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Jet properties from dihadron correlations in p + p collisions at /s = 200 GeV
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The properties of jets produced in p + p collisions at /s = 200 GeV are measured using the method of
two-particle correlations. The trigger particle is a leading particle from a large transverse momentum jet
while the associated particle comes from either the same jet or the away-side jet. Analysis of the angular
width of the near-side peak in the correlation function determines the jet-fragmentation transverse
momentum jr. The extracted value, \/7%} = 585 * 6(stat) = 15(sys) MeV/c, is constant with respect
to the trigger particle transverse momentum, and comparable to the previous lower /s measurements. The
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width of the away-side peak is shown to be a convolution of j; with the fragmentation variable, z, and the
partonic transverse momentum, kr. The (z) is determined through a combined analysis of the measured 7°
inclusive and associated spectra using jet-fragmentation functions measured in e e~ collisions. The final
extracted values of kt are then determined to also be independent of the trigger particle transverse

momentum, over the range measured, with value of ,/(k3) = 2.68 = 0.07(stat) = 0.34(sys) GeV/c.

DOI: 10.1103/PhysRevD.74.072002

L. INTRODUCTION

The goal of this paper is to explore the systematics of jet
production and fragmentation in p + p collisions at \/s =
200 GeV by the method of two-particle azimuthal corre-
lations. Knowledge of the jet-fragmentation process is
useful not only as a reference measurement for a similar
analysis in Au + Au collisions, but can be used as a
stringent test of perturbative QCD (pQCD) calculations
beyond leading order.

The two-particle azimuthal correlations method worked
well at ISR energies (/s = 63 GeV) and below [1-3],
where it is difficult to directly reconstruct jets, but has
not been attempted at higher values of ./s. This method
is also suitable for jet-analysis in heavy-ion data where the
large particle multiplicity severely interferes with direct jet
reconstruction.

With the beginning of RHIC operation, heavy-ion phys-
ics entered a new regime, where pQCD phenomena can be
fully explored. High-energy partons materializing into
hadronic jets can be used as sensitive probes of the early
stage of heavy-ion collisions. Measurements carried out
during the first three years of RHIC operation at /sy =
130 and 200 GeV exhibit many new and interesting fea-
tures. The high-pt particle yield was found to be strongly
suppressed in Au+ Au central collisions [4-6].
Furthermore, the nonsuppression of the high-py particle
yield in d + Au induced collisions [7-10] confirmed that
the suppression can be fully attributed to the final state
interaction of high-energy partons with an extremely
opaque nuclear medium formed in Au + Au collisions at
RHIC.

Other striking features found in RHIC data are the large
asymmetry of particle azimuthal distributions which is
attributed to sizable elliptic flow [11,12] and the observa-
tion of the apparent disappearance of the back-to-back jet
correlation in central Au + Au collisions [13].

Many of the above mentioned observations can be ex-
plained by a large opacity of the medium produced in
central Au + Au collisions which causes the scattered
partons to lose energy via coherent (Landau-
Pomeranchuk-Migdal [14]) gluon bremsstrahlung [15-
18]. It is expected that the medium effect will cause the
apparent modification of fundamental properties of hard-
scattering like broadening of intrinsic parton transverse
momentum kvt [19,20] and modification of jet fragmenta-
tion [21]. Thus the measurement of jet fragmentation
properties and intrinsic parton transverse momentum Ky

PACS numbers: 13.85.—t, 25.75.Dw

for p + p collisions presented here provides a baseline for
comparison to the results in heavy-ion collisions, helping
to disentangle the complex processes of propagation and
possible fragmentation of partons within the excited nu-
clear medium.

This paper is organized as follows: Sec. II discusses the
method of two-particle correlations and the relations be-
tween jet properties and the angular correlation between
parton fragments. The details of the PHENIX experiment
relevant to this analysis are outlined in Section III.
Section IV deals with the analysis of the correlation func-
tions extracted from the p + p data and an evaluation of
the (j) and (kt) quantities. The combined analysis of the
inclusive and associated py-distributions is discussed in
Sec. Vand the sensitivity of the associated pr-distributions
to the fragmentation function is discussed in Sec. VI
Section VII presents the resulting values of the partonic
transverse momenta kt corrected for the mean momentum
fraction (z,). Section VIII summarizes the results from this

paper.

II. JET ANGULAR CORRELATIONS

Jets are produced in the hard scattering of two partons
[22-25]. The overall p + p hard-scattering cross section
n “leading logarithm” pQCD is the sum over parton
reactions a + b — ¢ + d (e.g. g + ¢ — g + ¢) at parton-
parton center-of-mass (c.m.) energy /5,

30_ a2 2
d Zfam)fb(xz) mte]

Eab 0*
dx,dx,d cosH* (cosé"),

D

where f,(x;), f(x,), are parton distribution functions, the
differential probabilities for partons a and b to carry mo-
mentum fractions x; and x, of their respective protons (e.g.
u(x,)), and where 6 is the scattering angle in the parton-
parton c.m. system. The parton-parton c.m. energy squared
is § = x,x,s, where /s is the c.m. energy of the p + p
collision. The parton-parton c.m. system moves with ra-
pidity y = (1/2)In(x; /x,) in the p + p c.m. system.
Equation (1) gives the p7 spectrum of outgoing parton ¢
(emitted at ), which then fragments into hadrons, e.g. a
7°. The fragmentation function D7 (z, u?2) is the probabil-
ity for a 770 to carry a fraction z = p™ /p° of the momen-
tum of outgoing parton c. Equation (1) must be summed
over all subprocesses leading to a 77 in the final state. The
parameter w? is an unphysical ‘“factorization’” scale intro-
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duced to account for collinear singularities in the structure
and fragmentation functions [26,27], which will be ignored
for the purposes of this paper.

In this formulation, f,(x,), f,(x,), and D™ (z) represent
the “long-distance phenomena’ to be determined by ex-
periment; while the characteristic subprocess angular dis-
tributions, 2% (cosf*), and the coupling constant,
a,(0?) = W, are fundamental predictions of
QCD [28-30] for the short-distance, large-Q®, phe-
nomena. The momentum scale Q% ~ p3 for the scattering
subprocess, while Q%> ~ § for a Compton or annihilation
subprocess, but the exact meaning of Q tends to be treated
as a parameter rather than a dynamical quantity.

Figure 1 shows a schematic view of a hard-scattering
event. The transverse momentum of the outgoing scattered
parton is

. _ 8

Pt = pT = 7 Sinﬂ*. (2)

The two scattered partons propagate nearly back-to-back in
azimuth from the collision point and fragment into the
jetlike spray of final state particles [see Fig. 1(a) where
only one fragment of each parton is shown).

It was originally thought that parton collisions were
collinear with the p + p collision axis so that the two
emerging partons would have the same magnitude of
transverse momenta pointing opposite in azimuth.

@) P

T,pai

FIG. 1 (color online). (a) Schematic view of a hard-scattering
event in the plane perpendicular to the beam. Two scattered
partons with transverse momenta pr in the partons’ center-of-
mass frame are seen in the laboratory frame to have a momenta
P and pr,. The net pair transverse momentum Pr p,; pair
corresponds to the sum of the ET—Vectors of the two colliding
partons. The trigger and associated jet fragments producing
high-p particles are labeled as pr, and pr,. The projection of
/?T perpendicular to pr, is labeled as k. The transverse mo-
mentum component of the away-side particle pr, perpendicular
to trigger particle p is labeled as p,,. (b) The same schematics
as in (a), but the jet-fragmentation transverse momentum com-
ponent jr, of the trigger jet is also shown.
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However, it was found [3] that each of the partons carries
initial transverse momentum IET, originally described as
“intrinsic” [31]. This results in a momentum imbalance
(the partons’ pr are not equal) and an acoplanarity (the
transverse momentum of one jet does not lie in the plane
determined by the transverse momentum of the second jet
and the beam axes). The jets are noncollinear having a net
transverse momentum {p)p,; = 2 + (k%).

It is important to emphasize that the (ky) denotes the
effective magnitude of the apparent transverse momentum
of each colliding parton. The net transverse momentum of
the outgoing parton-pair is +/2 - (kr). The naive expecta-
tion for the pure intrinsic parton transverse momentum
based on nucleon constituent quark mass is about =
300 MeV/c [31,32]. However, the measurement of net
transverse momenta of diphotons, dileptons, or dijets
over a wide range of center-of-mass energies gives (kp)
as large as 5 GeV/c [33]. It is common to think of the net
transverse momentum of a dilepton or dijet pair as com-
posed of 3 components:

AN
% = <k%> = <k”2[>intrinsic + <k%>soft + <k”2[>NLO’ (3)

where the intrinsic part refers to the possible “fermi mo-
tion” of the confined quarks or gluons inside a proton, the
NLO part refers to the power law tail at large values of
PT, due to the radiation of an initial state or final state

hard gluon, which is divergent as the momentum of the
radiated gluon goes to zero, and the soft part refers to the
actual Gaussian-like distribution observed as P, = 0,
which is explained by resummation [34].

In the discussion below we will assume that the two
components of the vector IET, kry and kg, are Gaussian
distributed with equal standard deviations o paron,1p> I
which case kt = kf, + ki, is distributed according to a
2-dimensional (2D) Gaussian [33]. For the net transverse
momentum of the jet pair, (PF)pair = Tpartons 2 =
20'%pamm’2d. Note that the principal difference between the
1 and 2 dimensional Gaussians is that (kr) = (kgy) = 0,

while (kp) # O since ky is a 2D radius vector.

The two components of kr result in different experimen-
tally measurable effects. ky, leads to the acoplanarity of
the dijet pair while kt, makes the momenta of the jets
unequal which results in the smearing of the steeply falling
pt spectrum. This causes the measured inclusive jet or
single particle cross section to be larger than the pQCD
value given by Eq. (1). This was observed in the original
discovery of high pt particle production at the CERN ISR
in 1972 [35] and led to much confusion until the existence
and effects of k; were understood.

Before the advent of QCD, the invariant cross section for
the hard-scattering of the electrically charged partons of
deeply inelastic scattering was predicted for p + p colli-
sions to follow a general scaling form [22,36]:
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dPo 1 1
d3p p’,f (xT) \/En G(XT)’ ( )

where x; = 2p1/+/s. The cross section has two factors, a
function F(xy) (G(xy)) which “scales,” i.e. depends only
on the ratio of momenta, and a dimensioned factor, 1/p’
(1/+/s™), where n equals 4 for QED, and for LO-QCD
[Eq. (4)], analogous to the 1/¢* form of Rutherford scat-
tering. The structure and fragmentation functions are all in
the F(xy) (G(xy)) term. The original high p; measure-
ments at CERN [35] and Fermilab [37], showed beautiful
x7 scaling, but with a value of n = 8 instead of n = 4, for
values of 3 =< pr =7 GeV/c. Later measurements at
larger pt showed the correct scaling in agreement with
pQCD and it was realized that the value n = 8 at lower
values of pr and /s was produced by the ky, smearing
[23,24]. More recently, the deviation of 7% and direct
photon inclusive cross sections measurements from
pQCD predictions has been used to derive the values of
k7 required to bring the measured and smeared pQCD
predictions into agreement [33].

