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W & Z production in the forward region

Main theory uncertainty on benchmark Standard Model Processes
comes from uncertainties in parton distribution functions (PDFs).

LHCb is sensitive to previously
unexplored region of low x-high
Q

2 phase space.

Can use measurements at LHCb
to constrain PDFs.

PDF uncertainties reduced in
some cross-section ratios - can
also probe the standard model.

W. Barter (CERN) EW Physics at LHCb 23rd July 2015 4 / 21LHCb probes a unique region of the proton structure 
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The LHCb detector
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JINST 3 (2008) S08005

http://www.apple.com
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The LHCb detector
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Excellent Run-I performance (Int. J. Mod. Phys. A 30, 1530022 (2015)).
Features relevant for PDF sensitive measurements:
• 2 < η < 5
• Excellent tracking and muon-ID
• Good jet reconstruction, and excellent light, c, b separation

2012 (8 TeV) luminosity determined to 1.16% (JINST 9 P12005, 2014)

JINST 3 (2008) S08005

http://arxiv.org/abs/1412.6352
http://arxiv.org/abs/1410.0149
http://www.apple.com
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Outline

• Inclusive W and Z production

• W and Z plus jets (including b and c tagged)

• Brief mention of other PDF sensitive results

5
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Inclusive W&Z production
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x1,2 =
Mp
s

e

±y

Z/𝞬* →μμ and W/Z ratios 7 TeV, 1 fb-1 JHEP 08 (2015) 039 
[LHCB-PAPER-2015-001]

W →μν production 7 TeV, 1 fb-1 JHEP 12 (2014) 079 
[LHCB-PAPER-2014-033]

Low mass Drell-Yan 7 TeV, 37 pb-1 LHCb-CONF-2012-013

I’ll discuss the following:

http://link.springer.com/article/10.1007%2FJHEP08%282015%29039
https://cds.cern.ch/record/2019534/
http://dx.doi.org/10.1007/JHEP12(2014)079
https://cds.cern.ch/record/1750837?ln=en
https://cdsweb.cern.ch/record/1434424/
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Inclusive W&Z production at 7 TeV
pT(μ) > 20 GeV, 2 < η < 4.5,

60 < M <120 GeV (Z/𝞬*)
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also Z/Ɣ*→ee @ 8TeV
JHEP 05 (2015) 109

60k candidates with
>99% purity

JHEP08(2015)039

JHEP 12 (2014) 079

]c [GeV/
T

p

c
Ev

en
ts 

pe
r 1

 G
eV

/

10000

20000

30000
LHCb +µ -µ < 4.5η2.0 < 

Data νµ → πK/
Fit Electroweak

νµ →W Heavy flavour

]c [GeV/
T

p
Pu

ll

-5
0
5

20 30 40 50 60 70 20 30 40 50 60 70

900k candidates with
70% purity

W→μνZ/𝞬* →μμ

http://link.springer.com/article/10.1007%2FJHEP08%282015%29039
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W production at 7 TeV

Cross sections are in good agreement with 
NNLO predictions1,2
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JHEP 12 (2014) 079
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1Gavin et al., 1011.3540;  
2Li, Petriello,  1208.5967

http://dx.doi.org/10.1007/JHEP12(2014)079
http://arxiv.org/abs/1011.3540
http://arxiv.org/abs/1208.5967
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W production at 7 TeV
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JHEP 12 (2014) 079
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Likewise for the charge asymmetry

http://dx.doi.org/10.1007/JHEP12(2014)079
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Z production at 7 TeV

Agreement tested down to few % level, with O(ɑs2) predictions 
using various PDF sets
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JHEP 08 (2015) 039

http://link.springer.com/article/10.1007%2FJHEP08%282015%29039
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W/Z ratios
More information in the correlations between observables
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More figures here

JHEP 08 (2015) 039

http://link.springer.com/article/10.1007%2FJHEP08%282015%29039


Mika Vesterinen

Low mass Drell-Yan
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Figure 9: Di↵erential cross-section for �? ! µµ as a function of Mµµ. The dark shaded
(orange) bands correspond to the statistical uncertainties, the light shaded (yellow) band
to the statistical and systematic uncertainties added in quadrature. Superimposed are
NLO predictions from FEWZ with the PDF sets fromMSTW08, NNPDF and CTEQ; they
are displaced horizontally for presentation. The NLO uncertainties correspond to the PDF
uncertainties evaluated at the 68% confidence level. The two bins with Mµµ > 40GeV/c
have a cut of pµT > 15GeV/c for the data and the predictions.
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Complementary constraint at lower Q2 and lower x.

