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We construct a class of anomaly-free supersymmetric U(1)" models that are characterized by family
nonuniversal U(1)’ charges motivated from Egq embeddings. The family nonuniversality arises from an
interchange of the standard roles of the two SU(5) 5* representations within the 27 of Eg for the third
generation. We analyze U(1)' and electroweak symmetry breaking and present the particle mass spectrum.
The models, which include additional Higgs multiplets and exotic quarks at the TeV scale, result in
specific patterns of flavor-changing neutral currents in the b — s transitions that can accommodate the
presently observed deviations in this sector from the standard model predictions.
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I. INTRODUCTION

Extensions of the standard model (SM) of particle phys-
ics with an additional anomaly-free gauged U(1)’ symme-
try broken at the TeV scale are arguably some of the most
well-motivated candidates for new physics (for a review,
see [1]). Such symmetries are theoretically motivated, as
they represent the simplest augmentations of the SM gauge
sector and are ubiquitous within string and/or grand unified
theories. While the phenomenology of such Z' gauge
bosons depends on the details of the couplings of the Z’
to the SM fermions, current limits from direct and indirect
searches indicate typical lower bounds of order 800-
900 GeV on the Z' mass and an upper bound of ~1073
on the Z — Z' mixing angle [2]. For a reasonable range of
couplings, the presence of such TeV-scale Z’ bosons should
be easily discernible at present and forthcoming colliders
such as the Tevatron and the Large Hadron Collider (LHC).

Within the context of supersymmetric theories, a pleth-
ora of U(1)’ models have been proposed, including scenar-
ios motivated by grand unified theories such as SO(10) and
E¢ and scenarios motivated from string compactifications
of heterotic and/or Type II theories (see [1] for a review).
Recent models also include scenarios in which the U(1)’
mediates supersymmetry breaking [3], plays a role in the
generation of neutrino masses [4] and/or spontaneous
R-parity violation [5], or provides a portal to a hidden/
secluded sector (for reviews, see [6,7]). Though the details
of the U(1)" charge assignments are model-dependent,
generically the cancellation of U(1)" anomalies requires
an enlargement of the matter content to include SM exotics
and SM singlets with nontrivial U(1)" charges. In these
theories, the SM singlets also typically play an important
role in triggering the low-scale breaking of the U(1)" gauge
symmetry.

In most models of this type, the U(1)" charges of the
quarks and leptons are family universal. Though this fea-
ture is desirable for the first and second generations due to
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the strong constraints from flavor-changing neutral cur-
rents (FCNCs), there is still room for departures from
family universality for the charges of the third generation.
In fact, this often occurs in string constructions if
the families result from different embeddings (see e.g.,
[8,9]). Indeed, though many of the results from the B
factories have indicated a strong degree of consistency
with the Cabibbo-Kobayashi-Maskawa (CKM) predictions
of the SM, there are hints of non-SM FCNC patterns within
the b — s transitions for both AB = 1 and AB = 2 pro-
cesses at the level of a few standard deviations [10]. Of the
many options for new physics models that can explain this
discrepancy, family nonuniversal U(1)" models are inter-
esting in that they are theoretically well-motivated scenar-
ios that lead to tree-level FCNC, as opposed to scenarios in
which the new physics contributions are loop-suppressed
[11]. A recent model-independent analysis of Z’-mediated
FCNC in the b — s transitions showed that this general
framework can accommodate the data [12,13]. (Related
analyses include [14—16].)" However, it is optimal to con-
sider the bounds on specific family nonuniversal U(1)’
models in addition to the fully model-independent results.

Our purpose in this paper is to construct and analyze
supersymmetric anomaly-free family nonuniversal U(1)’
models (which we will denote as NUSSMs). Our strategy
in building this class of NUSSMs is to exploit the well-
known fact that in Eq models, there are two options for
embedding the down quarks and lepton doublets in the 5*
representation of SU(5), which is related to the fact that the
down-type Higgs and the lepton doublets have the same
gauge quantum numbers. By choosing one embedding for
the first and second generations and the alternative embed-

"We focus here on the b — s transitions considered in [12,13],
and defer the consideration of other interesting results such as
the B — 7K puzzle for future study (see [15] for an analysis of
the B — wK puzzle within a class of family nonuniversal Z’
models with flavor-diagonal right-handed couplings).
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ding for the third generation, we can obtain anomaly-free
models in which the additional family nonuniversal U(1)’
is given by a particular linear combination of the usual
U(1), and U(1), of Eg-inspired models.

This paper is structured as follows. We begin by out-
lining our basic procedure and presenting the resulting
classes of anomaly-free family nonuniversal U(1)’ models.
In the following section, we analyze the gauge symmetry
breaking and comment on general features of the mass
spectrum. We next turn to an analysis of the implications
of these models for FCNC in the b — s transitions, then
provide our concluding remarks.

II. E¢-MOTIVATED FAMILY NONUNIVERSAL
U(1)) MODELS (NUSSMS)

In U(1)" models, the cancellation of gauge anomalies
generally implies that additional fermions are present in
the theory (see e.g., [1]). To motivate the presence of these
additional fermions and construct simple anomaly-free
family nonuniversal models, our approach is to exploit
the properties of E4 embeddings of the SM fermions and
Higgs fields in grand unified theories. Recall that in Eg
models, the SM particles are embedded in the fundamental
27 representations. With respect to the two-step breaking
scheme of Eg to its SO(10) and SU(5) subgroups

Eq— SO(10) X U(1), — SU(5) X U(1), X U(1)y, (2.1)
the 27 has the decomposition

27 =16+10+1=(10+5" +1) + (5+5) +1,
(2.2)

with respect to the representations of SO(10) and SU(5),
respectively. Hence, the 27 has two 5 multiplets; these
representations are used to embed the down-type
SU(2)-singlet quarks with the lepton doublets and exotic
SU(2)-singlet quarks with down-type Higgs doublets. A
standard choice for model-building is to have the down-
type quarks and lepton doublets of all three SM families in
the 5* of the 16, though models with the SM down-type
quarks and lepton doublets in the other 5% have also been
considered in the literature [17,18].

