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Searching for supersymmetry in rare B decays
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We quantify the ability ofB factories to observe supersymmetric contributions to the rare decays
B— Xy andB— XJ "1 ~. A global fit to the Wilson coefficients which contribute to these decays is performed
from Monte Carlo generated data 6(B— X,y) and the kinematic distributions associated with the final state
lepton pair inB— X, *1~. This fit is then compared to supersymmetric predictions. Evaluation of the Wilson
coefficients is carried out with several different patterns of the superpartner spectrum. We fiddabtaries
will be able to probe regions of the supersymmetry parameter space not accessible to CERN LEP I, the
Fermilab Tevatron, and perhaps the CERN LHC. We also employ the recent NLO calculation of the matrix
elements foB— X4y and find the boundny+>300 GeV in two-Higgs-doublet models using present data.
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[. INTRODUCTION the electroweak contributions. However, this problem dimin-
ishes significantlyf1,2,3] with a complete program of next-
Softly broken supersymmetrySUSY) is a decoupling to-leading order(NLO) computations of the QCD correc-
theory, thus making it a challenge to search for its effectdions to rareB decays. For the processes we will consider
through indirect methods. When competing with standarchere,B—Xsy andB— Xl "I, these higher order calcula-
model tree-level processes, the relative shift in an elections have essentially been completed recef#|,5. (We
troweak observable with respect to the standard m¢sie)  discuss this extensively in the next sectjofihe inclusive
value should not be expected to exceed much more thaf€cay B—Xsy has been observed by C'—FP] with a
(a,/2m)MZ/2. In the era after the CERN e~ collider branching fraction ot§2.320.57t0.35)>< 10 jlnd 95%
{C.L. bounds of K10 "<B(B—Xsy)<4.2Xx10"". Mean-
while, experiments a¢* e~ and hadron colliders are closing
in on the observation[7] of the exclusive modes

LEP 1l and Fermilab Tevatron, if supersymmetry has no
been directly observed them=M,,, and so the relative

shift expected is standard model observables from virtual" Kt o ) ]
supersymmetry is<0.5%. Although the & bounds on B—K'’I"l-withl=eandy, respectively. Once this decay
sin26,, are approaching this level from the analysis of SLAC'S observed, the utilization of the kinematic distributions of

- : - . thel ™|~ pair, such as the lepton pair invariant mass distri-
Linear Collider(SLC) or LEP data, a more statistically sig- . '
nificant result would be difficult to obtain given the current b”“‘"f‘ and fonward backwgrd asymmf(@,g], and the 'gau
data sets available. polarization asymmetry10] in B— X7 7, together with

- B(B—Xgy) will provide a stringent test of the SM.
Another approach to indirect searches of supersymmetry(.l.he cs)ziline gf this paper g as follows. In Sec. Il we

is to measure observables where supersymmeiry and tl?:%lculate the ability of futurd factories to experimentally

standard model arise at the same order in perturbatiofetermine the magnitude and sign of the relevant Wilson
theory. In this case, the SUSY contributions do not suffer an,,efficients in the rar® decay interaction Hamiltonian us-

extraa/4s reduction compared to the standard model ampliﬂIng a global fit procedure. We find that the sensitivity for
tudes. The r_elative ratio between the _Iowest order stqndarlqew physics will be substantially increased beyond what is
model amplitudes and supersymmetric partner amplitudegyrrently possible. In Sec. Il we apply these results to su-
could then be of order 1 ili=M,y. RareB-decay measure- persymmetry and estimate the sensitivity to high supersym-
ments provide an opportunity for discovering indirect effectsmetric mass scales. We also reexamine the constraints on the
of supersymmetry by this second approach. H* sector fromB— Xy, in light of the recent NLO compu-

Two problems in the past have marred the attempts to Us@ions. And in the final section we discuss our conclusions.
rare B decays as a good probe for physics beyond the stan-

dard model. The first_ is Iim.ited statistics, or rather the nUM- || DETERMINATION OF THE WILSON COEEEICIENTS

ber of B mesons available in data sets which can be used to

study and obtain good precision on low branching fraction The effective field theory for the decayg— X,y and
modes. By the end of this decay, tBefactories presently B—X¢l"1~, which incorporates the QCD corrections, is
under constructione*e” storage ring PEP Il at SLAC, governed by the Hamiltonian
KEK-II at KEK, and HERA-B at DES?LY, %g well as CLEO i

and the Tevatron will collect some 1010° B mesons per _ 4L *
year and alleviate this issue. In the next decade, LHC-B will Het=—> thvtszl Ci(wOi(w), @
amass even large data sets. The second difficulty is theoret-

ical. Since all the processes occur near 5 GeV the uncertainvhere theO; are a complete set of renormalized operators of
ties in the strong interactions can hide even order 1 effects idimension six or less which mediabe- s transitions. These
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operators are catalogued in, e.g., Réfl]. TheC; represent to m,(m,)=166=6 GeV. The resulting inclusive branching
the corresponding Wilson coefficients which are evaluatedractions (which are computed by scaling the width for
perturbatively at the electroweak scale where the matching— X *|~ to that forB semileptonic decayare found to be
conditions are imposed and then evolved down to the renorg 25 194 %1076, (5.73'979%x 1075, and (3.24%%
malization scaleu~m,. We note that the magnetic and x 107 for |=e, u, andr, respectively, taking into account
chromomagnetic dipole operatof, g contain explicit mass the above input parameter ranges, as well Bs

factors which must also be renormalized. =B(B—XIv)=(10.23+0.39)% [16] and m./m,=0.29
For B— X4l "1™ this formalism leads to the physical de- +0.02 [3,13. There are also long distance resonance
cay amplitude(neglecting the strange quark mass contributions to  B—XdJ'I, arising from
3G o B—K®My(VsK™N*I~. These appear as an effective
_ F& — P . . . .
M(B—=XJF17)= VipVis Cgﬁi«y#bLly*‘I (sLyubL)(ly,l) interaction and are incorporated in@g"
7 via the modificationY(8)—Y’(S)=Y(8)+ Y,{S), Where
R _ L— Y,e{3) is given in Ref[17]. These pole contributions lead to
+C1oSLY,ubL v ysl —2C mysiio,, 7 brl ¥, a significant interference between the dispersive part of the

