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Abstract

Searches for Higgs bosons decaying to lepton pairs are summarised using the run 1 dataset recorded by the CMS
detector. The first part of this summary is devoted to the search for Higgs bosons decaying to tau pairs. The search is
carried out using all six tau-pair final states, with the tau decaying to a muon, an electron, or hadrons. Evidence for
Higgs boson decays to taus is reported, and constraints on the couplings of the Higgs boson to fermions and bosons
are derived. Then, searches for Higgs boson decays to muons and electrons are also discussed. The last part discusses
a search for lepton-flavour violating Higgs boson decays to a muon and a tau, with the tau being reconstructed in the
decay to an electron or hadrons. The analysis places the best limits on the respective Yukawa couplings to date while
showing a slight excess of 2.5 standard deviations above the standard model expectation.

Keywords: Standard-model Higgs bosons, taus, lepton flavour violation

1. Introduction

At the time of the previous ICHEP conference in
2012, the discovery of a particle was reported with mass
near 125 GeV and properties consistent with those of the
standard model (SM) Higgs boson. While the initial and
subsequent analyses measured various of the production
and decay properties to be consistent with the predic-
tions of the SM [1, 2, 3, 4, 5], measurements in differ-
ent decay channels and with higher precision are neces-
sary to probe the compatibility with the SM predictions
and the mechanism of fermion mass generation. The
searches for Higgs boson decays to leptons address sev-
eral of the remaining open questions, most importantly
whether the Higgs boson decays to fermions at all.

The first goal of the search for H — 77 decays is
to answer this question, i.e. to test whether the Higgs
boson decays to taus, leptons, and fermions [6]. In the
context of all SM Higgs boson decay modes, the H —
77 final state is expected to provide the most stringent
constraints on the combined couplings to fermions. The
H — 77 analysis also provides high sensitivity to vector
boson fusion (VBF) production.

While searches for H — pu and H — ee decays are
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(at least currently) not sensitive to the event rates pre-
dicted by the SM, they allow to test whether the Higgs
boson couplings to leptons are proportional to its mass,
as predicted by the SM, or whether the couplings are
flavour-universal, i.e. the same as for taus. Furthermore,
H — pu decays probe the second-generation Yukawa
couplings, and an enhanced H — pu decay rate may be
a sign of physics beyond the SM [7].

Lepton-flavour violating (LFV) decays of the Higgs
boson to leptons may occur in several extensions of the
SM, e.g. in models with multiple Higgs doublets, com-
posite Higgs models, and Randall-Sundrum models [8].
While the branching fraction to muons and electrons is
severely constrained from the measurement of uy — e
transitions, B(H — ue) < O(107®), constraints on the
branching fractions B(H — ur) and B(H — er) are
significantly weaker, B < O(10%). The first dedicated
search for H — ut decays is discussed here and is ex-
pected to significantly improve the limit on B(H — ur).

In the following, Higgs boson decay modes are al-
ways given explicitly, e.g. H — 77 denotes Higgs bo-
son decays to two taus with unspecified tau decays, and
H — 7u denotes the LFV direct decay of the Higgs
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boson to a tau and a muon. Reconstructed lepton final
states, on the other hand, are indicated by only the two
final-state leptons, e.g. ue for an electron-muon final
state. Reconstructed hadronic tau decays are denoted
as 1. In all considered analyses, the final-state leptons
are required to have opposite charge, which is therefore
not explicitly noted.

This summary is organised as follows. Section 2 de-
scribes the search for H — 77 decays in the context of
the SM. The following section 3 gives a brief overview
of the searches for H —» pu and H — ee decays. Fi-
nally, the search for LFV H — 7u decays is reported in
section 4, after which an overall summary is given.

2. Evidence for the Higgs boson decaying to a pair
of taus

The branching fraction of Higgs boson decays to
taus is the fourth-largest in the SM, BH — 77) =
6.3% for my = 125GeV. The two taus decay fur-
ther and can be reconstructed in the following 6 di-
tau final states in order of decreasing branching frac-
tion, ThTh, UTh, €Th, 1€, UM, €€, Which are accompanied
by neutrinos. All 6 tau-pair final states are considered.

Events are recorded using trigger requirements based
on reconstructed electron, muon, and 7}, candidates. The
leptons are required to have low transverse momemn-
tum (pr) from nearby reconstructed photons, neutral,
and charged hadrons reconstructed by the particle flow
algorithm, as quantified by isolation criteria, both on
trigger level and in the baseline event selection. Dif-
ferent pr thresholds are applied for the different lep-
tons depending on the final state and the correspond-
ing trigger requirements. The missing transverse energy
(E?iss) is reconstructed using a multivariate regression
technique, which improves both the separation against
backgrounds with high-pr neutrinos and the di-tau mass
reconstruction.

