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Preamble

Precise luminosity measurements is a (very) arduous business…

https://doi.org/10.1016/j.physletb.2020.135319

https://doi.org/10.1016/j.physletb.2020.135319


EIC luminosity challenge

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

Precise cross-section measurements are the corner stone of physics program at the EIC,
hence very demanding requirements for the EIC luminosity measurement:

• Absolute L precision of 1% or better

• “Bunch-to-bunch” relative L measurements with very high precision of ≲ 10-4

On top of that:
Ø Wide ranges of beam energies

Ø Many ion species: from p to Au

Ø (beam polarizations)
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EIC luminosity challenge: electron-ion Bremsstrahlung

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

HERA recipe: use very precise measurements 

of bremsstrahlung rate R: L = R/s

electron-ion bremsstrahlung, e + i ➝ e’ + g + i

• (very) large cross-sections (∝ Z2), with very 
small HO corrections

• unique signatures:
Ee’ + Eg = Ee to a very high accuracy, and 
BH is a truly “zero-angle process”

However: nominal EIC ep luminosity will
be almost 1000 times bigger than that at
HERA I, and thanks to 10 times smaller
bunch spacing event pileup will be only
partially mitigated – for Eg /Ee > 1%, sBH =
0.23 b at Ee = 10 GeV; but as event pileup
scales roughly as Z2/2A hence for eAu case,
instead of 23 hard photons every 10 ns,
more than 300 photons (sBH = 1.4 kb) will
hit detectors, corresponding to >30 GHz
total event rate!
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epBremsstrahlung:Luminositymeasurements (w/ photons only) atHERA I

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

ZEUS

27.5 GeV e × 820 GeV p

Acta Phys. Polon. B 32 (2001) 2025

ZEUS@HERA: TOP view

(H1 used similar photon detectors) 
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ep Bremsstrahlung: Luminosity measurement at HERA II

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

27.5 GeV e
×

920 GeV p

H1 using only one (“PCAL”) bremsstrahlung measurement, https://doi.org/10.1016/j.nima.2010.12.219, 
achieved 3% absolute precision – for overall normalization the Compton scattering was used, 

https://dx.doi.org/10.1140/epjc/s10052-012-2163-2, resulting in final uncertainty of 2.7%

https://doi.org/10.1016/j.nima.2014.01.053

ZEUS: SIDE view

HERA II big challenges: luminosity > 5 × higher (➝ event pileup) + very hard synchrotron radiation (➝ strong 
SR filtering needed) ⇒ two complementary methods used by ZEUS, but still only 2% precision achieved
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ep Bremsstrahlung at High Energy

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

For example, at the EIC, for Ee = 18 GeV, Ep = 275 GeV and Eg = 1 GeV, one gets the minimal 
longitudinal momentum transfer, in the proton rest-frame,Dpz= |qmin|/c = 0.00073 eV/c . 
The corresponding (kinetic) energy transfer = (Dp)2/2M ≈ 3.10-16 eV!

From the uncertainty principle Dpz corresponds to the longitudinal distance ≈ ℏ/Dpz of 
0.3 mm whereas in the transverse plane the impact parameters can be even larger.

Higher beam energies/lower photon energy ⇒ more extreme it becomes!

Ee

E′

e

Eγ

Q2

Ep E′

p

electron-proton bremsstrahlung e + p → e’ + g + p’ unique signatures:

E’
e + Eg = Ee to a very (very) high accuracy, and it is a truly “zero-angle process”

⇒ typ. polar angles for photons/scattered electrons, qg ≈ qe ≈ me /Ee

It is kinematically allowed that qg = qe’ = qp’ = 0 – hence there is no 
transfer of transverse momentum, which results in (for LAB variables):

|qmin| = me
2 mp Eg /(4 Ep Ee E’

e), where

Q2 = -q2 ≈ -q2
min + qT

2
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Bremsstrahlung at HERA: Observation of Beam-Size Effect

