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Hadronic decays ofxbJ into light bottom squarks

Edmond L. Berger and Jungil Lee
High Energy Physics Division, Argonne National Laboratory, Argonne, Illinois 60439

~Received 12 March 2002; published 30 May 2002!

We calculate the rates for inclusive hadronic decay of the threexbJ states into a pair of light bottom squarks
as a function of the masses of the bottom squark and the gluino. We include color-singlet and color-octet
configurations. The color-octet contribution is found to be insignificant for thexb0 but can dominate in thexb2

case if current lattice estimates are used for the color-octet matrix element. In comparison with the standard
model values, bottom squark decays can increase the predicted hadronic width of thexb0 by as much as 33%,
for very small bottom squark masses and gluino masses in the range of 12 GeV, but make a small contribution
in the cases ofxb1 andxb2. Data from decays of thexbJ states could provide significant new bounds on the
existence and masses of supersymmetric particles.
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I. INTRODUCTION

The possible existence of a light bottom squarkb̃ with
mass similar to or less than that of the bottom quarkb is
investigated in several theoretical papers@1–7#. This hypoth-
esis is not inconsistent with direct experimental searches
indirect constraints from other observables@8–10#. If the
massmb̃ is less than half of that of theP-wave xb reso-
nances, then the direct decayxb→b̃b̃* could proceed with
sufficient rate for observation, particularly in data being a
cumulated at the Cornell Electron Storage Ring~CESR! fa-
cility @11#. In this paper, we compute the expected rates
decays of the threexbJ states into a pair of bottom squarks
a function of the masses of the bottom squark and the glu
The mass of the gluinog̃ enters because the gluino is e
changed in the relevant decay subprocesses. Theg̃ and theb̃
are the spin-1/2 and spin-0 supersymmetric~SUSY! partners
of the gluon~g! and bottom quark. This paper extends p
vious work of one of us@7# on decays of the Upsilon state
Y(nS)→b̃b̃* ,n5124.

In the remainder of this Introduction, we summarize t
phenomenological motivation and status of the hypothesi
a light bottom squark along with a light gluino and the
present an outline of the remainder of the paper. A rec
presentation of the experimental properties of thexbJ states
may be found in Ref.@12#.

The hypothesis of a relatively light color-octet gluinog̃
~mass.12 to 16 GeV! that decays with 100% branchin
fraction into a bottom quarkb and a light color-triplet bottom
squarkb̃ ~mass.2 to 5.5 GeV! is proposed in Ref.@1# in
order to explain the observed excess cross section for
duction of bottom quarks at hadron colliders. In this scena
b̃ is the lightest SUSY particle~LSP!, and the masses of a
other SUSY particles are arbitrarily heavy, i.e., of order
electroweak scale or greater. Improved agreement is obta
with the magnitude and shape of the transverse momen
distribution of bottom-quark production at hadron collide
The proposal is consistent with measurements of the ti
averagedB0B̄0 mixing probability@1#. The b̃ either picks up
a light quark, becoming a spin-1/2 ‘‘mesino,’’ perhaps livin
0556-2821/2002/65~11!/114003~10!/$20.00 65 1140
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long enough to escape from a typical collider detector, o
decays promptly via baryon-numberR-parity violation into a
pair of hadronic jets@10,13#.

There are important restrictions on the existence and c
plings of bottom squarks from precise measurements ofZ0

decays. A lightb̃ would be ruled out unless its coupling t
the Z0 is very small. The squark couplings to theZ0 depend

on the mixing angleu b̃ . If the light bottom squark (b̃1) is an
appropriate mixture of left-handed and right-handed bott
squarks, its lowest-order~tree-level! coupling to theZ0 can
be arranged to be small@2# if sin2ub̃;1/6. The exclusion by
the CLEO Collaboration@8# of a b̃ with mass 3.5 to 4.5 GeV
does not apply since their analysis focuses only on the
tonic decaysb̃→cl ñ and b̃→cl. The b̃ need not decay lep
tonically nor into charm. The search by the DELPHI Co
laboration @9# for long-lived squarks in theirgg event
sample is not sensitive tomb̃,15 GeV. Bottom squarks
make a small contribution to the ratioR of the inclusive cross
section for e1e2→ hadrons divided by that fore1e2

→m1m2, requiring an accuracy for detection at the level
2% or so, much greater than that of current measuremen
the 6 to 7% range@14#. In e1e2 production, resonances i
the b̃b̃* system are difficult to extract from background
@15#, but gg collisions may be more promising. The angul
distribution of hadronic jets produced ine1e2 annihilation
can be examined in order to bound the contribution of sca
quark production. Spin-1/2 quarks and spin-0 squa
emerge with different distributions, (16cos2u), respectively.
The angular distribution measured by the CELLO Collab
ration @16# is consistent with the production of a single pa
of charge-1/3 squarks along with five flavors of quar
antiquark pairs.

