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Abstract

Luminosity determination in ALICE is based on visible cross sections measured in van der Meer
scans. In 2015, the Large Hadron Collider provided proton-proton collisions at a centre-of-mass
energy of y/s = 13 TeV. A van der Meer scan was performed in August 2015, where the cross sec-
tion was measured for two classes of visible interactions, based on particle detection in the ALICE
luminometers: the TO detector with pseudorapidity coverage 4.6 <n < 4.9, =3.3 <n < —3.0 and
the VO detector with pseudorapidity coverage 2.8 < n < 5.1, —3.7 <1 < —1.7. This document de-
scribes the experimental set-up and the analysis procedure used for such a measurement. In addition,
the long-term stability and consistency of the vdM-based calibration of the luminometers is dis-
cussed.
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1 Introduction

Luminosity determination in ALICE (A Large Ion Collider Experiment) [[1] at the Large Hadron Collider
(LHC) is based on visible cross sections measured in van der Meer (vdM) scans [2, 3]. The visible cross
section Oyjs seen by a given detector (or set of detectors) with a given trigger condition is a fraction of
the total inelastic interaction cross section Gipel: Ovis = €0incl, Where € is the fraction of inelastic events
that satisfy the trigger condition. In the following, a class of inelastic events satisfying a given trigger
condition will be referred to as a reference process, and the detector providing the trigger signal will be
referred to as a luminometer. Once the reference-process cross section (0y;s) is measured, the luminosity
at the ALICE interaction point (IP2) is determined as the reference-process rate divided by Oyis. This
procedure does not require a knowledge of €.

In standard vdM scans the two beams are moved across each other in the transverse directions x (hor-
izontal) and y (vertical). The x and y scans are performed separately, the beams being head-on in the
non-scanned direction. Measurement of the rate R of the reference process as a function of the beam
separation Ax, Ay allows one to determine the luminosity L for head-on collisions of a pair of bunches
with particle intensities N1 and N, as

L= NN frev/(hihy), (D

where frey is the accelerator revolution frequency and A, and h, are the effective convolved beam widths
in the two transverse directions. /&, and &, are measured as the area below the R(Ax,0) and R(0,Ay) curve
(scan area), respectively, each divided by the head-on rate R(0,0). The cross section Gy;s for the chosen
reference process is then

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

The formalism of equation [I] assumes complete factorisation of the beam profiles in the two transverse
directions, such that the beam overlap region is fully described by the product Ahy. Previous studies
performed at the LHC [4H6] have shown that factorisation can be broken to a non-negligible level. Such
non-factorisation effects can be studied and quantified by measuring the luminous region parameters via
the distribution of interaction vertices, as a function of the beam separation.

In 2015, the LHC provided proton-proton (pp) collisions at a centre-of-mass energy of /s = 13 TeV. A
van der Meer scan was performed August 2526 (LHC fill 4269), and the cross section was measured
for two reference processes. In Sec. [2the detectors used for the measurement are briefly described, along
with the relevant machine parameters and the adopted scan procedure. In Sec. 3| the vdM scan analysis
procedure is described. In Sec. 4| the results and uncertainties for the visible cross-section measurement
are presented and discussed. In Sec. [5|the application of the vdM scan results to the measurement of the
integrated luminosity is discussed, with particular emphasis to the stability in time and consistency of
the luminosity signals.

