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Abstract

In 2013, the Large Hadron Collider provided proton-lead beadi-proton collisions at the center-
of-mass energy per nucleon pgjfsyn = 5.02 TeV. Van der Meer scans were performed for both
configurations of colliding beams, and the cross sectionmaasured for two reference processes,
based on particle detection by the TO and VO detectors, wsigigo-rapidity coverage@l< n < 4.9,
—-33<n<-30and28<n<51,-37<n < -1.7, respectively. Given the asymmetric detec-
tor acceptance, the cross section was measured sepaateheftwo configurations. The mea-
sured visible cross sections are used to calculate theratgshluminosity of the proton-lead and
lead-proton data samples, and to indirectly measure th&scection for a third, configuration-
independent, reference process, based on neutron datbytibe Zero Degree Calorimeters.

*See AppendikA for the list of collaboration members
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1 Introduction

Luminosity determination in ALICE (A Large lon Collider Experimenft) [1] at thEIC is based on
visible cross sections measured in van der Meer (vdM) scaris [2, 3¢ Villible cross sectiomis
seen by a given detector (or set of detectors) with a given triggerittmmds a fraction of the total
inelastic interaction cross secti@e: Ovis = €0inel, Wheree is the fraction of inelastic events which
satisfy the trigger condition. In the following, an inelastic event satisfyinyangtrigger condition will
be referred to as a reference process. Once the referen@sprooss sectioroys) is measured, the
collider luminosity can be determined as the reference-process rateddbydg;s. This procedure does
not require knowledge of.

In vdM scans the two beams are moved across each other in the trardivectiensx andy. Measure-
ment of the rateR of the reference process as a function of the beam sepatstjaly allows one to
determine the luminosity for head-on collisions of a pair of bunches with particle intensiieandN,
as

L = NiNa frev/ (hxhy), 1)

where fey is the accelerator revolution frequency amdandhy are the effective beam widths in the
two transverse directions. The effective beam widths are measured aseth below th&(Ax,0) and
R(0,Ay) curve (scan area), respectively, each divided by the head-oR({@t@). Under the assumption
that the beam profiles are Gaussian, the effective width is obtained astissi@n standard deviation
parameter (from a fit) multiplied by/2m. However, the Gaussian assumption is not necessary for the
validity of the method. As will be shown in secti@h 3, other functional forms lwamsed, as well as
numerical integration of the curve. The cross sectipgfor the chosen reference process is then

ovis = R(0,0)/L. (2)

In 2013, the Large Hadron Collider provided proton-lead and leatbprllisions at the center-of-mass
energy per nucleon paijysyn = 5.02 TeV. Van der Meer scans were performed for both configuisation
of colliding beams, and the cross section was measured for two refgremmesses. In sectién 2, the
detectors used for the measurements are briefly described, along witetant machine parameters
and the adopted scan procedure. In sedtion 3, the analysis proésdiescribed. In sectidd 4, the
obtained results and uncertainties are presented and discussedidn[Sethe application of the vdM
scan results to the measurement of the integrated luminosity is briefly discusssttior 6, the vdM
scan results are used to indirectly determine the cross section for a thérérreé process, based on
neutron detection by the ALICE Zero Degree Calorimeters.

2 Experimental setup

At the ALICE experiment, two vdM-scan sessions were carried out guhia 2013 proton-lead data-
taking campaign at the LHC. The proton beam was travelling clockwise in g8teséssion and counter-
clockwise in the second session. In the following, these configurationbeviléferred to as p—Pb and
Pb—p, respectively.

In each session, the cross section was measured for two refereressgs: one is based on the VO
detector, the other on the TO detector. A detailed description of these dstexigiven in [1], and
their performance is discussed id [4]] [5] and [6]. The VO detectosists of two hodoscopes, with
32 scintillator tiles each, located on opposite sides of the ALICE Interactiont RB2), at a distance

of 340 cm (V0-A) and 90 cm (VO-C) along the beam axis, covering treugg-rapidity () ranges
28<n<51and-3.7<n < —1.7, respectively. In the p—Pb configuration the proton beam is travelling
in the direction from VO-A to VO-C. The TO detector consists of two arrdys2oCherenkov counters
each, located on opposite sides of IP2, at a distance of 370 cm (TAdAjGcm (TO-C) along the beam
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axis, covering the pseudo-rapidity range8 4 n < 4.9 and—3.3 < n < —3.0, respectively. In the p—Pb
configuration the proton beam is travelling in the direction from TO-A to TO-C.

