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We calculate the rates for inclusive hadronic decay of the thggstates 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 fontlaebut can dominate in thg,,,
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 widthygf byeas 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 of,1 and x,,. Data from decays of thg,; states could provide significant new bounds on the
existence and masses of supersymmetric particles.
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I. INTRODUCTION long enough to escape from a typical collider detector, or it
decays promptly via baryon-numbR¥parity violation into a
The possible existence of a light bottom squérkvith ~ Pair of hadronic jet$10,13.
mass similar to or less than that of the bottom quiaris There are important restrictions on the existence and cou-
investigated in several theoretical papiirs 7). This hypoth-  Plings of bottom squarks from precise measurementzf
esis is not inconsistent with direct experimental searches andecays. A lighto would be ruled out unless its coupling to
indirect constraints from other observablgg-10]. If the  theZ® is very small. The squark couplings to t#& depend

massmy is less than half of that of th&-wave x, reso-  on the mixing angle; . If the light bottom squarkl;) is an
nances, then the direct decgy— bb* could proceed with appropriate mixture of left-handed and right-handed bottom
sufficient rate for observation, particularly in data being ac-squarks, its lowest-orddtree-leve) coupling to thezZ® can
cumulated at the Cornell Electron Storage RI@ESR fa-  be arranged to be smdR] if sin?6;~1/6. The exclusion by
cility [11]. In this paper, we compute the expected rates fokhe c|LEQ Collaboratiofig] of ab with mass 3.5 to 4.5 GeV
decays of the thregy, states into a pair of bottom squarks as goes not apply since their analysis focuses only on the lep-
a function of the mas§e§ of the bottom squark anq thg glum%nic decay®—cl7 andb—cl. Theb need not decay lep-
The mass of the gluing enters because the gluino is ex- tonjcally nor into charm. The search by the DELPHI Col-
changed in the relevant decay subprocessesgTared theb  laboration [9] for long-lived squarks in theiryy event
are the spin-1/2 and spin-0 supersymmet8tISY) partners  sample is not sensitive ta;<15 GeV. Bottom squarks
of the gluon(g) and bottom quark. This paper extends pre-make a small contribution to the rativof the inclusive cross
vious work of one of u$7] on decays of the Upsilon states, section fore*e”— hadrons divided by that foete~
Y(nS—bb*,n=1-4. —u*u”, requiring an accuracy for detection at the level of
In the remainder of this Introduction, we summarize the2% or so, much greater than that of current measurements in
phenomenological motivation and status of the hypothesis ahe 6 to 7% rang¢14]. In e*e™ production, resonances in
a light bottom squark along with a light gluino and then the bb* system are difficult to extract from backgrounds
present an outline of the remainder of the paper. A recent15], but yy collisions may be more promising. The angular
presentation of the experimental properties of fhe states  distribution of hadronic jets produced &' e~ annihilation
may be found in Refl12]. can be examined in order to bound the contribution of scalar-
The hypothesis of a relatively light color-octet gluigo quark production. Spin-1/2 quarks and spin-0 squarks
(mass=12 to 16 GeV that decays with 100% branching emerge with different distributions, ¢1cog#6), respectively.
fraction into a bottom quark and a light color-triplet bottom The angular distribution measured by the CELLO Collabo-
squarkb (mass=2 to 5.5 GeV is proposed in Ref[1] in  ration[16] is consistent with the production of a single pair
order to explain the observed excess cross section for pr&f charge-1/3 squarks along with five flavors of quark-
duction of bottom quarks at hadron colliders. In this scenari@ntiquark pairs.

b is the lightest SUSY particieSP), and the masses of all tha-rr1hrenggtsiltﬁ(!:ysthaért:emgrl]ué?rqcm?r/t'?:lee;n'lic,chn'l?ss';na?rsc;\r/r?
other SUSY particles are arbitrarily heavy, i.e., of order the Upersy IC partl 'S INtrguing

electroweak scale or greater. Improved agreement is obtainéﬁﬁerent pglnts of "'em7‘§9- An early study by the UA1
with the magnitude and shape of the transverse momentufaollaboration[21] excludesg’s in the mass range <4my

distribution of bottom-quark production at hadron colliders. <53 Ge€V, but it starts from the assumption that there is a
The proposal is consistent with measurements of the timeight neutralinoy} whose mass is less than the mass of the

averaged3®B° mixing probability[1]. Theb either picks up ~ 9luino. The EonclusE)n is based on the absence of the ex-
a light quark, becoming a spin-1/2 “mesino,” perhaps living pected decag— q+q+E+, wherek represents the miss-
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ing energy associated with the. In the scenario discussed The summation indexn stands for the spectroscopic
here, this decay process does not occur since the bottostatéS*1L{*® of the bb pair. The superscript to the right

