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in the B,-B; system
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Recently, the DO Collaboration reported a large CP violation in the same-sign dimuon charge
asymmetry which has the 3.20 deviation from the value estimated in the standard model. In this paper,
several new physics models are considered: the minimal supersymmetric standard model, the two Higgs
doublet model, the recent dodeca model, and a new Z’ model. Generally, it is hard to achieve such a large
CP violation consistently with other experimental constraints. We find that a scheme with extra
nonanomalous U(1)’ gauge symmetry is barely consistent. In general, the extra Z' gauge boson induces
the flavor changing neutral current interactions at tree level, which is the basic reason for allowing a large
new physics CP violation. To preserve the U(1)’ symmetry at high energy, SU(2), singlet exotic heavy
quarks of mass above 1 TeV and the standard model gauge singlet scalars are introduced.
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L. INTRODUCTION

Discrete symmetries related to the charge conjugation
(C) and parity (P) operations are of fundamental impor-
tance in weak and strong interactions. The strong interac-
tion seems to preserve the CP symmetry at a very high
level of accuracy [1] while the weak interaction violates it
substantially [2]. So far, the Cabibbo-Kobayashi-Maskawa
(CKM) mechanism [3] for the weak CP violation through
quark mixing has been very successful in explaining the
CP violation observed in the neutral K, D, and B meson
decays [4].

Recently, however, the DO Collaboration reported the
observation of a large CP violation in the same-sign di-
muon charge asymmetry from the B meson decays with
6.1 fb~! of data [5]. The same-sign dimuon asymmetry
from the semileptonic (s€) decay of the B;, meson is
given by

b N++ — N~

Asg = W, (1

where N* " corresponds to each B hadron decaying semi-
leptonically to u* X, and similarly N~ ~ to ™ X. The DO
Collaboration observed the asymmetry of

Ab, = —(9.57 + 2.51 + 1.46) X 1073, )

which is about a 3.2 deviation from the value predicted in
the standard model (SM) of (—3.107583) X 107* [6]. To
explain this, therefore, an additional CP violation source(s)
is strongly required in the B, mixing.

The DO result has attracted a great deal of attention by
introducing new TeV-scale particles, such as the leptoquark
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models [7], the minimal supersymmetric standard model
(MSSM) with nonminimal flavor violation [8], an R-parity
violating supersymmetric model [9], a split supersymmetry
(SUSY) model [10], Z' models [9,11], a fourth-generation
model [12], additional right-handed currents [11,13], an
additional SM SU(2); doublet scalar not developing a
vacuum expectation value (VEV) [14], and an extra
SUSY Higgs doublet [15], etc. [16]. Actually, before the
DO charge asymmetry report, the direction of the new
physics (NP) model was focused on the suppression of
the additional CP-violating or flavor changing neutral
current (FCNC) source [17]. Namely, the suppression of
the NP CP violation was a prime interest [18]. After the DO
report, however, the trend has been changed to obtain a
sizable NP contribution.

In this paper, we analyze the MSSM, a two Higgs
doublet model, a dodeca model, and a Z’' model. To obtain
the large enough enhancement in the same-sign dimuon
asymmetry within 1o limit of (2), the NP contribution to
I'}, is limited to a value comparable to the SM contribu-
tion. We will show that a Z’ model has a parameter space
allowing this enhancement. For the theoretically viable Z’
model, we consider the case that the U(1)" quark charges
are assigned to be flavor nonuniversal, which is in fact a
general phenomenon with an additional Z'. To preserve the
extra nonanomalous U(1)’ symmetry at high energy,
SU(2), singlet exotic heavy quarks of mass above 1 TeV
and the SM gauge singlet scalars are introduced. We also
consider the other experimental results to constrain the
parameter space.

This paper is organized as follows. In Sec. II, the nota-
tion for the B ,; mixing is presented. In Sec. III, we con-
sider the various NP models such as the MSSM, two Higgs
doublet model, and the dodeca model. Then, the flavor
nonuniversal Z' model is presented in Sec. IV with an
analysis on the constraints from several experiments.
Section V is a conclusion.

© 2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.83.036003

JIHN E. KIM, MIN-SEOK SEO, AND SEODONG SHIN
1. THE B, ; MIXING

The Bq—B’q oscillations for ¢ = s, d are described by a
Schrodinger equation,

i) =(=2)(m) o

where M and I are the 2 X 2 Hermitian mass and decay
matrices. The differences of masses and widths of the
physical eigenstates are given by the off-diagonal elements
by [19]

AM, =2|M1,], AT, = 2|[T'!,| cos¢,, 4)

up to numerically irrelevant corrections of order m3/M3,.
The CP phase difference between these quantities is
defined as

M‘I
¢, = are( - 12), )
12
where the SM contribution to this angle is

g =(=9.675) X 1077, M =473 X107 (6)

The wrong sign charge asymmetries appear in the semi-
leptonic B, and B, decays as

4 = I'B;— pn*X) —T(B;— pn X)
O TBy;— ptX)+T(B;— pX)
. _TBy— p*X) —T(B, — u X)

a = = )
O T(By— utX) + (B, — 1 X)

where the relation with A%, at 1.96 TeV is

)

