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 Background: Linear collider is a clean environment to search for supersymmetric 
particles such as neutralinos and in turn achieve the Minimal Supersymmetric Model 

(MSSM), since the mass of neutralinos is among the precision observables with lots of 

information on the SUSY-breaking structure. The relations between the particle masses 

and the SUSY parameters are important theoretical quantities for precision calculations. 

In view of the experimental prospects, it is inevitable to include higher-order terms in 

the calculation of the measured quantities in order to achieve theoretical predictions 
matching the experimental accuracy. Thus, one-loop calculations for our process are 

studied using the on-shell renormalization scheme. Objective: To study the lowest 

order and the one-loop corrections to the production of a light neutral minimal 

supersymmetric standard model Higgs boson (0) with a pair of lightest neutralinos 

(𝜒 1
0) in 𝑒+𝑒− collisions at the Linear Collider. Results: The one-loop correction 

increases the cross section by about 42% at  𝑠 = 500 GeV and this increase reaches 

39% at  𝑠 = 2000 GeV. The Born cross section reaches its maximum value 8 × 10
-8

 

pb at  𝑠 = 1100 GeV, while the maximum value of the cross section for one-loop level 

is almost 1.1 × 10
-7

 pb at  𝑠 = 1100 GeV. The effects of the MSSM parameters on the 

calculations of the lightest neutralino 𝜒 1
0  and neutral light Higgs boson  0, shows 

significant dependence on the considered parameters which in turn give a frame of 

searching for 𝜒 1
0 and 0. Conclusion: The one-loop corrections to the lowest order 

show large contribution and improvement to the cross section values, where an 

important contribution coming from QED calculations that should be taken into 

account. The corrections are typically quite large; and therefore, one has to consider 
higher orders with a resummation of the leading terms to get precise results.  
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INTRODUCTION 

 

 The Higgs particle is an elementary particle initially theorized in 1964, whose discovery was announced by 

CMS and the ATLAS experimental teams at the LHC at CERN on 4 July 2012 (Cho, 2012; The ATLAS 

Collaboration, 2012) and confirmed likely, on March 2013, to be a Higgs boson of mass ~ 125 GeV, although 

unclear as yet which model the particle best supports or whether multiple Higgs bosons exist. In the Minimal 

Supersymmetric Standard Model (MSSM), there are as many as five Higgs mass states: two scalars, 0 and 𝐻0, 

a pseudo scalar, 𝐴0 and a pair of charged bosons, 𝐻±. The couplings of the Higgs bosons to the SUSY scalar 

fermions 𝑓 and to the charginos 𝜒± and neutralinos 𝜒0 depend on the soft–SUSY breaking parameters and 

therefore carry information on the fundamental SUSY theory.  

 Since the masses of charginos and neutralinos are among the precision observables with lots of information 

on the SUSY-breaking structure, the relations between the particle masses and the SUSY parameters are 

important theoretical quantities for precision calculations. In (MSSM) Nilles, 1984 (Nilles, 1984) one has two 

𝜒 1
± and  𝜒 2

±, which are the fermion mass eigenstates of the supersymmetric partners of the 𝑊± and the charged 

Higgs states 𝐻1,2
± . Likewise, there are four 𝜒 1

0-𝜒 4
0, which are the fermion mass eigenstates of the supersymmetric 

partners of the photon, the 𝑍0 boson, and the neutral Higgs bosons 𝐻1,2
0 . Their mass matrix depends on the 

parameters 𝑀1, 𝑀2, 𝜇, and tan𝛽, where 𝑀1and 𝑀2are the SU(2) and U(1) gauge mass parameter, tan𝛽 =
𝑣1 𝑣2 with 𝑣1,2the vacuum expectation values of the two neutral Higgs doublet fields. If supersymmetry is 

realized in nature, charginos and neutralinos should be found in the next generation of high energy experiments 

at Tevatron, LHC (The ATLAS Collaboration, 2014) and a future 𝑒+𝑒−collider. Especially at a linear 𝑒+𝑒− 

http://en.wikipedia.org/wiki/Large_Hadron_Collider
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collider, it will be possible to perform measurements with high precision (Heuer, et al., 2001; Adolphsen, et al., 

2000). In view of the experimental prospects, it is inevitable to include higher-order terms in the calculation of 

the measured quantities in order to achieve theoretical predictions matching the experimental accuracy. Former 

studies on chargino-pair production (Diaz, et al., 1998; Kiyoura, et al., 1998; Blank, and Hollik, 2000) and 

scalar-quark decays (Guasch, et al., 2001) have revealed that the Born-level predictions can be influenced 

significantly by one-loop radiative corrections.  

