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Introduction
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Discovery in July 2012 via bosonic channels (Phys. Lett. B716):
H→ZZ*→4ℓ, H→𝜸𝜸, H→WW*→ℓ𝜈ℓ𝜈

Property measurement (Phys. Lett. B726):
- Production and coupling measurement
- Spin / CP

New combined mass measurement with 
H→ZZ*→4ℓ and H→𝜸𝜸
(submitted to Phys. Review D)
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The Golden Channel
S/B ~ 2 in mass window 120–130 GeV

Excellent mass resolution: 1.6 (2.2) GeV 4μ (4e) final state 

Very low  𝜎⋅BR ~ 2.9 fb  for mH=125.5 GeV @ 8 TeV 

Recent improvements in analysis

likelihood method for electron identification

MVA-based electromagnetic calibration

E/p combination

BDT for ZZ* discrimation
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Table 3: The number of events expected and observed for a mH=125 GeV hypothesis for the four lepton final states. The second column shows the
number of expected signal events for the full mass range. The other columns show the number of expected signal events, the number of ZZ⇤ and
reducible background events, the signal-to-background ratio (s/b), together with the numbers of observed events, in a window of 120 < m4` < 130
GeV for 4.5 fb�1 at

p
s = 7 TeV and 20.3 fb�1 at

p
s = 8 TeV as well as for the combined sample.

Final state Signal Signal ZZ⇤ Z + jets, tt̄ s/b Expected Observed
full mass range p

s = 7 TeV
4µ 1.00 ± 0.10 0.91 ± 0.09 0.46 ± 0.02 0.10 ± 0.04 1.7 1.47 ± 0.10 2

2e2µ 0.66 ± 0.06 0.58 ± 0.06 0.32 ± 0.02 0.09 ± 0.03 1.5 0.99 ± 0.07 2
2µ2e 0.50 ± 0.05 0.44 ± 0.04 0.21 ± 0.01 0.36 ± 0.08 0.8 1.01 ± 0.09 1

4e 0.46 ± 0.05 0.39 ± 0.04 0.19 ± 0.01 0.40 ± 0.09 0.7 0.98 ± 0.10 1
Total 2.62 ± 0.26 2.32 ± 0.23 1.17 ± 0.06 0.96 ± 0.18 1.1 4.45 ± 0.30 6p

s = 8 TeV
4µ 5.80 ± 0.57 5.28 ± 0.52 2.36 ± 0.12 0.69 ± 0.13 1.7 8.33 ± 0.6 12

2e2µ 3.92 ± 0.39 3.45 ± 0.34 1.67 ± 0.08 0.60 ± 0.10 1.5 5.72 ± 0.37 7
2µ2e 3.06 ± 0.31 2.71 ± 0.28 1.17 ± 0.07 0.36 ± 0.08 1.8 4.23 ± 0.30 5

4e 2.79 ± 0.29 2.38 ± 0.25 1.03 ± 0.07 0.35 ± 0.07 1.7 3.77 ± 0.27 7
Total 15.6 ± 1.6 13.8 ± 1.4 6.24 ± 0.34 2.00 ± 0.28 1.7 22.1 ± 1.5 31p

s = 7 TeV and
p

s = 8 TeV
4µ 6.80 ± 0.67 6.20 ± 0.61 2.82 ± 0.14 0.79 ± 0.13 1.7 9.81 ± 0.64 14

2e2µ 4.58 ± 0.45 4.04 ± 0.40 1.99 ± 0.10 0.69 ± 0.11 1.5 6.72 ± 0.42 9
2µ2e 3.56 ± 0.36 3.15 ± 0.32 1.38 ± 0.08 0.72 ± 0.12 1.5 5.24 ± 0.35 6

4e 3.25 ± 0.34 2.77 ± 0.29 1.22 ± 0.08 0.76 ± 0.11 1.4 4.75 ± 0.32 8
Total 18.2 ± 1.8 16.2 ± 1.6 7.41 ± 0.40 2.95 ± 0.33 1.6 26.5 ± 1.7 37

Figure 7 shows the scan of the profile likelihood, �2 ln⇤(mH), 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 �2 test.

Using the per-event-error method a direct limit on the total width of the Higgs boson of �H < 2.6 GeV at 95%
CL is obtained. The expected limit is �H < 6.2 GeV at 95% CL for a signal at the SM rate and �H < 3.5 GeV at
95% CL for the observed signal rate. The di↵erence between the observed and expected results arises from the higher
signal strength observed in the data, as well as from the measured m4`, OBDTZZ⇤ and mass resolution values for the
selected candidate events. These limits are estimated under the asymptotic assumption, described in Section 6, and
a cross-check with Monte Carlo ensemble tests provides consistent results. The limit on the total width was cross-
checked with a 2D fit using signal templates parameterized as a function of the Higgs boson width and found to be in
agreement.

