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Deciphering nonfemtoscopic two-pion correlations in p + p collisions
with simple analytical models
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A simple model of nonfemtoscopic particle correlations in proton-proton collisions is proposed. The
model takes into account correlations induced by the conservation laws as well as correlations induced by
minijets. It reproduces well the two-pion nonfemtoscopic correlations of like-sign and unlike-sign pions in
proton-proton collision events at /s = 900 GeV analyzed by the ALICE Collaboration. We also argue
that similar nonfemtoscopic correlations can appear in the hydrodynamic picture with event-by-event
fluctuating nonsymmetric initial conditions that are typically associated with nonzero higher-order flow

harmonics.

DOI: 10.1103/PhysRevD.85.074023

L. INTRODUCTION

The method of identical particle correlation femtoscopy
gives us the possibility to measure length and time scales
with an accuracy of more than 10™'* m and 102? sec,
respectively. It is widely used now for the determination of
sizes and lifetimes of the sources of particle emission such
as the systems created in heavy ion, hadron, and lepton
collisions (for reviews see, e.g., Ref. [1]). The method is
grounded on the Bose-Einstein or Fermi-Dirac symmetry
properties of quantum states and, in fact, measures corre-
lations between numbers of identical particles with close
energy and momentum.

In the method of correlation femtoscopy the space-time
structure of the systems is usually represented in terms of
the interferometry radii that are the result of a Gaussian fit
of a two-particle correlation function depending on the
momentum difference in the pair. For bosons such corre-
lations, reflecting spatiotemporal scales of an extended
source, are caused by the quantum Bose-Einstein statistics.
These correlation functions can be obtained from the ratio
of the two- (identical) particle momentum spectra to the
product of the single-particle ones. The former typically
need to be corrected for the Coulomb and strong final state
interactions (FSI) that depend on space-time points of the
last collisions for the detected pair (see, e.g., the recent
review [2] and references therein). In pioneering papers [3]
the measured interferometry radii were interpreted as geo-
metrical sizes of the systems. Later on it was found [4,5]
that because the typical systems formed in experiments
with heavy ion collisions are expanding and have inhomo-
geneous structures, the above geometrical interpretation is
not complete, and the interpretation of interferometry radii
as homogeneity lengths in the systems was proposed [6].
It was demonstrated that the homogeneity lengths carry
information about the dynamical properties (rate of expan-
sion, lifetime, etc.) of the source and depend on the mean
momentum of pairs [5,6]. In particular, it is firmly estab-
lished that specific transverse momentum dependence of
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femtoscopy scales—interferometry radii—in heavy ion
collisions is mostly caused by a collective (hydrodynam-
ical) transverse expansion of the systems formed in these
collisions [1].

The situation is more complicated, and the above
method has to be modified for elementary particle colli-
sions, like p + p, which have smaller spatiotemporal
scales as compared to heavy ion collisions. It became clear
[7-9] that for relatively small systems the additional two-
particle correlations affect the correlation functions in the
kinematic region where quantum statistical (QS) and FSI
correlations are usually observed. The well-known ex-
ample of such additional correlations is the correlation
induced by total energy and momentum conservation
laws (see, e.g., Ref. [10]). As opposed to the QS and FSI
correlations, which are familiar from the correlation fem-
toscopy method and so are sometimes called femtoscopy
correlations, these correlations are not directly related to
the spatiotemporal scales of the emitter and are therefore
called nonfemtoscopic correlations. Since the latter notice-
ably affect correlation functions for small systems, the
interferometry radii extracted from the complete correla-
tion function in p + p collisions depend strongly on the
assumption about the so-called correlation baseline—the
strength and momentum dependence of the nonfemto-
scopic correlations [7-9]. It has an influence on the
interpretation of the momentum dependence of the inter-
ferometry radii in p + p collisions, where the possibility
of hydrodynamic behavior of matter is questionable.
Therefore, for successful and unambiguous applications
of the correlation femtoscopy method to elementary parti-
cle collisions, one needs to know the mechanisms of non-
femtoscopic correlations to separate the femtoscopic and
nonfemtoscopic correlations.

