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The polarization of the non-valence components of the proton is discussed. The spin-
-spin asymmetry in two different processes with polarized incoming protons is taken as
a probe of the problem. The first is the Drell-Yan process which is calculated with next-to-
-leading corrections for models with polarized and unpolarized sea. The second is the direct
photon production at laige pt, where at the Born level the gluon distribution plays a dominant
role.

PACS numbers: 12.40.-y

1. Introduction

The physical problem we would like to discuss is the polarization of the non-valence
components of protons. It seems to be very interesting to what extent the spin of the
particle is given by the spin of its components. The simplest models assume that all of the
proton’s spin is carried out by the valence quarks. It works well if the spin effects in the
scattering process are dominated by the valence contributions. It is therefore important
to find and calculate a process where the non-valence components polarization plays
a dominant role.

In this paper we concentrate on two processes with polarized protons in both beam
and target.

The first is the Drell-Yan process [1] where the sea polarization scems to be very
important [2]. This subjcct was briefly presented earlier [3], here we present some more
details. The spin-spin asymmetry (initial-initial) is exactly zero in the leading order, provided
the sea is unpolarized. We checked that this result approximately holds when higher order
corrections are included. Consequently, any significant deviation of the asymmetry from
zero means that the sea is polarized. To sce how big this cffect could be, we calculated
also an example with assumed non zero sea polarization. The spin-spin asymmetiy turns
out to be quite large in this case.
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The second process is the direct photon production [4] at large transverse momentum,
where the gluon distribution plays a dominant role [5]. At the Born level the significant
part of the spin-spin asymmetry comes from the gluon polarization and is exactly zero
if gluons are unpolarized. One may see that this quantity depends little on the shape of the
gluon distribution function, the crucial dependence being in the normalization of the
gluons’ spin.

These two processes considered together can give a more complete insight into the
problem of the spin distribution among proton components.

The paper is arranged as follows. In the next Section the formalism for the Drell-Yan
process is presented. Section 3 describes the results of the calculations. Section 4 gives the
formalism for direct photon production at large p;. The numerical results are presented
in Section 5. Summary (Section 6) closes the paper.

2. p,p, = ptuX process

The kinematics of the Drell-Yan process in a collision of two hadrons (protons) is
depicted in Fig. 1. As usual

x=Q%2pq and t=In Q% ¢y

where Q7 is the invariant mass-squared of the lepton pair, ¢ is the photon momentum,
p is the beam hadron momentum and p is some arbitrary mass scale.

Fig. 1. Kinematical structure of the Drell-Yan process in a hadron-hadron collision

Hadron masses and constituent transverse momentum are neglected. For a polarized
state of the hadron we deal with densities and helicity densities for quarks and the gluon
respectively:

9(x) = ¢ (D) +q(x),  49(x) = g*(x)—g (),
G(x) = GH(0)+G(x), 4G(x) = GH(x)—G(x), @
where + (—) denote the helicity parallel (antiparallel) to the helicity of the parent proton.

The evolution of the densities can be obtained from the Altarelli-Parisi equation [6]
by a linear approximation

da(x, 1) _ qlx, —a(x, 1)

dt (t—to) )




and is given by
1

ai(x, ) = qi(x, to) + “S(;:)) fi; [qu <§> q1(ys to)+ Pye (;) G(y, tO):l (t—1o),

2

x -

G(x,t) = G(x, ty)+ S?S:) 7y Pg, (}i) Z 41y, to)+ Pge (y) G(y, to)] (t—1o),

P(z) =3 [((11__'-2)3_ +3 5(1_2)] s
P(2) =5[22 +(1-2)],
1+(1—-2z2)?
.t

where [6]

Pg2) =5 [

T i i—z)+3 5(1—2)],

Pso(z) = 6[(1—z)+ + -
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(4b)

(52)

(5b)

(5¢)

(5d)

1is the flavour index, and 7, is the evolution starting point. For helicity densities we have

analogically [6]

1
o(to) [(dy
Aqx, 1) = Aqy(x, to)+ 21;’ —=

x [AP,, (y) Aqi(y, to)+ APy (y) AG(y, to)] (t—10),

1
ot
AG(x, 1) = AG(x, to)+ §°) s

y
x [APGq (’;) 2 Aqi(y, to)+APgq (’y‘) AG(, to)] (t—1,),

where [6]
(1+z%

AP(2) = 3 [22-1],

APoz) = 4 [1‘(1 ‘E)ﬁ] ,

z

+3 6(1—2):| R

APGG(z)-—3[(1+z4)( ! ) (1'22) +%5(1—z)].

