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The large observed mixing angle in atmospheric neutrinos, coupled with grand unification, motivates the
search for large mixing between right-handed strange and bottom squarks. Such mixing does not appear in the
standard Cabibbo-Kobayashi-Maskawa phenomenology, but may induce sigriifieantransitions through
gluino diagrams. Working in the mass eigenbasis, we show quantitatively tt@flaneffect onCP violation
in BY— ¢Kg is possible due to a large mixing betwespandbg, while still satisfying constraints frorh
—sy. We also include the effect df, -br mixing proportional tomyu tanB. In the case wheren,u tanp
<M§USY there may be a large effect iBg mixing correlated with a large effect iBg—>¢KS, typically
yielding an unambiguous signal of new physics at Tevatron run .
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[. INTRODUCTION ing in turn feeds into new effects B physics. In particular,
there may be large ne®P-violating effects inb— s transi-
Flavor physics has seen tremendous progress in the pagdns and enhance; mixing. It has already been noted that
few years. The discovery of neutrino oscillations by the Su-Cp violation in |3gH ¢Ks is a good place to look for new
perKamiokandg[1], SNO [2], and KamLAND [3] experi-  physics effect$7,8].
ments clearly marks a historic event, whilé violation has
recently been found in two new manifestations: dir€&

violation in the neutral kaon systef] and indirectCP vio-
ysterd] K ents differ from the value in th# /K 5 final state byO(1).

lation in theBY system[5]. On the other hand, we still lac .
insight into the origin of flavor and the patterns of masse T_he standard model predicts that these two channels should

and mixings. We need to look for any possible hints of physg've the same value. The significance of the diff(_arence is
ics that give us additional insight into these questions. 2.70 if the measurements from both collaborations are
One of the major surprises in neutrino physics was th&ombined—the current world average for s v the Bj
observation oftwo) large angles. Unlike in the quark sector —J/#Kg channel is 0.7340.054, while in theBJ— ¢Kg
where all mixing angles in the Cabibbo-Kobayashi-Maskawachannel Sy = —0.39+0.41 [9]. This report has already
(CKM) matrix are small, both atmospheric and solar neutrinasparked many speculatiof0]. It is not clear if this is a
oscillations require large angles. An important question igsemporary anomaly or a genuine new effect. Nonetheless it is
whether the presence of large angles will give us new insighfmportant to study how large the ne@P violation in BS
into the origin of flavor, masses, and mixings. _ — ¢Ks can be and how it is correlated By mixing which
It was pointed out in Ref.6] that the large angles in the | pe studied soon at Tevatron run L.
neutrino sector may imply large angles in the mixing among |, this paper, we investigate the size ©P violation in

right-handed down-type quarks if they are grand unified with o_, . .
lepton doublets. Indeed, sonfO(10) models with Pati- ~Bd~ ¢Ks as well asBs mixing from a potentially large

Salam-type unification of Yukawa matrices suggest that thd®r-Sr Mixing. There have also been several investigations of
large mixing angles in neutrinos arise from the charged lepBg— ¢Ks within the context of supersymmetr{SUSY)

ton mass matrices, and thus also appear in the down-quaf8,11,13. Of the above, only Ref12] investigated the cor-
mass matrices. In these models, one assumes that these neakation between the measurement of sii2 B]— ¢K g and
large mixing angles do not appear in the CKM matrix be-B, mixing. However, it uses the mass insertion formalism,
cause the right-handed charged-current interaction is brokephich is not necessarily appropriate for the large mixing that
at the Pati-Salam unification scale. However, the imprint ofwe will consider. In addition, it appeared before the recent
the large atmospheric neutrino mixing angle may appear ixperimental results, and so it did not seek to reproduce such
the squark mass matrices as a laigesg mixing effect  a large shift in sin B. We perform a calculation in the mass
though radiative corrections due to the large top Yukawaeigenbasis, with a goal of determining whether supersymme-
coupling. The large solar neutrino mixing angle, howevertry can accommodate the central value of the recent experi-
does not cause a significant effect because of the smallgrental results for singin Bg—> #Ks. We then explore the

Yukawa coupling for lower generations. The nbsg mix-  consequences fdg mixing.

The time-dependent asymmetryﬁiﬁ(gg) — ¢pKgwas re-
ported recently by both BaBar and BELLE. Their measure-
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We al-so §mpha§|zs contributions to smihai ansg from 0,= (giyﬂchj)(gj ¥,PLby), )
a combination ofb -bg (mywtanB) and br-sg mixing.
These contributions, which we find to be important over a O,=(sy*P.c)(cy,PLb), (3)
wide region of parameter space, are not easily analyzed in
the mass insertion approximation. Analogous combinations 03=(sy*P b)(sy,P.9), (4)
were studied in the kaon systdrm3], but to our knowledge
these contributions have not been thoroughly analyzed with - =
v gy andly 04=(57"PLb))(sj7,PLS), (5)
regard to new physics in thy system.
The outline of the paper is as follows. In the next section e —
we introduce the effective field theory formalism todecay Os=(sy*PLb)(s7,Prs), ©)
and work outb—s transitions. In Sec. Il we discusBg — —
O6= (517"PLbj)(Sjv.PrSi), (7)

mixing from largebg-sg mixing. Section IV is devoted to the
discussion of correlations between the-s transition and
B¢ mixing. We conclude in Sec. V. Details of some calcula- 0.= imb@guvp b;)F (8)
tions are presented in the Appendixes. In Appendix A we 7 8n? ' R

show the loop functions, while the hadronic matrix elements

are estimated in Appendix B. Os

Og:gmb(SiUﬂvTﬁpr]‘)sz. (9)

Il. CPVIOLATION IN b—s TRANSITION
. ) , , ~ Herei andj are color indiceqsuppressed in color singlet
In this section we briefly review the well-known effective terms, P, =(1%*7y5)/2, and o*’=(i/2)[y*v"]. The

field theory formalism forB physics (for a comprehensive  ,imed operators, which are not generated at leading order in
review see Ref[14]), which we use to calculate the contri- {he standard model. are obtained by takibg-R every-
bution of supersymmetric particles to—s transitions. Us-  \yhere, Here we have ignored the electroweak penguin op-
ing this machinery we discuss the contribution of a larg€grators(,_,, and the contributions to the dipole operators
mixing between right-handed squarks to @-violating pa- proportional to thes-quark massn,.
rameterS, . We also use this formalism to address the con- gqjiowing the standard procedure for incorporating QCD
straints on the SUSY contribution that come from #e corections we match the Wilson coefficients at a high scale

— sy radiative decay. to loop diagrams containing heavy particles present in the
full theory, and then use the renormalization group equations
A. Effective Hamiltonian (RGES to run the coefficients to the low scale where mesons

i, . . decay. In our computations we take the matchimgh) scale
f ”Th? szBtiaerl?ronsf of ||_|nter_(|ast (_:an. be described by theto bem,, for simplicity, even when we include new physics
oliowing =1 effective Hamiltonian: (supersymmetry The exact choice of the scales is part of the

6 systematic uncertainty. We incorporate leading order QCD
Hop= 2>, (C,0;+ C/O])+C,0,+CL0O,+Cy04+C 0}, corrections using the anomalous dimension matrices given in
i=1 Ref.[14]. The initial conditions for the standard model coef-

(1) ficients are also in Ref14]; only C,, C,,, andC, are non-
zero at leading order. Leading order running of the standard
where model coefficients has mixing between all eight operators
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O;_6.,4 due to the presence of a tree level contribution toate, again calling into question the validity of the mass in-
O,. Since right-handed squark mixing only contributes to theSertion approximatiof.

primed operators and gives no tree level contributions, th(?n OLZ?S whu:rrekanl]:rséyse ?i];rt;i)r(igvr\wlten?igasg;dl)eét\/i\?eenrlﬁctrilveatsee?:o?wxé
leading order SUSY running 1'3 simple©_¢ mix only and third generations is expected, such as in Fdfwhere
amongst themselves, as dliyg.

