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Overview

m Tetraquarks and Diquarks: Introduction

m Experimental evidence of exotic states and
interpretations

= Calculation of tetraquark masses My, .1
= Production & decays of J''“ = 17~ tetraquarks Ying6g
= Search for Y, 35 1n the BaBar R, energy scan

m Interpretation of Y;(10890) as a tetraquark and analysis
of the Belle data
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| Tetraquarks and Diquarks: Introduction

m A basic question in hadron physics:
Are there additional structures beyond the (qq) mesons
and (qqq) baryons?

m If not, why not?
m If yes, what are they? and where are they?

m In this talk, we argue that tetraquarks (bound states of
diquarks antidiquarks) exist in nature

= We outline the phenomenology; analyse current data to
search for them and suggest future experiments
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Tetraquark constituents

Tetraquarks consist of 4 quarks
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Tetraquark constituents

paired as colored diquarks |¢q| and antidiquarks |gq]
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Tetraquark constituents

bound by QCD forces in a colorless hadron: tetraquark
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Tetraquarks vs. hadronic molecules

m Two different 4-quark hadrons, seemingly similar
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Tetraquarks vs. hadronic molecules

m Two different 4-quark hadrons, seemingly similar

Tetraquarks:

m Diquarks and Antidiquarks are
colored

= Strongly bound by QCD
forces
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Tetraquarks vs. hadronic molecules

m Two different 4-quark hadrons, seemingly similar

Tetraquarks:

m Diquarks and Antidiquarks are
colored

= Strongly bound by QCD
forces

Hadronic molecules:

m Bound states of uncolored
mesons

= Bound by pionic exchanges
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Tetraquarks vs. hadronic molecules

m Two different 4-quark hadrons, seemingly similar

Tetraquarks:

m Diquarks and Antidiquarks are
colored

= Strongly bound by QCD
forces

Hadronic molecules:

m Bound states of uncolored
mesons

= Bound by pionic exchanges

= Very ditferent phenomenology!
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Diquarks: Color representation

= One-gluon exchange mode] %/ 0%

= Color factor determines binding:
m Negative sign = Attraction
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Diquarks: Color representation

= One-gluon exchange mode] %/ 0%

= Color factor determines binding:
m Negative sign = Attraction

m Quarks 1n diquark transform as:

I3 - 3PD6
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Diquarks: Color representation

= One-gluon exchange mode] %/ 0%
= Color factor determines binding:

m Negative sign = Attraction

m Quarks 1n diquark transform as:

I3 - 3PD6

® gq bound state color factor:

2 1
it = —3 93Okt — 0udkj)/2 +3 (0ijOk + Outdk;) /2

antisymmetric: projects 3 symmetric: projects 6
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Diquarks: Color representation

= One-gluon exchange mode] %/ 0%
= Color factor determines binding:

m Negative sign = Attraction

m Quarks 1n diquark transform as: V

33 - 39P6

® gq bound gtat color factor:
1
tiiti: zj5kz — 0i10k;)/2 t2 (040k1 + 0i10k5) /2
N’

antisymmetric: projects 3 symmetric: projects 6
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Diquarks: Color representation

= One-gluon exchange mode] %/ 0%
= Color factor determines binding:

m Negative sign = Attraction

m Quarks 1n diquark transform as:

303 - 308

® gq bound state color factor:

a 1a 2
it = —3 (0ij0kt — 0i10k;5) /2

antisymmetric: projects 3 ymmetric: projects 6
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Diquarks: Spin representation

Lattice  simulations  of  diquarks  with  light
quarks [Alexandrou et al., PRL 97:222002 (2006)]
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Diquarks: Spin representation

“good” dig

Lattice  simulations  of  diquarks  with  light
quarks [Alexandrou et al., PRL 97:222002 (2006)]

m Binding for “good” spin O diquarks
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Diquarks: Spin representation