(1—2)+

(62)

(6b)

(72)

(7b)

(70)

(7d)
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One should be very careful when applying the lincar approximation (4) and (6) to the solu-
tion of the master evolution equation for > f, because it usually leads to the negative
quark and gluon densities. In such case some iteration procedure is needed. Our results
for the parton densities obtained by means of (4) and (6) agree with [7].

Defining the cross-section
do  (do*" de*”
dQZ =7 dQZ + dQZ (88')

and the helicity cross-section

dAc de*t  det”
: (8b)

a0 ~ 2\ dg? T ag?

where + indices refer to the helicity of the incoming hadrons, we can express the initial-
-initial asymmetry as:

dAc/dQ*
i = P ®
da]dQ
It can be written schematically (e.g. for quark-antiquark interactions)
o (AqE”AqE—Z])®(6"——6‘N) (10)

(QE ! ’qf;z ]) (64, + 81;) ’

where 6 denotes the hard cross-section and the arrow up/down shows the parton helicity
parallel/antiparallel to the hadron momenium. The symbol ® stands for the appropriate
integrations. ‘

The Drell-Yan hard cross-section contains the graphs which are presented in Fig. 2.

LL NLL
(L) ;;; Hl»
xS >NW* @“’W ﬁ H IW
. SOFT s

A~ans photon line

fermion line

wee gluon line

Fig. 2. The leading and next-to-leading orde: graphs for the Drell-Yan process. Arrow up/down shows
the helicity parallel/antiparallel to the momentum



851

The lack of §,,in the leading-order is a simple consequence of the helicity conservation
by vector interactions. The detailed formula in the «(Q?%) order reads [8]:

dx, ((dx . 0
Zi—i 95Q J J = {[Z e g (xs l)ql x5, +(1 <—+2):|

g(Q )

[0(1 —2)+ —— ((1-2) (foov(2)—- 2&,2(2))}

2f

+ LZ € ‘]%1](\19 NG x,, +(1 > 2)} Q) —2) (fo,pv(2)— 15, z(z))} (11

where the next-to-leading order corrections are given by the differences [8]:

A

z)—2 sl 3 ey (MDY any (147 ) sa
f=271a2) = 8| 2 v+ (D) —6mda (14 Yo,

(12a)
9z%
Soov(@D—fe.2(2) = % [22-}-(1—22) in(l—z)+ BN —52+-§—]. (12b)
Analogicaily [9]
ddo dne® [ dxy [dx, A k1 D46k, 1) 4 (L <> 2
g’ ~ 9SQ J‘ J {[Z erdq; (X, DAq;7 (x5, 1) +( )]
[5(1 —z)+ —— S(Q ) 0(1—2) (4 /oy ~qu,z):|
S @
+ [ el Agii(xy, HAGYY(x,, t)+(1H2)] % - - } (13)
> .
and [9]
Aﬁ;,DY(z)—zAf:;,z(Z) = (fq,DY(Z)"zﬁ;,z(z))"*'%(2+22), (14a)
2
Afspov(2)—4fe(2) = 3 [(22_1) In(1-2)— 3—; +3z—--;-]. (14b)
T =Q%S, z=1/x%,=0Q%s, 5=2xx,5. 135)

S is invariant mass-squared of the initial hadron system, s denotes the invariant mass-
-squared of the partonic subprocess.
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3. Numerical results

In the leading order asymmetry A;; is identically equal to zero if one assumes no sea
polarization. This result nearly holds, if one takes into account the next-to-leading log
corrections. In this order we have the contribution from the gluon polarization due to the
appearance of the quark-gluon scattering graphs (in the numerator). These graphs, however,
are small in comparison with the 3-point quark-antiquark-like diagrams (in the denomina-
tor), therefore, one can expect the spin-spin asymmetry to be close to zero.

These results are summarized in Fig. 3. In the leading order asymmetry is equal to zero.
Curves A, B, C are the results of the calculation in the next-to-leading order with different

A
V5=27GeV

T

T

003 :
0.02 | B
0.01 , = . Y -~

L 1
-0.01 01 02 03 04 05 O0F 07 =

Fig. 3. The spin-spin asymmetiy in the Drell-Yan process with unpolarized sea. In the leading order
it is identically equal to zero. The solid line represents the next-to-leading order calculations. A4, B, C are for
different gluon distribution functions (described in Table I)
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Fig. 4. The spin-spin asymmetry in the Drell-Yan process with polarized sea. The solid (broken) line
shows the next-to-leading (leading) order calculations. Distribution functions are described in Table I
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gluon distributions. The spin distributions and the parameters used in the calculations
are described in the Appendix. We see that the spin-spin asymmetry does not exceed 3 per
cent so one sees that the cancellation described above really takes place. One can
also observe that the curves in Fig. 3 do not depend on the shape of the gluon distribution.

