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A few topics on the optics design for FCC-ee 



FCC CDR
✤ Published in Jan. 2019. Volume 2 for FCC-ee. Appearing on EPJ. 

✤ “The most effective and comprehensive approach to thoroughly explore the open questions in 
modern particle physics is a staged research programme, integrating in sequence lepton (FCC-
ee) and hadron (FCC-hh) collision programmes, to achieve an exhaustive understanding of the 
Standard Model and of electroweak symmetry breaking, and to maximize the potential for the 
discovery of phenomena beyond the Standard Model. The project would rely on a shared and cost 
effective technical and organizational infrastructure, as was the case with LEP followed by 
LHC.” 

✤ “FCC-ee will be a general precision instrument for the continued in-depth exploration of nature at 
the smallest scales, optimised to study with high precision the Z, W, Higgs and top particles, 
with samples of 5·10^12 Z bosons, 10^8 W pairs, 10^6 Higgs bosons and 10^6 top quark 
pairs. FCC-ee offers unprecedented sensitivity to signs of new physics, appearing in the form of 
small deviations from the Standard Model, of forbidden decay processes or of production of new 
particles with very small couplings.”  

✤ “This collider will be implemented in stages, successively spanning the entire energy range from 
the Z pole over the WW threshold and H production peak to the tt ̅threshold. Most of the 
infrastructure (e.g. underground structures, surface sites, electrical distribution, cooling & 
ventilation, RF systems) can be directly reused for a subsequent energy-frontier hadron 
collider (FCC-hh, see FCC conceptual design report volume 3), serving the world-wide particle-
physics community in a highly synergetic and cost-effective manner throughout the 21st century.”

https://fcc-cdr.web.cern.ch



FCC-ee basic design choices

✤ Double ring e+e- collider ~100 km 
✤ Follows footprint of FCC-hh, except 

around IPs 
✤ Asymmetric IR layout & optics to limit 

synchrotron radiation towards the 
detector 

✤ Presently 2 IPs (alternative layouts with 
3 or 4 IPs are under study), large 
horizontal crossing angle 30 mrad, 
crab-waist optics  

✤ Synchrotron radiation power 50 MW/
beam at all beam energies 

✤ Top-up injection scheme; requires  
booster synchrotron in collider tunnel



 Future e+e- colliders (CEPC, FCC-ee, CLIC)

Z
W±

ZH

tt

✤ Circular colliders have advantage in luminosity up to 400 GeV CM. At Z, they have 2-3 orders 
higher luminosity than LCs. 

✤ The steep falls in the luminosity of circular colliders are due to constraints to keep the synchrotron 
radiation power constant over energies.

✤ Beyond 400 GeV, LCs take over, and there is no chance for circular e+e- machines (for 100 km 
circumference & 50 MW/beam).

✤ More exotic energies, such as the s-channel Higgs production, may be possible at circular colliders.

FCC-CDR

CEPC CDR

UPDATED BASELINE FOR A 
STAGED COMPACT LINEAR 
COLLIDER, CERN–2016–004 

http://newsline.linearcollider.org/
2018/04/05/the-ilc-at-250-gev-an-

overview-of-options/



Parameter Z WW H (ZH) ttbar
Circumference [km] 97.756
Beam energy [GeV] 45 80 120 182.5
SR loss / turn / beam [MW] 50
SR energy loss / turn [GeV] 0.036 0.34 1.72 9.21
Beam current [mA] 1390 147 29 5.4
Bunches/beam 16640 2000 393 48
Bunch intensity  [1011] 1.7 1.5 1.5 2.3
Total RF voltage [GV] 0.1 0.44 2.0 10.9
Long. damping time [turns] 1281 235 70 20
Horizontal beta* [m] 0.15 0.2 0.3 1
Vertical beta* [mm] 0.8 1 1 1.6
Horiz. geometric emittance [nm] 0.27 0.28 0.63 1.46
Vert. geom. emittance [pm] 1.0 1.7 1.3 2.9
Bunch length with SR / BS [mm] 3.5 / 12.1 3.0 / 6.0 3.3 / 5.3 2.0 / 2.5
Luminosity per IP [1034 cm-2s-1] >200 >25 >7 >1.4
Beam lifetime rad Bhabha / BS [min] 68 / >200 49 / >1000 38 / 18 40 / 18

FCC-ee collider parameters 

BS = beamstrahlung



IP
Beam

Local CCS 
+ crab waist 

Local CCS 
+ crab waist

Synchrotron radiation toward the IP @ 182.5 GeV

uc (keV)
PSR (kW)

1470
25.0

11.9 596 578 224
4.0  8.4  7.9  1.5

89.2  98.9
0.28  0.53

691 1434 742  336   972 …
 9.0  0.74 10.7 1.64 18.0 …

uc < 100 keV up to 480 m from the IP @182.5 GeV.  yellow boxes: dipole magnets 



Optics around the IP

βx,y* = (15 cm, 0.8 mm) @ Z

IP

❖ Divide QC1/2 into 3/2 independent pieces, reversing the polarity at Z, W, Zh.
❖ By this split, the chromaticity and the peaks of βx,y around the IP are suppressed even with the 

reductions of βx,y*.

