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Abstract .  We discuss angular distributions and some 
kinematic features for jets originating from the 
decay of orbitally excited Q Q states. These can be 
produced in e + e- storage rings via the radiative 
decay of the first radial excited Q (~ vector meson. 
We further present the complete and explicit angular 
distribution for the cascade decay e+e - ~ 2 a s 1  
71 ~- 3p j, 3pj ~ ~)2 -~ 13 S1 ' 13 S1 ~/~+ #-  in all cases 
j = 0, 1,2. These distributions serve as a test of the 
spin j of intermediate states in Q(~ systems. By the 
photon--gluon analogy they can successfully be 
applied to the jet process, too. 

1. Introduct ion  

The currently most promising candidate for a theory 
of the strong interactions is Quantum Chromo 
Dynamics, QCD, a nonabelian gauge theory of 
coloured quarks and eight coloured massless spin-1 
gauge bosons, the gluons [1 ]. Asymptotic freedom [2] 
denotes the fact that the coupling constant a s tends 
to zero for high momentum or short distance pro- 
cesses. Since resonance decays of the heavy hidden 
flavour states like J /7  j, r,, . . . .  which can be produced 
in electron positron annihilation in present (DORIS, 
SPEAR) or future (PETRA, PEP, CESR) machines, 
are short distance effects, they are hoped to be 
governed by a small a s [3]. This allows to calculate 
strong decays in a way almost identical to electro- 
magnetic decays of QED bound states, additionally 
only taking into account the nonabelian structure 
of QCD, especially the gluon self coupling [4]. 
However, long distance or small q2 effects, like e.g. 
the hadron spectrum, need a better than the present 
understanding of the confinement regime, where 
the coupling constant c~ grows above 1 and forbids 
single quarks and gluons to separate and show up 
as free particles. For these effects one is forced to 
build phenomenological models like the bag [5] 
or potential models [6, 71 . 
The confinement of the basic constituents has one 

important consequence. We cannot confirm the 
theory by observation of the quarks and gluons. 
We will probably never see a single quark or gluon. 
Any other evidence for the constituents from the 
spectrum of hadrons in rather indirect. What would 
we know of QED if we had only hydrogen, positro- 
nium, myonium, etc. but no free electrons and 
photons? 
But there is a surrogate for the observation of the 
free constituents, that are the jets. Experimentally 
jets are observed not only in deep inelastic hadron- 
and lepton-hadron scattering but especially in e + e- 
annihilation, once the c.m. energy of 5 GeV is exceed- 
ed. The angular distribution of these jets is completely 
consistent with the production of two spin 1/2 (almost) 
massless particles [8], the quarks, via photon vacuum 
polarization (see Fig. 1). The fragmentation of quarks 
into hadrons is imagined as a nonperturbative (and 
noncalculable ~ confinement) effect, which conserves 
the original directed momenta. 
At present there is no way of calculating this process, 
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Fig. 1. The basic process for quark jets in e + e- 
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Fig. 2. The short distance process of Fig. 1 within the colour bag 
of a larger volume. When the separating quarks reach the bag 
surface, they fragment into jets of white hadrons. Colour bleaching 
processes are carried by soft quarks and gluons with a wavelength 
comparable to the bag diameter 
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but there exists a very suggestive picture: Inside a 
small space region of ~ 1/2 fm colour can exist and 
within this region the q~ pair (or gluon) production 
is a short distance effect (see Fig. 2). When hard 
coloured quanta (quarks or gluo~s) with momenta 
Pi reach the confinement sphere they must fragment 
into white hadrons since colour fields cannot exist 
outside this sphere. The coloured quanta break 
up into hadrons with a finite perpendicular momen- 
tum p• This breaking up is energetically much 
favoured over a further existence as coloured quanta. 
When the perpendicular momenta are small compared 
to the longitudinal hadron momenta, which add 
up to the momentum of the original quantum, 
we see hadron jets. The confinement effects, however, 
are assumed to be soft, carried by long wavelength 
quarks and/or gluons. The wavelength corresponds 
to the colour bag of 1/2 fm. Therefore the jet momenta 
equal the original quantum momenta up to the 
order of 400 MeV. This picture demands the produc- 
tion of the original jet quanta to be a short distance 
effect ( < 1/2 fm). This is certainly true for the (electro- 
magnetic) quark pair production in e+e - . It is 
also true for a hard gluon bremsstrahlung process 
[9]. Resonance decays, however, are not pointlike 
but involve propagators (Fig. 3). Here it is not so 
clear, how well the jet picture will work. However, 
because the propagators are mass dependent the 
picture will work the better the higher the mass of 
the decaying Q () resonance is. For a Q-mass of 
5 GeV the propagator length in Fig. 3 is probably 
already short enough to apply the jet_picture and 
for the next new flavour (higher) Q Q resonance 
it will definitely be so (Fig. 4). 
The quark jets in e + e- annihilation became visible 
above s = (Pl + P2) 2 ~ (5 GeV) 2, i.e. a massless quark 
need > 2.5 GeV of energy against the c.m. to be able to 
form a jet. For gluons the jet threshold certainly 

Fig. 3, The 3 gluon decay of a (~Q ground state in e § e- .  Only 
one permutation of this diagram is shown 
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Fig. 4. Process of Fig. 3 displayed analog to Fig. 2. The decay of the 
QQ state is not pointlike but hopefully covers a volume < bag 
volume 
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is not lower. But a gluon carries the colour indices 
of a quark antiquark pair and each index may 
fragment separately. Then the multiplicity of the 
jet may be higher and the longitudinal hadron momen- 
ta may be lower. In the limit of asymptotic energies 
the gluon may just fragment like a q~ pair, each 
quark carrying half the gluon momentum [10]. 
From this picture follows that a gluon jet of a certain 
longitudinal momentum will have a higher multi- 
plicity and a larger opening angle than a quark 
jet of the same momentum. The threshold for gluon 
jet production will be higher than that for quark jet 
production with an upper bound of two times the 
quark threshold*. 
Up to now a lot of work was invested in the gluon 
jet decay of heavy resonances in e+e - [10, 11]. As 
far as the F[12, 13] decays are concerned, there 
is the problem that the average gluon energy in the 
3 g decay of F is only 3 GeV, which might be to 
low to observe the gluon jets, especially the 'star' 
configuration. Then the three gluon jets are left for 
the next Q (~ resonance.** 
There is another source of gluon jets in Q(~ decays 
which is much more likely to be accessible already 
in the F system (and present in the Q (~ (30) system, 
too). The 3pj waves of F with spin j = 0, 1, 2 can 

e- ~ (a) 2351 3p] 

