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1. Introduction

The title of my talk is both ambitious and pretentious! | lemsto state that the mandate
given to me is rather limited, namely to review the phenon@moof hadronic states discovered
recently in the mass region of the charmonia and the bottan&@pearheaded by the experiments
at the B factories and the Tevatron, with the experimenteeat HC as welcome new-comers, an
impressive number of new states have been reported. Galhekalled X, Y andZ, these states
defy a conventional quarkonia interpretation; this cefyaholds for the majority of them. Their
gross properties, such as the spin-parity assignmentseasiggroduction mechanisms and decay
modes, have been discussed in a number of comprehensieavsdid, 2].

There have been a number of more recent developments in tHeofiguarkonium spec-
troscopy and | will confine myself just to their discussiomeyV involve the observation of the two
charged bottomonium-like resonances by the Belle Colktimor [3] in therrY(nS) (n=1,2,3)
andrh,(mP) (m= 1,2) mass spectra that are produced in association with a sihglged pion
in efe~ annihilation at energies near thf€5S) resonance. Heta,(mP) are the P-wave spin-singlet
bottomonia states. Calling the charged partidgd0610 andZ,(10650, their masses and the de-
cay widths averaged over the five final states are, respBctivéZ,(10610] = 106084+ 2.0 MeV,
[[Zp(10610] = 15.6+2.5 MeV, andM|[Z,(10650] = 106532+ 1.5 MeV, I'[Z,(10650] = 14.4+
3.2 MeV. The favoured quantum number assignments for both%d’) = 17(17). This discov-
ery was preceded by the observation of thelP) andh,(2P) states, also by the Belle Collabora-
tion [4] in the reactiore” e~ — hy(nP)7rr" 11, with the masseM [hy(1P)] = (9898254 1.06'1:93)
MeV andM [hy(1P)] = (10259764 0.641133) MeV. These measurements yield hyperfine splitting
in the bottomonium sector, defined as the mass differenceeeet theP-wave spin-singlet state
hp(mP) and the weighted average of the correspondingave triplet statesyp;(nP), AMye(nP) =
(M(n®Py)) — M(n'Py), with AMye(1P) = (1.62+ 1.52) MeV andAMye(2P) = (0.48'137) MeV.
They are consistent with theoretical expectations andwitothe hyperfine splitting measured in
the charmonium sectdsMyr = (0.14+ 0.30) MeV [5], consistent with zero. Theoretically ex-
pected widths oh,(1P) andh,(2P) are of order 100 keV [6], which are too small to be measured
by Belle.

Still on the subject of,(1P), the BaBar collaboration [7] has presented evidence ofrids p
duction in the decay(3S) — 1°h,(1P), followed by the decayy,(1P) — ynp(1S), in the distri-
bution of the recoil mass against tié at the mas#[hy(1P)] = (9902+ 4 + 1) MeV, which is
consistent with the Belle measurements [4]. The widthy91P) is consistent with the experimen-
tal resolution, and the reported product branching ratig{&(3S) — n°hy) x Z(hy — yny) =
(3.74+1.14+0.7) x 10~4. In this, and also iM[hy(1P)], the first error is statistical and the second
systematic. The isospin-violating decé§8S) — m°h,(1P) is expected to have a branching fraction
of about 103 [8, 9], and the branching fractio (h,(1P) — ynp(1S)) ~ (40-50)% [6]; hence,
the measured product branching ratio is as anticipateddtieally. It is noteworthy that the decay
Y(3S) — hy(1P)mr" ir-, which is suppressed by at least an order of magnitude cadparthe
decayY{(3S) — m°hy(1P) [8], has not been observed. The observation of the sifRyitate in the
charmonium sectdn.(1P) has also been reported this year by the CLEO collaborati®hirfilthe
procese"e” — " 1m he(1P) at the center-of-mass enerfly, = 4170 MeV. In fact, CLEO pio-
neered the technique of searching for peaks in the massspeatcoiling against tha®, and the
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resulting mas#/[h:(1P)] = (3525274 0.17) MeV measured by this method is consistent with an
earlier measurement of thg(1P) mass from the decay(2S) — n°hc [11]. The product branch-
ing ratio Z(y(2S) — 1°he) x B(he — yne) = (4.1940.32+0.45) x 104 is in agreement with
theoretical expectations, and is also very similar to wiaatlreen reported by Babar for the corre-
spondinghy(1P) product branching ratio, quoted above. However, there istaiguing hint in the
CLEO measurements of the cross sectionefoe™ — h(1P)rr" m, which rises aE., = 4260
MeV. Since this is close to the mass of & = 1~~ hadronY (4260, which is a candidate for the
hiddencc tetraquark state, it would suggest that the mechaeiser — Y (4260 — h(1P)mrt
has something to do with the rise in the cross section. Thigies to be confirmed in the next
round of precise experiments.