βx,y* = (20 cm, 1 mm) @ W

IP

βx,y* = (30 cm, 1 mm) @ Zh

IP

βx,y* = (1 m, 1.6 mm) @ tt

IP



Dynamic Aperture (Z-X plane)

±1.3% ±1.3%

±1.7% -2.8% +2.4%

Z W±

Zh tt

✤ The dynamic aperture satisfies the requirements by BS and the injection at each energy.

✤ This is a beamstrahlung-
dominated machine: the 
dynamic momentum 
acceptance is the crucial 
parameter to determine the 
performance.

✤ The dynamic aperture has 
been optimized on the Z-X 
plane by changing 292 (Zh, 
ttbar) or 208 (Z, W) families 
of  -I paired sextupoles.



Z

Zh

Dynamic Aperture (on-energy, XY plane)

W±

tt

1M2`;v .vM�KB+ S?vbB+�H
�x/�x �y/�y �x/�x �y/�y

Z ±35 ±58 ±37 ±170
W± ±25 ±55 ±23 ±133
Zh ±18 ±67 ±34 ±144
tt ±19 ±70 ±43 ±107
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✤ The dynamic aperture is always smaller 
than the physical aperture given by the 
beam pipe at QC1 (15 mm radius).



Effects included in the optimization of dynamic aperture
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δE/σE0A� A+

Asymmetric acceptance (ttbar)

✤ The expected energy distribution of the beam has asymmetric tail due to beamstrahlung 
(D. Shatilov, as above).

✤ Thus the required momentum acceptance should be asymmetric: Wider aperture in the 
negative side.

✤ The aperture of the positive side can be expressed as the summation of damping and 
diffusion terms in a half synchrotron period:

with the damping rate       .       

E = 182.5 GeV

σE0 = 0.00153,  σE = 0.00193,  
Black line: Gauss with σE = 1.3 σE0

Energy acceptance: 2.5% = 16.3 σE0 

D. Shatilov

A+ ⇡ �A� exp(�↵z/2⌫s) + 3��,BS

p
1� exp(�↵z/⌫s)

↵z



Unexpected beam blowup
✤ D. El Khechen has observed an 

unexpected vertical beam blowup in 
tracking simulations with beam-beam 
and lattice for FCC-ee ttbar by SAD.

✤ The vertical (on closed orbit) emittance 
of the lattice is generated by random 
misalignments of sextpoles and set to the 
design (2.9 pm = 0.2%).

✤ In early simulations with beam beam 
and lattice without misalignment did not 
show such blowups (D. Zhou).

✤ The blowup strongly depends on the 
random number for strength of skew 
quads or misalignments of sextupoles to 
produce the vertical emittance.

Coupling (%) 0.2 0.2

RMS of sext. Offset () 11 15

Seed 3 19

ηy @ (IP.1, IP.2) () (-5.3, 4.24) (-8.9,8)

ηpy x βy* @ (IP.1, IP.2) () (6.8, 1.04) (35.4,23)

R2 parameter (1.8x10-3,1.8x10-3) (-5.1x10-5,-1.8x10-4)

lattice emittance on closed orbit = 2.9 pm
D. El Khechen



Unexpected beam blowup
✤ Then it was found that such a blowup could 

occur even without beam-beam.
✤ The blowup depends on how the vertical 

emittance is generated (between symmetric 
skew = x-y coupling dominated and 
antisymmetric skew = vertical dispersion 
dominated).

✤ The blowup is explained by a Vlasov model 
for “anomalous emittance” in Ref. [2]. .

lattice (on closed orbit) emittance = 2.9 pm

[2] K. Oide, H. Koiso, ``Anomalous equilibrium emittance due to 
chromaticity in electron storage rings'', Phys.Rev. E49 (1994) 4474-4479.



The Vlasov model agrees with tracking

• The error bars show the variation for 12 samples of skew excitations.
• The most significant resonance is      , according to the tune dependence.νx − νy − νz = N
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No beam-beam
Symmetric Skew Q

ν x
−
ν y

=
N
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ν x
−
ν y

−
ν z

=
N
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Design



The Vlasov model (in Ref. [2])

49 ANOMALOUS EQUILIBRIUM EMITTANCE DUE TO. . . 4475

TABLE I. Related parameters of the B-meson factory at
KEK.

Beam energy
Transverse tunes
Linear emittances

Relative momentum spread
Circumference

Synchrotron damping period
P functions at the IP
Solenoid field at the IP

E
P /Py
&xo/&yo

Og
cTO
v/To
P.'/P,'
B,l,

3.5
41.11/41.19
18.0/0. 014
7.4X10-'
3010
4150
1/0.01
1x2.2

GeV
21T
nm

m
turns

Tm

pensated by other magnets only at the designed momen-
tum, the remaining chromatic change of the coupling
term is still big enough to blow up the verti. cal emittance,
as shown below. This paper proposes a model to evaluate
the anomalous emittance quantitatively. We also show
several results by applying the model to a design of a ring
for the B-meson factory at KEK as an example [8],whose
parameters are listed in Table I.

