
ar
X

iv
:2

50
5.

21
65

4v
1 

 [
ph

ys
ic

s.
ac

c-
ph

] 
 2

7 
M

ay
 2

02
5

UPDATED BASELINE DESIGN FOR HALHF:
THE HYBRID, ASYMMETRIC, LINEAR HIGGS FACTORY

C. A. Lindstrøm∗, E. Adli, J. B. B. Chen, P. Drobniak, E. E. Hørlyk, D. Kalvik, K. N. Sjobak,
Department of Physics, University of Oslo., Oslo, Norway

T. Barklow, S. Gessner, M. Hogan, SLAC National Accelerator Laboratory, Menlo Park, CA, USA
M. Berggren, A. Laudrain, B. List, J. List, V. Maslov, K. Põder, M. Thévenet, N. Walker, J. Wood,

Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany
S. Boogert, Cockcroft Institute, Daresbury Laboratory, STFC, Warrington, UK

P. N. Burrows, V. Cilento, R. D’Arcy, B. Foster,
John Adams Institute, Department of Physics, University of Oxford, Oxford, UK

S. Farrington, Rutherford Appleton Laboratory, STFC, Didcot, UK
X. Lu, Northern Illinois University, USA

G. Moortgat-Pick, University of Hamburg, Germany
A. Seryi, Thomas Jefferson National Accelerator Facility, Newport News, VA, USA

Abstract
Particle physicists aim to construct a electron–positron

Higgs factory as the next major particle collider. However,
the high associated costs motivate the development of more
affordable collider designs. Plasma-wakefield acceleration is
a promising technology to this end. HALHF is a proposal for
a Higgs factory that utilizes beam-driven plasma-wakefield
acceleration to accelerate electrons to high energy with high
gradient, while using radio-frequency acceleration to accel-
erate positrons to a lower energy. This asymmetry sidesteps
a major difficulty in plasma acceleration: that of accelerating
positrons with high efficiency and quality. Since publication,
several challenges were identified in the original baseline
design. We summarize the updated baseline design, which
addresses these challenges, and describe the parameter- and
cost-optimization process used to arrive at this design.

INTRODUCTION
The 2020 update of the European Strategy for Particle

Physics [1] and the 2023 report from the Particle Physics
Project Prioritization Panel (P5) [2] both identify a Higgs fac-
tory as the next flagship collider for particle physics. Several
mature proposals exist [3–5], but the cost estimates approach
or exceed 10 BCHF. This cost issue has motivated a push
to develop more affordable accelerator technology. Plasma
acceleration [6–10], which uses high-intensity laser [11] or
particle beams [12] to drive strong accelerating fields in a
plasma, is one of the most promising directions. Several
plasma-based collider concepts have been proposed [13,14],
each addressing challenges raised in the previous one, grad-
ually becoming more concrete and self-consistent.

A recently proposed plasma-based collider is HALHF (a
hybrid, asymmetric, linear Higgs factory) [15], which builds
on previous proposals—e.g., in that it uses electron beam
drivers for high power-efficiency—but addresses a major
unsolved problem: positron acceleration. Currently, it is not
∗ c.a.lindstrom@fys.uio.no

clear how to utilize plasmas, which are charge asymmetric
due to the mass imbalance of electrons and ions, to accelerate
positrons with the same energy efficiency and beam quality
as is possible with electrons [16]. HALHF therefore accel-
erates only the colliding electrons in a multistage plasma
accelerator [17] while accelerating positrons using a more
conventional radio-frequency (RF) accelerator. To minimize
the overall size and cost of the facility, the energy of the elec-
trons, accelerated compactly, must be significantly higher
than that of the positrons. It was also found that asymmetric
bunch charges (i.e., more positrons) are beneficial for over-
all power efficiency, and that asymmetric emittances (i.e.,
higher-emittance electrons) are both possible and desirable
for relaxed tolerances in the plasma arm.

