Eur. Phys. J. C 21, 501512 (2001)
Digital Object Identifier (DOI) 10.1007/s100520100741

THE EUROPEAN
PHYSICAL JOURNAL C

Weak interactions in polarized semi-inclusive DIS

M. Anselmino', M. Boglione?, U. D’Alesio®, F. Murgia®

! Dipartimento di Fisica Teorica, Universita di Torino and INFN, Sezione di Torino, Via P. Giuria 1, 10125 Torino, Italy
2 Department of Physics, University of Durham, Science Laboratories, South Road, Durham DH11 3LE, UK
3 INFN, Sezione di Cagliari and Dipartimento di Fisica, Universita di Cagliari, C.P. 170, 09042 Monserrato (CA), Ttaly

Received: 7 June 2001 /

Published online: 10 August 2001 — © Springer-Verlag / Societa Italiana di Fisica 2001

Abstract. We calculate, within the pQCD parton model at leading orders, the expression of the polarization
P of spin 1/2 hadrons (typically A baryons), produced in polarized semi-inclusive DIS in all possible cases
in which weak interactions are involved. We discuss how to gather new information on fragmentation and
distribution functions and give numerical estimates in the cases for which data are or will soon be available.

1 Introduction

The polarization of spin 1/2 baryons inclusively produced
in polarized deep inelastic scattering processes may be use-
ful, if measurable, to obtain new information on polarized
distribution and fragmentation functions. A lot of atten-
tion has recently been paid to the self-revealing polariza-
tion of A’s and other hyperons [1-12]. Most papers, with
the exception of [5,8] and [11], do not consider weak inter-
action contributions, due to lack of available experimental
information.

The NOMAD collaboration have recently published
some very interesting results [13] on the A polarization
in v, charged current interactions; more data might soon
be available from high energy neutral current processes
at HERA, due to electro-weak interference effects. It is
then appropriate and timely to perform a systematical and
comprehensive study of weak interaction contributions to
the production and the polarization of baryons in as many
as possible DIS processes. We stress that such contribu-
tions are an important source of new information, due to
the natural neutrino polarization and to the selected cou-
plings of W’s to pure helicity states.

We consider weak interactions in the following pro-
cesses:

vp = 0~ AT+ X
op = 0TAT+ X
p—svAT X (
¢*p — AT + X (charged current),
(
(

(charged current),
(charged current),

charged current),

vp — vAT + X
op — AT+ X
lp -t AT+ X

where the lepton ¢ and the proton p may or may not be
polarized, whereas the neutrinos are obviously always po-
larized (A, = —=1/2, Ay = +1/2).

neutral current),
neutral current),

(neutral current),

In our calculations we take into account the leading
twist factorization theorem, standard model elementary
interactions at lowest perturbative order and LO QCD
evolution only. Consequently the cross-sections for the
production of a hadron B in the current fragmentation
region are given by

do 5 do )
Tadyds ~ 221 @G Pon(@),

where ¢(z, Q?) is the quark ¢ distribution function, Dp/,

(2,Q?) is the fragmentation function of the quark in the
detected hadron B, and dé/dy is the elementary cross-
section. The usual DIS variables x, y and z are defined by
r=Q*/2p-q,y=q-p/l-pand z=pp-p/p-q (see also
Appendix B).

In Sects. 2—4 we consider separately the different pro-
cesses, and derive explicit expressions for the polarization
of a final baryon B in terms of elementary dynamics, quark
distribution and fragmentation functions. In Sect.5 we
discuss how experimental data could be used to obtain
specific new information and give predictions for several
processes which might be of interest in the near future.
In Appendix A we give full information on the kinemati-
cal ranges and configurations for each of the experiments
in progress or planned, used to derive our numerical re-
sults. In Appendix B we discuss mass effects in the frag-
mentation process, to clarify differences and relationships
between different definitions of the variable on which the
fragmentation functions depend.

2 Charged current processes, vp — (AT X
and fp — vAT X

Let us consider first the neutrino initiated processes, vp —
¢ATX; for them, there exist 4 possible elementary contri-
butions, corresponding to the interactions
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I/dj*) Efui,
vu;— g_dj7
vu;— é*dj,
— 7 +_

I/dj—> / U;

(2)

where we use the notation

3)

Neglecting quark masses one finds that there is only
one non-zero helicity amplitude M, AoAg, Ay for each of
i J

the elementary processes in (2), and precisely

~ ol 0T T draVi, 1
Nt yyrhte __ dmab |
++5++ Sil’l2 0W y+M3V/fL'S ( )
N n D0t s 4oV, 1—y
Mmh,_% d; _ Ml/u@'—w d; _ ij , 5
—+i—+ =it sin2 Oy y + M2, Jz5 (5)

where, according to the usual SM rules,

Vud = Ves = cosc Ve = —Vea =sinfc;  (6)
Ow is the Weinberg angle, f¢ is the Cabibbo angle and
Vij = Vji.

The elementary cross-sections are computed according
to

dc?c;;/ - 167;252'%”?”"2 - id@x’ @)
from which we obtain
dg"h=t gttt
dy dy
_ ma? |V[? ( ! >2 (8)
zs sintw \y+ M3 /zs) '
dg"ut gt
dy dy
_ ma? |V ( 1-y >2 9)
zs sintOw \y+ M3 /xs)

Notice that both v and © couple only to quarks with neg-
ative helicity and antiquarks with positive helicity.

