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1 Introduction

The measurement of Z/~* (henceforth denoted by “Z”) production in association with b
quarks at the Large Hadron Collider (LHC) is relevant for various experimental searches.
In particular, the process constitutes one of the dominant backgrounds to standard model
(SM) Higgs boson production associated with a Z boson, where the Higgs boson decays
subsequently to a bb pair. The discovery by the ATLAS and Compact Muon Solenoid
(CMS) experiments of a neutral boson with a mass of about 125GeV [1, 2] motivates
further studies to establish its nature and determine the coupling of the new boson to b
quarks. Furthermore, for models featuring an extended Higgs sector, such as two-Higgs-
doublet models [3—6], an interesting discovery channel is ¢1 — Z¢po with the subsequent
decay ¢ — bb, where ¢1,2 are neutral Higgs bosons. Since the mass difference mgy, —my,
may be large, the Higgs decay would consist of a pair of collinear b quarks produced in
association with a Z boson.

Of particular interest is the measurement of angular correlations of b hadrons, espe-
cially at small opening angles, where significant theoretical uncertainties in the description
of the collinear production of b quarks remain. Several theoretical predictions, obtained
with different techniques and approximations, can be tested. Tree-level calculations allow-
ing for large numbers of extra partons in the matrix elements (as initial- and final-state radi-
ation) are available. These are provided by MADGRAPH (7, 8], ALPGEN [9], and SHERPA [10],
in both the five- and four-flavour approaches, i.e. by considering the five or four lightest
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Figure 1. Tree-level Feynman diagrams for (a,b) qi — ZbbX subprocesses (where i = q,g)
involving g — bb splitting; (c) qq — Zbb with the emission of a Z boson from a b quark; and (d)
gg — Zbb.

quark flavours in the proton parton distribution function (PDF) sets. Next-to-leading-
order (NLO) calculations have been performed in both the five-flavour (MmcrM) [11] and
four-flavour [12, 13] approaches. A fully automated NLO computation matched to a parton
shower simulation is implemented by the aMC@NLO event generator [14, 15]. A detailed
discussion of b-quark production in the different calculation schemes is available in ref. [16].

From the experimental point of view, the study of b-hadron pair production using the
standard jet-based b-tagging methods [17] suffers from geometrical limitations due to the jet
cone size. Hadronic cascades from b-quark pairs at small angular separation can merge into
a single jet, making this region of phase space difficult to access using jet-based b-tagging
techniques. To overcome this obstacle, an alternative method is used, consisting of the
identification of b hadrons from displaced secondary vertices, which are reconstructed from
their charged decay products. This approach is implemented in the inclusive secondary
vertex finder (IVF) [18]. The IVF exploits the excellent tracking capabilities of the CMS
detector and, being independent of the jet reconstruction, extends the sensitivity to small
angular separations and softer b-hadron transverse momenta (pr).

Four variables are used to parametrise the angular correlations in the Zbb final state:
ARpp, A¢pp, minARyp, and Azpg. The angular correlation between the b hadrons is
described by two variables, ARpp and A¢pp, the angular separation between the flight
directions of the two particles in (7,¢) and in the transverse plane, respectively. The
variable ARpp is defined as ARpp = \/(Adpp)? + (Ansp)?, where A¢pp and Anpp are
the azimuthal (in radians) and pseudorapidity separations. The pseudorapidity is defined as

n = — Inftan(0/2)], where 6 is the polar angle relative to the anticlockwise beam direction.
The ARpg distribution constitutes a direct test of the modelling of the different pp — ZbbX
production modes. This quantity allows the identification of the contribution from the
qi — ZbbX subprocesses (where i = q, g) for which the scattering amplitude modelling
is based on Feynman diagrams with g — bb splitting. Leading order diagrams for these
subprocesses are shown in figures 1 (a) and (b), together with diagrams representative of
other pp — Zbb production modes: emission of a Z boson from a b-quark line (c), and
b-quark fusion gg — Zbb (d).

A second variable, the angular separation between the b hadrons in the transverse
plane, A¢pp, is also considered because it is a better observable for the back-to-back
configuration. Since the relative fraction of quark- and gluon-initiated subprocesses is



correlated with the Z-boson momentum p%, the differential ARgg and A¢pp distributions
are measured in different intervals of p%.

