JYVASKYLAN YLIOPISTO
H UNIVERSITY OF JYVASKYLA

This is a self-archived version of an original article. This version
may differ from the original in pagination and typographic details.

Author(s): Becchi, C.; Ferretti, Jacopo; Giachino, A.; Maiani, L.; Santopinto, E.

Title: A study of ccc™c” tetraquark decays in 4 muons and in D()D™() at LHC

Year: 2020

Version: pyblished version

Copyright: © 2020 The Author(s). Published by Elsevier B.V.
Rights: ccay 4.0

Rights url: https://creativecommons.org/licenses/by/4.0/

Please cite the original version:

Becchi, C., Ferretti, J., Giachino, A., Maiani, L., & Santopinto, E. (2020). A study of ccc™c”
tetraquark decays in 4 muons and in D()D7() at LHC. Physics Letters B, 811, Article 135952.
https://doi.org/10.1016/j.physletb.2020.135952



Physics Letters B 811 (2020) 135952

www.elsevier.com/locate/physletb

Contents lists available at ScienceDirect

Physics Letters B

PHYSICS LETTERS B

A study of cccc tetraquark decays in 4 muons and in D® D™ at LHC

C. Becchi?, J. Ferretti®, A. Giachino?, L. Maiani “*, E. Santopinto?

L)

Check for
updates

2 Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Genova, via Dodecaneso 33, 16146 Genova, Italy

b Department of Physics, University of Jyviiskyld, P.O. Box 35, 40014 Jyviiskyld, Finland

¢ Dipartimento di Fisica and INFN, Sapienza Universita di Roma, Piazzale Aldo Moro 2, I-00185 Roma, Italy

ARTICLE INFO ABSTRACT

Article history:

Received 28 June 2020

Received in revised form 19 October 2020
Accepted 10 November 2020

Available online 13 November 2020
Editor: B. Grinstein

We perform a quantitative analysis of the decays of cccc tetraquarks with JP€ = 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® D™ — ey channel, in the 07+ (2t*1) case. Decay widths depend upon the
additional parameter & = \\IJT(O)|2/|\I/]/]1,(O)|2, which can be computed with a considerable error. We

find T'(0t+) ~ '(2**T) =97 £ 30. On the basis of our results and with the present sensitivity, LHCb
should detect both 0t 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, 7 = cccc. In particular,
we consider the 4u and meson-meson decays, the latter revealed
through the en signature of meson pair weak decays. We fo-
cus on the ground states with JPC =01+, 2++. We shall use the
method recently applied to production and decay of fully bottom
tetraquarks, bbbb in [1], briefly described in the following.

Evidence for a 4u resonance has been announced in a recent
paper of the LHCb Collaboration [2], which is in line with our es-
timates and indicates that 4 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 (qq 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 qg mesons, like Z(4430) [6,7],
Z(3900) and Z(4020) [8]. Similar particles have also been found
in the bottom sector, Z,(10610) and Z,(10650), observed by the
Belle collaboration [9] (see [10-15] for recent reviews).

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

Refs. [29,34] have estimated the JPC = 0t*, fully-bottom
tetraquark decay width.

* Corresponding author.
E-mail address: luciano.maiani@romal.infn.it (L. Maiani).
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Theoretically, JP¢ = 0%+ is expected for the cccc ground-state.
Following Ref. [1] we present a calculation of decay widths and
branching ratios of the main, hidden- and open-charm channels of
cccc tetraquarks.

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

We restrict, for definiteness, to diquarks in colour 3. 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 3 diquarks and 6 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 cc pairs in 7 and J/v:

|Wr(0)
[ R e N 1
d Wy (0)]? (1)

1 The spectrum given in [33] has to be shifted by a constant AE, 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.
[ccct] Ne+ any  DgDg (mg<me)  DiDy  J/y+any  J/y+putum 4u
JPC=0tt  0.75 0.021 0.061 7.3-107* 43.107° 2.6-10°6
JPe =2t 0 0 0.25 29.1073 1.7-1074 1.0-107°
2
Branching ratios do not depend upon &, our predictions are re- —ot+y 1zl
g p pon & p T(J=2"")=|(cc); (cc), )

ported in Table 1. In particular, we find

B(T — 4u) =2.6-10"% (JPC =0**);
B(T — 4u) =10-107% (JPC =27H). (2)

The total width is expressed as:

I(7T(J=0""))=20-& MeV

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

£E=46+14 (3)
Our best estimate is then
[(T(J =0"") =97+ 30 MeV (4)

We extend the calculation to the JPC =21+, fully-charmed
tetraquark. | = 2 tetraquarks are produced in p + p collisions with
a statistical factor of 5 with respect to the spin O state. The decay
T — n¢+light hadrons is suppressed but annihilations into meson
pairs take place at a greater rate.