2. Current experimental anomalies

There is a number of anomalous features in the Belle datan tekéhe center-of-mass en-
ergy region near th&(5S) mass. The first of these was reported some three years aga3JL2,
in the processeste™ — Y(1§)rrt -, Y(29)rtm ,Y(39)rt -, measured in the center-of-mass
energy range between 10.83 GeV and 11.02 GeV. The enignestiarés of the Belle data are
(i) the anomalously large decay widths (or cross sections)tife mentioned final states, and
(i) the dipion invariant mass distributions recoiling agst the Y(1S) and Y(2S) states, which
are at variance with similar spectra measured in the tiansitinvolving lower mass bottomo-
nium statesy(nS — Y(mSm"m (with m < n). To quantify the problem, the reported partial
widths arel [Y(1S)rr" im)] = 0.59+ 0.04+ 0.09 MeV andr [Y(2S)rrt )] = 0.85+0.07+0.16
MeV. Compared to the corresponding partial decay widthseflower threeY(nS) (n=2,3,4)
states,[ [Y(29) — Y(1§) " )] ~ 6 keV, I'[Y(3S) — Y(2S) " )] ~ 0.9 keV, andr'[Y(4S) —
Y(1§)rt )] ~ 1.9 keV, the production of th¥(nS)rtt i1 in the energy region near th&5S) is
larger by two to three orders of magnitude. The order keMiglastidths are well-accounted for in
the QCD multipole expansion [14, 15] based essentially enfiveig-suppressed process shown
in Fig. 1 (left-hand frame). The dipion invariant mass speuatanticipated in the QCD multipole
expansion is shown on the example of the de¢gs) — Y(1S)rr™ mr in Fig. 1 (right-hand frame)
and compared with the data taken from the Belle collabanadiy(4S) [16]. They are in excellent
agreement with each other. Not so, for the dipionic tramsi#timeasured in th¥(5S) region, in
which the dipionic mass spectra are dominated by the scaaonfy(980) and the tensor meson
f2(1270 (for the Y(1S)r" m mode) and by the(600) and fo(980) mesons (for the&'(2S)
mode). This is illustrated in Fig. 2 for the processe™ — Y(1S)rrt m which shows the distribu-
tions in theM -  (left-hand frame) and in the helicity angle (ddistribution (right-hand frame).
The dipion mass spectrum measured neaiY{tiS) clearly shows peaks d(980) and f,(1270.
An interpretation of the process in terms of the productiod decay of al°® = 1~ tetraquark
state [17, 18] (histograms and the solid curves) accounlistmeeexperimental distributions. We
will return to discuss the underlying dynamical model latesection 4 of this report.

Not only are the cross sections fere™ — Y(n§ " (n= 1,2,3) near theY(5S) anoma-
lously large by at least two orders of magnitude, the samdshfadr the production of the P-
wave spin-singlet bottomonia statagmP) (m= 1, 2), for which the production cross sections for
e"e” — hy(1P)m" m ande"e” — hy(2P)mr" i are also anomalously large [4]. The ratios of the
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Figure 1: Left frame: Zweig-suppressed diagram for the transi¥onS) — Y(mS it with m < n, which
forms the basis of the QCD estimates of the decay rates atribdi®ns in heavy quarkonia dipionic tran-
sitions. Right frame: The dipion invariant mass spectiMpy measured in the decag(4S) — Y(1S) it by

the Belle collaboration together with a theoretical curasdd essentially on the diagram shown in the left
frame. (From [16].)
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Figure 2: Fit results of theM,;:, distribution (a) and the cd distribution (b) forete™ — Y, —

Y(1S)rrtr, normalized by the measured cross section by Belle [12]. Risimgrams represent theoret-

ical fit results based on the tetraquarks hypothesis, whdetosses are the Belle data. The solid curves in

