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Abstract

A peak structure of J/ψ pair production around 6.9 GeV was observed and analyzed by
the LHCb collaboration using the Run I and II data of LHC. How to understand this peak
arouses enthusiastic discussions among both theorists and experimentalists of high energy
physics, because this discovery might hint something new. Overwhelming works on this topic
tend to attribute the peak as a four-quark state: tetraquark or molecule. Instead, we suggest
that this peak is corresponding to a fundamental Higgs-like boson with mass about 6.9 GeV
which is advocated by a BSM effective theory. We present a detailed analysis on both signal
and SM background, including integrated cross sections and invariant mass distributions of
the final-state J/ψ pair. Our numerical results are well in coincidence with the experimental
data, as postulating the resonance observed by LHCb to be a BSM 0++ scalar. Therefore,
the peak atMdi-J/ψ ∼ 6.9 GeV might be a hint of new physics beyond the SM whose scale is
not as large as mostly expected by high energy physicists. More further works are urgently
needed in both experimental and theoretical aspects to validate or negate this assumption.
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I. Introduction

With the discovery of the 125 GeV Higgs boson at the Large Hadron Collider (LHC) in 2012, the

last brick of the Standard Model (SM) has been laid at the designated place, the triumph of SM

is unambiguously becoming the basis of describing interactions among fundamental particles.

However, the SM still faces many conceptional and experimental challenges, such as the gauge

hierarchy problem, the origin of neutrino masses, the dark matter and dark energy, the baryon

asymmetry in our universe, etc. In a word, the SM can only be an effective theory of a larger

symmetry or a more fundamental principle(s). Namely, there must exist new physics beyond

the SM. Unfortunately, the experimental measurements have not provided any hints towards

the new physics beyond the SM so far. No doubt, the next goal of the updated LHC and future

high-energy facilities are to precisely detect the properties of the 125 GeV Higgs boson, and

search for new physics beyond the SM, concretely, one will be able to determine a scale of BSM.

Since 2003, many exotic states were observed in experiments; most of them are considered

as multi-quark bound states. Very recently, the LHCb collaboration analyzed the data collected

during the Run I and II stages of LHC, and observed several unknown resonance structures that

cannot be explained as traditional hadrons (meson and baryon). By the event reconstruction,

the events with four-muon final state which is confirmed to originate from the decays of a J/ψ

pair are specially selected out from the database, since those J/ψ can be efficiently reconstructed

by a muon pair. A broad peak structure ranging from 6.2 to 6.8 GeV, a narrow peak structure

at about 6.9 GeV and a hint of a peak structure at 7.2 GeV were observed in the invariant mass

distribution of J/ψ pair [1] in pp collisions at the LHC by the LHCb collaboration. The data sets

for the analysis of J/ψ pair were recorded by the LHCb detector in pp collisions at the center-of-

mass energies of 7, 8 and 13 TeV with an integrated luminosity of 9 fb−1. The broad structure

ranging from 6.2 to 6.8 GeV is considered as a threshold enhancement, and the possible peak

structure at 7.2 GeV is excluded due to its low significance [1]. The significance of the narrow
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peak structure at 6.9 GeV (denoted as X(6900)) is 3.4σ based on unbinned maximum likelihood

fits with p
di-J/ψ
T > 5.2 GeV and 6.0σ based on maximum likelihood fits with six p

di-J/ψ
T regions [1].

After considering the interference between the non-resonant single-parton scattering (NRSPS)

component and a resonance for the threshold enhancement, X(6900) with mass, decay width

and yield of mX = 6.886 ± 0.011 stat. ± 0.011 syst. GeV, ΓX = 0.168 ± 0.033 stat. ± 0.069 syst. GeV

and Nsig = 784± 148 is observed in the fiducial region of [1]

p
J/ψ
T < 10.0 GeV, 2.0 < yJ/ψ < 4.5. (1.1)

From theoretical perspective, most of particle physicists believe that X(6900) is a ccc̄c̄ four-

quark bound state as a tetraquark, and the spectroscopy of this heavy tetraquark was studied

in detail by the authors of Refs. [2–13]. However, there are still other non-resonant explanations

for the peak observed in experiments, such as the Fano-like interference mechanism [14, 15],

initial single pion emission mechanism [16–19], triangle singularity [20–26], special three-body

kinematics reflection structure [27], double charmonium state rescattering [28], and so on. The

peak structure, especially its peculiar decay mode enable us to consider an alternative scenario.