S o : ) this mixing is related to the large mixing in atmospheric

~The SUSY contributions come from box, penguin, andneutrinos. In addition to this new contribution we must in-
dipole diagrams. Figure 1 shows sample diagrams with masgiude other off-diagonal terms that already exist in the mini-
insertions schematically indicating the mixing. However, y,q| supersymmetric standard modsSSM), namely,qxd,
since we are allowing for large mixing between the secongoyplings induced by the cross term between the Yukawa
and third generation squarks, we use the mass eigenbasis f@uplings and the. term3 Of the down type squarks only
our computations. Futhermorg, we find that the regionhe third generation can have appreciable left-right mixing,
where the effect o5,k in the By— ¢Kg channel is maxi-  which is proportional tom,u tanB. Thus the mass matrix
mized is a region where the squarks are highly nondegenetakes the approximate form

méqy O 0 0 o0 0
0 m 0 0o o0 0
_, 0 o0 m?, 0 0 myutang
VES - (10
0 0 0 mag O 0
0 o0 0 0 mi  Maiep
0 0 mpu*tang 0 miZ, map,

We define the mass eigenvalues and mixing matrices asigenbasis were previously given in Ref§1,15. We repro-

follows: duce them here, correcting two typographical errors:
2 2 =2 =2 ~2 ~2 ~2 ol
~ . ~ ~ ~ ~ ~ ~ , s
UTMEU = diagm{;,M{5, M 3,Mgy, Mgy, Mgs),  (11) Cs= _2( Z‘ ToalpalcaMos
m=
g

whereU is a unitary rotation matrix. Without loss of gener-

ality we assume tha7nR3s Mg, (We allow an arbitrary mix-
ing anglg. In the mass eigenbasisx® mixing matrices

1 5
X| = §Bl(XA Xg) — §BZ(XA XB)

'R appear in the quark-squark-gluino vertices. They are Rk R _i 1
related toU by + 2 TR — 750106+ 5 Coxa) ||, (19
I g R% 'R T-R% 1R
i [ * *
UaA:(FiRA*), (12) Cs mg(AEB Psalpal'se T'se
7 1
wherei =d,s,b labels the gauge eigenstatész1, . . . ,6 la- X| = 3B1(Xa.X) + 3Ba(Xa Xp)
bels the mass eigenstates, and the inal&abels states in the
basis @, s b drsgbr). To investigate the effect of second Re R | 1 3
and third generation mixing of the right-handed squarks we “‘; Psalon g Ca(Xa) =5 CalXa) | |, (15
parametrize the mixing matrix as follows:
U=® (5, pg)Rag( O36) Ras( O35 Rse( Os6), (13 IHowever, we have checked that even including mixing between

these sets of operators, which is formally at higher orderagn

. i i . . does not affect our numerical results significantly.
= el ¢5 |¢6
where ®=diag(1,1,1, ,£%) is a phase matrix, and 2Indeed, our results differ somewhat from previous investigations

Rij(6;) is a 2><2_rotation in theij Plane' The ang_leﬁ35 Can " gone in the mass insertion approximation, e.g., REZ].
be solved for using our assumption that there is no mixing 3For simplicity we ignore terms that may arise from trilinear soft

betweenb, and’s;z. The Wilson coefficients in the mass terms.
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22 B. B3 ks
r_ S R R L L
Cs= Q( % FAlbal's5T'se We now specialize our discussion to tB§—> ¢Kg decay,
9 with the goal of computing the contribution to td# asym-
10 metry measured in this channel. In addition to the Wilson

X

1
gBl(XAvXB)"' 1_882(XAvXB)

coefficients we have presented, we must also compute the
hadronic matrix elements of the operators. The calculation of
these matrix elements is nonperturbative, so approximations
>, (16) must be made in order for us to make progress. In this paper
we use the method of naive factorization as the simplest way
to estimate the observable effects due to right-handed squark

1

1
+; FEXFEA - 1_8C1(XA)+ §C2(XA)

o? mixing. As an aside, we note that a more sophisticated
Ci= —52< E FSRXrbRArggrgB framework known as BBNS, has been developed in Réf]
mg \ AB for decays into two light mesons. However, it is uncertain

whether this method works well fdB— ¢Kg, the case at
hand. Therefore, we will rely on the simpler, naive factoriza-
tion approach. In the naive factorization approximation we
break each matrix element up into a pair of color singlet

), (17)  currents, one which creates tifefrom the vacuum and the
other that mediates thBS—K decay, and we discard any
color-octet currents.

For the operator®) (3'26 there are two ways of contracting

X

2 7
- §Bl(XA Xg) + ng(XA 1Xg)

1 3
gcl(XA) - §C2(XA)

R R
+; FSXFbA

C,= QSZ(E IRerR| — fDl(XA) the external quarks with the quark fields in the operator. Af-
my \ A 9 ter employing Fierz transformations as necessary, and using
. 4 the identity &; 8= (1/N) 8,6, +2T{€Ty; to rearrange
4+ -39 2 FSXFEA — —Dy(xa) | ], (18 colqr |nd|ce_s; to form smglet currents, we arrive at the fol-
my “A 9 lowing matrix element$8]:
asm 1 3 ($K g O3 4B = 1H(1+ ! (20)
Cy= > (; TSaTon _ng(XA)+ §D3(XA) STeATd N/’
My
mé Rx 1~L 1 3
+—=2, TcAl Al = =Da(Xa) + 5D4(Xa) | |- 1
m, ; sA* bA| 6 2\AA 2 4\AA <¢Ks|05|§g>:ZH, (21)
19
Here we use the definition,=mi/m2, where g is the ($KJO |§°)=2Hi 22
gluino mass. The loop functions are given in Appendix A. SIFeIPd T 4 TIN

Note that the contributions due to left-right mixing only enter
the dipole operatoré?’7 and Cé where they are enhanced by
a factor ofmg/m, over the right-right mixing contributions

to the same operators. Also notice that with our choice of théjefm't'OnS of the decay cqnstant and form faciothe same
o . . ~ ~ results hold for the matrix elements of the corresponding
mixing matrix U, the mass eigenvalues, ; andmg; do not

ter the Wil fficients. B th di rimed operators because the axial vector currents do not
enter the WIISon coetlicients. because here was Some Gl nyibyte, so the chirality of the operators is irrelevant. We
agreement in the literature, we have explicitly recompute

the box contributiongproportional toB; andB,). However, akeN.=3 throughout our analysis. ) A

the penguin contributiongproportional toC; , and D;_,) The matrix elements of the chromo-dipole operg(@@ ,
are well established. See, for example, F{éﬁ]. We found @re more dlfflgult to analyze, so we show the dgtalls gxpllc—
several inconsistencies in the literature which can be remitly in Appendix B following Ref.[8]. These manipulations
edied as follows. In Eq(A.8) of Ref. [11] the coefficient ~ Yi€ld

