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Abstract
The2020EuropeanStrategy forParticlePhysics (ESPP) emphasized the critical importanceof completing
thehigh-luminosityLHC (HL-LHC)upgradeofboth the accelerator andexperiments in a timelymanner,
identifying it as a toppriority for thefield.The strategyalso established twokey recommendations for future
accelerator initiatives: (i) the realizationof anelectron–positronHiggs factory as thehighest-prioritynext
collider, and (ii) the investigation, in collaborationwith internationalpartners, of the technical andfinancial
feasibilityof ahadroncollider atCERNwithacentre-of-mass energyof at least 100TeV,potentially
precededbyanelectron–positronHiggs andelectroweak factory. In alignmentwith theseobjectives, the
FutureCircularCollider (FCC)programme—comprisingFCC-eeandFCC-hh—represents thepreferred
path forward forCERN,offeringbothprecisionandenergy-frontier capabilities.However, the2025ESPP
update calls for the identificationofprioritizedalternativeoptions should thepreferredFCCpathwayprove
infeasibleornon-competitive. In this context,weproposeLEP3, anelectron–positroncollider reusing the
existingLHCtunnel, as a strategic backup toFCC-ee.LEP3wouldexploitmuchof the researchand
developmentalready carriedout forFCC-ee, enablinghigh-precision studiesof theZ,W,andHiggsbosons
belowthe top–antitopproduction threshold.Combining strongphysicspotentialwith reducedcost, LEP3
providesperformance comparableor superior toother fallbackoptions—suchas linear,muon,orLHeC
colliders—whilemaintaining the technological continuity essential for a future energy-frontier collider.
Conceivedas a contingency, LEP3complements, rather thancompeteswith, theFCC-eeproposal.
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1. Introduction

Wediscuss here the option of an e+e−Higgs and electroweak factory in the LEP/LHC tunnel—LEP3—as a
possible backup for FutureCircular Collider (FCC) if the latter is infeasible for technical or financial reasons.
This was previously proposed for the 2013 European Strategy for Particle Physics (ESPP) but not pursued
further [1].We follow the principal lines developed in that proposal, though the details benefit from studies for
FCC-ee [2, 3] and incorporatemany components developed for it. ThusR&Dcarried out for FCC-eewould be
maximally utilised.

Tomaintain a high instantaneous luminosity separate rings are required for the collider and the full energy
booster (accelerator), the latter for top-up injection.

Electrons and positrons in the collider ring travel in separate beampipes. The instantaneous luminosity is
limited by the requirement of amaximumof 50MWof synchrotron radiation power loss per beam.

The baseline anticipates two experiments. During the running programme, around≈4× 105 e+e−ZH
eventswould be recorded over 6 years at =s 230 GeV. LEP3would also run at the Z andWWthresholds,
recording≈2× 1012 Z decays over 6 years at or around =s 91.2 GeV, and≈4× 107WWevents at or
around =s 160 GeVover 4 years. An alternative, shorter, run-plan could comprise 5 years of ZH running, 1
year ofWWand 4 years of Z running, with a stop of 2 years after theWWrunning, especially if higher luminos-
ities are attainable.

Since LEP3would be installed in the existing LHC/LEP tunnel, it will not be able to operate at the ¯t t
threshold.

Using the FCC-ee costmethodology, the cost toCERNof LEP3, including costs related to civil engineering,
LHCremoval, LEP3 installation and twonewexperiments is estimated to be around3.8BCHF for all stages. Some
0.7BCHF fromnon-CERNcontributions is not included in the above number (see table 3). In the costs presented
herewehave included the cost of twonew experiments at≈ 0.35BCHFeach, as assumed for the FCC-ee experi-
ments, withCERN’s contribution amounting to 10%of 0.7 BCHF. If the cost to the community has to be limited,
the existingATLAS andCMSexperiments could be re-deployed, suitablymodified/upgraded.

We consider that the prospective physics performance of LEP3 is fully competitivewith other proposed
alternatives to the preferred FCCoption, at a lower cost.However, LEP3 is not competitivewith FCC-ee.

It is desirable that any back-up to FCC should present fewer technical and/or financial difficulties than
those associatedwith this preferred option, as well as have goodphysics potential. Tominimise the possibility
of such difficulties, the LEP3 strategy is to re-use, asmuch as possible, the existing infrastructure ofCERN,
utilisemaximally the R&Dalready carried out, and keep the required financingwithin the envelope of the
pluriannual budget of CERN.

Some questions about the LEP3 optionwould need to be addressed if it is to be taken further. These include
developing and simulating a low-emittance lattice and beamoptics to confirm the value of the instantaneous
luminosity; studies of the impact of the crossing angle and the booster beambypasswhilst traversing the experi-
ments; the design of synchrotron radiation absorbers; the development superconductingmagnets (especially
quadrupoles and sextupoles), etc.

2. Themain stages of LEP3

The LEP3 physics programmewould have three phases, that should include a couple of long shutdowns,

• near or on the Z peak (91.2GeV), over 6 years,

• near theWWthreshold (163GeV), over 4 years and

• near the ZH threshold (at 230GeV), over 6 years.

The broad aim is to conduct precision electroweak physics involving theWandZbosons aswell as precision
Higgs boson physics. The order proposed above corresponds to increasing the energymonotonically, but
another ordering could also be considered. Running at increasing energy steps has the advantage of spreading
out the required expenditure. The duty cycle assumed is the same as for FCC-ee, i.e. 185 d@75%efficiency
giving an effective running time of 1.2× 107 s yr−1.

