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The mixings of dg quarks, hidden from view in the standard model (SM), are naturally the largest
if one has an Abelian flavor symmetry. With supersymmetry (SUSY) their effects can surface via dg
squark loops. Squark and gluino masses are at TeV scale, but they can still induce effects comparable
to SM in B, (or B,) mixings, while D° mixing could be close to recent hints from data. In general,
CP phases would be different from SM, as may be indicated by recent B factory data. Presence of
nonstandard soft SUSY breakings with large tanf could enhance b — d7y (or svy) transitions.
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With the impressive advent of B factories, we are
entering a new episode of flavor and CP violation studies.
Charmless rare B decays hint that ¢35 = argV,,;, (in phase
convention of [1]) may be larger than [2] suggested by
a Cabibbo-Kobayashi-Maskawa (CKM) unitarity fit [3].
First results from both B factories [4] give smaller sin2¢
(or sin2f3, ¢ = B = argV,y) values than “expected” [3].
A plausible picture is that B, or By mixings have additional
new physics sources which invalidate the Amg /Amg,
constraint, a notion that can be further probed at B
factories, or at the Fermilab Tevatron collider. There
are also recent hints [5] for D° mixing, which, if one
has a strong phase difference [6] between D° — K7~
and K~ 7" amplitudes, can again be taken as hinting
at new physics. In this Letter we study a generic flavor
violation scenario whereby B (or By) and D° mixings, as
well as b — dvy (or svy) transitions, could be measurably
affected.

New physics in the flavor sector is likely since little is
understood. For example, fermion masses and mixings
exhibit an intriguing hierarchical pattern in powers of A =
|Vusl. Tt suggests [7] a possible underlying symmetry, the
breaking of which gives an expansion in A ~ (S)/M, with
S a scalar field and M a high scale. If this “horizontal” (in
flavor space) symmetry is Abelian, the commuting nature
of horizontal charges in general gives M;;iM;; ~ M;;M;
(i, j not summed); hence [8]
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The diagonal elements correspond to quark masses while
the upper right (lower left) parts are diagonalized by U,y
(Ugr) rotations. We note that M>*/mp, and M>'/my, are
the most prominent off-diagonal elements [9]. Thus, By
and B; mixings are naturally susceptible to new physics
arising from the right-handed down flavor sector.

As a leading candidate for new physics, SUSY of-
fers a large toolbox for phenomenology. For example,
squark mixings could generate flavor changing neutral
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currents (FCNC) because of strong §-g coupling. It is
customary to take squarks as almost degenerate at scale
;71,_ and the sqgark mixing angle in quark mass basis is
Soan = [US(M2)45U, 517 /W2, where A,B = L,R, i,j
are generation indices and M; are squark mass matrices.
As Uy is constrained by the CKM matrix V, mixing
angles in U, are in general larger. If the breakings of
flavor symmetry and SUSY are not closely related, then
(M2)rg and (M2)g, = (Mg)zR are roughly proportional
to respective quark mass matrices; hence their effects
are suppressed by m,/ m. From Eq. (1), one easily gets

(M3),1/m? ~ V. while

N 1 A A
(Mg ~m*| A 1 1 |, 2)
A1 1

illustrating that the RR sector could contribute significantly
to By and By mixings via 501113“3 ~ A and 5513313 ~ 1.

Defining x = mg/ m?, one has the effective Ham-
iltonian Heyt = —(a2/216@2) (C10, + C,0, +
C404 + C50s) induced by g-g box diagrams, where
O1 = &3 y,bidly bl Ous) = dixbi ™ dl bk ™, and
[10]

C1 = [24xfs(x) + 66f6(x)](853)%,

RN )
Cats) = [504(24)xfs(x) — T2(+120)]6(x)187 85
with C; 0, obtained from C;0, by L — R. Chargino
and neutralino box diagram contributions are incorporated
but numerically unimportant. Taking into account QCD
running [11], it is easy to evaluate the B mixing parameter