~vkl 
E,P (b) 

~ 2 " ~  ~:2'k2 
Fig. 5. a a n d b .  The process e+e-~V'~7+3Pj~7+gg 
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Fig. 6. Process of Fig. 5a displayed analog to Fig. 2. The final state 
is a (monochromatic) 7 and two hadron jets. There are two loops 
involving the heavy quark Q, one for the V' = 2aS1 state, one for 
the 3pj state 

* Speaking of a jet threshold we refer to the energy of a single quark 
or gluon versus the center of mass of the colour bag. 

**Since many theorists expect the next Q(~ resonance at 
20.. .  30 GeV, let us nail down Q(~(30) as a working hypothesis 
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be produced via F ' ~  ~ + apj and they decay into 
two gluon (aPoa) or quark (3p0jets  only. Observation 
of the quark jets of the 3p~ decay should not be a 
problem and the gluon jets of the 3Po, 2 decays lie 
just at the upper bound of the jet threshold of our 
intuitive picture discussed above, they have a distinct 
energy of 5 GeV each. An experimental analysis 
of the gluon/quark jets can test theoretical predictions 
for the gluon angular distributions [14, 15]. We 
will demonstrate in this paper, that in the decays 
of the 3P 2 and the 3P 1 s t a t e s  of heavy QQ systems 
like the F system or Q Q (30) there are clear tests 
of the gluon spin and masslessness (more precise: 
tests of the transverse gluon polarizations). In chapter 
2 we write down the general matrix element for 
3pj __+ 2 gluons for arbitrary gluon masses. This is 
specialized to massless gluons and to the decay 
3P0. 2 -* 2 9 in chapter 3. By insertion of the quark 
vacuum polarization for one gluon we specialize 
it to the process 3P t ~gg*--*g(qcl) in chapter 4. 
As a by-product we obtain all the well known rates 
for 1So~g9, aPj--*gg, gq~ 1 [4]. In the appendix 
we note the very useful explicit angular distribution 
formulae for the photon double cascade e + e-- - ,  
23 $1 ~ 71 + 3pj ~ ~1 + ~2 -~ 13 S~ with intermediate 
spin j = 0, 1, 2. These angular distributions, written 
in helicity amplitudes, can easily be specified and 
applied to the decays of chapter 3 and 4. This leads 
to the angular distributions given there. It serves 
also to calculate angular distributions of alternative 
mechanisms. We close with a discussion of the 
results, an estimate of branching ratios for the interes- 
ting F' decays and a quick outlook to the next QQ 
resonance. 

2. The Matrix Element of 2 Gluon Decay 

In the nonrelativistic approximation to the decay 
of a bound Q Q pair into two gluons the decay ampli- 
tude (Fig. 5b) 

jg= -x/~4rca~d4 q TrE~(P,q)N(P,q)] (2.1) 

factorizes into the amplitude of annihilation of a 
free Q (~ pair of quark mass m e and momenta P/2 + q 
and P / 2 - q  into two gluons of momenta k 1 and k 2 

p/2 + ~ - / q  + m~ 
N(V,q) r k .k2_q.(k2_ka) + 

r . P/2-+ ~---- [~2 +- me (. (2.2) 
kl .k2_q.(k 1 -  k2 ) 2 

and the Bethe Salpeter amplitude to find Q and 
(~ with the required momenta in the bound state, 
here in covariant notation: 

- 1  
7J(P, q) = ~m2 ~ (p/2 + ~ + mQ)r - ~ - me). (2.3) 

P is the bound state momentum, q the relative Q Q 
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momentum and e the non-relativistic polarisation 
tensor: 

s ~  0 + + 1 ~ ? ~ a,~os(q) 6( 
,3 = ~ s : ~ ( O - C l "  s P s ) ~  qo, 

A ..PC 1 + + 

(2.4) 

^ ~A(q)~- , 
G = ~4  ~ ( ~ s 3 ' q ' P A ' 7 ) ~  Otq~ 

(2.5) 

(2.6) T 'Pc = 2 ++ X/~e "?lu7*~~ ,J CT= /~ u, ~T(q) ~, , 

1 ~Ps(~-q) 6(qo) (2.7) PS,f fC:o -+ Cps=~ys[Pps x/4~ 

with the radial Schr6dinger wave functions 
f[ql2dlql IN(q)[2= 1. The couplings in decays in- 
volving gluons are not just multiplicative but more 
complicated because of the nonabelian character of 
QCD. The gluons carry colour charge 1/2gs2i~,Os 

7~ a being the strong coupling, 92 = 4 %. The 2ii are 
the eight 3 x 3 Gell-Mann 2 matrices, a =  1~... 8, 
with the colour indices i,j = 1, 2, 3. Each 2 ~ corres- 
ponds to one gluon which thus carries the colour 
of a quark-antiquark pair i and j. The two gluons 
of Fig. 5 have to be in a colour singlet state, therefore 
one has to contract the colour indices of gluon 1 
and 2, ~ b , b 2 z f 2 i j = T r [ 2 - 2  ]. In the squared matrix 
element we have to sum over all indices a and b, 
obtaining [16] 

1 ( 2  ~ 2b \  1 / 2  *~2*b\  2 
~ . b ~ T r  ~ - ' ~ ) ~ T r ~ y ' T )  = 5 (2.8) 

