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1 Introduction

The discovery of a new boson at the CERN LHC reported by the ATLAS and CMS
collaborations [1-3] has been followed by a comprehensive set of measurements aimed at
establishing the properties of the new boson. Results reported by ATLAS and CMS [4-22],
so far, are consistent with the standard model (SM) expectations for the Higgs boson (H).
Measurements of the production cross section of the Higgs boson times branching
fraction in a restricted part of the phase space (fiducial phase space) and its kinematic
properties represent an important test for possible deviations from the SM predictions. In
particular, it has been shown that the Higgs boson transverse momentum (p%) spectrum
can be significantly affected by the presence of interactions not predicted by the SM [23-27].
In addition, these measurements allow accurate tests of the theoretical calculations in the
SM Higgs sector, which offer up to next-to-next-to-leading-order (NNLO) accuracy in per-
turbative Quantum ChromoDynamics (pQCD), up to next-to-next-to-leading-logarithmic
(NNLL) accuracy in the resummation of soft-gluon effects at small pp, and up to next-to-
leading-order (NLO) accuracy in perturbative electroweak corrections [28-30].
Measurements of the fiducial cross sections and of several differential distributions,
using the /s = 8 TeV LHC data, have been reported by ATLAS [31-33] and CMS [34, 35]
for the H — ZZ — 4¢ (¢ = e, ) and H — 7 decay channels, and recently by ATLAS [36]
for the H - WHW~ — ety Frr decay channel. In this paper we report a measurement of



the fiducial cross section times branching fraction (o x B) and pr spectrum for Higgs boson
production in H - WHW~ — et Fvr decays, based on /s = 8 TeV LHC data. The anal-
ysis is performed looking at different flavour leptons in the final state in order to suppress
the sizeable contribution of backgrounds containing a same-flavour lepton pair originating
from Z boson decay. Although the H — WHTW~ — 2/2v channel has lower resolution in
the pil measurement compared to the H — vy and H — ZZ — 4/ channels because of
neutrinos in the final state, the channel has a significantly larger o B, exceeding those for
H — v by a factor of 10 and H — ZZ — 4¢ by a factor of 85 for a Higgs boson mass of
125 GeV [37], and is characterized by good signal sensitivity. Such sensitivity allowed the
observation of a Higgs boson at the level of 4.3 (5.8 expected) standard deviations for a
mass hypothesis of 125.6 GeV using the full LHC data set at 7 and 8 TeV [7].

The measurement is performed in a fiducial phase space defined by kinematic require-
ments on the leptons that closely match the experimental event selection. The effect of the
limited detector resolution, as well as the selection efficiency with respect to the fiducial
phase space are corrected to particle level with an unfolding procedure [38]. This procedure
is based on the knowledge of the detector response matrix, derived from the simulation of
the CMS response to signal events, and consists of an inversion of the response matrix with a
regularization prescription to tame unphysical statistical fluctuations in the unfolded result.

The analysis presented here is based on the previously published H — WTW— — 202v
measurements by CMS [7]. A notable difference from those measurements is that this
analysis is inclusive in the number of jets, which allows the uncertainties related to the
theoretical modelling of additional jets produced in association with the Higgs boson to
be reduced. There are two important backgrounds: for p% values below approximately
50 GeV the dominant background is WW production, while above 50 GeV the production
of top-anti-top (tt) quarks dominates.

This paper is organized as follows: in section 2 a brief description of the CMS detector
is given. The data sets and Monte Carlo (MC) simulated samples are described in section 3.
The strategy adopted in the analysis is described in section 4, including the definition of
the fiducial phase space. The event selection and a description of all relevant backgrounds
are given in section 5, followed by an overview of the systematic uncertainties important
for the analysis in section 6. The technique used for the extraction of the Higgs boson
signal contribution is described in section 7, together with the signal and background
yields and the reconstructed p% spectrum. The unfolding procedure used to extrapolate
the reconstructed spectrum to the fiducial phase space is described in section 8, including a
detailed description of the treatment of systematic uncertainties in the unfolding. Finally,
section 9 presents the result of the measurement of the fiducial o B and prlg spectrum, and
their comparison with the theoretical predictions.

2 The CMS experiment

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, which cover a pseudorapidity (n) region of || < 2.5, a lead tungstate



crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter
(HCAL), each composed of a barrel and two endcap sections, covering |n| < 3. Forward
calorimetry extends the n coverage provided by the barrel and endcap detectors from 7 > 3
to n < 5.2. Muons are measured in gas-ionization detectors embedded in the steel flux-
return yoke outside the solenoid. A more detailed description of the CMS detector, together
with a definition of the coordinate system used and the relevant kinematic variables, can
be found in ref. [39].

