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Abstract

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 J/y events are analysed, and the double J/y production cross section is estimated for each
of the COMPASS targets. The 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 contri-
bution that is sufficient to describe the data. An upper limit on the double intrinsic charm content of
pion is evaluated. No significant signatures that could be associated with exotic tetraquarks are found
in the double J/y mass spectrum.
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1 Introduction

The production mechanism of heavy quarkonia is an intriguing and challenging subject in Quantum
Chromodynamics (QCD). Particularly 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 production 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 annihila-
tion [1-3].

First measurements of double J/y 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 scattering off
a platinum target [8,9]. More recently double J/y production 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 aforemen-
tioned heavy quarkonia production models: SPS [1-3], DPS [4, 16] and IC [5]. The IC model assumes
the presence of non-negligible Fock components with ¢¢ pairs in a hadron wave function [17]. In this
case two J/y mesons are produced due to hadronisation of the |idcccc) Fock state — the double intrinsic
charm component of the pion. As discussed in Ref. [18], values of kinematic variables of the double J/y
events at NA3 were published without corresponding acceptance correction [8] and therefore could not
be interpreted directly. Hence, the conclusion obtained in Ref. [5] that the NA3 data on the double J/y
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/yy.,, and other intermediate states producing feed-down double J/y final state. In the-
oretical models their contribution depends on the quantum numbers of the tetraquark state and other
parameters [23]. Alternatively, the double J/y final state could be produced in the decay of the bottomo-
nium states 7, and Y0 2. According to Ref. [24], 1, decays into two J/y with a probability 7 x 10—4+!
and the predicted branching fractions for the 0> are lower than 1074 [25,26).

Recently the LHCb collaboration reported on the observation of the X(6900) tetraquark state in the
double J/y mass spectrum [12]. This state has a Breit-Wigner line shape and statistical significance
above 50. 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/y production events collected by the COMPASS experiment
in pion scattering off different nuclear targets (ammonia, aluminium and tungsten) is presented. The
obtained kinematic distributions of double J/y differential cross sections are discussed and compared to
model predictions (SPS, DPS and IC). The integrated production cross section is estimated for each of
the nuclear targets.

2 The COMPASS experiment at CERN

The COMPASS experiment [27-29] is located at the M2 beam line of the CERN Super Proton Syn-
chrotron. The data used in the present analysis were collected in 2015 and 2018, using a 190 GeV /c n~
beam scattering off NHs, Al and W targets, positioned along the beam line. The NHj3 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 polarisation effects were canceled by combining data with opposite
polarisation orientations. A 240 cm long hadron absorber consisting of alumina blocks with a central
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tungsten core acting as a beam dump was installed downstream of the NHj 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 aluminium target was placed between the ammonia target and the
tungsten core of the absorber. Outgoing charged particles were detected downstream of the absorber by
a set of tracking detectors in the two-stage spectrometer. In each stage, muon identification was accom-
plished 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
T ATy HTy+ X = (uu )+ (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 selected
as double J/y 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 spectrometer are identified as muons. Due to energy losses in the
material of the hadron absorber and muon filters, only muons with momentum higher than 10 GeV /¢
could be efficiently identified. Negative muons with momentum above 100 GeV /¢ 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 combinations (mﬂf My g > Ty s My ”;) are
constructed, out of which the two possible double J/y candidates are selected.

In order to estimate the double J/y production cross section, the results obtained for the semi-
inclusive J/y production are needed. The dimuon mass distribution for events containing at least one
1t~ pair originating from the NHj target is presented in Fig. 1. In the mass spectrum the J/y peak and
a shoulder from the y(2S) resonance are clearly distinguishable. The position and the width of the J/y
peak are estimated by fitting a sum of two Gaussian functions (describing J/y and y/(2S)) and a func-

tion c1-e Mutn 2 {3 M uci u- (describing the background) to the mass spectrum in the range 2.0-5.0

GeV/c?. The obtained values for the peak positions, M 7)y» and Gaussian width, A, for all the targets
are presented in Tab. 1.

Table 1: Single J/y mass and Gaussian width for all the targets.

NH3 Al A\
My, GeV/c? | 3.141 +0.009 | 3.138 4 0.010 | 3.078 £ 0.009
Ajpys GeV/c? | 0.182 4 0.008 | 0.202 4 0.009 | 0.299 4 0.011

Figure 2(a) presents the correlation of the two dimuon masses, m; and my, for double J/y candidates
produced in the ammonia target. Here m; denotes My OF Mypey s while m; refers correspondingly to
Mys s OF Myt The red circle illustrates a circular cut with radius of 24, that is applied to select
double J/y candidates (marked in red). Events with both dimuon pair combinations passing the double
J/y selection (one event originated in the ammonia target and five events in tungsten) are rejected. This
selection does not 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

NH3;, 2 from Al and 13 from W targets.
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The nominal J/y mass [26] is assigned to the selected dimuons. Single J/y candidates are required
to satisfy the condition xp = 2pj /1/s > 0 in order to avoid the region with low acceptance. Here p; is the
longitudinal momentum of the J/y candidate in the centre-of-mass system. For double J/y candidates
the same selection is applied for each J/y in the pair. The complete information for each selected double
J/y event produced in the ammonia target is available on HEPData [30].