Recently, the ALICE Collaboration utilized some event
generators, which do not include effects of quantum sta-
tistics, for an estimate of the correlation baseline (i.e.,
nonfemtoscopic correlation function of identical pions)
under the Bose-Einstein peak at LHC energies [7,8].
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It was motivated by a reasonable agreement of the corre-
sponding event generator simulations with the experimen-
tal data for correlation functions of oppositely charged
pions in p + p collisions at the same energy [7,8]. The
calculated correlation baseline has been utilized by the
ALICE Collaboration to extract femtoscopic correlations
from measured identical pion two-particle correlation
functions [7].

Because the utilized event generators account for
energy-momentum conservation and emission of minijets,
it was conjectured in Refs. [7,8] that some specific pecu-
liarities of the unlike-sign pion correlations as well as like-
sign nonfemtoscopic pion correlations can be caused by
the jetlike and energy-momentum conservation induced
correlations. In what follows, we support this conjecture.
We develop a simple analytical model with the minimal
number of parameters for the two-pion correlations in-
duced by minijets and transverse momentum conservation
law, and show that this model can fit the correlations of
unlike-sign pion pairs at \/s = 900 GeV p + p collisions
measured by the ALICE Collaboration [7]. Also, with a
reasonable change of parameters, the model can fit non-
femtoscopic correlations of like-sign pion pairs obtained
from the event generator simulations of p + p collision
events at the same energy that are reported in Ref. [7].' Our
model is simple and analytical, and clearly demonstrates
the interplay between minijet and conservation law in-
duced correlations in the formation of the nonfemtoscopic
correlations.

But this is not the whole story. Despite the fact that the
event generators do reproduce the unlike pion correlations
as has been verified by the ALICE Collaboration, there is
enough room to doubt whether the nonfemtoscopic corre-
lations of like-sign pions are properly simulated by them.
Indeed, none of the utilized event generators can reproduce
the LHC data on the multiplicities and momentum spectra
well (see, e.g., [12] and references therein). This suggests
that some essential ingredients may be missing in these
event generators. The possible candidate for missed dy-
namics is hydrodynamics. The latter describes well the
dynamics of heavy ion collisions; see, e.g., Ref. [13] and
references therein. If hydrodynamics is applied also for
p + p collisions with high multiplicities [14], then the
other mechanisms of nonfemtoscopic correlations should
be taken into account. In what follows, we present some
heuristic arguments, based on an illustrative analytical
model, that unlike-sign two-pion correlation functions cal-
culated in hydrodynamics with event-by-event asymmetri-
cally fluctuating initial densities can be qualitatively
similar at relatively low ¢;,, to the ones calculated in

"For convenience, we compare results of our model with the
PHOJET event generator [11] simulations reported in Ref. [7].
Note that the simulations carried out by the ALICE
Collaboration gave similar results for all utilized event gener-
ators [7,8].
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PHOJET-like event generators, where these correlations for
relatively low ¢;,, are mainly caused by the minijets.
Finally, we briefly discuss what these results can mean
for modeling of the correlation baseline (i.e., identical
pion nonfemtoscopic correlations) and for applications of
the correlation femtoscopy method to p + p collisions.

I1. DEFINITIONS AND PARAMETRIZATIONS OF
TWO-PARTICLE CORRELATIONS

The two-particle correlation function is defined as

P(py, p2)
P(Pl)P(Pz)’

where P(p,, p,) is the probability of observing two
particles with momenta p, and p,, while P(p;) and
P(p,) designate the single-particle probabilities.
Experimentally, the two-particle correlation function is
defined as the ratio of the distribution of particle pairs
from the same collision event to the distribution of pairs
with particles taken from different events. In heavy ion
collisions almost all the correlations between identical
pions with low relative momentum are due to quantum
statistics and final state interactions. In this case

C(py1, p2) = Ce(p, q), (2)

where p = (p, + p»)/2, ¢ = p, — p;, and Cr denotes the
femtoscopic correlation function. For identical bosons
Cr is often parametrized (after corrections for FSI corre-
lations) by the Gaussian form, which for the one-
dimensional parametrization looks like

CF(lpl» qmv) =1+ )‘exp(_RiznvqiznV)' (3)

Here A describes the correlation strength, R;,, is the

C(p1, p2) = (D

Gaussian “‘invariant” interferometry radius, and ¢;,, =

J(p, — p1)? — (E, — E;)? is equal to the modulus of the
three-momentum difference in the pair rest frame.

