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Physics and Software Framework Simulation

 4

Double Higgs events simulation and reconstruction

● Detector layout, simulation, tracks and calorimeter reconstruction described in the previous talks.
● The analysis is performed with the ILCsoft framework.
● At least for now Beam Induced Background is not considered.

√s = 3 TeV

μ+μ- → HH νν → bbbbνν

P. Andreetto, N. Bartosik, L. Buonincontri, M. Casarsa, F. Collamati, A. Gianelle, D. Lucchesi, C. 
Riccardi, P. Sala, P. Salvini, L. Sestini, I. Vai



INFN Meeting - D. Lucchesi June 3, 2020 2

Detector Response Simulation at ! =1.5 TeV

Use the simulation/reconstruction tools previously developed within the MAP collaboration 
based on the ILCroot package: it supports signal + MARS15 background merging 

Figure 5. Hit density for each tracker layer before and after the time requirements.

component can be removed by applying a proper time window, which has to be optimized tower by
tower. However the timing information are not used for the current studies, therefore better results
are expected in the future.

Figure 6. Left: Energy distribution in the calorimeter of the beam-induced background. Right: Distribution
of the arrival time at a given calorimetry position of particles generated by beam radiation and of muons
coming from primary vertex. The particles arrival time is measured with respect to t0, defined as the arrival
time in the given position of a photon produced in the primary vertex at the collision time

.

3.1 Track reconstruction performance

Hits surviving the selection discussed in Section 3 are used as an input to a parallel Kalman filter,
as implemented in the ILCRoot framework. Pattern recognition and track finding are performed
simultaneously with an iterative procedure with increasing search windows for hits in the following
tracker layers at each iteration. This method guarantees high tracking e�ciency but requires signif-
icant computing resources and long processing times. With the available code, only four iterations
were feasible for events with beam-induced background. Figure 7 shows the tracking e�ciency
evaluated in a sample of muons as a function of transverse momentum (pT) and pseudorapidity (⌘)

– 5 –

Effects of beam-induce background can be 
mitigated by exploiting “5D” detectors, i.e. 
including timing
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!"! Studies at # =1.5 TeV
%&%' → )*,) → ,-, and %&%' → ,-,* generated @ # = 1.5 456 with PYTHIA 8

Preliminary

%&%' → )77̅ → ,-,77̅ + beam-induced 
background fully simulated 

H → ,-,+beam-induced background

MAY 9, 2019

Process cross section [pb]
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Table 2: Cross sections for processes with two b-quarks in the final state

.

originate from the interaction point) and secondary tracks (remaining tracks without the constraint) are found with this
method. The performance of the tracking algorithm has been presented in [17] and was not yet evaluated in this study.

Jet reconstruction was not included in the ILCRoot package, therefore a dedicated algorithm was developed for jet
clustering combining information from the tracking and calorimeter detectors. First, the reconstructed tracks and
the calorimeter clusters are combined using a Particle Flow (PF) algorithm [33], which performs matching between
tracks and clusters to avoid double counting. PF candidates with the transverse momentum greater than 0.5 MeV are
then used as input objects in the jet clustering algorithm with the cone size parameter R =

p
�⌘2 +��21 of 2.0

and 1.0 for the 125 GeV and 1.5 TeV cases, respectively. The jet radius is optimized in order to contain most of the
energy of b-quark jets from the Higgs boson decay. A jet energy correction is applied as a function of the jet transverse
momentum. It is determined by comparing the reconstructed jet energy to the energy of jets clustered from Monte Carlo
truth-level particles. The jet energy resolution was found to be 11% for the 125 GeV case and 20% at 1.5 TeV, when no
beam-induced background is present in the detector.

Jets originating from b-quarks are identified using a simple and not yet optimized b-tagging algorithm. A secondary
vertex, significantly displaced from the primary vertex, formed by at least three tracks is searched. Tracks with an
impact parameter greater than 0.04 mm inside the jets are used as inputs to the algorithm. The 2-track vertices are built
requiring a distance of closest approach between the two tracks less than 0.02 mm, and a total transverse momentum
greater than 2 GeV. Finally, 2-track vertices that share one track are combined to form 3-track vertices. The b-jet tagging
efficiency defined as ✏b = Nb�tagged/Nreconstructed is found to be ✏b = 63% at 125 GeV and ✏b = 69% at 1.5 TeV.
These numbers refer to signal only, since no background is added to the events.

A complete study of tracks efficiency has to be performed including the machine background with a detailed evaluation
of the fake tracks. This is mandatory also for the evaluation of the b-jet tagging performances in terms of wrong tags.
Similar studies have to be completed also for the calorimeter, where anyhow we expect lower contribution from the
background.