—1/4N, of B, should be replaced by 1/N. and the expres-

sion for CR" in Eq. (A.16) should be multiplied by- 5. In
Eq. (42) of Ref.[12] the factor of;5 should bef, and in Eq.

where H=2(e, pg)f4m3F . (m3) (see Appendix B for

2

C

=0 %s
(43) the factor of% should beg. The loop functionM »(x) (K OgalBy)=r5 H oN2 23
in Ref. [16] should be multiplied by—x instead of —%. ¢
Finally, in Ref. [8] there are typos in each line of Egs.
(B.4a-¢ and in(B.6a,h. where our definition ofc agrees with Ref[11] up to a sign
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. (8%pg 3R ¥ i atang bR __‘?Q)ﬁi %n FIG. 2. Sample contributions
bR B SRR (JJ‘f Ix”' A to theb— sy transition. We show

A ¢ SLA' Y the mass insertions here for peda-

b M Y SR b— > —rrEReTTTTe—>—— SR gogical purposes, but perform cal-
L bg Mg culations in the mass eigenbasis.

conventior!: Numerically we find x=—g+O(m’/m3)

=—1.1. However, there were many assumptions about the
guark momenta that go into this estimation«fso the nu-

merical value of—1.1 should be taken as a guideline only.
For comparison, the BBNS framework predicts and effectiv
value k=—3 [18]. We will present our results for various

values ofk to demonstrate the dependence.

e

L GABI ¢k g (AGHAZE"
P ABI—¢Ks) P (ASN+ASEY

(29

The ratiog/p from Bg mixing is dominated by the standard
model and is nearly a pure phasé?, wherep is the stan-
dard angle of the lﬂitarity triangle. In the standard model the

There is one final ingredient in the standard model contrifatio of amplitudesA/ A is real, i.e., there is n@P violation
bution to the amplitude. This comes from the one-loop madn the decay, rather allP violation results from mixing. On
trix element of®, when the charm quarks are closed into athe other hand®(1) phases in the supersymmetric contribu-

loop. It is given by[19] P=(a4/8m)C,[ 2+ G(m,,1,q°%)]
with

1 m?—x(1—x)g?
G(m,,u,q2)=4J dxx(l—x)ln#

0 %

. (29

Numerically we usem.=1.35 GeV andq2=m§/2 which
givesP=(—0.015-0.011)C.,.

Putting the factorized matrix elements together the ampli-

tude for§dH¢Ks can be written

ASM=H : (C +C)+£C Il
dK 3 4 4 5 4NC 6

1+ !
4 N¢

: (29

1+1 C’+C’+1C’+11C’
N_c( 3+ Ca)+7Cs aN,Ce

ag Ng—l ,

K

The time-depender@P asymmetry is given by
a¢K(t):C¢K COSAMBSI)—FS([)K SIn(Al\/lBgt), (27)
where

1P
1+|n|%

2Im\

#K Sgk

Here\ is defined as

“Note that in Ref[11] the overall factor of;l1 in the first line of
Eq. (18) should not be multiplying the last term that contaits, .

tion can give the ratio a phasgVS". Then we have

ki
| Al

Thus the presence of a phase in the down squark mixing
matrix can alter the measured valueSy from the standard
model prediction ofS,y =sin 28;,x=0.73. The amount of
deviation is described in Sec. Il D.

Also note thatP possesses a strong phase that is not
present inASYSY, The presence of a weak phaseArrYSY
then allows for the possibility of nonzero dire€P violation,
namely, C,x#0. We do not pursue this signature further
here, as quantitative statements are difficult due to the large
hadronic uncertainties.

A =ei(28+ %%

$S¢K:S|n( 2[3"’ ¢SUSY). (30)

C. Constraints from b—sy

A large mixing between right-handed strange and bottom
squarks generates the opera’(@fy through penguin dia-
grams, as in Fig. 2. Therefore the tight experimental con-
straints on the branching ratio BB Xsy) serve to limit
the contributions from squark mixing.

In the model we consider there are two important contri-
butions to the(?’y operator. We can classify the contributions
according to where the helicity flip fdf); arises. In the first
contribution, the helicity flip is present on the external
b-quark line, and gives a contribution proportional to the
mass. This contribution is present even when the only mixing
between the squarks is an off-diagonal mixing between the
right-handed squarks of the second and third generation. The
constraint on this contribution is relatively mifdthe second
contribution has a helicity flip on the gluino line, so is en-
hanced relative to the first contribution by a factomgf/m;,
[see Eqgs(18) and(19)]. This contribution is only present if
there is left-right mixing in the squark matrix. Because of the
mg/m, enhancement, this contribution is relatively strongly

SWe note that the limits of Ref.16] assume that new contribu-
tions tob— sy are summed incoherently. In general, this will un-
derestimate the contribution of th& mass insertion.
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FIG. 3. (Color onling Contours ofS,x (thin blug), percent increase in BR(sy) (thick green, andAMBs (dashed redfor mg,
=5 TeV, optimal mixing angle and phase, are — 1.1 (left) and k= — 2.0 (right).

constrained. In our framework, this contribution arises onlymodel. For simplicity, and to avoid the theoretical uncer-
from the combination of a left-right mixing between the tainty associated with the direct calculation of the branching
squarks and the right-right mixing between theand s ratio, we will constrain the supersymmetric contributions by

squarks. The result is that for large values pfang, a  requiring |C}|><0.16x|C,|* where both coefficients are
smallerb-8g mixing is allowed. calculated to leading order. Thus we are making the simpli-

When there is no significant off-diagonal mixing among fying assumption that t_he higher order QCD corrections af-
the left-handed squarks, we can write BR%S)/)OC|C7|2 fect the two operators in the same way.
+|C’|?, where the first contribution is from the standard
model and the second is from supersymmetric penduis.
recent theoretical evaluation within the standard model gives
[20] Within the framework we have chosen, motivated by at-
mospheric neutrino oscillations, there are four mass eigen-
values, two mixing angles, and two phases in the down-

After rescaling to limit the photon energies té&, squark mass matrix that enter in the computationS gf and

1.6 GeV(for details see Ref20]), an averaging of experi- BR(b—sy). However, the fact that the neutron electric di-

mental results from BaBar, BELLE, CLEO, and ALERPRL] pole moment(EDM) has not been observed strongly con-
yields strains the phase qf, especially for largex tanB. We have

checked that allowing a nonzero phasepofdoes not sub-
BR(b—S7)exp=(3.29+0.34 X 10" “. (32  stantially affect even our quantitative conclusions. Therefore

we conservatively take the phase pfto be zero for the
The experimentally measured branching ratio is actuallyemainder of this paper. Including the gluino mass we are
slightly smaller than the standard model prediction, whichthen left with eight essentially unknown parameters. In order
leaves little room for new physics contributions. Subtractingto reduce the size of the parameter space we will investigate

D. Numerical analysis

BR(b—s7)=(3.60=0.30 X 10 . (31

experiment from theory we find two limiting cases: the case where ttilavor-diagonal mix-
, ing between left-and right-hand®dsquarks is negligible and
BR(b—87y)th— BR(D—8¥)exp=(0.31+0.49 X 10" " the case where such mixing, when coupled with the large

(33 right-right mixing, leads to the dominant contribution. We
refer to the latter case as R+ RR mixing.”
Note that by takingu to be real, the remaining phase only
appears as an overall phaselig. As a result, all SUSY
iagrams have the same phase.

