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Abstract

Results of a search for the production of Higgs boson pairs are presented. In this
search one Higgs boson decays to a pair of b-quarks, and the other Higgs boson de-
cays to a tau lepton pair where the tau leptons decay hadronically. The search is based
on proton-proton collision data recorded by the CMS experiment at /s = 8 TeV in
2012, corresponding to an integrated luminosity of 18.3 fb~'. The resonant and the
non-resonant productions of Higgs boson pairs are studied. No significant excess
with respect to the background-only hypothesis is observed in the data and therefore
corresponding upper limits on cross section times branching ratio are set. In the case
of resonant HH boson production, the limit on o(pp — X) x BR(X — HH) for a res-
onance of spin 0 (spin 2) and mass myx, ranges from 5.42 pb (3.97 pb) at mx = 300 GeV
to 0.14 pb (0.14 pb) at mx = 1000 GeV. The limit on non-resonant production amounts
to approximately 50 times the rate predicted by the SM.


http://cdsweb.cern.ch/collection/CMS%20PHYSICS%20ANALYSIS%20SUMMARIES
mailto:cms-pag-conveners-higgs@cern.ch?subject=HIG-15-013




1 Introduction

The discovery of a Standard Model (SM)-like Higgs boson [1, 2] encourages us to further probe
the nature of electroweak symmetry breaking. The measurement of the Higgs self-coupling
allows one to probe higher order terms in the Higgs potential, thereby providing valuable
information concerning the mechanism responsible for electroweak symmetry breaking.
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Figure 1: Leading-order diagrams for the production of a Higgs boson pair within the SM. The
diagram on the left is sensitive to the trilinear Higgs boson self-coupling. The box diagram on
the right interferes destructively with it, thus reducing the sensitivity.

Within the SM, the Higgs potential is given by:

V= %mzHcpliI + Aod; + %@4 ,

with mpy = 125 GeV and v = 246 GeV [3]. The trilinear Higgs boson self-coupling can be
measured, via di-Higgs production, at the LHC [4-8]. The leading order Feynman diagrams
for SM di-Higgs production are shown in Fig. 1. The triangle diagram provides the sensitiv-
ity to the Higgs self-coupling and interferes destructively with the box diagram, resulting in
the cross section for HH production to be small in the SM, amounting to 11.18 + 0.56 (scale)
+ 0.35 (PDF) =+ 0.29 (a;) fb at a center-of-mass energy of \/s = 8 TeV [9]. This value has been
computed at next-to-next-to-leading order (NNLO) precision, with next-to-next-to-leading log-
arithm (NNLL) corrections included. The scale uncertainty represents the unknown effect of
higher order terms. The uncertainty arising due to the uncertainties on the parton distribution
functions (PDF) have been computed following the recommendations given in [10] and using
the PDFALHC15NNLOMC set of PDF. An additional uncertainty of the order of 10% arises due
to unknown top quark mass effects [11]. The mass distributions of the Higgs boson pair as
expected in the SM and also for other values of A exhibit a broad maximum around 400 GeV
and varies as a function of A. We refer to this case as non-resonant production.

Figure 2: Leading-order diagram for the production of a pair of SM-like Higgs bosons of mass
my = 125 GeV, resulting from the decay of a new heavy resonance X.

The HH production rate may be enhanced if a heavy resonance X decays into a pair of Higgs
bosons. Various theories beyond the SM postulate such decays, in particular: two-Higgs dou-
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blet models [12, 13], composite Higgs models [14, 15], Higgs portal models [16, 17], and models
inspired by warped extra dimensions [18]. In the latter theory, the heavy resonance X may ei-
ther be a radion with spin 0 [19-22] or the first Kaluza-Klein (KK) excitation of the graviton
with spin 2 [23, 24]. In case the heavy resonance has narrow width, a peak is expected in the
HH mass distribution. We refer to this case as the resonant HH boson production.

Searches for HH production have been performed earlier by the ATLAS [25-27] and CMS
Collaborations [28-30] in di-photon, multilepton and bb final states. This report presents the
results of a search for the resonant as well as the non-resonant di-Higgs production with one
of the Higgs bosons decaying to two bottom quarks, and the other decaying to two tau leptons
where the tau leptons decay hadronically (7,). This decay channel has higher cross section than
other channels and is also reasonably free from backgrounds. A search for a heavy resonance
decaying to two tau leptons, and two b jets through a pair of 125 GeV Higgs bosons, has been
previously performed by CMS and interpreted in the context of two-Higgs-doublet models and
supersymmetric SM extensions [30]. This work extends that search to a larger resonance mass
range in the theoretical contexts described above. The ATLAS collaboration has also searched
for non-resonant and resonant di-Higgs boson production in the bbtt decay channel. They
have observed (expected) a limit of 160 (130) times the SM cross section in the non-resonant
case and observed (expected) a limit of 1.0 pb (0.66 pb) in the resonant case [27].