We find:

D(T(J =2 ~D(T(J=0"")=21-£ 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 /4 production at 13 TeV [42],
give ecouraging upper bounds to the production of 7 — 4u at LHC

o(p+p—>TO) 4+ >4u+...) <39

o(p+p—>T@™M)+- > 4u+...) <7901 (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 cc together [14]:

(c);s

T(J=0"T")= ‘(cc)§ ]>1O

1 1 _ _.1\0 2 _ _.1\0
=-3 (\/;’(CC)11 (cc)11>1 _ \/;l(cc)gl (cc)81>1> +
31 0 -0\ (20 _ o _ o\0
T <\/; P o), —\E |cerd o)), ) (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:

—_

<\/Z ](ca)f (cE)11>12 - \E((ca)g (c5)81>12> . (8)

We describe 7 decay rate as the incoherent sum of the annhi-
lation rates of one charm quark, call it ¢y, with either antiquark ¢
or ¢ (see [1]). The c1-c1 annihilation rate, with c; and ¢, 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 ¢y with ¢, gives the same result
and brings in a factor 2. This approximation is valid in the limit of
very massive quarks (mass >> Aqcp ~ 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 ag;
taking the spectator cc pair into account, this decay leads to:
T — nc + light hadrons.

2. The colour singlet, spin 1 pair decays into 3 gluons, which are
converted into confined light hadrons leading to: 7 — J /¢ +
light hadrons. The rate is of order ag. In addition, annihilation
into one photon produces the final state J/v + u™u~ and,
eventually, 4u, with rates of order o? and o,

3. The colour octet, spin 1 pairs annihilate into one gluon, which
materialises into a pair of light quark flavours, ¢ =u,d, s; the
latter recombine with the spectator pair to produce a pair
of open-charm particles, in particular meson pairs, Dqu and
D; D, with a rate of order 2.

4. The colour octet, spin O pairs annihilate into two gluons,
which have to produce a pair of light quarks to neutralise the
colour of the spectator cc pair, with amplitude of order ot§ and

rate of the order of a‘s‘, which we neglect.

The total 7 decay rate is the sum of individual decay rates,
obtained from the simple formula [44]

L(cO)) = ()7 *va ((cB)s — f) (9)

|W(0)7|? is the overlap probability of the annihilating pair, v the
relative velocity, o the spin-averaged annihilation cross section in
the final state f and suffixes s and ¢ denote spin and colour.?

For tetraquarks near the 2]/ threshold, the spectator cc pair
appears as 7c or J/¢ on the mass shell, or combines with the
outgoing qq pair into a pair of open-charm particles.

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

4 2
UMt =02

W), (0)2. (10)

2
My

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 7 — cqqc. Open circles represent the insertion of quark
bilinears, and black dots the QCD vertices. Colour matrices and normalizations are
indicated.

m2
I =E@y et = = v (1

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

3
m
W4 (0) = 4;/2‘0; F=74 W) 0P ~013GeV3.  (12)

Numerical results We consider explicitly the case of 7(J =01T).
The contribution to the decay rate of the colour singlet, spin 0
decay is

o =T (T — n¢ + light hadrons)

—21|\y(0) 2 0% - 2¢l
=27 T|“vo ((cc)] — 2 gluons)

:%F(nc)f:lGMeV-é (13)
We have used the spectroscopic coefficient in (7) and have set
[ /4 (0)]?va ((cE)) — 2 gluons) ~ ['(nc) = 32 MeV. (14)
Similarly

't =T(T — J/v + light hadrons)

1
=2 - |W(0)7|2vo ((ct)} — 3 gluons) =

:%F(]/l/r)-é:lG-SkeV
Ty =0(T - J/¥+u"n")=B,,1 =0.92& keV
Iy=0I(T —4u)=B,, ' =5610"2 & keV (15)

where By, = B(J/¥ — pu" ). For tetraquark mass close and
above the 2J /vy mass, the system recoiling against the J/v will
be dominated by a single J/.

Finally we consider the annihilation of (cE); 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,
aeff = Cas, which is what replaces Q.o in Eq. (10). Squaring the
amplitude in Fig. 1 we obtain C2? = 1/4. Using Eq. (12), as = 0.3
and massless g, we obtain?

T (s 2
1“5:§<7> mjyy -&=1.76MeV-& (16)
3 Explicitly:

[s=0(T > c+c+q+§
1 1 (4na? 4

=2.- - S—— ) WO & (=u.d.s)
3 my,

The factor 2 arises from the two choices of the annihilating bilinear; the spectro-
scopic factor 1/6 is from (7); in parenthesis vo (cc — qq).