squark is the LSP and thg) mass is presumed to be large (1,8) stands for the color quantum number, sin§&,2g
(i.e., >50 GeV). An analysis of 2- and 4-jet events by theand octet[25], respectively. The short-distance coefficient
ALEPH Collaboration[22] disfavors g’'s with mass mg C,, describes the inclusive transition of an on-mass-ditell
<6.3 GeV but notg’s in the mass range relevant for the system into the relevant final state, and it is calculable per-
SUSY interpretation of the bottom quark production crossturbatively in a series in the strong coupling strength
section. A similar analysis is reported by the OPAL Collabo-as(M,). The nonperturbative matrix elemeqy;| Ol xp3)
ration[23]. A light b is not excluded by the ALEPH analysis. fepresents the probability that)g,; meson evolves into a
A very precise measurement of the function in QCD is  freebb pair with quantum numbens The four quark opera-
potentially the most sensitive probe of the existence of aor O, is defined in Ref[26].
light gluino since the color-octet gluino makes a contribution  Although the recent CDF measurement of the polarization
to B equivalent to that of 3 new flavors of quarks. However,of promptJ/ ¢'s presents a serious challenge for the NRQCD
the analysis of data must take into account the effects ofactorization formalism for inclusive charmonium production
SUSY-QCD production processes. The combined ranng of [29], factorization in the bottomonium case is believed to be
anda masses proposed in R¢L] are compatible with renor- safe sincem, is well separated from the long distance scale
malization group equation constraints and the absence ambvﬁ. For example, the recent CDF measuremeny @i S)
color and charge breaking minima in the scalar potef@hl  polarization agrees with the NRQCD predictifd0] based

In Sec. Il, we begin with a discussion of factorization. Theon matrix elements fitted to run 1B daf&1]. Furthermore,
X is treated as &b bound system and described nonpertur-factorization is safer in the decay process than in production.

batively. The transition of théon-shel} bb system into the A 'écent review can be found in Chap. 9 of Reg2].
observed final state is calculated in QCD perturbation theory. AN alternative, not unrelate'd physma! pmture_begms with
In Sec. II, we also outline the projection of the on-steli & FOCK state expansion of thg into the minimal|bb) color-
system into the states of spin, parity, and angular momenturginglet component and higher components suchbég),

of interest. We present our explicit calculation gf—bb* ~ with the bb pair in a color-octet configuration,

in Sec. Ill. We include both color-singlet and color-octet con-|bbqq),|bbgg), and so forth.

figurations. Results and conclusions are summarized in Sec. A velocity scaling rule in NRQCD[26] allows one to

IV. When compared with the leading-order expectation in theorder the contributions to the decay rate EL).and to trun-
standard model, the bottom squark contribution can increaseate the series on the right-hand side of Eq.in a power
the predicted hadronic width of thg,q by as much as 33% series inv,,, the mean velocity of thb in the y,, rest frame.

for small bottom squark masseé3(2 to 4 GeV, and gluino  For yy,;, there are two potentially equally important contri-
masses in the range of 12 GeV. However, bottom squarkutions to the decay rate. One is the color-singlet spin-triplet
decays make a negligible contribution in comparison withP-wave state that scales &gy, O(3P§Y)|xpa)/mi~mivZ.

the standard model value in thg,, and x,, cases. The The other is the color-octet spin-tripl&wave state that is
color-octet contribution to bottom squark decays is insignifi-proportional to( x| 0(3558))|ij)~mgv§, where we keep
cant for thexpo but can dominate in thgy, case if current  the mass dimension while suppressing thedependence of
lattice estimates are used for the color-octet matrix elemengne heavy quark fields and the quarkonium state. The scaling
Data from decays of thg, states could provide significant factor »2 of the color-octet matrix element arises from the
new bounds on the existence and masses of supersymmetfigromoelectric dipole transition rate from a color-singlet

particles. P-wave state into a color-octet spin-triplet state. This color-
octet channel was introduced to resolve the infrared problem
Il. FACTORIZATION AND CONVENTIONAL DECAYS in the next-to-leading order QCD corrections to light-hadron
OF THE xp, decays ofP-wave quarkoniunj25].