Two additional angular variables are considered: the angular separation between the
Z boson and the closest b hadron in the (7, ¢) plane, minA Rzp, and the asymmetry between
the b-hadron emission directions and the Z production direction, Azgg, defined as

maXARZB — minARZB

1.1
maxARzp + minARzg’ (1.1)

Az =

where maxARyzp is the distance between the Z boson and the further b hadron. Configura-
tions in which the two b hadrons are emitted symmetrically with respect to the Z direction
yield a value of Azpp close to zero. Emission of additional gluon radiation in the final state
results in a nonzero value of Azgp. Hence, the Azpp variable helps to indirectly test the
validity of quantum chromodynamics (QCD) at higher orders of the perturbative series.
The minARyzp variable identifies events with the Z boson in the vicinity of one of the two
b hadrons, and is therefore useful for testing NLO corrections involving Z radiation from
a quark [19].

The contribution of the qi — ZbbX subprocesses to the total production is illustrated
in figure 2 as a function of each of the four variables described above. The distributions
are shown for both the nonboosted (all p4) and the boosted (p% > 50GeV) regions of
the Z transverse momentum. For all the variables, the contribution of the qi — ZbbX
subprocesses differs from the contribution of gg — ZbbX. The qi — ZbbX subprocesses
are dominant in the following regions: ARpp < 1, A¢pp < 0.75, minARzp > 3.2, and
Azpp < 0.05.

In this analysis, the differential production cross sections for the process pp — ZbbX
(henceforth the processes are denoted by their final state, here “Zbb”) as functions of the
four kinematic variables listed above are evaluated from CMS data. These cross sections
are given at the hadron level and compared to the predictions provided by several of the
Monte Carlo (MC) generators mentioned above. The total cross section is also measured.
The results are given for different regions of p4. Because of the limited size of the available
data sample, the differential measurements are calculated in the nonboosted and boosted
regions. The total cross section is evaluated for p% larger than 0, 40, 80, and 120 GeV.
7Z bosons are reconstructed in the eTe™ and p™u~ decay modes. The analysis exploits the
full 2011 data set recorded at /s = 7TeV, corresponding to an integrated luminosity of
(5.240.1) fb~!. Measurements of the Z-boson production cross section in association with
one or two b-tagged jets at the LHC have been reported previously by the ATLAS and
CMS Collaborations [20, 21].

The paper is organised as follows: the description of the CMS experiment and simulated
samples are given in section 2; the event reconstruction and selection are presented in
section 3; the measurement technique is explained in section 4; the systematic uncertainties
are discussed in section 5; the theoretical uncertainties associated with different models of
Zbb production are summarized in section 6; the results and conclusions are presented in
sections 7 and 8, respectively.
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Figure 2. Distribution of ARpp (first row), A¢pp (second row), minARzp (third row), and
Azpp (fourth row) as predicted by MADGRAPH in the four-flavour scheme, in the nonboosted (left)
and boosted (right) regions of the Z transverse momentum. The component from gg — ZbbX is
represented by the hatched histogram, while the contribution from qi — ZbbX subprocesses (where
i = q,g) is represented by the shaded histogram. The unshaded histogram corresponds to the sum
of the two components.



2 CMS detector and simulated samples

A detailed description of the CMS experiment can be found in ref. [22]. The main subdetec-
tors used in this analysis are the silicon tracker, the electromagnetic calorimeter (ECAL),
and the muon system. The tracker consists of silicon pixel and strip detector modules and
is immersed in a 3.8 T magnetic field, which enables the measurement of charged particle
momenta over the pseudorapidity range |n| < 2.5. The electromagnetic calorimeter con-
sists of nearly 76000 lead tungstate crystals, which provide coverage for |n| < 1.48 in a
cylindrical barrel region and 1.48 < |n| < 3.0 in two endcap regions, except for a insensitive
gap in the region 1.442 < |n| < 1.566 between the ECAL barrel and endcap. Muons are
identified in the range |n| < 2.4 by gas-ionisation detectors embedded in the steel return
yoke. The first level of the CMS trigger system consists of custom hardware processors
and uses information from the calorimeters and muon system to select the most interesting
events in less than 1 us. The high level trigger processor farm further decreases the event
rate to less than 300 Hz before data storage.

