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Content
▶ Evolution of analyses

§ Example: HàZZà4l in CMS
§ Run I final significances with HàZZà4l and Hàγγ

▶ Properties measurements 
§ With Run I data

• Mass 
• Width
• Signal strengths
• Spin and parity … Jonas Rembser

§ Next lecture
• Spin, cntd
• Total and differential cross sections
• Couplings

19/1/2017 Higgs boson physics 2



Evolution of analyses
▶ By the time of Higgs boson discovery the analyses for different 

channels had a form as an outcome
§ … of historical development over the period of about 20 years
§ … of a balance between the best sensitivity for discovery and robustness 

against false discoveries
▶ After the discovery, due to 

§ … gained confidence in detector and analyses understanding
§ ... increased statistics
§ ... development o new tools and methods
§ ... development of new ideas

▶ ... our analysis have evolved in, for example
§ Adding new events categorisation
§ Improving systematical errors
§ Using more and more complex tools and analyses methods (BDT, NN ...)
§ Adding more channels
§ Exploring some new theoretical ideas

▶ In what follows we will show few example on how analyses were 
improved
§ As usual we’ll use HàZZà4l in CMS as an example
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LHC luminosity evolution
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Discovery
(2011 & 2012)

Run I
(2011 & 2012)

Run II
(2015 & 2016)



Analysis steps with some details
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Level 1 Trigger: Electron-gamma and muon seed

High Level Trigger : Multilepton paths

Trigger

Object 
reconstruction

Event selection

Analysis

Electrons
Isolation, ID, SIP3D

Muons
Isolation, ID, SIP3D

FSR photons

Triggered events

-+ … -+ …

Selected events

Z1: A pair of opposite sign same flavor leptons closest to Z, with 40 < Mll < 120 GeV

Z2: Remaining lepton combination with highest pT sum and with 12 < Mll < 120 GeV

Higgs boson phase space: m4l > 100 GeV

Additional: at least one lepton with pT > 20 GeV and one with pT > 10 GeV,
all opposite-charge lepton pairs with mll’ > 4 GeV

Background 
estimates Systematics Kinematic 

discriminant
Statistical 
analysis

Limits
P-values

Signal strength

… and full
of colors J



Per-event mass uncertainties
▶ Four leptons events were treated in separate final state categories: 4e, 4µ and 2e2µ

▶ But individual events even in the same category can have different mass resolution
§ Depending on pT and η of leptons, as well as on lepton reconstruction quality

▶ We therefore introduced per-event four-lepton mass uncertainty - Δ"#$

§ With basic idea: give more weights to events with smaller four-lepton mass uncertainty
§ This uncertainty was calculated from single lepton resolution (i.e. momentum 

measurement uncertainty), propagating them
to final four-lepton invariant mass formula

§ This was used in mass measurement 
(already for discovery)
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Errors on the m4l measurement versus the m4l in the data 
for the 4e (green), 4µ (red) and 2e2µ (blue). 



Categorisation
▶ Separate events in categories to

§ Better supress the backgrounds
§ Probe different physical properties (production modes, couplings …)

▶ Categories
for discovery
§ By center-of-mass

energy: 7 and 8 TeV
§ By final state à

• ATLAS separated further
2e2µ and 2µ2e according
to the flavor of Z1

▶ Additional categories at the end of Run I
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Number of events in 121.5 < mH < 130.5 GeV (CMS)
4e 4µ 2e2µ

Signal (mH = 125 GeV) 1.36 2.74 3.44
All backgrounds 0.7 1.3 1.9
Observed 1 3 5

category cut ggF+ttH
+bbH

VBF VH Total 
H

Total 
bkgd

Obser
ved

AT
LA

S

Untagged All untagged events 12.8 0.57 0.35 13.7 9.8 34

Dijet VBF At least two jets with mjj > 130 GeV 1.18 0.75 0.10 2.03 0.42 3

Dijet VH 40 < mjj < 130 GeV & BDTVH > -0.4 0.40 0.03 0.21 0.64 0.18 0

Leptonic VH At least 1 addition. lepton, pT > 8 GeV 0.013 < 0.001 0.069 0.082 0.031 0

C
M

S Untagged All untagged events 15.4 0.70 0.49 16.6 8.5 20

Dijet Two or more jets 1.7 0.87 0.37 3.0 0.9 5



Additional categories for Run II (CMS)
▶ One could use

§ the number of jets, 
the number of b-tagged jets, 
the number of additional leptons, 
the number of additional l+l– pairs, 
and cuts on 4 ME production discriminants. 
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Extract production information
Using the number of jets,  
          the number of b-tagged jets,  
          the number of additional leptons,  
          the number of additional l+l– pairs, 
          and cuts on 4 ME production discriminants.
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21.284245 exp. events
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0.003917 exp. events
0.000191 exp. events
3.471576 exp. events
2.238774 exp. events
0.035439 exp. events
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0.032103 exp. events
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Extract production information
Using the number of jets,  
          the number of b-tagged jets,  
          the number of additional leptons,  
          the number of additional l+l– pairs, 
          and cuts on 4 ME production discriminants.
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Additional categories for Run II (CMS)
▶ At the end we compact all categories to 

six mutually exclusive event categories
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Event categorization
Eventually define 6 mutually exclusive event categories:

signal fraction
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

H taggedtt

     tagged
VH-hadronic

    tagged
VH-leptonic

VBF-2j tagged

VBF-1j tagged

Untagged

all
ggH
VBF

X→WH, W
νl→WH, W

X→ZH, Z
l2→ZH, Z
+Xl0→tH, ttt
+Xl1→tH, ttt
+Xl2→tH, ttt

21.28 exp. events

15.27 exp. events

3.56 exp. events

1.44 exp. events

0.14 exp. events

0.69 exp. events

0.18 exp. events

 (13 TeV)-112.9 fbCMS Preliminary

➔ Allows extraction of H(125) production modes via fits to (m4l, Dkinbkg).
➔ Gives access to Higgs boson couplings. 

Signal composition  
for 118 < m4l < 130 GeV

Courtesy of Simon Regnard



Discriminants
▶ Discriminant: a variable with a significant power to discriminate signal 

from background
§ Or to discriminate between different hypotheses (see later spin-parity analysis)
§ Can be one variable (for example %&'	or )*&') or several variables compacted to one 

(MELA, BDT, Neural Networks, Fisher Discriminant …)
▶ Recall the idea of MELA from Lecture 4/5
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Ivica Puljak
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Other discriminants
▶ ATLAS: BDTVH

for event categorisation
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Δ233 45
36

45
37236

833
training BDTVH

▶ ATLAS: BDTZZ*
for signal vs background
separation

45
9:

29:
1;;∗ BDTZZ*

▶ CMS: Djet
for VBF vs gluon fusion 
separation in dijet category

=>?@ = B CD>> + F%>>

1;;∗ = GH
IJKL

7

IMM
7 : Matrix-Element discriminant

▶ ATLAS: BDTVBF
for VBF vs gluon fusion 
separation in dijet category

Δ233 45
36

45
37236

833 BDTVBF

▶ CMS and ATLAS: using Matrix-Element discriminant for spin-parity 
measurements (see later)

training

training

α and β optimised for max discrimination power



Significance of the observation in Run 1: CMS

Channel Significance (N) @ mH = 125 GeV
Expected Observed

H → ZZ 6.3 6.5
H → γγ 5.3 5.6
H → WW 5.4 4.7
H → ττ 3.9 3.8
H → bb 2.6 2.0
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Significance of the observation in Run 1: ATLAS

Channel Significance (N) @ mH = 125.36 GeV
Expected Observed

H → ZZ 6.2 8.1
H → γγ 4.6 5.2
H → WW 5.9 6.5
H → ττ 3.4 4.5
H → bb 2.6 1.4

19/1/2017 Higgs boson physics 14



Properties to be measured
▶ Mass %O

§ Separately in Hà4l and Hàγγ channels, then combining at the 
level of ATLAS and CMS, and then combing ATLAS and CMS

▶ Total width PO
§ Directly or indirectly via off-shell production

▶ Signal strength Q
§ Overall, for each decay mode, for each production mode, 

separately by channels and in combinations
▶ Total cross section NRST.

§ In the fiducial volume, but defined in different ways …
▶ Differential cross section TNRST TV⁄

§ In several production-related observables (x), using Hà4l and 
Hàγγ channels: Higgs boson’s transverse momentum and 
rapidity, associated jet multiplicity, pT of leading jet …

▶ Spin-parity quantum numbers XY
§ Pair-wise tests of SM Higgs vs alternative JP states, constraints 

on anomalous decay amplitudes …
▶ Couplings ZS,\S

§ Testing the SM couplings to fermions and bosons, search for 
deviation from SM couplings, testing custodial symmetry and 
fermion universality, testing the contribution from hypothetical 
BSM particles … using all channels

19/1/2017 Higgs boson physics 16

276

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

 H
+X

) [
pb

]  
  

→
(p

p 
σ

2−10

1−10

1

10

210 M(H)= 125 GeV

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
6

 H (N3LO QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→pp 
 ZH (NNLO QCD + NLO EW)

→pp 

 ttH (NLO QCD + NLO EW)

→pp 

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

→pp 

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

→pp 

Figure 178: The SM Higgs boson production cross sections as a function of the LHC centre of mass energy.
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Figure 179: The SM Higgs boson branching ratios as a function of the Higgs boson mass.

SM expectations
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Figure 26: (left) Distribution of the test statistic q = �2ln(L0�/L0+) of the pseudoscalar boson
hypothesis tested against the SM Higgs boson hypothesis. Distributions for the SM Higgs
boson are represented by the yellow histogram, and those for the alternative JP hypotheses are
represented by the blue histogram. The arrow indicates the observed value. (right) Average
expected and observed distribution of �2D ln L as a function of fa3. The horizontal lines at
�2D lnL = 1 and 3.84 represent the 68% and 95% CL’s, respectively.
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Figure 27: Summary of the expected and observed values for the test-statistic q distributions
for the twelve alternative hypotheses tested with respect to the SM Higgs boson. The orange
(blue) bands represent the 1s, 2s, and 3s around the median expected value for the SM Higgs
boson hypothesis (alternative hypothesis). The black point represents the observed value.

decay rate, is fa3 = 0.00+0.15
�0.00, and thus consistent with the expectation for the SM Higgs boson.

The hypotheses of a pseudoscalar and all tested spin-1 boson hypotheses are excluded at the
99% CL or higher. All tested spin-2 boson hypotheses are excluded at the 95% CL or higher.

The production and decay properties of the observed new boson in the four-lepton final state
are consistent, within their uncertainties, with the expectations for the SM Higgs boson.

