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On the nature of X (6900) and other structures in the LHCb di- j /> spectrum
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The LHCb di-//4 spectrum is studied within the framework of effective field theory with four coupled chafd@is.J /vy, J/y(2S),
J/(3770), ¥ (2S5)1(2S)}, in order to unveil possible underlying fully-charmed tetraquark states. The partial-wave analysis is performed
properly, and the unitarity of the scattering amplitudes is restored via Bethe-Salpeter equation under on-shell approximation. Four states are
found in the energy regiof6.2 GeV, 7.6 GeV]. For the partial wave with quantum numbérs™, a bound stateX (6200) and a narrow
resonanceX (7200) can be dynamically generated, while for the™ partial wave, two different resonant states, one na&ié@o00) with

a narrow width and the otheX (6680) with a broad width, can be found. Our results of the mass and widfi(6900) agree well with

the experimental ones given by the LHCb collaboration. Furthermore, our findings shed first light on the determinatidy Gfdhantum

numbers of these states.
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1. Introduction to the ¢»(nS)y(n’S) channels in the meson-exchange pic-
ture. Therefore, we only consider the four coupled channels,

In 2020, the LHCb collaboration declared the discovery{.J/¥J/v, J/ip(2S), J/1p(3770), 1(25)(2S)}, inour

of a new XY Z member with a narrow width, denoted analysis. .

by X(6900), in the .J/v-pair invariant mass spectrum In this proceedingwe review the work done in Ref. [19],

around6.9 GeV [1]. The measured mass and width of where the partial-wave analysis is employed to reveal possi-

X (6900) are given by two scenarios. The results for sce-ble states in the di-charmonium spectroscopy and to explore

nario | with interference ardI[X (6900)] = 6886 + 11 + their corresponding”“ numbers.

11 MeV, I'[X(6900)] = 168 + 33 + 69 MeV, while for sce-

nario 1l without interferenceM[X (6900)] = 6905 + 1+ 9 Coupled-channel potentials and unitarity

7 MeV, T'[X(6900)] = 80 £+ 19 4+ 33 MeV. Note that hints

of a broad structure above tbi+)-pair threshold and a pos- The charmonium scattering processes can be denoted by

sible structure around.2 GeV were also observed by the Vi (py,e1) + Va(pa,e2) — Va(ps,e3) + Va(pa, £4) With mo-

LHCDb collaboration. mentap,; and polarization vectors;(: = 1, 2, 3, 4) specified
Since it is the first confirmation of a fully-charmed mul- in the parentheses. The relativistic effective Lagrangian is

tiquark candidate in experiments, it immediately attracted ingiven in Ref. [19], and the general form of the potentials is

tensive attentions from both theoreticians and experimental- =~ b + + + +

ists. On the theoretical side, plenty of works are dedicated”s = C1€1 " €285 - €4+ Cac1 - £582 - €5 + Cse1 - €482 - €3,

to decipher the inner structurd”“ numbers or other prop- \yhere ij are channel indices. The coefficierds, 5 are

erties of the related fully-charmed statEs;, through the  compinations of the low-energy constants (LEGs}i =

methods such as quark model [2—5], QCD sum rule [6—9],17 27 A 79) and h;(j — 4, 57 6’ 8) appearing in the effective

non-relativistic QCD factorization [10-12] and phenomeno-| 5grangian, see Table. | of Ref. [19] for more detalils.

logical models [13-18]. The definition of helicity amplitude is
In order to reveal possible states in tha)-pair spectrum o ot
in the range of6.2 GeV, 7.6 GeV] and to pin down their Viaiasrsas = €5 (p3, Az)eq (pa, M)

