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QCD-improved b— sy constraints on the minimal supergravity model
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Recent advances in the QCD correctionbte sy decay in the MSSM includé@) evaluation of the relevant
operators, Wilson coefficients, and anomalous dimension matrix elements for the various MSSM effective
theories valid at scales beyo@= M, (ii) calculations of most of the needed anomalous dimension matrix
elements to next-to-leading order for scams<Q<M,,, and(iii) calculations ofO(«s) virtual and brems-
strahlung corrections to the— sy decay operators at scalg~m,. We assemble all these known results to
gain an estimate oB(b—svy) for the parameter space of the minimal supergravity mostiSUGRA). We
find a much reduced scale dependence of our result compared to usual leading-log evaluations. Comparison
with the latest CLEO results yields stringent constraints on parameter space. Much of MSUGRA parameter
space is ruled out for <0, especially for large tgh We compare these results with other constraints from
cosmology and nonstandard vacua. Also, we compare with expectations for discovering MSUGRA at CERN
LEP 2, the Fermilab Tevatron, and the CERN LHS0556-282(197)02905-4

PACS numbeps): 14.80.Ly, 12.38.Bx, 13.20.Jf

[. INTRODUCTION ist bounds on parameter space from the relic density of neu-
tralinos produced in the big bari§]; for certain regions of
Particle physics models including weak-scale supersymparameter space, the neutralino relic den§ity’> 1, which
metry (SUSY) are among the most compelling candiddtEls  implies a universe younger than 10 billion years, in contra-
for physics beyond the standard mod@8M). Of this class of diction at least with the ages of the oldest stars in globular
models, the minimal supergravity mod®ISUGRA) stands  clusters. Finally, recent papers have mapped out regions of
out at least as the most popular framework for performingMSUGRA parameter space where there exist vacua deeper
searches for SUSY, and can justifiably be called the parathan the standard minimurf6]. These nonstandard vacua
digm model for weak-scale supersymmetfz]. The  constraints may not be rigorous, however, if one entertains
MSUGRA model can be characterized briefly by the follow- the notion that the universe may have settled into a false
ing attributeq 3,2]: particle content and gauge symmetries of vacuum.
the minimal supersymmetric standard modSSM), i.e., a The parameter space of the MSUGRA mo¢as well as
supersymmetrized version of the two-Higgs doublet SM,many other model$7]) may also be constrained by data
plus all allowed soft SUSY-breaking terms; a desert betweefrom rare meson decays, such as the branching fraction for
the weak scale and the unification scale, which allows foB— X vy. A recent analysis by the CLEO Collaboration finds
gauge coupling unification; universal boundary conditionsfor the inclusive decay8(B— Xsy)=(2.32+0.67)X10 %,
for soft SUSY-breaking termsg, m,;,, Ag, andBg imple-  with 95% C.L. upper and lower limiténcluding systematic
mented at the unification scaM, ; electroweak symmetry error9 of 4.2x10 * and 1x 10 %, respectively[8]. Such
is broken radiatively, and is a consequence of the large topata, when compared against theoretical predictions of
quark Yukawa coupling. b— sy, have been shown to be very restrictive for both two-
The various weak scale parameters are related to grandiggs doublet modelf2HDM's) [9] and supersymmetric
unified theory(GUT) scale parameters via renormalization models[10,11. For a type Il 2HDM, loop contributions in-
group equation$RGE’s). Typically, all weak-scale sparticle volving the top quark and charged Higgs bosth add con-
masses and mixings are then determined by the parameter s#tuctively with SM loops involving top quark andV
bosons. In the MSSM, there exist other contributions involv-
Mo, Myp, Ag, tanB, and sglu), (1.)  ing squark-chargino loops, squark-neutralino loops, and
squark-gluino loops. The latter two contributions are much
along with the measured value wf . We takem;=170 GeV  smaller than squark-chargino loop contributions, and are fre-
throughout this paper. quently neglected. The squark-chargino loop contribution
Of course, not all values of the above parameter set argan add either constructively or destructively with Weand
allowed. For some values, electroweak symmetry is not brog + loops, leading to allowed or forbidden regions of SUSY
ken appropriately. For other values, a charged or colore¢hgdel parameter space.
sparticle may be the lightest SUSY parti¢leSP), in conflict These calculations are usually performed by evaluating
with cosmology and searches for exotic nuclei and atoms. Ifowest order matrix elements of effective theory operators at
addition, there exist constraints from negative searches fog scaleQ~m, . All orders approximate QCD corrections are
sparticles at the Fermilab Tevatrgp and CERN LEP 2 included via renormalization group resummation of leading
e"e” colliders. In particular, we note the recent bound thatiogs (LLs) which arise due to a disparity between the scale at
miy,>79 GeV for a gauginolike lightest chargifd]. Addi-  which new physics enters the—sy loop correctiongusu-
tionally, in the absence dR-violating interactions, there ex- ally taken to beQ~M,,), and the scale at which the
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b— sy decay rate is evaluate@(-m,). The resummation is terms 'yi(]-l) for i,j=1-6 have been calculated by Ciuchini
most easily performed within the framework of effective et al. [17], while the corresponding terms farj=7,8 are
field theories. Above the scal@=M,y (all scalesQ~M,,  given by Misiak and Muoz [18]. Of the remaining terms
are equivalent in LL perturbation thegrycalculations are which mix thei=1-6 andj=7,8 Wilson coefficients, only
performed within the full theory. Belo® =My, heavy par- {1 is relevant, but its evaluation requires a three-loop cal-
ticles are integrated out of the theory, leading to an effectivg,j|ation. A preliminary report on the calculation Glﬁ) in-