The particle-flow event algorithm reconstructs and identifies each individual particle
with an optimized combination of information from the various elements of the CMS de-
tector [40-44]. The energy of photons is obtained from the ECAL measurement, corrected
for instrumental effects. The energy of electrons is determined from a combination of the
electron momentum at the primary interaction vertex as determined by the tracker, the
energy of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung pho-
tons spatially compatible with originating from the electron track [45]. The momentum of
muons is obtained from the curvature of the corresponding track. The energy of charged
hadrons is determined from a combination of their momentum measured in the tracker and
the matching ECAL and HCAL energy deposits, corrected for zero-suppression effects and
for the response function of the calorimeters to hadronic showers. Finally, the energy of
neutral hadrons is obtained from the corresponding corrected ECAL and HCAL energy.
Jets are reconstructed from the individual particles using the anti-k; clustering algorithm
with a distance parameter of 0.5, as implemented in the FASTIET package [46, 47].

The missing transverse momentum vector ﬁ%ﬁss is defined as the projection of the neg-
ative vector sum of the momenta of all reconstructed particles in an event on the plane per-
pendicular to the beams. Its magnitude is referred to as the missing transverse energy E%liss.

Details on the experimental techniques for the reconstruction, identification, and iso-
lation of electrons, muons and jets, as well as on the efficiencies of these techniques can be
found in refs. [44, 45, 48-52]. Details on the procedure used to calibrate the leptons and
jets in this analysis can be found in ref. [7].

3 Data and simulated samples

This analysis makes use of the same data and MC simulated samples as those used in
the previous H - WTW~ study [7]. Data were recorded by the CMS experiment during
2012 and correspond to an integrated luminosity of 19.4fb~! at a centre-of-mass energy of
8 TeV. The events are triggered by requiring the presence of either one or a combination
of electron and muon with high pt and tight identification and isolation criteria. Single-
lepton triggers are characterized by pr thresholds varying from 17 to 27 GeV for electrons
and from 17 to 24 GeV for muons. Dilepton ey triggers are required to have one electron
or one muon with pr > 17GeV and the other muon or electron with pr > 8 GeV. The
average combined trigger efficiency for signal events that pass the full event selection is
measured to be about 96% in the ey final state for a Higgs boson mass of 125 GeV.

The signal and background processes relevant for this analysis are simulated using
several MC programs. Simulations of the Higgs boson production through the gluon fusion



(ggH) and vector boson fusion (VBF) mechanisms are performed using the first version of
the POWHEG generator (POWHEG V1) [53-57] with NLO accuracy in pQCD, while PyTHIA
6.426 [58] is used to simulate associated Higgs boson production with vector bosons (VH).
The ttH production mechanism contributes less than 1% to the Higgs boson production
process and has not been included among the signal processes.

The main background processes, nonresonant qq — WTW™ and tt-+jets, are simulated
using the MADGRAPH 5.1.3 [59] and POWHEG V1 [60] event generators respectively. The
vy — WHTW™ process is simulated using the GG2WW 3.1 generator [61] and the cross
section is scaled to the approximate NLO prediction [62, 63]. The tW process is simulated
using the POWHEG V1 generator. Other background processes, such as Z/vy* — 7777, ZZ,
WZ, Wr, Wo*, tri-bosons (VVV), and W+jets are generated using MADGRAPH.

All signal and background generators are interfaced to PYTHIA 6 to simulate the effects
of the parton shower, multiple parton interactions, and hadronization.

The default parton distribution function (PDF) sets used are CTEQG6L [64] for LO
generators and CT10 [65] for NLO generators. The H — WTW™ process simulation is
reweighted so that the p% spectrum and inclusive production cross section closely match
the SM calculations that have NNLO+NNLL pQCD accuracy in the description of the
Higgs boson inclusive production, in accordance with the LHC Higgs Cross section Working
Group recommendations [37]. The reweighting of the p% spectrum is achieved by tuning
the POWHEG generator, as described in detail in ref. [66]. Cross sections computed with
NLO pQCD accuracy [37] are used for the background processes.

The samples are processed using a simulation of the CMS detector response, as modeled
by GEANT4 [67]. Minimum bias events are superimposed on the simulated events to emu-
late the additional pp interactions per bunch crossing (pileup). The events are reweighted
to correct for observed differences between data and simulation in the number of pileup
events, trigger efficiency, and lepton reconstruction and identification efficiencies [7].

