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Since its discovery in 2012 we have  
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Since its discovery in 2012 we have  

made great strides in characterizing the Higgs boson

• Measurements of mH, ΓH, JCP

- mH = 125.38 ± 0.14 GeV PLB 805 (2020) 135425


• Interactions of H with W, Z, ɣ and 3rd generation 
fermions (t,b,τ)

- Found to be consistent with SM HIG-19-005


• The next frontier is to probe the Higgs boson 
interaction with 2nd generation fermions 
➡ H→ff coupling proportional to mf

➡ Small BR(H→ff) for 1st, 2nd gen. fermions


• H→μμ is probably the only accessible 2nd or 
1st generation interaction at LHC 

• Observed (expected) limit set by previous CMS 
search: 2.9 (2.2) x SM prediction PRL 122, 021801 (2019)
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Figure 5: Signal strength modifiers for the production, µi, and for the decay, µ f , modes on the left and
the right panel, respectively. The thick (thin) black lines report the 1s (2s) confidence intervals. The
thick blue and red lines report the statistical and systematic components of the 1s confidence intervals.
The assumptions used in this fit are described in the text.

Table 3: Best-fit values and ±1s uncertainties for the decay channel signal strength parametrization.
The expected uncertainties for µ f = 1 are given in brackets.

Decay µ f

Uncertainty
Parameters Best-fit Stat. Syst.

µgg 1.07+0.12
�0.10

+0.08
�0.08

+0.08
�0.07⇣

+0.11
�0.10

⌘ ⇣
+0.08
�0.08

⌘ ⇣
+0.07
�0.06

⌘

µZZ 0.93+0.10
�0.09

+0.07
�0.07

+0.07
�0.06⇣

+0.11
�0.10

⌘ ⇣
+0.08
�0.07

⌘ ⇣
+0.07
�0.06

⌘

µWW 1.20+0.16
�0.15

+0.09
�0.09

+0.13
�0.12⇣

+0.14
�0.13

⌘ ⇣
+0.09
�0.09

⌘ ⇣
+0.11
�0.10

⌘

µtt 0.80+0.17
�0.16

+0.10
�0.10

+0.14
�0.13⇣

+0.18
�0.17

⌘ ⇣
+0.10
�0.10

⌘ ⇣
+0.15
�0.14

⌘

µbb 1.11+0.20
�0.19

+0.13
�0.13

+0.16
�0.15⇣

+0.20
�0.19

⌘ ⇣
+0.12
�0.12

⌘ ⇣
+0.15
�0.14

⌘

µµµ 0.90+1.29
�1.28

+1.28
�1.27

+0.22
�0.13⇣

+1.27
�1.26

⌘ ⇣
+1.25
�1.26

⌘ ⇣
+0.24
�0.06

⌘

8 Measurements of the Higgs boson couplings

In the k-framework [76], coupling modifiers are introduced in order to test for deviations in
the couplings of the Higgs boson to other particles. The total Higgs boson width cannot be
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The H→μμ Search
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• Look for a narrow dimuon mass peak at the Higgs mass

• Search hampered by:


➡ Small signal rate : BR(H→μμ) = 2.1 x 10-4

➡ Large background : Dominant Drell-Yan background ~103 times larger than 

signal

• We maximize sensitivity by individually targeting the 4 main Higgs production 

modes 

• 4 analyses tailored to exploit the unique topologies of gluon fusion, VBF, VH, ttH 



Higgs Production Modes
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• 87% of total H cross section 
• Low signal purity : 0.2-2%

• Large DY background
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Figure 11.1: Main leading order Feynman diagrams contributing to the Higgs boson production
in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or associated production with a
gauge boson at tree level from a quark-quark interaction), (d) associated production with a gauge
boson (at loop level from a gluon-gluon interaction), (e) associated production with a pair of top
quarks (there is a similar diagram for the associated production with a pair of bottom quarks),
(e-f) production in association with a single top quark

The state-of-the-art of the theoretical calculations in the main di�erent production channels is
summarized in Table 11.1.

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs boson production
channels in the SM, and the major MC tools used in the simulations

ggF VBF V H tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:
N3LO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD+EW

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)
Resummed: Fixed order: Fixed order: (MG5_aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD
(HRes) (HAWK) (VH@NNLO)

Higgs pT :
NNLO+NNLL
(HqT, HRes)

Jet Veto:
N3LO+NNLL

The cross sections for the production of a SM Higgs boson as a function of
Ô

s, the center of mass
energy, for pp collisions, including bands indicating the theoretical uncertainties, are summarised

6th December, 2019 11:48am

ggH
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• 7% of total H cross section 
• Two jets with large η-gap, mjj 
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• 4% of total H cross section 
• Additional e, μ in the event from 

leptonic decays of W, Z

• Main backgrounds : ZZ, WZ
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• 87% of total H cross section 
• Low signal purity : 0.2-2%

• Large DY background

• 7% of total H cross section 
• Two jets with large η-gap, mjj 

• Main backgrounds : DY, EWK Z+jj

• 1% of total H cross section 
• Additional jets, b-jets, leptons in the 

event from top decays

• Main backgrounds : tt, ttZ

• 4% of total H cross section 
• Additional e, μ in the event from 

leptonic decays of W, Z

• Main backgrounds : ZZ, WZ
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Figure 11.1: Main leading order Feynman diagrams contributing to the Higgs boson production
in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or associated production with a
gauge boson at tree level from a quark-quark interaction), (d) associated production with a gauge
boson (at loop level from a gluon-gluon interaction), (e) associated production with a pair of top
quarks (there is a similar diagram for the associated production with a pair of bottom quarks),
(e-f) production in association with a single top quark

The state-of-the-art of the theoretical calculations in the main di�erent production channels is
summarized in Table 11.1.

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs boson production
channels in the SM, and the major MC tools used in the simulations

ggF VBF V H tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:
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(HRes) (HAWK) (VH@NNLO)

Higgs pT :
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(HqT, HRes)

Jet Veto:
N3LO+NNLL

The cross sections for the production of a SM Higgs boson as a function of
Ô

s, the center of mass
energy, for pp collisions, including bands indicating the theoretical uncertainties, are summarised

6th December, 2019 11:48am
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The state-of-the-art of the theoretical calculations in the main di�erent production channels is
summarized in Table 11.1.
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energy, for pp collisions, including bands indicating the theoretical uncertainties, are summarised
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quarks (there is a similar diagram for the associated production with a pair of bottom quarks),
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The state-of-the-art of the theoretical calculations in the main di�erent production channels is
summarized in Table 11.1.
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(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)
Resummed: Fixed order: Fixed order: (MG5_aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD
(HRes) (HAWK) (VH@NNLO)

Higgs pT :
NNLO+NNLL
(HqT, HRes)

Jet Veto:
N3LO+NNLL

The cross sections for the production of a SM Higgs boson as a function of
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s, the center of mass
energy, for pp collisions, including bands indicating the theoretical uncertainties, are summarised
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Figure 11.1: Main leading order Feynman diagrams contributing to the Higgs boson production
in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or associated production with a
gauge boson at tree level from a quark-quark interaction), (d) associated production with a gauge
boson (at loop level from a gluon-gluon interaction), (e) associated production with a pair of top
quarks (there is a similar diagram for the associated production with a pair of bottom quarks),
(e-f) production in association with a single top quark

The state-of-the-art of the theoretical calculations in the main di�erent production channels is
summarized in Table 11.1.

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs boson production
channels in the SM, and the major MC tools used in the simulations

ggF VBF V H tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:
N3LO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD+EW

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)
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Higgs pT :
NNLO+NNLL
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Jet Veto:
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The cross sections for the production of a SM Higgs boson as a function of
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s, the center of mass
energy, for pp collisions, including bands indicating the theoretical uncertainties, are summarised
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Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs boson production
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energy, for pp collisions, including bands indicating the theoretical uncertainties, are summarised

6th December, 2019 11:48am

7 11. Status of Higgs Boson Physics

W

q

q′′ q′′′

q′

(b)

H

(c)

q′

q

W,Z

H

W,Z

(f)

b t

q′q

HW

g

g

(d) (e)

g

g

H

q′

H

t

(g)

b

q

g

g

(a)

t
H

Z

H t

t

W,Z

W,Z

t

Figure 11.1: Main leading order Feynman diagrams contributing to the Higgs boson production
in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or associated production with a
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channels in the SM, and the major MC tools used in the simulations
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• Require 2 opposite sign muons in the event

➡ pT > 20 GeV; |η| < 2.4


• At least one muon with pT > 26 (29) GeV in 
2016, 2018 (2017) data

➡ Consistency with single muon trigger 

thresholds


• Muon pT resolution: 

➡ 1.5-2% in barrel region (|η| < 0.9)

➡ 2-4% in endcaps (|η| > 1.2)


• FSR photon recovery:

➡ 3% improvement in mass resolution

➡ 2% increase in signal efficiency (otherwise 

spoiled by the photon in isolation region)
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Figure 4: Left: the observed BDT output distribution compared to the prediction from the
simulation of various SM background processes. Dimuon events passing the event selection
requirements of the ggH category, with mµµ between 110–150 GeV, are considered. The ex-
pected distributions for ggH, VBF, and other signal processes are overlaid. The gray vertical
boxes indicate the range of variation of the BDT boundaries for the optimized event categories
defined in each data-taking period. In the lower panel, the ratio between data and the expected
background is shown. The grey band indicates the uncertainty due to the limited size of the
simulated samples. The azure band corresponds to the sum in quadrature between the statisti-
cal and experimental systematic uncertainties, while the orange band additionally includes the
theoretical uncertainties affecting the background prediction. Right: the signal shape model
for the simulated H ! µµ sample with mH = 125 GeV in the best (red) and the worst (blue)
resolution categories.

