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Abstract: Considering the constraints from collider experiments and dark matter detections, we investigate the SUSY effects in the Higgs productions e+ e− → Zh at an e+ e−
collider with a center-of-mass energy above 240 GeV and γγ → h → bb̄ at a photon collider
with a center-of-mass energy above 125 GeV. In the parameter space allowed by current
experiments, we find that the SUSY corrections to e+ e− → Zh can reach a few percent
and the production rate of γγ → h → bb̄ can be enhanced by a factor of 1.2 over the SM
prediction. We also calculate the exotic Higgs productions e+ e− → Zh1 and e+ e− → A1 h
in the next-to-minimal supersymmetric model (NMSSM) (h is the SM-like Higgs, h1 and
A1 are respectively the CP-even and CP-odd singlet-dominant Higgs bosons which can be
much lighter than h). We find that at a 250 GeV e+ e− collider the production rates of
e+ e− → Zh1 and e+ e− → A1 h can reach 60 fb and 0.1 fb, respectively.
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Introduction

The LHC has discovered a scalar with mass around 125 GeV which resembles the Standard
Model (SM) Higgs boson [1]. Since the minimal supersymmetric model (MSSM) predicts
a light Higgs boson below 130 GeV [2], the discovery of such a 125 GeV Higgs boson may
be the first hint of low energy supersymmetry (SUSY). However, the LHC measurements
of the properties of this new boson are so far consistent with the SM predictions, which
squeezes the SUSY effects in the Higgs couplings to a decoupling region [3–5]. Besides,
after the LHC Run-1, the null results of direct searches for SUSY particles (sparticles)
have excluded the first two generation squarks and gluino with mass below about 1 TeV
[6]. The third generation squarks and non-colored sparticles as light as hundreds of GeV
are still allowed but have also been constrained by the LHC searches [7]. All these indicate
that the SUSY scale may be much higher than the electroweak scale. So it will be a
challenge for the LHC to directly observe any SUSY particles except for the alone light
Higgs boson. In such a situation, an alternative way for probing SUSY is to search for the
indirect SUSY loop effects from some precision measurements of the Higgs boson. Since
the precision measurements of the Higgs boson are rather challenging at hadron colliders
like the LHC, some high energy e+ e− colliders with center-of-mass energy above 240 GeV
are being proposed.
At an e+ e− collider, the Higgs-strahlung process e+ e− → Zh is the dominant production channel for the Higgs boson, for which the Zh events can be inclusively detected by
tagging a leptonic Z decay without assuming the Higgs decay mode. For a center-of-mass
energy of 240 − 250 GeV and an integrated luminosity of 500 fb−1 , an e+ e− collider can
produce about O(105 ) Higgs bosons per year and allow for measuring the Higgs couplings
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at percent level [8, 9], which may be able to unravel the SUSY effects in this production.
For this process, the leading order rate, the one-loop electroweak corrections and the SUSY
corrections were calculated in [10], [11–14] and [15], respectively.
As a feasible option, the γγ collision can be achieved through the backward Compton
scattering of laser light against high-energy electrons at a linear e+ e− collider. At such a γγ
collision the Higgs boson can be singly produced via the loop process γγ → h. This process
is demonstrated to be sensitive to the new charged SUSY particles. So the photon collider
will be an ideal place to investigate the anomalous hγγ coupling. At the γγ collider, the
Higgs partial width Γγγ can be measured with an accuracy of about 2%. Besides, the CP
property of the Higgs boson can be measured using the photon polarizations. The single
production of SUSY Higgs bosons through γγ fusion has been calculated in [16, 17].
Note that at a high energy e+ e− collider the productions of some exotic Higgs bosons
will be possible. If the center-of-mass energy is designed at 240-250 GeV, the production
e+ e− → hA in the MSSM, which is complementary to the production e+ e− → Zh and was
searched at LEP2, will not be open because the CP-odd Higgs A is now much heavier than
the SM-like Higgs h. However, in the NMSSM the lightest CP-even Higgs h1 and CP-odd
Higgs A1 can be singlet-dominant and much lighter than the SM-like Higgs h [18]. So in
the NMSSM the exotic Higgs productions e+ e− → Zh1 and e+ e− → hA1 may occur at
a 240-250 GeV e+ e− collider. These exotic Higgs productions could be a good probe for
non-minimal SUSY like the NMSSM.
In this work we examine systematically all the above processes in SUSY. We will not
only calculate the NMSSM processes e+ e− → Zh1 and e+ e− → hA1 which have not been
intensively studied in the literature, but also re-examine the SUSY effects in e+ e− → Zh
and γγ → h by considering current experimental constraints, such as the LHC Higgs data
and the dark matter detection limits.
This work is organized as follows. In Sec. II we describe the parameter scan and
the calculation details for the processes e+ e− → Zh, γγ → h → bb̄, e+ e− → Zh1 and
e+ e− → A1 h. In Sec.III, we show the numerical results. Finally, we draw the conclusions
in Sec. IV.