2 Datasets and Monte Carlo samples

This search is based on proton-proton collision data corresponding to an integrated luminos-
ity of 18.3 fb~! recorded at /s = 8 TeV center-of-mass energy in 2012. Signal samples for
both the resonant and the non-resonant di-Higgs production, have been generated with MAD-
GRAPH [31]. Signal samples for resonant HH production have been generated for both the spin
0 (radion) and the spin 2 (graviton) hypotheses of the X resonance at the mx = 300, 500, 700
and 1000 GeV mass points. Shape templates for the signal extraction described in Sec. 8 are
produced for intermediate mass points using the “horizontal template morphing” technique
[32]. Signal shape templates for spin 0 and spin 2 resonances are produced in the range 300 to
1000 GeV in steps of 10 GeV. The efficiency and acceptance are interpolated linearly between
the masses mx = 300, 500, 700 and 1000 GeV.

Backgrounds arising from Z/v* — ee, Z/v* — uu, W+jets, tt, single top, and di-boson (WW,
WZ, Z7) productions are modeled using Monte Carlo simulation. The Z/y* — £ (¢ = e, p),
Wijets, tt, and di-boson samples are generated with MADGRAPH, and the single top samples
with POWHEG. Samples binned in parton level multiplicity are used for the Z/v* — ¢¢ and
Wjets backgrounds, in order to enhance the background event statistics in regions of high sig-
nal purity. Hadronic shower and hadronization processes are modeled using PYTHIA6.4 [33].
Taus are decayed by TAUOLA [34]. Generated Z/v* — ¢{ and W+jets events are normal-
ized to their respective NNLO cross sections [35]. The tt sample is normalized by the top pair
production cross section measured by CMS [36] times a scale-factor of 1.016, measured in a tt
enriched control region in the MSSM H — 77 analysis [37]. Furthermore, a kinematic reweight-
ing, used to better match the top quark pr distribution observed in data, is applied to simulated
tt events [38, 39]. The single-top and di-boson events are normalized to their respective NLO
cross sections [40].

Standard model single Higgs boson productions are modeled using POWHEG [41]. The fol-
lowing production processes are considered: gluon-gluon fusion (ggH), vector-boson-fusion
(qqH), associated production of the Higgs with W and Z bosons (V+Higgs) and associated
production with tt and bb pairs. The samples have been produced assuming a Higgs mass of



my = 125 GeV and are normalized according to the cross sections given in Ref. [42] for a Higgs
boson of this mass. The Higgs decays that have been taken into account in this analysis are
H — bb for ZH and WH productions, H — t7 for VH and ¢¢H production, and both H — bb
and H — 77 for qqH production.

Additional proton-proton interactions happening in coincidence with the generated events are
added before detector simulation in order to match the observed distribution of the number of
simultaneous interactions per bunch-crossing (pileup). For this purpose, minimum bias events
generated with PYTHIA are added to all generated Monte Carlo samples according to the
expected pileup profile at the location of the CMS detector. Simulated events are reweighted in
order to match the number of pileup interactions expected in data, which is computed based on
the instantaneous luminosity and the pp inelastic cross section. All generated events are passed
through the full GEANT [43] based simulation of the CMS detector and are reconstructed using
the same version of the CMS event reconstruction software as the data.

A special technique, referred to as embedding, is used to model the background arising from
Z/v* — 77 Drell-Yan production. Embedded samples are produced by selecting Z/v* — uu
events in data and replacing the reconstructed muons by generator level tau leptons with the
same four-vectors as that of the muons. The taus are decayed using TAUOLA. Tau polarization
effects are modeled using TAUSPINNER [44]. The GEANT [43] based detector simulation is
used to model the detector response to the T decay products. The visible T decay products
are reconstructed with the particle flow (PF) algorithm [45, 46], and mixed with the remaining
particles of the Z/v* — up event, after the two muons are removed. Finally, 7, candidates, jets,
and El}”“ are reconstructed, the isolation of electrons and muons is computed, and the event is
analyzed as if it were data.

The sample of Z/y* — uu events that is used as input for the production of Z/y* — 7 embed-
ded samples contains contributions of backgrounds, predominantly from tt — W bW~b —
pt v, b u~v,b. While the overall level of these background contributions is small, on the level of
one per mille of the Z/9* — 77 embedded sample, the contamination of the embedded sam-
ples with tt background becomes relevant in case a subset of events with one or more b-tagged
jets is selected. The tt contribution in the embedded samples is corrected for using tt Monte
Carlo simulated events that are fed through the embedding procedure in the same way as the
data. Further details of correcting the embedding samples for the tt contamination are given in
Sec. 6.1. The QCD background is obtained fully from data, as described in Sec. 6.2.

