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A high-energy electron-positron collider has been widely recognized by the particle physics
community to be the next crucial step for detailed studies of the Higgs boson and other fundamental
particles and processes. Several proposals for such colliders, either linear or circular, are currently under
evaluation. Any such collider will be required to reach high lumimosities, in order to collect enough data
at a reasonable time scale, while at the same time coping with high rates of background particles
produced from beam-beam interactions during the collisions. In this paper, we analyze the luminosity
and beam-beam interaction characteristics of the Cool Copper Collider (C?) and perform a comparison
with other linear collider proposals. We conclude that C? can reach the same or higher collision rates as
the other proposals, without having to cope with higher beam-induced background fluxes. Thus, C3
emerges as an attractive option for a future electron-positron collider, benefiting from the collective
advancements in beam delivery and final focus system technologies developed by other linear collider

initiatives.
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I. INTRODUCTION

The particle physics community has agreed to pursue a
high-energy electron-positron (e*e™) collider as the next
step beyond the Large Hadron Collider (LHC). It will
enable precision measurements of the Higgs boson, the
top quark, and electroweak observables, with the potential
to uncover signatures of new physics and explore phe-
nomena beyond the Standard Model [1-3]. Several such
ete™ colliders have been proposed over the past few
decades, including both linear colliders, such as the Next
Linear Collider [4], the Compact Linear Collider (CLIC)
[5], the International Linear Collider (ILC) [6], and the
Cool Copper Collider (C?) [7], as well as circular ones, the
Future Circular Collider [8] and the Circular Electron
Positron Collider [9]. For all these machines, one of the
main parameters of interest is their instantaneous lumi-
nosity L., which determines the rate at which hard
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scatter (HS)' events take place and thus shapes the overall
running timeline of each machine.” Unlike the LHC,
where beams are pm-sized [10], beams focused down
to the nm scale are necessary for any ee™ machine to
reach target luminosities of ;g ~ O(10** cm=2s71) [11].
At such length scales, the intense electromagnetic (EM)
forces between bunch particles give rise to beam-beam
interactions that affect the instantaneous luminosity,
through self-focusing of the opposing bunches and emis-
sion of beamstrahlung (BS) photons, while, at the same
time, leading to the creation of beam-induced background
(BIB) particles.

Beam-beam interactions constitute an integral compo-
nent of the design of any future high-energy e* e~ collider
and its detectors. They impact the achievable instantaneous
luminosity, and thus the runtime required to reach the target

'A hard scatter event is defined here as an interaction of an
electron from one bunch with a positron from the opposite bunch
in which a large four-momentum transfer takes place, often
resulting in the creation of new particles.

The running plan of each machine is roughly determined by
the amount of time T, required to collect a target integrated
luminosity L, = fOT‘“" Linst(7)dt, necessary for achieving a cer-
tain level of precision in the measurement of physical quantities
of interest. In this work, we will refer to L, as the instantaneous
luminosity or, simply, luminosity indistinguishably, and we will
specifically use “integrated” luminosity when referring to L;,,.

Published by the American Physical Society


https://orcid.org/0009-0008-1063-5620
https://orcid.org/0000-0002-1900-0778
https://orcid.org/0000-0002-0235-1053
https://ror.org/05gzmn429
https://ror.org/00f54p054
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevAccelBeams.27.061001&domain=pdf&date_stamp=2024-06-11
https://doi.org/10.1103/PhysRevAccelBeams.27.061001
https://doi.org/10.1103/PhysRevAccelBeams.27.061001
https://doi.org/10.1103/PhysRevAccelBeams.27.061001
https://doi.org/10.1103/PhysRevAccelBeams.27.061001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

NTOUNIS, NANNI, and VERNIERI

PHYS. REV. ACCEL. BEAMS 27, 061001 (2024)

integrated luminosity, and dictate the overall running plan
and ultimate physics reach of the machine. Beam-beam
interactions also contribute to the profile of the beams’
luminosity distribution, thus affecting our knowledge of the
initial state of the colliding particles, and the level of
precision with which the energies and momenta of final-
state particles can be constrained. This could in turn limit
the sensitivity in extracting physical observables of interest
by analyzing collision data. Finally, as the main source of
background particles in the interaction region of the two
beams, they dictate the design characteristics of the
detectors and the machine-detector interface, which have
to be optimized with the objective of detecting particles
from HS events as efficiently as possible while mitigating
the contamination from the potentially large numbers of
background particles produced.

Therefore, the significance of understanding and evalu-
ating the features of beam-beam effects becomes evident.
Extensive simulation studies of these effects have previ-
ously been performed but are mostly limited to evaluating
their impact on a specific proposed collider [4,12—14]. In
this work, we utilize such simulations to optimize the beam
parameters for C> with the objective of maximizing the
instantaneous luminosity, without a commensurate increase
in the BIB, and additionally perform a comparison between
various proposed colliders in terms of the achievable
luminosity and the magnitude of the expected BIB. The
methodology presented in this note is relevant for any e™ e~
collider, and not just for C3, which is used here as a test
case, since the instantaneous luminosity and BIB profiles
have the same dependence on the underlying beam
parameters.”’

This paper is organized as follows: In Secs. II and I1I, we
present an overview of the physical quantities relevant to
this study and expand on the concepts of beamstrahlung
and beam-induced background. In Sec. IV, we examine the
dependence of the instantaneous luminosity for C* on
various beam parameters and propose a modified parameter
set that leads to luminosity enhancement while keeping the
BIB at the same levels. We then proceed to compare various
linear collider proposals in terms of their luminosity and
BIB characteristics in Sec. V. Finally, we present our
conclusions and closing remarks in Sec. VL

II. PHYSICAL QUANTITIES OF INTEREST

The instantaneous luminosity L;,, of a linear e*e™
collider is given by [16]

*We note that, although the application of this methodology to
other linear colliders is rather straightforward, modifications are
necessary in the case of circular colliders, to account for the
multiturn nature of the collisions, as opposed to single-pass
collisions in linear colliders. Given that this work focuses on the
latter, these issues are not addressed here but are the subject of
other recent studies, such as [15].
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where N, is the number of particles per bunch, n, is the
number of bunches per bunch train, f, is the train repetition
rate, and oy, are the horizontal and vertical, respectively,
root-mean-square (rms) beam sizes at the interaction
point (IP).*

The latter are calculated as

. €xyPx,
oLy = [T (2)
4

where €,y , denote, respectively, the normalized emit-
tances and beta functions at the IP in the horizontal (x) and
vertical (y) directions, and y is the relativistic Lorentz factor
of the beam particles. It is worth noting that #* not only
determines the beam size at the IP but also how fast it
changes around it. Specifically, the inherent betatron
oscillations of the beam particles lead to a variation of
the beta function with the longitudinal distance z around the
IP according to

oy(z) =Fiy [1 + ( ﬂ;) 2} , (3)

from which one can see that smaller values of f3} , lead both
to a tighter focusing at the IP and a larger increase in the
beta function around the IP. This is often referred to as the
hourglass effect [17-19].

Finally, Hp is a dimensionless number, called the
enhancement factor, with typical values between 1.5 and
2.5 for the colliders of interest to this study,5 which
expresses the instantaneous luminosity gain due to the
beam-beam interactions taking place at the IP and leading
to further “pinching” of the bunches. For Hj, = 1, that is,
when these beam-beam interactions are neglected, the
resulting luminosity, calculated using Eq. (1), is often
referred to as the geometric luminosity Lgeon,. The enhance-
ment factor depends on the so-called disruption parameters,
which are defined as the ratio of the bunch length &7 to the
focal length f , of each beam in the transverse plane due to
the attractive forces exerted on it from the opposite beam.
For round Gaussian beams, the disruption parameters are
given by [21,22]

*From here on, all starred symbols will denote quantities
evaluated at the IP.

3 At the Stanford Linear Collider (SLC), operated between 1989
and 1998 at SLAC, Hp was measured to be up to 2.2 [20],
providing direct experimental evidence of the importance of this
factor for luminosity enhancement.
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is the classical electron radius.

where r, = Pm— (4)
e

For linear e e~ colliders, where flat beams with % > oy
are used, the disruption parameters have typical values
D, <1, D, > 1, meaning that the vertical motion of the
beam particles is significantly disrupted. The enhancement
factor additionally depends on the inherent divergence of
the beams stemming from the betatron oscillations of the
bunch particles, which is described with the parameter

% (5)

Ax’y = ﬁ* ’
X,y

with typical values A, << 1 and A, ~ 1 at e*e™ colliders.
Analytical derivations of Hj as a function of D, A are
notoriously difficult and have only been extracted in a few
special cases, most notably for round Gaussian beams with
D < 1 [23]. For proposed future e™e~ machines with
Dy > 1, the dynamics of the beam particles’ vertical
motion becomes nonlinear, and the perturbative analysis
used for such calculations is no longer applicable. In such
cases, the use of computer simulations for the calculation of
Hp, is necessary.

