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Inclusive production of fully charmed tetraquarks at the LHC
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The X(6900) resonance, originally discovered by the LHCb Collaboration and later confirmed by both
the ATLAS and CMS experiments, has sparked broad interest in the fully charmed tetraquark states.
Relative to the mass spectra and decay properties of fully heavy tetraquarks, our knowledge on their
production mechanism is still rather limited. In this work, we investigate the inclusive production of fully
charmed S-wave tetraquarks at the LHC within the nonrelativistic QCD factorization framework. The
partonic cross sections are computed at lowest order in a, and velocity, while the long-distance
nonrelativistic QCD matrix elements are estimated from phenomenological potential models. We predict
the differential p; spectra of various fully charmed S-wave tetraquarks at the LHC and compare with the
results predicted from the fragmentation mechanism at the large-p; end.
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I. INTRODUCTION

In 2020, the LHCb Collaboration reported the unex-
pected discovery of a new resonance, dubbed X(6900), in
the di-J /y invariant mass spectrum [1]. Later, in 2022, both
the ATLAS and CMS Collaborations [2,3] confirmed the
existence of this new particle. X(6900) is widely believed
to be a viable candidate for the fully charmed compact
tetraquark state [4], though other possibilities have also
been explored [5-10]. Since the charm quark is too heavy
to be readily knocked out of the vacuum, the dynamic
feature of the fully charm tetraquark (hereafter denoted by
T,.) is dominated by its leading Fock component |cccc)
and, thus, free from the contamination by the light con-
stitutes. Analogous to the fact that heavy quarkonia are the
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simplest hadrons, the fully charmed tetraquarks are the
simplest exotic hadrons from a theoretical perspective.
Long before the discovery of X(6900), the existence of
possible fully heavy tetraquark states has been explored
since the 1970s [11-13]. The mass spectra and decay
properties of fully heavy tetraquarks have been investigated
from various phenomenological models, including quark
potential models [14-26] and QCD sum rules [27-31].
On the other hand, the study of the production mechanism
of fully heavy tetraquarks is relatively sparse, which is
mainly based on color evaporation model and duality
relations [14,32-38]. Inspired by the unexpected discovery
of X(6900), recently several groups have attempted to
investigate the T,. production in the context of model-
independent nonrelativistic QCD (NRQCD) factorization
framework [39-43]. Ma and Zhang studied the inclusive
production of T, at the LHC and conducted a numerical
study of the dependence of the ratio 6(27")/6(07") on
pr [39]. Zhu computed the gg — T 4. channel and predicted
the low-p; spectrum of the 7,. at the LHC utilizing
Collins-Soper-Sterman resummation [43]. Feng et al.
explicitly introduced the NRQCD operators relevant to
S-wave T, production and derived the approximate
relation between the long-distance NRQCD matrix ele-
ments and the tetraquark wave functions at the origin [40].
Feng et al. have applied the NRQCD factorization
approach to predict the 7,. hadroproduction at large pr

Published by the American Physical Society


https://orcid.org/0000-0003-3608-1108
https://orcid.org/0000-0002-9394-0688
https://orcid.org/0000-0002-5698-4534
https://orcid.org/0000-0001-5594-4816
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.L051501&domain=pdf&date_stamp=2023-09-05
https://doi.org/10.1103/PhysRevD.108.L051501
https://doi.org/10.1103/PhysRevD.108.L051501
https://doi.org/10.1103/PhysRevD.108.L051501
https://doi.org/10.1103/PhysRevD.108.L051501
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

FENG, HUANG, JIA, SANG, YANG, and ZHANG

PHYS. REV. D 108, L051501 (2023)

via the fragmentation mechanism [40], as well as inclusive
and exclusive production of Ty, at B factories [41,42].
The goal of this work is to apply the NRQCD factori-
zation approach elaborated in Ref. [40] to investigate the
pr spectrum of the S-wave T, at the LHC. We focus on the
gg = T4. + g channels and compute the short-distance
coefficients at lowest order in a, and »v. We appeal to
phenomenological potential models to estimate the non-
perturbative NRQCD matrix elements. The numerical
studies indicate that there are bright prospects to measure
the pr spectrum of 7,.. Since the bulk of cross sections
come from the small-p; regime, where the fragmentation
mechanism fails to be applicable, we hope that our fixed-
order NRQCD prediction provides more useful guidance
for future experimental measurements of the 7. spectrum.

