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Z decays into light gluinos: A calculation based on unitarity
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The Z boson can decay to a pair of light gluinos through loop-mediated processes. Based on unitarity of the
Smatrix, the imaginary part of the decay amplitude is computed in the presence of a light bottom squark. This
imaginary part can provide useful information on the full amplitude. Implications are discussed for a recently
proposed light gluino and light bottom squark scenario.
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[. INTRODUCTION gluino pairs was studied in R€f9] and its updated version

[10]. However, a chirally mixedight bottom squark was not
A relatively light (12-16 GeV gluino g, along with a  included in either of these calculations. The decay of on-shell
Z bosons into gluino pairs was first discussed in Refs.
1,17, but no chiral mixing between squarks was allowed.

jouadi and Dree$13] took into account chiral mixing and

computed an explicit expression fd(Z—gg). However,

lighter (2—5.5 GeV bottom squarib, has been proposéd]
to explain the excess of the cross section for bottom quar

production at hadron colliders. THe squark is assumed to

be a mixture ob, andbg, the superpartners &f andbg.  they neglected the gluino mass and required all squark mass
Other supersymmetri¢cSUSY) particles, except the other eigenstates to be heavier thil/2. Production of light glui-

bottom squarlb’ and one of the top squarks, are assumed tq, g atpp colliders was considered by Terekhov and Clavelli
be sufficiently heavy. The masses of and the light top [14] but without inclusion of the light bottom squark either.

squarkt are constrained by the electroweak data to be belovlherefore an analysis of light gluino production in the pres-
180 and 98 GeV, respectivel2]. We follow the convention ence of a light bottom squark will be very useful for gluino

in Ref.[1] to define searches.
Although all the previous calculations agree with each
b cosfy sinég) [ b other that the branching ratio ofZ—gg is less than
B’ - —sing; cosé; BL : (1) O(10 %), they differ in some important features of the pro-

cess. At the one-loop level the decay occurs through two
types of diagrams; see Fig. 1. In typa) diagrams theZ

The introduction of these new particles gives rise to new couples to a pair of quarks and a squark is exchanged during

interactions in various processes. For example, the total de-

cay width of theY is raised since the decay—bb* [3] is (a)
now permitted; the decay width of th& boson is also b(p1) b(py) 3(ky)
changed4,5]. As a result, the extraction of the strong cou- TR
pling constantag at these two mass scales will be affected.
By contributing to thed function, these SUSY patrticles slow Z(p)
down the evolution ofrg with energy scalg6]. The situation
has recently been studied in detail by Chiagtaal. [7] and
no clear-cut decision can be made in favor of either the stan- ———LOBERRR
dard model evolution or the evolution in the light gluino/ b(p) b(po) 8(ky)
light bottom squark scenario. The partial decay wiitfy
—.3g) remains a key quantity to be determined. A better (b
evaluation ofl'(Z—gg), among other things, can improve b)) b)) gk
our understanding of the effect of these new particles on the USSR e I
electroweak measurables at thgole and hence the deter- Z(p) ,
mination of ag(M ) in the scenario. Ay

To validate the proposition of these new patrticles, direct N
searches for light gluinos and light bottom squarke a¢*
colliders will definitely play a key role. An analysis has been 72”77 &~ ~---00BE0600665
presented recently by Berge and Klad@&h of gluino pair (B2) 2(ko)
production at lineae~e* colliders. However, they only con- ) — _
sidered the mass range;=200 GeV. Production of light ~ FIG. 1. Cut Feynman diagrams faf—gg: (@ Z—(bb)*

—gg and (b) Z—(bb)*—gg. Similar diagrams with
9(ky)«>g(k,) are not shown but should be included in the calcula-
*Electronic address: zuminluo@midway.uchicago.edu tion with an overall minus sign.
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the process, while in typéh) diagrams theZ couples to two  bidden at the tree level. However, they can occur through a
squarks and a quark is exchanged. Referef&4] disagree  two-photon (yy) intermediate state. Other intermediate
with Refs.[10,13 in the relative sign between the two types states such ag7y and 37 are much less important. As a
of diagrams. Considering only nonmixed chiral squarks 0fconsequence of the unitarity of th® matrix [STS=(1
equal mass, Kane and Rolni¢k2] claimed that the ampli- 1 iT)"(1+iT)=1], the T-matrix element between the initial

tude of the process is identically zero whem=nn; is sat-  sate K,  and the final statd |+ satisfies the following
isfied for each supersymmetric pair, even if weak isospin igg|ation:

broken so that, for exampley, # my,. However, other refer-
enceg 8,10,13 state that for the contribution of quarks and 1

squarks of a given generation to vanish, we must have both Im[<|7|+|T|KL,S>]:§[<|7|+|TTT|KL,S>]1 (2
mass degeneracy in the quark isospin douljeeg., my

