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Introduction
The discovery of the Higgs boson is a triumph of the SM.
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for the prefit case and

δmHpostfit ¼ "0.22 GeV

¼ "0.19 ðstatÞ " 0.10 ðsystÞ GeV ð7Þ

for the postfit case, which are both very similar to the
observed uncertainties reported in Eq. (3).
Constraining all signal yields to their SM predictions

results in an mH value that is about 70 MeV larger than the
nominal result with a comparable uncertainty. The increase
in the central value reflects the combined effect of the
higher-than-expected H → ZZ → 4l measured signal
strength and the increase of theH → ZZ branching fraction
with mH. Thus, the fit assuming SM couplings forces the
mass to a higher value in order to accommodate the value
μ ¼ 1 expected in the SM.
Since the discovery, both experiments have improved

their understanding of the electron, photon, and muon
measurements [16,30–34], leading to a significant reduc-
tion of the systematic uncertainties in the mass measure-
ment. Nevertheless, the treatment and understanding of
systematic uncertainties is an important aspect of the
individual measurements and their combination. The com-
bined analysis incorporates approximately 300 nuisance
parameters. Among these, approximately 100 are fitted
parameters describing the shapes and normalizations of the
background models in the H → γγ channel, including a
number of discrete parameters that allow the functional
form in each of the CMS H → γγ analysis categories to
be changed [35]. Of the remaining almost 200 nuisance
parameters, most correspond to experimental or theoretical
systematic uncertainties.
Based on the results from the individual experiments, the

dominant systematic uncertainties for the combined mH
result are expected to be those associated with the energy or

momentum scale and its resolution: for the photons in the
H → γγ channel and for the electrons and muons in the
H → ZZ → 4l channel [14–16]. These uncertainties are
assumed to be uncorrelated between the two experiments
since they are related to the specific characteristics of the
detectors as well as to the calibration procedures, which
are fully independent except for negligible effects due to
the use of the common Z boson mass [36] to specify
the absolute energy and momentum scales. Other exper-
imental systematic uncertainties [14–16] are similarly
assumed to be uncorrelated between the two experiments.
Uncertainties in the theoretical predictions and in the
measured integrated luminosities are treated as fully and
partially correlated, respectively.
To evaluate the relative importance of the different

sources of systematic uncertainty, the nuisance parameters
are grouped according to their correspondence to three
broad classes of systematic uncertainty: (1) uncertainties in
the energy or momentum scale and resolution for photons,
electrons, and muons (“scale”), (2) theoretical uncertain-
ties, e.g., uncertainties in the Higgs boson cross section and
branching fractions, and in the normalization of SM
background processes (“theory”), (3) other experimental
uncertainties (“other”).
First, the total uncertainty is obtained from the full profile-

likelihood scan, as explained above. Next, parameters
associated with the scale terms are fixed and a new scan
is performed. Then, in addition to the scale terms, the
parameters associated with the theory terms are fixed and
a scan performed. Finally, in addition, the other parameters
are fixed and a scan performed. Thus the fits are performed
iteratively, with the different classes of nuisance parameters
cumulatively held fixed to their best-fit values. The uncer-
tainties associated with the different classes of nuisance
parameters are defined by the difference in quadrature
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l+4γγCMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15

γγCMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07

l4→ZZ→HCMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59
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FIG. 2 (color online). Summary of Higgs boson mass measurements from the individual analyses of ATLAS and CMS and from the
combined analysis presented here. The systematic (narrower, magenta-shaded bands), statistical (wider, yellow-shaded bands), and total
(black error bars) uncertainties are indicated. The (red) vertical line and corresponding (gray) shaded column indicate the central value
and the total uncertainty of the combined measurement, respectively.
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Important to look at all the possible decay channels of
Higgs boson at the LHC
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson production via the (a) ggF and (b) VBF

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

(b, c) gg! ZH production processes.
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Figure 3: Examples of leading-order Feynman diagrams for Higgs boson production via the qq/gg ! ttH and

qq/gg! bbH processes.

