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Beamstrahlung

▶ quick reminder:

▶ extremely dense bunches of charged particles, (required for high
luminosities at linear colliders with single bunch crossings)

▶ produce strong electromagnetic fields
∴ EM fields deflect charged particles in the opposing bunch
▶ deflected beams emit beamstrahlung, in addition to the ISR from the

hard scattering process

▶ ab-initio description of beamstrahlung and other beam transport effects
outside of the scope of event generators for the hard “partonic” process

∵ depends on bunch shapes and beam optics
∵ completely independent of the hard partonic process

▶ physics event generators need energy distribution functions D(x1, x2)
and/or a corresponding stream of random numbers (x1, x2)
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Beamstrahlung FCC-ee / Z

▶ beamstrahlung at FCC-ee/Z (
√
s = 91.2 GeV) will be very soft:

we have performed a single collision (without tracking in
the arc) using 105 macroparticles and recorded the photon
spectrum, which is shown in Fig. 4. The plot shows the abso-
lute energy spectrum of the emitted beamstrahlung photons
against the normalised photon count, which shows a good
qualitative agreement between the two codes.

Figure 4: Energy spectrum of emitted beamstrahlung pho-
tons using GUINEA-PIG (black) and xsuite (red). Photon
counts are normalised to 1.

A next step in this direction is to implement an event
generator for the Bhabha-scattering process, which is useful
for simulating the beam lifetime, beam losses as well as
photons used for luminosity calibration.

SIMPLIFIED TRACKING SIMULATIONS
After benchmarking the beam-beam element’s perfor-

mance and the beamstrahlung photon generation, the next
step is to perform simplified tracking simulations with
xsuite. For these studies we exploit the superperiodicity of
the FCC-ee ring, namely we only simulate half a turn in one
iteration, using the half tunes. Our simulations consist of an
IP, including beamstrahlung, plus a simplified tracking over
the half arc with a linear transfer matrix. Furthermore, the
arc is split into 3 segments and we insert 2 crab-sextupoles
between them to implement the crab waist scheme. We start
each (half) turn in front of the right sextupole, where our
observation point for the emittances is located. Our obser-
vation point for the RMS beam sizes is located in front of
the IP. We implement an effective model for synchrotron
radiation, by using a simplified exponential damping and
Gaussian noise excitation. In the following studies we use
300 bins for the longitudinal slicing of the bunches, each
containing an equal amount of charge. Our setup is sketched
on Fig. 5.

Figure 5: Simplified tracking model used for our simulations
presented in this contribution.

Equilibrium Bunch Length
First we have looked at the evolution of the weak bunch

length, which blows up as a direct consequence of beam-
strahlung, in the weak-strong approximation. We initialise
the length of the weak bunch to the equilibrium value without
beamstrahlung, but with synchrotron radiation. The length
of the strong bunch, a constant EM lens in this case, but com-
puted from an actual Gaussian distribution of 106 macropar-
ticles, is initialised with the equilibrium bunch length with
beamstrahlung. We have performed tracking for 104 turns
in all FCC-ee configurations using 104 macroparticles in the
weak bunch. Figure 6 shows the bunch length evolution in
units of the equilibrium length with beamstrahlung.

Figure 6: Evolution of weak bunch length for all FCC-ee
energies. The values are always normalised to the nominal
equilibrium bunch length, taken from [1].

It can be seen that the bunch length converges to the equi-
librium value in all configurations. The rate of damping
increases with increasing energy which corresponds to our
expectations.

Crab Waist and Transverse Blowup
In the following study, using the same tracking model

as outlined earlier, we have investigated the equilibrium
transverse bunch sizes. These blow up due to the nonlin-
ear kick received from the beam-beam interaction, even
without beamstrahlung. In general the crab-waist scheme
improves the nonlinear dynamics at the collision and miti-
gates this transverse blowup. With the crab-sextupoles im-
plemented in our model, we expect no blowup in either
transverse size. Since the geometrical magnet strength 𝑘2 of
the crab-sextupoles is a free parameter which affects the final
blowup, we have performed an optimisation study where we
scanned this parameter and observed the equilibrium bunch
sizes. In each setting we have performed tracking for 3 ⋅ 104

turns, otherwise identical parameters to the previous study.
Note that the previous study has been performed using the
optimal crab-sextupole strength. Figure 7 shows the equilib-
rium bunch sizes (of the weak bunch) as a function of the
𝑘2 geometrical sextupole strength. The values on the 𝑦 axis
are normalised to the initial bunch size, which is also the
expected final size since we expect no blowup.
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168 Beam-beam & Instabilities

[Kicsiny, Buffat, Iadarola, Pieloni, Schulte, Seidel, 2022]

▶ modeled consistently by different simulation programs
▶ but will not dominate the shape of e+e−-luminosity spectrum
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Beamstrahlung FCC-ee / {Z, WW, ZH, Top}

▶ harder spectra at higher energy designs

2

TABLE I: Relevant parameters for the BS description
for various circular and linear e+e− colliders.