Samples of signal and background events are produced using various event generators
to estimate the signal purity, efficiency, and detector acceptance, with the CMS detector
response modelled in extensive detail with GEANT4 [23].

The Zbb signal sample is produced with the MADGRAPH 1.4.8 generator in the four-
flavour approach. No b quarks are present in the initial state, while up to two additional
light partons are produced in association with the Z boson and the two b quarks. The PDF
set is CTEQG6L1 and the simulation of parton shower, hadronisation, and multiparton in-
teractions is done with PYTHIA 6.4.2.4 [24]. The background samples are Z plus jets, where
the additional jets are from light quarks or gluons (u, d, ¢, s, g), top pair production (tt),
and Z pair production. The Z + jets sample is extracted from a Drell-Yan inclusive sample
produced with MADGRAPH in the five-flavour approach and interfaced with PYTHIA. The
tt sample is also produced with the MADGRAPH generator interfaced with PYTHIA, while
the diboson ZZ sample is generated with PYTHIA. The tune considered in PYTHIA is Z2*,
which is the Z1 tune [25] with the PDF set changed to CTEQ6L1 and minor modifications
of the underlying event modelling, namely PARP (90) = 0.227 and PARP(82) = 1.921.

Additional interactions per bunch crossing (pileup) are included in the simulation with
the distribution of pileup interactions matching that observed in data.

3 Event reconstruction and selection

The first step of the analysis is the online event selection with the loosest available dimuon
and dielectron triggers in order to enrich the sample with Z — u™ = and ete™ decays. The
dielectron trigger line requires loose electron identification and isolation and imposes 17 and
8 GeV transverse momentum thresholds on the two electron candidates, respectively. The
transverse momentum thresholds of the muon trigger line, which changed with time to cope
with increasing instantaneous luminosity, were initially 7 GeV on both muon candidates,
then 13 or 17 GeV on one candidate and 8 GeV on the other.



Muon candidates are then required to pass tight selection requirements to ensure high
purity [26]. Electron candidates are reconstructed from energy deposits in the ECAL, and
must satisfy the standard CMS electron identification criteria [27]. Leptons are required to
have pr > 20 GeV, and to be within the pseudorapidity range || < 2.4. Prompt leptons are
selected by requiring a distance of closest approach between the track and the primary pp
interaction (identified as the vertex with the largest quadratic sum of its constituent tracks’
pr) smaller than 200 ym. A requirement is applied on the lepton isolation, computed using
the particle-flow technique [28], which exploits the information from all subdetectors to
individually identify the particles produced in the collisions. The isolation, defined as the
ratio between the scalar sum of the transverse momentum or transverse energy (E7) of
the particles within a AR < 0.4 (0.3) cone around the muon (electron) and its transverse
momentum, (- parged had. PT T Xneutral had. BT + 2 photon £7)/pT, must be at most 0.15,
In order to ensure that the selection is stable regarding the large and varying number of
primary interactions, the charged particle-flow candidates are required to be associated
with the selected primary vertex (PV). In addition, a correction is applied to subtract the
energy contribution of neutral hadrons and photons produced in pileup interactions. This
correction is estimated event by event from the median of the energy density distribution
and applied within the isolation cone [29].

Only events with two oppositely charged same-flavour lepton candidates with invariant
mass between 60 and 150 GeV are selected. The signal region is then defined as the 81 <
My < 101 GeV interval to reduce the contamination from tt events.

Events containing b hadrons are selected by applying the inclusive vertex finder tech-
nique. The secondary vertex (SV) reconstruction on which the IVF is based is initiated
by the identification of a set of “seed” tracks that are significantly displaced with respect
to the primary vertex. Such tracks are selected by requiring their three-dimensional im-
pact parameter to be larger than 50 um, and their impact parameter (IP) significance
Stp = IP/opp larger than 1.2, where oyp is defined from the uncertainties on both the
PV position and the point of closest approach between the track and the PV. Additional
tracks are clustered together with the seed tracks if they fulfil several requirements. First,
the distance of closest approach of a track to the seed must not exceed 500 um, and its
significance must be smaller than 4.5. Second, the angle between the vector defined by
the PV and the point of closest approach on the seed track and the seed track direction
at the vertex has to be smaller than 45° so only forward tracks from b-hadron decays are
retained. Secondary vertices are built from the seeds and clustered tracks [30].