=m,) and mass degeneracy in the squark isospin double{gnere |m denotes the imaginary part. If we only consider the
(e.g.,mg=mg =m;=my.). There are also two contradictory two-photon intermediate state, then

opinions with regard to cancellation of ultraviolet diver-

gences. Referencé8,11,13 asserted that ultraviolet singu-

larities cancel separately for each weak isospin partner, while (|~ *|TTT| KLg= E f
Djouadi and Dree$13] found that the amplitude is finite €€
only after summing over a complete isodoublet. This dis- R A
crepancy is essentially related to the relative sign between X T vk €)' (K €7))
diagramg(a) and(b) in Fig. 1. The divergent parts of the two IR,

diagrams must have opposite signs for them to cancel sepa- X(rlkay (K, eD[TIKLg, ()
rately for each isospin partner. There may not be any conghere |y(k,€)y’(k’,€')) is a real two-photon state witk
straint on the relative sign betweeg) and (b) for diver-  anq k' ¢ and €' specifying the four-momenta and four-
gences to cancel within an isodoublet, since the twWqys|arizations, respectively. Since tiematrix elements can
members in an isodoublet have opposie(the third com- o oy qressed as the invariabt-matrix elements multiplied
ponent of the weak isospirand the divergences are gener- by four-momentum-conserving functions, Eqs(2) and (3)
ally proportional tol . - combine to give '

A full calculation of I'(Z—gg) involves evaluation of the
Feynman diagrams in Fig. 1, with the dgjquark lines con-  Im[M(K_ s—1"1 ]
nected. To get a meaningful result, one has to deal with dif-
ficult one-loop integrals and remove singularities due to on-

d®k d% 1 1
(2m)% (2m)® 2E 2F’

f d®k d% 1 1

shell particles. In this paper we try to provide a different 25 ) (273 (2m)3 2E 2E'
approach to solving the above-mentioned discrepancies. '
Since 2n,<M and 2nm;<M in the proposed scenario, the X(y(k,e)y' (k' €| M[K_g)

decay amplitude has an imaginary part which is finite and o .
can be calculated in an easier way. It is likely that the imagi- X{y(k,e)y' (K',e)IM|I71Fy*(2m)*

nary part can provide some useful information on the full X 8M(p—k;—ky), (4)
amplitude. Similar situations arise in thke;—K, mass differ-

ence and the decay, —u " 1~ [15]. In each case the high- times an overalb)(p—p;—p,), with p, p;, andp, being
momentum components of the loop diagrams are suppresséite four-momenta oK s, |7, and|™, respectively. It is
(through the presence of the charmed qua#), leaving the  expected that the real part of the amplitude is roughly of the
low-mass on-shell statesrr or yy, respectively to pro- same order as the imaginary part, so that the actual decay
vide a good estimate of the matrix element. In the lightwidth will exceed the lower bound based on the imaginary
gluino and light bottom squark scenario, the decay width forpart by only a small factor.

Z—gg usually turns out to be only a few times larger than ~ Quite similarly, the imaginary part of the invariant matrix

the contribution from the imaginary part alone. elementM(Z—gg) at the one-loop level can be written as
This paper is organized as follows. Section Il establishes

the unitarity relation of theM matrix elements. Amplitudes

of the cut diagrams are calculated in Sec. Il and the results

are listed in the Appendix. The lower bound based on the

. . . ~—~ ng
imaginary part of the decay amplitude f@—gg is pre- ><(27r)45(4)( p_zl pi), 5)

—_— 1 —_—
Im[/\/l(ZHgg)]=§2f defM(ZHf)M*(gng)

sented in Sec. IV. Implications of the imaginary part for the
full amplitude are discussed in Sec. V. Implications for
gluino searches and running af are discussed in Secs. VI where the sum runs over all possible intermediate on-shell

and VII, respectively. Section VIII summarizes. statesf and dHle'[i”leSpi/(ZTr)31/2Ei with n; being the
numbers of particles in staté and p; being the three-

momenta of the particles. Singeis the lightest supersym-
Let us first review the decays, s—17 1" considered in metric particle in the scenario and all other supersymmetric

Ref.[15]. As is the case wittZz—gg, both decays are for- particles(exceptg) are expected to be heavier thih,/2,

II. UNITARITY RELATION
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we only need to consider the cases whdsebb andbb. The cosf 3 e“‘ﬁsinf
integral over the phase spa¢k can be simplified to the 2 2
integral over the solid angl@. In the case where the inter- = 0| &= 0 ,
mediate state is two particles with equal masses, we have e ¢sin— COS—
[T (2m) 6@ (p— 2 p) = (v/3272) [dQ, where v is 2 2
the velocity of the on-shell intermediate particles. p
—sing 'cos-
Ill. AMPLITUDES OF THE CUT DIAGRAMS 77T: 2 WL:
We adopt the spinor convention of Peskin and Schroeder ei‘/’cosf sinf
[17], in which the metric tensog,,=diagonal(1;-1,—1, 2 2
—1) and
We then have
o [0 1 10 i 0
Y=l o) YT g q)@AYSL_oo) M(Z—b'bl)=(0,i sing+cose cosh, —i cose
i=1,2,3, 6 i —sing)-
(6) +sin¢ cose, —sin ) cs(p)2 costu

wherec' are the Pauli matrices. The uncrossed cut Feynman
diagrams that contribute to the imaginary part of the full
amplitude are shown in Fig. 1. The crossed diagrams with o _
9(ky)—g(k,) are not shown but should also be included inM(Z—b'b")=(0,~i sin¢+cos¢ cosd,i cos¢
the calculation. In the center-of-mass frame of thboson,