The VO-based trigger condition, chosen as the reference proegsgas at least one hit in each detector
hodoscope, i.e. on both sides of IP2. As discussedlin [7], the efficieihsuch a selection is larger
than 99% for non single-diffractive p—Pb collisions. A similar trigger conditiiefines the TO-based
reference process, with the additional condition that the longitudinatiotatte of the interaction vertex,
evaluated by the trigger electronics via the difference of arrival times itwbearrays (measured with a
resolution of 20 ps), lies in the rangg < 30 cm (wherez = 0 is the nominal IP2 position). This online
cut aims to reject the background from beam-gas and beam-satellite intesadtie cut value of 30 cm
is much larger than the r.m.s. longitudinal size of the interaction regiof ¢m), making signal loss
induced by the cut negligible{10~°). Since the two LHC beams have the same magnetic rigidity and
different projectile mass, the energy per nucleon of lead ions (1.58 défé)s from that of protons (4
TeV). Hence, the p—Pb (Pb—p) collision center-of-mass frame is shift@y (-0.47) units of rapidity
with respect to the ALICE frame. Due to this shift and the asymmetric setuptbfdetectors, there is
no reason to expect identical cross sections for the p—Pb and Pbfigucations. Therefore, the results
obtained in the two scan sessions are not combined.

In the p—Pb (Pb—p) scan session the proton beam consisted of 2t&bundtile the Pb beam consisted
of 338 (314) bunches. In the p—Pb (Pb—p) scan session 264 (244 lpairs per LHC orbit were
colliding at IP2. For both beams and sessions, the minimum spacing betweenrg&cutive bunches
was 200 ns. The reference-process rates were recorded (awcdoisesection measured) separately
for each colliding bunch pair. For each session, two independent negasnts per bunch pair were
performed by repeating the (horizontal and vertical) scan pair twicen fregative to positive separation
and then in the opposite direction. The maximum beam separation during thevasabout 0.15 mm,
corresponding to about six times the RMS of the transverse beam profileth sessions, thg* value*

in IP2 was 0.8 m. The current in the ALICE solenoid (dipole) was 30 kA (6, lodrresponding to a
field strength of 0.5 T (0.7 T). In both sessions, the proton and lead hotestsities were on the order
of 10° p/bunch and 1®Pb/bunch, as shown in figuré 1. While the proton bunch intensity is rellsona
constant across bunches, large variations are seen for the ledwebuiitie structure of such variations
as a function of the bunch position can be explained by different sdtig#ito losses in the injection
chain [8].
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Fig. 1: (Colour online) Bunch intensitie; andN; for all colliding bunches, for an arbitrary timestamp dugyin
the p—Pb (left) and Pb—p (right) scan sessions.

The bunch-intensity measurement is provided for both scan sessions byt instrumentation [9]:

1The B(2) function describes the single-particle motion and determines the variatibie beam envelope as a function of
the coordinate along the beam orlzt. (The notatior3* denotes the value of th# function at the interaction point.
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a DC current transformer (DCCT), measuring the total beam intensityadast beam current trans-
former (fBCT), measuring the relative bunch populations. The measeath intensity is corrected
by the fraction of ghost and satellite chatgeThe measurement of ghost charge is provided by the
LHCb collaboration, via the rate of beam-gas collisions occurring in nominatigty bunch slots, as
described in[[1l1]. The obtained ghost-charge correction factor touhehbintensity produch;N; is
0.991+0.001 (0.986-0.002) for the p—Pb (Pb—p) session. The bunch intensity is furtheeated by
the fraction of satellite charge measured by the LHC Longitudinal Densityititoii.DM), which mea-
sures synchrotron radiation photons emitted by the beams [12]. The abtaitedlite-charge correction
factor to the bunch-intensity produlsN, is 0.998t0.004 (0.996-0.001) for the p—Pb (Pb—p) session.
This correction is implemented by multiplying thgN, product by both the ghost- and satellite-charge
factors.
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Fig. 2: (Colour online) Raw rate of the TO (left) and VO (right) presefor a typical colliding bunch pair, as a
function of time, during the p—Pb scan session. In each thletfirst (second) bell-shaped structure corresponds to
the beam separation in the horizontal (vertical) direcbeing varied from negative to positive values. The third
(fourth) bell-shaped structure corresponds to the bearratpn in the horizontal (vertical) direction being vakie
from positive to negative values.