For the comparison of the measured unfolded spectrum with the theoretical predictions,
two additional MC generators are used for simulating the SM Higgs boson production in
the ggH process: HRES 2.3 [29, 30] and the second version of the POWHEG generator
(POWHEG V2) [68]. HRES is a partonic level MC generator that computes the SM Higgs
boson cross section at NNLO accuracy in pQCD and performs the NNLL resummation
of soft-gluon effects at small pp. The central predictions of HRES are obtained including
the exact top and bottom quark mass contribution to the gluon fusion loop, fixing the
renormalization and factorization scale central values at a Higgs boson mass of 125 GeV.
The cross section normalization is scaled, to take into account electroweak corrections, by
a factor of 1.05 and the effects of threshold resummation by a factor of 1.06 [69, 70]. The
upper and lower bounds of the uncertainties are obtained by scaling up and down both the
renormalization and the factorization scales by a factor of two. The POWHEG V2 generator
is a matrix element based generator that provides a NLO description of the ggH process
in association with zero jets, taking into account the finite mass of the bottom and top
quarks. The POWHEG prediction is tuned using the POWHEG damping factor hdump of
104.17 GeV, in order to match the p% spectrum predicted by HRES in the full phase space.
This factor reduces the emission of additional jets in the high pt regime, and enhances the



contribution from the Sudakov form factor in the limit of low pr. The POWHEG generator
is interfaced to the JHUGEN generator version 5.2.5 [71-73] for the decay of the Higgs
boson to a W boson pair and interfaced with PYTHIA 8 [74] for the simulation of parton
shower and hadronization effects.

4 Analysis strategy

The analysis presented here is based on that used in the previously published H —
WHTW~ — 202v measurements by CMS [7], modified to be inclusive in the number of
jets. This modification significantly reduces the uncertainties related to the modelling of
the number of jets produced in association with the Higgs boson because the number of
jets is strongly correlated with p%.

Events are selected requiring the presence of two isolated leptons with opposite charge,
an electron and a muon, with pp > 20(10) GeV for the leading (subleading) lepton, and
with |n| < 2.5 for electrons and |n| < 2.4 for muons. No additional electron or muon
with pr > 10GeV is allowed. The two leptons are required to originate from a single
primary vertex. Among the vertices identified in the event, the vertex with the largest
ZpQT, where the sum runs over all tracks associated with that vertex, is chosen as the
primary vertex. The invariant mass of the two leptons, myy, is required to be greater than
12GeV. A projected Elfliss variable is defined as the component of ﬁ{f‘iss transverse to the
nearest lepton if the lepton is situated within the azimuthal angular window of +7/2 from
the ﬁ‘TniSS direction, or the E%“iss itself otherwise [7]. Since the E%liss resolution is degraded
by pileup, the minimum of two projected Effniss variables is used: one constructed from
all identified particles (full projected E%liss), and another constructed from the charged
particles only (track projected EXis%). Events must have both EX and the minimum
projected EEFiSS above 20 GeV. In order to suppress Z/y* — 7777 events, the vector
pr sum of the two leptons, pgfe, is required to be greater than 30 GeV and a minimum
transverse mass of the lepton plus E%iss vector of 60 GeV is required. The transverse mass
is defined as m = \/2pf}£E%ﬁSS[1 — cos Ap(LL, piiss)], where Ag (04, piiss) is the azimuthal

angle between the dilepton momentum and ﬁ%ﬁss.

Events surviving the requirements on leptons are dominantly those where a top quark-
antiquark pair is produced and both W bosons, which are part of the top quark decay
chain, decay leptonically (dileptonic tt). These events are identified using a b-jet tagging
method based on two algorithms: one is the track counting high-efficiency (TCHE) [75],
an algorithm based on the impact parameter of the tracks inside the jet, i.e. the distance
to the primary vertex at the point of closest approach in the transverse plane; and another
is Jet B Probability (JBP), an algorithm that assigns a per track probability of originating
from the primary vertex [76]. In addition, soft-muon tagging algorithms are used, which
remove events with a nonisolated soft muon, that is likely coming from a b quark decay.

No jet with pt > 30GeV may pass a threshold on the JBP b tagging discriminant
corresponding to a b tagging efficiency of 76% and a mistagging efficiency around 10%. No
jet with pr between 15 and 30 GeV may pass a TCHE b tagging discriminant threshold
chosen to have a high top quark background rejection efficiency [7]. In addition, for events



Physics quantity Requirement

Leading lepton pr pr > 20 GeV
Subleading lepton pr pr > 10 GeV
Pseudorapidity of electrons and muons Inl < 2.5

Invariant mass of the two charged leptons mye > 12 GeV
Charged lepton pair pr pgre > 30 GeV

Invariant mass of the leptonic system in the transverse plane mETK"” > 50 GeV
E%liss E'rrrniss >0

Table 1. Summary of requirements used in the definition of the fiducial phase space. The leptons
are defined at the Born-level.

with no reconstructed jets above 30 GeV, a soft-muon veto is applied. Soft muon candidates
are defined without isolation requirements and have ppr > 3 GeV. The efficiency for a b
jet with pr between 15 and 30 GeV to be identified both by the TCHE and soft-muon
algorithms is 32%.