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

d4s/dEg dqedqg df ∝ Q-4

hence the cross-section integrated over angles, that is the 
bremsstrahlung spectrum, is dominated by macroscopically 
large-distance contributions,

pT = 0 → infinite impact parameter, 

pT,typ ≈ |qmin|/c → Beam-Size Effect – effective
bremsstrahlung suppression at colliders, at low Eg , due to 
small lateral beam-sizes of both colliding beams

At HERA I, for Eg = 1 GeV |qmin| ≈ 0.0001 eV ⇒ it
corresponded to a 2 mm impact parameter, whereas the 
both HERA colliding beam lateral sizes were ≪ 1 mm

Nota bene: This has nothing to do with the “environmental 
effects” – it is present in proper “binary” processes

BSE is effectively related to the “textbook” 
definition of a cross-section:

Event rate = Luminosity × s

where colliding particles are represented
by PLANE waves – but this assumption
breaks down if the lateral beam sizes are
comparable to relevant impact parameter
of a process:

Event rate ≠ Luminosity × s !
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K. Piotrzkowski (AGH UST), Paphos - EINN 2023

Zeit. für Physik C 67 (1995) 577,
https://arxiv.org/abs/hep-ex/9504003

electron-gas bremsstrahlung was measured to agree with the
Bethe-Heitler formula but a significant suppression of electron-
proton bremsstrahlung was observed at low photon energies –
it was found to agree at 30% level with the BSE calculations by
G. Kotkin et al., Z. Phys. C 39, 61 (1988):

Bremsstrahlung at HERA: Observation of Beam-Size Effect

8

https://arxiv.org/abs/hep-ex/9504003


Measurements of Beam-Size Effects @ EIC

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

https://doi.org/10.1103/PhysRevD.103.L051901

Using Van der Meer scans:

Longitudinal view

Transverse view
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BSE @ EIC

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

Due to very small vertical beam
sizes bremsstrahlung suppression
at the EIC is stronger than at HERA
– BSE has to be carefully studied
and understood to get the
required precision on the EIC
luminosity (also in case of
electron-ion collisions).

https://doi.org/10.1103/PhysRevD.103.L051901
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BSE @ EIC

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

Original and powerful BSE tests are
proposed by measuring bremsstrahlung
spectra while performing vertical “Van der
Meer scans” using hadron beams.

This will be at the same time an exciting
direct study/demonstration of very long-
range nature of bremsstrahlung process –
for large lateral beam displacements we
predict a strong effective increase of its
cross-section!

https://doi.org/10.1103/PhysRevD.103.L051901
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Interaction Region at the Electron-Ion Collider

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

Provisions have been made in the EIC Interaction Region designs for the luminosity measurements using bremsstrahlung, 
as well as for very forward electron detectors (photoproduction taggers) https://www.bnl.gov/ec/files/EIC_CDR_Final.pdf

https://wiki.bnl.gov/eic/
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Interaction Region at the EIC

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

https://www.bnl.gov/ec/files/EIC_CDR_Final.pdf
https://wiki.bnl.gov/eic/

Vertex drift has negligible effect on g-acceptance 
(in contrast to forward p/e tracking), as all photons 
with polar angle < 1 mrad should be detected
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Luminosity detectors & photoproduction taggers

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

Profiting from (hard) lessons at HERA:

• Need to study BSE in depth – dedicated calorimeter is mandatory also for regular calibration runs at low L

• Add simple tracking to Pair Spectrometer

• Monitor synchrotron radiation flux 

• Use extensively electron detectors for various calibration checks – including geometrical acceptance and energy
calibration ⇒ fast hodoscopes are mandatory for resolution/coping with high event pileup (➝ HI beams!)
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New Pair Spectrometer layout with TWO dipoles

