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The discovery of three-jet‘events in efe” gnnihilation [;] was thetfirst
direct experimental proof of the existence of gluon and served a weighty
argument in favour of quantum.chromodypamicg (QCD) with which th; hope for
the construction of strong interaction'theory'is connected. At present it is
generally accepted that.three-jet events of hadron production in ete anni-
hilation are due to the initial process [2, 3]

Cee=qrg g

in which quark or antiquark emits at short distances hard gluon. Further on,

(1)

already at sufficiently 1argg distan;es a fragmentation of the mentioned
partons into hadrons occurs that resuits in three Jets of hadrons observed
in the experiment. QCD permits 6ne fo describe the_iniiial, hard part of the
hﬁdron production process as we11 as to make predictions for a definite class
o¥'quant1t1es thch are less than others seﬁsitjve_to the details of quark
and gluon transformation'into hadrons.'Here belong the total croés section

of e+e- -pair annihilation to hadrons‘calculated‘[ﬂl already'to the second
order- in cis as well as the diétributionS'in §uch'parametérs as spherocity
f; [S] », thrust -r [ﬁ] R aco@pldnarity }\ [7] and some others which
are charactgristics‘of'jettinéss of events. -

Beginning from the first works [l, 3, 5-&] up to the present time the
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process (1) has been intensively studying both experimentally and theoreti-
cally. There is already calculated up to the second order in cis the
Sterman-Weinberg type {p] cross section [9] of formation of hadronic three-
jets as well as the distribution in variable T [;0] . In a number of works
the influence of quark mass account [}f] on one or another characteristic
of process (1), the angular dependences [12] and some other questions were
studied. A11 that was done with the aim to check up the main propos;tions
of QCO, the vector nature of a gluon as well as to find out the parameter
Ag

The object ﬁe persue in this work is somewhat different. Assuming that
QCD 1s valid, gluon spin is 1 and the perturbation theory calculations make
sense, we are interested in a question whether one can by means of studying
angular dependence of-the process (1) cross section in the case of palarized
primaries ciaim that the hadronic jet produced at this angle or another
is predominantly the quark-antiquark or gluonic one.

In- the first order of QCD the color summed differential cross section
of process (1) with due regard for the primary particles polarization has

the form:

- ools G5 1 1 }aa W, p e
d6= (e!:-):' -s. (1-x‘)(1_xa){a(x1*Xa)(1‘E’ EJ-M[(‘!*;&)(‘-E:}

RICAT A A (A A (S HICA 39108 )|
| ‘dX, dxa dz1d¢|d"?'e . (2)

Here

- 128

S is the reaction total energy square, A s the theory parameter.
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Na isAthe number of active flavours, Qu,_'fs thé charge of am quark of @
flavour in @ units, E(a) is the electron (positron) polarization vec-
tor in its own rest frame, X,-.=2Ei/\rs-15 a relative energy share of L -
parton ( t =1, 2,3 for quark, antiquark and gluon, respectively), -rt;_
is unit vector along U -parton momentum. With these quantities the energy

and momentum conservation laws are written down in the form:
- ~n - - - 3
Xp+Xa#Xy=2, X R,4Xg Hp*XyM,= O. (3)

The angular variables are defined as follows: Zi = COS 95. . Oi, {s vector
Ff:,' polar angle in coordinate frame with the Z axis along e.lectron
momentum characterized by the unit vector {J'. s "P., is azimuthal angle
between electron polarization plane ({;, E, ) and quark production plane
('l-;, ;:q) in the mentioned coordinates, ‘P; is azimuthal angle between
(R, %) and (31,'?2) planes in coordinates with the polar axis zlong R, vector.
Integratin§ the crﬁss section (2) over angular variables results in the
well-known expression [3. 5, 6] with an additional factor (1+E: g: } that
reflects the fact of annihilating electron and positron helicity conservation
Our purpose {5 to study the angular dependence of the process (1) cross
section; in particular, the azimuthal dependence in the polarized primary par-
ticles case. Since it §s unknown so ‘far how one can distinguish between quark
and gluonic jets, 1t is necessary to study spatial orientation of quanti-
ties which characterize the Jet irrespective of the fact whether it is quark
(antiquark) or gluonic. As such quantity we use a thrust -1.: . For the transi
tion in the cross section (2) to this variable one must divide the energy part
of the phase volume into the regions [13]

