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Low scale nonuniversal, nonanomalous U(1)}, in a minimal supersymmetric standard model
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We propose a nonuniversal U(1)}. symmetry combined with the minimal supersymmetric standard
model. All anomaly cancellation conditions are satisfied without exotic fields other than three right-
handed neutrinos. Because our model allows all three generations of chiral superfields to have different
U(1)} charges, upon the breaking of the U(1)}, symmetry at a low scale, realistic masses and mixing
angles in both the quark and lepton sectors are obtained. In our model, neutrinos are predicted to be Dirac
fermions and their mass ordering is of the inverted hierarchy type. The U(1)}. charges of the chiral
superfields also naturally suppress the p-term and automatically forbid baryon number and lepton number
violating operators. While all flavor-changing neutral current constraints in the down quark and charged-
lepton sectors can be satisfied, we find that the constraint from DY — DY turns out to be much more
stringent than the constraints from the precision electroweak data.
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I. INTRODUCTION

The U(1)" symmetry exists in many extensions of the
standard model (SM). It can arise from a grand unified
theory based on SO(10) or Eg4 [1-3]. In the presence of
fermions or Higgs bosons with nonstandard SM charges, a
nonunifiable U(1)’ symmetry can also exist [4]. In addi-
tion, the U(1)’ symmetries abound in many low energy
effective theories of the string theories [5]. If the U(1)’
breaking scale is at the TeV scale, the Z' gauge boson
associated with the breaking of the U(1)’ symmetry may
be discovered at the early stages of the Large Hadron
Collider (LHC) operation.

Models with an extra U(1)" symmetry at the TeV scale
are severely constrained by the flavor-changing-neutral-
current (FCNC) processes and by the electroweak preci-
sion measurements. In the generation dependent U(1)’
model, the off-diagonal terms in the Yukawa matrices
can lead to FCNCs at the tree level through the exchange
of the Z' gauge boson. The most stringent experimental
constraints are in the down-type quark sector from the
measurements of K® — K° mixing and B® — B® mixing,
and in the lepton sector from the nonobservation of u — e
conversion, u —ete et, T—eteet, and 17—
wu” u™. While recent measurement of D° — D mixing
places a bound on the 1-2 mixing in the up-type quark
sector, such a limit is not as severe as those in the down-
type quark sector. So far, there is no constraint on other
mixing in the up-type quark sector.

To satisfy the FCNC constraints, most models [6-8]
assume that the U(1)’ charges are universal across the three
generations of SM fermions. Because of the fact that the
most stringent constraints from FCNCs appear in the pro-
cesses that involve the first and second generations of
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fermions, a nonuniversal U(1)" at the TeV scale can be
consistent with the experimental constraints on flavor vio-
lation, if the first two generations of the SM fermions have
the same U(1)" charges and the flavor nonuniversality
occurs between the third family charges and the charges
of the first and second families of fermions [9].

In this paper, we relax the assumption of having univer-
sal charges for the first and second families. Instead, all
three generations of SM fermions are allowed to have
different charges under the U(1)" symmetry. The FCNC
constraints are satisfied by attributing the flavor mixing to
the up-type quark and neutrino sectors, while having flavor
diagonal down-type quark and charged-lepton sectors,
given that the down-type quark and charged-lepton sectors
are most stringently constrained. In this scenario, the U(1)’
can play the role of a family symmetry [10-12] that gives
rise to realistic mass hierarchy and mixing angles among
the SM fermions through the Froggatt-Nielsen mechanism
[13]. In addition, the U(1)" charge assignment naturally
suppresses the w-term, and it forbids at the tree level
baryon number and lepton number violating operators
that could lead to proton decay.

This paper is organized as follows. In Sec. II we
present the flavor nonuniversal U(1)" model combined
with the minimal supersymmetric standard model
(MSSM). In particular we show how all gauge anomalies
are cancelled and how realistic masses and mixing angles
of all quarks and leptons (including the neutrinos) are
generated. In addition, the implications for the p problem
and proton decay is also discussed. Section III gives the
parameter space of this model allowed by the most strin-
gent experimental constraints. Phenomenological implica-
tions of our model for collider experiments are discussed
in Sec. IV. The mass spectrum of the super particles and
the new phenomenology signatures in addition to the
MSSM are discussed in Sec. V. Section VI concludes
the paper.

© 2010 The American Physical Society
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II. THE MODEL

In MSSM with three right-handed neutrinos, the super-
potential for the Yukawa sector and Higgs sector that gives
masses to all SM fermions and Higgs fields is given as
follows:

W = Y,H,Qu + Y,H,0d® + Y,H;Le¢ + Y,H,Lv°
+ Y, LLH,H, +Y,,v°v° + pH,H; + u/'®d'. (1)

In the presence of an additional U(1)} symmetry under
which various chiral superfields are charged, the Yukawa
matrices shown above are the effective Yukawa couplings
generated through higher dimensional operators. As a re-
sult, they can be written as powers of the ratio of the flavon
Higgs field, ®, that breaks the U(1); symmetry to the
cutoff scale of the U(1)}, symmetry, A,

D\3lg;+q;+qul
Y~ (yij X) . 2

Similarly, the effective w-term is generated by the higher
dimensional operator and it is given by

D\3lgn, +qu,—1/3l
= (may) " 3)

Here the chiral superfield ® is a SM gauge singlet whose
U(1)} charge is normalized to —1/3 in our model; ¢; and
q; are the U(1) charges of the chiral superfields of the i-th
and j-th generations of quarks and leptons, while gy
(which can be gy or gy,) denotes the U(1); charges of
the up- and down-type Higgses. Note that if g; + q; +
gy <0 or gy + qu, <1/3, then instead of the ® field,
the field ®’ whose U(1)} charge is 1/3 is used, respec-
tively, in Eq. (2) and (3). The terms with noninteger 3|q; +
q; + qyl and 3|gy, + qp,| are not allowed in the super-
potential given that the number of the flavon fields must be
an integer. This, thus, naturally gives rise to texture zeros in
the Yukawa matrices. Once the scalar component ¢ (¢') of
the flavon superfield & (d’) acquires a vacuum expectation
value, the U(1)}. symmetry is broken. Upon the breaking of
the U(1); symmetry and the electroweak symmetry, the
effective Yukawa couplings can be rewritten as

Yifl ~ (yye)lactartanl, )
and the effective u-term is given by

o~ (€)= 1Bl gy, (5)

where € = ((¢)/A)’ and € = ((¢')/A)>. By choosing the
expansion parameters € and €' to be of the size of
the Cabibbo angle ~0.22, we have found solutions to the
charges that give rise to realistic fermion masses and
mixing angles with all Yukawa couplings of order y;; ~
O(1). One thing to address here is that although both € and
€' have to be of the size ~0.22, {(¢) and (') are not
necessarily to be the same due to the existence of the
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O(1) coefficients y; ; and u,,. These charges also suppress

the effective u-term by a factor of €41~/ With
|gn, + qu,| having a value in the range of ~[1,2], the
effective p-term of the size of 100 GeV can naturally arise.

