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e+e− bremsstrahlung aka radiative Bhabha scattering at high energies
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At FCC/CEPC, for Ee = Ep = 180 GeV and E = 2 GeV, minimal momentum transfer, in 
positron rest-frame, pz = qminc ≈10− eV/c ! Corresponding to kin. energy transfer = (p)22M 

≈ 10− eV !

That corresponds to coherence length lc = ℏpz ≈ 20 m whereas in transverse plane 
impact parameters can be even larger

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

Bremsstrahlung signatures in electron-positron collisons  e− + e+ → e−’ +  + e+  :

      E’
e + E = Ee with very (very) high accuracy, and it is “zero-angle process”

  ⇒ typ. polar angles for photons/scattered electrons,  ≈ e ≈ me Ee

It is kinematically allowed that  = e’ = p =  hence there is no 
transverse momentum transfer which results in (for variables in LAB):

          qmin = me
3 E (4 Ep Ee E’

e) where

 Q2 = −q2 ≃ −q2
min + pT

2





Bremsstrahlung and Beam Size Effect(s)
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d3dE de d  ∝  Q− 

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

pT =  → infinite impact parameter! 

Beam-Size Effect – apparent bremsstrahlung suppression at colliders, 
at low E  due to finite lateral beam-sizes

Discovered at VEPP-4 [Phys. Lett. B113 (1982) 423], measured also at 
HERA I [Z. Phys. C67 (1995) 577]

Nota bene: This has nothing to do with “environmental effects” – it is 
present in proper “binary” processes  ⇒  collisions of single particles

BSE is directly related to (“text-book”) 
definition of cross-sections:

Event rate = Luminosity × 

where colliding particles are represented by 
plane waves. But this assumption is invalid if 
lateral sizes of both beams are comparable to 
relevant impact parameter of process.

In this case wave-packet formalism must be 
used ⇒ Int. J. Mod. Phys. A7 (1992) 4707



Bremsstrahlung in electron-hadron colliders
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Paradoxically, bremsstrahlung was and will be used for luminosity 
measurements at electron-hadron colliders – HERA at DESY and 
Electron-Ion Collider (EIC) at BNL



Example: Bremsstrahlung at the EIC
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https://arxiv.org/abs/2510.05259 

Note: Screening effect in e-gas bremsstrahlung was first manifestation of its microscopically long-range nature

https://arxiv.org/abs/2510.05259
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K. Piotrzkowski, Zeit. für Physik C 67 (1995) 577,
https://arxiv.org/abs/hep-ex/9504003 

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

Bremsstrahlung at HERA: Observation of Beam Size Effect

https://arxiv.org/abs/hep-ex/9504003
https://arxiv.org/abs/hep-ex/9504003
https://arxiv.org/abs/hep-ex/9504003
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BSE @ EIC
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Due to very small vertical beam sizes 
bremsstrahlung suppression at the EIC 
is stronger than at HERA – BSE must be 
carefully studied and understood to get 
required precision on the EIC luminosity

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

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


BSE @ EIC

13/11/25 K. Piotrzkowski - seminar at IJCLab 9

Powerful test of BSE was proposed by measuring 
bremsstrahlung spectrum while making beam van 
der Meer scans (vertically). 

This will allow for direct studies/demonstration of 
very long-range nature of bremsstrahlung process 
– for large lateral beam displacements strong 
effective increase of its cross-section is expected!

(see backup slide for part of actual derivation/calculations)

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

Vertical Van der Meer scans:

Longitudinal view

Transverse view

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


BSE @ EIC
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Due to very small vertical beam sizes 
bremsstrahlung suppression at EIC is 
stronger than at HERA – BSE must be 
carefully studied and understood to get 
required precision on EIC luminosity

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

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


Bremsstrahlung in electron-positron colliders
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Bremsstrahlung aka radiative Bhabha scattering limits 
fundamentally beam lifetimes (→ positron sources!)

BSE is very beneficial



BSE @ FCC-ee (and CEPC)

13/11/25 K. Piotrzkowski - seminar at IJCLab 12

At very high energies, for small flat beams, 
bremsstrahlung spectra are very strongly 
distorted and depend only on vertical 
beam sizes!                  ⇒

NB: In calculations head-on collisions are assumed, and 
no hour-glass effects (both effects found very small)

y = E /Ee



Beam lifetimes @ FCC-ee
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Beam lifetimes @ CEPC
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BSE and beam lifetime @ CEPC
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Reminder: At very high energies, for very 
small flat beams, bremsstrahlung spectrum 
depends (logarithmically) only on vertical beam 

                          size ⇒

Ebeam [GeV] 45.5 80 120 180

Nb [1013] 167 17.5 3.5 0.7

Ltot [1035 cm-2s-1] 23 3.2 1.0 0.1

a [mb] for a = 0.01 (0.02) 169 (140) 172 (142) 170 (141) 184 (152)

a [minutes] 71 (86) 53 (64) 34 (41) 63 (77)

and C (r) = (1 + 0.074 ln r), r = y/36 nm 



Bremsstrahlung in electron-positron colliders
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Large beam lifetime increase was observed at LEP and 
KEKB, but no proper BSE studies were performed (as 
luminosity was measured using elastic Bhabha scattering)

SuperKEKB offers unique opportunity to improve our 
understanding of long-distance effects in bremsstrahlung!



Conclusions
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➢ Bremsstrahlung has truly exceptional properties due its long-range nature

➢ At high energies, these distances reach macroscopic values, resulting in 
important “practical” consequences for beam lifetimes and luminosity 
determination at colliders involving electrons/positrons

➢ Belle II has a unique possibility to largely improve understanding of these 
elusive long-range effects!

➢ Such studies are of interest at fundamental level too – giving new 
evidence and insights into quantum interactions at macroscopically large 
distances; with possible consequences for understanding origins of UHE 
cosmic photons, for example.
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Thank you for attention!

13/11/25
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