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As a test of quantum chromodynamics (QCD), we suggest looking for gluon jets in the decay of a heavy quark- 
antiquark bound state produced in e+e - annihilation, Q U~ ~ 3 gluons ~ 3 gluon jets. In particular, we point out that 
these events form a jet Dalitz plot, and we calculate the gluon or jet distributions (including the effect of polarized 
e+e - beams). This process affords a test of the gluon spin. It is the analogue of two-jet angular distributions in e+e - ~  
q~ -* 2 quark jets. We also estimate multiplicities and momentum distributions of hadrons in QQ~ 3 gluons 
hadrons, using the recently discovered T (9.4) as an example. 

There is at present much interest in the theory of  
quarks with color and flavor interacting with an octet  
of  massless vector gauge bosons carrying color only. 
This theory is called quantum chromodynamics (QCD) 
[1 ]. Colored quarks have never been seen in deep in- 
elastic processes. Jets of  hadrons are seen, however, 
and in e+e - annihilation two back-to-back jets occur 
with an angular distribution just  that for e+e - ~ q~ 
with spin 1/2 quarks [2]. It is physically reasonable 
that a colored gluon with large momentum will also 
lead to a jet  of  hadrons carrying the total three- 
momentum of  the gluon (but no color) [3 ,4] .  The 
angular and momentum distribution of  this je t  then 
reproduces the original gluon angular and momentum 
distribution. Since gluons have no flavor, gluon jets 
have no net  flavor (unlike quark jets,  which carry 
isospin and other flavors). 

As a test of  QCD we suggest looking for the exis- 
tence of  gluon jets in the decay of  a heavy 3S 1 quark- 
antiquark state [5] *~ , QQ ~ 3 gluons -+ 3 gluon jets. 
This is the mechanism for the direct decay of  such a 
heavy state in QCD [6]. It is a generalization of  the 
33" decay of  or thoposi t ronium in QED, and it is this 
fact which allows it to be calculated. This also means 
that QQ ~ 3 g is a sensitive test of  the belief that g is 
a massless vector particle. The search for gluon jets as 

a QCD correction to e+e - ~ 13' ~ qq, namely e+e - -+ 
13" - q~g, has been suggested in [3 ]. Searching for 
gluon jets  in the decay of  heavy QQ resonances may 
be preferable - especially if  objects with mass above 
~ 2 0  GeV are found. 

Of course, in addition to the 3 gluon jets,  QQ -~ 13" 
-+ q~t gives rise to two back-to-back jets  in the final 
state. Off the narrow QQ resonance the sole process 
is e+e - -+ 13" -~ q~, and only the two-jet configuration 
results. 

To be concrete, we suggest looking for 3 jet  decays 
of  the recently found T(9 .4)  [7]*z,  assuming it to be 
a QQ state. Assuming that below T,  R = a(e+e - -+ 
had)/a(e+e - ~ p + / l - )  = 5 (including r + r - ) ,  we find 
the ratios 

T -+ e+e - + ta+/l - : T ~ 7 -+ q~t +r~  ~ 2jets : 

T - + 3 g ~ 3 j e t s ~ 2 : 5 : 5  for c h a r g e e Q = 2 / 3 ,  
(1) 

2 : 5 : 2 0  for chargeeQ = - 1 [ 3 ,  

using [6] 

p ( T - +  3 g ) / F ( T ~  e~)= 1 0 ( ,  2 - 9 ) a ~ ] 8 1 7 r a 2 e ~ ,  (2) 

and choosing the QCD coupling as(M~, ) = 0.15. 
There is an impor tant  consistency check on T-+ 3g 

being the sole direct decay. Since it is very improbable 

* Permanent address. 
,1 We denote the new heavy quark by Q and all lighter ones by q. 