Properties measurements: methods
▶ Scan of the profile likelihood ratio
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Slightly more complex fit models are used, as described
below, to perform additional compatibility tests between
the different decay channels and between the results from
ATLAS and CMS.
Combining the ATLAS and CMS data for the H → γγ

and H → ZZ → 4l channels according to the above
procedure, the mass of the Higgs boson is determined to be

mH ¼ 125.09" 0.24 GeV

¼ 125.09" 0.21 ðstatÞ " 0.11 ðsystÞ GeV; ð3Þ

where the total uncertainty is obtained from the width of
a negative log-likelihood ratio scan with all parameters
profiled. The statistical uncertainty is determined by fixing
all nuisance parameters to their best-fit values, except for
the three signal-strength scale factors and the H → γγ
background function parameters, which are profiled. The
systematic uncertainty is determined by subtracting in
quadrature the statistical uncertainty from the total uncer-
tainty. Equation (3) shows that the uncertainties in the mH
measurement are dominated by the statistical term, even
when the Run 1 data sets of ATLAS and CMS are
combined. Figure 1 shows the negative log-likelihood ratio
scans as a function of mH, with all nuisance parameters
profiled (solid curves), and with the nuisance parameters
fixed to their best-fit values (dashed curves).
The signal strengths at the measured value of mH are

found to be μγγggFþ tt̄H ¼ 1.15þ 0.28
−0.25 , μγγVBFþ VH ¼ 1.17þ 0.58

−0.53 ,
and μ4l ¼ 1.40þ 0.30

−0.25 . The combined overall signal strength

μ (with μγγggFþ tt̄H ¼ μγγVBFþ VH ¼ μ4l ≡ μ) is μ ¼ 1.24þ 0.18
−0.16 .

The results reported here for the signal strengths are not
expected to have the same sensitivity, nor exactly the same
values, as those that would be extracted from a combined
analysis optimized for the coupling measurements.
The combined ATLAS and CMS results for mH in the

separate H → γγ and H → ZZ → 4l channels are

mγγ
H ¼ 125.07" 0.29 GeV

¼ 125.07" 0.25 ðstatÞ " 0.14 ðsystÞ GeV ð4Þ

and

m4l
H ¼ 125.15" 0.40 GeV

¼ 125.15" 0.37 ðstatÞ " 0.15 ðsystÞ GeV: ð5Þ

The corresponding likelihood ratio scans are shown in
Fig. 1. For the H → ZZ → 4l channel, the systematic
uncertainty is dominated by the absolute scale uncertainty
in the momentum measurement for the muons and in the
momentum and energy measurements for the electrons.
Large samples (> 107 events) of dilepton decays of the
J=ψ , ϒðnSÞ, and Z resonances are used by both experi-
ments to evaluate the absolute scales and to correct for
residual misalignments in the inner tracker systems [14,16].
The systematic uncertainty in the ATLAS mH result from
H → ZZ → 4l decays was conservatively set to 60 MeV in
Ref. [14] to account for the limited numerical precision in
its estimate. A more precise procedure, resulting in a
reduced systematic uncertainty of 40 MeV, is used here.
For CMS, conservative systematic uncertainties of 0.1% for
the H → ZZ → 4μ and 2μ2e channels, and 0.3% for the
H → ZZ → 4e channel, were obtained in Ref. [16] and are
used here.
A summary of the results from the individual analyses

and their combination is presented in Fig. 2.
The observed uncertainties in the combined measure-

ment can be compared with expectations. The latter are
evaluated by generating two Asimov data sets [26], where
an Asimov data set is a representative event sample that
provides both the median expectation for an experimental
result and its expected statistical variation, in the asymp-
totic approximation, without the need for an extensive
MC-based calculation. The first Asimov data set is a
“prefit” sample, generated using mH ¼ 125.0 GeV and
the SM predictions for the couplings, with all nuisance
parameters fixed to their nominal values. The second
Asimov data set is a “postfit” sample, in which mH, the
three signal strengths μγγggFþ tt̄H, μ

γγ
VBFþ VH, and μ4l, and all

nuisance parameters are fixed to their best-fit estimates
from the data. The expected uncertainties for the combined
mass are

δmHprefit ¼ "0.24 GeV

¼ "0.22 ðstatÞ " 0.10 ðsystÞ GeV ð6Þ
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FIG. 1 (color online). Scans of twice the negative log-
likelihood ratio −2 lnΛðmHÞ as functions of the Higgs boson
mass mH for the ATLAS and CMS combination of the H → γγ
(red), H → ZZ → 4l (blue), and combined (black) channels.
The dashed curves show the results accounting for statistical
uncertainties only, with all nuisance parameters associated with
systematic uncertainties fixed to their best-fit values. The 1 and 2
standard deviation limits are indicated by the intersections of the
horizontal lines at 1 and 4, respectively, with the log-likelihood
scan curves.
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q ^ = −2lnΛ ^ = −2ln
ℒ efgf	|	i ^ jk,lmn	

ℒ efgf	|	i ô jk,lm	

^	- vector of parameters to measure
l - vector of nuisance parameters
ô , lm - values at global maximum of ℒ
lmf - value maximising ℒ for a given ̂

▶ Pair-wise test of JP hypotheses

q = −2ln
ℒ efgf	|	poqrijk,lmq	

ℒ 	efgf	|	posrijk,lms
H	– SM Higgs boson hypothesis
u - exotic Higgs boson hypothesis



Properties measurements: mass
▶ Higgs boson mass is estimated from the two most precise channels

§ HàZZ*à4l
§ Hàγγ
where we reconstructed four momenta all 
all final state particles with excellent accuracy

▶ Theoretical ambiguities are minimized by the assumption that the natural width of 
the Higgs boson is negligible compared to the 
experimental resolution
§ This is true for both SM and most alternative models

▶ References:
§ ATLAS measurements

• ATLAS Collaboration, Measurement of the Higgs boson mass from the H → γγ and H → ZZ* → 4l channels 
with the ATLAS detector at the LHC, Phys. Rev. D 90, 052004, 
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.052004

§ CMS measurements
• CMS Collaboration, Precise determination of the mass of the Higgs boson and tests of compatibility of its 

couplings with the standard model predictions using proton collisions at 7 and 8 TeV, Eur. Phys. J. C (2015) 
75: 212, http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3351-7

§ ATLAS and CMS combination
• ATLAS and CMS Collaborations, Combined Measurement of the Higgs Boson Mass in pp Collisions at √s = 7 

and 8 TeV with the ATLAS and CMS Experiments, Phys. Rev. Lett. 114, 191803, 
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
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Mass measurements in ATLAS
▶ Three steps process:

§ 1. Measuring separately by γγ and 4l channels
§ 2. Improving measurements per channel and combining them
§ 3. Further improvements and combination with CMS

▶ Critical aspects for measurements accuracy and precision: 
γ/e±/µ± reconstruction, energy scale calibration and systematic uncertainty

▶ Example of considered uncertainties in case of E measurements of γ/e±

§ Modeled using 29 independent sources

19/1/2017 Higgs boson physics 19

• 1 for the uncertainty in the extraction of the calorimeter 
energy scale from Z→ ee events, 

• 3 for the uncertainty on the nonlinearity of the energy 
measurement at the cell level, 

• 4 for the uncertainty on the ID material in different eta 
regions, 

• 6 for the uncertainties affecting the relative calibration of 
the different calorimeter layers, 

• 10 for the uncertainties on the material after the ID volume 
and between the presampler and the first calorimeter,

• 3 for uncertainties in the modeling of the conversion 
reconstruction performance in the simulation,

• 2 for the uncertainties in the modeling of the lateral 
shower shapes, separating converted and unconverted γs.

is 0.9% and 0.4% for unconverted and converted photons,
respectively. The energy dependence of the photon energy
scale uncertainty is weak. The uncertainty on the electron
energy scale at an ET of 40 GeV is, on average, 0.04% for
jηj < 1.37, 0.2% for 1.37 < jηj < 1.82 and 0.05% for
jηj > 1.82. At an ET of about 10 GeV, the electron energy
scale uncertainty ranges from 0.4% to 1% for jηj < 1.37, is
about 1.1% for 1.37 < jηj < 1.82, and again 0.4% for
jηj > 1.82. The largest uncertainty for electrons is in the
transition region between the barrel and end-cap calorim-
eters, which is not used for photons. These uncertainties are
modeled using 29 independent sources to account for their
η dependence, and are almost fully correlated between the
7 TeVand 8 TeV samples. These 29 uncertainty sources are
assigned in the following way:

(i) one for the uncertainty in the extraction of the
calorimeter energy scale from Z → eþe− events,

(ii) three for the uncertainty on the nonlinearity of the
energy measurement at the cell level,

(iii) four for the uncertainty on the ID material in
different eta regions,

(iv) six for the uncertainties affecting the relative cali-
bration of the different calorimeter layers covering

uncertainties in the muon measurement as well as in
the modeling of muon energy loss in the simulation,

(v) ten for the uncertainties affecting the determina-
tion of the material after the ID volume and between
the presampler and the first calorimeter layer cover-
ing uncertainties in the data measurement and in
the modeling of longitudinal shower profiles in the
simulation,

(vi) three for uncertainties in the modeling of the
conversion reconstruction performance in the
simulation,

(vii) two for the uncertainties in the modeling of the
lateral shower shapes, separating converted and
unconverted photons.

An independent verification of the energy scale is
performed using samples of J=ψ→eþe− and Z→lþl−γ
decays. The latter sample allows, for instance, a direct
measurement of the photon energy scale in the low trans-
verse energy range (typically between 7 GeVand 35 GeV).
The results are in good agreement with the energy scale
determined from the Z → eþe− sample, taking into account
the systematic uncertainties discussed above. With the
Z → lþl−γ sample, the energy scale of photons with
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FIG. 1 (color online). Relative scale difference, Δ Scale, between the measured electron energy scale and the nominal energy scale, as
a function of ET using J=ψ → eþe− and Z → eþe− events (points with error bars), for four different η regions: (a) jηj < 0.6,
(b) 0.6 < jηj < 1.37, (c) 1.37 < jηj < 1.82 and (d) 1.82 < jηj < 2.37. The uncertainty on the nominal energy scale for electrons is
shown as the shaded area. The error bars include the systematic uncertainties specific to the J=ψ → eþe− measurement.
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description of the selection criteria and background
modeling is reported in Ref. [17].

A. Event selection

Events are selected using a diphoton trigger. For the
7 TeV data, an ET threshold of 20 GeV is applied to both
photons at the trigger level. For the 8 TeV data, the ET
threshold at the trigger level is 35 GeV for the photon with
the highest ET and 25 GeV for the photon with the next-
highest ET. Loose photon identification cuts are applied at
the trigger level, which is more than 99% efficient for
events fulfilling the final analysis selection.
Only photon candidates with jηj < 2.37 are considered,

removing the transition region 1.37 < jηj < 1.56 between
the barrel and end-cap calorimeters. The calorimeter
granularity in the transition region is reduced, and the
presence of significant additional inactive material affects
the identification capabilities and energy resolution.

