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-  Forward	spectrometer	designed	for	
flavour	physics	

-  Overlap	with	GPDs	in	2.0	<	η	<	2.5	
-  LHCb	unique	coverage	in	2.5	<	η	<	4.5	
-  Can	trigger	on	low	pT	and	low	mass	

objects	
-  Precision	vertex	measurement	(primary	

and	secondary	~20	μm,	~45	fs)	
-  Allows	precision	electroweak	studies	

complementary	to	ATLAS	and	CMS	

This	talk	emphasize		
Measurement	of	the	forward	W	and	Z	boson	produc5on	in	pp	collisions	at	√s	=	8	TeV	
(JHEP	01	(2016)	155)	
Precision	luminosity	measurements	at	LHCb	(2014	JINST	9	P12005)	
	
Important	recent	electroweak	results	are	presented	in	next	slide	

Δp/p	≈	0.4-0.6%	



1 Introduction1

Measurements of the production cross-section of electroweak bosons constitute an2

important test of the Standard Model at LHC energies. Theoretical predictions, which are3

available at next-to-next-to-leading order (NNLO) in perturbative quantum chromody-4

namics (QCD) [3–7], rely on the parameterisations of the momentum fraction, Bjorken-x,5

of the partons inside the proton. The uncertainties on the parton density functions (PDFs)6

of the proton are larger at low Bjorken-x values. The forward acceptance of the LHCb7

experiment, with a pseudorapidity coverage in the range 2 < ⌘ < 5, can directly access this8

region of the phase space and provide constraints on the PDFs that complement those of9

the ATLAS and CMS experiments [8]. The phase space coverage of various experiments10

is shown in Figure 1. The regions accessible to the LHCb detector indicated in yellow.11

To give a feeling for the kinematics relevant to the analysis described in this note, a Z12

boson produced in LHCb at a pseudorapidity of 4 with an invariant mass of 91GeV/c213

corresponds to momentum fractions x1,2 of ⇡ 10�4 and ⇡ 10�1, and Q2 ⇡ 104 GeV/c2.14

Figure 1: The x�Q2 phase space showing previously explored regions as well as LHCb’s potential.
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Z/W	
Q2	(∼104	GeV2)	
x	≈	10-4	

Low	mass	DY	γ*	
Q2	(25	GeV2)	
x	≈	8×10-6	

see	

HERA	
Fixed	target	

valence	

LHCb	probes	2	regions:	
High	x:	PDFs	are	well	known		
Low	x:	PDFs	are	essen:ally	unknown	
	
There	is	a	large	PDF	uncertainty	at	low	x.		
	
	

Measurements	at	LHCb	have	the	ability	to		
constrain	PDFs	in	a	region	which	is	unprobed	by	GPDs.		

Minimal	
triggered	mass	
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Measurement	of	the	forward-backward	asymmetry	in	
Z/γ∗	→	μ+μ−	decays	and	determina5on	of	the	effec5ve	
weak	mixing	angle	(JHEP	11	(2015)	190)	
-	Z	couplings	differ	for	len-	and	right-handed	fermions	->	
asymmetry	in	the	angular	distribu:on	of	leptons	produced	
in	Z	decays.	
-	Asymmetry	depends	on	the	weak	mixing	angle	(θW).	

Study	of	W	boson	produc5on	in	
associa5on	with	beauty	and	charm	
(Phys.	Rev.	D	92,	052001	(2015))		
-	W+jet	produc:on	provide	important	
tests	of	the	Standard	Model		
-	Ra:o	of	the	W+c	to	W+jet	produc:on	
at	LHCb	provides	important	constraints	
on	the	s	quark	PDF	(at	Q	≈	100	GeV	
and	x	≈	10−5)	
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Measurement	of	the	forward	Z→	e+e−	produc5on	at	√s	=	8	TeV	
(JHEP	05	(2015)	109)	
-	Sta:s:cally	independent	sample,	with	substan:ally	different	sources	of	
systema:c	uncertain:es	compared	to	Z	→	μ+μ−	
	
	



Cross-sec:on	measurement	
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σ =
ρ
Ldt∫

