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Introduction
The discovery of the Higgs boson is a triumph of the SM.
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H → µµ is a sensitive channel to probe the Higgs coupling
to second-generation fermions

Haifeng Li (Shandong University) Higgs to µµ at ATLAS December 23, 2017 2 / 24



Higgs Boson Production at the LHCHiggs Boson Production at the LHC�

15/8/16� Haifeng Li (Stony Brook) - Higgs results in ATLAS� ��

 [TeV] s
6 7 8 9 10 11 12 13 14 15

 H
+X

) [
pb

]  
  

→
(p

p 
σ

2−10

1−10

1

10

210 M(H)= 125 GeV

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
6

 H (N3LO QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→pp 
 ZH (NNLO QCD + NLO EW)

→pp 

 ttH (NLO QCD + NLO EW)

→pp 

 bbH (NNLO QCD in 5FS, NLO QCD in 4FS)

→pp 

 tH (NLO QCD, t-ch + s-ch)

→pp 

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.
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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.

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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ggF: dominant,  
larger initial state 
radiation from 
gluons�

VBF: two forward 
jets with high 
mass and large 
rapidity gap�

VH: vector boson 
(lv, ll’, qq’)�

ttH: many b-jets, 
leptons, ET

miss�

LHC Higgs Cross Section Working Group�
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Table 1: Standard Model predictions for the Higgs boson production cross sections together with their theoretical
uncertainties. The value of the Higgs boson mass is assumed to be mH = 125.09 GeV and the predictions are
obtained by linear interpolation between those at 125.0 and 125.1 GeV from Ref. [32] except for the tH cross
section, which is taken from Ref. [77]. The pp ! ZH cross section, calculated at NNLO in QCD, includes both
the quark-initiated, i.e. qq ! ZH or qg ! ZH, and the gg ! ZH contributions. The contribution from the
gg ! ZH production process, calculated only at NLO in QCD and indicated separately in brackets, is given
with a theoretical uncertainty assumed to be 30%. The uncertainties in the cross sections are evaluated as the sum
in quadrature of the uncertainties resulting from variations of the QCD scales, parton distribution functions, and
↵s. The uncertainty in the tH cross section is calculated following the procedure of Ref. [78]. The order of the
theoretical calculations for the di↵erent production processes is also indicated. In the case of bbH production, the
values are given for the mixture of five-flavour (5FS) and four-flavour (4FS) schemes recommended in Ref. [73].

Production Cross section [pb] Order of
process

p
s = 7 TeV

p
s = 8 TeV calculation

ggF 15.0 ± 1.6 19.2 ± 2.0 NNLO(QCD) + NLO(EW)

VBF 1.22 ± 0.03 1.58 ± 0.04 NLO(QCD+EW) + approx. NNLO(QCD)

WH 0.577 ± 0.016 0.703 ± 0.018 NNLO(QCD) + NLO(EW)

ZH 0.334 ± 0.013 0.414 ± 0.016 NNLO(QCD) + NLO(EW)

[ggZH] 0.023 ± 0.007 0.032 ± 0.010 NLO(QCD)

ttH 0.086 ± 0.009 0.129 ± 0.014 NLO(QCD)

tH 0.012 ± 0.001 0.018 ± 0.001 NLO(QCD)

bbH 0.156 ± 0.021 0.203 ± 0.028 5FS NNLO(QCD) + 4FS NLO(QCD)

Total 17.4 ± 1.6 22.3 ± 2.0

Table 2: Standard Model predictions for the decay branching fractions of a Higgs boson with a mass of 125.09 GeV,
together with their uncertainties [32]. Included are decay modes that are either directly studied or important for the
combination because of their contributions to the Higgs boson width.