A dramatic change is observed when the sea polarization is introduced. The numerical
results are drawn in Fig. 4. The asymmetry reaches the value of the 17-20% and is negative.
We want to stress that the sea carrying only 3 per cent of the proton spin has changed the
asymmetry by a factor of 6. Such modification of the sea spin (only 3 per cent of the proton’s
spin) can be hardly seen in most processes. Fig. 3 and 4 additionally supports the advantage
of using the spin asymmetry. The large corrections which appear in the cross section and
the helicity cross-section nearly cancel each other.

We conclude that any experiment which shows significant asymmetry in the Drell-Yan
process clearly would indicate the existence of the sea polarization.

4. p,p, = yX process at large pr

At the Born level the cross-section and the helicity cross-section are dominated by the
Compton scattering. The annihilation channel gives a much smaller contribution (we
found it being on the level of few per cent of the Compton scattering) and thus it is neglected
here.

The cross-section can be calculated according to the following formula [10]

1 2f
d3 " XX
E, =2 | e 2 [ E e2qi"x,, In Q%/u)Gx;. In Qi)
dp, T Xi5+u
Ximin i1
2f
dé . Gl In O%/u2 22020 10 022 @ \
X — (@G = ya)+ G (x4, In Q%/u%) erq; (%, In Q°/u*) P (Gg—yq)|. (16)

1t

Similarly, for the helicity cross-section we obtain [10]:

1 2f
d*Ae s XX
T J o [E erdqi (6, In Q%) 4G xz, In Q%)
Py X,s+u -
X1imin i1
2f
A48 dAé
x (4G = y@)+ 4G (x,, In Q%/u?) E et AqiN(x,, In Q*/u?) o (GQ*YQ):'- 17
/1
X, = —=xytf(xys+u),  x_ o= —uf(s+1). (18)

5, t, u are the c.m. Mandelstam variables for the proton-proton process; s, f, u are the c.m.
Mandelstam variables for the parton subprocess

§ = X(X,5, t=Xxil, #=X,u, (19)
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X1, X, were defined in Section 2. In terms of the longitudinal and transverse momenta of
the photon p,

xp =2p,/\/5 and  xp = 2p.//s. (20)
One has

= —Ls(Vx2+xE-xp), u= —1s(/xE+xE+xp). (21)

For the differential hard cross-section we have [9, 10]

dé . W1 ff 5

’(?(CIG - vq) = —g noa(Q )3-2 = + =) (22a)
das . W2( & s

= (G - 7q) = —g (@) 5 — = + = . (22b)
Gt N s t

For Gq — yq one has to replace ¢ by u.

The spin-spin asymmetry is defined as in Eq. (9).

It is not clear what value of Q2 should be taken as the argument of the running coupling
constant and the structure functions. For our choice of the gluon distribution the value
Q2 = p% scems to be the most suitable one [11, 12].

5. Numerical results

The asymmetry A;; is identically zero at the Born level provided one assumes no
gluon polarization. Figure 5 shows the calculated spin-spin asymmetry for three different
gluon densities. Asymmetry does not depend upon the shape of the gluon distributions.
Fig. 6 displays the curves which have been calculated for different distributions of spin
among glucns and valence components. (The changes of the spin normalization satisfy

010

W

] | ] |
o1 02 03 04 X7

Fig. 5. The spin-spin asymmetry in direct photon production process for different gluon densities at the
beam energy \/E = 63 GeV, xg = 0. Distribution functions are described in Table II
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Fig. 6. The spin-spin asymmetry at 4/5 = 27 GeV and different normalizations of the gluon and the quark
polarizaiion density. Spin which is taken by the sea is fixed at the value of {$;)sea = .015. For distribution
functions see Table II
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Fig. 7. The spin-spin asymmetry for direct photon production at 4/s = 63 GeV and different values of xg.
For distribution functions see Table II
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Fig. 8. The spin-spin asymmetry for direct photon production at Ve s = 27GeV, 63 GeV, 100GeV, 150 GeV,
540 GeV, xg = 0. For distribution functions see Table 1I

the Biorken sum rule and keep the polarization of the sea fixed). The asymmetry increases
with the spin carried by gluons and reaches the maximum value when the spin is distributed
nearly equally between gluons and valence quarks.

