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The mass of the Higgs boson is measured in the H — ZZ* — 4¢ and in the H — ~v decay
channels with 36.1fb~! of proton-proton collision data from the Large Hadron Collider
at a center-of-mass energy of /s = 13 TeV recorded by the ATLAS detector in 2015 and
2016. The measured value in the H — ZZ* — 4¢ channel is mﬁz* = 124.88+0.37 GeV,
while the measured value in the H — ~~ channel is m’}YI’Y = 125.11 + 0.42 GeV. The two
results have a compatibility of 0.40. The combined measurement from a simultaneous fit
to the invariant mass distributions in the two channels is mpy = 124.98 + 0.28 GeV.
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1. Introduction

The observation of a new particle in the search for the Standard Model (SM) Higgs
boson H by the ATLAS and CMS experiments? with the LHC Run 1 data at
center-of-mass energies of /s = 7TeV and 8 TeV has been a major step towards
understanding the mechanism of electroweak (EW) symmetry breaking. Its mass
has been measured with a simultaneous fit to the ATLAS and CMS Run 1 data to
be 125.09 + 0.24 GeV3.

The measurement of the mass of the Higgs boson in Run 2* is performed with
36.1fb~! of pp collision data recorded with the ATLAS detector at a center-of-mass
energy of /s = 13 TeV: it is derived from a combined fit to the invariant mass
spectra of the decay channels H — ZZ* — 4¢ (¢ = e,u) and H — ~v, based on
the current understanding of the reconstruction, identification, and calibration of
muons, electrons, and photons in the ATLAS detector®.

This is an Open Access article published by World Scientific Publishing Company. It is distributed
under the terms of the Creative Commons Attribution 4.0 (CC-BY) License. Further distribution
of this work is permitted, provided the original work is properly cited.

1860052-1


http://dx.doi.org/10.1142/S2010194518600522

Int. J. Mod. Phys. Conf. Ser. 2018.46. Downloaded from www.worldscientific.com
by 147.8.230.158 on 10/28/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

N. Bruscino

2. Physics object reconstruction

Since the two analyses make use of several leptons and photons in the final state,
their reconstruction and calibration are crucial aspects for the best measurement.

Muons are reconstructed combining tracks from the inner detector (ID) and the
muon spectrometer (MS), according to various algorithms based on the informa-
tion provided by the ID, the MS and the calorimeters. Although the simulation
accurately describes the ATLAS detector, additional corrections to the simulated
momentum are needed in order to match the simulation to data precisely. The muon
momentum resolution and momentum scale are parametrised as a power expansion
in the muon pr, as a function of 5 and ¢, from large samples of J/¢ — pu™p~ and
Z — ptu~ decays. The local misalignments of the ID in 2016 bias the muon track
sagitta and result in a charge-dependent bias (O(1TeV™!)) of the reconstructed
muon momentum, which is studied and corrected in data by comparing the local
inhomogeneities of the charge dependent dimuon mass to the mass of well-known
neutral resonances.

Photon and electron candidates are reconstructed from clusters of energy
deposited in the electromagnetic calorimeter with and without a matching track or
reconstructed conversion vertex in the ID. The energy measurement is performed
by summing the energies measured in the EM calorimeter cells belonging to the
candidate cluster. The cluster energy is corrected for energy loss in the inactive
materials or deposited outside the area of the cluster and for the amount of energy
deposited into the hadronic calorimeter. The calibration coefficients are obtained
from a detailed simulation of the detector response to electrons and photons, and
are optimised with a boosted decision tree (BDT). The response is calibrated sep-
arately for electrons, converted and unconverted photon candidates. Moreover, a
global calorimeter energy scale correction, determined in situ with a large sample
of Z — eTe™ events and verified using J/1¢ — ete” and Z — £T4" v events, is
applied.