3. Technical considerations

The LEP3 design follows closely that outlined in [1] and [2]. It incorporatesmany components being developed
for FCC-ee, includingmagnets, radiofrequency (RF) cavities/system, beam instrumentation,machine-
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detector interface, etc. The technology development plan outlined for FCC-eewould therefore be applicable to
LEP3. LEP3will be housed in the existing LEP/LHC tunnel, forwhich all the authorizations and permits should
be in place.

Instantaneous luminosity and centre-of-mass (CoM) energy for ZHoperation. ThemaximumCoMenergy
has been chosen to be 230GeV.Although the totalHiggs boson cross section peaks at a CoMenergy of 250GeV,
the luminosity in a circular collider, at a fixed synchrotron radiation power loss, drops rapidlywith beam
energy,moving the peak rate ofHiggs bosons lower (to 235GeV in the case of LEP3/FCC-ee).

We base our parameters on a studymade byKOide andDShatilov in 2017 [4]using a preliminary lattice
for LEP3 inspired by the FCC-ee design. TheOide/Shatilov studywas carried out for four IPs and at

=s 240 GeV. Their estimate of the instantaneous luminosity/IPwas 1.1× 1034 cm−2 s−1 at =s 240 GeV
and 52× 1034 cm−2 s−1/IP around theZ-pole. The LEP3 baseline anticipates two IPs andZH running at

=s 230 GeV, leading to an instantaneous luminosity/IP of 1.5× 1034 cm−2 s−1 for ZH running. This
increase, from1.1 to 1.5× 1034 cm−2 s−1/IP, is due to two factors of 1.15, corresponding to two experiments
and a lowered s energy, respectively. TheOide/Shatilov study used very strong normal quadrupoles and
sextupoles, whichwould lead to very high power consumption andwould need a range of hardware sitemod-
ifications. For these reasonswe propose the use of nested superconducting quadrupoles/sextupoles. This possi-
bility is an option in the FCC-ee design [2, 3]. This would result in not only a significantly lower power
consumption, but also an increase in instantaneous luminosity as themagnetic bending radius could be 7%
higher (2958 m instead of 2755 m), reducing the RF required aswell as increasing the luminosity by 7%.We
have re-evaluated the LEP3 parameters in the light of this and theOide/Shatilov study. The parameters from
our study are shown in table 1.

Further work has been carried out on estimating the instantaneous luminosity using alternative para-
meters. The estimate given above uses a preliminary lattice developed from the one used for FCC-ee and the
extracted numbers are suitably rescaled. The luminosity depends linearly on themaximumachievable vertical
beam-beamparameter, which for the case of FCC-ee is 0.134. For LEP3we have assumed 0.100. The total tune
shift in FCC-ee for the case of four interaction points is 0.536, whereas for LEP3with 2 interaction points it is
only 0.200.We can therefore increase the LEP3 beam-beamparameter per IP to values at least as high as FCC-ee
andmost probably a factor of 2 higher, inwhich case the LEP3 luminosity at 115 GeVper beamwill become
3.7× 1034 cm−2 s−1.We estimate that the uncertainty in the instantaneous luminosity at each operating energy
is roughly a factor of±2.

Table 1.Accelerator parameters for LEP3.

LEP3 LEP2

No. of IPs/Xpts 2 4

Comenergy vs (GeV). For final state (X) 230 (ZH) 160 (WW) 91.2 (Z) 45.60

Circumference/Length [km] 26.659 26.659

Bending radius (m) 2958 3026

Crossing angle at IP [mrad] 30 0

SR energy loss/turn [GeV) 5.4 1.3 0.13 0.1

Total RF voltage [GV] 6 1.5 0.5 0.2

SR power/beam (MW) 50 0.33

Beam current [mA] 9 39 371 3

Number of bunches/beam 20 220 800 8

Bunch intensity (10E11) 2.5 1 2.6 1.8

RF frequency [MHz] 800 352

Beam lifetime (Bhabha+Brem) [min] 17 19 28 1390

Inst. luminosity/IP [1034 cm−2 s−1] 1.6 6.2 40 0.002

Integrated L/IP [ab-1/yr] 0.192 0.7 4.8 0.001

Effective years of operation 6 4 5.5

rms bunch length (SR only). [mm] 2.4 2.5 1.4 2.3

rms bunch length (SR+BS). [mm] 2.6 2.9 9.4 2.3

Horiz. emittance εx. [nm] 3.8 1.8 0.6 45

Vert. emittance εx. [pm] 7.5 3 6.5 300

Longitudinal damping time [turns] 21 63 339 360

Horiz.β*(x) [m] 0.5 0.2 0.1 2

Vert.β*(y) [mm] 1 1 1 50

Horiz. rms IP spot [um] 44 19 8 300

Vert. rms IP spot size [nm] 87 55 81 3873

Horiz. beam-beamparameter 0.07 0.03 0.01 0.02

Vert. beam-beamparameter 0.1 0.11 0.11 0
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Another area of improvement, which could considerably decrease the cost of the project, is reducing the
beampipe diameter. The beampipe diameter is chosen so that beam instabilities are avoided. These instabilities
are proportional to the resistivewall impedance of the beampipe, which grows linearly with the circumference
of the collider and inverselywith the third root of the beampipe diameter. Therefore, to keep the same impe-
dance as FCC-eewe can safely reduce the beampipe diameter by a factor 1.5, going down to 40mm.The cost of
themagnets goeswith the square of the beampipe diameter, so the cost savingwill be substantial.

