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In this paper we analyze in detail the production of strangeness in proton-proton collisions in the
kinematics of large transverse momenta pT of produced hadrons. Using the color dipole framework, we
estimate the production cross sections for kaons and demonstrate that the shapes of the pT dependence are
in agreement with available experimental data. We also analyze the self-normalized yields of strange
hadrons as a function of multiplicity of coproduced hadrons, and find that the predictions are in agreement
with the faster-than-linear growth seen in experimental data. Our description is largely parameter free and
extends our previous studies dedicated to the explanation of multiplicity enhancement of quarkonia, as well
as open heavy flavor D and B mesons.
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I. INTRODUCTION

Since the early experiments at RHIC and SPS [1–6], the
production of strangeness in hadronic collisions has been
used as one of the probes of quark-gluon plasma (QGP)
formation and, therefore, described in the framework of
QGP-inspired hydrodynamic models [7–21]. Usually the
QGP manifests itself indirectly in experimental data, and
for this reason, in order to disentangle it, properly designed
observables are required. Historically, enhancement of
strange particle yields in heavy-ion collisions (compared
to pA and pp production of the same strange hadrons)
has been used for this purpose. However, this observable
requires careful understanding of strangeness production
in two channels, as well as possible contributions of cold
nuclear matter effects in heavy-ion collisions. Another
observable, which is usually attributed to QGP, is the
enhancement of strangeness in events with large multiplic-
ity of coproduced hadrons. This observable might be
studied independently in pp, pA, or AA collisions. While
early experiments confirmed the expected enhancement in
heavy-ion collisions, similar effects were later observed at
the LHC in not only heavy-ion but also pA [22,23] and
even pp collisions [24], where QGP formation in signifi-
cant amounts is highly unlikely even at TeV-range collision
energies. For this reason it makes sense to better understand
the microscopic mechanisms of this phenomenon, at least
in pp collisions. In general, the application of perturbation

theory for strangeness production is challenging due to the
lack of a hard scale. Therefore, the phenomenological
description of strangeness production has been mostly
limited to studies in the framework of Monte Carlo gen-
erators [25,26], and inevitably includes additional model-
dependent assumptions.
Recently, detailed studies of heavy quarkonia [27–29]

and open heavy flavor mesons [30] in pp collisions have
discovered that a similar enhancement with multiplicity
also happens for the production of heavier flavors. This
effect has a quite complicated dependence on the details of
experimental setup, on the existence of rapidity gaps
between the heavy hadrons and colliding protons [31],
as well as (possibly) on the quantum numbers of the pro-
duced quarkonia states [32]. Taking into account the
similarity of multiplicity enhancements observed in the
strange, charm, and bottom sectors, it is very desirable to
describe the phenomenon for all flavors in the same
framework. Since the strange quarks have very light
masses, in general it is not possible to apply the theoretical
tools that rely on the heavy quark mass limit for their
justification. Nevertheless, in the kinematics of very large
transverse momenta pT of produced strange hadrons, the
latter variable effectively plays the role of a hard scale,
partially justifying the use of such perturbative tools. For
this reason, in what follows we will try to extend the earlier
description of the charm sector to the strangeness produc-
tion in large-pT kinematics. Our analysis will be mostly
focused on the production of kaons and Λ baryons, due to
the lack of information about the fragmentation functions
of other strange hadrons.
While the high-energy hadroproduction can be described

in the two-gluon (two-Pomeron) fusion picture [33–43],
as was pointed out in Ref. [25], the description of the
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multiplicity dependence presents challenges for the estab-
lished two-Pomeron paradigm. These findings agree with
expectations of the saturation phenomena in the small-x
kinematics, as well as earlier results of the Regge approach
[44–49], which relate the multiplicity enhancement to
contributions of multiple Pomeron exchanges. In the
framework of the color dipole (CGC/saturation) approach
[50–58], all such multigluon (multi-Pomeron) interactions
are naturally incorporated. This approach gives a plausible
description of different heavy mesons, particularly the
D- and B-meson production [59–63]. The generalization
of this framework to high-multiplicity events is well known
from the literature [63–72] and allows to explain the
multiplicity dependence in both the charm and bottom
sectors [29,62,73–78]. For this reason, in what follows we
will use the CGC/saturation approach for our evaluations.
The paper is structured as follows. In Sec. II we

introduce the framework for strangeness production in
the CGC/saturation approach. In Sec. III we make numeri-
cal estimates for the cross sections and compare them with
available experimental data. In Sec. IV we discuss the
multiplicity dependence of strange hadrons in the large-pT
kinematics and demonstrate that our approach can describe
the experimentally observed dependence for kaons and Λ
baryons. Finally, in Sec. V we draw conclusions.