. - - 4
I, X2XeZ Xy, L. X 2Xy2X,, B Xy3X,2X,. “

Note that there is no need for one to consider separately also the regions ob-

tained from (4) by the replacement X,Z= 2 ,'since the cross section (2) is
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fivariant relative to the replacement of variables characterizing quark and
antiquark. It is cweugh ~Nt redouble the result for each of the regions (4).
If angular distributions aliow. one to refer one or arother event to one of
the mentiéned feﬁions. then belonging "of the event to fegion I will mean
that the least energetic jet .15 g‘luoriic. and the other two ones are quark-
antiquark. In reg.ion'.lvl the gluonic jet ;ls 11:|temed'late in energy, and in
region III it is the most energetic one. ’

Let us find out the T axis spatial distrib&tion in separate regions (4).
The varfable T far regions I and II is defined by a quark jet. Taking
X,=T, d2.d¥;= d T. and integrating over ‘Pg ang‘le at a fixed value
of the O, angle between quark and antiquark momenta for which

CUSQm !12’_"' (xa X, xt)

having 1n mind that

2,= 21--.212"J("Z:)(1'§237‘°5?é |
and '
oF
J(n )( 4)d¥, A au)(t E )+ (32, -f)(mg AN

we come to the expression

dé olo(Qa,i.. v+‘1.‘-
dedea .ell' S {-1)(1-x ){[(T X,_)(‘l 2,)+3 Xa(.f

(5)

Dl rt el e (T%)(f-z.){t )

To find out the region I distribution we are interested in,the last cross
section should be integrated over X, in the limits [13]



T
1-5 < Xp &1,

After the summation of the obtained expressiun over all the flavours and its
. + -
subsequent normalization to the total cross section of the process of e e —»

hadrons in the first order in olg
L 45148
6 =é(e c'e -had.'wns)-’)éﬂjuz Q s), EQ&@

we come to the following distribution

}>

.g_éf_»zr=.°.<_(1+ w A Mt E) -9 E )2 ()

(7)
L

TE: )] +B, (TU- s o) (T ET i)]},

e
where the coefficients An (T) and bn(_T) dependent only on the vector T

modulus for the region h =] are equal to

{137~
A ” (1sT7) Qnau 5" TT 2)(6+T), (8)

BI.-.L-fi;a(sr-a)(sr-a)-

Here and below through 2  we denote the angle cosine between the momentum
of the most energetic parton and that of electron.
The corresponding distribution in region II can be gbtained by .integrating

(5) over X, in the limits [13]

T
2(1-T) =X =1-7.
Finally we come to the expression (7} in which

R 2(aT-1) 5
A.'.-‘. = 1—_—.}-[(14'1"")2?1 -—L-:r——'-—’ -é-(sT-a)(e-‘r)] > (9)

i

N .
B_ = W_(ar 2)(2-7)-.
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To find out the distribution in region III, where the gluonic jet is
most energetic, one has to express the initial cross section (2) through the
variables of g‘lubri and, for example, of qu:rk using the conservation laws.

The phase volume here may be written down as

d¢=d.¥1 dxadia d‘?) d‘?.," -

where Z, = co'_s.@3 s @3 and th are polar and azimuthal angles of

. - 1
gluon emission in coordinate frame with the polar axis along VU , “P.,

. -~ - - . .
the azimuthal angle between ( My, 1~ ) and (R, n,) planes in coordinate
frame with the polar axis along the, l’wb‘, vector. In the reé‘ion under consi-
-

deration X, =T . dzsth,,: odT . After integrating over azimuthal

angle LP: at fixed value of

= 1
@0s8i3= 21y= 55 [2U1-X1-Xs)o Ko X
we get

dé  _ didls ot 1
ﬁdx, a9 3 (=X ) (Tex1

..333)](1'*;'1' _';)+[(a-T—x1)f+xf(?:zfs-a)][a T g:.)( E )

