Luminosity determination in pp collisions
at 13 TeV with the ATLAS detector

DESY FH Discussion, October 23rd, 2023
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Luminosity definition

» Important quantity for a collider at its center-of-mass energy

» Integrated luminosity: how many collisions in a dataset N obs &
> Goal: provide precisi t of luminosity for physi 1 - — inel
oal: provide precision measurement of luminosity for physics analyses At

» Related to

» Rate of observed events - £ = instantaneous luminosity

- At = luminosity block (LB ~ 60 s)
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Luminosity definition

» Important quantity for a collider at its center-of-mass energy

» Integrated luminosity: how many collisions in a dataset N obs &
> Goal: provide precisi t of luminosity for phys 1 - — inel
oal: provide precision measurement of luminosity for physics analyses At

» Related to

- At = luminosity block (LB ~ 60 s)

» Rate of observed events - £ = instantaneous luminosity

» LHC machine parameters

- 1p = number of inelastic pp collisions per bunch
- Oinel = 1nelastic pp cross section

B Jn, Tty Jebyis

2r szy Oinel Oyis
/

LHC beam parameters
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Can also be expressed by
- Mvis = visible interaction rate of a given algorithm or luminometer

- Ovis= visible cross section of that algorithm or luminometer




Luminosity detectors and algorithms

e Track counting (TC)

» Baseline luminometer for Run 2, Cherenkov light » Counting tracks in the inner detector (ID)
detector with 2x16 PMTs at z = = 17 m from IP > Bunch-by-bunch capabilities

» Bunch-by-bunch luminosity through hit counting > Bunch-integrated for physics runs
— different algorithms in use — different track selections in use

e Calorimeter measurements

» LAr (EMEC and FCAL)
— proportional to gap current

> Tile calorimeter
— proportional to current drawn by PMT

» Only bunch integrated measurement




1. vdM calibration

2. Calibration transfer

3. Long-term stability

* van der Meer
scan typically
performed once
per year

e Calibration of LUCID
Ovis IN specially
tailored beam
conditions
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* Extrapolation of LUCID
measurement from vdM
regime to physics regime

* Track counting used to
correct LUCID

e Cross-checked with Tile
measurement for
uncertainties

* Check of Run-to-Run
stability throughout
each year

* Comparison of
run-integrated
luminosity of LUCID
wrt Tile, EMEC, FCAL




1. vdM calibration 2. Calibration transfer

* van der Meer * Extrapolation of LUCID
scan typically measurement from vdM

performed once regime to physics regime
per year

* Track counting used to
 Calibration of LUCID correct LUCID

Ovis IN specially
tailored beam
conditions

e Cross-checked with Tile
measurement for
uncertainties

3. Long-term stability

* Check of Run-to-Run
stability throughout
each year

* Comparison of
run-integrated
luminosity of LUCID
wrt Tile, EMEC, FCAL

Will discuss today final precision Run 2 results: https://arxiv.org/abs/2212.09379


https://arxiv.org/abs/2212.09379

1. vdM calibration - van der Meer scans
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1. vdM calibration - van der Meer scans
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- ATLAS = LUCID BiHitOR

1L Vs=13 TeV O bkg. sub. signal

2017 scan S1X A noise+afterglow
BCID 1112 o / beam-gas

- GP4+G fit O,GM'Q

.O"G Hyis .

.'g ‘Q‘
[ Q

» vdM analysis determines the visible 22 2
cross section oyis for each bunch Ovis = Hyis

> vdM fit extracts pt%“x 2o || &y

» Beam current product (n;n,) determined by LHC current

measurement devices (£0.2%)