In order to improve the modeling of the data, corrections to Monte Carlo simulated events are
applied. These corrections are related to the T, trigger efficiency, the T, energy scale, misiden-
tification of electrons or jets as T, E** resolution and response, b-tag efficiency and mistag
rate, etc. The corrections are described in detail in Ref. [47]. No trigger efficiency corrections
are applied in case of embedded samples, as the trigger efficiency measured in data is applied
to the embedded samples as event weight (cf. Sec. 4).

3 Particle reconstruction and identification

This section describes the methods employed to identify various particles used in this analysis,
such as electrons, muons, jets, missing energy, and taus decaying hadronically.

3.1 Electrons and muons

Electrons and muons are used in this analysis solely for the purpose of vetoing events, as de-
scribed in Sec. 4. We refer to Ref. [47] for a description of the electron and muon identification



4 4 Event selection

criteria and for the computation of their isolation.

3.2 Hadronic tau decays

Hadronic decays of tau leptons are reconstructed by the “hadrons plus strips” (HPS) identifi-
cation algorithm [48]. The constituents of the jets are analyzed in order to identify individual
tau lepton hadronic decay modes. The 1, candidates used in this analysis are required to be
reconstructed in one of the following modes single hadron, hadron plus one strip, hadron plus two
strips or three hadrons. The presence of extra particles within the jet, not compatible with the
reconstructed decay mode of the tau, is used as criterion to discriminate hadronic tau decays
from quark and gluon jets. Additional discriminators are provided to separate hadronic tau
decays from electrons and muons.

3.3 Jets

Jets within the pseudorapidity || < 4.7 are built using the anti-kt algorithm [49] with a dis-
tance parameter R = 0.5, using particles reconstructed by the PF algorithm as input. Recon-
structed jets are required to pass two levels of jet identification criteria: fake jets, mainly arising
from calorimeter noise, are rejected by requiring reconstructed jets to pass a set of loose jet
identification criteria [50]. Jets originating from pileup interactions are suppressed by a jet
identification discriminator [51] based on multivariate (MVA) techniques. The energy of re-
constructed jets is calibrated as function jet pr and # [52]. Fastjet-p-based [53, 54] jet energy
corrections are applied in order to correct for pileup effects.

Calibrated jets of |17| < 2.4 and pt > 20 GeV that have a discriminator value of the “Combined
Secondary Vertex” (CSV) algorithm [55] of d > 0.679 are considered b-tagged. The discrimina-
tor threshold corresponds to the medium working point (WP) defined in Ref. [55].

3.4 Missing transverse energy

The missing transverse energy, E*%, in the event is reconstructed using a MVA based algo-
rithm [56]. This algorithm utilizes the fact that pileup predominantly produces low pr jets and
“unclustered energy” (hadrons not within jets), while leptons and high pr jets are almost ex-
clusively produced by the hard-scatter interaction, even in high pileup conditions. The two T
candidates reconstructed by the HPS algorithm are considered as “leptons” for the purpose of
reconstructing ETT"iSS. In addition, the algorithm provides event-by-event estimates of the E?iss
resolution. Compared to previously used E'*S reconstruction algorithms, this MVA based al-
gorithm reduces the sensitivity to pileup significantly and improves the E?**S resolution by
about 40% in pileup conditions typical for the 2012 data-taking period [56].

4 Event selection

In this analysis a combination of a single jet trigger (with a pr threshold of 320 GeV) and a
di-tau trigger (with a pr threshold of 35 GeV for each tau) was used to select events in data.
If the event contained no hadronically decaying tau with pr greater than 350 GeV, the event
is required to have fired the di-tau trigger. Otherwise, it is required to have passed the single
jet trigger. A further selection of events consists of a set of generic cuts, which ensure that
the data considered in the analysis is of good quality, and a set of analysis specific selection
criteria, determined by trigger requirements and the need to suppress specific backgrounds.
The generic selection criteria that are applied to events in the signal region as well as to events
in the background dominated control regions (described in Sec. 6) require the events to pass a
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good-run selection and pass the trigger conditions mentioned above. The events are required
to have a primary vertex within |z, | < 24 cm, |r| < 2 cm. The vertex with the highest ) pr of
associated tracks is selected as the vertex of the hard-scatter interaction in the event.

Special treatment concerning the trigger is needed when processing the Z/v* — 17 embedded
samples, due to the fact that the trigger decision used in the analysis is not available in the
embedded Z/+* — uu data which was selected using muon triggers. Instead of requiring the
embedded events to pass the trigger requirements, we weight the events by the efficiency for
Z/v* — TT events to pass the trigger conditions. The efficiencies have been measured in data,
using the procedure described in Ref. [47].

