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The anomalous dimuon charge asymmetry reported by the DO Collaboration may be due to the tree-
level exchange of some spin-0 particles that mediate CP violation in B,-B; meson mixing. We show that,
for a range of couplings and masses, the heavy neutral states in a two-Higgs doublet model can generate a

large charge asymmetry. This range is natural in “uplifted supersymmetry’’ and may enhance the B~ —

tvand B, — ut u~ decay rates. However, we point out that on general grounds the reported central value
of the charge asymmetry requires new physics not only in B,-B, mixing but also in AB = 1 transitions or

in B;-B,; mixing.
DOI: 10.1103/PhysRevLett.105.041801

Introduction.—The standard model (SM) predicts that
the violation of CP symmetry in B-B meson mixing is very
small [1], and various measurements have so far confirmed
this prediction in the B, system. Experimental sensitivity
to the properties of B, mesons has improved within the past
few years, with well-understood data sets from pp colli-
sions at the Tevatron analyzed by the DO and CDF
Collaborations. The large ratio of the s and d quark masses
and also the large V,,/V,4 ratio make the B, system more
sensitive to new physics than the B, system. We explore
here the possibility that tree-level exchange of new parti-
cles induces a sizable CP violation in B,-B mixing.

Recently [2], the DO Collaboration has reported evi-
dence for CP violation in final states involving two muons
of the same charge, arising from semileptonic decays of b
hadrons. The like-sign dimuon charge asymmetry, mea-
sured by DO with 6.1 fb~! of data, is defined by

Ab N l;L TN E -
SsSTNFF N
b b
where N is the number of events with two b hadrons
decaying into u*X. The DO result, A= —[9.57 =
2.51(stat.) + 1.46(syst.)] X 1073 is 3.20 away from the
SM prediction of —0.2 X 10~3. The CDF [3] measurement
of AL, with 1.6 fb~! of data, has a positive central value
Al = (8.0 = 9.0 = 6.8) X 1073 but is compatible with the
DO measurement at the 1.50 level because its uncertainties
are 4 times larger than those of DO. Combining in quad-
rature (including the systematic errors) the DO and CDF

results for A%, we find a 30 deviation from the SM:

Al =~ —(85%28) X 1073 )

Another test of CP violation in B,-B, mixing is provided

by the measurement of the ‘““wrong-charge’ asymmetry in
semileptonic B, decays,

b= I'(B; — u"X) — (B, — pn~X)

LB, — utX) + (B, — X))

D

3)

The DO measurement in this channel [4], af = —(1.7 =
9.1714) X 1073, is consistent with the SM. Assuming that
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the CP asymmetry in B,-B, mixing is negligible, the like-
sign dimuon charge asymmetry is entirely due to B,-B,
mixing and is related to a): A% = (0.494 + 0.043)a’,,
where the coefficient depends on the fraction of 5 anti-
quarks which hadronize into a B; meson [2]. This allows
the extraction of af from Eq. (2), which then can be

combined with the DO measurement of a, resulting in

(agl)combined = _(127 * 50) X 10_3. (4)

Even though the inclusion of the CDF dimuon asymmetry
and the DO semileptonic wrong-charge asymmetry reduces
the deviation in a3} derived from the DO dimuon asymme-
try, the above result is still about 2.5¢ away from the SM
value [5] of (a%)sy = 0.02 X 1073.

The DO [6] and CDF [7] Collaborations have also re-
constructed B, — J/ i ¢ decays, measured angular distri-
butions as a function of decay time, and reported some
deviation consistent with CP violation in B;-B; oscilla-
tions (see [8] for a fit to earlier B, data). The sign and size
of this deviation are compatible with Eq. (4), further
strengthening the case for physics beyond the SM.

Generic new physics.—The matrix element of some new
physics Hamiltonian, F{ NP, contributing to B,-B, mixing
may be parameterized as [5,8,9]

<Bs|g-[NP|Bs> = (CBSe_i¢: - 1)2MBS(M§£V[ *) (5)

where Cp >0 and —7 = ¢, = 7. The magnitude of the
off-diagonal element of the B,-B; mass matrix due to SM
box diagrams is [M$)] =~ (9.0 = 1.4) ps™!, where we used
the same inputs as in Ref. [5] except for the updated values
of the B, decay constant fz = (231 = 15) MeV and bag
parameter B = 0.86 = 0.04 computed on the lattice with
2 + 1 flavors [10]. The phase of MM is negligible.