Physics Letters B 811 (2020) 135952

Fig. 1 and Eq. (16) describe the full inclusive production of
an open charm pair, mesons and baryons, due to one single light
flavor.* 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 ) =To+T +305=21-& MeV (17)

Similarly, with the spectroscopic factor in (8)

[(T(Q2T)) ~12I's =21 - & 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 3I's in (17) and (18) is the same as approximat-
ing the full o (ete~ — hadrons) by Y ;o (ete™ — q;g;).

In a preliminary version of this paper [48] we paired cq and qc
lines in Fig. 1 into normalised colour singlets, obtaining a colour
factor of C% =2/9. The resulting I's, about 90% of the value in (16),
accounts for the inclusive production of a pair of charmed mesons:
I'(T — M(cq) + M(qc) + 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 qq
pair, parton decay 7c,c,z5e, — (€1C4)8 + (g8)s. 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 I's o<ot§. In Ref. [29] it was suggested that the lead-
ing tetraquark decay, at parton level, is 7¢,¢,e;¢, = €1C4 + &, with
the parton state evolving to the final hadrons with unit probabil-
ity. This would give I's o« s. We think however that the argument
is not correct. To see this, we refer to Fig. 2. The decay rate of
Teicat3e4 — C1€a+ g is given by the discontinuity of the diagram in
the righthand side, which gives (Cutkosky rule [49])

[ oc8(p? —m?) 8(p? —m?) (%) (19)

(q is the gluon momentum). However, g ~ (2m¢)?, 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 m,, the virtual gluon emission and ma-
terialization in the qq pair is itself a hard, short distance, process
and the annihilation of the charm pair is described by a pointlike,
four fermion interaction, ccqq, with no gluon emerging at large
distance.

4. The value of &

We estimate the ratio £ = |¥7(0)|?/|¥;,y (0)|> 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/vy 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 cC annihilation is far off-shell (g2 = 4m§) and the amplitude in the r.h.s. of the figure has no imaginary part, implying a vanishing

rate to order as.

Table 2

Upper limits of two- and four-lepton cross sections via 7 production, estimated from the production

cross sections of 2 ¢ (1S) (LHC, 13 TeV) [42].

[ccl[cc] Decay channel BF in T decay Cross section upper limit (fb)
J=0t* T —>D®D®- et p+... 231073 3.6-10% (36 pb)
T —DEODEO oy iy 0.36 1073 0.55-10* (6 pb)
T —4u 261076 39
J=2tt T—>D" "D >e+pu+... 7.01073 53.10% (532 pb)
T—-DD0 seqp+... 111073 8.3-10% (83 pb)
T —4u 1.0 107> 780

case the numerical wave function is extracted by means of the rel-
ativized diquark model of Refs. [29] and [33]. We find®

IW() /9. hoy(0)* =0.070 GeV> 20)
[T, ho)(0)[* = 0.42 GeV? (21)
The harmonic oscillator overlap probability for J/y is smaller than
the value obtained from I'(J/y¥ — u*u™), Eq. (12). To estimate

the 7 width, we take for £ the average of the two estimates and
use their difference for the error

I¥(T, ho)(0)[?
ho. = (—0)2 =6.0; bho.jjy = —— iy =32
W)/, hoy(0)] W),y (0)]

E=46+14 (22)

LA

5. Tetraquark cross sections
Combining Eqs. (15) and (17) we obtain, for JPC =0t+:

Bay = B(T — 4pn)=2.710"° (23)

and the cross section upper bound

Otheo. (T — 41) <o (pp — 2] /)B4y =40 1b (24)

where o (pp — 2J/v¥) ~15.2 nb is the two-J /¢ production cross
section measured by LHCb at 13 TeV [42].

We focus on the ep inclusive channel and give in Table 2 the
upper limits to Oppeo (T — ZDSI*) —e [+...), calculated as

Otheo. (T — 2Dé*) —eu+...)
=o(pp— T +..)BF(T — 2Dy - ep+...)
<o(pp—2J/¥ +...)BF(T - 2D —ep+...) (25)

The largest part of the signal (the total signal for JPC =2t+)
arises from the decay of 7 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/v and 0T+ ground-state tetraquark can
be fitted by simple harmonic oscillator wave functions, W(r) = # aiéze’%"ﬁorz
with o, j/y = 0.73 GeV and apo;7 = 1.3 GeV. For T, r is the distance of the

c.o.m. of cc and cc. The wave function in the origin is: ¥(0) = # aﬁéz.

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