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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”). Many final states of scalar pair-production 
 (with                 ) are not.mS 6= mH
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Motivation: 
Pair produced BSM scalars
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Summary plot


Drell-Yan pair produced scalars: 
production cross sections for 
LHC@13 TeV and bounds from 
recasts of existing searches.


- dash-dotted:  
production cross sections 𝜎


- solid:  
bounds on 𝜎⨉BR(S)⨉BR(S’) 
for decays into EW bosons


- dashed: 
bounds on 𝜎⨉BR(S)⨉BR(S’)  
from recasts for decays into  
3rd generation quarks

Current bounds on pair produced scalars 
all results in one plot
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Machine Learning applied to di-boson searches:  fermiophilic doubly charged scalars                    
Event simulation and pre-selection:


• Simulation chain: Feynrules → Madgraph5 → Pythia8 → Delphes3.4.1 →Fastjet3.3.1


• #events 
Signal: 6m events per benchmark mass (300GeV - 800 GeV in 50 GeV steps) 
Background: 4t (4.2m), tth (70m), ttV (150m), ttVV (4.3m), VVV (48m)


• basic selection cuts: 
- exactly 2 same-sign leptons 
- at least 3 b-tagged jets 
- at least 3 (more) jets 
- mild missing pT cut (20 GeV) 
- mild ST cut (400 GeV) 
- standard lepton isolation and rapidity criteria (ATLAS config)

Process ✏Preselection Cross section [fb] Events at 3 ab�1

S++S�� 9.87 ⇥ 10�3 4.90 ⇥ 10�2 147

S±±S⌥ 4.81 ⇥ 10�3 2.87 ⇥ 10�3 86

tt̄V 1.70 ⇥ 10�4 2.72 ⇥ 10�1 816

tt̄h 3.75 ⇥ 10�4 2.10 ⇥ 10�1 629

tt̄tt̄ 1.63 ⇥ 10�2 1.91 ⇥ 10�1 572

tt̄V V 1.74 ⇥ 10�3 3.29 ⇥ 10�2 98

V V V 2.08 ⇥ 10�6 1.05 ⇥ 10�3 3

Table 1. Signal and background e�ciencies and cross sections after the preselection cuts. For signal
processes, we take the reference pNGB mass to be mS = 400 GeV.

After generating hard scattering events, the events are passed to Pythia8 [64] for show-

ering and hadronisation. We use Delphes 3.4.1 [65] to include detector resolution e↵ects

based on modified ATLAS configurations [28]. For jet reconstruction, we utilise the Fastjet

3.3.1 [66] implementation with an anti-kT algorithm and a cone radius of r = 0.4. We require

both light and b-tagged jets to satisfy |⌘| < 2.5 and pT > 25 GeV. We benchmark a HL-LHC

b-tagging e�ciency from ATLAS report [67], where we use a flat b-tag rate of ✏b!b = 0.8,

and a mistag rate for a c-jet (light-flavor jet) being misidentified as a b-jet of ✏c!b = 0.2

(✏j!b = 0.01).

We require isolated leptons to satisfy pT (`)/(pT (`) +
P

i pT,i) > 0.7 where
P

i pT,i is the

sum of the transverse momenta of nearby particles with pT,i > 0.5 GeV and �Ri` < 0.3.

Isolated leptons are required to pass minimum cuts pT (`) > 20 GeV and |⌘(`)| < 2.5. The

charge misidentification of leptons is taken into account by Delphes.

Although it can be useful to fully identify final state objects to reconstruct heavy reso-

nances, it is typically accompanied by a poor signal acceptance due to the preselection criteria

described above. Besides, the combinatorial problem makes it di�cult to correctly associate

all jets to the particles they originate from, given the very busy final state. To cope with

this, we propose a more inclusive search by requiring at least three b-tagged jets (N(b) � 3)

and at least three non-b-tagged jets (N(j) � 3). Finally, events are required to have exactly

two same-sign leptons, and to pass the minimum missing transverse momentum (defined as

in Ref. [28]) /PT = | /~PT | > 20 GeV, and ST > 400 GeV where ST is the scalar sum of the

transverse momenta of the reconstructed jets and the two same-sign leptons.

