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Abstract

A review of the results on Higgs boson decays to leptons with the ATLAS detector at the Large Hadron Collider is
presented. In the H — 77~ search, using the 8 TeV dataset, there is an excess of data over the background prediction,
with an observed (expected) significance corresponding to 4.10" (3.207). In the H — p* ™~ search, using approximately
25 tb=! of pp collision data collected at 7 TeV and 8 TeV in 2011 and 2012, the data is consistent with the expected
background and a 95% confidence level limit of 7.0 times the Standard Model prediction is placed on the signal

strength, for a Higgs boson mass of 125.5 GeV.
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1. Introduction

The observation by the ATLAS and CMS collabora-
tions of a new particle with a mass around 125 GeV [1,
2] is a very significant success of the Large Hadron
Collider [3] physics program. The signal strength of
the new particle as well as measurements of its proper-
ties [4—7] are all consistent with the predictions for the
Standard Model (SM) Higgs boson [8—13]. These mea-
surements however rely primarily on the bosonic decays
of the Higgs boson, H — yy, H —» ZZ* and H - WW*,
To confirm or reject its SM nature, and understand the
mass generation mechanism for fermions, it therefore
remains very important to demonstrate and measure the
direct coupling of the Higgs boson to fermions and in-
vestigate its proportionality to mass.

This note presents the results of searches with the AT-
LAS detector [14] for Higgs boson decays to leptons:
H — %7 [15]and H —» u*u~ [16]. H — 47~ has
the largest branching ratio of all SM Higgs boson de-
cays to leptons (6.24 x 1072)! but leads to a challenging
final state and a poor mass resolution, while H — u*u~

*On behalf of the ATLAS Collaboration
!For a Higgs boson mass of my = 125.5 GeV.

on the other hand has a good mass resolution but a much
lower branching ratio (2.16 x 10~%)! [17].

2. Higgs boson decays to tau leptons

The H — 77~ decay is the most sensitive chan-
nel for leptonic Higgs boson decays, due to its high
branching ratio, although the fact that the 7 lepton de-
cays inside the detector to final states involving neutri-
nos complicates the experimental signature and substan-
tially worsens the mass resolution. In order to maximize
the sensitivity, a multivariate analysis based on Boosted
Decision Trees (BDT) [18-20] is performed, and the
full 8 TeV dataset collected by the ATLAS detector is
used.

2.1. Analysis Description

All decays of the 7 lepton (both leptonic, 7y, and
hadronic, Tp,) are considered, leading to three sub-
channels denoted TiepTiep, TiepThad aNd ThadThad- The
three sub-channels are defined by orthogonal cuts on
the number of reconstructed hadronic 7 decays and
light leptons (electrons or muons). Following a pres-
election, detailed in [15], events in each sub-channel
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are split into two categories. The VBF Category con-
tains events with two jets separated in pseudo-rapidity
and targets signal events produced through Vector Bo-
son Fusion (VBF). The Boosted Category targets signal
events where the Higgs boson has been produced with
a large boost, primarily from the gluon fusion process
(ggF), and requires the transverse momentum (pr) of
the reconstructed Higgs boson candidate to be greater
than 100 GeV. Table 1 details the categorization criteria
in each sub-channel.

Selection TlepTlep | TlepThad ‘ Thad Thad
VBF Category

pr(ji) > 40 50 50

pr(j2) > 30 30 30/35

An(ji, o) > 2.2 3.0 2.0

b-jet veto for jet pr > 25 30 -

p¥ > - - 40
Boosted Category

prGn) > 40 . .

p¥ > 100 100 100

b-jet veto for jet pr > 25 30 -

Table 1: Categorization criteria applied for each sub-channel of the
H — 771~ search. All pr threshold values are in GeV, while j; and
J2 represent the most energetic and the second most energetic jet in
the event. Only events failing the VBF category selection are consid-
ered for the Boosted category, to ensure orthogonality. Events in the
TlepThad VBF category must additionally satisfy m, > 40 GeV. The
ThadThad PT(Jj2) threshold is 30(35) GeV for jets within (outside of)
Inl <2.4.

This leads to six Signal Regions (category and sub-
channel combinations), and separate BDTs are trained
for each, using between six and nine input variables.
The selection of these variables has been separately op-
timized for each signal region, and chosen in order to
exploit discriminating features such as resonance prop-
erties, event activity and topology, as well as the char-
acteristic VBF topology in the corresponding category.
One of the most important input variables is the mass
of the di-7 system, the reconstruction of which is quite
challenging due to the presence of at least two neutrinos
in the final state; the Missing Mass Calculator (MMC) is
used for this purpose [21]. Figure 1 shows a comparison
of reconstructed masses for the data-based estimation of
Z — v~ (see next paragraph) and signal Monte Carlo
in the TiepTiep channel, which has four neutrinos in the
final state.

