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• The Higgs boson only couples with the elementary massive particles. 

• In the right plot, only the coupling between the Higgs boson and the muon have not been observed. 

• The H → μμ decay is a unique channel to explore the Higgs boson coupling to the second 
generation of fermions.

The Coupling between the Higgs Boson and the Muon

2

✓
✓

✓
✓

✓?

JHEP 08 (2016) 045



November 07, 2020                                                                                      Jie Zhang (Shandong University)                                                                                                             

The Production and Decay Modes of the Higgs Boson at the LHC
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Figure�1:�Examples�of�leading-order�Feynman�diagrams�for�Higgs�boson�production�via�the�(a)�ggF�and�(b)�VBF�
production�processes.
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Figure�2:�Examples�of� leading-order�Feynman�diagrams� for�Higgs�boson�production�via� the� (a)�qq�!� VH� and�
(b,�c)�gg�!�ZH�production�processes.
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Figure�3:�Examples�of� leading-order�Feynman�diagrams� for�Higgs�boson�production�via� the�qq/gg�!� ttH� and�
qq/gg�!�bbH�processes.

Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although
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Higgs Boson Decays
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mH = 125 GeV

mH=125 GeV
Higgs decays BR [%]
H ! bb 57.8
H ! WW 21.4
H ! gg 8.19
H ! ⌧⌧ 6.27
H ! ZZ 2.62
H ! cc 2.89
H ! �� 0.227
H ! Z� 0.153
H ! µµ 0.022
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Haifeng Li (Shandong University) Search for Rare Decays of the Higgs Boson with ATLAS July 5, 2018 5 / 24

With 140 , about 7  ggF events, 

520  VBF, 350  VH  events and 70  ttH events

fb−1 M

K K K
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• Diameter 25 , Length 44  

• Overall weight 7000 

m m

tonnes

ATLAS Detector
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Inner Detector 
• Technologies: 

• Silicon Pixel |𝝶| < 2.5 (Insertable B Layer (LBL) added during LS1 
• Semi-Conductor Tracker (SCT) |𝝶| < 2.5 
• Transition Radiation Tracker (TRT) |𝝶| < 2.0 

• 2T axial magnetic field for momentum measurements

Muon Spectrometer 
• Tracking for |𝝶| < 2.7 
• Barrel (|𝝶| < 1.05) and two endcap sections 
• Three superconducting air-core toroids 

• Bending integral of 2.5 Tm in barrel 
• Bending integral up to 6 Tm in the end-caps

Hadronic Calorimeter 
• Iron and scintillator tiles for |𝝶| < 1.5

Electromagnetic Calorimeter 
• Electromagnetic: 

• Sampling liquid-argon (LAr) calorimeter 
• |𝝶| < 3.2
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• Muon is the minimum ionizing particle 

• The mass of muon is 105.6 MeV/c2

ATLAS Muon
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Neutrinos !!!! Missing transverse energy
K.Hoepfner, RWTH Aachen Cern ACT Lecture: Muon Systems, May 2011

• Muon leaves a track in the Inner Tracker 

• Muon leaves very little energy in the Calorimeter 

• Muon leaves a track in the Muon Spectrometer

Calorimeter-Tagged Muons: 
• ID track + calorimeter energy deposit 
• |𝝶| < 0.1 and 25 <  < 100 PT GeV

Standalone Muons: 
• MS track only 
• 2.5 < |𝝶| < 2.7

Segment-Tagged Muons: 
• ID track + MS track segment 
• Low Pt and special regions

Combined Muons: 
• ID track + MS track 
• 96% of muons
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• Signal has good  resolution. Background  is smooth. 

• Use analytic functions to model signal and Background. 

• Fully data-driven method. 

• ggF, VBF, VH and ttH signal processes are considered. 

• Dominant background is Drell-Yan process.

mμμ mμμ

Analysis Strategy
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• The category selections targeting the different Higgs Boson production modes are made in a 
specific exclusive order.