6. Statistical procedure and treatment of systematic uncertainties

The statistical treatment of the data is described in Refs. [40–44]. Confidence intervals are based on the profile
likelihood ratio ⇤(↵) [45]. The latter depends on one or more parameters of interest ↵, such as the Higgs boson mass
mH or production yields normalized to the SM expectation µ, as well as on the nuisance parameters ✓:

⇤(↵) =
L
�
↵ , ˆ̂✓(↵)

�

L(↵̂, ✓̂)
(5)

The likelihood functions in the numerator and denominator of the above equation are built using sums of signal and
background PDFs in the discriminating variables, such as the ��mass spectra for the H ! �� channel and the m4` and
BDTZZ⇤ output distributions for the H!ZZ⇤! 4` channel. The PDFs are derived from simulation for the signal and
from both data and simulation for the background, as described in Secs. 4 and 5. Likelihood fits to the observed data
are carried out for the parameters of interest. The vector ✓̂ denotes the unconditional maximum likelihood estimate
of the parameter values and ˆ̂✓ denotes the conditional maximum likelihood estimate for given fixed values of the
parameters of interest ↵. Systematic uncertainties and their correlations [40] are modeled by introducing nuisance
parameters ✓ described by likelihood functions associated with the estimate of the corresponding e↵ect. The choice of
the parameters of interest depends on the test under consideration, with the remaining parameters treated as nuisance
parameters, i.e. set to the values that maximize the likelihood function (“profiled”) for the given fixed values of the
parameters of interest.
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Figure 7 shows the scan of the profile likelihood, �2 ln⇤(mH), 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 �2 test.

Using the per-event-error method a direct limit on the total width of the Higgs boson of �H < 2.6 GeV at 95%
CL is obtained. The expected limit is �H < 6.2 GeV at 95% CL for a signal at the SM rate and �H < 3.5 GeV at
95% CL for the observed signal rate. The di↵erence between the observed and expected results arises from the higher
signal strength observed in the data, as well as from the measured m4`, OBDTZZ⇤ and mass resolution values for the
selected candidate events. These limits are estimated under the asymptotic assumption, described in Section 6, and
a cross-check with Monte Carlo ensemble tests provides consistent results. The limit on the total width was cross-
checked with a 2D fit using signal templates parameterized as a function of the Higgs boson width and found to be in
agreement.

6. Statistical procedure and treatment of systematic uncertainties

The statistical treatment of the data is described in Refs. [40–44]. Confidence intervals are based on the profile
likelihood ratio ⇤(↵) [45]. The latter depends on one or more parameters of interest ↵, such as the Higgs boson mass
mH or production yields normalized to the SM expectation µ, as well as on the nuisance parameters ✓:

⇤(↵) =
L
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(5)

The likelihood functions in the numerator and denominator of the above equation are built using sums of signal and
background PDFs in the discriminating variables, such as the ��mass spectra for the H ! �� channel and the m4` and
BDTZZ⇤ output distributions for the H!ZZ⇤! 4` channel. The PDFs are derived from simulation for the signal and
from both data and simulation for the background, as described in Secs. 4 and 5. Likelihood fits to the observed data
are carried out for the parameters of interest. The vector ✓̂ denotes the unconditional maximum likelihood estimate
of the parameter values and ˆ̂✓ denotes the conditional maximum likelihood estimate for given fixed values of the
parameters of interest ↵. Systematic uncertainties and their correlations [40] are modeled by introducing nuisance
parameters ✓ described by likelihood functions associated with the estimate of the corresponding e↵ect. The choice of
the parameters of interest depends on the test under consideration, with the remaining parameters treated as nuisance
parameters, i.e. set to the values that maximize the likelihood function (“profiled”) for the given fixed values of the
parameters of interest.
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Event Selection (1)

Electrons:

 ET>7 GeV,  |η|<2.47

improved reconstruction algorithm with higher efficiency in 2012

likelihood-based selection (cut-based for 7 TeV)

