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Abstract

This note outlinesthe feasibility of using the elastictwo photonprocesspp ! p+ µ+ µ" + p to make
luminosity measurementsat LHCb. The overall efÞciency at LHCb for recordingand selectingpp !
p+ µ+ µ" + p eventsproducedwithin 1.6 < η < 5 hasbeendeterminedusingMonte-Carloto be0.0587±
0.0008,yielding 5210± 71(stat.) eventsfor an integratedluminosity of 1f b" 1. The main background
processeswheredimuonsare producedvia inelastic two-photonfusion and doublepomeronexchange
have beenstudiedusingthefull LHCb detectorsimulationwhile theotherbackgroundsources, including
backgroundscausedby K/π mis-identiÞcation,have beenstudiedat four vectorlevel. Thebackgroundis
estimatedto be(4.1± 0.5(stat.) ± 1.0(syst.))% of thesignallevel with thedominantcontributiondueπ/K
mis-identiÞcation.Systematicuncertaintieson a luminositymeasurementat LHCb usingthis channelare
estimatedto be # 1.31% andaredominatedby the uncertaintyon the predicted cross-sectionfor events
containingdimuonsproducedvia doublepomeronexchange,anuncertaintythatis expectedto bereduced
in thenearfuture.
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1 Intr oduction

Themeasurementof across-section,σ, within aÞducialvolumev is givenby σ(v) = N/(εL) whereN is the
numberof eventsobserved,ε is theefÞciency for recordingthoseeventsandL is theintegratedluminosity.
Knowledgeof the integratedluminosity is thereforerequiredto make any cross-sectionmeasurement.In
generaltherearethreemethodsfor determiningtheabsoluteluminosityatacolliding beamexperiment:

1. A simultaneousmeasurementof apairof cross-sectionsthatareconnectedwith eachotherquadrati-
cally via theopticaltheorem.A well known exampleof this is themeasurementof thetotal inelastic
cross-sectionand the elasticcross-sectionat very high pseudorapidities|η| $ 9 (seefor example
[1]). While sucha measurementwill be madeat the centralgeneralpurposeLHC detectors,Atlas
andCMS, which have dedicatedforward detectorsfor this purpose,it is not a viable techniqueat
LHCb asthedetectorinstrumentationonly extendsup to η = 4.9.

2. Direct measurementof the beamcurrentsandshapes.While the beamcurrentscanbe accurately
determinedusingbeamtransformersthebeamproÞlesaremoredifÞcult to determinedirectly and
usuallyconstitutethedominantsourceof uncertaintyon a luminositymeasurementusingthis tech-
nique.Therearea numberof traditionalmethodsfor determiningthebeamproÞle,for examplethe
ÕVanDerMeerÕscanmethod[2] wherethecolliding beamsaremovedtransverselyacrosseachother
andthewire scanmethod[3] wheretheproÞlesaremeasuredby passingwires throughthebeams.
LuminositymeasurementsattheLHC experimentsbasedonthesetraditionaltechniquesareexpected
to haveassociateduncertaintiesof # 10%.A morerecentlyproposedmethod[4] for determiningthe
beamproÞlesat colliding beamexperimentsutilisestheprecisionvertex detectorsfoundat modern
HEPexperimentsto reconstructbeamgasinteractionsnearthebeamsÕcrossingpoint.This method,
which will be implementedat LHCb, is currentlyunderinvestigationandis expectedto resultin a
luminositymeasurementwith anassociateduncertaintyof # 1" 3%.

3. TheÞnalway to measuretheluminosity is to recordtheeventrateof a processwith a cross-section
that can be accuratelycalculatedfrom theory. The accuracy of a luminosity measurementusing
this methodis usually limited by the theoreticaluncertaintyon the calculatedcross-section.Two
candidateproccesseshave beenidentiÞedfor sucha measurementat LHCb: W± andZ production
which hasbeeninvestigatedpreviously [5, 6, 7] andis expectedto yield a luminositymeasurement
with a # 4% uncertaintydueto uncertaintiesin our understandingof theprotonPartonDistribution
Functions(PDFs);andelasticµ+ µ" pair productionvia two-photonfusion, pp ! p+ µ+ µ" + p,
which hasa cross-sectionwhich is betterknown with a theoreticaluncertaintyof < 1% but hasa
muchlower event rate.This notebuilds on the work of A. Shamov andV. Telnov [9] andoutlines
theprogressthathasbeenmadetowardsmakinga luminositymeasurementatLHCb usingtheevent
rateof this secondprocess.

Knowing the cross-sectionfor elasticµ+ µ" pair productionvia two-photonfusion, σel(v), within some
Þducialvolumev, theabsoluteluminosityfor agivendatasetatLHCb canbecalculatedfrom

Ldt =
Nobs

el " Nback
el

εtotal
el áσel(v)

(1)

WhereNobs
el is thenumberof observed pp ! p+ µ+ µ" + p candidateevents,Nback

el is theexpectednumber
of backgroundeventsandεtotal

el is the total efÞciency at LHCb for recordingpp ! p+ µ+ µ" + p events
producedwithin thevolumev. Thetotal efÞciency canbeexpressedastheproduct

εtotal
el = Ageom

el %Akin
el %εtrigger

el %εreco
el (2)
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whereAgeom
el and Akin

el are the acceptancesdue to the detectortopology and ofßine kinematicselection
criteriarespectively, while εtrigger

el andεreco
el arethetriggerandreconstructionefÞciencies.

ThisnotepresentsMonte-Carlobasedestimatesof theacceptances,efÞcienciesandlevel of backgroundfor
thepp ! p+ µ+ µ" + p channelatLHCb andis organisedasfollows: in section2 webrießyreview dimuon
productionvia two photonfusionanddiscusstheuncertaintyon cross-sectionpredictionsfor this process;
in section3 we outlinetheeventcharacteristicsandexperimentalefÞciency of pp ! p+ µ+ µ" + p events
atLHCb, in additionweoutlineanew L0 dimuontriggerstreamdesignedto improve thetriggerefÞciency
for theseevents;section4 describesthevariousbackgroundprocesses;in section5 asetof ofßineselection
cutsareproposedandtheir effectson both the signalandbackgroundevents aredescribed;in section6
we discussa possiblemethodthat will enablethe effects of multiple interactionbunch crossingsto be
determined;Þnally, in section7 we discussthe expectedsystematicand statisticaluncertaintieson the
proposedluminositymeasurement.

2 Accurac y of predicted cross-section

In thissectionwegiveabrief review of dimuonproductionvia two-photonfusionanddiscusstheaccuracy
of currentcross-sectionpredictionsfor this process.For morecompletediscussionssee[8], [9] and[10].

2.1 Elastic µ+ µ" production via photon fusion

Within theEffective PhotonApproximation(EPA) the two-photonmuonpair productioncross-sectionat
theLHC canbecalculatedasaconvolutionof thedirectcross-sectionof two colliding photonsthatproduce
amuonpair andtheßuxesof virtual photons,dn1 anddn2, surroundingthetwo colliding protons

dσ = σγγ! µ+ µ" dn1dn2 (3)

Forelasticeventswheretheimpactparameterof thecollidingprotonsis largetheprotonsessentially behave
aspoint-likeparticlesandthevirtual photonßuxes,dn1 anddn2, will beequalto

dnQED =
α
π

dω
ω

dq2

q2

!
1"

q2
min

q2

"
=

α
π

dω
ω

!qTd!q2
T

(ω2/γ2 + !q2
T)2

(4)

whereq(ω, !q) is thefour-momentumof thephoton,γ = E/mp is theLorentzfactorof thecolliding proton
andmp is themass of theproton.Heretheprocessis only sensitive to theprotonmass,chargeandanoma-
lousmagneticmomentwhich areknown very accuratelywith measurementuncertaintiesbelow 0.001%.
However, whentheimpactparametersaresmallertheprocessis sensitive to theprotonselectricandmag-
neticform factorsGE andGM andthevirtual photonßuxesaregivenby

dnelastic = dnQED
G2

E " q2/(2mpGM)2

1" (q/2mp)2 (5)

Theprotonselectromagneticform factorshavebeenmeasuredatSLAC [11] with anuncertaintyof # 2%.
Thepredictedcross-sectionfor elasticcollisionsof the type illustratedin Þg.1(a)will have contributions
from both thepoint-like processandtheprocessthat is sensitive to theelectromagneticform factors. In
orderfor thepredictedelasticcross-sectionto haveanassociateduncertaintybelow 1%theeventrateof the
processthatis sensitive to theelectromagneticform factorsmustbebelow 50%of thetotaleventrate.This
canbeachievedby selectingeventsthathavesmalldimuonpair transversemomenta(Pµµ

T ) valuessincethe
impactparametersof thecolliding protonsin sucheventswill belarge.