E Ne σ∗
x σ∗

y σz Υave

[GeV] [1010] [µm] [nm] [mm] [1]
FCCee Z-pole 45.6 17 6.4 28 12.1 175× 10−6

FCCee tt̄ 182.5 23 38.2 68 2.54 760× 10−6

SuperKEKB e− 7 9.04 10.1 48 6 18× 10−6

SuperKEKB e+ 4 6.53 10.7 62 5 86× 10−6

SLC 50 4 2.1 900 1.1 0.00152
ILC 250 2 0.64 5.7 0.3 0.0456

CLIC 165 0.52 0.149 2.9 0.07 0.144
CLIC 3TeV 1500 0.37 0.045 1.0 0.044 4.91

NLC 1000 1.1 0.36 2.3 0.1 0.535

nγ , and their average energy, < Eγ >, can be evaluated
according to:

nγ =
12

π3/2

α2σz

reγ

6

5
Υave =

12

π3/2

αreNe

σ∗
x

(4)

< Eγ >=
δE
nγ

Ee =
4
√
3

15
ΥaveEe (5)

Equations 3, 4 and 5 indicate the dependence of the
bunch density on the BS effect.

FCC-ee adopts the crab-waist collision scheme [15]
that requires a large Piwinski angle, defined by Φ =
σz/σ

∗
xtan (θ/2), where θ is the horizontal crossing angle.

This scheme modifies the effective length of the interac-
tion area, which can be defined as:

Li =
σz√

1 + Φ2
(6)

For Piwinski angles above Φ ≥ 1, Li is smaller and not
comparable with the bunch length. In this case Eqs. 3
and 4 become [16]:

nγ =
12

π3/2

αreNe

σ∗
x

1√
1 + Φ2

(7)

δE =
24

3
√
3π3/2

r3eγN
2
e

σzσ∗2
x

1√
1 + Φ2

(8)

III. BEAMSTRAHLUNG RADIATION POWER
AND DIVERGENCE

We characterised the BS radiation at FCC-ee with
GuineaPig++ simulations, referring to the beam param-
eters in Table II. The beams are assumed Gaussian be-
cause we are interested in estimating the total power

emitted via this process, so photons emitted by particles
outside the core have a negligible contribution.
In the last two rows of Table II we list the resulting

total power and the mean energy of the produced BS
photons, obtained from GuineaPig++ simulations. The
highest power value is about 400 kW and is observed at
the Z-pole due to the high current at this energy. The
average radiation energy is highest at the tt̄, as expected
also from Eq. 3. Photon mean energies range from 2 to
63MeV, with tails of few hundreds of MeV at the Z-pole
and up to few GeV at the tt̄ threshold. The peak photon
flux goes from 1012 to 1014 photons/s per 0.1% band-
width, growing with the working point energy, due to the
beam current. These results are in very good agreement
with the first estimates discussed in Refs. [17, 18].
The flux of the BS photons per unit of bandwidth as

a function of their energy at the four working points is
shown in Figure 1.

FIG. 1: Flux of the BS radiation as a function of their
energy, emitted for the four FCC-ee working points,
45.6GeV (black), 80.0GeV (blue), 120.0GeV (green),

and 182.5GeV (red).

This intense and energetic photon flux requires to be
properly handled. We discuss in the following the first es-
timates to evaluate the photon spot size and divergence,
necessary to establish possible locations of the BS dump
in the tunnel. These evaluations have been used to con-
sider the feasibility of an extraction photon beam line for
a dump at few hundreds meters from the IP.
Table III reports the photon and electron beam di-

vergences, which result comparable, as expected. The
photon angular spread goes from about 45µrad at the
tt̄ threshold to about 92µrad at the Z-pole. These val-
ues correspond to a photon beam spot of about 1 cm2 at
100m downstream the collision point at the Z-pole, and
about 0.5 cm2 at the tt̄ threshold.
Figure 2 shows the horizontal angular distribution of

the BS radiation at the four FCC-ee working points. Pho-
tons emitted at higher energies have the center of the
distribution closer to the longitudinal beam axis (corre-
sponding to zero in the plot). This can be explained by
the consideration that higher energy particles are more

