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Why Is luminosity accuracy and precision important?

» Precision luminosity measurement requirements

» single largest source of experimental uncertainty in

: R,,=Lo
the most precise Standard Model measurements ev ev

» Accurate luminosity calibration requires a thorough understanding of the

beam-related systematic effects to correct for calibration biases

» Evaluation of biases from systematic effects such as beam-beam, orbit
drift, etc.

» apply corrections
» estimate contributions to systematic uncertainty

» Beam instrumentation used whenever possible for bunch and beam
currents, beam position at the IP, tunes, ...

» Extended scan program used including multiple scans for dedicated studies
» First precision results in 2024 below 1%, DOI:10.1140/epjc/s10052-023-11747-w

» Every year updated calibration: (2022 data) ATL-DAPR-PUB-2023-001, CMS-PAS-LUM-22-
001, (2023 data) ATL-DAPR-PUB-2024-001, CMS-DP-2024-068, (2024 data) ...

for example, top quark pair production -

in the latest CMS publication, the

preliminary 2.3% luminosity uncertainty

dominates the total experimental
uncertainty of 2.5% from other source

3000 fb' (13 TeV)

CMS

Projection

Lumi.+Expt.+Theo.+Stat.
Lumi.+Expt. only
Lumi. only

0.02

0.06 0.08
Expected uncertainty

» will become even more important
at HL-LHC with 1% target for
absolute Higgs measurements

c\{RW 9/3/24

Joanna Wanczyk | Beam-beam effects in the luminosity calibration




S.van der Meer, CERN-ISR-PO-68-31
C. Rubbia, CERN-pp -Note-38

Luminosity calibration ~
50.0002; 1
e van der Meer (vdM) scans are performed every year to obtain 20-0001? g
the detector-specific visible cross-section oy 0.00005————— 2 J 5
e beams are moved across each otherin discrete separation steps w9 J—
> 4-_ B2__
e luminosity is given by the overlap integral of the particle densities E E
2 ]
P1i, P2, inbunch-pairi: } ]
van _ 30 o o - :
inst — an,inz,ifrevf fff_oo pl,i(x» Y, Z, t)Pz,i(x; Y, z, t)dxdydzdt 2L N
l I i
e the convolved transverse beam size can be extracted from the '4f E
measured visible rate along the scan: . _ 1 [ R(Ay, 0)dA, B - S—
*~2r R(0,0) i
e apair of scans (one for each transverse direction) is performed to %’2? E
obtain the full overlap area Zny é hs ]
E [

. . EO | _\ . L . | . L . | . . . |

e the absolute head-on luminosity can be computed from the 4 2 0 Norminal beam separation [d]
measured bunch parameters, and compared to the measured rate
. . . ) Rvis Rvis R
to obtain the calibration constant g, Gyre = vOdM _ Znn On 5.5, o Lg{gg __R
®* 0,js can later be used to measure luminosity directly from the rate: inst 12 Ovis
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When the beams are brought into collision

« expectation: high energy collisions between . reality.(for~99-.999..% of beam particles):
two protons, p+p = Higgs signatures the trajectory is changed due to the
electromagnetic interaction with the

opposing beam

F =%
4t dmegr

+N92(1+ﬁ;2rez)( B __2)
202 W. Herr, CAS -

1

L 1
-10 -5 0 5 10
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https://cas.web.cern.ch/sites/default/files/lectures/darmstadt-2009/beam-beam.pdf

Calibration accuracy and beam-beam effect

BB parameter ¢ used as a reference to quantify the strength,

1.0

but bunch includes a distribution of particles at different amplitudes,

=
u
.

single particle trajectory changes depending on its amplitude due to
non-linear force,

as aresult, there is a tune spread in the beam AQ~¢,

Beam-beam force [arb. units]
o
o

|
o
3

» Beam-beam interaction has impact on the absolute
luminosity calibration.

- . .
1.0 -6 -4 -2 0 2 4 6

Big interest from the experiments to implement corrections and estimate Amplitude (o
uncertainties,

Various configurations with multiple interaction points need to be considered,
Simulation codes used to obtain accurate and self-consistent results:

» COherent Multibunch DOI: 10.5075/epfl-thesis-4211
Beam-beam Interactions
(COMBI) - strong-strong .