The signal and background cross sections after this baseline selection are summarised in

Tab. 1. In this table, we take the reference pNGB mass for signal events to be mS = 400 GeV.

The first and second columns show the list of signal and backgrounds and their corresponding

e�ciencies of the preselection. The third and fourth columns show the cross sections and

number of events for the target integrated luminosity L = 3 ab�1 of the HL-LHC.
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Figure 1. The pair production of doubly charged scalars (left), and mixed pNGB productions (right)
via Drell-Yan processes.

• decays into two quarks in case of models with partial compositeness. Here, one expects

the decays into top and bottom quarks as these have the largest masses. These usually

dominate for mass splitting between the pNGBs of up to 50 GeV [21, 22].

It has been shown in [21, 22] that existing LHC data put strong bounds on the masses of the

electroweak pNGBs of up to 700 GeV if the decays into electroweak gauge bosons dominate.

The bounds are considerably weaker in the case that the decays into quarks dominate. In

the following, we investigate to which extent these bounds can be improved by employing

ML techniques. For concreteness, we focus on the SU(5)/SO(5) coset. After electroweak

symmetry breaking the triplets can be placed into multiplets of the remaining custodial SU(2):

a singlet ⌘1, a triplet ⌘3, and a quintuplet ⌘5. The latter contains a doubly charged member

S++ and a singly charged S+, which will serve as reference states in the following analysis.

One expects that the members of a multiplet have approximately the same mass [19, 46], so

we take mS++ = mS+ .

At the LHC the electroweak pNGBs are produced in Drell-Yan processes as shown in

Fig. 1. One usually assumes that the S++ either decays into two W+ or into two leptons

which is motivated by seesaw type II models [49]. While these decay channels have been

searched for [50–52], in composite Higgs models they can be subdominant to decays into

quarks, which are the focus of this work. The singly charged scalar decays according to

S+
! tb̄. Although the S++ does not have a direct coupling to quarks, it decays via an

o↵-shell S+ (see also Fig. 1)

S++
! W+S+⇤

! W+tb̄ . (2.1)

In case of rather large mass splitting of 40 or more GeV among the pNGBs, the decay into

an o↵-shell W -boson and an on-shell S+ becomes important [22]. At the LHC, these scalars

can either be produced as decay products of heavier bound states like top partners, see

e.g. [21, 53, 54], or directly via Drell-Yan processes. In what follows, we concentrate on the

second option as it might be that bound states other than the pNGBs are too heavy to be

produced at the LHC. In the model-specific examples below, the two scalars S++ and S+
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Machine Learning applied to di-boson searches:  fermiophilic doubly charged scalars                    Data & data-pre-processing


Kinematic data:


We demand 2 leptons, 3 jets, 3 b-jets and construct from them 51 kinematic observables 
 

Jet images: 
 
For each event, we determine an angular maps in the following way:


1. Set the center of the (𝞰,𝜙) plane as the midpoint between the two same-sign leptons.


2. Determine the (𝞰,𝜙)	map of the pT of (a) charged “jets”, ((b) neutral “jets”,) (c) di-
leptons 
by binning objects of the respective class in a 50x50 grid and and summing the pT in each 
bin to obtain the pixel intensity 
→                                                 or

by

V (C,N,`)
image =

�
3 ⇥ 50 ⇥ 50

�
, (4.1)

where 3 denotes charged (C), neutral (N) particle images, and lepton (`) images, which are

shown in the third column in Figure 3. WP: The di↵erences in the shapes for the leptons can

be understood as follows: in case of the signal the two leptons stem from one S++. In case

of the background they come from di↵erent particles which gives a larger angular

One potential issue with this approach is that pile-up e↵ects could jeopardize the anal-