In the case ofY decay to bottom quarks treated in Ref.
, the leading color-singlet contribution is proportional to

taken to be a bound stalsb of bottom quarks. To the extent a2v). The leading contribution in the standard model decay
' Y to light hadrons is of ordes v, with one more power

that theb quarks are heavy enough, the bound state aspec . :
may be described with nonrelativistic quantum chromody-Cf @s than in the SUSY case. The SUSY rate is suppressed,
however, by the mass of the exchanged gluino in the ampli-

namics(NRQCD) [24]. The decay dynamics are assumed to q d4 th b K he lead
be described by short-distance perturbative QCD, in turn als/de and the nonzero botiom squark masses. The leading

o - 2 4
justified in part by the large mass of thequark. The decay Color-octet contribution inY’ decay is of ordersvy,.
rate of the heavy quarkonium state is then expressed in the !N conventional QCD, thgy, states are assumed to decay

To compute the decay of a heavy quarkonium state, Wf
begin with the statement of factorization. The initpg| is 7]

factored form[25,26| via the transition of thébb system into a pair of massless
gluons that, in turn, materialize as light hadrd]. The
short-distance coefficientS,, are known in next-to-leading
r = C @ . 1 . N
(Xbo) En: (Xoal Onlxeo) @ order ina for the color-singlet states= °P{") 33,34 and
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for the color-octet stater=*S{®) [34,35. We quote the The amplitude for transition of the fregb system into a

leading-order result imvgv 2 [25-27,36: final state is denotedM,y. It includes a spinor factor
UL (P .S)vh(Pp,S) Where ,,i) and (,,]) are the(spin,

(2a) spinor index, color indexof the b andb, respectively. The

spin-triplet state of the pair can be projected from the outer
product of the heavy quark spinors upon multiplying with

Ama’H nem2H )
SM s/tl flllp/ L8
r = +
(Xbo) 3 ﬁ (1 4H, |’

» 4malH, neMEHs Clebsch-Gordan coefficienf27,28,39,40
M xen) = — ) @

b y - -

Mps= M}, (P5.Pb) 2, (1N[S,S)UL(Py,S)V(PD.S),
S,S
Ama’H,( 4 nimiH (5a)

SM _ s/tl - fliip/ Ll
M) == (15+ 7 ) (29

1A s,guia ,S)vL(P5.S)
The superscript SM designates the standard model contribu- §§< [5:5)a(Py JVs(PoS)

tion without SUSY terms. The number of flavars=4. The

matrix elements in Eq(2) are the color-singlet terni, = AUE(0lx o ylbb) + AZY(0[x T2 y|bb), (5b)
=(hy|O(*PM)|h,) and the color-octet term Mg 5

= (hp| O(*S®) |hy); hy is the spin-singleP-wave bottomo- ij_ 9 1 - .

nium state. Heavy quark spin symmetry is used in the ap- ~— *# N, 4mb[(pb+mb) Vu(Po~ M) lapl "k
proximations  (xp3l O(°P{Y) | xps)=H1+O(vd), and (50)

(X3l OC3S®) | xp5)=Hg+O(v2). The color-singlet matrix

element can be expressed in terms of the derivative of the ii 1

radial wave functioﬁ at the origir; = (3N./27)|R’(0)|? A?*I'fi’l<:2-l-ﬁ4_rnb[('bb-i_mb)y"('bb_mb)]“’gl‘ﬂk’

+O(v§). Numerical values of these matrix elements are (5d)
available from lattice measuremennv,38: o

whereL*, is the boost matrix from theb rest frame to the
frame in which thebb pair has momentur®. The operators
 and " are the annihilation operators for the nonrelativistic
b andb states, respectively. The projection operator .
is valid up to terms of(g?). The projection operator valid
to all orders inq" is derived in Ref[40]. The heavy quark

H,=2.7 GeVP, HglH,;=2.275<10"2 GeV 2. (3)

As is evident in Eq(2b), the decay rate for thg, is purely
color octet in nature at leading order a3 because the tran-
sition of theJP¢=1"" color-singlet state into two massless

luons is forbidden. Since~0.1, the color-octet matrix . | " : L
g . @b . . 2 state in Eq(5b) is specified with the nonrelativistic normal-
elementHg is small for bottomoniun(for charmoniumo

ot _ 3e(3) :
~0.3 is not negligible The color-octet contributions in Eq. |za.t|on (b(p)lb(q))_ _(,277) 5 (P (Iq),_w_hgreias the Dirac
(2) are estimated to be at the 5% level in fag case and at SPINors have relativistic normalizationy=vov =2m; .
the 20% level in they,, case. The numerical values of the _ Substituting the projection operator Hgb) into Eq. (52
predicted SM hadronic widths in E¢2) are approximately and €xpanding with respect (pup t0O(g°), we can express

