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B-meson signatures of a supersymmetric U(2) flavor model
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We discuss B-meson signatures of a Supersymmetric U(2) flavor model, with relatively light (electro-
weak scale masses) third generation right-handed scalars. We impose current B and K meson experimental
constraints on such a theory, and obtain expectations for B; — X,y, B, — X,g, By — X, {*{~, B, —
¢K,, B,B, mixing and the dilepton asymmetry in B;. We show that such a theory is compatible with all
current data, and furthermore, could reconcile the apparent deviations from Standard Model predictions

that have been found in some experiments.
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L. INTRODUCTION

The Standard Model (SM) of high energy physics suffers
from the gauge hierarchy problem and the flavor problem.
The first is the fine tuning required to maintain a low
electroweak mass scale (Mgy) in the theory, in the pres-
ence of a high scale, the Planck Scale (Mp). The second
problem is a lack of explanation of the mass hierarchy and
mixings of the quarks and leptons.

Supersymmetry (SUSY) eliminates the gauge hierarchy
problem by introducing for each SM particle, a new parti-
cle with the same mass but different spin. For example, for
each SM quark/lepton a new scalar (squark/slepton), and
for each SM gauge boson a new fermion (gaugino), is
introduced. If SUSY is realized in nature, the fact that we
do not see such new particles, we believe, could be because
SUSY is spontaneously broken, making the superpartners
heavier than the mass ranges probed by experiments.
Owing to a lack of understanding of how exactly SUSY
is broken, a phenomenologically general Lagrangian, for
example, the Minimal Supersymmetric Standard Model
(MSSM), is usually considered to compare with data.
Various experimental searches have placed constraints on
the masses and couplings in the MSSM.

Attempts have been made to address the flavor problem
by proposing various flavor symmetries. In a supersym-
metric theory, a flavor symmetry in the quark sector might
imply a certain structure in the scalar sector, leading to
definite predictions for flavor changing neutral current
(FCNC) processes on which experiments have placed se-
vere constraints. In the literature, a lot of attention has been
devoted toward analyzing the minimal flavor violation
(MFV) scenario, in which the scalar flavor structure is
aligned with the quark sector so that the two are simulta-
neously diagonalized. In MFV, the Cabibbo-Kobayashi-
Maskawa (CKM) quark-mixing matrix describes the flavor
changing interactions in the supersymmetric sector as well,
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and the only CP violating phase is the one in the CKM
matrix. In this work, we do not assume such an alignment,
and we will consider nonminimal flavor violation (NMFV),
which we treat as a perturbation over the MFV case.

In this paper we wish to explore in what form a super-
symmetric extension of the SM, with a U(2) flavor sym-
metry, could influence K and B physics observables. We
thus restrict ourselves to the quark and scalar-quark
(squark) sectors. We consider an “effective supersymme-
try” [1] framework, with heavy (TeV scale) first two
generation squarks, in order to escape neutron electric
dipole moment (EDM) constraints. This allows the possi-
bility of having large CP violating phases in the squark
sector. We consider a supersymmetric U(2) theory [2,3],
impose recent K and B meson experimental constraints and
obtain predictions for B, — X,y, B;— X,g, B;—
X "¢, B, — ¢K,, BB, mixing and the dilepton asym-
metry in B. Though we consider a specific flavor symme-
try, namely, U(2), our conclusions would hold for any
model with a sizable off-diagonal 32 element in the squark
mass matrix.

Some B physics consequences in a supersymmetric U(2)
theory have been considered in Ref. [3]. Large tanS effects
in B decays have been carefully analyzed in Ref. [4], but
for simplicity we will restrict ourselves to the case when
tanB is not too large. Other work along similar lines,
though in more general contexts, have been presented in
Refs. [5—8]. In this work we will include all dominant
contributions to a particular observable in order to include
interference effects between various diagrams. This has not
always been done in the literature. We will then study the
implications of recent data from the B-factories, including
the b — s penguin decay mode B; — ¢ K, which shows a
slight deviation from the SM prediction.

The paper is organized as follows: In Section II we
specify the supersymmetric U(2) theory we will work
with, and the choices we make for the various SUSY and
SUSY breaking parameters. In Sections III and IV we
consider AS = 2 (Kaon mixing) and AB = 2 (BB, and
B, B, mixing) FCNC process, respectively. In Section V we
will consider the implications of such a theory to AB = 1
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FCNC processes, namely B, — X;vy, B; — X,g, By —
X £7€¢" and B, — ¢K,. We conclude in Section VI. We
give details of various squark mixings and their diagonal-
ization in Appendix A, and collect loop functions that we
will need in Appendix B.

II. SUPERSYMMETRIC U(Q2)
A. The model

The supersymmetric model that we will discuss is as
described in Ref. [3], with the first and second generation
superfields (¢,, a = 1, 2) transforming as a U(2) doublet
while the third generation superfield (i) is a singlet. The
most general superpotential can be written as':

a ab
W = o Hy "‘%‘ﬁazH% + %%%H%

¢a¢b Sab
72 baasHipy + ﬁl//aQSH'vl’h + wH,H,,

D

+

where M is the cutoff scale below which such an effective
description is valid, the «; are O(1) constants, and three
new U(2) tensor fields are introduced: ¢“ a U(2) doublet,
¢ a second rank antisymmetric U(2) tensor and S a
second rank symmetric U(2) tensor. The parameter u
could be complex and we allow for this possibility.
Following Ref. [3], we assume that U(2) is broken sponta-
neously by the vacuum expectation value (VEV) [3]*

@r=(y ) @mmven o
($*) =V, 2)

with V/M = € ~ 0.02 and v/M = € ~ 0.004, in order to
get the correct quark masses. These VEV’s lead to the
quark mass matrix given by (we show only the down quark
mass matrix after the SU(2); is broken by the usual Higgs
mechanism)

d
£ D _&RERER jvld<SL> +h.C., (3)
by

"In the superpotential each term encodes the ““vertical” gauge
symmetry, which, at the weak scale, is SU(3) X SU(2) X U(1).
Thus (i, j labels generations),

YieHy; = ,QUSH, + a,UfQ;H, — a;Q;DiH,

— a,D{Q;H, + (Lepton sector).

>The dynamical means b%/ which this VEV is generated is left
unspecified. In general, (S??) can be different from {¢“), but for
simplicity we will assume that they are the same. Also for
simplicity, we take €, €' to be real.
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where v, = (h,) is the VEV of the Higgs field. In M, the
A;’s are O(1) (complex) coefficients, given in terms of the
a;’s. Ref. [3] shows that such a pattern of the mass matrix
explains the quark masses and CKM elements.