We then search for charges that satisfy all anomaly
cancellation conditions and at the same time give rise to
realistic masses and mixing angles for all SM fermions and
a u-term of the right size. The details are discussed below.

A. Anomaly cancellation

By expanding the gauge symmetry of MSSM with an
additional U(1)}, symmetry, there are six additional anom-
aly cancellation conditions. For all Higgs superfields in
our model, we assume that they appear in conjugate pairs
and therefore do not contribute to the gauge anomalies.
As a result, only the charges of the three generations of
matter fields are constrained by the anomaly cancellation
conditions:

[SURPUML: D [2q0, — (—q4,) — (—g4)1=0, (6)

1

[SUQLPUM: Ylar, +3g01=0. (D

W Poy: 3253 () a0~ 3% (3) (-au)

1

—-3X (—%)2(—%[) +2X (_ %)2%

= (—1)2(—%)] 0, ®)

l

ozt 3o ()i 5+
1
2

X (—q,) —3X (— %)(_Qd,-)z +2X (—

)

X (g — (—1)<—qei>2] 0, ©)

U1, — gravity: ) [6q0, + 3q,, +3q4 + 24,
+ g, +qn]=0, (10)
[U(1),]: 2[3(2(61@.)3 —(=q,) — (=q4)*) + 2(qr)’

—(=q.)’ = (=qn)’1=0, (11)

where qo., qu,» Ga;» 91,5 9c,;» and gy, denote, respectively,
the charges of the quark doublet, isosinglet up-type quark,
isosinglet down-type quark, lepton doublet, isosinglet
charged-lepton, and right-handed neutrino of the i-th gen-
eration. To further reduce the number of parameters, we
also assume that the fields Q;, u¢, and e§ have the same
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U(1) charges, g9, = q,, = q., = q,,, and that the fields L;
and df have the same U(1)’ charges, q;, = q4, = q;,, as
motivated by the SU(5) unification [11]. With these assign-
ments, the above six anomaly cancellation conditions re-
duce to the following three independent ones:

1 3
245+ 524, =0 (12)
5> a5, + 103 g, + Dan, =0, (13)
52 g3 + 10> g3 + > g}, = 0. (14)

The first two anomaly conditions, Egs. (12) and (13), are
satisfied automatically with the following parametrization
of the U(1)} charges:

qn = _%qfl —2a, qan, = _%qfl —2b,
qrn, = _%qu +ta+d, qn, = _%qu +b+ 0,
qr, = _%qf,% +a—d, qn, = _%qﬁ +b =0,

where parameters a, a’, b, and b’ characterize the charge
splittings between different generations of g, and gy,. The
charges ¢, and charge splitting parameters, a, a’, b, and b’,
are determined by the cubic equation, Eq. (14), and the
observed fermion masses and mixings as shown in the
following section.

B. Fermion masses and mixings
The U(1)j charges give the following up-type quark
Yukawa matrix:
Yy

(€)I2q,, +qm,|
~ (e)lqr, +41,+qm,|
(e)lqu 49+ qm,|

(E)lqtl +‘1t2 +QH,,|
(6)|2qr2 +dn,|
(6)Iq,2+q,3+qyul

(E)Iq,, 49, +qm,|
(€)|‘Ir2 4+ qm,|
()4 +am|

15)
and the Yukawa matrix of the down-type quarks is given by
Yp

(E)Iq,, 45, +qu,l
~ (e)lq,ﬁq;] +am,|
(G)Iq,3 +q5, +am,

(e)lq,, 45, +qu,l
(6)|qt2+qf2+qu|
(E)|QI3+Qf2+‘IHd|

(e)lq,, a5 Tam,
(é)qu2 +qpTam,
(E)qu 45, Tam,

(16)

TABLE 1.
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(It is again to be understood that if the arguments of the
absolute values are negative, then €' should be utilized
instead of €.) Because the top quark is heavy, we assume
that its mass term is generated at the renormalizable level,
and thus

2q;, + qu, = 0. (17)

To avoid the tree-level FCNCs while allowing all three
generations of chiral superfields to have different U(1)}
charges, we attribute all flavor mixings in the up-type
quark and neutrino sectors with down-type quark and
charged-lepton sectors being flavor diagonal. Ideally the
texture-zeros in the down-type quark and charged-lepton
sectors are generated due to the noninteger exponents as
determined by the U(1)} charges. Nevertheless, no solu-
tion is found that can give diagonal down-type quark and
charged-lepton sectors and at the same time satisfy all
other constraints in the model. We therefore impose an
additional Zg symmetry to forbid the off-diagonal elements
in the down-type quark and charged-lepton mass matrices.
The transformation properties of various chiral superfields
are summarized in Table L.
Realistic mass and mixing spectrum is found with

qr, — 45, =22/3,  qp —qp =11/3, s
qu, + qu, = —5/3 a = -17/18,
and also
4, a5, +qu, = 1/3, (19)

which naturally accounts for the mass hierarchy between
the top quark and the bottom quark, leading to a prediction
of tanB = v, /v, ~ 25, with

(H,) = v, (Hy) = v, (20)

being the vacuum expectation values of the neutral scalar
components of the Higgs supermultiplets. All elements in
the up-type quark Yukawa matrix have Zg parity of +1,
and thus they are all allowed. The elements in the down-
type quark Yukawa matrix have the following transforma-
tion properties under the Zg parity:

1 e(377/4)i e(*ﬂ'/4)i
Pp~ B7/9i 1 =T/ | (1)
e(37r/2)i e(37r/2)i 1

As a result, only the diagonal elements in the down-type
quark Yukawa matrix are allowed. The resulting effective

The Zg parity of the chiral superfields. df is the down-type quark singlet chiral superfield with family index i, e is the

charged-lepton singlet, Q; is the quark doublet chiral superfield, uS is the up-type quark singlet, L; is the lepton doublet, and 7§ is the

neutrino singlet.