The following additional selection criteria are applied to events considered in the signal region:

e The event is required to contain two hadronic taus of pr > 45 GeV and || < 2.1,
which are reconstructed by the HPS algorithm and pass the tight WP of the MVA-
based tau identification discriminator that includes tau lifetime information [57]. In
case the pr of the leading 7}, candidate is below 350 GeV and the event is recorded
by the di-Tau trigger, both 7, candidates are required to be matched, within AR <
0.5, to the tau objects that trigger the event. For events with a leading 7, candidate
of pr > 350 GeV, the leading T, candidate is required to be matched in AR to the
highest pr jet that triggers the event. This matching requirement is not applied to
reconstructed T, candidates in case of the embedded samples. It is further required
that the 7, with the lower pr of the two passes the loose WP of the MVA-based
discriminator against electrons.

e The two 7, candidates are required to be of opposite charge. The di-tau mass, recon-
structed by the SVfit algorithm (as described in the following section), is required
to be 80 < m¢r < 140 GeV. In case multiple combinations exist in an event, the
combination with the highest sum of raw outputs of the MVA tau identification dis-
criminator is taken.

e The event is required to contain two jets of pr > 20 GeV and || < 4.7. The jets are
required to be separated from each of the two T, candidates by AR > 0.5.

e The mass of the two jets is required to be within the window 80 < m;; < 170 GeV
before the kinematic fit is used. The x? of the kinematic fit, which quantifies the
level of compatibility of the mass of the jet pair with my = 125 GeV (cf. Sec. 4.1), is
required to satisfy x? < 20.

e Events containing an isolated electron of pr > 15 GeV and |y| < 2.4, passing the
cut-based “veto” electron identification criteria or an isolated muon of pr > 15 GeV
and |17| < 2.4, reconstructed as global and as tracker muon and passing the particle-
flow muon identification criteria, are rejected. Electrons and muons are considered
to be isolated if they satisfy a cut on the relative isolation, I, < 0.30 - p% L =e ),
with I, computed as described in Ref. [47].

In the non-resonant di-Higgs production, the Higgs are boosted and as a result the tau lepton
pair coming from their decays are also boosted. Therefore, in the non-resonant search, the
distance in 17-¢ between the two 7, candidates is required to satisfy the condition AR < 2.0.

4.1 Di-Higgs mass reconstruction

The Higgs boson that decays into a pair of tau leptons is reconstructed by the SVfit algorithm
[58]. The algorithm published in Ref. [58] has been extended to allow for the reconstruction
of the full four-momentum vector (pr, 7, ¢, and mass) of the tau lepton pair. No constraint is
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applied on the mass of the tau lepton pair.

In case of resonant di-Higgs production, we reconstruct the four-vector of the Higgs boson that
decays into bottom quarks by means of a kinematic fit. The fit varies the energy and mass of
each b-jet within their expected resolution, subject to the constraint that the mass of the two
b-jets equals my = 125 GeV. The mass of the di-Higgs system, mpp, is then computed by
adding the reconstructed four-vectors of the two Higgs bosons.

In case of the non-resonant HH production, an estimator for the mass of the di-Higgs system,
referred to as mr; in the literature [59, 60], is used as shape variable to separate the signal from
backgrounds. The observable mr; provides an upper kinematic bound on the mass of the di-
Higgs system in each event. The variable performs well, in particular, in separating the signal
from the large tf background. While for signal events mr, extends up to 300-400 GeV, the mr;
distribution for tf background events is concentrated below the top mass.

5 Definition of event categories

The presence of two b-tagged jets in the final state of HH — bbtT signal events is expected.
As the efficiency to reconstruct both b-jets is limited by the b-tagging efficiency of ~ 36%, the
efficiency of the signal selection is enhanced by allowing events with one b-tagged jet plus
one non-b-tagged jet to contribute to the analysis. A control region containing events with
two or more jets, none of which passes the b-tagging criteria, is used to constrain systematic
uncertainties. More specifically, the three event categories are:

o 2jet2tag
Events in this category are required to contain at least two jets of pr > 20 GeV,
|| < 2.4 and passing the medium WP (d > 0.679) of the CSV b-tag discriminator
(cf. Sec. 3.3).

o 2jetltag
Events in this category are required to contain one jet of pt > 20 GeV, || < 2.4 and
passing the medium WP of the CSV b-tag discriminator plus one or more additional
jet of pr > 20 GeV. The additional jet is required to either not satisfy || < 2.4 or to
fail the medium WP of the CSV b-tag discriminator.

o 2jetOtag
Events in this category are required to contain at least two jets of pr > 20 GeV, all
of which either do not satisfy || < 2.4 or fail the medium WP of the CSV b-tag
discriminator.