N
efficiencies

Purity	ρ	=	the	number	of	signal	events	/	total	number	of	events	N	
	
	
Experimental	efficiencies	(tracking,	iden:fica:on,	trigger,	selec:on)	are	calculated	
per	event	for	Z	or	per	bin	of	ημ	for	W	

(all	determined	from	data)	
	
	
Luminosity	is	measured	in	dedicated	fills	with	2	independent	methods:	
“van	der	Meer	scan”	(VDM)	and	Beam-Gas	Imaging	(BGI)	
(2014	JINST	9	P12005)	
	

What	are	the	major	ingredients	(simplified):	



Z→μμ	cross	sec:on	
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ρ	=	(99.3	±	0.2)%	
N	=	1.36	M	candidates	

The	largest	sources	of	background	
are	decays	of	heavy	flavour	hadrons	
(bbz,	cc̄)	and	hadron	misiden:fica:on		
(plus	Z→ττ;	W-pair;	Top-pair)	

2012	data	(∫L	=2.0	�−1,√s̄	=	8	TeV)		
JHEP	01	(2016)	155	
	
Fiducial	acceptance:	
60	<	Mμμ	<	120	GeV/c2	
2.0	<	ημ	<	4.5,	
pTμ	>	20	GeV/c.		
	

The	sample	purity	is	determined	by	
using	a	mixture	of	data-driven	and	
simula:on-based	methods	

Z→μμ	
Sta:s:cal	 0.27%	
Systema:c	 0.67%	
Beam	energy	 1.15%	
Luminosity	 1.16%	

Uncertain:es:	



W→μν	cross-sec:on	
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W→μν	(shape	from	simula:on)	

Hadronic	decay	
(shape	from	data)	

Z/γ*	with	1	muon	in	acceptance	
(shape	from	simula:on)	

W+→μ+ν		 W-→μ-ν̄	
Sta:s:cal	 0.19%	 0.23%	
Systema:c	 0.65%	 0.61%	
Beam	energy	 1.00%	 0.86%	
Luminosity	 1.16%	 1.16%	

Uncertain:es:	

Fiducial	acceptance:	
2.0	<	ημ	<	4.5,	
pTμ	>	20	GeV/c.		
	

1.73	M	W→μν	events	candidates	(3:2	W+:W−)	
W+	purity	79%,	W−	purity	78%.		
	
LHCb	cannot	use	missing	ET	to	select	W	candidates	
Signature:	single	muon	High-pT,	isolated	
(no	other	muon	with	pTμ	>	2	GeV	in	the	event)	



W	and	Z	cross-sec:ons		
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electroweak	boson	cross-sec:ons	
compared	to	NNLO	predic:ons	



Ra:os	at	different	√s̄		
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First	measurements	of	this	kind	at	the	LHC!		

PDF	uncertain:es	largely	cancel	
in	ra:os	of	8	TeV	cross-sec:on	
measurements	with	7	TeV	
measurements.	
	
Luminosity	correlated	between	
two	years	at	level	of	0.55		



Luminosity	determina:on	
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€ 

L = f ⋅ N1N2 ⋅ Overlap

LHC	instrumenta:on	

Measured	by	experiments	
(VDM	or	beam-gas)	

• Bunch	intensity	(N1N2)	measured	by	LHC	instrumenta:on	(uncertain:es:	∼0.3%).	
• Overlap	integral	depends	on	beams	proper:es	(e.g.	beam	width,	posi:on,	angle,	shape)	
Determined	with	2	independent	methods:	

1.  Classic	“van	der	Meer	scan”	(VDM)	used	by	all	4	LHC	experiments	
2.  Beam-gas	imaging	(BGI):	new	method	exclusive	to	LHCb	



Beam-Gas	Imaging	(BGI)	
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€ 

Overlap = ρ1(x,y,z,t)ρ2(x,y,z,t)∫  dxdydzdt

Single	bunch	density	
func:on	of	colliding	
bunch	pair	
(e.g.	double	Gaussian	profile)	

Overlap	integral	depends	on:	
• Single	bunch	profiles	(X,Y	width,	shape)	
• Beam	crossing	angle	
• Offset	(head-on	or	displaced)	
All	parameters	are	measured	using	
interac:ons	between	beam	and	
residual	gas	(injected	neon)	

Beam	1	 Beam	2	
Interac:on	between	
beam	and	residual	
gas	nuclei	

Measuring	the	shape	of	the	bunches	



Beam-gas	imaging	global	fit	
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8 Summary and conclusion

Since some of the luminosity calibrations have been performed with both the VDM and
BGI method (pp cross-section at

p
s = 8TeV and

p
s = 7TeV), the best result is obtained

by computing an average of the two methods, taking into account the correlation between
the systematic error sources. A summary of the final reference cross-section results is
presented in Table 15.