Field df, ef ds, es ds, e 0y, u§

0y, uj

0, u v§ 5 v H,, H; () @’

Zg Parity -1 i e~ (/4 1 1

1 -1 1 e~ (/4 1 e/ 1
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Yukawa matrices of the up- and down-type quarks are thus
given, in terms of € or €, as

PHYSICAL REVIEW D 82, 075006 (2010)

Because of the SU(5)-inspired charge assignment, we also
have Y, =Y lT). Equations (22) and (23) give rise to realistic
masses of up- and down-type quarks and charged leptons

(6/)22/3 (6/)17/3 (6/)11/3 N X .
_ N3 N o 2 as well as all Cabibbo-Kobayashi-Maskawa (CKM) matrix
Yy (61)11 /; (61)2 €)™ | (22) " elements. Since no mixing appears in the down-type quark
() (¢') 1 and the charge lepton sectors, all FCNC constraints are
satisfied.
(e)* 0 0 With the above charge assignment, the [U(1)}.]* anom-
Yp~| 0 ()2 0o | (23)  aly cancellation condition is satisfied if
0 0 (9!
|
_ —10240 — 63525b — 133 65b* — 486b° + 9075b' — 2970bb’ — 1485b" + 486bb" (24)
GE 10(304 + 1485b + 243b7 — 495b' + 81b72) ’
|
for any b and b'. The values of b and b’ are determined by 0 ()3 (e
the neutrino sector. The Dirac, left-handed, and right- Yo~ |0 (&) 0 ) (30)

handed Majorana neutrino mass terms are given, respec-
tively, as follows,

Yy
(E)qu] +an, Tan,| (e)qul +an, Tam,| (e)quI +an, +qm, |
~ (6)Iq/2+q/v,+qﬁu| (G)Iq/2+qN2+qH“I (6)|qf2+€7N3+‘1H“|
(e)qu3+qu+[IHu| (E)qu3+qu+qHuI (G)Iq,f3+qN3+qHu|
(25)
Yirnn

(€)|2‘1f1 +24u,| (E)qul +45,+2qm, | (e)lq/, 45, +2qm, |
~ (e)quz +45, +2qm,| (E)Iqu2 +2qu, | (e)quz +ap,+2qm,|
(E)qu3+qf] +2qp,| (E)lfIf3+‘If2+2qH,,| (6)|24f3+2qHu|

(26)
(G)IZqN,I (6)IqN1+qN2| (e)qu,+qN3I
Yyy ~ (e)quszlI (e)|2qN2| (E)IqN2+qN3I . (27
(f)qu3+quI (6)|‘1N3+‘1N2| (€)|2qN3I
By choosing
b =55/8, b = —347/18, (28)

only the Dirac neutrino mass matrix is allowed since all
elements in the left-handed and right-handed neutrino
Majorana mass matrices are nonintegers. Furthermore,
elements of the Dirac neutrino mass matrix have the fol-
lowing transformation properties under the Zg parity:

-1 1 1
Py ~ ( —1 1 e/ ) (29)
-1 1 i

Therefore, only the second column and the (3,1) element
are allowed, leading to the following Dirac neutrino mass
matrix:

0 (6/)71/3 0

With the following Y;; coefficients of the order of unity, we
obtain

0 (0.8526)*(€)?! (1.186633)%5(€)%5/3

Yv=10 (1.02678)%0(e")1? 0
0 (1.105762¢/ D/ D71 ()19 0
(€2))
The matrix YNY}:, is given by
(6)110/3 (6/)40 _(6)40
YNY;{, — ()40 (€)®  —()8 . (32)
_(6/)40 _(6/)38 (El)38

The resulting neutrino mixing pattern arising from the
matrix Y, given above is close to the tribimaximal mixing
pattern. The three absolute masses are predicted to be

m,, =0.048214 eV, m,, = 0.048988 eV,
(33)

m,, =0.

These three masses give the following values for the
squared mass differences:

|Am2,,| = 2.40 X 1073 eV?,

(34)
Am2 = 7.52 X 1077 eV?,

which satisfy the neutrino experimental results [14,15] and
predict the inverted mass ordering for the light neutrinos.

The U(1)j charges that correspond to the parameters
given in Eqgs. (17)—(19), (24), and (28) are summarized in
Table II.

C. Implications for the u problem and proton decay

Because of the presence of the U(1)), symmetry, the u
parameter in our model is given by
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TABLE II. The U(1)} charges of the chiral superfields.
Held 4 1%% 857 % %52712 % L33811 Q. M7’4zei44 02 u§,16e§69 Os, ugﬁt zeogl
! I — _— —_ —_ —
U(1)y charge 45, ~ 715585 95, ~ 15585 955 ~ " 5195 9y~ " 15585 9, — 15585 9~ 15585
Field vy v5 V5 H, H, ) P’
U()p charge gy = — Y5 g = —ign  av =iy qm, = “fssss  dm —isss  de =3 G =3
2 _ a2 _

Ll — 1[ My — M3y, + (qu, — 4n)C B III. EXPERIMENTAL CONSTRAINTS

2 cos28 ¢ H, A. Electroweak precision constraints

/
+ M, L+ (qn, + an,) C)]. (35) Becguse.HM gnq H, both are charged unclier U(1)}, tree-
level kinetic mixing between the Z and Z’ gauge bosons

The parameter C is defined as

C = g2 (qp,v’sin* B + gy, v>cos’ B — qou? cos2y), (36)
where v? = v2 + v while u and ¢ are defined through
(¢p) = usiny and (¢p’) = ucosiys, with ¢ and ¢’ being the
scalar component of the chiral superfield ® and @/, re-
spectively. The more detailed description of the Higgs
sector of our model is given in Sec. VA 1.

Generally, a delicate cancellation between the Higgs
masses and a u-term of the weak scale is required in order
to obtain the observed M, [16]. This is known as the w
problem [17]. In our U(1)} model, the charge assignment
of H, and H, naturally suppresses the w-term by a factor
of ~(€)*3 ~ 0.133 with respect to the (¢p) ~ TeV scale.
This, thus, naturally gives a u-term of the order of
~O(100) GeV while having u,, ~ O(1).

