CBPF-NF-012/99

DFTT 19/99
INFNCA-TH9905
hep-ph /9904205

Off-diagonal helicity density matrix elements for vector
mesons produced in polarized ete™ processes

M. Anselmino®, M. Bertini?, F. Caruso®*, F. Murgia® and P. Quintairos®

!Dipartimento di Fisica Teorica, Universita di Torino and

INFN, Sezione di Torino, Via P. Giuria 1, 10125 Torino, Italy

?Theoretical Physics, Lund University
Solvegatan 14a, S-223 62 Lund, Sweden

3Centro Brasileiro de Pesquisas Fisicas

R. Dr. Xavier Sigaud 150, 22290-180 Rio de Janeiro, Brazil

‘Instituto de Fisica da UER.J
Rua Sao Francisco Xavier 524, 20559-900 Rio de Janeiro, Brazil

PINFN, Sezione di Cagliari and Dipartimento di Fisica, Universita di Cagliari
C.P. 170, 1-09042 Monserrato (CA), Italy

Instituto de Fisica Teérica - UNESP
Rua Pamplona 145, 01405-900 Sao Paulo, Brazil

ABSTRACT

Final state ¢¢ interactions give origin to non zero values of the off-diagonal element
p1,—1 of the helicity density matrix of vector mesons produced in ete™ annihilations, as
confirmed by recent OPAL data on ¢, D* and K*’s. New predictions are given for p; _q
of several mesons produced at large x, and small pr — i.e. collinear with the parent jet —
in the annihilation of polarized et and e~ ; the results depend strongly on the elementary
dynamics and allow further non trivial tests of the Standard Model.
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1 - Introduction

In a series of papers [1]-[3] it was pointed out how the final state interactions between
the ¢ and ¢ produced in ete™ annihilations — usually neglected, but indeed necessary —
might give origin to non zero values of spin observables which would otherwise be forced
to vanish. The off-diagonal spin density matrix element p; _1(V') of vector mesons may
be sizeably different from zero [1, 2] due to a coherent fragmentation process which takes
into account ¢q interactions; indeed, predictions were given [3] for several spin 1 particles
produced at LEP in two jet events, provided they carry a large fraction z, of the parent
quark energy and have a small intrinsic k. i.e. they are collinear with the parent jet.

The values of p; _1(V) are related to the values of the off-diagonal helicity density
matrix element py_._4(¢q) of the qq pair, generated in the e~et — ¢q process [3]:

Pl,—1(v) ~ 1 — Po,o(v)] P+ (q9) (1)

where the value of the diagonal element p, (V) can be taken from data. The values of
pi—.—+(qq) depend on the elementary short distance dynamics and can be computed in
the Standard Model. Thus, a measurement of py _1(V) is a further test of the constituent
dynamics, more significant than the usual measurement of cross-sections in that it depends
on the product of different elementary amplitudes, rather than on squared moduli. With
unpolarized et and e~

Aoy 2
——(l1) 4qu e M2, 2)

where the M’s are the helicity amplitudes for the e“et — g process and

2
ANyg = Z | M, AN, . (3)

Mg gy o
At LEP energy, \/s = M, one has [3]

( g) sin? 0
(g —I—g )g 1+ cos?6

(4)

_ z _ 1
Pamimt(40) > pi i (99) = 5
where ¢, and ¢, are the Standard Model coupling constants [reported for convenience in

Fq. (15)] and 6 is the vector meson production angle in the e”e* c.m. frame.
At lower energies, where weak interactions can be neglected, one has:

1 sin?#

21 + cos? 0 (5)

Eq. (1) is in good agreement with OPAL Collaboration data on ¢, D* and K*,
including the 6 dependence induced by Eq. (4) [4, 5]; however, no sizeable value of
p1,-1(V) for V.= p,¢ and K* was observed by DELPHI Collaboration [6]. Further

tests are then necessary. Predictions for p; _1(V), with V. = ¢, D* or B* produced in
NN = VX, yN — VX and {N — (VX processes were given in Ref. [7].