A more direct method to determine kry is to measure the
acoplanarity of the dijet pair. Such measurements were
originally performed at the CERN-ISR using two-particle
correlations [1-3,31]. The same method will be used in the
present work.

Hard-scattering in p + p collisions at /s = 200 GeV is
detected by triggering on a 77° with transverse momentum
pr, =3 GeV/c; and the properties of jets are measured
using the method of two-particle correlations. The trigger
7" is a leading particle from a large transverse momentum
jet while the associated particle comes from either the
same jet or the away-side jet. We will analyze an outgoing
dijet pair, with trigger jet transverse momentum magnitude
P which fragments to a trigger particle with transverse
momentum pr,, and an away-side jet transverse momen-
tum magnitude of pr, which fragments to a particle with
transverse momentum pr,. The average transverse mo-
mentum component of the away-side particle pr, perpen-
dicular to trigger particle pr, in the azimuthal plane is
labeled as p.,. If the magnitude of the jet transverse
fragmentation momentum jp [Fig. 1(a)] is neglected, the
magnitude of \/ikTy can be related to pgy: \/EkTy =
poutﬁTa/pTa = pout/za- Thus the measurement of Pout
and the knowledge of the fragmentation variable (z,) de-
termines the magnitude of the parton’s transverse momen-
tum kT'

The smearing of the steeply falling parton pr spectrum
by the kr, distribution tends to make the trigger jet trans-
verse momentum pr, larger than the away-jet transverse
momentum pr,. The component of the net transverse
momentum of the parton pair along the trigger direction
is smeared by 2k, such that

((Pre = Pra)®) = 2k} = (k%) )
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For a flat pr spectrum, the smearing would average to zero
so that there would be no net shift in the transverse mo-
mentum spectrum:

(Prc = Pr) = (D1 = Prax) = 0. (6)
However, due to the steeply falling pr spectrum, the &ty
smearing results in a net imbalance of the jet-pair towards
the trigger direction. In the limit when kr is collinear with
the trigger jet and with the requirement of the Lorentz
invariance of § (p3 = prPr,) it is easy to see that

A

R R Pt . R 1, R
(pre — Pr) = < T (pyp — pTa)> =~ —(pr — Pra) > 0.
Pt 2

(7
We denote the imbalance of pt, and pr,; by the quantity
En = (Pra)/(Pr0- (8)

Jet fragments have a momentum it perpendicular to the
partonic transverse momentum [Fig. 1(b)]. This vector is
again a two-dimensional vector with one component per-

pendicular to the jet transverse axis, faT, in the transverse
plane and the other component perpendicular to the jet
transverse axis in the longitudinal plane (defined by the
beam and jet axes). The component of fT projected onto the
azimuthal plane is labeled as jry. The magnitude of (jry),
the mean value of jt projected into the plane perpendicular
to the jet thrust (see Appendix A), measured at lower
energies [1] has been found to be pr independent and =~
400 MeV/c, consistent with measurements in e e~ colli-
sions [38,39].

This analysis uses two-particle azimuthal correlation
functions to measure the average relative angles between
atrigger 77° and an associated charged hadron. The angular
width of the near- and away-side peak in the correlation

function is used to extract the value of (j3) and %, (z,) X

4/(k3). An analysis of the associated yields is used to

confirm the fragmentation function which provides the
(z,) and (z,) values used for (k) extraction. The details
on the PHENIX experiment relevant to this analysis follow.

ITII. EXPERIMENTAL DETAILS

The PHENIX experiment consists of four spectrometer
arms—two around mid-rapidity (the central arms) and two
at forward rapidity (the muon arms)—along with a set of
global detectors. The layout of the PHENIX experiment
during the 2003 RHIC run is shown in Fig. 2.

Each central arm covers the pseudorapidity range |n| <
0.35 and 90 degrees in azimuthal angle ¢. In each of the
central arms, charged particles are tracked by a drift cham-
ber (DC) positioned from 2.0 to 2.4 m radially outward
from the beam axis and 2 or 3 layers of pixel pad chambers
(PC1, PC2, PC3 located at 2.4 m, 4.2 m, 5 m in the radial
direction, respectively). Particle identification is provided
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FIG. 2 (color online). The PHENIX experimental layout for
the 2003 Au + Au run. The top panel shows the PHENIX central
arm spectrometers viewed along the beam axis. The bottom
panel shows a side view of the PHENIX muon arm spectrom-
eters and the position of the global detectors (BBC and ZDC).

by ring imaging Cerenkov counters (RICH), a time of flight
scintillator wall (TOF), and two types of electromagnetic
calorimeters (EMCal), lead scintillator (PbSc) and lead
glass (PbGl). The magnetic field for the central arm spec-
trometers is axially symmetric around the beam axis. Its
component parallel to the beam axis has an approximately
Gaussian dependence on the radial distance from the beam
axis, dropping from 0.48 T at the center to 0.096 T
(0.048 T) at the inner (outer) radius of the DC. A pair of
zero-degree calorimeters (ZDC) and a pair of beam-beam
counters (BBC) were used for global event characteriza-
tion. Further details about the design and performance of
PHENIX can be found in [40-42].

A p + p data sample corresponding to an integrated
luminosity 0.35 pb~! at /s = 200 GeV has been used
for the present analysis. It contains a minimum bias
(MB) sample of 121 M events and a high-py triggered
sample of 50 M events. The MB trigger is obtained from
the charge multiplicity in the two BBCs situated at large
pseudorapidity (5 = *(3.0-3.9)). The BBCs were also
used to determine the collision vertex, which is limited to
a =30 cm range in this analysis. The high-pt trigger
requests an additional discrimination on sums of the analog
signals from nonoverlapping, 2 X 2 groups of adjacent

PHYSICAL REVIEW D 74, 072002 (2006)

EMCal towers situated at mid-rapidity (|n| < 0.35)
equivalent to an energy deposition of 750 MeV [43]. The
analysis has been performed separately on the two data sets
and no trigger selection bias was found within the quoted
eITorS.

Neutral pions, which are used as trigger particles, are
detected by the reconstruction of their yy decay channel.
Photons are detected in the EMCal, which has a timing
resolution of = 100 ps (PbSc) and = 300 ps (PbGl) and

energy resolution of og/E = 1.9% & 8.2%/,/E(GeV)

(PbSc) and o/E = 0.8% @ 8.4%/,/E(GeV) (PbGl). In
order to improve the signal/background ratio we require
the minimum hit energy >0.3 GeV, a shower profile cut as
described in [41], and no accompanying hit in the RICH
detector, which serves as a veto for conversion electrons. A
sample of the invariant mass distribution of photon pairs
detected in the EMCal is shown in Fig. 3.

Charged particles are reconstructed in each PHENIX
central arm using a drift chamber, followed by two layers
of multiwire proportional chambers with pad readout [40].
Particle momenta are measured with a resolution 6p/p =
0.7% ® 1.1%p (GeV/c). A confirmation hit is required in
PC3. We also require that no signal in the RICH detector is
associated with these tracks. These requirements eliminate
charged particles which do not originate from the event
vertex, such as beam albedo and weak decays, as well as
conversion electrons.

_ High momentum charged pions (above the RICH
Cerenkov threshold) are identified using the RICH and
EMCal detectors. Candidate tracks must be associated

c'“;' 3000 7\ 1T T T 17T ‘ LI ‘ LU ‘ LI ‘ T 1T 17T ‘ T T 17T ‘ 1T \7
r g ]{I 4.0 < Pr,,< 5.0 ]
) - ]
(O 2500 - i S/B=13.1 .
Rl | .
& r i ]
= 2000 - i -
g C i :
© 1500 - i ]
r i ]
r i ]
1000 |- 7
- i i
L [] .
C ] 3 i
500 | -
0 7‘ I | 1 L1 ‘ W 11 L 111 L1l 111
0 005 01 045 02 025 0.3 035 0.4

2
M., [GeV/cT]

FIG. 3. The measured yy invariant mass distribution for pair
prin 4 < pr,, <5 GeV/c. The peak is fitted with a Gaussian.
The signal/background ratio within 20 of the mean ranges from
~ 6 at pp of 3 GeV/c up to = 15 at 8 GeV/c.
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with a hit in the RICH [44], which corresponds to a
minimum momentum of 18 MeV/c for electrons,
3.5 GeV/c for muons, and 4.9 GeV/c for charged pions.
In a previous PHENIX publication [45], we have shown
that charged particles with reconstructed pt above
4.9 GeV/c, which have an associated hit in the RICH,
are dominantly charged pions and background electrons
from photon conversions albedo. The efficiency for detect-
ing charged pions rises quickly past 4.9 GeV/c, reaching
an efficiency of >90% at py > 6 GeV/c.

To reject the electron background in the charged pion
candidates, the shower information at the EMCal is used.
Since most of the background electrons are genuine low pr
particles that were misreconstructed as high pr particles,
simply requiring a large deposition of shower energy in the
EMCal is effective in suppressing the electron background.
In this analysis, a momentum- dependent energy cut on the
EMCal is applied

E (GeV) > 0.3 + 0.15pr. )

In addition to this energy cut, the shower shape information
[41] is used to further separate the broad hadronic showers
from the narrow electromagnetic showers and hence re-
duce the conversion backgrounds. The difference of the
EM shower and hadronic shower is typically characterized
by a y? variable [41],

(E;neas _ EE?"Cd)2
=3 (10)

7 0':'2

where EM is the energy measured at tower i and E™ is
the predicted energy for an electromagnetic particle of total
energy > EP,

In this analysis we use the probability calculated from
this y? value for an EM shower, ranging from 0 to 1 with a
flat distribution expected for an EM shower, and a peak
around O for an hadronic shower.

Figure 4 shows the probability distribution for pion and
electron candidates, each normalized to one. The pion
candidates were required to pass the energy cut and the
electrons were selected using particle ID cuts similar to
that used in [46]. The electron distribution is relatively flat,
while the charged pion distribution peaks at 0. A cut of
shower shape probability <0.2 selects pions above the
energy cut with an efficiency of = 80%. Detailed knowl-
edge of the pion efficiency is not necessary, since we
present in this paper the per trigger pion conditional-yield
distributions, for which this efficiency cancels out.

