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The new hadrons: Molecules or tetraquarks?
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Summary. — We briefly discuss some new hints about X (3872) and Y (4660),
which can help to unravel the pros and cons of the molecular and tetraquark inter-
pretations proposed in these years.

PACS 12.39.-x — Phenomenological quark models.

PACS 12.39.Mk — Glueball and nonstandard multi-quark/gluon states.

PACS 13.75.-n — Hadron-induced low- and intermediate-energy reactions and scat-
tering (energy < 10 GeV).

Prompt production of the X (3872). — X (3872) was first observed in B-meson de-
cays by Belle and BaBar, in the J/¢r 7~ invariant mass distribution at ~ 3872 MeV,
with a decay width smaller than the experimental resolution of ~ 2.3MeV. It was
later confirmed by BaBar and in pp collisions by CDF and D0. The JFC assigna-
tion is still controversial: in what follows we will assume JP¢ = 17+, The vicinity
of the mass of the X to the DYD% threshold suggested to identify the state with a
(D°D% + D°D%*)/y/2 S-wave molecule. This hypothesis is reinforced from the fact
that X decays to J/vp and J/yw with the same strength [1]. This meson-meson bound
state would have a tiny binding energy & = (—0.25 + 0.4) MeV, namely compatible
with zero.

In a recent paper [2] we tested the molecular assignation on the prompt produc-
tion mechanism. It seems at odds with common intuition that such a loosely bound
molecule could be produced promptly in a high energy hadron collision environment. A
recent analysis by CDF [3] allows indeed to distinguish between the fraction of X pro-
duced promptly and the one originated from B-decays: o(pp — X (3872) + all)promps X
B(X(3872) — J/ynTr™) = (3.1 &£ 0.7)nb, for pr > 5GeV and |y| < 0.6. Using some
bounds on the branching fraction [4], one obtains 33 nb < o(pp — X (3872) +all) prompt <
72nb.To estimate an upper bound for the theoretical prompt production cross section
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Fig. 1. — Left: the integrated cross section obtained with Herwig as a function of the relative
momentum of the mesons in the D°D°%* molecule. This plot is obtained after the generation
of 55 x 10 events with parton cuts p5™* > 2GeV and y*** > 6. Right: same plot but using

Pythia.

we made use of a Schwartz inequality:

2
(1) o(pp — X(3872)) ~ ‘/d3k<X|DD*(k)><DD*(k)pﬁ)

~ ’/R Pk(X|DD*(k))(DD*(k)|pp)

g/Rd3k|¢(k)|2/Rd3k|<DD*(k)|Pﬁ>|2

< / d*k|(DD* (k)[pp)|* ~ o(pp — X (3872))™*,
R

where k is the relative 3-momentum between the D mesons in their center-of-mass
frame, (k) is some bound state wave function and R is the region were the wave
function is appreciably different from zero. From the binding energy we can de-
duce the size of the molecule: 7o ~ /1/2uep ~ 8fm. Assuming a Gaussian wave
function and using the minimal-uncertainty-principle relation we compute the spread
of the relative 3-momentum Ak ~ 1/2ry ~ 12MeV around a central value kg =
VAmM2,m%,m%)/2m, ~ 27MeV. Thus R = [0,ko + Ak] ~ [0,35] MeV. We re-
cover what we expected: the two mesons inside the molecule must be almost collinear to
account for such a small binding energy.

The matrix element (DD*(k)|pp) can be computed using standard hadronization
Monte Carlo programs like Herwig and Pythia, generating 2 — 2 QCD events with
loose partonic cuts. Tuning our MC tools on the CDF data for D°D*~ pair production,
we obtain the differential distribution for the upper bound on the prompt production
cross section of a DYD%* pair as a function of their relative 3-momentum k, see fig. 1.

Integrating the distribution up to k ~ 35MeV we obtain alt_,}rlompt < 0.075nb with Herwig

and U}ffr‘ompt < 0.11nb with Pythia, both ~ 300 times smaller than the lower experimental

limit ogfgmpt > 33 nb. This result challenges the molecular interpretation of the X.

