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Abstract

Beamstrahlung and secondary pair production are rele-
vant sources of backgrounds but can also be exploited as
potential tuning signals at the FCC-ee. They depend on
possible interaction point (IP) optics errors and on general
beam-beam conditions. Using GUINEA-PIG, we simu-
late beamstrahlung photons, and pair production through
Breit—Wheeler, Bethe—Heitler, and Landau—Lifshitz pro-
cesses and analyse the spectra, emitted power, and pair count
for different sets of IP aberrations, including waist shift,
vertical dispersion, and transverse coupling. The resulting
photon and pair energy—angle distributions are examined,
where comparisons with analytical expectations allow for
consistency checks. We also compare GUINEA-PIG beam-
strahlung predictions with multi-turn results delivered by the
newly adopted code Xsuite, for a further benchmarking of
Xsuite’s beam-beam simulation package. Our study sheds
light on possible beamstrahlung-related signals at the ECC-
ee, including electron-positron pair production, and|their
dependence on the quality of the IP optics tuning.

INTRODUCTION

At future high-luminosity electron—pgsitron collidets such
as the FCC-ee, beam—beam collisions at the interaetion point
(IP) give rise to intense electromagnetic fields that signifi:
cantly affect the properties of the collidingbeams. One of
the most prominent consequences is beamstrahlung, namely
the emission ef synchrotron-like radiation by beam particles
in the fieldof the oppoesing\bunchi[1,2]. Together with beam-
strahlung, the strong beam-beam fields also lead to the gen-
eration of secondary particles throughincoherent processes
sach as\Breit—Wheeler/Bethe—Heitler, and. LLandau—Lifshitz
pair production [3,4]. While these effects constitute im-
portant sources of detector background [5], they also carry
detailed information on the beam—beam configuration and
on the quality of the IP optics.

Beamstrahlung emission and incoherent pair production
are sensitive to the local beam sizes and overlap condi-
tions at the IP, especially with FCC-ee’s flat beams. Con-
sequently, residual optics aberrations resulting in luminos-
ity degradation, such as waist shifts, vertical dispersion,
and transverse coupling can induce measurable variations
in the photon emission rates, their energy spectra, and an-
gular distributions, as well as in the production of sec-
ondary electron—positron pairs [6-9]. This sensitivity makes
beamstrahlung-related observables promising candidates for
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Table 1: Key FCC-ee Beam Parameter,for Zand 17 Energies.

Parameter V4 tr
Number of bunches n,, 11200 64
Bunch intensity N 2.16%.10' " 148 x 10!
Horiz. emittance €, [nm] 0.70 151
Vert. emittance &, [pm] 1.9 1.36
B [m] 0.11 0.90

B; [mmi] 0.7 1.4
Bunch length o, [mm] 5.57 1.91
BS bunch length e, s [mm] 15.6 2.32
BS Energy spread o 16 %1073 1.92x 1073
Half-crossing angle ¢ [mrad] 15 15

non-invasive beam diagnostics and for luminosity optimisa-
tion strategies at the FCC-¢e.

However, a systematic comparison of the relative impact
of different IP aberrations on both beamstrahlung emission
and incoherent pairyproduction, as well as their potential
use as tuning observables, remains limited. While centroid
offsets alsg constitute IP aberrations, their impact is treated
separately/[10]. In this study, we investigate the impact of se-
lected IP aberrations on beamstrahlung and incoherent pair
production using GUINEA-PIG [11-13], a well-established
beam=~beam simulation code. We focus on vertical waist
shifts and dispersion, which are among the dominant con-
tributors to luminosity degradation and are relevant for oper-
ation with low vertical emittance [14]. Transverse coupling,
which requires multiturn simulations is not studied here, but
is addressed in a complementary study based on Xsuite [14],
which also includes beamstrahlung, but not yet any pair
production.

Simulations are performed with GUINEA-PIG [13] us-
ing 10° macroparticles per beam and the beamstrahlung-
broadened bunch length o, gs as input. We study two FCC-
ee working points: the Z pole (Epeam = 45.6 GeV) and the
tf threshold (Epeam = 182.5 GeV). The key parameters for
both working points are listed in Table 1 [7].

Only one IP aberration is applied at a time, while all other
parameters are kept at their nominal values. The vertical
waist shift As is scanned over the range [—1000, +1000] pm,
and the vertical dispersion D}, over [-100, +100] um. The
beamstrahlung power is evaluated independently for each
beam every second.