The possibility that the gluino may be much less mass
than most other supersymmetric particles is intriguing fro
different points of view@17–20#. An early study by the UA1
Collaboration@21# excludesg̃’s in the mass range 4,mg̃
,53 GeV, but it starts from the assumption that there i
light neutralinox̃1

0 whose mass is less than the mass of
gluino. The conclusion is based on the absence of the
pected decayg̃→q1q̄1E” T , whereE” T represents the miss
©2002 The American Physical Society03-1
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EDMOND L. BERGER AND JUNGIL LEE PHYSICAL REVIEW D65 114003
ing energy associated with thex̃1
0. In the scenario discusse

here, this decay process does not occur since the bo
squark is the LSP and thex̃1

0 mass is presumed to be larg
~i.e., .50 GeV). An analysis of 2- and 4-jet events by t
ALEPH Collaboration @22# disfavors g̃’s with mass mg̃

,6.3 GeV but notg̃’s in the mass range relevant for th
SUSY interpretation of the bottom quark production cro
section. A similar analysis is reported by the OPAL Collab
ration@23#. A light b̃ is not excluded by the ALEPH analysis
A very precise measurement of theb function in QCD is
potentially the most sensitive probe of the existence o
light gluino since the color-octet gluino makes a contributi
to b equivalent to that of 3 new flavors of quarks. Howev
the analysis of data must take into account the effects
SUSY-QCD production processes. The combined rangesb̃

andg̃ masses proposed in Ref.@1# are compatible with renor
malization group equation constraints and the absenc
color and charge breaking minima in the scalar potential@3#.

In Sec. II, we begin with a discussion of factorization. T
xb is treated as abb̄ bound system and described nonpert
batively. The transition of the~on-shell! bb̄ system into the
observed final state is calculated in QCD perturbation the
In Sec. II, we also outline the projection of the on-shellbb̄
system into the states of spin, parity, and angular momen
of interest. We present our explicit calculation ofxb→b̃b̃*
in Sec. III. We include both color-singlet and color-octet co
figurations. Results and conclusions are summarized in
IV. When compared with the leading-order expectation in
standard model, the bottom squark contribution can incre
the predicted hadronic width of thexb0 by as much as 33%
for small bottom squark masses,O(2 to 4 GeV!, and gluino
masses in the range of 12 GeV. However, bottom squ
decays make a negligible contribution in comparison w
the standard model value in thexb1 and xb2 cases. The
color-octet contribution to bottom squark decays is insign
cant for thexb0 but can dominate in thexb2 case if current
lattice estimates are used for the color-octet matrix elem
Data from decays of thexb states could provide significan
new bounds on the existence and masses of supersymm
particles.

II. FACTORIZATION AND CONVENTIONAL DECAYS
OF THE xbJ

To compute the decay of a heavy quarkonium state,
begin with the statement of factorization. The initialxb is
taken to be a bound statebb̄ of bottom quarks. To the exten
that theb quarks are heavy enough, the bound state asp
may be described with nonrelativistic quantum chromo
namics~NRQCD! @24#. The decay dynamics are assumed
be described by short-distance perturbative QCD, in turn a
justified in part by the large mass of theb quark. The decay
rate of the heavy quarkonium state is then expressed in
factored form@25,26#

G~xbJ!5(
n

Cn^xbJuOnuxbJ&. ~1!
11400
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The summation indexn stands for the spectroscop

state2S11LJ
(1,8) of the bb̄ pair. The superscript to the righ

(1,8) stands for the color quantum number, singlet@27,28#
and octet@25#, respectively. The short-distance coefficie

Cn , describes the inclusive transition of an on-mass-shellbb̄
system into the relevant final state, and it is calculable p
turbatively in a series in the strong coupling streng
as(mb). The nonperturbative matrix element^xbJuOnuxbJ&
represents the probability that axbJ meson evolves into a

freebb̄ pair with quantum numbersn. The four quark opera-
tor On is defined in Ref.@26#.