We will assign the down-type quark singlets and lepton
doublets of the first and second generations to be in the 5*
of the 16, and the associated particles of the third genera-
tion to be in the 5* of the 10, as shown in Table I.> The
matter content of these theories thus includes the following
fields: (i) the SM first and second families {W},, Wi., Wi},
Higgs plus exotic fields {0, L.}, and singlets o, (i = 1,2
is a family index), and (ii) the SM third family
{®,), 25+, 2}, Higgs and exotics {5, Ps:}, and singlet
®,. The Higgs sector of the theory thus generically has

The idea of interchanging the two 5* in 27 representation has
also been used to address physics in different backgrounds [19].
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multiple Higgs doublets and singlets beyond those of the
minimal supersymmetric standard model (MSSM).?

The additional family nonuniversal U(1) in these
NUSSMs is then a linear combination of the U(1), and
the U(1), gauge groups:

Q' = cosfQ, + sinfQ,, (2.3)
(the assumption is that the orthogonal linear combination
of U(1), and U(1), is either absent or broken at a high

scale). The familiar U(1), group, which has tanf =

—4/5/3, is family universal and therefore is not useful for
our purposes.* Two viable options for the additional U(1)’
group are

(i) U); (tand = 4/3/5). In this model (the inert
model) the U(1)" gauge boson couplings to the up-
type quarks vanish [22]. Hence, the production of the
associated Z' boson is suppressed at hadron col-
liders. This is especially the case at the Tevatron,
since in high-energy pp collisions the Z’ production
via down quarks is suppressed by an order of mag-
nitude relative to up quarks [23].

(ii) U(1)g (tanf = 4/5/27). This symmetry is motivated
by models with a secluded U(1)’ breaking sector
and a large supersymmetry breaking A term that
have (1) an approximately flat potential that results
in an appropriate Z — Z’ mass hierarchy [24]; (2) a
strong first order electroweak phase transition and
large spontaneous CP violation, which can result in
viable electroweak baryogenesis [25].

While we use the E4 framework to motivate the matter
content and U(1)’ charges of these models, we do not work
within a full grand unified theory. More precisely, we do
not impose the E¢ Yukawa coupling relations, in which the
Yukawa couplings of the exotics are related by E¢ to those
of the Higgs fields. With the full Eg relations, the exotics
must be superheavy to avoid rapid proton decay (this is a
version of the well-known doublet-triplet splitting problem
of grand unified theories). However, with broken Yukawa
relations (which we note can occur within four-
dimensional semirealistic string constructions), it iS pos-
sible to have an anomaly-free TeV-scale U(1)’ and still
avoid the danger of proton instability. Hence, we will focus
on such scenarios here. We note that detailed studies of
similar Eg-motivated theories with flavor-diagonal cou-
plings can be found in many works in the literature [18].

The allowed superpotential terms of NUSSMs (assum-
ing a conserved R parity) are the couplings that are con-
sistent with the SM and U(1) gauge symmetries.

*MSSM-type gauge unification requires the introduction of an
additional nonchiral Higgs pair 4 + h* from an incomplete 27 +
27" [20].

“This linear combination occurs in certain Calabi-Yau com-
pactifications of heterotic string theory if Eq breaks to a rank 5
group via the Hosotani mechanism [21].
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The decomposition of the fundamental 27 representation of E4 with respect to the SO(10), SU(5), and U(1)" subgroups.

U(1); and U(1)g correspond to specific linear combinations of the U(1), and U(1), gauge groups that result from SO(10) —

SU(S) X U(1)x and Eg — SO(1) X U(1),,, respectively.

E¢ 50(10) SU(5) (Ist and 2nd families) SU(5) (3rd family) 2100, 2760, 20, 241505
16 \I,l() = (ML, dL’ l/tz, ei) CD]() = (tL’ bL’ tz, Ti) _1 1 O _1/2
Vs = (dS, vy, e;) Os = (A, Hy) 3 1 1 4
W, =5 ®, =5 -5 1 -1 -5
27 10 os = (D, h,) S = (A H,) 2 -2 0 1
o5 = (D, hy) S5 = (b§, v,,, T1) -2 -2 -1 —7/2
1 o= 20 =75, 0 4 1 5/2

An inspection of Table I shows that in the language of the
SU(5) decomposition, the usual 10 5* 5* and 1010 5 terms
that give rise to quark and lepton Yukawa couplings for all
three families (including mixing terms between the third
family and the other two families) are allowed by both
U(1), and U(1),. Similarly, these symmetries allow the
generation of Yukawa interactions for the exotic quarks
and for the Higgs doublets with the SM singlets (i.e., mass
terms for the exotic quarks and effective w terms for the
Higgs fields, which will be of importance for gauge sym-
metry breaking).

For simplicity, we assume that only the neutral Higgs
bosons from the third family (4, ; and S) and one of the
first two families (A, ; and s) acquire vacuum expectation
values (VEVs).” In this limit, the Higgs bosons and
Higgsinos in the other family have no mixing at leading
order with the other particles. The mass eigenvalues of
these particles are determined by the VEVs of h,, 4, s, H, 4,
S as well as the Yukawa couplings and soft parameters
which are not directly involved in the electroweak symme-
try breaking. In this article, therefore, we will not discuss
them in detail. The relevant superpotential terms are then
givenby (I,J = 1,2,3 and i, j = 1, 2 are family indices):

Wy = (fitha + fiaHa) QL dg + (' h, + hY'H,)Q] u,

b (fHha + FHIL G + O b+ BV,
2.4)

WH = )\lshdhu + )lzshdHu + )l3SHdh”
+ A, SH,H, + AWy, 2.5)

in which the Yukawa couplings satisfy the relations f7 =

0 =0 fo="rh=0. [0 =f3=0 fo=/5=0,
yil =y =0, and y3' =y = 0. In Eq. (2.5), AW}, rep-
resents additional superpotential terms that are consistent
with U(1); or U(1)g, but explicitly break the orthogonal
linear combination of U(1), and U(1),. These terms are
needed to avoid the appearance of undesirable light axions

>This is actually without loss of generality by appropriate field
redefinitions.

in the low energy theory (see [26] for a recent discussion).
For the U(1); model, AWy, is a bilinear term:

AWy = AssS. (2.6)

Although the coupling A5 in AWy, is dimensionful, there is
no associated p problem in the traditional sense. This term
is not necessary for U(1)’ or electroweak symmetry break-
ing, so its mass scale need not be connected with the
electroweak scale. The Giudice-Masiero mechanism [27]
therefore can be implemented in both gravity- and gauge-
mediated breaking frameworks to produce such a term,
even though the As in the latter case is typically small. In
the U(1)g model, AWy, consists of the trilinear term

AWy = Asss8S. 2.7

In what follows, we will focus on the U(1); model as a
concrete and minimal example, and defer the U(1)g model
for future study.