» Several scans performed = check for scan-to-scan reproducibility
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1. vdM calibration - van der Meer scans
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» vdM analysis determines the visible . ZEZXZy N O? ATLAS * LUCID BiHitOR
cross section oyis for each bunch Ois = M, Dk Is=13Tev © bkg. sub. signal
nl n2 T : 2017 scan S1X A noise+afterglow
& 10 't BCID 1112 '/ beam-gas
» vdM fit extracts //t%ax 2o || &, S E GP4+Gfit o220
\w ol G.O //tMax E‘Q
. £10 “F - : .
» Beam current product (n;n,) determined by LHC current 0 F e - >
. 10°F o Q
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10 .53 X 8
» Several scans performed = check for scan-to-scan reproducibility fEEteacattannnnantasnne A; ’
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= s=13TeV =~ ®Si 4Sp = 06 04 02 0 02 04 06
034 I— 2016 vdM v S4 O SG — AX [mm]
2954 - ey -
o1 |- 5 = > Various corrections to consider
2 tee +0.33%=
BE = = » Orbit drifts — beams do not stay still during scans
s = » Emittance growth and non-factorization — beam sizes change with time,
A= = transverse profiles in x and y do not factorize
gé = » Length scale and magnetic non-linearity (arXiv:2304.06559v1, A. Chmieliriska et al.)
E ailiss = — the steering correctors are not perfect
_lllllllllllllllllsligllllllllllllllllll:
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https://arxiv.org/abs/2304.06559

Beam-Beam effects

'g2-5:I"'l"'l"'l"'l"'l"'I:

S ,pATLAS E

...................................................................................................................................... % E Is=13TeV :

B3 1.5 2017 scan S1X E

: . - N 4E BCID 1112 3

»During vdM scans two distinct effects exist N ;

e 0'55_ — B* var. E

o c O Quar E

» Beam-beam deflection S _05) E

. S _q =

»Each B1 bunch (as a whole) repels the companion B2 S ok 6(1%) E
bunch —orbits change 21 correction

opbl v 1 L b L L s

. . 06 04 -02 0 0.2 04 0.6

»Increases the beam separation A by a different amount at Ax [

each vdM-scan step
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Beam-Beam effects

»During vdM scans two distinct effects exist

» Beam-beam deflection

»Each B1 bunch (as a whole) repels the companion B2
bunch —orbits change

»Increases the beam separation A by a different amount at
each vdM-scan step

» Optical distortion
»Each B1 bunch (de)focuses the companion B2 bunch (& vice-versa)

»Modifies the beam shapes by a different amount at each vdM-scan step
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Beam-beam force is non-linear; proton in center of the
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bunch feels a different force to one at the edge
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Beam-Beam effects

»During vdM scans two distinct effects exist =
6£

» Beam-beam deflection +1.5 to + 2% §
S

»Each B1 bunch (as a whole) repels the companion B2 S
bunch —orbits change 3

e

»Increases the beam separation A by a different amount at 5
each vdM-scan step =

O

m

» Optical distortion - 1.5 to -1%
»Each B1 bunch (de)focuses the companion B2 bunch (& vice-versa)

»Modifies the beam shapes by a different amount at each vdM-scan step
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— I
— ATLAS
- {s=13 TeV vdM

L Yy vYivy YVYyY VyvVy
— A orbit shift
- ¥ optical distortion
— @ total correction + error
- I I I
2015 2016 2017 2018

lllllllllllllllllllllllllllllllIl

Total correction to
O,is +0.5 % with an
uncertainty of 0.3%

New treatment developed
in LHC lumi WG (LLCMWG)
arxiv:2306.10394 (A. Babaev et al.)
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2. Calibration transfer

* Extrapolation of LUCID
measurement from vdM
regime to physics regime

* Track counting used to
correct LUCID

e Cross-checked with Tile
measurement for
uncertainties

Claudia Seitz, DESY

vdM regime

low average pile up (n1~0.6)

isolated bunches

small number of bunches

no crossing angle

Recorded Luminosity [pb "/0.1]

Physics regime
high pile up (20 < p < 60)

bunch trains

high number of bunches

with crossing angle

ATLAS Online, 13 TeV

TR S — e e e e e e e

j Ldt=148.5 fb

2015: <u> =134
2016: <u> = 25.1
2017: <u>=37.8
2018: <u> =37.0
Total: <u> = 34.2

uoneqiies gLog Iemu

Physics regime
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2. Calibration transfer
\

