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Abstract The higgsino world is one of the popular natu-
ral SUSY scenarios, in which |μ| � Mgauginos � Mscalars.
As such, searching for light degenerate higgsinos becomes
an essential task of testing naturalness in supersymmetry
(SUSY). In this work, we study the indirect effects of light
higgsinos in the process e+e− → W+W− at future Higgs
factories, such as the Circular Electron Positron Collider
(CEPC) in China. We find that the higgsino mass parame-
ter μ � 210 GeV favored by naturalness can be covered if
the accuracy of the measurement of W+W− production can
reach 0.1% at 240 GeV CEPC.

1 Introduction

In the past decades, the naturalness (or hierarchy) problem of
the Higgs mass has been the guiding principle to the construc-
tion of theories beyond the Standard Model (SM). Among
various extensions, low-energy supersymmetry (SUSY) pro-
vides a framework for a light Higgs boson without invoking
unnatural fine-tuning of theory parameters. Moreover, the
criterion of naturalness has the strong implication that new
dynamics should occur at a scale around the TeV and be
accessible to the current running LHC.

In the MSSM, the starting point of discussions of the nat-
uralness is from the minimization of the tree-level Higgs
potential, which leads to the following relation:
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where them2
Hu,d

denote the soft SUSY breaking masses of the
Higgs fields at the weak scale, respectively. tan β = vu/vd
and μ is the higgsino mass parameter. The �u,d arise from the
radiative corrections to the tree-level Higgs potential [1]. In
order to get a correct value of MZ without highly tuning the
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theory parameters, each term on the right-hand side of Eq. (1)
should be comparable in magnitude [2,3]. This indicates that
there are four light higgsinos in the spectrum. Additionally,
the stop and gluino can contribute to �u through one-loop
and two-loop radiative corrections and are expected to be less
than about 600 GeV and 2 TeV, respectively, if the high scale
� = 20 TeV is assumed. Such a spectrum is typically pre-
dicted by the conventional natural SUSY [4–6] and has been
widely studied [7–25]. However, the discovery of a 125 GeV
SM-like Higgs boson [26,27] and the recent null results of
the LHC Run-2 searches for sparticles have excluded the
stop and gluino masses up to ∼ 1 TeV [28] and 1.8 TeV
[29], respectively. Therefore, it is imperative to explore other
possible scenarios for which the theory maintains natural-
ness.

The importance of the μ parameter itself as a measure of
fine-tuning was first emphasized by [30], and it motivates
the hyperbolic branch/ focus point (HB/FP) region of mini-
mal supergravity (mSUGRA or CMSSM) [30,31], and recent
radiative natural SUSY (RNS) [3], in which heavy scalars
with low μ value and low fine-tuning are realized. In this
paper, we will focus on such a kind of scenario in MSSM
with large, multi-TeV scalar and gaugino masses, but with a
low, sub-TeV superpotential μ term,

|μ| � Mgauginos � Mscalars, (2)

which was named “higgsino world” by Kane [32] and can
be easily realized in models with non-universal GUT scale
Higgs masses (NUHM), such as the RNS. In the limit of
|μ| � Mgauginos, the two lightest neutralinos (χ̃0

1,2) and

lighter chargino (χ̃±
1 ) are higgsino-like and are nearly mass

degenerate, as shown by
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Thus, the usual dilepton and trilepton signatures from elec-
troweakino pair production are difficult to observe as the very
soft pT spectrum of the isolated leptons in the final states at
the LHC. One possible way is to use a hard ISR jet to trig-
ger the events of an electroweakino pair, however, this is
challenging at high luminosity LHC (HL-LHC) due to the
large systematical uncertainty [33–37]. On the other hand,
the indirect searches for light higgsinos via quantum effects
may play an important and complementary role since their
sensitivity weakly depends on the mass splitting between
higgsinos.