III. PARTICLE MASS SPECTRUM AND GAUGE
SYMMETRY BREAKING

The gauge group of the U(1); NUSSM is given by
SU3). X SU(2); X U(1)y X U(1);, with gauge couplings
g3» 82, 81> and g’, respectively. The matter content, which
was presented in Table I, includes three sets of Higgs fields
(one pair of doublets and one singlet per family) and three
sets of exotic down-type quarks in addition to the MSSM
fields. As previously discussed, we assume that only two of
the three Higgs doublet pairs (H,, and h,,) acquire
vacuum expectation values, and hence focus on the cou-
plings of these Higgs fields only. Restricting to this set of
terms, the superpotential for the model is given in Eq. (2.4),
(2.5), and (2.6).

The tree-level Higgs potential (for the neutral compo-
nents of the fields) is given by V=V + Vp + Vg, in
which

Vi = [Aishd + dosHO? 4 | shY + A3 SHOI? + [A3ShS
+ /\2th2 + )\5S|2 + |/\3h2H2 + A4H2H2 + )\5S|2,
(3.1)
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G2
Vp = ?(|h2|2

g/2
+ ?(—lhglz + Is|* + |HY]? -

|hg1> + [HQ1> — |HYI?)?

ISI?)?% (3.2)

Vs =m? IR0 + m2 [0 + nidy [HO + m3, |HOP
+ m?|s|2 + I’f’l%lSl2 + (A)‘l)\lshghg + A,\2/\25h2H8
+ Ay AsSHORS + Ay, A, SHOHS + B, AssS + H.c.),
3.3)

where G? = g% + g3. We also include the one-loop con-
tribution to the potential:

( MA(H,) 3)
2 ~ )
Az 2
in which M?(H,) denotes the field-dependent mass-
squared matrices of the theory, and Agg is the MS

renormalization scale. We will only consider the dominant
one-loop contributions that arise from the top quark sector:

[t et (1™ ?'( )

= (3.4

AV =

3272
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in which

M5 = G’ (vl-i-v%~|-V2+V2)—G72v2

M3, =2g%(Qpvi + Qpv; + OFsi + Qf Vi + 05 V3
+ Q’st%

M7, = glG(thvl - Qzuv% + QlHdVlz - quu‘@)’

(3.8)

with v? = v + v3 + V7 + V3 = (174 GeV)>. The mass-
squared eigenvalues are

1
M3, 7, = 5 (M3 + M3, = (M3 — M2)* + 4M},),
(3.9)
and the Z — Z' mixing angle a,_, is
1 2M7,
Ay _71 = 5 arCtan(M), (310)

which is bounded to be less than a few times 1073 (see [2]
for a recent discussion). This typically requires that the
singlet vacuum expectation values s, > 1 TeV, resulting
in a TeV-scale Z' mass. The charged gauge boson mass is

m?(H;) 3 . m2(H;) 3 given as usual by My = = g,v//2.
In—2 =) = 2m}(H;)( In —=| / 0 ;0 70 s FO O }
A2 2 ) In the basis {B', B, W9, i, 13, 5, HY, HY, S}, the neutra
MS MS lino mass matrix is
3.5
The Higgs potential allows for a rich structure of Moo = 0(3 3) Mir"(3’ 6) (3.11)
CP-violating effects, including explicit CP violation (for X *0(3 60" M 5(0(6r 6) )
complex couplings) and spontaneous CP violation. In this . .
work, we will assume that all couplings are real and let the 11 Which
potential parameters satisfy some necessary constraints M, 0 0
such that spontaneous CP violation can be avoided. In Mx(3,3)=| 0 M, 0 |
this case, the vacuum expectation values of the neutral a 0 0 M,
Higgs components can be taken to be real:
<h2> = v, (h9) = v,, <H2> =V, (3.6) M)?o(3, 6)
(HY) =V, () =51, (8) = s,. L, r, I, Ty Iy, Ty
Before turning to a numerical analysis, we begin with a = —tgvy Lgv, 0 —LgVv, Legv, 0
. . . . 2 2 V2 2
general discussion of the particle mass spectrum, starting | | | |
with the gauge bosons. The Z — Z' mass-squared matrix is £8V1 T g8 0 7Eg2vl _7582V2 0
Mz M2, (3.12)
Mgz =\ 12 7o) (3.7)
M3, Mz
|
0 Alsl /\1'U2 + A2V2 0 /\251 0
/\lsl 0 )\lvl )\3S2 0 /\3‘/1
_ A]”UQ + /\2V2 )‘lvl 0 )\21}1 As
MX0(6’ 6) 0 )\332 0 0 /\452 )131.12 + /\4V2
/\2S1 0 )\21)1 )\452 0 /\4‘/1
0 /\3V1 )\5 /\31}2 + )\4‘/2 /\4V1 0
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Parameter values and Higgs VEVs. The dimensional parameter values are given in

GeV or GeV?. The Higgs VEVs are given in GeV.

A Ay A3 Ay As g
0.10 0.30 0.10 —0.45 449 0.60
M{ Ml M2 M3 mZQ_ m%
112 112 224 673 1.21 X'10° 1.21 X'10°
2 2 2 2 2 2
"M, M, s My, My, My
9.06 X 10° 7.04 X 10° 1.21 X 10° 9.06 X 10° —1.01 X 10° —1.21 X 10°
A/\l A/\Z 14/\3 A)U' B)‘S AT
—1350 —1350 —449 1080 —359 897
vy Uy S Vi Vs )
54.8 83.7 2000 933 108 4010

In the above, I', = \/Eg’Qd,{d)*}, and M, M,, and M, are
the gaugino mass parameters for U(1)’, U(1)y, and SU(2),,
respectively. The chargino mass matrix is

MZ %Uz %Vz
Mj/t = %Ul Alsl /\2S1
%VI )\352 )l4S2

Since s, > v} ,, V;, because of the experimental bounds
on a7, the charginos and neutralinos are typically heavy
unless the A’s are small or the gaugino masses are light. In
the latter situation, the lightest chargino and neutralino will
be gaugino-like.

