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1 Introduction

1 in association with a bottom

The cross-section for the forward production of a Z boson
quark (referred to as Z+b-jet) is sensitive to the parton distribution functions (PDF) in
the proton in a phase-space region poorly constrained by existing measurements. It is
a benchmark measurement for perturbative quantum chromodynamics phenomenology of
heavy quarks and allows constraints to be placed on backgrounds in studies of the Standard
Model (SM) Higgs boson and searches for non-SM physics.

The ATLAS and CMS collaborations reported measurements of Z+b-jet production
with jet transverse momentum? larger than 25 GeV and jet pseudorapidity || < 2.1, where
they find good agreement with next-to-leading order (NLO) predictions [1, 2]. Similar
measurements were performed by the CDF [3] and DO [4] collaborations at the Tevatron,
where the dominant contribution comes from the quark-antiquark interaction. The forward
acceptance of the LHCb experiment, with a pseudorapidity coverage in the range 2 < n < 5,
probes a kinematic region complementary to that probed by ATLAS and CMS. The LHCb
measurements are sensitive to the parton distribution functions in the proton at low and
high values of the Bjorken x variable, where the uncertainties are largest.

In this paper we describe the measurement of the production of Z+b-jet with Z/vy* —
putp~ in proton-proton collisions at /s = 7TeV using the data collected by the LHCb
experiment in 2011. The data set corresponds to an integrated luminosity of 1.0 b~

The presence of a bottom hadron candidate is used to tag the jet as originating from a
bottom quark, following ref. [5]. The results are compared to NLO and leading-order (LO)
calculations using massless and massive bottom quarks.

IThroughout this paper Z boson includes both the Z° and the off-shell photon, v*, contributions.
2In this paper we use natural units (¢ = i = 1).



2 Detector and samples

The LHCb detector [6] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < 1 < 5, designed for the study of particles containing b or ¢ quarks. The detector
includes a high-precision tracking system consisting of a silicon-strip vertex detector sur-
rounding the pp interaction region [7], a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip
detectors and straw drift tubes [8] placed downstream of the magnet. The tracking system
provides a measurement of momentum, p, with a relative uncertainty that varies from 0.4 %
at low momentum to 0.6 % at 100 GeV. The minimum distance of a track to a primary ver-
tex, the impact parameter, is measured with a resolution of (15429 /pr) pm, where pr is the
transverse momentum in GeV. Different types of charged hadrons are distinguished using
information from two ring-imaging Cherenkov detectors [9]. Photon, electron and hadron
candidates are identified by a calorimeter system consisting of scintillating-pad (SPD)
and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. The
calorimeters have an energy resolution of o(E)/E = 10%/vVE @ 1% and o(E)/E =
69%/VE @ 9% (with E in GeV), respectively. Muons are identified by a system com-
posed of alternating layers of iron and multiwire proportional chambers [10]. The trigger
consists of a hardware stage, based on information from the calorimeter and muon systems,
followed by a software stage, which applies a full event reconstruction [11].

The events used in this analysis are selected by a trigger that requires the presence of
at least one muon candidate with pt > 10 GeV. In addition, the hardware trigger requires
a hit multiplicity in the SPD less than 600, in order to reject events whose processing in
the software trigger would be too time consuming. This retains about 90 % of the events
that contain a Z boson.

Simulated samples of pp collisions are generated with PYTHIA v6.4 [12] with a specific
LHCb configuration [13] using the CTEQG6Il [14] parameterization of the PDFs. Decays
of hadronic particles are described by EVTGEN [15], while the interaction of the gener-
ated particles with the detector, and its response, are implemented using GEANT4 [16] as
described in ref. [17].

3 Measurement strategy and event selection

The Z— ptu~ selection follows that described in ref. [18]. Muon tracks in the fiducial vol-
ume (2.0 < n(p) < 4.5) are required to have transverse momentum greater than 20 GeV. In
order to have good quality muons, the relative uncertainty on the momentum of each muon
is required to be less than 10 % and the y? probability for the associated track fit larger than
0.1 %. The dimuon candidate mass is required to be in the 60 — 120 GeV range. The contri-
bution from combinatorial background of (0.314+0.06) %, evaluated in ref. [18], is neglected.