resonance and the short distance contributions. However,
2 suitable cuts on the lepton pair mass spectrum can cleanly
B separate the short distance physics from the resonance con-
whereq* represents the momentum transferred to the leptop.p +ions.
pair. The expressions fdC;(My) are given by the Inami- g gherator basis for the decBy- X<y contains the first
Lim function [12]. A NLO analysis for this decay has re- gjgnt gnerators in the effective Hamiltonian of E@). The
cently been performeldf], where it is stressed thatascheme—|eading logarithmic QCD corrections to the decay width
inde_pendent result can only be obt_aineq by inclu_ding the,ave been completely resummed, but lead to a sizeable
leading and next-to-leading logarithmic corrections 10qyenendence of the branching fracti@s demonstrated above
Co(n) While retaining only the leading logarithms in the i the large value ofACS™), and hence it is essential to

remaining .W|Ison poefﬁments. The reS|dua'I Ieangde— include the next-to-leading order corrections to reduce the
p_endence ICo(ss) s canceled t_)y that co_ntamed in the Ma- theoretical uncertainty. In this case, the calculation of the
trix element .0f09' The combination yields an effective perturbative QCD corrections involves several steps, requir-
value ofCy given by ing corrections to both the Wilson coefficients and the matrix
elements of the operators in Efl) in order to ensure a
scheme independent result. For the matrix elements, this in-
cludes the QCD bremsstrahlung correct[d8] b—sy+g,

and the NLO virtual corrections which have recently been
completed in both the NDR and 't Hooft-Veltman schemes
[3]. Summing these contributions to the matrix elements and
expanding them aroungt.=m,, one arrives at the decay
Hnplitude

CS"(8)=Co(w) n(8)+Y(8), 3)

with Y(S) being the one-loop matrix element Gfy, 7(S)
represents the single gluon corrections to this matrix ele
ment, ands=q?/m is the scaled momentum transferred to
the lepton pair. The effective value fﬁl‘?ﬁ(,u) refers to the
leading order scheme independent result obtained by Bur
et al.[2]. The corresponding formulas f@;(u), Y(s), and
n(S) are collected in Ref§4, 11]. The operatoO,,does not

*
renormalize and hence its corresponding coefficient does not M(b—sy)=— —4GFthVtS D(sy|O7(my)|b) (6)
depend on the value qf (except for thew dependence as- ) ! treer
sociated with the definition of the top-quark masehe nu-
merical estimategin the naive dimensional regularization with
(NDR) schemé for these coefficients are thétaking mp"
=4.87 GeV,mP™*=175 GeV, andey(M,)=0.11 ag(m m
‘ o(M2)=0.118 D=C7(u)+ —wab) CIO () 1 in= 2+ €O, |.
—mp/.
CSM(u= mb+22 ?)=— 0.312: 0754 (7
Colpu=my, ™2 =4.21°93 (4 Here, the quantitiesy(9¢" are the entries of the effective
b ' leading order anomalous dimension matrix, and there

computed in Greulet al. [3], for i=2,7,8. The first term in

Eq. (7), C?“(,u), must be computed at NLO precision, while
Ciol )= —4.55. (5) it is gqnsistent to use t.he Ieading order values of the other

coefficients. The explicit logarithmag(my)In(m,/u) in the
The reduced scale dependence of the NLO versus the Lequation are canceled by the dependence o€ *(u).
corrected coefficients is reflected in the deviatidBg(u) This feature significantly reduces the scale dependence of the
<+10% andACS"(u)~+20% asu is varied in the range resulting branching fraction. The contribution to the inclu-
my/2< u<2m,. We find that the coefficients are much less Sive width including these virtual corrections is then
sensitive to the values of the remaining input parameters,
with ACg(my), ACE(m,)=<3%, varying ag(M;)=0.118
+0.003[13,14), andmP"s=175+ 6 GeV[15] corresponding

and

5 2 * |2
My, poIeGFaem| thVts|

IRlo(B—Xsy)= 7

FIDI%  (8)
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FIG. 1. The branching ratio @— X4y versusm,. The dashed
lines indicate the error in the branching ratio if we fix=m, and
vary all the other parameters over their allowed rangegM )
=0.118+0.003, By=10.23+0.39%, and m./m,=0.29+0.02.
The solid lines indicate the error fon,/2<u<2m, and all other
parameters fixed to their central values.

FIG. 2. Bounds on the contributions from new physics to
C- . The region allowed by the CLEO data corresponds to the area
inside the solid diagonal bands. The dashed bands represent the
constraints when the renormalization scale is seutem,. The
diamond at the positiofD,0) represents the standard model.

play our results forB(B—Xsy) as a function of the top
where the factor F:mg(mb)/mg’po,e:1_8a5(mb)/377 mass. The dashed lines indicate the error in the branching
arises from the mass factor present in the magnetic dipoleatio if we fix u=mj and vary all the other parameters over
operator. This should be compared to the familiar leadingheir allowed ranges given above. The solid lines indicate the
order resultfwhich omits the virtual corrections t©O-)) error for my/2<u<<2m, with all other parameters fixed to
their central values. This visually demonstrates that the error
m;, poIeGlziaem ol el 12 in the theoretical calculation d— Xgy is not overwhelmed
F(B=Xsy)=—%5 7 [VioVisl“ICT ()% (9) by the scale uncertainty; other uncertainties are now compa-
rable.