We can now compute the longitudinal polarizations
Py, ¢ and Py g for any spin 1/2 baryon B (A’s and A’s for
instance) produced in neutrino initiated, charged current
DIS scattering processes:

da.up~>573+X _ do,up%f’B,X
P[V,Z] (B)

= do-upﬁZ_BJrX + do-z/pﬁé_B,X (10)

and

daﬁp—>[+B+X _ daap—erB,X
Ppg(B) =

(11)

doPr—EtB+ X + dogPr—t+tB-X"’

where B4 denotes a baryon B with helicity =+.

Weak interactions in polarized semi-inclusive DIS

In the most general case, when also the proton p is
polarized — and we denote by an S in the superscript its
spin state — from (1), (10) and (11) we obtain

P (B) = - ( > @) P a5 AD

.3

()6 7Y ADy | ) /
(5 ot

i,J
()76 7 Dy g, | )
and

AUq dj
PEY(B) = - (Z [0 5% AD g,

,J

7 S Agj Uq
—(d){de” ADB/@} )/
( [(UZ)ES)d&iljd] DB/dj

75\(S AJj U
+(dy) s DB/al} ) (13)

where an expression like (q)(f) stands for the number den-

sity (distribution function) of quarks ¢ with helicity +
inside a proton with spin S, whereas g+ alone refers, as
usual, to a proton with + helicity. The polarized fragmen-
tation functions are defined as

ADpjq = Dp, jq. = Dp_jq. = Dp_sq_ = Dp,/q_- (14)

If we now explicitly perform the sum over flavors in the
numerators and denominators of (12) and (13), neglecting
¢ quark contributions, and use (8) and (9), we obtain for
longitudinally (+ helicity) polarized protons

POV (Biz,y,2) = —([ds + Rsz] ADpy,
~(1 = )% [ADp5+ RADps| ) /
( [ds + Rsx] D
+(1 = y)us [Dpja+ RDpys| ) (15)
and
P (Bi,y,2) = ([da + Rss] ADpyq
(1= y)*uz [ADpjq+ RADg ] ) /
[
(

+ + R54+| Dp/q
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where R = sin? f¢/ cos? ¢ ~ 0.056.

In the simpler case in which the proton is unpolarized
one replaces ¢ and ¢ with ¢/2 so that (15) and (16)
become respectively

(17)

[d+ Rs]ADp,, — (1 —y)*u[ADp,;+ RADp/s]
[d+ Rs|Dp/y + (1 —y)*u[Dpg,q + RDp/4

P (Bs,y,2)

[v,

and
P[(;)e](B;:r,y,z) (18)

[CZ—F RE}ADB/a — (1 - y)Qu[ADB/d + RADB/S]
[d+ R5]Dp/a + (1 - y)?u[lDpja+ RDp/s]

in agreement with the results of [11].

The formulae given above hold for any baryon and
antibaryon with spin 1/2. If we specify the final hadron
observed, further simplifications are possible. Let us con-
sider the case in which a A baryon is produced, or, in gen-
eral, a baryon (rather than an antibaryon): in this case we
can neglect terms which contain both g distributions (in a
proton) and g fragmentations (into a A) as they are both
small, in particular at large  and z. Then we simply have

AD
(£) 4. ) (4. Alu
PoA(Asz) > Py (A 2) o ————— 19
) ( ) Z) [1,€] ( ) Z) DA/u ) ( )
ADpjq+ RADy
PE (1)~ PO (o) 24/ /s (20
[V,K]( ) Z) [Vvé]( ’ Z) DA/d + RD/}/S 7 ( )

and the polarizations, up to QCD evolution effects, be-
come functions of the variable z only, since any other term
apart from the fragmentation functions cancels out. For
(20) to hold one should also avoid large y regions, due to
the factor (1 —y)? in (18).

Equations (19) and (20) relate the values of the lon-
gitudinal polarization P(A) to a quantity with a clear
physical meaning, i.e. the ratio AD,,,/D4/q; this hap-
pens with weak charged current interactions — while it
cannot happen in purely electromagnetic DIS [12] — due
to the selection of the quark helicity and flavor in the cou-
pling with neutrinos. A measurement of P(A) offers new
direct information on the fragmentation process. We shall
discuss further this point in Sect. 5.

Similar results hold for the fp — vATX processes; the
contributing elementary interactions are

" u— vd;,
Efczj% Vi,
0rdj— by,
tu— vd;, (21)

with the same cross-sections as those computed in (8) and

(9):

Af_ui—n/dj Aé'*'aiaﬁdfj AI/de)Z_ui Aﬂgjal*'ai
do__ _ dé, | _do””? _ do, 7}

dy dy dy dy
(22)
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d&fidjapui d&Z‘Jjami d&i%ﬁﬁdj dé U;—L d;

_ 494 —+
dy dy dy dy
(23)
The analogue of (15) and (16) is now
+
Py (Bix,y, 2) (24)

_ (1-— y)Q[Ji + REi]ADB/ﬂ — Uq[ADB/d + RADB/S]
(1 —y)?[d+ + R5+]Dp/g +ux[Dpja+ RDp/s]

and
P[(e,ip)} (Bjw,y,2) = —((1 —y)?[d+ + Rs£]ADg/,
—u:[ADp 5+ RADB/E])/
((1=)*lds + Rss]D

+as[Dgya+ RDpjsl),  (25)

and similarly for the analogue of (17) and (18) (one simply
replaces in the above equations the quark and antiquark
helicity distributions with the unpolarized ones).

In the case in which one can neglect antiquark contri-
butions (as for A’s) one has again, as in (19) and (20),

N _ADA/d + RADA/S

PE (A2~ PO (A 2) ~ 26
[e,u]( 12) e, (45 ) Dpja+RDyss (26)
AD
(5 (A )~ PO (o) o A/u
Pl (4 2) = By 5 (4 2) = " D 27

3 Neutral current neutrino processes,
vp — vAT X

There are 4 different kinds of elementary interactions con-
tributing to these processes

vq — vq,
vq — vq,
vq — vq,
vq — vq, (28)

where ¢ can be either u; or d;.