Hamiltonian dicates that it is only a small effef19].
4G 8 Finally, the QCD corrections to the operat@s must be
__°F included[20,21]. Recently, Greub, Hurth, and Wyler have
Her= ViV 2 Ci(Q)0i(Q), 12 - i
e 2 ° tsizl (QO(Q) 1.2 reported result§21] on the complete virtual corrections to

the relevant operatod,, O;, andOg. Combining these with
where matching between the two theories occurs athe bremsstrahlung correctiof2,21] results in cancellation
Q=M and yields the values df;(Q=My,). In Eq.(1.2), of associated soft and collinear singularities. A combination
the C;(Q) are Wilson coefficients evaluated at sc@leand  of the QCD-corrected operator matrix elemefss|O;|b)
the O; are a complete set of operators, given, for example, iwith the completeO(«)-corrected Wilson coefficients at
Ref. [12]. Resummation then occurs by solving the renor-scale Q~m, will result in a NLL calculation of the
malization group equation€RGE'’s) for the Wilson coeffi- B(b—sy) decay rate.
cients In this paper, we have nothing new to add to the calcula-
tional procedure for evaluatinB(b—sy). Our goal in this
QiC-(Q)z .C.(Q) (1.3  Paper is to bring together the above pieces of a NLL calcu-
dQ ™ Vit ' lation of B(b—sy) and to interface with the MSUGRA
) ) ) ] model so that detailed comparisons to data can be made in
where y is the 8<8 anomalous dimension matrtADM),  parameter space. In so doing, we simply neglect the missing

and piece of the calculation/$y). This will result in some small

o o \2 scheme dependence of our results, and in some additional
=S O =) LWy 1.4 scale dependence, so our calculation will not be truly NLL.
Y=7 el (1.9 _ _ _
& G Hence, we label it as QCD improved, in hope th& turns

out small, as preliminary reports suggest.
Our goal as well is to evaluate tH&b—svy) rate as a
nction of MSUGRA parameters and compare with the re-

The matrix elements of the operata@s are finally calcu-
lated at a scal®~m, and multiplied by the appropriately fu

;aalgéved Wilson coefficients to gain the final decay almpll_cent CLEO results, to find favored or excluded regions of

