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Abstract

The first study of J/ip¢ production in diffractive processes in proton-proton
collisions is presented. The study is based on an LHCb dataset recorded at centre-
of-mass energy of 13 TeV, corresponding to an integrated luminosity of 5fb~!. The
data disfavour a nonresonant J/i)¢ production but are consistent with a resonant
model including several resonant states observed previously only in Bt — J/ip¢pK™
decays. The x.0(4500) state is observed with a significance over 5 o and the x.1(4274)
is confirmed with a significance of more than 4 o.
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Studies of exclusive hadronic processes in proton-proton (pp) collisions have been
proposed to clarify poorly understood phenomena associated with the asymptotic high-
energy behaviour of quantum chromodynamics (QCD) [1]. In particular, it remains
theoretically challenging to describe the production of complex states, such as vector-meson
pairs, in central diffractive collisions with large rapidity gaps. Photon-induced or pomeron-
induced processes have been proposed to understand the QCD dynamics at high energies [2]
including the production of exotic states and double vector-meson production [3-9]. The
discovery of exotic QCD states has motivated an extensive theoretical and experimental
effort to understand their properties [10]. The nature of exotic hadrons has been studied
mainly in inclusive production or in exclusive beauty hadron decays, in terms of properties
such as mass, spin and decay width. Resonant structures in the J/i)¢ mass spectrum have
previously been observed in amplitude analyses of BT — J/ib¢ K™ decays [11H13]. Five
of those exotic candidates, x.1(4140), x(4274) and x.(4685) with quantum numbers
JPC = 1% and x.0(4500) and x.(4700) with J¥¢ = 07+, can be produced in photon-
photon or pomeron-pomeron processes, with the latter expected to dominate in pp
collisions. Searches for the production of these exotic-hadron candidates in such processes
can help elucidate their nature and distinguish between compact tetraquarks and molecular
states [14-17].

In this Letter, the J/i)(— ptp~)¢(— KT K~) production cross-section is measured for
the first time in events with no additional detected activity, in which photon- and pomeron-
induced processes are expected to be dominant. An analysis of the J/i)¢ invariant-mass
distribution is also performed and production cross-sections are determined for each of
the five resonant states and a nonresonant (NR) component. The data used correspond
to an integrated luminosity of 5fb™" collected in pp collisions at /s = 13 TeV with the
LHCb detector.

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < 1 < 5, described in detail in Refs. [18/19]. The HERSCHEL detector [20] extends
the LHCb coverage to the pseudorapidity range 5 < |n| < 10, increasing sensitivity to
proton dissociation background. A simulated dataset of pp — p+ J/ib¢p+p events is created
using the SUPERCHIC3 package [3,21], by generating p.J/ipJ/ip events and replacing one
of the J/i) states with a ¢ resonance. Final-state radiation is simulated using the PHOTOS
package [22]. The interaction of the generated particles with the detector material, and
the detector response, are simulated using the GEANT4 toolkit [23,124] as described in
Ref. [25]. Samples of photoproduced J/i) mesons, generated with SUPERCHIC2 [26], are
used to constrain the J/i) mass model.

The X — J/¢ candidate decays, where X indicates a hypothetical resonance, are
selected online by a two-stage trigger optimised to identify low-multiplicity events with
at least one muon. The first stage requires fewer than 20 deposits in the scintillating-
pad detector (SPD) of the calorimeter system and at least one muon candidate with
a transverse momentum (pr) greater than 200 MeVE] The second stage applies a full
event reconstruction and requires fewer than eight tracks with pseudorapidity 2 < n <5
(forward tracks), no tracks with pseudorapidity —3.5 < n < —1.5 (backward tracks) and
at least one track identified as a muon with pt above 400 MeV.

