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We analyze Belle datal[1] on the processés™ — T(15) 7=, Y(25) =T« ~ near the peak of the
Y (5S5) resonance, which are found to be anomalously large in ratepared to similar dipion transitions
between lowefT resonances. Assuming these final states arise from the gifodwand decays of the
JPC = 17~ statey;(10890), which we interpret as a bound (diquark-antidiquark) tpieak statdbq][b7],
adynamical model for the decays — Y (15) 7T 7, Y(25) =7~ is presented. A distinguishing aspect
of our approach is that the dipions in these decays recejwfisiant resonant contributions from the scalar
0™ low mass tetraquark statef,(600) and fo (980), with only the f,(600) allowed kinematically for the
stateY'(25) =T« . In addition, the dipion mass spectrumiip — Y (15) =™ = also shows a resonating
component from thet+ gg-meson statg, (1270). Including non-resonant contributions, we get excellent
fits for both the invariant dipion mass spectra and the hglamgle distributions for these decays in our
approach, strengthening the caseXpmas a tetraquarkh bound state.

The observation of th&(1S) 7t 7~ andY(2S) n*tn~  terpretation ofY;(10890) and show that it is in excellent
states near th&(5S) resonance peak afs = 10.87  agreement with the measured distributions in the decays
GeV at the KEKBete™ collider by the Belle collabora- Y, — T(1S) ntn—, Y(2S) ntn—.
tion [1] has received a lot of theoretical attention [2]. The In the tetraquark interpretatiofy;,, is aJrb¢ =1--
two puzzling features of these data are that the rates fdyound (diquark-antidiquark) state having the flavor conten
efem = YT(5S) = Y(1S) ntn~,Y(2S) nfn~ are Yy, = QQ = [bg][bg] (hereq = u or g = d) with
anomalously larger (by more than two orders of magnithe spin and orbital momentum quantum numbéis: =
tude) than the expectations from scaling the comparable, S5 = 0, Sg5 = 0, Lgog = 1 [9]. Here, the first
T (4S) decays to thél'(55), and the shapes of the distri- two quantum numbers are the diquark spin, antidiquark
butions in the dipion invariant massa . and the cosine spin, respectively, and the last two denote the spin and
of the helicity anglecos 6, wheref is the angle between the orbital angular quantum numbers of the tetraquarks,
the 7= and Y(55) in the dipion rest frame, are not de- with the total spin being/ = Sg5 + Loo = 1. Such
scribed by the models |[3] based on the QCD multipolespin-0 diquarks are called “good” diquarks [10] and an
expansion|[4, |5] - a feature also at variance with similarinterpolating diquark operator can be written @s, =
dipion transitions between lowéf resonances. A critical e, (b%y;q; — G, vsb") (with ¢; = u,d fori = 1,2 and
observation towards understanding these features iswhatty,  the charge conjugatequark fieldb, = —ibTouys).
final states in question are produced in the proe_éss —  So defined, the “good” diquark;, is in the attractive
Y3(10890) — Y(LS) 7*n~, T(25) m*a~, with Y, @ anti-triplet @) color channel (with the color qguantum num-
1"~ state, having a total decay widl(Y;,) = 55+ 9  pers denoted by the Greek letters). There are two such
MeV [6]. In a closely related recent paper [7], we have yrc — -~ states Yy = ([6q]5=0[07]5=0)Pwave, With
analyzed the BaBar data [8] obtained at the SLAC B facthe mass eigenstates, call€g,; and Yy, 4 in [7], being
tory during an energy scan of th&e™ — bb cross section  grthogonal combinations o, and Yy,g. Their mass
in the range of the center of mass eneigy = 10.54 gifference is induced by isospin splitting, — m, and
to 11.20 GeV, observing that the BaBar data on le 3 mixing angle, and is estimated AsM (Y;) = E5_6 +
scan are consistent with the presence of an additibinal 2.8) MeV. Their dominant decay¥;, ; — B®B®™ and
state Yj;,) with a mass of 10.90 GeV and a width of Yy — BOB® were caIcuIated in([7]. The decays
about 30 MeV, apart from th& (5S) and Y(6.5) reso- ﬁb,l]](y[b’h]) & T(1S) wtrm,T(2S) nta are sub-

. . PC _ —_—
nances. Identifying the™® = 177 state};(10900)  yominant, but Zweig-allowed and involve essentially quark

seen in the energy scan of thée™ — bb Cross section yegrrangements shown below. In the following, we will

by BaBar [8] with the stat&’,(10890) seen by Bellel[1], ot distinguish between the lighter and the heavier of these
we present a dynamical model based on the tetraquark in-
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states and denote them by the common syrithpoWiththe  HereAM = My, —M~, F, = 130 MeV is the pion decay
JFC of theY; andT(nS) bothl=—, thertn~ statesin the constantm,, = \/m is the invariant mass of
decaysY, — Y(1S5) n*7n,Y(2S) n*tn~ are allowed the two outgoing pions3 is a model-dependent parameter,
to have thed*™ and 2™ quantum numbers. There are which needs to be fitted from the data, ahis the angle
only three low-lying states in the PDG [11] which can con-petween ther~ andY; in the dipion rest frame. We stress
tribute as intermediate states, namely the W0 states, that the dynamical quantitieg (a form factor) and3 are
f0(600) and f,(980), which, following [12], we take as specific to the decay, — Y (15,2S)n 7.

