Z. Phys. C - Particles and Fields 20, 275-279 (1983)

ARk

© Springer-Verlag 1983

Angular Distribution of Inclusive Lepton Pairs from Heavy

Quarkonium Decay

Jirgen G. Ko6rner

Johannes Gutenberg-Universitit Mainz, D-6500 Mainz, Federal Republic of Germany

Douglas W. McKay
University of Kansas, Lawrence, KS 66045, USA

Received 4 January 1983; in revised form 19 May 1983

Abstract. We calculate polar and azimuthal angular
distributions of inclusive lepton pairs in the decay
00(1 )-»1%1" 4+ X from the first order QCD
process QQ0(1~7)—> 1717 + gg. We provide opening
angle distributions of the lepton pair in order to assess
the measurability of the lepton pairs.

We suggest a measurement of the angular distributions
of the lepton pair in the inclusive lepton pair decay
of heavy quarkonium resonances QQ(1~ " )—1"1" +
X. To lowest order in QCD the decay proceeds via
Q01" ) 171" +g4g as drawn in Fig. 1 [1, 2]
Although rates are small, two of the proposed measure-
ments offer the opportunity to test QCD from leptonic
measurements alone.

The differential decay rate of a heavy quarkonium
resonance into a lepton pair and two gluons is given by
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where M and m, are the quarkonium and lepton mass,
e, the charge of its constituent quark, ¥(0) its wave
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Fig. 1. Lowest order diagrams contributing to QQ(177)—
117 +gg

function at origin, ¢* the virtuality of the photon and
the x, are the scaled energies x, = 2 E,/M of the virtual
photon (i = q) and gluons (i = 2, 3) in the quarkonium
rest system (x, + X, + x5 = 2). @* and ¢* are the polar
angle (relatlve to the virtual photon’s momentum
direction) and azimuthal angle (relative to the y*gg
plane) of the negatively charged lepton in the rest
system of the virtual photon. The case where the
azimuth is defined relative to the beam-virtual photon
plane will be discussed later. The 5, are the helicity
projections of the hadron tensor #,,, =a,"j"‘=}f”v8’v"'
which is given by the square of the amplitude
A(QQ —y*(1)g,g5) summed over the quarkonium and
gluon spins. The total spin sum of the squared
amplitude is given by 2.¢,, +# =, and
corresponds to the | 4|2 of [1].

The hadron tensor # ,, was calculated by hand from
the Feynman diagrams Fig. 1. One obtains

%uv - ngAuv + HZﬁZupAZv + H3I;3uﬁ3v
+ H4(ﬁ2upA3v + pAZvﬁ3u) (2)
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where we use the gauge invariant covariant forms

Gpv =0~ 4,9,/4° and p;=p,—(p;9/9°)q. The in-
variants H, in the expansion (2) are given by

Hy =2((c* = x,x3)* + re2e — (3 — 1)x,x3))N
H,=4(b*(1 —r)+ 2rc?)N/M?

H,=4(a*(1 —r)+2rc*)N/M?

H,=4(—ab(1 —r)+r(1 —r)(c+ x,x3))N/M? (3)

where N =25((x, —2n)x,x;M*) 2 and a=1—x; —r,
b=1-x,—r,c=1—x,+rand r=q*/M.

The angle integrated rate isdetermined by 25¢ | , +
H oo = H ,, for which one obtains from (2)

H o =2N{3(c* = x,x3)* +3rce — (3 —1)x,X5)
—c2(a*+b*—2r(1—7)
— (1 =r)(3abc + x,x3(ab — 2rc))} (4a)

In the r=0 limit (4a) reduces to the Ore—Powell
formula

H,,=2N(r=0)
21— x )2 + X3 (1 = x,)* + x3(L — x5)%) (4b)

The trace of the hadron tensor (4a) agrees with the
expressions given in [1, 2]. Note that the symmetrical
appearance of the first terms in H,, H; and H , is due
to the particular expansion chosen in (2) and necessary
for # o 10 behave smoothly as r— 0.