2 Experimental setup

In the August vdM scan, the cross section was measured for two reference processes: one is based on the
VO detector, the other on the TO detector. A detailed description of these detectors is given in [[1], and
their performance is discussed in [7], [8] and [9]. The VO detector consists of two hodoscopes, with 32
scintillator tiles each, located on opposite sides of the IP2, at distances of 340 cm (VOA) and 90 cm (VOC)
along the beam axis, covering the pseudorapidity (1) ranges 2.8 <1 < 5.1 (VOA) and -3.7<n < —1.7
(VOC). The TO detector consists of two arrays of 12 Cherenkov counters each, located on opposite sides
of IP2, at distances of 370 cm (TOA) and 70 cm (TOC) along the beam axis, covering the pseudorapidity
ranges 4.6 <M < 4.9 (TOA) and —3.3 < 1 < —3.0 (TOC). Note that the clockwise-travelling LHC beam
moves from side A to side C. The C side is the one hosting the ALICE muon arm [[1].
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The VO-based trigger condition, chosen as the reference process, requires at least one hit in each detector
hodoscope, i.e. on both sides of IP2. A similar trigger condition defines the TO-based reference process,
with the additional condition that the longitudinal coordinate of the interaction vertex, evaluated by the
trigger electronics via the difference of arrival times in the two arrays (measured with a resolution of
20 ps), lies in the range |z| < 30 cm (where z = 0 is the nominal IP2 position). This online cut aims to
reject the background from beam-gas and beam-satellite interactions. The cut value of 30 cm is much
larger than the RMS longitudinal size of the interaction region (=~ 4-5 cm), making signal loss induced
by the cut negligible (<107).

During the vdM scan session, each proton beam consisted of 51 bunches and 27 bunch pairs were col-
liding at IP2. The minimum spacing between two consecutive bunches in each beam was 1 us. The
B* ValueE] at IP2 was 19 m. The nominal (half) vertical crossing angle of the two beams at IP2 was
-195 prad, the minus sign indicating that the two beams exit the crossing region with negative y coor-
dinate with respect to the beam axis. The current in the ALICE solenoid (dipole) was 30 kA (6 kA),
corresponding to a field strength of 0.5 T (0.7 T). The maximum beam separation during the scan was
about 0.6 mm, corresponding to about six times the RMS of the transverse beam profile (Gpeam). The
reference-process rates were recorded (and the cross section measured) separately for each colliding
bunch pair. Two independent measurements per bunch pair were performed by repeating the (horizontal
and vertical) scan pair twice. In addition, a length-scale calibration scan was performed, whose purpose
will be discussed in Sec. [3] Finally, a vdM scan with non-zero separation (offset) in the non-scanned
direction was performed, to provide additional input for non-factorisation studies. The offset amounts
to about 2 Opeam. The scan sequence is illustrated in Fig. [T which shows the total rate of the TO- and
VO0-based trigger signals as a function of time during the scan session.

The proton bunch intensities were on the order of 8-10x 10'? p/bunch. The bunch-intensity measurement
is provided by the LHC instrumentation [10]: a DC current transformer (DCCT), measuring the total
beam intensity, and a fast beam current transformer (fBCT), measuring the relative bunch populations.
The measured beam intensity is corrected for the fraction of ghost and satellite chargesﬂ A measure-
ment of ghost charge is provided independently by the LHCb collaboration, via the rate of beam-gas
collisions occurring in nominally empty bunch slots, as described in [[12]], and by the LHC Longitudinal
Density Monitor (LDM), which measures synchrotron radiation photons emitted by the beams [13]]. The
resulting ghost-charge correction factor to the bunch-intensity product N1 N, is 0.99854-0.0004, where
the uncertainty includes the difference between the two measurements. The LDM provides in addition a
measurement of the satellite-charge fraction, which was found to be negligible (< 0.05%).

3 Data analysis

Three steps are needed to convert the raw TO and VO trigger rates of Fig. [I] into the actual reference
process rates. First, the contamination by beam—satellite and beam—gas interactions in the VO rate is re-
moved using the detector timing measurements. The background is identified via the sum and difference
of arrival times in the two VO arrays from offline analysis of the data collected during the scan [7} [14].
The arrival times are obtained by averaging over the signal times of all hits of each array. The back-
ground contamination is measured as the fraction of events in which the sum and difference of times lie
outside of a window of £3 ns around the values expected for beam-beam collisions. The measurement is
performed for each separation value and the corresponding raw rate is corrected by the obtained fraction.

I'The B(z) function describes the single-particle motion and determines the variation of the beam envelope as a function of
the coordinate along the beam orbit (z). The notation f* denotes the value of the B function at the interaction point.

