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Production of larges; hadron pairs by a polarized photon on a longitudinally polarized proton towards
probing the polarized gluon distribution is studied. Resolved photon contributions and the effect of changing

the scales are taken into account, and predictions

are presented. A very recent experimental result at c.m.

energy 7.18 GeV is compared to our predictions extended down to this energy. A proper combination of cross

sections is also considered.

PACS numbegs): 13.85.Qk, 12.38.Bx, 13.88e

I. INTRODUCTION

The determination of the size and shape of the polarize%{r

gluon distributionA g remains a major problem in spin phys-

ics. Clearly, the way to proceed is to study theoretically and[i o

experimentally polarized reactions dominated by subpro

cesses with gluons in the initial state. To this effect, experi-

ments on charm production by polarized photons on longitu
dinally polarized protongpolarized photoproduction[1],
largep+ direct photon and jet production in polarizedp
collisions[2], etc. will be carried ouf3,4].

As a reaction leading to useful information, RE3] has
proposed the production of largg-hadron pairdH;, H, in
polarized photoproduction:

An experiment could well be carried out in COMPASS.

In [5], the first is well taken into account, but the second is
eated in a rather unclear way. Here the subproteg%) is
eated on equal footing witfl.23.

(i) We consider the effect of changing the renormaliza-
n and factorization scales; [5] this effect has also been
left out.

(iv) In [5] the fragmentation of the final partons to had-
rons is treated via Monte Carlo methods, which somewhat
obscure the procedure. Here we use the conventional QCD
approach with recent fragmentation functiqeg.

(v) Very recently Ref[7] presented an experimental re-
sult on Eq.(1.1); this is discussed and compared to our pre-
dictions.

(vi) We show that a proper combination of cross sections
for certain choices oH,; and H, will make a more clean
probe. The combination, however, involves four cross sec-
tions, and the experiment will be more difficult.

Furthermore, apart from the cross section calculat¢8jin
and in relation with[7] (Ado/d¢qdx, for the definition of

In view of this, we have undertaken an independent studyf: andx, see Sec. )| we present also results for the trans-

of the reaction1.1). Working, as in[5], at Born levellead-
ing order(LO) in ag] we differ in the following from[5]:

verse momentum distributioddo/d ¢, dxy.
With the COMPASS experiment in mindpolarized

(i) We take into account the resolved photon contribu-muon-proton scatteringwe take into account that thni-

tions, which are left out if5].
(ii) In general, reactioiil.1) is dominated by the subpro-
cesses

dy—daq, (1.2a

y—4qg. (1.2b

0,
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tial) photons are in general quasiréaf).

Section Il presents our general formalism for the cross
sectionAda/d¢,dx and Sec. Il forAdo/d¢,dxs. Section
IV presents results foAda/d¢,dx and the corresponding
asymmetries. Section V presents results Aato/d ¢ dxy.
Section VI presents the above-mentioned combination of
cross sections as well as our results. Finally, Sec. VII pre-
sents our concluding remarks.

Il. GENERAL FORMALISM FOR Ado/d¢,dx

The reaction(1.1) has, to some extent, been studied in
Ref. [8], and here we avoid repetition as much as possible.
Consider the contribution of the subprocess
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a(py)+b c +c,, 2.1 Ado S
(pl) (pZ)H 1(p3) 2 ( ) d(ﬁldX(S,(bl:O'X):&J XmTJ dXZTJ deAFb/y(Xb)
where the quantities in parentheses denote 4-momenta, and

let dh
X TAU(S,x,xb,xlT,sz,h).

s=(p1+P2)% t=(P3—p1)? Uu=(Ps—p2)° (2.2
(2.10
(s+t+u=0). Neglecting intrinsic transverse momenta, the

hadronsH; (i=1,2) are produced in opposite hemisphereslhe physical meaning of the variableis clear from Eq.
with transverse momentl; and c.m. pseudorapidities, (2.9 it is X=X, for x,=1 (direct y).