» B*B - weak-strong 10.1140/epjc/s10052-021- 7-
10.1140/epjc/s10052-023-12192-5

*
> XSUIT NEW
DOI: 10.18429/JACoW-HB2023-TUA2I1
»  MADX
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https://link.springer.com/article/10.1140/epjc/s10052-021-08837-y
https://doi.org/10.1140/epjc/s10052-023-12192-5
https://infoscience.epfl.ch/entities/publication/7b5d8493-e96e-4824-a74b-9902484d9859
https://doi.org/10.18429/JACoW-HB2023-TUA2I1

Beam-beam effects on luminosity

» Distinctive BB effects:

» deflectioninduces
change in the orbit

» optical distortion

» induces changes inthe

beam widths (dynamic-beta)

» amplitude-dependent
changes - arbitrary
distribution > need for the
lumi. integrator, COMBI
development

» Atthe LHC opposite
effects on luminosity

» Overall effect on the calibration

constant slightly negative (sign and

maghnitude are tune-dependent)

1.0

0.5

0.0

Beam-beam deflection [xm]

1 collision
— 4 collisions

X

p_  OxPr
2tannQy

,_ 2Nrp 1( _gi]l 2 l
Ax' = Y xd(l exp[ 257 1+0(r)+0(r ) +...[ |,

1.015 A

1.010

1.005

1.000 1

—— Orbit shift

:j‘ 0.995 1 —— Optical distortion
—— Full beam-beam
H i i 1 0.990 4
-8 -6 -4 =2 0 2 4 6 8
Beams separation A [¢] 0.985
— £=3.24x107 0.980 1
£=6.48 %107 . | . .
0 1 2 3 4 5
B 1 Nominal beam separation A [a¢]
By V1—4né cot@nQ) — 4m2é2 ||
1
,,,,,,,,,,,,,,,,,,, o] in thefirst approximation
| beam size envelope changed
I
| 1 — AL  1AB
: — | = ﬁ*xsg, — Tz—ii,
| 1 p
1 for Gaussian
} particle distrib.
I
1 L L ! 1
.0 0.1 0.2 0.3 0.4 0.5
Tune Q [27]
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Deflection calculated analytically from
Bassetti-Erskine closed expression for
the electrical field of atwo-dimensional
Gaussian charge Q distribution:

Forthe same charged bunches moving
in the opposite directions generates
repulsive kick whenever the collision
occurs with an offset:

Causing an additional orbit offset at
the Interaction Point:

w_ OBl
Y 2tanmQy

It is added as correction directly to the
nominal beam position

Q o ( x+iy
S|w —e
2e0\/2m(0%—03) | \\/2(0%-03)/
Q - ( x+iy
R|lw —-e
2e0\/2n(0%—0%) | 2(0%-03)

nr=

HC beam positions

[

Corrections — beam-beam deflection

2
[_;"}f+”'§f]w(

2
-] (
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Corrections - single-IP parametrization

* Optical distortion including the amplitude dependent changes
* not possible to evaluate analytically in an accurate way — evaluate with simulation

* Correction model parametrizing the beam-beam effects on luminosity L/ L (4, ¢, Q, @) invdM
conditions using:

q =0.31,q =q +0.01 1.20 - ‘ .
o5 - VR — ¢—324x10°|| Tune sensitivity:
z 1050 = ——— 1.15f ] e
= F i §= 0002 : §=0003 A ¢=648x10% || additional tune
3 r £=0.004 - £ =0.005 U . i : ] .
et IO I Increasing 110 B N shift = reduced
1oaf i beam- 1.05} By V1-anécotenQ)-4n28 || focusing
- beam 3‘31_00 ,,,,,,,,,,,,,,,,,,, o]
1.02|— W ;
- parameter 0.95 |
101 (linear) |
- 0.90} !
b= 0.85| |
0.99— . . i .
C 0'88.0 0.1 0.2 0.3 0.4 0.5
C Tune @ [27]
OQB_V_l 1 1 11 I 1 1 1 1 ‘ 11 11 | 1 1 | 1 I | - | | | 11 1 I 1 1 11
0 ! 2 3 Ngminal begm separa?ion Aoy ‘/ . .
DOI: 10.1140/epjc/s10052-023-12192-5 Beam-separation dependent corrections
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Corrections - multi-collision cases

e contribution from the additional collisions at interaction points

(IPs) other than the scanning IP ~60 ——— ‘ ‘ ‘
* simulation campaign to evaluate them 70l scanning) — stmj |
e quadrupole-like approximation not correct _eol 11P NP
* additional collision = additional betatron tune shift =
* separation-dependent effect on luminosity changes % -
depending on the collision configuration i
 inthe example of 2 IPs - double the effect on g,; g—llo
-120¢
1.010 ; l 130! AQ ~ 5
T AQ ~2 X ¢&
= < vl effect on calibration constant ~integral ~14075312 0314 0316 0318 0320 0322 0324