The SV four-momentum is calculated as psy = Y _ p; where the sum is over all tracks
associated with that vertex. The pion mass hypothesis is used for every track to obtain its
energy F;. The vertex mass mgy is given by m%v = Egv - p%v.

The IVF technique establishes a list of b-hadron (B) candidates from the reconstructed
SVs. If two SVs are present, they can potentially be the signature of a b — ¢X decay
chain and are merged into a single B candidate if the following conditions are fulfilled:
i) AR(SV1,SV2) < 0.4, ii) the sum of the invariant masses of track candidates associated
with the vertices is smaller than 5.5 GeV, and iii) cos § > 0.99, where ¢ is the angle between
the vector from the position of the SV that is closer to the PV to the position of the other SV
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Figure 3. Fit results for the dimuon (left) and dielectron (right) invariant mass distributions
for events with two leptons and two B candidates selected as described in section 3. The dashed
line shows the fitted background component and the solid line the sum of the fitted signal and
background components, which are described in the text. The vertical dashed lines indicate the
boundaries of the signal region. The points with errors represent the data.

and the three-momentum of the vertex with larger decay length. The flight distance signifi-
cance of a B candidate is calculated from the distance between the PV and SV divided by its
uncertainty. More details of the SV and B candidate reconstruction can be found in ref. [18].

The flight distance L is defined as the length of the three-dimensional vector connecting
the primary and secondary vertices. Its significance Sy, is obtained by dividing L by its
uncertainty, calculated as quadratic sum of the PV and SV position uncertainties. A
b hadron candidate is retained if S;, > 5, || < 2, pr > 8GeV, and invariant mass
m > 1.4 GeV. The B candidate mass and flight distance significance cuts, along with the
requirement of at least three tracks associated with the secondary vertex, are the most
effective requirements for rejecting background events from Zcc production.

Events that have exactly two B candidates are retained. The resulting dimuon and
dielectron invariant masses are shown between 60 and 150 GeV in figure 3. In total, 330
(223) events pass all the selection requirements in the muon (electron) channel in the
81 < Myp < 101 GeV signal mass region. Thanks to the excellent performance of the CMS
tracking system, the IVF angular resolution is approximately 0.02 for ARgg and A¢pp
and 0.03 for minARZB and AZBB'

The main source of background contamination in the final sample is top-quark pair
production. The tt fraction is assessed from an unbinned maximum-likelihood fit to the
measured dilepton invariant mass distribution as described in section 4. The fit yields a tt
contamination of approximately 30% in the inclusive event sample, and of about 23% for
p% > 50GeV.

The measured and simulated distributions of the most significant event properties are
compared at the detector level, as shown in figure 4. The measured distributions of mass
and transverse momentum of the leading B candidate, i.e. that with the largest pr, as well
as p%, agree with MC predictions within uncertainties.
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Figure 4. Distribution of the leading B candidate invariant mass (left), transverse momentum
(centre), and p% (right) for the muon and electron channels combined, in the signal region (81 <
My, < 101 GeV). The CMS data are represented by solid points and the MC simulation by stacked
histograms. The shaded region represents the statistical uncertainty in the MC prediction. The
fraction of signal and top background in the simulation is extracted by mean a fit (figure 3) and
the sum is normalised to the number of entries in the data. The bottom plots show the ratio of
measured and simulated numbers of entries in each bin with the MC uncertainty represented by
the dotted area.

4 Cross section measurement

The differential and total cross sections are obtained by subtracting the background and
correcting for detector acceptance, signal efficiency, and purity. The correction factors refer
to the kinematic phase space for events with exactly two b hadrons and a lepton pair from
a Z decay. The b hadrons have pr > 15GeV and pseudorapidity |n| < 2. Each lepton
has pp > 20GeV, |n| < 2.4, and the dilepton invariant mass is 81 < My < 101 GeV. The
differential cross sections are measured for p% > 0GeV and p% > 50GeV. In the former
case, the bin sizes are 0.7, 0.53, 0.84, and 0.2 for AR, A¢pp, minARyg, and Azpg,
respectively. In the latter, the corresponding values are 0.84, 0.63, 1.0, and 0.25. Since
the IVF angular resolution is significantly smaller than the bin size for all the measured
distributions, no unfolding procedure is applied to measure the hadron-level differential
cross sections.
The hadron-level differential cross section is calculated from

