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Motivation for a composite Higgs 
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 sector (?) . 
• deviations of the Higgs couplings from their 

SM values of O(v/f).
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Composite Higgs Models: Towards underlying models

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 several top partner multiplets. 
• All models predict SM neutral, electroweak and colored pNGBs 

beyond the Higgs multiplet.

Gherghetta etal (2015), Ferretti etal (2014), PRD 94 (2016) no 1, 015004, JHEP 1701, 094
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List of  "minimal" CHM UV embeddings

[JHEP1701,094]
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Colored pNGBs are generic in underlying models with a composite Higgs and top 
partners. 

• Suppose the Higgs is a composite state <𝜓𝜓>, then 𝜓 has to carry EW 
charge. 

• To get colored top partner bound states (<𝜓𝜓𝜒> or <𝜓𝜒𝜒>) requires 
additional underlying fermions 𝜒 which carry color. 

• Thus, underlying models also contain <𝜒𝜒> bound states which are colored. 

• Underlying models have been 
classified.  [Ferretti etal]  
ALL models contain a pNGB 
color octet bound state. 

•  As this state is a pNGB, it is 
likely to be the lightest colored 
BSM state in these models. 
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Color octet PNGBs: effective Lagrangian

• 𝚽 is single-produced in gluon fusion or pair-produced through QCD. 

• 𝚽 decays to gg, gɣ, gZ, tt with fully determined branching fractions into dibosons: 

• For Y𝞆 =1/3: gg/gɣ/gZ = 1 / .05 / .015, Y𝞆 =2/3: gg/gɣ/gZ =  1 / .19 / .06.  

• The resonance is narrow. 

Phenomenology

Effective Lagrangian:

-
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1 Introduction

2 Model and e↵ective Lagrangian description

We consider color octet scalar or pseudo-scalar (�) which is present in various extensions of

the Standard Model (SM) and in particular in composite models for the electroweak sector

where such a state can be a composite object made of fundamental fermions. The color

octet � can be pair-production at the LHC via its QCD interactions. Due to its nature

and and depending on its quantum numbers, in composite models, it can couple to top

quarks and give rise (at one loop level through a top loop or through Wess-Zumino-Witten

interactions) to a coupling to two gluons, a gluons and a photon, or a gluon and a Z boson.

For our concrete studies in this article, we use the Lagrangian for a pseudo-scalar [? ]
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, (2.1)

where the covariant derivative contains QCD interactions with gluons.

The color octet can decay into tt̄, gg, g�, or gZ. In underlying models considered in

[? ], the color octet arises as a bound state of color-triplet fermions � with hypercharge

1/3 or 2/3, and the ratio B/g = 2Y� is fixed, which in turn fixes the branching fractions

amongst the bosonic final states. They are given in Table 1. We will use these branching

fractions as benchmarks, but results will be presented also for generic B/g.

– 1 –

where in CH UV embeddings:  
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Current constraints from pair production:

Using ATLAS & CMS searches for dijet-pairs: e.g. CMS-EXO-17-021 , ATLAS-SUSY-2016-09 
 2 di-top resonance searches: e.g. CMS-EXO-13-08 , ATLAS-EXO-2013-16  
and the 4t-sgluon search recast  Fuks etal (2018). (see JHEP 05 (2020) 027 for full list of references)
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Current constraints from single production:

Figure 3. Current experimental bounds on the production cross section of tt̄, jj, and j� resoances
as a function of the resonance mass. As a reference we give the single-production cross section of
� for g/f� = 10 TeV�1 as a function of M�. The production cross section scales with (g/f�)2.

production cross section at
p
s = 13 TeV.

Figure 4. Bounds on the single-production cross section in pb of color octets in the m� vs. Ct/g

parameter space for B/g of 2/3 and 4/3 which imply branching ratios as given in Table 1. The
contours show the bound on the � production cross section in pb at LHC with

p
s = 13 TeV. The

dark-blue areas are excluded from pair-production searches. In the grey areas, the strongest bound
arises from tt̄ resonance searches. The light red (light cyan) areas, the currently strongest bound
arises from di-jet (jet-�) searches.