Since Tr [2%~ b] = 2g ~b. The factor l/x/3 stems from 
the normalization of the Q (~ colour wave function. 
We now consider an expansion of N(2.2) and 7/(2.3) 
in powers of q. (2.1) indicates the loop integration 
over q which will be reduced to an integral over the 
Schr6dinger wave function in momentum space 
because of 6(q0). In the 0th order in q we will be 
left with ~ d a q ~ ( q ) - ~ ( r = 0 ) ,  this lowest order 
can only contribute to S wave decays. P waves have 
a vanishing Schr6dinger wave function at the origin 
and therefore we have to expand N.tP(q) to the 
first order in q, which leads us to loop integrals 
of the form ( c ) ~ ( q ) / ~ 4 n = ~ ( q ) )  ~d3qqlglJ~(q)= 
x / 4 ~  d3qq~bJ(q) = x / 4 n ~ u ~  (r = 0) = ~'J~'(r  = 0) 
with the nonvanishing derivative of the spatial 
Schr6dinger wave function at the origin. 
The expansion of N-T(q)  leads in 0th order to 

[Tt(q)'N(q)] (~ 

_ m~ (q'~zCP-�89162162162162162 (kl 'k2) 2 

and in first order to 

(2.9) 

1 
[T(q)'N(q)] (1) - (k I .k2)2 [�88162162162 - ~1 r 
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- �89 "kr162 e 1 "k + r "k -- ]~e i "e2) 
- 2m~ (r162 82 "q + r162 "q -- r "82 + q 'ee l  '82) 

+ �88162162 - 

+ �88162 ~r - r kCz)r (2.10) 

Here k - k z - k~ and the state polarization vector 
is allowed to be of the Y5 Y, type (e.g. pseudoscalars) 
or the 7, type (e.g. vectors). For r of 7, type, the 
trace of (2.9) vanishes, especially the vector ground 
state does not decay into two gluons. But the pseu- 
doscalar ground state does and with CPs from (2.7) 
one finds for massless gluons (k2=O,  k i ' k2  = 2m~) 

- , l(o) = ~_~ k, 81)~es(q)b(qo) T r [ ~ ' N ( q ) j l ,  s ~(Pes,e2, 
x /4n  

(2.11) 

Inserting this in (2.1) and performing the square 
and the polarisation sum gives 

= ~(4~%) : (2.12) 
4g m~ " 

With the width formula 

F -  Pcm 1 [~s~dO j r  12 
4 M  2j~ + 1 ~  ~'-"~1 

@ S (2.13) 

the phase space P~m = M/2,  and the statistical factor 
S = 1/2! the pseudoscalar width is [17, 4] 

[~es(O)[ 2 (2.14) F ( P S  ~ 29) = ~_~2 m~ 

We now turn to states with r of the 7, type. These 
are the P waves (2.4)... (2.6). For  these (2.9) vanishes 
and the trace of (2.10) gives 

Tr(~P.N(q)] (1) 

2 
--  (k I "k2) 2 [ - 2k i " k z ( e ' g i q ' g  2 + e'e2q'81) 

+ q .k (2e  "e i k I "~2 - 28 "e2k 2 "e I + e i "82 e'k] 
1 

+ m~(k l . k2  ) [ k ' q ( P ' e l e ~ 2  - p.828.81) 

+ e 'k(P'82q'81 - p . e lq .82 )  

+ P ' k ( e ' e l  q'~2 - 8"ezq'S1)] 
e . p  

+ m~(k 1.k2)2 [k l 'kz (P '~zq '~ i  + P'~l  q~2 - P ' q ~ ' ~ 2  

+ �89  1 + P . q  k.~ 2 - P . k e  1.82) ]. (2.15) 

In this expression P ' q  = 0 for the quarks on mass 
shell, while the Lorentz condition gives e 'P  = 0. 
For  massless gluons we furthermore have k ' P  = O. 

3. The Decays 3po, 2 "~ g g  

The Q 0 P  waves with spin 0 and 2 can both decay 
into a pair of gluons according to Fig. 5. Inserting 
their polarisation tensor (2.4) or (2.6) resp. in (2.15), 
only the symmetric terms survive: 

H. Krasemann: Jets from Q Q P Waves 

2 
Tr [~P" N(q) ]~o ,  2 = (k 1 "k2) 2[ -- 4k 1 "k2~'e 1 q'e 2 

+ q . k ( ~ . k e 1 . e a - 2 8 . e i k . e 2 - 2 e . e 2 k . e O ] .  (3.1) 

Until now the gluons were allowed to carry arbitrary 
masses. We now specify to the approximation of 
massless gluons (kl 'k  2 =2m~) and compute from 
(3.1) for the decay of the Scalar (using (2.4))" 

E~/~0+ + 12 = 2(47C~s)2�89 72 (3.2) 
4re m~' 

which leads to the well known result [4] 

6 "21~'~(0)12 
F(0 + + ~ 2 0 ) =  % ~ (3.3) 

mQ 

The decay of the tensor (using (2.6)) is [4] 

~lmz+ + I z = ~(47~s) 23 I~)(0)lZ 32 (3.4) 
2 4re m~ ' 

r (2  ++ 2 # ) -  8 2 I  (0)12 (3.5) 
- 3 as m~ 

Yet in case of the tensor the matrix element (3.1) 
contains more information than only this. After 
doing the q-loop integration, but before squaring 
the matrix element and summing over polarisations, 
one finds [14] in the c.m. system 

"/~2++ 8~(k t ' k2  * * *" * 81U82v AV 81 g 2 k i u k z .  ). (3.6) 

Inserting the 2 + +-polafisation tensor which in the 
c.m.s, reads 

~ ~ I = - 0 0 ,  

- 1  , 000 

li~176 l 0  0 0 -T-I ,  
e-+i = ~  0 0 - 

-T-1 - i   oo; 
1 + i  0 ,  

e-+2=1 + i  - 1  

0 0 

(3.7) 

