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What is luminosity?

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

» Measurement of the number of collisions that can be produced in a detector per cm? and per second

bunch slots every 25ns (or with 40 MHz)

-»*4-

Claudia Seitz, DESY 2



What is luminosity?

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

» Measurement of the number of collisions that can be produced in a detector per cm? and per second

number of protons in bunch 1 (n;) number of protons in bunch 2 (nz)

»*4—
/ —

effective overlap of two colliding Gaussian bunches S = 4 m 040,

0x0y bunch size
in x and y
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What is luminosity? | barn = 10->cm’

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

» Measurement of the number of collisions that can be produced in a detector per cm? and per second

number of protons in bunch 1 (n;) number of protons in bunch 2 (ny)

»*4—
/ —

effective overlap of two colliding Gaussian bunches S = 4 m 040,

0x0y bunch size
in x and y

Simplified calculation for instantaneous luminosity:

n=1.1x10" £=n2/(t X S)
t =25ns=25x10°s
0x=0y= 16 microns = 16 X 104 cm ~ ]034 cm2 s-!
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Why measure luminosity?

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Important quantity for a collider at its center-of-mass energy N be = Oipo lL

» Integrated luminosity: how many collisions in a dataset
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Good for Physics

ATLAS Run2 Preliminary luminosity
was 139 * 2.3 fb'1 (1.7%)
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ob—— I 5 arxiv:2104.01927
4o W2y 20 MO (BT ST 1B e was 36.3 += 0.44 fb-1 (1.2%)

Month in Year
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https://arxiv.org/pdf/2104.01927.pdf

Why measure luminosity?

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

» Integrated luminosity: how many collisions in a dataset . Phs . C 77 (2017) 367
> Goal: provide precision measurement of luminosity for physics analyses € | atLas 5=7TeV, 461" -
ﬁ - aia -
> Leading systematic uncertainty for some measurements o2 o e -
12 -
i.e. tt/W/Z cross section Eoé iy j
HERAPDF2.0

S |- JR14 n
/L MMHT2014
Eur. Phys. J. C 80 (2020) 528 i NNPDF3.0 il
, 4.8 -
o; = 826.4 + 3.6 (stat) + 11.5(syst) + 15.7 (lumi) + 1.9 (beam) pb. ) .
. R —— 68% CL ellipse area :
. 4.6 - ® | stat ® syst uncertainty ]
tt _> e//tbb : -stat®systelumi uncertainty:

proton T S

at 13 TeV with 36 fb-! 046 048 05 052
o« _, iy [nb]

antiproton . . )
7 TeV dataset: 1.8% luminosity uncertainty
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https://link.springer.com/article/10.1140/epjc/s10052-017-4911-9
https://link.springer.com/article/10.1140/epjc/s10052-020-7907-9

The Large Hadron Collider

» Proton-proton
(proton-ion) collider
with a circumference of e

27 km located under the e Ganova B
Swiss-French border == RN T
near Geneva m.:-ﬂ,-__,’,_,__:‘ o
S i ‘ a — i:;% — | [Sm ___.:.--‘ I:!!Iaa
DR 2=t v 7 it — ——— —

» Center-of-mass energy
13 TeV (recently

, g
13.6 TeV achieved) Auice
» Over 1200 dipole
magnets to keep proton ~ o

beams on circular path
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Luminosity and LHC beam parameters

» Goal: provide precision measurement of luminosity for physics analyses

» From rate of observed events for a given process cross section N . = c LAt

» Example: Z — [l cross section known only to a few %

- At = luminosity block (LB ~ 60 s)

- £ = instantaneous luminosity

Claudia Seitz, DESY



Luminosity and LHC beam parameters

» Goal: provide precision measurement of luminosity for physics analyses

» From rate of observed events for a given process cross section N . = c LAt

» Example: Z — [l cross section known only to a few %

- At = luminosity block (LB ~ 60 s)

- £ = instantaneous luminosity

» From LHC machine parameters

» Allows more precise measurements
- 1, = number of inelastic pp collisions per bunch crossing

- Oinel = 1nelastic pp cross section

L = =
ZﬂZny Cipol
/

LHC beam parameters

Claudia Seitz, DESY

B Jn, Tty Jebyis

Gvis

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

- Ovis= visible cross section of that algorithm or luminometer




How do LHC heams look like?