II. PRODUCTION OF STRANGE HADRONS
VIA FRAGMENTATION

We assume that all strange hadrons are produced via
a fragmentation mechanism, and we will perform our
evaluations within the framework developed earlier in
Refs. [59–63]. In this approach the cross section is related
to the quark pair Q̄Q production cross section by

dσpp→MþX

dyd2pT
¼

X
i

Z
1

xQ

dz
z2

Di

�
xQðyÞ
z

�
dσpp→Q̄iQiþX

dy�d2p�
T

; ð1Þ

where y is the rapidity of the produced strange hadron,
y� ¼ y − ln z is the rapidity of the quark, pT is the trans-
verse momentum of the produced strange hadron, DiðzÞ is
the fragmentation function which describes the formation
of a given final state from a parton of flavor i, and
dσpp→Q̄iQiþX=dy

� is the cross section of quark pair pro-
duction with quark rapidity y� and transverse momentum
p�
T ¼ pT=z. In what follows we will focus on the produc-

tion of kaons and Λ baryons, whose fragmentation func-
tions are well known from the literature (see Appendix A
for details). Naturally, the dominant contribution in the
strange sector stems from the strange quarks, although
there are also contributions from other flavors. In what
follows we will focus on the evaluation of the cross section
dσpp→Q̄iQiþX=dy

�d2p�
T , which appears in the integrand

of Eq. (1).
In the rest frame of one of the protons, this process might

be viewed as a fluctuation of the incoming virtual gluon

into a heavy Q̄Q pair, with subsequent scattering of the Q̄Q
dipole on the target proton, as shown in Fig. 1. In the LHC
kinematics the gluon densities are enhanced, and thus it is
not appropriate to speak about dipole interactions mediated
by the exchange of individual gluons or Pomerons in the t
channel. For this reason we will use for our evaluations the
color dipole framework (also known as CGC/saturation)
[50–58], which naturally incorporates all possible multi-
gluon (multi-Pomeron) interactions. At high energies, the
color dipoles are eigenstates of the interaction, and there-
fore they can be used as universal elementary building
blocks, automatically accumulating both the hard and
soft fluctuations [79]. In fact, the light-cone color dipole
framework has been successfully applied to phenomeno-
logical descriptions of both hadron-hadron and lepton-
hadron collisions [80–87]. Another advantage of the CGC/
saturation framework is that it allows a relatively straight-
forward extension for the description of high-multiplicity
events, as discussed in Refs. [63,66–72].
In the dipole approach, the quark production cross

section might be represented as a convolution of a gluon
wave function with a linear combination of dipole ampli-
tudes [61,63] (see also Appendix B),

dσpp→Q̄iQiþXðy;
ffiffiffi
s

p Þ
dyd2pT

¼
Z

d2kTx1gðx1; pT − kTÞ
Z

1

0

dz
Z

1

0

dz0

×
Z

d2r1
4π

Z
d2r2
4π

eiðr1−r2Þ·kTΨ†
Q̄Qðr2; z;pTÞΨQ̄Qðr1; z;pTÞ

×NMðx2ðyÞ; r⃗1; r⃗2Þ; ð2Þ

x1;2 ≈
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

M þ hp2⊥Mi
p

ffiffiffi
s

p e�y; ð3Þ

FIG. 1. Color dipole picture of the quark hadroproduction in
gluon-proton collisions. The colored square block in the interior
part of the diagram contains all possible multigluon (multi-
Pomeron) interactions which are included in the dipole ampli-
tude. The vertical dashed line stands for unitarity cuts. It is
assumed that the produced quark Q in the amplitude and its
conjugate are projected onto the eigenstate with definite mo-
mentum pT and later fragment into the open heavy flavor meson.
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where y and pT are the rapidity and transverse momenta of
the produced strange quark in the center-of-mass frame of
the colliding protons, kT is the transverse momentum of the
strange quark with respect to the incident gluon, gðx1; pTÞ
in the first line of Eq. (2) is the unintegrated parton
distribution function (uPDF) of gluon, and ΨQ̄Qðr; zÞ is
the Q̄Q component of the gluon light-cone wave function,
with transverse separation between quarks r and the light-

cone fraction of the quark z. In general, this is a non-
perturbative object, and there is no model-independent way
to evaluate it [88]. For this reason, in what follows we will
restrict our consideration to the kinematics of large trans-
verse momenta of produced hadrons, which in view of
Eq. (2) implies that typical sizes of the dipoles are also
small, hri ∼ 1=pT . In this kinematics we may use standard
perturbative expressions [89,90],