II. EQUILIBRIUM DISTRIBUTION AS A FUNCTION
OF LONGH'UDINAL VARIABLES

First we assume that the one-turn transformation
around the equilibrium orbit x, is linear in the transverse
direction, and that the longitudinal oscillation itself is
also linear and independent of the transverse motion.
Therefore, the longitudinal oscillation without radiation
is a simple sinusoidal motion in the phase space around
the equilibrium values 5, and z„

5=+2J,cosnp, +5, ,
z =+2J,sinn@, +z, , ,

(2)

where J, is the longitudinal action, IM, is the phase ad-
vance of the synchrotron motion per one revolution, and
P, =np, is the, longitudinal angle at the n-th turn. The
number p, /2n is often called a synchrotron tune. Note
that Eq. (2) assumes a normalization of 5 and z, so that
the motion becomes circular in the phase space. In the
present example, the final results turn out to be consistent
with the assumption that the longitudinal distribution is
not affected by the chromatic effects. Due to the
chromatic effects of the transverse transformation, the
equilibrium distribution inevitably depends on the longi-
tudinal coordinates (J„P,). Although this equilibrium
solution also depends on s, all variables are evaluated at a
particular location s for the time being. Thus all vari-
ables are defined at s hereafter. We propose a natural
generalization of the equilibrium equation (I), so that it
describes the transverse distribution dependent on (J„P,)
as well. Since the transverse motion is linear, the equilib-
rium distribution is still Gaussian in the transverse direc-
tion and can be specified by the variances which now de-
pend on (J„P,}. In what follows, we restrict our atten-
tion only on the transverse distribution and use trans-
verse four-dimensional vectors and 4X4 matrices. We
impose an additional condition that the original matrix

M is separated into the transverse part U and longitudi-
nal part. This condition is usually satisfied by choosing s
at a place where the linear momentum dispersion of the
transverse orbit is suppressed.
We define the mean value h of the orbit deviation from

the transverse part of x, and the transverse variance ma-
trix 8'around h as

h( J„P,}= f (x,—x„}f(x„J„P,}dx, /p( J,},
W( Jz, g, )= f (x,—x„)(x,—x„}

Xf(x„J„P,)dx, /p(J, },

(3)

h(J„P,+p, }=Uh(J„P, )+d+bh,
W(J„$,+1M, )=UW( J„$,)U +dh U +Uhd

+dd~+D+ 5g,
(5)

The right-hand side (rhs} of Eq. (5) expresses the transfer
of the beam distribution in one revolution associated with
the transverse one-turn map. All vectors and matrices on
the rhs of Eq. (5) are evaluated at (J„P,). The terms b,h
and 68'represent the damping and diffusion in the longi-
tudinal phase space described in the next paragraph. The
matrix U(J„P,} now involves all chromaticities in the
transverse transfer matrix including x-y coupling terms,
and d( J„P,} is the source of the higher-order momentum
dispersion of the transverse orbit. According to our as-
sumption on the transverse linearity, the matrix U does
not depend on the amplitude of the mean value h. The
excitation matrix D(J„P,} also reflects the chromatic
effects of the ring.
In addition to the transverse transfer described above,

we have to take into account that both the damping and
the diffusion in the longitudinal phase space also transfer
the transverse beam distribution. This longitudinal
transfer is described by the Fokker-Planck equation [9],

df 2 t) ~ z df (6)

where v is the longitudinal damping time. According to
the definitions Eq. (3), the quantities p(J, )h and p(J, )W
should satisfy the same equation as Eq. (6). Since the
time scale of the synchrotron motion is longer than the
revolution period To in most rings, we can estimate the
effect simply by multiplying the rhs of (6) by To. This

where f is the six-dimensional distribution function at s,
and the integration is performed over the transverse
phase space. The subscript t indicates the transverse part.
The longitudinal distribution p( J, ) is Gaussian, i.e.,
ff(x„J„P,)dx, =p(J, )=exp( —J,/o&)/os, (4)

where o& is the momentum spread. Since we have as-
sumed that the synchrotron motion is sinusoidal, which
advances the phase P, by p,, in one revolution of the ring
as Eq. (2), the equilibrium distribution satisfies these
equations:

Closed orbit (Jz, ϕz)

Transverse 
second moment (Jz, ϕz)

Equilibrium after one 
revolution of the ring

The longitudinal 
distribution is Gaussian

Diffusion is also taken into account.

U=U(δ): momentum 
dependent 1-turn xfer matrix



Tune dependence by Vlasov model
✤ As the agreement with tracking looks excellent, let us use the Vlasov model hereafter, since it is 

many orders faster than tracking.