The process e+e− → W+W− is one of the key processes
at LEP2, and it has been precisely calculated in the SM [38–
43]. Previous studies of the process e+e− → W+W− in
supersymmetric theories include the complete one-loop cor-
rections in spontaneously broken supersymmetry [44–46], in
the MSSM [47–50]. The important contributions come from
the sfermions, however, the electroweakinos can have siz-
able contributions [49], in particular considering the current
strong LHC limits on sfermions. In this work, we investi-
gate the indirect effects of the higgsino world in the pro-
cess e+e− → W+W− at 240 GeV CEPC, which will yield
5 ab−1 of integrated luminosity during 10 years of opera-
tion, and one can probe various new physics models with an
unprecedented precision [52–66]. At CEPC, about O(107)

events of the W pair can be produced in a clean environ-
ment, which allows for the measurement of the cross section
of e+e− → W+W− with O(0.1%) precision. Therefore,
the process e+e− → W+W− may serve as a probe of the
higgsino world in the MSSM.

This paper is organized as follows. In Sect. 2, we will give
a description of the calculation. In Sect. 3, we will scan the
parameter space of MSSM and present the numerical results.
Finally, we draw our conclusions in Sect. 4.

2 Calculations

In the SM and MSSM, tree-level diagrams of the process
e+e− → W+W− are the same, involving γ and Z exchange
in the s-channel and neutrino exchange in the t-channel. The
Higgs-exchange diagrams can safely be neglected because of
the suppression of a factor me/mW . For the designed energy
of the CEPC, the tree-level cross section ofW pair production
is dominated by the neutrino mediated transverse W bosons.
Since the sfermions and non-SM Higgs bosons are decoupled
in the higgsino world, the main MSSM corrections come
from the s-channel through higgsino loops.

The higgsinos including two light neutralinos χ̃0
1,2 and two

light chargino χ̃±
1 can contribute to the process e+e− →

W+W− at one-loop level. The couplings of the neutrali-
nos and charginos to W and Z bosons take the form
igγ μ[GL PL + GRPR], where PL = (1 − γ5)/2 and PR =
(1 + γ5)/2. Without CP violation, GL and GR are

W+χ̃+
i χ̃0

j : GL = − 1√
2
Vi2N j4 + Vi1N j2 ,

GR = + 1√
2
Ui2N j3 +Ui1N j2 , (4)
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2
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2
Ui2Uj2 , (5)
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2

(
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)
, (6)

where the N matrix diagonalizes the neutralino mass matrix
(with 1, 2, 3, 4 referring to the B,W 0, H0

1 , H0
2 basis) and the

V andU matrices diagonalize the chargino mass matrix (with
1, 2 referring to the W±, H± basis). It can be seen that when
|μ| � M1,2, one has V11,U11 ∼ 0, V12,U12 ∼ sign(μ), 1;
N11, N12, N21, N22 ∼ 0, N13 = N14 = N23 = −N24 =
1/

√
2. In this case, the Z , γ χ̃+

1 χ̃−
1 , Z χ̃0

1 χ̃0
2 , W±χ̃+

1 χ̃−
1 , and

the W±χ̃+
1 χ̃0

2 rates will be large and Z χ̃0
1 χ̃0

1 , Z χ̃0
2 χ̃0

2 are
suppressed.

We calculate the O(α) radiative corrections to the pro-
cess e+e− → W+W− in the ’t Hooft–Feynman gauge. We
use the dimensional regularization to isolate the ultraviolet
divergences (UV) in the one-loop amplitudes and remove the
UV singularities by using the on-mass-shell renormalization
scheme [67]. Since there are no sparticles contributing to the
process e+e− → W+W− at tree level, the counter-terms in
MSSM are the same as those in the SM.