The mass-squared matrices of the sfermions (denoted
collectively as ¢) are

M2 — (M3 (M),
¢ (M%) (M%) )

(3.13)

(3.14)

With the definitions

G? .
Ay 7(T§’ — 02\ sin20y) (V2 —vE+VE—V2),  (3.15)

Al = Qlg™(Q), vi+ Q) v3 + Oist + Q) Vi
+ 0, V3 + 05s3),

the entries, for example, of the up-type squark mass-
squared matrix are

(3.16)

(M%)ll = ngL + m% + AﬁL + A/ﬁL’

(M2)12 = hi(Qqvys; + A3Vis)) + hy(Ayvys) + A4Vysy)
— (Ap, hyvy + Ay, o V3),

(Mg)zl = (Mg)lz,
(M) = m2 +mi + Ay + AL (3.17)

Analogous expressions can be written for the down-type
squarks, sleptons, and sneutrinos. The physical Higgs spec-
trum consists of 6 CP-even neutral Higgs bosons, 4
CP-odd neutral Higgs bosons, and 6 charged Higgs bosons
(not including the second family). The tree-level charged

Higgs boson mass-squared matrix is given in the
Appendix.

Next we turn to a numerical analysis of this sector of the
model, taking into account the constraints on the Z' gauge
boson. We explore the viable regions of parameter space in
which (i) sy, s, 3> vy, V| ,, which is needed for a TeV-
scale Z', and (ii) V, > V| > v ,, which is motivated by the
observed hierarchies in the SM fermion mass spectrum. To
obtain an acceptable minimum, typically we need the

Higgs soft mass parameters to satisfy m? or m3 < m3 ,
my, <mj , my . We also set the U(1); gauge coupling to

I'= \/ggl and enforce the following constraints on the

8
Yukawa couplings®:
h3® = h3?, hy = hid = h = hi? =0. (3.18)
which result in the condition
165 GeV
W= pP =2 (3.19)
(%) + V2

in which we have included the one-loop QCD corrections
to the top quark mass.

We consider one typical numerical example; the relevant
input parameters and results are summarized in Tables II,
III, TV, and V. The mass spectrum of the neutral Higgs
bosons are calculated at one-loop level, and the mass spec-
tra of the other particles are calculated at tree level. As a
check, we estimate the Z' mass and the Z — Z’ mixing angle
by using the Higgs VEVs given in Table II, as follows:

My, =~ My =~ 4/0.18(s} + 53) ~ 1.9 TeV,
v (3.20)
Ay 7 == Z;Z -~ 00003,
M,

which is consistent with the detailed results. The lightest
CP-even Higgs boson H| is a linear combination of the real
parts of the four Higgs doublets, with a negligible singlet

“This approximation must be relaxed slightly to obtain CKM
mixing of the third family with the first and second families, but
that is irrelevant for our present purposes.
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TABLE III. The particle mass spectrum and Z — Z' mixing angle of the NUSSM (all masses
are in GeV).

My, sinfz_z m, mz, my= 1 g

1900 3.10 X 1074 275 609 219 114

mHl ﬁ’lH2 mH3 i’l’lH4 ﬁ’lH5 mHG

173 369 1100 1640 1970 2360

mAI mAz mA3 mA4 mH]: mH2: mH;:
633 1080 1650 2340 1060 1630 2330

TABLE IV. The composition of the neutral Higgs mass eigenstates at the one-loop level.

hgr hgr S" ng H(u)r Sr
H, 0.31 0.48 -0.09 0.53 0.61 —0.07
H, 0.07 0.06 0.87 0.06 0.05 0.49
H; —0.28 0.86 —0.02 —0.34 -0.25 0.03
H, —0.88 —0.11 0.02 0.13 0.43 0.04
H;s 0.03 —0.01 —0.49 0.04 —0.01 0.87
Hg -0.20 0.06 0.01 0.76 —0.61 -0.03

hgi hy; Si Hgi Hy, S;
A -0.04 —-0.02 0.89 —0.01 -0.01 0.45
A, 0.26 0.87 0.03 0.35 —0.24 0.02
As 0.89 -0.10 0.04 -0.12 0.43 0.01
Ay -0.20 —0.08 -0.01 0.76 0.62 0.02
G, 0.30 -0.33 0.20 0.59 -0.52 —0.39
G, -0.12 0.21 —0.40 -0.25 0.26 0.81

admixture; the orthogonal linear combinations of these four
states are the H;, H,, and Hg bosons. These heavier Higgs
bosons fall into SU(2) multiplets together with the three
heaviest C P-odd states and the set of charged Higgs bosons,
as follows: (Hj, Ay, Hy'), (Hy, A3, H5 ), and (Hg, Ay, H3 ).
The second lightest and second heaviest CP-even states are
admixtures of the two singlet Higgs fields, as is the lightest
CP-odd boson (which has a mass that controlled by the
Higgs bilinear terms). The chargino and neutralino mass
spectrum is highly model-dependent, as it is sensitive to the
electroweak and hypercharge gaugino masses, which do not
strongly impact the gauge symmetry breaking. Hence, the
physics of the lightest superparticle (LSP) can vary greatly
depending on the exact structure of the gaugino sector,
though the gauge and Higgs sectors can remain almost the
same in this case. In our numerical example, in which the
gaugino masses are light and obey grand unified theory
relations, the LSP is a predominantly bino-like neutralino
that can be an acceptable dark matter candidate in regions of
the parameter space.’

"The neutralino sector has additional complications due to the
presence of the additional Higgs supermultiplets that do not
participate in electroweak symmetry breaking at tree level.
Hence, a detailed numerical analysis would be needed to ascer-
tain whether the neutralino LSP satisfies the dark matter con-
straints. As this is tangential to the main purpose of our paper, we
do not address it here.