Fiducial phase space requirements are chosen in order to minimize the dependence of
the measurements on the underlying model of the Higgs boson properties and its produc-
tion mechanism. The exact requirements are determined by considering the two following
correlated quantities: the reconstruction efficiency for signal events originating from within
the fiducial phase space (fiducial signal efficiency €gq), and the ratio of the number of re-
constructed signal events that are from outside the fiducial phase space (“out-of-fiducial”
signal events) to the number from within the fiducial phase space. The requirement of
having a small fraction of out-of-fiducial signal events, while at the same time preserving
a high value of the fiducial signal efficiency egq, leads to fiducial requirements at the gen-
erator level on the low-resolution variables, E%ﬁss and mT, that are looser with respect to
those applied in the reconstructed event selection.

The fiducial phase space used for the cross section measurements is defined at the
particle level by the requirements given in table 1. The leptons are defined as Born-level
leptons, i.e. before the emission of final-state radiation (FSR), and are required not to
originate from leptonic 7 decays. The effect of including FSR is evaluated to be of the
order of 5% in each p% bin. For the VH signal process the two leptons are required to
originate from the H — WHTW~ — 2/2v decays in order to avoid including leptons coming
from the associated W or Z boson.

Experimentally, the Higgs boson pr is reconstructed as the vector sum of the lepton

momenta in the transverse plane and pp"'*:

P = P+ . (4.1)

Compared to other differential analyses of the Higgs boson ¢ B, such as those in the
H — 7Z7Z — 4¢ and H — ~~ decay channels, this analysis has to cope with limited resolution
due to the ErT]rliSS entering the p% measurement. The effect of the limited E%liss resolution
has two main implications for the analysis strategy. The first one is that the choice of the



binning in the p% spectrum needs to take into account the detector resolution. The binning
in p% is built in such a way as to ensure that at least 60% of the signal events generated in
a given p% bin are also reconstructed in that bin. This procedure yields the following bin
boundaries: [0, 15], [15, 45], [45, 85], [85, 125], [125, 165], and [165, oo] GeV. The second
implication is that migrations of events across bins are significant.

The signal yield is extracted in each p% bin with a template fit to a two dimensional
distribution of my, and m. These two observables are chosen for the template fit because
they are weakly correlated with p%. The level of correlation is checked using simulation.

5 Background estimation

The signal extraction procedure requires the determination of the normalization and
(mge, mT) shape for each background source. After the event selection is applied, one
of the dominant contributions to the background processes arises from the top quark pro-
duction, including the dileptonic tt and tW processes. The top quark background is divided
into two categories with different jet multiplicity: the first category requires events without
jets with pr above 30 GeV and the second one requires at least one jet with pt > 30 GeV.
For the estimation of the top quark background in the first category, the same estimate
from control samples in data as in ref. [7] is used. The contribution of the background
in the second category is estimated independently in each prlg bin, by normalizing it in a
control region defined by requiring at least one jet with a JBP b tagging discriminator
value above a given threshold, chosen to have a pure control region enriched in b jets. In
addition, the quality of the Monte Carlo description of (mg, mr) kinematics is verified for
this background by looking at the shapes of these variables in the b jets enriched control
region and is found to be satisfactory.

The nonresonant qq — W1TW™ is determined independently in each p% bin. The
shape of the (mys, mr) distribution for this background is taken from the simulation,
and its normalization in each pf bin is obtained from the template fit of the (myg, mr)
distribution, together with the signal yield. Approximately 5% of the WTW~ — 202v
originates from a gluon-gluon initial state via a quark box diagram. This background is
treated separately and both normalization and shape are taken from simulation.

Backgrounds containing one or two misidentified leptons are estimated from events
selected with relaxed lepton quality criteria, using the techniques described in ref. [7].

The Z/v* — 717~ background process is estimated using Z/v* — ptu~ events
selected in data, in which the muons are replaced with simulated 7 decays, thus pro-
viding a more accurate description of the experimental conditions than the full simula-
tion [7]. The TAUOLA package [77] is used in the simulation of T decays to account for
T-polarization effects.

Contributions from W~* and W+ production processes are estimated partly from simu-
lated samples. The W~* cross section is measured from data and the discriminant variables
used in the signal extraction for the W+ process are obtained from data as explained in
ref. [7]. The shape of the discriminant variables for the W~* process and the W+ cross
section are taken from simulation.