Poi () = por_i_(q0) =
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We consider here again the process eTe™ — VX, assuming all possible polarization
states for the initial leptons. This might not be a realistic case — polarized ete™ beams
might not be available in the nearest future — but, as we shall see, the results show such
a strong interesting dependence on the spin elementary dynamics, that such a possibility
should not be forgotten when planning future ete™ colliders. Also, this work is the natural
expansion and completion — with all possible cases and theoretical predictions taken into
account — of the study undertaken in Ref. [3].

In the next Section we compute the value of py_._;(¢q) with the most general spin
states of et and e in Section 3 we obtain numerical estimates in several particular cases
and in Section 4 we give some comments and conclusions.

2 - Computation of p,_._.(qq)

In case of polarized initial leptons Eq. (2) modifies into:

pe! 7) = > M M
qu,xq;xg,xg(QQ) [N AgAgiA Ay P i v H A (6)
' '
99 A_ A AN
with
) *
NP2 = E M, . . 7N 7
q AgAgid Ay PAN AL, N g N (7)
. ! !
AgAgid oA AL A
and where

P, (e7eT) = pa v (€7) pa, v (eF) (8)

is the helicity density matrix of the incoming independent leptons.
The most general helicity density matrices for the incoming e~ and e™ are given by

B 1 1+cosa_ e P-sina_
p(e ) ) ( eP-gina_ 1 —cosa_ ) (9)
and . y
1 —cosa e'™* sin «
+y - = ' + +
p(e ) 9 ( e~ 10+ sina+ 1 4+ cos o ) (10)

where a_ and f_ (a4 and 3) are respectively the polar and azimuthal angle of the e~
(e1) spin vectors; we have chosen zz as the scattering plane with e~ (e™) moving along
the positive (negative) direction of z-axis.

Insertion of Eqgs. (8)-(10) into Eqs. (6) and (7), neglecting lepton masses, yields

1
pol — _ 1 *
= — cosa_)(l+cosay) M a_ M
qu,xq;xg{,x%(QQ) 4N§qfl (1+ )(1+ +) Aghgits Nk =
—i(B—+0+) (o ; *
+ € (sinasinay ) My - NN

_|_

e 0=F0+) (sin a_ sin o) My - M
q9q

I o

+ (1 —=cosa_)(l —cosay) My -+ M*g,xg;—,+ (11)

g
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with

4N (L+cosa)(l+cosay) [[ My |* + Moy ']
+ (L—cosa_)(l—cosay) [[My_y "+ |M_yi s |?]
+ 2sina_sinay Re [e_i(ﬁ“"ﬁ” <M+_;_|__ M—T——;—-I—
_I_

Moy M2y )]

(12)

In the last equation also quark masses, compared to their energies, have been neglected.
The explicit expressions of the relevant ee™ — ¢q c.m. helicity amplitudes are given

by [3]:

Mgz = ¢*(1 4 cos0)[e; — 9,(5)(9y F 9.)1 (90 F 9.)d]
Mz = e’ (1—cost) (e, — g,(s)(9, £ 9.)1 (9, F 9.)4]

with the usual Standard Model coupling constants:

1 ) 1
gf/ — —§—|—281H2(9W gi:—ﬁ
u,C 1 4 : U,C 1
9y to= 9 g sin” 0, UN = 9
1 2 . 1
g = i lge, oo ]
(5 1 :
s) = . :
Iz 4sin® 0, cos?0,, (s —M2)+iM,T,

By inserting Eqs. (13) and (14) into Eqs. (11) and (12) one obtains:

o _ 1 [ o) o) : o
PR - (90) = o | (1 cos™0) FY 4 cos 0 T +sin0 P
4:qu -
0 _ 1 [ o . o o . o
pﬁ_i;_+(qq) = Yz (14 cos? 0) (Fﬁql + ngql) + cos b (ngl + zFﬁql)
qq *

+ sin? 0 (FLY +iFYY)

with
N(qul = (1 + cos? ) Fﬁfﬁl + cos 0 Ffffq + sin?® 0 Flp;lq .