X[(E—|p})gt+ (E+|p|)g&ld",

the four-momenta of the final gluinos ake=(E,k) andk, +sin¢ cosé,—sin ) - 5(p)g—W
= (E,—k), whereE=M /2 andk=(0,0/k|). Suppos is 2 Costy
along thez axis and the polarizations of tti&are quantized ><[(E+|p|)g’,f+(E—|p|)gE] S

along this axis, i.e.e*=(0,1+i,0)/\2 or (0,0,0,1), corre-
sponding to helicities\==*1 or 0, respectively. The four-

momenta of the intermediate bottom quarks pie=(E,p)  AM(zZ—b'bl)= 9wy e 9[gP(—1,sinf cose,
and p,=(E,—p), with p=|p|(sin#cos¢,sindsin ¢,cosd). 2 cosby
The four-momenta of the intermediate bottom squarks are sin05in¢,cos€)+gg

=(E, p) and =(E,— p) with p -
—|p|(sm Hcos¢,sinesin¢,cose). The Feynman rules for X (1,sin6 cosg,sing sin$,cosd)]- e(p) 6,
the Majorana fields are given in a representation independent
way in[18]. — GwMp

The M-matrix element foiZ—bb is M(Z—b'bl)=- 2 cosby ;

- X[gP(1,sin0 cos¢,sin b sin ¢, cos)
M(Z—>bb)=—20039 U(py) £(P)(9LPL+GRPR) 4 gB(—1.5in0coSS
RUT 4, 1

Xv(py)d', () sin@sing,cosd)]- e(p) .

= .. b_ b b_ 2 i _ b_b_ b
where é=e-y, g/=gytga=5sify-1 Gr=0v—0a g sif6,=0.2311 and without top quark corrections, the

2 i 5 5 i
=Zsirfdy, PL=(1-%)12, Pe=(1+y°)/2, &' is a Kro- ec
necker delta in the quark color indices, am p; -+ p, is the partial decay Wldtg foiz to2 decay into massledsb is then
GeM3/4\27 [(97)?+ (gR)*]=368 MeV.

four-momentum of th&. The Dirac spinorsi(p,) andv(p,)

can be written as Now we considebb- begg via exchange of ®orb’, the
matrix element for which is denoted\/l(bb—>gg) or
VE_|p|§T) VE+|p| gl) M’ (bb—gg), respectively. We have M(bb—gg)
VE+|pl¢")’ VE—|[p|&! = M ®(bb—7g) + M @D (bb—7g), with
E—Ipl7' E+[p|7* — (t°);
v'( )=< . vi(pa)= , MM (bb—gg)=—2g3 —u(k )(P_sin6g
P Vel P VBTl "(prkp?-mZ
8 _
) ) —Pgrcosép)u(p1)v(p,)
where the arrows and | denote spin up and spin down _
alongp, respectively; X (Pgsin#y— P costp)v(k,), 9
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— e (22~ Im M(Z—gg) should also b Il H t h
) o on2 ji T 1 gg) should also be small. However, to see how
M (bb—gg) 295 (p1—ky)2— m?v (kz)C the two types of diagrams shown in Fig. 1 interfere with each
b other, we takes;, to be a free parameter. For the first part of
X (P sin f;— Prcosy)u(p;)v(p,) the cut diagraniFig. 1(b)], we have
X (Pgsin #;— P cosé;)CU' (k,), (10 -
M(Z—Dbb)=—5 gwe [gPsir? 65+ gBcos 65 ]
where the superscripgil) denotes the uncrossed diagram and 0Stw
(2) the crossed diagrana, b andi,j are the color indices of X(Bl_ﬁz)ﬂeﬂ(p)ﬁij, (12)

the gluinos and the quarks, respectivef§;are the funda-

. . :. O 2 .
mental representation matrices of @Y and C=iy"y" is yvherei andj are the squark color indices. The sign discrep-

the charge conjugate matrix. It can be easily verified tha ; : .

—r — ancy mentioned in the Introduction can be traced to the rela-
u(p,s)=Cuv(p.s) anduv(p,s)=Cu'(p,s), whereT means e sign between Eqg7) and (12) [8]. The current sign in
“transpose.” The Majorana spinorg(k;) andv(ky) also  Eq. (12) is consistent with the Feynman rules in REES].
satisfy these relationgl8]. Thus we can immediately write  We will argue in favor of this sign from another point of
view in Sec. V. For the other part of the diagram,

. J—E—wm) . J—E+|klz)
1= ’ 1)~ ' _ biay
VETIKlEs VETIKE MEE—) ~26l s e
p1—k) —m
o (NEFRIE - (—NESTKE o
B T e B <[Pysin i~ Prcostg] By
X[ Pgsin 65— P cos@;]Ch'(ky), 13
. JEFTRIC ) . —\/E——|k|§+> [Prsindy— P cosdp]CU (kq) (13
v\ — ' 1) ' o atby
Bk Erikie MOEE-G6) =268z, i)
—ky)*—m
[ VETRE [ ERR P
R N N L X[Pyin -~ Prcostis] By ko't my)