Additional geometric and kinematic requirements are applied to events selected by
the trigger system. Particle identification information is used to select two kaon and

!'Natural units with 2z = ¢ = 1 are used throughout.



two muon candidates, which must also have pr above 200 MeV and be in the region
2 < n < 5. At least one muon candidate is required to be responsible for the event passing
the hardware and software stages of the trigger. Events with additional activity, i.e., with
additional tracks reconstructed in the vertex detector (VELO tracks), are vetoed. The
dimuon (dikaon) invariant mass is required to be in the range 3036 < M, < 3156 MeV
(1005 < Mgk < 1035MeV). The J/ip¢ invariant mass is required to be less than 6000 MeV.
After the selection requirements, 989 J/iv¢ candidates are retained.

No requirements are applied to discriminate events in which the outgoing protons
stay intact from those where one or both of the protons dissociate. Instead, a variable
that quantifies activity above noise in the HERSCHEL detector is used to estimate the
fraction for each of these cases. The efficiency of such a classification is determined using
the same method described in Ref. [27] and it is found that at least 69% of the J/¢
candidates are produced in events in which one or both protons dissociate.

The requirement of no additional activity results in the rejection of events that are
accompanied by additional visible pp interactions in the same bunch crossing. Correspond-
ingly, a single-interaction integrated luminosity (Lez) must be determined to evaluate
the cross-section. The number of visible pp interactions per bunch crossing is assumed
to follow a Poisson distribution. The mean is determined using the fraction of beam
crossings with no visible activity, i.e., with no reconstructed VELO tracks. The effective
single-interaction integrated luminosity is found to be about 1.75fb™'. The integrated
cross-section is then calculated as

P-N
= 1
g 5'£eff’ ()

where N is the total event yield (or individual component yield), P is the sample purity
and ¢ is the total efficiency, which includes reconstruction and selection efficiencies. Note
that 46 of the selected events were collected during moments in which the luminosity could
not be reliably measured. Therefore, these events are excluded from the cross-section
calculation.

In order to estimate the sample purity, i.e. the fraction of events with resonant
dimuon and dikaon production, a two-dimensional unbinned extended maximum-likelihood
fit is performed on the dimuon and dikaon invariant-mass distributions. For this,
the invariant-mass window requirements are relaxed to 1500 < M, < 4500 MeV and
990 < Mgk < 1190 MeV. The J/ip contribution is modelled by a double-sided Crystal
Ball function [2§] with tail parameters determined from simulation, while the (25) is
modelled by a Gaussian function and the nonresonant p*p~ background with an expo-
nential function. The ¢ contribution is modelled by a relativistic Breit—Wigner function
convolved with a Gaussian function, while the nonresonant K K~ background is described
by a uniform distribution. The sample purity is found to be (93.0 £ 0.5)%. The dimuon
and dikaon invariant-mass distributions, together with the projections of the fit result, can
be found in the supplemental material. The efficiency of the mass-window requirement is
estimated as the fraction of events in the mass window with respect to the relaxed mass
range. The dimuon and dikaon invariant-mass distributions, along with the projections of
the fit result, are shown in Fig. [1}

The efficiency of the SPD requirement is estimated using a combination of simulation
and data samples. The simulated SPD multiplicity from signal events is convolved with
the distribution of spillover SPD hits from the previous bunch crossing in data, obtained



~ 10— T T T
% i 1 Data i
= - LHCDb — Total fit .
80 -1 -=-- Signal I
< C 5fb + -.--Background |
N _ i
= 60 ! -
2 :
8 = -
401 ]
L|>J C ]
20F .
O_ _______________ -
3050 3100 3150
M, [MeV]
~ 8OF -~ Tt ~  ~ T 1
% { Data
= 70 LHCDb 4+ — Total fit
1 ‘ ---- Signal
© 60 5fb + + -.-. Background
o ,
— 50
)
£ 10
: i
m 30 ‘
20 ] H
0 !ﬂﬂ; . '-—"-"r-'-'-1‘-'"'r'""|"‘"f""l""'f'-'-1-‘-‘1'-'-'|:'-.'-1‘-‘ H
1010 1020 1030

My [MeV]

Figure 1: (Top) Dimuon and (bottom) dikaon invariant-mass distributions within the invariant-
mass selection windows. The projections of the two-dimensional unbinned fit are overlaid. The
signal component consists of J/1¢ candidates. The peaking behaviour of the background arises
when one of the pairs (up or KK) is background.

from events with no visible activity, and the fraction of events passing the requirement is
determined. The efficiency of vetoing additional VELO tracks is studied using simulation.