2018 beam parameters (physics regime)
revolution frequency: f,= 11246/s

25 ns: 30 long range encounters per IP

#bunches: ny up to 2544 . Headon
A .. collision .-~
= . 11 R
#p‘rotons / bunch: n;= (1.1-0.9) x 10 Parasic I Separation: ~10
Width of beams overlap: £y > Xx = 10-20 pm VT T
| 12,5 ns E 25 ns i
< N
3.75m 75m

25ns

X X X i eoloNoloRoXololeX X X i INoRoRoRORORON X |

- string of several consecutive filled slots in both beams = train

OO O™y OO O0OO0OO0000@O O™y OO0O0000 @O

individual filled bunches with several empty ones before and after in both beams = indivs

Claudia Seitz, DESY 11



How do LHC heams look like?

2018 beam parameters (physics regime)
revolution frequency: f,= 11246/s

#bunches: ny up to 2544

#protons / bunch: n;j= (1.1-0.9) x 101!

Width

>
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of beams overlap: Xy
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How do LHC beams look like?

25 ns: 30 long range encounters per |P

" Head on

collision

2 I Separation: “10 O
Pt i

Parasitic T =
encounters v

Online luminosity measurement
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LHC Pagel Fill: 8821 E: 6799 GeV t(SB): 05:34:11 24-05-23 07:11:22

| PROTON PHYSICS: STABLE BEAMS

Energy: 6799 GeV | B1: 2.92e+14 | B2: 3.05e+14

Beta* |P1: 0.33m Beta* |P2: 10.00 m Beta* IP5: 0.33m Beta* |P8: 200 m |

Inst. Lumi [{ub.s) -1} IP1: 19289.11 IP2: 8.72 IP5: 20433.25 IP8: 28.15
Updated: 07:11:18

™S~

» Online instantaneous

luminosity gets reported
back to the LHC

— —_
- "y
g8 2
o -

> Allows direct comparisons
- between the different

o 4 — T “r 1 e 14 15
ﬂ 08:00 11:00 14:00 17:00 20:00 23:00 0200 0500

10:00 14:00 1800 2200 0200 06:00 — ATLAS —— ALICE — CMS — LHCb interaction pOintS (IP)

Luminosity / 1€30 cm-2s-1

BIS status and SMP flags
Comments (24-May-2023 02:21:58) Link Status of Beam Permits

F** STABLE BEAMS **+* Global Beam Permit
XRPs in
separation levelling in IP2 & 8
combined beta*/separation levellinginIP 1 &5
targets: CMS mu=63, ATLAS mu=58 Moveable Devices Allowed In
plan to keep this fill all night Stable Beams

AFS: 25ns 2358b 2345 1692 1628 236bpi 14inj hybrid M Status B1 B\ :10=sBMPM Status B2
Claudia Seitz, DESY

https://op-webtools.web.cern.ch/vistar/

Setup Beam
Beam Presence

shows the filling scheme 14



ATLAS Luminosity detectors and algorithms

» Baseline luminometer for Run 2, Cherenkov light
detector with 2x16 PMTs at z = = 17 m from IP

» Bunch-by-bunch luminosity through hit counting

— different algorithms in use

vy

Mu metal
magnetic shield

Temperature probe

Bi-207 source

LED signal
(Bi-207 from 2017)

i~ LED signal
(Bi-207 from 2016)

LED signal
(Bi-207 from 2017)

Water cooling pipes

Quick release attachment

= LUminosity Cherenkov Integrating Detector

2018 JINST 13 PO7017
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https://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07017
https://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07017

ATLAS Luminosity detectors and algorithms

e Track counting (TC)

» Counting tracks in the inner detector (ID)

» Bunch-by-bunch capabilities

» Bunch-integrated for physics runs
— different track selections in use

arXiv:1608.07850
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ATLAS Luminosity detectors and algorithms

Calorimeter measurements

» Liquid argon calorimeters (EMEC and FCAL)
— luminosity proportional to gap current

» Tile calorimeter

— luminosity proportional to current drawn by PMT

» Only bunch integrated measurement

Tile barrel Tile extended barrel

Rt e BAGHLLA L 2

LAr hadronic
end-cap (HEC)

LAr electiromagnetic
end-cap (EMECQ)