B
Oa; = F(n" ne‘).ﬁ.p..l (4.1)
@] — a,j) L] 2B R ’
€a,j
where ,
NE
Z ah]
n,  =-——2>— (4.2)
! Ef;,j 'Ai,j

with £ = e, u. For each bin j of the angular variable «, indicating one of the four
variables defined in section 1, the number of signal events N i ; 1s extracted from an extended
unbinned maximum-likelihood fit to the lepton pair invariant mass distribution. A Breit-
Wigner distribution convolved with a Gaussian resolution function is used for the signal and



a third-degree Chebychev polynomial distribution for the background, as shown in figure 3.
The signal shape parameters are evaluated from data while the background parameters are
obtained from simulation. me is corrected for the dilepton reconstruction and selection
efficiency Gé,j and acceptance Aﬁé’j. The corrected yields nfw- in the muon and electron
channels are found to be in agreement, within statistical uncertainties.

The two channels are combined into a single measurement F (ng 1, ;) using the BLUE
algorithm [31, 32], which performs a weighted average of the input values taking into
account the respective uncertainties and their correlations.

The resulting yield is corrected for the b-hadron pair identification efficiency egf’j, the
b-hadron purity P, ;, and the integrated luminosity £. The factor Sﬁj corrects for events
with b hadrons with pr < 15 GeV.

The dilepton trigger efficiency is estimated from data with a tag-and-probe method, as
a function of the lepton kinematics. It is approximately 93% for the dimuon and 98% for
the dielectron trigger selections. The lepton offline reconstruction and selection efficiencies,
around 80% for muon and 50% for electron pairs, are obtained from simulation and are
rescaled to match the values measured in data with a tag-and-probe procedure, as a function
of the lepton pseudorapidity.

The total b-hadron identification efficiency is estimated using multijet events contain-
ing semileptonic decays of b-hadrons and from events enriched with top quarks. In addition,
a dedicated study is performed to verify that the efficiency measurements are valid for the
inclusive vertex finding algorithm as well.

The efficiency for identifying b-hadron pairs, which ranges between 8% and 10%, is
corrected by applying a factor of 0.88 to account for the discrepancy observed between
the measured and simulated efficiency. This scale factor is measured from data, in the
same way as it is done for the Simple Secondary Vertex method that identifies b hadrons
inside jets [17]. This study requires the association of the vertices reconstructed with the
IVF with jets and exploits the features of muons produced in semileptonic decays of the
b hadrons, namely their high transverse momenta with respect to the jet axis. The purity
Pa,j and correction factor Sﬁ ; are evaluated to be about 85% and 97%, respectively, based
on MC simulation.

The same method is used to derive the total cross section for different ranges of p%.
The extended maximum-likelihood fit and the procedure to extract the correction factors
are applied to the corresponding event sample.

5 Systematic uncertainties

The following uncertainties on the differential cross sections are considered:

o Uncertainty in combined dilepton signal

The procedure to combine the muon and electron channels takes into account the
systematic uncertainties on the Nij yields and on the dilepton efficiency correction
factors. The systematic uncertainty affecting the resulting combination is estimated
by the BLUE algorithm, and is approximately +2%. More details are given below.



— Uncertainty in the signal yield

The systematic uncertainty associated with the extraction of Nﬁ,j from the
extended unbinned maximum-likelihood fit is estimated by varying the shape
parameters within their uncertainties. For the signal, the shape parameters are
the Breit-Wigner mean and width, as well as the Gaussian standard deviation.
For the background, the parameters of the Chebychev polynomial distribution
are considered. A variation of these factors leads to a signal yield uncertainty
below +2%.

