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Introduction

The discovery of the Higgs boson is a triumph of the SM.
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CMS and ATLAS

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

 (GeV)Hm
123 124 125 126 127 128 129

Total Stat SystCMS and ATLAS
 Run 1LHC       Total            Syst      Stat    

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

l4→ZZ→HATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51

γγ→HCMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70

γγ→HATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02

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.

PRL 114, 191803 (2015) P HY S I CA L R EV I EW LE T T ER S week ending
15 MAY 2015

191803-4

JHEP 08 (2016) 045

PRL 114, 191803 (2015)

Important to look at all the possible decay channels of Higgs boson at the
LHC
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Higgs Boson Production 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 → V H 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.

the formalisms of two widely used frameworks, based on signal strengths and coupling mod-

ifiers, for the interpretation of the Higgs boson measurements at the LHC, are introduced.

2.1 Higgs boson production and decay

In the SM, Higgs boson production at the LHC mainly occurs through the following pro-

cesses, listed in order of decreasing cross section at the Run 1 centre-of-mass energies:

• gluon fusion production gg → H (figure 1a);

• vector boson fusion production qq → qqH (figure 1b);

• associated production with a W boson, qq → WH (figure 2a), or with a Z boson,

pp → ZH, including a small (∼ 8%) but less precisely known contribution from

gg → ZH (ggZH) (figures 2a, 2b, and 2c);

• associated production with a pair of top quarks, qq, gg → ttH (figure 3).
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Higgs Boson Decays
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H → µµ

New
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H → µµ Analysis Strategy and Event Selections

Data: LHC 2015-2017 pp collisions data,
79.8 fb−1

Dominant background is Drell-Yan process
Dedicated categories for ggF and VBF
Use analytic functions to model signal and
background
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At least one primary vertex
associated with at least two tracks
Exactly have two muons. Leading
muon pT > 27 GeV

Emiss
T < 80 GeV. Veto events with

any b-jet
Signal region: 110 < mµµ < 160
GeV
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Categorization – ggF
Categories make use of better S/

√
B for different regions

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

Background
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(1) pµµT < 15 GeV; (2) 15 < pµµT < 50 GeV; (3) pµµT > 50 GeV;
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Categorization – VBF
Categories make use of better S/

√
B for different regions

Multivariate analysis method is used for
VBF category to get better sensitivity
14 variables are used to train a BDT (most
sensitive ones: mjj , ∆ηjj , pµµT , ∆Rjj)
Cut on BDT score to have VBF Tight
(BDT > 0.885) and VBF Loose (0.685<
BDT < 0.885) 1

Events with BDT < 0.685 are classified as
ggF-like events
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1 Chosen to retain signal efficiency used in the last publication PRL 119, 051802 (2017)
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Categorization

VBF Loose
0.685<BDT< 0.885

VBF Tight
BDT> 0.885

Central
low pµµT

Non-cent.
low pµµT

Central
med. pµµT

Non-cent.
med. pµµT

Central
high pµµT

Non-cent.
high pµµT

Both muons |η| < 1 Rest

pµµT < 15 GeV

15 < pµµT < 50 GeV

pµµT > 50 GeV

BDT< 0.685
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Event Yields
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ATLAS DRAFT

ggF VBF all signal Z+jets Top Di-boson Total bkg. Data
Central low p

µµ
T 27.3 0.2 27.6 21800 ± 280 42 ± 3 50 ± 2 21900 ± 280 23318

Non-central low p
µµ
T 71.3 0.7 72.4 81320 ± 550 133 ± 5 209 ± 5 81660 ± 550 86793

Central medium p
µµ
T 51.3 1.9 54.1 18200 ± 260 335 ± 9 194 ± 5 18800 ± 260 19116

Non-central medium p
µµ
T 131.2 5.1 139.3 64300 ± 500 1090 ± 16 944 ± 11 66340 ± 500 68856

Central high p
µµ
T 38.4 4.3 45.7 7470 ± 170 697 ± 13 152 ± 4 8320 ± 170 8324

Non-central high p
µµ
T 86.4 10.3 104.4 23800 ± 320 2150 ± 22 703 ± 10 26600 ± 320 26624