Finally, we comment on the exotic colored particles
{D?, D¢’} and {A, A¢}. The exotic scalars do not obtain
VEVs. They and their superpartners influence the gauge
symmetry breaking only at loop level. These exotic parti-
cles are chiral, so their tree-level masses can be produced
only through Yukawa interactions. The superpotential
terms that describe their interactions with the Higgs
fields and the corresponding soft supersymmetry breaking
terms are

Wi = AUsDIDI + XysDYA + XiSAD! + X,SACA,
(3.21)

Vg = A)I’i'f ):lijSDNCiDj + Axg XésDNCiA

+ Ay ASSACDT + A5 ASACA. (3.22)
It is straightforward to determine the mass matrices for
these states for given Yukawa couplings and A parame-
ter values. For O(A;,34) ~ 0.1 (where their contribu-
tions to the effective neutral Higgs potential can be
neglected) and not large Aj; values, the exotic particles
will typically obtain masses of the order of several
hundred GeV.

IV. Z’-MEDIATED FCNC EFFECTS

In this section, we analyze the Z’-induced FCNC effects
After a brief review of the formalism, we will show the
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TABLE V. The composition of the charged Higgs mass eigen-
states at tree level.

hy hi* H; H*
H, 0.26 0.87 0.34 —-0.23
H, 0.89 —0.10 —0.12 0.42
Hy -0.20 —0.07 0.75 0.62
G, 0.31 —0.47 0.55 —-0.62

TABLE VI. The fit results for the B, — B, mixing parameters
[10]. The two ¢} solutions (S1 and S2) result from measure-

ment ambiguities; see [10] for details.

Observable lo C.L. 20 C.L.
¢g?[°] (S1) —-20.3+5.3 [ —30.5,—9.9]
¢§\t_’[°] (S2) —68.0 £ 4.8 [ —77.8,—58.2]
Cs, 1.00 £ 0.20 [0.68,1.51]

results of our correlated analysis of the AB =1, 2
processes via b — s transitions and discuss the resulting
parameter space constraints. The processes of interest in-
clude B, — B, mixing and the time-dependent CP asym-
metries of the penguin-dominated neutral B;—
(¢, m', 7, p, w, fo)Ks decays.

The FCNC effects in general NUSSMs include both
7'-mediated FCNC processes and contributions to FCNC
from the soft supersymmetry breaking parameters. In this
work, we assume for simplicity that the soft terms do not
result in large FCNC effects (this can be easily achieved;
see e.g. [28]) and consider only the Z’ contributions. We
now briefly discuss the formalism for addressing such Z’
effects in the NUSSM (for a model-independent discus-
sion, see [11-13]).

For the SM fermions ¢, z with U(1)' charges €, . the
fermion mass matrices are diagonalized by the biunitary
transformation M, gipe = VM, V;EL (the CKM matrix is

Verm = Vi, V}, ). The chiral Z' couplings in the fermion
mass eigenstate basis are

Biv =V, &Vl ~ Blx=v, &Vl @1

In our U(1); model, the only SM fields with nontrivial
U(1) charges are the down-type quark singlets and the
lepton doublets:

(100 /100
en——fo1 0 | e=_fo1 0 ) @2
00 —1 00 —1

With the unitary matrices V,, ;, written as

Xdpr, )
Zigr, )

Wi,

4.3
Yoo 4.3)

Vigr, = (

PHYSICAL REVIEW D 82, 094024 (2010)

where Wy, ; is a 2 X 2 submatrix, one obtains

1 (W}R Wy, — Y}R Yy, WijdR — Y}RZdR)

Bl =—3| i t t t
2 XdRWdR o ZdRYdR XdRXdR o ZdRZdR

T _ vyt 1 _ vyt
Bl = l( WfL WiL Y‘?L YL, W1I_ALXLL Y1I:LZLL )
2 XLLWLL - ZLLYLL XLLXLL - ZLLZLL
4.4)

To avoid the constraints on nonuniversality for the first
two families from K — K mixing and u — e conversion in
muonic atoms, we assume small fermion mixing angles or
small X, ; , Y, ;, elements. The Z’' couplings then take
the form

dg dp _ _1 dp _ 1 dg
Bi1, By, = b By3 = > B3,
dp
323 -~ O(XdR’ YdR)’

Ly _ _1 L,
333 -y 313’

Ly Ly _ 1
Bit, By; 2

By~ OX,,,Y,).

4.5)

Here B‘lig’LL and B§§‘LL generically are complex. The
Z'-induced corrections to the Wilson coefficients in the
U(1); model® are given by (for the associated operators,
see e.g. [13]):

4

Aéf‘ = _(st)z’ ACS == 3tha< BﬁSBgd’
1i ts
~ 4
ACy = ———BE BR | 4.
9 3thV;jy bs™dd ( 6)
~ ~ 2
ACyy = —AC o4 = — Bl

x O bs Il
thvts

To achieve sufficient precision, we need to have an accu-
rate knowledge of the relevant Wilson coefficients at the b
quark mass scale m;, = 4.2 GeV (for general discussions,
see e.g. [29]). The parameter values used in our calcula-
tions are summarized in B.
(i) B; — B, mixing. The new physics (NP) contribu-
tions to the off-diagonal mixing matrix element are
parametrized as

i NP
MYy = (MPy)s\Ci e, 4.7)

where Cp =1 and ¢j" =0 in the SM limit.
Although the data indicate that Cp, =1, a recent
analysis [10] suggests that qbll\;]f deviates from zero
at the 2-30 level (see Table VI); an earlier

®In the U(1)5 model, in which all SM fermions are charged
under the U(1)" symmetry, the Z’-induced corrections to the
Wilson coefficients take a more general form (see e.g. [12,13]).
We will not discuss them here.
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discussion was given in [30]. The analysis of [10]
includes all available results on B; mixing, including
the tagged analyses of B, — /¢ by CDF [31] and
DO [32]. As discussed, for example, in [33], this
discrepancy disfavors scenarios with minimal flavor
violation, though no single measurement yet has a
30 significance.

In our U(1); NUSSM, Cj and ¢}" at the m, scale

are given by

CByeZid)BS =1-359 X% IOS(AC?"’ + Aélf‘")
+2.04 X 10°ACS:. (48)
The large coefficients of the correction terms in

Eq. (4.8) are due to the fact that the NP is introduced
at tree level while the SM limit is a loop-level effect.