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

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

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

BR(H → µµ) = 2.18× 10−4 , BR(H → cc) = 2.90× 10−2

c: charm quark
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H → µµ
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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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Use analytic functions to model signal and background
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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 Boson Rare Decays from ATLAS June 20, 2018 7 / 26



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;  
 

07/03/17� Haifeng Li (Stony Brook)� ��
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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

Have proposed the pll
T cut at our first presentation. The selection used in

this analysis is very simple. pll
T is almost the only selection used in this

analysis to kill Z ! µµ events.
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H ! µµ Event Selection

Have proposed the pll
T cut at our first presentation. The selection used in

this analysis is very simple. pll
T is almost the only selection used in this

analysis to kill Z ! µµ events.
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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 – ggF

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

T than background

Background
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(1) pµµ
T < 15 GeV; (2) 15 < pµµ

T < 50 GeV; (3) pµµ
T > 50 GeV;
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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 Boson Rare Decays from ATLAS June 20, 2018 10 / 26



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

 [GeV]µµm

110 115 120 125 130 135 140

E
nt

rie
s 

/ 0
.5

 G
eV

0.5

1

1.5

2

2.5

3
ATLAS Simulation

µµ

T
Central medium p

FWHM=5.7 GeV

ggF

Signal model

-1 = 13 TeV, 36.1 fbs

 [GeV]µµm

110 115 120 125 130 135 140

E
nt

rie
s 

/ 0
.5

 G
eV

1

2

3

4

5

6

7
ATLAS Simulation

µµ

T
Non-central medium p

FWHM=7.1 GeV

ggF

Signal model

-1 = 13 TeV, 36.1 fbs

FWHM: Central regions: 5.7 GeV; Non-central: 7.1 GeV
Haifeng Li (Shandong University) Higgs Boson Rare Decays from ATLAS June 20, 2018 12 / 26



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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Results of H → µµ

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

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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VBF-like Event
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H → cc

Haifeng Li (Shandong University) Higgs Boson Rare Decays from ATLAS June 20, 2018 16 / 26



H → cc Analysis Strategy

Dataset: LHC pp collisions 36.1 fb−1

Use pp → Z (ll)H(cc)a production to probe H → cc .
The two leptons from Z will be used to trigger the detector
Use charm-jet (c-jet) tagging to select signal-like events.

al : electron or muon
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c-jet tagging

Exploit the different
lifetimes of b, c and
light-flavor hadrons.
BDT are trained to
obtained two discriminants:
to separate c jets from l
jets and c jets from b jets

generated using POWHEG-BOX v2. Backgrounds from
single top and multijet production and the contribution
from Higgs decays other than bb̄ and cc̄ are assessed to be
negligible and not considered further. The Higgs boson
mass is set tomH ¼ 125 GeV and the top-quark mass is set
to 172.5 GeV.
Events are required to have at least one reconstructed

primary vertex. Electron candidates are reconstructed from
energy clusters in the electromagnetic calorimeter that are
associated with charged-particle tracks reconstructed in the
inner detector [56,57]. Muon candidates are reconstructed
by combining inner detector tracks with muon spectrometer
tracks or energy deposits in the calorimeters consistent with
the passage of minimum-ionizing particles [58]. For data
recorded in 2015, the single-electron (muon) trigger
required a candidate with pT > 24ð20Þ GeV; in 2016 the
lepton pT threshold was raised to 26 GeV. Events are
required to contain a pair of same-flavor leptons, both
satisfying pT > 7 GeV and jηj < 2.5. At least one lepton
must have pT > 27 GeV and correspond to a lepton that
passed the trigger. The two leptons are required to satisfy
loose track-isolation criteria with an efficiency greater
than 99%. They are required to have opposite charge in
dimuon events, but not in dielectron events due to the
non-negligible charge misidentification rate of electrons.
The invariant mass of the dilepton system is required
to be consistent with the mass of the Z boson: 81 GeV <
mll < 101 GeV.
Jets are reconstructed from topological energy clusters in

the calorimeters [59,60] using the anti-kt algorithm [61]
with a radius parameter of 0.4 implemented in the FASTJET
package [62]. The jet energy is corrected using a jet-area-

based technique [63,64] and calibrated [65,66] using
pT- and η-dependent correction factors determined from
simulation, with residual corrections from internal jet
properties. Further corrections from in situ measurements
are applied to data. Selected jets must have pT > 20 GeV
and jηj < 2.5. Events are required to contain at least two
jets. If a muon is found within a jet, its momentum is added
to the selected jet. An overlap removal procedure resolves
cases in which the same physical object is reconstructed
multiple times, e.g. an electron also reconstructed as a jet.

