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We consider a supersymmetric version of the standard model extended by an additional Uð1ÞB�L. This

model can be embedded in an mSUGRA-inspired model where the mass parameters of the scalars and

gauginos unify at the scale of grand unification. In this class of models the renormalization group equation

evolution of gauge couplings as well as of the soft SUSY-breaking parameters require the proper treatment of

gauge kinetic mixing. We first show that this has a profound impact on the phenomenolgy of the Z0 and as a
consequence thecurrentLHCboundson itsmass are reduced significantly fromabout1970GeV to1790GeV.

They are even further reduced if theZ0 candecay into supersymmetric particles. Secondly,we show that in this

way sleptons can be produced at the LHC in the 14TeVphasewithmasses of several hundredGeV. In the case

of squark and gluino masses in the multi-TeV range, this might become an important discovery channel for

sleptons up to 800 GeV (900 GeV) for an integrated luminosity of 100 fb�1 (300 fb�1).

DOI: 10.1103/PhysRevD.86.055017 PACS numbers: 12.60.Jv, 12.60.Cn, 14.70.Pw, 14.80.Ly

I. INTRODUCTION

The LHC is rapidly extending our knowledge of the TeV
scale. As there are currently no signs of new physics,
models beyond the standard model (SM) have begun to
be severely constrained. One of the most popular model
classes is that of supersymmetric extensions, in particular,
the minimal supersymmetric standard model (MSSM). As
the MSSM itself has over 100 free parameters, mainly
models with a smaller set of parameters, like the con-
strained MSSM (CMSSM) with five parameters [1,2], are
studied. This model has been fitted to various combinations
of experimental data; see e.g. [3–11], indicating that glui-
nos and squarks have masses in the multi-TeV range.
In particular, if one wants to explain the recent hints of a
SM-like Higgs boson with mass of 125 GeV [12,13], the
CMSSM becomes more and more unlikely [11]. However,
this is mainly due to the strong correlations between the
various masses of the supersymmetric particles. Once these
are given up, a light SUSY spectrum is still compatible
with LHC data as discussed in [14–18].

In the framework of constrained models, a way out
of this tension is to consider extended models such
as the next-to-minimal supersymmetric standard model
(NMSSM) [19,20]. Indeed, it has been shown that even
in the constrained NMSSM a Higgs mass of 125 GeV can
be explained [21,22] and in the generalized NMSSM these
masses are obtained with even less fine-tuning [23]. A
second possibility is to consider models with extended
gauge structures, since then the upper bound on the lightest

Higgs boson is also relaxed due to additional tree-level
contributions [24–29]. Such models arise naturally in the
context of embedding the SM gauge group in a larger group
such as SOð10Þ or E6; see e.g. [30–35], which can also
nicely explain neutrino data via the seesaw mechanism
[36–39]. It can be shown that such models can have a Z0
with a mass in the TeV range [40,41]. Z0 searches are
therefore among the targets of the Tevatron and LHC col-
laborations and bounds on its mass have been set [42–45].
These bounds depend on the concrete gauge group and the
couplings of theZ0 to the SM fermions; see e.g. [46–50]. For
reviews on various Z0 models see e.g. [51,52].
It has been known for some time that decays into super-

symmetric particles can also strongly impact the phenome-
nology of the Z0 [53,54]. The LHC phenomenology of
supersymmetric Uð1Þ extensions has been discussed in the
context of SOð10Þ and E6 embeddings in [55–57] and in a
more general class of models with a Uð1ÞB�xL in [58]. In
Ref. [56] aUð1ÞB�L extension of theMSSM is also discussed.
Furthermore, it has been pointed out that sleptons, charginos,
and neutralinos can be directly produced via a heavy Z0 at the
LHC even if they have masses of hundreds of GeV.
Uð1Þ extensions of the SM have a peculiar feature,

namely, gauge kinetic mixing [59–61]. In the previous
studies either it has been argued that these effects are small
or they have been completely ignored. However, it has also
been pointed out in [62,63] that gauge kineticmixing can be
important in Z0 searches in the case of E6 embeddings.
Moreover, it has recently been shown that gauge kinetic
mixing is important for the spectrum inUð1ÞB�L extensions
of the MSSM [64]. Such models can be embedded, for
example, in a string-inspiredE8 � E8 gauge group [65–67].
In this paper we will explicitly show how existing col-

lider bounds on the Z0 mass are changed once gauge kinetic
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mixing is taken into account. We find that this can reduce
the bounds by about 200 GeV, as the couplings of Z0 to the
SM fermions depend on this mixing. This clearly affects
also the cross section for SUSY particles produced via a Z0.
However, as we will demonstrate, LHC with

ffiffiffi
s

p ¼ 14 TeV
and a luminosity of 100 fb�1 should be able to discover
sleptons via a Z0 with slepton masses up to 800 GeV,
provided the Z0 is not much heavier than 2.8 TeV. In the
case of 300 fb�1, this extends to slepton masses of about
900 GeV up to Z0 masses of 3.1 TeV.

The remainder of this paper is organized as follows: In
Sec. II we briefly summarize the main features of the model
and its particle content. In Sec. III we first discuss how
gauge kinetic mixing as well as supersymmetric final states
affect the Z0 phenomenology in the context of constrained
models. Afterwards we discuss the possibilities of the LHC
to discover SUSY particles, in particular, charged sleptons,
via a Z0. Here we will depart from the universality assump-
tion as this mainly depends on the slepton and Z0 masses.
Finally we draw our conclusions in Sec. IV. In the Appendix
we give the couplings of the Z0 to the scalars and fermions,
including terms arising due to gauge kinetic mixing effects.

II. THE MODEL

In this section we discuss briefly the particle content and
the superpotential of the model under consideration and we
give the tree-level masses and mixings of the particles im-
portant to our studies. For a detailed discussion of the masses
of all particles as well as of the corresponding one-loop
corrections, we refer to [64]. In addition, we recall the main
aspects of Uð1Þ kinetic mixing since it has important con-
sequences for the phenomenology of theZ0within thismodel.

A. Particle content and superpotential

The model consists of three generations of matter
particles including right-handed neutrinos which can,
for example, be embedded in SOð10Þ 16-plets [65–67].
Moreover, below the grand unified theory (GUT) scale
the usual MSSM Higgs doublets are present, as well as
two fields � and �� responsible for the breaking of the
Uð1ÞB�L. The vacuum expectation value of � induces a
Majorana mass term for the right-handed neutrinos. Thus
we interpret the B� L charge of this field as its lepton
number, and likewise for ��, and call these fields bileptons
since they carry twice the usual lepton number. A summary
of the quantum numbers of the chiral superfields with
respect to SUð3ÞC � SUð2ÞL �Uð1ÞY �Uð1ÞB�L is given
in Table I.

