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Overview
=« What are tetraquarks?
= how to calculate tetraguark masses?

= Production and decays gf ©“ = 1~
bb tetraquarks

=« tetraquarks in BaBar data!
= tetraguarks in Belle data!
= conclusion and outlook
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tetragquark constituents

the building blocks of tetraquarks are
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tetragquark constituents

4 quarks
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tetragquark constituents

forming a pair of diquarks and antidiguarks
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tetragquark constituents

the diquarks and antidiquarks form a tetraquark
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diquarks: color representation

3IX3 = 06P3
From one gluon exchange model

resultsir. Jaffe, Phys. Rep., 409 (2005} 1]

D=A®B 1 3 6 8
I —4/3  —2/3 1/3  1/6
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diquarks: spin representation

= bindind NOW: closer Iook at
9 lattice results |
= less bindingtor "bad” spin 1 diquarks

In the Heavy-Quark-Limitspin decouplingshould allow
for both cases to exist.
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diquarks: evidence In lattice QCD

gauge invariant two-density correlators:

Cr(ry,rg,t) = (0|Jr(0,2t) J4(ry, t) Jd(rq, t)JL(0, 0)]0)
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gauge invariant two-density correlators:
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gauge invariant two-density correlators:
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diquarks: evidence In lattice QCD

gauge invariant two-density correlators:
Cr(ry,rq,t) = (0|Jp(0,2t) J% (ry, 1) Jd(rg, 1).J1(0,0)]0)

whereJ! (r,t) =: f(r,t)vf(r,t):, f =u,d and

Jr(z) = e |ul ,(2)C Tdy(x) & d* o (2)C Tup(2) | s0(2)

static quark: s, correlator:  C. (r,ryq) o< e #d/mo(r)
flavor symmetry: +/— quark distance: 7,4 = 2rsin(6/2)
0t: I = angle: 6 = cos™ (7, - 74)

g 2 diquark size: rq(r)
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diquarks: evidence In lattice QCD
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tetraquark vs. hadronic molecule

= A tetraquarkis a
strongly boundQCD
object consisting of
colored constituents,
the diguarks and
antidiquarks:
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tetraquark vs. hadronic molecule

= A tetraquarkis a
strongly boundQCD
object consisting of
colored constituents,
the diguarks and
antidiquarks:

mIln contrast to a
hadronic  molecule,
which is bound by the
exchange of pions
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states observed by Belle

Summary of new states observed by BeJkXiv:0910.3404 [hep-ex]]

State M (MeV) ' (MeV) Jre Decay Modes Production Modes Also observed k
Te~ (ISR)
Y (2175) 2175 + 8 58 + 26 1=~ ® f0(980) J/p — nYs(2175) BaBar, BESII
rtr=J/, BaBar
X (3872) 3871.44+ 0.6 < 2.3 1T+ ~vJ/p,DD* B — KX (3872), pp CDF, DO,
X (3915) 3914 + 4 28112 o/2tt  wi/v vy — X (3915)
Z(3930) 3929 £+ 5 29 + 10 2+ DD vy — Z(3940)
DD* (notDD
X (3940) 3942 + 9 37 + 17 0’t orwdJ/ap) ete™ — J/9X(3940)
Y (3940) 3943 4+ 17 87 + 34 77+ wJ /1 (not DD*) B — KY (3940) BaBar
Y (4008) 40087152 226137 1=~ ata = J/y eT e (ISR)
X (4160) 4156 + 29 1397 ;1% 0°F D* D* (not D D) ete™ — J/9X(4160)
Y (4260) 4264 + 12 83 + 22 17~ T J/4 et e (ISR) BaBar, CLEO
Y (4350) 4361 + 13 74 4 18 1~ — at ! et e (ISR) BaBar
X (4630) 463412 9212} 1=~ AFAD eTe (ISR)
Y (4660) 4664 + 12 48 + 15 173 ata’ et e (ISR)
Z(4050) 4051124 215! ? 7 Xe1 B — KZ%(4050)
Z(4250) 4248730 ey oo o T xeq B — K Z*(4250)
Z(4430) 4433 £+ 5 45f?{g ? rEy’ B — K Z*(4430)
Y}, (10890) 10,890 + 3 55 + 9 == atr7Y(1,2,38) eTe” -V,

recent theoretical reviewDrenska et al., arXiv:1006.2741 [hep-ph]]
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states observed by Belle