2.2 Inelastic µ+ µ" production via photon fusion

For dimuonsproducedvia photonfusionwhereoneor bothof thecolliding protonsdissociateduringthe
collisionprocesswehave for eachinelasticvertex avirtual photonßux of theform

dninelastic = dnQED
W2(q2,M2)

2mp
dM2 ! dnQED

|q2|
4π2α

σγp
T + σγp

S

M2 " m2
p

dM2 (6)

page 3



Luminosity measurements at LHCb using dim uon pair s produced via elastic two photon fusion. Ref: LHCb-2007-yyy
Internal Note Issue: 1
2 Accurac y of predicted cross-section Date: January 4, 2008

(a) (b) (c)

p

l+

l !

l+

l !

p

p

l+

l !

q1

q2 q2 q2

q1 q1

a) b) c)
X

Y

Figure 4.2: Feynman diagrams for the production of a) elastic, b) semi-
inelastic, and c) fully inelastic lepton pair production via two photon collisions
at the LHC.
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Figure 4.3: Feynman diagram for inelastic proton-proton rescattering e! ects
during lepton pair production via two photon collisions at the LHC.

such a fit of the acoplanarity angle distribution would also be well suited to

suppress contributions due to the rescattering correction.

4.1.2 M ont e Car lo Simulat ions

At present there are only a small set of Monte Carlo generators specifi-

cally written for the simulation of two photon collisions from incoming hadron

beams. These generators can be categorized into the two types of using either

the Equivalent Photon Approximation or a full matrix element calculation.

Of the available generators only the LPAIR Monte Carlo [30,31] performs

a full Leading Order matrix element calculation. LPAIR is able to simulate

two photon interactions from incoming proton, antiproton or electron/positron

beams. In addition to simulating fully elastic collisions, it is also capable of

simulating the cases where either one or both of the incoming protons dissoci-

ates upon emitting the photon. The corresponding kinematic e! ect upon the

produced lepton pair is calculated according to whether the collision is elastic,
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Here:W2(q2,M2) is theinelasticscatteringstructurefunction,M is theinvariantmassof thehadronicsys-
temproducedin thedissociation,σγp

T andσγp
S aretheγp cross-sectionsfor transverselypolarisedandscalar

interactionsrespectively andα is theÞnestructureconstant.Feymandiagramsfor eventswhereonepro-
ton dissociatesandfor eventswherebothprotonsdissociate,from now on referedto assemi-inelasticand
fully-inelasticeventsrespectively, areshown in Þgures1(b)and1(c). Due to uncertaintiesin themomen-
tum distributionsof thequarkswithin theprotonandthecollective excitationsof thesequarksthematrix
elementdescribinginelasticverticesis not aswell known asthematrix elementfor elasticvertices.This
resultsin muchhigheruncertaintiesin thepredictedcross-sectionfor inelasticdimuonproductionvia pho-
ton fusion.For thepurposesof a luminositymeasurementit is thereforenot advantageousto includesuch
events.As we show in subsequentsectionsof this notethe inelasticcontribution canbesuppressedusing
ofßinekinematiccuts.

2.3 Rescattering corrections

In additionto the inelasticprocessesshown in Þgures1(b) and1(c), which take into accountthe strong
interactionwithin the colliding protons,any stronginteractionsbetweenthe colliding protonsmustalso
be accountedfor. In theseso called rescatteringprocessesthe strong interactionis not mediatedby a
point-like object and can be viewed as a pomeronexhangebetweenthe protons.Figures1(d) and 1(e)
show schematicrepresentationsof suchprocessesfor theelasticcasewhereonly theenergy of the proton
is affectedand whereadditionalparticlesare producedduring the interaction respectively. It hasbeen
shown by Khoze et. al. [10] that the rescatteringcorrectiondue to interactionslike 1(d) hasthe effect
of modifying the phaseof the matrix elementbut doesnot changethe predictedcross-sectionfor elastic
dimuonproductionvia two photonfusion. However, the rescatteringcorrectiondueto eventslike those
shown in Þgure1(e)hastheeffect of reducingthe rateof pp ! p+ µ+ µ" + p eventsandincreasingthe
rateof pp ! µ+ µ" + X events.Thecalculationsof Khozeet.al. [10] havealsoshown thatfor aµ+ µ" pair
producedwith a massof 20GeV/c2 at a rapidity of zeroandhaving a dimuonpair transversemomentum
(Pµµ

T ) below 50MeV/c theappropriatecorrectionto theelasticcross-sectionis small# 0.13%.It wasalso
shown that, unlike elasticevents,suchrescatteringcorrectionsdo not result in a sharppeakat φµµ = 0
in the dimuonacoplanaritya distribution. Thereforeby selectingeventswith Pµµ

T < 50MeV/c andsmall
acoplanarityvaluesthe contamination dueto eventswheresuchrescatteringoccurscanbe reducedto a
negligible level.

aHerewedeÞnethedimuonacoplanarityby φµµ = π " cos" 1((P+
x P"

x + P+
y P"

y )/(P+
T P"

T )) wherethesuperscripts,+ and-, referto
theµ+ andµ" respectively.
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3 Signal events

A MonteCarlosampleof 1%105 pp ! p+ µ+ µ" + p eventswasusedin thisanalysis.Theseeventswere
generatedwith a versionof theLPAIRb [12] eventgenerator, which performsa full LeadingOrder(LO)
matrix elementcalculation,andthedetectoreffectsweresimulatedusingthedetectorgeometrydescribed
by Dbasev22r4 and Gaussv15r21.The detectordigitization was performedby Boole v6r5 and event
reconstructionby Brunel v24r6. To speedup the generationprocesseachmuon in the generatedevents
wererequiredto have

1. Pseudorapiditiesin therange1.6 < η < 5

2. A transversemomentumof PT > 0.9GeV/c

3. A momentumof P > 7.5GeV/c

Within theÞducialvolume,v, deÞnedby theseproductioncutsLPAIR predictsacross-sectionof σel(v) =
(88.77± 0.32)pb. Theanalysisof theseeventsoutlinedin this notehasbeenperformedusingtheLHCb
analysispackageDaVinci v12r14.

3.1 Signal event characteristics

Theexperimentalsignatureof elasticµ+ µ" pairsproducedvia two-photonfusionis verydistinctive.These
eventswill containa µ+ µ" pair producedbackto back in the transverseplane,thushaving smallacopla-
narityvaluespeakedatzero,andnootherparticles.In additionthemuonpairwill have:aninvariantmass,
Mµ+ µ" , that will be peaked towardszero and will fall off exponentially for higher massvalues,and a
pair transversemomentum,Pµµ

T , thatalsopeaksat low valuesandfalls off exponentiallyfor highertrans-
versemomentumvalues.Theparticlemultiplicity, dimuoninvariantmass,pair transversemomentumand
acoplanaritydistributions for pp ! p+ µ+ µ" + p eventsthat passthe L0 andL1 triggersandare then
reconstructedareshown in Þgure2.

3.2 Geometric acceptance

We deÞnethegeometric acceptance,Ageom
el , to bethefractionof eventssatisfyingthegeneratorlevel pro-

duction cuts (1-3) that containtwo muonsthat are reconstructibleat Monte-Carlotruth level. Using a
sampleof 1%105 fully simulatedpp ! p+ µ+ µ" + p eventsandtheDaVinci analysispackagewe have
determinedAgeom

el to be0.9207± 0.0009(stat.).