The above mentioned categories are exclusive of one another. For the purpose of studying
the modelling of the data by the Monte Carlo simulation in a region that is not sensitive to
the presence or absence of a signal, we define as “inclusive” event category the conjunction of
the three categories 2jet2tag, 2jetltag and 2jetOtag. The cuts on i, mj;, x*, and AR, are not
applied in the inclusive category.

6 Background estimation

This section describes how contributions from various background channels are estimated. The
highest amount of contamination in this analysis comes from QCD events. The next impotant
contribution to the background comes from the Z/y* — 77 decays, followed by the W+jets
events.
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6.1 Z/Iv* > 17

The dominant irreducible Z/v* — 77 background is modeled by applying the embedding
method to Z/v* — up events selected in the \/s = 8 TeV data as described in Sec. 2. The
embedded samples are normalized to the sum of event yields obtained from the Z/v* — 17
Monte Carlo sample produced by MADGRAPH plus the tt MC embedded sample, in the inclu-
sive event category.

The contamination of the embedded samples with tt background is corrected by subtracting
the shape and the estimated yield of the tt MC embedded from the Z/9* — 7T embedded
sample. The subtraction is performed separately for each event category. In case the difference
of Z/v* — 17 embedded minus t{f MC embedded sample is negative in a given bin, the content
of this bin is set to zero. Otherwise the uncertainty on the bin content is set to the sum of
uncertainties of Z/y* — 17 embedded plus tt MC embedded sample in that bin, added in
quadrature.

The embedded samples cover only part of the Z/v* — TT background, namely events in
which both reconstructed hadronic taus match a T — 7,v decay on generator level, due to cuts
that are applied to the MC generator during the production of the embedded samples. These
cuts are applied in the production of the embedded samples, in order to maximize the event
statistics of Z/y* — 7T background events passing the analysis cuts described in Sec. 4. The
small additional contribution arising from Z/* — 77 background events in which one or both
reconstructed T, are due to a misidentified electron, muon or jet are taken from the Z/* — 17
Monte Carlo sample produced by MADGRAPH.

6.2 QCD

QCD multijet production constitutes the largest reducible background in this analysis. Both
reconstructed hadronic tau candidates in these events are typically due to a jet faking the 7.
The QCD background contribution is determined fully from data, by measuring the probability
for the “leading” (higher pr) T, candidate in the event to either pass the tight WP or pass the
very loose WD, but fail the tight WP of the MVA-based tau identification discriminator that
includes tau lifetime information. The probabilities are measured in events in which both 7,
candidates are of the same charge (“SS” sample). The inclusive event category selection is
applied. The measurement is performed as a function of the 7, candidate pr in three regions of
n: |yl < 12,12 < || < 1.7and 1.7 < || < 2.1. The ratio of the probability to pass the tight
WP to the probability to pass the very loose WP, but fail the tight WP is denoted by Pf,. The
probabilities are fitted with linear functions, as a function of the pr of the 7, candidate.

The shape template and normalization for the QCD background in the signal region is obtained
by selecting events which pass the event and category selection criteria described in Secs. 4
and 5, except that the “leading” T, candidate in the event is required to pass the very loose WP,
but fail the tight WP. This is referred to as the “OS anti-iso” sample. The probability to pass
the tight WP, taken from the linear function that has been fitted to Pf,, is applied as an event
weight. Contributions of other backgrounds to the SS and OS anti-iso samples are subtracted
based on Monte Carlo predictions.

6.3 tt

The contribution of tt background is modeled using the Monte Carlo simulation. The reweight-
ing of simulated tt events, described in Sec. 2, is applied in order to improve the agreement
between the top-quark pr spectra in data and Monte Carlo simulation. Measurements of the
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differential tt production cross section [39] indicate that the kinematics of tt are well modeled
by the Monte Carlo simulation after this correction is applied.

6.4 W +jets, Z/y* — L4, single top and di-boson

The background contributions arising from W+jets, Z/y* — ¢ (¢ = e, u), single top and di-
boson production are small and are modeled using the Monte Carlo simulation. Corrections
are applied to account for differences between data and Monte Carlo simulation in the jet — T,
and e — T, misidentification rates, as described in Sec. 2.

7 Systematic uncertainties

We distinguish between yield and shape systematic uncertainties. Yield uncertainties are those
which affect the number of signal or background events selected in a given event category and
channel. Shape uncertainties are those which affect the number of signal or background events
in individual bins of kinematic distributions. Changes in normalization, given by the sum of
the signal or background expectation in all bins, may be possible for the shape uncertainties
that we consider too. The yield and shape systematics relevant for this analysis are discussed
in Secs. 7.1 and 7.2, respectively.

