
1

BSM @ CEPC
Xuai Zhuang

zhuangxa@ihep.ac.cn

24/07/2020

http://ihep.ac.cn


SUSY Introduction (I)
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OUR WORLD…

n SUSY establishes a symmetry
between fermions (matter) and
bosons (forces)
o Unification
o Solves deep problems of the SM
o Provide Dark Matter candidate
o …

n SUSY is one of the most
favorite candidate for New
Physics.

NEW WORLD
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If R-Parity is Conserved the
Lightest SUSY particle is a good
Dark Matter candidate

Electroweak Symmetry Breaking

Unification

SUSY Introduction (II)
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LPCC SUSY Cross Section WG

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections                   arXiv:1407.5066
SUSY sparticle mass [GeV]
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The dominant production is
from EWK and slepton at
lepton collider
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EWK-ino production
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Mass splitting of the EWKinos depends on M1, M2, µ and tanb

Standard wino-bino
case: large Dm
between N1 and C1/N2; 
è MET + hard leptons

N1,N2,C1 almost 
degenerate: 
experimental 
challenging; 
è MET + soft leptons

è Lower xsec than
higgsino LSP;

è WW+MET
dominant;

Bino LSP Higgsino LSP
higgsino

bino

wino

bino

higgsino

wino
µ

M2

M1

Wino LSP

wino

bino

higgsino



Interested Topics @ CEPC
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Mainly for sleptons, electroweakinos, long-lived
particles, RPV, DM …

1. Sleptons search (prefer stau, smuon)

2. Gaugino & higgsino search

3. Long-lived particles

4. RPV with LLE couplings

5. Mono-photon events (SUSY, ED, DM)

è Top priority: stau, smuon, higgsino
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SUSY at LEP
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close to Discovery (solid)
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Stau & smuon
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LEP

CEPC
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Gaugino (left) & higgsino(right)
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CEPC

Gaugino  & higgsino
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Long-lived particles
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LEP
~tau, ~muon (GMSB)

LEP
Stable chargino (low dM)
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RPV with LLE coupling 
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Mass Exclusion
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Mono-photon (SUSY, ED,DM)
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e+e- à chi_1 grav à grav grav gamma
grav: gravitino
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Current results from SUSY@CEPC
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Stau search

The map use !
!"#"$#!

as the sensitivity (stat 
+ 0-10% syst)  

0% syst. 5% syst.

10% syst.
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Gaugino search (only mu channel)

5% syst. 10% syst.

The map use !
!"#"$#!

as the sensitivity (stat + 5-10% syst)  



To Do
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1. Stau:
n Signal and BG sample are ready; using track replacing tau,

missing e, muon related BG
n Should check the missing BG contribution
n Or use rec tau instead of track

2. Smuon:
n Bg samples are ready, signal samples are missing
n Should produce signal samples

3. Higgsino (muon final states)
n Bg samples are ready (same as smuon); signal samples are missing
n Should produce signal samples

4. Gaugino (muon final states)
n BG/Signal samples are ready; pre-liminary results (truth) are

done
n Should repeat with rec, and summarized for a paper
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Backup
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EU Strategy- SUSY: ~g  
https://arxiv.org/pdf/1910.11775.pdf

https://arxiv.org/pdf/1910.11775.pdf
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EU Strategy- SUSY: ~q  
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EU Strategy- SUSY: ~t 
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EU Strategy- SUSY: gaugino 

ILC 500/CEPC240: discovery in all scenarios up to kinematic limit: √s/2
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Elliot Lipeles, Nausheen Shah,  Jim Hirschauer                                                                             EF08 Conveners

European Strategy Example: SUSY (II)

�14

Assumptions are important. 
Simplified models plots have 
limitations

pMSSM scan → Very little of 
simplified model region actually 
excluded. How far should we go?
Will plan dedicated 
session to discuss this
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EU Strategy- SUSY: higgsino

