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We demonstrate a new source for flavor-changing neutral currents within the minimal supersymmetric
standard model. At moderate to large tanb, it is no longer possible to diagonalize the masses of the
quarks in the same basis as their Yukawa couplings. This generates flavor-violating couplings of the form
bRdLf and bRsLf where f is any of the three neutral, physical Higgs bosons. These new couplings
lead to rare processes in the B system such as B0 ! m1m2 and B0 2 B

0
mixing. We show that the

latter are anomalously suppressed, while the former is in the experimentally interesting range, with an
observable signal possible at Run II of the Tevatron if mA & 400 700 GeV.

PACS numbers: 12.60.Jv, 11.30.Hv, 12.15.Mm, 13.20.He
Extensions of the standard model containing more than
one Higgs SU(2) doublet generically allow flavor-violating
couplings of the neutral Higgs bosons. Such couplings,
if unsuppressed, will lead to large flavor-changing neu-
tral currents, in direct opposition to experiment [1]. Mod-
els such as the minimal supersymmetric standard model
(MSSM) avoid these dangerous couplings by segregating
the quark and Higgs fields so that one Higgs �Hu� can
couple only to u-type quarks while the other �Hd� couples
only to d-type. Within unbroken supersymmetry this di-
vision is completely natural; in fact, it is required by the
holomorphy of the superpotential.

However, after supersymmetry is broken, there is noth-
ing left to protect this division. In fact, it has been known
for some time that couplings of the form QUcH�

d and
QDcH�

u are generated at one loop [2]. Hall, Rattazzi,
and Sarid (HRS) [3] showed that at moderate to large
tanb � �Hu���Hd� the contributions to d-quark masses
coming from the nonholomorphic operator QDcH�

u can
be equal in size to those coming from the usual holomor-
phic operator QDcHd despite the loop suppression suf-
fered by the former. This is because the operator itself
gets an additional enhancement of tanb. That is, the prod-
uct tanb�16p2 need not be very small as tanb approaches
its upper bound of 60 to 70.

The HRS result was followed shortly by Ref. [4] which
analyzed the entire d-quark mass matrix in the presence
of these corrections and found appreciable contributions to
the Cabibbo-Kobayashi-Maskawa (CKM) mixing angles.
It has also recently been realized that the HRS corrections
can significantly alter the (flavor-conserving) couplings of
the Higgs bosons [5,6]. In this Letter we take our analy-
sis from Ref. [6] one step further and show that flavor-
changing couplings of the neutral Higgs bosons are also
generated. We will show that these couplings can be ap-
preciable and can be so even without invoking squark mix-
ing and/or nonminimal Kähler potentials [7], and remain
large even in the limit of heavy squarks and gauginos.
These new couplings generate a variety of flavor-changing
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processes, including B
0

2 B0 mixing and decays such as
B0 ! m1m2 which we will study in this Letter. A more
complete discussion of these and other effects will be found
in a forthcoming paper [8].

We begin by writing the effective Lagrangian for the
interactions of the two Higgs doublets with the quarks in
an arbitrary basis:

2Leff � DRYDQLHd 1 DRYD�eg 1 euYy
UYU�QLH�

u

1 H.c. (1)

Here YD and YU are the 3 3 3 Yukawa matrices of the
microscopic theory, while the eg,u are the finite, loop-
generated nonholomorphic Yukawa coupling coefficients
derived by HRS. The leading contributions to eg and eu

are generated by the two diagrams in Fig. 1.
Consider the first diagram in Fig. 1. If all Q̃i masses

are assumed degenerate at some scale Munif then, at lowest
order, i � k and the diagram contributes only to eg:

eg 	
2a3

3p
m�M3f�M2

3 , m2
Q̃L

, m2
d̃R

� , (2)

where f�x, y, z� is defined in Ref. [3], and f�x, x, x� �
1��2x�. Meanwhile, the second diagram of Fig. 1 con-
tributes to eu:

eu 	
1

16p2 m�AUf�m2, m2
Q̃L

, m2
ũR

� . (3)
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FIG. 1. Leading contributions toeg and eu. Indices i, j, k,
and n label flavors.
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(We assume that the trilinearA terms can be written as
some flavor-independent mass timesYU .) For typical
inputs, one usually findsjegj is about 4 times larger
than jeuj.