Although the recent CDF measurement of the polarizat
of promptJ/c ’s presents a serious challenge for the NRQC
factorization formalism for inclusive charmonium productio
@29#, factorization in the bottomonium case is believed to
safe sincemb is well separated from the long distance sca
mbvb

2 . For example, the recent CDF measurement ofY(nS)
polarization agrees with the NRQCD prediction@30# based
on matrix elements fitted to run IB data@31#. Furthermore,
factorization is safer in the decay process than in product
A recent review can be found in Chap. 9 of Ref.@32#.

An alternative, not unrelated physical picture begins w
a Fock state expansion of thexb into the minimalubb̄& color-
singlet component and higher components such asubb̄g&,
with the bb̄ pair in a color-octet configuration
ubb̄qq̄&,ubb̄gg&, and so forth.

A velocity scaling rule in NRQCD@26# allows one to
order the contributions to the decay rate Eq.~1! and to trun-
cate the series on the right-hand side of Eq.~1! in a power
series invb , the mean velocity of theb in thexb rest frame.
For xbJ , there are two potentially equally important contr
butions to the decay rate. One is the color-singlet spin-trip
P-wave state that scales as^xbJuO(3PJ

(1))uxbJ&/mb
2;mb

3vb
2 .

The other is the color-octet spin-tripletS-wave state that is
proportional to^xbJuO(3S1

(8))uxbJ&;mb
3vb

2 , where we keep
the mass dimension while suppressing thevb dependence of
the heavy quark fields and the quarkonium state. The sca
factor vb

2 of the color-octet matrix element arises from th
chromoelectric dipole transition rate from a color-sing
P-wave state into a color-octet spin-triplet state. This col
octet channel was introduced to resolve the infrared prob
in the next-to-leading order QCD corrections to light-hadr
decays ofP-wave quarkonium@25#.

In the case ofY decay to bottom quarks treated in Re
@7#, the leading color-singlet contribution is proportional
as

2vb
0 . The leading contribution in the standard model dec

of Y to light hadrons is of orderas
3vb

0 , with one more power
of as than in the SUSY case. The SUSY rate is suppress
however, by the mass of the exchanged gluino in the am
tude and the nonzero bottom squark masses. The lea
color-octet contribution inY decay is of orderas

2vb
4 .

In conventional QCD, thexbJ states are assumed to dec
via the transition of thebb̄ system into a pair of massles
gluons that, in turn, materialize as light hadrons@27#. The
short-distance coefficientsCn are known in next-to-leading
order inas for the color-singlet statesn5 3PJ

(1) @33,34# and
3-2
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HADRONIC DECAYS OFxbJ INTO LIGHT BOTTOM SQUARKS PHYSICAL REVIEW D 65 114003
for the color-octet staten5 3S1
(8) @34,35#. We quote the

leading-order result inasvb
2 @25–27,36#:

GSM~xb0!5
4pas

2H1

3mb
4 S 11

nfmb
2H8

4H1
D , ~2a!

GSM~xb1!5
4pas

2H1

3mb
4 S 01

nfmb
2H8

4H1
D , ~2b!

GSM~xb2!5
4pas

2H1

3mb
4 S 4

15
1

nfmb
2H8

4H1
D . ~2c!

The superscript SM designates the standard model cont
tion without SUSY terms. The number of flavorsnf54. The
matrix elements in Eq.~2! are the color-singlet termH1

5^hbuO( 1P1
(1))uhb& and the color-octet term H8

5^hbuO( 1S0
(8))uhb&; hb is the spin-singletP-wave bottomo-

nium state. Heavy quark spin symmetry is used in the
proximations ^xbJuO( 3PJ

(1))uxbJ&5H11O(vb
2), and

^xbJuO( 3S1
(8))uxbJ&5H81O(vb

2). The color-singlet matrix
element can be expressed in terms of the derivative of
radial wave function at the origin,H15(3Nc/2p)uR8(0)u2

1O(vb
2). Numerical values of these matrix elements a

available from lattice measurements@37,38#:

H152.7 GeV5, H8 /H152.27531023 GeV22. ~3!

As is evident in Eq.~2b!, the decay rate for thexb1 is purely
color octet in nature at leading order inas because the tran
sition of theJPC5111 color-singlet state into two massles
gluons is forbidden. Sincevb

2;0.1, the color-octet matrix
elementH8 is small for bottomonium~for charmoniumvc

2

;0.3 is not negligible!. The color-octet contributions in Eq
~2! are estimated to be at the 5% level in thexb0 case and at
the 20% level in thexb2 case. The numerical values of th
predicted SM hadronic widths in Eq.~2! are approximately
0.8 MeV, 0.04 MeV, and 0.2 MeV for thexb0 , xb1, andxb2,
respectively.