CEPC

Disappearing tracks exclusion is actually off the scale
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EU Strategy- SUSY: LLP
ATL-PHYS-PUB-2018-033

n Only shows results using displaced vertex at HL-LHC

n Exclusion limits on gluinos with lifetimes τ > 0.1 ns can reach about 3.4-3.5
TeV, using reconstructed massive displaced vertices.

n Muons displaced from the interaction point, such as found in SUSY models
with ˜µ lifetimes of cτ > 25 cm, can be excluded at 95% CL at the HL-LHC.
New fast timing detectors will also be sensitive to displaced photon
signatures arising from long-lived particles in the 0.1 < cτ < 300 cm range.

~l, RPV missing

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-033/


11

HL-LHC: DM

ATL-PHYS-PUB-2018-038

γ+E Tmiss

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-038/
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Prospects at HL/HE-LHC (summary)

n In most BSM scenarios, we expect the HL-LHC will increase the
present reach in mass and coupling by 20 − 50% (half Run-2 data)

n HE-LHC will allow for exclusion of almost all SUSY natural
scenarios in case of null observation



Discover 11 TeV gluino

Exclude 13 TeV gluino

Discover 2.1 TeV EWKino

Exclude 3.2 TeV EWKino

Discover 6.5 TeV stop

Exclude 8 TeV stop

Prospects at FCC/SPPC (100 TeV)

29

Gluinos ~ 11 (13) TeV Stop ~ 6.5 (8)  TeV EWKinos ~ 2.1 (3.2)  TeV

The reach of HE-LHC is generically more than double of HL-LHC 

arXiv:1311.6480, 1406.4512, 1410.6287
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Prospects at FCC/SPPC 100 TeV



Long-lived Particles (LLP)

31

Long-lived R-hadron production Long-lived chargino
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appropriate amount of cold dark matter but cannot be excluded by cosmological constraints.
Here we want to study whether both regions where the LEP chargino limit is reduced can be
excluded by the experimental data on aµ.

As emphasized in ref. [11] the supersymmetric contributions to aµ coming from smuon-
neutralino and sneutrino-chargino loops are significant and the present experimental bound
already sets important constraints on the parameters, especially if tanβ is large. For tanβ ! 1,
the supersymmetric contribution is approximately given by

δaµ "
α

8π sin2 θW

m2
µ

m̃2
tan β " 15 × 10−10

(
100 GeV

m̃

)2

tan β , (11)

where m̃ represents the typical mass scale of weakly-interacting supersymmetric particles. It
is evident from eq. (11) that, if tan β ! 1, the experimental constraint on δaµ can set bounds
on the supersymmetric particle masses which are competitive with the direct collider limits.
Indeed, the case tanβ " mt/mb ! 1 has some special theoretical appeal. First of all, it allows
the unification of the bottom and tau Yukawa couplings at the same energy scale at which gauge
couplings unify, consistently with the prediction of the minimal SU(5) GUT model. Also it
allows a dynamical explanation for the top-to-bottom mass ratio, with approximately equal top
and bottom Yukawa couplings at the GUT scale, consistently with the minimal SO(10) GUT
[19].

The supersymmetric contribution to aµ is

δaχ0

µ =
mµ

16π2

∑

mi
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6m2
µ̃m

(1 − xmi)
4

(
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mi + NR
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mχ0

i
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µ̃m
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(
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4xk

3
+
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+

2

3
ln xk

)}

(13)

where xmi = m2
χ0

i
/m2

µ̃m
, xk = m2

χ±

k

/m2
ν̃ ,

NL
mi = −

mµ

v1
UN

3i U
µ̃
Lm +

√
2g1U

N
1i U

µ̃
Rm

NR
mi = −

mµ

v1
UN

3i U
µ̃
Rm −

g2√
2
UN

2i U
µ̃
Lm −

g1√
2
UN

1i U
µ̃
Lm

CL
k =

mµ

v1
Uk2

CR
k = −g2Vk1 (14)
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where the errors are due to the electroweak, lowest-order

hadronic, and higher-order hadronic contributions, respectively.

