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Abstract The formation of light nuclei can be described
as the coalescence of clusters of nucleons into nuclei. In the
case of small interacting systems, such as dark matter and
e*e™ annihilations or pp collisions, the coalescence condi-
tion is often imposed only in momentum space and hence
the size of the interaction region is neglected. On the other
hand, in most coalescence models used for heavy ion colli-
sions, the coalescence probability is controlled mainly by the
size of the interaction region, while two-nucleon momentum
correlations are either neglected or treated as collective flow.
Recent experimental data from pp collisions at LHC have
been interpreted as evidence for such collective behaviour,
even in small interacting systems. We argue that these data are
naturally explained in the framework of conventional QCD
inspired event generators when both two-nucleon momentum
correlations and the size of the hadronic emission volume
are taken into account. To include both effects, we employ
a per-event coalescence model based on the Wigner func-
tion representation of the produced nuclei states. This model
reproduces well the source size for baryon emission and the
coalescence factor B, measured recently by the ALICE col-
laboration in pp collisions.

1 Introduction

The production mechanism for light clusters of nucleons,
such as deuteron, helium-3, tritium and their antiparticles,
in particle interactions has recently attracted increased atten-
tion from both the astroparticle and heavy ion communities.
In heavy ion collisions, their small binding energies make
these particles sensitive probes for two-nucleon correlations
and density fluctuations, which may shed light on the QCD
phase diagram [1]. These particles are also of particular inter-
est in cosmic ray studies, because the expected low astro-
physical backgrounds makes them ideal probes for exotic
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physics [2]. Furthermore, the sensitivities of the AMS-02 and
GAPS experiments [3,4] are close to the expected fluxes of
antideuterons from secondary production and, for optimistic
parameters, from dark matter annihilations [5]. In order to
correctly interpret the results of these experiments, a precise
description of the production mechanism of light nuclei' is
important.

In small interacting systems, such as dark matter and e e~
annihilations or pp collisions, the production of light nuclei
is usually described by the coalescence model in momen-
tum space [6—8], where nucleons originating from a particle
collision merge to form a nucleus if their invariant momen-
tum difference is smaller than the coalescence momentum
po- Traditionally, the yield of a nucleus with mass number
A = Z + N and charge Z has been linked to the yields of
protons p and neutrons n via the coalescence factor B4 as

z
o (g €N <E d3Nn>N o
= DA —_— —_— .
" dp} " dp;
Here, P4/A = p, = pp is the momentum of the nucleus

and nucleons, respectively. In the limit of isotropic nucleon
yields, the relation between B4 and pg is
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This picture can be improved by taking into account two-
particle correlations provided by Monte Carlo event genera-
tors for strong interactions, as proposed in Refs. [9,10]. Such
two-particle correlations are especially important in small
interacting systems, since there the nucleon yields deviate
strongly from isotropy. This approach is commonly used to
predict the antinucleus yield in cosmic ray interactions, as
well as from dark matter decays or annihilations [11-22], for
arecent review see Ref. [5]. In order to be predictive, B4 and

' Most of the discussions in this work apply equally well to particles
as to antiparticles, and the prefix “anti” will thus often be dropped.
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po must be independent of the centre-of-mass (c.m.) energy
and the interaction process. However, the latter is not the case
if the coalescence condition is only imposed in momentum
space, since then the process dependent size of the formation
region is neglected.

An alternative scheme where the coalescence condition is
imposed in position space is often employed for heavy ion
collisions [23,24]. Here, the coalescence factor scales with
the volume of the emission region of hadrons as B4 oc VA~
Much efforts have been spent on unifying these pictures
using, e.g., Wigner functions [25] and imposing the coales-
cence condition in phase space, see Ref. [26] for a review of
early works. Such models differ mainly in the way the Wigner
function of the nucleons is determined: The phase-space dis-
tributions of nucleons used in the coalescence models may be
obtained, e.g., from transport models like the AMPT scheme
[27] or hybrid schemes combining a hydrodynamical with a
microscopic hadron cascade model [28]. Alternatively, ana-
lytical coalescence formula like the COAL-SH scheme [29]
or statistical models which relate the phase-space volume at
kinetic freeze-out to the entropy per nucleon have been pro-
posed [30]. Finally, Refs. [31,32] have studied the influence
of preclustering of baryons due to nucleon interactions on
the coalescence process.