II. NRQCD FACTORIZATION FORMULA FOR T,
HADROPRODUCTION

According to the QCD factorization theorem, the inclu-
sive production rate of the fully charmed tetraquark 7. in
hadronic collisions can be expressed as

do(pp = Ty +X) = Z / dxydx fiy,(x1.pr)

i.j=4.9
Xfj/p(x2vﬂF)dgij—>T4L$X(x1x2svﬂF)»

(1)

where f;/,(x, ) denotes the parton distribution function
(PDF) of the parton i inside the proton and uy represents
the factorization scale. 6,7, . x(xX,5, up) is the partonic
cross section for the ij — T4, + X channel. If we are
interested in 7. production with not overly large pr, since
the gluon density is much more dominant than quark
density at small x, it suffices to consider only the gluon-
gluon fusion and neglect the ¢gg channel.

The partonic cross section 6,7, 4 x (X1 X285, g, hp) in
Eq. (1) still encapsulates the nonperturbative effects about
the formation of the T.. Since four charm quarks have to
be created in relatively short distance to have a non-
negligible chance to form 7., owing to asymptotic free-
dom, one anticipates that NRQCD factorization can be
invoked to further factorize the partonic cross section
o7, +x Into the product of the perturbatively calculable
short-distance coefficients (SDCs) and the nonperturbative
long-distance matrix elements (LDMEs):

d&T AX F (§7 ?) Ty,

G T @M )(0) ()
n

where déy, x signifies the partonic cross section for

g9 = T4. + X. F,, denotes the SDC associated with differ-

ent color configuration n, and <0£““) denotes the vacuum
matrix elements of various NRQCD production operators.

§ and 7 are the usual partonic Mandelstam variables. The
factor 2M 7, is inserted to compensate for the fact that the
T, state is nonrelativistically normalized in the LDMEs.

The main concern of this work is about the S-wave fully
charmed tetraquarks, which may carry the J*¢ quantum
number of 0T+, 17~, and 2*". It is convenient to adopt the
diquark basis to specify the color configuration. In this
context, the color-singlet tetraquark is decomposed into
either 3® 3 or 6 ® 6 diquark-antidiquark clusters. The
former case corresponds to the spin-1 diquark, while the
latter corresponds to the spin-0 diquark.

Specifically speaking, at the lowest order in velocity
expansion, Eq. (2) takes the following form:

d&(TX,) +X) 2MT46 [F ) < >
di N

+2F“<0<32>+Fés<0‘62>}, (3)

with J =0, 1, 2. Oéoior denote the NRQCD production

operators with different color configuration, which were
introduced in Refs. [40-42]:

J
oy} = ;®SZ|T£C+X><T£C+X|O,,®3, (4a)

0
02.& = O6®6Z|T +X)( TSC+X|(96®6, (4D)
0
Og,g - 03®3Z|T +X){ T2C+X|(96®6, (4c)
with the quartic NRQCD operators O.%Q,s and (’)f%(-5
defined by
1 4 .
0 . ; il ab;c
Osas = =5 Wilie)smlilo i )ilCgs’s ()
i1 i . : . * | Ll an;c
Olga = V2 [V’Z(laz)"]‘/’b} [}(ng("’z))(d} e Cigy’
(5b)

iji(2 . m ] ij.mn oabic
0% = Wl (ic®)o"yy [yt (io ) TFmesssd . (Se)

0N = Wi sl i sICane (59)

The color indices a, b, ¢, and d run from 1 to 3, and the
Cartesian indices i, j, and k run from 1 to 3. The rank-4
Lorentz tensor is given by I[*mm=1(5tmsin
skngm —2k5m), and the rank-4 color tensors C are
defined as
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1 omn 1
Cab cd _ = (:'ahm cdn 5aL6hd 5ad5bc ,
3®3 ( \/E)z /_Nc 2 \/— ( )
(6a)
Cab cd = (5a65bd 5ad5bc) . (6b)
G

III. DETERMINATION OF SHORT-DISTANCE
COEFFICIENTS

We employ the perturbative matching procedure to cal-
culate various SDCs associated with different color channels
in Eq. (3). Since the SDCs are insensitive to the long-distance
dynamics, one may replace the physical tetraquark states
with free four-quark states |[cc|[cc]) in Eq. (3). It is then
straightforward to calculate both sides in perturbative QCD
and perturbative NRQCD to solve for the SDCs.