The BGI and VDM calibrations of the visible pp cross-section at
p
s = 8TeV achieve

very similar precision. Therefore, for simplicity the two results are combined with equal
weights; the correlated components of the uncertainties are averaged linearly and the
others are averaged in quadrature. The di↵erent sources of uncertainty are compared in
Table 14, indicating also whether they are correlated or not. The result of the combination
is given in Table 15. If the uncertainty on the propagation to physics data (0.31%, see
Sec. 4) is included, the total uncertainty on the luminosity is 1.16%. The latter uncertainty
is valid if the complete 2012 data set or a major part of it is used. In some cases, for small
partial sets, the uncertainty may be di↵erent.

Table 15: Results of the luminosity calibration measurements. The total uncertainty on the
luminosity calibration (last column) is the sum in quadrature of the absolute calibration uncer-
tainty (fourth column) and the relative calibration uncertainty (fifth column). The weights used
to obtain the average absolute calibration at 8 and 7TeV (pp) are given in the third column.
The part of the uncertainty that is correlated between VDM and BGI calibrations is shown in
parentheses (fourth column).

Method
Absolute calibration Relative calibration Total

�vis (mb) Weight Uncertainty uncertainty uncertainty

pp at
p
s = 8TeV

BGI 60.62± 0.87 0.50 1.43% (0.59%)
VDM 60.63± 0.89 0.50 1.47% (0.65%)
Average 60.62± 0.68 1.12% 0.31% 1.16%

pp at
p
s = 7TeV

BGI 63.00± 2.22 0.13 3.52% (1.00%)
VDM 60.01± 1.03 0.87 1.71% (1.00%)
Average 60.40± 0.99 1.63% 0.53% 1.71%

pp at
p
s = 2.76TeV

BGI 52.7 ± 1.2 2.20% 0.25% 2.21%

pPb at
p
sNN = 5TeV

VDM 2126± 49 2.05% 1.03% 2.29%

Pbp at
p
sNN = 5TeV

VDM 2120± 53 2.36% 0.82% 2.50%

88

- Fit	single	beams	and	beam	spot	measured	in	one	global	fit	(showing	only	3	slices	out	of	24)	
- Free	parameters	are:	beam	widths	(double	Gaussian,	weight),	posi:on,	angle	
(only	amplitudes	are	free	parameters	for	beam	spot	->	strong	fit	constrain)	

Shape	and	posi:on	of	luminous	region	is	
fully	predicted	by	single	beam	parameters	

2014	JINST	9	P12005	

Pulls	

Data	

Fit	



Conclusion	
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W	and	Z	boson	cross-sec:ons	measured	at	√s̄	=	8	TeV	using	final	states	
containing	muons	
	
•  Most	precise	inclusive	W	&	Z	boson	produc:on	cross-sec:on	

measurements	at	the	LHC!		
•  Ra:os	at	different	centre-of-mass	energies	using	Run-I	data	measured	for	

the	first	:me	at	the	LHC!	
•  Presented	results	made	possible	by	the	most	precise	luminosity	

determina:on	at	the	LHC!		

•  Results	in	proton-proton	collisions	at	7	and	8	TeV	currently	agree	with	the	
Standard	Model.		

•  Ra:os	of	measurements	allow	tests	of	the	Standard	Model	at	per	mille	
precision.		

•  Many	LHCb	results	already	included	in	most	recent	PDF	fits.		



