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The mass ordering of mean transverse momentum (pr) and of the Fourier harmonic coefficient
v2(pr) of azimuthally anisotropic particle distributions in high energy hadron collisions is often
interpreted as evidence for the hydrodynamic flow of the matter produced. We investigate an
alternative initial state interpretation of this pattern in high multiplicity proton-proton collisions at
the LHC. The QCD Yang-Mills equations describing the dynamics of saturated gluons are solved
numerically with initial conditions obtained from the Color Glass Condensate based IP-Glasma
model. The gluons are subsequently fragmented into various hadron species employing the well
established Lund string fragmentation algorithm of the PYTHIA event generator. We find that this
initial state approach reproduces characteristic features of bulk spectra, in particular the particle

mass dependence of (pr) and v2(pr).

It is now well established that the QCD matter formed
in collisions of heavy nuclei (A+A) behaves like a strongly
interacting fluid that exhibits collective features de-
scribed by the equations of relativistic viscous hydrody-
namics [I]. A striking recent finding is that some ob-
servables measured in high multiplicity events of much
smaller collision systems like p+p, p+A4, d+A and 3He+ A
resemble features of A+ A collisions that are attributed to
collective flow of the produced matter [2H10]. However
these small systems also contain puzzling features that
are not easily reconciled with collectivity; an example is
the pronounced back-to-back azimuthal angle correlation
of di-hadrons in small systems [I1], which is significantly
quenched for the larger systems [12].

Since hydrodynamics relies on a separation of the
macroscopic and microscopic scales, it is very interest-
ing to explore what are the smallest size systems that
can be efficiently described as hydrodynamic fluids. Col-
lective effects in p+p collisions have been discussed for
some time—see for instance, Ref. [I3]. While hydrody-
namics and kinetic theory describe some of the trends
in the data [I4H20], this apparent efficacy of hydrody-
namics in small systems outstretches simple estimates
of its applicability [21]. Conversely, if final state inter-
actions are weak, the correlations attributed to hydro-
dynamic behavior in small systems may provide insight
into many-body correlations in the initial state and their
non-equilibrium dynamical evolution.

Initial state descriptions based on the Color Glass
Condensate (CGC) effective theory [22] of the ini-
tial non-equilibrium Glasma [23] 24] of highly occu-
pied gluon states, provide qualitative [25H32] and semi-
quantitative [33H38] descriptions of several features of
small systems. While the CGC may provide an appro-
priate description of rare, high multiplicity gluon states,
a shortcoming of current computations is that they either
directly compare gluon distributions to data or employ
fragmentation functions that are not reliable at the low
pr where collective dynamics should be dominant [39].
These computations were thus unable to address the par-

ticle species dependence of the average transverse mo-
mentum (pr) as a function of multiplicity and that of the
Fourier harmonic v (pr) in high multiplicity events - the
observed mass-splitting patterns of both these quantities
were previously adduced as strong evidence of hydrody-
namic flow [40].

In this letter, we will introduce a CGC+Lund model
that provides a mechanism to fragment gluons emerging
from the Glasma into various hadron species and apply
the model to address the question whether the aforemen-
tioned mass-splitting patterns can be reproduced in an
initial state framework. We note that there have been
previous merging of CGC based models in kr factoriza-
tion frameworks [l [42] to string fragmentation. How-
ever, our approach is the first fully dynamical one, com-
bining the IP-Glasma model of event-by-event Yang-Mills
evolution of primordial color charge fluctuations [43] [44],
with the state-of-the-art Lund string fragmentation al-
gorithm [45] 46] of the PYTHIA event generator [47].
This novel CGC+Lund Monte-Carlo event generator will
enable us in the future to address a wide range of phe-
nomenological questions concerning small systems.

Implementation: Our framework is based on the IP-
Glasma model [43, [44], which provides a successful de-
scription of multi-particle production in high energy
hadronic collisions. In the IP-Glasma model, the spa-
tial proton shape T,(x.) is a Gaussian distribution,
with its width constrained by a comparison of exclu-
sive deeply inelastic scattering (DIS) data from HERA
to the IPSat model [48]. The overall normalization
of the color charge density distribution is proportional
to the saturation scale (Qg(x,,z)) inside the proton,
which is determined self-consistently from the relation
x = 0.5(Qs(x1,z))/+/s [49] at a given collision energy
\/s. Here we also incorporate intrinsic fluctuations of the
proton saturation scale according to the distribution [50]
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ing experimental data of inclusive charged particle multi-
plicity and rapidity distributions in p+p collisions [50} 51]
and by HERA DIS data [52]. Events with Q%/(Q%) > 1
correspond to rare Fock space configurations inside the
two colliding protons. Additional geometric fluctuations
of the proton substructure [52, [63] have only a small ef-
fect on the intrinsic azimuthal correlations we will study
here [36].

