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The LHCb Collaboration has recently discovered a structure around 6.9 GeV in the double-J=ψ mass
distribution, possibly a first fully charmed tetraquark state Xð6900Þ. 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 γγ
branching ratio of order of 10−4, which is larger even than the value inferred by the VMD. The spin-parity
assignment 0−þ is in better agreement with the VMD prediction than 0þþ, 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=ψ mass distribution [4] and interpreted
it as a new state, Xð6900Þ, with mass and di-J=ψ 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 (JPC ¼ 0−þ), or a scalar S-wave state
(JPC ¼ 0þþ) (for the latter, see [22] or [23] in view of the
latest CMS results on di-J=ψ spectrum [24]). A possibility

for it to be a tensor meson (JPC ¼ 2þþ) 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 decaywidth (X → γγ) in terms
of the di-J=ψ width (cf. Appendix). Note that in view of the
Landau-Yang theorem, studying the γγ → γγ channel will
reduce the amount of possible quantumnumbers ofXð6900Þ,
which are considered in several analyses (see, e.g., [13,28]).
In this workwe explore the possibility of the excess seen in

ATLAS experiment is due to the Xð6900Þ meson. The two-
photondecaywidthof this state can thenbedetermined froma
fit to thedata,with the resultingvalues shown in the last rowof
Table I. In what follows we describe our formalism for the
inclusion ofmesons 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 Mλ1λ2λ3λ4ðs; t; uÞ, where λi ¼ �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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constraint: sþtþu¼0. Thanks to the discrete (P, T, C)
symmetries only 5 of the 16 amplitudes are independent, e.g.,:
Mþþþþ,Mþ−−þ,Mþ−þ−,Mþþþ− andMþþ−−. Furthermore,
the crossing symmetry infers the following relation:

Mþþþþðs; t; uÞ ¼ Mþ−−þðt; s; uÞ ¼ Mþ−þ−ðu; t; sÞ: ð1Þ
The remaining two amplitudes are fully crossing invariant.
In what follows we consider spin-0 mesons, with parity

P ¼ þ (scalars) or P ¼ − (pseudoscalars). Their tree-level
contributions to the LbL amplitudes follow from a simple
effective Lagrangian (cf. Appendix), yielding the following
expressions:

MPþþþþðs; t; uÞ ¼ −
16πs2Γγγ

m3ðs −m2Þ ; ð2aÞ

MPþþþ−ðs; t; uÞ ¼ 0; ð2bÞ
MPþþ−−ðs; t; uÞ

¼ −P
16πΓγγ

m

�
s

s −m2
þ t
t −m2

þ u
u −m2

�
; ð2cÞ

where P ¼ �1 stands for the parity of the state, m for the
mass, and Γγγ 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 (t ¼ 0) [or, equally, the backward (u ¼ 0)],
scattering of real photons satisfy exact sum rules [29,30]:

MþþþþðsÞþMþ−þ−ðsÞ¼
2s2

π

Z
∞

0

ds0
σ0ðs0Þþσ2ðs0Þ
s02−s2−i0þ

; ð3aÞ

MþþþþðsÞ −Mþ−þ−ðsÞ ¼
2s
π

Z
∞

0

ds0
s0½σ0ðs0Þ − σ2ðs0Þ�
s02 − s2 − i0þ

;

ð3bÞ

Mþþ−−ðsÞ ¼
2s2

π

Z
∞

0

ds0
σkðs0Þ − σ⊥ðs0Þ
s02 − s2 − i0þ

: ð3cÞ

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

σ0ðsÞ ¼ 16π2
Γγγ

m
δðs −m2Þ; σ2ðsÞ ¼ 0; ð4aÞ

�
σkðsÞ ¼ σ0ðsÞ; σ⊥ðsÞ ¼ 0; for scalar;

σ⊥ðsÞ ¼ σ0ðsÞ; σkðsÞ ¼ 0; for pseudoscalar:
ð4bÞ

Substituting these cross sections into the sum rules we
find that the contribution to Mþþþþ 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:

MPþþþþðs; t; uÞ ¼ −
16πsΓγγ

mðs −m2Þ : ð5Þ

This contribution is consistent with both sum rules and has a
betterhigh-energybehavior.Weshall use it inplaceofEq. (2a).
The contribution toMþþ−− 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:

Mþþ−−ðs;t;uÞ

¼ 1

π

Z
∞

0

ds0½σkðs0Þ−σ⊥ðs0Þ�
�

s
s0−s

þ t
s0− t

þ u
s0−u

�
: ð6Þ

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 combinationMþþþþ þMþ−−þ þMþ−þ− and the
unpolarized cross section of γγ fusion. It also holds without
subtraction for the single-meson-exchange contributions.
Next step is the inclusion of the decaywidth. It can be done

by resumming the meson self-energy, ΠðsÞ, in s-channel
exchange contribution, such that the factors1=ðs −m2Þ in the
above expressions are replacedwith 1=ðs −m2 − ΠðsÞÞ. The
decay width then comes from the imaginary part of the self-
energy, i.e., ImΠðsÞ ¼ −

ffiffiffi
s

p
ΓðsÞ. 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 Xð6900Þ-meson we use below the energy-
dependent di-J=ψ width, as calculated in the Appendix.