The two main Particle-In-Cell (PIC) simulation tools that
have been used in the high-energy physics community for
this purpose are GUINEA-PIG [24,25] and CAIN [26]. These
programs rely on the description of the colliding bunches
through an ensemble of macroparticles, which are distrib-
uted among a three-dimensional grid. At each time step of a
simulated bunch crossing (BX), the bunches are split into
longitudinal slices, and the Poisson equation is solved for
each slice in order to update the electrostatic potential,
which in turn governs the evolution of the bunch particles’
dynamics. On top of this classical treatment, the above
tools utilize Monte Carlo methods to simulate the quantum
electrodynamics (QED) phenomena that arise during beam-
beam interactions, such as the emission of Beamstrahlung
photons and the production of e e~ pair particles, which
are covered in the next section. Although more modern PIC
simulation tools, such as OSIRIS [27] and warpX [28], exist

beamstrahlung virtual

virtual virtual

(a) Bethe-Heitler

FIG. 1.

(b) Landau-Lifshitz

that could serve the purpose of beam-beam modeling, they
do not currently include all relevant QED processes [29].
For this reason and in accordance with previous studies
performed for ILC and CLIC, we choose to rely on
GUINEA-PIG and CAIN simulations for this study.
Specifically, although the main simulation results were
benchmarked across GUINEA-PIG and CAIN, the results
presented in the subsequent sections were solely extracted
from GUINEA-PIG simulations. In GUINEA-PIG, the luminos-
ity is computed numerically either by multiplying the
charge densities of the intersecting cells and dividing by
the cell sizes and time steps or by adding the contribution
from individual particle collisions. Both methods were
found to give virtually identical results in our studies.

III. BEAMSTRAHLUNG AND BEAM-INDUCED
BACKGROUND

As mentioned earlier, the strong EM beam-beam field in
the interaction region due to the intense focusing of the
beams leads to energetic synchrotron radiation called
beamstrahlung. This radiation is characterized by the
dimensionless parameter Y, defined as

_2E, 4ho,

3E, 3.5
where @, is the critical frequency for photon emission, and
/S0 is the nominal (before emission) center-of-mass
energy of the colliding particles. The power spectrum of
the emitted photons follows the Sokolov-Ternov formula
[30], which can be integrated over to give the average

beamstrahlung parameter (). For Gaussian beams, this
was found to be [22]

(6)

5 N, r2y 5N,r2y
- 6a(oi+0})o:  6acio:’

(1)

where ais the fine structure constant,  (7)
with larger values corresponding to more intense BS
photon emission and the approximate equality holding in
the limit of flat beams o} > ¢7}. For the proposed future
ete™ colliders, (Y) is typically much less than one. The
average beamstrahlung parameter determines the average

beamstrahlung

beamstrahlung

(c) Breit-Wheeler

Feynman diagrams for the Bethe-Heitler, Landau-Lifshitz, and Breit-Wheeler processes.
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TABLE L
which we refer to as Parameter Set 1 (PS1) in this work.

Beam parameters for various linear collider proposals. For C?, the baseline beam parameters are given, as found in [7],

Symbol (unit) CLIC [31] ILC-250 [32] ILC-500 [32] C3-250 (PS1) [7] C3-550 (PS1) [7]

Parameter

Center-of-mass energy VS0 (GeV) 380
rms bunch length o} (pm) 70
Horizontal beta function at IP Fi (mm) 8.2
Vertical beta function at IP p5 (mm) 0.1
Normalized horizontal emittance at IP €; (nm) 950
Normalized vertical emittance at IP €y (nm) 30
rms horizontal beam size at IP oy (nm) 145
rms vertical beam size at IP o) (nm) 2.8
Number of bunches per train n, 352
Train repetition rate f. (Hz) 50
Bunch spacing Aty (ns) 0.5
Bunch charge 0 (nC) 0.83
Bunch population N, (10° particles)  5.18
Beam power Pyeamn (MW) 2.78
rms energy spread at the IP % 0.35
Crossing angle” (rad) 0.0165
Crab angle” (rad) 0.0165/2
Gradient (MeV/m) 72
Effective gradient (MeV/m) 57
Shunt impedance (MQ/m) 95
Effective shunt impedance (MQ/m) 39
Site power MW) 168
Length (km) 114
L+ (m) 6

250 500 250 550
300 300 100 100
13 22 12 12
0.41 0.49 0.12 0.12
5000 5000 900 900
35 35 20 20
516 474 210 142
1.7 5.9 3.1 2.1
1312 1312 133 75
5 5 120 120
554 554 5.26 35
32 32 1 1
20.0 20.0 6.24 6.24
2.62 5.25 2.00 2.48
~0.1 ~0.1 ~0.3 ~0.3
0.014 0.014 0.014 0.014
0.014/2 0.014/2 0.014/2 0.014/2
315 315 70 120
21 21 63 108
300 300
300 300
125 173 ~150 ~175
20.5 31 8 8
4.1 4.1 43 43

“This is the full angle at which the beams intersect at the IP.

"This is the rotation angle of each beam imparted by the crab cavity, which, when set to half of the crossing angle, can restore head-on

collisions.

°L* denotes the distance from the final quadrupole magnet (quad) to the IP.

energy loss o of a beam particle due to beamstrahlung,
which is approximately given by [22]

161/3 r,aN,
Y S

Sk (T) for (T) <1, (8)

as well as the average number and energy fraction of BS
photons emitted per beam particle, which can be calculated as

and <&> = 5—E
EO n},

These BS photons contribute to the creation of BIB
particles, most notably additional e*e™ pairs. This occurs
through three processes: incoherent pair production, coher-
ent pair production, and trident cascade.

Incoherently produced e™e™ pairs constitute the leading
background at any e*e~ collider with (T) < 1 and are
created through the interactions of individual photons, either
real BS photons or virtual photons that “accompany” each
beam particle. Such pairs are produced through the Bethe-
Heitler (BH), Landau-Lifshitz (LL), and Breit-Wheeler
(BW) processes, the leading order Feynman diagrams for
which are shown in Fig. 1. In the dominant BH process, a

12 @* 6(T)
T yr, 5

©)

beam particle interacts with a real BS photon, whereas in the
subdominant LL process, beam particles interact through the
exchange of virtual photons. Finally, the BW process is
suppressed due to the direct interaction of two BS photons

<
=)

o
o

<
i

Fraction of Npairs

[ Bethe-Heitler
M Landau-Lifshitz
I Breit-Wheeler

0.2

C3-550

C3-250

CLIC-380 ILC-250  ILC-500

Collider

FIG. 2. Fraction of incoherently produced e™ e~ pairs from each
one of the Bethe-Heitler, Landau-Lifshitz, and Breit-Wheeler
processes for various colliders.
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TABLE II.

Luminosity and beam-induced background related quantities for various linear collider proposals. The horizontal line after

the fourth row separates the quantities in the ones calculated analytically using Egs. (1), (4), and (7) (top) and the ones whose values are

extracted from GUINEA-PIG simulations (bottom).

Parameter Symbol (unit) CLIC 1ILC-250 ILC-500 (C3-250 (PS1) C3-550 (PSI)
Geometric luminosity Loeom (10¥*cm™2s7") 091 0.53 0.74 0.75 0.93
Horizontal disruption D, 0.26 0.51 0.30 0.32 0.32
Vertical disruption D, 13.1 34.5 24.3 21.5 21.5
Average beamstrahlung parameter (1) 0.17 0.028 0.062 0.065 0.21
Total luminosity L (10%*cm™2s7!) 1.67 1.35 1.80 1.35 1.70
Peak luminosity fraction Looi/L (%) 59 74 64 73 52
Enhancement factor Hp 1.8 2.6 24 1.8 1.8
Average energy loss op (%) 6.9 3.0 4.5 33 9.6
Photons per beam particle n, 1.5 2.1 1.9 1.4 1.9
Average photon energy fraction (E,/Ey) (%) 4.6 1.4 2.3 2.5 5.1
Number of incoherent particles/BX Nincon (10%) 6.0 13.3 18.5 4.7 12.6
Total energy of incoherent particles/BX Eicon (TeV) 187 117 439 58 644

and contributes only at the percent level. Together, these
processes result in the creation of order of magnitude
10*~10° pairs per bunch crossing for the colliders listed in
Table I. A comparison of the relative number of incoherent
pairs produced from each process for various colliders is
given in Fig. 2.

Coherent pair production is the creation of an ete™ pair
through the interaction of a BS photon with the collective
EM field of the oncoming beams, instead of with individual
particles. This process requires such strong fields that it is
exponentially suppressed for (Y) < 0.5 [33,34], as is the
case for all colliders in this study and leads to a negligible
number of eTe~ pairs produced per bunch crossing.
Finally, the trident cascade process is the interaction of a
virtual photon with the collective EM field of the beams
and also results in the production of e*e™ pairs. This
process only becomes an important source of background
for (Y) > 1 [22] and is likewise not relevant in this study.

Beamstrahlung and the resulting beam-induced back-
ground have twofold importance: first, by decreasing the
energy of the colliding particles with respect to its nominal
value E, = ,/50/2, they lead to the widening of their
energy distribution, and a so-called luminosity spectrum is
created [35], with contributions to the total luminosity from
different center-of-mass energies. The stronger the beam-
beam interactions are, the more spread out this spectrum is.
The fraction of the luminosity in the top 1% of the center-
of-mass energy (i.e., for x > 0.99, with x = /s/,/s, being
the center-of-mass energy fraction), denoted as L /L, is
often used to characterize the spread of the luminosity
spectrum.

