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Introduction (and Why You Should Care)

* Accurate measure of the luminosity in ATLAS fundamental for predicting
expected number of events

N — O'Lint

* Luminosity uncertainty can be the dominating uncertainty for precision
cross-section measurements

« Complete reanalysis of Run-Il pp luminosity at /s = 13 TeV has yielded
a final luminosity measurement of:

140.1 fb~* with a 0.83% uncertainty

2212.09379



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/DAPR-2021-01/

Luminosity Detectors & Algorithms

LUCID-2
The ATLAS reference
luminometer, uses a hit

counting algorithm
Provides real-time
measurement of bunch-
by-bunch luminosity at
any number of
interactions per LHC
bunch crossing (u)
2023 08 22 EPS 2023



https://cds.cern.ch/record/2633501

Luminosity Detectors & Algorith

Tile Hadronic Calorimeter
Samples ~1% of PMT current
and integrates over O(10) ms

Sensitive over range of
(bunch integrated)
luminosities from vdM to
physics O(1039)- O(1034)

Z-counting
Cross-check of baseline
luminosity vs time and u

MS

LAr Calorimeters
Read out LAr gap HV currents
over O(1) s integration times
(bunch-integrated luminosity
only)

LUCID-2
The ATLAS reference
luminometer, uses a hit
counting algorithm
Provides real-time
measurement of bunch-
by-bunch luminosity at
any number of
interactions per LHC
bunch crossing (u)
2023 08 22

EPS 2023

Tracks

Count reconstructed Si tracks in
randomly triggered events

Sensitive over range of luminosities

from vdM to physics O(1028)- O(103%)

2



https://cds.cern.ch/record/2633501

Three Stages of ATLAS Luminosity Analysis

A
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Three Stages of ATLAS Luminosity Analysis

Absolute Calibration

Calibrate LUCID in van
der Meer (vdM) scans

Low pileup and
isolated bunches

2023_08_22 EPS 2023
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Three Stages of ATLAS Luminosity Analysis

Absolute Calibration

Calibrate LUCID in van
der Meer (vdM) scans

Low pileup and
isolated bunches

2023 08_22

Calibration Transfer

Transfer of calibration
to physics run
conditions

High pileup and bunch
trains
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Three Stages of ATLAS Luminosity Analysis

Absolute Calibration

Calibrate LUCID in van
der Meer (vdM) scans

Low pileup and
isolated bunches

2023 08_22

Calibration Transfer

Transfer of calibration
to physics run
conditions

High pileup and bunch
trains

EPS 2023

Long-Term Stability

Monitor relative
consistency and

stability of ATLAS
luminometers

10



1 Absolute Calibration |R=@uy¢

* Calibrate LUCID (determine its 0,;¢) in * 0, : Visible cross section
van der Meer (vdM) scans
* Isolated bunches and low pu! * Uy - Visible interactions per bunch

From LHC current measurements Crossing

From LHC d
I _ @ _ ¢ His e /. :LHC bunch revolution frequency
LUCID — Ly fr
x&y

* 14 and n, : protons per bunch

2102y 2y, * 2y & X, : convolved beam size in x
& y planes

2023_08_22 EPS 2023 11



1 AbSOlUte Callbrathﬂ T 0 amas L LUGID BHIOR 2
= qL (s=13Tev © bkg. sub. signal

s £ 2017 scan S1X A noise+afterglow 3

. . . . 10-'L BCID 1112 beam-gas -

* Calibrate LUCID (determine its 0,;¢) in ° © GP4G it o7 f 0
-2 ‘ . _

van der Meer (vdM) scans ° I o]
3 . Y ]

* Isolated bunches and low p! R S
107 E o 8 8 E

From LHC current measurements i ?%’A%AA“AM MAMAAAMA";@E

From LHC ‘ - RO

6 02 04 06

AX [mm]

2mT. %,

For illustrative purposes only — remember vdM
scan uses isolated bunches!