with respect to the photon. Denoting hi§ the total c.m. The limits on h are specified by the conditios <1,
energy and by, the azimuthal angle dff; and introducing  Which, in view of Eqs.(2.6), (2.8), and(2.9), implies
xir=2ki1 /\/S, h+x"th™1<\xp,

it follows that the cross section for Eq1.1) is formally — Wherex=min(2k;,2/x,7). We find
given by[8,9]

h_sh=<h_,

Ado Sfd AFy(Xy) where
= X X
déidxyrdXordmidn, 4 b by
1 1/2
XAG(S,Xp X171, X211 71, 772), h.=3 )\Xbi( 2x§—;> } h_h =1 (2.10
(2.3

whereAFy,, is the polarized momentum distribution of par- Clearly, we must have

ton b inside the photon and )\xb>2/\/§. (2.12
1 do . .. . . (0)
_ = i . Denoting the lower limit ofx;1, X,7 integrations byx
Ao==AF (X)) A—Dy  (z))Dy. (20): (2.4 1m0 XoT T
x o P o, (21) Dy (22 (=2k{7S, k{9 to be fixed by experimentve write
the limits of integration in Eq(2.3) are specified later. In Eq. fXZT,max leT fXZT,max
- dxor= dxor+ dXor. 2.1
(2.4), Ado/dt is the cross section for the subprocé2dl), 9 2 9 2T X1T 2T 213
Dy, ,Ci(zi) is the fragmentation function far;—H; and
So we find
Xa=Xp €XP(— 71~ 772), (2.9
297 (sox=2 J L (1, 2.1
2= xi7[€X¢1 1) + exql 7)/2% . 2.6 dpadx SO0 77 |0, (Pellatla) (214

Equation (2.4 expresses the contribution to the physical,pere
cross section from both direct and resolvgdthe former
corresponding taF,,(x) = 5(1—x). The cross sections for Xp X X1T h. dh
Il_f XmTJ f -5V
(0)

the subprocessd4.2) are X(o)dXZT Ch AFp;,(Xp)
& _
A9y maage; 2+ u? 5 9oay 8raase; s°—t? X Ao(S,X,Xp ,X17 ,Xo7 ;) (2.15
- 2 ' ~ 2
dt s tu dt 3s —st _
with
(2.7)
- - : h. = XX+ (X2x2— 1ix) 2 (2.16
The corresponding cross sections for the resolyegbntri- =TT A= AT M ' :
butions are taken frorfil0] with t«u (see alsd8]). q
Here we define the variable an
_ XpVX X h, dh
X=eXp= 7 72) 28 |2:f(2) dXor (;denf T AFbiy(Xo)
X X h_
and determine firshdo/d¢,dx. Also introduce ! !
X Aa(S,X,Xp , X171, X271 ,h) (2.17
h=exp 7,). (2.9 _
with
Taking, as in[8], the x-z plane to be defined bg, andk, B B
(i.e., #1=0) we may write still in a formal way h =7 X% (X7 X5 — 1) 2 (2.18
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Givenx{?), the condition(2.12) determines the minimum
value ofx allowable. Clearly

x=(x\27xp)?

(2.19

and sincex,<1:

=(x{)2. (2.20

Xmin

Ill. GENERAL FORMALISM FOR  Ade/de,dx,

We start again from Eq$2.3) and(2.4) and change vari-
ables:

Xor—Xr=3(X17+Xo1), mi—hi=e”, =12 3.9

SO

e S [
d¢,dxrdx;rdhydh,  2hsh, | 9% b/y(Xb)

XAa(S,XT,Xp,X17,h1,N5)

(3.2
and Ao given by Eq.(2.4). Now
Xa=Xp/h1h; (3.3
and
leﬁ(hlﬁL h,), Zzzw(hl”L hy). (3.4
2Xp 2Xp
The conditionsgz;=<1 andx,<1 imply
h,+Xxph, 2<\ Xy, (3.5
whereA=min (2/X,7,2/(2x1—X417)). As in Sec. I,
h_<h,<h,, (3.6
where now
h.=1[Axy* (AX2—4xp)*?], h_h,=x,. (3.9
Here we have the condition
Xp=4/\2. (3.9

