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Overview

=« Production and decays df’“ = 1~
bb tetraquarks

=« fetraquarks in BaBar data!
=« tetraquarks in Belle data!
= conclusion and outlook



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
rtn— J /4, 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) 463419, 9212) 17~ ATAZ eTe™ (ISR)
Y (4660) 4664 +12 48 + 15 175 at o’ et e (ISR)
Z(4050) 4051124 215! % r+xe1 B — K Z¥(4050)
Z(4250) 4248730 A T xeq B — K Z*(4250)
Z(4430) 4433 £+ 5 45f?{g ? rE B — K Z*(4430)
Y}, (10890) 10,890+ 3 55 + 9 == ataTY(@,2,38) feTéT & Vv,

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) 463477, 9212) 17~ ATAZ eT e~ (ISR)

Y (4660) 4664 £12 48 + 15 175 at o’ et e (ISR)

Z(4050) 4051121 213} 2 ¥ xe1 B — KZ*(4050)

Z(4250) 42481185 i T 32045 o T xeq B — K Z*(4250)

: . OUO. ep-ph]]
our.(hidden bottom) tetraquark candidate renuarlEeaT 010 |



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;}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)
+2K15(Sh - Sp) + 2K4a(S, - Sq)
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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 S QAQ(SQ - L+ SQ : L)
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hamiltonian

The previously defined states need to diagonalize the hamil
tonian:

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

with L L caupling

HYD = 2(K)50(Ss - Sy) + (S - Sg)
HJD = 2(Kig)(Sy-S;+ ;- 8,)
+2K5(Sp - Sp) + 2K44(Sq - Sg)
Hor N QAQ(SQ L—l—SQ L)
s L5771
HLL i BQ QQ( QQQ )
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possible observable states

which states are accessible in todays experiments?
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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—

m Two of them are N
in the range of the e .~
BaBar and Belle cente °°He iomq, o200 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

V¥ Tyt & 25 — 50 MeV

105280

1038501

10504(1")

1122717) —

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%) |
10385

0+

Y, Dy &~ 10 — 20 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
Qv,, = 5cosl — 3 sin 6,

3
1 2
Qv o = —gsinﬁ—gcosﬁ.

tetraquarks, Ahmed Ali, 2010 — p.7



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(Ypi/n) = A7 o ‘ 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

240 [267 /]

1
Fee(Y[b,l/h]) 7 Mé /{2 ‘Rgl)(o)
[b,L/h]
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Y, production

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

naar
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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 o))
point-like diquarksa. Ali, /

C. Hambrock and S. Mishima] e

\® 4

radial tetraquark wave functiont orlgm

24 le 1]
Lee(Ypi/n) = 7z, M ’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 ()7 2
b,1/h)
Lee(Ypi/n) = A7 ‘ Rll ‘
Yio,u/m
= Production ratioR,. - FF:b’” — (L2an0)® (1/4 < Rgo < 4).

[b,1]
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Y, decay

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

tetraquarks, Ahmed Ali, 2010 — p.9



Y, decay

channel




Y, decay

channel diagram
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Y, decay

channel

B* B*

diagram

I

1)

1)

vertex

F(kH — M)

F vpo
E envpof |,

F(ghP (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(gtP(q +1)”
B*B* L=1 = _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
k "
vy
hooa
BB 1— L=1
I
N
.
_ Beooq,
BB* 1__
-
-~
ks
B,
B*B* 1= L=1
>
-

vertex

EF(ku — lu)

1)

F vpo
E envpof, |,

F(ghP (g +1)"
—g" (k+q)”
+9°" (g + k)H)

1)

=T

=T

width

_ F?|k?
T 2MZ27

_ F?k)
T A4AMZ27

_ F?|k|3(48|k|*—104M? k|2 +27 M)

2w (M3 —4|k|2M)2

W The couplingsF are estimated from the measured widths of Thé.S) de-

cays Ftot(Y;)(l)) ~ 10 — 20 MeV, FtOt (lfb(z)) ~ 25 — 50 MeV,. t'étra)uarks, Ahmed Ali, 2010 - p.9



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(l;eV]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

tetraquarks, Ahmed Ali, 2010 — p.10



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[b,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 M&V, Déa(Yi, ;) = 0.045 = 0.015 keV, T (Y5, 1) =10.04 £ 0,015 ke



enigmatic Belle data

“2\_,90

L 0| @Y(ES) - YS)TT L 50} (b)"Y(58)"-Y(@S)N'M
() F -
o 70t & 40 |
— 60 F o) : i
S 50 F 8 30 |
®30F @ 20}
0= 02 06 08 1 12 14 003 04 05 06 07 08

M(1tr) (GeV/c?) M(1) (GeV/c?)

Phys. Rev. Lett100, 112001 (2008)

[(Y(25) — Y(19)7r7) ~ 0.0060 MeV
[(Y(39) — Y(19)7r7) ~ 0.0009 MeV
L(Y(45) — Y(19)7r7) ~ 0.0019 MeV

LCY(5S) — Y (1S)n 7 ) ~ 0.59 MeV

tetraquarks, Ahmed Ali, 2010 — p.11



enigmatic Belle data

L 5ol F () "Y(5S)" - Y(1S)T'TT L 50 (b) "Y(5S)"- Y (@2S)n'T

370l 5 |

— = Ln B

o 50 S 30

5 40| S

(%) = ~ -

(1:.) 30 F 8 20

c 20} S S 10)

W 1o fF 8 -
0 003 04 05 06 07 08

0.4 0.6 0.8 1 1.2 14
M(rm) (GeV/c?) M(rm) (GeV/c?)