A key observation in all approaches relying on the phase
space picture is that the coalescence probability depends
on the size of the hadronic emission region, which can be
measured in femtoscopy (often also called Hanburry-Twiss-
Brown) correlation experiments [25]. This connection has
recently been applied to pp collisions, both in cosmic ray
[33] and LHC studies [34,35]. In particular, it was argued in
Ref. [35] that the success of the femtoscopy analysis is strong
evidence that coalescence is the major production mecha-
nism of light nuclei. Moreover, these authors suggested that
the use of experimental data from femtoscopy correlation
experiments allows one to reliably predict the yield of light
antinuclei in cosmic ray interactions, thereby avoiding the
need of additional theoretical inputs.

The approaches discussed above are all based on the coa-
lescence picture, but differ on how the coalescence condition
is implemented and how the two-nucleon states are deter-
mined. In a competing approach one employs statistical ther-
mal models [36—42]. Here one assumes that both hadronisa-
tion and the formation of light nuclei occurs as a chemi-
cal freeze-out process in a radially expanding “fireball” of
a Quark-Gluon Plasma (QGP). These models are motivated
by the observation that the spectra of light nuclei are con-
sistent with a thermal distribution, with the same freeze-out
temperature as for mesons and nucleons [37]. Intriguingly,
experimental data from collisions of small systems, such as
pp and pPb, show features characteristic for collective flows,
or even for the formation of a QGP, see Ref. [43] for a review.
It has therefore been suggested that the thermal production of
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light nuclei can be applied even to small interacting systems
[5,39,44,45]. However, it is difficult to reconcile how the
nuclei with their small binding energies survive the chemical
freeze-out. Even more, the energy spectrum of the nucleons
is in the coalescence picture inherited by the nuclei (up to a
quantum mechanical correction factor [23]), and the appar-
ent quasi-thermal spectra of light nuclei can therefore be
explained by coalescence as well.

In Refs. [46,47], we developed a coalescence model based
on the Wigner function representation of the produced nuclei
states, which includes two-nucleon momentum correlations
obtained from QCD inspired event generators (we will use
the abbreviation WiFunC, i.e. Wigner Functions with Corre-
lations, for this model). In this work, we argue that neither
two-particle correlations nor the source size can be neglected
when describing the cluster formation in small interacting
systemsz. Furthermore, we will use this model to describe the
production of hadrons and nuclei in high energy pp collisions
and compare it to recent experimental data by the ALICE
collaboration on the size of the baryon emitting source [48]
and on the multiplicity and transverse momentum depen-
dence of the coalescence factor B, [45,49,50]. Both data sets
have been interpreted as evidence of collective flows, but we
will show that the same characteristics are described using
QCD inspired event generators, like QGSJET II [51,52] and
Pythia 8.2 [53,54]. Finally, we comment on the suggestion
that femtoscopy data alone are sufficient to predict the yield
of light antinuclei for astrophysical applications.

This paper treats several different topics related to the
formation of nuclei by the coalescence mechanism in small
interacting systems, with a focus on recent experimental data,
and is structured as follows. We review the WiFunC model
in Sect. 2 and its relation to the femtoscopy framework in
Sect. 3. In Sect. 4, we compare our predictions for the size
of the baryon emitting source to recent measurements of
the ALICE collaboration in a femtoscopy experiment. In
Sect. 5, the multiplicity and transverse momentum dependen-
cies of the coalescence factor B in pp collisions at 13 TeV,
measured by the ALICE collaboration, are compared to the
WiFunC model. In Sect. 6 we make comments on the use of
isotropic models in astrophysical applications.

2 The quantum mechanics of coalescence and the
WiFunC model

The WiFunC model is based on the quantum mechanical
description of the coalescence process reviewed in, e.g.,
Refs. [25,39]. Here we will highlight only the main steps.

2 For concreteness, we will only discuss the production of deuterons,
but the same considerations also hold for larger clusters of nucleons
with small binding energies, such as helium-3 and tritium.
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In this approach, the final state produced in a particle col-
lision is described by a density matrix. Thus, one can find
the deuteron spectrum in the sudden approximation by pro-
jecting the deuteron density matrix, pg = |¢4)(¢4|, onto the
reduced density matrix pnuct = [V p¥n){¥p¥u| describing

the coalecsing nucleons,
d? N4
— =1r . 3

dP; {0d Pruct } 3)

By factoring out the c.m. motion of the deuteron, ¢y o
exp (i Py - rq) ¢4, one can show that