The LL QCD corrections just described yield enhance_parameter space. We find the- sy constraint to be really

ments in theb— sy decay rate of factors of 2{3.3,14. The very strong, as noted previousf0,11. We compare the

resulting LL calculation yields an answer which is ambigu-bﬁsy results to other recent results on relic density con-

ous depending upon which precise scale choice is chosen fﬁginttﬁgs(]af?ggt roeBgl(%ns gf)ngzs;inii;gt;/oargs@?o::ljr;:gg;/g?n
evaluation of matrix elements of the operat@rs Variation Y P 9

of the scalem,/2<Q<2m, yields approximately a 25% MSUGRA at various collider experiments. Toward these

uncertainty in the theoretical calculation. This uncertainty?nds’ in Sec. Il we present various details of our QCD-

provides the greatest source of error in currently avaiIabI%T]Err%\gi?tgigu;aﬁﬁgégi(gf_l\’ﬂsg&'GlgieCérlgr’nvg?e:espogégnan d
theoretical calculationsl4]. To reduce the theoretical uncer- P pace,

tainty, one must proceed to a next-to-leading-log calculatiorfOMPare them with other constraints and expectations for

(NLL) of the b—sy decay rate. collider searches. We summarize in Sec. IV.

Recently, a number of theoretical developments have
been made towards the goal of a NLL calculation of
B(b—sy). Cho and Grinstein showdd5] that if there are
two significantly different masses contributing to the loop In this section, we outline our procedure for calculating
amplitude (such asm; and My,), then, in fact, there can B(b—sy) as a function of MSUGRA parameter space. Our
already exist significant corrections to the Wilson coeffi-first step, of course, is to input the parameter (det) and
cients at scaldly. In this case, one must create an effectivesolve for the superparticle masses and mixings via running of
theory by first integrating out the heavy top quark, applythe MSUGRA RGE equations betweéth, and Mg, and
RGE running between the scales andM,y,, and then inte- imposing the appropriate minimization criteria using the one-
grate out thew boson to arrive at the operator set in Eq. loop-corrected effective potential. We iterate the running
(1.2). The above procedure gives~a20% enhancement to back and forth between the two scales six times using the
the SM value ofB(b—sy). In supersymmetric models, usual Runge-Kutta method; this results in a convergent spec-
many more heavy particles are present. Anlauf has showtrum of superparticle masses. The procedure is described
how to perform a similar analysis for the case of the MSSMmore fully in Ref.[23]. On the last rundown but one, we take
[16]. These corrections are considered to be next-to-leadingote of the various superparticle masses. On the final run
order effects. from M g1 to M2, we implement the procedures outlined in

In addition, various terms of the ADM in E¢l.4) have Anlauf [16] to ultimately obtain the needed Wilson coeffi-
been calculated to next-to-leading ordBiLO). The O(ag) cients C;(My) and Cg(My,). In addition, the values of

Il. CALCULATIONAL METHOD
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FIG. 1. We plot the value of the Wilson coefficie@t(My) FIG. 2. Evolution of Wilson coefficient€,;(Q) fori=1-8 from

versusmy,, wheremy=my,, tanB=2, A,=0. In (a), we take Q=My to Q=1 GeV, for [mg,my;,Aq,tans,sgn(u)
n<0 and in(b), we takeu>0. The various loop contributions to =(100,100,0,10;-1)], where masses are in GeV units. Fraftag
C,(My,) are denoted on the plot. The lafigtefers to the sum over shows evolution to LO, while framgo) shows NLO evolutior(ex-

G=T1, ,Ug.C. .Cr contributions. cepty{Y=0).

