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Minijet clustering algorithm using transverse-momentum seeds in high-energy nuclear collisions
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We propose an algorithm to detect minijet clusters in high-energy nuclear collisions, by selecting a high-
transverse-momentum (pr) particle as a seed and assigning a clustering radius (R) in the pseudorapidity and
azimuthal-angle space. Our PYTHIA simulations for p + p collisions show that a scheme with a seeding pr of
around 0.5 GeV/c and R of approximately 0.6 satisfactorily identifies minijet clusters. The correlation between
clusters obtained in PYTHIA calculations using the algorithm exhibits the proper behavior of hard-scattering-like
processes, suggesting its usefulness in isolating minijet-like clusters from nonhard-scattering soft processes when
applied to actual nuclear-collision data, thereby allowing a closer examination of both the minijet and the soft

mechanisms.
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I. INTRODUCTION

The hard-scattering process was originally proposed
as the primary mechanism for producing high-transverse-
momentum (pr) jet clusters, typically in the range of tens
of GeV/c [1-7]. However, the UA1 Collaboration found that
the production of particle clusters with a total pr of a few
GeV/c is an important production process in hadron-hadron
collisions, representing a sizable fraction of the particle pro-
duction cross sections [8]. Jet clusters in such a py range were
coined “minijet” [9]. The dominance of jet production extends
to even lower-pr domains at higher collision energies (/s)
because (i) the fraction of particles produced by such a process
increases rapidly with /s, and (ii) the jet-production invariant
cross-section at midrapidities varies inversely with py [9-12].
In fact, the minijet dominance has been found to extend to the
pr region of a few tenths of a GeV/c in high-energy p + p
and p + p collisions at /s = 0.9 to 7 TeV [13,14].

While the pQCD-type hard-scattering process remains a
key source of particle production, soft processes contribute
to the majority of low-py particles with distinct outcomes
such as rings, pancakes, granular droplets, hydrodynamical
collective motions, quark-gluon plasma, and color-glass con-
densate [15—45]. To better understand the underlying reaction
processes for such production mechanisms, it is necessary
to devise a method to distinguish between the part produced
by minijet clusters and the part produced by soft processes.
Isolating the minijet clusters by such a method will not only
benefit the study of the minijet dynamics but also help to
identify the soft part for further examination.

Previously, as a first step to identify minijets, we studied
the clustering properties of produced particles in high-energy
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p + p collisions in the space of pseudorapidity n and az-
imuthal angle ¢. We devised an algorithm to find minijet-like
clusters by using the k-means clustering method in conjunc-
tion with a k-number (cluster number) selection principle [46].
To study the clustering algorithm, we examined minimum-
bias events of p + p collisions at /s = 200 GeV generated by
PYTHIA8.1 [47]. Our findings indicate that multiple minijet-
like and mini-dijet-like clusters of low-pr hadrons can arise
in high-multiplicity events. However, comparable clustering
behavior is also evident for randomly produced particles con-
fined to a finite n and ¢ space. Therefore, the ability to discern
azimuthally back-to-back correlated minijet-like clusters as
bona fide minijets and mini-dijets will rely on further corre-
lation requirements.

A minijet, as a cluster of particles originating from a high-
pr jet cascade, is likely to contain some high-pr particles.
Thus, it is reasonable to use a high-py particle as a seed for
identifying minijets. To fix the minijet cluster number K and
also to eliminate the noise that may contaminate the mini-
jet clusters, we add a supplementary condition that requires
each minijet to contain at least one seed particle with pr
greater than a certain threshold value prg. The fixed cluster
number and the knowledge of the minijet size in 1 and ¢
bring us closer to understanding the minijet and their corre-
lations. The remaining particles can be attributed to non-jet
and non-minijet processes, which form the bulk part of the
dynamics. Clearly, the higher pro, the more the minijet cluster
will resemble the conventional high-pr jet, and the higher the
chance of detecting its dijet partner. However, we focus on
minijets in the very low-py domain because they are more
abundant in the underlying events. We analyze the clustering
properties of minijets as a function of the seed pr( value.