2

Calculations

2.1

A description of calculations

There are about 120 free parameters in a general R-parity conserving weak-scale MSSM.
However, most of these parameters are related to the flavor changing neutral currents
(FCNC) and/or the CP -violating phases, which are highly constrained by the experimental
measurements. So in our work we only discuss the pMSSM and CMSSM, where the free
parameters are reduced and the models are more predictive.
The pMSSM is considered as the most general version of the R-parity conserving
MSSM with the following considerations
(i) CP conservation;
(ii) The principle of minimal flavor violation (MFV) at the weak scale;

–2–

(iii) Degenerate masses of the first and second generation sfermions;
(iv) Negligible Yukawa couplings and trilinear terms for the first two generations, but
keeping the 3rd generation parameters At , Ab , Aτ ;
(v) The lightest neutralino as the LSP.
Finally, only 19 parameters can be independently changed in the pMSSM, which are
(a) tan β, which is the ratio of the vevs of the two Higgs doublet fields;
(b) the higgsino mass parameter µ and the pseudo-scalar Higgs mass mA ;
(c) the gaugino mass parameters M1 , M2 , M3 ;
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(d) the first/second generation sfermion mass parameters mq̃ , mũR , md˜R , ml̃ , mẽR ;
(e) the third generation sfermion mass parameters mQ̃ , mt̃R , mb̃R , mL̃ , mτ̃R ;
(f) the third generation trilinear couplings At , Ab , Aτ .
To further simplify the parameter space we assume M1 : M2 = 1 : 2, At = Ab = Aτ = Ae
and mtR = mbR , mτR = meR , ml = mL . We also take a common mass MSU SY = mq =
muR = mdR = M3 = 2 TeV to avoid the constraints from the first-two generation squarks
and the gluino direct searches at the LHC. In addition, considering the current bounds on
the stop and stau masses in the MSSM, we conservatively require the lighter stop mass
mt̃1 > 300 GeV and the lighter stau mass mτ̃ > 150 GeV. We scan the parameters space
in the following ranges
|At | ≤ 5 TeV,
1 ≤ tan β ≤ 50,

100 GeV ≤ (MQ , MtR ) ≤ 3 TeV,
90 GeV ≤ MA ≤ 1.5 TeV,

100 GeV ≤ µ ≤ 1 TeV,

100 GeV ≤ (ML , Ml , M2 ) ≤ 3 TeV.

(2.1)

Different from the general MSSM where all soft breaking parameters are independent [19],
the CMSSM [20] assumes the following universal soft breaking parameters at SUSY breaking scale (usually chosen as the Grand Unification scale) as the fundamental ones:
M1/2 , M0 , A0 , tan β , sign(µ),

(2.2)

with M1/2 , M0 and A0 denoting the gaugino mass, scalar mass and trilinear interaction
coefficient, respectively. When evolving these parameters down to weak scale, we get all
the soft breaking parameters in the low energy MSSM. The ranges of these parameters in
our scan are
200 GeV ≤ m0 ≤ 4 TeV,
200 GeV ≤ m1/2 ≤ 4 TeV,
−4 TeV ≤ A0 ≤ 4 TeV,
2 ≤ tan β ≤ 65.
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(2.3)