Ci(My) for i=1-6 are given in Ref.17] to O(ay). breaking parameters. In both frames, thE  contribution is
Given a heavy particle of mass, and a light particle of negative, and decreases in absolute valuengsincreases,
massm, contributing to ab—sy loop, the procedure of since the value ofmy- is increasing. Note, this contribution
Anlauf is as follows. First, at scal®=my,, the heavy par- adds constructively to the SMV contribution; when com-
ticle is decoupled from the theory and the correspondindlined, these give the large constraints on type Il 2HDM’s
effective field theory is constructed. The leading terms of thd9]. For u<<0, most of the SUSY particle loop contributions
expansion oC; in terms ofx=(m, /my,)? are calculated and are also negative in this case, which leads to the significant
evolved to scal€=m, using the ADM including both QCD constraints to be given in Sec. lll. The exceptions are the
and electroweak interactions. Taking only leading terms irlarge positive contributions fro/,t, andW;q, which can-
X restricts the operator basis to dimension-5 and -6 operatoel some of the large negative contributions. Alternatively,
[16]. At Q=m_, the remaining part o€;, which has been for u>0, we see in fram¢b) that there are several positive
evolved down tan, using only the electrowealEW) ADM, as well as negative contributions @,(M,,). In this case,
is added together with eventual contributions coming fromone can achieve rates f&(b—svy) which are equal to or
decoupling of the lighter particle in the loop. As a last step,even smaller than the SM value.
the equations of motion are applied to obt&r(M,,) and The next step in our calculation is to implement the NLO
Cg(My). In the case than <My, the evolution is stopped ADM to calculate the running of th€;’s from M, down to
atM,y. In practise, this is almost never a problem, in light of Q~m, . The termSyi(jl) fori,j=1-6 have been calculated in
the new boundmy >79 GeV for gauginolike charginos Ref. [17]. The corresponding ADM elements forj=7,8
from LEP 2. In our calculation, we include contributions have been calculated in R¢L8]. The remaining NLO ADM
from twW, tH™, and,yviﬁ,- loops, fori=1 and 2, and elements fOI’*yi(l-l) for i=1-6 andj=7,8 have not yet been
§;=U,, Ur, €., Tr, 11, andT,, and neglect contributions published. The most important of these Y, since
from Zq; andgg; loops, which should have much smaller C2(My)=1 while the remainingC;(My,) which mix into
contributions. C, are~0 [21]. Preliminary results of the three-loop calcu-
As an illustration of these results, we show in Fig. 1 thelation of 7(217) indicate it is small[19], so in our calculation
final value of the Wilson coefficier€,(My,) from the vari-  we takey$Y=0.
ous loop contributions just discussed, as a functiomgp, We show in Fig. 2 the evolution of the set of Wilson
wheremy=my,, tanB3=2, andAy=0. In frame(a) ©<0, coefficientsC; for i=1-8, from their values aQ=M,y,
while in frame(b), u>0. ThetW SM contribution is just down to Q=1 GeV, for the MSUGRA case
=—0.23 and, of course, does not vary versus SUSY softfmgy,my;»,Aq,tan3,sgn(u)]=(100 GeV, 100 GeV, 0, 10,



3204 HOWARD BAER AND MICHAL BRHLIK 55

—1). Frame(a) shows the evolution including just LO terms ST N B B L MR AR
in the ADM, while frame(b) includes the NLO ADM con- r
tributions mentioned above. We see that, in general, the L esx
NLO effects are small. The exception is for, for which i j
the NLO correction differs from LO correction by 10%. . 9D improyeq ]
Note that whileC,; changes significantly with scale in the gl tle T
SM, for this MSUGRA point it is relatively constant. i Tl
Finally, we must include the matrix elements
(sy|0i(Q)|b) at NLO. We neglect theD;, O,4, Os, and
Og contributions, since the correspondigy are small, as
shown in Fig. 2. Furthermore, the matrix element
(sy|O4|b) is exactly zero. The bremsstrahlung graphs have
been calculated in Ref22] for b—syg, while the complete i 1
virtual corrections to the operatoS,, O;, and Og have ol v v v b b e b ]
been calculated in Ref21]. We implement these results, 3 0 (gev) v 10
which ensure the proper cancellation of infrared and collin-
ear singularities. Since our final results are not completely FiG. 3. A plot of the SM branching ratiB(b— sy) versus scale
NLL, we will have some remaining scheme dependence. Alghoice Q, wherem,/2<Q<2m,. We plot the LL result and, in
our calculations have been performed within the naive diaddition, our QCD-improved result. The theoretical error dimin-
mensional regularizatiofNDR) scheme, in which the calcu- ishes from~25% to~9%. We also plot the CLEO-measured cen-
lational building blocks have been given. We neglecttral value, as well as & and 95% C.L. limits on the experimental
throughout our calculation any long distance effd@4] on  result.
the b— sy decay rate.
Our final numerical result is given by

B(b-sy) (107%)

