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General

The luminosity L is a key quantity of each collider

For a process with a cross section o holds:

N=ox /[

N : Number of events of the process recorded per unit time

As larger the luminosity as more events of a given process you may
collect in a certain time!

However, to measure cross sections precisely, also a precise
measurement of the luminosity L is necessary.



General

In a Collider particles Example:  bunch
are accelerated in LHC (protons or

. ; heavy ions)
bunches, with N, particles
2495 ns abort gap

- - =

A A
e

bunch train

AT AT Bunch crossing
B fr ev N 1 N 2Ty

4ro,0,

: — N particles / bunch
fey :revolution frequecy

n, :number of bunches

oy, oy Gaussian widths

F : impact of a crossing angle, at e™e” linear collider also a
luminosity enhancement factor.
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e*e” collider
Bhabha scattering at low polar angles is used as a gauge process
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e*e” collider
Theory uncertainties in the Bhabha cross section at LEP1 s = 91 GeV
(S. JADACH, FCAL workshop Cracow 2006):
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Example of a measurement at LEP (OPAL): OPAL
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Radins olifferance (om)
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Theory uncertainties at higher energies at ILC/CLIC (S. JADACH, FCAL
workshop Cracow 2006):

In the range of polar angles 25 — 100 mrad:
e*e Pairs
Hadronic vacuum polarisation

o ~— L
® QED photonic corrections QYA
® EW corrections to Z (t-channel) @ E E
o 1 1 T _SE - S

Light fermion pairs

Other challenges: Beamstrahlung — Beamstrahlung
luminosity spectrum

105_?ix.s[x.‘,].ra,|.r,.....l....

600~ —— CLIC 3 TeV Peak — -
- ILC 1 TeV Peak 8 10‘:

1/N dN/dx

400 10°E
L 102 -
200 F
i 10%

09809850990995 1 1005101 1i

PRI NS SRR B
x=\s/\{Srom 0 500 1000 1500 2000 2500 \ [Gat:?]o
s’ [Ge




ete” collider

Deflection of the scattered electron/positron in the bunch magnetic field

6

B-field

0+ AO

Physics background: four-fermion processes

Conversion Annihilation
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Precision needed at ILC (Vs = 500 GeV)

ete” collider

No problem with statistical precision

Systematics:

Precision needed at CLIC (Vs = 3 TeV)

ALIL=10"3

[ >

Likely underestimated

Tahle 2: Systematic uncertainties in the ILC luminosity messurement.
Source of uncertainty ALSL (1077
500 GeV [ 1 TeV

Bhabha cross section |63 <l (.54 .54
Polar-angle resolution |5 TG ML
Polar-angle bias |5 0.16 0.16
Energy resolution |3| 0.1 0.1
Energy scale [3] 1 1

Beamn polarization |5 <l 0.19 .19
Physics background |62 2E 0.8
Beam-beam effects |50 0.9 1.5
Total 2.6 2.1

More detailed studies needed

ALIL =102
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V. Makarenko made comparlson of different codes (JINR 2016):

1.124d BHWIDE o @ BHWIDE for wide angle scattering
1.1 H new/BHWIDE i S. Jadach, W. Placzek, Z. Was et al., Comp.Phys.Comm. 102 (1997) 229-251
1.08 i Precision: 0.1 — 0.5% (depending on c.m.s. energy);
1.06 F - @ BHLUMI for forward region (~ 20mrad)
1.04 | S. Jadach, W. Placzek et al., Phys.Lett. B390 (1997) 298-308
1,02k . Precision: up to 0.06% (at LEP1 energy).