VBF Loose 3.5 3.8 7.3 426 ± 12 45 ± 3 9 ± 1 480 ± 12 475
VBF Tight 1.7 5.8 7.5 181 ± 8 8 ± 1 2 ± 1 191 ± 8 170
Inclusive 411.0 32.0 458.4 217500 ± 910 4497 ± 32 2263 ± 17 224200 ± 910 233676

Table 2: Expected event yields normalized to 79.8 fb�1 for the di�erent signal and background processes in eight
categories, in the window 120 < mµµ < 130 GeV. “All signal” includes H ! µµ contributions from ggF, VBF,
V H , and tt̄H production channels. The contribution of the electroweak Z j j process is included in the Z+jets
category. All uncertainties are statistical only.

5.2 ggF signal regions197

All events that are not selected for the VBF categories, either due to less than two reconstructed jets198

or a low BDT score, enter into the ggF categories. Signal events from the ggF process tend to have a199

harder pµµT spectrum than Drell–Yan events due to more QCD radiation from the initial partons. To take200

advantage of this, events are separated into three pµµT categories: “low pµµT ” (pµµT < 15 GeV), “medium201

pµµT ” (15  pµµT < 50 GeV), and “high pµµT ” (pµµT � 50 GeV). Since the muon momentum resolution in202

the barrel region of ATLAS (|⌘ |  1.05) is better than that in the end cap regions (1.05 < |⌘ | < 2.5),203

events in each pµµT category are further divided according to the pseudorapidities of the muons: if both204

muons have |⌘ |  1, they are collected in the “central” category, while the remaining events constitute the205

“non-central” category.206

5.3 Event yields in the signal regions207

Table 2 shows the expected signal and background event yields as well as the observed number of data208

events within the region 120 < mµµ < 130 GeV in each category. These numbers indicate the expected209

detection sensitivity, however for the final results the signal and background yields are determined by fitting210

the observed mµµ distributions as described in the following section. Figure 4 shows the corresponding211

mµµ distributions for the two most sensitive categories.212

6 Results213

6.1 Signal and background modelling214

In the fit to the data, analytical models are used to describe the mµµ distributions for both the signal and215

background processes. The Higgs boson peak is described by the sum of a Crystal Ball function (CB) [70]216

and a Gaussian function (GS) to account for resolution e�ects as well as final-state photon radiation:217

PS(mµµ) = fCB ⇥ CB(mµµ,mCB, �CB, ↵, n) + (1 � fCB) ⇥ GS
⇣
mµµ,mGS, �

S
GS

⌘
, (1)218

19th June 2018 – 18:56 11

Signal event yields
are not small
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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
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Background Modelling
Background mµµ distributions are modelled by

f × [BW(mBW, ΓBW)⊗ GS(σB
GS)](mµµ) + (1− f )× eA·mµµ/m3
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H → µµ Results with 79.8 fb−1 Data ATLAS-CONF-2018-026

No obvious excess is observed around mH = 125 GeV

Upper limit on signal strength

Observed Expected
Run-2 2.1 2.0

Measurement of signal strength

µ̂

Run-2 0.1+1.0
−1.1

Significance

Observed Expected
Run-2 0.0 σ 0.9 σ

Link to the CONF note:
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-026/
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H → Zγ
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Event Selections

Use 13 TeV pp collision data with 36.1 fb−1

Z selections
Select two same flavor opposite charge
leptons (electrons or muons)
For Z → µµ candidates, correct muon
momentum using FSR (include any EM
cluster with pT > 1.5 GeV and ∆R < 0.15) J
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Figure 1. Invariant mass distribution, mZγ , for the final selection before and after application of
the final-state radiation corrections (Z → µµ only) and the Z boson mass constrained kinematic
fit for simulated H → Zγ events with mH = 125 GeV in the gluon-gluon fusion production mode.
Events are separated by lepton type, (a) Z → µµ and (b) Z → ee.

subtracted based on the method suggested in ref. [88]. The track isolation for a cone size

of ∆R = 0.2 is used and for converted photons the tracks associated with the conversion

are removed. The calorimeter (track) isolation is required to be less than 6.5% (5%) of

the photon pT. The efficiency of the isolation requirement for photons satisfying the tight

identification criteria ranges from approximately 60% for pT of 15 GeV to more than 90%

for pT of 40 GeV and larger.