ysis, as the expected average number of pile-up hµi at the HL-LHC is O(200) collisions per

bunch crossing [37]. We refer to Ref. [32] for the semi-realistic examination on pile-up e↵ects,

and several methods to mitigate the contamination. Although charged particles can be poten-

tially cleaned up from pile-up by scrutinizing the longitudinal vertex information [38], neutral

particles cannot be treated the same way. For the conservative analysis, therefore, we also

consider the image data set excluding neutral particles whose data structure is represented

by

V (C,`)
image =

�
2 ⇥ 50 ⇥ 50

�
. (4.2)

The impact of excluding the neutral particle image will be discussed in section 5.

4.2 Kinematic Variables

After the basic selections described in Section 3, we consider two same-sign leptons, three

leading b-tagged jets, and three leading non-b-tagged jets to construct kinematic variables.

We do not utilize other inclusive jets as a part of analysis. The most basic kinematic variables

are four-momenta of the reconstructed objects

V (vis)
pµ

= {pµ(`1), pµ(`2), pµ(b1), pµ(b2), pµ(b3), pµ(j1), pµ(j2), pµ(j3)} , (4.3)

where `1, `2, bi, and ji denote two same-sign leptons, i-th leading b-tagged jets, and i-th

leading non-b-tagged jets respectively. The input dimension of the set of four-momenta is

therefore dim(V (vis)
pµ ) = 32.

Given the basic four-momenta information, we can construct higher level of kinematic

variables which often serve as e�cient learnable features for neural networks. We consider

following two sets of kinematic variables

V2-kin =
[

i 6=j

Mij [

[

i 6=j

�Rij , (4.4)

V5-kin =
[

i 6=j

Mij [

[

i 6=j

�Rij [

[

i

pT i [ { /ET , ST } , (4.5)

where Mij and �Rij denote an invariant mass and an angular distance between two recon-

structed objects i and j, pT i denote a transverse momentum of an object i, /ET denotes a

missing transverse energy, and ST is the scalar sum of transverse momenta of reconstructed

jets including two same-sign leptons.
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Figure 3. Distribution of jet and lepton images of background (left) and signal (right) processes,
where the scalar mass is given in parentheses. The final state signatures are discretised into 50 ⇥ 50
calorimeter grids within a region of �2.5  ⌘  2.5 and �⇡  �  ⇡. The origin of the coordinate
system is the centre of the two same-sign leptons. The columns show charged and neutral components
of the jets, as well as isolated leptons, respectively. The colourbar indicates the mean pT per pixel.

variables which often serve as e�cient learnable features for neural networks. We consider

the following set of kinematic variables

K =
[

i 6=j

Mij [

[

i 6=j

�Rij [

[

i

pT i [ { /ET , ST } , (4.3)

where Mij and �Rij denote the invariant mass and the angular distance between two recon-

structed objects i and j, pT i denotes the transverse momentum of an object i, /ET denotes

the missing transverse energy, and ST is the scalar sum of transverse momenta of the recon-

structed jets and the two same-sign leptons. We do not apply any normalization or other

preprocessing on the kinematic data.

4.3 Machine learning aspects

Using the jet images and kinematic data defined in the previous sections, we train neural

networks to di↵erentiate the signal from its SM backgrounds. We have implemented a number

of di↵erent networks which are described in detail and compared in Appendix A. For some of

the networks we only use part of the available data to assess which data sets yield the highest

discriminatory power:

– 10 –
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of the jets, as well as isolated leptons, respectively. The colourbar indicates the mean pT per pixel.
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– 10 –

overlaid jet images (various background and signal classes)
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Jet images

Manuel Kunkel (University of Würzburg) Uncovering BSM scalars with NNs Oct 6, 2023 (3rd TRP workshop) 16 / 25

single jet images are sparse
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Figure 11. ROC curves for selected NN architectures evaluated on the same test sample.

in pixel intensities between the reconstructed (I(reco)

i ) and the input (I(input)

i )

Lreco =
1

N

X

i=1

(I(reco)

i � I
(input)

i )2 , (A.5)

where the index i runs from 1 to the total number of pixels in the image, and N is a normal-

isation factor defined by a total number of pixels in the image data times the total number

of training events. The total loss function is given by

L = Lj + ↵Lreco , (A.6)

where we multiply the reconstructed loss function by a scaling factor of ↵ = 5.0 ⇥ 10�4 to

prevent it from significantly exceeding the margin loss. The network is trained using a mini-

batch size of 20. The learning rate is set to 5 ⇥ 10�3 for IC` and 6 ⇥ 10�3 for ICN`. We use

weight decay=2.0 ⇥ 10�7 in both networks.

A.4 Comparison of di↵erent networks

We present ROC curves in Fig. 11 for several architectures described above where ✏S and

1/✏B denote the signal e�ciency and the background rejection, respectively. The area under

– 21 –
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Figure 9. A schematic CNN architecture used in this article. The separate FC chain in the right-
upper corner is used only when kinematic variables are included.

use the Rectified Linear Unit (ReLU) [76] activation function between hidden layers. When

training the network, we use a mini-batch size of 20 and a learning rate of 5 ⇥ 10�7 of the

Adam optimiser to minimise the cross entropy loss function

L = �yk log pk � (1 � yk) log(1 � pk) , (A.3)

where a background and a signal event are labeled as y0 = 0 and y1 = 1, respectively. We

include the L2 regularisation4 terms to the loss function with weight decay=2 ⇥ 10�9 to

alleviate the problem of data overfitting. The learning rate and weight decay are the same

for the cases of K
vis
pµ , Kvis

pµ +K2, and K. In addition, we use a validation set to make sure that

the neural network is not overfitted. We train the model for 100 epochs. If the validation loss

does not reach a new minimum within 50 epochs, the training is stopped and the parameters

of the epoch with the minimal validation loss are saved5.

A.2 Convolutional neural networks

CNNs are a class of machine learning algorithms commonly used for image recognition tasks,

and they are useful when a final state is represented as a set of images. An input is a 3D

image of ICN` (IC`) whose dimension is given by 3⇥50⇥50 (2⇥50⇥50) where 3 (2) denotes

the number of image layers in Eq. (4.1) (Eq. (4.2)).

To fully exploit spatial correlations among di↵erent layers, it is necessary to utilise a 3D

convolution. For this operation, we need to add a singleton dimension to reshape the image

4
The L2 regularisation shifts the loss function by L ! L +

1
2�kWk2 where W represents all weights, and

� denotes weight decay. In this paper, we have applied the L2 regularisation to all neural networks.
5
Unless otherwise stated, the activation function, the type of optimiser, the loss function, the configuration

of an output layer, and the use of a validation set are the same for all other neural networks.

– 18 –



11

Machine Learning applied to di-boson searches:  fermiophilic doubly charged scalars                    
Training and test set

Training Test

Manuel Kunkel (University of Würzburg) Uncovering BSM scalars with NNs Oct 6, 2023 (3rd TRP workshop) 25 / 25
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Network performance

Manuel Kunkel (University of Würzburg) Uncovering BSM scalars with NNs Oct 6, 2023 (3rd TRP workshop) 18 / 25
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Machine Learning applied to di-boson searches:  fermiophilic doubly charged scalars                    

(a) mS = 300 GeV (b) mS = 550 GeV (c) mS = 800 GeV

Figure 5. Comparison of network performances with ROC curves. The markers indicate the working
points used in the following analysis.

800 GeV in steps of 50 GeV, each appearing with equal weight. For the test sets, only a

single mass mS is used, mS = 300 GeV to 1000 GeV in steps of 50 GeV.