“§ [ —— Data
3 10° —— Total fit
(D =
o I — Wy
g — ¥(@s)
1% 100 [ N e Background
S r
2
(5] L
10°=
we [ vy T
E . L
2 3 4 5 6 7 8
M, (GeVic?)

Fig. 1: Dimuon invariant mass distribution for the NHj3 target.

In order to estimate the fraction of continuum background present under the signal region shown

in Fig. 2(a), the distributions of radial distance R = \/ (my —M;py)% + (mo—M J/q,)z for each target are
analysed. Here, originally measured invariant masses m; and m; are used. The R distribution for the
ammonia target is shown in Fig. 2(b) in black. The bin width corresponds to 24, such that the signal is
almost entirely concentrated in the first bin of the histogram. The blue histogram represents the expected
double J/y 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 44, to 2 GeV/ 2, where the signal
is negligible. The background contribution in the signal region is estimated from the extrapolation of the
fitted curve to the R = 0. After the background contributions were subtracted, the number of double J/y
signal events N,;, for NH3, 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 corresponding signal. The possible contribution of
double J/y events produced from the decay of BB pairs is estimated to be small and is neglected. The
estimated number of signal and background events in the NH3, Al and W samples are presented in Tab. 2.

4 Results

In order to evaluate the absolute normalisation of the double J/y yield in the COMPASS data the NA3
single J/y results [31] are used. The single J/y production cross section was measured by NA3 using
200 GeV/c ©~ beam with proton target (Gf/w X BR(J/y — uu) = 6.3 £ 0.8 nb) and with platinum target

(GJP/tW X BR(J/y — uu) =960 £ 150 nb). In COMPASS analysis the first value is used for an estimation
of double J/y cross section on NH3 and Al targets and the second value is used for the tungsten. The

ratio 6,7,/ 0y, for each target is given by the equation:

Cufy _ 1 N Ay ‘
Oyy  BRU/W —up) Ny Agyy

2

Here, 67y (02y) is the J/y (2J/y) production cross section per nucleon for each target, while Ny, is
the number of signal J/y events obtained from the fit shown in Fig. 1. The acceptance A, (A2, for
single (double) J/y events is averaged over the kinematic range of the selected samples. The quantity
BR(J/y — up) is the branching fraction of the J/y decay into two muons that is equal to 0.05961 +
0.00033 [26]. A Monte-Carlo simulation is performed to estimate the acceptances. The HELAC-Onia
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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 J/y 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.

package [32,33] is used to generate the hard processes (both gg annihilation and gg fusion) of the double
J/y production according to the SPS mechanism. It is assumed that the contribution from ¢g is two times
larger than that from gg [1,2]. The single J/y production is simulated with Pythia 8 [34]. The obtained
ratio of double to single J/y cross sections for the ammonia target is

G/ Orpy = (1.02£0.22,4 £0.27,) - 1074, 3)

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

Extensive studies are performed to quantify the systematic uncertainty of the double J/y production
cross section measurement. For the NH3 case the main contributions come from the evaluation of single
and double J/y acceptances; they are estimated to be 1.4 pb/nucleon and 2.5 pb/nucleon, respectively.
The uncertainty of double J/y acceptance also takes into account the uncertainty of relative contributions
of gg and gg used in Monte-Carlo simulations. Another significant contribution (1.4 pb/nucleon) is due
to the uncertainty of single J/y production cross section measured by NA3 [31]. Several other sources of
systematic uncertainties are 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 J/y particles
produced in pileup events. For the other two targets, the main contribution to the systematic uncertainties
comes from the evaluation of the combinatorial background.

Due to low statistics and significant background contribution in the double J/y 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 distribution. 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/y system is shown in Fig. 4(a). The
red dashed curve illustrates the contribution of background events generated with Pythia 8 [34] and is
normalised to the integrated background estimated using values from Tab. 2. The mass spectrum does
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Table 2: Number of single and double J/y (selected candidates, background and signal) events, acceptance values
of single and double J/y and cross section of double J/y on the COMPASS targets.