Alternatively, we can translate the bounds as bounds on (g/f�) as shown in Fig. 5.

Other alternative: We focus on the small Ct region and give plots as function of Y� (or

of B if we don’t want to make explicit reference to underlying models and fermions). Fig.

6 shows the bounds on the production cross section in pb (left) and the value of g/f� for

the case Ct = 0.

NOTE: The comparison between is the di↵erent channels is not a “fair” comparison,

as the gg bounds include a 139 fb�1 search, while tt̄ and �g bounds are still based on 36

fb�1 searches.

– 4 –

Channels with 
the strongest 
bound: gg (red), 
gɣ (cyan), tt 
(gray).  
Contours give 
bounds on 𝜅g/f𝚽 
in TeV-1.

Using ATLAS & CMS searches for 
dijets, ditops, and excited quarks.  
(see JHEP 05 (2020) 027 for full list of references) 

�ref
� has

g

f�
= 10 TeV�1
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Note: 
• From underlying models, we expect ~TeV scale mass.  

We are only now starting to probe the interesting parameter space. 
• For pair-production, only the (jj)(jj) final state is directly covered by 

existing searches.  
For (tt)(tt), recasts are required for the latest ATLAS and CMS 
searches (see Fuks etal (2018)). 

• Pair-production channels involving 𝚽→ g𝛾 decays are not yet 
searched for, and they have high discovery potential.-
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Colored PNGBs, LHC prospects for  𝚽→ g𝛾

CMS performed a search for di-jet pairs CMS-

EXO-17-021. We are interested in the same topology 
with one or two jets replaced by photons.

p

p

�

�

g

�/g
g

�/g

We closely mimic the CMS search strategy with minimal adaptations to 
the replacement of jets with photons, demanding pT,sum > 1.5 TeV and 
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Colored PNGBs, LHC prospects for  𝚽→ g𝛾
For simulation of backgrounds and signals we generate events with Madgraph5, showered with Pythia 8, and 
Delphes 3 (with the CMS Delphes card, and the JetFakeParticle module with a jet-to-photon fake rate of 10-4 ). 
Jets are reconstructed with Fastjet, using the anti-kt algorithm with R=0.4 and pT = 20 GeV. 

• For the 4j channel, we use backgrounds provided by the CMS study. 
• For the jjja channel, the dominant background is SM 4j with one jet misidentified as a photon. 
• For the jaja channel, the dominant background is SM jjj𝛾 background with one jet misidentified as a photon. 

We define 4 benchmark points with 

jjjj jjja jjaa

final state Nj � 4 Nj � 3, Na = 1 Nj � 2, Na = 2

pT cuts pjT > 80 GeV pjT > 150 GeV, paT > 50 GeV

pairs id. min.
P

i=pairs |�Ri � 0.8| min. �Ra1ji

asymmetry
|mjj1�mjj2 |
mjj1+mjj2

< 0.1 |mja�mjj |
mja+mjj

< 0.1

parameters |⌘jj1 � ⌘jj2 | < 0.1 |⌘ja � ⌘jj | < 0.1

binning none mja mja1

Table 3. Cut flow for the 3 final states, where the multi-jet one follows closely the CMS pair
di-jet search of [21].

jjaa background from our simulation as a function of the pT of the subleading photon.

Similarly to ja purity in Fig. 6, it exhibits a plateau at intermediate pT regime. However,

it also exhibits a gradual decline with increasing pT : this can be attributed to the fact that

the photons in pp > jj�� events are mainly due to radiation and are not necessarily char-

acterised by high pT , while a high pT jet faking a photon is more probable for pp > jjj�.

This implies that both backgrounds have to be considered for the signal corresponding to

the jjaa final state.

3.2 Signal and background acceptances

With an understanding of the di↵erent backgrounds, we proceed to estimating background

and signal e�ciencies corresponding to the event selection requirements. For the signal,

we consider the following benchmark points, expressed in terms of masses and 14 TeV pair

production cross section, (M� [GeV],�pair [fb]):

BP1 :: (900, 74.2), BP2 :: (1000, 34.4), BP3 :: (1100, 16.7), BP4 :: (1200, 8.3).