The twelve functions Ff?;l depend on the spin directions of the incoming leptons:

= (14 cosay)(I+cosas) el +1g,1* (9, — 9.)f (9, — 9.);

- qu(Regz) (gv _gA)l (gv _gA)q

+ (1 — COS a+) (1 — COS Oé_) 63 + |gz|2 (gv +gA)l2 (gv _gA)z

(15)

(16)

(17)

(18)
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8,9

pol
F97q
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FlO,q

pol
Fll,q
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2(Reg,) (9, +9.)i (9, = 0.)d]

(1 + cos ay (1 + cos o )2 _63 + |gz|2 (gv - gA)l2 (gv - gA)z

(1 — COS vy (1 — cos - )2 _63 + |gz|2 (gv +gA)12 (gv _gA)z

(
)
2(Reg,)(9y = g.)i(9v = 9.)q|
)
(9v

2(Reg,)

2 sin ay sin o

+ 9.0 (00 — 0.
cos(Bs + ) (€2 +10,1* (62 — 61 (9, — 9.

2(Reg,) g, (9, — g.)q) +sin(Bs + 5) e, 2(Img, ) g, (9, — 0.,
2 sinay sina| cos(Bs + 82)[e2 + 1o, (97 — 921 (92 — o),

2(Reg,)d ¢°]+sin(By + B-) e, 2(Img,) g ¢°

2 sin oy sina_ cos(ﬂ+ + ) e, (Imgz)g g’

Siﬂ(ﬂ-p‘l‘ﬂ—)@] (Regz)g,q gA:|
4 sin g sina- { —cos(fy + =) e, 2 (Regz)gi 9,
sin(By + 8-) ¢ (Imgz)g g }

cos(By + B-) e 2(Img,) g, g% —sin(By + B-)

4 sin gy sin o

[e2+19,1* (9> — ¢°)i (9> — 9% )y — €4 2(Reg,) g’ ¢°]

(1 + cos oy (1 + cos a_ ){63 + |gz|2 (.gv _gA)12 (9\2/ _gi)q

(1 — COs a4 (1 — CoOS v ) 63 + |gz|2 (gv +gA)l2 (9‘2/ _gi)q

(PH%M(PH%Q)%HM%M%—%Mﬂ

<mwwm<rwwa>%um%ﬂ%+%mﬂ

63 + 19, " (9, + 9.)7 (93 +9%);—€e2(Reg,) (g, +9A)zgi}

(14 cosay) (14 cosa_)2 e, (Reg,) (g, — g,)i9"
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|gz |2 (gv - gA)12 (gng)q_

— (1= cosay) (1 —cosa )2 e, (Reg,) (g, +9.)14]

- |gz|2 (gv + gA)12 (gng)q_
cos(By + =) [e2 — ey 2(Reg,) g, 9!

+ 19,17 (g2 = )i (g2 +9%)g) +sin(Bs 4+ B-) [e,2(Img,) ¢ g2]]. (19)

Flp;lq = (sinag sina_)

Eqgs. (17)-(19) give the most general expression of pﬁ_oi;__l_(qQ) for a ¢q pair obtained
in the annihilation process of polarized leptons, e”e™ — ¢g, at lowest perturbative order
in the Standard Model, taking into account both weak and electromagnetic interactions
(v and Zy exchanges).

3 - Numerical values of p,_._,(qq)

Let us now consider different polarization states of e~ and e™. We choose as possible
spin directions the 3 coordinate axes, &, y, 2, with spin component +1/2 along these
directions: the corresponding values of («, #) in Eqs. (9) and (10) are as follows:

b= (7f2,0)  +i=(n/2m2)  +2=(0,0)
b= (mf2m) =280 —i=(m7) (20)
We have then a total of 6 x 6 = 36 possible initial spin states. Many of them will lead

to the same value of pﬁ_oi;__l_(qq*) and it is convenient to group them into the following 9

cases (notice that Case 3 is just listed for completeness, but it gives identically null results
due to helicity conservation in the e"etZy and e~ ety vertices):

Case 1:
{P(em,+2), Plet, +2)}

Case 2:

{Pe7,+2), Plef, +2)}, {P(e7,+2), Plet, =)}, {P(e™,+2), Ple*, +i)},
{Pem,+2), Plet, =i}, {P(e7,+&), Ple™, +2)}, {P(e7,—2), Plet,+2)},
{P(e_v—l'?))v P(€+,—|—,§)}, {P(e_v_?))v P(€+,—|—,§)}



{P(e_v_?))v P(e-l—v—l'?))}

Case 6:

{P(e™,+1), P(et,—2)}, {P(e”,—12), P(et
{P(e_ _3))7 P(e+7 _?))}

Case 7:

{Plem,+2), P(e™, +9)}, {P(e™.+79), P(e*
{Ple”,—9), P(€+a—§?)}

Case 8:

{Plem,+2), P(e",—9)}, {P(e7.—9), Ple*
{Ple,+9), Plet,—1)}

Case 9:

{P(e7,=2), P(et,4+2)}, {P(e”,—2), P(et,
{Ple7,—2), P(et,—y)}, {P(e™,+2), P(e +
{Pem,+3), Plet, =)}, {P(e7,—7), P(GJ’,

. . . I
The corresponding expressions of the functions Ff;

Case 1:
FEt = a2 4+ 1g, P (g, — 9,02 (9,
Fpol,Cl _ 2Fpol,01

o Fpol,Cl

pol C1 pol Cl
F. = Fy 5.4

_ ppol,C1
3.9 - F

6,9 7,9

Fpol,Cl _

FgOLOl = eqS(Imgz) (gv - gA)lgi

ol,C
Feit =2 (e 410, (9, — 0.0} (62 + 82D — e,

iyt =3 {eq (Reg,) (9v —9.)i9% — 19, " (9
Case 2:

FPORC? = (1/2) FPMOY (i=1 - 12)

Case 3:

FIS =0 (i=1-12)

Case 4:

ol,C
e 1= 4{e§ +19,1* (9, + 9.7 (9, — 9.)7 — €42

ol,C
Fpetes _s[e o, 12 (0y + 9.7 (9 — 9.)% — €

s}, {P(e”

s &)}, {P(e7, =2

- 9,4)3 — €4
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+79), Plet, +9)},

s 8}, {P(e7, =2), P(e’, +§)}
+i)}, {P(e7, =2), Ple", =)},
—2)}, {P(e7, =2), P(ef,=2)},

)}

are given by:

2 (Regz) (gv - gA)l (gv - gA)q:|

{,C1 {,C1
— FPO — FPO — 0

12,9

{%+MP%rwﬁﬂﬁ—ﬁh—%(%%ﬂ%—%h%}

2 (Regz) (gv - gA)lg‘q/}

— .02 (90 9. (21)
(22)
(23)
(Reg,) (9, +9.)1 (9, = 9.)4]
2(Req,) (g + 0.1 (9 — 9.)a]
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,C4 1,04 1,04 1,04
Fé)ol,c% Fpol ,C4 _ Fpol _ Fpo _ Fpo — Flpzoq -0

By =4le; + 19,1 (9, + 9.)F (97 —9%)s —eg2(Reg,) (g, + gA)zgﬂ
Fyy ™ = e;8(Img,) (9, +9.)1"
Fﬁfq—Qé?+wAWm~Huﬁ@3+qu—%2G%m)@V+gﬁwﬂ

Fi7 =8 = eq(Reg,) (g0 + 90098 + 19, (9 + 9.1 (gng)q} (24)

Case 5:

P =2 :63 +19,* (g7 + 92D (9y — 9.)7 — €42
szf;l’cs =8 —19,1*(9v9.)1 (9 — 9.); + €4 (Reg,
Byt =2 :63 +19,1 (97 —92)i(9y — 9.); — e, 2(Reg,) g, (9, — gA)q}

Fﬁzl,cs =2[e2 41,12 (0% — 6% )i (6> — g% )y — €42 Regz)glv gg}

F = e,4(Img,) g, g°

FU% = —e,8(Reg,) g, g?

FECY = e,8(Img,) ¢, g7

FE =2 4 10,2 (62 + )i (92 = 82)y — €42 (Reg, ) o, gt |

By = e, 4(Img,) g, ¢!

Fﬁf@“ =c2+1g, 1 (62 + 82 (g2 + 9)y — ¢,2(Reg,) d' g°

iy = 4{ —e5(Reg, ) 9,9% + 19,1 2(9, 9. )1 (gng)q}

PP = e+ 19,17 (92 — )i (92 + 92)s — €, 2(Reyg,) ¢!, g7 (25)
Case 6:

Flpol,CG 2|:€ _|_|gz g _I_g ) ( —gA)z—qu(Regz)g‘l/ (gv_gA)q:|
FpolCG 8{ |gz ngA) (g gA)g—I-eq (Regz)gi (gv _gA)q:|
FE0 = 2|2 410,12 (62 = 02 (9, — 9,02 = €02 (Reg, ) g (9, — 0.))