1 f Hyis(Ax)dAx

= =~ Peak Width
V2T Uyis(Ax™3X)

2023_08_22 EPS 2023
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1

* Impact on the scale (oy,;
upward shift of O(1%):

 Dominant: Beam-beam effects resulting from from

) results in combined

the mutual electromagnetic interactions of the

opposing bunches

e Sub-dominant: Fit improvements in the scan peak
* + multiple other contributions

2023 08_22

EPS 2023

[%]

VIS

Beam-beam correction to ¢ .

w

— N
T

Absolute Calibration Remarks

F |
— ATLAS

- A
— AA

X1\

Vvy

~ A orbit shift

- Vs=13 TeV vdM

jite

vVvy

- Y optical distortion
— ® total correction + error

AAAA

$441 ++++

VVvy

AAAA:

2015

2016

2017 2018
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1 Absolute Calibration Remarks

* Impact on the scale (0,,;5) results in combined

upward shift of O(1%):

 Dominant: Beam-beam effects resulting from from
the mutual electromagnetic interactions of the

opposing bunches

e Sub-dominant: Fit improvements in the scan peak

* + multiple other contributions
* Dominating systematics from:

e Scan-to-scan and bunch-to-bunch reproducibility:
The calibration “constant” should be the same for

all

* Magnetic non-linearity of LHC steering magnets

* Non-factorization of beam profiles
* Beam-beam effects

2023 08_22

EPS 2023

[%]

VIS

Beam-beam correction to ¢ .

w

N

II|IIII|IIII|IIIIIIII|IIII|IIII|

T

>
3
>
(7))
|

Vs=13 TeV vdM

A
A A
A AAAA AAa AAAA

v VVvy YVyyv Yvvy

orbit shift -
optical distortion |

A

v _

® total correction + error —
| | -

2015 2016 2017 2018
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Calibration Transfer Motivation

600

500

400

300

200

Recorded Luminosity [pb "/0.1]

100

lIII|IIIIIIIII|IIII|IIII|IIIIL

10 20

Mean Number & Interactions per Crossing

40

vdM scan at low
pileup (and with
isolated bunches)

2023_08_22

ATLAS Online, 13 TeV JLdt=146.9 fio !

2015: <pu> =134
[1 2016: <u>=25.1
[ 2017: <u>=37.8
==
=

2018: <u> = 36.1
Total: <u> = 33.7

30 40 50 60 70

Physics runs at high
pileup (and bunch
trains)

[III|I]IIIIIII|IIII|IIII|IIIIT

UONEIQIED 61/2

80

* LUCID exhibits significant nonlinearity in its
response vs pileup

* Need to transfer calibration from vdM to physics
regime

* Tracking and calorimeter measurements more
robust against pileup-related non-linearities

0,5 0,6 0,7 08 0,9 1,0 /1 A4 T
4 / i i v ’ 1,3
D3 // / ’ D4 ’ /’ | ’// g
/, - / /,/ . ,// DS ’/ ,’/ D6 ,//
'BC7 ,/BC8 |, .’ o .14
1 71 - e T == - et _—
T 7 Allet] B12).-Bia |- B4 |.-"B15 L -1
/ / Bg // /E/1 ,/ s // // //
% ’ N P o 16
’ 5 // 5.7 s - 1 _ -
8 /(a9 {A10 2 [IM%A13 [ “A14 _{"A15_-1" At6. -~
E3 {
E4
beam axis

_________________________________________________________________________________________ >
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<uTracks> / <Malg>

Calibration Transfer Procedure

1.06p 117
ATLAS

{s=13 TeV
LHC fill 6024, July 29, 2017

e | UCID BiHitOR
A EMEC
v Tile D6

®

+

|
15 20 25 0 35 40 45

< >
l'lalg

Fit track/LUCID luminosity
ratio to allow transfer of g,,;
calibration to physics regime

2023_08_22 EPS 2023



<uTracks> / <Malg>

Calibration Transfer Uncertainty

TLAS
(s=13 TeV
LHC fill 6024, July 29, 2017

b_

—I|III|III|III|III|II|III|III|III|III

Tracks

I‘Tile/l‘

1.02

1.015
1.01

Compare 1.005
7 ratio of Tile and

ra
Ckl ng m Mmega

—I|III|III|III|III|III|II

e LUCID BiHitOR
s EMEC
v Tile D6 + .
0.88||||||||1|1||||||||||||||||||||||
1520 25 B0 35 40 45
<M, >

Fit track/LUCID luminosity
ratio to allow transfer of g,,;
calibration to physics regime