The background contribution in each category is modelled with analytical functions. No prior
knowledge of the parameters of these functions or the yield of the total background is assumed.
These parameters are therefore constrained directly by the observed data in the signal-plus-
background fit. Since the background composition expected from simulation is very similar
across categories and largely dominated by the DY process, the background shape in mµµ is
similar in all categories. There are, however, variations in the overall slope of the mµµ spectrum
across the BDT score categories. The function describing the background in each event category
is therefore defined as the product of a “core” shape that is common among all event categories,
with parameters correlated across categories, and a polynomial term (shape modifier) specific
to each event category that modulates the core shape. This background modelling approach is
referred to as the “core-pdf method”. The core background shape is obtained from an envelope
of three distinct functions: the modified Breit–Wigner (mBW) defined in Eq.(4), a sum of two
exponential functions, and the product of a non-analytical shape derived from the FEWZ v3.1
generator [52] and a third-order Bernstein polynomial. Each of these functions contains three
freely floating shape parameters. The non-analytical shape derived from the FEWZ generator is
obtained by simulating DY events at NNLO precision in QCD corrections and NLO accuracy
in EW theory and smoothing out the resulting mµµ distribution using a spline function [85, 86].
In a given category, each of the three core functions is modulated by either a third- (ggH-cat1
and ggH-cat2) or a second-order polynomial, with parameters uncorrelated across categories.
A discrete profiling method [87] is employed, which treats the choice of the core function used
to model the background as a discrete nuisance parameter in the signal extraction.

Events with high 
dimuon mass resolution (~1%) 
Typically both muons in barrel

Signal characterized by a sharp dimuon mass peak at 125 GeV 
mμμ resolution plays a defining role in determining analysis sensitivity
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Use the divide-n-fit strategy to enhance analysis performance

Train signal v/s bkg. multivariate (BDT) classifier 
• Exploit full kinematic information of the event

• Input variables chosen to be uncorrelated with H 

candidate mass

• Signal events weighted by 1/σm to give high 

resolution events more signal-like MVA score

Divide events into categories based on the 
classifier output 
• Several subcategories with varying signal purity
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Use the divide-n-fit strategy to enhance analysis performance

Train signal v/s bkg. multivariate (BDT) classifier 
• Exploit full kinematic information of the event

• Input variables chosen to be uncorrelated with H 

candidate mass

• Signal events weighted by 1/σm to give high 

resolution events more signal-like MVA score

Divide events into categories based on the 
classifier output 
• Several subcategories with varying signal purity

Fit the dimuon mass distribution in each 
subcategory to extract the signal  
• Signal and background modeled using 

parametric functions

• Completely data-driven background prediction
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VH Analysis
Inputs to WH and ZH BDT classifiers 
• H candidate kinematics : Dimuon pT, η, Δϕ(μμ), … 

• WH kinematics : pT(ℓW), Δη(ℓW,H), Δϕ(ℓW,H), MT(ℓW,MHT), …

• ZH kinematics : Z pT, η, mZ, Δη(Z,H), Δϕ(Z,H), cosθ*(Z,H), …
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VH Analysis
Inputs to WH and ZH BDT classifiers 
• H candidate kinematics : Dimuon pT, η, Δϕ(μμ), … 

• WH kinematics : pT(ℓW), Δη(ℓW,H), Δϕ(ℓW,H), MT(ℓW,MHT), …

• ZH kinematics : Z pT, η, mZ, Δη(Z,H), Δϕ(Z,H), cosθ*(Z,H), …

Combined WH & ZH results 
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Table 9: Major sources of uncertainty in the measurement of the signal strength µ and their
impact. The total post-fit uncertainty on µ is divided into the statistical and systematic compo-
nents. The systematic component is further separated into three parts depending on the origin
of the different sources of uncertainty: experimental, theoretical, and size of the simulated sam-
ples. The uncertainty due to the limited statistics of the simulated samples only affects the VBF
category results.

Uncertainty source Dµ

Post-fit uncertainty +0.44 �0.42

Statistical uncertainty +0.41 �0.39

Systematic uncertainty +0.17 �0.16

Experimental uncertainty +0.12 �0.10
Theoretical uncertainty +0.10 �0.11
Size of simulated samples +0.07 �0.06
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Figure 12: Left: signal strength modifiers measured for mH = 125.38 GeV in each production
category (black points) are compared to the result of the combined fit (solid red line) and the
SM expectation (dashed grey line). Right: scan of the profiled likelihood ratio as a function of
µggH,ttH and µVBF,VH with the corresponding 1s and 2s uncertainty contours. The black cross
indicates the best fit values (µ̂ggH,ttH, µ̂VBF,VH) = (0.66, 1.84), while the red circle represents
the SM expectation.

Table 10 reports the observed and expected significances (signif.) over the background-only ex-918

pectation at mH = 125.38 GeV and the 95% CL upper limits on µ in each production category,919

as well as for the 13 TeV and the 7+8+13 TeV combined fits. The combination improves, relative920

to the 13 TeV-only result, both the expected and the observed significance at mH = 125.38 GeV921

by about 1%. Figure 13 shows the observed (solid black) and the expected (dashed black) local922

p-values derived from the 7+8+13 TeV combined fit as a function of mH in a 5 GeV window923

around the expected Higgs boson mass. The expected p-value is computed on an Asimov data924

set generated from the background expectation obtained from the signal-plus-background fit925

with a mH = 125.38 GeV signal injected. As in Fig. 11, the solid markers indicate the mass926

points for which the observed p-values are computed.927

The results presented in this paper are the most precise measurements in the H ! µ+µ� de-928

Obs (exp) significance : 2.0 (0.4)σ
Signal Strength
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• Common inputs to BDT classifiers: 
➡ Dimuon pT & rapidity, decay angles ϕCS, cosθCS, ….


➡ MET, HT, numbers of jets …. 


• Inputs specific to ttH (hadronic)

➡ pT, η of the three leading jets

➡ Top candidate (T): Jet triplet having max. Resolved 

Hadronic Top Tagger (RHTT) score 

- T pT, RHTT, pT balance(H, T) …


• Inputs specific to ttH (leptonic)

➡ ℓT: Highest pT additional lepton

➡ Δϕ(H, ℓT), mass(b, ℓT), transverse mass (MET, ℓT) 

….

Adopt the divide-n-fit strategy
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mμμ distributions in the highest purity ttH(had) & ttH(lep) subcategories

Combined ttH results 
Obs (exp) significance : 1.2 (0.5)σ
Signal Strength

31

Table 9: Major sources of uncertainty in the measurement of the signal strength µ and their
impact. The total post-fit uncertainty on µ is divided into the statistical and systematic compo-
nents. The systematic component is further separated into three parts depending on the origin
of the different sources of uncertainty: experimental, theoretical, and size of the simulated sam-
ples. The uncertainty due to the limited statistics of the simulated samples only affects the VBF
category results.