1.000} - --- \ ------------------------ ,=-] under the curves of both transverse scans @y [27]

§0.995» //; Ovis ~ g((l),o)f-?(x,O)dxf..‘f(O,y)dy. |
< » Howtoinclude that
0.990| —e inthe corrections in
0 . a universalway?
0.985} . Z

IP1 scanning -0.16%
0.9805 1 2 3 4 5 6 A ETELLIN - 2 -0.37%
Separation step [o]
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Impact of multi-IP effects on luminosity calibration

» Luminosity bias correction model based on the single-
IP parametrization dependent on beams separation A,

BB parameter and tunes L/L (A, ¢, Qx, Qy) tune shift
. . . AQup/§ < for single-IP
> effective multi-IP tune shift AQy,;p canbeusedto  _,,, 00 —0.5 ~1.0 -15 calculation
obtain the equivalent gy, bias Q. | | ® IP1 scanning
. . . —-0.25r =~ ¢ IP2scanning|f| < )
» simple scaling law derived from strong-strong Ny % IP5 scanning full multi-
simulations: -0.301 o 5 = P8 scanning||  collision
AQmIP = —0.5 % ENNSIP x —0.35} \‘g ] simulation
> valid for allLHC IPs J —o40r Ty
| Y | : Soo
> verified in simulation for vdM SRR g
regime (£<0.01) Z-050f SN
» when considering more than single collisionthere  -0.55} . - -
is an ambiguity related to the normalization ' i single-IP
» ‘witness’ collision perturbed £, T , ; | | | - gaicutation

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

l Nxsip 1
scanning- scanning-IP + 3
IP only extra collisions
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Impact of multi-IP effects on luminosity calibration

» Luminosity bias correction model based on the single-
IP parametrization dependent on beams separation A,

BB parameter and tunes £L/Ly(4, ¢, Qy, Qy) tune shift
' . ' AQup/é < for single-IP
> effeqtlve mUltljlptune Shlft.AQmIp can be used to —0.20 0:0 _9-5 —1.0 _:JL-S calculation
obtain the equivalent gy, bias @ | ‘ ® IP1scanning
) ) ) =0.25F o~ ¢ P2 scénning 1< .
» simple scaling law derived from strong-strong BN | | % IP5 scanning full multi-
simulations: -0.301 = . a  IP8scanning ||  collision
AQmip = —0.5 X §Nygip = -0.35] i f simulation
> valid for all LHC IPs ) 040 ‘ ! |
| ~
» verified in simulation for vdM 5 —0451 1 o
regime (£<0.01) F-0.50f !
» when considering more than single collisionthere  -0.55¢ ; . i
is an ambiguity related to the normalization ' — | T single-IP
—-0.60} | L, normalization 3 S ] lculati
» ‘witness’ collision perturbed £, 065 , i | | | T~y Lalculation
, , ' 00 05 1.0 15 20 25 30 35
» absolute L, (no beam-beam interaction anywhere) l Nusip 1
» phase advance dependence, covered in uncertainty scanning- scanning-IP + 3
IP only extra collisions
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Example luminometer callbratlon corrections

Flll 8381 (2022 13.6 TeV)

. . L. . [ éR CMS Prlvale work §
» vdMisthe case of very special beam conditions that results in the 5-81 L } """"
increase of £ over time in collision, standard {~0.003 - 0.006 | |
> per bunch corrections dependent on its parameters as well as the
total number of collisions give spread in corrections (background
colors
) A EPFL, Thesis
> Significant differences in correction for the two scan directions from  * ++~ Nr. 10500,
the sensitivity to tune setpoint (from difference of 0.01 [2m]) om0 o o o R fg‘&;ﬁ%‘m
ay time 1n nours - -
. Fill 8381 (2022, 13.6 TeV) L
Fill 8381 (2022, 13.6 TeV) 1.000 — =('_?MS lPrehmfrlrary . .2022 (1|3.6 Teyz
,| €ms preiiminary - . : 0.995. :“c”;li’j:’z:a‘?;m ‘ 3: _ 1r Fill 8381, VdM1, x scan . }
BCM1FUTCA, vdM1 4 . S 3 : HFET t Data — Fit
— . S . ° © 10Tk — Gauss auss E
i s, . §0_990_ -1 2=4 _>E10 BCID 103 G : 1 G 2 :
_5 1] 2 . 501985 . o o ® E 10*25
g 3 y. \ B 107}
g 0l g 09801 [, e ‘.., %10_4;
g . . £ 0,975 optical- € o5}
20 e orbit shift £ ptica: 2
: Sy, : 2 0970, distortion =
8 : / correction 5 . = b
_2] =3 0.965 correction ©
= 3 ottt
—600  —400  -200 0 200 400 00?600 —do0  -Z00 0 200 400 600 @ -3f .+ ]
Beam separation [um)] Beam separation [pm] o —O.é * I—O.Alf * '_0_2' — 0' ! '0_2' ‘ '04' * I0.6
— 5 Horizontal beam separation [mm]
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Systematic effects after beam-beam corrections