Derivation of the short-distance term

A practical procedure to extract the short-distance coe
cient Cn in Eq. ~1! begins from a calculation of the freebb̄
amplitude with specified spin, color, and orbital angular m
mentum. We useP andq to denote the total and the relativ
momenta of the pair. The heavy quark momentumpb and its
counterpartpb̄ are

pb5
P

2
1q, pb̄5

P

2
2q. ~4!

In the rest frame of thebb̄ pair, the components of the vec
tors becomeP5(2Eq ,0), q5(0,q), pb5(Eq ,q), and pb̄
5(Eq ,2q). In the nonrelativistic limit, the invariant mass o
the pair can be expanded as 2Eq52Amb

21q252mb

1O(q2).
11400
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The amplitude for transition of the freebb̄ system into a
final state is denotedMbb̄ . It includes a spinor factor
ua

i (pb ,s) v̄b
j (pb̄ ,s̄) where (s,a,i ) and (s̄,b, j ) are the~spin,

spinor index, color index! of the b and b̄, respectively. The
spin-triplet state of the pair can be projected from the ou
product of the heavy quark spinors upon multiplying wi
Clebsch-Gordan coefficients@27,28,39,40#:

Mbb̄5M ba
j i ~pb ,pb̄!(

s,s̄
^1lus,s̄&ua

i ~pb ,s!v̄b
j ~pb̄ ,s̄!,

~5a!

(
s,s̄

^1lus,s̄&ua
i ~pb ,s!v̄b

j ~pb̄ ,s̄!

5Lab
i jk ^0ux†skcubb̄&1Lab

ai jk^0ux†Taskcubb̄&, ~5b!

Lab
i jk 5

d i j

Nc

1

4mb
@~p” b1mb!gm~p” b̄2mb!#abLm

k ,

~5c!

Lab
ai jk52Ti j

a 1

4mb
@~p” b1mb!gm~p” b̄2mb!#abLm

k ,

~5d!

whereLm
k is the boost matrix from thebb̄ rest frame to the

frame in which thebb̄ pair has momentumP. The operators
c andx† are the annihilation operators for the nonrelativis
b and b̄ states, respectively. The projection operator Eq.~5!
is valid up to terms ofO(q2). The projection operator valid
to all orders inqn is derived in Ref.@40#. The heavy quark
state in Eq.~5b! is specified with the nonrelativistic norma
ization ^b(p)ub(q)&5(2p)3d (3)(p2q), whereas the Dirac
spinors have relativistic normalization,ūu5 v̄v52mb .

Substituting the projection operator Eq.~5b! into Eq. ~5a!
and expanding with respect toq up toO(q2), we can express
the amplitudeMbb̄ as a linear combination of a color-single
P-wave term and a color-octetS-wave term:

Mbb̄5A i j ^0ux†qis jcubb̄&1B ai^0ux†Tas icubb̄&. ~6!

The P-wave amplitude can be decomposed further into
total angular momentum components,J50,1,2:

Mbb̄5A0^0ux†K~3P0
(1)!cubb̄&1A 1

i ^0ux†K i~ 3P1
(1)!cubb̄&

1A 2
i j ^0ux†K i j ~ 3P2

(1)!cubb̄&

1B ai^0ux†K ai~3S1
(8)!cubb̄&. ~7!

The coefficients in Eq. ~7! are A05A i i /A3, A 1
i

5e i jkA jk/A2, andA 2
i j 5(Ai j 1Aji )/22d i j A kk/3. The corre-

sponding operators areK( 3P0)5q•s/A3, K i( 3P1)5(q
3s) i /A2, andK i j ( 3P2)5(qis j1qjs i)/22d i j s•q/3.

The squared and spin-averaged amplitude for the3PJ
state is
3-3
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uM bb̄u25 (
J50

2

uA Ju2^bb̄uO~ 3PJ
(1)!ubb̄&

1uBu2^bb̄uO~ 3S1
(8)!ubb̄&. ~8!

The coefficientsuA Ju2 and uBu2 are obtained by contractin
to rotationally symmetric tensors:

uA 1u25
d i j

3
A 1

i A 1
j* , ~9a!

uA 2u25
1

5 F1

2
~d ikd j l 1d i l d jk!

2
1

3
d i j dklGA 2

i j A 2
kl* , ~9b!

uBu25
d i j

3
B iB j* . ~9c!

The coefficientB ai of the color-octet term in the amplitud
Eq. ~7! has a free color index. However, owing to color co
servation, the squared term has the formB aiB * b j

5dabB iB * j , and the color index of the color-octet matr
element is contracted with the factordab.