The U(1)} charge assignment of the chiral superfields
also automatically forbids lepton number and baryon num-
ber violating operators at the tree level. In general, lepton
number and baryon number violating operators

War—1 = A LiLjef + ML, Q;dj + w"LiH,,  (37)

Wa,or = Ak dsds, (38)

are allowed by supersymmetry, and they can lead to proton
decay processes, e.g.,
p— €+7TO, €+K0, M+7T0’ M+K0

(39
v, or wKC

To avoid those operators, the usual way is to impose the
conservation of the R parity, which is defined as Pp =
(—1)3B=L)*2s with B being the baryon number, L being the
lepton number, and s being the spin of the particle [18].
Without imposing the R parity, in our model the U(1)}
charges automatically forbid these operators since these
operators are not U(1)}, gauge invariant.

exists in our model. The Z — Z’' mixing contributes to the
p parameter and therefore it is very severely constrained
[19-21]. The kinetic terms of the Higgses lead to mass
terms for the gauge bosons, Zy, By, and W3, which are
associated with U(1)}, U(1)y, and the T* generator of the
SU(2); symmetry, respectively,

ivi(—gW? + 1By + 2qy,8,Z;)* + vi(g.W? — 1By
+ ZCIHdgz/ZGT)z]!

and g,, g1, and g are the SU(2);, U(1)y, and U(1)}, gauge
coupling constants. After diagonalizing the mass matrix
for the gauge bosons, we obtain three physical eigenstates
which are identified as the photon, the Z boson, and the Z’
boson

1

A= (W3 + g2By), (40)
g+ et
1
ZM = ———(g,W?* — g1By), (41)
Ve + &
Z=7M+6,,7, (42)
Z/ - Z/F - BZZ!ZSM. (43)

The masses of the physical gauge bosons are given by

g +ei

M:
z 2

vy +vi(1 + 0(6%,)), (44)

My = gz/\/Z(q%,uvﬁ + q%,dvi + Zq%bué)(l + 0(5%21)),
(45)

and the term

2
_ AMZ,,

M%f - My
AMZ, = g.\g3 + g} qu, vl — qu,vi),  (46)
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is the Higgs-induced kinetic mixing between Z and Z/,
which is severely constrained by the precision electroweak
data. The electroweak precision measurements indicate
that the p parameter is very close to 1 and the experimen-
tally allowed deviation, Ap, is given by

(AMZ,)?

A = |— ‘4L

<0.00023. 47)

In the U(1)}, model, Ap is given by

4¢%(qu, — qu,tan* B)*
M2, ’
G = D(g3 + g1 + tan’B)?

The experimental limit on Ap then is translated into the
following constraints on the U(1)’" gauge coupling g and
the Z' mass with tan8 = 25 in our model:

0.00023 (M2,
S5 (T ), 49
8 \J24.213637<M§ ) “9)

Ap = (48)

As shown in Fig. 1, for a relatively light Z' mass of
600 GeV, the gauge coupling g must be smaller than <
0.02 in order to satisfy the precision electroweak constraint
on the p parameter. With increasing Z' mass, the maxi-
mally allowed value for g, increases, to a very good
approximation, linearly.

We note that, in addition to the Higgs-induced contribu-
tion discussed above, the Z — Z’ mixing can also be gen-
erated by an explicit kinetic mixing term in the Lagrangian
and by the renormalization group evolution [22]. There,
thus, exists possible cancellation among these contribu-
tions to the p parameter, allowing the constraints on g
and M, to be loosened.

B. Constraints from flavor-changing neutral currents

Following the formalism in [9], the neutral current
Lagrangian in the gauge eigenstates can be written as

Lye = —elnA, — &I Z5N — g J" 21, (50)

gz’
0.10

0.08
0.06
0.04

0.02

Mz’ TeV
1.0 1.5 2.0 2.5 3.0

FIG. 1 (color online). The maximally allowed value of the
U(1)} gauge coupling, g./, as a function of the mass of the Z'
gauge boson, M, derived from the constraints on the p
parameter.
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where e = g,g,/4/¢1 + g3 and cosf,, = gz/ﬂg% + g3,

sind,, = g,/4/¢} + g5 and 6, is the weak mixing angle
in SM. The currents are defined as

T =y [el Py + € Prli,, (51)

e =N Gy lel P+ €l Pely;,  (52)
ij

where the summations are taken over all quarks and lep-
tons, i, ;, and Pg; = %(1 * 7s) are the projection opera-
tors. The gauge coupling constants of the SM Z boson are
given by

E;bk = _Sin20wQ6i> 6;//L = té - Sinzerﬁ’i’ (53)

where 7 and Q.. are the third component of the weak
isospin and the electric charge of fermion i, respectively.
The gauge coupling constants to Z’ are denoted by e;f”.
Flavor-changing neutral currents immediately arise if the
matrices €'Y1x are nondiagonal. FCNCs can also be in-
duced by the quark and lepton mixing, if ¥~ are diagonal
but have nonuniversal elements. The fermion Yukawa
matrices Y, in the weak eigenstate basis can be diagonal-

ized by unitary matrices V,gf s
Yyaie = VEY, VT (54)

Hence, the Z' coupling matrices in the fermion mass

eigenstate basis are
BV = (V/evnvyT),  BYr=(VIevrviT). (55)

The currents J# and J' in the mass eigenstates of the
fermions can then be written as

=0ty el + gy el yn,  (56)
i

W= YL YuBIYE + Gyl BI R, (5T
ij

and the neutral current interaction in the bases of the mass
eigenstates of the fermions, Z and Z' as

L= —gl[cosﬁJ,’ﬁ + 82 singJiH ]ZM
81
- gl[ﬁ cosfJ — singJ~ ]z’w (58)
81

with 6 being the Z — Z’ mixing angle and sinf ~ §,,. The
unitary matrices VL*b are constrained by the CKM matrix in
the left-handed quark sector through the relation

Vekm = VI VZ”’ (59)

and equivalently for the lepton sector by the PMNS matrix,
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Venns = ViTve. (60)

The flavor-changing neutral current interactions are se-
verely constrained by various experiments [23] such as rare
meson decays and neutral meson mixings, in particular
D’ — D° K°— K° and B® — B° mixing. Generally, the
mass splitting Amp between neutral mesons P’ and P°
through interaction shown in Eq. (58) can be approxi-
mately written as (neglecting the negligible Z — Z’ mixing
effect)

82 \? 1 L R
A = (EY mpr{3 Rel(B)? + (8]

1 1 mp 2
- =+ Re(BI: Bix }, 61
[2 3<mq,- n mqj) :| e( ij lJ) (61)

CCis
- i5
Vekm = | =812Co3 = C128238 3¢
_ i5
S12823 = C12C3813€"
where C;; = cosb;;, S;; = sinf;;, and 6;; are mixing an-

gles. As a result of the U(1)' symmetry, our model can
accommodate the experimentally observed values, 6, =
13.04°, 6,3 = 0.201°, and 0,3 = 2.38°. The CP phase in
the CKM matrix is not determined in our model. In the
following we assume 8,3 = 68.75°. The matrix €'** is then
given by

|

—2.6705
B*t = | 0.266226 + 0.000486337i
—0.590674 + 0.011 701 3i

which leads to the following contribution to the mass
splitting due to the Z’' exchange:

\2 1 u u
Amy, = (Ag; ) mDF%{g Re[(B'3)? + (B'%)?]
Z/
1 1 mp 2 u u
_ [5 + §<7mu ! mc) ]Re(BlgBlg }
1 TeV\2
- 42.9483g§,( © ) eV,
M

(66)

Zl

The experimental constraint on the mass splitting of the

D’ — DY system is |Amp| =156X 107 eV [24].