JPC numbers, we constructed the production amplitudes of
di-J/4 in thepp collision, and incorporated the effect of final
state interaction in a coupled-channel way. There are sewdere, the channel labelg are omitted for the sake of brevity.
eral channels, such.n., hche, XesXes OF (nS)(n'S)  The helicity eigenvalue; (i = 1,2, 3, 4) can take the values
pairs q@,n' = 1,2,3---), which can couple to the//¢»  of £1,0. The total number of helicity amplitudesd$. How-
pair. However, by constructing a generic Lagrangian abidever, by enforcing” andT" parity symmetries, there are only
ing by the heavy quark spin symmetry (HQSS), we found25 independent helicity amplitudes. The dynamical informa-
that the contributions fromy.n., hche and xc.sx.ss chan-  tionis encoded in the amplitudg,, ., that is obtainable from
nels are either suppressed by HQSS or negligible comparetie effective Lagrangian.
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We perform partial-wave projection of the helicity ampli- For the coupled-channel case, the ked(s) is in the ma-

tudes via the following explicit form trix form
1 -1 Vii(s) Vin(s)
V)\Jl)\z)\g)\‘; (S) = 5 /di/\1)\2)\3>\4(Sat(Sam))dix\’ (l‘) ) VJ(S) = ’ (5)
+1 anl (S) e Van(S)

wheres, t are Mandels_tam variables amd_: cos 0 With_ scat-  the dimension of the matrix is identical to the number of cou-
tering angle9 d{,/(z) is the standard Wigner function with pled channels under consideration. Furthermgi@) is a

A=A —Aand) = A3 — Ay diagonal matrix in the form of
In present work, we only considéwave for which the .
orbital angular momentum i5 = 0. Then the total angu- G(s) = diag{gii(s)} , (6)

lar momentum./ is equal to the spirs, namely. = 5. where g;;(s) denotes the two-point loop function in the
For identical particles, the generalized Bose symmetry and . . . .

n channel [20]. By analytic continuation of the function
the conversation law of angular momentum impose the con?t

Jii ( ), the analytical unitarized amplitude on various Rie-
straint onJ, which connotes that the total momentufean mann Sheets (RS) can be defined. Readers are referred to
only take the values af and2.

However. the partial-wave amplitudes in the helicit ba-Ref' [19] for the explicit form ofy;; (s) and for the definition
. ' parti . P Y D& ¢ RSs. The pole singularities of the unitarized amplitude
sis do not have definit@ parity. It is necessary to transfer

- . . r lly interpr n virtual r reso-
the helicity basis to/ LS basis, and the concrete form reads are usually interpreted as bound states, virtual states or reso

nances.
V7 (s) = Z U Viaansna O] (D) _ _
At A2AsAa 3. Production amplitude
The transformation matrix can be obtained bY,,, = The J/4 pair is produced through proton-proton collision

(1/vV25 +1)(S1A152 — A2|SA), which is related to the as shown in Fig. 1. The production amplitude contains two
Clebsch-Gordon coefficients concerning the spins of the initypes of contributions: one is direct production and the other

tial vector mesonsg; andS,. TheUy, ,, for the final states s indirect one. The form of the production amplitude is
can be obtained in the same manner.

For.J = 0, the total spirS = 0 implies that A\; —\s| = 0, Mi(s) = A1 (s)[1 + Z%Qu )Tia(s)] 5 )
thus the transformation matrix for the partial-wave amplitude
0% only has three non-zero entries: with direct amplitudeA; and~; = A;/A;. The direct am-
Dda] [[F1+1 [00] [-1—1] plitude A, is the process that directly produces the).J /¢
U/\l/\2 = . . L . (2) pairs. The indirect amplitude takes the rescattering ef-
(1x1) 3 /3 /3 fect of the final state interaction into consideration, where

the coupled-channel effects amongst/«.J /1, J /¢ (2S),
J /Y (3770), ¥(25)w(2S)} are explicitly incorporated.
The expression for the invariant mass formula is given by

For J = 2, the spin angular momentum $= 2 so that
|[A1 — A2| can ben, 1, 2. Then the indexX\; A2] has9 different

choices, and the transformation matrix is
2

dN

Mdo] [[+1+1] [+1 0] [+1—1] 0/ = Pl wzgn , (8

<D V& V& 5

Dixa] [[0+1 [00] [0-1] which is proportional to the square of the production
UM/\2 = 1 2 1 . (3) amplitude, multiplied by a phase space facigs) =

(1x1) 10 is 10 A%(s,mg/w,mw)/(16m) with the Kallen function

Aido] | [=1+1] [-1 0] [-1-1] Aa®,b%,¢%) = [a® = (b+ ¢)*][a® — (b — c)?].