The superpotential is given by

W ¼ Yij
u ûci Q̂jĤu � Yij

d d̂
c
i Q̂jĤd � Yij

e êci L̂jĤd þ�ĤuĤd

þ Yij
� �̂c

i L̂jĤu ��0�̂ �̂�þYij
x �̂c

i �̂�̂
c
j ; (1)

and we have the additional soft SUSY-breaking terms:

LSB ¼ LMSSM � � ~B� ~B0MBB0 � 1

2
� ~B0� ~B0MB0 �m2

�j�j2

�m2
��j ��j2 �m2

�c;ijð~�c
i Þ�~�c

j � � ��B�0

þ Tij
� Hu~�

c
i
~Lj þ Tij

x �~�c
i ~�

c
j; (2)

where i, j are generation indices. Without loss of generality
one can take B� and B�0 to be real. The extended gauge

group breaks to SUð3ÞC �Uð1Þem as the Higgs fields and
bileptons receive vacuum expectation values (vevs):

H0
d ¼

1ffiffiffi
2

p ð�d þ vd þ i�dÞ;

H0
u ¼ 1ffiffiffi

2
p ð�u þ vu þ i�uÞ;

(3)

� ¼ 1ffiffiffi
2

p ð�� þ v� þ i��Þ;

�� ¼ 1ffiffiffi
2

p ð� �� þ v �� þ i� ��Þ:
(4)

We define tan�0 ¼ ðv�=v ��Þ in analogy to tan� ¼ ðvu=vdÞ
in the MSSM.

B. Gauge kinetic mixing

As already mentioned in the Introduction, the presence
of two Abelian gauge groups in combination with the
given particle content gives rise to a new effect absent in
the MSSM or other SUSY models with just one Abelian
gauge group: gauge kinetic mixing. In the Lagrangian, the
combination

� �abF̂
a;��F̂b

��; a � b (5)

of the field-strength tensors is allowed by gauge and

Lorentz invariance [59] because F̂a;�� and F̂b;�� are gauge
invariant quantities by themselves,
Even if such a term is absent at a given scale, it will be

induced by renormalization group equation (RGE) run-
ning. This can be seen most easily by inspecting the matrix
of the anomalous dimension, which at one loop is given by

TABLE I. Chiral superfields and their quantum numbers with
respect to SUð3ÞC � SUð2ÞL � Uð1ÞY �Uð1ÞB�L.

Superfield Spin 0 Spin 1
2 Generations Quantum numbers

Q̂ ~Q Q 3 ð3; 2; 16 ; 16Þ
d̂c ~dc dc 3 ð�3; 1; 13 ;� 1

6Þ
ûc ~uc uc 3 ð�3; 1;� 2

3 ;� 1
6Þ

L̂ ~L L 3 ð1; 2;� 1
2 ;� 1

2Þ
êc ~ec ec 3 ð1; 1; 1; 12Þ
�̂c ~�c �c 3 ð1; 1; 0; 12Þ
Ĥd Hd

~Hd 1 ð1; 2;� 1
2 ; 0Þ

Ĥu Hu
~Hu 1 ð1; 2; 12 ; 0Þ

�̂ � ~� 1 ð1; 1; 0;�1Þ
�̂� �� ~�� 1 ð1; 1; 0; 1Þ
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	ab ¼ 1

16
2
TrQaQb; (6)

where the indices a and b run over all Uð1Þ groups and the
trace runs over all fields with charge Q under the corre-
sponding Uð1Þ group.

For our model we obtain in the basis ðUð1ÞY; Uð1ÞB�LÞ

	 ¼ 1

16
2
N

11 4

4 6

 !
N; (7)

and we see that there are sizable off-diagonal elements. N
contains the GUT normalization of the two Abelian gauge

groups. Wewill take as in Ref. [64]
ffiffi
3
5

q
forUð1ÞY and

ffiffi
3
2

q
for

Uð1ÞB�L, i.e. N ¼ diagð
ffiffi
3
5

q
;
ffiffi
3
2

q
Þ and obtain

	 ¼ 1

16
2

33
5 6

ffiffi
2
5

q
6
ffiffi
2
5

q
9

0
B@

1
CA: (8)

The largeness of the off-diagonal terms indicate that siz-
able Uð1Þ kinetic mixing terms are induced via RGE
evaluation at lower scales, even if at the GUT scale they
are zero. In practice it turns out that it is easier to work with
noncanonical covariant derivatives instead of off-diagonal
field-strength tensors such as in Eq. (5). However, both
approaches are equivalent [68]. Hence in the following we
consider covariant derivatives of the form

D� ¼ @� � iQT
�GA; (9)

where Q� is a vector containing the charges of the field �

with respect to the two Abelian gauge groups, G is the
gauge coupling matrix

G ¼ gYY gYB

gBY gBB

 !
; (10)

and A contains the gauge bosons A ¼ ðAY
�; A

B
�ÞT .

As long as the two Abelian gauge groups are unbroken,
the following change of basis is always possible:

A ¼ AY
�

AB
�

 !
! A0 ¼ AY0

�

AB0
�

 !
¼ RA; (11)

where R is an orthogonal 2� 2 matrix. This freedom can
be used to choose a basis such that electroweak precision
data can be accommodated easily. A particular convenient
choice is the basis where gBY ¼ 0 because then only the
Higgs doublets contribute to the entries in the gauge boson
mass matrix of the Uð1ÞY � SUð2ÞL sector and the impact
of� and �� is only in the off-diagonal elements as discussed
in Sec. II D. Therefore, we choose the following basis at
the electroweak scale [69]:

g0YY ¼ gYYgBB � gYBgBYffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2BB þ g2BY

q ¼ g1; (12)

g0BB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2BB þ g2BY

q
¼ gBL; (13)

g0YB ¼ gYBgBB þ gBYgYYffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2BB þ g2BY

q ¼ �g; (14)

g0BY ¼ 0: (15)

C. Tadpole equations

Having in mind mSUGRA-like boundary conditions for
the soft SUSY-breaking parameters, we solve the tadpole
equations arising from the minimization conditions of the
vacuum with respect to j�j2, B�, j�0j2, and B�0 . Using

x2 ¼ v2
� þ v2

�� and v2 ¼ v2
d þ v2

u, we obtain at tree level

j�j2 ¼ 1

8
ðð2 �ggBLx2 cosð2�0Þ � 4m2

Hd
þ 4m2

Hu
Þ secð2�Þ

� 4ðm2
Hd

þm2
Hu
Þ � ðg21 þ �g2 þ g22Þv2Þ; (16)

B� ¼ � 1

8
ð�2 �ggBLx

2 cosð2�0Þ þ 4m2
Hd

� 4m2
Hu

þ ðg21 þ �g2 þ g22Þv2 cosð2�ÞÞ tanð2�Þ; (17)

j�0j2 ¼ 1

4
ð�2ðg2BLx2 þm2

� þm2
��Þ þ ð2m2

� � 2m2
��

þ �ggBLv
2 cosð2�ÞÞ secð2�0ÞÞ; (18)

B�0 ¼ 1

4
ð�2g2BLx

2 cosð2�0Þ þ 2m2
� � 2m2

��

þ �ggBLv
2 cosð2�ÞÞ tanð2�0Þ: (19)

In the numerical evaluation we take also the one-loop
corrections into account as discussed in [64]. The phases
of� and�0 are not fixed via the tadpole equations and thus
are taken as additional input parameters. As the phases are
not important for our considerations, we set them to zero,
e.g. signð�Þ, signð�0Þ> 0.

