LXXI International conference "NUCLEUS — 2021.
Nuclear.physics.and elementary particle physics. Nuclear physics

technologies”,
20 — 25 September 2021, St. Petersburg

Luminosity determinati '_ at the LHC

. “
%H% Artur Furs, INR RAS, :

Fl LIC E for the ALICE collaboration



Introduction

THE ALICE DETECTOR L a. ITS SPD (Pixel)
e b. ITS SDD (Drift)

¢. ITS SSD (Strip)

d. VO and TO

e. FMD

Main purpose of the ALICE detector is

to study properties of quark-gluon plasma.
Specific state of matter when quarks and
gluons are deconfined.

i®

TS A @ B
FMD, TO, VO | ==t i

There are several types of collision — pp,  : A i

p-Pb, Pb-Pb. :
Cross section measurements are crucial to s s

ALICE physics program, e.g. : i

 J/psi production in pp and p-Pb 14 o e

15. Dipole Magnet

 UPC cross sections in Pb-Pb and p-Pb  #e

18.ZDC
19. ACORDE
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Luminosity

Indirect measurement of luminosity:

R, .. %L, . : : - :
L=—"—=-—""""" _ |luminosity calculation by using visible cross section

o, o)

vis vis

O,is= € Oine; - visible cross section seen by a given detector with given trigger
conditions, with fraction of inelastic events(g) that satisfy the trigger condition.

Rvis — visible event rate
frev — accelerator revolution frequency

Uvis —number of average visible interactions per colliding bunch pair



Luminosity

Luminosity measurement: L=f_ N,N,x* [[ p,(x,y]|p,[x,y|dxdy

p: , p — particle density for each bunch in transverse plane.
N: ,N: — bunch intensity.

_” p; P, dxdy - beam overlap integral

L: freVNlNZ
h.h,

If factorization stands:

1/hX:f pl(x)pz(x)dx - effective width of beam overlap along X axis. Same for Y.

h. * h, - one needs special session (van der Meer scan) for direct and high precision
measurements.



van der Meer scan

vdM scan description:

. Special session for luminosity

measurement.

. Rvs vs beam separation
measurement.

. Estimation of visible rate per colliding
bunch pair.

. Adjustment of separation distance for
each colliding bunch pair. Scanning
along given direction (X or Y) while
the other direction is in head-on
position.

Rate (Hz)
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vdM scan overview

ALICE-PUBLIC-2021-005

Main goal: calculation of visible cross section
R(0,0]
Gvis:
L
* R(0,0) — visible highest “head-on” rate
_ frele N2 10

h, hy
* h., hy -integral under the curve, normalized
R T N NS S HN I NR BN R

by peak value R(0,0). 101k S
* Computation of ouis Separation (mm)
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ALICE luminometers
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TO:
* Two circular arrays of Cherenkov radiators with
PMTs (12 per side), located on opposite sides(T0-A and
TO-C), at za=370 cm and zc =- 70 cm.
* 461<n<4.92,-3.28<n<-2.97
VO:
* Two scintilattor arrays (32 per side), located on opposite
sides (VO-A and VO-C), at za = 340 cm and zc = - 90 cm.
* 28<n<37,-837<n<-17
ZDC:
* Two sets of identical hadronic calorimeters at z =+ 114 m
Trigger conditions:
*  pp, p-Pb:
T0: coincidence of A and C sides, and vertex cut.
V0: coincidence of A and C sides
* Pb-Pb:
VO: multiplicity trigger (VOM)
ZDC: Single neutron trigger (ZN)




Intensity measurements

Fill 2852, Beam 1, 2012-07-17 01:34 , All nominally filled slots

* |nstruments:

1) LHC(DCCT) - DC current transformer, for total
beam current (normalization).

2) LHC(BCT) - fast Beam Current Transformer, for
relative bunch intensity

3) ATLAS(BPTX) - Beam Pick Up System, same
purpose as BCT

al [a.u.]

Relative LDM sign.

L N T T
6 7 8 9 10 11 12 13 14 15 16
bucket # [2.5ns]

CERN-ATS-Note-2013-034 TECH

* Bunch spacing:
1) 2.5 ns between RF buckets.
2) 25 ns or 10 RF buckets between bunch slots.