We estimate that themaximumRF voltage to be installedwill be around 6GVand the instantaneous
luminosity/IP at =s 230 GeV to be 1.6× 1034 cm−2 s−1. For the Z running, we have changed parameters to
respect two aspects: the spinmodulation index, a figure ofmerit for spin depolarizationmeasurements, and the
threshold of x–z instability (given byQs/ξx ). For the former, the problemwas that themomentumcompaction
factor ismuch smaller compared to LEP (and similar to FCC). To compensate for that, we have increasedQs by
increasingRF voltage. Then, to keep a reasonable beam-beamvertical tune shift, we increased the vertical emit-
tance and decreased the number of bunches. This in turn helped in increasing the bunch length (which is good
for x–z instability, resistivewall power, etc).

To calculate the number of events for the physics analyses we have used a luminosity value of
1.6× 1034 cm−2 s−1/IP at =s 230 GeV, 6.2× 1034 cm−2 s−1/IP at or around =s 160 GeV,
40× 1034 cm−2 s−1/IP at or around =s 91.2 GeV.

Hence, for two experiments, around 4.2× 105e+e− →ZH events would be recorded over 6 years at
= ×s Z230 GeV, 1.7 1012 decays over 6 years (with the first year of running at 50% efficiency) at or around
=s 91.2 GeV, and 3.6× 107WWevents at or around =s 160 GeVover 4 years.Whereas the rates of

Higgs boson production at linear colliders would be similar to that potentially achievable at LEP3 for a single
IP, the luminosities are considerably smaller near the Z peak and theWWthreshold. Consequently, LEP3 has a
much stronger precision electroweak programme, complementing its precisionHiggs physics one.

Energy calibration. It is important for precision electroweak physics tomeasure the beam energy as precisely
as possible for Z andWWrunning. The contribution of the beam energy uncertainty on theWmassmeasure-
ment uncertainty at LEP, comparedwith that of the Zmassmesurement, was a factor 10 higher (25MeV) as no
resonant depolarisationmeasurementswere possible at theWWenergies (nopolarisationwas detected). For
LEP3, we can use the FCC-ee approach for Z running, based on the knowledge that LEP routinely achieved
adequate polarisation levels at the Z. ForWWrunningwhere no polarizationwas detected at LEP, precise
simulationswill be needed to see if adequate levels of polarization can be achieved at energies close to or at the
WWthreshold. The benefits available withmodern technologies, that were not available for LEP1 and LEP2,
need to be investigated in addition. For example,much lower than 5%polarisation levelsmight be sufficient for
resonant depolarisationwith today’s technologies. Use ofmodern diagnostics and electronics will thus likely
enable energy calibration at higher energies. Failing this, the aim is to use the resonant depolarisationmethod at
the highest energy possible, and extrapolate from there to theWWthreshold.We also propose to install a large
amount of RF voltage for theWWrunning (3 GV compared to an energy loss per turn of 1.5GeV). This area
needs further study.

Crossing angle and implications. A ‘crab-waist’ schemewith a significant crossing angle of around 30mrad
(half-angle of 15mrad) is necessary to attain high instantaneous luminosity [5]. Such crossing angles necessi-
tate special optics for the paths of the beams in the vicinity of the IPs. A scheme similar to that deployed for
CEPC [6] can be found for LEP3, inwhich the IP can be kept at the coordinates of the current IPs inATLAS and
CMS, and limiting the spatial excursion of the beams in the straight sections.We have initiated a studywith
experts to realise this possibility.

Placement of the booster. As in the case of FCC-ee, it is assumed that the full-energy booster will be installed
above the two collider rings in the same tunnel.

Booster bypass. Consideration has to be given to the booster/accelerator bypass around the experiments,
possibly still remaining inside the experiment caverns, e.g. running along the balconies in the experiment
caverns.

Injector. Arguments for a dedicated linac injector, rather than using the SPS as injector, are given in the FCC
MTR [2]. Therefore, herewe pursue only the linac option, retained for the FCC-ee. The injection energy is
affected by non-uniformities in the bendingmagnets at the lowestmagnetic field i.e. at injection energy.
Although the injection energy potentially can be lowered by the ratio of the circumferences, i.e. by a factor of
3.4, we assume a smaller factor, and an injection energy of 10GeV. This is to be comparedwith 20GeV for FCC-
ee. The lower energy allows the linac length to be halved compared towhatwould be required for FCC-ee, while
keeping a similar energy swing as the FCC.We adopt the siting study carried out for FCC-ee to locate the linac
injector on the Prevessin site, but the shorter length allows for amore optimal placementminimizing transfer
tunnel length. The layout can still be optimized to reduce the length of transfer tunnels or use existing tunnels.