©2024 American Physical Society


https://orcid.org/0000-0001-6481-3949
https://orcid.org/0000-0001-8700-1337
https://orcid.org/0000-0002-6760-2394
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.109.044903&domain=pdf&date_stamp=2024-04-04
https://doi.org/10.1103/PhysRevC.109.044903

JIANG, YAO, WONG, WANG, AND HUANG

PHYSICAL REVIEW C 109, 044903 (2024)

To ensure that the reconstructed clusters are minijet clus-
ters, we rely on the intercluster correlations. Analytical
expressions for the hard scattering process summarize its
essential features and dependencies, making it easier to un-
cover dynamical effects wherever they may occur. These
analyses have revealed insights into the dominance of the
hard-scattering process in the high-p; domain and have
helped to locate the boundary between the hard-scattering and
flux-tube fragmentation processes in p + p collisions at high
energies [14].

In Sec. II, we first derive the differential cross-section
E.E.do(AB — ckX)/dc dk for the production of two mas-
sive partons ¢ and . This allows us to integrate out pr to
acquire the two-particle correlation function do /d A¢ d Ay in
Sec. 11, where A¢ = ¢ — ¢, and Ay = y, — y.. This corre-
lation function exhibits the “ridge” structure on the away side
at A¢ ~ £ in the hard-scattering process. Next, in Sec. [V,
we present the new clustering algorithm and demonstrate its
application to PYTHIA data of p + p collisions. In Sec. V,
we compare the two-cluster correlations obtained from the
algorithm with the two-particle correlations. Additionally, in
Sec. VI, we discuss how the anti-k7 algorithm complements
our new clustering algorithm. Finally, we draw brief conclu-
sions in Sec. VIL.

II. HARD-SCATTERING INTEGRAL
FORE.E,do(AB — ckX)/dcdk

In the parton model, the hard-scattering cross section for
AB — ck X, the production of partons ¢ and x with momenta
c and « is given by [48,49]

do(AB — ckX) = Z / K pdx,dardx,dbr
ab

X Gaja(Xa, ar)Gpsp(Xp, br)do (ab — ck),
(1)

where (x4, ar) and (x;, br) represent the momenta, and G4
and Gy, the structure functions of the incident partons a and
b, respectively. K,;, is a correction factor that can be obtained
perturbatively [50] or approximated nonperturbatively [51].
The quantity do(ab — cx) is the cross-section element for
the process ab — ck,

do(ab — ck) = |Tfl-|2
4[(a-b)* — mgmi]m
d3 d3
S (n)s?
2m)’2E, 2m)’2E,
X (a+b—c—«k). 2

Here, we normalize the Dirac fields by #iu = 2m. The quantity
|Tﬁ|2 is related to do /dt by
| Tjil? = 167[8 — (mg + mp)*1[8 — (my — mp)*]
do(ab — ck)
dt '

We consider the simplified case with m, = m;, = 0 and treat
ar and by as small perturbations. The cross-section element

is then

Mdo(ab—) C/C)d_%ﬂ(84

21 dt E. E,

X (a+b—c—«k), 3)

do(ab — cx) =

where § = sz, = (a + b)?, which is different from s = 545 =
(A + B)?. We obtain

E.E.do(AB — ckX)
d3cdk

= Z/.Kabdxaddrdxbdbr
ab

Sdo(ab — ck)
2 dt
x 8%a+b—c—«). “)
We consider a factorizable structure function with a Gaussian
intrinsic transverse momentum distribution,
1
2no

where 202 ~ 0.9 (GeV/c)? [52]. Upon integrating over the
transverse momenta ay and by, we reach

do(AB — ckX)
dy.crdcrdp. dy krdirdd,

= Z / Kapdx,dxyGasa(xa)Gryp(xp)
ab

X Gaja(Xq, ar)Gpp(xp, br)

TR 5

Guja(xq,ar) = Gaya(xa)

_ (ep+ep)?
e 402

y § do(ab — ck)
2Q2no?) 2 dt
x 8(ap + by — (co + Kk0))d(a; + b, — (c; + k7). (6)

To perform the integration over x, and x;, we spell out the
momenta in the infinite-momentum frame,

B O e P e %)
2 s T2 2w )

Y R i L RN s . 3 )
2 sz\/g ’ ’ 2 be\/g ’

c = xﬁ.‘.ﬁ cT x‘ﬁ_ C2+C%. (9)
) 2xes T T2 2xe/s )’

= < ”ﬁ Gl Kr, —xxﬁ + _K2+K%>’ (10)
2 2x,c4/s
where x, and x, can be represented by y. and y,, respectively,
X, = m}f} xK="L\/§M. (11)
The two § functions in Eq. (6) can be integrated to yield
do(AB — cdX)

dy.crdcrdo. dyckrdird o,

_ (ep+ep)?
e w2 do(ab— cx)

2 (4mwo?) dt

= KarxaGaja (xa)xsGiy ()
ab

)

12)
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where
K> +k2 b+ bk
Xg = Xe+ -
XS XpS
. mere’  mere™ b+ sz
— - B
s s XpS
t+ c% a + a%
Xp = X + -
XcS X4
mere’  mere e a® + a%

13

s s XS (13)
The above formula renders the cross section for the pro-
duction of ¢ and «x, when the elementary cross section
do(ab — ck)/dt is given explicitly in terms of its dependent
variables.