Intensity measurements

* Ghost: nominal empty BCs which contain ions. Fill 2852, Boam 1, 2012-07-17 01:34, All nominally filled sots

1) Ghost fraction is measured by LHC Longitudinal ‘
Density Monitor LDM (measures synchrotron
radiation photons emitted by the beams).

10"

102

Relative LDM signal [a.u.]

2) Also LHCb provides information about ghost -0 O R
fraction, by measuring beam — gas event rate for W
nominal empty bunches. | e

bucket # [2.5ns]

CERN-ATS-Note-2013-034 TECH
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Intensity measurements

* Satellite: some ions could be located in RF bucket
between two closest bunches. Events caused by
satellite-bunch or sat.-sat. collisions should be
excluded.

1) LHC LDM is used for measuring satellite fraction, for
all scans it was negligible (< 0.05%).

Fill 2852, Beam 1, 2012-07-17 01:34 , All nominally filled slots

Relative LDM signal [a.u.]
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Intensity measurements

. TOtal b u n Ch I nte nSIty: Fill 2852, Beam 1, 2012-07-17 01:34, All nominally filled slots
N bunch — N tot — N sat — N ghos é j ' |

1) Large correction for Pb-Pb - correction can reach
few % level.
2) In pp or Pb-Pb, the final effect on o,;; uncertainty is

negligible.

Relative LDM sign.
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Separation

* Starting from nominal beam separation, provided by
LHC

*Corrections needed:

1)ODC (Orbit drift correction), bunch orbits can vary
from nominal.

2)BBD (Beam — Beam deflection), during separation,
two bunches exert repulsive electrical forces on each
other. Affects the beam separation.

3)LSC (length-scale calibration), for measuring the
conversion factor between nominal and actual beam
position.

Correction [um]

ALICE-PUBLIC-2016-002

e Beam-beam deflection
o Orbit drift

Ceee’ ALICE
pp Vs =13 TeV

Horizontal scan 1, bunch pair ID = 0

-06 04 02 0 0.2 0.4 0.6

Separation [mm]
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Separation(LSC)

*LSC (length-scale calibration)

1)Two beams are moved simultaneously in the same
direction in steps of equal size.

2)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.

3)ALICE Inner Tracker System (ITS) is used for vertex
measurement.

4)Length-scale correction factor is the slope parameter
of a linear fit.

Average horizonial vertex position (cm)

ALICE-PUBLIC-2021-005

=
[

=
T

2 | ndf 17.08 /4
Constant 0.03344

Slope 1.01

ALICE pp Vs = 13 TeV

0

"0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Horizontal displacement by LHC (cm)
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Rate

* Measurements from ALICE detectors: TO, VO, ZDC . AUCEPUBLIC2021005
* Corrections needed for raw trigger rate: & 1.2 ALICE
1)BB (Background): Satellites, beam-gas, after-pulses. PP = 18TeN g TO
Timing cuts should be applied. 11 "
2)PU (Pile-up): multiple events in each colliding bunch pair. i
Corrections based on the Poisson distribution of i+ oowggéegsgegggggg@gggooo
coincidences. o
3)DC (Intensity decay): to account for the bunch intensity 99 4
(and, hence, the luminosity) decay with time. I Foe / Frau
08 ¢ 7 Rey/ Rgg .
i © Rpe/Rpy
T BT T

Separation (mm)
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Non-factorization effects

* Assuming that factorization stands: 1 - M:

* Non-factorization 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.

*Non-zero separation (offset) in the non-
scanned direction should be performed, to
provide additional input for non-factorization
studies.

*Barrel detectors are used for measurement
of luminous region by 3D vertexing.

h.h,
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Effective beam width

E L ALICE-PUBLIC-2021-005
* Bunch by bunch measurement of 2 b N
hi, hy -
* For each direction(X/Y) and oL -
detector(TO, VO), one needs to fit g .
Rate vs separation curve. - I
* Fit functions WE \,
S ALICE "
On average x°/ndf ~1, e *'}, pp Vs =13 TeV Ly
~_ and typically <2 F
\ 1G1|'[...I...I...I...I...I...li.
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

Separation (mm)

R(AX,O)ZR(y,O)eXp(—(Ax—u)2/202)[1+p2(Ax—/,1)2+p4(Ax—;1)4+p6(Ax—;1)6]
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Stabllity of effective beam width

* Crosscheck by using TO/VO ratio of
effective beam width.

* For each bunch crossing.

