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Abstract

In this report, we investigated the discovery potential and possi-
bilities of characterizing the parity of a new spin-0 boson at LHC and
HL-LHC only using di-photon channel. Our results show that it is
possible to have a 5σ discovery and characterize the parity at 2σ level
for given combinations of couplings and masses.
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1 Introduction
The Standard Model (SM) of particle physics is so far one of the most suc-
cessful theories of physics. The Standard Model is an effective quantum
field theory which describes 3 kinds of forces in nature and they are Electro-
magnetic force, Weak force, and Strong force. The recent discovery of Higgs
boson was the last prediction of the Standard Model that hadn’t been verified
experimentally. However, that the electro-weak energy scale, or equivalently,
the pole mass of the Higgs particle, is so much lighter than the Plank Scale or
any other scale up to which the Standard Model is a problem known as the
hierarchy problem. This requires further investigation into the Higgs sector.
On experimental side, an upgrade to LHC have started in June 2018 that will
increase the luminosity to 300fb−1 by the end of run 3. After that, the High-
Luminosity LHC(HL-LHC) installation begins, which aims to achieve 3000
fb−1 [1]. Luminosity is an essential indicator of the performance of a collider.
High luminosity means we can have more collision events. Hence, it provides
us an opportunity to investigate rare events. On theory side, many theories
have been come up with in order to tackle the hierarchy problem[2][3]. A
model independent Lagrangian has been come up with recently[4]. Based on
the model independent Lagrangian which can produce an exotic spin-0 scalar
and a vector-like top partner, the purpose of this project is trying to explore
the discovery potential of the new spin-0 boson η and characterize its parity
at the LHC and HL-LHC.

2 Theory
Hierarchy problem originates when one tries to calculate the radiative cor-
rection of mass of Higgs. Since the Higgs particle is the only scalar particle
in the Standard Model, its mass receives larger quantum corrections via its
couplings to other heavier particles. If the bare mass of the Higgs is de-
noted by m, and its pole mass is mp, and Λ is the scale of any theory into
which the Standard Model is UV completed, then we have the following
relation[5]:

m2
p ≈ m2 − Λ2 (2.1)

In 2013, the Higgs particle has been discovered and its pole mass is measured
to be 125 GeV, we can, for instance, take Λ to be the Plank Scale Λplank =
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1× 1019 GeV then
m2 ≈ (1 + 10−34)Λ2

Plank

That the physical pole mass of the Higgs particle is so much smaller than
the Plank scale is the hierarchy problem. In fact, one may calculate the
loop corrections to fermions and gauge bosons and one can show that the
quantum corrections to masses of fermions and gauge bosons are not UV
sensitive, because they are protected by custodial chiral symmetry and gauge
symmetry respectively.

Because SM is likely not the ultimate model of particle physics, SM can be
seen as an effective field theory:

Leff = LSM +
∑
i

1

Λdi−4
ciOi (2.2)

where Leff stands for the general formula of an effective Lagrangian and
Oi stands for operators with dimension larger than 4 that transform under
U(1)Y ⊗ SU(2)L ⊗ SU(3)C .

There are many solutions that have been proposed for trying to tackle hier-
archy problem. In this project we are going to explore one of the potential
solutions, which introduces another top-like partner t′ and a spin-0 boson η
motivated by composite Higgs model. The effective LBSM is given as[4]:

LBSM = κη
Lt̄

′
RtLη + κη

Rt̄
′
LtRη + h.c.

− η/v
∑
f

mf (κf f̄f + iκ̃f f̄γ5f) + η/v(2λWm2
WW+µW−

µ + λzm
2
zZ

µZµ)

+
η

16π2v

∑
v

(κvg
2
V V

α
µνV

αµν + κ̃vg
2
V V

α
µνṼ

αµν)

(2.3)

where v is the vacuum expectation value of the Higgs field. η is a scalar of
mass mη, which transforms as a singlet under the Standard Model group.
t′ is a top partner of mass mt′ . On the second line f sums over all of the
fermion states in standard model. At the third line, V α

µν denotes the field
strength of gauge bosons Bµ, Wµ, and Gµ, which belong to U(1)Y , SU(2)L,
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and SU(3)C group, respectively. Ṽ α
µν is defined as 1/2εµνργ V αργ. This LBSM

is model-independent meaning that many beyond standard model theories
can lead to this specific Lagrangian.