Clearly, forx,;7<x7, A=2/(2X1—Xy1), Whereas fox,t
>X1, A=2/Xy7. So in the present case we write

X1T,max XT 1T, max
f dxlT—f dx1T+f dx;t. (3.9
X1T, min X1T, min XT
The final result is
do S,0 Ji+J 3.1
d¢>1dx ———(S,0x1)= ( 11+32), (3.10

where

PHYSICAL REVIEW D 62 014023

hy dh2 hlmaxdhl
‘Jl_ J;( XmTj deJ f AFb/y(Xb)A(f
1T, min

Xb/hz hl
(3.11)
with XZTEZXT_XIT and
X117 min=MaX X", 21— 1), Ny max=2Xp Xor—hy,
(3.12
12
X X
h+=—bi(—b—xb) , (3.13
Xa1 X2T
and
X1T, max hi dhz
Jz—f Xle deJ
hlmaxdhl
Xfx " h AFb/y(Xb)AO' (314)
p/hz 11
with

- 0
X1T, max= MiN(2X7— X(T '), N1 max= 2Xp /X17—hy,

(3.19

=0 +( X )m (3.16
L= X . .
S P

In determiningX;t min We took into account that,r=2xr
—Xpr=2xr—1, and in determiningx;t max that x;7=2x+
—Xp7<2X7— x(O)

IV. RESULTS FOR Ado/d¢idx AND THE
CORRESPONDING ASYMMETRIES

We present results for the three sét8,C of LO polar-
ized distributions of 11], which can be roughly character-
ized as follows in terms oAg(x) [=AFy(X,Qo)]: setA,
Ag(x)>0 and relatively large, s, Ag(x)>0 and small,
and setC, Ag(x) changing signAg(x)<O0 for x>0.1. The
fragmentation function® ,, are taken fronj6] (LO sets.

In ag(Q) we useA=0.2GeV and four flavors. The renor-
malization and factorization scales are taken equal and with a
central valueQ = Q. =k 1+ kot . We first present results at a
typical COMPASS energy/S,,=/S=12 GeV and fork{")
=1.4GeV[5].

Regarding the resolveg contributions, we have used the
maximal and minimal saturation sets of the polarized photon
distribution functions 0f12,13. We have also carried cal-
culations with the distribution functions ¢14], belonging to
the class of the so-called asymptotic solutions, and we sim-
ply report the results.

To account for the fact that the photons are quasireal we
multiply Eq. (2.4) by the Weiszaecker-Williams factor:

Qrznai 1- y)
2,2
mey?

Af(y)z%APMy)ln @.1)
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- A resolved
------- B resolved
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FIG. 1. Results when each of the final hadréhs i=1, 2, is
7t or #~. (@) Differential cross sectionddo/d¢,dx for direct
and resolvedy contributions forQ=Q.=k;t+k,r. A, B, andC
refer to the parton distributions of Ref9]. (b) AsymmetriesA
=(Ado/d¢,dx)/(do/d¢p,dx) and their variation with changing
the scales in the rand@./2<Q=2Q.. Strong lines correspond to
the scaleQ=Q.. The bands with forward and backward slanted
hatches show this variation for seAsand C correspondingly. For
setB the variation is not shown.

where AP7|(y)=[1—(1—y)2]/y, m, is the muon mass,
and we take a typical valu®?,,=4 Ge\?; for incident lep-
ton c.m. energw/S, (corresponding td, =200 GeV/[5]), y
=9/S.

Figure Xa) presentsAdo/d¢,dx for direct and resolved
v* contributions withH;==" or 7~ [fragmentation func-
tions (A4)—(A8) of [6]]. The presented resolved contribu-
tions correspond to the maximal saturation sef1,13;

PHYSICAL REVIEW6D 014023

Figure Xb) presents the asymmetries

_ Ado/de,dx

= “doldedx 4.2
for the sum directresolved and agairl,=#" or 7=~ . For
the unpolarizeddo/d¢,dx we use the CTEQ distributions
[15] and the photon distribution functions pE6], LO sets.
Here, to account for quasireal photons, in E4.1) we re-
placeAP., by P,/,(y)=[1+(1—y)2]/y; hence the asymme-
try is reduced. For each of the sétsB, andC the strong line
corresponds to the central val@.=k;t+k,t. For setsA
and C, Fig. 1(b) presents also the effect of changing the
scales in the rang®./2<Q<=2Q..