&Ny 3 /d3rdd3rd3q
dr; 8

D
(2m)® o (4)

X Wup(Pg/2+q, Pq/2 —q,r,,T)p),

where the statistical factor 3/8 arises from averaging over
spin and isospin and r = r,, — r),. Here,

D(r,q) = / Pee g, (r + £/2)p)(r — £/2) Q)

is the deuteron Wigner function, Wy, is the Wigner func-
tion of the two-nucleon state, and ¢, is the internal deuteron
wave function. If one approximates the deuteron wave func-
tion as a Gaussian, then D(r, g) = 8exp (—;'z/d2 — qzdz),
with d ~ 3.2 fm. However, apart from analytical estimates
a more accurate wave function should be used, such as a
two-Gaussian fit to the Hulthen wave function, chosen in
Ref. [46].

To proceed, one has to specify the Wigner function W,
in Eq. (4). One possibility is to use simulations in order to
determine the phase-space distribution of nucleons. Both the
perturbative and non-perturbative evolution in Monte Carlo
generators of strong interactions are based on momentum
eigenstates and, hence, they provide only information on
momentum correlations of nucleons. The addition of spatial
information requires thus the transition to a semi-classical
picture. Alternatively, one can neglect two-nucleon corre-
lations and assume an isotropic source, as it is often done
when describing heavy ion collisions. Finally, one can derive
two-particle correlations from experimental data. This is the
approach used in the femtoscopy framework that will be dis-
cussed in the next section.

The first case is used in the WiFunC model [46] which
combines two-nucleon momentum correlations obtained
from QCD inspired event generators, with a simple analyti-
cal model for the spatial distribution of nucleons. Assuming
a factorisation of the momentum and position dependence in
the Wigner function,

Wnp =an(rn, rp)an(Pd/2+q’ Pd/z_q)’ (6)

as well as neglecting spatial correlations, Hy,(r,,r,) =
h(ry)h(rp), and choosing a Gaussian ansatz for the spatial
distribution,

—3/2 r2
_ 2
h(r) = (27‘[0 ) exp (_ﬁ> %)
Eq. (4) becomes
>Ny 3¢ 3 2,2
——2 == [ dgeTVG,,(Ps/2+q,Pi)2 —q).
ap} (271)6/ qe np(Pa/2+q,Pq/2 —q)

®)

The function ¢ reflects the spatial distribution of the nucleons,
and is thus clearly process dependent. It is in general given
by

Iz 2 4
) ’ d = 5 9
¢ oL, d) \/d2 +4&j\/d2 +40J2_\/d2+4o”2 ®

where &i = cri/(cos2 6 +y? sin” 0). Here we distinguished
between the longitudinal and transverse spreads oy, of the
emission volume. The transverse spread is modified when
boosting from the c.m. frame of the original particle colli-
sion to the deuteron frame. Thus y is the Lorentz factor of the
produced deuteron in the collider frame, while 6 is the angle
between the deuteron momentum and the beam axis. Note
that, in contrast to our earlier treatement in Refs. [46,47], we
have included the Lorentz boost in only one of the two trans-
verse components: If the xy cordinates are rotated such that
P is contained in, e.g., the xz plane, then the o, component
will not be affected by the Lorentz boost.

Nucleon momentum correlations are provided by the event
generator, while the process dependence is incorporated in
the spread o. The spread will in general have a geometrical
contribution due to a finite spatial extension of the collid-
ing particles, and a contribution related to the perturbative
cascade and hadronisation,

2 2 2
1 = 9 L) F Ol Ligeom)* (10)
The geometrical contributions can be approximated as
2p2
O’JZ_ ~ 2R R;
(gcom) ™ R2 1 R3 (11)
O|(geom) = max{Ry, Ra},

where R| and R; are the radii of the colliding particles, while
the point-like contributions are givenby oy +) >~ R, ~ 1 fm
and o (p+) > AééD 2~ 1 fm. This simple picture is expected
to give accurate results for pp interactions, while in the case
of pA and A A collisions the geometrical contribution varies
from event to event: While peripheral interactions which are
dominated by binary collisions between a pair of projectile
and target nucleons are characterised by o7(geom) = R, the
size may increase to o(geom) = R for the most central

@ Springer
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collisions. Consequently, the multiplicity of secondaries and
the size of the source region are strongly correlated.