The last step to obtain the short distance coefficients i
introduce the normalization factor (2MxQJ

)/(2Eq)251/mQ

1O(q2). This factor appears since we use nonrelativis
normalization in the matrix elements for thebb̄ and xbJ
states. The short-distance coefficients are therefore expre
as

C~ 3PJ
(1)!5

F

4mb
2

uA Ju2, C~ 3S1
(8)!5

F

4mb
2

uBu2. ~10!

The nonrelativistic zero-binding energy approximationmxbJ

52mb is used. For a final state composed of two partic
with identical mass mf , the phase space factorF
5(1/8p)(12mf

2/mb
2)1/2.

III. DECAY INTO BOTTOM SQUARKS

In this section we treat the inclusive decay of axb into a
pair of bottom squarksb̃ of massmb̃ carrying four-momenta
k1 andk2 respectively. The relevant short-distance pertur
tive subprocess is

b1b̄→b̃1b̃* . ~11!

The Feynman diagrams for this subprocess are shown in
1. In Fig. 1~a!, a t-channel gluinog̃ of massmg̃ is exchanged.
The subprocess sketched in Fig. 1~b! in which thebb̄ pair
annihilates through an intermediate gluon into ab̃b̃* pair is
absent in the color-singlet approximation because the in
state is a color singlet. Both Fig. 1~a! and Fig. 1~b! contribute
to the color-octet amplitude. Figure 1~b! is independent of
the gluino mass, and its contribution survives therefore e
11400
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in the limit of gluinos with very large mass. Figure 1~a!
contributes to both the3S1

(1) and 3PJ
(1) channels whereas th

analogous SM process in which gluons are produced andb
quark is exchanged contributes only to3P0,2

(1) .

A. Bottom squark mixing and couplings

The mass eigenstates of the bottom squarks,b̃1 andb̃2 are
mixtures of left-handed~L! and right-handed~R! bottom
squarks,b̃L and b̃R . The mixing is expressed as

ub̃1&5sinu b̃ub̃L&1cosu b̃ub̃R&, ~12!

ub̃2&5cosu b̃ub̃L&2sinu b̃ub̃R&. ~13!

In our notation, the lighter mass eigenstate is denotedb̃1. For
the case under consideration, the mixing of the bott
squark is determined by the condition that the coupling
the lighter b̃ to the Z boson be small@2#, namely sin2ub̃
.1/6.

We may also express the mass eigenstateb̃1 in terms of
states of definite parity, theJP501 scalar andJP502

pseudo-scalar. Starting from the relationships

u01&5
1

A2
~ ub̃R&1ub̃L&), ~14!

u02&5
1

A2
~ ub̃R&2ub̃L&), ~15!

we obtain

ub̃1&5
1

A2
~cosu b̃1sinu b̃!u01&1

1

A2
~cosu b̃2sinu b̃!u02&.

~16!

The b̃1 is a pureJP501 scalar only if sinub̃5cosub̃51/A2.
The coupling at the three-point vertex in which ab quark

enters and ab̃1 squark emerges@the upper vertex in Fig.
1~a!# is

igsA2Tki
a @cosu b̃PR2sinu b̃PL#, ~17!

wherei andk are the color indices of the incidentb and final
b̃, respectively, anda labels the color of the exchange

FIG. 1. Feynman diagrams for the processbb̄→b̃1b̃1* .
3-4
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gluino. Here, PL5(12g5)/2 and PR5(11g5)/2. At the
lower vertex where an antiquark enters andb̃1* emerges, the
coupling is

igsA2Tjl
a @cosu b̃PL2sinu b̃PR#, ~18!

wherej andl are the color indices of the incidentb̄ and final
b̃* , respectively.

B. Subprocess amplitude

The amplitude of the processbb̄→b̃lb̃l̄
* , wherel(l̄)5

21 for b̃L(b̃L* ) andl51 for b̃R(b̃R* ), respectively, is

M ba
j i ~l,l̄ !5F igsl̄

A2
Tjl

a ~12l̄g5!
i

p” b2k” 12mg̃

3
igsl

A2
Tki

a ~11lg5!G
ba

1~2 igsTji
a gm!ba

2 igmn

P2

3@2 igsTkl
a ~k12k2!n#. ~19!