III. THE ANGULAR CORRELATION
do(AB — ckX)/dApd Ay

To obtain the angular correlations between particles ¢ and
K, we transform (ye, yic, e, @) to (¥, Ay, ®, Ag),

Ye=Y +Ay/2, ye=Y = Ay/2,
oo =D+ Ap/2, P, =D — A¢p/2. (14)
We then have
dy.dy.do.dp. =dY dAydd A¢. (15)
Equation (12) becomes
ZGA(;BA—m = %:Kab / XaGaja(xa)xpGpyp(xp)
_Cerrer)?
X CTdCTKTdKT;T(4—;;202)
do(ab — ck
%. (16)

J

do( 7 o’ 12( ) ) 2 9
- — = —(m- — m —u
dr 88TV T 16y2| 22

§ (m? —t"Y(m? —u') — 2m*(m®> + o) B

The cross section should be independent of the average value
of ¢, and ¢, . The integration over ® gives

do(AB — ckX) /‘
dolA% = K2) _ Nk, derkrd
dAgdAydY Zb b | crécrirdkn

_ (ep+rp)?
402

e
X XaGaya(xa)xpGpyp(xp) “Anod)

do(ab — ck)
dt '
We focus on Y = 0 and consider approximate boost invari-
ance at midrapidities. The correlation function Eq. (12) from
the process ab — ck at midrapidities becomes
do(AB — ckX)
dA¢g dAy

a7

= K C(Ag, Ay),
Y=0

(18)

where

o0 o0
C(Ag, Ay) = / crder / 7 dicrxaGapn (xa)XsGoyp(x5)
0 0

1 ¢} + 2crkr cos A + k7
X ————exp{—
(4mo?) 402
do(ab — ck)
X —.
dt

The basic cross section do /dt can be written in terms
of relativistic invariant quantities (s’,#’, u’) measured in the
intrinsic system of a + b — ¢ 4+ «. We have Eq. (10.169) in
Ref. [53] for gg — gg,

do(gg — gg)  9mal (" +1* +u)(s'? + 1" +u'?)
dt 8 '

19)

S/4t/2u/2

(20)
From Eq. (2.12) of Ref. [54] for gg — g4, and Eq. (Al) of
Ref. [55], with quark mass m, = m, = m, we have for gg —
qq,

§(m2 —tYm? — ) — 2m*(m* +1t')
3 (mz _ t/)2

2m2 (s’ — 4m?)

3 (mz _ u/)z

-6

(m2 _ t/)(m2 _ IA/) + mZ(u/ _ t/) 3 (m2 _ t/)(mZ _ u/) + mZ(t/ _ u/)

3(m? —t")(m? —u')

S/(mz _ t’)

From Eq. (2.7) of Ref. [54], we have for ¢g§ — cC

do(qq — c&) _ 4ma® (m* —1')> + (m* —u')* + 2m’s’
dt BCRE s'2 :
(22)

The structure function can be expressed in the form
XaGaa(xs) o (1 — x,4)%,  for which the two-particle

T prR— } 1)

(

angular-correlation function becomes approximately

do(AB — ckX)
dA¢p dAy

4mCT

~All =
[ 75

mcr A1
+0 (ﬁ) .C(A¢). (23)

cosh Ay
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This indicates that as m.r/ /s’ is much less than unity, the
correlation function is a weak function of Ay, and

00 00 1
C(Ad)) = / CTdCT / KTdKT
0 0

(4mo?)
c% + 2crKkr cos Ag + K72~ do @b — ck)
X expi— .
402 dt

(24)

From Eqgs. (19) and (24), we expect that the contribution
to the correlated production of particles ¢ and « is the greatest
when A¢ = £, for which particles ¢ and « are produced po-
sitioned back-to-back. There is no completely rigorous model
to go from pQCD for produced particles in the low-p7 region
because the mechanism of the nonperturbative hadronization
is not fully known. One relies on semi-empirical fragmenta-
tion functions to describe the fragmentation of the partons to
hadrons ¢ and « in the hard-scattering model.