0.8 MeV, 0.04 MeV, and 0.2 MeV for theuo, X1, aNdxp, the amplitudeM,,, as a linear combination of a color-singlet
respectively. P-wave term and a color-oct&wave term:

o i . fra i e
Derivation of the short-distance term Mip=A"(0|x'q' o’ ¢|bb) + B¥(0[x T?"¢)|bb). (6)
A practical procedure to extract the short-distance coeffiThe p-wave amplitude can be decomposed further into the
cientC, in Eg. (1) begins from a calculation of the frdeb  total angular momentum componenis; 0,1,2:
amplitude with specified spin, color, and orbital angular mo-
mentum. We us@ gndq to denote the total and the relgtlve Mp=Ao(0]x P by + A (0] x T I(3PY) | bb)
momenta of the pair. The heavy quark momenfyrand its B
counterparfpy, are + AYO[x T (2P y|bb)
P P +B2(0| x T A(3S®) y|bby). 7
pb:E+q’ szg_q- (4) < |X () )‘M > (7)
B The coefficients in Eq.(7) are A;=A"/\3, A}
In the rest frame of theb pair, the components of the vec- = €* 41%/2, and A = (Al + Al') 12— 81 A¥43. The corre-
tors becomeP=(2E,4,0), q=(0,0), p,=(Eq.q), andp,  sponding operators aré(3Py)=q-a/3, K'(*P;)=(q
=(Eq,—0). In the nonrelativistic limit, the invariant mass of x ¢)'/\/2, andK 1 (3P,)=(q ¢/ +ql¢')/2— 81 - q/3.
the pair can be expanded asEq’_’:Z\/mb2+q2=2mb The squared and spin-averaged amplitude for g
+0(q?). state is
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2

[ Mpl?= 2, [ A4;*(bb]O(*P)|bb)

+|B/%bb]O(*s®)|bb). 8

The coefficientd.4 ;|2 and|B|? are obtained by contracting
to rotationally symmetric tensors:

i]

s —
|A4|%= ?A'lAJ* , (9a) FIG. 1. Feynman diagrams for the procéss—b,b} .

1 in the limit of gluinos with very large mass. Figurdal
|A,|2== [ (S*l+ &' 5i%) contributes to both théS{" and P! channels whereas the
analogous SM process in which gluons are produced dnd a
quark is exchanged contributes only®§}3.

1 -
- 55'15“},4%;'*, (9b)
A. Bottom squark mixing and couplings
18)2= §_U8i8j*. 99 ‘The mass eigenstates of the bottom squarksndb, are
3 mixtures of left-handedL) and right-handedR) bottom

. : . _ squarksb, andbg. The mixing is expressed as
The coefficient3?' of the color-octet term in the amplitude q b R g P

Eq. (7) has a free color index. However, owing to color con- |”5 y=sin 0,“3 >+C039v|5 ) (12)
servation, the squared term has the forh® Bl ' Pt PERD
=52PBIB*1 and the color index of the color-octet matrix
element is contracted with the fact6?®.

The last step to obtain the short distance coefficients is to
introduce the normalization factor MX (2K, )2—1/m In our notation, the lighter mass eigenstate is denbtedFor

+0(q?). This factor appears since we use nonrelativistic the case under consideration, the mixing of the bottom
q P squark is determined by the condition that the coupling of
normalization in the matrix elements for theb and XbJ

states. The short-distance coefficients are therefore expresse hc(i/“ghterb to the Z boson be smal[2], namely siri6;

b2)=cos#g|b) —sin #5|bg). (13

as ~
We may also express the mass eigendtaten terms of
P P states of definite parity, thd”=0" scalar andJ®=0"
C(*P)=—|4,%2 c(®S®)=—;|B% (100  pseudo-scalar. Starting from the relationships
4mg 4mg
The nonrelativistic zero-binding energy approximatiog | |0F)= i(|BR>+ b)), (14)
=2my is used. For a final state composed of two particles V2

with identical mass m;, the phase space factod
=(1/8m) (1— m#/m3) 2, 1
0 >=$(|bR>_|bL>)v (15
I1l. DECAY INTO BOTTOM SQUARKS

In this section we treat the inclusive decay ofginto a V€ OPtain

pair of bottom squarkb of massmy; carrying four-momenta
k, andk, respectively. The relevant short-distance perturba- |b )= i(cos#+ + i
= p+sindp) |07 )+ —(cosfy—sind)|07).
tive subprocess is V2 V2
(16)
b+b—b+b*. (12)

Theb, is a pureJP=0" scalar only if sigs=cosg;=1/\/2.
The Feynman diagrams for this subprocess are shown in Fig. The coupling at the three-point vertex in whictb guark
1. In Fig. @), at-channel gluing of massmy is exchanged. enters and &, squark emergefthe upper vertex in Fig.
The subprocess sketched in Figb)lin which thebb pair  1(a)] is
annihilates through an intermediate gluon intbl pair is . )
absent in the color-singlet approximation because the initial igsV2TR[costPr—sin 5P ], 17)
state is a color singlet. Both Fig(d and Fig. 1b) contribute
to the color-octet amp"tude_ F|gurdb’h is independent of wherei andk are the color indices of the incidebtand final

the gluino mass, and its contribution survives therefore eveb, respectively, anda labels the color of the exchanged
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gluino. Here, P, =(1—vy5)/2 and Pg=(1+ y5)/2. At the

lower vertex where an antiquark enters iﬁdemerges, the
coupling is

i9s\V2T3[costpP, —sin 65 Pg], (18)

wherej andl are the color indices of the incidebtand final
b*, respectively.
B. Subprocess amplitude