Second, the produced background particles can reach the
detectors of the accompanying experiments and compro-
mise their performance by occupying detector cells with
hits from background particles instead of interesting HS
events. This can be mitigated, among other approaches, by

placing the innermost detector layers further away from the
IP or increasing the detector solenoid magnetic field, thus
having significant implications for detector design opti-
mization [36,37].

Finally, we note that, although our discussion on BIB
particles has solely revolved around e*e™ pairs so far,
additional species of background particles may be pro-
duced through subdominant processes, such as hadron
photoroduction [38]. Despite their smaller production cross
sections, these particles may also affect detector perfor
mance and should be taken into account for an accurate
estimation of the total BIB at an e e~ collider.

With the characteristics of beamstrahlung and the beam-
induced background analyzed above largely shared among
various linear collider proposals, it is useful to juxtapose
them. Thus, we perform a comparison of the following
proposed linear ete~ machines: CLIC, ILC, and C3.
Though these projects have been envisaged with various
staged approaches, we focus on the sub-TeV runs at center-
of-mass energies of 380 GeV for CLIC and at 250,
500 GeV and 250, 550 GeV for ILC and C3, respectively.
Table I shows the main beam parameters of interest for the
various colliders.6Using these parameters, quantities related
to the luminosity and the BIB can be computed, as is shown
in Table II. Out of them, Lyeom, Dy, and (T) are calculated
analytically, using Eqgs. (1), (4), and (7), respectively,
whereas the rest are obtained from GUINEA-PIG simulations.

SSome of the parameters have been added for completeness,
although they can be readily derived from others, such as o},
which can be computed from €} ,, f5 , using Eq. (2), the bunch
population N,, which is simply N, = %, and the beam power,
defined as:

VS0

g
Pieam :NenbfrT' (10)

061001-5



NTOUNIS, NANNI, and VERNIERI

PHYS. REV. ACCEL. BEAMS 27, 061001 (2024)

We note that, for all parameters extracted from simulations
and for the purpose of a fair evaluation, new simulations
were carried out using a common GUINEA-PIG configura-
tion. For CLIC and ILC, our results were benchmarked
against the published ones in [31,39] and [32], respectively,
and our configuration was tuned in order to ensure
reasonable agreement. For C3, this marks the first time
that such detailed luminosity studies are presented.

A discussion of the parameters in Tables I and II and
their implications is given in Sec. V. Before that, we focus
on the beam parameters for C3, study their effect on the
instantaneous luminosity, and propose a new parameter set,
chosen such that luminosity is enhanced while the effect of
beamstrahlung and the resulting BIB remains roughly
the same.

IV. BEAM PARAMETER OPTIMIZATION FOR C?

A. Introduction

The proposed physics program for C3 is laid out in
Ref. [7] and consists of a staged approach with runs at
center-of-mass energies of 250 and 550 GeV, with the goal
of collecting, similar to ILC, integrated luminosities of 2
and 4 ab™', respectively, after 10 years of data taking at
each energy. In order to achieve this goal, the target
luminosities for C* have been established to be

L8 — 13 x 10% em™2 57,

Cg?ri?g =24 x10* cm™2s71.

The proposed beam parameters for C3-250, as summa-
rized in Table I, are sufficient to reach the corresponding
target luminosity. On the other hand, achieving the target
luminosity at 550 GeV is more challenging. While it is

2.6

C3-550
.\
2.4 N = W="Lotal ==="T/yf€, scaling
p & —0— Lgeom (target)

—_ 22 — L Tem ... =89
i b — --%-- Hp
2.0
q
£ 18
3
o 1.6
i
Q14

1.2

1.0

s; [nm]

(a)

generally true for linear colliders that the luminosity
increases linearly with /s when keeping all other beam
parameters fixed, as can be seen from Eqgs. (1) and (2), the
operation of C? at 550 GeV requires an increased gradient
of 120 MeV/m, which, in turn, necessitates a reduction of
the flat top from 700 to 250 ns. A roughly halved number of
75 bunches per train is expected to fit within this shortened
flat top, which mitigates the luminosity increase due to the
higher center-of-mass energy. For this reason, achieving the
target luminosity for C3-550 requires further optimization
of the beam parameters.

In this section, we begin by optimizing the luminosity for
the C3-550 stage with respect to the vertical €y and
horizontal €} emittance, the bunch length ¢}, and the
vertical waist shift Wy, which will be introduced in the
following. As a result of this optimization process, we
propose a new parameter set for C° with which the
luminosity goal at 550 GeV is achieved. We then compare
this parameter set with the nominal beam parameters (PS1)
and evaluate its performance for C operated at 250 GeV.
We observe, at both center-of-mass energies, an enhanced
luminosity, without at the same time enhancing the BIB.
We proceed to investigate the luminosity dependence on
additional beam parameters, namely the beta function and
the beam offset, which were not directly taken into account
in the optimization process but nevertheless influence the
luminosity. Finally, we discuss power consumption con-
siderations related to the luminosity requirements for C>.

B. Parameter optimization for C3-550

In order to optimize the beam parameters for C3-550, we
first note that preliminary simulations of emittance growth
in the C*>-250 main linac and Beam Delivery System
(BDS), assuming 10 nm vertical emittance at injection,

2.7

2.6

2.5

24

2.3

2.2

£[10% cm—2s71]

2.1 5
(target)

2.0 L="Lcs 550

1.9

FIG. 3. Instantaneous luminosity for C3-550 as a function of (a) the vertical emittance ¢y and (b) the vertical waist shift wy, while

Rk

keeping all other parameters fixed to their nominal values. In (a), in addition to the total instantaneous luminosity, the geometric
luminosity Lgeom, the enhancement factor Hp, and the scaling of the luminosity in the absence of beam-beam interactions 1/ /) are
given. In both plots, the horizontal red dashed line indicates the target luminosity for C3-550.
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——>
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Yy

+ oy/o
S
T

beam moving left

beam moving right
% %

I

1

|

i
-2 —1 0 1 2
z/By

FIG. 4. Tllustration of a positive vertical waist shift w, for two
colliding bunches. The horizontal axis shows the longitudinal
direction normalized to the vertical beta function at the IP 3} and
the vertical axis shows the rms spot size in the y direction o,
normalized to its value at the IP o7}. The green dashed line at z = 0
indicates the position of the IP. For this figure, C* beam
parameters and a vertical waist shift of w, = 0.867 have been
assumed.

indicate that the vertical emittance at the IP €} can be
maintained below 20 nm [40,41]. Anticipating similar
emittance growth levels at 550 GeV as well, we perform
a scan of the luminosity for C*-550 with respect to €, while
keeping all other beam parameters at their nominal values.
To obtain this scan, we run separate GUINEA-PIG simula-
tions at each €} point. For this and all subsequent
simulations, we have assumed a 3D Gaussian distribution
for the initial state of the beams. The results of the

3.2

C3-550

3.0 v 0,=70pm =» w,=0.80,

- o® 0,=100pm  __ _ 1/\/3 scaling
- <% 0,;=150 pm (target)
| \\\ o< w,=0 YT = Ee-sw
n 2.6 Wy =
o
)
24 \
[3)
3
S 2.2
)
2.0
1.8
1.6

simulations are shown in Fig. 3(a) and indicate that both
the geometric luminosity and the full luminosity, i.e., when
taking into account beam-beam effects, scale as 1/ \/e_*,,
with the enhancement factor remaining roughly flat, due to
the beam-beam interactions being driven by the horizontal
beam parameters. As can be seen, achieving the target
luminosity without any other modifications in the nominal
beam parameters would necessitate a reduction of the
vertical emittance down to around 11 nm.

If such vertical emittance values prove challenging for
the C3 accelerator design, the target luminosity could be
achieved by introducing a shift w, in the longitudinal
position of the vertical waist of the bunches. The concept of
the vertical waist shift is illustrated in Fig. 4 and lies in
longitudinally displacing the focal point (waist) of the two
opposite bunches in the vertical direction with respect to the
IP. When the vertical waists are positioned before the IP,
ie, w, >0, beam-beam interactions focus opposite
bunches, such that the actual waists coincide at the IP,
leading to an increase in the instantaneous luminosity. The
impact of waist shifts has previously been investigated in
the context of ILC and CLIC [16] and has been shown to
lead to a roughly 10% luminosity gain for waist shift values
similar to the bunch length: wy, ~o7. In Fig. 3(b), the
instantaneous luminosity as a function of the vertical waist
shift is shown for different values of vertical emittance. We
notice that regardless of the vertical emittance value, the
luminosity is maximized at waist shifts of around 80 pm,
which corresponds to 0.8¢7%. For such waist shifts, the target
luminosity for C3-550 can be achieved for larger vertical
emittances up to about 13 nm.