.2 If T ~ 3 jets is seen, a more appropriate symbol might be 
the German upsilon ,~. 
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Fig. 1. The amplitude for Q(~ ~ 3 gluons; we do not expli- 
citly indicate the gluons' color. 

for a gluon to fragment to a heavy charmed quark pair 
we expect that 

P (T -+cg  + ... ) / P ( T - + e ~ ) ~ R  ( e + e - - + c ~  +.. .) ,  
L+~--+ ... L+~-- +... 

and not very much larger as would be the case if T de- 
cayed by mixing with charm (QQ-~ c~). Of course, 
this relation holds trivially for a heavy lepton r. The 
gluon (jet) momentum distribution can be computed 
in QCD. The mean energy of  a gluon jet will be Mr~3, 
the jets will be coplanar and form a sixfold symmetric 
jet Dalitz plot in terms of  the jet momenta IP1 l, IP2I, 
IP31 or the relative angles. This distribution can be ob- 
tained by a straightforward but nontrivial calculation 
like that for the decay of the 3S 1 state of positronium 
to 3 7. An essential complication is the polarization of  
T = QQ produced by e+e - beams. The photon in 
e+e - -+ 17-+ QQ transfers the polarization of  the e+e - 
state to QQ. Introducing the spin vectors s t (for Q) 
and s t  (for Q) and the polarization tensor 

= - ~ ( s t s  ~ + s t s v ) ,  (3) St  v t 

(for transversely polarized e+e - beams we find 2Sxx = 
- 1 - p 2 , 2 S r r  = - 1  +p2,  the other elements being zero; 
Pis the e ± polarization; the x-axis is perpendicular to 
the ring plane and the t) axis is in the ring plane, but 
perpendicular to Pe-)" We evaluate the six contributing 
Feynman diagrams for QQ ~ 3g in the QQ rest frame, 
neglecting the binding energy (fig. 1). This and the 
masslessness of the gluons give the following condi- 
tions for the jet (= gluons) momenta Pl,/02, P3, 

Pl + P2 +/o3 = 0, Ipl[ + Ip21 + IP31 = 2MQ = M r . (4) 

The trace calculation has been done by computer (using 
REDUCE) and the resulting 3 gluon jet distribution is 
given by the five-fold differential decay rate 

d 5 T const 
- W ( x  1,  x 2 ,  x3), (5) 

dXldX2d3R x2v2~e 2 1~2~-3 
where we define x i = Pi/MQ, x i = [xil. The variables 

• ~ .k . ' 6 ~ . ~  1.×=zPht,, 

Fig. 2. The ratio Dh/D~t(x). 

Xl, x2, x 3 parametrize the jet Dalitz plot (x 1 + x 2 + 
x 3 = 2). In addition, three angles a,/3, 7 with d3R = 
d a d  cos/3 d'), describe the orientation of the gluon jet 
plane relative to the e+e - beam axis and storage ring 
plane. Defining 

s i / -  s % , , 9 )  = ~¢'st~x~., s = s i t  =s. ~, (6) 

the distribution function is given by 

W(Xl,X2,X3) = 4 [x~(1-Xl )2  + x 2 ( 1 - x 2 ) 2  + x2(1-x3)21 

+ 2 S ( X l _  1) (x2_ l ) ( x3_ l ) t x~+x2+x312  2 

3 3 (7) 

+ ~3SiiF~(xx,x2,x3)+ ~2 SiiFij(Xx,X2, x3), 
i=1 i<j=l 

where the 6 coefficient functions are cyclic permuta- 
tions of 

F3(x 1, x2, x3)=  2(x2+ x 2) + 4(x~x 2 + XlX2 ) 

+ .  2..2 _ 6XlX 2 
al '~2 ' (8) 

F12(Xl,X2, X3)= 2(X l + X2)(x2 + x 3) 

+ X l X 2 ( 4 - x ~  -- 8 x 3 ) .  

Formula (7) for Stu = 0 was already calculated by Ore 
and Powell in 1949 [8]. 