For the Wilson coefficients, the NLO result entails the Measurements aB(B— X.y) alone constrain the magni-
computation of theD(a) terms in the matching conditions, tude, but not the sign, o€77(x). We can write the coeffi-
and the renormalization group evolution of tg(x) must ~ Cients at the maiching scale in the forr@;(Myw)
be computed using th®(a?2) anomalous dimension matrix. =Ci (Mw)+Ci™(My), where C;i*(My,) clearly repre-
The former step has been complefdd], but the latter step Sents the contributions from new interactions. Due to opera-
is quite difficult since some entries in the matrix have to befor mixing, B—Xsy then limits the possible values for
extracted from three-loop diagrams. Nonetheless, prelimiCi* (Mw) for i=7,8. These bounds are summarized in Fig.
nary NLO results for these anomalous dimensions have re2. Here, the solid bands correspond to the constraints ob-
cently been reportef5], with the conclusion being that in tained from the current CLEO measurement, taking into ac-
the NDR scheme the NLO correction mgff(ﬂ) is small. count the variation of the renormalization scarg/2<pu
Therefore, a good approximation for the inclusive width is<2M,, as well as the allowed ranges of the other input
obtained by employing the leading order expression fo,parameterg. The dashed bands represent the constraints when
C%f(), with the understanding that this introduces a smallthe scale is fixed tqu=m,. We note that large values of
inherent uncertainty in the calculation. Cg(My) are allowed even in the region where

The total inclusive width is then given by the sum of C7°"(My)=0. Experimental bounds on the deday-sg are
the virtual and bremsstrahlung corrections(B—Xgy)  needed to constrair@g.
=Vt brems wherel'™®™sis given in Greubet al. [18,3] Measurement of the kinematic distributions associated
and the branching fraction is calculated by scaling to thewith the final state lepton pair iB— Xl "I~ as well as the
semileptonic decay rate. The leading order power correctiontate forB— Xy allows for the determination of the sign and
in the heavy quark expansion are identical Boxs X,y and ~ magnitude of all the Wilson coefficients for the contributing
B— Xlv, and hence cancel in the rafid0]. This allows us operators in a model-independent fash{@l0]. Here, we
to approximatel’(B— X¢y) with the perturbatively calcu- perform a Monte Carlo analysis in order to ascertain how
lable free quark decay rate. mehysz 175+ 6 GeV, m,/2 much quantitative information will be obtainable at future
<p<2my, as=0.118+0.003, By=(10.23-0.39)%, and B factories. We improve upon our previous study] by

m./m,=0.29+0.02, we find the branching fraction implementing the NLO computations for these decays and
by examining the luminosity dependence of the resulting

B(B—Xsy)=(3.25+0.30+0.40 X 10" 4, (10) global fits. For the proce®8— X/ *1~, we consider the lep-
ton pair invariant mass distribution and forward-backward

where the first error corresponds to the combined uncertaintgsymmetry foll =e, u,7, and ther polarization asymmetry
associated with the value of, and u, and the second error for B—Xsr" 7. We note that the asymmetries have the

represents the uncertainty from the other parameters. This ferm A(8)~ C,J ReCE"f,(8)+CS"f,(§)], and hence are sensi-
well within the range observed by CLEO. In Fig. 1 we dis- tive probes of the Wilson coefficients. We generate “data,”
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assuming the SM is realized, by dividing the lepton pairalso contribute to this program, but it is more difficult to
invariant mass spectrum into nine bins. Six of the bins areassess their potential systematic and statistical weights with-
taken to be in the low dilepton invariant mass region belowout further study.
the J/ ¢ resonancdin order to take advantage of the larger The 95% C.L. allowed regions as projected onto the
statistic, with 0.02<5<0.32 and a bin width ofAS  Cg(u)—Cyo(p) andCS™(u)—Cyo( 1) planes are depicted in
=0.05. We have also cut out the region ngas 0 in order Figs. 3a) and(b), where the diamond represents the expec-
to remove the photon pole. The high + - region above the tations in the SM. We see that the determinations are rela-
y' pole is divided into three bins, corresponding t09% tively poor for 3x 107 BB pairs and that higher statistics are
<0.7, 0.A~5=0.8, and 0.&s=<1.0. The number of events required in order to focus on regions centered around the
per bin is calculated as SM. Clearly, Cy and C,, are highly correlated, whereas
C?ﬁ and C,, are not. We see that the sign, as well as the
magnitude, of all the coefficients includir@" can now be
determined.

For the remainder of this paper, we analyze the supersym-
metric contributions to the Wilson coefficients in terms of
the quantities

Snax AT(B—Xd F17)
Npin= ﬁ d—ASSdS, (11
Sin

and the average value of the asymmetries in each bin is

C¥Mw)  _ CI™(Mw)
CM(My) CM(My) '

<A>bin:N_. 3 ds. (12 R;

bin

L (Sax dT(B—XJF17)
f A= (14)

Sin d

We statistically fluctuate the “data” using a normalized whereCiSUSY(MW) includes the full standard model plus su-
Gaussian distributed random number procedure, where thgerpartner contributionsR; is meant to indicate a relative
statistical errors are given bysN=yN and SA fraction difference from the standard model value. It is most
=/(1—A?/N. We expect the errors in each bin to be sta-convenient to define these ratios at ivescale to avoid the
tistics dominated and hence we neglect any possible systeradded complication of the renormalization group evolution
atic errors. FoiB— X¢y, we again statistically fluctuate the to the low scale.

“data” for the inclusive rate. However, in this case, the sta-

tistical precision will eclipse the possible systematic and the- IIl. EXPECTATIONS IN SUPERSYMMETRY

oretical accuracy. We thus assume a flat 10% error in the ] .
determination of the branching fraction in anticipation of fu- ~ Supersymmetry has many potential sources for flavor vio-
ture theoretical and experimental improvements. A threelation. The flavor mixing angles among the squarks are
dimensionaly? fit to the coefficientsC; g 1{ w) is performed, ~ Prior separate from the Cabibbo-Kobayashi-Maskowa

employing the usual prescription (CKM) angles of the standard model quarks. If we allow the
super-CKM angles to be arbitrary then we find, for example,
obs_ ~SM\ 2 that the relative SUSY versus SM amplitudes bor:s are
Xi=2 ' 50 ' ) , (13 (My/M)N(VEVi Vi) - [VisVip|=0.04, and so allowing
ins i