We have normalized the NRQCD operators such that all
vacuum-to-tetraquark matrix elements of the NRQCD
composite operators are equal to 4 (up to a factor of the
polarization vector). For the QCD part, we compute the
amplitude of gg — |[cc][c ¢]) + g, employing the covariant
color and Lorentz projector method to project out the desired
amplitude where the fictitious tetraquark states carry appro-
priate color, spin, and orbital quantum numbers [40]. We
work in Feynman gauge and take P* = M7=~ 16m for
simplicity. We employ our self-written program HepLib [44]
alongside FeynArts and FeynCale [45,46] to generate the
Feynman diagrams and square the amplitudes as well as
sum over polarizations. There are 642 Feynman diagrams
in total, with one typical Feynman diagram shown in Fig. 1.
To avoid the occurrence of the ghost contribution, we sum
over only two transverse polarizations for the incoming
and outgoing gluons upon squaring the amplitude. We have
explicitly verified gauge invariance of the squared amplitude.

The complete expressions of the SDCs are too lengthy
to be reproduced in the text. For the convenience of

FIG. 1.

One typical Feynman diagram for gg — T4 + ¢.

the readers, we have attached those expressions in
Supplemental Material [47]. Here, we are contented with
producing the asymptotic behaviors of various SDCs in the
large-py limit:

22097*mba3 (87482 + 1)

++ m!

FO = - _ o(=£), @
33 1555235(—) Gt <p;> (7a)
0++ 0++ mz

R = Ve +o("), (70)

For 22 g 4 oM (7¢)
6,6 73 p;

P _ 6002574 m® 5( 743 +22)2Jr o m? ()
33 34992 (5 +1)? )’

poe 17617z Ambad (81482 + 12)* o™ m] (7
33 3888037 (=7)3(3 +17)° pr)’

with § and 7 scaling as O(p2). Notice that all five SDCs are
positive. We also observe that the partonic Ccross sections
for C-even tetraquarks scale as p , while those for the
C-odd state 11~ scale as O(p78). Thus, the production rate
of C-odd tetraquark is severely suppressed with respect to
the C-even ones due to the extra power of p72. At large pr,
the predicted leading-order (LO) cross sections for the
C-even states receive an extra suppression factor of p7°
with respect to the production rates predicted from the
fragmentation mechanism [40], which scale as p;“.

IV. PHENOMENOLOGY OF T, PRODUCTION
AT THE LHC

A key ingredient in making concrete predictions is the
LDME:s that enter the NRQCD factorization formula (3).
These nonperturbative matrix elements can, in principle, be
calculated by lattice NRQCD in the future. As a work-
around, we appeal to phenomenological approaches to
roughly estimate the values of these LDMEs.

After applying the vacuum saturation approximation,
one may express the NRQCD LDMEs in terms of the wave
functions at the origin of a tetraquark [40—42]:

(0] c,) ~ 16w, (0w (0). (8a)
(0F) ) ~ 48y (0)y i) (0), (8b)
(02 ) = 80y 2 (0)y 2 (0), (8¢)

where w(0) denotes the four-body Schrédinger wave
function at the origin. The color structure labels C; and
C, can be either 3 or 6, representing the 3 ® 3 and the
6 ® 6 diquark-antidiquark configuration. In this work, we

L051501-3



FENG, HUANG, JIA, SANG, YANG, and ZHANG

PHYS. REV. D 108, L051501 (2023)

TABLE 1. Numerical values of the LDMEs estimated from
model I and model II.

LDME Model I [15] Model 1II [16]
ot <0(%03)> [GeV®] 0.0347 0.0187
<0(306)> [GeV®] 0.0211 —0.0161
<Oé(?6)> [GeV?] 0.0128 0.0139
1t <0(313)> [GeV?] 0.0780 0.0480
2+ + <0§2§> [GeV? 0.072 0.0628

adopt two phenomenological potential models to estimate
the wave functions at the origin [15,16]. Both models
assume Cornell-type spin-independent potential, incorpo-
rate some pieces of spin-dependent potentials, and numeri-
cally solve the four-body Schrodinger equation using the
Gaussian basis. As a slight difference, model I is based on a
nonrelativistic quark potential model, while model II
utilizes the relativistic kinetic term. We enumerate the
values of the predicted NRQCD LDME:s from both models
in Table I. We note that the values of LDMEs have a
considerable model dependence, particularly for the 0+
channel. Unfortunately, unlike the case from potential
NRQCD [48], it lacks a systematic way to estimate the
uncertainties of the LDMEs from potential quark models.
In this work, we provide the theoretical predictions from
the two models, the difference of which is roughly
considered as the underlying model uncertainties.