3. Mass measurement in the H — ZZ* — 4¢ channel

Events are required to contain four isolated charged leptons (¢ = e, i), grouped into
two pairs of oppositely charged leptons of the same flavour and that emerge from
a common vertex. The first three leptons have pr larger than 20, 15 and 10 GeV,
respectively; the forth muon (electron) is required to pass a 5(7) GeV cut. The
lepton pair with an invariant mass closest to the Z boson pole mass is referred to as
the leading dilepton pair. The selected events are split according to the flavour of the
leading and subleading pairs (4, 2e2u, 2u2e, 4¢). Using the corrected value of myy,
events with 110 < my, < 135 GeV are used for the Higgs boson mass measurement.
The selected events have a small contribution from reducible background processes:
Z+jets, tt, and WZ production which are selected if at least one of the jets in
the final states is misidentified as a prompt isolated lepton. Non-resonant ZZ*
production with a final state topology similar to the H — ZZ* — 4/{ signal is the
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main background contribution and is modelled using simulation normalised to the
SM prediction.

Since the Higgs boson is more centrally produced than the non-resonant ZZ*
production and tends to have larger transverse momentum, the transverse momen-
tum and pseudorapidity of the four-lepton system are used together with a matrix-
element-based kinematic discriminant Dzz« = In(|[Mpyzz+|?/|Mzz+|?) as inputs
to a boosted decision tree (BDT) to discriminate the H — ZZ* — 44 signal from
the ZZ* — 40 background. The events are categorised in four exclusive equal-size

BDT bins in order to better separate the signal from the background contribution in
the my fit. The separation of signal from background brought by the BDT output
brings 6% improvement on my resolution in the 4¢ decay channel.

The mass of the Higgs boson is determined from the position of the peak in
the four-lepton invariant mass distribution around 125 GeV. This distribution is a
superposition of a signal distribution S,,,,, which is a function of the mass of the
Higgs boson my, and a background distribution B, which is independent of my.
Templates from simulation are used to model the background distribution B in the
fit. The shape of the signal distribution depends on the four-lepton invariant mass
resolution which varies event by event. This variation is taken into account by the
so-called “per-event method”.

3.1. Per-event method

The measured myy signal distribution is modelled as the convolution of the intrinsic
Higgs boson lineshape, assumed to be a relativistic Breit-Wigner (BW) distribution
with width equal to the SM value and mass my free in the fit, with a four-lepton
invariant mass response function F', which gives the probability of measuring a value

meas

true.
Myy :

for a true invariant mass my}
o0
meas) __ meas true true true
S ™) = [ F(ms = i) - BW (mig mg) dmf. (1)
0

The response function is derived using simulation from the lepton energy response
functions which describe the probability of measuring a lepton energy E™°* given
its true energy £'""¢. The lepton energy response functions can be parametrised by a
linear superposition of three normal distributions, obtained separately for electrons
and muons and depending on both the lepton energy and the detector region in
which the lepton energy is measured. The four-lepton invariant mass response func-
tion is therefore a convolution of 3* = 81 normal distributions and varies from one
event to another. To simplify the probability density function (p.d.f.), the number
of normal distributions can be reduced by following an iterative procedure. As the
uncertainty on the mass measurement depends linearly on the resolution, the myy
resolution is improved by constraining the mass of the leading lepton pair to the
lineshape of the Z boson. This allows about 15% improvement in the four-lepton
mass resolution.
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Finally, the mass of the Higgs boson my is determined by maximising the like-
lihood function L(mpg) = chvzl {S’gf,), (mf}eas(k)) +B (mzzeas(k))} as a function of
my, where the index k denotes the k" event and N the number of selected events
and B the p.d.f. for the background.

3.2. Results

The estimate of my is extracted with a simultaneous profile likelihood fit to the
sixteen categories (one for each final state and for each BDT bin) of data. The
observed total uncertainty in mpg is of £0.37 GeV. Using an alternative method it
is found to be fgjié GeV, larger by about 35 MeV than for the per-event method.
Figure 1 shows the addition of the projections of the fits to the different categories
compared to the combined 4¢ data.
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Fig. 1. Invariant mass distribution of the data (points with error bars) shown together with the
projection of the simultaneous fit result to H — ZZ* — 4¢ candidates (continuous line). The
background component of the fit is also shown (filled area). The signal p.d.f. is evaluated per-event
and averaged over the observed data.

The measured value of mp is found to be m%? = 124.88 4+ 0.37 (stat) +
0.05 (syst) GeV=124.88+0.37 GeV. The total uncertainty is in agreement with the
expectation of +0.35 GeV and is dominated by the statistical component. The total
systematic uncertainty is 47 MeV, with the leading sources being the muon momen-
tum scale (40 MeV), the electron energy scale (20 MeV), the background modelling
(10MeV) and the simulation statistics (8 MeV).