Two photons are required to fulfill tight identification
criteria that are based primarily on shower shapes in the EM
calorimeter [27]. For the 7 TeV data, a neural network
discriminant is built from shower shape variables to
suppress the contamination from jets misidentified as
photon candidates. For the 8 TeV data, a set of cuts
optimized for the pileup conditions of the 2012 data taking
are applied. The efficiency of the photon identification
selection ranges between 85% and 95% as a function of the
photon ET.
To further reject background from jets misidentified as

photons, the photon candidates are required to be isolated
using both the calorimeter isolation and track isolation
requirements. The calorimeter isolation is defined as the
sum of the ET of clusters of energy deposited in a cone of
size ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þðΔϕÞ2

p
¼ 0.4 around the photon

candidate, excluding an area of size Δη × Δϕ ¼ 0.125 ×
0.175 centered on the photon cluster; the expected photon
energy deposit outside the excluded area is subtracted. The
pileup and underlying event contribution to the calorimeter
isolation is subtracted event by event [28]. The calorimeter
isolation is required to be smaller than 5.5 GeV for the
7 TeV data and smaller than 6 GeV for the 8 TeV data. The
track isolation is defined as the scalar sum of the transverse
momenta of the tracks in a cone of ΔR ¼ 0.2 around the
photon candidate. The tracks are required to have
pT > 0.4ð1.0ÞGeV, for the 7 (8) TeV data, and to be
consistent with originating from the diphoton primary
vertex, defined below. In the case of converted photons,
the tracks associated with the photon conversion are
excluded from the track isolation. The track isolation is
required to be smaller than 2.2 GeV for the 7 TeV data and
smaller than 2.6 GeV for the 8 TeV data. The efficiency of
the isolation requirement is about 95% per photon for both
7 TeV and 8 TeV data.
Identifying which reconstructed primary vertex corre-

sponds to the pp collision that produced the diphoton
candidate is important for the mass reconstruction. The
correct identification of the tracks coming from the pp
collision producing the diphoton candidate is also neces-
sary to avoid pileup contributions to the track isolation. To
keep the contribution of the opening angle resolution to the
mass resolution significantly smaller than the energy
resolution contribution, a position resolution for the pri-
mary vertex of about 15 mm in the z direction is sufficient.
Better resolution is needed to correctly match tracks to the
pp collision vertex of the diphoton candidate. The direc-
tions of the photon candidates are measured using the
longitudinal and transverse segmentation of the EM calo-
rimeter, with a resolution of about 60 mrad=

ffiffiffiffi
E

p
, where E is

the photon energy in GeV. An estimate of the diphoton
primary vertex z position is obtained by combining the
average beam-spot position with this photon pointing,
which is enhanced by using the tracks from photon
conversions with conversion radii before or in the silicon
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FIG. 3 (color online). Ratio of the reconstructed dimuon
invariant mass for data to the corrected mass in simulation for
J=ψ ,ϒ and Z events: (a) as a function of η of the higher-pT muon
and (b) as a function of hpTi of the two muons, as defined in the
text. The shaded areas show the systematic uncertainty on the
simulation corrections for each of the three samples. The error
bars on the points show the combined statistical and systematic
uncertainties as explained in the text. In (a), the two large jηj bins
have measurements only from Z events due to trigger limitations
above jηj ¼ 2.4.
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Mass measurements: Hàγγ in ATLAS
▶ Narrow peak over smooth background

§ Typical mass resolution 1.7 GeV @ mH = 125 GeV
§ Background: 80% γγ continuum &  20% γ+jets and dijets

▶ Event selection
§ Diphoton trigger with 99% efficiency
§ Isolated γ passing tight MVA ID, �ÄÅÇ~95%, ÜÄá ∈ 85 − 95%

§ Primary vertex identification with �äã~93%
§ Combined signal reconstruction and selection eff. ~40%

▶ Event categorisation
§ 10 mutually exclusive categories with different S/B ratios, 

different mγγ resolution and different systematic uncertainties
§ Optimised for mass measurement, assuming SM yield –

improving statistical uncertainty for about 20%
▶ Signal modeling

§ Sum of Crystal Ball and Gaussian, with parameters extracted 
from MC simulation

▶ Background modeling and estimation
§ Directly from a fit to the γγ mass distribution after final selection
§ Exponential function used in 4 categories, exponential + 2nd

order polynomial in other 6 categories
▶ Mass measurement method

§ 10 categories x 2 cms energies are fitted simultaneously 
• assuming s+b hypothesis
• using an unbinned maximumu likelihood fit
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Figure 4 shows the result of the simultaneous fit to the
data over all categories. For illustration, all categories are
summed together, with a weight given by the signal-to-
background (s=b) ratio in each category.

F. Systematic uncertainties

The dominant systematic uncertainties on the mass
measurement arise from uncertainties on the photon energy
scale. These uncertainties, discussed in Sec. II, are propa-
gated to the diphoton mass measurement in each of the ten
categories, by modifying the peak of the Crystal Ball
function and the average of the Gaussian function describ-
ing the signal mass spectrum. The total uncertainty on the
mass measurement from the photon energy scale uncer-
tainties ranges from 0.17% to 0.57% depending on the
category. The category with the lowest systematic uncer-
tainty is the low pTt central converted category, for which
the energy scale extrapolation from Z → eþe− events is the
smallest.
Systematic uncertainties related to the reconstruction

of the diphoton primary vertex are investigated using
Z → eþe− events reweighted to match the transverse

momentum distribution of the Higgs boson and the η
distribution of the decay products. The primary vertex is

reconstructed using the same technique as for diphoton
events, ignoring the tracks associated with the electrons,
and treating them as unconverted photons. When this
procedure is applied to simulated samples, the efficiency
to reconstruct the primary vertex is the same in Z → eþe−

events and H → γγ events [17]. The dielectron invariant
mass is then computed in the same way as the diphoton
invariant mass. Comparing the results of this procedure in
data and simulation leads to an uncertainty of 0.03% on the
position of the peak of the reconstructed invariant mass.
Systematic uncertainties related to the modeling of

the background are estimated by performing signal-plus-
background fits to samples containing large numbers of
simulated background events plus the expected signal at
various assumed Higgs boson masses. The signal is
injected using the same functional form used in the fit,
so the fitted Higgs boson mass is sensitive only to the
accuracy of the background modeling. The maximum
difference between the fitted Higgs boson mass and the
input mass over the tested mass range is assigned as a
systematic uncertainty on the mass measurement. This
uncertainty varies from 0.05% to 0.20% depending on the
category. The uncertainties in the different categories are
taken as uncorrelated. As a cross-check, to investigate the
impact of a background shape in data different than in the
large statistics simulated background sample, signal-plus-
background pseudo-experiments are generated using a
functional form for the background with one more degree
of freedom than the nominal background model used in
the fit: for the four high pTt categories, a second-order
Bernstein polynomial or the exponential of a second-order
polynomial is used; for the six other categories, a third-
order Bernstein polynomial is used. The parameters of the
functional form used to generate these pseudo-experiments
are determined from the data. These pseudo-experiments
are then fitted using the nominal background model. This
procedure leads to an uncertainty on the mass measurement
between 0.01% and 0.05% depending on the category, and
smaller than the uncertainties derived from the baseline
method using the large sample of simulated background
events.
Systematic uncertainties on the diphoton mass reso-

lution due to uncertainties on the energy resolution vary
between 9% and 16% depending on the category and
have a negligible impact on the mass measurement.
Systematic uncertainties affecting the relative signal

yield in each category arise from uncertainties on the
photon conversion rate, uncertainties in the proper classi-
fication of converted and unconverted photon candidates
and uncertainties in the modeling of the transverse momen-
tum of the Higgs boson. These migration systematic
uncertainties vary between 3% for the low pTt categories,
dominated by uncertainties on the efficiency for recon-
structing photon conversions, and 24% for the gluon fusion
production process in the high pTt categories, dominated by
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FIG. 4 (color online). Invariant mass distribution in theH → γγ
analysis for data (7 TeV and 8 TeV samples combined), showing
weighted data points with errors, and the result of the simulta-
neous fit to all categories. The fitted signal plus background is
shown, along with the background-only component of this fit.
The different categories are summed together with a weight given
by the s=b ratio in each category. The bottom plot shows the
difference between the summed weights and the background
component of the fit.
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Invariant mass distribution in Hàγγ
analysis for data (7 TeV and 8 TeV samples 
combined), showing weighted data points 
with errors, and the result of the simulta-
neous fit to all categories. The fitted signal 
plus background is shown, along with the 
background-only component of this fit. 
The different categories are summed 
together with a weight given by the s=b 
ratio in each category. The bottom plot 
shows the difference between the 
summed weights and the background 
component of the fit. 



Mass measurements: Hàγγ in ATLAS
▶ Systematic uncertainties

§ Example of summary of the relative systematic uncertainties (in %) on the H → γγ mass measurement for the 
different categories, for unconverted photons. The first seven rows give the impact of the photon energy scale 
systematic uncertainties. 

▶ Results
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the uncertainty on the transverse momentum of the Higgs
boson. The uncertainty on the transverse momentum of the
Higgs boson is estimated by changing the renormalization
and factorization scales in the HRes2 [29,30] computation
of the Higgs boson transverse momentum distribution as
well as the resummation scales associated with t and b
quarks. These migration uncertainties have a negligible
effect on the mass measurement.
Finally, uncertainties on the predicted overall signal

yield are estimated as follows [17]. The uncertainty on
the predicted cross section for Higgs boson production is
about 10% for the dominant gluon fusion process. The
uncertainty on the predicted branching ratio to two photons
is 5%. The uncertainty from the photon identification
efficiency is derived from studies using several control
samples: a sample of radiative Z decays, a sample of
Z → eþe− events, where the shower shapes of electrons are
corrected to resemble the shower shapes of photons, and a
sample of high ET isolated prompt photons. The estimated
photon identification uncertainty amounts to 1.0% for the
8 TeV data set, after correcting for small residual dif-
ferences between simulation and data, and 8.4% for the
7 TeV data set. The uncertainty is larger for the 7 TeV data
set because of the stronger correlation of the neural network
photon identification with the photon isolation, and
because the neural network identification relies more
strongly on the correlations between the individual shower
shape variables, complicating the measurement and intro-
ducing larger uncertainties on the estimate of its perfor-
mance in data. The uncertainty on the integrated luminosity
is 2.8% for the 8 TeV data set and 1.8% for the 7 TeV data
set [31]. The uncertainties on the isolation cut efficiency
and on the trigger efficiency are less than 1% for both the
7 TeV and 8 TeV data sets. These uncertainties on the
overall signal yield also have a negligible effect on the mass
measurement.

Table II gives a summary of the systematic uncertainties
on the mass measurement for the different categories.
For illustration, the 29 sources of uncertainty on the photon
energy scale are grouped into seven classes, so the cor-
relations in the uncertainties per class between categories
are not 100%.
The total systematic uncertainty on the measured mass

is "0.22%, dominated by the uncertainty on the photon
energy scale.

G. Result

The measured Higgs boson mass in the H → γγ decay
channel is

m H ¼ 125.98"0.42ðstatÞ "0.28ðsystÞ GeV

¼ 125.98"0.50GeV ð1Þ

where the first error represents the statistical uncertainty
and the second the systematic uncertainty. The change in
central value compared to the previous result in Ref. [15] of
126.8"0.2ðstatÞ "0.7ðsystÞ GeV is consistent with the
expected change resulting from the updated photon energy
scale calibration and its much smaller systematic uncer-
tainty. From the changes in the calibration procedure an
average shift of about −0.45 GeV in the measured Higgs
boson mass is expected, with an expected statistical spread
of about 0.35 GeV from fluctuations in the measured
masses of individual events. The average shift between the
old and new calibrations is estimated from the distribution
of the mass difference of the common events in the mass
sidebands outside the signal region.
The mass measurement is performed leaving the overall

signal strength free in the fit. The measured signal strength,
μ, normalized to the Standard Model expectation is found
to be μ ¼ 1.29"0.30. The most precise results for μ from

TABLE II. Summary of the relative systematic uncertainties (in %) on the H → γγ mass measurement for the different categories
described in the text. The first seven rows give the impact of the photon energy scale systematic uncertainties, grouped into seven
classes.