Ψ†
Tðr2; z; Q2ÞΨTðr1; z; Q2Þ ¼ αsNc

2π2
fϵ2fK1ðϵfr1ÞK1ðϵfr2Þ½eiθ12z2 þ e−iθ12ð1 − zÞ2�

þm2
fK0ðϵfr1ÞK0ðϵfr2Þg; ð4Þ

Ψ†
Lðr2; z; Q2ÞΨLðr1; z; Q2Þ ¼ αsNc

2π2
f4Q2z2ð1 − zÞ2K0ðϵfr1ÞK0ðϵfr2Þg; ð5Þ

ϵ2f ¼ zð1 − zÞQ2 þm2
f; ð6Þ

jΨðfÞðr; z; Q2Þj2 ¼ jΨðfÞ
T ðr; z; Q2Þj2 þ jΨðfÞ

L ðr; z;Q2Þj2: ð7Þ

The meson production amplitude NM, as was shown in Refs. [57,58,61,62] (see also a brief derivation in Appendix B),
might be represented as

NMðx; r⃗1; r⃗2Þ ¼ −
1

2
Nðx; r⃗1 − r⃗2Þ −

1

16
½Nðx; r⃗1Þ þ Nðx; r⃗2Þ� −

9

8
Nðx; z̄ðr⃗1 − r⃗2ÞÞ

þ 9

16
½Nðx; z̄r⃗1 − r⃗2Þ þ Nðx; z̄r⃗2 − r⃗1Þ þ Nðx; z̄r⃗1Þ þ Nðx; z̄r⃗2Þ�; ð8Þ

where Nðx; ⃗rÞ is the color-singlet dipole scattering ampli-
tude. This result was obtained under the implicit
assumption that dipoles are small, which is justified in
the large-pT kinematics. A more accurate expression,
which takes into account possible quadrupole contribu-
tions, was found in Ref. [91]. However, in view of the
complexity of the latter result, as well as the expected
smallness of the quadrupole contributions for small dipoles,
in what follows we will use for our estimates the simpler
expression (8). In the LHC kinematics at large transverse
momenta (our principal interest), the natural choice of the
saturation scale is μF ∼ pT , which significantly exceeds the
saturation scaleQsðxÞ. This finding justifies the use of two-
Pomeron approximation. However, in the kinematics of
smaller pT, potentially there could be multi-Pomeron
contributions, like those shown in the right panel of Fig. 1.

We will not consider such contributions since, as we
mentioned earlier, we cannot describe the small-pT
region due to the lack of the nonperturbative photon wave
function ΨQ̄Q.
The uPDF of gluon, which appears in the prefactor

of Eq. (2), can be related to the integrated PDF xGðx; μFÞ
as [92]

xgðx; k2Þ ¼ ∂
∂μ2F xGðx; μFÞ

����
μ2F¼k2

; ð9Þ

and the natural choice of the factorization scale μF ∼ pT
significantly exceeds the saturation scale QsðxÞ. In this
kinematics it is possible to relate the gluon densities to the
dipole scattering amplitude Nðy; rÞ ¼ R

d2bNðy; r; bÞ via a
set of identities [66,93],

CF

2π2ᾱS
Nðy; r⃗Þ ¼

Z
d2kT
k4T

ϕðy; kTÞð1 − eik⃗T ·r⃗Þ; xGðx; μFÞ ¼
Z

μF

0

d2kT
k2T

ϕðx; kTÞ; ð10Þ

xGðx; μFÞ ¼
CFμF
2π2ᾱS

Z
d2r

J1ðrμFÞ
r

∇2
rNðy; r⃗Þ: ð11Þ
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This allows to rewrite the result in a symmetric and self-
consistent form, which allows straightforward generaliza-
tion for high-multiplicity events.

III. NUMERICAL RESULTS

For the sake of definiteness, in our numerical evalua-
tions we will take the “b-CGC” parametrization of the
dipole cross section proposed and analyzed in detail in
Refs. [94–98],

Nðx; ⃗rÞ ¼ σ0 ×

�N0ðrQsðxÞ
2

Þ2γeffðrÞ; r ≤ 2
QsðxÞ ;

1 − exp ð−A ln ðBrQsÞÞ; r > 2
QsðxÞ ;

ð12Þ

A ¼ −
N2

0γ
2
s

ð1 − N0Þ2 ln ð1 − N0Þ
; B ¼ 1

2
ð1 − N0Þ−

1−N0
N0γs ;

ð13Þ

FIG. 2. pT dependence of the cross section dσ=dpT for K0
S-

meson production at central rapidities, evaluated with the two-
Pomeron fusion mechanism. Results for Λ have a similar shape,
due to the similarity of their fragmentation functions (see details
in Appendix A).

