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Can X (3872) be a JP = 2= Tetraquark State?*
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Abstract In this article, we test the nature of X (3872), which is assumed to be a P-wave [cq|-scalar-diquark [eq]-

axial-vector-antidiquark tetraquark state with J& = 27.

The interpolating current representing the J* = 27 state is

proposed. Technically, contributions of the operators up to dimension six are included in the operator product expansion.
The mass obtained for such state is mqy- = (4.38 £0.15) GeV. We conclude that it is impossible to describe the X (3872)

structure as J¥ = 27 tetraquark state.
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The state X (3872) was first discovered by Bellel!) in
the mt7~.J/1 mode and then confirmed by the CDF,?!
D,13] and BABARM Collaborations in the same decay
channal. The most recent measure of its mass is!®!

myx = (3871.85 £ 0.27(stat) = 0.19(syst)) MeV, (1)

with a width of I'y < 1.2 MeV. Bellel!l and CDF
proposed that it proceeds through the X — J/¢p —
J/yYrT ™ decay. Since a charmonium state has isospin
zero, it can not decay into X — J/vp, so the X (3872)
is identified as an “exotic” state. According to the CDF
analysis of the decay angular distribution® and the in-
variant 777~ mass distribution(”) of the J/yr 7~ decay
mode, only 17 and 2~ assignments are possible. The close
proximity of X (3872) mass to the DD* threshold indicates
that X (3872) might be a loosely bound DD* molecular
state, whose quantum number is J© = 17. Also, an angu-
lar analysis applied to the 27 mass distribution in J/p fa-
vors the quantum number J¥ = 17.18] In compliance with
these quantum numbers, many literatures have appeared
in the past years. Its possible interpretations include the
molecular state, tetraquark state and hybrid charmonium
(see reviews Refs. [9]-[15] and references therein). Using
QCD sum rules (QCDSR),[) Nielsen et al. discussed the
possibility that it is possible to describe the X (3872) struc-
ture as a mixed molecule-charmonium state and study its
strong decay and radiative decay.['7—18]

Very recently, the BABAR collaboration has per-
formed angular distribution analysis of the decay B —
J/YwK , indicating that P-wave between J/v¢ and w is fa-
vored, so that quantum numbers JF = 2~ is preferred.['?!
In this case, the most conventional explanation is the
11Dy charmonium state n.2(1D). In Refs. [20-21], the
radiative transition processes n.2(1D) — J/Y(¢') +
is investigated within several phenomenological potential

models with the assumption that X (3872) is a ne.2(1D)
charmonium, which are in contradiction with the exist-
ing BABAR measurements.[??) The data on its D°DO7°
decay model??! also contradict the 1'Dy charmonium in-
terpretation of the X (3872).24 The decay of B — n.oX
is studied in NRQCD factorization framework, which in-
dicates that X (3872) is unlikely to be a 1Dy charmo-
nium state.[?5) Thus, we have to resort to exotic explana-
tions for the J¥ = 27 quantum numbers. In Ref. [26],
it is shown that the molecular interpretation appears
to be untenable, but the tetraquark interpretation may
be a viable candidates to be X(3872) with J& = 2.
Follow their opinion, we study the mass of X (3872) as
a P-wave [cq]-scalar-diquark [¢g]-axial-vector-antidiquark
tetraquark state with J* = 2~ using the QCDSR.

The interpolating current representing a J* = 2~ P-
wave tetraquark state with [cgl-scalar-diquark and [¢q]-
axial-vector-antidiquark fields is adopted as
(40 C5¢6) Du(Gar CC;)] - (2)

. _ €abctdec
Juv = \/5

Herein the index T represents matrix transposition, C
means the charge conjugation matrix, D* denotes the co-
variant derivative, while a, b, ¢, d, and e are color indices.

In the QCDSR approach, the mass of the particle can
be determined by considering the two-point correlation
function

M a(a?) = i / A4z (O[T [ (2)75(0][0) . (3)

The QCDSR attempts to link the hadron phenomenology
with the interactions of quarks and gluons, which is ob-
tained by evaluating the correlation function in two ways:
an approximate description of the correlation function in
terms of intermediate states through the dispersion re-
lation, a description of the same correlation function in
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terms of QCD degrees of freedom via operator product
expansion (OPE).

