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How tO measure cross sections ...

event rate (integrated # events) Cross section

N=Lxs(alsoY , ¢fl)

L: not only conversion uminosity
factor (s=N/L) but also (Machine parameter)
monitoring
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Luminosity ‘iDetermination at the LHC (history)

Bl Cnline monitors

P Dedicated runs
Small Jlorge angle counters
i

Lar/Tile |,

o
E :J.Iﬁ. .ﬂla.llh .l'-la.lﬁ.

Method
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5 e

Van der Maer melhod

Dptical theorem
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ATLAS with ALFA,
CMS with TOTEM

Methods as
summarized in ATLAS TDR

[ATLAS Technical Design Report, Vol. I]

RedY Monitors
Light blueY Measurements
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'+« Measurements-and Monitoring

We have to distinguish between
A Absolute measurements of Luminosity in special low intensity condition

Van der Meer scan (compute luminosity using beam parameters, a
few times per year)

Low angle measurements (measure cross section and normalise
to luminosity)(difficult, not precise enougt¥ monitoring?)

A Measurement of Luminosity @ runningonditons
Any detector sensitive to intensity of beams (tracking, calorimeters,
continuous measurements during time)

The second mode has to be normalised to the absolute value of the
luminosityY extrapolation
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Experiments MUST providéiighly preciseluminosity

measurements:

+ | nst antanhne oru ¢ g LA T R R B B
machine monitoring LHC =  [AILAS Skl b
performance and operation ““%5.2 -~ @ Data —
(luminosity levelling, beam ok | e I
moni tori ngwa). 1'e " () HERAPDF2.0 i
precision: 35% or better O 4 ris d
t |1 nt e grofflinedod L : sl i g,
physics. precise cross section 481 1
measurements, SM test, new - !
ohysics (theory often limited by I ]
PDF uncertainty, aim to have 46 Bl &
ower luminosity uncertainty to I I <ot © sy offomi umccriny |
petter constral ST IR IR R

0.46 0.48 0.5 0.52

precision: below 2%, ideally 1%
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Eur. Phys. J. C 77 (2017) 367
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Luminosity Measurements: basic

OO ey Qe oi 0 . YOQO L YO T (O)
YO fl(O) é, ) L . NI
fl(o) 'Y, U fl(0Qo

. (R [mm7) [ s, _fdnt,
o Oine! ‘8Oinef\ ‘ Ovz’s

u = number of inelastic pp collisions per bunch crossing

n, = number of colliding bunch pairs

f = LHC revolution frequency (11245 Hz)

r

o. ., = total inelastic pp cross-sectio 13 TeV)

€ = acceptance and efficiency of luminosity detector
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U,.. = number of visible (= detected) collisions per bunch crossing

O.

VIS

= visible cross-section = luminosity calibration constant
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The Devilis in theDetails

A Absolute scale from beamseparation scans:vdM method, complemented
by the luminousregion evolution (beambeam imaging scans)

A Evaluationof linearity over four orders of magnitude in luminosity
A Stability throughout the yearY redundancy between luminometers

A All other source of systematlcs
I | 6‘5 ;7 .-)344 bunches

7

e /ﬂ h bl Bunch-by-bunch
£, UELLEEHE AR L L | | & =40 . .
2 luminosity
a2 ’
of - eg0 g0 800 - LY
BCID #
Fill 6677 CMS/ATLAS Inst lummusny .

. —— CMSs Praliminary 2018
' Online Luminosity

Bunch-integrated
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luminosity over fill

Inst Luminosity [10*cm?s]

Eii?iﬁ'iiiii;__:é twice LHC desugn - (about 12 hours)
0.2 _1| . Ium mosny ;

1?25 1346 1606 1826 2046 2306 01:26
2018-05-13 11:26:37 to 2018-05-14 01:26:28 UTC
Time
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How to measure luminosity

Measure machine parametersy Direct bunch shape and
Intensity measurements
2 Van der Meer scan (VdM)  ALICE, ATLAS, CM3Cb

2 Beam-Gas-Imaging (BGI) LHCb

‘ ~real option for now

2. Use processes with known cross section.

ATLAS with ALFA, : N=Ls® L=N/s
cMs with ToTEM 1MProving

2 Forward scattering at very low angles based on optical theorem
2 Cross-calibrated luminosity detectors

g and to monitor it with time
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use of tracking detectors & calorimeters
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Algorithms Technology BCID- ACR desk
aware

% LUCID Event (Hit)  Cherenkov quartz Calo+Fwd
3 Counting windows + PMTs

2 BCM Event Diamond semi- Y Inner

3 Counting conductors Detector
§ FCAL Particle Flux LAr under HV N Calo+Fwd
_Ug_i MBTS Event Scintillators + Y Trigger/
= Counting PMTs Calo+Fwd
% TILE Particle Flux  Scintillating Tiles N Calo+Fwd
i + PMTs

% EMEC Particle Flux LAr under HV N Calo+Fwd
S Each subsystem can provide more luminosity algorithms and among

those, one, defined as preferred, is chosen and used online.
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A — PP QYT XYQ®
A - ogb TQEVT WIYQG

