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We present the study of the production of double J/y mesons using COMPASS data collected with a
190 GeV/c m~ beam scattering off NH3, Al and W targets. Kinematic distributions of the collected
double JAy events are analysed, and the double J/y production cross section is estimated for each
of the COMPASS targets. The NHs results are compared to predictions from single- and double-parton
scattering models as well as the pion intrinsic charm and the tetraquark exotic resonance hypotheses. It

is demonstrated that the single parton scattering production mechanism gives the dominant contribution
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that is sufficient to describe the data. An upper limit on the double intrinsic charm content of the pion
is evaluated. No significant signatures that could be associated with exotic tetraquarks are found in the
double J/y mass spectrum.

© 2023 Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The production mechanism of heavy quarkonia is an intriguing
and challenging subject in Quantum Chromodynamics (QCD). Par-
ticularly interesting is the double quarkonia production process. It
plays an important role in the understanding of parton interactions
(single- and double-parton scattering) and parton hadronisation
dynamics in high-energy collisions.

There exist several models for double quarkonia production:
single-parton scattering (SPS) [1-3], double-parton scattering (DPS)
[4], intrinsic charm of initial hadrons (IC) [5] or tetraquark decay
[6]. At moderate energies of fixed-target experiments, the produc-
tion of double quarkonia is expected to be driven mainly by the
SPS mechanism, while the contribution of DPS would be strongly
suppressed [7]. While the gluon-gluon fusion channel dominates
in the SPS mechanism at collider energies, at the lower energies
of fixed-target experiments the dominant contribution comes from
quark-antiquark annihilation [1-3].

First measurements of double JA/ production cross section
were performed in the 1980s by the NA3 collaboration using pion
(150 GeV/c and 280 GeV/c) and proton (400 GeV/c) beams scat-
tering off a platinum target [8,9]. More recently double J/y pro-
duction was studied at higher centre-of-mass energies by LHCb
[10-12], DO [13], CMS [14] and ATLAS [15].

The results obtained by the NA3 collaboration served as a basis
for the development of the aforementioned heavy quarkonia pro-
duction models: SPS [1-3], DPS [4,16] and IC [5]. The IC model
assumes the presence of non-negligible Fock components with cc
pairs in a hadron wave function [17]. In this case two ]/ mesons
are produced due to hadronisation of the |udcccc) Fock state -
the double intrinsic charm component of the pion. As discussed in
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Ref. [18], values of kinematic variables of the double J// events
at NA3 were published without corresponding acceptance correc-
tion [8] and therefore could not be interpreted directly. Hence, the
conclusion obtained in Ref. [5] that the NA3 data on the double
J/b production supports the intrinsic charm hypothesis must be
reconsidered.

The existence of exotic tetraquark states made of four charm
quarks was first predicted in 1975 [6]. Their possible decays into
two J/y mesons were discussed in Refs. [19-22]. Tetraquark states
can also decay into J/y xc,, and other intermediate states produc-
ing feed-down double j// final state. In theoretical models their
contribution depends on the quantum numbers of the tetraquark
state and other parameters [23]. Alternatively, the double ]/ final
state could be produced in the decay of the bottomonium states
np and xpo 2. According to Ref. [24], 1, decays into two ]/ with
a probability 7 x 1074*1 and the predicted branching fractions for
the xpo.» are lower than 107 [25,26].

Recently the LHCb collaboration reported on the observation
of the X(6900) tetraquark state in the double /Ay mass spec-
trum [12]. This state has a Breit-Wigner line shape and statisti-
cal significance above 5¢. It can be interpreted as a four charm
tetraquark state. The broad enhancement observed in the mass
interval 6.2-6.8 GeV/c? can be attributed to feed-down decays of
heavier quarkonia or to the mixture of cccc tetraquark states.

