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We analyze supersymmetric contributionsBg mixing and their impact on mixing-inducedP asymme-
tries, using the mass insertion approximation. We discuss in particular the correlation of supersymmetry
(SUSY) effects in theCP asymmetries oB;— J/ ¢ andBy— ¢K g and find that the mass insertions dominant
in Bg mixing andBy— ¢Kg are (6‘33)|_L'RR and (6g?)LR,RLr respectively. We show that models with dominant
(523)LR,RL can accommodate a negative vaIueSQi(S, in agreement with the Belle measurement of that
observable, but yield 85 mixing phase too small to be observed. On the other hand, models with dominant
(623)LL,RR predict sizable SUSY contributions to bottM¢ and the mixing phase, but do not allow the
asymmetry irB;— ¢Kg to become negative, except for small values of the average down squark mass, which,
in turn, entail a value oA Mg too large to be observed at the Fermilab Tevatron and CERN LHC. We conclude
that the observation d8; mixing at hadron machines, together with the confirmation of a negative value of
S¢Ks' disfavors models with a single dominant mass insertion.
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[. INTRODUCTION diagonal sfermion masses are nearly degenerate.
Flavor-changing box and penguin processes as observed
The impressive performance of tBefactory experiments ~ at theB factories are very sensitive to flavor-violating effects
BaBar and Belle provides the basis for scrutinizing tests opeyond the SM, and the constraints on or measurement of
the standard modéBSM) picture of flavor structure angP ~ nondiagonal squark masses will help to discriminate among
violation in the quark sector, and opens the possibility ofvarious soft SUSY breaking mechanisms. In summer 2002,
probing virtual effects from new physics at low energies. inthe BaBar and BeIIe'C':oIIa_lboratlons reported the fII’St. mea-
the supersymmetric extension of the SM, a new source cfurements of the mixing-induce@P asymmetry S, in
flavor violation arises from the fact that, in general, the ro-B4— ¢Kg, which at the quark level if—sssand thus a
tation that translates flavor eigenstates into mass eigenstatpsre penguin process, which is expected to exhibit, in the
will not be the same for quark and squark fields, which im-SM, the same mixing-inducedP asymmetry as observed in
plies the appearance of a new squark mixing matrix or, alBg—J//Ks [2]. The experimental results, however, updated
ternatively, that of off-diagonal squark mass terms in a basi§" summer 2003, paint a slightly different picture:
where the quarks are mass eigenstates and both quark and
squark fielgs have undergonegthe same rotationithe so- Sy =0.73650.049 (BaBar and Belle)[3,4] (1)

called super Cabibbo-Kobayashi-Maska(@KM) basis. A 2002

convenient tool for studying the impact of this new source of _

flavor violation is the mass-insertion approximatigvilA ), Spkg = —0.395041 [5,6]

which was first introduced inl] and since then has been 2003 —0.96+0.50'2%  Belle [7]

widely used as a largely model-independent tool for analyz- = ' ol ' 2
ing and constraining supersymmet(@USY) effects in B +0.45£0.43+0.07, BaBar[8].

physics. In the super-CKM basis the couplings of fermions . N .
and their SUSY partners to neutral gauginos are flavorio‘lthoug.h the experllm.ental situation By— ¢Ks is not yet
diagonal and flavor-violating SUSY effects are encoded incopcluswe, the dQV|at|on cqustrom Siyx May consntute. .
the nondiagonal entries of the sfermion mass matrix. Thé first potential glimpse at physics beyond the SM, and it is
sfermion propagators are expanded in a series sin POth worthwile and timely to pursue any interpretion of these
results in terms of new physics and to analyze their impact
) ~> on future measurements to be performed atBliactories or
the average sfermion mass. We assufesm;, so that the  at the Fermilab Tevatron and the CERN Large Hadron Col-

first term in the expansion is sufficient, and also that theider (LHC); see e.g[9-12.

=A2/'r?r§, whereA? are the off-diagonal entries and; is
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In the framework of the MIA, the measurementhfwKs, where {g=arg("'1,/M15). I'1, can be computed from dia-
which is in agreement with the SM expectation, indicatesdrams with two insertions of thaB=1 Hamiltonian and is
that (59 as. A,B=L,R, is small[13], whereas the result for dominated by the tree contribution. SUSY effects are very
Syk, indicates a relatively larged) as. Furthermore, by ~Small, so to very good accuracy one can set

including the constraints onégg)AB from b—sy, it was
found[9] that, for average squark masses of order 500 GeV,

only models with dominant(igg,_R,R,_ can accommodate a . )

negative value oSy . In the SM, M, is dominated by top quark exchange; the
N mixing phase in the Wolfenstein parametrization and its size

are given by

=T (5

8%, insertions also determine the size of SUSY contribu-
tions to B¢ mixing and, as a consequence, the mixing-
inducedCP asymmetries in tree-level dominated decays like . . ) s
e.g.B—J/ ¢, which is one of the benchmark channels to argM iz’ =2 argVypVis) = =21\ “7=0(10"7).  (6)
be studied at hadron machines. Within the SM,Bhenixing
phase is very small, and consequerly,,, is expected to be In SUSY, there are new contributions b, , induced by e.g.
of O(10°?). In SUSY, on the other hand, the third-to-secondgluino and chargino box diagrams, which potentially carry a
generation h—s) box diagram may carry a sizab@P vio-  large phase and which we parametrize as
lating phase, which is described in terms of the same mass

insertion (5‘33)AB governing theCP asymmetrySd,KS. It is My, ‘
therefore both important and instructive to analyzebals M—SEFSG'B s, (7)
transitions in the same framework, paying particular atten- 12
tion to the correlations between observables. This is the sub- _
ject of this paper. which entails