Event Categorization
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Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although
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• 3/4 leptons 
• At least one b-tagged jet

• 3/4 leptons 
• No b-tagged jet

• 2 leptons 
• No b-tagged jet

• 2 leptons 
• No b-tagged jet
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• Use BDT (implemented in XGBoost package) to further suppress backgrounds 

• Leading two muons as H ￫ μμ 

• 12 variables are used for the BDT 

• Main background is ttZ. Expected signal: 1.2 events

ttH Category
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Figure�3:�Examples�of� leading-order�Feynman�diagrams� for�Higgs�boson�production�via� the�qq/gg�!� ttH� and�
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Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although
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• WH/ZH, (H ￫ μμ). Expected signal: 4.7 events 

• Two BDTs: one BDT for 3 lepton (8 variables) and another BDT for 4 lepton (7 variables) 

• Main background: Diboson

VH Categories
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Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although
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VBF and ggF Categories
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Figure�3:�Examples�of� leading-order�Feynman�diagrams� for�Higgs�boson�production�via� the�qq/gg�!� ttH� and�
qq/gg�!�bbH�processes.

Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although
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Figure�3:�Examples�of� leading-order�Feynman�diagrams� for�Higgs�boson�production�via� the�qq/gg�!� ttH� and�
qq/gg�!�bbH�processes.

Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although
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VBF and ggF Categories
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VBF and ggF Categories
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VBF and ggF Categories
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• 20 categories in total

Event Categorization
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• Double-sided Crystal-Ball function is used to model the signal shape, which is described by a 
Gaussian core of distribution and two asymmetric exponential tails as below:

Signal Modeling

15
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• Proposed model with two components: [ fix ] x [ floating ] 

• Fixed part (physics motivated): LO 2 ￫ 2 Drell-Yan analytic lineshape 

•  resolution effect included by smearing with Gaussian 

• Floating part:

mμμ

Background Modeling
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Statistical Results

18
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Signal Strength in Different Categories
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• H ￫ μμ is used to probe the Higgs coupling to second generation fermions. 

• H ￫ μμ search with full Run2 data. Observed significance: 2.0𝞂 (1.7𝞂 expected). 

• Best-fit combined signal strength: μ = 1.2 ± 0.6. 

• Outlook: 

• Need more data to understand the coupling between Higgs boson and muons. 

• LHC Run3 will start from Feb 2022.

Summary

20
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• 2 beams travel in opposite directions, and intersect at four points which is 
where the particle collisions take place 

• each proton beam at full intensity will consist of 2808 bunches 

• each bunch will contain 115 billion protons at the start of nominal fill 

• the time interval between bunches is 25  

• 40 million collisions per second

ns

Large Hadron Collider (LHC) Run2
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• The Higgs cross section at 13  is about 55 . With 140  data, ~8 million Higgs boson 
have been produced. 

• 1540 of them decay to μμ. 

• Why it is so difficult to find H → μμ ? 

• Low branching ratio 

• Large irreducible background 

➡ signal/background ratio typically at 0.1% level 

• Hard to find signal (requires good separation between signal and background) 

• Result can be easily biased from background mismodeling
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•  Reconstruction:  

• In the x-y plane, muon’s track is a straight line 

• Calibration:  

• Use the Z ￫ μμ samples 

• Within the ID acceptance |𝝶| < 2.5, the Medium working point accepts only CB muons. 

• The Loose selection working point accepts all the muons passing the Medium WP. In addition, it includes CT 

and ST muons in the range |𝝶| < 0.1.