3 Data analysis

An example of the measured raw rate for one typical pair of colliding buisrdheng the p—Pb scan is
shown in figuré for both the TO- and the VO-based processes.

Three corrections are applied to the measured raw rate for each of thefexence processes.

First, the contamination from beam-satellite and beam—gas interactions in th&ee\f® nemoved using
the detector timing capabilities. The background is identified via the sum aedetitfe of arrival times
in the two VO arrays from offline analysis of the data collected during the.stae arrival times are
obtained by averaging over the signal times of all hits of each array. dtlkeggbound contamination is
measured as the fraction of events in which the sum and difference of tinmgdiele of a window of
+4 ns around the values expected for beam-beam collisions (fijure 8)m&asurement is performed
for each separation value and the corresponding raw rate is cortegtdae obtained fraction. The
background contamination in the VO-triggered sample is about 0.5-1% atseparation and about
20-40% at a separation corresponding to five times the beam RMS. Thisdue has negligible effect
(< 0.1%) when applied to the TO rates, due to the vertex cut in the TO trigger legerided in sectidn 2.

2The radio-frequency (RF) configuration of the LHC is such that thelacator orbit is divided in 3564 slots of 25 ns each.
Each slot is further divided in ten buckets of 2.5 ns each. In nominallgfillets, the particle bunch sits in the central bucket of
the slot. Following the convention establishedinl[10], the charge circulatitgide of the nominally filled slots is referred to
as ghost charge; the charge circulating within a nominally filled slot busittatg in the central bucket is referred to as satellite
charge.
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Fig. 3: (Colour online) Correlation between the sum and differesfaarival times (relative to the bunch crossing)
on the two VO arrays. The left plot was obtained at zero begrars#ion; the right plot was obtained at a beam
separation of 0.12 mm, roughly corresponding to five timesRMS of the beam profile. Events lying inside the
area within the continuous lines are flagged as beam-beanaations.

In order to study a possible contamination of the trigger rate from the intrir@8ercounts of the
detectors, the rate of both trigger signals in absence of beam was neasdréound to be zero. The
rate in empty bunch slots with beam circulating was also measured and fouedzerdfor TO. For
V0, a non-zero rate is measured up to the fourth empty bunch slot afterdsstitie Since the minimum
spacing between filled slots is eight slots, such an after-pulsing effestrdut affect the measurement of
the rate in colliding slots.

Second, the probability of multiple interactions in the same bunch crossingfpitetaken into account
according to Poisson statistics. The trigger matess smaller than the rate of visible interactions by a
factor [1— exp(—vis)]/ Hvis, Wherepis = -In(1— R/ frey) is the average number of visible interactions
occurring in one bunch crossing. The pileup-corrected rate fortbarassing, Reuy;, is thus given by

Reuj = — frev IN(1— RBB,i/frev) (3)

whereRgg i is the background-corrected rate. In both scan sessions, the maxinhuero¥a,s during
the scan for the VO (TO) reference process is about 0.05 (0.03)ntetda maximum correction of about
2.5% (1.5%).

The third correction takes into account that the luminosity decreases with Bmarfdbe seen in figuré 2)
due to the beam-intensity decay and to the growth of emittances. In ordersziciar this effect, the
evolution of the head-on luminosity in time is parameterised via a fit to the rates@mseparation
measured before, after and in-between scans. The decay rate acsatilf described by an exponential
function. Figuré ¥ shows an example of such a fit. The obtained fit parsvateused to normalize all
rates of a given scan pair to an arbitrary reference time, chosen to liedeetive horizontal and vertical
scans.

An example of the obtained correction factors as a function of the beaamatiEm is shown in figurigl 5.