(a) show purely resonant contributions from #€980) and f(1270. (From [18].)

production cross-sections in the indicated final stateativel to that for theete™ — Y(2S)
production are as follows [4]:

FY(1Sm" m ] = 0.638+0.065 5937
GY(39)m | = 0.517-+0.082+0.070
Flhe(1P)rt" 1] = 0.407+0.0779.943
glhp(2P)t" ] = 0.78+0.09"553 (2.1)

We have already commented on the anomalous production sgotiens in thé'(ns)t" 1~ modes
near theY(5S) region. The ratios given in the last two equations aboveteihy(1P)r"m~ and
hp(2P)rt" 1~ are found to be of order unity, a feature which violates tegoal expectations as
the processe¥(5S) — h,(mP)rr" 1~ involve heavy quark spin-flip, which are suppressed hysl

in the amplitude. It is obvious that the production mechasiof all five processes involving
Y(n§mtm (n=1,2,3) andh,(mP)rt" = (m = 1,2) are exotic. In particular, the true mecha-
nisms at work avoid the Zweig-suppression seen in similgiodic transitions and evade power
suppression due to the spin-flip transitions for tlgeémP)rrt 7~ case. It is worth recalling that no
excess of the kind seen in the Belle measurements neaf(88 [12, 13, 4] is seen by them or
any other experiment either at energies below or abov&h8) region. Any plausible theoretical
explanation must account for all these features.
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These measurements have invoked a number of theoretieel. iBarticularly interesting is the
suggestion by Bondaet al.[19], in which the resonance, (10610 andZ,(10650 are assumed
mostly of a 'molecular’ type due to their respective proximivith the B*B andB*B* thresholds.
Thus, the internal dynamics of the sta#$10610 andZ,(10650 is dominated by the coupling to
meson pair8*B — BB* andB*B*, respectively. In particular, thab pair within theZ,(10610 and
Zy(10650 is an equal mixture of a spin-triplet and spin-singlet wkih telative phase orthogonal
between the two resonances, i.e.,

1,
2(10610) = — (05 154~ 152 0g,) -
1,
2(10650) = (ob5® 15,+ 15@ 05q> . 2.2)

Here 0" and I stand for the para- and ortho-states with negative parite dssignments (2.2)
would predict that the mass differenbZ,(10650] — M[Z,(10610] should be equal to that be-
tween theB and B* masses. The observed mass difference of 46 MeV [4] is in rgraement
with this argument. The spin-structure in (2.2) also sutgg#sat the resonancé (10610 and
Z,(10650 have the same decay width. This again is in agreement witkasorement errors with
the Belle data [4]1[Z,(10610] = 15.6+2.5 MeV andr [Z,(10650] = 14.4+3.2 MeV. The max-
imal ortho-para mixing of the heavy quarks in thg 10610 andZ,(10650 resonances described
by Eqg. (2.2) also implies couplings of comparable strengghshannels with states of ortho- and
para-bottomonium, leading to the following couplings adgk resonances to the channéisS) i
andhy(mP)r5[19]:

Ch ExY(nS) - (Z(10610 — Z,(10650) , Cy(Pr x hy) - (Zo(10610 4 Z,(10650) ,  (2.3)

whereZ,(10610, Z,(10650 andh, denote the polarization vectors of the corresponding &pin-
states, andE;; and P are the pion energy and its three-momentum, respecti@lgandCy area
priori unknown coupling constants to be determined by data. Théitangs described by Eq. (2.3)
applied to the decay¥(5S) — Y(n9mtm andY(5S) — hy(mSmt - yield the right pattern of
destructive and constructive interferences seen in thigzbigtributions of these processes [4]. All
of these arguments are plausible. Further variations omtilecular theme and predictions can be
seenin [20, 21, 22, 23].