Charged and neutral particles are clustered by the anti-kr algorithm [19] with distance
parameter R = 0.5 as implemented in the FASTJET software package [20]. As in ref. [18],
the jet energy is corrected to the particle level excluding neutrinos and the same jet quality
requirements are applied. The jets are required to be reconstructed within the pseudora-
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Figure 1. M., distribution for (left) pr(jet) > 10 GeV and (right) pr(jet) > 20 GeV. Data (black
points) are compared to the template fit results. The uncertainties shown are statistical only.

pidity range 2.0 < n(jet) < 4.5 and two transverse momentum thresholds of 10 and 20 GeV
are studied. In addition to those kinematic criteria, jets are required to be isolated from
the muons of the Z boson decay (AR(jet,u) > 0.4), where AR is the distance in n — ¢
space and ¢ is the azimuthal angle.

The Z+Db-jet cross-section is determined from the ratio of Z+b-jet to Z+jet event yields
corrected for efficiencies and normalized by the Z+jet production cross-section

e(Z+jet) 1 N(Z+b-jet)

Z+b-jet) =
o (Z+b-jet) e(Z+b-jet) e(b-tag) N(Z-+jet)

o (Z+jet), (3.1)

where N (Z+b-jet) is the observed number of Z+b-jet events, N(Z+jet) is the number of
observed Z+jet events, £(Z+jet)/e(Z+b-jet) is the ratio of efficiencies for the reconstruction
and selection of Z+jet and Z+b-jet events and e(b-tag) is the efficiency of the b-tagging.
The production cross-section of a Z boson associated with jets, o(Z+jet), was previously
measured by LHCb [18]. The same data sample, Z boson selection and jet selection are
used but identification of jets originating from bottom quarks is added. By using this
approach, the systematic uncertainties and the efficiencies are largely the same as those of
ref. [18], except for those related to the b-jet identification.

An algorithm similar to that described in refs. [5, 21] is used for the identification
of secondary vertices consistent with the decay of a beauty hadron, using tracks that
form the jet. Topological secondary vertices (TOPO), significantly separated from the
primary vertex, are formed by considering all combinations of two, three and four particles
within a jet, where particles include both charged particles reconstruced from tracks and
reconstruced K? and A hadrons. The requirement of a TOPO candidate greatly reduces
the background of jets originating from light partons (l-jets) and charm quarks (c-jets).
The number of b-jets is extracted from an unbinned likelihood fit to the corrected mass
of the TOPO candidate defined as Meore = v/ M2 + p2sin® 0 + psin®. Here, M and p are
the invariant mass and momentum of the TOPO candidate and 6 is the angle between its
momentum direction and the flight direction inferred from the positions of the primary
and secondary vertices [11].
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Figure 2. Efficiency of b-tagging as function of the jet transverse momentum. The uncertainties
shown are statistical only.

Templates for the Mo distribution of b-jets, c-jets and I-jets are obtained from sim-
ulation of Z+jet, inclusive b-hadron and inclusive c-hadron production. The shapes of the
templates for b-jets, c-jets and l-jets in these samples show no dependence on the produc-
tion process nor on the pr of the jet. The sPlot method [22] is used to estimate the b-jet
pr and 7 spectra. Figure 1 shows the Mo, distribution of b-jet candidates with the fit
results overlaid.

Jet reconstruction inefficiencies mainly arise from low-momentum particles and
calorimeter response, therefore no large differences between jets originating from
heavy quarks and from light quarks and gluons are expected. Hence, the ratio
e(Z+jet)/e(Z+Db-jet) is assumed to be unity, which is confirmed by simulation.

The b-tagging efficiency, £(b-tag), is determined in simulation as a function of the jet
transverse momentum and pseudorapidity. The value of (b-tag) shows little variation with
pseudorapidity in the range 2.0 < n(jet) < 4.5, while it rises strongly with pr, reaching a
value of 55 % at high pr, as shown in figure 2. The number of Z+b-jet events determined
by the template fit is corrected for the b-tagging efficiency.