(1D X [Pgsin 6 — P _cosby v (ks), (14)

with £, =(3) andZ_=(%). Here the arrows and| denote _

spin up and spin down alorg(i.e., thez axis), respectively. ~Where(1) denotes the uncrossed diagram &2ythe crossed
Since'l‘;T(kz)Cflz_ﬁ(kz) and CGT(kl):;(kl) Eq. (10 diagram. The relevant matrix elements foe=1 are pre-
can alternatively be obtained from E@) by interchanging Sented in the Appendix.

k, andk, and adding an overall minus sign. The helicities of

the final gluinos are det_ermined By, Fhe in_itial hglicity of IV. LOWER BOUND ON I'(Z—gg)
theZ. Fora=1, both gluinos have spin up in tlzairection, ] )
while for A\=—1, both have spin down in the direction. Now we are ready to put things together and obtain a

For A=0, one of them has spin up and the other has spitower bound onl'(Z—gg). First we consider an extreme
down in thez direction. One expectim M(Z'—g'g!)|  case W|thmb=m5=m§=9~and My =c0. In this limit, the
=|Im M(Z'—g'g')| because the two processes are relatedroductM(Z— f)M(f—gg) has an angular dependence of
by mirror symmetry. One also expects Ii(Z©—g'g}) either (1+cosQ) or (1—co§0). However, the cog term _
=0, because these final gluinos have the same helicities a es not CO”tF'b“te tq th? imaginary p_art of th_e full ampli-
should therefore be excluded by the Pauli principle. The ma—Ude becausi 'g“egrat:)"‘g It ovsr the solid ar@igives ZET0.

. T e ) —  Note that tr¢®t°) =tr(t°t*) = 5*°/2. The only nonvanishing
tr|x~~element/\/l (bb—gg) can be obtained fromM(bb amplitudes are
—@gg) by replacingmg, siné, and co%, with mg, , cosé;,
and —sin 6, respectively.

Now consider the diagram in Fig(ld) and a similar dia-

gram with'g(k,)<g(k,), where the intermediate state is a

M(Z'—bb)* M(bb—7'g") = 8%r(gh — g¥cos 205),

~ = = L pp)* b—alg!
pair of scalar quarksh(andb). The tree-leveZbb coupling M(Z:—bb)* M(bb—g'g")
is proportional togPsir?g;+gicogd;, so a mixing angle of = — 5% (gh—gicos 245),
¢ =arcsiny2 sirf6y/3=23° or 157° will make it vanish. A
weak Zbb coupling is assumeflL] to satisfy the tight con- 71 L EB* MEB TS
straints imposed by precision measurements atZtipeak. M(z —bb)* M(bb—g'g’)
Consequently the contribution of ti intermediate state to = 5°%r,(gy— gACcOS 265)COS 2,

115007-4
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014 | - ] cosd terms because the denominators of the propagators are

E’ I bb only, -, — :masses | no longer of the form~ (1= cosé#), which previously can-
= o012} included | celled with the same factors in the numerators of the ampli-
§ | N :‘“:"i:sed ] tudes and gave only linear terms in db$lowever, it is still
% 010k 9 i not hard to perform the integration over the angles. Define
o~ 5 ’ ; -
2 o008 1(n (1+cos6)? _
N ) L.(xy.2)=5| S singde,
N I ] 2Jo x?+y?+ 72+ 2xycosh
S 006 i
2 [ m Sirf 6 ,
3 004 lo(X,Y,2)= TR sin6dé,
@ L 0 X“t+y“+2z°+2xycosd
$ go2}./; (17)
3 1
000t 0 . N 1 and let c.=l.(vp,vg,15), C€L=l:(vp,05,r%), Co
0 20 40 60 80. . 100 120 140 160 180 ~1o(vp.05.15), Ch=1o(vp05.5). and %
Bottom Squark Mixing Angle (degrees) =1o(vg o ro), where r=2m/M(i= b,B,E' ,a)’ v,
FIG. 2. Lower bound o’ (Z—gg) as a function of the bottom =\1—r{ is the “velocity” of an on-shell particlei(i
squark mixing angle ;. Solid curve: my=4.1 GeV, my  =b,b,g). The lower bound can then be written as
=45 GeV,my=15 GeV, andng, =170 GeV; dashed curve: only
the contribution from thdb intermediate state is included with the Gr %ai
same set of masses; and dotted cumg=mp=mz=0 and m;, I'(z—gg)= \/_ Alvb+Aivb+A205)zv§,
— oo, 2
(18)
M(Z'—bb)* M(bb—g'gh) where, up to a common factor of proportionalitf;v, and

Ajvy, are the imaginary parts of the amplitudes far
—(bb)*—gg via exchange of & andb’, respectively;

where the asterisks imply that we have integrated over th@lgvb is the imaginary part of the amplitude fd@— (bb)*
phase spaces and summed over all intermediate heI|C|ng We have

statesfry= Mzgwgslz\/i cosby . From the above equations

= — 5°r(gy— gACOS 205)COS 20,

we can see that the imaginary parts of diagréanand(b) in A= 01(9/3— g{’,cos 265) — gE\(c2+ CaSin 265),
Fig. 1 interfere destructively ib is more left-handed (45°
<#p<135°) or dominantly right-handedgf<23° or 6; Al =c;(g%+gbcos 205) — gB(ch—cjsin 265),

>157°); the contribution of diagrartb) remains negligible
in the neighborhood of the decoupling angle (23° or 157°).