Run 2 uncertainties (years 20172018) in the total integrated luminosities

Data sample 2017 2018 Comb.
Integrated luminosity [pb™'] 147.1 191.1 338.1
Tokal uncertainty [pb_l] 1.7 2.1 3.1
Uncertainty contributions [%]:

Subtotal vdM calibration 0.99 0.93 0.75
Calibration transfer® 0.50 0.50 0.50
Calibration anchoring 0.14 0.14 0.10
Long-term stability 0.26 0.13 0.13
Total uncertainty [%] 1.15 1.08 0.92
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Basic Mechanism

Two steps procedure:

A van der Meer (VdM) method gives the absolute luminosityin low luminosity
runs with specially tailored LHC conditions. The VdM calibration was
performed in dedicated fills once per year during Run 2;

A A calibration transfer procedure was then used to transport this calibration

to the physics data-taking regime measurementsby different detectors at
high luminosity;

A The relative comparisons of the luminosities measured by different
detectors were used to set limits on any possible change in the calibration
during the year.

Toni Baroncelli Experimental High Energy Physics at Colliders Winter 2025
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Basic Formulas- 1

The instantaneous luminosity R
fl by a single pair of colliding ~ 5
bunches

'Y = rate of a process with cross
section 3 .

In inelastic pp collisions

A S Y Sinels

A mKinelastic interactions per bunch crossing>
A f is the LHC bunch revolution frequency

The total iInstantaneous

N
luminosity Is given by Linst = Zﬁb = np(Lp) = np
b=1

() fr

Oinel

fl can be computed as Mvis [t

A Y, the visible interaction rate per bunchcrossing Ly = o

A, -visibsectcros® is a calibrathon
luminosity) determinedvia the vdM calibration method
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Basic Formulas- 2

3.is IS measured/scaled by VdMY the pileup parameterY’

Y  TiBind s
a reference value of3;,.; = 80mb is used by convention by all LHC experiments
for pp collisions atlis = 13TeV.

Assumptions:

A The calibrationconstant, - vi si b$ ectciros® o f t he
n time;

A The calibrationconstant, - vi si b$ ectciros® o f t he

epend on LHC conditions;

Not (fully) satisfiedY comparisons between many different algorithms
and detectors are essential to produce a precise luminosity measurement
with a robust uncertainty estimate.

E_Mvisfr AMeasured in 1 minute i
b — A Varies during the course of one fill
A Integrate

Ovis
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Luminosity o - online and offline

measurement using g measurements

a Cherenkov ‘¢ Jm - event /hit counting (aka zero-

Integrating Detector T counting, based on Poisson
Online LUCID statistics

measurements

Offline

measurements

Beam Condition
Monitor (BCM)

ATLAS-preferred TimePix (TPX)

for Run 2: LUCID

Hadronic

Cal. (TILE) - Forward

+Z Counﬁng %} FCaIl FCalzi FCalSi Calorimeter (FCAL)
(relative-L checks) Ba sl - EndCap

——  Calorimeter (EMEC)
+ Track counting :

(+ Vertex counting) Particle flux algorithms

Toni Baroncelli- INFN Roma TRE Physics at Hadron Colliders




The more forward you goY the more eventsyou haveY lower stat error

T T T T _odsL T |
a1 Q2 QS,H D1 0204 @3] s Jf 07|

TS MOXA MOXB  MQXADFBX  MBXW T |MBRC MY, MawL| MoML| MOM ! MBA

o LI i . T |
— IO =

(g

BCM o O
[Beam Condition Monitor] LUCID ZDC AFP
Diamond sensors [Luminosity Monitor] [Forward Neutrals] [Absolute Lumi ...] [Track & ToF System]

atz =+184 cm Cherenkov gas tubes,

at ~17 m from IP.

W4 /Quartz calo Fiber trackers LHC Upgrade ...

at 140 m and at 0° tolP. i n O0RoOman gt@iOﬁnQMZOm:..
MBTS o240

17 m away from PV
roton Tagging Region

\

TAS I iTDC/TAN i

i i

‘eta) ¢ .
(eta 240 m away from PV

Toni Baroncelli- INFN Roma TRE TAS: Target Absorber Secondariesphysics at/Hadron Colliders
TAN: Target Absorber Neutrals

4 modules per side
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Cross Section & Luminosity

Vocabulary: efficiencyeis fraction of reconstructed objects measurec
by a detector; acceptance fraction of instrumented solid angle

:
8 Background
8 measured from data or
£ calculated from theory
| N=L«S> o= "
3 f Lat-e A Efficiency
: many factors, optimized
g L by experimentalist
= Luminosity
’ determined by accelerator,
triggers, ...