“good” dig diquark

Lattice  simulations  of  diquarks  with  light
quarks [Alexandrou et al., PRL 97:222002 (2006)]

m Binding for “good” spin O diquarks
m No binding for “bad” spin 1 diquarks
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Diquarks: Spin representation

diquark

Lattice  simulations  of  diquarks  with  light
quarks [Alexandrou et al., PRL 97:222002 (2006)]

m Binding for “good” spin O diquarks

m No binding for “bad” spin 1 diquarks
Spin decoupling in Heavy-Quark-Limit;
= “Bad” diquarks [bg| should bind
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Diquarks: Spin representation

diquark

Lattice  simulations  of  diquarks  with  light
quarks [Alexandrou et al., PRL 97:222002 (20Q¢

m Binding

= No binding for “bad™ spin I diquarks

Spin decoupling in Heavy-Quark-Limit;
= “Bad” diquarks [bg| should bind
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Evidence for diquarks in lattice QCD

g=5.8
0 ra =0.136 fm

o .o).o o
N » o [o1]
T

£=6.2 155

%8 @ = 0.068 fm

increasing correlation strength

5 it 0.2 0.4 0.6 0.8 1.0
->< -
decreasing distance

®m Calculation of diquark correlation strength in a nucleon taken as a
diquark-quark system
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Evidence for diquarks in lattice QCD

=5.8
0 ra =0.136 fm

E Ola()fln Tu d

£=6.2

iz = 0.068 f1

.......

increasing correlation strength

1 1 L 1 1 1 1
0.0 0.5 0.0 0.5 0.0 0.2 0.4 0.6 0.8 1.0

->< -
decreasing distance

®m Calculation of diquark correlation strength in a nucleon taken as a
diquark-quark system

B Decreasing diquark distance = Increasing strength for “good”
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Evidence for diquarks in lattice QCD
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0 ra =0.136 fm

E Ola()fln Tu d

£=6.2

iz = 0.068 f1

.......

increasing correlation strength
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®m Calculation of diquark correlation strength in a nucleon taken as a
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Experimental evidence of exotic states and interpretations

m Experimental evidence exists for “Exotic States” from
e e~ colliders and Tevatron

m [ost tribes of Charmonium? [Quige 2004))

mCC q H}Ibrlds‘7 [Close & Page (2005); Kou & Pene (2005)]

) (*
[] D D( ) MOI@CU]@S? [Tornquist (2004); Braaten & Kusonoki (2004); Swanson
(2004); Voloshin (2004); Liu et al. (2005); Rosner (2007); ...]

m Tetraquarks [cq]|cq|? Maiani et al; Polosa et al. 2004 - 2010)]

m Recent Review on Heavy Quarkonium: (srambiita er ar., Epy,
C71, 1534 (2011)]
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Exotic states

Belle observations [A. Zupanc [Belle], arXiv:0910.3404 (2009)] (updated)

State M (MeV) " MeV) J PC Decay Modes Production Modes Also observed by
eT e™ (ISR)
$(2170) 2175 + 15 61 + 18 1=~ ¢ fo (980) J/ — nYs(2175) BaBar, BESII
tr J/, BaBar
X (3872) 3871.5 + 0.2 < 2.2 1t+ 2=+ ~J ), DD* B — KX (3872).pp CDF, DO,
X (3915) 3914 + 4 28 + 10 o/2t+ wJ /4 vy — X (3915)
Xc2(2P) 3929 + 5 20 + 10 2T+ DD vy — Z(3940)
D D* (not DD
X (3940) 3942 + 9 37 + 17 o’+t or wJ /) ete™ — J/¢X(3940)
Y (4008) 40081321 226 4+ 97 17— L Sl OV et e (SR)
X (4160) 4156 + 29 1391 113 0’+ D* D* (not DD) ete™ — J/¢X(4160)
Y (4260) 4263 + 5 108 + 14 1~ rt =T/ et e (SR BaBar, CLEO
Y (4360) 4353 + 11 96 + 12 1=~ at o= ! et e~ (ISR) BaBar
9 41 _ _
X (4630) 463419, 92130 1 AFAZ et e~ (SR
Y (4660) 4664 + 12 48 + 15 17—~ ! et e~ (ISR)
Z(4050) 40511722 82130 ? Fxe1 B — KZ¥T (4050)
Z(4250) 4243Mmg g2 1771320 9 X1 B — Kz¥(4250)
Z(4430) 4433 + 5 45135 ? rEq’ B — KZ¥ (4430)
Y3, (10890)  10,888.4+3.0 30.7159 177 T r(1,2,35)  eTe™ — v
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Exotic states

Belle observations [A. Zupanc [Belle], arXiv:0910.3404 (2009)] (updated)

State M (MeV) " MeV) J PC Decay Modes Production Modes Also observed by
eT e™ (ISR)

$(2170) 2175 + 15 61 + 18 1=~ ¢ fo (980) J/y — nYs(2175) BaBar, BESII
atr— J/, BaBar