[Boscolo & Ciarma, 2023]
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Beamstrahlung FCC-ee / {Z, WW, ZH, Top}

▶ the spectra become harder even as fractions of the nominal beam
energies

z =

√
Ee−

Ebeam

Ee+

Ebeam

 0.0001

 0.001

 0.01

 0.1

 1

 0  0.0005  0.001  0.0015  0.002

N

z

FCC-ee / Z
FCC-ee / WW

FCC-ee / ZH
FCC-ee / Top

Luminosity Spectra for gg
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Beamstrahlung FCC-ee / {Z, WW, ZH, Top}

▶ FCC parameters, June 2024:

FCC-ee main machine parameters

F. Gianotti

3 years 

2 x 106 H 

5 years

2 x 106 tt pairs 

2 years

> 108 WW 

LEP x 104

4 years

5 x 1012 Z 

LEP x 105

❑ x 10-50 improvements on all EW observables

❑ up to x 10 improvement on Higgs coupling (model-indep.) measurements over HL-LHC

❑ x10 Belle II statistics for b, c, τ 

❑ indirect discovery potential up to ~ 70 TeV

❑ direct discovery potential for feebly-interacting particles over 5-100 GeV mass range

Up to 4 interaction points → robustness, 

statistics, possibility of specialised detectors

to maximise physics output

Design and parameters

dominated by the

choice to allow for 

50 MW synchrotron 

radiation per beam. 

Parameter Z WW H (ZH) ttbar

beam energy [GeV] 45.6 80 120 182.5

beam current [mA] 1270 137 26.7 4.9

number bunches/beam 11200 1780 440 60

bunch intensity  [1011] 2.14 1.45 1.15 1.55

SR energy loss / turn [GeV] 0.0394 0.374 1.89 10.4

total RF voltage 400/800 MHz [GV] 0.120/0 1.0/0 2.1/0 2.1/9.4

long. damping time [turns] 1158 215 64 18

horizontal beta* [m] 0.11 0.2 0.24 1.0

vertical beta* [mm] 0.7 1.0 1.0 1.6

horizontal geometric emittance [nm] 0.71 2.17 0.71 1.59

vertical geom. emittance [pm] 1.9 2.2 1.4 1.6

horizontal rms IP spot size [mm] 9 21 13 40

vertical rms IP spot size [nm] 36 47 40 51

beam-beam parameter xx / xy 0.002/0.0973 0.013/0.128 0.010/0.088 0.073/0.134

rms bunch length with SR / BS [mm] 5.6 / 15.5 3.5 / 5.4 3.4 / 4.7 1.8 / 2.2

luminosity per IP [1034 cm-2s-1] 140 20 ≥5.0 1.25

total integrated luminosity / IP / year [ab-1/yr] 17 2.4 0.6 0.15

beam lifetime rad Bhabha + BS [min] 15 12 12 11

[Frank Zimmermann, FCC Week, June 2024]
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Beamstrahlung FCC-ee / {Z, WW, ZH, Top}

▶ vice-versa, the luminosity spectra for e+e− from beamstrahlung alone are
very steep, in particular on the Z-pole

z =

√
Ee−

Ebeam

Ee+

Ebeam
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0.0000100

0.0001000

0.0010000

0.0100000

0.1000000

1.0000000
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Energy Spread

▶ In a circular collider, the bunches are passing each other many times
▶ due to the focussing beam optics, energy losses do not accumuluate

▶ simulation results are well described a gaussian energy spread

(data provided by [Katsunobu Oide, 2023])
▶ note that the x-scale is the same!
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Energy Spread

▶ FCC parameters including energy spread:

June 6, 2023, K. Oide

Parameters

• Parameters such as tunes, , crab 
waist ratio are chosen to maximize the 
luminosity keeping the lifetime longer 
than 4000 sec without machine errors.


• The choice of the parameters including 
the sextupole settings still has a room 
for further optimization.


• Including injection/extraction/
collimation optics will need additional 
optimization.

β*

7

FCC-ee collider parameters as of June 3, 2023.