But also acceptance: correct for the fact
all detectors are not full coverage
Toni Baroncelli- INFN Roma TRE Physics at'Hadron Colliders
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Colliders

a
" - .
v, . |
L
LI
'
v
Py =0y, My, =nAd
N
(I)av - F = NgUqy
Ua: flux

Na: density of particle beam
va . Vvelocity of beam particles

N =&, -Ny-o0p

N : reaction rate

Nb: target particles within beam area

Ja: effective area of single
scattering center

L=®,- N,
L : luminosity
Toni Baroncelli- INFN Roma TRE

M

N=oc- | Ldt

e —’

Collider experiment:

Instantaneous Luminosity
rate of events [N =

L-o
oc=N/L

Integrated luminosity

@mzj

N, _ Ng-n-v/U Ng-n-f
y —

A

NoN.
L=

HNEN,;,

A

= f4’?Tﬂ'mﬂ'y<::|SX’ Sy : not

well known

Na:

LHC: ' Nb:
U :

N« ~ 101 .
A ~ .0005 mm? v
n ~ 2800 ;o
f  ~ 11kHz A
L ~ 103 cm?st Jx
Jy:

number of particles per bunch (beam A)
number of particles per bunch (beam B)
circumference of ring

number of bunches per beam

velocity of beam particles

revolution frequency

beam crosssection

standard deviation of beam profile in x

standard deviation of beam profile iny
Physics at'Hadron Colliders
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® total current measurement ® bunch-by-bunch current
with high accuracy measurement
® two in each beam ounch © EWO in each beam

® Relative fraction of total current in each BCID from FBCT
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analysis

bunches

Toni Baroncelli Experimental High Energy Physics at Colliders Winter 2025

bunches) [6]

« BGIin LHCb VELO with SMOG (for ghost

charge) [7]

Toni Baroncelli- INFN Roma TRE

« Currents are crucial input fo VdM scan

— DC Beam Current Transformer (DCCT)

« fotal circulating charges

— Fast Beam Current Transformer (FBCT)
« fraction of charge in each bunch

— |n 2010 uncertainty on bunch current
product (10%) dominated Ium|n05|’ry
uncertainty, due o
uncertainty is well belo

MQIc

0.5% ’rodoy [13]

« Corrections for ghost and satellite

— Fill dependent, but typically < 1%

— Measured with various methods
« Synchrotron radiation by LDM (for satellite

Normalised counts

-62.5 -37.5

2.5F

Ghost charges fraction (%)

o
u

125 125 315 625
Time (ns)

™~
o
T

=
L
T

H
Q
T

4+ beam1l | ]
+  beam?2 *H
LHCb H + HH
+ _
H#HH
++H +++++_
HH W
gt
+++HH+H+++ m#"’**#
ﬁ+++++++++‘}++* u*q-“*wﬂﬁ
OIS from [7]
00:00 01:00 (_}I_:;I:co 03:00 04:00
me
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Move one beamwrt the other

Lo
AN
&
5 Determine beam size ... Bunch 1 \I\ Bunch 2
k=
: e T Ty
%) . . X
il measuring size and shape of the N1
= Interaction region by recording relative interaction / : N2
O : : Effective area A
=8| rates as a function of transverse beam separation ... '
¥ : :
2 4 [LHC Project Report 1019: H. Burkhardt et al | Interaction region
> e TALL ¢ b
e - . .
& Lumll LA DESHED Assumption: the two beams have the same profile!
g E £2 ay 1653 UETE] _
LICJ = [IPAC 2010, S. White et al.]
5 B [November 2009].
E .g ‘ T T T T I T T T T T T T T I T T T T I
S 200 P2 —— -
O NESF IP8
= o Pl — hor e [
§ g . E 150 B ]PS || |rI ! lln'fr"ﬂ"*"1""1''"‘'''|r'wk"'.'-‘I-1'J'-.'‘'"'FI|"l'|..'"'"'I,lj"ullni"r“""*“ﬁI"’""'.J'l'I1''l'I'r''’r1l""”""l"'"|""k4'III ‘.’"i“""-_"
iy G -
z W £ i
2 = 5 100 r
o) = =)
S =Y ot
o0 y Z
= S 50+
o VAW A nt e ol le [
= ii i i i i i At e AN L L)
Bt LI I . | B I A0 SAx o A An A J J
Py In 0 S L o L
01:34 01:49 02:04 02:19 02:34

Scans in IP1

Time

L A A
L | %, ) "\,
0 z v Figure 2: Optimization scans performed for squeezed op-
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(Q\|
o
E NiNa f Ny
f Lo= 2 2 /2 2
5 Ew\/(alm + Uﬂ:}{gly + Uﬂy]
g
- Y
® m agm
Factorizability
5
g
=,
=
% 700 BRAN Left —
£ 600 - BRAN Right — = _
:.J_ o) CMS —e—
g £ 00y
=
- RS

100

[I 1 1 1
03 02 01 0 01 02
Bump Value (mm)
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Rate (arbitrary units)

_ 2 2 : _ :
T, = \/.:rlu—l—ﬂriu with u = z,y

HP: particle densities in each

bunch = product of two

Independent functions of x and y.

1000

100 |

0.1

10 k|

03

02 0.1 0 01 02 03
Bump Value (mm)

Figure 4: Same horizontal scan in IP5 shown in logarithmic
scale with pure Gaussian fits.