Unconverted Converted

Central Rest Central Rest

Class low pTt high pTt low pTt high pTt Transition low pTt high pTt low pTt high pTt Transition

Z → eþe− calibration 0.02 0.03 0.04 0.04 0.11 0.02 0.02 0.05 0.05 0.11
LAr cell nonlinearity 0.12 0.19 0.09 0.16 0.39 0.09 0.19 0.06 0.14 0.29
Layer calibration 0.13 0.16 0.11 0.13 0.13 0.07 0.10 0.05 0.07 0.07
ID material 0.06 0.06 0.08 0.08 0.10 0.05 0.05 0.06 0.06 0.06
Other material 0.07 0.08 0.14 0.15 0.35 0.04 0.04 0.07 0.08 0.20
Conversion reconstruction 0.02 0.02 0.03 0.03 0.05 0.03 0.02 0.05 0.04 0.06
Lateral shower shape 0.04 0.04 0.07 0.07 0.06 0.09 0.09 0.18 0.19 0.16
Background modeling 0.10 0.06 0.05 0.11 0.16 0.13 0.06 0.14 0.18 0.20
Vertex measurement 0.03
Total 0.23 0.28 0.24 0.30 0.59 0.21 0.25 0.27 0.33 0.47
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8w = 125.98 ± 0.42	 stat ± 0.28	 syst 	GeV

= 125.98 ± 0.50	GeV

▶ Cross-checks
these data are based on an analysis optimized to measure
the signal strength [17]. The statistical uncertainties on
the mass and signal yield obtained from the data fit are
consistent with the expected statistical accuracy in pseudo-
experiments generated with this measured signal yield. The
average expected statistical uncertainty on the mass for μ ¼
1.3 is 0.35 GeV and the fraction of pseudo-experiments
with a statistical error larger than the one observed in data
(0.42 GeV) is about 16%. From these pseudo-experiments,
the distribution of fitted masses is compared to the input
mass value to verify that the statistical uncertainty from the
fit provides 68% coverage. In the previous measurement,
the expected statistical uncertainty was about 0.33 GeV
for μ ¼ 1.55 and the observed statistical uncertainty
(0.24 GeV) was better than expected. The change in
expected statistical uncertainty mostly comes from the
change in the fitted signal strength, which was slightly
larger in the previous measurement, as the statistical
uncertainty on the mass measurement is inversely propor-
tional to the signal strength. Changes in the mass resolution
and the event categorization also contribute to the change in
the expected statistical uncertainty. The increase in the
statistical uncertainty between the previous result and this
result is consistent with a statistical fluctuation from
changes in the measured masses of individual events.
Assuming the SM signal yield (μ ¼ 1), the statistical
uncertainty on the mass measurement is expected to be
0.45 GeV.
No significant shift in the values of the nuisance

parameters associated with the systematic uncertainties is
observed in the fit to the data. The result is also stable if a
different mass range, 115 GeV to 135 GeV, is used in
the fit.
Several cross-checks of the mass measurement are

performed, dividing the data into subsamples with different
sensitivities to systematic uncertainties. To evaluate the
compatibility between the mass measured in a subsample
and the combined mass from all other subsamples, a
procedure similar to the one used to evaluate the mass
compatibility between different channels, described in
Sec. VI, is applied. The mass difference Δi between the
subsample i under test and the combined mass from all
other subsamples is added as a parameter in the likelihood,
and the value ofΔi with its uncertainty is extracted from the
fit to the data, leaving the combined Higgs boson mass
from all other subsamples as a free parameter. With this
procedure, the uncertainty on Δi correctly accounts for the
correlation in systematic uncertainties between the sub-
sample under test and the rest of the data set. The values of
Δi with their uncertainties are shown in Fig. 5 for three
different alternative event categorizations, with three sub-
samples each: as a function of the conversion status of the
two photons, as a function of the number of primary
vertices reconstructed in the event and as a function of the
photon impact point in the calorimeter (barrel vs end-cap).

No value of Δi inconsistent with zero is found in these
checks, or in other categorizations related to the conversion
topology, the instantaneous luminosity, the photon isolation
and the data taking periods. A similar procedure, fitting
simultaneously one Δi per subsample, is performed to
assess the global consistency of all the different subsamples
with a common combined mass. In nine different catego-
rizations, no global inconsistency larger than 1.5σ is
observed.
A direct limit on the decay width of the Higgs boson is

set from the observed width of the invariant mass peak,
under the assumption that there is no interference with
background processes. The signal model is extended by
convolving the detector resolution with a nonrelativistic
Breit-Wigner distribution to model a nonzero decay width.
The test statistic used to obtain the limit on the width is a
profile likelihood estimator with the width as the main
parameter of interest, where the mass and the signal
strength of the observed particle are also treated as free
parameters. Pseudo-experiments with different assumed
widths are performed to estimate the distribution of the
test statistic, which does not perfectly follow a χ2 distri-
bution, and to compute the exclusion level. The observed
(expected for μ ¼ 1) 95% confidence level (CL) upper limit
on the width is 5.0 (6.2) GeV. For μ ¼ 1.3, the expected
upper limit on the width is 4.2 GeV. These limits, properly
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FIG. 5. Difference, Δi, between the mass measured in a given
γγ subsample and the combined γγ mass, using three different
alternative categorizations to define the subsamples. The top three
points show a categorization based on the photon conversion
status: UU is the subsample with both photons unconverted, UC
the subsample with one converted and one unconverted photon,
and CC the subsample with two converted photons. The middle
three points show a categorization based on the number of
reconstructed primary vertices (NPV) in the event. The bottom
three points show a categorization based on the photon impact
points on the calorimeter: BB is the subsample with both photons
detected in the barrel calorimeter, BE the subsample with one
photon in the barrel calorimeter and one photon in the end-cap
calorimeter and EE the subsample with both photons in the
end-cap calorimeter.
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Mass measurements: HàΖΖ∗à4l in ATLAS
▶ Good sensitivity due to its

§ High S/B ratio: about 2 in 120 – 130 GeV mass window
§ Excellent 4l-mass resolution: from about 1.6 GeV in 4µ to about 2.2 GeV in 4e

▶ Event selection, background estimation, MVA discriminant: see previous slides
▶ Signal and background model

§ 2D fit to 89: and ì1î;;∗ output ïñá5MM∗with signal probability density function
ó 89:, ïñá5MM∗	|	8w = ó 89:	|	ïñá5MM∗, 8w ó ïñá5MM∗, |8w

≈ ôóö 89:	|	8w õö ïñá5MM∗

9

öúù

ó ïñá5MM∗, |8w

õö - four equal-size bins for the values of ì1î;;∗ output 
óö- 1D PDF for 89: for the signal in ïñá5MM∗bins

▶ Systematic uncertainties
§ Main source: electron energy scale and muon

momentum scale – 0.03% on mH

§ Theory uncertainties: QCD scale 7%, PDFs 6% 
and decay BRs 4%

▶ Results
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8w = 124.51 ± 0.52	 stat ± 0.06	 syst 	GeV
= 125.51 ± 0.52	GeV

based on an analysis optimized to measure the signal
strength [18]. The expected statistical uncertainty for the
2D fit with the observed μ value of 1.66 is 0.49 GeV, close
to the observed statistical uncertainty. With the improved

uncertainties on the electron and muon energy scales, the
mass uncertainty given above is predominantly statistical
with a nearly negligible contribution from systematic
uncertainties. The mass measurement performed with the
1D model gives mH ¼ 124.63" 0.54 GeV, consistent
with the 2D result where the expected difference has a
root mean square (RMS) of 250 MeV estimated from
Monte Carlo pseudo-experiments. These measurements
can be compared to the previously reported result [15]
of 124:3þ0.6

−0.5ðstatÞ
þ0.5
−0.3ðsystÞGeV, which was obtained

using the 1D model. The difference between the measured
values arises primarily from the changes to the channels
with electrons—the new calibration and resolution model,
the introduction of the combined track momentum and
cluster energy fit, and the improved identification, as well
as the recovery of noncollinear FSR photons, which affects
all channels. In the 120–130 GeV mass window, there are
four new events and one missing event as compared to
Ref. [15]. Finally, as a third cross-check, the measured
mass obtained with the per-event-error method is within
60 MeV of the value found with the 2D method.
Figure 7 shows the scan of the profile likelihood,

−2 lnΛðmHÞ, for the 2D model as a function of the mass
of the Higgs boson for the four final states, as well as for all
of the channels combined. The signal strength and all
the nuisance parameters are profiled (allowed to float to the
values that maximize the likelihood) in the scan. The
compatibility among the mass measurements from the four
final states is estimated to be about 20% using a χ2 test.
Using the per-event-error method a direct limit on the

total width of the Higgs boson of ΓH < 2.6 GeV at
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Mass measurements: ATLAS combination
▶ Using profile likelihood ratio

Λ 8w =
- 8w,	ü̂°¢¢ 8w , ü̂°9: 8w , lmm 8w

- 8ow,	ü̂¢¢, ü̂9: ,lm	

▶ Combined mass measurement is

▶ Compatibility of measurements from two channels is 4.9% à 1.97σ
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8w = 125.36 ± 0.37	 stat ± 0.18	 syst 	GeV
= 125.36 ± 0.41	GeV

where the first error represents the statistical uncertainty
and the second the systematic uncertainty. The statistical
component is determined by repeating the likelihood scan
with all nuisance parameters related to systematic uncer-
tainty fixed to their best-fit value. The systematic compo-
nent is then derived by subtracting in quadrature the
statistical one from the total error. The −2 lnΛ value as
a function of m H for the individual H → γγ and
H → ZZ! → 4l channels and their combination is shown
in Fig. 8.
With respect to the previously published value [15] of

m H ¼ 125.49# 0.24ðstatÞþ0.50
−0.58ðsystÞ GeV, the observed

statistical error has increased. This is due to the increase
of the observed statistical error in the H → γγ channel as
discussed in Sec. IV G. The systematic uncertainty is
significantly reduced thanks to the improvements in the
calibration of the photons and electrons and the reduction in
the uncertainty on the muon momentum scale, as detailed
in Secs. II and III, respectively.
In order to check that the fitted signal yield is not

significantly correlated with the measured mass, the profile
likelihood ratio as a function of both m H and the normal-
ized signal yield S, ΛðS; m H Þ is used. The normalized
signal yield is defined as S ¼ σ=σSMðm H ¼ 125.36 GeVÞ.
It is similar to the signal strength μ ¼ σ=σSMðm H Þ, except
the m H dependence of the expected SM cross sections and
branching ratios that enter into the denominator, principally
for the H → ZZ! → 4l channel, is removed by fixing m H
to the combined best-fit mass. Asymptotically, the test
statistic −2 lnΛðS; m H Þ is distributed as a χ2 distribution
with 2 degrees of freedom. The resulting 68% and 95% CL
contours are shown in Fig. 9. No significant correlation
between the two fitted variables is observed, confirming the

model independence of the mass measurement described in
this paper.
As a cross-check, the mass combination was repeated by

fixing the values of the two signal strengths to the SM
expectation μ ¼ 1. The mass measurement only changes
by 80 MeV, demonstrating that the combined mass meas-
urement is quite insensitive to the fitted values of the
individual channel signal strengths.
The contributions of the main sources of systematic

uncertainty to the combined mass measurement are shown
in Table IV. In the mass measurement fit, the post-fit values
of the most relevant nuisance parameters, which are
related to the photon energy scale, do not show significant
deviations from their pre-fit input values.
In order to assess the compatibility of the mass mea-

surements from the two channels, a dedicated test statistic
that takes into account correlations between the two
measurements is used, as described in Sec. VI. A value of

Δm H ¼ 1.47# 0.67ðstatÞ # 0.28ðsystÞ GeV

¼ 1.47# 0.72 GeV ð8Þ

is derived. From the value of −2 lnΛ at Δm H ¼ 0, a
compatibility of 4.8%, equivalent to 1.98σ, is estimated
under the asymptotic assumption. This probability was
cross-checked using Monte Carlo ensemble tests. With
this approach a compatibility of 4.9% is obtained,
corresponding to 1.97σ.
As an additional cross-check, some of the systematic

uncertainties related to the photon energy scale, namely, the
inner detector material uncertainty and the uncertainty in
the modeling of the photon lateral leakage, were modeled

 [GeV]Hm
123 123.5 124 124.5 125 125.5 126 126.5 127 127.5

Λ
-2

ln

0

1

2

3

4

5

6

7

σ1

σ2

ATLAS
-1Ldt = 4.5 fb∫ = 7 TeV s

-1Ldt = 20.3 fb∫ = 8 TeV s

l+4γγCombined
γγ→H

l 4→ ZZ* →H
without systematics

FIG. 8 (color online). Value of −2 lnΛ as a function of m H for
the individual H → γγ and H → ZZ! → 4l channels and their
combination, where the signal strengths μγγ and μ4l are allowed
to vary independently. The dashed lines show the statistical
component of the mass measurements. For the H → ZZ! → 4l
channel, this is indistinguishable from the solid line that includes
the systematic uncertainties.