the lowest tetraquark states, and the" gg-meson state The amplitudeM}” coming from the diagranb is

f>(1270), all of which decay dominantly interm. For  the resonant part involving thé** statesf,(600) and
the decayy;, — Y(15) n*n~, all three states contribute. f£,(980), and the subsequent decaf$600), f,(980) —
However, kinematics allows only th§,(600) in the de- z+x—:

cayY, — Y(2S) n*x~. In addition, there is a non-
resonant contribution in the decayp — Y(15) ntn~ My = Fp i) Frg"” )
andY, — Y(2S) n*x . The dynamical model described -

gfo(i)kl'k2
m3 )+ 1Mo ()L gy (Mrr)

below encodes all these features. . o 5)
We start by showing the relevant diagrams for the decay¥here fo(i) are the two0™* resonances and the various
Y,(q) = Y(p) + 7+ (ky) + 7 (k»). dynamical factors are defined below in terms of the relevant

vertices and the propagator:

[ . T

a) Z ' b) q 1)
q o q

The initial state represents the tetraquark stdtps=
[bg][bg], and Y stands forY(1S) and Y(2S). Both di-
agrams involve the creation of @ pair from the vac-

= Fpi)Frg"",

uum, with the diagram on the left resulting into the (non- kN = Gnakrks

resonant) final staté§(1S) =7~ andY(2S) n*7—, and N

the diagram shown on the right leading to the final states 4 0~

T(1S) (fo(600), fo(980)) andY(2S) f,(600), with the @O ko 1

implied subsequent decay#, (600), f,(980)) — 7tn . TR emE g Fimg ) Do (M)

The 2+ intermediate statg,(1270) contributing to the . (6)

decayY, — Y(1S) =tn~ is depicted below. where fy(z) = fo(600) or fo(980). The propagator of
f0(600) should not be taken in the minimal width approxi-

b T mation, since the total decay width and the mass are of the

2 same order [11, 13]. Following [14], the width is multi-
! plied by a momentum-dependent factor:

™ ¢, (600) p*

L o o L(mar) = T,y 600) —, (7)
Writing the Lorentz-invariant amplitudes as Mar Po
_ .Y T nv Whel’eps = p* (mfo(ﬁ[)o)) andp* = p* (mﬂ-ﬂ) are the de-
M= Eu ()e, (p) Z M (P, k1o k2) ©) cay momenta measured in the resonance rest frame. The
imabe other scalar {,(980)), havingT', 950) /M 1, (980) < 1, is

wheree () ande]! (p) are the polarization vectors of the taken in the minimal width approximation, i.B(mn) =
Y, andY'(n.S), respectively, we give below the explicit ex- gy 080)

pressions fotM"” (p, k1, k»). The amplitudeM%” coming from diagrane is
The amplitude corresponding to the non-resonant part is 80T 1
written, following Novikov and Shifman in [3], as M = g" Ay, (1970) (Mipr ) = uv%yﬁ

A1, (1270) /T £ (1270)

(8)

2 . .
M, (1270) — m3 . — 1M p,210)L 12 (1270)

For f,(1270), J = 2 and we have kept only the helicity-
@ > component of the D wave with7? the corresponding

spherical harmonicgY;?| = (/5= sin”6. In principle,

there is also a helicity-0 component of the D wakig
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present in the amplitude, but following the high statis-0.09 MeV andI'y(2s)12, = 0.85 4 0.07 + 0.16 MeV.

tics experimental measurement of the process —  The input parameters given in Taljle | are taken from the
f2(1270) — w7~ by Belle [15], this contribution is PDG [11], except for thg,(600), for which we have taken
small, characterized by the value of;, the helicity 0- the values from E791 [14] .

to helicity 2 ratio in f5(1270) — 7w, ros = (3.7 £

0.373%%)%. This can be included as more precise mea- o o dd dths (in GeV) of th
surements become available. . Input masses and decay widths (in GeV) of the reso-

These diagrams yield a coherent amplitude, and the valancesfo(600), fo(980) and f>(1270).

ious contributions interfere with each other having non-
trivial strong (interaction) phases, which aeriori un-
known. We treat them as free parameters to be deter-
mined by the fits to the Belle data. Combining all three
amplitudes, the complete decay amplitudes ¥gr —
YT(1S) ntw,Y(2S) nt 7~ are:

MYb 10.890 mfo(ﬁoo) 0478 Ffo(ﬁ[)o) 0324
MT(IS) 9.460 mfo(gso) 0.980 Ff0(980) 0.07
M‘r(2s) 10.023 mf2(1270) 1270 Ff2(1270) 0185

The dipion invariant mass distributiodl’ /dm ., and

the angular distribution/I"/d cos @ [GeV] measured by

] Belle [1] for the final stateY (2S)nx+7~ are shown in
Fig. [, normalized to yield an integrated decay width

of 'Y, — Y(2S)ntn~) = 0.85 MeV. The shaded

histograms are the corresponding theoretical distribgtio
=¥ T [af2(127o)eiw2(127o>Af2(1270) (Mr) _having ax?/d.o.f. ~ 9/8, with the fit.pa_ram_eters given
g (€950 (m2_ —2m?2)/2 in Tablelll. The solid curves are the distributions from the
+Z . fo(i) _ Cmm ™ non-resonant part al_ori_g_e] (4) f6r= 0, which are represen-
= M — My g+ img ) Do) (Mirr) tative of the models inl_[3].
2 dU/dmyx dTl’/d cos 6 [GeV]
FE m?m 0.000¢f

+£[m3m - B(AM)*(1 + Qmﬂ) + 0.004- J

3 ) ) 4m?2 ) 1
SBUAMY = m2)(1 = —) (cos e—§>]], {

0.000€F J 1
T
|

9)

where as, iy = 9 FroiyFr- The sum overi runs  °* | o.000-E | } T
over all 0"+ resonances contributing in the given energy T
range. As already stated, we restrict ourselvef,{600)

and f,(980), since the contribution off,(1370) is ex- | JF _)—JF Jrﬂ 0.000:] J( JH(

pected to be small (it may even be forbidden by kine-

matics, as the measurements faf1370) in [1€] yield

03 04 05 06 07 08 -1.0 -0.5 0.0 0.5 1.C
a.mass'm,fo(mm) = 1434 + 18 +£ 9 MeV). The cou- mar [GeV] cos
plings gs,600) = —c; and gy, os0) = V2cr are taken
from [12], wherec; = 0.02 & 0.002 MeV ! ande; = FIG. 1. Dipion invariant massn{r~) distribution (left frame)
—0.0025 + 0.0012 MeV L. We use the central values for and thecos ¢ distribution (right frame) measured by Belle [1]
the couplings. for the final statér(2S)x ™=~ (Crosses), and the theoretical dis-

The differential decay width (averaged over the polar_tr|but|ons based on this work, corresponding to the fit hgnan

i ati fthe initialy: d d lari x2/d.o.f =~ 9/8 (histograms). The solid curves indicate the fit
1zations of the initialr,-meson and summed over polariza-  pere only the diagram given inl(4) contributes. The distitns
tions of the finall’ -meson) is given by yield an integrated decay widih(Y;, — Y(2S)rT7~) = 0.85

1 —_ ) MeV.

1

T

TABLE Il. Fit values, yieldingF = 0.86 +0.34, 3 = 0.7 £ 0.3
for the non-resonant contribution, and for the parameters e
tering in the resonant amplitude frorfy(600) for the decay
Y, = Y(2S)ntr .

wherem3.. = (p+k;)? (the amplitude is symmetric under
the interchange of the two pions). Thes # dependence is

given implicitly by m~y,. By integrating over the phase
space, we derive the two distributionsrin, . andcos 6.

We have undertaken fits of the Belle data [1] with as (i) Fr (i) Fr)/F | ¢p0) (rad)
our model [9), normalizing the distributions for the |f,(600)[10.89 +2.4[4.19 +0.92]4.86 & 2.18] 2.76 & 0.22
T(1S)nTn~ andY(2S)n*n~ channels to yield the mea-
sured partial decay widthBv(; )42 = 0.59 & 0.04 +
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The measured spectra (in,, andcos ) for the final Y, — T(15,2S)n "7~ can be used to improve our knowl-
stateY (1S)7* 7~ from Belle [1], normalized to yield an edge of the low mass scalay,(600) and f;,(980).
integrated decay width df (Y, — Y(1S)n"7n~) = 0.66 We thankfully acknowledge helpful communications
MeV, are shown in Fid.]2 together with the theoretical dis-with the members of the Belle and BaBar collaborations
tributions (histograms) having g*/d.o.f. ~ 5/5, with  and thank Alexander Parkhomenko for his comments. One
the fit parameters given in Taldlellll. The theoretical dis-of us (M.J.A.) would like to thank DESY for the hospitality
tributions in this case include the resonant contributiongluring the summer 2009 and ENSF, Trieste, for financial
from £,(600), f,(980) and f»(1270) as well as the non- support.
resonant contribution, with the complete amplitude dis-
played in Eq.[(P). The solid curves correspond to the non-

resonant part alone{(4)) fgtr = 0.
dT/dmzx dTl'/d cos 6 [GeV]
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