the V angles to be oriented randomly with respect to the
CKM angles constitutes a flavor problem for supersymmetry
for each observable quantity;. We repeat this procedure if m is near the weak scale. Natural solutions to this problem
for three values of the integrated luminosityx30’, 1%,  exist. One solution is alignmefi21] of the super-CKM ma-
and 5x 10° BB pairs, corresponding to the expectetie™ trices with the quark matrices. Another natural solution is
B factory luminosities of one year at design, one year at amniversality induced by gauge mediated supersymmetry
upgraded accelerator, and the total accumulated luminositgreaking[22]. In the minimal model of gauge mediated su-
at the end of the programs. Hadron colliders will, of course persymmetry breakinf23], theb— sy decay is currently not
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a strong constraint on the spectrum, but will show deviations - —
from the standard model at th& factory if my: af- -
<350 GeV. We adopt the viewpoint in this paper that :
flavor-blind (diagona) soft terms[24] at the high scale are R 7
the phenomenological source for the soft scalar masses at the 3 ]
high scale, and that the CKM angles are the only relevant £ of- j -
flavor-violating sources. With this assumption the gluino and i .‘-._i_ a 1
neutralino mediated flavor-cleaning neutral currdSNC) -2f e -
contributions are negligible. We build on other studies of r 3
supersymmetry effects on raBdecayd25,9,29. 4 ]
The spectroscopy of the supersymmetric states is model SR P L I R

dependent. We will analyze two possibilities. The first pos- e T80 25 5.0

sibility is that all the supersymmetric states follow from

common scalar mass at high scale and common guagino g|G. 4. parameter space scatter plotRyf vs Rg in minimal
mass at the high scale. This is the familiar minimal supersupergravity model. The allowed region from CLEO data, as ob-
gravity model. The second possibility is to relax the condi-tained in Fig. 2, lies inside the 2 sets of solid diagonal bands. The
tion of common scalar masses at the high scale and allowashed band represents the potential 10% measurement from the
them to take on more uncorrelated values at the low scalpreviously described global fit to the coefficients.

while still preserving gauge invariance.

We begin by searching over the full parameter space ofppear to be straight here as they correspond to a small re-
minimal supergravity model. We use the words “minimal gion of Fig. 2. We see that the current CLEO data already
supergravity” as an idiom to indicate that we generf@| places significant restrictions on the supersymmetric param-
these models by applying common soft scalar masses arfier space. Further constraints will be obtainable once a 10%
common gauging masses at the boundary scale. The triscal@easurement oB(B— Xsy) is made, and the sign &; is
A terms are also an input at the high scale and are universaletermined from a global fit described in the previous sec-
The radiative electroweak symmetry-breaking conditiongtion. In this case, if no deviations from the SM are observed,
y|e|d theB andM2 terms as output, with a ngx amb|gu|ty the Supersymmetric contributions will be restricted to lie in
left over as an input parametetHere u refers to the the dashed band. It is clear that these processes can explore
Higgsino mixing parameterWe also choose tghand re-  Vvast regions of the supersymmetric parameter space. In fact,
strict it to a range which will yield perturbative Yukawa it is possible that spectacularly large deviations in rBre
couplings up to the grand unified theoi@UT) scale. decays could be manifest Bt factories, while collider ex-

We have generated thousands of solution according to theeriments would not detect a hint of new physics.
above procedure. The ranges of our input parameters are 0 The large effects irR; and Rg are coming from models
<my<500 GeV, 56<my,<250 GeV, —3<A,/my<3, 2  With |u[=400 GeV as can be seen in Fig. 5. This is because
<tanB<50, and we have takem{™*=175 GeV. Each su- light charged Higgsinos, or rather light charginos with a
persymmetric solution is kept only if it is not in violation &rge Higgsino fraction, are required in order to yield a large
with present constraints form SLC, LEP, LEP II, and Teva_ef_fect on the Wllsc_)n coefﬁments. Later in this section we
tron direct sparticle production limits. These limits are en-Will demonstrate this requirement more carefully by expand-
forced by requiring all charged sparticles be above 80 GeVing the_supersymmetrlc _contr|but|ons in the nggsmo limit.
The Tevatron limits in the squark-gluino plane are enforced N Fig. 6 the correlation betweeRy and Ry is plotted
according to Ref[28]. For each of these remaining solutions USing the same supersymmetric parameter space. We see that
we now calculateR,—R;o. We neglect the additional QCD Ro is always positive since charge Higgs boson and chargino
corrections due to the mass splittings between the particlegontributions always add constructively. We see that the val-
running in the loops as well as those from integrating out the

R,

heavy particles at scales different from WWemass[29]. We 1000 ————— i

do not expect these corrections to be substantial for sparticle L &

masses above the reach of LEP Il due to the slow running of i 3

ag at that scale. Expansions 6f(My) with the assumption 00, . d 7
of approximate universality are given in the appendix. R R R T

First, we present a scatter plot Bf vs Rg in Fig. 4; we
remind the reader that these quantities are evaluated at the
electroweak scale. Again, each point in the scatter plot is i
derived from the minimal supergravity model with different —500 -
initial conditions. Also, each point is consistent with all col- I
lider bounds and is out of reach of LEP II. The first thing to i
note from the figure is that large values Rf and Rg are 1000 ottt
generated, and thR; and Rg values are very strongly cor-
related. The diagonal bands represent the bounds on the Wil-
son coefficients from the observation Bf— Xy as deter- FIG. 5. Parameter space scatter plotRyf vs u in minimal
mined in the previous section. We note that these bandsupergravity model.