Process Normalization Shape Control/template sample
WWwW data simulation events at high my, and mr
Top data simulation >2 jets with at least one
passing b tagging criteria
W-jets data data events with loosely identified leptons
Wr simulation data events with an identified
WA* data simulation W~* — 3u sample
Z/v* — 17 data data 7 embedded sample

Table 2. Summary of the processes used to estimate backgrounds in cases where data events
are used to estimate either the normalization or the shape of the discriminant variable. A brief
description of the control/template samples is given.

A summary of the processes used to estimate backgrounds is reported in table 2. The
normalization and shape of the backgrounds are estimated using data control samples
whenever possible. The remaining minor background contributions are estimated using
simulation. The yield of each background process after the analysis requirements is given
in section 7.

6 Systematic uncertainties

Systematic uncertainties in this analysis arise from three sources: background predictions,
experimental measurements, and theoretical uncertainties.

The estimates of most of the systematic uncertainties use the same methods as the
published H — WTW™ — 2/2v analysis [7]. One notable difference is in the uncertainties
related to the prediction of the contributions from tt and tW processes. The shapes of these
backgrounds are corrected for different b tagging efficiency in data and MC simulation, and
the normalization is taken from data in a top quark enriched control region independently
in each p% bin, as explained in section 5. The uncertainties related to this procedure arise
from the sample size in the control regions for each p% bin, and are embedded in the scale
factors used to extrapolate the top quark background normalization from the control region
to the signal region. They vary from 20% to 50% depending on the pi bin.

This analysis takes into account the theoretical uncertainties that affect the normal-
ization and shape of all backgrounds and the signal distribution shape. These uncertainties
arise from missing higher-order corrections in pQCD and PDF uncertainties, and are pre-
dicted using MC simulations. The effect due to the variations in the choice of PDFs and
the value of the QCD coupling constant is considered following the PDFALHC [78, 79]
prescription, using CT10, NNPDF2.1 [80] and MSTW2008 [81] PDF sets.

The uncertainties in the signal yield associated with the uncertainty in the (mgs, mr)
shapes due to the missing higher-order corrections are evaluated independently by varying
up and down the factorization and renormalization scales by a factor of two, and then using
the Stewart-Tackman formulae [82]. Due to the presence of the b-veto, the uncertainty on



Uncertainties in backgrounds contributions

Source Uncertainty
tt, tW 20-50%
Wjets 40%
WZ, 77 4%
W) 30%
Effect of the experimental uncertainties on the signal and background yields
Source Uncertainty
Integrated luminosity 2.6%
Trigger efficiency 1-2%
Lepton reconstruction and identification 3-4%
Lepton energy scale 2-4%
ERiss modelling 2%
Jet energy scale 10%
Pileup multiplicity 2%
b mistag modelling 3%
Effect of the theoretical uncertainties on signal yield
Source Uncertainty
b jet veto scale factor 1-2%
PDF 1%
WW background shape 1%

Table 3. Main sources of systematic uncertainties and their estimate. The first category reports the
uncertainties in the normalization of background contributions. The experimental and theoretical
uncertainties refer to the effect on signal yields. A range is specified if the uncertainty varies across
the p¥ bins.

jet multiplicity must be evaluated. However, this uncertainty is diluted since the b-veto
efficiency is weakly dependent on the number of jets in the event.

Since the shapes of the WW background templates used in the fit are taken from MC
simulation, a corresponding shape uncertainty must be accounted for. This uncertainty is
estimated in each bin of p% from the comparisons of the two estimates obtained using the
sample produced with MADGRAPH 5.1.3, and another sample produced using MC@QNLO
4.0 [83]. These uncertainties include shape differences originating from the renormalization
and factorization scale choice. The scale dependence is estimated with MC@QNLO.

A summary of the main sources of systematic uncertainty and the corresponding esti-
mate is reported in table 3.

The systematic uncertainties related to the unfolding procedure are described sepa-
rately in section 8.



pﬁ:l [GeV] 0-15 15-45 45-85 85-125 125-165 165-00
gegH 73+3 175+ 5 99 £3 15+2 5.1+15 49+14
XH=VBF+VH 4+2 15+4 16£4 8§£2 3.8+11 3.0+0.8
Out-of-fiducial 9.24+05 1994+07 114406 44+03 16£02 24402
Data 2182 9305 3042 1263 431 343
Total background 2124 +128 5170 £321 2947 4+293 1266 +£175 420+80 336+ 74
WWwW 1616 £107 3172+£249 865 £217  421+£120 125£60 161 £54
Top 184 + 38 1199 £ 165 1741 +£192 735£ 125 243 +£51 139+49
Wjets 134 £5 455 £10 174+ 6 48 +4 14£3 9£3
WZ+ZZ+VVV 34+4 107 £10 T1£7 29+5 14£3 13+4
7y — 1t 23+3 675 47+ 4 22+3 12+2 10+ 2
W) 132 £ 49 170 £ 58 48 + 30 12+9 3£3 5=£10

Table 4. Signal prediction, background estimates and observed number of events in data are
shown in each pf bin for the signal after applying the analysis selection requirements. The total
uncertainty on the number of events is reported. For signal processes, the yield related to the
ggH are shown, separated with respect to the contribution of the other production mechanisms
(XH=VBF+VH). The WW process includes both quark and gluon induced contribution, while the
Top process takes into account both tt and tW.

