extensions which address the hierarchy problem have an extended Higgs 

sector with additional scalars which come in SU(2) multiplets. 
• Single-production of BSM scalar interactions is highly model-dependent: arising from 

- Yukawa-type interactions, 
- the scalar kinetic term (if the scalar has a VEV), 
- the potential (via mixing with the Higgs), 
- or generated at loop-level. 
 
Pair-production is “less model-dependent”: 
The scalar kinetic term yields an SS’V interaction which depends only on the SU(2) x 
U(1) quantum numbers of the scalar multiplet which guarantees SS’ production through 
the Drell-Yan process. Mass mixing between different SU(2) multiplets can “re-shuffle” 
pair-production cross sections, but not tune all pair production cross sections small. 

• Final states of scalar single-production are very explicitly targeted by the LHC search 
program (“resonance searches”). Final states in scalar pair-production (with                 ) 
are not.

mS 6= mH
<latexit sha1_base64="C/W4g+lxbK221/h8LHu+K8m0DT4=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexWQY9FLz1WtB/QLks2zbahSXZNZoWy9Gd48aCIV3+NN/+NabsHbX0w8Hhvhpl5YSK4Adf9dgpr6xubW8Xt0s7u3v5B+fCobeJUU9aisYh1NySGCa5YCzgI1k00IzIUrBOOb2d+54lpw2P1AJOE+ZIMFY84JWClngzu+4o9Yhk0gnLFrbpz4FXi5aSCcjSD8ld/ENNUMgVUEGN6npuAnxENnAo2LfVTwxJCx2TIepYqIpnxs/nJU3xmlQGOYm1LAZ6rvycyIo2ZyNB2SgIjs+zNxP+8XgrRtZ9xlaTAFF0silKBIcaz//GAa0ZBTCwhVHN7K6YjogkFm1LJhuAtv7xK2rWqd1Gt3V1W6jd5HEV0gk7ROfLQFaqjBmqiFqIoRs/oFb054Lw4787HorXg5DPH6A+czx+0PZDf</latexit>
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A simplified model approach to obtain bounds from existing searches:  
• We implement a simplified model in FeynRules which features: 

- pseudo- scalars with charge 2, 1, and a scalar and pseudo-scalar with charge 0 
- scalar pair production via Drell-Yan 
- scalar decay into two EW gauge bosons or into 3rd gen. quarks, respecting NWA 

• We simulate signal events for each combination of decay channels of two scalars 
with MadGraph5, 

• and determine bounds on production cross section times branching ratio into each 
channel combination by matching simulated events against all searches and 
measurements available in MadAnalysis5, CheckMATE and Contur. 

• …our list of decay channels is not complete; you might not like our model 
parametrization. The simulation package we put together (“ScanGen”) is available 
upon request and will be made public “soon”. With it, adding channels and using 
other models is straight forward (by just replacing the FeynRules implementation / 
UFO). 

Simplified model                          
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Simplified model Lagrangian                          

Production: 
(and cascade decays)

decay 
 to gauge bosons:

decay 
 to fermions:

The manuscript is organised as follows: In Sec. 2 we present current bounds on various

production and decay channels of a pair of scalars, which can apply to any model. In Sec. 3

we focus on the SU(5)/SO(5) model and investigate both the fermiophobic case in Sec. 3.2

and fermiophilic one in Sec. 3.3. Finally, we o↵er our conclusions in Sec. 4.

2 Simplified model bounds on Drell-Yan pair-produced scalars

Many BSM models contain an extended scalar sector with SU(2)L ⇥ U(1)Y multiplets

beyond the Higgs doublet. The bounds on (and signals of) these models are highly model

dependent. Yukawa-type couplings of the additional scalars are subject to constraints from

flavour physics, while the scalar potential influences the EW symmetry breaking and is,

therefore, strongly constrained. The latter mainly occurs via VEVs of the new multiplets,

while mixing with the Higgs through the scalar potential can also influence flavour physics.

At the same time, Yukawa-type couplings and scalar VEVs and mixing patterns determine

the single production cross sections of the BSM scalars at lepton and hadron colliders. In

the following we will only focus on pair production, via the dominant Drell-Yan channels.

2.1 Simplified model Lagrangian

For our phenomenological studies, we use parts of a simplified model which has already

been introduced in [37]. We extend the SM by colourless scalar states S
0
, S

00
, S

±
, S

±± that

are physical mass eigenstates labelled by their electric charge. We include the minimal set

of states up to charge-2 that have all the possible couplings to the EW gauge bosons, hence

including two neutral states with opposite parity.

We consider the simplified model Lagrangian with kinetic and mass terms for the

scalars as well as interaction terms

Lint = LSSV + LSV V + LffS , (2.1)

where the first term contains the couplings of two scalars to an EW gauge boson, which

determine the Drell-Yan pair production. The remaining terms contain the couplings of a

scalar to two EW gauge bosons or to two SM fermions, which dictate the two-body decays

into SM particles.

The first term arises from the SU(2)L⇥U(1)Y covariant derivative terms in full models

and reads:

LSSV =
ie

sW
W

�µ
⇣
K

S0S+

W S
0 !
@µS

+ + K
S00S+

W S
00 !

@µS
+ + K

S�S++

W S
� !

@µS
++

⌘
+ h.c.

+
ie

sW cW
Z

µ
⇣
K

S0S00
Z S

0 !
@µS

00 + K
S+S�
Z S

+ !
@µS

� + K
S++S��
Z S

++ !
@µS

��
⌘

� ieA
µ
⇣
S
+ !

@µS
� + 2S

++ !
@µS

��
⌘

, (2.2)

where �1
 !
@µ�2 ⌘ �1(@µ�2) � (@µ�1)�2. The K

SS
V parameters are determined by the

SU(2)L ⇥ U(1)Y representations of the scalar multiplets as well as the mass mixing. The

K
SS
V coe�cients for sample models, including the model discussed in Sec. 3, are given
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in Appendix B. The production cross section of each scalar pair is proportional to its

respective |K
SS
V |

2.

