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Measurement of forward
Z ! e+e� production atp

s = 8TeV

Measurement of the Z +b-jet
cross-section in pp collisions atp

s = 7TeV in the forward region

Abstract
A measurement of the inclusive W ! µ⌫ production cross-section using data from
pp collisions at a centre-of-mass energy of

p
s = 7TeV is presented. The analysis

is based on an integrated luminosity of about 1.0 fb�1 recorded with the LHCb
detector. Results are reported for muons with a transverse momentum greater than
20GeV/c and pseudorapidity between 2.0 and 4.5. The W+ and W� production
cross-sections are measured to be

�
W

+!µ

+
⌫

= 861.0± 2.0± 11.2± 14.7 pb,

�
W

�!µ

�
⌫

= 675.8± 1.9± 8.8± 11.6 pb,

where the first uncertainty is statistical, the second is systematic and the third is due
to the luminosity determination. Cross-section ratios and di↵erential distributions
as functions of the muon pseudorapidity are also presented. The ratio of W+ to W�

cross-sections in the same fiducial kinematic region is determined to be
�
W

+!µ

+
⌫

�
W

�!µ

�
⌫

= 1.274± 0.005± 0.009,

where the uncertainties are statistical and systematic, respectively. Results are
in good agreement with theoretical predictions at next-to-next-to-leading order in
perturbative quantum chromodynamics.
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Measurement of forward Z � e+e�

production at
�

s = 8 TeV

The LHCb collaboration†

Abstract
A measurement of the cross-section for Z-boson production in the forward region at
8 TeV centre-of-mass energy is presented. The measurement is based on a sample
of Z � e+e� decays reconstructed using the LHCb detector corresponding to an
integrated luminosity of approximately 2.0 fb�1. The acceptance of the measurement
is defined by the requirements 2 < � < 4.5 and pT > 20 GeV for the pseudorapidities
and transverse momenta respectively of the leptons and their invariant mass is
required to lie in the range 60–120 GeV. The cross-section is determined to be

�(pp � Z � e+e�) = 93.81 ± 0.41(stat.) ± 1.48(syst.) ± 1.14(lumi.) pb.

where the first uncertainty is statistical, the second reflects all systematic e�ects apart
from that arising the luminosity, which is given as the third uncertainty. Di�erential
cross-sections are also presented as functions of the Z-boson rapidity and of the
angular variable ��, which is related to the Z-boson transverse momentum.

To be submitted to JHEP

c� CERN on behalf of the LHCb collaboration, license CC-BY-4.0.

†Authors are listed at the end of this paper.

Preliminary

Abstract
The associated production of a Z boson or an o↵-shell photon �⇤ with a bottom
quark in the forward region is studied using proton-proton collisions at a centre-
of-mass energy of 7TeV. The Z bosons are reconstructed in the Z/�⇤ ! µ+µ�

final state from muons with a transverse momentum larger than 20GeV, while two
transverse momentum thresholds are considered for jets (10GeV and 20GeV). Both
muons and jets are reconstructed in the pseudorapidity range 2.0 < ⌘ < 4.5. The
results are based on data corresponding to 1.0 fb�1 recorded in 2011 with the LHCb
detector. The measurement of the Z+b-jet cross-section is normalized to the Z+jet
cross-section. The measured cross-sections are

�(Z/�⇤(µ+µ�)+b-jet) = 295± 60 (stat)± 51 (syst)± 10 (lumi) fb

for p
T

(jet)> 10GeV, and

�(Z/�⇤(µ+µ�)+b-jet) = 128± 36 (stat)± 22 (syst)± 5 (lumi) fb

for p
T

(jet)> 20GeV.
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Motivation arXiv:0808.1847 

Electroweak measurements
in the forward region
• probe pQCD and electroweak

theory in a novel region of
(x ,Q2) phase space;

• constrain PDFs at
low x and high Q

2.
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Figure 2: The uncertainties on cross-section ratios and total cross-sections at the LHC.

than for W production. In particular the large uncertainty on R± for high y reflects that
on the high-x down quark distribution. Similarly for total cross-sections we have

�W+ � u(x1)d̄(x2), �W � � d(x1)ū(x2), (1)

�Z � Auu(x1)ū(x2) + Add(x1)d̄(x2), ��� � 4/9 u(x1)ū(x2) + 1/9 d(x1)d̄(x2).