For the H → Zγ (X → Zγ) search, the photon transverse momentum requirement is

tightened to 15 GeV (pT/mZγ > 0.3).

The invariant mass of the final-state particles, mZγ , is required to satisfy 115 GeV<

mZγ < 170 GeV for the H → Zγ search and 200 GeV< mZγ < 2500 GeV for the high-mass

resonance search. Figure 1 shows the invariant mass distribution for simulated H → Zγ

candidates after the final selection with and without the lepton momentum corrections

from the FSR recovery and the kinematic fit. Improvements of the mµµγ resolution of

3% are observed for mH = 125 GeV from the FSR recovery. The kinematic fit improves

the mµµγ (meeγ) resolution by 7% (13%) at the same mass. For high invariant masses,

the mµµγ resolution improvement varies from 10% at mX = 300 GeV to about 50% for

mX > 1.5 TeV, while the meeγ resolution is improved by 9% at mX = 300 GeV and by

3% or less above mX = 500 GeV. The constrained kinematic fit is particularly effective

at large mX for the Z → µµ final state due to the decreasing precision of the momentum

measurement for increasing muon pT.

4.3 Categorisation

Events are split into mutually exclusive event categories that are optimised to improve the

sensitivity of both the H → Zγ and X → Zγ searches. The event categories separate

events on the basis of the expected signal-to-background ratio and of the expected three-

body invariant mass resolution. Different categories are used in the search for decays of

the Higgs boson to Zγ and the search for high-mass resonances.
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Categorization

A BDT is used to select VBF-like events. The
variables used by the BDT are mjj , ∆ηjj , pTt etc.
(pTt = 2|pZ

x pγ
y − pγ

x pZ
y |/p

Zγ
T )

III IV

> 40 GeV < 40 GeV

V VI

> 40 GeV < 40 GeV

lepton flavour
ee µµ

III

> 0.4 < 0.4

VBF BDT
> 0.82 < 0.82

selected events

Six regions:
BDT > 0.82: VBF: VBF-enriched
BDT < 0.82 and pγT/mZγ > 0.4: High relative pT

BDT < 0.82 and pγT/mZγ < 0.4 and pTt < 40 GeV, ee: ee low pTt

BDT < 0.82 and pγT/mZγ < 0.4 and pTt < 40 GeV, µµ: µµ low pTt

BDT < 0.82 and pγT/mZγ < 0.4 and pTt > 40 GeV, ee: ee high pTt

BDT < 0.82 and pγT/mZγ < 0.4 and pTt > 40 GeV, µµ: µµ high pTt
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Signal Efficiency
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Figure 2. Kinematic variables used in the BDT used to define the VBF-enriched category: (a)
the invariant mass of the two jets with the highest transverse momenta, mjj and (b) the azimuthal
separation of the Zγ and the dijet system, ∆φZγ,jj for events with at least two jets and 115 GeV <
mZγ < 170 GeV. The observed distribution (normalised to unity) is shown as data points. The
contributions from Z + γ events (obtained from simulation) and the contribution from Z+jets
(obtained from data control regions described in the text) are shown as stacked histograms. The
corresponding expected distributions for Higgs bosons produced via gluon-gluon fusion and vector-
boson fusion production formH = 125 GeV are shown as open histograms. The ∆φZγ,jj distribution
is shown before the suppression of the shape information for ∆φZγ,jj > 2.94.

ggF VBF WH ZH

Category ϵ[%] f [%] ϵ[%] f [%] ϵ[%] f [%] ϵ[%] f [%]