FIG. 3. Self-normalized pT dependence of the K0
S-meson yields at central rapidities. Theoretical predictions (solid line) are compared

with experimental data from the ALICE [100], CMS [101], CDF [102], and STAR [103] collaborations. As we explain in the text, our
approach is not very reliable at small pT , and thus the evaluation of the global normalization factor Nev might have large nonperturbative
corrections. In order to demonstrate that the description of the shape is correct, we also plot the yields multiplied by a constant factor
λinc ≈ 1.7–2.2 (dashed lines).
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QsðxÞ ¼
�
x0
x

�
λ=2

; γeffðrÞ ¼ γs þ
1

κλY
ln

�
2

rQsðxÞ
�
;

ð14Þ

γs ¼ 0.762; λ ¼ 0.2319;

σ0 ¼ 21.85 mb; x0 ¼ 6.2 × 10−5; ð15Þ

which is widely used in the literature. For the fragmentation
functions of kaons and Λ baryons we will use the para-
metrizations discussed in Appendix A. The fragmentation
functions for K� and K0

S are constrained by the isospin
symmetry relation [99]

D
K0

S
i ðz; μ2Þ ¼ 1

2
DK�

ī ðz; μ2Þ; ð16Þ

and for this reason the cross sections for K0
S and K�

production are proportional to each other with very good
precision. The fragmentation function of Λ baryons avail-
able from Ref. [99] in general is different from that of
kaons. However, as shown in Appendix A, in the large-z
domain, which gives the dominant contribution, the strange
flavor component of the fragmentation function is approx-
imately proportional to that of kaons. Therefore, we may
expect that the Λ-baryon cross section is proportional to
that of kaons in the large-pT kinematics. For this reason, in
what follows we will focus on the discussion of the K0

S
production cross section.
In the left panel of Fig. 2 we show the results for K0

S
production cross section in the kinematics of ongoing and
planned experiments. In the literature, all of the exper-
imental papers contain results for the self-normalized yields
N−1

ev dN=dydpT , instead of cross sections. The normaliza-
tion parameter Nev is chosen as the total number of
events Nev ∼

R
dpTdN=dpT or the number of non-single-

diffractive events NNSD. This normalization coefficient gets
its dominant contribution from the small-pT region and
thus cannot be evaluated reliably for light quarks in our
approach. This introduces a normalization uncertainty in
our evaluations of such self-normalized yields. In Fig. 3 we
compare the calculated yields with available experimental
data from the ALICE [100], CMS [101], CDF [102], and
STAR [103] collaborations [104]. The STAR data [103]
were included by the authors of Ref. [99] in their global fit
of fragmentation functions, and for this reason the descrip-
tion of these data is nearly perfect. For data from LHC and
Tevatron, the model provides a very reasonable description
of the shape, although, as expected, there is a mismatch in
the normalization by a factor of 2. The theoretical shape of
the pT dependence starts deviating from the experimental
data in the region pT ≲ 2 GeV, where nonperturbative
effects become pronounced.

In view of these findings, we believe that our approach
might be used for the evaluation of observables that
get a dominant contribution from the region of large
pT ≳ 2 GeV.

IV. MULTIPLICITY DEPENDENCE

Since the dipole approach provides a reasonable descrip-
tion of the strangeness production in the large-pT kinemat-
ics, we can apply it to the study of the dependence on the
number of charged particles Nch coproduced together with
a given strange hadron.
The studies of high-multiplicity events were started more

than 40 years ago in Refs. [44–49], using the Regge
approach. Starting from unitarity and very general proper-
ties of particle-Reggeon vertices, the enhancement of
multiplicity in final states was predicted as one of the
manifestations of multi-Pomeron exchanges at high ener-
gies. Naturally, all of these findings also hold in QCD, as
was discussed in Refs. [70,80,83,106–108], and confirmed
by experimental evidence (see also a more recent discus-
sion in Ref. [29]).
The extension of the CGC/saturation framework to the

description of high-multiplicity events is quite straightfor-
ward, as was discussed in Refs. [31,62,63,66–72,74]. In
this paper we consider only multiplicity dependence in pp
collisions for energies not exceeding