AV, = (0.506 + 0.043)ad, + (0.494 + 0.043)a‘,,  (8)

which leads to roughly the 50%:50% production of
the same-sign dileptons from the bd(db) and b5(sh) me-
sons. Considering the current experimental value of
a?, = —(4.7 = 4.6) X 1073 from the B factories [20], the
value of aj, is then obtained as [5]

af, = —(14.6 = 7.5) X 1073, )

We may use the average value of (a},)e = —(12.7 =
5.0) X 1073 considering the previous CDF Collaboration
result of 1.6 fb~! and the direct DO Collaboration mea-
surement of the flavor specific asymmetry [21], which has
about 2.5¢ deviation from the SM prediction a%$™M =
(2.1 £0.6) X 1072 [19].

The wrong sign charge asymmetry a?, is related to the
mass and width differences (M, and I'};) in the Bq—Bq
system as

¢ i

l"q
Qg m--rg | 12'
M12

AT,
e tang,,. (10)
12

AM,

The experimental value of AM, is obtained by the combi-
nation of the CDF measurement such that [20]

singp, =
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AM, = 17.77 = 0.10(stat.) = 0.07(sys.)ps !
— (117 = 0.07 + 0.05) X 10712 GeV.  (11)

The combined result of CDF and DO is AM, = 17.78 =
0.12 ps~!. With T, = T';;™ only, however, it is impos-
sible to obtain the observed average value (al),,. from
Egs. (10) and (11) for ¢ = s even if we assume sing; = 1.
Therefore, an additional NP contribution to I'}, is preferred
[7,22,23]. This feature triggered the recent NP approaches,
which is different from the old approach trying to confirm
the SM at the electroweak scale [24-26].

To probe the NP contribution, we split I, or M, to the
SM and NP contributions as

gNP
1—‘12

gSM
1-‘12

MqNP
Y 2 _ i2
= h,e'%, M(IZSM = h,e'"%, (12)
for real and non-negative parameters ﬁq and h,, with the
phases constrained in the region, 0 = o, 6, = 7. From
Eq. (10), then the wrong sign charge asymmetry is given by

SM SM

q
a = —_— =
5€ q SM SM q

My, sy My My,

which is expressed as

gSM
aqe — |F12 | —1
s SM 2
T MBI L+ by + 2k, cos2ay,

X {h, sin2¢ (1 + h, cos2o,)
— h,sin2o (1 + ﬁq cos2a,)}, (14)
where ¢3M < 7 are applied. With this relation, we can

explore the possible parameter space in Figs. 1 and 2 for
g = s, satisfying the average value on a},. Inserting the

FIG. 1 (color online). The parameter space on I, versus h,.
The dots satisfy Eq. (11) and the averaged value of (a%,),y.. The
green (light gray) dots are within 1o, while the red (dark gray)
dots within 2¢. The deviation from the SM value, i, = h s =0,
is about ~2.50.
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FIG. 2 (color online). The parameter space on &, versus o.
The dots are described in Fig. 1. The deviation from the SM
value, o, = &, = 0, is about ~2.50.

central value of the SM prediction, |T35M/MiSM| =
(4.97 £ 0.94) X 1073 [19], from Eq. (11) we obtain the
relations on h,-h; in Fig. 1 and on &,-o, in Fig. 2.
The green (light gray) dots satisfy the value of (al,),e
with the 1o limit while the red (dark gray) dots are for the
20 limit. In both figures, we can clearly see the deviation
from the SM value, h, = h, = o, = &, = 0, by about
2.50. It seems that about O(1) h; is generically required
to obtain the averaged observed value of (a?,),y. within 1o.

III. NEW PHYSICS FOR THE ADDITIONAL CP
VIOLATION SOURCES

In the SM, the width difference F‘{%M is dominantly given
by the CKM matrix, b — ¢ + (¢s). Therefore, the NP op-
erators in the electroweak Hamiltonian which provide O(1)
i, must have the Wilson coefficient of order V., ~ A2,
where A ~ 0.2 is the Cabibbo angle. However, such opera-
tors are highly constrained by the various experimental
limits on B meson decays. There are only two possible
dimension-six operators of the SM fermions for the viable
NP contribution to I'},. They are (bs)(77)y 4 and (bs)y ;4 X
(¢c)y_4 asanalyzed in [23]. The NP contribution to the total
lifetime 75_due to these operators is about 10% order. This
does not contradict the observed result containing about 2%
error bar since we have already taken into account a large
theoretical uncertainty when we calculated the SM value.
On the other hand, the ratio 75 /75, is more precisely
predicted since the theoretical uncertainties due to unknown
nonperturbative effects are canceled in the ratio, and hence
there is not much space for a NP contribution to this
quantity. Therefore, if the ratio of the By and B, lifetime
precisely agrees with the SM value by 1 + O(1%), the
additional contribution in the B, system is required to
compensate the 10% NP contribution to TBS.l

'The operator bdiic is the only allowed NP contribution to the
B, system, which is not constrained by other experiments [23].
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FIG. 3 (color online). The effective B,-B, mixing diagram.
The four fermion interaction is the square of bilinears
> AsGET40)(1/M?)(sTBb) where the dots are I8, The red
(dark gray) oval appears as an effective suppression mass
squared.