{[((Q'T'M)a*xz)("*z )+%, (1 215)

-(1-21)(%? f;)]} | o

Finally, integrat{ing the last expression over -X, in the limits [13}

T .
1-5 £X, % T
and sumning,hp over all flavours, for region III distribution we again come
to (7) in which

Ag

27-1 n

%[a( 1)+ T%] tn S=--aTe,



The distribution in momentum and emission angles of the most energetic par-
ton irfespective of the fact whether it is quark, antiq_uark or gluon one can

find by adding together the distributions in separate regions

Z dén
4T d? Tig ordT
i.e. the total distribution is also defined by expression (7) in which one
should introduce replacements A,,"" A and Bn"‘ B » where
-3T(1-T) 27-1 3 (37-2)(2-T)
T A= po 2712 137-2)(e-T)
- As neT A TU-T) -1 2 =T

(12)

‘ - -
By B,=— (3T-2)(2-T).
h=I'Eyﬁ:! T
As one can readily see, the distributions in separate regions and conseq-

uently the total distribution turn to zero at the lower limit of | varia-

tion, namely at | = 2/3.

Let us dwell at length on a more interesting case of transverse antipa-

ralle) completely polarized primary particles, when

Q| e T U T Ay X~
S 80 §=-E, (B E)) -1, (TE)=- (T E,) = sinBeosys

(13)

the azimuthal angle ¥ is referenced from the (U, E,'L) plane. The distri-

bution we are interested in takes a comparatively simple form:
(14
A 4 . Bs (4. 38T TA (T)(1-sin OcoS ®)-B,(T) f-asa.fecos‘q)j

.where coefficients An and bn in the corresponding regions I - IIi are



given by expressions(8), (9) and (11). The total distribution is determined
by formulae (14) with coefficients A and B from (12). Note that the an-
gular distribution as presented in(7) or (14) corresponds to the division of
ithe c¢ross sectibn into two barts, one of which omits due to the polar and
azimuthal angle integration, and coefficient A,.(T) of the second part'cha-
racterize fhe vector :F modulus distribution in the corresponding region.
Emphasize that the angular dependence in all the cases is given by the
stnaecos“? combination. Therefore at ‘;P=“i73 the cross sections must
not depend on pé'lar angle 8 . It should be noted that the mentioned combi-
nation of the angles is invariant relative to Q»BT/E- g, Y-=Tz-0
replacemenis. As a result, the dependeqces on azimuthal angle Y at fixed
Qo as well as on polar angle ) at fixed wo‘-'ﬂr/a'@, rﬁust be determined
by the same curves at oppo§1te directions of increasing @ and Y angles
These statoments are illustrated by the plots 1in Figs.l-3, where at fixed
values of T = 0.7; 0.8 and 0.9 1is shown the' azimuthal (po>1ar) dependence
of the quantity
ACEEE:S 1 “‘)6 ??‘%a[An(T)U-sm Bcos’ %—Bnmn asm*ecow)]
d
in regions I - III as well as in the total region at fixed 9(‘?) (lowerb
and upper scales, respectively). ‘We have given the corresponding dependences
in the 0 . and Y angular intervals from 0 to m/a . It is obvious that at
fixed \P the curves defining the 3] -dependence in the interval from.
ﬁ[a to ‘JT will be symmetric to the plotted curves reTdtive to _9= 97/8 N
while at fixed O the curves characterizing the azimuthal dependence'in the
interval from ‘Ila to ‘j will be symmetric to the plotted. curves relative
to P= WZ ; as to the interval from -r"- to29 , the mentioned azimu-
tha dehendenée will reproduce again.. '
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One may be interested in the 9 distribution at all the values of Y .
e

Kn(G)éj Fu(-g, ¢)d¢ =am[An(T)(1+cos¢9) ~Bn(T){2-3sin?6)] (16)
°
as.well as in the ‘-P distribution at all the values of 9

: (17)
La(¥) EJ Fr (6,9)sin 8d6= LI[Au (T)4- %CoszlP]° Bn(T)(‘t-acosalP}ﬁ .