The amplitude of the processb—Db,b}-, wherex(\)=
—1 forb,(b¥) andr=1 for br(b%), respectively, is

o ligen —
ML N =] —=T(1-\ys)
2 ! > by~ ki —mg
igsN _,
X—==Ti(1+N\vs)
V2 S
_ig,uv

+(—igsTﬂV")5a?
X[ —igsTi(ki—ka)"]. (19

Momentum labels are specified in Fig. B; is the four-
momentum of they,. As remarked earlierg and 8 are the

i 2 2 2 2 2 2
_ 32mas 6 singpcosdymg(mg+ my— me) —my(mg+ 3m§_ me)

PHYSICAL REVIEW D 65 114003

spinor indices of theéb and b. The first term in Eq.(19)
represents the diagram shown in Fige)land the other term
is for the diagram of Fig. (b). We do not simplify the factors
in Eq. (19) so that the Feynman rules can be identified in this
expression. The relatively large masses of the exchanged
gluino Fig. Xa) and of they,, should justify the use of simple
perturbation theory to compute the decay amplitugléas the
strong couplingas=g2/4r.

Using the mixing relation Eq(13), we can display the
explicit mixing angle dependence of the amplitude for the
light bottom squark pair final state in the form

M =siPepMB (+,+)+co M (—,—)

+sin @ costp(M L (+,—)+ MB (=, +)).

Substituting/\/l“a into Eq. (58 and using the projection
operator Eq(5b), we derive an expression in the form of Eq.
(6). Useful color factor formulas are

2

aa Ne—1
[T Tj16i= 2—NC5kh (20a
1
[TRTHIT, =~ Z—NCT',gl. (20b)

The partial-wave amplitudes in E¢?¢) are found to be

A 0 , 213
o (g - - (
| 64mag  ky,L*(coS b —sir dp)

1 5k| 2 2 2 ’ (Zlb)
92 (mp+m;—mg)
. 647TCYS mbkl leLIJ'iLV'

Al = ld J, 210
2 9 k'(m§+m§—m§)2 (219
 Amag_ kg, LM 2m?

B= —Th | 2 +3]. (210

My M+ my—mg

Using the polarization summation relations in Ef), we obtain the short-distance factors of Ef0). Substituting these
short-distance coefficients into the factorization formula @g. we derive

I'(,—Dbib})=0, (223
2\ 32 5
— 327aiG, mg b
I'(Y—bb¥)= S -——| —, 22b
( 1 1) 81 ( mg) (m§+m§_m§)2 ( )
o Amd?Hy [ 1’2( mgus)
r b =\ 1-— D,+D , 22C
(xps—bib7) 3mﬁ mg J 8 H, (220
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whereG; =(Y|O(3S{M)|Y) = (N/27)|R(0)|?, andR(0) is theY wave function at the origin.
The coefficients are

2 2 2 2\ . 2 2 2.2
8 mb[6m§(mb+m§—rrrb)smag,cosag—mb(merSrT‘rg—mB)]

== : (2339
v (MmZ+mE—m2)*
16 M| mi(codgp—sirtay)’
G R B e =
b b g b
2\ 2 8
b 64 mg m, (239
=l 1-—| =, c
2 135 mﬁ (m§+mg_m§)4
Dye | 1 ™ 3 2mg ) (23d)
=—l1-—|| 3+ 50— .
8 144 mz mﬁ+m§—m§

Equation(22b) was derived previously in Ref7]. Equation  observe thaf o |k|? **, with =1, in the case ol decay,
(229 indicates thatyp, decay is not allowed in lowest order. Eg. (22b), as expected because the decay ofYhproduces

In the color-singlet case, reduction of the relevant trace proa pair of scalars in ®-wave. In they, case, combining the
vides a lowest-order amplitude proportional to (s overall phase space factor|k| in Eq. (220, with those
—sirfe)p,: (p,—2k;), wherep, andk; are the four-vector «|k|?’ in the expressions foD; in Egs. (238—(230, we
momenta of they, and one of the findb’s. Evaluation in the ~ note that the color-singlet terms have the threshold behaviors

7y rest frame shows that this amplitude is zero for a two-expected for decays int§,P, andD wave systems of two
body final state. spin-0 particles. The overall color-octet coefficient HGR0)

A symmetric Swave two-bodyGg* system can be con- and(23d is proportional tolk[®. ,
structed with one of the pair in3 =0 state and the other The dependences on t_he mixing angigin Eqs.(233)—

