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Introduction { Luminosity
Luminosity L relates the cross{section � of a given process to the cor-
responding event rate R

R = L � � (1)

The collider luminosity in terms of
the beam parameters:

L =
f r

P
i N i

eN i
p

2�� x � y

where:
f r { beam revolution frequency,
N i

e { number of electrons in the i{th bunch,
N i

p { number of protons in the i{th bunch,
� x ; � y { interaction region sizes,

� x =
q

� 2
x e

+ � 2
x p

; � y =
q

� 2
ye

+ � 2
yp

connected to the corresponding beta func-
tions and emittances: � � =

p
� �

� � � .
Summing up over all bunches.
Precision: about 5 { 10%

Better precision {
using a process with a well known
and sizeable cross section
(formula (1)):

� at Hera { ep bremsstrahlung,
� at e+ e� colliders { QED

Bhabha scattering.
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Introduction { ep bremsstrahlung
Bremsstrahlung

e-
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g

g

nucleus

e-
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g

g

nucleus

� ep
BH ( E 
 > 0:1GeV)

= 3 :31 � 10 � 25 cm2

= 331 �b
Practically no background
from other processes.

Bethe-Heitler formula:
(derived in the Born approximation neglecting spin and the �n ite size of the protons)

d� ep
BH

dE 
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where � is the �ne structure constant, Ep is the proton energy, Ee is the electron beam

energy, E 
 and Ee0 are energies of radiated photon and scattered electron respec tively

M p and M e are the proton and electron masses, r e is the classical electron radius.
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Introduction { Theoretical cross section uncertainty
� Born level { proton spin, proton structure, proton recoil: 0 .2%
� Higher order corrections { e�ect depends on the experimenta l ac-

ceptance : -0.3%
� Beam size e�ect: Large impact parameters � �! small momentum

transfer: ~q? � ( ~=� ) & ( ~=� ? )
� ? { transverse beam size

Final photons with energy E 
 are produced from
a \disk" of radius:
� m � � e4
 e
 p

Ee� E 

E 


, � e = ~
mec = 3 :86 � 10 � 11 cm.

Impact parameters limited by transverse
beam sizes �!
number of observed photons decreased.
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Introduction { Theoretical cross section uncertainty
HERA II: � ? x = 114 � m, � ? y = 30 � m.
Beam size e�ect predicted by bremsstrahlung generator (BRE MGE) for
di�erential and threshold cross section:
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Introduction { e � gas bremsstrahlung

� Observed in e pilot bunches.
� Not biased by pile{up e�ects.
� Used for energy scale calibration.
� Used to monitor the gas pressure at IP.
� Background in ep bremsstrahlung ( < 1%)

d� ep
e� gas

dE 

= 4 �r 2

e

"
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 Ee
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Z 2L rad + ZL 0

rad

�
+

1

9
( Z 2 + Z )

#

(3)

where L rad and L 0
rad called "radiation logarithms" are functions of the

atomic form factor:
L rad = ln (184 Z � 1=3)
L 0

rad = ln (1194 Z � 2=3).
Average Z = 4.2.
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Introduction { Observed cross section
The energy spectrum F ( Ecal) observed in the photon calorimeter { a
convolution of d� BH

E 

with the calorimeter response function P ( E 
 ; E cal).

( P ( E 
 ; E cal) { probability that for incident energy E 
 the calorimeter energy is E cal .)

F ( Ecal) = 1 :=� 0 �
Ee� M eZ

Emin

d� BH

dE 

P ( E 
 ; E cal) dE 
 (4)

� 0 = � BH ( E 
 > E min ), Emin = 0.1 GeV.

Cross section � th for threshold trigger set on Ecal :

� thr ( E thr ) = � 0

1Z

E thr

F ( Ecal) dEcal (5)

A geom { the fraction of photons reaching the calorimeter.