(3.6) vanishes for J3 = +- 1 and J3 = 0. It only survives 
for j3 - _+ 2. 
Note  that this conjecture only holds for massless 
gluons. It is clear that two massless collinear gluons 
cannot form a helicity __ 1 state, but it is nontrivial 
that the helicity 0 state of the 3P 2 resonance does not 
contribute to the decay. The experimental verification 
that the helicities _ 2 dominate in the decay would 
test that gluons really behave as massless (transversely 
polarized) spin 1 particles on short distances. Our 
nonrelativistic approximation to the 2 ++ wave 
function and the 7u gluon-quark coupling are of 
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course also tested. The test is carried out by measuring 
the angular distributions in (Fig. 6) 

e + e - - o V ' ~ y + 3 P z - O y + 2 9 - - * y + 2 j e t s  (3.8) 

in the angles according to Fig. 9. The kinematics 
of the helicity +_ 2 states give (compare the Appendix) 

W~2++-z(o,q~,O~j) ,,~ (1 + cos 20~j)2(1 § COS 2 O) 
+ 2(1 - cos 40~i ) sin 2 0  + (1 + cos 2 0 ~ )  

�9 (sin 20~j sin 2 0  cos (p + sin 20~j sin 2 0  cos 2q~), 
(3.9) 

and integrated over O, q~, 

WE ~= -+21to ~..~ 1 + cos 20~j  (3.10) + + t'-'~,j) 

To contrast this distribution to alternative cases 
like a direct coupling of the 2 + + to a q~ pair or to 
scalar particles, we note the angular distributions 
of the helicity 0 and + 1 decays with the weight A 
for helicity _+ 1 over helicity 0 (again compare the 
Appendix) [ 14] 

W22=o, + ++ ~(O, ~0, O~j) 
"~ [A2(2 § 2 cos 20~j  - 4 cos 40~j) 

+ (!~ _ 8 cos 20~j + 6 cos 40~j)](1 + cos 2 O) 
§ [A2(2 - 6 cos 20~j  + 8 cos 4 0 ~ )  

+ 12(cos 20~j - cos 40~i)]  sin 2 0  

+ [-AZ (1 - 4 cos 2 0 ~ )  - (4 - 6 cos 20~j)]  

�9 sin 2 0 ~  sin 2 0  cos (p 
- [A24 cos ~ O~ + ( 2 -  6 cos 2 0 ~ ) ]  

�9 sin 2 0 ~  sin 2 0  COS 2q~. (3.11) 

and again integrated over O, cp 

W22=o, + + + l ( o v j )  ~ 1 - -  " COS 2 0 y j ,  

6 + 3 A  2 
c~ - 10 + 9 A  z" (3.12) 

The sign in (3.12) is always negative with 1/3 _< e _< 3/5 
in contrast to (3.10). This allows to clearly distinguish 
the helicities _+ 2 from helicities 0, + 1 in the decay 
amplitude and we have thus found one clear test 
for QCD. 

4. The Decay  3 p l  ~ g q 

We will discuss the 3P 1 decay assuming massless 
gluons from the beginning. A spin 1 particle like 
the 3P 1 , however, cannot decay into two massless 
gluons. The next order processes are shown in Fig. 7. 
There is one diagram (Fig. 7c) for 3P 1 -o 9q~ and 
two diagrams (Fig. 7a, b) for 3Pl-o3 9. Barbieri , 
Gatto and Remiddi [4] found that the diagrams 
Fig. 7a and Fig. 7b almost cancel and that their 
remaining contribution is negligible. Okun and 
Voloshin [4] gave the general argument for this 
cancellation: Consider the annihilation of a free 
Q (~ pair. One of the massless gluons, say 91, is a 

193 

3p~ g2 

g3 

(a) 

gl 
Cb) 

3p, 
q (c) 

Fig. 7. Three (a,b,e) next order diagrams for the decay of 3P I 
without permutations 

/ / / " ' "  y ;  "" x. \ \  l/_/jet 1 

/ / /  \ 

jet I 

~. r I / / ~ j e t  2 

k [ y )  

Fig. 8. The display of an event e + e - ~ V ' - . y + 3 P l - ~ 7 +  
g q q ~  V + 2 jets analog to Fig. 6 

t 

Fig. 9. Angles in process (3.8), e + e -0 V' ~ y + 3P 2 ~ 7 -J- gO 
7 + 2 jets. y defines the polar axis and the jet go = 0. Then the angles 
of the beam are | q) in the lab system. O~j is the angle between 
the jet and 7 in the c.m.s, of the 2jets 

Bramsstrahlungs gluon when it carries away the 
angular momentum of the initial Q(~ pair. The 
amplitudes Fig. 7a, b, c therefore show the typical 
Bremsstrahlung singularity. Now we take into account 
that amplitudes Fig. 7a and Fig. 7b interfere, since 
they lead to the same final state�9 Further we know 
from QE D that the singular part of (a + b) factorizes 
in the Bremsstrahlung part times the remaining 
nonsingular decay amplitude of a coloured (3S1)QQ 
state into two massless gluons. Since the latter 
amplitude is zero, the singularities of (a + b) must 
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cancel. The dominant contribution to the 3p1 decay 
will therefore arise from the singular part of diagram 
Fig. 7c. Of course this singularity is cut off by the 
bound state wave function of the 3P a state�9 The 
existence of such a cutoff already follows from the 
fact that colour is confined to a space region of ~ 1/2 
fm in diameter. This length coincides with the exten- 
sion of the P waves in the Y system as well as in the 
charmonium system. It therefore seems to be reason- 
able to cut the singularity of diagram Fig. 7c at a 
minimal energy of Kmi n ~ 400 MeV for the soft 
Bremsstrahlung gluon. For heavier Q(~ resonances 
beyond Y the size of the system becomes smaller 
than the confinement size. Then Km~, increases over 
400 MeV and can be estimated as in corresponding 
QED decays [-4]�9 
The described cutoff procedure, however, is not gauge 
invariant but we hope that gauge invariance is 
restored by higher order graphs like vertex corrections 
etc. as in QED [4]. 
The decay 3P a ~ g q ~  is a three body decay* and 
therefore significantly different from competing pro- 
cesses like a direct coupling to a q c~ pair, which 
would be a two body decay. We will qualify later 
that this feature gives a unique characteristic to the 
structure of the events�9 In a small subsample of 
all events there will be two noncollinear quark jets 
recoiling against a gluon**. Most  of all events, 
however, will have two almost collinear quark jets 
and one soft gluon which should not fragment in 
a jet. 
To calculate the width and the helicity amplitudes 
of ap1 __, gqft we now use the general matrix element 
of chapter 2. From (2.15) follows the width F~ of 
3p~ into one massless and one massive (m--~/a) 
gluon. The matrix element reads after insertion of 
(2.5) and q-integration 