_= 2 b b
The imaginary parts of the amplitudes are 2= CovUg( Gy~ gaCOS 20)COS 2,

IMM(Z' =39 = —Im M(Z! —3'g 15  Where cl—c (vg—vp) tci(vy +vb)+corbvg, co=(c_
(2~99) (2'=99) a9 +c++c0)rbv , andcz= (c+—c JUplplg; C1, Cp, andcy
= 8% (9P — gB)sir? GzcoS 65 /(8 ). are defined S|m|larly, witrc. andcg all primed. All these

quantities only depend on the masses. nt\,a mg, and g

The relation(15) also holds when all the particles have ago to zero andng, goes to infinity,c;—1, Cov vg—1, ¢,

finite mass. The lower bound dh(Z—>gg) in the limit my, —0, ¢c3—0, ¢c;—0, c;—0 andcz—0. Equatlon(16) is

=mp=mg=0 andmg, == can be expressed as a ratio thus recovered. As far as the imaginary part of the amplitude
=2 |~ a2 is concerned, Eq(18) agrees with Ref{13] in the limit ng
F(Z—>gg) 1[ImM(Z'—g'gh)]“+[ImM(Z'—g'g")] =0 except for the mentioned sign discrepancy. Compared to

['(Z—bb) =2 [ImM(Z' —b'bh)]2+[Im M(Z'—b'b})]?  Ref.[13], this unitarity calculation not only takes into ac-
count a nonzero gluino mass but also is much simpler. First,
there are no singularities to remove. Second, one only has to

55 5 ) (16) evaluate a few elementary integrals in E4j7) instead of the

(90)°+(gr) much more difficult one-loop two-and three-point functions.

The lower bound is plotted in Fig. &olid curve as a

The factor of 1/2 comes in because the final gluinos arGfunctlon of 6; for a specific set of values for the masses:

identical. Takingl'(Z—bb) =368 MeV, we plot the lower =4.1 GeV, mp=4.5 GeV, m; =170 GeV, and n

bound on the decay widthi(Z—gg) as a function of the =15 GeV. The small peak around 90° disappears if the

bottom squark mixing anglé, in Fig. 2 (dotted curve gluino has a small mage.g.,mg=<7 GeV) such that the sign

When all the masses are finite, we can no longer ignore thef the sum.4,v,+ Ajv,+.A,v5 does not change over 0°

a? (g0 —gR)sin fgcod o
"6
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05— T T T T cay widths forZ—gg can be obtained. Without actually cal-
m=4.5 GeV ] culating the full amplitude, we should be able to recover part
of it from the imaginary part. For simplicity we taken
R T =0 and consider only diagrafiv) in Fig. 1. The imaginary
E part of the amplitude for this diagram is proportional to
% 0.15 - i A2v5=?:ov~g(g\b,—g§’\cos )cos ;. We have
(=] ] ]
£ [ ] 2 2 2 242
2 e 1 mMyg—my (Mg—mp)<| 7
] | 4 3_| = b - 2 b o
t; 0.10 |- ] ECoUb— > vpm+ | mpt—m— s
N
N (ME—md)/s—(1—vp)/2
0.05 - Xlog— > ,
_________________________ (mg—mg)/s—(1+vg)/2
000 L 4 Ly S wheres=M2. For mp<M/2, one can check that
0 20 40 60 80 100 120 140 160 180
Bottom Squark Mixing Angle (degrees) Im Bo(s,mg ,mp) = vp,
FIG. 3. T(Z—gg) as a function of the bottom squark mixing - (m%—mﬁ)/s—(l—vB)IZ
angle 6;. We take ;=50°, m,=4.1 GeV, =170 GeV, m, Im Cq(s,mg,mp,my) = —log— > ,
=174 GeV, ;=95 GeV, =300 GeV, andng=0. Solid (full S T (my—mp)/s—(1+vp)/2

width) and dashedunitarity lower boundl curves:my=4.5 GeV; )
and dash-dottedfull width) and dotted curvesunitarity lower ~ WhereBy andC, are the scalar one-loop two-and three-point
bound: mp=100 GeV. functions[13,19-2], respectively. If we define

1 (mi—m3)+(m5—m3)
A(m11m21m3): E_ 25

<6;=<180°. If g were massless, the lower bound as a func-
tion of 0°< #;=<180° would have two identical peaksee
the dashed curve in Fig.).3Due to destructive interference
between diagram&) and (b) for 45°< 6;<135°, #;<23°,
and #;,>157°, the lower bound is smaller than the contribu-

tion from the bb intermediate state alon@-ig. 2, dashed
curve in these ranges.