An additional uncertainty arises from limited statistics available to model the myy and mr;
distributions of individual backgrounds in some of the event categories. The treatment of such
uncertainties is described in Sec. 8.

7.1 Yield systematics

e Ty, trigger and identification efficiency

The uncertainty on the 7, identification efficiency been measured using Z/y* —
TT — UT, events and amounts to 6% [57]. Hadronic taus in Z/* — 77T events
typically have a transverse momenta in the range 20 to 50 GeV. An uncorrelated un-
certainty of 20% - looopﬁ is added to account for the extrapolation to high pr. The
uncertainty on the efficiency of the 7,7, trigger amounts to 4.5% per leg. The uncer-
tainty in the MC modelling of the trigger ineffiency for high pt 7, candidates is also
taken into account (cf. Ref. [47]). We take 100% of the efficiency drop, parametrized
as a function of tau pr, as the systematic uncertainty.

e Background yields

The rate of the Z/vy* — ¢ ({ = e, u) background is attributed an uncertainty of 5%.
The normalization of the Z/v* — 17T embedded samples in the inclusive event cat-
egory, obtained using Monte Carlo samples produced by MADGRAPH as described
in Sec. 6.1, is attributed an uncertainty of 5%. An additional uncertainty of 5% is
assigned to the fraction of Z/v* — 7T events entering the 2jet2tag and 2jetltag cat-
egories. The uncertainty has been introduced by the SM and MSSM H — 7T analy-
ses [61, 62] to cover potential small biases of the embedding technique described in
section 6.1. The uncertainty on the yield of tt, single top and di-boson backgrounds
amounts to 15%. The rate of W+ets background is known with an uncertainty of
30%. These are conservative estimates.

e Luminosity
The uncertainty on the luminosity amounts to 2.6% [63]. This uncertainty is applied
to the signal and to Z/v* — ¢¢ (¢ = e, u, T), WHjets, single top and di-boson back-
grounds. Note that the luminosity uncertainty does not apply to the tt background,
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as the tt background is normalized using a tt dominated control region in data (cf.
Sec. 2). The normalization of the QCD background is obtained from data and hence
not subject to the luminosity uncertainty.

7.2 Shape systematics

e T, energy scale
The energy scale of hadronically decaying taus is varied by 3%, following CMS rec-
ommendation [57].

o Jet energy scale
Jet energy scale uncertainties range from 1-10% and are provided as functions of jet
pr and n [64]. They affect the yield of signal and background events in the dif-
ferent event categories and the shape of the myy distribution. The jet energy scale
uncertainties are not propagated to the EZ**. The E'S related uncertainties on the
mypy and mry distributions are instead covered by the Z-recoil correction uncertain-
ties. The Z-recoil correction is computed by comparing data with MC in Z — ee,
Z — up, and photon + jets samples, which do not have any intrinsic E*.

e b-tagging efficiency and mistag rate
Uncertainties on b-tagging efficiencies and mistag rates are evaluated as functions
of jet pr and # as recommended in Ref. [55]. The effect of these uncertainties on
the analysis is evaluated by varying the Monte Carlo-to-data scale-factors described
in Sec. 2 by plus or minus one standard deviation and reanalyzing the events. As
the scale-factors depend on pr and 7, the uncertainties on b-tagging efficiencies and
mistag rates may affect the shape of the myy and mr; distributions.

¢ QCD background estimation
The uncertainty on the normalization and shape of the QCD background is obtained
by adding the statistical uncertainty on the yield of events in the OS anti-iso sample
in quadrature with the uncertainty on the the slope and offset parameters of the
function used to fit Py, as described in Sec. 6.2.

e E™s resolution and response
Uncertainties on EZ** resolution and response are accounted for by varying the Z-
recoil correction parameters within the uncertainties determined within the method.
The E?iss and all E’T”iss related observables (including myy and mr;) are recomputed
after each such variation.

e Top quark pt reweighting
The reweighting that is applied to simulated tt events (cf. Sec. 2) is varied between
nominal and twice the nominal correction being applied. [37, 38].

8 Signal extraction

Upper limits on the signal rate are determined by a binned maximum likelihood fit for the sig-
nal plus background and background-only hypotheses. In case of resonant (non-resonant) di-Higgs
boson production, we fit the distribution of myy (m72), reconstructed as described in Sec. 4.1.
We follow a modified frequentist approach, known as the CL; method [65-67]. Statistical un-
certainties on the shape templates are accounted for via the Barlow-Beeston method [68, 69].
Constraints on yield uncertainties are represented by either log-normal or by Gamma proba-
bility density functions. Uncertainties which correspond to multiplicative factors on the signal
or background yield (e.g. cross sections, efficiencies, fake-rates and sideband extrapolation fac-
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tors) are represented by log-normal constraints. Systematic uncertainties that are of statistical
origin, e.g. corresponding to the number of events observed in a control region, are represented
by Gamma distributions. Systematic uncertainties in the shape of the myy and mr; distribution
for signal as well as background processes are accounted for by the “vertical template morph-
ing” technique [69]. A bias that is introduced due to the limited event statistics in the m and
mr; shape templates is taken into account by the Barlow-Beeston method [68, 69].