3.3 EfÞciencies

The reconstructionefÞciency, εreco
el , and trigger efÞciency, εtrigger

el , will be determinedfrom dataonceit
arrives.However, we now presentestimatesof theseefÞcienciesthat wereobtainedusingthe full LHCb
detectorsimulation.We alsooutline a proposednew dimuonstreamat the L0 trigger level that hasbeen
usedin thisanalysisthatwill allow pp ! p+ µ+ µ" + p eventsto berecordedatLHCb.

3.3.1 Reconstruction efÞcienc y

The reconstructionefÞciency, εreco
el , is deÞnedto be the fraction of eventswithin the LHCb geometric

acceptancethatcanbereconstructedofßine.It canbeexpressedastheproductof threecomponents:

εreco
el = (ε(1)

trk %ε(1)
match %ε(1)

id ) %(ε(2)
trk %ε(2)

match %ε(2)
id ) (7)

Hereεtrk is the efÞciency of reconstructingthe track of oneof the muonscomingfrom the elastictwo-
photon fusion process.εmatch accountsfor the efÞciency of reconstructinga muon tower in the muon
chambersandmatchingit to this track.Finally, for tracksthathave beenmatchedto muontowers,εid is
theefÞciency of any additionalmuonidentiÞcationcriteria,e.g.calorimeterenergy requirements,thatwill
beusedto increasethepurity of themuonsamples.Thesuperscriptsreferto muon1 andmuon2. Possible
methodsfor determiningεtrk, εmatch andεid from dataandtheexpectedassociatedmeasurementuncertain-
tiesarediscussedin section6. Fromsimulationεreco

el hasbeendeterminedto be0.5351± 0.0016(stat.).

bWe aremostgratefulto Andrey Shamov andValeryTelnov for providing uswith a copy of their modiÞedversionof theLPAIR
generator.

page 5



Luminosity measurements at LHCb using dim uon pair s produced via elastic two photon fusion. Ref: LHCb-2007-yyy
Internal Note Issue: 1
3 Signal events Date: January 4, 2008

Invariant Mass (GeV)
0 2 4 6 8 10 12 14 16 18 20

/d
m

 (
pb

)
!

d

0

0.5

1

1.5

2

2.5

3

3.5

(a)
PtDiff

Dimuon Pair Transverse Momentum (GeV)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

) 
(p

b)
!

!
/d

(P
t

!
d

0

1

2

3

4

5

6

PtDiff

(b)

Acoplanarity
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

/d
(a

co
pl

an
) 

(p
b)

!
d

0

1

2

3

4

5

6

7

8

9

(c)
nump

Number of reconstructed charged particles
0 2 4 6 8 10 12 14 16 18 20

/d
(n

um
p)

 (
pb

)
!

d

-210

-110

1

10

nump

(d)

Figure 2 Event characteristics of fully simulated and triggered events containing dimuon pairs produced via
elastic two-photon fusion. (a) Dimuon invariant mass. (b) Dimuon pair transverse momentum. (c) Dimuon
acoplanarity. (d) Event particle multiplicity. The ofßine kinematic cuts described in section 5 are highlighted.
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3.3.2 Proposed modiÞcation to the L0 trig ger

In its currentimplementation(up to andincludingDaVinci v19r8) for anevent to passtheL0 ÒdimuonÓ
triggerlevel it is requiredthat

1. Thesumof transversemomentaof all themuonsin theevent,∑Pµ
T, mustbegreaterthanor equalto

1.5GeV/c.

2. A totalglobaltransverseenergy, ET, from theelectromagneticandhadroniccalorimetersof 5GeV/c
or more.

It shouldbenotedthattheÞrstconditionmakesno requirementon thenumberof muonsreconstructedby
theL0 triggersystemandaneventcontainingonly onemuonwith PT > 1.5GeV/c canbepassedby this
stream.Thesecondrequirementis designedto guardagainstmuonsfrom thebeamhaloconsuminga large
amountof thebandwidth.Sincepp ! p+ µ+ µ" + p eventsonly containtwo muonsandnootherparticles
they will only rarely result in an ET satisfyingthe secondrequirementandthuspracticallynoneof our
signaleventspasstheL0 trigger. Consequentlywe proposeto introducea new dimuonlineat theL0 level
thatwill allow pp ! p+ µ+ µ" + p eventsto passwhile at thesametimekeepingthebandwidthconsumed
by halomuonsto a low level. Thenew streamhasthefollowing two requirements

1. Thesumof transversemomentaof all themuonsin theevent,∑Pµ
T, mustbegreaterthanor equalto

1.5GeV/c.

2. TheL0 triggersystemmustreconstructmorethanonemuon.

Preliminaryinvestigationsof thisnew dimuontriggerstreamsuggestthatit will allow beamhaloeventsto
passata rateof # 200Hzwhichconstitutes0.02%of thetotal L0 bandwidth[13].

3.3.3 Trig ger efÞciencies

Dueto thecurrentdevelopmentof theHigherLevel Trigger(HLT) wehavenot includedit in ourefÞciency
studiesbut have insteadusedtheold L1 trigger level asa substitute.TheHLT will be investigatedfor the
pp ! p+ µ+ µ" + p channelin the futurebeforedatatakingbegins.We deÞnethe total triggerefÞciency
from thecombinationof theconditionalprobabilitiesthataneventpasseseachtriggerstage.

εtrigger
el = εL0

el %εL1
el (8)

HereεL0
el is thefractionof eventsthatcanbereconstructedofßinethatwouldpasstheL0 triggeralgorithm

whichincludesthenew dimuonstreamoutlinedin theprevioussection,εL1
el is thefractionof eventsthatcan

bereconstructedofßineandpasstheL0 triggerthatalsopasstheL1 triggeralgorithm.Table1 summarises
theacceptancesandefÞcienciesfor pp ! p+ µ+ µ" + p eventsatLHCb. Thecalculationof theacceptance
dueto ourofßinekinematicselectioncriteria,Akin

el , is discussedin section5.

Stage Symbol EfÞciency

Detectoracceptance Ageom
el 0.9207± 0.0009

Reconstruction εreco
el 0.5351± 0.0016

L0 algorithm εL0
el 0.6190± 0.0022

L1 algorithm εL1
el 0.7135± 0.0026

Kinematicacceptance Akin
el 0.2697± 0.0030

Total efÞciency (forwardmeasurement) εtotal
el 0.0587± 0.0008

Table 1 Acceptance, reconstruction and trigger efÞcienciesfor pp ! p+ µ+ µ" + p events at LHCb. Statis-
tical errors are shown.
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4 Backgr ound processes

The strongestbackgroundsto our signalareeventscontainingdimuonpairsproducedvia inelastictwo-
photonfusionanddoublepomeronexchange.We have studiedtheseprocessesby interfacingtheLPAIR
andDPEMC Monte-Carlogeneratorsto the full LHCb detectorsimulation.In additionwe have consid-
ereda numberof other StandardModel processessuchas b ! µ" + Y, øb ! µ+ + X and eventswhere
two hadronsareboth mis-identiÞedasmuons.Thesebackgroundshave beeninvestigatedat four vector
level by examininglargeMonte-CarlosamplesgeneratedusingthePYTHIA andDPEMCgenerators.The
backgroundsamplesthathave beenstudiedaresummarisedin table2 andaredescribedin the following
sections.

Backgroundprocess σ %BR(pb) Eventsgenerated Ldt equivalent

Studiedwith full LHCb simulation

pp ! p+ µ+ µ" + X (γγ) 42.52 25K 588pb" 1

pp ! Y + µ+ µ" + X (γγ) 28.01 10K 357pb" 1

pp ! Y + µ+ µ" + X (DPE) 112.68 25K 222pb" 1

Studiedat4 vectorlevel

b ! µ" + Y, øb ! µ+ + X 5%106 50M 10pb" 1

c ! µ" + Y, øc ! µ+ + X 3.5%107 350M 10pb" 1

γ&/Z ! µ+ µ" 2%104 10M 500pb" 1

J/ψ ! µ+ µ" 4.63%106 46.3M 10pb" 1

Table 2 Standard Model background samples that have been used in this analysis. The two-photon fusion
(γγ) and double pomeron exchange (DPE) samples were produced with the LHCb detector simulation soft-
ware chain (Gauss, Boole and Brunel) and the LPAIR and DPEMC Monte-Carlo event generators respec-
tively. The samples that have been studied at 4 vector level were produced using the PYTHIA Monte-Carlo
generator

4.1 Dimuon pair s produced via inelastic two-photon fusion

Monte-Carlosamplesof 2.5%104 and 1%104 eventshave beengeneratedand analysedfor the semi-
inelasticand fully-inelastic two-photonfusion processesrespectively. Theseeventswereproducedwith
the LPAIR generatorusingthe soft protonstructurefunctionsof A.Suri andD. Yennie[14]. The LHCb
detectoreffectsweresimulatedusingthedetectorgeometrydescribedby Dbasev22r4andGaussv15r21.
Thedetectordigitizationwasperformedby Boolev6r5andeventreconstructionby Brunelv24r6.To speed
up thegenerationprocessbothmuonsin thegeneratedeventswererequiredto satisfytheproductioncuts
(1" 3) describedin section3.

