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1 Introduction

The accelerator complex of polarized protons (RHIC-spin) at Brookhaven National
Laboratory will be first proton-proton collider accelerating proton beam up to energy
of 250 GeV with polarization ~ 70% and luminosity up to L ~ 2 -10%2 em™2s7! at
V8 = 500 GeV. RHIC-spin will have unique capability to study polarization phenomena
such as direct -, jet, dijet, Drell-Yan lepton pairs and W, Z° [1, 2, 3] production and to
perform the test of perturbative and non-perturbative QCD. The main goal is to obtain
direct information on the spin-dependent gluon and sea quark distribution and to clarify
nature of proton spin.

In our previous works [4, 5], we studied the double-spin asymmetry Ary of jet, dijet
and direct-y production in p — p collisions at RHIC energies as a function of sign and
shape of spin-dependent gluon distribution AG and made predictions of Ay, for the STAR
experiment planed at RHIC (3, 6]. We would like to note that global fits [7] to the present
inclusive DIS data cannot even fix the sign of AG, not mentioning its magnitude [8]. For
example, one of the analysis [9] favors a positive sign, while the recent NLO analysis [10]
yields negative first moment of the gluon density. Both positive and negative values of
the sign of AG(z, @*) over a wide kinematic range (107° < z < 1) were considered in [11].
The possibility to draw conclusions on the sign of the spin-dependent gluon distribution,
AG(z,Q?), from existing polarized DIS data have been studied in [12]. The result of the
DIS data analysis [12] on g} supports the conclusion that the sign of AG(z, (%) should
be positive. Also, the recent HERMES result [13] indicates that AG/G is positive in
the intermediate z region. Nevertheless, the additional confirmations on sign of AG are
required and the experiments for direct measuring of the AG/G are necessary. We also
consider that the NLO QCD analysis with negative sign of AG(z,Q?) of DIS data on
g1 structure function could give additional constraints of quark and gluon distributions
moreover usually used [7].

The measurement of the y+jet production in polarized proton-proton collisions is more
perspective for determining AG(z) because the reaction is dominated by the Compton
g9 — ~yq scattering and we can assume that Ag(z)/g(z) is known from polarized DIS
experiments [15]-[22]. Some contributions to the cross section of v + jet production
come from non-direct mechanisins such as gq annihilation, photon fragmentation and k
smearing .

The main goal of this work is to made predictions of double-spin asymmetry Arr
of the p+ p — v + jet + X process and to study the possibility of direct extraction
of spin dependent gluon distribution AG(z) from this reaction at STAR detector at
RHIC. The determination of AG by means of 7+ jef asymmetry is connected with large
background, similar as in the case of prompt photon production. Two closely spaced
photons resulting from decay of high pr neutral mesons (°, n) can produce fake ’direct
photon signal’ in detector. Because the cross-sections of the main subprocesses for ’direct’
mesons production in the pp collision (q¢ — qq, g9 — ¢g, g9 — gg) are much higher than
the cross-section for Compton scattering, we can expect the large yield of background
(direct meson + jet) events. So, the additional aim of the present paper is to study the

! The discussion on the problem can be found in [3] and references therein.



kinematic properties of signal (5) and background (B) and to find the corresponding
algorithm for background reduction.

The paper is organized as follows. The different sets of spin-dependent parton distri-
butions used in Monte Carlo (MC) simulations are described in Section 2. The procedure
for calculation of Az and extraction of AG(z), together with the results of MC simula-
tions at /s = 200 GeV are given in Section 3. In Section 4, we present the results of MC
simulations at higher colliding energy (4/3 = 500 GeV) and discuss the role of EndCap
Electromagnetic Calorimeter (EMC) at STAR in the problem of extracting of AG(z).
Conclusions are summarized in Section 5.

2 Spin-dependent gluon distribution

The 3 sets of spin-dependent parton distributions [11] and [14] are used to calculate
the v + jet asymmetry App. First set is based on work of Altarelli and Stirling [14] and
include a scenario with large gluon polarization AG. Second and third ones have been
obtained by the phenomenological method [11] including some constraints on the signs
of valence and sea quark distributions, taking into account the axial gluon anomaly and
utilizes results on integral quark contributions to the nucleon spin.