 In this paper, the basis of loop calculations in the Higgs and neutralino sectors of the CP-conserving MSSM 

will be outlined, using on-shell renormalization conditions. As a byproduct, all the renormalization constants, 

required to determine the various counterterms for the Higgs, neutralino and other sectors, being implemented in 

the MSSM version of FeynArts (Hahn and Schappacher, 2002) for completion at the one-loop level. The 

resulting amplitudes were algebraically simplified using Form Calc and then converted to a FORTRAN 

program. The Loop Tools package was used to evaluate the one-loop scalar and tensor integrals (Hahn, 2000). 

 The paper is arranged as follows: In section 2, the analytical calculations of the Born cross section to the 

𝑒−𝑒+ → 𝜒 1
0 𝜒 1

00 process is given, where we present some numerical results. The virtual, the electroweak, and 

the soft photonic corrections are studied in section 3. And finally conclusions are given in section 4.  

 

Lowest Order Calculations: 

 The total cross section at the tree-level for the process of production of the Higgs bosons in association with 

a neutralino-pair  

 

𝑒+ 𝑝1 + 𝑒− 𝑝2 → 𝜒 1
0 𝑝3 + 𝜒 1

0 𝑝4 + 0 𝑝5            
 

can be written as: 

 

                                                        𝜎 𝑒−𝑒+ → 𝜒 1
0 𝜒 1

00 =                          ℳ 2𝑑Φ3                                                         (1) 

 

 

 The integration is performed over the three-body phase space of the final state. The three-body phase space 

element 𝑑Φ3 is read as  

 

𝑑Φ3 = 𝛿4  𝑝1 + 𝑝2 −        𝑝1        
𝑑3𝑃𝑗

(2𝜋)32𝐸𝑗

 

 

from which we get 

 

                                        𝜎 =
 ℳ 2

16 2𝜋 𝑠
  𝛿4  𝑝1 + 𝑝2 −  𝑝3 −  𝑝4 −  𝑝5     

𝑑3𝑝3

𝐸3

𝑑3𝑝4

𝐸4

𝑑3𝑝5

𝐸5

                                    (2) 

 

where 𝒑𝟏, 𝒑𝟐and 𝒑𝟑, 𝒑𝟒, 𝒑𝟓 are the four-momenta of the incoming and the outgoing particles, respectively, 

 𝓜 𝟐 is the square of amplitudes corresponding to the Feynman diagrams in FIG. 1 and 𝒔 =  𝒑𝟏 +  𝒑𝟐 
𝟐 is the 

square of the total energy in the center of mass system .  

 For instance (Datta, et al., 2001), the 𝜒 1
0 𝜒 1

00  coupling which might be the first to be accessible, since the h 

boson is light and the neutralino 𝜒 1
0 is expected to be the lightest sparticle (LSP) in the MSSM, is given in the 

decoupling limit by (Gunion and Haber, 1986) with 𝑖 = 𝑗 = 1. 

 

𝑔𝜒 1
0  𝜒 1

00 ∝  𝑍𝑖2 − tan𝜃𝑊𝑍𝑖1  sin𝛽 𝑍𝑗3 − cos𝛽𝑍𝑗4 + 𝑖 ⟷ 𝑗 

 

 Here 𝑍𝑖𝑗  are the elements of the matrix 𝑍 which diagonalises the 4 × 4 neutralino mass matrix. As can be 

seen, the h boson couples to mixtures of gaugino  𝑍𝑖1 ,𝑍𝑖2  and higgsino  𝑍𝑖3,𝑍𝑖4  components of the 

neutralinos. If the light neutralino 𝜒 1
0 were a pure bino, as is the case in a large part of the mSUGRA model 

parameter space (Falk, 1999), in particular when cosmological constraints are incorporated, or a pure higgsino, 

the coupling would vanish and thus would be hard to measure experimentally. 

