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ANGULAR DISTRIBUTIONS OF HADRON JETS 1IN e+e_ ANNTHILATION FROM QCD:

¥ - Z INTERFERENCE

by
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. H. Schiller

Fachbereich Physik, Gesamthochschule Siegen

Abstract:

Angular correlations and asymmetries of q and qqg initiated jets are
calculated including the Z - boson besides the virtual photon. A sizable
torward-backward and azimuthal asyvmmetry due to the weak neutral current

is predicted already for upper PETRA and PEP energies.
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The study of hadron jets in e' e annihilation provides one of the
cleanest tests of perturbative QCD. With higher energies coming in sight,
there will be an increasing admixture of the weak neutral current. This will
give additional information on the dynamiecs 6f quarks and gluons at short
distances. Beyond that, we expect to get a glimpse of the Z-boson long be-
fore it will be produced.

At lower energies ( V;f;; 50 GeV) the relative contribution of the
Z is roughly ~ 1/]Q| where Q@ is the charge of the particle being pro-
duced. Hence, for Q = -1/3 ( Q = 2/3 ) quark production the ¥ - Z inter-
ference effects are a& 3 ( 3/2) times larger than for e+ e -~ rf,;-, which

+

favours e% e  annihilation into hadrons to search for the Z-boson, in

spite of the somewhat lower statistics ( anz ).

In this letter we shall extend our previous work D on the topology of

hadron jets in é+ e -annihilation by considering the process

et e —» 89, Z > qqzg, ' (1)

which alsorincludes the zeroth order process e+ e - x: Z->q49q as a

limiting case.

The electromagnetic and weak (neutral current) couplings are defined

by 2)

) M
Xe = alelyj-ef, € +) Z < ?’ / ; 4
ddat _ { a f(laveur) ¢ (alour) FRer T f J (2)
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whereas the strong interaction between the quarks and gluons is described

by conventional QCD (coloured vector gluons). In eq. (2) MZ is the mass of
.y _ -

the Z-boson and g = GF(BVZ TK) ~4.49 1o 5 GeV 2 (& = e2/4‘u'), Gy being

the Fermi weak coupling constant. In the Weinberg-Salam model, e.g., we have



szf = 1/251, 28, )
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with ew being the Weinberg angle.

Let © be the angle between the incoming electron beam and the direction
4 (Fig.1) of either the quark, antiquark or gluon, and % be the azimuthal
angle as defind in Fig.! which fixes the orientation of the gqqdg production

plane with respect to the scattering plane. The cross section then reads

z
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where X) X, = 2 pi/ Yqz (x]+x2+x3 = 2) and p,, Pys» Py being the quark,

antiquark and gluon momenta, respectively.

The cross sections G"U, O-L’ G_T and G.I are the same as before apart

from the replacement Z: szf —3 G1
£

*) All quark masses are taken to be zero, i.e.,we assume 4 m% / q2<< 1.
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H c 2 being the cross section for
ere o =

e+e —_ /ﬂfn and 0( the QCD running coupling constant, whereasg
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Here &f and ‘jCH denote the longitudinal polarization of the electron and

, (6.4
positron beam *), respectively, such that for pure helicity states }&)—- Th )

The cross sections O"A and T

in (©-T-©, A>T-%)

which give rise to an angular asymmetry

correspond to the helicity amplittides (in the

notation of Ref.3 ) b-ll-l <+ bl] and b; , respectively. They have the form

dZU_A ~ (1) | A
= @ g .._.._.___._l._.._._..._.... I [
ox, ol x; X)) 2V 'T'x -Z'Tz'x] (7)
<
A <,
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. - (8)
@;f = -2 Q %p@i-ve)a, +Ipl* 2val -4’ ] 20pa,

The cross section for producing one sort of flavour only is given by replacing

G, 5 by Gf 5 - Equation (5) is a short-hand notation of eqs. (2) -(4) of
3 »

Ref.l with

“ ' y s .
?ix = I 9,,4( N ’r'it'!: = &MQ.‘;Q yt= IJ‘(«, ' )

. . 5.0 <,
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where k labels the referemnce parton pointing into the z-direction, i.e.,

%= (o, 0, 1).

*) Having integrated over ¢ , the azimuthal angle around the beam axis,

the transverse polarization drops out.