(i) B;— (, m &, 1, p, o, f°)Kg decays. The direct

and the mixing-induced CP asymmetries in had-
ronic B, decays are parametrized as follows:

_ 1- |)\fCP|2 _ 2IIn[/‘fcp]

=——t =_——= 4.
CfCP 1+|)‘fcp|2 fep 1+|Afcp|2 (4.9)

in which
~2idy, Yer (4.10)

A = e
f Ny
CP CP Afcp

Here ¢, is the B; — B, mixing angle, Ay, 1s the
decay amplitude of B, — fcp (As, is its CP

PHYSICAL REVIEW D 82, 094024 (2010)

conjugate), and ny., = *1 is the CP eigenvalue
for the final state fcp. In the SM, ¢p = B =
arg[—(V.4Vi,)/(V,4V3,)], and a nontrivial weak
phase enters A, only at O(A?). This implies the
following SM relation between the decays proceed-
ing via b — sgq(q = u, d, c, s) and the penguin-
dominated modes such as B,;— (7, ¢, n', 7, p,
o, fO)Kj:

NSty = SIN2B + O(A?),
C = 0+ O(A2), @.11)

However, the experimental values of sin2 8 obtained
from the penguin-dominated modes are below the
SM prediction and the results from the charmed
B, — yKg mode. The central values of the direct
CP asymmetries of B; — ¢Kg and B; — wKy are
also small compared to the B; — ) Ks mode, as
shown in Table VII. Since B; — K is a tree-level
process in the SM, large values for AS; =
_nfCPSfCP t nlﬂKsSlPKs and ACfCP - Cfcp o
Cyk, may indicate the presence of NP in the
b — s transitions.

In NUSSMs, Z'-induced FCNC effects can provide dra-
matic changes to the results, since a new weak phase can
enter Ay, attree level. Following [35], the A, parameters
of B, — (¢, ¢, v, m, p, , f°)Ky at the m,, scale are given
by

Ayk, = (=0.63 + 0.74i)[1 — (2.93 — 2.61i)(AC; + AC3)* — (2.94 — 2.95i)(ACs + ACs)*
+ (0.18 — 0.01:)(AC; + AC;)* — (0.06 — 0.04i)(ACy + ACy)*]/[1 — (2.80 + 2.61i)(AC; + ACy)
— (274 + 2.99i)(ACs + ACs) + (0.17 + 0.01i)(AC; + AC;) — (0.04 + 0.05i)(ACy + ACy)], (4.12)

Ak, = (=0.70 + 0.700)[1 — (1.09 + 0.50i)(AC; + AC3)* — (6.73 + 2.79i)(ACs + ACs)*
—(9.68 + 3.21i)(AC; + AC;)* + (13.86 + 4.48i)(ACy + ACo)*]/[1 + (1.08 + 0.48i)(AC; + AC;)
— (6.66 + 2.70i)(ACs + ACs) — (9.58 4+ 3.09i)(AC; + AC;) + (13.71 + 4.31i)(ACy + ACy)], (4.13)

/\¢Ks

= (—0.70 + 0.70/)[1 — (28.62 + 11.37i)(AC; + AC3)* — (24.08 + 10.41i)(ACs + ACs)*

+ (14.57 + 5.88i)(AC; + AC;)* + (15.08 + 5.92i)(ACy + ACy)*]/[1 — (28.27 + 10.89i)(AC; + AC5)
— (23.80 + 10.000)(ACs + ACs) + (14.39 + 5.64i)(AC; + AC;) + (14.90 + 5.67i)(ACy + ACy)], (4.14)

094024-8



PHENOMENOLOGICAL IMPLICATIONS OF ...

PHYSICAL REVIEW D 82, 094024 (2010)

Ay, = (—0.70 + 0.69/)[1 — (10.88 + 3.29/)(AC; + AC3)* + (8.26 + 2.06i)(ACs + ACs)*
+ (211 + 0.67i)(AC; + AC7)* + (2.10 + 0.54i)(ACy + ACo)*]/[1 — (10.73 + 3.21i)(AC; + ACs)

+ (8.14 + 2.00i))(ACs + AC5) + (2.08 + 0.65i))(AC; + AC;) + (2.07 + 0.52i)(ACy + ACy)],

Aok, = (=0.74 + 0.651)[1 + (0.26 + 0.06i)(AC; + AC3)* — (19.62 + 1.81i)(ACs + ACs)*

Aok, = (—0.71 + 0.70)[1 + (90.48 + 13.54))(AC; + AC3)* + (85.24 + 12.50))(ACs + ACs)*

Ao, = (=0.70 + 0.700)[1 + (1.02 + 0.42i)(AC5 + AC3)* — (1.67 + 0.97i)(ACs + ACs)*

(4.15)
— (39.11 + 3.31)(AC; + AC;)* — (48.28 + 4.12i)(ACy + ACo)*]/[1 + (0.25 4+ 0.07i)(AC; + AC3)

— (19.28 + 2.79i)(ACs + ACs) — (38.46 + 5.28()(AC; + AC;) — (47.48 + 6.55i)(ACy + AC,)], (4.16)
+ (32.21 + 4.80i)(AC; + AC7)* + (19.07 + 2.79i)(ACy + ACy)*]/[1 + (90.01 + 13.29i)(AC; + AC5)

+ (84.80 + 12.26i)(ACs + ACs) + (32.04 + 4.71i)(AC; + AC;) + (18.97 + 2.74i)(ACy + ACy)], 4.17)
+ (3.19 + 0.93)(AC; + AC;)* — (0.12 + 0.151)(ACy + ACy)*1/[1 + (1.01 + 0.40i)(AC; + ACs)

— (1.65 + 0.95/)(ACs + ACs) + (3.16 + 0.90i)(AC; + AC;) — (0.12 + 0.15i)(ACy + ACy)]. (4.18)

These results are more general than those of [12,13], as
they include the Z’ contributions to both the QCD and
electroweak penguins. At the leading order, the deviations
for Cy., and Sy, from their SM predictions are a linear
combination of these two classes of Z’ contributions. This
discussion is independent of the details of the U(1)
charges, so it can be applied to other family nonuniversal
models as well; however, in the U(1); model, the only
nontrivial corrections are AC; and AC,.