1k | . | .
} | |
0.98 W | @ The NLO generator allows to achieve only about 1% precision.
ST PP T A T IV TP A T TN e The error imposed by using of BHWIDE is of the same size.
‘ ‘ 2 9SECOND ORDER CORRECTIONS

The complete O (L) analytic result was first received in A.A.,
V. Fadin, E. Kuraev, L. Lipatov, N. Merenkov, L. Trentadue
[Nucl.Phys.B "1997]

Two-loop virtual pure QED RC were computed by A. Penin
[PRL2005, NPB"2006]

Summary given by A. Arbusov -
Emission of one or two real photons was also added, see e.g.
(FCAL WorkShOp JINR 2016) C. Carloni Calame, H. Czyz, J. Gluza, M. Gunia, G. Montagna,

O. Nicrosini, F. Piccinini, T. Riemann, M. Worek

NNLO leptonic and hadronic corrections to Bhabha scattering and
luminosity monitoring at meson factories

JHEP 1107 (2011) 126

A. A. Penin and G. Ryan, Two-loop electroweak corrections to high
energy large-angle Bhabha scattering, JHEP"2011
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further statements by A. Arbusov

» Precision theoretical description of small-angle Bhabha
scattering is of ultimate importance for e"e™ colliders

» Several effects of different nature should be taken into
account

Matching

» Tuned comparisons should be performed

» Features of theoretical codes should meet experimental
requirenae:

» The SANC team plans to contribute ...
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Unique example: HERA Gauge process: electron Bremsstrahlung

Halle NORD (H1)
Hall NORTH (H1)
HERA

Halle WEST (HERA-B) «— Elektronen / Positronen
Hall WEST (HERA-B) Electrons / Positrons

efp ——> e*py
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ZEUS luminometers

SFIEC filter= PCAL

windoaw dipcle L

O2m O5m 104m 107 m

® PCAL is an electromagnetic sampling calorimeter — photon energy

® SPEC measures e* from conversions in the window of the vacuum
chamber using two sampling calorimeters



PCAL

e* p collider

Photon spectrum of e* Bremsstrahluna on residual gas atoms

events

Used for calibration

Problem: high photon rate - pile-up

n, - number of photons per BX

_ Ry - ap
_J(Er > Eepr) 'JFr Ny’

n,

Ry — total photon rate
f. — beam revolution frequency
N.p — number of bunches
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Used for luminosity calculation
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SPEC

e* p collider

Showers from the e* e in the sampling

calorimeter

Energy [GeV]

Enorgy [SaV]
-

% channel
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Critical issue: photon conversion probability in

the exit window

=

Data/MC comparison of shower y position
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Done by Vladimir Drugakov, published in NIM
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Impact of radiative corrections (a%): ] | K |
_)‘_/_1 1 N l ________________________________________
e H1. 05 fFrmmm o m o mmmmmeo
3 5' ) E 3
i + more a* and loop <
—_— 7 diagrams 5
' \ rtc}} 0. - ]
: ’ (Makarenko&Marfin) -
Uncertainty due to radiative corrections 0.85 : e ' : ' _,
10 15 20 25
Impact of the proton form factor: E, GeV
negligible
Precision reached again limited by the systematics
Source of systematics 2005/2006 e " 2006/2007 e ** Source of systematics Photon Spectrometer
Aperture and detector alignment 1.0 1.0 calorimeter
x-position of the photon beam 1.2 11 2005/2006 2006/2007
Sum 1.6 15 e’ et?
Common systematics 1.6 1.6 1.5
Photon conversion 0.7 0.7
In the beam exit window
Final uncertainty AL/L = 1.7 % pcutconecton -
Valid for all structure function ey 05 oo

measurements at HERA !