However, the structure suggested in Eq. (2.2) is a postulattget seen in decays other than
those of theY(5S). A particular case in point are the decays of ¥{6S), where the available phase
space for the decay§6S) — Y(nS "~ andY(6S) — h,(mP)rt" r~ are much larger. Hence, the
implications of Egs. (2.2) and (2.3) should be, at leastitatalely, very similar to those discussed
in the context of the Belle data from th&5S) region. This remains to be tested. In addition,
there are also some specific features of the Belle data whictotdgo hand-in-hand with the usual
understanding of a hadronic molecule, the closest exanipidnich is the Deuteron. The masses
of the Z,(10610 andZ,(10650 are above the respective thresholds. The Deuteron maskeon t
other hand, lies below the threshold by about 2.2 MeV. Alse decay widths of th&,(10610 and
Z5(10650 are not particularly small, as one would expect for a hadrofeoule. On the contrary,
their decay widths are similar in order of magnitude as tfidhe Y(5S). This is also curious as
the other 'hadronic molecule’ discussed at length in a singbntext, namely thX (3872, has



Spectroscopy-Overview Ahmed Ali

a much smaller (by at least an order of magnitude) decay wdth the current 90% C.L. limit
beingl[X(3872] < 1.2 MeV [24].

In the rest of this writeup, | will take the point of view thdlt the five anomalous processes
measured by Belle at energies near ¥{&S) mass [12, 13, 4] have very little to do with the
Y(5S) decays. Following [17, 18, 25], | will argue here that the ffisgatesY(nS " m and
hy(mP)T" 11~ are the decay products of tHE® = 1~ tetraquarkY, (10890, which lies in mass
tantalizingly close to th&(5S) mass. More precise experiments are needed to tell the twb apa
than is the case currently. In the context of @S final states, this was suggested in
[17, 18, 25] and the dynamical model was shown to be consigtigimthe observed cross sections.
Also, the measured dipion invariant mass distributionsstie predicted scalar-and tensor-meson
resonant structure. Moreover, in the tetraquark conteisteasier to understand why the production
cross sections fate™ — Y,(10890 — Y(nS)rrt -, which involves &P — 3Stransition, and for
ete” — Yp(10890 — hy(mS -, which involves &P — P transition, are comparable to each
other. Detailed distributions, including the reson&#(tL0610 andZ,(10650 effects are still being
worked out in the tetraquark picture.

3. Spectrum of bottom diquark-antidiquark states

Much of the discussion of the tetraquark states involvesctimeept of diquarks (and anti-
diquarks) as effective degrees of freedom, which will bedulsere to calculate the mass spec-
tra, production and decay of the tetraquark states. Inquaati four-quark configurations in
the tetraquarks are assumed not to play a dominant role ovialy this, the mass spectrum of

tetraquarkgbqg|[bq] with g = u, d, sandc can be calculated using a Hamiltonian [26]
H = 2mg+ HES + HIY 4+ Hgy + Hu, (3.1)

where:

HZY = 2(#5q)3](So- So) + (Sp- S9)l,

HIQY = 2(#)(So- S+ S5+ S) + 2%45(So- ) + 2%ag(Sy- ),
Hs = ZAQ(SQ -L —I-Sg- L)7
LQQ(LQQ—i-l)

Hy = BQ 2

. (3.2)
All diquarks, denoted here b are assumed to be in the color trip(ts_t), as the diquarks in the
(6) representation do not show binding [27]. Heng is the constituent mass of the diquabky,
(Jhq)3 is the spin-spin interaction between the quarks inside itpearks, #hq are the couplings
ranging outside the diquark shellsg is the spin-orbit coupling of diquark ary corresponds
to the contribution of the total angular momentum of the diffeantidiquark system to its mass.
The overall factor of 2 is used customarily in the literatudss the isospin-breaking effects are
estimated to be of order 5 - 8 MeV for the tetraqualtb [t_xij [25, 26], they are neglected in the
mass estimates discussed below.
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The parameters involved in the above Hamiltonian (3.2) caroltained from the known
meson and baryon masses by resorting to the constitueri maatel [29]

H:zmi—l-.zzt%/ij(S-Sj), (3.3)
] i<)

where the sum runs over the hadron constituents. The ceeffi#i; depends on the flavour of the
constituents, j and on the particular colour state of the pair. The constttqeark masses and the
couplings.#j; for the colour singlet and anti-triplet states are given 2%][ To calculate the spin-
spin interaction of th&Q states explicitly, one uses the non-relativistic notafes) \SQ,SQ; J>,
whereS&, and &; are the spin of diquark and antidiquark, respectively, amslthe total angular
momentum. These states are then defined in terms of the giedtict of the Zx 2 matrices in
spinor spacd; 9, which can be written in terms of the Pauli matrices as:

ro— %; = \ifzazai , (3.4)

which then lead to the definition such }ai)ag,o(g; 0;) = %(02) ® (02). Others can be seen in [25].

