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ABSTRACT

We discuss the analysis of possible 3 jet events in e+e_
annihilation and elsewhere. 1If one selects events with low
thrust, the particles recoiling away from the thrust axis
should appear as a pair of back-to-back jets in their centre-
of-mass system. The angular distributions of such jets are
very different in the case of vector gluon bremsstrahlung from
what they would be for scalar gluons, or for the 3 gluon decay
of a heavy quarkonium resonance. We outline a similar analy-

sis of 3 jet events in photoproduction.
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1. Introduction

There has been much interest recently in the possibility of clean
experimental tests of QCD in hadronic final states in e+e— annihilation
and elsewhere. The basic idea is that the production of basic hadronic
quanta (quarks, gluons) at large momentum transfers should be calculable
in QCD perturbation theory, and reflected in the energy and angular
distributions of final state hadrons. A prototype reaction is e+e_ > qq
- 2 hadronic jets [1], which have been seen at SPEAR [2] with the angular
distribution = (1 + cos2 8) expected [1] for spin 1/2 quarks, whereas
spin 0 partons would have led to a (1l - c032 8) distribution. Several
authors have suggested that the higher order process e+e— +-qa + gluon
may also be manifested in hadronic final states. 1In its most distinctive
form this process may give 3 jet final states [3]. 1t should also lead
to Pq broadening [4], characteristic patterns of hadronic.energy deposi-
tion [5], angular correlations [6] and scaling violation [7] effects
within 2 jet events. The purpose of this note is to discuss a method [8]
of analyzing candidate 3 jet events so as to clarify their event struc-
ture. We propose that the angular distribution of the two less energetic
jets in their centre-of-mass frame will provide a test of the spin of the
gluon as sensitive as the test of quark spin provided by the (1 + cos2 9)
angular distribution of 2 jet events. Our approach does nothing but reex-—
presses the known differential cross sections for e+e— -> qa + vector
gluon (fig. 1(a)) [3], e+e- + qq + scalar gluon (fig. 1(b)) [3], and
quarkonium + 3 vector gluons (fig. 1(c)) [9] in a way which enables clear
experimental discrimination between these physical processes. The same

method of analysis could be applied equally well to electroproduction,
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neutrinoproduction [10,11] or photoproduction final states. We outline the

application to photoproduction [12].

B2

2. e+e— Annihilation

We start by clarifying and correcting a method of analysis suggested

in ref. [8]. Define the thrust T of an e+e_ final state by [13]

h
lp -m|

T = max hadrons h (1)

n 2 |p"|

hadrons h

where n is a unit vector of arbitrary direction. The direction of n
which maximizes T--the thrust axis--has a two-fold ambiguity which we
resolve [8] by demanding that the sum 2:[22! of hadronic transverse
momentum be smaller in the forward hemi:phere about the thrust axis. If
the event has a 2 jet structure, TX 1l with corrections due to nonpertur—
bative effects which can only be unreliably estimated [8].at present. If
the event has a 3 jet structure, T <1l with the most energetic jet aligned
along the forward thrust axis, and having energy x1Q/2 Q TQ/2, where Q

is the total e+e_ centre~of-mass energy. The two less energetic jets

will recoil into the backward hemisphere about the thrust axis. They

should have a total energy

- _I
E=q (1 2 (2)
and an invariant mass
M= QY1-T (3)

We propose [8] to analyze for 3 jet events by:
(A) Selecting events with low thrust, e.g., T X 0.8 at Q v 15 GeV,
T<0.9 at Q v 22 GeV, thus ensuring that MX ke 7 GeV, the centre-of-mass

energy at which 2 jet events were most distinctive at SPEAR.
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(B) Verifying that 2:‘2?1 is small in the forward hemisphere about
the thrust axis, as wouldhbe expected if a jet is headed in that direc-
t‘ion.‘m

(C) If so, discarding the hadrons in the forward hemisphere and

Lorentz boosting (see fig. 2) the remaining hadrons by an amount Z:

ch g = =1 . (4)
2V/1-T

It can be seen from eqs. (2) and (3) that if the event does indeed
have a 3 jet structure, the "jet boost" (4) should bring the 2 less
energetic jets to their centre-of-mass frame where they should emerge
back-to-back. Defining the angle which these jets make with the thtrust

n
axis to be 6, we see that

Y]
sin 6 = Tl'/g ’ (5)
4v1-T

where S is the spherocity [14]
h;\2
2 %;IBTI
i —  h. (6)
%lzﬂ

For three-jet events there is a kinematic bound

2
64 (A-1) (2T-1) o 16 (4 gy 7
2 2 -7 -2
T T Ll
which can be re-expressed as a bound on g:
4(1-T) (2T-1) < sin2 g <1 . (8)
7 - -

n,
As an example, if T & 0.8 the bound (8) forces 6 to lie between 90° and
about 60°. One may therefore continue the analysis by :

(D) Verifying that the remaining hadrons do indeed form two jets in
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their centre-of-mass, with a 8 angular distribution satisfying the con-
stra;Ets (8). Providing that the thrust selected is such that the dijet
invariant mass MX (3) is > 7 GeV, it should be just as easy to distinguish
jet structures from a phase space distribution and measure do/d(cos 3)
as it was [2] when looking for 2 jet events at comparable centre-of-mass
energies Q ~ 7 GeV.