Since the energy and shower shape cuts are independent
of each other, we can fix one cut and then vary the second
to check the remaining background level from conversions.
The energy cut in Eq. (9) is chosen such that the raw pion
yield is found to be insensitive to the variation in the
shower shape probability. Figure 5 shows the raw pion
spectra for EMCal-RICH triggered events as a function
of pr, with the above cuts applied. The pion turn on from
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FIG. 4 (color online). The probability distribution for charged
pion candidates and electrons derived from the EM shower shape
using identified electrons and pions. The integrals have been
normalized to one.
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©
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FIG. 5 (color online). The raw charged pion transverse mo-
mentum spectrum, with the final cuts applied. The level of the
remaining background is estimated from an extrapolation from
low-pr and is shown as a black line.

4.9-7 GeV/c is clearly visible. Below pr of 5 GeV/c, the
remaining background comes mainly from the random
association of charged particles with hits in the RICH
detector. The background level is less than 5% from
5-16 GeV/c, which is the py range for the charged pion
data presented in this paper.

IV. CORRELATION FUNCTION

The analysis uses two-particle azimuthal correlation
functions between a neutral pion and an associated charged
hadron to measure the distribution of the azimuthal angle
difference A¢p = ¢, — ¢, (see Fig. 6). Whenever a 7°
was found in an event, the real, dN .o/ dA ¢, and mixed,
dN,i/dA ¢, distributions for given pp, (7°) and pr,
(charged hadron) were accumulated (upper panel of
Fig. 6). Mixed events were obtained by randomly selecting
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FIG. 6 (color online). An example of the correlation functions
for 3 < pp <3.5GeV/c and associated particles in 1.4 <
Pra <5 GeV/c. (upper) Unnormalized pair-yield distribution
plotted with the fit function which is two Gaussians modulated
by the pair detection efficiency derived from the mixed distri-
bution (dashed line). (lower) Per 70 trigger yield distribution
corrected for the pair detection efficiency. Dashed line represents
the constant term in the fit.

each member of a particle pair from different events having
similar vertex position. Then the mixed event distribution
was used to correct the correlation function for effects of
the limited PHENIX azimuthal acceptance and for the
detection efficiency, to the extent that it remains constant
over the data sample.

We fit the raw dN,cor/dA ¢ distribution with the prod-
uct

dNyneorr _ 1 dNpx ' '
dAd) - W dA¢ (CO + Cy fnear(A¢) + G,
' faway(A b)), (11)

where the mixed event distribution is normalized to 27
(N =3 dN!. /dA¢ see dashed line on the upper panel

iX
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of Fig. 6), C(_, are constant factors to be determined from
the fit, fe,(A) and fyyay(A¢h) are the near- and away-
side peak fit functions, respectively. Traditionally, the
Gaussian functions, around A¢ = 0 and around A¢ =
ar, are used for fi.,(A¢) and f,y.y(A¢h). This leaves a
total of five free parameters to be determined - the areas
and widths of the above two Gaussians: Yy, oy for the
near-angle component and Y, o, for the away-angle
component and the constant term describing an uncorre-
lated distribution of particle pairs which are not associated
with jets. However, the assumption of the Gaussian shape
of the angular correlation induced by jet fragmentation is
justified only in the high-pr region where the relative
angles are small. In order to access also a lower pr region
we used an alternative parameterization of fp.,.(A¢) and
faway(A¢) which will be discussed later in the text.

~

o
o

(=)

h* efficiency correction func
[$)]
(3]

5. -
4.5}
4:....|....|....|....|....:
1 2 3 4 5 6

P, [GeVic]
2-5_""|""|""|""|""_
ol away side Yy
%15t |
m -5-_ _-
1: near side —
o5t
0 0.1 0.2 0.3 0.4 0.5

jet width [rad]

FIG. 7. (upper) Inclusive charged hadron efficiency correction

function. (lower) n acceptance correction factor for loss of jet
pairs outside the limited m-acceptance of the PHENIX experi-
ment.
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The normalized correlation function was constructed as
a ratio of real and mixed distributions multiplied by
m-acceptance  correction factor R,,, divided by
pr-dependent efficiency correction e(pr) (see upper panel
of Fig. 7) and divided by the number of 7° triggers.

1 dN RAn dNuncorr(Ad))/dAd) .

~ = N.
Ntrigg dA¢ Ntrigge(pT) delX(A¢)/dA¢

12)

The R, correction factor which accounts for limited 7
acceptance of the PHENIX experiment (see right panel of
Fig. 7) for the near-side yield, with an assumption that the
angular jet width is the same in An and in A¢, can be
written as

1

Ray = 0.7 _ Ay ’
26,7 exp( ﬁ)acc(An)dAn

n 1

2
2may

13)

where acc(An) represent the PHENIX pair acceptance
function in |An|. It can be obtained by convolving two
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flat distributions in [An| < 0.35, so acc(An) has a simple
triangular shape: acc(An) = (0.7 — |An])/0.7. For the
away-side yield the corresponding R, is

_ 2(0.7) B
T %], acc(An)dAn

R4 (14)
Ry, equals 2, because the pair efficiency has a triangular
shape in |An| < 0.7, which results in 50% average effi-
ciency when the real jet-pair distribution is flat in [An| <
0.7. Figure 8 and Table I show the normalized correlation
functions for various pr; and pr,.

For two particles with transverse momenta pr, pt, from
the same jet, the width of the near-side correlation distri-
bution can be related to the RMS value of the jr vector
component, jry, perpendicular to the parton momentum as

- () + ()

where we assume (ji,) < p7, and p3, and thus the arc-

(15)

sine function can be approximated by its argument and we
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FIG. 8. (left) Measured yield of charged hadrons with away-side transverse momentum 1.4 < pr, < 5.0 GeV/c associated with a

trigger 770 of transverse momenta given in in Table 1. (right) Measured yield of charged hadrons associated with a trigger 70 of fixed
transverse momentum 3.0 < pr, < 10.0 GeV/c and the away-side transverse momenta given in Table I. The dashed lines corresponds

to the fit of two Gaussian functions representing the trigger (t) jet and away-side (a) jet correlation. The x? (d.o.f.) oy and +/(p2,.)

values extracted from these fits are tabulated in Table 1.
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TABLE I. The x? (d.o.f.) oy and +/{p2,.) values extracted for the correlation function shown in Fig. 8. All units in rad and GeV/c.

Only the statistical errors are shown.

1.4 < pr, <5.0 GeV/c

3.0 < pr < 10.0 GeV/c

P X’ (d.of.=34) oN (Pau) Pra X’(d.of.=34) oN (o)
(a) 2.5-3.0 69.4 0.26 +4x 1073 1.17 2 0.07 (a) 1.0-2.0 188.4 0.29+4x1073 0.87 =0.03
(b) 3.0-3.5 79.6 024+4x107% 1.19*0.05 (b)2.0-3.0 63.2 021 +3%x107% 116 £0.04
(c) 3.54.5 61.2 022+3x1073  1.04*0.04 (c)3.0-4.0 50.3 0.16 4 X103  1.36 *0.06
(d) 4.5-5.5 52.7 022+6%X1073  1.08*0.06 (d)4.0-5.0 63.2 0.14+4x1073 1.69=0.13
(e) 5.5-6.5 38.4 0208 X 1073  0.90 * 0.06
(f) 6.5-8.0 31.6 0.16 21X 1072 0.64 = 0.06
can solve for [47] Rewriting the formula for p, in terms of RMS we get
; . PP
VO =207 = V2—Z=0on. (16

VPt Pha

In order to extract (|kryl), or (k3), we start with the

relation [1,31] between the magnitude of p,, (see Fig. 1),
Pout = PTa SiIlA ¢’ (17)

which is the transverse momentum component of the
away-side particle pp, perpendicular to trigger particle
P in the azimuthal plane (see Fig. 1), and kry:

(Ipoul?® = @ [2kery 1 + Ly ?T + (Limy %

where

(18)

_ _ Pt ' Pra_ _ Pra cosA¢ " ZaPTa

Xg =
2
Pt Pt 2Pt

represents the fragmentation variable of the away-side jet.
[2,3] We note however, that [31] explicitly neglected (z,) =
(p1/ Pty in the formula at ISR energies, where (z,) = 0.85,
while it is not negligible at \/s = 200 GeV. Furthermore,
as mentioned earlier, the average values of trigger and
associated jet momenta are generally not the same. There
is a systematic momentum imbalance due to kt-smearing
of the steeply falling parton momentum distribution. The
event sample with a condition of pp, > pr, is dominated
by configurations where the kr-vector is parallel to the
trigger jet and antiparallel to the associated jet and (P, —
Pray # 0. Here we introduce the hadronic variable x;, in
analogy to the partonic variable %,

19)

. s (Pra)
= @, Xh = xh(<k’2r>: xp) = Pra

Pt (1)

The detailed discussion on the magnitude of this imbal-
ance is given later. In order to derive the relation between
the magnitude of p, and kt let us first consider the simple
case where we have neglected both trigger and associated
(jr» [see panel (a) on Fig. 1]. In this case one can see that

PTa
<|p0ut|>|jT,=jTa=0 = (| pouchoo = \/§<|kTy|>A—T
<pTa>

Xp (20)

- ﬁ<|kTy|><zt>fe—:.

X
\/<P3m>00 = (2 <k% Th
Xh

where we have taken (k3) = (2kt,).

However, the jet fragments are produced with finite jet
transverse momentum jp. The situation when the trigger
particle is produced with jr, >0 GeV/c and the associ-
ated particle with jr,, = 0 GeV/c is shown in Fig. 1(b).
The p,, vector picks up an additional component

()

(Pou) jr>0,jr,=0 = [(p%ut>00 +-—-(p}, — <p(2)ut>00):|
Tt

p%‘t B <]%ty>

X
2
Pt

With an assumption of jp, < pp we found that

0-5_ T T T T T ]

. o 3<pp(n)<4 GeV/c 3

— 0.4+ o 4<p(n0)<5 GeV/c 3
g 03F A 5<pp(n°)<6 GeV/c 3
= UF @ Aoio s 5<pq(nt)<10 GeV/c]
> 0.2F § Do, o o =
(o) F Tedn ]
0.1 — =

= 0.6 o E
U | -
s RS TR :
— 0.4 - i {)4 q] ¢+ : 4, 7
< C N ]
© 0.2 - ]
N I B S T R S
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FIG. 9 (color online). (top) The width of the near-side peak oy
with pr, for various values of pr as indicated in legend.
(bottom) The width of the far-side peak o, with pp, for the
same pr, selection. The data values are given in Table II.
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FIG. 10 (color online). The near-side (squares) and away-side
(circles) width as a function or trigger-7°pr,. The associated
charged particle momenta are in the 1.4 < pp, <5.0 GeV/c
region. The curves are from a PYTHIA calculation with the
values of kr indicated. The data values are given in Table III.