D. Gauge boson mixing

Because of the presence of the kinetic mixing terms, the
B0 boson mixes at tree level with the B and W3 bosons.
Requiring the conditions of Eqs. (12)–(15) means that the
corresponding mass matrix reads, in the basis ðB;W3; B0Þ,

1
4g

2
1v

2 � 1
4g1g2v

2 1
4g1 �gv

2

� 1
4g1g2v

2 1
4g

2
2v

2 � 1
4
�gg2v

2

1
4g1 �gv

2 � 1
4
�gg2v

2 ðg2BLx2 þ 1
4
�g2v2Þ

0
BB@

1
CCA: (20)

In the limit �g ! 0 both sectors decouple and the upper 2�
2 block is just the standard mass matrix of the neutral
gauge bosons in electroweak symmetry breaking. This
mass matrix can be diagonalized by a unitary mixing
matrix to get the physical mass eigenstates 	, Z, and Z0.
Because of the special form of this matrix, the correspond-
ing rotation matrix can be expressed by two mixing angles
�W and �0

W as
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B

W

B0

0
BB@

1
CCA¼

cos�W � cos�0
W sin�W sin�W sin�0

W

sin�W cos�W cos�0
W � cos�W sin�0

W

0 sin�0
W cos�0

W

0
BB@

1
CCA

�
	

Z

Z0

0
BB@

1
CCA; (21)

where �0
W can be approximated by [70]

tan2�0
W ’ 2 �g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

q
�g2 þ 16ðx=vÞ2g2BL � g22 � g21

: (22)

The exact eigenvalues of Eq. (20) are given by

M	 ¼ 0; (23)

M2
Z;Z0 ¼ 1

8
ððg21 þ g22 þ �g2Þv2 þ 4g2BLx

2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðg21 þ g22 þ �g2Þ2v4 � 8ðg21 þ g22 � �g2Þg2BLv2x2 þ 16g4BLx

4
q

Þ: (24)

Expanding these formulas in powers of v2=x2, we find up
to first order

M2
Z ¼ 1

4
ðg21 þ g22Þv2;

M2
Z0 ¼ g2BLx

2 þ 1

4
�g2v2: (25)

All parameters in Eqs. (16)–(20) as well as in the following
mass matrices are understood as running parameters at a
given renormalization scale ~Q. Note that the vevs vd and
vu are obtained from the running mass MZð ~QÞ of the Z
boson, which is related to the pole mass MZ through

M2
Zð ~QÞ ¼ g21 þ g22

4
ðv2

u þ v2
dÞ ¼ M2

Z þ Ref�T
ZZðM2

ZÞg:
(26)

Here, �T
ZZ is the transverse self-energy of the Z. See for

more details also Ref. [71].

E. Neutralinos

In the neutralino sector, the gauge kinetic effects lead
to a mixing between the usual MSSM neutralinos with
the additional states. Both sectors would decouple were
these to be neglected. The mass matrix reads in the basis
ð� ~B; ~W

0; ~H0
d;

~H0
u; � ~B0 ; ~�; ~��Þ

m~�0 ¼

M1 0 � 1
2g1vd

1
2 g1vu

1
2MBB0 0 0

0 M2
1
2g2vd � 1

2 g2vu 0 0 0

� 1
2g1vd

1
2g2vd 0 �� � 1

2
�gvd 0 0

1
2 g1vu � 1

2g2vu �� 0 1
2
�gvu 0 0

1
2MBB0 0 � 1

2
�gvd

1
2
�gvu MB �gBLv� gBLv ��

0 0 0 0 �gBLv� 0 ��0

0 0 0 0 gBLv �� ��0 0

0
BBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCA

: (27)

It is well known that for real parameters such a matrix can
be diagonalized by an orthogonal mixing matrix N such
that N�M ~�0

T Ny is diagonal. For complex parameters one
has to diagonalize M

~�0

T ðM ~�0

T Þy.

F. Charged sleptons and sneutrinos

We focus first on the sneutrino sector as it shows two
distinct features compared to the MSSM. First, it gets
enlarged by the superpartners of the right-handed neutri-
nos. Second, even more drastically, splittings between the
real and imaginary parts of the sneutrinos occur resulting in
12 states: 6 scalar sneutrinos and 6 pseudoscalar ones

[72,73]. The origin of this splitting is the Yij
x �̂i�̂�̂j in the

superpotential, Eq. (1), which is a �L ¼ 2 operator after
the breaking of Uð1ÞB�L. Therefore, we define

~� i
L ¼ 1ffiffiffi

2
p ð�i

L þ i�i
LÞ; ~�i

R ¼ 1ffiffiffi
2

p ð�i
R þ i�i

RÞ: (28)

The 6� 6 mass matrices of the CP-even (m2
~�S) and

CP-odd (m2
~�P
) sneutrinos can be written in the basis

ð�L;�RÞ, respectively, ð�L;�RÞ as

m2
~�S ¼ < mR

LL mR;T
RL

mR
RL mR

RR

 !
; m2

~�P ¼ < mI
LL mI;T

RL

mI
RL mI

RR

 !
:

(29)

While mI
LL ¼ mR

LL ¼ mLL holds,1 the entries involving
‘‘right-handed’’ sneutrinos differ by a few signs. It is
possible to express them in a compact form by

1We have neglected the splitting induced by the left-handed
neutrinos as these are suppressed by powers of the light neutrino
mass over the sneutrino mass.
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mLL ¼m2
Lþ

v2
u

2
Yy
�Y�þ1

8
ððg21þg22þ �g2þ �ggBLÞðv2

d�v2
uÞ

þ2ðg2BLþ �ggBLÞðv2
��v2

��ÞÞ1; (30)

mR;I
RL ¼ 1ffiffiffi

2
p ðvuT

�
� � vd�Y�

�Þ � vuv�YxY
�
�; (31)

mR;I
RR ¼ m2

�c þ v2
u

2
Y�Y

y
� þ 2v2

�YxY
�
x �

ffiffiffi
2

p
v�Tx

� ffiffiffi
2

p
Yxv ���

0� þ 1

8
ð2g2BLðv2

�� � v2
�Þ

þ �ggBLðv2
u � v2

dÞÞ1: (32)

The upper signs correspond to the scalar and the lower ones
to the pseudoscalar matrices and we have assumed CP
conservation. In the case of complex trilinear couplings
or � terms, a mixing between the scalar and pseudoscalar
particles occurs, resulting in 12 mixed states and conse-
quently in a 12� 12 mass matrix. In particular, the term
�v ��Yx�

0� is potentially large and induces a large mass

splitting between the scalar and pseudoscalar states. Also
the corresponding soft SUSY-breaking term �v�Tx can

lead to a sizable mass splitting in the case of large jA0j.
The differences in the charged slepton sector compared

to the MSSM are additional D terms as well as a modifi-
cation of the usual D term. The mass matrix reads in the
basis ð~eL; ~eRÞ as

m2
~e ¼

mLL
1ffiffi
2

p ðvdTe � vu�
�YeÞ

1ffiffi
2

p ðvdT
y
e � vu�Yy

e Þ mRR

0
@

1
A;

(33)

mLL ¼m2
Lþ

v2
d

2
Yy
e Yeþ1

8
ððg21�g22þ �g2þ �ggBLÞðv2

d�v2
uÞ

þ2ð �ggBLþg2BLÞðv2
��v2

��ÞÞ1; (34)

mRR ¼ m2
ec þ

v2
d

2
YeY

y
e þ 1

8
ðð2g21 þ 2 �g2 þ �ggBLÞðv2

u � v2
dÞ

� 2ð2 �ggBL þ g2BLÞðv2
� � v2

��ÞÞ1: (35)

For the first two generations one can neglect the left-right
mixing and thus the mass eigenstates correspond essen-
tially to the electroweak flavor eigenstates. In the following
we will call the partners of the left-handend (right-handed)
leptons L sleptons (R sleptons).

G. High-scale boundary conditions

We will consider in the following a scenario motivated
by minimal supergravity, e.g. we assume a GUTunification
of all soft SUSY-breaking scalar masses as well as a
unification of all gaugino mass parameters

m2
0 ¼ m2

Hd
¼ m2

Hu
¼ m2

� ¼ m2
��; (36)

m2
01 ¼ m2

dc ¼ m2
uc ¼ m2

Q ¼ m2
ec ¼ m2

�c ; (37)

M1=2 ¼ M1 ¼ M2 ¼ M3 ¼ M ~B0 : (38)

Similarly, for the trilinear soft SUSY-breaking coupling the
following mSUGRA conditions are assumed:

Ti ¼ A0Yi; i ¼ e; d; u; x; �: (39)

Furthermore, we assume that there are no off-diagonal
gauge couplings or gaugino mass parameters present at the
GUT scale

gBY ¼ gYB ¼ 0; (40)

MBB0 ¼ 0: (41)

This choice is motivated by the possibility that the two
Abelian groups are a remnant of a larger product group that
gets broken at the GUT scale as stated in the Introduction.
In that case gYY and gBB correspond to the physical cou-
plings g1 and gBL, which we assume to unify with g2:

gGUT1 ¼ gGUT2 ¼ gGUTBL ; (42)

where we have taken into account the GUT normalization
discussed in Sec. II B.
In addition, we take the mass of the Z0 and tan�0 as

inputs and use the following set of free parameters:

m0; M1=2; A0; tan�; tan�0;

signð�Þ; signð�0Þ; MZ0 ; Yx and Y�:

(43)

TABLE II. Parameters of the study points and selected masses.

Input parameters BLV BLVI

m0½TeV� 1 0.6

M1=2½TeV� 1.5 0.6

A0½TeV� �1:5 0

tan� 20 10

sign� þ þ
tan�0 1.15 1.07

sign�0 þ þ
MZ0 [TeV] 2.5 2

Y11
X 0.37 0.42

Y22
X 0.4 0.43

Y33
X 0.4 0.44

Masses [GeV] BLV BLVI

m~�0
1

678.0 280.7

m~�0
2

735.2 475.4

m~��
1

1242.0 475.4

m~�1 1002.0 603.7

m~�2 1446.5 759.9

m ~�R
1094.2 610.8

m ~�L
1477.4 761.9

m~eR 1094.5 610.8

m~eL 1477.5 761.9

m~�R
1

811.3 754.9

m~�I
1

1442.4 754.9
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Y� is constrained by neutrino data and must therefore be
very small compared to the other couplings, e.g. they are of
the order of the electron Yukawa coupling. Therefore, they
can be safely neglected in the following. Yx can always be
taken diagonal and thus effectively we have nine free
parameters and two signs.

III. NUMERICAL RESULTS

A. Implementation in SARAH and SPheno

All analytic expressions for masses, vertices, RGEs, as
well as one-loop corrections to the masses and tadpoles
were calculated using the SARAH package [74–76]. The
RGEs are included at the two-loop level in the most general
form respecting the complete flavor structure using the for-
mulas of Ref. [77] augmented by gauge kinetic mixing
effects as discussed in Ref. [68]. The RGEs and the loop

corrections to allmasses aswell as to the tadpoles are derived
in the DR scheme and the Feynman-’t Hooft gauge.
The numerical evaluation of the model is very similar to

that of the default implementation of the MSSM in SPheno
[78,79]: as the starting point, the SM gauge and Yukawa
couplings are determined using one-loop relations, as given
in Ref. [71], that are extended to our model. The vacuum
expectation values vd and vu are calculated with respect to
the given value of tan� atMZ, while v� and v �� are derived

from the input values of MZ0 and tan�0 at the SUSY scale.
The RGEs for the gauge and Yukawa couplings are

evaluated up to the SUSY scale, where the input values
of Y� and Yx are set. Afterwards, a further evaluation of the
RGEs up to the GUT scale takes place. After setting the
boundary conditions, all parameters are evaluated back to
the SUSY scale. There, the one-loop-corrected SUSY
masses are calculated using on-shell external momenta.

FIG. 1 (color online). The mass spectra of BLV (left) and BLVI (right).

FIG. 2 (color online). Allowed regions in the m0 �M1=2 plane forMZ0 ¼ 2:5 TeV, tan�0 ¼ 1:15 (left) and in theMZ0 � tan�0 plane
for m0 ¼ 1 TeV and M1=2 ¼ 1:5 TeV (right). In both plots we have fixed in addition tan� ¼ 20 and A0 ¼ �1:5 TeV. The grey dot

indicates the selected benchmark point (BLV).
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These steps are iterated until the relative change of all
masses between two iterations is below 10�4.

We have used WHIZARD [80] to evaluate the bounds on
the Z0 discussed in Sec. III C as well as for the signals for
slepton production in Sec. III D. For this purpose, the
SUSY Toolbox [81] has been used to implement the model
in WHIZARD based on the corresponding model files written
by SARAH and to perform the parameter scans with SSP.