BACKUP	
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σ AB→X = dxa dxb   fa/A (xa,Q
2 ) fb/B (xb,Q

2 )∫  σ ab→X

Measured	cross-sec:on	
e.g.		pp→Z/γ*(→μμ)X	

Collision	between	proton	A	and	B	with	partons	a	and	b	

Proton	structure	
parameterized	with	the	PDFs	
	
uncertainty	at	LHCb	can	be	
large:	∼10%	

Partonic	cross-sec:on	
ab→X	
	
Uncertainty	∼1%.	

	
LHCb	probes	a	region	of	phase	space	where	the	vector	boson	is	produced	in	the	
forward	region.		
→	Explores	regions	at	high	and	low	momentum	frac:on	where	the	uncertain:es	are	
large	
	
LHCb	results	at	7	TeV	on	electroweak	boson	produc:on	now	included	in	PDF	fits.	
	



PDF physics at LHCb
Uncertainty on partonic collisions ⇠ 1%.
PDF uncertainty at LHCb can be much larger: ⇠ 10%.

Adapted from Thorne et al., 2008: arXiv:0808.1847

LHCb has ability to constrain PDFs in some distributions and ratios,
and to test the Standard Model in others.
W. Barter (CERN) Electroweak Production Physics at LHCb 27/10/2015 8 / 52

PDF	uncertain:es	
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Adapted	from	Thorne	et	al.,	2008:	arXiv:0808.1847	
LHCb	has	ability	to	constrain	PDFs	in	some	distribu:ons	and	ra:os,	and	
to	test	the	Standard	Model	in	others.	

Many	LHCb	7	TeV	results	on	electroweak	boson	produc:on	now	
included	in	PDF	fits.	
Large	impact	on	pre-LHC	PDF	knowledge.	



Impact	of	exis:ng	LHCb	results	on	PDFs		
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•  Many	LHCb	7	TeV	results	on	electroweak	boson	produc:on	now	included	
in	PDF	fits.	

•  Large	impact	on	pre-LHC	PDF	knowledge.	
•  Shown	here	NNPDF	down	quark	PDF	and	uncertain:es	(normalised	so	

central	value	pre-LHC	is	unity):		
	Green:	PDF	fit	using	HERA	data		
	Blue:	PDF	fit	using	HERA	data	and	7	TeV	LHCb	data		
	

Impact of existing LHCb results on PDFs
Many LHCb 7 TeV results on electroweak boson production now
included in PDF fits.
Large impact on pre-LHC PDF knowledge.

Shown here NNPDF down quark PDF and uncertainties (normalised
so central value pre-LHC is unity):

I Green: PDF fit using HERA data
I Blue: PDF fit using HERA data and 7 TeV LHCb data

W. Barter (CERN) Electroweak Production Physics at LHCb 27/10/2015 10 / 52



Cross-sec:on	defini:on	
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Cross-section definition

Fiducial region: pµT > 20GeV/c, 2 < ⌘µ < 4.5 and, in the case of the Z boson,
60 < Mµµ < 120GeV/c2

• The W cross-section is measured in bin i of muon ⌘

�
W±!µ±⌫

(i) =
⇢W

±
(i)

L
·
f W

±
FSR (i)

"GEC(i)
·

NW

AW± (i) · "WREC(i) · "W±
SEL(i)

"WREC(i) = "µTRK(i) · "µID(i) · "µTRG(i)

• The Z cross-section is measured in bin i of boson y , pT and �⇤

�
Z!µ+µ� (i) =

⇢Z

L
·

f ZFSR(i)

"GEC(i)
·
X

j

Uij

0

@
X

k

1

"ZREC(⌘µ+

k
, ⌘µ�

k
)

1

A

j

"ZREC(⌘+
k , ⌘�

k ) =
⇣
"µTRK(⌘+

k ) · "µTRK(⌘�
k )

⌘
·

·
⇣
"µID(⌘+

k ) · "µID(⌘�
k )

⌘
·

·
⇣
"µTRG(⌘+

k ) + "µTRG(⌘�
k ) � "µTRG(⌘+

k ) · "µTRG(⌘�
k )

⌘

• The total cross-sections is obtained by summing the di↵erential measure-
ments

Simone Bifani 15



Cross-sec:on	results	
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Table 1: Summary of the relative uncertainties on the W+, W� and Z boson cross-sections.