95%

B(b—svy) contours forAg=0 for (a) tan3=2, u<0, (b)

r tanB=2, u>0, (c) tan8=10, u<0, and (d) tan3=10,
B(b—sy)= F_BS" (2.1 u>0. Each contour must be multiplied by 1 The values
sl of B(b—sy) shown are foQ=m, . The regions marked TH

are excluded by theoretical constraints: either the LSP is not
the neutralinoZ,, or electroweak symmetry is improperly
I'(b—sy)=T i+ T prem- (2.2 broken. The regions marked EX are excluded by negative
SUSY particle search experiments at Fermilab Tevatron or
In the abovel'y;, is given by Eq.(5.6) of Ref. [21], and LEP. The new bound omny >79 GeV on gauginolike
[prem is given in Refs[22,21, while I'g; is given by Eq.  charginos from LEP 2 is indicated by the dashed contour.
(5.9 of Ref. [21]. Numerically, we take the combination
ViV /|Vep|?=0.95 andBg = 0.104.

where

The inclusion of the various above-mentioned QCD im- 500 gy 500 prerrprrrpe ey
provements leads to a result i8(b— sy) which has signifi- 400 o) tang=2 a0f= / F o tempmroong
cantly reduced scale dependence. We illustrate the scale de- ™ DL N Ag=0; w0 3

pendence of our result for the case of the SM in Fig. 3, where § E

we plot B(b—svy) versusQ, wherem,/2<Q<2m,. The £

LL calculation for the SM value is denoted by the dashed 100 - E

curve, which yieldsB(b—sy)=2.9+0.7, or a 25% uncer- L2 00 WY N :

tainty due to scale choice. The QCD-improved result is 100 R00 SO0 4005000100 290 890 400 500
shown by the solid curve. In this case, the prediction is .,
B(b—sy)=3.2+0.3, and the error due to scale choice un-
certainty is reduced te-9%. The CLEO-measured central
value is denoted by the solid horizontal line. The limits

are denoted by dotted lines, and the 95% C.L. limits are

(3%
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denoted by solid lines. We see that the SM prediction lies 100 ====_= ===t 1oo§
somewhat above the CLEO-measured result, although it is Om oF
well within the 95% C.L. region. 0 100 200 300 400 500 O
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l1l. NUMERICAL RESULTS AND IMPLICATIONS FIG. 4. Plot of contours of constant branching raith— sy)
A. Resullts for B(b—sy) in the my vs my,, plane, whereA;=0 andm;=170 GeV. Each

contour should be multiplied by 16. Frame(a) is for tan3=2,
We present our main results on the- sy branching ratio <0, (b) is for tang=2, x>0, (c) is for tand=10, x<0, and(d)
as contours of constant branching fraction in thmg vs s for tan8=10, u>0. The regions labeled by TKEX) are ex-
my, plane. This allows a direct comparison of previous workcluded by theoreticalexperimental considerations. The dashed
on MSUGRA constraints and also collider expectations to beontour corresponds to the latest LEP 2 limitrofy, >79 GeV for
made with the present work. In Fig. 4, we show thea gauginolike chargino.
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FIG. 5. Plot of contours of constant branching raith—sv) lot of £ vari . h
in the my vs A, plane, wherem,,=200 GeV andm,=170 GeV. FIG. 6. Plot of contours of various constraints on the MSUGRA

Each contour should be multiplied by 10 Frame (a) is for ~ M0delin themy vsmy; plane, wheréi, =0 andm,=170 GeV. The
tanB=2, u<0, (b) is for tand=2, x>0, (c) is for tanB=10 frames are as in Fig. 4. To the left of the contour marked by open

©<0, and(d) is for tand= 10, u>0. The regions labeled by TH circles is the region where minima occur in the MSUGRA scalar

(EX) are excluded by theoretic&xperimental considerations. potential that are deeper than the standard one. The region below
the dashed contour is excluded by the LEP 2 limit thm1>79

In frame (a), we find B(b—sy) to be large for small GeV. The region to the right of the solid contour label@ti? is
values ofm, andm,,. This is due to constructive interfer- excluded because the Universe would be younger than 10 billion
ence among many of the SUSY and SM |00p Contr|but|onsyears Qh2> 1) The region between the dot-dashed contours is
as can be gleaned from Fig(al As mg andm,, increase favored by the cosmological mixed dark matter scenario, where