If U(2) is still a good symmetry at the SUSY breaking
scale, and broken (spontaneously) only below the SUSY
breaking scale, the SUSY breaking terms would have a
structure dictated by U(2). For our purposes it is sufficient
to consider the down sector squark mass matrices, and they
are given as

d dg
LD _325252M%L Sp | — (J;EZE;)M%R Sg
by br
d
+ | (dpssbip) M3, | 5, | +he. |, 4)
by
m? i€'m? 0

—ielm? 2 2,2 2%
iems my+ e m; €m;

M3, = MiM, +
2
0 emy m5 )L

+ D — term,

2 el m?
mj i€'ms 0

— el m2 2 2,02 2%
iems my+ em; €mg

M = MM} +
0 emj M3/ Rr
+ D — term,
0O —-A€ O
M2, = p tanBM, +v,| Al Aye Ase |, ()
0 Ale Az

where m? and A; are determined by the SUSY breaking
mechanism. Here mj, mj, mjandm? are real, while
mﬁandAi could be complex. We will assume that the A;
are of order A, a common mass scale. The D terms are
flavor diagonal, and since we are interested in FCNC
processes, we will not write them in detail, but will think
of them as included in m? and m3.

Thus far we have presented the mass matrices in the
gauge basis. In the following sections, we will work in the
superKM basis in which the quark mass matrix is diagonal,
and the quark field rotations that diagonalize the quark
mass matrix are applied to the squarks, whose mass matrix
would also have been diagonalized in the MFV scheme.
Since we will not assume an MFV structure, in the
superKM basis, there would be small off-diagonal terms
in the squark mass matrix, which we treat as perturbations.
The structure of the squark mass matrix in the superKM
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basis is similar to that in Eq. (5) owing to the smallness of
the mixing angles that diagonalize the quark mass matrix.

B. SUSY parameters

Lacking specific knowledge about the SUSY breaking
mechanism realized in nature, we make some assumptions
on the SUSY mass spectrum. Neutron EDM places strong
constraints on the CP violating phases and the masses of
the first two generations of scalars. To satisfy this and other
collider constraints, we consider an ‘“‘effective SUSY”
framework in which the scalars of the first two generations
are heavy, suppressing EDM, and allowing for larger CP
violating phases. Defining the scalar mass scale, my ~
1 TeV, we take all m; ~ mq except for m; ; = msgg ~
100 GeV. We take A ~ my, the gaugino mass parameter
M, and charged-Higgs masses to be 250 GeV and the
gluino mass to be 300 GeV.? We assume such a spectrum
just above the weak scale without specifying what mecha-
nism of SUSY breaking and mediation might actually give
rise to it. As we will show later, if realized in nature such a
spectrum would lead to enhancements in the processes we
are considering here.

The rates of various FCNC processes follow from the
mass matrix that we have specified in Eq. (5). We will work
in the superKM basis. The interaction vertices in the mass
basis are obtained by diagonalizing the mass matrices in
Eq. (5), and the perturbative diagonalization to leading
order is shown in Appendix A.

The dominant NMFV SUSY contributions to FCNC
processes would be due to the 32 and 23 entries in
Eq. (5), since they are the biggest off-diagonal terms. For
convenience we define

2
SRLRRLL _ (M rrLL)3223 6
3223 s (6)
m
0

Since we have written down an effective theory and not
specified the dynamics of U(2) and SUSY breaking, we can
only specify the order of magnitude of 83, ,3. To parame-
trize this uncertainty we write,

2
SRL  — VA€ JRL SLLRR _ €M1 JLLRR %
3223 7433 3223 — 3 303
mg mg

where we have denoted the unknown O(1) coefficients by
JLL.RRRL
32,23

We summarize our choice of the parameters in Table 1.
For these values, from Eq. (7), the natural sizes of 83, 53 are
given by

- LLRR _ LL,RR
8§£23 =6.82 X 10 4d§£23, 0353 = 0.02d3,7™.

®)
3The Tevatron bounds on the stop, sbottom and gluino masses

are discussed in Ref. [9]. We note here that the bounds in general
get less stringent as the neutralino mass increases.
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TABLE I. Default SUSY parameters for this work that satisfy
all experimental constraints discussed in this paper. All masses
are in GeV.

my 1000 tanf 5

mg i 100 o’ 200¢%2
mg s 1000 M, 250
mg, 1000 M, 300

A 1000 My 250
drt 2e132 diR 1.75¢'6

We will find in the rest of this paper that 6% induces
NMFV AB = 1 FCNC processes dominantly, while §R-LE
induces AS = 2 and AB = 2 FCNC processes. Though the
SR and S%L elements have similar magnitudes, the 65F
gluino NMFV contribution to AB = 1 FCNC processes is
larger, since we take bp to be much lighter than the other
scalars, and the 85 gluino diagrams are relatively sup-
pressed by the heavier b; mass. Therefore, in this work we
will include only the dominant 5% contribution. We illus-
trate this in Fig. 1, where we show the gluino contribution
to B;— X,y as an example. Similarly, owing to the
smaller bz mass, the 55%,; NMFV contribution to AS =
2 and AB = 2 FCNC processes is relatively larger com-
pared to the 85%,; contribution. We note here that, from
Eq. (All) in Appendix A, the sbottom mixing angle is
negligibly small, and therefore, we ignore sbottom mixing
effects; stop mixing is not as small and we include its
effects.

In the next three sections we will discuss the implication
of the U(2) model to AS =2, AB =2 and AB = 1 FCNC
processes. From this we will see that present experimental
data are compatible with the values shown in Table I, and
we will obtain expectations for some measurements that
are forthcoming. We will present plots of different FCNC
effects by varying a couple of parameters at a time, while
keeping all others fixed at the values shown in Table 1.

III. AS = 2 FCNC PROCESS

The CP violation parameter €x due to mixing in the
Kaon sector has been measured to be [10]

lex| = (2.284 = 0.014) X 1073, )

We wish to estimate the new physics contributions to €g in
the scenario that we are considering. Here we note that
even though the direct CP violation parameter €} /€ has
also been measured, large hadronic uncertainties do not
permit us to constrain new physics models through this
observable.

Kaon mixing is governed by the AS = 2 effective
Hamiltonian

5 3
HE = Z CQ; + Z C:0; (10)
= =
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Gluino contribution to B; — X 7y. The diagram on the left, proportional to 63", has the lighter scalar bg, while the one on the

right, proportional to 055, only has heavier scalars and is therefore relatively suppressed.

where,
Q1 = diy,sidiytsy, Q= dgsidhs),
0y = desPalsy, Q4 =dis stR, (11)

Os = C?%SEC?LBS%

The operators Q;(i = 1,2, 3) are obtained by exchanging
L < R. In the SM and the new physics model we are
considering, the dominant contributions are to Oy, as we
explain later in this section. The CP violation parameter €
is then given by (see, for example, Ref. [11])

im/a L 1 mKBKfK
32 Am

where By is the Bag parameter and f is the Kaon decay
constant.