Systematic eftects

SRR
ATLAS

X Data (ICentrecl x-scan IV July 2012) Factorization
0.1~ * LHC Fill 2855 =

r Simulated profile of each beam: . _ _ _

sy — 3-D double Gaussian 7 Signature of non-factorization effects:

0085 1 dependence of vertical convolved beam
- o 1 size and/or vertical luminous width on
£ Factorization OK ] . . :

e - horizontal separation (and vice-versa).

0.06]- { 1 A CMSin2017:0.8+0.8 %
1 A ATLASin 2017: 0.2+ 0.2 %

1 I [ | 1 I 1
-0.4 -0.2 0 0.2 0.4

[ Horizontal]beam separation [mm]

B 2 i B AR RAARS RERED R
ATLAS Preliminary

.
-0

Scan-to-scan reproducibility ofvdM calibration:

< LucBiHitOR
ol
= 4 ® Scan |
P A Scan lI

8§ CMS in 2017:£ 0.9 %
8§ ATLAS In 2017:£ 1.2 %

40 Y Scan IV
A+ v O O ScanV
‘,o_
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[mb]
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Effect of norfactorizability

Date Fill Niot np Scans

24/8/2015 4266 44 30 S1, S2, S3-off
25/8/2015 4269 51 8 S4, LSC

List of VdM scans in 2015/16/17/18
17/5/2016 4937 55 11  LSC :
18/5/2016 4945 52 32 S1,S2, S3-off, S4, S5-diag A Neot Ot _#_Of bunches in LHC
27/5/2016 4954 52 32 S6 A Ny, # colliding bunches

287712017 6016 52 32 S1, S2, S3-off, S4, S5, LSC

29/6/2018 6864 70 58 LSC
30/6/2018 6868 140 124 S1, S2, S3-off, S4, S5-off, S6

Toni Baroncelli Experimental High Energy Physics at Colliders Winter 2025

o 1.025p g v 10— g
S 1020 ATLAS = S 1.008] ATLAS =
5 [ Vs=13TeV,2016vdM  [Jcorr. £ unc. ] = " F Vs=13TeV, 2017 vdM [ corr. + unc. ] I th
S 1015 + E - Do 5 © Non-factorizability has the
o) F ] S g ] . .
% 1'01% i Y G 2o 1 effect to modify slightly the
= 1.005¢% R = 1.002 = . .
g ¥ 1 8L . - computed luminosity
2 = ] 8 - - -
§ 0.9950 E ,E 0.998 - M## """"" ] Y R
5 099 = 50.996] | =
o = - - I 0
0985 4o Lgp v So+Saoft 099 g5 L L swssor | ENECt IS between .5 and 1%
0.980 s4 = S4+S5-diag - S6 E 0.992-0 g4 = S5 =
0975Z||\\\\‘\\\\‘\\\\|||\||||\\‘\\\\‘\\\\‘: Ogg_\‘\\\\|\\\||||\|||\\\‘\\\\‘\|\\‘||||r—
' 500 1000 1500 2000 2500 3000 3500 7 0 500 1000 1500 2020 2500 3000 3500 . .
BCID Bunch # evenly distributed
® ® along LHC ring
Fig. 2 Non-factorisation correction factors R for several colliding or diagonal scan. The uncertainties are statistical. The dashed horizontal
bunch pairs (BCID) and vdM scan sets in the (a) 2016 and (b) 2017 vdM lines show the error-weighted mean corrections, and the yellow bands
sessions. The results were extracted from combined fits to the vdM lumi- the uncertainties assigned from the RMS of the measured R values. The
nosity scan curves and reconstructed primary vertex data, using either results from the different scans for each colliding bunch pair are slightly
on-axis scans alone or combined fits to an on-axis scan and an off-axis offset on the horizontal axis for clarity
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VdM scans in /ATLAS

Table 2 Summary of the main characteristics of the 2010 and 2011 vdM scans performed at the ATLAS interaction point. Scan directions are
indicated by “H™ for horizontal and V" for vertical. The values of luminosity/bunch and pt are given for zero beam separation.

Scan Number I [I-111 V-V VII-IX
LHC Fill Number 1059 1089 1386 1783
Date 26 Apr., 2010 9 May, 2010 1 Oct., 2010 15 May, 2011
Scan Directions 1 H scan 2 H scans 2 sets of 3 sets of
followed by followed by H plus V scans H plus V scans
1 V scan 2 V scans (scan IX offset)
Total Scan Steps per Plane 27 27 25 25
(£601) (+60) (+60) (+601)
Scan Duration per Step 30s 30s 20s 20s
Bunches colliding in ATLAS & CMS 1 1 6 14
Total number of bunches per beam 2 2 19 38
Typical number of protons per bunch (x10'!) 0.1 0.2 0.9 0.8
Nominal B-function at IP [f*] (m) 2 2 3.5 1.5

Approx. transverse single beam size oy (Um) 45 45 37 40

k. [ [ TN [] -

Typical luminosity/bunch (ub~! /s)

Toni Baroncelli Experimental High Energy Physics at Colliders Winter 2025

U (interactions/crossing)