Muons: 

pT>6 GeV, |η|<2.7

Quality and cleaning cuts; e-e, e-μ, e-jet overlap removal

Quadruplets: 2 SF OS lepton pairs 

pT1>20 GeV, pT2>15 GeV, pT3>10 GeV 

Single- and dilepton trigger object(s) matched to the lepton(s) 
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Figure 29: Measured reconstruction e�ciencies as a function of ET integrated over the full pseudorapid-
ity range (left) and as a function of ⌘ for 15 GeV < ET < 50 GeV (right) for the 2011 (triangles) and the
2012 (circles) datasets. For illustration purposes a finer ⌘ binning is used. The dashed lines in the left
plot indicate the bins in which the e�ciencies are calculated.
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Figure 30: Measured combined reconstruction and identification e�ciency for the various cut-based
and likelihood selections as a function of ET (left) and ⌘ (right) for electrons. The data e�ciency is
derived from the measured data-to-MC e�ciency ratios and the MC prediction from Z ! ee decays.
The uncertainties are statistical (inner error bars) and statistical+systematic (outer error bars). The last
ET bin includes the overflow.

criteria, on ⌘. Calculated with respect to reconstructed electrons passing quality criteria on their tracks,
it averages between 96% (cut-based loose) and 78% (Very Tight LH) for electrons with ET > 15 GeV.
The measured pileup dependence is below 4% for 1�30 reconstructed primary collision vertices per
bunch crossing for all sets of selection criteria. Some di↵erences between the behavior in data and MC
are observed, but understood. The total uncertainties on the identification e�ciency measurements are

43
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Event Selection (2)
Select lepton pair with the mass closest to the Z boson mass : Z1

Leading pair: 50 < m12 < 106 GeV

 Among remaining pairs, select the next-closest to mZ : Z2 

Subleading pair: mmin < m34 < 115 GeV, mmin = 12 (50) for m4l≤140 (≥190) GeV 

ΔR>0.1 (0.2) between same (opposite) flavour leptons

Relative track isolation in cone ΔR=0.2: Itrack < 0.15 

Relative calorimeter isolation in cone ΔR=0.2: typically Icalo < 0.3 

|d0/σ(d0)| < 3.5 (6.5) for muons (electrons) 

FSR recovery

collinear FSR for leading dimuon pairs (~4% of events)

far FSR with high ET for leading dimuon and dielectrons (~1% of events)
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New electron calibration 

Intercalibration of calorimeter layers using Z →µµ events

1-2% for EM layers 1 & 2

Accurate knowledge of material in front of EM calorimeter

Constrain inactive material (2-5 X0) to ~2-10% X0

EM cluster energy correction via MVA regression

Energy scale and resolution extracted with Z → ee and         
J/ψ → ee

Good data/MC agreement after corrections

Response stable at ~0.05% vs time and pileup

6Bruno Lenzi (CERN) Higgs properties from boson in bosonic decay channels in ATLAS - LHCP 02/06/2014

Improved calibration of electrons and photons
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Leptons improvements
New electron likelihood-based identification selection

same signal efficiency as cut-based

improves rejection of light-flavor jets and photon conversions by a 
factor ~2

New electron combined fit of the track momentum and cluster 
energy

for ET < 30 GeV and when track momentum and cluster energy 
are consistent

improves  m4ℓ  resolution in 4e and 2µ2e channels by ~4%

Improved muon momentum scale and resolution corrections

determined using Z→µµ and J/𝜓→µµ, checked with 𝛶→µµ

momentum scale uncertainties: 0.05% in barrel, up to 0.2%         
for |𝜂| > 2
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Background estimation (1)

Irreducible background: ZZ*

main source of background

estimated from MC (POWHEG+gg2ZZ+SHERPA) 

normalized to MCFM cross-section 

To reduce impact of the ZZ*background on the fitted mass use 
BDT discriminant

pT of four lepton system

η of four lepton system

matrix element based kinematic discriminant

8

DZZ* = ln(            )|Msig|2

|MZZ|2

Events in 120-130 GeV: 
7.41 ± 0.40
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Background estimation (2)
Reducible backgrounds: Z+jets (including Z+bb) and tt

estimated separately for final states with subleading muons and electrons

data-driven methods 

ℓℓ+µµ channels

Four CRs are fitted simultaneously to extract each component of the reducible 
background

Fitted yields extrapolated to signal region using efficiencies from simulation

Small contribution from WZ decays estimated using simulation

ℓℓ+ee channels

3ℓ+X CR - full selection on 3ℓ, relaxed ID on X, SS

fit to hits in B-layer and TRT threshold 

fitted yields extrapolated to the signal region using efficiencies from Z+X 

9

Total estimate in 120-130 
GeV: 2.95 ± 0.33

Not Updated

Not Updated
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Mass measurement

Kinematic fit used to constrain mZ1 to the Z pole mass within the experimental resolution

improvement on the m4ℓ resolution of ~15%

Two-dimensional fit to m4ℓ and BDTZZ*

~8% improvement over simple m4ℓ fit

Signal model  based on smoothed simulation distributions

templates parameterized as a function of mH 

26.5 events expected, 37 observed
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Results
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Combination with H→𝜸𝜸
New mass measurement just made public

Total uncertainty reduced by ~40% 

Systematics reduced by factor ~3

Compatibility between channels: 2𝜎 (4.8%) 

2.5𝜎  previously
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Table 4: Principal systematic uncertainties on the combined mass. Each uncertainty is determined from the change in the 68% CL range for mH
when the corresponding nuisance parameter is removed (fixed to its best fit value), and is calculated by subtracting this reduced uncertainty from
the original uncertainty in quadrature.