For the NMSSM, we scan the parameters in the following ranges
|At | ≤ 3 TeV,
1 ≤ tan β ≤ 10,

100 GeV ≤ (MQ , MtR ) ≤ 2 TeV,
90GeV ≤ MA ≤ 1TeV,

100 GeV ≤ µ ≤ 300 TeV,

100 GeV ≤ (ML , Ml , M2 ) ≤ 3 TeV.

0.001 ≤ λ ≤ 0.8, 0.001 ≤ κ ≤ 0.8,

−300 GeV ≤ Aκ ≤ 300 GeV

(2.4)

and other parameters like first/second generation squark mass and gluino mass are set to
be 2 TeV.
In our scan, we impose the following constraints
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(1) A SM-like Higgs mass in the range of 123-127 GeV. We use FeynHiggs-2.8.9 [21] to
calculate the Higgs mass and impose the experimental constraints from LEP, Tevatron
and LHC with HiggsBounds-3.8.0 [22]. We do not perform the Higgs couplings fit to
the LHC data because of the current poor precisions.
(2) Various B-physics bounds at 2σ level. We implement the constraints by using the
package of SuperIso v3.3 [23] , including B → Xs γ and the latest measurements of
Bs → µ+ µ− , Bd → Xs µ+ µ− and B + → τ + ν.
(3) The thermal relic density of the lightest neutralino is in the 2σ range of the Planck
data [24] and the dark matter σ SI upper limit form the LUX data[25]. The code
MicrOmega v2.4 [26] are used to calculate the relic density.
l , m
(4) The constraints from the electroweak observables such as ρl , sin2 θef
W and Rb
f
[27] at 2σ level.

(5) We require the MSSM and NMSSM to explain at 2σ level the discrepancy of the
measured value of the muon anomalous magnetic moment from its SM prediction,
SM = (28.7 ± 8.0) × 10−10 [28]. While for the CMSSM, since there is a
i.e., aexp
µ − aµ
tension between µg−2 with the Higgs mass [29], we just require the CMSSM prediction
not worse than the SM value.
(6) Since the large mixing terms in the stop/stau sector will affect the vacuum stability,
we require SUSY to comply with the vacuum meta-stability condition by using the
formulas in [30, 31].
We also impose the multi-jets direct search limits [32] on the (m0 , m1/2 ) plane based on
the search by the ATLAS collaboration for squarks and gluinos in the final states that
contain missing ET , jets and 0 − 1 leptons in 20.1 − 20.7f b−1 integrated luminosity of
√
data at s = 8 TeV collision energy. While these exclusion limits were obtained in the
MSUGRA/CMSSM framework for fixed value of tanβ and A0 = −2m0 , it was proved [33]
that the result is fairly insensitive to tanβ and A0 and so we can use the limits directly.
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Figure 1. The representative Feynman diagrams for e+ e− → Zh in the MSSM: (A) is the tree
level diagram, and (B-D) are the self-energy, triangle and box diagrams, respectively.

Besides, to make the SM-like Higgs not deviate from the Higgs data largely, we also
impose following constraints on the property of the SM-like Higgs
σ(pp → h) × Br(h → γγ)
≤ 1.5
(σ × Br)SM
σ(pp → h) × Br(h → W W/ZZ)
0.8 ≤
≤ 1.2
(σ × Br)SM
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0.8 ≤

(2.5)
(2.6)

In the calculations, we generate and simplify the amplitudes by using the packages FeynArts3.9 [34] and FormCalc-8.2[35]. All the loop functions are numerically calculated with the
package LoopTools-2.8 [36].
2.2