TABLE I. The configurations used for event generation of the signal and background processes. If two parton distribution functions
(PDFs) are shown, the first is for the matrix element calculation and the second for the parton shower, otherwise the same is used for
both. Alternative event generators and configurations, used to estimate systematic uncertainties, are in parentheses. Tune refers to the
underlying-event tuned parameters of the parton shower event generator. MG5_AMC refers to MADGRAPH5_AMC@NLO 2.2.2 [29];
PYTHIA 8 refers to version 8.212 [30]. Heavy-flavor hadron decays modeled by EVTGEN 1.2.0 [31] are used for all samples except those
generated using SHERPA. The order of the calculation of the cross sections used to normalize the predictions is indicated. The qq̄ → ZH
cross section is estimated by subtracting the gg → ZH cross section from the pp → ZH cross section. The asterisk (*) in the last column
denotes that the indicated order is for the pp → ZH cross section. NNLO denotes next-to-next-to-leading order; NLL denotes next-to-
leading log and NNLL denotes next-to-next-to-leading log.

Process Event Generator Parton Shower PDF Tune Cross section
(alternative) (alternative) (alternative)

qq̄ → ZH POWHEG-BOX v2 [32] PYTHIA 8 PDF4LHC15NLO [33] AZNLO [34] NNLO (QCD)*
+GOSAM [35] /CTEQ6L1 [36,37] +NLO (EW) [38–44]
+MINLO [45,46] (HERWIG 7 [47]) (A14 [48])

gg → ZH POWHEG-BOX v2 PYTHIA 8 PDF4LHC15NLO AZNLO NLO+NLL (QCD) [17,49–51]
(HERWIG 7) /CTEQ6L1 (A14)

tt̄ POWHEG-BOX v2 PYTHIA 8 NNPDF3.0NLO [52] A14 NNLOþ NNLL [53]
(HERWIG 7) /NNPDF2.3LO

ZW, ZZ SHERPA 2.2.1 [54] SHERPA NNPDF3.0NNLO SHERPA NLO
(POWHEG-BOX) (PYTHIA 8)

Z þ jets SHERPA 2.2.1 SHERPA NNPDF3.0NNLO SHERPA NNLO [55]
(MG5_AMC) (PYTHIA 8) (NNPDF2.3LO) (A14)
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FIG. 1. The c-jet-tagging efficiency (colored scale) as a
function of the b jet and l jet rejection as obtained from simulated
tt̄ events. The cross, labeled as working point, WP, denotes the
selection criterion used in this analysis. The solid and dotted
black lines indicate the contours in rejection space for the fixed
c-tagging efficiency used in the analysis and two alternatives.

PHYSICAL REVIEW LETTERS 120, 211802 (2018)

211802-2

PRL 120, 211802 (2018)

Use similar method with b-tagging 1 2

The efficiencies are calibrated to data using b quarks from
t →Wb and c quarks from W → cs, cd

1J. Instrum. 11, P04008 (2016)
2ATL-PHYS-PUB-2016-012
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ATLAS Phase-0 UpgradeATLAS Upgrade Phase-0�

19/01/18� Haifeng Li (Shandong University)� � �

•  Innermost silicon pixel 
detector layer (IBL) 

•  33 mm from beam 
•  Improve tracking and bjet 

tagging (~4 times better for light 
flavor jet rejection)�
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Event Selections
Try to select Z and H events

Z → ll Selections
Two same flavor leptons, opposite charge
81 < mll < 101 GeV
pZ

T > 75 GeV
H → cc Selections

At least two jets in the event
Leading jet pT > 45 GeV
Two leading jets chosen to form H → cc candidate
Either 1 or 2 c-tagged jets
∆Rjj < 2.2,1.5,1.3 for pZ

T
{75− 150}, {150− 200}, {200−} GeV regions
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Categorization
Categorize events into four signal regions 75 < pZ

T 150
based on c-jet multiplicity (1 or 2 c-jet) and pZ

T (75 < pZ
T 150

GeV and pZ
T > 150 GeV )

normalization parameters range between 1.13 and 1.30. All
other background normalization factors are correlated
between categories, with acceptance uncertainties of order
10% to account for relative variations between categories.
The dominant contributions to the uncertainty in μ are the

efficiency of the tagging algorithms, the jet energy scale and
resolution, and the background modeling. The largest
uncertainty is due to the normalization of the dominant Z þ
jets background. The typical uncertainty in the tagging
efficiency is 25% for c jets, 5% for b jets, and 20% for l jets.
Table III shows the fitted signal and background yields.