The corrected rates obtained with the above-described procedursest¢o compute the effective beam
widthshy andhy. This is done with both a fit and a numerical method. For the fit method, it waslfo
that a Gaussian (or double-Gaussian) function does not descrilfaedatigy the measured shapes, while

6
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Fig. 4: (Colour online) Background- and pileup-corrected headates of the TO (left) and VO (right) reference
process as a function of time for one interacting bunch angsa the p—Pb scan session. The solid red curve is an
exponential fit to the data points.
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Fig. 5: (Colour online) Background (gg/Rraw), pileup (Rru/Reg) and luminosity decay (R-/Rpy) correction
factors to the TO (left) and VO (right) rates as a functionted beam separation for one typical pair of colliding
bunches during the first p—Pb vertical scan. Due to the éiffesize of the background correction factor for TO
and VO, the two figures have different vertical scales.

reasonable values af per degree of freedom (typicalkyg2) are obtained by using a modified Gaussian
function
R(2x,0) = R(0,0) exp[—(Ax— 11)?/207] (14 p2L° + paldx* + pelX°) 4)

and a similar one foR(0, Ay). An example of the quality of the fit is shown in figlide 6. In the fit approach,
the scan area and the head-on R(@,0) are obtained from the fit parameters. In the numerical method,
the scan area is obtained as the sum of all rates multiplied by the step siZ®0a@fis the measured
rate at zero separation. The effective beam widths and head-oba#@sed with the two methods agree
within 0.5%. Since the effective beam widths are independent of the ggameed to measure them, a
consistency check is performed by computing the ratio of the widths obtailed@and VO, for each
colliding bunch. The results are shown in figlite 7 for the p—Pb scan. édththe average value of the
ratios is compatible with unity, fluctuations beyond statistical uncertainties ass\aa, which are taken
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Fig. 6: (Colour online) Rates of the TO (left) and VO (right) refecermprocess as a function of beam separation
for one typical pair of colliding bunches in the first verligg-Pb scan. The solid red curve is a fit according to
equatiori 4.

into account in the evaluation of the systematic uncertainties.

The measured beam widths are corrected by a length-scale calibratiom Tdds correction aims to fine
tune the conversion factor (known with limited precision) between the duimeghe steering magnets
and the beam displacement. The calibration is performed in a dedicatedhare the two beams are
moved simultaneously in the same direction in steps of equal size; the charigesriteraction vertex
position provide a measurement of the actual beam displacement, whiclditouseract a correction
factor to the nominal displacement scale. The displacement of the vert@gopas measured using
data from the ALICE Inner Tracking Systen [13] and Time Projection Ctarfibl]. This is shown in
figure[8, left, for the horizontal length-scale calibration run. The atiwa factor is obtained as the slope
parameter of a linear fit to the vertex displacement as a function of the nodispddicement (figuriel 8,
right). Since this correction affects the global beam-displacement stlatege@sured beam widths are
multiplied by the correction factors 0.2®.01 for the horizontal scale and 1:6Q.01 for the vertical
scale.

The cross section for each colliding bunch pair and reference mdéseslculated according to equa-
tions[1 and’R from the measured bunch intensities, beam widths and heatksn As there are two
measured head-on rates per scan pair (one from the vertical andamnéhe horizontal scan), the
arithmetic mean of the two is used, after checking that the two values are colaptitin statistical
uncertainties.

The measured cross sections (obtained with the numerical method) fortlaed ¥0-based processes
during the first scan of the p—Pb and Pb—p sessions are shown in@dareall the colliding bunch
pairs, as a function of the product of the colliding bunch intensitdé$Ng). No dependence of the
results orNzN; is observed. Fluctuations beyond the statistical uncertainties are othsaneeare more
pronounced for the p—Pb session: such an effect is taken into @@e@nsystematic uncertainty (see
sectior 4).
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Fig. 7: (Colour online) Ratio between the horizontal (left) andtiead (right) effective beam widths obtained (via
numerical method) with the TO and VO reference processd®ip+Pb scan session, as a function of the colliding
bunch pair ID number. The solid red lines are zero-ordeypmhial fits to the data.

Method ovo [b] oo [b]

First scan Second scan Average| First scan Second scan Average
Numerical | 2.0870.001 2.098-0.001 2.093+0.001 | 1.59G+0.001 1.598-0.001 1.594+-0.001
Fit 2.08A4-0.001 2.099-0.001 1.596+0.001 1.599-0.001

Table 1: Cross section for the VO- and TO-based reference procesgip-tPb vdM scans, as obtained with the
numerical and fit methods. The weighted average betweenutinenical results of the two scans, retained as the
final result, is also reported. The quoted uncertaintiestatestical.