In elementary particle collisions additional (nonfemto-
scopic) correlations, like those arising from jet/string frag-
mentation and from energy and momentum conservation
(see, e.g., Refs. [7-9]), can also give a significant contri-
bution. Then, assuming the factorization property,

C(p1, p2) = Cr(p, Q)Cne(p, Q). 4)

Here Cnp denotes the nonfemtoscopic correlation function,
and in the simplest case the nonfemtoscopic effects can be
parametrized as, e.g., second order polynomials,

CNF(lpl: qmv) =a+ quv + cqiznv' (5)

This form can be used together with some parametrization
of Cg [e.g., with (3)] in order to fit the correlation function
C(p,, p,) for small systems, as has been done, for example,
by the STAR Collaboration for two-pion correlation func-
tions in p + p collisions at \/s = 200 GeV [9]. At ¢ >0
the phenomenological parametrization (5) explicitly
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reproduces the well-known effect of positive correlations
between particles with large relative momenta |q| caused
by the energy-momentum conservation laws; see the en-
ergy and momentum conservation-induced correlation
model for Cyp [10]. Note that a, b, and c¢ in
Eq. (5) depend, in general, on |p].

II1. PROBABILITY DENSITIES OF
DISTINGUISHABLE EQUIVALENT PARTICLES

Aiming to estimate the nonfemtoscopic pion correla-
tions, we consider emitted pions as distinguishable, yet
equivalent noninteracting particles with symmetrical
probability density functions, thereby excluding femto-
scopic QS and FSI correlations. To a certain extent, this
corresponds to the (quasi)classical approximation used in
current event generators, like PHOJET.

Let us assume that N bosons of the same species (say,
pions) are produced with momenta py, ..., py in (N + X)
multiparticle production events. Then the N-particle
probability density Py(py, ..., py) is a symmetrical func-
tion for all N! permutations of the particle momenta p;. For
convenience, it is normalized by

fdePN(pp PN =1 (6)

where dQ), = %I:I‘ . .%. Then the N’-pion probability
density, N’ < N, is defined as

Py(p1 ... py) = fdQP*E?5(3)(P1 —P)- By

In what follows, we use an assumption of distinguishability
of equivalent particles, which means the absence of quan-
tum interference between possibilities corresponding to all
N! permutations of the particle momenta p;. Therefore, the
symmetrized N-particle probability density is defined as

1 & .
PN(pl:--pr):m Z fdﬂp*Ei
CitFk=1

X 8%(p, —p))...E}
X 89 (py — PPN}, ... PR), (®)

where the nonsymmetrized N-particle probability density
Py(py, ..., py) is normalized to unity, and N! in the de-
nominator is required to guarantee the normalization con-
dition (6). Taking into account Eq. (7), we see that the
single-particle probability Py(p;) and the two-particle
probability Py(p,, p,) can be written as

1 ul % =\ D * *
Py(p)) = N Z fde*E{B(S)(Pl - Pi)PN(P'i, PN),
i=1

()]
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1 N f ,
7 dQ,E:89(p, — p})
NN - 1) i#jz'=1 prEi P1 — P,

X E;f5(3)(p2 - p;)pN(PT, e DY) (10)

The nonsymmetrized N-pion probability density in such
events reads

Py(py, po) =

ﬁN(pI:--pr)
1 N X
= EZ[koSM)(pa +p = > pi— D kj)
X i=1 =1
X My x(prs -0 kx)l, (11)
where My, x(py,...,ky) is the nonsymmetrized

(N + X)-particle production amplitude, p, and p, are
four-momenta of colliding particles (protons in p + p
collision events), and K is the normalization factor,

N X
K= Zldﬂkdﬂp6(4)<pa D WIS k,)
X i=1 j=1

i=

X My x(py, ..o kx)I% (12)