Over the past two years, the HALHF Collaboration has
studied the implications of such an hybrid and asymmetric
design. While the core concept still appears viable, several
aspects have been identified as either problematic or chal-
lenging, including the use of a combined-function RF linac
for both colliding positrons and driver electrons, use of tight
high-energy bends, high positron charges and the required
cooling rate of plasma cells. An updated baseline design
was therefore recently proposed [18], with changes made to
both the overall geometry as well as detailed parameters.

In this paper, we summarize the changes in the updated
baseline, HALHF 2.0 (see Fig. 1), as reported in greater
detail in Refs. [18–20], and focus in particular on describing
the optimization process used to arrive at this parameter set.

MAJOR CHANGES FROM THE
ORIGINAL BASELINE DESIGN

The largest change from the original baseline is the use of
separate positron and driver linacs: this allows the gradient
and time structure of each linac to be separately optimized
for positrons (i.e., high gradient and low current) and driver
electrons (i.e., low gradient and high current). This approach
also avoids the need to develop a novel combined-function
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Figure 1: Schematic view of the 250-GeV version of the updated baseline design for HALHF. From Ref. [18].

linac, instead leveraging existing cost-optimized designs.
The proposal for the drive-beam linac is to use a CLIC-
like RF drive-beam linac (frequency 1 GHz and gradient
4 MV/m), accelerating 8 nC bunches with high wall-plug-to-
beam power efficiency (∼50%). It uses a delay loop and two
combiner rings that frequency multiply a long, low-current
bunch train (4 ns spacing) to a shorter, higher-current bunch
train (0.17 ns spacing), as this reduces the peak RF power
and is more easily distributed to the multistage plasma ac-
celerator. The positron RF linac is based on cool-copper
technology, cooled to liquid-nitrogen temperatures, and op-
erated at frequency 3 GHz and gradient 40 MV/m (conserva-
tive compared to C3 [21]). The linac separation also allows
use of more numerous but lower-energy drivers: 48 stages
(instead of 16 in the original proposal) and a driver energy of
4 GeV (instead of 31 GeV), significantly easing the transport
and distribution of these drivers.

The accelerating gradient in the plasma has been reduced
from 6.4 GV/m to 1 GV/m, with a corresponding reduction
in plasma density from 7 × 1015 cm−3 to 6 × 1014 cm−3. This
is motivated by the observations that the plasma linac is not a
significant cost driver unless the gradient is below ∼1 GV/m
and that several issues in the original design are mitigated at
reduced density—such as synchronization and misalignment
tolerances, matching, beam ionization and plasma cooling.

Another change, motivated by physics performance, is the
introduction of a polarized positron source, modeled on the
helical undulator used for ILC [22]. The interaction point
(IP) region is upgraded to feature two detectors, and conse-
quently a dual beam-delivery system—this is envisioned to
follow the dual-IP scheme proposed by CLIC [23].

Finally, the overall energy asymmetry between electrons
and positrons is reduced in HALHF 2.0; from 500 GeV ver-
sus 31 GeV, respectively (for the 250 GeV center-of-mass
design), to 375 GeV versus 41 GeV. This change minimizes
the overall collider length (taking into account both arms)
and the overall construction cost when all the associated
changes are taken into account, as described below.

DEFINING AN OPTIMIZATION METRIC
Choosing an optimization metric for a collider is non-

trivial. Simple metrics like length, power and luminosity
are incomplete, as minimizing one individually explodes
others. Cost is a more meaningful metric, as it allows several
metrics such as length and power to be balanced. One way
to balance these is by defining a “Full Programme Cost”, a
complex metric that encompasses the entire cost of building

and operating the collider until the desired amount of data
has been gathered (e.g., 2 ab−1):

Full Programme Cost = Construction Cost + Overheads
+ Integrated Energy Cost
+ Maintenance Cost
+ Carbon Shadow Cost