Sum 22 1.8 1.8




Control data and comparison
PCAL - SPEC

Ratio between NC event rate and luminosity

as function of the x- and y- position of the

photon beam
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(Done by Vladimir Drugakov, published in NIM )

It was a good idea to have two luminometers at
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Van der Meer scan

Coming back to the original definition:

AT AT . fiey :revolution frequency
L= —]('f‘ff'l-‘*'\'l*'\Q”bF n, :number of bunches
Amo, o, | oy, oy: Gaussian widths
F . Impact of a crossing angle

fey andn, are known numbers

oy, oy. Gaussian widths to be determined using van der Meer scans

moving beam with respect to each other in x and y
N, N,: to be obtained from other (machine) mesurements

F . applied as a correction
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Interaction
region
Bunch 1 i Bunch 2

X
y
¥4

Z
o

— Effectiveéea A -—
Assuming Gaussian particle densities in the bunches:

1 22 _
pi-(z) = - exp (_E) where 1 =1,2, z=u,vy,

s 4 50)2
ps(s +sp) = ! exp (—ﬂ) :

TsV 2T 20;?

And introducing a displacement d in x between the two beams we obtain:
NiNofN .
1N2fNo

dmozoy

L= with W =e~t ,and t = d%/45,2

From a measurement of L(d)/ £(0) W, and finally o , is obtained.

YV
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Example CMS

Determination of the lengths scale:

Aro

Both beams, separated by about 1 c, are
moved simulataneously in units of sigma
The absolute length scale is determined
by reconstructing the position of the
luminous region using the distribution of

the vertices measured by the pixel tracker.

Measurement of £(d)/ £(0) by moving the
beams step-by-step in opposite directions
to measure o, and ¢,

&~




BCM1F

pp collider

Provides bunch-by-bunch measurement of beam background
flux and collision products

24 5x5mm? single-crystal CVD diamond sensors (Run I: 8
Sensors)

o,

(
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BCM1F assembly and installation
\.X;i"',

® Assembly workshop DESY
Al ‘ autumn 2014

/I'.’ ..“
8

4

-

\

Installation inside CMS
Januar 2015

7 P P
s

i 2 4y

\

ﬁ

Successful function test
(Februar 2015)

August 16, 2018 | 25
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Devices used for the luminosity measurement (CMS)

Hadron Forward calorimeter HF

UL TR
B Iron fiber calorimeter.
We /2
™I | l 3< n <5
|
CRYCSTAT ! l | E" HF
R |

4;"
. "'\_\ \_\ \\1‘,
4
™ 3 1 - . -
2 e/ <8 ,
Pl / b [ 1 E
g e|x ¢ e ; "
+ Il | e =it
. o 1 = — =m0
ggli=_ 00, o &
W, "
/s . N 4T 7‘” o ? o i

12 CASTOR

For the luminosity measurement an autonomous DAQ system to provide
“always on” operation was supplemented to the HF readout
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Hadron Forward calorimeter HF

Easy to distinguish between no
event or one or more events,

but impossible to count the
number of events per bunch
crossing;

Use ‘zero counting’ method, e.g. in
a given ring,

inverting the Poisson distribution:

= = pOu)=¢e"

= - =—log[p(0)]
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CMS pixel luminosity telescope PLT

Beam Halo

® 16 telescopes (8 on either side of CMS),
each containing 3 pixel sensors

® Mounted outside of pixel endcap (|n|~ 4.2)

® Uses same sensors and readout chips
(PSI46v2) as in CMS pixel detector

® Total area of 8mm x 8mm
o 80 rows of pitch 100 pm
o 52 columns of pitch 150 ym




L(d)/ £(0)

Scan 1: X-plane BCID 1783
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pp collider

First fit with two Gaussians (2018)

T IIIIHI| T IIIIIII|

L Illllll

CMS Preliminary

VdM Scan: Fill 6016

2 [ ndf

c,lo,
peak
Frac

Mean

26.99/20

0.1303 + 0.0004826
0.4532 £ 0.06843
0.003027 + 1.585e-05
0.9922 +0.004123
-0.001746 = 0.0005587
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CMS 2017 data
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~_ — BCM1F
-_ —=~HEF
i —PLT i i
L ]
122 18:32 18:42 18:52
Time (GMT)

Length scale calibration

CMS Preliminary 2017 (13 TeV)
[ %2 /ndf 24.3/3

po 349 +0.1178

p1 0.9965 + 0.0006962

IIIII]III]IIITITIII]ITI
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— . (8TeV)
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LHC made effort to deliver Gaussian beams, with no or small correlations in x and y;
As a result excellent fits with one Gaussian are obtained.