LAr electiromagnetic
barrel

LAr forward (FCal)
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1. vdM calibration

* van der Meer
scan typically
performed once
per year

e Calibration of LUCID
Ovis IN specially
tailored beam
conditions

Claudia Seitz, DESY

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

3. Long-term stability

* 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 3. Long-term stability

* van der Meer e Extrapolation of LUCID * Check of Run-to-Run

scan typically measutrement from vdM stability throughout

performed once regime to physics regime each year

per year » Comparison of

run-integrated

luminosity of LUCID
* Cross-checked with Tile wrt Tile, EMEC, FCAL

measurement for
uncertainties

* Track counting used to
 Calibration of LUCID correct LUCID

Ovis 1IN specially
tailored beam
conditions

Will discuss today final precision Run 2 results: Eur. Phys. J. C 83 (2023) 982


https://link.springer.com/article/10.1140/epjc/s10052-023-11747-w

Va n der M eer S ca nS Specialized beam conditions:

low average pile up (1~0.6)

» Method originally developed by Simon van der Meer (vdM) isolated bunches
at the Intersecting Storage Ring (ISR) OO0 . 0O . O>

small number of bunches

no crossing angle ....

Claudia Seitz, DESY 20



Va 1 der M eer SCans Specialized beam conditions:

low average pile up (1~0.6)

» Method originally developed by Simon van der Meer (vdM) isolated bunches
at the Intersecting Storage Ring (ISR) OO0 . 0O . O>

. : : . small number of bunches
» Measure visible interaction rate 1,s vs beam separation

no crossing angle ....
MAx 222y

> yis related to visible cross section  Ovis = Hys

ninz

B bunch from beam 1

B bunch from beam 2
B overlap region

Claudia Seitz, DESY > 21




Bunch current product - nin;

» LHC instrumented to measure Ovis = Huis B

currents of bunches using current transformers
» DC current transformers: integrated current

» Fast beam current transformers: relative bunch population

. 10° -
» Needs corrections for: —Main Bunch

Ghosts -

-1 _ C"(\lj

» Ghost charge (<2.5%): 10 /\ S

» Circulating unbunched beam 102 4 \ E

: Satellit 3

> Satellite bunches 0 e

> Bunches in other RF-buckets ) z

107 =

-62.5 -37.5 -125 12.5 37.5 62.5
Claudia Seitz, DESY Time (ns)



1. vdM calibration - van der Meer scans

» vdM analysis determines the visible % "Famas o LUCIDBiHIOR
Cross section oyis for each bunch ZﬂIZxZX o gL [s=13TeV © bkg. sub. signal
O — //tMax T - 2017 scan S1X A noise+afterglow
V1S ] -1L BCID 1112 "’ beam-gas
» vdM fit extracts MM‘”C 2 || 2 Lo nin S 10 PG fit 422%%0 |
Vis X Y 172 ~  Lf .o, Max|
1510 'g‘ o luviS Q'D‘
-3 "Q ‘Q\.
10 F = Q
P 22 — "
-4 . X
10°F .5 8
E@C%"AA AAAAAAAAAAAAAAAAAA\E@
10’5E ) ?
i% | s ‘2l | I
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BCID

1. vdM calibration - van der Meer scans

> vdM analysis determines the visible . 1% ammas o LUCID BiHitOR
Cross section oOyjs for each bunch 2 XE T L Is=13TeV © bkg. sub. signal
O . = //tMCZX Y = 2017 scan S1X A noise+afterglow

vis — IFvis -1L BCID 1112 / beam-gas

» vdM fit extracts IMM“X 2| X nin, < 10" GP4+G fit 522290
VLS X Y ~ < |, Max ‘o.a
1510 o luviS o
-3 o Q
10 0 a