Our paper is organized as follows. In Sec. I, we recall the
master formulas determinir, mixing and theCP asymme- AM¢= rﬁAMSSM, AFS:AFSSMCOS 285, (8)
try in Bs— J/ ¢ and discuss the SM expectations for B
mixing parameters and the experimental reachBfpmixin : SM L
at ha%r%n colliders. In Sec. ?II, we discuss thi dom‘:‘i’namassum|ngﬁs>argM12 - The above resuilt implies that new

SUSY contributions tdBg mixing in the framework of the physics contributions will always lead to a decreasabt,

mass insertion approximation. In Sec. IV, we present numeri‘:Jls was first discussed in R¢t4].
PP ' L P Let us now discuss the effect of SUSY on the mixing-

cal results and discuss the correlation between the constraints

- . . . iNduced CP asymmetry in the tree-dominated dec®y
from b—sy and Sy, obtained previously in Ref9], and —J/ ¢, which is expected to be very small in the SM and

Bs mixing. Section V contains a summary and conclusions.pance highly susceptible to large or even moderate G&w
violating phases. Although the final stait/¢ is not aCP
Il. B MIXING AND THE MIXING-INDUCED CP eigenstate, but a superposition GP odd and even states
ASYMMETRY IN B—J/ ¢ which can be disentangled by an angular analysis of their
decay product$15,16], the advantage of that channel over
the similar proces8,—J/#7(") is the comparatively clean
Let us begin by recallingthe master formulas foB;  although still challenging reconstruction of thg via ¢
mixing and the resulting mixing-induced asymmetryBg ~ —K*™K™, whereas they(’) is even more elusive. Once the
—Jl . As for By, the mixing anglep andq between the CP waves have been identified, the analysisBaf-J/ ¢
flavor and mass eigenstates in tBg system can be ex- proceeds largely along the same lines as that Bgf

A. Master formulas and new physics effects

pressed in terms of tH@2-BC transition matrix elemeri,,: ~ —J/#Ks, except for the fact that, in contrast By mixing,
the width differenceAl’g cannot be neglected and entails a
q / ¥, slight modification of the formula for the asymmetry. With-
5: M_12 (€©)) out a separation of the final stateP waves, the mixing

asymmetry still depends on hadronic parameters describing

ot the polarization amplitude&, , characteristic for the final
where we have usedll's<AMg andAT's<T'g". The result-  gi540 @, for CP even andA, for CP odd. One finds,

ing mass and width differences between mass eigenstates a{g&suming no directP violation,
given by

['(B2—J/y¢p)—T(BI— /)
T (BY—J/4¢) +T(BY— Il yop)

AM¢=—2My,, ATl'¢=2I,,c0s{z, 4 Syiye SINAM t=

'Here we use the conventiofBs),=p|B2)+q|B) and |B),

=p|BY)—q|BY) where we defineCP|P)=+|P) and AM =M, Note that we can write a5y in a different phase convention
—M; andAT=T"1—T,. but its size is always the same.
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D Im[g;)dd +1m

Bpeven
SinAM t
DFodo(t)'H:ever(t) s
)
where
AT q— . [AT
Fodd,evergt):COS Tt +R Bpodd,eve sin 2 t
(10
andD encodes the polarization amplitudes:
A 2
D= % (11)
| A%+ Ao
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[11,13,19,20 and we can assum&My=AMM. AMy is
measured from the time dependenceByf mixing and is
rather precisely knowp21]:

(AM g) = (0.489+0.008ps .

As for |Vg|?/|V,q|?, one has to use a value that is not con-
taminated by new physics. Stated differently, one needs a
measurement of the angteS™ or v SM from pure SM pro-
cesses. Various strategies for a clean determination of these
angles have been proposeste Ref[22]) and are expected

to yield stringent constraints in the near future. For the time
being, however, one has to resort to a different method and
exploit the very basic fact that a triangle is completely deter-
mined by three parameters, which in our case are the base, of
length 1, the left side, which is determined BY,,/V¢p,

and the anglg8 SM between the base and the right side. The

D, as a hadronic quantity, comes with a certain theoreticagéssential assumptions that enter here(grthat the determi-

uncertainty. Referenc¢l7], for instance, quoteD~0.3
+0.2.