We then apply Eq. (3) in conjunction with Eq. (1) to
predict the py spectrum of the 7T, in pp collision at
/s =13 TeV. We set the charm quark mass m. =
1.5 GeV and use a,(M,) =0.1180 [49]. We adopt the
CT14lo PDF set [49] and impose a rapidity cut |y| < 5.

Model |
L 0++ 1+— 2++ :
S 104t
> [
S? L
3 1
~ |-
= [
S 1077
© [
§ T T T T T
5 0.1
3 104
b n 1 n n n 1 n n n 1 i i I 1 I I I ]
20 40 60 80 100
pr [GeV]

We choose the factorization scale up = my, with the

transverse mass my = /M7 _+ p7. To estimate the

uncertainties arising from higher-order QCD corrections,
we slide the factorization scale in the range
mr/2 < pp < 2my.

The numerical predictions for the p; spectra of various
S-wave T, states are plotted in Figs. 2 and 3. In Fig. 2, we
compare the p; distributions of different 7. states, taking
both potential models as inputs. The lower insets show the
ratios of the ¢(177) and o(2%*) states to o(0F"). We
observe that, while the difference between C-even states is
minor, the C-odd 17~ state exhibits much more suppressed
cross sections with respect to the C-even tetraquarks. This
observation corroborates the asymptotic p; scaling behav-
iors shown in Eq. (7), where the differential cross section
for the 17~ tetraquark is suppressed by a factor of 1/p?
with respect to those for the C-even tetraquarks.

In Fig. 3, we compare the predictions made from two
phenomenological models. Note that the two models, in
general, render similar results, except in the case of the 0™
tetraquark. It is the interfering term 2F5¢(O3) in Eq. (3)
that is responsible for the drastic difference. As shown in
Table I, the values of (Os4) in the two models even
take different signs. Therefore, the interfering term is
constructive in model I and destructive in model II. As a
result, the O state is suppressed in model II. The impact
of the interference is demonstrated in Fig. 4, where we
single out the individual contributions from different color
configurations in Eq. (3). In model I, the 3 ® 3 channel
dominates in magnitude, while the other two channels still
pose significant positive contributions. It is not the case in
model II: The interfering term is negative, and the absolute
values of all three color channels are roughly the same.

Model
0++ 1+- 2++ |
>
[}
Q
S
K
~
[}
B
S}
°
8 T T T T T
5 N
S 0.001f
8} IS NS S SRS SN S RN ST S S B S S—
20 40 60 80 100
pr [GeV]

FIG. 2. The py spectra of the S-wave T, at the LHC with /s = 13 TeV predicted from two potential models. The left panel
represents the predictions made from model I, while the right panel represents the predictions made from model II. The blue, yellow, and
red curves represent the differential cross sections for the 07", 17, and 27 tetraquarks, respectively. The lower insets show the ratios

of 6(177) and 6(27) to 6(07).
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FIG. 3. Comparison of the p distributions of the S-wave T, between two phenomenological potential models. The left, central, and
right panels represent the differential cross sections for the 07, 17, and 27+ tetraquarks, respectively. The orange (blue) curves

represent the predictions made from model I (IT). The lower insets show the ratios of the predicted production rates in model II to those in

model I.
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T

-- 66/
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100}

01}

doldp,, [pb/GeV]
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FIG.4. Comparison of contributions from different color configurations in Eq. (3). The left panel is from model I, and the right panel is
for model II. The blue solid, green dash-dotted, and red dashed curves stand for the contributions from the pure color-triplet,
interference, and pure color-sextet contributions in ¢(0*), respectively. An additional minus sign is added to the interfering term in
model IT to make it positive. The lower insets show the ratio of the individual contributions to the full cross section of the 01 tetraquark.
We also present the p; distributions of the 17~ and 27 states for comparison.