Calculations for e+ e− → Zh

The one-loop corrections for e+ e− → Zh in the SM and MSSM have been studied in [2].
In Fig. 1 we show the typical Feynman diagrams for the e+ e− → Zh production in the
MSSM.
The complete one-loop corrections to the process e+ e− → Zh include two parts: virtual
corrections and real photon radiations. The virtual corrections include a set of self-energy
corrections, the vertex corrections of eeZ, ZZh and ZAh, and the box diagrams. We adopt
the dimensional regularization and the constrained differential renormalization (CDR) [37]
to regulate the ultraviolet divergence (UV) in the loop amplitudes for the SM and MSSM,
respectively. These UV singularities are removed by using the on-shell renormalization
scheme. We take the definitions of the scalar and tensor two-, three- and four-integral
functions presented in [38] and use Passarino-Veltman method to reduce the N -point tensor
functions to scalar integrals [39].
Due to the infrared (IR) singularities in the vertex corrections to e+ e− → Zh, the
real photon radiation corrections should be taken into account. These IR divergences
can be canceled with the real photon bremsstrahlung corrections in the soft photon limit
by the Kinoshita-Lee-Nauenberg theorem [40]. According to the energy of the photon
√
Eγ , we split the phase space into a soft region (Eγ < ∆Eγ  s/2) and a hard region
√
(Eγ < ∆Eγ  s/2), where ∆Eγ is the energy cut-off of the soft photon. We use the soft
photon approximation formula to obtain the soft part of the cross section [41] and give a
fictitious mass mγ to the photon to eliminate the IR divergence. It should be noted that the
dependence of the real corrections on mγ is exactly canceled by the corresponding virtual
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corrections. In the hard region, we use the well-known VEGAS [42] routine to evaluate the
cross section. We checked that our results are independent of mγ and ∆Eγ .
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2.3

Calculations for γγ → h

The leading order γγ → h occurs at one-loop level, where the photon beam is generated
by the backward Compton scattering of the incident electron- and the laser-beam. The
number of events is obtained by convoluting the cross section of γγ collision with the
photon beam luminosity distribution given by
Z
dLγγ
√
Nγγ→h =
d sγγ √
σ̂γγ→h (sγγ ) ≡ Le+ e− σγγ→h (s)
(2.7)
d sγγ
√
where dLγγ /d sγγ is the photon-beam luminosity distribution and σγγ→h (s) (s is the
squared center-of-mass energy of e+ e− collision) is defined as the effective cross section of
γγ → h. In the optimal case, it can be written as [43]
Z xmax
Z xmax
dx
z2
σγγ→h (s) = √
2zdzσ̂γγ→h (sγγ = z 2 s)
Fγ/e (x)Fγ/e ( )
(2.8)
x
z 2/xmax x
a
where Fγ/e denotes the energy spectrum of the back-scattered photon for the unpolarized
initial electron and laser photon beams given by


1
4x
4x2
1
1−x+
−
+
(2.9)
Fγ/e (x) =
D(ξ)
1 − x ξ(1 − x) ξ 2 (1 − x)2
with
D(ξ) = (1 −

4
8
1 8
1
− ) ln(1 + ξ) + + −
.
ξ ξ2
2 ξ 2(1 + ξ)2

(2.10)

Here ξ = 4Ee E0 /m2e (Ee is the incident electron energy and E0 is the initial laser photon
energy) and x = E/E0 with E being the energy of the scattered photon moving along the
initial electron direction.
In the calculations of e+ e− → Zh and γγ → h → bb̄, we use the package FeynHiggs to
obtain the masses of the Higgs bosons in the MSSM. By evaluating loop corrections to the
h, H and hH-mixing propagators, we can determine the masses of the two CP -even Higgs
bosons mh and mH as the poles of this propagator matrix, which are given by the solution
of
[q 2 − m2,tree
+ Σ̂hh (q 2 )][q 2 − m2,tree
+ Σ̂HH (q 2 )] − [Σ̂hH (q 2 )]2 = 0
h
h