In addition to the SM W box diagram contribution to Cy,
in the supersymmetric U(2) theory we are considering, the
charged-Higgs and chargino MFV contributions could be
sizable. The dominant MFV contributions to C; can be
written as

€x=e Im[C,(mg)] 12)

MV = W + ¢l + ¢, (13)

which is the sum of the SM W, the charged-Higgs, and the
chargino contributions, respectively.
SM contribution.—The SM W contribution is [12]

C§M(mz) = C}/V(mz)

Grmiy
= 42 {(Vt*dvts)st(xt)' + (V:dvcs)zso(xc)

+ Z(V[*dvtsvjdvcs)SO(xt’ xc)}) (14)

where the function S is given in Appendix B, Eq. (B3),
and x, = m?/m%,, x. = m2/m%,. The QCD correction due
to renormalization group running from m, to m,, gives

C]SM(mK) = CW(mK)
G ma y
F W{(Vzdvrv) 77K33SO(xz)
+ (V;chs) Nk22S0(x,)
+2(Vi Vi Vi Ve nknSolx, x0)}h - (15)

where the g are QCD correction factors given in Eq. (20)
below, and V;; are the CKM matrix elements.

Charged-Higgs contribution.—Supersymmetric theo-
ries require two Higgs doublets to give masses to the up
and down type fermions. The Higgs doublets contain the
charged-Higgs H™~, and the dominant charged-Higgs-top
contribution is [11]*

Gimi, .
Cllmy) = == (VigVu) L= FY)
1
\F/[ = mxthl(VH, Ty, Xp, Xz)
| (16)
+ mxthl(l, Yy, Xty .X't)
- mx,Yg(l, TH, Xpp Xp),

where ry = m%,/m%, and the functions Y, and Y, are
given in Appendix B, Eq. (B4).

Chargino contribution.—The dominant chargino-right-
handed-stop contribution is [11]

G2
Cy(m,) = F W( Vi) [ Fy ]
(17)
F\/\; = Z |FE\2€|2|FXR|2Y1 (rfz) rfzy Si) Sj))
where r; = mi/m%‘, s12 = m3, ,/miy, and the coupling is
given by

(CRai(Car m,
sinB  my’

I} = V2(Cp)1(CHi — (18)

with the chargino and stop diagonalization matrices (Cy)
and (C;) given in Appendix A, Egs. (A6) and (A10),
respectively . Taking into account renormalization group
running, we have

C?’X(mk) =~ 77K33C7'X(mt)- (19)

Gluino contribution.—In general, the NMFV gluino
contributions induce many operators shown in Eq. (11),
but in the model we are considering, these are not signifi-
cant due to a suppression from the heavy d and § masses,
Glashow-Iliopoulos-Maiani (GIM) suppression owing to
their approximate degeneracy (split only by O(e?) cf
Equation (5)), and the contribution from the relatively light

*The charged-Higgs also contributes to the operator Q,, which
becomes important only at large tang.
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right-handed-sbottom being suppressed by its small mixing
to the first two generations. Moreover, owing to the struc-
ture of the mass matrix, Eq. (5), the gluino contribution is
real, and hence does not contribute to €.

In our numerical analysis, we take the following values
for the various parameters [10,12]:

Nkm = 138, mgm = 0.47,
fi=0.160 GeV, 0.6 < By <0.9,

my = 0.497 GeV,
Amg = (3.48 = 0.01) X 10715 GeV,

m, = (1.2 + 0.2) GeV.

Mk3s = 0.57,

(20)

The SM prediction for €g is in agreement with the
experimental data, but it should be noted that there is
considerable uncertainty in the lattice computation of the
Bag parameter By (see Eq. (20)). The chargino and
charged-Higgs contributions to C; add constructively
with the SM contribution. Therefore, if the true value of
By is taken to be closer to the lower limit, we can allow
MFV contributions to be up by a factor of 1.2 compared to
the SM value; i.e., Im(CYFY)/Im(C$M) < 1.2. Figure 2
shows the region of MFV parameter space where this is
satisfied. This justifies some of the choices we make in the
list shown in Table I.

IV. AB = 2 FCNC PROCESSES

A. General formalism

We start by discussing in general Bqu mixing and later
specialize in succession to B,B, (q = d) and to B,B, (q =
s). The AB = 2 effective Hamiltonian is given by [13]:

5 3
Ht =3 Coi+> o, 1)
=1 =1

where, for B,

100 lu]
100 150 200 250 300 350 400
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Q1 = Giy.bgaly b, 0, = qabigibyt,
Qs = Gablakby, Q4= G3baL bR,
Qs = gxbl gL b

The operators Q; (i = 1, 2, 3) are obtained by exchanging
L < R. The Wilson coefficients C; are run down from the
SUSY scale, Mg, using [13]

C,(mp) =33 B + nel™)nC (M)

i

(22)

(23)

where 7 = a,(My)/a,(m,) and the a;, b; and ¢, are con-
stants given in Ref. [13].

The matrix elements of the Q; in the vacuum insertion
approximation are given by [13,14].

_ 2
<Bq|Ql(lu’)|Bq> = gm%qf%qu(M))

3 _ ("B Ve e
BlQal,) = =35 (e o 1 Bt

_ 1 m 2
B10sw1B) = 5 (e ) mh f Bk )

q

_ 1 2

Bol0uwIB) = 5 (L) i 5, Balw)
q
mp

(B 0s(w1B) = (- i 13, B,

my + my,
where we take for the decay constants fp =02+
0.03 GeV and the Bag parameters (at scale m,) B; =
0.87, B, =0.82, B; =1.02, B, =1.16 and Bs = 1.91
[13,14].

The B, mass difference is given by

Amy, = 2|M»(B,)l, (25)

where M ,(B,,) is the off-diagonal Hamiltonian element for
the Bqu system, and is given by

— SM SUSY ~ T"SM
MIZ_M12 +M12 , F|2~F12.

150 N
N
\
100 N
\
\

50 :
Y65 T55 300550 360 355 a0 | ¥

FIG. 2. The (dash-dot, dash, solid) curves are (1.05, 1.1, 1.2) contours of Im(C}FV)/Im(C$™), showing the MFV contributions to
Kaon mixing relative to the SM. Parameters not shown on a plot’s axes are fixed as shown in Table I.

035012-5



SHRIHARI GOPALAKRISHNA AND C.-P. YUAN
I}, to an excellent approximation is dominated by the SM

tree decay modes. From Refs. [14,15] we have,

1 _
|M12(Bq)| = m |<Bq|g-[eAf1£>:2|Bq>|,
q

GZFmimB By fzza 8 1
F?IZVI = (_1) 8 . {Utz + gvcvt<zc + ZZg
1 2
_Ezg> + vg[m@ —§ZC>
8 2 4
+§ZC+§Z%_§ZE~_ 1:”» (26)

where v, = V,;, Vi, z. = mz/mj and we take By~ 1.37.
The dilepton asymmetry in B, is given by [16]

5, _ N(BB,) —NBB) _ | Tny 0
“  N(B,B, + N(B,B,) <M12>'

We discuss next the SM and new physics contributions
to the coefficients C; and C;.