X (3872) 3871.5 + 0.2 < 2.2 1t+ 2=+ ~J ), DD* B — KX (3872).pp CDF, DO,

X (3915) 3914 + 4 28 + 10 0/2T+ wJ /P vy — X (3915)

Xc2(2P) 3929 + 5 29 + 10 ot++ DD vy — Z(3940)
D D* (not DD

X (3940) 3942 + 9 37 + 17 o’+t orwJ /) ete™ — J/v9X(3940)

Y (4008) 40081321 226 4+ 97 17— L Sl OV et e (SR)

X (4160) 4156 + 29 1391 113 0’+ D* D* (not DD) ete™ — J/¢X(4160)

Y (4260) 4263 + 5 108 + 14 1~ rt =T/ et e (SR BaBar, CLEO

Y (4360) 4353 + 11 96 + 12 1=~ at o= ! et e~ (ISR) BaBar

X (4630) 463419, 0212} 17— AF A eT e (SR)

Y (4660) 4664 + 12 48 + 15 1~ ata = eT e (ISR)

Z(4050) 40511722 ? Fxe1 B — KZ¥T (4050)

Z(4250) 4248Mg8° + B — KZ¥T (4250)

Z(4430)

tetraquark candidate wit

.. more later)

7+ (4430)
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Discovery of h.(1P) in eTe”

dence

— wt7~h.(1P) and energy depen-

Trigger

Observation of e*e- — n*n~ h, by CLEO
Ryan Mitchell @ CHARM2010

= 10
g
= e og(e’e’ — n*  h;) (scan data)
= 60
S e o (e’e — x* 7 hy) (4170 data)
5° 50; O GE(e+e' — "7 Jhp)
= 5
+lf, C
t 40 Energy dependence
o 30 of the cross-section . €
e -
20
. ]
100 :%
t | | Lo \

__Enhancement of o(h, ")
@ Y(4260)

U

o(h, n*n") is enhanced @ Y,

£ | \4 I \4\-05\ 1 I4-1I L1 |

o
ol

L 1| | I | ‘ 1 1 1 |
4.2 425 43

e*e” Energy (GeV)

— Search for h, in Y(5S) data
12
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hy(1P) and hy(2P)

Introduction to h, (nP)

(bb) : S=0L=1 JPC=1+- 1.00f_ T(2100)
C Y(10860)
Expected mass . 0.755—

=~ (beo + 3 be»] +5 bez) / 9

AM¢ . = test of hyperfine interaction 1050 - y20)
For hy AMc,g = -0.12 % 0.30, s | Li2P)
expect smaller deviation for h,(nP). N, yC1D)
% Ly
(9 10 1P
arXivi1102.4565 - LOPY
Evidence from BaBar ©
S 975
Y(3S) — n°hy(1P) — 1%y 1, (1S) Bottomonium
170 e e famlly

: 9.50 -
1651 (b)

160 .
155; ) 300 f

150 -

(0,1.2)"  (1,23)7
1 2

5. I ORI A SN AN ANATANEN IV UNATN AN A AT |
982 984 986 988 99 992 994 996 998 13
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Evidence for /1,(1P) in the decay Y (35) — w’hy(1P)
Yield as a function of the assumed A, mass: [BaBar-PUB-10/032]

[}

2212000
—
é’ 10000
<™ 8000
—

_% 6000

>~ 4000

m(hb)' (GeV/c?

m Search for hy(1P) spin-singlet partner of y,(1P):
ete” — T(35) — 7’hy(1P), hy(1P) — yny(1S)

B(T(3S) — ﬂohb(lP)) X B(hy(1P) — ~vmp) = (3.7£1.1£0.7) x 1074
m Consistent with theoretical estimate: 4 x 10~ Godfrey (2005)
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Observation of h,(1P) and h,(2P) bottomonium states
M M (m 7~ )spectrum: [Adachi et al. (Belle), arxiv:1103.3419]

Y(2S)
40000

Events / 5 MeV/c?

30000 [ Y(18) i ﬂ

20000 |

10000 |

L L L 1
10.2 10.4
MM(x*), GeV/c?