» Typicaltotal correction on the level of +1%,

[%]

F T
— ATLAS

3F
» Beam-beam uncertainty sources considered: > \E=1A3T9VVdM
22_ at AAAA Aaat AAAA

> nominal (Q,, (y), transverse non-Gaussianity, B,
beam ellipticity, beam 1/beam 2 emittance imbalance,
single & multi-IP modelling, phase advances.

M b b b

» Considered negligible in vdM conditions: residual

Beam-beam correctionto ¢ .
(e]

. . . ey B vVvyy YyvVy
crossing-angle, lattice non-linearities. A vy
: -2 4 orbit shift
DOI: 10.1140/epjc/s10052-023-12192-5 B . . .
. . . . - ¥ optical distortion
» Procedures available for uncertainty determination -3 ¢ total correction = error
can be obtained from: 05 2016 2017 2018

N DOI: 10.1140/epjc/s10052-023-11747-w
» parametrization,

» or simulation.

» Typicaltotal uncertainty of ~0.4% contributes directly to the total uncertainty of the calibration,

» Mostsensitive to the conditions (assessed with &) but also to the total number of collisions.
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Residual beam-beam signatures?

Correction on oy [%]

117.5] '
* There are still open questions with regards to the beam-beam Enso
interaction and the luminosity calibration “ 12
* vdM data shows traces of differences evolving in time that depend on the x
collision pattern thus could be induced by the beam-beam interaction E 1o ool
* Interplay with other effects such as the linear coupling resonance, and “ os] A 2022:
non-factorization of x and y transverse distribution RE' I 1o 15 120 105 1o 1is first
Fill 8381 (2022, 13.6 TeV) Opis = 27'[n n 2 Y % [um] %y [hm] l
20 112
CMS Preliminary l_ t dM 11 h
® factorizationcorrection * Bl correction . . . . . aS V ~
BRI o * Fullmodelling missing in the analysis 11251
ffaxisRMS: 35 . .E‘. A
N H of the non-standard scans (diagonal, 51100 ] Fa;:lzy
! { |
) I e I . offset, 2D...) | | | | 3wIP8+2
20 14 i!l" | l||Hli|nl!|| * Accuracy of some of the . ¢ A2
Al S a8 ) ) o 243wIP2
- At assumptions, for example Gaussian . 244
s RSN ':E?Ef R modelling for calculating the primary © 243wIP8
: . ! ) ) 3wIP2+2
NN \ EM force, especially in the case of . "
DN the observed g-Gaussian charge 1o s 9 100
- ; i . ] . EJL [um] Ey [I-'lm]
0 500 1000 150lgCID2000 2500 3000 3500 dlstrlbutlon at the LHC

CMS-PAS-LUM-22-001
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https://cds.cern.ch/record/2890833

Ongoing studies — BB impact on the luminous region

* Active code development to study the the impact of beam-beam interaction  +Chenying Zhang,
on the observable available during vdM scans - implemented in XSUIT due to ~ Tatiana Pieloni (EPFL)

its versatility and reliability Ppt X PEz
* Luminous region is reconstructed with high statistics Ay=0.00, Ay=0.00 P1 X P2
detectors used to measure primary vertices, o r 104
* DuringvdM itis used to study transverse factorization > 6 B e
of the charge distribution within a bunch, g AL 1 I
* Firstinsight into the beam-beam induced changes s F 1-00
on the luminous region. G 2 1 |1
_ -0.98
By By of- - 11
— 0.0,0.0 I o.96
— 0.5,0.0 B | i
S — 1.0,00 2f o
1.5, 0.0 I —0.94
0° 2.0,0.0 _4— ] :
2.5,0.0 i
3.0,0.0 : . i 0.92
3.5, 0.0 61~ l
4.0,0.0 [ . | ‘ ‘ . . | . . . . | . .
— 4.5,0.0 -5 0 5 0.90
— 5.0,0.0 .
270° *round and symmetric ~ Grid range x [0]

