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We demonstrate a new source for flavor-changing neutral currents within the minimal supersymmetric
standard model. At moderate to large tang, it is no longer possible to diagonalize the masses of the
guarks in the same basis as their Yukawa couplings. This generates flavor-violating couplings of the form
brd; ¢ and brs; ¢ where ¢ is any of the three neutral, physical Higgs bosons. These new couplings
lead to rare processes in the B system such as B — u*u~ and B® — B° 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 Il of the Tevatron if m, < 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) doubl et 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 (H,) can
couple only to u-type quarks while the other (H,) 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 QU°H; and
OD‘H,, are generated at one loop [2]. Hall, Rattazzi,
and Sarid (HRS) [3] showed that at moderate to large
tanB = (H,)/(H,) the contributions to d-quark masses
coming from the nonholomorphic operator QD°H,, can
be equal in size to those coming from the usua holomor-
phic operator QD H, 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 tan /1672 need not be very small astang3 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 Kahler potentials [7], and remain
large even in the limit of heavy sguarks and gauginos.
These new couplings generate a variety of flavor-changing
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processes, including B” — B mixing and decays such as
BY — u* ™ which we will study in this Letter. A more
complete discussion of these and other effectswill befound
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:

—Leir = DrYpQrHy + DrYple, + EMY(TIYU]QLH;
+ H.c. D

Here Yp and Yy are the 3 X 3 Yukawa matrices of the
microscopic theory, while the €, , are the finite, loop-
generated nonholomorphic Yukawa coupling coefficients
derived by HRS. The leading contributions to €, and €,
are generated by the two diagramsin Fig. 1.

Consider the first diagram in Fig. 1. If al Q; masses
are assumed degenerate at some scale M ,,,;¢ then, at lowest

order, i = k and the diagram contributes only to €,:
_2a3 2 2 2
€= 3K Msf(M3,mg ,m3 ), 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 €,:

. * 2 2 2
€y = 1672 M AUf(M ’mQL’mﬁR) . (3)
_ : H* H*
QLk ' U ~ B U
(5“ /—4—’/ ) \\\DR]' URk QLn
QLi DRJ Qi DRJ
_qu‘wm — —
g Hy, Hp

FIG. 1. Leading contributions te, ande,.
andn label flavors.

Indicesi, j, k,
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(We assume that the trilinear terms can be written as We can define a physical eigenbasis by rotatingttvtem-

some flavor-independent mass tim&g.) For typical ponent ofQ; by a new matriXV defined by diagonalizing

inputs, one usually findde,| is about 4 times larger the mass matrix(VIytyv),; = diag 77,52,5;) where

than|e,|. the, are defined to be thgphysical Yukawa couplings,
However, there is another sizable contributior fothis  e.g.,m;, = ¥, v4, and

one coming from thdirst diagram in Fig. 1. It is well B 0

known thatQ; degeneracy is broken by radiative effects Y =DVl + tanB(e, + € UTU),  (10)

induced by Yukawa couplings. While this would appearthe tarB coming from thev, which multiplies the loop-

to be a higher-order effect, fa,,;; > Msysy it is am-  induced terms.V can now be interpreted as the physical

plified by a large logarithm and thus can B51). Atthe  CKM matrix.

supersymmetric (SUSY) scale, we can write fhemass In the physical basis, thé3,3) element of the mass
matrix in the form [9] matrix gives us the corrected-quark mass:
m} = m3(1 + cY{Yu + cYpYp), 4) 5, = [l + (e, + e,v2)tans]. (11)
where To get to this equation we used the fact that one finds no
1 3md + A} M it large (i.e., ta enhanced) corrections #,, [4], so that
€T T8 w2 lo <Msusy>' (®)  we can replac&/$ = v,, = 1.

mq andA, are the common scalar mass and trilinear soft | n€ corrected CKM elements are the element¥ ofn

term atM,,;;, andm? is a flavor-independent mass term. Particular,
The effect of this nonuniversality is to generate a contribu- Vo =0 1 + e, tang
tion to €, proportional tow; and thus potentially large (the ub = Vub| |y (e + ey tang 1’

YDYD_ _piece is irrelevant to flavor-changing questions).tha same form also holds for the correctéd, V,y, and
Specifically, , , V,,. Notice thatV,, reduces t&’?, in the limit thate, = 0.
Ae, ~ —ceg/3 (my = M3) ©) For e, # 0, however, the rotation that diagonalized the