Neglecting for the moment this correlation, and approxi-
mating the radius of a nucleus by

Ra ~agA'3, (12)
with ap >~ 1.1 fm, allows us to use only one free parameter,
O =0ty = ap = 0(pp)/ V2 = 1 fm, (13)

whose physical interpretation is the size of the emission
region of nucleons.

Ideally, also the position integral in Eq. (4) should be
evaluated event-by-event. It is therefore worth pointing out
that some event generators like Pythia 8.2 have implemented
semi-classical trajectories of the produced hadrons [55].
Thus, using Pythia one can instead directly evaluate

d3Nd d3rd3q )

S /We W, (P s P T s Ta).
d

(14)

relying on the semi-classical description of the spatial corre-
lations provided by the simulation. A simple model applying
a hard cut-off in both momentum and position space has been
considered using UrQMD in Ref. [56]. The approach of the
WiFunC model could be carried over in straight-forward way
to these models, replacing the hard cutoffs with Eq. (14).

Because of the generality of Eq. (8), the WiFunC model
can in principle be used to describe the production of other
nucleus-like systems with small binding energies if the
approximate wave function of the produced system is known.
One additional application of the WiFunC model could there-
fore be the production of exotic bound states such as the
X (3872) or the Z(3985), if they are deuteron-like bound
states [57-62].

3 Relation to the femtoscopy framework

The emission volume probed in femtoscopy correlation
experiments is directly linked to the distribution of nucleons,
and can thus be used to check the validity of the WiFunC
model. In a similar fashion, the emission volume can be
related to the coalescence factor B4, as was done in Refs.
[25,34,35]. However, in order to derive their analytic rela-
tionship, the so-called smoothness approximation [63] was
applied on top of the sudden approximation used in the pre-
vious section. In this approximation, the ¢ dependence in the
nucleon Wigner function is assumed to be negligible so that
the g integral in Eq. (4) can be evaluated. As remarked in Ref.
[35], this may be justified for heavy ion collisions where the
size of the produced nuclear clusters can be neglected com-
pared to the size of the emitting source. However, a more

@ Springer

careful treatment is warranted for small interacting systems.
To see this, we note that applying the sudden approximation
to Eq. (8) implies that two-nucleon correlations are neglected,
but these correlations should be kept for small interacting sys-
tems. The WiFunC model evades these problems because it
evaluates the momentum integral using the momentum dis-
tributions supplied by an event generator.

Within the smoothness approximation, the deuteron spec-
trum (4) can be written as

&ENg 3 [ dr

- da_ - — 2
7 "5 ) @)

(15)
% / BraWop(Pa)2, Pa)2. u, ).

while the nucleon spectra are given by’

d°N d3r
(27)°

= &Ergw, P Tpiln). (16
dp; dp; / TaWap(Pps P> TpsTn). (16)

Following the authors of Refs. [34,35], we assume for sim-
plicity E4/(E, E,) = 2/my in the deutron rest frame. Then
the coalescence factor (1) becomes

32m)3

By(Py) =~ / &rlpa(r)*Sa(r, Py), (17)

with the source function defined as

[ &raWuy(Pa/2, Pa/2,7p, Ty)
[ Brad®rW,,(Pa/2, Pa/2, 7, 10)

Sao(r, Pg) = (18)
Measured particles will always be affected by final state
interactions. This significantly affects two-particle correla-
tion experiments: Even from initially uncorrelated particles
one will measure a correlation

Clg) = / &Ersme)|w(r, 9%, (19)

where S(r) is the emission source function and the final state
interactions are encoded in the wave function ¥ [63]. This
is very similar to Eqgs. (8) and (17): Coalescence is effec-
tively a final state interaction that affects the two-nucleon
correlations.

The authors of Refs. [34,35] used Eq. (17) to derive
numerical estimates of the B, factor as a function of the
source radius r measured in femtoscopy experiments. This
approach looks very promising, since it allows one to express
the coalescence factor only in terms of measurable quanti-
ties. Unfortunately, any numerical evaluation is additionally

3 Notice that we have included here, in contrast to the coalescence fac-
tor (1), two-nucleon correlations. Since typically only the proton spec-
tra will be available experimentally, it is common to assume factorised
nucleon distributions. As the correlations are provided by Monte Carlo
simulations and are included in the WiFunC model, we keep them in
this expression.
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based on three assumptions on the two-nucleon wave func-
tion: 1) the spatial distribution has to be prescribed, ii) its
characteristic size is assumed to be much larger than the one
of the produced antinucleus states, such that the smoothness
approximation can be used, iii) the two-nucleon momentum
correlations are negligible. Yet, all these assumptions are gen-
erally not valid for collisions of small systems, as correctly
noted already in Ref. [34]. Furthermore, the correlation func-
tion has to be inferred from experimental data, and is thus
only available for the central rapidity region. The approxima-
tions required in the approach of Refs. [34,35] are avoided in
the WiFunC model, since the used Monte Carlo generators
provide two-nucleon momentum correlations which in turn
leads to a non-trivial source function.