— Uncertainty in the trigger efficiency and the lepton efficiency scale factors

The lepton reconstruction and selection efficiency corrections are computed with
the MC simulation, and rescaled to match the efficiency values measured from
data with the tag-and-probe method. The corresponding systematic uncertainty
is estimated by varying the scale factors and the trigger efficiency extracted from
data within their systematic uncertainties, mostly due to the background shape
parametrisation. The resulting variation is +0.5% for the muon channel and
+1% for the electron channel.

o Uncertainty in the efficiency scale factor

The scale factors between the b-hadron pair identification efficiency in data and sim-
ulation are determined as a function of the jet transverse momentum. The maximal
deviation of the measured values from a constant leads to a +12% systematic uncer-
tainty assigned to the cross section.

o Uncertainty in the purity correction factor

The purity correction factor accounts for the contamination from events with at least
one reconstructed B candidate produced by a charm hadron decay or, more rarely,
by a light jet. Three categories contribute to such impurity: Zbb events with a
charm hadron from a sequential ¢ decay reconstructed as b hadron, Zcc events, and
Zbbc events. The uncertainty in the purity originates essentially from the Zbbc and
Zcc processes, where there is no measurement related to the production of one or
two charm quarks produced in association with a Z boson. We therefore provide a
conservative estimate of such uncertainty by varying the Zbbc and Zce fractions by
50% in the simulation. The resulting uncertainty in Py, ; is £2.1%.

e Bin-to-bin migrations
Possible migrations of events from one bin to the adjacent ones are accounted for as
a source of systematic uncertainty. The effect varies between £1-2% for ARgg and
minARyzg, and +3-4% for the A¢gpg and Azgp variables. Such uncertainty does not
affect the total cross section measurement.

e Uncertainty in the luminosity

The luminosity £ is known with a systematic uncertainty of £2.2% [33].

~10 -



Source Uncertainty (%)
Dilepton channel combination 2

IVF efficiency scale factors 12

B purity 2.1
Bin-to-bin migrations (ARpp, minARyp) 1-2
Bin-to-bin migrations (A¢pp, AzBB) 3-4

MC statistics — Differential 2.0-3.7
MC statistics — Total 1.0-3.5
Integrated luminosity 2.2

Table 1. Summary of systematic uncertainties assigned to the differential and total cross section
measurements. The systematic uncertainties in N, ; and in the dilepton efficiency are used in the
combination of the muon and electron channels, and are reported in the text.

o MC statistical uncertainty

The uncertainties on the efficiency and purity corrections are dominated by the lim-
ited size of the four-flavour Zbb MADGRAPH sample. The effect is evaluated in each
bin for the differential measurements, and globally for the total cross section determi-
nation, and is taken as an additional source of uncertainty that varies between +2%
and £3.7%.

The systematic uncertainties are summarised in table 1, for the differential cross sec-
tions and the total cross section measurements.

6 Theoretical predictions and uncertainties

The measured cross sections are compared at hadron level to the predictions by the MAD-
GrAPH MC, in both the five- (MG5F) and four-flavour (MG4F') approaches, and by the
ALPGEN generator in the four-flavour approach.

The MGSF prediction is based on a matrix-element calculation where up to four par-
tons are produced in association with the Z boson, the b quarks are assumed massless,
the proton PDF set is CTEQG6L1, and the jet matching is performed using the standard
kp-MLM scheme at a matching scale Qpatch = 20 GeV [34]. Events with b-hadron pairs
from a second partonic scattering are included.

The MGA4F prediction considers massive b quarks in the matrix-element calculation
with the mass set to my = 4.7GeV. In the matrix element two additional light partons
are produced in association with the Zbb final state. The jet matching scheme is also the
kr-MLM with Qnateh = 30 GeV.

The ALPGEN prediction adopts the four-flavour calculation scheme, with the MLM jet
matching and CTEQ5L PDF set. The matching parameters are AR™2h (parton-jet) =
0.7 and p%at"h = 20 GeV. In addition to the tree-level predictions mentioned above, the
measurements are compared to the NLO expectations by aMC@NLO, which implements the
four-flavour scheme with the MSTW2008 NLO PDF set.

- 11 -



M Hh
MG5F m2 + p3(jets) k2 at each vertex splitting
MGA4F mr,z - mt(b,b) k2 at each vertex splitting (excl. b)
ALPGEN m% + Zjets(m?ets + p%jets) k2 at each vertex splitting (excl. b)
aMCQNLO m2, + p%(¢0) + m%’+§gf(b) + m{’2+§2T(b/) = p%

Table 2. Summary of the central scale functional forms used in the different theoretical predictions
for the factorisation (u%) and renormalisation (u%) scales. The label jets can be (u, d, s, ¢, b,
g) for the MG5F production, while it is (u, d, ¢, s, g) for the MG4F one, for which the label b is
mentioned explicitly to denote the b quark. mr denotes the transverse mass.