In this Letter, the analysis of double J/i production events col-
lected by the COMPASS experiment in pion scattering off different
nuclear targets (ammonia, aluminium and tungsten) is presented.
The obtained kinematic distributions of double JAy differential
cross sections for the NH3 target are discussed and compared to
model predictions (SPS, DPS and IC). The integrated production
cross section is estimated for each of the nuclear targets.
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2. The COMPASS experiment at CERN

The COMPASS experiment [27-29] is located at the M2 beam
line of the CERN Super Proton Synchrotron. The data used in
the present analysis were collected in 2015 and 2018, using a
190 GeV/c m~ beam scattering off NH3, Al and W targets, posi-
tioned along the beam line. The NH3 target consisted of two 55
cm long cylindrical cells, separated by a 20 cm gap. The cells were
polarised transversely in opposite directions. Possible target po-
larisation effects were cancelled by combining data with opposite
polarisation orientations. A 240 cm long hadron absorber consist-
ing of alumina blocks with a central tungsten core (120 cm) acting
as a beam dump was installed downstream of the NH3 target. The
purpose of the hadron absorber was to strongly reduce the flux of
secondary hadrons, which may decay into muons. For the present
measurement the most upstream part (10 cm) of the tungsten core
was used as a heavy nuclear target. An additional 7 cm long alu-
minium target was placed between the ammonia target and the
tungsten core of the absorber. Outgoing charged particles were de-
tected downstream of the absorber by a set of tracking detectors
in the two-stage spectrometer. In each stage, muon identification
was accomplished by muon filters, which included tracker stations
separated by a hadron absorber layer. The trigger required the hit
pattern of several hodoscope planes to be consistent with at least
two muon candidate tracks originating from the targets. For more
details see Refs. [27-29].

3. Selection criteria

In the analysis presented in this Letter, the reaction

A W A I+ X > W)+ e+ X (1)

is studied. Events with associated incoming pion and at least two
positive and two negative outgoing muon tracks originating from a
primary vertex reconstructed in one of the target volumes are se-
lected as double J/A/ candidates. In order to minimize the effect
of secondary interactions in tungsten, only events from the first 10
cm of the tungsten core are used in the analysis. Tracks crossing
more than 30 radiation lengths of material along the spectrome-
ter are identified as muons. Due to energy losses in the material
of the hadron absorber and muon filters, only muons with mo-
mentum higher than 10 GeV/c could be efficiently identified. Neg-
ative muons with momentum above 100 GeV/c produced at small
angles are rejected in order to remove the strong contamination
from beam pion decays. Additionally, the momentum of the four
muon system is required to be smaller than 190 GeV/c. For each
four-muon event, the four possible dimuon invariant mass com-
binations (mu{ru(’muz*u;’ mu{ru;’muz*uf) are constructed, out of
which the two possible double J/A/ candidates are selected.

In order to estimate the double i/ production cross section,
the results obtained for the semi-inclusive J/iy production are
needed. The dimuon mass distribution for events containing at
least one u ™ pair originating from the NHj3 target is presented
in Fig. 1. In the mass spectrum the J/i/ peak and a shoulder
from the v (2S) resonance are clearly distinguishable. The posi-
tion and the width of the J/i/ peak are estimated by fitting a sum
of two Gaussian functions (describing /i and ¥ (2S)) and a func-
tion ¢ - e Mt 4 ¢5. MMC;‘M, (describing the background) to
the mass spectrum in the range 2.0-5.0 GeV/c2. The obtained val-
ues for the peak positions, M ., and Gaussian width, A j,, for all
the targets are presented in Table 1.

Fig. 2(a) presents the correlation of the two dimuon masses,
my and m;, for double J// candidates produced in the ammonia
target. Here my denotes m fuy orm while my refers corre-
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Fig. 1. Dimuon invariant mass distribution for the NH3 target.

Table 1
Single J/¥ mass and Gaussian width for all the targets.
NH3 Al w
My, GeV/c? 3141 £ 0009 3138 = 0.010  3.078 £ 0.009
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Fig. 2. (a) The distribution of the two mass combinations, m; and m;, for events
with two positive and two negative muons in the final state reconstructed in the
ammonia target. The selected double ]/ candidates are shown in the red circle.
(b) Distribution for the value R for the real data (black) and for Monte-Carlo events
of the double J/y production (blue). The exponential fit to the data is shown in red.

cut with radius of 2A j,, that is applied to select double J/v can-
didates. Events with both dimuon pair combinations passing the
double jA selection (one event originated in the ammonia target
and five events in tungsten) are rejected. This selection does not
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introduce an additional systematic uncertainty, as it is used also
in Monte-Carlo for the acceptance calculation. The aforementioned
selection criteria are passed by 28 events originating from NHj3, 2
from Al and 13 from W targets.