The second term parameterises dimension-5 operators which yield the decay of the

scalars into two EW gauge bosons, and reads

LSV V =
e
2

16⇡2v


S
0

✓
K̃

S0

��Fµ⌫F̃
µ⌫ +

2

sW cW
K̃

S0
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µ⌫ +

1

s
2
W c

2
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+
2

s
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◆

+S
00
✓

K
S00
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2
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K

S00
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1

s
2
W c

2
W

K
S00
ZZZµ⌫Z

µ⌫

+
2

s
2
W

K
S00
WWW

+
µ⌫W

�µ⌫

◆

+

✓
S
+

✓
2

sW
K̃

S+

�WFµ⌫W̃
�µ⌫ +

2

s
2
W cW

K̃
S+

ZWZµ⌫W̃
�µ⌫

◆
+ h.c.

◆

+S
++ 1

s
2
W

K̃
S++

W�W�W
�
µ⌫W̃

�µ⌫ + h.c.

�
. (2.3)

The couplings above are written assuming that all scalars are odd under parity, except for

the even state S
00 in order to allow the Z couplings in Eq. (2.2). This choice is motivated

by matching to the composite models we consider in Sec. 3, however the parity assignment

can be flipped in a straightforward manner. Note that the parity assignment does not

significantly a↵ect the bounds we consider here, as the kinematics of the decay is untouched.

Hence we only study the case in Eq. (2.3).

The last term contains Yukawa-type couplings to the third generation quarks:

LffS = S
0


t̄

⇣

S0

t + ĩ
S0

t �5

⌘
t + b̄

⇣

S0

b + ĩ
S0

b �5

⌘
b

�
+

�
S
0
! S

00�

+ S
+

t̄

⇣

S+

tb,LPL + 
S+

tb,RPR

⌘
b + h.c. , (2.4)

where, motivated by the SM structure, the couplings are allowed to violate parity. Cou-

plings to other SM fermions could be included analogously: our choice here is motivated

by the models of top partial compositeness from Sec 3.

2.2 Di-scalar channels

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

pp ! S
±±

S
⌥

, S
±
S
0(0)

, S
++

S
��

, S
+
S
�

, S
0
S
00

. (2.5)

Together with the first tier decays of the scalar pairs into SM particles, these production

processes yield many di-scalar channels, see Fig. 1 for two examples. Charge-conjugated

states belong to the same channel. For the decays of the scalars, we consider two comple-

mentary scenarios: The fermiophobic case, where the dominant decays are into EW gauge

bosons, and the fermiophilic case, where the scalars decay dominantly into a pair of third

generation quarks. In both cases, we only consider narrow width resonances. The two
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Figure 1: Examples of di-scalar channels from pair production via Drell-Yan processes

with subsequent decays into SM particles.
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where, motivated by the SM structure, the couplings are allowed to violate parity. Cou-

plings to other SM fermions could be included analogously: our choice here is motivated

by the models of top partial compositeness from Sec 3.
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pair decay channels (fermion-phobic scenario)                          
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fermiophobic S
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S
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S
±±

S
⌥

S
+
S

�
S

±
S

0(0)
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�
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W
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W
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±
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+
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WWWZ - W
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±
W
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Z - W

±
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+
W
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WW�� - - W

+
�W

�
� - W

+
W

�
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WWZ� - - W
±

�W
⌥

Z - W
+
W

�
�Z

WWZZ - - W
+
ZW

�
Z - W

+
W

�
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W��� - - - W
±

��� -
WZ�� - - - W

±
{Z�}� -

WZZ� - - - W
±
{Z�}Z -

WZZZ - - - W
±

ZZZ -
���� - - - - ����

Z��� - - - - Z���

ZZ�� - - - - Z{Z�}�

ZZZ� - - - - ZZZ�

ZZZZ - - - - ZZZZ

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 {Z�} = Z� + �Z

indicates the two permutations. Charge-conjugated states belong to the same di-scalar

channel.

choices are motivated by the di↵erent origins of the two sets of couplings in Eq. (2.3) and

Eq. (2.4): The former deriving from higher dimension operators or loops, the second from

Yukawa-like couplings or (small) mixing to the Higgs boson.

In the fermiophobic case, we assume dominant decays of the scalars into EW gauge

– 6 –
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pair decay channels (fermion-phobic scenario)                          

fermiophilic S
++

S
��

S
++

S
�

S
+
S
�

S
+
S
0(0)

S
0
S
00
/S

00
S
0

tttt - - - - tt̄tt̄

tttb - - - tb̄tt̄ -

ttbb - - tb̄bt̄ - tt̄bb̄

tbbb - - - tb̄bb̄ -

bbbb - - - - bb̄bb̄

Wttbb - W
+
tb̄bt̄ - - -

WWttbb W
+
tb̄W

�
bt̄ - - - -

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 ttbb with one or two additional W ’s,

respectively. The charge-conjugated states are not shown.

bosons via the couplings in Eq. (2.3), leading to1

S
++

! W
+
W

+
, (2.6a)

S
+
! W

+
�, W

+
Z , (2.6b)

S
0(0)

! W
+
W

�
, ��, �Z, ZZ. (2.6c)

Combining the di↵erent Drell-Yan scalar pairs with the above decay channels leads to 24

di-scalar channels – each containing four gauge bosons – for which we present bounds in

Sec. 2.4. One sample process is shown in the left diagram of Fig. 1, while a complete list

of all channels is shown in Table 1.

