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Circularly polarized gluons emitted in high energy QCD processes
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In the light of the recent report by the ALEPH Collaboratidn Buskulic et al, Phys. Lett. B365 437
(1996 ] whereA , polarization was measured, which involves polarization transfer frorb theark toA,, we
discuss the gluon circular polarization created in high enefgg™ annihilation, previously calculated, and
give a calculation of gluon circular polarization creation in high energy electron-proton collisions. For high
energies the gluon circular polarization is sizable and the polarization is directly transfercggviector
mesons. We give energy spectra and angular distribution of the gluon circular polarization for various initial
energies. Gluon elliptic polarization, inferred from linear and circular polarization, is displayed for two initial
energies.
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[. INTRODUCTION the collaboration, this may point to depolarization mecha-
nisms occurring during hadronization which are yet to be
Quarks and antiquarks emitted in high energy electronunderstood.
positron annihilation, In the light of this result, it might be of interest to discuss
. also the circular polarization of gluonB,, emitted ine*e™
e’ +e —qq, (1) annihilation, Eq(2), and in deep inelastic scattering of elec-
. . trons on protons:
and with gluon emission

e++e—_>qa+g (2) ei+P—>e+g+X (4)
are in general polarized. The quark longitudinal polarization ~Circular (and lineay polarization of gluons, Eq(2), for

without gluon emission, Eq(1), is at theZ, resonance for 2€ro-mass quarks was obtained in Hefl. At the Z, reso-
zero-mass quarks given by nance, the photon circular polarization is maximum for glu-

ons emitted in the direction of the electron momen{uih
2Ufaf

P? == 2va

vf2+af2’ pmax_ _
c 02+a2!

©)

with v¢ anda; the vector and the axial vector couplings to
the Z, boson for flavorf. The quark mass changes this for- wherev anda are the electron vector and axial vector cou-

mula to[1] plings to theZ, boson. In contrast to the quark polarization
(3), the gluon polarization is small at th&, resonance,

P?E: , 21£af,8 , 3) PI"®=—0.16. At higher electron-positron energies, the po-
vi(1+mg/2)+asp?’ larization may be sizable, as shown in Fig. 1 up-t60%.

The curve is taken from Ref4].

where g2=1—-m?, with m; the scaled quark masgy
=mf/mzo. All quarks which may be produced at this en- 10
ergy, i.e., all except the top quark, have sizable longitudinal R %
polarizations,~93% ford, s, andb quarks and~60% foru
and c quarks. Emission of gluons as in E@) lowers the
numerical value of the polarizatioR?%, in particular at
very high energie$1,2]. At the Z, resonance the effect of
gluon emission on the quark longitudinal polarizat®ff is
of the order of 3%.

An experiment to measure thg, polarization at LEP and -

thereby test the theoretical prediction BfY has been per- 00— T T Twm T Two
formed by the ALEPH Collaboratiofi3]. The theoretical ZzGev)
prediction of theA, polarization, taking into account ex- FIG. 1. Maximum gluon circular polarization in high energy

pected effects of reduction of polarization by transfer frome+e- annihilation, Eq.(2), as a function of the c.m. energyE2
theb quark toAy, is estimated to-0.69+=0.06. The mea- The solid curve represents flavor-averaged polarization, and the
suredA, polarization was, however, two standard deviationscurves marked: andd are polarizations fou andc quarks and, s,
lower, P, ~—0.23"0%sta "5 Asys). As expressed by andb quarks, respectively.
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We do not make any attempts to explain the loss of po- Z
larization in the ALEPH experiment. What we do is to point '(P1)+n(A1)=1(P2) +0(d2) + (8. &) + X, ©
out the possibility to measure thé polarization(bb spin-1 ~ with Egziex €* the gluon unit circular polarization vector
statg, whenY is produced by a polarized gluon. The mecha-(see Fig. 2, is for quark flavorf given by
nism here is simpler than is the case/of, also since the 2 2y 43+ 43
gluon polarization is directly transferred ¥o[Eq. (26)]. The d%f:E a OZS(QZ ) d_g d°p, i/
implication is that this experiment may be simpler to under- 3 (2m) o E; E
stand (a two-quark instead of three-quark progesghis 1 1 1 1
could also be a first step to bring new insight into the had- X —
ronization process via polarization effects as pointed out at (P191) (019) (029) Q