Figure3 shows thedimuoninvariantmass,pair transversemomentum,acoplanarity andparticlemultiplic-
ity distributionsfor eventswithin thesesamplesthat arefully reconstructedandthat passthe L0 andL1
trigger levels.By comparingthesefour distributionswith thecorrespondingelasticdistributionsshown in
Þgure2 it canbeseenthat for dimuonsproducedvia inelastictwo-photonfusion: the invariantmassdis-
tributionsarevery similar to thedistribution for elasticevents;theacoplanaritydistributionsarerelatively
ßatcomparedto thecorrespondingdistributionsfor theelastic events;thedimuonpair pair transversemo-
mentumdistributionspeakat highervalues(# 600MeV/c for semi-inelasticeventsand1100MeV/c for
fully-inelasticevents)thanfor elasticevents;theparticlemultiplicity distributionshavelargertails thanour
signalevents.
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Figure 3 Fully simulated and triggered events that contain a µ+ µ" pair produced via double pomeron
exchange or inelastic two photon fusion. (a) Dimuon invariant mass. (b) Dimuon pair transverse momentum.
(c) Dimuon acoplanarity. (d) Event particle multiplicity. The ofßine kinematic cuts described in section 5 are
highlighted.
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4.2 Dimuon pair s produced via doub le pomer on exchang e

A sampleof 2.5%104 dimuoneventsproducedvia doublepomeronexchangehavebeenexamined.These
eventsweregeneratedwith theDPEMC[15] eventgenerator. Within DPEMCthesedimuonsareproduced
via the Drell-Yan processwithin the pomeron-pomeroncollision. SinceDPEMC appliesa cut of q2 >
1GeV/c to theinitial statepartonshowersof suchprocessesandtheeventsthatweareinterestedin typically
havevalueslessthanthisonly thePT of thepomeronsystemandnot thePT of thecolliding quarksrelative
to theparentpomeronswill contributeto thedimuonpairPT

c. To correctfor thiswehaveappliedagaussian
additionof 350MeV/c to thePT of thepartonspartakingin theinitial stateshower, avaluethatis consistent
with previous theoreticalstudies[16]. The effectsof the LHCb detectorhave beensimulatedusing the
geometrydescribedby Dbasev22r4andGaussv15r21.Thedetectordigitizationwasperformedby Boole
v6r5 andeventreconstructionby Brunelv24r6.To speedup thegenerationprocessonly eventscontaining
adimuonpairwith individualpseudorapiditiesin therange1.7< η < 5.1andamassabove2GeV/c2 have
beengenerated.

Thecross-sectionfor theseeventsat theLHC hasbeencalculatedusingtwo differenttheoreticalmodels,
theinclusive doublepomeronexchangemodelof Boonekamp,PeschanskiandRoyon (BPR)[17] andthe
factorizedmodelof CoxandForshaw [18]. In additiontheuncertaintyduetouncertaintiesin ourknowledge
of thePomeronpartondistribution functionshasbeenestimatedusingsix differentsetsof PomeronPDFs
basedon datacollectedat theHerae-pcollider. ThePDFsetsconsideredare:the leadingorder(LO) and
next to leadingorder(NLO) Þtsto datacollectedby the H1 experimentin 1994[19] anda morerecent
extendedNLO Þt to thesamedata[20] (labeledrespectively H194l,H194nlandH194nlExin table3); the
NLO Þtsto ZeusandH1 datacollectedbetween1997-2000anda Þt to thecombineddata-setfrom both
experiments[21] (labeledrespectively ZEUSnl, H1nl andZEUS+H1nl in table3). Table3 summarises
thetwelve cross-sectionspredictionsusingtheBPRandCF modelsandthesix PomeronPDF sets.While
the predictionsusingthe CF modelvary between 3" 7pb, suggestingan associatedPDF uncertaintyof
# 50%,theBPRpredictionsareaboutanorderof magnitudelargerandvary to agreaterdegreedepending
on thePomeronPDFsetchoice.We have takenthecross-sectionto be112.68pb andhave conservatively
assignedanuncertaintydueto thetheoreticalmodellingandknowledgeof thePomeronßux andPDFsto
be± 112.68pb.

H194l H194nl H194nlEx ZEUSnl H1nl ZEUS+H1nl

BPR 13.03 23.41 112.68 570.84 73.02 84.52

CF 3.14 3.30 7.42 5.76 5.63 5.19

Table 3 Cross-section predictions, in picobarns, for dimuon events produced via double pomeron exchange
due to the Boonekamp, Peschanski and Royon (BPR) and Cox-Forshaw (CF) models using the six different
Pomeron PDF sets described in the text.

Thedimuonmass,pair tranversemomentum,acoplanarityandparticlemultiplicity distributionsfor events
within this sample thatpasstheL0 andL1 trigger levelsandarethenreconstructedareshown in Þgure3.
With theexceptionof theparticlemultiplicity distribution,whichis ßatterandextendsupto highvalues,the
distributionsfor theseeventshaveshapesthataresimilar to thosefor dimuonsproducedvia semi-inelastic
two photonfusion.

4.3 Other Standar d Model backgr ounds

In addition to thesebackgroundswe have also examinedthe contaminationdue to four other Standard
Model processes:dimuonsproducedvia the Drell-Yan processγ&/Z ! µ+ µ" , bøb eventswhereboth b
quarksdecaysemi-leptonicallyto muonsb ! µ" + Y, øb ! µ+ + X, cøc eventswhereboth c quarksde-
cay semi-leptonicallyto muonsc ! µ" + Y, øc ! µ+ + X and dimuonsproducedvia the decayof J/ψ
particles.Theseprocesseshave beenstudiedat four vectorlevel usingeventsamplesgeneratedusingthe
PYTHIA eventgenerator. For eachof thesebackgroundsamplesany event that containsat leasttwo op-
positelychargedmuonswith pseudorapidityvaluesin therange,1.9 < η < 4.9 andhaving PT > 1GeV/c

cWearemostgratefulto Andrey Shamov for bringingthispoint to ourattention.
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Figure 4 Monte-Carlo level events containing a dimuon pair produced via a number of Standard Model
processes, here we have assumed a reconstruction and trigger efÞciency of 100%. (a) Dimuon invariant
mass. (b) Dimuon pair transverse momentum. (c) Dimuon acoplanarity. (d) Event particle multiplicity. The
ofßine kinematic cuts described in section 5 are highlighted.

andP > 8GeV/c hasbeenexaminedasa potentialbackgroundevent.Aside from thesecriteria we have
conservatively assumedreconstructionandtriggerefÞcienciesfor thesesamplesof 100%.Theparticlemul-
tiplicity for thesefour vectoreventshasbeenestimatedby countingthenumberof stablechargedparticles
with momentaabove 500GeV/c thathave pseudorapidityvalueslying within 1.9 < η < 4.9. Thesizesof
thesamplesusedaresummarisedin table2 while theparticlemultiplicity, dimuonacoplanarity, invariant
massandpair transversemomentumdistributionsfor theseprocessesareshown in Þgure4.