M Search for eTe™ — hy(nP)7 T near the Y (55):

M[hy(1P)] = (9898.25 + 1.06T1:02) MeV; M[hy(2P)] = (10259.76 £ 0.647102) MeV

olete™ — hy(1P)rTn™)
olete = Y(2S)nt7n—)

Te™ — hy(2P)nt7n)
— 0.407£0.07970:043, 7(¢ b
—0.070" G ete— — YT (28wt )

_ +0.22
= 0.7840.09+0-22

Moete — Y(28)rt7n—) = 4.8210 17 pb [Belle, PRD 82, 091106]

B All X-sections are larger by 2 orders of magnitude compared to the QCD multipole estimates!
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Calculation of tetraquark masses M, ;7

m Constituent Diquark Hamiltonian Model (N Drenska, R. Faccini,
A.D. Polosa, PLB 669 (2008) 160]

m Spectroscopic estimates presented here are based on
[A. A., C. Hambrock,I. Ahmed and J. Aslam, PLB 684, 28 (2010)]

B For similar estimaes, see also [N. Drenska et al., arXiv:1006.2741; D. Ebert et al., Mod.

Phys. Lett. A 24,567 (2009); Z.G. Wang, Eur. Phys. J. C 67,411 (2010)]
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Diquarks

m Interpolating diquark operators:

“good”:
“bad’:

0

-

Qia
Qioz

a, 3,v: SU(3)c indices

€apr (V075q] — @ 5b7)

60457 (bﬁ/yqz

g, 7b")
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Diquarks

m Interpolating diquark operators:

“000d”: O__ Qo
“bad”: 1 Q.

a, B,v: SU(3)c indices

€apr (V075q] — @ 5b7)
Cafy (bﬁfyqz q—fcﬁ/’b’Y)

= NR limit: States parametrized by Pauli matrices :

66g00d99:

“bad”:

O+
1+

9
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Tetraquark states

Characterized by the diquark and antidiquark spins sg and
sgand the tetraquark total angular momentum J

‘}/[bq]> — ‘SQa SQ; ‘]>
= Tetraquark matrix representation:
0g,05; 05) = TP @TY,

1 .
1Q71Q; OJ> — EFZ@)FZ’;
0g,1g; 15) = I’ @1,
1g,05; 15) = T"®IY,

1% =
fols; 1) = —=*T. @ Ty
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Hamiltonian

m States need to diagonalize Hamiltonian:
H=2mg+HW + HY y Hy, + Hy;
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Hamiltonian

m States need to diagonalize Hamiltonian:
H=2mg+HW + HY y Hy, + Hy;

\

with constituent mass
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Hamiltonian

m States need to diagonalize Hamiltonian:
H=2mg+HW + HY y Hy, + Hy;

with gq spin c{pl?ng qfés?n‘éoupling

H{& = 2(Koy)3((S - Sq) + (S5 - Sg)]
HEE = 2(Kug)(Sy - S+ S5+ S,)
+2IC5(Sp - Sp) + 2K 45(S, - Sg)
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Hamiltonian

m States need to diagonalize Hamiltonian:
H=2mg+HW + HY y Hy, + Hy;

with LS com;

HY? = 2(Ky)3((Sy - Sg) + (Sp - Sg))
HY? = 2(Kyg) (S - Sq+ S5+ Sy)

+2/Cy5(Sp - Sp) + 2K44(Sq - Sg)
Hgp =2A0(Sg-L+Ss5-L)
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Hamiltonian

m States need to diagonalize Hamiltonian:
H=2mg+HW + HY y Hy, + Hy;

with LL coﬁﬁﬁr

HYD =2(1C,)5[(Ss - Sq) + (S5 - S;)]
Hé%q):z(/cbq)( .S+ S5+ S,)
+2K5(Sp - Sp) + 2KC5(S, - Sg)
HSLZQAQ(SQ - L+ SQ - L)
Las(as + 1
HLL:BQ QQ( 310 )

2
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Example 17 state

= [bg|[bg] state:

1) = (|OQ>1@» 1) 4+ 10,005 1))

il -
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Example 17 state

m [bg||bg| state:

1
177 = —(|0g,1g; 1) + [10,04; 1))

V2

mMass M (177) = (177 H |17T):
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Example 17 state

= [bq][bq] state:

1
177 = —(|0g,1g; 1) + [10,04; 1))

V2
mMass M (177) = (17T | H|177):
1

1
M (1++) = 2myp, — (Kuq)3 + 2IC(]67 — Kg + ilcbé
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Example 17 state

= [bg][bg| state:

1
177 = —(|0g,1g; 1) + [10,04; 1))