Pyt = =2 {63 +19,* (97 = 929y — 93)s — €a2(Reg,) g, gi}

ol,C
FP% = —e 4 (Img,) g g°

ol,C
FI% = e, 8(Reg,) ', g¢

ol,C
P = —¢,8(Img,) g g1

Pyt =2 {63 +lg, (g7 + 92)i(g] — %)y — €2(Reyg,) g, 93}

ol,C
FI% = e, 4(Img,) g g
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Fiog = ci + 19,17 (97 +92)i(9] +92)g — e, 2(Reg, ) 9, 97

FI7Ce = 4{ — ¢y (Reg, ) ¢! o7 + 19, P 2(0,9.)1 (9,9.),

Pl = =i = 19,1* (97 — 63D (g} + 93)s + &2 (Reg, ) g, gt (26)
Case T:

Py =2 {63 + 19,1 (97 + 93 )i (90 —9.); — € 2(Reg,) g, (9, — gA)q}

= 4{ = 19,1 2090901 (9 = 9.); + €,2(Reg,) g, (9, — gA)q}

RPN = e 4 (Img, ) g, (gv —9.)q
FPT = e 4 (Img, ) ¢!
77" =e,4(Reyg,) g,
Iy =e,8(Imy,) g,

T = —4{eq + g, P <gv ~ (g~ 02)— €42 (Reg,) ) o7
BT = 2[4 10,2 (62 + 02 )i(97 — 82)y — €42 (Reg, ) g gt |
FE = e 4(Img,) g, ¢!

Fﬁf@” e2+19,1* (9> +9°)i (9> +9%)g —eg2(Reg,) g’ g

P = 4{ — e (Reg,) gl % +19,72(9,9.) (gng)q}

F T =e,2(Img, ) g, g7 (27)
Case 8:

e = {6 + 19,17 (97 + 93)i (90 —9.); — € 2(Reg,) g, (9, — gA)q}

Pt =8 { —19:1° (9v9.)1 (95 = 9.); + €4 (Reg, ) g, (9, — gA)q}

FPO% = e d(Img,) ¢! (gv —94)q

Fyy T = —e,4(Img,) g,

FIS = —e,4(Reg,) g g

FP® = —¢,8(Imyg,) ’ng

Frobes = 4{e 19, (92 = )i (92 = 4%)s — €2 (Reg,) gl g1
Fpolcs {e +lg,|? (g —I—g )i ( _gi)q—qu(Regz)gigﬂ
Fpol,cs = e, 4 (Imgz)gv 9?4

Fioa™ = e+ 19, (2 + )i (92 + %)y — ¢42(Reg,) g, g7
7y = 4{ — ¢ (Reg,) g, 9% +19,1* 29, 9.): (gng)q}
FI7% = —ey2(Img,) ¢, g7 (28)
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Case 9:
FPNO = (1/2) FPYY (i=1-12) (29)

We can now compute pﬁ_oi;__l_(qq*) for any initial lepton spin state, and at any energy,
by using Eqgs. (21)-(29), together with Eq. (15), in Eqgs. (17) and (18). We do it here
first at the Zg pole, /s = M,, where

. M, /T
B e (30

. 2 2
4 sin” g, cos?f,,

Taking [8] sin®0,, = 0.231, M, = 91.187 GeV/c? and T', = 2.490 GeV yields for u-type

quarks:

. 2 0
pOlvpl702 T _= M — —0.369 1 3 0-132 -
Pr_ 4 (uu, \/g z) ( + ) 14 cos?28 — 1.335 cos
ppoz,04,09(uu. Vs=M ) = —0.370(1 —¢0.113) sin” 0
1 3 z ) ) 14+ cos?26 4+ 1.336 cos@
) 0.003 — cos? 0
Re [/£7C%, (w5 = M,)] = 0371