The reconstruction efficiencies are obtained from simulation, and correspond to the
fraction of charged particles produced in the LHCb angular acceptance that are recon-
structed as tracks. The simulated sample is also used to determine the muon-system
acceptance, which is calculated as the fraction of reconstructed muons that cross the LHCb
muon system. The muon identification efficiency is obtained with a data-driven method
using a sample of J/ip — pp~ decays in low multiplicity events. The same data sample is
used to calculate the muon trigger efficiency. Since the muon trigger requirements include



muon identification, this efficiency is calculated for identified muons that satisfy the muon
trigger requirements. The efficiency for kaon identification is obtained with a data-driven
method using a sample of ¢ — KK~ decays in low multiplicity events. The muon and
kaon detection efficiencies, which are computed as functions of pr and 7, are assumed
to factorise. The overall selection efficiency is found to be (19.90 £ 0.32)%, where the
uncertainty is statistical.

The J/¢ invariant-mass spectrum is described by a model consisting of five resonances,
namely x.1(4140), x1(4274), x00(4500), x01(4685) and x(4700), and a nonresonant com-
ponent. The resonances considered are the ones observed in Refs. [11513] with quantum
numbers compatible with exclusive photon-induced or pomeron-induced production pro-
cesses. The resonant components are described by relativistic Breit-Wigner distributions
convolved with Gaussian functions to account for detector resolution effects. The resolu-
tions are estimated from simulation. Due to the small sample size, the mass and width
of the less significant resonances (x.1(4140), x1(4685) and x.(4700)) are fixed to the
values observed in Ref. [13] and it is assumed that there is no interference between the
fit components. Moreover, only the combined y.1(4685) + x(4700) yield is estimated
since it is not possible to resolve the x.1(4685) and x.0(4700) states. The nonresonant
component is modelled by an exponential distribution modified with a parametrised factor
to account for the J/i)¢ mass threshold,

INR = {1 —exp(a- (M - 1>>} -exp(b- M), (2)

mr mr

where myp is the J/i)¢ mass threshold, a is the coefficient representing the strength of
the threshold effect and b is the slope of the exponential distribution. The nonresonant
component is also convolved with a Gaussian function to account for detector resolution.

The parameter a is determined separately using a sideband sample, which is obtained by
applying all selection requirements, except for an inverted offline multiplicity requirement
of more than four VELO tracks. Figure [2| shows the result of a maximum-likelihood
fit performed on the resulting distribution using a model that consists of a sum of two
exponential functions modified by the turn-on factor described in Eq. [2|and convolved with
the same resolution function. This distribution shows no clear mass structure, however
when imposing the exclusivity requirement a resonant structure appears, which indicates
the presence of a photon-induced or pomeron-induced mechanism. The resulting J/i)¢
invariant-mass distribution for signal candidates is shown in Fig. 3| overlaid with the
results of an extended maximum-likelihood fit of the signal model.

The sources of systematic uncertainties considered for the cross-section measurement
are summarised below. The integrated luminosity is determined with a precision of
2% [29]. The uncertainty on the SPD requirement efficiency, which accounts for possible
mismodeling of the SPD distribution, is estimated to be 1.3% by shifting the model until
it no longer describes data. The systematic uncertainty due to the size of the simulated
sample used to estimate the efficiency for vetoing additional VELO tracks is found to
be smaller than 0.1%. The muon trigger, muon identification and kaon identification
efficiencies uncertainties due to the limited data samples are found to be below 0.2%.

Systematic uncertainties related to the sample purity and efficiency of invariant-mass
requirements were determined from the two-dimensional fit and are 0.5% and 0.04%,
respectively. Furthermore, an alternative parametrisation of the background in the
dikaon invariant-mass spectrum is evaluated, which consists of a second-order polynomial.
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Figure 2: Invariant-mass distribution of J/i¢ candidates for the sideband sample composed of
events with more than four reconstructed VELO tracks. Note that all other selection requirements
are applied, including the J/i) and ¢ mass-window requirements. The fit results are shown as a
solid line.