R L | ! 2 . . .
the SUSY particles and charged Higgs bosons all increase f15<(h"<0.4. Finally, the region to the lower left of the solid
mass, and their loop contributions become small: thus, th§°ntour labeled—sy in frame(a) is excluded at 95% C.L. by the
value ofB(b—sy) gradually approaches its SM value in the analysis Of. this paper. The entire region in fra(b}_ns allowed by
upper-right region of each frame. We note the CLEO 95(yb—>57, while almost the entire region in franie) is excluded by
C.L. ubper bound on the inclusive rate f@(b—sy) is qb—>5y. Finally, the entire region shown in framé) is again al-

.y p_p4 X . Lo v lowed by theb— sy constraint.
4.2x10™ %, so it becomes evident that a significant region to
the lower-left of frame(a) will become excluded. In frame
(b), for ©>0, the results are significantly different. In this
case, there are many interfering loop contributipsee Fig.

1(b)], so theB(b—sy) rate is much closer to the SM value, .- ~|'Eo 95% excluded value B{(b—sy)=4.2}10"%. In

and can even drop below it. Since all the contours lie withi ; )
the CLEO 95% excluded band, this frame remains uncorr}[rame (b), the B(b—sy) rate varies slowly versus param

strained byB(b—sy). For frame (c), with tan3=10 and eters, and the entire plane shown is allowed. Fr&hagain

) varies slowly withA,, and is entirely excluded. Fram)
'“<.0’ we f'nd very large values &(b—sy) throughout the has significant variation against parameters, but is still en-
entire region of the plane shown. Almost all of the planetirel I d
> y allowed.

shown gives values oB(b—svy) greater than the CLEO
95% C.L. bound, and so will be excluded. Values of
m,,,=500 GeV are required to reach an allowed region for
this choice of MSUGRA parameters. Finally, in frartd, Our next task is to compare the constraints from sy
we show theB(b— svy) result for tag=10 andu>0. Asin  with other constraints, and derive conclusions relevant for
frame (b), there exists substantial interference among thecollider searches. Towards this end, we show in Fig. 6 re-
various loop contributions. The interference in this case is sgions of themy vs my,, plane which are excluded by CLEO
great that a large fraction of the plane actually hasdata onB(b—sy) at 95% C.L. We match against the theo-
B(b—sy) valuesbelowthe SM value. TheB(b—svy) rate  retical result from this paper. To obtain the excluded region,
increases withm,,, to reach its SM value. the B(b—svy) rate must fall outside the CLEO-allowed val-

Figure 4 shows results for the GUT scale trilinear cou-ues forall scale choicesn,/2<Q<2m,. The relevant ex-
pling A;=0. Changing the value &%, will change the weak cluded region for framéa) lies to the lower left of the solid
scaleA parameters, which can result in changes to the togontour labeledb— sy. We show as well the dashed contour,
squark mass matrix and mixing angles. This can then affedtelow which my, <79 GeV, in violation of recent LEP 2
the WiTj loop contributions. To show the effect of changing chargino searchelst]. The region to the left of the line of
Ay, we show in Fig. 5 thé8(b—svy) contours in theny vsS  open circles is where nonstandard minima of the MSUGRA
Ap plane, for fixedm,,,=200 GeV, and all other parameters model scalar potential lig6]. This region may not be truly
as in Fig. 4. There are some small TH excluded regions irtonstrained if one is willing to accept that our Universe may

the left-hand corners of the t8r=2 frames. In framda), we
see that th&(b—sv) rate varies mainly withmg rather than
with Ag, and that only a small portion of the plane is above

B. Relationship to other constraints on the MSUGRA model
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have settled into a false vacuum. The region to the right of ooN”""""”""—‘ PPN A AR AR AAAMEASI
the solid contour labeled b h? is excluded by cosmologi- oo a)tenf=2 3 E o) tang=10 3
cal considerationg5]. In R-conserving models where the ROOE- IR P
lightest neutralino is the LSP, it can be an excellent candi- § 0 -, Loved b o -3 0 raded by b —
date to make up the bulk of the dark matter of the Universe. S-z00~ =" - -200f~ T
Such a cold dark mattefCDM) particle would have been —a00 | TR T
produced in abundance in the early Universe, and their 6 100 200 300 400 300 0 100 200 300 400 500
present-day abundance can then be straightforwardly calcu- m, (GeV) m, (GeV)