2 
= i 1-4~13 2 ~ ( 0 )  1 Jl"l + + < 

�9 [~2"(2m~ kx - k~" k~ P ~ ) ~ ( ~ ,  e~ ,  k,/~a) 
- ~1 "(2m~k2 - kl"k2PA)~(e2,es~,k, PA) 
+ k 1 .kzPa.k~(el,~s~,ez,~fiA)] (4.1) 

Squaring and summing over the polarizations gives, 
when k 2 = 0 and k 2 = a [18], 

2 I~/~] + [2 ~- 2(4x %)2 �88 I NA(0)] 2 3 2 a ( M  2 + a) 
+ 4re m ~ 7 7 a ~  2 (4.2) 

The width follows from (2.13) (here S = 1) 

4~(M 2 + a) ' 0 [2 
F~(l + + _.+ gg,)  _ ~ ~2 M ~  ;~ - , I ~ A ( m e  (M - a) ) (4.3) 

* Note that these q~jets are c~ a quarter of the time since the quark 
couples by its colour, not its electric charge 
** In T' decays this gluon will be too soft to form a jet itself 
but in corresponding Q(~ (30 GeV) decays it will give rise to a three 
jet configuration in a fraction of all events. 
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q 

Fig. 10. The squared matrix element for the aP 1 ~gq{l decay 

The term ,-~ a in the numerator of(4.2) and (4.3) comes 
from the transverse helicities of the massive gluon, 
the term ,-, M 2 comes from 0 helicity. In the limit 
of high gluon masses x/a - M both terms contribute 
equally. This corresponds to an electric dipole pattern�9 
For small a the 0 helicity of the massive gluon domi- 
nates (because the transverse helicities are strictly 
forbidden in the limit a--, 0). 
Inserting the imaginary part of the gluon q ~ vacuum 
polarisation 

n ~ m Im 7c~)(~)= ~1q6(1  + 2m2]  /1 4 m Z o ( a - 4 m 2 ) ,  
~ - / ~ /  a 

(4.4) 

written as a sum over the light quark flavour q, 
and integrating over a gives (compare Fig. 10) 

F(1 + + ~ gqO) = l ~ daF.(  1 + + -+ go*) Im ~z~2'(a). 
(4.5) 

For each quark flavour the vacuum polarization (4.4) 
is down by a factor 1/2 compared to the abelian 
case (QED). This simply is the algebra ~bg2~j2 
"gzbj2 = ~bl/402Tr(2"2 b) = 1/2g 2. We now expand 
(4.4), neglect terms ,-, m2/a, mZ/m 2 and find (compare 
Fig. 11 for the integrand): 

. 8~31~;d0)12 
r(m + + gq ) = 

M2-A M 2 + a 
�9 ~ da 
4m 2 2 M Z ( M  2 - a)  

- 3  -3~-~m~ \ ~ - - � 8 9  1 - ~  . (4.6) 

We have cut off the integration at M 2 -  A which 
corresponds to a lower limit on the energy of the 
soft gluon of kmi n = 1/2A/M. 
The angular distribution for the process (Fig. 8) 

e+e - ~ V ' ~ 7 +  a P 1 - - * 7 + g q g l - - * ? + g + 2 j e t s  
(4.7) 

depends on the ratio A of helicity _+ 1/helicity 0 of 
the massive gluon which in turn depends on its 
mass ~/a. In Fig. 11 the differential rate dF/da and 
the contributions of the two helicity amplitudes are 
shown. As a function of A we find [18] (compare 
the Appendix) 

1++ 
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dF16 

14 dF, I / 

" I /  
lo . ~ 1 ,,/ 
9 " ' ~  = ~ y ,.0 dl7,__2 

5 /  d~  = y_.._ 0.5 
41- I ': 

0.2 0.4 0.6 ~ J ~ ~ ~ l i ~ f I M )0 

Fig. 11. The integrand of (4.6) as a function of the (mass) z of the 
heavy gluon in arbitrary units. The wave function cutoff described 
in the text is shown for the charmonium and )"system. The relative 
weight of the heavy gluon helicities is also shown 

5 (A  2 q- 1) - ( 2 A  2 + A - 2) COS 2 [9e7 

+ (A 2 + 3A + 1) cos 19e? COS 197j COS Oej (4.8) 

with the angles Oe~ between beam and photon, 
Oe~ between beam and jet, O~j between photon and 
jet. (4.8) is symmetric against reversion of the beam 
axis or the jet axis, but for the definition of these 
angles one has to take the same side of the beam 
(say e- )  and the same arm of the jets. Another warning 
corresponds to the frames in which the angles are 
measured: Oey is in the lab frame, but Oej and O~; 
are measured in the c.m.s, of the two quark jets ! 
In the kinematical range a > (M/2) 2 we have 1 < A < 2 
and the angular distribution varies very slowly. 
In this range 

oqq W 1 + + (Or Oej , O~j) --~ 2 -- COS 20er  
+ COS Or COS Oej COS O~j (4.9) 

up to 10~. For the 3P 1 decay in the Y system any 
event in which the quarks form jets falls within this 
range. 
To compare this distribution to an arbitrary two- 
body decay (e.g. q q) we note the angular distribution 
of the latter again as a function of A = helicity 
_+ 1/helicity 0 

qq 
W 1 + + (6)ez,, Oej  , Oyj) ~ (1 + A 2) --  COS 2 0 e ~  

+ (2 - A 2) cos O~r cos O~j cos Orj (4.10) 