4 Systematic uncertainties

The systematic uncertainties related to the Z boson reconstruction, unfolding, jet energy
calibration and final-state radiation are taken from ref. [18]. Systematic uncertainties
related to the M, templates modelling, b-tagging efficiency and jet efficiency flavour
dependence are studied in this work.

The systematic uncertainty on the Z boson reconstruction takes account of the contri-
butions from the track reconstruction, trigger efficiencies, muon identification efficiencies
and the model used to fit the Z boson mass. The Z boson reconstruction systematic un-
certainty is estimated to be 3.5 % [18].



Migrations in the jet transverse momentum distribution are corrected for by unfolding.
This correction is applied to the value of o(Z+jet) measured in ref. [18] and used in eq. (3.1).
Detailed studies show that no dedicated unfolding correction is necessary. The unfolding
systematic uncertainty has two contributions. The difference between the SVD [23] and
D’Agostini [24] unfolding methods is assigned as one contribution. The second contribution
comes from the difference between the unfolded distribution and the true distribution in
an independent simulated sample. This systematic uncertainty is taken from ref. [18] and
it is evaluated to be 1.5 %.

An important contribution to the systematic uncertainties related to the jets comes
from the jet-energy scale. It is estimated by comparing the transverse momentum of the
Z boson and the jet in single jet events, where their momenta are azimuthally opposed,
and are expected to be balanced. An additional contribution of 2% to the jet-energy scale
uncertainty comes from the differences between jets initiated from quarks and gluons. The
systematic uncertainty of the jet identification is estimated by comparing the number of
candidates in data and simulation with a more stringent selection. The total systematic
uncertainty related to jets is 7.8 % as estimated in ref. [18].

The systematic uncertainty associated to final-state radiation is obtained by di-
rect comparison to the simulation described above and an additional simulation, using
HERWIG++(25], as in ref. [18]; it is estimated to be 0.2%. The systematic uncertainty
associated with the knowledge of the luminosity is estimated to be 3.5 % [26].

Possible systematic variations of the final result due to the extraction of £(b-tag) and
Mo templates from simulations are controlled using two data samples enriched in b-jets
and c-jets. The b-jet (c-jet) enriched sample is selected via one B* (D) hadron candidate
decaying to J/i K* (KFTrt %) produced with a large azimuthal opening angle with respect
to a probe jet. The b-tagging requirement is applied to the probe jet and a template fit
is performed. Three studies are performed: 1) the data are divided into two ranges of M,
the template fit is performed on each and the sum of the resulting b-jet yields is compared
with the standard result; 2) a looser b-tagging requirement is applied and the b-jet yields
after b-tagging efficiency correction are compared with the default values; and 3) the Moy,
template is smeared to account for possible differences between simulation and data, and
the impact on the b-jet yields is studied. The M,y simulation modelling and TOPO
candidate reconstruction efficiency studies are found to affect this measurement by up to
15 %, where this uncertainty is dominated by the first of the studies mentioned above.

Using simulation, £(Z+jet)/e(Z+b-jet) is found to be compatible with unity within
2 %, which is taken as the systematic uncertainty due to the flavour dependence of the jet
efficiency.

The systematic uncertainties are summarized in table 1. They are added in quadrature
leading to a total systematic error of 17.8 %.