» Several scans performed = check for scan-to-scan reproducibility

ATLAS = LUCID BiHitOR
s=13 TeV __ ®51 AS2
2016 vdM | v 84 OS6

2934
2894

2854
2814

5744

2694
2654
2063

2023
1983

1943
1903

1863
1823
1783
1152

1112
1072

1032
992

952
912

872
281

241
161

'8l
a1

+ 0.33%

—
—

o.—

IR RN EEE RN RN NN

L
llllllllllilEElllllllllllllllll

98099 1 1.011.02 1.08
o« normalised to weighted mean

—
—

<c2 Or
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Ci

BCID

1. vdM calibration - van der Meer scans

» vdM analysis determines the visible
Cross section oyis for each bunch

» vdM fit extracts M\],\iﬁax 3

» Several scans performed = check for scan-to-scan reproducibility

2934
2894

2854
2814

5744

2694
2654
2063

2023
1983

1943
1903

1863
1823
1783
1152

1112
1072

1032
992

952
912

872
281

241
161

'8l
a1

X

2y

- ATLAS  LUCID BiHItOR -
— |s=13 TeV . ®S1 482 S
— 2016 vdM | VS84 086 I
E Fsv:.;, E
= YT +0.33%"
— iy = =
- =g .
é 2, é
= : ! < =
:l Ll I L1 1.1 I L1 11 I Ll lEl igl L1 1l I L1 1.1 I L1 1.1 I Ll l:
97098 099 1 1.011.02 1.03
O i normalised to weighted mean

C'\l—. 1OE_I I 1 | l | I 1 I I 1 I ] | | || I 1 | I I Ll 1 | I
2ﬂ|2 2 = - ATLAS = LUCID BiHitOR
r 1L Vs=13 TeV O bkg. sub. signal
O . = Max r Y § 2017 scan S1X A noise+afterglow
vis //tvis & 10 ' BCID 1112 gee"' beam-gas
n1n2 c - GP4+G fit _o—50
\‘210-2 G‘O MMCIX D'Q
= =2 Vis B
3 9 Q
10 [~ Q

—l-rrrm1| lllllll|'| llllllll'l llllllll'l |||||||r| LR
}
}
s

» Various corrections to consider
» Orbit drifts — beams do not stay still during scans

» Emittance growth and non-factorization — beam sizes change with time,
transverse profiles in x and y do not factorize

» Length scale and magnetic non-linearity (arXiv:2304.06559v1, A. Chmieliriska et al.)
— the steering correctors are not perfect

» Beam-beam effects .


https://arxiv.org/abs/2304.06559

Length scale calibration and non-factorization

» Length scale: relation between requested and
real beam displacement

» Calibrated in dedicated 5-point scans in x an'y

» True beam displacement measured from
beamspot positions reconstructed from tracks

T T T

TLAS
/s=13 TeV, 2017 LSC
M, = 1.0004 + 0.0004

I I I
O oo ~
o o o
o o o

-1000

AN
—h
-
o

B2Y beamspot position [um]

-1200

Data-fit [um]
L 4
L 4

200 -100 0 100 200
B2Y nominal displacement [um]
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Length scale calibration and non-factorization

> Length scale: relation between requested and » Non-factorization: vdM formalism assumes that beam
real beam displacement profiles in x and y factorize

» Deviation from factorization characterized using primary

» Calibrated in dedicated 5-point scans in x an y R
vertex distribution at each scan step

» True beam displacement measured from

. » Check size, shape, and orientation of luminous region
beamspot positions reconstructed from tracks

o 1025:| L L L L L L L B n

E ETLIASIIIE '5 1'02;1\7‘77:ﬁgiv2016 dM + E
S oof Mi=1.0004 % 0.0004 E = 015¢ ¢ E
8 r : S 1.0 o A *% E
° _on0F - - - 5
> 200 ; 21.00585 %"'H """""" I
S —1000— — k% ha \ ¢ E
O N B 5 _ ]
g 11005 E $0.995 -
12007 S 0.99F -~
§_ 1__ ¢ ¢ Z - .
= ST wT 0'985§ * S1 A S2 v S2+83-0ff -
S 00 —To0 0 100 200 0.98 -0 s4 = S44+S5-diag ~ S6 E
B2Y nominal diSplacement [um] 0975 :Ll Lo v v b v v b |:

0 500 1000 1500 2000 2500 3000 3500
Claudia Seitz, DESY BCID 27



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

Claudia Seitz, DESY 28



Beam-Beam effects

| I 1 1 I I 1 1 1 I | 1 1 I I 1 1 I I 1 1 I I | 1 I
- ATLAS

- (s=13 TeV

— 2017 scan S1X

4 Lum]

w
O
O
X

»During vdM scans two distinct effects exist

-@-nominal
— B* var.