o —

w (GeV)
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pair forward-backward asymmetry, amgolarization asym-
metry. These are displayed in Figgaj~(c). Here, the dotted
line corresponds to the SM prediction, while the dashed
(solid) bands represent the maximal possible deviations due
to points in the supersymmetric parameter space which are
within (outside the expected reach of LEP II. We have also
demanded consistency with the present CLEO data on
B—Xsy. We see from the figure that, generally, larger de-
viations are expected for the asymmetries than for the
branching fraction, and that constraints from LEP Il on su-
persymmetry greatly affect the magnitude of these potential
deviations. Since the SUSY contributions Ry ;o are so
small these deviations are mainly dueReg. We find that
much larger effects in these distributions are possible if the
FIG. 6. Parameter space scatter plotRf vs Ryo in minimal  constraint from radiativ® decays is not taken into account.
supergravity model. The global fit to the coefficients obtained in  \we now adopt a more phenomenological approach. The
Fjg. 3 with 5x 10° BB pairs corresponds to the region inside the maximal effects for the parameteRs can be estimated for a
diagonal bands. superparticle spectrum independent of these high scale as-
sumptions. However, we still maintain the assumption that
ues ofRg andR;, are bounded by about 0.04, a small num-CKM angles alone constitute the sole source of flavor viola-
ber compared to the range fBr. The main reason for these tions in the full supersymmetric Lagrangian. We will focus
smaller values is the dependence on the bottom Yukawa co@n the region ta@=<30 since enormous effects are possible
pling Ap»1/cogB. R; has a contribution directly dependent in the large tag limit; later on we will discuss the large t@n
on this 1/co@ Yukawa enhancement, and the other multipli- limit more carefully. The most important features which re-
cative terms associated with this Yukawa coupling are theult in large effects are a ligh{ state present in the spectrum
large top Yukawa coupling and a large kinematic loop factorand at least one light chargino state. For the dipole moment
Ry andR;, do not have such factors due the chirality struc-operators a light Higgsino is most important. A pure
ture of these operators and the requirement that leptons ardiggsino and/or pure gaugino state have less of an effect
sleptons only couple via S®) and U1) gauge couplings. than two mixed states when searching for maximal effects in
These factors, along with the correlations between the magsy andCy,. In fact, we have found tha#l ,=2u is optimal.
spectra dictated by minimal supergravity relations, render the Figures 8 and 9 display the maximum contribution to
e ; e . — (~SUsY, SM _ :
minimal supergravity contributions g ;o essentially unob- Rg15=Cgi0 (Mw)/Cg1dMw)—1 versus an applicable
servable. The solid lines in this figure correspond to the 9598USY mass scale. The other masses which are not plotted
C.L. bounds obtainable with high integrated luminosi8y  (t;, I, etc) are chosen to be just above the reach of LEP II
x 10° BB pairg at B factories from the global fit performed or the Tevatron, whichever gives better bounds.
in the previous section. If large deviations Ry ;o are ob- The maximum size oRg ;¢is much larger than what was
served, then, of course, that would be an indication that thallowed in the minimal supergravity model. The reason for
minimal model presently under discussion is not the correcthis is the lifted restriction on mass correlations. Light slep-
description of nature. Later in this section we will find that tons, sneutrinos, charginos, and tops squarks are allowed si-
even when the mass correlations of the minimal supergravitynultaneously with mixing angles giving the maximal contri-
model are lifted, the quantitieRy 44 still cannot be large. bution to theR;’s. However, we find that the maximum
We next examine the effects of the minimal supergravityallowed values foRg ;g are still much less than unity. Earlier
model on the kinematic distributions f&— X, *I~. Using we determined thaB factory data would be sensitive to
our generated models as input, we calculate the maximalRg=0.3 andAR;,=0.08 at the highest luminosities, and so
deviations from the SM for thé,+,- distribution, lepton the largest SUSY effect would give a—12¢ signal in

%10_3 =, 0.75;II(UI)III|IIII||III|lII|E 1'0;I‘I|IIIKI‘III|I|lI|‘IIlE
1074 0.50 s 0.8F -
1075 025 = - - 08 ==
+ 1078 0.00 -3 04 —3
F1077 -0.25 — 0.2E -
'Ul —B —_ .5 _III||IIIIIIII||IIIIIII|: 0. ;IIIlIIIIlIIII|||IIJ]_Lll:
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.5 0.6 0.7 0.8 0.9 1.0

PN 2 2 2 2 2 a 2 2

§ =q°/mjy § =q°/my $=q/m;g

FIG. 7. The(a) differential branching fraction(b) lepton pair forward-backward asymmetry, at@ 7 polarization asymmetry as a
function of the scaled momentum transfer to the lepton $)aiq2/m§. The dotted curves represent the SM prediction, while the dashed and
solid bands correspond to the maximal potential deviations due to supersymmetric contributions for different regions of the parameter space
as described in the text. In some cases the dashed line overlaps with the solid line.
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some idea$30] of physics beyond the standard model pre-
] dict small corrections tB— Xgy and large deviations in
= B— Xl "1™, motivating again the procedure of doing a glo-
3 bal fit to all the rareB decay data.
] Given the sensitivity of all the observables it is instructive
to narrow the focus t€,(My,). In the minimal supergravity
models, the scalars obtain dependence on the gaugino masses
through the renormalization group running. However, the
] gaugino masses do not get substantial scalar mass contribu-
] tions to their masses. This tends to separate the mass scale
] for the scalars far from the gauginos. The separation is espe-
cially important between electroweak gauginos and strongly
interacting squarks. Neglecting tiieterm contributions the
squarks have masses given roughly%&w mg+ 7mf,2 and

FIG. 8. The maximum value oRy=C3"S"(M,y)/C3"(M,,)  the weak gaugino has masg,~0.8m,,, wherem, is the
—1 achievable for general supersymmetric models. The top solidommon scalar mass ama,, is the common gaugino mass
line comes fromt-H* contribution and is displayed versus the at the high scale. From these equations it is easy to see that
H* mass. The bottom dot dashed line is frEnrp(f contribution  the squark masses are much heavier than the weak gaugino
with tans=1 and is shown versus thg” mass. The dashed line is mass for any givem,;, andm.
the T;- Xr contribution with ta=2. The other mass parameters  When all the squark masses are very he@ych heavier
which are not plotted are chosen to be just above LEP Il and Tevathan the charginos, for exampléhen the SUSY contribu-
tron’s reach. tions toC,(My,) decouple. However, one eigenvalue of the

top squark mass matrix might be much lighter than the other

Rg 10, hardly enough to be a compelling indication of phys-squarks. The large top Yukawa coupling tends to dfiye
ics beyond the standard model. If, on the other hand, muchmuch lower than the othey, . Also, the top squark has a
larger deviations oRg ;o are found in the data, it could mean mixing term proportional tan,(A;— u cotg). Since this mix-
the assumption of only CKM angles allowed in the super-ing is proportional to the top mass, it can be substantial.
symmetric Lagrangian is inaccurate, or it could indicate thaMixings in any positive definite matrix will push the lightest
minimal supersymmetry is not the source of physics beyon@igenvalue lower and the heaviest eigenvalue higher. These
the standard model. two effects tend to push the lightest top squark eigenvalue

It should be remembered that even though it appears difwell below the other squarks. In fact, a highly mixed, light
ficult to resolve the SUSY contributions to the coefficientstop squark is generic in these theories. For a large supersym-
Co-10, theB— X4 "1~ decay rate and distributions can still metric contribution toR,, [31] and/or the ability to achieve
demonstrate large deviations from the standard model insuccessful baryogenesis in the early univei32], a light
duced largely by the SUSY corrections @,(My). The Tt is needed. We would therefore like to present results on
global fit using all the rar® decay data is still necessary in C;(My,) in the limit of one light squark, namely tie, and
this circumstance since it will enable a precise determinatiofight charginos. We allow thé, to have arbitrary compo-
in which band in theC, vs Cg plot we reside. Furthermore, nents oft, andty since cross terms can become very impor-
tant. This is especially noteworthy in the high taimit as
we will discuss below.