ffiffiffi
s

p
≈ 13 TeV avail-

able at the LHC, and for moderately large values of relative
multiplicity enhancement n≡ Nch=hNchi≲ 10, where Nch
and hNchi are, respectively, the number of charged particles
observed in a given multiplicity class and the average over
all multiplicity classes in a given experimental setup. In this
kinematics the density of produced particles is still too low
for the formation of dense hot QGP, as it happens in heavy-
ion collisions [7–21]. Due to the apparent similarity of
heavy-ion and large-multiplicity events, in the literature it is
sometimes expected that certain effects which were exten-
sively studied in the context of heavy-ion collisions (e.g.,
energy loss effect; see Refs. [20,109–138]) might also be
relevant in very high-multiplicity pp collisions. As was
found by two independent studies [139,140], for pp
collisions in the LHC kinematics these effects do not
exceed ten percent for n≲ 10, within the uncertainty of
theoretical predictions and experimental errors of available
data. For this reason, in what follows we may disregard all
such interactions and, in view of the local parton hadron
duality hypothesis [141–143], assume that the multiplicity
of produced hadrons in a given event is directly propor-
tional to the number of partons produced in a collision.
The probability of multiplicity fluctuations decreases

rapidly as a function of the number of produced charged
particles Nch [144], and therefore to study the multiplicity
dependence it is more common to use a self-normalized
ratio [100],
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dNM=dy
hdNM=dyi

¼ dσMðy; η;
ffiffiffi
s

p
; nÞ=dy

dσMðy; η;
ffiffiffi
s

p
; hni ¼ 1Þ=dy

�
dσchðη;

ffiffiffi
s

p
; Q2; nÞ=dη

dσchðη;
ffiffiffi
s

p
; Q2; hni ¼ 1Þ=dη ; ð17Þ

where dσMðy; η;
ffiffiffi
s

p
; nÞ is the cross section of strange

hadron M production, having rapidity y and accompanied
by Nch ¼ nhNchi charged particles with rapidity η, and
dσchðη;

ffiffiffi
s

p
; nÞ is the total production cross section for

Nch ¼ nhNchi charged particles with the same rapidity η.
Since the cross sections are proportional to the probability
to produce a given final state, the ratio (17) might be
interpreted as a conditional probability to produce a strange
hadron M in a pp collision in which Nch charged particles
are produced.
We expect that even in high-multiplicity events each

dipole amplitude should satisfy the nonlinear Balitsky-
Kovchegov equation, and thus might be approximately
described by Eq. (12), although the value of the saturation
scale Qs might be modified. As was demonstrated in
Refs. [66–68], the observed charged multiplicity
dNch=dy of soft hadrons in pp collisions is proportional
to the saturation scaleQ2

s (modulo logarithmic corrections),
and therefore in the dipole framework the events with large
multiplicity might be described by simply rescalingQ2

s as a
function of n [66–72],

Q2
sðx; b; nÞ ≈ nQ2ðx; bÞ: ð18Þ

The accuracy of the approximation (18) was tested in
Ref. [63], and it was found that its error does not exceed
10 percent in the region of interest (n ≲ 10), on par with the
precision of current evaluations. Therefore, in what follows

we will use Eq. (18) for our estimates. While at LHC
energies it is expected that the typical values of the satura-
tion scale Qsðx; bÞ fall within the range 0.5–1 GeV, from
Eq. (18) we can see that in events with enhanced multi-
plicity this parameter might significantly exceed this
estimate, leading to an interplay of the large-Qs and
large-pT limits. Since increasing multiplicity and increas-
ing energy (decreasing x) affect Q2

s in a similar way, the
study of the high-multiplicity events allows to study a
deeply saturated regime, which determines the dynamics of
all processes at significantly higher energies. In the large-
pT kinematics the typical sizes of the dipoles are small,
r ∼ 1=pT , so we may expect from Eqs. (12) and (18) that
the dependence of the dipole amplitude on multiplicity
simplifies and is given by the multiplicative factor ∼nhγeffi,
where n is the relative enhancement of multiplicity, and the
value of the parameter γeff is given in Eq. (14).
In inclusive strange hadron production the accompany-

ing charged particles might be produced with rapidities
both below and above that of strange hadrons. In the dipole
picture this implies that we should share the observed
enhanced multiplicity between the dipole amplitude (8) and
gluon PDF (9)–(11) which appear in Eq. (2). As explained
in Fig. 4, this suggests that the observed multiplicity
dependence should depend on the experimental setup,
namely, if the detector can distinguish charged particles
produced with rapidities either above or below that of a
strange hadron. For the most widely used symmetric