The parameteﬁis defined as

; B A(Eg*)‘]/’ﬁ(b)odd,even
dd, o
oda.even A(BSHJ/‘r/fd’)odd,even

and can be computed from theB= 1 effective Hamiltonian,
yielding

12

— _ VcbV:s

Podd,even + (13
V:bvcs

= Sodd,even

with &gper= +1 andé,qq= — 1. Accordingly, we have

q— o
Bpodd,eveﬁ_vgodd,evere 21Bs, (14

B. Estimate of AM ™ and AT M

In order to estimatAM>M, one usually uses the ratio

AMSEMAM M, in which all short-distance effects cancel:

ANISSM MBS BBSf%s |VtS|2
AMZM Mg, BBdfgd Vil

(19

nation of| V¢, and|V,,| from semileptonic decays is free of
new physics, which is a model-independent assumption as
these are tree processes, diifl that 8 as measured from
By— J/ K is actuallyd SM—which, as mentioned above, is
indeed the case in many SUSY models, but is a more model-
dependent statement thén. Using

sin23=0.736+=0.049 [3,4], (16)

17

one obtains an allowed region for the position of the apex of
the unitarity triangle which is shown as the shaded area in
Fig. 1(a). The allowed values ofySM are 45%ySM
<100°.|Vs/Vy4| can be read off the figure as a function of
v SM from the right side of the triangle and translated into an
allowed region forAMSSM as shown in Fig. (b), where we
also include the error frorBg f3 /(Bg f3 ). As can be seen

from this figure, the current experimental boundM
>13 ps ! [21] does not yet exclude any value ¢fM be-
tween 45° and 100°.

Let us now turn toAT M. A recent estimate including
next to leading ordeNLO) QCD corrections and lattice
results for the hadronic parameters yie[@s]

IVyp/Vep| =0.090+0.025 [21],

SM
S

tot
F S

—(0.12+0.06). (18)

The remaining ratio of hadronic parameters has been calcyy; present, there is no experimental bound.

lated on the lattice yielding18]

B (M) f3,

B,{Mp) 1B,

where the asymmetric error is due to the effect of chiral
logarithms in the quenched approximation. In many SUSY

models the dominant new contributionsBg mixing involve

C. Observability of the B2-B? oscillation

A convenient measure of the frequency of the oscillation
is the parametex,, defined as

_ AMg
= FBS'

Xs

transitions between the third and the first generations and are, indicates the observability of the oscillation, which is gov-
thus suppressed by the corresponding CKM matrix elementgrned by sinft/7y); it is evident that the experimental reso-
so that By mixing is saturated by the SM contribution lution of rapid oscillations withx;>1 is extremely difficult.
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FIG. 1. (a) Allowed region(shaded aredor the apex of the SM unitarity triangle, using the constraints ft¥iy,/V.,| and sin 3. (b)
AMSM as function ofy SM as determined fronga).

The current experimental lower bound x>19; recent argR is very close to zero ofr. For large SUSY contribu-
studies of the experimental reach of the BTEM] and the  tions|R|>1, on the other hand, sing=1 is very possible.
LHC [25] experiments indicate that can be measured upto | et us now discuss new physics effects ®F,. As dis-
valuesxs~90 (note that the corresponding parameter in thegyssed if14,15, AT is always reduced by new physics due
By systemxy, has been measured to be 0.7Bne perfor- i the factor cospB, in Eg. (8). In Fig. 2Ab), we plot

mance of ATLAS, CMS and LHCb in analyzir@s—J/ ¢ AT /AT SMin terms of arR for different values ofR|. As
has also been studied, which allows the determination of the_ ° s ! R I vai fRI.

; . - . can be seen from this figuraI'g can even become zero for
correlation between the new physics mixing phase gin 2 _
LS : large values ofR| and argR= = /2.
and the frequencys [25]. Although the sensitivity to sin2,

gets worse axg increases, values of sif2 as small as Finally, let us discuss the eff_ect ail’s on the t|me-
O(10°2) are within experimental reach for moderatg ~ dependent asymmetry E(). In Fig. 3 we show the time-
<40, dependent asymmetry @d,—J/¢ for the parameter set

Let us now discuss the correlation betwee,2ndx, in ~ AMs=25ps*, ATSMI'=0.12, D=0.33, [R|=1 and
terms of contributions from beyond the SM. For later conve-argR= /2. Note that the maximum of the skM curve
nience, we parametrize the new physics contributions as slowly decreases with which is the effect of the denomina-

tor of Eq. (9). Although this effect is rather small, it may be
My used to determinAl’g once experimental data become avail-
= (190 able in a sufficiently large range of

=\ SM?
Mp

which implies Ill. SUSY CONTRIBUTIONS TO B MIXING

AMSM The mass difference in th&g system and the time-
2ps=ard 1+R],  Xs= T, 1+R. 20 gependent asymmetr,,,, depend essentially oM,
which can be computed from the effectiveB=2 Hamil-
In Fig. 2(a) we plot the correlation betweens2 andx, for  tonianH5£~2. In supersymmetric theorid$5P =2 is gener-

different values ofR| € {0.3,0.5,0.8,1,3 bvarying the phase ated by the SM box diagrams wit% exchange and box
argR between 0 and 2. The value ofAM>M is chosen to  diagrams mediated by charged Higgs boson, neutralino,
be 25 ps'. The figure shows that the current experimentalgluino and chargino exchange. The Higgs boson contribu-
bound onx, has already excluded some phase region fotions are suppressed by the quark masses and can be ne-
0.5<|R|<1. In view of the limitation of the experimental glected. The neutralino diagrams are also heavily suppressed
resolution, x;<90, it is clear that new physics can be re- compared to the gluino and chargino ones, due to the elec-
solved only if it is not too large, i.e|R|<4. As for the troweak neutral couplings to fermion and sfermions. Thus,
mixing phase, B, small |R|<1 will result in small 28,  the B°-B® transition matrix element is to good accuracy
that cannot be distinguished from the SM expectation, unlesgiven by
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03
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0.8