(1x1) 1 ., e, The unit in the second line of Ecjz)is set asy, and it is

regarded as coherent background contribution. Meanwhile,
other~;’s are taken to bé for the purpose of reducing the
number of free parameters. Actually, the effectygé may

be absorbed, in part, into the coherent constant the con-
iStants involved in the amplitudg; (s). In our case, the direct
amplitudeA; is parameterized as the form of [16]

With these two transformation matrice¥,”?, the S-wave
amplitudes can be straightforwardly derived.

To restore the unitarity of the amplitude, the Bethe-
Salpeter (BS) equation under on-shell approximation i
adopted [21, 22]; see.g Ref. [23, 24] for recent reviews
on variou; unitarization techniques. The explicit form of BS A (s)]? = — 225 )
equation is

; J P wherea and3 are normalization factor and slope parameter,
T7(s) =V"(s)- [L=G(s) - V'(s)] . (4)  respectively.
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FIGURE 1. Schematic diagram of the production.ff« pairs through proton-proton collision. Coupled-channel effects are incorporated via
rescatterings of final charmonium states.

TABLE |. Positions and residues of the poles obtained in the four-coupled-channel fits.

RS (J7C) Positions |Residue|'/? [GeV]
/Spole [MeV] J/J /b J/Yy(25) J/ ¢y (3770) Y(25)y(25)
1(07F) 6124.87230 24.617°5 21.072%2 1171 2.705%°
I(2t) 6680.3755-0 —i136.173%-3 14.972% 26.515% 7.8152 39.0%9
VI (2+7) 6919.87572 — i58.8715% 571 9911 2.9%52 527717
VIIL (0t ) 7234.31242 — 4511378 56121 6211 0.9193 37.07%5
4. Fits and predictions dictions of0** and2** invariant mass spectrum can be eas-

. . ) ily distinguished now.
We are now in the position to confront our model with the =~ o Fit-1 with 0++ partial wave, there exists good agree-
experimental data by the LHCb. We perform partial-wavement between our theoretical results and the LHCb data in

analysis of.J/y-pair invariant mass spectrum and hunt for the energy rangf.2 GeV, 7.6 GeV]. A resonant state is dy-
possible states in the entire fitting range with definité”  namically generated, named &%7200). It is located in the
numbel’S 0f0++ and 2++. Three different kindS Of f|t are RS-VIII and the relevant po'e position reads

carried out: three-coupled-channel fit, four-coupled-channel
fits and combined fit. Vopole = (723437282 — i45.1737-8) MeV. (10)

We first consider the fits of three coupled channels
{J/0J /0, J/pw(28), J/p(3770)} with the energy re-  From Table I, it can be seen that this state has larger cou-
gion ranging from6.2 GeV to 7.2 GeV, which covers the Pling to the(25)¢(25) channel, compared to the other
narrow structure around.9 GeV and is adequate to recon- three channels. Also, the enhancement aroufdGeV in
struct the experimental spectrum distribution in principle.Fig. 2 exhibits the occurrence of (7200) state. In addition,
However, the results show that the three-coupled-channé bound statd,e. X (6200), is also obtained
cases do not make a clear distinction betweenOthie and 1239
27+ partial-wave amplitudes. Namely, the behaviours of Vpole = 6124.8715; s MeV. (11)
predicted theoretical line-shapes of the two fits, with only g4 Fit-11 with 2++ partial wave, the fitting quality is ex-

++ ++ parti indistinqui o -
0™ or only 27 partial waves, turn out to be indistinguish- cejient below?.2 GeV, but deviation from the experimental

able. For the three-coupled-channel fits, a bound state negti, starts to show up in the vicinity of the enefgy GeV.
the di-J/+ threshold can be found, which is referred to asy,, poles of quantum numbe®C = 2+ are found. One