Summary of new states observed by BeJkXiv:0910.3404 [hep-ex]]

State M (MeV) ' (MeV) Jre Decay Modes Production Modes Also observed t
Te~ (ISR)

Y (2175) 2175 + 8 58 + 26 1=~ ® f0(980) J/p — nYs(2175) BaBar, BESII
rtr=J/, BaBar

X (3872) 3871.44+ 0.6 < 2.3 1T+ ~vJ/p,DD* B — KX (3872), pp CDF, DO,

X (3915) 3914 + 4 28112 o/2tt  wi/v vy — X (3915)

Z(3930) 3929 £+ 5 29 + 10 2+ DD vy — Z(3940)
DD* (notDD

X (3940) 3942 + 9 37+ 17 0’t orwJ/) eTe™ — J/¢X(3940)

Y (3940) 3943 + 17 87 + 34 77+ wJ /1 (not DD*) B — KY (3940) BaBar

Y (4008) 40087152 226737 17~ rta T J/ eTe (ISR)

X (4160) 4156 + 29 1397 ;1% 0°F D* D* (not D D) ete™ — J/9X(4160)

Y (4260) 4264 + 12 83 + 22 1—~ r Tt~ J/ et e (ISR) BaBar, CLEO

Y (4350) 4361 + 13 74 4 18 1~ — at ! et e (ISR) BaBar

X (4630) 463412 9212} 17~ ATAZ eT e~ (ISR)

Y (4660) 4664 + 12 48 + 15 173 ata’ et e (ISR)

Z(4050) 4051122 213} ? el B — KZ*(4050)

Z(4250) 42481185 1771320 9 T xeq B — K Z*(4250)

- : ; ep-ph]]
our (hidden bottom) tetraquark candidate eaquarks SR 070 b i



calculating tetraguark masses

m QCD Sum Rule$Wang, Eur. Phys. J. 67, 411
(2010)]

= Relativistic Quasipotential modégtbert et al., Mod.
Phys. Lett. A24, 567 (2009)]

= Constituent quark modébDrenska et al.,
arXiv:1006.2741 [hep-ph]]

= Estimates presented here are basefAdret al., Phys.
Lett. B 684, 28 (2010)]
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tetraguarks as mathematical objects

= Interpolating oparators of the diguarks:

o ()T
good”: 0 Qin = €apy(Vvs5q] — T 7 ysb7)
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tetraquarks as mathematical objects

= interpolating oparators of the diquarks:
good” 07 Qi = e (sa] — ")
bad 1T G = e (850 + a0

¢ = wu,d, o 3,7 are SU(3)c indices; b, =
—ibloyys is the charge conjugateb-quark field

= In terms of pauli matrices, the spin part Is given by:

"good”: O—I_ Y =

SIS

bads 17 T = vl
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States

Tetraquark states are characterized by the sgirof the
diquark coupling to total angular momentum

|}/v[bq]> — ’SQasQ; J>
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States

Tetraquark states are characterized by the sgirof the

diquark coupling to total angular momentum

{Yv[bq]> — ’SQasQ; J>
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hamiltonian

The previously defined states need to diagonalize the hamil
tonian:

H=2mo+H + HY + Hep + Hyp
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hamiltonian

The previously defined states need to diagonalize the hamil
tonian:

H=2mo+H + HY + Hep + Hyp

with constituent mass
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hamiltonian

The previously defined states need to diagonalize the hamil
tonian:

H=2mo+H + HY + Hep + Hyp
with qq s‘p}coupling

HE = 2(Ku)sl(Sy-Sy) + (S; - Sg)
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hamiltonian

The previously defined states need to diagonalize the hamil
tonian:

H=2mo+H + HY + Hep + Hyp

_ // d
with gq spin coupling
HYD = 2(Ky)3[(Sh - Sy) + (S5 - Sy)]
HYD = 2(Ky)(Sy- S5+ S5 - Sy)
+2K35(S - Sp) + 2K4a(S, - Sq)

tetraquarks, Ahmed Ali, 2010 — p.15



hamiltonian

The previously defined states need to diagonalize the hamil
tonian:

H=2mg+ H{ + HE + Hey + Hyy

with L § coupling

H éqg) — Q(Kbq

)
HE = 2(Ky)
b

Hqr = QAQ(SQ - L+ SQ : L)

tetraquarks, Ahmed Ali, 2010 — p.15



hamiltonian

The previously defined states need to diagonalize the hamil
tonian:

H=2mo+H + HY + Hep + Hyp
with L L cdupling

HY = 2(Ku)sl(Ss - Sy) + (S5 - Sg)
HJD = 2(Kig)(Sy-S;+ ;- 8,)
+2K5(Sp - Sp) + 2K44(Sq - Sg)
Hqrp = QAQ(SQ L—I—SQ L)
.o L agi=1
HLL N BQ QQ( 2QQ )
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examplel™™

= giving thel ™, [bq][bq] state as example:

1
177 = —(|0g,1g; 1) + [10,04; 1))

V2
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examplel™™

= giving thel ™, [bq][bq] state as example:

1
177 = —(|0g,1g; 1) + [10,04; 1))

V2

= calculating the mass/ (17+) = <1++\ H|17T):

1
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examplel™™

= giving thel ™, [bq][bq] state as example:

1
177 = —(|0g,1g; 1) + [10,04; 1))

V2

= calculating the masa/ (17") = <1++\ H|177):
1
M (177) = 2mpg) — (Kag)s + §/ch_7 — Kag + 5’%6

= The parameters are determined from the known meson ar
baryon spectrum.
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examplel™™

= giving thel ™, [bq][bq] state as example:

1
177 = —(|0g,1g; 1) + [10,04; 1))

V2
m calculating the masa/ (177) = <1++\ H|17T):
1
M (1++) = 2myppg — (Kog)3 + §/ch_7 — Kog + 5’%6
= The parameters are determined from the known meson ar

baryon spectrum. In this example:

Mbg (Kog)s  Kug Ka K
H250 MeV 6 MeV 6 MeV S0 MeV 9 MeV
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tetraqguark mass spectrum
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tetraqguark mass spectrum
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tetraguark mass spectrum
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tetraqguark mass spectrum
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s s ]
103850) 10386(1"") BsBs
1037C — 1065C —
o+t 1++ 1+- 1 o++ o+t 1++ 1+- 1 o++
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= We have40 isospin doublets calculated
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= We have40 isospin doublets calculated

=« they will give rise to80 mass
eigenstatedf isospin breaking is taken
Into account



= We have40 isospin doublets calculated

=« they will give rise to80 mass
eigenstatedf isospin breaking is taken
Into account

= most of them aréard to find due to
typically large widths and mixing with
the ordinary hadrons



possible observable states

which states are accessible in todays experiments?

tetraquarks, Ahmed Ali, 2010 — p.20



possible observable states

closer look at the lighthg|[bg] tetraquarks:

1132C
L 11257(1)
ApApl [1227(17) > s |
1113301 )
10890(1 )
10 84c¢
L I e s
B B R
BBligsson 10827 _iosoor |
1037¢ o+ 1++ 1+ 1-— o+
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possible observable states

closer look at the lighthg|[bg] tetraquarks:

11 32C
m The 17 states, we x| S
call Y,, have the right e
guantum number
to be produced Ir
_|_ — - . - 10890(1
e e annihilation. Loaa: E—
B*B* ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
BB* ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
B B | 1052800 osoar =08ZIAT) 105000+ |
1037CM M_l_L _
ot+ 1++ 1+ 1 2++
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possible observable states

closer look at the lighthg|[bg] tetraquarks:

11 32C
m The 17 states, we x| S
call Y,, have the right N
guantum number
to be produced Ir
e"e—annihilation. onas S—

mTwo of them are N
in the range of the e .~
BaBar and Belle cente °°H womq, o820 o202

of mass energies. U e eEEr
o+t 1+ 1+~ 1 2+t
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possible observable states

closer look at the lighthg|[bg] tetraguarks:

1132C

mThe 17— states, we , =«
call ;,, have the right
guantum number
to be produced Ir

L
e e annihilation. Loaa:
=Two of them are
In the range of the ss
BaBar and Belle cente °°
of mass energies.