Source Uncertainty [%]
�

W

+!µ

+
⌫

�

W

�!µ

�
⌫

�

Z!µ

+
µ

�

Statistical 0.19 0.23 0.27
Purity 0.28 0.21 0.21
Tracking 0.26 0.24 0.48

Identification 0.11 0.11 0.21
Trigger 0.14 0.13 0.05
GEC 0.40 0.41 0.34

Selection 0.24 0.23 —
Acceptance and FSR 0.16 0.14 0.13

Systematic 0.65 0.61 0.67
Beam energy 1.00 0.86 1.15
Luminosity 1.16 1.16 1.16

Total 1.67 1.59 1.79

sample, the systematic uncertainty on the purity is determined by considering alternative
definitions of the heavy-flavour background samples, and by varying by their uncertainties
the probabilities for hadrons to be misidentified as muons. In addition, an uncertainty
accounting for the assumption that the purity is the same for all variables and bins of the
analysis is evaluated by comparing to cross-section measurements using a binned purity,
rather than a global one. The uncertainties on the di↵erential cross-section measurements
due to variations in purity are typically less than 1%.

The systematic uncertainty associated with the trigger, identification and tracking
e�ciencies is determined by re-evaluating all cross-sections with the values of the individual
e�ciencies increased or decreased by one standard deviation. The full covariance matrix
of the di↵erential cross-section measurements is evaluated in this way for each source of
uncertainty. The covariance matrices for each source are added and the diagonal elements
of the result determine the total systematic uncertainty due to reconstruction e�ciencies.
The total uncertainties on the W

+, W� and Z boson integrated cross-sections due to
reconstruction e�ciencies are 0.32%, 0.29% and 0.53%.

The GEC e�ciency for events containing a Z boson is "

Z

GEC = (93.00 ± 0.32)%.
Di↵erences between this e�ciency and those for events containing a W

+ or W� boson are
expected to be small, and are thus accounted for with additional systematic uncertainties,
as explained in Ref. [9]. The values used for the measurements of W boson cross-sections
are "

W

+

GEC = (93.00± 0.37)% and "

W

�
GEC = (93.00± 0.38)%.

The uncertainties due to W boson selection e�ciencies result in uncertainties on the
W

+ and W

� integrated cross-sections of 0.24% and 0.23%. These include the uncertainties
that arise due to the di↵erence in W and Z boson muon p

T

spectra and the correction
that accounts for the fact that two muons are required to be inside the LHCb acceptance

8

in the Z boson data sample.
As an estimate of the uncertainty due to the acceptance correction, half the di↵erence

between the corrections evaluated using the ResBos generators and Pythia 8 is taken.
This results in uncertainties on the W

+ and W

� integrated cross-sections of 0.06% and
0.09%.

The systematic uncertainty on the FSR correction is the quadratic sum of two com-
ponents. The first is due to the statistical precision of the Pythia 8 and Herwig++
estimates and the second is half of the di↵erence between their central values, where the
latter dominates.

The measurements are specified at a pp centre-of-mass energy of
p
s = 8TeV. The beam

energy, and consequently the centre-of-mass energy, is known to 0.65% [54]. The sensitivity
of the cross-section to the centre-of-mass energy is studied with the DYNNLO [55]
generator at NNLO. Cross-sections are calculated at 1 TeV intervals in centre-of-mass
energy and a functional form for the cross-section is determined from a spline interpolation.
A 0.65% uncertainty on the centre-of-mass energy induces relative uncertainties of 1.00%,
0.86% and 1.15% on the expected W

+, W� and Z cross-sections.
The uncertainty on the luminosity determination is 1.16% [23], which represents the

largest contribution to the total uncertainty.

5 Results

5.1 Cross-sections at
p
s = 8 TeV

The measured cross-section as a function of muon pseudorapidity in W boson decays is
shown in Fig. 2 (top). Good agreement with the predictions of the Fewz generator, with
six di↵erent PDF sets, is observed. Similar conclusions can be drawn from the comparisons
of Z boson cross-section measurements with predictions as a function of rapidity, as shown
in Fig. 2 (bottom). All di↵erential cross-sections are detailed in Tables 4, 5, 6, 7 and 8 of
Appendix A.