P st . . ~ (23d) can be understood if we recast the results in terms of
al'=0 sta.te. Under .charqe-co.njugau@ a squarkq is production of left-handed and right-handed bottom squarks,
transformsg into an antisquagk with no overall phase. The B, andbg. In the yyo case, the left-left and right-right com-
two-bodyqq* system will have]”®=0~", the same quan- pjinations are produced with equal rates, leading to a term in
tum numbers as they,. Therfore, there appears to be no gq. (234 proportional to (co&+sinf6;)=1. In addition, the
overall symmetry that would forbid the exclusive lowest- |eft-right and right-left combinations are produced with equal
order processp,—b,b} , and Eq.(229 is not true more rates, leading to the term proportional to &jposé;. For
generally than in the lowest-order model we use. Xp1, the left-left and right-right combinations are produced

As remarked above, the pure color-octet Figh)term is  with equal but opposite rates, leading to a dependence of
independent of the gluino mass, and its contribution survivegcos¢;—sir’é;). The left-right and right-left combinations
therefore even in the limit of gluinos with very large mass.do not contribute. In the, case, the the left-left and right-
Equation(21d) is written in a form that makes this fact trans- right combinations are produced with equal rates, resulting in
parent; the solitary “3” represents the contribution in the a dependence of (ct&+sirf6;), and the left-right and
limit that only Fig. 1b) contributes. Ifm%<m§ and mZ  right-left combinations do not contribute.
<m?. the color-singlet coefficient® ;, Egs. (238—(230), We can obtain a rough estimate of t_he rglatlve size of the

'gh , fion tom=" n=29"1 but the color-octet color-octet and color-singlet contributions in E@20 by
vanish in proportion tom, -, : beginning with the simplificationsn(z—mZ)<m: and m
coefficientDg remains finite. Aang— oo, 2 ) o 9

<mg, both reasonably fair approximations for the masses of

o 4maPMg 1 me | %2 interest. Doing so, and defining= mﬁ/mg, we find
F(XbJHblbi)_)W 12
b 9y b Dg:Dg:D;:D,=1:51 cos f;sir? 0;/3: 256¢2( coS 6
2
LM )| 1 B (24) —sirP65) 2/27: 1024*/135.

' _ Adopting the lattice estimatmiHg/H,=0.05[cf. Eq. (3)]
The momentum of a final statezbottom squazrk in the reshiong with the typical valuex=1/10 for the range of spar-
frame of theyy, is |k|=3 \/mf(b—4m5:mb \/1— mB/mﬁ. We ticle masses under consideration, we conclude that the color-
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FIG. 2. Hadronic decay rates of thg states as functions of the bottom squark mass are shown in the first row fgceg#;>0. The
left-hand column shows results fary=12 GeV and the right-hand column fary=16 GeV. Ratios of the bottom squark decay rates to
the standard model predictions are shown in the second row. The third row shows the dafioed in Eq.(25).

octet contributions to bottom squark pair production shouldgluon decay and those for bottom squark decay, Efjsaand

be roughly a 2% effect for thg,,, approximately 50% of the (22¢). These final decay rates are shown in the first rows of
answer fory,;, and dominant in they,, case. Nevertheless, Figs. 2 and 3 and are compared with the standard model
as shown in the next section, bottom squark decays are egxpectations. The left-hand sides of the figures show results
pected to make a small overall contribution to the hadronidor the choicemg=12 GeV, and the right-hand sides for
widths of theyxy; and yp,-

IV. PREDICTIONS AND DISCUSSION

The total hadronic decay rates of thg; states are ob-

mg=16 GeV. Results are displayed as a function of the bot-
tom squark mass in the range 2 Ge¥Wip<m,. The
choices ofmg andmy, are guided by the results in RéfL].
We employ the lattice estimate for the ratio of color-singlet
and color-octet componentd{g/H;,, listed in Eq.(3). For
the mixing angle, strong coupling strength, abdquark

tained after adding the contributions from conventional two-mass, we use stf;=1/6, as=0.2, andm,=4.75 GeV. The
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FIG. 3. As in Fig. 2 but with sirf;cosg;<0.