1037C

1122717) —

105280

1038501

Y,'?) Ty &~ 90 MeV

10504(1")

10890(1 )

10527(1)

10386(1")

105202 )

o+

1++

1+

1—— 2++
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possible observable states

closer look at the lighthg|[bg] tetraquarks:

1132C

mThe 17— states, we , =«
call ;,, have the right
guantum number
to be produced Ir

L
e e annihilation. Loaa:
=Two of them are
In the range of the ss
BaBar and Belle cente °°
of mass energies.

1037C

11257(1 )
************* T1227(17) — > ee— ]
111331 )
10890(1
ooz 1707554_1(71;; 052 _105202%) |
10 3850**2

o+

Y'Y Ty ~ 40 MeV
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ISospin breaking
Y, mass eigenstates

Yv[bjl] = cosf Yv[bu] + sin 6 }/[bd]a
}/[b,h] = —sinf if[bu] + cos YE)d]
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ISospin breaking

Y, mass eigenstates

Yv[b’l] = cosf Yv[bu] + sin 6 )/[bd]a

Yipn = —sind Yy

with iIsospin mass breaking
M (Yipn) — M (Yp) = (7 -

+ cos ) Y.

- 3) cos(260) MeV.
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ISospin breaking

Y, mass eigenstates
Yv[b’l] = cosf Yv[bu] + sin 6 }/[bd]a

Yv[bjh] = —sinf Yv[bu] + cos Y})d]

with iIsospin mass breaking
M(Yypp) — MYpy) = (7 3) cos(20) MeV.

and charge

1 2
Qy,, = 5cosl — 3 sin 6,

3
1 2
Qv = —gsinﬁ—gcosﬁ.

tetraquarks, Ahmed Ali, 2010 — p.21



Y, production

= We have derived the
Van Royen-Weisskopf
formula for the elec-
tronic widths of thel =~
tetraquark, made up of
point-like diguarksa. A,

C. Hambrock and S. Mishima]
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Y, production

= We have derived the
Van Royen-Weisskopf
formula for the elec-
tronic widths of thel =~
tetraquark, made up of
point-like diguarksa. A,

C. Hambrock and S. Mishima]

24002 Qb n
Lee(Yioi/m) = A/ " ‘ Rll
Yip,i/m)

‘ 2
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Y, production

= We have derived the| €
Van Royen-Weisskopf
formula for the elec-
tronic widths of thel =~

tetraquark, made up of
point-like diquarksa. A, /

C. Hambrock and S. Mishima] e

24002 [267 /]

1
Fee(Y[b,l/h]) 7 Ve /{2 ‘Rgl)(o)
Yip,1/n]
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Y, production

= We have derived the| €
Van Royen-Weisskopf
formula for the elec-
tronic widths of thel =~
tetraquark, made up of
point-like diguarksa. A,

C. Hambrock and S. Mishima] e
. diguark charge
Cee(Yio1/1) 240°Cy ﬁ? =
ee bl/h|) — 11 ‘
b.4/h] M
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Y, production

= We have derived the
Van Royen-Weisskopf
formula for the elec-
tronic widths of thel =~
tetraquark, made up of
point-like diguarksa. A,

C. Hambrock and S. Mishima]

hadronic sizg parameter
240°Q) X
Lee(Yp/m) = ’Rn

bl/h
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Y, production

= We have derived the| € d
Van Royen-Weisskopf /{
formula for the elec- Y /
tronic widths of thel
tetraquark, made up of )
point-like diquarksa. A, /

C. Hambrock and S. Mishima] e

¥ 4

radial tetraquark wave functiont orlgm

24 le 1]
Lee(You/m) = M1 " ’Rn ‘

Yib,1/n]
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Y, production

= We have derived the| €
Van Royen-Weisskopf
formula for the elec-
tronic widths of thel ~—
tetraquark, made up of
point-like diguarksa. A,

C. Hambrock and S. Mishima] €

2402 Q)7 2
0,1/
Lee(You/m) = A/ ‘ Rll ‘
Yo/
= Production ratioR.. = FF:[“” = (L2t200)° (1/4 < Reg < 4)

[b,h]
tetraquarks, Ahmed Ali, 2010 — p.22



Y, decay

I',,; is dominated by two-body decay83, BB*, B*B*):
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Y, decay

channel

B* B*
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Y, decay

channel diagram
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Y, decay

channel

B* B*

diagram

I

1)

11>

vertex

F(kH — M)