For the neutral B, system, the AB =2 and AS =2
diagrams are schematically shown in Fig. 3. The four
fermion interaction is represented as the square of bilinears
(5T4b)(1/M?*)(3TBb), and in Fig. 3 the dots represent the
Dirac matrices I'*%. The cut diagram by the dashed line
gives the absorptive part. The red (dark gray) oval appears
as an effective suppression mass in the four fermion inter-
action. Suppressing the Dirac I" matrices and color indices,
the bilinears are

Siby, Sgbg,

(15)

Spbpg, Sgbyp,

where the first line contains vy, or y, s, and the second
line contains 1, ys, 0, or 0,,7s. All these are summa-
rized as five operators in Ref. [27]. The mass difference
M3, is obtained from the dispersive part of the mixing
diagram in Fig. 3. The width difference I'}, is obtained
from the absorptive part of Fig. 3, which arises from the B
decays to final states of zero strangeness, indicated by the
dashed lines. In this section, we analyze the MSSM, a two
Higgs doublet model, and a dodeca model to search for
possibilities of obtaining a large same-sign dimuon
asymmetry.

A. The MSSM

Supersymmetry is one of the most promising candidates
of NP beyond the SM. The minimal SUSY models [17]
where the R-parity is preserved and the Kihler metric is flat
are constructed not to provide the additional large
CP-violating or FCNC sources. These SUSY models are
the low energy limit of the spontaneously broken minimal
N = 1 supergravity theories with flat K&hler metric. This
minimal case with soft SUSY breaking insertions is de-
picted in Fig. 4. The gluino mass may introduce a phase,
however, we need an interference with the A and/or B
terms with the gluino phase. In Fig. 4, the dot in (b)
contains a CP phase whose origin is shown in (a). The A
terms are colored red (dark gray), and the box diagram of
(@) has an unremovable CP phase. Because both the gluino
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FIG. 4 (color online). The B,-B, mixing through the gluino
mass: (a) a detail of one mass mixing and (b) all mass mixings
without details. The diagram with the charged gauginos, which is
a mere supersymmetrization of the SM FCNC, is also possible,
but with smaller gauge couplings. (a) is drawn again in (b). The
red (dark gray) dot in (b) contains a CP phase whose origin is
shown in (a). The A terms are colored red (dark gray), and the
box diagram of (a) has an unremovable CP phase.

mass and the A terms appear in Fig. 4(a), this box diagram
has an unremovable CP phase. M{>" can be obtained from
Fig. 4, however, it is quite suppressed since it is basically
a loop diagram. In addition, there is no I'}}¥ with new
particles heavier than mp . Therefore, it is impossible to
provide the observed central value of @, in the minimal
case.

In the nonminimal flavor violation case which is origi-
nally obtained from assuming a nonflat Kihler metric, it
may be possible to enhance the same-sign dimuon asym-
metry more. In this case, the origin of the red dot in Fig. 4 is
not the loop effect. However, it is still about 10 away from
the central value of (a,),. and highly constrained by
B — X,y result with moderate tan8 < 10 so that new
approach to the family symmetry is required to obtain
the central value [8].

B. Two Higgs doublet model without SUSY

If we do not consider SUSY, we have to look for the
appropriate scalar or gauge boson which mediates fermion
currents. In this case, the magnitude and phase of coupling
or the mass of the intermediate boson impose a stringent
bound for the same-sign dimuon asymmetry. We analyze
the following interaction with two Higgs doublets H,
and H:

Ly = fij OLukH, + fij O} dyHo,
1 1 16
V(H) =~ L vt =+ ). e
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b u,c,t s
P : plus crossed
Y Y+ .
TH TH diagrams
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FIG. 5 (color online). The B,-B, mixing through the charged
Higgs. The W line can be replaced with the charged Higgs.

The CKM mixing matrix is given by Ve = V,, V;. The
interaction between the quarks and the charged Higgs
is given in terms of the mass eigenstates by [28]

L{H;0<;MMVCKM(1 +vs)
2\/§MW tanf

+ VexmMtanB(1 — 75))D

(1
+ Hz D(@ VéKMMu(l - ’}’5)

+ tanBM, Vi (1 + y5)>U}, (17)

where M, = diag(m,, m., m,) and M, = diag(my,
my, my,). Interactions between different chiral states mimic
the charged weak current couplings but with the coeffi-
cients tan8 or 1/ tanp.