Observed cross section:
� obs = � thr � A geom: (6)
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Luminosity detectors { Photon acceptance

IP proton beam pipe photon pipe
92.5 m -- photon exit window

Luminosity
detectors

Photon acceptance limited by proton
magnets and photon exit window
(10 cm diameter).
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Luminosity detectors { Synchrotron radiation
Synchrotron radiation at photon exit window:

(the table has been prepared while designing the new photon de tector)

HERA I HERA II
Ee (GeV) 27,5 27.5 30
� (m) { radius of bending 1360 400 400
I e (mA) 43 58 58
Energy (GeV/bcr) 0:165 � 10 6 0:76 � 10 6 1:07 � 10 6

Power (W) 275 1260 1785
Critical energy (keV) 34 115 150

Photon calorimeter:
� To screen from destruction and to minimize synchrotron radiati on background {

4X 0 shielding.
� To be able to reconstruct true photon energy { active �lter:

2 blocks of � 2X 0 C followed by aerogel �Cerenkov counters.

Pair spectrometer:
� to count bremsstrahlung photon conversions in the photon exit w indow.
� The electron{positron pair is separated by a small dipole magne t and two small

calorimeters are symmetrically placed above and below the ph oton beam line,
away from the synchrotron radiation plane XZ.
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Luminosity detectors { High photon rate

The mean number of photons above a given energy threshold Emin
during a bunch crossing:

�n 
 ( E 
 > E min ) =

0

B
@L b

1Z

Emin

d� BH

dE 

dE 


1

C
A =( f r � t ) ) (7)

where

L b { the integrated luminosity of this bunch crossing in the time � t

f r { the bunch revolution frequency.

� Distribution of photons per bunch crossing obeys Poisson di stribu-
tion with the average number 0 { 2.5 of photons of energy great er
than 100 MeV.

� Energies of photons in one bunch crossing sum up.
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Luminosity detectors { high photon rate
Photon calorimeter:

� For n photons { n{fold convolu-
tion of single photon spectrum.

� Observed spectrum { superposi-
tion of events with di�erent pho-
ton multiplicity.

Pair spectrometer:
� Practically no pile up problem.
� Rate reduced by:

{ probability of photon conver-
sion in exit window (10%),

{ probability of photon in energy
window 18 { 20 GeV,

{ probability of symmetric con-
version.
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Luminosity detectors { set{up in HERA tunnel
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LUMI  DETECTOR  CONFIGURATION  IN  HERA  TUNNEL
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� HERA I :
{ 1 { 2.5 X 0 �lter, photon calorimeter.

� HERA II :
{ pair spectrometer,
{ 3.5 { 4.5 X 0 active �lter (4.2 X 0 used), photon calorimeter.
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Luminosity detectors { Photon calorimeter
� 48 (0.5X 0 Pb/2mm

SCN881T2
scintillator) layers
of dimension
(20.0 �20.0) cm 2

(8 layers before
position detector
and 40 after);

� 2 WLS light guides
read by two PMT
( Hamamatsu
R5330);

� the position
detector built of
17 vertical and
13 horizontal
scintillator �ngers
of dimensions
(15.0 �1.0 �0.3) cm 3

and
(18.0 �1.0 �0.3) cm 3

respectively
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Luminosity detectors { measurement method

� simulate bremsstrahlung photons energy spectrum in the
calorimeter;

� determine the dependence of observed cross section on the
calorimeter energy threshold;

� �nd the scale factor between the simulated energy deposit in
the calorimeter and ADC channel by �tting simulated spectru m
to the data;

� �nd threshold energy and the cross section for each applied
trigger (ADC greater then ...);

� correct measured ep bremsstrahlung rates for e-gas contrib ution
and pile-up e�ect;

� correct the rates for the detector acceptance;
� calculate luminosity : rate/cross-section.
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Simulation

Luminosity measurement based on GEANT simulation with:
� accurate description of all material on photon path,
� spectrometer magnetic �eld included,
� geometrical acceptance limited only by the size of calorime ter.

� Light yield measured by 2 PMT's is proportional to energy dep osit in
calorimeter scintillators E seen. total energy deposit in the calorime-
ter is approximately 15*E seen.

� Measurement introduce smearing of E seen.
{ light collection system { � s �tted to test beam data

and e � gas photon spectrum.
� s = 0 :02 � 0:06

p
Eseen.

{ pedestal width { measured.
� There is simple ( very close to linear) transformation betwe en ADC

and E seen.
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Simulation
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Simulation tested with real data col-
lected with electron test beam
(1 { 6 GeV)
for several sets of absorbers.