FIG. 4. Demonstration that measured multiplicity depends on the experimental setup. For the sake of plot legibility, we have replaced
the dipole amplitudes with Balitsky-Fadin-Kuraev-Lipatov-style Reggeized gluons (cut Pomerons). Left: Experimental setup when the
rapidity bin used for the collection of strange hadrons (blue box) partially overlaps with the bin used for the collection of charged
particles (red box). In this kinematics the charged particles might be produced with rapidities either above or below that of the strange
meson. Right: Experimental setup in which the rapidity bins used for the collection of strange hadrons and charged particle do not
overlap. The elevated multiplicity in this case should be unambiguously attributed to a dipole amplitude or gluon uPDF.
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configuration jηj; jyj ≤ 1, we should average over all
possible partitions of the observed number of charged
particles. This evaluation is technically quite complicated,
although it finally leads to an intuitive result that predomi-
nantly the multiplicity enhancement is shared equally [73].
For this reason, we expect for production at central
rapidities that the multiplicity dependence of the cross
section should be ∼ðn=2Þ2hγeffi. However, the multiplicity
dependence would be different when strange hadrons and
charged particles are collected in well-separated rapidity
bins. As can be seen from the right panel of Fig. 4, in that
case the enhanced multiplicity should be assigned only to a
dipole amplitude, so we expect that multiplicity depend-
ence will be much milder, ∼nhγeffi.
In Fig. 5 we compare the theoretical expectations for

the multiplicity dependence of strange hadrons (K0
S and Λ)

with experimental data from the ALICE Collaboration
[100]. These data were collected at central rapidities in the
bins with large transverse momenta pT ≳ 4 GeV, where
the color dipole framework is well justified. We can see
that our approach can describe the slope of the exper-
imentally observed n dependence reasonably well, and
agrees with our expectations from the previous paragraph
in the large-pT kinematics. However, our theoretical
curves overestimate all of the experimental points by
the same normalization factor ∼1.2. By definition, the
self-normalized ratio (17) should equal one at the point
n ¼ 1. This condition is fulfilled for our theoretical curves
but, surprisingly, not for the experimental data. For this
reason, we believe that the normalization of our curves is
correct.

V. CONCLUSIONS

In this paper we studied the production of strange
hadrons in the color dipole approach. We found that the
CGC/saturation approach can describe the cross sections in
the large-pT kinematics, although it might not be very
reliable for smaller pT. The latter restriction implies that the
suggested approach cannot be applied to pT-integrated
observables, which get their dominant contribution from
the nonperturbative small-pT region.
We also applied the CGC/saturation approach to the

description of the multiplicity dependence measured by
ALICE [100]. These data were collected at sufficiently
large transverse momenta pT ≳ 4 GeV of kaons and Λ
baryons, where our approach is well justified. We found
that the theoretical expectations for multiplicity depend-
ence are in reasonable agreement with experimental data.
Our evaluation is largely parameter free and relies only on
the choice of the parametrization for the dipole cross
section (12) and fragmentation functions of strange
hadrons. This study complements our previous analyses
of the multiplicity dependence of heavier charm and bottom
production [62] and demonstrates that at sufficiently large
pT it is possible to describe them all within the same
framework.
Finally, we need to mention that the suggested approach

is valid for energies not exceeding
ffiffiffi
s

p
≈ 13–14 TeV

available at the LHC, and for moderately large values of
n≡ Nch=hNchi≲ 10. For significantly larger energies, e.g.,
at the planned Future Circular Collider [145], we expect
that the density of charged particles will increase drasti-
cally, leading to the formation of dense hot QGP [7–21],
even in pp collisions. The interactions with dense matter in
that kinematics will give rise to a plethora of new effects
and production mechanisms [20,109–131,133–138].
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APPENDIX A: FRAGMENTATION FUNCTIONS

In this Appendix we would like to briefly summarize the
fragmentation functions used in our evaluations. These
functions are nonperturbative objects, which cannot be
evaluated from first principles. For this reason, currently
their parametrization is extracted from the phenomenologi-
cal fits of experimental data. For the sake of definiteness,
for our evaluations we use the fragmentation functions for
kaons and Λ from Ref. [99] (the so-called AKK08 para-
metrization). The fragmentation functions for K� and K0

S
are constrained by the isospin symmetry relation

FIG. 5. Comparison of the theoretical multiplicity dependence
for K0

S meson production (solid curve) and Λ baryons (dashed
curve) with experimental data from ALICE [100]. The almost
linear dependence in double-log coordinates suggests that
dependence on n ¼ ðdNch=dηÞ=hdNch=dηi is approximately
power-like, ∼nα. The charged particles and strange hadrons
are collected at central rapidities. For the sake of reference,
we also show a dotted line, which corresponds to a linear
dependence.
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D
K0

S
i ðz; μ2Þ ¼ 1

2
DK�

ī ðz; μ2Þ; ðA1Þ

and therefore in what follows we may consider only the
fragmentation function of neutral kaons K0