B. Parameter studies

In all numerical evaluations we have used the
following SM input: GF ¼ 1:6639� 10�5 GeV�2, mZ ¼
91:187 GeV, m� ¼ 1:7771 GeV, mt ¼ 172:9 GeV,
mbðmbÞ ¼ 4:2 GeV, and �sðmZÞ ¼ 0:119. The latter two

are MS values that are converted to the DR scheme.
Moreover, we have fixed the neutrino Yukawa couplings
such that the light neutrino masses can be explained. As this
requires the maximum of jY�;ijj to be at most 10�5, these

couplings do not play any role in the considerations here.
Because of their smallness, one can automatically satisfy the
constraints from the nonobservation of rare decays such as
� ! e	 over all the parameter space. This is in contrast to
the usual MSSM augmented by the various seesaw mecha-
nisms, as discussed in e.g. [82,83] and references therein.

As a starting point for our numerical investigations, we
have taken the two points defined in Table II. In analogy to
Ref. [64], we label them BLV and BLVI (see Fig. 1). BLVI
has a spectrum close to the existing LHC exclusion bounds.
Note, however, that the high-scale input corresponds to
different SUSY particle masses in comparison to the
CMSSM because the running of the parameters is not the

FIG. 3 (color online). Allowed regions in the m0 �M1=2 plane for MZ0 ¼ 2 TeV, tan�0 ¼ 1:07 (left) and in the MZ0 � tan�0 plane
for m0 ¼ 0:6 TeV and M1=2 ¼ 0:6 TeV (right). In both plots we have fixed in addition tan� ¼ 10 and A0 ¼ 0. The grey dot indicates

the selected benchmark point (BLVI).

FIG. 4 (color online). Branching ratios of the Z0 at the con-
sidered parameter points BLV (above) and BLVI (below) as a
function of the off-diagonal coupling parameter �g.
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same and also the mass matrices differ. In contrast, BLV
has quite a heavy spectrum and can only be discovered atffiffiffi
s

p ¼ 14 TeV. As discussed above, in this model the extra
gauge group implies additional D terms to the sfermion
masses. The requirement that the mass-squared parameters
for all the sfermions are positive restricts the allowed range
for tan�0, as can be seen in Figs. 2 and 3. This is a conse-
quence of the large mass for the Z0. Clearly this restriction is
more severe for largeMZ0 and less severe for large values of
m0 andM1=2.

For completeness, we note that these points would give
too large a relic density, which, however, is not an insur-
mountable problem andcan easily be fixedwithout changing
the collider phenomenology. In case of BLVonewould need
to invoke nonuniversal boundary conditions for the bileptons
to change its mass. In this way one obtains an efficient
annihilation of the lightest neutralino via a bilepton reso-
nance as discussed in [84] but having at the same time only
tiny effects on the various decay branching ratios. In case of
the BLVI the addition of a nonthermally produced gravitino
with amass of 10GeVgives the correct relic density yielding
a lifetime for the neutralino of about 10�3 seconds. This is
sufficiently long-lived to appear as a stable particle at the
LHC and at the same time sufficiently short-lived so that
there are no problems with big bang nucleosynthesis.

C. Z0 phenomenology

The mass of additional vector bosons as well as their
mixing with the SM Z boson, which implies, for example,
a deviation of the fermion couplings to the Z boson
compared to SM expectations, is severely constrained by

precision measurements from the LEP experiments [85–87].
The bounds are on both the mass of the Z0 and the mixing
with the standard model Z boson, where the latter is con-
strained by j sinð�W0 Þ< 0:0002j. Using Eq. (22) together
with Eq. (25) as well as the values of the running gauge
couplings, a limit on theZ0mass of about 1.2TeVis obtained.
Taking in addition the bounds obtained from U, T, and S
parameters into account [88], one gets MZ0=ðQB�L

e gBLÞ>
6:7 TeV that for gBL ’ 0:55would implyMZ0 * 1:84 TeV.
However, this coupling has to be replaced by the effective
coupling that gets modified due to gauge kinetic mixing;
see Appendix .2 Therefore, the above formula reads in our
model MZ0=ðQB�L

e ðgBL þ �gÞÞ> 6:7 TeV, and gBL ’ 0:55,
�g ’ �0:11 implyMZ0 * 1:47 TeV.
The Z0 dominantly decays into SM fermions as can be

seen in Fig. 4 where we show the branching ratios as a
function of �g. We have fixed all other parameters as given
for the two study points in Table II. For the study points
themselves we find �g ’ �0:11, which has to be compared
with gBL ’ 0:55. As they are of the same order of magni-
tude, one can easily understand the strong dependence of
the various branching ratios after inspecting the couplings
given in Appendix A 1. The Z0 can also decay into super-
symmetric particles [53] with branching ratios of up to
Oð10%Þ in our model. We find that, in particular, decays
into charged sleptons can have a sizable branching ratio, as
can also be seen in Fig. 4. Besides the decays, the cross
sections also depend on gauge kinetic mixing as demon-
strated in Fig. 5 where we show the Z0 cross section forffiffiffi
s

p ¼ 7, 8, and 14 TeVas a function of �g. For the PDFs we
have used the set CTEQ6L1 [89].
Recently ATLAS and CMS [44,45] have updated the

results for Z0 searches. As they do not give direct bounds
for our model, we have calculated the corresponding signal

FIG. 5. LHC production cross sections of the Z0 at the considered parameter points BLV (left) and BLVI (right) and three different
center-of-mass energies as a function of the off-diagonal coupling parameter �g.

TABLE III. Current bounds onMZ0 in the supersymmetric B-L
model derived from 5 fb�1 of ATLAS data for both benchmark
points using different assumptions as discussed in the text.

Parameter point �g ¼ �0:11 �g ¼ 0

BLV 1770 GeV 1965 GeV

BLVI 1730 GeV 1900 GeV

2Strictly speaking, this effect modifies the couplings to left-
and right-handed fermions differently. Taking this into account
would require a reevaluation of the complete analysis, which is
beyond the scope of this paper. To be conservative we have taken
the larger of the two couplings.
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cross section. If one took only final states containing SM
particles into account and neglected gauge kinetic mixing,
one would find a lower bound of 1970 GeV 	 MZ0 . Taking
into account gauge kinetic mixing we find for �g ’ �0:1 a
bound of 1790 GeV. Moreover, for both our study points,
final states containing supersymmetric particles are also

present as discussed above. This leads to an increase of the
width and thus to a reduction of the signal cross sections.
Therefore the bounds are less severe, as has also been
discussed in the context of related models [56,57]. In
contrast to previous studies, we encounter here a case
where neglecting gauge kinetic effects would lead to a
significantly incorrect bound. In fact the bound obtained
at LHC differs by about 200 GeV depending on whether
kinetic mixing is correctly taken into account or not, as can

FIG. 7. Cross sections for pp ! Z0 at LHC with
ffiffiffi
s

p ¼ 14 TeV as a function of MZ0 for the benchmark points BLV (left) and BLVI
(right). The upper two lines show the total cross section whereas the lower two show the cross section in SUSY particles via a Z0. The
solid lines give the cross section taking into account gauge kinetic mixing whereas the dashed ones give the cross section if gauge
kinetic mixing were neglected.