Agrees well with predictions, within limiting statistical uncertainties. 
Update planned at 7, 8, 13 TeV. Also high mass DY…

x1,2 =
Mp
s

e

±y

LHCb-CONF-2012-013

https://cdsweb.cern.ch/record/1434424/
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Impact on PDFs
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See M. Ubiali, LHCb Implications workshop, 15/10/2014 (slides)

xd(x,Q)

NNPDF3.0
HERA only

W →μν, 7 TeV, 37 pb-1 
JHEP 1206 (2012) 058

Z →ee, 7 TeV, 1 fb-1 
JHEP 05 (2015) 109

Earlier LHCb measurements

https://indico.cern.ch/event/324660/session/3/contribution/2/attachments/629099/865741/ubiali_pdfs.pdf
https://indico.cern.ch/event/324660/session/3/contribution/2/attachments/629099/865741/ubiali_pdfs.pdf
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Impact on PDFs
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See M. Ubiali, LHCb Implications workshop, 15/10/2014 (slides)

xu(x,Q)

NNPDF3.0
(incl. early LHCb W,Z data)

JHEP 12 (2014) 079
η

µ
A

-0.4

-0.2

0

0.2

0.4

0.6
 = 7 TeVsLHCb, 

statData MSTW08
totData NNPDF23

CT10
ABM12
HERA15
JR09

 > 20 GeV/c
T

p

η
2 2.5 3 3.5 4 4.5Th

eo
ry

-D
at

a

-0.05
0

0.05

W →μν, 7 TeV, 1 fb-1

+ latest LHCb W →μν

https://indico.cern.ch/event/324660/session/3/contribution/2/attachments/629099/865741/ubiali_pdfs.pdf
https://indico.cern.ch/event/324660/session/3/contribution/2/attachments/629099/865741/ubiali_pdfs.pdf
http://dx.doi.org/10.1007/JHEP12(2014)079
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W and Z+jet production JHEP01 (2014) 033, arXiv:1505.04051

Vector boson + jet measurements probe pQCD, test PDFs in the
forward region, and constrain backgrounds in other key measurements.
Reconstruct jets using anti-kT algorithm, with r-parameter R = 0.5.
Jet energy resolution typically ⇠ 15% for jets with pT < 100 GeV.
We also have excellent b and c-tagging of jets, and W + b, c jet
results - see Roger Barlow’s talk on Saturday!

W. Barter (CERN) EW Physics at LHCb 23rd July 2015 15 / 21

Jets in LHCb

15

Anti-kT algorithm with R=0.5

For pT < 100 GeV,

ΔE/E ~15%
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W + b, c-jet Ratios

Signals and Backgrounds LHCb-PAPER-2015-021
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Ilten b, c-tagging, W + b, c-jet April 21, 2015 13 / 20

V+jets

16

W+b,c and friends 7,8 TeV, 3 fb-1 arXiv:1505.04051

b&c tagging of jets at LHCb 7,8 TeV, 3 fb-1 JINST 10 (2015) P06013 
LHCB-PAPER-2015-016

Z+b 7 TeV, 1 fb-1 JHEP 01 (2015) 064 
[LHCB-PAPER-2014-055]

Z+jet 7 TeV, 1 fb-1 JHEP01 (2014) 033 
[LHCB-PAPER-2013-058 ]

I’ll discuss the following:

http://dx.doi.org/10.1088/1748-0221/10/06/P06013
https://cds.cern.ch/record/2012990?ln=en
http://dx.doi.org/10.1007/JHEP01(2015)064
https://cdsweb.cern.ch/record/1967222/
http://link.springer.com/article/10.1007%2FJHEP01%282014%29033
https://cds.cern.ch/record/1622372
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Z+jet
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JHEP 01 (2014) 033
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http://link.springer.com/article/10.1007%2FJHEP01%282014%29033
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Z+b
Beauty component extracted using template fit based on 
secondary vertex properties (since superseded by dedicated 
b/c-tagging algorithm JINST 10 (2015) P06013)
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Good agreement with NLO prediction
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http://dx.doi.org/10.1007/JHEP01(2015)064
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W+jets and friends