Experimentally, it might be best to search for 3 jet 
events (and distinguish them from e+e - -+ 13' -+ q~jets) 
by calorimetry. Equivalently, weighting each seen 
particle by its momentum reduces the jet smearing 
effect due to uncorrelated low momentum particles. 
This weighting is also necessary in order to construct 
the total jet momentum needed for comparison with 
eq. (7). It should be kept in mind that eq. (7) sometimes 
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leads to a configuration with two nearly parallel gluon 
momenta  and an apparent two jet  structure. Possible 
confusion with T ~ 13' ~ q~qjets can be dealt with by 
using data on e+e - ~ 13' ~ q~je ts  off  resonance .3 . 
Of course, the most favorable conditions for a 3 jet  
search occur if  eQ = - 1 / 3 ,  as the 13' background is 
then small. 

It may be that T(9 .4)  is too low in mass to produce 
satisfactory 3 jet  events. One can then imagine ex- 
cluding 2 je t  qFq events ( they should have an axis per- 
pendicular to which momenta  are small), and studying 
the remainder. In these remaining events there will 
exist a plane perpendicular to which the momenta  are 
bounded. The distribution of  this plane is given by eq. 
(7), integrated over all or a part of  the jet  Dalitz plot.  
Another possibility is to search for 3 jet  events in a 
subset of  the data with low mult ipl ici ty (and high 
average particle momentum).  Or one can pick events 
with a high momentum particle, and study the distri- 
bution of  the remainder. 

We now at tempt  to estimate particle multiplicities 
and momentum distributions for T ~ 3g ~ hadrons. 
We bracket  the expected multipl ici ty by  two extreme 
cases. In the first case, a gluon fragments with the same 
multiplici ty as a single quark jet.  Then we find from 
(N ch) ~ 4.5 in e+e - annihilation at ECM = 6 GeV [2],  

(Nch)qg~3g ~_3 [(NCh)e+e_ ; EC M = 6 GeV] ~ 7 , (9) 

(because there are three jets  of  average momentum 
3 GeV, rather than two as in e+e - ) .  If  on the other 
hand (and this we believe more likely) a gluon mate- 
rializes into a q~ pair before fragmenting to hadrons, 
then 

(NCh)T~3g ~ 3 [(NCh)e+e-;ECM = 3 G e V ] ~  10. (10) 

Thus we expect  7 <~ (Nch)y~3g~< I0 *4 • For  compari- 
son, extrapolat ion of  measured e+e - multiplicities 
gives (N ch) ~ 5 off  resonance in the T region. Clearly, 
T ~ 3g may lead to many hadrons of  low momentum,  
making it hard to see jets in individual events. 

How will a gluon fragment to hadrons? Because it 
has integer color charge, it cannot simply fragment into 

~:3 Also, note that for light q, e+e - ~ q~ or e+e - ~ T ~ 13'~ 
q~ is suppressed at 0je t = Ojet = 90° with transversely pola- 
rized e+e - beams. This may be useful. 

,4 The total multiplicity must also include a part from T 
1",/~ hadrons. 

a string of  q~ pairs ordered in rapidity from zero to 
the rapidity of  the gluon. Such a one-dimensional 
string cannot transfer an integer color charge to y = 0. 
We suggest that gluon fragmentation takes place through 
gluon ~ q7:l, followed by independent fragmentation of  
each quark. Most of the time the q~l will not  have large 
invariant mass, so momenta  perpendicular to Pgluon 
will be bounded.  We ignore the rare events where qVq 
have a large invariant mass. (These will lead to a tail 
of  high transverse momenta ,  or even g ~ q +~ ~ 2 jets.) 
The distribution of  the virtual q and ~ should be that 
of a two body decay. Then taking the scaling limit and 

defining x = Ph/Pq ; z = Ph/Pg we obtain from the 
parent-child relation [9] * s 

l dx  ± z ( x )Dqt i l )  Dgh±(z)=fz x -Dh  ( x ) D q ( x ) +  x Dq h± - " 