FIG. 6 (color online). Current limits onMZ0 for combined lepton production for the study points BLV (left) and BLVI (right). The red
dashed curve shows the recent experimental ATLAS limits [44]. The black and grey bands are the dilepton production cross sections at
the Z0 peak for the case of Uð1Þ mixing (black) and without (grey). The grey shaded area shows the mass range forbidden by LEP II,
while the black dotted line shows the LEP limits without taking into account gauge kinetic mixing.

FIG. 8 (color online). Cross sections for the dominant final
states resulting from the SUSY particles that are produced via a
Z0 for benchmark point BLVI. The symbols correspond to �¼̂~�0

1,

l¼̂ðantiÞlepton (e, �), b¼̂ðantiÞbottom quark, �¼̂neutrino, j¼̂jet
resulting from a quark of the first two generations.

FIG. 9. Feynman diagram for the production of ~l~l� via an
s-channel Z0 exchange and the subsequent decay into lþl� ~�0

1 ~�
0
1.

IMPLICATIONS OF GAUGE KINETIC MIXING ON . . . PHYSICAL REVIEW D 86, 055017 (2012)

055017-9



be seen from Table III. This is further exemplified in Fig. 6
where we display the cross section into leptons (summed
over electrons and muons) as a function of MZ0 . The grey
area is excluded by precision LEP data whereas the red
dashed line gives the bound on the signal cross section as
obtained by the ATLAS Collaboration [44]. Note that the
effect on the LEP limits is even stronger, as can be seen at
the dotted line in Fig. 6. The CMS bounds are similar
and thus lead to nearly the same limits. Clearly it would

be desirable to have a combined analysis by both
collaborations.
In Fig. 7 we give the cross sections for pp ! Z0 at

LHC with
ffiffiffi
s

p ¼ 14 TeV as a function of MZ0 for the two
benchmark points. To demonstrate the importance of gauge
kinetic mixing, we display the values taking it into account
(solid lines) and those where it is neglected (dashed lines).
Comparing both data points, one sees that the dependence
on the gauge kinetic mixing on the SUSY final states
depends on the underlying soft SUSY-breaking parame-
ters. For BLVI, the dominant SUSY channels always in-
volve the sleptons and therefore kinetic mixing reduces the
cross section. In contrast, for BLVand small values ofMZ0 ,
final states including two neutralinos with large bileptino
contents are important. Therefore, the cross section is
larger with kinetic mixing than without. However, the
masses of these neutralinos rapidly increase with MZ0 ,
and slepton production is the dominant SUSY channel
for MZ0 > 2:3 TeV.

D. Slepton production via Z0 as discovery channel

A heavy Z0 allows the production of electroweak SUSY
particles with masses of several hundred GeV implying
that this might be an important discovery channel as has
also been discussed in related models [55–58]. In contrast
to the previous studies, gauge kinetic mixing is important
as we have seen above. In the following we will first take
benchmark point BLVI to discuss some basic features.
Much as in the MSSM, the R sleptons decay almost always
into a lepton and the lightest neutralino, whereas the L
sleptons decay dominantly into the lighter chargino and a
neutrino, or the second lightest neutralino and a lepton, in
roughly the ratio two to one. The lighter chargino and the
second lightest neutralino, which have a large wino frac-
tion, decay dominantly into the lightest neutralino and a
vector boson. The neutralino decay can also result in a

FIG. 11. Evolution of the significance level with growing
integrated luminosity. The discussed significance at 100 fb�1

fixes the curve. The borders for 3 and 5� are shown as dotted and
dashed lines.

FIG. 10 (color online). Histograms of the �þ�� þ 6E produc-
tion with the applied cuts M�� > 200 GeV, pTð6EÞ> 200 GeV,

and MT > 800 GeV as a function of the missing energy, muon
pair invariant mass, and the transverse cluster mass.
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FIG. 12. Significance level of the smuon discovery as a function of the respective lightest ~� mass and MZ0 for L ¼ 100 fb�1 and
m~�0

1
¼ 140 GeV. Left column: looser cuts [pTð6EÞ> 200 GeV, M�� > 200 GeV, MT > 800 GeV]. Right column: tighter cuts

[pTð6EÞ> 250 GeV, M�� > 300 GeV]. The smuon mass relations are (first row) m ~�R
¼ 1:2m ~�L

, (second row) m ~�R
¼ m ~�L

, and

(last row) m ~�L
¼ 1:2m ~�R

.
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final-state Higgs boson. Therefore one has additional lep-
tons and jets stemming from the decays of the vector boson
and Higgs bosons.

In Fig. 8 we display the most important final states
resulting from the cascade decays of supersymmetric
particles originating from the Z0. We have fixed the soft
SUSY-breaking parameters as in BLVI. Nevertheless, the
masses change as a function of MZ0 as the corresponding
bilepton vevs enter the mass matrices, see e.g. Secs. II E
and II F. The dominant final state contains two leptons
and two lightest supersymmetric particles stemming from
slepton production as displayed in Fig. 9. For these points,
sleptons are hardly ever produced in the cascade decays
of squarks and gluinos, in contrast to the neutralinos and
charginos.

For this reason the Z0 decays are a potential discovery
channel for sleptons. We have performed a basic
Monte Carlo study using WHIZARD [80] to generate the
signal in the case of smuon pair production and simu-
lated the background. For the background, we consid-
ered diboson production, triple vector boson production,
and t�t production as well as neutralino and chargino
production including both direct production via Drell-
Yan processes and cascade decays from squarks and
gluinos. However, the contributions from the latter are
rather small. We have applied the following cuts to
suppress the background:
(i) Invariant mass of the muon pair: M�� > 200 GeV.

(ii) Missing transverse momentum: pTð6EÞ> 200 GeV.
(iii) A cut on the transverse cluster mass

MT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
Tð�þ��Þ þM2

��

q
þ pTð6EÞÞ2 � ð ~pTð�þ��Þ þ ~pTð6EÞÞ2

r
(44)

with ~pT being the 2D vector of the transverse momentum
and ~pTð�þ��Þ ¼ ~pTð�þÞ þ ~pTð��Þ. We required MT >
800 GeV.

(iv) For the suppression of t�t and squark/gluino cascade
decays, we set a cut on the transverse momentum of
the hardest jet: pT;jet < 40 GeV.