4 Size of baryon-emitting source

The source radius of the baryon emission in pp collisions at
13 TeV was recently measured by the ALICE collaboration,
assuming a Gaussian source profile,

2
S(r, — rul) < exp— (M>, (20)

2
4ry

using the femtoscopy framework, cf. with Eq. (19) of Ref.
[48]. Here, the distance r = r, — r, between the two nucle-
ons is defined in their pair rest frame. This study indicates
that protons, antiprotons, A and A originate from the same
source volume. Furthermore, a decrease in the source size
with increasing transverse mass was observed. This decrease
is often attributed to a collective flow, but is, as we will see
next, also naturally described in the WiFunC model.

Inserting the Gaussian ansatz for the spatial distribution
of nucleons (7) into the expression (18) for the source leads
to

2 ") 2 2
S (r) o /dz.Q exp — ( I _ —y2 - r_xm_§>’ (21)

where we have taken into account that the Wigner functions
and their spread, cf. with Eq. (9), are defined in the col-
lider frame. Moreover, we chose the coordinate system such
that z is directed along the initial beam direction and y is
perpendicular to both z and P;. Furthermore, we used the
identity sz/m2 = y2sin 0 + cos @, my being the trans-
verse mass. Using the polar coordinates r,/r = sin ¢ sin ¢
and ry/r = cos ¢ sin ¥, we find

Sy e %N Ty, oy, 00), 22)

with

moorT r2 sin? 9
I(r,mT,G”,aJ_):/ dp | dosinvexp | ————F
0 0

40”
(23)
and
2 2 2
o orm
F = cos? (0—”2— >+sin2¢<0—'2m—g—1>. (24)
1 1

Hence the WiFunC model predicts a non-trivial source func-
tion described by a Gaussian source modified by the function
I(r, mr, oy, GJ_).

In order to compare the predicted source function to the
measurement by the ALICE collaboration, Eq. (22) must be
compared to the Gaussian source profile (20) to fix ro(mr).
In order to determine ro(m7), we perform a least-squares fit
using as uncertainty p o< 1/4/S>(r) as the expected Gaus-
sian error. Additionally, we consider also a simple analyt-
ical approximation: By comparing the Taylor expansion of
Egs. (20) and (22), one finds

m? ol -
r3/of =3 [1 + <—§ + 1) —'2] + 002 od).  (©25)
m o]

In the analysis of the data on the source function in pp
collisions at 13 TeV by ALICE only high multiplicity events
(0-0.17% INEL > 0) were included [48]. However, the
WiFunC model says that there is no (or only a weak) multi-
plicity dependence of the emission volume in pp collisions.
In Fig. 1, we compare the source size r( estimated for proton-
proton pairs*, using both the exact source function (22) (blue
solid line) and the approximation (25) (orange dashed line).
Additionally, we show the source size obtained in the limit
o) > o (green dashed-dotted line), which corresponds to
the steepest slope ro(mr) possible in our model. It is worth
noticing that the data tend to give better fits for o > o7, as
expected from their physical interpretations. Even so, we find
not yet any need to fit them separately due to the relatively
large experimental uncertainties.

From Fig. 1 one can infer o = (0.95 &+ 0.1) fm. Intrigu-
ingly, the WiFunC model thus describes the data well with
values of o similar to those obtained in Refs. [46,47] by a fit
to antideuteron measurements. More importantly, we have
shown that the decrease of the source size with increasing
transverse momentum, which is often attributed to collective
flows, is correctly described by the WiFunC model using
QCD inspired MC generators.

4 A similar analysis can be done for A by changing m p — ma. Inthis
case, a correspondingly larger o is expected.

@ Springer
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L4 —— 6=(0.95+0.10) fm
A 4 === ¢=0.95 fm, Analytical approx.