We will require that the supersymmetric contribution keep
the theoretical prediction within @ of the experimentally

measured value. This means additional contributions fro
supersymmetry can be roughly 1/6 of those in the standar

1. Dominant right-right mixing

6The two contributions are added incoherently because they con- First we consider the situation where the contribution
tribute to different final helicity states of trequark. from b, -bg mixing is negligible, i.e. myu tang<m?, the
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FIG. 4. (Color onling Contours ofS,x (thin blug), percent increase in BR(sy) (thick green, andAMBs (dashed rexdfor ﬁ1R3
=300 GeV, optimal mixing angle and phase, ard — 1.1 (left) and k= — 2.0 (right).

mass scale of the squark$iere the parameter space is re- Generally speaking, lighter squark and gluino masses in-
duced: in this limit there is only one mixing angle, one crease the effect of the new physics contributions, allowing
phase, and three mass eigenvalues that enter the computati®gy to depart from the standard model expectation. But at
of the Wilson coefficients. The presence of mixing with anthe same time this increases the contribution to BR(
order one phase in the right-handed down squark sector carsy) and runs up against the experimental constraint. Also,
significantly alter the measured valueSyy . Our first ques-  the effect onS, is larger when the squark masses are
tion is whether a large right-right mixing between the downwidely separated, which is the case shown in Figs. 3-5.
squarks can reproduce the central value for glir2the ¢K g In Fig. 4 we plot the same contours as a function of the
channel measured at tr&factorles. We fln.d.that using the gluino mass and the heavier squark mass, with mgs
central value of our estimate for=—1.1, it is possible to =300 GeV. Fork=—1.1 there is a range of gluino masses
reprodu-ce the observed central valug and.accommOQate thehere Sy can be below zero while still satisfying tHe
constraints fromb—sy. However, this estimate fok is  _, gy constraint. The minimum possib, allowed by this

highly uncertain, and increasing the magnitude /ofin-  constraint decreases as the magnitude<dhcreases. For
creases the contribution 8y, without changing the contri-
bution tob—svy. Therefore, we present our numerical results 500
for two casesk=—1.1, and a value with greater magnitude D —03 00 77777 03 777777777777777
x=—2, which we still view as reasonable given the substan- 450
tial uncertainties involved in its estimation.
In Fig. 3 we show contours db,x as a function of the 466
gluino mass andngs. We have also chosen values for the mE

mixing angle and phase iR which give the greatest devia-

350
tion of S, from the standard model prediction. Also shown (GeV)

are contours of the percent increase in BR{(sy) due to 300

new physics and the corresponding valuea\®fg_ (the lat-

ter will be discussed in Sec. JlIFor gluino masses around 250

200 GeV, Sy can take on values as low as0.4 for «

=—1.1 while still keeping the increase in BRGsy) be- 200

low 16%. Forx=—2.0 the value ofS;« can reach all the

way to —1.0. 150

-3 -2.5 -2 -1.5 -1 -0.5 0
K

"Within the MSSM w tan cannot go to zero while satisfying
experimental constraints. We find, however, that there is a portion FIG. 5. (Color onling Contours ofSy (thin blue), percent in-
of parameter space above the smallest experimentally allowed valu@ease in BR{—sy) (thick green, and AMg_ (dashed rex for

of utanB where the right-right mixing diagrgmsNare dominant. mz,=5 TeV, mgz=300 GeV, and optimal mixing angle and
Furthermore, right-right mixing dominates wheny<<m, . phase.
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~ ~/

FIG. 6. (Color onling Contours ofS, (thin blue, percent increase in BR{(sy) (thick green, and AMBS (dashed rexd for
Mo, M 3, Mry~2 TeV, optimal mixing angles and phasestanB~35 TeV, and«= — 1.1 (left) and x= — 2.0 (right).

example, with k=—2.0 the minimum value ofSy. is In Fig. 6 we reproduce Fig. 3 but with a large value of

roughly —0.8. ptanB~35 TeV. In this region the lightest squark mass ei-
Finally in Fig. 5 we plot the same contours as a [U”Ctiongenvaluefnm needs to be above 1 TeV to avoid the bound

of the gluino mass andc with mg,=5 TeV and Mgz from b—sy. For k=—1.1 the smallesB, can be about

=300 GeV. Theb—sy constraint is independent @f, and  —0.4 for a small gluino mass, while for=—2.0 any value
we see howSy decreases with the increasing magnitudejs possible. In this case the dependence is very simple
of k. because the main contribution &, comes from a single

operatorOé whose contribution is directly proportional to
k.Thus an increased absolute valueroflirectly increases

2. Dominant LR+RR mixing the effect inSy without affecting the bound frorb—sy.
Now we consider a second limiting case, where the diag-
onal left-right mixing leads to the dominant contribution to 3. Combination of contributions

the b-quark decays. The contribution froblR+ RR mixing

is enhanced in the dipole operators, so we may focus our |n order to ascertain the relevance of each of these two
attention on the coefficient§; andC/ . To evade the con- regimes we scanned over the parameter space searching for
straint fromb— sy, while simultaneously getting a large ef- the minimal values ofS,x as a function of the product
fect in S,k , we want to minimize the rati€’/Cg, which  utang. The result is shown in Fig. 7 for several valuescof

can be done by taking larger values»pfi.e. squark masses From the figure it is clear that for= — 1.1 there is a slightly

much heavier than the gluino. larger effect orS, for larger values ofu tang, though the
0.4
0.2} k=-0.7
—_ i D D e D SN I e e w tan B
A C T 10 20 30 40 50 60 FIG. 7. Minimum values of
< _0.2l (TCV) S¢K_ as a function ofu tr_:m/% for
o9 k=-1.1 various values ok resulting from
= i : a scan of 58 million points that
c 0.4 g .
— satisfied the b—sy constraint.
E 0.6 Note thatx=—2.0 can giveS
L =—1.0 for all values ofu tanp.
—0.8} %,
SRR ORI .. u -
ot o e N IR
-1
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b s s
bg (. R -->§---B---< Sg bL——'PL‘*'?B‘f"B‘( SR FIG. 8. Diagrams contributing
(323)RR j My tang (823)RR: to B, mixing through largebg-sg
a ¢ a a g a mixing. The diagrzim~on the right
. g ; P : ind_uces ef‘fe_ctivebL-sR Smixing
E 5q br 53 g (553)nn mp itanp W2>I<Ch contributes toCp7 and
SR """" ¥emmmmmen bR SR -,:;-X“,:.")(‘";-' bL CLL :
(B23)rr sR by b

entire region allows for a substantial deviation from the stanwhere the loop functions are defined in Appendix A, THg
dard model. Notice that once reaches—2.0 any value of  gre defined in Eq(12), and agairxA=ﬁﬁ/m§.
Sy is possible. The leading standard model contributionBg mixing is