Expression (11) for Py(py, ..., py) is rather compli-
cated because, in particular, it depends on X particles
that are produced in addition to N pions. Production of
additional particles also means that one can hardly expect
that the total energy or momentum of the pion subsystem
are constants in the system’s center of mass; instead, one
can expect that they fluctuate from event to event. Then,
motivated by Eq. (11), we assume that a nonsymmetrized
N-pion probability density can be written as

N 1
Py(py, ..., pn) = E‘s(pl’ o PVFN(PL - pN), (13)

where Fy(py, ..., py) is a nonsymmetrized function of
pionic momenta and 8(py, ..., py) denotes the average
constraints on the N-pion states that appear due to energy
and momentum conservation in multiparticle production
events. Then the normalization factor is

K= [d0,0(0. . pFNprp) (1)

If the only correlations are the correlations associated with
energy and momentum conservation, we have

o) = f(p)f(pa) ... f(py-1)f(py),  (15)

and calculations in the large N limit of single-particle and
two-particle probability densities result in the special case
of the energy and momentum conservation-induced corre-
lation parametrization [10] of the correlations induced by
the energy and momentum conservation laws. However,
such a simple prescription cannot result in the unlike-sign
pion correlations measured by the ALICE Collaboration

Fy(p1, ..
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[7]. Also, it does not reproduce the nonfemtoscopic
like-sign pion correlations generated by the PHOJET event
generator [7].

IV. ANALYTICAL MODEL FOR THE TWO-PION
CORRELATIONS INDUCED BY MINIJETS AND
MOMENTUM CONSERVATION

The ALICE Collaboration has analyzed the unlike-sign
pion correlations [7] and found that they can be well
reproduced by event generators which account for, among
others factors, total energy-momentum conservation and
minijet production. In what follows, we assume that just
these two factors induce the observed behavior of the
unlike-sign pion correlations and are responsible for the
nonfemtoscopic correlations in like-sign ones. In our sim-
ple model we start from zero total transverse momentum of
the system, keeping in mind that for a subsystem this
statement should be weakened. Also, we neglect the con-
straints conditioned by the conservation of energy and
longitudinal momentum, supposing that the system
under consideration is an N-pion subsystem in a small
midrapidity region of the total system. Then in the first
approximation

8(pi .o py) = 8P(pry + P2+ ... Fpry).  (16)

where pri, Pra2, - -- Pry are transverse components of the
momenta of the N particles.

Let us assume that there are no other correlations in the
production of N-pion states except the correlations induced
by the transverse momentum conservation and cluster
(minijet) structures in momentum space. For the sake of
simplicity we assume here that only the two-particle clus-
ters appear. Then one can write for fairly large N > 1

Fy(pi,-opn) = f(p1) ... f(pp)Q(P1, p2) ... Q(Pn—1, PN
(17)

where Q(p;, p;) denotes the jetlike correlations between
momenta p; and p;; the existence of such correlations
means that F, cannot be expressed as a product of
one-particle distributions. Then, utilizing the integral rep-
resentation of the &-function by means of the Fourier
transformation, 8?(p;) = (2m) 2 [ d’ry exp(irypy), and
accounting for Egs. (9), (13), (16), and (17), the single-
particle probability reads

1
Py(py) = mPK fderGN(plrrT): (18)
where
Gy(py, rr) = dep*ET5(3)(P1 — p})eirr®r Py

X Fy(pl, ..., PN)- (19)

A possibility of different cluster configurations of particles
means, in particular, that registered particles with momenta
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p: and p, can belong either to different minijets or to the
same minijet. Then, taking into account Egs. (10), (13),
(16), and (17), we get

N .
Py(p1, p2) = N(T_I)P}det(m, p2)
NN—=1)—N

NNV = 1) P¥pipy),  (20)

where

N 1 N
P}\} (p1, p2) = 2Pk [derGzl\; ‘(pi,p2rr), (2D

. 1 ;
sz\J,et(pl, po) = m [derGlz\J,et(pl, p..rr),  (22)
and

G}\;et(P1,P2,rT)=_/‘dQP*E}k5(3)(p1 —PVE;

X 80)(p, — p3)er PP Fy, (23)

Gzz\;et(Plypz, ry) = _[dQP*ETSG)(pl —PVE]
X 8G) (p, —p3)e™ Pt APF, (24)

Here Fy = Fy(pj, ..., py)- The first term on the right-
hand side of Eq. (20) is associated with events where the
two registered particles belong to the same minijet, and the
second term corresponds to events where the particles
are from different minijets. Evidently, the former is rela-
tively rare; however, notice that the first term can be
significant for small systems with not very large N.

