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This talk will briefly outline the main methods to mea-
sure the luminosity and to calibrate the luminosity detec-
tors in the LHC experiments. It will discuss the size of the
systematic uncertainties on the measured luminosity at the
online and offline level. In addition it will include a discus
sion on any possible imbalance between the luminosities
delivered to ATLAS and CMS during the 2017 run.
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INTRODUCTION

Measuring the delivered and recorded luminosity is a 10
critical aspect for the LHC experiments. The measure-
ments are needed for physics measurements (for example
measuring cross sections), where the precision of the lu-
minosity measurement can be the leading uncertainty. In
addition the measurements are needed for running the ex-
periment, for example for trigger pre-scales, pileup aoire
tions, optimizing the collisions, and for input for machine
studies. The timescale and precision of the luminosity val-
ues is different for these cases, but it is vital that the tumiFigure 1: An example scan curve from the 2016 vdM scan
nosity is measured in real time, per bunch, and indepei CMS. This figure is taken from [1].
dently of the main DAQ of the experiments. Since AT-

LAS/CMS are (mostly) colliding head-on, the luminosity

measurements for these experiments can be directly relaftn scheduled per year, which along with commissioning,
to beam parameters, whereas for ALICE/LHCb which argnd validation takes about two days from the physics time.

levelled with beam separation this is not the case. For thid'€ Pasic idea is to scan the beams through each other

reason the discussion below concentrates on ATLAS/CME measure the size of the transverse overlap between the

although many aspects are also relevant for the other expBE2MS, which along with the bunch current normalization
iments. which is measured very precisely using LHC BI instru-

ments, can give a precise measurement of the luminosity.
METHODOLOGY FOR LUMINOSITY An example scan curve, showing the Igminosity algorithm
rate, as a function of the beam separation for the 2016 vdM
MEASUREMENTS scan in CMS can be seen in Figure 1. A number of com-
The luminosity measurements during high luminositylications needs to be taken into account to give a precise
running, are derived from the rate of events with certaigalibration:
characteristics observed in dedictaed luminosity detecto
For example this can be the rate of events with a certain
number of hits or an absence of hits in these detectors. The
rate is calibrated to give a luminosity value in a dedicated
van der Meer (vdM) scan, which allows the absolute lu-
minosity to be calculated from the beam parameters. The
calibration then needs to be transfered from the vdM scan
to the high luminosity regime.
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Residuals [c],

o Non-factorizable beams: the method assumes that the
beam is factorizable ir/y, which may not be the
case. This is studied by doing offset scans (for ex-
ample, where the beam is scannedjmwhile already
displaced iny) but this still leads to an uncertainty.
The injected beam is attempted to be as factorizable
as possible.

o Orbit-drifts: drifts in the orbit during the vdM scan ef-
S . fect the measured scan curve. This is monitored using
The absolute calibration is done during the vdM scan,  the precise DOROS BPMs during the scans, and the

which is carried with a SDECiaIized machine Setup, Opti' orbit feedback is turned off during the scans.
mized to minimize the luminosity uncertainty. For these

scans thegg* in IP1/5 is 19m which gives a large luminous e Beam-beam deflections and dynamit effects:
region and low pileupy{ ~0.5). Usually there is one vdM These are minimized by using filling schemes with

Absolute calibration



isolated bunches (no bunch trains), and by tuning the PRECISION AND TIMESCALE
beam brightness, the effects and corrections are then

Based on the experience of the last few years of LHC
be calculated.

running, the final and most precise luminosity numbers for

e Ghost and satellite charge: This is measured precisefyyear usually come out about one year after the data has

by LHCb using their SMOG beam-gas system. been taken. This typically has an uncertainty of 2.5% for
ATLAS/CMS. During the year the best estimate of the cal-

e Length scale uncertainties: The beam deflection fronbrations are used, and these usually have a precision of 5-
the scan corrector magnets operating with a given cut0%, and the luminosity values shown on page-1 have this
rent are calibrated in dedicated length-scale calibraevel of precision (on the absolute scale, relative changes
tion scans. In these scans both beams are deflected am@duld be more precisé) Shortly after a fill the luminosity
the position of the luminous region is precisely meanumbers are uploaded into Massi files, these usually have
sured using the experiments tracking detectors. Thise same values as shown on page-1, but in some cases the
allows the deflections used in the vdM scans to be agalues can be corrected before being published in the Massi
curately calibrated. files. The Massi files are sometimes updated when new cal-

. . ibrations become available, and versioning information in

Calibration transfer these files allows this to be followed.