Unlike our signal processthe dimuon acoplanaritydistributions are relatively ßat and fall off lessdra-
matically for highervalues.Thedimuonpair transversemomentumdistributionsfor theseprocessespeak
at muchhighervalues(> 1.4GeV/c) thanour signalandcombindedhave an effective cross-sectionof
# 200pb for valuesbelow 50MeV/c2. Theparticlemultiplicity distributionspeakbetween10 and25 and
fall off to # 4pb for eventscontaininglessthanthreechargedparticleswithin theLHCb acceptancewhile
thedimuoninvariantmassdistributionspeakat low massvaluesand,with theexceptionof theDrell-Yan
distributionwhichpeaksagainat theZ pole(# 91GeV/c2), fall off exponentiallyfor highermasses.

4.4 Hadron mis-identiÞcation

The last importantsourceof backgroundeventscomesfrom randomcombinationsof oppositelycharged
pionsor kaonsthatarebothmis-identiÞedasmuons.Wehaveestimatedthemagnitudeof thisbackground
contribution in the following manner. Firstly, having assumedthat therearetwo principlewaysin which
mis-identiÞcationcan occur decayin ßight and ÒpunchthroughÓ,we have estimatedthe probability of
mis-id asa function of hadronmomentum(for detailson how this wasachieved see[7]). Thesemis-id
probabilitieswerethencombinedwith the expectedrateof randomπ/K combinationsfrom a variety of
sources.Most of thesesourceshave beenstudiedusing a sampleof ten million minimum biasd events

dCorrespondingto thePYTHIA process(ISUB) ßags11,12,13,28,53,68,86,87,88,89,91,92,93 ,94,95,106,107and108.
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Figure 5 Parameter distributions for combinations of opposite charge kaons and pions coming from
minimum-bias and double pomeron exchange events. Here the distributions have been scaled according
to the hadron mis-id probabilities discussed in the text and we have assumed a reconstruction and trigger
efÞciencyof 100%. (a) Dimuon invariant mass. (b) Dimuon pair transverse momentum. (c) Dimuon acopla-
narity. (d) Event particle multiplicity. The ofßine kinematic cuts described in section 5 are highlighted.
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generatedusingPYTHIA. In additionwe have attemptedto quantifythelevel of contaminationdueto di-
hadronproductionvia doublepomeronexchangesincethecharacteristicsof theseeventsmaybesimlar to
thoseof oursignalprocess.Wehavedonethisby examiningtwo eventsamplesgeneratedwith theDPEMC
generator. One samplecontainingtwo million eventswherea di-jet is producedinclusively via double
pomeronexchangeand one containingone million eventswheretwo gluonsare producedexclusively
via doublepomeronexchange.Using thesetwo DPE samplesand the minimum-biassampleand only
consideringpionsandkaonswith pseudorapidity valuesin therange1.9< η < 4.9 andmomentasatisfying
P > 8GeV/c andPT > 1GeV/c, all theoppositechargepairwisehadroncombinations(i.e. π+ π" , K+ π" ,
K" π+ andK+ K" ) in theseeventswererecorded.Theprobabilityof mis-identiÞcationfor eachhadronwas
calculatedandan overall weightingassignedto eachdihadroncombinationbasedon theseprobabilities.
Aside from thesecriteria we have assumedreconstructionand trigger efÞcienciesfor thesesamplesof
100%.The particlemultiplicity for thesefour vector eventshasbeenestimatedby countingthe number
of stablechargedparticleswith momentaabove 500GeV/c that have pseudorapidityvalueslying within
1.9 < η < 4.9.Thevariousdistributionsfor thesedihadroncombinationsareshown in Þgure5.

5 Signal selection and backgr ound reduction

Giventheparticlemultiplicity, dimuoninvariantmass,pair transversemomentumandacoplanaritydistri-
butionsof oursignaleventsasshown in Þgure2, andthecorrespondingbackgrounddistributionsasshown
in Þgures3, 4 and5, thefollowing kinematiccutsareproposed:

1. Thedimuonpair transversemomentummustsatisfyPµµ
T < 50MeV/c.

2. Theremustbelessthan3 reconstructedchargedparticlesin theevent.

3. Thedimuoninvariantmassmustbein therange2.6GeV/c2 < Mµµ < 20GeV/c2.

4. Themassregion3" 3.2GeV/c2 is excluded.

Criteria 1, in additionto its effectivenessat reducingthe backgroundsdescribedin section4, hasthe ef-
fect of reducingthe uncertaintyon the predictedsignalcross-section,dueto rescatteringcorrectionsand
uncertaintiesin the electromagneticform factorsof the proton,to < 1%. The invariantmasscuts3 and
4 are designedto further reducethe backgroundcontribution coming from the decaysZ ! µ+ µ" and
J/ψ ! µ+ µ" respectively. Theeffectsof theseselectioncriteriaarediscussedin thenext two sections.

5.1 Kinematic Acceptance

The acceptanceof theseofßine kinematic cuts,Akin
el , is deÞnedto be the fractionof ofßine reconstructed

pp ! p+ µ+ µ" + p eventspassingall of the the trigger stagesthat alsosatisfythesekinematicrequire-
ments.Usingthefull detectorsimulationAkin

el wasdeterminedto be0.2697± 0.003.Combiningthis with
thegeometric acceptanceandthereconstructionandtriggerefÞcienciesgivenin section3 yieldsanover-
all efÞciency of 0.0587± 0.0008(stat.). This givesan effective signalcross-sectionof # 5.21pb which
correspondsto 5210± 71(stat.) eventsin half anominalyearof LHCb running(1f b" 1 of data).

5.2 Backgr ound estimation

Theexpectedbackgroundcompositionaftertheselectioncutshave beenappliedis summarisedin table4.
Applying thecutsto thebackgroundsamplesdescribedin section4 reducesthebackgroundto a level that
is (4.1± 0.5(stat.))% of theexpectedsignalrate.Thisequatesto # 214backgroundeventsper1f b" 1. The
backgroundis dominatedby eventscausedby pion/kaonmis-identiÞcationat a rateof # 121 eventsper
1f b" 1. In principleit shouldbepossibleto accuratelyassessthelevel of pion/kaonbackgroundfrom data
onceit arrives.Eventscontainingdimuonpairsproducedby doublepomeronexchangeor inelastictwo
photonfusioncontributeto theoverall backgroundroughlyequally(eachcontributing # 1% of thesignal
level).
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Prob. = (-0.15 N charged + 4.96) x 10-4 Prob. = (0.07 N charged + 10.62) x 10-4

Prob. = (-0.08 N charged + 7.21) x 10-4 Prob. = (0.02 N charged + 14.08) x 10-4

Figure 6 Probability of dimuon pair transverse momentum being less than 50MeV/c for events within the
invariant mass range deÞnedby cuts 1-2 as a function of the number of charged particles within the LHCb
acceptance. (a) γ&/Z ! µ+ µ" . (b) Random Pion/Kaon combinations. (c) bøb events where both b quarks
decay semi-leptonically to muons. (d) cøc events where both c quarks decay semi-leptonically to muons.
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Process Eventsper f b" 1 Statistical

uncertainty

Systematic

uncertainty

pp ! pp+ µ+ µ" (signal) 5210 ± 71 ± 17

InclusiveDPEµ+ µ" production 49 ± 15 ± 49

pp ! p+ µ+ µ" + X 31 ± 7 ± 10

pp ! Y + µ+ µ" + X 8 ± 5 ± 4

bøb ! µ+ + µ" + X 1 ± 0.5 ± 1

cøc ! µ+ + µ" + X 2 ± 1 ± 2

J/ψ ! µ+ µ" 0 + 1 + 1

γ&/Z ! µ+ µ" 2 ± 0.3 ± 2

Pion/Kaonmis" identi f ication 121 ± 19 ± 12 (from data)

TotalBackground 214 ± 26 ± 52

Table 4 The expected number of events for the signal and background sources per f b" 1 of data after the
selection cuts outlined in section 5 have been applied. Statistical uncertainties due to our sample sizes and
systematic uncertainties due to the errors on the predicted cross-sections are shown (see section 6 for more
details).

