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Abstract

The FCC-ee aims at delivering high-precision particle-
physics measurements over a wide beam-energy range, from
the Z pole at 45.6 GeV up to 182.5 GeV, above the top-pair
production threshold. Achieving the target physics preci-
sion requires an exceptionally accurate determination of the
centre-of-mass energy and, consequently, of the beam ener-
gies. The baseline approach relies on resonant depolariza-
tion scan of dedicated, transversely polarized pilot bunches
up to 80 GeV. By analysing the depolarization signatures
with a 3D polarimeter, the spin tune can be extracted with a
goal of reaching systematic uncertainties on the beam energy
at the level of up to a few 10 keV. This contribution presents
the latest progress of the FCC-ee Energy Calibration and Po-
larization Working Group, covering recent developments in
polarization build-up studies, resonant-depolarization tech-
niques, machine-optics optimization, and polarimetry con-
cepts. The current status is summarized, and the roadmap
of technical and conceptual milestones required for the ref-
erence design is outlined.

INTRODUCTION

The Future Circular electron-positron Collider (FCC-ee)
is designed as an Higgs- and electroweak factory, with a
centre-of-mass energy range, from the Z-pole at 45.6 GeV
up to above the top-pair production threshold at 365 GeV.
Achieving the target physics precision requires an exception-
ally accurate determination of the centre-of-mass energy, s,
and, hence also of the beam energies, which is in the scope of
the energy calibration, polarization and monochromatization
working group (EPOL) [1,2].

In the Feasibility Study Report [3-5], the baseline sce-
nario to achieve polarized pilot bunches in the FCC-ee col-
lider rings, relied on the build-up of transverse polarization
via the Sokolov—Ternov effect [6]. However, the long nat-
ural polarization times (v =~ 200h), even when reduced
by the use of polarization wigglers, could significantly re-
duce achievable integrated luminosity [7]. This motivated
to investigate the feasibility of injecting already transversely
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polarized pilot bunches. While this technique could improve
availability, polarization transport and preservation must be
ensured.

While the baseline method to determine the change of po-
larization when pilot bunches are depolarized with dedicated
RF kickers is Resonant Depolarization (RDP), aimed to be
applicable until 80 GeV [8], a novel technique, called Near
Resonance Polarization Modulation (NRPM) [9], has re-
cently been presented which could reduce the time required
for one measurement.

Recently, studies have been performed for two FCC-
ee optics designs, namely the Global Hybrid Correc-
tion (GHC) [10] and the Local Chromaticity Correction
(LCC) [11]. After an extensive review, the LCC is recom-
mended as the baseline lattice. Important findings which are
associated with energy calibration and polarization are re-
called here, while more information can be found in [12—-14].

The FCC-ee is currently in the reference design phase,
with the central objective to establish a coherent and robust
machine design, including the energy calibration and polar-
ization strategies under realistic conditions through detailed
simulations. This paper summarises the current status of the
FCC-ee EPOL team and outlines the key open challenges
for the reference design phase.

PRECISION PHYSICS

Precision targets for physics observables are the most
demanding at the lower energies for the Z and W-mass mea-
surement, as also given in Table 1 [4,8]. At higher energies,
first estimates based on physics requirements indicate that a
few MeV prevision at ZH and ttbar-energy are required [15].

The Sokolov—Ternov effect also leads to a polarization
build-up of colliding bunches. Assuming a T = 200h and a
top-up of 10 % of the nominal bunch every 70s, a vertical
asymptotic polarization of close to 1 x 103 could be present.
At the IP the longitudinal polarization must be controlled
below 1 x 1075, and hence demanding a control of the axis
of the invariant spin field, n, below 10 mrad.
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Table 1: Vs-related Uncertainties from [4, 8]
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Table 3: Parameters at the Laser IP