Decay mode Branching fraction [%]
H ! bb 57.5 ± 1.9
H ! WW 21.6 ± 0.9
H ! gg 8.56 ± 0.86
H ! ⌧⌧ 6.30 ± 0.36
H ! cc 2.90 ± 0.35
H ! ZZ 2.67 ± 0.11
H ! �� 0.228 ± 0.011
H ! Z� 0.155 ± 0.014
H ! µµ 0.022 ± 0.001

6
•  Low BR channels (ZZ→4l, γγ, Zγ and µµ) have better mass 

resolutions but small rate 
•  Channels with higher BRs (the rest) are challenging 

experimentally 
•  Note: BR (H→µµ) = 2.19E-4; BR(H→ZZ→4l) = 1.26E-4 

LHC Higgs Cross Section Working Group�

Note: BR(H → µµ) = 2.18× 10−4
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H → µµ Analysis Strategy

ggF, VBF and VH signal processes are considered
Dedicated categories for ggF and VBF
Dominant background is Drell-Yan process
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Data and Event Selections
Data

Data: 2015+2016 pp collisions data. Integrated luminosity:
36.1 fb−1

Single muon trigger.
Muon object selection

Muons are reconstructed using the information of inner
tracking and muon spectrometer
Muon pT > 15 GeV, |η| < 2.5

Event selection
At least one primary vertex associated with at least two
tracks
Exactly have two muons. Leading muon pT > 27 GeV
MET < 80 GeV. Veto events with any b-jet
Signal region: 110 < mµµ < 160 GeV

Haifeng Li (Shandong University) Higgs to µµ at ATLAS December 23, 2017 6 / 24



Categorization

Use a BDT trained by 14 variables to select VBF events:
VBF loose and VBF tight

The rest of events are considered as ggF-like events which
are separated by muon η and pµµ

T : 2 η × 3 pµµ
T categories

There are 8 categories in total

Categorization�
Dedicated categories for VBF and ggF. First identify VBF events, then split 
the rest into ggF categories. VBF: use 14 variables to form a BDT; ggF: use 
pT

µµ and muon η to separate events;  
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Figure 2: Distributions of the multivariable discriminant for events in the inclusive signal region that contains at
least two jets. MC statistical and experimental systematic uncertainties are shown in the error band.

The remaining events that are not selected in the VBF categories all enter into the ggF categories. Signal130

events from the ggF process tend to have a harder pµµT spectrum than Drell-Yan events due to the more131

radiating initial state. To take advantage of this feature, events are separated into three pµµT categories:132

“low pµµT ” (pµµT < 15 GeV), “medium pµµT ” (15 < pµµT < 50 GeV), and “high pµµT ” (pµµT > 50 GeV). Since133

the overall muon momentum resolution in the barrel region is better than that in the endcap region, events134

in each pT category are further divided according to the pseudorapidities of the muons. Requiring both135

muons with |⌘| < 1 forms the “central” category, while the remaining events constitute the “non-central”136

category.137

Table 1 shows the expected signal and background event yields as well as the observed number of data138

events with 120 < mµµ < 130 GeV in each signal category. These numbers are provided to demon-139

strate the expected detection sensitivity, while in the final results, the signal and background yields are140

determined by fitting the observed mµµ distributions.141

Signal Background S/
p

B Data
Central low pµµT 10.7 9406 0.11 9822
Non-central low pµµT 28.9 35728 0.15 38438
Central medium pµµT 24.5 7802 0.28 8199
Non-central medium pµµT 65.1 30605 0.37 30497
Central high pµµT 18.6 3685 0.31 3526
Non-central high pµµT 44.1 11587 0.41 11595
VBF loose 3.4 239 0.22 245
VBF tight 3.4 64 0.43 75

Table 1: Expected event yields for the signal (mH = 125 GeV) and background processes, and numbers of the
observed data events in all the signal categories within a window of 120 < mµµ < 130 GeV. The expected signal
and background event yields are normalized to 36.1 fb�1.
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H ! µµ Event Selection
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DY�

Large initial state radiation from ggF 
leads to higher pT

µµ 

Categories make use of better S/
√

B for different regions
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Categorization – VBF

Multivariate analysis method is used for VBF category to
get better sensitivity
14 variables are used to train a BDT

I Most sensitive ones: mjj , ∆ηjj , pµµ
T , ∆Rjj

Cut on BDT score to have VBF Tight (BDT > 0.9) and
VBF Loose (0.7< BDT < 0.9)
Events with BDT < 0.7 are classified as ggF-like events

Haifeng Li (Shandong University) Higgs to µµ at ATLAS December 23, 2017 8 / 24



BDT Score in Signal Region
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VBF-like Event
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Categorization – ggF

Signal has more ISR than background. Signal tends to
have large pll

T than background
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Dimuon Mass Resolution from Z Events

Eur. Phys. J. C (2016) 76:292

(1) Central: both muons |η| < 1 (2) Non-central: rest
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Event Yields

