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We perform a quantitative analysis of the decays of ccc̄c̄ tetraquarks with J P C = 0++, 2++ into 4 muons 
and into hidden- and open-charm mesons and estimate, for the first time, the fully charmed tetraquark 
decay width. The calculated cross section upper limit is ∼ 39(780) fb for the 4 muons channel, and 
∼ 42(616) pb for the D(∗) D̄(∗) → eμ channel, in the 0++(2++) case. Decay widths depend upon the 
additional parameter ξ = |�T (0)|2/|� J/ψ (0)|2, which can be computed with a considerable error. We 
find �(0++) ∼ �(2++) = 97 ± 30. On the basis of our results and with the present sensitivity, LHCb 
should detect both 0++ and 2++ fully-charmed tetraquarks.

© 2020 The Author(s). 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

In this note we consider production and decay at proton col-
liders of the fully charmed tetraquarks, T = ccc̄c̄. In particular, 
we consider the 4μ and meson-meson decays, the latter revealed 
through the eμ signature of meson pair weak decays. We fo-
cus on the ground states with J P C = 0++, 2++ . We shall use the 
method recently applied to production and decay of fully bottom 
tetraquarks, bbb̄b̄ in [1], briefly described in the following.

Evidence for a 4μ resonance has been announced in a recent 
paper of the LHCb Collaboration [2], which is in line with our es-
timates and indicates that 4μ and meson-meson channels may be 
the key to the study of these truly exotic hadrons.

The hypothetical existence of hadronic states with more than 
minimal quark content (qq̄ or qqq) was proposed by Gell-Mann 
in 1964 [3] and Zweig [4], followed by a quantitative model by 
Jaffe [5] for the lightest scalar mesons described as diquark anti-
diquark pairs. Recent years have seen considerable growth in the 
observation of four valence quark states that cannot be included 
in the well-known systematics of qq̄ mesons, like Z(4430) [6,7], 
Z(3900) and Z(4020) [8]. Similar particles have also been found 
in the bottom sector, Zb(10610) and Zb(10650), observed by the 
Belle collaboration [9] (see [10–15] for recent reviews).

Earlier predictions of a fully-charmed ccc̄c̄ tetraquark were 
made in Refs. [16–22], followed by more recent studies in [23–33].

Refs. [29,34] have estimated the J P C = 0++ , fully-bottom 
tetraquark decay width.

* Corresponding author.
E-mail address: luciano.maiani@roma1.infn.it (L. Maiani).
https://doi.org/10.1016/j.physletb.2020.135952
0370-2693/© 2020 The Author(s). Published by Elsevier B.V. This is an open access artic
SCOAP3.
Theoretically, J P C = 0++ is expected for the ccc̄c̄ ground-state. 
Following Ref. [1] we present a calculation of decay widths and 
branching ratios of the main, hidden- and open-charm channels of 
ccc̄c̄ tetraquarks.

To be explicit, we assume that such states do indeed exist, as 
in [33, Table III].1

We restrict, for definiteness, to diquarks in colour 3̄. The case 
of colour 6 diquarks can be worked out as a simple extension.

We extend to fully charm tetraquarks the recent work done on 
doubly heavy tetraquarks in the quark model [36–38] and in Lat-
tice QCD [39]. It is worth noticing that in the last reference no 
evidence was found of bound doubly heavy diquarks in colour 6. 
The presence of colour 6 diquarks component in the doubly heavy 
tetraquark has been noted in [40] and found to vanish for increas-
ing heavy to light quark mass ratio.

In a recent paper tetraquarks with 3̄ diquarks and 6̄ antidi-
quarks have also been considered, in the presence of explicit gluon 
fields [41]. This situation is definitely beyond reach of our method.

2. Results

Decay rates are proportional to the ratio of overlap probabilities 
of the annihilating cc̄ pairs in T and J/ψ :

ξ = |�T (0)|2
|� J/ψ(0)|2 (1)

1 The spectrum given in [33] has to be shifted by a constant �E , determined so 
as to reproduce the experimental mass of the tetraquark ground-state, see [35].
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Table 1
Branching fractions of fully-charmed tetraquarks, assuming S-wave decay.