Low luminosityruns, clean measurement
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Calibration transfer 2022, Vs = 13.6 TeV
LHC fill 8146, August 20, 2022

|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|

Offset: 0.9777 = 0.0008, slope: -0.1399% =+ 0.0020%

25 30 35 40 45 50 55

<pl‘LUCID Bi2HitOF{>

Extrapolation of luminosity calibration Used cell families Range of shifts across
used cell families

np
Linst = Zﬁb = np(Lp) = np
b=1

1-step extrapolation

(1 = 0.5, 140b, isolated) — (u = 40, 1154b, trains) Al3, Al4 [-0.1, 0.8]%
Alternative: 2-step extrapolation

(1 = 0.5, 140b, isolated) — (u = 45, 144b, trains) Al3, Al14,E3, E4 [0.1, 0.7]%

(1 =~ 45, 144b, trains) — (u =~ 40, 1154b, trains) (*) Al3, Al4 [0.0, 0.4]%

Combined 2-step extrapolation [0.1, 1.1]%

Upper limit on extrapolation impact (rounded) < 1%

Effect of missing laser corrections (linearly added) Al4 0.5%

Upper limit on total extrapolation impact < 1.5%

Extrapolation depends on
A Number of bunches
A Number of superimposed interactions

() fr

Oinel

vis [

Ovis

Ly =

1 step extrapolation:# bunches &M

2 steps extrapolation:
# bunches first and thenim

Physics at Hadron Colliders



Calibration Transfer

Fros A Vander Meer scan (low L, lowY few
"‘“‘__E* . TILE bunches far apart)

g A Physics (high L, highY more than

-

2000 bunches in trains of 25 ns)

0.95 Q: how to extrapolate ?

0.9

A: tracking luminosity (~#tracks) is not
(or very little) sensitive to bunches and

pile-up.

" LHC Fill 6259, Sep. 30, 2017
0-85 _I | | | | | | | | | | | | | | | | | | | | | |

o 10 20 30 40 50
Interactions per Bunch Crossing (umg

http: / /atlas.web.cern.ch /Atlas /GROUPS /

PHYSICS /PLOTS /LUMI-2017-001/

- D
o

Non-linearity correction from Tracking

ATLAS typical correction @Y = forSLOCID hit counting in 2017~ 9%

Systematic uncertainty evaluated by comparing with calorimetdsased correction in 2017:
+1.3%

CMS:. Nonlinearity correction from emittancescan analysis (i.e. "absolute")

typical correction @Y = fobHFET in 2017:1.5 %

Systematic uncertainty evaluated by comparing residual relative ndmearity of luminometers
on 2017:+1.5%

Toni Baroncelli- INFN Roma TRE Physics at Hadron Colliders
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Some detals.on: the:bunch structure

AOne LHC bunch is 2d58slong of -buckets® 1
A Ideally, all particles should be contained within the nominally filled bunches;
A Experience:correct to about 122% (for LHC p beams and about 5%for LHC Pb)

Luminosity needs the total bunch populations of the two rings:
A Nominal bunches (main)

A satellite bunches
A ghost charge.

The total beam population of beam j = 1 or 2 (measured with the DCCTs [3]) iIs assumed to
be the sum of the following components

L0
AN
o
(Q\
S
Q
+—
=
(7))
S
(]
S
o
@)
+—
@©
%))
Q
n
)
<
o
P
(@)
S
Q
c
L
<
2
I
I
+—
c
o
£
S
b}
o
x
L
©
(&)
c
o
.
©
m
c
o
l_

where N zinw | |l s the charge of all sl ots nomi
bunch), Ngposp J 1S the ghost charge andN e, | t he charge of all
bunch (not used in all fills, see below). In our definitiotihe termN,.;., ] iS what is needed to
determine the scale of the cross section, after correcting for the effects of satellite bunches.
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Some detals.on: the:bunch structure

Distance between 2 filled bunches 25 ns

ghost bunches

wiwlHIHITH HRARIRIRINI

— - Satellite bunches Satellite bunches ‘

(e

Radio frequency
IS 2.5 ns

The particles of an LHC bunch are contained within a bucket 121.5 ns long. Ideally, all
particles should be contained within the nominally filled RF bins. Experience has shown
that this is typically correct to an accuracy of about 122%

In the phase of filling beams alspilot bunches are injected to check the orbit of a fill

Toni Baroncelli Experimental High Energy Physics at Colliders Winter 2025

14 ” 14 F] " F]“?’ 5 e (7 —
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An alternative -approacn::-BGl|

+ Beam-Gas imaging (pioneered by LHCDb]) [1]
— Reconstruct interaction verfices of protons with residual gas
— Infer beam shape near interaction point (IP) and extrapolate to [P

«  Combination of Beam-Gas and Beam-Beam vertices

— Simultaneous fit to individual beam and luminous region shapes yields beam overlap
integral and then luminosity

— Beams do not need to be moved [hence no beam-beam corrections, etc.)
— Owerall calibration uncertainty dominated by vertex resolution
Several important systematic uncertainties are independent from VdM scan analysis

Toni Baroncelli Experimental High Energy Physics at Colliders Winter 2025
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- 1.0