To get a sense for the relative size of RRandLR  jnqyced by a top quark box diagram which yields the follow-
+ RR contributions toS,x , we can compare the magnitude ing effective Hamiltoniar{14]:

of the two terms comprisin@,, Eq.(19). Not surprisingly,

for u tanB greater than about 25 TeV thdk+ RR contribu- _ _

tion dominates by an order of magnitude. However, even for Het' = CLl(sy*PLb)(sy,PLb), (38
utanB<1 TeV there can be points where th®+ RR con-

tribution to the chromo-dipole operator is just as important asyjith the Wilson coefficient matched My,

the RR contribution. This underscores the importance of

treating this calculation in the mass eigenbasis.
2

Gk
cil= 6.2 M2(VEV ) 2S(MEIME), (39)

lll. Bs MIXING

Mixing betweenbg andsg also leads to a significant con-

tribution to B4-Bg mixing. In our scenario the effective
Hamiltonian that receives such contributions consists of
three operators that have nonzero coefficients Ax—1132+ %3 2x3Inx

41-%2 2(1-x%

where

(40)

HESY=Chr(Sy*Prb)(sy,Prb)+ CZ (SP_b)(SP b)

+Cfﬁ (EPLbj)(ngLbi). (39 Before taking the hadronic matrix element of the effective
Hamiltonian we must first take QCD corrections into account
The Wilson coefficients at the high scale are obtained byy using the renormalization group equatiofRGE) to
matching the effective Hamiltonian to th®B=2 squark- evolve the Wilson coefficients down to the low scale. The
gluino box diagrams similar to those shown in Fig. 8. There-general NLO running of the Wilson coefficients forB
sult is given by =2 effective Hamiltonian is given in Refg23] and[24] and
involves mixing among different coefficients. In our case
only the two scalar left-left operators mix, while the vector

n N

o
Chpr=— 2 I'BTRITR right-right and the vector-left-left coefficients simply scale
mg AB multiplicatively. For simplicity we have evolved both opera-
11 1 tors fromM,, down to the mass of thie quark.
x| — 3Bl(XA Xg) — §Bz(XA Xg)|, (39 The hadronic matrix element of the effective Hamiltonian
betweenB, and B states was calculated on the latt{@5)

2
a 17
CoL=— 2 TR Thgl — 75Ba(Xa Xs) |, == — 1
n 25 TATuAl BT he| ~ 7gBalxn Xo) (Bdl(s7Prb)(5,Prb)|Bs) = 3me f3 Ba(), (4D
(36)
5 TABLE I. Input parameters used in the calculationS and
ag 1 AMg .
Col'= 2 AEB | AN I B EBZ(XAle) , B
9 37) Parameter Value Parameter  Value Parameter Value

mp 42GeV  mg = 5379GeV ViV,  —0.04

m; 174 GeV fe, 204 MeV ag(Mz) 0.1185
8This result differs from Ref[22], but agrees with subsequent M, 80.4 GeV My 91.2 GeV T8 1.461 ps
analyses, e.g., Reff16]. >
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<§S| (gpr)(gpr)|Bs> dominates. Such \{alues fa&rM B are certainly beyond the
5 reach of the experiments mentioned above.

5 Mg, 5 In the case of dominaritR+ RR mixing the modification
T o2 M+ M mBSfBSBZ(M)’ (42 of Bg mixing is not as striking. In the example given in Fig.
6 values ofAM B, are much closer to the standard model
_ o 1 MBS 2 prediction. Restricting ourselves to areas that respecbthe
(le(siPLbj)(sjPLbi)lBs>=Z1 T —sy bound gives a yet lower value, within the reach of

b s

upcoming experiments. We should point out that this is not
X Mg f2B Ba(u), (43 generic since Fig. 6 only represents a §Iice_of parameter
s space. Other choices of parameters can give higher values of

with st as given in Table |Bl(mb)=0-87(4)fi. B,(My) AMBs (above 30 ps*) for high values ofu tanB. The cor-

=0.823)(4), andB,(m,)=1.026)(9), where the first er- relation .of these result; to those Bf— ¢Kg will be dis-
ror is statistical and the second is systematic, excluding ur€USsed in the next section. , o

certainty due to quenching. The quark masses in the above Finally, we should comment about possil@® violation
expression should be evaluated at the sgal@he hadronic  in the Bs-Bs system. In the standard CKM scenario tBg
matrix element for the left-left current operator of the stan-— B, amplitude does not have @P-violating phase(in the
dard model is identical to that of the right-right operator Wolfenstein parametrizationso no indirectCP violation is
shown in Eq.(41). Finally, we can write the expression for expected. In our scenario, howeve;, mixing can involve

the mass difference betweén andgs as the phases from the down-squark mass matrix. In the cases
where the SUSY contribution t8; mixing dominates the
AMg =2|<§5|H§f?:2|53>|- (44)  SM, measurements oEP violation in Bs—J/¢¢ will be

sensitive to these phases.

The standard model and supersymmetric contributions inter-
fere, HAP=2=HSM+ HSSY. IV. CORRELATION
The input parameters used in the calculation are given in ) ) o )
Table 1. Our results should be compared to the standard In this section we will discuss the correlation between
model prediction which can be obtained roughly by takingSg« andAMg_in the context of largd-s mixing. Because
Ha 2="Hoy in Eq. (44), which yi6|dSAM§2A~ 13.8 ps’.  the effect onB, mixing is very different for the two limiting
A more rigorous treatment given in R¢R6] yields regions of parameter space, we will discuss them separately.
For related studies see Ref42,30.
AMgM=17.3"53ps ", (45)
) ) . ] ] A. Dominant RR mixing
However, given the substantial uncertainty in the lattice
evaluation of, e.g.st, it is probably appropriate to inflate

this error, likely to the 25% levdl27]. The current experi-

In this region of parameter space the operaté¥s 4
make large contributions t8,x , while there is essentially
mental limit, combining results from the LEP experimentsOnly one contrlputlon t0Bs mixing, namely th_at fror_n the

: operator shown in Eq35). Unfortunately there is no simple,
and SLD, is[28] . : : N
precise, relationship between the combination of fti@
AMg >14.4 ps' (95% confidence level  (46) =1 operators and the operator responsibleBgmixing. In
s general, they depend quite differently on loop functions.