Uncertainty source Dµ

Post-fit uncertainty +0.44 �0.42

Statistical uncertainty +0.41 �0.39

Systematic uncertainty +0.17 �0.16

Experimental uncertainty +0.12 �0.10
Theoretical uncertainty +0.10 �0.11
Size of simulated samples +0.07 �0.06
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Figure 12: Left: signal strength modifiers measured for mH = 125.38 GeV in each production
category (black points) are compared to the result of the combined fit (solid red line) and the
SM expectation (dashed grey line). Right: scan of the profiled likelihood ratio as a function of
µggH,ttH and µVBF,VH with the corresponding 1s and 2s uncertainty contours. The black cross
indicates the best fit values (µ̂ggH,tt H, µ̂VBF,VH) = (0.66, 1.84), while the red circle represents
the SM expectation.

sections and B(H ! µ+µ�) are correlated across the 7, 8, and 13 TeV analyses. Experimental916

uncertainties affecting the measured properties of the various physics objects (muons, elec-917

trons, jets, and b quark jets), the measurement of the integrated luminosity, and the modelling918

of the pileup conditions are assumed to be uncorrelated between the 7+8 and 13 TeV analyses.919

Table 10 reports the observed and expected significances (signif.) over the background-only920

expectation at mH = 125.38 GeV and the 95% CL ULs on µ in each production category, as well921

as for the 13 TeV and the 7+8+13 TeV combined fits. The combination improves, relative to the922

13 TeV-only result, both the expected and the observed significance at mH = 125.38 GeV by923

about 1%. Figure 13 shows the observed (solid black) and the expected (dashed black) local p-924

values derived from the 7+8+13 TeV combined fit as a function of mH in a 5 GeV window around925

the expected Higgs boson mass. The expected p-value is computed on an Asimov data set gen-926

erated from the background expectation obtained from the S+B fit with a mH = 125.38 GeV927
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ggH Signal Event
ggH(mm)

p
T(μ -) = 54 GeV

pT(μ+) = 74 GeV

m
μμ = 125.5 GeV 

• Higgs candidate:

➡ Exactly two opposite-sign muons in the 

event

➡ μ+μ- pair with 110 < mμμ < 150 GeV


• ttH veto : No event with 1 medium or 2 loosely 
tagged b jets


• VH veto : No additional e, μ in the event


• For events with 2 or more jets (pT > 25 GeV) 

➡ mjj < 400 GeV or |Δηjj| < 2.5 or leading jet 

pT < 35 GeV 


Dominant background : Drell-Yan  



ggH BDT Classifier
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18

background events (B), the observation in data, the S/(S+B), and the S/
p

B ratios computed598

within the HWHM range around the signal peak are listed.599

Table 4: The total expected number of signal events with mH = 125.38 GeV (S), the ratio of the
expected contributions from different production modes to the total signal yield (“Other sig.”
represents the sum of VH, ttH, and bbH contributions), the HWHM of the signal peak, the
estimated number of background events (B) and the observation in data within ±HWHM,
and the S/(S+B) and the S/

p
B ratios within ±HWHM, for each of the optimized ggH event

categories.

Event Sig. ggH VBF Other sig. HWHM Bkg. Data S/(S+B) (%) S/
p

B
category (%) (%) (%) (GeV) @HWHM @HWHM @HWHM @HWHM
ggH-cat1 268 93.7 2.9 3.4 2.12 86 360 86 632 0.20 0.60
ggH-cat2 312 93.5 3.4 3.1 1.75 46 350 46 393 0.46 0.98
ggH-cat3 131 93.2 4.0 2.8 1.60 12 660 12 738 0.70 0.80
ggH-cat4 126 91.5 5.5 3.0 1.47 8260 8377 1.03 0.96
ggH-cat5 53.8 83.5 14.3 2.2 1.50 1680 1711 2.16 0.91

8 The ttH production category600

The ttH process has the smallest cross section among the targeted Higgs boson production601

modes at the LHC. However, the presence of a top quark-antiquark pair in addition to the602

Higgs boson helps to reduce the background to a level that is comparable to the expected signal603

rate. The top quarks decays predominantly into a bottom quark and a W boson (B(t ! Wb) > 99%) [92],604

which then decays either to a charged lepton and a neutrino (B(W ! `n) ⇡ 0.33) [92], or into605

two quarks (B(W ! qq0) ⇡ 0.67) [92]. Because ttH signal events contain at least two b quarks,606

events in the ttH category are required to contain at least two jets passing the loose WP of607

the DeepCSV b tagging algorithm, or at least one b-tagged jet passing the medium WP. This608

requirement suppresses background processes not enriched in jets originating from the had-609

ronization of b quarks, such as DY and diboson production. This selection also ensures mutual610

exclusivity between the ttH category and the other production categories considered in this611

analysis.612

The ttH signal events may contain additional charged leptons, depending on the decay of the613

top quarks. In order to increase the signal selection efficiency in events with large hadronic614

activity, the isolation requirement on all muons described in Section 5 is relaxed to be less615

than 40% of the muon pT. In addition, the isolation cone size decreases dynamically with616

the muon pT (R = 0.2 for pT < 50 GeV, R = 10/pT for 50 < pT < 200 GeV, and R = 0.05 for617

pT > 200 GeV), following the approach used in Ref. [98]. Electron candidates are required to618

have pT > 20 GeV, |h| < 2.5, and to pass identification requirements imposed on the properties619

of the ECAL cluster associated with the electron track, as well as the consistency between the620

electron momentum measured by the inner tracker and its ECAL energy deposit. Each electron621

is also required to be isolated following the same strategy as for muons, and the magnitude622

of the transverse and longitudinal impact parameters must be smaller than 0.05 and 0.1 cm,623

respectively. In order to suppress backgrounds containing nonprompt leptons produced in the624

decay of heavy quarks, muons and electrons are rejected when the jet with pT > 15 GeV that625

is nearest to the lepton in DR separation is b-tagged according to the DeepCSV medium WP.626

Furthermore, all muons and electrons in the ttH category are required to pass the medium WP627

of a multivariate lepton identification discriminant specifically designed to reject nonprompt628

leptons [99], resulting in a selection efficiency of about 90 (85)% per prompt muon (electron).629

Events with one or two additional charged leptons in the final state are grouped in the ttH630
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Adopt the divide-n-fit strategy 
• 5 ggH subcategories
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• BDT inputs related to H candidate kinematics 
➡ Dimuon pT & rapidity, decay angles ϕCS, cosθCS,


➡ η(μ), pT(μ)/mμμ ….


• BDT inputs related to ISR jet activity

➡ pT, η of the leading jet

➡ For events with one jet : Δη(H, j) , Δϕ(H, j)

➡ For events with 2 or more jets :


- min-Δη(H, j) , min-Δϕ(H, j), mjj, Δηjj, Δϕjj


• Events with high mμμ resolution pushed to high score 
➡ Due to 1/σm weight applied to signal during training
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• Typical approach is to fit mμμ distribution in each subcategory 
independently


• Fit in one subcategory not influenced by shape of background in other 
subcategories

Background shape parameters uncorrelated across subcategories
125 GeV

Dimuon mass

125 GeV 125 GeV
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• Background shape in each subcategory driven by the tail of the Z peak

• Background shape expected to be similar across various subcategories

• Minor variations due to differences in dimuon kinematics 

Dimuon mass

N
o.

 o
f e

ve
nt

s

91 GeV 125 GeV

Tail on the Z peak
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Bkg. model in 
a subcategory

Correlated  
“Core” shape=

Common shape for all 
categories


Shape parameters 
correlated across categories


Shape parameters 
constrained by data in all 
categories

• Background shape in each subcategory driven by the tail of the Z peak

• Background shape expected to be similar across various subcategories

• Minor variations due to differences in dimuon kinematics 
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Bkg. model in 
a subcategory

Correlated  
“Core” shape

Per-category 
shape modulation= X

Common shape for all 
categories


Shape parameters 
correlated across categories


Shape parameters 
constrained by data in all 
categories

2nd or 3rd order 
Chebyshev polynomial


Parameters uncorrelated 
across subcategories


Account for variations 
across categories

• Background shape in each subcategory driven by the tail of the Z peak

• Background shape expected to be similar across various subcategories

• Minor variations due to differences in dimuon kinematics 
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Bkg. model in 
a subcategory

Correlated  
“Core” shape

Per-category 
shape modulation= X

Common shape for all 
categories


Shape parameters 
correlated across categories


Shape parameters 
constrained by data in all 
categories

2nd or 3rd order 
Chebyshev polynomial


Parameters uncorrelated 
across subcategories


Account for variations 
across categories

Nbkg 
(Bkg. yield)X

Uncorrelated across 
subcategories


• Background shape in each subcategory driven by the tail of the Z peak

• Background shape expected to be similar across various subcategories

• Minor variations due to differences in dimuon kinematics 
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Bkg. model in 
a subcategory

Correlated  
“Core” shape

Per-category 
shape modulation= X

Common shape for all 
categories


Shape parameters 
correlated across categories


Shape parameters 
constrained by data in all 
categories

2nd or 3rd order 
Chebyshev polynomial


Parameters uncorrelated 
across subcategories


Account for variations 
across categories

Nbkg 
(Bkg. yield)X

Fewer background shape parameters; ~10% improvement  
w.r.t. keeping all subcategories uncorrelated

• Background shape in each subcategory driven by the tail of the Z peak

• Background shape expected to be similar across various subcategories

• Minor variations due to differences in dimuon kinematics 

Uncorrelated across 
subcategories
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mμμ distributions in the 2 most sensitive subcategories

Combined ggH results 
Obs (exp) significance : 1.0 (1.6)σ
Signal Strength

31

Table 9: Major sources of uncertainty in the measurement of the signal strength µ and their
impact. The total post-fit uncertainty on µ is divided into the statistical and systematic compo-
nents. The systematic component is further separated into three parts depending on the origin
of the different sources of uncertainty: experimental, theoretical, and size of the simulated sam-
ples. The uncertainty due to the limited statistics of the simulated samples only affects the VBF
category results.