Figure 5 is relevant for the calculation of M, and T'5,.
The B, decay diagrams are depicted in Fig. 6. The inter-
mediate charged Higgs may be replaced by the W boson.

b C b c
e
W 1t by
W+
s c s T
b c b c
i 0
TH- 1t by
; -+
s c s o ¢

FIG. 6 (color online). The B, decay diagrams. The tree level
decays and loop effects introducing a CP phase.
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We are interested in I'}, to see whether it can introduce a
large enhancement. For that we take the interference terms
from Fig. 6. The top two diagrams lead to the SM predic-
tion which is known to be small. The bottom two diagrams
are the NP contribution. The interference does not appear
between top and bottom diagrams due to the chirality
difference. To achieve the central value of (a$,),., the
left two diagrams must be of the same order. The CP phase
from the NP sector is not enhanced since it is the same as
that by the CKM elements. In addition, the loop factor in
the two Higgs doublet model is not easily enhanced com-
pared to the SM one since coupling to the charged Higgs is
of the order (quark mass)/(My,), which is Yukawa sup-
pressed. To obtain the enhancement by I'}}* comparable to
['45M, alarge tanB = 170 or small tanB < 0.03 is required.
However, this parameter region is outside the perturbative
region the Yukawa couplings at the electroweak scale
0.3 = tanB = 120 [29,30]. (Assuming that the low energy
theory at the electroweak scale is the MSSM, and there is
no additional new physics below the grand unified theory
(GUT) scale, the Yukawa couplings remain finite at all
energy scales below the GUT scale if 1.5 < tanf3 < 65 for
m; = 170 GeV [29].) Therefore, a nonconventional ap-
proach similar to the uplifted Higgs model [22] is required
to obtain the central value of (a?,),.. On the other hand,
we may consider the enhancement of the asymmetry which
is more than 10 away from the observed central value with
smaller tan < 170.% In such scenarios, the experimental
constraints such as B, — u~u*, B— v, and B — Drtv
must be considered like the scenarios in the MSSM [31].

C. A dodeca model

Recently, two of us introduced a dodeca model to ex-
plain the mixing angles of the lepton and quark sectors
using a discrete symmetry D, [32], which introduces
multiple Higgs particles. On the other hand, the Higgs
fields are assigned as singlets of the discrete group while
the needed D, transformation property in the Yukawa
couplings is provided by the flavons which are the SM
singlets decoupled at high energy. In this case, there will be
no distinction from the Kobayashi-Maskawa model pre-
diction. Therefore, to have any change from the SM, we
consider the original multi-Higgs model [32]. Even in this
case, however, the coupling of multi-Higgs to quark cur-
rent should be Yukawa suppressed, and as a result a large
enhancement in the same-sign dimuon asymmetry is not
expected. Here, we show that indeed this happens.

In this dodeca model, there are two ways to introduce the
NP contributions, one by the charged Higgs and the other
by the neutral Higgs.? For the charged Higgs boson ex-
change, the idea is similar to the two Higgs doublet model

*We may enhance M/, by the top quark exchange in Fig. 5.
*For the two Higgs doublet model, we avoided the FCNC by
coupling only one Higgs doublet to the same-charge quarks.

PHYSICAL REVIEW D 83, 036003 (2011)
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FIG. 7 (color online). The B, decay diagrams in the dodeca
model. The charged Higgs diagram interferes with the loop
diagram.

except the fact that the couplings are not proportional to the
CKM coefficients. The CP violation is introduced by the
loop with charged Higgs bosons in the B, decay process, as
shown in Fig. 7. The NP CP violation is introduced by the
interference of two types of trees and one type of loop.
There is no loop diagram through the neutral Higgs ex-
change. The contribution to [* is obtained as

()] ()12
NP |f22 f23 I MS
12 M4 BY
(d)+
Py

="M 25 =376-10711(GeV)S X
8u4Mi(d)f B (GeV) M,
1 1

. (18)

where the parameters are defined in the Appendix. Since
Mi(‘“* is expected to be larger than (100 GeV)* order, this
1

indicates that the NP contribution to I'|; is not enough to
enhance the dimuon asymmetry to the observed central
value, due to the Yukawa suppression.

IV. A Z' MODEL

We can consider the models with the extra U(1)’ gauge
bosons with flavor nonuniversal couplings to the SM weak
gauge eigenstates. The existence of an extra U(1) gauge
symmetry [33] is motivated from the grand unified theories
(GUTs), superstring models, and models with large extra
dimensions [34]. In perturbative heterotic string models
with supergravity mediated SUSY breaking, the mass of Z’
is expected to be less than around a TeV, which is naturally
induced when the U(1)" breaking is driven by a radiative
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mechanism [35].* The neutral current Lagrangian with one
extra neutral gauge boson ZOY > With an additional Abelian

gauge symmetry U(1)’, can be written as [36]
Lyc= — g Przs ., (19

where Z{ is the SU(2); X U(1) neutral gauge boson Z if
there is no mixing with Z9. The U(1) coupling is g; =
g/ cosOy where g is the coupling constant of SU(2); . The
currents are given as

s = Z‘/’ Y uLeL(DP + ex()PRlp,,

—eltnA, — g J V7]

2 2 2 (20)
Ju = er//i'yu[el/,LijPL + él/;RijPR]wj;
i.j

where the sum is over all quarks and leptons ¢, ; and
Py = (1 % 7s5)/2. The values of 6(2) and 6(2) are the

lj ij
chiral couplings of the new gauge boson, which are real.
The SM chiral couplings are [37]