0.008 4+ cos?20 + 0.102 cos ¥

0.009 + 0.047 cos 8

I pol s M = 40.371
m [ph70 7 (utiy /s = M) + 0.008 + cos? 8 + 0.102 cos

1 —0.003 cos?6
1+ 0.008 cos?20 +0.102 cos

Re [0, (uw; /s = M,)] = —0.371

0.009 cos?8 + 0.047 cos 6
1+ 0.008 cos28 + 0.102 cos @

Im [p50 58, (wus /s = M) = —0.371

0.911 — cos? 8 — 0.018 cos b
1+0.934 cos?20 +0.195 cos

Re [phh "7 (wis /s = M,))] = —0.374

0.009 sin?6 — 1.901 cosd

I pol cr M = +40.374
[P (s /s = M,)] T 1+ 0.934 cos? 6 +0.195 cosd

1 —0.911 cos?8 4+ 0.018 cos d

R, pol 08 M = —0374
e[ (uu Vs = 2] 0.934 + cos?20 4+ 0.195 cos ¥

0.009 sin? 6 + 1.901 cos ¥
T [pf71C® M) = 40.374 1
m [ (s Vs = M )L = A 7 7 0.195 cos @ (31

and for d-type quarks

_ 102 0
Pl CLO2 g /o MY = —0.176 (1 +10.108 S
P+ ( Vs 2) (141 ) 1+ cos?280 —1.871 cos ¥

sin? 0

1+ cos?28 4+ 1.871 cos ¥

prENddy s = M) = —0.176 (1 — 0.092)



Re[ph?"%, (dd; /5 = M)
I [p55 7 (dd; /5 = M,)]
Re [pi07% (dd; /s = M,)]
Im [p§27°, (dd; /s = M,,)]
Re [y 7 (dd; /s = M,)]
Im [y (dd; /s = M,,)]
Re [p0%5 (dd; /5 = M,,)]

m [, (dd; /s = M,)]
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0.004 — cos? 9
0.006 + cos? 8 4+ 0.142 cos 8

0.008 + 0.069 cos @
0.006 4+ cos?20 + 0.142 cos 8

—0.176

+0.176

. 2
0176 1 —0.004 cos“¥#

14+ 0.006 cos28 + 0.142 cos 8

0176 0.008 cos? 8 + 0.069 cos 6

1+ 0.006 cos?26 +0.142 cos O
0.872 — cos? 8 — 0.014 cos ¥

—0.184
1+0.953 cos?2 6 +0.276 cos O

0.007 sin? 0 — 1.855 cosd

0.184
+ 1 +0.953 cos28 + 0.276 cos @

. 2
_0.184 1 —0.872 cos* 0 +0.014 cos

0.953 4+ cos2 80 + 0.276 cos d

0.007 sin? 0 + 1.855 cos 0

0.184
+ 0.953 4+ cos?20 + 0.276 cos 8

(32)

At lower energies, instead, where one can neglect all weak interactions [that is, setting

g, = 0 in Egs. (21)-(29) and taking into account quark masses| one obtains for any
flavour:
1 sin® §
pol,C'1,02,04,C9, _. M -
P—i—+ (47 Vs < M,) 214 cos?f + e2sin*f
1
ol,C
PR (g Vs < M) = 3

pioici6+(QQ7 \/g < Mz) =
Re [0 % (qq; 5 < M) =
Im (o5 T (g5 /s < M,)] =

Im [pioicii(qq’ \/g < Mz)] =

where ¢ = 2m,/\/s, which, for heavy flavours,

1 cos? 9

" 2cos? + €2sin? 0

1 sin? @
21+ cos?2f + e2sin? 0
—cos ¥
1+ cos?2f + e2sin? b
cos 0

1+ cos?2f + e2sin?6’

might not be negligible at /s < M,.

(33)

Insertion of Eqs. (31) and (32) or (33) into Eq. (1) allows to give predictions for the

relation between py _1(V') and pgo(V'), both of them measurable quantities. Eq. (1) holds
for vector mesons with a large energy fraction z, and collinear with the parent jet; ¢ is
the quark flavour which contributes dominantly to the final vector meson production (e.g.
¢ in D*); an average should be taken if more than one flavour contributes [3].
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Notice that we expect [3] poo(V) to be independent of the production angle 6, so that
the sign of p1,_1(V) and its 6 dependence are entirely given by the elementary dynamics,
via py_._4(qq); for unpolarized e and e such dynamics is given by Eq. (4) or (5), and
for polarized ones by Eqgs. (31) and (32) or (33). We turn now to a discussion of these
equations and a comparison with the unpolarized case.

