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Abstract. The Lagrangian of a theory possessing two Abelian gauge symmetries may contain a
gauge kinetic mixing term without violating any known symmetries. In this paper, the formula-
tion of theories extended by an additional Abelian gauge symmetry in the superfield formalism
is presented. By rotating in the space of the gauge fields, the gauge kinetic mixing term can be
eliminated, and the relevant charge and coupling are shifted in comparison with the original quan-
tities. We demonstrate, for example, the effect of the gauge kinetic mixing term in the case of the
U(1) extension of the minimal supersymmetric standard model. Various physical observables are
computed for a given benchmark point. We find that the gauge kinetic mixing is important for the
model to predict the observables in a good agreement with experimental data.

Keywords: supersymmtry, Abelian gauge symmetry, kinetic mixing.
Classification numbers: 11.30.Rd; 12.60.Cn; 11.15.-q.

I. INTRODUCTION

The standard model (SM) is a successful theory in predicting experimental results. How-
ever, there are evidences that this model should be extended to explain experimental anomalies,
and to address theoretical problems. To solve these issues, physics beyond the SM is necessary.
Extensions of the SM usually imply the extension of the particle content, or that of the symmetry.
If a grand unification theory (GUT) is assumed at high energies, there might be some remnant
symmetries beside the SM gauge symmetry at lower energies. One possibility is that an additional
U'(1) symmetry is left after the GUT gauge group is broken down [1,2].
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In models with two Abelian gauge symmetries [3], in principle, the gauge kinetic mixing
term of the form
k

1 2
— S Fan (1)

can exist in the Lagrangian since it is gauge invariant and does not violate any other symmetries.
From the view point of a UV completion theory, even if the gauge kinetic mixing is set to zero at
a high energy scale (for instant, the GUT scale), it can always be radiatively generated at lower
energy scales via quantum corrections [4,5]. This term introduces one more degree of freedom to
the theory compared to the case without the gauge kinetic mixing. The kinetic mixing term can be
eliminated by an appropriate rotation in the space of Abelian gauge fields. This procedure results
in the changes of the U (1)’ charges and coupling. Therefore, it affects all the processes involving
these quantities.

The influences of the gauge kinetic mixing have been discussed in literatures, see for
instances [6] and [7]. Its role was shown to be quite important in certain cases. In this paper,
we present a method to eliminating the gauge kinetic mixing term to get the canonical kinetic
Lagrangian for the superfield formalism. This method is convenient when the gauge kinetic mix-
ing parameter is considered as an input of the models. For demonstration, we investigate the
effect of the gauge kinetic mixing in the U (1) extension of the minimal supersymmetric standard
model (UMSSM) which is inspired by the Es GUT. The physical observables including the SM-
like Higgs boson mass, the muon anomalous magnetic dipole moment, the branching ratios of
B-mesons rare decays, and the dark matter relic density are calculated. The results indicate that a
non-zero kinetic mixing is necessary for the model to satisfy the experimental requirements.

The structure of the paper is as follows. In Sec. II, we briefly present the procedure to
eliminate the gauge kinetic mixing term for non-supersymmetric (non-SUSY) theories. In Sec. III,
the method is extended for the case of supersymmetric (SUSY) theories where superfields are
invoked instead of normal fields. In Sec. IV, we analyze the effect of the gauge kinetic mixing in
the UMSSM as a demonstration. Finally, Sec. V is devoted to conclusion.

II. GAUGE KINETIC MIXING IN NON-SUSY THEORIES

Assume that our theory has the gauge symmetry consisting of two Abelian gauge groups
U(1) x U'(1). The Lagrangian of the theory includes
1 1 k
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where F;}v = “Ab — 8\,A}L and Fﬁv = ”A‘z/ — 8VAfl are the field strength tensors of the corre-

sponding gauge fields A}L and Ai. The last term is the so-called gauge kinetic mixing term that is
Lorentz and gauge invariant, and k is the mixing parameter.
To avoid this term, a rotation must be performed in the space of the two gauge fields:
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In order for the transformation to be real, the possible range for the kinetic mixing parameter is
—1 < k < 1. This rotation induces a change in the gauge coupling matrix. This fact can be seen
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by considering the covariant derivative:
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where the new U (1) charges are exactly the same as the old ones, namely Y'?> = Y*£, and the new
gauge coupling matrix is related to the original one by

1 —1
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After the rotation, we can verify that the Aﬁ and Aﬁ have the canonical kinetic terms in the La-
grangian.