MFV contribution.—The SM W contribution is almost
identical to that shown in Eq. (14) but for the fact that it is
sufficient to keep only the top contribution (the Sp(x,)
term) and changing the CKM factor to (Vj;V,,)*. The
new physics MFV charged-Higgs and chargino contribu-
tions are again identical to Egs. (16) and (17), respectively,
with the same change for the CKM factors. C;(m,) is
evolved down to m,, using Eq. (23).

Gluino contribution.—We only include the dominant
gluino-right-handed-sbottom box diagrams with 8% and
S8R mass insertions, since b is the only relatively light
down type squark in our scenario. These contributions are
given by [6]

~ 5 . . 1 - 1
C(My) = ig[TEF(TRY) ]2[%14 + ;u}

~ . " 3

C3(My) = ighTRE(RE) ]2[§M§I4} 28
g . o1

Gl = il | 5 M3 |

with the box integrals I, and I, given in Appendix B. The
couplings are given by
[RR = cosORR,  T'RL = cos6fL,

. . —i(~RR RR
TR — sin@RR singfRe~ v +71i2),

. —jyRR
IRR = — cosOf sinffRe ™72, (29)
RL — «ingRL i gRL ,—i(yRE+yRL)
Iy = sin@7y sinf3, e "2 "7,
. _ i~ RL
IRL = — cosfRL sinfffe™ 2,

obtained from the 3 X 3 mixing matrix that is the product
of C; 5, and Cj ; , with the mixing angles 6 and phases y
given in Appendix A. In our U(2) model, if m, is of the
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same order as A, based on the estimate in Eq. (8), we expect
C} to receive the dominant gluino contribution from §%K.
We will focus on this contribution in the following.

We point out in Appendix A, Eq. (A18), that dgsg
mixing can be generically large (near maximal), in which
case the gluino contributions to both B,;B, and BB, mix-
ing can be sizable. However, if €'m? < €”m3, this mixing
can be small and the gluino contribution to B, B, mixing is
negligible since it is proportional to sin%X cf. Egs. (28)
and (29). The gluino contribution to B,B,, however, can
still be sizable in either case since it is proportional to
cosfRE.

B. B,B, mixing

The B;B, mass difference (Am,), and CP violation in
B, — YK, (ayk, ) have been measured to be [10,17],

Amy = 0.502 = 0.007 ps~!, ayg, = 0.725 = 0.037.

(30)

In the SM, the usual notation is, a%s = sin2f.

As we have already pointed out in Section III, the
charged-Higgs and chargino MFV contributions add con-
structively with the SM contribution. The SM prediction
agrees quite well with the data, but given the uncertainty in
S, cf. below Eq. (24), it might be possible to accommo-
date an MFV contribution up to a factor of about 1.3 bigger
than the SM contribution. We show in Fig. 3 the region in
MFV parameter space that satisfies this constraint, ignor-
ing the gluino contribution.

As pointed out in the previous subsection, in general we
expect in the U(2) model, dg§z mixing to be near maximal,
in which case the gluino contribution to B;B, can be
sizable. The gluino contribution can then be important to
both Am, and a,k, . Taking this into account, we can write
ayg, = sin(2B + 260,), where 6, is the new phase in
M,(B,;) [18], and we have [10,19]

= Im(A,k), Apg = —— ,
@y, = Im(Aux) e p A(B;— ¥Ky)
q_ My, — Zrlz
p My, =51,
with M, and I'}, given in Eq. ((26)). (The “—"" sign in

)‘W( is because the final state is CP odd.) In our case,
F12 << M]Za so that

ayk, =~ sinfarg(M,)], (32)

where ‘“‘arg” denotes the argument of the complex
quantity.

For the case when dg5; mixing is large, we show the
gluino contribution to B,B, in Fig. 4. The plot on the left
also shows the constraint from ayk,» which is not shown in
the plot on the right since almost the whole region shown is
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FIG. 3. The (dash-dot, dash, solid) curves are (1.1, 1.2, 1.3) contours of |CYFV/C$M|, showing the MFV contributions to B;B,
mixing relative to the SM. Parameters not shown on a plot’s axes are fixed as shown in Table I.

allowed. The region [7 < arg(6%K) < 2] is not shown
since it is identical to the region (0, 7). From the figure,
we see that in the large mixing case, the constraint on 5K
is quite strong. However, if dg§z mixing is small, the
constraint on 8%F from BB, mixing is weak.

C. B,B, mixing

B, B, mixing has not yet been observed and the current
experimental limit is Amg > 14.4 ps~! @ 95% C.L.[10].
The SM prediction is: 14ps™! < Amp <20 ps~! [20].
The SM prediction for the dilepton asymmetry Aﬁ" is
small, around 10™* cf. references in Ref. [16].

BB, mixing depends quite sensitively on 85K, and for
the region in Fig. 4 allowed by B;B, mixing, we find
Ampg ~22ps~' and Ay =5 X 107 This Amy_is a
little higher than the SM prediction, although may be
within the SM allowed range, given uncertainties.

As we pointed out in the previous subsection, if
dg5r mixing is small, then the B,B, mixing constraints

arg{d™®;z)

RE
T2

on 85X becomes weak. If such is the case, there are
essentially no constraints from B,;B,; mixing, and we
show contours of Amg_ and Aﬁ“ in Fig. 5. We show only
the range [0 < arg(8%F) < ar], since the (7, 277) range is
identical to this. It can be seen that Amp can increase
significantly above the SM prediction. The projected Run
Il sensitivity for Amp at the Tevatron with 2 b1 is
around 40 ps~! [20], and can probe a significant region
of U(2) parameter space. If a higher value of Amyg is
measured than what the SM predicts, it would indicate
the presence of new physics. Measuring Aﬁx can also
significantly constrain 85F as can be seen from Fig. 5
(right).

V. AB =1 FCNC PROCESSES

A. Effective Hamiltonian

The AB = 1 effective Hamiltonian at a scale w in the
operator produce expansion (OPE) is [12,21,22]

Hy

400

350
300 ‘1
250 '.'
200 :

1 i

50 I ! ," /
[T,

100 ©

50 100 150200250 300 350 200 2=

FIG. 4. For large dgsg mixing, the (dash-dot, dash, solid) curves are (0.9, 1.0, 1.25) contours of l(C, + C))/ CM], showing the
NMFV contributions to B, B, mixing relative to the SM. d¥F is defined in Eq. (7). The hatched region is excluded by a K, Parameters

not shown on a plot’s axes are fixed as shown in Table 1.
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arg(d®s;)
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FIG. 5. For small d Sk mixing, the (dash-dot, dash, solid) curves are (15, 25, 40 ps~!) contours of AmB (left), and (107, 1073 and
1072) contours of |4, | (right). d is defined in Eq. (7). Parameters not shown on a plot’s axes are fixed as shown in Table L
o eft Gr
AB=1 — \/-Z‘st Z Ci(n)0i(w) + C7, ()07, (1) + Cgo(u)Og,e(1a) |, (33)
i=1...6,9,10
with
0 = (Gacp)y-alCpba)y—as 0, = (5¢)y_a(Ch)y_4, 03 = (Eb)vaZ(QQ)vay
q
0, = (fabﬁ)v—AZ(flﬁqa)v—A: 05 = (Eb)v—AZ(QQ)wA: O¢ = (Eabﬁ)v—AZ(éB%)VM’
q q q (34)

e _
—zmbsaa-'uy(l + 75)baFy,w

Ory = 8

8s
08g 82

mypSo ot (1 + ys5)T4sbpGy,, 0y = (5b)y_s(2e)y,

019 = (3b)y—a(ee),,

where, the subscript (V = A) means vy, (1 * ys), and F*,
G*” are the electromagnetic and color field strengths,
respectively.