While a full treatment of the systematic uncertainties is beyond the scope of this arti-

cle, we have control over the systematics that are due to the machine learning: The limited

number of Monte Carlo events makes the results susceptible to statistical fluctuations. An-

other contribution is the stochastic nature of the initialisation of the network parameters

and the gradient descent. In order to take these uncertainties into account, we perform 20

independent training runs for each network and evaluate them separately. In the following,

the uncertainty bands indicate the 1� fluctuations between the di↵erent runs.

We, however, do not include the uncertainty due to the di↵erent choice of parton shower

algorithms which are modelled phenomenologically. In principle, di↵erent QCD approxima-

tions and internal parameters employed by shower algorithms could introduce additional bias

to neural networks which can lead to the change in a signal e�ciency and background rejec-

tion. We refer readers to Ref. [73] for the interpretability of neural networks using jet images,

and corresponding uncertainties when testing the models on datasets produced by di↵erent

shower algorithms.

5 Results

We start by comparing the performance of the trained networks as classifiers. To this end, the

receiver operating characteristic (ROC) curves in Fig. 5 show how many background events

can be rejected for a given signal e�ciency. As expected, the performance increases from K

to ICN` + K as more data are used. All networks perform better at higher signal masses mS ,

but this e↵ect is largest for the kinematic data: K has the largest boost in performance, and

only for higher mS does the inclusion of kinematic data significantly improve the image-based

classification. This can be explained by the increased pT of the final state particles.

– 12 –
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Machine Learning applied to di-boson searches:  fermiophilic doubly charged scalars                    

(a) Discovery reach of S++S�� (b) Expected upper limit of S++S��

(c) Discovery reach of S++S�� and S±±S⌥ (d) Expected upper limit of S++S�� & S±±S⌥

Figure 6. Expected discovery reach (left) and exclusion limit (right) of S++ production at the HL-
LHC (3 ab�1) for di↵erent network architectures. In the first row simulated events of only S++S��

pair production are taken into account. In the second row simulated events of S++S�� and S±±S⌥

production with mS++ = mS+ and the corresponding cross sections from Fig. 2 are taken into account.
The dashed lines indicate the reference cross sections in the SU(5)/SO(5) model of S++S�� (top row)
and the sum of the cross sections of S++S�� and S±±S⌥ (bottom row) at 14 TeV. For the solid
lines, the networks were trained on multiple masses simultaneously. The points marked by stars were
trained using only the respective masses.

sum of the two cross sections, so that an intersection indicates discovery/exclusion of both

processes. By including the second process, both the discovery reach and the exclusion limit

are increased by about 50 GeV for all three networks.

Having now seen the bounds from the neural network approach, it is natural to ask

how this compares to conventional cut-and-count methods. No direct search for the present

final state has been performed yet, but in Ref. [22] an upper limit on the cross section is

derived from the recast of an ATLAS search for R-parity violating supersymmetry using the

full Run-2 data set [75]. The recast results are compared with the bounds derived from the

– 14 –
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Machine Learning applied to di-boson searches:  fermiophilic doubly charged scalars                    

Figure 7. Expected exclusion limit of S++S�� pair production at the LHC with Lint = 139 fb�1 for
di↵erent network architectures. The recast bounds are taken from Ref. [22]. The black line indicates
the 13 TeV reference cross sections in the SU(5)/SO(5) model.

neural networks with 139 fb�1 in Fig. 7. Naturally, a dedicated search would provide stronger

bounds than the recast, so we cannot draw quantitative conclusions from Fig. 7. However,

it is evident that the performance of the network based on purely kinematic information is

comparable to the recast of [75] for low mS . The signal regions which yield the dominant recast

bound demand same-sign leptons and multiple b-tagged jets, have preselection cuts similar to

ours, and further selection criteria of [75] are based purely on kinematic information. Inclusion

of jet image data of charged and potentially neutral jet images processed by a CNN yield a

substantial improvement in discrimination power in our study.