3 Method

Theory

Lagrangian

Feynman rules

Event generator(Monte Carlo Simulations)

Parton showering and hadronization

Detector simulation

Recasting

Data analysis

(A) FeynRules

(B) MadGraph5

(C) Pythia

(D) Delphes

(E) MadAnalysis

(F) Python

Figure 1: Flow chart of the project
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The simulation has 5 steps(A,B,C,D,E and F) represented by the arrows in
the above figure.

The simulations are based on the simplified model (2.3), which is imple-
mented in to FeynRules 2.0 [6] whose output is the dedicated UFO file for
the simulation. The simulation in this report is done using MadGraph 5
[7] which is interfaced with Pythia 8.2 [8]for showering and hadronizaiton
and Delphes 3 [9] for fast detector simulation. The recast in this report
is done using MadAnalysis 5 [10] and data analysis is done using with
Python 3 [11].

In our discovery analysis, the significance of discovery is calculated using the
following formula:

Z =
√
2
{
(S +B) ln[

(S +B)(B + σ2
b )

B2 + (S +B)σ2
b

]− B2

σ2
b

ln[1 +
σ2
bS

B(B + σ2
b )
]
}1/2

(3.1)

Where S(B) are the number of events of the signal(background) and σb is
the background uncertainty. An overall 10% systematic background uncer-
tainty is assumed and we neglect statistical uncertainty since the statistical
uncertainty is decreasing as 1√

N
where N is the number of events in each bin

and it is proportional to luminosity.

In order to characterize the parity property of the new spin-0 boson, we
first assume signal and the background events can be separated, meaning
that we can neglect the interference between the signal and the background
events. Different kinematical observables have been tested in order to find
the best kinematical observables with the most distinguishable ability. We
first introduce their definitions here.

1. Pseudo-rapidity η

η = − ln(tan(θ/2)) (3.2)

where θ is the angle between the particle three-momentum p and the
positive direction of the beam axis.

2. Transverse momentum pT

pT =
√
p2x + p2y (3.3)

6



pT is the momentum perpendicular to the beam axis.

3. Angular distance ∆R

∆R =
√
(∆η)2 + (∆φ)2 (3.4)

Angular distance ∆R is the measure of angular separation of two ob-
jects. ∆η is the difference of pseudo-rapidity and ∆φ is the azimuthal
scattering angle in the transverse plane. Particles travelling in the same
direction lie near each other in η − φ space.

Different kinematical observable have different abilities to distinguish the
parity property of the spin-0 boson η. To quantitatively characterize this one
must perform a χ2 analysis on the simulated events at detector level.[12]

χ2 =
bins∑
i=1

(Si − Pi)
2/[max(Si, Pi) + εbkgcont(B + (εsystB)2)] (3.5)

Where Si and Pi stand for scalar and pseudo-scalar events in each bin, respec-
tively. εbkgcont represents the assumption that the characterization can be influ-
enced by the the background, so we assume that it be subtracted with certain
efficiency which ranges from 0% to 100% depending on our assumption. εsyst
is the systematic uncertainty which is assumed to be 10% throughout this
report. The result of Eq.(3.5) is a p-value which is then converted into sig-
nificance using Gaussian distribution. One should note that the number of
bins can influence the results of characterization, hence properly choosing the
number of bins depends on specific distribution under consideration.

In the report, we assume the signal acceptance is unchanged at run 3 and
HL-LHC, and we re-scaled the background and the signal and do projections
for high integrated luminosity.

We compare 5σ discovery and 2σ characterization curve to see if there is a
possibility to discriminate as or after the discovery.

4 Results

4.1 Signal simulation
In this project, we consider the following process involving η as our sig-
nal:
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pp → γγjj (4.1)

Where p and j stand for protons and jets respectively. The initial states in
the process are quarks bounded in the proton. In this process, we assume the
particle η, either being scalar or pseudo-scalar depending on the couplings
we switch on, only couples to the Electro-weak gauge bosons via loop effects,
which means we set all other parameters to be 0 except κv or κ̃v in Eq.(
2.3).