F vpo
E envpof |,

F(ghf (g +1)"
—g" (k+q)”
+9°" (g + k)H)
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Y, decay

channel diagram vertex

BB L=1 = F(kt — In)
0~
BB* = B envrof,l,
.
F(gHtP(q +1)"
B*B* L=1 e _gMV(k_|_q)p
- +9°" (g + k)*)

=T

width

_ F?|k?
T 2MZ27

_ F?lg?
T A4AMZ27

_ F?|k|3(48|k|*—104M? k|2 +27 M)

2w (M3—4|k|2M)2
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Y, decay

channel diagram vertex width
k 1Y
vy
5 1”M i L=1 = F?|k|®
BB \ - =FRE ) =1 =55
0~
.
k,
= Hooq . oo F2(E|3
BB 1=~ :%EM PTkplo =1 = 41\/}2;
>
-
k RS
meoa, 2 F(g“p(q—l—l)’/ 2,73 =14 2,722 4
T | L=1 = y _ F2RIP(48]k|*—104M3 k| +27 M%)
B*B \ = —g"k+qr =1 = 27 (M3 —4|k|2M)?2
- +9°" (g + k)H)

W The couplingsF are estimated from the measured widths of THé.S) de-
cays (Ftot(Yb(l)) ~ 40 MeV, Ftot(Yb(Q)) ~ 90 MeV,...)
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fit to BaBar data
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BaBar fit

oleTe™ — bb) =

2 '
. | A |7+ |A, + Ajgggoe’ 0
| x BW (Migsso, T'1os60) + A1o20€’”0
| 2
- X BW (Mi1020, I'11020)|
"6 107 108 109 11 q%t(lseV]ll
x2/d.o.f. ~ 2

[Phys. Rev. Lett102 012001 (2009)]
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BaBar fit

olete™ — bb) =

| Apr|* + [ Ay + Aggggoe’ 105

(| X BW (Mioseo, T'10s60) + A11020€"1102
x BW (Mi1020, T'11020) |7

B || add Ay, ¢ BW (My,,.Ty,,)

U and Ay, , e’ BW(My, s Uy, )

1
Y (10865

x2/d.o.f. = 88/67
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BaBar fit

Vs[Gev]

1 1
Y (10865 Y(11020
YO

1
111

1
11.2
Y@

x2/d.o.f. = 88/67

olete™ — bb) =

Ay |® + Ay + Ajgggoe’ 1050

x BW (Miog60, L'10s60) + A11g20€" 911020
x BW (Mi1020, T'11020) |7

add AY[b,l] ez'qby[b’” BW(MY[I),Z] ; FY[b,l] )
and AY[b,h] ewy[b’h] BW(MY[b,h]’ FY[b,h])

M[MeV] ['[MeV] | ¢[rad.]
T(55) | 10864+ 5 464+8 | 1.3+0.3
YT(6S) | 11007 £0.3 40£2 | 0.88+£0.06
Yo 10900 — AM/2+2 | 2842 1.34+0.2
Yippy | 10900+ AM/2+£2 | 282 | 1.9+0.2

AM = 5.6 £ 2.8 MeV, Lo (Y ) = 0.045 £ 0.015 keV, T (Vi 1)) =,0.04 + 0,015 key



Belle data, explanation and fitting
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enigmatic Belle data

Entries / 0.1 GeV/c?
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I
0 A
|—l—|1 ._:—I—c
—— 1
T —— T
04 06 0.8 1 12 14

M(1m) (GeV/c?)
Phys. Rev. Lett100, 112001 (2008)

Entries / 0.05 GeV/c?

P N W b~ O
o O O o O

= (b) "Y(5S)" = Y (2S)TTT

o

0.3

04 05 06 0.7 0.8
M(1m) (GeV/c?)
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enigmatic Belle data

90

S g0} ()'YE)-YASTT L 50 (b) "Y(55)"- Y (ST

g of it E a0 [ ]

—i 60 ; -— s ; _

S 50 F 1 —{~ S 30| T:'T

@ 40 ; I T I ~~ | I e [l =

Sa0f asyas ety co0| o tHT T

S0l 'Lﬁ Sy 2100 A ﬁ L
L i : T |
0Ll

o

O.I4 0.6 0.8 1 1.2 14 _'0:3 04 05 06 0.7 0.8
M(1) (GeV/c?) M (1) (GeV/c?)