 [GeV]Hm

123 123.5 124 124.5 125 125.5 126 126.5 127 127.5

)
=1

25
.3

6 
G

eV
)

H
(m

S
M

σ/σ
S

ig
na

l y
ie

ld
 (

0

0.5

1

1.5

2

2.5

3

3.5

4
ATLAS

-1Ldt = 4.5 fb∫ = 7 TeV s
-1Ldt = 20.3 fb∫ = 8 TeV s

+ZZ*γγCombined
γγ→H

l 4→ ZZ* →H

Best fit
68% CL
95% CL

FIG. 9 (color online). Likelihood contours −2 lnΛðS; m H Þ as
a function of the normalized signal yield S ¼ σ=σSMðm H ¼
125.36 GeVÞ and m H for the H → γγ and H → ZZ! → 4l
channels and their combination, including all systematic uncer-
tainties. For the combined contour, a common normalized signal
yield S is used. The markers indicate the maximum likelihood
estimates in the corresponding channels.

G. AAD et al. PHYSICAL REVIEW D 90, 052004 (2014)

052004-20

where the first error represents the statistical uncertainty
and the second the systematic uncertainty. The statistical
component is determined by repeating the likelihood scan
with all nuisance parameters related to systematic uncer-
tainty fixed to their best-fit value. The systematic compo-
nent is then derived by subtracting in quadrature the
statistical one from the total error. The −2 lnΛ value as
a function of m H for the individual H → γγ and
H → ZZ! → 4l channels and their combination is shown
in Fig. 8.
With respect to the previously published value [15] of

m H ¼ 125.49# 0.24ðstatÞþ0.50
−0.58ðsystÞ GeV, the observed

statistical error has increased. This is due to the increase
of the observed statistical error in the H → γγ channel as
discussed in Sec. IV G. The systematic uncertainty is
significantly reduced thanks to the improvements in the
calibration of the photons and electrons and the reduction in
the uncertainty on the muon momentum scale, as detailed
in Secs. II and III, respectively.
In order to check that the fitted signal yield is not

significantly correlated with the measured mass, the profile
likelihood ratio as a function of both m H and the normal-
ized signal yield S, ΛðS; m H Þ is used. The normalized
signal yield is defined as S ¼ σ=σSMðm H ¼ 125.36 GeVÞ.
It is similar to the signal strength μ ¼ σ=σSMðm H Þ, except
the m H dependence of the expected SM cross sections and
branching ratios that enter into the denominator, principally
for the H → ZZ! → 4l channel, is removed by fixing m H
to the combined best-fit mass. Asymptotically, the test
statistic −2 lnΛðS; m H Þ is distributed as a χ2 distribution
with 2 degrees of freedom. The resulting 68% and 95% CL
contours are shown in Fig. 9. No significant correlation
between the two fitted variables is observed, confirming the

model independence of the mass measurement described in
this paper.
As a cross-check, the mass combination was repeated by

fixing the values of the two signal strengths to the SM
expectation μ ¼ 1. The mass measurement only changes
by 80 MeV, demonstrating that the combined mass meas-
urement is quite insensitive to the fitted values of the
individual channel signal strengths.
The contributions of the main sources of systematic

uncertainty to the combined mass measurement are shown
in Table IV. In the mass measurement fit, the post-fit values
of the most relevant nuisance parameters, which are
related to the photon energy scale, do not show significant
deviations from their pre-fit input values.
In order to assess the compatibility of the mass mea-

surements from the two channels, a dedicated test statistic
that takes into account correlations between the two
measurements is used, as described in Sec. VI. A value of

Δm H ¼ 1.47# 0.67ðstatÞ # 0.28ðsystÞ GeV

¼ 1.47# 0.72 GeV ð8Þ

is derived. From the value of −2 lnΛ at Δm H ¼ 0, a
compatibility of 4.8%, equivalent to 1.98σ, is estimated
under the asymptotic assumption. This probability was
cross-checked using Monte Carlo ensemble tests. With
this approach a compatibility of 4.9% is obtained,
corresponding to 1.97σ.
As an additional cross-check, some of the systematic

uncertainties related to the photon energy scale, namely, the
inner detector material uncertainty and the uncertainty in
the modeling of the photon lateral leakage, were modeled
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Mass measurements in CMS: results

19/1/2017 Higgs boson physics 24

▶ Similar methods as in ATLAS
§ In HàZZ*à4l CMS uses 3D PDF with %&',	MELA and per-event 89:	uncertainty N%&'

▶ Results

▶ Compatibility of measurements from two channels is 1.6σ

8w = 	125.36§•.¶ß
j•.¶®	(stat)§•.ù´

j•.ù9 syst 	GeV



Mass measurements: ATLAS and CMS 
▶ Only final results here: more newt week from Christina J
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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.





Total width measurements: direct
▶ For 8w~125	GeV predicted total width is ΓÅI~4 MeV
▶ There are two methods to measure the total width

§ Direct: from γγ and 4l mass distributions
§ Indirect: from off-shell Higgs boson production
§ Indirect gives much better results, but relies on assumptions on the underlying theory

• For example is assumes the absence of BSM particles contribution
§ Direct limits have no such assumptions and are only limited by experimental resolution

▶ Direct measurements method
§ Signal models in Hàγγ and HàZZ*à4l use Breit-Wigner distribution for natural width
§ Use likelihood scan as a function of the assumed natural width

• Mass of the boson and common signal strength are 
profiled along all other nuisance parameters

▶ Results
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Channel Upper limit on ΓH in GeV
Expected Observed

CM
S

H → ZZ 3.1 2.4

H → γγ 2.8 3.4

H → ZZ and γγ 2.3 1.7

AT
LA

S H → ZZ 6.2 5.0

H → γγ 6.2 2.6



Total width measurements: indirect
▶ Basic idea: 

§ Gluon fusion production cross section depends on Γw through the Higgs boson propagator

§ Measurement of relative off-shell and on-shell production 
provides direct information on Γw

▶ More information next week from Giuliano, here final results only
▶ References: 

§ ATLAS Collaboration, Constraints on the off-shell Higgs boson signal strength in the high-mass ZZ and WW final states 
with the ATLAS detector, Eur. Phys. J. C (2015) 75: 335, http://link.springer.com/article/10.1140/epjc/s10052-015-
3542-2

§ CMS Collaboration, Constraints on the Higgs boson width from off-shell production and decay to Z-boson pairs, Phys. 
Lett. B 736 (2014) 64, http://www.sciencedirect.com/science/article/pii/S0370269314004821

§ CMS Collaboration, Search for Higgs boson off-shell production in proton-proton collisions at 7 and 8 TeV and 
derivation of constraints on its total decay width, J. High Energy Phys. 09 (2016) 051, 
http://link.springer.com/article/10.1007%2FJHEP09%282016%29051

§ CMS Collaboration, Limits on the Higgs boson lifetime and width from its decay to four charged leptons, Phys. Rev. D 
92, 072010, http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.072010
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The discovery of a new boson consistent with the standard 
model (SM) Higgs boson by the ATLAS and CMS Collaborations 
was recently reported [1–3]. The mass of the new boson (mH) was 
measured to be near 125 GeV, and the spin-parity properties were 
further studied by both experiments, favoring the scalar, JPC = 0++ , 
hypothesis [4–7]. The measurements were found to be consistent 
with a single narrow resonance, and an upper limit of 3.4 GeV at a 
95% confidence level (CL) on its decay width (ΓH) was reported by 
the CMS experiment in the four-lepton decay channel [7]. A direct 
width measurement at the resonance peak is limited by experi-
mental resolution, and is only sensitive to values far larger than 
the expected width of around 4 MeV for the SM Higgs boson [8,9].

It was recently proposed [10] to constrain the Higgs boson 
width using its off-shell production and decay to two Z bosons 
away from the resonance peak [11]. In the dominant gluon fusion 
production mode the off-shell production cross section is known 
to be sizable. This arises from an enhancement in the decay am-
plitude from the vicinity of the Z-boson pair production threshold. 
A further enhancement comes, in gluon fusion production, from 
the top-quark pair production threshold. The zero-width approx-
imation is inadequate and the ratio of the off-shell cross section 
above 2mZ to the on-shell signal is of the order of 8% [11,12]. Fur-
ther developments to the measurement of the Higgs boson width 
were proposed in Refs. [13,14].

⋆ E-mail address: cms-publication-committee-chair@cern.ch.

The gluon fusion production cross section depends on ΓH
through the Higgs boson propagator

dσgg→H→ZZ

dm2
ZZ

∼
g2

ggH g2
HZZ

(m2
ZZ − m2

H)2 + m2
HΓ 2

H

, (1)

where gggH and gHZZ are the couplings of the Higgs boson to 
gluons and Z bosons, respectively. Integrating either in a small re-
gion around mH, or above the mass threshold mZZ > 2mZ, where 
(mZZ − mH) ≫ ΓH, the cross sections are, respectively,

σ on-shell
gg→H→ZZ∗ ∼

g2
ggH g2

HZZ

mHΓH
and σ off-shell

gg→H∗→ZZ ∼
g2

ggH g2
HZZ

(2mZ)2 . (2)

From Eq. (2), it is clear that a measurement of the relative off-shell 
and on-shell production in the H → ZZ channel provides direct in-
formation on ΓH, as long as the coupling ratios remain unchanged, 
i.e. the gluon fusion production is dominated by the top-quark 
loop and there are no new particles contributing. In particular, the 
on-shell production cross section is unchanged under a common 
scaling of the squared product of the couplings and of the total 
width ΓH, while the off-shell production cross section increases 
linearly with this scaling factor.

