Application of the amplitude analysis method to the
study of mass and angular spectra of heavy
tetraquarks in di-J/v¢ and J/4-1(2S) decay channels
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DKCIEPUMEHTAJIBHOE OTKPBITHE PE30HAHCHOIO POXKeHUs nap J/1) Me30HOB u
J/1-1)(2S) Me30HOB B pp-CTONKHOBEHHUSAX BOJIM3H HOPOTa MOXKET ObITH 00bSICHEHO
CYIIECTBOBAHUEM IIOJHOCTHIO OYAPOBAHHBIX TETPAKBAPKOB (IIMPOKasi CTPYKTypa

Ha 6600 MsB u yskume crpykrypsr Ha 6900 u 7200 M»sB). MuorouucieHubie
TEOPEeTUYIeCKNe MOJIE/H, IIOC/IE/I0OBABIINE 3a SKCIEPUMEHTAJILHBIM OTKPBITHEM,
OIIMCBIBAIOT HADJIIO/IaEMbIE JIAHHBIC, UCXO/IsI U3 PA3HBIX MPEIOJIOKEHUN 0 pu3nke
HOBBIX COCTOSIHUI, M JAIOT MpeICKas3aHus JJIS HOBBIX HabromeHnil. JaabHeiinme
HUCCTIEIOBAHUsT TPEOYIOT NUPEIU3UOHHBIX JKCIEPUMEHTAJIBHBIX u3Mepennii. B
JAHHON paboTe MEeTO, AMILIUTY/IHOTO aHAIN3a, IPUMEHEH JJIsi OIMMCAHUS MACCOBBIX
U YIVIOBBIX CIIEKTPOB HAaOJ/IOMAEMbIX CHTHAJOB B jaHHbIX ycraHoBku ATLAS
OJIHOBPEMEHHO B KaHaJsax pacnaja Ha J/¥-J /v u J/1-1(2S). Vsmepensr maccsl u
HMIUPUHBI HAOJIIOJIAEMBIX PE30HAHCOB € yYeTOM UHTepdEPEeHINI CUT'HAJIOB U (hOoHA.

The experimental discovery of resonant-like states in the di-J/1) mass spectra in
pp-collisions near the production threshold suggests the existence of fully-charmed
tetraquarks (broad structure at 6600 MeV and narrow structures at 6900 and 7200
MeV). Numerous theoretical models following this discovery provide descriptions
of the observed data, propose mechanisms underlying formation of this new states,
and predict additional phenomena. Further investigations require precision exper-
imental measurements. In this work, the amplitude analysis method is applied to
describe mass and angular spectra of the observed signals in ATLAS experimental

data simultaneously in J/¢-J /v and J/1-1(2S) decay channels. Mass and width

of the resonances are measured accounting for interference effects between signals
and background.

PACS: 13.25.Ft; 14.40.Rt

Introduction

The narrow resonant-like structures were discovered by three main LHC
experiments (LHCb [1], ATLAS [2] and CMS [3]) in the di-J/v, J/¢-1(2S)
invariant mass spectra suggesting existence of the fully-heavy tetraquarks
chﬁ-
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Fig. 1: The fit to the mass spectra in the signal regions in the di-J/v(a) and
J/1-1)(2S)(b) channels. The dash-dotted lines depict individual resonance
components, while the short-dashed lines represent interference effects among
them [2].

In particular, in the latest studies of di-J/¢ and J/1-1(2S) channels
with 4-muon final states, the ATLAS Collaboration reports [2] four resonant
states (broad structures at 6600 MeV and narrow structures at 6900 and 7200
MeV). The best model for J/¢-J /¢ mass spectrum (see Figure la) includes
three resonant states and considers interference between all of them. And
the best model of J/1y-1(2S5) (see Figure 1b) includes one additional state at
7.2 GeV. Also it seems that the low mass threshold effects in di-charmonia
production need further investigation in a more precise analyses.

Theoretical predictions for 7.z

In pp-collisions, J/i¢-meson pairs can be produced via either double-
parton scattering (DPS) or single-parton scattering (SPS). These different
production mechanisms predict different pr spectra of the di-J /¢ and J/1)-
1 (2S5) system [4], which implies that accurate measurements of the tetraquark
candidates pr spectra may shed light on its production mechanism.