EL(i) = tl3 - Sin29WQ,-, (21)

where 7, and Q; are the third component of the weak
isospin and the electric charge of the fermion i, respec-
tively. 6y is the weak mixing angle.

ex(i) = —sin’6y Q,,

AN —p—in)

A A/\3<p -
Vekm = Y 1 —A—

PHYSICAL REVIEW D 83, 036003 (2011)

When €? are nondiagonal, we can obtain the flavor
changing effects immediately. There have been works on
this possibility, which have the exotic fermions mixing
with the SM fermions [38] as in the Eg models. If the Z,
couplings are diagonal and nonuniversal, flavor changing
effects arise by nonzero fermion mixing [39—41]. Here, we
consider the case that € of the left-handed quarks are not
flavor-universal. The fermion Yukawa matrices are diago-
nalized by the unitary matrices VZ r Where the CKM
matrix is

Vexm = ViV (22)

Therefore, the chiral Zg couplings in the fermion mass
eigenstate basis are
‘

Bl = (VP ePV!),, Bl =(viEeRVED, 23)
With a diagonal e
flavor-diagonal.

Now, for convenience sake let us suppose that
Vi=Vi=Vé=1] and V¢ =Vl Then, with the
Wolfenstein parametrization [42]

, the right-handed sector remains

in+ %n)\z)

AR+ i) | 24)

inA2\*

—AN? 1

where the imaginary part is written up to order A> and the real part up to order A3. For simplicity, let us represent the U(1)’
operator for our left-handed quarks, i.e. efi), 4, » s a diagonal but flavor nonuniversal matrix such that for a possibility of bs
flavor changing coupling with x # 1

x 0 0
e, =C,l0 x 0] (25)
0 0 1
while effk) 4, are assumed to be diagonal and flavor-universal such that
1 00
e =Cua 0 1 0} (26)
0 0 1

Then, the U(1)’ couplings to the mass eigenstates of left-handed down-type quarks are given approximately by

X (x — 1)iA%Ay —(x— DAN(A — p +in)
B = Ve Vexm = Cy, —(x — 1)iA2A x (x — DAA2 + ixAMy |, @7)
—(x—DANA —p —in) (x—1Ar — ixAX*y 1

“In this case the two Higgs doublets can also have the U(1)’ charges to forbid the exact u term, while allowing the effective w and
B terms to be generated at the U(1)’ scale.
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and the same for the left-handed up-type quarks also. Thus,
312 which contrlbutes to the neutral K meson system is of
order A%, while B22 which is relevant for the current neutral
B, meson system is of order A%. So, it is possible to raise
the B, decay CP phase by a factor of A~3 ~ 10? without
tampering with the phenomenology of the neutral K meson
system very much.

At high energy where the extra U(1)’ symmetry is re-
stored, the Yukawa interactions must preserve the symme-
try. Therefore, an additional SM singlet scalar field S with
nonzero U(1)’ charge must be introduced due to the flavor
nonuniversal U(1)" charge assignment to the left-handed
quark doublets. We now consider that the Yukawa inter-
actions of the light quarks are generated by the higher
dimensional operators, a la Froggatt and Nielsen [43] but
at the TeV scale, g% Hqyp(S/M) for the quark flavors
i=1,2and j=1,2,3. The TeV scale mass M can be
introduced by assuming the existence of an exotic heavy
quark with mass M, whose Yukawa couplings to the SM
quarks are dictated by the U(1)" symmetry. In order to
preserve the U(1)y symmetry in the Yukawa couplings at
high energy, the exotic heavy quarks interacting with the
down-type and up-type quarks must be different.
Therefore, we define QIdJ’ g and Q7 » for such exotic quarks
which have different U(1)y charges. Now, considering the
anomaly-free U(1)’, the Higgs has nonzero U(1)’ charge
and so is M in the effective Lagrangian. Therefore, it is
required to introduce another SM singlet S’ whose nonzero

U(1)/SU(3)%:
U(1)'SU(2)%:

202x + 1)C,,
2x+1)C,, +C¢ =0

PHYSICAL REVIEW D 83, 036003 (2011)
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FIG. 8. A typical Yukawa interaction between the first and the
second generation quarks. It is obtamed by the insertion of the
exotic SU(2), singlet heavy quarks Q% 1. z» and SM singlet scalars
S and S’ preserving the SU(2) X U(1)y X U(1)" symmetry.

VEYV provides the value of M, simultaneously breaking the
extra nonanomalous U(1)’ gauge symmetry. The mass of

new gauge boson is given as My = 1g"[v? + v%, where
(Sy = v,/+/2 and (§') = v,/+2. Then, the SU(2) X
U(1)y X U(1)" invariant Yukawa couplings can be ob-
tained, achieving the Froggatt-Nielsen mechanism be-
tween the third and the first two families. Assuming the
exotic quarks are SU(2); singlets, the Froggatt-Nielsen
type higher dimensional operators are described as Fig. 8.