4. Mass measurement in the H — ~~ channel

A first preselection is applied requiring at least two reconstructed photons with
Etr > 25GeV and |n| < 2.37, excluding the region 1.37 < |n| < 1.52. Photons are
required to pass loose identification criteria. The two reconstructed photon candi-
dates with the largest Er are considered and used to identify the diphoton primary
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vertex. Selecting the correct diphoton vertex is important to keep the contribu-
tion of the opening angle resolution to the diphoton mass resolution significantly
smaller than the energy resolution contribution. Thus, a neural network algorithm,
which combines information from the tracks and primary vertices, is employed.
The two photons are required to have Et/my, > 0.35 and 0.25 respectively, and
to pass the tight identification criteria and isolation criteria. Only events with
105GeV< m,y < 160GeV are kept. The properties of the two selected photons
and of the additional selected objects (b-jets, leptons, ...) are used to categorize the
events in 31 mutually exclusive categories.

4.1. Signal models

For each category the shape of the diphoton invariant mass distribution is modelled
with a double-sided Crystal Ball function, i.e. a Gaussian function in the peak
region with power-law functions in both tails:

2 .
emt/2 if — ow <t < anign
gt
e ow .
f( ) - (R Tow if t < —aow
m'y'y - [m( low_alow_t)]
1.2
e 2%high .
- if t > Qnien
Thigh ig
[7Rhligh (Rhigh—ahigh+t)] €

where t = (M., —picB)/ocB, Riow = 5=, and Ryigh = 42, picp and ocp represent

low ’ Qhigh

the position of the peak and the width of the Gaussian distribution, while ooy,
Othigh; Now and Npigh are parameters related to the tails.

4.2. Background models

In each category, the invariant mass distribution of the sum of all background
processes is parameterized with a continuous function: the parameters and normal-
izations are fitted directly on data. The functional form used in each category is
chosen as the one that minimizes the fitted signal yield on a sample of background
only events. This background only sample is built from events selected from con-
trol regions or from simulations depending on the background process. An F-test
is performed on data-sidebands to check whether functions with extra degrees of
freedom describe the data significantly better. The procedure selects simple expo-
nential distributions for the categories with less events while power-law functions
or exponential functions of a second-order polynomial are used for the others.

4.3. Results

The Higgs boson mass in the diphoton channel m},;’ is estimated with a binned max-
imum likelihood fit, considering the data in all the categories simultaneously. The
parameters of the fit are m};, the four signal strengths, the number of background
events, the parameters describing the shape of the background invariant mass dis-
tribution and all the nuisance parameters associated to systematic uncertainties.
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Figure 2 shows the distribution of the data superimposed with the result of the
simultaneous fit; for illustration purposes events in each category are weighted by
the corresponding factor In(1 4 sgg/bgg).
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Fig. 2. Diphoton invariant mass distribution of the data superimposed with the result of the fit.
The dashed line represents the background component of the model, while the black line the signal
component. The bottom inset is the difference between the sum of weights and the background
component of the fitted model.

The measured mass of the Higgs boson in the diphoton channel is m}) =
125.11+0.21 (stat) £0.36 (syst) GeV= 125.114+0.42 GeV, where the total systematic
uncertainty is dominated by the photon energy scale uncertainty.

5. Combined mass measurement

The Higgs boson mass is measured combining information from both the H —
Z7* — 40 and H — ~~ channels. Different mpy values are tested using a profile
likelihood ratio defined in terms of my, while treating the signal strengths (u??,
Hagr> HVBEs Hvin Higr) as independent nuisance parameters. The main sources of
correlated systematic uncertainty include the calibrations of electrons, photons, the
pileup modelling, and the luminosity.

The combined mass measured is
mpy = 124.98 £ 0.19 (stat) £+ 0.21 (syst) GeV = 124.98 + 0.28 GeV,

where the first (second) uncertainty corresponds to the statistical (systematic) com-
ponent. The main sources of systematic uncertainty on the combined mass mea-
surement are the photon and electron energy scale uncertainties.

The combined mass measured is in excellent agreement with, and has similar
precision to, the value that was measured with a combined fit to the ATLAS and
CMS Run 1 data, mpy = 125.09+0.21 (stat) £0.11 (syst) GeV=125.09+£0.24 GeV.
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