0.0 Luminous region
o 0.3
- A
E 05 _
< | 0.0 E

1.0 from [7] -05 °

M 000 -500 0 500 1000 °

LETHTY)
08/11/14 The direction of tracks (forward backward) 7
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Uncertainties- 1

« Only a selection of the most important systematic
uncertainties is listed in the following

Calibration uncertainties

Key assumption: factorization of bunch proton

Z (5$15y) — fm (5m) fy (dy)

VdM scan BGI

Scan curve model Bunch shape model
(accounts for

density function => Factorizability factorizability)

Beam-Beam effects Vertexing resolution

Detector alignment &

Orbit drifts :
crossing angle

Reproducibility

Calibration transfer
uncertainties from low L
calibration to high L physics

Toni Baroncelli Experimental High Energy Physics at Colliders Winter 2025

u-dependence

Radiation effects

Monitoring uncertainty

Toni Baroncelli- INFN Roma TRE
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Snapshot of Luminosities uncertainties

Parts of table reproduced from [11]

N

‘| auc | amas LHCb

9

= Running period 2013 2011 2012 2012

50 Sqrt(s) [TeV] 5.02 7 8 8 =
= =
S Running mode Pb-p p-p P-p p-p =
— =
g In the process of g
2 Reference [8] [9] [10] being made publicly 3
g available E
> Ly
7|  Absolute calibration method vdm vdm VdM vdM +BGI * 3
L A=
= Ao, /o, [%] 2.8 1.53 23 1.12 |-
I

| p-dependence [%] 0.50 <0.1 0.17 3
I} Long-term stability [%] 0.70 1.0 0.22 5
: i
= - P F 1.0

0 Subtraction of luminosity backgrounds 0.20 05 0.13 E
s B g
= Other luminosity-dependent effects [%6] 0.25 0.5 - ,E
(a8

E Total luminosity uncertainty [%] 3.0 1.8 2.6 1.2

This snapshot represents a selection of the latest luminosity calibration results publicly
available
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Collisions at LHC

 Usual proton-proton central partides: i

proton
remnants

Non-diffractive

. . . - 1 t 4
collision at LHC: jets, Higgs, etc. e b s =
proton breaks up

jet X
proton proton - e
— P
proton proton proton L
remnants remnants
* Proton-proton interaction via photon (y), electromagnetic force,
or pomeron (P) exchange, strong force: proton can remain intact
Single diffractive Double diffractive Central diffractive Elastic scattering

T

p - p
" IX(Mx=~/é_s) " X
P P L P/y
t - P . t
P o —p2 P L P 2 o
PT J b — OC-PT
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TOTEM for CMS and ALFA for ATLAS are able 1o
perform absolute luminosity measurements

« Based on Optical theorem

— Measurements of the total rate in combination
with the -dependence of the elastic cross section

w18 Gev o =Mimh
——— pedis
- H.

Pt o=

(TOTEM]
—  Measurements of elastic scaftering rates in the o -
Coulomb interference region[ALFA) _ _

« Requires dedicated LHC fills with special magnet settings
« Roman pots far from the interaction points (about 200 m)

« Measurements at very low interaction rates

— Cross-calibration of dedicated luminosity detectors

— Extrapolation of calibration to typical physics condifions
infroduces big uncerfainties

« Valuable cross check but at LHC not competitive 1o VdM
scans for infegrated luminosity measurements

Toni Baroncelli- INFN Roma TRE Physics at Hadron Colliders
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T A Coulomb

scattering (~[t| °2)

Elastic Scattering: —
— Coulombnuclear interference
Proton §®) [fitting thiwg r3e@inadn byields L,]J
B > ’
Vo i
¢ AIP
i
‘_-—"l__—_} E Nuclear scattering g%rgjrebltaltigae)
Proton : (~expebit]) )
! 202 '
t = (pi —p;) ~p°0 L
JCc= N
|t| = 6.5 x 10% Ge\ ~

Elastic Scattering at low t is sensitive to B 1 1 1 1 >
| exactly known Coulomb amplitude ... | 1093 1092 1091 1 10 It| [GeV]

Shape of elastic scattering distribution can also be used to determine
t ot al <c¢r ows asnedc ttihoen ,pajr amet ers 3 and b

Perform fit to:

2 =blt] 2 2y, —blt] _
dN . dra _ XpOtot€ 2 4 Tiot (1 +p )E with:
dt |t|2 |t| lﬁﬂ' 3 ratio of the real to imaginary part
of the elastic forward amplitude
L ] L ] L ]
Coulomb Coulomb/nuclear Nuclear b . nuclear ?lOpe
Scattering Interference Scattering Jot : total ppl X cross section
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t = (p; — p;) ~ p°6°
t = 107° QeV?

A 5-107° =5 prad
Leg ~ 240 m

[Depends on beam optics]

—

i Ydet = 1.5 mm

—

Need proton detection 1.5
mm from beam ...

Use of Roman Pot detectors ..

Toni Baroncelli- INFN Roma TRE
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ChLiwd,
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Proton

07

I EDH" )

s}
3 b

2 e

ParalleHo-point focusing ...