These points are not yet excluded by the current searches, as shown in the previous section,

in particular by the pair-dijet resonance search. To validate our analysis, we also consider

a point at the edge of the excluded mass range:

BP0 :: (700, 400).

Like for the background, the parton level signal events are simulated at 14 TeV using

MADGRAPH [40] and showered by PYTHIA 8 [37]. We use the CMS card for DELPHES

3 [38] for the detector simulation. The jets are reconstructed using FASTJET [40], following

the anti-kt algorithm with R = 0.4 and pT = 20 GeV.

First, for the multi-jet final state, we closely follow the CMS pair-dijet search of [21]

by means of the cuts outlined in the second column of Table 3. We select events with at

least 4 jets with pT > 80 GeV. In order to select the two best di-jet pairs compatible with

the signal, the four leading jets, ordered in pT , are combined to create three unique com-

binations of di-jet pairs per event. Out of the three combinations, the di-jet configuration
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Significances are determined using a binned sensitivity function on the reconstructed resonance mass:

M� = 900 GeV M� = 1200 GeV

Figure 8. Distribution of the invariant masses mj� of the two pairs for M� = 900 GeV (left) and
1200 GeV (right). See text for description.

therefore, content ourselves with identifying the correct pairing of photons and jets: after

ordering the photons in pT , we calculate the angular distance from the two jets and select

the jet with the minimal value. The e↵ectiveness of this strategy is shown in Figure 8,

where we show the invariant masses of the two pairs for BP1 (M� = 900 GeV) and BP4

(M� = 1200 GeV). As it can be seen, both distributions nicely peak on the physical mass

of �.

3.3 Signal sensitivities

With an estimation of the collider e�ciencies for the signal and the background, we are in

a position to compute the respective signal sensitivity. It must be pointed here that the

acceptances for signal and backgrounds in Table 4 are calculated naively using the events

which satisfy the corresponding signal selection criteria. Since the mass of the underlying

resonance is an unknown parameter, it is beneficial to define a variable sensitive to local

variations in event multiplicities without biasing oneself to restricted regions of signal phase

space. This can be put into practice by the definition of the following binned sensitivity

[41]:

Zbin =

sX

i

✓
2(si + bi) log


1 +

si
bi

�
� 2si

◆
, (3.2)

where i runs over the bins and computes the signal and background events for a given

observable in each bin. This facilitates a comparison of the signal and background events

in each bin and is sensitive to the presence of signal events reconstructed away from the pole

mass. This takes into account signal events which could have ordinarily been missed due

to mass selection around the pole. Moreover it o↵ers a fairly democratic search strategy as

the mass of the underlying resonance is unknown. Note that, since the variable Zbin is a

bin wise comparison, the bins which do not contain signal events do not contribute to the

sensitivity and hence do not a↵ect its computation.

eters, however this would reduce too much the background events in our simulation.

– 15 –

12/19



Colored PNGBs, LHC prospects for  𝚽→ g𝛾

3 Photons in color octet pair production: collider strategy

As we have seen in the previous section, photons from the color octet decays can play a very

relevant role in the phenomenology, and searches in single production can be reinterpreted

in this framework. However, no pair-production search based on photons exists so far. In

this section we will cover this gap and establish a strategy to set up this kind of searches

at the LHC (including the HL-LHC run) and at future higher-energy hadron colliders

(FCC-hh).

In this pursuit, we are particularly interested in scenarios where the � ! gg is the

dominant decay mode, thus we will set Ct = 0 (BR(� ! t̄t) = 0) in the following. While

searches exist in the multi-jet final state for pair produced scalars, it must be noted that

they are beset by a large irreducible QCD background. We will, therefore, consider final

states with one or two photons and compare the sensitivity in these channels to the multi-jet

one. To facilitate the comparison, we define ratios of signal significance as follows

�ggg� ⌘ Zggg�

Zgggg

=
Sggg�/

p
Bjjja

Sgggg/
p
Bjjjj

, �gg�� ⌘ Zgg��

Zgggg

=
Sgg��/

p
Bjjaa

Sgggg/
p
Bjjjj

, (3.1)

where the sensitivities Zx are simplistically defined as ratios of the number of signal events