Synchrotron power loss/turn andRF requirements. The energy loss/turn for LEP3 operating at 230GeV,with
amagnetic bending radius of 2958 m, is 5.4GeV/turnwhichwith amargin leads to a requirement of 6GV for
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RF to be installed, comparedwith 2.1GV for FCC-ee at =s 240 GeV. Since the RF cost represents the largest
item, the optimal choice of RF cavities and their powering is under intense study byCERN’s RF group. Several
criteria have to bemet simultaneously e.g. power and voltage ratings for cryomodules (CRMs), ratings for
power couplers, lateral and longitudinal integration in the long straight sections (LSS) etc. The choices pre-
sented here have been inspired by the designs retained for the FCC-ee.Webelieve that the RF system can be
further optimisedwith a view to lowering the overall cost. ForWWandZH running theCERN-RFGroup
proposes the use of 800MHz, 4-cell RF cavities, similar in design to the FCC-ee 6-cell cavities. These 4-cell
cavities should be shorter in length, and the cryomodules shorter by about 1.5 m.Due to the high current
during Z running the RFGroup proposes the use of 800MHz single cell cavities. Further, they recommend the
use of 800MHz 6-cell cavities for the booster. Costs of installation, removal and replacement of CRMs are
included in the overall cost estimate. A summary of the RF cryomodules/cavities is shown in table 2.

Amaximumpower of 250 kW is assumed for each power coupler. All four even-numbered LSSwill be used
for the RF; two for the collider ring (with separators/recombinators) and two for the booster. The LSS have the
same length of 545mwith a diameter of 4.4m. The same cavities are used for the electrons and positrons for ZH
operation. Adopting the new 4-cell design for RF cryomodules, with a length of 8.45m for each cryomodule,
leads to 52 cryomodules in each of two LSS. Placing one quadrupole with a length of 3.6m for every 8 cryomo-
dules leads to 52× 8.45+ 25 m= 465 m.Reserving 2× 40 m for electrostatic separators leads to a total length
of 545m.

Civil engineeringworks. The LEP/LHC tunnel was constructed in the 1980swith an assumed lifetime of
some 40 years. To prolong its usability, either for LEP3 or as an injector for the future FCC-hh programme, or
for reasons of safety,maintenancewill be needed in some sections considered to be fragile. It is estimated that
this repair corresponds to a section of a length of 0.6 km in Sector 3-4. Furthermore, the straight sections
around the two collision IPswill needwidening to accommodate the large crossing angle. The length of the
tunnel assumed to bewidened corresponds to two times 2× 270m,with amaximumdiameter of 7 m.Allow-
ance has beenmade for some additional cores from the klystron galleries into the tunnel. It is assumed that the
existing LHC shafts can be used to carry out the LEP3 civil engineeringworks. The civil engineeringworks are
estimated to cost around 165MCHF.

Radioprotection issues. Studies have been carried out in the context ofHL-LHC that indicate that the activa-
tion levels inside the LHC tunnel are low (surface of the tunnel walls andmachine elements inside). Discussions
withCERN’s RPGroup suggest that there are no showstoppers but further studieswould be needed before
drawing firmconclusions and on how the dismantlingwork should proceed.

Experiments. Although having twonew experiments in the existingATLAS andCMS cavernsmay be prefer-
able formany reasons, including a better-adapted physics performance, also use could bemade of the two
existing LHCgeneral-purpose experiments i.e. ATLAS andCMS suitablymodified or upgraded, including
their inner tracking systems.Which option to adoptwill require an optimization and considerations concern-
ing the cost, the physics performance and sociology. If this project proceeds it is probable that a call for experi-
mentswould bemade andnew and/or suitably upgraded existing experiments inevitablywould be proposed. A
previous study explored the suitability of theCMS experiment for such e+e− operation [7]. TheR&Dcarried
out by theALICE collaboration for its newbendable pixel detector could form a possible basis for LEP3 pixel
and tracking detectors. Special luminometers will be required. If existing detectors are used, finer lateral granu-
larity, e.g. for hadronic calorimetersmay have to be introduced. TheTDRs for the experiments (newor re-
deployed)would have to be submitted by themid-2030s, several years before the start of the shutdown for the
transition to LEP3, enabling a head start for construction. The trackerswould be designed to be light-weight,
with amomentum resolution for 40GeV charged particles at the∼0.1% level, and an angular resolution on 40
GeVmuons of∼0.1 mrad. If ATLAS is reused,modifications to the endcap toroidmagnets and/or liquid argon

Table 2.Parameters for the RF system for Z,WWandZH running.

Running Z WW ZH Booster

CommonRF for two beams No No Yes No

No. of cryomodules 104 104 104 66

Frequency (MHz) 800 800 800 800

Cells/Cavity 1 4 4 6

Voltage/Cavity (MV) 2.4 14.4 14.4 22.7

Beam current (mA) 371 39 9 0.9

Power/Cavity (kW) 240 240 240 20.1

Accelerating gradient (MV/m) 12.9 19.3 19.3 20.3

Total power required (MW) 100 100 100 5.3

Total requiredRF voltage (MV) 1000 3000 6000 6000
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calorimetermay be required to accommodate the final focus of the collider ring. Some level of particle identifi-
cation can be obtained from the precision timing detectors being installed forHL-LHC running.However,
unless the possibility of twonewdetectors is adopted, probably there is no room to introduce significantπ/K
separation capability.