Preliminar
© ary Gaussian beams, ¢ = 0.003
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Ongoing studies — Possibility to study the BB
induced non-factorization

1.02

New student
. . L . Lia joined!
* Developments with the goal to study the changes to charge distributions
BB/ 0
PEE! ol A¢=0.00, Ay=0.00 B2 PE
— 1 T 1

Grid range x [0]

Grid range x [0]

AXZO.OO, Ay=000 — —T T
|€| [ T T T T T T T T T T T ] 102 IE. : i
: 6 B B1 N G>J\ 6 B _,
S | 1 H1.00 o | 1 1H1.00
& 4 11 @ 4 §
i 1] o | ]
-::; oL | |Hoos 5 2 R
of 1 [Ho.se o | 7 | 1098
[ N | oL |
_2? 1 |-0.94 i 1 0.94
4 ] 1 _4:— _:
; 1 [Ho.92 i ] 0.92
N B i y
[ L N 0.90 I L | ] 0.90

CE?W
\\
ZA

9/3/24

Joanna Wanczyk | Beam-beam effects in the luminosity calibration



Ongoing studies — BB + linear coupling resonance

Bias from beam-beam

C{RW
\\
ZA

Bias from beam-beam and coupling with C~ = 16 x 1073
* Byincorporating a skew quadrupole to 30 ¥ extreme case
. . . Luminous Region bias (%) minous Reeion bias (%
introduce linear couplingthe x — y Luminous Resion blas (70
. . . . oge 4 20
charge distribution product is modified ’ 6 .
* Thus, luminosity bias curve from beam- B 10 1 "
beam effects is also changed 2] 21
f 0 0 g 01 -0
Bias in oys - 1IP =2 1 9
_____ he——— - —10 - —10
0.00 1 A -———————————— e ,'A —4 7 4
// 07 —20 —67 20
—0.05 A1 /,
/ 15 50 -25 00 25 50 15 75 50 25 00 25 50 15
D\: ,/, X (o) -30 X (o) ~30
g% *data aggregated over full horizontal scan, Chenying Zhang (EPFL/IC)
S Preliminary /
] S This results in a corresponding reduction in g,;5 bias
I R T mEs The effects of beam-beam effects and linear coupling
—0209 =T - Uvoisfbbic .
k--mmTTTTT T resonance begin to cancel each otherout (case of a
No coupling C~-=5x10"3 C-=8x10"3 C-=16x10"3 horlzontal 1IP scan )
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Ongoing studies — diagonal, offset, 2D scans
L

U Uy I LI T I o gy

~~

IT.%os

[6)

* Non-standard scans are not covered by the parametric
model

» Angular symmetry broken with differences in tunes and
phase advances

* Beam-beam bias on luminosity during a diagonal scan
comes out in between the standard x and y directions

N

1.000

w

0.995

N

Beams separation iny [O]

* Results in slightly reduced bias on 0,,;c when compared 10.990
to the standard scan pair 1
3 T 0.985
£1.005f ]
— 1 v % 1 2 3 4 5
s —— Xy | .0-0190—T— — i i
1+ 0ol 1277 Beams separation in x [0]
I @ -0.195-
0.995|- 4 &-oz00 .
§ 0205 i « Bias for2 IPs cases changes
0.990+ - : . .
- oziop ] when evaluated in full 2D
I 02154 ]
0.985}- . [ ]
(I) — ‘Jl — é - é - 4I1. — é l '0'2291an‘dard‘ ‘ I >‘<y-22.[5 degl:J ‘ ‘ xy-4édeg

Beam separation [o]
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Beam-beam measurement

» Aimed at validation of the correction strategy
used inthe vdM calibration

» phase advance between IP1 & IP5 optimized for
maximizing the effect on luminosity (1 - 3%) at
the witness IP at LHC injection energy 450 GeV

» methodology using the witness IP with
configuration changes at other location

5.0

» repetitive steps used for validation as|

4.0

> first measurement of the impact of BB
effects on the luminosity atthe LHC

» scaling law with BB parameter verified

» wire scanner measurements used

Luminosity bias L, /L. [%]

as a reference to evaluate ézp 15|

> very good agreement with simulation —

0.5

1.00| E
5
098 : ¢
E ® [}
5096}
g
L
2 ]
< 004
= °
<C
witness  osz}

- -- COMBI
¢ CMS luminosity

351

3.0F

25¢

2.0

10t

¢ ATLAS luminosity -

0.005

0.006 0.007 0.008 0.009 0.010
Beam-beam parameter {zp

¢ all héad—on
¢ IP5 separated |
repetitive
change of
/ configuration
$
o .
; | separation
. | at another
location