Two representative diagrams are given as the following:

q q′

q q′

γ,Z,W

η

γ
γ

γ,Z,W

(a) η as s-channel

q q′

q q′

γ,Z

γ
η

γ,Z

γ

(b) η as t-channel

Figure 2: Representative Feynman diagrams

In fact the dominant topology in this process is the s-channel diagram, which
has been justified numerically(see Table(3) in Appendix). Under narrow
width approximation, we can make use of the following property:

σpp→γγjj ≈ σpp→ηjj ×Br(η → γγ) (4.2)

We found out is that in Figure(2a), each vertex is proportional to κv(κṽ), then
the cross-section should be proportional to κv

4(κṽ
4) but when we scale κv(κṽ),

the cross-section turned out to be proportional to κv
2(κṽ

2), numerically. This
can be explained using Eq.(4.2). Actually, the branching ratio Br(η → γγ)
is approximately unchanged when one scale couplings, which can be checked
analytically, hence only σpp→ηjj scale with the couplings as κv

2(κṽ
2) This

means we can factor out the κ2(see Table(2)):

σpp→γγjj(κ) ≈ κ2σpp→γγjj(κ=1) (4.3)
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Here we assume that κγ = κW=κz=κ. This allows us to make use of the sim-
ulations where κ is set to one(see Table(1)) to get another values of κ without
doing further simulations, which saves lot of computing resources.

More importantly, in the model we are considering, the following equation
holds:

κnp ≈ κ× Λnp

vev
(4.4)

Where κnp is of range [0, 4π] so the range of κ in Eq.(4.4) is then [0, 4π vev
Λnp

].
Hence, one can only choose smaller values of κ in the simulation. it’s simply a
matter of reinterpretation of Λnp. As we will see later the current experiments
also sets bounds on the range of κnp and masses for a given Λnp.

Mass[GeV ] scalar[pb] pseudo-scalar [pb] s/p width [GeV]
100 7.109× 10−4 5.187× 10−4 2.04/2.04× 10−6

200 8.618× 10−5 9.689× 10−5 7.80/5.88× 10−5

300 3.003× 10−5 2.819× 10−5 5.00/4.80× 10−4

325 2.559× 10−5 2.403× 10−5 6.81/6.62× 10−4

350 2.229× 10−5 2.083× 10−5 8.97/8.79× 10−4

375 1.968× 10−5 1.83× 10−5 1.15/1.13× 10−3

400 1.757× 10−5 1.641× 10−5 1.45/1.43× 10−3

410 1.674× 10−5 1.568× 10−5 1.57/1.56× 10−3

425 1.573× 10−5 1.474× 10−5 1.78/1.77× 10−3

450 1.428× 10−5 1.34× 10−5 2.17/2.15× 10−3

475 1.293× 10−5 1.216× 10−5 2.69/2.59× 10−3

500 1.185× 10−5 1.125× 10−5 3.08/3.07× 10−3

Table 1: Cross-sections and width with κv and κṽ being 1, respectively.

4.2 Discovery potential and characterization of par-
ity

We use the same selection for leading and sub-leading photons as the ATLAS
paper we recast[13]. The transverse energy is required to be ET > 0.4mγγ for
the leading photon and ET > 0.3mγγ for the sub-leading photon. Given the
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fact that the ATLAS search we recast contains only di-photon final states,
and our signal has di-photon and di-jet states, it’s reasonable to assume
that a signal region can be designed such that the number of the actual
background events containing both 2-jets and 2-photons can be cut to 2%
of the di-photon background of the ATLAS search[13] without cutting the
signal. This is due to the distinctive features of the vector-boson-fusion
topologies we are considering, where two-jets with high pseudo-rapidity fly
back to back(Figure(2)). However, how much background can be cut is
beyond the scope of this project, hence an assumption must be made here.
As to the characterization of parity of η, for all the kinematical observables
used, we consider zero background contamination in each bin, which is an
extreme case but if one has less background(< 2%), one can typically include
10% background contamination which can then be assumed to be an uniform
distribution over the bins[12].
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(a) Leading photon pT distribution (b) cos(φ) between leading-photon and
sub-leading photon

(c) ∆R of leading photon and sub-leading
photon (d) Significance against luminosity

Figure 3: Representative results for Mη = 200 GeV under the assumption
that the Λnp=1100 GeV and κ = 2.7.