Momentum labels are specified in Fig. 1;P is the four-
momentum of thexb . As remarked earlier,a andb are the
11400
spinor indices of theb and b̄. The first term in Eq.~19!
represents the diagram shown in Fig. 1~a!, and the other term
is for the diagram of Fig. 1~b!. We do not simplify the factors
in Eq. ~19! so that the Feynman rules can be identified in t
expression. The relatively large masses of the exchan
gluino Fig. 1~a! and of thexb should justify the use of simple
perturbation theory to compute the decay amplitude;gs is the
strong coupling,as5gs

2/4p.
Using the mixing relation Eq.~13!, we can display the

explicit mixing angle dependence of the amplitude for t
light bottom squark pair final state in the form

M ba
j i 5sin2u b̃M ba

j i ~1,1 !1cos2u b̃M ba
j i ~2,2 !

1sinu b̃ cosu b̃„M ba
j i ~1,2 !1M ba

j i ~2,1 !….
.

SubstitutingM ba
j i into Eq. ~5a! and using the projection

operator Eq.~5b!, we derive an expression in the form of E
~6!. Useful color factor formulas are

@Tki
a Tjl

a #d i j 5
Nc

221

2Nc
dkl , ~20a!

@Tki
a Tjl

a #Ti j
b 52

1

2Nc
Tkl

b . ~20b!

The partial-wave amplitudes in Eq.~7! are found to be
A05
32pas

9A3
dkl

6 sinu b̃cosu b̃mg̃~mb
21mg̃

2
2mb̃

2
!2mb~mb

213mg̃
2
2mb̃

2
!

~mb
21mg̃

2
2mb̃

2
!2

, ~21a!

A 1
i 5

64pas

9A2
dkl

k1mLm
i~cos2u b̃2sin2u b̃!

~mb
21mg̃

2
2mb̃

2
!

, ~21b!

A 2
i j 5

64pas

9
dkl

mbk1mk1nLm
iL

n
j

~mb
21mg̃

2
2mb̃

2
!2

, ~21c!

B ai5
4pas

3
Tkl

a k1mLm
i

mb
S 2mb

2

mb
21mg̃

2
2mb̃

2 13D . ~21d!

Using the polarization summation relations in Eq.~9!, we obtain the short-distance factors of Eq.~10!. Substituting these
short-distance coefficients into the factorization formula Eq.~1!, we derive

G~hb→b̃1b̃1* !50, ~22a!

G~Y→b̃1b̃1* !5
32pas

2G1

81 S 12
mb̃

2

mb
2D 3/2

mb
2

~mb
21mg̃

2
2mb̃

2
!2

, ~22b!

G~xbJ→b̃1b̃1* !5
4pas

2H1

3mb
4 S 12

mb̃
2

mb
2D 1/2S DJ1D8

mb
2H8

H1
D , ~22c!
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whereG15^YuO( 3S1
(1))uY&5(Nc/2p)uR(0)u2, andR(0) is theY wave function at the origin.

The coefficients are

D05
8

27

mb
2@6mg̃~mb

21mg̃
2
2mb̃

2
!sinu b̃cosu b̃2mb~mb

213mg̃
2
2mb̃

2
!#2

~mb
21mg̃

2
2mb̃

2
!4

, ~23a!

D15
16

27S 12
mb̃

2

mb
2D mb

4~cos2u b̃2sin2u b̃!2

~mb
21mg̃

2
2mb̃

2
!2

, ~23b!

D25
64

135S 12
mb̃

2

mb
2D 2

mb
8

~mb
21mg̃

2
2mb̃

2
!4

, ~23c!

D85
1

144S 12
mb̃

2

mb
2D S 31

2mb
2

mb
21mg̃

2
2mb̃

2D 2

. ~23d!
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Equation~22b! was derived previously in Ref.@7#. Equation
~22a! indicates thathb decay is not allowed in lowest orde
In the color-singlet case, reduction of the relevant trace p
vides a lowest-order amplitude proportional to (cos2ub̃
2sin2ub̃)ph•(ph22k1), whereph and k1 are the four-vector
momenta of thehb and one of the finalb̃’s. Evaluation in the
hb rest frame shows that this amplitude is zero for a tw
body final state.

A symmetricS-wave two-bodyq̃q̃* system can be con
structed with one of the pair in aJP502 state and the othe
a JP501 state. Under charge-conjugationC, a squarkq̃ is
transformed into an antisquarkq̃* with no overall phase. The
two-bodyq̃q̃* system will haveJPC5O21, the same quan
tum numbers as thehb . Therfore, there appears to be n
overall symmetry that would forbid the exclusive lowes
order processhb→b̃1b̃1* , and Eq.~22a! is not true more
generally than in the lowest-order model we use.