 The Feynman diagrams contributing to the production of the lightest CP–even Higgs boson in association 

with neutralino pairs is shown in Fig. 1, where the diagrams where the 0 boson is emitted from the electron and 

positron lines give negligible contributions. A first class of contributions (a) is formed by diagrams where the 

Higgs boson is emitted from the neutralino states, the latter being produced through s–channel Z boson exchange 
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Fig. 1: The lowest order (LO) Feynman diagrams for the  𝒆−𝒆+ → 𝝌 𝟏
𝟎 𝝌 𝟏

𝟎𝒉𝟎. 

 

 

 
Fig. 2: The dependence of the total cross section on center of mass energy at LO level. 

 

and t–channel left– and right–handed selectron exchange. A second class (b) is formed by the Higgs–strahlung 

production process, where the Z boson is virtual and splits into two neutralinos. Finally, a third class (c) consists 

of the diagrams where the Higgs boson is emitted from the internal selectron lines. The cross section will 

therefore depend on the 0 boson couplings to both the neutralinos and sleptons. 

 In the MSSM, the Higgs boson couplings to the neutralinos  𝜒 1,…,4
0 depend ontan𝛽, the higgsino parameter𝜇 

and the bino and wino mass parameters 𝑀1and 𝑀2 which are linked by the relation 𝑀1 = 5

8
 tan2𝜃𝑊𝑀2 ≃

1

2
𝑀2in 

the minimal Supergravity (mSUGRA) (Drees and Martin, 1995) model where the gaugino masses [as well as the 

scalar masses and the trilinear sfermion couplings] are unified at the GUT scale and where the electroweak 

symmetry is broken radiatively. If the higgsino mass parameter 𝜇 is much larger than the bino and wino mass 

parameters 𝑀1and  𝑀2,  𝜇 ≫  𝑀1, the lightest neutralino is a pure bino and its mass is given by 𝑚𝜒 1
0 ≃ 𝑀1. In 

our work we adopted mSUGRA benchmark scenario for which the lightest neutralino 𝑚𝜒 1
0  is bino. We use the 

following MSSM on-shell parameters: tan𝛽 = 10,  𝜇 = 350 GeV, 𝑀2 = 250GeV, 𝑀1 = 119.3 GeV, 𝑀𝐴0 =
393 GeV, 𝑀𝑆𝑈𝑆𝑌 = 500 GeV and 𝐴𝑓 = −300 GeV. For the SM input parameters we use  𝛼 𝑚𝑍 = 1 127.922 , 

𝑀𝑊 = 80.399 GeV, 𝑀𝑍 = 91.1876 GeV, using experimental constraints as mentioned in ref. (Huitu, et al., 

2012). The total cross section have been measured at center of mass energy of 500 GeV up to 2000 GeV as 

shown in Fig. 2, where the higher value of the total cross section is at center of mass energy almost equals to 

1100 GeV. The reliance of the mass of the lightest neutralino 𝑚𝜒 1
0  on the Higgsino-mass parameter 𝜇 is 

examined by exploring the MSSM parameter space with different values of 𝑀2  while fixing the rest of the 

MSSM parameters values. In Fig. 3, it shows as 𝜇 increases in the range of  𝜇 < 𝑀2, 𝑚𝜒 1
0  increases rapidly, 

while in the range of 𝜇 ≥ 𝑀2, 𝑚𝜒 1
0  increases slowly till it reaches a plateau. The dependence of the total cross-

section on the neutralino mass  𝑚𝜒 1
0   at different center of mass energies is shown in Fig. 4. The cross section de- 
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Fig. 3: The dependence of the lightest neutralino mass                    Fig. 4: The cross-section dependence on neutralino 

            on M2 and μ  parameters.                                                        mass for M2 = 250 GeV. 

 

creases dramatically as the neutralino mass increases at  𝑠 =  500 GeV, while it shows steady decrease at the 

center of mass energies 1000 GeV, 1500 GeV, and 2000 GeV. 

 As clarified in (Nakamura et al, 2010; Egiiyan, et al., 1999) all Higgs bosons in the MSSM, except the 

lightest CP-even one, are too heavy to play an important role in the current and the near future experiments. 

Therefore, the present study concentrates on the lightest Higgs boson 0  only. The LO cross-section is studied 

for the process   𝑒+𝑒− → 𝜒 1
0 𝜒 1

00  as a function of the light neutral Higgs boson mass 𝑚0  for both center of 

mass energies 500 GeV and 2000 GeV, where the neutralino mass has been fixed at  𝑚𝜒 1
0 ≈ 115 GeV; Fig. 5. 