sign of the product sifi; cosé;, is not constrained by experi- pendence on the strong coupling strengtfimy,) (at the or-
ment. We consider both possibilities; results for der in perturbation theory at which we woi&5]) and much
sing;cosf,>0 are shown in Fig. 2, and those for of the dependence on tiequark massn, and on the matrix
sin#; cosé;<<0 in Fig. 3. The substantial differences in the elementH;. The contributions of bottom squarks decays to
Xbo case between Fig. 2 and Fig. 3 arise from the cancellathe hadronic widths are small in comparison to the standard
tion in the numerator of Eq23g when sing; cosg;<<0. Ow-  model values except for theg,o. As seen in Fig. 2, the SUSY
ing to the phase space and angular momentum threshold supentribution can be as large as 33% of the standard model
pression factorsk|?’*1, the SUSY contributions vanish as value for smallmi ,mz=12 GeV, and positive sitk, cosf;.
mp— m,(|k|—0) for all x,,; (as well as for they). The fraction decreases ag andmy increase, and is reduced
The ratios of the decay rates through the bottom squark sin 6;cosé;<<0. By contrast, for smalin;, the SUSY con-
final state to the standard model prediction are shown in th&ibutions are at most 15% and 1% of the standard model
second row of Figs. 2 and 3. The dependence on the overalalues in they,; and x,,, cases. Inspection of Eq&c) and
factor 4m§H1/3mg‘ cancels in this ratio, removing all de- (22¢ provides an easy explanation for the small role of the
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SUSY contribution in they,, case. We observe that>™  manifest themselved,10]. If the b lives long enough, it will

~(4/15)', whereas pick up a light quark and turn into &= 1/2 B mesino B, the
[SYUSY Dm2T Hy /Hy~ (1/20) Dl . superpartner of th& meson. The mass of the mesino could

fall roughly in the range 3 to 6 GeV for the interval bf
SinceDg~ 1/16, we obtairl SUSY/T'SM~ 1. masses favored by the analysis of the bottom quark cross
We comment on results obtained if the color-octet con-section. Charged@®-mesino signatures iy, decay include
figuration is absent or, equivalently, the matrix elenfigtis  Single back-to-back equal momentum tracks in the center-of-
much smaller than estimated in E&). The conclusions re- mass; measurably lower momentum than lepton pairs; an
gardingy,o are essentially unchanged since the color-singlegngular distribution consistent with the decay of a state of
contribution is dominant for both the SM and bottom squarkspin J into two fermions; and ionization, time-of-flight, and
decays. Folyy,, the SM color-singlet term is absent at lead- Cherenkov signatures typical of a particle whose mass is
ing order; the SUSY decay mode would therefore dominatdieavier than that of a proton. On the other hand, possible
at this order. In they,,, case, the color-singlet rate for decay baryon-number-violatingR-parity-violating decays of the
into bottom squarks is negligible compared to the SM colorbottom squark lead tai+s, c+d, and c+s final states.
singlet rate forgg decay. Overall, in the absence of color- These final states of four light quarks may be indistinguish-
octet contributions the predictions for the rafig,sy/I'sy able from conventional hadronic final states mediated by the

would be qualitatively similar in the,, and yp,, cases to two-gluon intermediate state. Since the bottom squark decay

those in Figs. 2 and 3, but very different for tig;. mode is predicted to be substantial fayo's, decays of the
A ratio R [25] may be formed in which the color-octet y,, primarily via theB possibility would offer an excellent
contributions cancel: opportunity to observe bottom squarks or to place significant

limits on their possible masses.

~ I'(xbo) = T'(xp2)
R T o) —T o) @9

This ratio depends only on the short-distance coefficients.

Results are shown in the third row of Figs. 2 and 3. The ratio We acknowledge valuable conversations with Geoff Bod-

is enhanced significantly by the SUSY contribution for smallwin, Zack Sullivan, and Tim Tait. Work in the High Energy

mp,mg=12 GeV, and positive sif; Cos6;. Physics Division at Argonne National Laboratory is sup-
Direct observation ofy, decay into bottom squarks re- ported by the U. S. Department of Energy, Division of High

guires an understanding of the ways that bottom squarks maynergy Physics, under Contract No. W-31-109-ENG-38.

ACKNOWLEDGMENTS

[1] E.L. Berger, B.W. Harris, D.E. Kaplan, Z. Sullivan, T. Tait, and [13] E.L. Berger, B.W. Harris, and Z. Sullivan, Phys. Rev. L&8,

C.E.M. Wagner, Phys. Rev. Le®6, 4231(200). 4472(1999; Phys. Rev. D63, 115001(2002.

[2] M. Carena, S. Heinemeyer, C.E.M. Wagner, and G. Weiglein[14] BES Collaboration, J.Z. Bat al, Phys. Rev. Lett88, 101802
Phys. Rev. Lett86, 4463(2002. (2002.

[3] A. Dedes and H.K. Dreiner, J. High Energy Phg6, 006  [15] C.R. Nappi, Phys. Rev. 25, 84 (1982; S. Pacetti and Y.
(2002. Srivastava, hep-ph/0007318.

[4] T. Becher, S. Braig, M. Neubert, and A.L. Kagan, [16] CELLO Collaboration, H.-J. Behreret al, Phys. Lett. B183
hep-ph/0112129. 400 (1987).