Sx divided by the square root of the background events Bx. Note that we use g and �

to indicate parton level gluon and photon in the signal, while we use j and a to indicate

detector reconstructed jet and photon in the background to take into account fakes. We

will use this ratio as an indicator of the relevance or dominance of the photon final states

over the purely hadronic mode: it is evident in the simplistic definition of significance that

the ratios are proportional to ratios if branching ratios. In the latter part of this section

we will eventually adapt a more generalized version for the estimation of signal sensitivity,

as we will discuss later. The analysis developed can be extended to any model that has a

g� decay mode, thus we will give results for the benchmark models in Table 1, as well as

for general values of BR(� ! g�)/BR(� ! gg).

The first step in this direction corresponds to determining the backgrounds and the

corresponding fake rates for the jjja and jjaa final states. The fake rate is due to the

multi-jet background where a photon is radiated by the quark fragmentation or a jet is

mistagged as a photon. Given the large production cross sections for the multi-jet processes,

these fake rates must be understood to a fair degree of accuracy. We begin with a detailed

study of the di↵erent backgrounds relevant for our analysis.

3.1 Background estimation

To correctly estimate the backgrounds, it is crucial to estimate the expected fake rates

in the signal regions. Since the multi-jet scenario is relatively complicated, as a proof of

concept we first consider the purity of a pp ! ja sample. To do so, we generated two

samples of events:

1) pp > j� (pure sample); 2) pp > jj (fake sample);

– 10 –
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Colored PNGBs, LHC prospects for  𝚽→ g𝛾

Contours indicate required integrated luminosity in fb-1 @ LHC.  
(The projection is based on a naive, non-optimized cut scheme, closely following the two di-jet 
search CMS-EXO-17-021). 

(j𝛾)(j𝛾)   
is best

(jj)(jj)   
is best

(j𝛾)(jj)   
is best

[JHEP 05 (2020) 027]
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Color sextet PNGBs: effective Lagrangian

• 𝜋6 carries charge 4/3. 

• 𝜋6 is pair-produced through QCD. Single production is only possible via top-fusion. 

• 𝜋6 decays exclusively to t t . 

• The resonance is narrow. 

Effective Lagrangian:

15/19

that dominates. This coupling is in fact related to the degree of compositeness of the

left-handed doublet (which contains also the left-handed top), which is required to be of

order 1 to generate a large enough top mass. On the other hand, the coupling to the

right-handed bottom is suppressed by the small compositeness of the bottom, thus being

smaller by a factor of mb/mt than the other chirality coupling. In addition to this, in

models within the classification of Ref. [26] the X5/3 belongs to a SU(2)L doublet while

the ⇡6 is a singlet, thus the right-handed coupling is suppressed by an additional factor of

v/f ⌧ 1 with respect to the left-handed coupling (v is the electroweak scale while f is the

decay constant of the pNGBs). The latter suppression can, however, be changed in other

models where the composite states belong to a di↵erent multiplet of SU(2)L: for instance,

if the ⇡6 belonged to an SU(2)L doublet, the v/f factor would appear in the left-handed

coupling, thus it could balance the mb/mt suppression. The same case would occur if X5/3

were a singlet. For simplicity, however, in the following we will only consider couplings

to the left-handed bottom. Regarding the coupling to the tW+, it is always generated by

a mixing proportional to v, thus the dominant chirality will only depend on the SU(2)L
representation the X5/3 belongs to: right-handed top for a doublet and left-handed top for

a singlet.

The X5/3 branching ratios depend on the size of the e↵ective couplings X⇡6,L/R
and

XW,L/R as well as the mass ratios MX5/3
: M⇡6 : mW . In underlying models, various

branching ratios can be realized, including dominance of X5/3 ! tW+, dominance of

X5/3 ! b̄⇡6, and comparable branching fractions [28]. For the phenomenological study

performed in this article, we thus treat the branching fraction as a free parameter.