“ —ceg/2 (mZQ > M3)° mass matrix does not diagonalize the Yukawa couplings
If My, is identified as the grand unified theory (GUT) of the Higgs fields. Redefining), and Dy as the mass
scale, thenc is typically in the range—1 =< ¢ = _%_ eigenstates, 'ghe eff_ectlvg Lagrangian for their couplings to
Thus, this second contribution can either dramatically in{N€ neutral Higgs fields is
creases, or potentially cancel much of it off, dependingon — L, er = 5RDV°*VDLH2
their relative_ (mode_l-de_pendent) _signs. Perhaps more im- + 5RDV°T[eg + e,UtUIVD,H" + H.c.
portantly, this contribution can still lead to largg even (13)
if the A terms at the weak scale are small compared to the
squark masses. Keeping only the flavor changing pieces, this simplifies

Now we return to Eq. (1). We can simplify it con- after some algebra to

(12)

siderably by working in a basis in whicky = U and ¥, Vi, _ _
Yp = DV whereV? is the CKM matrix at lowest order Lrene = —— xec[Viabrdr + Vigbgse]
. o sinB
(the meaning of this will be clear shortly) akbandD are 0 _ o
both diagonal. Then X (COBH,” — sinBH,) + H.c. (14)
— Lo = DrDVT 0, H, with the quark fields in the physical/mass eigenbasis, and
+ DrDV[e, + ,UTUIQ H? + He. (7) 9efining i
It is clear that in the absence of tlag term, all pieces of XFC = —€wyi tang 5 (15)
the effective Lagrangian can be diagonalized in the same (1 + e tanB)[1 + (e, + €,yi)tans]
basis, preventing the appearance of flavor-changing neutrgh parametrize the amount of flavor changing induced.
currents (FCNCs). The flavor-changing couplings between the Higgs mass
To see how this works witl, included, it is sufficient states and the fermion mass states are
to keep only the Yukawa couplings of the third generation 15 nd, - i codB — )
SO that(U)[j = y,5;35j3 and (D)inb8i35j3- The flavor- ()—R L: l : iﬁ _ CY) Vb thV;b
nserving pi of .y then have a form proportional t H brdp:ising = a) rx g xrc. (16)
conserving pieces of ¢y then have a form proportional to A% dy: 1 V2sing
0 0 0 - . . L
pvet =y,| 0 0 o |, ®) A similar expression holds for the Higgs coupling®ies;.

VOb V(~)b V% with V,; replaced byV,;. One nontrivial check of this

_ A ! result is to take the Higgs decoupling limit in whigh. —

while the flavor-changing piece has the form %, drivingae — B — . There thei%b pd, coupling goes
DVTUTU = y2y, diag0,0, V). (9) to zero as it should in any single Higgs doublet model.
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We will now consider two processes which constraintan limit, a} + a3 = 2/mj4. The QCD correction is
and/or provide a signal for the Higgs-mediated FCNCsidentical to the usual running of a quark mass operator,
B’ — B” mixing and the decay’ — u*u~. The case Wwhich in this case givespocp between 1.4 and 1.6
of B — B° mixing is actually quite amusingAmg, is for msy betweenm; and 500 GeV. Experimentally,
very well known and usually provides one of the tight- B(Bly,) — u*u™) < (6.8,20) X 1077 at 90% con-
est constraints on new sources of flavor violation in thefidence [12].  ThusT,) < (2.9,8.7) X 107" GeV.
d-quark sector. And, in principle, mixing can be generatedTheory predicts the partial width &89 — " u~ to be
by single Higgs exchange. The leading order contributiorenhanced byV,,/V,,)*> = 25. Thus one expects a signal
of the three physical Higgs bosons to an effective operaton BY decays before one is observedsf.
brdibidy [i,j are SU(3) indices] is proportional to the A quick estimate can give us an impression of the im-
product of vertex factors and propagators given by portance of these new contributions. For nearly degen-

] erate MSSM particles, one finds,| = 1/80 and|e,| =

F = [cosz(ﬁ —a) SiP(B — a) L} @7) (1/4)lel, notincluding ine, the contribution of Eq. (6).
mj, miy mj We derive a bound om, from the limit onB? — u*u™