[5] J. Cao, Z. Xiong, and J.M. Yang, Phys. Rev. L&8, 111802 [17] P. Fayet, Nucl. PhysB90, 104 (1975.
(2002. [18] G. Farrar and P. Fayet, Phys. Let6B, 575(1978.

[6] U. Nierste and T. Plehn, Phys. Lett.4®3 104 (2000. [19] L. Clavelli, hep-ph/9908342.

[7] E.L. Berger and L. Clavelli, Phys. Lett. B12, 115(200J. [20] S. Raby, Phys. Rev. B6, 2852(1997; Phys. Lett. B422 158

[8] CLEO Collaboration, V. Savinowet al, Phys. Rev. D63, (1998; A. Mafi and S. Raby, Phys. Rev. 62, 035003(2000.
051101R) (2002. [21] CERN UA1 Collaboration, C. Albajegt al., Phys. Lett. B198

[9] DELPHI Collaboration, P. Abreet al, Phys. Lett. B444, 491 261(1987.
(1998. [22] ALEPH Collaboration, R. Barateet al, Z. Phys. C76, 1

[10] For more discussion of phenomenological constraints and bot-  (1997; ALEPH contribution to the 2001 Summer conferences
tom squark decays, see E.L. Berger, ANL-HEP-PR-02-001, ALEPH 2001-042 CONF 2001-026.

Int. J. Mod. Phys. Ato be publisheg hep-ph/0201229. [23] OPAL Collaboration, G. Abbiendet al, Eur. Phys. J. 0,
[11] CLEO Collaboration, R. A. Briereet al, “CLEO-c and 601 (2001).

CESR-c: A New Frontier of Weak and Strong Interactions,” [24] W.E. Caswell and G.P. Lepage, Phys. L&&7B, 437(1986.

CLNS 01/1742, 2001. [25] G.T. Bodwin, E. Braaten, and G.P. Lepage, Phys. Re¥6D
[12] CLEO Collaboration, K.W. Edwardst al,, Phys. Rev. D59, R1914(1992.

032003(1999. [26] G.T. Bodwin, E. Braaten, and G.P. Lepage, Phys. Re%1D

114003-9



EDMOND L. BERGER AND JUNGIL LEE PHYSICAL REVIEW D65 114003

1125(1995; 55, 5853E) (1997). [33] R. Barbieri, M. Caffo, R. Gatto, and E. Remiddi, Phys. Lett.
[27] R. Barbieri, R. Gatto, and R. Kmrler, Phys. Lett60B, 183 95B, 93 (1980; Nucl. Phys.B192, 61 (1981).
(1976; C.E. Carlson and R. Suaya, Phys. Rev.1® 3115  [34] A. Petrelli, M. Cacciari, M. Greco, F. Maltoni, and M.L. Man-
(1976. gano, Nucl. PhysB514, 245 (1998.
[28] E.L. Berger and D.L. Jones, Phys. Rev.23, 1521(1981);  [35] Since the next-to-leading order results in R¢&3] and[34]
Phys. Lett.121B, 61 (1983. do not agree, we quote only leading order results in ).

[29] CDF Collaboration, T. Affoldergt al, Phys. Rev. Lett.85, [36] A.l. Alekseev, Zh. 'Hisp. Theor. Fiz.34, 1195 (1958 [Sov.
2886(2000, E. Braaten, B.A. Knlehl, and J. Lee, Phys Rev. D PhyS JETP7, 826 (1958]’ K.A. TUmanOV, Zh. EkSp Teor.
62, 094005(2000; B.A. Kniehl and J. Leejbid. 62, 114027 Fiz. 25, 385 (1953.

30 gggoc llab ) D A L Ph R L ott.88 [37] G.T. Bodwin, S. Kim, and D.K. Sinclair, Nucl. Phys. @roc.
[30] O 2‘2 . O%r_atsné . COS‘a;t o P e"'Re“' o Suppl) 34, 434 (1994); 42, 306 (1995: Phys. Rev. Lett77,
- & braaten and /. Lee, Fhys. Rev. 42 2376(1996: Int. J. Mod. Phys. AL2, 4019(1997.

071501R) (2001). : . . .
g [38] G.T. Bodwin, D.K. Sinclair, and S. Kim, Phys. Rev. &5,
31] CDF Collaboration, T. Affolderet al, Phys. Rev. Lett.84,
[31] y 054504(2002.

2094 (2000; E. Braaten, S. Fleming, and A.K. Leibovich,
Phys. Rev. D63, 094006(2001. [39] E.E. Salpeter, Phys. Re87, 328 (1952.

[32] K. Anikeevet al,, Report of the working group on B physics at [40] G. T. Bodwin gnd A. Petrelliunpublishegt G. T. Bodwin and
the Tevatron: “Run Il and beyond,” hep-ph/0201071. J. Lee(unpublished

114003-10