It shouldbenotedthatdueto thelimited sizeof theDrell-Yan,heavy quarkandPion/Kaonmis-idsamples
theeffectof cuts2-4andcut1 havebeenevaluatedseparately. Theeffectof cut1oneventsthathavealready
passedcuts2-4 wasestimatedby calculating theprobability thataneventwill satisfyPµµ

T < 50MeV/c as
a function of the eventsÕparticlemultiplicity. Figure6 shows this probability for the four samples.The
dependenceof this probabilityon theeventmultiplicity wasparameterisedby Þttingstraightlineswasto
thefour distributions.UsingtheseparameterisationstheprobabilitythatPµµ

T < 50MeV/c whentheparticle
multiplicity is lessthanthreewascalculatedfor eachbackgroundsample.An overall backgroundestimate
wasmadeby combiningthis probabilitywith thecalculatedprobability thattheeventspasscuts2-4 . The
uncertaintiesonthestraightline Þtswereincludedin theoveralluncertaintiesof ourbackgroundestimates.

The masswindow proposedin cut 4 is designedto remove the contaminationdueto the processJ/ψ !
µ+ µ" . Sincethe reconstructedwidth of the J/ψ massat LHCb via the dimuonchannelis # 10MeV/c2

[25] we have chosena window of ± 100MeV/c2 andexpecta correspondingJ/ψ ! µ+ µ" supressionof
# 10" 12 whichequatesto muchlessthan1 eventper f b" 1 of data.

6 Pile-up correction

Theproposedkinematicselectionrequiresthat therearelessthanthreereconstructedchargedparticlesin
a givenevent in orderfor it to beaccepted.This is problematicsinceat theLHC therewill bea non-zero
probabilitythatagivenbunchcrossingwill resultin morethanoneproton-protoninteraction.Assumingan
LHCb runningluminosityof 2%1032cm" 2s" 1 andanLHC inelasticcross-sectionof 80mbtheprobabilities
that a bunch crossingwill result in 0, 1, or more than 1 interactionare respectively: P0 = 0.57, P1 =
0.31, andP>1 = 0.12. Sincetheseprobabilitiesaredependenton the inelasticcross-section,which is not
known accuratelyfrom theory, they mustbe measuredusingdata.A possiblemethodfor makingsucha
measurementat LHCb usingthepile-updetectorhasbeeninvestigatedpreviously by N. Zaitsev [26]. The
pile-updetectoris locatedupstreamof theVertex Locatorandconsistsof asetof two planesof siliconstrip
detectorsequippedwith fastreadoutelectronicsto allow their datato bemadeavailableat theL0 trigger
level.Duringagivenrunningperiodthenumberof bunchcrossingscontaining i proton-protoninteractions,
Nm

i , canbecounted.Thenumbercountedin this way canthenbe relatedto theactualnumber, Ni, if the
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efÞciency for detection,εi , is known. Sincewe will only selectsingleinteractiondimuoneventsproduced
via elastictwo photonfusion,Nel

1 , we will needto relatethis numberto thetotal numberof signalevents
from bunchcrossingsof all types,Nel, which is equalto

Nel = Nel
1 + Nel

>1 = Nel
1 (1+ f ) (9)

HereNel
>1 is thenumberof signaleventsproducedin bunchcrossingsthatcontainmorethanoneproton-

protoninteractionand f is thecorrectionthatmustbedeterminedfrom dataandwill begivenby

f =
Nel

>1

Nel
1

$
Nm

>1ε1 " Nm
1 (1" ε1)

Nm
1 ε>1 " Nm

>1(1" ε>1)
(10)

Sincethe statisticaluncertaintieson Nm
1 andNm

>1 will be < 0.1% in as little asonesecondof datathe
dominantuncertaintyon a measurementof f will bedueto theuncertaintieson thedeterminationof the
efÞcienciesε1 andε>1. TheseefÞcienciescanbedeterminedreadilyusingMonte-Carlostudies,however,
a measurementusingrealdatawould bepreferableandit is envisionedthata viablemethodfor achieving
thiswill bedevelopedbeforedata-takingbegins.

7 Systematic and statistical uncer tainties

From equation1 it canbe seenthat the accuracy with which an integratedluminosity measurementcan
bemadeusingtherateof dimuonsproducedvia elasticphotonfusionwill belimited by thestatisticaland
systematicuncertaintieson: thenumberof pp ! p+ µ+ µ" + p candidatesobserved;theexpectednumber
of backgroundevents; thegeometricandkinematicacceptances;thetriggerandreconstructionefÞciencies;
thepredictedcross-sectionof pp ! p+ µ+ µ" + p eventsat LHCb. We will discusstheuncertaintiesfrom
eachof thesesourcesin turn.Theestimatedsystematicuncertaintiesfrom eachsourcearesummarisedin
table5.

7.1 Predicted cross-section

As outlinedin section2 theuncertaintyon thepredictedcross-sectionof our signalprocess,σel, will have
two components,one from the rescatteringcorrectionsdue to stronginteractionsbetweenthe colliding
protonsandtheotherdueto theaccuracy of measurementsof theprotonelectromagneticform factorsGM
andGE.

Rescatteringcorrections:Theeventsthatpassour off line selectioncriteriawill have dimuonpair trans-
versemomentaof less than 50MeV/c. It hasbeenshown by Khoze et. al. [10] that for dimuon pairs
producedvia two photonfusion with a massof 20GeV/c2, a rapidity of zeroanda pair transversemo-
mentumbelow 50MeV/c the appropriatecorrectionto σel is # 0.13%.This valuehasbeentaken asthe
systematicuncertaintyfrom thissource,however, furtherstudiesmayberequiredsincetheeventsthatwill
bereconstructedatLHCb will have lowermassesandhigherrapiditiesthanthis.

Electromagneticform factors: As outlinedin section2 our elasticdimuonevent samplewill have two
components:eventswheretheimpactparametersof thecolliding protonsarelarge(which allows thepro-
tonsto be treatedaspoint-like objects)andthe processis only sensitive to the protonmass,charge and
anomalousmagneticmoment(which have beenmeasuredwith anuncertaintybelow 0.001%)andevents
wherethe protonsimpactparametersaresmall and the processis sensitive to the electromagneticform
factorsof the proton(which have beenmeasuredwith an uncertaintyof # 2%). If the predictedelastic
cross-sectionis to have an associateduncertaintybelow 1% the event rate of elasticprocessesthat are
sensitive to theelectromagneticform factorsmustbebelow 50%of thepoint-like event rate.This canbe
achieved by selectingeventsthat have small dimuonpair transversemomenta(Pµµ

T ) valuessincethe im-
pactparametersof the colliding protonsin sucheventswill be large.The off-line selectionrequirement
thatPµµ

T < 50MeV/c will reducethecontribution from eventssensitive to theelectromagneticform factors
to # 15% of the overall event rate.We thusassigna systematicuncertaintyof 0.3% on the luminosity
measurmentdueto themeasurmentprecisionof GE andGM.
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7.2 Signal candidates

Theuncertaintyon thenumberof pp ! p+ µ+ µ" + p candidatesobserved,Nobs
el , will bepurelystatistical.

Using the efÞciency andacceptancevalueswe have obtainedfrom simulation,a 1% uncertaintyon Nobs
el

will require10,000eventswhichequatesto $ 2f b" 1 of data.

7.3 Expected number of backgr ound events

Themaincontributionsto theexpectednumberof backgroundevents,Nback
el , will comefrom eventswhere

dimuonsareproducedvia eitherdoublepomeronexchangeor inelastictwo photonfusionandeventsdue
to pion/kaonmis-identiÞcation.Wewill discusseachsourceseparately.

Pions/kaonsmis-id: It will bepossibleto measurethebackgrounddueto pionandkaonmis-identiÞcation
from data.Thiscanbeachievedby measuringthemuonmis-identiÞcationrateof apuresampleof pionsor
kaons.For examplefor pionsthis canbeachievedby examiningthepionscomingfrom thedecaysKs !
π+ π" andΛ ! pπ" . Combiningthesemis-identiÞcationprobabilitieswith the measuredrateof events
containingadi-hadroncombinationwith aninvariantmassin therange2.6GeV/c2 < Mhh < 20GeV/c2 will
enablethebackgroundto beevaluated.Assumingthemis-id ratesfor PionsandKaonscanbedetermined
with anuncertaintyof 10%weestimatethatthesystematicuncertaintyonsuchameasurementwill be± 12
eventsper f b" 1 of data.