In the phenomenological side, the correlation function
is calculated by inserting a complete set of intermediate
states with the same quantum numbers as the tetraquark
state. Parametrizing the coupling of the J¥ = 2~ tensor
state to the current j,, in term of the parameter fy as

<O|j;W(O)|X> = fXE;uM (4)
where €,, is the relevant polarization tensor. Using
Eq. (3) in the phenomenological side of Eq. (4), we ob-
tain

3 1
Hul/,ozﬁ = %qz{§(guaguﬁ + guﬁgua)}

mX

+ other structures + - - - , (5)
where the only structure, which contains the contribution
of the tensor meson has been kept. In calculations, we

have performed summation over the polarization tensor
using

= pPTY(s) + plaD () 4 pt9°C7) () + pl917:GD) (5) 4 plaD* (g)

1 amaxd 1— ad
/ a/ ﬁ(a +a?8—20% + af? —3af + 20+ 5% —

Vol. 57
with
qudv
T.o=—-9uw . 7
H m + mg{ ( )
In the OPE side, we single out the structure
(1/2)(9uagvs + gusgva) whose coefficient is denoted as
oo OPE
o) - [ ast=l), 8
4m? §—= q

(1/70)ImITM (s).
After equating the two sides, assuming quark-hadron du-

where the spectral density is p°F%(s) =

ality, and making a Borel transformation, the sum rule
can be written as

—m2 2 50 o5 2
ff(e x/M :/4 2dSpOPE() /M ’ (9)

with M? the Borel parameter.

In calculations, we work at the leading order in o and
consider vacuum condensates up to dimension six, with
the similar techniques in Refs. [27-28]. After tedious cal-
culation, the concrete forms of spectral densities read:

(10)

62+ﬁ_1) (m07 )57

= B)r(me, s)?,

a(l — a)s)?

(40425 +6a3? —2a83 — a® — B)r(me, 5)2

« 1 1 1
E/'“jgaﬁ = QTMaTuﬁ + QTHﬁTI/a — ETHVTQB7 (6)
pOPE(S) a
with
ppert(s) = E o136 1 "
5 * 2 m min o ﬁmm 6
i (aq) amex do (1B, ,
P (s) = g gemamme o 2 Ja B (26° + 208 = 28 = 1)r(me, 5)°,
22 Qmax 1—a
(92°G?) (o) — (9°G*) da dg B ) e
P (s) 38 18,6 A 5( a+pB—-1)722a° +a—26
(9qo-Gq) _ <g(70' ' Gq> Cmax da 2
P (s) o104 e . (e _—1)[mc
{90 - Gq) amex do (17 df
S @ P

_ {90 -Gq) /“ da 7% dg
2107T4 ‘ Amin a Bmin 62

~ \2 <QQ>2 2 ng S
P (s) = 3*257r2m0( 3 6) V1= dme/s,
with 7(me.,s) = (a + B)m?2 — afBs.

V1 —4m2/5)/2, and Bmin = am?/(sa —m?).

The integration limits are given by apmin = (1

—(28% +2a3 — 28 — a)r(m., s)*,

(11)
_ W)/2, Qmax — (1 +

To extract the mass my, we take the derivative of Eq. (9) with respect to 1/M? and then divide the result by itself

dSpOPE

S0
2 _
m’ = /
4m?2

—s/M? // dsp©Fe(s —s/M2
4m?

(12)

Before the numerical analysis of Eq. (12), we first spec- | the QCDSR, the threshold sy and Borel parameter M?

ify the input parameters. The quark mass is taken as m. =
1.23 GeV.[?9 The condensates are (qq) = —(0.23)% GeV3,
(9q0 - Ga) = m§ (qq), m§ = 0.8 GeV?, and (¢°G?) =
0.88 GeV*.['8] Complying w1th the standard procedure of

are varied to find the optimal stability window. There are
two criteria (pole dominance and convergence of the OPE)
for choosing the Borel parameter M? and threshold so. In

general, the continuum threshold sq is a parameter of the



No. 6

Communications in Theoretical Physics

1035

calculation, which is connected to the mass of the studied
state, by the relation \/so = (mx + 0.5 GeV).