The Wilson coefficients can be computed at the scale
My, (the W boson mass), and then run down to the scale m,,
(the b quark mass). Below, when no scale is specified for
the coefficients, it is understood to be at m,, i.e., C; =
C;(my). The coefficients when run down from My, to m,,
mix under renormalization, so that [23]°

. 6))

8
=D kim%  G=1..
i=1

8
Gy = 7716/23C7y(MW) + 5(”714/23 - 7716/23)C8g(MW)

8
+ Z hin“Cy(My),

i=1

8
Cye = 1" 2 Cyy(My) + 3 him“ Co(My), (35)

where 7 = a,(My)/a,(m;,) = 0.56 and h;, h;, a; and k;;

SHere, as a first step, we use the leading order result. The next
to leading order result can be found in Ref. [24].

[
are given in Ref. [12]. In addition, the evolution equation

for Cy is given in Ref. [22], and C;( is not renormalized.
Separating out the new physics contribution to the re-
normalization group evolution, i.e., Eq. (35), we get

Cz = CgM,
Cy, = C' + 0.67C5Y (My) + 0.09CE™ (My),
Cge = C3Y' + 0.70CE™ (M),

(36)

in which the superscript “SM™ indicates the contribution
from the SM, and “new”” from new physics.

SM  contribution.—The SM W?* contribution to
C7,(My) and Cg,(My) are given by [25,26]

CM(My) =1, (37)

3 2
) = 5 P57 ) (38)

where F1(x) are given in Appendix B. Using Eq. (35) we
can compute C3™, C3)! and CgY'.
In the following, we will discuss, in order, the new

physics contribution arising from the charged-Higgs boson
(H™*), charginos (y*) and gluinos ().
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Charged-Higgs (H™) contribution.—The charged-
Higgs contribution to B; — X,y is given by [5,26,27]

2 2

My) = ~col? BFLL( ) 4 pro(Mi) (39
773g( W) = CO B 78<M%1 78 M%{ (39)

where FZ&(x) and F%%(x) are given in Appendix B.

o~ 2
Cé(;l,gg(ﬁio) = Z|:|rlj|2 P
J=1 f

C;()t,zgg(MW) =

Jj=1 )

w FLL

mrl +
MZ

2 2
_ Z |F21|2MW FLL
LY o2

”f’lz‘2 n
7,8 M2

PHYSICAL REVIEW D 71, 035012 (2005)

Chargino (¥=) contribution.—The chargino-stop con-
tribution can be comparable to the SM contribution for a
light stop and chargino. In the scenario that we are con-
sidering, the stop mixing angle is negligibly small and
my, =~ my ~ fy and mz, =~ m;, ~ My. We therefore run
the 7, contribution from 72, down to My, and evaluate the 7,
contribution at My,. The chargino-stop contribution is
[5,26,27]

2 2
Lj FRL

M m[1

2
M m?

2j w 1
e M F%(Mf:.)}

2 (40)

where the loop functions F 5{; are given in Appendix B, and I'/ J and yil 7, contain the stop and chargino mixing matrices.

Explicit expressions for I' A
Ref. [26].

#, and the renormalization group equations to evolve C

'5¢ (7f1g) down to My are given in

Gluino (g) contribution.—In our NMFV scenario, the gluino contributions can be sizable since they couple with strong

interaction strength. Furthermore, because the sbottom mixing angle is negligibly small, m; =~ m;

mj ~ My. Keeping only the M;/m,, enhanced piece, the gluino contribution is [5]

5 4 2 M :
C5,(My) = — Wa*\/_ —£ cosOL sin6RLe
7 GrVisVi my
, 4 M;
Ci(My) = ma/2 My £ cosOft sinoRLe

GF ViV my,

where the mixing angle 8% and phase y&F are defined in
Appendix A, and F, and Fj; are defined in Appendix B. In
the above equation, we have neglected the effect of running
the b, contribution from 77, to My, as the b, contribution is
dominant.

The dominant new physics contribution is given by
adding Eqgs. (39)—(41), which yields

Cnew ( MW)

7v.8¢ CYl g (My) + C7y ge(Mw) + C7y s¢(Mw).

(42)

In what follows we will discuss in detail the new physics
contribution predicted by the U(2) model to the rare decay
processes B, — Xy, B; — X,g, By — X, {"€~ and B, —
K.

B. Bd - Xs7/9 Bd - ng

The dominant operators contributing to B; — X,y and
B, — X,g are O,, O7, and Og,. The decay branching ratio
B.R.(B; — X,v), at leading order, normalized to the semi-
leptonic B.R.(B; — X,.ep) = 10.5%, is given by
[23,28,29]

~ g and m; =
7 1 M3 1 M3
gl o) o o))
ml;2 m52 ml;] }'}’Ll;l
L A1 MG 1 (M 41
“glmz () T o )
b, by by b
[
L(Bs—X,7) _6a 1 Vzv,b‘zlc 2
L(By;—Xce?) [[g,>0-0mp1 7 8G9 | Vep v
(43)

where g(z) = 1 — 8z + 82° — z8 — 247%In(2) is a phase
space function, and § is the fractional energy cut, i.e., only
photon energy E, > (1 — §)E}™ is accepted.

The CP asymmetry in B; — X7 is given by [29]

F(l:?d — X;y) —I'(B;— X;v)
F(Bd_’X"Y) +T'(B,— X;y)

Bi—Xsy —
Acy (8) = ,
E,>(1-8)Em

|C7 |2 {a27(5)1m[C2 ]
Y

+ a87(5)lm[C88C§y] + a28(5)lm[C2C§g]}

(44)

For 6 = 0.15, which is a typical experimental cut, we use
ar; = 0.0124, ag; = —0.0952 and a,g = 0.0004 [29].
The experimentally measured [17] branching ratio is
B.R.(B; — X,y) = (3.52103,) X 107*. In the SM, we
have CSM =~ 1.11, Cs{;’[ —0.31 and ng’l =~ —0.15. The
SM prediction for B.R.(B; — X,v), which depends on
|C7,| cf. Eq. (43), is largely consistent with experiment,
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FIG. 6 (color online). The boundaries between the shaded regions show (2.5%, 3% ,3.5%) (darkest to lightest) contours of Agf,_'x‘y as
a function of my and M, (left), and, (-3.5%, 0%, 3.5%) (darkest to lightest) contours of Agf,_'xfy as a function of tanB and arg(u)

(right). Superimposed is the experimental 2o allowed contours of B.R.(B; —

shown in Table I.

and new physics contributions to |C7y| is constrained by
this branching ratio. In the context of SUSY this has been
analyzed, for example, in Refs. [5,23,30].