2The radio-frequency (RF) configuration of the LHC is such that the accelerator orbit is divided in 3564 slots of 25 ns each.
Each slot is further divided in ten buckets of 2.5 ns each. In nominally filled slots, the particle bunch is captured in the central
bucket of the slot. Following the convention established in [[11]], the charge circulating outside of the nominally filled slots is
referred to as ghost charge; the charge circulating within a nominally filled slot but not captured in the central bucket is referred
to as satellite charge.
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Fig. 1: Raw, bunch-pair-integrated, rate of the TO (top) and VO (bottom) processes as a function of time, during
the vdM scan session. The first (third) bell-shaped structure corresponds to the first (second) horizontal vdM scan.
The second (fourth) bell-shaped structure corresponds to the first (second) vertical vdM scan. The fifth (sixth)
bell-shaped structure corresponds to the horizontal (vertical) scan with a vertical (horizontal) offset. The two
comb-shaped structures before the offset scans correspond to the horizontal and vertical length-scale calibration

scans.
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This procedure has only a small effect (< 1%) when applied to the TO rates, due to the vertex cut in
the TO trigger logic described in Sec.[2] In order to study a possible contamination of the trigger rate
by the intrinsic noise counts of the detectors, the rate of both trigger signals in the absence of beam was
measured and found to be zero. The rate in empty bunch slots with beam circulating was also measured
and found to be zero for the TO. For the VO, a significant counting rate was measured in the slots imme-
diately after a filled one, due to after-pulses. However, the rate in empty slots immediately preceding a
filled one is smaller by a factor of about 10~ than that in filled slots, pointing to a negligible after-pulse
effect on the rate measurement. In addition, the probability of multiple interactions in the same bunch
crossing (pileup) is taken into account according to Poisson statistics. Since both reference processes
consist of a coincidence of hits on the A and C sides, their measured rate after background subtraction
(Rpp) is given, for a given bunch pair, by

RBB - frev {1 —GXP(—.Uvis) +CXP(—Hvis) [1 _exp(_”AnotC)] [1 - exp(_.uCnotA)]} (3)

where Uyis = LOyis/ frev 1 the average number of genuine coincidences (i.e. of visible interactions) per
bunch crossing and Uanetc (Mcnota) 18 the average number of events per bunch crossing where only
the A (C) side has an hit. The ratios & = Uanotc/tyvis and B = Ucnota /Lyis Were measured from data
collected in low-pileup conditions (Uyis =~ 0.005 for the TO, ~ 0.01 for the VO0); for the TO they amount
to a = 0.44, B = 0.38, for the VO they amount to & = 0.079, 8 = 0.068. These results have negligible
statistical uncertainty and include a small (~1%) correction for the non-zero u,;s value at which they
were measured. Knowledge of o and 3 allows one to retrieve the value of L from the measured Rpg,
by numerically inverting equation 3} The pileup-free process rate is then given by Rpy = frey lvis. Finally,
a correction is performed to account for the bunch intensity (and, hence, the luminosity) decay with
time. The rates at each separatiorﬂ are rescaled by the ratio of the corresponding bunch intensities to the
bunch intensities at an arbitrary timestamp (fy), chosen to lie between the horizontal and vertical scan.
The relative modification of the rate after each of the three steps is shown, as a function of the beam
separation, in Fig.[2]

The measured scan curves are also corrected for orbit drift and beam-beam deflections. Orbit drifts, i.e.
variations in time of the reference beam orbit, may lead to a difference between the nominal and the
actual beam separation. In order to quantify the bias, the data from the LHC Beam Position Monitors
(BPM) [15] in various locations along the ring are used to extrapolate the transverse coordinates of the
reference orbit of the two beams at IP2, for each scan step, using the YASP steering program [16]. Due to
leakage of the (nominally closed) orbit bumps induced by the corrector magnets used for the vdM scan,
the BPM data collected during the scan cannot be used for such a procedure, since they are themselves
affected by the scan features. Hence, data was collected in between and outside scans, and their time-
dependence was fitted with a polynomial function, which was then used to interpolate the reference orbit
position of each beam during the scan, and to determine the correction to their separation. Due to their
electric charge, the two beams exert a repulsive force upon each other [[17]. Such a repulsion (beam-beam
deflection) affects the beam separation. The corrections to the orbit-drift-corrected beam separation,
which depend on the separation itself, on the bunch pair intensities, on the effective beam widths /4 and
hyﬂ and on the accelerator optics parameters (betatron tunes Q, and Q,, %), were calculated using the
MAD-X [18] code. An example of the obtained orbit-drift and beam-beam-deflection correction values
as a function of the beam separation is shown in Fig. 3]