� good description of calorimeter re-
sponse,

� good description of Cerenkov I re-
sponse

� not satisfactory description of
Cerenkov II response, probably
connected with not uniform light
collection e�ciency and large cas-
cade size after 4X 0 absorber.

Data and simulation of calorime-
ter response to 6 electron energies
passing 0.2 X 0 Cu and 4 X 0 C ab-
sorber.
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Simulation

GEANT simulation for incident photons:
� broad spectrum of calorimeter response.,
� � 8% of photons pass the �lter without interaction.
� Cascades initiated in the exit window partially swept away by m agnetic �eld.
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Simulation
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Functions (4) and (5) obtained from GEANT for ep bremsstrahlung.
E seen { energy deposited in calorimeter scintillators.

� F ( E seen) and � thr ( E thr ) parameterized.
� F ( E seen) used for the calibration ADC �! E seen.
� � thr ( E thr ( ADC )) for luminosity calculation.
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Simulation

From GEANT simulation to real data

� Histograms of F ( Eseen) and � thr ( E thr ) for ep
and e� gas bremsstrahlung from GEANT (20M events) are smoothed
(multi-quadratic smoothing) and stored as functions.

� F ( Eseen) for e � gas �tted to the data.
Fit parameters:
{ normalization,
{ scale transformation parameters ( ADC �! Eseen):

� gain (for each run)
� nonlinearity correction (once for the detector).

� � thr ( E thr ) corrected for pile{up e�ects and
applied to calculate luminosity from threshold scalers at
E thr ( ADC thr ).
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Simulation { Pileup correction

� Corrections function of variables :
{ average number of photons of

energy greater than 100 MeV
per bunch crossing - ng

{ trigger threshold de�ned in
Eseen

is constructed for E seen range
used in triggers.

� First approximation of ng is ex-
tracted from the photon rate in
trigger with threshold close to
Eseen = 0 :35 GeV , where pileup
e�ect is minimal.
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Calibration { Energy scale
From ADC to E seen

� Average signal from 2 PMT's after pedestal subtracting
� Eseen

ADC = f ( ADC 1 � P ED 1) + ( ADC 2 � P ED 2) g=2: = Ccal � Eseen

where Ccal is so called calibration constant.
� Small correction for possible nonlinearity may be needed:

ADC = Ccal � Eseen � (1 + f nl ( Emax � � Eseen) � Eseen + �

where Emax is maximum energy deposit of maximum energy photon
and f nl is global non-linearity parameter introduced by:
{ signal treatment required by analog transmission.
{ calorimeter light collection system.

� Small shift � of the spectrum due to the synchrotron radiatio n back-
ground is also possible (di�erent for positron and electron beams).
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Calibration { Energy scale
� Scale nonlinearity parameter and

pedestal shift due to the synchro
tron radiation estimated from the
�ts to the 27 and 12 GeV e-gas
bremsstrahlung test samples

� f nl = � 0:017
� = 3 :ADC ' 30 MeV

� The uncertainty of these param-
eters :
{ �f nl = � 0:01
{ � � = � 85 MeV

introduces the systematic error
on luminosity:

� L = 1 :5%
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Calibration { Energy scale
Electronics nonlinearity measurement

� For LT measure PMT pulse with the
scope and compare to ADC.

� Investigate all range by varying LT
light.

Plot: di�erence from the straight line
between (0,0) and the last point.
May: improved method.
f nl of di�erent sign than from �t !
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Calibration { Energy scale
Calorimeter nonlinearity

the other way to extract it from data.
� � thr ( E thr ) =� 0

{ cumulative probability
distribution of variable
Eseen.

� if normalization factor
for data is known {
compare
Eseen( thr ) DAT A

with Eseen( thr ) GEANT

for the same levels of
� thr ( E thr ) =� 0

� for data linear transfor-
mation ADC �! Eseen

is assumed.
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Calibration { Energy scale
Calorimeter nonlinearity

the e�ect of light attenuation in WLS

� E 0
seen : { E seen corrected by

possible nonlinear factors:

{ quadratic term as ob-
tained from �t to the
spectrum,

{ possible e�ect of WLS
light transmission.