The measured mass difference of the B, mass eigen-
states depends linearly on Cp, AM, = 2|M}!|Cp . The
combination [11] of the CDF and DO measurements is
AM; = (17.78 = 0.12) ps~', so that we find

Cp, = 0.98 = 0.15. (6)
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The semileptonic wrong-charge asymmetry is given by

o2y,
T AM

singy, @)
where Iy, is the off-diagonal element of the B,-B, decay-
width matrix. New physics contributing to AB = 1 pro-
cesses may affect I',, but the effects are typically negli-
gible compared to the SM b — c¢¢s transition due to tree-
level W exchange, which is suppressed only by V.. The
SM prediction for |, ] is given by [T = (1/2)(0.090 =
0.024) ps~!, where we again used the results of Ref. [5]
with updated values for fz and B (this is consistent with
the result of Ref. [12]). Using the af; value from Eq. (4), we
find that Eq. (7) gives

sing, =

This is a somewhat troubling result: The central value is
more than 1o away from the physical region | sing,| = 1.
This tension arises because the absolute value of B;-B,
mixing is constrained by the measured AM,, not allowing
enough room for an asymmetry as large as the central value
of aj; shown in Eq. (4). This suggests that the central value
of a}; will be reduced by a factor of more than 2 when the
error bars become small enough.

Alternatively, the assumptions about new physics em-
ployed here may be relaxed. For example, the wrong-
charge asymmetry in semileptonic B, decays, afl, may be
non-negligible. Its value given by measurements at B
factories is (—4.7 = 4.6) X 1073 [11], so including it
would change the relation between A% and ) as discussed
in Ref. [2].

Another possibility is that there are sizable new contri-
butions to I'y,. This is problematic because the SM tree-
level contribution is Cabibbo-Kobayashi-Maskawa—
favored, while new particles that induce AB = 1 effects
are constrained by various limits on flavor-changing neu-
tral currents (e.g., b — sy or K-K mixing). Nevertheless,
examples of relatively large shifts in I';, can be found
[12,13]. Consider, for example, two operators (bgy*cg) X
(iigy*sg) and (bry*ug)(Cgy*sg), which may be induced
by W' exchanges. The main effect of these AB = 1 opera-
tors is to enhance the rate for B, — DK decays. Given that
these dominant decay modes of B, involve a form factor
which is not known precisely, these operators may account
for a significant fraction of the measured decay width. If
the scale of the new operators is 0.9 TeV, then I'}, is
enhanced by 30%. In what follows we will focus on
AB = 2 transitions [see Eq. (5)], ignoring new contribu-
tions to [T,

New physics models for B,-B, mixing.—Although more
experimental studies are required before concluding that
physics beyond the SM contributes to B,-B; mixing, it is
useful to analyze what kind of new physics could induce
CP-violating effects as large as singg; = —1. Given that
the SM B;-B, mixing is a 1-loop effect, it is often assumed
that new physics contributes also at one loop, for example,

—2.5+ 1.3, (8)

via gluino-squark box diagrams in the minimal supersym-
metric standard model (MSSM) [14]. However, the large
effect indicated by the data is more likely to be due to tree-
level exchange of new particles which induce bshs opera-
tors. These particles must be bosons (with spin 0, 1, or 2
being the more likely possibilities) carrying baryon num-
ber 0 or +2/3. In the first case they must be electrically
neutral and color singlets or octets. The bosons of baryon
number *=2/3 are diquarks of electric charge +2/3 and
transform under SU(3).. as 3 or 6 (3 or 6 for charge +2/3).

The new bosons may be related to electroweak symme-
try breaking, as in the case of the heavy Higgs states in
two-Higgs doublet models. We concentrate in what follows
on a spin-0 boson H) = (H" + iA)/+/2, which is electri-
cally neutral and a color singlet (and part of a weak
doublet). The Yukawa couplings of HY to b and s quarks
in the mass eigenstate basis are given by

— HY(ypsbrsy + ys5gbr) + He. 9)

Let us assume for simplicity that the vacuum expectation
value (VEV) of H" is negligible at tree level (the coupling
to quarks induces a small VEV at one loop), so that H° and
A" have the same mass M,. Examples of theories with
these features are the MSSM in the uplifted region [15], as
discussed later, and composite Higgs models [16].
Tree-level Hg exchange gives rise to a single term in the

Lagrangian which contributes to B,-B, mixing:

VosYep o= -
’;Wz‘ b (brsy)(bysg), (10)

A

where the quark fields are taken in the mass eigenstate
basis. If the VEV of H® is taken into account, then addi-
tional operators contribute [17], most importantly (brsp)?;
we will ignore these contributions in what follows. The
matrix element of operator (10) is

* 4 £2
Yoy Mg fp Ba
M%l 2(mb + ms)z.