2023 08_22

ments

RN
00 Fill 6016 32b nu=0.6

—a4 Fill 6024 2544b n=40-515

|||gf||
T
&=
&
k4
ﬁg:
b

*A‘A Yy ‘&‘A Aghiyg ﬁ“l** e

T T T | T T
ATLAS
/s=13 TeV

III|IIII|IIII|III1—

A A
DRV *‘M PRV
= TieE3 7
2017 vdM perlod L T|Ie E4 .
: i
0500 400 600 800 1000 1200 1400 1600

Cumulative LB number

Need to correct raw Tile luminosity to achieve
this high level of agreement!

EPS 2023
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* Inter-run laser calibration allows correction of Tile PMT and scintillator aging

Calibration Transter Developments

o Calorimeter currents “enhanced” by contributions from surrounding activated material (0.5%-1% of typical
physics luminosity)

o Residual (long-term) activation from these runs can have a major impact at low (vdM regime) luminosities!

o Short-term activation modeled with sum of two decaying exponentials

= Additional evaluation of rate-dependent Tile PMT nonlinearity results in 0(0.5%)-0(1%) effect
=1200

cm2s

Hitor [ 0%

1000

800

=600

I‘LUCI

400

200

10

T

T T I T T71 | T 171 | 17 | T T I T

LA B
ATLAS

{s=13 TeV
LHC fill 6336

Activation L _[10% cm?s™]
»

III|IIIIII‘—‘~I
100 200 300

2023 08_22

- ATLAS
L Vs=13Tev Activation—,
8 LHC fill 6336 buildup

— Tile E3A  during high
— Tile B4A  [uminosity

:

/..

\
1 °
I--JL 11 | J S - — I - [V A | L1 1 | [ | | [ | \ L1 1 | L1l | [
400 500 600 / 100 200 300 400 500 600
LB number EPS 2023 LB number

Activation decay from previous run

Ltie [1 0%° cm?s

>

rTr 1[I rTrr[rrrr [ 1T T 1T T[T T T T [ T T T T T
| | | | | [T

T T | T
ATLAS
{s=13 TeV
LHC fill 6847

* Tile E3A
1,=211+25s

{12 = 5620 + 290 s
A Tile E4A

1,=213+2s
1,=4630+ 170

Dominated by 28Al
and 3°CI?

IIII|II\\|IIII|II\\|IIII|II\I|II

o

1 | 1 1 1 1 | 1
1000 2000
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| O ng_Te rm Sta bl | |ty Or: ng stable and internally consistent is our

luminosity measurement after calibration?

Relative consistency between
luminometers quantifies long-term

2 alamas 'O stability of ATLAS luminosity
T - [s=13 TeV, 2017 data g measurement
% 2— -
m‘ E
- vvyl" < ! 7';,” 1 \4 /
s oi Y
. ,A d 8 v N E
\% -
-1- . One point = one run
2 A EMEC -
- e FCal ]
v Tile D6 -
| 1 1 1 | 1 1 1 | Il Il 1 ‘ 1 Il 1 |_
2 04 06 08 1
Luminosity Fraction
Calorimeter data Fraction of the year’s
anchored to total integrated
LUCID here luminosity

2023_08_22 EPS 2023 19



Long

Calorimeter data
anchored to
LUCID here

2023 08_22

Luminosity Fraction

N

Fraction of the year’s
total integrated
luminosity

-Term Stability Uncertainty

; ; = L L A A B =
Relative consistency between £ gg;_ ATLAS E
i ifi - =~ - (s=13 TeV, 2017 data -
Iumlnor.n_eters guantifies _Iong. term o 200 AL oL
2 [sfaTLas "1 stability of ATLAS luminosity = 18— EMEC 0.12% 0.23% -
i - |(s=13 TeV, 2017 data . £ 16F"" FCal | 0.07% 0.25% -
S B measurement 14E" Tile D6 0.16% 0.26% -
é\ E 125_ K\\ i
S - 10F =
E %%ﬁg{_ 8 1] Peak 3
3O ' s Area under peak equals 6F R -| mean -
1| « , One point = one un total |r?tegrated oF G E
na A EMEC - luminosity N N =
- - = ) 0 2 4
- e FCal ] L : o
v Tile D6 i Luminosity-weighted La|g/LLUCID_BiHitOR_1 [%]
| L] T B R
2 04 06 08 1

e Revised method of calculating the uncertainty
associated with the long-term stability

 Compare the total integrated luminosity of LUCID
to each other luminometer

e Largest deviation is the uncertainty

EPS 2023 20



Data sample 2015 2016 2017 2018 | Comb.