The nominal J/ mass [26] is assigned to the selected dimuons.
Single J/A/ candidates are required to satisfy the condition xg =
2p¥/+/s > 0 in order to avoid the region with low acceptance.
Here pj is the longitudinal momentum of the J/A/ candidate in the
centre-of-mass system. For double J/y candidates the same selec-
tion is applied for each J/A) in the pair. The complete information
for each selected double ]/ event produced in the ammonia tar-
get is available on HEPData [30].

In order to estimate the fraction of continuum background
present under the signal region shown in Fig. 2(a), the dis-
\/(ml = Mjp)? + (ma — My)?
for each target are analysed. Here, originally measured invariant
masses mq and my are used. The R distribution for the ammonia
target is shown in Fig. 2(b) in black. The bin width corresponds
to 2Ajy such that the signal is almost entirely concentrated in
the first bin of the histogram. The blue histogram represents the
expected double JA) contribution evaluated from a Monte-Carlo
simulation described in Section 4. An exponential curve is fitted
to the experimental distribution in the range of R from 4Aj, to
2 GeV/c?, where the signal is negligible. The background contri-
bution in the signal region is estimated from the extrapolation of
the fitted curve to R = 0. After the background contributions were
subtracted, the number of double j/y signal events N3y, for NHs,
Al and W is estimated to be: 25.1 £0.5, 0.6 + 0.4 and 4.5 + 2.0,
respectively. The background for Al and W is larger than the cor-
responding signal. The possible contribution of double ]/ events
produced from the decay of BB pairs is estimated to be small
and is neglected. The estimated numbers of signal and background
events in the NH3, Al and W samples are presented in Table 2.

tributions of radial distance R =

4. Results

The ratio 03y /0y for each target is given by the equation:

o2 _ 1 o Nojww A 2)
oy BRUMN — ) Ny Az

Here, oy (02)y) is the JAF (2]/F) production cross section
per nucleon for each target, while N, is the number of signal J/Ay
events obtained from the fit shown in Fig. 1. In order to evaluate
the absolute normalisation of the double j/i yield in the COMPASS
data the NA3 single J/y results [31] are used. The single JA) pro-
duction cross section was measured by NA3 using a 200 GeV/c w~
beam with a proton target (UJPM X BR(JAWy — upu) =6.3£0.8 nb)
and with a platinum target (o]}, x BR(J/) — jp) = 960 + 150
nb). In the COMPASS analysis the first value is used for an esti-
mation of the double A/ cross section per nucleon on NH3 and
Al targets and the second value divided by the atomic mass is
used for the tungsten target. The acceptance Ay (Azjy ) for sin-
gle (double) JA/ events is averaged over the kinematic range of
the selected samples.

The quantity BR(J/y — ) is the branching fraction of the
J/b decay into two muons that is equal to 0.05961 + 0.00033
[26]. A Monte-Carlo simulation is performed to estimate the ac-
ceptances. The HELAC-Onia package [32,33] is used to generate the
hard processes (both gq annihilation and gg fusion) of the dou-
ble J/y production according to the SPS mechanism. It is assumed
that the contribution from qq is two times larger than that from
gg [1,2]. The single J/A/ production is simulated with Pythia 8 [34].
The obtained ratio of double to single JAy cross sections for the
ammonia target is
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Table 2

Number of single and double ]/ (selected candidates, background and signal)
events, acceptance values of single and double J// and cross section of double /¥
on the COMPASS targets (the first number is the cross section, the second and the
third are the statistical and systematic uncertainties).