Bo(s,my,my)

nnZ m2 TIZ nnZ
( 1 3) ( 27 3)
+|m3+

3 s

X Cp(s,my,my,ms),

then by analyticity and symmetry, the following terms should
V. IMPLICATIONS FOR THE FULL DECAY WIDTH be part of the full amplitude contributed by tyfi® diagrams
I'(Z—g9g) in Fig. 1,

Let us first examine under what conditions the decay am-a(me i
plitude vanishes. We will see that Kane and Rolnick’s claim Y
[12] contradicts our unitarity calculation. Under their as- X (g9 +ghcos 245)cos 205 — A(my , i, , M)
sumption, mg=mg,=m, and ¢3=0, so that ¢j=c/(i
=1,2,3) andcy="cy=Io(v5 ,v5.Ip) = =Co. We regard the

M) (99— gRcos 265)cos 205 — A(N , MG, ,My,)

X 2g8sir2 65+ Ay ,m; ,m,) (g',— ghcos 267) cos 265

relative sign ¢-) between diagram&) and(b) as undecided — AT M, M) (gy+ gACOS 267) COS 27
and only consider the contribution of the third generation, :
i.e., q=t,b. Define A= —ChvZ,v5(g5+ ghcos X)cos ;. — A(My, N, M) 2gRSin2 65 . (19

Hli&tihf J;{:f?igi%?il%ﬂgi;:‘g giczi:s_im)zc:r]t;;ogn’al toHere the siﬁzaa terms can_be obtained by repeating the uni-
which is nonzero for either sign. Therefore the amplitudetarity calculation withf =bb’. Alternatively, they can easily
doesnot vanish under Kane and Rolnick’s conditions. For be guessed if we note that the above terms should sum up to
the imaginary part to be zero, we must have=m, and  zero form;=m, and m;=n%, =m=mg, . Those terms in
m;=m;, =mg=mg, and similar mass degeneracies in theEd. (19) are expected to be the only ones relevant to our
other two generationgOf course, the imaginary part of the argumen{13].

amplitude automatically vanishes if all quark and squark The top and bottom squark masses and mixing angles are
mass eigenstates are heavier tMy12.) This is true whether ~ determined by the following mass matrigds3]:

the relative sign between diagrarfe and(b) is + or — and

2
is consistent with Refg8,10,13. i mg + M +gLscos28/2  —my(Ag+ p cotp)
Let us now investigate whether the imaginary part of the M:= 2
: - : : ; Yl —m(A+pcotB) m: +m?—gkscos 28/2
amplitude computed in the previous section can give us some AT it M~ Or
hint how loop divergences cancel and reasonably small de- (20
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mﬁ +m2+gPscos28/2 —my(Ay+ utanp) widths if this divergence is supposed to cancel within an
M2= L isodoublet. So we do not agree with Djouadi and Drees’
b\ —my(A,+ u tang) ng+ m2—ghscos28/2 /" claim [13] that one can get meaningful results by summing

over a complete isodoublet. The only other way out is for the
(21) divergence to cancel for each weak isospin partner. Note that
where m%L,m%R,mEL’mER are soft SUSY breaking masses; the ultraviolet divergent parts of tti&, terms in Eq/(19) not

. X ) only can cancel within an isodoublet, but also can cancel for
tang is the ratio of the vacuum expectation values of the twog 5o \weak isospin partner. Indeed, if the relative sign be-

neutral Higgs fields in the MSSMy; , A, denote the trilinear  yeen diagramg) and(b) in Ref.[13] is reversed, one finds
Higgs-stop,-shottom couplings, respectively; gadis the  nat poth ultraviolet divergences and the divergences in the
H|2ggsm20 mass parameter. & gauge invariance leads t0 pheayy squark limitas discussed aboveancel separately for

m; =m; . Itis reasonable to assume that we should get ahe top and bottom sectors. To understand how the latter
divergences cancel, repeat the same reasoning as that leading
Jo Eq. (19 for type (a) diagrams in Fig. 1 and observe that
those diagrams should contribute the following terms:

sensible decay widtl'(Z—gg) for each specific set of pa-
rameters. In particular, we can choose very large values f

m; ,m;. Mg, Mg, and should find a ting’ (Z—gg) for some

mixing angles ¢; and 6. For simplicity we assume +[C(my,m,, M) (g2 — g°cos 265) + C(my, ,my , Mg ) (g

+u cotB=A,+utanB=0 so that there is nd-R squark LC(Ms .My . ME) (G4~ Gy ° (Mo Mo M) (G

mixing, and +g9cos 265) C(m,,m,,my) (g — g',cos 26)
m;2L+gthcos28/2=m;2R—g1R500328/2, +C(mg,mg, ) (ga+gycos 267)], (23

2 b 2 b where again we keep an undecided relative sign and
m;L+ grscos 28/2= mg .~ grSCOS 2812,

2 2.2
(mz—myj)

m§+ Co(s,my,my,my).

so thatn=n%,, mg=mg, . The mass difference between  C(Mmy,my,my)=
the top and bottom squarks is then

For my=n1, andmz=nm;, , Eq. (23) becomes
m; — mp= \/nrfL+mt2+g}_sc0528/2 cot 5= E0. (23

i[C(mt,mt,mf)_C(mb,mb,mB)]Ei(SC. (24)

sm?
2
- \/m;L+m§+ gEs COs 2B/2~ F One can check that wheng becomes large,

L
; 2_ 2_ 2 t_ b ; 1 me
with ém*=[2(m;—mg) + (g, —g,)scos B]/4. The sum in ReCo(s,mq, My, M)~ — — 2|Og_q_