Luminosity enhancement
in head-on configuration
caused by additional BB
interaction (at another IP)
as measured by both
ATLAS and CMS (observer
IP), as afunction of the
single-IP BB parameter,
compared to COMBI
simulation predictions
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BB experiment - results

1.000

T

I\‘IHI‘WI\I!\II\IIIIIlIIIIlI\II‘I\\I[\IHIHH'I\IlllHllllll‘\IHIIIHlHI\l[\IIlIH—

- Gaussian fit

|III\|\\\\§II

=)
[}
. . . . © —
» observations of BB-induced changes during a separation scan 8 ¢ allbupches avg.
0.995} I
> - . P
» very clear on the mean tunes extracted from the spectra g - }
. . 0.990— .
as well as onthe luminosity £ s
£ ooesk ] b
» observed scaling with the number of collision supports the Q : '
multi-IP modeling strategy 3 7F } E
: : ® 0.975}- I}}}} } .........
overall good agreement of all beam-beam tests with expectations £ - { }
— 0970} -
» 1 1 I 1 < —\IL}IHIlll\Il\lllllllllllll!l\HJH\I{JIH'HH'I\IlllHlIIllllllHlllHlHI\lHIlIHT
quality of the results can be improved by optimized scan program N YE I N YT R Y N R Y,
é B ‘ I I ‘ ‘ ‘ I ‘ ‘ ‘ ‘ ‘ I I 1 ‘ I Beam Separation [omeasured]
5-0.4— - 0.5~ - ‘
@] i -¢- AQ,, Hsep.
|4 067 i - ‘ ; | - -¢- AQ,, Vsep.
-';ooooo. .ooocoooooooo..oo-;”'bo?(—Slnge 0.0t '¢'AQU,HSGD.' .
. Tune shift as
i * 1 collision tune . “9- AQy Vsep. )
08l 1 shift ol %, a function of
| | K, * the number
10- i : 3 Ll TNeel of collisions,
: / o oo ] Tu.ne shift: \#_;_;_;_:_ ______ e measured in
12 4 Qy smooth | mdgced bY BB | \\\\ | multiple tests
4+ Horizontal during horizontal- '
1.4 Vertical | separation scan
0 5 7 5 s——— - measured using —20% IP1 CIPL&IP2  IPL&IPS  IPI&IP2&IPS
Separation [0’] the ADT Collision locations
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Application in the nominal conditions

* Possible to evaluate impact of beam-beam
interaction in the high pileup conditions with 6D | PROTONPHYSICS: STABLE BEAMS |
implementation: CERN-ACC-NOTE-2019-0032 o ' 2
* Can be used to remove the systematic biasin the Inst. Lumi [{ub.5)-11

detector response linearity measurement in
emittance scans
 These scans are performed regularly atthe LHC

and are used to study the luminometer response R e —
BIS status and SMP flags
Fill 8778, (2023, Vs=13.6 TeV) Comments \294‘{!33;72%?4;3‘2 1::1_‘:?) Link Status of Beam Pe_rmits
0.08 cms Prelliminmy - ' r BCID All experimaenfs isi?; levelling Gloi:j?;::m“
BCMI1FUTCA, scan Y i\: . 2 :51 XRPs are in Beam Plresence

0.07} o 3 i Moveabl;e'(:j:;:i;lslowed In
§ 0.06 :}i 2 eg A"-_- z :zg; i AFS: 25ns_2352b_2340_2004_2133_108bpi_24inj
E Ja #4z2 A & 1786
S -+
§ 0.04 Fp e i o * By reconstructing the vdM-like calibration
8 $e TGS A . .
2 003 gfﬁ-‘g 1 , constantitis possible to study its dependence
g kY . . .

0.02f .3 By - on the pileup (luminosity)

ey LB
0.01} - £3 &N ] . .
gifs- 1% 5 DOI: https://doi.org/10.1051/epjconf/201920104001
00065 -40 —20 0 20 40 60

nominal separation [pm]
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Application in the nominal conditions

Fill 8778, BCM1FUTCA, v's =13.6 TeV

perfectly linear 108 1
luminometer = flat
{ response across SBIL Lot
two independent T 108f
4= systemswith == °©

Fill 8778, PLT, v's =13.6 TeV'