This causes a 0.4% variation in the sample purity, which is added to the corresponding
systematic uncertainty, resulting in a overall uncertainty of 0.7%. An additional systematic
uncertainty is considered for the cross-section of the individual J/i)¢ components due to
the possible dependence of the purity on the J/i)¢ invariant mass. The two-dimensional
fit to the dimuon and dikaon invariant-mass distributions shows that the background is
dominated by J/ K+ K~ candidates. A fit to the J/) K+ K~ invariant-mass distribution
is performed using events selected with 1050 < Mg < 1200 MeV. The change in the
relative contribution of the resonant and nonresonant components is found to be 0.5%
and 2.4%, respectively, and is taken as systematic uncertainty.

The systematic uncertainties on the kaon and muon reconstruction efficiencies and
muon system acceptance due to the limited simulation sample size are found to be
negligible. To account for the systematic uncertainty due to the discrepancies between
data and simulation in the tracking efficiency, a 0.4% systematic uncertainty per track
and an additional 1.4% systematic uncertainty per hadron is included [30], which amounts
to an extra 3.2% systematic uncertainty.

The factorisation hypothesis employed for the efficiencies is tested using simulation.
Simulated J/i(— ptp~)p(— KTK™) events are selected by requiring that the kaon and
muon tracks satisfy the nominal pr and 7 selection requirements, that the kaons and
muons are reconstructed, and that the muons are within the muon system acceptance.
The resulting M j/ distribution is then corrected by the reconstruction efficiencies and
muon system acceptance. The corrected distribution is compared to the mass distribution
without the reconstruction requirements after weighting the simulated events to have the
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Figure 3: Invariant-mass distribution of J/i)(— putu~)é(— KTK~) candidates in the signal
sample after selection. The fit components are shown as dashed lines.

same two-dimensional rapidity distribution, v, X y4, as obtained in data. It is found
that the shapes of the distribution with no reconstruction requirements and the one
corrected by the efficiencies are consistent. However, the normalisation is underestimated
by about 3%, which is included as a systematic uncertainty. The total relative systematic
uncertainty of the total cross-section is 5.6%.

To assess the systematic uncertainty on the J/ib¢ invariant-mass fit parameters, a
weighted fit is performed with each event-dependent correction varied within its uncer-
tainty. The threshold-effect strength parameter is varied within its uncertainties to study
the impact of its precision. Systematic uncertainties due to the J/ih¢ mass resolution
determination are also considered, taking into account the precision of the Gaussian
resolution and the choice of the resolution model.

To estimate the systematic uncertainties due to the fixed parameters in the model, the
J/i¢ invariant-mass fit is repeated with one mean and width pair allowed to vary at a time
within the uncertainties quoted in Ref. [13]. The resulting discrepancy on the remaining
parameters with respect to the baseline fit is taken as a systematic uncertainty. Systematic
uncertainties due to unknown interference effects between the fit components are also
considered. These are estimated by repeating the J/i)¢ invariant-mass fits and allowing
for interference between certain states with the same quantum numbers. Interference
is only considered between the x.1(4140) and x.1(4274) (17) states, the x.(4500) and
Xe0(4700) (01F) states, and the x.0(4500) state and the nonresonant component (07).

The dominant sources of systematic uncertainties are summarised in Table [If for the
measured cross-sections, means and widths. Moreover, the masses and widths obtained
from the fit are compared to those in Ref. [13] in Table 2l The observed parameters are
found to be in agreement with the previous LHCb measurement, except for the x.o(4500)



mass, which is observed to have a higher value in this analysis.

Table 1: Summary of systematic uncertainties in the production cross-section (o), mass (M) and
width (') of the measured resonant states. The contributions that affect the total uncertainty
by less than 5% are omitted. The two leftmost sources represent the contributions due to
fixed parameters. The contribution due to the precision of the J/i)¢ invariant-mass resolution
determination is indicated as AM. The contributions due to unknown interference effects

between x1(4140) and x.1(4274), xc0(4500) and x.0(4700), and x.0(4500) and the nonresonant
component are indicated as 1, do and d3, respectively.