arg|R]
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FIG. 2. (a) Correlation betweenx, and 28, for |R| €{0.3,0.5,0.8,1,3,5and argRe[0,2rr], whereR parametrizes the new physics
contributions taM 1,, Egs.(19),(20). The numbers in the figure represent the valugRpaind the circles and triangles indicate &g 0 and
7, respectively. The value of aRjincreases in the direction of the arrow. The perpendicular line is the current experimental lower bound
of xs. (b) New physics imAT's. The numbers in the figure represent the valugRf|AT (| is always reduced by new physics and can even
become zero.

with x,=(m,/my)2. Contributions from virtualu and ¢
quarks are suppressed by the Glashow-lliopoulos-Maiani
(GIM) mechanism. The short-distance QCD corrections are
where M$), M3, and M}, indicate the SM, gluino and encoded iny,s and Js, with 7,5=0.551 andJs=1.627
chargino contributions, respectively. The SM contribution is[2g].

= T+
Mp=M3'+M$+ MY, (21

known at NLO accuracy in QC26] and is given by Including gluino and chargino exchangess® =2 takes
G, the form
M= ) (VioVie)*So(xy) magl as( )] 92 3
| Haf ~*= E Ci(w)Qi(w)+ 2, Ti(w)Qi(w)+H.c.,
P e e O TR - 24
Ar 5 3 Bg By L) ( )

whereC;(u), Ci(un), Qi(x) andQ;(u) are the Wilson co-
efficients and effective operators, respectively, normalized at
the scalew, with

whereSy(x;) is given by

-1+ x3 3x3Inx,
4(1—x,)? 2(1-x,)°3 Qi=s{'y,bisPy*bf,

______________________________________

] zoom in

t

H LR UL Fe Ly T T T T T ]
A - - RN § S £ U | | SR | R | F, PR | SR | RO W .
0.3 -1

;

e e, e, —, e, ————-

FIG. 3. The time-dependent asymmetryRy— J/ /¢ according to Eq(9); parameters as given in the text.
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Q,=Sab{'sRbf, “+ o
CY (M9=— X {IValAVjl (87,
48rryq i

=sibPsby,
Qa=SrbrSk + 2N (831 (83) L 1L a(Xi X))

Q4=g,‘§bf§,/_3bg, _2Yt|Vi1|2V11V}k2[(532)LL(552)RL
+N(63)LL(F5)rLIRA(Xi X ,2)
e Y oy P
Qs=sgb{'s{bg. (25 +Y2V, VBV, 1V?2[(552)2RL
The operator®); , ; are obtained fron® , 5 by exchanging +2N(3)ru(Sz)ruIR2(Xi X, 2)}, (3)
L—R.
In the MIA, the gluino contributions to the Wilson coef- -~ a? "2
ficients at the SUSY scaldl g are given by[27] C§ (Mg)= To? IEJ Ui2Uj2ViaVial (6301
G
~ a? . ) +2N(33)LL( 85 L ILo(Xi X)), (32)
ClM )=~ — 5[ 24xfe() + 6616 1(529¢1 .
2 2 2,2 .
q 26) where Xi_mxﬁ/mﬁ' z—m;R/m;q and the functions
R,(X,Y,2), Ra(X,Y,2), Lo(x,y) and Ly(x,y) are given in
~ o2 [19]. U;; andV; ; are the unitary matrices that diagonalize
CYMg)=— s 2204”6()()(523)%_, (27 the chargino mass matrix ang is the top Yukawa coupling
216m, (for more details, sef19]). Note that, neglecting the effect

of the Yukawa couplings of the light quarks, the chargino
5 contributions toC, andCgy are negligible and that charginos
aS

CQ(M )= — 36x (x)(6d3)2 ' (28) do not contribute taC,(Ms) and C»(Mg) due to the color
3 S 2 6 23/RL .
structure of the diagrams; nonzero values at lower scales are
however induced by QCD mixing effects.
To obtain the Wilson coefficients at the scale-my, one

q

2

" @ ~ has to solve the corresponding renormalization group equa-
g - _ S _
Ci(Msg)= 216T}2{[504(f6(x) 72f6(x)] tions, which to LO accuracy was done in REE3], with the
q result
X (859 LL(859)rr— 132 4(X)
59 (68 Ci(w)=2 2 (b{"9+7c("9) 77Cy(Mg), (33
X (623 Lr(S23)RL (29 r ~ & T i sUVish
- o2 B where 7= ag(Mg)/as(x). The coefficientd{"¥, ¢ and
CdMg)=— 51[24xfg(x) + 120 (x) ] a; are given in Ref[13].
216md In order to calculateM ,, we also need the matrix ele-
= ments of the effective operatof3; and O, over B, meson
X - - i i s .
(63911 ( 839 rr— 18005(x) states. As usual, the matrix elements are expressed in terms
X839 r(69)Rr1} (30)  of the decay constarftg, using the vacuum insertion ap-

proximation; terms neglected in this approximation are in-
cluded in a bag factoB; which is expected to be of order