[ccc̄c̄] ηc + any Dq D̄q (mq < mc ) D∗
q D̄∗

q J/ψ+ any J/ψ + μ+μ− 4μ

J P C = 0++ 0.75 0.021 0.061 7.3 · 10−4 4.3 · 10−5 2.6 · 10−6

J P C = 2++ 0 0 0.25 2.9 · 10−3 1.7 · 10−4 1.0 · 10−5
Branching ratios do not depend upon ξ , our predictions are re-
ported in Table 1. In particular, we find

B(T → 4μ) = 2.6 · 10−6 ( J P C = 0++);
B(T → 4μ) = 10 · 10−6 ( J P C = 2++). (2)

The total width is expressed as:

�(T ( J = 0++)) = 20 · ξ MeV

The overlap functions for tetraquark and J/ψ can be computed by 
making use of a variational method with harmonic oscillator trial 
wave functions. To get the overlap function of the J/ψ one can 
also use the leptonic width. In Sect. 4 we find:

ξ = 4.6 ± 1.4 (3)

Our best estimate is then

�(T ( J = 0++) = 97 ± 30 MeV (4)

We extend the calculation to the J P C = 2++ , fully-charmed 
tetraquark. J = 2 tetraquarks are produced in p + p collisions with 
a statistical factor of 5 with respect to the spin 0 state. The decay 
T → ηc + light hadrons is suppressed but annihilations into meson 
pairs take place at a greater rate.

We find:

�(T ( J = 2++) ∼ �(T ( J = 0++) = 21 · ξ MeV =
= 98 ± 30 MeV (5)

Branching fractions and upper limits to the cross sections of 
final states in pp collisions are summarised in Tables 1 and 2.

The results of Table 1 combined with the recent determination 
by LHCb of the cross section for 2 J/ψ production at 13 TeV [42], 
give ecouraging upper bounds to the production of T → 4μ at LHC

σ(p + p → T (0++) + · · · → 4μ + . . . ) < 39 fb

σ(p + p → T (2++) + · · · → 4μ + . . . ) < 790 fb (6)

3. Details of the calculation

We give here a brief description of our method. The reader may 
consult Ref. [1] for more details. The starting point is the Fierz 
transformation, which brings cc̄ together [14]:

T ( J = 0++) =
∣∣∣(cc

) 1
3̄

(
c̄ c̄

) 1
3

〉 0

1
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, (7)

quark bilinears are normalised to unity, subscripts denote the di-
mension of colour representations, and superscripts the total spin. 
For the J = 2 tetraquark, one finds:
2

T ( J = 2++) =
∣∣∣(cc

) 1
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(
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. (8)

We describe T decay rate as the incoherent sum of the annhi-
lation rates of one charm quark, call it c1, with either antiquark c̄1
or c̄2 (see [1]). The c1-c̄1 annihilation rate, with c2 and c̄2 spec-
tators, depends on total colour and spin of the incoming particles, 
which are given by (7) or (8). Rates are categorised in the follow-
ing items 1 to 4. Annihilation of c1 with c̄2 gives the same result 
and brings in a factor 2. This approximation is valid in the limit of 
very massive quarks (mass >> 	Q C D ∼ 0.35 GeV), which behave 
as classical particles that can be localised independently.

1. The colour singlet, spin 0 pair decays into 2 gluons, which are 
converted into confined, light hadrons with a rate of order α2

S ; 
taking the spectator cc̄ pair into account, this decay leads to: 
T → ηc + light hadrons.

2. The colour singlet, spin 1 pair decays into 3 gluons, which are 
converted into confined light hadrons leading to: T → J/ψ +
light hadrons. The rate is of order α3

S . In addition, annihilation 
into one photon produces the final state J/ψ + μ+μ− and, 
eventually, 4μ, with rates of order α2 and α4.