Figure Xb) also presents an estimate of experimental er-
rors using the expression

1
PePrVLo pe

We take beam polarizatio®z=80%, target polarization
P+=25%, pion-kaon detection efficiency=1, and inte-
grated luminosityL=2 fo™* [5]; in Eq. (4.3) o, is the
unpolarized cross section for quasireal photon-proton scatter-
ing integrated over a binx=0.17.

On the basis of Fig.(b) we conclude the following on the
experiment: First, set& andB cannot be distinguished. Sec-
ond, setsA and C can barely be distinguished in the small
range 0.15x=<0.2. We note that at smallerthe cross sec-
tions y* p become much smaller an#A « , much larger.

Now we turn to kaon production, and Fig(a2 presents
Ado/d¢,dx for Hj=K™ or K~ [fragmentation functions
(A19)—(A23) of [6]] and Q=Q.. The presented resolved
contributions are as in Fig(4d); now for both set#\ andB of
[11], atx=0.25, they are important. Figuré presents the
corresponding asymmetries together with the effect of
changing the scales and an estimate of the experimental er-
rors, as for Fig. (b). Now the latter are significantly larger
(smaller cross sectiojsmnaking very difficult the distinction
even between se® and C.

In [5], apart from kaons, the production of charged hadron
pairs is considered. The unpolarized cross sections for the
production of charged hadrons are, of course, greater than
those of charged pions only. Thus the estimated errors will
be somewhat smaller.

As it has been stated, very recently an experimental result

SA jx p= (4.3

those of the minimal are somewhat smaller. So, in generalyas presented for Eq(l.1). Its energy is low, JS
the resolved contributions are much smaller than the direct=7.18 GeV, and therefor&;; limited; also, the way one

However, in particular for seA of [11] and in the range

reaches the final result is somewhat unclear. Nevertheless, in

0.15<x=0.2, where the direct contributions change sign, theview of its importance and of the fact that it is tHiest
resolved are not insignificant. The asymptotic solution ofexperimental resultit is perhaps of interest to extend the

[14] gives even larger resolved contributions.

Notice that the differential cross sections for the dirgct
contributions change sign at sorre=0.2; this is due to the
two competing subprocesses of Ef.2). At the lowerx, Eq.
(1.2a dominates, whereas at higherEq. (1.2b takes over.
Hence the place to obtain information abau® is at the
lower x, as first was pointed out ifb].

calculation of Secs. Il and IV down t¢gS,=7.18 GeV. This
experiment selects events containing at least one positively
charged hadron and at least one negatively charged hadron.
Hence the fragmentation functions should be separated from
those form" (K*) and form~ (K™). For the separation we
use the subsequently presented expresdi®:3—(6.6). The