4 - Comments and conclusions

We show our numerical results for pﬁ_oi;__l_(qq*) in Figs. 1-6. We give results only for

those cases which strongly differ from the unpolarized case and have such peculiar features
which would make a measurement of py _1(V') in agreement with them an unquestionable
test of our approach. In Figs. 1-4 we consider the LEP high energy case, \/s = M, and
in Figs. 5-6 the lower energy case, /s < M,,.

In Fig. 1 we plot as functions of § (the V' production angle in the e”¢t c.m. frame)
the real part of pﬁ_oi;__l_(uﬂ) at LEP energy for cases: C5, €6, C'1,2 and C4,9. Also the
value of pi_._ 4 (uu) for unpolarized leptons is reported for comparison. In Fig. 2 we do
the same for d-type quarks.

In Fig. 3 we plot the imaginary part of pﬁ_oi;__l_(uﬂ) at LEP energy for cases: C5, C'7
and C8. In all other cases, including the unpolarized one, such imaginary part is much
smaller and should lead to a measurement of Im p; _;(V) ~ 0. The same is done in Fig.
4 for d, s and b quarks.

In Fig. 5 we plot the real part of pﬁ_oi;__l_(qq; Vs < M,) taking into account only
electromagnetic interactions for cases C'5h and C'6. All other cases give the same result
as unpolarized leptons, result which is reported for comparison. Quark masses have been
taken into account, setting € = 2m,/\/s = 0.1.

In Fig. 6 we plot the imaginary part of pﬁ_oi;__l_(qq; Vs < M,) taking into account
only electromagnetic interactions (and quark masses, ¢ = 0.1) for cases C'7 and C8. In
all other cases, including the unpolarized one, the imaginary part is zero.

Figs. 1-6 show beyond any possible doubt how the elementary dynamics might lead
to very different values of p1,_1(V'), according to the different spin states of the initial e*
and e”. A measurement in agreement with our predictions would confirm in a definite
way the necessity of coherent effects in the quark fragmentation and prove all subtleties
of the Standard Model dynamics.

Let us further comment on the most typical cases. The possible spin configurations
and the definitions of the various cases are listed at the beginning of Section 3. Concerning
the real parts at LEP energy — Figs. 1 and 2 — case C'5 presents the most striking features,
both in sign and # dependence and shows a drastic difference from the unpolarized case;
also C'6 has a peculiar, almost constant, § dependence which should be easily detectable.
These two cases correspond to e* and e~ transversely polarized in the same direction,
with either parallel or opposite spins. Cases C'1,2 and C'4,9 also deviate largely from the
unpolarized case, in particular for charge -1/3 quarks: C'1 and C'4 correspond to initial
leptons with opposite helicities and C'2, C'9 to spin configurations in which one of the
lepton is longitudinally polarized and the other is transversely polarized.

Cases C'7 and C8, leptons transversely polarized in different directions, lead to results
similar to unpolarized leptons for the real part of pﬁ_oi;_+(qq); however, contrary to the
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unpolarized case, they give large values, strongly varying with § — Figs. 3 and 4 — for Im
pol

P4 (qq), which makes them very interesting. Also C'5 exhibits a peculiar # dependence
. ol _
in Im piZ 4 (q9)

At lower energy, when only electromagnetic interactions contribute, cases C'5 and C'6
are simple and very interesting — see Fig. 5 — for the real parts of pﬁ_oi;_+(qq); cases C'7

and ('8 are unique providers of sizeable imaginary parts of pﬁ_oi;_+(qQ), Fig. 6.

We have thus completed the study of the off-diagonal helicity density matrix element
p1.—1(V) of vector mesons produced in ete™ annihilations into two jets, selecting vector
mesons with a large energy fraction and small transverse momentum inside one of the jets.
The idea was suggested in Refs. [1] and [2], and the first numerical predictions, given in
Ref. [3], have been confirmed by some experimental data [4, 5]. We have considered here
the most general case of polarized e and e™; we have given numerical results both at LEP
energy, \/s = M, and for \/s < M, but our formulae, Eqs. (17)-(19) and (21)-(29), are
valid at any energy and take into account both electromagnetic and weak interactions.