The matrix of the gauge couplings can be simplified further by the following orthogonal
transformation without reintroducing the kinetic mixing:

<Bu> — 1 <gEE —gEY> <A§> 7)
E AL )
K \/ 8kr + 8ty SV 8EE H
The covariant derivative also changes accordingly
Dy = du+i(y’ vE) <gyy gYE> 1 ( 8EE 8EY> <Bu>
8ey 8Ee) [ 2 > \—8ev 8ee) \Eu
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where the new couplings are defined as
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The covariant derivative can be rewritten as

Dy = du+i¥'gBu+i(Y g +Y gp)E,
= Oy+i¥ gBy +ietgrEy, (10)
where we introduced the effective charge ef such that
gre® = Y'g'+Ygp. (an

Here, By, plays the role of the ordinary gauge field associated with the hypercharge, while the extra
gauge field E,, will become massive after the U’(1) breaking.
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III. GAUGE KINETIC MIXING IN SUSY THEORIES

In SUSY theories, we work with superfields instead of normal fields. The gauge kinetic
Lagrangian for the two Abelian vector superfields is written as

L 1 1 k Wi
gglzlggegc o - /dzez (Wla Wza) (k 1> <sz> +h.c., (12)
where k is the kinetic mixing parameter, and the SUSY field strengths are defined as
| R
Wiy = —zDDDVy). (13)

The kinetic mixing matrix can be diagonalized by a rotation among the original Abelian vector
superfields:

1 —1
<¥;> = 0 vl Gﬁ;) : (14)
V2(1+k)  \/2(1-k)
This rotation ensures that there is no explicit kinetic mixing in the Lagrangian written in the new
basis (V¥,VE). However, the effect of the kinetic mixing parameter will transfer to the interaction
between the Abelian vector superfields and chiral superfields in the same way as in non-SUSY
theories.
To see this, we consider the Lagrangian of the Abelian gauge interaction:

gggltgélction > /d46¢,TeQ'g'VcI)’ (15)
where
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The gauge coupling matrix can be simplified by the following orthogonal rotation:

VY 1 14
(VE> 5 2 (fgﬁy gg) (V’> ' 17
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As a consequence, we have
Y / V
QgV = (¥ Q) (gd ggE> <V,>7 (18)

where we denote Y =YY and Q' =Y*~.

For simplicity, we assume from now on that the original gauge coupling matrix is diagonal,
diag(g1,g"). By the rotations (14) and (17), it becomes non-diagonal with the elements determined
as follows

8 = 81,
—kgi
/
= ) (19)
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We rewrite Eq. (18) in the form that will be convenient in the future:

Q-gV = YgV+0gV/, (20)
where
o — Q’—k?Y. 1)
1

Here, we see that the gauge kinetic mixing affects the new gauge coupling gg and the new charge
Q. Note that in the limit of vanishing kinetic mixing, k — 0, the gauge coupling matrix becomes
diagonal, and the redefined charge QP equals the original one Q'.

IV. EXAMPLE: THE UMSSM

In this section, we consider the effect of the gauge kinetic mixing for an U (1) extension
of the minimal supersymmetric SM (MSSM). Beside the particles of the MSSM, the particle
content of this model includes a vector superfield, V> = {5’ ,B;J}, corresponding to the additional
U'(1) gauge symmetry, a singlet chiral superfield S playing the role of breaking the extra U’(1)
symmetry, and three generations of right-handed neutrino supermultiplets N¢ = {Vg, v }.

The superpotential of the UMSSM includes terms from the MSSM superpotential and terms
relevant to additional superfields:

WD Wussm |#:o +ASH,H; +NY,LH,. 22)
The soft SUSY breaking Lagrangian reads
| R -
LN S AilmlB—0— <2M;B’B’ + VAV LH, +h.c.)

—VEM, Vg —m3|S|* — (AAp SH,Hy + h.c.). (23)

The U(1)’ charge of a chiral superfield is computed as
Q' = cosbg Q) +sinbg 0, (24
where O, € [—75, 5] parameterizes the linear combination of two Eg subgroups, U(1), and U (1),

i;ltl())lthle U(1)" symmetry. The charges Q;( and Q’w of the UMSSM chiral superfields are given in
able

Table 1. U(1)’ charges of the UMSSM chiral superfields.