Once the corrections described above are applied, the scan curves are fitted, to determine the effective
beam widths £, and h,. It was found that the scan curves R(Ax, 0) and R(0, Ay) are satisfactorily described

3The acquisition time for each separation value is 30 s, negligibile with respect to the half-life of the beam, which is typically
of a few hours

4The beam widths used for this step are obtained from a preliminary analysis where orbit drift alone is taken into account.
It was checked that such an approximation results in a negligible bias on the obtained deflection values.
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Fig. 2: (Colour online) Relative modification of the TO (left) and VO (right) trigger rate after background
(ReB/Riaw), pileup (Rpy/Rpp) and luminosity decay (Rpc/Rpy) are taken into account, as a function of the beam
separation, for one typical pair of colliding bunches during the first horizontal scan.
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Fig. 3: (Colour online) Orbit-drift and beam-beam-deflection corrections to the beam separation during the first
horizontal (left) and vertical (right) scan, for one typical pair of colliding bunches, as a function of the nominal
separation.
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Fig. 4: (Colour online) Rates of the TO (top) and VO (bottom) reference processes as a function of beam separation
for one typical pair of colliding bunches in the first horizontal (left) and vertical (right) vdM scan. The solid red
curve is a fit according to eq. 4]

by a Gaussian function multiplied by a symmetric sixth-order polynomial function:
R(Ax,0) = R(0,0) exp [~ (Ax— 11)?/26°] [1 + pao(Ax — p)* + pa(Av— p)* + pe(Ax—p)°],  (4)

and similarly for R(0,Ay). R(0,0), i, &, p2, p4 and pg are fit parameters. The x2/nd f value of the fit is
~1 on average, and typically below 3. As an example, the fitted curves for one bunch pair are shown in
Fig. @ Two more models were tested and used for systematic uncertainty evaluation (see Sec. ). Since
the effective beam widths are independent of the process used to measure them, a consistency check is
performed by computing the ratio of the A4, quantities of equation m obtained with the TO and the VO
for each colliding bunch. The results are shown in Fig. [5] The bunch-averaged value of the ratios is
compatible with unity within 0.6%.

The measured beam widths are corrected by a length-scale calibration factor. This correction aims to fine
tune the conversion factor (known with limited precision) between the current in the steering magnets and
the beam displacement. The calibration is performed in a dedicated run, where the two beams are moved
simultaneously in the same direction in steps of equal size; the changes in the primary interaction vertex
position provide a measurement of the actual beam displacement, which is used to extract a correction
factor to the nominal displacement scale. The vertex position is measured using tracks reconstructed in
the ALICE Inner Tracking System [[19] and Time Projection Chamber [20]]. For each step, the vertex
position and its uncertainty are obtained from a Gaussian fit to the vertex distribution. The length-scale
correction factor is the slope parameter of a linear fit to the measured vertex displacement as a function
of the nominal displacement (Fig. [6). Since this correction affects the global beam-displacement scale,
all measured beam widths are multiplied by the correction factors 0.9964+£0.0046 for the horizontal
scale and 0.9952+0.0012 for the vertical scale. Note that, for the horizontal scan, the linear fit yields
x%/ndf ~ 9; in order to account for this, the uncertainty on the slope factor has been recomputed after
rescaling the uncertainty of each data point by \/x2/ndf.