The bag parameter for operator (10) has been estimated by
using the quenched approximation on the lattice [18], B, =~
1.16. The parameter i = 4 takes into account the running
of operator (10) between the M, and Mp_scales [19]. For
the sum of quark masses we use m;, + m; = 4.3 GeV.
Comparing Eqs. (5) and (11) we find

(B,|HN?|B,) = (1D

My (147 = 15) TeV
Doysln  (Ch, +1—=2Cy cosgp)'/* (12)
.y Cp sing,
arg(ypsyg,) = tan (m)

The off-diagonal coupling y,, is expected to be suppressed
by V,, compared to the diagonal y;, Yukawa coupling of HY
to bgb,, while y,, is suppressed by an additional factor of
m/m,,, so that we take |y,,| <1072 and |y,,| =2 X 1074,
When y,, and y, saturate these upper bounds, the experi-
mental constraint Eq. (6) on Cp gives M, = (0.65 =
0.07) TeV and arg(y,,y;,) = —1.3 £0.3 for a phase
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¢, = —/6. Figure 1 shows the range of My /+/|y,syss as
a function of ¢j.

The HY exchange that induces CP violation in B-B
mixing contributes to the B, — u ™ u~ branching fraction,
provided the coupling of HS to muons is not negligible.
The coupling y, HYfigu;, leads to

ly. > my78 M3 5
Mf‘ 647 (m, + ms)2

~13% 10_g<|yby|)2<|yﬂl)2(l TeV)4
‘ 102) \o.02) \m, )

(13)

BB,— pt 1) =ypl* +1yul?

QCD corrections are taken into account by 7, = 1.5 [20].
The experimental limit B(B, — utu~) <43 X 1078
[21] imposes |yM| < 0.018 for M, = 0.7 TeV. Given this
constraint, the impact on B— Ku '~ observables is
relatively small [22].

Uplifted supersymmetry.—Let us describe a renormaliz-
able gauge-invariant theory that includes the interactions of
Eq. (9) without violating current limits on flavor processes.
The MSSM parameter space contains a region where the
down-type fermion masses are induced at one loop by the
VEV of the up-type Higgs doublet H,. In this so-called
uplifted Higgs region [15,23,24] the ratio of H, and H,
VEVs is very large, v, /v, = tan8 = 100, but all Yukawa
couplings remain perturbative. The physical states of this
uplifted two-Higgs doublet model include a SM-like Higgs
boson h°, which is entirely part of H, in the tan8 — oo
limit, the two neutral states H° and A° of mass My,
and a charged Higgs boson H= of mass M+ = (M3 +
M3,)'/? = M. The heavy states H°, A°, and H* are al-
most entirely part of H,.

The Yukawa terms in the superpotential give rise to H,
couplings to down-type fermions in the Lagrangian:

T T T T T

12F

[~ 10-5 1/2
: Ma=Ma (|ybsysb|")

M [TeV]

02} ]

FIG. 1 (color online). Range for M, compatible with a CP
asymmetry in B,-B; mixing described by the ¢, angle. The
vertical size of the shaded band accounts for the 1o experimental
uncertainty in AM; and for the theoretical uncertainties in fp
and |M3M|. The off-diagonal Yukawa couplings are expected to
satisfy |y,,| = 1072 and |y,,| = 2 X 107*. The running between
My and My is parametrized by n =~ 4.

— Hy(d9,0 + e“9,L) + H.c,, (14)

where the quark and leptons shown here are gauge eigen-
states and their generation index is implicit. The y, and $,
couplings are 3 X 3 matrices in flavor space. Various
I-loop diagrams involving superpartners generate cou-
plings of H I to down-type fermions,

— HI(d9,0 + e“,L) + H.c, (15)
inducing masses for down-type quarks and charged lep-
tons. The dominant contributions, from gluino and wino
loops, to the effective quark Yukawa matrix are

a; ~
ypes 0u($a)iif - (16)

The complex coefficients f;; have magnitude of order I:

_ 8lule F(Mg Ma,») _ 3aev F(MW I,ul)
. - ’ . 2 ~ ) . »
M Mg M) 2sha, \Mg Mg
a7

where 0 < F(x, y) <1 is a function given in Eq. (3.2) of
Ref. [15]. The phases of the gluino and wino masses are
explicitly displayed here, so that M, My; > 0.

