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There is at present much interest in the theory of quarks with coler
THREE GLUOW JETS AS A TEST OF QCD

and flaver interacting with an occtet of massless vector gauge bosons

carrying color only. This theory is called quantum chromodynamics (QCD) (i).
K. Koller

Colered quarks have never been seen in deep inelastic processes, Jets of
Sektion Physik

: + - iy . s
hadrons are seen, however, and in e e annihilation twe back-to-back jets
Universitdt Miinchen :

. . . . . + = - s
occur with an angular distribution just that for e e —qq with spin 1/2

quarks (2). It is physically reasonable that a colored gluon with large
T,F, Walsh

momentum will alse lead to a jet of hadroms carrving the total three-
Sektion Physik

momentum of the gluon (but no color) ) (q). The angular and momentum
Universitit Wuppertal

distribution of this jet then reproduces the original gluon angular and
and

+) momentum distribution., Sinee gluons have nc flaver, gluen jets have no
Deutsches Elektronen-Synchrotron DESY, Hamburg

net flavor {(unlike quark jets, which carry isospin and other flavors).

As a test of QCD we suggest loocking Lor the existence cf gluen jets in the

5y +)

Abstract 3
decay of a heavy Sl quark-antiquark state

As a test of quantum chromedynamics (QCD), we suggest looking for gluen

P Qa———b3 glucns — 3 gluon iets
jets in the decay of a heavy quark-antiquark bound state produced in e e

annihilation
! (6}

_ This is the mechanism for the direct decay of such a heavy state in QCD .
G Q—e3 gluons —¥3 gluon jets
It is a generalization of the 3 ﬁ'decay of orthopositrenium in QED, and it
In particular, we point out that these events form a jet Dalitz plot,

is this fact which allows it to be calculated. This also means that

and we calculate the gluon or jet distributions (including the effect
+ - Q@ — 3g is a sensitive test of the belief that g is a massless vector
of polarized e e beams). This process affords a test of the gluen spin. .- _
P - particle. The search for gluon jets as a QCD correction to e e ~— ¥ —rqq,
It is the analogue of two-jet angular distributions in e ¢ —w q ¢ —#2 quark

4+ - -
namely e e —» 14"—#qqg, has been suggested in ref. {3). Searching for
jets. We also estimate multiplicities and momentum distributions of hadrons

Cota vy s diafinteld B il o] s 1 Tk e b wa

_ gluon jets in the decay of heavy Qﬁ resonances may be preferable - especially
in Q Q —»3 gluons—shadrons, using the receatly discovered i]:(9.4) as

if objects with mass above ~ 20 GeV are found,

an example.

) We denote the new heavy quark by Q and all lighter ones by g.
+}

permanent address




0f course, in addition to the 3 gluon jets, Qa—-«plx_.qi gives rise

to two back-to-back jets in the final state. Off the narrow Q(_z resonance
R - . . . I'('I c o -) R - =
- —pCC _ i Y-vee )= e —»CC +
the sole process is e e —p i'x__.qq, and only the two-jet configuration L pe . )/ ( ( o= )

results.

. . and not very much larger as would be the case if I decayed by mixing
To be concrete, we suggest looking for 3 jet decays of the recently found ’

L o . ith charm (QQ c). Of this relation holds trivially for a
I(Q.ﬁ) (7 +), assuming 1t to be a QQ state. The same considéerations are v charm (QQ 4= cc) CONTSE, on nolds tri yore

. . = . heavy le tén ¥ . The gluen {jet) momentum distribution can be computed
applicable to any heavier QQ state. Assuming that belowI . ¥ lep g (i I P

R =¢(e+e__-_’ ho.d.)/S(e*e‘-’/u’;u‘) =5 (including T*T™) we find the in QCD. The mean energy of a gluon jet will be My/3, the jets will be coplanar

rati and form a sixfold symmetric jet Dalitz plot in terms of the jet momenta
atios

ol — — . . . . .
- - . \Pll s [sz , |P3] or the relative angles. This distribution can be ob-
qu‘e"ﬂ.d}u.’ : I‘—-—b‘[-waqq+ TT-—» L jots 1 ’rﬂfig,—oﬁdfds

tained by a straightforward but montrivial calculation like that for the

2 5 5 f«r dmﬁ—g,e L= a’/? T decay of the 381 state of positronium to 3Y . An essential complication is
a4y 5 ac ‘fmr' change €q=- /3, the polarization of Y = QQ produced by e'e” beams. The photon in
e+e—_y1x——uqﬁ transfers the polarization of the e*e state to QQ. Tntro-
ducing the spi S (£ d S (for Q the polarizati
using {6) ucing the spin vectors S (for Q) an /q.( or Q) and the polarization
tensor
— - - 3 EE
T{Y— 3%)/F(T—'€€) = IO(W"—Q)O(S/&*rrex eq @
1 - —
S/u.v = 'i'( s/usv"“s/"-sv) (3)
and choosing the QCD coupling g (MI) = .1
+ - * 2
(for transversely polarized e € beams we find 2.5“=—1-E N :'SY"":‘i"P 3

+

. . : , R the other elements being zero; P is the € polarization; the x axis is
There is an important consistency check on I —P 3g being the sole direct & ’ P ?