2 2 .
wherex=m-/m: andnt; is the average down squark mass.
g q q 9 q one. One has

Explicit expressions forf(x) and f4(x) can be found in

[27]. The Wilson coefficientC, , ; are obtained by inter- —0 0 1 )
changingL —R in the mass insertions appearing@ ,5  (Bs |Qu[Bs)=—zmg fz Bi(n), (34)
Note that the coefficient of the mass inserti@d, (632 rr

in C is much larger than the coefficients of the other mass 5 Mg 2
insertions, which render&Mg_and Sy, very sensitive to  (B,%|Q,|B2)= %2 Wﬁn() mBsfésBz(M), (35
these insertions. bLAT TS

The chargino contributions to the relevant Wilson coeffi- 2
cients, at leading order in the MIA, next-to-leading order in(B_OIQ BY)=— - Me, me 12 By )
the Wolfenstein parameter and including the effects of a ‘=5 328"~ " 24\ m (u)+mg(p)] = Bs Bs WM
potentially light right top squark, are given h%9] (36
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1000 - r . T r T

FIG. 4. aj(my,x) defined in
[~ a9 Eq. (399 as a function of x
=(mg/mg)? for mz=500 GeV
(solid lineg and 300 GeMdashed
ax lines).

O.1F

0.01

Although our analysis is model independent, we may never-

m

2

_ 1 B

(BL|Qq|BY)=— 7 —S) mg 3 Ba(n), (37)  theless get some guidance for what to expect by looking at

Mp(p) +Ms(s2) s various SUSY models. As an example, we give numerical

) results obtained from three different kinds of SUSY models

— 1 Mg with mz~m,~500 GeV in the following. Let us start with

0 o0__ — s 2 . g~ My .
(BS'|QsBs)= 12\ my(w) +mg( ) mBszsB5('“)’ (38) the minimal supergravity model. In this model, universality

at the grand unified theory scale is assumed and the running

the matrix elements d®; are the same as f®, . The had- to the Myy scale Ieads only to small off diagonal entries:

ronic parametersy_and B; have been calculated on the (83911 =0.009+0.00% and (83)rrr,rL=0. On the other

lattice, yielding B,(m;)=0.862)(*5), B,(m,)=0.83(2) hand, in the SUSY SQ0) model considered in Refll]

x(4) ‘s (M) —1 0134’)’(9) B.(m )*:41’ 17(22)(35 ang  Where large low energy neutrino mixings originate from a
P oSV AT/ T large mixing in the charged leptons and right handed down

Bs(my) =1.943) (72 [28]; as we shall see in the next sec- -

tign \t/’ve d(; ot nééd a nljmerical value foy quarks(for different SUSY S@10) models, see for example,

[29,30), one gets the following mass insertionssa)rr
=0.5+0.5 and (839 rr.=0. The models with non-
IV. NUMERICAL ANALYSIS AND DISCUSSION universalA terms also have a chance to enhanceltRend

. . . RLm insertions. A ific example di in .
Let us now proceed to the numerical analysis of the im- ass insertions. A specific example discussed in 3]

pact of SUSY effects oMy and sin 2, which is most gives the relevant mass insertions asy =0.002
S

. . . +0005 and (5d3)|_|_ RRRL:O'
cc_)nv_emently done by stgdymg the raﬂ_R; E_q. (19), of in- As can be szeen from the above examples, a single mass
trlnS|C§IIy supersymmetric to SM contnbutmn_s 0. W? insertion is dominant in many models. This implies that, for
start with the gluino contributions, which, as discussed in th

d .
previous section, depend on the average down squark ma: ggQLL'RR [(029LrLr] dominated models, only the term

and on the ratiox=(mz/mg)®. In terms of the mass- oportional toa,(mg,) [ax(Mg,)] contributes toR. We

. : . would also like to mention thatégg)AB is already con-
Insertion parameterégg, R can be written as strained byB(b—sy), which yields |(6g3)LL’RR|<1 and

M, (8591 rRU<O(10°?) [32].
Ri= ——=~a (M, X)[(8%)2, + (8%)2a]+as(mg ,X) Numerical results for thex dependence of;(mg,x) are
9 MmSy TR 291 * (029)Rel 221G given in Fig. 4, for two representative values of the down
5 5 squark massin;=1{300,509 GeV. In order to obtain this
X[ (839 25+ (839 & 1+ as(mg ,X)[(859) Lr( 859rL] result, we have seMg=n; and used the following input
+ay(Mg ) [(85)LL(8%)rR] (39 ~ Parameters:
. 5 2 . o Vs=0.0412, m,=(174+5) GeV, «ay(M,)=0.119,

with x=mé/ma. The coefficientsa;(mg,x) depend implic-

itly on the Wilson coefficients and matrix elements defined in my(my)=4.2 GeV, u=my,

the previous section. Let us pause here for a moment and

consider what range of values féﬂ3 we actually do expect. ms(2 GeV)=(100+20) MeV.