01 =0.75fm, o —>o0

Teore [fm]

0.8F
Data points adapted from G
0.7 | arXiv:2004.08018 7 /fé
1.00 125 150 175 200 225 250
mr [GeV]

Fig. 1 The Gaussian emission size predicted by the WiFunC model is
compared to experimental data. The blue solid line shows the prediction
of the WiFunC model; the shaded area corresponds to the uncertainty
Ao = 0.1 fm. The simple analytical approximation in Eq. (25) is shown
as a dashed orange line. Finally, the green dashed dotted line indicates
the limit o> oL

5 Multiplicity dependence of coalescence in small
interacting systems

In the previous section, we focused on how the emission
region of nucleons is related to the source size measured in
femtoscopy experiments. Now we consider the effect of two-
particle correlations on the deuteron yield. To this end, we
investigate how the coalescence factor B, of antideuterons
measured at mid-rapidity (]y| < 0.5) in pp collisions at
13 TeV depends on multiplicity and transverse momentum>.

The experimental results are reported for a specific event
class (INEL > 0) and are divided into different multiplic-
ity classes in terms of the percentage of the inclusive cross
section, see Ref. [45] and references therein for their def-
inition. We aim to reproduce the data, generating inelastic
pp collisions at 13TeV with QGSJET II and Pythia 8.2,
while describing the coalescence by the WiFunC model with
o = 0.9fm, using the two-Gaussian wave function for the
deutron. We check the trigger condition and classify the mul-
tiplicity class on an event-by-event basis. For comparison,
we consider the standard per-event coalescence model with
a hard cutoff py ~ 0.2 GeV. This serves as a benchmark on
what effects are caused by particle correlations, and what by
the source size in the WiFunC model.

The results are compared to the experimental data in Fig. 2.
Both QGSJET II and Pythia 8 reproduce well the overall
yield in the various multiplicity classes. Furthermore, the
qualitative behaviour of an increasing transverse momentum

5 We constrain this discussion to the data obtained at 13 TeV because of
their small experimental uncertainties, but the same qualitative features
are seen also at 7TeV [50].
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II(x2)
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Fig. 2 The coalescence factor By for different multiplicity classes,
measured by the ALICE collaboration is compared to the predictions by
QGSIJET II (above) and Pythia 8.2 (below), using the WiFunC model
(solid lines). The results for the standard coalescence model (dashed
lines) are shown for comparison. Class I corresponds to largest multi-
plicities, while the multiplicity decreases with increasing class

pr slope of By with increasing multiplicity is also repro-
duced. This increase is often attributed to a collective flow,
but our results indicate that it is also well described by the
WiFunC model combined with QCD inspired event gener-
ators. While the overall behaviour and trends of the experi-
mental data are reasonably well reproduced, deviations are
expected as the event generators are not tuned to two-particle
correlations. Comparing the results from the WiFunC model,
shown as solid lines, to those of the standard coalescence
model (dashed lines), one can notice that the multiplicity
dependence of the slope of B; is stronger in the WiFunC
model. Even so, there is also an increase in the slope of By
in the standard coalescence model, which is stronger in the
case of Pythia. This indicates that two-particle correlations,
although not the only effect responsible for the growing slope
of B, are not negligible for pp collisions in the kinematical
range considered.
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In the WiFunC model, the multiplicity dependence emerges
due to two-nucleon momentum correlations and the depen-
dence of the emission region of nucleons on the event kine-
matics. In combination, these effects lead to the non-trivial
multiplicity dependence visible in Fig. 2: For increasing
multiplicity, the momentum phase space available for sin-
gle nucleons will on average decrease, which implies an
increased coalescence probability according to Eq. (8). The
main multiplicity dependence of the emission region in pp
collisions comes from the modification of the transverse
spread by the Lorentz boost, as it can be seen from Eq. (9).
In order to get a sense of this dependence, we plot in Fig. 3
the multiplicity dependence of the transverse spread using
Pythia and QGSJET at 13 TeV. In both cases, 0 = 1fm is
used. Both event generators lead qualitatively to the same
multiplicity dependence: The average transverse momentum
increases with increasing number of produced particles, lead-
ing to a decrease in the transverse spread. Such an increase
of the average pr with multiplicity has been observed by all
experiments at LHC, being reasonably reproduced by Pythia
(see, e.g., Ref. [64]) and leading to a gradual decrease of 6|
up to the rather high values of dN¢, /dn. On the other hand,
this effect is not properly described by QGSJET-II, in which
case the decrease of ¢ is saturated already for relatively
small values of dN., /dn.