We estimate that twonew experiments would cost the community some 2× 0.35 BCHF, as in the case of
experiments for FCC-ee. The cost to be borne byCERN is assumed to be 10%, as in the case of FCC-ee costing,
ie. 0.1× 2× 0.35 BCHF= 70MCHF. This has been included in the cost estimate presented here. In existing
detectors, new inner trackers would cost around 100MCHFper experiment, andwe estimate that another 50
MCHFwould be needed for all othermodifications. It is assumed that a large fraction of the existing exper-
imental collaborationswould remain to exploit data fromLEP3. If ATLAS andCMS are re-deployed there
would be a considerable advantage in using understood detectors, software and analysis tools, and scientists
already experienced in physics analysis of data from these existing experiments. For Z running the inner detec-
torwould be immersed in a solenoid field of 2 T in both theATLAS andCMS experiments. InCMS the solenoid
magnetic field could be raised for higher s running, e.g. 3 Tesla during ZH running. InATLAS it is expected
that the toroidmagnets formuonmomentummeasurementwill continue to operate, possibly at a reduced
field. The rest of theATLAS andCMSdetectors should continue to functionwell during the duration of LEP3
programme.

Machine-detector interface. Therewould be superconducting final quadrupoles near the interaction regions
that follow the design outlined in the FCCMTR [2]. Starting at a distance of 2 m from the interaction point, a
shielding solenoid surrounds the quadrupole, and a compensating solenoid is located close to the collision
point. A luminometer is integrated. A stay-clear cone is defined, above 100mrad, from the IP along the z axis.
This corresponds to a linewith pseudo rapidity of |η|∼ 3. Thus the current forward or very forward calori-
meterswill not be required.

Cost estimate. The capital cost of LEP3 has been evaluated employing themethodology used to estimate the
cost of FCC-ee, with appropriate scaling (e.g. by the numbers of components) of the costs of individual FCC-ee
items. The error in this estimatewould be similar to that for the FCC-ee. Included in this estimate are the costs
of the civil engineeringworks described above, the cost of careful removal and storage of LHC components to
allowpossible future re-use, and the installation of the LEP3machine. The latter costs have been estimated by
discussionswith those involved in the installation of the original LEP accelerator. The total cost toCERNof the
LEP3 project, with twonew experiments, is estimated to be 3.8 BCHF (see table 3). The cost is dominated by the
cost of the RF system (∼1.5 BCHF). The next costliest items are the quadrupole/sextupolemagnets (∼0.4
BCHF) and the injector chain (∼0.3 BCHF). The FCC costing study uses a classificationmatrix published by the
Association for theAdvancement ofCost Engineering (AACE).

Schedule. The LEP3 acceleratorwould be installed after the end of theHL-LHCprogramme.We estimate
that 5 years will be needed for dismantling the LHC, carrying out civil engineeringworks and installation and
commissioning of the LEP3 accelerator. This estimate has beenmade by some of those previously responsible
for the installation, commissioning and removal of the LEP accelerator; and the installation and commission-
ing of the LHCaccelerator. Assuming the currentHL-LHC schedule, LEP3 could be operational in the second
half of 2040 s.

R&Dneeds. It is estimated that around 25MCHF and 40 FTEy, over and above the resources foreseen for
the FCC,will be required to advance the project sufficiently to reach a point of decision, anticipated in around 3
years time. The FTEy andfinancial resourcesmentioned above are foreseen for prototyping (e.g. of nested

Table 3.The LEP3 cost toCERN is estimated to be 3840MCHFusing
the FCC-ee costingmethodology excluding the additional cost of 700
MCHF to theworldwide particle physics community. The same costs
for two existing experiments amount to 3800MCHF excluding 270
MCHF respectively. These costs are dominated by the cost of theRF
system at over 1.5 BCHF.

Cost element 2 newXpts 2 Exist Xpts

Accelerator 2705 2705

Injectors and transfer lines 295 295

Technical infrastructures 435 435

Experiments 100 60

Civil engineering 165 165

LHC removal/LEP3 installation 140 140

Total CERN (MCHF) 3840 3800

Expteriments: CERNUser 700 270

Community contribution (MCHF)
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superconducting quadrupole and sextupolemagnets, fundamental power couplers, etc) or further studies
(including those for RF integration in the existing tunnel, developing a low-emittance LEP3 lattice and optics,
booster bypass, injector and its layout, crossing angle, radio-protection related, synchrotron radiation absorp-
tion etc) or consolidation (e.g. of the schedule for the shutdown activities, costing etc).We believe that around
5%of the capital cost of the Project will have to be spent for the remainingR&Dandprototyping before pro-
ceeding to construction. This would amount to about 200MCHF. In addition to the R&Dneeds for the FCC-ee
project outlined in submission [3], two particular areas of R&Daffecting LEP3 are called out above: R&Don
higher power fundamental power couplers, and onnested superconducting quadrupole/sextupolemagnets.

Sustainability.We assume that all building permissions/permits for LEP3 should either be in place or be
easy to obtain. Also, the amount of preparatorywork and the environmental impact should beminimal. As
relatively little construction is required, it is expected that the equivalent carbon cost would be a fraction of any
newbuild. Few other significant environmental impacts are anticipated. Nevertheless, benefit would be drawn
fromany relevant studies in these areas carried out for other proposed projects such as FCC-ee or CLIC.Usage
of high-temperature superconducting arc quadrupoles and sextupoles (HTS)magnets would help limit the
power consumption compared to usingwarmmagnets.

Power consumption.We estimate that the total power consumption at the highest LEP3 energywill be about
250MW, and about 185MWat the Z pole. It is likely that low temperature (LST) or high temperature (HTS)
superconducting quadrupole and sextupolemagnets will be needed tominimise power consumption.

4. The physics case for LEP3

The aim is to conduct precision studies ofHiggs boson physics and of electroweak physics involvingWandZ
bosons. The precisionmeasurements aremade possible by recording large samples ofW, Z andHbosons.