The lightest Higgs boson mass 𝑚0 , as a function of  𝑀𝑆𝑈𝑆𝑌   is shown in Fig. 6.  Figs. 7 and 8, also show the 

dependence of the cross section on the tan𝛽 in the range between 10 and 50, at the center of mass energies 

  𝑠 = 500 GeV and  𝑠 = 2000 GeV. For different tan𝛽 . The total cross section at  𝑠 = 2000 GeV is larger 

than that at  𝑠 =  500 GeV by about 47%. At   𝑠 = 500 GeV, the total cross section decreases gradually, while 

at   𝑠 = 2000 GeV it shows a strong dependence and increases with tan𝛽 ≤ 30 beyond which the curve 

reaches a plateau and the cross section does not increase any further. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

     Fig. 7: The dependency of total cross section on  

                  tanat   𝑠 = 500 GeV. 

 

     
       Fig. 8: The dependency of total cross section on  
             tanat  𝑠 = 2000 GeV.

 

 

 
Fig. 5: The total cross section as a function of  

             the lightest Higgs mass at tan= 10. 

 

 

Fig. 6: The mass of the lightest Higgs boson  

            as a function of MSUSY. 
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𝑚𝜒 𝑖
0 

Γ 𝑖𝑗
(2)

 

 

One-Loop Calculations: 

 A linear electron-positron collider is considered to be the best environment for precise studies of 

supersymmetric models, especially for the MSSM. From precise measurements of masses and cross sections, the 

fundamental parameters of the MSSM Lagrangian can be reconstructed (Jurcisin and Kazakov, 1999) to shed 

light on the mechanism of SUSY breaking. Adequate theoretical predictions matching the experimental 

accuracy require the proper inclusion of higher-order terms in the calculations of mass spectra, cross sections 

and decay rates. 

 In this study a brief overview on the complete one-loop calculations for the processes where all MSSM 

particles with electroweak couplings are included in the virtual states is presented. As a calculational frame, the 

on-shell renormalization scheme has been chosen where all particle masses are defined as pole masses, i.e., on-

shell quantities. Cross sections are thus directly related to the physical masses of the external particles and of the 

other particles entering the loops. The theoretical basis of the calculation is outlined in the following 

subsections, where the presentation is based on refs. (Choi et. al., 2000; Fritzsche and Hollik, 2002). 

 

Renormalization of Neutralino: 

 The bilinear part of the Lagrangian describing the neutralino sector of the MSSM involves the 𝜇 parameter, 

the soft-breaking gaugino-mass parameters 𝑀1and  𝑀2, and the Higgs vacua 𝑣𝑖 , which are related to 

tan𝛽 = 𝑣2 𝑣1 and to the 𝑊mass 𝑀𝑊 = 𝑔𝑣/2 with  𝑣1
2 + 𝑣2

2 1/2. 

 Renormalization constants are introduced for the neutralino mass matrix Y  
 

 

                         𝑌 =

 

 

𝑀1 0 −𝑀𝑍  𝑠𝑊 cos𝛽 𝑀𝑍  𝑠𝑊 sin𝛽

0 𝑀2  𝑀𝑍  𝑐𝑊 cos𝛽 –𝑀𝑍  𝑐𝑊 sin𝛽
−𝑀𝑍  𝑠𝑊 cos𝛽
𝑀𝑍  𝑠𝑊  𝑠𝑖𝑛 𝛽

𝑀𝑍  𝑐𝑊 cos𝛽
−𝑀𝑍  𝑐𝑊  𝑠𝑖𝑛 𝛽    

  0                 −𝜇
−𝜇                    0  

                                 (3) 

 
 

and for the neutralino fields 𝜒 𝑖
0 𝑖 = 1,⋯ ,4  by the transformation 

 

𝑌 → 𝑌 + 𝛿𝑌, 

                                                                         𝜔𝐿𝜒 𝑖
0 →  𝛿𝑖𝑗 + 1

2
 𝛿𝑍𝜒 0 

𝑖𝑗
 𝜔𝐿𝜒 𝑗

0, 

                                                                         𝜔𝐿𝜒 𝑖
0 →  𝛿𝑖𝑗 + 1

2
 𝛿𝑍𝜒 0 

𝑖𝑗

∗
 𝜔𝐿𝜒 𝑗

0.                                                  (4) 