The -corresponding dependences at some values of T are given in Fig.4

After integrating (16) or (17) over the remaining angle we come to the

expression
{1 d¢ ds - A2
2 on_ 28 T (18)
5 I AT Z Q An(T)

coinciding with the results of our previous work [13] for the separate regi-
ons (taking no account of quark mass) and work [7] for total distribution.
What conclusions can be done on the basis of the given plots? At all the
values of T - in the whole angular interval region I dominates over regi-
on II. At T =0.7 (see fig.1) region III contribution is » in fact, inde-
pendent of angles At Q= 30° there is the region of © anglés in
which the relative contribution of region II1 prevails over the regions 1
and II contributions, achieving 46.2% against 28.8 (I) and 25% (II) at
@ =0 ad @ =90° Note that in the other lin;iting case { ¥ = 90°
or @ =0 )' the relative contributions of regions'I - 111 are equal to
42.6, 34 and 23.4%, ‘respectively. As one can see'. at T = 0.7 the contrjbu-
tions o_f separate regions; 1 - I11 do not differ much in magnitude. '
A considerable total increase of absolute values of all the regions contri-
sutions is noticeable at T =0.8 {see Fig.2). fhe angular dépendence is ra-
ther weak for the region III. The.relative contributions of separate regions
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I - IIl in the limiting cases are respectively 60.3, 26.9 and 12.8% at
O -00r Y=00% 41.7, 25and 33.3% at O =90"and Y = 0.

At T =0.9 (see Fig.3, the absolute contributions of separate regions
differ much, therefore, as distinct from the two previous cases, a loga-
rithmic scale is used here. One can readily see that at already Oz a5°
{ LP = 45°) a rather strong angular dependence takes place in all the re-
gions. The relative contributions of regions I - III in the 1imiting cases
are as follows: 75.2, 19.5 and 5.3% at © =0 or ¥ =90%; 56.8, 25
and 18.2¢ at @ =90and Y =o0.

For the integral dependences (@) and Ln('P) the statistics is noticeab-
1y larger (see Fig.4). It should be notéd' that the maxima for them 1like
those in case of Fn(8),P) are reached, respectively, at @ = 0 and § = 90°.
As already at one of the mentioned values the dngular dependence in Fn 6,v)
is absent at all, the maximum relative contributions of regions I - III to
the infegral dependences (@) and L(¥) wi 11 be the same as their contri-
butions in F (9,9} (for definite T values -they were given above).

Following the above estimates one may conclude that the most favourable
from the viewpoint of the quark-antiquark and gluonic jets identification are
the events with possibly large values of T . Thus, if at studying the pro-
cess (1) at € =0o0r '~P = 900 we detect the jet with méximum momentum for
which T = 0.9, then in 95 out of 100 events the jet will be qﬁark or anti-
quark aﬁq in 5 events it will be gluonic. One can assert that under the same
condit'lons‘ the jet with minimum momentum will be gluonic in 75% of events.

We have restricted ourselves to the consideration of the values of TS 0.9.
since at T ~» 1 én infra-red divergence arises, due to which the perturba-

tion theory becomes inapp]icabje.
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Fig.l.

FIGURE CAPTIONS

The dependence of F(0,¢) , i.e. normalized on ( z%;i *%*;'L— )
value differentfal cross section of process (1) on the azimuthal

ang1er ‘? at some values of polarRangle ) (lower scale) and on

~ polar ahgle' € at some values P° (upper scale) for the fixed

Fig.2.
F-'l_g.a.

Fig.4.

va'lué of T =0.7; the corresponding dependences for separate re-
glons are marked by I, II and III. ‘

The same as in Fig.1 for T = 0.8.
The same as in Fig.1 for T = 0.9.

The dependence of the process (1) differential cross section on the
polar [(K(€)] and azimutha U—(‘?)] “anglesat T =0.7, 0.8
and 0.9; the' cw&spoMim dependences for thg,;ﬁp_ar‘ate regions are
marked by 1, I1and 1II.
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