My = |MBle?r = |MY3 e + | M7y > |efdsuss,
With |V,,| = 0.41[AV|, ¢35 = 65°,85°, we get
[Vial X 10* = 8.0,9.2 and Amp" ~ 0.41,0.55 ps™', re-
spectively, compared with Amle;;p = 0.472 = 0.017 ps~!
[1]. Allowing [M3°Y| to be at most of similar size,
we find that my; ~ m, mg cannot be much lighter than
1.5 TeV. For illustration we plot, in Figs. 1(a) and 1(b),
Ampg, = 2|ME| and sin2¢pp, vs ¢ = argdypr, respec-
tively, for tanB = 2 and || < mz. We see that sin2¢p,
as measured from B; — J /¢ Ky can range from 0.3 to 1,
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as compared to sin2¢; = 0.75-0.71 for ¢3 = 65°-85°
in the SM. The low sin2¢p, ~ 0.3-0.4 possibility may
be of particular interest when compared to BaBar and
Belle central values [4]. Whether By mixing is similarly
affected, it is clear that the CKM unitarity bound from
Amp /Ampg, [3] should be relaxed, and the potential
conflict on the ¢ value with respect to charmless rare B
decays [2] may be alleviated. With 1, mg = TeV and LR
squark mixings suppressed by quark masses, there is little
impact on penguins, and charmless B decays have better
access to CKM unitarity phases, except being clouded by
hadronic uncertainties.

Equations (1) and (2) are of course too naive. Since
Amg is much smaller than Ampg, while ek is even tighter,
BﬁL,RR ~ A is impossible to sustain, even with m, mg =
TeV. Through formulas similar to Eq. (3), the most severe
constraint is on 541”2_ L éﬁR, which has to be suppressed by
approximate “texture” zeros, achieved by invoking quark-
squark alignment [8]. By using two (or more) singlet
fields S; to break the U(1) X U(1) (or higher) Abelian
horizontal symmetry, and making use of the holomor-
phy nature of the superpotential in SUSY models, one
can have M[112,21 = 0 which implies ULIJ%’R = 0 (or highly
suppressed), and likewise for (]V[ﬁ)ﬁ,m. Thus, 8},24,4,,“3
can be suppressed and the kaon mixing constraint satisfied
accordingly.

There is one subtlety arising from our choice of
nonvanishing M}'.  Since M, is diagonalized by bi-
unitary transform, M3’ /my,, M, /m, ~ A%, A are
absorbed by Uﬁ, U:,?g ~ A2, A, respectively. Imposing
sz = Mﬁl = 0, one finds Uj,ze ~ A is still needed to
ensure Mﬁl = (0. We see that BCIH%R ~ A would again be
generated, which is not acceptable. If we now set M, 53 /my
to zero but retain Mfiz/mb ~ 1, one finds Uﬁ ~ A s
still needed, again leading to Usk ~ A. Thus, to keep
(MK /m? ~ A, we need to decouple s flavor from other
generations, i.e., M§3 and M;z both set to zero, and we
would have no new physics effects in B; mixing and
b — svy decays. Stringent Amg and e constraints lead
to four texture zeros in M,. In the usual approach of
quark-squark alignment, one drops M;l and M;z (hence
SllizR and 55}%) to satisfy B; mixing and b — sy con-
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FIG. 1. (a) Amg, and (b) sin2¢g, vs ¢ = argdjpg, including

both SM and SUSY effects, for squark mass m = 1.5 TeV. The
solid (short-dashed), long-dashed (dotted) curves correspond to
mgz = 1.5,3 TeV for ¢p3 = 65° (85°), respectively. The horizon-
tal lines in (a) indicate the 20 experimental range; theoretical
error would allow larger sin2®p range than shown.

straints, allowing for lower m;, m; that can give collider
and other signatures. In an earlier work we considered
decoupling the d flavor [12], which again has four texture
zeros. We return to a discussion of this case later.