� compared with E 0
seen ex-

tracted from e � gas test
data. The error of the
method is shown by chang-
ing the normalization � 1%.

0.96

0.97

0.98

0.99

1

1.01

1.02

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

EÁseen

nonlinearity from fit

WLS correction

from DATA, C norm  = 1.

from DATA, C norm  = 0.99

from DATA, C norm  = 1.01

E
seen

GEANT (GeV)

EÁ
se

en
/E

se
enG
EA

N
T



Krystyna Olkiewicz
INP, Krakow 26 Luminosity Measurement

Geometrical acceptance
The aperture can be seen and measured as the spot burnt by synchrot ron radiation
into Capton sheet.
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Geometrical acceptance
The aperture projected at the position detector depends on IP p osition (shadows of
magnets) so it is di�erent for positron and electron runs. Alignm ent is found �tting
x { and y { beam pro�les for runs with extreme beam tilts.
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Geometrical acceptance
Geometrical acceptance for pho-
ton calorimeter is calculated inte-
grating 2D Gaussian beam distri-
bution inside the aperture.

� �x and �y from position detector for
each ENV record.

� � x and � y:

{ calorimeter: extracted from 2D
Gaussian �ts for selected runs
and keep �xed.

{ spectrometer: �tted for each
ENV record, variation in time not
negligible.

� The uncertainty of � x and � y from
the position detector and uncertainty
of the aperture and alignment
�! � 1:7% error on luminosity.

Acceptance from 6mTagger:
Tagger { 100% acceptance for [8 { 11] GeV
electrons.
For corresponding photons acceptance
from the coincidences:
A = Re\ 
 =Re
For the calorimeter { additional correction
for pile{up.
Expected error: � 0:5%
but Re\ 
 ; Re not yet included in GFLT
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Other corrections { Synchrotron radiation
� Random trigger { bremsstrahlung

+ no bremsstrahlung (pedestals).
� Fraction of bremsstrahlung esti-

mated from luminosity.
� Study of the shift of spectrum

wrt. electron current per bunch
crossing.

� Estimated shift is:
{ 0.28 MeV/ � A for electron

beam reaching 42 MeV,
{ 0.11 MeV/ � A for positron

beam.
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Other corrections { electronic pile{up

� Electronic pileup occurs when
part of a signal adds up to the
next bunch signal.

� Electronics is optimized so that at
most 2% of signal can be seen in
next bunch.

� Pedestals are read from empty
bunches neighboring to the full
ones, so one can see a shift pro-
portional to � ng.

321

322

323

324

325

326

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

photons/bc
p

e
d

e
st

a
l (

A
D

C
)



Krystyna Olkiewicz
INP, Krakow 31 Luminosity Measurement

Other corrections { electronic pile{up

� Electronic pileup is also visible in
the lowest energy part of
ep bremsstrahlung spectrum.

� Signal fraction in the next bunch
is estimated to be 1.8 %.

� Distortion of the spectrum due to
the electronic pileup is parameter-
ized together with multiple pho-
ton e�ect.
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Luminosity measurement
Luminosity measurement

Two photon energy triggers in LUMI system:
� Ecal � 896( ADC ) corresponding to < E 
 > � 10GeV (O1)
� Ecal � 1344( ADC ) corresponding to < E 
 > � 17GeV (O2)

Three photon energy triggers in GFLT:
� Ecal � 736( ADC ) corresponding to < E 
 > � 7:5GeV (Z1)
� Ecal � 1008( ADC ) corresponding to < E 
 > � 12GeV (Z2)
� Ecal � 1296( ADC ) corresponding to < E 
 > � 16 :5GeV ( Z 3)
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Since June 2006 additional GFLT
trigger: Ecal � 576( ADC )
corresponding to < E 
 > � 4GeV ( Z 4)
to monitor beam size e�ect.

No dead time scalers.
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Luminosity measurement
Data collected in ENV records

� pedestal distributions;
� light test distributions;
� e-gas bremsstrahlung spectrum;
� e-p bremsstrahlung spectrum;
� xy beam pro�le from the position detector.

samples of 512 events.