In the case of a decay of the 1 + + in two spinless 
particles A -- 0 and in case of a decay into massless 
quarks A = oe [15]. 
The main difference between the process (4.7) and 
alternative processes is, however, that in (4.7) the 
quark jets stem from the heavy gluon which carries 
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a considerable amount of energy. Therefore the 
two quark jets of process (4.7) recoil against the 
momentum Pboost of the soft gluon and will in general 
not be collinear, whereas in two body decays of the 
1 + § as well as in the decays of the 0 + + and 2 + + 
the recoil momentum of the trigger photon will 
only slightly change the collinearity of the two jets, 
by at most 10 degrees. To simplify the discussion 
we pick out events with 0.5 =< a/Ma N 0.8 (compare 
Fig. 11). In the ?('system this corresponds to 7 GeV ~< 
x/a < 9 GeV and 0.95 GeV < Pboo~ < 2.55 OeV. This 
range contains ~ 35~ of all events. From this sample 
we pick those events where the quark momenta 
are almost perpendicular to the boost in the rest 
frame of the heavy gluon. For these events the opening 
angle in the lab frame is easily calculated and we find 
Oq0 in the range 110~ Oq-<_ 160 ~ much smaller 

0 O - -  q - -  �9 , than 170 < Oq~< 180 for any imaginable other 
process. In the ~ s y s t e m  the energy of the recoiling 
(soft) gluon is not sufficient for the formation of a 
third jet, it will just lead to a central cluster of recoiling 
soft hadrons (Fig. 8). In higher Q (~ systems, however, 
the recoiling gluon sometimes leads to a third jet. 
This jet configuration is unique for the process (4.7), 
its experimental verification for a small subset of 3P 1 
decays would test much more assumptions and 
features of QCD than the angular distributions 
alone. 

5. Outlook on the Y system and Higher Q 
Resonances 

From (3.3), (3.5) and (4.3) we find [4] 

F(0 + +) :F(1 + +) : r ( 2  + +) 

= 15 : ~ - \  ~ - -  :4 (5.1) 

For cs we take 0.4 at 3 GeV leading to G = 0.25 at 
10 GeV and G ~- 0.2 at 30 GeV. The number of 
quark flavours n = 3 for c~ decays, 4 in ~" decays 
and would be 5 at Q(~(30). With the same kmi, ~ _ 
1/2A/M ~-400 MeV in all three cases for simplicity 
(5.1) becomes 

15:0.9:4 in the J/tP system 

15:1.4:4 in the  rsys tem 

15:2.2:4 in the Q(~(30) system. (5.2) 

In a detailed numerical analysis we find t~'cr ~_ 

15 MeV in charmonium and IN;~(0) 12/m 2 -~ 2.5 MeV 
in the 1" system. Both quoted quantities are to a 
large extent quark mass independent. From (3.3), 
(3.5) and (4.3) we now calculate the widths of Table 1. 
Estimates for interesting branching fractions in the 
Fsystem are given in Table 2. The results of Table 2 

are based on the following scaling [19] estimates 
with J /7  j data as input. 
The F ' -  Y splitting is as large as the 7 j ' -  J /7  s 
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Table 1. The model hadronic widths of some QQ states with 
~(3 GeV) -~ 0.4 

ec O- + 0 + + 

rh"dr(ee) [MeV] 20 11 

Fhaa~(b5 ) 9 1 

1++ 2++ 

0.7 3 

0.1 0.25 

Table 2. Estimates of some branching fractions and widths for 
Y' decays, taking exp. charmonium results as input and using scaling 
laws described in Ch. 5 

~F'(3.7) partial widths scaling Y' (10) partial widths [B.R.] 
Input [keV]  Law eb = -- 1/3 [keV] 

e+e - 1.9 e~ I 0.47 [1.7%] 

pt~#tt 

3P 2 + ~/ 15 
3P1 + Y 15 
3P o + y 15.5 
3g 2O 
n~aS1 105 

I 3.2 [0.11] 
1.5 [5.5%] 

4k3rn[211 1.1 [4%] 
10.6  [2%] 

~s 10 [0.36] 
m~ 2 11 [0.4] 

F(~")~ 28 keY 

3pJ(cc) B'R" scaling aP~(Y)B'R' [%] 
Input [%] e b = - 1/3 

j = 0  j = l  j = 2  Law j = 0  j = l  j = 2  

3S~+7 3 35 14le6k3m~_~ 4 29 10 
~2m-i 29 97 65 86 { ~ Q 96 71 90 

Branching fraction Y' ~ ? + 2 jets [%] 2 3 

splitting [12]. We therefore also expect the c.o.g. 
of the P waves of the Y system to lie ca. 160 MeV 
below F'. The P wave splitting, following the Fermi 
Breit Hamiltonian with the Coulomb part V~(r)= 
- ~ % / r  of the potential alone, behaves as 

/ ~  \ 

m ~ _ z ( l o ~ v ~ ( r ) ) .  The linear part of the potential, 
\ - -  / 

however, determines the length scale of the wave 
functions, r ~ m~ 1/3 and thus we find a m~ 1 behaviour 
of the P wave splittings. 