lated. If the relic density is too high, then the calculated AR AR AR SRRACRARS RaAA RAAAR RS
lifetime of the Universe is too short to be consistent with 4% YZ%\TH wieng=z 4 100E° d) tang=10 3
various astrophysical observations. The contour denoted by 2c0f : my/2=200 —] 200 [~ M =R00 —|
Qh? denotes where the relic densiyh?=1; for higher val- s o - T N w0
ues ofQQh?, the Universe would be younger than 10 billion %_20 E % cllemedbydee 3 b allowed by bosy 3
years, and so is certainly excluded. In addition, a number of = Eoom E 2 E
cosmological observation§Cosmic Background Explorer — ~*%°EZli ool id ~000 L b i [0, o
(COBE) data, nuclear abundances, large scale strucfare 0 100 200 300 400 900 0 100 200 SH0 400 500

vor a Universe formed with a 2:1 ratio of CDM to hot dark

matter(HDM, e.g., neutrinop This is called the mixed dark FIG. 7. Plot of contours of various constraints on the MSUGRA
matter(MDM) scenario. This cosmologically favored region mogel in them, vs A, plane, wherem,,=200 GeV andm,=170

lies between the dot-dashed contours, for whichgey. The frames are as in Fig. 5. To the left of the contour marked

0.15<Qh2<(_)-4- _ . by open circles is the region where minima occur in the MSUGRA
We combine the above-mentioned constraints all on ongcalar potential that are deeper than the standard one. The entire

plot, as in Fig. 6. We see that in fran@, if one combines regions in framesa), (b), and(d) are allowed byb— sy, while the
the false vacua region with tHe@(b—svy) constraint, much entire region in framéc) is excluded byb—sy.
of the cosmologically favored MDM region is ruled out. Re-
cent calculation of parameters associated with fine tuning ilility for LEP 2 is to discover a light Higgs bosdmin the
the MSUGRA mode[25] actually prefer the smalin, and  region beyond th&(b— sy) exclusion contour. Much of the
my, regions that are excluded B(b—sy) in this case. discovery reach of the Fermilab Main Injectof 4dt=2

In frame (b) of Fig. 6, the entire region shown is allowed fb ~!) upgrade is also wiped out by tie—sy constraint for
by B(b—svy) and, in fact, would be favored over the frame the regionm;<180 GeV. As with LEP 2, there is some
(a) results by the CLEO central value, which lies somewhatemaining region of accessibility for seeing clean trileptons
below the SMB(b—sy) prediction. Meanwhile, much of from W;Z,— 3/ aroundmy=200 GeV andn;,,~120 GeV.
the region shown in framé) is excluded byo— sy, includ-  The TeV33 upgrade would be able to see, in addition, a large
ing all of the cosmological MDM preferred region. Finally, slice of parameter space beyond the sy excluded region
in frame (d), the entire region is allowed bB(b—sv). In up to myp~275 GeV formy=100 GeV, again via clean
fact, in this case, the region aroung,~200 GeV actually trileptons[27]. LHC would, of course, be able to scan well
agrees with the central value of the CLEO measurement dbeyond the entire plane shown, up to values of
B(b—sy), and overlaps considerably with the cosmologicalm,,,~700-1000 GeV with just 10 fb! of data. Since
MDM-favored region. The corresponding excluded regionsB(b— sy) decreases with increasimg,;, and mg, however,
from the false vacuum constraifi] andB(b—svy) for the  the CLEO data prefer the region of parameter space acces-

mg VS Ap plane form,,,=200 GeV are shown in Fig. 7. sible to LHC experiments, rather than the regions accessible
to LEP 2 and Tevatron, in contrast with preferences from
C. Implications for collider experiments fine tuning[25].

Figure Gb) is entirely unconstrained bg(b—svy). How-

Next, we wish to draw some conclusions for future ; :
searches for MSUGRA at colliding beam experiments. Ex—. V¢ do note that in this case tB¢b—sy) rate de

. . creases with decreasimg,,, in the low my;, region. Hence,
pectations for MSUGRA in the samnmg, vs m,;, planes have : .
been worked out for the CERN LEP@ e~ collider [26], the CLEO data actuallpreferthe regions accessible to LEP

- . = . 2 and Tevatron experiments, as do fine-tuning calculations.
various Fermilab Tevatropp collider options[27], and for b 9

. . For Fig. §c), most of the plane shown is excluded by
the CERN Large Hadron Collidgt HC) [28], a pp collider B(b—sy), so if nature chose these parameters, then LEP 2
expected to operate at 14 TeV.