Method ovo [b] o7o [b]

First scan Second scan Average| First scan Second scan Average
Numerical | 2.110+0.002 2.14%#0.003 2.122+0.002 | 1.586+0.002 1.60740.003 1.594+-0.002
Fit 2.106+0.002 2.138:0.002 1.5814-0.002 1.605-0.002

Table 2: Cross section for the VO- and TO-based reference procesgiPb—p vdM scans, as obtained with the
numerical and fit methods. The weighted average betweenutinenical results of the two scans, retained as the
final result, is also reported. The quoted uncertaintiestatestical.

4 Results and systematic uncertainties

For both processes and scan sessions the weighted average offresulédl colliding bunch pairs is
computed, for each scan and method. The results for all scans and matiecslimmarised in tables 1
and[2. The numerical and fit method agree to better than 0.4% for all sG&esnumerical result is
preferred, since it does not imply any assumption on the scan shapeaéiorsession, the weighted
average of the results of the two performed scans is retained as thesBoll The differences between
the two methods and between different scans in the same session are taletdunt in the evaluation
of the systematic uncertainties.

The sources of systematic uncertainty considered are listed below; ottieswise specified, the quoted
uncertainties apply to both the TO and the VO cross-section measurements.
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— Bunch-by-bunch consistency: the RMS of the distribution of the cressosm measured for all
colliding bunch pairs (2% for the p—Pb scans and 1% for the Pb—p Ssaeflined as a systematic
uncertainty.

— Scan-to-scan consistency: the difference between the first anddsecan in the same session
(0.5% for the p—Pb scans and 1.5% for the Pb—p scans) is retained stematic uncertainty.

— Trigger dependence of the measured beam widths: as shown in[fidarethe p—Pb session,
discrepancies up to 1% are observed between the effective beam wid#sured from TO and
V0 data, for both the horizontal and vertical directions. The same effeatiserved in the Pb—p
scan session. Since such discrepancies are beyond the statistictdinties, a 1.4% systematic
uncertainty (1% for the vertical and 1% for the horizontal direction) issddd account for them.

— Background subtraction: in order to evaluate a possible bias arisimgfeam-beam events iden-
tified as beam-gas by the cut described in sedtlon 3, the analysis haspeated by increasing
the width of the window for beam-beam events from 8 to 14 ns: for the V8scsection, a dif-
ference of 0.45% is found and added to the systematic uncertainty, foccbofigurations. The
difference is negligible< 0.1%) for the TO cross section.

— Method dependence, quantified via the maximum difference betweersthits@btained with the
numerical and the fit method for each scan session: 0.4% for the p—faswd0.3% for the Pb—p
scans.

— Beam centering: the measuremeni®@@, 0) can be affected by a non-optimal alignment of the two
beams in the head-on position. Such misalignment is quantified, forahdy directions, via the
u parameter of equatidn 4. The valuerois generally compatible with zero, with the exception of
a few scans (the first horizontal and the second vertical p—Pb seafirsthorizontal Pb—p scan),
where it reaches values up to 248n. The effect of such misalignment on the measured head-
on rates was estimated using equalfibn 4 and the obtained fit parametersultiegesystematic
uncertainty on the cross-section measurement is 0.3% (0.2%) for the pbPp)(configuration.
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Fig. 9: (Colour online) Cross sections for the TO and VO processeasured in the first scan of the p—Pb (left)
and Pb—p (right) sessions, as a function of the product ahtie@sities of the colliding bunch pair. The results are
obtained with the numerical method. Only the statisticalartainties are shown.

— Luminosity-decay correction: when varying the luminosity decay parameidi¢hin their uncer-
tainties, a negligible< 0.1%) effect on the measured cross section is observed.

— Length-scale calibration: 1.5%, from the quadratic sum of the statisticaktainties on the hori-
zontal and vertical scale factors reported in sedtion 3.

— Orbit drift: possible variations of the reference orbit during the scan le&d to a difference
between the nominal and the real beam separation. In order to quantigsible bias, the data
from the LHC Beam Position Monitors (BPM) [15] in various locations alorgrihg are used to
extrapolate, with the YASP steering programi[16], the transverse itrzdesd of the reference orbit
of the two beams at IP2, for each scan step. The (small) observed vasiatithe orbit are used
to correct the separation values, and the cross section is re-calcaatifeérence of 0.4% (0.1%)
is found for the p—Pb (Pb—p) configuration results.

— Bunch intensity: the uncertainty on the DCCT beam-current measurefins [0.46% (0.54%)
for the p—Pb (Pb—p) scan session; given the very large fractiorilwfing over circulating bunches,
the uncertainty on the relative bunch populations has negligible effecteoortiss section mea-

surement[18].