We now turn to a numerical analysis of the FCNC
constraints with the U(1); model, for which the three free
parameters are |BX |, ¢X and BR,. First, we consider

TABLE VII. The world averages of the experimental results
for the CP asymmetries in B, decays via b — ggs transitions
[34].

fcp _nCPSfcp (10' CL) Cfcp(lo' CL)
K +0.672 * 0.024 +0.005 = 0.019
#Ks +0.447017 —-0.23 £ 0.15
'Ky +0.59 =+ 0.07 —0.05 = 0.05
7Kg +0.57 £ 0.17 +0.01 = 0.10
pKs +0.637317 —-0.01 £ 0.20
wKy +0.45 = 0.24 -0.32 +0.17
foKs +0.627%11 0.10 = 0.13

B, — B, mixing, which involves two of these parameters,
|BR | and @& . The experimental constraints on these two
parameters are illustrated in Fig. 1, where the various
colors of the points specify the different confidence levels
(CL) that the relevant Cp and ¢3" values represent.

0 T T T

I I
S1(26CL.) »
S1(1eCL.) +
S2(26CL) O

S2 (16 CL) *

~ 8
<
-100 1 1 1 1 1
1 1.5 2 25 3
R -3
IBRI(10)

FIG. 1 (color online). Correlated constraints on |B§5| and ¢§S.
Random values for Cp and ¢} from the experimentally al-
lowed regions at different C.L. (see Table I) are mapped to the

|BR | — ¢X plane using Eq. (4.8).
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There are two separate shaded regions in this figure. The
left one corresponds to the ¢” solution “S1” and the right
one corresponds to “S2” (see Table VI). ¢R varies within
the ranges —80° ~ —20° and —90° ~ —70° in the two
regions, respectively. This is similar to what happens to

L in the LL limit in [13], since the AC? * contributions to
Cp e*'?s in Eq. (4.8) are absent in both cases. In addition,
to explain the observed discrepancy in B, — B, mixing
from the SM prediction, |BX | is required to be ~1073.
As discussed in [12,13], there are two reasons for this
feature. First, Cp does not deviate significantly from its
SM prediction (the anomaly in B; — B, mixing is mainly
caused by the phase ¢g}’). Second, the corrections of a
family nonuniversal Z’ arise at tree level, so only a small
coupling is needed to explain this small deviation, accord-
ing to Eq. (4.8). The smallness of |BR | is consistent with
our assumption of small fermion mixing angles, since BX
is proportional to them [see Eq. (4.5)] as well as to
g'My /(gzM7,). The constraints from the branching ratio
Br(B, — wtu™) and Br(B;, — K™ u™ u ™) can be easily
satisfied due to the smallness of |BX | [13].

1.2 T T T T T T T
1

S ¢KS

0.6 :. (R .

0.4

0.2
-04 03 -02 -01 X 0.4

1.2

4

S

0.6

04 ' i.-...........E 1 i

0.2 1 1 1 1 1 1 1

"04 -03-02-01 0 01 02 03 04

1.2 T T T L] T L T

04

i
[
i
'
i
[
[
1

0.2 L
-04 0.3 -02 -01

0 01 02 03 04

ok,
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With the constrained values of |BX | and ¢X by B, — B
mixing, we illustrate the NP contributions to
C(‘ﬁ,WIyW,P,w,f())KS and S(¢,77/,777P1w:fn)1(s in Flg 2. In this
case, the third parameter (Bsd) is also involved. For the
channel B; — 7Kg, we take a strategy different from that
used in [12,13], in which it was assumed that the NP enters
the hadronic decays of neutral B; meson only through
electroweak penguins. In that case, the NP effects in the
B, — mK channel can be resolved into a factor ge'® [36];
the constraints on this factor from a y? fit of B — 7K and
B — 77 data have been studied in [37]. For our NUSSM,
the NP enters generically through QCD as well as electro-
weak penguins, and hence we treat this channel in the same
way as the other B, decay channels. We also assume a 15%
uncertainty in the SM calculations for each of these modes
and a 25% ertainty for the NP contributions. Here 15% is a
typical uncertainty level for the hadronic matrix elements
of the SM flavor-changing operators (see e.g. [38]) that is
needed to explain the experimental results for Cy g  and
S vk, in the SM [12,13]. The difference of the uncertainty
levels between the SM and NP calculations arises because
the hadronic matrix elements of the flavor-changing

12 T T T T T T T
1+ -

STI'KS

-04 03 -02-01 0 01 02 03 04

12 L} T T T T T T

1k 4

ﬁu: 08 |- - - -
.: 1

v 06 - o -
LT S-S

04 bmmmmmmes "o
02 1 1 1 1 1 L 1

-04 -03 -02 -01 0 01 02 03 04
Ceoxs

FIG. 2 (color online). The NP contributions t0 C(g ' » w fo)ks A0 S(g 1 7 5w fo)ks» With |BE |, ¢X constrained by B; — B, mixing.
The shades (color online) specify the C.L. that their inverse image points represent in Fig. 1, with the lighter (yellow) shade

representing 1o and the darker (blue) shade representing 1.5¢.
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0.1 T T T T T

15 2
BRI(107)

35
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20 4
40 | -
~ 8
< 60} .
,80 - -

-100
0.1

0 T T

,20 -

40 +

~ 8
S 60}

-80

-100 L L

05 1 15

2 25 3 35

IBRI(10)

FIG. 3 (color online). The |BEX|, ¢’§}R,

bs

and BY, distributions, with values constrained by B; — B, mixing at xo C.L. and selected by

Clpn',mp o fo)ks A4 Sy i = 5w 1ok at yo C.L. Here x = 2.0 and y = 1.7 for the lightest (purple) points, x = 1.0 and y = 1.7 for the
darker (blue) points, x = 1.0, and y = 1.4 for the darkest (black) points. The lines represent the vacuum considered in Sec. III, in

which the values of |[BR | and ¢& are not fixed.

operators in the SM are better understood than those of the
NP operators. To see whether the anomalies in B, — B,
mixing and the B; — (¢, 1/, 7, p, w, fy)Kg CP asymme-
tries can be simultaneously accommodated, we have car-
ried out a correlated analysis within the U(1); model. The
distributions of |BR |, ¢X and B, constrained at different
C.L. are illustrated in Fig. 3. Indeed, there exist parameter
regions for which the tension between the observations and
the SM predictions are greatly relaxed.