7 Signal extraction

The signal, including ggH, VBF, and VH production mechanisms, is extracted in each bin
of p% by performing a binned maximum likelihood fit simultaneously in all p% bins to a
two-dimensional template for signals and backgrounds in the mg—mr plane. Six different
signal strength parameters are extracted from the fit, one for each p% bin. The relative
contributions of the different Higgs production mechanisms in the signal template are taken
to be the same as in the SM. The systematic uncertainty sources are considered as nuisance
parameters in the fit.

Because of detector resolution effects, some of the reconstructed H — W W™ signal
events might originate from outside the fiducial phase space. These out-of-fiducial signal
events cannot be precisely handled by the unfolding procedure and must be subtracted
from the measured spectrum. The p% distribution of the out-of-fiducial signal events is
taken from simulation, and each bin is multiplied by the corresponding measured signal
strength before performing the subtraction.

A comparison of data and background prediction is shown in figure 1, where the myy
distribution is shown for each of the six p% bins. Distributions correspond to the mt window
of [60, 110] GeV, in order to emphasize the Higgs boson signal [7]. The corresponding mr
distributions are shown in figure 2 for events in an my, window of [12, 75] GeV.

The signal prediction and background estimates after the analysis selection are reported
in table 4. Background normalizations correspond to the values obtained from the fit.

The spectrum shown in figure 3 is obtained after having performed the fit and after the
subtraction of the out-of-fiducial signal events, but before undergoing the unfolding proce-
dure. The theoretical distribution after the detector simulation and event reconstruction
is also shown for comparison.
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Figure 1. Distributions of the my, variable in each of the six p¥ bins. Background normalizations
correspond to the values obtained from the fit. Signal normalization is fixed to the SM expectation.
The distributions are shown in an mt window of [60,110] GeV in order to emphasize the Higgs
boson (H) signal. The signal contribution is shown both stacked on top of the background and
superimposed on it. Ratios of the expected and observed event yields in individual bins are shown
in the panels below the plots. The uncertainty band shown in the ratio plot corresponds to the
envelope of systematic uncertainties after performing the fit to the data.
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Figure 2. Distributions of the mr variable in each of the six pf bins. Background normalizations
correspond to the values obtained from the fit. Signal normalization is fixed to the SM expectation.
The distributions are shown in an my, window of [12,75] GeV in order to emphasize the Higgs
boson (H) signal. The signal contribution is shown both stacked on top of the background and
superimposed on it. Ratios of the expected and observed event yields in individual bins are shown
in the panels below the plots. The uncertainty band shown in the ratio plot corresponds to the

envelope of systematic uncertainties after performing the fit to the data.
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Figure 3. Differential Higgs boson production cross section as a function of the reconstructed pf,
before applying the unfolding procedure. Data values after the background subtraction are shown
together with the statistical and the systematic uncertainties, determined propagating the sources
of uncertainty through the fit procedure. The line and dashed area represent the SM theoretical
estimates in which the acceptance of the dominant ggH contribution is modelled by POWHEG V1.
The sub-dominant component of the signal is denoted as XH=VBF+VH, and is shown with the
cross filled area separately.

8 Unfolding and treatment of systematic uncertainties

To facilitate comparisons with theoretical predictions or other experimental results, the
signal extracted performing the fit has to be corrected for detector resolution and efficiency
effects and for the efficiency of the selection defined in the analysis. An unfolding procedure
is used relying on the ROOUNFOLD package [84], which provides the tools to run various
unfolding algorithms.

For every variable of interest, simulated samples are used to compare the distribution
of that variable before and after the simulated events are processed through CMS detector
simulation and events reconstruction. The detector response matrix M is built according
to the following equation:

n
RYC =" M1, (8.1)

j=1
where TMC and RMC are two n-dimensional vectors representing the distribution before
and after event processing through CMS simulation and reconstruction, respectively. The
dimension n of the two vectors corresponds to the number of bins in the distributions,
equal to six in this analysis. The response matrix M includes all the effects related to
the detector and analysis selection that affect the RMC distribution. To avoid the large
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Figure 4. Response matrix normalized by row (left) and by column (right) including all signal
processes. The matrices are normalized either by row (left) or by column (right) in order to show
the purity or stability respectively in diagonal bins.

variance and strong negative correlation between the neighbouring bins [38], the unfolding
procedure in this analysis relies on the singular value decomposition [85] method based on
the Tikhonov regularization function. The regularization parameter is chosen to obtain
results that are robust against numerical instabilities and statistical fluctuations, following
the prescription described in ref. [85]. It has been verified using a large number of simulated
pseudo-experiments that the coverage of the unfolded uncertainties obtained with this
procedure is as expected.