Additional optimization of the C-550 luminosity can be
achieved by modifying the bunch length ¢7. Although this
parameter does not directly affect the geometric luminosity,

C3-550
2.6F &
(\\ —— g,=11nm
2.41—A > 8 gy =12nm
T’T‘ —— g, =13nm
n 2.2
N -== 1/y & scaling
(target)
g L N NG s B L=Lcs 550
o
[3p]
S 1.8
i
16
1.4
1.2 1000 1200 1400 1600 1800 2000 2200 2400
&, [nm]
(b)

FIG.5. Instantaneous luminosity for C3-550 as a function of (a) the vertical €; and (b) the horizontal €} emittance and further modified
beam parameters as shown in each figure. All other beam parameters are kept to their nominal values. The scaling of the luminosity in

the absence of beam-beam interactions 1/+/€* is also given in each case. In both plots, the horizontal red dashed line indicates the target

luminosity for C3-550.
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and (b) the vertical emittance €}. All other beam

y )
parameters are kept to their nominal values. In (b), the scaling of the luminosity in the absence of beam-beam interactions 1/, /e is also

given. In both plots, the horizontal red dashed line indicates the target luminosity for C3-250.

Eq. (1), it does have an impact on the beam-beam
interactions, Eq. (7), and can thus modify the enhancement
factor Hp. The bunch length for C3, taking into account
bunch compression limitations in the current C? accelerator
concept, is foreseen to have a minimum (maximum)
allowed value of 70 (150) pm.” For these extreme values,
as well as the nominal bunch length of 100 pm, we estimate
the luminosity for C3-550 assuming various values of the
vertical emittance €j and vertical waist shifts w, of 0 and
0.807. The results are shown in Fig. 5(a). As expected,
smaller o7 values lead to stronger beam-beam interactions
and thus larger enhancement factors. We also note that
parameter configurations with waist shifts consistently
achieve higher instantaneous luminosities.

For a bunch length of 67 = 70 pm and a waist shift of
wy = 0.807, the target luminosity can be achieved for
vertical emittances up to 14 nm. However, such small
bunch length values come at the cost of increased beam-
beam interactions, with a potentially significant impact on
the detector performance and the luminosity spectrum.
Indeed, a significant broadening of the luminosity spectrum
is observed when reducing o7 to 70 pm [42]. Owing to this,
as well as the fact that, according to Fig. 5(a), luminosity
gains are only minimal when reducing o} from 100 to
70 pm, we choose to keep the bunch length at 100 pm.

Finally, to reduce beam-beam interactions while achiev-
ing the target luminosity, we investigate the effect of
varying the horizontal emittance €}, which affects the
beamstrahlung parameter according to Eq. (7). We perform

"In general, smaller bunch lengths would lead to stronger
longitudinal wakefields, thus increasing the energy spread of the
beam particles, whereas larger bunch lengths would enhance
beam tilt induced by transverse wakefields, leading to emittance
growth. For C3, a bunch length of 100 pm was found to be a
reasonable compromise between the two effects.

luminosity scans for o} = 100 um, wy = 0.80%, and
€y = 11, 12, and 13 nm, i.e., three vertical emittance values
for which luminosities close to the target one can be
achieved according to Fig. 3. The luminosity scans are
shown in Fig. 5(b). Since increasing €} reduces beam-beam
interactions and thus the enhancement factor H, the
luminosity drops faster than the expected 1/+/€; depend-
ence of the Ly, term in Eq. (1). Due to this, the horizontal
emittance cannot be adjusted to values significantly above
the PS1 value of 900 nm without considerable luminosity
losses. We found that a moderate increase of the horizontal
emittance from 900 to 1000 nm can still achieve the target
luminosity for e = 12 nm, as can be seen in Fig. 5(b),
while limiting the increase in the BIB and the broadening of
the luminosity spectrum [42].

Based on the results presented above, we propose a new set
of beam parameters for (C3-550, which we refer to as
Parameter Set 2 (PS2), by modifying the horizontal and
vertical emittances to ey = 1000 nm and ej = 12 nm,
respectively, and introducing a vertical waist shift of
wy, = 0.807 = 80 pm.

C. Parameter optimization for C3-250

Similar to C3-550, the luminosity for C>-250 can be
increased by introducing a vertical waist shift w,,. In Fig. 6(a),
the luminosity for C3-250 is shown as a function of w,, for
various vertical emittances €. Across all scanned €], values,
the maximum luminosity is achieved for vertical waist shifts
of around 80 pm, indicating that the chosen value of w,, for
C3-550 is also optimal for the 250 GeV case. Additionally,
the target luminosity for C*-250 is exceeded in all cases.

In order to evaluate the effect of the increase in the
horizontal emittance proposed in PS2 for C3-550, we
scan the luminosity for C3-250 as a function of vertical
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TABLE II1.
mentioned here retain the values introduced in Tables I and II.

Baseline (PS1) scenario and new proposed set of beam parameters (PS2) for C* at 250 and 550 GeV. Any parameters not

C3-250 (PS1) C3-250 (PS2) (C3-550 (PS1) C3-550 (PS2)

Parameter Symbol (unit)
Center-of-mass energy /50 (GeV)
rms bunch length o; (pm)
Horizontal beta function at IP S (mm)
Vertical beta function at IP p5 (mm)
Normalized horizontal emittance at IP €; (nm)
Normalized vertical emittance at IP €y (nm)
rms horizontal beam size at IP oy (nm)
rms vertical beam size at IP o) (nm)
Vertical waist shift wy, (pm)

Geometric luminosity Loeom (103* cm™2s71)

Horizontal disruption D,
Vertical disruption D,
Average beamstrahlung parameter ()

Total luminosity L (103 cm=2s71)

Peak luminosity fraction Loo1/L (%)
Enhancement factor Hp
Average energy loss O (%)
Photons per beam particle n

Y
Nincoh (104)
Eincoh (TGV)

Average photon energy fraction
Number of incoherent particles/BX
Total energy of incoherent particles/BX

250 550
100 100
12 12
0.12 0.12
900 1000 900 1000
20 12 20 12
210 221 142 149
3.1 24 2.1 1.6
0 80 0 80
0.75 0.92 0.93 1.14
0.32 0.29 0.32 0.29
21.5 26.5 21.5 26.5
0.065 0.062 0.21 0.20
1.35 1.90 1.70 2.40
73 74 52 54
1.8 2.1 1.8 2.1
33 3.1 9.6 9.0
1.4 1.3 1.9 1.8
2.5 24 5.1 5.0
4.7 59 12.6 15.5
58 71 644 768

emittance for horizontal emittances of 900 and 1000 nm
and for waist shifts of 0 and 80 pm. The results are shown
in Fig. 6(b). We observe that the PS2 configuration of
€x = 1000 nm, wy, = 80 pum achieves the highest luminos-
ities second to the ey = 900 nm, w, = 80 pm case, which,
however, suffers from larger BIB rates. Since the PS2
configuration for C3-550 still achieves luminosities far
exceeding the target for C3-250, we conclude that this
parameter set can be adopted for both center-of-mass
energy stages of C3.

We summarize the PS2 parameters for C* in Table III
next to the corresponding parameters for the baseline
scenario PS1. This table also includes a comparison of
the values for various luminosity and BIB-related quan-
tities. Most notably, this parameter set results in an increase
of the instantaneous Iuminosity from 1.35(1.70) to
1.90 (2.40) x 10** em=2s~!  for (C3-250(550), which
amounts to an improvement of around 40% in both cases.
At the same time, the (T) parameter remains roughly the
same, indicating that the BIB is maintained at approxi-
mately the same levels.

D. Luminosity dependence on beta function

In the previous analysis, we examined the dependence of
the luminosity for C? on the horizontal and vertical
emittances €y, €}, the bunch length o7, and the vertical
waist shift wy. As can be seen from Eq. (2), the luminosity

also depends on the horizontal and vertical beta functions at
the IP py, B}, which affect the rms bunch sizes in the
transverse plane. The lower limits of the beta functions
depend on how tightly the bunches can be focused by the
final focus (FF) system. In order to avoid further assump-
tions on the tolerances for the C? FF system, these
parameters were not included in the optimization process,
however, we examine their effect on the luminosity in
Figs. 7(a) and 7(b), which show the luminosity for C* at
250 and 550 GeV, for both parameter sets PS1 and PS2, as a
function of f and fy, respectively.

From Fig. 7(a), we observe that the total luminosity
increases significantly at smaller values of the horizontal
beta function, with the values for PS2 being consistently
higher than the respective ones for PS1. The picture
changes when looking at the luminosity in the top 1%,
which has a much more modest increase at lower f;. This
stems from the increase in beamstrahlung at lower f%, as
can be seen from Eq. (7), leading to a broader luminosity
spectrum and, thus, a smaller percentage of the luminosity
remaining in the top 1% of center-of-mass energies. A
different effect is observed in Fig. 7(b) under variations in
the vertical beta function, with the luminosity increasing at
smaller values of ] and decreasing for even smaller ones.
This is a result of the hourglass effect introduced in Sec. II,
according to which, as fj—and, consequently, the beam
spot size at the IP—decreases, the rate at which the beam
broadens around the IP increases. This is demonstrated in
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FIG. 7. Luminosity scans for the two parameter sets PS1 and PS2 for C3-250 and C3-550 as a function of (a) the horizontal 4% and
(b) the vertical ] beta function at the IP. The lines colored in hues of blue correspond to the total instantaneous luminosity, integrated
over all /s values of the colliding particles, whereas the ones in hues of green correspond to the instantaneous luminosity in the top 1%
of /s. The red dashed lines correspond to the values of the beta functions chosen for both PS1 and PS2.
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(a) Normalized beta function f,/f; as a function of the relative longitudinal distance z/o? around the IP and (b) luminosity

normalized with respect to its value when assuming zero offset £/L, as a function of the relative vertical beam offset Ay/s.