The mcc̄ distributions in the 2 c tag categories are shown in
Fig. 2 with the background shapes and normalizations
according to the result of the fit. Good agreement is
observed between the postfit shapes of the distributions
and the data.
The analysis procedure is validated by measuring the

yield of ZV production, where V denotes a W or Z boson,
with the same event selection. The fraction of the ZZ yield
from Z → cc̄ decays is ∼55% (20%) in the 2 c tag (1 c tag)
category, while the fraction of the ZW yield from W → cs,
cd is ∼65% for both the 2 and 1 c tag categories.
Contributions of Higgs boson decays to cc̄ and bb̄ are
treated as background and constrained to the SM predic-
tions within its theoretical uncertainties. The diboson signal
strength is measured to be μZV ¼ 0.6þ0.5

−0.4 with an observed
(expected) significance of 1.4 (2.2) standard deviations.
The best-fit value for the ZHðcc̄Þ signal strength is

μZH ¼ −69% 101. By assuming a signal with the kin-
ematics of the SM Higgs boson, model-dependent correc-
tions are made to extrapolate to the inclusive phase space.
Hence, an upper limit on σðpp → ZHÞ × BðH → cc̄Þ is
computed using a modified frequentist CLs method [69,70]

with the profile likelihood ratio as the test statistic. The
observed (expected) upper limit is found to be 2.7 (3.9þ2.1

−1.1 )
pb at the 95% C.L. This corresponds to an observed
(expected) upper limit on μ at the 95% C.L. of 110
(150þ80

−40 ). The uncertainties in the expected limits corre-
spond to the %1σ interval of background-only pseudoex-
periments. With the current sensitivity, the result depends
weakly on the assumption of the SM rate for H → bb̄. The
observed limit remains within 5% of the nominal value
when the assumed value for normalization of the ZHðbb̄Þ
background is varied from zero to twice the SM prediction.
A search for the decay of the Higgs boson to charm

quarks has been performed using 36.1 fb−1 of data col-
lected with the ATLAS detector in pp collisions at

ffiffiffi
s

p
¼

13 TeV at the LHC. No significant excess of ZHðcc̄Þ
production is observed over the SM background expect-
ation. The observed upper limit on σðpp → ZHÞ × BðH →
cc̄Þ is 2.7 pb at the 95% C.L. The corresponding expected
upper limit is 3.9þ2.1

−1.1 pb. This is the most stringent limit to
date in direct searches for the inclusive decay of the Higgs
boson to charm quarks.

We thank CERN for the very successful operation of the
LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently.
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YerPhI, Armenia; ARC, Australia; BMWFW and FWF,
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FAPESP, Brazil; NSERC, NRC and CFI, Canada; CERN;
CONICYT, Chile; CAS, MOST and NSFC, China;
COLCIENCIAS, Colombia; MSMT CR, MPO CR and
VSC CR, Czech Republic; DNRF and DNSRC, Denmark;
IN2P3-CNRS, CEA-DRF/IRFU, France; SRNSFG,
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FIG. 2. Observed and predicted mcc̄ distributions in the 2 c-tag analysis categories. The expected signal is scaled by a factor of 100.
Backgrounds are corrected to the results of the fit to the data. The predicted background from the simulation is shown as red dashed
histograms. The ratios of the data to the fitted background are shown in the lower panels. The error bands indicate the sum in quadrature
of the statistical and systematic uncertainties in the background prediction.
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Event Yields and Systematics

Jets in simulated events are labeled according to the
presence of a heavy-flavor hadron with pT > 5 GeV within
ΔR ¼ 0.3 from the jet axis. If a b hadron is found the jet is
labeled as a b jet. If no b hadron is found, but a c hadron
is present, then the jet is labeled as a c jet. Otherwise the jet
is labeled as a light-flavor jet (l jet).
Flavor-tagging algorithms exploit the different lifetimes

of b, c, and light-flavor hadrons. A c-tagging algorithm is
used to identify c jets. Charm jets are particularly chal-
lenging to tag because c hadrons have shorter lifetimes and
decay to fewer charged particles than b hadrons. Boosted
decision trees are trained to obtain two multivariate
discriminants: to separate c jets from l jets and c jets from
b jets. The same variables used for b tagging [67,68] are
used. Figure 1 shows the selection criteria applied in the
two-dimensional multivariate discriminant space, to obtain
an efficiency of 41% for c jets and rejection factors of 4.0
and 20 for b jets and l jets. The efficiencies are calibrated to
data using b quarks from t → Wb and c quarks from
W → cs, cd with methods identical to the b-tagging
algorithms [67]. Statistical uncertainties in the simulation
are reduced, by weighting events according to the tagging
efficiencies of their jets, parametrized as a function of jet

flavor, pT, η and the angular separation between jets, rather
than imposing a direct requirement on the c-tagging
discriminants.
Data are analyzed in four categories with different

expected signal purities. The dijet invariant mass, mcc̄,
constructed using the two highest-pT jets, is the discrimi-
nating variable in each category. Categories are defined
using the transverse momentum of the reconstructed Z
boson, pZ