P
bb,1
-
A o O NN O

» Beam-beam deflection

Separation change 26x
o

Il]llIlllllllIlllllllllIIlllIllIIlllllllllllllll

-0.5
. -1
»Each B1 bunch (as a whole) repels the companion B2 e
bunch —orbits change -2
N, ;1 = NS A EVENIN EEI I B i
. . 06 04 02 O 02 04 0.6
»Increases the beam separation A by a different amount at U
each vdM-scan step R
- ATLAS -®-nominal -
1.005[- {s=13 TeV — B* var. ~
. 2017 scan S1X - Qvar. -
1:— BCID 1112 i

» Optical distortion

(©(0.5%) head-on

Optical distortion corr. L,,opp / L

»Each B1 bunch (de)focuses the companion B2 bunch (& vice-versa) 0.995- -
»Modifies the beam shapes by a different amount at each vdM-scan step 0.99F
0.985[ ... -

—" 0(1.5%) scan tails
098|||||||||1|||11|||1||||||—
06 04 02 O 0.2 04 06

AX [mm]
Beam-beam force is non-linear; proton in center of the
Claudia Seitz, DESY bunch feels a different force to one at the edge 29




Beam-Beam effects

»During vdM scans two distinct effects exist

» Beam-beam deflection +1.5 to + 2%

»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 - 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

Claudia Seitz, DESY

[%o]

Beam-beam correction to o .

VIS

— 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.)

30


https://arxiv.org/abs/2306.10394

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
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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

bunch trains

high pile up (20 < p < 60)

2@a 2 4 & g

high number of bunches

with crossing angle

ATLAS Online, 13 TeV det=148.5 fio -1

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

TR S — e e e e e e e

uoneqiies gLog Iemu

Physics regime



Could we just count vertices?

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

» But: number of tracks grows
~ linearly with p

» Number of vertices does not scale
linearly with p due to vertex-merging
» use “track counting”

A\ S50 r r~ +r - 1 - r T 1T T *r T 1 - c 400~ = | B T
— — q) — . . . . —
? 45 E 2 -  ATLAS Simulation Preliminary
£ = 4+ Simulation = ~ 350 Vs=13TeV —— 2017tksel. e —
® — ] /\cn — - . AAAA —
= A0E Simulation Fit = § Lo 2w +Pileup MC —— 2016tk sel. =
vV 35— L ] _ — z - Alltracks except hard scatter -
= ost vertices (merging) = osp— Fitrange:w <400 ¥ —
30~ = - e =
o5 z_ _; 200 ;_ e _;
20 ;_ /'A’;LAS _; 150 :_ AAAA ...o“ooooooo“'.. _:
15 ;— - Simulation = 100 =
1 O :_ —: — ”:::::::::...... ]
— - 50 = e . Slope: 1.72 / unit of u, ¥?/ndf: 2.08 -
0 = e = — e | i Slope: 3.76|/ unit of u, x2/n<|:Jf: 1.21 -
I — — . e e e
T E CEJ |
% 1 E_.. ........ ARAAAAAMMARAAL - - -+ +----vrernrnne AAAAAAASASAAAASAAMASAMARAMDARAARAL - -- -+« cerererrnrnreanarnriannans ..i 1
08 ;_. ......................... S . . ........................... . ......................... __; 099
0 20 40 60 80 100 :
K Simulated number of pile-up interactions (u)
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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

c>>.. 095|_ T | T T T | T T T | T T T | T T T L ? 0021__ T | T T T | T T T | T T T | T T T __l > 1 -01 : | T T I T T T I T T T | T T I | I I 1 | I I I | :
E’ | O Tracksel. A ATLAS Simulation ] % 0.018F © Tracksel. A ATLAS Simulation = (C) 1 = E
= ool & TrackselB  (5=18Tev 1 8 goigf. © TreckselB  Vs=13Tev - ) E e e C QP WSS $Sanite Y
o 09 - . - 2 0.016F - | i — - =
_S - v Tracksel. C Minimum bias MC events 2 _g- E_ v Track sel. C Minimum bias MC events é 9 0.99 ;_ w@‘w" w vvw WW W Y Y .4 _;
§ 0.85[Emmmm———— g 0012 e o O -
- 4 S - ] - — =
+ - L - - 0.97 =
c B _ 0.011 ] @) ) — A —
kS . - - . pha — A A -
g o8 1 o008k E O 0.9 At s R o SR Uy S
@ - i . —~ — Am -
g WMMWWWMMWWWWWMYWWWWW 0006 N ‘ G) 0.95 — *ﬁ;: A A A A —]
&) - — A —
o 0.75 — 0.004F n = =
< - i - ol 0.94 ‘ —
_f% i i 0.0021- ] {) — ® Track selection A -
= O7|_ ! A B S S T R TS | Ok L1 E 0'93 :— A Track Se|eC'[I0n B A TLAS _:
0 20 40 60 80 100 U 100 — — -
= n 0.92 = v Track selection C Data 2018,¥s = 13 TeV —
0-9 — | ] ] | | | | ] | | ] ] | ] ] | | ] | | | | ] ] | ] |:

11 9/04 19/05 18/06 18/07 17/08 16/09 16/10

Date in 2018
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2. Calibration transfer

» LUCID overestimates luminosity at high u
» Use track counting to derive correction factor
» Caveat: track counting is only relativ 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 (u) of 45

Claudia Seitz, DESY
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2. Calibration transfer

'OE' 2:1- B I < i > l | -]: §' 2:5 ' I I I I -
. 150 25ins  8bde - W 150 =
% 15. E i _— gl 15‘ .E : _E °® °® °® ® ®
5 TP - s Meae , - 1 »Data is divided into periods
% 05301'.; i r o %o o E < 0'5'_.5\‘°w"3-“:00‘ .o{:o E . . . . o
L o® @ 0og. ® °,°%" o % | e @ ® oo ° ® o W .o -
S oelabibi otevBiOuns Ve § 0 WIS mMeRls, 0 with similar conditions
é E.: cond .'.ﬁ 008 o ¢ * ...“ _'|_ :.o : ° .{z o’ %, ®e .E
4 -05Fe ° $‘ ° o -0.5F %° R -
P - : o i »Startup, bulk, 8b4e
- . ATLAS : -0 ATLAS :
150  {s=13TeV, 2017 data - 15 (s=13 TeV, 2018 data - running in 2017
F . e reference runs . - e reference runs -
20 4 L b o L Ly -2t b L L L Ly T
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Luminosity Fraction Luminosity Fraction

Luminosity fraction = time in year

Result: Corrected LUCID luminosity Loy
for each LB in each physics run

Claudia Seitz, DESY 36



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

1_02.,.,

g T ' N LY I L T
8 - 00 Fill 6847 140b u_o 5  ATLAS -
< 1.015 e e Fill 6847 140b p=45 CERCUANE I Compare to Tile/TC ratio in
= -~ A A Fill 6850 590b u=60 N "
- 101 =l physics fill scheduled
1.005 §—$ “““—i shortly after vdM
- AadaA, -
s $é$¢¢$¢$i¢i """"" I"‘::: """"""" =, .
Check TileTC | ooesf ¢ E
ratio in vdM 0.99F -
conditions - - .
0.985 — m Tile E3 -
- 2018 CT period ® Tile E4 .
i B co o ey s b by by 1l

0.98%5""""50""J00 450 200 250 300 350

Cumulative LB number
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3. Long-term stability

* Check of Run-to-Run
stability throughout » Luminosity measurements needs to be monitored

each year throughout the year by comparing corrected LUCID

» Comparison of Lcorr With calorimeter measurements

run-integrated
luminosity of LUCID

wrt Tile, EMEC, FCAL
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J. Long term stability

» Calorimeter anchoring

. . . N | 0 B B L BB
» Calorimeter measurements are not calibratedin g | .‘IA;TLAS :
< 1.01+ Vs=13 TeV, 2017 data =
vdM fill o : :
- - -
= need to be “anchored” to track counting in 1,005\ -
physics run close to|vdM fill .Y s 5 -
L/ & ) L T A
e \Y

AL i
> Us F10 d[vdM fill 09951 -
sing average O runs around|v 1 f 3 E?;"E,C 0.14% -
. . . 99 ® a 0.06% —
» RMS of run-to-run variations assigned as 0 99; v Tile DB 0.11% -
. "|....|....|....|....|.....|...‘

unc:ertamty = 0.1% to 0.3% peEr yecar 015 0.16 0.17 018 019 02

Luminosity Fraction
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J. Long term stability