However, there is another sizable contribution toeu, this
one coming from thefirst diagram in Fig. 1. It is well
known thatQ̃i degeneracy is broken by radiative effect
induced by Yukawa couplings. While this would appea
to be a higher-order effect, forMunif ¿ MSUSY it is am-
plified by a large logarithm and thus can beO �1�. At the
supersymmetric (SUSY) scale, we can write theQ̃ mass
matrix in the form [9]

m2
Q̃ 	 m 2�1 1 cYy

UYU 1 cYy
DYD� , (4)

where

c 	 2
1

8p2

3m2
0 1 A2

0

m 2 log

µ
Munif

MSUSY

∂
. (5)

m0 andA0 are the common scalar mass and trilinear so
term atMunif, andm 2 is a flavor-independent mass term
The effect of this nonuniversality is to generate a contrib
tion toeu proportional toa3 and thus potentially large (the
Yy

DYD piece is irrelevant to flavor-changing questions
Specifically,

Deu 	

(
2ceg�3 �m2

Q̃ 	 M2
3 �

2ceg�2 �m2
Q̃ ¿ M2

3 �
. (6)

If Munif is identified as the grand unified theory (GUT
scale, thenc is typically in the range21 & c & 2

1
4 .

Thus, this second contribution can either dramatically i
creaseeu or potentially cancel much of it off, depending on
their relative (model-dependent) signs. Perhaps more
portantly, this contribution can still lead to largeeu even
if the A terms at the weak scale are small compared to t
squark masses.

Now we return to Eq. (1). We can simplify it con-
siderably by working in a basis in whichYU � U and
YD � DV0y whereV0 is the CKM matrix at lowest order
(the meaning of this will be clear shortly) andU andD are
both diagonal. Then

2Leff � DRDV0yQLHd

1 DRDV0y�eg 1 euUyU�QLH�
u 1 H.c. (7)

It is clear that in the absence of theeu term, all pieces of
the effective Lagrangian can be diagonalized in the sa
basis, preventing the appearance of flavor-changing neu
currents (FCNCs).

To see how this works witheu included, it is sufficient
to keep only the Yukawa couplings of the third generatio
so that�U�ij � ytdi3dj3 and �D�ijybdi3dj3. The flavor-
conserving pieces ofLeff then have a form proportional to

DV0y � yb

0
B@ 0 0 0

0 0 0
V 0

ub V 0
cb V 0

tb

1
CA , (8)

while the flavor-changing piece has the form

DV0yUyU � y2
t yb diag�0, 0, V 0

tb� . (9)
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We can define a physical eigenbasis by rotating thed com-
ponent ofQL by a new matrixV defined by diagonalizing
the mass matrix:�VyYyYV�ij � diag� y 2

d , y 2
s , y 2

b � where
theyi are defined to be the“physical” Yukawa couplings,
e.g.,mb � ybyd , and

Y � DV0y�1 1 tanb�eg 1 euUyU�� , (10)

the tanb coming from theyu which multiplies the loop-
induced terms.V can now be interpreted as the physical
CKM matrix.

In the physical basis, the�3, 3� element of the mass
matrix gives us the correctedb-quark mass:

yb 	 yb�1 1 �eg 1 euy2
t � tanb� . (11)

To get to this equation we used the fact that one finds n
large (i.e., tanb enhanced) corrections toVtb [4], so that
we can replaceV 0

tb 	 Vtb 	 1.
The corrected CKM elements are the elements ofV . In

particular,

Vub 	 V 0
ub

∑
1 1 eg tanb

1 1 �eg 1 euy2
t � tanb

∏
. (12)

The same form also holds for the correctedVcb , Vtd, and
Vts. Notice thatVub reduces toV 0

ub in the limit thateu � 0.
For eu fi 0, however, the rotation that diagonalized the

mass matrix does not diagonalize the Yukawa coupling
of the Higgs fields. RedefiningDL and DR as the mass
eigenstates, the effective Lagrangian for their couplings t
the neutral Higgs fields is

2Ld,eff � DRDV0yVDLH0
d

1 DRDV0y�eg 1 euUyU�VDLH0�
u 1 H.c.

(13)