The contribution (7) to the cross section constitutes (i) an azimuthal
asymmetry of the event plane with respect to the scattering plane { term n
sin® cos X, ) and (ii) a forward-backward asymmetry of the 5? axis with
respect to the electron beam direction ( term v cos © ), both.coupled with a
charge asymmetry of quark versus antiquark distributions ( alternate sign in
eq. (7) ). If quarks and antiquarks are not distinguished as is, e.g., the
case 1f the final state 1s analyzed in terms of thrust, these asymmetries
will vanish., Thus it will be necessary to tell at least which jet is the quark
jet or which the antiquark jet.

How big an effect do we expect now? The three-jet events are found to
have for various thrust { T ) values, on the average, the following form 475 *)

("typical event'):

T = 0.7 : {eCos¥>=-0.59

-Tz, = 06<?)7’3= 062

T = 0& <C¢S'3'> = -—O?{ 3 (10)

T, = 069 , T3= 0.5/

T = 049: {essd> = - 0.92

T, = 0.74, T, = 0.36

where 19" is the angle between the thrust axis and the second most energetic
jet, and T2 (T3) the thrust of the second most (least) energetic jet. Let us
select those events in which the quark jet is most energetic (i.e., T = X )
and has the direction < o7 (Fig.1). For the "typical event" we then obtain

the following angular distributions:

and T, have been

*) First we have calculated {cos 1}) In the next step T2 3

determined from T and < cos‘l}').
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. == . .
where the upper (lower) values correspond to the case where Ox (Fig.l) points
into the hemisphere of the antiquark (second most energetic) jet, henceforth

called case A, (case BI).

1

The quantities Gf and Gf have been shown in Figs. 2 and 3 for Qe =2/3

5
and Qf = ~1/3 and sinzew = 1/4 *) (NILz = 86.14 GeV ). The width is taken
to be F’Z = 2.24 GeV which corresponds to three lepton and three quark
doublets 2). For events in which the antiquark jet is the most energetic (i.e.,

—.;
T = %, ) and along Oz the terms proportional to Gj;/ Gf change sign while
the rest remains the same. The case where the gluon jet is most energetic

has relatively low weight (‘L< lo Z) so that it can be disregarded.

*) For a summary on the Weinberg angle see Ref.5.

e



At lower energies Qf = -1/3 quarks give rise to a larger effect than
Q = 2/3 quarks (~ 1/ [Qfl ) as can be deduced from Fig.3. For Qe = -1/3
quark production and case Al the asymmetry should clearly be seen already
at the upper PETRA and PEP energies where it is of the same order of magni-

tude as the‘'symmetric counterpart. In passing to case B, the azimuchal cor-

1

relation is somewhat reduced.( a factor ~ 2 at T = 0.8 ) while the rest

remains unchanged. Above a 70 GeV Qf = 2/3 quarks begin to dominate. Right

on the Z-resonance the asymmetry vanishes for sin2€3 WS 1/4 (cf. Fig.3). The

measurement of the asymmetry at various energies can also be looked at as a

test of the Weinberg-Salam model., From the energy dependence of Gf and of
f,.f

G5/G1 all the v, and all the ag can be determined 2), whereby longitudinal

beam polarization is needed only in order to determine the signs of the Ve

relative to the a.

In practice ome will test one angular distribution at a time rather
than the whole angular distribution displayed in eqs. (4) and (11). From

eq. (4) we obtain (for one flavour production)

1_f 2 F, F
s -3 A (Su+2 ")(I-H’(#CNz@-f{QFCoS@)
Alos6 ax,dx, €  dx olx, ’ .
y.
_ o((o‘u’c-zta‘f) . - o &y
£ odirecf) > dsfrzsh)
and
i=F PR CHEL S
1S = (6y +0, -0 (I+f31cﬂosz9[+47’cco-r%)
AX o x,aAx, ox, ol x, | ?
(13)




Note that due to the relation L= 2 GT , eq. (5), we have

_ 2(1-%¢) | (14)
P;-— §+3Kky

For the various coefficients we predict, again based on the "typical three-jet

event" (lo) and T = X, 52 = (o, 0, | }:
' 18 f
0.3%7 (oea) (0. ) Gg
0.27) &7 eflo .18}, U¢* E 003
T = 0.8 :

f (15)
= (967} ¢ a £2 0.09 - Gg r-0.16
o({—' > (o.67/> %" 6-‘*' oez) P,t o.o?) > Uf (;?f (—0.0'7)

T=019:

0.87) 0. 93) 0-03) ’c -0.0% )

Xe = (.87 0.93 0.8/ > =57 ( 0.06

where the upper (lower) numbers correspond to case A] (case Bl). Only ‘7i?