Uncertainty source Dµ

Post-fit uncertainty +0.44 �0.42

Statistical uncertainty +0.41 �0.39

Systematic uncertainty +0.17 �0.16

Experimental uncertainty +0.12 �0.10
Theoretical uncertainty +0.10 �0.11
Size of simulated samples +0.07 �0.06

4− 2− 0 2 4 6 8
µBest-fit 

VH-cat.

H-cat.tt

ggH-cat.

VBF-cat. -0.61
+0.69 = 1.36µ

-0.64
+0.65 = 0.63µ

-1.95
+2.27 = 2.32µ

-2.83
+3.10 = 5.48µ

µCombined best fit 
SM expectation
68% CL
95% CL

 -0.42
 +0.44 = 1.19µCombined 
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Figure 12: Left: signal strength modifiers measured for mH = 125.38 GeV in each production
category (black points) are compared to the result of the combined fit (solid red line) and the
SM expectation (dashed grey line). Right: scan of the profiled likelihood ratio as a function of
µggH,ttH and µVBF,VH with the corresponding 1s and 2s uncertainty contours. The black cross
indicates the best fit values (µ̂ggH,ttH, µ̂VBF,VH) = (0.66, 1.84), while the red circle represents
the SM expectation.

sections and B(H ! µ+µ�) are correlated across the 7, 8, and 13 TeV analyses. Experimental916

uncertainties affecting the measured properties of the various physics objects (muons, elec-917

trons, jets, and b quark jets), the measurement of the integrated luminosity, and the modelling918

of the pileup conditions are assumed to be uncorrelated between the 7+8 and 13 TeV analyses.919

Table 10 reports the observed and expected significances (signif.) over the background-only920

expectation at mH = 125.38 GeV and the 95% CL ULs on µ in each production category, as well921

as for the 13 TeV and the 7+8+13 TeV combined fits. The combination improves, relative to the922

13 TeV-only result, both the expected and the observed significance at mH = 125.38 GeV by923

about 1%. Figure 13 shows the observed (solid black) and the expected (dashed black) local p-924

values derived from the 7+8+13 TeV combined fit as a function of mH in a 5 GeV window around925

the expected Higgs boson mass. The expected p-value is computed on an Asimov data set gen-926

erated from the background expectation obtained from the S+B fit with a mH = 125.38 GeV927
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VBF Analysis



pT(μ+) = 134 GeV

pT(μ-) = 34 GeV

VBF Signal
H candidate 

μ+μ- pair with 115 < mμμ < 135 GeV

No additional leptons, b-jet veto
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pT(μ+) = 134 GeV

pT(μ-) = 34 GeV

pT(jet) = 102 GeV
pT(jet) = 33 GeV

mjj = 849 GeV 

VBF Signal
H candidate 

μ+μ- pair with 115 < mμμ < 135 GeV

No additional leptons, b-jet veto

VBF Selection 
≥2 jets with pT > 25 GeV |η| < 4.7

leading jet pT > 35 GeV 

mjj > 400 GeV and |Δηjj| > 2.5
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pT(μ+) = 134 GeV

pT(μ-) = 34 GeV

pT(jet) = 102 GeV
pT(jet) = 33 GeV

mjj = 849 GeV 

VBF Selection 
≥2 jets with pT > 25 GeV |η| < 4.7

leading jet pT > 35 GeV 

mjj > 400 GeV and |Δηjj| > 2.5

Dominant bkg: DY+jets, EWK Z+jets

VBF Signal
H candidate 

μ+μ- pair with 115 < mμμ < 135 GeV

No additional leptons, b-jet veto
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Lets recap the divide-n-fit strategy
N

o.
 o

f e
ve

nt
s

MVA output score

Signal
Background

C
at

. 1

C
at

. 2

C
at

. 3

There is a trade-off in  
defining the MVA categories

Add categories with  
higher purity to  
suppress background

Large background uncertainty 
due to small no. of events 
in sidebands limits sensitivity

125 GeV

Dimuon mass

125 GeV 125 GeV
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• Possible to get 30-40% purity in certain VBF search regions


• Few events (10 or less) in the Higgs mass sidebands (SB) to constrain background 
with a parametric fit


• Statistical uncertainty in SB translates to ~30-50% uncertainty on the predicted 
background under the Higgs peak
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• Possible to get 30-40% purity in certain VBF search regions


• Few events (10 or less) in the Higgs mass sidebands (SB) to constrain background 
with a parametric fit


• Statistical uncertainty in SB translates to ~30-50% uncertainty on the predicted 
background under the Higgs peak

Parametric fit :  

- Bkg. prediction is entirely data-driven


- But a significant cost in terms of bkg. 
uncertainty limits sensitivity
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• Possible to get 30-40% purity in certain VBF search regions


• Few events (10 or less) in the Higgs mass sidebands (SB) to constrain background 
with a parametric fit


• Statistical uncertainty in SB translates to ~30-50% uncertainty on the predicted 
background under the Higgs peak

Parametric fit :  

- Bkg. prediction is entirely data-driven


- But a significant cost in terms of bkg. 
uncertainty limits sensitivity

Try a different approach : 

- Include the mμμ directly in the MVA 
classifier


- Perform a binned fit of the MVA 
classifier output


- Take background estimate from 
simulation 
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• Possible to get 30-40% purity in certain VBF search regions


• Few events (10 or less) in the Higgs mass sidebands (SB) to constrain background 
with a parametric fit


• Statistical uncertainty in SB translates to ~30-50% uncertainty on the predicted 
background under the Higgs peak

★ CMS has performed detailed measurements of DY and EWK Z+jets processes EPJC 78 (2018) 589

★ We can rely on simulation to predict bkg. with better precision compared to parametric fit

★ Use data in the Higgs SB [110-115], [135-150] GeV to validate, constrain bkg. prediction 
★ About 20% improvement in expected significance w.r.t. divide-n-fit strategy

Parametric fit :  

- Bkg. prediction is entirely data-driven


- But a significant cost in terms of bkg. 
uncertainty limits sensitivity

Try a different approach : 

- Include the mμμ directly in the MVA 
classifier


- Perform a binned fit of the MVA 
classifier output


- Take background estimate from 
simulation 
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• Inputs (H kinematics) 
➡ mμμ, dimuon pT & rapidity, decay angles ϕCS, cosθCS, …


• Inputs (VBF jet kinematics)

➡ mjj, Δηjj, Δϕjj, min-Δη(H, j) , min-Δϕ(H, j), Zeppenfeld variable, pT-balance(H, jj)


• Low hadronic activity in η-gap 
➡ Soft jets (pT > 5 GeV) : Reconstructed from tracks associated with the PV

➡ Number & HT of soft jets used as DNN inputs

1−10

1

10

210

310

410

510

610

Ev
en

ts

Data Zjj-EW
DY Top Quark
Diboson

 (13 TeV)-1137 fb

CMS Preliminary
VBF-SB Run2

 = 125.38 GeVHm

0 2 4 6 8 10 12
VBF DNN bin

0
0.5

1
1.5

2

D
at

a/
Bk

g.

VBF SB :  
mμμ → [110, 115] or [135, 150] GeV

2−10

1−10

1

10

210

310

410

510

610

710

Ev
en

ts

Data µµ→H
Zjj-EW DY
Top Quark Diboson
VBF ggH

 (13 TeV)-1137 fb

CMS Preliminary
VBF-SR Run2

 = 125.38 GeVHm

0 2 4 6 8 10 12
VBF DNN bin

0
0.5

1
1.5

2
2.5

D
at

a/
Bk

g.

