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Particle production in hadronic collisions can be studied in the low-momentum (soft) and high-
momentum (hard) transfer regimes. While the latter can be well understood within perturbative QCD, the
former contains nonperturbative effects which cannot be calculated from first principles. There is also an
intermediate regime called semihard, in which the momentum transfer runs typically from 1 to 10 GeV. As
the hadron-hadron collision energy increases, we expect to see a relative growth of the number of semihard
events. It has been conjectured that this growth would be the cause of some changes observed in the
multiplicity distributions measured in proton-proton collisions. In this paper we revisit the separation
between soft and semihard events using the formalism of k; factorization. The separation is implemented
through the introduction of a scale that is the cutoff A in the transverse momentum of the produced gluon
and allows us to compute the average number of particles produced in each regime. These numbers are used
as input in the double negative binomial fit of data, from which we can extract correlations between the
fraction of semihard events and the violation of Koba-Nielsen-Olsen scaling.
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I. INTRODUCTION

The multiplicity distribution (MD) of charged particles
measured in high-energy proton-proton collisions is one the
observables that is not yet well understood in QCD. For a
comprehensive review, see [1]. For the multiplicities of
particles in jets, in the limit of very high energies and very
high multiplicities, there are robust predictions of pertur-
bative QCD (pQCD) [2]. For other types of events, there are
significant nonperturbative effects and we cannot perform
calculations from first principles. In the absence of a
straightforward connection between theory and data, we
have to resort to models. However, even this task is
complex because of the nonperturbative nature of hadro-
nization. The “top-down” models, such as those based on
the color glass condensate (CGC) approach [3], or event
generators, such as Pythia [4,5], give only an approximate
description of the measured MD’s which exhibit a complex
structure. Many works have taken a “bottom-up” approach,
i.e., trying first to find empirical regularities in the data,
obtaining successful parametrizations of these data, and
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then searching for scaling laws and their violation. After this
first step, one tries to connect the empirical observations with
the theory. Along this line, the fits with the negative binomial
distribution (NBD) were very successful for many years and
especially for lower-energy data. But, at the /s = 900 GeV
super proton synchrotron energy, the NBD started to fail in
describing the measured multiplicity distributions, which
exhibited a shoulder-shaped structure [1].

For LHC energies, a single NBD fit turned out to be
problematic. In the early ALICE data [6], for the class of
nonsingle diffractive (NSD) events, no strong deviation
from a single NBD fit was observed at /s = 0.9 and
2.36 TeV for || < 1, but a hint of a substructure appeared
at || < 1.3. However, in [7] for all event classes, already at
/s = 0.9 TeV, the single NBD fits began to diverge from
the data at the highest multiplicities for || < 0.5 and
|n| < 1.0. Even more significant departures from the single
NBD started at /s = 2.76 TeV.

A fruitful idea was to interpret the shoulder-like structure
observed in the data as coming from a superposition of
two negative binomial distributions (referred to as DNBD).
The two NBDs could be associated to two different sources
or two different types of processes. In the first case, as
advocated, for example, in [8,9], the sources are well
separated in rapidity. In the second case, the two NBDs
would come from soft and semihard processes. This latter
idea was advanced long ago in [10], further developed in
[11], and more recently in [12]. A review on this subject can
be found in [13]. For the TeV region, the expectation was
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that, with increasing energies, the semihard component
would become more important than the soft one. In parallel,
a violation of the Koba-Nielsen-Olsen (KNO) scaling [14]
was observed, suggesting a connection between the two
findings. The latest LHC data [15,16] confirmed that for
narrow pseudorapidity windows a single NBD was enough
to reproduce the observed distributions and also that KNO
scaling was valid. For larger windows, two NBDs were
needed and KNO scaling was violated.

In [11,13], the difference between soft and semihard
processes was only that the latter yield larger mean
multiplicities. In the present work, using the k; factoriza-
tion formalism [17,18], we can make a better separation
with the proper introduction of an energy scale. Moreover,
the introduction of this formalism reduces the number of
parameters. As will be seen, we will obtain fits with very
good quality and we will extract from them, with less
ambiguity, the behavior of the parameter a with the energy
/s and with the size of the pseudorapidity window. This
parameter represents the fraction of soft events.