Source Xe1(4140)  x0(4700) AM & 09 93  Total
M., (1274) [MeV] 1.7 0.2 15 80 02 29 89

xd (1274) [MeV] 10 0.3 07 56 08 62 57

M, (500) [MeV] 0.4 0.4 14 06 16 20 30

Ty.o(a500) [MeV] 1.7 0.2 2.0 34 44 31 32
Oy (4140) 31% 1.5%  09% 11% 15% 83% 35%
Oy (4500) 3.2% 0.7%  02% 65% 1% 51% 15%
+Xxc0(4700)

Table 2: Mass and width parameters obtained from the fit to the J/i)¢ invariant-mass distribution.

The first uncertainty is statistical, while the second is systematic. The results of this analysis
are compared to the ones observed in Ref. [13].

Parameter [MeV] Current analysis ~ Ref. [13]

M, (a271) 429846 +9 4294 + 473
L'y, (a274) 92122 +57 53+5+5
M,_o(a500) 4512.5t D43.0 4474+£3+3
T.(4500) 65t§8 132 7746730

In the fiducial region defined by M4 < 6000 MeV and muon and kaon candidates
with 2 < < 5 and pr > 200 MeV, and one muon candidate with pr > 400 MeV, the

resulting J/ip(— ptp”)p(— KTK™) production cross-section with no additional activity
in the event is found to be

Ogppe X B —p"u™) x B(¢p — KTK™)
= (2.52 4 0.08 + 0.12 & 0.05) pb,

where the first uncertainty is statistical, the second is systematic and the third is due to
the luminosity determination. The individual production cross-sections for each of the



observed resonant states are found to be

Oy (ara0) X B0 = (0.8040.15 40.28) pb,
Oy (azray X B P™ = (0.7340.08 £0.17) pb,
Oyeoason) X B0 = (0.42+9:99 40.06) pb,
Oxc1(4685)+x¢0(4700)
x B (103 Fxe0 (T00) () 144007 10 06) pb,
onr X Bt = (0.4375-24 40.20) pb,

where the first uncertainty is statistical, while the second is the systematic uncertainty
combined with the luminosity determination uncertainty. Here, BY = B(X — J/ibd) x
B(JW — ptp~) x B(¢p — KTK~), with X denoting the five resonant states in the model,
and BYR = B(J — ptu~) x B(p — KTK™).

The statistical significance for the x.(4140) resonance is estimated via Wilks’ theo-
rem [31] since its mass and width are fixed in the fit. Even though Wilks’ theorem applies
strictly to cases where the resonance parameters are kept fixed, the analysis presented in
this Letter follows the previous results obtained from B — J/¢ K™ decays [13]. Since
the shape parameters of the x.(4274) and x.(4500) resonances approximately agree
with the expectations, the estimation of the look-elsewhere effects is neglected and Wilks’
theorem is applied in this case as well. Furthermore, when computing the significance of
one of them, the mass and width of the others are kept fixed. The precision of the current
analysis does not allow the y.1(4685) and x.(4700) resonances to be resolved, therefore a
joint significance is calculated. For the individual significances, systematic uncertainties
are taken into account using the procedure employed in Ref [32]. The significance for the
resonances X.(4140), x.1(4274) and x.o(4500) are found to be 2.4, 4.3 0 and 5.50. The
joint x.1(4685) +x.0(4700) significance is found to be 1.6 0.

In summary, 989 J/i)(— pu*u~)p(— KTK~) candidates are observed in events without
additional activity and the total fiducial cross-section is measured. Several clear resonant
structures are observed in the invariant-mass distribution of these J/i)¢ candidates, which
is well-described by a model containing five resonant and one nonresonant components.
This is the first observation of X — J/i)¢ production in diffractive processes and therefore
helps determine the underlying nature of exotic states.
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Figure 4: Dimuon (top) and dikaon (bottom) invariant-mass distributions. The projections of
the two-dimensional unbinned fit are overlaid. The signal component consists of J/1¢ candidates,
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