Fig. 8(a). Since the vertical beta function is of the same
order of magnitude as the bunch length, this broadening
affects the bunch size around the IP, leading to luminosity
degradation at small values of ;.

Overall, we conclude that luminosity gains through beta
function decreases are conceivable both in the horizontal
and vertical directions. In the latter case, the gains are
attenuated by the hourglass effect to the few percent level,
while in the former significant total luminosity enhance-
ment comes at the cost of increases in the BIB and
degradation of the luminosity spectrum. Understanding
up to what extent the background levels can increase
without compromising detector performance requirements,
as well as how exactly the luminosity spectrum degradation
influences the expected precision in the measurement of
physical observables of interest, would require further

investigation. For these reasons, and pending more
advanced studies of the FF system for C3 in order to
evaluate the implications of further beam focusing on the
accelerator side, we have decided to retain the horizontal
and vertical beta functions at their current values of 12 mm
and 120 pm, respectively.

E. Luminosity dependence on beam offset

In the above analysis, the idealized assumption of head-
on collisions of the bunches was made in both the
horizontal and vertical directions. In the case where the
two beams are not perfectly aligned, the bunches can
intersect at the IP with nonzero horizontal (Ax) and/or
vertical (Ay) offsets, leading to luminosity degradation.
For rigid, noninteracting bunches with Gaussian charge
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densities, the effect of beam-beam offsets on the luminosity
would simply be

2 2 2
o oo () ~(a) )
droyo) 207% 20},
leading to a rapid loss of luminosity with increasing offset.
When beam-beam interactions are taken into account, the
offset dependence is modified as shown in Fig. 8(b) for Ay,
where the luminosity for CLIC, ILC, and C? (for both
parameter sets) has been estimated for different offsets in
the horizontal and vertical directions.

In general, the luminosity degrades faster than the rigid-
beams case at small offsets, due to the large disruptions
causing the collisions to become unstable. This effect is
known as the kink instability [33,43]. At larger offset
values, the attractive interactions between the two oppo-
sitely charged bunches allow for higher luminosity reten-
tion compared to the rigid-beams case. The dependence of
the luminosity degradation under increases in the vertical
offset on the disruption parameter is verified by juxtaposing
the curves in Fig. 8(b) with the vertical disruption param-
eter Dy values in Tables II, III. CLIC has the smallest value
for Dy, followed by C? for the PS1 beam pammeters.8 For
the PS2 beam configuration, D, is larger than for PS1 and
has almost the same value as for ILC-500. Finally, ILC at
250 GeV has the largest D, value. The same trend is
reflected in the luminosity curves of Fig. 8(b).

Finally, Fig. 8(b) indicates that a beam alignment at the
IP of sub-nm level precision is required in order to maintain
high instantaneous luminosities, since a vertical offset of
one oy can lead to a 40%—-65% luminosity degradation,
depending on the collider and the beam parameter con-
figuration. This emphasizes the importance of highly
precise alignment of the accelerator components.

Offsets in vertical beam position can result from many
sources including rf amplitude and phase jitter, beam time
of arrival, beam current stability, and alignment jitter.
Sensitivity to these sources requires detailed simulations
of the main linac and beam delivery system. Similar work
performed for CLIC [44,45] can provide initial guidance on
some of these sensitivities. For example, the target rf
amplitude and phase are achievable [46,47] and within
the requirements anticipated for CLIC.

For C? specifically, alignment of the accelerating struc-
tures and quadrupole magnets in the main linac and the
BDS at the 10 pm level is necessary to maintain beam
steering [46]. This is made challenging due to vibrations
from human activities and seismic disturbances and, most
importantly, from the nucleate boiling and the subsequent
vapor flow of the liquid nitrogen used to cool the copper

ﬁinst =

*Note that the disruption parameter is independent of the
center-of-mass energy under constant €*, #* and so has the same
value for C* at both 250 and 550 GeV.

cavities. Various techniques could be utilized to address
this, including the Rasnik 3-point optical alignment system
[48,49]. At the IP, for improved performance and correction
of alignment jitter from effects, such as ground motion, the
sub-nm level alignment can be achieved with a beam-based
active feedback system [50], such as FONT3 [51], which
can correct for beam-beam offsets within a few C3 bunch
crossings.

F. Power consumption considerations

Further optimizations can be explored by allowing the
remaining beam parameters, namely the bunch charge Q,
the number of bunches per train n,, and the train repetition
rate f,, to vary from their baseline values. In our previous
analysis, the decision was made to keep the bunch charge at
its nominal value of 1 nC, in order to stay within the
tolerances set by the current C? rf design, most notably the
aperture size and the breakdown rate requirements [7]. At
the same time, n;, and f, were kept constant in order to
maintain a low beam power, cf., Eq. (10), and, by
extension, not increase the power requirements on the rf
and cryogenics systems of the main linac. This is crucial for
maintaining the overall site power within reasonable limits
and achieving C3’s envisioned sustainable operation
design, as laid out in [52].

In the same reference, the environmental impact of C3 is
evaluated in the context of energy requirements and carbon
footprint for construction and operation, and power-saving
scenarios are proposed, without sacrifices in the instanta-
neous luminosity. These scenarios entail a doubling of n,
by either doubling the flat top, i.e., the duration of
maximum constant acceleration gradient, or by halving
the bunch spacing. In both cases, the doubling of 7, is
compensated by a decrease in f, from 120 to 60 Hz,
resulting, overall, in the same Iuminosity. One could
combine both scenarios to achieve quadruple number of
bunches per train compared to the baseline scenario. This
translates to a 100 (300)% increase in the instantaneous
luminosity for f, = 60(120) Hz. We summarize these
scenarios in Tables IV and V for C3-250 and C3-550,
respectively.

For the baseline scenario in Tables IV and V, a distri-
bution of the power for the main linac among the rf system
and the cryoplant of 40 (65) and 60 MW, respectively, has
been calculated for C3-250 (550) assuming current indus-
trial technologies, with an additional 50 MW for the
accelerator complex beyond the main linac. This amounts
to a total site power of 150 MW at 250 GeV and 175 MW at
550 GeV. Reducing the repetition rate while extending the
flat top or shortening the bunch spacing would result in
decreased thermal dissipation in the main linac, thus
reducing the overall power consumption. The estimates
of the total site power for the various scenarios have been
extracted following the methodology in [52]. Additional
power savings stemming from improvements in the rf
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TABLEIV. Beam configuration scenarios for C3-250, which include modifications in the bunch spacing At,, the number of bunches
per train n,, and/or the train repetition rate f,. The last three columns give the instantaneous luminosity for the PS1 and PS2 parameter
sets, as well as the estimated total site power, in each case.

L (103 em™2s71) P (MW)

Scenario Flat top (ns) At (ns) n, f, (Hz) C3-250 (PS1) C3-250 (PS2) Both scenarios
Baseline 700 5.26 133 120 1.35 1.90 150
Double flat top 1400 5.26 266 60 1.35 1.90 125
Halve bunch spacing 700 2.63 266 60 1.35 1.90 129
Combined-half repetition rate 1400 2.63 532 60 2.70 3.80 154
Combined-nominal repetition rate 1400 2.63 532 120 5.40 7.60 180

TABLE V. Beam configuration scenarios for C*-550, which include modifications in the bunch spacing At,,, the number of bunches
per train n,,, and/or the train repetition rate f,. The last three columns give the instantaneous luminosity for the PS1 and PS2 parameter
sets, as well as the estimated total site power, in each case.

L (103%*em™25s71) P (MW)

Scenario Flat top (ns)  At, (ns) n, f,(Hz) C3-550 (PS1) C3-550 (PS2) Both scenarios
Baseline 250 3.50 75 120 1.70 2.40 175
Double flat top 500 3.50 150 60 1.70 2.40 144
Halve bunch spacing 250 1.75 150 60 1.70 2.40 149
Combined-half repetition rate 500 1.75 300 60 3.40 4.80 180
Combined-nominal repetition rate 500 1.75 300 120 6.80 9.60 212

source efficiency and the utilization of pulse compression
have not been assumed here.

We note that the scenarios above indicate that significant
luminosity gains are achievable through modifications in n,,
and f,, with only moderate increases in the site power
consumption. Nevertheless, detailed studies are warranted
in order to guarantee the feasibility of these scenarios, both
in terms of accelerator design, including high-gradient
testing in order to determine whether doubling the flat
top is achievable, as well as detector performance, most
notably evaluating detector occupancy when increasing the
train duration or reducing the bunch spacing, which lead to
higher fluxes of background particle hits.