T (75 GeV ≤ pZ
T < 150 GeV and pZ

T ≥ 150 GeV)
and the number of c tags amongst the leading jets (either
one or two). The pZ

T requirements exploit the harder pZ
T

distribution in ZH compared to Z þ jets production.
Background events are rejected by requiring the angular
separation between the two jets constituting the dijet
system, ΔRcc̄, to be less than 2.2, 1.5, or 1.3 for events
satisfying 75 ≤ pZ

T < 150 GeV, 150 ≤ pZ
T < 200 GeV, or

pZ
T ≥ 200 GeV. The signal acceptance ranges from 0.5% to

3.4% depending on the category. A joint binned maximum-
profile-likelihood fit to mcc̄ in the categories is used to
extract the signal yield and the Z þ jets background
normalization. The fit uses 15 bins in each category within
the range of 50 GeV < mcc̄ < 200 GeV, with a bin width
of 10 GeV. The parameter of interest, μ, common to all
categories, is the signal strength, defined as the ratio of the
measured signal yield to the SM prediction.
Systematic uncertainties affecting the signal and back-

ground predictions include theoretical uncertainties in the
signal and background modeling and experimental uncer-
tainties. Table II shows their relative impact on the fitted
value of μ. Uncertainties in the mcc̄ shape of the back-
grounds are assessed by comparisons between nominal and
alternative event generators as indicated in Table I.
Systematic uncertainties are incorporated within the

statistical model through nuisance parameters that modify
the shape and/or normalization of the distributions.
Statistical uncertainties in the simulation samples are
accounted for. The Z þ jets background is normalized
from the data through the inclusion of an unconstrained
normalization parameter for each category. The fitted

TABLE II. Breakdown of the relative contributions to the total
uncertainty in μ. The statistical uncertainty includes the contri-
bution from the floating Z þ jets normalization parameters. The
sum in quadrature of the individual components differs from the
total uncertainty due to correlations between the components.

Source σ=σtot

Statistical 49%
Floating Z þ jets normalization 31%

Systematic 87%
Flavor tagging 73%
Background modeling 47%
Lepton, jet and luminosity 28%
Signal modeling 28%
MC statistical 6%

TABLE III. Postfit yields for the signal and background processes in each category from the profile likelihood fit. Uncertainties
include statistical and systematic contributions. The prefit SM expected ZHðcc̄Þ signal yields are indicated in parenthesis.

Sample Yield, 50 GeV < mcc̄ < 200 GeV

1 c tag 2 c tags

75 ≤ pZ
T < 150 GeV pZ

T ≥ 150 GeV 75 ≤ pZ
T < 150 GeV pZ

T ≥ 150 GeV

Z þ jets 69400% 500 15650% 180 5320% 100 1280% 40
ZW 750% 130 290% 50 53% 13 20% 5
ZZ 490% 70 180% 28 55% 18 26% 8
tt̄ 2020% 280 130% 50 240% 40 13% 6
ZHðbb̄Þ 32% 2 19.5% 1.5 4.1% 0.4 2.7% 0.2
ZHðcc̄Þ (SM) −143% 170 ð2.4Þ −84% 100 ð1.4Þ −30% 40 ð0.7Þ −20% 29 ð0.5Þ
Total 72500% 320 16180% 140 5650% 80 1320% 40
Data 72504 16181 5648 1320
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Jets in simulated events are labeled according to the
presence of a heavy-flavor hadron with pT > 5 GeV within
ΔR ¼ 0.3 from the jet axis. If a b hadron is found the jet is
labeled as a b jet. If no b hadron is found, but a c hadron
is present, then the jet is labeled as a c jet. Otherwise the jet
is labeled as a light-flavor jet (l jet).
Flavor-tagging algorithms exploit the different lifetimes

of b, c, and light-flavor hadrons. A c-tagging algorithm is
used to identify c jets. Charm jets are particularly chal-
lenging to tag because c hadrons have shorter lifetimes and
decay to fewer charged particles than b hadrons. Boosted
decision trees are trained to obtain two multivariate
discriminants: to separate c jets from l jets and c jets from
b jets. The same variables used for b tagging [67,68] are
used. Figure 1 shows the selection criteria applied in the
two-dimensional multivariate discriminant space, to obtain
an efficiency of 41% for c jets and rejection factors of 4.0
and 20 for b jets and l jets. The efficiencies are calibrated to
data using b quarks from t → Wb and c quarks from
W → cs, cd with methods identical to the b-tagging
algorithms [67]. Statistical uncertainties in the simulation
are reduced, by weighting events according to the tagging
efficiencies of their jets, parametrized as a function of jet

