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Origin of the Polarization for Inclusive A Production in pp Collisions
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We consider the inclusive reaction pp AE in the fragmentation region and present a dynamical
mechanism which leads to a fair description of all the basic features of the observed A spectrum. We
also show in a simple manner why it generates a nonzero A polarization whose magnitude and sign are
consistent with existing data.

PACS numbers: 13.85.Ni, 12.40.Gg, 13.88.+e

Naively it seems reasonable to expect no polarization
eA'ects in an inclusive reaction a+& c+X since one is

summing over many different inelastic channels I which
have polarizations of random signs such that the sum
would average to zero. In reality the experimental situa-
tion is not so simple and polarization effects depend
strongly on specific reactions and kinematic regions and,
in particular, there is a large amount of significant polar-
ization data for inclusive hyperon production [I]. Sizable
elfects and some regular behavior have been observed
which may help to uncover the underlying mechanism for
particle production. This was first discovered in 1976 at
Fermilab by studying hyperons produced by 300-GeV/c
protons on a beryllium target [2]; more specifically the
A's produced in the fragmentation region have a large po-
larization perpendicular to the production plane. Over
the last fifteen years a fair number of different experi-
ments have accumulated high statistics data on inclusive
A production which make it the best-known hyperon in-

clusive reaction [3]. Note that all observable quantities
are in general functions of three independent kinematic
variables, Js, the center of mass (c.m. ) energy; xF, the
fraction of incident proton momentum carried by the A in

the initial direction of the proton (in the c.m. system);
and pT, the transverse momentum of the A relative to the
initial proton direction. The beam (target) fragmenta-
tion region corresponds to xF-0.5 (xF- —0.5), and, in

this case, when one assumes that together with the A a
kaon is also produced carrying a large positive (negative)
xF, say, xF & 0.2.

Let us now brieAy recall the main features of the data
in the beam fragmentation region [I].

(i) The invariant cross section Ed cr/dp depends, to a
good approximation, only on xF and pT and not on the
c.m. energy.

(ii) The transverse polarization P is negarive with

respect to the direction n =p;„,-xpA.
(iii) P is almost energy independent for an incident en-

ergy ranging from 12 to 2000 GeV/c.
(iv) For pT below 1 GeV/c, the magnitude of P is ap-

proximately linear with pT with a slope increasing with

XF.
(v) For pT above 1 GeV/c, the magnitude of P is in-

dependent of pT up to pT-3.5 GeV/c and approximately

linear with xF.
On the theoretical side we recall that in terms of the

constituent quarks, proton fragmentation into a A with

pT~O corresponds to the replacement of a valence u

quark in the projectile by a strange quark s coming from
the sea which must be accelerated and must get a
nonzero pT. By assuming an SU(6) wave function, the
(ud) system of the A is in a singlet state, so the polariza-
tion of the A is that of the strange quark.

In the Lund semiclassical fragmentation model [4], the
confined linear color field is stretched and the strange
quark needed to make the final A with pTa0 is produced

by an ss pair whose orbital angular momentum must be
balanced by the spin of the strange quark. From this
mechanism results a negative A polarization increasing
with pT but whose magnitude is difficult to predict.

The recombination model [5] is another approach
based on classical arguments. If F is the color force
which provides the acceleration to the strange quark, this
s quark of velocity v feels the effect of a Thomas preces-
sion given by wT-Fxv, which has the direction of the
normal n to the hadronic scattering plane. In order to
minimize the energy s wT associated with this effect, the
spin s of the s quark should be opposite to wT so one ex-
pects a negative polarization in pp AL whose magni-
tude is not known. I n neither of these two approaches
does one give a quantitative description of the invariant
cross section.

Let us finally mention a third dynamical model sug-
gested for the fragmentation [6]. In this picture high-

spin baryon resonances Y;*,Z,*. are produced incoherently
and then decay to give the observed A, whose polarization
is obtained by means of a final-state interference mecha-
nism. Apparently this attempt leads to a reasonable
quantitative understanding of the experimental situation
[7].

We now turn to the mechanism which we believe is at
work for A inclusive production in the fragmentation re-

gion. This involves the Reggeized one-pion-exchange
model proposed several years ago and gives a successful
description of various exclusive and inclusive reactions
[8,9]. As is well known, if quantum numbers allow, pion
exchange generally dominates hadronic amplitudes espe-
cially at small momentum transfers. Therefore following
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Ref .[9], we will assume that in the fragmentation region the diagram shown in Fig. I dominates such that the mul-

tiperipheral chain reduces only to the binary reaction xp KA and the total zp cross section connected by the exchange

of an oA-shell Reggeized pion. Thus the contribution of this diagram to the cross section pp AKL can be expressed in

the fol1owing form:

16lrk(s (,m '-, p -') "
(s l, t, )

2[k(s, m ', m -')] 't2 df]

[2 [k (s z, m ',p ') ] a",At (s ~)]F '(t;s ),s 2, s )
2tr 2EA 2tr '2EA

where p~, p2, pA, and pA are respectively the momenta of
the initial protons and of the produced kaon and lambda,
and m and p are the proton and the pion masses. More-
over, the five invariants of the reaction are defined as fol-
lows: s=(p~+pz) is the collision energy squared, s~

=(pA+pA) is the energy squared of the binary reaction,
sz =(p~+pz —

pA'
—pA)

'-is the invariant mass squared of
4, t] is the invariant momentum transfer squared from
the proton beam to the A, and the mass squared of the
off-shell pion is t =(p~ —

pA
—pA) . In Eq. (I), we

also have the usual kinematical function k(x,y, z)
=(x —

y
—z)'- —4yz and we denote by dcT„A . AAl

dt~(s~, t~) the differentia cross section for the binary re-
action and by o,"A'(s2) the trN total cross section. The
function F(t;s~, sz, s) which includes the Reggeized pion

propagator and describes the oA'-mass-shell behavior will

be given explicitly later. The five invariants of the reac-
tion can be reexpressed in terms of five more convenient
variables, namely, x~ and x~, the xF's of the A and of the
kaon, pT~ and pTq, the corresponding transverse momen-
ta relative to the initial proton direction (in the c.m. sys-

tem), and p, the angle between the two directions pTA

and pTp, .

It is important for our argument that in the fragmenta-
tion region, i.e., x~-0.5 and x~-0.2, the eA'ective ener-

gy of the binary s~ is always much smaller than s and, in

general except for xq. =0, it is reduced to values in the
range of 10 GeV or less. In fact we have

2
mTA ~TK

s) —(x, —xA) +
xA xIt;

(PTA+—PTX) ',

where the m~'s are the lambda and kaon transverse

masses mT = (m -+pT ) ' '-. On the other hand, s2

remains of the order of s and approximately s2- ( I

—xA —xA)s. Therefore from Eq. (I) it results (provided

F 'remains smal-l when s increases) that the cross section

obeys scaling, in agreement with the observed inclusive A

spectrum. Another important kinematic observation is

that t is generally not very large in the region considered,

where pT~ and pTI( are sma11 and x~+x~ is not far from

unity. Thus the pion will not be far off'shell. The invari-

ant cross section for A production is obtained from Eq.
(I) after integration over the invariant phase-space ele-

ment of the kaon, d pA/EA, and the final expression

reads

A 3 ( )6 go g i
Jygo pTA pTK (z p ( 2 '))t2'

' lj'2

k(s, m -', m ') dt ~

(2)

~here p,. „, is the c.m. momentum of the initial collision.
Strictly speaking, since one integrates over xq there is a
region where the diagram shown in Fig. 1 does not dom-
inate the reaction pp AKL because the kaon is no

longer in the fragmentation region, and one should con-
sider other exchange diagrams, like kaon exchange, which

correspond to direct A production. They must be
suppressed at high energy compared to pion exchange
and moreover since they do not contribute to the A polar-
ization one can ignore them.

It now remains to discuss the form of F(t;s~, sz, s).
Following Refs. [8,9] we will replace the pion propagator
by the function

Sy

f IG. 1. Single-pion exchange diagram for the process

pp — AKA'.
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—,
' rra,'/sin[ma„(t)/2] for It I & I Tol,

F(t;si, s2,s) =exp R +a,'ln (t —p )
—, za,'exp[Re (t —To)l/sin[rra (To)/2] for It I &

I ToI,
(3)

and assume a linear parametrization a, (t) =a,'(t —p )
for the pion trajectory. This expression leads to the usual

single and double Regge behavior in the corresponding

kinematic regions and, due to the signature factor, it

reduces for small t to the ordinary pion-pole propagator
I/(t —p ). In order to prevent a too slow decrease of F
with increasing t, one imposes the bound R +R]
+a,'In(smTx/sisq) ~ Ao. To summarize, F(t;si, s2,s) de-

pends on five parameters, R, Rl, a', Tp, and A.p, whose

values were obtained in Refs. [8,9] from the analysis of
exclusive reactions. The calculation of the invariant cross
section [Eq. (2)] requires the knowledge of the binary

cross section xp KA at low and moderate energies for

which we use an interpolation of the low-energy data

[10,11] for tr p K A, for pi„. b &4 GeV/c, in terms of
an expansion of Legendre polynomials

(si, t 1) =pa;(si)P;(cosO),did (4)
dt] l

where for the calculation of the scattering angle 0 in

terms of sl and t 1, the pion is given its oA-shell mass, in

order to avoid unphysical values. For pi.„b & 4 GeV/c we

use a Regge parametrization of the data [12]. The con-

tribution of the unobservable reaction x p K+A is ob-

tained from the isospin relation

der o + I da(z p K+A)= — (tr p K A).
dt's 2 dt's

A crucial test of our model is, however, whether it can
also predict the A transverse polarization P. Clearly it
must be related to the A polarization PA of the binary re-
action rrp KA at low and moderate energies [9].
There, PA is known to be large and positive for pi„. b & 1.5
GeV/c [10,11]. But at higher energies for momentum
transfer ~ —0.3 GeV it turns large and negative [13).
Notice that now P is measured along n =p;„,x pA whereas
in the binary reaction the A polarization PA is observed
along the normal N=p, &px = —

px xpq to the (K, A)
plane, in the proton (beam) rest frame. Therefore one
obtains (E&d rr/dp„)P from Eq. (2) by replacing drr/dt i

in the integrand by cos@P&drr/dt's, where cos@=n.N/
InIINI, i.e., the inclusive transverse polarization is ob-
tained as a weighted average of the quantity cos@PA.
We parametrize the experimental polarization of n p

K A as P =+0.5 for pi.„b & 1.5 GeV/c, for all
scattering angles except near forward and backward
directions where it should vanish. For pi.„b& 1.5 GeV/c
we use P =0.4 sin( —rrt'/to), with to =0.3 GeV, for

4 GeV/c

We must emphasize that this approach allows us to
predict the absolute normalization of the invariant in-

clusive cross section and we now turn to the comparison
with experimental data. In Fig. 2 we show, by means of a
best fit, the representation of the measured A production

by 400-GeV/c protons on hydrogen with some typical er-
rors from Ref. [3] together with our theoretical predic-
tions. They correspond to the set of parameters

R = —0 55 GeV R] =1.25 GeV

10

C

8

w h4

.I GeV/c

I

GeV/ c

0.85 GeV, Tp = 0.25 GeV

Ap =0.35 GeV

(5)
«2

10

which are slightly different from those used in Ref. [9],
since of course our knowledge on the A inclusive spec-
trum has greatly improved since 1974. Note that we take
a'"iv(s2) =24 mb, an appropriate average value for the

relevant range of s2 under consideration. It is remarkable
to see that we get the correct absolute normalization, and

the right trend of the data both in xA and pTA, with the
best agreement occurring for xA —0.5. Therefore, al-

though no doubt the fit and the model can be refined, we

are confident in the validity of the fact that our one mod-

el gives the dominant contribution to the cross section in

the fragmentation region.
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FIG. 2. Inclusive A invariant cross section at p] h 400
GeV/c vs xq for different pr~ values. Solid curves are our
theoretical predictions and open squares are the data represen-
tation from Ref. [3] with typical errors.
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FIG. 3. Comparison of the measured A polarization with our

theoretical predictions at xA =0.4 (dashed curve), x& =0.5

(solid curve), and xA =0.6 (dotted curve). The open circles are
Fermilab data at phh 400 GeV/c and (average xA) xA=0. 44
from Ref. [3] and the solid circles are CERN ISR data at

Js =62 GeV and xA=0. 58 from Ref. [14].

i'& —0.45 GeV, awhile for i'& —0.45 GeV we take
P= —0.4. Here l' is the usual momentum transfer be-
tween the pion and the kaon which vanishes for forward
scattering. In Fig. 3 we show the results of this calcula-
tion at pI.„b=400 GeV/c for three xx values. Since the

cross section is best described for xA=0. 5, we think the
polarization is also most reliable at the same xA. For
comparison we show some existing data at two difterent

energies for nearby x& values and again the agreement is

remarkably good both in magnitude and sign [15]. We
have also checked that the theoretical calculations for P&

are energy independent as it should be following (iii)
mentioned above. Moreover at large pT the value of P~
Battens out, consistent with a well-established feature of
the data [see (v) above]. The sign of PA is directly relat-

ed to that of P for the binary reaction for ~t'I & 0.3 GeV'
and its magnitude increases with xA because the cancella-
tion from the configurations cos4 & 0 and cos4 & 0 is

more eftective for small values of x~.
In a rough way, the shape of the inclusive polarization

as a function of pTA is the same as that of the binary re-

action as a function of t'. From this argument one can
see that the mirror symmetry between the polarizations in

p — K Z and tr p- K "A" observed in Ref. [13]
leads us to predict the inclusive Z+ polarization to be
mirror symmetric to that of the A, in accordance with ob-
servation.

Also, regarding the spectacular mirror symmetry efTect

observed recently at Fermilab in pp collisions with polar-
ized proton beam for x+ and n. inclusive production
[16], our model can easily account for that due to the

mirror symmetry of the polarizations for z —
p pz — in

the backward direction at low energies. Moreover, we

anticipate the correct sign since the binary polarization at
u ——0.5 GeV'- is opposite to that of the inclusive at

pr —I GeV/c. This opposite sign occurs because for the
binary reaction the polarization is measured along

x;„xa„„& which corresponds for the inclusive to
—p;„,-xz„„[. Finally in pp collisions with polarized p it

has been observed at Fermilab that the polarizations for
z+ or z inclusive production are opposite in sign to
those of tr+ or tr in pp collisions [l7]. This fact follows

naturally in our model from charge conjugation at the
level of the binary reaction.

We would like to thank C. Bourrely, M. Chaichian, A.
Efremov, and A. Turbiner for helpful discussions and

clarification at various stages of this work. Warm hospi-

tality at the Research Institute for High Energy Physics,
Helsinki, is gratefully acknowledged by one of us (J.S.).

"Permanent address: Research Institute for High Energy

Physics, University of Helsinki, Siltavuorenpenger 20C,
SF-00170 Helsinki, Finland.

[I] K. Heller, in Proceedings of the Set enth International
Conference on Polari-"ation Phenomena in Nuclear Phys
ies, Paris, 1990, edited by A. Boudard and Y. Terrien
[J. Phys. (Paris), Colloq. 51, C6-163 (1990)].

[2] G. Bunce et al. , Phys. Rev. Lett. 36, 1113 (1976).
[3] L. G. Pondrom, Phys. Rep. 122, 57 (1985); B. Lundbcrg

et al. , Phys. Rev. D 41), 3557 (1989).
[4] B. Andersson, G. Gustafson, G. Ingelman, and T.

Sjostrand, Phys. Rep. 97, 31 (1983), and references
therein.

[5] T. De Grand, J. Markkanen, and H. Miettinen, Phys.
Rev. D 32, 2445 (1985), and references therein.

[6] G. Preparata, in Proceedings of the I980 International
S~ r»pasi um on High Energy Physics with Po/ari zed
Beams and Targets, I ausanne, edited by C. Joseph and J.
Sofrer, Birkhauser Experientia Supplementum Vol. 38
(Birkhauser, Boston, 1980) p. 121.

[7] Ph. Ratcliffe, in Proceedings of the Polari=ed 'Collider
W'or/shop, University Park, Pennsy/mania, /990, edited

by J. C. Collins, Steven Heppelmann, and R. W. Ro-

binett, AIP Conference Proceedings No. 223 (American
Institute of Physics, New York, 1991),p. 237.

[8] K. G. Boreskov, A. B. Kaidalov, and L. A. Ponomarev,

Yad. Fiz. 19, 1103 (1974) [Sov. J. Nucl. Phys. 19, 565
(1974)]; L. A. Ponomarev, Fiz. Elem. Chastits At. Yadra

7, 186 (1976) [Sov. J. Part. Nucl. 7, 70 (1976)], and

references therein.
[9] A. V. Turbiner, Yad. Fiz. 22, 1057 (1976) [Sov. J. Nucl.

Phys. 22, S51 (1976)]; Pis'ma Zh. Eksp. Tear. Fiz. 22,
386 (1975) [JETP Lett. 22, 182 (1975)].

[10] R. D. Baker et al. , Nucl. Phys. B141, 29 (1978).
[11] D. H. Saxon et al. , Nucl. Phys. B162, 522 (1980).
[12] H. Navelet and P. R. Stevens, Nucl. Phys. B104, 171

(1976).
[13]C. E. Ward et a/. , Phys. Lett. 48B, 471 (1974); A. Snyder

et a/. , Phys. Rev. D 21, 599 (1980).
[14] A. M. Smith et a/. , Phys. Lett. B 185, 209 (1987).
[15] The effect of the 2" contamination arising from the de-

cay 2"— A "+y suggests that one underestimates by

10%-209' the magnitude of PA for directly produced A"

[see M. Sullivan et al. , Phys. Lett. 142B, 4SI (1984)].
[16] Fermilab E704 Collaboration, D. L. Adams et a/. , Phys.

Lett, B 264, 462 (1991).
[17] A. Yokosawa (private communication).

910