The nonanomalous U(1)’ charges of the matter fermions,
Higgs and singlet scalars are given in Table I. The anomaly
cancelation conditions are

—3(Cy, + Cy,) +2Cy =0

1 1 1 5
VYU 7g@x+ DCy, —3(Cyp +4Cy,) +5C0 = Cpp +5C =0 (28)
1 2
2. 2 2 2 2 2 2 _ 2 2 (2 ) =
U, u()>: —(2x +1)C, + Ch, = 2CL, = Cp+ G =3 (Chy = Co) +3(Chy = C) = 0
U(1)B3: 22x° + 1)C3, — 3(c§,R + Ci,) +2C0 = G+ (Chy = Cy) +(Chy = C) =0,

where we used the relation from the Yukawa couplings,
Cg = CQu CQu CQd CQd In addition, we can con-
sider the grav1tat10nal anomaly cancellation condition

4xC,, +2C, —3(C,4 +C,,)+2Cy +2C,—C,, =0.
29)

The first constraint in (28) and Eq. (29) give
2C,—C, =0, (30)

€R

which will turn out to be very useful. Although the U(1)’
assignments of Table I cannot avoid x = 1 from the qua-
dratic and cubic constraints of (28), it is always possible to
satisfy these constraints for x # 1 by introducing addi-
tional SM singlet leptons.

If there exists a mixing between Z9 and Z9, then the mass
eigenstates Z and Z' couple as

L. = —gl[cosﬂl(l)” + == s1n¢9J(2)“]

81

1
- gl[Z— cos0J D1 — singJVm ]z;, G1)
1

where @ is the mixing angle between Z{ and Z9. Since the
mixing angle is quite suppressed as |6] = 1073 due to the
electroweak precision measurements [44], we just assume
that there is no mixing and we can approximately treat
7% as Z and Z5 as Z'.

As commented in the previous section, (bs)(77)y 4 and
(bs)y4a(@c)y_4 are the only possible dimension-six
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TABLE I. The U(1)' charge assignment.

Fields U(1) charge U(1)y charge

up ‘L
( dr ) (SL) *Co, 1/6

( l;LL ) c, 1/6
ug C,, =2(x +1)C,, 2/3
diy C,, = —2xC,, -1/3
(:Z) Co=—(0x+1)C,, -1/2
el C,, = —202x+1)C,, -1
o Cor = (x +3)C,, 2/3
o Coy = (Bx +1)C,, 2/3
04 Cor = —(3x = 1)C,, -1/3
o4 Cos = —(x +1)C,, -1/3
H Cy=0x+1)C,, 1/2
S Cs=—-(x-1)cC, 0
s Cy = —2(x— 1)C,, 0

operators which provide the O(1) /, without severe con-
straints from the other experiments [23]. Therefore, new
contributions to I'}}* via the 7 or c-quark loops containing
the Z' exchange must be considered. Such enhancement of
the dimuon asymmetry is first given in [11] although the
U(1)" symmetry preservation is not considered.

The mass difference M, is obtained from the dispersive
part of the tree level mixing via Z’' exchange (Fig. 9) such
that

NP __ 4'GF (g”)2 M‘Z/V

RO/ (BJE)2 3 my By,

EEEENAVH M2, cos?0y
I 2
_4Gr <8_)2 My, RO/BA2f2 my By - C2
32 \g1/ MZcos*by TR T
X [(x = 1)2A* + i2x(x — 1)nA°], (32)

where R = a,(My)/a,(m,) and we neglected the O(A®)
terms. The next-to-leading order QCD corrections are not

present due to our initial assumption B?Z’j = (. This result
b S

Z/

s b

FIG. 9. The tree level B;-B; mixing via the new Z' gauge
boson.

PHYSICAL REVIEW D 83, 036003 (2011)

contains only one power of G due to the tree level mixing,
while the SM model result is

G
1272
G

- WAzMM%Vf i,mp By So(x,), (33)

SM _
M12 -

M3, (V, Vi)? 772Bf12gs mp B So(x,)

containing two powers of G, where the loop function is

dx, — 11x? + x} 3x)logx,
So(x,) = - .34
o(x) =x)P 20-xp Y
for x, = m?/M3%, and 7,5 = 0.551. With these results we
obtain [39]

hy = 3.858 X 105(p3P)2, (35)

where p3’ is defined as

gll M .
— I_MZ (x = 1C,, VpVis |,
Zl

(36)

which is constrained by the experimental results on AM|
of Eq. (11), AT’y of Eq. (37), and S, 4 of Eq. (38). The
enhancement of the same-sign dimuon asymmetry by I'j,
is also constrained by the other experimental measurement
of AT’y and the indirect CP violation from B, — J/ ¢
decays such that [20]

AT, = +(0.15473%54)ps ™! (37)

Sye=—sing*=—0.77*03 or —2.36703],  (38)

where we assumed arg(—V,V;,/V V7)) is highly sup-
pressed. The allowed parameter set o -h, is shown in
Fig. 10. As a result, for hy < 0.3, i.e. p3? =8 X 1074,
there is no constraint on o. In this case, [(x — 1)C, | =
2X 1072, Even though we adopt a larger h; < 2.5

FIG. 10 (color online). The allowed parameter region in the
o-hg plane from the experimental bound on AM; [Eq. (11)],
AT [Eq. 37)], and Sy4 [Eq. (38)].
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b 1 S

s ! b

FIG. 11.  The one-loop induced B,-B, mixing. The absorptive
part indicates the B,(B,) — 7~ 71 decay, which provides a NP
contribution to I'},.

depending on the value of oy, the value of pi¥ is at
most 2.55 X 1073 so that |(x —1)C,, | <6.03 X 1072,
Therefore, either C,, is very small or x is not much
deviated from the value x = 1. To obtain sizable I'}}"

comparable to T'j3M, the latter must be considered since

% is proportional to (B;ﬁ”)2 = O(x*C3)).