The dominant contribution for the production of a pair of Z 
bosons comes from the quark-initiated process, qq → ZZ, the dia-
gram for which is displayed in Fig. 1(left). The gluon-induced dibo-
son production involves the gg → ZZ continuum background pro-
duction from the box diagrams, as illustrated in Fig. 1(center). An 

http://dx.doi.org/10.1016/j.physletb.2014.06.077
0370-2693/© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
SCOAP3.
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The discovery of a new boson consistent with the standard 
model (SM) Higgs boson by the ATLAS and CMS Collaborations 
was recently reported [1–3]. The mass of the new boson (mH) was 
measured to be near 125 GeV, and the spin-parity properties were 
further studied by both experiments, favoring the scalar, JPC = 0++ , 
hypothesis [4–7]. The measurements were found to be consistent 
with a single narrow resonance, and an upper limit of 3.4 GeV at a 
95% confidence level (CL) on its decay width (ΓH) was reported by 
the CMS experiment in the four-lepton decay channel [7]. A direct 
width measurement at the resonance peak is limited by experi-
mental resolution, and is only sensitive to values far larger than 
the expected width of around 4 MeV for the SM Higgs boson [8,9].

It was recently proposed [10] to constrain the Higgs boson 
width using its off-shell production and decay to two Z bosons 
away from the resonance peak [11]. In the dominant gluon fusion 
production mode the off-shell production cross section is known 
to be sizable. This arises from an enhancement in the decay am-
plitude from the vicinity of the Z-boson pair production threshold. 
A further enhancement comes, in gluon fusion production, from 
the top-quark pair production threshold. The zero-width approx-
imation is inadequate and the ratio of the off-shell cross section 
above 2mZ to the on-shell signal is of the order of 8% [11,12]. Fur-
ther developments to the measurement of the Higgs boson width 
were proposed in Refs. [13,14].
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From Eq. (2), it is clear that a measurement of the relative off-shell 
and on-shell production in the H → ZZ channel provides direct in-
formation on ΓH, as long as the coupling ratios remain unchanged, 
i.e. the gluon fusion production is dominated by the top-quark 
loop and there are no new particles contributing. In particular, the 
on-shell production cross section is unchanged under a common 
scaling of the squared product of the couplings and of the total 
width ΓH, while the off-shell production cross section increases 
linearly with this scaling factor.

The dominant contribution for the production of a pair of Z 
bosons comes from the quark-initiated process, qq → ZZ, the dia-
gram for which is displayed in Fig. 1(left). The gluon-induced dibo-
son production involves the gg → ZZ continuum background pro-
duction from the box diagrams, as illustrated in Fig. 1(center). An 
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Total width measurements: indirect
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Table 6 Observed and expected 95 % CL upper limits on !H /!SM
H and Rgg for the combined on- and off-shell Z Z and WW analyses. Results

are shown for two hypotheses, which are defined in the assumption column. RB
H∗ is within the range 0.5< RB

H∗ < 2

RB
H∗ Observed Median expected Assumption

0.5 1.0 2.0 0.5 1.0 2.0

!H /!SM
H 4.5 5.5 7.5 6.5 8.0 11.2 κi,on-shell = κi,off-shell

Rgg = κ2
g,off-shell/κ

2
g,on-shell 4.7 6.0 8.6 7.1 9.0 13.4 κV,on-shell = κV,off-shell, !H /!SM

H = 1

123

Experiment 95% CL upper limit on ΓH in MeV
Expected Observed

ATLAS 33.0 22.7

CMS 26 13



Signal strength measurements
▶ Signal strength ü = ¥

¥µ∂
is a measure of potential deviations from SM predictions

§ … under the assuption that the Higgs boson production and decay kinematics are not
considerably different from SM expectations

§ This assumption is justified by differential σ, spin and CP measurements (see later)
▶ The tests performed

▶ References:
§ CMS Collaboration, Precise determination of the mass of the Higgs boson and tests of 

compatibility of its couplings with the standard model predictions using proton collisions at 7 
and 8 TeV, Eur. Phys. J. C (2015) 75: 212, 
http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3351-7

§ ATLAS Collaboration, Measurements of the Higgs boson production and decay rates and 
coupling strengths using pp collision data at ∑ = 7 and 8 TeV in the ATLAS experiment, Eur. 
Phys. J. C (216) 76:6, http://link.springer.com/article/10.1140/epjc/s10052-015-3769-y

§ ATLAS and CMS Collaborations, Measurements of the Higgs boson production and decay 
rates and constraints on its couplings from a combined ATLAS and CMS analysis of the LHC 
pp collision data at ∑ = 7 and 8 TeV, JHEP 08 (2016) 045, 
http://link.springer.com/article/10.1007/JHEP08(2016)045
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Overalµ combining	all	channels

Independent	µ in	each	production	mode

Independent	µ in	each	decay	mode

Grouping	production	modes	 in	H-V	and	H-q	couplings

1

2

3
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Signal strength measurements: inputs
▶ Here we describe only final results from ATLAS and CMS combination
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▶ The Higgs boson mass is assumed to be %O = ∏π∫. ªº GeV



Signal strengths definitions
▶ For a specific production process and decay mode Ω → æ → ø

§ The signal strength for production is ü¿ =
¥K
¥K µ∂

§ The signal strength for decay is ü¡ = ñ¬

ñ¬ µ∂

where
§ Æ¿	 Ω = √√ƒ, ≈ìƒ, ≈æ, ∆æ, ««æ are production cross sections for Ω → æ
§ ì¡	 ø = ∆∆,»», ……,   ,ÀÀ, üü are branching ratios for æ → ø

▶ By definition, for SM: ü¿ = 1	and ü¡ = 1
▶ Since ü¿ and ü¡ cannot be separated without additional assumptions, only the 

product can be measured experimentally we define signal strengths for the 
combined production and decay

ü¿
¡ =

Æ¿ r ì¡

Æ¿ ÅI r ì¡ ÅI
= ü¿ r ü¡

▶ Some assumptions used in analysis
• As some production and decay modes, which are not specifically searched for, contribute 

to other channels
§ bbH signal strength is the same as ggF
§ tH signal strength is the same as ttH
§ ggZH signal strength is the same as ZH
§ Hàgg and Hàcc signal strength are the same as Hàbb
§ HàZγ signal strength is the same as Hàγγ
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Experimental inputs and combination procedure
▶ Almost all input analyses use categories

§ Based on events kinematics and other properties
§ Categorisation increase sensitivity and allows separation of different processes

▶ A total of about 600 categories are used
▶ The signal yield in category Ã	can be expressed as

Hi¿Øöf: Ã = ℒ(Ã) rôôü¿ü
¡ Æ¿

ÅI r .¿
¡,ÅI(Ã) r Ü¿

¡(Ã) r ìÅI
¡

¡¿

§ .¿
¡,ÅI(Ã) – the detector acceptance for a given production and decay

§ Ü¿
¡(Ã) – the overall selection efficiency for the signal category Ã

▶ Usual statistical procedure is used: profile likelihood method
§ The combination is based on simultaneous

fits to the data from both experiments
§ Taking into account the correlations 

between systematic uncertainties
• Within each experiment
• Between two experiments

§ About 4200 nuisance parameters 
are used in the combination
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Sources of uncertainties
Statistical From data, including statistical uncert. 

from background control regions

Theoretical for signal

Theoretical for backgrounds

All other Including experim. uncert. and those 
related to finite size of MC samples



Overview of channels
▶ To show the relative 

importance of the various 
channels, the results from the 
combined analysis presented in 
this paper for mH = 125.09 
GeV are reported as observed 
signal strengths μ with their 
measured uncertainties. 

▶ The expected uncertainties are 
shown in parentheses.

▶ Also shown are the observed 
statistical significances, 
together with the expected 
significances in parentheses, 
except for the H → μμ channel, 
which has very low sensitivity. 
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(
2
0
1
6
)
0
4
5

Channel References for Signal strength [µ] Signal significance [σ]

individual publications from results in this paper (section 5.2)

ATLAS CMS ATLAS CMS ATLAS CMS

H → γγ [92] [93] 1.14 +0.27
−0.25 1.11 +0.25

−0.23 5.0 5.6
!
+0.26
−0.24

" !
+0.23
−0.21

"
(4.6) (5.1)

H → ZZ [94] [95] 1.52 +0.40
−0.34 1.04 +0.32

−0.26 7.6 7.0
!
+0.32
−0.27

" !
+0.30
−0.25

"
(5.6) (6.8)

H → WW [96, 97] [98] 1.22 +0.23
−0.21 0.90 +0.23

−0.21 6.8 4.8
!
+0.21
−0.20

" !
+0.23
−0.20

"
(5.8) (5.6)

H → ττ [99] [100] 1.41 +0.40
−0.36 0.88 +0.30

−0.28 4.4 3.4
!
+0.37
−0.33

" !
+0.31
−0.29

"
(3.3) (3.7)

H → bb [101] [102] 0.62 +0.37
−0.37 0.81 +0.45

−0.43 1.7 2.0
!
+0.39
−0.37

" !
+0.45
−0.43

"
(2.7) (2.5)

H → µµ [103] [104] −0.6 +3.6
−3.6 0.9 +3.6

−3.5!
+3.6
−3.6

" !
+3.3
−3.2

"

ttH production [78, 105, 106] [108] 1.9 +0.8
−0.7 2.9 +1.0

−0.9 2.7 3.6
!
+0.7
−0.7

" !
+0.9
−0.8

"
(1.6) (1.3)

Table 5. Overview of the decay channels analysed in this paper. The ttH production process,
which has contributions from all decay channels, is also shown. To show the relative importance
of the various channels, the results from the combined analysis presented in this paper for mH =
125.09 GeV (tables 12 and 13 in section 5.2) are reported as observed signal strengths µ with their
measured uncertainties. The expected uncertainties are shown in parentheses. Also shown are the
observed statistical significances, together with the expected significances in parentheses, except
for the H → µµ channel, which has very low sensitivity. For most decay channels, only the most
sensitive analyses are quoted as references, e.g. the ggF and VBF analyses for the H → WW decay
channel or the V H analysis for the H → bb decay channel. Although not exactly the same, the
results are close to those from the individual publications, in which slightly different values for the
Higgs boson mass were assumed and in which the signal modelling and signal uncertainties were
slightly different, as discussed in the text.