Integrated luminosity [fb~!] 324 3340 44.63 58.79 | 140.07

Total uncertainty [fb~1] 004 030 050 0.64 1.17 _

Uncertainty contributions [%o]: AT LAS Ru n_l I \/E — 1 3 TeV p p
SFatistical uncertainty 0.07 0.02 0.02 0.03 | 001 COI | |S|O N | um N OSlty fl na | |Zed |
Fit model* 0.14 008 0.09 0.17 0.12

Background subtraction® 0.06 0.11 0.19 0.11 0.13 —_ —_

FBCT bunch-by-bunch fractions® 0.07 0.09 0.07 0.07 0.07 1 4‘ O . 1 fb 1 AN 1 . 2 fb 1
Ghost-charge and satellite bunches® | 0.04 0.04 0.02  0.09 0.05

DCCT calibration® 020 020 020 0.20 0.20

Orbit-drift correction 0.05 0.02 002 0.0l 0.01

Beam position jitter 020 022 020 023 | 0.3 e See also at EPS:

Non-factorisation effects® 0.60 030 0.10 0.30 0.24 .
Beam-—beam effects® 027 025 026 026 | 026 * Impact of accelerator physics on
Emittance growth correction” 0.04 0.02 0.09 0.02 0.04 : :

Length scale calibration 0.03 006 004 0.04 0.03 Ve n de r. Meer luminos Ity

Inner detector length scale® 0.12 012 012 0.12 | 0.12 calibrations at the LHC

Magnetic non-linearity 0.37 0.07 034 0.60 0.27 o | . it d t inati .
Bunch-by-bunch o consistency 044 028 0.19 0.00 0.09 uminosity determination in pp
Scan-to-scan reproducibility 0.09 0.18 071 0.30 | 0.26 collisions at \/E = 13.6 TeV with the
Reference specific luminosity 0.13 029 030 0.31 0.18

Subtotal vdM calibration 096 0.70 099 0.93 0.65 ATLAS detector

Calibration transfer” 0.50 050 050 0.50 0.50

Calibration anchoring 022 0.18 0.14 0.26 0.13

Long-term stability 023 0.12 0.16 0.12 0.08

Total uncertainty [%] 1.13  0.89 1.13 1.10 0.83

*correlated between years
2023 08 22 EPS 2023 21


https://indico.desy.de/event/34916/contributions/147073/
https://indico.desy.de/event/34916/contributions/147073/
https://indico.desy.de/event/34916/contributions/147073/
https://indico.desy.de/event/34916/contributions/146970/
https://indico.desy.de/event/34916/contributions/146970/
https://indico.desy.de/event/34916/contributions/146970/
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1 Fitting in vdM Scans

* Background-subtracted peak mostly

well modeled by a Gaussian | C 1 amas L (CID BHitOR
multiplied by a 4th order polynomial = 4L (s=13Tev © bkg. sub. signal _
GP4 = - 2017 scan S1X A noise+afterglow -

( ) =~ 10~ 'k BCID 1112 boe  DEam-gas _;

: : T E GP4GHit_o®T % -

* New GP4+G fit adds second gaussian SR S %o 3
for the five central scan points N & %

. 10 "¢ 1 b =

* Corrects for systematic 0.5% ° T "9 3
overestimation of peak 107 e o8 ) 8 3

* Uncertainty comes from using an 10‘5;,9 %3
alternate fit function (GP6) and sl 1L i1

'I | | | | 1 1 | | 1 1 | 11 \v|\|“|
06 04 02 0 02 04 06

AX [mm]

taking the difference in g,,;,



Beam-Beam Effects

* Refinement of beam-beam correction

* Beam-beam deflection
* Each bunch exerts a repulsive force on other bunch
* Modifies the bunch separation Ax