The SM CP asymmetry in B; — X, is of the order of
1%, so that a larger CP asymmetry measured would imply
new physics [29]. The present limit at 95% C.L. is
[17,31,32] —0.07 < Ags™%7 < 0.07.

The B.R.(B; — X,g) is obtained simply from Eq. (43)

6a, 1

F(Bd_)ng) _ Y%
T 8(e)

F(Bd - Xcelj)

Vt*x th
Vcb

2 2
|C8g| ’

C(R)

(45)

where the SU(3) quadratic Casimir C(R) = 4/3. The
B.R.(B; — X,g) has large experimental and theoretical
uncertainties and Ref. [33] suggests that the data might
prefer a B.R. value of around 10%.

Figures 6 and 7 show the interplay between the W=, H™,
%~ and g contributions to B; — X,y, where the sum of
these contributions to the magnitude of C,, is constrained
by B.R.(B; — X,7v). The experimental data on B; — X;vy)
allows (at 20) the region bounded by the contours shown in
the figures. In the plots, the parameters are as given in

arg(d®s;)

L= N )

[,

2 494 6 & 10

FIG. 7 (color online).
ABi—X

,y). Parameters not shown on a plot’s axes are fixed as

Table I, and some relevant ones are varied as shown in the
figures.

To illustrate the dependence on the MFV parameters, we
consider, for example, in Fig. 6, the dependence of Agf;'x“y
and B.R.(B; — X,vy) as a function of my and M, (left) and
as a function of tanfB and arg(u) (right), for the choice of
parameters shown in Table I. The experimental 20 allowed
contours of B.R.(B; — X,y) are also shown. In Fig. 7
(left), the shaded regions show Ag{x“y as a function of
the magnitude and argument of d5¥, the dimensionless
O(1) coefficient defined in Eq. (8). In Fig. 7 (right), we
show contours of B.R.(B; — X,g), and a B.R. of up to
about 15% can be accommodated in this model.

C. Bd — Xs€+€_

The dominant operators contributing to By — X £ €~
(€ = e, u) are O7,, Og and O . It is usual to define

a ~ a -~
Co(u) = ECQ('M)’ Cip = ﬁclo,

3 loldm32|

The boundaries between the shaded regions show (-7%, -3%, 3%, 7%) (darkest to lightest) contours of

Y (left) with experimentally allowed 2o contours of B.R.(B; — X,y) superimposed, and, 1%, 7.5% and 15% contours of
predicted B.R.(B; — X,g) (right). Parameters not shown on a plot’s axes are fixed as shown in Table I.
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TABLE II. The current data for By — X, {7 €. TABLE III. The current data for B; — ¢Kj.
Experiment [17] SM prediction Experiment [17] SM prediction
B.R.(B;— X 4" €") 4.4617038 % 107° 53X 107° B.R.(B; — ¢K,) 8.3712x107° ~5x 1076
Sk 0.34 = 0.2 0.725 = 0.037
( P Cyk —0.04 = 0.17 0
+ p,o
g=-Pe TPl (46)
my
. . . . d + —
The (differential) partial width %T'(B, — X €7 €~), nor- D. B, — oK,

malized to I'(B; — X_.ev), is given by [22]:
AT(B;— XA ¢ B, — X, 7€)

R(5) = &
®) T(B, — X,e7B — X,ep)
@ | ViV |2 (1-5)° ~
=— | 1+ 28)(1C5"?
47 | Vo | GG [0 20055

- 2 ~
+1C0l) + 4<1 + 7>|c77|2 + 12Re(C7yCSff)}
S
47)

where f and « are phase space functions and C‘Sff is the
QCD corrected Cy, given in terms of Cy and C; (i =
1...6) [22]. Integrating this we get the prediction for the
decay branching ratios and we show this in Table II for the
SM along with the experimental result [17]. We choose the
lower limit on the integration to correspond to a typical
experimental choice, (p¢+ + pe-)* > (0.2 GeV)?. Since
the rate of B, — X, £7€¢~ is down by the square of the
electromagnetic coupling constant compared to B; —
X, 7y, the experimental errors are comparatively larger.

Figure 8 shows the contours of B.R.(B; — X, ¢ )asa
function of d¥F. Compared to B.R.(B; — X, ) cf. Figure 7
(left), the B; — X, €1 €~ constraint is not very stringent
right now, and improved statistics at the B-factories could
place tighter constraints on the parameter space.

arg{d=)

&

2

1(,--

3

2

1 o S

0 LR

o & a4 ¢ & 1019 32l
FIG. 8. The (dash-dot, dash, solid) curves are

(5.25,6.25,7.25) X 10°®  contours  of B, — X (€.
Parameters not shown on the plot’s axes are fixed as shown in
Table I.

The decay B; — ¢ K, (b — ss5 at the quark level) can
be a sensitive probe of new physics since the leading order
SM contribution is one-loop suppressed, and loop pro-
cesses involving heavy SUSY particles can contribute sig-
nificantly. However, the computation of B.R.(B; — ¢Kj)
suffers from significant theoretical uncertainties in calcu-
lating the hadronic matrix elements. We follow the facto-
rization approach, details of which are presented in
Ref. [34]. The theoretical uncertainties largely cancel in
the CP asymmetry, and is therefore a good probe of new
physics.

The CP asymmetry in B; — ¢ K is defined by

I'[B,(1) = ¢K,] — T[B,(1) — ¢K,]

ABJ_’qux = — (48)
< T[B,(1) — ¢K,] + T[By(1) = ¢K,]
= —Cyg cos(Ampg t) + S yx sin(Amg 1), (49)
where
TGP T T g
Apk = _efzi(ﬁwd)w’
A(Bd - (/)Ks)

where B (1) represents the state that is a B, at time ¢ = 0,
Amyg, is the B,B, mass difference, S is the usual angle in
the SM CKM unitarity triangle fits to the CP asymmetry in
B, — J/¥K,, and 6, is any new physics contributions to
B,B,; mixing (8, is discussed in Section IV B). The SM
predicts that the CP asymmetry in B, — ¢ K, and B; —
J/ YK should be the same, i.e., Syx = sin2p.

The B, — ¢K, amplitude and partial decay width are
given by [8,34]:

AB,— k)= 3 /\p[(% +af + as)

p=u,c
1
- 5((17 + dg + alfo)i| (50)
i} G2 f2m} }
P(By— ¢K,) =~ = (FF PIAB, — ¢K)P
m2 m2\ 73/2
X [A(l,—f,m—lfﬂ (51)
mp My
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FIG. 9. Ag‘]‘)_’x“”,~S¢ x and Cyg for points that satisfy all experimental constraints (within 20), resulting from a scan over d§2R and
arg(uw), for small dp§; mixing (negligible 6,). All other parameters are fixed as shown in Table 1.
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FIG. 10. AB’_'X‘Y Sk and Cyx for points that satisfy all experimental constraints (within 20), resulting from a scan over dLR RR and
arg(u), for large dgr5x mixing (nonzero ;). All other parameters are fixed as shown in Table I.