In this limit of one light top squark, we can expand the
chargino—top-squark contribution ©,(M,) as

max
R 9
@
—
o

OOO G 1 1 1 Il Ll |_
100 200 300 500

Mass (GeV)

0.4

1w My ], R
6C1(Mw) =g 2 2= M) NFOW)+ 20 = 30x)
2.

max
10

"~ i
(15
where
T VAT M L
uviaT 2 —/—
Mass (GeV) V2 M Sm,B

FIG. 9. The maximum value oR;=C35>" (Mw)/C3) (M) U me 1
—1 achievable for general supersymmetric models. The top solid AR= 1 iz b
line comes fromt-H* contribution and is shown versus ti&* ! v2 My cosB
mass. The bottom solid line is fromX contribution with tang
—1 and is plotted versus thg;" mass. The dashed line is the m-2~
t; XJ contribution with tag=2. The other mass parameters which 4
are not presented are chosen to be just above LEP Il and Tevatron's Xi= m2+ !

reach. Xi
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FIG. 10. The kinematic loop functiors(x) andJ(x) necessary

to calculate the standard model and sypersymmetrlc contributions tgne is the Chargedsl-l /t contribution versumH

Cs(Myy). J(X) and F(x) asymptote to- and ¢ §, respectively, as
x—0.

5—-7x
2(1—x)?

2x— 3%

J(x)= (1 BE Inx,

7—5x—8x?
6(1—x)°

F(x)= + -

The matrixT;; is the top squark mixing matrix which rotates
(t.tr) into (t1t2) The matricesJ;; and V;; are the usual
chargino mixing matriceg33]. For the reader’s convenience
we have plotted the functiors(x) andJ(x) in Fig. 10.

The total contribution ta5C,(M,,) above will depend on
several combinations of mixing anglest?;, Ty.Ty,,
V.,U15, etc., and cancellations can occur for different sign
of u [35]. Therefore, it is instructive to summarize the rela-
tive signs of each angle combination in the evaluation of EQ_.
(15):

sgnU Vi) = —sgniu),

sgnU Vo) = +sgriu),

+, if MytanB+ u<0,
sgn(V11Vip) = —sgnMtans+ u),
sgn(Ty T =+, if tg<t, and A,—u cotB<O0,
—, if Tg<t, and A,—pu cot3>0,
—, if . <tg and A;—pu cotB<O0,
+, if T, <tg and A,—pu cot3>0.

We are using the Haber-Kane convention for the sign.of
which requires, for example, that u be in the chargino
mass matrix.
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FIG. 11. Contributions tdR; in different Iimits The top solid

. The bottom solid
line is thex; /t; contribution versusn; = where both the chargino
and top squark are maximally mixed stategual magnitude mix-
tures for all states This line was made for <0. The dashed line is
the H* /tR contribution, and the dotted line is th ft; contribu-
tion (t;>tg+1, is a maximally mixed top squark mass eigenstate
These two lines are both plotted against Jie mass. All lines are
for tanB=2 andm,=175 GeV. We have set all other masses to be
just above the reach of LEP II.

5C7(My) = (16)

12 m2.

X1

This limit is roughly applicable in the case wherg is af-
fected substantially by supersymmetric correcti¢8%,34.

SAfter LEP Il completes its run the charginos will have been

probed up to abouM,,, and so the maximum effect on
6C4(My) that would be possible in this limiif LEP Il does
not find charginoscorresponds to sett|ngx+~ M. We do

this and show the result as a function of themass in Fig.
11 (dashed ling The contribution taC,(My) in this limit is
always positive. Sinc€5"(M,y) is a negative quantity in
our convention, themR,= 6C,(M,)/C3"(M,,) is necessar-
ily negative as well.

In the case where the only light chargino is a pure
W-ino we find

17

If uis very large and taBis not too large, then this contri-
bution will be the largest téC,(My). The effects of a light
pureW-ino are generally small since thWg-ino couples like

g, rather than the top Yukawa coupling and since generally
supersymmetric models do not yield light necessary to
couple with theW-ino. The loop integraF(x) which char-
acterizes the pure gaugino contribution is also small. There-
fore, these contributions are both coupling suppressed and
“loop integral” suppressed. The contribution of a pure

The first case we discuss is the limit where the lightestw-ino to R, is shown in Fig. 11(dotted lind. As expected,
chargino is a pure Higgsino and the lightest top squark ighis contribution is rather small and always negative.

pure right handedy; ~H*
written as

t,~tgr. Then Eq.(15) can be

As we pointed out above, in minimal supergravity mod-
els, what we mostly expect is a highly mixeéd state such
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that all entries in theT;; are filled. By just looking at the
limit of puretz some very interesting effects can be missed.
For example, an attractive high scale theory is supersymmet-
ric SO(10). These have been shown to successfully recover
many important features of the standard model: quark to lep-
ton ratios, CKM angles, etc. One of the generic predictions
in these models is that t@n must be rather high
(~m,/my) in order to get thé- -t mass unification. There-
fore, it is interesting to focus on contributions @,(My)
which are especially dependent on high garSince )\iR
«1/cog3~tans, we isolate this piece. For simplicity we ex-
pand abouty; ~H™, although it is clear that substantial
contributions exist even if the chargino is not a pure
Higgsino. We then obtain

800» T —

Allowed Region

600 my = 175+6 GeV

400

my: (GeV)

50.0100.0

200

M PR W |
05 1.0 50 100
tan B

0.1

FIG. 12. Constraints in the charged Higgs boson mas8-tan
plane from the CLEO bound o(B— Xsy). The excluded region
is that to the left and below the curves. The top line is g™
=181 GeV and the bottom line is fanf™*=169 GeV. We also
display the restriction tg8im,=>0.52 GeV' ! which arises from
measurements @— X7v as discussed if41].