II. THE k; FACTORIZATION APPROACH

At high-energy collisions between hadrons or heavy
ions, a large number of gluons is produced due to the dense
gluon population in the hadron wave function. Using the
CGC formalism, particle production in high-energy had-
ronic collisions can be studied through the k7 factorization
approach, where the inclusive production cross section is
given by [18,19]

do 4zN..

1 P
d3p = KN2 _ las(Qz) p2 / dki(pl(xl’ ki)
c 1

X py(x2. (p = k)3). (1)

where x;, = ’\’/i-exp (£y), v/s is the center-of-mass energy,

N, is the number of colors and K is a normalization factor
that describes the conversion of partons to hadrons. ¢ is the
unintegrated gluon distribution (UGD) of a proton, and it
can be related to the gluon density by

wGle) = [ " AR (. 12). @)

The multiplicity per unit of rapidity can be computed by
integrating (1) over p |,

dN 1 P 1 max dU
kA d&p E——, 3
dy S /pL min pL d3 p ( )

where S is a typical interaction area, and the minimum
and maximum values of p, are determined by the
experimental conditions. In (3), the main contribution is
given by two regions of integration over k,: k; < p, and
|pL — k.| < p,. Hence, we can rewrite it as [20]

dN K 47TN P 1 max dp
a0
p

dy SN?-

L min

PL
X {fm(xl,m)/ di3 3 (x2, k1) + @2 (x2, p)

pPL
X / dki(pl(xl’kl):|

K 4zN,
CSN2=1Jp Pl
& P 1 min pJ_

S aS(QZ)XGz(Xz, pi>XG1(xlvpi)’ (4)

P 1 max dpi

where the equation in the first line was integrated by parts.
The multiplicative constants K and S can be grouped into a
single parameter, which is fixed by fitting the available
pseudorapidity distributions.

The running coupling constant o, follows the one-loop
approximation and is assumed to freeze at 0.52:

127

Q2>
271n(;E-

with Agcp = 0.226 GeV. The scale Q? at which the strong
coupling a,(Q?) is evaluated in Eq. (4) is defined as

Q2 — max [pi, min (Q%] ’ Q%,Z)] (6)

In order to proceed with our calculation we need to choose
the unintegrated gluon distribution. We will use two very
well-known UGDs, namely the Golec-Biernat-Wiisthoff
(GBW) [21,22] and the Kharzeev-Levin-Nardi (KLN) [20].

a,(Q?) = min ,0.52], (5)

A. GBW model

We will use the GBW model [21,22] because it comes
from a simple and well-established parametrization,
which is known for its success in describing a wealth of
experimental data on particle production, including both
hard and soft processes. For the purposes of our work, the
GBW model is especially appropriate because it reproduces
very well the DIS data on F, at very low scales, which are
consistent with the low transverse momenta of the majority
of particles produced at the LHC. At these scales, the UGD
derived from the GBW model is also consistent with much
more sophisticated UGDs [23]. For a recent account of the
successes of the GBW model, see [24] and references
therein. The GBW UGD reads:

36, K %
—orer (gt ) O

477205‘?( sl,z) Sio S12

(p1,2<x1,2;ki) =

where the saturation scale Q2 is defined as

: 2 (xogeiy)ﬂ. ®)
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The parameters were fixed as in [19]: Qy = 0.6 GeV,
xo = 0.01, 2=0.205, and 6, =23 mb. The UGD (7)
leads to the gluon distribution function expressed as

36, )

i (O
—exp< pi) (P2 + an)> (1—x2)*%
)

Here, as in [20], the factor (1 — x)* is introduced to account
for large-x effects.

XGl,z(xl.z;le)

B. KLN model

The KLN model provides a simple form for xG, given
by [20]

a\(QS%]z)pi(l _x]’2)47 J‘ < QSIZ

xGo(x10:p7) =
ao QL -x)t pu> 03

(10)
|

The saturation scale is parametrized in the same way as in
the GBW model, and its parameters were fixed to the same
values used in the GBW model [25].