The uncertainty on �Z and �W+ at high y is dominated by the valence up quark and the sea
quarks for x � 0.0001, both of which are limited to a few percent, hence the small uncertainty
in Figure 2. The uncertainty on �W � is dominated by the down quark for large x1, as for
A±. For the virtual photon, x1,2 = (M�/14, 000 GeV) exp (±y), so if M� � 20 GeV, x2 can
be � 0.00001 and x1 stays away from the valence uncertainty at high x. The increased
uncertainty when these extremely small x values are probed is evident in the figure.

2 Potential results from LHCb

Depending on the cross-section under investigation, early data can either reduce the uncer-
tainty on PDFs or test the validity of the order-by-order perturbative expansion. With 1fb�1

of data LHCb [3] expects to obtain data for Z � µ+µ� for 1.8 < y < 4.9 with � 1% preci-
sion (ignoring luminosity uncertainty) if presented in bins of width 0.1. This is sensitive to
the small-x quarks and gluon distribution for x < 0.001, but the most precise data will be in
the range where HERA data [4] already provide very good constraints. However, if the data
are a di�erent shape to the prediction they can highlight problems with fixed order calcula-
tions. Illustrated in Figure 3 is pseudo-data shifted by a mulitplicative factor 0.05(y � 3.4)
compared to the current NLO prediction. The lower (blue) line shows the result of a new
fit. It is not possible to obtain good agreement, i.e. �2 = 103/30. Hence, this type of result
could imply that small-x resummations are important, or that higher twists/saturation is
contaminating the current extraction of small-x PDFs from HERA data.

DIS 2008

• PDF uncertainties become
particularly large at forward
boson rapidities;

• LHCb ideally placed to
contribute.
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Motivation � NNPDF3.0 arXiv:1410.8849 

The impact of our early
(37pb�1) W ! µ⌫ (JHEP06
(2012) 58) and Z ! ee

(JHEP02 (2013) 106)
measurements is clearly visible.

Marek Sirendi (Cambridge) 4 / 17



Motivation � ABM12 Phys. Rev. D 89 (2014) 054028 

µ=3 GeV, nf=4
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Figure 3.3: The same as in Fig. 3.2 for the variants of ABM12 fit including separate LHC DY data sets
(sold line: LHCb [15], dots: LHCb [17], dashes: CMS [16], dashed dots: ATLAS [14]).

charm data and improvements in the heavy-quark electro-production description, cf. Ref. [33] for
details. At the same time the ABM12 quark distributions di�er from the ABM11 ones at most
due to the LHC DY data. This input contributes to a better separation of the non-strange sea and
the valence quark distributions. As a result, at the factorization scale µ = 3 GeV and x ⇠ 0.2 the
non-strange sea goes down by somewhat 15%, while the total d-quark distribution goes up by
some 2%, cf. Fig. 3.2. In turn, this improvement allows for a better accuracy of both, the sea
and the valence distributions, in particular, of the d-quark one. This improvement is particularly
valuable since the accuracy of the latter is limited in the case of DIS data due to the uncertainty
in the nuclear correction employed to describe the deuterium-target data. The LHCb data on W+
and W� production [15] provide the biggest impact on the PDFs as compared to other LHC data,
cf. Fig. 3.3, due to the forward kinematics probed in this experiment. It is also worth noting that

15

Early LHCb data of W pro-
duction provide the largest im-
pact on valence d and sea light
quark PDFs.
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LHCb detector JINST3 (2008) S08005 arXiv:1412.6352 

• Single arm spectrometer optimised for the study of B and D

decays;
• Limited to ⇠ 4% of the solid angle;
• Corresponds to 2 < ⌘ < 5, ⌘ ⌘ � ln

⇥
tan

�
✓
2

�⇤
⇡ y ;

• Collected 1 fb�1 at 7TeV and 2 fb�1 at 8TeV.