The background composition differs between each
sub-channel, but in all three the most important back-
grounds are irreducible Z — 77t~ events, and back-
grounds with a jet misidentified as a T decay product. To
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Figure 1: Reconstructed mass of the di-7 system using the MMC algo-
rithm in the 7ep71ep channel for signal Monte Carlo (red dotted line)
and the data-based estimation of Z — 47~ background (black solid
line) samples, normalized to unit area. Figure from [15].

describe the former, the embedding technique is used,
where Z — u*u~ events are selected in data and the
reconstructed muons are replaced by simulated 7 lep-
ton decays. This means that the Z boson kinematics
and all other event activity comes entirely from data.
Fully data-driven techniques are used for the estimation
of backgrounds from misidentified 7 decay products as
well, described in detail in [15].

2.2. Results

The signal is extracted by fitting the BDT shape with
signal and background templates simultaneously in the
six Signal Regions. Included in the fit are also nine Con-
trol Regions in order to better constrain the background
normalizations. The post-fit BDT score distributions in
the VBF category for each sub-channel are shown in
Figure 2.

An excess of data events over the background
prediction is observed in all three sub-channels.

The fitted signal strength, 4 = O megsurea/Tsm, 1S
1437031 (stat.) 050 (syst.)  for my = 125 GeV; Fig-

ure 3 shows the best-fit values of u in the individ-
ual channels. For the same mass, the observed (ex-
pected) probability py of obtaining a result at least as
signal-like if there actually is no signal is 2.0 x 107>
(6.6 x 107™), corresponding to a 4.1 (3.207) deviation
from the background-only hypothesis — constituting di-
rect evidence for H — 777~ decays.
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Figure 2: BDT distributions for the VBF category signal regions for the 7iepTiep (left), TiepThad (centre) and ThagThad (right) sub-channels. The
Higgs boson signal (for myg = 125 GeV) is shown stacked, with u = 1 (dashed line) and u = 1.4 (solid line). The background predictions come
from the global fit. The size of the statistical and normalization systematic uncertainties is indicated by the hashed band. Figures from [15].
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Figure 3: Summary of the best-fit value for the signal strength u in
the separate channels and in the combination. The shaded green band
shows the total uncertainty (+107). The individual contributions from
the statistical uncertainty (top, black), the total (experimental and the-
oretical) systematic uncertainty (middle, blue), and the theory uncer-
tainty on the signal cross section (bottom, red) are indicated with the
error bars and printed in the central column. Figure from [15].

The most important uncertainty on the signal strength
measurement is the statistical uncertainty of the data in
the signal regions, followed by the theoretical system-
atic uncertainty on the differential cross section do/d pITJ
for ggF production, the uncertainty on the normalization
of the Z — ¢¢ and top quark backgrounds in TjepThad,
and the uncertainty on the jet energy scale calibration.
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Figure 4: Likelihood contours in the (uger X B/Bsy, uvprive X
B/Bs ) plane, for mp = 125 GeV. Figure from [15].

Figure 4 shows the results of a two-dimensional fit
in the (/,lggp X B/BSM’,UVBF+VH X B/BSM) plane, where
B and Bg), are the hypothesised and the SM branch-
ing ratios for H — t*77, and per (uvsriva) the
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signal strength for Higgs boson production proceeding
through gluon fusion (VBF and associated production).
The best-fit values are pgr X B/Bsy = 1.17]3 and
uvereve X B/Bsy = 1.6705.
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Figure 5: Top: Event yields, after the global fit, as a function of
log(S/B), where S (signal yield) and B (background yield) are taken
from each event’s bin in the BDT. Bottom: Di-t mass distribution
where events are weighted by In(1+S/B) for all channels, determined
for each BDT bin separately. The bottom panel shows the difference
between weighted data events and weighted background events (black
points), compared to the weighted signal yields: the mg = 125 GeV
signal is shown with a solid red line, and, for comparison, the my =
110 GeV (blue) and my = 150 GeV (green) signals are also shown.
Figures from [15].

To visualize the excess, Figure 5 (top) shows the fitted
background and signal, as well as the observed data, for
all signal region bins, ordered by their expected sensi-
tivity. In Figure 5 (bottom), the weighted reconstructed
di-t mass distribution is presented. The distributions
for the predicted excess in data over the background

are shown for a SM Higgs boson mass hypotheses of
my = 110 GeV and my = 150 GeV, as well as for
my = 125 GeV, demonstrating the consistency of the
excess with the latter case.