[hi"(Q*)A+h{Z(Q)A’

the end. (512 6)(2\R'
We obtain in the present paper the circular polarization of T&(h(QTBHh(Q7)BY)]
gluons produced in deep inelastic scattering of electrons on X 8(E1+E,—E,—Eb—w), (7)
protons, Eq(4). The cross section and linear gluon polariza-
tion were obtained in Ref$4] and[5]. with

The paper is organized in the following way. In Sec. Il we o 2 2 2 P
obtain the cross section including circular polarization ef- ATIQ%=(Pad) "+ (P202) "+ (P20) "+ (PaP2)%,  (8)
fects at the quark level, where the specific calculations are  Ar/|Q2|=(p,q;)%+ (p,02)2— (Pa01)2— (P1P2)2,
given in the Appendix. The cross section for the scattering of 9
protons is obtained in Sec. lll, where the relevant gluon cir-
cular polarization effects are described. In Sec. IV we definénd
the quark distribution function®f(7), bi(7), and b¥(7) 1
for the proton including valence and sea quarks. Numerical B= -—{q,-g0,- p1F1(d1,P2) +d1- P2F2(q1,p2)
results are given for various energies and angles. A discus- 20

sion of the results is given in Sec. V. +(91+92) - 9%+ P2F (01, p2)}

—®pP19[P2-d101-9—P2-9201-9— P2+ 02020
Il. CROSS SECTION AT THE QUARK LEVEL

1
The cross section for lepton-quark scattering with the ~P2: 0192 9]~ 5 ~{P1 P2}, (10
emission of a circularly polarized gluon,
1
z B’ZZ{QZQQZ‘plFl(%,pz)"‘QrPze(%,pz)
+(d1+02) 901 P2F1(d1,P2)}
Z 2 —wp19[2p2- G201+ 9
~P2:901- 02— P2 92029~ 01~ P01~ 9]
w
_E[QZ'Q(sz'QQrpl_pl'pZQ1'Q2)
1
7 —(1=02) ]+ Z{pﬂ—’ P2}, (1)
0 where
" o4 F1(01,p2) =01 p2—Ex0;-g+Eip2-0, (12
e M F1(d1,p2) =F1(dz,P1) = 00z p1~Eq02-g
: y
— +Ezp1-g, (13

F2(d;,p2)=w(02-90;- P1—P1-90;1-d2)
—E10:-902-9+E5p;-g0;-9. (14

» P Here A and A’ are the coefficients for unpolarized gluons
obtained in[5] and B and B’ are the circular polarization
FIG. 2. Center-of-mass momenta and circular polarization veccoefficients derived in the Appendix.

tor &. In Eq. (7) the h("W(Q?) coupling parameters are
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hD(Q2)=Q2—2Q:f(Q?)vv;+F2(Q?)(v2+a2) (v2+ad), Hereh®, h®) andh®) are identical to the definitions used
earlier [4,7]; h® and h(*) are always related to initially
h?(Q?)=—2Q;f(Q?aa;+4f*(Q%)vav;as, transversally polarized leptons and are not used here. The

coefficienth(®) was not given earlier.
h®(Q?)=2Qf(Q%avi—2 fX(Q*)va(vi+ay),

lll. SCATTERING ON PROTONS
h®(Q%=—2Qf(Q*va;+2 Q) (v?+a’)vsay,

(15 The cross section for protons is as usual giveri Hig]
1 Q2 6 4
f(Q?*)= 4sirf 26, Q2— MZ' (16) d°o= d77 d*a; 6*a,— 7P) % be(7)d%a,
1
with 6,y the weak mixing angle rleated to tiZg mass: 17
22 v where »P is the momentum carried by quark momentgm
z=( W“) _ . given by the spectral weightsi(7), the quark distribution
Gr Sin’ 26y, functions. This gives the cross section
|
2 a”ay(Q?) d*g d®p, [ dy 1 1
d® = — f bi( 7)1hM(QH)A
73 2m? © E ) 7 P(Q-9)p1P 1960 Q" zf— () =Bl In(Q)
2/ A2\ A7 (5)( 2 L (6),A2\R (Q-9)?
+[0(7) = be(m) 17 (QI)A’ + &g |bs( 1) — bl 7)[h”(QF)B+[bs(7) —brn]hi® (Q%)B'}H S 7t P (0=g))"
(18)
In Eqg. (18), 7 has the fixed value
di1-Q2 (19