The next step is the diagonalization of the Hamiltonian Y(8iding the basis of states with
definite diquark and antidiquark spin and total angular maoma., There are two different pos-
sibilities [28]: Lowest lying[bq][bq] states(Log = 0) and higher masq][bq] states(Log = 1).
The[bg|[bq] states(LQé = 0) can be classified in terms of the six possible states invglthiergood
(spin-0) andbad (spin-1) diquarks (herd? is the parity andC the charge conjugation)

i. Two states with J°¢ = 0++:

[07) = |00,0g; 0);

07+) = |1q,15; 05). (3.5)
ii. Three stateswith J = 1:
1
1) = 5 (1001 1) +[10.0g; 1));
1

[17) = 75 (00 1g: 1) - [10.0: 1)
11777 = |10,15; Lu). (3.6)

All these states have positive parity as both geed and bad diquarks have positive parity and
Log = 0. The difference is in the charge conjugation quantum nuythe state1**) is even
under charge conjugation, wheréds—) and|1"~’) are odd.

iii. One state with JPC = 2++:

277) = 1,1 2). 3.7)

Keeping in view that fot. o = O there is no spin-orbit and purely orbital term, the Hanmiiém
(3.1) takes the form

H = 2mq + 2(Aq)3[(So - Sa) + (S5~ Sa)] + 2 #4a(Se - Sa)
+2(Hbq) (So - Sg+ S5~ Sa) +245(So - Sp)- (3.8)
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The diagonalisation of the Hamiltonian (3.8) with the statiefined above gives the eigenvalues
which are needed to estimate the masses of these stateBeAortand 2"+ states the Hamiltonian
is diagonal with the eigenvalues [28]

1 1
M (1) = 2mg — (Hbo)3 + 5 Hag— Hha+ 5Hoh (3.9)
1 1
M (27) = 2mpq + (Hba)3+ 5 Haa+ Hha+ 5 Ko (3.10)

Mass of the constituent diquark can be estimated in one ofuays: We take the Belle data [12] as
input and identify ther,(10890 with the lightest of the 1~ states)Yyq, Yielding a diquark mass
My = 5.251 GeV. This procedure is analogous to what was done inif28jhich the mass of the
diquark|cq| was fixed by using the mass ¥{3872 as input, yieldingn.y = 1.933 GeV. Instead,
if we use this determination afi,q and use the formulen,g = Mg + (Mp — M), which has the
virtue that the mass difference; — my is well determined, we getypy = 5.267 GeV, yielding a
difference of 16 MeV. This can be taken as an estimate of therétical error omy,g, which then
yields an uncertainty of about 30 MeV in the estimates of gtmtuark masses from this source
alone. For the corresponding 0 and 1"~ tetraquark states, there are two states each, and hence
the Hamiltonian is not diagonal. After diagonalising the 2 matrices, the masses of these states
are obtained.

We now discuss orbital excitations withyg = 1 having bothgood andbad diquarks. Con-
centrating on the 1~ multiplet, we recall that there are eight tetraquark stéigsbq] (q = u,d),
and the lightest isospin doublet is:

D e e e
My, (So =0, 55=0, S§5=0, Log = 1) = Mipg + A1+ Bo, (3.11)

and the next in mass ii%sll\(,[zb)qJ (S9=1%=0, S5=1 Log=1) =2mpq +A+2A2—2Aq+Bq,

and so on. Values df; (i = 1,2, 3), Ag andBgq are estimated in [25]. We identify the staig10890

with M\(f[t)q (in fact there are two of them, which differ in mass from eattieoby about 5 - 8 MeV,
including isospin-breaking). This does not fix the quanfifywhich is the mass difference of the
goodand thebaddiquarks, i.eA=mg (S = 1) — mg (S = 0). Following Jaffe and Wilczek [27],
the value ofA for diquark[bq] is estimated aA = 202 MeV forq = u, d, sandc quarks. This is
another source of potential uncertainty in estimating ¢ietjuark masses. The mass spectrum for
the tetraquark statdbq][bq] for q = u,d with JP¢ = 0"+, 1+ 1+~ 1~ and 2" states is plotted

in Fig. 3 in the isospin-symmetry limit. It is difficult to qt® a theoretical error on the masses
shown, with=50 MeV presumably a good guess. Other estimates of the tetriaghass spectra in

the charm and bottom quark sectors can be seenin [31, 32, 33].