The response matrix is built as a two-dimensional histogram, with the generator-level
p% on the y axis and the same variable after the reconstruction on the z axis, using the same
binning for both distributions. The resulting detector response matrix, including all signal
sources and normalized by row, is shown in figure 4(left). The diagonal bins correspond to
the purity P, defined as the ratio of the number of events generated and reconstructed in a
given bin, to the number of events generated in that bin. The same matrix, normalized by
column, is shown in figure 4(right). In this case the diagonal bins correspond to the stability
S, defined as the ratio of the number of events generated and reconstructed in a given bin,
and the number of events reconstructed in that bin. The P and S parameters provide an
estimate of the p% resolution and migration effects. The main source of bin migrations
effects in the response matrix is the limited resolution in the measurement of E%‘iss.

Several closure tests are performed in order to validate the unfolding procedure. To
estimate the uncertainty in the unfolding procedure due to the particular model adopted for
building the response matrix, two independent gluon fusion samples are used, corresponding
to two different generators: POWHEG V1 and JHUGEN generators, both interfaced to
PyTHIA 6.4. The JHUGEN generator sample is used to build the response matrix while the
POWHEC V1 sample is used for the measured and the MC distributions at generator level.
The result of this test shows good agreement between the unfolded and the distribution
from MC simulation.
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An important aspect of this analysis is the treatment of the systematic uncertainties
and the error propagation through the unfolding procedure. The sources of uncertainty are
divided into three categories, depending on whether the uncertainty affects only the signal
yield (type A), both the signal yield and the response matrix (type B), or only the response
matrix (type C). These three classes propagate differently through the unfolding procedure.

Type A uncertainties are extracted directly from the fit in the form of a covariance
matrix, which is passed to the unfolding tool as the covariance matrix of the measured
distribution. The nuisance parameters belonging to this category are the background shape
and normalization uncertainties. To extract the effect of type A uncertainties a dedicated
fit is performed, fixing to constant all the nuisance parameters in the model, but type A
nuisance parameters.

The nuisance parameters falling in the type B class are:

e the b veto scale factor. It affects the signal and background templates by varying the
number of events with jets that enter the selection. It also affects the response matrix
because the reconstructed spectrum is harder or softer depending on the number of
jets, which in turn depends on the veto.

e the lepton efficiency scale factor. It affects the signal and background template
shape and normalization. It affects the response matrix by varying the reconstructed
spectrum;

e the E%liss scale and resolution, which have an effect similar to the above;
e lepton scale and resolution. The effect is similar to the above;

e jet energy scale. It affects the signal and background template shape and normaliza-
tion. It also affects the response matrix because, by varying the fraction of events
with jets, the b veto can reject more or fewer events, thus making the reconstructed
spectrum harder or softer.

The effect of each type B uncertainty is evaluated separately, since each one changes the
response matrix in a different way. In order to evaluate their effect on the signal strengths
parameters, two additional fits are performed, each time fixing the nuisance parameter value
to £1 standard deviation with respect to its nominal value. The results of the fits are then
compared to the results of the full fit obtained by floating all the nuisance parameters, thus
determining the relative uncertainty on the signal strengths due to each nuisance parameter.
Using these uncertainties, the measured spectra for each type B source are built. The
effects are propagated through the unfolding by building the corresponding variations of
the response matrix and unfolding the measured spectra with the appropriate matrix.
Type C uncertainties are related to the underlying assumption on the Higgs boson
production mechanism used to extract the fiducial cross sections. These are evaluated using
an alternative shape for the true distribution at generator level. Since the reconstructed
spectrum observed in data is consistent with a spectrum that falls to zero in the last
three bins of the distribution, a true spectrum in accordance with this assumption is used
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P do /dp! Total Statistical ~ Type A Type B Type C
[GeV] [fb/GeV]  uncertainty  uncertainty uncertainty — uncertainty  uncertainty
[fb/GeV] [fb/GeV] [tb/GeV] [fb/GeV] [fb/GeV]
0-15 0.615  +0.370/—0.307  +0.246 +0.179  +0.211/-0.038 4+ 0.140
15-45 0.561  +0.210/—0.157  +0.120 +0.093  +0.146/—0.041 4+ 0.070
45-85 0.215  +0.084/—0.078  +0.059 +0.037  +0.047/—-0.034 £+ 0.030
85-125 0.071  +0.038/—0.038  £0.029 +0.017  +0.018/—-0.017 =+ 0.016
125-165  0.027  +0.020/—0.019  +0.016 +0.009  +0.007/—0.007 £ 0.008
16500 0.028  +0.027/-0.027  +0.023 +0.012  +0.008/—0.007 =+ 0.012