In Figs. 2 and 3, we require 0.005 < |BX | < 0.5. Given
that |BS,| = ¢'M; /(2g;M,), we immediately find that
1 TeV <M, <10 TeV for g’ =g, Here BY, can be
positive or negative, since it resolves a minus sign from
the degeneracy of two solutions in BY  that is specified by a
7 phase difference [12,13]. The red lines in Fig. 3
represent the parameter region discussed in our numerical
example in which |BR | = 0.02. Indeed, we see that the
anomalies in the hadronic B; meson decays can be ex-
plained simultaneously, given the BX values required to fit
the B, — B, mixing data.

V. DISCUSSION AND CONCLUSIONS

In this paper, we have discussed a class of family non-
universal U(1)" models based on nonstandard Eg embed-
dings of the SM that interchange the standard roles of the
two 5" representations present in the fundamental 27 rep-
resentation of E¢ for the third family. The NUSSMs in this
class are simple and anomaly-free. They are not full Eg
grand unified theories, so the U(1)" breaking can occur at

the TeV scale, resulting in a TeV-scale Z' gauge boson that
can mediate FCNC in the b — s transitions. We analyzed a
representative example of a NUSSM (the U(1); model), in
which we described the low energy spectrum of the theory
and determined the constraints on the family nonuniversal
Z' couplings from the B sector. NUSSMs such as the U(1);
model are characterized by a rich spectrum of states with
masses at the electroweak to TeV scale. The Z’-mediated
FCNC in the U(1); model can easily accommodate the
observed discrepancies in the b — s transitions. Related
observables such as 7— u and 7 — e can also be studied
in NUSSMs; we defer this to future work.

ACKNOWLEDGMENTS

We thank Carlos E. M. Wagner for helpful discussions
and the Aspen Center for Physics for hospitality in the
preparation of this work. The work of L. E. is supported
by the DOE Grant No. DE-FG02-95ER40896 and the
Wisconsin Alumni Research Foundation. The work of
P.L. is supported by the NSF Grant No. PHY-0503584.
The work of T. L. is supported by the DOE Grant No. DE-
FGO02- 90ER40560.

APPENDIX A: TREE-LEVEL MASS-SQUARED
MATRIX FOR CHARGED HIGGS BOSONS

For charged Higgs bosons, the entries of its mass-
squared matrix qut at tree level are given in the basis
{hg, hi" Hy, H"} by
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G2 2
(M7,.)1 = _T(|v2|2 = v P+ Vo> = Vi) + %(|U2|2 + VL2 = vy ]?)

2
8
- T(_|Ul|2 + s 12+ IViP2 = sa®) + (A 12+ (A D)]s1> + m%d,

G2 2
(Mlzqr)zz = T(|v2|2 - |U1|2 + |V2|2 - |V1|2) + %('Uﬂz + |V1|2 - |V2|2) + |/\1|2|51|2 + |/\3|2|52|2 + m,zlu,
G> 8
(M3,.)33 = _T(|U2|2 = v P+ V1P = vy ?) + ?(|U2|2 + Vo2 = v, ?)

n
8
+ T(_|U1|2 + |S1|2 + |V1|2 - |S2|2) + (|)l3|2 + |)\4|2)|52|2 + m%]d,

G2 2
(M72)as = T(|U2|2 — v P+ VL= Vi 1?) + %(|U1|2 Vi = [0a?) + I Plsy 1P + (APl 1P + mg, , (M70)10

2

= (1‘412_1,:)21 = ?‘UI‘UZ - /\1(/\1U2‘U1 + /\2V2U1 + /\SSZ - AAI/\lsl,
2
g

(M%-]i)l:i = (Mi]i)zl = UTV] + ()\l)lz + )lz)lj)slsz,

2

2
(M7 )14 = (M3.);, = 72"1V2 — LAV + Vil + ALsh) — Ay Aysy,

2
(M%_Ii)ZS = (M%It):n = 721/2‘/1 - )13()L3h2V1 + )\4V2V1 + A5s1) - A/\S/\3S2,
2
(Mlz_lz)m = (Mlz_,:)@ = 72sz2 + A Als 12+ AAyls,)?
&

(M72)30 = (M32 )i = =2 ViVE — M(A03VE + A VIV 4 AlsT) — Ay, Assy.

2
These entries can be applied to both cases with and without CP violation.
APPENDIX B: PARAMETERS

The parameters used in our numerical analysis are summarized below:
(1) QCD and Electroweak Parameters

Gr= 116639 X 107 GeV™2,  ADL =225MeV, My =80.42GeV,  sin’fy = 0.23,
nap =055  Js=1.627,  a,M,) =0.118,  a,,=1/128, A =02252, A=08117

p=0145  75=0339, R, =qp>+n’=0378

(2) Masses, Decay Constants, Hadronic Form Factors, and Lifetimes

M,: =0.139GeV, M, =0.135GeV, My =0498GeV, Mz=5279GeV, M,=102GeV,

M, =2.097GeV, M, =0958GeV, M, =0783GeV, M,=0776GeV, M, =0.548 GeV

Mp =0.980 GeV, X, =057, ¥, =082  m,(u=42GeV)=186MeV, my(u=4.2GeV)=4.22 MeV,
my(p =42GeV) =80 MeV,  m.(u=42GeV)=0901 GeV,  my(u=42GeV)=4.2 GeV,
mp=Mz)=1717GeV,  f,=23TMeV, fz=190MeV, f,=130MeV, fx=160MeV,

fy =410MeV,  f,=200MeV, f,=209MeV, fpo=180MeV, FB7(0)=0330, FEK(0)=0.391,
FBK(0) =0.379,  AB“(0)=0.280, F/(0)=0.250, F/X(0)=0030, A} =0.280,

/B, éBS =0.262 75 = 1.530 ps, Tg- = 1.65 ps, Mp =5.37 GeV, 75, = 1.47 ps.
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