Beam energy [GeV] 45.6 80 120 182.5

Layout PA31-3.0
# of IPs 4
Circumference [km] 90.658816
Bend. radius of arc dipole [km] 9.936
Energy loss / turn [GeV] 0.0394 0.374 1.89 10.42
SR power / beam [MW] 50
Beam current [mA] 1270 137 26.7 4.9
Colliding bunches / beam 15880 1780 440 60
Colliding bunch population [1011] 1.51 1.45 1.15 1.55
Hor. emittance at collision "x [nm] 0.71 2.17 0.71 1.59
Ver. emittance at collision "y [pm] 1.4 2.2 1.4 1.6
Lattice ver. emittance "y,lattice [pm] 0.75 1.25 0.85 0.9
Arc cell Long 90/90 90/90
Momentum compaction ↵p [10�6] 28.6 7.4
Arc sext families 75 146
�⇤

x/y [mm] 110 / 0.7 220 / 1 240 / 1 1000 / 1.6

Transverse tunes Qx/y 218.158 / 222.200 218.186 / 222.220 398.192 / 398.358 398.148 / 398.182
Chromaticities Q0

x/y 0 / +5 0 / +2 0 / 0 0 / 0

Energy spread (SR/BS) �� [%] 0.039 / 0.089 0.070 / 0.109 0.104 / 0.143 0.160 / 0.192
Bunch length (SR/BS) �z [mm] 5.60 / 12.7 3.47 / 5.41 3.40 / 4.70 1.81 / 2.17
RF voltage 400/800 MHz [GV] 0.079 / 0 1.00 / 0 2.08 / 0 2.1 / 9.38
Harm. number for 400 MHz 121200
RF freqeuncy (400 MHz) MHz 400.786684
Synchrotron tune Qs 0.0288 0.081 0.032 0.091
Long. damping time [turns] 1158 219 64 18.3
RF acceptance [%] 1.05 1.15 1.8 2.9
Energy acceptance (DA) [%] ±1.0 ±1.0 ±1.6 -2.8/+2.5
Beam crossing angle at IP ±✓x [mrad] ±15
Piwinski angle (✓x�z,BS)/�⇤

x 21.7 3.7 5.4 0.82
Crab waist ratio [%] 70 55 50 40
Beam-beam ⇠x/⇠y

a 0.0023 / 0.096 0.013 / 0.128 0.010 / 0.088 0.073 / 0.134
Lifetime (q + BS + lattice) [sec] 15000 4000 6000 6000
Lifetime (lum)b [sec] 1340 970 840 730
Luminosity / IP [1034/cm2s] 140 20 5.0 1.25
Luminosity / IP (CDR, 2 IP) [1034/cm2s] 230 28 8.5 1.8

aincl. hourglass.
bonly the energy acceptance is taken into account for the cross section

1

[Katsunobu Oide, FCC Week, June 2023]
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Combination Comparisons

▶ e± energy spread from BS and average photon energy much smaller than
beam energy spread ∆Ee±/Ebeam ≈ 0.15% after many bunch crossings:

FCC 2024 ∆BSEe±/Gev ⟨Eγ⟩BS/Gev 0.15% · Ee±/Gev
Z 0.0012 0.0016 0.07
WW 0.0039 0.0059 0.12
ZH 0.0140 0.0189 0.18
Top 0.0329 0.0531 0.27

▶ only visible for the high energy designs

(distributions fitted by circe2)
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Combination Fits

▶ Fitting the modified gaussian is trivial . . .

▶ e−e+ at FCC/Z
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Combination Fits

▶ . . . after adapting the example circe2_input destributed with Whizard

▶ allow for energies above the nominal Ebeam:

min = 0 max = 1.1 fix = *

▶ filter out the regions without statistical significance to avoid spurious bins

map = null { 1 [0, 0.9945] }
map = null { 1 [1.0055, 1.1] }

▶ don’t adapt bin sizes too agressively

iterations = 1

▶ only apply minimal additional smoothing

smooth = 1 [0,1.1] [0,1.1]

Thorsten Ohl (Univ. Würzburg) Luminosity Spectra Redux e+e− Higgs/EW/Top Factories, Paris, 10/24 12
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Combination Fits

▶ e−e+ at FCC/Top
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Combination Fits

▶ γγ at FCC/Z
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Combination Fits

▶ γγ at FCC/Top
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Combination Fits
▶ Caveat: e−γ at FCC/Z needs some work

▶ z =
√
xy is contains an artifact that is not visible from the individual

distributions:
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Combination Fits

▶ e−γ at FCC/Top
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C3

▶ for comparison: e−e+ at C3 [Lindsey Grey]
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▶ filtering empty regions and applying power maps
map = null { 1 [0, 0.3] }
map = power { 99 [0.3, 1] beta = -0.7 eta = 1 }
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▶ filtering empty regions and applying power maps
map = null { 1 [0, 0.3] }
map = power { 99 [0.3, 1] beta = -0.7 eta = 1 }
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C3

▶ e−γ at C3
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C3

▶ γγ at C3
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