Padlions, 0 = 5 205 + () |

We include jr, in the same approximation, jr,y <K Py, 1.€.
collinearity of jp, and p,, with result

(P = xh[<zt>2<k at <my>} (B @D

and we solve for (z),/(k3)/%)

<zt>J<k_

If we assume no difference between jp, and jr, then we
have

\/<pom> — () = X2y

TABLE II.
in Fig. 9. Only the statistical errors are shown.

TABLE III.
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The oy and o, values shown in Fig. 10. All units

in rad and GeV/c. Only the statistical errors are shown.

Pt ON OA
2.23 0.247 = 0.002 0.565 = 0.013
2.72 0.227 = 0.003 0.548 = 0.014
3.22 0.235 = 0.004 0.521 £ 0.016
3.89 0.215 = 0.004 0.464 = 0.014
4.90 0.210 = 0.006 0.431 = 0.020
591 0.197 = 0.009 0.396 + 0.025
7.23 0.185 £ 0.012 0.350 = 0.028
B
bl ) — L 2y =G+ @2)
&y (kr, x1) *h

All quantities on the right-hand side of Eq. (22) can be
directly extracted from the correlation function. The cor-
relation functions are measured in the variable A ¢ in bins
of pr. and pr, (e.g. see Fig. 8), and the rms of the near and
away peaks oy and o, are extracted. We tabulated o and
o for many combinations of pr, and pr, (see Figs. 9 and
10 and Tables II and III).

Initially, we used the approximation +/p2,)~
Prtasinog, in Eq. (22). However, we have noticed that
this approximation and other approximations for /{p2,)
proposed e.g. in Ref. [48] (see Appendix B) are inadequate
for o, > 0.4 radians, so we do not use o, to calculate k.

We extract 1/{p2,,) directly for all values of pr, pr, (even
for wide bins in pr, using the { pr,) of the bin) by fitting the
correlation function in the 7/2 < A¢ < 37/2 region by

dNaway 3m/2 _ dN dpout
dAg T dpey dAS
_ —pricosAd ( p%asinquﬁ)
N \/E Ta B 2 ’
21 p2, ) Erf (—\/Q]:ﬂ) 2 pou)
(23)

where we assumed a Gaussian distribution in p,,. We still
use a Gaussian function in A¢ in the near-angle peak to

Measured widths of the near- and away-angle 77° — h™ correlation peaks for various trigger particle momenta, as shown

1 = 3.39 GeV/c
PTa oy rad

e = 4.40 GeV/c

o, rad PTa oy rad o, rad

e = 5.41 GeV/c
PTa ON rad Ja rad PTa

T = 6.40 GeV/c
oy rad o, rad

1.59 0.27 =0.01
1.84 0.24 = 0.01
222 0.23 =£0.01
273 0.19 £0.01
324 0.19 £0.01
393 0.17 £0.01
5.04 0.12 £0.01

0.58 £0.05 1.72
0.52 +£0.03 2.14
0.52 £0.03 2.53
0.46 = 0.04 3.17
0.47 £0.04 4.36
0.41 =0.03

0.38 = 0.05

0.28 = 0.02 0.50 £ 0.03
0.18 = 0.01 0.47 = 0.06
0.20 £ 0.01 0.47 £0.04
0.16 £0.01 0.38 =£0.04
0.14 = 0.01 0.39 £0.07

1.51 0.26 £0.01 0.49=0.03 1.34
222 021x0.02 039 *005 1.64
2.88 0.17 = 0.01 0.37£0.05 194
401 0.14x=0.02 0.34 =£0.07 2.29
274
3.36

0.40 = 0.03 0.68 £ 0.05
0.30 = 0.02 0.58 =0.05
0.23 £0.02 0.52 = 0.06
0.23 £ 0.02 0.40 = 0.03
0.17 £ 0.01 0.41 £0.05
0.17 £ 0.02 0.36 = 0.04
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FIG. 11. Extracted values of /{p2,) for 3.0 < pr, <4.0 and

5.0 < pp < 10.0 GeV/c for various values of pr, using the
direct p,, extraction method based on fitting the away-side
peak by Eq. (23).

extract \/@ The +/{p2,) values extracted from the fit of
the functional form (23) are shown in Figs. 11 and 12 and
Table IV.

The per-trigger yields as a function of py, for fixed
associated 1.4 < pr, <5.0 GeV/c bin are shown in

25— 7T 11
i 1.4<p_<5.0 GeV/c i
o[ e exp(-sind /2 pim) - cosp
© i o P, Sinc, i
S i ]
O 1.5+~ ;
(,2, - o :
S e . i
/\'._' 1 : O o 3 B -
o L : é ]
~~ i i
0 i 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 ]
0 2 4 6 8 10
[GeV/c]
FIG. 12. (solid circles) Extracted values of /(p2,) for 1.4 <

Pra < 5.0 GeV/c for various values of pr, from Eq. (23). (open
diamonds) Indirect p,, = pr, sin(o,) values.

PHYSICAL REVIEW D 74, 072002 (2006)

TABLE IV. The +/(p2,) values shown in Fig. 11 and 12. All
units in GeV/c. Only the statistical errors are shown.

1.4 < pp, < 5.0 3< pp <4 5< pp, < 10
Pre (Pq)  Pra (Pd)  Pma )

223 1.315+0.043 1.72 0.996 £ 0.056 1.85 0.960 = 0.102
272 1.250 £ 0.046 2.22 1.244 £0.079 224 1.100 = 0.103
322 1.182x0.049 273 1.222 £0.095 273 1.088 =0.110
3.89 1.011 =£0.038 3.23 1.496 £0.105 3.44 1.285=*=0.136
490 0.953 =0.052 393 1.793 £0.115 4.65 1.268 = 0.210
5.91 0.868 = 0.064 5.04 1.675 £0.141

724 0.798 £ 0.068

Fig. 13 and Table V. There is a distinct behavior of the
near-side yield which varies with trigger pp, much less
than the away-side yield. For the away-side, this reflects
the fact that the particle detected in the fixed associated bin
are produced from the lower z region of the fragmentation
function for events with higher trigger pr,. For the near-
side jet, this multiplicity increase is reduced due to the fact
that with increasing pr, the near-side jet energy increases;
however, at the same time the larger fraction of this energy
is taken away by the more energetic trigger particle. Thus
the relative change in z is smaller on the near side.

In order to extract (z,) and %, knowledge of the frag-
mentation function is needed; a detailed discussion is given
in following sections.

4 _I LB I L I T T 1T I L I L I L I TI TT

L1 4<p <5 0 GeV/c ’l _

:G |« Near-side e - ]
~ 3 . B _|
> | o Away-side L |
8 i g ]
R : ] é' ) . { :
20 E _____ ._________'. ------- - I

[$] m---5F"

@ e " n"’ﬂ ]
do | :
Z°c 1
'c - .
8 1+ —

- = L i
c B i

0 _I 11 1 I 111 1 I 1 11 1 I 111 1 I 11 11 I 111 1 I 11 1 I-
1 2 3 4 5 6 7 8

p [GeV/c]
Tt

FIG. 13. Measured yield of charged hadrons associated with

one trigger 77° with transverse momenta indicated in Table I and
associated charged hadron with 1.4 < pr_5.0 GeV/c. Dashed
lines represent the linear fit. The data values are given in Table V.
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TABLE V. The near and away-side conditional-yield per num-
ber of triggers for 1.4 < pp, < 5.0 GeV/c shown in Fig. 13. All
units in rad and GeV/c. Only the statistical errors are shown.
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TABLE VI. The ,f(j%) values shown in Figs. 14 and 15. All
units in rad and GeV/c. Only the statistical errors are shown.

1.4 < pp, < 5.0 3< ppy <4
Pt Yy Yy PTt (1) PTa m
223 1.911 = 0.018 1.717 = 0.044 3.22 0.587 = 0.009 1.72 0.562 = 0.011
2.72 1.863 = 0.022 1.908 = 0.055 3.89 0.577 = 0.009 222 0.597 = 0.014
322 2.032 = 0.032 2.130 = 0.071 4.90 0.600 = 0.017 2.73 0.572 = 0.017
3.89 1.966 = 0.033 2.360 = 0.074 5.91 0.596 = 0.026 3.23 0.590 = 0.020
4.90 2.120 = 0.061 2.611 =0.123 7.24 0.597 £ 0.038 3.93 0.603 = 0.017
591 2.153 = 0.098 2.992 + 0.196 8.34 0.632 = 0.085 5.04 0.506 = 0.029
7.24 2.174 = 0.125 3.690 = 0.242
4<pr<5 5<pn<6
A 2 A 1 2 PTa \/@ PTa \/@
+Ur) and £,z (kp) results 1.72 0.643 + 0.036 152 0.529 + 0.030
The measurement is performed in two different kine- 2.14 0.492 + 0.032 222 0.581 + 0.049
matical regimes; first the transverse momentum of the  2.53 0.608 *+ 0.035 2.88 0.590 *+ 0.047
trigger particle, p, is fixed and the peak width is mea- 3.17 0.590 = 0.032 4.01 0.603 = 0.063
sured for different values of associated particle transverse  4.36 0.631 * 0.052

momenta pr, (Fig. 9). (Note that in the region of overlap,
the data are in excellent agreement with a previous mea-
surement [9].) In the second case, particle pairs with a fixed
associated bin 1.4 < pp, < 5.0 GeV/c and various p, are
selected (Fig. 10). It is evident that both near and away-side
correlation peaks in all cases reveal a decreasing trend with
Pra and pr.

However, the asymptotic behavior of oy and o, is
different. Whereas the magnitude of oy, according to
Eq. (16), should vanish for large values of pt, and pr,,
the o, according to Eq. (22) should be approximately

constant around £, 1(z)1/(k%)/ pr, for large values of pr,.
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© o6l 7ol j + ]
0.6 - _

% I 554‘&4‘ e
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S | @ P
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0.2 B o 4<p;(n®)<5 GeV/c _

r A 5<py(n®)<6 GeV/c i

0 I R T

0 2 4 6
p;, [GeVic]

FIG. 14 (color online). \/7%} values calculated according
Eq. (16). The dashed line represents a fit to a constant in the
1.5 < pp, <5 GeV/c region. The data values are shown in
Table VI.