✤ Scanning the synchrotron tune is just easy in the model, since it is just a parameter and no change 
in the lattice is necessary.

✤ The width of resonance ∼ damping rate = 1/(40 half turns)

νx →
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← νy
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• According to the tune dependence above, the resonance
⌫x � ⌫y � ⌫z = N is identified as the most relevant one.
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Skew Q is fixed at the design νz 
in these figures above.

No beam-beam
Symmetric skew



The resonance line

✤ The design tune point is a little bit off the resonance line — but it has 
a meaning: the blowup can be larger than on a tune exact at the 
resonance.

design



Blowup with/without beam-beam

εy/εx = 0.2%, no beamstrahlung
<latexit sha1_base64="PwDiDkqPLVk7quCg7A5cuY9z7iw="></latexit><latexit sha1_base64="2kAwlsTTSSBUETBDLQL++TqWlIM="></latexit><latexit sha1_base64="2kAwlsTTSSBUETBDLQL++TqWlIM="></latexit><latexit sha1_base64="2kAwlsTTSSBUETBDLQL++TqWlIM="></latexit><latexit sha1_base64="inccgixmSThBxNM/UZl2go0N1cA=">AAACMXicbVDLTgIxFO3gC8fXqEs3jYTEBcEZNhoTE6Ibl5jII2EI6ZQONLSdSdshTgj/4j/4D251y4649ScsMAsBb9Lk3HNOe29PEDOqtOtOrdzW9s7uXn7fPjg8Oj5xTs8aKkokJnUcsUi2AqQIo4LUNdWMtGJJEA8YaQbDx7neHBGpaCRedBqTDkd9QUOKkTZU17nzR0iSWFFmuvT6b/d675YrfrEEx77kUEQ+DMzDSks0YInoT7pOwS27i4KbwMtAAWRV6zozvxfhhBOhMUNKtT031p0xkppiRia2nygSIzxEfTJe/GwCi4bqwTCS5ggNF+yKzyykUh4YJ0d6oNa1OVkK+L9ySFLB45Wx7USHt50xFXGiicDL+WHCoI7gPD3Yo5JgzVIDEJbULA7xAEmEtcnYtk0k3noAm6BRKXsGP7uF6kMWTh5cgEtwBTxwA6rgCdRAHWDwBj7AJ/iy3q2pNbO+l9acld05Bytl/fwC+cmqAA==</latexit>

εy/εx = 0.2%,with beamstrahlung
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εy/εx = 0.1%, no beamstrahlung
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εy/εx = 0.1%,with beamstrahlung
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design

antisymmetric 
skew Q

symmetric 
skew Q



Comparison of the blowups

Antisymmetric, BB+BS Symmetric, BB+BS

Antisymmetric, no BB Symmetric, no BB

in the synchrotron phase space 



Summary

✤ FCC CDR has been published, identifying FCC-ee as its first step to 
provide the maximum luminosity as an e+e- collider covering Z, WW, 
Zh, and tuba physics.

✤ FCC-ee collider optics has been designed to achieve a large dynamic 
aperture to match the luminosity and beamstrahlung.

✤ Several “new” effects on the beam dynamics are expected, such as an 
anomalous vertical emittance growth by synchrotron-betatron 
resonances with/without beam-beam.

Thank you for paying attention!



Backups



Why unexpected?

✤ This unexpected blowup occurs even when the residual dispersion at the IP is 
below the criteria given by D. Shatilov with beam-beam simulation with 
beamstrahlung but without the lattice.

D. Shatilov



Method

• Lattice: FCCee_t_217_nosol_2.sad, 182.5 GeV, half ring.

• The vertical emittance is given by randomly excited skew quadrupole placed on each 
sextupole in the arc:

• The vertical invariant emittance is always set to 2.9 pm (εy/εx = 0.2%).

• Synchrotron radiation in all magnets. 

• Tapering.

• Optionally, simplified beam-beam effects and beamstrahlung can be applied.

• 1000 particles up to 300 half-turns.
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Symmetric: vertical dispersion is 
confined within the pair, x-y coupling 

leaks outside.
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Antisymmetric: x-y coupling is 
confined within the pair, vertical 

dispersion leaks outside.
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Optics by different excitations of skew quads
Symmetric Skew Quads

Vertical dispersion is confined within the 
pair, x-y coupling leaks outside.
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betatron coordinate physical coordinate

The skew quads on a sextupole pair can
be represented by two random numbers
k1,2 and a parameter �1  s  1 as
(k1 + sk2, k2 + sk1). Then

s = 1 : perfect symmetric
s = �1 : perfect antisymmetric
s = 0 : : simply random
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Antisymmetric Skew Quads
X-y coupling is confined within the pair, 

vertical dispersion leaks outside.

definition of x-y coupling parameter:

⌘y

⌘v
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Implementation of simplified beam-beam
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The damping due to BS is also 
implemented in a similar way.
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εy/εx = 0.2%, no beamstrahlung
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How can we solve the unexpected beam blowup?