— Ghost and satellite charge: the uncertainty on the LHCb ghost-chargairaeeent([111] propa-
gates to an uncertainty of 0.1% (0.2%) on the p—Pb (Pb—p) cross-sectisnn@eent; the uncer-
tainty in the LDM satellite-charge measuremént [12] propagates to an untgdf0.04% (0.1%)
on the p—Pb (Pb—p) cross-section measurement.

— Dynamic3*: due to their electric charge, the two colliding beams (de-)focus each wtteer
separation-dependent way, which alters the measured scan shdpelat@ms [19] are used to
estimate the variations ¢* with the separation, according to the prescription given_in [20]: the
effect on the measured cross section (partially correlated betweenRiegmd Pb—p sessions) is
found to be< 0.1% for all p—Pb and Pb—p scans.

— Beam-beam deflection: due to their electric charge, the two beams exsgtlaive force upon
each other[[21]. Such repulsion results in a beam separation slightlyeditféhan its nominal
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Uncertainty p—Pp  Pb-p| Correlated between p—Pb and Pb—p
Bunch-by-bunch consistency 2% 1% No
Scan-to-scan consistency 0.5% 1.5% No
Length-scale calibration 15% 1.5% Yes
Bunch size vs trigger 1.4% 1.4% No
Background subtraction (VO only) 0.5% 0.5% Yes
Method dependence 04% 0.3% No
Beam centering 0.3% 0.2% No
Bunch intensity 05% 0.5% No
Ghost charge 0.1% 0.2% No
Satellite charge <0.1% 0.1% No
Orbit drift 04% 0.1% No
Dynamicf* <0.1% 0.1% Partially
Beam-beam deflection 0.2% 0.3% Partially
Total on visible cross section 3.0% 2.8%

V0- vs TO-based integrated luminosity 1% 1% No
Total on integrated luminosity 3.2% 3.0%

Table 3: Relative uncertainties on the measurement of the TO and fé@erece process cross section in p—Pb and
Pb—p collisions.

value. The variations of the beam separation are calculated using the X4&B}code: the effect
on the measured cross section (partially correlated between the p—Pb-gndd3sions) is found
to be 0.2% (0.3%) for the p—Pb (Pb—p) scan, in the same direction for thellsvo fi

Summing in quadrature all the above-mentioned uncertainties (summarised iB)iadbie gets a total

systematic uncertainty of 3.0% for the p—Pb cross sections and 2.8% fob+#pedross sections. The
uncertainty applies in the same way to the TO and VO cross sections, sinaggythmmn-common term is

the background subtraction, which becomes negligible in the quadratic sum.

The final results for the p—Pb configuration are

Ovo = 2.09b+3.0% = (2.09+0.06) b, oro=1.59b+3.0%= (1.59+0.05) b

and those for the Pb—p configuration are

Ovo = 2.12b+2.8% = (2.12:0.06)b, 0o = 1.59b+2.8% = (1.59-+0.05) b.

All uncertainties are systematic.

The length-scale calibration and background-subtraction uncertaintidslly correlated between the
p—Pb and Pb—p results, leading to a total correlated uncertainty betwegvotheeasurements of 1.5%
for TO and 1.6% for VO.

The measured VO cross section for Pb—p collisions is compatible, withintaimtérs, with the visible
cross section of (2.090.12) b measured by the LHCb experiment for an equivalent beam aoetign
in a similar pseudo-rapidity range 3n < 5) [23].

5 Comparison between VO- and TO-based luminosities

The visible cross sections measured in the vdM scans are used to detemrimegnated luminosity for
the data collected in the 2013 proton-lead run [24]. The luminosity is measwtedendently via the
VO or the TO trigger counts, corrected for pileup and for backgrowrdamination in the same way as
done for the vdM scan data, divided by the corresponding cross 8gctio
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The data sample is divided in several smaller datasets (runs). The intelgiraiaosity corresponding to
each run is computed using both reference processes, and the ressalisypared. Figufe 10 shows the
ratio of the integrated luminosity obtained with TO to the one obtained with VO, ascéidn of the run
number, for the p—Pb and Pb—p running modes. Although the overabagrd is satisfactory, fluctua-
tions of about 1% around unity are seen in the run-by-run ratio; sinee tectuations are significantly
larger than the tiny statistical uncertainties, a 1% additional systematic untertagonsidered in the
computation of the integrated luminosity uncertainty (téble 3).
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Fig. 10: Ratio of TO- to VO-based integrated luminosities as a fuomctif run number for the p—Pb (left) and Pb—p
(right) data taking. The tiny statistical uncertainties aovered by the data-point markers.