Uncertainty my, (keV) T, (keV) my, (keV) Parameter GHC LCC
Absolute 100 2.5 150 Bending angle of dipole [mrad] 2.2 23
Point-to-point 14 11 50 Dipole length [m] 19.43 17.35
Sample size 1 1 3 Distance Compton IP to Bend [m] 1.25 1.25
Energy spread - 5 - Drift space Bend to Detectors [m] 75.0 96.6
Total Vs-related 101 12 158 gcagers per bunch dcrossmg ) 58 7f06 ) 89 31706
FCC-ee statistical 4 4 180 caTiers pet secon X o
CODE DEVELOPMENT the polarimeter detectors are neglected. For GHC and LCC

Significant effort has been devoted into implementing
spin tracking in Xsuite [16, 17], which has also been exten-
sively benchmarked against the Large Electron Positron ring
(LEP) [18]. Furthermore, it has also been applied to first stud-
ies to Karlsruhe Research Accelerator (KARA), and a wide
range of FCC-ee studies including achievable polarization
in the presence of machine errors and depolarization [19].
In future studies it is aimed to further benchmark it against
other established frameworks such as BMAD.

GHC VS LCC

As part of the FCC-ee optics comparison, EPOL aspects
for GHC and LCC have been compared [12]. The syn-
chrotron radiation energy loss per turn is about 9 % smaller
for the LCC optics compared to the GHC optics, resulting
in a slightly less prominent energy sawtooth. Consequently,
the boosts at the IPs are smaller for the LCC. As it has al-
ready been shown in [20], if all the RF is located in one long
straight section, the centre-of-mass energies at all IPs agree
within a few keV. Since the energy loss is smaller for LCC,
the polarization time is longer, given in Table 2.

Table 2: High Level Polarization Parameters

Parameter GHC LCC
Energy loss per turn at Z [MeV]  39.2 35.1
Polarization time at Z [h] 190 237

The equilibrium level of polarization, obtained by linear
approximation in Xsuite is evaluated in the presence of very
optimistic misalignment errors, only present in the arcs and
after orbit correction to rms 150 pum for both optics. In these
studies a similar level of maximum polarization above 83 %
for all seeds is found if the orbit is well corrected.

For efficient depolarization while simultaneously avoiding
a propagating orbit wave, closed-orbit bumps are foreseen,
which are implemented in the return arc, downstream of the
IP, for the GHC and the dispersion suppressor for the LCC.
The latter is more flexible, than the proposal for the GHC. It
must be noted that a change of the phase advance between
Z and WW operation in the region of the RDP bumps may
requitre a re-location of the kickers or a significant modifica-
tions of their strength, relevant for both optics.

The performance of the polarimeter is evaluated by com-
paring the lepton beam interaction rates at the laser IPs,
where parameters are compared in Table 3. Backgrounds at

the number of scatters per bunch crossing is similar.
From an EPOL perspective, no clear diferences between
the GHC and the LCC are found.

POLARIZATION STRATEGY

Injecting polarized pilots could improve availability,
hence, its feasibility and implications are currently being
investigated. This requires the development of a complete
polarization chain through the injectors, including a polar-
ized electron source, a positron polarization ring, and the
preservation of polarization during transport and accelera-
tion up to the collider rings.

First lattice and optics designs for a polarization ring are
available. Assuming the same circumference as for the damp-
ing rings of 345.3 m, a polarization time of roughly 1 h is
achievable [21]. Reducing the circumference, or the addition
of more wiggler magnets which is currently being studied,
could improve the required time along with improving dy-
namic aperture.

Currently no complete optics design of the transfer lines is
available. However, preliminary studies show that by adjust-
ing slightly the energy at the end of the linac to 19.873 GeV,
compared to 20 GeV, the total spin phase advance of transfer
line segments is brought to an integer, which maximizes
the polarization transport [8]. Furthermore, interleaving
horizontal and vertical bending fields must be avoided.

In the booster, the beam is ramped up to the nominal en-
ergy, and numerous resonances are being crossed, which
could lead to polarization loss. First studies assuming only
girder misalignments of 100 um, polarization is largely pre-
served, even up to the W-energy, as shown in Fig. 1. Re-
cent studies suggest a strong interplay between polarization
preservation and the orbit correction strategy [22]. Com-
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Figure 1: Polarization loss through the booster ramp.
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plementary, injecting with 1 % momentum offset, leads to
about 60 integer spin tune crossings, which could reduce the
polarization by 20 % [23].