A general consequence of quark-squark alignment [8]
is worthy of note: Uﬁ = (0 implies ULI,% ~ [Veal = A,
which would generate DO-DO mixing since BﬁL ~ A
This is of interest since recent data hint at [5] the possible
existence of D° mixing. The FOCUS experiment reports
a 2.20 deviation of the lifetime ratio of D — K™K+
vs K~ 7" from 1, while the CLEO experiment reports
a 1.80 effect on yp = ypcosdp — xpsindp, where
Xp = AmD/FD, yp = AFD/FD, and 6p is the rela-
tive strong phase between D° — K7~ and K 7+
decay amplitudes. The two results can be better recon-
ciled if 6p # 0 [6]. While it is certainly premature to
conclude that one has nonvanishing xp (which would
imgly new physics), what we find intriguing is that
SJLL ~ A with m, mg ~ TeV brings xp right into the
ballpark of present sensitivities. ~We illustrate xp Vs
m in Fig. 2 for several mg values =TeV. The zeros
reflect a possible cancellation between various terms in
case the 6’s have a common phase. In practice this is
unlikely, since the SUSY phases in 8J%L’RR are largely
unconstrained, but it illustrates the adjustability of xp.
However, one has an explicit example where detectable D°
mixing would likely [13] carry a CP violating phase.

Having satisfied Amg, ex by construction, one can still
have interesting and measurable effects in B; and D° mix-
ings even if SUSY breaking is at TeV scale. This is be-
cause of large dg-bg and ity -¢; mixings which follow from
Abelian horizontal charges and low energy constraints.
Unfortunately, the SUSY scale is so high such that there is
practically no impact on penguins such as &'/e, b — sy
and b — dvy. One also has the depressing situation that
the squarks and gluino cannot be produced at the Tevatron
or the CERN LHC. While we cannot change the latter,
we find that radiative penguins can pick up some exotic
effects in SUSY breaking, such as the presence of non-
standard soft breaking C terms.

We are interested in bona fide evidence for physics be-
yond the SM. One such effect is mixing dependent
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FIG. 2. xp vs m. Dotted, solid, and dashed curves are for
mgz = 0.8, 1.5, and 3 TeV, respectively, for tan = 2.
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CP violation in b — sy or dvy transitions [14].
The_ effective Hamiltonian is given by Heg &
mpd(C7R + CéL)o'MF’“’b. Mixing dependent

CP violation in B° — My decay is rather analo-
gous to the golden J/¢yKs mode; ie., ayo, =
£sin29 sin[2¢p — ¢ (C7) — H(Cy)]sinAmz , where
CP(M®) = éMO, ¢(C§/)) is the phase of c§’), and
sin29 = 2|C;C51/(1C71* + |C5|?).  One clearly needs
both C; and C} for the interference to occur. In the
SM, however, C7/C; = mgy/my and is hence negligible.
Thus, apo, is sensitive to new physics [14].
At m scale the SUSY contribution is

8204

ms
Cé,g & Grm? [551%1%82()6) — ke m_zg4(x)i|, 4)

where g;(x) = —d/dx[xF;(x)] with F;(x) taken from
[15]. Exchanging L < R gives the correction to C7, and
QCD running can be taken from [16]. The chiral or RL
enhancement in Eq. (4) is apparent, noted already in our
study [12] of large 5-b mixings. It has also been invoked
to generate £'/e via an analogous 533 term [17] under a
horizontal U(2) (hence non-Abelian) symmetry model.
We see that large 5:1%,@ or 5:1133L mgz/my, are needed, which
is precisely our case with Abelian horizontal symmetry.
The RL enhancement factor mgz/m;, can compensate for

quark mass suppression in (M, RL- Unfortunately, the high
SUSY scale leads to too severe a suppression in 1/Grm?.
We find, however, that large appo,, is still possible when
considering certain nonstandard soft breaking terms
[18,19]. Allowing for a nonstandard C{H:)Y"D;Dpy
[20] besides the standard Ad<£{d)Y 'D.Dj, it is natural
that Ay ~ C ~ m; hence (M3)jr ~ mM, tanB, and
one gains a tanS = [(H;)/{Hg)| enhancement factor,
while (Mf)lL]R ~ mM,i is unaffected. Some zeros in