3. The colour octet, spin 1 pairs annihilate into one gluon, which 
materialises into a pair of light quark flavours, q = u, d, s; the 
latter recombine with the spectator pair to produce a pair 
of open-charm particles, in particular meson pairs, Dq D̄q and 
D∗

q D̄∗
q , with a rate of order α2

S .
4. The colour octet, spin 0 pairs annihilate into two gluons, 

which have to produce a pair of light quarks to neutralise the 
colour of the spectator cc̄ pair, with amplitude of order α2

S and 
rate of the order of α4

S , which we neglect.

The total T decay rate is the sum of individual decay rates, 
obtained from the simple formula [44]

�((cc̄)s
c) = |�(0)T |2 vσ((cc̄)s

c → f ) (9)

|�(0)T |2 is the overlap probability of the annihilating pair, v the 
relative velocity, σ the spin-averaged annihilation cross section in 
the final state f and suffixes s and c denote spin and colour.2

For tetraquarks near the 2 J/ψ threshold, the spectator cc̄ pair 
appears as ηc or J/ψ on the mass shell, or combines with the 
outgoing qq̄ pair into a pair of open-charm particles.

We normalise the overlap probabilities to |� J/ψ (0)|2, derived 
from the J/ψ decay rate into lepton pairs. Eq. (9) applied to this 
case gives:

�( J/ψ → μ+μ−) = Q 2
c

4πα2

3

4

m2
J/ψ

|� J/ψ(0)|2. (10)

In terms of the Vector Meson Dominance parameter [45] de-
fined by

2 Our method of calculation is borrowed from the theory of K electron capture, 
where an atomic electron reacts with a proton in the nucleus to give a final nucleus 
and a neutrino, see [1].
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Fig. 1. Parton diagram of T → c̄qq̄c. Open circles represent the insertion of quark 
bilinears, and black dots the QCD vertices. Colour matrices and normalizations are 
indicated.

Jμ(x) = c̄(x)γ μc(x) = m2
J/ψ

f
ψμ(x) (11)

with f a pure number, one obtains [46]:

|� J/ψ(0)|2 = m3
J/ψ

4 f 2
; f = 7.4; |� J/ψ(0)|2 ∼ 0.13 GeV3. (12)

Numerical results We consider explicitly the case of T ( J = 0++). 
The contribution to the decay rate of the colour singlet, spin 0
decay is

�0 = �(T → ηc + light hadrons)

= 2 · 1

4
· |�(0)T |2 vσ((cc̄)0

1 → 2 gluons)

= 1

2
�(ηc) · ξ = 16 MeV · ξ (13)

We have used the spectroscopic coefficient in (7) and have set

|� J/ψ(0)|2 vσ((cc̄)0
1 → 2 gluons) ∼ �(ηc) = 32 MeV. (14)

Similarly

�1 = �(T → J/ψ + light hadrons)

= 2 · 1

12
· |�(0)T |2 vσ((cc̄)1

1 → 3 gluons) =

= 1

6
�( J/ψ) · ξ = 16 · ξ keV

�2 = �(T → J/ψ + μ+μ−) = Bμμ�1 = 0.92 · ξ keV

�4 = �(T → 4μ) = B2
μμ�1 = 5.6 10−2 · ξ keV (15)

where Bμμ = B( J/ψ → μ+μ−). For tetraquark mass close and 
above the 2 J/ψ mass, the system recoiling against the J/ψ will 
be dominated by a single J/ψ .

Finally we consider the annihilation of (cc̄)1
8 into light quark 

pairs, Fig. 1. The numerical factor associated to the traces of the 
colour matrices along fermion closed paths, C (the Chan-Paton 
factor [47]) gives the effective coupling constant of the process, 
αef f = CαS , which is what replaces Q cα in Eq. (10). Squaring the 
amplitude in Fig. 1 we obtain C2 = 1/4. Using Eq. (12), αS = 0.3
and massless q, we obtain3

�5 = π

9

(
αS

f

)2

m J/ψ · ξ = 1.76 MeV · ξ (16)