VBF SR : 115 < mμμ < 135 GeV



VBF Analysis : Systematics

60

1−10

1

10

210

310

410

510

610

Ev
en

ts

Data Zjj-EW
DY Top Quark
Diboson

 (13 TeV)-1137 fb

CMS Preliminary
VBF-SB Run2

 = 125.38 GeVHm

0 2 4 6 8 10 12
VBF DNN bin

0
0.5

1
1.5

2

D
at

a/
Bk

g.

VBF SB :  
mμμ → [110, 115] or [135, 150] GeV

2−10

1−10

1

10

210

310

410

510

610

710

Ev
en

ts

Data µµ→H
Zjj-EW DY
Top Quark Diboson
VBF ggH

 (13 TeV)-1137 fb

CMS Preliminary
VBF-SR Run2

 = 125.38 GeVHm

0 2 4 6 8 10 12
VBF DNN bin

0
0.5

1
1.5

2
2.5

D
at

a/
Bk

g.

VBF SR : 115 < mμμ < 135 GeV

Main sources of background systematics 

• Parton shower modeling : HERWIG (nominal choice) v/s PYTHIA (dipole-shower) difference


• Jet energy scale and resolution


• DY bkg. contribution due VBF jets unmatched at ME-level (e.g. jets from pileup) : Constrained from data 


• MC statistical uncertainty


• Theory uncertainty : Missing higher order corrections, choice of PDFs, etc.


• Overall impact of the systematic uncertainties is small (less than 5%)
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Obs (exp) significance : 2.4 (1.8)σ
Signal Strength

Perform a simultaneous fit of the DNN output in VBF SB and SR
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Table 9: Major sources of uncertainty in the measurement of the signal strength µ and their
impact. The total post-fit uncertainty on µ is divided into the statistical and systematic compo-
nents. The systematic component is further separated into three parts depending on the origin
of the different sources of uncertainty: experimental, theoretical, and size of the simulated sam-
ples. The uncertainty due to the limited statistics of the simulated samples only affects the VBF
category results.

Uncertainty source Dµ

Post-fit uncertainty +0.44 �0.42

Statistical uncertainty +0.41 �0.39

Systematic uncertainty +0.17 �0.16

Experimental uncertainty +0.12 �0.10
Theoretical uncertainty +0.10 �0.11
Size of simulated samples +0.07 �0.06
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Figure 12: Left: signal strength modifiers measured for mH = 125.38 GeV in each production
category (black points) are compared to the result of the combined fit (solid red line) and the
SM expectation (dashed grey line). Right: scan of the profiled likelihood ratio as a function of
µggH,ttH and µVBF,VH with the corresponding 1s and 2s uncertainty contours. The black cross
indicates the best fit values (µ̂ggH,ttH, µ̂VBF,VH) = (0.66, 1.84), while the red circle represents
the SM expectation.

sections and B(H ! µ+µ�) are correlated across the 7, 8, and 13 TeV analyses. Experimental916

uncertainties affecting the measured properties of the various physics objects (muons, elec-917

trons, jets, and b quark jets), the measurement of the integrated luminosity, and the modelling918

of the pileup conditions are assumed to be uncorrelated between the 7+8 and 13 TeV analyses.919

Table 10 reports the observed and expected significances (signif.) over the background-only920

expectation at mH = 125.38 GeV and the 95% CL ULs on µ in each production category, as well921

as for the 13 TeV and the 7+8+13 TeV combined fits. The combination improves, relative to the922

13 TeV-only result, both the expected and the observed significance at mH = 125.38 GeV by923

about 1%. Figure 13 shows the observed (solid black) and the expected (dashed black) local p-924

values derived from the 7+8+13 TeV combined fit as a function of mH in a 5 GeV window around925

the expected Higgs boson mass. The expected p-value is computed on an Asimov data set gen-926

erated from the background expectation obtained from the S+B fit with a mH = 125.38 GeV927
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Table 9: Major sources of uncertainty in the measurement of the signal strength µ and their
impact. The total post-fit uncertainty on µ is divided into the statistical and systematic compo-
nents. The systematic component is further separated into three parts depending on the origin
of the different sources of uncertainty: experimental, theoretical, and size of the simulated sam-
ples. The uncertainty due to the limited statistics of the simulated samples only affects the VBF
category results.

Uncertainty source Dµ

Post-fit uncertainty +0.44 �0.42

Statistical uncertainty +0.41 �0.39

Systematic uncertainty +0.17 �0.16

Experimental uncertainty +0.12 �0.10
Theoretical uncertainty +0.10 �0.11
Size of simulated samples +0.07 �0.06
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Figure 12: Left: signal strength modifiers measured for mH = 125.38 GeV in each production
category (black points) are compared to the result of the combined fit (solid red line) and the
SM expectation (dashed grey line). Right: scan of the profiled likelihood ratio as a function of
µggH,ttH and µVBF,VH with the corresponding 1s and 2s uncertainty contours. The black cross
indicates the best fit values (µ̂ggH,tt H, µ̂VBF,VH) = (0.66, 1.84), while the red circle represents
the SM expectation.

sections and B(H ! µ+µ�) are correlated across the 7, 8, and 13 TeV analyses. Experimental916

uncertainties affecting the measured properties of the various physics objects (muons, elec-917

trons, jets, and b quark jets), the measurement of the integrated luminosity, and the modelling918

of the pileup conditions are assumed to be uncorrelated between the 7+8 and 13 TeV analyses.919

Table 10 reports the observed and expected significances (signif.) over the background-only920

expectation at mH = 125.38 GeV and the 95% CL ULs on µ in each production category, as well921

as for the 13 TeV and the 7+8+13 TeV combined fits. The combination improves, relative to the922

13 TeV-only result, both the expected and the observed significance at mH = 125.38 GeV by923

about 1%. Figure 13 shows the observed (solid black) and the expected (dashed black) local p-924

values derived from the 7+8+13 TeV combined fit as a function of mH in a 5 GeV window around925

the expected Higgs boson mass. The expected p-value is computed on an Asimov data set gen-926

erated from the background expectation obtained from the S+B fit with a mH = 125.38 GeV927
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• H→μμ measurement performed with the 
full Run-2 data set 


• Observed (expected) significance :         
3.0 (2.5)σ


• First evidence of H→μμ signal 


• First evidence of Higgs interaction with a 
2nd generation fermion


• Measured signal strength


• Remarkable success of the standard 
model continues!!
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8. Event categories for VH production 17

son. If the additional lepton is a muon, the two pairs of oppositely charged muons are required
to have mµµ > 12 GeV to suppress background events from quarkonium decays. Moreover,
neither of the two oppositely charged muon pairs can have an invariant mass consistent with
mZ within 10 GeV. Finally, at least one of these two muon pairs must have mµµ in the range
110–150 GeV. If both mµµ pairs satisfy this criterion, the highest-pT pair is considered as the
Higgs boson candidate. If the additional lepton is an electron, the only requirement imposed is
that 110 < mµµ < 150 GeV.

The ZH category targets signal events where the Higgs boson is produced in association with
a Z boson that decays to a pair of electrons or muons. Events in the ZH category are therefore
required to contain four leptons, with a combined lepton number and electric charge of zero.
As in the WH category, the invariant mass of each pair of same-flavour opposite-charge leptons
is required to be greater than 12 GeV. An event is rejected if it does not contain exactly one pair
of same-flavour and oppositely charged leptons with invariant mass compatible with the Z
boson within 10 (20) GeV for muon (electron) pairs. In addition, each event must contain one
oppositely charged muon pair satisfying 110 < mµµ < 150 GeV. For events with four muons,
the muon pair with mµµ closer to mZ is chosen as the Z boson candidate, while the other muon
pair is selected as the Higgs boson candidate. A summary of the selection criteria applied in
the WH and ZH production categories is reported in Table 3.

Table 3: Summary of the kinematic selection used to define the WH and ZH production cate-
gories.