NH3 Al W
Ny /108 6.23 0.46 251
NZ]/w// candidates 28 2 13
N2 jj background 29+ 05 14 + 04 8.5 =+ 2.0
Najp 251 £ 05 0.6 + 0.4 45+ 20
Az 0.129 0.051 0.050
Ay 0.194 0.074 0.066
02, pb/nucleon 10.7+23+3.2 36+82+14 33+£3.0+1.8
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Fig. 3. The double J/y production cross section per nucleon as measured by COM-
PASS (black) and NA3 [8] (blue) in 7w~ scattering off different targets. The error bars
represent the statistical and the total experimental uncertainties.

02 [0y = (1.02 £ 0.2254¢ £ 0.275y5t) - 1074, (3)

which is compatible with the result reported by NA3 [8]. The nu-
merical values used in Eq. (2), as well as the obtained results for
the double JAy production cross section for each target, are listed
in Table 2. In Fig. 3 the COMPASS results are compared with NA3
data [8]. Within the uncertainties, no significant evidence of nu-
clear effects is observed.

Extensive studies are performed to quantify the systematic un-
certainty of the double J// production cross section measurement.
For the NH3 case the main contributions come from the evalu-
ation of single and double ]/ acceptances; they are estimated
to be 14 pb/nucleon and 2.5 pb/nucleon, respectively. The un-
certainty of double JAy acceptance also takes into account the
uncertainty of relative contributions of qq and gg used in Monte-
Carlo simulations. Another significant contribution (1.4 pb/nucleon)
is due to the uncertainty of the single J/ production cross section
measured by NA3 [31]. Several other sources of systematic uncer-
tainties were studied and found to be negligible, e.g.: background
estimation procedure, the uncertainty of the estimated number of
single J/y events and the contribution from Jjy particles pro-
duced in pileup events. For the other two targets, the main contri-
bution to the systematic uncertainties comes from the evaluation
of the combinatorial background.

Due to low statistics and significant background contribution in
the double ]/ samples from Al and W targets, only the kinematic
distributions from the ammonia target will be discussed in the fol-
lowing. The acceptance values evaluated for each event are used to
calculate the average bin-by-bin acceptance for each kinematic dis-
tribution. The acceptance-corrected distributions are normalised to
the background-uncorrected integrated cross section. The obtained
differential cross sections are presented in Fig. 4.

The cross section as a function of the invariant mass of the
two- J// system is shown in Fig. 4(a). The sum of SPS model
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Fig. 4. (a) The double J/ production cross section per nucleon as a function of the invariant mass, M. The data points are compared to the sum of SPS and background
contributions (solid red line). Individual SPS (dashed red line), and background (dashed black line) contributions are also shown. (b) The double /¥ production cross section
per nucleon measured as a function of the transverse momentum, pr 2,y . Curves are as described above for panel (a). (c) The double J// production cross section per
nucleon as a function of the difference of the longitudinal momentum fractions of the two J/iy mesons, |Ax)|. Curves are as described above for panel (a). (d) The cross
section of double ]/ production per nucleon as a function of the double J/ longitudinal momentum fraction, x| 2. The COMPASS data points are compared to the sum
of SPS, IC and background contributions (solid red line). Individual SPS (dashed red line), background (dashed black line) and IC (blue dashed line) contributions are also
shown. The IC contribution is shown with one standard deviation uncertainty band. The error bars on all the figures represent the statistical uncertainty.
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and background contribution was fitted to the cross section data
points as shown in Fig. 4 by solid red line. The black dashed curve
illustrates the contribution of background events generated with
Pythia 8 [34] and is normalised to the integrated background esti-
mated using values from Table 2. The mass spectrum does not ex-
hibit any statistically significant resonant structure. The double j/A)
mass range corresponding to 7, and xpo2 decays (My, y,,, > 9
GeV/c?), which is referred to in the Introduction, is not accessible
in the current measurement.

In Fig. 4(b) the differential cross section doa sy /dpt 27y is
shown, where pr 3j/y is the transverse momentum of the dou-
ble J/ system with respect to the beam track. The distribu-
tion extends up to pr2j/y &~ 3.5 GeV/c and the mean value is
(pt 2j/9) = 1.3 GeV/c. The differential cross section as a func-
tion of |Ax,| =1x jy; — X j,| is presented in Fig. 4(c), where
X|| J = DL Jjy/Pbeam- Here pp jy is the longitudinal momentum
of the J/i/ with respect to the pion beam direction in the tar-
get rest frame and ppeam is the pion momentum. The pr 2y and
|Ax| distributions are in agreement with SPS model expectations,
however within the present statistics they cannot be used to dis-
entangle different production mechanisms [18].