The width difference I'{, can be obtained from the
absorptive part of the one-loop induced mixing of
Fig. 11. From the calculations of I', of previous works
[11,45,46], we obtain

sb \»
iy~ ( PL ) (BY% + B, (39)
|Vcb|

We assumed that the contribution to I'{}* is dominated by
the 7 loop insertion. This assumption is reasonable com-
pared to the contribution by light quarks. According to
Table. 1, we obtain (By + B3%)? = 9(2x + 1)2C2,. For
the loop contribution by light quarks (u, d, and s quarks),
%" is proportional to (B;/;“‘)2 which is at most (5x% +
8x +4)C2 . If x < —0.7 or x > —0.1, the contribution to
the 7~ 77 mode compared to the light quark modes is
greater than 2. This ratio is about 5 if |x — 1| < 1. This
situation is the same for I" of B meson decays since it is also
proportional to (Bi,wf"‘)z. Therefore, the contributions by the
dangerous operators (bs)(i ) for y = u, d, s quarks to
%" and the decay rate (I') of B mesons can be suppressed
compared to the 7 contribution. If this suppression is not
enough, we may consider additional flavor nonuniversal
U(1)’ charge assignments to the right-handed quarks.

For the lepton contribution for 4 = e, u, however, the
situation is different since U(1)’ charges are the same as
that of 7. The parameter Bf# is constrained by the search of
Br.(B; — u~ ") at the Tevatron and the inclusive
b — s€~£* decays [40]. The upper bounds on the leptonic
decay modes are Br.(B, — 7~ 7") < 0.05 and Br.(B, —
u~u) < 4.7 X 1078 [4]. Therefore, we also have to con-
sider the flavor nonuniversal U(1)" charge assignment to
the leptons. It is not difficult to obtain this with an
anomaly-free U(1)’ by assuming exotic heavy leptons.
For example, as done in Eq. (25) for quarks, we can give
flavor nonuniversal charges to leptons. If we assign the
same y for the left- and right-handed leptons as

PHYSICAL REVIEW D 83, 036003 (2011)

FIG. 12 (color online). The allowed parameter region in the
hs-h plane from the experimental bound on AM, [Eq. (11)],
ATy [Eq. 37)], and S,,4 [Eq. (38)]. The parameter hy =25 is
favored for h, < 0.3. h; could be lowered for o, ~ 7/2 and

h, ~ 1.5-2.0.
y 0 0
efi) = Cg(O y 0), (40)

0 0 1

we constrain y < 4.34 X 1073 to satisfy the above
Br.(B, — u~ ™) bound. With this parameter y, we can
easily make a model, which is not exposed here, to cancel
all gauge anomalies.

Considering the constraints of Egs. (11), (37), and (38),
it is possible to obtain @(1) values of /1, to explain the
observed dimuon asymmetry. Such parameter space is
shown in Fig. 12 in the A,-h, plane.

Now, we are required to consider the experimental con-
straint from the b — sy decay which induces the B — Xy
decays. The recent experimental measurements provide
Br.(B — X,y) = (3.52 = 0.25) X 10~* [20] which is con-
sistent with the theoretical prediction Br.(B — X,y)" =
(3.15 £ 0.23) X 107 [47]. Therefore, the allowed contri-
bution due to the NP effects is only within @O(10%) of the
SM contribution, which makes the NP model construction
difficult. The NP operators of the form 5b ¢ s, where ¢ is a
SM fermion contribute to B — X,y through the mixing
with the operator of the form (5#”bF ). Focusing on the
(5b)(77)y, 4 operator, as analyzed in [23], our leading order
NP contribution to B — X,y can be compared to the SM
contribution such that

Br.(B — X,y)\P a [z
_— ~2—\,h ~ 0.07, 41
Br.(B — X,y)*M a, v “1)

for i, = 1, which is in the allowed region of Fig. 12.
Therefore, it is possible to obtain viable parameter space
which does not suffer from the experimental constraints of
b — sy decay. [If the value of 4, is chosen to be around 0.3
or smaller, the allowed value of ﬁs is ﬁs = 2. Then, the
ratio (41) is around 0.17 which is somewhat big. However,
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Y
.
Z/

b s
(a) b — sv due to Z’ with 7-loop exchange
Z/

b S

v

(b) b — sv similar to the SM case

FIG. 13. The leading order NP contributions by our Z' model
to b — sy decay are depicted. The contribution due to the
(5b)(77)y, 4 operator through Z' exchange is shown in (a), while
another NP contribution in Z’ models is shown in (b).

it is marginally within the O(10%) contribution.]
The leading order NP contribution by our Z' model to
b — sy decay is depicted in Fig. 13. The contribution
due to the B; — 77 through Z’ exchange is shown in
Fig. 13(a), while another NP contribution in Z' models is
shown in 13(b). One might also consider the contribution
by b — syv through the tree level Z’ exchange, however,
it is a four-body decay process which is suppressed by
phase factor (1/4)* so that this is a subdominant contri-
bution. Consequently, our Z' model considering the en-
hancement of T33P due to the B, — 7~ 7" decay is safe
from b — sv.