We assume that the communication of supersymmetry
breaking to squarks is flavor-blind. In the absence of
renormalization group effects of the Yukawa couplings,
the squark mass matrices at the weak scale are proportional
to the 3 X 3 unit matrix, so that the $/, matrix is given by $,
times a complex number. However, the large ¢, b, and 7
Yukawa couplings have substantial renormalization group
effects, driving My <My =My and M; <M; =
M;,, which breaks the alignment between 9, and , in
the 3; and j3 elements. After diagonalization of the down-
type quark masses (i.e., of §/)), the neutral component of
H ; acquires off-diagonal couplings as in Eq. (9). Assuming
that the unitary matrix which transforms between the
gauge and mass eigenstate bases of right-handed down-
type quarks is approximately the unit matrix, we find

(f’/d ij =

fij

Vs = Yolass — az)(V)33(VE)s,,
m *
Ysb ZYOm—:a13(Vg)z3(Vf)33, (18)

yp =yoll +az + (as; —a3)|(V{)s12]

where a;; Efn/fij —1and y = —eudmm, /(a,v,f11),
with v;, = 174 GeV. The unitary matrix V¢ transforms the
dy; quarks from gauge to mass eigenstates.

For y, = O(1) and V¢ = (Vcgwm) !, we obtain [y, | =
1072, |yl = O(ypsmg/m,), confirming the bounds used
after Eq. (12). The combination of couplings that control
K-K and B,-B, mixing,

my|Vaasl

— WD < 0(10713),
mb|a33 - 6131|

|ysdyd5| = |ybsysb|
V|2 (19)

mgl Vi _

[Yoayas! = |ybsysb|7t|2 <2X107°

mg | Vts
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are small enough to satisfy the limits from &g and agl for
M, > 100 GeV.

In the uplifted Higgs region, the 7 Yukawa coupling to
H, (at the weak scale) must be large, |y,| = 1.3, in order
for the observed m, to be generated by wino and bino
diagrams [15]. The small m, leaves more room for its
possible origin and, consequently, a wider range of values
fory,.If m, is generated entirely by the Yukawa coupling
to H,, then |y, | = |y,|m,/m, = 0.08, which is compat-
ible with the current limit on B(B, — u* u~) provided
M, = 1.5 TeV. Such a large mass would imply ¢, = 0.1,
which is too small to accommodate a significant charge
asymmetry. On the other hand, m, may be due to loop-

induced couplings of the muon to H,| which exist even for
yu — 0. For example, in models of gauge mediate super-
symmetry breaking [25], which fit well the requirements of
uplifted supersymmetry, there is a vectorlike chiral super-
field d,, with the quantum numbers of weak-singlet down-
type squarks. The scalar components of this messenger
superfield d,, and d<, may couple to the SM fermions
Kkd,, fi§ t; and K'dS, T g, which at 1-loop give

3kk! AMfzm
m, =~

“ mt—3277_2 —Mﬁm . (20)

A typical splitting between the messenger scalar squared
masses is AM?2 =~ O.2M§m, where M, ~ O(100) TeV is

the messenger fermion mass. The muon mass may be
generated entirely through this mechanism if xx’ = 0.3.
A similar mechanism is used in Ref. [26]. Thus, the y,
coupling, which determines the heavy Higgs boson con-
tribution to B(B; — " u ), is sensitive to physics at the
100 TeV scale and can be significantly smaller than 0.08.

The dominant contributions to (g — 2),, due to wino-
slepton diagrams, tend in the uplifted region to enhance the
discrepancy between the SM and experiment [23]. We
point out, though, that the wino-slepton diagrams become
small if the slepton doublet of the second generation is
sufficiently heavier than My, while the bino-slepton dia-
grams can explain the discrepancy if y, = 1072,

Flavor-changing charged currents due to H* exchange
are important independent of renormalization group ef-
fects. The couplings

myVupyp
VpUg + YUy

m:y.

YzUq + y;'vu

H™ 7_'R vy (21)
(y, and y, are the 33 eigenvalues of ), and ;) may
significantly affect the rate for the B* — 7+ v decay:

_ 2
BB~ —1v) _ v My,

] — *
B(B™ — 1v)sm ole mym. M.

(22)

Unlike the usual MSSM where B(B~ — 7v) is smaller
than in the SM, the uplifted region allows an enhancement
compared to the SM [23], depending on the phase of y;y..
Interestingly, the measurement of this branching fraction is

larger than the SM prediction by a factor of 2, a ~2¢
discrepancy [27]. For y,y, = —1 and My+ =1 TeV,
B(B~ — tv) increases by 24% compared to the SM
prediction.

Conclusions.—We have shown that the evidence for CP
violation reported by the DO Collaboration may be ex-
plained in part by the exchange of the neutral states of a
two-Higgs doublet model contributing to B,-B, mixing. In
particular, in the uplifted Higgs region of the MSSM [15], a
large CP-violating effect in B,-B; mixing implies that the
B, — u" u~ decay could be discovered in the near future
and that, unlike in the usual MSSM, the rate for B~ — 7v
may be enhanced compared to the SM prediction.
Independent of the new physics interpretation, how-
ever, the reported central value of the charge asymmetry
requires new physics beyond B,-B, mixing, for example, in
AB = 1 transitions or in B,;-B,; mixing.
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