Therefore, we obtain conservatively the constraint
8 6007 %10 67)
M, (in TeV) ) ’

which is much more stringent than the constraints from the
precision electroweak data. Hence, taking g = 0.02, the
mass of the Z' has to satisfy M, > 33.18 TeV. Similar to
the Z — Z' mixing, there exist additional contributions
from the sparticle sector to the D meson mixing which

0.366 226 — 0.000486 337

0.220285 — 0.001 276 62i
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where mp and Fp are the mass and decay constant of the
meson, respectively. Since the mass eigenstates and
the gauge eigenstates of the down-type quarks and the
charged-lepton sector are the same, there are no FCNCs
in the down-type quark and charged-lepton sectors through
the Z' exchange at the tree level. For the up-type quark
sector, the only available experimental constraints is for the
first two families and the most stringent one is from
D" — D° mixing. In our model, the B¥~ matrix is

B = (Vegm€e" Vi) (62)
and B“®r = —B"t since u; and up carry opposite U(1)}

charges. Choosing the standard parametrization of the
CKM matrix, we have

S12C13 _ Size”ion
CinCys — 512523513615"3 $13Ci3 | (63)
—C1pSy; — §12C03813¢5  Cp3Cy3
|
—42944 /15585 0 0
€L = 0 —16969/15585 0 s
0 0 14201/15585
(64)
and the B matrix is then
—0.590674 — 0.011 701 3i
—1.1701 0.220285 + 0.001 276 62i |, (65)
0.769274

I
can potentially cancel the contribution due to the Z' ex-
change [25], allowing the constraints on the g, and M to
be loosened. In addition, the contributions due to the long
range effects in the standard model, which are intrinsically
nonperturbative and thus have large uncertainty, poten-
tially also can relax the constraints, when included.

We also note that in our model the contributions to the D
meson leptonic and semileptonic decay modes through Z’
mediation are negligible.

IV. COLLIDER SIGNATURES

The Z' gauge boson associated with the U(1)}. breaking
has a mass on the order of a TeV and therefore it can be
produced at the collider experiments. A recent updated
limit specific for our model from CDF Z' searches at
CDF can be found in Ref. [26]. With the assumption that
the contribution to the D° — D° mixing from the Z’ ex-
change can be compensated from other new physics such
as SUSY, we can relax the severe bound from the D — D°
mixing, allowing a M of 1 TeV to be viable. Even though
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FIG. 2 (color online). Cross sections of Z' — e*e™ and Z/ —
utu for different values of the Z’ mass at the LHC with the
center of mass energy /s = 14 TeV and g, = 0.02.

the U(1), gauge coupling constant is constrained to be
small in order to satisfy the precision electroweak con-
straints, due to the large U(1)} charges of the three gen-
erations of chiral superfields, the Z’ may still be discovered
through the resonances of the di-muon or di-electron decay
channels. Figure 2 shows the cross sections of Z/ — e*e™
and Z' — u* u~ at the LHC as a function of the Z’' mass
with the center of mass energy /s = 14 TeV and
8 = 0.02.

Because of the fact that the U(1)’ charges of the super-
fields are generation dependent, in addition to the flavor
conserving Z' decay channels, some flavor violating decay
channels are also allowed in our model. These are dis-
cussed in the following.

A. Flavor conserving decays

Since the three generations of superfields have nonun-
iversal U(1)’ charges, the branching fractions among dif-
ferent Z' leptonic decay channels are very distinguishable
due to the large charge splittings. The Z' partial decay
width for different channels at the tree level is given by,

LZ — ¢4,
N.M,
= a2 (1= gurcosOBl + g, 5in0d e | + |
T
— gZ/ COSﬁB;lJ{R + 81 sin05ij€;’[/R|2), (68)

in which the color factor N, is 1 for leptons and 3 for
quarks. The flavor conserving processes contributing to the
Z' decay width through Z — Z' mixing is relatively small.
Therefore, the Z' decay width can be estimated by

Ncgz/le
247

and the ratios of branching fractions for the flavor preserv-
ing leptonic decay channels with respect to the 7 decay
channels are predicted to be

D(Z = ¢h)) = (IBLH12 + IBIF),  (69)

PHYSICAL REVIEW D 82, 075006 (2010)
Br(Z — ete ):Br(Z — utu ):Br(Z — t777)
~ (g, + q2):q1, + g2,):(q, + q2,)
~ 37.378:7.153:1. (70)

The branching fractions for different Z’ hadronic decay
channels relative to the Z' — 7 7~ channel are

Br(Z' — uit):Br(Z' — dd):Br(Z' — c¢)
:Br(Z' — s5):Br(Z' — t7):Br(Z' — bb)
:Br(Z' — 7t77) ~ 3(2|B}: %)
3(qp, + q3,):321B351%)
3(qp, + 43,):3QIB51M):3(q5, + 47,)
(g7, + q2,) ~ 31.271
:112.134:6.003:21.459:2.595:3:1. (71)

Because of the large right-handed neutrino charges, the
branching fraction for the Z’ invisible decay is enhanced in
our model,

Br(Z' — invisible)

= 083.62. 72
Br(Z — 7t77) (72)

B. Flavor violating decays

In addition to the differentiable flavor conserving Z’
decay channels, the Z' in our model also has flavor violat-
ing decay modes. Specifically, these are the decay modes
into different generations of up-type quarks, and the
branching fractions of these decays are

Br(Z' — uc, iic):Br(Z' — ut, uit):Br(Z' — ct, ¢t)
Br(Z' — 7t77) ~ 1.176:3.061
:0.426:1. (73)

The branching fractions of some of the flavor violating Z’
decay modes are comparable to those of the flavor con-
serving processes. Thus, if the quark flavors can be iden-
tified, we may be able to detect these flavor violating
processes [27].