The parton shower and hadronisation of all tree-level samples is obtained with PYTHIA,
with pp-ordered showers, while aMC@NLO is interfaced with HERWIG. The choices of QCD
factorisation and renormalisation scales are summarised in table 2.

The MG5F prediction is rescaled by a k-factor of 1.23, corresponding to the ratio
between the next-to-next-to-leading-order (NNLO) prediction of the inclusive Z production
cross section, and the tree-level cross section from MADGRAPH. The tree-level cross section
prediction for MG4F (ALPGEN) is rescaled by a k-factor obtained from the aMC@QNLO
cross section of 16 pb obtained for My, > 30 GeV divided by the corresponding MG4F
(ALPGEN) prediction.

The following uncertainties on the theoretical predictions are considered and com-
bined quadratically:

e The shape uncertainties associated with the b-quark mass, my,, for the MADGRAPH
4F prediction are assessed by varying my, between 4.4 and 5.0 GeV. Each distribution
is rescaled so that the normalisation matches the NLO cross section provided by
aMC@NLO and the envelope is considered as the uncertainty band.

e The shape uncertainties due to the factorisation and renormalisation scales are as-
sessed for the MADGRAPH 4F and 5F predictions by varying their values simultane-
ously by a factor of two. The MADGRAPH 4F (5F) distributions are rescaled so that
the normalisation matches the NLO (NNLO) cross section provided by aMC@QNLO
(FEWZ [35]) and the envelopes are considered as uncertainty bands.

e The uncertainties associated with the matching scale are assessed by varying it by
+15% for MADGRAPH 4F and by a factor of two for the 5F case.

e The shape uncertainties associated with the choice of PDF set are found to be neg-
ligible. The effect of PDF variations are included as normalisation uncertainties as
described in the next item.

e For MADGRAPH 4F and ALPGEN predictions the normalisation uncertainty is given by
the corresponding aMC@NLO cross section uncertainty. The latter is obtained by vary-
ing the factorisation and renormalisation scales simultaneously by a factor of two, and
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by replacing the MSTW2008 PDF set with CT10. For MADGRAPH 5F the normali-
sation uncertainty is given by the corresponding NNLO cross section uncertainty [35].

e For aMC@NLO the uncertainty associated with the parton shower is assessed from the
difference between PYTHIA (D6T tune) with virtuality-ordered showers and HERWIG.

e The statistical uncertainty due to the finite size of the simulated sample is propagated
for all theoretical predictions.

7 Results

The measured differential cross sections as a function of the three angular variables and
the angular asymmetry variable are shown in figures 5 and 6 for all p% and for p% >
50 GeV, respectively. Figure 5 shows that the ARpp collinear region is better described by
ALPGEN, while the four- and five-flavour MADGRAPH as well as aMC@QNLO predictions tend
to underestimate the data. At large ARpp, all predictions are in good agreement with the
data. The fraction of the cross section with collinear b hadrons increases for p% > 50 GeV
and in this case ALPGEN also gives the best description of the measured distributions.

Similar conclusions can be drawn from the A¢pp distribution. In the nonboosted
case, data are above all MC predictions in the region of back-to-back b-hadron pairs by
approximately one standard deviation. This discrepancy vanishes for p% > 50 GeV. The
simulated minA Rz and Azpp generally agree with the data. Some discrepancy is observed
at minARzp > 2 in both ranges of p%, and at low Azgg. The data are found to be above
the predictions primarily in the regions where the contributions from the qi — ZbbX
subprocesses are expected to be dominant, as shown in figure 2.

The total hadron-level cross section is shown in figure 7 for four different regions of p%:
for the inclusive spectrum, and for p% > 40, 80, and 120 GeV. Data points are generally
above all simulations by about 15%, apart from aMC@NLO for which the discrepancy can
be as large as 50% at large prZF.