There are 2 non-zero independent helicity amplitudes
for each process in (28). These lead, through (7), to the
following elementary cross-sections

A~ — ~UVq—Uq
dg?? 7" det

7+ _

dy dy
_ ma? (2e4sin Oy )? 1—y 2
 4as sin? Oy cost Oy \y + M2Z/xs)

AVQq—V AVq—Uq
derive _ de?d v
dy dy
_ ma? (1 - 2eg|sin® Oy )? ( 1

2
y—&—M%/ass) ’

4xs  sin® Oy cost Ow
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g1 et
dy dy
a? (1 — 2|e,| sin® )2 < -y )2
dxs  sin® Oy cost Ow y+Mz/xs) '
dg”T  defe™
dy dy
_ ma® (2¢q5in” fw)? 1 2 (29)
 das sin? Oy cost Oy \y+ MZ/xs)

where e, is the quark charge in units of the proton charge.

In analogy to what we did in the previous paragraph,
the longitudinal polarization of the produced baryon B is
defined by

do.up—>uB+X _ do.l/p—)vB_X
P[VvV](B) = dgvp—vB+ X _|_dO-Vp—>VB,X (30)
and vp—v By X vp—vB_X
do"P=7B+X _ g7P=7B-
Pipp(B) = 31)

do7P—7B+X do?p—7B_X

For the numerator and denominator of P, ,(B) and
Py 5(B) separately, one obtains, for a generic spin state
S of the proton:
N (B)

[vv]

:Z{[( DO -

(32)
Y)21602 — (u;) P (1 - 40)2} ADp,

+ (@) (1 =% — ()P (1 - 20)2] ADpy,

+ (@)1 = )1 - 40)? - (4,)!916C| ADg s,
+ (@)1= )21 - 20)2 - (d)P4C?] ADg 4, }
o)(B) (33)

1—1)216C2 + (u)) (1 - 40)2] Dpu,

+ (@)1 = )46 +(d) P (1= 200?| Dy,

+ @)1= 9)2(1 =400 + (3,)16C?| Dy,

+ (@) (1= )21 = 20)? + (d)D4C?] Dy, |
and

) (B) (34)

= > {[@n16¢ ~ )1~ )2(1 — 40)?| ADg 0,

. [(@){V4C2 = (1)) (1 = 9)*(1 = 20)?] ADpyq,

+ @)1 =407 = @)'9 (1 = )*16C2| ADps,

+ (@)1 2072 = (@)D (1 = y)*4C?| ADy |
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D) (B)

(7.7]

:Z{ (1) {9166 + (1) P (1 = y)*(1 — 42| Dy,

J

(35)

+ [(@)$aC? + (@) (1 - )21 - 20)2] Dy,
+ @)1 = 4C) + ()P (1 = )*16C2| Dy,
+ (@)1 202 + (@) (1 - *4C?| Dy, }

where C' = sin? Ay /3.

In the case of A (or any baryon, rather than anti-
baryon) production, a simple expression for its longitudi-
nal polarization P can be obtained by neglecting the anti-
quark contributions and the terms proportional to sin® fyy.
For longitudinally polarized protons in this approximation
we have
P(i)] (A)

ZA%

2;l(uj)£(1 = 8C)AD 4w,
22l(u;)5 (1 = 8C)Dpyu,

(36)
+ (dj)£(1 —4C)AD,q,]
+(dj)5(1 —4C)Dyya,]

whereas for unpolarized proton, where ¢+ — ¢/2, one ob-
tains

[(VO)V] (4) (37)
N Z [ ( *8C)AD/1/,U‘J. +dj(174C)ADA/dj]
- Z][ (I—SC)DA/HJ. +dj(1—4C)DA/dj]

Similar formulae, avoiding the large y region, hold for
P& (A) and for PO (A).

[7,7] [v,v]

4 Neutral current lepton processes,
Ip = AT X

The possible elementary scatterings contributing to this
process are of the form

g — Lq, (38)
where £ can be either /T or £~ and ¢ can be any quark or
antiquark.

There are 4 non-zero independent helicity amplitudes
corresponding to the process in (38). Notice that in this
case we must take into account the contributions of both
weak and electromagnetic interactions, and the ampli-
tudes are given by the sum of the two corresponding terms.
According to (7), the elementary cross-sections can be

written as
dAéq*}eq = 771-@2 £q 71 — % i (39)
dy 16cs \ = y+ M2/zs gy ’
o™ ma? (e L 8e)'
dy 16zs \ *F y+M2Z/zs gy v
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where again £ can be either /T or /=, ¢ can be any quark
or antiquark ¢ = u;, d; and eq is the quark charge. For the

coefficients N we have (C = sin? Oy /3)

L™ u YAT) 0ty Z+u7 —-16C

N =N = NEW = NE = s 160,
u a ey era;  4(1-40)

N, "=N, 7=N_"=N_/"= ~ 3.60
A - -t 1-3C ’
£ ey Ay ota; _ 8(1-6C)

N =NEW =N = NP ~ 1.87
—+ - ++ T T 3(1-3C) U
YA L~ AR IART) 2(60 )(1 — 40)

N =N =N =N =

* r 3C(1-3C)
~ —4.19, (40)
and
e d; ¢ d; etd; et 8C

N, 7=N, _7=N_[""=N__ 2173020.80,
£ d, £ d, etd; etd; 420 -1)

N+_ = N++ = N__ = N_+ = W ~ —440,
£ d, £ d, rtd, era;  4(6C—1)

N_7=N_"=N,"7 = = 2N A
-+ - ++ +— 3(1 _ 30) 0. 93
¢ d; e d ot etd;  2(1-6C)(1-20)

N® % =N =N Y4 =N Y =
- —+ = Nee A 3C(1-30)

~ 5.12. (41)

We can now proceed to the calculation of the longitudinal
polarization P of the observed spin 1/2 baryon

daép%éBJFX _ dgép%EB, X

P, f]( ) = dotr—tB{X (42)

+ dotp—IB-X>
where £ can be either £* or £~.