Y M(3Pe) - M(3p~) "-~ 20 MeV (5.3) 
: M(3p~) - M(ZPo) ~- 30 MeV 

The radiative decay widths of f" into the P waves 
2 3 1 1 behave as eek  k~.o.om~. , following the dipole sum 

rules. Since k~.o.o= 160MeV in both charmonium 
and the F system, we are left with Q2k3m~ 1. The 
leptonic decay of F' follows the Van Royen Weisskopf 
formula [20] 

Fe+ e- (V') = 40~ 2 e~l~(0) l 2 Mv12 (5.4) 

and scales like e~ r -  3 m~ 2 . F e +  e -  therefore scales 
like e~m~_ 1 in a pure linear potential and like e~ m e 
in a pure coulombic potential. The wave function 
at the origin in (5.4) must feel more of the coulombic 
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part of the potential than the dipole matrix element. 
Detailed numerical calculations show almost m e- 
independence, which is also supported by experiment, 
eff Fe§ - (J /O)  '~ e2 Fe+e - (Y'). The total width via 1 
annihilation is ( R +  2)Fe+e-. The direct hadronic 
decay of Y',F3g, is related to Fe+ e- by F3g ~ Fe§ 
a~'eo 2 and the n~c cascade decay into the ground 
state-scales like m~. z for constant phase space [21]. 
Putting everything together we find process (3.8) 

o/  in ~ 5/0, process (4.7) in ~ 3~,  and the process 
analog to (3.8) involving the 0 ++ in ~ 2 ~  of all 
F' decays. The branching fractions for corresponding 
decays of a 30 GeV Q Q resonance will not be much 
larger, even if this resonance should have e o = 2/3. 
This is because the hadronic decays become relatively 
unimportant. The unknown quantity which deter- 
mines the branching fractions is the ratio of the 
wavefunction at the origin to the dipole matrix 
element. 
The experimental problems in a P wave jet search 
(besides the small branching fractions) are i) the 
background process F' ~ 2n ~ F ~  17 + X with only 
one ~ from a n ~ decay detected and ii) the necessary 
photon resolution of ~ 20 MeV (compare (5.3)). 
While problem i) becomes unimportant at the 
Q O (30) resonance (the cascade 23 S 1 -+ g 7~ 13 $1 there 
is negligible), problem ii) becomes more severe. 
The spin orbit splitting will decrease by another 
factor of three and be typical around 5 ... 10 MeV. 
Differentiating process (3.8) from (4.7) becomes 
even harder than in the F system. 

6. Appendix 

In this appendix we give the explicit angular distri- 
butions [22, 23] for 

e+e -  ~ V1 "+]11 "3r • j"+ 71 + 7 2  + V2 "'~ ~1 + 7 2  + ] 2 + ~  - 

(6.1) 

with j = 0, 1, 2, following from the general formula 
of Karl, Meshkov and Rosner [22]. We will only 
describe this formula shortly and refer to Ref. [22] 
for a detailed discussion. The first part of the cascade, 
e + e-  ~ V 1, is determined by the 7, coupling of the 
s channel photon to the electron, neglecting the 
electron mass. The same is true for V 2 ~ #+ # - .  We 
now look at the intermediate states Z~ (e.g. 3pj in 
cg or b/~) wi th j  = 0, 1, 2. The transitions to and from 
gj can be described by the helicity amplitudes 

v; (~1) --' ~1 (~1) + z~(vl) 

B~I, 1:21 = kq - vl (6.2) 

and 

Zj(V2) ~ ~)2 ([A2) 71- V2 (/~2) 

Av2,.2 : Y2 = ~/2 - -  '~2 (6.3) 
The helicity amplitudes A , B  for #1 2 = + 1 are 
related to those for #1,2 = -  1 by parity, so that 
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\ \ \  e- 
\ 01 

(a) 

(b) 

Y2 

(c) 

ix + 

Fig. 12a-c. The three coordinate systems for e+e---+V'~ 
?~ + aP~--* ?~ + 72 + Va ~7~ + Y2 -]- ]A+fl - according to ref. [22] 
a in the c.m.s, of the beam (lab system). 7t is the polar axis. 7~ 
defines ~o~ = 0, the beam (e , say) has the angles O~, qh. 
b O~ is the angle between y, and ?e in the c.m.s, of the aPa state. 
c in the c.m.s, of the # pair. 72 is the polar axis, 7~ defines ~o 2 = 0, 
the p pair (# , say) has the angles O2, ~o z 

j + 1 independent As and Bs survive: 

A~=: = &~, 1 = P ( -  1)L4_~,_ 1 

B ~  : = B ~ , I  = P~(  - 1 )~B_~ _I  ( 6 . 4 )  

The full angular distribution can now be written 
as a sum over these (real) helicity amplitudes with 
the density matrices p for the initial and final lepton 
pairs and including rotations d(O~) after the emission 
of 71 and before the emission of  72 

%(01,(0,,0,~,0~,(09= ~ p"~'"'-~'(o~,(00 
#1,#2 = ! 1 

"BI~, I Blv, I d~- ~,,~2 (OyT) d j- ~ ,~ (O~) A I ~21AIV2t 
'P*  22'v2-/~2({~2' (02)" 

For the five angles we adopt the conventions of 
ref. [22] (compare Fig. 12)�9 These five angles are 
not measured in the lab system and experimentally 
they have to be computed from the measured angles 
and momenta event by event�9 In the case ofj = 0 (6�9 
reduces to 

Wo({~l ,  (01,1~.]7,1~2, (02) ~ ( l  -~ cos  2 0 ~ ) ( 1  + cos 2 02) 
(6.6) 

For j  = 1, 2, however, the sum of (6.5) is quite lengthy. 
We have used REDUCE [24] to compute the sum 
and yield 

W1 (1~1, (01, O~, ,  0 2 ,  (02) 
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~ (dl1211 + d112oo + doo211) 
+ (agoo - d l l ) (~oo  - ~11) c~  

1 
+ ~(doo - d l l ) B o B  1 cos (0a sin 201 sin 2 0 ~  
+ �89 --  ~ o o ) A o A 1  cos  (02 sin 2 0 2  sin 2 0 ~  
+ �89 1 BoB 1 sin 201 sin 202(sin cp 1 sin ~02 cos O~ 
+ cos (01 cos (02 cos 20~) ,  (6.7) 