The impact of the theoretical uncertaintiesmf and mg on
3The overall sign is different from the one i8], which is dueto  a; is very small, and also the variation wigh~m, does not
the different sign choice of the&CP transformation; we chose exceed a few percent. The main source of uncertainty of
CP|P% = +|PY). a;(mg,x) comes from theéd; parameters: although the factor
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B, cancels ina;, the othera; carry a~20% uncertainty which is obviously much smaller than the gluino contribu-
from B;/B;. Note thatRj is independent ofBS. tion. Even though the chargino contributions are very sensi-
Let us continue with the discussion of the results depictedive to the value of tag, an increase of tal to 50 entails
in Fig. 4. The solid and dashed lines refemig=500 Gev ~ an enhancement of only the first two terms in E4) from
and 300 GeV, respectively. We see thatallare monotoni- 10" to 10" “—still not large enough to distinguishM and
cally decreasing functions ir and are by about a factor 3 Sin 28 from the SM prediction. _
larger for mg=300 GeV than fom; =500 GeV. Note also Let us finally discuss the implication of the experimental
thata,(mg,x) becomes negative for large valuesyofit is ~ data of theCP asymmetry in thdq— ¢K processS,. AS
also evident thag,(myg ,x) is largest, in agreement with the the underlying quark-level process ia-s transition, it is
remark in the previous section, so that the dominant contrielear that this process is governed by the same mass inser-
bution toBg mixing through gluino exchange is expected to tions, (6‘2’3)AB. Since a possible hint of new physics may
be due toLL and RRmass insertions. Althouga, 5(mg,X) already have been seen in this mode, it is very interesting to
~((10) are also large, the constraint fréd(b—sy) onthe  analyze the implications of the experimental datzﬁggs for
helicity-flip mass insertions &) g g1 renders their contri-  B_ mixing. Let us first recall the main result of the supersym-
butions toBs mixing negligible. o metric contributions t&,  previously obtained in Ref9]:

As an explicit example for the r_elatl\{e size of thg we 0 mixing CP asymmetry is given by
choosem =500 GeV andx=1, which yields

Sin 28+ 2R 4C0SSSIN( 04+ 28) + REsiN(20,,+23)
Ry(Mg=500 GeVx=1) Sgkg= 2 '
s 1+2R c0s5cosb 4+ Ry,

=144 (857 + (85 arl +27.5T(859) 2r+ (599)AL] (42)

—44.76( 899 (3591~ 175.79(53) 1 (35)rrl.  where § is the difference of the strong phase between SM
(40) and SUSY, but assumed to be- 0 in the following(se€[10]
for a more detailed discussiprR, is the absolute value of
the ratio between SM and SUSY decay amplitudes @nes
its phase, that is

Using the constraints frorh— sy, |(5‘2’3),_R(R,_)|<10‘2 and

|(5§3)LL(RR))|<1, it is evident that helicity-flipping mass in-

sertions contribut€)(103) to Ry, whereas singleL or RR

mass insertions can yiel@(1) contributions. R¢ei Op=
In Sec. Il, we have already discussed the dependence of

AMg and sin B, on R; cf. Fig. 2@). The constraint fronb

—sy implies thatLR and RL mass insertions alone cannot For mz=pm;=500 GeV, we obtain

generate a value of, larger than~O(10 %), which is too ¢

small to be observed at the Tevatron or the LHC.andRR Ry€'%0=0.23 87 ) p31 97.4 60g) 15+ 974 63)) 23

mass insertions, on the other hand, can result in sizable—and

measurable—values of thB; mixing phase: for instance, +0.23 58R) 23- (44)

(839 L.=1xe'™ yields AMg/AMSM=1.75 and sin B o _ _

—0.82. while for (5(33)LL2(54213)RR: 0.1xe ™9 gne finds Considering the same constraint frdm-sy, we arrive at

AM/AMSM=1.12 and sin2.=—0.93. Note that for the the conclusion that th&R or RL mass insertion gives the
y s ' 7 o largest contribution t&,«_while theLL or RR contribution

SUSY

(43

SM
AM e

same mass insertion, i.e.éig),_,_=1>< e™, the smaller ) o __
squark massp;=300 GeV, accompanied by=1 gives is subdominant. In Ref9], we found that it is very difficult

about 3 times largefR|, i.e. |R|>4, which is beyond the [0 g€t a negativeS, from LL or RRmass insertion domi-
experimental reach at the LHC, as discussed in Sec. Il.  nated models without decreasing; .

Let us now turn to the chargino contributions. The The most interesting result we would like to emphasize
chargino mediated processes depend on five relevant SUSre is thaBs mixing andS, are dominated by different
low energy parametersng, m;_, My, u and tang. With  mass insertiond:L, RRandLR, RL, respectively. In Table I,
;=150 GeV, mg=200 GeV, M,=u=300 GeV and we present our results f&xM By sin 285 and S¢Ks for vari-

tang=>5, we find ous sets of the mass insertions withmg=nmy

={300 GeV,500 GeY.* As we mentioned above, thel

¥t and RR mass insertions may lower the value 8fx_ and
;;:1074( S5 (8% +2X10 4847, +9.8 make it comparable to gxperiment if the SUSY masses are

M71> light enough(see the first and second rows for=nyg

_ B =300 and 500 GeY In this case, howeved M, becomes
X107 8(84) L (85D RrLT2X 107 7(85) L (S5)RL )

~7, su — 7, u
+2.4¢107 (S5)rL(85) i+ 5.4X 107 (S50)mu 4 “In this table, the phases are chosen to be negative sSjat

(42) becomes less thady, ,« (see the more detailed discussior&)).

