PHYSICAL REVIEW D 106, 111902 (2022)
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The LHCb Collaboration has recently discovered a structure around 6.9 GeV in the double-J/y mass
distribution, possibly a first fully charmed tetraquark state X(6900). Based on vector-meson dominance
(VMD) such a state should have a significant branching ratio for decaying into two photons. We show that
the recorded LHC data for the light-by-light scattering may indeed accommodate for such a state, with a yy
branching ratio of order of 10, which is larger even than the value inferred by the VMD. The spin-parity
assignment 0~ is in better agreement with the VMD prediction than 0™, albeit not significantly at the
current precision. Further light-by-light scattering data in this region, clarifying the nature of this state,
should be obtained in the Run 3 and probably in the high-luminosity phase of the LHC (Run 4 etc.).
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I. INTRODUCTION

The ATLAS and CMS Collaborations have recently
made first experimental observations of light-by-light
(LbL) scattering in the ultra-peripheral Pb-Pb collisions
at the LHC [1,2]. The ATLAS Collaboration has sub-
sequently provided the most comprehensive dataset from
the LHC Run-2 [3], which shows a mild excess over the
Standard Model prediction centered on the diphoton
invariant mass region of 5 to 10 GeV (cf. Fig. 2 below).
A similar excess between 5-7 GeV of the diphoton
invariant mass was seen by CMS Collaboration [2] as well.

More recently, the LHCb Collaboration has observed a
structure in the di-J/y mass distribution [4] and interpreted
it as a new state, X(6900), with mass and di-J/y width
quoted in Table I. This state is possibly the lightest
fully charmed tetraquark state [5-9] (see also [10] for
review), and according to Refs. [11-21] can be a pseudo-
scalar P-wave state (J*¢ = 0~%), or a scalar S-wave state
(JP€ = 07) (for the latter, see [22] or [23] in view of the
latest CMS results on di-J/y spectrum [24]). A possibility
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for it to be a tensor meson (JF¢ = 2+%) is discussed in
[7,8,10,11,14,16,19-21,25,26]. In any of these cases, this
state would likely couple to two photons [27] and hence
contribute to the LbL scattering. In fact, the vector-meson
dominance (VMD) hypothesis provides a rather accurate
prediction for the two-photon decay width (X — yy) in terms
of the di-J/y width (cf. Appendix). Note that in view of the
Landau-Yang theorem, studying the yy — yy channel will
reduce the amount of possible quantum numbers of X (6900),
which are considered in several analyses (see, e.g., [13,28]).

In this work we explore the possibility of the excess seen in
ATLAS experiment is due to the X(6900) meson. The two-
photon decay width of this state can then be determined from a
fit to the data, with the resulting values shown in the last row of
Table 1. In what follows we describe our formalism for the
inclusion of mesons in LbL scattering (Sec. II), the details and
results of the fit to ATLAS data (Sec. III), comparison with
VMD estimates (Sec. IV), and conclusions (Sec. V).

II. MESON EXCHANGE IN LIGHT-BY-LIGHT
SCATTERING

We start with outlining the formalism for the inclusion of
meson states into the LbL process. These states ought to be
added at the amplitude level. It is conventional to work with
helicity amplitudes M ;,,.,,(s.t, u), where 4; = £1 is the
helicity of each of the four photons and the Mandelstam
variables of the LbL scattering satisfy the kinematic
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TABLE 1. The mass and di-J/y width of X(6900) in the two
scenarios of Ref. [4], and the corresponding two-photon widths
obtained here by fitting the light-by-light scattering data of Ref. [3].

Parameter Interference No interference
my [MeV] 6886 £ 11 £ 11 6905 £11+7
Ux_yppipy (MeV] 168 £33 + 69 80+ 19 +33
Iy, [keV] 6751 45

constraint: s+7+u=0. Thanks to the discrete (P, T, C)
symmetries only 5 of the 16 amplitudes are independent, e.g.,:
M o M, M, M, . _andM__,__.Furthermore,

the crossing symmetry infers the following relation:
My (sctu) =M, (t,ssu) =M, (utys). (1)

The remaining two amplitudes are fully crossing invariant.

In what follows we consider spin-0 mesons, with parity
P = + (scalars) or P = — (pseudoscalars). Their tree-level
contributions to the LbL. amplitudes follow from a simple
effective Lagrangian (cf. Appendix), yielding the following
expressions:

2
167s r,,

MY (s.tu) = —mv
M% . (s.t.u) =0, (2b)

MY __(s.t,u)

16xT" s t u
= —P i . (2¢
m <s—m2+t—m2+u—m2> (2¢)

where P = £1 stands for the parity of the state, m for the
mass, and I",, for the two-photon width.

The nonvanishing amplitudes are precisely the ones
entering the forward LbL scattering sum rules [29], and it
is useful to check the consistency of the above expressions
with the sum rules. We recall that the helicity amplitudes of
the forward (¢ = 0) [or, equally, the backward (z = 0)],
scattering of real photons satisfy exact sum rules [29,30]:

_2¢ oo(s") +0a(s)

Mo 4M ()= [Tas (3a)

n s —s2—i0t "’

25 =, Slon(s) — oals)]

M, . -M_._. =— ds’ ,
) =M () = [Ty

(3b)

,0(s") —a.(s")

§?— 2 — 0t (3¢)

252 [0
M, __(s) :i[) ds

T

where the right-hand side involves integrals of total yy-fusion
cross sections for various photon polarizations. For the case
of yy-fusion into a scalar or a pseudoscalar meson these cross
sections take the following simple form (see, e.g., [31,32]):

r
167> L 5(s — m?),

- or(s) =0, (4a)

oo(s) =

TABLE II. Bottomonium resonances included in this work.
Meson JPC M, [MeV] Ty, [MeV] T, /Ty [%]
n,(1S) o+ 9399.0 17.9 5.87 x 1073
n,(2S) 0+ 9999.0 8.34 5.86 x 1073
Zpo(1P) (s 9859.44 3.39 5.87 x 1073
1p0(2P) (O 10232.5 3.54 5.41x1073
o|(s) =0oo(s), o.(s) =0, for scalar, i
o.(s) =06o(s), o)(s) =0, for pseudoscalar. (40)

Substituting these cross sections into the sum rules we
find that the contribution to M, , ., found in Eq. (2) is
reproduced by the first sum rule, but not the second one.
This inconsistency can be fixed by reducing the one power
of s in the expression (2), thus resulting in:

167sT",,

m(s —m?)’

(5)

This contribution is consistent with both sum rules and has a
better high-energy behavior. We shall use itin place of Eq. (2a).

The contribution to M, __ in Eq. (2c) is consistent with
the sum rule (3c). As a side remark we note that it satisfies a
more general off-forward sum rule:

ME, (s tu) =~

M, (s.t.u)

== / " ds'o)(s)) ~ oL (s")] <S,S_S+s/t_t+s/1iu>' (6)

Any single-meson-exchange contribution to this LbL scat-
tering should satisfy this sum rule. However it does not hold
in a more general case—a subtraction function must be
added. A similar off-forward sum rule holds for the crossing-
invariant combination M, .. +M_ __ +M__._and the
unpolarized cross section of yy fusion. It also holds without
subtraction for the single-meson-exchange contributions.
Next step is the inclusion of the decay width. It can be done
by resumming the meson self-energy, I1(s), in s-channel
exchange contribution, such that the factors 1 /(s — m?) in the
above expressions are replaced with 1/(s — m? —TI(s)). The
decay width then comes from the imaginary part of the self-
energy, i.e., ImII(s) = —/s[(s). The real part of the self-
energy contributes to the mass and field renormalization; any
further effects of the real part are neglected here. For the total
decay width of X(6900)-meson we use below the energy-
dependent di-J/y width, as calculated in the Appendix.

III. FITTING X(6900) INTO THE
LIGHT-BY-LIGHT DATA

We have extended the Monte-Carlo code SUPERCHIC
v3.05 [33,34]] used in the original interpretation of the

1Although this is not the most recent version, subsequent
updates do not relate to LbL scattering.

L111902-2



TWO-PHOTON DECAY OF X(6900) FROM LIGHT-BY-LIGHT ...

PHYS. REV. D 106, L111902 (2022)

4 . .
—Ttot = 80 MeV
— Tt = 168 MeV
,,,,, 1o level

0900 0.05 0.10 0.15 0.20 0.25
rX—) yy/ \Y rtot [kevl/Z]
FIG. 1. The profile of y? (divided by #d.o0.f. = 3) for the values

of 'y, used in the two LHCb scenarios. The gray dashed line cuts
out the 1o interval.

T

10

do/dm.,,, [nb/GeV]

25 30

[¢,]

120

100

80

Ty

60

do/dly_| [nb]

40

20

o) IS PPN PPN PP P I
0 02 04 06 08 1

ool bbb b n b By
12 14 16 18 2 22 24
Iyl

ATLAS data [3], by including the X(6900) along with the
well-known bottomonium states [35] pertinent to this
energy region, see Table II. Note that SUPERCHIC v3.05
includes otherwise only the simplest perturbative-QCD
(pQCD) contributions to LbL scattering, i.e., the quark-
loop contribution. The next-to-leading order pQCD cor-
rections were shown to contribute at the order of few
percent [36-38], which is negligible at the current level of
experimental precision.

Given the mass and width of X(6900) from the LHCb
determination, the two-photon-decay width can be deter-
mined from the ATLAS data on LbL scattering. In the
narrow resonance approximation, the LbL cross section
depends only on the ratio I'y_,,, /+/T'o, and hence we take
it as a fitting parameter. The total width is assumed to be
dominated by the di-J/y decay (i.e., [io = Tx_y/p0/y)-

10? :{F SuperChic w/ X(6900)

_ - B SuperChic w/o X(6900)
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FIG. 2. Differential fiducial cross sections of yy — yy production in Pb + Pb collisions at a centre-of-mass energy of /syy =

5.02 TeV with integrated luminosity 2.2 nb™! for four observables (from left to right and top to bottom): diphoton invariant mass m

diphoton absolute rapidity |y,,

Ty

, average photon transverse momentum (p% + p7?)/2 and diphoton | cos(6*)| = | tanh(Ay,, ,,/2)|. The

red band represents an uncertainty (1o range) of the fit with X(6900). The blue band contains only the statistical uncertainty of the

SUPERCHIC simulation without X-resonance.
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The fit has been performed to the unfolded diphoton
invariant mass spectrum of the ATLAS data. The CMS data
is not used in the present analysis since the corresponding
spectrum is not unfolded. We have explored both the scalar
and pseudoscalar nature of X(6900), but the corresponding
results of the fit turn out to be indistinguishable at the
current level of statistical accuracy. We therefore show only
the results for the scalar X(6900). Since the main uncer-
tainties in ATLAS data are statistical, we for simplicity use
the total experimental uncertainties in the y> function. The
resulting y? is shown in Fig. 1, for the two scenarios
provided by the LHCb experiment. The best fit yields the
following branching ratio (I'y_.,,/To):

56712 x 107, No int. sc,

40197 x 107*, Int. sc.

B(X = yy) = { )

The corresponding values for the yy decay width are given
in the last row of Table I.

Figure 2 shows the exclusive differential cross sections
with and without the inclusion of X(6900), versus the
ATLAS data [3]. The statistical uncertainties of the
SUPERCHIC results were highly reduced by simulating a
large enough number of events (10%), and are not visible on
the plots of Fig. 2. The fit yields the integrated fiducial
cross section of of; =121+ 20 nb. It can be compared
with the reference SUPERCHIC value without X-resonance,
62, =76 nb and with the experimental value, opq =
120 £ 17(stat.) &= 13(syst.) = 4(lumi.) nb, reported by
ATLAS [3]. The description of ATLAS data with
X(6900) is better than without it by about 2.3c.

IV. VECTOR-MESON-DOMINANCE ESTIMATE

The ratio I'x_.,,/I'x_;/,/, can be estimated via the
VMD mechanism shown in Fig. 3. As the result, we
obtain the following estimate for branching ratios in the
scalar and pseudoscalar case, respectively (cf. Appendix for
details):

B3yp(X = yy) = (2.8 £0.4) x 1076, (8a)

B{)/?\/ID(X —7yy) = (64+£0.8) x 107°. (8b)

FIG. 3. The X(6900) — yy decay via the VMD mechanism.

As one can see, the central values of this estimate is
about two orders of magnitude smaller than we obtained
from the fit, Eq. (7); although, given the large uncertainties,
the difference is statistically insignificant.

Certainly, further measurements of both the di-J/y and
yy channels are desirable to pin down this possible
inconsistency with the VMD expectations. It could perhaps
be explained by other exotic resonances in the diphoton
mass region from 5 to 10 GeV, which contribute to the
observed excess on the yy channel. The broad X(6900)
structure has already been proposed to be associated with
more than one tetraquark states [25,28,39-43]; a second
resonance could be located at around 7.2 GeV, see e.g.,
[4,6,18,19,26]. Indeed, the very recent observations at
CMS [24] and ATLAS [44], apart from the confirmation
of X(6900), also demonstrate the presence of the new states
in di-J/y spectrum at around 6.2 GeV, 6.6 GeV and
7.2 GeV (see, e.g., [22,45,46] for the corresponding
theoretical analysis).

V. CONCLUSION AND OUTLOOK

We have shown that the new tetraquark state X(6900),
observed by LHCb Collaboartion in the di-J/y channel,
could, in principle, account for the excess in the light-by-
light scattering seen in the ATLAS and CMS data. The
inclusion of X(6900) improves the Standard Model
prediction in the corresponding diphoton mass region
of LbL cross sections. The X — yy branching ratio has
been fitted to the ATLAS data. The result seen in
Eq. (7), however, exceeds the VMD expectations, albeit
statistically the discrepancy is not severe. Further mea-
surements of the LbL scattering in the 5 to 10 GeV
diphoton-mass range are very desirable to improve the
precision.