6 Conclusion and outlook

The search for new physics is and remains one of the main aims of the LHC. Composite Higgs

models with extended scalar sectors are theoretically well motivated, their signatures are far

from being ruled out, and the LHC can explore untested parameter space at its high luminosity

run if dedicated searches are performed. In this article, we proposed a search strategy for a

doubly charged scalar S++ which is pair produced and which decays into W+tb̄. An S++ with

this decay mode is predicted – for example – by composite Higgs models with an underlying

fermionic description based on the global symmetry breaking pattern SU(5)!SO(5).

In our proposed search, we focus on the process pp ! S++S��
! W+tb̄W�t̄b. This

process is not constrained by current LHC searches [22] and our proposal is aiming to close

this gap. We target the same-sign lepton final state of this channel. We implement deep

neural networks which aim to optimise the discrimination power between signal and SM

backgrounds based on (K) kinematic information of reconstructed jets and leptons; (K+IC`)

additional information from jet images of charged jets and leptons; (K+ICN`) yet additional

information from jet images of neutral jets, as defined in detail in Sec. 4. As a main result

(shown in Fig. 6) we obtain projected discovery and exclusion bounds at the high luminosity

– 15 –
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• Many BSM models predict increased tbWtbW production.

• We presented a detailed search proposal for pair-produced doubly 

charged scalars in the tbWtbW channel which uses a DNN for signal 
discrimination.


• Convolutional neural networks using jet images provide excellent 
performance on this final state with many hadrons.  


• Doubly charged scalars can potentially be discovered up to a mass of 
640 GeV or excluded up to a mass of 820 GeV by the full 3 ab-1 LHC 
run.


• CNN-based search strategies are applicable to other final states with 
high hadronic activity.


• See arXiv:2304.09195 for more details.

https://inspirehep.net/literature/2652618
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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. 

Phenomenology of  electroweak PNGBs in CHM 
Simplified model approach
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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

�ZFµ⌫Z̃
µ⌫ +

1

s
2
W c

2
W

K̃
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µ⌫

+
2

s
2
W

K̃
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WWW
+
µ⌫W̃

�µ⌫

◆

+S
00
✓

K
S00
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µ⌫ +
2
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K
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1

s
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W c

2
W

K
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µ⌫

+
2

s
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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 + i̃
S0

t �5

⌘
t + b̄

⇣
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S0

b + i̃
S0

b �5

⌘
b

�
+

�
S
0
! S

00�

+ S
+

t̄

⇣

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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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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
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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)
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For pair-produced scalars, this yields 8 possible di-scalar channels in the fermiophilic sce-
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1
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2
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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.
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�aW a
µ⌫B̃

µ⌫
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need two inser-

tion of the Higgs VEV, hence they are suppressed by v2/f2
 .
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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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Model agnostic bounds: (can be used for ANY model with dominant DY production)
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Model agnostic bounds: (can be used for ANY model with dominant DY production)
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There is a lot of  room for improvement 
 in many diboson channels
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Figure 2: Upper limits on the cross section of the di-scalar channels from Drell-Yan pair
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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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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
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5 , ⌘��

5 ), ⌘3 = (⌘+3 , ⌘03, ⌘
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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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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)
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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
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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
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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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When calculating the 2� exclusion bound [74], we require:

Zexc ⌘

s

�2 ln

✓
L(S+B|B)

L(B|B)

◆
� 1.64, with L(x|n) =

xn

n!
e�x , (5.1)

where L(x|n) is the likelihood of observing n events when x events were expected, and S and

B are the number of signal and background events, respectively. For achieving a 5� expected

discovery reach, we require

Zdis ⌘

s

�2 ln

✓
L(B|S+B)

L(S+B|S+B)

◆
� 5 . (5.2)

When putting a cut on the neural network score (NN score), it is common practice to

choose the cut that maximizes Eq. (5.2) [27]. However, our networks are such strong classifiers,

that this method regularly leads to cuts with few or even less than 1 background event

remaining, for which a statistical treatment becomes challenging. We therefore conservatively

choose our NN score cut by demanding a fixed amount of background events. Details which

justify this approach are provided in Appendix B.2. Once the NN score cut is fixed, we

determine the 5�/2� cross sections by rescaling the cross section iteratively until Eqs. (5.1)

and (5.2) are satisfied.