V. COMPARISON OF VARIOUS LINEAR
COLLIDER PROPOSALS

The luminosity- and BIB-related quantities for CLIC, ILC,
and C? are summarized in Tables IT and I11. All these colliders
use flat beams of similar dimensions and bunch charges and
achieve luminosities of 1.3-1.8 x 10** cm=2s~!, with the
updated C? configuration reaching even higher values. The
average energy loss due to beamstrahlung is at the 3%—10%
level, with the lowest (highest) value achieved for ILC-250
(C3-550). The average beamstrahlung parameter is
(T) < 0.2, meaning that the dominant background process
is incoherent pair production. The number of such incoherent
pair particles produced is of the order of 10*~103, with larger

numbers for the higher center-of-mass energy runs of ILC
and C3.

The proposed colliders in Table I can also be compared
in terms of their luminosity spectra, which indicate how
broad the center-of-mass energy distributions of the collid-
ing particles are, and therefore, affect the level of precision
to which the four-momenta of initial state particles can be
known. Figure 9 shows the luminosity spectra for the
various linear colliders under consideration, obtained from
GUINEA-PIG simulations with the beam parameters of
Table 1. For C3, the luminosity spectra for both PS1 and
PS2 are shown. All luminosity spectra contain the effects of
beamstrahlung and initial energy spread at the IP (before
beamstrahlung) but not initial-state radiation. In all cases,
most of the luminosity is contained near the nominal
center-of-mass energy /so, with tails corresponding to
contributions from beam particles that lost a significant
amount of their initial four-momentum due to beamstrah-
lung. For C? specifically, one observes that the PS2 beam
configuration achieves noticeably higher luminosities at the
peak, compared to PS1, whereas the tails are comparable,
reaffirming our conclusion that the newly proposed param-
eter set leads to overall higher luminosities without
correspondingly increasing the BIB.

Further comparison of the luminosity spectra is facili-
tated by normalizing the center-of-mass energy of each
collision /s to its nominal value /sy, as shown in Fig. 10.
In Fig. 10(a), the luminosity spectra for /s/,/sy > 0.5 are
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FIG. 9. Luminosity spectra for the linear collider proposals under consideration here, as obtained from GUINEA-PIG simulations

using the beam parameters from Tables I and III.

shown, indicating that C3-550 has the highest peak lumi-
nosity and ILC-250 has the narrowest luminosity spectrum,
with the luminosity tails for C3-550 being up to three orders
of magnitude larger for \/s/,/so ~0.5. In Fig. 10(b), we
zoom in closer on the peak of the luminosity spectra. The
luminosity fraction in the top 1% of the center-of-mass

energy Lo/ L is indicated by the green arrow and is also
shown in Tables II and III, with its value ranging between
52%—74% among the different colliders. We note that ILC-
250, C3-250 achieve the highest peak luminosity fractions,
with C3-550 achieving the lowest. Generally, higher values
of the peak luminosity fraction are more desirable, as they
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FIG. 10. Luminosity spectra of different linear colliders (top panel) and ratios with respect to the one for ILC-250 (bottom panel) for
normalized center-of-mass energies (a) \/—‘/s% > (0.5 and (b) \/—‘/S% > (.9. The vertical green dashed line and horizontal arrow indicate the

fraction of the luminosity spectrum that corresponds to center-of-mass energies /s > 0.99,/s;.

061001-13



NTOUNIS, NANNI, and VERNIERI

PHYS. REV. ACCEL. BEAMS 27, 061001 (2024)

CLIC
ILC-250
ILC-500
C3-250 PS1

-
o
EJ

[
o
3

C3-550 PS1

Joooooo

Number of particles/bunch train
S

C3-250 PS2 |

C3-550 PS2 |

CLIC
ILC-250
ILC-500
C3-250 PS1
C3-250 PS2
C3-550 PS1
C3-550 PS2

Joooonoo

[
(=}
&

[
o
S

Number of particles/bunch train

[EN
(=}
T

0 50 100 150 200
Energy [GeV]

(a)

FIG. 11.

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

p/p

(b)

Distributions of (a) the energy and (b) the longitudinal boost of the incoherent e e~ pairs for various linear collider proposals.

Each distribution has been normalized to the expected number of incoherent pair particles per bunch train Nj,cop, - 7-

help better constrain the four-momentum of the colliding
ete” pair and, thus, of the subsequently produced final-
state particles. This is crucial for precision measurements,
which have been demonstrated to yield improved sensitiv-
ities with techniques that utilize such constraints, such as
kinematic fits [53-55]. It is worth noting that, although
values of L /L of around 60% have conventionally been
set as goals for e*e™ machines operating in the Higgs
factory regime [16,56,57], detailed studies are necessary,
using full detector simulations with luminosity spectra of
various widths as inputs, in order to fully understand the
exact effect of the value of L /L on the level of precision
with which physics observables of interest can be
measured.

Finally, the distributions of the incoherently produced
et e~ secondaries can be used to characterize, to first order,
the magnitude of the BIB, which is important for detector
design purposes. Figure 11 shows the distributions of the
energy E and the longitudinal boost p./p, where p is the
magnitude of the momentum vector and p, is its projection
along the beam axis, of the incoherently produced pair
particles for the various linear colliders. These distributions
have been normalized to the expected number of such pair
particles produced over an entire bunch train, assuming a
common per-train readout scheme for all colliders. Such a
readout scheme has been envisioned for both ILC [58,59]
and CLIC [60] detectors and would enable power-pulsing,
whereby the recorded hits are buffered on the front-end
electronics and read out at the end of a bunch train, with the
front-end electronics subsequently powered down in order
to reduce power consumption.

Since ILC relies on superconducting rf accelerating
technology—unlike CLIC and C?, which utilize normal-
conducting cavities—the train repetition rate f, is limited
to 5-10 Hz, leading to an order of magnitude larger number
of bunches per train. For this reason, the number of
background particles per train is the highest for ILC in
both center-of-mass energy scenarios, as can be seen from

Fig. 11. For C3, this number is smaller for the 250 GeV
compared to the 550 GeV stage, due to the larger (Y)
parameter at 550 GeV, with only small differentiation
observed between the baseline and new proposed scenarios,
indicating that a luminosity enhancement for C? is achiev-
able without a significant increase in the beam-beam
background rates. In general, the energy and momentum
of the incoherent pair particles increase with the center-of-
mass energy, whereas the longitudinal boost remains close
to unity, in absolute values, indicating that these particles
are highly boosted in the forward direction. This fact, in
addition to the deflection of the particles in the strong
magnetic field of the detectors, leads to most of these
background particles traveling outward from the collision
region contained within the beam pipe and thus not reaching
sensitive detector components [16,61-63]. This has impor-
tant implications for detector design for any e*e™ Higgs
factory, since, despite the large number (order of magnitude
of 10°~108) of background particles produced in each bunch
train, only a small fraction of them—at the per mille level or
less—contribute to detector occupancy.

VI. CONCLUSIONS

We presented an overview of the luminosity and beam-
induced background characteristics of the main high-
energy linear ete~ colliders under consideration.
Focusing on the newest such proposal, C*, we demon-
strated how the beam parameters can be modified to
achieve around 40% higher instantaneous luminosity while
maintaining the same level of beam-induced background.
We also discussed potential further luminosity enhance-
ments by adjusting the number of bunches per train and the
train repetition rate, although detailed studies of the
accelerator and detector design are necessary to assess
the feasibility of such scenarios. Finally, we compared the
luminosity spectra and background rates of C* with CLIC
and ILC and concluded that ILC-250 and C3-250 have the
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narrowest luminosity spectra, whereas CLIC and C3-550
have the widest ones. Nevertheless, the expected number of
background particles per bunch train for C? is lower than
the respective number for CLIC and ILC at both center-of-
mass energies, indicating that the pair-produced back-
ground at C? is manageable within the detector designs
developed for these colliders. Our results suggest that C? is
an attractive alternative for realizing a compact linear e™ e~
collider that can reach the same or higher luminosities
under similar or reduced background levels. Moreover, the
developed methodology for luminosity optimization is
quite generic, allowing it to be applied to other colliders,
both linear and circular, beyond 3,

ACKNOWLEDGMENTS

The authors express their gratitude to Glen White, Wei-
Hou Tan, Martin Breidenbach, and Lindsey Gray for their
insightful discussions, which have significantly contributed
to this study. The work of the authors is supported by the
U.S. Department of Energy under Contract No. DE-AC02-
76SF00515.

[1] M. Narain et al., The Future of US Particle Physics: The
Snowmass 2021 Energy Frontier Report, arXiv:2211.11084.

[2] Pathways to Innovation and Discovery in Particle Physics:
Report of the 2023 Particle Physics Project Prioritization
Panel, 2023, https://www.usparticlephysics.org/2023-p5-
report.

[3] The European Strategy Group, Deliberation document on
the 2020 update of the European strategy for particle
physics, CERN, Geneva, Technical Report No. CERN-
ESU-014, 2020.