(qu)LR may be lifted since these C terms are no longer
holomorphic, but they are still suppressed. Arising from
the superpotential, M,, and hence U, r, is unchanged,
so the result for D° mixing remains unchanged. The
3;,2“ contribution to kaon mixing remains protected by
the smallness of Mﬁl/ m. Likewise, for B; mixing, tan/3
enhancement of 501,2 r.rL is insufficient to overcome m,/ m
suppression and 5011;1% still dominates.

We illustrate in Figs. 3(a) and 3(b) the ratio B(B —
X4v)/B(B — Xg4v)sm and sin2d9 with respect to m, for
mgz = 1.5 TeV and tanB8 = 50,20, and 2 (this also illus-
trates the case of the standard A term only). The rate en-
hancement over the SM can reach a factor of 5, 1.8, and a
few percent, respectively; hence B(B — pvy) could reach
the 1073 level, while sin2 can easily reach maximum for
large tan3. We note that current limits on B — py are be-
ginning [21] to probe such levels, as the B factories have
demonstrated their K/ (hence K*/p) separation capa-
bilities, and data are accumulating fast. There is a further
advantage in studying mixing dependent CP asymmetries
Apoy, Auy: p°, w — 77 (7°) gives vertex information
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FIG. 3. (a) BB — X;v)/B(B — X v)sm and (b) sin2¢ vs
m for mz = 1.5 TeV. The solid, dashed, and dotted curves
correspond to tanB = 50,20, and 2, respectively.

but not in the K** — K970 case, and one would have to
go to modes such as B — K ?y, where one is penalized
by K} — p°K° branching ratios.

Our exotic “nonstandard C term,” together with large
dr-bg mixing [Egs. (1) and (2)] and large tan8 (motivated
by the large m,/m, ratio), gives an existence proof for pos-
sible prominence of B — p°y, w7y modes, both in rate and
mixing dependent CP asymmetries. They should be prior-
ity search and study items for the coming years. Taking a
more liberal point of view, in principle, one can have fla-
vor violating soft SUSY breaking terms [12] which could
easily generate 552 r.rL, Without resorting to nonstandard C
terms. Thus, the b — d7y search provides a more general
probe of flavor violation in SUSY.

We now entertain the case of decoupling d flavor but
keeping M32 ~ 1, which was studied in [12] from a dif-
ferent perspective. From a consideration of Amg, ek,
and D° mixing, the squarks and gluinos are again at TeV
scale, but since 5g-bg mixing is large, there may be one
squark that is lighter than the rest. Clearly, B; mixing can
be easily enhanced; hence the CKM unitarity constraint
through Amp /Ampg, again should be relaxed. Thus, a
lower sin2¢ g, than predicted by the CKM fit is possible,
while the CP phase of B, mixing is likely nonvanishing,
testable at the Tevatron soon. The model, however, is con-
strained by b — svy. Since 8131 /8332, ~ A ~ Viy/V, in
the SM, we can take Fig. 3 as a rough estimate for b — svy
in the present case. Allowing for a 20% rate uncertainty
for the measured B(B — X,y) = (3.15 = 0.54) X 1074,
we see that for the heavier m; ~ 3 TeV case, tanf3 up to
20 is allowed, and sin2? can go up to ~0.5; hence the
aypo, study should also be pursued. For lighter m; such
as 1.5 TeV, the enhancement factor for large tanf starts
to break the good agreement between the SM and experi-
ment; hence it seems one cannot have both large tanf and
7, mg too light (TeV or less). This should apply to the
lightest squark in the present case. One may alternatively
say that, despite the stringent constraint of the b — s7y
rate, one can still have nontrivial mixing dependent CP
asymmetries.