Eq. (19) becomes simply m;—mg S
A(Mg ,mp,mp) — AT, My, M) = SA. (220 Thus the leading term in REC is exactly the same as the

leading term indA. The second-to-leading and higher order

In the heavy squark limit, terms turn out to be finite after summing ovgrt,b (for

m2 either relative signhor over diagramga) and (b) (for only
Bo(s,mz,mz)=A+log—, one of the signs If we have chosen a correct relative sign,
4 v the divergences in typé&) diagrams should cancel exactly

with those in type(a) diagramsseparatelyfor q=t,b. Oth-
1 m2 m2 erwise the divergences will add up and the total amplitude
R 5 d 55 Iog—g, will be logarithmically divergent as the squark masses go to
mg—mg  (mg—mg)® Mg infinity. We find that the sign in the current note rather than

q
. . , that in Ref.[13] is favored.
whereA denotes the ultraviolet divergent part@f andy is Our numerical analysis not only verifies the above argu-

the renormalization scale. We can see thzat Byeand Co  ment but also shows that it works even if arbitraryR
terms in A(mg,mg,mg) vary as —(mc—mg)[logmi/i’ls  squark mixing is allowed and the above constraints on the
and —(mé— mg)/s, respectively. So the leading term &  parameters are relaxed. Using the same formula in [R8f.

CO(S,nTE] 1rna 1mq): -

comes fromB, and varies as but with the sign flipped, we find that for mg=0, my
<0(30) GeV, my,=0(150) GeV, n;=0(90) GeV, nt,
[(mZ—m?)logm? — (mZ—mZ)logmE]/s —0(300) GeV,T'(Z—gg) is typically of order 0.1 MeV if

b is not dominantly left-handed and only of order 0.01 MeV
~[(g}~g?)cos 28 logm J/2. g y

Thus the sum in E(19) is logarithmically divergent asw, The formula fails to produce sensible decay widths in the heavy
goes to infinity. Therefore we cannot get reasonable decagquark limit if the sign is not reversed, as argued in the text.
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or less ifb is dominantly left-handed, i.e;~90°, and that VII. IMPLICATIONS FOR RUNNING OF  a
the top squark mixing anglé; has little effect on the decay
width. If all squark masses are greater thdg/2, we con-
firm the statement in Ref[13] that ['(Z—gg) depends
weakly on the details df-R squark mixing and find that it is

of order 0.1 MeV for a wide range of MSSM parameters. . : .
) . . o~ with respect to its standard model value if extrapolated from
Thus inclusion of a dominantly left-handed lightwould e mags scalen,. A natural question arises: are values of
reduce the decay width(Z—gg), as is the case for the , (M) determined from measurements at different energy
unitarity lower bound plotted in Fig. 2. A relatively heavy or - . ~ -~
scales still in accordance in the presencegoédnd b? To

not very left-handed will not change the decay width by gngwer this question, the effects of the new SUSY particles

much. In Fig. 3 we plot the full decay widths as well as the o, easyrements at different scales must be analyzed. For
corresponding unitarity lower bounds fio;=0 and two sets example, the hadronic width of the is changed in two

of squark masses. When all the squark mass eigenstates ffys: (1) the interference of the standard model diagrams

heavier tharM/2, the full width is about an order of mag- gnq the diagrams with the SUSY particles in loops will re-
nitude larger than the lower bound. When one of the bottomduce the partial width of — bb: and(2) the existence of the
squarks is lighf <O(30) GeV], the shape of the full width P — b

as a function off, is similar to the lower bound and gener- new decay channel—bb, Z—gg, Z—bbg/bbg, andZz
ally only a few times higher than the latter. Although an —qqgg will raise the hadronic width. The bottom squark
expression fol’(Z—gg) is not available whemn;#0, we ~ mixing angle 6 is chosen to be near 23° or 157° so that
expect the shape f(Z—gg) to be also similar to and only T'(Z—bb) is suppressedd.I'(Z—gg) is only of order 0.1
a few times higher than the unitarity lower bound plotted inMeV at either of these angles. Thus these two channels com-
Fig. 2 (solid curve if the gluino has a mass around 15 GeV bined will change the predicted hadronic width of they a
and thilight bottom squark has a mass around 4.5 GeV. Sgary small amount compared to the decreas& (Z— bb)
I'(Z—gg) should be of order 0.1 MeV in the light gluino and the increase ifh,Z) due to Z—bbg/bbg and Z
and light bottom squark scenario. —qqgg. A better determination ofl'(Z—bb), T'(Z
—bbg/bbg), andl'(Z—qqgg), or a more precise measure-
VI. IMPLICATIONS FOR GLUINO SEARCHES ment of R, [which will constrain the value oT(Z—>bE)

IN Z DECAYS more tightly], is needed for a clear-cut decision in favor of

i — ] ] either the standard model or the light gluino and light bottom
Aside from Z—gg, there exist three other gluino- squark scenario.

producingZ decaysZ—bbg, Z—bbg, andZ—qqgg. The

first two processes are aag at the tree level and have a

combined decay width of 1.9-5.9 MeV depending on the VIII. SUMMARY

sign of sin 2 [22]. The third process is- wa? and its decay . .