Phys. Rev. Lett100, 112001 (2008)

reported partial decay width:

F(”T(5S)” — T(lS)W+7T_) = 0.59+0.04 +=0.09 MeV
F(”T(5S)” — T(2S)7T+7T_) = 0.85+0.07 £ 0.16 MeV
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why Is the belle data puzzling?

m typical Y (nS) — T(15)rn partial widths:
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why Is the belle data puzzling?

m typical T (nS) — Y(15)rm partial widths:
['(T(25) — Y(18)7n) ~ 0.0060 MeV

[(Y(3S) — Y(19)77) ~ 0.0009 MeV

[(Y(45) — Y(1S)7n) =~ 0.0019 MeV
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why Is the belle data puzzling?

m typical T (nS) — Y(15)rm partial widths:
['(T(25) — Y(18)7n) ~ 0.0060 MeV

[(Y(35) — Y(15)7w) ~ 0.0009 MeV
[(Y(4S) — Y(15)77) ~ 0.0019 MeV

LY (5S) — Y(1S)r 7)) ~ 0.59 MeV
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why Is the belle data puzzling?

m typical T (nS) — Y(15)rm partial widths:
['(T(25) — Y(18)7n) ~ 0.0060 MeV

[(Y(35) — Y(15)7w) ~ 0.0009 MeV
[(Y(4S) — Y(15)77) ~ 0.0019 MeV

COY(5S)” — T(18)rt7)

differs by two orders of magnitude!

tetraquarks, Ahmed Ali, 2010 — p.28



why Is the belle data puzzling?

m typical T'(nS) — T (19)rw decays:

Entries/0.08 GeV/c?
= N N w w N

0.6 0.8 1o,
M, . (GeV/c?)

[Phys. Rev. D79 (2009) 051103]
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why Is the belle data puzzling?

m typical T'(nS) — T (19)rw decays:
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= N N w w N

0.8 1o,
M, . (GeV/c?)
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why Is the belle data puzzling?

m typical T'(nS) — T (19)rw decays:

Entries/0.08 GeV/c?
= N N w w N

0.8 1o,
M, . (GeV/c?)

[Phys. Rev. D79 (2009) 051103]

underlying process is

Zweig forbidden

tetraquarks, Ahmed Ali, 2010 — p.29



why Is the belle data puzzling?

m typical Y (nS) — YT (1S)r7 decays:

Entries/0.08 GeV/c?
= N N w w N

0.8 1o,
M, . (GeV/c?)

[Phys. Rev. D79 (2009) 051103]

, - 2m?
M = g |2, — BAMP(1 + =)

3 4m? 1
#5A(AM)? —m ) (1~ ~55) cos? — 3)
[PhyS Rev. Lett35, 1 (1975)] tetraquarks, Ahmed Ali, 2010 — p.29



why Is the belle data puzzling?

m typical Y (nS) — YT (1S)r7 decays:

Entries/0.08 GeV/c?
= N N w w N

[Phys. Rev. D79(200;n) 051103] measur
F
MY = ¢"—
a Fg T
5 , A 4m72r 2 1 ]
_|_§/6 M) _mﬂ'ﬂ')(l m2 )(COS 6)_ g)

v

[P hyS Rev. Lett35, 1 (1975)] tetraquarks, Ahmed Ali, 2010 — p.29



continuum contribution

= The tetraquark decay has a differefweig allowed un-
derlying process:

tetraquarks, Ahmed Ali, 2010 — p.30



short intermezzo: light tetraquarks
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light tetraquarks

= From the light quark sector we have a fSlU (3) » nonet
of tetraquark resonancgisHooft et al., Phys. Lett. B562,
424 (2008)] :

tetraquarks, Ahmed Ali, 2010 — p.32



light tetraquarks

= From the light quark sector we have a fSlU (3) » nonet
of tetraquark resonancgisHooft et al., Phys. Lett. B562,

424 (2008)] :
o = [ud][ud]
ko= [su]lud]; [sd][ud]
(+conjugate doublet)
0] [sullsa]+[sd][5d]
’ V2
ag = |sul|5d]; |sd][sul;

[su||su]—|sd]|5d]
V2
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light tetraquarks

= From the light quark sector we have a fSlU (3) » nonet
of tetraquark resonancgisHooft et al., Phys. Lett. B562,