3 Explicitly:

�5 = �(T → c + c̄ + q + q̄)

= 2 · 1

6
· 1

4
·
(

4πα2
S

3

4

m2
J/ψ

)
|� J/ψ (0)|2 · ξ (q = u,d, s)

The factor 2 arises from the two choices of the annihilating bilinear; the spectro-
scopic factor 1/6 is from (7); in parenthesis vσ(cc̄ → qq̄).
3

Fig. 1 and Eq. (16) describe the full inclusive production of 
an open charm pair, mesons and baryons, due to one single light 
flavor.4 Adding the contributions of (u, d, s) quark flavours we ob-
tain the total, inclusive rate into a pair of open charm pairs, with 
or without strangeness. The total rate is

�(T (0++)) = �0 + �1 + 3�5 = 21 · ξ MeV (17)

Similarly, with the spectroscopic factor in (8)

�(T (2++)) ∼ 12�5 = 21 · ξ MeV. (18)

Given the large Q -value available for the decay, the open charm 
particles could be accompanied by additional light mesons pro-
duced by soft gluons radiated by the light quarks in the process of 
Fig. 1. The use of 3�5 in (17) and (18) is the same as approximat-
ing the full σ(e+e− → hadrons) by 

∑
i σ(e+e− → qiq̄i).

In a preliminary version of this paper [48] we paired c̄q and q̄c
lines in Fig. 1 into normalised colour singlets, obtaining a colour
factor of C2 = 2/9. The resulting �5, about 90% of the value in (16), 
accounts for the inclusive production of a pair of charmed mesons: 
�(T → M(cq̄) + M(qc̄) + uncharmed hadrons). The rate is shared 
between pseudoscalar and vector mesons in the ratio 1 : 3 [1].

A second possibility for the annhilation of the spin 1 colour
octet is to give rise to two gluons, in place of the outgoing qq̄
pair, parton decay Tc1c2 c̄3 c̄4 → (c1c̄4)8 + (gg)8 . This is the same 
two gluon state considered in the annihilation of the spin 0 colour
octet, item (4) of the list at the beginning of Sect. 3, and it should 
be similarly suppressed.

Note We find �5 ∝ α2
S . In Ref. [29] it was suggested that the lead-

ing tetraquark decay, at parton level, is Tc1c2 c̄3 c̄4 → c1c̄4 + g , with 
the parton state evolving to the final hadrons with unit probabil-
ity. This would give �5 ∝ αS . We think however that the argument 
is not correct. To see this, we refer to Fig. 2. The decay rate of 
Tc1c2 c̄3 c̄4 → c1c̄4 + g is given by the discontinuity of the diagram in 
the righthand side, which gives (Cutkosky rule [49])

� ∝ δ(p2 − m2
c ) δ(p̄2 − m2

c ) δ(q2) (19)

(q is the gluon momentum). However, q2 ∼ (2mc)
2, and the rate 

vanishes. The result reproduces the standard lore that partons 
emerging from a short distance process have to be on the mass 
shell [50]. Indeed, for large mc , the virtual gluon emission and ma-
terialization in the qq̄ pair is itself a hard, short distance, process 
and the annihilation of the charm pair is described by a pointlike, 
four fermion interaction, c̄cq̄q, with no gluon emerging at large 
distance.

4. The value of ξ

We estimate the ratio ξ = |�T (0)|2/|� J/ψ (0)|2 by making use 
of numerical wave functions. These wave functions are obtained by 
means of a variational method with harmonic oscillator (h.o.) trial 
wave functions to solve the eigenvalue problem of a QCD Hamilto-
nian with One-Gluon-Exchange (OGE) interaction. The method was 
previously used in baryon and meson spectroscopy and tested on 
the reproduction of analytical and numerical (e.g. Ref. [51]) results, 
both for the spectrum and the wave functions.

For the J/ψ wave function the Hamiltonian we consider is that 
of the well-known relativized QM [43], while in the tetraquark 

4 We thank the referee for very helpful correspondence on this matter.
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Fig. 2. To order gS , the virtual gluon in cc̄ annihilation is far off-shell (q2 = 4m2
c ) and the amplitude in the r.h.s. of the figure has no imaginary part, implying a vanishing 

rate to order αS .