Now let us check whether this model can reproduce,
with reasonable parameters, the correlation functions of
unlike-sign pions measured by the ALICE Collaboration
[7] and nonfemtoscopic correlations of like-sign pions that
are generated in the PHOJET simulations and utilized as
the correlation baseline by the ALICE Collaboration [7].
Calculations within the model will deliberately be as sim-
ple as possible just to demonstrate its viability. Here we do
not use the approximate methods like the saddle point
approach; instead, we utilize appropriate analytical param-
etrizations of the functions of interest, namely,

1) = Erexp( - "Tz%T Jexs( - ‘;;L) (25)

and
a2
(p;i 2p,) ) 26)

a

O(pi p)) = eXp<—

where Ty, T;, and « are some parameters, and in what
follows, we assume that 7; >> T7. In accordance with the
ALICE baseline obtained from the PHOJET event generator
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simulations, we assume that only ¢;,, is measured for each
pr bin. Assuming that longitudinal components of the
registered particles are equal to zero, p;; = por = 0, we

approximate g2, as

m? + p%sinzd)), o7

2 2
qinv~qT( m + p2
T

where ¢ denotes the unregistered angle between pr and
47, Prqr = Ip7llqz| cos¢. Then

f%w ddPy(py, p2)
(%W d¢PN(p1)PN(P2)’

Cnellprl giny) = (28)

and, taking into account Eq. (20), we get

N—=2( e
Cne(Ip7l giny) = f(czzd t(|PT|, Tiny)
N—1
1jel
s O el ). (29)

where

27 dp P (py, po)

' (Ip7l, giny) = . (30)
N 27 dpPyn(p)Py(pa)

. 27 Pljet ,
C(Uprl, Giny) = 52 Py (p1. p2) (1)

5™ dpPy(p1)Py(p2)

Itis well known (see, e.g., Ref. [10]) that the influence of
exact conservation laws on single-particle and two-particle
momentum probability densities at the N-particle produc-
tion process depends on the value of N and disappears at
N — 0. Since one considers a subsystem of N pions but not
the total system, to weaken the influence of the total trans-
verse momentum conservation on pions we shall consider
Ci* and CJ with M > N instead of Cy® and Ci*' in
Eq. (29). This is the simplest way to account for a weakened
conservation law in our model. At the same time, the factor
1/(N — 2) in (29) remains the same since it is associated
with the combinatorics of the distribution of particles be-
tween clusters in momentum space (“’minijets’’), which
happens whether or not one weakens the total momentum
conservation law. Also, for more exact fitting of the data
points in each average transverse momentum bin, we utilize
the auxiliary factors A. Then Eq. (29) gets the form

CreIprl, i) = A(lpm(cﬁetupﬂ, i)

+

N -2 C[Bet(lpTlr Qinv))- (32)
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FIG. 1 (color online). The nonfemtoscopic correlation func-
tions of like-sign pions in the 0.1 < py < 0.25 GeV bin from a
simulation using PHOJET [7,15] (solid dots) and those calculated
from the analytical model: minijets + momentum conservation
(solid line). See the text for details.
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FIG. 2 (color online).
pr < 0.4 GeV bin.