C. Soft and semihard components

In expression Eq. (1), and also in Eq. (4), one gluon with
p1 is produced from the fusion of a gluon with £, and
another gluon with p| — k. Therefore the momentum p |
is, to a good approximation, the minimum value of the
momentum flowing in the three gluon vertex, i.e., the one to
be used in the running coupling constant. For p, larger
than a few GeV, the coupling a,(Q?) becomes sufficiently
smaller than one and we are in the perturbative domain.
We will thus follow the literature and call these events
“semihard.” The events with lower values of p, will be
called “soft.” Accordingly the total multiplicity per unit of
rapidity is the sum of the contributions from the soft and
semihard events. The separation is achieved by introducing
a cutoff A in the integral over p |, which defines the two
contributions:

dN K 47[N A dpl P 1 max dpl
e [ (01365 6 0 2) 4 [ U 013G 66 5, 2
dN; dN,
=—= 2k (11)
dy dy
where N, and N, are the soft and semihard components N=N;+ Ny, (15)

respectively. In the context of the CGC formalism, a similar
separation criterion was introduced in [26]. To calculate the
pseudorapidity distributions, one should rewrite expression
(11) using the transformation

\/coshzn + p? + sinhp

y(n 12
) = 2 \/COShZT]-l-H —s1nh;7 (12)
where the scale y is given as [25]
0.24
= 13
MV =515 0.32(y/5)0115 (13)
and the Jacobian reads:
dy coshpy
J(n) = (14)

T \/coshZy + 42

Changing variables and integrating (11) over the pseudor-
apidity we obtain the average multiplicity:

We emphasize that in the case of the GBW UGD the
only free parameter is the constant K/S which is going to
be determined by using Eq. (11) to fit the measured
pseudorapidity distributions. When using the KLN UGD,
the fitting parameter will be KS. It is also important to
mention that Eq. (11) describes the gluon production and,
after integration, the number of gluons produced. As done
in previous works, we shall assume here that the number
of produced partons is equal to the number of hadrons
resulting from the hadronization of these partons (“parton-
hadron duality”). The approximate equality between these
numbers has been (successfully) tested recently in [27],
where the authors used Pythia to calculate the hadron
multiplicities within jets with and without using the
LUND prescription for hadronization. They found a small
difference between the number of partons and the number
of hadrons.

In Fig. 1 we show the rapidity distributions measured by
different collaborations of the LHC at different energies.
The ky factorization rapidity distribution obtained with the
GBW and KLN UGDs are not very different from each
other and both seem to be consistent with the data.
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ALICE NSD pp collsion at /s = 0.90 TeV

CMS NSD pp collsion at /s = 0.90 TeV

CMS NSD pp collsion at /s = 2.36 TeV

—— KLN — KLN 50 — KLN
-== GBW -== GBW -== GBW
4.0 4+ data 3.8 + data 4+ data
4.8
3.9 3.7
= s =
238 T 34 6
> =3.6 >4
s ] s
3.7
35
3.6 4.4
3.4
3.5 4.2
-2 -1 0 1 2 -2 -1 1 2 -2 -1 0 1 2
n n
ALICE NSD pp collsion at /s = 2.76 TeV ALICE INEL > 0 pp collsion at /s = 5.02 TeV ALICE NSD pp collsion at /s = 7.00 TeV
52 e 52 T o T
6.2
5.0
s .g5.1 =
> > >6.0
248 g £
5.0
5.8
4.6
4.9 5.6
4.4 -2 -1 0 1 2 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 -2 -1 0 1 2
n n n
CMS NSD pp collsion at /s = 7.00 TeV ALICE NSD pp collsion at /s = 8.00 TeV ALICE INEL > 0 pp collsion at /s = 13.00 TeV
— —w 61 —w
6.4 4+ data 4+ data
6.6
6.2
3 S65
6.0 z
S S
6.4
5.8
6.3
5.6
—0.75 —0.50 —0.25 0.00 0.25 0.50 0.75
n
FIG. 1. Pseudorapidity distributions. The dashed lines are obtained from Eqs. (11) and (9). The solid lines are obtained from Eqgs. (11)

and (10). Data are from CMS [28,29] and ALICE [7,16]; the bars show the combined uncertainties.