Table 2
Upper limits of two- and four-lepton cross sections via T production, estimated from the production 
cross sections of 2 ψ(1S) (LHC, 13 TeV) [42].

[cc][c̄c̄] Decay channel B F in T decay Cross section upper limit (fb)

J = 0++ T → D(∗)+ D(∗)− → e + μ + . . . 2.3 10−3 3.6 · 104 (36 pb)
T → D(∗)0 D̄(∗)0 → e + μ + . . . 0.36 10−3 0.55 · 104 (6 pb)
T → 4μ 2.6 10−6 39

J = 2++ T → D∗+ D̄∗− → e + μ + . . . 7.0 10−3 53 · 104 (532 pb)
T → D∗0 D̄∗0 → e + μ + . . . 1.1 10−3 8.3 · 104 (83 pb)
T → 4μ 1.0 10−5 780
case the numerical wave function is extracted by means of the rel-
ativized diquark model of Refs. [29] and [33]. We find5

|�( J/ψ, h.o.)(0)|2 = 0.070 GeV3 (20)

|�(T , h.o.)(0)|2 = 0.42 GeV3 (21)

The harmonic oscillator overlap probability for J/ψ is smaller than 
the value obtained from �( J/ψ → μ+μ−), Eq. (12). To estimate 
the T width, we take for ξ the average of the two estimates and 
use their difference for the error

ξh.o. = |�(T , h.o.)(0)|2
|�( J/ψ, h.o.)(0)|2 = 6.0; ξh.o., J/ψ = |�(T , h.o.)(0)|2

|� J/ψ(0)|2 = 3.2

ξ = 4.6 ± 1.4 (22)

5. Tetraquark cross sections

Combining Eqs. (15) and (17) we obtain, for J P C = 0++:

B4μ = B(T → 4μ) = 2.7 10−6 (23)

and the cross section upper bound

σtheo.(T → 4μ) ≤ σ(pp → 2 J/ψ)B4μ = 40 fb (24)

where σ(pp → 2 J/ψ) � 15.2 nb is the two- J/ψ production cross 
section measured by LHCb at 13 TeV [42].

We focus on the eμ inclusive channel and give in Table 2 the 
upper limits to σtheo.(T → 2D(∗)

q → e μ + . . . ), calculated as

σtheo.(T → 2D(∗)
q → eμ + . . . )

= σ(pp → T + . . .)B F (T → 2D(∗)
q → eμ + . . . )

≤ σ(pp → 2 J/ψ + . . . )B F (T → 2D(∗)
q → eμ + . . . ) (25)

The largest part of the signal (the total signal for J P C = 2++) 
arises from the decay of T into a pair of vector mesons. Vector 
particles decay promptly into a pseudoscalar plus a soft pion or 
photon(s) and contribute to the signal on the same basis as the 
pseudoscalars.

5 The numerical wave functions of the J/ψ and 0++ ground-state tetraquark can 
be fitted by simple harmonic oscillator wave functions, �(r) = 1

π3/4 α
3/2
ho e− 1

2 α2
hor2

with αho; J/ψ = 0.73 GeV and αho;T = 1.3 GeV. For T , r is the distance of the 
c.o.m. of cc and c̄c̄. The wave function in the origin is: �(0) = 1

3/4 α
3/2
ho .
π

4

In conclusion, production in the 4μ channel and decay rates 
that we estimate for the ccc̄c̄ tetraquarks are tantalizingly similar 
to the preliminary results presented by the LHCb Collaboration [2]. 
The meson-meson channel with the eμ signature may provide an 
additional, complementary tool to identify and study the spectac-
ular, exotic ccc̄c̄ tetraquarks.