• �p
p

= 0.4%@5GeV and
0.6%@100GeV;

• �(IP) = 20µm;
• ✏

track

> 96%;
• ✏

PID

(µ) ⇠ 97% with
MisID(⇡! µ)⇠ 1�3%.

• ✏
PID

(K ) ⇠ 95% with
MisID(⇡! K )⇠ 5%.
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Inclusive W � analysis strategy JHEP12 (2014) 079 

• The signal yield is determined from a fit to p

µ
T ;

• Signal and electroweak templates are taken from simulation;

• The decay in flight, K/⇡! µ⌫, component floats freely in the fit
with a template determined from data;

• Purities are determined to be ⇠ 77%.
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Inclusive W � results JHEP12 (2014) 079 

 = 7 TeVsLHCb, 
statData
totData

MSTW08
NNPDF23
CT10

ABM12
HERA15
JR09

 > 20 GeV/c
T

p
 < 4.5η2.0 < 
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 [pb]
ν+µ → +Wσ

620 640 660 680 700 720
 [pb]
ν-µ → -Wσ

1.2 1.25 1.3 1.35 ν-µ → -Wσ
ν+µ → +Wσ

�
W!µ⌫ cross-section at 7TeV is measured to be

�
W

+!µ+⌫ = 861.0±2.0 (stat .) ±11.2 (syst .)±14.7 (lumi .)pb

�
W

�!µ�⌫ = 675.8±1.9 (stat .) ±8.8 (syst .)±11.6 (lumi .)pb

The cross-section ratio is measured to be
�

W

+!µ+⌫

�
W

�!µ�⌫
= 1.274±0.005 (stat .) ±0.009 (syst .)

• Results are given at Born-level;

• Theory prediction is
from FEWZ at NNLO;

• A selection of NNLO PDF
sets are used.

p

µ
T > 20GeV

2.0 < ⌘µ < 4.5
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Inclusive W � differential cross-sections JHEP12 (2014) 079 
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Inclusive W � cross-section ratio
and the charge asymmetry

JHEP12 (2014) 079 
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The measured cross-sections are in agreement with
NNLO predictions using different PDF sets.
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Inclusive W � comparison to ATLAS JHEP12 (2014) 079 
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Inclusive W /Z cross-sections at LHCb are complementary to
ATLAS (and also to CMS).
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Inclusive Z � results LHCb-PAPER-2015-003  
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�
Z!e

+
e

� cross-section at 8TeV is measured to be

�
Z!e

+
e

� = 93.81±0.41 (stat .) ±1.48 (syst .)±1.14 (lumi .)pb

• Results are given at Born-level;

• Theory prediction is
from FEWZ at NNLO;

• A selection of NNLO PDF
sets are used;

• Correlation matrices for bins
of y

Z

and �⇤ are provided
for PDF fitters.

p

e

T > 20GeV
2.0 < ⌘e < 4.5

60 < M

ee

< 120GeV
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Inclusive Z � differential cross-sections LHCb-PAPER-2015-003  
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The measured cross-sections are in agreement with
NNLO predictions using different PDF sets.
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Inclusive Z � differential cross-sections LHCb-PAPER-2015-003  
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�⇤ ⌘ tan(�
acop

/2)/cosh(�⌘/2) ⇡ pT/M,

where �
acop

⌘ ⇡ � |��|, �⌘ is measured between leptons and M, pT are
the invariant mass and transverse momentum of the lepton pair.
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Z +b-jet � jet reconstruction and ID JHEP01 (2015) 064 
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LHCb simulation

• Builds on the Z+jet result
(JHEP01 (2014) 033);

• Jets formed using particle flow
with the anti-kT algorithm;