To grasp the gross feature of the correlation function,
we use the simple parton-hadron duality and approximate
do(ab — ck)/dt to be of the form as in gg — gg collisions
in Eq. (20). We have

s’ ~ 4m?, cosh? Y,
! —m>=—2coshYe "m?, = (1 + e ym?,
u —m? = —2coshYe' m?, = —(1 + ¢ ym?,. (25)

For gg — gg with small m.r, we have do(gg — gg)/dt ~
1/m?,, and

do(ab — cx) ~ i ~ A’
[14 (m2 + c}) /M7, ]

dt 12 n/2’

(26)

where n ~ 4 in pQCD and M7y is the regularizing mass on
the order of 1 GeV/c? empirically in the hadron-parton du-
ality approximation [14]. The numerical integration over cr
and k7 in Eq. (24) gives the correlation function C(A¢) as
shown in Fig. 1. The correlation function for mparon = 0.14
GeV/c? has maxima at A¢ ~ +x and a minimum at A¢ = 0
because of the elementary back-to-back production process of
a+b — ¢+ «. Itis relatively flat in Ay because m.r//s <
1 in Eq. (16) for high-energy collisions. This gives the feature
of the correlation function in the form of a ridge structure on
the away side at A¢ ~ £m, with a back-to-back azimuthal
correlation in ¢, as expected from momentum conservation.

IV. pr-SEEDED CLUSTERING ALGORITHM

Because the minijet manifests as a concentrated release
of energy with a high-pr value during its parton-cascading
evolution, some products of its on-shell hadronized particles
are likely to retain high py at the endpoints of the evolution.
For this reason, we assume that every minijet has a high-pr
remnant. The magnitude of the p7 value, which allows such a
characterization, will need to be determined semi-empirically.
The minijet is also expected to evolve in a certain direction,
with the cluster of its evolution products likely within a bundle
in the pseudorapidity angles and azimuthal angles. Therefore,
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FIG. 1. The correlation function C(A¢).

we develop the pr-seeded clustering algorithm to idealize the
minijet as a cluster of hadrons in (1, ¢) space with a radius
previously estimated to be on the order of R = 0.5-0.6 [56].
For a given set of M particles in an event with specified
positions x; = (n;, ¢;) and transverse momenta pr;, where i =
1,2, ..., M is the particle index, particles above a threshold
pro are selected as the seed particles. These seed particles
serve as indicators of minijets and determine the initial num-
ber and locations of the clusters, while the low-py particles are
used for the cluster location refinement in later steps. Particles
outside the minijet cones are regarded as products of nonjet
processes.

Each seed particle is initially treated as the center of a
seeded cluster. To avoid overlapping, we merge clusters that
are sufficiently close to each other to form a single cluster.
The merging process calculates the distance between each
pair of centers, { = [(An)?> + (A@)?*]"/? and finds the two
closest centers. If this shortest distance is less than a certain
threshold, 0.816 in this algorithm, we merge the two clusters.
With a minijet modeled as a cone with a given radius R = 0.6,
we envisage that two seed candidates will have an 83.4%
likelihood of belonging to the same minijet if their £ is less
than 0.816. The assigned value of merging threshold 0.816
is derived from the hypothetical scenario wherein two points
are randomly sampled from inside a circle with a radius of
R = 0.6, and the distance between them adheres to p(£), the
distance distribution in a uniform disk [57]:

0o N ¢ 20 [, 0 o
= —arccos| — | — — - —.
p R 2R)  7R*Y 4

After calculating the mean p and the width o of the distance
distribution, we obtain u + o ~ 0.816. The range [0, 0.816]
corresponds to approximately 83.4% probability of the dis-
tance distribution. The cumulant probability can be increased
to 90% (95%) with the upper bound of 0.894 (0.974). Various
merging thresholds can be explored by examining the physics
of the jet cascade, for example, in PYTHIA. The new center

044903-4



MINIJET CLUSTERING ALGORITHM USING ...

PHYSICAL REVIEW C 109, 044903 (2024)

D)

©-0f

10Tele

L] '.