It is a common recognition for high energy physicists that searching for new physics should

begin with searching for BSM Higgs-like boson(s). Many kinds of BSM Higgs-like bosons with

different quantum numbers are predicted in various BSM models, but none of them have ever

been experimentally observed so far. Generally, the thought that the scale of new physics should

be much higher than the SM Higgs mass dominates among the high energy physicists, as it may

be as high as few hundreds of GeV to few hundreds of TeV. However, this consensus is not

mandatory and no any principle forbids the existence of low mass BSM particles. For example,

a light Higgs-like boson with mass of 28 GeV is predicted in the Two-Higgs-Doublet Model [29].

Driven by the efforts of searching for BSM Higgs-like boson(s) at high-energy colliders and

failure of identifying any reasonable candidate, we would think the possibility that a light Higgs-

like boson might exist. Encouraging by the idea, we conjecture X(6900) to be a 0++ fundamental

boson. Different from the general method adopted for searching heavy particles at very high
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energies, we explore a possible Higgs-like boson at low energy regions in this work. As a com-

mon sense we gained from the study of lower energy experiments, such as the e+e− collisions

at BES, the processes with a resonant mediate state such as e+e− → J/ψ → final products

overwhelmingly dominate over the direct production which only provides the continuous back-

ground. Therefore, a direct production of J/ψ pair from the gluon-gluon fusion at the LHC,

gg → J/ψJ/ψ [30, 31], just compose the background to the process gg → X(6900) → J/ψJ/ψ.

It is natural to conjecture that the BSM Higgs-like boson would induce a peak in the invariant

mass distribution of J/ψ pair. Under this assertion, we calculate the rate of J/ψ pair production

induced by the BSM Higgs-like boson at the LHC.

The purpose of this work is to check whether this hypothesis could be tolerated by the current

experimental constraints. In this paper, the production rate and invariant mass spectrum of J/ψ

pair at the LHC are calculated within the framework of a BSM effective theory, in which a Higgs-

like boson with mass around 6.9 GeV is pre-assumed. Comparing our numerical results with the

signal observed by LHCb, the reasonability of the ansatz for pp → X(6900) → J/ψJ/ψ → 4µ

becomes more obvious. As a conclusion, our numerical results can meet the experimental data

well in some specific parameter regions, and thus we would suggest that X(6900) may be a BSM

Higgs-like boson.

This work is organized as follows. In section II, we present the analytical calculation for J/ψ

pair production at the LHC by taking the contribution of the BSM Higgs-like boson X(6900)

into account, while assuming the interactions of X(6900) with gluons and quarks are in analogue

to the corresponding ones of the SM Higgs boson. In section III, we provide numerical results

of total cross section and yield, and illustrate the invariant mass distribution of J/ψ pair. The

last section is devoted to our conclusion and a brief discussion.
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II. Effective couplings to gluons and quarks

In this paper, we investigate in detail the J/ψ pair production at the LHC within a effective

theory, in which a Higgs-like scalar with mass around 3.9 GeV is introduced. At the LHC, the

J/ψ pair is mainly produced via gluon-gluon fusion [32–34], i.e.,

σ[pp → J/ψJ/ψ] =

∫

dx1dx2 f(x1, µF ) f(x2, µF ) σ̂[gg → J/ψJ/ψ], (2.1)

where f(x, µF ) is the gluon distribution function in the proton and µF is the factorization scale.

The parton-level cross section for gg → J/ψJ/ψ is given by

σ̂[gg → J/ψJ/ψ] =
1

2ŝ

∫

dΠ2

∣

∣MSM +MX(6900)

∣

∣

2
, (2.2)

whereMSM and MX(6900) are the Feynman amplitudes in the SM and induced by the Higgs-like

boson X(6900), respectively. The SM Feynman amplitude MSM can be found in Refs. [30,31].