Here, we are going to reproduce some basic features of this phenomenological method
described in [11]. The form of the spin-dependent parton distribution Agy is taken as:

Agy = sign(gs)-z®-(1 — ) q5, ¢y =uy,dv,4,d,s,G. (1)

gz is the spin-independent parton distribution, ay, 8y are free parameters which should be
found from the comparison with experimental data and uy, dy, 4, d, s, G denote valence
quark, valence d quark, sea u quark, sea d quark, strange quark and gluon distributions,
respectively. For valence quarks distributions, the signs of Auy and Ady are considered to
be positive and negative, respectively. For sea quarks, motivated by 't Hooft mechanism
[23], it is supposed the positive sign of A% and negative one of Ad. The negative sign of
As is supported by the results of analysis of experimental data on deep inelastic proton
structure function ¢7. Finally, it is supposed in [11], that the sign of AG may be both
positive and negative, because at the present time there is no final answer on this question.
Also, it is well known that so-called axial anomaly induced a mixing between gluon and
flavour singlet axial current of quarks and that helicity carries by each flavour undergo
renormalization:

Agy(e,Q") = Ags — 2 AG(2, Q7). (2)

So axial anomaly would modify the naive quark model preditions and makes parton
distributions more sensitive to sign of gluon distribution. This allows one to include the
AG when consider structure functions g7, g7

Based on the values of relative quark contributions to the proton spin: Au = 0.83+0.03,
Ad = —0.43£0.03, As = —0.10+0.03 at a renormalization scale Q7 = 10 (GeV)? and

equation:

/01 Ajs(,Q2)dz = Af, F=wu,d,s, (3)



the values of free parameters ay, 3y were determined for both positive and negative sign
of AG. The unpolarized parton distributions g; were taken from [24]. Tables la and
2b, taken from [11], present the results for coefficients ay, B; obtained by the above
procedure.

Table 1. The parameters oy, By and signs of spin-dependent parton distributions
Ag; = sign{qy)-z*r-(1 — z)P1.q; for positive (a) and negative (b) AG. The quark contri-
butions to the proton spin is denoted by I;. The tables are reproduced from [11].

(a)

f sign aj By Iy
AG | + 0.62790 | 0.000
Auy | + | 0.43763 | -0.450 | 0.83
Ag + | 0.54637 | 0.000

Ady — 0.71597 | -0.450 | -0.43
Ad — 0.57590 | 0.000
As — 0.96418 | 0.000 | -0.1

(b)

f sign oy B I
AG | — 0.50000 | 0.000
Auy | + | 0.57443 |-0.900 | 0.83
Ag + 1.0088 | 0.000
Ady | — | 0.54871 |-0.900 | -0.43
Ad — 0.45256 | 0.000
As - 0.34023 | 0.000 | -0.1

We would like to note the both sets of distributions describe experimental data very
reasonable® It was found that the Q2 evolution of structure function g; is sensitive to
sign of AG. Also, it was shown in [25] that phenomenological method with positive
AG reproduces the main features of the NLO QCD Q?%-evolution of proton, deuteron
and neutron structure function g;. The recent results of the NLO QCD analysis of
experimental data on g; structure function do not avoid the existence of the negative
gluon distributions [26, 27]. Therefore the constructed spin-dependent quark and gluon
distributions can be reasonably used to study the asymmetry Ary of 4 + jet production
in p — p collisions too. We shall denote AG>° and AG<? sets of spin-dependent parton
distributions obtained in [11] with positive and negative sign of AG, respectively.

Figure 1(a) shows the dependence of the ratio AG(z,Q*)/G(z,Q*) on z at ? =
50 (GeV)? for gluon distributions [14] and AG>? [11]. The curve [14] increases with =

2 Detailed description of the procedure and results of comparison of the model with experimental data
on deep inelastic structure function g; can be found in [11].



and then decreases to zero. The behavior is due to the structure of the ratio AG/G ~
wa(1 —z)?, a,8 > 0. The monotonous increase of an second curve with & connects to
other asymptotic of the ratio AG/G ~ z°, § > 0 at ¢ — 1. Figure 1(b) shows the
dependence of the ratio AG(z, Q?)/G(z,Q?) on z at Q* = 50 (GeV)? for gluon distribu-
tions AG”? and AG<° {11]. Note that the values of AG>°(z, Q?) and AG<%(z,Q?) are
not in disagreement with results obtained in the recent NLO QCD analysis of the world
DIS data on g, [27].

The integral contributions of gluons Ag(Q?) = f} AG(z,@%)dz to the proton’s spin
are found to be Ag>® ~ 2, Ag<® ~ —3.4 at Q? = 10 (GeV)? [11], and Ag ~ 3 at Q* =
10 (GeV)? [14]. Because integral gluon contributions to the proton’s spin is practically
the same for all the parameterizations [7], the difference in asymmetry Ary, should reflects
the difference in shape of gluon distribution (and sign of AG) used. We would like to
note that large value of gluon polarization corresponds to relatively small contribution
of g — g7 process to the final v + jet asymmetry. Because this process has the same
final state as a signal, it is the background for determining the AG. But, our calculations
shows that, at RHIC energies, the cross-section for q§ — gy process is practically for
an order of magnitude smaller than the cross-section for gg — «q process, for all spin-
dependent PDF’s used, so such a kind of background could be neglected, especially if we
compare it with direct mesons yields.

3 Results of Monte Carlo simulations

For detailed study of the p+p — v+ jet+ X process we have used the Monte Carlo code
SPHINX [28], which is "polarized’ version of PYTHIA [29], and all 3 sets of spin-dependent
parton distributions [11], [14], were included in the SPHINX code. Jet reconstruction
was done by the JETSET-subroutine LUCELL [29]. This routine defines jets in the
two-dimensional (7, ¢)-plane, i being pseudorapidity and ¢ the azimuthal angle. STAR
detector covers pseudorapidity region —1 < 7 < 2 and full space in azimuth?3.

We used 30 n-bins and 60 ¢-bins in our calculation procedure. The values of LUCELL-
subroutine parameters ES" and R = +/An? + A¢? were B = 1.5 GeV and R = 0.7.

The expected resolution of the STAR Electromagnetic Calorimeter AE/E~0.16/E
was also taken into account [30]. To obtain total rates (Rate = o - L) of v + jet events at
STAR we taken into account designed integrated luminosity at RHIC: L = 320 pb~! at
/8 =200 GeV and L = 800 pb~' at /s = 500 GeV. The expected values of polarization
of proton beams at RHIC (P, = Py, = P = 0.7) were also used in the analysis.

All of the SPHINX calculations were done with a cut on the partonic transverse mo-
mentum pyr > 10 GeV/e. The simulations include initial-state radiation, final-state
radiation, fragmentation and particle decay effects.

3 In Section 4, we have analyzed the role of EndCap EMC (1 < % < 2) in determination of AG(z) by
comparing results from Section 3 with results obtained in the case where the Barrel EMC (-1 < 77 < 1)
only is used at STAR.



3.1 Identification of v + jet events and background reduction

After generating the signal event sample we employ the following cuts for reconstruc-
tion of candidate v + jet event: _
o there is exactly 1 reconstructed jet with —0.3 < 5;r < 1.3, E¥* > 10 GeV

e and there is a 1 photon satisfying —1 < 7, < 2, p7. > 10 GeV/e.

The study of the background enter at this level of the analysis. The direct meson
background was simulated by using all possible 2 — 2 partonic hard scattering processes.
The event is treated as a candidate direct photon event if there is a high pr (pr >
10 GeV/c) neutral meson (7% 1) in coincidence with the 1 reconstructed jet (E3* >
10 GeV) satisfying the pseudorapidity cuts defined above.

Figure 2 shows the comparison of the direct meson + jet to direct photon + jet yields
at STAR in p — g collisions at /s = 200 GeV as a function of transverse momentum pr
for the spin-dependent parton distribution AG>° [11]. The signal/background ratio is
found to be /B ~ 1/10. As seen from Figure 2 it is necessary to impose additional cuts
for background suppression.

In such cases, the so-called ’isolation cuts’ method, developed by UA2 Collaboration
[31], have been used for meson background suppression. The candidate direct photon was
treated as 'isolated’ if no other photons or charged particles fall within a cone of radius
R;,o1 around the photon. The idea is that direct meson usually has much more particles
in its 'neighborhood’ than direct photon.

We tried to make more sophisticated algorithm for photon isolation comparing the
energy and multiplicities of particles falling within the isolation cone for different values
of R;so1. The results are shown in Figure 3. We have used 3 different values of isolation
cone radius: R;,u = 0.26 (UA2 condition), Ry = 0.5 and Ry, = 0.7.

As seen from Figure 3 particles accompanying the direct photon are softer than those
for the direct meson. Also, the use of larger cone radius allow better reduction of back-
ground without significant loss of signal. So, the conclusion is that the combination of
cuts on multiplicity and energy will give better background suppression. OQur results show
that highest gamma efficiency P,;, and meson rejection 1 — P, ;o (here P, /0 is meson
contamination) values are obtained under following conditions: the isolation cone radius
is R;,or = 0.7 and summed energy of particles (if there are any) around a direct photon
candidate must be lower than 1 GeV. In such a case, 90% of mesons were rejected with
gamma efficiency P/, of 88%.

Figure 4 shows comparison of the direct meson + jet to direct photon + jet yields at
STAR in f'— p collisions at /s = 200 GeV as a function of transverse momentum pr for
spin-dependent parton distribution AG>° [11] with the isolation cuts imposed.

Additional event-by-event discrimination between single photons and photon pairs
(from neutral mesons decays) at STAR is based on measurement of transverse profile
of the electromagnetic shower in Shower Maximum Detector (SMD). It is expected that
this approach will rejects ~ 80% of photon pairs from meson decays with single gamma
efficiency of ~ 80% [32, 33, 34].

Figure 5 shows comparison of the direct meson + jet to direct photon + jet yields at
STAR in p'— p' collisions at /s = 200 GeV as a function of transverse momentum pr for



spin-dependent parton distribution AG>? [11], after the additional meson /v discrimina-
tion with the help of Shower Maximum Detector.

Finally, we can conclude that only combination of isolation cuts and meson/y dis-
crimination with the help of SMD will be able to reduce the background in the whole pr
region of interest for measuring of double-spin asymmetry Apy and extracting of AG(z)

at STAR.

3.2 Asymmetry of v + jet production

In Monte Carlo simulations, the double spin asymmetry is defined through the differ-
ence of cross-sections (numbers of -y + jet events) for antiparallel (1) and parallel (17)
spins of colliding protons:

4 ™
Ay — (o™ — o™ _ U (Nofjer = Nydger) (4)
(% +0™) ™ BB (NIL 0 + NiL)

with the statistical error:

1 1 — (P PALL)?
PPy \ NN+ N1,

~

SALL = (5)

where P,; and Py, are values of the polarization of proton beams. In our case, only
the v + jet events that passed all the above cuts were used for calculation of Ar; and
extraction of AG(z).

Figure 6 shows the asymmetry Ary, of v + jet production in polarized pp collisions
at /s = 200 GeV for 3 different sets of spin-dependent PDF’s (AG>° [11], AG<° [11]
and [14]) as a function of transverse momentum pr. The absolute value of Ary increases
with pr for all spin-dependent PDF’s used. There is a clear difference in Ar; between
positive and negative sign of AG as well as between PDF’s AG>° [11] and [14] in the
region pr = (10 — 25) GeV/e.

3.3 Partonic kinematics reconstruction

The Bjorken z-values of colliding partons is reconstructed by means of measured ~
and jet transverse momenta pr and pseudorapidities:

B 2PT (6”7 + eﬂjec)

o= TR (©)
_ o (e ) ~

The usual procedure [32, 35] is to associate the larger of the z;, z, values with the quark
z, = mazfz, Ty, (8)

and the smaller one with the gluon momentum fraction

z, = minfzy, v, 9)



with additional condition:
maz(zy, Tz) > 0.2. (10)

Comparison of the simulated to reconstructed values of the initial-state parton kine-
matics for the events that passed all above cuts is shown in Figure 7.

3.4 Extraction of AG(z)

The main formula for extraction of AG(z) from 7 + jet coincidence events can be
written in the following form [32]:

1 NIV N1
 PuPyu YN APIS (24, QF)-drr(cos 6;)/ Gz, Q)

AG(z,) (11)

where N;j and N;J are number of v + jet events for reconstructed value of gluon mo-
mentum fraction z,, for antiparallel (1)) and parallel (11) spins of colliding protons,
respectively and N, = Nsz + Ng. Here apz(cos §;) is the partonic spin-correlation pa-
rameter for gg — ¢y process, §; being the scattering angle in the partonic center-of-mass
(pCM) system. Assuming collinear partonic collisions, the absolute value of cos 6; can be
obtained as:

cos §; = tanh(+£;), (12)
where

1
N = ii(m = Njet)- (13)

The value of the partonic spin-correlation parameter azz(cos 6;) can be calculated in the
LO pQCD [36] and for g¢ — gy process we have:

32 _ 42
=G (14)
where § and % are the Mandelstam variables for the hard scattering:
§ = x1x28, (15)
4= —;(1+c0s6‘1~). (16)

The factor AD/%(z4:, Q) is a parameterization of the A; structure function for the
proton obtained by fitting the results of polarized DIS experiments. The value z,; is the
quark momentum fraction and @7 is momentum transfer scale, assumed to be Q? = p2/2.
For the calculations done here, we used the following parameterization of Aﬁfs [37]:

AT (g, Q) ~ AT (243) = 0.01902 + g0 103(1 — 71 845%ei), (17)

The parameterization of unpolarized gluon structure function G(z,;, Q?), evaluated at
reconstructed value of ¢, and evolved to the value of Q?, was taken from [24].

The results of extraction procedure for spin-dependent parton distribution AG>? [11]
at colliding energy of +/s = 200 GeV is shown in Figure 8. In order to discuss the guality



of extraction procedure, we show in Figure 8 the comparison of the input polarized
gluon distribution (line) to values extracted from the simulated data as a function of
the reconstructed Zguon. The input polarized gluon distribution is evolved to the most
probable value Q% = 50 (GeV/c)?.

In general, theoretical input and the values extracted from the data agree very well.
The agreement with results obtained in [6] is also reasonable. The systematic discrepancy
for zguen < 0.08 reflects the ambiguity in assigning (3 values to gluon (quark) in the
small z region and ambiguity in the choice of the sign for cos §;. Also, the behavior of
extracted polarized gluon distribution at higher z-values reflects the role of condition
(10) and results in relatively small change of the shape of the distribution for zuen >
0.2. Nevertheless, this result shows that AG(z) can be extracted at STAR from the
measurements of v + jet production in p — p collisions. At /s = 200 GeV, STAR
detector will give us information about AG(z) in the region g = (0.03 — 0.3).

Figure 9 shows reconstructed values of tAG(xz) versus reconstructed values of Zgruon
for 3 different sets of spin-dependent PDF’s (AG>° [11], AG<° [11] and [14]). One can see
that measurements at STAR will be able to discriminate between scenarios with positive
and negative sign of AG. In the case of positive sign of AG, extraction of AG(z) at
v/8 =200 GeV will give us possibility to distinguish between theoretical spin-dependent
PDF’s AG”° [11] and [14] in the region Z0n = (0.03 — 0.3).

4 Discussion

As a first, we discuss the role of the EndCap EMC at STAR in measuring of AG(z)
by means of v + jet asymmetry. The EndCap EMC at STAR covers pseudorapidity
region 1 < 5 < 2. In order to compare with results from Section 3, where EndCap
EMC was included in MC simulations, we repeated procedure for extraction of AG(z)
for the case where the Barrel EMC (—1 < 5 < 1) only is used in the analysis. Figure 10
shows reconstructed values of £ AG(z) versus reconstructed values of zyp,0n, for 3 different
sets of spin-dependent PDF’s (AG>° [11], AG<° [11] and [14]) for colliding energy of
V8 = 200 GeV and pseudorapidity region —1 < n < 1. Comparing Figures 9 (with
EndCap EMC) and 10 (without EndCap EMC), we can see that without EndCap EMC
we will not be able to obtain the sign of AG in the region below Zgy0n = 0.1, as well as,
to distinguish between theoretical spin-dependent PDF’s AG”° [11] and [14]. So, we can
conclude that EndCap EMC is essential for studying the low z-region at STAR.

Second, we found that significant improvement in measuring of AG(z) at low z-values
will be obtained at higher colliding energy. Figure 11 shows reconstructed values of
zAG(z) versus reconstructed values of & g,,0n for 3 different sets of spin-dependent PDF’s
(AG>° [11], AG<® [11] and [14]) for colliding energy of /s = 500 GeV and pseudorapidity
region —1 < 1 < 2. As seen from Figure 11 and 9, combined results at /s = 500 GeV
and /s = 200 GeV, at STAR (with EndCap EMC) will give us the full information
about AG(z) in the region Z 0 = (0.01 — 0.3).
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5 Conclusions

The v + jet production in p — § collisions at RHIC energies was studied. Double-
spin asymmetry Ayy of the process is calculated by using Monte Carlo code SPHINX
taking into account parameters of the STAR detector. Special attention was paid on the
procedure for suppression of meson background. The algorithm for isolation of direct
gamma based on ’isolation cuts’ method was developed. A procedure for extraction of
AG(z) from simulated data sample was described in detail. The obtained results show
that highest gamma efficiency and meson rejection values are obtained under following
conditions: the isolation cone radius is R,y = 0.7 and summed energy of particles
(if there are any) around a direct photon candidate must be lower than 1 GeV. In
such a case, 90% of mesons were rejected with gamma efficiency of 88%. Also, we
concluded that only combination of isolation cuts and meson/y discrimination with the
help of Shower Maximum Detector will be able to reduce the background in the whole pr
region of interest for measuring of double-spin asymmetry Ar, and extracting of the spin-
dependent gluon distribution AG(z) in the region zyyuon = (0.03,0.3) at /s = 200 GeV
at STAR. Finally, we show that use of EndCap EMC, as well as, measurements of double-
spin asymmetry Arr at colliding energy of /s = 500 GeV will be very important for
studying low z-region, and could help us to obtain the sign and the value of the spin-
dependent gluon distribution down to 2gpyen = 0.01.

Thus, the obtained results allow us to hope that direct experimental information on
a sign of the spin-dependent gluon distribution will give constraints on the quark and
gluon distributions and to clarify a role of quark and gluon orbital momenta in proton’s
spin composition [38].
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Ixopo I'.Il., Tokapes M.B. E2-2001-40
Acummerpus Ipouecca p +p — v+ jet+X u npobnema AG

Hsydaercd npouecc p —p-B3aUMOACHCTBHA MOJAPH30BAHHBIX NPOTOHOB
IPH BBICOKHX 3HEPTUIX C POXICHHEM Y+ jet. [IpoBeneHO MOAETUPOBaHHE acMMe-
TpUH Ay 3TOr0 Mpouecca ¢ ucnosp3osaHueM nporpamMmel SPHINX s ciun3zasu-
CHMBIX KBAapKOBBIX PACIIPEEIEHHH U COOTBETCTBYIOIIMX UM INIIOOHHBIX pacIpejie-
JIEHHMH, UMEIOIIUX HOJIOXHUTENbHBIM WIM OTpUUATeNbHbIHA 3HaK. Hccnenyores Bos-
MOXHOCTH H3BJIEYEHUs HH(OPMALMHM O CIMH3ABUCHMOH IMIOOHHOH (YHKIMH
pacupenenenys U onpeneneHus 3Haka AG B akcriepumenTe STAR na RHIC.

Pa6ora BemonHeHa B JIaboparopuy BICOKHX sHepruii OWSIH.

INpenpuat O6BEIHHEHHOrO HHCTUTYTA SOEPHBIX HcciegoBanui. dybHa, 2001

Skoro G.P., Tokarev M.V. E2-2001-40
Asymmetry of p +p — y+jet+X Process and Problem of AG

The y+jet production in p-p collisions at high energies is studied. Dou-
ble-spin asymmetry A;; of the process is calculated by using Monte Carlo code
SPHINX. The predictions for A;; of the y+jer production in the p—p collisions
using the sgin-dependent gluon distributions with positive and negative sign
of AG (x,Q*) are made at RHIC energies. A possibility to extract the spin-depen-

dent gluon distribution AG (x) and its sign at STAR experiment and to discrimi-
nate between different theoretical scenarios is discussed.

The investigation has been performed at the Laboratory of High Energies,
JINR.
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