It is easy to calculate the distributions in T and 8 from the known
cross sections for e+e— - qa + vector gluon g [3], e+e_ + qq + scalar
gluon s [3], and quarkonium > 3g [6]. We find that the angular distri-

o\
butions, normalized to 1 at cos 0 = 1 are

n,
3(2-1)T? cosz 8

1+
do(qqg) - 4 + (2-m)°
- 2~ (9)
d(cos 9) 1 - cos™ ©
Y]
1+ T(3T- 4) s 8
dc(qqs) - 4~ 3'1‘2 . (10)
d(cos 6) 1 - cos™ 8
2 2% '
1+ (6T —12T+4) + T cos 6 c032 E
do(ggg) - 8(;-T) + (2—3) (1)
d(cos 9) T 2 v
- ———5 cos 6
(2-1)
1 do 1 .
The cross sections 5 dar @ and ?-ai-have been plotted before [8]. 1In fig. 3

we plot the normalized angular distributions (9,10,11) for representative
values of T = 0.8 and 0.9.
3. Results

We note the following serendipitons features of the distributioms.
For e+e— + qqg, the angular distributions are essentially independent of

T, with the exception of the change in the kinematic bound (8). For
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v
cos 9;5%3 the distributions are well approximated by
- y —990998) o 1 4 5 cos? 0 (12)
d(cos 0)

+ - - .
For e e -+ qgs, the angular distributions depend slightly on T, becoming
flatter as T increases. However, a good approximation for cos 8 b %-and

T~ 0.8 to 0.9 is

N—di(ﬂﬂi—)m1+o.2 cos” o - (13)
d(cos 9)

For quarkonium - ggg, the angular distributions are again essentially

independent of T, and can be approximated,for cos g < %3by

N _Qligg%l vl - 0.1 cos2 g
d(cos 0)

. (14)

The approximate thrust independence of the angular distributions means

that data with different values of T can easily be combined, as well as
data from different centre-of-mass energies Q. The grosé differences

shown in fig. 3 between the angular distributions for e+e— + qqg and qgs,
seen also in the approximate fits (12) and (13), mean that these angular
distributions are sensitive probes of the spin 0 or 1 of the gluon. The
only experimental tests of gluon spin to date seem to be the deep inelastic
scaling violations, seen best in the neutrinoproduction analysis of the
BEBC group [11]. However, that evidence for spin 1 gluons is rather abstract
and formal, and we think the jet angular distributions (12) and (13)

should be as striking as the e+e~ + 2 jets test of spin 1/2 for quark-
partons. We also notice that the angular distributions on and off a
quarkonium resonance (assuming the latter to be described by spin 1 gluons)
are very different, which may be another good way of confirming the

charmonium expectation that the dynamics of resonance decays are very

. + - .
different from those of the e e continuum.



4. Photoproduction

Finally we should note that analyses like the one discussed above,
including angular distribution tests of the spin of the gluon, can be
made equally well in electro-, muo—, and neutrinoproduction. Another
process where the applicability of the QCD perturbation theory used
here has recently been justified le] is the production of large Pr jets
in photoproduction [15]. In this case the relevant hard scattering sub-

processes are those illustrated in fig. 4. One can proceed in a manner

identical to that outlined earlier. Defining a thrust
h
2 lp,|
_h
B h
2 1p"
h

T* (15)
where all the momenta are measured in the photon-nucleon centre-of-mass,
and triggering on events with low thrust. The process then involves
scattering off a gluon or quark parton with longitudinal momentum frac-
tion

x=1-T%*% (16)
at an effective

9 = xs (17)

where Vs = VZkYmNi-mg is the photoproduction centre-of-mass energy.
Asymptotically free QCD perturbation theory can be applied to events with
low T*, which by the inequality (7) guarantees large spherocity (pT).

The jet boost (4) can again be applied to the forward-going particles to
bring them to what should be a back-to-back two-jet configuration. The

normalized angular distributions in the boosted frame for the different



-8 -
subprocesses indicated in fig. 4 are [12,16]

do(y+q > g+g) 4 + (l+cos 8)2

N ™ ™ (18)
d(cos 0) 5(1 + cos 6)
e 428" 20-6%?
N do(y+g > qtq) _ (1—82c032 a) (1—82c082 6)2
n - 2 A (19)
d{cos 8) 1+ 28% - 2B
where
4m2
B=\1-—t
2
Q

In formula (19) we have retained the dependence on the quark mass: 8 is
the quark velocity in the y+g centre-of-mass frame. The process

Yt+g > q+a is clearly flavour-symmetric when Q2 = (1-T*)s ig large enough.
Thus a low thrust trigger may be a good way to enhance the signal-to-
background ratio when searching for heavy quark flavours .in photopro-
duction. Verification of the angular distributions (18) and (19) would
be good confirmation that QCD perturbation theory [l11] is indeed applic-
able [12] to real photoproduction.
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Figure Captions

1.

Final states with three basic hadronic quanta: (a) q+q > vector
;iuon g, (b) q+q + scalar gluon s, (c) 3 vector gluons g.

The jet boost J brings the two secondary jets to their centre-
of-mass frame.

The normalized angular distributions N do/d(cos 8) for A: qqg,
B: qqs and C: ggg plotted for T = 0.8 and 0.9. The vertical
lines are the kinematic cutoffs given by eq. (8).

Feynman diagrams for low thrust T* events in photoproduction:

(a) gluon bremsstrahlung [11}, (b) qq pair production.
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