flavor, pT, η and the angular separation between jets, rather
than imposing a direct requirement on the c-tagging
discriminants.
Data are analyzed in four categories with different

expected signal purities. The dijet invariant mass, mcc̄,
constructed using the two highest-pT jets, is the discrimi-
nating variable in each category. Categories are defined
using the transverse momentum of the reconstructed Z
boson, pZ

T (75 GeV ≤ pZ
T < 150 GeV and pZ

T ≥ 150 GeV)
and the number of c tags amongst the leading jets (either
one or two). The pZ

T requirements exploit the harder pZ
T

distribution in ZH compared to Z þ jets production.
Background events are rejected by requiring the angular
separation between the two jets constituting the dijet
system, ΔRcc̄, to be less than 2.2, 1.5, or 1.3 for events
satisfying 75 ≤ pZ

T < 150 GeV, 150 ≤ pZ
T < 200 GeV, or

pZ
T ≥ 200 GeV. The signal acceptance ranges from 0.5% to

3.4% depending on the category. A joint binned maximum-
profile-likelihood fit to mcc̄ in the categories is used to
extract the signal yield and the Z þ jets background
normalization. The fit uses 15 bins in each category within
the range of 50 GeV < mcc̄ < 200 GeV, with a bin width
of 10 GeV. The parameter of interest, μ, common to all
categories, is the signal strength, defined as the ratio of the
measured signal yield to the SM prediction.
Systematic uncertainties affecting the signal and back-

ground predictions include theoretical uncertainties in the
signal and background modeling and experimental uncer-
tainties. Table II shows their relative impact on the fitted
value of μ. Uncertainties in the mcc̄ shape of the back-
grounds are assessed by comparisons between nominal and
alternative event generators as indicated in Table I.
Systematic uncertainties are incorporated within the

statistical model through nuisance parameters that modify
the shape and/or normalization of the distributions.
Statistical uncertainties in the simulation samples are
accounted for. The Z þ jets background is normalized
from the data through the inclusion of an unconstrained
normalization parameter for each category. The fitted

TABLE II. Breakdown of the relative contributions to the total
uncertainty in μ. The statistical uncertainty includes the contri-
bution from the floating Z þ jets normalization parameters. The
sum in quadrature of the individual components differs from the
total uncertainty due to correlations between the components.

Source σ=σtot

Statistical 49%
Floating Z þ jets normalization 31%

Systematic 87%
Flavor tagging 73%
Background modeling 47%
Lepton, jet and luminosity 28%
Signal modeling 28%
MC statistical 6%

TABLE III. Postfit yields for the signal and background processes in each category from the profile likelihood fit. Uncertainties
include statistical and systematic contributions. The prefit SM expected ZHðcc̄Þ signal yields are indicated in parenthesis.

Sample Yield, 50 GeV < mcc̄ < 200 GeV

1 c tag 2 c tags

75 ≤ pZ
T < 150 GeV pZ

T ≥ 150 GeV 75 ≤ pZ
T < 150 GeV pZ

T ≥ 150 GeV

Z þ jets 69400% 500 15650% 180 5320% 100 1280% 40
ZW 750% 130 290% 50 53% 13 20% 5
ZZ 490% 70 180% 28 55% 18 26% 8
tt̄ 2020% 280 130% 50 240% 40 13% 6
ZHðbb̄Þ 32% 2 19.5% 1.5 4.1% 0.4 2.7% 0.2
ZHðcc̄Þ (SM) −143% 170 ð2.4Þ −84% 100 ð1.4Þ −30% 40 ð0.7Þ −20% 29 ð0.5Þ
Total 72500% 320 16180% 140 5650% 80 1320% 40
Data 72504 16181 5648 1320
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H → cc Results

No significant excess is observed
Upper limit on σ(pp → ZH)× B(H → cc) is 2.7 pb at 95%
C.L.. Upper limit on signal strength is 110.
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Conclusions

Searches for H → µµ and H → cc are 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.
H → µµ is approaching SM sensitivity wiht LHC
Run-2/Run-3 data
Need e+e− collider to probe SM H → cc signal
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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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