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希格斯粒子和缪子的耦合

• 希格斯粒子和W/Z玻色子、希格斯粒子和τ费
米子的耦合已经在LHC一期被观测到。最近，
希格斯粒子与底夸克的耦合、希格斯粒子和

顶夸克的耦合也已经被LHC观测到。在图中，
唯一没有被观测到的是希格斯粒子和缪子的

耦合。

• 目前观测到的都是希格斯和第三代费米子的
耦合。这个道可以用来探测希格斯粒子和第

二代费米子的耦合。
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Higgs粒子只跟有质量的基本粒子耦合
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H→cc：CEPC or FCC-ee
+理解Higgs的势（ triple Higgs
coupling）
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LHC上希格斯玻色子的产生和衰变
LHC Higgs Cross Section Working Group
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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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With 140 fb-1, about 7M ggF events, 
520K VBF, 350K VH and 70K ttH events
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Higgs Boson Decays
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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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Higgs to μμ
• The Higgs cross section at 13 TeV is about 55 pb. With 140 fb-1 data, ~8 million 

Higgs boson have been produced. 1540 of them decay to μμ

8/13/20 Haifeng Li (Shandong University) 5

Why it is so difficult to 
find H->μμ?

arXiv:2007.07830



大型强子对撞机二期（LHC）
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• 两个束流, 每个束流：2808 bunches
• 每个bunch：1.15×1011个质子
• Bunch之间的时间间隔：25纳秒

Bunch的对撞次数：每秒4千万次
• 二期对撞能量13TeV

Bunches

In 2017 the LHC is operating with
2556 bunches per beam

ʨ
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ATLAS探测器
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7000吨，长44米，高25米
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内部径迹探测器（|𝜂|<2.5）
2T Solenoid
Pixels, SCT and TRT

电磁量能器（|𝜂|<3.2）
LAr/Pb

强子量能器（|𝜂|<4.9）
Scintillator/Steel

缪子谱仪（|𝜂|<2.7）ATLAS合作组：~3000人



缪子
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4

3DUWLFOH�'HWHFWLRQ3DUWLFOH�'HWHFWLRQ3DUWLFOH�'HWHFWLRQ3DUWLFOH�'HWHFWLRQ
'HWHFWLRQ�RI�SDUWLFOHV�WKURXJK�WKHLU�LQWHUDFWLRQ�ZLWK�PDWWHU��'HWHFWLRQ�RI�SDUWLFOHV�WKURXJK�WKHLU�LQWHUDFWLRQ�ZLWK�PDWWHU��'HWHFWLRQ�RI�SDUWLFOHV�WKURXJK�WKHLU�LQWHUDFWLRQ�ZLWK�PDWWHU��'HWHFWLRQ�RI�SDUWLFOHV�WKURXJK�WKHLU�LQWHUDFWLRQ�ZLWK�PDWWHU��!!!! GHSRVLWLRQ�����������������GHSRVLWLRQ�����������������GHSRVLWLRQ�����������������GHSRVLWLRQ�����������������
RI�HQHUJ\��RI�HQHUJ\��RI�HQHUJ\��RI�HQHUJ\��!!!! HOHFWULFDO�VLJQDOHOHFWULFDO�VLJQDOHOHFWULFDO�VLJQDOHOHFWULFDO�VLJQDO
ದ ,RQL]DWLRQ,RQL]DWLRQ,RQL]DWLRQ,RQL]DWLRQ
ದ %UHPVVWUDKOXQJ��XS�WR�/+&�HQHUJLHV�PDLQO\�IRU�HOHFWURQV�%UHPVVWUDKOXQJ��XS�WR�/+&�HQHUJLHV�PDLQO\�IRU�HOHFWURQV�%UHPVVWUDKOXQJ��XS�WR�/+&�HQHUJLHV�PDLQO\�IRU�HOHFWURQV�%UHPVVWUDKOXQJ��XS�WR�/+&�HQHUJLHV�PDLQO\�IRU�HOHFWURQV�
ದ 6KRZHU��HOHFWURPDJQHWLF�IRU�H�6KRZHU��HOHFWURPDJQHWLF�IRU�H�6KRZHU��HOHFWURPDJQHWLF�IRU�H�6KRZHU��HOHFWURPDJQHWLF�IRU�H�γγγγ��VWURQJ�IRU�KDGURQV���VWURQJ�IRU�KDGURQV���VWURQJ�IRU�KDGURQV���VWURQJ�IRU�KDGURQV�

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

• 缪子在inner tracker中留下径迹
• 缪子在量能器留下很少的能量
• 缪子在缪子谱仪中留下径迹

最小电离化粒子

质量：105.6MeV



ATLAS Muon
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   Particle Identification                 C. Weiser, Univ. Freiburg               19.8.2016                 SSI 2016                30 