In order to make the signal extraction less demanding in terms of computing time, the num-
ber of nuisance parameters representing statistical fluctuations of the shape templates are re-
duced by summing the statistical uncertainties of all backgrounds contributing to a given bin in
quadrature and attributing the combined uncertainty to the dominant background. Statistical
uncertainties which are within 10% of the background contribution expected in a given bin are
neglected.

9 Results
9.1 Observed yields

The number of events observed in the 2jet2tag, 2jetltag, and 2jetOtag categories as well as the
expected yield of background processes are given in Tab. 1.

The distribution of myy (m72) for the events selected in the 2jet2tag, 2jetltag, and 2jetOtag cate-
gory in case of the resonant (non-resonant) analysis are shown in Figs. 3 and 4. The event yields
and mass distributions observed in data are in agreement with the background prediction. No
evidence for the presence of a signal is observed.

9.2 Cross section limits

In the absence of evidence for a signal, we proceed by setting 95% CL upper limits on cross
section times branching ratio for the production of resonances decaying to a pair of SM-like
Higgs bosons of mass my = 125 GeV and on non-resonant di-Higgs boson production. The
difference between the limits computed for radion — HH and graviton — HH signals is small,
indicating that the limits on resonant di-Higgs boson production do not depend on these par-
ticular models. In case of non-resonant HH production, the limit has been computed assuming
SM event kinematics. Some model dependency is expected in this case, as the signal acceptance
times efficiency as well as the shape of the mr; distribution vary as functions of the mpy; spec-
trum predicted by the model. The limits obtained for resonant di-Higgs boson production are
given in Tab. 2 and are shown in Fig. 5. In this figure, the expected limits were computed for a
generic Spin-0/2 resonance decaying to 2 SM Higgs bosons. The theory curves for the graviton
case were based on KK graviton production in the bulk and RS1 models, respectively [70, 71].
To obtain the radion theory curves, cross section for radion production via gluon fusion were
computed (to NLO electroweak and NNLO QCD accuracy) for different values of fundamen-
tal theory parameter Ar which were then multplied by a K-factor calculated for SM-like Higgs
boson production through gluon-gluon fusion [72-74]. For non-resonant HH production the
observed (expected) limits on o (pp — HH) amounts to 0.59 pb (0.94 *55$ pb), corresponding
to 53 (84) times the cross section predicted by the SM.

A search for non-resonant and resonant di-Higgs boson production has been performed by the
ATLAS collaboration in the bbtt, yYWW*, yybb, and bbbb channels [27]. The observed (ex-
pected) limit for non-resonant di-Higgs boson production, obtained from the combination of
all channels, amounts to 70 (48) times the SM cross section. In the bbtautau channel alone, a
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Figure 3: Distribution of mpyy (left) and of mr; (right) observed in the 2jetOtag (top) and 2jetltag
(bottom) event category, compared to the expectation for background processes. Hypothetical
signals have been overlayed for comparison. The signal shown in case of the myy distribution
corresponds to the decays of a spin 2 resonance X of mass mx = 500 GeV that is produced
with a cross section times branching fraction of o(pp — X) x BR(X — HH) = 1 pb. In case of
the mr; distribution, a non-resonant HH signal with a cross section a(pp — HH) of 1.118 pb,
corresponding to 100 times the SM cross section, is shown. The expectation for signal and
background processes is shown for the postfit values of nuisance parameters.
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Figure 4: Distribution of mpyp (left) and of mr; (right) observed in the 2jet2tag event category,
compared to the expectation for background processes. Hypothetical signals have been over-
layed for comparison. The signal shown in case of the mypy distribution corresponds to the
decays of a spin 2 resonance X of mass mx = 500 GeV that is produced with a cross section
times branching fraction of o(pp — X) x BR(X — HH) = 1 pb. In case of the m, distribution,
a non-resonant HH signal with a cross section o(pp — HH) of 1.118 pb, corresponding to 100
times the SM cross section, is shown. The expectation for signal and background processes is
shown for the postfit values of nuisance parameters.
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Figure 5: 95% CL upper limits on resonant HH production. The limits for resonant di-Higgs
boson production have been computed for a spin 0 (left) and for a spin 2 (right) resonance
X and are shown as function of the resonance mass myx. The theory curves for the graviton
case were based on KK graviton production in the bulk and RS1 models respectively [70, 71].
To obtain the radion theory curves, cross section for radion production via gluon fusion were
computed (to NLO electroweak and NNLO QCD accuracy) for different values of fundamental
theory parameter Ag which were then multplied by a K-factor calculated for SM-like Higgs
boson production through gluon-gluon fusion [72-74].