V2
mMass M (17F) = (17| H|177):
1 1
M (1++) = 2mpg — (Kig)3 + §/qu — Kag + §/Cb6

m Example parameters from known hadron spectrum:

Mbg R/l Kag K M(1t+)
5250 MeV 6MeV 6MeV 80MeV 9MeV 10533 MeV
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14070

13 620

14025 Cl )

14000 (1—=) —

13 841 ‘l”l

-f\ ) -f\
o ~

@]

13618‘1““‘

13226 (0*+")

13206 (1*7)
’; '; ++
13217 (1+) 13221££+*) S PR CIARe I

: 13101 (0
13170 —
o++ 1++ 1+— 1 2++
11320
. 11257 (1)
AV AV (1237 (177) > e—— 7
L1133 ¢1—)
aY a ayY a
| o
= =k == 10890 (1_—)
10 845
B* B e
B B 5
B B 103280 ’IO’S’O; ’1;’ CemlOS27 (S 1632’0"2112’
10385 (0+H) 10386 (1"~
10370
o++ 1++ 1+ 1—— 2++

11550

11476:1”:
11453 (177) — = ————————
AR | DO

11075 11054 ¢1—)
10688(0") 10 ey, =ebQOR A MOLl0C
e+ 10614!1*’“
10600 10 605 (0" 1) —
o+ 1+ 1+ 1 2+
11750
11620017 —, o
Y I
— 11479 (1——)
A& o 1=
M| IS
11200 1121831”‘
1 10849 (1++) =
BBy | oo —_108IOCH
r ‘*i%
BB, (ol
BB~
10 650
o++ 1++ 1+— 1—— 2++

[A. A., C. Hambrock, I. Ahmed and M. Aslam, Phys. Lett. B 684, 28 (2010) ]
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Rich spectroscopy of bb tetraquarks at the B/Super-5 Factories

® One expects 40 tetraquark states of the type [bq][bg] (¢ = u,d,c, s),
with well-defined J"¢ = 0+, 17+ 17— 17—, 27 Tand 10 states of

the type [bs][bd] with J¥ = 0T, 1,17, 27 in the mass range
10.3 — 14.1 GeV!
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Rich spectroscopy of bb tetraquarks at the B/Super-5 Factories

® One expects 40 tetraquark states of the type [bq][bg] (¢ = u,d,c, s),
with well-defined J"¢ = 0+, 17+ 17— 17—, 27 Tand 10 states of

the type [bs|[bd] with J¥ = 07, 1%, 17, 2% in the mass range
10.3 — 14.1 GeV!
m Of these 16 have J¥“ = 17—, having masses from 10.890 GeV,

called Y3(10890), to about 14.1 GeV, Y},354(14030), which can be
directly produced in e* e~ annihilation at the B/Super-B factories
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Rich spectroscopy of bb tetraquarks at the B/Super-5 Factories

® One expects 40 tetraquark states of the type [bq][bg] (¢ = u,d,c, s),
with well-defined J"¢ = 0+, 17+ 17— 17—, 27 Tand 10 states of

the type [bs|[bd] with J¥ = 07, 1%, 17, 2% in the mass range
10.3 — 14.1 GeV!

m Of these 16 have J¥“ = 17—, having masses from 10.890 GeV,
called Y3(10890), to about 14.1 GeV, Y},354(14030), which can be
directly produced in e™ e~ annihilation at the B/Super-B factories

® Hard to find due to

®m Large decay widths and mixing with ordinary hadrons
® Small production cross sections

® Not high enough energy of the current 5 factories
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Rich spectroscopy of bb tetraquarks at the B/Super-5 Factories

® One expects 40 tetraquark states of the type [bq][bg] (¢ = u,d,c, s),
with well-defined J"¢ = 0+, 17+ 17— 17—, 27 Tand 10 states of

the type [bs|[bd] with J¥ = 07, 1%, 17, 2% in the mass range
10.3 — 14.1 GeV!

m Of these 16 have J¥“ = 17—, having masses from 10.890 GeV,
called Y3(10890), to about 14.1 GeV, Y},354(14030), which can be
directly produced in e™ e~ annihilation at the B/Super-B factories

® Hard to find due to

®m Large decay widths and mixing with ordinary hadrons
® Small production cross sections

® Not high enough energy of the current 5 factories

But. ..
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Mass spectrum of the |bq||bq| tetraquarks