: - . dicular te the ri 1 d th i 1 but
decay. Since it is very improbable for a gluon to fragment tc a heavy perpendicutar to tng plane an e ¥ axis is in the ring plane, bu

-
, . erpendicular to - . We evaluate the six contributing Feynman
charmed quark pair we expect that perp PQ. ) g ey

diagrams for QQ —w Jg in the QQ rest frame, neglecting the binding energy

(fig. ). This and the masslessness of the gluons give the following
—

’ — —
3 , . . . conditions for the jet (= gl t
If I—-—*PIS Jets 18 seen a mote appropriate symbol might be the net ¢ jet (= gluon) momenta P, 3 P:, ) Pa

German upsilon =Y.



—. - —

AR P Y = 0

— - —» (l‘)
[P+ | Pl+IB] = 2Mg =My

The trace calculation has been dome by computer {using REDUCE)} and the
resulting 3 gluen jet distribution is given by the five-fold differential
decay rate
&
AT ot R R
Ey L., 2 L ] A
odx, xR XTI S

- - —
where we define X = P‘/MQ 3 Xi=1X:] The variables X Ky Xy

parametrize the jet Dalitz plot (xl MRS 2). In addition, three

3
angles o, @,j" with ol"R = olet 0(-60‘-\(3 0(3" describe the orientaticn

. . + - . .
of the gluon jet plane relative to the e e beam axis and storage ring plane.

Defining

5;3‘25&:—,-’?})= Xi S X

the distribution function is given by

WX, XXy =% [X:‘(l—xﬁx*—){:(l")&?-‘-X;(\—XS‘]

P T

P25 O 00=00ced [ e xtext ] ”

3 3 :
+ Z Sii E-“':"%xs) + Z Saé :Fcﬁ' (X, % X )
151

-l:<a'=|

where the 6 coefficient functions are eyclic permutations of

F, 0%, %, %5) = A0 exE )+ OGTK, FX )+ X - b xx,

H

F, 00,%0,%) = 20057 X )+ XK (X085 ®

Formula (7) for 5/.“,-_—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__g lg‘-—»qa jets) by calorimetry. Equivalently, weighting
each seen particle by its momentum reduces the jet smearing effect due to
uncorrelated low momentum partiéles. This weighting is also necessary in
order to construct the total jet momentum needed for comparison with (7.

It should be kept in mind that (7) sometimes leads to a configuration with
two nearly parallel gluon momenta and an apparent two jet structure. Posgible
confusion with I——o If—e» qq jets can be dealt with by using data on
e+e———b 1\6-——+qa jets off resonauce.ﬂ 0f course, the most favorable
conditions for a 3 jet search occur if e = -1/3, as the lx‘ background

is then small,

It may be thatr (9.4) is toc low in mass to produce satisfactory 3 jet
events. One can then imagine excluding 2 jet 5q events (they should have
an axis perpendicular to which momenta are small), and studying the remainder.

In these remaining events there will exist a plane perpendicular to which

. + - - + - -
B Also, note that for light q, e @ —w qq OF e e -_rT._p by —»ag

¢

P
¢ e beams. This may be useful.

is suppressed at Gjet = jet = 90° with transversely polarized



the momenta are bounded. The distribution of this plane is given by (7,
integrated over a part of the jet Dalitz plot. Ancther possibility is to
search for 3 jet events in 2 subset of the data with low multiplicity

(and high average particle momentum). Or ome can pick events with a high

momentum particle, and study the distribution of the remainder.

We now attempt to estimate particle multiplicities and momentum distributions
for T-—' 3g — hadrons. We bracket the expected multiplicity by two extreme
ceses. In the first case, a gluon fragments with the same multiplicity as

a single quark jet, Then we find from <Nd&>¢r‘4.5 in e+e_ annihilation

at Eg,, = 6 Gev 2,
3
<Ndl>r-"3'3 % 3 [<'vc‘&>e*e‘ . EcnthQeV]'x. 2 ©

(because there are three jets of average momentum 3 GeV, rather than two
N i i i
28 in e e ). If on the other hand (and this we believe more likely) a

gluon materializes intec a qa pair before fragmenting to hadrons, then
ENERS 3 [(N“‘) . B ==3Qe.\l]’?<-10
I—.?,S e¥e- 2 «h (10)

<
Thus we expect £ 4 <N ‘2%_03 £10 .+) Far comparison, extrapolation
of measured e'e” multiplicities gives <Nc1l)55 off resonance in the I' region.