14 10 Summary

Non-resonant analysis
Process 2jetOtag 2jetltag  2jet2tag
Non-resonant HH production 1.3 +£0.2 51+07 47 £ 06
Z =TT 1203 £11.1 177 £ 3.0 2.0+ 08
QCD multijet 279 £ 27 54+1.0 07+£02
Wjets 43+ 08 04+01 04=£01
Z+jets (e, p or jet faking T,) 0.7 £0.2 <01 <01
tt 1.3 £02 34+05 12+£02
Di-bosons + single top 57 £1.0 1.14+02 05+01
SM Higgs 37+ 13 0602 02=£01
Total expected 1639 £ 114 286 +£32 52 +1.1
Observed data 165 26 1

Resonant analysis
Process 2jetOtag 2jetltag 2jet2tag
Radion — HH 16 £0.2 57+ 07 62+£08
Graviton — HH 24+03 78 £09 76+£09
Z— 1T 130.6 £ 13.8 198 £34 27 £1.0
QCD multijet 927 +£81 126 £22 18+06
Wjets 84+ 15 08+03 04+£01
Z+jets (e, u or jet faking T,) 1.6 &= 0.5 < 0.1 02+01
tt 25+ 04 52+ 07 27+£05
Di-bosons + single top 6.1 £1.1 1.7+ 04 05=x01
SM Higgs 50+ 1.7 07+02 02+0.1
Total expected 246.8 =139 406 £39 84+ 13
Observed data 268 39 4

Table 1: Observed and expected event yields in different event categories, for the analysis of
non-resonant (top) and resonant (bottom) HH production. Expected event yields are computed
using values of nuisance parameters obtained by the maximum likelihood fit to the data as de-
scribed in Sec. 8. Quoted uncertainties represent the combination of statistical plus systematic
uncertainties. In case of resonant di-Higgs boson production, the signal yield has been com-
puted for a resonance with of mass mx = 500 GeV and a radion or graviton production cross
section times branching fraction of o(pp — X) x BR(X — HH) = 1 pb. The signal rate ex-
pected for non-resonant HH production has been computed for a cross section o(pp — HH)
of 1.118 pb, corresponding to 100 times the SM cross section, and SM event kinematics.

limit of 160 (130) times the SM cross section is observed (expected). For the production of a res-
onance X of mass mx = 500 GeV that decays into a pair of H bosons, the ATLAS collaboration
sets an observed (expected) limit of 0.61 pb (0.38 pb) from the combination of all channels, and
a limit of 1.0 pb (0.66 pb) is observed (expected) in the bbtautau channel alone.

10 Summary

A search for events containing a pair of SM-like Higgs bosons of mass my = 125 GeV has been
performed. Resonant as well as non-resonant production of the Higgs boson pair has been
studied in the channel where one Higgs boson decays to a pair of b-quarks and the other Higgs
boson decays to a tau lepton pair, using pp collision data recorded by the CMS experiment at
8 TeV center-of-mass energy in 2012, corresponding to an integrated luminosity of 18.3 fb 1.



15

mx Radion (] = 0) Graviton (] = 2)
[GeV] Expected | Observed | Expected | Observed
300 7.78 5.42 5.51 3.97
350 2.08 1.33 1.58 1.03
400 1.13 0.79 0.87 0.58
450 0.73 0.75 0.61 0.60
500 0.50 0.44 0.41 0.36
600 0.30 0.28 0.23 0.23
700 0.20 0.21 0.16 0.16
800 0.19 0.20 0.16 0.16
900 0.16 0.16 0.14 0.14
1000 0.15 0.14 0.14 0.14

Table 2: 95% CL upper limits on resonant HH production in units of pb for spin | = 0 (radion)
and spin | = 2 (graviton) resonances X, at different masses mx.

No evidence for a signal is observed and corresponding upper limits on the signal rate are set.
In case of resonant HH production, the limit on ¢(pp — X) x BR(X — HH) for a resonance of
spin 0 (spin 2) of mass mx ranges from 5.42 pb (3.97 pb) at mx = 300 GeV to 0.14 pb (0.14 pb) at
myx = 1000 GeV. The limit on non-resonant production amounts to 53 times the rate predicted
by the SM. This limit has been computed assuming SM event kinematics.
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