Heavy-light [bq||bq| (¢ = u, d) tetraquarks

11320
- 11257(1 )
ApNpl == (1227(17) — > e~~~ |
11133(1 )
10890 (1 —)
10845
B* B - -]
BB -]
B B | 1052800 ;0;0; *1;* os7ae—y) ]0*55022152 ]
10370 o+t 1+ 1+ 1—— 2 ++
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Mass spectrum of the |bq||bq| tetraquarks

Heavy-light [bq][bq] (¢ = u, d) tetraquarks

PC ——
. 11320
= can be produced 1n e T
L Ap Ap [1227(17)
e e annthilation e
10 890!1":
10 845
B* B *N - _ _ ___ ________________________
BB *_ _ _ _ _ _ _ _ _ __ ___ _______________________d
B B | 1052800 ;0;0; 71;7 os7ae—y) ]0755022152 ]
10 370.w_ —l380 ) _
0++ 1++ 1+ 1 ++
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Mass spectrum of the [bq|[bg| tetraquarks

Heavy-light [bg][bq] (¢ = u, d) tetragparks
mJPC =1"" Y})( ) Tior & 90 MeV
= can be pI‘Oduced n lAlji—j 7777777777777 NG

e e~ annihilation

m Two of them 1n the
range of BaBar and
Belle Ecy 10845

10890 (1

B*B* ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
BB* ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

3 10528 (0** ++
B B [ 10528000 1050401 10520 2")

10370=——
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Mass spectrum of the [bq|[bg| tetraquarks

Heavy-light [bq][bq] (¢ = u, d) tetraquarks

= JPO 1__ 11320
= can be producedin | , | o
e e~ annihilation L
m Two of them 1n the
range of BaBar and
Belle Ecyg 108
1
m Yb( ) only composed Y A
¥ sy 1° B =
of “good” diquarks B 5 fagggea-- - —nsmgh - i
= This 1s Belle’s ol Y.
¥;,(10890)! 1YY Ty & 40 MeV
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Isospin breaking

m Yb(l) mass eigenstates:
Yv[b’l] — cos 0 Yv[bu] + sin 6 Yv[bd]
Yv[bjh] — —sinf Yv[bu] + cos 0 Yv[bd]

m [sospin mass breaking:
M(Yipp) — MYpy) = (7E£3) cos(20) MeV
m Effective diquark charge:

1 2.
Ry, = gcose—gsmé’

1 . 2
Qv = —gsmﬁ—gcosﬁ

m () = —45° =- Isospin eigenstates
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Y}, production

m Van Royen-Weisskopf formula
= (1" = eTe)

Assumption: Point-like diquarks

[A. A., C. Hambrock and S. Mishima, PRL 106:092002
(2011)]
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Y}, production

m Van Royen-Weisskopf formula
= (1" = eTe)

Assumption: Point-like diquarks

[A. A., C. Hambrock and S. Mishima, PRL 106:092002
(2011)]
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Y}, production

m Van Royen-Weisskopf formula
= (1" = eTe)

Assumption: Point-like diquarks

[A. A., C. Hambrock and S. Mishima, PRL 106:092002
(2011)]

diquark charge

2
Lee(Yioam) = ‘Rn ’
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Y}, production

m Van Royen-Weisskopf formula
= (1" = eTe)

Assumption: Point-like diquarks

[A. A., C. Hambrock and S. Mishima, PRL 106:092002 e
(2011)]

radial tetraquark wave function 3

Tetraquark Physics, Frascati, April 5,2011 — p.25



Y}, production

m Van Royen-Weisskopf formula
= (1" = eTe)

Assumption: Point-like diquarks

[A. A., C. Hambrock and S. Mishima, PRL 106:092002
(2011)]

hadronic sizeﬁr_tame er

240 sz D 1
Fee(yv[b,l/h]) — WE ol ’%2 ‘Rgl)(o)
Y,

[0,1/h]
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Y}, production

m Van Royen-Weisskopf formula
= (1" = eTe)

Assumption: Point-like diquarks

[A. A., C. Hambrock and S. Mishima, PRL 106:092002
(2011)]

24002 2b /] 2
Lee(Yioam) = 1/ < lRu ’
Yipi/n]

= Suppressed O(10) vs bottomonia

. . — 2
= Production ratio: I'y, , / I'y, , = (42tnf)
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Dominant Y;, decays

channel

B* B*
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Dominant Y;, decays

channel

diagram
-
k
peooa,
17~ L=1
>
Jo-
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Dominant Y;, decays

channel

diagram

1)