4.1.Higgs bosonphysics
The discovery of theHiggs boson has raised several theoretical questions. These questionsmotivate attempts to
obtain a deeper understanding of the physics of theHiggs boson and the high priority of aHiggs and
electroweak factory, as recommended by the 2019 ESPP, as well as searches for direct clues to newphysics.
During the 2030s the study of theHiggs bosonwill be carried out at the upgradedHL-LHC accelerator and
experiments, with the goal of studying some ten timesmore proton–proton collisions than originally foreseen.
A question that can be posed is: what is the needed precision for themeasurement of the properties of theHiggs
boson?One answer is tomeasure these as precisely as possible. But this begs the question: what extra is gained
by a precision that is factor 2–3 times better, i.e. howprecise is precise enough?Nevertheless, it is clear that an
e+e−Higgs factorywould be able to probeNaturewith unequalled precision.

A key advantage of e+e−Higgs factories is the ability tomakemodel-independent, absolutemeasurements
ofHiggs boson couplings and the total width through the recoil technique, where theHiggs boson is tagged via
the Z boson independently of its decaymode. This enables direct sensitivity to BSMdecaymodes, including
invisible and exotic decays. According to [8], LEP3 can exclude additional invisibleHiggs boson decays at 95%
CL for branching fractions above 0.2%, compared to 0.055% for FCC-ee and 0.12% for LCF at 250 GeV. For
exotic (untagged) decays, the corresponding 95%CL limits are approximately 1.5% for LEP3 and<1.0% for
FCC-ee, representing a significant improvement over theHL-LHCprojection of<4%. The totalHiggs boson
width can be determined indirectly from the combination of theσ(ZH) cross-sectionmeasurement and cou-
pling fits; we estimate a precision of δΓ(H)/Γ(H) ≈ 3.8% for LEP3, compared to 1.3% for FCC-ee. TheHiggs
bosonmass can bemeasured to 10MeV at LEP3, compared to 4MeV at FCC-ee and approximately 100MeV at
HL-LHC [8]. For second-generationYukawa couplings, LEP3 canmeasure δσ(Hcc)/σ(Hcc) at the 3.7% level, a
dramatic improvement overHL-LHCwhere only an upper limit of approximately 1.5 times the SM rate is
expected. For the strange quark Yukawa coupling, LEP3 can constrain |κs|< 1.3 at 68%CL, comparable to the
linear e+e− colliders, providing first sensitivity to this couplingwhich is inaccessible atHL-LHC.

The sensitivity to invisibleHiggs boson decays has direct implications for darkmatter searches. InHiggs-
portalmodels, where darkmatter particles,χ, couple to the SMexclusively through theHiggs boson, the invi-
sible branching fraction constrains theHiggs-DMcoupling formχ �mH/2= 62.5 GeV. A 95%CL limit of
BR(H→inv) < 0.2 at LEP3 provides a probe ofHiggs-portal darkmatter that is complementary to direct detec-
tion experiments, particularly in the low-mass regionwhere direct detection faces threshold limitations.

The precisionmeasurements possible at LEP3 in theHiggs boson sector are compared, in table 4, with the
situation at the end ofHL-LHC. The LEP3 numbers are for two experiments. The preferred FCC-ee option
would provide a better precision for a large range ofHiggs boson couplingmeasurements.
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4.2. Electroweak andflavour physics
The physics case for circular e+e− colliders is considerably enhanced by the possibility of precision electroweak
measurements. Precisemeasurements at the Z peak andWWthresholdwill form an integral part of the almost
20 year LEP3 running programme.Heavy flavour (c, b, τ) physics can be studied at the Z peak alongwith
perturbativeQCDandhadronisation, searches for rare decays including those forbidden in the Standard
Model, and the exploration of neutrinomassmodels invoking right-handed neutrinos.

In addition to flavour physics andBSM searches, the electroweakmeasurementswill includemeasurements
ofmZ,ΓZ,mW,ΓW, sin

2θWeff,Rb,αQED(mZ),αs(mZ), electroweak couplings, etc, with unprecedented precision.
We expect to record 1.7× 1012 visible Z boson decays, including

¯/ /× × × ×+B B B B B B2.1 10 , 2.1 10 , 5.1 10 , 1.3 10s c
11 0 0 11 10 0 9 decays, as well as 1.7× 1012 charmquark pairs

and 6× 1010τ+τ− pairs. This will enable an extensive high-precision flavour physics programme at LEP3,
largely complementary to theHL-LHCandBelle II programmes. In particular, precisionmeasurements of
fundamental parameters of tau leptons (lifetime,mass, leptonic branching fraction), rare Bs

0 andBc decays and
b baryon decayswithmissing energy, and charmphysics will yield very rich and often unique results.

Given themuch higher numbers of recordedZ andWWevents, LEP3would be considerably better than
ILC(250) inmaking precision electroweakmeasurements.

As has been discussed, e.g. in [10], precision electroweakmeasurements around the Z peak provide indirect
sensitivity to newphysics at scales tens of TeV through higher-order loop effects. These indirect effects provide
probes of potential deviations from the StandardModel that are complementary to those obtainable from
measurements at higher energies above the Z pole. Explicit examples of how accuracy complements energy for
operatorswithin the SMEFT framework are given in [10]. A high-precisionTera-Z programmemay thus
anticipate aspects of physics runs at higher energies and provide awide scope of quantumexploration of the
TeV scale. See table 5 for the expected perfomance of LEP3.