Double Pomeron Exchange:Theexpectedbackgroundcontribution dueto dimuonsproducedvia double
pomeronexchangegivenin table2 assumesacross-sectionfor thisprocessof 112.68pbwithin theÞducial
volumedescribedin section4.2.As previously statedthis estimatewasobtainedusingtheBPRinclusive
DPE modelandthe PomeronPDF setobtainedby a next to leadingorderÞt to datarecordedby the H1
experiment.By comparingthecross-sectionpredictionsobtainedusingtheBPRandCF DPEmodelsand
six different PomeronPDF sets(seetable 3) we conservatively estimatethe uncertaintyon this cross-
sectionprediction,dueto uncertaintiesin ourknowledgeof thePomeronßuxesandPDFsandinaccuracies
in thetheoreticalmodelingof DPEprocesses,to be± 112.68pb. Giventhis uncertaintyandthecalculated
efÞcienciesfor this process we assigna systematicuncertaintyon the numberof expecteddimuonDPE
eventsof ± 49eventsper f b" 1 of data.

Inelastic 2-Photonfusion: Theuncertaintyon thepredictedcross-sectionfor thesemiandfully inelastic
eventshasbeenestimatedusing LPAIR by calculatingthe effective cross-sectionfor theseeventswithin
the LHCb acceptancefor two differentprotonstructurefunctions.Onesetof structurefunctionsis due
to Suri andYennie[14] while the secondcombinesthe Suri-Yennieq2 dependencefor the non-resonant
contribution with experimentalmeasurementsof the the q2 dependencefor the resonancecontributions
andthephoto-productioncross-sectionfor q2 ! 0. Wehave takenthepercentagedifferencebetweenthese
two predictionsto bethesystematicuncertaintyon thepredictedcross-sections.This resultsin aneffective
cross-sectionfor dimuonproductionvia semiamdfully inelastic2-photonfusioneventsthataretriggered,
reconstructedandselectedofßineatLHCb of (31± 10) f b and(8± 4) f b respectively.

7.4 Acceptances

Geometric acceptance:We expecttheuncertaintyon our geometricacceptanceestimateto bedominated
by uncertaintiesdueto thetrackingresolutionneartheedgesof theLHCb detector. Usingthemuontracks
from our signal processthat have beenpassedthroughthe LHCb detectorsimulationthe resolutionin
the reconstructedmuonpseudorapidity(' ηµ) hasbeendeterminedneartheedgesof theLHCb detector.
Figures7(a)and7(b)show thevariationin ' ηµ attheouteredgeof thedetectorandtheedgeof thedetector
adjacentthebeampipe.Fromtheseplotsit canbeseenthatthedetectoracceptancerangein pseudorapidity
is 1.86< η < 4.97. Thesevariationsin ' ηµ nearthedetectoredgeshave beenparameterisedby straight
line Þts to the datain the regions1.8 < η < 2.5 and4 < η < 5 andyield pseudorapidityresolutionsof
(2.4± 0.3) %10" 3 and (1.4± 0.6) %10" 3 at muonpseudorapiditiesof 1.86 and4.97 respectively. The
percentagechangebetweenthe numberof eventswhereboth muonslie within the ranges1.8573< η <
4.968and1.8627< η < 4.972hasbeentakenasthesystematicuncertaintyon our calculatedgeometric
acceptance.Thecalculatedvalueis 0.13%.

Kinematic acceptance:The main uncertaintiesarisingfrom our estimationof the kinematicacceptance
aredueto theaccuracy of theLHCb detectorsimulation.Thedetectorsimulationwill betunedusingdata
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Figure 7 Reconstructed pseudorapidity resolution as a function of true pseudorapidity for muons recon-
structed near the edges of the LHCb detector. (a) low pseudorapidity values corresponding to the outer
edge of the detector and (b) high pseudorapidity values corresponding to the detector edge near the beam
pipe. The red lines are straight line Þtsto the data and the Þtvalues are shown.

onceit is available.In particulartheperformanceof themuonsub-systemcanbeaccuratelyassessedusing
eventscontainingJ/ψ, ϒ or Z particlesthat decayinto µ+ µ" pairs.We estimatethat oncethe detector
simulationhasbeenre-tunedin thisway thekinematicacceptancewill contributeasystematicuncertainty
ontheproposedluminositymeasurementof 0.1%.Thisestimateis in linewith similaruncertaintyestimates
from otherexperiments[27].

7.5 Reconstruction efÞcienc y

As waspointedoutin section3 thereconstructionefÞciency canbedeterminedfrom dataandis expressible
astheproductof threecomponents:

εreco
el = (ε(1)

trk %ε(1)
match %ε(1)

id ) %(ε(2)
trk %ε(2)

match %ε(2)
id ) (11)

Wewill now outlinemethodsthatwill allow thesetermsto bemeasuredfrom data.Theuncertaintiesquoted
below areestimates.

Tracking efÞciency:εtrk canbedeterminedfrom datausingapureunbiasedsampleof W ! µν candidate
eventsselectedusinga tight setof selectioncriteriabasedon muonchamberinformation.Thefractionof
eventsin suchasamplethathaveareconstructedtrackthatpointsto theappropriatemuonchamberdeposit
will give εtrk. We estimatethat a measurementof εtrk will have an associatedsystematicuncertaintyof
0.4%.

Matching efÞciency:TheefÞciency to reconstructmuontowersandmatchthemto reconstructedtracks,
εmatch, canbefoundusing a datasetcontainingeventswith at leastonehigh PT muon,for exampleevents
thatpassthesinglemuontriggerlineandhaving PT > 10GeV. Themuonin theseeventsis thencombined
with all theoppositesignhighPT tracksin theevent.If acombinationhasaninvariantmasscloseto theZ
massandthetrackpointsto anactive areain themuonchambers thetrackis considereda candidate.The
fractionof thesecandidatetracksthatareactuallyreconstructedofßineasmuonswill beequalto εmatch.
Weestimatethatameasurementof εmatch will haveanassociatedsystematicuncertaintyof 0.4%.

IdentiÞcation efÞciency:The muonID efÞciency, εid , canbe measuredusinga cleansampleof muons
thathave beenselectedwithout usingthecutsyou wish to examine.Sucha samplecanbeobtainedfrom
J/ψ ! µµeventsthathavepassedthetriggervia any streambarthedimuontriggerstream(selectingevents
from the dimuonstreamwould biasthe sample).Oneof the legs of the J/ψ canthenbe usedto tag the
J/ψ, while theothercanbeusedasa probeto measurethemuonefÞciency. TheefÞciency will beequal
to thenumberof probemuonsthatpasstheidentiÞcationcutsdividedby thetotalnumberof probemuons.
Assumingan identiÞcationefÞciency of 99%anda sampleof 104 muonssucha measurementof εid will
haveanassociatedsystematicuncertaintyof 0.1%.
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7.6 Trig ger efÞcienc y

The trigger efÞciency, εtrigger
el , of our signalprocesscanbe determinedusinga sampleof minimum bias

eventsthatpassthetriggerandcontainanoff-line reconstructedµµpair. ThetriggerefÞciency will beequal
to the fractionof theseeventsthathave passedvia thedimuontriggerstream.Theuncertaintyon sucha
determinationof thetriggerefÞciency will depend on thesizeof thesampleused.With 105 dimuonevents
andassumingadimuontriggerefÞciency of 44%theuncertaintywill be0.5%.

Source Estimatedsystematicuncertainty(%)

Rescatteringcorrections 0.13

ProtonEM form factors 0.3

σel predictiontotal 0.33

π/K mis-id 0.23

Dimuonsproducedvia DPE 0.94

Dimuonsproducedvia γγ fusion 0.27

Backgroundtotal 1.00

Geometricacceptance 0.13

Kinematicacceptance 0.1

Acceptancetotal 0.16

Trigger 0.5

Tracking 0.4

Trackmuonchambermatching 0.4

Muon identiÞcation 0.5

EfÞciency total 0.76

Total 1.31

Table 5 Estimated systematic uncertainties on a luminosity measurement at LHCb using the pp ! p+
µ+ µ" + p channel.