In the collider rings, a minimum level of roughly 20 %
polarization is required in presence of realistic machine im-
perfections. Depolarization effects are shown to be mitigated
using dedicated spin-orbit bumps to enhance the achievable
polarization [24]. However, it is found that in presence of
machine errors, after applying a linear optics tuning proce-
dure and achieving low orbit and optics errors, significant
spin tune shifts could arise [22]. Similar to before, recent in-
vestigations suggest that the spin tune shift could also depend
on the orbit correction strategy, which should be investigated
in detail in parallel with optics tuning [13].

ENERGY MEASUREMENT STRATEGY

The implementation of RDP in FCC-ee relies on the gen-
eration of vertical closed orbit bumps, which are, however,
not transparent to the spin motion because of dipoles in-
between. The current LCC configuration consists of two
pairs of bumps, located around IP4 and IPS, as illustrated in
Fig. 2. Each bump consists of 3 kickers.
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Figure 2: Vertical closed orbit with depolarizer bumps.

Developments on the RF-kicker design foresees study
in addition to a broadband stripline [25], a 4/4 cavity
concept [26]. The latter offers a higher transverse shunt
impedance, up to a factor 2, while maintaining the required
bandwidth, and thereby reducing power requirements and
improving efficiency for RDP.

RDP scans using Xsuite are performed for the GHC and
LCC lattice. The main principle is that by applying a fre-
quency sweep of the RF-kickers while simultaneously mon-
itoring the polarization, the spin resonance is found. An
example for the LCC over 300 000 turn, corresponding to
15 min is shown in Fig. 3.

Recently, a novel, complementary technique, NRPM [9],
is being investigated. In this method, a constant frequency,
close to the spin resonance, is applied to coherently force
spin oscillation. The spin tune is then extracted by analysing
the time-dependent polarization signal. On the one hand,
compared to RDP, NRPM could have a higher precision,
while, on the other hand, tracking polarisation variations
happening over a few turns time scale could become a real
challenge for the polarimeter instrument design.
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Figure 3: Evolution of the vertical polarization during RDP
scans for the LCC over 300 000 turns.

The measurement of the beam polarization is based on
an inverse Compton polarimeter; its concept is already de-
scribed, for example, in [2, 8]. Currently two polarimeters
per beam are foreseen for redundancy, given that the laser
cannot be accessed during operation. First studies indicate
that a relative precision on the vertical polarisation level of
about 1 % can be achieved by integrating the polarimeter
sensor signals over 1s with a 100 % polarised beam. We
note that precision would decrease with a lower polarization
level [27].

Polarized pilot bunch injection would require polarization
measurements along the injector chain. First ideas for such a
measurement system are being considered [28]. While these
polarisation level measurements will require less precision
than the collider ones, they nevertheless need to be adapted
to the energy scale. Mott and Mgller destructive polarimeter
types could cover the injectors and booster needs. This
remains to be further investigated within the reference design
phase.

MONOCHROMATIZATION

Measuring the Yukawa couplings would require a dedi-
cated run at a beam energy of 62.5 GeV. To reduce the Vs
spread from about 50 MeV, monochromatization is also im-
plemented for the LCC. With an opposite vertical dispersion
of 1.6 mm a Vs of 9 MeV is achieved [29].

SUMMARY AND OUTLOOK

Significant progress has been made under the framework
of the FCC-ee EPOL team, including comparing GHC and
LCC lattice, first considerations on injection of polarized
pilot bunches, RF-kicker and RDP studies for the LCC in
xsuite, and most notably, a novel technique called NRPM.

Several open questions remain to be addressed in the Ref-
erence Design Phase. This includes preservation of polar-
ization during booster ramps until at least the W energy, and
spin tune shift control in the presence of realistic imperfec-
tions and tuning. Further work is also required regarding
RF-kicker and polarimeters. Finally, a consistent model link-
ing beam energy measurements to the centre-of-mass energy
at the IPs remains a key objective.
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