7 E[2(E-E,) —w(1+cos)]+pi-p,’
Integrating overy and ¢, the cross section can be written as

2 a’a(Q?) E, dE, d cosf, dw d cosddep 1
3 (2m)? E37%w(1+ cosf) E[2— (1— 7)(1+cosf) — E,(1+cosb)]

d®c=

1

1
X ETA(E—E;)—2w(1+ cosd)]= Q2—42 [br(7)=br( ) Ih{P(Q%)A+[bi(7) —bi( 7] (QH)A’

f.f
+ &g{[be( ) — b M) 1P (QA)B+[bs(7)—br7)1h{®(Q?)B'}). (20)

The gluon circular polarization for the case that the gluon energnd angle® and ¢, together with the final electron energy
E and polar angle,, are recorded is given by

_dPo(£g=1)—d°c(£5=—1)
9 do(£y=1)+d°0(&=—1)

21 AhP(QY)B+Q(n)h{®(Q?)B'}be( 1) +bi(7)]

_ , 21
S ANE(QOAT O () P(QO) A [by(7)+ by(7)] @)

with
b¢(77) —bd 7) 22

URYEIEe
which vanishes for nucleosi(sea quarks and which is not much below the value 1 for most valueg fof u andd quarks.
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TABLE |. Barger and Phillips quark distribution functions for 0.08
the proton[8].

f u d S 0,03
a 0.594 0.072
b 0.461 0.206 p
c 0.621 0.621 ¢ 000
d 0.145

-0.03

IV. NUMERICAL RESULTS

Convenient descriptions of the quark distribution func- 0% ' ; '
tions for the proton arg8]

by (7)=7n"Yqa,(1-7%)3+by(1-7%°
+cy(1—7%)7"+bE], 03

bi(7)=7n"Yqay(1— 7?)3+by(1— 7?)°

+c4(1—7%)"+DbE],

0.2 1

— 2\ P
PP P P _py (1779 0.1
bs=b;=b;=bg=17% dsw- (23
We use here the values given by Barger and Philigdshere
given in Table I. We are in particular interested in values of
the gluon polarization for total energieg€2 314 GeV and
the HERA | energy, together with the gluon production cross

section. The latter is taken from Rg¢b] which is based on 04 - - - - - - o
the same quark distribution functions as here. At the same
time, we can calculate the elliptical polarization of the gluon ) @
[9]:
Pai=(P¢+PH)Y2 (24

The circular gluon polarization for several center-of-mass
energies is given as functions of the gluon enengyhe final
electron energ¥,, and the gluon emission angtein Figs.

3, 4, and 5. In order to display the effect of the elliptic gluon e
polarization, we give in Fig. 6 the linear, circular, and elliptic

gluon polarizations for center-of-mass energies 314 GeV anc o.1
1 TeV.

0.2

V. DISCUSSION 0.0

The results obtained here show that the gluon circular
polarization may become sizable for large initial electron en- 0 100 200 300 400
ergies, in particular for gluon emission at large angles () o
6—comparable to the circular polarization results previously
obtained in high energge™e™ annihilation at high energy,

Fig. 1. Compared to th&,, polarization measuremerits], it FIG. 3. (a) Gluon circular polarization as a function of the gluon
could be possible to obtain vector meson polarization meaenergy » for c.m. energy £=80 GeV and final electron energy
surements, in particular fdr quark mesons. Again, polariza- E,=20GeV. Gluon emission angle= /4, and solid curved
tion transfer from the quark to the meson is in general not=0, dotted curvep= /4, dashed curved= /2, dash-dotted curve
known. However, for gluon decay— (qQ)poung: the gluon  #=37/4, long dashed curvgh=. Electron emission anglé,
polarization is completely transferred to the meson. This carF /4. (b) Same ag@a) for 2E=314 GeV andE,=78.5GeV. (c)
be seen from the obvious analogy to the photoproduction o$ame aga) for 2E=1 TeV andE,=250 GeV.
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FIG. 4. (8 Same as Fig. 3, as a function &,, for 2E . .
=80 GeV andw=20 GeV. (b) Same aga) for 2E=314 GeV and _8';2' \? (i)d SEaTe f;o':c';g'vs'(ss g rf:nctlon( ()ﬂ fforr 55
w=78.5GeV.(c) Same aga) for 2E=1 TeV andw=250 GeV. =oYLeV and Ey=w=20GEV. ame as (& 1o

=314 GeV and E,=w=78.5GeV. (c) Same as(a) for 2E
ortho-positronium, where the polarization-dependent cross 1 TeV andE;=w=250 GeV.