Clearly, T-—-b 3g may lead to many hadrons of low momentum, making it hard

+ The total multiplicity must also include a part from I“"la" —® Hadrons,

to see jets in individual events.

How will a gluon fragment to hadrons? Because it has integer color charge,
it cannot simply fragment into a string of qa pairs ordered in rapidity
from zero tec the rapidity of the gluon, Such a one-dimensicnal string
cannct transfer an integer color charge to y = 0. We suggest that gluon
fragmentation takes place through gluon -vq&, followed by independent
fragmentation of each quark. Most of the time the qq- will not have large
invariant mass, so momenta perpendicular te ?;luon will be bounded. We
ignore the rare events where qq have a large invariant mass. (These will
lead te a tail of high transverse momenta, or even g-—4gq + i«—-Z jets.)
The distribution of the virtual q and q should be that of a two body decay.
Then taking the scaling limit and defining x = ph/% sz = ph/pg we obtain

from the parent-child relation SO

+ "dx L BE 4, dx 8 T,
& X F ax n* Z
ZD% e = [ 3 D, Cx)l)?(x)-#_fx D 0 D, (5 an
* z
qj?_ _2; f\_* A

With our Ansate, 3? CX) 1 and putting xDq_(") = @+ b{i-%) e
cbtain the gluon fragmentation function

1"‘&
i:D'é‘ (2) = 2{atbCieR)]-2) + 4 b2 a3 (12)

. N ™t (1)
We will put a = .05 and b = 1.05 from Sehgal's parametrization of I)u. .

In order to caleulate the fragmentation distribution fromr, we need the

+)

b . . .
the Da(z) are Feynman's fragmentation functions for ap object a to

(10)

give b carrying momentum fraction z.



gluon momentum distribution. For simplicity we use the distribution for

srv =0 , and make a simple observation. The function

j).i: Cﬁg) = "‘ with 1 = 2 Pa /M-r (13)

(8)

fits the exact expression to 5 % except at \j —» I, where it is
15 % too small; wewill set a = 6, to take account of the three glucns
in I-—-' 3g. Hence
t +
4 ¥ x
# 13 D.I(%)
Dy = x = D, F3
X Yy .2 ) X

(14)
= 6{[‘q+b + (S‘b—a)x](t-xha. b (X)X Gy

(the last line follows from {12-13)), In fig. 2 we have plotted the ratio
o /D ) e

Y % , 50 as to give an idea how rapidly the hadron distribution from
I—vl&g decreases relative to a quark jet distribution. We expect that the

ratio

AP(L+3g —»45+:) /dx
[ds (ere—s Iy —» f4ee)/ oy ]

QFF RESONANCE

(15}

will resemble fig, 2.

We conclude with some comments.

¥
(1) To the extent that scaling is valid,:br(\é)x ’j allows us to extract
:D% directly from I\—-v 3g —whadrons data. From (14) follows

immediately

[

ds (T —ot%x

T x—-b?;?, evemds

(R) = conat. 2t 2 (—'—
22 z

(2) If the leading fragments of g tend to match its quantum numbers, we
expect directly produced TT","?, fo to be disfavored compared to UJ?‘.

As one example, we expect the inclusive ratios f.’/w or f°/¢ to vanish

as [b’l“"Mx/_z. There may be events of the form T—-3¢,wq5cﬁ , etc.

We estimate that the probability for a gluon te yield ¢ is of order

11‘1‘}'0(5 (M?)/-F; { {4) is the l#'bfcoupling), giving r~ 10_3 as the probability
for r-—i 3 d) . Of course, we expect gluon jets to be globally neutral (3).
Gluons are also isoscalar, so that T? and T2 distributions are the same
(apart from isospin violating ‘1?_ decays, which increase T°).

(3) The decay I—bx‘ag, will also take place with branching ratic a

T(Y"'Yi%)_liii x L05 fer 8 =- 14
T(Y—~329) ° oAy 2 fer eq = Y

n

The photon spectrum is approximately linear in 23. = R-PY/MT, and we
expect average multiplicities 2/3 of those for r.......- 3g. This process
cffers a way of obtaining gluon jets with a much suppressed centributien
from 1y~ decays of I . I‘—"l\""i‘i—a’has a rate much smaller than the above,
and the photons have predominantly low energy.

{4) While we doubt that any of our detailed considerationms can be applied
to the decay of J/¢f —» 3g —whadrons, it does seem likely that J/t[l

. . + - B
is a poorer source of high momentum hadrens than the e e continuum nearby



% - 10 ~ . - 11 =
z
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Figure Captions

Fig. 1 The amplitude for QQ —®3 gluons; we do not explicitly

indicate the gluons' coler.

£,
Fig. 1 The ratio 1);- (X)/ :D(,_l_ (x)

T Py
5 permutations
of momenta

0 —<t—ps

Fig.1

D8 1x1 /D% (x)

L6 8 1. X=2P, /My
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