Therefore we believe that for the purposes of this work,
using Eq. (11) is sufficient.

III. DOUBLE NEGATIVE BINOMIAL
DISTRIBUTION

In [30], Giovannini and Ugoccioni proposed a two-
component model combining two NBDs associated with
two event classes: “soft” and “semihard” processes. Recent
analyses performed by the ALICE Collaboration showed that
the double NBD fit yields a good description of the data on
multiplicity distributions from 0.9 to 8 TeV [7,15,31] within
several pseudorapidity windows. In this work, we will use
their model. The DNBD is expressed as follows:

P(n) = AaP(n., (n),. k) + (1 —a)P(n, (n)g. kg)l.  (16)
where

I'(k+n) (n)"kk

P 00K = 0 r G+ 1) ) + kot

(17)

In each NBD, (n) is the average multiplicity and the para-
meter k is related to the dispersion D (D* = (n?) — (n)?)
through

D? 1 1

CHECR 18)
where i = {s, sh}. The parameter « represents the fraction of
soft events; consequently, (1 —a) denotes the fraction of
semihard events; (n) and (n), are the mean multiplicities of
soft and semihard events respectively; k, and kg, are the
negative binomial parameters of the soft and semihard
components. The first few bins cannot be reproduced by
any NBD and they are related to a different production
mechanism, not included in our formalism. Therefore, these
bins were removed from the fitting process. To account for
this, a normalization factor A was introduced [7,32]. The
average multiplicity obtained from (16) can be expressed as

(n) = Ala(n); + (1 = a)(n)). (19)

Comparing expression (19) with (15), and recalling that
N = (n), we conclude that

Aafn)s = Ny,
’1(1 - a)<n>sh = Nsh- (20)

Since N, and N, are known, these two equations reduce the
number of free parameters from six to four: a, 4, k,, and kg,.
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IV. KNO SCALING

The Koba-Nielsen-Olesen (KNO) scaling [14] is a feature
of MDs that asserts that, in the limit of (n) — oo, the
probability distributions P(n) at different energies, once
rescaled by (n), become copies of each other. In other words,
if one plots (n)P(n) versus n/(n) for different energies, all
curves collapse onto a universal function y(n/(n)):

mp) =w( %) e1)

A direct consequence of KNO scaling is that the total
scaled variance, in the scaling limit, increases linearly with
(n) [33-35]:

o =-—=«(n), (22)

with x = const > 0. In the case of the DNBD, using (19)
we have

D? = ia(n?), + (1= a)(n?)g] = (n)* = (D + (n)?) + (1 = a)(D3, + (n)3,)] = (n)?

= fa(t+ B 2 ) - (i + )| -

s

sh

= (n)—(n)>+1 [a<n>§ (1 + kl> + (1 —a)(n)?, (1 + k%)} (23)

s

where in the second line we made use of (18). Dividing the above equation by (n) we obtain the scaled variance:

and hence

(n), (25)
where

| m<n>§(1 ﬂ%) +(1 —a)<n>§h(1 +¢) .

ktotal B <l’l>2
(26)
In the limit (n) — oo, we finally obtain
1
o~ (n). (27)
ktotal

This is precisely (22), with 1/k. being the positive
constant. Hence the validity of KNO scaling requires that
1/kyora remains energy independent and in our analysis, we
examine this quantity.