section is of the form10] tronium, andpys is the unit positronium momentum. The

do(s)~(1+PcS- Ppo), (25)  positronium polarization is obtained from
whereP, here is the circular polarization of the photgnis :d"(g' Pps=1) —do(S:-Pps=—1) -p (26)
the unit longitudinal polarization vector of the spin-1 posi- P> do(S - Pps=1)+do($ pps=1) ¢
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pL+p-—q+q+g,
0.8

v which is related to our case by the substitution rules

0.4 1

P+——=P2, P-=P1,

0.2 1

Par | qs——02, 9=0q;.
0.2 :"-: [ The matrix element squared including photon afy ex-
041 ; change summed over colors is given by
06 > M+ M2 (4m)3a?aq S, +S .+
0.8 colors| b% Z| - Q4 { yy yZ SZZ}!
10 ————— (A1)

0 20 40 60 80 100 120 140 160 180
(a) 0 where
1.0 Syy =L s
S,z=2f(Q*)L4H 7 0
Szz=t4(Q*)LEHzz 4 (A2)
with L#” the lepton tensors:

Pell
0.2 LY, =EL{"+ L5 —LE",
047 LA7=—vli +aléLf "+ ELY " +L4"],
-0.6 4
. L&r=(v2+a?)[ELL"+ ELE"]— (v2—a?)LL”
1.0 . . - . —2va[éLY +ELE", (A3)

0 100 200 300 400
(b) E, wherev anda are the lepton vector and axial vector coupling

constants, respectively, and
FIG. 6. (a) Elliptic polarization(solid curve as a function of the

gluon emission anglé for 2E=314 GeV,E,= »=78.5 GeV, and HE=1+ P!Pg , &= P”l-l- Pg , (A4)

6,= ¢=w/4. (b) Same aga) as a function of the final state electron

energy,E, for 2E=1 TeV, 6= 0,= w/4, and¢=0. Dashed curves: with P”1 and Pg the initial and final lepton longitudinal po-

circular polarization. Dotted curves: linear polarization. larizations, respectively. We have not included transverse
polarizations. These can be obtained from the formalism of

For the gluonb quark system, the gluon polarization is then Ref. [7].

completely transferred to th¥ vector meson. This could  The basic lepton tensors are found to be given by

mean that the loss of polarization would be reduced consid-

v__ v anf
erably compared to thie-quark polarization transfer ta, . Li"=—4t""pp1P2
Several models of quark jet fragmentation have been pro- W g ey @B
posed. Very recently an analysis of the various models has Ly =4i8" pp1P3 - (AS)

been given by Dong11l]. These models do not take into  ,, wv o
account the transfer of the polarization dynamics. It is not=3 andL5” involve only transverse lepton polarizations and

unlikely that measurements of the polarization transfer couldVIII EOt kt])edgwen here. . b
bring new insight into the mechanisms of hadronization of The hadron tensotd,,, are given by

quarks in general, by including in the model polarization H — O%H
transfer. yrur=QtHvu

H’yZ,LLV:Qf(foV/.LV_afHA/.Lv)!
APPENDIX: MATRIX ELEMENTS HZZ,uV:(vf2+af2)HV;LV_20fafHAMV! (A6)
We use here the procedure in REf], including here the
gluon circular polarization which was not taken into accountwhereQ;, v, anda; are the quark charge vector and axial
except in a special case in R¢d]. These calculations con- vector coupling constant, respectively, afg,, andHp,,,
cern the electron-positron annihilation the vector and axial vector hadronic matrix elements:
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49,+4¢ 4,4

g+ -
a9 * Y"a,g

4,

1 *
HV/J.V: ZTr é

+ —
xqz{yyﬂi,ggé—éizz,ggnﬂ,
JGtd b
ql[é qi-g * "Ma,g
4,+4d _J\‘h_@@
799" " dag

1 *
HA#V:ZTr e

x4,
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HVMV: HlMV+ H2,LLVHA;LV: H3,U,V+ H4,uV ’

with H,,, andH,,,, antisymmetric undee«e*. One term
in Eq. (A2) is

S,Z=fAQ?)[(v3+a®)E—2va¢lLy (vi+af)H,,,
+[(v?+a®)E—-2vaBy]Ls"(—2vian)Hay,
where we have kept only terms which contribute to gluon

circular polarization. Connecting the terms in E41) leads
to the result given in Eq(8) with B andB’ given by Egs.

Decomposition in symmetric and antisymmetric tensors un{10) and (11), here with unpolarized leptonS =1 and ¢

dere«—e* gives

=0.
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