✤ The unexpected (anomalous) emittance blowup sets an additional 
condition for the machine.

✤ Not only the luminosity, but beam losses, detector background, 
quenches of superconducting magnets will be affected.

✤ Probably the most straight-forward solution is to reduce the lattice 
(on closed orbit) emittance well below the design. For instance it 
should be less than 0.1% in the case of FCC-ee ttbar.

✤ Such a very small emittance is reachable by the emittance tuning 
method simulated.

✤ Once such a very small vertical emittance is achieved, a question is 
how to blowup it to the design value. For that purpose an emittance 
control knob, which does not affect the  anomalous emittance, must 
be developed.



The Vlasov model
✤ Near a resonance line, the transfer matrix over one synchrotron period can 

be on resonance at a certain amplitude of the synchrotron motion. This leads 
to the anomalous beam blowup.

✤

No beam-beam
Symmetric skew



Luminosity performance

COLLIDER DESIGN AND PERFORMANCE

2.2.2.4 Optimisation at the tt threshold and above
At the tt production (beam energy from 170 to 182.5 GeV) the coherent instabilities are suppressed by
very strong damping, but another problem becomes dominant: the lifetime limitation by single high-
energy beamstrahlung photons [148]. Thus, in contrast to low energies, �⇤

x should be increased in order
to make �x larger and thereby weaken the beamstrahlung. With increased �x, Li ⇡ 1.8 mm is obtained,
and �⇤

y should be about the same (or slightly smaller). It should be noted that an increase in "x is not
profitable since a small "y is needed for high luminosity, so the 90

�/90
� lattice is used.

Table 2.1: Machine parameters of the FCC-ee for different beam energies.

Z WW ZH tt
Circumference [km] 97.756
Bending radius [km] 10.760
Free length to IP `⇤ [m] 2.2
Solenoid field at IP [T] 2.0
Full crossing angle at IP [mrad] 30
SR power / beam [MW] 50
Beam energy [GeV] 45.6 80 120 175 182.5
Beam current [mA] 1390 147 29 6.4 5.4
Bunches / beam 16640 2000 328 59 48
Average bunch spacing [ns] 19.6 163 994 27631 3396??

Bunch population [1011] 1.7 1.5 1.8 2.2 2.3
Horizontal emittance "x [nm] 0.27 0.84 0.63 1.34 1.46
Vertical emittance "y [pm] 1.0 1.7 1.3 2.7 2.9
Arc cell phase advances [deg] 60/60 90/90
Momentum compaction ↵p [10�6] 14.8 7.3
Arc sextupole families 208 292
Horizontal �⇤

x [m] 0.15 0.2 0.3 1.0
Vertical �⇤

y [mm] 0.8 1.0 1.0 1.6
Horizontal size at IP �⇤

x [µm] 6.4 13.0 13.7 36.7 38.2
Vertical size at IP �⇤

y [nm] 28 41 36 66 68
Energy spread (SR/BS) �� [%] 0.038/0.132 0.066/0.131 0.099/0.165 0.144/0.186 0.150/0.192
Bunch length (SR/BS) �z [mm] 3.5/12.1 3.0/6.0 3.15/5.3 2.01/2.62 1.97/2.54
Piwinski angle (SR/BS) 8.2/28.5 3.5/7.0 3.4/5.8 0.8/1.1 0.8/1.0
Length of interaction area Li [mm] 0.42 0.85 0.90 1.8 1.8
Hourglass factor RHG

Crab sextupole strength [%] 97 87 80 40 40
Energy loss / turn [GeV] 0.036 0.34 1.72 7.8 9.2
RF frequency [MHz] 400 400 / 800
RF voltage [GV] 0.1 0.75 2.0 4.0 / 5.4 4.0 / 6.9
Synchrotron tune Qs 0.0250 0.0506 0.0358 0.0818 0.0872
Long. damping time [turns] 1273 236 70.3 23.1 20.4
RF acceptance [%] 1.9 3.5 2.3 3.36 3.36
Energy acceptance (DA) [%] ±1.3 ±1.3 ±1.7 -2.8 +2.4
Polarisation time tp [min] 15000 900 120 18.0 14.6
Luminosity / IP [1034/cm2s] 230 28 8.5 1.8 1.55
Horizontal tune Qx 269.139 269.124 389.129 389.108
Vertical tune Qy 269.219 269.199 389.199 389.175
Beam-beam ⇠x/⇠y 0.004/0.133 0.010/0.113 0.016/0.118 0.097/0.128 0.099/0.126
Allowable e+e� charge asymmetry [%] ±5 ±3
Lifetime by rad. Bhabha [min] 68 59 38 40 39
Actual lifetime by BS [min] > 200 > 200 18 24 18

2.3 Design Challenges and Approaches
Based on combinations of existing technologies for e+e� circular colliders developed through the last
half century, the FCC-ee will achieve the best ever luminosities at each energy. Although some com-
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Table 2.10: Peak luminosity per IP, total luminosity per year (two IPs), luminosity target, and run time
for each FCC-ee working point.