In the fermiophilic scenario we assume dominant couplings of the scalars to third family

quarks. Note that doubly charged scalars cannot decay to two quarks due to their charge,

but if they are part of an SU(2)L multiplet, the three-body decay S
++

! W
+
S
+⇤

! W
+
tb̄

is allowed. The dominant decay channels we consider for the fermiophilic scenario are thus2

S
++

! W
+
tb̄, (2.7a)

S
+
! tb̄, (2.7b)

S
0(0)

! tt̄ or bb̄. (2.7c)

For pair-produced scalars, this yields 8 possible di-scalar channels in the fermiophilic sce-

nario. One sample process is shown in the right diagram of Fig. 1, while a complete list is

showcased in Table 2.
1
We do not consider the possible coupling of the neutral scalars to two gluons, as it can only be generated

if they couple to states carrying QCD charges. We remark that Drell-Yan pair production of scalars with

subsequent decays to a pair of dijets is targeted by experimental searches [49], but public recasts of these

are as of now not available.
2
Note that top and bottom loops generate e↵ective couplings to gluons and EW gauge bosons, however

they lead to subleading decay channels.

– 7 –
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Typical Drell-Yan production cross sections (in SU(5)→SO(5) models):  

Figure 3: Cross sections for the Drell-Yan production of SU(5)/SO(5) pNGBs at the LHC

with
p

s = 13 TeV, assuming the same mass for all states of the custodial singlet, triplet,

and quintuplet. Note that the ⌘
0
1⌘

0
5 combination is not allowed as they are both parity-odd.

(iii) Couplings of one pNGB to SM fermions, in the form of Eq. (2.4), where only top and

bottom appear following top partial compositeness. These couplings depend on the

properties of the top partners, and they are classified in Ref. [10].

The couplings (i) are responsible for Drell-Yan pair production, which dominate as (ii) and

(iii) lead to very small cross sections. The cross sections of all pNGB pairs as a function

of a common mass are shown in Fig. 3, which include a K-factor of 1.15 arising from QCD

corrections [92]. Finally, all types of couplings determine the decay patterns of the scalar

pair. We illustrate an example in Fig. 4. Besides the cascade decays, which are relevant for

large enough mass splits between multiplets, the final states match the di-scalar channels
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 .
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Model agnostic bounds: (can be used for ANY model with dominant DY production) 

We simulate Drell-Yan pair production of EW pNGBs and decays into various decay channels 
and determine bounds from searches available in event-recast data bases. 
(Simulaton chain: Feynrules → Madgraph5 → Pythia8 → (→ Delphes →)  MadAnalysis5/ 
CheckMATE/Contur) 

EW scalar pairs: bounds from the LHC                         

(a) Scalar pair with decays to quarks (b) S
++

S
�� and S

±±
S

⌥ with di-boson decays

(c) S
+
S

� with di-boson decays (d) S
±

S
0 with di-boson decays

(e) S
0
S

00 with di-boson decays with � 2 pho-
tons

(f) S
0
S

00 with di-boson decays with  1 photons

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)-(f) two vector bosons.

Both scalars are assumed to have the same mass. The analyses contributing to the bounds

are Refs. [68–83] (see Tab. 3 and Tab. 4 in Appendix A for details). The numerical values

of the limits are available on https://github.com/manuelkunkel/scalarbounds.
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[Georgi, Kaplan (1984)]

An alternative solution to the hierarchy 
problem:  
• Generate a scale ΛHC<<Mpl through 

a new confining gauge group. 
• Interpret the Higgs as a pseudo-Nambu-

Goldstone boson (pNGB) of a 
spontaneously broken global symmetry of 
the new strong sector. 

The price to pay: 
• additional  resonances around ΛHC 

(vectors, vector-like fermions, scalars), 
• additional pNGBs / an extended scalar sector. 
• deviations of the Higgs couplings from their 

SM values of O(v/f).

Motivation for a composite Higgs 

Running of the new 
strong coupling

αs

mh

H

ΛHC=g*f~few TV

1019GeV

Mpl

eV

eV

125 GeV“Higgs”

O(few TeV)

f > 800 GeV

f

(𝜓𝜓)

T’

ρ, ρµ

𝝅’?

a’??
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http://inspirehep.net/record/193935


A wish list to construct and classify candidate models: 
Underlying models of a composite Higgs should 

• contain no elementary scalars (to not re-introduce a hierarchy 
problem), 

• have a simple hyper-color group, 
• have a Higgs candidate amongst the pNGBs of the bound states, 
• have a top-partner amongst its bound states (for top mass via partial 

compositeness), 

The resulting models have several common features: 
• All models contain two types of underlying fermions. 
• All models predict SM neutral, electroweak and colored pNGBs 

beyond the Higgs multiplet.

Composite Higgs Models: Towards underlying models

14

Gherghetta etal (2015), Ferretti etal (2014), PRD 94 (2016) no 1, 015004, JHEP 1701, 094

http://inspirehep.net/record/1266277
http://inspirehep.net/record/1272866
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Additional model: SU(3) with 8x(F,F) [Appelquist,Ingoldby,Piai (2021)]
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EW sector: SU(5)→SO(5) 

• 14 pNGBs in a (3,3), a (2,2) and a (1,1) of SU(2)L x SU(2)R  
an EW singlet, the Higgs, and                                                            ,  

• Couplings: 
SS’V: gauge interactions (fixed; relevant for production; or cascade decays) 
SVV’: WZW interactions (tiny; relevant for decay) 
Sff’:  explicit symmetry breaking terms (tiny; relevant for decay) 

• Single-production of EW pNGBs is strongly suppressed. 

• Pair-production is generically dominated by Drell-Yan pair production. 

• For  a given model, the WZW coefficients are fixed, and thus branching fractions of pNGB decays to 
EW gauge bosons are determined. 

• Decays to 3rd generation quarks arise from a different source. 