The (z,) and %, quantities are implicitly pr, dependent,
however, their ratio is roughly ~1 so that the asymptotic
value of oal,, o ~ (k1)/ P

Extracted values of (j3) as a function of pr, and pr
according to Eq. (16) are shown in Fig. 14 and 15 and
Table VI. All (j3) values are constant in the explored
region (pr, > 1.5 GeV/c). It is expected that (j3) can
not remain constant for arbitrarily small values of pr,
because of the phase space limitation. In the region where

T T
N
W> o
>
»—
—>—
1 1

L osf AR —
Q L i
o | ,
= o4l .
iy I ]

02 4 \6=200 GeV (1.4<p_<5.0 GeV/c)
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oL v
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FIG. 15. Averaged values of \/@ in (1.5 < pr, <5 GeV/c)
as a function of the trigger transverse momentum pr, (solid
triangles). The CCOR values measured at /s = 62.4 GeV
shown by open triangles. The data values are shown in Table V1.
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P1a = +/{j%), the magnitude of the j-vector is truncated,

similar to the “seagull effect”” [49]. Since the /(j3) values

are on the order of 600 MeV/c, we assume that the phase
space limitation can be safely neglected for py, >

1.5 GeV/c and extract the value of ,/(j3) averaged over
P1a and pri

V(3) = 585 = 6(stat) = 15(sys) MeV//c. (24)

The systematic error originates from the finite momen-
tum resolution and Eq. (16) where we assume that the arc-
sine function can be approximated by its argument. For the
angular width of the near-angle peak (see Fig. 9 and 10) it
corresponds to an uncertainty of order of 3%.

The independence of (j%) on either py or /s has been
observed by the CCOR experiment in the range /s =
31-62.4 GeV [1]. The (j2) values at /s = 62.4 GeV
(open triangles on Fig. 15) are systematically larger then
values found in this analysis. The discrepancy should not
be taken as significant, as CCOR used a slightly different
technique than in this paper. CCOR extracted the (j%)
values from measurements of {|p,,|) for different values
of the xp variable Eq. (19). According to Eq. (18) the
(| pow|)* magnitude should depend linearly on x%; and the
(ljryl) value was extracted from the intercept of the
(p2,)(xg) fit at xg = 0, rather than from a measurement
of oy.

3""I""I""I""I""I""
g | Ju' f
% | _
G, 2F } .
« - ++ | .
‘_\"f 1__0 3<p_ (n)<4 GeVic ¥ ]
%3 - i

| e 5<th(n°)<10 GeV/c ]

0-....I....I....I....I....I...._

0 1 2 3 4 5 6
P, [GeV/c]

FIG. 16 (color online). %, 1(@}@ values calculated accord-
ing to Eq. (22) for trigger 7° in 3 < py, <4 GeV/c and 5 <
pri < 6 GeV/c as a function of pr,. The systematic uncertain-
ties are indicated by the shaded boxes.
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FIG. 17 (color online). The same calculation according
Eq. (22) for fixed associated bin 1.4 < pp, <5.0 GeV/c as a
function of pr,. The systematic errors indicated by colored
rectangles. The ,/(k%) results obtained by CCOR Collaboration
at /s = 62.4 GeV [1] displayed by solid triangles.

Knowing the (j3) and (p2,) values, we used Eq. (22) to

determine £ '(z,)1/(k3) (see Fig. 16 and Fig. 17). The

systematic error was estimated with Monte Carlo simula-
tions to be on the order of 5%. The main source of system-
atic error originates from the assumption [Egs. (16) and
(21)] of the relative smallness of { j%}, collinearity between
Pout and jr,y and from the limited momentum resolution
discussed in Sec. III.

The pr, dependence of the extracted £ '(z,){/(k%)

(Fig. 16) reveals a strikingly decreasing trend. It was
originally expected that by fixing the value of pr, the
kinematics of the hard scattering (i.e. pr = pt,) would
be fixed, independently of the value of py,. Various values
of pr, would then sample the pr, fragmentation function,
and the value of £, '(z,)(k%) was expected to be constant. It
is evident that this assumption is not quite correct.

A similar line of argument applies also for the rising
trend when pt, is fixed and pp, varies (Fig. 17). It is

interesting to note that the CCOR ,/(k3) values measured
at /s = 62.4 GeV (open triangles on Fig. 17) reveal a
similar rising trend. However, the rising trend of £ '(z,) ¥

4/(k3) with pr, and falling with pr, suggests that the

\J(k¥) with pp seen by the CCOR

Collaboration [1] may be indicative of the (z)%, ! variation
which was there neglected [50]. In order to understand

variation of
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variation of (z;) and £, ! we have to explore the process of
dijet fragmentation.

V. FRAGMENTATION FUNCTIONS

We have shown in Eq. (22) that the width of the away-
side correlation peak is related to the product of £ '(z,)X

(k%). In order to evaluate (z,), knowledge of the scattered

parton pr spectrum and fragmentation function is required.

Fragmentation functions from ete~ collisions,
weighted by the appropriate hard-scattering constituent
cross sections and Q? evolution could in principle be
used. However, it was originally thought that the shape
of the fragmentation function could be deduced from
present measurements using the combined analysis of the
inclusive trigger pr, and associated particle p, distribu-
tions. Although this idea turned out to be incorrect, we will
follow this line of reasoning for a while as it is instructive.

Generally, the invariant cross section for inclusive had-
ron production from jets can be parametrized in the follow-
ing way. First, we assume that the number of parton
fragments (consider only pions for simplicity) at a given
pr corresponds to the sum over all contributions from
parton momenta, pp from pr < pp < ./s/2. The joint
probability of detecting a pion with pr = zpt originating
from a parton with pr can be written as

d’o, _ do,
prdprdz prdpr

X D) = f,(pr) X D4(2). (25)

Here we use f,(pr) to represent the final state scattered-
parton invariant spectrum do,/prdpr and D%(z) to rep-
resent the fragmentation function. The first term in Eq. (25)
can be viewed as a probability of finding a parton with
transverse momentum pr and the second term corresponds
to the probability that the parton fragments into a particle
of momentum pt = zpy. With a simple change of varia-
bles from pr to pr = zpt, we obtain the joint probability
of a pion with pp which is a fragment with momentum
fraction z from a parton with pr = pr/z:

d2 [P Pr 1
—T_ =f—) DLz . 26

prdprdz f"( z > @z 2o
The pr and z dependences do not factorize. However, the
pt spectrum may be found by integrating over all values of
pr = pp to prmax= ,/s/2, which corresponds to values
of z from xp = 2pr/+/s to 1.

1 do, 1 dz
— f fq<ﬂ>'D§’T(z)—2. 27)
Pr de X7 Z é
Alternatively, for any fixed value of pr one can evaluate

the (z(pr)), integrated over the parton spectrum:

(pr)) = 4 DR fy(pr/2) %
T DI (/0%

(28)
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From the scaling properties of QCD and from the shape
of the 7° invariant cross section itself, which is a pure
power law for p; = 3 GeV/c [43], one can deduce that
f4(Pr) should have a power law shape, f,(pr) = Apr".In
this case the hadron spectrum also has a power law shape

because
1 d 1 -nd
_ﬁzf ADg@.(ﬂ) "_2Z
Pr de X7 Z Z

A [l
~A4 f DL(2) - 7" 2dz (29)
pT Xr

and the last integral depends only weakly on pt due to the
small value of x;. For small parton pr (below 3-4 GeV/c)
the power law shape is no longer valid, but the region pt <
3 GeV/c is outside the scope of this paper. The f,(pr)
should also diminish for very high pr — \/s/2 where the
phase space available for hard parton production dimin-
ishes, again not relevant for the present purposes.

We used the power law parameterization for the final
state scattered-parton invariant spectrum f,(pr) * p”"
where n is a free parameter which can be determined
from the fit of Eq. (27) to the measured 7° cross section.
There is, however, one more missing piece of informa-
tion—the shape of the fragmentation function D7. In an
attempt to extract this information from the data, we have
analyzed associated xg-distributions, as shown in Table VII
and Figs. 18-22.

A. “Scaling” variable xp

It was expected [2] that the xp variable, defined by
Eq. (19), to first order, approximates the fragmentation
function in the limit of high values of pr,, where there is
sufficient collinearity between the trigger particle and the
fragmenting parton. In this case where j; < py and kt <
pre one can assume that pr = pr/z. and xgz, =
X0 Pra COSA D/ Py = X124, and thus the slopes of D(z,)
and xg are related as

(za) = (xp)ziy (30)

The xg distributions of particles associated with trigger
particles in the 3-8 GeV/c range of transverse momentum
are plotted in Fig. 18. The dashed lines represent exponen-
tial fits. The slopes of these exponentials range from
—5.8(3 < pr; <4 GeV/c) to —7.8 (open symbols on
Fig. 19). This is qualitatively and quantitatively different
from the similar measurement done by CCOR
Collaboration at /s = 62.4 GeV where the slopes of ex-
ponential fits to the xg distributions were found to be =
—5.3 and independent of the trigger transverse momenta.
That observation also supported the hypothesis of the xg
distribution being a good approximation of the fragmenta-
tion function. We also note that the xg distributions are not
quite exponential and at large values of xg there is a tail
similar to the power law tail of the single inclusive pt
distribution.
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TABLE VII. Measured xg distributions associated with various transverse momenta of the trigger 77°. Only the statistical errors are shown. See also Figs. 18—22.
pre = 3.39 GeV/c pre = 4.40 GeV/c pre = 5.41 GeV/c P = 6.40 GeV/c pr = 1.39 GeV/c
Xg dn/dxg Xg dn/dxg Xg dn/dxg Xg dn/dxg Xg dn/dxg
0.32 2.7+47%X 1072 0.23 22 +75%X1072 0.22 23+1.2%x107! 0.18 2.7 +2.1x107! 0.17 1.8 =3.1x 107!
0.37 1.9+ 40X 1072 0.27 23+7.5%X1072 0.27 1.4+9.6X 1072 0.22 1.5+1.6X107! 024 9.0x 107!+ 1.5x 107!
0.42 1.4 +33x1072 0.32 1.6 6.2 X 1072 032 94X107'+77x1072 027 1.0+ 1.3 x 107! 033 4.4x107!'+1.0x 107!
047 9.6X 107! *£28X1072 037 95%X1071*x48x%X1072 037 57X1071+60%x1072 035 55X10°!£66xX1072 045 28X 1071 +81x 1072
052 73X1071+24X1072 042 72X107'*x41X1072 043 41X107'*+50%X1072 044 27X107'*46X 1072 055 69X1072+4.0X 1072
057 52X107"+20%X1072 047 49X107'+34%X1072 047 28X107'*42X1072 054 13X107'*+31X107%2 064 45%X1072+32x1072
062 38X107'*1.7X1072 052 27X1071*x25%X1072 052 23X107'+38Xx107%2 064 81X102+x24X102
067 3.0X1071+1.5x1072 057 29%X10°!1=x26%X102 057 1.9xX107!*+34%x1072 081 3.1X102x86X1073
075 21X107"+90%x1073 062 19%X107'+21x1072 063 1.1xX107'+25x%x1072
085 1.1X107'+65%x1073 068 1.6X107'+19%x1072 067 11X107'+25x%x1072
095 82X1072+x55X1073 075 LIX107'=L1X1072 076 56X1072+ 13X 1072
1.04 54X1072+£45X1073 085 65X102+x84X103 085 29%Xx1072+92x 1073
1.15 36X1072+36X%X1073 094 52%X1072+75%X1073 097 23Xx1072+81x1073
125 28X102+x32X107 104 23X102+50%x107° 107 83X103+48x1073
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FIG. 18. The distribution of associated particles with xg vari-
able for various trigger particle pr, indicated in the legend.
Exponential fits indicated by dashed lines.

The reason why the xg distributions do not have the
same slope for different pr, and why there is a ‘“power
law” tail at large xg is the same as that which causes

£ W(z)4/(k2) to decrease with the associated particle trans-

verse momentum. It turns out that by sampling different
regions of pr, for fixed pr, the average momentum of the
parton fragmenting into a trigger particle, (z,), also

changes. This kind of trigger bias causes the hard-
9- T T T T I T T T T I T T T T I T T T T |
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- Xg slopes .
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FIG. 19. The negative slope parameters extracted from the fit
of a plain exponential function into a xp (see Fig. 18) and
Pra/ Pre (see Fig. 20) distributions.
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FIG. 20. The distribution of associated particles with p,/p
variable for various trigger particle pr, indicated in the legend.
The distribution were fitted in the limited range 0.2 < pr,/pr <
0.4 by an exponential function (dashed lines).

scattering kinematics, the value of pr, to not be fixed for
the case where pq, is fixed but p, varies.

Taking this into account, one can not treat the associated
xg distribution as a rescaled fragmentation function, but
rather as a folding of the two fragmentation processes of
trigger and associated jets. The same line of arguments
applies also for other two-particle variables, e.g. pr./ P
[51] used for an approximation of the fragmentation vari-
able z (see Fig. 20). The negative slopes of an exponential
fit in the 0.2 < pp,/pr <0.4 range (solid symbols on
Fig. 19) are, within the error bars, the same as for xg.

In conclusion: the slope parameters extracted from as-
sociated xp distributions reveal the rising trend with pr,
which reflects the fact, that the different pp, samples not
only different z, but also different z,.

The description of an associated distribution detected
under the condition of the existence of a trigger particle
requires an extension of the formulae discussed in Sec. V
and is a subject of the next section.

VI. DIJET FRAGMENTATION

For the description of the detection of a single particle
which is the result of jet fragmentation, recall Eq. (25)

d*o, do,
s X D1(z)= pr) X DL
dpede. — dpy (z0) = prfy(Pr) (z0)
=3,(pr) X D%(zy), (31)

where we have now explicitly labeled the z of the trigger
particle as z;, and defined
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d
S, (pr) = prf,(pr) = %" (32)

T
When kg smearing is introduced, configurations for which
the high pr parton pair is on the average moving towards
the trigger particle are favored due to the steeply falling pt
spectrum, such that

(Pre — P = %(ﬁTt — pra) = s(ky)

with small variance o2, and we explicitly introduced pr,
and pr, to represent the transverse momenta of the trigger
and away partons. The single inclusive pr, spectrum is now
given by

d’o zd*o
T — 2/ ~ X D?T z — t T , 33)
dﬁTtdZt q(th) ( t) deKdZt (
where the trigger parton p, spectrum after kt smearing is
N . R do
25(p1) = prfy(pr) = dA—q (34)
Pt

Then, the conditional probability for finding the away-side

parton with pr, and z,, given pr, (and zy), is
dP(Pry, 7a) L
# = C(Pra Pro kr)D%(z,),
deadZa Pre

where C(pr,, Pri kr) represents the distribution of the
transverse momentum of the away parton pr,, given pr
and kt, which can be written as

A 1
C(Pra» Pro kr) = -
2m70%
~[pra — (Pre — 25(kp)) P
X exp = .

(35)
Then
d*o, do,

dprdzdpradz,  dprdz

% dP(pTa! Za)
dﬁTadZa

ﬁ'n.

In general, o,/s(ky) is small (see Sec. VIB) so that
C(pra» P1o k7) is well approximated by a & function and
we may take

A

Pra = P — 28(kr) = X P10

so that
o,
—— 7 =3(pr)DE(z)D%(z,),
dﬁTtdthZa q(th) 77'( 1) 77( a)
where
z _PTa _ PTa _ ZPTa
¢ Pra  IwPre  AnPme

Changing variables from pr, z; to pr, z; as above, and
similarly from z, to pt,, we obtain
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d30'77 _ 1 S/ <@>D%(Zt)D%<ZtPTa> (36)
dprdzidpr, Xh P ! 2t Xh P

where for integrating over z; or finding (z,) for fixed pr,
min —

Pra» the minimum value of z, is zZ™® = 2py,/+/s = xp, and
the maximum value is

PTt _ *n

h—=—,
PTa Xh
where %, (p1, pra) 1s also a function of kt [Eq. (20)].
Thus, in order to evaluate £, (pr, pra) for use in Eq. (36),
kt must be known. We attack this problem by successive
approximations. First we solve for kt and D%(z) assuming
X, = 1 as done at the ISR where the smearing correction
was small. Then we solve for X, (pp, pa) With this value of
kr and iterate. On the first solution we solve only for
Eg(ﬁTt) while on the iteration we include the kt smearing
to solve for the unsmeared parton spectrum 2,

prfq,(br) [Eq. (32)].

max —

3t

q(pr) =

A. Sensitivity of the associated spectra to the
fragmentation function

As discussed in Sec. VA, the associated xp distribution
was thought to approximate the fragmentation function of
the away jet. Equation (36) can be transformed to the xg
distribution at fixed pr, with a change of variables from
Pta to xg followed by integration over z;:

d*oc  dpr, « d*o
dprdxg dxg  dprdpra
1 £ (pre/ Pra)
o Xn{P1e/ P DZ,—(ZJD%(ElpTa)EZ/(@)de
Xh J Xh DT 2t

(37)

We at first attempted to solve for the fragmentation
function by simultaneous fits of the measured xg distribu-
tions to Eq. (37) constrained by a fit of the inclusive
invariant 770 cross section to Eq. (27). There were difficul-
ties with convergence.

The reason for the lack of convergence became apparent
when we calculated xg distributions according to Eq. (37)
(Fig. 21) for two different fragmentation functions corre-
sponding to quark and gluon jet fragmentation. A simple
exponential parameterization was used and the slopes were
obtained from the fit to the LEP data [52,53] (Fig. 22). For
quark and gluon jets, we found D, (z) =~ exp(—8.2 - z) and
D,(z) = exp(—11.4 - z) respectively. For the parton final
state spectrum, we used Eﬁl o prd. It is evident that the xg
distributions calculated for the quite different quark and
gluon fragmentation functions do not differ significantly
(the difference between solid and dashed lines on Fig. 21).
Clearly, the xg distributions are rather insensitive to the
fragmentation functions of the away jet in contradiction to
the previous conventional wisdom. The evidence of this
explicit counter example led to attempts to perform the
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FIG. 21 (color online). The same xg distributions as on Fig. 18
shown with calculations according to Eq. (37) for quark (solid
lines) and for gluon (dashed lines) D(z). An exponential ap-
proximation was used and the slopes for quark and gluon
fragmentation function were obtained by fitting to LEP data
[52,53] (see Fig. 22).

integrals of Eq. (33) and (36) analytically which straight-
forwardly confirmed the observation that the xg distribu-
tion is not sensitive to the fragmentation function.

If the smeared trigger parton spectrum is taken as a
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o
w
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e

power law,
—(n—1)
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FIG. 22. Fragmentation function measured in e e~ collisions
at \/s = 180 GeV for gluon and quark jets. The solid and dashed
lines represent the exponential fit in the 0.2 < z <1 region.
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and the fragmentation function as an exponential, D(z) =
B exp(—bz), then the integral of Eq. (36) over z; becomes
_ 82 A i (p1i/Pra)

—_— dztz{’_l
dprdpry, X P%‘ X,

X exp[—bzt<1 + L1 )} (38)

XhPTt

do,

which is an incomplete gamma function. Since X, ~ 1, we
make the assumption that it is constant. Similarly, the
integrals of Egs. (29) and (33) are also incomplete gamma
functions:

do, AB [l
o e j dziz{~* exp[—bz,]. (39)
det pT ATy

t

A reasonable approximation for the inclusive single, and
two-particle cross sections is obtained by taking the lower
limit to zero and the upper limit to infinity, leading to the
replacement of the incomplete gamma functions by gamma
functions, with the result that

2 I'(n) B> A 1
4o (’:) — g sy 30
dprdpra b" &, p (1 +E8)
d I(n—1) AB
or _Tn - ) B @)
dpr b" rr,

where I'(n) = (n — DI'(n — 1).
The conditional probability is just the ratio of the joint
probability Eq. (40) to the inclusive probability Eq. (41), or

dP Bn—1) 1 1
| _Blr-1) 1 . 42)
dpra | py, bpr & (1+ ?pan)
In the collinear limit, where pt, = xgpr¢:
dpP Bn—1) 1 1
P, | _B(n—1) 1 _ 43)
dXE Pre b Xh (1 + E)

The only dependence on the fragmentation function, in
this approximation, is in the normalization constant B/b
which equals (m), the multiplicity in the away-jet from the
integral of the fragmentation function. The dominant term
in Eq. (43) is the Hagedorn function 1/(1 + xg/%,)", so
that at fixed pp, the xg distribution is predominantly a
function only of xg and thus does exhibit “xg’’ scaling.
Also, the Hagedorn function explains the “power law”’ tail
at large xg noted in Sec. VA. The reason that the xg
distribution is not very sensitive to the fragmentation func-
tion is that the integral over z; for fixed pr, and pr,
[Eq. (38)] is actually an integral over the jet transverse
momentum pr,. However since both the trigger and away
jets are always roughly equal and opposite in transverse
momentum, integrating over pr, simultaneously integrates
over pr, and thus also integrates over the away jet-
fragmentation function. This can be seen directly by the
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presence of z; in both the same and away fragmentation
functions in Egs. (36) and (37), so that the integral over z;
integrates ~ over  both  fragmentation  functions
simultaneously.