CMS Preliminary

¢
¢

Uncorrected
COMBI corrected | |

105 CMS Preliminary ¢ Uncorrected ||
¢ COMBI corrected
1.04}
increasing BB parameter
103 | >
2 102}
8]
~ o o o/ 0 o e o ﬁ.ﬁ.“.i‘.!. e & o/ o o
T 101} S Sl
£.2 -
(V=1 = -
b T~ -
1.00 | S~ -a_ _
0.99 F
0.98 - - - fitted slope -0.36% / |Hz/ub] H
- — fitted slope -0.13% / [Hz/ub|
2 3 4 5 6 7 8

SBIL [Hz/ pb)

e  main contributions to the measured

non-linearity:

* apparent BB-induced slope -
removed with COMBI simulation

* intrinsic detector response

inefficiencies

different behaviour

- — fitted slope 0.3% / [Hz/ub]
- - fitted slope 0.5% / |Hz/ ub|

®* possible additional biases
from non-factorisation

* challenging fit quality

®* operationallimitations - to be
improved in the future

a 5 6 7 8
SBIL [Hz/ pub]
DOI: https://doi.org/10.22323/1.449.0624

> possibility for an
independent measurement

» valuable for HL-LHC

> further studies needed to
make it precise
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[%]

F |
— ATLAS

Conclusions “

e N
T T

« Beam-beam interaction significantly impacts the
luminosity calibration's systematic uncertainty
using the vdM method

M pHE b b

Beam-beam correction to o .
o

* |nthe past, itwas neglected or partially v,y YYYY  yyyy  TYYY
modeled wrongly ~2F 4 orbit shift
« Extensive investigations within the LHC - 7 optical distortion
-3 ® total correction = error
Luminosity Working Group during LHC's Long s e o —
Shutdown 2 improved the understanding of DOI: 10.1140/epic/s10052-023-11747-w
luminosity calibration biases R T
* A parametrized correction strategy was 45 2 ir;gm?:;tsvity ’
developed for multi-collision beam-beam _of
bias modeling S a8t % }
* Arecipe was established for estimating *’ 30) } W
beam-beam related systematic 223 }%ﬂ
uncertainties based on beam conditions 5 20}+ }
* These corrections and uncertainties are L5 \
currently applied in ATLAS and CMS results, Lof
with successful benchmarking atthe LHC. e

Beam-beam parameter {zp
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Conclusions

* Ongoing studies explore the interplay of beam-
beam interactions with other effects

* Recentsimulation code advancements enable
the inclusion of new observables and the
simulation of the nominal LHC and HL-LHC
conditions

* Results have applications in emittance scans

to correct for beam-beam induced slopesin
detector non-linearity measurements
* Findings are applicable to any hadron collider.

Thank you for your attention!
May the beam-beam force be with you!

emit
/Uw‘s

[y

ms

1.05

1.04

1.03

1.02+

101

1.00}+

0.99 -

0.98 -

Ay=0.00, A, =0.00
I ' ' ' ' I ' ' ' ' I

Grid range y [0]
N

11.00
{o.98
{0.96

{0.94

ot N
) 7 .
4 7 B
6 7 B
[ DR | I S SO ST SN T S SN S S N
-5 0 5
Fill 8778, BCM Grid range x [0]
L CMS Preliminary ¢ Uncorrected ||
§ COMBI corrected
- - fitted slope -0.36% / [Hz/ub] [
- - fitted slope -0.13% / [Hz/ub|
2 3 4 6 7 8
SBIL [Hz/ b

1.04

11.02

0.92

0.90
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Backup — exhaustive list of systematic effects
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Table 8 Typical systematic uncertainties affecting beam—beam corrections to a hypothetical pp vdM calibration in a fully symmetric Gaussian-beam configuration, with the round—beam-equivalent
beam—beam parameter set equal to &im, for three values of Nnsip. For each source, the uncertainty is either evaluated at, or scaled linearly to, the value of &im indicated in the second column; if
no value of &, is specified, the uncertainty listed covers the full range of & values encountered during pp vdM scans at the LHC. When an uncertainty is assumption-dependent, the value flagged
by an asterisk is that used in computing the total uncertainty; the latter is compared to the overall beam-beam correction itself in the bottom two rows of the Table. The rightmost column indicates
the chapter(s) where the corresponding issues are discussed in detail