Concretely, the contributions from the high dimension
vacuum condensates in the OPE are shown in Fig. 1. We
have used /sg > 4.6 GeV. From this figure it can be
seen that for M? > 2.0 GeV?, the contribution of the
dimension-6 condensate is less than 16% of the total con-
tribution and the contribution of the dimension-5 conden-
sate is less than 20% of the total contribution, which in-
dicate a good Borel convergence. Therefore, we fix the
uniform lower value of M? in the sum rule window as
M2, = 2.0 GeV2. The upper limit of M? is determined
by imposing that the pole contribution should be larger
than continuum contribution. Figure 2 demonstrates the
contributions from the pole terms with variation of the
Borel parameter M2. We show in Table 1 the values of
M2, for several values of \/sg. In Fig. 3, we plot the
tetraquark state mass in the relevant sum rule window,
for different values of |/sq. It can be seen that the mass
is very stable in the Borel window with the correspond-
ing threshold ,/sg. The final estimate of the JP =2~
tetraquark state is obtained as

my = (4.38£0.15) GeV .

(13)

g
.2
g
=
o
2
g
&
M?/GeV?
Fig. 1 The OPE convergence for the J© = 2~

tetraquark state. (a) and (b) correspond to the con-
tributions from the D = 6 term and the D = 5 term,
respectively. Notations «, 3, v, A, and p correspond to
threshold parameters y/sg = 4.6 GeV, 4.7 GeV, 4.8 GeV,
4.9 GeV, and 5.0 GeV, respectively.

Table 1  Upper limits in the Borel window obtained
from the sum rule for different values of \/sq.
V/30/GeV M2,/ GeV?

4.6 2.3

4.7 2.4

4.8 2.6

4.9 2.8

5.0 2.9

Pole

M?/GeV?

Fig. 2 Contributions from pole terms with variation
of the Borel parameter M? in the case of J& = 27
tetraquark state. Notations «, B, 7, A, and p corre-
spond to threshold parameters \/so = 4.6 GeV, 4.7 GeV,
4.8 GeV, 4.9 GeV, and 5.0 GeV, respectively.

Mass/GeV

3.5 1 1

3.0 T T T T T T T T
M?/GeV?

Fig. 3 The mass of the J¥ = 27 tetraquark state as
a function of M2. Notations «, 8, 7, A, and p corre-
spond to threshold parameters /so = 4.6 GeV, 4.7 GeV,
4.8 GeV, 4.9 GeV, and 5.0 GeV, respectively.

In summary, by assuming X(3872) as a [cq][¢q]
tetraquark state with quantum numbers JP = 27, the
QCDSR approach has been applied to calculate the mass
of the resonance. Our numerical results are mg.x =
(4.38 + 0.15) GeV, which indicates that X (3872) is un-
likely to be a J¥ = 2~ tetraquark state. Thus, J* = 1%
assignment for the quantum numbers of the X (3872) is
favored.



1036

Communications in Theoretical Physics

Vol. 57

References

1]
2]
3]
[4]
[5]
(6]
[7]
8]

[9]
[10]

[11]
[12]
[13]
[14]
[15]

[16]

S.K. Choi, S.L. Olsen, K. Abe, et al., Phys. Rev. Lett. 91
(2003) 262001.

D. Acosta, T. Affolder, M.H. Ahn, et al., Phys. Rev. Lett.
93 (2004) 072001.

V.M. Abazov, B. Abbott, M. Abolins, et al., Phys. Rev.
Lett. 93 (2004) 162002.

B. Aubert, R. Barate, D. Boutigny, et al., Phys. Rev. D
71 (2005) 071103.

S.K. Choi, S.L. Olsen, T. Affolder, et al., Phys. Rev. D
84 (2011) 052004.

A. Abulencia, J. Adelman, T. Affolder, et al., Phys. Rev.
Lett. 98 (2007) 132002.

A. Abulencia, D. Acosta, J. Adelman, et al., Phys. Rev.
Lett. 96 (2006) 102002.

K. Abe, K. Abe, I. Adachi, et al., hep-ex/0505037, hep-
ex/0505038.

E.S. Swanson, Phys. Rept. 429 (2006) 243.