8 Conclusions

The first measurement of angular correlations in the process pp — ZbbX has been per-
formed. The analysed data set corresponds to an integrated luminosity of 5.1 fb~! recorded
by the CMS experiment in 2011 at a centre-of-mass energy of 7TeV. Z bosons are recon-
structed in the e™e™ and p™p~ decay modes. The use of the inclusive vertex finder,
which exploits the excellent CMS tracking performance, allows the full angular range to be
probed, including configurations with collinear b hadrons.

The production cross sections are measured as functions of four angular variables:
ARpp, A¢pg, minARyzp, and Azgg. The measurements are compared with tree-level
predictions by the MADGRAPH and ALPGEN MC generators implementing different flavour
number schemes. The variables most sensitive to the b-hadron production process, ARpp
and A¢pp, show that the four-flavour prediction implemented in ALPGEN provides the best
description of CMS data.
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Figure 5. Differential cross sections for all p4, as a function of ARpp (top left), A¢pp (top
right), minARyzp (bottom left), and Azpg (bottom right). The measured values are shown as
black points. The dotted bands correspond to the quadratic sum of statistical and systematic
uncertainties. Statistical uncertainties are shown separately as solid bands. The measurements
are compared to the hadron-level predictions by MADGRAPH in the four- and five-flavour schemes,
ALPGEN, and aMC@NLO. For each distribution the ratio between the Monte Carlo predictions
and the measurements is also shown, with the total experimental uncertainty indicated by the
dotted area.

The MGSHF MC generator has been one of the standard tools used to simulate back-
grounds from associated production of vector bosons and heavy quarks for Higgs boson
and new physics searches as well as SM studies. The results reported here indicate that
such a description may not be optimal for analyses sensitive to the production of collinear
b hadrons. This fact may be particularly important in the simulation of the Wbb pro-
cess, where collinear b-hadron production is expected to be enhanced compared to the
Zbb process.
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Figure 6. Differential cross sections for p%4 > 50 GeV, as a function of ARpp (top left), A¢pp
(top right), minARzp (bottom left), and Azpp (bottom right). The measured values are shown
as black points. The dotted bands correspond to the quadratic sum of statistical and systematic
uncertainties. Statistical uncertainties are shown separately as solid bands. The measurements
are compared to the hadron-level predictions by MADGRAPH in the four- and five-flavour schemes,
ALPGEN, and aMCQNLO. For each distribution the ratio between the Monte Carlo predictions
and the measurements is also shown, with the total experimental uncertainty indicated by the
dotted area.

This is the first time that aMC@QNLO predictions, in which QCD contributions are
computed to NLO, have been compared with data for the Zbb process. It is found that
aMC@NLO underestimates the cross section at low ARpp and A¢pg, and at large min A Ryp.
A comprehensive assessment of the aMC@QNLO predictions requires further studies of the
scale choices and parton shower modelling. It is worth noting that the use of NLO jet
matching would also improve the precision of the prediction at small values of ARpp.
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Figure 7. Total cross section as function of the cut on p%. The measured values are shown as black
points. The solid bands include statistical and systematic uncertainties combined quadratically.
Statistical uncertainties are shown separately as dotted bands. The measurements are compared
to the hadron-level predictions by MADGRAPH in the four- and five-flavour scheme, ALPGEN, and
aMC@NLO. The ratio between the Monte Carlo predictions and the measurements is also shown,
with the total experimental uncertainty indicated by the dotted area.

The total hadron-level cross section ooy = o(pp — ZbbX)B(Z — ¢1¢7) is also eval-
uated in different ranges of the Z boson transverse momentum. For the case where no
cut is applied on the Z momentum, the total cross section is oyt = 0.71 4 0.08 pb; for
p% > 40GeV, oo = 0.44 £ 0.05pb; for p% > 80GeV, gyt = 0.17 £ 0.02pb; and for
przF > 120 GeV, otot = 0.07 £ 0.01 pb. The measured values are systematically larger than
MC predictions, partly because of the excess observed in the collinear A Rpp region. The
shape of the measured integrated cross section as a function of the minimum transverse
momentum of the Z boson is in good agreement with the tree-level 4F predictions, while
slightly larger discrepancies are observed for MG5F and even more for aMC@NLO, partic-
ularly at large przf.
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