. . . In spite of this, one can make the following strong state-
Current and upcoming experiments are expected to be SeN$kant In cases where there is a large shifsip away from

tive to mass differences much greater than the standar,[(ij]e standard model expectation due to the operay
model prediction shown in E¢45). At run Il of the Tevatron P P 6

[29] CDF is expected to probe up toM B, of 41 ps * while and theRRcontribution toOé (the dominant right-right mix-

BTeV i ted t hi itivity t | i ing scenarig, there is a large contribution B¢ mixing. To
ev s exp_elce 0 achieve sensitivity to V"ilfes UP 0gee this, we first note that the squarks and gluino must not be
AMBS~ 55 ps *. Any evidence thatAMBS> 25 ps * from

h iment d b | aoal of hvsics, 100 heavy, and thB-s mixing must be large in order to have
ese experiments would be a clear signal of new pnysics. , large contribution t&,k . This suggests a minimum con-
To illustrate our results we add contours of constan

. . ANYribution to theBg mixing. However, there is the worry that it
AMg_ (red dashed lingsto Figs. 3-6. In the case of domi- e he possible to fine-tune parameters to somehow dras-

nant right-right contributions, i.e., smalltang, the trend is  tjcally suppress the contribution 8¢ mixing; for example,
similar to that of the previous section; lighter gluino andpy choosing squark and gluino mass ratios to minimize the
squarks give a larger SUSY contribution and thus increasgajue of the function®, andB, in Eq. (35). We find that
AMg_. Note that the supersymmetric contribution to thethijs is not possible, however. In order to have a very large
mass difference dominates over the standard model in sigontribution toS,x , one is pushed into a region of parameter
nificant regions of the supersymmetric parameter space, easpace where the gluino, and at least one of the down-type
ily allowing AMBS> 100 ps! where right-right mixing squarks is light. Furthermore, the splitting between this light
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A MBs VS. S¢K
800 T
K= (i ey
700 Kk=—-1.1— -
! K=-1.5----
600 B k=-2.0---- 1
AMBs 500 - Neb—> gy FIG. 9. (Color online The minimum value of
-1 ) AMBs for a given value ofSy . It is found by
(PS™") 4o | | scanning over the parameter space given in Eq.
(47). The corresponding curve is shown for sev-
56 |l < J eral values ofk, the coefficient of the dipole op-
L erator, as defined in E@23).
200 [ N ]
100 A
bl

squark, which represents a mixtureofand's squarks, and combination of parameters that yields the smallest contribu-
the masses of the heavier squarks must be large to avoidt®n to Bs mixing. This is essentially equivalent to taking the
super-GIM cancellation. Once this qualitative picture for theboundary of the region generated by the scatter plot.
spectrum is identified, it is easy to check that there cannot be As discussed in Sec. II, there is considerable dependence
a cancellation of the contribution ®; mixing in this case. ~ 0on the variablex, which has a relatively large uncertainty.
Now we present our results quantitatively. Since our goaSO we repeat the above exercise for several values, of
here will be to show that large deviations S« will corre-  displaying the results in Fig. 9. Adding the constraint from
spond to large contributions B, mixing, we plot the mini- b—>S’)./ qu|f|es these results as shown in Fig. 10. The con-
mum achievable value QjMBS for a given value OfS¢K. tours in Flg. 10 notably do not extend as |OVVSBK because

The minimum is found by scanning a parameter space thJ‘Ee b— sy constraint removes the region.of parameter space
ists of th ; ~ <~ p that allowed us to obtain those values in Fig. 9. Since the

consists of the parame e{m;,,m,_z,mRz,mm,cos' 55’¢6}' minimum value ofAMg decreases with decreasirg the

As discussed in Eq12), cosésg represents the mixing angle s

. ~ ~ minimum value will be even lower for the BBNS value of
between the right-handdilands squarks, andbg represents
the phase corresponding to this off-diagonal term. As a pa-
rameter space, we take

The take-home message from the figures is a simple one.

If the hint of the deviation inS,x measured in theB

mg e (200,700 GeV, — ¢Kg persists and it is attributable to a scenario with domi-
nant RR squark mixing, it will result in a large contribution

to Bg mixing, which will be a clear indication of new physics

observable at the Tevatron. However, the correlation weak-

ens as the absolute value efincreases.

m,» e (300,2500 GeV, (47)
Mg, € (300,2500 GeV,

Mgs € (250,1000 GeV, B. Dominant LR+RR mixing

In the region of parameter space wherg¢ang is rela-
tively large, the expectation fcxfsMBS is very different. In

bee (0,27). this region the main contribution t8,« comes from the
LR+ RR contribution to the dipole operatc@é. This con-
The lower limits on the masses are motivated by directribution can be sizeable even when the squarks and gluinos
searches, while the upper limits are motivated by naturalnesd'e heavysquarks can be at the TeV level or highdrhis is
considerations. A scan would generate a scatter pl@,qf the significant difference between the two limiting cases.

vs AMg_. For a given resultant value &, we find the Heavy squarks and gluino mean that the contributions from
° the operators0D;_4 are small. Similarly, the operators re-

sponsible foiBg mixing, which come from box diagrams and
°Here we have takep tanB=0 for simplicity. Nonzero values resembleD;_g, can also be small. The bottom line is that a
can weaken the correlation somewhat, as shown in Fig. 11. large contribution t5, is possible without a large addition

0566 (0,’77'/2),
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AM Bs VS. S¢K

500 T

450 -
400 -

350 -

FIG. 10. (Color online The same as Fig. 9,

AMB but with the b—sy constraint applied as dis-
§300 s, cussed in the text. The minimum value dMpg_
(ps—'l )250 L for a given value ofS . It is found by scanning

over the parameter space given in E4j7). The
corresponding curve is shown for several values
of «, the coefficient of the dipole operator, as
defined in Eq(23).

200 -

150 - ) S.

50

-1 -0.5

to AMg_. This is borne out numerically, as shown in Fig. 6, for x tang<2.4 TeV all points in the scan gave values of

where the points allowed by the—sy constraint all give AMg_>30 ps !, a clear signal of new physics above even

AMg_very close to the standard model expectation. the largest standard model predictions. This trend continu-
We have seen that tHeR+ RR contribution toS,, can qusly connects us back to the result of the previous subsec-

be important even for fairly small values pftang, soitis  tion.

natural to wonder what conclusions can be drawn about Mixing between the first two generations of squarks has

AMg_in the regions where both contributions are importantfallen outside the main scope of this paper. We should men-

To answer this question we again performed a scan of thion, however, that larger values of the lightest squark
parameter space, this time collecting points with maximafmasses, around 500 GeV, may well be preferred by con-
and minimalAMg as a function ofu tanB with the addi-  straints fromK- K mixing. To see this, note that if we believe

S . . .
tional requirement tha®, < — 0.2 for the nominal valuex that the Cabibbo angle originates through the down Yukawa
——1.1. The results are shown in Fig. 11. In accord withmatrices, then the down Yukawa matrix has the structure

what was stated above, points with the largesang give hg heo
smaller contributions toBg mixing. In fact, for utang A= she
>40 TeV any effects omMBS will be indistinguishable d '

from the standard model expectation. This apparent upper

bound may be interpreted as follows. For laygéang the  whereh is some unknown Yukawa coupling ang is the
severeb— sy bound is pushing us to regions whé&&mix-  sine of the Cabibbo angle. Diagonalizing this matrix requires
ing is small or masses are high, both of which disfavor largea rotation ond, ands;, of O(A:) which induces an off-
contributions taBg mixing. At the other end of the spectrum, diagonal element of orddryA . Using the phenomenologi-

h  h (48)

300 . 600

250 "":- 500

200 ] o 400}

L] -M: K] AMB .:g

AMBS . - ¢ s 5

sof % 'I-"h.-‘-.f - (pS _1) 300 %
Ps™ | . Y p

ol =
Fl
50 o on
M."M-fnl!ﬂ!___h P
2 ) 6 8 10 10 20 30 10 50 60
ptan B (TeV) ptan B (TeV)