(2.11)

where Σ̂hH (q 2 ), Σ̂HH (q 2 ) and Σ̂hH (q 2 ) denote the renormalized Higgs boson self-energies.
It should be noted that since the Higgs field renormalization constants are given in the DR
scheme [44] in FeynArts-3.9, we adopt the finite wave function normalization factors Ẑij to
ensure the correct on-shell properties of the external particles in the S-matrix elements.
The values of Ẑij can be numerically obtained by using the package FeynHiggs.
Also, it should be noted that normally one has to use the tree-level Higgs masses in the
whole loop calculations to keep the gauge invariance, while for the phase space integration
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we need to express the matrix element in terms of the physical masses for the external
final-states. In our study, we take the loop-corrected Higgs boson mass as the physical
mass and adopt the proposed way in [45] to technically deal with this problem. To be
specific, since the tree-level process e+ e− → Zh does not involve the exchange of the light
Higgs boson h, we only need to use tree-level Higgs masses in the loop integral calculation
but keep the loop-corrected mass in the phase space integration.

3

Numerical results and discussions

The SM input parameters are taken as [46]
mt = 172.00 GeV, mZ = 91.1876 GeV,
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α(mZ ) = 1/127.9, sin2 θW = 0.231, αs (mZ ) = 0.1185.

(3.1)

We define the following ratio to quantitatively show the SUSY effect in the Higgs productions
∆σ SU SY
σ SU SY − σ SM
=
σSM
σ SM

(3.2)

where σ SU SY and σ SM are the one-loop cross sections in the MSSM and SM, respectively.
3.1

Results for e+ e− → Zh in MSSM and CMSSM

In Fig.2 we show the dependence of SUSY corrections to the process e+ e− → Zh on
the chargino mass mχ̃+ for the samples allowed by constraints (1)-(6) at 2σ level for an
√1
e+ e− collider with s = 250, 350, 500 GeV. From this figure we can see that the SUSY
corrections can be negative or positive, depending on the masses of the sparticles in the
√
loops and the collider energies. For s = 250 GeV, the SUSY corrections can maximally
√
reach −2.5% with mχ̃+ ∼ s/2, which is caused by the resonant effects in the chargino
1
loops. Note that the bounds on the chargino mass from direct electroweakinos searches are
still weak for our samples since most of the survived points are dominated by the mixture
of wino-higgsino. Given the expected sensitivity of a 250 GeV e+ e− collider like CEPC,
the residual SUSY effects in e+ e− → Zh can still be detected if mχ̃+ < 400 GeV when the
1
luminosity reach about 10,000 fb−1 [47]. Since the hZZ coupling directly affects the Zh
production, we survey the deviation of this coupling from the SM value and find it at most
0.05%. So in the MSSM the difference of Zh production from the SM is largely from the
sparticle contribution.
In Fig.3 we present the dependence of SUSY corrections to the process e+ e− → Zh
√
on the neutralino mass mχ̃01 in the CMSSM with s = 250, 350, 500 GeV. We find that
the SUSY corrections for almost samples are less than 0.5% because the sparticles masses
have been pushed up to multi-hundreds GeV region by the inclusive sparticles searches for
the CMSSM at the LHC. So it is difficult to observe these indirect CMSSM loop effects
through e+ e− → Zh production at future e+ e− colliders.
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Figure 2. The MSSM corrections to the process e+ e− → Zh for the samples allowed by constraints
√
(1)-(6) at 2σ level for an e+ e− collider with s = 250, 350, 500 GeV.
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Figure 3. Same as Fig.2, but for the CMSSM.

3.2

Results for γγ → h → bb̄ in MSSM

At an ILC-based photon collider, the Higgs boson can be singly produced through the
photon-photon fusion mechanism. Since the cross section of γγ → h is proportional to the
decay width of h → γγ, the ratio ∆σ SU SY (γγ → h)/σ SM (γγ → h) is independent of the
energy of ILC. Given the large branching ratio of h → bb̄, we calculate the SUSY corrections
to the observable σ(γγ → h) · Br(h → bb̄) in the MSSM and display its dependence on the
mass of pseudo-scalar mA in Fig.4.
From Fig.4 we can see that the SUSY corrections can maximally reach 20% for the
allowed samples in the small mA region with a large tan β due to the enhancement of
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Br(h → bb̄). With the increase of mA , the SUSY corrections drop. Note that a light
stau can make sizable loop contribution to γγ → h, which, after considering the vacuum
stability, can enhance the cross section by a factor of 1.2.
So, if the photon-photon collison can be realized at the ILC, it will be a good place for
probing SUSY effects. Of course, it should be mentioned that such sizable effects may be
detected or further constrained at the LHC Run-2.
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Figure 4. The SUSY corrections to γγ → h → bb̄ at a photon collider with center-of-mass energy
above 125 GeV.