III. FITTING Xð6900Þ INTO THE
LIGHT-BY-LIGHT DATA

We have extended the Monte-Carlo code SUPERCHIC

v3.05 [33,34]1 used in the original interpretation of the

TABLE I. The mass and di-J=ψ width of Xð6900Þ 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

mX [MeV] 6886� 11� 11 6905� 11� 7

ΓX→J=ψJ=ψ [MeV] 168� 33� 69 80� 19� 33

ΓX→γγ [keV] 67þ15
−19 45þ11

−14

TABLE II. Bottomonium resonances included in this work.

Meson JPC M, [MeV] Γtot, [MeV] Γγγ=Γtot [%]

ηbð1SÞ 0−þ 9399.0 17.9 5.87 × 10−3

ηbð2SÞ 0−þ 9999.0 8.34 5.86 × 10−3

χb0ð1PÞ 0þþ 9859.44 3.39 5.87 × 10−3

χb0ð2PÞ 0þþ 10232.5 3.54 5.41 × 10−3

1Although this is not the most recent version, subsequent
updates do not relate to LbL scattering.
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ATLAS data [3], by including the Xð6900Þ 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 Xð6900Þ 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 ΓX→γγ=

ffiffiffiffiffiffiffi
Γtot

p
, and hence we take

it as a fitting parameter. The total width is assumed to be
dominated by the di-J=ψ decay (i.e., Γtot ≃ ΓX→J=ψJ=ψ ).

FIG. 1. The profile of χ2 (divided by #d:o:f: ¼ 3) for the values
of Γtot used in the two LHCb scenarios. The gray dashed line cuts
out the 1σ interval.
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FIG. 2. Differential fiducial cross sections of γγ → γγ production in Pbþ Pb collisions at a centre-of-mass energy of
ffiffiffiffiffiffiffiffi
sNN

p ¼
5.02 TeV with integrated luminosity 2.2 nb−1 for four observables (from left to right and top to bottom): diphoton invariant mass mγγ ,
diphoton absolute rapidity jyγγ j, average photon transverse momentum ðpγ1

T þ pγ2
T Þ=2 and diphoton j cosðθ�Þj≡ j tanhðΔyγ1;γ2=2Þj. The

red band represents an uncertainty (1σ range) of the fit with Xð6900Þ. 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 Xð6900Þ, 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 Xð6900Þ. Since the main uncer-
tainties in ATLAS data are statistical, we for simplicity use
the total experimental uncertainties in the χ2 function. The
resulting χ2 is shown in Fig. 1, for the two scenarios
provided by the LHCb experiment. The best fit yields the
following branching ratio (ΓX→γγ=Γtot):

BðX → γγÞ ¼
�
5.6þ1.3

−1.6 × 10−4; No int: sc;

4.0þ0.9
−1.1 × 10−4; Int: sc:

ð7Þ

The corresponding values for the γγ 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 Xð6900Þ, versus the
ATLAS data [3]. The statistical uncertainties of the
SUPERCHIC results were highly reduced by simulating a
large enough number of events (104), and are not visible on
the plots of Fig. 2. The fit yields the integrated fiducial
cross section of σXfid ¼ 121� 20 nb. It can be compared
with the reference SUPERCHIC value without X-resonance,
σ0fid ¼ 76 nb and with the experimental value, σexp :fid ¼
120� 17ðstat:Þ � 13ðsyst:Þ � 4ðlumi:Þ nb, reported by
ATLAS [3]. The description of ATLAS data with
Xð6900Þ is better than without it by about 2.3σ.

IV. VECTOR-MESON-DOMINANCE ESTIMATE

The ratio ΓX→γγ=ΓX→J=ψJ=ψ 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):

BS
VMDðX → γγÞ ¼ ð2.8� 0.4Þ × 10−6; ð8aÞ

BPS
VMDðX → γγÞ ¼ ð6.4� 0.8Þ × 10−6: ð8bÞ

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=ψ and

γγ 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 γγ channel. The broad Xð6900Þ
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=ψ 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 Xð6900Þ,
observed by LHCb Collaboartion in the di-J=ψ channel,
could, in principle, account for the excess in the light-by-
light scattering seen in the ATLAS and CMS data. The
inclusion of Xð6900Þ improves the Standard Model
prediction in the corresponding diphoton mass region
of LbL cross sections. The X → γγ 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 γγ → γγ 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 Xð6900Þ. 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 Xð6900Þ by
exploiting the vector meson dominance (VMD) hypothesis
as shown in Fig. 3. The VMD implies that the photon jγi
couples via a vector-meson state jVi as follows [50,51]:

jγi → e
MV

fV jVi; ðA1Þ

where e is the electron charge, fV is the corresponding
vector-meson decay constant, which is observed in
V → eþe− decay, and MV is its mass.
The J=ψ decay constant fψ can be obtained from the

J=ψ → eþe− decay width, cf. Fig. 4:

ΓJ=ψ→eþe− ¼ 4πα2f2ψ
3mψ

: ðA2Þ

Using recent values [52] for J=ψ mass mψ ¼
3096.900� 0.006 MeV and electron-positron decay width
ΓJ=ψ→eþe− ¼5.55�0.17keV, one finds fψ ¼278�9MeV.
The decay widths ΓX→γγ and ΓX→J=ψJ=ψ can be obtained

via the imaginary part of the X-resonance self-energy
derived from the following effective interactions

LXγγ ¼ −gXγγϕXFμνFμν; ðA3Þ
LX J=ψγ ¼ −gXγψϕXGμνFμν; ðA4Þ

LX J=ψJ=ψ ¼ −gXψψϕXGμνGμν; ðA5Þ
where gXγγ , gXγψ and gXψψ are dimensionful coupling
constants, Fμν ¼ ∂μAν − ∂νAμ is the photon field tensor,
and Gμν ¼ ∂μBν − ∂νBμ is the J=ψ field tensor, ϕX 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=ψ. For the pseudoscalar case,
one of the field tensors is replaced by its dual, i.e.,

Fμν → F̃μν ¼ 1

2
ϵμναβFαβ; ðA6Þ

Gμν → G̃μν ¼ 1

2
ϵμναβGαβ: ðA7Þ

The X-V-V vertex that correspond to each of the
Lagrangians (A3)–(A5) is

Vμνðq1; q2Þ ¼ −2igXV1V2
ðq1 · q2gμν − qν1q

μ
2Þ: ðA8Þ

For the pseudoscalar, the vertex reads as:

Ṽμνðq1; q2Þ ¼ 2ig̃XV1V2
ϵμναβq1αq2β: ðA9Þ

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

ImΠV1V2
ðsÞ ¼ λ1=2ðs;m2

1; m
2
2Þ

16πs

X
λ1λ2

jMλ1λ2
X→V1V2

j2; ðA10Þ

where λi are the helicities,

X
λ1λ2

jMλ1λ2
X→V1V2

j2 ¼
�
4g2XV1V2

½2ðq1 · q2Þ2 þ q21q
2
2�;

8g̃2XV1V2
½ðq1 · q2Þ2 − q21q

2
2�;

ðA11Þ

and λðs;m2
1;m

2
2Þ¼ ½s−ðm1þm2Þ2�½s−ðm1−m2Þ2�. Hence,

for the scalar and pseudoscalar cases of Xð6900Þ we
obtain,

ImΠγγðsÞ ¼
s2

16π
θðsÞ ×

� g2Xγγ;

g̃2Xγγ;
ðA12Þ

ImΠγJ=ψðsÞ ¼
ðs −m2

ψÞ3
8πs

θðs −m2
ψÞ ×

� g2Xγψ ;

g̃2Xγψ ;
ðA13Þ

ImΠJ=ψJ=ψ ðsÞ ¼
1

16π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
ψ

s

s
θðs − 4m2

ψÞ

×

� g2Xψψ ½ðs − 2m2
ψÞ2 þ 2m4

ψ �;
g̃2Xψψsðs − 4m2

ψÞ:
ðA14Þ

Assuming Γtot ¼ ΓX→J=ψJ=ψ , one thus obtains the following
relations between the decay widths of Xð6900Þ into the γγ
and di-J=ψ channels:

ΓS
X→γγ ¼ ΓX→J=ψJ=ψ

�
efψ
mψ

�
4

×

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
ψ

m2
X

s ��
1 −

2m2
ψ

m2
X

�
2

þ 2

�
mψ

mX

�
4
��−1

;

ðA15Þ

ΓPS
X→γγ ¼ ΓX→J=ψJ=ψ

�
efψ
mψ

�
4
�
1 −

4m2
ψ

m2
X

�−3
2

: ðA16Þ

Applying these relations, we arrive at the estimate of the
branching ratios given in Eqs. (8a) and (8b) with corre-
sponding uncertainties that originate from the parameters
entering Eqs. (A15) and (A16), i.e., the Xð6900Þ and J=ψ
masses and J=ψ decay constant.

FIG. 4. The VMD mechanism of J=ψ → eþe− decay which
determines the γ − J=ψ coupling.
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