424 (2008)] :
o = [ud][ud]
ko= [su]lud]; [sd][ud]
(+conjugate doublet)
0] [sullsa]+[sd][5d]
’ V2
ag = |sul|5d]; |sd][sul;

[su||su]—|sd]|5d]
V2

@@
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light tetraquarks

= From the light quark sector we have a f$llU (3) » nonet
of tetraquark resonancgisHooft et al., Phys. Lett. B562,

424 (2008)] :
o = [ud][ud]
ko= [su]lud]; [sd][ud]
(+conjugate doublet)
0] [sullsa]+[sd][5d]
’ V2
ag = |sul|5d]; |sd][sul;

[su||su]—|sd]|5d]
V2
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light tetraguark interactions

The effective Lagrangian ( ; are flavor indices):

L x Det(Qrr) , (Qrr)” = C?%Q{z
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light tetraguark interactions

The effective Lagrangian ( ; are flavor indices):

L ox Det(QLR) :

(Qrr)" = C?%Q‘;z

Induces tetraquark-meson 6-quark interactions via

Tr(J19. %) |

with ;7 =

qqlilqql; , JZ-QQ = ;4
J

.- [qd]

~ [qd]

- 1qd]

- [qd]

j 4 iP[ﬁq]
P [qq]
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light tetraguark interactions

The effective Lagrangian ( ; are flavor indices):

L x Det(Qrr) , (Qrr)” = 4729‘;2

Induces tetraquark-meson 6-quark interactions via

Tr(JM 20 with  J07 = [(qalilad; . T = Gia

- [qd] - [qd] b P [da]
S’ [qq]
~ [qd] ~ [qq] P [dq]

tetraguark-meson mixing tetraguark decay

tetraquarks, Ahmed Ali, 2010 — p.33



resonance contribution

The tetraquark resonances can also accouniZvfozig al-
lowed contributions in the decay process:
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summing up contributions
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0T resonance contribution
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0T resonance contribution

. T
Mo++ resonance = € -€ Zmz -

tetraquarks, Ahmed Ali, 2010 — p.36



0T resonance contribution

Yo —fo()) =T
coupling F,;

\_//\
~ |

MO++ resonance — & .€
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0T resonance contribution

foli) — 7
coupling gy, (i\rx

e ho (@)
Y.ZT ag(iye 10N (man
Mo++ resonance = €' € ) 5 -
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0T resonance contribution
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continuum contribution




continuum contribution

Y A
() = S S
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D-wave?2™ contribution
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D-wave?2™ contribution

Mf2(1270) = ¢ ‘ETaf2(1270) e*$1201270) Af2(1270)
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D-wave?2™ contribution

M2y = €€l ag,a2m0)€¥ 202 Ay, 1970

A - \/87-‘-(2<]"|_1) Y2 af2(1270)\/mf2(1270)
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D-wave?2™ contribution

f2(1270) M

spherical harmonics:
2 5
Mf2(1270) — €Y.€Taf2(127 ‘Y ’_ \/ 3 Sln 9

\/87r(2J+1) 9 @ fo (1270) /1 f5(1270)
Af2(1270) B m Y. m2 —m2_—im I
T f2(1270) T f2(1270) f2(1270)

tetraquarks, Ahmed Ali, 2010 — p.38



full amplitude

summing the single contributions leads to the full ampli-
tude:

M = 5Y.5T[% [m?m — B(AM)*(1 + 727:;727)

HOAMY? —m2 )(1 - 25 (cos? 0 = )
—|—Z a,fo(i)e o) (m2_—2m2)/2

; Mz =M oML g ) (M)

g, (1270 el ra(1270) A £,(1270) (mm)]
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full amplitude

summing the single contributions leads to the full ampli-
tude:

M = €Y.€T[%[miw—ﬁ(AM)2(

Qm%)
HO(AM)? —m2, ) ) (cos? 0 — 1)
—|—E a,fo(i)e o) (m2_—2m2)/2

; Mz =M oML g ) (M)

‘|‘le2(1270) 6i90f2(1270) Af2(1270) (mﬂﬂ)]

differential partial decay width:

1
dF (27-‘-) 3 32 ]\473 ‘ M | 2 meﬂ- dm tetraquarks, Ahmed Ali, 2010 — p.39




fit to Belle data

Fit for Y, — Y (1S)rt7:

dl' /dmi;, dl'/d cos 6 |GeV]