3.1 Estimates of the charged J° = 1t tetraquark states

In the tetraquark picture, one also anticipates a large eurabcharged states whose mass
spectrum can be calculated in an analogous fashion as fonegral counterparts just discussed.
We would like to propose that the two charg#t= 1" statesz, (10610 andZ,(10650 observed
recently by the Belle Collaboration [3], and interpretedtoym as the charged bottomonium states
produced in the proces§(5S) — Zi (10610 + m* and Y(5S) — Z; (10650 + 17, are indeed
charged tetraquark states with the quark confght= [bul [Ed_] for the positively charged state (its
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charge conjugate beirgj, = [t_)LTJ[bd]). For the present discussion, they are produced in the decay
of the JP¢ = 1~ tetraquarkY,(10890. According to this interpretation, the decay chains ingolv
Y5(10890 — ((Z(10610,Z; (10650 + 17 — Y(ns)m" . A detailed dynamical model is un-
der development with the aim of understanding the decayildlisions in the kinematic variables
available in these decays.

We have estimated the masses of the isospin partnefg(d0610 and Z,(10650, the two
neutrald = 1 tetraquark states, denoted|as~) and|1*~'). The 2x 2 non-diagonal mass matrix
for the neutrallPC = 17~ states was, however, calculated numerically/fet 0. If we ignore the
isospin-breaking effects in the tetraquark masses, whietsmall, then the charged counterparts
have the massdd[Z,(10610] = 10.386 GeV andVl[Z,(10650] = 10.527 GeV, given in Fig. 3.
As Z,(10610 involves onegoodand onebad diquark andZ, (10650 involves twobad diquarks,
including theA-dependent term, the non-diagonat 2 mass matrix gets modified to the following
form

3, Kegg+Kep [ —5— (Kog)3+ Kog q— Kbb
M(L") = 2mg+ o — K Keb | (=2~ (Kog)sKog — Kog— Ko - (312
2 2 Kog— Kpp 2 + (Kog)z — Kby

The two eigenvalues can be writtenBis= /X2 + y2, with X= 5 + (Kug)3 — Kbg andy = Kqg— Kpp,
yielding

3 Kog+ Kpp A
M[Z5(10650] = 2mq + 5A — qubb + \/(E + (Kog)3 — Kbg)> + (Kgg— Kpp)®»,  (3.13)

M(Z5(10610] = 2mg + A~ " Kb _ J (5 + (Kog)s — ke + (kg — ki) - (3.14)

Using the default values of the parameters [25]

Mg = 5.251 GeV, (Kqq)o = 318 MeV, (Kpyp)o =36 MeV, (Kung)o =23 MeV, (Kpq)3z =6 MeV
(3.15)

we have now the following predictions for the two chargedagtiark masses
M[Zy(10610] = 10.637 GeV; M[Z,(10650] = 10.884 GeV. with A=202 MeV. (3.16)

These estimates are to be compared with the massesBt thé* statesZ,(10610 andZy(10650
reported by the Belle Collaboration [8][Z,(10610] = (10608+ 2.0) MeV andM [Z,(10650] =
(106532+1.5) MeV. They are in the right ball-park, but miss the measurdmey approximately
30 MeV and 230 MeV, respectively. More importantly, the mdi§ierence between the two states
has been measured precisely §8}Z,(10650] — M[Z,(10610] ~ 45 MeV. The expression for this
mass difference using the Hamiltonian (3.2) is:

M[Z,(10650] — M[Z,(10610] = 2\/(% + (Kbg)3 — Kbg)? + (Kag— Kpp)? - (3.17)

The smallest value for the mass difference (140 MeV) is aethiforA = 0, which goes up to 247
MeV for A = 202MeV. Both are larger than the measurements. Thus, the &smia suggests that
the Hamiltonian used here has to be augmented with an aglittontribution. As the masses of
the observed state% (10610 andZ,(10650 are rather close to the threshold$B) + M (B*) and
2M(B*), respectively, this suggests that the threshold effectsimpact on the masses and mass
differences presented here.
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Figure3: Tetraguark mass spectrum with the valence quark comqhit_xﬂ with = u,d, assuming isospin
symmetry. The value 10890 is an input for the lon@$t = 1~ tetraquark stat¥pq. All masses are given
in MeV. (From [25].)