The relevant Higgs boson production modes for this
analysis are gluon fusion, VBF, and the associated pro-
duction with a W or Z boson. The different production
modes are targeted by splitting the events into different
categories based on the number of additional jets and
leptons, and their properties. Gluon fusion production
is targeted by requiring no or at least one additional jet
(“O-jet/1-jet”). In the latter case, the Higgs boson may
obtain a significant amount of pr, thereby increasing the
separation against the relevant background processes.
VBF production is addressed by requiring two addi-
tional jets compatible with VBF production, i.e. with a
large rapidity gap and without a central jet (“VBF tag”).
Finally, the associated production with a W or Z boson

97

98

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

is targeted by requiring one or two additional muons or
electrons in the final state that are compatible with com-
ing from a W or Z boson decay, respectively.

Additional event selection criteria are applied for a
number of final states, including multivariate classifiers
to separate against tt background in the ey channel and
against Z — ¢( background in the ee and pu channels.
To reject W+jets events, a low transverse mass mr <
30 GeV is required in the ut, and ety, channels.

Because of the high branching fraction, the high pro-
duction cross section, and the good separation against
background processes, the most important final states
are T, Ty, UTh, €Th, and pe, in particular in the 1-jet and
VBF-tag categories. In these leptonic final states, the
final observable is the reconstructed di-tau mass, calcu-
lated from the two reconstructed leptons and the E%‘i“
vector. Figure 1 shows, on the one hand, the distri-
bution of the reconstructed visible mass from the two
reconstructed leptons and, on the other hand, the recon-
structed mass using the so-called SVFit algorithm. The
SVFit algorithm is based on a likelihood fit that takes
the matrix elements for the tau decay as well as the ex-
perimental resolutions of the different input variables
into account. Using the SVFit algorithm significantly
improves the separation against the major background,
Z — 11, and leads to an increase of the final expected
significance by ~ 40% compared to using only the visi-
ble mass reconstruction.

To optimise the sensitivity of the search, the events
are further divided into sub-categories to increase the
separation of signal and background events using (i) the
pr of either the 7, in final states with one 1y, of the u
in the ue final state, or of the lepton with highest pt in
the pu and ee final states, (ii) the pr of the reconstructed
di-tau system, and (iii) the mass of and the An between
the two jets in the VBF-tag categories.

Figure 2 shows the combined mass distribution in
the four most important final states. The events are
weighted by the signal over signal-plus-background ra-
tios in a central 68% interval of the signal distributions
in each event category. The figure also shows the dis-
tributions of the major backgrounds. The overall largest
background is from Z — 71 production. It is modelled
using a so-called “embedding” technique where the re-
constructed muons in Z — uu data are replaced by gen-
erated taus. Among the other important backgrounds
are W+jets production, estimated using a control re-
gion with high transverse mass, and QCD multijet pro-
duction, estimated using control regions with same-sign
leptons and/or inverted lepton isolation requirements.

The final results of the analysis are obtained from a
combined likelihood fit of all event categories, includ-
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Figure 1: Top figure: Normalised distribution of the visible invariant
mass of the reconstructed uty, pair in the uty, final state. Bottom fig-
ure: According distribution of the reconstructed di-tau mass using the
SVFit algorithm.

ing all relevant systematic uncertainties. One important
feature of the fit is it constrains several of the systematic
uncertainties. For example, the tau energy scale and tau
reconstruction efficiencies are constrained by the posi-
tion and height of the Z boson mass peaks in the differ-
ent lepton final states and event categories, in particular
also from the distributions in the O-jet categories that
have a large contribution from Z — 77 events.

The observed and expected significance of the anal-
ysis are shown in figure 3. The expected significance
for my = 125 GeV amounts to 3.7 standard deviations
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Figure 2: Combined mass distribution in the four most important fi-
nal states targeting gluon fusion and VBF production. The events are
weighted by the signal over signal-to-background ratio in a central
68% interval of the signal distribution in each category. The back-
ground distributions are obtained from the final combined fit.
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Figure 3: Observed and expected local p-values and significances in
terms of standard deviations as a function of myy.

(0), and it is the highest among all my for two reasons.
On the one hand, the mass of 125 GeV provides a bet-
ter separation against the Z boson mass peak than lower
mpy values. On the other hand, the cross section times
branching fraction falls as as function of my, giving a
higher expected yield than higher my values. The cor-
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responding observed significance at 125 GeV is 3.2,
constituting evidence for H — 77 decays. To be only
sensitive to H — 77 decays, Higgs boson decays in the
only other relevant H — WW channel are treated as a
background in the calculation of the significances and
best-fit signal strength modifiers in terms of the SM ex-
pectation (u).