The total cross-sections are measured to be

�

W

+!µ

+
⌫

= 1093.6± 2.1± 7.2± 10.9± 12.7 pb ,

�

W

�!µ

�
⌫

= 818.4± 1.9± 5.0± 7.0± 9.5 pb ,

�

Z!µ

+
µ

� = 95.0± 0.3± 0.7± 1.1± 1.1 pb ,

where the first uncertainties are statistical, the second are systematic, the third are due
to the knowledge of the LHC beam energy and the fourth are due to the luminosity
measurement. The agreement of the measurements with NNLO predictions given by the
Fewz generator configured with various PDF sets is illustrated in Fig. 3. Two-dimensional
plots of electroweak boson cross-sections are shown in Fig. 4, where the ellipses correspond
to 68.3% CL coverage.

A best linear unbiased estimator [56] is used to combine the Z boson production
cross-section at

p
s = 8TeV measured with the muon and the electron [12] channels. The

9
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Table 2: Summary of the relative uncertainties on the R
W

± , R
W

+
Z

, R
W

�
Z

and R
WZ

cross-section
ratios.

Source Uncertainty [%]
R

W

±
R

W

+
Z

R

W

�
Z

R

WZ

Statistical 0.30 0.33 0.36 0.31
Purity 0.25 0.35 0.30 0.30
Tracking 0.05 0.22 0.24 0.23

Identification 0.01 0.11 0.11 0.11
Trigger 0.04 0.10 0.09 0.09
GEC 0.13 0.22 0.23 0.21

Selection 0.10 0.24 0.24 0.23
Acceptance and FSR 0.21 0.21 0.19 0.17

Systematic 0.37 0.59 0.56 0.54
Beam energy 0.14 0.15 0.29 0.21

Total 0.50 0.69 0.73 0.66

5.3 Ratios of cross-sections at di↵erent centre-of-mass energies

The cross-section measurements detailed in the previous sections were also performed using
1.0 fb�1 of data at 7TeV [9]. The two sets of measurements are used to make measurements
of ratios of quantities at di↵erent centre-of-mass energies. The ratios of cross-sections are
defined as

R

8/7

W

+ =
�

8TeV

W

+!µ

+
⌫

�

7TeV

W

+!µ

+
⌫

, (9)

R

8/7

W

� =
�

8TeV

W

�!µ

�
⌫

�

7TeV

W

�!µ

�
⌫

, (10)

R

8/7

Z

=
�

8TeV

Z!µ

+
µ

�

�

7TeV

Z!µ

+
µ

�
, (11)

and the double ratios of cross-sections are defined as

R

8/7

RW±
=

�

8TeV

W

+!µ

+
⌫

�

7TeV

W

+!µ

+
⌫

�

7TeV

W

�!µ

�
⌫

�

8TeV

W

�!µ

�
⌫

, (12)

R

8/7

RW+Z
=

�

8TeV

W

+!µ

+
⌫

�

7TeV

W

+!µ

+
⌫

�

7TeV

Z!µ

+
µ

�

�

8TeV

Z!µ

+
µ

�
, (13)

R

8/7

RW�Z
=

�

8TeV

W

�!µ

�
⌫

�

7TeV

W

�!µ

�
⌫

�

7TeV

Z!µ

+
µ

�

�

8TeV

Z!µ

+
µ

�
, (14)

R

8/7

RWZ
=

�

8TeV

W!µ⌫

�

7TeV

W!µ⌫

�

7TeV

Z!µ

+
µ

�

�

8TeV

Z!µ

+
µ

�
. (15)
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5.2 Ratios of cross-sections at
p
s = 8 TeV

The ratios of electroweak boson production cross-sections are defined as

R

W

± =
�

W

+!µ

+
⌫

�

W

�!µ

�
⌫

, (4)

R

W

+
Z

=
�

W

+!µ

+
⌫

�

Z!µ

+
µ

�
, (5)

R

W

�
Z

=
�

W

�!µ

�
⌫

�

Z!µ

+
µ

�
, (6)