The e↵ective Lagrangian for the ⇡6 couplings to SM particles is [28, 30]

L⇡6 = |Dµ⇡6|2 �M2
⇡6

|⇡6|2 +
⇣
i⇡6

tt,R t̄⇡6(PRt)
c + L $ R+ h.c.

⌘
, (2.2)

where tc denotes the charge conjugate of the the top quark fields. In the underlying models

with an SU(2) singlet ⇡6, the coupling ⇡6
tt,L is suppressed by m2

t /f
2
⇡6

with respect to ⇡6
tt,R,

and the sextet decays as ⇡6 ! tt, with large dominance to right-handed tops [28].

2.2 X5/3 ! t�+
and X5/3 ! b�++

As a second example, we consider exotic decays of X5/3 in the presence of electroweakly

charged pNGBs, which for example are present in underlying models with SU(5)/SO(5)

breaking in the electroweak sector [29].

The e↵ective Lagrangian for the VLQ X5/3 and the charged scalar couplings reads [30]

LX5/3
= X̄5/3

⇣
i /D �MX5/3

⌘
X5/3 +

✓
XW,R

gp
2
X̄5/3 /W

+
PRt+ L $ R+ h.c.

◆

+
⇣
iX�+,L X̄5/3�

+PLt+ iX�++,L X̄5/3�
++PLb+ L $ R+ h.c.

⌘
. (2.3)

Again, the SU(2)L quantum numbers of X5/3, �
+, and �++ imply dominance of one chiral-

ity in the couplings : for X5/3 belonging to a doublet and �+,++ coming from triplets, the

dominant couplings are XW,R, 
X
�+,L, and X�++,L, with the others suppressed by an addi-

tional v/f . Moreover, the coupling involving a right-handed bottom X�++,R is suppressed

by the bottom Yukawa.

– 5 –
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Color sextet PNGB can be searched for in the 4t channel 
(or same-sign lepton searches)

• The signature is really a pair of top-pair resonances. 
• Hadronic tops in the final state would  allow to reconstruct invariant masses, but backgrounds are large (SM tt~ + 

jets). ⇒ Challenging but not hopeless given the developments in ML and boosted-top tagging algorithms. 
• If two tops (or two anti-tops) decay leptonically, we have a same-sign lepton signature which has very low 

backgrounds (and searches are available).  
We recast the CMS search of CMS-B2G-17-014 (charge 5/3 top partner search in the same-sign lepton channel),  
and determine existing bounds as well as projected reach (for LHC with 3 ab). JHEP 1910, 134 

We recast the CMS search of CMS-B2G-17-014 (charge 
5/3 top partner search in the same-sign lepton channel),  
and determine existing bounds as well as projected reach 
(for LHC with 3 ab).  

Fun-fact: In SSL searches, 4t from color-octets 
and color-sextets can easily be distinguished via  
the SSL opening angle. 

16/19[JHEP1511,201]
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Color Vector-like Quarks (VLQs) and color PNGBs

Vector-like quarks (with charge 5/3, 2/3, -1/3, -4/3) are actively 
searched for at the LHC.  

X5/3  (with X5/3→ tW+): MX ≳ 1.3 TeV, 
T  & B:      Combined bounds on pair-produced top partners
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Figure 3: Observed (solid line) and expected (dashed line) 95% CL upper limits on the BB̄ cross-section versus
mass for the combination and the standalone analyses for the (left) singlet and (right) (T , B) doublet scenarios [8].
The shaded bands correspond to ±1 and ±2 standard deviations around the combined expected limit. The thin red
line and band show the theory prediction and corresponding uncertainty [13], respectively.
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UV embeddings of composite Higgs models come with additional pNGBs, 
which are naturally lighter than the top-partners, so decays of top partners 
to top / bottom and a pNGB are kinematically possible. 