It is possible to improve the quantitative study of KNO
scaling by analyzing the energy dependence of the C
moments (C, = (n?)/(n)?). In the limit (n) — oo they
should become energy independent. In the case of single
NBD models one can derive analytic expressions for the C,
moments as a function of (n). In [36], it was shown that

1 +—) +(1 —a)<n>§h<1 +L>} (24)

In the limit of large mean multiplicity (and hence energy),
C, remains constant if k is constant. In [36], it was shown
that, when || < 0.5, this is approximately the case and C,
is constant. For larger pseudorapidity windows, this is no
longer true. The higher moments show a more complicated
dependence on (n) and the data show larger error bars. We
will not perform a study of the moments in this work.
Nevertheless, we would like to point out that for the double
NBD approach it is possible to establish a connection
between the moments and k.. For example, it is easy to
show that in the scaling limit we have

1

C =1+
g ktotal

Before concluding this section, we would like to mention
that the study of KNO scaling belongs to the “bottom-up”
approaches to multiplicity distributions mentioned in the
Introduction and it is not the only scaling that has been
investigated. Other empirical regularities have been found
in the data, which might have consequences for the
multiplicity distributions, such as geometric scaling [23]
(and references therein) and entropy scaling [37].
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TABLE 1. Values of K/S and KS for different energies. The
data used are taken from CMS [28,29] and ALICE [7,16].
Data Vs (TeV) K/S (GeV?) KS (GeV~2)
GBW KLN

[28] 0.9 0.0968 £ 0.0011 0.3726 £ 0.0043
[7] 0.9 0.1015 £ 0.0011 0.3944 + 0.0044
[28] 2.36 0.0993 £ 0.0011 0.3772 £ 0.0043
[7] 2.76 0.1001 £ 0.0012 0.3821 £ 0.0047
[16] 5.02 0.0929 =£ 0.0005 0.3599 £ 0.0023
[29] 7.0 0.0975 £ 0.0012 0.3683 £ 0.0046
[7] 7.0 0.0965 + 0.0007 0.3674 £ 0.0030
[7] 8.0 0.0952 + 0.0007 0.3631 £ 0.0029
[16] 13.0 0.0888 £ 0.0005 0.3468 £ 0.0021

V. RESULTS AND DISCUSSION

The global normalization parameters K/S and KS are
obtained by fitting Eq. (11) to the data at different
energies. Their values are shown in Table I. It is
reassuring to see that the normalization factors depend
very weakly on the energy. As can be seen in Fig. 1, we
obtain an overall good description of the pseudorapidity
distribution data.

To obtain the soft and semihard average multiplicities
from (11), we fix the separation scale to be
A = 1.4 GeV. This value is approximately the same as
that used in [38] and falls within the range of usual
values used to define the separation between soft and
semihard physics (see [38,39] for further references).

CMS' and ALICE" NSD pp collsion at /s = 0.90 TeV

CMS NSD pp collsion at /s = 2.36 TeV

In [40] we have carefully studied the dependence of our
results on the choice of A, varying it from 1 to 2 GeV.
The conclusion is that the absolute values of the fitted
parameters become different but their behavior with the
energy and size of the pseudorapidity remains the same.
Having determined the normalization factors and fixed
the separation scale, we use Eq. (20) together with (16)
to fit all LHC data on MDs to determine the parameters
4, a, kg, and kg,. For the GBW UGD, the values of these
parameters can be found in Table II in the Appendix,
together with the values obtained for the multiplicities
and for k.

From Table II we can infer that the variables which are
usually called (n,) and (n,) indeed correspond to (n) and
(ngp,) respectively. Moreover, the previously found relation
(ny) ~3(n;) becomes (ng,)~3(n,), and remains valid,
changing slightly with the center-of-mass energy and with
the size of the rapidity window. This is consistent with the
findings of the ALICE study published in [7] and in the
analysis of CMS data performed in [11].

In Fig. 2, we show the comparison between the data
and our model with the GBW UGD. We obtain fits of
very good quality, which is reflected in the low values of
x%, among the smallest values reported in the literature
for this class of model. The DNBD function provides a
precise description of the entire set of multiplicity
distributions measured at the LHC. This result is par-
ticularly remarkable given the reduction of free param-
eters from 6 to 4. For the KLN UGD we also obtain
excellent fits. For the sake of conciseness, we do not
show them here.