Working Point Luminosity/IP Tot. lum./year Goal Run Time
[10

34 cm�2s�1] [ab�1 / year] [ab�1] [years]
Z (first two years) 100 24 150 4
Z (other years) 200 48
W 25 6 10 2
H 7.0 1.7 5 3

RF reconfiguration 1
tt 350 GeV (first year) 0.8 0.19 0.2 1
tt 365 GeV 1.5 0.34 1.5 4

Figure 2.31: FCC-ee operation time line. The bottom part indicates the number of cryomodules to be
installed in the collider and booster, respectively, during the various shutdown periods. The 100 800 MHz
cryomodules for the top-up booster could also be installed during the long one-year shutdown between
H and tt̄ running, instead of, as indicated, during the preceding two winter shutdowns.

2.10 Running at Other Energies
The FCC-ee can produce further important physics results by running at additional centre-of-mass ener-
gies. Worth mentioning are the possibility of direct Higgs production at 125 GeV using a monochroma-
tisation scheme and the implications of pushing the energy well beyond the tt̄ threshold.

2.10.1 s-channel Higgs Production
Direct s-channel Higgs production in e

+
e
� collisions, with a collision energy around 125 GeV, allows

the measurement of the Hee Yukawa coupling, provided that the centre-of-mass energy spread, �ecm, can
be reduced to about 6–10 MeV to be comparable to the width of the standard model Higgs boson. The
natural collision-energy spread at 125 GeV due to synchrotron radiation is about 46 MeV. Its reduction to
the desired level can be accomplished by means of monochromatisation [231], which is most efficiently
achieved by introducing non-zero horizontal dispersion of opposite sign at the IP for two beams in col-
lisions without a crossing angle. This requires either a change of beam-line geometry in the interaction
region or the use of crab cavities to compensate for the existing angle. However, monochromatisation is
possible even in the presence of a crossing angle and without crabbing.

The decrease in �ecm is described by the monochromatisation factor ⇤:

⇤
2

= 1 +
�2
m

1 + �2
(1 + �2

m)
, (2.11)
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<latexit sha1_base64="Acz7fCNfKVQrTjF9t4WMysK/jds=">AAACD3icbZDLSsNAGIX/1Futt6gLF26CRXBRStJakmXBTZcV7AWaUCbTSR2aSUJmopSQh3Djq7gR6UbRR/BV3GiadpPWAwOH75y5/GMHLuVCVb+lwsbm1vZOcbe0t39weCQfn3S5H4WYdLDv+mHfRpy41CMdQYVL+kFIELNd0rMnN/O890BCTn3vTkwDYjE09qhDMRIpGsqqmZ0xCMe2FavVWqNhGNcVtdrQarpeT41Wr+uansSmzZS4lSRDuaxW1UzKutGWptw8+/2ZAUB7KH+aIx9HjHgCu4jzgaYGwopRKCh2SVIyI04ChCdoTGIWuYKG/mOeZi9MlMsUjRTHD9PlCSWjuR5inE+ZnTYZEvd8NZvDis3+jR0y9ViQu3YQCcewYuoFkSAeTpRSOrq2Oui66daqWupv0z8wYKEinMMFXIEGOjShBW3oAIZneIV3+JCepBfpTZotqgVpuecUcpK+/gA9eJwT</latexit><latexit sha1_base64="pC+JTitJtzl3yqzvh4aSSxf1tPQ=">AAACD3icbZA9S8NAHMYvvtb6FnVwcAkWwaGEpLUkY8GlYwX7Ak0ol+ulHr1LQu6ilJAP4eLm53AR0cG31c2v4qJp2iWtDxw8/J7nXv7nBJRwoWnf0tLyyuraemGjuLm1vbMr7+23uR+FCLeQT/2w60COKfFwSxBBcTcIMWQOxR1ndD7JO9c45MT3LsU4wDaDQ4+4BEGRor6sWdkZvXDo2LGmVmo10zwra2pNrxhGNTV6tWroRhJbDlPiRpL05ZKmapmURaPPTKl++Pvz8nX/3uzLH9bARxHDnkAUct7TtUDYMQwFQRQnRSviOIBoBIc4ZhEVJPRv8jR7YaKcpGiguH6YLk8oGc31ION8zJy0yaC44vPZBJYd9m/s4rHHgty1vUi4ph0TL4gE9lCiFNPR9flBF027ouqpv0j/wARTFcAROAanQAcGqIMGaIIWQOAOPIJX8CbdSg/Sk/Q8rS5Jsz0HICfp8w8dBp5K</latexit><latexit sha1_base64="pC+JTitJtzl3yqzvh4aSSxf1tPQ=">AAACD3icbZA9S8NAHMYvvtb6FnVwcAkWwaGEpLUkY8GlYwX7Ak0ol+ulHr1LQu6ilJAP4eLm53AR0cG31c2v4qJp2iWtDxw8/J7nXv7nBJRwoWnf0tLyyuraemGjuLm1vbMr7+23uR+FCLeQT/2w60COKfFwSxBBcTcIMWQOxR1ndD7JO9c45MT3LsU4wDaDQ4+4BEGRor6sWdkZvXDo2LGmVmo10zwra2pNrxhGNTV6tWroRhJbDlPiRpL05ZKmapmURaPPTKl++Pvz8nX/3uzLH9bARxHDnkAUct7TtUDYMQwFQRQnRSviOIBoBIc4ZhEVJPRv8jR7YaKcpGiguH6YLk8oGc31ION8zJy0yaC44vPZBJYd9m/s4rHHgty1vUi4ph0TL4gE9lCiFNPR9flBF027ouqpv0j/wARTFcAROAanQAcGqIMGaIIWQOAOPIJX8CbdSg/Sk/Q8rS5Jsz0HICfp8w8dBp5K</latexit><latexit sha1_base64="pC+JTitJtzl3yqzvh4aSSxf1tPQ=">AAACD3icbZA9S8NAHMYvvtb6FnVwcAkWwaGEpLUkY8GlYwX7Ak0ol+ulHr1LQu6ilJAP4eLm53AR0cG31c2v4qJp2iWtDxw8/J7nXv7nBJRwoWnf0tLyyuraemGjuLm1vbMr7+23uR+FCLeQT/2w60COKfFwSxBBcTcIMWQOxR1ndD7JO9c45MT3LsU4wDaDQ4+4BEGRor6sWdkZvXDo2LGmVmo10zwra2pNrxhGNTV6tWroRhJbDlPiRpL05ZKmapmURaPPTKl++Pvz8nX/3uzLH9bARxHDnkAUct7TtUDYMQwFQRQnRSviOIBoBIc4ZhEVJPRv8jR7YaKcpGiguH6YLk8oGc31ION8zJy0yaC44vPZBJYd9m/s4rHHgty1vUi4ph0TL4gE9lCiFNPR9flBF027ouqpv0j/wARTFcAROAanQAcGqIMGaIIWQOAOPIJX8CbdSg/Sk/Q8rS5Jsz0HICfp8w8dBp5K</latexit><latexit sha1_base64="Ism7Q10ziDt+Amfal2fJbp56ob4=">AAACD3icbZDLSsNAGIUnXmu9RV26CRbBRSkzrSVZFtx0WcFeoAllMp3UoZkkzEyUEvIQbnwVNyJuFH0E38Y0ZpPWAwOH75y5/ONGPpMKwh9tY3Nre2e3slfdPzg8OtZPTgcyjAWhfRL6oRi5WFKfBbSvmPLpKBIUc9enQ3d+s8yHD1RIFgZ3ahFRh+NZwDxGsMrQRId2fsZYzFwngY1mu21Z13XYaKOmabYyg1otE5lpYrvcSLppOtFrsAFzGesGFaYGCvUm+pc9DUnMaaCIj6UcIxgpJ8FCMeLTtGrHkkaYzPGMJjz2FRPhY5nmL0yNywxNDS8U2QqUkdNSD3MpF9zNmhyre7maLWHd5f/GHl0EPCpdO46VZzkJC6JY0YCkRjUbHa0Oum4GzQbK/C2sdaziEyrgHFyAK4CACTqgC3qgDwh4Bq/gA3xqT9qL9qa9/1U3tGLPGShJ+/4FOh+ZAw==</latexit>