• Typically dominant pNGB decay channels: 

q

q̄0

W+

⌘�
5

⌘++
5

⌘0
3

⌘+
3

W+

�

W+

�

�

Z

W�

Figure 3: Examples of pNGB pair production via Drell-Yan processes with subsequent

decays into SM particles. MK: show intermediate state for ⌘03

MK: Placeholder: The SU(5)/SO(5) coset has been studied since the early days of compos-

ite Higgs models [1]. In the context of four-dimensional models with a microscopic descrip-

tion [2–4], it emerges as the minimal coset from the condensate h  i of two electroweakly-

charged hyperquarks if the  live in a real irrep of the hypercolor gauge group. A first

investigation of its LHC phenomenology was performed in Ref. [5], to which we refer for a

detailed description of the model. We summarize the most important points below.

The pNGBs in SU(5)/SO(5) form a 14 of SO(5), which decomposes as

14 ! (3,3) + (2,2) + (1,1) (4.1)

under SU(2)L ⇥ SU(2)R. We identify the (2,2) with the Higgs bidoublet. Following the

notation of Ref. [5], the bitriplet can be decomposed under the custodial SU(2)D as

(3,3) ! 5 + 3 + 1 ⌘ ⌘5 + ⌘3 + ⌘1. (4.2)

where

⌘5 = (⌘++
5 , ⌘+5 , ⌘05, ⌘

�
5 , ⌘��

5 ), ⌘3 = (⌘+3 , ⌘03, ⌘
�
3 ), ⌘1 = ⌘01. (4.3)

4.2 Phenomenology

Electroweak pNGBs are often studied in the context of exotic decays of VLQs [? ]. In this

work, we instead focus on the direct production. The dominant production mechanism

is Drell-Yan (DY) production: The vector boson fusion (VBF) pair production via gauge

couplings is subleading to DY [5] and the VBF single production is suppressed by a small

anomaly coupling. If the neutral pNGBs couple to quarks, they can be produced by gluon-

gluon-fusion analogously to the Higgs. However, MK: unsure about the reasoning on this.

Finally, in the fermiophilic case the ⌘0i and ⌘+i can be singly-produced in association with tt

or tb, respectively, which can be a relevant contribution if the couplings are large enough.

The typical signatures of the model depend strongly on whether the pNGBs are fermio-

philic or fermiophobic. We start the discussion with the fermiophobic case, where the phe-

nomenology is determined by the anomaly decays. The corresponding branching ratios are

shown in Fig. 4. The ⌘++
5 can only decay by

⌘++
5 ! W+W+. (4.4)
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gluon-fusion analogously to the Higgs. However, MK: unsure about the reasoning on this.

Finally, in the fermiophilic case the ⌘0i and ⌘+i can be singly-produced in association with tt

or tb, respectively, which can be a relevant contribution if the couplings are large enough.

The typical signatures of the model depend strongly on whether the pNGBs are fermio-

philic or fermiophobic. We start the discussion with the fermiophobic case, where the phe-

nomenology is determined by the anomaly decays. The corresponding branching ratios are

shown in Fig. 4. The ⌘++
5 can only decay by

⌘++
5 ! W+W+. (4.4)
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fermiophilic scenario fermiophobic scenario

The singly charged states decay to

⌘+3,5 ! W+�, W+Z, (4.5)

of which the first channel dominates with Br(⌘+3,5 ! W+�) ⇡ cos2 ✓W ⇡ 78% [5] for both

multiplets. The neutral singlet and quintuplet can decay by

⌘01,5 ! ��, �Z, ZZ (4.6)

with comparable branching ratios, see Fig. 4b. While the ⌘01,5 also couple to W+W�,

the corresponding branching ratios are strongly suppressed by (v/f )4, so we neglect this

channel in the following. Finally, the ⌘03 is CP-even and thus has no couplings to the

anomaly. It will therefore undergo three-body decays via o↵-shell pNGBs,

⌘03 ! W+W��, W+W�Z via ⌘±(⇤)
3,5 (4.7a)

⌘03 ! Z��, ZZ�, ZZZ via ⌘0(⇤)1,5 (4.7b)

There is an interesting cancellation taking place in the three-body decays: In the limit

✓ ! 0, the contributions to Eq. (4.7a) cancel exactly if m3 = m5. The same holds for

Eq. (4.7b) if m1 = m3 = m5. Thus, if the pNGBs are mass-degenerate, the ⌘03 is stable.

In practice, however, we expect at least a small splitting, so ⌘03 decays promptly to three

vector bosons. The main e↵ect on the phenomenology is that the decays through the

charged channel Eq. (4.7a) are suppressed if m1 � m5 & m3, which we will explore further

in Sec. 4.3.

The discussion so far covers the case where the multiplets are very close in mass, but

the splittings between the multiplets might be up to O(100 GeV), in which case chain

decays between the multiplets are important. Assuming for example m5 > m3 > m1, we

have

⌘++
5 ! W+⌘+3 , ⌘+5 ! Z⌘+3 , W+⌘03, ⌘05 ! W±⌘⌥3 , Z⌘03, (4.8a)

⌘+3 ! W+⌘01, ⌘03 ! Z⌘01, (4.8b)

where the W, Z might be o↵-shell. Note that the quintuplet does not couple to the singlet.

In Fig. 4, we compare the branching ratios into dibosons with the chain decays. The latter

become dominant around a splitting of 30-40 GeV. Two exceptions to this are the ⌘++
5 ,

whose anomaly coupling is suppressed by s2✓, and the ⌘03, for which the anomaly-induced

decays are irrelevant as soon as any chain decay channels are accessible.