4 Characterization of H ! bb̄ and Z ! bb̄ processes

The reconstruction of H ! bb̄ and Z ! bb̄ is taken as a benchmark to assess the first physics performance of the MC
at 1.5 TeV. The two resonances are generated with Pythia 8. In Table 2 the production cross sections of processes with
two b-quarks in the final state are summarized. The Higgs and Z signals are generated, simulated and reconstructed
following the procedures described above. In this study b-tagging is not applied in order to not reduce the statistics, and
the background described in Section 3 is not included. The fiducial region considered is defined by an uncorrected
jet transverse momentum greater than 10 GeV and an absolute jet pseudorapidity lower than 2.5. In Figure 9 the
uncorrected jet transverse momentum and the jet pseudorapidity in Higgs and Z events are shown. It is evident that jets
in Higgs events are well contained in the fiducial region while part of Z events fail the requirements. In Figure 9 the
reconstructed di-jet mass distributions for Higgs and Z are shown. The Z boson is mainly produced in association with
a high energy photon (see Table 2), therefore the Z distribution is labeled as Z + �. The relative normalization of the
Higgs and Z distributions is taken as the ratio of the expected number of events, considering the selection efficiencies
and the cross sections, and it is equal to 12. Although the cross sections are similar, most of the Z + � events fail the
fiducial region cuts, therefore a low yield of such events is expected. Since b-tagging is not applied a tail at high mass in
the Z distribution is present, it corresponds to candidates where the � is reconstructed as a jet.

1�� is the difference between the calorimeter cluster and the jet axis in the azimuthal angle. �⌘ is the same difference in the
pseudo-rapidity variable.

7

Signal
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Higgs !"! Couplings Results
NOT FOR DISTRIBUTION JINST_160P_0120 v3

analogous to that at electron-positron accelerators, since the beam-induced background stops at the
calorimeters and is not expected in muon detectors. Therefore the uncertainty on the coupling can
be obtained with:
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where the uncertainty on g
2
HWW

�H
has been extracted from the CLIC study [14] and scaled for the

lower integrated luminosity assumed for the muon collider at
p

s = 1.5 TeV. The expected sensitivity
on the Higgs coupling to b quark at

p
s = 1.5 TeV is then found to be �gHbb

gHbb

= 1.9%.

5.2 Higgs Boson coupling to b quarks at
p

s = 3 TeV and
p

s = 10 TeV

The procedure used in Section 5.1 is also applied to evaluate the sensitivity to the gHbb coupling
when it is measured in muon collisions at

p
s = 3.0 TeV and

p
s = 10 TeV. The approach that is

followed is very conservative. The nozzles and the interaction region are not optimized for the
higher energies, nor is the detector. The e�ciencies obtained with the full simulation at

p
s = 1.5

TeV are used for the higher center-of-mass energy cases, with the proper scaling to take into account
the di�erent kinematic region. At higher

p
s the tracking and the calorimeter detectors are expected

to perform significantly better since the yield of the beam-induced background decreases with
p

s

as demonstrated in Ref. [7]. The uncertainty on g
2
HWW

�H
at

p
s = 3.0 TeV is taken from the CLIC

study at the same center-of-mass energy [14]. At
p

s = 10 TeV this uncertainty is assumed equal
to the one at

p
s = 3.0 TeV. For the moment this is the only estimated number and, following the

conservative approach that drives this work, it is used as is. It is reasonable to imagine that, when
the full Higgs boson couplings analysis is carried out at

p
s = 10 TeV, this uncertainty will improve.

The instantaneous luminosity, L, at di�erent
p

s are taken from Ref. [17]. The integrated
luminosity, Lint , is calculated by using the standard four Snowmass years. The acceptance, A, the
number of signal events, N , and background, B, are determined with simulation. The uncertainties
on � and gHbb are calculated and summarized in Table 2 along with all relevant inputs. The
resulting relative uncertainty on the coupling is 1.0% at

p
s = 3.0 TeV and 0.91% at

p
s = 10 TeV.

It should be noted that the result at
p

s = 10 TeV is dominated by the error on g
2
HWW

�H
, which is

assumed equal to the one used at
p

s = 3 TeV.

p
s A ✏ L Lint � N B

��
�

�gHbb

gHbb

[TeV] [%] [%] [cm�2s�1] [ab�1] [fb] [%] [%]
1.5 35 15 1.25 · 1034 0.5 203 5500 6700 2.0 1.9
3.0 37 15 4.4 · 1034 1.3 324 33000 7700 0.60 1.0
10 39 16 2 · 1035 8.0 549 270000 4400 0.20 0.91

Table 2. Summary of the parameters used as inputs for the determination of the Higgs coupling to b quarks.
The data taking time is assumed of 4 · 107 s. The parameter definitions are given in the text.

– 14 –

§ The instantaneous luminosity, ℒ, at different √s is taken from MAP
§ The acceptance, A, the number of signal events, N, and background, B, are determined with simulation

NOT FOR DISTRIBUTION JINST_160P_0120 v3

6 Comparison to CLIC

The direct comparison of the results obtained on �gHbb

gHbb

at a muon collider with other colliders,
as done in Ref. [18], is not yet available. In order to evaluate the potential of an experiment at a
muon collider, these results are compared to those published by CLIC [14]. CLIC numbers are
obtained with a model-independent multi-parameter fit. In addition, the fit is performed in three
stages, taking the statistical uncertainties obtainable at the three considered energies successively
into account. This means that each new stage includes all measurements of the previous stages and
is represented in Table 3 with a "+" in the integrated luminosity.

The muon collider results are not complete, since not all the necessary parameters are deter-
mined. They are based on assumptions that are very conservative, as discussed in the previous
sections. Data samples at the three center-of-mass energies are treated as independent, and not
taken successively into account. This means that at

p
s = 3 TeV the precision achieved by the

experiment at muon collider uses 4 data-taking years while the CLIC number includes also the 4
years at

p
s = 350 GeV.

p
s [TeV] Lint [ab�1] �gHbb

gHbb

[%]

Muon Collider
1.5 0.5 1.9
3.0 1.3 1.0
10 8.0 0.91

CLIC
0.35 0.5 3.0
1.4 +1.5 1.0
3.0 +2.0 0.9

Table 3. Relative precision on Higgs boson coupling to b�quark at muon collider and at CLIC. The
di�erence on how the numbers are obtained by the two experiments is described in the text.

7 Summary and Conclusion

A detailed study of the Higgs boson decay to b�jets at
p

s = 1.5 TeV is presented, based on a full
simulation of the physics process and the beam-induced background. The physics performance of
the tracking and calorimeter detectors is discussed together with new ideas to mitigate the e�ect
of the beam-induced background. The Higgs boson decay to b�jets is e�ciently reconstructed
demonstrating that the beam-induced background does not jeopardize physics performance of
an experiment at a muon collider. These results demonstrate that high energy muon collisions
perform better than electron-positron machines thanks to the almost negligible beamstrahlung and
synchrotron radiation. The uncertainty on the Higgs boson coupling to b�quarks is determined
under several assumptions and compared to the results obtained by CLIC in similar conditions. CLIC
has quoted the best precision on gHbb [18] and the fact that the muon collider provides similar
numbers in a non-optimized configuration shows its potential. A study of the Higgs couplings to
fermions and bosons is in progress with high priority given to evaluating the Higgs self-coupling.

– 15 –

CLIC numbers are obtained with a model-independent 
multi-parameter fit performed in three stages, taking into 
account data obtained at the three different energies

Results published in open access as
Detector and Physics Performance at a Muon 
Collider Accepted for publication JINST

https://iopscience.iop.org/article/10.1088/1748-0221/15/05/P05001
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q The work done so far used the MAP framework
q We decided to move to a Future Collider Framework, ILCSoftware.
q We are setting up a GRID VO, muoncoll.infn.it everybody can register
q We are preparing the environment to be able to submit to the GRID/cloud
q Right now we have a cloud VM that can be installed anywhere
q Some resources, machines and disk space is available on CloudVeneto
q Code on github

Software Info
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Simulation Framework

Simulation and 
reconstruction

Full simulation 
results

Resolution 
functions and 
efficiencies

Beam Induced 
Background

Signals and 
Physic 

Background 
generation

WHIZARD
PYTHIA

FLUKA

Public

Input for 
other 
studies

DDSim
Marlin
Particle Flow
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Physics Program 

!"!# → %&,% → (" (#

!"!# → %&,% → ))

Higgs bosons couplings

!"!# → %&,% → * *

!"!# → %&,% → +,+
Higgs fermions couplings

!"!# → %&,% → -"-#

The idea is to study the following items in the next months at the center of mass energies: 1.5, 3 10 TeV 

!"!# → %%&,% → +,+, % → +,+
Higgs self-couplings

!"!# → %%%&,% → +,+, % → +,+, % → +,+
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First look at HH

7

Results

BDT cut S B Significance Δσ/σ

-0.06 50 469 2.21 0.45

-0.03 49 417 2.28 0.44

0 47 340 2.39 0.42

0.03 43 266 2.44 0.41

0.06 37 172 2.55 0.39

0.09 28 102 2.47 0.40

0.12 19 51 2.22 0.45

0.15 8 16 1.73 0.58

0.18 2 3 1.06 0.94

S=σ
HH 

Br(H→ bb)2 L
int 

W
sign

/N
sign

B=σ
bbbb 

L
int 

W
bkg

/N
bkg

Laura Buonincontri

q !"!# → %%&&̅ → ()(()(&&̅ simulated
q !"!# → ()(()(&&̅ inclusive simulated

with WHIZARD 2.8.2 at * = 3 TeV 

Use the * = 1.5 TeV 
detector and beam-
induced background.

ℒint=1.3 ab-1 → t = 4·107 s 
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General Info

ØWe meet every two weeks on Tuesday afternoon, next meeting will be next Tuesday June 9;
ØWe have a e-mailing list muon_collider_studies@lists.infn.it, please contact us if you want to subscribe;
ØAt the moment we have a google site where we keep the relevant information MuonCollider;

mailto:muon_collider_studies@lists.infn.it
https://sites.google.com/site/muoncollider/home