Selection WH leptonic ZH leptonic
µµµ µµe 4µ 2µ2e

Number of loose (medium) b-tagged jets  1 (0)  1 (0)  1 (0)  1 (0)
N(µ) passing id.+iso. 3 2 4 2
N(e) passing id.+iso. 0 1 0 2
Lepton charge Â q(`) = ±1 Â q(`) = 0
Low mass resonance veto m`` > 12 GeV
N(µ+µ�) pairs with 110 < mµµ < 150 GeV � 1 1 � 1 1
N(µ+µ�) pairs with |mµµ � mZ | < 10 GeV| 0 0 1 0
N(e+e�) pairs with |mee � mZ | < 20 GeV| 0 0 0 1

Two BDT discriminants are trained to discriminate between signal and background events in
the WH and ZH categories. The input variables are selected such that the BDT outputs are
not significantly correlated with the mµµ of the Higgs boson candidate. This is required by
the chosen analysis strategy, which is analogous to that adopted in the ggH category. The
impact of the mµµ resolution, which evolves as a function of muon pT and h, is taken into
account during the BDT training by applying weights to the simulated signal events that are
inversely proportional to the per-event uncertainty on the measured mµµ, following the same
strategy described in Section 7. The BDT discriminant used in the WH category takes as inputs
several variables that exploit the kinematic features of the three leptons in the event, as well
as the p

miss
T . These variables include the full kinematics, apart from the invariant mass, of the

dimuon system corresponding to the Higgs boson candidate. In addition, angular distances
in f and h between the additional lepton (`W) and the Higgs boson candidate, `W and both
muons from the Higgs boson candidate, and `W and ~Hmiss

T are considered. The ~Hmiss
T is defined

as the negative vector sum of the pT of all jets in the event with pT > 30 GeV and |h| < 4.7.
Finally, the transverse mass of the combined `W and ~Hmiss

T system and the flavour and the pT
of `W are added as inputs to the BDT. The particular kinematic properties of the `W and H

miss
T

distributions for signal events enable a large suppression of the residual DY background. The

WH BDT output ZH BDT output
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BWZGamma function in WH-cat1, as defined in Eq.(6) and the BWZ function in the remaining
categories, as defined in Eq.(5). In order to estimate the potential bias arising from the choice of
the parametric function used to model the background, alternative functions able to fit the data
with a c2 p-value larger than 5% are considered. These include Bernstein polynomials, series
of exponentials, and series of power laws. In each event category, background-only fits to the
data are performed with each function listed above. From each of these fits, pseudodata sets are
generated taking into account the uncertainties in the fit parameters and their correlations, and
injecting a certain amount of signal events. A signal-plus-background fit is then performed on
these pseudodata sets using either the BWZGamma (in WH-cat1) or the BWZ (in the remaining
categories) function to model the background. The corresponding bias is observed to be small
and is therefore neglected in the signal extraction. The chosen functions maximize the expected
sensitivity to the 125 GeV Higgs boson. Finally, Table 4 reports the signal composition in the
WH and ZH categories, along with the HWHM of the expected signal shape. In addition, the
estimated number of background events, the S/(S + B) and S/

p
B ratios, and the observation

in data within the HWHM of the signal peak are also listed.

Table 4: The product of acceptance and selection efficiency for the different signal production
processes, the total expected number of signal events with mH = 125.38 GeV, the HWHM of the
signal peak, the estimated number of background events and the observed number of events
within ± HWHM, and the S/(S + B) and the S/

p
B ratios computed within the HWHM of the

signal peak for each of the optimized event categories defined along the WH and ZH BDT
outputs.

Category Sig. WH qqZH ggZH ttH + tH HWHM Bkg. S/(S + B) (%) S/
p

B Data
(%) (%) (%) (%) (GeV) in HWHM in HWHM in HWHM in HWHM

WH-cat1 0.82 76.2 9.6 1.6 12.6 2.00 32.0 1.54 0.09 34
WH-cat2 1.72 80.1 9.1 1.5 9.3 1.80 23.1 4.50 0.23 27
WH-cat3 1.14 85.7 6.7 1.8 4.8 1.90 5.48 12.6 0.35 4
ZH-cat1 0.11 — 82.8 17.2 — 2.07 2.05 3.29 0.05 4
ZH-cat2 0.31 — 79.6 20.4 — 1.80 2.19 8.98 0.14 4

9 Event categories for ttH production

The ttH process has the smallest cross section among the main Higgs boson production modes
at the LHC. However, the presence of a pair of top quarks in addition to the Higgs boson helps
to reduce the background to a level that is comparable to the expected signal rate. Top quarks
decay predominantly into a b quark and a W boson, which then decays either to a lepton and
a neutrino (B(W ! `n) ⇡ 0.33), or into two quarks (B(W ! qq

0) ⇡ 0.66). Therefore, events in
the ttH category are required to contain at least two jets passing the loose WP of the DeepCSV
algorithm, or at least one jet passing the medium WP. This requirement suppresses background
processes not enriched in jets originating from the hadronization of b quarks, such as DY and
diboson production. This selection also ensures mutual exclusivity between the ttH analysis
and the other production categories considered in this search.

The ttH signal events may contain additional leptons, depending on the decay of the top
quarks. The muon isolation definition is modified compared to the baseline event selection
detailed in Section 5. In order to increase the signal selection efficiency in events with large
hadronic activity, the isolation requirement is relaxed to be less than 40% of the muon pT. In ad-
dition, the isolation cone size decreases dynamically with the muon pT (R = 0.2 for pT < 50 GeV,
R = 10/pT for 50 < pT < 200 GeV, and R = 0.05 for pT > 200 GeV), following the same ap-
proach used in Ref. [90]. Electron candidates are required to have pT > 20 GeV, |h| < 2.5,

Background shapes used  
to fit background

BWZGamma

8. Event categories for VH production 15

The following strategy is adopted to estimate the uncertainty in the measured signal due to the
choice of parametric function for the background model. In each event category, background-
only fits to the data are performed using different types of functions: the modified Breit–Wigner
(mBW), a sum of two exponentials, a sum of two power laws, a Bernstein polynomial, the
product between the FEWZ spline and a Bernstein polynomial, the product between the “BWZ”
function, defined as

BWZ(mµµ; a, mZ, GZ) =
GZe

amµµ

(mµµ � mZ)2 + (GZ/2)2 , (5)

and a Bernstein polynomial, and the “BWZGamma” function

BWZGamma(mµµ; a, f , mZ, GZ) = f ⇥ BWZ(mµµ; a, mZ, GZ) + (1 � f )⇥ e
amµµ

m2
µµ

. (6)

The BWZGamma function is the sum of a Breit–Wigner function and a 1/m
2
µµ term, which are

used to model the Z boson and the photon contributions to the mµµ spectrum in DY events,
respectively. Both terms are multiplied by an exponential function to approximate the effect
of the PDF. The BWZ function is a Breit–Wigner distribution with an exponential tail. For the
functions including Bernstein polynomials, a Fisher test [88] is used to determine the maximum
order of the polynomials to be considered in the fit. The chosen functional forms are able to fit
the data with a c2 probability larger than 5% in all categories.

Pseudodata sets are generated across all event categories from the post-fit background shapes
obtained for each type of function in each category, taking into account the uncertainties in
the fit parameters as well as their correlations, and injecting a given number of signal events.
Signal-plus-background fits are performed on the pseudodata sets using the core-pdf method.
The median difference between the measured and injected signal yields, relative to the post-fit
uncertainty on the signal yields, gives an estimate of the bias due to the choice of the back-
ground model. The bias measured in each BDT category, as well from pseudodata sets in
which the signal injected simultaneously in all event categories, is smaller than 20%. Including
these observed deviations as spurious signals leads to a change in the overall uncertainty in
measured signal rate of less than 1% and is therefore neglected.

Figure 5 shows the mµµ distributions in each of the ggH categories, in which the signal is ex-
tracted by performing a binned maximum-likelihood fit using a DCB function to model the
signal contribution, while the background is estimated with the core-pdf method. Table 2 re-
ports the signal composition in each ggH category as well as the HWHM of the expected signal
shape. In addition, the estimated number of background events, the observation in data, the
S/(S + B), and the S/

p
B ratios computed within the HWHM range around the signal peak are

also listed.

8 Event categories for VH production

Events considered in the VH category contain at least two muons passing the selection require-
ments listed in Section 5. In order to ensure mutual exclusivity with the ttH category, events
containing at least two b-tagged jets with pT > 25 GeV and |h| < 2.5 passing the loose WP of the
DeepCSV algorithm, or at least one jet passing the medium WP, are discarded. Events are also
required to have at least one additional lepton (electron or muon), which is expected from the
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9. Event categories for ttH production 21

to one (zero). In the case of events with more than one pair of oppositely charged muons
with 110 < mµµ < 150 GeV, the pair with the largest dimuon pT is chosen as the Higgs boson
candidate. The invariant mass of each pair of same-flavour opposite-charge leptons is required
to be greater than 12 GeV to suppress backgrounds arising from quarkonium decays. An event
is vetoed if it contains a pair of oppositely charged electrons or muons with an invariant mass
in the range 81–101 GeV, consistent with the decay of an on-shell Z boson. A summary of the
selection criteria used to define the ttH hadronic and leptonic categories is reported in Table 5.

Table 5: Summary of the kinematic selections used to define the ttH hadronic and leptonic
production categories.