New states in di-J/¢ and J/¢-1(2S) spectra can be described as bound
states in ccee system [6,7]. Theoretical models of such bound states include
compact tetraquarks, diquark-antidiquark structures, as well as new mecha-
nisms in di-charmonium interactions. These different models predict different
spin-parity options of new resonances, existence of higher-mass resonances
and different possible decay channels [6-8|. Further investigations require
precision experimental measurements.

Amplitude analysis of the T, decay to 4-muon final states
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Fig. 2: The decay kinematics is determined by definitions of angular variables
in two-particle decay.

Existing experimental studies provide measurements of mass and width
of the new resonances, however, their spin-parity properties have not been
investigated yet [9]. The helicity amplitude formalism enables a more precise
analysis of the properties of X (6900) and other signal states. This method
is commonly employed to describe angular distributions in decay chains and
determine initial particles in relativistic scattering and decay processes. The
amplitudes provide information about the kinematics of resonance decays.
It gains sensitivity for spin-parity, accounts for interference effects between
different amplitudes and takes into account resolution detector effects in the
ATLAS experiment. Variables that define decay kinematics are mass of the
resonance and angular characteristics (see Figure 2): 6y, the angle between
one of the 1 mesons and the X-resonance in the rest frame of latter; ¢,,
and ¢,,, which are angles between X-resonance decay plain and the 1)-meson
decay plains; 0y, and 60,,, the two angles between muon in the psi-meson
decay and the corresponding t-meson in the rest frames of latter.

The mass and angular spectra are obtained from the phase space of the
X — Y119 — 4pu decay weighted by the analytic matrix element M4

Mtotal = Z | Z Z AX1—>'¢)11/12—>4AL|2'
Ax

T Ay g (1)
Ay AAuy

Index i enumerates resonances and is omitted below for simplifying.
Ax_ypyps—ay i an equation (1) is an amplitude of X resonant state, which is
averaged over the helicities Ax of the initial particle X, while helicities Ay,
Aygs ANy, and AN, of intermediate and final particles are summed coher-

ently. The amplitude Ax_,y,p,—4, is described by helical amplitude H ii ?;i 1;”

(which contains fit parameters), Breit-Wigner function BW with the reso-
nance pole mass M and width 'y, Blatt-Weisskopf factor B} (responsible
for suppression of amplitude components with higher orbital momenta L),
and Wigner D-matrices of X, 11 and 1)s:
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Fig. 3: represents the resulting combined signal and background distributions
of (a) di-J/% invariant mass, (b) J/1-1(2S) invariant mass, (c) distribution
of cosfx in di-J/v¢, and (d) cosfx in J/1-1)(2S) channel. The data are
represented by the points. Dashed lines represent resonant amplitudes be-
fore their coherent summation, black line is non-resonant contribution to
the spectrum, dark-gray is the sum of other backgrounds. The light-gray
histogram represents the resulting signal+background distribution.
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In our notations of B} arguments, ¢ is ¢ momentum in the X reference

frame, g is the same momentum at m,, 4, = Mg, and d is a scale parameter
of Toeee.

Results

The amplitude analysis method has been applied to describe mass and
angular spectra of the observed signals in J/¢-J/¢ and J/¢-1(2S) decay
channels observed in ATLAS experimental data. Figure 3 demonstrates the
result of the amplitude analysis of di-J/¢ and J/1-1(2S) resonant produc-
tion. All resonances are assumed to have 07 spin-parity. Their masses are



6.54, 6.81 and 7.14 GeV, and widths are 1.11, 0.12, and 0.09 GeV, respec-
tively. These parameters were extracted from a simultaneous fit to the J/1)-
J/1 and J/¢-1(2S) channels. The analysis accounts for interference effects,
which play a crucial role in describing mass and angular distributions.

Conclusion

Future plans include testing different spin-parity options for the signal
amplitudes. Future investigations of invariant mass, transverse momentum,
and angular distributions are essential for understanding the key quantum
characteristics of the observed states in di-J/v¢ and J/y-1(25) spectra. It
will also help to shed light on the mechanisms of charmonia interactions
responsible for existence of such resonances and thus better determine theo-
retical grounds predicting their spectra and quantum numbers.
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