Muon Reconstruction 
1)  Global combined muons: 

Match tracks fully reconstructed in the ID and the MS. Combined fit using all hits.  
! Best class of muons   
 

2)  ID track + MS segment: 
Extrapolate fully reconstructed ID track to MS; add track segments reconstructed in MS 
! Recover efficiency for muons with lower transverse momenta (pT ≤~ 5 GeV) or areas 
     of reduced MS acceptance   
 

3)  ID track + calorimeters (~ MIP),  
no MS requirements: 
! Recover efficiency where MS only  
    partially instrumented   
 

4)  Track only in MS: 
! Extend acceptance beyond  
    ID acceptance 
 

Apply identification criteria to suppress background from e.g. K±/π± ! µν decays, punch-through. 
Define identification levels (e.g. tight, medium, loose) with different efficiencies and purities 
! Analyses to choose according to their needs (S/B; e.g. H ! 4l needs high efficiency). 



ATLAS Muon
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   Particle Identification                 C. Weiser, Univ. Freiburg               19.8.2016                 SSI 2016                30 

Muon Reconstruction 
1)  Global combined muons: 

Match tracks fully reconstructed in the ID and the MS. Combined fit using all hits.  
! Best class of muons   
 

2)  ID track + MS segment: 
Extrapolate fully reconstructed ID track to MS; add track segments reconstructed in MS 
! Recover efficiency for muons with lower transverse momenta (pT ≤~ 5 GeV) or areas 
     of reduced MS acceptance   
 

3)  ID track + calorimeters (~ MIP),  
no MS requirements: 
! Recover efficiency where MS only  
    partially instrumented   
 

4)  Track only in MS: 
! Extend acceptance beyond  
    ID acceptance 
 

Apply identification criteria to suppress background from e.g. K±/π± ! µν decays, punch-through. 
Define identification levels (e.g. tight, medium, loose) with different efficiencies and purities 
! Analyses to choose according to their needs (S/B; e.g. H ! 4l needs high efficiency). 

Combined muon:
• 组合了内部径迹探测器中的径
迹和缪子探测器中的径迹

• 误判率最低的缪子

Segment tagged muon：
• 内部探测器的径迹+缪子探测器
的segment

• 小动量的缪子

Calorimeter tagged muon：
• 内部探测器的径迹+量能器
• 有些方向缪子探测器没有覆盖

Track only in MS：
• 只有缪子探测器中的径迹
• 前端没有内部探测器覆盖



缪子谱仪中的径迹重建
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Toni Baroncelli - INFN Roma TRE                                                                                                                                             Physics at Hadron Colliders

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

ATLAS：在x-y平面，缪子的径迹是直线



缪子的刻度
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ATLAS-CONF-2020-030 

Figure 9: Muon reconstruction and identification e�ciencies for the Loose, Medium, and Tight criteria. The left
plot shows the e�ciencies measured in J/ ! µµ events as function of pT. The right plot displays the e�ciencies
measured in Z ! µµ events as a function of ⌘, for muons with pT > 10 GeV. The predicted e�ciencies are depicted
as open circles, while filled dots illustrate the result of the measurement in collision data. The error bars on the
e�ciencies indicate the statistical uncertainty. The panel at the bottom shows the ratio of the measured to predicted
e�ciencies, with statistical and systematic uncertainties.
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Figure 10: Muon reconstruction and identification e�ciencies for the Medium criteria measured in J/ ! µµ and
Z ! µµ events as a function of pT for muons with 0.1 < |⌘ | < 2.5. The error bars on the e�ciencies indicate
the statistical uncertainty. The panel at the bottom shows the ratio of the measured to predicted e�ciencies, with
statistical and systematic uncertainties.

28

• 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 

利用Z→μμ sample

μ

μ

Z

tag

probe
用来测量

用来判选



Analysis Strategy
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• Signal has good mμμ resolution. 
Background mμμ 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 

arXiv:2007.07830



Muon QED Final State Radiation
• Add FSR photon to mμμ calculation to improve the mμμ resolution

8/13/20 Haifeng Li (Shandong University) 14

g
μ

μ

H

arXiv:2007.07830

3% improvement in signal width



Categorization
面向不同的production mode设计不同的判选条件
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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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ttH Category
• Use BDT (implemented in XGBoost

package) to further suppress 
backgrounds

• Leading two muons as H->mumu
• 12 variables are used for the BDT
• Main background is ttZ. Expected signal: 

1.2 events
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BDT Output > 0.35

After BDT selection
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Figure�1:�Examples�of�leading-order�Feynman�diagrams�for�Higgs�boson�production�via�the�(a)�ggF�and�(b)�VBF�
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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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VH Categories
• 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)
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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/ggF Categories