In addition to the flavor violating Z' decay, top quark and
charm quark rare decays are also allowed and thus they can
potentially distinguish our model from flavor conserving
U(1)’ models. For example, the rare decays t — gl,I; and
t — qv;v; (Where g can be any up-type quark except for
the top quark) are possible at the tree level through the Z’
exchange in our model. Using the formulas given in the
Appendix, the branching fraction Br(t — ue*e~) (which
is relatively large among the rare decay modes) is roughly
10712 ~ 10713, which is too small to be observable. While
the branching fractions of the decay mode ¢ — uvv can be
a factor of 10 ~ 100 bigger, they are still unobservable at
the current experiments. These branching fractions, which
scale as g‘z‘,, are highly suppressed due to the small overall
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U(1)" gauge coupling g, for which we choose g, = 0.02
as a benchmark point in this paper. If g/ can be allowed to
increase, while still satisfying all of the electroweak pre-
cision measurements and FCNC constraints, by including
renormalization group contribution to Z — Z' mixing and
superpartner contributions to D° — D° mixing, these flavor
violating decays may be accessible to the current experi-
ments. (An existing phenomenological study of these fla-
vor violating decays can be found in [28].)

V. SPARTICLE MASS SPECTRUM

Since we extend the MSSM by a generation dependent
U(1)}, symmetry, the mass spectrum of the sparticles and
their associated phenomenology in our model can be dif-
ferent from the usual MSSM. Below we show the electro-
weak and U(1)} symmetry breaking conditions, the msss
spectrum of the sparticles, as well as B8 functions of the
gauge couplings and the Yukawa couplings, which are
modified due to the presence of U(1)}. The neutralino
sector is the most significantly different sector from that
of the MSSM; this is illustrated by a numerical example.

A. Analytical result
1. Higgs sector

The scalar potential giving rise to the masses of the
scalar components, (h,, hy, ¢, ¢'), of the H,, H;, D, D’
fields from the superpotential [Eq. (1)] is given by

V=Mp + )+ (Mj, + p?)lhgl* + (MG
+ w2l + (MG, + w2 |> + Bulh,hy
+Hc.) + B'u/(¢pd' + He.) + (g7 + g3)(|h, I
+ hal?) + 3831 huhal? + 382 (qp, | hul?
+ QHdlhdlz + qoldl? + qal o), (74)

where the last term is the D-term associated with U(1)}.
|
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Minimizing the scalar potential, we obtain,
M%,u + |ul* = BucotB — M2, cos2B + gy C =0, (75)
M%,d + |ul* = ButanB + M2, cos2B + gy,C =0, (76)
MCZD + || + B u/ cotfp + g C = 0, (77)

M2, + w2+ B p/tangy + +qC=0,  (78)

leading to
1[M3 —Mj + +qy,)C
|l = _[ H, H, (qu, + qn,) B (M% + M%—l
2 cos2B u
+ M, + (gn, +an)C) | (79)

1 .
B =5 (M, + M3, + 20l + (g, + 45,)C)sin2B],

(80)
WP = l[Mé — M2, + (g0 + q4/)C
H 2 cos2iy
- (Mgb + Mé/ + (qo + qq)/)c):l, (81)
1
B = _2—#/[(1‘43 + Mg, + 2l + (g0 + 99)0)
X sin2], (82)

where parameter C is defined in Eq. (36).

2. Neutralino and chargino sector

The (Majorana) mass matrix of the neutralinos
(B, W3, HY, HY, B/, , ®') is given by

M, 0 —v,81/N2  v.g1/V2 0 0 0 )
0 M, vaga /N2 —v.8/V2 0 0 0
_Uazgl/\/E Uazgz/\/E 0 M \/EdeHdgz/ 0 0
(M)(O) = Vugl/\/i _7j1,¢g2/\/§ M 0 ﬁquHugz/ 0 0 . (83)
0 0 V2v.q4,80  V2v.qn,82 M, V2uyqe80 N2usqygy
0 0 0 0 V2ugq 8 0 w
\ 0 0 0 0 V2uyqy 8z ! 0 )

in which M, M/, and M, are the corresponding gaugino
masses for U(1)y, U(1)f, and SU(2),, respectively. The
physical neutralino masses mygo(i =1 —7) can be ob-
tained by diagnolizing the mass matrix above, with each
physical neutralino given in terms of the composition
defined below,

~ 5o~ Y 70 70 ~
N; = xBB + xWW3 + x; 1B + X /Y
+ BB+ xPD + 1P P (84)

The interactions among neutrilino, femions, and sfermions
are summarized in Table III.
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In the basis (W™, H;}), (W™, H), the chargino (Dirac)

mass matrix is given by
M) = ( My gy )
82Uy M

(85)

PHYSICAL REVIEW D 82, 075006 (2010)

3. Sfermion sector
The mass squared matrices of the sfermions in the
(fiL, fir)T basis are given by

gz (0 (5 3sin0, M eo2p o, (Ao — pcotf) )
! m, (Ay)i; — pcotp) (m3);; + m3, + 3sin6,M% cos2B

M2 = (ng)ii + m%{, - <% - %sinzﬁw)M% cos2f my((Ap)y — ptanp) (87)

’ g (Ap)i = tang) (2 + i3, = sin?6,M3 cos28 )
a2 [+ m = (1= sinzé?w)M% 028 my((Ap)y; — ptanp) )

: me (Ap) — ptanp) (m2);; + m2, — sin®0,, M3 cos2B
m2);; + 3 M2 cos2 0

M3 = <( 2 o P (), (89)

In the 6 X 6 soft mass matrices shown above, mg, mg, mg,
mpy, mg, my are the soft masses for squarks and sleptons
whose explicit forms depend on the specific SUSY break-
ing mechanism. m,, , my,, m,, m,, are the quark and lepton
masses. Ay, Ap, AE are the trlhnear terms. For J\/l2 we
have neglected terms proportional to m,, Wthh are
negligible.

In general, the effects of the U(1)}. symmetry can mani-
fest in gravity mediated, gauge mediated, and anomaly

TABLE III. Interactions among neutralinos, fermions, and
sfermions. The parameters yfk are the (i, j) entries in the f sector

Yukawa matrix, and q{, are the hypercharge of the field f.