If the model is fermiophilic, the decays to third-generation quarks dominate over the

loop-induced anomaly decays,

⌘+3,5 ! tb̄, ⌘01,3,5 ! tt̄, bb̄. (4.9)

From ??, we expect Br(⌘0i ! tt̄)/Br(⌘0i ! bb̄) ⇡ (mt/mb)2, so ⌘0i ! tt̄ dominates above

the 2mt threshold. For the doubly-charged pNGB, it turns out that the three-body decay

⌘++
5 ! W+tb̄ (4.10)
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Production cross sections in SU(5)→SO(5) models:  

Figure 3: Cross sections for the Drell-Yan production of SU(5)/SO(5) pNGBs at the LHC

with
p

s = 13 TeV, assuming the same mass for all states of the custodial singlet, triplet,

and quintuplet. Note that the ⌘
0
1⌘

0
5 combination is not allowed as they are both parity-odd.

(iii) Couplings of one pNGB to SM fermions, in the form of Eq. (2.4), where only top and

bottom appear following top partial compositeness. These couplings depend on the

properties of the top partners, and they are classified in Ref. [10].

The couplings (i) are responsible for Drell-Yan pair production, which dominate as (ii) and

(iii) lead to very small cross sections. The cross sections of all pNGB pairs as a function

of a common mass are shown in Fig. 3, which include a K-factor of 1.15 arising from QCD

corrections [92]. Finally, all types of couplings determine the decay patterns of the scalar

pair. We illustrate an example in Fig. 4. Besides the cascade decays, which are relevant for

large enough mass splits between multiplets, the final states match the di-scalar channels

discussed in Sec. 2. In particular, when couplings to fermions are present, they tend to

dominate over the decays to gauge bosons.

The LHC signatures of pNGB pair production depend strongly on whether the pNGBs

are fermiophilic or fermiophobic. We start the discussion with the fermiophobic case, in

which case interactions to the EW gauge bosons are relevant. The corresponding branching

ratios are shown in Figs. 5 and 6. For the lightest multiplet and near-degenerate masses, the

anomaly couplings determine decays into a pair of EW gauge bosons, with the exception

of ⌘
0
3. At the leading order in v/f , only decays involving neutral gauge bosons appear.4

Hence, the singly charged states decay as

⌘
+
3,5 ! W

+
�, W

+
Z , (3.4)

with dominant photon channel as Br(⌘+3,5 ! W
+
�) ⇡ cos2 ✓W ⇡ 78% [10] for both mul-

tiplets, as shown in Figs. 5c, 6a and 6b for small mass split. The neutral singlet and

quintuplet can decay as

⌘
0
1,5 ! ��, �Z, ZZ , (3.5)

4
This is due to the fact that the only gauge-invariant operator appears for the neutral triplets,

�aW a
µ⌫B̃

µ⌫
, where B contains the hypercharge gauge boson. Couplings with only W±

need two inser-

tion of the Higgs VEV, hence they are suppressed by v2/f2
 .
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Branching fractions in SU(5)→SO(5) models (fermio-phobic scenario):  

(a) Decays of ⌘
0
1 for m1 = 600 GeV > m3 (b) Decays of ⌘

++
5 for m5 = 600 GeV > m3

(c) Decays of ⌘
+
5 for m5 = 600 GeV > m3 (d) Decays of ⌘

0
5 for m5 = 600 GeV > m3

Figure 5: Overview of the pNGB decays in the fermiophobic case. The mass of the

decaying particles is set to 600 GeV. The heavier state decays either via the anomaly into

di-boson final states or via an (o↵-shell) gauge boson into a lighter pNGB.

The two exceptions to this rule of thumb are ⌘
++
5 as shown in Fig. 5b, whose anomaly

coupling is suppressed by v
2
/f

2
 , and ⌘

0
3, for which the anomaly-induced three-body decays

are irrelevant as soon as any cascade decay is accessible. We note, for completeness, that

the quintuplet does not couple to the singlet in the model considered.

We turn now to the fermiophilic case. We assume here that only couplings to quarks

are present. One expects that the couplings in Eq. (2.4) scale like the quark masses, e.g.


⌘0i
t = c

i
t
mt

f
, 

⌘0i
b = c

i
b
mb

f
and 

⌘+j
tb = c

j
tb

mt

f
, (3.9)

where the c coe�cients 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. Hence, we consider for this scenario the decays

⌘
+
3,5 ! tb̄, ⌘

0
1,3,5 ! tt̄, bb̄ . (3.10)

From Eq. (3.9), the tt̄ channel dominates over bb̄ above threshold. In the case of ⌘
++
5 , it

turns out that the three-body decay

⌘
++
5 ! W

+
tb̄ (3.11)

– 16 –
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Branching fractions in SU(5)→SO(5) models (fermio-phobic scenario):  

(a) Decays of ⌘
+
3 for m5 � m3 = 600 GeV > m1 (b) Decays of ⌘

+
3 for m1 � m3 = 600 GeV > m5

(c) Decays of ⌘
0
3 for m5 � m1 > m3 = 600 GeV (d) Decays of ⌘

0
3 for m1 � m5 > m3 = 600 GeV

Figure 6: Overview of the pNGB decays in the fermiophobic case (continued from Fig. 5).

The neutral triplet component decays into three gauge bosons, as it does not couple to the

anomaly.

via an o↵-shell ⌘
+
3,5 is dominant over the decay to W

+
W

+. In case of m5 > m3 also the

decay ⌘
++
5 ! W

+(⇤)
⌘
+
3 becomes important. We have checked that for mass di↵erences

below 25 GeV the decay into quarks clearly dominates and for a mass di↵erence of 50 GeV

the modes W
+
tb̄ and W

+(⇤)
⌘
+
3 are of equal importance. For larger mass di↵erences the

latter mode is the most important one. Here we have assumed that the coe�cients c are

equal to one.