We thank Sheldon Stone, for an enlightening discussion and 
advice on a preliminary, March 2020, version of these notes, 
Michelangelo Mangano for an interesting exchange on the hadro-
nization of the light quark pair and Liupan An for interesting cor-
respondence on her seminar at CERN.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

References

[1] C. Becchi, A. Giachino, L. Maiani, E. Santopinto, Phys. Lett. B 806 (2020) 135495.
[2] R. Aaij, et al., LHCb, arXiv:2006 .16957 [hep -ex].
[3] M. Gell-Mann, Phys. Lett. 8 (1964) 214.
[4] G. Zweig, CERNTH-401, An SU3 Model for Strong Interaction Symmetry and Its 

Breaking, 1964.
[5] R.L. Jaffe, Phys. Rev. D 15 (1977) 267, https://doi .org /10 .1103 /PhysRevD .15 .267.
[6] S. Choi, et al., Belle, Phys. Rev. Lett. 100 (2008) 142001.
[7] R. Aaij, et al., LHCb, Phys. Rev. Lett. 112 (22) (2014) 222002.
[8] M. Ablikim, et al., BESIII, Phys. Rev. Lett. 111 (24) (2013) 242001.
[9] A. Bondar, et al., Belle Collaboration, Phys. Rev. Lett. 108 (2012) 122001.

[10] A. Esposito, A. Pilloni, A.D. Polosa, Phys. Rep. 668 (2017) 1.
[11] R.F. Lebed, R.E. Mitchell, E.S. Swanson, Prog. Part. Nucl. Phys. 93 (2017) 143.
[12] S.L. Olsen, T. Skwarnicki, D. Zieminska, Rev. Mod. Phys. 90 (2018) 015003.
[13] F.K. Guo, C. Hanhart, Ulf-G. Meißner, Q. Wang, Q. Zhao, B.S. Zou, Rev. Mod. 

Phys. 90 (2018) 015004.
[14] A. Ali, L. Maiani, A.D. Polosa, Multiquark Hadrons, Cambridge University Press, 

2019.
[15] Y.R. Liu, H.X. Chen, W. Chen, X. Liu, S.L. Zhu, Prog. Part. Nucl. Phys. 107 (2019) 

237.
[16] Y. Iwasaki, Prog. Theor. Phys. 54 (1975) 492.
[17] K.T. Chao, Z. Phys. C 7 (1981) 317.
[18] L. Heller, J.A. Tjon, Phys. Rev. D 32 (1985) 755.
[19] N. Barnea, J. Vijande, A. Valcarce, Phys. Rev. D 73 (2006) 054004.
[20] J. Vijande, A. Valcarce, J.M. Richard, Phys. Rev. D 76 (2007) 114013.
[21] D. Ebert, R.N. Faustov, V.O. Galkin, W. Lucha, Phys. Rev. D 76 (2007) 114015.
[22] A.V. Berezhnoy, A.V. Luchinsky, A.A. Novoselov, Phys. Rev. D 86 (2012) 034004.
[23] J. Wu, Y.R. Liu, K. Chen, X. Liu, S.L. Zhu, Phys. Rev. D 97 (9) (2018) 094015.
[24] W. Chen, H.X. Chen, X. Liu, T.G. Steele, S.L. Zhu, Phys. Lett. B 773 (2017) 247.
[25] Y. Bai, S. Lu, J. Osborne, arXiv:1612 .00012 [hep -ph].
[26] Z.G. Wang, Eur. Phys. J. C 77 (2017) 432.
[27] V.R. Debastiani, F.S. Navarra, Tetraquark, Chin. Phys. C 43 (1) (2019) 013105.