In Fig. 10 we display the resulting distributions for an
integrated luminosity of 100 fb�1 at

ffiffiffi
s

p ¼ 14 TeV. The
resulting significance, which is calculated as

s ¼ NSignalffiffiffiffiffiffiffiffiffi
NBG

p ; (45)

is 7:5�, which is sufficient to claim discovery for this
example. As can be seen from Fig. 11, with a luminosity

of about 45 fb�1 one crosses the 5� level. These numbers
have been obtained using tree-level calculations and it is
known that higher-order corrections are important in this
context; see e.g. [90] and references therein. In case of
nonsupersymmetric models, one obtains K factors of about
1.2–1.4 depending on the details of the models [90,91].
However, as it is not obvious how corrections due to super-
symmetric particles will change this or how they affect the
background reactions, we will stick to tree-level calcula-
tions here.
The results depend so far mainly on the following

quantities: MZ0 , m~l, m~�0
i
, and m~�þ

j
and on the nature of

the neutralinos and charginos. We assume in the following
that the lightest two neutralinos and the lighter chargino are

FIG. 13. Significance level of the smuon discovery for L ¼ 300 fb�1, m~�0
1
¼ 140 GeV, m ~�L

¼ 1:2m ~�R
. Left: looser cuts [pTð6EÞ>

200 GeV, M�� > 200 GeV, MT > 800 GeV]. Right: tighter cuts [pTð6EÞ> 250 GeV, M�� > 300 GeV]. The mass of the lightest

supersymmetric particle is 140 GeV.
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mainly the MSSM gauginos as in our study points.
However, we will depart to some extent from the GUT
assumptions: we will fix the masses of squarks and gluinos
to the values they take in benchmark point BLVI in Table II
but vary the slepton masses freely. As we are interested in
relatively light sleptons with masses down to 200 GeV, we
fix m~�0

1
¼ 140 GeV and m~�0

2
¼ m~�þ

1
¼ 2m~�0

1
. We have

performed a scan over slepton masses and MZ0 fixing the
ratio of the masses for R sleptons to L sleptons to 1.2, 1,
and 1=1:2. The different ratios can in principle be obtained
by varying tan�0, as can also be seen from the formulas in
Sec. II F.3 We have also investigated the effect of tightening
the previous cuts to pTð6EÞ> 250 GeV and M�� >

300 GeV. In Fig. 12 we show our results for the signifi-
cance assuming an integrated luminosity of 100 fb�1. We
find a significant dependence on the ratio of the smuon
masses, which is due to the fact that we consider here only
smuon decays into �~�0

1. This is also the reason for the

‘‘promontory’’ for slepton masses up to 300 GeV as there
both L and R smuons that can decay only into this final
state. The regions should even become somewhat larger if
one includes also the smuon decays into �~�0

2 and �~��
1 .

However, one has then to consider the background of
squark and gluino cascade decays that depend on the de-
tails of the parameter point under study.

In Fig. 13 we display the same for the case of
m ~�L

¼ 1:2m ~�R
but taking a luminosity of 300 fb�1. As

expected, the reach increases for both m ~� andMZ0 . For the

other two ratios of slepton masses we find the same be-
havior. In Fig. 14 we show the changes for increased
neutralino and chargino masses m~�0

1
¼ 280 GeV and

~�0
2 ¼ ~�þ

1 ¼ 475 GeV, which are the values obtained in

the constrained model at BLVI. As expected, the 5� sig-
nificance is restricted to larger values of the smuon mass as
the leptons are softer than in the previous example.

IV. CONCLUSION

We have studied a supersymmetric model where the
gauge group is extended by an additional Uð1ÞB�L factor
resulting in a Z0 with a mass in the TeV range. Such models
can emerge as effective models from heterotic string mod-
els. An important feature of this class of models is gauge
kinetic mixing. Here we focused on its impact for the
phenomenology of the extra vector boson. We have first
shown that bounds on its mass due to collider searches get
significantly reduced once the gauge kinetic mixing is
taken into account: LEP bounds by about 400 GeV and
LHC bounds by about 200 GeV.Moreover, this implies that
now LHC bounds are more important than the ones orig-
inating from LEP data. Second we have shown that these
bounds get further reduced if the Z0 can decay into super-
symmetric particles. In our model the most important
decays are into sleptons, neutralinos, and charginos.
Moreover, we have discussed the reach of LHC withffiffiffi
s

p ¼ 14 TeV for the discovery of smuons, which is an
important possibility should squark or gluino cascades in
sufficient quantities be inaccessible. For an integrated
luminosity of 100 fb�1 (300 fb�1) we have found that
sleptons with masses of up to 800 GeV (900 GeV) can
be discovered this way, provided the Z0 is lighter than about
2.8 TeV (3.1 TeV). This result depends only mildly on the
nature of the smuons provided that their decays into muons
are not suppressed. Apart from detector effects, similar
results hold for selectrons. Staus, on the other hand, require
a detailed study and we expect a reduced reach at the LHC
due to the hadronic decays of the resulting � leptons.

FIG. 14. Significance level of the smuon production forL ¼ 100 fb�1,m~�0
1
¼ 280 GeV,m ~�L

¼ 1:2m ~�R
. Left: looser cuts [pTð6EÞ>

200 GeV, M�� > 200 GeV, MT > 800 GeV]. Right: tighter cuts [pTð6EÞ> 250 GeV, M�� > 300 GeV].

3Note, however, that tan�0 < 1 can only be obtained with
nonuniversal bilepton mass parameters at the GUT scale.
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R. Ströhmer for clarifying remarks on the calculation of
the significance. W. P. thanks the IFIC for hospitality dur-
ing an extended stay and the Alexander von Humboldt
foundation for financial support. This work has been sup-
ported by the German Ministry of Education and Research
(BMBF) under Contract No. 05H09WWEF.

APPENDIX A: Z0 COUPLINGS

In this section we collect the formulas for the couplings
of Z0 to the fermions and scalars in this model.

1. Couplings to fermions

The couplings given below follow from the terms in the
Lagrangian

�f i	
�ðcLf;ijPL þ cRf;ijPRÞfjZ0

�: (A1)

(i) Charged leptons: Z0 � �ei � ej

cLe;ij ¼ 1

2
ijððg1 sin�W � g2 cos�WÞ sin�0

W

þ ð �gþ gBLÞ cos�0
WÞ; (A2)

cRe;ij ¼ 1

2
ijð2g1 sin�W sin�0

W

þ ð2 �gþ gBLÞ cos�0
WÞ: (A3)

(ii) Neutrinos: Z0 � �i � �j

cL�;ij ¼ 1

2

�
ððg1 sin�W þ g2 cos�WÞ sin�0

W

þ ð �gþ gBLÞ cos�0
WÞ

X3
a¼1

UV;�
ja UV

ia

� gBL cos�
0
W

X3
a¼1

UV;�
j3þaU

V
i3þa

�
; (A4)

cR�;ij ¼ � 1

2

�
ððg1 sin�W þ g2 cos�WÞ sin�0

W

þ ð �gþ gBLÞ cos�0
WÞ

X3
a¼1

UV;�
ia UV

ja

� gBL cos�
0
W

X3
a¼1

UV;�
i3þaU

V
j3þa

�
: (A5)

UV
kl is the unitary 6� 6 matrix that diagonalizes the

neutrino mass matrix.