3.2 LHC bounds in the fermiophobic case

As a first step, we consider only the quintuplet ⌘5 and apply the simplified model bounds

from Sec. 2, where we found that final states with multiple photons and at least one W/Z

yield the strongest constraints. In Fig. 7a 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 we find that masses below 340 GeV are

excluded, with the strongest bound coming from ⌘
±
5 ⌘

0
5 ! W���. In addition, we perform

a full simulation in which all states contained in the quintuplet are pair-produced and

decayed according to the specific model under study. The solid green line denotes the sum

– 17 –
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(a) Bounds from individual channels (b) Bounds from sum of multiphoton channels

Figure 7: Application of the model-independent bounds to a specific model, the custodial

quintuplet ⌘5 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.

over all pair production cross sections of the quintuplet. The dashed green line shows the

corresponding 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, the bound on the mass mS is 485 GeV and thus significantly stronger

than the bounds obtained from individual channels. The apparent discrepancy between

simplified models and the full simulation stems from the fact that all multi-photon channels

populate the same signal region of the search [70] that yields the dominant bound. Also, all

multi-photon channels have a similar upper limit, indicating that the signal acceptances are

comparable. Adding up the various signal cross sections with two or more photons results

in the blue line shown in Fig. 7b. Comparing this summed cross section with the bounds

from di↵erent multi-photon channels (see the shaded area in Fig. 7b) yields an estimated

bound on mS of 460 � 500 GeV, in agreement with the result of the full simulation. This

example shows the usefulness (and limitations) of the simplified model bounds and how

they can be combined in the context of a particular model.

In a second step, we take all multiplets into account and consider scenarios with fixed

mass di↵erences. We study the following benchmark scenarios, characterised by varying a

single mass scale mS :

S-eq: m3 = mS � 2 GeV, m5 = mS , m1 = mS + 2 GeV ; (3.12a)

S-135: m1 = mS � 50 GeV, m3 = mS , m5 = mS + 50 GeV ; (3.12b)

S-531: m5 = mS � 50 GeV, m3 = mS , m1 = mS + 50 GeV ; (3.12c)

S-351: m3 = mS � 50 GeV, m5 = mS , m1 = mS + 50 GeV . (3.12d)

The choice of 50 GeV is motivated by the fact that the mass splits are expected to be a

– 18 –
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Resulting bounds in full SU(5)→SO(5) model scenarios 

(a) Scenario S-eq (b) Scenario S-135

(c) Scenario S-531 (d) Scenario S-351

Figure 8: Bounds on the pNGB masses for the Drell-Yan production of the full bi-triplet

for multiple benchmark mass spectra defined in Eq. (3.12). In (a), all masses are ap-

proximately equal. In the remaining panels, there is a 50 GeV mass split between the

multiplets.

fraction of the Higgs VEV. The phenomenology di↵ers in each case: In S-eq, all particles

decay via the anomaly and ⌘
0
3 exhibits three-body decays. We introduce a small mass split

of 2 GeV to avoid the cancellation for some ⌘
0
3 decays discussed below Eq. (3.7). In S-135

and S-531, the heavier states decay into the next lighter states or di-bosons, while the

lightest states only have anomaly decays. Finally, in S-351 both ⌘1 and ⌘5 decay into the

triplet, and ⌘
0
3 decays into three vector bosons.

We present the bounds on the mass parameter mS for the four benchmark scenarios in

Fig. 8. In orange, we show the sums over all scalar pair production cross sections �95 that

would be needed to exclude the model at 95% CL at each parameter point. As discussed

above, the strongest bounds come from multi-photon channels, with Ref. [70] being the

dominant analysis, cf. Tab. 4 in Appendix A.2. The kink in �95 is due to a change in

dominant signal region within the same analysis. The actual sum over all pair production

cross sections is drawn in blue. The bounds range from 640 GeV for S-135 to 720 GeV

for S-153. The case S-eq can be understood by adding the additional channels due to

the triplet and using the same procedure as in case of the pure quintuplet. The fact that
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Resulting bounds in full SU(5)→SO(5) model scenarios 

Figure 9: Bounds on the pNGB masses for the Drell-Yan production of the custodial

triplet ⌘3 and singlet ⌘1 with the quintuplet ⌘5 decoupled (scenario S-31). Depending

on the mass hierarchy, the pNGBs decay either into di-bosons or into one vector boson

and a lighter pNGB. The heatmap and the dotted contours show the total cross section.

The bounds are obtained from Ref. [70], with the dominant signal region indicated by the

marker symbol. The 95% and 68% CL exclusion contours are drawn in solid black and

gray, respectively.

the ⌘
0
3 decays only via three-body modes is of lesser importance for final states containing

photons. The di↵erent bounds for the other scenarios considered are due to the relative

size of the cross section for the triplet and quintuplet. In the case where the quintuplet is

heavier than the triplet, the decay ⌘
++
5 ! W

+⇤
⌘
+
3 leads to additional photons stemming

from the ⌘
+
3 decays that increase the bound compared to the scenarios in which ⌘

++
5 decays

only into W
+
W

+.

Finally, we consider a third case where one of the multiplets is e↵ectively decoupled,

and define two benchmarks:

S-31 : m5 � m3,1 ; S-35 : m1 � m3,5 . (3.13)

The case m3 � m1,5 is already covered by our first example of this section since the singlet

and quintuplet do not couple and only the quintuplet members are produced via Drell-Yan

processes. For both scenarios, we scan over the two light masses with a mass split of up

to 200 GeV and simulate the Drell-Yan production of two pNGBs. In Fig. 9, we show

the results for S-31 in the m3-�m13 plane, where �m13 = m1 � m3. In addition to the

exclusion contours at 95% CL (solid black) and 68% CL (solid gray), we also show the sum

over pair production cross sections as a heatmap with dotted contours. This highlights

interesting features in the form of regions where the bounds deviate from the cross section

contours. Following the 95% CL bound, we identify three such regions: In the lower half,

the triplets decay to the singlet and the final state is determined by the anomaly decays of
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Resulting bounds in full SU(5)→SO(5) model scenarios (fermio-philic scenario) 
CH: EW pNGBs - bounds from the LHC                          

Figure 12: Bounds on the pNGB masses for the Drell-Yan production of the full bitriplet

with decays to third-generation quarks.

scales µR = µF = (mt + mb + mS+)/3 as this gives a K-factor very close to 1 [99]. For

the other plots we have taken the cross sections from the Higgs Xsection working group

[100, 101] and have rescaled the Yukawa couplings accordingly. We see that currently we

do not get any bounds except for c = 5 and f = 1 TeV in the 4 t channel, Fig. 11b, which

gives a bound of about 640 GeV on mS0 . This corresponds to a rather small fraction of

the available parameter space and if one reduces (c = 5)/(f = 1 TeV) by a factor ' 1/
p

3

one does not get any bound.