B. k1 smearing

In order to evaluate £,(pr, pra) and (z.), kr must be
known. We attack this problem by successive approxima-
tions: first we solve for kt assuming X, = 1 as done at the
ISR, where the smearing correction was small. Then we
iterate for finite kt. The Gaussian approximation for the
smearing function Eq. (35) does not work so well in the low
pr region. The product of the steeply falling parton distri-
bution function and the fragmentation function is peaked at
z = 1 preferring “small” parton momenta. We have de-
veloped more accurate description of the conditional yields
taking into account the kp smearing.

Let us consider the configuration depicted on Fig. 23.
The two back-to-back partons in § frame undergo the
Lorentz boost determined by net pair momentum

ﬁn = ﬁTpair = ﬁTt + ﬁTa = th + kTa‘ (44)

If we denote an angle between the unsmeared parton
momentum and kp-vector (or p,) as « (see Fig. 23) then we
can write the conditional probability distribution of trigger
parton momenta, pry, as

Lo

dprdadpy

2V 2q(i)'[‘) “Pn- G(ﬁn(?t))

. Dl <th> lj;t ) D%( _ PTi )
Pt/ Py pTa(rt)
PTa (45)
pTa(r[)
where G(p,) = exp(—p2/2(k3)) describes the Gaussian
probability distribution of the net pair momentum magni-
tude distribution, Eq(ﬁT) is the unsmeared parton momen-

tum distribution, DZ is the fragmentation function and
7, = (1o @, P1, k) is the phase space vector. The p, is

PToPTa

FIG. 23  (color in hard-

Back-to-back partons
scattering rest frame (back-to-back dashed arrows) with four-

online).

momenta (pr, 0,0, pr) and (— pr, 0,0, pr) in (—, —, —, +)
metrics moving along p; (P, = Prpair) for an event where
detection of pp, and pr, is required (the jp contribution is
neglected). The pr, > pt, condition implies that the events
with p, pointing more in the direction of pr, are selected.
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chosen to be an integration variable and pr, is fully deter-
mined by given values of py, pr, angle ¢ and by the
requirement of Lorentz invariance.

In order to evaluate (z,(kr))l,, . and &(kp)l, , we
have to evaluate first the parton distribution for events
where given py, and pr, are detected. This conditional
cross section can be expressed as a definite integral over
the unobserved variables ¢ and pt (see Fig. 23)

do ::2/VWa[r__gzl__ dbdp
dﬁTt PToPTa 0 0 deldﬁTdQS PToPTa !
2 (G2
—-Dq(p“) j‘ S, (pr)
prie) Pre Jo
xﬁamm@m»
~Dq( P1a > dbdp. (46)
pTa(rt) pTd(rt)

The do/dpr,l,,, p,, distribution can be derived from
Eq. (46) just by rotation pp — pr, and pp, — pr.. The
(ze(kr ) . py, @and &y (k7). . quantities can then be eval-
uated as

Z(1)

<Zt(kT)>|pT[,pTa = m,

47
where

Zm>=jqd“%ﬂ&0ﬁfﬂ2Aﬁ0

x.[ ﬁ#ﬂﬁ&iﬁ)-D%<Ap? )
0 pTa(rzt)

— =~ dédprdz,
( Fer)

and 7, = (pr/7o d), P kr). The & (kt)l,, .. is evaluated

as

<ﬁTa>
(P1o)

X, (1) X,(0)
~X,0) X,0)

(48)

x h(kT)lpTlvau =

P1v:PTa
where

J5/2 52
xmn=[ %HD%mﬁf s, (pr)
Pt Pt 0

g[mwamme@§%>

1
X —5—~d¢dprpr
P1a(7)

X, (n) = f\/}/ P Ipe <§Ta> fﬁ/Z Eq(ﬁT)

Pta Ta 0

x]%ﬁm%@»m@%ﬂ

X s~ dpdprpr,
Tt( o)
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We have tested the above formulae on PYTHIA simu-

lation. We have generated events with ,/(k3) = 3 GeV/c

and evaluated the partons’ momenta unbalance variation
with pp, for fixed 3 < pr, <4 GeV/c bin. The results
from the PYTHIA simulation (solid points on Fig. 24)
are compared to calculation based on Eq. (48) (solid line
on Fig. 24). The magnitude of momentum unbalance satu-

rates at py = 10 GeV/c around 4/(k3.) and then starts to

decrease. The maximum value depends on the kt magni-
tude and on the asymmetry between pt, and pr,.
Eventually, the unbalance should vanish at high pr as a
consequence of 2 (pr) flattening.

The comparison of (z) and (z,) found in PYTHIA
and derived according to Eq. (47) is shown in Fig. 25.
The overall agreement between the PYTHIA simu-
lations and the calculation is excellent. The small
deviations may be attributed to the fact that in the
PYTHIA simulation, 1 GeV/c-wide bins were used for
trigger and associated particle identification, whereas
the calculation was performed for fixed values of pt, and
PTa-

The last missing piece of information needed before
solving Eq. (22) is the fragmentation function D%
and unsmeared Eq( Pr)- The description of how this knowl-
edge was extracted from the data is a subject of the next
section.

B AL B B L L L R L I B
af :

o 3r =
~ C ]
% C ]
oL =

O, - .
o 1'_ : ]
= o 1
Q- o §
(Q_ﬁ e .
~ _1:_ \l@:&o GeV/c _:
C - 3.O<pTa<4.0 ]
-2:_T-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII__

2 4 6 8 10 12 14 16 18 20
P, [GeV/c]

FIG. 24. PYTHIA simulated average momentum unbalance
for the associated particles in 3.0 < pp, < 4.0 GeV/c bin and
calculated according Eq. (48). The two vertical dashed line
indicates the range where pr, and py, bins are equal and the
parton momenta unbalance vanishes (fixed correlations).
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FIG. 25. Average z of a trigger and associated particle as a

function of pt, from PYTHIA and according Eq. (47).
VII. CORRECTED (k;) RESULTS

The £ (z)4/(k?3) extracted according to Eq. (22) for
various pr, and pr, are shown in Fig. 16 and 17. In order

to extract 4/(k3) values we have solved

55 P2 = 03 + D) = 5 e =0 49)

for 1/(k%) where the (z,) and £, = (pr.)/{Pr,) are evaluated
according Eq. (47) and (48) respectively. These two quan-

tities depend on 4 /(k%) so we solved Eq. (49) iteratively by

varying a /(k%) value and in every step the (z;) and £;, were
recalculated. To do so we need to know the unsmeared final
state parton spectrum X, (p1) and the fragmentation func-
tion. For the latter we used the LEP data (see Fig. 22)
where the fragmentation functions of gluon and quark jets
were measured in e*e” collision at /s = 180 GeV. We
have chosen

D oz (1 = 2)P(1 + 2)77 (50)

form used e.g. in [52] and extracted «, 3, and y parameters
from the fit to distributions shown in Fig. 22 and
Table VIII.

For a given set of parameters «, 3, and vy the power of
the unsmeared final state parton spectra %, (py) was eval-
uated from the fit formula Eq. (27) to the single inclusive
7 invariant cross section [43]. Here we used the simplified

kt smearing
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~ 1 N 1 A _(ﬁT - ﬁTt)2
fo(pr) = —24(pr) = — 2, (p1) ® exp—— 5
e Pt e Pt et (k%Q

and for the fixed value of (k%) = +/2,/(k%.) = 2.5 GeV/c

the power n of 2.q(pr) distribution was determined.

The measurement of the fragmentation functions at LEP
was done separately for quark and gluon jets and the slopes
of these two D(z) distributions are different. Quark jets
produce a significantly harder spectrum than gluon jets
(see Fig. 22). Since the relative abundance of quark and
gluon jets at /s = 200 GeV is not known, for the final
results we assumed that the numbers of quark and gluon
jets are equal; the final D(z) uses the averaged parameter
values between quark and gluon and the difference was
used as a measure of the systematic uncertainty.

Resulting 4/(k3) values for 3 < py <4 GeV/cand 5 <

pri < 10 GeV/c as a function of pr, are shown in Fig. 26
and Table IX. The solid and dashed lines bracket the
systematic error due to the unknown ratio of quark and
gluon jets. These data points correspond to the uncorrected

£ 1z )4/(k3) values shown in Fig. 16. The /(k%) values for

varying pr, corresponding to the data of Fig. 17 are shown
in Fig. 27 and Table X. The solid lines bracket the system-
atic error due to the unknown ratio of quark and gluon jets.

It is evident that unfolded ,/(k3) values reveal, within the
error bars, no dependence neither on pp, nor on pry.

We compared the ,/(k3) data obtained in this analysis to

4/(k%) values found by the CCOR Collaboration at /s =

62.4 GeV [1] (empty triangles on Fig. 27). Although the
trend with pr, seems to be similar the overall magnitude at
/s = 200 GeV is significantly higher.

The (z,) and %, values from the iterative solution of
Eq. (49) as a function of the 7 trigger momenta pr, and
associated momenta pr, are shown in Fig. 28 and 29 and
Tables XI and XII. There is an opposite trend; whereas the
(z,) rises with pr, it is falling with pr,. It is an interesting
consequence of two effects: competition between steeply
falling final state parton spectra and rising fragmentation

TABLE VIII. Extracted values of D(z) parameters according
Eq. (50) from the fit to the LEP data (see Fig. 22) and power n of
the unsmeared final state parton spectra Eq(ﬁT) extracted from
the fit to the single inclusive 7 invariant cross section [43] for
corresponding fragmentation function and fixed value of

\/@ =25 GeV/e.

Gluon Quark (gluon + quark)/2
a 0.16 0.49 0.32
B 0.88 0.57 0.72
0% 13.29 8.00 10.65
n 7.53 7.28 7.40
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. 3<th(TI:O)< 4 GeV/c
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FIG. 26. \/@ values corresponding to Fig. 16 as a solution to
Eq. (49) for trigger 7° in 3 < pp, <4 GeV/c (solid symbols)
and 5 < pp < 10 GeV/c (open symbols) range. The solid and
dashed lines bracket the systematic uncertainty due to the un-
known ratio of quark and gluon jets, for the solid and open
symbols, respectively.

function with parton momentum. Secondly, the detection

of trigger particle biases the /ET vector in the direction of the
trigger jet as discussed in Sec. VI B.

The pr, averaged value of /(k3) (Fig. 27) is compared to
the average parton-pair momentum, {p,) = {p)pair, pre-
sented in [33] (see Fig. 30). The value of {pr) pair is
determined as a sum of the two partons’ {(kt). In the present

TABLE IX. The £, '(z),/(k%) and ,/(k3) values as a function
of pr, for two different trigger 7° transverse momentum bins
shown in Fig. 16 and Fig. 26. All units in rad and GeV/c.