The luminosity calibrations are derived in the vdM scan

with a pileup of 0.5, and are then applied in physics fills ADDITIONAL HANDLES

with a pileup of up to 60 (in 2017 running), bunch trains,

and which can take many months after the vdM scan,inqgjty measurements in the experiments are discussed

A number of effects can change the calibratin betweef)‘elow.

these regimes, and need to be corrected for when apply-

ing the calibrations. For example these can be related Emittance scans

Fﬁfi?reif%ﬂifﬁeué?; ni-llénueag:])g ;)Ztsiig:]gg:g%mbﬁﬁsﬁ, Atthe beginning and end of nearly all physics fills CMS
. me plieup e . carries out emittance scans. These are fast beam separa-
trains), detector ageing, and long term drifts in the cahbr . . . Lo . )
. - tion scans in regular high luminosity physics running. Dur-
tion/efficiency of the detectors. These effects are cageful. . . -
ing these scans 7 separations are used witfia which
Bikes about 4 minutes. The scans allow to check the lumi-
osity detector/algorithm calibrations in real physice-co

flions (with high pileup, and bunch trains), and to monitor

Additional information that can help understand the lu-

ing different detectors, which are effected differentlgrfr
these effects. CMS also use emittance scans in order

control these effects, as discussed later. As an examp & long term stability of the calibrations. There are addi-

Figure 2 shows the ratio of luminosities between diﬁereq o . : . )
. ) . ional complications when interpretting the calibratiea r
algorithms with respect to a reference algorithm (based on

. . . : sults in these scans, compared to the vdM scan, particularl
track counting) as a function of time during the 2016 run utts | P v particurarty

from ATLAS. This plot is after a number of corrections 09 from long range beam-beam effects (due to run-

have been applied and shows that there are differences lEmg with bunch trains), and non-factorization of the beam

tween the algorithms of up to 4% for the first few weeks 0n\irgcck:ocsirjc%réirl](gaengmrf:il'!gﬁrfl”)c;f Elitlhhrﬁﬁgg? ?:a\lllfb?/a-
the run, but after this they agree withirl %. 9 y

tions. More details about the CMS emittance scans can be
seen in Ref. [3]. In addition with some assumptions these

) L H L B 7
R "\r[ﬁ'gip{/e"m'nafy = can be used to give the convoluted beam1/2 emittances in
5 L, rs=iote E regular physics fills, and therefore also provide valuatple i
o Eope ° ] formation for machine studies. In 2018 ATLAS also plans
S 2F o . o o0 to carry out such scans in regular physics fills, although the
i FoRE O ] . . A
3 o “g‘-ﬂ ] technical details (how many scans, how long they will take
= C ? ] etc..) are still under discussion.
-2p . = . . .
F « Tracking . Luminous region information
_af- o TILE - . . .
C o FCal ] The size of the luminous region reconstructed by the ex-
—6}‘ | | | ‘EMEC‘ | - periments tracking detectors, can also provide useful in-
Apr 30 May 30 Jun 29 Jul 29 Aug 28 Sep 27 Oct 27 put to the machine. The transverse sizes are related to the
Day in 2016 beam1/2 convoluted emittances, although the measurement

resolution is larger than the size, and has to be unfolded.
Figure 2: Long term stability of the ATLAS luminosity al- This is done by both experiments, and closure tests on sim-
gorithm, across the 2016 data taking period. This figure ilation demonstrate that this works correctly. There are
taken from [2].

INote that for special runs, such as Pb-Pb or p-Pb collisioasihcer-
tainties can be significnatly larger.



however still a number of complications with precise mea- SUMMARY

. ; - .o 990f precision is 5-10% during running, with a final precision
sumptions it can pe shown.that .the rat|o.of the Iong|tud|negf ~2.5% available about a year after the run. Additional
length of the luminous regions in IP1/5 is equal to the rag, ¢, mation from emittance scans, the measured luminous
tio of the geometric factors in the luminosity formula,_ an egion size, and Z-counting provides useful cross checks of
therefore for the sam@* should be the same as the ratio Ofthe luminosity. In 2016 a significantimbalance in the lumi-

.thelluminosities.. Th.is 9“’65 an additional handle for mor‘ﬁosity delivered to IP1/5 was observed, but in 2017 this is
itoring any luminosity imbalance between ATLAS/CMSnot Seen.

due to non-roundness of the beams.
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the uncertainty is very correlated from fill-to-fill, so t@s [5] M. Hostettler et al., “how well do we know our beams”, 2016
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For 2018 running and beyond, ATLAS and CMS hope tgs] M. Hostettler et al., “Emittance observations”, theseqeed-
provide the efficiency corrected Z boson yields in a fast ings.

way, to allow such information to be available for analysis

about 1 week after the data is taken.

LUMINOSITY IMBALANCE

In 2016 a significantimbalance between the delivered lu-
minosity to IP1/5 was observed when comparing the final
luminosity numbers, with the difference in the integrated
luminosity across the year about 6%. This was studied in
detail and for most of the year it seemed to be consistent
with different H/V emittances, which coupled with the dif-
ferent crossing planes in IP1/5, leads to an imbalance in
the luminosity. Studies of the test fill when the crossing
angle was reduced to zero, also showed that the imbalance
disappeared with no crossing angle [4]. However for the
last period of the year the BSRT emittance measurement
showed that the beams became round, but the measured
luminosity showed the same level of imbalance between
IP1/5 [5]. This part is not understood. In 2017 luminosity
measurements by the experiments (with the current calibra-
tions) do not show any imbalance (the integrated delivered
luminosities over the year differ by less than 1%), and in-
deed measurements of the emittance show rounder beams
than in most of 2016 running [6].

2] https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPub



