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BSM Higgs decays to b-quarks are broadly motivated 
• Renormalizable Higgs to pseudo-scalar (a) coupling,  
• Large branching ratio to b-jets in 2HDM models if 

ga |H |2 |a |2

ma > 2 ⋅ mb
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nal state, such as VBF, though promising searches for
di-Higgs HH ! 4b have been performed [35].

Additional searches for exotic Higgs decays with
cleaner final states, such as H ! bbµµ allow for im-
proved sensitivity [36, 37], but the H ! 4b process
still remains an important benchmark as some models
prefer final states with b quarks and low branching ra-
tios to muons. The H ! 4b channel is often suggested
as a benchmark for searches at the proposed electron-
positron collider (ILC) [38], which can be sensitive to
B(H ! aa ! 4b) as low as 3 ⇥ 10�4 [39]. It is also re-
ported in the same literature that the High Luminosity
LHC (HL-LHC) will only probe this final state to branch-
ing fractions of around 20%. Given the importance of the
channel as a benchmark, the LHC experiments should
fully explore all possible search methods to target the
4b final state with Run-3 data as well as HL-LHC data.
In particular, trigger strategies should be developed that
maximize the potential of this channel.

To reduce the high rate of multijet background at the
LHC, it has been proposed to use a photon produced in
association with VBF Higgs production [40–43]. Figure 1
shows a Feynman diagram of this signal process.
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FIG. 1: Representative Feynman diagrams of VBF
Higgs production (left) and VBF+� (right) with decay
to four bottom quarks through a pair of intermediate
pseudoscalars. For the VBF+� diagram, photons can

radiate from any of the charged particles, including the
vector bosons.

In addition to reducing the background, the photon also
provides a handle for implementing a more efficient L1
trigger, increasing the overall acceptance for the final
state. The ATLAS experiment has targeted this produc-
tion mode to search for H ! bb [44, 45] and H ! inv [46].

In this paper, we present the first estimate of the sensi-
tivity of H ! 4b in the VBF + � final state and provide
a detailed study of the VBF channel without an explicit
photon requirement. We also suggest several optimistic
trigger scenarios that could be implemented in the fu-
ture, as well as a benchmark of the sensitivity given cur-
rent trigger strategy followed by the ATLAS and CMS
experiments [47–51]. Section II describes the event gen-
eration and simulation setup for the signal and major
background processes. Section III describes the detec-
tor setup and reconstruction techniques. Section IV de-
scribes the analysis selections and Section V A describes
several trigger scenarios and methods for improving the
signal sensitivity. Section V provides an estimate of the

sensitivity for 150 fb�1 and a projection for the HL-LHC.
Section VI concludes with a discussion of the sensitivity
in each channel and an outlook for future searches for
LHC Run-3 and HL-LHC.

II. SIGNAL AND BACKGROUND
SIMULATION

Signal and background samples were produced at lead-
ing order (LO) with MadGraph5 Version 2.7.3 [52]. The
samples were then passed to Pythia 8.306 for the parton
shower and hadronization process [53, 54] using the AT-
LAS AZ Tune 17 [55]. All samples were generated with
a pp center of mass energy of

p
s = 13TeV. The samples

can be found at Ref. [56].
We produced the background samples using the stan-

dard model configuration of MadGraph5 listed in Ta-
ble I. We normalize the samples according to the cross
sections in the table. In the table, final states such as
jjbb̄ + � involves two light-flavor quark jets j and two
b-quark jets. For each entry in the table the following
requirements are made. Hadronic jets were produced
with a minimum pT of 20 GeV and an angular separation
�R > 0.4 between every jet, where �R =

p
��2 +�y2.

Photons were required to have a minimum pT of 10 GeV
and a maximum pseudorapidity, |⌘| < 2.5. Photons were
also required to be angularly separated �R > 0.4 from
any jets at the generator level.

We also produced the signal samples for the H ! aa !
4b process using the MadGraph5 generator. In these sam-
ples, the Higgs boson was produced with a mass of 125
GeV for the vector boson fusion process without (VBF)
and with a photon (VBF + �). These requirements apply
the same jet and photon selections as described for the
background processes. The H ! aa ! 4b decay process
was performed in Pythia 8.306 without generator-level
cuts. Two separate samples were produced with pseu-
doscalar masses ma = 25GeV and ma = 50GeV. The
cross section of the inclusive VBF signal is normalized to
the prediction from the LHC Higgs Working Group [57],
computed at NNLO in QCD using proVBF [58] and in-
cludes corrections at NLO from electroweak and photon
processes computed using HAWK [59]. The cross section
of the VBF+� signal sample is taken from the Auxiliary
Material of Ref. [46], computed at next-to-leading order
(NLO) using MadGraph5_aMC@NLO v2.6.2 with the
parton shower computed using Herwig v7.1.3p1 [60, 61].
The exotic Higgs decay in both samples was simulated
assuming a branching ratio of B(H ! aa ! 4b) = 1.

The approximate amount of integrated luminosity in
the Run-3 data taking period is expected to be around
150 to 200 fb�1 [62]. Unless otherwise noted, signal and
background processes are weighted to their cross-section
for an integrated luminosity of 150 fb�1, to give an esti-
mate of the sensitivity from the Run-2 ATLAS or CMS
dataset.

It is computationally expensive to simulate events with
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Event generation (MadGraph) 
• Signal and background matrix element generated with leading-order  
• Parton shower performed with Pythia 8  

Fast detector simulation (Delphes)  
• Particle-level detector resolution and efficiency functions applied using the CMS card  
• Jets reconstructed using anti-kt algorithm with R = 0.4  

Validation 
• Reproduced jet energy resolution with ATLAS and CMS jet energy resolution to 10%  
• Generated a small sample and validated analysis cut-flow with , and found 20% 

agreement to neglecting pileup  
• Compared jjbb (possible to generate) with jjjbb (too slow) and found reasonable agreement

⟨μ⟩ = 50

Generated a total of 1.5 B events 

LHC pp collisions, s = 13 TeV
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nal state, such as VBF, though promising searches for
di-Higgs HH ! 4b have been performed [35].

Additional searches for exotic Higgs decays with
cleaner final states, such as H ! bbµµ allow for im-
proved sensitivity [36, 37], but the H ! 4b process
still remains an important benchmark as some models
prefer final states with b quarks and low branching ra-
tios to muons. The H ! 4b channel is often suggested
as a benchmark for searches at the proposed electron-
positron collider (ILC) [38], which can be sensitive to
B(H ! aa ! 4b) as low as 3 ⇥ 10�4 [39]. It is also re-
ported in the same literature that the High Luminosity
LHC (HL-LHC) will only probe this final state to branch-
ing fractions of around 20%. Given the importance of the
channel as a benchmark, the LHC experiments should
fully explore all possible search methods to target the
4b final state with Run-3 data as well as HL-LHC data.
In particular, trigger strategies should be developed that
maximize the potential of this channel.

To reduce the high rate of multijet background at the
LHC, it has been proposed to use a photon produced in
association with VBF Higgs production [40–43]. Figure 1
shows a Feynman diagram of this signal process.
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FIG. 1: Representative Feynman diagrams of VBF
Higgs production (left) and VBF+� (right) with decay
to four bottom quarks through a pair of intermediate
pseudoscalars. For the VBF+� diagram, photons can

radiate from any of the charged particles, including the
vector bosons.

In addition to reducing the background, the photon also
provides a handle for implementing a more efficient L1
trigger, increasing the overall acceptance for the final
state. The ATLAS experiment has targeted this produc-
tion mode to search for H ! bb [44, 45] and H ! inv [46].

In this paper, we present the first estimate of the sensi-
tivity of H ! 4b in the VBF + � final state and provide
a detailed study of the VBF channel without an explicit
photon requirement. We also suggest several optimistic
trigger scenarios that could be implemented in the fu-
ture, as well as a benchmark of the sensitivity given cur-
rent trigger strategy followed by the ATLAS and CMS
experiments [47–51]. Section II describes the event gen-
eration and simulation setup for the signal and major
background processes. Section III describes the detec-
tor setup and reconstruction techniques. Section IV de-
scribes the analysis selections and Section V A describes
several trigger scenarios and methods for improving the
signal sensitivity. Section V provides an estimate of the

sensitivity for 150 fb�1 and a projection for the HL-LHC.
Section VI concludes with a discussion of the sensitivity
in each channel and an outlook for future searches for
LHC Run-3 and HL-LHC.

II. SIGNAL AND BACKGROUND
SIMULATION

Signal and background samples were produced at lead-
ing order (LO) with MadGraph5 Version 2.7.3 [52]. The
samples were then passed to Pythia 8.306 for the parton
shower and hadronization process [53, 54] using the AT-
LAS AZ Tune 17 [55]. All samples were generated with
a pp center of mass energy of

p
s = 13TeV. The samples

can be found at Ref. [56].
We produced the background samples using the stan-

dard model configuration of MadGraph5 listed in Ta-
ble I. We normalize the samples according to the cross
sections in the table. In the table, final states such as
jjbb̄ + � involves two light-flavor quark jets j and two
b-quark jets. For each entry in the table the following
requirements are made. Hadronic jets were produced
with a minimum pT of 20 GeV and an angular separation
�R > 0.4 between every jet, where �R =

p
��2 +�y2.

Photons were required to have a minimum pT of 10 GeV
and a maximum pseudorapidity, |⌘| < 2.5. Photons were
also required to be angularly separated �R > 0.4 from
any jets at the generator level.

We also produced the signal samples for the H ! aa !
4b process using the MadGraph5 generator. In these sam-
ples, the Higgs boson was produced with a mass of 125
GeV for the vector boson fusion process without (VBF)
and with a photon (VBF + �). These requirements apply
the same jet and photon selections as described for the
background processes. The H ! aa ! 4b decay process
was performed in Pythia 8.306 without generator-level
cuts. Two separate samples were produced with pseu-
doscalar masses ma = 25GeV and ma = 50GeV. The
cross section of the inclusive VBF signal is normalized to
the prediction from the LHC Higgs Working Group [57],
computed at NNLO in QCD using proVBF [58] and in-
cludes corrections at NLO from electroweak and photon
processes computed using HAWK [59]. The cross section
of the VBF+� signal sample is taken from the Auxiliary
Material of Ref. [46], computed at next-to-leading order
(NLO) using MadGraph5_aMC@NLO v2.6.2 with the
parton shower computed using Herwig v7.1.3p1 [60, 61].
The exotic Higgs decay in both samples was simulated
assuming a branching ratio of B(H ! aa ! 4b) = 1.

The approximate amount of integrated luminosity in
the Run-3 data taking period is expected to be around
150 to 200 fb�1 [62]. Unless otherwise noted, signal and
background processes are weighted to their cross-section
for an integrated luminosity of 150 fb�1, to give an esti-
mate of the sensitivity from the Run-2 ATLAS or CMS
dataset.

It is computationally expensive to simulate events with
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BSM Higgs decays to b-quarks are broadly motivated 
• Renormalizable, , connected to new physics  
• Large branching ratio to b-jets  
Estimated the sensitivity 
• Accessible in Run 3 with new triggers  
• Provided variety of trigger scans 

ga |H |2 |a |2

With new triggers: sensitive within Run 3  

For ma = 50 GeV: 6σ sensitivity Br < 33%  

Further sensitivity possible for the HL-LHC
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