CMS, 4.9 fbtat 7 TeV, 19.7 fb™ at 8 TeV
0-jet
0.34+1.09
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1-jet
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Figure 4: Measured p values for different final states based on the
number of jets and the lepton multiplicity, and combined expected
and observed y value for my = 125 GeV.

The u values for the different jet and lepton multi-
plicity final states are given in figure 4. The combined
best-fit u value is 0.78+0.27. Both the combined and the
individual u values are compatible with the SM expec-
tation of u = 1. As can be seen from the uncertainties,
the largest sensitivity comes from the 1-jet and VBF-tag
categories.

Figure 5 shows a likelihood scan for the fermion and
vector boson couplings. The parameters ¢ and ky de-
note the ratio between the measurements and SM pre-
dictions of the Higgs boson couplings to fermions and
vector bosons, respectively. In this case, the contri-
bution from H — WW is treated as a signal process.
The results are compatible with the SM expectation of
Kf = Ky = 1.

Finally, the results from the H — 77 search are com-
bined with a search for H — bb [9, 10]. The combined
and individual likelihood scans as a function of u are
shown in figure 6. The observed significance of the
H — bb search is 2.10, and the combined observed sig-
nificance amounts to 3.80 with an expectation of 4.40-.
This result constitutes strong evidence for the direct de-
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Figure 5: Likelihood scan for the combined couplings to fermions k¢
and vector bosons ky.
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Figure 6: Likelihood scan as a function of the signal strength modifier
p for the H — 77 analysis, the H — bb analysis, and their combina-
tion.

cay of the Higgs boson to fermions.

3. Search for Higgs boson decays to muon or elec-
tron pairs

The H — pu branching fraction of 2.2 x 107 is
among the smallest that is expected to be eventually
measurable at the LHC. The H — pu search profits from
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the high experimental resolution of the reconstructed di-
muon mass of a few GeV [11]. However, the SM decay
width of the Higgs boson is still small compared to the
experimental resolution.

The analysis strategy is similar to the H — 77 search.
The gluon fusion and VBF production modes are tar-
geted by requiring additional jets in the final state. In
addition, the events are split into categories according
to the pr of the di-muon system, the properties of the
jets in the 2-jet category, and according to the detector
regions in which the two muons are reconstructed. The
latter make use of the different experimental resolutions
of the reconstructed di-muon mass for muons from dif-
ferent detector regions.

The combined di-muon mass distributions are shown
in figure 7 top, weighted for the ratio of the signal
and signal-plus-background distributions in the differ-
ent event categories. The background distribution is es-
timated using an analytic fit function, and, amongst oth-
ers, systematic uncertainties are estimated by changing
the used fit function.

Figure 7 bottom shows the upper limits on the H —
pu cross section times branching fraction in terms of
the SM expectation. The combined expected limit is 5.1
times the SM expectation, while the observed 95% con-
fidence level (CL) limit is 7.4 times the SM expectation.

For H — ee, the inaccessibly small branching frac-
tion expected in the SM is B = 5 x 10™. The search
follows the same strategy as the H — uu search. The
resulting 95% CL upper limits on the H — ee cross
section times branching fraction are shown in figure 8.
They are of similar size as the limits on the H — uu
cross section times branching fraction.

Contrasted with the evidence for H — 77 decays, the
absence of a signal in the H — pu and H — ee searches
shows that the branching fraction of the Higgs boson
decay to the different leptons is not identical, i.e. the
decay is not universal in lepton flavour.

4. Search for LFV decays of the Higgs boson to a
muon and a tau

The previous best constraints on the H — 7u branch-
ing fraction are from a reinterpretation of an ATLAS
H — 77 search with only 7TeV LHC data, which are
more stringent than the indirect limits from 7 — uy de-
cays [12]. This suggests that the first dedicated search
discussed here is expected to significantly improve these
constraints [8]. The H — 7u search considers decays
of the tau to an electron or to hadron, leading to the
two lepton final states uty, and ue; the pu final state is
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Figure 7: Top figure: Combined distribution of the reconstructed
di-muon mass. The events are weighted by the ratio of the signal
and signal-plus-background expectations in each individual category.
Bottom figure: Upper limits on the ratio of the cross section times
B(H — pp) in terms of the SM cross section times branching fraction
as a function of my.

not considered because of the large background from
Z — pu production.