(iii) Up-type quarks: Z0 � �ui� � uj�

cLu;ij ¼ � 1

6
��ijðð�3g2 cos�W þ g1 sin�WÞ

� sin�0
W þ ð �gþ gBLÞ cos�0

WÞ; (A6)

cRu;ij ¼ � 1

6
��ijð4g1 sin�W sin�0

W

þ ð4 �gþ gBLÞ cos�0
WÞ: (A7)

(iv) Down-type quarks: Z0 � �di� � dj�

cLd;ij ¼ � 1

6
��ijðð3g2 cos�W þ g1 sin�WÞ

� sin�0
W þ ð �gþ gBLÞ cos�0

WÞ; (A8)

cRd;ij ¼ 1

6
��ijð2g1 sin�W sin�0

W

þ ð2 �g� gBLÞ cos�0
WÞ: (A9)

(v) Neutralinos: Z0 � ~�0
i � ~�0

j

cL~�0;ij ¼
1

2
ðN�

j3ððg1 sin�W þ g2 cos�WÞ sin�0
W

þ �g cos�0
WÞNi3 � N�

j4ðg1 sin�W sin�0
W

þ g2 cos�W sin�0
W þ �g cos�0

WÞNi4

þ 2gBL cos�
0
WðN�

j6Ni6 � N�
j7Ni7ÞÞ;

(A10)

cR~�0;ij ¼ � 1

2
ðN�

i3ððg1 sin�W þ g2 cos�WÞ sin�0
W

þ �g cos�0
WÞNj3 � N�

i4ðg1 sin�W sin�0
W

þ g2 cos�W sin�0
W þ �g cos�0

WÞNj4

þ 2gBL cos�
0
WðN�

i6Nj6 � N�
i7Nj7ÞÞ:

(A11)

Nkl is the unitary 7� 7 matrix that diagonalizes the
neutralino mass matrix.

(vi) Charginos: Z0 � ~�þ
i � ~��

j

cL~��;ij ¼ � 1

2
ð2g2U�

j1 cos�W sin�0
WUi1

�U�
j2ððg1 sin�W � g2 cos�WÞ sin�0

W

þ �g cos�0
WÞUi2Þ; (A12)

cR~��;ij ¼ � 1

2
ð2g2V�

i1 cos�W sin�0
WVj1

� V�
i2ððg1 sin�W � g2 cos�WÞ sin�0

W

þ �g cos�0
WÞVj2Þ: (A13)
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Ukl and Vkl are the unitary 2� 2matrices needed to
diagonalize a chargino mass matrix.

2. Couplings to scalars

The couplings given below follow from the terms in the
Lagrangian

cs;ij~si~s
�
j ðp�

si � p�
s�j
ÞZ0

�; (A14)

where psi and ps�j are the four momenta of the scalars.

In the following, Zp
kl denote the matrices needed to

diagonalize the respective underlying mass matrix of the
particles p.

(i) Charged sleptons: Z0 � ~ei � ~e�j

ce;ij ¼ 1

2

�
ððg1 sin�W � g2 cos�WÞ sin�0

W

þ ð �gþ gBLÞ cos�0
WÞ

X3
a¼1

ZE;�
ia ZE

ja

þ ð2g1 sin�W sin�0
W þ ð2 �gþ gBLÞ

� cos�0
WÞ

X3
a¼1

ZE;�
i3þaZ

E
j3þa

�
: (A15)

(ii) Sneutrinos: Z0 � ~�P
i � ~�S�

j

c�;ij ¼ i

2

�
�ððg1 sin�W þ g2 cos�WÞ sin�0

W

þ ð �gþ gBLÞ cos�0
WÞ

X3
a¼1

ZP;�
ia ZS;�

ja

� gBL cos�
0
W

X3
a¼1

ZP;�
i3þaZ

S;�
j3þa

�
: (A16)

(iii) Up-type squarks: Z0 � ~ui� � ~u�j�

cqu;ij ¼ � 1

6
��

�
ðð�3g2 cos�W þ g1 sin�WÞ

� sin�0
W þ ð �gþ gBLÞ cos�0

WÞ

� X3
a¼1

ZU;�
ia ZU

ja þ ð4g1 sin�W sin�0
W

þ ð4 �gþ gBLÞ cos�0
WÞ

X3
a¼1

ZU;�
i3þaZ

U
j3þa

�
:

(A17)

(iv) Down-type squarks: Z0 � ~di� � ~d�j�

cqd;ij ¼ � 1

6
��

�
ðð3g2 cos�W þ g1 sin�WÞ sin�0

W

þ ð �gþ gBLÞ cos�0
WÞ

X3
a¼1

ZD;�
ia ZD

ja

þ ð�2g1 sin�W sin�0
W þ ð�2 �gþ gBLÞ

� cos�0
WÞ

X3
a¼1

ZD;�
i3þaZ

D
j3þa

�
: (A18)

(v) Charged Higgs: Z0 �H�
i �Hþ

j

cH�;ij ¼ 1

2
ijððg1 sin�W � g2 cos�WÞ sin�0

W

þ �g cos�0
WÞ: (A19)

(vi) CP-odd and CP-even Higgs: Z0 � A0
i � hj

cAh;ij ¼ i

2
ð�ððg1 sin�W þ g2 cos�WÞ sin�0

W

þ �g cos�0
WÞZA

i1Z
H
j1 þ ððg1 sin�W

þ g2 cos�WÞ sin�0
W þ �g cos�0

WÞZA
i2Z

H
j2

� 2gBL cos�
0
WðZA

i3Z
H
j3 � ZA

i4Z
H
j4ÞÞ: (A20)

3. Coupling to vector bosons

The only three-vector-boson vertex containing a Z0 is the
coupling Z0

� �Wþ
� �W�

� . It is parametrized as follows:

cViVj
ðg��ð�p

Z0
�

� þ p
Wþ

�
� Þ þ g��ð�p

Wþ
�

� þ pW�
�

� Þ
þ g��ð�pW�

�
� þ p

Z0
�

� ÞÞZ0�V�
i V

�
j ; (A21)

with

cWW ¼ g2 cos�W sin�0
W: (A22)

4. Coupling to one vector boson and one scalar

The vertices are parametrized as follows:

cVs;isig��Z
0�V�: (A23)
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(i) Z and Higgs: Z0
� � Z� � hi

cZh;i ¼ 1

2
ð�vdðg1 �g cos�02

W sin�W þ g22 cos�
2
W cos�0

W sin�0
W þ cos�0

Wðg21 sin�2
W � �g2Þ sin�0

W

� g1 �g sin�W sin�02
W þ g2 cos�Wðg1 sin�W sin2�0

W þ �g cos�02
W � �g sin�02

WÞÞZH
i1 � vuðg1 �g cos�02

W sin�W

þ g22 cos�
2
W cos�0

W sin�0
W þ cos�0

Wðg21 sin�2
W � �g2Þ sin�0

W � g1 �g sin�W sin�02
W

þ g2 cos�Wðg1 sin�W sin2�0
W þ �g cos�02

W � �g sin�02
WÞÞZH

i2 þ 2gBL sin2�
0
Wðv�Z

H
i3 þ v ��Z

H
i4ÞÞ: (A24)
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