In I*Elg. 2 we plot the normalized differential decay
rate for ¥ -e*e” + gg. The decay spectrum is very
much peaked towards small g*-values close to the
photon pole and quickly falls off toward the phase
space limit r = 1 due to the combined effect of moving
away from the photon pole and the narrowing down
of phase space (~ (1 —r)® as r— 1). In Fig. 2 we have
also included the Real-Photon-Approximation (RPA)
rate which is obtained by setting #,,(¢%) = #,,(0).
Note that the approximate RPA-rate falls much more
steeply than the exact rate. For the RPA-rate one
finds, after integrating in the appropriate phase space
domain

12— x,—/x2—4r) £ x, 252 — x,+/x] —41),

2\/;§xq§1+r,

r(=4ml/M*) <r<l, &)
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r dr d 3nr<1+2r)<1 r)
G —r?)+rlnr) ©)

where I’ denotes the fully integrated RPA-rate
normalized to the inclusive photon rate. The norma-
lized total RPA-rate is given by
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Fig. 2. Differential decay rate for ¥ -»e*e™ + gg normalized to 1.
Dashed curve corresponds to Real-Photon-Approximation
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In Table 1 we give the results of the full rates
normalized to the inclusive photon rate for the cases
considered in this paper. The rates are down roughly
by two orders of magnitude compared to the inclusive
photon rate as one expects from the naive O(a)
estimate, The differences in rates for the various cases
considered in Table 1 reflect the relative proximity of
threshold to the photon pole in each case. That
the rate is dominated by the contributions close to
threshold is evidenced from the fact that the numbers
in Table 1 are fairly well approximated by the RPA-
rate (7) even though the differential RPA-rate is much
smaller than the exact rate over much of the r-range
(see Fig 2). The other three cases ¥ - u* u~ +gg and
Y—sete (utu")+gg can be easily obtained by
rescaling Fig. 2. They only differ in shape close to
threshold which is not resolved on the linear r-scale
in Fig. 2. More details on the spin-averaged case

Table 1. The ratio I(QQ(1 ™~ ")->1%*1"+gg)/l( QO™ ")—
y+gg) for Yoete (u*p”) and Y et e (ut 7). Numbers in
brackets are for the Real-Photon-Approximation

e I
1.07 x 1072 244 x 1073
v (103x107%) (207 x 1073
; 124 x 1072 411 x 1073
(120x 1073  (3.75x1073)
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including the case of the t-lepton can be found in [1].
We shall now turn to the polar and azimuthal angular
asymmetries.

Polar Asymmetry

On x_, x, and g*-integration one obtains from (1) the

@ X2 40C @ g ool .
polar distribution of the lepton pair (Fig. 3) which we
parametrize as usual as

dr
drdcos O*

where (-1 <a<1)

_ jj(%uu — 3‘%00) a- rt/r)
o+ Hoo) (L+1r)

In (9) we have indicated the x, and x, integration
which are to be done in the limits (5).

The longitudinal component of the hadron tensor
H o 1S given by

Hoo=H,— p3?H, —p3; Hy —2p%,p%. H,
where p%, and p%, are the z-components of the gluon

momenta 2 and 3 in the rest frame of the virtual
photon. For gluon 2 this reads

Py, = M(ax, —2x,1)/(4r(x} —4r))'7? (10)

and similarly for gluon 3 with 23 and a«<b.

The analyzing power of the Dalitz pair is given by
(1 —r/r)/(1 +r/r) which vanishes at threshold r=r,
due to s-wave threshold production. Over must of the
range of r the analyzing power is well approximated
by its zero lepton mass limit, namely 1. In Fig. 3
we have plotted the asymmetry in this limit. Note
that the asymmetry then no longer depends on
the quarkonium mass M. In the real photon limit
.r=0 the longitudinal component decouples and
consequently one has =1 in this limit neglecting
threshold effects. At the phase space limit r=1 the
asymmetry goes to zero.

~ 1+ a(r) cos* @* (8)
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Fig. 3. Definitions of polar angle &* and azimuthal angles ¢* and
@*. z-axis along momentum of virtual photon. (x — z)-plane is event
plane and (X — z)-plane is (y*-beam)-plane. Relative orientation of
the two planes given by — y in the notation of [4]
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Fig. 4. Polar asymmetry

Azimuthal Asymmetry

On x,, x, and cos @* integration one obtains from (1)
the azimuthal distribution of the lepton pair which we
parametrize as .

ar
drde*

For the azimuthal asymmetry § one obtains (—3 <

B=3)
_ _ §f24, _\(=1+r/r)
== (= 2

where the linear polarization of the (virtual) photon
is given by the bracket on the rhs. of (12). The
analyzing power A of the Dalitz pair is (—1+r/ry/
(2 + r,/r) which is zero at threshold, again for the reason
that the Dalitz pair is created in an s-wave at thresh-
old. The linear polarization of the virtual photon is
determined by

H, =ip32(H,+Hy —2H)N (13a)
which reduces to
H ., _(r=0)=2NF=0)(1—x )1 —x;)(1—x;) (13b)

in the limit » =0 in agreement with the results given
in [3-5]. p% 1is the transverse component of the
momentum of gluon 2 in the virtual photon’s rest
frame (or in the overall c.m. frame)

~ 1 + B(r) cos 2 ¢* (11)

p3i=M?(a(x,x, — a) = rx3)[(x} — 4r) (14)

In Fig. 4 we plot the azimuthal asymmetry for the
zero lepton mass limit, which again is a good enough
approximation in the cases considered here over most
of the range of . The asymmetry is small and positive
for small r-values and goes to zero at the phase space
limit r = 1.