•
b-tagging efficiency taken
from simulation (dominant
systematic uncertainty).
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LHCb

• A selection that forms
displaced vertices is used to
enrich the sample with b-jets;

•
b-jet yield is extracted from a
L-fit to the corrected mass;

• Templates for b,c ,l-jets are
obtained from simulation.
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Z +b-jet � results JHEP01 (2015) 064 

 = 7 TeVsLHCb, 

100 200 300 400 500
 > 10 GeV) [fb]T(pZ+bσ

50 100 150 200 250 300
 > 20 GeV) [fb]T(pZ+bσ

MCFM MSTW08 massive LO
MCFM MSTW08 massless LO
MCFM MSTW08 massless NLO

statData 
totData 

�
Z!µµ+b�jet cross-section at 7TeV for p

jet

T > 10GeV,
�(Z +b� jet) = 295±60 (stat .) ±51 (syst .)±10 (lumi .)fb

for p

jet

T > 20GeV,

�(Z +b� jet) = 128±36 (stat .) ±22 (syst .)±5 (lumi .)pb

• Theory prediction from MCFM;

• Theory uncertainties account
for PDFs, scales;

• A correction for showering
and hadronisation is taken
from simulation.

p

µ
T > 20GeV

2.0 < ⌘µ, jet < 4.5

60 < Mµµ < 120GeV
�r (jet, µ) > 0.4
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Summary and outlook

• LHCb continues to build on past successes in its electroweak
program;

• We are successfully branching into jet physics;
• Our measurements are seen to have an impact on PDFs;
• The higher energies of Run II allow us to probe lower x values.
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LHCb phase space

While ATLAS&CMS are largely limited to ⌘  2.5 (with Bjorken-x
in the range of 10�3  x  0.1), LHCb detects W and Z

daughters in 2 < ⌘ < 5. These are formed in a highly boosted
system with respect to the lab frame with one parton at x

a

⇠ 0.1
and the other at x

b

⇠ 10�4.

y

W (Z ) = ln
 
x

a

x

b

! 1

2

=) x

a,b =
M

W (Z )p
s

e

±y
W (Z )
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Flavour decomposition of W

Eur. Phys. J. C 14 (2000) 133 
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Figure 5: Parton decomposition of the W+ (solid line) and W � (dashed line) total cross sections
in pp̄ and pp collisions. Individual contributions are shown as a percentage of the total cross

section in each case. In pp̄ collisions the decomposition is the same for W+ and W �.

18

• �
W

is sensitive to the
flavour composition of the
quark sea;

• Can be used in
constraining the strange
PDF.
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Charge asymmetry Phys. Rev. D 69 (2004) 094008 

Figure 11: The W charge asymmetry at Run II of the Tevatron. Included are the LO, NLO, and
NNLO results. The bands indicate the variation of the renormalization and factorization scales in
the range MW /2 � µ � 2MW . As the charge asymmetry is rather insensitive to QCD corrections,
the three bands are almost completely degenerate.

positive half of the rapidity range is shown for W+, and the negative half for W �. The

charge asymmetry is positive for all rapidities, but is particularly striking around Y = 3.

The behavior of the perturbation series is very similar to that discussed previously for Z

production at the LHC. Again the NNLO scale-variation bandwidths are extremely narrow

for central rapidities, ranging from � 0.6% for Y < 2, to 1.5% at Y = 3, to 3% at Y = 4.

In addition to the study of resonant production of electroweak gauge bosons, both

the Tevatron and the LHC use high-invariant-mass Drell-Yan production of lepton pairs

to search for new gauge bosons and lepton-quark contact interactions. Although these are

primarily inclusive searches, rapidity cuts are required because of experimental constraints.