8/13/20 Haifeng Li (Shandong University) 18

剩余的
事例

0-jet

1-jet

2 jet

g

g

H

q

q

q

q

H

Figure�1:�Examples�of�leading-order�Feynman�diagrams�for�Higgs�boson�production�via�the�(a)�ggF�and�(b)�VBF�
production�processes.

q

q

W, Z

H

g

g

Z

H

g

g

Z

H

�
Figure�2:�Examples�of� leading-order�Feynman�diagrams� for�Higgs�boson�production�via� the� (a)�qq�!� VH� and�
(b,�c)�gg�!�ZH�production�processes.

q

q

t, b

H

t, b

g

g

t, b

t, b

H

g

g

t, b

H

t, b

(
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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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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20 categories 
in total



Signal Modeling
• Double-sided Crystal-Ball function
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Background Modeling
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Proposed model with two components: [ fix ] x [ floating ]
• Fixed part (physics motivated):  LO 2→2 Drell-Yan analytic 

lineshape
• m(μμ) resolution effect included by smearing with 

Gaussian 
• Floating part:

Chosen with high-stat DY 
fast simulated samples

Simultaneous fit with 
20 categories to 
extract signal 
strength
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结果
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Event Yields
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Events within mμμ = 120–130 GeV
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Main systematic uncertainties
• Theory uncertainties on the signal
• Spurious signal systematic per category
• Experimental uncertainties on muon

系统误差

Spurious signal systematics

  fit�

discriminant  

sig1 

sig2 

   true bkg�

Haifeng Li (Stony Brook University) Latest Results from SM H ! µµ Search with Run I Data March 7, 2014 11 / 33



统计结果
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Significance: 2.0σ (1.7σ expected)
Best fit: μ = 1.2±0.6

Data statistics: ±0.58
Signal  theory syst.: +0.13 -0.08
Signal experiment syst.: +0.07-0.03
Spurious signal syst.: ±0.10 



Signal Strength in Different Categories
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Higgs Couplings
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Figure 14: Reduced coupling-strength modifiers ^�
<�
E for fermions (� = C, 1, g, `) and

p
^+

<+
E for weak gauge

bosons (+ = , , /) as a function of their masses <� and <+ , respectively, and the vacuum expectation value of
the Higgs field E = 246 GeV. The SM prediction for both cases is also shown (dotted line). The black error bars
represent 68% CL intervals for the measured parameters. The coupling modifiers are measured assuming no BSM
contributions to the Higgs boson decays, and the SM structure of loop processes such as ggF and � ! WW. The
lower inset shows the ratios of the values to their SM predictions. The level of compatibility between the combined
measurement and the SM prediction, estimated using the procedure outlined in the text with six degrees of freedom,
corresponds to a ?-value of ?SM = 84%.

7.5 Generic parameterization including e�ective photon and gluon couplings with and

without BSM contributions in decays

The models considered in this section are based on the same parameterization as the one in Section 7.4 but
the ggF, � ! 66, and � ! WW loop processes are parameterized using the e�ective coupling-strength
modifiers ^6 and ^W , similar to the benchmark model probed in Section 7.3.

The measured parameters include ^/ , ^, , ^1, ^C , ^g , ^W and ^6. The sign of ^C can be either positive or
negative, while ^/ is assumed to be positive without loss of generality. All other model parameters are
also assumed to be positive. Furthermore it is assumed that any potential BSM e�ect does not a�ect the
kinematics of the Higgs boson decay products significantly. Two alternative scenarios are considered for
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总结

• H->mumu is used to probe the Higgs coupling to second generation 
fermions

• H->mumu search with full run2 data. Observed significance: 2σ (1.7σ 
expected)

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

8/13/20 Haifeng Li (Shandong University) 32

Outlook: 
• Need more data to understand the coupling between Higgs boson and muons
• LHC Run 3 will start Feb 2022



Backup
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Most H ! µµ signal have muon pT between 50 GeV and
100 GeV.
Sensitivity to signal is proportional to the 1/

p
�

Sp
B

⇠ 1p
�

Improving the dimuon mass resolution is the key to find
H ! µµ signal at LHC

Haifeng Li (Shandong University) Higgs to µµ at ATLAS December 23, 2017 20 / 24
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H → µµ ��̄H training variables
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H → µµ VH �-lepton training variables
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H → µµ VH �-lepton training variables
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H → µµ �-jet channel training variables
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H → µµ �-jet channel training variables
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H → µµ �-jet channel training variables
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H → µµ �-jet channel training variables
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H → µµ S+B �ts in categories
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H → µµ S+B �ts in categories
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Here 𝛽=1