 

 The matrix 𝛿𝑌 consists of the counterterms for the following parameters in the mass matrix 𝑌: the soft-

breaking gaugino-mass parameters 𝑀1and𝑀2, the Higgsino mass parameter 𝜇, tan𝛽, the 𝑍mass and the 

electroweak mixing angle 𝑠𝑊 = sin 𝜃𝑊 , 𝑐𝑊 = cos𝜃𝑊 . The matrix-valued renormalization constant  𝛿𝑍𝜒 0  is a 

general complex 4 × 4 matrix. 

 Using the on-shell approach (Choi et. al., 2000), the pole mass of the neutralino, 𝜒 1
0, is considered as an 

input parameters to specify the neutralino Lagrangian in terms of physical quantities. This is equivalent to the  

specification of the parameters 𝜇, 𝑀1, 𝑀2, which are related to the input masses in the same way as in LO, as a 

consequence of the on-shell renormalization conditions, and to the definition of the respective counterterms. In  

this way, the tree-level masses         as well as the counterterm matrix 𝛿𝑌, are fixed. Furthermore, one requires 

that the matrix of the renormalized one-particle-irreducible two-point vertex functions         becomes diagonal 

for the on-shell external momenta. This fixes the non-diagonal entries of the field-renormalization matrix 𝛿𝑍𝜒 0  ; 

their diagonal entries are determined by normalizing the residues of the propagators to be unity.  

 

Renormalization of Higgs Sector: 

 The Higgs sector of the MSSM (A. Dabelstein, 1995; Farzinnia, He, and Ren, 2013) consists of two scalar 

doublets 

𝐻1 =  
𝐻1

1

𝐻1
2 =  

(𝑣1 + 𝜙1
0 − 𝑖𝜒1

0)/ 2
−𝜙1

−   ,         𝐻2 =  
𝐻2

1

𝐻2
2 =  

𝜙2
+

(𝑣2 + 𝜙2
0 + 𝑖𝜒2

0)/ 2
 ,                     (5) 

with opposite hypercharge 𝑌1 = −𝑌2 = −1 and vacuum expectation values 𝑣1, 𝑣2. The quadratic part of the 

potential 

 

      𝑉 = 𝑚1
2𝐻1𝐻 1 + 𝑚2

2𝐻2𝐻 2 + 𝑚12
2  𝜖𝑎𝑏𝐻1

𝑎𝐻2
𝑏 + . 𝑐.  +

1

8
 𝑔1

2 + 𝑔2
2  𝐻1𝐻 1 − 𝐻2𝐻 2 

2 −
𝑔2

2

2
 𝐻1𝐻 2 

2,           (6) 
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 where 𝑚12
2   is defined to be negative and 𝜖12 = −𝜖21 = −1, with soft breaking parameters 𝑚1

2, 𝑚2
2, 𝑚12

2  

and the  gauge couplings 𝑔1, 𝑔2 is diagonalized by the rotations 

 

 
𝐻0

 0  =  
cos𝛼 sin𝛼
− sin𝛼 cos𝛼

  
𝜙1

0

𝜙2
0  

 
𝐺0

 𝐴0  =  
cos𝛽 sin𝛽
− sin𝛽 cos𝛽

  
𝜒1

0

𝜒2
0  

                                                                
𝐺+

 𝐻+ =  
cos𝛽 sin𝛽
− sin𝛽 cos𝛽

  
𝜙1

+

𝜙2
+ .                                                          (7) 

 

𝐺0, 𝐺± describe the unphysical Goldstone modes. The spectrum of physical states consists of 

2 neutral bosons with CP = 1: 0, 𝐻0    (”scalars”) 

1 neutral boson with CP = −1: 𝐴0          (”pseudoscalar”) 

2 charged bosons: 𝐻± . 