Keeping only the flavor changing pieces, this simplifies
after some algebra to

LFCNC �
ybV �

tb

sinb
xFC�VtdbRdL 1 VtsbRsL�

3 �cosbH0�
u 2 sinbH0

d� 1 H.c. (14)

with the quark fields in the physical/mass eigenbasis, an
defining

xFC �
2euy2

t tanb

�1 1 eg tanb� �1 1 �eg 1 euy2
t � tanb�

(15)

to parametrize the amount of flavor changing induced.
The flavor-changing couplings between the Higgs mas

states and the fermion mass states are

h0bRdL: i cos�b 2 a�
H0bRdL: i sin�b 2 a�
A0bRdL: 1

9=
; 3

ybVtdV �
tbp

2 sinb
xFC . (16)

A similar expression holds for the Higgs couplings tobRsL

with Vtd replaced byVts. One nontrivial check of this
result is to take the Higgs decoupling limit in whichmA0 !
`, driving a ! b 2

p

2 . There theh0bRdL coupling goes
to zero as it should in any single Higgs doublet model.
229
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We will now consider two processes which constrai
and/or provide a signal for the Higgs-mediated FCNC
B0 2 B

0 mixing and the decayB0 ! m1m2. The case
of B0 2 B

0 mixing is actually quite amusing.DmBd is
very well known and usually provides one of the tight
est constraints on new sources of flavor violation in th
d-quark sector. And, in principle, mixing can be generate
by single Higgs exchange. The leading order contributio
of the three physical Higgs bosons to an effective opera
b

i
Rdi

Lb
j
Rd

j
L [i, j are SU(3) indices] is proportional to the

product of vertex factors and propagators given by

F �
∑

cos2�b 2 a�
m2

h
1

sin2�b 2 a�
m2

H
2

1

m2
A

∏
. (17)

However,F � 0 at lowest order.
It is natural to ask whether this zero survives loop co

rections, and one finds that it does not. We have cons
ered in detail the largest nonzero contribution, which aris
from top-stop induced vacuum polarization on the inte
nal Higgs line. While these propagator corrections to th
Higgs are known to be large [10], we find that the leadin
term (which is a correction to theHu line) is suppressed
by 1� tan2b. The next-leading term (a correction on th
Hd line due to left-right stop mixing) is present but is no
very large. All other radiative corrections we expect to b
even smaller.

One can still derive a bound onmA by demanding that
the MSSM contribution toDmBd is less than its observed
value. Assuming degenerate MSSM spectrum and co
structive interference between Eqs. (3) and (6), we fin
mA & 100 to 125 GeV for tanb � 40 to 60. Direct search
constraints aside, it is known that models with such a lig
second Higgs doublet generally contribute far too much
b ! sg and are therefore already ruled out [11]. Thus th
new source of flavor changing rules out a part of parame
space which is already known to be disfavored.

We now consider the rare decayB0 ! m1m2. This
occurs via emission off the quark current of a single virtu
Higgs boson which then decays leptonically. The large
leptonic flavor-changing branching fraction would clearl
be to t1t2. However, the branching fraction tom’s is
suppressed only by�mm�mt�2 times a phase space factor
which is only about 1 part in 100. Given the extrem
difficulties encountered in trying to measure thet mode
experimentally, it is doubtful that it will ever provide an
interesting constraint or signal in and of itself. Thus w
will concentrate on them channel.

The partial width for the processB0
�d,s� ! m1m2 is

given by

G�B0
�d,s� ! m1m2� �

h
2
QCD

128p
m3

Bf2
By 2

by2
mjV

�
t�d,s�Vtbj

2

3 x2
FC�a2

1 1 a2
2� , (18)

where a1 � �sin�b 2 a� cosa��m2
H 2 �cos�b 2 a� 3

sina��m2
h and a2 � 2 sinb�m2

A. In the largemA, large
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tanb limit, a2
1 1 a2

2 	 2�m4
A. The QCD correction is

identical to the usual running of a quark mass operat
which in this case giveshQCD between 1.4 and 1.6
for mA between mZ and 500 GeV. Experimentally,
B�B0

�d,s� ! m1m2� , �6.8, 20� 3 1027 at 90% con-
fidence [12]. Thus G�d,s� , �2.9, 8.7� 3 10219 GeV.
Theory predicts the partial width forB0

s ! m1m2 to be
enhanced by�Vts�Vtd�2 	 25. Thus one expects a signa
in B0

s decays before one is observed inB0
d.