3<pp <4

NG
Pra i) )
1.7 1.76 + 0.12 2.66 = 0.19
22 1.74 = 0.13 2.94 +0.22
2.7 1.37 = 0.13 2.57 +0.23
32 1.45 £ 0.12 2.93 +0.23
3.9 1.44 = 0.11 3.19 +0.23
5.0 1.04 £ 0.10 2.68 + 0.25
5<pn <10

(AN
Pra o Jid)
1.9 2.69 + 0.37 3.09 + 0.30
22 2.54 =031 3.19 + 0.30
27 2.13 +0.26 3.04 * 0.30
3.4 1.89 +0.27 3.04 = 0.38
4.7 1.41 = 0.30 2.64 + 0.56

072002-22



JET PROPERTIES FROM DIHADRON CORRELATIONS ...

PHYSICAL REVIEW D 74, 072002 (2006)

TABLE X. Values of £; '(z),/(k%) and ,/(k3) for various trig- 1
ger particle pp, and associated momenta in the 1.4 < pp, < - g
5.0 GeV/c region shown in Fig. 17 and 27. - ‘%—/\‘/N i
P R CANTEN 3/<k%> 0.8 7
GeV/c GeV/c eV/c i ]
[ ]
322 1.63 = 0.08 279 £ 0.13 = 0.35 0.6 Lo B
3.89 1.66 = 0.08 2.57 =0.11 = 0.33 <><'= L ° i
4,90 1.89 = 0.13 2.66 = 0.17 = 0.35 P - . E
5.91 2.06 = 0.19 2.74 = 0.20 = 0.34 \N/‘H 5 b
7.4 217+ 025 2.83+0.25 = 0.32 0.4 7
8.34 2.53 = 0.62 3.11 £ 0.60 = 0.33 N |
0.2 o (2)1.4<p <5.0GeVic ]
analysis the ,/(k3) is determined and thus the value of (pr) i R 4<p_<5.0GeV/ic ]
pair is evaluated as {pr)pir = V2 X (lor) = J7/2 X A [{k3). 0 I P R R B
The present value of {pr) pair 0 2 4 6 8 10
(PrYpus = 3.36 = 0.09(stat) = 0.43(sys) GeV/c p., (GeV/c)
appears to be in a good agreement with the lower energy R )
FIG. 28. (z) and %, as a function of pr, for the 1.4 < pp, <

dijet and dilepton measurements or the higher energy
measurement in diphoton production [54]. A UA2 mea-
surement of (pr) of Z° production at /s ~ 600 GeV gives
8.6 £ 1.5 GeV/c [55,56].

VIII. SUMMARY

We have made the first measurement of jet jr and kt for
p + p collisions at /s = 200 GeV using the method of
two-particle correlations. Analysis of the angular widths of

T
>
1

1L A §
i \s=63 GeV 7
T a  \S=200 GeV 1 A<p_<5GeV/c 7
oL v v v
0 2 4 6 8 10

P, (GeV/c)

>

FIG. 27. \/@ values corresponding to Fig. 17 as a solution to
Eq. (49) for associated particles in 1.4 < pr, <5 GeV/c region
(solid symbols). The solid lines bracket the systematic error due
to the unknown ratio of quark and gluon jets. The CCOR
measurement at /s = 62.4 GeV [1] (empty triangles).

5.0 GeV/c associated region. The data values are shown in
Table XI.

the near-side peak in the correlation function has deter-
mined that the jet-fragmentation transverse momentum jr
is constant with trigger particle pr, and the extracted value
4/(j%) = 585 = 6(stat) = 15(sys) MeV/c is comparable
with previous lower /s measurements. The width of the

T T T | T T T | T T T
1L _
L L -

<X

= - 1
N o5} .
i o 3.0<th<4.0 GeV/c T
I o 5.0<p_<10.0 GeV/c i

0 1 1 1 I 1 1 1 I 1 1 1
0 2 4 6

P, (GeV/c)

FIG. 29. The values of £,(upper two curves) and (z;) (lower
two curves) as a function of pp, are shown as solutions of
Eq. (48) for 3 < pp <4 GeV/c and 5< pp <10 GeV/c.
Equation (20) defines (z,) and %,. The data values are shown
in Table XII.
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TABLE XI. The (z) and £}, values with pp, shown in Fig. 28.
pr (GeV/c) (z) £

322 0.51 +4 X 1073 = 0.06 0.88 £ 0.01
3.89 0.56 +2 X 1073 = 0.07 0.87 £0.01
4.90 0.61 +1X 1073 +0.07 0.85 £ 0.01
591 0.64 =1 X 107* = 0.07 0.85 £ 0.02
7.24 0.66 =1 X 1073 = 0.07 0.86 = 0.02
8.34 0.68 =5 X 1073 = 0.06 0.84 = 0.05
TABLE XII. The {z,) and &, values with pr, for two trigger 77°

momenta bins as shown on Fig. 29.

3<pr,<4GeV/c

PTa <Zr> Xn
1.72 0.54 + 8 X 1073 + 0.06 0.81 = 0.01
222 0.52+6 X 1073 + 0.06 0.88 = 0.01
273 0.51 =1 %1073 +0.07 0.95 * 0.01
3.23 0.49 + 1 X 1073 + 0.06 0.99 = 0.01
3.93 0.47 5% 1073 + 0.06 1.04 + 0.01
5.04 0.41 + 6 X 1073 + 0.06 1.06 + 0.01
5< pr <10 GeV/c
PTa <Zt> Xn
1.85 0.66 * 4 X 1073 + 0.06 0.75 = 0.04
224 0.64 + 1 X 1073 + 0.06 0.80 = 0.03
273 0.61 =2 X 1073 + 0.07 0.87 = 0.02
3.44 0.57 =2 X 1073 + 0.07 0.92 + 0.02
4.65 0.52+5x% 1073 +0.08 0.98 = 0.01
-II(IDII Dirlr]ljohlslllll T T T T IIIII I-
6 = Dijets _
iy - o Diphotons 1
~ L e
> » PHENIX
w - .
©, at -
S i A i
A |
o
/\l_ B ﬂ T
o 2- " + -
~ .
L % é O(") i
- 53 (o) .
L (e] 4
O 111 II 1 1 1 1111 II 1 1 1 1111 II 1
10 10? 10°

FIG. 30 (color online).
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Compilation of mean pair pr measure-

ments [33] and comparisons to the (py) pair measured in this

analysis.
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away-side peak is shown to be a measure of the convolu-
tion of jr with the jet momentum fraction z and the
partonic transverse momentum kp. {z,) is determined
through a combined analysis of the measured 7 inclusive
and associated spectra using the jet-fragmentation func-
tions from e* e~ measurements. The average of (z,) from
the gluon and quark fragmentation functions is used and
the difference is taken as the measure of the systematic
error. The final extracted values of kr are then determined
to be also independent of the transverse momentum of the

trigger 77°, in the range measured, with values of {/(k3) =
2.68 * 0.07(stat) == 0.34(sys) GeV/c.
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APPENDIX A: FIRST AND SECOND MOMENTS OF
NORMALLY DISTRIBUTED QUANTITIES

Let x be a 1D variable with normal (Gaussian) distribu-
tion and r = /x> + y? is a 2D variable with x and y of
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normal distribution then the following relations can be
easily derived.

(x) = (r) = Ftn
<|X|> = \/70'1 <|I"|> = 3
<x>2 = 1 <r>2 = 20’1 = 0'%

Both ]T and kT are two-dimensional vectors. We assume
Gaussian distributed x and y components and thus the mean
value {(kty) and (kty) is equal to zero. The nonzero moments
of 2D Gaussian distribution are e.g. the root mean squares
\/ijs, \/Z@ or the mean absolute values of the fT, ET
projections into the perpendicular plane to the jet axes
(ljryl) and (|kry|). Note that there are a trivial correspond-

ences
2
V) = ﬁ<kT> = Ja|kryl). (51

APPENDIX B: THE CORRECT WAY TO ANALYZE
THE AZIMUTHAL CORRELATION FUNCTION

Construction and fitting of the two-particle azimuthal
correlation function is discussed in Sec. IV. Traditionally
the correlation function is fitted by two Gaussian func-
tions—one for intrajet correlation (near peak) and one for
the interjet correlations (away-side peak). From the ex-
tracted variances of the Gaussian functions the jt and pgy
magnitudes are extracted.

There is, however, a fundamental problem with this
approach. The p,,-vector defined in Eq. (17) is equal to
Pra SinA @ event by event. However, we measure the width

of the correlation peak and this corresponds to /(A ¢?) =

o . The relation \/(p2,) = pr,sino, is not a good ap-
proximation for o4 > 0.4 rad (see Fig. 31). The assump-
tion that the away-side correlation has a Gaussian shape is
also good only for small values of o, (see Fig. 31).

One way of relating 1/{p2,,) and o 4 was proposed e.g. by
Peter Levai [48] and used in several other analyzes. Since

V(P2.) = prav/(sin>A @) one possibility how to relate p,,

and o, is to expand

(sin?Agp) = <A¢2 - %A¢4 + %A¢6...>
2

6
ZOA---

3

=0 - o} +
where we assumed a Gaussian distribution of A¢. The
comparison of pr, (03 — oh +30%...) with the true
Pout Magnitude (simple monte carlo) for various o, values
is shown in Fig. 31. It is obvious that there is only a little

PHYSICAL REVIEW D 74, 072002 (2006)

1-1 LA IO L L

0.6 11111111111111111111111}1111}1%&1
0 01 02 03 04 05 06 0.7

c, (rad)

FIG. 31 (color online). The relative error on p,, determination
from the azimuthal correlation function based on the Taylor
expansion of (sinA¢?) (dashed line), with an assumption of
V(P = pra sino,  (dotted line) and Apd.) = praoa
(dotted-dashed line). The solid red line corresponds to /(pZ)
from Eq. (23).

difference between +/{(p2,) = prasinos, P2 =
P1a0a and the Taylor series. In the region where o, >

0.4 rad, all approximations seems to be equally bad.
However, p,, the only quantity with a truly Gaussian
distribution (if we neglect the radiative corrections respon-
sible for non-Gaussian tails in the p,, distribution which
are anyway not relevant for the kt analysis) can be directly
extracted from the correlation function. With the assump-
tion of Gaussian distribution in p,,, we can write the
away-side A ¢-distribution (normalized to unity) as

dNaway 37/2 _ dN dpoy _ —PpraCosA¢p
dA¢ /2 dpou dA¢ W/27T<pout Erf (-2 \/—,—pTd
Du[
2 sinZA
x exp(_ W)
2Apou)

This is the correct way of extracting a dimensional quantity
from the azimuthal correlation function in the case of
narrow associated bin. Similar line of arguments can be
drawn also in the case of near peak. However, given the
narrowness of the near-angle peak, the simple Gaussian
approximation is good enough.
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