........................................................................................................................... Xﬁ

» LUCID needs correction derived from track counting measurement :

» Track counting normalized to LUCID in head-on part of vdM fill
» u—correction derived in long physics run with natural luminosity decay

» (0(10%) at (i) of 45

Claudia Seitz, DESY
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ATLAS
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LHC fill 6024, July 29, 2017
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2. Calibration transfer

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» LUCID needs correction derived from track counting measurement

» Track counting normalized to LUCID in head-on part of vdM fill

» u—correction derived in long physics run with natural luminosity decay
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» (0(10%) at (i) of 45
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» Data is divided into periods with
similar conditions

» Startup, bulk, 8b4e running in 2017

Result: Corrected LUCID luminosity Leorr
for each LB in each physics run
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Interlude: Track counting

Criterion | Selection A Selection B Selection C
» Different track selections in use with @Tl [GeV] Z?g zgz Z?g
varying efficiency and fake rates Ny 29 |29iflgl <165 =10
else > 11
* M Nll:(i))l(es =0 <1
» Selection A baseline measurement dol /4, <7 <7

for Run 2

» Stability monitored with Z — uu events,
measured the track selection efficiency
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Date in 2018
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2. Calibration transfer uncertainty

» LUCID correction assumes that track counting is perfectly linear from vdM to physics regime
» Check this assumption with alternative Tile data measurement

» Sophisticated activation corrections to Tile data need to be applied

g 1-02'1"" ' N LY I L T
k C 0O Fill 6847 140b u=0.5  ATLAS -
<, 1015 Fill 6847 140b p=45 CERTANNENE I Compare to Tile/TC ratio in
= -~ A A Fill 6850 590b u=60 N "
- 101 =l physics fill scheduled
1.005§—$ OOV Il shortly after vdM
- AaAAA, -
s $é$¢¢$¢$i¢i """"" --'3::8 """"""" . .
Check TilelC | ogosf  © -
ratio in vdM 0.99F -
conditions 0,985 “ TieE3
- 2018 CT penod ® Tile E4 .
0.98 i pao o ey by by by by
0 50 100 450 200 250 800 350

Cumulative LB number
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» Check double ratio of Ry;,_ /7 in physics

vs vdM conditions as a function of {u) and
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3. Long-term stability

* Check of Run-to-Run
stability throughout
each year

e Comparison of

run-integrated
luminosity of LUCID

wrt Tile, EMEC, FCAL

Claudia Seitz, DESY

» Luminosity measurements needs to be monitored
throughout the year by comparing corrected LUCID
Leorr with calorimeter measurements
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J. Long term stability

» Calorimeter anchoring

» Calorimeter measurements are not calibrated in vdM fill
= need to be “anchored” to track counting in physics run close to vdM session

» Using average of 10 runs|around vdM fill

» RMS of run-to-run variations assigned as uncertainty
= 0.1% to 0.3% per year

Claudia Seitz, DESY

£ T T l T [ i
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1.005 n
i A Y v -
L[ S nd— LA i': """""" | i
e Y

[ AL -
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0.99 e FCal  0.06% -
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Luminosity Fraction

20



J. Long term stability

» Calorimeter anchoring

» Calorimeter measurements are not calibrated in vdM fill

= need to be “anchored” to track counting in physics run close to vdM session

» Using average of 10 runs around vdM

» RMS of run-to-run variations assigned as uncertainty
= 0.1% to 0.3% per year

Take largest mean from EMEC, FCal, Tile to define long-term stability uncertainty

I I I I 1 I 1 I

._I I I 1 I 1 I
— ATLAS

23
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int-L (fo”' / bin)

I 1 |
_ ATLAS

~ {s=13 TeV, 2018 data ;
i ALIL  o(AL)L -
—— EMEC . 0.12% 0.31% -
- FCal _{ 0.10% 0.34% -
- Tile D6 ] -0.04% 0.37% -
: — bl - .
—4 2 4

Luminosity-weighted La.g/LLucm_m -1 [%]