Nt uf, Nt af iy

Nyl Bay' g + 4 gy + 18 gy 8.)%
Nk ul (Pay g1 + xF q,,8.) 5
Ndydg, Ndjdi x;?'y}!k

N,d-dt WPay'g — 1, + 5P g0 806"
NdRd} (Pqy g1 + 28 'q4,8:)5%
Nt vf, Novkof X?S)’;’k

Nk vk (Fay's + 5l g+ x q1,8.)8)
Niﬁfvf XIE/CIN-gz’Sf

Netef, Nyetek ! (‘}yjk

NiéJL-ei (X Qy g1~ x ‘& +x ‘IL 87 )5k
NeRek (Pqy g + x! qe]gz/)5§

[

mediated contributions. Specifically, the soft mass terms
can be expressed, schematically in the basis where gluino
couplings are diagonal, as

M3, =m3 +m}? +xX,, + Dy, (90)
M = i + i + xXgg + Dig. oD
where M7, = = m}, m}, and Mg = m3, m%, m, m}. The

first terms refer to the gauge mediated SUSY breaking
(GMSB) contributions due to SM gauge interactions,
which are flavor universal. They can be schematically

written as
~ 2 2
my ~ mng( )( > o 13><3’
msg

and similarly for %, with Ny being the number of
messengers, M, being the messenger scale, and F being
the F-term of some gauge singlet field that triggers SUSY
breaking and the summation is taken over the SM gauge
groups under which the matter multiplets are charged. The
second terms correspond to the GMSB contributions due to
the U(1)} gauge interactions, which are flavor nonuniver-
sal. These contributions have the form,

202\, F o\2
ﬁl% ;i ~ Nm<gz ql/f:) ( ) 5
T Mmsg

and similarly for (/3)’;, with ¢, being the U(1)}; charges
of the corresponding sfermions. The third terms are due to
gravity mediation arising from operators in the Kahler
potential of the form [29],

92)

(93)
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X,-,(AZ) LiLT, (94)

where My, is the reduced Planck scale, and the coefficients
X;; are determined by the U(1)}; charge differences, |g, —
qy, |. The parameter x characterizes the relative size of the
gravity mediated contribution to the gauge mediated con-
tribution. The terms D;; and Dgy are the D-term contri-
butions, which are ~{q,, where { is a constant. While the
D-term contributions are flavor diagonal, due to the gen-
eration dependent charges, they are flavor nonuniversal.

For the first two generations of the fermions, since their
masses (which are leading terms in the off-diagonal entries
in the mass squared matrices that couple f; and fz) are
very small compared to the soft mass terms (which are the
leading terms in the entries that involve f.f, and frfgin
the mass squared matrices), we neglect the left-right
mixings.

As the GMSB contributions associated with U(1)}, are
nonuniversal, there can exist CKM and MNS induced
FCNCs. Nevertheless, due to the relative smallness of
g4y, With respect to SM gauge coupling constants, the
flavor nonuniversal F-term contributions are much smaller
compared to the flavor universal F-term contributions from
GMSB. For the gravity mediated contributions, the U(1)/
charges in our model predict that X;; = 133 for all sfer-
mions except the up-type squarks (Q;, ii;), and they are

1 65/3 611/3
XQQ/MM = 65/3 1 62
611/3 62 1

1 0.08 0.004
~ ( 0.08 1 0.05 ) (95)

0.004 0.05 1

The nonuniversal D-term contributions can also lead to
CKM and MNS induced FCNCs. However, due to the
relative smallness of g.q, , these D-term contributions
are much suppressed compared to the SM D-term contri-
butions. In anomaly mediated SUSY breaking, the U(1)}
effects can manifest through the anomalous dimensions of
the matter fields. Because of the smallness of g, g, com-
pared to SM gauge couplings, their contributions to the
anomalous dimensions of the matter fields are suppressed.

4. Renormalization group equations

The presence of U(1)/. also changes the B functions. For
the beta functions of the gauge coupling constants, the
effects of U(1)}- appear at the two loop level. For the beta
functions of the Yukawa coupling constants, the U(1)}
effects appear at one loop. Below are the beta functions
including the leading U(1)}, effects,

PHYSICAL REVIEW D 82, 075006 (2010)

3
Bglz gl {33+ 1 [§ 2+27 2_’_& 2

167215  16m2L5 5 T 5827 75 8
2 26 14 18
TG ) ~ S~ v, 5 1R, | 06)

| 9
. 1 +——|24g% +25g3 + = g?
Be = 1677- { 167 [ 831 258+ 581

+2¢%(q3 +aqy, +>.(q}, +343)) 97)

—6Yf, —6Yp — 2V ]}

8 1 2 2 1,
Bg3 6.2 { 3+16 2|:14g3+9g2+?g1
+283> 2qp, + qi, + qz) — 4Yg, — AYD, ]} (98)
gl 1
Be =162 {Tr(cf) +3 672[16g32(2q29,. +qu, +az)

+6g3(ah, + a, + Xk, + 3a)
i

12
+ 5 8P Tr(gyq?) + 482 Trlg*) — 12(afy, + qp,
+ ng)Y%’s - 12(qu + qQ3 + qd3)Y12)3

~ gk, + a, a7, || (99)

where g/ =\/§g1 and gy is the U(1)y charge of the

fermions.

Most of thee B functions of the Yukawa couplings
except the (3, 3) elements are close to zeros and ignored
here. Taking the U(1), symmetry into account, the S
functions of the (3, 3) elements are given by

Yy 16 13
2 _ 2 _ 2 o)
Pri, =16 2[6YU3 8 38 s
—2¢%(qp, + qp, + qi)} (100)
Yp 16
—2g2(q5, T ap, * qi)], (101)
Y > ) , 9,
By,, 167;2 [3YD3 +4Y3 —3g3 - ggq
— 282 (qp, + a1, + qé)]. (102)

Because of the nonuniversal U(1)}. charges, there exist
nonuniversal contributions to the sfermion soft masses in
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the renormalization group equations. Nevertheless, the
smallness of the g.q, suppresses these nonuniversal

contributions.

B. Numerical result

In the numerical example, we utilize two loop renor-
malization group equations for all coupling constants.
Given that the effects of U(1)j are subdominant, we
restrict ourselves in the numerical example below to
the mSUGRA boundary condition for MSSM multiplets,
and we include the up-type quark mixing. We choose
the SPS 1A values for the soft mass parameters at the
grand unified theory scale: the universal scalar soft
mass my = 100 GeV, the universal gaugino soft mass

101.56 0 —1.68244
0 191.8 3.078 37
—1.68244  3.07837 0
(MO /GeV) =] 42.061 —76.9594 —904.068
0 0 0.0306316
0 0 0
0 0 0

After diagonalizing the mass matrix above, the masses of
the neutralinos and their compositions are summarized in
Table IV.