BEAMSTRAHLUNG SCANS

Beamstrahlung provides a direct probe of the electro-
magnetic fields generated during the beam-beam collision
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Figure 1: Beamstrahlung power as a function of vertical
waist shift As at the Z working point.

and, therefore, is intrinsically sensitive to changes in the
transverse beam parameters at the IP. In the flat-beam limit
(op > 0'*) the beam-beam force simplifies considerably.
For |y,| < o ,, where the subindices 1 and 2 refer to the
two beams, tﬁe force experlenced by a particle of beam 1
scales as Fy 1 o Ny;i/ (0' 20' 2) In linear approxi-
mation, the average beamstrahlung 1nduced energy loss fe
beam 1 scales as [15]

(AE)) < o 2( 1) o

the waist shift case. The relatively
modest variation of beamstrahlung power with waist shift,
compared with vertical dispersion, can be understood from
the fact that the beam size contribution from a waist shift
grows only quadratically in As, so that beam—beam and
hourglass effects can partially mitigate the naive geometric
prediction at large waist offsets [16, 17]. The dispersion
curves exhibit a markedly sharper dependence on aberra-
tion strength and significantly lower noise than the waist
shift results. This contrast has a clear analytical origin. For
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Figure 2; Beamstrahl
at the king point.
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eamstrahlung power as a function of vertical
dispersion at the Z working point.

a waist shift As, the effective vertical beam size grows as
Aoy /oy ~ (1/2) (As/B3)?. which is quadratic in As, keep-
ing the fractional beam size increase Ao~y /oy small over the
range studied. For vertical dispersion, the additional beam
size contribution is Aoy /oy ~ (D*0'5)2 / (20-*2) which is
also quadratic in D7, for small Djos/oy, but Wlth a coeffi-
cient enhanced by the factor s Z/ 0';2. At the FCC-ee Z pole,
where 0'; ~ 40nm and o5 ~ 1073, even modest values of
Dy produce a fractional beam size increase substantially
larger than that from a comparable waist shift, yielding con-
siderably tighter beamstrahlung-based tolerances on vertical
dispersion.

INCOHERENT PAIR PRODUCTION

In addition to photon emission, beam—beam interactions at
the IPs lead to the production of secondary electron—positron
pairs through incoherent processes, namely Breit—Wheeler
(BW), Bethe—Heitler (BH), and Landau—Lifshitz (LL) in-
teractions [3,4]. The pair production rates depend on both
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Figure 4: Total incoherent pair yield per bunch crossing as
a function of vertical waist shift at the Z and ¢7

the beamstrahlung photon spectrum and the collective elec-
tromagnetic fields of the colliding bunches. We analyse
the total pair yield as a function of vertical waist shift and
vertical dispersion for the Z and 7 working points.

Figure 4 shows the total incoherent pair production yield
per bunch crossing as a function of vertical waist shift As.

The total pair production yield shows a weak dependence
on vertical waist shift, consistent with the modest variations
observed in beamstrahlung power over the +1000 um scan
range. This follows from the fact that pair production rates
are driven primarily by the beamstrahlung photon flux.

In contrast to the waist shift case, pair production exhibits
a substantially stronger sensitivity to vertical dispersion as
shown in Fig. 5, consistent with the enhanced beamstrahlung
photon flux. These results reinforce the conclusion that verti-
cal dispersion is the dominant aberration for IPsperformance
degradation, and that beamstrahlung and pair production
observables are sensitive diagnostics for this class of error.

COMPARISON WITH XSUITE

To validate the modelling of beamstrahlung in GUINEA-
PIG, we comparegits prédictions with multi-turn_strong-
strong beam<beam simulations performed using Xsuite [18].
All comparisons are carried outyat the 17 working point,
wherefbeamstrahlung i$ strongest and the signal-to-noise
ratio is most favourable:

Figure 6 shows the beamstrahlung powepas a function of
vertical waist shiftd The two codes show agreement at the
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Figure 5: Total incoherent pair production yield per bunch

crossing as a function of vertical dispersion DY, at the Z and
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Figure 6, Beamstrahling power of the electrombeam as a
function of vertical waist shift As at /7 in Xsuite(strong-
strong, averaged over turns 800—1000).

10-20% level across, the + 500 pum sean range, with both
reproducing the same qualitative dependence on waist shift.
The shapes of the two'curves are in good correspondence, in-
dicating that the beam size dépendence is correctly captured
in both frameworks.

The level of agreement is consistent with the differ-
ences expected from the distinct numerical implementations:
GUINEA-PIG treats,the beam—beam interaction as a single-
pass event with afixed phase-space distribution and parti-
cle in cellicalculations, whereas Xsuite propagates the full
linear multiturn dynamics including synchrotron radiation
damping and quantum excitation, and soft-gaussian based
beam-beam dynamics.

CONCLUSION

We investigated the sensitivity of beamstrahlung emission
and incoherent pair production to residual vertical optics
aberrations at the FCC-ee IP, using GUINEA-PIG simu-
lations at the Z pole and ¢f working points. Vertical dis-
persion is found to have a significantly stronger impact on
beamstrahlung power and pair production than vertical waist
shifts, owing to the linear vs. quadratic dependence of the re-
spective beam size contributions on the aberration strength.
The sharper and cleaner variation of beamstrahlung power
with dispersion strength suggests that beamstrahlung power
measurements could serve as a sensitive and practical feed-
back signal for tuning IP dispersion knobs non-invasively.
The sign asymmetry of the beamstrahlung response between
the two beams, observed consistently across all scans, is
physically understood as a consequence of the directional
nature of the beam—beam interaction and provides a built-in
consistency check for simulation and measurement alike. A
comparison of GUINEA-PIG single-pass results with multi-
turn strong-strong Xsuite simulations at /7 shows agreement
at the 10-20% level.
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