Py (B) can be evaluated for any lepton and proton
spin configuration. When both the proton p and the lep-
ton ¢ are longitudinally polarized (in helicity states), the
polarization P becomes

~ b 4
> [Qidaff ‘-

[ i

grdsla? }ADB/Q

(&%)
Py (B) =

b

(43)
where again ¢ stands for either T or £~, and the sum runs
over all quarks and antiquarks, ¢ = u,d, s, u,d, s, -

For longitudinally polarized leptons but unpolarized
protons (g+ — ¢q/2) we have

pEO) _ 21 {dwq%q dsl” eq] ADg/q
[¢,4] Z q [do_iqrfq + dAEZI%Zq:| DB/q

, (44

while for unpolarized leptons but longitudinally polarized
protons we have

s N N J
PY9(B) = (Z {qi (A6 + At )
q
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—qx (A6 dar‘_"?eq)} ADB/q> /

q

Jrqu(d qaqurdAZq%EQ)} DB/q)- (45)

Finally, the most interesting case is when neither the
proton nor the lepton are polarized: in this case the lon-
gitudinal polarization of baryon B is non-zero only due to
parity violating weak contributions. We obtain

P (B) = ( Y [d&ﬁq:fq +datert
q

—de07" — 46" ADy /q> /

(4 > qds'7" Dy /q> ,

q

(46)

where dg%9*7 is the unpolarized £q — (g cross-section

4dgta=ta = 46070 146t 1 dg T 1 dg T . (47)
This effect might be measurable at HERA and numerical
estimates will be given in the next section.

5 Numerical estimates

In the previous sections we have obtained explicit expres-
sions for the polarization of baryons produced in DIS scat-
terings involving weak interactions; we now use these for-
mulae to give predictions in the case of A and A pro-
duction, considering typical kinematical configurations of
ongoing or planned experiments. When convenient, we in-
tegrate over the actual physical ranges of some variables;
these are collected in Table1 of Appendix A. Our results
should give a good comprehensive description of what to
expect in all present or future experiments, and can be
adapted to cover all realistic situations, according to dif-
ferent kinematical cuts and configurations.

The polarization values depend on the known standard
model dynamics, on the rather well known partonic distri-
butions, both unpolarized and polarized, and on the quark
fragmentation functions, again both unpolarized and po-
larized. The latter are not so well known and a choice must
be made in order to give numerical estimates or in order
to be able to interpret the measured values in favor of a
particular set.

Unpolarized A fragmentation functions are determined
by fitting ete™ — A+ A+ X experimental data, which are
sensitive only to singlet combinations, like D4/, +Dj/q =
D x4 4y/q- It is impossible to separate the fragmentation
functions relative to A’s from those for A’s in a model in-
dependent way; also flavor separation is not possible with-
out appropriate initial assumptions, for example about
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SU(3) flavor symmetry. Polarized A fragmentation func-
tions are obtained by fitting the scarce data on A polar-
ization at LEP, sensitive only to non-singlet combinations
like ADy/q — ADy/q = AD‘/’la/lq. Also in this case flavor
separation has to rely on models.

Three typical sets of fragmentation functions, denoted
as scenarios 1, 2 and 3, and derived from fits to ete™ data,
are given in [4]. The unpolarized fragmentation functions
are taken to be SU(3) symmetric:

Dy iyw = Davayya = Diarayss = Davayja
= Datay/da = Dt ay/s: (48)
and have been derived for the combined production of A
and A and not for each of them separately.
For the polarized fragmentation functions they assume,
at the initial scale 2,

AD (2, 1%) = 2°Dagiys(2,17), (49)
ADA/u(Z7 ,U/2) = ADA/d(Za /-112) = NuADA/s(Za :U/Q)

The three scenarios differ for the relative contributions of
the strange quark polarization to A polarization: N, = 0,
N, = —0.2 and N, = 1 for scenarios 1, 2 and 3 re-
spectively [4]. The “unfavored” polarized fragmentations
ADpja, AD gy, ete. are assumed to be negligible at the

initial scale p2, and are only generated by QCD evolu-
tion; it is then possible, for the polarized fragmentation
functions, to obtain separately the contributions to A and
A.

We adopt the above set of fragmentation functions as
they are the least dependent on models, they have the
proper QCD evolution, and the three scenarios are well
representative of possible spin dependences. We are then
equipped with unpolarized fragmentation functions into
A+ A and with separate polarized fragmentation func-
tions into A and A; we wish to give predictions and es-
timates for the polarizations of A and A, which are mea-
sured separately. We then define the following computable
quantities:

oo o doM™ —do-  P(A)
P(A): dO'/H'/I 71+T’ (50)
and r I
_ do+ —do”- _
* = = — 1
P =T = P, (1)

where the notations should be obvious and

do?
T="_. 52
dO_A ( )
Equations (50) and (51) allow us to compute the values
of P(A) and P(A) provided one can compute or measure
the ratio T

P(A)=(1+T)P*(A), P(A)= (1 + ;) P*(A). (53)

Notice that P is always larger in magnitude than P*.
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The ratio T' cannot be computed with the fragmen-
tation set of [4]; it requires the knowledge of separate
unpolarized fragmentation functions for A and A and it
depends on the chosen set.

In Figs.1-10 we show some results for P*(A, A) for
several processes, with different initial spin configurations,
and different kinematical conditions, corresponding to typ-
ical experimental setups, shown in Table 1 of Appendix A.
These may easily be changed, according to experimental
situations. Details are given in the figure captions. We use
the unpolarized distribution functions of [14], the related
polarized distribution functions of [15] (we have explicitely
checked that our numerical results depend very little on
the available sets of parton densities) and the fragmenta-
tion functions of [4], mainly with scenarios 2 and 3.

In Figs.11 and 12 we give estimates for P(A) [rather
than P*(A)], in the same cases as some of the previous fig-
ures; we have computed the ratio T either with the SU(3)
symmetric set of unpolarized fragmentation functions of
[9] or with a set derived from [16], by imposing SU(3)
Ssymmetry.

The figure captions contain all relevant information
about the various cases; we give here some general com-
ments about our results.

(1) We present results using mainly the fragmentation
functions of scenarios 2 and 3 of [4], neglecting scenario 1,
in which only s quarks contribute to the A polarization. In
fact, P(A) is always negligible in this case, given the small
content of s quarks in the nucleon target and the SU(3)-
symmetric nature of the unpolarized fragmentation func-
tions utilized. This can be seen by inspecting (19), (20)
and (26), (27) for charged current interactions and (37)
for neutral currents. However, it is interesting to notice
that for unpolarized fragmentation functions allowing for
a strong SU(3) symmetry breaking, like those of [16], the
situation can be different, and scenario 1 might give sizable
asymmetries. According to [16], Ds/, = Dpjq < Dyys
and this can well compensate for the small factor R in
(20), so that, also in scenario 1, Py 4 can be large.

(2) Figures1, 2 and 11 summarize some of the most in-
teresting features of A polarization in charged current in-
teractions. The large (z) values involved in the NOMAD
experiment imply 7' = do!/do? < 1, so that, from (50),
P*(A) is similar to P(A) (compare Figs.2 and 11) and
follows closely the simple behavior suggested by (19) and

(20). P*(A), instead, is suppressed by the small ratio T
see (51); the actual estimated value of P(A) is shown in
Fig.11 and is much larger. Notice that a comparison be-
tween Figs. 1 and 2, i.e. between (19) and (20), might give
information on the ratios C; = AD,,q/D,/q; for exam-
ple, the same value of C, for all flavors would result in
Py g(A) = Py (A). On the other hand, largely different
values of P, ¢ and P, ¢ would certainly indicate a strong
SU(3) symmetry breaking in the fragmentation functions,
with s quark contributions dominating in order to com-
pensate for the small R factor in (20).

Some data on P[(Voz] (A, A) are available from the NO-
MAD collaboration [13], but the errors and uncertainties
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l T T T T
0.5 ]
Sc. 2
— s
PRl O f s =, 1
-05 r ]
Sc. 3
A
ffffffffff A
-1 L 1 L !
0 0.2 0.4 0.6 0.8 1
z
Fig. 1. P'“) for A (solid lines) and A (dashed lines) hyper-

ons, as a fluntctlon of z, with a kinematical setup typical for
the NOMAD experiment at CERN (see Tablel for details).
Results are given for scenarios 2 and 3 of the polarized A frag-
mentation functions (FF) of [4]. Results with scenario 1 are
almost negligible. Unpolarized (A + A) FF are from [4]; unpo-
larized GRV [14] partonic distributions have been used for the
proton target. Since (x) is large for this kinematical configu-
ration, we expect T = do? /do? <« 1 and, as a consequence,
P[(VOL] (A) =~ *(0)(/1) while P(O) (A) > P[*(O)] (A) (see text for
more details)
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Fig. 2. P[*,(O)] for A (solid lines) and A (dashed lines) hyperons,
as a function of z, with a kinematical setup typical for the
NOMAD experiment at CERN (see Table 1 for details). Results
are given for scenarios 2 and 3 of the polarized A FF of [4].
Results with scenario 1 are almost negligible. Unpolarized (A+
A) FF are from [4]; unpolarized GRV [14] partonic distributions
have been used for the proton target. Since (z) is large for
this kinematical conﬁguration, we expect T = daA/dcr <1

and, as a consequence, P° (A) ~ P (A), while pO (A) >

[z, u] [7,1] [7,u]

P[‘;(i)](/f) (see text and Fig. 11 for more details)
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Fig. 3. P[e(oi for A (solid lines) and A (dashed lines) hyperons,

as a function of z, with a kinematical setup typical for the
HERA experiments at DESY (see Table1 for details). Results
are given for scenarios 2 and 3 of the polarized A FF of [4].
Results with scenario 1 are almost negligible. Unpolarized (A+
A) FF are from [4]; unpolarized GRV [14] partonic distributions
have been used for the proton target. Since (z) is small for the
HERA kinematical conﬁgurations we expect T = do”! / do? ~

2(A, A) ~ 2P (A, A) (see text

1 and, as a consequence, P< e, 7]

for more details)

are still too large to allow for significant comparisons and
to discriminate between different sets of fragmentation
functions.

(3) Figure3 gives values of P*(A) in kinematical regions
dominated by small x values, so that one expects T' ~ 1
and P*(A, A) ~ P(A, A)/2, see (50) and (51). The oppo-
site signs of P(A) and P(A) can be easily understood by
looking at (25) (with ¢+ — ¢/2) and noticing that frag-
mentation into a baryon or an antibaryon favors the first
or the second term in the numerator.

(4) For neutrino charged currents we give numerical esti-
mates only in the case of an unpolarized target. In fact,
present intensities of neutrino beams require very large
targets to reach reasonable luminosities and statistics, and
this makes it unpractical to polarize them. There are how-
ever proposals for neutrino factories with large intensities
which will allow one to consider the option of polarized
targets [17].

(5) The A polarizations for neutral currents shown in
Figs. 4-7 exhibit a similar behavior for the four different
kinematical setups considered. The differences are related
to the different kinematical cuts and again to the value
of the factor T. In particular, since T' ~ 1 for the E665
and HERA kinematics, the P* are suppressed by a factor
~ 2 with respect to the case of HERMES and COMPASS
kinematics. Notice also that in these two cases there are
sizable variations depending on the different polarization
states of the target.

(6) The results presented in Figs. 8 and 12 show polariza-
tions as functions of = (integrated over z) rather than z
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Fig. 4. P for A hyperons, as a function of z, for different
combinations of the beam and target polarizations, as shown
in the plot legend. The kinematical setup is typical for the
HERMES experiment at DESY (see Table1 for details). Re-
sults are given for scenarios 2 (heavy lines) and 3 (thin lines)
of the polarized A FF of [4]. Results with scenario 1 are almost
negligible. Unpolarized (A + A) FF are from [4]; unpolarized
GRV [14] and polarized GRSV-ST [15] partonic distributions
have been used for the proton target. Since (x) is large for
the HERMES kinematical configuration, we expect, at large z,
T = do”/do” < 1 and, as a consequence, Pj, .j(A) ~ P o (A),
while for the A (not shown in this plot) there should result

Ppe,o(A) > P (A) (see text for more details)

(integrated over z): these test the dynamics of the partonic
process and in particular the contribution of electro-weak
interferences, in a neat and unusual way. The differences
between positively and negatively charged leptons are en-
tirely due to electro-weak effects; this is well visible at
large x (implying large Q?), where the curves for et and
e~ differ sizably. Moreover, from (39)—(41) it is possible to
evaluate analytically the zeros of the cross-section differ-
ences dé14 — dé4_ appearing in the numerator of (44);
one can show that real zeros for 0 < < 1 occur only
for electromagnetic + weak contributions and for positron
beams. The effective position of the zeros depends on y
(or alternatively on Q?) and for the dominating small y
values is around x ~ 0.04-0.08. Although the statistical
errors increase sizably for large x values at HERA, the
different behavior shown at small and large x values for
positron and electron beams might probably be tested.
Figure 12 shows the same plots as in Fig. 8, for the ac-
tual polarization P(A), estimated according to the com-
ments in the figure caption, rather than for P*(A); it is
interesting to note how the differences between P and P*
vary with x, according to the observations we have already
made.
(7) Figure 9 shows the parity violating longitudinal polar-
ization of A’s produced from unpolarized initial electrons
and nucleons in NC processes; being a purely electro-weak
effect it is more sizable at very large Q? values, which are,
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Fig. 5. P, , for A hyperons, as a function of z, for different
combinations of the beam and target polarizations, as shown
in the plot legend. The kinematical setup is typical for the
COMPASS experiment at CERN (see Table 1 for details). Re-
sults are given for scenarios 2 (heavy lines) and 3 (thin lines)
of the polarized A FF of [4]. Results with scenario 1 are al-
most negligible. Unpolarized (A + A) FF are from [4]; unpo-
larized GRV [14] and polarized GRSV-ST [15] partonic dis-
tributions have been used for the proton target. Since (x) is
relatively large for the COMPASS kinematical configuration,
we expect, at large z, T = daA/daA < 1 and, as a conse-
quence, P, j(A) = P, ,(A), while for the A (not shown in
this plot) there should result Py, ,j(A) > P[E’H](/I) (see text
for more details)

however, accessible at HERA. Also Fig. 10 shows some ef-
fects of electro-weak interferences, resulting in differences

between plots of pr0

e,e

We have given ?£ cc])mprehensive discussion — both theo-
retical (at LO) and phenomenological — of the polarization
of A’s and A’s produced in the current fragmentation re-
gion of DIS processes, both with neutral and charged cur-
rents. Our results can be exploited to gather new informa-
tion about polarized fragmentation functions, to improve
our knowledge about polarized parton densities [18] and to
test fundamental features of electro-weak elementary in-
teractions. Several experiments are either running or being
planned, which will precisely look at these semi-inclusive
DIS processes; our study should help in the analysis of the
forthcoming data.

for positrons and electrons.
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Fig. 6. Py, , for A hyperons, as a function of z, for different
combinations of the beam and target polarizations, as shown in
the plot legend. The kinematical setup is typical for the E665
experiment at SLAC (see Table 1 for details). Results are given
for scenarios 2 (heavy lines) and 3 (thin lines) of the polarized
A FF of [4]. Results with scenario 1 are almost negligible. Un-
polarized (A + A) FF are from [4]; unpolarized GRV [14] and
polarized GRSV-ST [15] partonic distributions have been used
for the proton target. Since (z) is relatively small for the E665
kinematical configuration, we expect 1" = daA/daA ~ 1 and, as
a consequence, P, (A, A) ~ 2P, (4, A) (see text for more
details)

Appendix

A Experimental setups and kinematical cuts

In our analysis we have considered most present and forth-
coming experiments, which cover many different kinemat-
ical configurations. For the reader’s convenience, we col-
lect and summarize here the corresponding experimental
setups, with their kinematical ranges.

The main variables which specify the various setups
are listed below, while the kinematical values and cuts
for the different experiments are given in Table 1. We use
the following notation: F; is the incoming lepton energy,
in the laboratory reference frame; /s the total energy, in
the lepton—proton c.m. frame; W is the total energy, in the
virtual boson—proton c.m frame; E is the outgoing lepton
energy, in the laboratory frame; 6 () the outgoing lepton
(hadron) scattering angle, in the laboratory frame; Ej, is
the outgoing hadron energy, in the laboratory frame; pr
denotes the transverse hadron momentum (with respect
to the lepton direction); and n = —Intan(6,/2) is the
pseudorapidity, in the laboratory frame. x = Q2%/2q - p,
y=gq-p/l-p, z = pp-p/q-p are the usual invariant
variables for semi-inclusive DIS hadron production.

Wherever possible we have considered kinematical cuts
identical to those already adopted or planned for the re-
lated experiments; the Q2 range for the E665 experiment
at SLAC (0.25 < @Q? < 2.5GeV?) reaches too low Q2
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Fig. 7. P[”;’e] for A hyperons, as a function of z, for differ-
ent combinations of the positron beam and target polariza-
tions, as shown in the plot legend. The kinematical setup is
typical for the HERA experiments at DESY (see Table1 for
details). Results are given for scenarios 2 (heavy lines) and 3
(thin lines) of the polarized A FF of [4]. Results with sce-
nario 1 are almost negligible. Unpolarized (A + A) FF are
also from [4]; unpolarized GRV [14] and polarized GRSV-ST
[15] partonic distributions have been used for the proton tar-
get. Since (x) is small for the HERA kinematical configura-
tions, we expect T = daA/daA ~ 1 and, as a consequence,
Pre.ey(A, A) ~ 2P (A, A) (see text for more details)

values for our leading order analysis, based on factor-
ization theorem, and we have adopted the range 1.0 <
Q? < 2.5GeV? (this influences also the lower cut on z, of
course).

Notice also that with HERA we mean both H1 and
ZEUS typical setups at intermediate Q? values, while with
HERA* we refer to setups with very high Q? values, as
required for the study of electro-weak interference effects.

For the NOMAD experiment, all kinematical variables
are fixed to the corresponding average value [19].

B Mass correction effects

In this paper fragmentation functions are always expressed
as a function of z = p-pp, /p- q, where p, pp, g are the four-
momenta of the target proton, the produced hadron, and
the virtual boson respectively. In the case of semi-inclusive
DIS, at LO and in collinear configuration, z coincides with
the light-cone momentum fraction of the parent parton
carried by the observed hadron, £ = pz / p(‘;. There are in
general several other variables that can be considered; de-
pending on the specific process under study, they can be
more or less suitable than z to, e.g., describe the process
from the experimental point of view or to show scaling
properties of observables, like cross-sections. In this ap-
pendix, we briefly review the definition of these variables
and give their mutual connection. It is important to no-
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Table 1. Summary of the experiments and the corresponding kinematical setups
HERMES COMPASS E665 NOMAD HERA HERA*
E; [GeV] 27.6 200 470 48.8 27.6 27.6
Vs [GeV] 7.26 19.4 29.7 9.6 300 300
T 0.023-08 > 0.01 (1073)-0.1 0.22 > 0.004 > 0.01
Y < 0.85 0.1-0.9 0.1-0.8 0.48 0.04-0.95 0.1-0.95
z 0.2-0.7 0.2-0.9 0.1-0.95 > 0.1 > 0.1
Q? [GeV?] 1-24 >4 (1)-2.5 9 10-2000  200-10*
W [GeV] > 2 5.8
Ep; [GeV] > 4.1 < 420 > 10 > 10
Oy [rad] 0.04-0.22
Ey, [GeV] > 2 >5 >4
pr [GeV] > 0.5
n -1.5-1.5
0.1 T T T 0.05 T T T T
[ ] y>0.1
L B y>06
0.08 [ ] 004 | — Q2% > 4000 GeV? i
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X 4
Fig. 8. P[’;f;L]’O) for A hyperons, as a function of z, both Fig. 9. P{:S]’O) for A hyperons, as a function of z, for various

for positron (heavy lines) and electron (thin lines) beams.
The kinematical setup is typical for the HERA experiments
at DESY (see Tablel for details). Results are given for all
the three scenarios of the polarized A FF of [4]. Unpolarized
(A + A) FF are from [4]; unpolarized GRV [14] partonic dis-
tributions have been used for the proton target. The crossing
at x ~ 0.1 for the case of the positron beam is due to the
interference between electromagnetic and weak contributions.
Since T = do”/do” is < 1 at large © and becomes com-
parable to unity at very low x, we expect, correspondingly,
P[e,e] (/1) ~ P[’;e](/l) and P[e’e](/l, /T) ~ QP[EYE](A,/I) (see text
and Fig. 12 for more details)

tice that at very large energy scales F, when the mass
of the observed hadron M) can be safely neglected, all
these variables coincide (excluding the regions where they
are comparable to My /E). However, the kinematics for
most of the running or forthcoming experiments on semi-
inclusive hadron production, which is the main subject of
this paper, are such that mass corrections can be relevant.

“high-Q?” options of the HERA kinematical setup (see the
HERA* setup in Table 1 for details) and for a positron beam:
y > 0.1 (solid lines); y > 0.6 (dashed lines); Q* > 4000 GeV?
(dot-dashed lines). Results are given for scenarios 2 (heavy
lines) and 3 (thin lines) of the polarized A FF of [4]. Results
with scenario 1 are almost negligible. Unpolarized (A + A) FF
are from [4]; unpolarized GRV [14] partonic distributions have
been used for the proton target (see text for more details)

We always neglect corrections due to the mass of the pro-
ton target, even though they might have some effects in
particular kinematical ranges.

Let us first briefly summarize the situation in the case
of the ete™ — AX process, which is used to fix the set
of A+ A fragmentation functions largely adopted in this
paper. The variables usually utilized are

_2pn-q _ 2B

@ Vs

TE
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Fig. 10. P[ZE;’O) for A hyperons, as a function of z, both for
positron (heavy lines) and electron (thin lines) beams, and for
various “high-Q?” options of the HERA kinematical setup (see
the HERA* setup in Table1 for details): y > 0.1 (solid lines);
y > 0.6 (dashed lines). Results are given for scenarios 2 and 3
of the polarized A FF of [4]. Results with scenario 1 are almost
negligible. Unpolarized (A 4+ A) FF are from [4]; unpolarized
GRV [14] partonic distributions have been used for the proton
target (see text for more details)

2|py| 2|py|
= = 54
Ip Q \/g ) ( )
(i
Py

where py, is the hadron three-momentum in the eTe™ c.m.
reference frame. xp and x, are usually adopted by the
experimentalists, while & is more commonly used by the
theorists. At large energies, like in eTe™ collisions at the
Zy pole, and considering xg > 0.1, which is also required
for other theoretical reasons, see [4], mass effects are in fact
negligible and all these variables can be safely assumed to
be equivalent; the fragmentation function dependence on
& can then be directly identified with the zz dependence
shown by the experimental results. When mass corrections
are relevant, the connection of the variables defined in (54)
is given, at leading order, by the following:

Tp = Z‘Eﬁa
1+
where the factor (3 is defined as
AN2N /2
=(1- =2 : 56
i=(-5) 0

Let us now consider the case of semi-inclusive DIS, in
the virtual boson-target proton c.m. reference frame, for
hadron production in the current fragmentation region

511
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Fig. 11. P(DOL] for A (solid lines) and A (dashed lines) hy-
perons, as a %ﬁnction of z, with a kinematical setup typical for
the NOMAD experiment at CERN (see Tablel for details).
Results are given for scenarios 2 and 3 of the polarized A FF
of [4]. Results with scenario 1 are almost negligible. Unpolar-
ized (A + A) FF are from [4]; unpolarized GRV [14] partonic
distributions have been used for the proton target. Estimates
for P[(;)H] are obtained from (53) by using the corresponding re-
sults for P[T;{(ZL)]’ shown in Fig. 2, and evaluating T = do* /do*
with the A, A unpolarized FF of [9] (heavy lines) and [16]
(thin lines); this last set has been modified by imposing SU(3)
symmetry. The spread between the two corresponding sets of
curves gives a good indication of the uncertainty due to the
evaluation of the ratio 7. Notice that this uncertainty is al-
most negligible for large z, where polarizations are expected to
be sizable for both scenarios 2 and 3

(zp > 0). The usual variables are

Lo PP Ey, + |pn|
p-q w7
2pL  2|pn|
= 2tL 2Rl 57
TEW T Tw (57)
S By _ Ey _ 2Ey
E, (1-z)E, W~

where Ey is the energy of the parent quark in the process
¢ — h+X. zr and z are the variables usually adopted by
the experimentalists. However, as shown in [4], the appro-
priate scaling variable for semi-inclusive DIS is 2’ rather
than zp.

Defining € = M, /W, the ranges of variation of the
three variables are

op € [0, (1- 462)1/2} ,
2 € [2¢,1],

= [e, %{1 +(1- 462)1/2}] .
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Fig. 12. P[(e,:]O) for A hyperons, as a function of z, both
for positron (heavy lines) and electron (thin lines) beams.
The kinematical setup is typical for the HERA experiments
at DESY (see Tablel for details). Results are given for all
the three scenarios of the polarized A FF of [4]. Unpolarized
(A + A) FF are from [4]; unpolarized GRV [14] partonic dis-
tributions have been used for the proton target. Estimates for
P[(;rﬁ’]m are obtained from (53) by using the corresponding re-

sults for P[ZE;’O), shown in Fig. 8, and evaluating T = do*! /do*
with the A unpolarized FF of [9]. The crossing at = ~ 0.1 for
the case of positron beam is due to the interference between
electromagnetic and weak contributions. Since 7' = do*/do*
is < 1 at large = and becomes comparable to unity at very
low x, we find, correspondingly, P ¢(A) ~ Py (A) and
Plee)(A, A) ~ 2P, (A, A) (see text and Fig.8 for more de-
tails)

The expressions of the three variables as a function of
the other two are

2\ /2 2
z’(1—4z,2> , xF:z(l—ZQ>, (59)

2\ /2 2
!/ /
z $F<1+4x%> , zzz(l—&—zz), (60)

62 1/2
1+ <1 + 42) )

Iy

2 1/2
1+ (1 — 42/2> .

If we start from, e.g., a cross-section evaluated in our
formalism (we omit here the dependence on x and y)

TF

1
$F§

w
Il

!
Z=ZzZ =

(61)

— x Dy(2),

e (62)
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the corresponding cross-section expressed as a function of
xr will be given by

do dz do
29 _ D
dep  dzp dz o Die(r)];

(63)
where, apart from the overall rescaling factor dz/dzp, one
must keep into account that fragmentation functions, ob-
tained in the variable z, are to be rescaled to the z value
corresponding to xp.

In variables like polarizations, given as ratios of two
cross-sections, the overall rescaling factors cancel out and
the remaining effect is the rescaling between the two vari-
ables in the fragmentation functions, according to (59)—
(61).

Of course, if the average value of the polarization over a
given kinematical region is required, the appropriate over-
all rescaling factors, like dz/dzp in (63), have to be taken
into account in the kinematical integrations.
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