Besides UV divergences, the infrared (IR) divergences can
appear in the virtual correction because of the exchange of
virtual photon in the loops. These IR divergences can be
canceled by including the real photon bremsstrahlung cor-
rections. We regularize these IR divergences by an infinites-
imal photon mass λ. We denote the momenta of initial and
final states for the real photon emission process as follows:

e+(p1) + e−(p2) → W+(k1) + W−(k2) + γ (k) . (7)

In the soft photon approximation [68], the cross section for
real photon emission, 
σsoft, is given by

d
σsoft = dσ0
α

2π2

∫

Eγ ≤
Eγ

d3�k
2Eγ

(
k1

k1 · k − k2

k2 · k
)2

, (8)

where Eγ =
√

|�k|2 + λ2 and 
Eγ is the energy cutoff of the

soft photon and is assumed to be 
Eγ = 0.05
√
s. The hard

photon (Eγ ≥ 
Eγ ) corrections can be directly evaluated
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by the numerical Monte Carlo method [69]. We numerically
checked the cancellation of the IR divergences by varying
the photon mass λ from 1 to 1010 GeV and found that our
total cross section is almost independent of λ.

3 Numerical results and discussions

We generate the Feynman diagrams with FeynArts [70]. The
resulting amplitudes are algebraically simplified by Form-
Calc [71] and then converted to Fortran code. The Loop-
Tools package [72] was used to evaluate the one-loop scalar
and tensor integrals numerically. We take the input parame-
ters of the SM as

α(mZ )−1 = 127.918, MZ = 91.1867 GeV, MW = 80.385 GeV,

me = 0.51099907 MeV, mu = 53.8 MeV, md = 53.8 MeV,

mμ = 105.658389 MeV, mc = 1.50 GeV, ms = 150 MeV,

mτ = 1777 MeV, mt = 173.07 GeV, mb = 4.7 GeV.

(9)

In the higgsino world, only the μ parameter is light
and other SUSY parameters are decoupled by taking heavy
masses. To satisfy the 125 GeV Higgs mass within a 3 GeV
uncertainty, we set the stop soft masses at 10 TeV and vary
the stop trilinear parameter in the range |At | < 2 TeV
and 10 < tan β < 50. The slepton soft masses and the
first two generation squark soft masses are assumed to be
10 TeV. Inspired by the grand unification relation, we assume
M1 : M2 = 1 : 2 and take M1 = 1 TeV. Given the LEP
bounds, we vary the parameter μ in the range 100 GeV <

|μ| < 300 GeV. To show the contributions of the higgsi-
nos to the process e+e− → W+W−, we define the relative
corrections δ(e+e− → W+W−) by

δ(e+e− → W+W−) = σMSSM
one-loop − σ SM

one-loop

σ SM
one-loop

(10)

where σ
MSSM,SM
one-loop denotes the one-loop corrected total cross

section of e+e− → W+W− in the MSSM and SM, respec-
tively. Since the cross section of e+e− → W+W− in the
MSSM is not sensitive to other SUSY parameters, such as
tan β, we will show the dependence of the relative correction
δ(e+e− → W+W−) on the higgsino mass parameter μ in the
following. On the other hand, it is worth mentioning that the
MSSM corrections to the cross section of e+e− → W+W−
can change sizably when the sfermion masses become light.
The contributions from non-SM Higgs bosons are much
smaller than those of the higgsinos and sfermions.

In Fig. 1, we present the parton-level kinematic distribu-
tions of the process e+e− → W+(→ e+νe)W−(→ ūd)

for μ = 150 GeV and tan β = 30 at the CEPC. From

Fig. 1, we can see that the distribution of the invariant mass
of ū and d quarks from W− decay shows a peak around
the mW . The anti-lepton e+ from W+ decay tends to fly
along the W+ boson direction in the CM system. We also
find that these distributions are similar to the SM predic-
tions. So, in order to probe the light higgsinos through the
process e+e− → W+W−, the SM background normaliza-
tion and shapes should be known very well and the inter-
play with the best theoretical predictions (via MC) and data
is necessary. At the CEPC, W -pair events are categorized
and selected according to the decay products of W bosons.
For a fully leptonic channel, both W s decay into a lepton–
neutrino pair. This decay generates a low particle multiplic-
ity and a large missing transverse momentum. Besides, the