E. Eichten, S. Godfrey, H. Mahlke, and J.L. Rosner, Rev.
Mod. Phys. 80 (2008) 1161.

S. Godfrey and S.L. Olsen, Ann. Rev. Nucl. Part. Sci. 58
(2008) 51.

M.B. Voloshin, Prog. Part. Nucl. Phys. 61 (2008) 455.
S.L. Zhu, Int. J. Mod. Phys. E 17 (2008) 283.

E. Klempt and A. Zaitsev, Phys. Rept. 454 (2007) 1.

N. Brambilla, S. Eidelman, B.K. Heltsley, et al., Eur.
Phys. J. C 71 (2011) 1534.

M.A. Shifman, A.I. Vainshtein, and V.I. Zakharov, Nucl.
Phys. B 147 (1979) 385; B 147 (1979) 448; V.A.
Novikov, M.A. Shifman, A.I. Vainshtein, and V.I. Za-
kharov, Fortschr. Phys. 32 (1984) 585; L.J. Reinders,
H.R. Rubinstein, and S. Yazaki, Phys. Rep. 127 (1985)
1; S. Narison, QCD Spectral Sum Rules, World Scientific,
Singapore (1989); P. Colangelo and A. Khodjamirian,
in: ed. M. Shifman, At the Frontier of Particle Physics:

o

20]
(21]
[2

)

23]
[24]
[25)
[26]

27]

28]

29]

Handbook of QCD, Vol. 3, Boris loffe Festschrift, World
Scientific, Sigapore (2001) pp. 1495-1576, arXiv:0010175;
A. Khodjamirian, Talk Given at Continuous Advances in
QCD 2002/ARKADYFEST, arXiv:0209166.

R.D. Matheus, F.S. Navarra, M. Nielsen, and C.M.
Zanetti, Phys. Rev. D 80 (2009) 056002.

F.S. Navarra and M. Nielsen, Phys. Lett. B 639 (2006)
272; M. Nielsen and C.M. Zanetti, Phys. Rev. D 82 (2010)
116002.

P. del Amo Sanchez, J.P. Lees, V. Poireau, et al., Phys.
Rev. D 82 (2010) 011101(R).

Y. Jia, W.L. Sang, and J. Xu, arXiv:hep-ph/1007.4541
H.W. Ke and X.Q. Li, Phys. Rev. D 84 (2011) 114026.
B. Aubert, M. Bona, Y. Karyotakis, et al., Phys. Rev.
Lett. 102 (2009) 132001.

G. Gokhroo, G. Majimder, K. Abe, et al., Phys. Rev.
Lett. 97 (2006) 162002.

Yu.S. Kalashnikova and A.V. Nefediev, Phys. Rev. D 82
(2010) 097502.

Y. Fan, J.Z. Li, C. Meng, and K.T. Chao, Phys. Rev. D
85 (2012) 034032.

T.J. Burns, F. Piccinini, A.D. Polosa, and C. Sabelli,
Phys. Rev. D 82 (2010) 074003.

R.D. Matheus, S. Narison, M. Nielsen, and J.M. Richard,
Phys. Rev. D 75 (2007) 014005; S.H. Lee, K. Morita, and
M. Nielsen, Phys. Rev. D 78 (2008) 076001; M.E. Bracco,
S.H. Lee, M. Nielsen, and R.R. daSilva, Phys. Lett. B
671 (2009) 240; S.H. Lee, K. Morita, and M. Nielsen,
Nucl. Phys. A 815 (2009) 29; R.M. Albuquerque and M.
Nielsen, Nucl. Phys. A 815 (2009) 53.

C.Y. Cui, Y.L. Liu, and M.Q. Huang, Phys. Rev. D 85
(2012) 074014; J.R. Zhang and M.Q. Huang, Phys. Rev. D
77 (2008) 094002; Phys. Rev. D 78 (2008) 094007; Phys.
Rev. D 78 (2008) 094015; Phys. Lett. B 674 (2009) 28.

C. Amsler, M. Doser, M. Antonelli, et al., Phys. Lett. B
667 (2008) 1.