m;—2-r
ty

2
H+

1 m
5C7=sgr(p) 5 = TuTutang) (19

o
Here it is crucial that there be substantiglandt, contribu-

tions tot;. As argued above, this is generic in minimal su- ted in th dix. F th i
pergravity theories. This expansion demonstrates that Iarg(éase aré presented in the appendix. From these equations, we
ee that not only do large enhancements occur for small val-

tan3 solutions (taB=40) can yield greater than order 1 con- S ) o
tributions toR; for mass scales of 1 TeV. Even rather low ues of tas, but more lmportantly, the coefficients are always
values of taB exhibit enhancements with a light Higgsino ![argethhhanl thé)se:'[ Otfhth? Sl\l/l |nbdepedr11degt2(ég tgevvalge of
and light mixed top squark. This is demonstrated forgtan ta_ﬂg-d f's eeths 0 the tami |art qgug H; b SLE%-
=2 in Fig. 11(solid ling). Furthermore, large contributions ained from the measurement &(B—X.y) by )

are possible in both the negative and positive directions o Evovecvaelg fgt'%:%??ﬂ:';:a?rpezlgggr?:?gr ;Jhsg (;);‘Ct:e rﬁ%int
R7 depending on the sign of. For example, withmy, watl % ! y Wh

are discussed in previous sections. We remind the reader that

=250 GeV, [T11T15 =1/10, my==250 GeV, and t88=50 5 fy| NLO calculation would also require the higher order
we find that|R,(My)|=3. Again, we are in a region of matching conditions for the SM and* contributions as
parameter space which is not tuned just to give this largevell as the NLO anomalous dimensions f§"(x). Never-
effect inB— Xy, rather we are in a region which is highly theless, we recall that preliminary results on the NLO cor-
motivated by S@L0) grand unified theories. The finite cor- rections toC?ﬁ(,u) indicate they are smal[l5], and a good
rections to théo quark mas$36,37] constitute approximately approximation is obtained by employing the leading order
a 20% correction to thd Yukawa coupling when tg®  expression foCS(u) with the NLO matrix elements. Since
=40. Thisb Yukawa coupling is implicitly present inf.  this drastically reduces the dependence of the branching
Depending on the sign qf this correction can be positive or fraction, we would expect thél™ constraints to improve.
negative. We don't include these finitemass corrections in  |ndeed, we find that the CLEO bound excludes the region to
our analysis since it requires a detailed knowledge of thghe |eft and beneath the curves in Fig. 12. Fop™s
sparticle spectrum which we are not specifying. =169 GeV we see than,=>300 GeV. This is calculated

The chirality structure of th®,; operators aII_O\_/v a large by using the same procedure that produced the previous
tan3 enhancement only for th€; My, coefficients. In  charged Higgs boson mass bound by CLEO, i.e., all the input
O- the bg quark must undergo an helicity flip as long as we parameterfe.g.,as, 4, M./m,, andB(B— Xlv)] are varied
neglectms dependent effects. Therefore, all contributions togyer their allowed ranges in order to ascertain the most con-
C; in the standard model and minimal supersymmetric stanseryative limit. This bound holds in the general two-Higgs-

dard model(MSSM) must be proportional to the-quark
mass. However, some diagrams vﬁ;ﬁl}{f loops allow pro-
portionality to the bottom Yukawa coupling alone, which
yields amy, /cosB enhancement for large t8ri38]. The mix-

doublet model I, and in supersymmetry if the superpartners
are all significantly massive.

IV. CONCLUSION

ings between the charged Higgs weak eigenstate and gold-

stone forbidm,, /cos8 enhancements in the physical charged

In this paper we have studied the effects of supersymme-

Higgs graphs. Furthermore, the helicity structure of the fourry to the FCNC observables concernibg-s transitions,

fermion operator®y 4, forbid large tag enhancements.

and we have seen that deviations from the standard model

We conclude our analysis by examining the chargecrould be detected with supersymmetric masses even at the

Higgs boson contributions t—Xgy alone. It is well
known [39,4Q that aH™ boson can contribute significantly
to C;g, but has a smaller effect on the coefficies ;o;

TeV scale. This is especially true if t8ris very high. The
large tarB enhancements in the—s processes are unique.

Deviations inB-B mixing are not as pronounced since the

this is also illustrated above in Figs. 8, 9, and 11. The formm,/cos8 enhancements, which are possible in this case,
of the coefficients of the magnetic dipole operators in thismust be compared with,, whereas in the magnetic dipole
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b—s transitions them,/cos3 enhancement is to be com- work was supported by the Department of Energy under con-
pared withm,, . Furthermore, the uncertainties in the decaytract DE-AC03-76SF00515.
constant and bag factor makB-B mixing observables
slightly less appealing when trying to probe deviations from APPENDIX
the standard model.

Therefore, it is possible that the first distinct signs of su-
persymmetry could come from deviations lIin—s transi-

In this appendix all the standard model and supersymmet-
ric contributions to the matching conditios,_,d My,) are

tions. One would like direct confirmation of a possible de-listed in the Iim_it that all squarks are degenerate except the
viation at theB factory, and collider programs such as antop squarks. It is also assumed that no sources of flavor vio-
upgraded luminosity Tevatrofd2] and the CERN Large lation are allowed other than the CKM angles.