With our Ansatz, Dq'q(z/x) = I and putting xDh±(x) = 
a+  b ( 1 - x )  2 we obtain the q gluon fragmentation func- 
tion 

h + ZDg-(Z) = 2[a+b( l+z)](1-z )+4bzlnz  . (12) 

We will put  a = 0.05 and b = 1.05 from Sehgal's param- 
etrization o f D ~  ± [11 ]. In order to calculate the frag- 
mentat ion distr ibution from T, we need the gluon 
momentum distribution. For  simplicity we use the 
distribution for Suu = 0, and make a simple observation. 
The function 

Dg~ (tg) = a 0, with I9 = 2Pg/M,r, (13) 

fits the exact expression [8] to 5% except  at t9 ~ 1, 
where it is 15% too small; we will set a = 6, to take 
account of  the three gluons in T ~ 3g. Hence 

1 
dz h + . g 

x (14) 

= 6{[a + b + (5 b - a )x ] (1  - x )  + 2b (2+x)xlnx},  

(the last line follows from eqs. (12), (13)). In fig. 2 we 
have plot ted the ratio Dh/D h, so as to give an idea how 
rapidly the hadron distribution from T ~ 3g decreases 
relative to a quark je t  distribution. We expect  that the 
ratio 

,s  The Db(z) are Feynman's fragmentation functions for an ob- 
ject a to give b carrying momentum fraction z [10] ; 
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dr(q" -~ 3g ~ h +- + ...)/dx (15) 

[do(e+e ~ 17 -+h -+ + ...)/dx] off resonance ' 

will resemble fig. 2. 
We conclude with some comments.  (1) To the ex- 

tent that scaling is valid, D~ (t)) cc t) allows us to extract  
D h± directly from T ~  3g ~ hadrons data. From eq. 
(14) follows immediately 

h -+ _~ (1 d(r(T-* h+- + ...)) 
Dg (z) = const "z 2 dz lq'~3g events 

(2) If the leading fragments of g tend to match its 
quantum numbers, we expect directly produced rr 0, 
r/, O 0 to be disfavored compared to co, qS. As one 
example, we expect the inclusive ratios pO/co or p°/dp 
to vanish as Ipl -+M,r/2. There may be events of  the 
form T -+ 3¢, co4~¢, etc. We estimate that the probabi- 
lity for a gluon to yield ¢ is of  order 4rrO~s(Me)/f 2 
(f~ is the q~-3' coupling), giving ~ 10 -3  as the proba- 
bility for T -+ 3q~. Of course, we expect  gluon jets to 
be globally neutral [3]. Gluons are isoscalar, so that 
7r 0 and rr -+ distributions are the same (apart from iso- 
spin violating r /decays,  which increase 7r0). 

(3) The decay T -+ 3'gg will also take place with 
branching ratio [12] 

I ' (T-+3 '2g)_  16 c~ 9e2  ~ / 0-05 f o r e Q = - l / 3 ,  

F (T-+3g)  5 C~s4 Q [0.2 f o r e Q = 2 / 3 .  

The photon spectrum is approximately linear in z. r = 
2p,,//M, r, and we expect average multiplicities 2/3 of 
those for T-+ 3g. This process offers a way of  obtaining 
gluon jets with a much suppressed contribution from 
13' decays of T. T -+ 13' ~ qYq3' has a rate much smaller 
than the above, and the photons have predominantly 
low energy. 

(4) While we doubt that any of  our detailed con- 
siderations can be applied to the decay of J / ¢  -+ 3g 
-+ hadrons, it does seem likely that J /~  is a poorer 
source of  high momentum hadrons than the e+e - 

continuum nearby (especially after subtracting the 
hadron distribution from J /~  ~ 17 ~ hadrons). 

(5) If the 3 gluon jet  decay of  a heavy QQ state is 
found, it will in our opinion provide a striking con- 
firmation of  QCD, and we emphasize that this test 
does not  involve comparing QCD radiative correction 
effects to experiment.  
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for the hospitali ty of the DESY theory group. 
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