S. For kaons we
checked that the alternative parametrizations of fragmen-
tation functions—DSS17 [146], NNPDF [147], and JAM
[148]—give similar results in the region of interest. We
have not found parametrizations for fragmentation func-
tions of strange baryons Ω, Ξ or for K0�

S and ϕ mesons, and
for this reason we do not consider them in this paper.
In the AKK08 parametrization [99] it is assumed that the

fragmentation function is given by

Di=HðzÞ ¼ Nizaið1 − zÞbi ½1þ cið1 − zÞdi �; ðA2Þ

where Ni, ai, bi, ci, di are some numerical coefficients
which depend on the hadron and quark flavor i. We expect
that for strange hadrons the largest contribution comes from
the fragmentation of the strange quark, and thus below we
will discuss the fragmentation function Ds=H. As we can
see from Fig. 6, the parametrizations for K� mesons and Λ
baryons differ quite substantially in the region of small
z≲ 0.3, although they become comparable for all hadrons
at larger values of z.
In this paper we are mostly interested in the large-pT

kinematics, and it is possible to show that this region has
stronger sensitivity to the region of large z. Indeed, as we
can see from the structure of Eq. (2), at large pT the cross

section dσQ̄Q=dp
Q̄Q
T is suppressed as ∼ð1=pQ̄Q

T Þn with

n≳ 5. The momentum of the quark pair pQ̄Q
T is related

to the momentum of the strange hadron as pQ̄Q
T ¼ pT=z, so

this implies that in the integral over the fragmentation
fraction z in Eq. (1) effectively we get an additional
prefactor ∼zn−2, which suppresses the contribution of the
small-z domain. As we can see from the right panel of
Fig. 6, the dominant contribution comes from the region

z ∼ 0.6–0.8, where the difference between fragmentation
functions does not exceed a factor of 2.

APPENDIX B: EVALUATION OF THE
DIPOLE AMPLITUDES

In this Appendix, for the sake of completeness, we
briefly remind the reader about the main technical steps
and assumptions used in Refs. [57,58,61] for the deriva-
tion of the cross section (8). This derivation follows the
general rules for the evaluation of the hard amplitudes in
terms of the color-singlet processes introduced in
Refs. [50,52–58]. For the sake of definiteness we will
follow the procedure and notations as discussed in
Refs. [57,58,61] [105]. Although this derivation was
suggested for heavy quarks, we expect that in the
kinematics of large transverse momenta pT , the latter
variable will play the same role as the heavy quark mass in
Refs. [57,58,61], thus justifying the extension of those
techniques to the strange sector. For example, we expect
that the typical size of dipoles is small, r ∼ 1=pT , so the
interaction with perturbative gluons is suppressed at least
as ∼αsðpTÞ=p2

T . However, in LHC kinematics, due to
saturation effects we expect that the gluonic fields are
enhanced, so each gluon should be understood as a parton
shower (a so-called “BK Pomeron”). Since the inter-
actions of quarks and antiquarks at high energies do not
change the helicities of fermions, the effective interaction
of the quark with the gluonic field of the proton might be
described by a factor �igtaγaðx⊥Þ, where x⊥ is the
transverse coordinate of the quark, and the nonperturba-
tive function γðx⊥Þ is related to a distribution of gluons in
the target. The assumption that the interaction of the
dipole with the target is described by the same color group
generator ta as in perturbative QCD (pQCD) constitutes
the central assumption of the approach [57,58,61], and is
valid only for hard processes like, e.g., pQCD. The
relation of γaðx⊥Þ to the dipole scattering amplitude

FIG. 6. Left: Fragmentation function Ds=H of kaons and Λ baryons (s-quark component), evaluated in the AKK08 [99] and DSS17
[146] parametrizations. Right: The same function multiplied by z3. As explained in the text, this factor ∼z3 appears in the physical cross
section in the large-pT kinematics and effectively suppresses the differences of fragmentation functions in the small-z domain, which are
seen in the left panel.
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Nðx; rÞ may be found from photon-induced deep inelastic
scattering, and is given by

Nðx; rÞ ¼ 1

8

Z
d2bjγaðx; b − zrÞ − γaðx; bþ z̄rÞj2; ðB1Þ

where r≡ xQ − xQ̄ is the transverse size of the dipole, and
z is the light-cone fraction of the dipole momentum
carried by the quarks.
In the Iancu-Mueller approach [149] (see also Ref. [66])

it was shown that the interaction of the dipole with the
target is described by the S-matrix element