Q U° D L N° E° H, H; S

\/40Q;C -1 -1 3 3 -5 -1 2 =20

\/24Q’y, 1 1 1 1 1 1 -2 -2 4
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By the effect of the gauge kinetic mixing term, the redefined charges are shifted from the

original ones as

1 1 1
- _k&,_icose + ——sin6,
% §6 VA Ty
2 1 1
L L2 osH + ——sin6,
U ¢/3 40 NG Fo>
1 3 1
L _kg 4+ ——cosOg, + ——sin 6
QD g/l 3 \/4—0 E6 /724 E67
1 3 1
P k8L 2 0s6g + ——sin®
or ¢ 2" V40 RN For
5 1
re = ———cosBg + ———sinbg,,
O Va0 SO Ot g i O
Qféc = —kg—/l L cos O, + L sin O,
81 V40 V24
» gl 2 2
= —k= -+ ——=c0s0g, — ——sinBOg,,
QH,, gll 5 \/4»() Es \/ﬂ Es
ro_ gl 2 2 )
QHd = gll 7 \/m COS Es \/» sim E¢»
4
of = msm Ok,
3.0r 7
2.5r ]
2.0f j
1.51 7
) ]
1.0 ]
0.5/ |
_10 -0.5 0.0 0.5 1.0
k

Fig. 1. The redefined gauge coupling g as a function of the kinetic mixing parameter k.

(25)

(26)

27

(28)

29)

(30)

(D

(32)

(33)



KINETIC MIXING IN MODELS WITH AN EXTRA ABELIAN GAUGE SYMMETRY 47

Since the UMSSM is inspired from the E¢ grand unified theory, we assume for simplicity
that g} = \/égl. Figure 1 shows the dependence of the new gauge coupling gr on the kinetic

mixing parameter k. We see that in the limit k — O the redefined coupling gr becomes g. For large
values of |k|, the coupling gg increases rapidly. In order for the theory to be in the perturbative
regime, we must have

2
ap=3E < 1. (34)

This constraint indicates that

k| < 4[1-5L, (35)

In the benchmark analysis, we investigate the model with a given set of input parameters
with non-zero gauge kinetic mixing:

M, = 87GeV, Mz, = 5012GeV,
M, = 110GeV, Ay = 3715GeV,
M; = 1800 GeV, u = 470 GeV,
M = 500GeV, oz = 1.14x107%,
m) = 650GeV, 6p = —1.419,
mg = 2200 GeV, k = 0.4037.
where My, M, M5, M| are the gaugino masses; m?, mJ are the common inputs for slepton and

squark masses; Mz,, Ap, i are the Z, boson mass, lthe gommon input for trilinear couplings, the
u-parameter, respectively; and o is the Z-boson mixing angle. For this benchmark point, using
the package MicrOMEGAs [8] we compute the SM-like Higgs boson mass, the muon anomalous
magnetic dipole moment, the deflection of the electroweak p-parameter, and the branching ratios
of the rare decays of B-mesons (B? — u*u~, B* — t*v;, B® — X,7). Assuming R-parity conser-
vation, we find that the lightest neutralino is the dark matter candidate in this case, and compute
its relic density. The values of these physical observables are as follows

m, = 125.09GeV, (36)

Aay = 1.629x 1077, (37)

Ap = 9.9967 x 1072, (38)
BR(B > u"u~) = 3.363x107°, (39)
BR(B* — tv;) = 1.088x107% (40)
BR(B" = X,7) = 3.776 x 1074, 41)
Qz?hZ = 0.1188. (42)

The results are in good agreement with the present experimental constraints.

To study the effect of the gauge kinetic mixing, we perform a scan over k while keeping all
other parameters unchanged. In Figure 2, we show the muon anomalous magnetic dipole moment
as a function of the kinetic mixing parameter. We can see the strong dependence on k which helps
to push up the value of g, —2 to be within 20 of the measured value when k ~ 0.4. For this
benchmark, the nonzero gauge kinetic mixing plays an important role to fit the experimental data.
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Fig. 2. The muon anomalous magnetic dipole moment Aqay, as a function of the kinetic
mixing parameter k.

V. CONCLUSIONS

In theories with two Abelian gauge symmetries, the gauge kinetic mixing term is allowed
in the Lagrangian since it does not violate any known symmetries. Even if this term vanishes at
a certain energy scale, it can always be induced radiatively at other scales by the renormalization
group evolution. In this paper, we have presented a method to eliminate the gauge kinetic mixing
term in the superfield formalism. As a consequence, this procedure leads to the changes in the
new gauge coupling and the new U’(1) charges. The procedure has been applied to the UMSSM
inspired from the E¢ GUT to study the effect of the gauge kinetic mixing term. We have analyzed
the dependence of the new gauge coupling on the kinetic mixing parameter and derived its per-
turbative limit. We have computed physical observables for a given benchmark point and found
that various phenomenological constraints are satisfied. With all other inputs fixed, a scan over
k showed the dependence of the muon anomalous magnetic dipole moment on the gauge kinetic
mixing. In this case, a non-zero gauge kinetic mixing parameter is necessary to get the acceptable
value for the muon g — 2. Thus, the gauge kinetic mixing is an important factor to fit experimental
results.
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