Selection ttH hadronic ttH leptonic
Number of b quark jets > 0 medium or > 1 loose b-tagged jets
Number of leptons 2 3 or 4
Lepton charge Â q(`) = 0 N(`) = 3 (4) ! Â q(`) = ±1 (0)
Jet multiplicity (pT > 25 GeV, |h| < 4.7) � 3 � 2
Leading jet pT > 50 GeV > 35 GeV
Jet triplet mass 100 < mjjj < 300 GeV —
Z mass veto — |m`` � mZ | > 10 GeV
Low mass resonance veto — m`` > 12 GeV

The dominant background in the ttH hadronic category is from fully leptonic tt decays, while
the main backgrounds in the ttH leptonic category are due to ttZ and tt processes. In order to
obtain an optimal discrimination between the ttH signal and the expected backgrounds, BDT-
based multivariate discriminants are trained in both the ttH hadronic and leptonic categories.
The input variables are chosen to account for both the kinematics of the dimuon system and
the properties of the top quark decay products, while ensuring that the BDT outputs remain
uncorrelated with mµµ. A common set of observables is used as input to the two BDT discrim-
inants. These include variables that characterize the production and decay of the Higgs boson
candidate, namely pT(µµ), y

µµ, fCS, and cos qCS. In addition, the h of the two muons and the
pT relative to mµµ are also considered. In order to account for the large hadronic activity in ttH
signal events, the pT and h of the three leading jets, the maximum DeepCSV value of jets not
in overlap with leptons, the number of jets, and the scalar (vectorial) pT sum HT (H

miss
T ) of all

identified leptons and jets with |h| < 2.5 are included. The p
miss
T is also considered along with

the Dz variable, which is defined as the projection of the ~pmiss
T on the bisector of the dimuon

system in the transverse plane. The BDT discriminants learn the mµµ resolution because signal
events are weighted during the training with the inverse of the per-event uncertainty on the
measured mµµ, following the same approach used in the ggH and VH categories.

In the ttH leptonic category, several additional variables are used in the BDT discriminant that
target the kinematic properties of a leptonic top quark decay. These include the azimuthal sep-
aration between the Higgs boson candidate and the highest-pT additional lepton, the invariant
mass formed by the leading additional lepton and the jet with the highest DeepCSV score, and
the transverse mass formed by the additional lepton and ~Emiss

T in the event. In the ttH hadronic
category, the resolved hadronic top tagger (RHTT), which combines a kinematic fit and a BDT-
based multivariate discriminant, is used to identify top quark decays to three resolved jets. The
jet triplet with the highest RHTT score is selected as a hadronic top quark candidate. The corre-
sponding RHTT score is used as input to the BDT discriminant. Furthermore, the pT of the top
quark candidate and the pT balance of the top quark and the muon pair are also considered.

Figure 8 shows the output of the BDT discriminant in the ttH hadronic (left) and leptonic (right)
categories. The high BDT score region of the ttH hadronic category is enriched in events with

Event Selection

Summary of various subcategories
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ground is modelled using a second-order Bernstein polynomial or a sum of two exponentials
(single exponential) in the ttH hadronic (leptonic) categories. The potential bias due to the
choice of the parametric function used to model the background is estimated using the same
procedure employed in the VH analysis, detailed in Section 8. The set of analytical functional
forms considered in the bias studies includes series of exponentials, Bernstein polynomials, and
series of power laws. The chosen parametrization maximizes the expected sensitivity without
introducing a significant bias in the measured signal yield. Table 6 reports the signal composi-
tion of each ttH category, along with the HWHM of the expected signal shape. In addition, the
estimated number of background events, the observation in data, and the S/(S+ B) and S/

p
B

ratios within the HWHM of the signal shape are shown.

Table 6: The product of acceptance and selection efficiency for the different signal production
processes, the total expected number of signal events with mH = 125.38 GeV, the HWHM of the
signal peak, the estimated number of background events and the observed number of events
within ± HWHM, and the S/(S + B) and S/

p
B ratios computed within the HWHM of the signal

peak, for each of the optimized event categories defined along the ttH hadronic and leptonic
BDT outputs.

Category Sig. ttH ggH VH tH VBF+bbH HWHM Bkg. S/(S + B) (%) S/
p

B Data
(%) (%) (%) (%) (%) ( GeV) in HWHM in HWHM in HWHM in HWHM

ttHhad-cat1 6.87 32.3 40.3 17.2 6.2 4.0 1.85 4298 1.07 0.07 4251
ttHhad-cat2 1.62 84.3 3.8 5.6 6.2 — 1.81 82.0 1.32 0.12 89
ttHhad-cat3 1.33 94.0 0.3 1.3 4.2 0.2 1.80 12.3 6.87 0.26 12
ttHlep-cat1 1.06 85.8 — 4.7 9.5 — 1.92 9.00 7.09 0.22 13
ttHlep-cat2 0.99 94.7 — 1.0 4.3 — 1.75 2.08 24.5 0.47 4

10 Results

A simultaneous fit is performed across all the event categories, with a single overall signal
strength modifier (µ) with a flat prior. The signal strength modifier is defined as the ratio be-
tween the observed Higgs boson rate in the H ! µµ decay channel and the SM expectation,
µ = (sB(H ! µµ))obs/(sB(H ! µµ))SM. The relative contributions from the different Higgs
boson production modes are fixed to the SM prediction within uncertainties. Confidence in-
tervals on the signal strength are estimated using a profile likelihood ratio test statistic [91],
in which systematic uncertainties are modelled as nuisance parameters following a frequentist
approach [92]. The profile likelihood ratio is defined as

q = �2 ln
L(data|µ, q̂a)

L(data|µ̂, q̂)
,

where µ̂ represents the value of the signal strength that maximizes the likelihood L for the
data and q̂ (q̂a) denotes the best-fit estimate for the nuisance parameters given a freely floating
(fixed) value of µ. Theoretical uncertainties affecting the signal prediction are correlated among
the event categories. Similarly, experimental uncertainties in the measurement of the integrated
luminosity in each year, jet energy scale and resolution, modelling of the pileup conditions, and
selection efficiencies of muons and electrons are also correlated across categories. Uncertainties
in the b quark jet identification are uncorrelated. Because of the different analysis strategy
employed in the VBF category, the acceptance uncertainties from the muon energy scale and
resolution are correlated only among the ggH, WH, ZH, and ttH categories. Furthermore,
their effect on the position and width of the signal peak are assumed to be uncorrelated across
event categories.
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Table 2: The product of acceptance and selection efficiency for the different signal production
processes, the total expected number of signal events with mH = 125.38 GeV, the HWHM of the
signal peak, the estimated number of background events and the observation in data within
± HWHM, and the S/(S + B) and the S/

p
B ratios within ± HWHM, for each of the optimized

ggH event categories.

Category Sig. ggH VBF VH + ttH HWHM Bkg. S/(S + B) (%) S/
p

B Data
(%) (%) (%) ( GeV) in HWHM in HWHM in HWHM in HWHM

ggH-cat1 267.6 93.7 2.9 3.4 2.12 86359 0.20 0.60 86632
ggH-cat2 311.5 93.5 3.4 3.1 1.75 46347 0.46 0.98 46393
ggH-cat3 131.4 93.2 4.0 2.8 1.60 12655 0.70 0.80 12738
ggH-cat4 125.6 91.5 5.5 3.0 1.47 8259 1.03 0.96 8377
ggH-cat5 53.8 83.5 14.3 2.2 1.50 1678 2.16 0.91 1711
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Figure 5: Comparison between the observed data and the total background extracted from a
signal-plus-background fit performed across the ggH categories. First row, from left to right:
ggH-cat1, ggH-cat2, and ggH-cat3. Second row, from left to right: ggH-cat4 and ggH-cat5.
The one (green) and two (yellow) standard deviation bands include the uncertainties in the
background component of the fit. The lower panel shows the residuals after background sub-
traction and the red line indicates the signal with mH = 125.38 GeV extracted from the fit.

leptonic decay of the W or Z boson. The additional muons (electrons) must have pT > 20 GeV,
|h| < 2.4 (2.5), and pass certain isolation and identification requirements with an average effi-
ciency of 95 (90)%. Furthermore, electrons and muons are required to pass the medium WP of
a multivariate discriminant developed to identify and suppress nonprompt leptons [89], with
a selection efficiency of about 90 (85)% per prompt muon (electron).