The possible presence of non-factorisation effects is assessed using the method proposed in [21]. First,
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vdM scans, as a function of the colliding bunch pair ID number. The solid red lines are zero-order-polynomial fits
to the data.
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ALICE luminosity determination for pp collisions at /s = 13 TeV 9

00 Vertical scan with offset 05 Vertical scan with offset - Vertical scan with offset
gojogg 3 ALICE pp V5=13 TeV §0j§14 3 ALICE pp 15=13 TeV g 4 ALICE pp 15=13 TeV
== 0.084F = 0.542F = 3
X 0.082F > os4F N 2
0.08F 0.538| 1
0.078F - 0.536F
0.076f 1 0.534F
0.074F 0.532F 1)
0.072F 0.53F
0.07F 0.528F -
0088 3="92~"02 ~ 0 02 04 06 0526339202 ~ 0 02 04 06 06 04 02 0 02 04 06
Separation [mm] Separation [mm] Separation [mm]
Vertical scan with offset Vertical scan with offset ; Vertical scan with offset
go.om— ALICE pp Ys=13 TeV g 0.014fF ALICE pp Ys=13 TeV g 65 ALICE pp Ys=13 TeV
=0.012F =2 0.012F = 6
© 00 I | © oo , © 55k
0.008 | i, 11 0.008 L S sE
0.006F 0.006F 45E ] 1 |
0.004F 0.004F 4 |]|*“' AR ETRA
0.002F 0.002F 3.5F
038 4 02 0 0z 04 06 038 04 02 0 0z 04 06 83804 02 0 0z 04 06
Separation [mm] Separation [mm] Separation [mm]
Vertical scan with offset " Vertical scan with offset
1 — 10
& ol ALICE pp Vs=13 TeV N oF ALICE pp V5=13 TeV
0.6] =
0.4 S 1o
U.S i 5 100k _+_ Data
[ 2
-0 s — i —— Model
-0.4] t 10f
~0.§
-0.8| r
~-06 -04 02 0 02 04 06 06 -04 02 0 02 04 06
Separation [mm] Separation [mm]

Fig. 7: (Colour online) Luminous region parameters and TO rate as a function of separation during a vertical scan
with a horizontal offset, as fitted by a three-dimensional correlated model [21]] (solid red line). The centroids are
shown in the top row, the RMS sizes are shown in the middle row, the transverse tilt is shown in the bottom row
together with the TO rate.

the three-dimensional vertex distribution is measured using the ITS and TPC, for each separation step
during the standard and offset scans, and used to determine the beam spot position, its RMS size along the
three spatial directions, and its transverse tilt (x-y covariance). Deconvolution of the finite detector reso-
lution for vertex determination is performed with the method described in [22]. Second, the evolution of
the beam spot parameters and reference process rates with separation is simultaneously fitted according
to a model assuming that the probability density function of particles in a bunch is a three-dimensional
non-factorisable double-Gaussian. Data from all scans are fitted together. As shown in Fig. [7] for one
of the offset scans, the model is able to reproduce the main features of the evolution with separation of
the luminous region parameters. Third, the obtained fit parameters are used to compute the luminosity
for head-on beams, which is then compared to that obtained with equation [I] The resulting correction
factor, integrated over all colliding bunch pairs, is 1.009+£0.002. It enters the analysis as a multiplicative
factor to Gy;s. Due to a dependence of dead-time effects on the bunch-pair position in the filling scheme,
a statistically significant bunch-by-bunch measurement of the correction factor cannot be performed. It
has however been checked that the results for those bunches for which the measurement is feasible are
all compatible among themselves and with the integrated result.

