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Next-generation  colliderse+e−
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Several future  collider projects are now being discussed.e+e−

Linear

• ILC


•LCF

•FCC-ee


•CEPC

Circular

In particular, circular collider projects are attracting a lot of attention recently.



Future Circular Collider (FCC)
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Start of FCC-ee physics run

FCC-eeAccelerator Key dates FCC-ee Detectors

FCC Approval: Start of prototyping work             .
European Strategy Update: FCC Recommendation

FC3 formation, call for CDRs, collaboration forming
End of HL-LHC upgrade: more ATS personnel available      .

Detector CDRs (>4) submitted to FC3

Detector component production
Four detector TDRs completed

Start detector installation

Start detector commissioning

End of HL-LHC

Start of ground-breaking and CE at IPs

Industrialisation and component production
Technical design & prototyping completed

Start accelerator installation

Start accelerator commissioning

End of HL-LHC upgrade: more detector experts available

Detector EoI submission by the community
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•Feasibility Study completed.


•Decision is expected ~2028.


•Physics run is planned to start ~2048.

Future Circular Collider

Feasibility Study Report

Volume 1

Physics, Experiments, Detectors

May 2, 2025

Submitted to the European Physics Journal ST, a joint publication of EDP Sciences,
Springer Science+Business Media, and the Società Italiana di Fisica.

ar
X

iv
:2

50
5.

00
27

2v
1 

 [h
ep

-e
x]

  2
5 

A
pr

 2
02

5

FCC Collaboration, arXiv:2505.00272



Instantaneous luminosity
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Fig. 1.2. Operation model for the FCC-ee, as a result of the five-year conceptual design
study, showing the integrated luminosity at the Z pole (black), the WW threshold (blue), the
Higgs factory (red), and the top-pair threshold (green) as a function of time. The hatched
area indicates the shutdown time needed to prepare the collider for the highest energy runs.

CERN Spp̄S collider with masses in the predicted range. Subsequently, as described
in more detail in Section 1.2, the CERN LEP e+e� collider measured the properties
of the Z and W bosons with high precision in the 1990’s [27,28]. These precise mea-
surements could determine in a definitive way the number of light, active neutrinos,
as well as allow inferring the mass of the so far unseen top quark, which was soon
observed at the Tevatron within the predicted mass range. With mtop fixed by the
Tevatron measurement, the ensemble of precision measurements at LEP/SLC, at
the Tevatron, and from low energy inputs led in turn to a ±30% accurate prediction
for the mass of the Higgs boson, which was observed in 2012 at the LHC within the
predicted mass range. It is important to note that these predictions were based on
the Standard Model with no additional particle content with respect to that known
today.

With the Higgs boson discovery, the standard model seems complete and its
predictions have no more flexibility beyond the uncertainties in the theoretical cal-
culations and in the input parameters. Several experimental facts, however, reveal
without any doubt that new phenomena must exist: non-baryonic dark matter; the
cosmological baryon-antibaryon asymmetry; the finite albeit extremely small neu-
trino masses, etc., are all evidence for physics beyond the standard model. The
agreement between the predicted and observed W, top and Higgs masses, and the
null result of experiments at colliders so far, are an indication that either the new
physics scale is too high and/or the pertaining couplings are too small. Any new
hint would be a major discovery, whether it is the observation of a new particle,
a new so-far unobserved phenomenon, or a non-trivial deviation from the standard
model predictions.

As a result, the next accelerator project must allow the broadest possible field
of research. This is the case for the FCC. To begin with, the FCC-ee would measure
the Z, W, Higgs, and top properties in e+e� collisions, either for the first time 60 210 210×2 310 310×2
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FCC-ee (CDR, 97.7 km, 2018)
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Plot Compiled by HO

Machine Program 
Order Energy [GeV] Peak Lumi 

[x1034] Op. Years Int. Lumi (All IPs) 
[ab-1] (Sig. Events)

ILC
1 250 (Upgrade) 1.35 (2.70) 11.5 2.0 ★
(2) 500 1.8 9 4.0
(3) 350 ~1.5 1 0.2

ILC 
(Possibility)

n/a 90 0.1 2.0E+09
n/a 160 0.5 6.2E+05
n/a 1000 4.9 1.0

FCC-ee 
(2 IPs)

1 91 140 4 150 6.2E+12
2 160 ~17 1-2 12 3.7E+08
3 240 5 3 5 1.0E+06
4 365 1.25 5 1.7 1.0E+06

CEPC 30MW 
(2 IPs)

1 240 5 10 13 2.6E+06
2 91 115 2 60 2.5E+12
3 160 16 1 4.2 1.3E+08
(4) (360) 0.5 5 0.65 4.0E+05

CLIC
1 380 1.5 8 1.2
2 1500 3.7 8 2.7
3 3000 6.0 8 4.9

★: xsec depends on polarization. σZH(e−
L, e+

R) = 510 fb, σZH(e−
R, e+

L) = 328 fb

H. Oide, Townhall Meeting for JAHEP Future Planning, Sep 21, 2024

Circular colliders can achieve much higher

luminosity at low energies.

Electroweak precision measurements



Baseline operation plans

7

FCC-ee

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Years

0

100

200

]-1
In

te
gr

at
ed

 lu
m

in
os

ity
 [a

b

Z WW
 10×

ZH
 10×

Top
 10×

Quasi-total order flexibility

CEPC

7Status of the CEPC Projects-J. Gao LCWS2024, July 8, 2024, Tokyo University, Japan

Particle Ec.m.
(GeV) Years

SR 
Power
(MW)

Lumi. per IP
(1034cm-2s-1)

Integrated 
Lumi.

per year
(ab–1, 2 IPs)

Total 
Integrated L 
(ab–1, 2 IPs)

Total no. of 
events

H*
240 10 50 8.3 2.2 21.6 4.3  106

30 5 1.3 13 2.6  106

Z
91 2

50 192** 50 100 4.1  1012

30 115** 30 60 2.5  1012

W
160 1

50 26.7 6.9 6.9 2.1  108

30 16 4.2 4.2 1.3  108

𝑡 ҧ𝑡
360 5 50 0.8 0.2 1.0 0.6  106

30 0.5 0.13 0.65 0.4  106

**   Detector solenoid field is 2 Tesla during Z operation, 3Tesla for all other energies.
*** Calculated using 3,600 hours per year for data collection. 

*     Higgs is the top priority. The CEPC will commence its operation with a focus on Higgs. 

CEPC Operation Plan and Goals in TDR

Plan to start with electroweak

precision measurements

FCC Collaboration, arXiv:2505.00272 Jie Gao, LCWS2024, Jul 8, 2024

Higgs is the top priority



Electroweak precision comparison
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Quantity current ILC250 ILC-GigaZ FCC-ee CEPC CLIC380
�↵(mZ)�1 (⇥103) 17.8⇤ 17.8⇤ 3.8 (1.2) 17.8⇤

�mW (MeV) 12⇤ 0.5 (2.4) 0.25 (0.3) 0.35 (0.3)
�mZ (MeV) 2.1⇤ 0.7 (0.2) 0.2 0.004 (0.1) 0.005 (0.1) 2.1⇤

�mH (MeV) 170⇤ 14 2.5 (2) 5.9 78
��W (MeV) 42⇤ 2 1.2 (0.3) 1.8 (0.9)
��Z (MeV) 2.3⇤ 1.5 (0.2) 0.12 0.004 (0.025) 0.005 (0.025) 2.3⇤

�Ae (⇥105) 190⇤ 14 (4.5) 1.5 (8) 0.7 (2) 1.5 (2) 60 (15)
�Aµ (⇥105) 1500⇤ 82 (4.5) 3 (8) 2.3 (2.2) 3.0 (1.8) 390 (14)
�A⌧ (⇥105) 400⇤ 86 (4.5) 3 (8) 0.5 (20) 1.2 (20) 550 (14)
�Ab (⇥105) 2000⇤ 53 (35) 9 (50) 2.4 (21) 3 (21) 360 (92)
�Ac (⇥105) 2700⇤ 140 (25) 20 (37) 20 (15) 6 (30) 190 (67)
��0

had (pb) 37⇤ 0.035 (4) 0.05 (2) 37⇤

�Re (⇥103) 2.4⇤ 0.5 (1.0) 0.2 (0.5) 0.004 (0.3) 0.003 (0.2) 2.5 (1.0)
�Rµ (⇥103) 1.6⇤ 0.5 (1.0) 0.2 (0.2) 0.003 (0.05) 0.003 (0.1) 2.5 (1.0)
�R⌧ (⇥103) 2.2⇤ 0.6 (1.0) 0.2 (0.4) 0.003 (0.1) 0.003 (0.1) 3.3 (5.0)
�Rb (⇥103) 3.1⇤ 0.4 (1.0) 0.04 (0.7) 0.0014 (< 0.3) 0.005 (0.2) 1.5 (1.0)
�Rc(⇥103) 17⇤ 0.6 (5.0) 0.2 (3.0) 0.015 (1.5) 0.02 (1) 2.4 (5.0)

Table 3: EWPOs at future e+e� colliders: statistical error (estimated experimental system-
atic error). � (�) stands for absolute (relative) uncertainty, while * indicates inputs taken
from current data [6]. See Refs. [23, 30, 35,36,46,47].

is also an important ingredient for precision electroweak studies. Future e+e� Higgs fac-
tories could in principle provide data for the dispersive approach using the radiative re-
turn method, e+e� ! had. + n�. While no detailed studies have been performed, it is
not expected that this will lead to an improvement compared to data from lower-energy
e+e� colliders. On the other hand, with su�cient amounts of luminosity spent at two
center-of-mass energy a few GeV below and above the Z peak, it is possible to determine
↵(mZ) directly, since the �–Z interference contribution is sensitive to this quantity [49].
However, this method crucially depends on multi-loop theory calculations for the process
e+e� ! µ+µ�.

Since the list of EWPOs in Tab. 3 is an over-constrained set of inputs for a SM fit,
it can be used to indirectly determine the Higgs-boson and top-quark masses, which only
appear within loop corrections. This is illustrated in Fig. 1, which demonstrates that all
future e+e� colliders will tremendously improve the precision of this indirect test compared
to the currently available data. The increased precision for the indirect determination of
mH and mt at CEPC/FCC-ee compared to ILC is driven by the higher expected precision
for the EWPOs themselves and for the strong coupling constant ↵s. For ILC we assume
�↵s = 0.0005, while for CEPC/FCC-ee we use �↵s = 0.0002 [48]. The di↵erence in
contours between CEPC and FCC-ee is mostly due to di↵erent assumptions about the
precision of ↵(mZ), where for FCC-ee we consider the direct determination according to
Ref. [49] with �↵(mZ) ⇠ 3⇥10�5. On the other hand, we take the present-day uncertainty
�↵(mZ) ⇠ 1⇥10�4 for CEPC, which is excessively consersative but serves to illustrate the
impact of �↵(mZ) in the electroweak precision fit.

13

Snowmass, arXiv:2209.08078

•Linear colliders can also provide high precision for some observables.


• Improvements of several orders of magnitude. Beam polarization



Prospects for new physics search
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Future  colliders can measure EW observables very precisely.e+e−

Implications for some simplified models have been studied in the literature.

V. Maura, B. A. Stefanek, and T. You, JHEP 10, 022 (2025)L. Allwicher, M. McCullough, S. Renner, JHEP 02, 164 (2025)



Target in this talk
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We consider a more realistic setup: light higgsinos in the MSSM.

Motivation

•Electroweak naturalness

m2
H ≃ |μ |2 + m2

Hu
+ Δm2

H

Higgs mass Higgsino mass
Light higgsino is favored.

J. R. Ellis, et.al. (1986); R. Barbieri and G. F. Giudice, et.al. (1988);

R. Kitano and Y. Nomura (2005); H. Baer, et.al. (2012).

•Higgsino dark matter

‣ Thermal mass: 1 TeV


‣ Lighter masses are also motivated:
A. Ibarra’s lecture
multi-component/non-thermal production



Current status of higgsino search



Higgsino search at LHC
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It is quite difficult to probe higgsinos at hadron colliders.

• Interact only through electroweak interactions.


•Mass splitting between the charged and neutral higgsinos is very small.

Mass splitting becomes even smaller as the gaugino masses become

larger.

+ EW loop corrections
∼ 355 MeV

<latexit sha1_base64="Jvr/T3GgNNrLfPnaue9WcPe1XuQ="></latexit>
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Higgsino search at LHC
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1`1T (e + µ combined)

Displaced track

3` + soft 2`

Displaced track

Disappearing track

LEP2 ¬̃±
1

Prediction for pure HiggsinoPrediction for pure Higgsino

ATLAS
p

s = 13 TeV, 140 fb°1

pp ! ¬̃0
2¬̃

±
1 , ¬̃0

2¬̃
0
1, ¬̃+

1¬̃
°
1 , ¬̃±

1 ¬̃0
1 (Higgsino)

All limits at 95% CL
Obs. Exp. (±1æ)
This work

Previous results

m(¬̃0
2) = m(¬̃0

1) + 2¢m(¬̃±
1 , ¬̃0

1)
Eur. Phys. J. C 81 (2021) 1118

m(¬̃0
2) = m(¬̃0

1) + 2¢m(¬̃±
1 , ¬̃0

1)
Phys. Rev. Lett. 132 (2024) 221801

m(¬̃0
2) = m(¬̃0

1)
Eur. Phys. J. C 82 (2022) 606

Figure 15: Observed (solid line) and expected (dashed line) limits at 95% CL for simplified higgsino models for
1𝐿1T (purple) and displaced track (red) searches. The limits are drawn in the ω𝑀( 𝑁̃

±

1 , 𝑁̃
0
1) vs 𝑀( 𝑁̃

±

1 ) plane, with
the assumption of ω𝑀( 𝑁̃

0
2 , 𝑁̃

0
1) = 2ω𝑀( 𝑁̃

±

1 , 𝑁̃
0
1). The grey region denotes the mass exclusion limits from the LEP

experiment [33]. The blue, light green, and yellow regions indicate the limits from ATLAS soft lepton [29, 30],
displaced track [27], and disappearing track [23] searches.

10 Conclusion

Two searches for the direct production of higgsinos with compressed mass spectra are presented, based on
140 fb→1 of

↑
𝑂 = 13 TeV 𝑃𝑃 collision data collected by the ATLAS experiment at the LHC. Events are

required to contain missing transverse momentum, a high-𝑃T jet, and at least one soft charged particle
consistent with the decay of a higgsino-like 𝑁̃

0
2 or 𝑁̃±

1 into a nearly mass-degenerate higgsino-like 𝑁̃
0
1 . For

models with ω𝑀( 𝑁̃
±

1 , 𝑁̃
0
1) ⊋ 1 GeV, the charginos are expected to have non-negligible lifetimes and low-𝑃T,

displaced tracks from their potential decays are identified to reduce contributions from SM background
processes. For models with larger mass splittings where the higgsino decays are expected to be prompt,
events are selected that feature two low-𝑃T electrons or muons with opposite charge, where one of the
leptons is identified using novel soft-lepton taggers. Both of the searches use neural networks to provide
discrimination between signal and SM background processes.

In each search, the data are found to be consistent with the SM predictions and the results are used to set lower
limits on the higgsino masses at 95% CL in a simplified model where ω𝑀( 𝑁̃

0
2 , 𝑁̃

0
1) = 2ω𝑀( 𝑁̃

±

1 , 𝑁̃
0
1). The

1𝐿1T search is able to set limits in a region where 0.8 GeV ⊋ ω𝑀( 𝑁̃
±

1 , 𝑁̃
0
1) ⊋ 2.0 GeV, extending the limits

established by the LEP experiments up to a maximum of 𝑀( 𝑁̃
±

1 ) = 132 GeV for ω𝑀( 𝑁̃
±

1 , 𝑁̃
0
1) = 1.8 GeV.

Additionally, upper limits on the visible cross-section are set at 95% CL for generic beyond the SM physics
processes in the 1𝐿1T SRs that are optimized for 1, 3, and 5 GeV mass splittings. The displaced track

36

ATLAS, arXiv:2511.20042

Higgsinos with masses as low as 

 are still allowed.∼ 150 GeV



Dark matter direct detection
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103 104

M1 = M2/2 [GeV]
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µ < 0, tan Ø = 2

tan Ø = 5

tan Ø = 10

LZ
∫ floor Scattering cross section becomes 


much smaller when the gaugino 

masses are large.



Current status of higgsino searches
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IV. CONSTRAINTS ON HIGGSINO MASS SPLITTINGS FROM LZ2024

As a corollary of the lower bounds on gaugino masses, their limited mixings with the higgsino-

like states implies stringent upper bounds on the mass di!erences M+ and M0. For example, in

Figure 4.1, I show the chargino-LSP mass splitting M+ for models with gaugino mass unification,

as a function of the LSP mass, for various values of the bino mass parameter M1 as labeled. Here

I have chosen tanω = 2, µ < 0 for the left panel and tanω = 2, µ > 0 for the right panel,

so that results for larger tanω will always be between these two choices. For each model curve

with constant gaugino mass parameters, the dashed (red) portion is excluded by LZ2024, and the

lighter (blue) portion is below the discovery neutrino fog, with the thermal freezeout prediction

for ”LSPh
2 assumed. The thicker (black) portion of each curve corresponds to parameters that

are not yet excluded by LZ2024, but still above the discovery neutrino fog and therefore likely

to be accessible to direct detection experiments in the near future. Also shown as the shaded

(orange) regions are the exclusions by ATLAS [101] for low-momentum mildly displaced tracks

[42] (the upper part), and by the union of the ATLAS [102] and CMS [103] exclusion regions for

disappearing track searches (the lower part). It is notable that the disappearing track searches do

not impact the supersymmetric parameter space at all except for ultrapure higgsinos with M1 > 25

TeV. The search based on mildly displaced tracks is limited, so far, to higgsinos that mix with

gaugino masses of at least several TeV, and LSP masses below 200 GeV.

More generally, I find upper bounds on the mass splittings #M+ and #M0 as shown in Figure

4.2, for the gaugino mass unification and AMSB scenarios. The model line curves have di!erent
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FIG. 4.1: The higgsino-like chargino-LSP mass splitting #M+ = mC̃1
→mÑ1

as a function of the LSP mass
mÑ1

, for various choices of the bino mass parameter M1 from 0.2 TeV to 30 TeV as labeled, assuming that
the gaugino masses satisfy the unification relation M2 = 1.8M1. The left and right panels have negative
and positive µ, respectively, with tanω = 2, Mh fixed at 125.1 GeV, and all other scalar masses set to 10
TeV. The dashed (red) portions of each curve are ruled out by the LZ2024 limits [71] assuming that the
dark matter has a relic abundance set by thermal freezeout. The lighter solid (blue) portions lie within the
discovery neutrino fog region. The shaded (orange) regions are excluded by ATLAS and CMS disappearing
track searches (lower part) and the ATLAS low-momentum mildly displaced track search (upper part).

M1

Excluded

A wide range of parameter space still remains unexplored.
S. P. Martin, Phys. Rev. D111, 075004 (2025)

Neutrino fog

LHC limits



Indirect search of higgsinos
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We study indirect probes of higgsinos through radiative corrections at

future  colliders.e+e−

Previous studies

• Indirect searches for pure higgsinos at ILC through  .e+e− → ff̄
K. Harigaya, K. Ichikawa, A. Kundu, S. Matsumoto, S. Shirai, JHEP 1509, 105 (2015).

•Electroweak precision measurements
S. P. Martin, K. Tobe, and J. D. Wells, Phys. Rev. D71, 073014 (2005);

G. Marandella, C. Schappacher, and A. Strumia, Nucl. Phys. B715, 173 (2005);

S. Heinemeyer, W. Hollik, and G. Weiglein, Phys. Rept. 425, 265 (2006);

S. Heinemeyer, et.al., JHEP 08, 052 (2006); JHEP 04, 039 (2008).



Results



Oblique parameters
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Higgsinos affect electroweak observables through vacuum polarization 

diagrams of the electroweak gauge bosons.

This effect can be conveniently described by four oblique parameters:

̂S, ̂T, W, Y

Effective operators
<latexit sha1_base64="/fngqMJmJxflPB4T1CX1LsP0gx0="></latexit>
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WC2W , Y = M2
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Higgsino properties in a nutshell
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Higgsino properties are largely controlled by their mixing with gauginos.

Smaller M1,2 Larger gaugino-higgsino mixing

•Larger direct detection rate


•Larger 


•Larger charged-neutral mass splitting

̂S, ̂T

Larger coupling with the Higgs boson
(a) (b) (c) (d) (e)

(f) (g) (h) (i)

Figure 3.3: Supersymmetric gauge interaction vertices.

the scalar squared-mass term as an insertion in the propagator, the arrow direction is preserved.
Figure 3.3 shows the gauge interactions in a supersymmetric theory. Figures 3.3a,b,c occur only

when the gauge group is non-Abelian, for example for SU(3)C color and SU(2)L weak isospin in the
MSSM. Figures 3.3a and 3.3b are the interactions of gauge bosons, which derive from the first term in
eq. (3.3.3). In the MSSM these are exactly the same as the well-known QCD gluon and electroweak
gauge boson vertices of the Standard Model. (We do not show the interactions of ghost fields, which
are necessary only for consistent loop amplitudes.) Figures 3.3c,d,e,f are just the standard interactions
between gauge bosons and fermion and scalar fields that must occur in any gauge theory because of the
form of the covariant derivative; they come from eqs. (3.3.5) and (3.4.2)-(3.4.4) inserted in the kinetic
part of the Lagrangian. Figure 3.3c shows the coupling of a gaugino to a gauge boson; the gaugino line
in a Feynman diagram is traditionally drawn as a solid fermion line superimposed on a wavy line. In
Figure 3.3g we have the coupling of a gaugino to a chiral fermion and a complex scalar [the first term
in the second line of eq. (3.4.9)]. One can think of this as the “supersymmetrization” of Figure 3.3e or
3.3f; any of these three vertices may be obtained from any other (up to a factor of

→
2) by replacing two

of the particles by their supersymmetric partners. There is also an interaction in Figure 3.3h which
is just like Figure 3.3g but with all arrows reversed, corresponding to the complex conjugate term in
the Lagrangian [the second term in the second line in eq. (3.4.9)]. Finally in Figure 3.3i we have a
scalar quartic interaction vertex [the last term in eq. (3.4.12)], which is also determined by the gauge
coupling.

The results of this section can be used as a recipe for constructing the supersymmetric interactions
for any model. In the case of the MSSM, we already know the gauge group, particle content and the
gauge transformation properties, so it only remains to decide on the superpotential. This we will do
in section 6.1. However, first we will revisit the structure of supersymmetric Lagrangians in section 4
using the manifestly supersymmetric formalism of superspace and superfields, and then describe the
general form of soft supersymmetry breaking terms in section 5.

4 Superspace and superfields

In this section, the basic ideas of superspace and superfields are covered. These ideas provide elegant
tools for understanding the structure of supersymmetric theories, and are essential for analyzing and
communicating ideas about the formal structure of supersymmetry in the most succinct ways. However,
they are also not strictly necessary; the discussion given above shows how supersymmetry can be
defined and studied completely without the superspace and superfield notation. The reader who is

30

Hu,d H̃ u,d

B̃ , W̃0



Parameter scan
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We perform a parameter scan over the following ranges:

fractions, we use the default values implemented in micrOMEGAs [64]. For higgsino dark
matter, the dominant SD interaction arises from Z-boson exchange. The e!ective SD
dark matter-quark coupling is given by

dq = → g
2

8M
2
W

(
|N13|2 → |N14|2

)
T

3
q

, (36)

where T
3
q

denotes the third component of the SU(2)L isospin of the quark q. In the
higgsino-like limit, MZ ↑ M1,2 → |µ|, |N13| ↓ |N14| ↓ 1/

↔
2, which leads to a strong

suppression of the Z-boson coupling to higgsino dark matter: dq ↓ 0. As a result, the SD
scattering cross section is also highly suppressed in the pure higgsino limit.

5 Results
Now we present the results of our numerical analysis. We perform a parameter scan over
the following ranges:

150 GeV < |µ| < 1000 GeV ,

1.6 < tan ω < 50 ,

0.5 TeV < M1 < 10 TeV ,

sgn(µ) = ±1 . (37)

In addition, we impose M1 > |µ| and the relation M2 = 2M1, which is motivated by
gaugino mass unification. In this setup, the wino mass satisfies M2 ↭ 1 TeV, allowing the
scenario to evade current LHC constraints on electroweakinos [66].

We assume that the LSP is the higgsino-like state and its relic abundance is determined
by thermal freezeout and constitutes only a fraction of the observed dark matter density,
while the remaining abundance is composed of some other dark matter component [67–
69]. Accordingly, the event rate for dark matter direct detection is rescaled by the factor
!

H̃
h

2
/0.12, where !

H̃
denotes the relic density of higgsino dark matter. Namely, the

e!ective spin-independent/dependent cross sections relevant for direct detection are given
by

ε
(N)
SI/SD,e! =

!
H̃

h
2

0.12 ε
(N)
SI/SD. (38)

We use micrOMEGAs v6.3.0 [64] to compute both the thermal relic abundance of higgsino
dark matter and the higgsino-nucleon scattering cross sections.

We also note that one may consider an alternative scenario in which the remaining
dark matter abundance is supplemented by non-thermally produced higgsinos [70–75]. In
such a case, the suppression factor associated with the thermal relic density is absent,
and consequently the constraints from dark matter direct detection experiments become
significantly stronger. We discuss this non-thermal scenario separately in Appendix B.

Figure 1 shows the scatter plots of the oblique parameters obtained in our parameter
scan. Figure 1a displays the distribution in the Ŝ–T̂ plane, while Fig. 1b shows the dis-
tribution in the W–Y plane. The gray points are excluded by the current LZ bound [58].
The orange points correspond to parameter regions lying within the neutrino fog [76],
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↔
2, which leads to a strong

suppression of the Z-boson coupling to higgsino dark matter: dq ↓ 0. As a result, the SD
scattering cross section is also highly suppressed in the pure higgsino limit.

5 Results
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1.6 < tan ω < 50 ,

0.5 TeV < M1 < 10 TeV ,

sgn(µ) = ±1 . (37)

In addition, we impose M1 > |µ| and the relation M2 = 2M1, which is motivated by
gaugino mass unification. In this setup, the wino mass satisfies M2 ↭ 1 TeV, allowing the
scenario to evade current LHC constraints on electroweakinos [66].

We assume that the LSP is the higgsino-like state and its relic abundance is determined
by thermal freezeout and constitutes only a fraction of the observed dark matter density,
while the remaining abundance is composed of some other dark matter component [67–
69]. Accordingly, the event rate for dark matter direct detection is rescaled by the factor
!

H̃
h

2
/0.12, where !

H̃
denotes the relic density of higgsino dark matter. Namely, the

e!ective spin-independent/dependent cross sections relevant for direct detection are given
by

ε
(N)
SI/SD,e! =

!
H̃

h
2

0.12 ε
(N)
SI/SD. (38)

We use micrOMEGAs v6.3.0 [64] to compute both the thermal relic abundance of higgsino
dark matter and the higgsino-nucleon scattering cross sections.

We also note that one may consider an alternative scenario in which the remaining
dark matter abundance is supplemented by non-thermally produced higgsinos [70–75]. In
such a case, the suppression factor associated with the thermal relic density is absent,
and consequently the constraints from dark matter direct detection experiments become
significantly stronger. We discuss this non-thermal scenario separately in Appendix B.

Figure 1 shows the scatter plots of the oblique parameters obtained in our parameter
scan. Figure 1a displays the distribution in the Ŝ–T̂ plane, while Fig. 1b shows the dis-
tribution in the W–Y plane. The gray points are excluded by the current LZ bound [58].
The orange points correspond to parameter regions lying within the neutrino fog [76],
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suppression of the Z-boson coupling to higgsino dark matter: dq ↓ 0. As a result, the SD
scattering cross section is also highly suppressed in the pure higgsino limit.

5 Results
Now we present the results of our numerical analysis. We perform a parameter scan over
the following ranges:
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0.5 TeV < M1 < 10 TeV ,

sgn(µ) = ±1 . (37)

In addition, we impose M1 > |µ| and the relation M2 = 2M1, which is motivated by
gaugino mass unification. In this setup, the wino mass satisfies M2 ↭ 1 TeV, allowing the
scenario to evade current LHC constraints on electroweakinos [66].

We assume that the LSP is the higgsino-like state and its relic abundance is determined
by thermal freezeout and constitutes only a fraction of the observed dark matter density,
while the remaining abundance is composed of some other dark matter component [67–
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We use micrOMEGAs v6.3.0 [64] to compute both the thermal relic abundance of higgsino
dark matter and the higgsino-nucleon scattering cross sections.

We also note that one may consider an alternative scenario in which the remaining
dark matter abundance is supplemented by non-thermally produced higgsinos [70–75]. In
such a case, the suppression factor associated with the thermal relic density is absent,
and consequently the constraints from dark matter direct detection experiments become
significantly stronger. We discuss this non-thermal scenario separately in Appendix B.

Figure 1 shows the scatter plots of the oblique parameters obtained in our parameter
scan. Figure 1a displays the distribution in the Ŝ–T̂ plane, while Fig. 1b shows the dis-
tribution in the W–Y plane. The gray points are excluded by the current LZ bound [58].
The orange points correspond to parameter regions lying within the neutrino fog [76],
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We assume that the higgsino abundance is determined by thermal freeze-out:

fractions, we use the default values implemented in micrOMEGAs [64]. For higgsino dark
matter, the dominant SD interaction arises from Z-boson exchange. The e!ective SD
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denotes the third component of the SU(2)L isospin of the quark q. In the
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2, which leads to a strong

suppression of the Z-boson coupling to higgsino dark matter: dq ↓ 0. As a result, the SD
scattering cross section is also highly suppressed in the pure higgsino limit.

5 Results
Now we present the results of our numerical analysis. We perform a parameter scan over
the following ranges:

150 GeV < |µ| < 1000 GeV ,

1.6 < tan ω < 50 ,

0.5 TeV < M1 < 10 TeV ,

sgn(µ) = ±1 . (37)

In addition, we impose M1 > |µ| and the relation M2 = 2M1, which is motivated by
gaugino mass unification. In this setup, the wino mass satisfies M2 ↭ 1 TeV, allowing the
scenario to evade current LHC constraints on electroweakinos [66].

We assume that the LSP is the higgsino-like state and its relic abundance is determined
by thermal freezeout and constitutes only a fraction of the observed dark matter density,
while the remaining abundance is composed of some other dark matter component [67–
69]. Accordingly, the event rate for dark matter direct detection is rescaled by the factor
!

H̃
h

2
/0.12, where !

H̃
denotes the relic density of higgsino dark matter. Namely, the

e!ective spin-independent/dependent cross sections relevant for direct detection are given
by
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H̃
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0.12 ε
(N)
SI/SD. (38)

We use micrOMEGAs v6.3.0 [64] to compute both the thermal relic abundance of higgsino
dark matter and the higgsino-nucleon scattering cross sections.

We also note that one may consider an alternative scenario in which the remaining
dark matter abundance is supplemented by non-thermally produced higgsinos [70–75]. In
such a case, the suppression factor associated with the thermal relic density is absent,
and consequently the constraints from dark matter direct detection experiments become
significantly stronger. We discuss this non-thermal scenario separately in Appendix B.

Figure 1 shows the scatter plots of the oblique parameters obtained in our parameter
scan. Figure 1a displays the distribution in the Ŝ–T̂ plane, while Fig. 1b shows the dis-
tribution in the W–Y plane. The gray points are excluded by the current LZ bound [58].
The orange points correspond to parameter regions lying within the neutrino fog [76],
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-fit for EW precision measurements: we followχ2

A. Greljo, B. A. Stefanek, A. Valenti, Phys. Lett. B 871, 140009 (2025)



Oblique parameters

21
K. Hamaguchi, N. Nagata, G. Osaki, arXiv:2606.31013.

•Once the LZ limits are imposed,  and  are predicted to be small.


•  can be sufficiently large to be probed at FCC-ee.

̂S ̂T

W

2σ (exp. only)

2σ (with th. error)

Gray: excluded by LZ
Blue: above ν-fog
Orange: below ν-fog



Oblique parameters
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K. Hamaguchi, N. Nagata, G. Osaki, arXiv:2606.31013.

Gray: excluded by LZ
Blue: above ν-fog
Orange: below ν-fog

Solid (dashed): FCC-ee 1σ (2σ) sensitivity

Higgsinos with masses  can be probed.≲ 500 GeV



Direct detection vs EW precision
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K. Hamaguchi, N. Nagata, G. Osaki, arXiv:2606.31013.

μ > 0 μ < 0 Gray: excluded by LZ

Blue: above ν-fog

Green: > 2σ deviation 

            at FCC-ee
Purple: Green & Blue

Orange: no sensitivity
LHC limit

•Complementarity between EW precision measurements and 
dark matter direct detection experiments.


•  can be probed.Mχ̃0 ≲ 500 GeV, ΔM+ ≳ 1 GeV
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Conclusion
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•Future  circular colliders have recently attracted a lot of attention.


•These colliders can measure electroweak observables with very 
high precision.


•Electroweak precision measurements provide a powerful probe of  
light higgsinos and electroweak naturalness.


•Complementarity between electroweak precision measurements and 
dark matter direct detection experiments.

e+e−
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Direct detection vs EW precision
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K. Hamaguchi, N. Nagata, G. Osaki, arXiv:2606.31013.

μ > 0 μ < 0

Blue: > 2σ deviation 

            at FCC-ee

Orange: < 2σ

LZ limit

ν-fog

EW precision measurements can probe the parameter points that are 

difficult to access through direct detection experiments alone.
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•  strongly depend on the gaugino masses.


•Become very small in the pure higgsino limit.

̂S, ̂T
Dashed lines: approximated results obtained in arXiv:hep-ph/0502095

N. Nagata, G. Osaki, JHEP 07, 242 (2025)



Oblique parameters
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•  depend only weakly on the gaugino masses.


•Can be sizable even in the pure higgsino limit.
W, Y

N. Nagata, G. Osaki, JHEP 07, 242 (2025)

Dashed lines: approximated results obtained in arXiv:hep-ph/0502095
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•  depend highly on gaugino masses.


•Vanish in the pure higgsino limit.

̂S, ̂T
Dashed lines: approximated results obtained in arXiv:hep-ph/0502095

N. Nagata, G. Osaki, JHEP 07, 242 (2025)

(a) Ŝ (b) T̂

(c) W (d) Y

Figure 2: The oblique parameters as functions of |µ| for tan ω = 2, µ < 0, and M2 = 1.8M1

in the solid curves. The blue, green, and black lines correspond to M1 = 500 GeV, 1 TeV,
and 2 TeV, respectively. The dashed lines indicate the approximate results derived in
Ref. [72]. We also depict the projected FCC-ee sensitivities, as estimated in Ref. [45],
using gray lines for reference.
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•  depend rarely on gaugino masses.


•Do not vanish in the pure higgsino limit.
W, Y

N. Nagata, G. Osaki, JHEP 07, 242 (2025)

Dashed lines: approximated results obtained in arXiv:hep-ph/0502095

(a) Ŝ (b) T̂

(c) W (d) Y

Figure 2: The oblique parameters as functions of |µ| for tan ω = 2, µ < 0, and M2 = 1.8M1

in the solid curves. The blue, green, and black lines correspond to M1 = 500 GeV, 1 TeV,
and 2 TeV, respectively. The dashed lines indicate the approximate results derived in
Ref. [72]. We also depict the projected FCC-ee sensitivities, as estimated in Ref. [45],
using gray lines for reference.
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Oblique parameters
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•  depend highly on gaugino masses.


•Vanish in the pure higgsino limit.

̂S, ̂T
Dashed lines: approximated results obtained in arXiv:hep-ph/0502095

N. Nagata, G. Osaki, JHEP 07, 242 (2025)

(a) Ŝ (b) T̂

(c) W (d) Y

Figure 3: The oblique parameters as functions of |µ| for tan ω = 10, µ > 0, and M2 =
1.8M1 in the solid curves. The blue, green, and black lines correspond to M1 = 500 GeV,
1 TeV, and 2 TeV, respectively. The dashed lines indicate the approximate results derived
in Ref. [72]. We also depict the projected FCC-ee sensitivities, as estimated in Ref. [45],
using gray lines for reference.
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•  depend rarely on gaugino masses.


•Do not vanish in the pure higgsino limit.
W, Y

N. Nagata, G. Osaki, JHEP 07, 242 (2025)

Dashed lines: approximated results obtained in arXiv:hep-ph/0502095

(a) Ŝ (b) T̂

(c) W (d) Y

Figure 3: The oblique parameters as functions of |µ| for tan ω = 10, µ > 0, and M2 =
1.8M1 in the solid curves. The blue, green, and black lines correspond to M1 = 500 GeV,
1 TeV, and 2 TeV, respectively. The dashed lines indicate the approximate results derived
in Ref. [72]. We also depict the projected FCC-ee sensitivities, as estimated in Ref. [45],
using gray lines for reference.
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Electroweak precision observables
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We also calculate the corrections to electroweak precision observables.

•Effective weak mixing angle
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Effective weak mixing angle

35
N. Nagata, G. Osaki, JHEP 07, 242 (2025)

•FCC-ee can probe higgsino masses up to ~ 500 GeV.


•Giga-Z program at ILC also has sensitivity.



W-boson mass

36
N. Nagata, G. Osaki, JHEP 07, 242 (2025)

W-boson mass measurement at FCC-ee can probe higgsino masses

up to ~ 500 GeV.



Higgsino search at LHC
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Several sophisticated search strategies have been proposed.

Disappearing track
J. L. Feng, T. Moroi, L. Randall, M. Strassler, S. F. Su (1999);

M. Ibe, T. Moroi, T. T. Yanagida (2006), etc… 

Displaced track
H. Fukuda, N. Nagata, H. Oide, H. Otono, S. Shirai (2020)

ATLAS Simulation Preliminary

π+

χ0
1

~ χ+
1

~

Hideyuki Oide 2024-07-01

Closing the Near-Prompt Frontier : Case-#2
❖ A curious phase space is found in the  

range PRL 124 101801 (2020).


❖ Higgsino emits a track-reconstructible  while the 
mother chargino flies slightly.


❖ A unique “mildly displaced soft track” signature.

‣ Discriminant: combination of soft track 

( ) and a pronounced  significance.

ℒm ≲ 1 GeV

γ±

pT ⊗ 5 GeV d0

19

（副次ジェット輻射）

（運動量欠損）

陽子・陽子
衝突点

ISR Jet

Primary 
Vertex

 Dedicated presentation: Y. Mino (Thu Morning)→

NEW

PRL 132 (2024) 221801 SUSY-2020-04

From talk slides by H. Oide @ LLP2024

Strongly depend on higgsino lifetime
and thus the mass splitting



Light higgsino dark matter
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Thermal relic abundance of higgsino with mass less than 1 TeV is lower

than the observed dark matter density.

Multi-component Non-thermal production

Higgsino

Axion

K. J. Bae, H. Baer, and E. J. Chun (2013)

Non-thermal production
Gravitino decay

Thermal contribution

These well-motivated scenarios can be realized with light higgsinos.



Dark matter direct detection
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J. Hisano, K. Ishiwata, N. Nagata, JHEP 1506, 097 (2015).

EW loop corrections for higgsino dark matter are found to be negligible.



Theoretical uncertainty
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Projected sensitivities

•sin2 θeff •MW

‣ FCC-ee: 


‣ Giga-Z: 
Δ sin2 θeff = 1.2 (1.2) × 10−6

Δ sin2 θeff = 4.0 × 10−6
‣ FCC-ee: 


‣ ILC250: 
ΔMW = 0.18 (0.16) MeV

ΔMW = 2.5 MeV

Current theoretical uncertainties

The W -boson mass can be measured with high precision by performing a threshold
scan near the WW production threshold or by reconstructing the W -boson kinematics at
higher collision energies. The FCC-ee is expected to achieve the sensitivity [26]

�M
FCC-ee
W

= 0.18 (0.16) MeV . (24)

For the CEPC, ILC 250,4 and LCF, the projected sensitivities are �MW = 0.5 MeV [27],
2.5 MeV [54], and 0.6 (2.3) MeV [55], respectively.

At the level of precision expected at future lepton colliders, theoretical uncertainties
become increasingly important. Precise theoretical predictions are required not only for
the extraction of EWPOs from experimental data, but also for the interpretation of these
observables within the SM and its extensions. In addition, theoretical input is necessary
for determining physical quantities from data, such as particle masses and couplings, which
are subsequently used in precision calculations. The current theoretical uncertainties are
estimated to be [57]

� sin2
◊

th
e� ƒ 4.5 ◊ 10≠5

,

�M
th
W

ƒ 4.0 MeV . (25)

These uncertainties are significantly larger than the projected experimental sensitivities at
the FCC-ee. Therefore, in order to fully exploit the precision potential of future facilities,
the accuracy of theoretical calculations must be improved by roughly one to two orders
of magnitude. Achieving such precision will require substantial progress in higher-order
perturbative calculations and in the determination of the relevant SM input parameters,
making this a highly challenging task.

3.3 Benchmark scenarios for uncertainty
In the following analysis, we evaluate the sensitivities of future electroweak precision
measurements to higgsinos in terms of the oblique parameters introduced above. As
discussed in the previous subsection, the projected sensitivities of future experiments may
depend significantly on the uncertainties in theoretical predictions. To incorporate these
e�ects, we follow the benchmark scenarios considered in Ref. [43], which parameterize
di�erent assumptions regarding future progress in theoretical calculations and systematic
uncertainties.

First, we consider the scenario S1 in Ref. [43], which corresponds to a conservative
estimate of future theoretical progress. This setup includes uncertainties associated with
the conversion of experimental measurements into EWPOs, as well as (aggressive) as-
sumptions for the residual uncertainties in SM predictions due to missing higher-order
corrections. In this scenario, the projected uncertainties and the correlation matrix for
the oblique parameters are given by

1
‡

Ŝ
‡

T̂
‡W ‡Y

2
=

1
2.42 1.29 0.48 1.55

2
◊ 10≠5

, (26)

4A dedicated run near the WW production threshold at the ILC is expected to improve the precision
of the W -boson mass measurement, potentially reaching an accuracy of ƒ 2 MeV [56].

6

We need to reduce the theoretical uncertainties by 1—2 orders of 

magnitude to match the future experimental precision.

A. Freitas, et.al., arXiv:1906.05379



FCC-ee projected 2σ sensitivities
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FIG. 4: FCC-ee projected 2ω sensitivities to the Higgsino and
Gaugino parameters µ and M2 arising from the oblique pa-
rameters S, T,W, Y . The three contours represent the theory
scenarios outlined in Appendix A. The dashed gray line rep-
resents the “näıve” projection for direct searches at a 1 TeV
LCF. Dashed red lines give the fine-tuning associated with µ.
See Section 4 for details.

depend on them and their contributions are subdominant.4

It is important to note that any other MSSM contribu-
tions to W add constructively [56], so our results represent
the absolutely lowest allowed values for µ and M2. The
weakest constraint is on µ, which still must exceed roughly
500GeV. Interestingly, this matches and slightly surpasses
the näıve direct reach at a 1TeV LCF.

Finally, we note that these indirect limits are decay-
channel independent and remain valid even for compressed
spectra. In contrast, LHC direct searches currently exclude
charginos and neutralinos up to ↭ 1TeV but lose sensitiv-
ity when mass splittings are small [57]. Moreover, pure
Higgsino dark matter scenarios are typically realized in a
compressed regime. The exceptional precision of a Tera-Z
run would therefore o!er invaluable, complementary cov-
erage to close the gaps left by the LHC.

5. Conclusions

The FCC program is primarily motivated by the quest
to understand the microscopic origin of the Higgs boson.
Among proposed theories, the MSSM remains a leading
candidate. In this letter, we have studied the potential of
FCC-ee to probe the natural parameter space of three key
sectors of the MSSM: the heavy Higgs doublet, scalar top
partners, and light gauginos and higgsinos. Contrary to
näıve expectations that the Higgs factory mode of FCC-ee
o!ers the strongest probes, we find that the Tera-Z run
provides superior sensitivity due to its immense statistical
precision, allowing detection of subtle quantum e!ects.

To realize the full potential of Tera-Z, a vigorous e!ort
is needed to reduce SM theoretical uncertainties. We illus-

4 For concreteness, we impose the GUT-inspired relation M1 =
M2/2 and fix tanω = 10.

trate this by constructing three benchmark scenarios S1-S3
(Appendix A), where S1 is strongly theory limited while S3
considers only experimental errors to explore the ultimate
reach of the Tera-Z program. We also identify electroweak
precision observables that probe non-oblique shifts of the
Zbb̄ vertex, in particular Rb, as areas of maximum impact
for a focused theoretical e!ort in the context of the MSSM.

Overall, the FCC program presents an exceptional op-
portunity for MSSM exploration. Indirect reach at FCC-ee
is already impressive, probing the MSSM in the multi-TeV
range, closing compressed spectra blind spots at the LHC,
and testing the naturalness of the EW scale at least at
the per-mille level. Longer term, direct searches for sparti-
cles at FCC-hh will surpass the indirect reach of FCC-ee,
pushing LHC limits by an order of magnitude and probing
electroweak fine tuning at the 10→4 level [7].
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A. Updated Electroweak Precision Observables

As part of the ESPP update, the Electroweak Physics
Preparatory Group (EW PPG) has recently presented re-
sults for theoretical uncertainties on electroweak precision
observables for future e+e→ colliders [58]. Based on these
results, we have constructed three benchmark scenarios:
S1 (conservative theory progress), S2 (aggressive theory
progress), and S3 (experimental errors only). More specif-
ically, there are two categories of theoretical errors outlined
by the EW PPG: i) errors associated to the conversion of
experimental measurements to the electroweak “pseudo-
observables” and ii) uncertainties on SM theory predictions
(e.g. due to missing higher orders). The EW PPG has pre-
sented one scenario for errors of type i) that we label (TH
PO), while they provide conservative and aggressive sce-
narios for errors of type ii) that we label (TH cons.) and
(TH agg.). The advised prescription was to add theory
errors of type i)+ii) in quadrature with experimental sta-
tistical and systematic uncertainties, so we construct three
scenarios as follows

• S1: TH PO+TH agg.+EXP

• S2: TH agg.+EXP

• S3: EXP Only ,

where “+” indicates that the errors are combined in
quadrature. Here, (EXP) refers to experimental statistical
and systematic uncertainties that we take from Refs. [7, 59]

S1: conservative theory progress

S2: aggressive theory progress

S3: experimental errors only

The bound does not vary much

in these three scenarios.

The limits are entirely driven by , which is best 

constrained by fermion pair-production above 

the -pole where theory errors are sub-leading.

W

ZM1 = M2/2, tan β = 10
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Scenario S1 Scenario S2 Scenario S3

Observable TH PO+TH agg.+EXP (10→5) TH agg.+EXP (10→5) EXP Only (10→5)
!Z 1.55 0.820 0.510
ωhad 4.33 2.06 1.93
Re 2.21 1.05 0.410
Rµ 2.20 1.02 0.330
Rω 2.20 1.03 0.350
Rb 20.1 1.63 0.180
Rc 100 1.19 0.260
A

e

FB 126 25.7 25.2
A

µ

FB 125 21.1 20.6
A

ω

FB 126 23.3 22.8
A

b

FB 87.8 6.42 5.50
A

c

FB 89.1 10.2 9.62
A

s

FB 88.2 10.7 10.2
sin2

εW 6.87 0.780 0.730
Ae 87.9 9.78 9.20
Aµ 90.1 22.1 21.8
Aω 90.5 23.4 23.2
Ab 11.7 10.5 10.5
Ac 16.9 9.00 8.99
As 14.2 13.2 13.2
MW 0.490 0.320 0.300
!W 16.1 16.1 16.1

TABLE I: Relative uncertainties for Z and W pole observables. Three di”erent scenarios for theoretical uncertainties (derived
from [58]) are considered. Experimental numbers are taken from [7, 59]. See text for more details.

FIG. 5: FCC-ee projected 2ω sensitivities to the lightest stop mass (assuming it is mostly LH) as function of Xt for fixed mass
splitting #M

t̃
/M

t̃1
= 0.5. Shaded regions correspond to expected sensitivities from S and T (blue), Higgs decays (orange), and

Z → bLb̄L (purple). The Higgs mass constraint region (green) is obtained using SUSYHD [52]. The black dotted line marks current
LHC direct search limits in the uncompressed case [48]. Fine-tuning contours are given by the dashed red lines. The gray region
lies outside the physical parameter space, as |sin 2ε

t̃
| > 1. See Section 3 for details.
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Current and projected theoretical uncertainties

A. Freitas, et.al., arXiv:1906.05379

Quantity FCC-ee Current intrinsic error Projected intrinsic error

MW [MeV] 0.5–1 ‡ 4 (α3,α2αs) 1
sin2 θ!eff [10−5] 0.6 4.5 (α3,α2αs) 1.5

ΓZ [MeV] 0.1 0.4 (α3,α2αs,αα2
s) 0.15

Rb [10−5] 6 11 (α3,α2αs) 5
Rl [10−3] 1 6 (α3,α2αs) 1.5
‡The pure experimental precision on MW is ∼ 0.5 MeV [1, 2], see Sec. 4.2.2 for more details.

Table 1: Estimated precision for the direct determination of several important electroweak
precision observables at FCC-ee [1,2,33] (column two, including systematic and observable-
specific) uncertainties; as well as current intrinsic theory errors for the prediction of these
quantities within the SM (column three). The main sources of theory errors are also in-
dicated. Column four shows the estimated projected intrinsic theory errors when leading
3-loop corrections become available. See text for more details.

Here θ is the scattering angle and Pe is the polarization of the incoming electron beam.4

The asymmetry parameters are commonly written as

Af =
1− 4|Qf | sin2 θfeff

1− 4|Qf | sin2 θfeff + 8(Qf sin
2 θfeff)

2
. (8)

Here Qf denotes the charge of the fermion, and sin2 θfeff is the e”ective weak (fermionic)
mixing angle. Another important precision observable is the W -boson mass. It is currently
measured most precisely from the lepton p⊥ distribution in pp → #ν at hadron colliders, and
it can be calculated within the SM from the Fermi constant, GF, of muon decay.

The expected precision for the experimental determination of some of these quantities
at FCC-ee is given in the second column of Tab. 1 [1, 2, 33]. The Z-boson quantities can be
determined from a run at

√
s = MZ with several ab−1, and smaller statistics runs at center-

of-mass energies above and below the Z peak for the purpose of MZ and ΓZ measurements.
The W mass can be determined from a run at several values of

√
s near the threshold 2MW

with a combined luminosity of O(ab−1). Note that the number for MW in the table includes
an estimate of the theory error as described in section 4.2.2, since the measurement of MW

requires a full SM prediction (not only QED) for the WW cross-section near threshold as
input.

4.2 Theory uncertainties for EWPO

4.2.1 Intrinsic uncertainties

The quantities listed in Tab. 1 can be predicted within the SM by using GF, α(MZ), αs(MZ),
MZ , MH and mt as inputs. The radiative corrections in these predictions are currently

4Formulas for electron and positron polarization can be found, e.g., in Ref. [8].

7

Uncertainties due to errors in input parameters
Quantity FCC-ee future parametric unc. Main source

MW [MeV] 0.5− 1 1 (0.6) δ(∆α)
sin2 θ!eff [10−5] 0.6 2 (1) δ(∆α)

”Z [MeV] 0.1 0.1 (0.06) δαs

Rb [10−5] 6 < 1 δαs

R! [10−3] 1 1.3 (0.7) δαs

Table 2: Estimated experimental precision for the direct measurement of several important
electroweak precision observables at FCC-ee [1, 2, 33] (column two, including systematic
uncertainties). Third column: parametric uncertainty of several important EWPO due to
uncertainties of input parameters given in (1), with the main source indicated in the fourth
column.

As discussed above, as total uncertainty for the theoretical prediction of an observable
the (quadratic) sum of parametric uncertainties plus intrinsic uncertainty should be taken6,
as given in the fourth column of Tab. 1 and the second and third columns of Tab. 2. More
generally, for combined fits to several observables, the parametric uncertainties should be
taken into account separately by using the corresponding parameters in the fit.

The above numbers have all been obtained assuming the SM as calculational framework.
The SM constitutes the model in which highest theoretical precision for the predictions of
EWPO can be obtained. As soon as physics beyond the SM (BSM) will be discovered, an
evaluation of the EWPO in any preferred BSM model will be necessary. The corresponding
theory uncertainties, both intrinsic and parametric, can then be larger (see, e.g., [35, 49]
for the Minimal Supersymmetric SM). A dedicated theory effort (beyond the SM) would be
needed in this case.

4.3 Higgs precision observables

For the accurate study of the properties of the Higgs boson, precise predictions for the
various partial decay widths, the branching ratios (BRs) and the Higgs-boson production
cross sections along with their theoretical uncertainties are indispensable.

4.3.1 Higgs-boson production cross-sections

The very narrow width of the Higgs boson allows for a factorization of all cross-sections with
resonant Higgs bosons into production and decay parts to very high precision if the Higgs
boson can be fully reconstructed. In this case, finite-width effects and off-shell contributions
are of relative size ”H/MH ∼ 0.00003 and thus not relevant; this is in contrast to physics
with Z or W resonances, where ”/M ∼ 0.03. If the Higgs boson is not fully reconstructable

6It should be noted that the intrinsic theory error is not a Gaussian random variable, which plays a role
in the combination with other error sources.
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