In each event, the collision geometry is determined
by sampling impact parameters according to an eikonal
model for p+p collisions [54]. Subsequently, color charges
inside the two protons p*(x ) are sampled from a Gaus-
sian distribution according to the MV model [55, [50]

(0" (x1)p’(y1)) = *p*(x1,2)6% P (x1 —y1), (2)

where ¢?u(x.,7) = Qs(x1,7)/¢. The parameter & is
a non-perturbative constant, which has been constrained
by global analysis of multiplicity distributions in different
collision systems [49, [50] to be 0.45 < ¢ < 0.75.

Numerical solutions of the classical Yang-Mills equa-
tions determine the color fields for each configuration of
color charges [43][44]. In our study, the gluon fields pro-
duced after the collision are evolved up to time 7 ~ 1/Qg.
The multiplicity density dNy/ dyd?kr of produced gluons
is then determined in Coulomb gauge [57, 58]. On an
event by event basis, the fluctuations of the color fields
inside each colliding proton induce azimuthal correlations
of the gluons produced on time scales ~ 1/Qg [36]. Be-
cause dN,/dyd*kr ~ 1/g%, the effect of a running cou-
pling can be introduced by multiplying the gluon mul-
tiplicity with an effective factor of g2/(4ras(ft)), where
the scale for running [ is chosen to be the gluon trans-
verse momentum k7. Unless otherwise noted the results
presented here employ running coupling. The absolute
normalization of the gluon density dN,/ dyd?ky is sensi-
tive to the choice of the lattice parameters in our study
and the running coupling scheme [59]. To circumvent
this ambiguity, we will express our results in terms of the
scaled multiplicity dN,/dy/(dNy/dy).

In order to pass the IP-Glasma events to the string
fragmentation algorithm implemented in PYTHIA, we
sample N, gluons, where N is determined by integrating
dNg,/dyd*kr over a range of rapidity Aymax and trans-
verse momentum K. max. The rapidity of these gluons
is sampled from a uniform distribution over the range
—Ymax < ¥ < —¥Ymax, and the transverse momentum is
sampled from dN,/ d?kr. The maximum value of rapidity
Ymax 1S equal to the beam rapidity of the colliding pro-
tons, Ymax = log(y/s/m,) = 8.9 at 7 TeV, with m, the
proton mass. We choose the maximum transverse mo-
mentum of the sampled gluons to be k1 max = 10 GeV.
We then feed the momentum and color structure of the
sampled gluons into PYTHIA’s particle list [60] by con-
structing strings. Each sampled gluon in the event is as-
signed a color index; a fixed number of these are grouped
together into a single string inspired by the Glasma flux
tube picture [61]. We use a fixed value of 18 for the num-
ber of gluons in each string Ny, which corresponds to the
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FIG. 1. Left: Initial gluon distribution for a single IP-Glasma
event; a single configuration of the sampled gluons in momen-
tum space is shown by black points. Right: Strings extended
in rapidity and clustered in transverse momentum. Red and
blue points represent the momentum of the quarks and anti-
quarks attached at the string ends. Strings connecting the
sampled gluons are shown by grey lines.

average value of Ny/(Q%S), where (Q%S, ) is the num-
ber of flux tubes and S| denotes the transverse overlap
area.

We group gluons close in transverse momentum space
into strings stretching mainly in the rapidity direction
and add a quark and an anti-quark at string ends to guar-
antee color neutrality [62]. In Figll] (left) we show the
momentum space distribution of the initial gluon density
obtained from the IP-Glasma model at time 7 = 0.4 fm
together with the positions of the sampled gluons; the
configuration of the PYTHIA strings is shown in Fig[l]
(right).

In this work, we will use the “hadron-stand-alone-
mode” of PYTHIA, which employs the Lund symmetric
fragmentation function

famr) = 2 -aren (<225)

z

Here mp and z denote the transverse mass and the light
cone momentum fraction of the fragmenting hadron, and
the default parameters a = 0.68 and b = 0.98 are con-
strained by a global data analysis [47]. Further, the
transverse momenta of hadrons during the fragmenta-
tion are smeared according to a Gaussian distribution
with the width 0, =0.33 GeV. We do not modify the
default parameters in PYTHIA for our study. Variations
of our results with respect to these parameters are dis-
cussed in the supplementary material. In order to acquire
sufficient statistics, we generate fifty sampled gluon (and
string) configurations from every IP-Glasma event, and
hadronize each gluon configuration 100 times.

Unless otherwise noted, our results include the color re-
connection procedure of PYTHIA, which can be enforced
after initializing the string configurations.