The cross section for each colliding bunch pair and reference process is calculated according to eq. [I]
and [2| from the measured bunch intensities, from the beam widths and head-on rates obtained from the
fit to the scan curves, and applying the length-scale and non-factorisation corrections. As there are
two measured head-on rates per scan pair (one from the vertical and one from the horizontal scan), the
arithmetic mean of the two is used. The head-on rates measured during the horizontal and the vertical
scan differ by at most 0.4%, such a difference not being compatible with the statistical uncertainty. The
measured visible cross sections for the TO-based (VO-based) reference process in the two scans are shown
in Fig. (Fig. @) for all the colliding bunch pairsﬂ as a function of the product NN, of the colliding bunch

30ne out of the 27 colliding bunch pairs has been discarded, due to a non-converging fit.
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Fig. 8: Visible cross section for the TO measured in the first (top) and second (bottom) vdM scan, as a function
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line is a zero-order-polynomial fit to the data.

intensities. No strong dependence of the results on NN, is observed. For the first scan, fluctuations are
slightly larger than justified by the statistical uncertainties, the Y2 /ndf value of a zero-order polynomial
being 1.8; this observation is accounted for in the uncertainties (see Sec. ).

4 vdM scan results

For both processes, and for the two scans, the weighted average of results from all colliding bunch
pairs is computed (Fig.s [§] and [0). For the first scan, the average is performed after rescaling all
the single-bunch uncertainties by a factor of /1.8, to account for the fluctuations mentioned at the
end of Sec.[3] The weighted average of the results of the two scans is retained as the final result:
oo = 30.13 £ 0.02 (stat.) mb, oyo = 57.77 £ 0.05 (stat.) mb. Note that, if beam-beam deflection
and orbit drifts had not been taken into account, the average cross sections would have been lower by
1.8%. The effect of orbit drift alone is 0.8%, in the same direction.

The sources of systematic uncertainty considered are listed below; unless otherwise specified, the quoted
uncertainties apply to both the TO and the VO cross-section measurements.

— Non-factorisation: an uncertainty the same size as the applied correction (0.9%) is assigned to this
effect.
— Orbit drift: an uncertainty the same size as the applied correction (0.8%) is assigned to this effect.

— Beam-beam deflection: the corrections to the beam separation have been recomputed after varying
the optics parameters within their typical uncertainties (4 0.02 units for the betatron tunes, £+ 20%



ALICE luminosity determination for pp collisions at /s = 13 TeV 11

61

a =
£ = | X2 7 ndf 45.86/ 25
2 80 ALCE Mean 57.81+0.06
© E ppis=13TeV
59 — + +
ST TR
56 f—
E V0, scan 1
55 L " " " " " " " 1 " " " " 1 " " " " 1 " " " " 1 "
6000 7000 8000 9000 10000
N, N, x 107
oy 61—
E = %27 ndf 24.76/ 25
2 80—  AllCE Mean 57.75 +0.06
© E ppYs=13TeV
59 —
= ¢
o= e b bt L |
B S N KA !
56 f—
E V0, scan 2
55 " " N " " " " " 1 " " " " 1 " " " " 1 " " " " 1 "
6000 7000 8000 9000 10000
N, N, x 1078

Fig. 9: Visible cross section for the VO measured in the first (top) and second (bottom) vdM scan, as a function
of the product of the intensities of the colliding bunch pair. Only the statistical uncertainties are shown. The solid
line is a zero-order-polynomial fit to the data.

for *), and the beam widths within their statistical uncertainties. The resulting uncertainty on the
cross section is 0.8%.

— Dynamic B*: due to their electric charge, the two colliding beams (de-)focus each other in a
separation-dependent way, which alters the measured scan shape. Calculations [23] are used to
estimate the variations of B* with the separation, according to the prescription given in [3]]; the
effect on the measured cross section is found to be 0.35% at most.

— Background subtraction: in order to evaluate a possible bias arising from beam-beam events iden-
tified as beam-gas by the cut described in Sec. [3| the analysis has been repeated by increasing
the width of the window for beam-beam events from 6 to 12 ns: for the VO (TO) cross section, a
difference of 0.7% (0.1%) is found and added as a systematic uncertainty.