With respect to colored pNGBs:

Top partners in CH UV embeddings
[JHEP 1806, 065]

X5/3 ! b̄⇡6 ! b̄tt

T ! t⇡8 ! tt̄t

! tgg

! tg�

B ! b⇡8 ! bt̄t

! bgg

! bg�
<latexit sha1_base64="Yya3sW0XtK8Lg+MSAmJsiWT2MtE="></latexit>

⇒ Many new possible final states for VLQ pair- and single-production 
which are currently not targeted and which deserve further studies.  
Common features: (many) tops, (many) jets, (for some) hard photons.
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Conclusions
• Colored scalars in the TeV mass range are well-motivated in Composite Higgs models (and 

other Standard Model extensions). 
• The color octet pair production cross section only depends on M𝚽 , as the production occurs 

through the QCD interaction.We surveyed current LHC searches to obtain a bound of M𝚽 > 
600 -1000 GeV (depending on the dominant decay channel(s) of the color octet scalar).  

• We demonstrated that a search for ((j𝛾)(j𝛾)  (or (j𝛾)(jj)) resonance pairs has a high discovery 
potential.  
Our feasibility study closely follows an existing CMS study for (jj)(jj) resonance pairs. 
Further optimization of background suppression is possible. 

• For color sextets, we established a bound of  M𝜋6 > 1250 GeV, and a projected LHC reach of 
M𝜋6 = 1600 GeV within search strategies already used by CMS. 

• Colored scalars could also be produced indirectly, in decays of vector-like quarks. If VLQs 
are light enough to be produced at the LHC, their decays can be tested in numerous new final 
states. 
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Example: SU(4)/Sp(4) coset based on GHC = Sp(2Nc)                                

Motivation
Phenomenology of quark partners

Towards a CH UV embedding and its phenomenology
Conclusions and Outlook

One example: SU(4)/Sp(4) coset based on GHC = Sp(2Nc)

Field content of the microscopic fundamental theory and property transformation
under the gauged symmetry group Sp(2Nc) ⇥ SU(3)c ⇥ SU(2)L ⇥ U(1)Y , and
under the global symmetries SU(4) ⇥ SU(6) ⇥ U(1).

Sp(2Nc) SU(3)c SU(2)L U(1)Y SU(4) SU(6) U(1)
 1

 2
1 2 0

4 1 �3(Nc � 1)q� 3 1 1 1/2
 4 1 1 �1/2
�1

�2

�3

3 1 2/3

1 6 q��4

�5

�6

3 1 �2/3
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[JHEP1511,201]Bound states of  the model:

Motivation
Phenomenology of quark partners

Towards a CH UV embedding and its phenomenology
Conclusions and Outlook

One example: SU(4)/Sp(4) coset based on GHC = Sp(2Nc)

Bound states of the model:
spin SU(4)⇥SU(6) Sp(4)⇥SO(6) names

  0 (6, 1) (1, 1) �
(5, 1) ⇡

�� 0 (1, 21) (1, 1) �c
(1, 20) ⇡c

�  1/2 (6, 6) (1, 6)  1
1

(5, 6)  5
1

�  1/2 (6, 6) (1, 6)  1
2

(5, 6)  5
2

 � 1/2 (1, 6) (1, 6)  3
 � 1/2 (15, 6) (5, 6)  5

4
(10, 6)  10

4

 �µ 1 (15, 1) (5, 1) a
(10, 1) ⇢

��µ� 1 (1, 35) (1, 20) ac
(1, 15) ⇢c

“Higgs”: ⇡ transforms as 4 � 1 under SO(4) ! identify ⇡ ⌘ (H, ⌘).
top partners: (3, 2, 2)2/3 states (for tL) in  5

1,2, 
5
4 , 

10 and
(3, 1, 1)2/3 or (3, 1, 3)2/3 (for tR) in  1

1,2, 
5
1,2, 3, 

5
4 , 

10
4 .
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contains SU(2)L×SU(2)R 
bidoublet “H”

contain (3,2,2)2/3 
fermions: tL-partners

contain (3,1,X)2/3 
fermions: tR-partners

form a and !’; SM singlets

20 colored pNGB: 
(8,1,1)0⊕(6,1,1)4/3⊕(6,1,1)-4/3

7/38

This is the BSM + Higgs sector which interacts with SM gauge bosons and matter through: 
SM gauge interactions, (global) anomaly couplings, and mixing of the top with top partners, 

[JHEP1511,201]

Underlying field content

Bound states  
of the model
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