-~ 1.06

1.04

1.02

0.98

0.96

Ratio of TO- to V0-based h,h

0.94

1.02

0.98

Ratio of TO- to VO-based h,h,

0.96

0.94
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* Weighted mean value of scans is the aguis for given detector

E
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Calculation of visible cross section

* ouvis—one needs to calculate for each colliding bunch pair.

* After that zero-order-polynomial fit should be applied for
each scan and detector.

ALICE-PUBLIC-2021-005, pp s = 13 TeV

- ALICE
pp Vs=13 TeV
2016, TO, scan 0
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TO scanl

L1 | L | 1 L | 1 | I

5000 5200 5400 5600 5800 6000 6200 6400 6600 6800

NN, x 107"
ALIC

ALICE
pp Vs =13 TeV
2016, TO, scan 1

¥?/NDF  28.09/27
Mean  29.800 = 0.020

TO scan2

] ‘\
——
'
—es
—3—
.
—.—
—.——
——
—e
—e
Tl
'
'
e
——
—
e
et
—+
——
——
.
——
.
'
.
"

5000 5200 5400 5600 5800 6000 6200 6400 6600 6800
NN, x 107

2016 2017 2018
orp (mb) | 29.838 = 0.015 | 28.49 4+ 0.02 | 28.159 4 0.014
Gvo (mb) 5844 4+0.03 | 58.10 £0.04 | 57.5240.03
Sad M0 scant (B AT
595_ 2016, VO, scan 0 \ + }
: |
Tt H b
57'5;1'00' 5200 5400 5600 5800 - 6000 6200 6400 6600 6800
E-PUBLIC-2021-005, pp ¥s = 13 TeV MNere
i; 59.55— ;\:?EE:WT&V VO scan2 52:5': 55,099 +0.042 ‘
E 2016, V0, scan
seE— + ﬁ } *
58.5— |
WHIWWH """" -

1 1 | | 1 | | 1 1 |
5000 5200 5400 5600 5800 6000 6200 6400 6600 6800
NN, x 107®

19



=)
=
S

D>

Gy (0)

5

Calculation of visible cross section

* ouvis—one needs to calculate for each colliding bunch pair.

* After that zero-order-polynomial fit should be applied for
each scan and detector.

* Weighted mean value of scans is the aguis for given detector

VOM - first XY scan

ALICE-PUBLIC-2021-001, Pb-Pb vs = 5.02 TeV
ozep = 420.5 b £ 0.2 b (stat.)
ovom = 3.933 b + 0.004 b (stat.)

ZED - first XY scan
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Large due to electromagnetic dissociation of Pb
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Stability

* Assess the consistency and stability over time of the vdM-based calibration of the luminometers.

* For such analysis TO/VO(or VO/ZN for Pb-Pb) trigger counter ratio normalized by visible cross
section of each detector, was calculated by using data collected in given pp (Pb-Pb) session.

* Estimation of uncertainty over all runs by using RMS. Largest uncertainty is in
p-p(2016,2017, and 2018).

><'| 03 ALICE-PUBLIC—2021—005, pp Vs =13 TeV ALICE-PUBLIC-2021-001, Pb-Pb vs = 5.02 TeV

‘IL_"I\ T T T T | T T T | T T T l T _ '.L'_‘\ _I TTT I LI I LI | LU I LI I LI I LI | LI I LI I TTT l_
Ko - ALICE . g | ALICE Preliminary 4
2 5-pp,Vs=13TeV -2016 - =100[- Pb-Pb, {5, = 5.02 Tev .
4 | i )
4__ ] 80_— —_

3 = 60 .

2 = 40 .

1:— _: 20__ ]

o- .II — "162'ﬂ04 A R PR R EE | A | A P B

' L' /L ({395 096 097 098 099 1 1.01 1.02 1.03 1.04 1.05
TO —V0 LVOM/LZED
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Systematic errors

* In p-p sessions(2016-2017-2018), the obtained luminosity uncertainty ranges from
1.8% to 2.7% depending on the year and luminometer.

* For all p-p 2016-2018 samples, total uncertainty is 1.6 %.(obtained by taking into account the lumi
uncertainty correlations across 2016-2018 years).

* For Pb-Pb total uncertainty — 2.2% for VO(Multiplicity trigger) and 2.3% for ZDC
ALICE-PUBLIC-2021-005, pp Vs = 13 TeV

Uncertainty 2016 2017 2018 Correlated?