two selected primary leptons will be energetic and have a
large acoplanarity in the plane transverse to the beam line.
The dominant background comes from e+e− → τ+τ− pro-
cesses. For the semi-leptonic channel, the primary lepton
is energetic and isolated from the two jets of the hadronic
system. The primary neutrino will produce a large missing
momentum vector, also isolated in space. The main back-
grounds originate from QQ̄ events with energetic leptons
from heavy quark decays, and other four fermion processes,
such as e+e− → Z Z . For the fully hadronic channel, four
jet events without missing energy are characterized by a very
large particle multiplicity with a spherical momentum dis-
tribution. The large background is from non-radiative qq̄
events with hard QCD gluon emissions. Several observables
are designed to efficiently suppress those backgrounds and
the detectors are expected to be optimized, which may help
us to achieve the measurements of W pair production with
high precision at the CEPC [51,73].

In Fig. 2, we show the relative one-loop corrections to the
process e+e− → W+W− in the higgsino world of MSSM
at the CEPC. The effect of the currently measured W boson
mass on the cross section of e+e− → W+W− is negligi-
ble small, which is given in Table 1. We can see that the
measurement precision of W mass is expected to be 3 MeV
at CEPC, and the beam energy uncertainty can reach up
to 10 ppm, ∼ 1 MeV. The effects of radiative corrections
and detector simulation are also well controlled [51,73]. In
Ref. [63], the authors estimated the main uncertainty in the
W+W− measurement and found that the statistical errors are
expected to dominate the W+W− measurements at CEPC.
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Fig. 1 Parton-level kinematic distributions of the process e+e− → W+(→ e+νe)W−(→ ūd) at the CEPC. mūd is the invariant mass of ū and d
quarks from W− decay (left panel) and cos θe

+
W+ is the cosine of the e+ decay angle with respect to the W+ direction in the CM system (right panel)

Fig. 2 Scatter plot of relative
one-loop corrections to the
process e+e− → W+W− in the
higgsino world of MSSM at the
CEPC. The blue vertical
dash-dot lines are the expected
5σ sensitivity of LHC search for
the higgsino world via mono-jet
plus soft dileptons plus /ET [35]

Table 1 The effect of currently measured W boson mass (MW =
80.385 ± 0.015 GeV) on the cross section of e+e− → W+W− in
the higgsino world. The benchmark point is μ = 152.68 GeV, tan β =
9.83, MA = 2 TeV, M1 = 1 TeV, M2 = 2 TeV, MSUSY = 10 TeV and
At = 1.5 TeV

MW (GeV) σ SM
one-loop (fb) σMSSM

one-loop (fb) δ (%)

80.385 19.37833 19.30547 − 0.376

80.415 19.4603 19.38687 − 0.377

80.355 19.29595 19.22366 − 0.375

The detailed analysis of the systematic errors needs more
realistic detector performances of CEPC, which are still not

available. From Fig. 2, we can see that the relative correc-
tion δ(e+e− → W+W−) decreases with the increase of the
higgsino mass. The maximal value of δ(e+e− → W+W−)

is −0.35% around μ = 100 GeV. If the cross section of
e+e− → W+W− can be measured with an accuracy of
0.1%, the CEPC will be able to probe the higgsinos with
mass up to about 210 GeV. As a comparison, we also present
the expected 5σ sensitivity of LHC search for the higgsino
world via mono-jet plus soft dileptons plus /ET [35]. It can
be seen that such a direct search strategy may discover the
higgsino with mass less than about 205 GeV at 14 TeV LHC
with L = 1000 fb−1. Therefore, the CEPC may provide a
complementary test of the light higgsinos.
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4 Conclusions

The naturalness criterion applied to supersymmetric the-
ories requires a low higgsino mass, which indicates four
nearly degenerate higgsinos with masses ∼ 100–300 GeV.
The direct way of searching for such a higgsino world from
mono-jet events is challenging at high luminosity HL-LHC
because of the large systematical uncertainties. In this work,
we study the indirect effect of higgsinos in the process
e+e− → W+W− at 240 GeV CEPC. We find that the
higgsino mass parameter μ � 210 GeV can be probed if
the accuracy of the measurement of W+W− production can
reach 0.1% at the CEPC.
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