3.3

Results for e+ e− → Zh1 and e+ e− → hA1 in NMSSM

In our scan of the NMSSM parameter space we choose h2 as the SM-like Higgs h. In this
case the lightest CP-even Higgs h1 and CP-odd Higgs A1 are singlet-dominant and can be
much lighter than h.
In Fig.5 we show the leading-order cross sections for e+ e− → Zh1 and e+ e− → A1 h
√
in the NMSSM for s = 250 GeV. From the right panel we see that the e+ e− → Zh1
production rate varies between a rather large range and most samples give a cross section
larger than 1 fb. It is interesting that the largest production rate increases with the mass
of h1 . The reason is that the e+ e− → Zh1 production rate largely depends on the h1 ZZ
coupling, which comes from the mixing between the singlet and the doublet Higgs fields.
When the two masses of h1 and h get closer, the mixing generally become larger and thus
e+ e− → Zh1 increases with the h1 mass. This situation is different from the e+ e− → A1 h
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production, whose cross section decreases with the increase of A1 mass since the production
rate would be kinematic enhanced when A1 is light.
Note that the e+ e− → A1 h production rate is much smaller than e+ e− → Zh1 . The
largest cross section can only reach 0.1 fb. The reason is that this production rate depends
on the ZA1 h coupling. This couplings arises from the mixing between the two CP-odd
scalars and a moderately large MA1 would induce a small mixing.
The right panel of Fig.5 shows the leading-order cross sections of three production
channels versus the hZZ coupling normalized to the SM value. We see that the cross
section of e+ e− → Zh1 is sensitive to the deviation of hZZ coupling from the SM value.
When the hZZ coupling approaches to the SM value, the cross section of e+ e− → Zh1
drops sharply. For the channel e+ e− → A1 h, although its production rate is much smaller
than e+ e− → Zh1 , it is not so sensitive to the hV V coupling. We numerically checked that
as the hZZ coupling approaches to the SM value, the production rate of e+ e− → A1 h can
still reach 0.1 fb.
Since the dominant decay mode of the light Higgs bosons is bb̄, the exotic Higgs productions e+ e− → A1 h and e+ e− → Zh1 will lead to 4b and Z + 2b, respectively. These
signals can be efficiently detected at an e+ e− collider. Also note that at such an e+ e−
collider the loop-induced Higgs production e+ e− → hγ can get enhanced in SUSY [50]. All
these processes can jointly serve as a good probe for SUSY models.
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Figure 5. The cross sections of e+ e− → Zh1 and e+ e− → A1 h in the NMSSM for a 250 GeV
e+ e− collider.

4

Conclusion

In this work we examined the SUSY residual effects in the process e+ e− → Zh at an
e+ e− collider with center-of-mass energy above 250 GeV and γγ → h → bb̄ at a photon
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collider with center-of-mass energy above 125 GeV. We found that the SUSY corrections to
e+ e− → Zh can reach a few percent in the parameter space allowed by current experiments.
The production rate of γγ → h → bb̄ can be enhanced by a factor of 1.2 over the SM
prediction. We also calculated the exotic Higgs productions e+ e− → Zh1 and e+ e− → A1 h
in the NMSSM. We found that for an e+ e− collider with center-of-mass energy of 250 GeV
the e+ e− → Zh1 and e+ e− → A1 h production rates can reach 60 fb and 0.1 fb, respectively.
These processes will jointly serve as a probe of SUSY in the proposed e+ e− collider like
CEPC, TLEP or ILC.
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