Y (4660) and Y (4350). — The Y resonances, Y (4260), Y (4350) and Y'(4660), are
JPC = 17~ states produced via initial state radiation at the B-factories. The first
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Fig. 2. — Phase space allows A — B (Y — A.A:), A — C (Y — DD*), A - D (Y —
¥(25) f0(980)).

decays mainly into J/¢m 7~ while the other two into 1(2S)7r+7~. Since the Y (4660)
is above the threshold for the baryon-antibaryon decay, a scan was performed in this
channel and found a peak at ~ 4630MeV. In [5] we reanalyzed the Belle data on
Y (4660) — 9(28)n 7~ [6] and Y (4630) — AFA; [7]. The two fits give consistent re-
sults, strongly supporting the hypothesis that the two structures are evidences of the
same resonance, which we call Yp (My, = (4661 £ 9) MeV and I'y,, = (61 £ 23) MeV).
From the same fits we extract also: B(Yp — AFA.)/B(Yp — ¢(2S)nTn~) = 25+ 7.
The Yp shows a strong affinity to the baryon-antibaryon decay mode, which is typical
of a [cq][eq] tetraquark state. Omne can indeed describe the state as a diquark and an
antidiquark attached at the end of a string which neutralizes their color, giving the “H”-
shaped structure depicted in fig. 2 (A). The ATAZ decay is favored because it is realized
breaking the string in one single point, fig. 2 (B), while the others proceed through the
breaking in multiple points, fig. 2 (C-D). Furthermore we performed an analysis on the
dipion invariant mass distribution which indicates the presence of the o and f,(980)
(famous tetraquark candidates in the light sector) as intermediate states in the decay
Yp — ¢(2S)7tw~. This result is another indication of the tetraquark structure of this
resonance.

The two diquarks must be in an odd orbital excitation to give odd parity. The
spectrum of these orbitally excited states can be obtained using the relativistic string
model derived by Selem and Wilczek in [8]. Two masses m; and mgy are connected by a
relativistic string with constant tension T, rotating with angular velocity w. We consider
the limit for equal and infinitely heavy masses M and obtain an analytic relation between
the energy and the orbital angular momentum:

(2) E~2M + (00)?/3,

3
(16720)1/3

where 0 = 27T. Using the string tension fitted from Regge trajectories ¢ = 1.1 GeV?, and
the value of the diquark mass computed in [9] M = 1933 MeV, one obtains & = 4311 MeV
for the ¢ = 1 state, which we identify with the Y (4350). Taking into account the absence
of the decay Y (4660) — J/¢ntm~, we tentatively identify the Y (4660) with a radial
excitation of an ¢ = 1 state, which should prefer to decay into charmonia with n, =1
(1(2S5)), rather than n, = 0 (J/¢). The mass gap due to radial excitations of ¢ = 1
states can be estimated from the experimental data in the bottomonium sector: M,, 2p)—
My, 1py = 360 MeV. The mass of the the £ = 1, n,. = 1 tetraquark would be ~ 4670 MeV,
really close to the Y (4660) mass.



180 C. SABELLI
REFERENCES

[1] ABE K. et al., hep-ex/0408116 (2004).
[2] BiaNaMINI C., GRINSTEIN B., PiccININI F., PorLosA A. D. and SABELLI C., Phys. Rev.
Lett., 103 (2009) 162001.
[3] CDF note 7159, http://www-cdf.fnal.gov/physics/new/bottom/051020.blessed-X3872/
XLife/xlonglivedWWW.ps (2004).
[4] AUBERT B. et al., Phys. Rev. Lett., 96 (2006) 052002.
[6] CotucNO G., FacciNt R., PoLosa A. D. and SABELLI C., Phys. Rev. Lett., 104 (2010)
132005.
| Wanc X. L. et al., Phys. Rev. Lett., 99 (2007) 142002.
] PAKHLOVA G. et al., Phys. Rev. Lett., 101 (2008) 172001.
[8] SELEM A. and WILCZEK F., hep-ph/0602128 (2006).
| MaIaNI L., PicciNINI F.; PoLosAa A. D. and RIQUER V., Phys. Rev. D, 71 (2005) 014028.