° L]
—2r [

o o
P ®e ° o

-3 1 | e | [
-1-0.500.5 1-1-0.50 0.5 1-1+0.50 0.5 1 -1+0.50 0.5 1 -10.50 0.5 1

n

FIG. 2. Examples with pro = 0.5 GeV/c. The seed particles are
shown as red points.

of the merged cluster is calculated as the weighted midpoint
of the previous two seed particles, with the weight assigned
based on their pr. This merging process continues until the
distance between any two clusters is greater than 0.816. At
this point, the cluster positions are roughly determined, based
on the seed particles.

To enhance the precision and reliability of the cluster posi-
tions, all particles are used to recalculate the cluster centers as
arefinement. The final cluster centers are calculated using the
formula

foesk (%)yxf
Zx?esk ((ﬁ?))y

where the subscript k represents the cluster index, and Sy
denotes the subset of particles located within a radius of
0.6 around the center of the corresponding seeded cluster. A
power index of y =2 is used in the algorithm. The resul-
tant clusters are finally settled after the refinement of cluster
positions.

Figure 2 illustrates examples of the pr-seeded clustering
algorithm using a threshold of pro = 0.5 GeV/c. The high-
pr particles, denoted by red points, are initially assigned as
independent cluster centers. Seeds that are close to each other
are merged, as shown in the upper-right corner of the third
panel. The center positions of clusters are then refined by
the surrounding low-pr particles. In cases where no other
particles are present around a seed particle, a cluster is still
formed with the seed particle as the center, as demonstrated in
the second and fourth panels.

¢ = (28)

V. CORRELATIONS BETWEEN PARTICLES
AND BETWEEN CLUSTERS

A. Two-particle correlations

To assess the viability and performance of our pr-
seeded clustering algorithm, we conducted evaluations using
PYTHIAS.1 simulations for particles produced in p + p col-
lisions at /s = 200 GeV, within the range of —1 < 5 < 1
and —7 < ¢ < m. Figure 3 depicts the 7, ¢, and pr distri-
butions of the charged particles in the simulation. We have
explored three different values of the threshold prq: 0.5, 1,
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FIG. 3. Particle distributions in (a) n, (b) ¢, and (c) pr for
unbiased PYTHIA events. The upper narrow panels of the n and ¢
distributions show an amplified view of the distributions.

and 1.5 GeV/c, and retained events with at least two particles
having pr > pro for correlation analyses. The pr distribu-
tions of all particles in events that passed the prq cut of 0.5
and 1.5 GeV/c are presented in Fig. 4. The discontinuities
observed in the pr distributions at pr( are due to the thresh-
old effect, as events comprising solely low-pr particles are
removed. Despite this, low-pr particles from the surviving
events still contribute to the distribution below prg. There-
fore, the distribution above the pr( thresholds maintains its
similarity to the original uncut distribution, while the distri-
bution below these thresholds experiences a reduction due to
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FIG. 4. Particle py distributions for PYTHIA events selected with
(a) pro = 0.5 and (b) 1.5 GeV/c.

the removal of low-pr events, thereby causing the observed
discontinuity.

For comparison with the PYTHIA data (same events), we
construct the mixed events by reassigning ¢ and n values to
particles in each PYTHIA event, while preserving the event’s
particle multiplicity and each particle’s py value. The ¢ and
n values are randomly sampled from the original particle’s ¢
and 7 distributions, shown in Fig. 3. This procedure ensures
that the resulting particles naturally have the same pr values
as the original particles, the mixed events have the same
multiplicities as the original events, and the mixed dataset has
the same ¢ and n distribution as the PYTHIA dataset. In the
following, we study the difference between the same events
and the mixed events in terms of two-particle and two-cluster
correlations.

Figure 5 shows the ratio of the two-particle correlation
(A¢-An) function for the same events to that for the mixed
events with pro = 0.5 (upper panel) and 1.5 GeV/c (lower
panel). Before taking the ratio, the correlations for both the
same events and the mixed events have been normalized with
the total number of particle pairs. We restrict the analysis
to the An range of [0, 1.4] due to the limited number of
events that pass the pro cuts. Although the same events and
the mixed events have very similar ¢ and n distributions,
notable differences can be observed between the two datasets
in the two-particle correlation. In each panel, the correlation
ratio exhibits a near-side peak at An ~ 0 and A¢ =~ 0, as
well as an away-side ridge at A¢ ~ m, which is consistent
with momentum conservation and the analysis of Sec. III.
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g 1
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An
3 1.3
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o ke
<15 E(C“
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0.5 0.8
0 e . -' ———0.7
0 02 04 06 08 1 12 147
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FIG. 5. Ratio of the two-particle correlation (A¢-An) function
for the same events to that for the mixed events with pyo = 0.5
(upper) and 1.5 GeV/c (lower).