Extract the W+jet signal using a fit to 
the muon isolation

19

Fiducial cuts: 
pT(μ) > 20 GeV, 
2 < η(μ) < 4.5

pT(jet) > 20 GeV, 
2.2 < η(jet) < 4.2

pT(μ+jet) > 20 GeV
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arXiv:1505.04051

Now try to fit the b and c components…
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b,c tagging of jets
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Exploit the excellent performance of the VErtex LOcator
(2014 JINST 9 P09007)

JINST 10 (2015) P06013

http://arxiv.org/abs/1405.7808
http://dx.doi.org/10.1088/1748-0221/10/06/P06013
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PV

b,c tagging of jets

21

The “corrected mass” of a Secondary Vertex in a jet

JINST 10 (2015) P06013

Secondary vertex tagger
Further discrimination

I Discrimination power from variables relating to:

I SV displacement wrt. PV,
I SV kinematic properties,
I SV charge and multiplicity,
I jet properties,

I Mcor (SV ) =
p

M2 + p2sin2✓ + psin✓.

! Good c�jet discrimination

I N(tracks) in SV.
! Good b�jet discrimination

Victor Coco, on behalf of the LHCb Collaboration Observation of top-quark production in the forward region with LHCb May 26, 2015 11 / 58

θ
SV PV-SV line of flight

momentum of 
SV tracks

http://dx.doi.org/10.1088/1748-0221/10/06/P06013
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b,c tagging of jets
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JINST 10 (2015) P06013
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b,c tagging of jets

For mis-ID rate of < 1%:
• 65% efficiency for beauty
• 25% for charm
*For pT > 20 GeV, 2.2 < η < 4.2

23

Two Boosted Decision Trees based on 10 variables, incl. Mcorr. 
One trained for b|c and one for bc|light.
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http://dx.doi.org/10.1088/1748-0221/10/06/P06013
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arXiv:1505.04051
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arXiv:1505.04051
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arXiv:1505.04051

W+b/c results

c-jets

c-jets

b-jets

b-jets
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Also measure W+jet / Z+jet. Full table here

Good agreement with predictions (NLO MCFM, CT10)
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More PDF sensitive measurements

• Top production constrains the low- and high-x gluon 
(arXiv:1506.00903). See LHCP talk of S. Farry.

27

• Heavy Flavour production: gluon at low-x, low Q2

B+ cross section 7 TeV, 35 pb-1 JHEP 04 (2012) 093

Charm production 7 TeV, 15 nb-1 Nucl. Phys. B 871 (2013) 1-20 

NEW Charm production
See LHCP talk of A. Pearce

13 TeV, 5 pb-1 LHCB-PAPER-2015-041 

NEW J/psi (and b-fraction) 
Also in LHCP talk of A. Pearce

13 TeV, 3 pb-1 arXiv:1509.00771

• Central Exclusive Production constrains the gluon at x < 10-5.  
E.g. exclusive Υ (arXiv:1505.08139). See LHCP talk of  V. Coco.

13  
TeV

http://cds.cern.ch/ejournals.py?publication=J.+High+Energy+Phys.&volume=04&year=2012&page=093
http://dx.doi.org/10.1016/j.nuclphysb.2013.02.010
http://arxiv.org/abs/1509.00771
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W & Z production in the forward region

Main theory uncertainty on benchmark Standard Model Processes
comes from uncertainties in parton distribution functions (PDFs).

LHCb is sensitive to previously
unexplored region of low x-high
Q

2 phase space.

Can use measurements at LHCb
to constrain PDFs.

PDF uncertainties reduced in
some cross-section ratios - can
also probe the standard model.

W. Barter (CERN) EW Physics at LHCb 23rd July 2015 4 / 21

Conclusions and outlook
• LHCb provides a unique 

probe at low- and high-x.