Beam-beam (b-b) uncer- Esim[l()_g] Uncertainty-determination procedure ovis uncertainty [%] for Nnsip = Comments See Sect.
tainty source
0 1 2
Absolute & scale: B* 5.60 Vary B* by +10% in the simulation or  0.06 0.10 0.13 B* uncertainty assumed uncorre-  4.2.1 +5.1.1
uncertainty at the scan- parameterization (Sect. 4.2.3), for each (total for both beams and both planes) lated between beams, correlated
ning [P beam and in each plane between planes
Nominal collision tunes 5.60 Vary q,, q, by £0.002 in the simulationor ~ 0.26 0.23 0.20  Tune uncertainty assumed corre- 4.2.2+5.1.2
parameterization, for each beam (total for both beams and both planes) lated between beams and between
planes
Non-Gaussian 5.60 B*B (or COMBI) simulations 0.13 0.22 0.30 Simulated for Nnsip = 0, extrapo- 4.3 +5.2.1
transverse-density distri- lated to Nnsip > 1 using Eq. (42)
butions
Beam ellipticity at the 5.60 B*B (or COMBI) simulations. Uncertainty 0.03 (for all values of NNSIP) Simulated for £ < 4.2 x 1073, 44+522
scanning IP scaled linearly from &g to &m 07<Zy/%, <14
Non-zero crossing angle <5.60 COMBI simulations < 0.01*(for all values of NNSIP) For 6, < 10 prad*® 454523
< 0.02 (for all values of NNSIP) For 6, < 150 purad
Beam-beam imbalance 5.60 B#*B and COMBI simulations 0.016* 0.012* 0.008* For o3/0) > 0.95% 4.7
0.059 0.045 0.032  For op/01 > 0.90 +
0.136 0.104 0.072  Foroz/o) > 0.85 524
Multiple IPs:
Phase advance 5.60 COMBI (or B*B) simulations 0 < 0.20 (for Nnsp) > 0) Worst  case:  arbitrary  phase 4.6.4 +
advances between IPs
Multi-IP tune shift 5.60 Vary p; in Eq. (42) by £15% in single-IP 0 0.05 0.09 4.65+53
simulations. Ignore if using multi-IP simu-
lation
Long-range encounters - None at the scanning IP during pp vdM - 54.1
scans at the LHC
Lattice non-linearities - COMBI simulations, with sextupoles and 0.01°* (for all values of NNSIP) For Ep > 6.5TeV* 5.4.2
octupoles included 0.03 (for all values of NNSIP) at lower energies
Numerical accuracy of - < 0.10(for all values of NNSIP) Ignore if using simulation rather 5.4.3
parameterization than parameterization
Total uncertainty 5.60 Uncertainties summed in quadrature +0.32 +0.41 +0.46 % of oyig 55
Total b-b correction 5.60 Parameterization (Sects. 4.2.3 and 4.6.5) +0.52 +0.86 +1.17 % of oyis 5.5
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Backup — BB + linear
coupling resonance

0.321

0.320

0.319
=

0.318

Vertical scan : 30 separation

C- = 8 x 1073 stopband

> Working point .
. o0 * Atsmaller separations the
0.317 s C-:0.002 o . . . .
T Cooos (positive) bias is slightly
s C-:0.005
Y L | reduced, at larger separations
0.307 0.308 0.309 0.310 0.311 . .
. o B o the magnitude of the negative
Bias from beam-beam and uncorrected coupling with C~ = 16 x 1073 Bias from coupling with ¢~ = 16 x 10 . .
bias is strongly reduced
30
Luminous Region bias (%) Luminous Region bias (%) Luminosity Bias - 11P Horizontal Scan
6 20 i 0501 ‘?:'333:'?3:"3?:: ,,,,, - <k LL—”;: no coupling
0.25 "‘«,.; o %ﬂ C-=5x107%
44 i e L 00— 81078
- 10 L0 0.00+
2 , X
' = —0.25 ;
o S
< 01 Lo i d
> ) - o = —0.501
] - £ om o
- 10 ’ g A
—4 1 = —1.001 o
i i o
64 a0 —~1.251 I s e
i i ' ' ' i ~1.50 B e &
—75 50 -25 00 25 50 . . . . . | ' |
X (o) —30 75 =50 —25 0.0 2.5 5.0 7.5 0 1 3 4 5
X (o) Separation (o)
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Backup — BB

experiment — COMBI
vs. synchrotron light | -

monitor for

transverse beam size
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2 |Ps head-on
1 IP head-on, 1 IP sep.
-=-- COMBI prediction
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0.990
o o ) 3 o &
5 e v S 40 LY R
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& o° o RL
(a) Beam 1 - horizontal plane
1.020 2 IPs head-on bunch ID 41
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(c) Beam 1 - vertical plane

relative effect on oy

relative effect on oy

1.020 2 IPs head-on & bunchiD 41
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-=- COMBI prediction
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(b) Beam 2 - horizontal plane
1.020 *
1.015 +
1.010
1.005
1.000 * | .
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(d) Beam 2 - vertical plane
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