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e+e- bremsstrahlung aka radiative Bhabha scattering at high energies
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electron-positron bremsstrahlung  e- + e+ ➝ e- + g  + e+  has following 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 
transverse momentum transfer, which results in (for variables in LAB):

          |qmin| = me
3

  Eg /(4 Ep Ee E’
e), where

 Q2 = -q2 ≈ -q2
min + qT
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e+e- bremsstrahlung aka radiative Bhabha scattering at high energies
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At FCC-ee, for Ee = Ep = 182.5 GeV and Eg = 2 GeV, minimal momentum transfer, in 
positron rest-frame, Dpz = |qmin|/c ≃ 10-8 eV/c (Corresponding energy transfer = (Dp)2/2me ≈ 10-22 eV)

                  It corresponds to longitudinal coherence length lc = ℏ/Dpz ≈ 20 m ! 

Higher beam energies/lower photon energy ⇒ more extreme it becomes.   
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Bremsstrahlung and Beam-Size Effects
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d3s/dEg dqe dqg  ∝  Q-4 

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

pT = 0 → infinite impact parameter 

pT,typ ≈ |qmin|/c → original Beam-Size Effect – effective 
bremsstrahlung suppression at colliders, at low Eg , 
due to finite beam-sizes

Discovered at VEPP-4 [Phys. Lett. B113 (1982) 423], 
measured also at HERA I [Z. Phys. C67 (1995) 577] , 
will be deeply studied at the EIC [Phys. Rev. D103 
(2021), no. 5 L051901] 

Nota bene: This has nothing to do with the 
“environmental effects” – it is present in proper 
“binary” processes ⇒ collisions of single particles
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d3s/dEg dqe dqg  ∝  Q-4 

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

pT = 0 → infinite impact parameter 

pT,typ ≈ |qmin|/c → original Beam-Size Effect – effective 
bremsstrahlung suppression at colliders, at low Eg , 
due to finite beam-sizes

Discovered at VEPP-4 [Phys. Lett. B113 (1982) 423], 
measured also at HERA I [Z. Phys. C67 (1995) 577] , 
will be deeply studied at the EIC [Phys. Rev. D103 
(2021), no. 5 L051901] 

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

It is directly related to the (“text-book”) 
definition of cross-section:

Event rate = Luminosity × s

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

Wave-packet formalism must be used.
Int. J. Mod. Phys. A7 (1992) 4707 
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https://arxiv.org/abs/2305.12033 

https://arxiv.org/abs/2305.12033


Bremsstrahlung spectra @ FCC-ee
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Strong distortions of whole 
bremsstrahlung spectra, 
where y = Eg /Ee

arXiv:2305.12033
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Beam lifetime @ FCC-ee
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Assuming energy aperture a of 1–2 % – electron and positron 
lifetimes (due to e+e- bremsstrahlung) improve by about 
factor of 2.

Only decreasing of vertical beam size can (slightly) increase 
beam  lifetimes.

arXiv:2305.12033
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Assuming energy aperture a of 1–2 % – electron and positron 
lifetimes (due to e+e- bremsstrahlung) improve by about 
factor of 2.

Only decreasing of vertical beam size can (slightly) increase 
beam  lifetimes.

Reminder:
t = Nb /Lsa

where Nb is electron population and L is luminosity 
and sa is cross-section for events outside energy 
aperture.

arXiv:2305.12033

4 IPs



Beam offsets @ FCC-ee
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Horizontal beam offsets do not change bremsstrahlung 
suppression unless offsets much exceed horizontal beam-
size ⇒ no effect due to horizontal beam crossing angle

Vertical beam offsets change very slightly bremsstrahlung 
suppression unless the offsets much exceed vertical beam-
size.

For large offsets new effect predicted ⇒ bremsstrahlung 
amplification [Phys. Rev. D103 (2021), no. 5 L051901] 

Reminder: sobs = sBH - scorr 

arXiv:2305.12033



Coherence effects turn on when coherence length lc > bunch length sz but properties of coherent radiation 
are different for electron average deflection angles qd (in magnetic field of positron bunch) much larger or 
smaller than radiation angle qr ≈ me /Ee – as measured by their ratio:

  h = re Np /sx  ≈ ⟨qd /qr ⟩  where re is classical electron radius, Np is number of
                                                 positrons and sx is bunch horizontal size 

If h ≳ 10 then corresponding radiation is called beamstrahlung and if  h ≲ 1 that is CBS case – nota bene: 
synchrotron radiation is special case of beamstrahlung in uniform (external) field.

Bremsstrahlung ⟷ Coherent Bremsstrahlung ⟷ Beamstrahlung
↳ Synchrotron radiation aka magnetobremsstrahlung
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At FCC-ee h ≃ 53/19/23/11 for √s = 91/160/240/365 GeV, respectively. That is not very far from 
CBS regime, at 365 GeV in particular. Therefore, for significantly larger horizontal beam sizes 
or/and smaller bunch populations CBS takes place, resulting in different spectra shapes 
characterized by different critical energies:

Ecr (CBS) ≃ 4ge2/sz   vs.  Ecr (BS) ≈ 1.5h  ge2/sz
where ge  = Ee /me ≈ 1/⟨qr ⟩

Radiated energy scales with h2 for both CBS and BS.



Summary
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q Beam-Size Effects (BSE) in high energy bremsstrahlung – an apparent suppression (or 
amplification) of event rates – are due to small lateral sizes of both colliding beams.

q These are not coherent effects, in particular, not particle density effects.

q BSE improve FCC-ee beam lifetime limits, due to e+e- bremsstrahlung, by factor of 2.

q Beam lateral offsets smaller than corresponding beam-sizes are not changing 
significantly bremsstrahlung suppression at FCC-ee.

q Impact of large horizontal beam crossing angle at the FCC-ee is expected to be also 
not significant.

q At low bunch intensities and/or for large horizontal beam-sizes Coherent Brems-
strahlung will occur at FCC-ee in place of Beamstrahlung.

q In-depth studies of BSE, and of Coherent Bremsstrahlung, are planned at the EIC.
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Thank you!
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https://journals.aps.org/prd/supplemental/10.1103/PhysRevD.103.L051901/supplement.pdf 

https://journals.aps.org/prd/supplemental/10.1103/PhysRevD.103.L051901/supplement.pdf


Critical energy =
4ge2/p-bunch-length

Predicted coherent bremsstrahlung at HERA
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It has same origin as beamstrahlung, yet has never been confirmed experimentally…

At HERA I, for Eg  = 10 keV, ℏ/Dpz ≈ 11 cm at LAB ⇒ beam electron 
interacts with whole proton bunch and bremsstrahlung event rate 
becomes proportional to number of protons squared! Hence 
extraordinary signal amplification.