• Already many Run-I 
measurements of  W and Z 
(inclusive, light jets, b & c jets), 
top, HF and CEP…

28

Z →µµ  
@ 13 TeV
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Backup slides

29
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Z →µµ candidate
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Corrected mass in Z+b

31

Z + b methods
JHEP 2015 064

Select pair of muons (p
T

> 20GeV , 2.0 < ⌘ < 4.5) with 60 < M < 120
GeV
b jet selection using loose TOPO
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Roger Barlow (Huddersfield) Physics with Jets at LHCb 25th July 2015 9 / 17

JHEP 01 (2015) 064

http://dx.doi.org/10.1007/JHEP01(2015)064
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JHEP08(2015)039

http://link.springer.com/article/10.1007%2FJHEP08%282015%29039
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W+jet results
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Table 3: Summary of the results and SM predictions. For each measurement the first uncertainty is
statistical, while the second is systematic. The fiducial definition requires a jet with p

T

> 20GeV
in the pseudorapidity range 2.2 < ⌘ < 4.2, a muon with p

T

> 20GeV in the pseudorapidity range
2.0 < ⌘ < 4.5, p

T

(µ + j) > 20GeV, and �R(µ, j) > 0.5. For Z+jet events both muons must
fulfill the muon requirements and 60 < M(µµ) < 120GeV; the Z+jet fiducial region does not
require p

T

(µ+ j) > 20GeV.

Results SM prediction
7TeV 8TeV 7TeV 8TeV

�(Wb)

�(Wj)

⇥ 102 0.66± 0.13± 0.13 0.78± 0.08± 0.16 0.74+0.17

�0.13

0.77+0.18

�0.13

�(Wc)

�(Wj)

⇥ 102 5.80± 0.44± 0.75 5.62± 0.28± 0.73 5.02+0.80

�0.69

5.31+0.87

�0.52

A(Wb) 0.51± 0.20± 0.09 0.27± 0.13± 0.09 0.27+0.03

�0.03

0.28+0.03

�0.03

A(Wc) �0.09± 0.08± 0.04 �0.01± 0.05± 0.04 �0.15+0.02

�0.04

�0.14+0.02

�0.03

�(W

+
j)

�(Zj)

10.49± 0.28± 0.53 9.44± 0.19± 0.47 9.90+0.28

�0.24

9.48+0.16

�0.33

�(W

�
j)

�(Zj)

6.61± 0.19± 0.33 6.02± 0.13± 0.30 5.79+0.21

�0.18

5.52+0.13

�0.25

O(10%). The ratio �(Wb+top)/�(Wj), i.e. the ratio for the W+b final state without top
quark subtraction, is measured to be 1.17± 0.13 (stat)± 0.18 (syst)% at

p
s = 7TeV and

1.29± 0.08 (stat)± 0.19 (syst)% at
p
s = 8TeV, which agree with the NLO SM predictions

of 1.23± 0.24% and 1.38± 0.26%, respectively.
The �(Wc)/�(Wj) ratio is much larger than �(Wb)/�(Wj), which is consistent with

Wc production from intrinsic s quark content of the proton. The measured charge
asymmetry for W+c is about 2� smaller than the predicted value obtained with CT10,
which assumes symmetric s and s̄ quark PDFs. This could suggest a larger than expected
contribution from scattering o↵ of strange quarks or a charge asymmetry between s and
s̄ quarks in the proton. The ratio �(W+

j)/�(Zj) is consistent within 1� with NLO
predictions, while the observed �(W�

j)/�(Zj) ratio is higher than the predicted value by
about 1.5�.
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J
H
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P
1
2
(
2
0
1
4
)
0
7
9

Source ∆σW+→µ+ν [%] ∆σW−→µ−ν [%] ∆RW [%]

Template shape 0.28 0.39 0.59

Template normalisation 0.10 0.10 0.06

Reconstruction efficiency 1.21 1.20 0.12

Selection efficiency 0.33 0.32 0.18

Acceptance and FSR 0.18 0.12 0.21

Luminosity 1.71 1.71 —

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

efficiencies, 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.

An estimate of the uncertainty arising from the choice of the template shapes is eval-

uated by refitting the data with different pT distributions for the signal and the main

background components, and combining the observed variations in the results in quadra-

ture. The weights that correct the W → µν and Z → µµ templates to reproduce the

ResBos muon pT distributions are smeared by their statistical uncertainty. The observed

change on the W+ (W−) cross-section is 0.01% (0.05)%. The shape of the decay-in-flight

template is modified by constraining the relative normalisation between positively or nega-

tively charged particles in each η bin according to fractions observed in randomly triggered

events. The W+ and W− cross-sections vary by 0.23% and 0.35% respectively. In addition,

the correction applied to simulation-based templates that accounts for efficiency differences

with respect to data is modified by its statistical uncertainty, inducing a variation of 0.16%

(0.15)% in σW+→µ+ν (σW−→µ−ν). The larger template shape uncertainty assigned to the

W− cross-section accounts for the better description by the fit model of the pT spectrum

of positive muons, as shown in figure 2.