Phys. Rev. Lett100, 112001 (2008)

[(Y(25) — Y(1S)7m) ~ 0.0060 MeV
[(Y(35) — Y(18)rm) ~ 0.0009 MeV
(Y(45) = Y(19)77) ~ 0.0019 MeV

LOTBS)” = TAS)rt w
differs by two orders of magnitude!

tetraquarks, Ahmed Ali, 2010 — p.11



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:

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

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:

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

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

[Phys. Rev. D79 (2009) 051103]

underlying process is

Zwelig forbidden_

tetraquarks, Ahmed Ali, 2010 — p.12



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]

1% .. 1% F 2m72T
ME =g |2, —BAM)(1 + =)

5 Am? | 1
FSAAL)? — m2 ) (1 — 55 (o’ - 3)
[PhyS Rev. Lett35, 1 (1975)] tetraquarks, Ahmed Ali, 2010 — p.12



continuum contribution

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

tetraquarks, Ahmed Ali, 2010 — p.13



resonance contribution

The tetraquark resonances can also accouniZvfozig al-
lowed contributions in the decay process:

tetraquarks, Ahmed Ali, 2010 — p.14



0T resonance contribution
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0T resonance contribution

. -
M++ resonance — & & Z 2 -
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0T resonance contribution

Yy — fo(i) =T (nS)

coupling F¥,
L (z')( 2 9,2
| a e JOV(m 2my) /2
M++ nce — €Y.€T Lol — W
0 resonanc_s | : 2@: m%W—m?O(i)—I—.meo.(i)rfo(i) (mmr)
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0T resonance contribution

fo(t) — m" — @~
Coupling 9ty(i)rm

= . z'gaf () 2 _9m2)/9
BN VAT as e 10 (mz, —2mz)/
M++ resonance — & & Z 2 - :

tetraquarks, Ahmed Ali, 2010-p.15



0T resonance contribution
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continuum contribution




continuum contribution

Y A
() = S S

| + 2z
=) x (1- 4”:2; cos® ) — %)]
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D-wave?2™ contribution
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D-wave?2™ contribution

Mf2(12,70) = ¢ ‘ETaf2(1270) e'$1201270) Af2(1270)
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D-wave?2™ contribution

Mf2(12,70) = ¢ ‘gTaf2(1270) e'$1201270) Af2(1270)
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D-wave?2™ contribution

f2(1270) M

spherical harmonics:
! 5
Mf2'(1_2_70) S 5Y-5Tazf2(127 ‘Y ’ = 1/ 39, SlH 9

.Q/SW(QJ‘H) 9 Q £, (1270) /T £ (1270)
Af2(1270) —~ Y. m2 —m2_—im iR
i fo(1270) T f2(1.270.)-. f2(1270)

tetraquarks, Ahmed Ali, 2010 — p.17



full amplitude

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

M = 5Y.5T[%[miw—ﬁ(AM)2( 2
HOAMY? —m2 )(1 - 25 (cos? 0 = )
afg, e 0@ (m2 —2m?)/2

m72r71' _mi‘o (1) —I_meo (7) Ffo (7) (mﬂ'ﬂ')

i
a1, (1270) e'¥$12(1270) A £2(1270) (mmr)]

differential partial decay width:

W
P ()3 32013 MPdmdm..




fit to Belle data
Fit for Y, — Y(1.9)7x "7 with x?/d.o.f. = 5/5:

F=0.19+0.03, 38 =0.54 -

dl /dm .

dl'/d cos 6 [GeV]

1.C
cos O

- 012, Cl,f2(1270) = 0.0 £ 016,

Pf2(1270) = _3_..33 + 0.06
Gfo (i) F gy i) 1) (rad.)
fo(600) | 3.6 £ 0.7 | 1.38+0.27 |11.14 £ 0.14
£0(980) | 047 4+£0.02 | 1.02+0.04 | 4.12 + 0.3

tetraquarks, Ahmed Ali, 2010 — p.19



fit to Belle data

Fit for Y, — YT(25)n 7~ with x?/d.o.f. = 9/8:

dl'/dmi,
0.004}

dl'/d cos 6 [GeV]

" e [ GV o
F =0.86 e 0.34, 8 =0.7+0.3
@ fo(4) Ffo(i) P fo(i) (rad.)
f0(600) 1089 +2414.19 +0.92 276 = 0.22

tetraquarks, Ahmed Ali, 2010 -p.20



Summarizing:
mY(5S)— Y(1S)n T, T(25)rTn~ decays ar&weig forbidden.
mY, - Y(1S)7 7, Y(29)x n~ decays ar@weig allowed and
can explain the large observed decay widths measured bg.Bell

® The coupling to intermediate light quark resonancgs600),
f0(980), a>(1270)) can explain the shape of the invariant mass
contribution(scalar meson dominance)
® Crucial Tests:
® |s there any sign oY, in Belle’s R,-scan?
m Are the decay$;, — Y (1S)KTK (T (15)nx") dominated by
the light tetraquarkg,(980) andaq(980)?

tetraquarks, Ahmed Ali, 2010 — p.21



new Belle data

fits under preparation

Es () : PDG Y (10860) pand T
% 0010~ & viiSWt il
o ¢ Y(IS)mm ' === Y(10860) pand T from R_fit
E 0.008(— M-Y@S)mr -~ -~ R
ZC)/ 0.006 _* _Y @_Si)l-u_-[ ________ :_ L _+ _______________________
>, el
o 0004} - A e
¢' I 3
0'002+'/:1*T“ —————————— _*_
0.000 }——— i : .
[ T | PR |: P T I TR R T |+| P S T A T S R
10.75 10.8 10.85 10.9 10.95 11 11.05
\'s (GeV)

tetraquarks, Ahmed Ali, 2010 — p.22



e e T i i e R g e s
i
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