A quick estimate can give us an impression of the im
portance of these new contributions. For nearly dege
erate MSSM particles, one findsjegj 
 1�80 and jeuj 

�1�4� jegj, not including ineu the contribution of Eq. (6).
We derive a bound onmA from the limit onB0

s ! m1m2

and usingfB � 180 MeV and jVtsj � 0.04. The bound
depends sensitively on the signs ofeg and eu as well as
the size of thec parameter of Eq. (6), which we take in
the range23�4 # c # 0. We also demand thatyb # yt

to avoid problems with perturbation theory and consisten
with unification; this places an upper bound on tanb as a
function of eg, eu, andc. Varying over all of these, the
strongest bounds aremA . �225, 175, 230, 215� GeV for
tanb � �29, 65, 38, 65�, c � �23�4, 0, 0, 23�4�, and the
signs of�eg, eu� being�22, 12, 21, 11�, respectively.
Minimal GUT models withb 2 t unification would pre-
fer eg to be negative [3,13], where our bounds are mo
stringent.

Like the case ofB0 2 B0 mixing, we are finding our-
selves in the range already constrained byb ! sg and
direct searches. However, unlike the mixing case whe
the MSSM contribution was typically smaller than th
standard model prediction, here we are still far abo
the standard model which predictsB�B0

�d,s� ! m1m2� 	
�1.5, 35� 3 10210 [14]. And because theB0 2 B

0 mix-
ing constraint is so much weaker than naive expectatio
processes such asB0 ! m1m2 which are usually less sen-
sitive to new sources of flavor changing can now be the
primary probe. Thus further experimental data can signi
cantly improve the bounds onmA or find a nonzero signal
induced by supersymmetry.

So what is implied for Run II at the Tevatron? Assum
ing no change in their efficiencies and acceptances, C
can in principle place a boundB�B0

s ! m1m2� , 1 3

1027 given 1 fb21 of data, a factor of 20 stronger than
present. Thus the region probed inmA will increase by
201�4 	 2:

mA . �475, 370, 490, 450� GeV (19)

for the same sets of inputs as previously. After collec
ing 5 fb21 these masses increase by another 50%, up
725 GeV. This can be a very important signal for supe
symmetry sincethis source of flavor changing does not
decouple as MSUSY ! ` so long asmA does not also get
very heavy. That is to say, the bound onmA is roughly in-
dependent ofMSUSY. Therefore supersymmetric spectr
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in the multihundred GeV to TeV range may be probe
at the Tevatron through rareB decays even when direct
production of supersymmetry (including the second Hig
doublet) cannot be observed.

Since the precise predictions forB�B0
s ! m1m2� are

highly dependent on the individual model, these estima
should be taken only as indicative. Furthermore, the
are nontrivial and very interesting correlations betwee
B0 ! m1m2 and other loop-generated processes such
b ! sg and �g 2 2�m. A signal in one of these may
be a harbinger of a signal in another, though no mod
independent statement can be made since each decou
in a different limit (largemA, mQ̃, andmL̃, respectively).
Further work exploring these correlations and others w
be forthcoming [8].

It is also possible to look for new sources of flavo
changing in inclusive semileptonic decaysB ! Xsm

1m2.
The width for this process can be extracted from Eq. (1
by replacement offB with mB and dividing by192p2 for
the 3-body phase space. Comparing to current bounds [
yields constraints onmA that are weaker by a factor of
1.8 than the bounds from the purely leptonic mode. T
ability of future experiments to extract information from
this mode will be discussed in [8].

In summary, we have found that neutral Higgs boso
are capable of mediating flavor-changing interaction
within the MSSM. This result is generic and does n
rely on assumptions about sparticle mass nonuniversa
which are usually required in order to get FCNCs. The
interactions are enhanced at large tanb and are in the
range that will be experimentally probed in the nea
future. In particular, we have shown that SUSY may b
discovered in Run II of the Tevatron in rareB decays long
before direct production of sparticles is observed.
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