As remarked above, the pure color-octet Fig. 1~b! term is
independent of the gluino mass, and its contribution survi
therefore even in the limit of gluinos with very large mas
Equation~21d! is written in a form that makes this fact tran
parent; the solitary ‘‘3’’ represents the contribution in th
limit that only Fig. 1~b! contributes. If mb̃

2
!mg̃

2 and mb
2

!mg̃
2 , the color-singlet coefficientsDJ , Eqs. ~23a!–~23c!,

vanish in proportion tomg̃
2n ,n52J11, but the color-octet

coefficientD8 remains finite. Asmg̃→`,

G~xbJ→b̃1b̃1* !→
4pas

2H8

3mb
2

1

16S 12
mb̃

2

mb
2D 3/2

5GSM~xb1!
1

4nf
S 12

mb̃
2

mb
2D 3/2

. ~24!

The momentum of a final state bottom squark in the r
frame of thexb is uku5 1

2Amxb

2 24mb̃
2.mbA12mb̃

2/mb
2. We
11400
-

-

s
.

t

observe thatG}uku2l 11, with l 51, in the case ofY decay,
Eq. ~22b!, as expected because the decay of theY produces
a pair of scalars in aP-wave. In thexJ case, combining the
overall phase space factor}uku in Eq. ~22c!, with those
}uku2J in the expressions forDJ in Eqs. ~23a!–~23c!, we
note that the color-singlet terms have the threshold behav
expected for decays intoS,P, and D wave systems of two
spin-0 particles. The overall color-octet coefficient Eqs.~22c!
and ~23d! is proportional touku3.

The dependences on the mixing angleu b̃ in Eqs. ~23a!–
~23d! can be understood if we recast the results in terms
production of left-handed and right-handed bottom squa
b̃L andb̃R . In thexb0 case, the left-left and right-right com
binations are produced with equal rates, leading to a term
Eq. ~23a! proportional to (cos2ub̃1sin2ub̃)51. In addition, the
left-right and right-left combinations are produced with equ
rates, leading to the term proportional to sinub̃cosub̃ . For
xb1, the left-left and right-right combinations are produc
with equal but opposite rates, leading to a dependence
(cos2ub̃2sin2ub̃). The left-right and right-left combinations
do not contribute. In thexb2 case, the the left-left and right
right combinations are produced with equal rates, resultin
a dependence of (cos2ub̃1sin2ub̃), and the left-right and
right-left combinations do not contribute.

We can obtain a rough estimate of the relative size of
color-octet and color-singlet contributions in Eq.~22c! by
beginning with the simplifications (mb

22mb̃
2)!mg̃

2 and mb
2

!mg̃
2 , both reasonably fair approximations for the masses

interest. Doing so, and definingx5mb
2/mg̃

2 , we find

D8 :D0 :D1 :D2.1:512x cos2u b̃sin2u b̃/3:256x2~cos2u b̃

2sin2u b̃!2/27:1024x4/135.

Adopting the lattice estimatemb
2H8 /H1.0.05 @cf. Eq. ~3!#

along with the typical valuex.1/10 for the range of spar
ticle masses under consideration, we conclude that the co
3-6
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FIG. 2. Hadronic decay rates of thexb states as functions of the bottom squark mass are shown in the first row for sinub̃cosub̃.0. The
left-hand column shows results formg̃512 GeV and the right-hand column formg̃516 GeV. Ratios of the bottom squark decay rates
the standard model predictions are shown in the second row. The third row shows the ratioR defined in Eq.~25!.
ul
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let
octet contributions to bottom squark pair production sho
be roughly a 2% effect for thexb0, approximately 50% of the
answer forxb1, and dominant in thexb2 case. Nevertheless
as shown in the next section, bottom squark decays are
pected to make a small overall contribution to the hadro
widths of thexb1 andxb2.

IV. PREDICTIONS AND DISCUSSION

The total hadronic decay rates of thexbJ states are ob-
tained after adding the contributions from conventional tw
11400
d

x-
c

-

gluon decay and those for bottom squark decay, Eqs.~2! and
~22c!. These final decay rates are shown in the first rows
Figs. 2 and 3 and are compared with the standard mo
expectations. The left-hand sides of the figures show res
for the choicemg̃512 GeV, and the right-hand sides fo
mg̃516 GeV. Results are displayed as a function of the b
tom squark mass in the range 2 GeV,mb̃,mb . The
choices ofmg̃ andmb̃ are guided by the results in Ref.@1#.
We employ the lattice estimate for the ratio of color-sing
and color-octet components,H8 /H1, listed in Eq.~3!. For
the mixing angle, strong coupling strength, andb quark
mass, we use sin2ub̃51/6, as50.2, andmb54.75 GeV. The
3-7
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FIG. 3. As in Fig. 2 but with sinub̃cosub̃,0.
-
or
r
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ard