As for the BSM contribution from X(6900), only the ggX and cc̄X effective couplings for

X(6900) are considered in this paper. The s-channel representative Feynman diagrams induced

by X(6900) are shown in Fig.1.

g

g

X(6900)
J/ψ

J/ψ

(a)

g

g

X(6900)
J/ψ

J/ψ

(b)

Figure 1: s-channel representative Feynman diagrams induced by X(6900) for gg → J/ψJ/ψ.

Following Refs. [38,39], the effective couplings of the BSM Higgs-like boson X(6900) to two

gluons and charm quarks are expressed as

CµνggX(k1, k2) = −i gggX(µR)
mX

[

4k1 · k2
(

gµν − kν1k
µ
2

k1 · k2

)

]

,

Ccc̄X = −i gcc̄X(µR),
(2.3)

where gggX(µR) and gcc̄X(µR) are dimensionless effective running coupling constants and µR is

the renormalization scale. It is reasonable to assume that the evolution behaviors of the effective
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coupling constants gggX(µR) and gcc̄X(µR) are the same as the QCD strong coupling constant

αs(µR) and the charm-quark MS running mass mc(µR) [35], respectively. By this definition,

both
gggX(µR)

αs(µR)
and

gcc̄X(µR)

mc(µR)
are independent of µR. The explicit expression for MX(6900)

can be written with the help of FeynArts [36] and FeynCalc [37] packages. After those

calculation, we can obtain the total cross section for pp → J/ψJ/ψ by a convolution with the

gluon distribution function.

III. Numerical results

In our calculation, the event samples are generated by using FormCalc [41] package based on

the Monte Carlo technique, and the mass and width of X(6900) are set as mX = 6.886 GeV

and ΓX = 168 MeV according to Ref. [1]. Within the framework of NRQCD, the zero point

wave function of J/ψ is needed. Following Refs. [30, 42–44], we take Ψ2
J/ψ(0) = 0.064 GeV3

and Br(J/ψ → µ+µ−) = 5.96%. The factorization and renormalization scales are taken as

µF = µR =

√

4m2
c +

(

p
J/ψ
T

)2
. The masses of c-quark and J/ψ are taken as mc = 1.55 GeV and

mJ/ψ = 3.10 GeV, respectively [35]. The gluon distribution function and the strong coupling

constant αs(µR) are adopted from CT14LO [45].

Below we present our numerical results at a combination of the luminosity of
√
s = 7, 8 and

13 TeV LHC [46,47]. The dependence of the yield Nsig, defined as

Nsig = σX(7 TeV) · 1 fb−1 + σX(8 TeV) · 2 fb−1 + σX(13 TeV) · 6 fb−1, (3.1)

on the effective coupling constants gggX and gcc̄X is shown in Fig.2, where σX(
√
s) is the cross

section for pp → J/ψJ/ψ → µ+µ−µ+µ− at the LHC calculated by
∣

∣MX(6900)

∣

∣

2
. The nar-

row width approximation (NWA) [48, 49] is adopted to generate the four-muon events and the

following event selection criteria are applied on each final-state muon [1],

pµT > 0.6 GeV, |~pµ| > 6 GeV, 2.0 < yµ < 4.5. (3.2)

In Fig.2, different colors represent different values of Nsig. The parameter space region above
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the red line is excluded by the experimental constraint of

Γ[X(6900) → gg] + Γ[X(6900) → cc̄] < Γ[X(6900) → all] ≃ 168 MeV. (3.3)

The black lines stand for the experimental constraint given by the yield of Nsig = 784 ± 148.

Thus, considering those experimental constraints mentioned above, only the black-curve band

in Fig.2 is the experimentally allowed parameter region. In the following, we take three differ-

ent benchmark points A, B and C on the central black line for comparison in our numerical

calculation.

Figure 2: Dependence of Nsig on the effective coupling constants gggX and gcc̄X at a combination
of the luminosity of

√
s = 7, 8 and 13 TeV LHC. The parameter space region above the red line is

excluded by the experimental constraint of Γ[X(6900) → gg]+Γ[X(6900) → cc̄] < Γ[X(6900) →
all] ≃ 168 MeV. The black lines stand for the experimental constraint given by the yield of
Nsig = 784 ± 148.