6 Measurement of the ZDC trigger cross section

The ALICE Zero Degree Calorimeter system (ZDC)I[25] is composed ofrteuatron (ZN) and two
proton (ZP) calorimeters, as well as two small electromagnetic calorimetel$)(ZdtBe two ZNs (ZNA
and ZNC) are located on opposite sides of IP2, 112.5 m away from thadtiter point. Each ZN is
placed at zero degrees with respect to the ALKZKis and is used to detect neutral particles at pseudo-
rapidities|n| > 8.8. The ZNs were used to measure the cross section for neutron emis§tormio
collisions at the LHC[[26]. A similar study is foreseen in p—Pb collisions. Fisrflarpose, data have
been collected with a trigger condition requiring a signal in the ZN located oRtbhemnant side (i.e.
ZNA for p—Pb, ZNC for Pb—p). In this paragraph, the measured TO\Whdross sections are used to
determine indirectly the cross section for events satisfying such a triggelitiom. Since the trigger
condition is symmetric with respect to the swapping of the proton and lead beaenexpects the cross
section to be the same in the p—Pb and Pb—p configurations. Thus, suclsarengent provides a
consistency check for the analysis of data from the two sessions.

The ZDC trigger cross section is calculated from the measured TO andog8 sections, rescaled by
the ratio of the ZDC trigger rate to the rate of the two reference process@seasured during the two
vdM scan sessions. All rates are corrected for background angpildne ratios and the resulting cross
sections for the ZDC trigger are reported in tdhle 4. The results obtained twihfills are compatible
within the uncorrelated uncertainties. The results obtained with TO and Va@lsseompatible. Thus,
all results are combined to get

Ozpc = 2.21b+0.3%(stah +2.4%(sys) = 2.21 b+ 0.01 b(stap +0.05b(sysb.
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Configuration Reference Rypc/Rreference OzpC = O—Referenc%e [b]

p—Pb TO 1.384:0.014 (stat.) 2.260.02 (stat.)}t+ 0.06 (syst. uncorr.)}-0.03 (syst. corr.)
p—Pb VO 1.046-0.012 (stat.) 2.180.02 (stat.}t 0.06 (syst. uncorr.}-0.03 (syst. corr.)
Pb—p TO 1.4040.005 (stat.) 2.240.01 (stat.)}t 0.05 (syst. uncorr.)}-0.03 (syst. corr.)
Pb—p VO 1.058-0.004 (stat.) 2.280.01 (stat.+ 0.05 (syst. uncorr.}-0.03 (syst. corr.)

Table 4: Ratio of the ZDC to the reference process rates and ZDC cexg®ss resulting from such ratios,
for all reference processes and beam configurations. Thertantties are split into correlated and uncorrelated
components between the p—Pb and the Pb—p sessions.

7 Conclusions

Van der Meer scans were done for proton-lead collisiongsafy = 5.02 TeV at the LHC. The cross sec-
tion was measured for two reference processes, based on particearely the TO (46 < n < 4.9 and
—33<n<-30)andV0 (28 < n <5.1and—-3.7 < n < —1.7) detectors. For the p—Pb configuration
(proton beam travelling clockwise), the measured cross sectionsyare 2.09 b+ 3.0% (syst) and
om0 = 1.59 b+ 3.0% (syst). For the Pb—p configuration (proton beam travelling coutdekwise),
the measured cross sections ag = 2.12 b+ 2.8% (syst) andbrg = 1.59 b+ 2.8% (syst). The two
reference processes were independently used for the luminosity dedgomim the 2013 proton-lead
run at the LHC. The luminosities measured via the two processes differipstt 1% throughout the
whole data-taking period; with such value quadratically added to the refe@ocess cross section un-
certainties, a total uncertainty on the integrated luminosity measurement of 3.2%)(for the p—Pb
(Pb—p) configuration is obtained. Finally, the measured reference seations were used to indirectly
determine the cross section for a third, configuration-independentenete process, based on neutron
detection by the Zero Degree Calorimeteypc = 2.21 b+ 0.3% (statt 2.4% (syst).
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