The same as Fig. 1 but in the 0.25 <

The results of our calculations of the nonfemtoscopic
correlation functions Cyg are shown in Figs. 1-10 in
comparison with correlation functions reported by the
ALICE Collaboration [7] for different transverse momenta
of pion pairs (actually, we performed calculations for the
mean value in each bin). The auxiliary factors A(|ps|)
differ from unity only slightly.2 The data for unlike-sign
pion correlations measured by the ALICE Collaboration as
well as for the PHOJET simulations of like-sign two-pion
nonfemtoscopic correlation functions at midrapidity for
the total charged multiplicity N, = 12 binin p + p colli-
sions at /s = 900 GeV are taken from Refs. [7,15]. Note
that correlations of nonidentical pions measured by the

2Namely, they are 0.95, 0.96, 0.98, 0.99, 0.99 for like-sign
pions (in Figs. 1-5, respectively), and 0.92, 0.92, 0.93, 0.91, 0.82
for unlike-sign pions (in Figs. 610, respectively).
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FIG. 3 (color online).
0.55 GeV bin.

The same as Fig. 1 butin the 0.4 < py <

12 E

09 b
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FIG. 4 (color online).
pr <0.7 GeV bin.

The same as Fig. 1 but in the 0.55 <

Clp. q]

0.6
04 f .

02|

0.0 . . . .

q(Gev)

FIG. 5 (color online). The nonfemtoscopic correlation functions
of like-sign pions in the 0.7 < py < 1.0 GeV bin from a simula-
tion using PHOJET [7,15] (solid dots) and those calculated from the
analytical model (solid line). The contributions to the nonfemto-
scopic correlation function from the first term of Eq. (32) (dotted
line) and from the second one (dashed line) are also presented.
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FIG. 6 (color online). The correlation functions of unlike-sign
pions in the 0.1 < py < 0.25 GeV bin measured by the ALICE
Collaboration from Refs. [7,15] (solid dots) and those calculated
from the analytical model: minijets + momentum conservation
(solid line). See the text for details.

Clp. q]

0.8 1 1 1 1

0.0 0.2 04 0.6 0.8 1.0
q(Gev)

FIG. 7 (color online).
pr < 0.4 GeV bin.

The same as Fig. 6 but in the 0.25 <

ALICE Collaboration, as well as the PHOJET simulations of
identical two-pion correlation functions, demonstrate
Coulomb FSI correlations at the lowest ¢;,,, bin and peaks
coming from resonance decays. These Coulomb FSI, as
well as contributions from resonance production, are not
taken into account and so are not reproduced in our model.

The presented results are obtained for M = 50, Ty =
a = 0.65 GeV (to minimize the number of fit parameters,
we fixed Ty = « for all calculations),3 and the fitted values
of N are different for like-sign and unlike-sign pion pairs,
namely, N** = 20 for the former and N*~ = 11 for the
latter. The relatively high value of M can be interpreted as a
residual effect on the pion subsystem of total energy-
momentum conservation in a multiparticle production

*Note that with these parameter values the mean transverse
momentum {pr) is about 0.58 GeV.
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0.8 . . . .

0.0 0.2 0.4 0.6 0.8 1.0
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FIG. 8 (color online).
0.55 GeV bin.

The same as Fig. 6 butin the 0.4 < p; <

12+ i

Clp, q]

0.8 . ) . .
0.0 0.2 0.4 0.6 0.8 1.0
q(Gev)

FIG. 9 (color online).
pr <0.7 GeV bin.

The same as Fig. 6 but in the 0.55 <

Clp, q

q(Gev)

FIG. 10 (color online). The correlation functions of unlike-
sign pions in the 0.7 < pr < 1.0 GeV bin measured by the
ALICE Collaboration from Refs. [7,15] (solid dots) and those
calculated from the analytical model (solid line). The contribu-
tions to the nonfemtoscopic correlation function from the first
term of Eq. (32) (dotted line) and from the second one (dashed
line) are also presented.
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process. The relation N*~ < N** between fitted N values
means that the magnitude of the correlations induced by a
minijet for unlike-sign pion pairs is higher than for like-
sign ones. This happens because in the former there is no
local charge conservation constraint for the production of
oppositely charged pion pairs and, therefore, one can
expect less identically charged pion pairs from the frag-
menting minijets than oppositely charged ones.