width is calculated in a model-independent way to be 0.75— We have calculated the imaginary part of the decay am-
0.21 MeV formy=12-16 GeV[23]. A recent analysi$24] plitude forZ—gg and used it to analyze the full amplitude
shows thal"(Z—bbgg) can be enhanced by 10%—60% due and solve some discrepancies in the literature. We have con-
to additional “sbottom splitting” diagrams. This will raise firmed the argument that the decay width vanishes if both

— . ks and squarks of a given generation are degenerate in
r'(z— by ©(0.01) MeV. The new SUSY particles do -2 . .
n(gt alvta/ggg)co)rl]triéute )positively to thg width phowever. mass(the quarks and squarks in that generation do not need

Cao et al. [5] and Baek[25] showed that the decay width to have equa_1| magsWe have foun_d ! hat both Io_garlthr_mc
- divergences in the heavy squark limit and ultraviolet diver-

I'(Z—bb) can be reduced by 2—8 MeV. By fine-tuning the gences cancel for each weak isospin partner, as previously
parameters in the light gluino and light bottom squark scejgimed by Refs[11,17. We also favor the relative sign of
nario, all the electroweak measurablds;, I'nadZ), Ry,  Refs.[8,11] between diagram&) and (b) in Fig. 1. Borrow-

R.] at the Z pole can be still within the & bounds of the ing the formula forF(Z—>§§) from Ref.[13] but with their

experimental values. Thus existence of the new particles cal|ative sign between diagrarts and (b) flipped to be con-
only be verified through direct searches for gluinos or bottom istent with our calculation, we find that the decay width is

squarks. The light bottom squark is assumed to be Iong-livetif order 0.1 MeV in the proposed light gluino and light bot-

at_the colhder sca_le or to deqay promptly to I|gh_t hao_lro_ns MNtom squark scenario. Compared with other decay processes
this scenario. In either case, it forms a hadronic jet within the. <

deectorcue 0 s color chargg.deceys excusiely b e 2 00000 0% G, & G0l oo piy e
or bb ~aNnd becomes two hadronic jets. Tﬂ? smallness off the SUSY scenario org(M>).

I'(Z—gg) implies the insignificance oZ—gg in gluino

searches. Searches for signals of-bbg+bbg and Z

Hqt_ﬁgj will be expected to play a pivotal role. 2F(Z—>E§) will be greater than 15 MeV if 40% g;<140°.

Both the light gluinog and the light bottom squark can
change the3 function that governs the energy-scale depen-
dence(“running” ) of the strong coupling constaat,. At the
two-loop level, as(M) can be raised by 0.0140.001[7]
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APPENDIX: RELEVANT M-MATRIX ELEMENTS 1—cosd
X(B_+S5—By-Ch——

We define
biay
A= g1 )2” , ing
(P1—ky)*—mg 1 TR — gwMmp b p.SING .
M(Z'=b'bYy=— ——— (g +gR)— ",
» ( ) \/ECOSHW(QL gr) 2
A(z):_zgg (t t )]I -,
(pl_k2)2—m5 R 1
MD(bTbl-ggh=-ANB, S-B_,Cp)
A (°1%); sing
1)_ 2 ji
A( )__ZgS(Bl_kl)Z_mﬁ' X(B++SB_B—— TJ) 2
~ (t3t°),
Q) 92~ — o~ i~
T M®(b'b!-5'g) =ADB._S-B..Cp)
sing
BiiZ\/(Ei|k|)(Ei|p|), X(B_ $—B,_ B)T'

Ert: \/(Ei|k|)(Ei|k|),
gwmy

. sing .
e2|z;{> b+ b 5”!
V2 costy, (80+9r)

S=sin by, M(Z!—b'pl)=
Cp=cos#b;,.

M-matrix elements foZ' —bb—g'g': M®(b'bl~ggh=AWe (B, . 5~ B__Cp)

sing
N i X(By-$—B_Cp)——,
M(ZT—>bTbT)=—g—We'¢[(E—|p|)gE + +%~b 2
2 costy
H(E+ DO 5, M@ (b6l §g) = —APe 2%B_, 5B, Cp)
sing

== i X(B__S—B;,Cp)—5—-
M(l)(bTbTHngT)Z—A(l)e_'¢(B+_SB—B_+CB) ( S ++Cp) 2

1+ cosé

X(B4+-S—B_,Cp)——5—, -’
+-Sp b M-matrix elements foZ' —bb—g'g':

M@ (bTb!—g'gh=ARe *(B__5-B, ,Cp)

~— gW . ~ 2 2 .
1+cos6 M(Z'=bb)= ————¢€'?|p|[gPS:+ gBC=]sin 6,
%(B__S—B.,,Cp) =, ( ) \/ECOSQW |p|[g|_55 9rCi]
M(ZTHbiE):g—WeW[(EHpI)gE MD(Bb—-gTgh=AWe 9p|(B__Si+B, , C)sing,
2 CcosfOyy
p,1—cosé i — _ o 5 )
+(E—|p))gr] 59 M‘”(bb—»ngT):—A(Z)e*"/’|p|(B++S§+B__CB)sinB.
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