Optical distortion
* Each bunch defocuses the others
* Modifies the bunch shape

* Corrections result in a net 0.5% increase to gy

2023_08_22 EPS 2023
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https://arxiv.org/abs/2306.10394

Non-Factorization

* Baseline vdM anlaysis assumes factorization
independent beam profilesin xand y

* Non-factorization effects analyzed by
considering 3D collision vertex profile in both
on-axis and off-axis scans

e Can only be done in a small number of BCs due to
need for enhanced track readout

e Correct bias using the single-bunch parameters of
B1 & B2 extracted from a combined fit to the
beam-separation dependence of the shape, size,
position and orientation of the luminous region
(aka “beam spot”) and of the luminosity

* Each year’s correction R an average from all
available bunches and scans

- {s=13TeV, 2017 vdM  [J corr. + unc. -
o L =
=leee
_ ! | ]
~ e ST A 82 S2+83-0ff -
C 0 S4 = S5 .
_I | 1 1 1 1 | I | | I | 11 1 1 | I | | 1 11 | | 11 1 1 l_
0 500 1000 1500 2000 2500 3000 3500

BCID



1 Other Effects

e Orbit Drift

e Gradual drift in beam positions over the course of scans
* Applying correction (usually within £0.5%) improves scan-to-scan reproducibility

e Emittance Growth

* Assumption that beam sizes remain constant during and between scans of the same
vdM run

* Correction to g,,;s generally results in an increase of 0.15-0.3%

* Length Scale
e Actual beam displacements (vs settings from LHC steering magnets)

* Use dedicated scans to compare intended position to actual center of luminous
region from track-reconstruction
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Tile PMT Gain Dependence on Anode Current

impact is non-negligible

Compare to current measurement

[} [
@ 1.06;—
S 1.04F
a -
o 1.02;—
LIJIS 1? }r""r
8 098F
S 0.96F
g 0.94F ATLAS 348618
=z — Tile Calorimeter
0.92-2018, D6_L normalized 0.003*i + 0.997
0.9 E3 EBA11 Low i fit chi2/ndf: 1.005
0.88[- Switch lines: 2.100 pA 0.001*i + 1.001
E Fit=1:0.668 pA High i fit chi2/ndf: 0.949
0'86T_..,l.,..l.. PO ST T ST TR SR ST WA N T SR SN N Y
0 1 2 4 5 6
2023_08_22 Current [uA]

ised £
Normalised D6 response
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1.06
1.04
1.02
1
0.98
0.96

©
©
g

0.92

o
©

0.88
0.86

Tile PMT gains have a dependence on anode current

Current range from vdM to physics regime large enough in E cells that the

Check PMT reponse to fixed-luminosity laser pulse during LHC abort gap

Fit data from multiple runs to cover full current range and extract correction

S r

=] 3T ¢t

- ATLAS

= Tile Calorimeter 348618

- 2018, D6_L normalized 0.005%i + 0.995

- E4 EBA10 Low i fit chi2/ndf: 0.599

—_ Switch lines: 0.800 uA 0.000% + 0.999

- Fit=1:1.162 pA High i fit chi2/ndf: 1.157

| IV YR VRN SN N YN W SN NN VAN SN W Y NN VNN SN SN N NN ST SN SN W (NN SN SN WO TN SN SO SO NN SN MUY

0 1 2 3 4 5 6 7
Current [uA]
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Calibration Transfer (1.3% = 0.5%)

Preliminary luminosity results

a : LI | L | LI I. | I. LI | LI LI | LI | 1 LI | LI I I I I: %
£ 1.02F TLAS Preliminary — kS
S - s =13 TeV 1
= 1.015 e . E4 s 4 F
i E ® A E3 M “AAAAA MAAA““AAAAAA“ AAAE
©  1.04 A N
= u AL A AA“ i
~ : A A AA _
- 1 .005— Lo “A“AAA“AAA__
- o8 ° ° é
L ™ - —
0.995F =
099  Fill 6016 (vdM) Fill 6024 (physics)
: | I | 11 1 [ 11 1 | 1 1 I | I 11 1 | 1 1 | 1 11 I 11 1 l 11 I:
0O 200 400 600 800 1000 1200 1400 1600 1800
Incremental Luminosity Block Number
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