For all of the results in figure 3, εbkgcont is set to be 0%, and Figure(3a)(3b) and
(3c) are normalized to 1. One can see that although there is a difference in pT
distribution, the difference is not as significant as that of ∆R and cos(φ). In
Figure(3d), the abilities of characterization of different observable are plotted
as well as the discovery curve. Our simulation shows that cos(φ) and ∆R are
always better than pT . This fact is also true for other masses, so in this report
cos(φ) is chosen as our optimal kinematic observable of characterization.
Figure(3b) also reveals a distinctive difference between scalar η and pseudo-
scalar η: There are more photons which from scalar η flying back to back
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than that of the pseudo-scalar η.

Figure 4: 5σ discovery plot and 2σ characterization plot with background
contamination assumed to be 0, Λnp=1100 GeV and κ=2.7. The back-
ground for the diphoton-events is assumed to be 2% of that of ATLAS
search[13]which contains only diphoton-events. The red dots correspond to
the results shown in Figure(3d) where the Mη is 200 GeV.
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Figure 5: 2σ limit exclusion plot of κ versus mη at 36.7fb−1. Red area are
excluded at 2σ level.

In Figure 4, in contrast with the prediction for Vector like quark scenario[12],
we have a decreasing discovery potential. This is due to the fact that our di-
photon background events is huge at small mγγ. So, in our scenario, we can
”discover” heavier particle at low luminosity first. In order to understand
this, the green line in figure 4 are drawn which indicates the 4σ discov-
ery curve. This means 3σ and 2σ curve(not shown) should be further left
than 4σ curve, and 6σ curve should be further right than 5σ. We see that
at about 1400fb−1, the characterization curve intersects with the discovery
curve, meaning that for massed below 180 GeV we can have both a discov-
ery and a characterization, if we consider 0 background contamination. In
Figure(5) a 2σ exclusion plot is shown. To make sure the underlying theory
is perturbative, κ must be smaller than 4π. If we consider the unknown new
physics scale Λ to be 1000 GeV, the upper limit of κ in Figure(5) according
to Eq.(4.4) should be

κmax ≈ 4π × 246GeV

1000GeV
≈ 3.09 (4.5)

Combining Eq.(4.5) and Figure(5) one can see that the maximum value of
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κ, for any given mass, is:

min(κmax, κ2σexclusion) (4.6)

where κmax is given in Eq.(4.5) and κ2σexclusion can be read from Figure(5).

5 Conclusion
Our simulation results show that the di-photon and 2-jet channel could be
both a possible discovery channel and a characterization channel for a new
spin-0 boson if background contamination is negligible. Due to the smallness
of cross-sections, our results can only apply to small mass(approximately be-
low 300 GeV). Also, in Figure(4), our results provide a prediction for discov-
ery and parity characterization. We also find out that in terms of the parity
characterization, ∆R and cos(φ) are good kinematical observables instead of
pT . A possible 2σ exclusion for κ is calculated. However, our assumption
that the background can be reduced to 2% or lower still remains a dedicated
justification.

6 Appendix
In the Appendix, we present some simulation results.

Mass[GeV] scalar[pb] pseudo-scalar [pb]
100(κ = 1) 7.109× 10−4 5.187× 10−4

100(κ = 5) 180.8× 10−4 130.6× 10−4

200(κ = 1) 8.616× 10−5 9.689× 10−5

200(κ = 5) 217.5× 10−4 240.2× 10−4

300(κ = 1) 3.003× 10−5 2.819× 10−5

300(κ = 5) 74.8× 10−5 70.5× 10−5

Table 2: Some simulation results for cross-sections of different η masses and
κv and κṽ. One can see the cross-section scales with κ2 instead of κ4.
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Mass[GeV] scalar[pb] pseudo-scalar[pb]
100(κ = 1) 7.1× 10−4 5.1× 10−4

200(κ = 1) 8.5× 10−5 9.6× 10−5

300(κ = 1) 3.0× 10−5 2.8× 10−5

Table 3: Some selected simulation results for only s-channel included in Mad-
Graph5. One can compare this with Table (2) to see that s-channel is indeed
the dominant topology.

Mass[GeV] scalar events pseudo-scalar events
100(κ = 1) 1171 1520
200(κ = 1) 2756 2934
300(κ = 1) 3485 3465
350(κ = 1) 3552 3570
400(κ = 1) 3727 3820
450(κ = 1) 3790 3731
500(κ = 1) 3891 3903

Table 4: Some reconstructed signal events results. For each mass, the simu-
lated number of events at generator level is 10000.
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