We now turn to Drell-Yan pair production, for which we give our results in Fig. 12.

Here we have assumed that all pNGBs have the same mass and all factors c = 1 (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. They are dominated by Ref. [72]

implemented in CheckMATE. Note that CheckMATE uses the signal region with the strongest

expected bound and reports the corresponding observed bound as the final result. Using

this standard procedure, one obtains the bound given by the solid orange line. However,

this can lead to di�culties if observed and expected bounds di↵er significantly leading to

the kinks at mS = 350 GeV and 450 GeV. Modifying the procedure such that always the

strongest observed bound is taken, one obtains a smoother curve for the limit, shown by

the dashed orange line. This yields a somewhat stronger bound of about 500 GeV. We

detail the di↵erences of these procedures in Appendix A.1.

4 Conclusions and outlook

In this work, we investigate the bounds on the Drell-Yan pair production of scalar bosons

that carry electroweak charges at the LHC. We first consider all possible channels in a sim-

plified model approach, leading to 32 distinct channels: 24 containing four vector bosons,

and 8 with top and bottom quarks. The two scenarios arise from fermiophobic and fermio-

philic models, respectively. The only channels that have dedicated searches contain doubly
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Outlook:  
There is a lot of  room for improvement 

 in many diboson channels

(a) Scalar pair with decays to quarks (b) S
++

S
�� and S

±±
S

⌥ with di-boson decays

(c) S
+
S

� with di-boson decays (d) S
±

S
0 with di-boson decays

(e) S
0
S

00 with di-boson decays with � 2 pho-
tons

(f) S
0
S

00 with di-boson decays with  1 photons

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)-(f) two vector bosons.

Both scalars are assumed to have the same mass. The analyses contributing to the bounds

are Refs. [68–83] (see Tab. 3 and Tab. 4 in Appendix A for details). The numerical values

of the limits are available on https://github.com/manuelkunkel/scalarbounds.
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Outlook: 
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Figure 4. We defined the signal XS as a free parameter. The value of XS was then calculated as 2
sigma and 5 sigma significance at the HL-LHC with L = 3 ab�1(left), L = 139 fb�1(right).
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Figure 5. A schematic architecture of the convolutional neural network (CNN) used in this paper.
The separate DNN chain in the right-upper corner is used only when the kinematic variables are
included.

m1 m4

m6

m3

m5

m2

0 0

0

0

0
0

m1 m4

m6

m3

m5

m2

1 1

1

1

1
1

GraphConv Sigmoid
p

GraphConv GraphConv

m1 m4

m6

m3

m5

m2

N N

N

N

N
N

X1 X4

X6

X3

X5

X2

0 0

0

0

0
0
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sigma and 5 sigma significance at the HL-LHC with L = 3 ab�1(left), L = 139 fb�1(right).
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Preliminary

Using CNN and jet images, sensitivity to doubly charged scalar 
production with fermio-philic decays can be substantially improved.  

Channel: S++S�� ! W+tb̄W�t̄b in SSL + jets
<latexit sha1_base64="mtVpin/G33pwPIas2o+WA5kaRos="></latexit>

[with Jeong Han Kim, Pyungwon Ko, Werner Porod, et al.]
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• We presented a survey of current constraints on BSM di-scalar pair 
production through the Drell-Yan process in manifold decay channels. 

• Very few of these di-boson channels are directly targeted by 
experimental searches. 

• Constraints were obtained by using all recast LHC searches and 
measurements available in MadAnalysis5, CheckMATE and Contur. 

• We applied constraints to a composite Higgs model with underlying 
fermionic field content, but results are presented “as model-
independent as possible”. 

• While existing searches set some bounds to di-scalar pair production, 
dedicated searches can promise discovery potential in several di-boson 
decay channels, which deserve further investigation.
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Figure 2: Upper limits on the cross section times branching ratio of the Drell-Yan production
of electroweak pNGBs. The bounds are obtained from recasts implemented in Contur and
MadAnalysis5 except for the ones presented in [63]. The reference cross sections � for
pair production are calculated for a custodial quintuplet from a benchmark model that is
discussed in detail in Sec. 4.

against the SM measurements implemented in Rivet [84] version 3.1.5 and have calculated
exclusions from the respective YODA files with Contur [85, 86]. Here, we have used all
available analyses in Contur version 2.1.1, as well as Refs. [65, 66, 87] from the upcoming
release 2.2.1.

For final states with quarks (in particular top quarks) we found BSM searches im-
plemented in MadAnalysis5 to be the most constraining.∗ In contrast, in case of vector
boson final states, we obtain the bounds in general from measurements implemented in
Rivet, on which Contur is based. In Fig. 2 we present the bounds on the pair-production
cross section times branching ratio for various final states. Beyond our recast results,
we also included the results of the ATLAS search for pp ! S

++
S
��

! WWWW and
pp ! S

±±
S
⌥

! WWWZ [63] for completeness. In Tab. 2 we give the most sensitive
Contur pools for the various vector boson final states. In the case of quark final states the
strongest bounds stem from the four-top search CMS-TOP-18-003 [90], which is implemented
in MadAnalysis5 [91].