Results: 'We will restrict ourselves here to bulk ob-
servables in p+p collisions at /s = 7TeV. In Fig. we
compare the probability distribution of the scaled gluon
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FIG. 2. Probability distribution of scaled charged hadron

multiplicity measured over |n| < 0.5 in p+p collisions at 7
TeV. The data points are from Ref. [63].

multiplicity and the inclusive hadron multiplicity to ex-
perimental data on inelastic non-single diffractive events
from the CMS collaboration [63]. We note that the IP-
Glasma model naturally produces multiplicity distribu-
tions of gluons that are a convolution of multiple nega-
tive binomial distributions [43] 44} [64]. In computing
the multiplicity distribution, we included all events in
which the rapidity density of gluons dN,/dy > 1 [65].
The multiplicity of charged hadrons dN.,/dy is about
50 — 75% larger than dN,/dy depending on the cou-
pling used. Fragmentation however does not significantly
change the shape of the distribution of the scaled multi-
plicity. Within the available statistics we find very good
agreement with the data up to six times the mean mul-
tiplicity.

We now present results for the average transverse mo-
mentum (pr) for charged hadrons over the experimen-
tally used range of transverse momentum 0.15GeV <
pr < 10.0 GeV and |n| < 0.3, and for identified hadrons
7, K=, p(p), K& and A/(A) for a rapidity range of |y| <
0.5, with no cuts on transverse momentum. We compare
our calculation to the preliminary and published mea-
surements from the ALICE [66] [69] and CMS collabora-
tions [67]. To perform a consistent comparison between
data and our computation, we show the variation of (pr)
with the scaled charged hadron multiplicity Nen/ (Nen)
in Fig. ] [70].

Our results for the multiplicity dependence of (pr) in
the running coupling case are shown by solid lines. The
bands shown include the variation due to using fixed cou-
pling, which decreases (pr) by about 10 — 15% and the
effect of turning off color reconnections in PYTHIA frag-
mentation which decreases (pr) by about 5 — 10% [71].
We see a strong increase of (pr) with increasing multi-
plicity, consistent with the data. More interestingly, we
find that our framework naturally reproduces the mass
ordering for different species: (pr), > (pr), > (pr), and
<pT>A><pT>Kg >(pr), over the entire range of multiplicity

considered.

The strong multiplicity dependence of (pr) and the
mass ordering was demonstrated to arise in the fragmen-
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FIG. 3. Mass ordering of (pr) plotted against scaled charged
hadron multiplicity Nen/(Nen). Data points for identified par-
ticles from the ALICE [66] and CMS [67] Collaborations are
in the range |y| < 0.5 and |y| < 1, respectively. The val-
ues corresponding to (Ne,) are obtained from Ref. [68] and
Ref. [63] for ALICE and CMS data correspondingly. The (pr)
values for charged hadrons are obtained from Ref. [69].

tation of mini-jets in HIJING calculations [72]. Such ef-
fects are also obtained in PYTHIA calculations within
the color-reconnection scheme [69] [73H75]. In PYTHIA,
high multiplicity events are associated with a large num-
ber of independent parton showers. These hadrons frag-
menting from independent showers will have (pr) to be
independent of the number of showers and therefore in-
dependent of (Ng,). The inclusion of color-reconnections
modifies this by generating correlations between partons
from different showers; this leads to collective hadroniza-
tion of strings and the strong correlation observed be-
tween (pr) and (Nep).

Both parton showering and multi-parton interactions
are included in the CGC framework, and all the par-
ton ladders in rapidity, localized within a transverse area
~ 1/Q% are correlated. Specifically, with regard to the
correlation between multiplicity Ny ~ Q%S| and mean
transverse momentum of gluons (pr) ~ Qg, one finds
(pr) ~ /Ng/S1 showing that the correlation between
(pr) and N is already present at the gluon level. Con-
versely, the mass ordering of the (pr) of different species
can be attributed to the fragmentation scheme imple-
mented in the hadron-stand-alone mode of PYTHIA.
Color-reconnection only has a small effect, because glu-
ons are not associated with separate showers and are al-
ready assigned to strings depending on their momenta.

The hardening of the transverse momentum distribu-
tion and mass ordering of (pr) are often attributed to
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FIG. 4. Di-hadron correlation function using inclusive
charged hadrons as both trigger and associated particles.

strong final state rescattering and collective expansion of
a system, and even adduced as such [I7},20] for these pat-
terns in small collision systems [I3] [77]. However, what
must give pause to such interpretations is the presence of
mass-splitting even for the lowest multiplicity bin, well
below Nen/{Nen) < 1. Our results in Fig. |3| provide an
alternative initial state interpretation for this pattern, at
least for the range of N¢p,/{Ney) considered.