Where the phase space function® A(x,y,z) = x% + y? +
72 — 2xy — 2yz — 2zx, the ¢ decay constant f¢ = 237
MeV, the form factor Ff~X =038 and A, =V,,V},.
The SM aq;’s, in terms of the C;’s, are given in Ref. [34]
to which we add the new physics contribution given in
Eq. (42). We do not include the power-suppressed weak
annihilation operators and we refer the reader to
Refs. [34,35] for a more complete discussion. As explained
in Section IIB, we are only including the 85F SUSY
contribution, as this is the dominant one. The amplitude
for the CP conjugate process B; — ¢ K is obtained by
taking A, — A},.

The current B; — ¢ K, experimental average [17] is

summarized in Table III. The SM requires Syx = S;/yx

®We thank Liantao Wang for clarifying the expression for
Alx, y, 2).

sin2 3, but the experimental data has about a 2o discrep-
ancy between Sy and S, /¢K.7 Though not convincing yet,
this could be an indication of new physics and we ask if this
can be naturally explained in the theory we are
considering.

We showed in Section IV B, that if d5 mixing is small,
there is no significant new phase in M ,(B,) (i.e., 0; = O).
For this case, we scan the parameter space arg(u), |85F
arg(8%F), and in Fig. 9 show a scatter-plot of the points that
satisfy all experimental constraints including B.R.(B; —
X,y) and B.R.(B; — ¢ K). We find that it is possible to
satisfy all experimental constraints including the recent
B, — ¢K, data shown in Table III in the framework we

"The significance of the discrepancy between S,_,; and S, is
bigger, currently at about 3.5¢0, where S;_, and §,_,. are the
averages over all measured b — s (penguin) and b — ¢ modes,
respectively.
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are considering. Furthermore, there are strong correlations
between AZS %7, S ok» and Cyg. As the accuracy of the
experimental data improve, we can use these correlations
to (in)validate the choices that we make in our model.

Large dg§g mixing can lead to a nonzero 6, which
depends on |85R| as explained in Section IV B. We there-
fore include this new phase and perform a scan over | 55K],
arg(85F), arg(w), |85F| and arg(6%F). We show the points
that satisfy all experimental constraints and the resulting
ASTXY Syk» and Cyg in Fig. 10. We again see from
Fig. 10 that A5 ™57 § ok~ and C  are strongly correlated,
although the effect of the new phase in B, B, mixing allows
new regions of parameter space compared to the small
mixing case shown in Fig. 9. Even in the case of large
mixing we find that it is possible to satisfy all experimental
data including the S4x and Cyg. One feature that we find
in either large or small mixing case is that sign (Cyg) is
positively correlated with sign (AZ5~*7). Thus, further
data could shed light on the validity of the choices that
we make in our model.

VI. CONCLUSIONS

A supersymmetric U(2) theory has the potential to ex-
plain the gauge hierarchy and flavor problems in the SM.
We assumed an effective SUSY mass spectrum just above
the weak scale, the only relatively light scalars being the
right-handed-stop and sbottom (weak scale masses). We
analyzed what such a hypothesis would imply for K and B
meson observables by including all the dominant contri-
butions that can interfere in a certain observable. Although
for definiteness we considered a U(2) framework, our
conclusions hold for any theory with a similar SUSY
mass spectrum and structure of the squark mass matrix.

The CP violation parameter in Kaon mixing, €x, can
impose constraints on the MFV parameter space of our
model, as we showed in Fig. 2, while the gluino contribu-
tion to €y is negligible. There is sufficient room to accom-
modate the MFV contributions to €g, given the present
uncertainty in the lattice computation of the Bag parameter
By.

We find that B;B,; mixing and ayk, (sin2f) can impose
constraints on the supersymmetric U(2) theory. In addition
to the MFV contribution, if dz5, mixing is large, the gluino
contributions to B;B,; mixing can be significant leading to
a strong constraint on the 32 entry of the RR squark mass
matrix, 5§2R , as shown in Fig. 4. Furthermore, in this case,
there is a new phase in the B;B, mixing amplitude coming
from the SUSY sector. However, if dg5g mixing is small,
the constraint on 8%F from BB, mixing is weak.

BB, mixing most sensitively depends on 8%F in the
SUSY U(2) theory. If %R is unconstrained by BB, mix-
ing (small dgx§g mixing), we showed that Amp_can be
increased to quite large values (up to about 40 ps™!) cf.
Fig. 5. The current and upcoming experiments can reach

PHYSICAL REVIEW D 71, 035012 (2005)

sensitivities required to see the SM prediction for Amp .
Seeing a higher value, or not seeing a signal at all, might
hint at some new physics of the type we are considering.
We also presented expectations for the B, dilepton asym-
metry, Aﬁ", which can constrain 5%8%.

The experimental data on B.R.(B; — X,y) imposes a
constraint on the SUSY theory. While satisfying this con-
straint, we showed that an enhancement in CP Violation in
B, — X,y is possible. Since in the SM, A% is pre-
dicted to be less than 1%, if a much larger value is mea-
sured, it would clearly point to new physics. In Fig. 7 we
presented the expectations for Ags XY and B.R.(B;, —
X,g) while varying the magnitude and phase of 55F. We
also presented expectations for B.R.(B; — X, £7€7) in
Fig. 8.

The present experimental data on the CP violation in
B, — ¢K, has about a 20 deviation from the SM predic-
tion, and it will be very interesting to see if this would
persist with more data. We showed that such a deviation
can be accommodated in the framework we are consider-
ing, both for large or small dz5z mixing. We showed, in
Fig. 10, that A2%~*” can be enhanced significantly while
satisfying all other experimental bounds including the
present data on Syx and Cyg. In Figs. 9 and 10 , for small
and large dg5x mixing, respectively, we see strong corre-
lations between Agfxﬂ, S4k» and Cyg. Comparing these
with upcoming data with improved precision could shed
light on the validity of the choices that we make in our
model.