V. CONCLUSIONS

We have analyzed various NP models to explain the
large same-sign dimuon asymmetry observed by the DO
experiment. The observed central value has about 3.2¢0
discrepancy from the SM prediction. Combining it with
the other experimental results, the total average value is
shifted to about 2.50 discrepancy. The MSSM with mini-
mal flavor violation and multi-Higgs models cannot pro-
vide such a large asymmetry due to their loop effects or
Yukawa suppressions. On the other hand, a Z' model with
extra U(1)! gauge symmetry can accommodate the
observed result. For a theoretically viable Z' model, we

PHYSICAL REVIEW D 83, 036003 (2011)

considered the case that the U(1) quark charges are as-
signed to be flavor nonuniversal, which is in fact a general
phenomenon with an extra U(1)’. To preserve the extra
nonanomalous U(1)’ symmetry at high energy, SU(2);
singlet exotic heavy quarks of mass above 1 TeV and the
SM gauge singlet scalars are introduced. The other experi-
mental results such as B — Xy, AM,, AT, and S, are
also considered in our Z' model. To satisfy the additional
constraints such as B, — u~u™", a flavor nonuniversal
U(1)" charge assignment to leptons or right-handed quarks
is needed, which is not difficult to obtain with anomaly-
free U(1)'. In conclusion, we presented the case of allowing
a large NP CP violation with an extra Z’, with the parame-
ter region consistent with the various present experimental
bounds.
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APPENDIX: THE DOWN-TYPE QUARK SECTOR
IN THE DODECA MODEL

To make (bs) FCNC, we consider a different matrix
from original dodeca model [32]. The unitary matrices
diagonalizing the quark mass matrices are given by

1 — 1 eid
’ 1\/5'(15 \/?e 0
= —i 0
" Vel \2
0 0
o (A1)
2 7
Va=\5 5 0O
0 0 1

To obtain a CP violation effect in the B, system in the
dodeca model, the loop diagrams similar to Fig. 6 must be
considered. Namely, the entries of the (23) element and/or
(32) element of Vg are needed. As pointed out in [32],
this appears as a small correction in Uy,

( 1 0 esin? 715 —715 0
U= 0 1 —iecos? \/LE % 0
K—esin% —iecos% 1 0 0 1
( \/Li —ﬁ esin?
= % ﬁ iecos;ﬁ). (A2)

K_gﬁeﬂw/z) —edel@/)

The phase ¢ in the up-type quark sector appears here in the
down-type quark sector. Basically, generation of the O(e)
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term is a loop effect as pointed out in Ref. [32]. With this ~ For ¢ = 77/6, one should consider more corrections to-
corrected matrix, the CKM matrix is given by ward a more realistic Vg, but here we omit this elabo-
ration since it is not essential for our 5b coupling. € is of

el(?/? COS% —ie?/? sin% 0 order 0.04 to make an agreement with the measured CKM
Vekm = | —ie @D sing e ¢/ cos?  jee ¢/ matrix element.
€ Sin% i€ cos% 1 The U/, diagonalizes the mass matrix of the form
(A3)
|
130 1Ay, lT(A32 cos + iA5; sin% )
lAzl, 130, lT(A32 cos— — Ay 51n¢’) , (A4)
ZT(A32 0032 iAs smz) —i%(Aﬂ cos% +iAs sin%), ms

where Ay = my —my, Ay =m3 —my, Ay =m3 —my, 2, =m; +my and 3,, and m,, m,, and ms are the
eigenvalues after diagonalization. Note that w, = 1(m; +my) =135, 2z, =3(=m; + my) =1A,;, and x; = m;.
Using Eq. (A4), one can obtain the O(e) Higgs couplings to the mass eigenstate d-type quarks.

In the mass eigenstate basis, this indicates that FCNC in the down-type quark sector is read as

yH' — yiHj 3Y§(H) — HY) _’2y5(H/ Hé)COS%
UIHOV, = | 1ydH) — H}) yeH' + ylH) £y4(H| — H))sin? (A5)
iyl(H| — Hy)cos  £yd(H| — Hb)sin? yiH,

The contribution to I'}, is given by

)1 f(d)]
| cosa}, cosarjs |? |f( ) f(23) *

P ~ | f4 My, = 25— M,, (A6)
M* @+ M.
P Py
which involves the Yukawa couplings. Assuming that VEVs take the same value around v = 250 GeV, we obtain
€
(2‘?1 = E nsy Sin%, (A7)
and
@ _ 1
27 = % my. (A8)
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