fact that the experiment was carried at a low energy neces-

014023-4



POLARIZED PHOTOPRODUCTION OF LARGHE~ . .. PHYSICAL REVIEW D 62 014023

The values/S=12 GeV ank{”)=1.4 GeV imply certain

08 " a) ) . —— A direct limits on the rapiditiesy; and the invariant mass of the had-
06 | -~ -~ B direct ron pairsm(H.H,), which amount to acceptance cuts. Tak-
- . C direct ing the variablex in the range 0.055x=<0.8, the integration
_o4r == Aresolved limits for the variableh in Egs.(2.15 and(2.17) combined
-y "_gﬁzﬂﬁﬂ with Egs. (2.9 and (2.8) imply the following limits on the
3 - : 2 ) - rapidities: —1.9< »,;<2.0 and— 1.7 »,<2.1. These limits
s 00 08 imply m(H,H,)=2.81GeV, which is in accord witf6].
;: 02 L coX It should be remarked that, instead@f=Kk;t+ ko7, the
choice Q.= (k;7+ky1)/2 is also reasonable. Then varying
04 - the scales in the rang®./2<Q=2Q,, near the lower limit,
06 |- with k$=1.4GeV, we enter a region where perturbative
QCD is uncontrollable. One cannot tak% much larger be-
038 causeAdo/d¢,dx becomes too small.
f; 15 V. RESULTS FOR Ado/d¢,dx;
10 | The transverse momentum distributiodsdo/d ¢ dxy
anddo/d¢,dxg are calculated for the same distributions and
51 fragmentation functions as Sec. IV, as well as g8
0 =12GeV andk{¥=1.4GeV. We present results only for
08 Q=Q.=ky7+kyr as functions ofk;= (ky+ko1)/\/S.
5+ The indicated errors have been estimated on the basis of
i Eq. (4.3 with the unpolarized cross section integrated over a
-0 SetA bin in x; corresponding t&Ap;=1 GeV.
) . 4 _
451 —---SetB Figure 4a) presents asymmetries fddj==" or 7.
| == SetC Clearly, even without accounting for the variation of the
scales, seté& andC, as well, are hard to distinguish.

Figure 4b) presents asymmetries fok,=K™* or K. The
conclusions are the same as for Figa)4
Again, as in Sec. IV, taking the variablg in the range

0.25=x7=<0.8 we obtain the following limits:—1.9< »,
sitates the choicdx(TO)=1.1 GeV. Taking into account also <2.1, —2.1< 5,=<2.1, andm(H;H,)=2.79 GeV.

the virtual photon depolarization factBr=0.93[7], thepre-
dictedasymmetries together with the experimental result are
shown in Fig. 3; clearly, seA (or B) is favored.
It is interesting also to note that the effect on the asym-  Denote, for simplicity,o(H,H,) either of the cross sec-
metry of changing the scales is small. tions Ado/d¢,dx and Ado/d,dx; for y+p—H,;+H,
+X. As it is discussed in Ref$17] and[8], neglecting the
40 ' resolvedy contributions, the combinations

FIG. 2. The same as in Fig. 1 when each of the final hadkyns
isK™ orK™.

VI. THE COMBINATIONS OF CROSS SECTIONS

A
% A(m=c(atm ))+o(m m)—o(zta)—o(m 7))
20 | (6.1)

and

AK)=a(K*K)+o(K KN —a(K'KT)— (K K")
(6.2

isolate the contribution of the subprocepsg— qqQ.

SetA When the resolved contributions, calculated via the po-

e SetB larized distribution functions df12,13 or [14] are taken into

...... SetC account, the contribution @y— qg is not completely elimi-

. ' . . . . . . nated, but we find that fax<0.4 it is smaller_by~2 orders

0.0 0.2 0.4 06 08 of magnitude than the contribution gfg—qqg. Hence the
difference inAg between the set8, B, andC is displayed

FIG. 3. The predicted asymmetries #§=7.18 GeV together much better. Below we present results for the corresponding
with the recent experimental result of the Hermes Collaborgfign  asymmetries and foR= Q. .=kt +Kot.

-40 +
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A
%
15 |-
10 |
5 |-
Set A
L ----SetB
------- SetC
1 1 N 1 " [
0.4 0.6 0.8 X
A F o —
%15 -
10 |
5 Set A
| 7 -----SetB
/S s SetC
0 1 ] ]
’ 0.4 0.6 0.8
Xxr

FIG. 4. AsymmetriesA=(Ado/d¢,dx;)/(do/dpdxr). (@)
When each of the hadrom is =" or 7. (b) When each of; is
K* orK™.

The calculation of Eq(6.1) requires the separation of the
fragmentation functions forr™ and« . To this purpose, as
in [8], we use

1+z
1-z
(6.3

D +u(2)/D ;-y(2) =D ;-14(2)/D ,+,4(2) =

and
DW+/g(Z)/D7T7/g(Z) = DW*/S(Z)/DW’IS(Z) =1. (64)

For the calculation of Eq(6.2) we use[8]

1+z
Dk +u(2)/Dg-1y(2)=Dg+s(2)/Dg-s(2)= 17 (6.5

and

Dk+/g(2)/Dg-g(2) =Dk +/4(2)/Dg-1q(2)=1. (6.6

The effect of changing the scales is very similar to that of

Figs. 1b) and 2b).