For a measurement of the azimuthal asymmetry it
is experimentally advantageous to use the beam-
virtual photon plane as a reference plane for the
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azimuthal measurement (Fig. 3). Since information
on the direction of the beam is transmitted by the
spin 1 quarkonium state via its density matrix it is
clear that one needs the full hadron tensor

K= Y AQT@-1*(1)g9)
gluon spins

-A*(QQ(A)—>y*(v)99)

in order to extract the desired information. As
explained in more detail in [4] this is achieved
by rotating P, to the beam-virtual photon plane
and then integrating out the relative azimuthal y-
dependence.

In this way one finds

=, (=147
§56#,,) 241/

where #, ., _ is the appropriate helicity projection
of the full hadron tensor ', ., =g, (+)ef(—)
H pyapti(+)e,(—). One finds after some algebra

H oo =A+ Bpil+Cp3l (16a)
where

A =2[x,x,(ab—2rc)+2r(l +r)c*IN

B=2[—(1 —r){a® + b* —2rc)+2c(rc — ab)]N/M?
C=2[(x, —2r)>]N/M*

In the limit r =0 one has

(1 = xp)*(1 — x3)°
2

which agrees with the result of [4].

For small r-values the beam-virtual photon plane
azimuthal asymmetry B is smaller than the corres-
ponding event plane asymmetry f but rises to quite
large values as r approaches 1 (Fig. 5)

In order to assess the measurability of the proposed
angular distributions we plot in Fig. 6 the percentage
rate of events with a lab frame opening angle larger
than a given opening angle. Depending on the
granularity and dimensionality of the detector, open-
ing angle cuts presumably are the most important
cuts in reducing experimental event rates in such a
measurement.

In Fig. 6 we include the cases ¥ »ete (u" u),
Y—eTe (u"pu~) and the hypothetical toponium
state with a mass of 42 GeV T(42) »e*e™ (u* 7). One
notes that in the muon case the opening angle cuts
do not remove a large fraction of the event sample,
whereas in the electron case opening angle cuts can
remove substantial fractions of the (theoretical) event
rates depending of course on detector specifications.

As is well known the Ore—Powell spectrum peaks
toward large photon energies. Thus the events with
small opening angles are primarily populated by
low-invariant mass lepton pairs close to their thresh-
old. These are also the events where the analyzing
power of the Dalitz pair is reduced from its maximum

B=131in'A= (15)

Ho .y =2NF=0) (16b)
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Fig. 5. Azimuthal asymmetry § and B for the two azimuthal
reference planes as explained in caption of Fig. 3
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Fig. 6. Percentage rate of events with lab frame opening angle
larger than a given angle. Each curve based on 500 K MC events

values 1 and — 0.5 (12) and (15) for the polar and
azimuthal distributions, respectively. One concludes
that opening angle cuts enhance the sample with events
close to their maximal analyzing power. This problem
can be studied in more detail in Monte Carlo simul-
ations.

The present investigation originated in the question
whether it was feasible to measure the linear polar-
ization of an inclusive photon from heavy quarkonium
decay through Dalitz pair creation [5]. It had been
noted that the analyzing power of Dalitz-pairs by far
exceeds the analyzing power of Bethe—Heitler pairs,
which, although possibly higher in rate, suffer from
theoretical uncertainties in their analysis as well from
the fact that the opening angle of the Bethe—Heitler
pairs originating from high energy photons is quite
small.

Assuming that experimental conditions allow one
to usefully sample ~ 259 of the theoretically predicted
lepton pair rates of Table 1 one expects to see ~ 10~ #
e-pairs and ~ 4 x 107 °y-pairs from each Y-decay.
With present luminosities at DORIS 2 and CESR
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production rates of ~ 107°Y’s/month appear fea-
sible. Thus the proposed measurements are within
reach of present experiments. Using the same 25%
reduction factor one has for every ¥-decay ~4 x 10™4
inclusive e-pairs and ~ 10™* p-pairs. These rates are
large enough to attempt an analysis on already existing
data (~ 3 x 10°%’s). Although it is not clear whether
the mass of the ¥ is sufficiently high to trust the
detailed results of a perturbative QCD calculation it
is nevertheless interesting to compare data with the
averaged angular asymmetries presented in this paper.
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