We therefore examine the NNLO QCD corrections to o�-shell (Z, ��) production at large

invariant masses. We present below the rapidity distribution for M = 250 GeV (Z, ��)

production at the LHC in Fig. 14, and for M = 200 GeV at Run II of the Tevatron in

Fig. 15. The scale dependences are significantly smaller for M = 250 GeV than for resonant

Z production at the LHC. The LO scale variation is 12% at central rapidities and 4% at

Y = 3. Both the NLO and NNLO scale variations are much less than 1% for all values

of rapidity. The magnitude of the higher-order corrections is much larger, however. The

NLO result increases the LO prediction by nearly 35% at central rapidities; this correction

– 37 –

The charge asymmetry is given as

A(⌘`) ⌘
d�W

+

d⌘`
� d�W

�

d⌘`

d�W

+

d⌘`
+ d�W

�

d⌘`

⇡ u�d
u+d

⇡ u
val

�d
val

u
val

+d
val

+2u
sea

• A(⌘`) is almost completely
insensitive to higher order
QCD corrections;

• several experimental
uncertainties also cancel;

• a measurement of this
quantity is a powerful
probe of PDFs.
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Inclusive W � systematics JHEP12 (2014) 079 

Table 1: Summary of the systematic uncertainties on the inclusive cross-sections and their ratio.

Source ��W+�µ+� [%] ��W ��µ�� [%] �RW [%]
Template shape 0.28 0.39 0.59
Template normalisation 0.10 0.10 0.06
Reconstruction e�ciency 1.21 1.20 0.12
Selection e�ciency 0.33 0.32 0.18
Acceptance and FSR 0.18 0.12 0.21
Luminosity 1.71 1.71 —

muon charge as well as other quantities. No biases are observed.

5.3 Selection e�ciency

The e�ciency to select W � µ� events, �sel, defined as the fraction of events that fulfil
the requirements used to identify the candidates, is measured using the pseudo-W sample.
Good agreement is observed between pseudo-W data and W � µ� simulation; however,
the larger average pT of pseudo-W events must be accounted for. Simulation is used to asses
the di�erence due to measuring the selection e�ciency with muons produced in Z instead
of W boson decays, which on average amounts to about 2%. The statistical uncertainty
of the data-driven determination and of the simulation-based correction are summed in
quadrature. The e�ciency is found to vary as a function of the muon pseudorapidity.
No dependence on the lepton charge is observed except for the most forward � bin. The
measured �sel ranges between 61.9% and 70.0% in the central bins with an uncertainty of
about 0.5%, but decreases to 49.0% in the first pseudorapidity bin. The e�ciency to select
W+ and W� in the range 4.0 < � < 4.5 is (34.1 ± 0.8)% and (29.3 ± 0.7)%, respectively.

5.4 Final state radiation

The FSR correction, f±
FSR, is evaluated using Photos interfaced to Pythia as the

ratio of the number of generated events that after photon radiation fail the kinematic
requirements to the number of generated decays that before FSR satisfy the same criteria.
The correction in bins of muon pseudorapidity is reported in Appendix B (Table 2).

5.5 Systematic uncertainties

The contributions to the systematic uncertainty considered in the analysis are the shape
and the normalisation of the templates used in the fit, the reconstruction and the selection
e�ciencies, the acceptance and the FSR corrections, and the luminosity determination.
A summary of the systematic uncertainties on the W+ and W� cross-sections and their
ratio is given in Table 1.
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Inclusive Z � systematics LHCb-PAPER-2015-003  

Table 1: E�ciencies and other factors used for the cross-section determination, averaged over the
experimental acceptance by integrating over yZ. The fractional uncertainties on the overall factors
are also given, separated into components that are assumed to be correlated and uncorrelated
between bins of yZ or of ��.