One can see from the figures that the behavior of the
nonfemtoscopic correlation functions of pions, Cyg, is
reproduced well despite the simplicity of our model. This
is a result of the competition of the two trends: an increase
of the correlation function with ¢;,, because of momentum
conservation and a decrease of it due to fragmentation of
one minijet into the registered pion pair. Figures 5 and 10
also demonstrate the relative contribution of the first and
second terms in Eq. (32) to the nonfemtoscopic correlation
functions.

V. ANALYTICAL MODEL FOR EVENT-BY-EVENT
MOMENTUM SPECTRA FLUCTUATIONS

As it follows from our previous discussion, the lower
magnitude of the nonfemtoscopic correlations at relatively
low g;,, for like-sign pion pairs as compared to the corre-
lations of unlike-sign pions is natural if pions are produced
through minijet fragmentation. However, this cannot be the
case for other production mechanisms that do not include
noticeable production of minijets. For example, if thermal-
ization takes place in p + p collisions and hydrodynamical
evolution forms the ‘“‘soft” momentum spectra,4 then the
production of minijets at relatively low py is, typically,
reduced. In this case utilization of the nonfemtoscopic
correlations of like-sign pion pairs obtained in the
PHOJET and similar event generators as a correlation base-
line for the femtoscopic correlations [see Eq. (4)] can be in
doubt. Then the question arises whether the unlike two-
pion correlations in p + p collisions, which are repro-
duced in PHOJET-like models, are ultimately caused by
minijets and conservation laws only, or whether a similar
behavior can be attributed to hydrodynamics also.

First, note that there are no correlations induced by the
exact global energy-momentum conservation in hydro-
dynamic models, and corresponding conservation laws
are satisfied only in average for particles that are produced
at some hypersurface where hydrodynamics is switched
off. The global energy-momentum conservation con-
straints can be added on an event-by-event basis if the
post-hydrodynamical hadronic stage is calculated by
means of some hadronic cascade model (the so-called
“hybrid” model). One more source of the nonfemtoscopic
correlations in such models are event-by-event fluctuations
of initial conditions for the hydrodynamical stage. These

“Hydrodynamic models, perhaps, can give a reasonable de-
scription of elementary particle collisions; see, e.g., [16].
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fluctuations result in fluctuations of the two-particle and
single-particle momentum spectra, and, as usual, the effect
of the fluctuations is more pronounced for small systems.
Then, an important question is whether such correlations
can be similar to minijet induced correlations that, as we
know, may reproduce unlike-sign pion correlations at rela-
tively low g;jpy-

Let us give an illustrative example of nonfemtoscopic
correlations that appear because of event-by-event fluctu-
ating initial conditions for the hydrodynamic stage (in
hybrid models this stage is matched with the subsequent
hadronic cascade stage) and are similar to the ones pro-
duced by minijets. Suppose that the N-particle probability
density is defined as

Py(p1, P2 ) = D WPy (P, o pyiuy), (33)

where Py(py, pa, ..., py; u;) is the N-particle probability
density for some u; type of the initial conditions, and
w(u;) denotes the distribution over initial conditions,
S w(u;) = 1. To analyze the possible effect of fluctuating
initial conditions, here we neglect conservation law con-
straints and the production of minijets. Because we assume
uncorrelated particle emissions for each specific initial
condition, one can write

Py(pi P2 - os PN U7)
= f(pisu)f(pasuy) ... f(py—rsu)f(pysui),  (34)
where we normalize f(p;u;) as fd%”f(p;ui) =1, and

then K = 1; see Egs. (13) and (14). The two-particle non-
femtoscopic correlation function Cyr then reads

Siwu) f(prsu)f(py;u;)
w(u) f(pisu;) Zj W(”_j)f(]?z; Mj) .