We give explicit charge assignments for the main case
studied. Two S; fields are used to break the horizontal
symmetry, (S1)/M ~ (S,)/M ~ A% where A = 0.18 (to
fit the smallness of V,;, better). The horizontal charges are
(—=1,0) and (0, —1) for S; and S», and
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01: (8,—-2), 0»: (1,3), 03: (2,-2),
di: (=2,10 [5]), do: (9[4],-3), ds: (—2,8[3],
i: (—3,11), itr: (0,3), i3: (—1,2),

for small tanB [tanB ~ 50]. With these assignments,
21,12 2332

M, M and My ", Mg vanish, and corresponding
elements in (M3)jpg/m? become ~A12[7 or A11[6], The
nonstandard C term restores the vanishing elements of
(M3 ~ mM4 to some power, but they do not affect
quark mass. Additional rotations from the Ké&hler poten-
tial may lift the zeros to the so-called filled zeros [9]. Their
effect is small in this model. Detailed discussions will be
given elsewhere.

Some remarks are in order. (i) Our numerics are
only illustrative, since the &’s cannot be specified fully.
(i) Because of stringent Amyg and eg constraints,
(g'/&)SYSY in this model is always very small. (iii) The
neutron edm is well protected by my/m in the generic
picture. However, with nonstandard C terms, one may

need to restrict the phase of M} [and (ANL%)FR induced by
m]to 0.1 when tang is very large (such as 50). (iv) Direct
CP asymmetries in b — dy would get diluted rather than
enhanced by SUSY, especially if a,o,, a,o, are large.
(v) For large tan 3, the neutralino box diagram contribution
to neutral meson mixings becomes important, especially
if one takes a gaugino mass relation motivated by grand
unification, which also holds true in gauge-mediated
SUSY breaking models. However, the qualitative features
of Figs. 1 and 2 remain the same. (vi) Chargino loops
involving light stop or chargino may give rise to very
significant effects [22] for large tanB that may require fine
tuning. To avoid this, |u| ~ TeV scale is needed. As for
stop, we have followed Ref. [8] with the tacit assumption
that flavor and SUSY scale are not too far apart; hence
the stop does not become too light by large accumulative
renormalization group running. Finally, with high m;
and mj scale but no tang enhancement, SUSY induced
radiative ¢ — uy is smaller than two-loop SM correction,
while for ¢+ — ¢ it enhances the SM result of ~107 13 by
3 orders of magnitude.

In summary, dg quark mixings are naturally the largest
in Abelian horizontal models. Such flavor (and CP) vio-
lation effects can be brought to light by d ik squark loops.
Stringent K° mixing and ex constraints reqzuire setting
MY = M3 = 0. If we choose to retain M3 /mj, ~ A,
the s flavor has to be decoupled, and interestingly one does
not have to face b — sy constraint. Squarks and gluinos
have to be at TeV scale, but they can shift sin2¢ to the low
value reported by B factories. Quark-squark alignment in-
duces ii -¢; mixing that can give D° mixing close to recent
hints from CLEO and FOCUS. Penguin related phenom-
ena are in general untouched, but nonstandard soft SUSY
breaking C terms could, through large tanf8 enhancement,
bring B — py, wy rates to the 107> level, while mixing
dependent CP asymmetries could be maximal. Similar ef-

fects can be induced by generic flavor violating soft SUSY
breaking terms. If one keeps M}*/my, ~ 1, then d flavor
has to be decoupled. B; mixing can be greatly enhanced
with likely the nonvanishing CP phase. One again could
have measurable D° mixing, while the more constrained
b — s transition could have mixing dependent CP asym-
metries of order 50%. The new physics phenomenology
outlined here can be tested at B factories and the Tevatron
in the next few years.
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