4. Tetraquark-based analysis of the processes ee™ — Y(1S)(mrm ,KtK~, nO)

The cross sections and final state distributions for thegeeeste~ — Y(1S)(rr" - ,K*K—,n )
near theY(5S) have been presented in the tetraquark picture in [18] impgothe results on the
processete” — Y(1S)rr" it published earlier [17]. The distributions for the procese™ —
Y(2S)rrt mt calculated in [17] had a computational error, which has bemmected in the mean-
while (see the Erratum in [17]). These analyses are briefiyweed in this section. Concentrating
on the processes e~ — Y(1S)(rrt m,K*K~,nm°), there are essentially three important parts of
the amplitude to be calculated consisting of the following:

(i) Production mechanism of th#“ = 1-— vector tetraquarks ie*e~ annihilation. To that
end, we derive the equivalent of the Van-Royen-Weiskopfnfda for the leptonic decay widths
of the tetraquark state4, andYj,q made up of a diquark and antidiquark, based on the diagram
shown in Fig. 4 (left-hand frame).

240%|Qjouy/ba |2
uv

Here,Qpy = 1/3 andQppg = —2/3 are the electric charges of the constituent diquarks ofjthe
andYjyq), o is the fine-structure constant, the parametéakes into account differing sizes of the
tetraquarks compared to the standard bottomonia, kvith1 anticipated, aan(lll)(O) 2 —=2067
Ge\P [34] is the square of the derivative of the radial wave fumetior x,(1P) taken at the origin.
Hence, the leptonic widths of the tetraquark states armattd as

2
( (4.1)

M (Yiowog) — €7€7) = K?|R1(0)

M(Yjog —€'e) =4T (Ypy —e'e ) ~ 83k eV, (4.2)

which are substantially smaller than the leptonic widthtef Y(5S) [5]. This is the reason why
the state¥(,q andYjp are not easily discernible in thi&-scan. Between the twi¥j,q production
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dominates and should be searched for in dedicated expdgntdawever, as the decay¥5S) —
Y(n§mtm are Zweig-suppressed in the conventional Quarkonia genys, and hence have
small branching ratios, the signal-to-background is muatieb for the discovery of thé,(10890
in the state(n§ " . These, in fact, are the discovery channels of{@0890 [13].

(i) The decay amplitudes fo¥,(10890 — Y(1S)(rr"m,K+*K—,nn®) have non-resonant
(continuum) contributions, as depicted in Fig. 4 (middkfie). They are parametrised in terms of
two a priori unknown constantd andB , following [14]:

2A B 3(a%)%kek3 — |af*lk[?
1C _ ki - k 1™2
Mo~ = 1 (kke) + 3s ’
B |g*k[?
2 _ 2 MR
ME =~ (4.3)

where the subscript 0 denotes the- 0 part of the amplitudes, the superscripts 1C and 2C cor-
respond to th&- andD-wave continuum contributions, respectivefy,, is the decay constant of
P"), and|q|, k9 andk? are the magnitude of the three momentunyipaind the energies ¢t and
P’ in the PP rest frame, respectively. Using SU(3) symmetry resultshi relations involving
the variousl = 0 andl = 1 amplitudes:.#, " (Y(19KK~) = (v/3/2) 43> (Y1)t 17°),
AMLETC (YAK K ™) = 43S (Y(A9K K ™) and. .5 (Y(19 N 0) = V2.4, (Y(19KTK ).
We note that, in general, there is a third constant also pt@s¢he non-resonant amplitudes, char-
acterising the term depending on the polarisation ofytheHowever, being suppressed by,
this is ignored.

(iii) The resonant contributions, shown in the right-harahie of Fig. 4, are expressed by the
Breit-Wigner formula:

r_ RPPOvisRYere v o

: 4.4
Mép—mgﬁ—lle'R (4.4)

|
wherel = 0 for R= g, fy and f,, andl = 1 for R= a3. The couplings for the scalar resonances
Sare defined through the Lagrangiafi = gspp (9, P)(9HP’) S+ 0y, v(19s You YH'S While those for
the f, are defined viaZ = 291,pp (9,P) (9, P") 5" + Oy, via9 1, You Y f2 - The couplinggrpp and
Ovivugr have mass dimensionsl and 1, respectively. For the, fo andaj, we adopt the Flatté
model [35] and the details can be seen in [18].