I

1)

vertex

F(kH — M)

F Voo
E envpop 1,

F(ghf(q+ 1)
—gh? (k + q)°
+9°" (g + k)*)
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Dominant Y;, decays

channel diagram

vertex

F(ghf(q+ 1)
—g"" (k4 q)*
+9°" (g + k)*)

=T

width

_ F?k?
T 2MZ27

_ F?lk3
T 4AMZ22r

_ F?|k|3(48]k|*—104M2 k|2 +27MP)

27 (M3 —4|k|2M)2
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Dominant Y;, decays

channel diagram vertex width

.
D, L=1 ~ v vk F2|E|3
BB = F(kF — M) =1 =53m-
0~
BB* = F uvpop | 1 = EIRP
M pro T 4AM2x
L
F(gup(q+l)y 21713 4 21712 4
A -1 -~ P23 48]k)* —104M2 |2 427 M)
B*B* = —g"(k+qr =T = 2 (MP—4|R|2M)?
J- +9°" (g + k)*)

B Couplings estimated from Y (55) decays
= Dot (V) & 6240 MeV, Ty (V) & £290 MeV
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Fit to BaBar data

[A. A., C. Hambrock,I. Ahmed and J. Aslam, PLB 684, 28 (2010)]
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BaBar fit

Model function :

R

0.5; 0(€+€_ — bg) — ‘Anr‘Q + 'AT
04 )
oal +A10860€"10860 BW (M10860, I'10860)

02F

+A11020€?11020 BW (M11020, '11020)

0.1 -

L TR I R L L TR B |
10.6 10.7 10.8 109 11 11.1 11.2
\s [GeV]

x2/d.of. ~ 2
[Phys. Rev. Lett. 102, 012001 (2009)]
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BaBar fit

06

04f

02fF

01fF

0sf

0oL

1 1
Y(10865) Y(11020) 11.1
y®

Vs [GeV]

1
112

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

Model function modified :
olete” — bg) = |Anr|? + ‘Ar

+A10860€"?10860 BW (M10860, '10860)
+A11020€"?11020 BW (M11020, '11020)

1Py,
‘FAY[b,Z]e [b’”BW(MY[b,l]’FY[b,l]) 2

1Py,
+AY[b,h]e [6,h] BW(MY[b,h]’FY[b,h])
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BaBar fit

061
05F

04f

02fF

01fF

0oL

1 1
Y(10865) Y(11020) 11.1
y®

Vs [GeV]

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

Model function modified :
olete” — bE) = |Anr|? + 'AT

+A10860€"?10860 BW (M10s60, I'10860)

+A11020€?11020 BW (M11020, '11020)
1Py,

—I_Ay[b,l]e [b,1] BW(MY[b,l]’FY[b,l])

1Py,
+ Ay[b,h]e [b,h] BW(MY[b,h]’FY[b,h])|

M[MeV] ['[MeV] | ¢ [rad.]
Y(55) | 10864 + 5 16+8 | 1.340.3 AM = 5.6+ 2.8 MeV
Y(6S) | 11007 +0.3 2042 | 088+006 | Lee(Ypy) =45+15eV
Yipy | 10900 — AM/2+2 | 2842 | 1.3+40.2 Lee(Ypn)) =40 £15eV
Yo | 109004+ AM/24+2 | 2842 | 1.94£0.2
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m Structure seen 1n inclusive BaBar data
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m Structure seen 1n inclusive BaBar data

= But not conclusive:
= Suppression O(10) vs T(5.5)
= Mass splitting ~ BaBar binning

= Overlapping resonances

= Theoretically hard to handle
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m Structure seen 1n inclusive BaBar data

= But not conclusive:
= Suppression O(10) vs T(5.5)
= Mass splitting ~ BaBar binning

= Overlapping resonances

= Theoretically hard to handle

Exclusive data more promising
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Exclusive Belle data

m Observed anomaly: Explanation
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Enigmatic Belle data
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Enigmatic Belle data

§ 80 : (@) ’Y(5S) " —=Y(1S)x'r

—_—

30F _1_ ._i_. T ._%_. kl
= 1 T
o N Y/

10 | s
002 06 08 1 1.2 1.4

M(s) (GeV/c?) Yb 6 Y (nS)