The construction cost includes both the machine components
and all the civil engineering (tunnels, buildings, IP), includ-
ing infrastructure and services such as electrical distribution,
ventilation and safety systems (typically adding ∼50% to
the cost). The overhead cost (estimated to be ∼22% of the
construction cost) includes design, development, manage-
ment and inspection. Ultimately, the above favors compact
and affordable technology. The integrated energy cost is the
cost of power integrated over the time required to collect
the data. This favors a high luminosity-per-wall-plug-power
(i.e., both high energy efficiency and luminosity). The main-
tenance cost is the cost of paying personnel and replacement
parts (∼1% of the construction cost per year), integrated over
the full runtime of the programme, and is included to sup-
press the option of very low luminosity and power (but high
luminosity-per-wall-plug-power) operating for a very long
time. Finally, a carbon shadow cost is included (estimated
at 800 EUR/ton [24]), accounting for both construction and
operating emissions—this is likely never actually paid in the
form of a carbon tax, but is included to favor sustainability.

In order to calculate the "Full Programme Cost" for a par-
ticular collider design, a detailed cost model has recently
been developed, based largely on previous costings made by
ILC and CLIC—this is an integral part of the new start-to-
end simulation framework ABEL [25], built on its calcula-
tion of luminosity, length and power usage. The elements
of the cost model, converted to ILC cost units (ILCUs; or
2012 dollars), are reported in Table 2 of Ref. [20].

BAYESIAN OPTIMIZATION OF
COLLIDER PARAMETERS

In order to perform a global cost optimization of the col-
lider, a set of 12 key parameters were identified: (1) the
energy asymmetry; (2) the number of bunches in a train;
(3) the repetition rate of the trains; (4) the combiner-ring
compression factor; (5) the drive-bunch temporal separa-
tion; (6) the number of RF cells per structure in the driver
linac; (7) the number of structures per klystron in the driver
linac; (8) the accelerating gradient in the driver linac; (9) the
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Figure 2: Estimated collider cost as a function of four key parameters, keeping others constant: (a) the energy asymmetry,
i.e. the ratio of the electron energy to half the center-of-mass energy, (b) the number of PWFA stages, which also determines
the driver energy and bunch-train length, (c) the driver RF linac gradient, for a given driver energy, and (d) the drive-bunch
temporal separation, measured in RF buckets of 1 ns. The updated baseline operating point is indicated with a dotted line.

accelerating gradient in the positron linac; (10) the number
of RF cells per klystron in the positron linac; (11) the num-
ber of PWFA stages; and (12) the PWFA transformer ratio.
As mentioned above, the plasma density and gradient were
purposely not part of the optimization, as we wish to keep
these as conservative and easily achievable as possible. The
12 parameters were simultaneously varied using Bayesian
optimization; within ABEL this is implemented using the
“Ax” framework [26]. The optimization was run with 80
iterations, and converged to the same parameters every time,
giving confidence that the global optimum had been found.

Figure 2 showcases four different parameter variations. It
can be seen that the updated baseline is close to (i.e., within
10%), but not identical to, the solution found by the Bayesian
optimizer. This was the result of a conscious manual tuning
of the parameters to cater to needs not well represented by
the cost model: some were physical constraints, such as the
need to have the number of stages be an integer multiple of
the combiner-ring frequency multiplication factor (i.e., 12);
others were more related to more aesthetic considerations,
such as the desire to reduce overall length and power con-
sumption if the added cost was small, e.g. energy asymmetry,
where the lowest overall cost was closer to 2 (i.e., 250 GeV
versus 62.5 GeV for electrons and positrons, respectively)
than the chosen value of 3—this produced the shortest length
(5 km) and a lower construction cost.

Future work, toward a possible HALHF version 3, will
involve performing the optimization with a higher level of

fidelity in the start-to-end simulations (for more accurate
estimates of luminosity and power usage), as well as the
inclusion of more parameters. In particular, plasma density
and gradient, should be part of the Bayesian optimization;
this will require the inclusion of a detailed model of drive-
beam misalignment and synchronization jitters, as well as
plasma-density stability, in order to quantify the ideal bal-
ance between compactness and beam quality.

CONCLUSION
The new baseline design for HALHF, based on multidi-

mensional Bayesian optimization and a detailed cost model,
addresses many of the challenges identified in the original
proposal. The HALHF Collaboration will continue to study
and design the various subsystems, as well as push toward
an even more cost-optimized design.
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