Systematic Uncertainty on mH [MeV]
LAr syst on material before presampler (barrel) 70
LAr syst on material after presampler (barrel) 20
LAr cell non-linearity (layer 2) 60
LAr cell non-linearity (layer 1) 30
LAr layer calibration (barrel) 50
Lateral shower shape (conv) 50
Lateral shower shape (unconv) 40
Presampler energy scale (barrel) 20
ID material model (|⌘| < 1.1) 50
H ! �� background model (unconv rest low pTt) 40
Z ! ee calibration 50
Primary vertex e↵ect on mass scale 20
Muon momentum scale 10
Remaining systematic uncertainties 70
Total 180

In order to assess the compatibility of the mass measurements from the two channels a dedicated test statistic that
takes into account correlations between the two measurements is used, as described in Sec. 6. A value of

�mH = 1.47 ± 0.67 (stat) ± 0.28 (syst) GeV
= 1.47 ± 0.72 GeV

(8)

is derived. From the value of �2 ln⇤ at �mH = 0, a compatibility of 4.8%, equivalent to 1.98�, 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 1.97�.

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
using a “box-like” PDF defined as a double Fermi–Dirac function. This choice is compatible with the fact that for
these uncertainties the data does not suggest a preferred value within the systematic error range. In this case the
compatibility between the two masses increases to 7.5%, equivalent to 1.8�. The compatibility between the two
measurements increases to 11% (1.6�) if the two signal strengths are set to the SM value of one, instead of being
treated as free parameters.

With respect to the value published in Ref. [15], the compatibility between the measurements from the individual
channels has changed from 2.5� to 2.0�.

8. Conclusions

An improved measurement of the mass of the Higgs boson has been derived from a combined fit to the invariant
mass spectra of the decay channels H ! �� and H!ZZ⇤! 4`. These measurements are based on the pp collision
data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at center-of-mass energies ofp

s=7 TeV and
p

s=8 TeV, corresponding to an integrated luminosity of 25 fb�1. As shown in Table 5, the measured
values of the Higgs boson mass for the H ! �� and H!ZZ⇤! 4` channels are 125.98± 0.42 (stat)± 0.28 (syst) GeV
and 124.51 ± 0.52 (stat) ± 0.06 (syst) GeV respectively. The compatibility between the mass measurements from the
two individual channels is at the level of 2.0� corresponding to a probability of 4.8%.

From the combination of these two channels, the value of mH = 125.36 ± 0.37 (stat) ± 0.18 (syst) GeV is ob-
tained. These results are based on improved calibrations for photons, electrons and muons and on improved analysis
techniques with respect to Ref. [15], and supersede the previous results.

Table 5: Summary of Higgs boson mass measurements.

Channel Mass measurement [GeV]

H ! �� 125.98 ± 0.42 (stat) ± 0.28 (syst) = 125.98 ± 0.50

H!ZZ⇤! 4` 124.51 ± 0.52 (stat) ± 0.06 (syst) = 124.51 ± 0.52

Combined 125.36 ± 0.37 (stat) ± 0.18 (syst) = 125.36 ± 0.41
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Conclusions
Analysis improved under many aspects, mainly on lepton performance

electron calibration, identification, energy measurement

muon calibration and smearing

New H→ZZ*→4ℓ  and H→𝜸𝜸 combined mass measurement recently released

mH = 125.36 ± 0.37 (stat) ± 0.18 (syst) GeV 

channels compatible with each other to within 2𝜎

Other new results in the H→ZZ*→4ℓ channel coming soon

Measurements of the inclusive and differential fiducial cross section

Measurements of the Higgs boson production and couplings

Measurement of the spin/CP properties

Getting ready for Run II ....
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Other numbers

15

Direct Higgs width measurement

Event-by-event modelling of detector resolution

Per-lepton resolution functions use sum of 2(3) Gaussians for muons (electrons)

95% CL : 𝛤H < 2.6 GeV (exp. limit 6.2 for µ=1)

Signal strenght: µ = 1.66 +0.45 -0.38

Old combined mass measurement:

mH = 125.49 ± 0.24 (stat) + 0.50 -0.58 (syst) GeV 