For reference, in Fig. 2 we also show the production cross section for members of a

∗An analysis using BSM searches implemented in CheckMATE [88, 89] is in preparation.
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EW pNGBs (Snowmass)                          

https://inspirehep.net/literature/2051222
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Figure 4: 95% CL limits in the {m , mS} plane for VLQs decaying to new pNGBs. Current
bounds (13 TeV, 36 fb�1) are shown by the solid lines while the projections for the high
luminosity LHC (3 ab�1) are shown in dashed lines (for details, see corresponding refer-
ences). Current experimental bounds on the masses of VLQs decaying to SM particles only
and the masses of spin-0 states produced in pairs are provided as horizontal and vertical
bars respectively. The hatched regions in the bars denote projections for 3 ab�1 luminosity.

reported in current experimental searches. In this case, results from Fig. 4 should be
accompanied by maps of experimental e�ciencies or upper limits on the cross-sections in
the same plane for each relevant decay channel of the VLQ.† The representation proposed in
Fig. 4 has thus the purpose to provide an overview and a general reference for where realistic
bounds can be placed. We also present the projected exclusions in the same channels for
high luminosity LHC (3 ab�1) [44, 106].

To allow an easy comparison with experimental results, current bounds (and future
projections for some cases) on the masses of VLQs decaying to SM particles and bounds on
the masses of pair-produced pNGBs have also been included as horizontal [100,114–116] and
vertical [63,117,118] bars respectively. Notice that except for the colour sextet ⇡6, a residual

†An explicit example of this kind of analysis has been proposed in [46] for pair production of X5/3

decaying to light leptons, not motivated by composite scenarios.
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color triplet VLQs (Snowmass)                          

https://inspirehep.net/literature/2051222
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Figure 14: Bounds on the pNGB masses for the Drell-Yan production of the full bitriplet

with decays to third-generation quarks.

bounds from SR13 and SR15 are very similar with SR15 being marginally more sensitive.

The default procedure then dictates using the observed bounds from SR15 for �95, although

they are significantly weaker than the ones from SR13. Given that the di↵erence in the

expected significance is small, we find it justified to use SR13 instead.

A.2 List of dominant analyses

In Fig. 2 in the main text, we present upper limits on the Drell-Yan production cross section

of electroweak scalars for a variety of decay channels. Due to the di↵erent topologies of

the resulting final states, the analyses that yield the strongest constraints di↵er among the

various channels. In this appendix we break down which analyses contribute to which decay

channel. Tab. 3 gives a brief description of the relevant analyses, including the recasting

tool they are implemented in and their respective tool-internal name. In Tab. 4, we then

list for each channel the analyses that give the dominant bound for at least one mass point.

The full information is available on https://github.com/manuelkunkel/scalarbounds.
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Resulting bounds in full SU(5)→SO(5) model scenarios (fermio-philic scenario) 

(Detailed view) 
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Analysis Description Recast

ATLAS JHEP [68]
139 fb�1

S
++

S
��

! 4W , S
++

S
�
! WWWZ;

2, 3 or 4 leptons, MET and jets
–

CMS PAS EXO-19-002 [69]
137 fb�1

Type-III seesaw and light scalars;
at least 3 charged leptons

MadAnalysis5

cms exo 19 002

ATLAS PRD 97 [70]
36.1 fb�1

Gauge mediated SUSY breaking;
(multi)photon and jets

CheckMATE

atlas 1802 03158

ATLAS JHEP [71]
139 fb�1

Measurement of prompt photon-pair
production

Rivet/Contur

ATLAS 2021 I1887997

ATLAS EPJ C 81 [72]
139 fb�1

RPV SUSY; many jets,
� 1 leptons and 0 or � 3 b-jets

CheckMATE

atlas 2106 09609

ATLAS EPJ C 81 [73]
139 fb�1

Squarks and gluinos;
1 lepton, jets and MET

CheckMATE

atlas 2101 01629

ATLAS EPJ C 79 [74]
3.2 fb�1 General search for new phenomena

CheckMATE

atlas 1807 07447

ATLAS JHEP [75]
139 fb�1

Bottom-squark pair production;
no leptons, � 3 b-jets and MET

CheckMATE

atlas 1908 03122

CMS PAS SUS-19-006 [76]
137 fb�1

Gluinos and squarks;
no leptons, multiple jets and MET

MadAnalysis5

cms sus 19 006

CMS-SUS-16-033 [77]
35.9 fb�1

Gluinos and stops;
no leptons, multiple jets and MET

MadAnalysis5

cms sus 16 033

ATLAS JHEP [78]
139 fb�1

Chargino-neutralino production;
MET and h ! ��

CheckMATE

atlas 2004 10894

ATLAS JHEP [79]
139 fb�1

Measurements of four-lepton
di↵erential cross sections

Rivet/Contur

ATLAS 2021 I1849535

ATLAS JHEP [80]
139 fb�1

Measurement of the Z(! `
+
`
�)�

production cross section
Rivet/Contur

ATLAS 2019 I1764342

ATLAS JHEP [81]
36.1 fb�1

Measurement of the Z(! ⌫⌫̄)�
production cross section

Rivet/Contur

ATLAS 2018 I1698006

ATLAS-CONF-2016-096 [82]
13.3 fb�1

Electroweakino production;
2 to 3 leptons, MET and no jets

CheckMATE

atlas conf 2016 096

CMS PAS SUS-16-039 [83]
35.9 fb�1

Electroweakino production;
� 2 leptons and MET

CheckMATE

cms sus 16 039

Table 3: Summary of the analyses that contribute to the simplified model bounds in

Fig. 2.
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“many tops”

“many bottoms”

“many photons”

“Z𝛾”