6 Astrophysical applications

Thus far, we have considered only particles at central
(pseudo-) rapidity, which are accessible experimentally. The
bulk of produced particles will, however, in general have
large longitudinal momenta. In high energy collisions at
the LHC, the use of a constant By as function of p, is a
good approximation. Therefore, one may naively expect this
assumption to be a good approximation for astrophysical pro-
cesses as well. This is, as we will discuss in this section, how-
ever not the case. Even so, an isotropic model with constant
B4 (p;) is still regularly applied in the literature to antinuclei
production in proton-proton collisions [33,65,66].

Cosmic ray antideuterons are expected to originate in sec-
ondary production, i.e. in collisions between primary cosmic
rays and the interstellar matter. The main contribution comes
from protons with energies Epim ~ 20-100 GeV collid-
ing with protons in the interstellar matter, while the bulk of
the produced antideuterons has kinetic energies per nucleon
in the range T ~ 2-20 GeV/n [47]. In order to check the
validity of a constant B, (p;) for astrophysical applications,
we therefore plot the coalescence parameter B (p;) obtained
using QGSJET 1I for primary energies® Epim = 50 and

6 Notice that we consider Pz> Eprim and T in the rest frame of the
target.

1.4 3
1.2 -
- 10~
E 1.0 B
fumi 10—2
.
© 0.8 -
1073
0.6 QGSIET II
o pp 13 TeV
0.4 ' ' '
0 20 40 60
(dNen/dm)ly <05
14 T =
1.2 - 10—1
— 1.0 . B 2
é . 10
© T
0.8 7 1073
|
0.6 Pythia 82| Wl -+
pp 13 TeV
0.4 : : '
0 20 40 60

(dNep/dm)ly <05

Fig. 3 Spread of 5, as a function of the number of charged particles in
the central pseudo-rapidity region, for QGSJET II (above) and Pythia
8.2 (below). The mean value of | ateach N and its standard deviation
are shown in solid and dashed lines, respectively; the colour code shows
the probability density of events witha given | anddN¢p, /dn (n < 0.5)

100GeV in Fig. 4 as function of the momentum p, in the
lab frame. The range of B, determined using the femtoscopy
framework in Ref. [33] is shown as a violet band. For com-
parison, we also show the coalescence factors B, obtained
for /s = 50GeV and 13 TeV. In the case of collider energies,
the values obtained agree well with the value inferred by fem-
toscopy experiments in Ref. [33]. At energies most relevant
for astrophysical processes, however, the femtoscopy data
at the LHC overestimate the coalescence parameter. More
importantly, the coalescence parameter depends strongly on
the longitudinal momentum at these energies’. In order to
obtain the correct energy spectra of the produced antinuclei
in astrophysical processes, a careful treatment taking into
account two-particle correlations is therefore required.

7 The decrease of B, with p, arises mostly from a reduction of the
kinematic space available for a production of an antinucleon pair. In
particular, By — 0 when p, approaches Epim /2.

@ Springer



167 Page 8 of 9

Eur. Phys. J. A (2021) 57:167

—_ 10_2_- l::::_-__————-—_________:
> - .,
L N
O .
= N,
= \. —— Epin=50GeV
Q \ P
. —+= Epim=100GeV 1
N - /5=50GeV
V- Vs=13TeV
\ Blum et al. 2017
10—3 I 1 1 s 1 1
0 20 40 60 80 100

Pz [GeV]

Fig. 4 The coalescence factor for d production, as a function of longi-
tudinal momentum in the lab frame in pp collisions for various energies
relevant for astrophysical processes and collider energies

7 Conclusions

The WiFunC model is a per-event coalescence model based
on the Wigner function representation of the produced nuclei
states, which allows one to account for both two-nucleon
momentum correlations and the size of the hadronic emission
volume. We have shown that this model reproduces well the
source size for baryon emission and the coalescence factor
B> measured recently by the ALICE collaboration in pp col-
lisions. While these measurements have characteristics that
are often attributed to the collective flow of the Quark-Gluon
Plasma, our results show that the same properties are well
reproduced describing the underlying physical processes by
conventional QCD inspired event generators as QGSJET or
Pythia. Finally, we have demonstrated that the coalescence
parameter depends strongly on the longitudinal momentum
for the energy range most relevant for astrophysical pro-
cesses. Therefore, the use of a constant B4 value in astro-
physical applications should be abandoned.
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