3. Higgs boson decays to muons

The H — u*u~ channel presents a much better
mass resolution compared to the tauonic decay, however
its sensitivity is severely restricted by the low branch-
ing ratio of this decay for the Higgs boson in the SM.
The search is performed by fitting the dimuon invariant
mass distribution (m,+,-) in the range of 110-160 GeV.
This relatively wide range is chosen to allow determina-
tion of the background shape and normalization from
the sidebands. Both the 7 TeV (4.5 fb™!) and 8 TeV
(20.3 fb™!) datasets collected by the ATLAS experiment
are used.

3.1. Analysis Description

Events are selected for the analysis if they contain ex-
actly two isolated muons of opposite charge with a min-
imum pt of 25 (15) GeV for the leading (sub-leading)
muon. Additionally, a requirement on the missing trans-
verse momentum being less than 80 GeV is also applied,
reducing contamination from top quark pair production
and diboson processes. Figure 6 shows the m,+,~ distri-
bution after this selection has been applied.
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Figure 6: Distribution of m,+,~ for events in 7 TeV and 8 TeV data
passing the selection requirements described in the text. The red his-
togram indicates the expected signal for my = 125 GeV. Figure
from [16].

Events passing this selection are then divided into
seven mutually exclusive categories. Events with at
least two jets, having an invariant dijet mass m;; >
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500 GeV, a pseudo-rapidity (1) separation of (17,1 —
nj2) > 3 and n;; X npp < 0, are placed in a VBF cat-
egory. The remaining events are then split into cate-
gories according to the transverse momentum of their
dimuon system (p{” ): low (< 15 GeV), medium
(15 — 50 GeV) and high (> 50 GeV). Events in each
of these three categories are then further classified into
a central (if both muons have || < 1) and a non-central
(if one or both muons have |r7| > 1) category. The reason
for this final classification is that central muons yield a
more precise momentum measurement, thereby produc-
ing a narrower invariant mass distribution and a higher
overall sensitivity.

Analytic models are used to describe the signal and
background m,+,~ distributions, detailed in [16]. The
signal is described by the sum of a Gaussian and a Crys-
tal Ball function; the parameters of the model are ob-
tained from fits to simulated SM Higgs boson samples,
an example of which can be seen in Figure 7 (top). In
the p’{“ ~ categories, the background is described us-
ing a Breit-Wigner convolved with a Gaussian function,
added to an exponential divided by 1/ mfml,, while in the
VBEF category the background model is the product of a
Breit-Wigner and an exponential function. In all cases,
high-statistics samples of simulated background pro-
cesses have been used to extensively validate the back-
ground model and to check against potential mismod-
elling bias. Figure 7 (bottom) shows the background
model fit to data in one of the categories.

3.2. Results

The results of the search are obtained through a
binned maximum likelihood fit to the observed my+,-
distribution in the 110-160 GeV range, using the sum
of the signal and background model, simultaneously in
all categories and for both 7 and 8 TeV datasets. No
excess is seen over the background expectation and an
exclusion limit can be placed on the H — u*u~ sig-
nal strength, shown in Figure 8. For my = 125.5 GeV,
the observed (expected) limit at 95% confidence level
(CL) is 7.0 (7.2) times the SM prediction. For the same
mass, assuming the SM production cross-section (al-
lowed to vary within its uncertainties), a 95% CL upper
limit on the branching ratio of H — u*u~ can be placed
at 1.5 x 1073,

4. Conclusions

A review of the latest ATLAS results in searches for
Higgs boson decays to leptons has been presented. In
the H — 77~ channel, an excess of a signal over the
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Figure 7: Top: The signal model fit to the n,+,~ distribution for sim-
ulated Higgs boson events for my = 125 GeV in the central medium
p‘f” category. Bottom: The background model fit to the -
distribution in data, for the same category. The statistical uncertain-
ties are given for the data points. The expected signal is shown for
mpy = 125 GeV and is scaled by a factor of 50. Figures from [16].
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background has been observed, corresponding to an ob-
served (expected) significance of 4.10 (3.207) — consti-
tuting direct evidence for this decay. The measured sig-

nal strength is y = 1.43f8:g; (stat.) fg:g(l) (syst.), consis-

tent with the SM expectation. In the H — u*u~ search,
an observed (expected) limit, at 95% CL, is placed on
the signal strength at 7.0 (7.1) times the SM prediction,
for my = 125.5 GeV. Assuming a SM production cross
section, this corresponds to a limit on the branching ra-
tio of H — u*u~ of 1.5 x 1073, These results from
the ATLAS experiment thus show that the Higgs bo-
son does not couple universally to leptons, consistent
with the SM prediction of Higgs boson couplings pro-
portional to mass.
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