The expected discovery reach and upper limits for the networks K, IC`+K, and ICN`+K

are shown in Figs. 6a and 6b, where the NN score cuts were placed to obtain 50, 5, and 5

background events after the cut, respectively, and we assume an integrated luminosity of

3 ab�1. The corresponding signal e�ciencies can be read o↵ from the markers in Fig. 5.

The black dashed line indicates the 14 TeV pair production cross section in the SU(5)/SO(5)

model. Using only kinematic data, the signal process can just barely be discovered up to

440 GeV and excluded up to 650 GeV. If we combine them with charged jet and lepton

images, however, the signal can be discovered up to 560 GeV and excluded to 750 GeV. If

advances in pileup suppression also allow the usage of neutral jet images, the discovery reach

can be increased by another 80 GeV while the projected exclusion is increased by 70 GeV.

Discovery reach and expected bounds on � become significantly weaker for low masses.

This can be partially remedied by choosing a di↵erent training data set. The solid lines were

obtained by training on a combined data set containing equal amounts of signal events with

masses between 300 and 800 GeV in steps of 50 GeV. However, the stars in Figs. 6a and 6b

show the bound that can be reached if the networks are trained only on signal events with

the mass they are evaluated at. This has little impact for ICN` + K, but noticeably improves

the bounds for K and to a lesser extent also IC` + K at mS = 300 GeV. At higher masses,

training on a single mass is less beneficial compared to the combined data set. We explore

the impact of the training data set further in Appendix B.1.

In the second row of Fig. 6, also the singly charged scalar is taken into account. The solid

lines are now discovery reach (left) and exclusion limit (right) for the combined S++S�� and

S±±S⌥ production with the relative cross sections shown in Fig. 2. The dashed line is the
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(a) Network K (b) Network IC` + K

(c) Network ICN` + K

Figure 12. Comparison of networks trained on a single fixed mass.

approach may be best to maximise the sensitivity of the search. Two separate networks could

be trained: one for the region mS  400 GeV, and one for mS � 400 GeV. The latter can

either be trained on a mixed to data set or a single mass from the region of interest, e.g.

550 GeV.

B.2 Cut on the neural network score

When evaluating a trained network on the test set, we obtain a NN score distribution, i.e. each

event is assigned a score between 0 (background-like) and 1 (signal-like). In order to derive

physical results from this distribution, we need to place a cut on the NN score, below which

events are discarded. To maximise the sensitivity of our search, the cut aught to be placed

such as to maximise the signal to background ratio. This is typically enforced by choosing

the cut to maximise the discovery significance Eq. (5.2). However, we found that this method

often places the cut very close to a NN score of 1, resulting in very few background events.

Designing a search with an expected number of background events of < 1 raises questions

about the statistical soundness of the result.
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(a) Network K (b) Network IC` + K

(c) Network ICN` + K

Figure 13. Discovery reach as a function of number of background events, i.e. the NN score cut.

To address this challenge, we plot the discovery reach as a function of the number of

background events passing the NN score cut, see Fig. 13. Fortunately, this reveals that the

5� cross section reach is not very sensitive to the number of background events. In other

words: For the specific signature and the networks we study, decreasing the NN cut increases

the number of signal and background events in such a way that there is only a mild change in

discovery reach. We therefore fix the NN score by demanding a certain number of background

events to pass the cut. For the networks K, IC` + K, and ICN` + K, we require 50, 5, and 5,

background events, respectively. We fully admit that these numbers are chosen ad hoc. They

give su�cient statistics and at the same time do not grossly degrade the discovery potential.
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