[4] T.O. Raubenheimer, NLC ZDR: Zero order design report
for the NEXT Linear Collider (Volume 1), Stanford Linear
Accelerator Center (SLAC), Technical Report No. SLAC-
R-474, 2018.

[5] P. Lebrun, L. Linssen, A. Lucaci-Timoce, D. Schulte, F.
Simon, S. Stapnes, N. Toge, H. Weerts, and J. Wells, The
CLIC programme: Towards a staged e e~ linear collider
exploring the terascale: CLIC conceptual design report,
arXiv:1209.2543.

[6] T.Behnke,J. E. Brau, B. Foster, J. Fuster, M. Harrison, J. M.
Paterson, M. Peskin, M. Stanitzki, N. Walker, and H.
Yamamoto, The International Linear Collider technical
design report-volume 1: Executive summary, arXiv:
1306.6327.

[7]1 C. Vernieri, E.A. Nanni, S. Dasu, M.E. Peskin, T.
Barklow, R. Bartoldus, P. C. Bhat, K. Black, J. E. Brau,
and M. Breidenbach, A “cool” route to the Higgs boson
and beyond. The Cool Copper Collider, J. Instrum. 18,
P07053 (2023).

[8] FCC Collaboration, FCC-ee: The lepton collider: Future
circular collider conceptual design report volume 2, Eur.
Phys. J. ST 228, 261 (2019).

(9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

(21]
(22]

(23]

(24]

[25]

061001-15

The CEPC Study Group, CEPC conceptual design report:
Volume 1-accelerator, arXiv:1809.00285.

0. S. Briining, P. Collier, P. Lebrun, S. Myers, R. Ostojic, J.
Poole, and P. Proudlock, LHC Design Report. CERN
Yellow Reports: Monographs (CERN, Geneva, 2004),
https://cds.cern.ch/record/782076.

R. B. Palmer and J. C. Gallardo, High-energy colliders, in
Proceedings of the 250th Anniversary Conference on
Critical Problems in Physics (Princeton University Press,
Princeton, NJ, 1997), Vol. 2, pp. 247-269.

C. Adolphsen et al., The International Linear Collider
technical design report: Volume 3.II: Accelerator baseline
design, arXiv:1306.6328.

H. Abramowicz et al., The International Linear Collider
technical design report: Volume 4: Detectors, arXiv:
1306.6329.

L. Linssen, A. Miyamoto, M. Stanitzki, and H. Weerts,
Physics and detectors at CLIC: CLIC Conceptual Design
Report, arXiv:1202.5940.

P. Kicsiny, X. Buffat, G. ladarola, T. Pieloni, D. Schulte,
and M. Seidel, Towards beam-beam simulations for FCC-
ee, in Proceedings of the 65th ICFA Advanced Beam
Dynamics Workshop on High Luminosity Circular e*e”
Colliders, eeFACT-2022, Frascati, Italy (JACoW, Geneva,
Switzerland, 2023), pp. 165-170.

D. Schulte, Beam-beam effects in linear colliders, CERN
Yellow Reports, in Proceedings of the CAS-CERN Accel-
erator School on Intensity Limitations in Particle Beams
(2017), Vol. 3, https://e-publishing.cern.ch/index.php/
CYRSP/article/view/267.

M. Furman, Hourglass effects for asymmetric colliders, in
Proceedings of the Conference Record of the 1991 IEEE
Particle Accelerator Conference, San Francisco, CA
(IEEE, New York, 1991), Vol. 1, pp. 422-424.

M. Venturini and W. Kozanecki, The hourglass effect
and the measurement of the transverse size of colliding
beams by luminosity scans, in Proceedings of the
2001 Particle Accelerator Conference, PACS-2001,
Chicago, IL (IEEE, Piscataway, 2001), Vol. 5,
pp. 3573-3575.

D. Zhou, K. Ohmi, Y. Funakoshi, Y. Ohnishi, and Y.
Zhang, Simulations and experimental results of beam-
beam effects in SuperKEKB, Phys. Rev. Accel. Beams 26,
071001 (2023).

R. Assmann et al., SLC: The end game, in Proceedings
of the 7th European Particle Accelerator Conference,
EPAC-2000, Vienna, Austria (EPS, Geneva, 2000), Vol. 6,
pp. 18-22.

P. Chen, An introduction to beamstrahlung and disruption,
Lect. Notes Phys. 296, 495 (1988).

K. Yokoya and P. Chen, Beam-beam phenomena in linear
colliders, Lect. Notes Phys. 400, 415 (1992).

P. Chen and K. Yokoya, Disruption effects from the
interaction of round ete~ beams, Phys. Rev. D 38, 987
(1988).

D. Schulte, Study of electromagnetic and hadronic back-
ground in the interaction region of the TESLA collider,
1997, https://cds.cern.ch/record/331845.

D. Schulte, Beam-beam simulations with GUINEA-PIG,
1998, https://cds.cern.ch/record/382453.


https://arXiv.org/abs/2211.11084
https://www.usparticlephysics.org/2023-p5-report
https://www.usparticlephysics.org/2023-p5-report
https://www.usparticlephysics.org/2023-p5-report
https://www.usparticlephysics.org/2023-p5-report
https://arXiv.org/abs/1209.2543
https://arXiv.org/abs/1306.6327
https://arXiv.org/abs/1306.6327
https://doi.org/10.1088/1748-0221/18/07/P07053
https://doi.org/10.1088/1748-0221/18/07/P07053
https://doi.org/10.1140/epjst/e2019-900045-4
https://doi.org/10.1140/epjst/e2019-900045-4
https://arXiv.org/abs/1809.00285
https://cds.cern.ch/record/782076
https://cds.cern.ch/record/782076
https://cds.cern.ch/record/782076
https://arXiv.org/abs/1306.6328
https://arXiv.org/abs/1306.6329
https://arXiv.org/abs/1306.6329
https://arXiv.org/abs/1202.5940
https://e-publishing.cern.ch/index.php/CYRSP/article/view/267
https://e-publishing.cern.ch/index.php/CYRSP/article/view/267
https://e-publishing.cern.ch/index.php/CYRSP/article/view/267
https://e-publishing.cern.ch/index.php/CYRSP/article/view/267
https://e-publishing.cern.ch/index.php/CYRSP/article/view/267
https://doi.org/10.1103/PhysRevAccelBeams.26.071001
https://doi.org/10.1103/PhysRevAccelBeams.26.071001
https://doi.org/10.1007/BFb0031506
https://doi.org/10.1007/3-540-55250-2_37
https://doi.org/10.1103/PhysRevD.38.987
https://doi.org/10.1103/PhysRevD.38.987
https://cds.cern.ch/record/331845
https://cds.cern.ch/record/331845
https://cds.cern.ch/record/331845
https://cds.cern.ch/record/382453
https://cds.cern.ch/record/382453
https://cds.cern.ch/record/382453

NTOUNIS, NANNI, and VERNIERI

PHYS. REV. ACCEL. BEAMS 27, 061001 (2024)

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]
(36]
(37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

P. Chen, G. Horton-Smith, T. Ohgaki, A. W. Weidemann,
and K. Yokoya, CAIN: Conglomerat d’ABEL et d’inter-
actions nonlineaires, Nucl. Instrum. Methods Phys. Res.,
Sect. A 355, 107 (1995).

R. A. Fonseca et al., OSIRIS: A three-dimensional, fully
relativistic particle in cell code for modeling plasma based
accelerators, Lect. Notes Comput. Sci. 2331, 342 (2002).
J.L. Vay et al., Toward the modeling of chains of plasma
accelerator stages with WarpX, J. Phys. Conf. Ser. 1596,
012059 (2020).

T. Barklow et al., Beam delivery and beamstrahlung
considerations for ultra-high energy linear colliders, J.
Instrum. 18, P09022 (2023).

A. Sokolov, I. Ternov, and C. Kilmister, Radiation from
Relativistic Electrons, American Institute of Physics Trans-
lation Series (American Institute of Physics, College Park,
MD, 1986).

CLIC, CLICdp Collaboration, Updated baseline for a
staged compact linear collider, arXiv:1608.07537.

ILC International Development Team Collaboration, The
International Linear Collider: Report to Snowmass 2021,
arXiv:2203.07622.

P. Chen, Disruption, beamstrahlung and beamstrahlung
pair creation, eConf C8806271, 673 (1988), https:/
inspirehep.net/literature/267815.

P. Chen, Beamstrahlung and the QED, QCD backgrounds
in linear colliders, in Proceedings of the 9th International
Workshop on Photon-Photon Collisions PHOTON-
PHOTON’92 (1992), Vol. 9, https://www.osti.gov/biblio/
6976099.

P. Chen, Differential luminosity under multiphoton beam-
strahlung, Phys. Rev. D 46, 1186 (1992).

D. Schulte, Experiments at high energy eTe™ colliders,
2001, https://cds.cern.ch/record/410057.

ILC Collaboration, ILC Reference Design Report
Volume 4: Detectors, arXiv:0712.2356.

A. Schiitz, Optimizing the design of the final-focus region
for the International Linear Collider, PhD thesis, KIT,
Karlsruhe, Hamburg, 2018.