5 Results

We observe 179 (97) Z+jet events where at least one jet fulfils the b-tagging requirement
for the pr(jet) > 10GeV (20 GeV) threshold. No events with more than one b-tagged jet



Source of systematic uncertainty Relative uncertainty (%)
7 boson reconstruction 3.5
Unfolding 1.5
Jet-energy scale, resolution and reconstruction 7.8
Final-state radiation 0.2
Luminosity 3.5
Moy template and b-tagging 15.0
Jet reconstruction flavour dependence 2.0
Total 17.8

Table 1. Relative systematic uncertainty considered for the Z+b-jet cross-section for pr(jet) >
20 GeV. The relative uncertainties are similar for the 10 GeV threshold. The first four contributions
are from ref. [18].

are observed. The extended unbinned likelihood fit of the My, spectrum using Z+1-jet,
Z+c-jet and Z+b-jet templates determines 72415 (39411) Z+b-jet events for the pp(jet) >
10 GeV (20 GeV) threshold. The number of candidates corrected for b-tagging efficiency
is found to be 177 £ 36 (76 £ 21) for the pr(jet) > 10 GeV (20 GeV) threshold. Using the
measurements of ref. [18], we determine the cross-section of Z+b-jet production to be

o(Z/y* (™) +b-jet) = 295 + 60 (stat) £ 51 (syst) & 10 (lumi) fb
for pr(jet) > 10 GeV, and
o(Z/v*(ut ) +b-jet) = 128 + 36 (stat) £ 22 (syst) & 5 (lumi) fb

for pr(jet) > 20GeV. These cross-sections are evaluated within the fiducial region
pr(p) > 20GeV, 60GeV < M(p~pt) < 120 GeV, 2.0 < n(jet) < 4.5, 2.0 < n(u) < 4.5 and
AR(jet, p) > 0.4.

The measurements are compared to predictions of the Z+b-jet cross-section calculated
using MCFM [27] in the same kinematic range as for this measurement. The uncertainties
include the PDF and theory uncertainties evaluated by varying independently the renor-
malization and factorization scales by a factor two around their nominal scales. Neither
showering nor hadronization are included in MCFM,; therefore the same kinematic require-
ments applied to jets in the data analysis are applied to the bottom quarks in MCFM.
An overall correction is calculated by generating Z+b-jet events with PYTHIA v8.170 with
the MSTWO08 PDF set [28] where the same acceptance requirements are applied. Jets are
reconstructed with FASTJET using the anti-kr algorithm with R = 0.5 and then matched
with a bottom quark, requiring AR(jet,b-quark) < 0.5. The ratio between the number of
events with at least one b-jet that fulfils the kinematic requirements of this measurement
and the number of events with at least one b quark within the acceptance criteria are used
as the fragmentation and hadronization correction for the MCFM predictions. The ratio is
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Figure 3. Z+Db-jet cross-section for two pr(jet) thresholds. The colour band shows the LHCb
measurement (with the inner orange band showing the statistical uncertainty, and the outer yellow
band showing the total uncertainty). The points with error bars correspond to the theoretical
predictions with the inner error bars indicating their PDF uncertainties. These cross-sections are
evaluated within the fiducial region pr(p) > 20GeV, 60 GeV < M (= p™) < 120GeV, 2 < n(jet) <
4.5, 2 < n(p) < 4.5 and AR(jet, ) > 0.4.

0.77 (0.90) for pr(jet) > 10 (20) GeV. Figure 3 shows the cross-section measurements com-
pared to the LO calculation with massive bottom quarks and to LO and NLO calculations
neglecting the bottom quark mass.

6 Summary

The cross-section for forward production of a Z boson or an off-shell photon, in the ™t~
channel, and a bottom-quark is measured in /s = 7TeV proton-proton collisions corre-
sponding to an integrated luminosity of 1.0 fb~! of data collected in 2011 by the LHCb col-
laboration. Results are reported for the kinematic region 2.0 < n(u) < 4.5, pr(p) > 20 GeV,
60 < M(utu~) < 120GeV, pr(jet) > 10(20) GeV, 2.0 < n(jet) < 4.5 and AR(jet, u) > 0.4.
The measured cross-sections are

o(Z/v*(ut ) +b-jet) = 295 4+ 60 (stat) £ 51 (syst) & 10 (lumi) fb
for pp(jet)> 10 GeV, and
o(Z/v* (™ )+b-jet) = 128 + 36 (stat) £ 22 (syst) = 5 (lumi) fb

for pr(jet)> 20 GeV.
The results are in agreement with MCFM predictions for massless and massive bottom
quark calculations.
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