— Pileup: the analysis has been repeated by varying the o and B parameters (see Sec. [3) within a
conservative 10% uncertainty. The effect on the cross section is at most 0.3% for the TO, and
negligible (< 0.1%) for the VO. The probability for accidental coincidences of noise counts on
one detector arm and hits from pp collisions on the other arm was also evaluated, via the measured
noise counting rate and the o and 8 parameters, and found to be negligible (< 0.05%) for both
luminometers. However, when comparing the ratio ory/0vyo obtained from the vdM scan (where,
for head-on beams, ,is ~ 0.4-0.7 for the VO) to the ratio between the TO and VO rates measured
at low interaction rate (s ~ 0.01 for the VO) in the same LHC fill as the vdM scan, a difference
of 0.9% is measured. To account for such a discrepancy of the ratio, an uncorrelated systematic
uncertainty of 0.7% is assigned to both cross sections.

— Length-scale calibration: the quadratic sum of the uncertainties on the horizontal and vertical scale
factors reported in Sec. [3|results in an uncertainty of 0.5%.
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— Fit-model dependence: the analysis has been repeated by fitting the scan curve with a double-
Gaussian function (which reproduces the data reasonably well, although with slightly larger resid-
uals than found for the modified Gaussian function of equation ), and by using numerical integra-
tion of the scan curve (see reference [14] for details) instead of a fit. The typical observed deviation
with respect to the results of the standard method is 0.6%.

— Consistency of the measured beam widths: 0.6%, from the bunch-pair-averaged difference be-
tween the hh, quantities measured with the TO and the VO (Fig. .

— Luminosity decay: the bias arising from the variations in time of the head-on luminosity (expected
from intensity burn-off, emittance growth and, possibly, a residual orbit-drift effect) is estimated
via the difference (0.4%) between the head-on rates measured in the horizontal and vertical scans.

— Bunch-by-bunch consistency: the effect of rescaling the single-bunch statistical uncertainties to
account for fluctuations in the first scan is equivalent to adding an additional uncertainty of 0.04%
to the statistical uncertainty of the scan-averaged cross section.

— Scan-to-scan consistency: for both the TO and the V0, the difference between the bunch-pair-
averaged results from the two scans is < 0.1%, and compatible with the statistical uncertainties.

— Beam centreing: the measurement of R(0,0) can be affected by a non-optimal alignment of the
two beams in the head-on position. Such a misalignment is quantified, for the x and y directions,
via the u parameter of eq. ] The maximum observed misalignment is about 2 um; its effect on
the measured head-on rates was estimated using eq. @] and the obtained fit parameters, and found
to be negligible (< 0.1%).

— Bunch intensity: the uncertainty on the bunch-intensity product NiN, has three components: the
uncertainty of 0.3% on the absolute DCCT calibration, evaluated as outlined in [24]; the uncer-
tainty (negligible, see Sec.[2)) on the ghost and satellite charge; the uncertainty, of 0.5%, resulting
from the relative bunch populations, evaluated by using a second device [25]] for their measure-
ment. Combining these three sources results in a total uncertainty of 0.6%.

Combining all the above-mentioned uncertainties, one obtains a total systematic uncertainty of about
2.1%, with an uncorrelated component between the two measurements arising from pileup and back-
ground subtraction.

The results for the visible cross sections are then
oo = (30.1£0.6)mb, oyo=(57.84+1.2)mb,

where the uncertainties are systematic.

5 Consistency and stability of the vdM-based calibration

In order to test the stability of the luminosity measurement provided by the TO and the VO, the ratio
between their trigger rates in pp collisions at 1/s = 13 TeV has been computed, for all run{’-] recorded
in 2015. During the first month of data taking, the LHC filling schemes had large spacing between
consecutive bunches (isolated bunches); then, denser filling schemes were used, with the bunches injected
in trains with a spacing between bunches in a same train of 50 ns at first and 25 ns later in the year. In
the period with isolated bunches, ALICE took data at u,j; ~ 0.001-0.1; with 50-ns-spaced trains, at
Uyis =~ 0.1-1; with 25-ns-spaced trains, at s ~ 0.001-0.01, where all u;s values refer to the VO.