Sðy; xQ; xQ̄Þ ¼
1

Nc
htrðV†ðxQÞVðxQ̄ÞÞi; ðB2Þ

where y ¼ lnð1=xÞ is the rapidity of the dipole, and V†ðxQÞ
and VðxQ̄Þ in Eq. (B2) are Wilson lines describing the
scattering of a quark and antiquark with transverse coor-
dinates xQ; xQ̄ in the color field of a hadron,

Vðx⊥Þ ¼ P exp

�
ig
Z

dx−Aþ
a ðx−; x⊥Þta

�
; ðB3Þ

where Aa
μ is the gluonic field in a hadron. The dipole

amplitude Nðx; rÞ is related to Sðy; xQ; xQ̄Þ as

Nðx; rÞ ¼ 1 − Sðy; xQ; xQ̄Þ: ðB4Þ

As we discussed earlier, for very small dipoles of size r ∼
1=pT wemay expect that the interaction of a dipole with the
gluonic field becomes perturbative, so we can see that
Eqs. (B2)–(B4) might be approximated in this limit by the
first Oðg2Þ term, which coincides with Eq. (B1), provided
γaðxÞ is identified with a gluonic field ∼g

R
dx−Aþ

a ðx−; xÞ.
At the same time, we do not assume that the interaction of
the gluons with each other, as well as with light quarks in
general, is perturbative, so we expect that the dipole
amplitude should still satisfy the nonlinear Balitsky-
Kovchegov equation.
Equation (B1) might be rewritten in the form

1

8

Z
d2bγaðx;bÞγaðx;bþ rÞ ¼ 1

2
Nðx; rÞþ

Z
d2bjγaðx;bÞj2|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

¼const

:

ðB5Þ

The value of the constant term on the right-hand side of
Eq. (B5) is related to the infrared behavior of the theory,
and for the observables that we consider in this paper it
cancels exactly. Using Eq. (B5), we can rewrite the
production cross sections of certain processes in terms
of the dipole amplitudes Nðx; rÞ with different arguments.

For the leading-order hadroproduction of the Q̄Q pair we
should take the diagrams shown in Fig. 7. As was
demonstrated in Refs. [57,58,61], this evaluation yields
for the amplitude of the process gp → Q̄QX

Aaðz; b; rÞ

¼
	�

δab
6

þ dabc
2

tc

�
½γbðx; b − zrÞ − γðx; bþ z̄rÞ�

þ ifabc
2

tc½γbðx; b − zrÞ þ γbðx; bþ z̄rÞ − 2γbðx; bÞ�



×ΨQ̄Qðr; zÞ; ðB6Þ

where ΨQ̄Q is the Q̄Q component of the gluon wave
function, and ta are color generators in the fundamental
representation. As we can see, in the limit r → 0 the
amplitude vanishes, as expected from color transparency.
While for the color singlet Q̄Q such cancellation is obvious,
for the color-octet part this result is less trivial and happens
due to contribution of the diagram (c) in Fig. 7, as given by
the last term∼γbðx; bÞ in the second line of Eq. (B6). We can
see that both color-singlet and color-octet amplitudes vanish
in the limit of small dipoles (r → 0).
For the pT-dependent cross section we should project

the produced quark onto the states with definite trans-
verse momentum pT , both in the amplitude and its
conjugate, and integrate over the kinematics of the
produced antiquark Q̄ (which leads to the equality of
transverse coordinates of Q̄ in the amplitude and con-
jugate). After straightforward simplifications, we get for
the square of the amplitude

jAgp→QXj2 ∼
Z

dzd2r1d2r2

Z
d2b1e−ipT ·ðr1−r2Þ

× hA†ðz; b2; r2ÞAaðz; b1; r1Þib2¼b1þz̄r1−z̄r2 ;

ðB7Þ

where the subscript index i takes values i ¼ 1, 2 and
distinguishes variables in the amplitude and its conjugate.

(a) (b) (c)

FIG. 7. Diagrams that contribute to the meson production cross
section in the leading order of perturbative QCD. The contribu-
tion of the diagram (c) to the meson formation might also be
viewed as gluon-gluon fusion gg → g, with subsequent gluon
fragmentation g → Q̄Q → Mþ X. In the color dipole approach
gluons are replaced with a combination of color-singlet dipole
amplitudes, as explained in the text.
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For the evaluation of the integral over b1 we may use
Eq. (B5), and after some algebraic simplifications obtain
Eqs. (2)–(8). While in this Appendix we assumed that
the transverse momentum of the primordial gluon is zero,

we may take into account possible nonzero transverse
components via additional convolution with the momen-
tum distribution of the incident (“primordial”) gluons, as
appears in the first line of Eq. (2).
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