Going to lower diphoton masses and increasing the
statistics of the yy — yy events in future runs of the LHC,
which is particularly important for the search of axionlike
particles and investigation of exotic charmonium [47-49]
further constrain the properties of the X(6900). Moreover,
the prospective double-differential (or even triple-
differential) measurements of a pair (or triplet) of the
observables depicted in Fig. 2 may provide an additional
improvement. Future measurements at LHCb that will
allow the partial-wave analysis, could also narrow down
the set of possible quantum number configurations.
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APPENDIX: BRANCHING RATIO
ESTIMATE USING VMD

We estimate the two-photon decay width of X(6900) by
exploiting the vector meson dominance (VMD) hypothesis
as shown in Fig. 3. The VMD implies that the photon |y)
couples via a vector-meson state |V) as follows [50,51]:

e
1) = 35 FV) (A1)
where e is the electron charge, f is the corresponding
vector-meson decay constant, which is observed in
V — ete™ decay, and My is its mass.

The J/y decay constant f,, can be obtained from the

J/w — ete decay width, cf. Fig. 4:

dna’ f2
U ymete- = L. A2
J/w—eTe 3mw ( )
Using recent values [52] for J/y mass my, =

3096.900 + 0.006 MeV and electron-positron decay width
[yjyoete-=5.55+0.17keV, one finds f, =278 £9MeV.

The decay widths I'y_,,, and I'x_,;/,,5/,, can be obtained
via the imaginary part of the X-resonance self-energy
derived from the following effective interactions

L:ny = _ngbeXF}wFﬂw (A3)
'CXJ/y/y = _ngy/quGﬂyFﬂw (A4)
‘CXJ/I/IJ/I// = _ngw¢XGMDGpu’ (AS)

where gy,,, 9x,, and gx,, are dimensionful coupling
constants, F,, = d,A, —0d,A, is the photon field tensor,
and G, = d,B, — 9,B,, is the J/y field tensor, ¢x is the
scalar field of the X-meson. Note that we require gauge-
invariance with respect to vector fields, including the
massive one. This is where we differ from the recent
VMD estimates of Ref. [53], which begin from a non-
invariant Lagrangian for J/y. For the pseudoscalar case,
one of the field tensors is replaced by its dual, i.e.,

e 1
Fv - v = 5eﬂmﬁFa,,, (A6)

(A7)

FIG. 4. The VMD mechanism of J/y — eTe™ decay which
determines the y — J/y coupling.

The X-V-V vertex that correspond to each of the
Lagrangians (A3)-(AS) is

V(g1 q2) = =2igxv,v,(q1 - 29" — q1d5).  (A8)
For the pseudoscalar, the vertex reads as:
‘7””(511, 612) = 2if]xv|V2€”mﬁQ1aCI2ﬂ- (A9)

Employing the optical theorem, one can write the imagi-
nary part of the self-energy

ImITy y,(s) =

M2 (s, m3, m3 WA
AT my) TR IMYE, P (AL0)

167s o

where 4; are the helicities,

Z|M§(/12V WP = {4g§(V,V2 2(q1 - 92)* + 9i43).

_ (A11)
e Sggfv,vz [(q1-q2)* — Q%CI%L

and A(s,m?,m3) =[s — (m, +my)*|[s— (m; —m,)?]. Hence,
for the scalar and pseudoscalar cases of X(6900) we
obtain,

S2 g%(yy’
ImIL,, (s) = —6(s) X { ~ (A12)
" 16z gg(w,
(s —m32)3 Ix
ImIL,;, (s) = Sﬂs‘” O(s —mp) x < " (A13)
Dxyyrs
1 4m?
ImHJ/y/J/y/(s) = Ton i l//9(s — 4m3,)
2 2
g s —2mg)” +2m
x { ;‘”"”K ";) ol (A14)
gXW,s(s dmy,).

Assuming [ = ['x_;/,7/y» One thus obtains the following
relations between the decay widths of X(6900) into the yy
and di-J/y channels:

ef,\*4
F)S(—w = Uxes iy <m_w>

W
—1
4 2 2 2\ 2 4
-l 0-5) =G T
my my my
(AlS)
ef,\* 4m2\ =
F§iy}/ FX—»J/I//J/I// <’n:/> (1 - m%’) . (A16)

Applying these relations, we arrive at the estimate of the
branching ratios given in Egs. (8a) and (8b) with corre-
sponding uncertainties that originate from the parameters
entering Egs. (A15) and (A16), i.e., the X(6900) and J/w
masses and J/y decay constant.
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