Reconstruction and Calibration in the Muon Spectrometer

24

Toni Baroncelli - INFN Roma TRE                                                                                                                                             Physics at Hadron Colliders

ATLAS & CMS two basic approaches "
(one of first slides…)

μ

μ

Z

tag

probe
用来测量

用来判选

ATLAS-CONF-2020-030



November 07, 2020                                                                                      Jie Zhang (Shandong University)                                                                                                             

• Add FSR photon to  calculation to improve the  resolution 

• The FSR recovery leads to a narrower mass distributions and decreases the peak RMS by around 3%.

mμμ mμμ

Muon QED Final State Radiation

25

g
μ

μ

H
110 120 130 140 150 160

 [GeV])γ(µµm

0

50

100

150

Ev
en

ts
 / 

G
eV  Before recovery

 After recovery
ATLAS Simulation

µµ → H 
-1 = 13 TeV, 139 fbs

Mean: 124.1 GeV
Mean: 124.4 GeV
RMS: 3.6 GeV
RMS: 3.5 GeV

110 120 130 140 150 160
 [GeV])γ(µµm

0

2

4

6

8

Ev
en

ts
 / 

G
eV  Before recovery

 After recovery
ATLAS Simulation

µµ → H 
-1 = 13 TeV, 139 fbs

 Only events with FSR (5% of all)

Mean: 118.6 GeV
Mean: 126.1 GeV
RMS: 4.7 GeV
RMS: 4.3 GeV

arXiv: 2007.07830



November 07, 2020                                                                                      Jie Zhang (Shandong University)                                                                                                             

• Events within  = 120-130 mμμ GeV

Event Yields

26

Category Data SSM S B S/
p
B S/B [%] � [GeV]

VBF Very High 15 2.81 ± 0.27 3.3 ± 1.7 14.5 ± 2.1 0.86 22.6 3.0

VBF High 39 3.46 ± 0.36 4.0 ± 2.1 32.5 ± 2.9 0.71 12.4 3.0

VBF Medium 112 4.8 ± 0.5 5.6 ± 2.8 85 ± 4 0.61 6.6 2.9

VBF Low 284 7.5 ± 0.9 9 ± 4 273 ± 8 0.53 3.2 3.0

2-jet Very High 1030 17.6 ± 3.3 21 ± 10 1024 ± 22 0.63 2.0 3.1

2-jet High 5433 50 ± 8 58 ± 30 5440 ± 50 0.77 1.0 2.9

2-jet Medium 18 311 79 ± 15 90 ± 50 18 320 ± 90 0.66 0.5 2.9

2-jet Low 36 409 63 ± 17 70 ± 40 36 340 ± 140 0.37 0.2 2.9

1-jet Very High 1097 16.5 ± 2.4 19 ± 10 1071 ± 22 0.59 1.8 2.9

1-jet High 6413 46 ± 7 54 ± 28 6320 ± 50 0.69 0.9 2.8

1-jet Medium 24 576 90 ± 11 100 ± 50 24 290 ± 100 0.67 0.4 2.7

1-jet Low 73 459 125 ± 17 150 ± 70 73 480 ± 190 0.53 0.2 2.8

0-jet Very High 15 986 59 ± 11 70 ± 40 16 090 ± 90 0.55 0.4 2.6

0-jet High 46 523 99 ± 13 120 ± 60 46 190 ± 150 0.54 0.3 2.6

0-jet Medium 91 392 119 ± 14 140 ± 70 91 310 ± 210 0.46 0.2 2.7

0-jet Low 121 354 79 ± 10 90 ± 50 121 310 ± 280 0.26 0.1 2.7

VH4L 34 0.53 ± 0.05 0.6 ± 0.3 24 ± 4 0.13 2.6 2.9

VH3LH 41 1.45 ± 0.14 1.7 ± 0.9 41 ± 5 0.27 4.2 3.1

VH3LM 358 2.76 ± 0.24 3.2 ± 1.6 347 ± 15 0.17 0.9 3.0

tt̄H 17 1.19 ± 0.13 1.4 ± 0.7 15.1 ± 2.2 0.36 9.2 3.2

arXiv: 2007.07830
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Systematic Uncertainties

27

15− 10− 5− 0 5 10 15

Muon momentum resolution ID

Spurious signal, 2-jet Medium cate.

 BRµµ →H 

Spurious signal, 1-jet Very High cate.

ggF QCD resummation

Spurious signal, 2-jet High cate.

 2-jet↔ggF QCD scale 1 

Spurious signal, VBF Very High cate.

ggF QCD scale

ggF parton shower

0.1− 0.05− 0 0.05 0.1
µ/µΔ

1.5− 1− 0.5− 0 0.5 1 1.5
θΔ)/0θ - θ(

Pull
1 standard deviation

µPrefit Impact on 
µPostfit Impact on 

ATLAS
-1 = 13 TeV, 139 fbs

 Top 10µµ →H 

Main systematic uncertainties 
• Theory uncertainty on signal cross-section 
• Experimental uncertainties on muon selection efficiency 
• Spurious signal systematic per category due to background fit

arXiv: 2007.07830
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•Most H ￫ µµ signal have muon  between 50  and 100  

•Sensitivity to signal is proportional to the  

 ~ 

PT GeV GeV
1/ σ

S

B

1

σ

Improving the dimuon mass resolution is the key to find H ￫ µµ signal at LHC
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ttH BDT Training Variables
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VH 3-lepton BDT Training Variables

30

0 25 50 75 100 125 150
mT(`, Emiss

T ) [GeV]

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

Fr
ac

tio
n

of
E

ve
nt

s

ATLASp
s = 13 TeV, 139 fb-1

3-lepton inclusive
selection

Data
H! µµ simulation
Bkg simulation

50 100 150 200
pj1

T [GeV]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

Fr
ac

tio
n

of
E

ve
nt

s

ATLASp
s = 13 TeV, 139 fb-1

3-lepton inclusive
selection

Data
H! µµ simulation
Bkg simulation

0 50 100 150 200
p`1

T [GeV]

0.00

0.10

0.20

0.30

0.40

Fr
ac

tio
n

of
E

ve
nt

s

ATLASp
s = 13 TeV, 139 fb-1

3-lepton inclusive
selection

Data
H! µµ simulation
Bkg simulation

0 1 2 3 4 5 6
¢¥µµ,`

0.00

0.05

0.10

0.15

0.20

0.25

0.30

Fr
ac

tio
n

of
E

ve
nt

s

ATLASp
s = 13 TeV, 139 fb-1

3-lepton inclusive
selection

Data
H! µµ simulation
Bkg simulation

0 1 2 3
¢¡µµ,`

0.00

0.03

0.05

0.08

0.10

0.12

0.15

0.18

Fr
ac

tio
n

of
E

ve
nt

s

ATLASp
s = 13 TeV, 139 fb-1

3-lepton inclusive
selection

Data
H! µµ simulation
Bkg simulation

50 100 150 200
Emiss

T [GeV]

0.00

0.05

0.10

0.15

0.20

0.25

Fr
ac

tio
n

of
E

ve
nt

s

ATLASp
s = 13 TeV, 139 fb-1

3-lepton inclusive
selection

Data
H! µµ simulation
Bkg simulation

0 1 2 3 4 5
Jet Multiplicity

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

Fr
ac

tio
n

of
E

ve
nt

s

ATLASp
s = 13 TeV, 139 fb-1

3-lepton inclusive
selection

Data
H! µµ simulation
Bkg simulation

0 1 2 3
¢¡(µµ, Emiss

T )

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

Fr
ac

tio
n

of
E

ve
nt

s

ATLASp
s = 13 TeV, 139 fb-1

3-lepton inclusive
selection

Data
H! µµ simulation
Bkg simulation



November 07, 2020                                                                                      Jie Zhang (Shandong University)                                                                                                             

VH 4-lepton BDT Training Variables
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2-jet BDT Training Variables
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1-jet BDT Training Variables
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0-jet BDT Training Variables
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