Hadron Collide{LHC) could provide it. At the Tevatron, the ~ The dipole moment operatofs; (M) are already pro-
cleanest Signa| for Supersymmetry is the S}gna| Coming vided in the "teratur:e in several places for this limit. For
from leptonic decays opp— x; x5. If the light charginos ~Ccompleteness we write them down here using the formulas of
and neutra“nos are mostly gaugino“ke then the branchiné45] Wh|Ch are norma“zed aCCOI’dIng to our deflnltlon abOVe:
fraction into 3 can be quite high. This is true when the 3

sleptons are lighter than the squarks and ridgyf, as the w _> 1)

sIeBton mediatged decays of thg gauginos enﬁrance the final C7dMw) = 5 XwlyOw),

state leptons branching fraction. If the charginos and neu-

tralinos contained a substantial Higgsino fraction then the cHEM _Xu| 1 f e

slepton mediated exchanges are suppressed by lepton Yuka- 78(Mw)= 2 ta_néﬁ 7o XH) 155Xk |,

was to a negligible level, and all the decays must proceed

throughW andZ bosons, and recall that the branching frac- | M2, M2,
tion of WZ—1"171"<2% (not countings’s.) On the other  C¥4(My)=2 — Vizlfﬂ/fg(yai)—z — ALFO (Vi)
hand, theb—s transitions are largest when there is a sub- bomee R
stantial Higgsino fraction in the lightest chargino state. The
good news is that the trilepton signal ahd-s decays are U, My £3) (e
somewhat complementary in supersymmetric parameter - V2 cog8 My= i1fy,g(Ygi)
space. The bad news is that confirmation between the two :
experiments might be difficult. Confirmation could be pos- U, My
sible later at the LHC through total missing energy signa- + — — Aikalf%(yki),
tures, or at the Next Linear CollidéNLC) through direct ik V2 cogs My* ’
mass and mixing angle measurements which would allow
SUSY predictech—s rates to be compared with the data. Where

Much of the signal phenomenology at high energy collid- 2
ers such as the Tevatron and LHC rely on missing energy mt2 mt2 m% m-{k
signatures. However, these are only possible with a stable XW=M_’ XH=m2 ' yﬁizmz ' yki=m2 ,
LSP, which is the result of a postulat@&iparity among the w H= X X
fields. R-parity conservation certainly need not hold in the
correct theory of nature, and even tifrparity-violating m,
couplings destroy the missing energy signatures. More com- Ai=VirTia = VizTez \/ilvl—sm,B
plicated analyses then must be performed with greatly re- w
duced sensitivity to sparticle production. The Tevatron up-gnq
grade then would have difficulty exceeding equivalent LEP
Il bounds on sparticle massg$3]. The LHC would have a D 7-5x—8x> x(3x—2)
significant search capability beyond LEP II, although much 57 (x)= 36(x—1)° + 6(x—1) Inx,
reduced compared to search capabilities viRtparity con-
servation if the LSP decays hadronicall4]. It appears to 3—5x 3x—2
be difficult to extract SUSY signals at the LHC for super- 2 (x)= 5012 T 3= 1) Inx,

partners above 1 TeV in this case. Searches for virtual spar-
ticles, such as those we discuss in this paper, do not suffer in X 5
the presence oR-parity violation, and we have already fOx)=(1-x)fPx) - = fP(x)— ==
noted that SUSY contributions are resolvable with masses 7 4
above 1 TeV. In fact, the signal may be enhanced over the

2
rate for gauge interactions alone if thHe-parity-violating (1) 2T OX—X X
: e . : fg (X)= 3 7 InX,
couplings are sufficiently large. It is therefore possible that 9 12(x—1)° 2(x—1)
the B factory could be sensitive to some parts in supersym-
metric parameter space not accessible at the LHC. 2 3—X 1
fo =517 (k=1 ™
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It is convenient to writeCq ;(Myy) as

box__ 2 2 2 2
YXi—iEj _Vi1Vj1L4(m}i1,m;j1,ma,m’;)

CalMu) Y —4Z sirf oy, q
=——— an
9 w Slnzaw +Z /\ki/\kjL4(mg~i,rn‘z“:,mg 1m’2',,)1
S XX
CuoMw= G, Z7=0,

In the above equation®g-is the common squark mass. The

The values forY andZ are contained iff26] for arbitrary ~ functions are defined as

flavor structure and masses. For all squarks degenerate ex-
cept the top squarks and with only CKM flavor violation Ll(mér,miméh%CZ(mér,mi,mS),
then i i

2 2 2 \_ 1 2 2 2
Y=Y Y A YA Y Y Y, Lo(mmEe, MEe) = = 2Co(M°, M, M2 )ViaVia

2 2
+ %m‘u.th‘.tCO(mZ!mNiimNi)Uilu'li
Z=Z+ 25+ 2 A 20+ 2]+ 2 XM oMy j

2

The functional form of each of these contributions is L3(m~;¢,m2)= 36nV1v2 f7(m§i/m2),
y Axyy— X5y 3x4y I
= +
T 8(1xy) | 8(1—xy)2 W L4(m32-(i¢,m§j¢,m%,m—2;)=Ms\,dz(m;ii,m%,m%,m%)vilvjl.
108y, — 259, + 163y, — 18y TheseL functions are expressed in terms of functions con-
2= 1441 —xy)° tained in[26] and are explicitly given by
— 8+ 50k — 63x3,— 6X5y+ 24Xy, « «
* AT %) s 00 = T Tz ™
1 2 3 2 4
z _5z2 _ = 38— T7X+47x> 4x—6x°+3x
YH+—ZH+_ 8 COIZBXWfS(XH)! fG(X): 6(1_x)3 —+ (1_X)4 InX,
Y/ +=0, f _52—101x+43xz+6—9x+2x3|
=513 1—xr ™
1
2} =— = cotBf
H* 720012B 6(Xn), ( . 2) [ m% |n(mi/,u2) ( :
Co(mM%,m5,m3)=— +(mye—m
0 1,112,113 (mi_mg)(mi_mg) 1 2
Y2 =7%.= VAL (mi.mim?
X=X 2 ikal X ¥ +(Mpe-mg) |,
2 2 2
+ 2, AiATiaTibi(mss,m> m=
i,zk,l M T Tk (M, My My ) (2.2, m2) 3 1{ m37 In(m2/ u?) ( )
Cp(Mi,m5,m3)= —— — +(mye—m
s o AT 4| (mi—my)(mi—mg) P
+ 2 —ViVislp(mg,mo. me)
i Xio X
2 2 2
+i,j2,k AkiAkjLz(mtk,m;ii,m}ji),
1 m?7 In(m2/ u?)
d (mz,mz,mz,m2)=——{
Y?.=0, 2T 4| (ml—mg)(mf - md)(m]—m3)

+ (Mg =my) + (Mg —mg)

Z27.=> —VZLy(m2.,m3)+ >, AZLg(m2.,m2),
e EI i1 3( X0 q) % ki 3( X tk) +(m1<—>m4)
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