; . and Tevatron upgrades would see nothing, and the discovery
We return attention to Fig.(8). If the MSL.JGRA model of SUSY would have to wait for LHC, which could access
represents nature with parameters as in Fig),&hen the

) . . the very heavy sparticle spectra that lie at parameter space
B(b—svy) exclusion region wipes out most of the paramet y Y SP P P P

er_ .

. oints beyondny,,~ 350 GeV.
space accessible to LEP 2 SUSY searches. There are tv?o The parameter space of framélBis entirelv allowed b
exceptiond 26]. There is a small region withn,=200 GeV P P &lpi rely giow y

B(b—sy) and, in fact, the CLEO central value actually

and my,»=100 GeV where charginos could be accessible toagrees with the parameter space region arommg~ 200

LEP 2 operating ground/gfv_ 190 GeV. In this region, the ey ginceB(b—sy) is decreasing below the SM value
lightest neutralinaZ, can still be a good CDM candidate, ith decreasingn,,, the lowm,, region accessible to LEP
since mz ~Mz/2, thus, relic neutralinos can annihilate 2 and Tevatron upgrades is disfavored by data. The region
away via aZ-boson pole in thes channel. The other possi- around my~125 GeV andm;,,~200 GeV is favored by
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B(b—sy) and by cosmology, and has no nonstandardparameter space, and compare against recent results from the
minima in the scalar potential. In this favored region, unfor-CLEO experiment. The comparison leads to allowed and ex-
tunately, neither SUSY nor Higgs particles would be acceseluded regions of MSUGRA parameter space. In particular,
sible to LEP 2 experiments. Only a fraction of this regionwe note that for some MSUGRA parameter choices, the
would be accessible to Tevatron upgrades via trileptorMSUGRA B(b—sy) prediction agrees better than the SM
searches. However, the CERN LHC would enjoy huge suene. The resulting constraints on parameter space are very
persymmetric signal rates in this region and, in addition, distrong, and indicate that large regions fox<0 and for large

rect production of sleptons would be visible as well. tang are excluded. We compare these briefly with expecta-
tions for collider experiments at LEP 2, Fermilab Tevatron,
and CERN LHC. TheB(b—sy) constraint rules out much

) of parameter space that would have been accessible to LEP 2
_ We have performed a calculation B{b—sy) as a func- g Tevatron experiments. However, we note that the region
tion of the parameter space of the MSUGRA model. In doing¢ parameter space most favored Bgb—sy), cosmology,

so, we have included several improvements over the usual,y standard minima of the scalar potential, around

leading-log treatment. We have included corrections to thqn ~125 GeV,my,~200 GeV, ta~ 10, andx >0, might
Wilson coefficients due to multiple scales in both the SUSng accessible tgz Fermilab Main Injeét()l:/ll) or TeV33

and SM loop contributions. We have also included the pubge ches for clean trileptons: if not, the discovery of SUSY

lished NLO terms in the ADM elements needed for running,, |4 have to wait until LHC experiments are performed.
the Wilson coefficients from a scal®=M,, down to

Q~my,. We have not included the correction 1g,, so that
our final result is not NLL. Preliminary results from the
three-loop calculation ofy(217) indicate it is only a small ef-
fect. Finally, we have included the virtual and bremsstrah- We thank J. Hewett and X. Tata for discussions. In addi-
lung graphs in the evaluation of tHsy|O;|b) matrix ele- tion, we thank Manuel Drees for calculational comparisons
ments. The combination of all the above elements leads to which led to the discovery of a bug in the program used to
B(b—svy) calculation with reduced uncertainty due to generate results for an earlier version of this manuscript. This
choice of scale. research was supported in part by the U.S. Department of
We plot our results as a function of MSUGRA model Energy under Grant No. DE-FG-05-87ER40319.
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