-, grecrprorro T | I i
8 | ATLAS :
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_r - ]
1.005 =
i A Y v -
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0.995 =
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0.99 e FCal 0.06% —
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Luminosity Fraction

» Long-term stability

» Comparison of run-integrated luminosity
of LUCID wrt Tile, EMEC, FCAL
throughout the whole data taking year

» Target: uncertainty on the integrated
luminosity not individual runs
= 0.1 to 0.2% per year uncertainty
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[-counting

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» / — ee and Z — puu counting can be used to relative luminosity measurements and
comparisons between CMS and ATLAS

» To check inter-year calibration compare L,/L,7j ¢
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1. vdM calibration

0.7-0.99%

» Luminosity measurement for full Run 2 ATLAS pp dataset finalized

140.1 £1.2 fb-! corresponds to 0.83% uncertainty

» Highest precision achieved at the LHC

Claudia Seitz, DESY

2. Calibration transfer

per year

3. Long-term stability
0.2% - 0.3 %

*correlated
Data sample 2015 2016 2017 2018 | Comb.
Integrated luminosity [fb™'] 3.24 3340 44.63 58.79 | 140.07
Total uncertainty [fb!] 0.04 030 050 0.64 1.17
Uncertainty contributions [%o]:
Statistical uncertainty 0.07 0.02 0.02 0.03 0.01
Fit model* 0.14 0.08 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
Ghost-charge and satellite bunches® | 0.04 0.04 0.02  0.09 0.05
DCCT calibration® 0.20 020 0.20 0.20 0.20
Orbit-drift correction 0.05 0.02 0.02 0.01 0.01
Beam position jitter 0.20 022 020 0.23 0.13
Non-factorisation effects™ 0.60 030 0.10 0.30 0.24
Beam—-beam effects” 0.27 025 0.26 0.26 0.26
Emittance growth correction® 0.04 0.02 0.09 0.02 0.04
Length scale calibration 0.03 0.06 0.04 0.04 0.03
Inner detector length scale® 0.12 0.12 0.12 0.12 0.12
Magnetic non-linearity 0.37 0.07 034 0.60 0.27
Bunch-by-bunch o5 consistency 044 0.28 0.19 0.00 0.09
Scan-to-scan reproducibility 0.09 0.18 0.71 0.30 0.26
Reference specific luminosity 0.13 029 030 0.31 0.18
Subtotal vdM calibration 096 070 099 0093 0.65
Calibration transfer” 0.50 050 050 050 | 0.50
Calibration anchoring 0.22 0.18 0.14 0.26 0.13
0.23 0.12 0.16 0.12 0.08
.13 089 1.13 1.10 0.83

https://arxiv.org/abs/2212.09379
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....................................................................................................................................................................................... per year

1. vdM calibration 2. Calibration transfer 3. Long-term stability
0.7-0.99% 0.2% - 0.3 %