0.001%f

04 06 08 10 12 14 ~10 -05 0.0 0.5 1.C
Moyr [GGV] cos 6
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fit to Belle data

Fit for Y, — Y (1S)rt7:
dl' /dmi;, dl'/d cos 6 |GeV]
- x2/d.o.f. =9/8

0.001¢

0.001Cf

0.000<f

04 06 08 10 12 14 ~10 -05 0.0 0.5 1.C
Moyr [GGV] cos 6
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fit to Belle data

Fit for Y, — Y(2S)nt7:

0.004f

0.3

dl /dm,

04 05 06 07 08
Myr | GeV |

-1.0

dl'/d cos 6 |GeV]

-0.5

0.0

0.5 1.C

cos 0
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fit to Belle data

Fit for Y, — Y(2S)nt7:

dl /dm, dl'/d cos 6 |GeV]
0.004}

- x%/d.of. =5/5

0.003}

0.002}

0.001}

03 04 05 06 07 08 ~1.0 -05 0.0 0.5 1.C
Myr | GeV | cos 0

tetraquarks, Ahmed Ali, 2010 — p.41



fit values

= fit values forY, — Y(18)ntn:
F=0.19+0.03, 8 =0.54 4+ 0.12,
af2(1270) = 0.9 &= 0.16, g0f2(1270) = 3.33 = 0.00

£, (4) Ffo(z') P fol4) (rad')
£o(600) | 3.64+0.7 | 1.384+027 | 1.14+0.14
£0(980) [ 047 +0.02 | 1.02+ 0.04 | 412+ 0.3
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fit values

= fit values forY, — Y(18)ntn:
F=0.19+0.03, 8 =0.54 4+ 0.12,
af2(1270) = 0.9 &= 0.16, g0f2(1270) = 3.33 = 0.00

£, (4) Ffo(z') P fol4) (rad')
£o(600) | 3.64+0.7 | 1.384+027 | 1.14+0.14
£0(980) [ 047 +0.02 | 1.02+ 0.04 | 412+ 0.3

m fit values forY, — YT (25)n 7 :
F=086+0.34,5=074+0.3

afo (i) Ffo(i) # fo(d) (rad')
£0(600) | 10.89 &£ 2.4 | 4.19 £ 0.92 | 2.76 &£ 0.22

tetraquarks, Ahmed Ali, 2010 — p.42




outlook and conclusion
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Summarizing:

mTheY(5s) — T(1S)n 7, T(2S)r"n~ decays are
Zwelg forbidden.
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Summarizing:
mTheY(5s) — T(1S)n 7, T(2S)r"n~ decays are
Zwelg forbidden.

mTheY, — YT(1S)nTn~, T(25)n"n~ decays ar&weig
allowed and can explain the observed decay width,
larger by two orders of magnitude.
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Summarizing:
mTheY(5s) — Y(1S)n 7, Y(25)r"n~ decays are
Zwelg forbidden.
mTheY, — YT(1S)nTn~, T(25)n"n~ decays ar&weig
allowed and can explain the observed decay width,

larger by two orders of magnitude.

= The coupling to intermediate light quark resonances
(f0(600), fo(980), ax(1270)) can explain the shape of the
Invariant mass contributio(scalar meson dominance)

tetraquarks, Ahmed Ali, 2010 — p.44



new Belle data

fits under preparation
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Belle data taking

« Spring 2010 run

— Last Belle data king has started May 13
(“experiment 73")

— Will take until June 30 (7 weeks)
— 1 week startup
— 3 weeks machine study for SuperKEKB

— 4 weeks physics (Y(5S), scan to search for the Ali
tetraquark [PLB684, 28-39, 2010])

May 18, 2010 Christoph Schwanda 2
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Belle data taking

« Spring 2010 run

— Last Belle data king has started May 13
(“experiment 73")

— Will take until June 30 (7 weeks)
— 1 week startup
— 3 weeks machine study for SuperKEKB
. — 4 weeks physics (Y(5S), scan to search for the Ali
tetraquark [PLB684, 28-39, 2010])

In conclusion
we hope for good news after the World Cl@

May 18, 2010 Christoph Schwanda 2
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