The away-side ridge becomes more prominent for higher pr,
with a magnitude of approximately 1.04 (1.15) for prg = 0.5
(1.5) GeV/c.

B. Two-cluster correlations

While the two-particle correlation can reveal some inter-
esting properties, the two-cluster correlation is expected to
amplify the correlation features related to minijets due to
the use of the pr-seeded clustering algorithm. Figures 6(a)
and 6(b) show the number of reconstructed clusters, K, as
a function of multiplicity M for pro = 0.5 and 1.5 GeV/c,
respectively. We observe significant differences between the
same events and the mixed events, as well as between
the cases with different pro values. When prg = 0.5 GeV/c,
the difference between the same events and the mixed events
is not prominent at low M, and mixed events show a slightly
larger K at higher M. The ratio Kyme/Kmixed €Xhibits a slowly
decreasing trend from 0.98 to 0.94. On the other hand, when
pro = 1.5 GeV/c, the mixed events yield significantly more
clusters than the same events, with Kyme / Kmixea being roughly
constant around 0.86. The difference between the same events
and the mixed events can be attributed to the clustering prop-
erty of PYTHIA particles, among which particles belonging to
the same minijet are likely to be captured by our algorithm
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FIG. 6. Number of clusters, K, as a function of multiplicity M for
the same events (red circles) and the mixed events (blue triangles),
and the ratio (black circles) of the same events to the mixed events
for pro = (a) 0.5 GeV/c and (b) 1.5 GeV/c.

to form a cluster. Conversely, particles in the mixed events
are uniformly distributed, and clusters are randomly formed.
Thus, the algorithm is more effective in clustering minijets
when using higher pr( values, resulting in a more prominent
difference between the same events and the mixed events.
pro = 0.5 GeV/c may be insufficient to clearly distinguish
the same events and the mixed events, especially at low M.

To investigate the correlation between two clusters, we
classify events based on the value of K obtained from the
algorithm. Specifically, we analyze the cases of K = 2, 3, and
4 to demonstrate the dependence on K and to provide adequate
statistical data for further analysis.

Figures 7 and 8 display the two-cluster correlations
(A¢-An) for the same events (upper) and the mixed

A9

0

0 02 04 06 08 1 12 14

An

FIG. 7. Two-cluster correlation (A¢-An) for the same events
(upper) and the mixed events (lower) with pro = 0.5 GeV/c and
K =

0 02 04 06 08 1 12 1.4

FIG. 8. Two-cluster correlation (A¢-An) for the same events
(upper) and the mixed events (lower) with pro = 1.5 GeV/c and
K =2.
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Ratio

Ratio

FIG. 9. Ratio of the two-cluster correlation (A¢-An) function
for the same events to that for the mixed events for events selected
with K = 2 for pr¢o = 0.5 (upper) and 1.5 GeV/c (lower).

events (lower) with K =2 for pro =0.5 and 1.5 GeV/c,
respectively. Note that A¢ and An now represent the dis-
tances between two cluster centers instead of two particles.
The two-dimensional (2D) distribution primarily follows the
An distribution that approximately takes the shape of a tri-
angle and holds a ridge around An =~ 0, gradually decreasing
as An increases. The holes around A¢ ~ 0 and An =~ 0 in
these distributions result from the exclusivity of the clusters
since two clusters tend to merge in our clustering algorithm if
their distance is small. The same-event data exhibit an away-
side ridge at A¢ ~ m, which is absent in the mixed-event
data. Specifically, at a fixed value of An, the number of en-
tries around A¢ ~ 7 is significantly greater than that around
A¢ ~ /2 in the same events, whereas it remains nearly
uniform along A¢ in the mixed events. The threshold prq also
impacts these distributions. A significantly higher away-side
peak appears in the same events for pro = 1.5 GeV/c (in
Fig. 8) than for pro = 0.5 GeV/c (in Fig. 7).