S B S/
√
B FWHM Data

Central low pµµT 11 8000 0.12 5.6 GeV 7885
Non-central low pµµT 32 38000 0.16 7.0 GeV 38777
Central medium pµµT 23 6400 0.29 5.7 GeV 6585
Non-central medium pµµT 66 31000 0.37 7.1 GeV 31291
Central high pµµT 16 3300 0.28 6.3 GeV 3160
Non-central high pµµT 40 13000 0.35 7.7 GeV 12829
VBF loose 3.4 260 0.21 7.6 GeV 274
VBF tight 3.4 78 0.38 7.5 GeV 79

Signal event yields
are not small Cate. with higher

sensitivities
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Signal Modelling
Signal mµµ distributions are modelled using a Crystal Ball
+ Gaussian function
The parameters are fixed when extracting signal strength
Easy to do interpolation between different Higgs mass
points
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Background Modelling
Background mµµ distributions are modelled by

f × [BW(mBW, ΓBW)⊗ GS(σB
GS)](mµµ) + (1− f )× eA·mµµ/m3
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Background Modelling Uncertainties

Any systematic bias in the background model when describing
the underlying mµµ spectrum might result in spurious signal
events in the measurement. In each category, the number of
spurious signal events (Nspur) is estimated by fitting the
parameterized S+B model to the simulated background mµµ

distribution in the range 110–160 GeV.

The impact of the background mismodeling on the expected
upper limit on the signal strength is about 2%.
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Results of H → µµ

Phys. Rev. Lett. 119, 051802 (2017)

Upper limit on signal strength

Observed Expected
Run-2 3.0 3.1
Run-1&Run-2 2.8 2.9

Measurement of signal strength

µ̂
Run-2 −0.1± 1.5
Run-1&Run-2 −0.1± 1.4
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Conclusions

A search for the dimuon decay of the Higgs boson is
performed using 36.1 fb−1 of data collected with the
ATLAS detector in pp collisions at

√
s =13 TeV

No significant excess is observed in data, and an upper
limit is set on the signal strength.
When combined with LHC Run 1 data, the observed
(expected) upper limit is 2.8 (2.9) times the Standard
Model prediction.

Phys. Rev. Lett. 119, 051802 (2017) as PRL Editors’
Suggestion
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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/

√
σ

S√
B
∼ 1√

σ

Improving the dimuon mass resolution is the key to find
H → µµ signal at LHC
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Higgs pT

Signal samples were generated by Powheg NLO. Higgs pT is
reweighted to HRes. Consider the migration between Higgs pT
bins with “Stewart-Tackmann” method. Uncertainties in three
pµµ

T categories for ggF signal samples.
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CMS: BDT

transformed BDT
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CMS Results

CMS PAS HIG-17-019
13 TeV data used: 35.9 fb−1

Upper limit on signal strength with 13 TeV data: 2.64 (2.08)
for observed (expected)
Upper limit on signal strength with 7/8/13 TeV data:
2.64 (1.89) for observed (expected)
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CMS Limits and p-value
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Figure 5: The 95% CL upper limit on the signal strength modifier, µ, for the combination of the
7, 8, and 13 TeV datasets (left) together with the expected limit obtained background hypothesis
and in the signal-plus-background hypothesis (red-line) for a SM Higgs boson with mH =
125 GeV. The combined local p-value and significance as a function of the SM Higgs boson
mass hypothesis (right). The observation (black) is compared to the expectation (red) for the
Higgs boson, and (blue) for the Higgs boson mass of 125 GeV.

The combination of these results with data recorded earlier at center-of-mass energies of 7 and
8 TeV is shown in Fig. 5 (left), and yields a 95% CL observed (expected) upper limit on the
production rate of 2.64 (1.89) times the SM value. Theoretical uncertainties are considered cor-
related across the datasets, while the main experimental uncertainties are considered uncorre-
lated. The best fit signal strength is obtained for a Higgs mass of 125 GeV, µ̂comb

125 = 0.9+1.0
�0.9, and

the observed (expected) combined significance at mH = 125 GeV is 0.98 (1.09) s as presented
in Fig. 5 (right). This corresponds to an upper limit on the H ! µ+µ� branching fraction of
5.7 ⇥ 10�4, assuming the SM production cross sections.
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