Cne(p1s p2) = Z (35)

Evidently, the different type of fluctuation, i.e., the form
of the distribution w(u;), leads to a different behavior of the
nonfemtoscopic correlations. To illustrate that fluctuations
can lead to the nonfemtoscopic correlation functions that
are similar to the ones induced by minijets, let us consider
the toy model where

w(uy) = % exp(—u?a?), (36)

2
f(piug)= %ECXp(—(pT —ur)?BHexp(—piy?), (37)

and normalization is chosen in such a way that
Jd?urw(uy) =1 and f”pT”f(p;uT) = 1. The main fea-
ture of such a model is that event-by-event single-particle
transverse momentum spectra have a maximum for event-
by-event fluctuating p values. Such momentum spectrum
fluctuations could take place, e.g., in hydrodynamics with a
highly inhomogeneous initial energy density profile
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without cylindrical or elliptic symmetry.” One can easily
see that in this case Cyp decreases with g2,
4

Cxe(p q) ~ exp(— 2(a2,87+,§) C]%) (38)
and this means [after taking into account (27) and (28)] that
Cyr decreases with g7, too, which is similar to the behav-
ior of Cyr if the nonfemtoscopic correlations are induced
by minijets. At the same time, unlike the latter, the hydro-
dynamical fluctuations lead to similar correlations for like-
sign and unlike-sign pion pairs. Then, our analysis suggests
that, up to different resonance yields, the value of the slope
of the correlation baseline at relatively low g¢;,, can be
somewhere between pure hydrodynamic (i.e., the same as
for nonidentical pion pairs) and pure minijet (i.e., lower
than for nonidentical pion pairs) scenarios.

VI. CONCLUSIONS

We presented here a simple analytical model that takes
into account correlations induced by the total transverse
momentum conservation as well as correlations induced by
the minijets. It is shown that the model gives a reasonable
description of the correlations of nonidentical pions mea-
sured by the ALICE Collaboration [7] in p + p collisions
at /s = 900 GeV, and also the nonfemtoscopic correla-
tions of identical pions generated in the PHOJET simulations
of p+ p collisions and utilized by the ALICE
Collaboration [7] as the correlation baseline. We conclude
that the cluster (minijet) structures in the final momentum
space of produced particles can result in noticeable non-
femtoscopic two-pion correlation functions that decrease
when ¢;,, grows at relatively low g¢;,,, while the global
energy-momentum conservation constraints typically re-
sult in an increase with g;,, for fairly high g;,,. Our model
can be utilized for simple estimates of the nonfemtoscopic
correlations induced by minijets and conservation laws that
contribute to the total two-particle correlation functions.

There can be different types of multiparticle production
mechanisms, and some of them could result in qualitatively
similar nonfemtoscopic correlation functions. We pre-
sented heuristic arguments that the two-pion nonfemto-
scopic correlation functions calculated in hydrodynamics
with event-by-event fluctuating initial conditions can be
qualitatively similar at relatively low g¢;,, to the ones
calculated in the PHOJET-like generators, where the non-
femtoscopic correlations for low g;,,, are mainly caused by
minijets. It is worth noting an important difference be-
tween the nonfemtoscopic correlations induced by minijets
and hydrodynamical fluctuations: while the former lead to
a higher magnitude of the nonfemtoscopic correlations for
unlike-sign pion pairs as compared to like-sign pions, the

STt seems that this is the case in heavy ion collisions, where
nonsymmetrical fluctuations of initial conditions lead to nonzero
vz and higher flow harmonics (see, e.g., Ref. [17]).
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latter result in a similar (up to the resonance contributions)
strength of the nonfemtoscopic correlations for identical
and nonidentical pions. Then, if the applicability of hydro-
dynamics to p + p collisions is supported, such an analysis
allows one to estimate the correlation baseline and, so, to
extract the femtoscopic scales in these collisions by means
of tuning the hydrokinetic model to reproduce the experi-
mental unlike-sign pion correlations.

Because the particle production mechanisms in p + p
are still unclear, the nature of nonfemtoscopic correlations
in these collisions is also an open question. Different
dynamical models, that reproduce unlike pion correlations,
can give different estimates of the correlation baseline and,
so, lead to different results for the correlation femtoscopy
analysis of the space-time scales of the collision process.
In our opinion, this difficulty can be overcome if the
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correlation analysis is applied not to femtoscopic correla-
tion functions, but to experimental data reported for the
total correlation functions of pion pairs. Then the space-
time scales can be estimated by means of the dynamic
model that will also be able to reproduce, among other
observables, these complete correlations.
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