Problem with old layout of Pair Spectrometer (PS):
Photon converter serves as photon exit window which is thick, to properly separate from beam primary 
vacuum as well as to distribute SR heat load:
⇒ Such thick converter results in significant event pileup even in PS, in addition multiple scattering

and bremsstrahlung at exit window seriously limit the PS resolution

Solution: extra small dipole magnet is introduced to sweep away all photon conversions at exit
window and then conversion foil(s) can be as thin as necessary

Thick exit window Very thin converter

1 2

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

K.P. – Aug’22



Photon counting vs. Photon energy flow

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

JINST 16 (2021) 09, P09023
https://doi.org/10.1088/1748-0221/16/09/P09023

For direct photon measurement bremsstrahlung
pileup is huge at EIC and photon counting is not
possible, instead, total photon energy per bunch
crossing can be measured, ⇒⇒

which is directly proportional toL

For nominal eAu collisions it is equivalent to
measuring total photon energy ≈ 600 GeV!
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JINST 17 (2022) 10, P10019

In contrast to photon counting, such energy flow
measurements are directly sensitive to photon
energy scale – calibration errors need to be ≪1%

https://doi.org/10.1088/1748-0221/16/09/P09023


e pilot bunches & exclusive lepton pairs

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

Non-colliding electron pilot bunches will be necessary not only to control e-gas backgrounds,
but are essential for precise data-driven photon energy calibrations (using BH spectrum end-
point) and for photon geometrical acceptance

In addition, two-photon production of charged lepton pairs will provide excellent 
calibration tool for the electron detectors – possibly, also during normal 
(ep) data taking. 

Effectively (via E’
e + Eg = Ee), this should give yet another 

direct calibration of bremsstrahlung photon energy,
in the most relevant energy range! 
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K. Piotrzkowski (AGH UST), Paphos - EINN 2023 18

Eur. Phys. J. C 82 (2022) 9, 846
https://doi.org/10.1140/epjc/s10052-022-10820-0

https://doi.org/10.1140/epjc/s10052-022-10820-0


Polarization Physics vs. Bunch-to-Bunch Luminosity 

K. Piotrzkowski (AGH UST), Paphos - EINN 2023 19

see Ch. Montag talk, on Tuesday

1160 (290) electron bunches at EIC – electron polarization can be flipped bunch-to-bunch

Double spin asymmetries are small hence the demand of very precise relative luminosities 
L+- /L++ with at most 10-4 uncertainty

Highly non-trivial problem – bremsstrahlung photon counting is the principal method here
(statistics is there!)



Polarization Physics vs. Bunch-to-Bunch Luminosity II 

K. Piotrzkowski (AGH UST), Paphos - EINN 2023 20

https://arxiv.org/abs/2307.16245

Recent calculations confirmed that bremsstrahlung cross-section variations 
due to polarizations ≪10-4 ⇒ no need for special correction terms

https://arxiv.org/abs/2307.16245


Summary

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

Precise luminosity determination is very challenging at the EIC – both in case of absolute
measurements and of relative ones.

• Two complementary methods are mandatory – Photon (Conversion) Counting vs.
Photon Energy Flow

• New instrumentation is needed to get good performance at nominal luminosity: fast
hodoscopes in e-e+ spectrometer + synchrotron radiation monitors and a dedicated
photon calorimeter which will allow for very precise reference luminosity
measurements

• Will use a sweeping magnet and a thin conversion foil to minimize photon conversion
errors

Finally, beam-size effects must be thoroughly studied at the EIC.
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Thank you!

K. Piotrzkowski (AGH UST), Paphos - EINN 2023 22



EIC Conceptual Design Report – February 2021

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

https://www.bnl.gov/ec/files/EIC_CDR_Final.pdf

https://wiki.bnl.gov/eic/
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BSE @ EIC

K. Piotrzkowski (AGH UST), Paphos - EINN 2023

https://doi.org/10.1103/PhysRevD.103.L051901

!! s × 80
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