The integrated cross sections and the di-J/ψ invariant mass distributions for pp→ J/ψJ/ψ →

4µ at
√
s = 7, 8 and 13 TeV LHC at the benchmark point B (gggX(mX) = 0.06, gcc̄X(mX) =

0.18) are shown in Tab.1 and Fig.3, where B, S and Ŝ represent the SM background, the con-

tributions from X(6900) with and without interference effect, respectively. Tab.1 clearly shows

that the contribution of the interference between MX(6900) and MSM is much smaller than that
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of |MX(6900)|2. We can see that our numerical results are well coincident with the experimen-

tal data, and thus support our conjecture that the resonance observed in the invariant mass

distribution of J/ψ pair at the LHC would be a Higgs-like boson of around 6.9 GeV. Results

at benchmark points A and C are not provided in this paper, since the signal cross sections at

those two benchmark points are almost the same as that at benchmark point B.

√
s [TeV] σŜ [fb] σS [fb] σB [pb]

7 58.15 62.48 2.96

8 65.50 70.33 3.34

13 98.39 105.36 5.05

Table 1: Integrated cross sections for pp→ J/ψJ/ψ → 4µ at benchmark point B at the 7, 8 and
13 TeV LHC. B, S and Ŝ represent the SM background and the new physics signals induced by
X(6900) with and without interference effect, respectively.

IV. Discussions and conclusion

The newly observed peak structure at 6.9 GeV by the LHCb collaboration [1] hints that it may

correspond to a BSM Higgs-like boson X(6900), and by the anzatz we numerically calculate

the cross section of the process pp → J/ψJ/ψ → 4µ within a BSM effective theory in which a

Higgs-like boson with mass around 6.9 GeV is introduced. In our calculation, we assume the

evolution behaviors of the effective coupling constants of the Higgs-like boson to gluons and

charm-quarks are the same as the corresponding ones of the SM Higgs boson.

Fig.2 clearly shows that the region below the red line can survive as the experimental con-

straint is taken into account. While considering the experiment data for pp → J/ψJ/ψ → 4µ

collected by LHCb, the parameter space is further constrained; only the region surrounded by

the black lines is experimentally allowed. From Tab.1 and Fig.3 we can find that the resonance

structure can be observed clearly in the invariant mass distribution of J/ψ pair with hadronic
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Figure 3: Di-J/ψ invariant mass distribution of cross sections (upper) and event numbers
(lower) for both signal and SM background for pp→ J/ψJ/ψ → 4µ at the benchmark point B.
S and Ŝ represent the new physics signals induced by X(6900) with and without interference
effect, respectively.
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energies
√
s = 7, 8 and 13 TeV, and the total cross section from the Higgs-like boson X(6900)

is O(10 pb) that can be easily measured in present facilities.

Since the LHCb collaboration has announced that they have observed three resonances with

a broad peak structure ranging from 6.2 to 6.8 GeV, a narrow peak structure at 6.9 GeV and

a hint of peak structure at 7.2 GeV [1], much more studies on the peak should be carried out.

Now the broad structure ranging from 6.2 to 6.8 GeV is considered as a threshold enhancement

and the structure at 7.2 GeV was neglected due to its low significance. Only the structure at

6.9 GeV was confirmed as a resonance.

Different from the most recent researches which consider X(6900) as a composed particle of

four charm quarks, in this study we consider it as a BSM Higgs-like boson. By our assumption,

one of the three observed peaks is a BSM Higgs-like boson, if it is true, the measurement of the

LHCb collaboration would set a scale for the BSM physics and the significance is obvious. Since

it implies new understanding on new physics BSM and sets a new scale, obviously, the study

along this line cannot be neglected. We hope the experimentalists of high energy physics to

continue the investigation on the two peaks by more accurate measurement and analysis. The

conclusion would greatly help theorists making a definite judgement to verify the validity of our

ansatz or negate it. All of our estimates are based on the experimental observations made by

the LHCb collaboration with
√
s being 7, 8 and 13 TeV.
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