With this input, a simultaneous fit to the binn&@1S)r" m data for theM,+ - and co®
distributions measured by Belle gfs = 10.87 GeV [12] were undertaken. Normalizing the dis-
tributions by the measured cross secti@Oy;+ - /dMy;; and d0y+ - /dcosB, where O =
0Y(1$)n+7r/0$(81'§n+rr with 05(81”86)#” = 1.61+0.16 pb [12], the results are shown in Fig. 2
(histograms) and provide a good description of both theodiphass spectrum and the angular
distribution.

The normalizedVk+k- and M, distributions are shown in Fig. 5 (a) and Fig. 5 (b), re-
spectively. In these figures, the dotted (solid) curves sttmvdimeson invariant mass spectra
from the resonant (total) contribution. Since these speate dominated by the scalaf§+a8
and ag, respectively, there is a strong correlation between tledmess sections. This is shown
in Fig. 5 (c), where the normalized cross sectians k- and 6,7,70 are plotted resulting from
the fits (dotted points) which all satisfy?/d.o.f. < 1.6 [18]. The current Belle measurement
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Figure 4: Left frame: Van Royen-Weiskopf Diagram for the productidnacd”® = 1~ tetraquarky,
with the quark contenbul[bd] in the processte™ — y* — Y. Middle frame: Continuum contribution in
the procesg"e™ — Yy, — Y(nSPP. Right frame: Resonance contribution in the proeess™ — Y, —
Y(nSPP. (Figures based on [18].)
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Figure 5: Predictions (a) of thék+k- distribution forete™ — Y, — Y(1SK K™, (b) of theM,, o distri-
bution fore* e~ — Y, — Y(1S)n7° and (c) of the correlation between the cross section§ dB)K K~ and
Y(1S)n 1, normalized by the measured cross section forvitikS) it m mode. In (a) and (b), the dotted
(solid) curves show the dimeson invariant mass spectra fn@mesonant (total) contribution. In (c), the red
dots represent predictions from the fit solutions satigfyii/d.o.f. < 1.6. The shaded (green) band shows
the current Belle measuremedi: k- = 0.1170.93[12]. (From [18].)

|
do,0/dM, o
N
o
fon)

=
o o

dogcr g/ dM v g
T

Ok+K- = 0.11f8:8‘3‘ [12] is shown as a shaded (green) band on this figure. Thejtetria model [18]
is in agreement with the Belle measurement, and predicti@s b, 0 < 2.0. will be further tested
as and when the cross sectiapno is measured. Another important test of the tetraquark model
is [12]
OV(19)K K~ Q[Zbu] 1

- = (4.5)
OY{19)KOKO Q[Zbd] 4

This remains to be tested. Finally, the corrected analySikdf the dipion invariant mass spectrum
and the helicity angle distribution (in c3 for the proces¥,(10890 — Y(2S)mr" m~ are shown
in Fig. 6, in which the normalization is given by the measysedial decay width [Y,(10890 —
Y(2S)rt m | =0.85+0.74+0.16 MeV [13]. The dipion invariant mass spectrum is well acted
for also in this process(€/d.o.f. = 12.6/7), but not the the angular distributiai /dcosf. These
distributions are being reevaluated taking into accoumtrésonance®, (10610 andZ,(10650.

As a tentative summary of the tetraquark interpretatiomeBelle data oe*e™ — (Y(nSm"
andete” — hy(mP)rt i is that the existing analysis are encouraging and therésexisima fa-
cie case of its validity. However, the missing contributionenfr the charged tetraquarks in the
analysis of theefe™ — (Y(n§m"m data have to be incorporated and the fits of ¢he™ —
ho(mP)T" 11~ data have to be undertaken to get a definitive answer.

| would like to thank Robert Fleischer and the organiserdefBeauty 2011 conference for a
very exciting meeting in Amsterdam. | also thank Christiaantbrock, Satoshi Mishima and Wei
Wang for their help in preparing this talk and helpful dissioss.
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Figure 6: Dipion invariant mas§my;;) distribution (left-handed frame) and the ébslistribution (right-
handed frame) measured by the Belle collaboration for tleédiateY(2S) ™~ [12] and the corresponding
theoretical distributions (histograms) based on the gef@ek interpretation of thés(10890. (From [17].)
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