X (6200) [16]. A peak around.9 GeV is also seen, but the g 3 narrow resonant state, which appears aréLé@ieV,
dominate contribution mainly attributes to the threshold ef-

fect of the.J /41 (3770) channel. Vopoe = (6919.87172 — i58.8%109) MeV.  (12)
Therefore, we extend the fitting range up to the energy
7.6 GeV. In this way, more experimental data are included.This state can be identified as tt&(6900) state reported
Furthermore, we add one extra chaniel,they(25)v(25) by the LHCb collaboration [1]. The coupling constant with
interaction. By considering four coupled channglg«.J/,  the fourth channel of this state is large, indicating that the
J/np(28), J/b(3770), ¥(28)0(2S)}, two different fits  ¢(29)1(2S5) channel takes the major responsibility for the
(here denoted by Fit-I and Fit-1l) are performed, as the casegxistence of theX (6900) state. On the other hand, a broad
in the three-channel fits described above. The fit results, to©€sonant structure, dubbed(6680), is discovered, although
gether with comparison with the LHCb data, are shown inits effect is interpreted as the threshold enhancement by the
Fig. 2. It can be seen from the plots that the theoretical preLHCb collaboration [1].

Supl. Rev. Mex. Fis3 0308042



4 ZE-RUI LIANG AND DE-LIANG YAO

| = M
200 e LHCb data 200 | ¢ LHCbH data
----DP§ -.---DPS
; Lt 5 ;
160 | }‘T” I {only “_ ) 160 | Fit II (only 27)
— Sta. uncertainty . Sta. uncertainty
> =
=R =
ﬁ 120 = 120 |
oy N
z 3
£ 80 £ 80
= =
40 | 40
ia i
ol ol
6.2 64 66 68 T 72 74 7.6 78 8 6.2 64 6.6 6.8 7 72 T4 76 78 8
Mgz [GeV] Mgy [GeV)

FIGURE 2. Results of four-coupled-channel fits. Left panel: Fit-1 with o6ly" partial wave; right panel: Fit-l1l with onl™" partial wave.
The dashed lines indicate thresholds, and the light green background stands for the fitting .2gé/, 7.6 GeV]. The error bands are
obtained by varying the parameters within thieiruncertainties.

e performed to assess the stability of the above four-coupled-
o Res. X(7200) channel results. Thd/y1)(3770) channel is switched off
gl o * on purpose. It is found that the existences of Hi&900)
& —a— LHObw /o o ,t? state is robust. Nevertheless, th&7200) resonance disap-
< e W NN (W N N L pears but leaves remnant signal of sharp changings around
S B 7.3 GeV in the line shape. This observation implies that the
= —01 % 1@ ; J/4(3770) channel is of crucial importance in dynamically
e * generating theX (7200) state.
033 6.4 6.6 6.8 7 7.2 74 5. Summary
Rey/s [GeV]

FIGURE 3. Poles locations extracted from the four-coupled- N summary, we explore all possible states in the LHCb di-
channel fits. The green dashed lines represent various thresholds//¥ spectrum by performing a partial-wave analysis with
In the figure the abbreviations' = (25) andy” = (3770) are coupled-channel dynamics. Four states are found: two states
used for brevity. The dots with error bars represent the LHCb re-(X (6200) and X (7200)) in the J©¢ = 0+ partial wave and
sults with (LHCh-w) and without (LHCb-w/o0) interferences, which the other two £(6680) and X (6900)) in the JPC — ot++

are shown for easy comparison. partial wave. Our determination of tHé(6900) state agrees

well with the LHCDb results within uncertainties. Our findings

Results of dynamically generateq poles and. res!due%an be determined more precisely in the near future when
based on the four-coupled-channel fits, are detailed in Tas ore relevant experimental data are available

ble I. It is worth mentioning that the states obtained in Fit-1

and Fit-l are of quantum numbers”® = 0*t+ and2*+,

respectively. In Fig. 3, the pole locations in the compiéx  Acknowledgments
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