We conclude by remarking that the prospects are excit-
ing for discovering SUSY in B-meson processes at current
and upcoming colliders. Here, we showed this for a SUSY
U(2) model. To unambiguously establish that it is a SUSY
U(2) theory, and to determine the various SUSY breaking
parameters, will require looking at a broad range of
observables.
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APPENDIX A: MIXING ANGLES

The charged SU(2) Majorana gauginos W,, W, can be
combined to form the Dirac spinor

()

o (A1)
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where W2 = W,, = iW,,. The up and down type
Higgsinos can be combined to form the Dirac spinor

7 Hua
=)

The chargino mass terms can then be written as

(A2)

. . 7+
Lo-(W H ) p o Mip( ) 4
where
— M, V2 sinBmy
M, ( Jcos By . ) (Ad)

We can go to the chargino mass eigen basis (y;yx,) by
making the rotations

W S+
PL,R< 0+ > = (CL,R)PL,R<§§I— >, (A5)
with the rotation matrices C;  given as
_( cosf, — sinf e Ya \[ e 0
Ca= <sin0ae% cosf, >< 0 elra ) (A6)
where the mixing angles and phases are [26]
yL = —arg(M; + pcotp)
a2, — V8my sinB|M, + u cotB|
EME 4 [l + 2m, cos2B
yr = —arg(M, + p* tanp)
a2 — 8my, cosBIM, + u* tang|
B M2 — | ul* — 2m3, cos2B (A7)

g = arglcg(Myc; + 2my sinBs; e?t)

+ spe R(\2my cosBep + pspel?t)]
pr = arglcg(—~2my cosBspe™ " — pey)

+ sge"®(—Mssp et + \2my sinBey )]

Lo b)

This is diagonalized by the rotation

g RL
S\ _ 005032 .
bg sinf5l '

2 2.2 2 d
- my + e ms +my+ Af
‘UdAgf
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with 0 =<6, = /2 so that M3 >M?% , and, s p =
SinﬁL,R and CLR = COS@L,R.
The sbottom mass terms are given as cf. Eq. (5)

LD (b by)
% m3y,, + mj + Af
UdAb - ,LL* tan,me

b
x| F
bg

where the A; » are the D-term contributions given as

2 2 4 Ad
my + my, + A%

(v4Ap — p* tanfBm,,)* )

(A8)

A4 = (T3 — Qpysin®fy) cos2Bm>. (A9)
This is diagonalized by the rotation
by \ _ ([ cosb;  —sinfze i\ b
by sinf;e'”s cosb;; b,
_ by
=)\ ;) (A10)
2
where the mixing angle and phase are given by
2|vgAp — p” tanBmy|
tan20; = 5 = 5 i
(m3LL+AL)—(m5R + A%) (A1)

v = arg(vgA, — p* tanfmy).

We have similar equations for stop mixing with obvious
changes, in addition to the off-diagonal term now being
given as: (v, A, — u* cotBm,), and the stop mixing matrix
denoted as C;. In our framework, owing to the smallness of
the off-diagonal RL mixing term compared to m3,, ~ m3,
we have small stop and sbottom mixing. Furthermore, the
sbottom mixing angle is negligibly small and we neglect its
mixing effects. We thus have b, = b; and b, =~ bg. The
stop mixing angle, however, is not as small and so we
include its effects.

To compute the interaction vertices in the SuperKM
basis, one could diagonalize the 6 X 6 squark mass matrix.
Since the off-diagonal entries in our case are small, we
perform an approximate leading order diagonalization of
the mass matrices shown in Eq. (5).

Focusing first on the b5, mixing,

(UdAite)* §L
mi +mj + Ag (z;R ) (Al2)
— sin@Rle= 75 \( ¢, )
) =(Cq )| 7). Al3
cosORE <Q3 ) ( bRAL)( q3 ) (A13)
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The mixing angle and phase are given by
2|UdA€|
(mip, +mi+ Af) = (m +mj + AR)’

(Al4)

RL _
tan263, =

Y& = arg(v, Ae).

The bg5x mixing is given similarly. We have the mass
terms

£o—(5 By)

% migg + mg + Ag (em3)* §R
em; mi +m3+ AL\ b

(A15)
|

2 2 d
my + m; + AL,R

£5 (4 )( u
—ie'm?

The matrices that diagonalizes these, C; ; and C; ; are
given analogous to Eq. (A16), the angle and phase (6,2,

yiEy and (68K, yBR) given analogous to Eq. (A17), and we
w111 not write them down explicitly. The diagonal entries
are split only by O(e?), and therefore this mixing is maxi-

PHYSICAL REVIEW D 71, 035012 (2005)

which is diagonalized by the rotation

cost — sinffRe 5\,
cosgXk g3

§ RR

R 32

< bg ) ( sinfRR 173
<Cbm>( z )

The mixing angle and phase are given by

(Al6)

2|em3|
(migg +mi + AR) = (m3 + my + Ag)’

tan265K =

vy = arg(ems). (A17)
The d, §; and dg5y mixing terms are
i€'m?2 d
s Ad ) ( o ) (AL8)
ml+ms+€ +ALR LL.RR SL,R

|
mal in general. However, if €’ m < €’m3, this mixing can
be small.

APPENDIX B: LOOP FUNCTIONS
The B; — X,y loop functions are given by

7—5x—8x) x*(Bx-—2) x(2 + 5x — x?) 3x?
PG = (X Inx),  FE(x) = - Inx),
7 ( 36(x — 13 6(x — 1) g RG—1°  6—1F
5—7x  x(3x—2) 1+x X
FRL(x) = + Inx),  FRL(x) = — Inx ), Bl
7 <6<x — 17 3G —1) “x> 5 ) (2(x 1 G- nx> B
- 3—-5x) x(3x—2) - x(3 —x) x
Fre() = (X + nx) PR = - I
7 (12(x 2 e -1 SOy e ™
i) x2—1—2xInx Fal) 5x2 = 18x + 13 + (9 — x) Inx B2)
X)=——= ;(x) = —
! 2(x — 1)} $ 3 — 1)}
The SM box functions are given by
CAx— 112+ X 33X Inx o Su+d B-8ntd 3
Sole) = - 20— O olx1, x2) T{(xl e A B e T e _7@[—1)&2—1)}‘
(B3)

The charged-Higgs and chargino box functions are given by

035012-15



SHRIHARI GOPALAKRISHNA AND C.-P. YUAN

2
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2

r r
Y (rp, 75 Si8:) = @ Inr, + B Inr
e B Gy =)o = sy = 1) 1) 1)y )
2 2
55 55
Ins; + Ins;,
(ro — Si)(”[; - si)(sj —5;) l (ro — Sj)(”,g - Sj)(si - Sj) ! (B4)
r r
Yo(ro, g, Sips;) = /sis-[ = Inr, B Inr
? p / / (Vﬁ_’”a)(si_ra)(sj_”a) (ra_rﬁ)(si_rﬁ)(sj_rﬁ) p
S; S
+ ! Ins; + / lns}.
(ro = Si)(”[s - si)(sj = 5i) (re — Sj)(”/; - Sj)(si - Sj) !
from which various limiting cases can be obtained.
The gluino box integrals are given as
d*p 1
L = L0 ) = ,
PORTe e e Ted ] @)t (pr = MB (P — M (p* — m2 ) (p? — m2 )
(B5)

d*p

pZ

i4 = 1~4(M§, M(%, m%R, m%R) =

@m)* (P> = M(p* = MR)(p* — m3 )(p* —m )’

which we evaluate numerically using LoopTools [36] in Mathematica.
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