The masses of the gauge bosons and the electromagnetic charge are determined by 

 

𝑀𝑍
2 =

1

4
 𝑔1

2 + 𝑔2
2  𝑣1

2 + 𝑣2
2  , 

                                                                          𝑀𝑊
2 =

1

4
𝑔2

2 𝑣1
2 + 𝑣2

2 ,   

                                                                            𝑒2 =
𝑔1

2𝑔2
2

𝑔1
2 + 𝑔2

2  .                                                                                              (8) 

      

Thus, the potential (6) contains two independent free parameters, which can conveniently be chosen as 

 

                                                               tan𝛽 =
𝑣2

𝑣1

 ,     𝑀𝐴
2 = −𝑚12

2  tan𝛽 + cot𝛽 ,                                                       (9) 

            

where 𝑀𝐴  is the mass of the 𝐴0 boson. 

 Expressed in terms of (9), the masses of the other physical states read: 

 

𝑚𝐻0 ,0
2 =

1

2
[𝑀𝐴

2 + 𝑀𝑍
2 ±  (𝑀𝐴

2 + 𝑀𝑍
2)2 − 4𝑀𝐴

2𝑀𝑍
2cos22𝛽] 

                                              𝑚𝐻+
2 = 𝑀𝐴

2 + 𝑀𝑊
2 ,                                                                                                 (10) 

 

and the mixing angle 𝛼 in the (𝐻0, 0)-system is derived from 

 

                                                           tan 2𝛼 = tan 2𝛽
𝑀𝐴

2 + 𝑀𝑍
2

𝑀𝐴
2 −𝑀𝑍

2  ,−
𝜋

2
< 𝛼 ≤ 0 .                                                          (11) 

 

Hence, masses and couplings are determined by only a single parameter more than in the standard model. 

 The dependence on 𝑀𝐴  is symmetric under  tan𝛽 ↔ 1 tan 𝛽 , and 𝑚0  is constrained by: 

 

                                                             𝑚0  < 𝑀𝑍 cos 2𝛽 < 𝑀𝑍 .        (12) 

 

This simple scenario, however, is changed when radiative corrections are taken into account. 

 The tree-level mass matrix 𝑚0 of the neutral scalar system that represents bare mass system is diagonalized 

by (7). Loop contributions to the quadratic part of the potential (neglecting the 𝑞2-dependence of the diagrams) 

modify the mass matrix  

                                                                        𝑚0 → 𝑚0 + 𝛿𝑚      (13) 

 Re-diagonalizing the one-loop Matrix 𝑚yields the corrected mass eigenvalues  𝑚𝐻0 ,0 , replacing (10), and 

an effective mixing angle 𝛼𝑒𝑓𝑓  instead of (11). The renormalization constants (Dabelstein, 1995) are defined as 

follows: 

 

                                                          𝐵𝜇 →  𝑍2
𝐵 1/2𝐵𝜇  ,   𝑊𝜇

𝑎 →  𝑍2
𝑊 1/2𝑊𝜇

𝑎  , 

                                                          𝐻𝑖 → 𝑍𝐻𝑖

1/2
𝐻𝑖  , 

                                                         𝜓𝑗
𝐿 →  𝑍𝐿

𝑗
 

1/2
𝜓𝑗

𝐿  ,  𝜓𝑗𝜎
𝑅 →  𝑍𝑅

𝑗𝜎
 

1/2
𝜓𝑗𝜎

𝑅  , 
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                                                         𝑔2 → 𝑍1
𝑊 𝑍2

𝑊 −3/2𝑔2  ,  𝑔1 → 𝑍1
𝐵 𝑍2

𝐵 −3/2𝑔1 , 

                                                          𝑣𝑖 → 𝑍𝐻𝑖

1/2 𝑣𝑖 − 𝛿𝑣𝑖  , 

                                                         𝑚𝑖
2 → 𝑍𝐻𝑖

−1 𝑚𝑖
2 + 𝛿𝑚𝑖

2 ,   

                                                        𝑚12
2 → 𝑍𝐻1

−1/2
𝑍𝐻2

−1/2 𝑚12
2 + 𝛿𝑚12

2  .       (14) 

 

 The renormalization of the other sectors: sfermion sector, MSSM parameters and fields including those of 

SM as the electric charge and the masses of  𝑊, 𝑍, and the fermions and their counterterms in addition to 

tanAll these are treated as described in (Hollik and Rzehak, 2003; Denner, 1993).  