� Rates in 2 on-line scalers - O1,O2 for colliding bunches;
� Rates in 2 on-line scalers - O1,O2 for pilot bunches
� Total rates in 3 GFLT scalers Z1, Z2, Z3;
� Rates in 3 GFLT scalers - Z1, Z2, Z3 for colliding bunches;
� Electron currents for each bunch;
� Proton current for each bunch;
� total time and ZEUS active time.
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Luminosity measurement { Calibration constant

� The �rst approximation for the
calibration constant Ccal obtained
from the �t to the e-gas spec-
trum.

� Background in the spectrum:
{ proton related
{ ep admixture

can be partially removed by re-
quiring good position reconstruc-
tion.

� ep spectrum can be used for cal-
ibration only after pileup correc-
tion.
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Luminosity measurement { Calibration constant

� Calibration constant tuned with
ep bremsstrahlung threshold
scalers:
L ( O1) = L ( O2)

{ Iterations with recalculation of
cross sections and pile{up cor-
rection.

{ Done every 50 ENV records.
� j Ccalegas � Ccalepj=Ccalep < 0:005,
� larger di�erences can be at-

tributed to the ep admixture in
pilot spectra or proton related
background
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Luminosity measurement {Calibration constant

-

� The PMT gain is slowly going
down and it is periodically
adjusted by increasing PMT's
high voltage.

� With optimum gain
bremsstrahlung spectrum occupy
2/3 of scale, remaining high
energy part serves to monitor
pileup e�ects.

� Variations of gain are within
� 10%.

� e{gas bremsstrahlung spectra for
extreme gains are shown in plot.
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Luminosity measurement
Step by step:

� e � gas correction:

Rep = R tot � Rpil �
I tot
e

I pil
e

� pile{up correction:

�ng =
Rep � � 0

� ( ADC thr � 0; Ccal) � f r � Ncoll:bunches

�nw
g = �ng �

< R 2
i >

< R i > 2

R0
ep = Rep � (1 + P ( ADC thr ; Ccal ; �nw

g ))

� acceptance correction A(�x; �y; � x ; � y);
� Luminosity:

L = R0
ep=� ( ADC thr ; Ccal) =A(�x; �y; � x ; � y)

ADC thr � 0 { threshold
with minimum e�ect.
�ng corrected in itera-
tions.
For correction luminos-
ity weighted average
from all bunches is
used.

R i { rates in colliding
bunches
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Control plots
Variations of reconstructed calibration constant for posi tron and elec-
tron period. Decrease of gain shows PMTs aging. Jumps show HV
increase. Starting from run 52000 new PMTs are used.
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Control plots

� Ccal for one HERA �ll in time. Af-
ter PMT idle time the gain goes
up �rst then goes down. Varia-
tions are within 0.7 %.

� The same behavior is also seen by
LT. Jigsaw pattern in LT shows
how temperature e�ects are com-
pensated by HV steering.

� LT/ Ccal variations are within
0.25%.
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Control plots

� The decrease of photon rates dur-
ing the �ll is shown in plot.

� Pedestal level shows correlations
with ng (electronic pileup) and
also some instability.
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Control plots

� Reliability of the scalers can
be checked by comparing results
from lumi online scalers with
GFLT scalers.

� Except for sporadic errors the
agreement is perfect.
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Control plots
Checks of pile{up correction:
di�erences of luminosity L obtained with di�erent triggers as a function
of ng. Scalers Z 1 and Z 3 are shown.
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Control plots
The possible uncorrected nonlinearity of the energy scale and i naccuracy of GEANT
simulated cross sections can be checked by looking at di�erence s of luminosity L
obtained with di�erent triggers as a function of Ccal or E trigger . In the latter in
uence
of pedestal value is also taken into account.
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Radiation damages
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� Calorimeter energy smearing becomes wider,
� Light attenuation in the scintillators { di�erence between the read-

outs from the top and bottom side wrt. y.
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Luminosity measurement systematic error

1. theoretical cross section: 0.7%
2. energy scale: 1.5%
3. geometrical acceptance: 1.7%
4. pile{up correction: 0.5%

Errors in 2) and 3) can be reduced below 1%
2) { studies of calorimeter nonlinearity,
3) { including 6mTagger measurement.