» Luminosity measurement for full Run 2 ATLAS pp dataset finalized *correlated
Data sample 2015 2016 2017 2018 | Comb.
- 0 - Integrated luminosity [fb™'] 3.24 3340 44.63 58.79 | 140.07
140.1 £1.2 fb-1 corresponds to 0.83% uncertainty Toat ncrainy 51
Uncertainty contributions [%o]:
Statistical uncertainty 0.07 0.02 0.02 0.03 0.01
» Highest precision achieved at the LHC e 0.14 008 009 017 | 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
» Dominant uncertainties Ghost-charge and satellite bunches® | 0.04 0.04 0.02 0.09 | 0.05
DCCT calibration® 0.20 0.20 0.20 0.20 0.20
. . Orbit-drift correction 0.05 0.02 0.02 0.01 0.01
> VdM Cah Dration Beam position jitter 0.20 022 020 0.23 0.13
> b < £f t > . I; . —» Non-factorisation effects” 0.60 030 0.10 0.30 0.24
cam-bearl erects magnetic-non linearity > Beam-beam effects’ 027 025 026 026 | 026
> _ . : > AL ‘]\i13 Emittance growth correction® 0.04 0.02 0.09 0.02 0.04
non factorlzatlon Scan-to-scan rep I'OdUClblllty Length scale calibration 0.03 0.06 0.04 0.04 0.03
Inner detector length scale® 0.12 0.12 0.12 0.12 0.12
> Calibration transfer uncertainty —»  Magnetic non-linearity 0.37 0.07 034 0.60 0.27
Bunch-by-bunch o5 consistency 044 028 0.19 0.00 0.09
= Scan-to-scan reproducibility 0.09 0.18 0.71 0.30 0.26
Reference specific luminosity 0.13 029 030 0.31 0.18
. . . Subtotal vdM calibration 096 070 099 0.93 0.65
» Crucial Inputs for ongoing Run 3 measurement and —» Calibration transfer® 050 050 050 050 | 0.50
. . o Calibration anchoring 0.22 0.18 0.14 0.26 0.13
ultimate sub-percent precision goal for HL-LHC Long-term stability 023 012 016 012 | 008
Total uncertainty [%] .13 0.89 1.13 1.10 0.83
Claudia Seitz, DESY
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Comparison between Preliminary and Final Run 2 result

2. -1 o _ ()
139 + 2.3fb-1(1.7%) 140.1 1.2 fb-" (0.837)

Data sample 2015+16 2017 2018 | Comb. Data sample 2015 2016 2017 2018 | Comb.
Integrated luminosity ) 36.2 443 58.5 | 139.0 Integrated luminosity [fb~'] 324 3340 44.63 58.79 | 140.07
Total uncertainty (fb=!) 0.8 1.0 1.2 2.4 Total uncertainty [fb™!] 0.04 030 050 0.64 1.17
Uncertainty contributions (%): Uncertainty contributions [%]:

DCCT calibration” 02 0.2 0.2 0.1 Statistical uncertainty 0.07 0.02 0.02 0.03 0.01
FBCT bunch-by-bunch fractions 0.1 0.1 0.1 0.1 Fit model” 0.14 0.08 009 0.17 0.12
Ghost-charge correction* 0.0 0.0 0.0 0.0 Background subtraction® 0.06 0.11 0.19 0.11 0.13
Satellite correction’ 0.0 0.0 0.0 0.0 FBCT bunch-by-bunch fractions” 0.07 0.09 0.07 0.07 0.07
Scan curve fit model” 0.5 0.4 0.5 0.4 Ghost-charge and satellite bunches® | 0.04 0.04 0.02  0.09 0.05
Background subtraction 0.2 0.2 0.2 0.1 DCCT calibration® 0.20 0.20 0.20 0.20 0.20
Orbit-drift correction 0.1 0.2 0.1 0.1 Orbit-drift correction 0.05 0.02 0.02 0.01 0.01
Beam position jitterT 0.3 0.3 0.2 0.2 Beam position jitter 0.20 0.22 0.20 0.23 0.13
Beam-beam effects® 0.3 0.3 0.2 0.3 Non-factorisation effects” 0.60 030 0.10 0.30 0.24
Emittance growth correction* 0.2 0.2 0.2 0.2 Beam—beam effects™ 0.27 0.25 0.26 0.26 0.26
Non-factorization effects* 0.4 0.2 0.5 0.4 Emittance growth correction™ 0.04 0.02 0.09 0.02 0.04
Length-scale calibration 0.3 0.3 0.4 0.2 Length scale calibration 0.03 0.06 0.04 0.04 0.03
ID length scale* 0.1 0.1 0.1 0.1 Inner detector length scale” 0.12 0.12 0.12 0.12 0.12
Bunch-by-bunch ovis consistency 0.2 0.2 0.4 0.2 Magnetic non-linearity 037 007 034 0.60 0.27
Scan-to-scan reproducibility 0.5 12 06 0.5 Bunch-by-bunch o consistency 044 028 0.19 0.00 0.09
Reference specific luminosity 0.2 0.2 0.4 0.2 Scan-to-scan reproducibility 0.09 0.18 0.71 0.30 0.26
Subtotal for absolute vdM calibration 1.1 15 1.2 _ Reference specific luminosity 0.13 029 0.30 0.31 0.18
Calibration transfer’ 16 13 13 13 Subtotal vdM calibration 096 0.70 099 0.93 0.65
Afterglow and beam-halo subtraction* 0.1 0.1 0.1 0.1 Calibration transfer” 0.50 050 050 050 | 0.50
Long-term stability 0.7 1.3 0.8 0.6 Calibration anchoring 022 0.18 0.14 0.26 0.13
Tracking efficiency time-dependence 0.6 00 0.0 0.2 Long-term stability 023 0.12 0.16 0.12 | 0.08
Total uncertainty (%) 21 24 2.0 1.7 Total uncertainty [%] [.13 0.89 1.13 1.10 0.83