We now extend our considerations to the anisotropy
coefficient vy extracted from two particle “ridge” cor-
relations that are long range in rapidity. The particle
species dependence of vy in high multiplicity p + p colli-
sions has been measured recently by the CMS collabora-
tion [78,[79]. As a first step, we estimate the two particle
correlation function using identified hadrons as trigger
particles and inclusive hadrons as associated particles.
We hew as closely as possible to the experimental proce-
dure. Our analysis is however very computationally in-
tensive and it is challenging to acquire statistics commen-
surate to those of the experimental data. We compensate
by choosing a wider range of pseudo-rapidity —4 < n < 4
relative to CMS (—2.4 < n < 2.4) but keep the other
kinematic cuts identical to the experiment. This includes
the range of transverse momentum for associated parti-
cles (0.3 < pr < 3 GeV) and the range of the relative dif-
ference in pseudo-rapidity (2 < |An| < 4.8). The CMS
analysis of azimuthal correlations for /s = 7 TeV was
performed for events with multiplicities ten times higher
than the mean multiplicity (Nen). Due to the challenge
of acquiring sufficient statistics, we will restrict out study
to events with multiplicities up to eight times the mean
multiplicity (Ngp).

The two-particle correlation function C(An, A¢) [5]
obtained for inclusive charged hadrons in our framework
is shown in Fig.[d] A double-ridge structure can clearly
be observed. The particle pair distribution function ob-
tained from C(An, A¢) can be decomposed in a Fourier
series of their relative azimuthal angle A¢ as

2m dNPair
NPIONTE —iAg =1+ Z 2V, A cos(nAg),  (4)
rig assoc n

012 | w .
—— K=
< 008 P(P) i
——
Al
> 004}
’ 6<NCh /<Nch><8
0 2<IAnl<4.8 , 0.3<p5>°<3 GeV
012 f ™ h* 1
——
< 008 -
——
Al
> 004} -
' CGC + Lund
(p+p 7 TeV)
0 L 1 1 1 1 1 ]
0 1 2 3 4 5
pr (GeV)

FIG. 5. Mass ordering of v2{2}(pr) extracted from the az-
imuthal dependence of two particle ridge correlations in the
CGC+Lund framework.

where Ng%) is the number of identified trigger particles
(such as 7%, K+, p/p, K9, A(A)) and N.ifszoc is the number
of associated inclusive hadrons. V,a is the two particle
harmonic coefficient corresponding to a pair of trigger
and associated particles within a given transverse mo-
mentum bin (p'®, p3¥°¢). The details of the procedure
to extract the pair correlation function are outlined in
the supplementary material. As in the case of experi-
ment, the Fourier anisotropy coefficient v, (pr) is defined

to be

Ti VnA ptrig7passoc
o (2)(pirie) = VealPr PE)
VVaa (P, pF°)

Our results for va(pr) of identified hadrons are shown in
Fig. fl A clear mass ordering of v from light to heavy
particles is seen at low momentum. With increasing pr,
the mass ordering decreases and is even reversed for some
of the species for pr > 3 GeV. Our results for p + p
collisions at /s = 7 TeV are qualitatively similar to those
presented by the CMS collaboration at /s = 7 TeV [T§]
and at /s = 13 TeV [II].

While the mass splitting and N, dependence of
(pr) has been reproduced previously in the initial state
PYTHIA color-reconnection scheme [74], that of va(pr)
has not. It was previously speculated that initial state
correlations and fragmentation effects can lead to species
dependences of vy [83]. In semi-quantitative studies, an-
other non-hydrodynamic approach, for light-heavy ion
collisions [80], reproduces (pr) but finds very small val-
ues of vo(pr). Likewise, the mass ordering of va(pr) is
obtained for light-heavy ion collisions in hadron trans-
port [81] and parton transport [82] approaches; they




both conclude that mass ordering is not a feature of the
scattering but of hadronization, however their agreement
with data requires dominance of final state rescattering.

The results shown in Figs. [3] and 5] demonstrate for
the first time that, for p + p collisions, the mass ordering
pattern of i) (pr) (and its N, dependence) and ii) va(pr)
seen in data can both be reproduced in an ab initio initial
state framework that does not rely on hydrodynamic flow
or final state rescattering.

The CGC+Lund event generator developed in this pa-
per provides the basis for further phenomenological stud-
ies. In addition to more quantitative modeling of data,
we will address in the future whether this approach can
describe the convergence of the m-particle anisotropic
Fourier coefficients v,, {m} seen for large multiplicities,
as well as the extension of this framework to describe the

systematics of light-heavy ion collisions.
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