After having determined o, and &, and getting N, and N, from bunch charge/beam current
measurements, the measured rate of the device is used to determine its “visible cross

GViS:N/£

O\jis Is then 'used to measure the luminosity during the whole data taking period by

section”.

measuring N.
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Other methods:

® Vertex counting

Pixel cluster counting
® Track counting

® SM processes

Vertex counting and track counting are used as control data for

® Short term failures in the luminosity system (data
validation)

® Long term drifts and other effects (here also SM processes
like W and Z - production are used)
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Current state of the art (CMS):

Category Source Correction  Error (%)
Normalization Fit Model — 2~ 4
Beam Current — 0.3
Ghosts and Satellites —-04 0.2
Length Scale —-0.9 0.5
Emittance Growth —.d 0.2
Orbit Drift 0.2 0.2
Beam-beam 1.5 0.5
Dynamic p — 0.5
Integration  Stability and Linearity — 1
Dynamic Inefficiency — 0.5
Afterglow ~ 2 0.5
Total — 25~ 44

The fit-model uncertainty really refers to the beam-correlations effect (two Gaussians), which
we believe is now understood. Once we gain confidence, we will assume the lower value.
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Optical theorem

Gtot = O¢l + Oijnel — Giot X L = Njpe + Ng

Using Tiot — 4% Im j"{l]}_1 f(@) elastic scattering amplitude
d 2. 14N
0 = 17 L

— {1 T Jﬂg} |i*'nhl'rin\el + i'\f'reljg Counting Ninel % Nel

167 (dﬂ"el ,fdi]lt:[] needs an hermetic detector,

L

dNe|/dt measurements at very
small polar angle
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Optical theorem and interference with the Coulomb amplitude

dﬂ-e 1 ]. da.?\'re] 2 ﬂ'e m G—Tﬂt i ’J:TT () Q
lim —= = ——"[o=7|fet+ fs [P~7| + 2% i)eBs 2o Zem
- = { : t|—0
i—0 dt L dt —t | 4rm 2 =
Differential elastic cross section
100000 | | | | T
F“dNt.--;dtI l1J:'-\4H2 e+t Example SPS
strong part ————-
o] Fit Coulomb part ————-
= Needs zero crossing angle
: *
10000k Very low angular spread (large B*)

Detectors near the beam

AR S Technology: Roman pots

1000

0 5 10 15 20 25 30
t (Gev 31072
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Ongoing projects: ALFA at ATLAS

ALFA Q5

A-side

D2

Nuclear

—
Perturbative
QCD o £3%

109 lf| [GeV?]

C-side
D2 Q5 ALFA

Q2

ATLAS

Q2
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Ongoing projects: TOTEM at CMS

RP2
RP1 |
Q1 Q2 Q3 ‘ N | D2 Q4 I
A C 2
) 220 i
Interaction Roman pot
point detectors
CMS

detector



Summary

The luminosity £ is a key quantity of each collider

® |Ine'e collider at 90 GeV cms energy an accuracy AL/L =3.4x 104
was reached at LEP (experimental) and AL/L =5.4 x 10* (theory)

® At future e’e’ linear collider 1073 and 1072 is sufficient, however
due to new phenomena at higher energy effort is needed, both
from theory and R&D

® At the e*p collider HERA an accuracy AL/L = 1.7 % was reached
Experimentally there is room for improvement. Ongoing projects like
LHeC must do effort to understand the issue

® At LHC currently an accuracy of AL/L = 2.3 % is reached. Effort and
iIdeas are needed to bring this number down, since it approaches the
dominant error on cross section measurements