However, F = 0 at lowest order. and usingfs = 180 MeV and|V,,| = 0.04. The bound

It is natural to ask whether this zero survives loop cor-depends sensitively on the signs of and €, as well as
rections, and one finds that it does not. We have consid€ size of thec parameter of Eq. (6), which we take in
ered in detail the largest nonzero contribution, which arisef€ range-3/4 = ¢ = 0. We also demand that, = y
from top-stop induced vacuum polarization on the inter-to_aVO'd_ prot_JIems Wlth perturbation theory and consistency
nal Higgs line. While these propagator corrections to theVith unification; this places an upper bound on faas a
Higgs are known to be large [10], we find that the leadingfunction of e, €,, andc. Varying over all of these, the
term (which is a correction to th, line) is suppressed Strongest bounds ame, > (225,175,230,215) GeV for
by 1/tar?8. The next-leading term (a correction on the tan8 = (29,65,38,65), ¢ = (—3/4,0,0,—3/4), and the

H, line due to left-right stop mixing) is present but is not SIgNS Ofte,, €,} being(——, +—, —+, ++), respectively.
very large. All other radiative corrections we expect to beMinimal GUT models withb — 7 unification would pre-
even smaller. fer e, to be negative [3,13], where our bounds are more

One can still derive a bound on, by demanding that Stringent. P o
the MSSM contribution ta\my, is less than its observed  Like the case oB° — B” mixing, we are finding our-
value. Assuming degenerate MSSM spectrum and corfelves in the range already constrainediby- sy and
structive interference between Egs. (3) and (6), we findlirect searches. However, unlike the mixing case where
ma =< 100to 125 GeV for tag = 40 to 60. Direct search the MSSM contribution was typically smaller than the
constraints aside, it is known that models with such a lighstandard model prediction, here we are still far above
second Higgs doublet generally contribute far too much tdhe standard model which predicB(B{, ) — u*u~) =
b — s and are therefore already ruled out [11]. Thus this(1.5,35) x 10~!° [14]. And because th&° — B’ mix-
new source of flavor changing rules out a part of parameteihg constraint is so much weaker than naive expectation,
space which is already known to be disfavored. processes such & — u™ u~ which are usually less sen-

We now consider the rare dec#8? — w"n~. This sitive to new sources of flavor changing can now be their
occurs via emission off the quark current of a single virtualprimary probe. Thus further experimental data can signifi-
Higgs boson which then decays leptonically. The largestantly improve the bounds on, or find a nonzero signal
leptonic flavor-changing branching fraction would clearly induced by supersymmetry.
be tor" 7. However, the branching fraction ta's is So what is implied for Run Il at the Tevatron? Assum-
suppressed only by, /m,)* times a phase space factor, ing no change in their efficiencies and acceptances, CDF
which is only about 1 part in 100. Given the extremecan in principle place a boun®B(B? — u*tu™) <1 X
difficulties encountered in trying to measure thenode 1077 given 1 fb~! of data, a factor of 20 stronger than
experimentally, it is doubtful that it will ever provide an present. Thus the region probedsr, will increase by
interesting constraint or signal in and of itself. Thus we20!/4 = 2:
will concentrate on thex channel.

The partial width for the procesB,, — u*u~ is ma > (475,370,490,450) GeV (19)

iven b . .
9 y for the same sets of inputs as previously. After collect-

ing 5 fb~! these masses increase by another 50%, up to
725 GeV. This can be a very important signal for super-
(18) symmetry sincehis source of flavor changing does not
decouple as Msysy — o so long asn, does not also get
where a; = [sin(8 — a)cose]/m§ — [codB — a) X  very heavy. That is to say, the bound &g is roughly in-
sina]/mj anda, = —sinB/m3. In the largem,, large  dependent offsysy. Therefore supersymmetric spectra

2
7QCcD
1287
X xgclai + a3),

0 - — *
P(Buy— n'n’) = my 372y Vg Vs
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in the multihundred GeV to TeV range may be probedpartment of Energy under contracts DE-AC03-76SF00098
at the Tevatron through rar® decays even when direct and FG03-98ER41076 and by funds provided by Okla-
production of supersymmetry (including the second Higgshoma State University.
doublet) cannot be observed.
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