PHYSICAL REVIEW6D 014023

A a)
%20 |- SetA
----SetB
[ SO0 SetC
10 |
0
X
<10 |
A | b) T
%30 B Set A
----SetB
oL | | SetC
oL
0
X
10 L

FIG. 5. Asymmetries for the combinatiori6.1) and (6.2) for
cross sectiondda/d¢,dx. (a) For the combinatiori6.1) of pions.
(b) For the combinatiorni6.2) of kaons.

root of the sum of the squares of these errassuming
independent measurementsaafH H,)].

Figure 5 displays asymmetries corresponding to cross sec-
tions Ado/d¢,dx; Fig. 5a) refers to A(ar) and §b) to
A(K). Now the differences between séis B, and in par-
ticular C are larger and over a wider rangexothan in Figs.

1(b) and Zb). The errors are larger, bui(7) appears to be
useful in distinguishing between seisandC. As for A(K),
the errors are too large to be of any use.

Figure 6 displays asymmetries corresponding to cross sec-
tions Ado/d¢qdx;; Fig. 6@ refers toA(s) and Gb) to
A(K). Again, the differences between sét{sB, and in par-
ticular C are larger. Figure @ seems to show thak(mw)
does distinguish between sefs and C at 0.25<x=<0.3.
Again, for A(K) the errors are too large.

Of course, as in Secs. IV and V, we present predictions
for 7w andK separately. In an experiment detecting K the
errors will be somewhat smaller.

VII. CONCLUDING REMARKS

On the basis of Fig. (b) we have concluded that sefs
and C of polarized parton distributions can barely be distin-

The indicated errors have been estimated as follows: Firsguished and only in the small range 0s1%<0.2. SetsA and

for each of the cross sectiongHH,) we have determined

an error[via Eq. (4.3)] and then we have taken the square

B cannot be distinguished.
Nevertheless, as we stated, in an experiment detecting all

014023-6
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AT present paper/S(=10 GeV) are available at SLAC.
% 15 | 3 SetA A very recent experiment afS =7.18 GeV[7] favors set
r ----SetB A or B (Fig. 3. However, the fact that this energy is low and
L o P S SetC the way the final result is obtained makes necessary the rep-
5 i - etition of the experiment at a higher enery] as well as
i . experiments at even higher energies with different reactions
0 ! 0'4 ‘~0|6 . 0% involving polarized initial particle$2].
5 - ' X A somewhat better probe dfg appears at first sight to be

the combinationA(#) of cross sections corresponding to

Ado/dgdx [Fig. 5a)] and even better the combination

| A(1r) corresponding taAdo/d¢,dx; [Fig. 6(@)]. However,

-15 | : in our estimate of errors, only statistical ones are taken into

- account. The systematic errors in an experiment measuring
- four cross sections may be significant; this holds even more

if experiments at different places are involved.

10 k-

AT b In this work (and in[5]) the effect of next-to-leading or-

%25 B ) _ ____ SetA der correctiongNLOC) has not been considered. A number
2+ | SetB of other cases suggests that their effect on the asymmetries
15 | e Set C will be less important than that on the cross sections; a par-

tial understanding can be found in R¢L8]. With NLOC,

0F | b the effect on the cross sections of changing the scales is, in
5 e general, reduced. Wheth@nd how muchthis affect will be
ol | e , | reduced on the asymmetries is unclear. Unclear also is to
L 1| 0.4 06 08 what extend NLOC affect the combinatioAér) andA (K),
5 - e which at LO isolate the subproce§y—qq. Anyway, the
-10 - interest in reactior(1.1) as a possible probe afg makes
15 L imperative the determination of NLOC.

FIG. 6. The same as in Fig. 4, but referring to the cross sections
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