TO1VO TO | VO TO VO ALICE-PUBLIC-2021-001, Pb-Pb Vs =5.02 TeV
Statistical 0.05%10.05% | 0.07%10.07% | 0.05% 10.05% No .
Bunch intensit Source Uncertainty (%)

y

Beam current normalisation 0.5% 0.5% 0.4% Yes VoM ‘ ZED
Relative bunch populations 0.1% 0.3% 0.1% No Statistical 0.09]0.04
Ghost and satellite charge <0.1% <0.1% <0.1% No Bunch intensity 0.8
Non-factorisatiop _ 0.5% 0.2% 0.4% Yes h.h, consistency (VOM vs ZED) 0.13
Length-scale calibration 0.2% 0.3% 0.3% No Lerigth-%cale calibration 1
Beam-beam effects 0.3% 0.3% 0.3% Yes DR
Orbit drift 0.1% 0.1% 0.2% No Non-factorisation 1.1
Magnetic non-linearities 0.1% 0.2% 0.2% Yes Bunch-to-bunch consistency 0.1104
Beam centring <0.1% <0.1% 0.1% No Scan-to-scan Consistency 1
Luminosity decay 0.5% 0.5% 0.3% No Background subtraction 0.5]0.8
Background subtraction 0.1% 1 0.6% 0.1% 1 0.8% 0.19% 10.7% Yes Magnetic non-linearities 02
Pile-up 0.1% 1< 0.1% 0.5% 0.2% 1< 0.1% Yes > R '
Fit model 0.2% 0.6% 0.4% Yes Orbit drift 0.15
hohy consistency (TO vs VO) 0.1% 04% 04% No Beam—beam deflection and distortion 0.1
Bunch-by-bunch consistency | <0.1% 1 <0.1% | 0.1%10.1% 0.1% 10.1% No Fitting scheme 04
Scan-to-scan consistency 0.2% 1 0.1% 0.1% 1 0.1% 0.5% I.O.S% No Total on visible cross section 71 ‘ )
Stability and consistency 1.5% 2.3% 1.6% No Stability and consistency 0.7
Total correlated 0.8%11.0% 1.0%112% | 08%I11.0% Yes Totalon luminositk 73 ‘ 73
Total uncorrelated 1.6% | 1.6% 2.4% | 2.4% 1.8% | 1.8% No Sity : :
Total 1.8% | 1.9% 2.6%12.7% 1.9% 12.1% Partially
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Summary

* Luminosity:
1)Short overview.

2)Two pairs of detectors are used as luminometers: TO and VO(time based triggers) for p-p,
VO(multiplicity trigger) and ZDC for Pb-Pb

* van der Meer scan:
1)Simple method, but complicated corrections are needed.
2)One should run special session.

3)Based on LHC instrumentation for beam control info and beam intensity, ALICE detectors
(VO, TO, and ZN) for rate measurements.

* p-p and Pb-Pb results for 2016-2018:

1) Stability and consistency(~2.3%) is the largest, for p-p runs.

2)For Pb-Pb non-factorization is largest error ~1.1%

3)Total luminosity uncertainty for the analyses using 2016-2018 data:
~1.6% for pp and ~2.2% for Pb-Pb
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BACKUP

scanil
X1 Yl

scan2
X2 Y2 LSC Offset X/Y

* Total types of scan in vdM session:

X1,Y1,X2,Y2 — standard scans in X/Y direction.
Range: from -60beam t0 -60beam

Step size: 0.50veam °

TO rate [Hz]
i |
—

LTO

ALICE

pp Vs=13TeV
Eotal number of steps: 25
Length-scale calibration(LSC). ALICE-PUBLIC-2016-002 Time [5
Step width: ~Oveam ¥ oo ] ] 1
2 VO
Total number of steps: 5 5 “
10°
. . 10°
Offset scan(X/Y directions). .
Typical offset: ~4Gbeam 1 o 1510 Tov
Required for non-factorization analysis 10
10° ‘20I00I . ‘40‘DDI . IES(]IDOI I IBUIDOI I |10(‘)UO‘ ‘ ‘12(‘)0{; I I14(I){]D
Time [s]
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Run 2: pp Vs =5 TeV(2015 and 2017)