Figs. 7, 8 show the dependence of the spin-spin asymmetry upon the kinematical
variables and the beam energy. The asymmetry is growing with xg and x (see Fig. 7).
The increase in the beam energy decreases the asymmetry when the transverse momentum
is fixed (Fig. 8a). With fixed x; one can find that the asymmetry increases with the beam
energy (Fig. 8b). This means that an increase in the scale O decreases the asymmetry.
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6. Summary

In this paper we have proposed two processes with polarized incoming protons to test
the problem of polarization of the non-valence hadron components: the Drell-Yan process
for the sea polarization, and the direct photon production for the gluon polarization.
The quantity which was found to be sensitive to this problem is the spin-spin asymmetry
(initial-initial) (Eq. (9)).

1. For both processes asymmetry is equal identically to zero provided one assumes
no non-valence component polarization. If one admits non-valence components being
polarized, the situation changes dramatically. The asymmetry started to be quite large:
for Drell-Yan process it reaches 17-20%, for direct photon production — 10-13%;.

2. Each process tests the polarization of one non-valence component independently
of the other one.

3. Drell-Yan spin-spin asymmetry depends strongly on the polarization of the sea.
Let us stress that the sea carrying only 39 of the proton spin has changed the asymmetry
by a factor of 6.

4. One may compare Fig. 5 and Fig. 6 and notice that the direct photon spin asymmetry
depends very little on the shape of the gluon distribution and the gluon spin distribution
and it seems to be dependent only on the spin normalization.

5. For the Drell-Yan process the large corrections which appear in the cross-section
and the helicity cross-section nearly cancel in the helicity asymmetry. The problem of finding
all corrections to direct photon production has not been worked out completely.

To conclude, we think that these two processes together may provide a good composite
test for the problem of non-valence hadron components.

I am grateful to Dr. Jerzy Szwed for constant interest and many helpful remarks.
I would like to thank Dr. Michal Praszatowicz and Dr. Maciej Nowak for useful suggestions.

APPENDIX

For valence quark distributions the Carlitz-Kaur model was adopted [13]. In this
model the valence quarks carry most of the proton spin only for x — 1. One introduces
a spin dilution factor

cos 20 = [140.052x~*/*(1—x)*]~* '6))

which becomes more important for small x. In this model the spin distributions for valence
quarks are

Au(x) = [u(x)—% d(x)] cos 20 (2a)
Ad(x) = —3% d(x) cos 20 (2b)

which satisfy the Bjorken sum rule. In the Carlitz-Kaur approach the sea quarks are
not polarized. The gluon and possible sea polarization were obtained from the bremsstrah-
lung model [14-15). In this model the polarization of the sea quarks results because they
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TABLE I1
The quark and gluon densities at 03 = 75 GeV? used for direct photon production calculations [13-15}
FIG. 5B FIG. 5A, 7, 8 FIG. 5C, 6
uy(x) (1.433—0.433x)Ao/x
dy(x) 0.866(1 —x)A4o/x
Au(x) (1y(x)— % d\(x)) cos 20
Ad(x) — L d{x) cos 28
Ao 2.8(1—x2)® 4/x (0.174+0.085(1 — x2)2)/(0.57 + 0.43x)
cos 20 1/(1+0.052(1 — x)*/4/x)
5(x) 0.071(1 = )31 + (1 — x)*)/x
As(x) 0.024(1 — x)3(1 — (1 — x)*)/x
| \
2.38(1+0.01(1 — x)+0.02(1 — x)* l 2.05(1—x)5(1
6 31201 =x)%lx FOUA—) A=0¥x | A=
. ~x)5(1
AG(x) | 0.22(1.67x—0.67x1)G(x) 0.22(1.63x—0.63x*)G(x) 0 6§2((11_ ;g););x

originate from gluons radiated by the valence quarks originally polarized. The detailed
formulae for used distribution functions are given in Table I for the Drell-Yan process
and in Table II for direct photon production.

The QCD running coupling constant was given by
127 3)
27 In Q*/A*

where we took A4 = 0.5 GeV [8]. The starting point of the evolution of the structure func-
tions was fixed at Q2 = 75 GeV2.

(0% =
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