Table 5. Differential cross section in each p% bin, together with the total uncertainty and the
separate components of the various sources of uncertainty.

to generate a large number of pseudo-experiments. The pseudo-experiments undergo the
fitting and unfolding procedures described in the previous sections and are used to estimate
the bias of the unfolding method with respect to the true spectrum. The observed bias
is used as an estimate of the type C uncertainty. As an additional check, the model
dependence uncertainty is evaluated using alternative response matrices that are obtained
by varying the relative fraction of the VBF and ggH components within the experimental
uncertainty, as given by the CMS combined measurement [17]. The bias observed using this
approach is found to lie within the uncertainty obtained with the method described before.

Type A and B uncertainties are finally combined together after the unfolding summing
in quadrature positive and negative contributions separately for each bin. Type C uncer-
tainties, also referred to as “model dependence”, are instead quoted separately. The effect
of each source of the uncertainty is quoted for each bin of p¥ in table 5.

9 Results

The unfolded p% spectrum is shown in figure 5. Statistical, systematic, and theoretical
uncertainties are shown as separate error bands in the plot. The unfolded spectrum is
compared with the SM-based theoretical predictions where the ggH contribution is mod-
elled using the HRES and POWHEG V2 programs. The comparison shows good agreement
between data and theoretical predictions within the uncertainties. The measured values
for the differential cross section in each bin of p% are reported together with the total
uncertainty in table 5.

Figure 6 shows the correlation matrix for the six bins of the differential spectrum. The
correlation cor(,5) of bins ¢ and j is defined as:

cor(i,j) = CO;(;;]), (9.1)

where cov(i, j) is the covariance of bins ¢ and j, and (s;, s;) are the standard deviations of
bins ¢ and j, respectively.
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Figure 5. Higgs boson production cross section as a function of pf, after applying the unfolding
procedure. Data points are shown, together with statistical and systematic uncertainties. The
vertical bars on the data points correspond to the sum in quadrature of the statistical and systematic
uncertainties. The model dependence uncertainty is also shown. The pink (and back-slashed filling)
and green (and slashed filling) lines and areas represent the SM theoretical estimates in which the
acceptance of the dominant ggH contribution is modelled by HRES and POWHEG V2, respectively.
The subdominant component of the signal is denoted as XH=VBF+VH and it is shown with the
cross filled area separately. The bottom panel shows the ratio of data and POWHEG V2 theoretical
estimate to the HRES theoretical prediction.

To measure the inclusive cross section in the fiducial phase space, the differential mea-
sured spectrum is integrated over p%. In order to compute the contributions of the bin
uncertainties of the differential spectrum to the inclusive uncertainty, error propagation
is performed taking into account the covariance matrix of the six signal strengths. For
the extrapolation of this result to the fiducial phase space, the unfolding procedure is not
needed, and the inclusive measurement has only to be corrected for the fiducial phase space
selection efficiency egq. Dividing the measured number of events by the integrated lumi-
nosity and correcting for the overall selection efficiency, which is estimated in simulation
to be egq = 36.2%, the inclusive fiducial o B, 044, is computed to be:

ohq = 39 £ 8 (stat) + 9 (syst) fb, (9.2)

in agreement within the uncertainties with the theoretical estimate of 48 + 8 fb, computed
integrating the spectrum obtained with the POWHEG V2 program for the ggH process and
including the XH contribution.
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10 Summary

The cross section for Higgs boson production in pp collisions has been studied using the
H — WTW~ decay mode, followed by leptonic decays of the W bosons to an oppositely
charged electron-muon pair in the final state. Measurements have been performed using
data from pp collisions at a centre-of-mass energy of 8 TeV collected by the CMS experiment
at the LHC and corresponding to an integrated luminosity of 19.4fb~!. The differential
cross section has been measured as a function of the Higgs boson transverse momentum
in a fiducial phase space, defined to match the experimental kinematic acceptance, and
summarized in table 1. An unfolding procedure has been used to extrapolate the measured
results to the fiducial phase space and to correct for the detector effects. The measurements
have been compared to SM theoretical estimations provided by the HRES and POWHEG V2
generators, showing good agreement within the experimental uncertainties. The inclusive
production o B in the fiducial phase space has been measured to be 39+8 (stat)+9 (syst) fb,
consistent with the SM expectation.
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