VBF-enriched 0.25 30.5 6.5 67.5 0.34 1.3 0.24 0.6

High relative pT 1.1 71.5 2.6 14.3 4.0 8.3 4.1 5.3

ee high pTt 1.7 80.8 2.8 11.0 3.2 4.7 3.6 3.3

ee low pTt 7.1 93.2 3.6 4.1 3.7 1.5 4.2 1.1

µµ high pTt 2.2 80.4 3.6 11.3 4.1 4.8 4.2 3.1

µµ low pTt 9.2 93.4 4.7 4.1 4.6 1.5 4.8 1.0

Total efficiency (%) 21.5 23.8 20.2 21.0

Expected events 35 3.3 1.0 0.7

Table 2. The expected signal efficiency times acceptance, denoted by ϵ, per production mode for
each category after the full event selection, as well as the expected fraction f of each production
process relative to the total signal yield, for simulated SM Higgs boson production assuming mH =
125 GeV. The expected number of signal events per production process is also given.

For SM H → Z(→ ℓℓ)γ events, the reconstruction and selection efficiency (includ-

ing kinematic acceptance) is 21.5%. Table 2 shows the expected signal efficiency times

acceptance for each of the different SM Higgs boson production processes in each cate-

gory, as well as the expected relative contribution of a given production process to each

category. The VBF-enriched category is expected to be about 68% pure in VBF events.

The high relative pT and high pTt categories are expected to be slightly enriched in VBF

and V H events. Overall, about 40 H → Zγ events are expected to be selected. Table 3
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Signal and Background Modelling
Signal modelling: double-sided Crystal Ball function
Background modelling:

VBF-enriched and High relative pT : use second-order Bernstein polynomial
Other categories: fourth-order Bernstein polynomial
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Figure 5. The invariant Zγ mass (mZγ) distributions of events satisfying the H → Zγ selection in
data for the six event categories: (a) VBF-enriched, (b) high pγT, (c) ee high pTt, (d) ee low pTt, (e)
µµ high pTt, and (f) µµ low pTt. The points represent the data and the statistical uncertainty. The
solid lines show the background-only fits to the data, performed independently in each category.
The dashed histogram corresponds to the expected signal for a SM Higgs boson with mH = 125 GeV
decaying to Zγ with a rate 20 times the SM prediction. The bottom part of the figures shows the
residuals of the data with respect to the background-only fit.

– 25 –

JHEP10 (2017) 112

Haifeng Li (Shandong University) Search for Rare Decays of the Higgs Boson with ATLAS July 5, 2018 19 / 24



H → Zγ Results JHEP10 (2017) 112

No obvious excess is found near mH = 125.09 GeV region
Upper limits for σ(pp → H) · B(H → Zγ) is 6.6 times SM prediction (the
expected limit on signal strength is 4.4)
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Summary

ATLAS has performed searches for H → µµ and H → Zγ with LHC Run 2
data
H → µµ is using 79.8 fb−1 data. H → Zγ is using 36.1 fb−1 data.
No significant excess is observed in data.
For H → µµ , upper limit on signal strength is 2.1 at 95% C.L.. For H → Zγ,
upper limit on signal strength is 6.6 at 95% C.L..

Outlook
H → µµ is approaching SM sensitivity with LHC Run-2/Run-3 data
Need HL-LHC to reach the SM sensitivity for H → Zγ
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Backup
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H → µµ Results from Last Publication

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

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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H → Zγ Systematics

J
H
E
P
1
0
(
2
0
1
7
)
1
1
2

Sources H → Zγ X → Zγ

Luminosity [%]

Luminosity 3.2 3.2

Signal efficiency [%]

Modelling of pile-up interactions 0.02–0.03 < 0.01–0.2

Photon identification efficiency 0.7–1.7 2.0–2.6

Photon isolation efficiency 0.07–0.4 0.6–0.6

Electron identification efficiency 0.0–1.6 0.0–2.6

Electron isolation efficiency 0.0–0.2 0.0–3.5

Electron reconstruction efficiency 0.0–0.4 0.0–1.0

Electron trigger efficiency 0.0–0.1 0.0–0.2

Muon selection efficiency 0.0–1.6 0.0–0.7

Muon trigger efficiency 0.0–3.5 0.0–4.2

MC statistical uncertainty – 1.2–2.0

Jet energy scale, resolution, and pile-up 0.2–10 –

Total (signal efficiency) 2.1–10 4.0–6.3

Signal modelling on σCB [%]