7.7 Resulting measurement uncer tainty

Thetotal systematicuncertaintyonameasurementof theintegratedluminosityusingthemeasuredrateof
pp ! p+ µ+ µ" + p eventsatLHCb is thereforeestimatedto be1.31%.Assuminganaverageinstantaneous
luminosity of 2%1032cm" 2s" 1 with 1f b" 1 of datathe following integratedluminosity measurementis
expected

Ldt = 1± 0.0140(stat.) ± 0.0131(syst.) f b" 1 (12)

This equatesto a total measurementuncertaintyof 1.92%.Currentlythedominantsystematicuncertainty
is on the predictedcross-sectionof eventswheredimuonsareproducedvia doublepomeronexchange.
We have estimatedthis uncertaintyto be # ± 100%of the predictedcross-sectionfor theseevents.This
uncertaintyis dueto boththetheoreticalmodelingof theprocessandthemeasurementuncertaintiesin the
Pomeronßux andPomeronpartondistribution functions(PDFs)thathave beendeterminedusingH1 and
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Zeusdatafrom theHeraacceleratoratDESY. Recentlymeasurementshavebeenmadeof thecross-sections
for exclusivee+ e" [28] , γγ [29] anddi-jet [30] productionby theCDFcollaborationat theTevatron.These
measurementswill furtherconstrainthepomeronßux andPDFsandwill allow for the reÞnementof the
theoreticalmodelsdescribingthe doublepomeronexchangeproductionmechanism.We thusexpect the
uncertaintyon thepredictedcross-sectionof dimuonsproducedvia DPEto bereducedin thenearfuture
which will allow for more accurateluminosity measurementsat LHCb using the pp ! p+ µ+ µ" + p
process.For example,if the uncertaintyon the predictedcross-sectionfor theseeventswas reducedto
25%thentheoverall systematicuncertaintywould bereducedto 0.95%.This would enablea luminosity
determinationatLHCb to bemadewith a total uncertaintyof 1.38%using2f b" 1 of data.

8 Conc lusions

We expect5210 pp ! p+ µ+ µ" + p eventsto berecordedandreconstructedat LHCb in 1f b" 1 of data.
Wehaveproposedasetof simpleofßineselectioncriteriathatwill reducethebackgroundto a level that is
4.1± 0.5(stat.) ± 1.0(syst.)% of thesignalrate.This backgroundwill bedominatedby thecombinatoric
backgroundsduetopionandkaonmis-identiÞcation,abackgroundsourcethatcanbewell understoodfrom
realdata.Weestimatethatusingthemeasuredrateof pp ! p+ µ+ µ" + p eventsin 1f b" 1(2f b" 1) of data,
theintegratedluminositycanbemeasuredat LHCb with a # 1.92%(1.65%)precision.This uncertaintyis
dominatedby the systematicuncertaintyon the predictedcross-sectionof dimuonsproducedvia double
pomeronexchange.An examinationof the measuredrate of exclusive l+ l " , γγ anddi-jet eventsat the
Tevatronandthe otherLHC experiments in the nearfuture will further reducethis sourceof uncertainty
enablinganevenmoreaccurateluminositymeasurementto bemadeatLHCb usingthis channel.

9 Ackno wledg ements

The authorsthankMike Albrow, Valery Khoze,Alan Martin andAndrey Shamov for many usefulcom-
mentsandsuggestions.We areparticularlygratefulto Andrey Shamov for providing uswith a copy of his
modiÞedversionof theLPAIR Monte-Carlogenerator.

10 References

[1] Atlas collaboration, ÒAtlas forward detectors for luminosity measurementand monitoringÓ,
CERN/LHCC/2004-010,2004.

[2] S.VanDerMeer, ÒCalibrationof theeffectivebeamheightat theISRÓ,ISR-PO/68-31,1968.

[3] J. Bosseret al., ÒLHCbeaminstrumentationconceptual designreportÓ,LHC ProjectReport370,
2000.

[4] M. Ferro-Luzzi,ÒProposalfor an absoluteluminosity determinationin colliding beamexperiments
usingvertex detectionof beam-gasinterationsÓ,CERN-PH-EP/2005-023,2005.

[5] D. Domenici,ÒDetectionof muonsin theLHCb experiment:theagingof RPCdetectorsandthestudy
of Z ! µ+ µ" Ó,CERN-THESIS-2007-028,2003.

[6] M. Poli-Lener, ÒTriple-GEM detectorsfor the innermostregion of themuonapparatusat theLHCb
experimentÓ,CERN-THESIS-2006-013,2006.

[7] J. AndersonandR. McNulty, ÒMeasuringσZ áBr(Z ! µ+ µ" ) at LHCbÓ,LHCb note,LHCb-2007-
114.

[8] V. M. Budnev et. al., ÒTheprocesspp ! ppe+ e" andthepossibilityof its calculationby meansof
quantumelectrodynamicsonlyÓ,Nucl. Phys.,B63, 1973.

page 20



Luminosity measurements at LHCb using dim uon pair s produced via elastic two photon fusion. Ref: LHCb-2007-yyy
Internal Note Issue: 1
10 References Date: January 4, 2008

[9] A. G. Shamov andV. I. Telnov, ÒPrecisionluminosity measurementat LHC usingtwo-photonpro-
ductionof µ+ µ" pairs.Ó,Nucl. Instr. Meth.A494,51,2002.

[10] V. A. Khozeet.al.,ÒLuminositymonitorsat theLHC.Ó,IPPP/00/01,16October2000.

[11] E 140experiment,ÒMeasurementsof theprotonelasticform factorsfor 1GeV/c2 ( Q2 ( 3GeV/c2

atSLACÓ,Phys.Rev. D49, 5671,1994.

[12] J.Vermaseren,Nucl. Phys.B229, 347,1983.

[13] Privatecommunicationwith K. Hennessy- LHCb notein preparation:K. Hennessy, G. Corti andR.
McNulty, ÒEvaluationof backgroundsfrom thebeamhaloÓ.

[14] A. Suri andD. R. Yennie,AnnalsPhys.72,1972.

[15] M. BoonekampandT. Kucs,ÒDPEMC:A Monte-Carlofor doublediffractionÓ,hep-ph/031227,2004.

[16] A.BialasandR.Janik,Z.Phys.C62(1994)487,1994.

[17] M. Boonekamp,R. Peschanski,C. Royon,Phys.Rev. Lett. 87:251806,2001.

[18] B. Cox andJ.Forshaw, Comput.Phys.Commun.144:104,2002.

[19] H1 collaboration,ÓInclusiveMeasurementof DiffractiveDeep-inelasticepScatteringÓ,ZeitschriftfŸr
Physik C 76 (1997)613-629,1997.

[20] C. Royon et. al., ÓPomeron structure functions from HERA to Tevatron and LHCÓ, hep-
ph/0602228v2,2006.

[21] C. Royon et. al., ÒA global analysis of inclusive diffractive cross sectionsat HERAÓ, hep-
ph/0609291v2,2006.

[22] A. Bialas,P. V. Landshoff, Phys.Lett. B256, 1991.

[23] RD5 collaboration,ÒMeasurementof hadronshower punchthroughin iron.Ó,Z. Phys. C60, 1-10,
1993.

[24] RD5 collaboration,ÒMeasurementof momentumandangulardistribution of punchthroughmuonsat
theRD5 experiment.Ó,CERN/PPE/95-195,1995.

[25] J.M. Amoraal,ÒTheJ/ψ selectionÓ,LHCb-2007-052.

[26] N. Zaitsev, ÒTheLuminositymeasurementat theLHCbÓ,LHCb note,LHCb-1998-053.

[27] CDF collaboration,ÒMeasurementsof inclusive W and Z cross-sectionsin pp collisions at
)

s =
1.96TeVÓ,hep-ex/0508029,August2005.

[28] CDF collaboration,ÒObservationof Exclusive Electron-PositronProductionin Hadron-HadronCol-
lisionsÓ,Phys.Rev. Lett. 98,112001,2007.

[29] CDFcollaboration,ÒSearchfor ExclusiveGammaGammaProductionin Hadron-HadronCollisionsÓ,
arXiv:0707.2374,October2007.

[30] CDFcollaboration,ÒObservationof ExclusiveDijet Productionat theFermilabTevatronp-pbarCol-
liderÓ,arXiv:0712.0604,December2007.

page 21