From Table IV, we note that the additional neutralinos,
Nse.7, associated with the U(1); symmetry are heavier
compared to those (N 1234) that exist in the usual
MSSM. These additional heavy neutralinos are decoupled
from the MSSM. Because of this near block diagonal form
of the neutralino mass matrix, the mass spectrum of the
light neutralinos N, , 3 4 is very similar to that in the usual

PHYSICAL REVIEW D 82, 075006 (2010)

mys, = 250 GeV, and the trilinear term Ay = Ap =
Ap = —100 GeV. In addition, we take tan8 = 25,
tanyy = 0.9. Since the gauge coupling of the U(1)%
(g,) is relatively small, it is reasonable to ignore the
running effect from the U(1)}.. Further, we obtain the
soft masses of the gauginos at the SUSY breaking scale
which are M, = 101.56 GeV and M, = 191.8 GeV. For
the soft mass of gaugino B/, we choose M| =
1000 GeV. The values of u and ' are determined using
the minimization conditions given in Egs. (79)-(82) and
they are u = 904.068 GeV and w' = 1224.7;i GeV (i
can be rotated away by redefining the scalar fields of
the ® and ®’). With these input parameters, the neutra-
lino mass matrix is given by

42.061 0 0 0
—76.9594 0 0 0
—904.068 0.0306316 0 0
0 —8.961 68 0 0 (103)
—8.961 68 1000 —668.938 743.264
0 —668.938 0 1224.7i
0 743.264 1224.7i 0

~

MSSM where Nl = g, ]\72 = W3, N3‘4 =
N, being the lightest neutralino.

The mass matrix of the chargino is

LAY + Y%, with

4.353473
904.068

191.8

108.8370 (104)

(M) /GeV) = ( )

The mass spectrum of the charginos and the sfermions is
summarized in Table V. The lightest sfermion in this
example is the stau.

TABLE IV. Compositions and the mass spectrum of the neutralinos.

Neutralino Mass (GeV) B w3 HY HY B P @’
N, 101.20 99.75% 0.01% 0.23% 0.01% 0% 0% 0%
N, 189.82 0.01% 99.15% 0.79% 0.05% 0% 0% 0%
N 907.39 0.08% 0.23% 49.65% 50.04% 0% 0% 0%
N, 909.69 0.15% 0.62% 49.33% 49.90% 0.01% 0% 0%
N5 1042.36 0% 0% 0% 0% 24.60% 38.04% 37.36%
N 1223.47 0% 0% 0% 0% 0.07% 50.92% 49.01%
N, 1515.00 0% 0% 0% 0.01% 75.38% 12.08% 12.53%
TABLE V. The mass spectrum of the charginos and sfermions.

Fleld X/li ﬁL IZR EL ER ;l ;2 d~L d~R S:L S:R l;l 52
Mass (GeV) 191.14 56273 545.87 56272 54587 37583 57891 56828 54573 56827 54572 389.37 592.14
Filed X/zt éL éR ﬂL ,aR 7'1 '7'2 ijeL ljeR ﬁl—LL IjﬂR ﬁTL ﬁTR
Mass (GeV) 904.73 20256 14420 20256 144.16 120.68 263.61 186.10 195.53 186.08 19551 180.33 190.46
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VI. CONCLUSION

In this paper, we propose a nonuniversal U(1)}. symme-
try combined with MSSM. All gauge anomaly cancellation
conditions in our model are satisfied without exotic fields
other than three right-handed neutrinos. Because all three
generations of chiral superfields have different U(1)}
charges, realistic masses and mixing angles in both the
quark and lepton sectors are obtained after the U(1)%
symmetry is broken at a low scale. In our model, neutrinos
are predicted to be Dirac fermions and their mass ordering
is of the inverted hierarchy type. The U(1)} charges of the
chiral superfields also naturally suppress the w-term and
automatically forbid baryon number and lepton number
violating operators. Even though all FCNCs constraints
in the down quark and charged-lepton sectors can be
satisfied, we find that the constraint from D° — D° turns
out to be much more stringent than the constraints from the
precision electroweak data.
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APPENDIX A: TOP QUARK RARE DECAYS

The effective four fermion operators that can lead to top
quark rare decays are [9]

4Gp

~ Ly =—72 D (pesrJi + 2wl Ty + yI2)
\/i m=i,x
4Gy oA L S A ij ~if
~1%S S el + ol + bl
iy ikl
+ DY 0], (A1)

where J,, and J/, are currents that couple to Z and Z/,
respectively, and

;clz = (iy*PL ) Xy uPrx),
~;£ = (Piy*Pri )(XiY uPrXD:
02’} = (g y*PL ) OXuY uPrXD,

ONZ = (iy* PRt ) (Xey uPLXD-

(A2)

PHYSICAL REVIEW D 82, 075006 (2010)

The variables ¢ and y denote the fermionic fields while
i,j,k,l are the family indices. The coefficients for the
effective four fermion operators are

Cl = peirdi;Suel € + wd el Bl + W‘Sk’e’)'(LB;zL

=1

+ yBlF B, (A3)

C;(JI = peff(sijaklflf/lﬁ’fi(k + W8€¢RB{IR + WBklE;(RB:»/;R

j=i
+ yBl*BYY, (A4)

l.
DY = 5.8,V e £ ws. .’ B £ S, eXkBYL
K = PeffOijOK€; "€ Wo;;€; "Dy T Wop € by;

Ly~
+ yBYLBXx (A5)

ij kl >

D= peffS,-jSkle;/’RefL + w6,-jef»/’RBff + wé‘klefLB:/;R

+ yB{*B}, (A6)
where p.s, w, and y are defined as
2 2 M5,
= p,;cos“6 + p,sin-6, = (A7
Peff Pi P28t Pi M%COSZGW ( )
_ 8 _
w = 2= sinf cosf(p, — p,), (A8)
81
— (82 () sin? 2
y P (p;sin”6 + p,cos*6), (A9)
1

and M| = My and M, = M. At the tree level, the decay
width of g; — g, is

I'(g;— q/'lﬂk‘_ﬂz)

SchGszfl- 4qjqi g2 ~4;4i ~Agi|2
= 4873 (lcl//kl//l + qu‘//ll + lC'J/k'JII + Cl]j'ffll
9iqi |2 Vg2 gidi |2 Va2
+ lDl/fkl/le + |D51jl/11| + |Dl//kl//1| + |D%'l/f/| )
(A10)

If two fermions in the final state are the same (q; = ¥,),
we need to take the permutations into account, which
leads to

F(Qi_’q/'l//klzll)

3N, Gim? . a0 a .
_ c —Fq; q;4i |2 qidi |2 q;qi |2
- 48773 (Zlcqj/"/fll + 2|Cq;¢1| + |Dl];‘//1|
+ 107y ). (A11)
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