FIG. 11. Maximum and minimum values afV g,asa function ofu tan B resulting from a scan of 150 000 points in the parameter space
with S,x<—0.2 and«=—1.1. The plot on the left shows an enlargement of the region of smthgs.
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cal relationshipnd/msw)\é, we find that a rotation between scribed by mass insertions gives us larger contributions in
dg andsg of O(\2) is needed to complete the diagonaliza- the ‘pure’RRmixing case. Other differences may arise from
tion. Then, due to the lack of degeneracy between th@ different treatment of the hadronic matrix elemefRef.
squarks, the induced-s mixing can lead to a large contri- [31] uses BBNS and the fact that constraints frob—sy
) ’ — ) _ were not imposed in the same way.
bution to theK-K mixing. This suggests that heavier squark  \ve differ from both papers in our emphasis on the mixing
masses, perhaps above 500 GeV are preferred, barring somgjuced by a combination ah,u tanB along with a large
accidental cancellation with th@nknown (1,2) element  flavor-changingRR element in the squark mass matrix.
in the above matrix. Though double mass insertions are briefly discussed in Ref.
By the above reasoning, if one wishes to achieveésSgn  [31], both Refs[31] and[32] focus on the contributions of
that differs significantly from the value of siBzas measured single mass insertions, including flavor off-diagoh& mix-
in the Bg—>J/z,/;KS channel, there may be a theoretical preju-ing. ) ) )
dice to prefer scenarios where large squark masses are moreWe would like to emphasize that the double mass inser-
easily accommodated, such as tHR+RR dominant case or  tion (LR+RR mixing) does not necessarily describe the

the RRdominant case in conjunction with a large valuecof ~ S@Me physics as a sindl® flavor mixing insertion, a point
also mentioned in Ref31]. Treating aLR+RR mixing as a

pure 52R3" may miss important contributions due to tRR
V. CONCLUSION mixing only. For example, we find maximal values®Mg_

There exist a class of models, motivated by grand unifiedor intermediate values of tang which are much higher
theories and the large observed mixing in atmospheric nejhan those plotted in Ref31] with pure LR mixing. This

trinos, where it is natural to have a large mixing between thémgm be due to eRRmixing contribut!on which is subd'omi'-
nantinS,k but which nevertheless gives a large contribution

right-handedb squark ands squark. We have found that , AMg_. This example illustrates how our framework dif-

there PT).(iStS arange of parameters where such mixing induc?grs from analyses which consider only one mass insertion at
a significant deviation ir,x from the standard model ex- a time

pectation of sin® as measured in the channeBg
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ing, with no contribution from the mixing proportional to

mpu tanB. In this case a small gluino mass is required, near APPENDIX A: LOOP FUNCTIONS

the experimental bound. Correspondingly, there is a large We include the loop functions for completeness. We use

contribution toBg mixing, a consequence which will be test- - . _. 2, 2
able at the Tevatron run Il. In the second case, we considépe same definitions as in R¢ll1]. Herex,= maA/ma.

the mixing from the combination of the large right-right mix- 1
ing and a largam,« tanB. In this case, squarks and gluinos — —72dz
need not be light, s8¢ mixing need not be large. In particu- _ | 4
e B1(Xa,Xg) = >
lar, for very large values ofx tang the prediction forBg 0 (z+1)2(z+x)(z+Xp)
mixing is indistinguishable from the standard model predic-
tion, when current errors on lattice matrix elements are taken x,i logxp xé log Xg

into account. However, a substantial improvement in the =" -
P 4(XA_XB)(XA_1)2 4(XB_XA)(XB_1)2
effect to be seen at the Tevatron in this case. 1

standard model prediction f@s mixing still may allow an

Hxpa-1)(xg— 1) (A1)
Note added

While completing this paper we received Reff31,32. Bz(XA,XB):J 2dz
There is some overlap with these papers, which also consider 0 (z+1)%(2+Xp)(Z+Xp)
supersymmetric contributions ﬁg—uﬁKs.

Regarding Ref[31], in places that we overlap, we agree __ Xalogxa  xglogxg
qualitatively with their results, though there may be some (Xa—Xg)(Xa—1)?  (Xg—Xa)(Xg—1)?
guantitative differences. These may be due to the fact that
they work in the mass insertion approximation. Indeed, al- B 1 (A2)
lowing large mixings and hierarchies that cannot be de- (Xpa—1)(xg—1)’
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2x3—9x?+18x— 11— 6 logx

_ _ ﬁ o n a on a
Ci(x)= 36(1—x)* ) (A3) Oga= 12 Mp{My(sy*P Tjjb) + my(sy*PgTiib)
—2p4(s PuT2b: )Y (a,y Ta¢
_16X3+45X2_36X+ 7+ 6X2(2X_3)|ng 2pb(SIPRT|JbJ)}(qk7MTk q€)1 (83)
Cy(x)= : S . .
36(1—x)* where the last term was simplified using the conservation of
(A4)  the quark currenk”(qxy,Tg.d¢) =0 as in Ref[33]. Then
by a Fierz transformation and judicious use of Dirac matrix
—x3+ 6x2—3x—2—6x logx identities, this can be brought to the fofi®,34,35
D4(x)= - , (A5)
6(1—x) 2_
as Ng—1 2Ne _, .
Oga=— k2 mbW 0i¢6j— mTika]’
—x%+1+2xlogx c c
Da(x)= T (A6) — — _
(x—1) X[2mp(s;iy*PLde) (diy,PLbj) —4my(siPrae)
2x34 3x2— 6x+ 1— 6x2logXx X(aicPLbj) +2my(s vPrdlc) (Y, Prb))
Ds(x)= , A7 = — =
0 6(1—x)° A7) ~ 4m(S PG (@Prby) +2(py) {57 PLA0)
, , X (APrD)) + (5iPrA) (Aky*Prb)) +1 (510" Pral)
~ —3x°+4x—1+2x" logx o o o
D4(x)= 1) : (A8) X (Qey”PrD)) — (517, PLae) (Qeo* Prby)}H].  (B4)

Next we use the following parametrization for matrix ele-
APPENDIX B: CHROMO-DIPOLE MATRIX ELEMENT ments:
FOR Bj— ¢Kg

,€,)|sy*s|0y=f ,m3 e, B5
In this appendix we show explicitly the computation of (#(Py.eq)lsy"sl0)=Tymses (9
) (r) . . . . i -
the .matrlx element o® . in the na|ve.> f(flctorlzatlor? approxi (¢(py,€4)[s8]0)=0, (B6)
mation. The computation of a similar quantity fd°
—m"a" decay can be found in Refi33]. _ o, 2m .
We start with (d(py . €4)[s0"7s[0) = —|f¢m¢F(egp¢—e¢p§ﬁ)-
@
(B7)

g JE—
ngs_;zmb(siguwﬁ Prbj) G2, (B Also,

0 e i RO
and then connect a quark current through a virtual gluon t(gK (P)[s7*blBa(pe))
form a four-quark operator. This step depends on the conven- = (p;+py)“F . (t)+(pg— px)“F_ (1), (B8)
tion used for the covariant derivativ®.Our convention is
- inTaad e ie 7 —
that I.DM—aM-.i-lgT AM', and we _h_ave checked that this is (KO(pK)|Sb|§2(pB)>
consistent with the Wilson coefficients for both the standard

model and SUSY contributions. This yields the operator = S ApkF 4 (1) + 8y (Ps— PK)2F _ (1), (B9)
a. k (K°(p)[so*"(1 y5)bBY(pg))

Oga=i— —my(5,0** T3 PRb)) (Aky, T Ge),  (B2) _
9 T 2 i ij j u = —2is(psPr— PpPE) =S (PgyPro— PeoPry)-

. . B10
wherek=p,— ps is the gluon momentum. In the naive fac- (10
torization  approximation the  color-octet current, Here t= (Ps— P2 Agk= mé— mﬁ and Se=m,—m.