ALICE NSD pp collsion at /s = 2.76 TeV

10!
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~ |l <15 x 100
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CMS! and ALICE" NSD pp collsion at /s = 7.00 TeV

ALICE NSD pp collsion at /s = 8.00 TeV
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~ "|nl < 3.0 x 100000
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FIG. 2. Multiplicity distributions measured by different collaborations. In the bottom-right panel we show the MDs measured in
inelastic events (INEL). All the other panels show data from nonsingle-diffractive (NSD) events. The fits are obtained with Eq. (16)
using GBW UGD and the fit parameters are listed in Table II. Data are from CMS [41] and ALICE [7,15,31]. The colored bands show

the combined uncertainties.
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FIG. 3.
.| < 2.4, d) |n.| < 3.4.

In order to verify whether KNO scaling is observed in the
LHC data, we could simply plot the data. However, this
would produce some visually cumbersome figures, espe-
cially when including the errors. Instead, since our fit of
the data is very good, we plot the multiplicity distributions
computed with Eq. (16) and presented in terms of the
KNO variable. For the GBW UGD, the resulting curves are
shown in Fig. 3. It is very clear that for the smallest
pseudorapidity window (|57| < 0.5) KNO scaling holds. For
the others, the larger the window, the more KNO scaling is
violated. We emphasize that using the KLN UGD we
would obtain new versions of Figs. 2 and 3, which would
be indistinguishable from them.

In [2] it was shown that in the very high energy limit
pQCD predicts scaling. Having this in mind, we might
think that the perturbative events are concentrated in
the narrow, central rapidity window and are responsible
for the scaling, whereas the nonperturbative events are
increasingly important at larger rapidity windows. If
this were the case, we would expect that the parameter
a would fall strongly with the energy for || < 0.5 and
stay constant or increase in the other windows. However,
this is not the case. In Fig. 4 we show the evolution
of the parameters a, kg, kj,, and k,,; with the energy for
different rapidity windows. They were obtained from
fitting the data with Eq. (16) and the GBW UGD. In
particular, in Fig. 4(a) we see the behavior of @ with /s
for all windows multiplied by some numerical factor for
the sake of clarity. We can see that the falling behavior is

KNO scaling n. = 1.5

0
10 —— DNBD /s = 0.90
DNBD /s = 2.36
10—1 —— DNBD /s = 2.76
—— DNBD /s = 7.00
—— DNBD /s = 8.00
2102
z
a 103
10—
—5
10755 3 3 6 8
N/(N)
()
KNO scaling 7. = 3.4
—— DNBD /5 = 0.90
/ DNBD /s = 7.00
~—— DNBD /5 = 8.00
_107!
=3
z
a
102
0 i 2 3 4 5
N/(N)
(d)

KNO scaling of multiplicity distributions for various pseudorapidity windows (-1, < n < +7,). a) |n.| < 0.5,b) |n.| < 1.5,¢)

the same for all windows and, contrary to previous
expectations, there is no correlation between a and the
violation of KNO scaling. In fact, if we did not multiply
the values of a by the separating numerical factors, they
would fall onto a single curve (within a few percent of
uncertainty). Interestingly, in [7] the ALICE Collabo-
ration performing a similar DNBD analysis of the same
data found that a increases with the energy /s in all
rapidity windows (see Table 10 in that reference). This is
an example of how the introduction of constraints can
bring about not only quantitative but also qualitative
changes in the behavior of the fit parameters.

As for the other parameters, we see a marked change in
the behavior of k, and k,, with /s, going from constant
when || < 0.5 to rapidly falling for wider windows, as can
be seen in Figs. 4(b) and 4(c). Giovannini and Ugoccioni
proposed in [10,42] three scenarios for the behavior of k;
and kg:

(i) Both k, and k,;, remain constant with energy, which
means that KNO scaling is valid for both soft and
semihard components.

(i1) k, is constant with energy and k,, decreases
linearly with increasing energy, implying that
KNO scaling is strongly violated by the semihard
component.