R

WZ

=
�

W

+!µ

+
⌫

+ �

W

�!µ

�
⌫

�

Z!µ

+
µ

�
, (7)

and the muon charge asymmetry as a function of the muon pseudorapidity is defined as

A

µ

(⌘
i

) =
�

W

+!µ

+
⌫

(⌘
i

)� �

W

�!µ

�
⌫

(⌘
i

)

�

W

+!µ

+
⌫

(⌘
i

) + �

W

�!µ

�
⌫

(⌘
i

)
. (8)

The sources of uncertainties contributing to the determination of the ratios are sum-
marised in Table 2. With respect to the systematic uncertainties on the cross-sections,
many sources cancel or are reduced. The luminosity uncertainty completely cancels in the
ratios, as do the correlated components of the GEC e�ciency uncertainty. The trigger
used to select both samples is identical and most of the uncertainty on the determination
of the trigger e�ciency cancels. The uncertainties on the tracking and muon identification
e�ciencies partially cancel in the ratios of W and Z boson cross-sections, as do the
uncertainties due to the proton beam energies. The uncertainties on the purities of the
W and Z boson selections are uncorrelated and the FSR uncertainties are taken to be
uncorrelated. The dominant uncertainties on the ratios are due to the purity and the
size of the samples. The correlation coe�cients used in the uncertainty calculations are
tabulated in Appendix B.

The W boson cross-section ratio is measured as

R

W

± = 1.336± 0.004± 0.005± 0.002 ,

where the first uncertainty is statistical, the second is systematic and the third is due to
the knowledge of the LHC beam energy. The W to Z boson production ratios are found
to be

R

W

+
Z

= 11.51± 0.04± 0.07± 0.02 ,

R

W

�
Z

= 8.62± 0.03± 0.05± 0.02 ,

R

WZ

= 20.13± 0.06± 0.11± 0.04 .

These measurements, as well as their predictions, are displayed in Fig. 5. The data are well
described by all PDF sets. The W+ to W

� boson ratio, the charged W to Z boson ratios,
and the muon charge asymmetry are determined di↵erentially as a function of muon ⌘,
and displayed in Figs. 6 and 7. Good agreement between measured and predicted values
is observed. All di↵erential results are listed in Tables 9, 10 and 11 of Appendix A.

13
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Beam	gas	ver:ces	are	measured	with	the	VELO	detector	
	
Measured	beam	width	is	a	convolu5on	of	true	beam	widths	with	the	resolu5on	
Resolu:on	depends	on:	
• Z	posi:on	of	vertex	
• Number	of	tracks	
• Beam	gas	or	beam	beam	events	have	different	track	distribu:ons	

→	Addi:onal	parameteriza:on	needed	for	beam	gas	events	and	Z	posi:on	

Parameteriza:on	example	
for	pp	resolu:on	

Deconvolu:on	example	
Beam	width:	90μm	

LHCb	preliminary	

€ 

R(x) = cngn (x;σn )
n−1

N

∑

Vertex	resolu:on	
(e.g.	15μm	for	20	tracks)	

Resolu:on	
distribu:on	
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• To	increase	the	accuracy	of	the	beam	gas	method	a	
larger	beam	gas	rate	is	necessary	
• In	2012	a	gas	injec:on	system	(called	SMOG)	has	been	
used	in	dedicated	fills	
• By	injec:ng	neon	at	the	Interac:on	Point	(IP),	the	
vacuum	is	degraded:	from	≈	10-9	mbar	to	≈	10-7	mbar	

Pressure	at	IP	

Beam-gas	rate	

• Shortened	integra:on	:me	≈20	minutes	vs.	2-3	hours	
• Higher	fit	accuracy	and	be�er	shape	descrip:on	

Addi:onally:	
• Measure	single	bunch	rela:ve	intensity	in	a	sta:s:cal	
way	(independent	of	LHC	devices)	
• Measure	charges	outside	nominal	filled	LHC	bunches	
(so-called	“ghost	charges”,	not	seen	by	LHC	instrument)	
• Measure	beam	size	evolu:on	over	:me	

LHCb	preliminary	

LHCb	provides	this	data	to	the	other	experiments	and	to	the	LHC	