del

d

del

he
sign of the product sinub̃ cosub̃ is not constrained by experi
ment. We consider both possibilities; results f
sinub̃ cosub̃.0 are shown in Fig. 2, and those fo
sinub̃ cosub̃,0 in Fig. 3. The substantial differences in th
xb0 case between Fig. 2 and Fig. 3 arise from the cance
tion in the numerator of Eq.~23a! when sinub̃ cosub̃,0. Ow-
ing to the phase space and angular momentum threshold
pression factorsuku2J11, the SUSY contributions vanish a
mb̃→mb(uku→0) for all xbJ ~as well as for theY).

The ratios of the decay rates through the bottom squ
final state to the standard model prediction are shown in
second row of Figs. 2 and 3. The dependence on the ov
factor 4pas

2H1/3mb
4 cancels in this ratio, removing all de
11400
a-

up-

rk
e
all

pendence on the strong coupling strengthas(mb) ~at the or-
der in perturbation theory at which we work@35#! and much
of the dependence on theb quark massmb and on the matrix
elementH1. The contributions of bottom squarks decays
the hadronic widths are small in comparison to the stand
model values except for thexb0. As seen in Fig. 2, the SUSY
contribution can be as large as 33% of the standard mo
value for smallmb̃ ,mg̃512 GeV, and positive sinub̃ cosub̃.
The fraction decreases asmb̃ andmg̃ increase, and is reduce
if sin ub̃ cosub̃,0. By contrast, for smallmb̃ , the SUSY con-
tributions are at most 15% and 1% of the standard mo
values in thexb1 andxb2 cases. Inspection of Eqs.~2c! and
~22c! provides an easy explanation for the small role of t
3-8
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SUSY contribution in thexb2 case. We observe thatGSM

;(4/15)Go whereas

GSUSY;D8mb
2GoH8 /H1;~1/20!D8Go .

SinceD8;1/16, we obtainGSUSY/GSM; 1%.
We comment on results obtained if the color-octet co

figuration is absent or, equivalently, the matrix elementH8 is
much smaller than estimated in Eq.~3!. The conclusions re-
gardingxb0 are essentially unchanged since the color-sing
contribution is dominant for both the SM and bottom squa
decays. Forxb1, the SM color-singlet term is absent at lea
ing order; the SUSY decay mode would therefore domin
at this order. In thexb2 case, the color-singlet rate for deca
into bottom squarks is negligible compared to the SM col
singlet rate forgg decay. Overall, in the absence of colo
octet contributions the predictions for the ratioGSUSY/GSM
would be qualitatively similar in thexb0 and xb2 cases to
those in Figs. 2 and 3, but very different for thexb1.

A ratio R @25# may be formed in which the color-octe
contributions cancel:

R[
G~xb0!2G~xb1!

G~xb2!2G~xb1!
. ~25!

This ratio depends only on the short-distance coefficie
Results are shown in the third row of Figs. 2 and 3. The ra
is enhanced significantly by the SUSY contribution for sm
mb̃ ,mg̃512 GeV, and positive sinub̃ cosub̃.

Direct observation ofxb decay into bottom squarks re
quires an understanding of the ways that bottom squarks
d

in

n,

bo
01

,’

11400
-

t
k

e

-

s.
o
l

ay

manifest themselves@1,10#. If the b̃ lives long enough, it will

pick up a light quark and turn into aJ51/2 B mesino,B̃, the
superpartner of theB meson. The mass of the mesino cou

fall roughly in the range 3 to 6 GeV for the interval ofb̃
masses favored by the analysis of the bottom quark c
section. ChargedB-mesino signatures inxbJ decay include
single back-to-back equal momentum tracks in the center
mass; measurably lower momentum than lepton pairs;
angular distribution consistent with the decay of a state
spin J into two fermions; and ionization, time-of-flight, an
Cherenkov signatures typical of a particle whose mass
heavier than that of a proton. On the other hand, poss
baryon-number-violatingR-parity-violating decays of the
bottom squark lead tou1s, c1d, and c1s final states.
These final states of four light quarks may be indistingui
able from conventional hadronic final states mediated by
two-gluon intermediate state. Since the bottom squark de
mode is predicted to be substantial forxb0’s, decays of the
xb0 primarily via theB̃ possibility would offer an excellen
opportunity to observe bottom squarks or to place signific
limits on their possible masses.
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