Events containing exactly one additional lepton belong to the WH category, which targets sig-
nal events where the Higgs boson is produced in association with a leptonically decaying W bo-

Background Model Used across ggH subcategories

Envelope of 3 functions

Correlated  
“Core” shape

Modified Breit Wigner

Sum of exponentials

Non-parametric shape from 
spline interpolation of FEWZ 
prediction
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The core of the DCB function consists of a Gaussian distribution of mean m̂ and standard de-
viation s, while the tails on either side are modelled by a power-law function with parameters
aL and nL (low-mass tail), and aR and nR (high-mass tail). The total expected background is
modelled with a modified form of the Breit–Wigner function (mBW),

mBW(mµµ; mZ, GZ, a1, a2, a3) =
e

a2mµµ+a3m
2
µµ

(mµµ � mZ)a1 + (GZ/2)a1
, (4)

where the parameters mZ and GZ refer to the measured Z boson mass of 91.19 GeV and width
2.49 GeV [84], and the parameters a1, a2, and a3 have flat priors. A first category boundary is
selected by optimizing the total expected significance against all possible boundaries defined
in quantiles of signal efficiency. This strategy accounts for the slight differences in the BDT
shapes among data-taking periods for both signal and background processes. This process is
repeated recursively to define additional category boundaries until the further gain in the ex-
pected significance is less than 1%. The optimized event categories are labelled as “ggH-cat100,
“ggH-cat200, “ggH-cat300, “ggH-cat400, and “ggH-cat500 corresponding to signal efficiency in-
tervals of 0–30%, 30–60%, 60–80%, 80–95%, and >95%, respectively. The grey vertical boxes in
Figure 4 (left) indicate the range of variation of the BDT boundaries for the optimized event
categories described above.

A simultaneous binned maximum-likelihood fit to the observed mµµ distributions is performed
over the mass range 110–150 GeV to extract the H ! µµ signal. A bin size of 50 MeV is chosen
for the mµµ distributions, which is about one order of magnitude smaller than the expected
resolution of the signal peak. In each event category, simulated signal distributions from the
different production modes (ggH, VBF, WH, ZH, and ttH) are modelled independently with
DCB functions, and the best-fit values of the DCB tail parameters are treated as constants in the
final fit to the data. The m̂ and s parameters of the DCB function represent the peak position
and resolution of the Higgs boson resonance, respectively. These are the only signal shape
parameters allowed to vary, within Gaussian constraints, with widths corresponding to the
muon momentum scale (up to 0.2%) and resolution uncertainties (up to 10%) in each event
category. Figure 4 (right) shows the total signal model for mH = 125 GeV obtained by summing
the contributions from the different production modes in the best and the worst resolution
categories of the ggH category, ggH-cat4 and ggH-cat1.

The theoretical and experimental sources of systematic uncertainty affecting the expected sig-
nal rate in each event category are similar to those described in the VBF analysis. Experimen-
tal uncertainties in the measurement of the muon selection efficiencies (0.5–1% per category),
jet energy scale (1–4% per category) and resolution (1–6% per category), the modelling of the
pileup conditions (0.3–0.8% per category), the integrated luminosity (about 2.5% per year), and
the efficiency of vetoing b quark jets (0.1–0.5% per category) are considered. Theoretical uncer-
tainties in the prediction of the Higgs boson production cross section, decay rate, and accep-
tance are also included, corresponding to a total uncertainty in the ggH process yield ranging
from 6–12% depending on category. Rate uncertainties are modelled in the signal extraction as
nuisance parameters acting on the relative signal yield with log-normal priors.

2nd or 3rd order 
Chebyshev polynomials

(1)

(2)

(3)

X Per-category 
shape modulation
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constrained parameters in the fit. Figure 12 (right) shows the 1s and 2s contours, computed as
variations around the likelihood maximum for mH = 125.38 GeV, for the signal strength modi-
fiers µggH,ttH and µVBF,VH. The best-fit values for these parameters are µ̂ggH,ttH = 0.66+0.67

�0.66 and
µ̂VBF,VH = 1.84+0.89

�0.77, consistent with the SM expectation.

Table 7: Major sources of uncertainty in the measurement of the signal strength µ and their
impact. The total post-fit uncertainty on µ is separated into four components: statistical, size of
the simulated samples, experimental, and theoretical.

Uncertainty source Dµ

Total uncertainty +0.44 �0.42

Statistical uncertainty +0.41 �0.39

Total systematic uncertainty +0.17 �0.16

Size of simulated samples +0.07 �0.06
Total experimental uncertainty +0.12 �0.10
Total theoretical uncertainty +0.10 �0.11
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Figure 12: Left: signal strength modifiers measured for mH = 125.38 GeV in each production
category (black points) are compared to the result of the combined fit (solid red line) and the
SM expectation (dashed grey line). Right: scan of the profiled likelihood ratio as a function of
µggH,ttH and µVBF,VH with the corresponding 1s and 2s uncertainty contours. The black cross
indicates the best-fit values (µ̂ggH,tt H, µ̂VBF,VH) = (0.66, 1.84), while the red circle represents
the SM expectation.

The result is combined with that obtained from data recorded at centre-of-mass energies of 7
and 8 TeV. The 7+8 TeV search is identical to the one described in Ref. [80], except that the val-
ues used for the Higgs boson production cross sections and the branching fraction are updated
to those reported in Ref. [21]. Systematic uncertainties in the inclusive signal production cross
sections and B(H ! µµ) are correlated across the 7, 8, and 13 TeV analyses. Experimental un-
certainties affecting the measured properties of the various physics objects (muons, electrons,
jets, and b quark jets), the measurement of the integrated luminosity, and the modelling of the
pileup conditions are assumed to be uncorrelated between the 7+8 and 13 TeV analyses. The
combination improves upon the 13 TeV result by about 1%. Table 8 reports the observed and
expected significances over the background-only expectation at mH = 125.38 GeV and the 95%
CL upper limits on µ in each production category as well as for the 13 TeV and the 7+8+13 TeV
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constrained parameters in the fit. Figure 12 (right) shows the 1s and 2s contours, computed as
variations around the likelihood maximum for mH = 125.38 GeV, for the signal strength modi-
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Table 7: Major sources of uncertainty in the measurement of the signal strength µ and their
impact. The total post-fit uncertainty on µ is separated into four components: statistical, size of
the simulated samples, experimental, and theoretical.
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Statistical uncertainty +0.41 �0.39

Total systematic uncertainty +0.17 �0.16

Size of simulated samples +0.07 �0.06
Total experimental uncertainty +0.12 �0.10
Total theoretical uncertainty +0.10 �0.11

4− 2− 0 2 4 6 8
µBest-fit 

VH-cat.

H-cat.tt

VBF-cat.

ggH-cat. -0.64
+0.65 = 0.63µ

-0.61
+0.69 = 1.36µ

-1.95
+2.27 = 2.32µ

-2.83
+3.10 = 5.48µ

µCombined best fit 
SM expectation
68% CL
95% CL

 -0.42
 +0.44 = 1.19µCombined 

 = 125.38 GeVHm

 (13 TeV)-1137 fbCMS Preliminary

1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5

HtggH,t
µ

0

0.5

1

1.5

2

2.5

3

3.5

4

VB
F,

VH
µ

0

1

2

3

4

5

6

7

8

9

10

 L
og

(L
)

Δ
-2

 

 (13 TeV)-1137 fbCMS Preliminary

Best fit
68% CL
95% CL
SM

Figure 12: Left: signal strength modifiers measured for mH = 125.38 GeV in each production
category (black points) are compared to the result of the combined fit (solid red line) and the
SM expectation (dashed grey line). Right: scan of the profiled likelihood ratio as a function of
µggH,tt H and µVBF,VH with the corresponding 1s and 2s uncertainty contours. The black cross
indicates the best-fit values (µ̂ggH,ttH, µ̂VBF,VH) = (0.66, 1.84), while the red circle represents
the SM expectation.

The result is combined with that obtained from data recorded at centre-of-mass energies of 7
and 8 TeV. The 7+8 TeV search is identical to the one described in Ref. [80], except that the val-
ues used for the Higgs boson production cross sections and the branching fraction are updated
to those reported in Ref. [21]. Systematic uncertainties in the inclusive signal production cross
sections and B(H ! µµ) are correlated across the 7, 8, and 13 TeV analyses. Experimental un-
certainties affecting the measured properties of the various physics objects (muons, electrons,
jets, and b quark jets), the measurement of the integrated luminosity, and the modelling of the
pileup conditions are assumed to be uncorrelated between the 7+8 and 13 TeV analyses. The
combination improves upon the 13 TeV result by about 1%. Table 8 reports the observed and
expected significances over the background-only expectation at mH = 125.38 GeV and the 95%
CL upper limits on µ in each production category as well as for the 13 TeV and the 7+8+13 TeV