Figure 9 shows the ratio of the two-cluster correlation for
the same events to that for the mixed events with K = 2 for
pro = 0.5 (upper) and 1.5 GeV/c (lower). Before taking the
ratio, we have normalized the 2D correlations for the same
events and the mixed events with their corresponding total
numbers of cluster pairs, respectively, similar to the approach
used for the ratio in the two-particle correlations in Fig. 5.
Except for the presence of holes at A¢ ~ 0 and An =0,
the two-cluster correlations qualitatively resemble the two-
particle correlations in Fig. 5 and reveal more prominent

1.4
1.3
1.2

Ratio

Ratio

Ratio

FIG. 10. Ratio of the two-cluster correlation (A¢-An) function
for the same events to that for the mixed events with prg = 1 GeV/c,
and K = 2 (upper), 3 (middle), and 4 (lower).

away-side ridges around A¢ ~ . Remarkably, the away-side
ridge appears consistently and uniformly for the two-cluster
correlations, even for pro = 0.5 GeV/c, and is enhanced for
the higher pro = 1.5 GeV/c. The magnitude of the ratio
within the away-side range is about 1.25 (1.4) for prg = 0.5
(1.5) GeV/c.

Figure 10 illustrates the K dependence of the ratio of the
two-cluster correlation (A¢-An) function for the same events
to that for the mixed events with pro = 1 GeV/c. The upper,
middle, and lower panels correspond to K values of 2, 3, and 4,
respectively. As K increases, the magnitude of the away-side
ridge in the ratio decreases. The away-side ridge is likely due
to momentum conservation, which is diluted by increasing K.

The effectiveness of the pr-seeded clustering algo-
rithm can be evaluated by comparing the two-particle
and two-cluster correlations, particularly by examining the
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pro = 0.5 GeV/c for the multiplicity ranges of [5, 8] (left), [9, 12] (middle), and [13, 16] (right).

away-side ridge, and reducing the correlation function to one
dimension (1D), which simplifies the assessment of the corre-
lation strength. To eliminate bias, both types of correlations
are calculated using events with similar multiplicities. Fig-
ures 11 and 12 present the ratio of the A¢ distribution for
the same events to that for the mixed events with pyo = 0.5
and 1.5 GeV/c, respectively, for the multiplicity ranges of
[5, 8], [9, 12], and [13, 16]. The upper panels display the

two-particle correlations, and the lower ones show the two-
cluster correlations. The two-particle correlation shows a
near-side peak, which is not present in the two-cluster corre-
lation due to the exclusivity of clusters, as shown by the holes
in the 2D correlations in Figs. 7-10. For prg = 0.5 GeV/c,
the away-side peak decreases with increased multiplicity, and
the peaks in the two-cluster correlations are lower than those
in the corresponding two-particle correlations. However, for

3
S 25F
§§ §+(8.3)
3 2 ¢ H
2 r
S 15, f
< F ts
z 1: + 4
I~
/e\n. E iy "é
. * ¢
3 05f e teanenet!
Z L
kel C 1 1 1 L L 1
= %05 1.2¢ 2 25
_S25¢ (bY)
s h
o 2F it
=z L t
S 150 t
< [ 4
T [ (X
IS 4
F :
5& Batitetete e "
3 0.5F ‘ AN}
zZ L
e C 1 1 1 1 | 1
= %o 1.§¢ 2 25

$3.5; 3 .
= 45 @) S 3F (a2
= 3 = Ft
< Et g 255
B 25F R E
=z E ¢ =z o ¢ ¢
CAI S ¢
< E4 4t = Ey +
E S i $1.50
E 1.5F 4 f £ F . . ¢
> £ ) > F L]
== 1k " 4 & 1f o
3] £ ‘ ‘ 2 L ) . o
3 050 . . D 05) ) veeaeet’
b E R z E *
E ot 1 1 1 1 1 3 0 C I 1 I 1 L
0 0.5 1 15 25 3 0 0.5 1 1.5 2 25 3
Ao Ad
(a) Two-particle correlation
83.5¢ LR
S _F (b1) S 3F (02
= 3F VlF F '
3 25° 3 250 t
%, of +++ l%; 2 ++ +
Tk 4 =1k N
15 ; A iy
_a 1: 3t _a 1E § $.
2_ Ede toaus ¢ 2 Bse I et
o 05,1 ++ LA Soa g0 taee ¢ o 0.5F (AR tereatelt?
z E B pd E
E 1) Il 1 1 1 1 E 0)= 1 1 1 1 L 1
0 0.5 1 15 2.5 3 0 0.5 1 15 2 2.5 3
A A
(b) Two-cluster correlation
FIG. 12. Same as Fig. 11, except for pro = 1.5 GeV/c.
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pro = 1.5 GeV/c, the two-cluster correlations consistently
show higher away-side peaks than the two-particle correla-
tions. Hence, by selecting an appropriate prg, the clustering
algorithm is more effective in revealing the minijet properties
compared with the two-particle correlations.