TheTera-Z program at LEP3 enables stringent constraints on oblique electroweak parameters. The LEP3
projects would achieve (sin W

2 ) <0.95× 10−6 [8] an improvement ofmore than two orders ofmagnitude
over the current precision of 130× 10−6. The corresponding precision on the oblique parameters S andT
would constrain new physics at scales of tens of TeV through radiative corrections, probing scenarios such as
compositeHiggsmodels, additional electroweakmultiplets, andZ bosons [8]. For compositeness scales, LEP3
precision on the Z-pole observables would probeΛcomp up to≈ 25TeVdepending on the operator struc-
ture [8, 12]. These indirect probes are complementary to direct searches at higher-energy colliders and provide
sensitivity to heavy newphysics thatmay be kinematically inaccessible. The precisionmeasurements also
enable tests of lepton universality at the 105 level and improved determinations ofαQED(mZ) andαs(mZ), which
are essential inputs for global electroweak fits.

Table 4.The precision forHiggs boson couplingsmeasurements. The errors for LEP3 have been increasedwith respect to the
recent FCC-ee submission [9], by a factor /22 4.2 . In bold areHL-LHCvalues that are unlikely to be improved by any e+e−

Higgs boson factory. TheHL-LHCnumbers are taken from theATLAS+CMS submission to the ESPP26.

HL-LHC* LEP3** Comment and leading error FCCee

C.o.M. energy 230 240

No. of experiments 2 2 4

Prog Integ. Lumi (ab-1) 3 2.5 10.8

Years of running 10 6 3

Observable (%error) Δ(σ, BR) = 2Δκ Δ(σ, BR) = 2Δκ
δm(H) (MeV) 100 9.2 Sys: knowledge of Eb(ee) 4

δΓ(H)/ΓH (%) 50 3.8 1.3

δg(HZZ)/g(HZZ) 1.6 5.7 2.5

δg(HWW)/g(HWW) 1.6 1.8 0.8

δg(Hττ)/g(Hττ) 1.9 1.3 0.58

δg(Hγγ)/g(Hγγ) 1.8 8.2 3.6

δg(Hμμ)/g(Hμμ) 3 25.2 11

δg(Hcc)/g(Hcc) 100 3.7 LHC from CMS/v2 1.6

δg(Hbb)/g(Hbb) 3.6 0.5 0.21

δg(Hgg)/g(Hgg) 2.4 1.8 0.8

δg(Htt)/g(Htt) 3.4 x x

δg(HZγ)/g(HZγ) 6.8 27.0 11.8

BR (H>inv) (%) 95%CL <2.5 0.2 LHC fromCMS/v2 0.55

BR (H>EXO) (%) 95%CL <4 1.5 <1.1

δ(Hself-cplg) (%) 95%CL 30 (SM) 91.5 HH fromLHC, ZH fromee 40
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4.3. Search for newparticles at a Tera-Z factory
ATera-Z factory can search for newparticles that couple to the Z boson, either because they rarely interact with
ordinarymatter (e.g. heavy neutrinos,...) or are long lived ([13] and references therein). In particular, [13]
illustrates the additional region of parameter space excluded as a function of the number of Z bosons produced.
The difference in reach between a Tera-Z factory and aGiga-Z factory is substantial.

5. The longer-term future

The first priority of the European Strategy should remain the exploitation of the full potential of the LHC, i.e. to
successfully complete and fully exploit theHL-LHCupgrade of the LHCaccelerator and its experiments. An
obvious question is: what comes next?

Amajor objective in particle physics is always to operate an accelerator that allows a leap of an order of
magnitude in the constituentCoMenergywith respect to the previous one. Following on from the LHC,which
operates at constituent s ∼ 1 TeV, the two possibilities to attain s 10TeVdirectly are the FCC-hh operat-
ing at s ∼ 100TeVor amuon collider operating at s 10TeV.

Neither of these possibilities is currently ready to proceed to full construction.Were industrial high-field
(14–16 T)magnets already existing, our preferencewould be to go immediately to FCC-hh, giving a constituent
CoMenergy a factor of 7 higher than the LHC.Were amuon collider ready to be built, it would be a serious
candidate for the near future, as the requirements for civil engineering and hardwarewould bemoderate in
comparison.However, an extensive programmeof R&D is required before construction of amuon collider
could be approved.

Considering the preparation times needed for the above projects, another accelerator is needed to bridge
the gap between the end ofHL-LHCand a higher-energy collider that provides direct probes of physics at a
constituent s 10TeV.

Whatever is the accelerator covering this gap, we expect that it would have to be built within the financial
resources currently available to CERNand its particle physics user community. Any proposed project should
address the recommendation (c) from the 2020 ESPP,whichwe interpret as requiring the production of a large
sample ofHiggs bosons for amore powerful analysis than is currently possible. It should also be able to explore
the 10TeV scale indirectly via a suite of high precision electroweakmeasurements. For these reasons, we think
that the LEP3 accelerator proposed herewould provide an ideal back-up in the event of technical or financial
issues for the preferred FCCproject.

We reiterate that we support FCC asCERN’s nextmajor project and consider LEP3 only as a back-up
option in case FCC-ee turns out not to be technically or financially feasible.

Table 5.Experimental precision (statistical+ systematic) of a selection of electroweakmea- surements at LEP3. The statistical errors are
scaled by a factor /6 1.7 from the FCC-ee submission [9, 11, 12]whilst the systematics (in brackets) are kept the same. The current LHC
values of the observables and their error are also shown.