A. Robson, P. N. Burrows, D. Schulte, and S. Stapnes, The
Compact Linear Collider (CLIC) Snowmass 2021 Lol,
2020, https://cds.cern.ch/record/2744946.

G. White, C? main linac beam dynamics, in Proceedings of
the International Workshop on Linear Colliders LCWS-
2023, Menlo Park, CA (2023), https://indico.slac.stanford
.edu/event/7467/contributions/6059/.

W.-H. Tan, Z. Li, and E. Nanni, C? main linac beam
dynamics, in Proceedings of the Cool Copper Collider
Workshop (2024), https://indico.slac.stanford.edu/event/
8577/contributions/8473/.

See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevAccelBeams.27.061001 for
additional related figures.

Y. H. Chin, Stability of a colliding beam in a linear collider,
DESY, Technical Report No. DESY-87-011, 1987.

D. Schulte and R. Tomds, Dynamic effects in the new
CLIC main linac, in Proceedings of the Particle Accel-
erator Conference, PAC-2009, Vancouver, BC, Canada
(TRIUME, Vancouver, 2010), TH6PFP046, https://epaper
kek.jp/PAC2009/.

[45]

[46]

[47]

(48]

[49]

[50]

(51]

(52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

061001-16

C. Gohil, P. N. Burrows, N. Blaskovic Kraljevic, A. Latina,
J. Ogren, and D. Schulte, Luminosity performance of the
compact linear collider at 380 GeV with static and dynamic
imperfections, Phys. Rev. Accel. Beams 23, 101001
(2020).

E. A. Nanni et al., Status and future plans for C3 R&D, J.
Instrum. 18, P09040 (2023).

C. Liu, R. Herbst, B. Hong, L. Ruckman, and E. A. Nanni,
Direct RF sampling based LLRF control system for C-band
linear accelerator, arXiv:2405.08219.

H. van der Graaf, A. Bertolini, J. van Heijningen, B.
Bouwens, N.D.G. Fortman, T. van der Reep, and L.
Otemann, The ultimate performance of the Rasnik 3-point
alignment system, Nucl. Instrum. Methods Phys. Res.,
Sect. A 1050, 168160 (2023).

H. van der Graaf et al., The alignment of the C3 accelerator
structures with the Rasnik alignment system, in Proceed-
ings of the International Workshop on Future Linear
Colliders (2023), p. 7, arXiv:2307.07981.

P. N. Burrows, Fast beam-collision feedbacks for luminos-
ity optimisation at next-generation lepton colliders, Nucl.
Part. Phys. Proc. 273-275, 188 (2016).

P.N. Burrows et al., Tests of the FONT3 linear collider
intra-train beam feedback system at the ATF, Conf. Proc. C
0505161, 1359 (2005), https://inspirehep.net/literature/
704115.

M. Breidenbach, B. Bullard, E. A. Nanni, D. Ntounis, and
C. Vernieri, Sustainability strategy for the Cool Copper
Collider, PRX Energy 2, 047001 (2023).

B. List and J. List, MarlinKinfit: An object-oriented
kinematic fitting package, LC Notes, 2009, https://bib-
pubdbl.desy.de/record/88030.

M. Beckmann, B. List, and J. List, Treatment of photon
radiation in kinematic fits at future eTe™ colliders, Nucl.
Instrum. Methods Phys. Res., Sect. A 624, 184 (2010).
Y. Radkhorrami and J. List, Kinematic fitting for particle
flow detectors at future Higgs factories, Proc. Sci.
PANIC2021 (2022) 398.

CLICdp, CLIC Collaboration, The Compact Linear Col-
lider (CLIC)-2018 summary report, arXiv:1812.06018.
CLICdp Collaboration, Top-quark physics at the CLIC
Electron-Positron Linear Collider, J. High Energy Phys. 11
(2019) 3.

M. Breidenbach, J. E. Brau, P. Burrows, T. Markiewicz, M.
Stanitzki, J. Strube, and A.P. White, Updating the SiD
detector concept, arXiv:2110.09965.

ILD Concept Group Collaboration, International Large
Detector: Interim design report, arXiv:2003.01116.

N. Alipour Tehrani er al. (CLICdp Collaboration),
CLICdet: The post-CDR CLIC detector model, 2017,
https://cds.cern.ch/record/2254048.

A. Vogel, Beam-induced backgrounds in detectors at the
ILC, DESY, Technical Report No. DESY-THESIS-2008-
036, 2008.

D. Dannheim and A. Sailer, Beam-induced backgrounds in
the CLIC detectors, 2012, https://cds.cern.ch/record/
1443516.

D. Arominski, A. Sailer, and A. Latina, Beam-induced
backgrounds in CLICdet, 2019, https://cds.cern.ch/record/
2704642.


https://doi.org/10.1016/0168-9002(94)01186-9
https://doi.org/10.1016/0168-9002(94)01186-9
https://doi.org/10.1007/3-540-47789-6_36
https://doi.org/10.1088/1742-6596/1596/1/012059
https://doi.org/10.1088/1742-6596/1596/1/012059
https://doi.org/10.1088/1748-0221/18/09/P09022
https://doi.org/10.1088/1748-0221/18/09/P09022
https://arXiv.org/abs/1608.07537
https://arXiv.org/abs/2203.07622
https://inspirehep.net/literature/267815
https://inspirehep.net/literature/267815
https://inspirehep.net/literature/267815
https://www.osti.gov/biblio/6976099
https://www.osti.gov/biblio/6976099
https://www.osti.gov/biblio/6976099
https://www.osti.gov/biblio/6976099
https://doi.org/10.1103/PhysRevD.46.1186
https://cds.cern.ch/record/410057
https://cds.cern.ch/record/410057
https://cds.cern.ch/record/410057
https://arXiv.org/abs/0712.2356
https://cds.cern.ch/record/2744946
https://cds.cern.ch/record/2744946
https://cds.cern.ch/record/2744946
https://indico.slac.stanford.edu/event/7467/contributions/6059/
https://indico.slac.stanford.edu/event/7467/contributions/6059/
https://indico.slac.stanford.edu/event/7467/contributions/6059/
https://indico.slac.stanford.edu/event/7467/contributions/6059/
https://indico.slac.stanford.edu/event/8577/contributions/8473/
https://indico.slac.stanford.edu/event/8577/contributions/8473/
https://indico.slac.stanford.edu/event/8577/contributions/8473/
https://indico.slac.stanford.edu/event/8577/contributions/8473/
https://indico.slac.stanford.edu/event/8577/contributions/8473/
http://link.aps.org/supplemental/10.1103/PhysRevAccelBeams.27.061001
http://link.aps.org/supplemental/10.1103/PhysRevAccelBeams.27.061001
http://link.aps.org/supplemental/10.1103/PhysRevAccelBeams.27.061001
http://link.aps.org/supplemental/10.1103/PhysRevAccelBeams.27.061001
http://link.aps.org/supplemental/10.1103/PhysRevAccelBeams.27.061001
http://link.aps.org/supplemental/10.1103/PhysRevAccelBeams.27.061001
http://link.aps.org/supplemental/10.1103/PhysRevAccelBeams.27.061001
https://epaper.kek.jp/PAC2009/
https://epaper.kek.jp/PAC2009/
https://epaper.kek.jp/PAC2009/
https://doi.org/10.1103/PhysRevAccelBeams.23.101001
https://doi.org/10.1103/PhysRevAccelBeams.23.101001
https://doi.org/10.1088/1748-0221/18/09/P09040
https://doi.org/10.1088/1748-0221/18/09/P09040
https://arXiv.org/abs/2405.08219
https://doi.org/10.1016/j.nima.2023.168160
https://doi.org/10.1016/j.nima.2023.168160
https://arXiv.org/abs/2307.07981
https://doi.org/10.1016/j.nuclphysbps.2015.09.024
https://doi.org/10.1016/j.nuclphysbps.2015.09.024
https://inspirehep.net/literature/704115
https://inspirehep.net/literature/704115
https://inspirehep.net/literature/704115
https://doi.org/10.1103/PRXEnergy.2.047001
https://bib-pubdb1.desy.de/record/88030
https://bib-pubdb1.desy.de/record/88030
https://bib-pubdb1.desy.de/record/88030
https://bib-pubdb1.desy.de/record/88030
https://doi.org/10.1016/j.nima.2010.08.107
https://doi.org/10.1016/j.nima.2010.08.107
https://doi.org/10.22323/1.380.0398
https://doi.org/10.22323/1.380.0398
https://arXiv.org/abs/1812.06018
https://doi.org/10.1007/JHEP11(2019)003
https://doi.org/10.1007/JHEP11(2019)003
https://arXiv.org/abs/2110.09965
https://arXiv.org/abs/2003.01116
https://cds.cern.ch/record/2254048
https://cds.cern.ch/record/2254048
https://cds.cern.ch/record/2254048
https://cds.cern.ch/record/1443516
https://cds.cern.ch/record/1443516
https://cds.cern.ch/record/1443516
https://cds.cern.ch/record/1443516
https://cds.cern.ch/record/2704642
https://cds.cern.ch/record/2704642
https://cds.cern.ch/record/2704642
https://cds.cern.ch/record/2704642