tt
<latexit sha1_base64="DBF57sspjE50Wh25che5Ttwzyh8=">AAACGnicbVDLSsNAFL3xWesr6sKFm2ARXJQy6bu4KbhxWcE+oCllMp3WoZkkZCZKCfkTN/6JuFFxo+DGX3Gj08emrQcuHM45cx9j+w4TEqFvbWV1bX1jM7GV3N7Z3dvXDw4bwgsDQuvEc7ygZWNBHebSumTSoS0/oJjbDm3aw8ux37yjgWCeeyNHPu1wPHBZnxEsldTVL6xJj3YwsDsRymSzhUohl0aZQq6ULyJFKsU8KhXiyLK5EUnLU83GswwZx109hTJoAmOZmDOSqh7//jwBQK2rv1o9j4ScupI4WIi2iXzZiXAgGXFonLRCQX1MhnhAIx46kgXe/bw6WTY2zpTUM/peoMqVxkSdy2EuxIjbKsmxvBWL3lhM2/xfu09HLvfnxrZD2S93Iub6oaQuiY2kOt1cPHSZNLIZU/Fr9QdlmCIBJ3AK52BCCapwBTWoA4FHeIEP+NQetGftTXufRle02ZsjmIP29Qczw6EE</latexit><latexit sha1_base64="ldb18g1p0uYx6GL7qSA6L7R31Bc=">AAACGnicbVDLSsNAFJ3UV62vqAsXboJFcFHKpO/ipuDGZQX7gCaUyXRah2aSkJkoJeRPdOGn6KaKGxU3/oobnabdtPXAhcM5Z+5jLM+mXED4rSRWVtfWN5Kbqa3tnd09df+gyd3Ax6SBXdv12xbixKYOaQgqbNL2fIKYZZOWNbyY+K1b4nPqOtdi5BGToYFD+xQjIaWuem7EPTr+wDJDmM3litViPgOzxXy5UIKSVEsFWC5GoWExLRSGK5tNZmkiirpqGmZhDG2Z6DOSrh39/jx9PozrXfXF6Lk4YMQR2Eacd3ToCTNEvqDYJlHKCDjxEB6iAQlZYAvqu3fzarxspJ1Kqaf1XV+WI7RYncshxvmIWTLJkLjhi95EzFjsX7tPRg7z5sZ2AtGvmCF1vEAQB0daSp6uLx66TJq5rC75lfyDCpgiCY7BCTgDOiiDGrgEddAAGDyCMXgHH8q98qy8Km/TaEKZvTkEc1C+/gATUaM7</latexit><latexit sha1_base64="ldb18g1p0uYx6GL7qSA6L7R31Bc=">AAACGnicbVDLSsNAFJ3UV62vqAsXboJFcFHKpO/ipuDGZQX7gCaUyXRah2aSkJkoJeRPdOGn6KaKGxU3/oobnabdtPXAhcM5Z+5jLM+mXED4rSRWVtfWN5Kbqa3tnd09df+gyd3Ax6SBXdv12xbixKYOaQgqbNL2fIKYZZOWNbyY+K1b4nPqOtdi5BGToYFD+xQjIaWuem7EPTr+wDJDmM3litViPgOzxXy5UIKSVEsFWC5GoWExLRSGK5tNZmkiirpqGmZhDG2Z6DOSrh39/jx9PozrXfXF6Lk4YMQR2Eacd3ToCTNEvqDYJlHKCDjxEB6iAQlZYAvqu3fzarxspJ1Kqaf1XV+WI7RYncshxvmIWTLJkLjhi95EzFjsX7tPRg7z5sZ2AtGvmCF1vEAQB0daSp6uLx66TJq5rC75lfyDCpgiCY7BCTgDOiiDGrgEddAAGDyCMXgHH8q98qy8Km/TaEKZvTkEc1C+/gATUaM7</latexit><latexit sha1_base64="ldb18g1p0uYx6GL7qSA6L7R31Bc=">AAACGnicbVDLSsNAFJ3UV62vqAsXboJFcFHKpO/ipuDGZQX7gCaUyXRah2aSkJkoJeRPdOGn6KaKGxU3/oobnabdtPXAhcM5Z+5jLM+mXED4rSRWVtfWN5Kbqa3tnd09df+gyd3Ax6SBXdv12xbixKYOaQgqbNL2fIKYZZOWNbyY+K1b4nPqOtdi5BGToYFD+xQjIaWuem7EPTr+wDJDmM3litViPgOzxXy5UIKSVEsFWC5GoWExLRSGK5tNZmkiirpqGmZhDG2Z6DOSrh39/jx9PozrXfXF6Lk4YMQR2Eacd3ToCTNEvqDYJlHKCDjxEB6iAQlZYAvqu3fzarxspJ1Kqaf1XV+WI7RYncshxvmIWTLJkLjhi95EzFjsX7tPRg7z5sZ2AtGvmCF1vEAQB0daSp6uLx66TJq5rC75lfyDCpgiCY7BCTgDOiiDGrgEddAAGDyCMXgHH8q98qy8Km/TaEKZvTkEc1C+/gATUaM7</latexit><latexit sha1_base64="SNxMfz/t0qe/pusJOUExRTFdPSE=">AAACGnicbVDLSsNAFJ3UV62vqEs3wSK4KGHSNn3gpuDGZQX7gCaUyXRSh84kITNRSsifuPFX3Ki4UXDj35jWbNJ64MLhnDP3MU7AqJAQ/iiFjc2t7Z3ibmlv/+DwSD0+6Qs/CjHpYZ/54dBBgjDqkZ6kkpFhEBLEHUYGzux64Q8eSCio793JeUBsjqYedSlGMpXG6pW17DEKp44dQ71aNdtmrQJ1s9asN2BK2o06bJpJbDlci6Xlp80WszSZJGO1DHW4hLZOjIyUQYbuWH2zJj6OOPEkZkiIkQEDaccolBQzkpSsSJAA4RmakphHTNLQf8yry2UT7SKVJprrh2l5UluquRziQsy5kyY5kvdi1VuIFYf/a7tk7vEgN3YUSbdlx9QLIkk8nGil9HRj9dB10q/qRspvYbnTyj6hCM7AObgEBmiCDrgBXdADGDyDV/AJvpQn5UV5Vz7+ogUle3MKclC+fwEwap30</latexit>