Knms=

Protons scattered

ellipses at ALFA ...

at angl e
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AEP & ALFA sgeometry

Forward Detectors @ |P1

Intact protons — natural diffractive signature — usually scattered at very
small angles (1irad) — detectors must be located far form the Interaction Point.

ATLAS
jet beam line /i1 P ALFA
p
;S — 7
jet 2 stations
— large distance >
AFP

Toni Baroncelli Experimental High Energy Physics at Colliders Winter 2025

@ Absolute Luminosity For ATLAS @ ATLAS Forward Proton
@ exist, 240 m from ATLAS IP @ exist 210 m from ATLAS IP
2 diffraction (elastic scattering @ hard diffraction
@ special runs (high 3% optics) @ nominal runs (collision optics)
@ vertically inserted Roman Pots @ horizontally inserted Roman Pots
@ tracking detectors, resolution: @ tracking detectors, resolution:
g = 0y, = 30 pum ox = 10 pm, o, = 30 um
@ timing detectors, resolution:
a: ~ 20 ps

Similar Devices @ IP5: CMS-TOTEM.

Toni Baron
0 aronce M. Trzehifski Physics goals and status of AFP 2/17
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Collimator Roman Pot Collimator

Roman Pots, based on modified Totem design, used to
move detectors near to stable beam.

Detectors in vertical plane only.

Calibration:

Beam positioning monitors (BPMs) and hit multiplicities
used to calibrate detector positions with respect to beam

Overlap extrusions used to calibrate distance between

upper and lower detectors
Toni Baroncelli- INFN Roma TRE

Roman Pot

Overlap detectors
y-measurement

Overlap detectors y-
measurement
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PMT read-out

U-V detector planes

Trigger scintillator

Overlap detectors
y-measurement

Thin window

Toni ml'&ﬂlll&mlll' THINT I Mullia 1 1 ThL-

Single tracker plane (2 UV coordinates)

U-V detector planes

Trigger scintillator

Overlap detectors y-
measurement

Lolliders
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Scintillating fibers
in UV geometry

Singlecladded 0.5 mm square fibers
used to track scattered protons ...

Y
20 detector planes with 64 fibers each ...
[ expected position resolution:
Dead region |l ess than 10

Efficiency > 90% per plane ...

Toni Baroncelli- INFN Roma TRE

Schematic view of tracker module ...

Sensitive area with W/ geometry (light blue) ...
Overlap detectors and fibers (dark blue) ...
LHC Beam pipe (red) ...

—g l
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33 -
128
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ALFA detector

A-side C-side
ALFA Q5 D2 Q3 Q1 Q1 Q3 D2 Q5 ALFA
| Beam1 Beam?2 |

Q7 | Q6 Q4 D1 Q2 ATLAS Q2 D1 Q4 Q6 | Q7

B7L1 A7L1 A7R1 B7R1

”/
.-"'J>
i
3
fd
>
=
3
N

;.

q.-.-.-.--.----- .......
............

il
A
A
A
AlA

.E
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241 m 23/m — 2371, 241 m
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@ Elastic events are selected with tracks in all
four stations in an arm.

¥i(237 m) C-Side [mm)]

@ The tracks are also required to fulfill certain
correlations between inner-outer stations
and between A-side and C-side.

ATLAS

5=7 TeV, 80 pb’

255720 15 -

B7L1U A7L1U

|||r B .__.I._f

Arm 1 Arm 2

IP

10

-5

0

¥(237 m) A-side [mm]

A7R1U_ B7R1U

==
=
]

=
i L

T I | 1
S 10 15 20 25

P s

0

L

——

Simon Stark Moriensan (MEI) Forward measuremants with ALEA

&




ALFA detector : background-events

Background

@ Sources of irreducible background is:
1) two incident halo particle,
2) asingle diffractive proton and a halo particle,
3) double pomeron exchange with two protons in ALFA.

@ A f-spectrum for background is determined from anti-golden events by flipping the
coordinates of one of the tracks.

@ Background fraction is ~ 0.5% and halo+halo is the dominant source.

Reconstructed f-spectrum
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Golden elastic topology N
BFLIU ATLIU ATRIU BIRiU -
Arm1l = Arm2 ATLAS
u‘ I I I I E 5=7 TeV, B0ub’
Be
+ Caafa arm 1
-l*..._.__-__-_-.- Dﬂmrwnd
+
+
Anti-golden topology -
BFLIU ATLIL ATRIL HTR1LI ——
arm++ I
....I....I....I....l..|._|.I....I....I..
0 005 01 015 02 025 03 035
BTLIL ATLIL ATRIL BT7RIL
-t [GeV?)
= 7 = = = o