In Fig. 5, we also compare our results with the pre-
dictions made by the fragmentation mechanism [40]. As
indicated in Eq. (7), the fragmentation contribution is
enhanced by a factor of p? relative to our LO NRQCD
predictions at large pr. This expectation is confirmed in
Fig. 5, where the fragmentation contributions start to
overshoot the LO results when p; ~20 GeV.

Finally, in Table II, we present the predicted integrated
cross sections for S-wave T, at /s = 13 TeV with a cut
pr =6 GeV. Assuming an integrated luminosity of
3000 fb~!, we also estimate the yields of T,. events at
the LHC. The yields are roughly 2 orders of magnitude

greater than the event yields from fragmentation contribu-
tions. This is simply due to the fact that the bulk of the 74,
cross sections reside in the low-py region.

We note that the 7. cross sections predicted in this work
are several orders of magnitude larger than the predictions
made in Ref. [43], which range from 10 to 100 fb.
Moreover, the ratio of ¢(27%) to ¢(0%") is predicted to
be around 2-10 in this work, much smaller than that given
in Ref. [43] (about 260) yet relatively closer to the
estimation given in Ref. [39] (about 1 and 2).

It is also interesting to compare our predictions for the
1t~ T,, events with the measured double J/y production
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FIG.5.

Model Il
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100}
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Comparison of the pr distributions of the 74, between this work and from the fragmentation mechanism [40]. The left panel is

for model I, and the right panel is from model II. The blue and yellow curves represent the LO NRQCD predictions for ¢(0*") and
o(27T), respectively, while the red and green curves represent the fragmentation contributions to ¢(07") and ¢(2%"), respectively. The
lower insets show the ratios of the LO NRQCD predictions to the fragmentation predictions.

rate at ATLAS, which is presumed to arise from double
parton scattering [50]. The predicted cross sections of 74, is
almost 50 times larger than that for double J /y production,
which is about 5 pb at 7 TeV.

Exact values of the LDMEs of Ty, are absent in the
literature. As a very crude estimate, we temporarily assume
that T4 is comprised of a compact diquark-antidiquark
cluster, each of which is bound by attractive color Coulomb
forces. One then estimates the ratio of the four-body
Schrodinger wave functions at the origin for 74, and for
T, through simple dimensional analysis. Hence, we may
roughly estimate the LDMEs of the T, by

J J <0>T ,Coulomb
<O(C'1)~C2>T4b = <0(C]).C3>T4( X
< >T4(.,Coulomb

b\ 9
J mpa J
~ <0(C,).C2>T4(. X <m C) ~ 400 x <0(Cl),C2>T4cy

©)

where a represents the strong coupling a,(mgyvy) ~ vg,
vo stands for the typical velocity of the heavy quark

TABLE II. The integrated production rates for various S-wave
T,. states (6 GeV < py <100 GeV) and the estimated event
yields.

Model 1 Model 11
o [nb] Nevents/109 o [nb] NeVel’llS/]‘Og
ot+ 37 +26 110 £+ 80 9+6 27+ 19
1Y~ 0.28£0.16 0.8+0.5 0.17 £0.10 0.52+0.29
2++ 93 £+ 65 280 £ 200 81 + 57 240 £+ 170

Q inside the tetraquark, and the subscript “Coulomb”
indicates that the LDME is evaluated using the
diquark model with the interquark and interdiquark poten-
tials being Coulombic. It is straightforward to compute the
T4, production cross sections. By imposing the same
rapidity y cut as Ty, and py > 4m;, = 20 GeV, we predict
o = 2-5,0.01-0.05, and 4-13 pb for 0" *, 17, and 27,
respectively.

V. SUMMARY

In this paper, we predict the py spectrum of various
S-wave fully charmed tetraquark states within the NRQCD
factorization framework, at the lowest order in a, and
velocity. The LDME:s are estimated from two phenomeno-
logical potential models, with the aid of vacuum saturation
approximation. The yield of the 11~ fully charmed tetra-
quark is significantly lower than that for the 0™ and 2+
tetraquarks. Two potential models render quite different
predictions for the differential production rates for the 0+
tetraquark, signaling the important role played by the
interference between the 3 ® 3 and 6 ® 6 color channels.
Both models predict that a tremendous number of T},
events would be produced at the LHC. It is interesting to
await future experiments measurements to confront our
predictions.
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