At the moment, there is no operating ete™ collider with polarized beams; however,
future generations of linear colliders are being planned and our study might indicate very
good reasons to seriously consider polarization options.
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Figure Captions

Fig. 1 - Plot of Re[pﬁ_oi;__l_(uﬂ; Vs = M,)] as a function of # (the production angle of the
vector meson in the e”et c.m. frame) for cases: C'5, C'6 (both leptons transversely polar-
ized with spins either parallel or anti-parallel); C'l, C'4 (leptons with opposite helicities);
C2, C9 (one lepton longitudinally polarized, the other transversely polarized). Also the
value of py_._y(ut;+/s = M,) for unpolarized leptons is shown for comparison. In all
other cases one obtains results similar to the unpolarized case.

Fig. 2 - The same as in Fig. 1, for d-type quarks.

Fig. 3 - Plot of Im[pﬁ_oi;__l_(uﬂ; Vs = M,)] as a function of  (the production angle of the

vector meson in the e“e® c.m. frame) for cases: C'5 (both leptons transversely polarized
with spins either parallel or anti-parallel); C'7, C'8 (both leptons transversely polarized, in

different directions). In all other cases, including the unpolarized one, Im[pﬁ_oi;__l_(uﬂ; Vs =

M,)] ~0.
Fig. 4 - The same as in Fig. 3, for d-type quarks.

Fig. 5 - Plot of Re[pﬁ_oi;__l_(qq*; Vs < M,)] as a function of # (the production angle of

the vector meson in the e”e™ c.m. frame) for cases C'5 and C'6 (both leptons transversely
polarized with spins either parallel or anti-parallel). All other cases give the same result
given by unpolarized leptons, which is shown for comparison. Quark masses have been
taken into account, with € = 2m,/\/s = 0.1.

Fig. 6 - Plot of Im[pz_fi;__l_(qq*; Vs < M,)] for cases C'T and C8 (both leptons trans-
versely polarized, in different directions). In all other cases, including the unpolarized

one, Im[/)]fi;_+(9@ Vs < M,)] =0. Again, ¢ = 0.1.
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Fig. 1: Plot of Re[pﬁ_oi;__l_(uﬂ; Vs = M,)] as a function of 8 (the production
angle of the vector meson in the e~et c.m. frame) for cases: C'5, C6 (both lep-
tons transversely polarized with spins either parallel or anti-parallel); C'1, C4
(leptons with opposite helicities); C'2, C'9 (one lepton longitudinally polarized,
the other transversely polarized). Also the value of py_._ 4 (uu;+/s = M) for
unpolarized leptons is shown for comparison. In all other cases one obtains
results similar to the unpolarized case.
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Fig. 2: The same as in Fig. 1, for d-type quarks.
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Fig. 3: Plot of Im[pﬁ_oi;__l_(uﬂ;\/g = M,)] as a function of 6 (the produc-
tion angle of the vector meson in the e”e™ c.m. frame) for cases: C'5 (both
leptons transversely polarized with spins either parallel or anti-parallel); C'7,
C8 (both leptons transversely polarized, in different directions). In all other
cases, including the unpolarized one, Im[pﬁ_oi;__l_(uﬂ; Vs=M,)] ~0.
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Fig. 4: The same as in Fig. 3, for d-type quarks.
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Fig. 5: Plot of Re[pﬁ_oi;__l_(qq; Vs < M,)] as a function of 8 (the production
angle of the vector meson in the e”e® c.m. frame) for cases C'5 and C6
(both leptons transversely polarized with spins either parallel or anti-parallel).
All other cases give the same result given by unpolarized leptons, which is
shown for comparison. Quark masses have been taken into account, with

€=2my//s = 0.1.
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Fig. 6: Plot of Im[pioi;__l_(qq; Vs < M )] for cases C'7 and C'8 (both leptons
transversely polarized, in different directions). In all other cases, including the
unpolarized one, Im[pioi;__l_(qq; Vs < M,)] =0. Again, € = 0.1.