W2(01, (01, O~, 02, (02) 

( 2 d l l  + d22)(2~11 + ~)22) 
~- ( d o o  q- 3 d 2 2 ) ( ~ 0 0  -~- 23~22) - 3A22~22 

1 + 6 cos 2 O~ [(agoo - ~,5r - -  1~.~22 ) 

- 2(agoo - ag11)(~oo - ~ 1 1 ) ]  
1 1 

-~- COS 4 {~?~ [3 (agoo + 2~r  -~- 2'-~22) 

+ 6(agoo - 2agl ~)(~oo - 2~11) 
1 

- 2(2ag1~ + ~'N'22)(2~11 q- {~22)] 

X/-{~ COS 2 (01~02  [lzatr - ~r + & a t ' 0 2  COS 2(02 

f- 
+ 

,/6 
l a g  

+ 2 C O S 2 0 ~ 7 ( 2 a g O O -  2 a g l l  ~ 02 COS 2(02) 

AV COS 4 0 ? , y  (4agl 1 - 3 agoo - �89  

+ \ / 3 a g 0 2  COS 2(02 )1  

+ 4 cos 2(02ago2[�89 - ~oo + &Co2 cos 2(01 ,/6 

+ 2 cos 20~(2Noo - 2Nll  - 1-~No2 cos 2(01) 
,/6 

+ cos* O~(4~11 - 3Noo - 2 ~ 2 2  "~- ~02 COS 2(01) ] 

+ X/6 sin (01 sin 2(0 2 sin 2 01B 1 ago2 sin O~ 

[~33 1 1 1  �9 Bo - ~ B  _ cos2 o , , ( ~ B o  + ~ B 2 )  

- ~ sin (02 sin 2(01 sin 202A1~o2 sin 0 ~  

-- 2 sin 2(01 sin 2(0 2 a g 0 2 ~ 0 2  ICON 077 -- 3 COS 3 0,,2.~] 

+ cos (01 sin 201 sin 2 0 ~ B  1 

4 cos - . ~ B  o -[~Bo(Zagl,  +,~ago~ 2(02) 
~ 4  

�9 (~ag22 + 3 agoo) + ~ 2 B 2 ( ~ a g =  - 3 agoo) 

1 ` / ~ a g o 2  2 (02+3agoo)  -~- COS 20? ) , (~ag22  -- 4agll -- COS 

" ( ~2B 2 + x/-3 Bo ) l - c~ (0 2 sin 2 0 2 sin 2 0 ,, A1 
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1 (3~22 + 3~oo) + ~22A2(3~22 3~oo ) N/-~A o 

+ cos20~( �89 - 4Nl1 - , ]6~o2 cos 2~o 1 + 3~oo ) 

" ( ~ 2 A 2 + x / 3 A o ) l + s i n 2 O l s i n 2 0 2 A t B 1  

"[(COS q)l COS q?2 -- COS O77 sin qh sin q~2) 
L- 

q- COS 2 8 y  v COS q)l  COS (/03 

"( 3 A2B2 - ~66A2Bo - ~66AoB2 - 11AoBo) 

+ cos 3 0 ~  (sin go 1 sin go 3 + 4 cos O~ cos go 1 cos go3) 

�9 1 B 

with 

d l 1  - A ~  sin 2 02 N l l  - B E  sin 2 01 

d o o  = A~(1 + cos 2 82) Noo - Bo2( 1 + c~ 81) 

d a 2  = A~(1 + cos 2 82) ~22 - B~(1 + cos 2 81) 

s~o2 - AoA2 sin2 02 No2 - BoB2 sin2 O1 (6.9) 

Equation (6.7) and (6.8) can now be specified to 
physical processes with explicit dynamics. A speciali- 
zation to electric dipole photon transitions e.g. is 
achieved by setting A o = A1,B  o = B 1 in (6.7) and 

A 2 = v/2A1 = v/dAo, B 2 = ,4/2B1 = x/dB0 in (6.8). 
However, the power of these formulae reaches further. 
To show this we start with (6.8). Here we assume 
the first 7 transition to be electric dipole again, 
B 2 = ~,/2B 1 = ~ d B  o. For the second transition we 
identify 72 with one gluon, V 2 with the second gluon, 
integrate over 82,q~ e and find that we are now 
describing the process (3.8), e + e- ~ V 1 ~ 71 + 3P2 
71~3 ~ , . ~  becomes 8 , .  Specifying the dynamics 
to ~ J "  ' ' ' ' . A o = 0, we obtain the distribution ( 3 . 9 ) .  

Se t t ing  A 2 = 0 and A =-A1/A o on the other hand 
leads to (3.11). 
We now turn to (6.7) and again assume the first 
transition to be electric dipole, B 1 = B o. (6.7) can 
now be compared to process (4.7), e + e- -* V 1 ~ 7 + 
3P1 ~ 7 + g + qq, by identifying 72 with the gluon 
g, and the # pair with q~. V 2 plays the rdle of the 
intermediate heavy gluon in (4.7). A transformation 
of the angles in coordinate system 2 (with respect 
to 72 =g )  by O~g to a system 2' in which 71 -=7 is 
the polar axis, allows to integrate over the angles 
of the unobserved gluon and we obtain (4.8). There 
A =-A1/A o. Note that A 1 corresponds to a longi- 
tudinal heavy intermediate gluon and A o to a trans- 
versal one because of the transverse polarizations 
of the massless gluon g. But (4.8) is symmetric under 
an exchange A t ~ A o . 

H. Krasemann: Jets from Q Q P Waves 

Note further that in the process competing with 
(4.7) the angles are defined as discussed above for 
process (3.8) and therefore this process differs quite 
much from (4.7). 

Acknowledgement. I am indebted to M. Krammer for many helpful 
discussions during the course of this work. 
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