 

Virtual Corrections: 

 The set of Feynman diagrams in Fig 1, has to be dressed by the corresponding loop contributions containing 

the full particle spectrum of the MSSM. The complete cross section at the one-loop level can be written as 

follows, 

 

𝜎1−𝑙𝑜𝑜𝑝 = 𝜎𝐵𝑜𝑟𝑛 + 𝜎𝑣𝑖𝑟𝑡                                                                         (15) 
   

𝜎𝑣𝑖𝑟𝑡 =  𝑑 𝑃𝑆3  2𝑅𝑒 ℳ𝐿𝑂
† ℳ𝑣𝑖𝑟𝑡                                                (16) 

 

where the term is integrated over the phase space measure 𝑃𝑆3  corresponds to the virtual one-loop corrections 

with three particles in the final state. The sum  indicates that the corresponding amplitudes squared have been 

averaged over the initial-state degrees of freedom and summed over the final-state ones. The ’t Hooft-Feynman 

gauge (Hooft and Veltman, 1972) is adopted, using the dimensional regularization method in  𝐷 = 4 − 2𝜖 

dimensions to isolate ultraviolet (UV), infrared (IR) and collinear singularities. 

 The renormalization constants determined in sections 3.1 and 3.2 are complete to deliver all counterterms 

required for propagators and vertices appearing in the amplitudes, becoming part of the FeynArts package for 

the MSSM (Hahn and Schappacher, 2002). The one-loop contributions can be classified as follows: self-energy 

contributions to the propagators, vertex corrections and box-diagrams. 

 For the virtual particles inside loops, the complete supersymmetric spectrum is used. Self-energy and vertex 

diagrams contain IR and UV divergences. Box diagrams are IR and UV finite. The UV divergences are 

renormalized by introducing a suitable set of counterterms for the renormalization of the coupling constants and 

the renormalization of the external wave functions. 

 The virtual photons attached to external charged particles are the source of IR divergences in the loop 

diagrams (Fritzsche, 2004). An IR-finite result is obtained by adding a real-photon Bremsstrahlung integrated 

over the photon phase space. The sum of the one-loop contribution to the cross section 𝜎𝑣𝑖𝑟𝑡  and the 

Bremsstrahlung cross section, 𝜎𝑏𝑟𝑒𝑚𝑠 , is IR-finite. Different from the standard-fermion production, these 

photonic contributions cannot be removed and treated separately as “QED corrections”, because the one-loop 

result without the virtual photons would not be UV-finite. The presence of the photon is required to cancel the 

divergence from the photino component of the virtual neutralinos. 

 For cancellation of the IR divergence, it is convenient to split 𝜎𝑏𝑟𝑒𝑚𝑠  into a (IR-divergent) soft part and a 

(IR-finite) hard part, both depending on a soft-photon cutoff 𝛥E for the energy of the radiated photon (Hahn, 

2005), 

 

𝜎𝑏𝑟𝑒𝑚𝑠  = 𝜎𝑠𝑜𝑓𝑡 (𝛥𝐸) + 𝜎𝑎𝑟𝑑  (𝛥𝐸) .           (17) 
 

 For practical calculations, in order to avoid numerical instabilities, 𝜎𝑎𝑟𝑑  is divided into a collinear part, 

where the photon is within an angle smaller than 𝛥θ with respect to the radiating particles, and the 

complementary non-collinear part, 

 

𝜎𝑎𝑟𝑑  =  𝜎𝑐𝑜𝑙𝑙  Δ𝜃 + 𝜎𝑛𝑜𝑛 −𝑐𝑜𝑙𝑙  Δ𝜃 .                                             (18) 
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Fig. 9: The graph shows the dependence of the total cross section on center of mass energy at one-loop level. 

 

 For 𝜎𝑠𝑜𝑓𝑡  and 𝜎𝑐𝑜𝑙𝑙 , analytical results are available; 𝜎𝑛𝑜𝑛 −𝑐𝑜𝑙𝑙  is calculated numerically with the help of 

DIVONNE and CUHRE, multidimensional numerical integration routines that are part of the CUBA-library 

(Hahn, 2005). 