NH3 Al W
N,/l,,/106, events 6.23 0.46 2.51
NZJ/VI candidates» €VENLS 28 2 13
Nojpy background> €VeNts 29+0.5 1.4+04 85+20
Nojpy» events 25.1+0.5 0.6+0.4 4.542.0
Aoypy 0.129 0.051 0.050
Ajpy 0.194 0.074 0.066
02y/y> pb/nucleon 10.7£2 350 £3 245 | 3.6 £8. 200 £ 1445 | 3.3 3050 £ 1.8y

40
—e— COMPASS (r, 190 GeV/c)

—— NA3(n, 150 GeV/c)

—— NA3 (', 280 GeV/c)

oty (pb/nucleon)

15

———
—

N
HHHHHHHHO\\HHHHHHH\
= I I I I I I I I
oF
>
g ——

Pt

Fig. 3: The double J/y production cross section per nucleon as measured by COMPASS (black) and NA3 [8]
(blue) in ™ scattering off different targets.

not exhibit any statistically significant resonant structure. The double J/y mass range corresponding to
My and Y02 decays (My, 4,,, > 9 GeV/c?), which is referred to in the Introduction, is practically not
accessible in the current measurement.

In Fig. 4(b) the differential cross section do;y, /dpt 2y /y 1s shown, where p o)y, is the transverse
momentum of the double J/y system with respect to the beam track. The distribution extends up to
Pr2s/y ~ 3.5 GeV/c and the mean value is (pr27/y)=1.3 GeV/c. The differential cross section as a
function of [Ax||| = [x)| sy, —X|| sy, | is presented in Fig. 4(c), where x| ;4 = PLjjy/Pbeam- Here ppjy,
is the longitudinal momentum of J/y with respect to the pion beam direction in the target rest frame
and pream 18 the pion momentum. The pr 25y, and \Axm distributions are in agreement with SPS model
expectations, however within present statistics cannot be used to disentangle different production mech-
anisms [18].

The double J/y production cross section as a function of X|| 27 = PL 2//y/Pbeam iS presented in
Fig. 4(d), where py 5, is the longitudinal momenta of the double J/y system defined along the pion
direction in the target rest frame. The function

Fx) 20p9) = a- fsps(X|| 20p) + b fic (X)) 27py) + Sokg (X)) 27), “4)

where a and b are free parameters, is fitted to the experimental points in the kinematic range x| 27, >
0.44. Here fsps(x| 27,) represents the contribution of the SPS mechanism and fic (x| 2/yy) corre-
sponds 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
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Fig. 4: (a) The double J/y 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 J/y production cross section per nucleon measured as a function of the transverse momentum,
Pt 27/y- Curves are as described above for panel (a).

(c) The double J/y production cross section per nucleon as a function of the difference of the longitudinal momen-
tum fractions of the two J/y mesons, |Ax)|. Curves are as described above for panel (a).

(d) The cross section of double J/y production per nucleon as a function of the double J/y longitudinal momentum
fraction, x| 275,. 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) con-
tributions are also shown. The IC contribution is shown with one standard deviation uncertainty band.

Jokg (X)| 27/y) is generated using Pythia 8 and normalised using the integrated values presented in Tab. 2.
The contribution 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 [16]. In contrast to IC,
both DPS and SPS distributions are expected to peak at relatively small values of x| 57, 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 hypothesis, which
appears to be sufficient to describe the data. The upper limit on the possible contribution of the intrinsic
charm mechanism to the integrated cross section is estimated to be 0/ 02, < 0.24 (CL = 90%).
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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 J/y production [8] and the SELEX results on the production of
double charm baryons [39, 40]. These results were interpreted as an evidence for the intrinsic charm
mechanism, however, neglecting other contributions (e.g. SPS). Although it is not possible to compare
directly SELEX and NA3 results, it has been shown [36] that the ratios of integrated partonic production
cross sections, o (cécé)/o(c¢), calculated for SELEX and NA3 are compatible 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 J/y production is studied by the COMPASS experiment using a
pion beam scattering off various nuclear targets. The differential cross section is measured as a function
of My, X 279> Pr 27/ and Axj. No evidence of any resonant states decaying into two J/y is found
within the limited statistics of this measurement. To discriminate the leading production mechanism, the
differential cross section do, )y, / dx|| 27y 1s used since contributions from IC and SPS mechanisms are
expected to peak in different x| 5,5, regions. Both SPS and IC hypotheses are used to fit d0,;, / dx| 27py-
The upper limit on the production rate of double J/y from the intrinsic charm mechanism is estimated.
The obtained result for the differential cross section d6y;,/dx| 25, is fully consistent with the SPS
hypothesis which appears to be sufficient to describe the data. Within estimated uncertainties the contri-
bution of intrinsic charm is found to be small and compatible with zero.
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