changes in passing from case A] to case B]. For the average quantities

£ £
0(‘331 3T AG,
Co3O —_— <CosXD, = A
< %t d(cr“ of) ’ T Ad(sfiof) e
we obtain
. 03? G: 0.23
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Again, the effect is quite large even far below the Z-pole.



lo

So far our analysis was based on the assumption that at least the
quark and/or antiquark jet were located and that one could tell if it had
charge Qf = 2/3 or Qf = -1/3. In principle this should be possible by locking
at the net charge of the jet and the jet fragments. Here, heavy quarks (e.g.,
c quarks)have a slight advantage as they can relatively easy be reconstructed.

A different approach would be to study semiinclusive hadron production,
i.e., to weight quarks and antiquarks by their fragmentation functions and
sum over quarks and antiquarks which go together with the selected hadron.
This leaves a final effect due the fact that the fragmentation functions for
a quark and antiquark into the same hadron h, Dg and Dg , are different
for h # h. Let us assume that 6? is the thrust axis and define 53 to point
into the hemisphere of the second most energetic jet (similar to the case Bl)'
Then the various cross sections for finding a hadron h along the thrust axis,
i.e., arising from the most energetic parton, with fractional momentum

z = x/T, T fixed, read

h h
A2 (T, +G,) o { 4-T)ET-2) 271
et [- o=, + o= ( )](J (2)+3_ (w)
_ 2(2~2T+T%) 27—/
- [-2@T-2)4 27T 2=
[-2@T-2) e (2 ] Jacwf
dzv‘h fam f@T-2) .0 & HFTIET-2) 4
—— = GTTPITEEN(G @+ @)+ EET
E—— ' [ == s, Y @) - a(a)
f f )
h _ 2
ATy |1 AT
AT e % dTaz
4 (18)
A*c:

I _ pfemfz LT L 5 THz=T) - 4
m = G’ > [_rlsz-: ﬁ][ﬁ-(%;(z)fdi;(e))-rf{' Q;T_i_(_zt’?@g(;gjj

L
A, fom L [2 / A &

= T T— ~ s
i G [T ] (2, 2,@)
A h

r__efzw [L(RTHTA)GT2) r+‘r ZT-1 (2)-
AT otz Cs v 2T (I-T) 6,.( )](\D ? Cb}m)



The different terms in (18) are self-explanatory. The cross éections (18) in=-
serted into eqs. (4), (12), (13) and (16) will give the corresponding angular
distributions and asymmetries. It should be noted that these cross sections
are smalier thén the jet cross sectioﬁs &iscusséd Before. The jet cross
sections associated with the various species of partons (forming the éhrust

axis), where the momenta of the recoiling less energetic jets have been inte-

grated out, are given by the coefficients multiplying Dg , Dg' and Dh ,
f ¢

respectively.
In zeroth order perturbation theory (naive parton model) there will be
a forward-backward asymmetry . cos€ . This asymmetry can be derived from

eq. (18) by letting T=-»1, i.e., when the internal quark goes on mass shell.

In this order we obtain the distribution *)

2 & 5 _ GK# > - & (19)
n (14580 ) (3, CI+I- ) + 2 cos©® S (3, 0-3z00)
s % @’F ?’; .7'{: y

Here the polar asymmetry is of the same order of magnitude as found in (15).
For the time being we conclude that the 8‘-2 interference should

become visible with reasonable statistics already at the upper PETRA and

PEP energies..

>*)For details see Ref.6.
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Figure Captions

Fig.

Fig.

Fig.

1

Definition of angles@ andf®, . The g, q and g momenta lie in the
. i . . . T,
(x,2z) plane. The z—axis (+ 0z ) is along the direction of either
the quark, antiquark or gluon. In our numerical analysis this
will be the thrust axis, i.e., the direction of the most ener-
. . . == . . .
getic jet, If the partons going into the—=0z direction are dis-
tinguished, the x—axis can be defined by either one of them.
ey g . . — . . .
Another possibility is to define Ox to be in the direction of
. . . id
the fastes among the partons going into the hemisphere — Oz
. a - v .‘4 . -
( i.e., the second most energetic jet if Oz is the thrust axis ).

For the actual definition see text.

f . ‘
G1 as a function of lqz for Qf = 2/3 and Qf -1/3 guarks.

—

\ f
The ratio G5/G as a function of 'qz for Qf = 2/3 and Qf = -1/3

quarks.
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