Electron and photon energy scale 0.6–3.5 1.0–4.0

Electron and photon energy resolution 1.1–4.0 4.0–30

Muon momentum scale 0.0–0.5 0.0–3.0

Muon ID resolution 0.0–3.7 0.0–2.0

Muon MS resolution 0.0–1.7 0.0–4.0

Signal modelling on µCB [%]

Electron and photon energy scale 0.1–0.2 0.2–0.6

Muon momentum scale 0.0–0.03 0.0–0.03

Higgs mass 0.2 –

Background modelling [Events]

Spurious signal 1.7–25 0.005–6.1

Table 4. The main sources of experimental uncertainty for the H/X → Zγ searches. The gluon-
gluon fusion signal samples produced at mH = 125 GeV and mX = [300–2500] GeV are used to
estimate the systematic uncertainty. The ranges for the uncertainties span the variations among
different categories and differentmX resonance masses. The uncertainty values are given as fractions
of the total predictions, except for the spurious signal uncertainty, which is reported as the absolute
number of events. Values are not listed if systematic sources are negligible or not applicable.

the electron and photon energy scale (resolution) results in variation in σCB between 0.6%

and 3.5% (1.1% and 4.0%) depending on the category. For a high-mass resonance, σCB

varies between 1.0% and 4.0% (4.0% and 30%) due to uncertainties in the electron/photon

momentum scale (momentum resolution). The variation in µCB is less than 0.2% (0.6%)

at mH = 125 GeV (at high masses).

For the H → Zγ search, an additional uncertainty in the assumed Higgs mass mH =

125.09 GeV is added in the fit, reflecting the 0.24 GeV [3] uncertainty in the measured

Higgs boson mass.
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Sources

Total cross section and efficiency [%]

Underlying event 5.3

ggF perturbative order 3.9

ggF PDF and αs 3.2

VBF perturbative order 0.4

VBF PDF and αs 2.1

WH (ZH) perturbative order 0.5 (3.8)

WH (ZH) PDF and αs 1.9 (1.6)

Interference 5.0

B(H → Zγ) 5.9

Total (total cross section and efficiency) 10

Category acceptance [%]

ggF H + 2-jets in VBF-enriched category 0.5–45

ggF BDT variables 0.2–15

ggF Higgs pT 8.4–22

PDF and αs 0.2–2.0

Underlying event 2.9–25

Total (category acceptance) 9.5–49

Table 5. The main sources of theoretical and modelling uncertainties for the H → Zγ search. For
the uncertainties in the total efficiency and the acceptance of the different categories, the gluon-
gluon fusion samples produced with Powheg Box v1 with and without MPI are used, as well as
the nominal Powheg Box v2 gluon-gluon fusion signal sample along with the sample generated
with MadGraph5 aMC@NLO, as described in the text. The combined uncertainty on the total
cross section and efficiency is given assuming the cross sections predicted by the SM. The ranges for
the uncertainties cover the variations among different categories. The uncertainty values are given
as relative uncertainties.

4.8% from the data-driven jet calibration, the impact of the jet flavour composition on the

calibration, and the jet vertex tagging.

6.3 Theoretical and modelling uncertainties

For the H → Zγ search, theoretical and modelling uncertainties in the SM predictions for

Higgs boson production and the decay to the Zγ final state are taken into account and are

summarised in table 5. They fall into two classes: uncertainties in the total predicted cross

sections, the predicted decay branching ratio and the total efficiency, correlated between

all categories; and uncertainties in the event fractions per category, anticorrelated between

certain categories.

Uncertainties related to the total acceptance and efficiency for H → Zγ events affect

the extraction of the signal strength, the branching ratio of H → Zγ assuming SM Higgs

boson production, as well as the product of the Higgs boson production cross section and the
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