http://refhub.elsevier.com/S0370-2693(20)30755-3/bib2FE24AAF1CB6B9AB52C1B69ABD7A6841s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib7F0BEC2E4699D329649F7DA7B38CC707s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib0F7EC9438597EE383742C24B040530E6s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bibBB67E758E4607294C2EACA29CAEDCB0Es1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bibBB67E758E4607294C2EACA29CAEDCB0Es1
https://doi.org/10.1103/PhysRevD.15.267
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib06932DE47082558E2EB4ED8DB2998A7Fs1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bibF36E97FC0918FBC54B5B7C0A5F8436C3s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib099069AA3CA9E02F644EA323AA9A26FAs1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib9B1AD9DFAD6534970BA42FB41BFF47DEs1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bibF094F3146C2E18845D35EE5D135E19C9s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib5C6FDC8E31D441E9A6C2790756CEF0E7s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bibB28DC2ACD0D30B9F4366204C5B8E3A68s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib40D4BF8EA1AC131F741885B405E4EBE2s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib40D4BF8EA1AC131F741885B405E4EBE2s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib398549FA15634C88EA19E289B552231Es1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib398549FA15634C88EA19E289B552231Es1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib9FA73E3FFAEA3486F4FAC25552FD2E42s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib9FA73E3FFAEA3486F4FAC25552FD2E42s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib28DDE6B441A9A93F28ABBB31311FD3EAs1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib64D50C09257AE0F833704CAC33201E10s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib06FF603B6C982B1CF4A16DD30F2711D6s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bibD6BC3959B7DDA32D074B6C8783EBB7E8s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bibDD2034249254D90F51E67E775E1A20F1s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib2CAB40F05431BC678E0AE79D5C9360BDs1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bibAB956A5991791584A99DF1BDCCC0BFEEs1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib38BAA9643376E51E52166C13302EF699s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib2613DA6451F2E43E27D2CD820F20EADFs1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib2DC023597AEDF06E3AE6EE934C3C4A71s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib598C13A786DEC061BC85F19E35729A8Bs1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib4DE0D4DCD402CCB995373909CBD402BFs1


C. Becchi, J. Ferretti, A. Giachino et al. Physics Letters B 811 (2020) 135952
[28] J.M. Richard, A. Valcarce, J. Vijande, Phys. Rev. D 95 (2017) 054019.
[29] M.N. Anwar, J. Ferretti, F.K. Guo, E. Santopinto, B.S. Zou, Eur. Phys. J. C 78 (2018) 

647.
[30] J.M. Richard, A. Valcarce, J. Vijande, Phys. Rev. C 97 (3) (2018) 035211.
[31] A. Esposito, A.D. Polosa, Eur. Phys. J. C 78 (2018) 782.
[32] M.S. Liu, Q.F. Lü, X.H. Zhong, Q. Zhao, Phys. Rev. D 100 (1) (2019) 016006.
[33] M.A. Bedolla, J. Ferretti, C.D. Roberts, E. Santopinto, arXiv:1911.00960 [hep -ph].
[34] M. Karliner, S. Nussinov, J.L. Rosner, Phys. Rev. D 95 (2017) 034011.
[35] L. Maiani, Sci. Bull. 65 (23) (2020) 1949–1951, arXiv:2008 .01637 [hep -ph].
[36] M. Karliner, J.L. Rosner, Phys. Rev. Lett. 119 (2017) 202001.
[37] E.J. Eichten, C. Quigg, Phys. Rev. Lett. 119 (2017) 202002.
[38] L. Maiani, A.D. Polosa, V. Riquer, Phys. Rev. D 100 (2019) 074002.
[39] P. Junnarkar, N. Mathur, M. Padmanath, Phys. Rev. D 99 (2019) 034507.
[40] E. Hernández, J. Vijande, A. Valcarce, J.M. Richard, Phys. Lett. B 800 

(2020) 135073, https://doi .org /10 .1016 /j .physletb .2019 .135073, arXiv:1910 .
13394 [hep -ph].

[41] J.F. Giron, R.F. Lebed, arXiv:2008 .01631 [hep -ph].
[42] R. Aaij, et al., LHCb Collaboration, J. High Energy Phys. 1706 (2017) 047, Erra-

tum: J. High Energy Phys. 1710 (2017) 068.

[43] S. Godfrey, N. Isgur, Phys. Rev. D 32 (1985) 189.
[44] V.B. Berestetskii, E.M. Lifshitz, L.P. Pitaevskii, Quantum Electrodynamics, Perga-

mon Press, 1982, p. 371;
A more recent application to particle physics is found in R. van Royen, V.F. 
Weisskopf, Nuovo Cimento A 50 (1967) 617.