 As already pointed out above, there is no diagrammatic way to disentangle QED-like photonic virtual 

contributions from the MSSM-specific parts. One can, however, isolate the universal and leading QED  

 
𝜎𝑄𝐸𝐷 = 𝜎𝐼𝑆𝑅

𝑎𝑟𝑑 + 𝜎                                                                             (20) 

 

Terms in 𝜎𝑣𝑖𝑟𝑡  + 𝜎𝑠𝑜𝑓𝑡  resulting from photons collinear to the incoming 𝑒±, which contain the large logarithm 

𝐿𝑒  = 𝑙𝑜𝑔  
𝑠

𝑚𝑒
2 . The separation 

 

  𝜎𝑣𝑖𝑟𝑡  +  𝜎𝑠𝑜𝑓𝑡 = 𝜎  + 𝜎𝑟𝑒𝑚𝑎𝑖𝑛𝑑𝑒𝑟  ,                                                            (19) 

𝜎 =
𝛼

𝜋
  𝐿𝑒 − 1 𝑙𝑜𝑔

4Δ𝐸2

𝑠
+

3

2
𝐿𝑒 .𝜎𝐵𝑜𝑟𝑛 , 

 
Identifies a one-loop contribution, 𝜎𝑟𝑒𝑚𝑎𝑖𝑛𝑑𝑒𝑟 , that is IR finite and free of large universal QED terms. 

𝜎𝑟𝑒𝑚𝑎𝑖𝑛𝑑𝑒𝑟 contains the MSSM-specific radiative corrections, whereas the subtracted part 𝜎  in (9) together with 

the hard Bremsstrahlung part from initial-state radiation can be considered as a contribution of the type “QED 

corrections”, It is independent of the auxiliary cut  Δ𝐸, and it contains all large logarithms from virtual, soft, and 

hard photons. Using this reordering, the complete cross section at the one-loop level can be written as follows, 

 

 𝜎 1−𝑙𝑜𝑜𝑝 =  𝜎 𝐵𝑜𝑟𝑛  +  𝜎 𝑣𝑖𝑟𝑡  +  𝜎 𝑠𝑜𝑓𝑡  +  𝜎 𝑎𝑟𝑑                                                                                                (21) 
= 𝜎 𝐵𝑜𝑟𝑛  + 𝜎𝑄𝐸𝐷  + 𝜎𝑟𝑒𝑚𝑎𝑖𝑛𝑑𝑒𝑟  +  Δ𝜎. 
 

The small piece Δ𝜎 accounts for photon radiation from the t-channel selectrons. 

 Fig. 9 shows the integrated cross section for light MSSM neutral Higgs boson  production associated with a 

pair production of lightest neutralino in e
+
e

−
 annihilation for unpolarized beams, as functions of the center of 

mass energy at the Born level and full one-loop results in addition to the contributions 𝜎𝑟𝑒𝑚𝑎𝑖𝑛𝑑𝑒𝑟 and 𝜎𝑄𝐸𝐷 , that 

are shown separately. The one-loop correction increases the cross section by about 42% at  𝑠 =500 GeV and 

this increase reaches 39% at  𝑠 = 2000 GeV. The Born cross section reaches its maximum value 8 × 10
-8

 pb at 

 𝑠 =1100 GeV, while the maximum value of the cross section for one-loop level is almost 1.1 × 10
-7

 pb at 

 𝑠 =1100 GeV.  

 

Conclusions: 

 In this paper, the Born level cross section and the corresponding full one-loop calculation for 𝑒+𝑒− →
𝜒 1

0 𝜒 1
00 process as a function of center of mass energy is studied. The one-loop corrections to the lowest order 

show large contribution and improvement to the cross section values, reaching its maximum value at  𝑠 = 1100 

GeV. Also, an important contribution coming from QED calculations, FIG. 9, that should be taken into account. 

http://www.google.com.eg/url?sa=t&rct=j&q=light+neutral+MSSM+Higgs+boson+&source=web&cd=1&cad=rja&ved=0CB8QFjAA&url=http%3A%2F%2Flink.aps.org%2Fdoi%2F10.1103%2FPhysRevD.83.055003&ei=ozV0UPWpMdSP4gTy-4HQDA&usg=AFQjCNFXskJrZLdaNzzbzJHzCN7XWJjcKA
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The corrections are typically quite large; and therefore, one has to consider higher orders with a resummation of 

the leading terms to get precise results.  

 Studying the effects of the MSSM parameters on the calculations of the lightest neutralino 𝜒 1
0 and neutral 

light Higgs boson 0, shows significant dependence on the considered parameters which in turn give a frame of 

searching for 𝜒 1
0 and  0. 
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