Simon Stark Moriensan (NEI) Forsard measurmments with ALFA
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g : : :
= @ The measured t-spectrum is affected by detector resolution ttrue at prod UCtlon
0 and acceptance and must be corrected for these effects. ]
E e PYTHIAS used as elastic scattering generator. VS treco at detection
2 @ Beam transport from IP to ALFA done using MadX.
% _ _ Acceptance
s @ Simulated tracks are used to find a reconstructed . g 0BT R
) : E
& o Transition matrix used to unfold the raw t-spectrum. £ o7 - ATLAS Simulation E
= - \s=T TaV =
2 Transition matrix ¢ s I 3
fm 0.5 : _;
CES 0.4 —z
o 0.2 =
x ]
i—J 0.1 3
3 E L
E = ﬂ;_. ....... T T T T BT S T T - J__E
: o 8
" o |
Fil £ -H'I:; Eﬁ'ﬁ}fﬂl ) ) , "
% 005 010150202503 035 0 005 01 015 0.2 0.25 0.3 035
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Tor

a0 Gey'

1
AN Gav?
A0 GeV*

MMJ I_L-L-I—L—l—-;
40 -3 20 -10 0 10 20 30 440
x 'mm]

5 ALFA
Simulated hit distribution
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end of a fill

- Emittance Scan: a quick vdM scan performed during
stable beams, separating the beams in x and y
- Typical scan duration 5 min, usually at beginning of

Inst. Lumi
Peak mu

Colliding
sunche: I appiteg

Scan Permit B

- The LHC uses it for on-the-fly diagnostics, ATLAS can b

use it to cross-check calibrations

Trigger menu

BEAM 1

ATLAS LEVELING

active S

LUMINOSITY

1
verage mu [N

Target
AUTOMAJC SCANS XlngAngle Quantity
Scan Status Sigmalie; SETTING  READBACK
Command State Enabled
; oo Bl 1O
Target gy
P ——
Particie Ty 2 BEAM 2 particle Type [N PEE2
SAFE MACHINE PARAMETERS SAFE MACHINE PARAMETERS
SETUP-BEAM Intensity 10" SETUP-BEAM
STABLE BEAM STABLE BEAM
MOVABLE ALLOWED wum Bunches [ MOVABLE ALLOWED
BEAM PRESENT aGAvgintensity 4. BEAM PRESENT

2670 Physics_pp.v7

current prescales (ctp)

L1 19368 Hi

prescale set for STANDEY
L1 19368 Cosmic
HLT 14221 Cosmic

prescale set for EMITTANCE
L1 19433 EmitanceScan

HLT 14253 EmmanceScan

EMITTANCE

prescale set for PHYSICS
L1 19368 Cosmic

HLT 14221 Cosmic

Bunch group set LE length
1397 60 seconds

Deadtime Config
Deadtime_Cosmics

- Emittance scan visible in DCS and
LHC page 1!

Emittance Scan ongoing .
shown in Trigger Panel -
and marked by special - swom

ound in ACR =

02-02-2024 15:12:16

AUTOMATIC SCANS
ACQUIRING

Set VETO

on CIB.CCALHC.B1
P2-2024 15:10:02

Scan Status

ATLAS Veto |

P2.2024 15:10:02

OR MESSAGE

LHC INTENSITIES [10'1)
Time Range =~ YAxes < Save Other =+ 11| llog  auto ®
Vv Beam 1 Intensity 0555  Wed 07 Feb 2024 02:01:53 PM CET (005)
V' Beam 2 Intensity 0.697  Wed 07 Feb 2024 02.01:53 PM CET (009)
Beam energy 450.000000 Wed 07 Feb 2024 02:01:52 PM CET (826)

=]
=]
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=]
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' ' ' '
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07.02.2024 14:01:48 785 Beam 1 Int-0,555 Beam 2 Int 0 697 Bearn ene:450 000000

ATLAS BPTX INTENSITIES [10') ]
Time Range =+ Y Axes ~ Save Other =« 1:1 log suto 2

v Beam 1 0.000 Frl 02 Feb 2024 03:02:10 PM CET (138)
— v Beam 2 0.000 Fri 02 Feb 2024 03:02:10 PM CET (135)
W !

v N Bunches B2 0.000000 Fri 02 Feb 2024 03.02:10 PM CET (138)

s lo 8=

et e
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s

BT Yot

g R o 0 0 et 0 L i R L L R
i
07.02.2024 07:00:00 07.02.2024 10:00:00 07.02.2024 12:00:00 07.02.2024 13

= . h0> aoon 1eanmns | 07.02202414:01:48 883 Beam1 0000 Beam 2 0.000
LUMINOSITY ruumope: PROTON DEFAULT ATLAS to LHC More..
—Instantaneous Luminosity {10730 cm”™-2 s*-1)
Time Range - Yaxes - Save | other 7|11 [T g T oauto IR
E ATLAS Pref Lum 1373.689331  4/25/2018 8:11:32 AM (646) v CMS Inst Lum 1444.498779  4/25/2018 9:04:44 AM (700)
i 0,951  4/25{2018 9:04:44 AM (707)
o
o o
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ATLAS & CMS: VdMIlike scans

Short vdM-like scans performed at the
beginning and at the end of LHC fills in
standard physics conditions:

+ Beams scanned in X and Y planes in 7/9
displacementsteps of 10s/point;

+ Lower level of precision than vdM scan due
to: limited scanning range (insensitiveto tails),
possible non factorization biases (different
bunch-production mode), beam dynamics
effects (e.g. beam-beam effects)

t+useful for relative measurements
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Detector effects
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