Observable Current LHC Error LEP3 Errors Comment and leading error

Value ± error Stat(Sys)

m(Z) [keV] 91186700 ± 2000 7.5(100) Sys: Z line shape scan; beam energy calibration

Γ(Z) [keV] 2495200 ± 2300 7.5(23) Sys: Z line shape scan; beam energy calibration

sin W
2 eff×106 231480 ± 160 2.3(1.2) Stat:AFB(μμ) at Z peak, beam energy calibration

1/αQED(m2(Z))×103 128952 ± 14 7.3(small) Stat:AFB(μμ) off peak,QED andEWerrors dominate

Rℓ×10
3 20767 ± 25 2.8(2.3) Sys: Ratio of hadrons to leptons, acceptance for leptons

αs(m2(Z))×104 1196 ± 30 0.19(1) Sys: Combn.RZ(ll),Γ(Z), had
0

had
0 ×103 [nb] 41480 ± 32.5 0.06(1.5) Sys: peak hadronic x-Řsection, luminositymeasurement

Nν (lineshape)×103 2996 ± 7.4 0.17(0.12) Sys: Z peak cross-Řsections, Luminositymeasurement

Rb×10
6 216290 ± 660 2.2(3) Sys: Ratio of bb to hadrons

AFB
b0, ×104 992 ± 16 0.08(0.04) Sys: b-Řquark asymmetry at Z pole, from jet charge

AFB(pol, τ)×104 1498 ±49 0.13(0.2) Sys: τpolarisation asymmetry, τdecay physics
τ lifetime [fs] 290.3 ±0.5 small(0.005) Sys: ISR, τmass

τmass [MeV] 1776.93 ± 0.09 small(0.02) Sys: estimator bias, ISR, FSR

τ leptonic (μνμντ)BR [%] 17.38 ± 0.04 small(0.003) Sys:PID efficiency,π0 efficiency
m(W) [MeV] 80360 ± 9.9 0.43(0.7) Stat:WWthreshold, beam energy calibration

Γ(W) [MeV] 2085 ± 42 0.65(0.5) Stat:WWthreshold, beam energy calibration

αs(m2(W))×104 1010 ± 270 3.76(2) Stat: combn. R(Wl),ΓW(tot)fit
Nν (rad. return)×103 2920 ± 50 0.94(small) Stat: Ratio of invis. to leptonic in radiative Z returns
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Given its lower luminosity and inability to reach the ¯t t threshold, LEP3would be a less capablemachine
than FCC-ee (orCEPC). However, if neither FCC-ee norCEPCproceed, LEP3 could be amore viable e+e−

Higgs boson and electroweak factory than any of the other proposed back-up options. The question then arises:
what does the far future hold forCERN?Whatwould follow LEP3?

A∼100TeVhadron colliderwould be the obvious next step, for which high-fieldmagnets are required.
HenceR&Don thesemust be vigourously pursued, followed by the preparation for industrial production to
provide solid cost estimates.Muon collidersmay provide an alternative approach to reach constituent CoM
energies of 10 TeVor higher.HenceR&Donmuon collidersmust also be pursuedwith equal vigour. Such a
programme should havemilestones along theway that would deliver physics as the R&Dprogresses, e.g.
experiments involvingmuon-driven neutrino beams such as nuSTORMor neutrino/antineutrino factories. If
the future lies with a high-energy hadron collider such as FCC-hh, and if FCC-ee proceeds, then the required
tunnel would already exist. However, if FCC-ee does not proceed, the FCC-hh tunnel could also be dug later,
profiting from the site studies currently underway, and giving time formagnet development/industrialization.
On the other hand, if it turns out that themuon collider is the preferred path, the required tunnel would be
smaller than even the LEP/LHC tunnel, which could host an intermediate/injector ring. To reach global con-
sensus onwhat path to take, it is preferable that the future strategy deliberations of different regions coalesce
into a single shared strategy, with all regions committing to building the commonly understood preferred
option. This would facilitate gathering the necessary financial resources for the construction of FCC-hh or
SppC, including the tunnel if it does not already exist, or building amuon collider at a globally acceptable site.

6. Summary

We support FCC as the preferred option for CERN’s future, but recall that the guidance for the 2026 ESPP
strategy review requests proposals for alternatives to this preferred option. Linear e+e−, circularmuon and
LHeC colliders are among the alternatives that have been proposed.We propose that another option, an
e+e−collider in the LHC tunnel, referred to here as LEP3, also be considered as an alternative, possibly as the
primary alternative.We have described its capabilities as an e+e−Higgs and electroweak factory. Compared to
the linear e+e− colliders proposed, LEP3with two effective experimentswouldmakemeasurementswith
similar precision in the ZHmode andwith superior precision at the Z andWWenergies, all atmuch lower cost.
No showstoppers have yet been identified, andwe consider this proposal to be sufficiently interesting to deserve
further study and investment. That said, we have identified important areas (such as developing and simulating
a low emittance lattice and beamoptics to confirm the value of the instantaneous luminosity; studies of the
impact of the crossing angle and the booster beambypasswhilst traversing the experiments; the design of
synchrotron radiation absorbers; the development superconductingmagnets (especially quadrupoles and
sextupoles), etc) that would require deeper investigation before CERNcould commit to LEP3.

Data availability statement

All data that support the findings of this study are includedwithin the article (and any supplementary files).
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