ATLAS-CONF-2019-021 > https://arxiv.org/abs/2212.09379

Claudia Seitz, DESY


https://arxiv.org/abs/2212.09379
https://arxiv.org/abs/2212.09379
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-021/

Calibration transfer uncertainty - activation correction

» LUCID correction assumes that track counting is perfectly linear from vdM to physics regime
» Check this assumption with alternative Tile data measurement

» Tile data needs complicated treatment and corrections

= T~ T 1 " 7 T T T ]
L 6 . ATLAS -
» Residual activation from any high-lumi running just 5 [ ! E_rc; ?_"TSXM :
. . : & Sl | -
5 :
before vdM fill can swamp Tile signal with ©(10%) 2 | ® Tile E3A :
= Needs delicate pedestal subtraction =4 1,=211+2s -
: 1,=5620+290s -
, , o o s Tile E4A E
» PMT response non-linear with luminosity at the ot 1,=213+2s
o - = + E
0.5-1.0 % level at high (u) : Tp=4050£ 170
= Calibrated out ‘in situ’ with laser pulses LS :
into the PMTs during LHC abort gap ol i :
1000 2000

o

Time since beam dump (s)
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Length scale calibration and non-factorization

» Length scale: relation between requested and real » Non-factorization: vdM formalism assumes that beam
beam displacement profiles in x and y factorize
> Calibrated in dedicated 5-point scans in x an y » Deviation from factorization characterized using primary

, vertex distribution at each scan step
» True beam displacement measured from beamspot

positions reconstructed from tracks in ATLAS ID » Check size, shape, and orientation of luminous region
m 1_025:| I | L | L | | L | | L | L | L L | L -
= o = | oo ATLAS E
2 7000 ey 2017 LSC E 2 '"VF [s=13TeV, 2016 vdM [ corr. + unc. -
S _gogh. Mi= 1.0004 + 0.0004 E 2 1.015 ¢ E
& OVNE . S - o .
S b : o 1.01= ¥ 4 ——
g -s00 E S 1,005 AR b
= - . S #
> 1ont : S : :
§_11oo;— E & 0.995F =
1200 S 0.99F =
£ e | | | . Z . -
% N ST g 0'985§ * Si A S2 v §2+83-0ff °
S 00 —To0 0 100 200 0.98 -0 s4 = S44+S5-diag ~ S6 E
BZY nOminal diSplacement [um] 0975 :Ll RN N AN N AN N A B A BN B NN B AR B N A AN B A B A A |:

0O 500 1000 1500 2000 2500 3000 3500
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Why measure luminosity?

» Important quantity for a collider at its center-of-mass energy
» Integrated luminosity: how many collisions in a dataset
» Goal: provide precision measurement of luminosity for physics analyses

» Leading systematic uncertainty for some measurements
i.e. tt/W/Z cross section

Eur. Phys. J. C 80 (2020) 528

o; = 826.4 + 3.6 (stat) + 11.5(syst) + 15.7 (lumi) + 1.9 (beam) pb.

tt — eubb
at 13 TeV with 36 fb-!

proton

antiproton

Claudia Seitz, DESY

Eur. Phys.J.C 77 (2017) 367
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