(A, T, cannot produce a physica, so the¢ must  Notice we have corrected the sign in E&7) compared to

be produced by the andq operators. To factor the matrix the similar expression in Ref34]. Heavy quark effective

element we first use the equations of motion to simplify thetheory gives the relatios=(F . —F _)/4m, [36]. We also

tensor current. This yields make the kinematic assumptions that thquark carries all

of the B-meson momentum and that thke momentum is

equally divided between its two constituenjuarks. Thus

0n particular, note that Ref,34] appears to use the opposite Pp=Pg and k2=%(m§—m§)/2+ m2). Putting all the pieces
convention of Refs[33,35. together gives

094024-14
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F_
2 2 2
mg . mB—mK+m¢€
=——|l+t——— |+
2k?L 4my(mMy—ms)
mﬁ-mﬁ—mé—mel,(l F_)+ ms (F_)
2k? 8m? Fof 2mp\Fy/) |

(B11)

Because the matrix element is nonsingular we hiav¢0)

PHYSICAL REVIEW D59, 094024 (2004

F_(mi):F_(O)zo [37]. By ignoring the difference be-
tweenb-quark andB-meson masses we arrive at the estimate
cited earlierk=— g +0O(m’/m3)=—1.1. The sign conven-
tion differs from Ref.[8], and the slight difference in mag-
nitude can be traced to our replacement pf-{ ps)* with
2pf using the conservation of the added quark current. In
Ref.[12] a similar quantity~S¢K= 3k is used. However, they

quote a valueS,=—0.76 which appears to matc§,
found in Ref. [33]. This would correspond to a value

=0. Then for smalt, due to simple pole dominance we have of k=—1.71.

[1] Super-Kamiokande Collaboration, Y. Fukuetaal,, Phys. Rev.
Lett. 81, 1562(1998.

[2] SNO Collaboration, Q.R. Ahmasdt al, Phys. Rev. Lett89,
011301(2002.

[3] KamLAND Collaboration, K. Eguchet al, Phys. Rev. Lett.
90, 021802(2003.

[4] KTeV Collaboration, A. Alavi-Haratiet al,, Phys. Rev. Lett.
83, 22(1999; NA48 Collaboration, V. Fantét al,, Phys. Lett.
B 465, 335(1999.

[5] BABAR Collaboration, B. Aubertet al, Phys. Rev. Lett87,
091801 (2001); Belle Collaboration, K. Abeet al., ibid. 87,
091802(2001).

[6] D. Chang, A. Masiero, and H. Murayama, Phys. Rev6D
075013(2003.

[7] Y. Grossman and M.P. Worah, Phys. Lett3B5 241 (1997.

[8] R. Barbieri and A. Strumia, Nucl. PhyB508, 3 (1997).

[9] BABAR Collaboration, B. Aubertet al., hep-ex/0207070;
BELLE Collaboration, T. Augushev, talk given at ICHEP
2002, BELLE-CONF-0232.

[10] G. Hiller, Phys. Rev. D66, 071502R) (2002; A. Datta, ibid.
66, 071702R) (2002; M. Raidal, Phys. Rev. LetB9, 231803
(2002; J.P. Lee and K.Y. Lee, Eur. Phys. J.2G, 373(2003.

[11] T. Moroi, Phys. Lett. B493 366 (2000.

[12] E. Lunghi and D. Wyler, Phys. Lett. B21, 320(2002).

[13] A.J. Buras, A. Romanino, and L. Silvestrini, Nucl. Php&20,

3 (1998; G. Colangelo and G. Isidori, J. High Energy Phys.
09, 009(1998; S. Baek, J.H. Jang, P. Ko, and J.H. Park, Phys.

Rev. D62, 117701(2000.

Neubert, and C.T. Sachrajda, Nucl. Ph$91, 313(2000.

[18] M. Ciuchini (private communication

[19] N.G. Deshpande and X.G. He, Phys. Rev. L&#.26 (1995;
74, 4099E) (1995.

[20] P. Gambino and M. Misiak, Nucl. PhyB611, 338 (2001).

[21] BaBar Collaboration, B. Aubertet al, hep-ex/0207076;
ALEPH Collaboration, R. Baratet al, Phys. Lett. B429, 169
(1998; Belle Collaboration, K. Abeet al,, ibid. 511, 151
(2002); CLEO Collaboration, S. Cheat al, Phys. Rev. Lett.
87, 251807(2002).

[22] J.S. Hagelin, S. Kelley, and T. Tanaka, Nucl. PH415, 293
(1994).

[23] A.J. Buras, M. Jamin, and P.H. Weisz, Nucl. PhB847, 491
(1990.

[24] D. Becirevicet al,, Nucl. Phys.B634, 105 (2002.

[25] D. Becirevic, V. Gimenez, G. Martinelli, M. Papinutto, and J.
Reyes, J. High Energy Phy84, 025 (2002.

[26] M. Ciuchini et al, J. High Energy Phy<07, 013(2002).

[27] A.S. Kronfeld and S.M. Ryan, Phys. Lett. 813 59 (2002.

[28] LEP B-Oscillations Working Group, http://
lepbosc.web.cern.ch/LEPBOSC/combined_results/amsterdam_
2002/.

[29] K. Anikeev et al, hep-ph/0201071.

[30] Y. Grossman, M. Neubert, and A.L. Kagan, J. High Energy
Phys.10, 029(1999.

[31] G.L. Kane, P. Ko, H.b. Wang, C. Kolda, J.H. Park, and L.T.
Wang, Phys. Rev. LetB0, 141803(2003.

[32] S. Khalil and E. Kou, Phys. Rev. b7, 055009(2003.

[14] G. Buchalla, A.J. Buras, and M.E. Lautenbacher, Rev. Mod.[33] A. Arhrib, C.K. Chua, and W.S. Hou, Eur. Phys. J2@ 567

Phys.68, 1125(1996.
[15] M. Ciuchini, E. Gabrielli, and G.F. Giudice, Phys. Lett388
353(1996; 393 489E) (1997.

[16] F. Gabbiani, E. Gabrielli, A. Masiero, and L. Silvestrini, Nucl.

Phys.B477, 321(1996.

(2001.

[34] N.G. Deshpande, X.G. He, and J. Trampetic, Phys. Lett. B
377, 161(1996.

[35] A.L. Kagan and A.A. Petrov, hep-ph/9707354.

[36] N. Isgur and M.B. Wise, Phys. Rev. &2, 2388(1990.

[17] M. Beneke, G. Buchalla, M. Neubert, and C.T. Sachrajda,[37] W.N. Cottingham, H. Mehrban, and I.B. Whittingham, J. Phys.

Phys. Rev. Lett83, 1914(1999; M. Beneke, G. Buchalla, M.

G 28, 2843(2002.

094024-15