SIn the ALICE nomenclature, a run is a set of data collected within a start and a stop of the data acquisition, under stable
detector and trigger configuration.
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The reference process rates are determined from the raw rates with the same procedure used in the
vdM scan and described in Sec. [3] In order to suppress the bias induced by after-pulses on the VO
rates for dense filling schemes, the raw rates are measured after the data-acquisition system veto and
corrected by the trigger dead-time. The results are shown as a function of time in Fig. [I0} During
the period with isolated bunches (and relatively small i), the ratio is reasonably stable. Its average
value is smaller than expected from the vdM scan results by about 1%, but still compatible with it
within the uncorrelated uncertainties of the two cross section measurements (see Sec. ). For these
running conditions, an additional uncertainty of 0.6% (corresponding to the RMS of the ratio distribution
over the period) is assigned to the luminosity measurement. During data-taking with trains, relatively
large fluctuations are observed as well as a constantly increasing trend. The trend can be understood as
due to ageing of the VO photomultipliers, causing loss of trigger efficiency for low-multiplicity events.
Such a hypothesis was verified by comparing the VO signal amplitude distributions at different moments
during the year. The fluctuations may be explained by a number of effects, including: a filling-scheme
dependence of the VO efficiency due to pulse-length effects, particularly for 25-ns-spaced schemes; a
degradation of the VO timing resolution at relatively high i, affecting the cuts used for background
subtraction; and possibly a run-dependent contamination from pile-up effects involving beam-gas hits
at low Ui, potentially affecting both luminometers. It is concluded from all the above that, in case of
LHC operation with trains, a luminosity measurement with the VO is affected by non-trivial systematics
requiring further studies, and the TO is chosen as the preferred luminometer for such a running mode. In
an attempt to assess the stability of the TO in an unbiased manner, a second reference signal (£ &V0) was
built by requiring, on top of the VO-based trigger, the detection of a muon with transverse momentum
pr > 1 GeV/c (and —4 < 1 < —2.5) by the muon trigger system [26]. Such a trigger signal is expected
to be less sensitive to ageing effects in the VO (since the muon requirement biases the trigger event
selection towards higher multiplicities). The ratio between the two trigger signals is shown as a function
of time in Fig. The overall trend seems to be mitigated, although with relatively large statistical
uncertainties; some fluctuations are observed. The RMS of the ratio distribution, after subtraction of
the statistical component, is 2.7%: this value is assigned as an additional systematic uncertainty on the
TO-based luminosity measurement.

6 Conclusions

In August 2015, a vdM scan was performed in pp collisions at 1/s = 13 TeV. Visible cross sections were
measured for two reference processes, based on the TO (with pseudorapidity coverage 4.6 <1 < 4.9,
—33<n<-3.0)and VO (2.8 <n <5.1, =3.7 <n < —1.7) detectors. The stability and consistency
of the luminosity measurements based on such visible cross sections have been studied for the full data
sample collected in 2015. A detailed list of the origin and size of the considered uncertainties for both the
visible cross section and the luminosity measurement is reported in Table[5] When the LHC is operated
with isolated-bunch-based filling schemes, the two detectors provide independent measurements of the
luminosity, with a total uncertainty of 2.3%. When the LHC is operated with bunch trains the VO-
based luminosity is affected by non-trivial systematic effects; in this case, the total uncertainty on the
luminosity, measured with TO, is 3.4%.
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Source Uncertainty

Non-factorisation 0.9%

Orbit drift 0.8%

Beam-beam deflection 0.8%

Dynamic 3* 0.3%

Background subtraction 0.1% (T0), 0.7% (VO)

Pileup 0.7%

Length-scale calibration 0.5%

Fit model 0.6%

hyhy consistency (TO vs VO) 0.6%

Luminosity decay 0.4%

Bunch-by-bunch consistency <0.1%

Scan-to-scan consistency <0.1%

Beam centreing <0.1%

Bunch intensity 0.6%

Total on visible cross section | 2.05% (TO0), 2.16% (VO0)

Stability and consistency 0.6% (isolated bunches)
2.7% (whole 2015)

Total on luminosity 2.2% (isolated bunches)
3.4% (whole 2015)

Table 1: Relative uncertainties on the measurement of visible cross sections and luminosity in pp collisions at
/s =13 TeV.
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