[45] see e.g. D. Schildknecht, Acta Phys. Pol. B 37 (2006) 595.
[46] M. Tanabashi, et al., Particle Data Group, Phys. Rev. D 98 (2018) 030001 and 

2019 update.
[47] J.E. Paton, H.M. Chan, Nucl. Phys. B 10 (1969) 516.
[48] C. Becchi, A. Giachino, L. Maiani, E. Santopinto, arXiv:2006 .14388 [hep -ph].
[49] R.E. Cutkosky, J. Math. Phys. 1 (1960) 429;

see also N. Cabibbo, L. Maiani, O. Benhar, An Introduction to Gauge Theories, 
2018, p. 205.

[50] R.P. Feynman, The Behavior of Hadron Collisions at Extreme Energies. High 
Energy Collisions: Third International Conference at Stony Brook, Gordon & 
Breach, N.Y., ISBN 978-0-677-13950-0, 1969, pp. 237–249.

[51] T. Barnes, S. Godfrey, E.S. Swanson, Phys. Rev. D 72 (2005) 054026.
5

http://refhub.elsevier.com/S0370-2693(20)30755-3/bib7C553D0353EB98A33C1E8F790A26908As1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib6FAA87C723F38F84681D23DFBB897B3Es1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib6FAA87C723F38F84681D23DFBB897B3Es1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib0AF0AED0A03F92CFB892444F4A305CA7s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib83072B3BAB0C626E3D3CCA10B20B5520s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bibFDF48EB45E1DC78ED87DD705B7405044s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib7D137EF6646DE2E0ED00C960107CE9DBs1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib96F7350BEF9F805A32FA6B2BCEAF450Bs1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib08AD34B8CA10D4B5F3669C36AABEF4F8s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bibBB1BAAD49E35452967CD3C5C8B8746A6s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib6BC834B961A62A2BA686CD7491B10E6As1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib44B7449DB285616F3AF4287CC75226DCs1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib6ADCD54A2F548A724BA626D16178A917s1
https://doi.org/10.1016/j.physletb.2019.135073
http://refhub.elsevier.com/S0370-2693(20)30755-3/bibEB30E8DFB0B165F2B575ADD8F5A97CB6s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bibC91220E4E56913606B819CC90BBB30F6s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bibC91220E4E56913606B819CC90BBB30F6s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib855098074887AC1A36946962DDBFFBE1s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib94306A80E1F4F2BAD52CF1487A02395Es1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib94306A80E1F4F2BAD52CF1487A02395Es1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib94306A80E1F4F2BAD52CF1487A02395Es2
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib94306A80E1F4F2BAD52CF1487A02395Es2
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib06A2CA9BB0A96BF427B25CC4421A0622s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bibCDA028F5152B80C486A3BADAF25A9AEEs1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bibCDA028F5152B80C486A3BADAF25A9AEEs1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib9245910724FD4291A3F266C62B49EEDBs1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib0AF5D76FA011BC7B1BD1F6C25E5B832Ds1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib62FFA700CC0C517316901DDC0004F4E5s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib62FFA700CC0C517316901DDC0004F4E5s2
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib62FFA700CC0C517316901DDC0004F4E5s2
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib49A1B76EB0B47571F00995850A8657B4s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib49A1B76EB0B47571F00995850A8657B4s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib49A1B76EB0B47571F00995850A8657B4s1
http://refhub.elsevier.com/S0370-2693(20)30755-3/bib11EDDECB43D778706C7DB5E50746FDA7s1

	A study of ccc̄c̄ tetraquark decays in 4 muons and in D(∗)D̄(∗) at LHC
	1 Introduction
	2 Results
	3 Details of the calculation
	4 The value of ξ
	5 Tetraquark cross sections
	Declaration of competing interest
	References