The double jAy production cross section as a function of
X|| 2Jpy = DL 2Jpy/Pbeam is presented in Fig. 4(d), where pr 2y
is the longitudinal momentum of the double A/ system defined
along the pion direction in the target rest frame. The function

F &y 25m) =a- fsps(X) 2 ) +b- fic (X)) 25) + forg %) 2), (4)

where a and b are free parameters, is fitted to the experimen-
tal points in the kinematic range x; 24 > 0.44. Here fsps(X|| 2y )
represents the contribution of the SPS mechanism and fic(x) 2j)
corresponds to a possible contribution of the pion intrinsic charm.
The SPS distribution is generated by the HELAC-Onia package and
the IC parameterisation is taken from Ref. [18]. The background
contribution fpig (x| 25) is generated using Pythia 8 and nor-
malised using the integrated values presented in Table 2. The con-
tribution from the DPS production mechanism is neglected, since it
is estimated to be smaller than the background contribution and it
is expected not to exceed 8% of the SPS one [16]. In contrast to IC,
both DPS and SPS distributions are expected to peak at relatively
small values of x| 2. In Fig. 4d the fit result is represented by
the solid red curve, while dashed black and red lines correspond to
SPS and background contributions, respectively. The contribution of
IC with one standard deviation uncertainty band is shown in blue.
The experimental points are fully consistent with the SPS hypothe-
sis, which appears to be sufficient to describe the data. The upper
limit on the fractional contribution of intrinsic charm mechanism
to the integrated cross section is estimated to be 0.24 (CL=90%).
Exclusion of the events produced in the assumed X(6900) reso-
nance region [12], does not have any significant impact on the
presented results and conclusions drawn in this paper. Addition-
ally, neither the shape, nor the functional form of the presented
non-resonant model calculations (see Fig. 4(b,c,d)) also do not
change qualitatively for the resonant case.

5. Discussion and summary

In the context of the COMPASS measurement, it is interesting
to revise the interpretations [5,35-38] of the NA3 result on the
double Ay production [8] and the SELEX results on the produc-
tion of double charm baryons [39,40]. These results were inter-
preted as evidence for the intrinsic charm mechanism, however,
neglecting other contributions (e.g. SPS). Although it is not possi-
ble to compare directly SELEX and NA3 results, it has been shown
[36] that the ratios of integrated partonic production cross sec-
tions, o (cccc)/o (cc), calculated for SELEX and NA3 are compatible
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within uncertainties. As it was shown in Section 4, the NA3 and
COMPASS results are also compatible, whereas the latter appears to
be mainly driven by the SPS mechanism. Hence relying exclusively
on the IC hypothesis to describe both NA3 and SELEX production
rates is not justified and the SPS contribution can be the dominant
one as it is the case for COMPASS.

In conclusion, the inclusive double ]y production is studied
by the COMPASS experiment using a pion beam scattering off vari-
ous nuclear targets. The differential cross section is measured on
NH;3 as a function of Mz, X)) 2jp, PT 2J/9 and Axj. No ev-
idence of any resonant states decaying into two J/i/ is found
within the limited statistics of this measurement. To discriminate
the leading production mechanism, the differential cross section
doyjpy /dX)| 25y is used since contributions from IC and SPS mech-
anisms are expected to peak in different x; ;4 regions. Both
SPS and IC hypotheses are used to fit doa s /dX) 2. The up-
per limit on the production rate of double JAy from the intrinsic
charm mechanism is estimated. The obtained result for the dif-
ferential cross section doa sy /dx) 2 is fully consistent with the
SPS hypothesis which appears to be sufficient to describe the data.
Within estimated uncertainties the contribution of intrinsic charm
is found to be small and compatible with zero.
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