115011-8



BS-EQ MIXING AND THE B,—J/#/¢p ASYMMETRY . .. PHYSICAL REVIEW D 69, 115011 (2004

TABLE I. Numerical results forAMBS, sin 28 and S¢Ks for some representative values oﬁgg)AB
(A,B=L,R) for mg=n1; {300,500 GeV.

mg=mg=500 GeV

Mass insertion sets Results
OLL(RR) ORR(LL) OLR(RL) Srier) | AMg(ps) sin 28, Spkg
1xe 172 0 0 0 10.7 0 0.50
1xe 174 0 0 0 435 —-0.82 0.59
0 0 0.01x e~ ™2 0 24.9 0 —-0.36
0 0 0.01x e~ 0 25.0 -2.8x10°° 0.19
1xe 172 1xe 172 0 0 4.3%10° 0 0.25
0.1xe '™ 0.1xe '™ 0 0 50 0.87 0.70
mg=mg=300 GeV
Mass insertion sets Results
SLL(RR SRR(LL) SLR(RL) SRL(LR) AM¢(ps ) sin 28, Sikg
1xe 172 0 0 0 87.6 0 0.05
1xe 174 0 0 0 115 —-0.98 0.37
0 0 0.01x e~ 172 0 24.8 0 -0.76
0 0 0.01x e~ 74 0 25.0 -8.3x10°° -0.15
1xe 172 1x e im2 0 0 1.26x10% 0 -0.52
0.1xe '™ 0.1xe '™ 0 0 128 0.98 0.65
so large that it may not be resolved experimental®n the AM¢=40 ps?,
other hand, althoughR or RL dominated models can ex-
plain the experimental data cS¢KS and also predicAMg sin 28.,~0.86,
~AMZSM, which is good news for the experimental side, in
this case sin A, is too small to be observedee the third and Syr=—0.7.

fourth rows formg=mg=300 and 500 Ge) Therefore, if

the B oscillations are resolved experimentally with<<90 Such nonuniversal soft SUSY breaking terth® andRL of

gnd an observable sig2 ant_j also a _negat'V6¢K§ 'S cgn- order 102 and largeRR are possible in models derived
firmed, the SUSY models with combined mass insertions et string theory, as discussed in, for instance, R&f].

fects would be preferred to the ones with a single dominant
mass insertionAn example of the former class of models

could result in, for instance, the following mass insertions V. CONCLUSIONS
(532)AB: We have studied supersymmetric contribution8gamix-
ing and the mixing-induce@P asymmetry oBs— J/ ¢ in
|(8%9)1=0.02, the mass insertion approximation, including constraints from
other b—s processes, in particuldy—sy and By— ¢Ks.
|(899)rr=0.5, The SM predictions for these quantities &g,,,~10" 2 and
AM¢=10-30 ps?, depending on the value of. We have
|(523)LR|2 |(832)r1|=0.005, shown that in SUSY these predictions can change quite dras-

tically, which is mainly due to gluino exchange contribu-
- tions, whereas the chargino contributions to these processes
ard (6%), 1=ard (839 rrl=— e are negligible. We find that valuey;,,,=O(1) and AM
=10-1¢ ps ! are quite possible. We also find that unlike
their effects on theCP asymmetry ofBy— ¢Ks, the mass
insertions 623)LR(RL) do not provide significant contribu-
tions to these processes, Whereé§3)(LL(RR) imply a large
AMg and sin B;. We have argued that a clean measurement
which lead to of the B2-BY oscillation and a significant deviation &
from Sy, would exclude SUSY models with a single
5Note that ifx,> 90, we cannot find the value afM  experimen- dominant mass insertion, which predict either small oscilla-

tally; however, we can still find whether there is a new physicstion and negativeS,, or large oscillation andSx_
effect or not. ZSJ,wKS.

ard (8%).al=ard (9m )= 5

115011-9



BALL, KHALIL, AND KOU

ACKNOWLEDGMENTS

We would like to thank U. Egede and T. Nakada for pro-
viding useful information on the experimental reach of

PHYSICAL REVIEW D 69, 115011 (2004

LHCDb. This work was partly supported by the Belgian Fed-
eral Office for Scientific, Technical and Cultural Affairs
through the Interuniversity Attraction Pole P5/27.

[1] L.J. Hall, V.A. Kostelecky, and S. Raby, Nucl. Ph¥267, 415
(1986.

[2] Y. Nir, Nucl. Phys. B(Proc. Supp). 117, 111 (2003

[3] BABAR Collaboration, B. Aubertet al, Phys. Rev. Lett89,
201802(2002.

[4] Belle Collaboration, K. Abeet al, hep-ex/0308036.

[5] BABAR Collaboration, B. Auberet al, hep-ex/0207070.

[6] Belle Collaboration, K. Abeet al., hep-ex/0207098.

[7] Belle Collaboration, K. Abet al, Phys. Rev. Lett91, 261602
(2003.

[8] BABAR Collaboration, S.M. Spanier, Contributed to 21st In-
ternational Symposium on Lepton and Photon Interactions at
High Energied P 03, Batavia, lllinois, 2003, Report No.