4 Generic parameterisations of experimental results

This section describes three generic parameterisations and presents their results. The first

two are based on cross sections and branching fractions, either expressed as independent

products σi · Bf for each channel i → H → f , or as ratios of cross sections and branching

fractions plus one reference σi · Bf product. In these parameterisations, the theoretical

uncertainties in the signal inclusive cross sections for the various production processes do

not affect the measured observables, in contrast to measurements of signal strengths, such
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Signal parametrisation using σ and BR products

▶ Figure: Best fit values of σi * Bf for each specific 
channel i → H→ f
§ as obtained from the generic parameterisation with 

23 parameters in the table
▶ The error bars indicate the 1σ intervals
▶ Only 20 parameters are shown because some are 

either 
§ not measured with a meaningful precision, in the 

case of the H → ZZ decay channel for the WH, ZH, 
and ttH production processes, 

§ or not measured at all and therefore fixed to their 
corresponding SM predictions, in the case of the H 
→ bb decay mode for the ggF and VBF production 
processes.
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Signal parametrisation using ratios of σs and BRs
▶ Ratios of σs and BRs can be extracted from a combined fit to the data by 

normalising the yield to the reference Ω → æ → ø process
§ gg→ æ → ∆∆ is chosen as reference as it has

• small background as well as small overall and systematic uncertainties
▶ We can then use the ratios in a 

following way
Æ¿ r ì

¡ = Æ √√ → æ → ∆∆ r
Æ¿
ÆØØÕ

r
ì¡

ì;;

▶ Advantages:
§ Ratios are independent of theoretical

predictions for inclusive production 
cross sections and branching fractions

§ Particularly, ratios are not subject to 
dominant signal theoretical uncertainties
in inclusive cross sections for various 

production processes
§ These results will be valid even after 

improved theoretical calculations become 
available

§ Many experimental uncertainties also cancel
in ratios
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Overal µ combining all channels
▶ The simplest and most restrictive signal strength parametrisation is to assume 

the same µ for all production and decay modes
▶ Results

§ The overall systematic uncertainties of	§•.•Œj•.•œ is larger then the statistical uncertainty
• The largest component is theoretical uncertainty in the ggF cross section

§ This result is consistent with SMS prediction of ü = 1 within less then 1σ
• p-value of the compatibility between data and SM predictioni is 40%
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Independent µ in each production mode
▶ One global µ is very model 

dependant
§ Assumption is that all production 

and decay is as in SM
▶ Less model-dependent way: 

relaxing these assumption 
separately for the production and 
decay

▶ Assuming ü ¡ = 1 we explore 
production signal strengths:
üØØÕ,üãñÕ, ü–w, ü;w, üggw

§ Assuming same signal strengths at 
7 and 8 TeV

▶ p-value of data vs SM: 24%
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Independent µ in each decay mode
▶ Assuming ü¿ = 1 we explore decay signal 

strengths:
ü¢¢ ,ü;; ,ü––, ü——, ükk,üpp

§ Assumption of same signal strengths at 7 and 
8 TeV is not needed here

▶ p-value of data vs SM: 75%
▶ From the combined likelihood scans we can 

evaluate significances for production and 
decay modes

§ Conclusions
• VBF and Hàττ above 5σ
• VH above 3σ
• ttH 4.4σ measured, while 2.0σ expected
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Grouping production modes 
▶ Higgs boson production processes can be grouped, in each decay channel:

§ Couplings to fermions (ggF and ttH): üÕ
¡ = üØØÕjggw

¡

§ Coupling to vector bosons (VBF, WH and ZH): üã
¡ = üãñÕjãw

¡

▶ Ten-parameter fit of üÕ
¡ and üã

¡ in each of the five decay channels is performed
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▶ The SM prediction üÕ
¡ = 1 and

üã
¡ = 1 lies within 68% in all 

measurements
▶ p-value of data vs SM: 90%
▶ Six-parameter fit with üã üÕ⁄ and üÕ

¡

for each of the five decay channel 
has also been performed
§ P-value of data vs SM: 75%
§ üã üÕ⁄ = 1.09§•.¶Œ

j•.“®



Properties to be measured
▶ Mass "#

§ Separately in Hà4l and Hàγγ channels, then combining at the 
level of ATLAS and CMS, and then combing ATLAS and CMS

▶ Total width $#
§ Directly or indirectly via off-shell production

▶ Signal strength %
§ Overall, for each decay mode, for each production mode, 

separately by channels and in combinations
▶ Total cross section &'().

§ In the fiducial volume, but defined in different ways …
▶ Differential cross section )&'() )+⁄

§ In several production-related observables (x), using Hà4l and 
Hàγγ channels: Higgs boson’s transverse momentum and 
rapidity, associated jet multiplicity, pT of leading jet …

▶ Spin-parity quantum numbers -.
§ Pair-wise tests of SM Higgs vs alternative JP states, constraints 

on anomalous decay amplitudes …
▶ Couplings /(,1(

§ Testing the SM couplings to fermions and bosons, search for 
deviation from SM couplings, testing custodial symmetry and 
fermion universality, testing the contribution from hypothetical 
BSM particles … using all channels

26/1/2017 Higgs boson physics 3
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Figure 178: The SM Higgs boson production cross sections as a function of the LHC centre of mass energy.
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Figure 179: The SM Higgs boson branching ratios as a function of the Higgs boson mass.
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Cross section measurements
▶ Two classes of measurements

§ Total cross section in fiducial volume, &'().
§ Differential cross section in the fiducial volume, )&'() )+⁄

▶ Fiducial volume
§ Defined by physical detector volume and event selection

• Therefore different choices possible 
▶ Extrapolation to total cross section takes many assumptions

§ For example: different production process have different detector acceptances
§ Selection efficiencies also depend on signal models 

▶ ATLAS also extrapolated signal strengths measurements to the total cross section estimates
§ But with significant systematics uncertainties still remaining

• Due to modelling of Higgs boson production and acceptance of event selection
▶ References

§ CMS Collaboration, Measurement of differential and integrated fiducial cross sections for Higgs boson production in the four-lepton 
decay channel in pp collisions at 2 = 7 and 8 TeV, J. High Enery Phys. 04 (2016) 005, http://dx.doi.org/10.1007/JHEP04(2016)005

§ CMS Collaboration, Measurement of differential cross sections for Higgs boson production in the diphoton decay channel in pp 
collisions at 2 = 8 TeV, Eur. Phys. J. C 76 (2016) 13, http://dx.doi.org/10.1140%2Fepjc%2Fs10052-015-3853-3

§ ATLAS Collaboration, Measurement of fiducial differential cross sections of gluon-fusion production of Higgs bosons decaying to 
WW*àeνµνwith the ATLAS detector at  2 =8 TeV, JHEP 08 (2016) 104, https://arxiv.org/abs/1604.02997

§ ATLAS Collaboration, Measurements of the Total and Differential Higgs Boson Production Cross Sections Combining the Hàγγand 
HàZZ*à4l Decay Channels at at  2 =8 TeV with the ATLAS Detector, Phys. Rev. Lett. 115, 091801 (2015), 
https://arxiv.org/abs/1504.05833

§ ATLAS Collaboration, Fiducial and differential cross sections of Higgs boson production measured in the four-lepton decay channel in 
pp collisions at	 2 =8 TeV with the ATLAS detector, Physics Letters B 738 (2014) 234-253, https://arxiv.org/abs/1408.3226

§ ATLAS Collaboration, Measurements of fiducial and differential cross sections for Higgs boson production in the diphoton decay 
channel at	 2 =8 TeV with ATLAS, JHEP09(2014)112, https://arxiv.org/abs/1407.4222
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Total fiducial cross section
▶ Goal: determine total cross section in the fiducial volume &'().

§ Corrected for detector efficiencies, resolution and know systematic biases
• This is called unfolding

▶ Procedure is as follows

▶ Same procedure is used for differential
cross section
§ only &'(). is replaced by &'().( 	in the

567 bin of the variable used
▶ Example of results from CMS à

26/1/2017 Higgs boson physics 5

Define the fiducial volume

Estimate and correct for detector effects

Extract &'(). directly from a maximum likelihood fit

1

2

3



Fiducial volume definition
▶ Goal: minimize model dependence

§ Detector acceptance and event selection efficiency can vary significantly in different 
production processes or different exotic model of Higgs boson properties

▶ Therefore: define fiducial volume (also called fiducial phase space) to match as closely 
as possible the experimental acc. defined by the reconstruction-level selection 

▶ Examples: fiducial volumes in CMS HàZZà4l analysis

§ ATLAS, for example, does not include isolation requirements in fiducial volume 
definition

26/1/2017 Higgs boson physics 6
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Unfolding: correcting detector effects
▶ In order to compare with the theoretical estimations, the measurement needs 

to be corrected for limited detector efficiency and resolution effects 
▶ Detector effects are estimate from MC simulation
▶ Example: detector effects in CMS HàZZà4l analysis

26/1/2017 Higgs boson physics 7
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§ 89:; - fraction of signal events within the fiducial phase space
§ ℇ - reconstruction efficiency for signal events from within the fiducial phase space
§ =nonfid - ratio of reconstructed events which are from outside the fiducial phase space to 

reconstructed events which are from within the fiducial phase space



Extracting &'(). from ML fit
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CDEF
9,: GHI =

C9:;
9,: GHI +

CKDK9:;
9,: GHI +

CLDME
9,: GHI +

CEN;
9,: GHI

OP:,Q
9

Q

1 + =KDK9:;
9,Q S9:;

9,QℒUVWF GHI

CLDME
9,: ULDME GHI

CEN;
9,: UEN; GHI

Fiducial signal

Nonfiducial signal

Combinatorial contribution 
from fiducial signal
at least one of the four leptons does 
not originate from the Hà4l decay

Background contribution

Number of expected events 
in each final state f and in each bin i of a 
considered observable is expressed as 
a function of m4l

P:,Q
9 - detector response matrix maping the number of expected events in a given observable 

bin j at the fiducial level to the number of expected events in the bin i at the reconstruction level 

S9:;
9,Q - signal cross section for the final state f in bin j of the fiducial phase space

=KDK9:;
9,Q - ratio of the nonfiducial and fiducial signal contribution in bin i at the reconstruction level 

UVWF GHI , ULDME GHI , UEN; GHI - probability density functions for the resonant (fiducial and 
nonfiducial) signal, combinatorial signal, and background contributions, respectively 



Example of systematical errors
▶ CMS HàZZ*à4l
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Total fiducial cross section: results

26/1/2017 Higgs boson physics 10

Total fiducial cross section @ 8 TeV
Channel                                                  Masured Expected

ATLAS HàZZ*à4l @ 125.4 GeV 2.11YZ.H[
\Z.]^	 stat ± 0.08	 syst 	fb 1.30 ± 0.13	fb

ATLAS Hàγγ@ 125.4 GeV 43.2 ± 9.4	 stat Yi.j
\^.i	 syst ± 1.2	 lumi 	fb 30.5 ± 3.3	fb

CMS HàZZ*à4l @ 125 GeV 1.11YZ.̂ ]
\Z.Ho stat YZ.oZ

\Z.oH syst YZ.Zi
\Z.Zp model 	fb 1.15YZ.o^

\Z.oi	fb

CMS Hàγγ@ 125 GeV 32 ± 10	 stat ± 3	 syst 	fb 31Y^
\H	fb

Preliminary results @ 13 TeV



Total cross section measurements: results
▶ ATLAS attempted to measure the total cross section:

§ 1) Combining HàZZ*à4l and Hàγγ
• Unfolding fiducial acceptances and branching fractions

§ 2) Using all channels and converting signal strengths to the cross section measurements
▶ Results for ATLAS Total cross section @ 8 TeV 

26/1/2017 Higgs boson physics 11

Channel                                                            Masured Expected
Hà4l and γγ comb. @ 125.4 GeV 33.0± 5.3	 stat ± 1.6	 syst 	pb See figure

From signal strengths 22.7± 3.0	(stat)Yo.[
\i.Z 	(syst)YZ.j

\o.i 	 theo 	pb 22.3± 2.0	pb

Measured

Expected



Differential cross section: results
▶ Measurements are performed for ;xyz{

;|
, where } is given in tables
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HàZZ*à4l ATLAS CMS

~�
HI � �

ÄHI � �

~�
QW6o � �

ÄÅ − ÄQW6o � �

in	CQW6F bins � �

G^H
iI � �

ÉÑ2Ö∗ � �

Hàγγ ATLAS CMS

~�
áá � �

Äáá � �

∆âää � �

ÉÑ2Ö∗ � �

~�
QW6o � �

~�
QW6i � �

ã� � �

ÄÅ − ÄQW6o � �

in	CQW6F bins � �

GQQ � �

H+2j: ∆âQQ � �

H+2j: ∆åQQ � �

H+2j: Zepp. var. � �

H+2j: ∆âää,QQ � �

Hà4l	&	γγ ATLAS CMS

~�
ç � �

Äç � �

~�
QW6o � �

in	CQW6F bins � �

fiducial fiducial total



Diff. S: some plots
▶ General conclusions:

§ Results consistent with predictions
§ Statistical uncertainties still to large to 

distinguish between different theoretical 
calculations
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Spin-parity quantum numbers measurements

▶ References:
§ ATLAS Collaboration, Study of the spin and parity of the Higgs boson in diboson decays with the ATLAS detector, Eur. Phys. J. C 

(2015) 75: 476, http://link.springer.com/article/10.1140/epjc/s10052-015-3685-1
§ ATLAS Collaboration, Determination of spin and parity of the Higgs boson in the WW*àeνµν decay channel with the ATLAS 

detector, Eur. Phys. J. C (2015) 75: 231, http://link.springer.com/article/10.1140/epjc/s10052-015-3436-3
§ ATLAS Collaboration, Evidence for the spin-0 nature of the Higgs boson using ATLAS data, Phys. Lett. B 726 (2013), pp. 120-

144, http://www.sciencedirect.com/science/article/pii/S0370269313006527
§ CMS Collaboration, Constraints on the spin-parity and anomalous HVV couplings of the Higgs boson in proton collisions at 7 and 

8 TeV, Phys. Rev. D 92, 012004, http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.012004
§ CMS Collaboration, Observation of the diphoton decay of the Higgs boson and measurement of its properties, Eur. Phys. J. C 

(2014) 74: 3076, http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-014-3076-z
§ CMS Collaboration, Measurement of the properties of a Higgs boson in the four-lepton final state, Phys. Rev. D 89, 092007, 

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.092007
§ CMS Collaboration, Measurement of Higgs boson production and properties in the WW decay channel with leptonic final states, 

High Energ. Phys. (2014) 2014: 96, http://link.springer.com/article/10.1007%2FJHEP01%282014%29096
§ CMS Collaboration, Study of the Mass and Spin-Parity of the Higgs Boson Candidate via Its Decays to Z Boson Pairs, Phys. Rev. 

Lett. 110, 081803, http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.081803
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▶ SM Higgs boson has spin zero and positive parity JP = 0+

▶ Observation of Hàγγ decay
§ Sets charge conjugation parity to one, C = +1
§ Excludes spin 1 (J = 1) by Landau-Yang theorem

▶ We will determine spin-parity quantum numbers using
§ HàZZ*à4l and HàWW*àeνµν to study spin 0, 1 and 2 states, and also probe 

anomalous HVV couplings for spin 0 state
§ Hàγγ to test various spin two hypotheses



SM Higgs vs alternative JP states
▶ For the method see Jonas’ talk
▶ ATLAS and CMS explored many alternative JP states for 0, 1 and 2 spin options
▶ Example of results:

26/1/2017 Higgs boson physics 15

▶ Conclusion: all tested alternatives are excluded at 99% CL or higher
§ While data agree well with SM Higgs boson in each test

Ivica Puljak




Spin 0: testing anomalous effects
▶ General Lagrangian describing on-shell spin-0 Higgs boson decay 

HàVV (V = W±, Z) is [A. Djuadi and M. Grazzini in WS “Discovery of the Higgs boson”]

é#èè	~	1è
"è
ë

í
#è%è% +

ìè
í
#è%îè%+

ïè
í
#è%ñè%ñ +

óè
í
#è%ñè%ñ

▶ Since absolute cross sections were not used in analysis only relevant variables were 
ratios of couplings
§ Assuming identical valued for HZZ and HWW interactions
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• SM Higgs boson 0+

• Dim-3 operator
• 1ò = ô, 1ö = ë

• Dim-5 operators
• ìè and ïè are even-parity scalars
• óè is pseudoscalar

ì 1⁄ ï 1⁄ ó 1⁄

CMS observed - [-0.63,0.73] [-0.83,2.18]

expected - [-4.80,0.55] [-2.30,2.33]

ATLAS observed [-1.66,1.57] [-0.76,0.58] [-1.57,1.54]

expected [-∞,1.57] � [9.0,+∞] [-1.67,0.45] [-2.65,2.65]

Exp. SM loop contr. < O(10-2) < O(10-2) < O(10-11)

▶ Conclusions
§ all anomalous 

effects are 
consistent with 0
• Which is SM 

prediction too
§ CMS excluded 

pure pseudoscalar
state at 99.98% CL

[M. Duehrssen and G. Petrucciani in WS “Discovery of the Higgs boson”]



Coupling strength measurements
▶ These measurements are done under the same assumptions as for the signal 

strength measurements (see Lecture 7)
▶ The production and decay through the process 5 → ã → = can factorised

&( ú ù
' =

&( 1 ú û' 1
û#

1 - a set of modifers for Higgs boson couplings to SM boson and fermions
Introduced to parametrise possible deviation from the SM prediction to couplings

For a given production or decay mode, denoted ”j”: 
1ü
ë = &ü &ü

†°⁄ or 1üë = ûü û†°
ü¢

In SM all £Q = 1

▶ References:
§ CMS Collaboration, Precise determination of the mass of the Higgs boson and tests of compatibility of 

its couplings with the standard model predictions using proton collisions at 7 and 8 TeV, Eur. Phys. J. 
C (2015) 75: 212, http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3351-7

§ ATLAS Collaboration, Measurements of the Higgs boson production and decay rates and coupling 
strengths using pp collision data at 2 = 7 and 8 TeV in the ATLAS experiment, Eur. Phys. J. C (216) 
76:6, http://link.springer.com/article/10.1140/epjc/s10052-015-3769-y

§ ATLAS and CMS Collaborations, Measurements of the Higgs boson production and decay rates and 
constraints on its couplings from a combined ATLAS and CMS analysis of the LHC pp collision data at 
2 = 7 and 8 TeV, JHEP 08 (2016) 045, http://link.springer.com/article/10.1007/JHEP08(2016)045

§ A. Djouadi and M. Grazzini, The Higgs boson in the Standard Model, in ‘Discovery of the Higgs 
Boson’, World Scientific 2016

§ M. Duehrssen and G. Petrucciani, Higgs combination and properties of the Higgs boson, in ‘Discovery 
of the Higgs Boson’, World Scientific 2016
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Feynman diagrams
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Production Decay



Summary of coupling modifiers
▶ Individual modifiers are tree-level, 

except two loop-level
§ £§ for ggF production
§ £ä for Hàγγ production

▶ Interference effects provide some 
sensitivity to relative signs of modifiers

▶ Coefficients in ”Resolved scaling 
factors” are derived from the best th.
predictions
§ Up to NNLO QCD and NLO EW

▶ Changes in the values of couplings will 
results in a variation of the ΓÅ
§ New modifier is defined

1#
ë =O ù†°

ü 1ü
ë

ü

▶ In case deviation ΓÅ becomes

û# =
1#
ë ú û#

†°

ô −ùù†°
▶ ¶ß®© is total branching fraction into 

BSM decays, of three types
§ BSM decays invisible to the detectors
§ BSM decays producing topologies 

that are not searched for
§ Modification of SM decay branching 

fractions that are not directly 
measured, like Hàcc
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▶ Since ΓÅ is not experimentally constrained with sufficient 
precision only the ratios of couplings can be measured 
in the most generic parametrisation



Coupling strengths: results
▶ Results of ATLAS and CMS combination are grouped according to the 

parametrisation used:

26/1/2017 Higgs boson physics 20

Coupling modifier ratios

Allowing contribution from BSM particle in loops and decays

Assuming SM structure of the loops and no BSM decays

Related to the fermion sector only
• Probing up- and down-type fermion symmetry
• Probing lepton and quark symmetry

Related to fermion and vector boson couplings

1

2

3

4

5



Parametrisation using coupling modifier ratios

▶ p-value of data and SM 
compatibility is 13%

▶ All results are consistent 
with the SM prediction 
within less than 2σ, except 
λtg and λbZ
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Parametrisation allowing BSM particles
▶ As already said (see first slide of this section): &( ú ù'~ô $#⁄

§ ΓÅ is sensitive to potential invisible or undetected decays predicted by BSM models
▶ Therefore, to directly measure individual £: we need an assumption about ΓÅ

§ Two scenarios considered here: 
• 1) Leaving ¶ß®© free, with ¶ß®© ≥ 0, £´ ≤ 1, £≠ ≤ 1

• 2) Assuming ¶ß®© = 0

26/1/2017 Higgs boson physics 22

2

▶ Conclusions
§ Upper limit on

ùù†° = Æ. Ø∞ @ 95% CL
• Expected 0.39

§ p-value of data vs SM in 
¶ß®© = 0 scenario is 11%



Parametrisation without BSM particles
▶ Assumption: no new particles in the ggF or Hàγγ loops

§ This is supported by measurements of £§and £ä, which are consistent with SM
▶ Results with the parametrisation

given in the table on slide 19:
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p-value of data vs SM: 74% 

▶ Results with the parametrisation:
£±,: ú ≤± ,: 2≥⁄ = £±,: ú G±,: ≥⁄£¥,: ú Ä¥,: 2⁄ = £¥,: ú G¥,: ≥⁄



Probing fermion sector
▶ Common coupling modifiers for up-type fermions vs down-type fermions or 

for leptons vs quarks are predicted by many extensions of SM
§ For example the 2 Higgs Doublet Model (2HDM)
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▶ Probing up- and down-type fermion symmetry ▶ Probing lepton and quark symmetry
p-value of data vs SM: 72% p-value of data vs SM: 79% 



Fermion and vector boson couplings
▶ The most constrained parametrisation, motivated by

§ Couplings to weak vector bosons originate from EWSB
§ Couplings to fermions are due to Yukawa couplings
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Negative log-likelihood contours at 68% and 95% CL 
in the (κF, κV) plane on an enlarged scale for the 
combination of ATLAS and CMS and for the global fit 
of all channels. 

Negative log-likelihood contours at 68% CL in the (κF
f, κV

f) 
plane for the combination of ATLAS and CMS and for the 
individual decay channels as well as for their global 
combination (κF versus κV), assuming that all coupling 
modifiers are positive.

▶ Conclusion: all results in agreement with SM prediction £¥
9 = 1, £±

9 = 1
§ p-value of data vs SM is 59%



Properties: summary
▶ Mass "#

▶ Total width $# - consistent with SM expectation
§ Direct 95% CL upper limits:  1.7 GeV (CMS, Hà4l and γγ), 2.6 (ATLAS, Hàγγ)
§ Indirect 95% CL upper limits: 13 MeV (CMS), 22.7 MeV ATLAS

▶ Signal strength % - consistent with SM expectations
§ With the precision of about 20%
§ Some excess in ttH production – follow in Run 2

▶ Total fiducial cross section &'(). - consistent with SM expectations
§ Total cross section also estimated, but with limited precision

▶ Differential cross sections )&'() )+⁄ - consistent with SM expectations
§ Although with limited precision – improve in Run 2

▶ Spin-parity quantum numbers -. - consistent with SM expectations of 0+

§ Exclude all tested spin 1 and 2 hypotheses, as well as pure CP-odd Higgs boson
§ Limits provided on non-SM CP-even and CP-add admixtures in HàVV decays

▶ Couplings /(,1( - consistent with SM expectations
§ Best measurements reach precision of about 15%
§ Some excess in quantities related to the top-quark couplings – follow in Run 2

26/1/2017 Higgs boson physics 26