The difference between experiment and theory

∆aµ = aexp
µ − aSM

µ = 255(63)(49)× 10−11 , (15)
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Figure 2: Compilation of recently published
results for aµ (in units of 10−11), subtracted
by the central value of the experimental aver-
age (3). The shaded band indicates the exper-
imental error. The SM predictions are taken
from: HMNT [18], JN [4], Davier et al.,
09/1 [17], and Davier et al., 09/2 [15]. Note
that the quoted errors do not include the un-
certainty on the subtracted experimental value.
To obtain for each theory calculation a result
equivalent to Eq. (15), the errors from theory
and experiment must be added in quadrature.

(with all errors combined in quadrature) represents an inter-

esting but not yet conclusive discrepancy of 3.2 times the

estimated 1σ error. All the recent estimates for the hadronic

contribution compiled in Fig. 2 exhibit similar discrepancies.

Switching to τ data reduces the discrepancy to 1.9σ, assuming

July 30, 2010 14:34

Muon Anomalous Magnetic Moment

Present status:  Discrepancy between Theory and 
Experiment  at more than  three Standard Deviation level

New Physics at the Weak scale can fix this 
discrepancy.  Relevant example : Supersymmetry

Masses of the order of the weak scale lead to a natural 
explanation of the observed anomaly !

7

QCD, excellent agreement between data and theory is
found [18].
A full compilation of all contributions to ahad,LOµ is

given in Table II of Ref. [18].

Muon magnetic anomaly. Adding all lowest-
order hadronic contributions together yields the estimate
(this and all following numbers in this and the next para-
graph are in units of 10�10) [18]

ahad,LOµ = 692.3± 1.4± 3.1± 2.4± 0.2± 0.3 , (12)

where the first error is statistical, the second channel-
specific systematic, the third common systematic, corre-
lated between at least two exclusive channels, and the
fourth and fifth errors stand for the narrow resonance
and QCD uncertainties, respectively. The total error
of 4.2 is dominated by experimental systematic uncer-
tainties. The new result is �3.2 · 10�10 below the pre-
vious one [26]. This shift is composed of �0.7 from
the inclusion of the new, large photon angle data from
KLOE, +0.4 from the use of preliminary BABAR data
in the e+e� ⇥ ⇥+⇥�2⇥0 mode, �2.4 from the new high-
multiplicity exclusive channels, the re-estimate of the un-
known channels, and the new resonance treatment, �0.5
from mainly the four-loop term in the QCD prediction of
the hadronic cross section that contributes with a nega-
tive sign, as well as smaller other di�erences. The total
error on ahad,LOµ is slightly larger than that of Ref. [26]
owing to a more conservative evaluation of the inter-
channel correlations.
Adding to the result (12) the contributions from higher

order hadronic loops, �9.79± 0.09 [44], computed using
a similar dispersion relation approach, hadronic light-by-
light scattering (LBLS), 10.5 ± 2.6 [46], estimated from
theoretical model calculations (cf. remark in Footnote 5),
as well as QED (7), and electroweak e�ects (10), one
obtains the full SM prediction

aSMµ = 11 659 180.2± 4.2± 2.6± 0.2 (4.9tot) , (13)

where the errors have been split into lowest and higher or-
der hadronic, and other contributions, respectively. The
result (13) deviates from the experimental average (4) by
28.7± 8.0 (3.6⇤).5

A compilation of recent SM predictions for aµ com-
pared with the experimental result is given in Fig. 7.

Update of � -based g�2 result. Since the majority
of the analysis in the aµ analysis also a�ects the ⌅ -based
result from Ref. [22], a reevaluation of the correspond-
ing ⌅ -based hadronic contribution has been performed
in Ref. [18]. In the ⌅ -based analysis [47], the ⇥+⇥�

5 Using alternatively 11.6±4.0 [14] for the light-by-light scattering
contribution, increases the error in the SM prediction (13) to 5.8,
and reduces the discrepancy with experiment to 3.2⇤.
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FIG. 7: Compilation of recent results for aSM
µ (in units of

10�11), subtracted by the central value of the experimental
average (4). The shaded vertical band indicates the exper-
imental error. The SM predictions are taken from: DHMZ
10 [18], HLMNT (unpublished) [43] (e+e� based, including
BABAR and KLOE 2010 �+�� data), Davier et al. 09/1 [22]
(⇥ -based), Davier et al. 09/1 [22] (e+e�-based, not including
BABAR �+�� data), Davier et al. 09/2 [26] (e+e�-based in-
cluding BABAR �+�� data), HMNT 07 [44] and JN 09 [45]
(not including BABAR �+�� data).

cross section is entirely replaced by the average, isospin-
transformed, and isospin-breaking corrected ⌅ ⇥ ⇥�⇥0��
spectral function,6 while the four-pion cross sections, ob-
tained from linear combinations of the ⌅� ⇥ ⇥�3⇥0��
and ⌅� ⇥ 2⇥�⇥+⇥0�� spectral functions, are only eval-
uated up to 1.5 GeV with the ⌅ data. Due to the lack
of statistical precision, the spectrum is completed with
the use of e+e� data between 1.5 and 1.8 GeV. All the
other channels are taken from e+e� data. The complete
lowest-order ⌅ -based result reads [18]

ahad,LOµ [⌅ ] = 701.5± 3.5± 1.9± 2.4± 0.2± 0.3 , (14)

where the first error is ⌅ experimental, the second esti-
mates the uncertainty in the isospin-breaking corrections,
the third is e+e� experimental, and the fourth and fifth
stand for the narrow resonance and QCD uncertainties,
respectively. The ⌅ -based hadronic contribution di�ers
by 9.1 ± 5.0 (1.8⇤) from the e+e�-based one, and the
full ⌅ -based SM prediction aSMµ [⌅ ] = 11 659 189.4 ± 5.4
di�ers by 19.5±8.3 (2.4⇤) from the experimental average.
This ⌅ -based result is also included in the compilation of
Fig. 7.

6 Using published ⌅ � ⇥�⇥0�� spectral function data from
ALEPH [48], Belle [49], CLEO [50] and OPAL [51], and using
the world average branching fraction [36] (2009 PDG edition).

287

3.6� Discrepancy

Here m̃ represents the weakly interacting supersymmetric particle masses.

For tan� ' 10 (50), values of m̃ ' 230 (510) GeV would be preferred.

Friday, November 2, 2012

Grifols, Mendez’85,  T. Moroi’95, 
Giudice, Carena, C.W.’95,  Martin and Wells’00 ....

Finally, Eq. (3.12) shows a strong dependence of the SI cross section with the value of |µ|,

a behavior that is related to its dependence on the square of the Higgsino components.

The spin dependent (SD) cross section, instead, depends only on the coupling to the

Z [60, 61], and hence to the di↵erence of the squares of the up and down Higgsino compo-

nents. From the expression given in Eq. (3.6), one can see that

�
SD

/
m

4
Z

µ4
cos2(2�) , (3.14)

where we have again assumed that µ
2
� m

2
e�0
1
. Hence, in the large tan� regime and

for |µ| su�ciently large, the SD cross section is suppressed by four powers of µ, without

any other strong parametric suppression. This behavior should be contrasted with the SI

cross section which, in spite of its overall suppression by only two powers of µ, may be

further suppressed due to a reduction of the neutralino coupling to the 125 GeV Higgs

boson together with interference e↵ects. As we will show, for negative values of µ, and

|µ| su�ciently large to avoid the SD cross section limits, the SI cross section tends to be

below the current experimental bounds on this quantity. However, it can come closer to

the current limits depending on the precise value of tan� and mH .

4 Anomalous Magnetic Moment of the Muon

The anomalous magnetic moment of the muon is a very relevant quantity since it may be

measured with great precision and is sensitive to physics at the weak scale. The theoretical

prediction within the SM may be divided in four main parts

aµ = a
QED
µ + a

EW
µ + a

had
µ (vac. pol.) + a

had
µ (� ⇥ �) , (4.1)

where aµ ⌘ (gµ � 2)/2. The first term a
QED
µ represents the pure electromagnetic contri-

bution, and is known with great accuracy, up to five loop order [62]. The second term

denotes the electroweak contributions, which are known at the two-loop level, and are

about (153.6±1.)⇥10�11 [63]. The hadronic contributions contain the largest uncertainty

in the determination of aµ. While the vacuum polarization contributions can be extracted

from the scattering process of e+e� to hadrons and are of order of (7⇥ 10�8 [64–66]), the

so-called light by light contributions ahadµ (� ⇥ �) cannot be related to any observable and

have to be estimated theoretically. These are estimated to be about 105⇥ 10�11 [67] and

hence of the order of the electroweak contributions.

Overall, the theoretical calculation of aµ in the SM [68] di↵ers from the result measured

experimentally at the Brookhaven E821 experiment [69] by

�aµ = a
exp
µ � a

theory
µ = 268(63)(43)⇥ 10�11

, (4.2)

where the errors are associated with the experimental and theoretical uncertainties, respec-

tively. The discrepancy, of order 3.5�, is of similar size as the electroweak contributions

and hence can be potentially explained by new physics at the weak scale. The E821 exper-

imental result will be tested by the upcoming Muon g � 2 Experiment at Fermilab [70].
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In the supersymmetric case the most relevant contributions are associated with the

interchange of charginos and the superpartners of the neutral second generation leptons

(sneutrinos) [71–78]. Assuming that there are no large mass hierarchies in the supersym-

metric electroweak sector, one can write, approximately,

�aµ '
↵

8⇡s2
W

m
2
µ

em2
Sgn(µM2) tan� ' 130⇥ 10�11

✓
100 GeV

em

◆2

Sgn(µM2) tan� , (4.3)

where ↵ is the electromagnetic fine structure constant, and em is the characteristic mass of

the weakly interacting sparticles. This implies that for tan� of order 10 (20), the overall

weakly interacting sparticle mass scale must be of order 250 GeV (350 GeV) in order to

explain the current discrepancy between theory and experiment.

In our work, we shall consider chargino and slepton masses that are quite di↵erent from

each other and hence, it is relevant to provide an analytical understanding of the behavior

of aµ in that parameter regime. In the relevant approximation where |µ| >⇠ 2|M2|
>⇠ 4MW

and m
2
e⌫

>⇠ µ
2, one gets,

�aµ ' �
3↵

4⇡s2
W

m
2
µ

m
2
e⌫

M2µ tan�

µ2 �M
2
2

⇢
[f1(x1)� f1(x2)] +

1

6
[f2(x1)� f2(x2)]

�
, (4.4)

where the first term inside the curly brackets corresponds to the chargino contributions, the

second term to the neutralino contributions, x1 = M
2
2 /m

2
e⌫ and x2 = µ

2
/m

2
e⌫ . In addition,

f1(x) =
1� 4x/3 + x

2
/3 + 2 log(x)/3

(1� x)4
, (4.5)

and

f2(x) =
1� x

2 + 2x log(x)

(1� x)3
. (4.6)

In the above we have ignored the small hypercharge induced contributions. It is important

to note that for x ⌧ 1, f1(x) is negative and increases logarithmically in magnitude,

f1(x) ' 1+8x/3+2(1+4x) log(x)/3, whilef2(x) tends to one, namely f2(x) ! 1+2x(3/2+

log(x)). On the other hand, in the limit of x ! 1, f1(x) ! �2/9 and f2(x) ! 1/3. In

general, as stressed above, the lightest chargino contribution is dominant, but the heavier

chargino and the neutralino contributions have the opposite sign to the lighter chargino

one, providing a significant reduction of the anomalous magnetic moment with respect to

the one obtained considering only the lightest chargino contribution. We also note that

Eq. (4.4) is symmetric under the interchange of µ and M2, and is indeed valid also in the

region in which the second lightest neutralino is Higgsino like, |M2|
>⇠ 2|µ| >⇠ 4MW , and

me⌫
>⇠ |M2|.

Let us stress that while the reduction of the SI cross section is obtained for negative

value of µ⇥M1, the explanation of the anomalous magnetic moment of the muon demands

positive values of µ⇥M2. Hence, a simultaneous explanation of the absence of DM direct

detection signals and of the measured value of aµ may be naturally obtained for opposite

values of the hypercharge and weak gaugino masses, namely M2 ⇥M1 < 0.
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Ιf Winos are heavy, one would need larger values of tanβ to 
explain the current anomaly. 
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Facilities and assumptions 
´ Studies from: HL-LHC, HE-LHC, FCC (ee/eh/hh), LHeC, 

ILC500, CLIC (1.5 and 3 TeV), MATHUSLA

´ Potential of muon / very high-energy lepton colliders 
outlined separately as more speculative

´ e+e- facilities with c.o.m. below ~350 GeV not directly 
considered 

´ Limited potential for discovery of low-mass SUSY given 
current LHC results

28/5/20SUSY @ European Strategy, Monica D'Onofrio6

Examples of production x-sections

NOTE(1): In some cases, results with a 
reduced datasets wrt benchmarks are used 

NOTE(2): HL/HE/FCC-hh results refer to a 
single experiment unless differently stated  

Fig. 2.1: Left: NLL+NLO predictions [58] of �(pp ! g̃g̃X) and �(pp ! t̃1t̃
⇤
1X) production processes at the LHC

for
p

s = 14 and 27 TeV c.o.m. energy (Contribution from C. Borschensky, M. Kramer, A. Kulesza). Right: NLO
predictions [59–61] for electroweakinos and sleptons pair production for 27 TeV c.o.m. energy (Contribution from
J. Fiaschi, M. Klasen, M. Sunder).

HE-LHC are presented in Section 2.4. For gluinos and stops HE-LHC will further increase the reach,
above that of HL-LHC, by about a factor of two, and several benchmark MSSM and pMSSM models
will be discoverable.

2.1 Searches for gluinos and third generation squarks
Naturalness considerations suggest that the supersymmetric partners of the third-generation SM quarks
are the lightest coloured supersymmetric particles and gluinos are also within a range of few TeV. Several
prospect studies have been presented by ATLAS and CMS for gluinos, bottom and top squarks (see, for
example, Ref.s [62, 63]). New studies and further considerations on the HL- and HE-LHC potential for
gluinos and top squarks are presented in the following sections.

2.1.1 Gluino pair production at HL- and HE-LHC
Contributors: T. Han, A. Ismail, B. Shams Es Haghi

The potential of the HL- and HE-LHC to discover supersymmetry is presented in this section
focusing on searches for gluinos within MSSM scenarios. Gluino pair production has relatively large
cross section and naturalness considerations indicate that gluino masses should not exceed few TeV and
lie not too far above the EW scale. Hence they are certainly among the first particles that could be
discovered at HL-LHC.

In the following we assume that a simplified topology dominates the gluino decay chain, culmi-
nating in jets plus missing energy in the form of a bino-like LSP �̃0. We evaluate the sensitivity of future
proton colliders to gluino pair production with gluinos decaying exclusively to qq̄�̃0 through off-shell
first and second generation squarks, using a standard jets + Emiss

T search. Currently, the reach for this
simplified model with 36 fb�1 of 13 TeV data is roughly 2 TeV gluinos, for a massless LSP [64, 65].
A single search region requiring four jets and missing transverse momentum is optimised. In the com-
pressed region where the gluino and LSP masses are similar, a search region with fewer jets is expected
to be more effective (see, for example, Ref.s [62, 66]) but is not considered in this study.

The main SM backgrounds contributing to the final states considered are Z(! ⌫⌫) + jets,
W (! `⌫) + jets, and tt̄ production. Other SM background sources such as dibosons and multi-jet are
considered negligible. Signal and background samples are generated with MLM matching using MAD-
GRAPH 5 [67], PYTHIA 8.2 [68]. Detector performance are simulated using DELPHES 3 [33], which
employs FastJet [35] to cluster jets and uses the commonly accepted HL-LHC card corresponding to the

15

HL and HE-LHC

CLIC 3 TeV
+MATHUSLA: to be matched with HL-LHC

Table 1. Summary of the future colliders considered in this report. The number of detectors given is the number of detectors
running concurrently, and only counting those relevant to the entire Higgs physics programme. The instantaneous and
integrated luminosities provided are that used in the individual reports, and for e+e� colliders the integrated luminosity
corresponds to the sum of those recorded by the detectors. For HL-LHC this is also the case while for HE-LHC and FCChh it
corresponds to 75% of that. The values for

p
s are approximate, e.g. when a scan is proposed as part of the programme this is

included in the closest value (most relevant for the Z, W and t programme). For the polarisation, the values given correspond to
the electron and positron beam, respectively. For HL-LHC, HE-LHC, FCC, CLIC and LHeC the instantaneous and integrated
luminosity values are taken from Ref. [9]. For these colliders the number of seconds per year is 1.2⇥107 based on CERN
experience [9]. CEPC (ILC) assumes 1.3⇥107 (1.6⇥107) seconds for the annual integrated luminosity calculation. When two
values for the instantaneous luminosity are given these are before and after a luminosity upgrade planned. The last column
gives the abbreviation used in this report in the following sections. When the entire programme is discussed, the highest energy
value label is used, e.g. ILC500 or CLIC3000. It is always inclusive, i.e. includes the results of the lower-energy versions of that
collider. Also given are the shutdowns (SDs) needed between energy stages of the machine. SDs planned during a run at a
given energy are included in the respective energy line.

Collider Type
p

s P [%] N(Det.) Linst L Time Refs. Abbreviation
[e�/e+] [1034] cm�2s�1 [ab�1] [years]

HL-LHC pp 14 TeV - 2 5 6.0 12 [10] HL-LHC
HE-LHC pp 27 TeV - 2 16 15.0 20 [10] HE-LHC
FCC-hh pp 100 TeV - 2 30 30.0 25 [1] FCC-hh
FCC-ee ee MZ 0/0 2 100/200 150 4 [1]

2MW 0/0 2 25 10 1-2
240 GeV 0/0 2 7 5 3 FCC-ee240

2mtop 0/0 2 0.8/1.4 1.5 5 FCC-ee365
(+1) (1y SD before 2mtop run)

ILC ee 250 GeV ±80/±30 1 1.35/2.7 2.0 11.5 [3, 11] ILC250
350 GeV ±80/±30 1 1.6 0.2 1 ILC350
500 GeV ±80/±30 1 1.8/3.6 4.0 8.5 ILC500

(+1) (1y SD after 250 GeV run)
CEPC ee MZ 0/0 2 17/32 16 2 [2] CEPC

2MW 0/0 2 10 2.6 1
240 GeV 0/0 2 3 5.6 7

CLIC ee 380 GeV ±80/0 1 1.5 1.0 8 [12] CLIC380
1.5 TeV ±80/0 1 3.7 2.5 7 CLIC1500
3.0 TeV ±80/0 1 6.0 5.0 8 CLIC3000

(+4) (2y SDs between energy stages)
LHeC ep 1.3 TeV - 1 0.8 1.0 15 [9] LHeC

HE-LHeC ep 2.6 TeV - 1 1.5 2.0 20 [1] HE-LHeC
FCC-eh ep 3.5 TeV - 1 1.5 2.0 25 [1] FCC-eh
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uncertainties on PDF as high as 60% for gluinos at high mass