BABAR-PLOT-0056.
[9] S. Khalil and E. Kou, Phys. Rev. B7, 055009(2003.

[10] S. Khalil and E. Kou, Phys. Rev. Le@1, 241602(2003.

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

[12] M. Tanimotoet al, Z. Phys. C48, 99 (1990; E. Lunghi and
D. Wyler, Phys. Lett. B521, 320(2001); T. Moroi, ibid. 493
366 (2000; X.G. Heet al, Phys. Rev. D63, 094004(2002);
G. Hiller, ibid. 66, 071502R) (2002; M. Ciuchini and L. Sil-
vestrini, Phys. Rev. Let#89, 231802(2002; M. Raidal, ibid.
89, 231803(2002; A. Datta, Phys. Rev. D66, 071702R)
(2002; B. Duttaet al, Phys. Rev. Lett90, 011801(2003; R.
Harnik et al, Phys. Rev. D69 094024 (2004; M. Ciuchini
et al, ibid. 67, 075016(2003; 68, 079901E) (2003; S. Baek,
ibid. 67, 096004 (2003; A. Kundu and T. Mitra,ibid. 67,
116005(2003; J. Hisano and Y. Shimizu, Phys. Lett. 55
183 (2003; K. Agashe and C.D. Carone, Phys. Rev.6B,
035017(2003; G.L. Kaneet al, Phys. Rev. Lett90, 141803
(2003; A.K. Giri and R. Mohanta, Phys. Rev. B8, 014020
(2003; D. Chakravertyet al, ibid. 68, 095004 (2003; J.F.
Chenget al, Phys. Lett. B585 287 (2004); T. Goto et al,
hep-ph/0306093; S. Khalil and V. Sanz, Phys. Let6 7, 107
(2003; R. Arnowitt et al,, Phys. Rev. 068, 075008(2003; M.
Ciuchini et al, Phys. Rev. Lett92, 071801(2004).

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

[14] Y. Grossman, Phys. Lett. B80, 99 (1996.

[15] A.S. Digheet al, Phys. Lett. B369 144 (1996.

[16] A.S. Dighe, I. Dunietz, and R. Fleischer, Eur. Phys. & 647
(1999; R. Fleischer, Phys. Rev. B0, 073008(1999; I. Du-
nietz, R. Fleischer, and U. Nierstibjd. 63, 114015(2002);

[17] P. Ball and R. Fleischer, Phys. Lett.4&5 111 (2000.

[18] JLQCD Collaboration, N. Yamadet al., Nucl. Phys. B(Proc.
Suppl) 106, 397 (2002; D. Becirevicet al, J. High Energy
Phys.04, 025(2002; S.M. Ryan, Nucl. Phys. BProc. Supp).
106, 86 (2002.

[19] E. Gabrielli and S. Khalil, Phys. Rev. B7, 015008(2003.

[20] P. Ko, J.H. Park, and G. Kramer, Eur. Phys. J.2& 615

(2002; P. Ko and J.H. Park, J. High Energy Phy9, 017

(2002.

[21] Particle Data Group, K. Hagiwarat al, Phys. Rev. D66,
010001(2002.

[22] D. Atwood and A. Soni, Phys. Rev. B8, 036005(1998; N.
Sinha and R. Sinha, Phys. Rev. L&, 3706(1998; R. Fleis-
cher, Phys. Lett. B35 221(1998; R. Fleischer, Eur. Phys. J.
C 16, 87 (2000; A.J. Buras and R. Fleischeibid. 16, 97
(2000; Z.J. Xiao and M.P. Zhang, Phys. Rev. @, 114017
(2002; W.M. Sun, Phys. Lett. B573 115(2003.

[23] M. Benekeet al, Phys. Lett. B459 631(1999; U. Nierste, in
Minneapolis 2000Continuous Advances in QC®orld Sci-
entific, Singapore, 2001pp. 269—-278, hep-ph/0009203.

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

[25] P. Ballet al, in “Geneva 1999: Standard Model Physi@nd
More) at the LHC,” CERN Yellow Report, 2000, pp. 305-417,
hep-ph/0003238.

[26] G. Buchalla, A.J. Buras, and M.E. Lautenbacher, Rev. Mod.
Phys.68, 1125(1996); A.J. Buras, hep-ph/0101336.

[27] F. Gabbianiet al,, Nucl. Phys.B477, 321 (1996.

[28] D. Becirevicet al,, J. High Energy Phy<4, 025 (2002.

[29] G. Altarelli, F. Feruglio, and I. Masina, Phys. Lett.482 382
(2000.

[30] A. Masiero, S.K. Vempati, and O. Vives, Nucl. PhyB649,
189 (2003.

[31] S. Khalil, J. Phys. @8, 2207(2002; S. Khalil, T. Kobayashi,
and O. Vives, Nucl. PhyB580 275(2000; S. Khalil and T.
Kobayashi, Phys. Lett. B60, 341(1999; S. Khalil, T. Koba-
yashi, and A. Masiero, Phys. Rev. @, 075003(1999.

[32] M.B. Causse and J. Orloff, Eur. Phys. J2G@, 749(2002.

115011-10