Similarly, the normalisations of the constrained templates are varied independently

and the largest deviations corresponding to each source are summed in quadrature. The

electroweak template normalisation is shifted by ±1σ, which corresponds to a change of

the W+ and W− production cross-sections of 0.10%. The residual amount of heavy flavour

events is varied by its statistical uncertainty. No change is observed on σW+→µ+ν and

σW−→µ−ν . Because the heavy flavour template shape is very similar to the decay-in-flight

component, variations to the former are compensated by a change in the normalisation of

the latter, with small effects on the results.

The reconstruction and the selection efficiencies are measured from data and the uncer-

tainty of each determination is taken as an estimate of the corresponding systematic uncer-

tainty. The resulting uncertainty on the W cross-sections is 1.2% for εrec, and 0.3% for εsel.

The acceptance and FSR corrections are evaluated using simulation. The statistical

uncertainty of A± and the total uncertainty of f±
FSR, which includes extra sources of theo-

retical uncertainties, are summed in quadrature and result in a 0.18% (0.12)% systematic

uncertainty on the W+ (W−) boson cross-section.

– 9 –
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Φ* distribution well described by RESBOS 
and POWHEG+HERWIG
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1 Introduction

Measurements of the total and di↵erential cross-sections for the production of Z bosons in pp

collisions test the Standard Model (SM) and provide constraints on parton density functions
(PDFs) of the proton.1 Theoretical predictions for these cross-sections are available at next-
to-next-to-leading order (NNLO) in perturbative quantum chromodynamics (pQCD) [1–5].
The dominant uncertainty on these predictions reflects the uncertainties on the PDFs,
which vary as functions of the kinematic variables studied. The forward acceptance of the
LHCb detector allows the PDFs to be constrained at Bjorken-x values down to 10�4 [6].
Ratios of the W and Z cross-sections provide precise tests of the SM as the sensitivity
to the PDFs in the theoretical calculations is reduced and many of the experimental
uncertainties cancel.

LHCb has measured the Z boson production cross-section at
p
s= 7 TeV using decays

to muon pairs in a data set corresponding to 37 pb�1 [7], and using electron [8] and tau
lepton [9] pairs in a data set of 1.0 fb�1. Production cross-sections of W bosons and
the W

+/W� cross-section ratio have been measured in the muon channel [10] with the
1.0 fb�1 data set. Similar measurements have also been performed by the ATLAS [11] and
CMS [12] collaborations.

The analysis described here is an update of the one described in Ref. [7], using a total
integrated luminosity of about 1.0 fb�1. This increases statistical precision and allows
better control of systematic uncertainties, with the result that the total uncertainties on
the measurements are significantly reduced. Measurements are performed for muons with
transverse momentum p

T

> 20GeV/c and pseudorapidity in the range 2.0 < ⌘ < 4.5. In
the case of Z boson measurements, the invariant mass of the two muons is required to be
in the range 60 < M

µ

+
µ

�
< 120GeV/c2. These kinematic requirements define the fiducial

region of the measurement and in this article are referred to as the fiducial requirements.
Total cross-sections are presented as well as di↵erential cross-sections as functions of the
Z boson rapidity y

Z

, p
T,Z

and �

⇤
Z

. Here �

⇤
Z

is defined as [13]

�

⇤
Z

⌘ tan (�
acop

/2)

cosh (�⌘/2)
. (1)

The angle �

acop

= ⇡ � |��| depends on the di↵erence �� in azimuthal angle between the
two muon momenta, while the di↵erence between their pseudorapidities is denoted by �⌘.

The W boson cross-sections given in Ref. [10] are re-evaluated using a more precise
determination of the event trigger e�ciency. The cross-sections are presented as a function
of the ⌘ of the muon from the W boson decay. The values presented here supersede those
of Ref. [10].

This paper is organised as follows: Section 2 describes the LHCb detector; Sections 3
and 4 detail the selection of Z boson candidates, the Z boson cross-section definition and
relevant sources of systematic uncertainty; Section 5 presents the results and Section 6
concludes the paper. Appendices A and B provide tables of di↵erential cross-sections and
correlations between these measurements.

1Throughout this article Z represents both resonant production of Z bosons and o↵-mass-shell photons.
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