Fractional uncertainty
Average value Uncorrelated Correlated

�GEC 0.916 0.006
�Trig. 0.892 0.001
�Track. 0.912 0.001 0.010
�Kin. 0.507 0.002 0.006
�PID 0.838 0.001 0.007
� 0.319 0.002 0.016
fMZ 0.969 0.001
Background estimation 0.004�

Ldt / pb�1 1976 0.0122

the tag electron, and isolation requirements are imposed on both particles. This cannot be380

regarded as a direct measurement of the e�ciency of the main analysis selection because381

more stringent cuts have been employed. Instead, the same procedure is applied to the382

simulated event sample. The ratio between the two, 0.990 ± 0.004, is taken as a correction383

to �Track obtained from simulation, with the full size of the correction taken as a systematic384

uncertainty, ±0.010, assumed fully correlated between bins of the di�erential distributions.385

The kinematic e�ciency is also taken from simulation. For this determination to be386

reliable, the modelling of the pT distributions by simulation must be accurate, particularly387

in the neighbourhood of the 20 GeV threshold. Figure 2 shows the distribution of388

min(pT(e+), pT(e�)) for data compared with simulation. Reasonable agreement is observed.389

In order to quantify the uncertainty in �Kin., the pT values in data are scaled by a global390

factor �, and the �2 between data and simulation is examined as � is varied. The391

resulting uncertainty in � translates into a relative uncertainty in �Kin. of 0.6% (or 1.2%392

for yZ > 3.75), which is taken to be a systematic uncertainty fully correlated between bins.393

The contribution to �PID resulting from the calorimeter acceptance is purely geometrical394

and is assumed to be modelled reliably in simulation. To assess the reliability of simulation395

for the calorimeter energy requirements, events are selected in which one electron is tagged396

using the standard criteria, while a second “probe” track is found that satisfies all the397

requirements apart from that on the energy recorded in each of the calorimeters in turn. By398

examining the distributions of calorimeter energy in the neighbourhood of the thresholds399

applied, an estimate of any corrections needed and their uncertainties is made. As a result400

of these studies, a systematic uncertainty of 0.7% on �PID is assigned, independent of yZ401

and ��.402

The statistical uncertainty in the determination of �GEC is taken as part of the systematic403

uncertainties. The uncertainty in the 10 ± 5 hit o�set leads to an additional systematic404
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Z +b-jet � systematics JHEP01 (2015) 064 

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

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

for pT(jet) > 10 GeV, and

�(Z/��(µ+µ�)+b-jet) = 128 ± 36 (stat) ± 22 (syst) ± 5 (lumi) fb

for pT(jet) > 20 GeV. These cross-sections are evaluated within the fiducial region pT(µ) >
20 GeV, 60 GeV < M(µ�µ+) < 120 GeV, 2.0 < �(jet) < 4.5, 2.0 < �(µ) < 4.5 and
�R(jet, µ) > 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 uncer-
tainties include the PDF and theory uncertainties evaluated by varying independently
the renormalization and factorization scales by a factor two around their nominal scales.
Neither showering nor hadronization are included in MCFM; therefore the same kinematic
requirements 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 MSTW08 PDF set [28] where the same acceptance requirements are
applied. Jets are reconstructed with FastJet using the anti-kT algorithm with R = 0.5
and then matched with a bottom quark, requiring �R(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 0.77 (0.90) for pT(jet) > 10 (20) GeV. Figure 3 shows the
cross-section measurements compared 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 o�-shell photon, in the
µ+µ� channel, and a bottom-quark is measured in

�
s = 7 TeV proton-proton collisions
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Topological secondary vertex tagger

The TOPO tagger forms secondary vertices from combinations of
two, three, and four particles within a jet.
If at least 60% of the detector hits that make up the tracks forming
the TOPO object also belong to tracks within the jet, then the jet
satisfies a b�tag requirement.
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Corrected mass

The number of b�jets is extracted from an unbinned likelihood fit
to the corrected mass of the TOPO candidate defined as

M

corr

⌘
q

M

2+p

2 sin2 ✓ +p sin✓,

where M and p are the invariant mass and momentum of all
tracks in the jet that are inconsistent with originating directly
from a pp collision and have a minimum distance of closest
approach to a track used in the TOPO less than 0.2mm. The
angle ✓ is between the momentum and the direction from the pp

collision to the TOPO object vertex.
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