(iii) k, is constant with energy and kg, starts decreasing
with increasing energy, but asymptotically tends to a
constant value, implying that KNO scaling violation
is not very strong.
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FIG. 4. GBW UGD. Behavior of the fit parameters with increasing energy for several pseudorapidity windows (=5, <5 < +7..).
a) a; b) kg; ¢) kg, and d) ko - The lines are just to guide the eyes. The data points in blue refer to INEL events. All the others refer to

NSD events.

Our results presented in Fig. 4 suggest that none of
these scenarios is supported by data. Moreover we
emphasize the importance of the relation (27) and of
studying the behavior of k. Indeed, since 4 and @ may
depend on the energy, the simple constancy of k, and kg,
does not ensure KNO scaling. The constancy of ki
does. In Fig. 4(d) we show k., as a function of the
energy for different pseudorapidity windows. It is con-
stant only for || < 0.5 and energy dependent in the other
pseudorapidity windows. The results and conclusions
obtained with the KLN UGD, shown in Fig. 5, are quite
similar, except for the behavior of k, which might be
constant with the energy.

We can compare our results with those reported in [7],
where a similar DNBD fit was performed. The compari-
son shows that the order of magnitude of the parameters
is the same. However, in contrast to [7], we find a clear
trend which separates the narrower rapidity window,
|n] < 0.5, from the wider ones. In the former, k; and
kg, are constant with energy, whereas in the latter these
parameters decrease with increasing energies. This fea-
ture, along with the observation that KNO scaling holds
only in the narrower window, strongly suggests that there
is a change of dynamics when we go from one region to
the other.

In our formalism a change of dynamics can happen when
we go from smaller to larger rapidities. Remembering that
in the 2 — 1 kinematics the rapidity of the produced
particle is y = 1/2In(x;/x,) we see that, when y is large
X, 18 necessarily small. In contrast, when y is close to zero
we have x; ~ x, and then both x; and x, can be large.
Hence the change of dynamics means for us accessing the
low x saturation region. We then might be tempted to say
that “saturation breaks the KNO scaling.” However, before
drawing this conclusion we must consider other aspects. One
of them is the contribution of valence quarks, which was not
included in our calculation and is known to be sizable at large
rapidities. Other changes in dynamics, which could happen
together with saturation are, for example, the emergence of
double parton scattering [43] or changes in the number or
properties of the clans [10,13].

To summarize:

(1) Using the k; factorization formalism and introduc-
ing a separation scale in the transverse momentum
we were able to properly define soft and semihard
multiplicities, giving a physical meaning to the
previously called multiplicity components n; and
n,, proposed in [30] and used in [7,15,31].

(2) With this separation, we could perform a DNBD fit
of the multiplicity distributions measured at the LHC

094045-8



SOFT AND SEMIHARD COMPONENTS OF MULTIPLICITY ...

PHYS. REV. D 112, 094045 (2025)

a vs /s for all 7,

ks vs /s for all 7

FIG. 5.
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KNL UGD. Behavior of a, kg, kg, and k., with increasing energy for various pseudorapidity windows (=7, < n < +1..). a)
a, b) ky, ¢) kg, and d) k- The lines are just to guide the eyes. The data points in blue refer to INEL events. All the others refer to NSD
events. The error bars in (c) were omitted because they are too large, which would hinder the visualization of the mean points.

with fewer free parameters (4 instead of 6), obtaining
very good fits.

The resulting behavior of the parameters «, k,, and &,
with the collision energy is consistent (but slightly
different) with those found in previous analyses.
KNO scaling occurs for the total MD when ki is
independent of the /s and this happens only for || <
0.5. Furthermore, within the same pseudorapidity
window, KNO scaling is also satisfied for the soft
and semihard components; that is, k; and k;, are also
energy independent.

KNO violation is not related to changes in o and
may have a dynamical origin due to changes in N,
Ny, kg, and kg, with pseudorapidity.

The results obtained with the GBW and KLN UGDs
are similar.
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APPENDIX: TABLES

In this Appendix we present the values of the fit
parameters displayed in Table II.
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