The analysis strategy is similar to the one in the
search for SM Higgs boson decays to tau pairs in the
corresponding uty, and pe final states. The gluon fusion
production mode is targeted with two event categories
requiring either O or 1 jet in the final state in addition to
the Higgs boson decay products, and VBF production is
targeted with another event category requiring two jets



259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

Jan Steggemann for the CMS Collaboration / Nuclear Physics B Proceedings Supplement 00 (2014) 1-7 6

CMS Preliminary Combination

o
i

T T |
FVs=8TeVL=19.6

L ' ]

o
o
3]
I
]

o

o

>
I
]

o

o

=
I

95% CL Limit ono x BR (H- e’e) [pb]
o ¢ ¢ .
N
[

150
m,, [GeVic?]

Figure 8: Upper limits on the H — ee cross section times branching
fraction as a function of my.

consistent with coming from VBF production, leading
to 3 event categories per lepton final state, i.e. 6 in to-
tal. Since the lepton final states are identical, the basic
event selection is the same as in the two considered de-
cay channels.

However, a number of kinematic distributions are dif-
ferent as the H — 7tu decay only involves neutrinos in
the decay of the tau. This implies that (a) the muon
pr distribution is harder than in the H — 77 case, (b)
there is a large azimuthal angle between the muon and
the sum of the neutrinos that are reconstructed as the
ETTniss vector in the x-y plane, and (c) there is a small
azimuthal angle between the visible tau decay products,
i.e. either the electron or the 7y, and the invisible ones
being reconstructed as the E%‘iss vector, since they orig-
inate from the same high-pr tau.

To make use of these differences, additional event
selection criteria are applied in each of the categories
based on the pr of the leptons, the differences in az-
imuthal angle between the final state leptons and be-
tween the electron and the E’T‘rliSS vector in the pe final
state, and the transverse mass values calculated from ei-
ther of the leptons and the E%“SS vector. The additional
selection criteria are optimised separately in each of the
6 event categories.

As the final observable, the so-called “collinear
mass” is used. Since there is only one tau in the event
with high pr compared to its mass, the approximation is
made that the neutrino momenta, measured as the E?i“
vector, and the momenta of the visible tau decay prod-
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The backgrounds are also estimated with similar
methods as in the SM H — 77 search. Due to the tighter
event selection, two important differences arise. First,
the Z — 77 can be suppressed more efficiently, mean-
ing that other sources of background are most relevant,
in particular W+jets, multijet, and tt events. Second,
due to this suppression, the 0-jet categories also provide
high sensitivity.

19.7 fb™, Vs = 8 TeV
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Figure 9: Upper limits on the branching fraction of LFV H — 7u
decays. The limits are shown separately for the 6 different event cate-
gories and their combination.

Upper limits on the branching fraction of H — 7u
decays are obtained with the CLg method using a com-
bined likelihood fit. The resulting limits are shown in
figure 9, both for the 6 event categories and their com-
bination. The expected upper limit on the H — 7u
branching fraction is 0.75%, while the observed limit
is 1.57%. With respect to the background-only expecta-
tion, a slight excess is observed. The background-only
p-value is 0.007 for myg = 126 GeV, corresponding to a
significance of 2.50". The best-fit branching fraction is

measured to be B(H — tu) = (0.89%05)%.

Finally, the results are translated into limits on the
flavour-violating Yukawa couplings, |Y,| and |Yy,l|, as
shown in figure 10. The presented search improves the
previous best limits on the Yukawa couplings by an or-
der of magnitude.
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19.7 b, (s =8 Tev

CMS preliminary

%1 0>48
0T

Figure 10: Constraints on the flavour-violating Yukawa coupling Y.,
with the expected limits given by the red line and the observed limits
as the full black line. The previous best direct experimental limits
from 7 — py decays are given by the white line and the middle blue-
green area, and the limits from a re-interpretation of an ATLAS H —
77 search are drawn as a yellow line.

5. Conclusion

In the search for H — 77 decays, evidence for
Higgs boson decays to tau pairs is obtained, with an ob-
served significance of 3.2 standard deviations given an
expectation of 3.7 standard deviations. The measured
event rates, mass, and couplings to fermions and vector
bosons are consistent with expectations from the SM.
The combination with the search for Higgs boson de-
cays to b quarks yields strong evidence for Higgs boson
decays to fermions. Tight constraints are also derived
on the H — pu and H — ee branching fractions, show-
ing that the Higgs boson couplings to leptons are not
flavour-universal.

The search for LFV provides the most stringent limits
H — tu decays and the Y-, Yukawa coupling to date.
Results with LHC run 2 data will resolve whether the
slight excess that is observed can be attributed to a sta-
tistical fluctuation.
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