BACKUP

pp Vs = 5 TeV(2015) ALICE-PUBLIC-2016-005

pp Vs =5 TeV(2017) ALICE-PUBLIC-2018-014

Source Uncertainty
Non-factorisation 1%

Orbit drift <0.1%
Beam-beam deflection 0.4%
Dynamic 3* 0.2%
Background subtraction 0.3% (TO0), 1.1% (VO0)
Pileup 0.7%
Length-scale calibration 1%

Fit model 0.7%

hyhy consistency (TO vs VO) 0.2%
Luminosity decay 0.7%
Bunch-by-bunch consistency <0.1%
Scan-to-scan consistency 0.5%

Beam centreing 0.1%

Bunch intensity 0.4%

Total on visible cross section | 2.05% (TO0), 2.31% (V0)
Stability and consistency 0.4%

Total on luminosity

2.09% (T0), 2.34% (VO)

Source Uncertainty
Non-factorisation 0.1%

Orbit drift 0.1%
Beam-beam deflection 0.5%
Dynamic * 0.2%
Background subtraction 0.2% (TO0), 1.1% (V0)
Pileup 0.5%
Length-scale calibration 0.2%

Fit model 0.5%

hyhy consistency (TO vs VO) <0.1%
Luminosity decay 0.9%
Bunch-by-bunch consistency <0.1%
Scan-to-scan consistency 0.5% (T0), 0.4% (V0O)
Beam centreing 0.2%

Bunch intensity 0.4%

Total on visible cross section | 1.5% (T0), 1.8% (V0)
Stability and consistency 1.1%

ALICE | NUCLEUS-2021 | 20-25 September 2021 | A. Furs

Total on luminosity

1.8% (T0), 2.1% (V0O)
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BACKUP

Run 2 : pp Vs =13 TeV(2015)

pp Vs = 13 TeV(2015) ALICE-PUBLIC-2016-002

Source Uncertainty
Non-factorisation 0.9%
Orbit drift 0.8%
Beam-beam deflection 0.8%
Dynamic * 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% (T0), 2.16% (VO)

Stability and consistency

0.6% (isolated bunches)
2.7% (whole 2015)

Total on luminosity

2.2% (isolated bunches)
3.4% (whole 2015)
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BACKUP

Run2: p-Pb vsw=5.02 TeV(2013) and 8.16 TeV(2016)

p-Pb vsm = 5.02 TeV(2013) CERN-PH-EP-2014-087

p-Pb Vsm = 8.16 TeV(2016) ALICE-PUBLIC-2018-002

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 1.5% 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 0.5%  0.5% No
Ghost charge 0.1% 0.2% No
Satellite charge <0.1% 0.1% No
Orbit drift 04%  0.1% No
Dynamic §* <0.1%  0.1% Partially
Beam-beam deflection 02%  0.3% Partially
Total on visible cross section 3.09%  2.8%

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

ALICE | NUCLEUS-2021 | 20-25 September 2021 | A. Furs

Uncertainty p—Pp Pb—p Correlated
Transverse correlations 0.6% 0.9% No
Scan-to-scan consistency 0.6% 0.1% No
Length-scale calibration 0.5% 0.8% No
Background subtraction 0.5% (< 0.1%) VO (TO) 0.6% (0.3%) VO (TO) Yes
Intensity decay 0.6% 0.7% No
Method dependence 0.4% (0.5%) VO (T0) 0.9% (0.6%) VO (TO) No
Beam centring 0.1% 0.1% No
Bunch size vs trigger 0.2% 0.4% No
Absolute DCCT calibration 0.3% 0.3% No
Orbit drift 0.7% 0.3% No
Beam-beam deflection <0.1% 0.4% Partially
Ghost charge <0.1% <0.1% No
Satellite charge < 0.1% <0.1% No
Dynamic f* <0.1% <0.1% Partially
Total on visible cross section 1.5% (1.5%) VO (T0) 1.9% (1.7%) V0 (T0)
V0 vs TO integrated luminosity 1.1% 0.6% No
Total on integrated luminosity | 1.9% (1.8%) V0 (T0) 2.0% (1.8%) V0 (T0)

Correlated part 0.5% (< 0.1%) VO (TO) 0.7% (0.5%) VO (TO)

Uncorrelated part 1.8% (1.8%) VO (T0) 1.9% (1.7%) V0 (T0)
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