VI. DIFFERENCE WITH THE ANTI-k; ALGORITHM

The anti-k7 algorithm [58] is a sequential recombination
approach, based on the distance measure,

R2.
K (29)

dij = min (p77. p}) g3

in combination with a boundary condition
dip = pr; (30)

where R}, = (n; — 1;)* + (¢ — ¢;)*. The first component d;;
of Eq. (29) serves as a filter that selects particles suitable
for inclusion in a cluster. The use of a power of —2 for pr
prioritizes the clustering of high-py particles. The second
component of Eq. (30) sets the criterion for either initiating
or halting the recombination process. To satisfy the recombi-
nation condition d;; < d;p, the value of R;; must be smaller
than the cluster radius R. If this condition is not satisfied, the
recombination process is terminated. The algorithm iterates
through the recombination process until only a few objects
remain, and these remaining objects are then referred to as
jets.

While not strictly a cone algorithm, the anti-k; algorithm
exploits the existence of high-pr particles to stabilize the
shapes of the resulting clusters, producing outcomes that
resemble a cone-shaped pattern. This is especially evident
under typical circumstances where the high-py particles ex-
hibit substantial differences from soft particles. Due to the
considerable contrast in the py values between hard and soft
particles, the clustering process is relatively insensitive to the
inclusion of soft particles in the jet. However, the anti-kr
algorithm may not be ideally suited for the minijet condition,
which features considerable presence of soft particles and the
indistinct demarcation between high- and low-py particles.
The presence of nonjet soft particles makes it hard to clearly
define minijets when we use the anti-k7 algorithm. In contrast,
the pr-seeded clustering method is a cone algorithm that
allows the distinct separation of the minijet with other soft
particles using high-pr seeds, providing advantages in the
low-pr regime.

The pr-seeded clustering method is designed to exclude
the influence of soft particles in the minijet environment. The
effect of this method can be observed in cases with prq values
of 0.5 and 1.5 GeV/c. In particular, clusters with pro = 0.5
GeV/c display minimal discrepancies in the two-cluster cor-
relation between the same events and the mixed events (in
Fig. 9). However, increasing pro to 1.5 GeV/c reveals no-
ticeable differences in the correlation functions, emphasizing
the influence of soft particles in the minijet environment and
demonstrating the enhancement provided by the pr-seeded
clustering algorithm. The pr-seeded clustering method in-
cludes all particles in the vicinity of the seeded cluster

center, effectuating a static clustering approach that accu-
rately captures the original particle configuration. Unlike the
dynamic, continual particle-merging process characteristic of
the anti-k7 algorithm, the pr-seeded method clusters particles
based on their actual spatial distribution, and consequently, it
generates intuitive results. Our method allows for an easier
prediction of the jet position, facilitating straightforward vi-
sual identification of the jet’s location. By incorporating the
pr seed, the numerous low-pr particles can be disregarded in
the initial round, leading to a substantial enhancement in the
compilation speed. Eventually, the pr-seed method can com-
plement the anti-ky algorithm in the clustering of minijets,
particularly in the low-pr region where the application of the
anti-k7 algorithm might not be suitable.

VII. CONCLUSIONS

We have developed a pr-seeded clustering algorithm,
which utilizes a threshold pr( constraint on the seed to ex-
clude low-py particles during the initial clustering steps so
that jets that are solely composed of low-pr particles are elim-
inated from the output. The high-pr seed particles are merged
based on their n-¢ distance, and, subsequently, the cluster-
ing process is refined by incorporating low-pr particles. The
design is aimed at minimizing the effects of random-cluster
noise in the low-pr range. We have evaluated the performance
of our algorithm using a PYTHIA dataset. The clustering re-
sults indicate the expected hard-scattering-type correlations.
Notably, the performance characteristics vary with prq, with
a pro range of 1 to 1.5 GeV/c yielding a clear distinction
between the same events and the mixed events.

We are excited about the potential to apply our seeded
clustering algorithm to real data to investigate novel

0

-2}

P

|
-+0.50 0.5 1
n

FIG. 13. An example PYTHIA event with M =17, K = 6, and
pro =1 GeV/c.
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phenomena, such as collective flow or other mechanisms
beyond hard scattering. In actual hadron-hadron collisions,
the number of clusters may be significant, as demonstrated
in Fig. 13. This presents an exciting opportunity to explore
exotic reaction mechanisms.
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