» 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

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

| I I I I I 1 1 | I I I I I._
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& 3F ATLAS 1 m | | . -
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[-counting

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

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

» Absolute measurement not precise enough -> PDF uncertainties on Z-cross section too large

» To check inter-year calibration compare L /L, 4
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summary

per year

1. vdM calibration 2. Calibration transfer 3. Long-term stability

0.7-0.99% 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~1] 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 0.37 007 034 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 0.70 099 0.93 0.65
Calibration transfer” 0.50 050 050 0.50 0.50
Calibration anchoring 0.22 0.18 0.14 0.26 0.13

023 0.12 0.16 0.12 0.08
1.13 089 1.13 1.10 0.83
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summary

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
44
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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 ncramy [0
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
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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 swarpp 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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2023 - things are only gonna get better

139 + 2.3fb-1 (1.7%) 140.1 +1.2 fb-(0.83%

Data sample 2015+16 2017 2018 | Comb. Data sample 2015 2016 2017 2018 Comb.
Integrated luminosity (fb~ ) 36.2 443 585 | 139.0 Integrated luminosity [fb~'] 3.24 3340 44.63 58.79 | 140.07
Total uncertainty (fb™!) 0.8 1.0 1.2 74 Total uncertainty [fb~1] 0.04 030 050 0.64 1.17
Uncertainty contributions (%): Unc.erFainty contri.butions [Tel:

DCCT calibration’ 0.2 02 02 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” 0.14 008 0.09 0.17 | 0.12
Ghost-charge correction* 0.0 00 00 0.0 Background subtraction” 0.06 0.11 0.19 0.11 0.13
Satellite correction’ 0.0 00 0.0 0.0 FBCT bunch-by-bunch fractions” 007 009 0.07 007 | 0.07
Scan curve fit model’ 0.5 04 05 0.4 Ghost-charge and satellite bunches™ | 0.04  0.04 0.02  0.09 0.05
Background subtraction 0.2 02 02 0.1 DCCT calibration™ 0.20 0.20 020 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 03 0.2 0.2 Beam pOSitiOIl 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 02 02 0.2 ( Beam-beam effects* 027 025 026 0.26 0.26 )
Non-factorization effects* 0.4 02 05 0.4 Emittance growth correction” 0.04 0.02 0.09 0.02 0.04
Length-scale calibration 0.3 03 04 0.2 Length scale calibration 0.03 006 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 ov;s consistency 0.2 02 04 0.2 Magnetic non-linearity 037 0.07 034 060 | 0.27
Scan-to-scan reproducibility 0.5 12 06 0.5 Bunch-by-bunch o5 consistency 044 028 0.19 0.00 | 0.09
Reference specific luminosity 0.2 02 04 0.2 Scan-to-scan reproducibility 0.09 0.18 071 030 | 0.26
Subtotal for absolute vdM calibration 1.1 15 1.2 - Reference specific luminosity 0.13 029 030 031 | 0.18
Calibration transfer’ 1.6 1.3 13 | 13 Subtotal vdM calibration 0.96 070 0.99 093 | 0.65
Afterglow and beam-halo subtraction® 0.1 0.1 0.1 0.1 CCalibration transfer* 050 050 050 050 0.50 )
Long-term stability 0.7 1.3 08 | 06 Calibration anchoring 022 018 0.14 026 | 0.13
Tracking efficiency time-dependence 0.6 0.0 0.0 0.2 Long-term stability 023 012 016 012 0.08
Total uncertainty (%) 2.1 24 20 | 17 Total uncertainty [%] 113 089 1.13 1.10 | 083

hitps://arxiv.org/abs/2212.09379
Many similar size uncertainty = needs a lot of work to improve on all fronts p
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Calibration transfer to higher pile up

» Calibration may depend on p due to non-linearity of method vs

» Achieving linearity with p not trivial at high p!

» Example event counting:

» Probability to observe at least one
“event” in bunch crossing (BC)

NOR
NBC

— — — o Huis
Pyr = =1-—e

» At high p suffers from “zero-starvation”

» Detector efficiency may also depend on p

1-Por (%) Number of Os/LB

0.5 61.7 5 x 1010
5 0.7 6 x 108
15 3x10-> 2 x 106
30 9x10-12 0.75

You need something that
scales linearly with p!
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