Entries /0.2
H
o
L
|
|
|

=
§ N
‘II\
=
+
=

0_4 0.5 0 0.5 1
coso,,,

[K. F. Chen et al. [Belle Collaboration], Phys. Rev. Lett. 100, 112001 (2008)]
['(Y(2S) — Y(1S)nm) ~ 0.0060 MeV
['(Y(3S) — Y(1S)nm) ~ 0.0009 MeV
['(Y(4S) — Y(1S)nrm) ~ 0.0019 MeV
L(“Y(55)” — Y(18)rT7n~) ~ 0.59 MeV
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Enigmatic Belle data

§ 80 : (@) ’Y(5S) " —=Y(1S)x'r

—_—

30F _1_ ._%_. T ._%_. kl
= 1 T
o N Y/

10 | s
002 06 08 1 1.2 1.4

M(s) (GeV/c?) Yb 6 Y (nS)

Entries /0.2
H
o
L
|
|
|

=
§ N
‘II\
=
+
=

0_4 0.5 0 0.5 1
coso,,,

[K. F. Chen et al. [Belle Collaboration], Phys. Rev. Lett. 100, 112001 (2008)]
[(Y(2S) — Y(19)77) ~ 0.0060 MeV
[(Y(3S) — Y(19)77) ~ 0.0009 MeV

[(Y(4S) — Y(19)7r7) ~ QO0LANMeV
FERGS ) = T(lS)W+7T

Differs by two orders of magnitude!!
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Bottomonia decays

m Typical T (nS) — T(mS)rm decays:

Entries/0.08 GeV/c?
= N N W W b

0.8 1 2
M_,_ (GeVic?)

[A. Sokolov et al. (2009)]
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Bottomonia decays

m Typical T (nS) — T(mS)rm decays:

0:4 0.‘6 0.‘8 1 2
M_,_ (GeVic?)

[A. Sokolov et al. (2009)]

m Zweig forbidden process = Small cross sections
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Bottomonia decays

m Typical T (nS) — T(mS)rm decays:

0:4 0.‘6 0.‘8 1 2
M__ (GeV/c?)

[A. Sokolov et al. (2009)]

m Zweig forbidden process = Small cross sections
m Up to now good description for bottomonia
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Bottomonia decays

m Typical T (nS) — T(mS)rm decays:

0:4 0.‘6 0.‘8 1 2
M__ (GeV/c?)

[A. Sokolov et al. (2009)]

m Zweig forbidden process = Small cross sections
m Up to now good description for bottomonia

m Fails for T(5.5)
= Observed state might be 1™~ tetraquark
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Tetraquark Explanation of the Belle anomaly

»= Dynamical model to calculate
olete” =Y, = T(1S)PP')

PP =gtr= KTK—, nnY

m Fit to the T(15)7n "7~ Belle spectra

= Testable predictions for Y(15)(K K, nrV)

[A. A., C. Hambrock and J. Aslam, PRL 104:162001 (2010)]
[A. A., C. Hambrock and S. Mishima, PRL 106:092002 (2011)]
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Continuum contribution

= Zweig allowed tetraquark continuum!Brown etal. (1975)]
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Continuum contribution

= Zweig allowed tetraquark continuum!Brown etal. (1975)]

dift.
terms

m g (cos? 0 — ) il SR o F 7 Ky )
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Continuum contribution

= Zweig allowed tetraquark continuum!Brown etal. (1975)]

HQ spin
Interaction

my

dift.
terms



And the resonant contributions

Continuum Resonance
" Y, T(ns) n v, T (nS)
+ q
- P - R\ P
P’ P’

m Breit-Wigner shape for resonance:

1
(¢> — M?)+iMT

q2 = M]% » = Resonances show in Mpp/ spectrum
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Resonances in M pp spectrum

m Resonance R contributions for each channel:

2m Mytmy, 2myg Vs — mr(s)
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Resonances in M pp spectrum

m Resonance R contributions for each channel:

2my Mty 2my Vs — myas)
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Resonances in M pp spectrum

m Resonance R contributions for each channel:

(o8 foao f.
T
KK
N

® Only 0" "and 2 allowed
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Resonances in M pp spectrum

m Resonance R contributions for each channel:

(o8 foao f.
T
KK~
N
2mz Mty 20y Vs = mrqs)

® Only 0" "and 2" allowed

®m Kinematical constraints
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Resonances in M pp spectrum

m Resonance R contributions for each channel:

2y ety 2l Vs —mrs)

® Only 0" "and 2" allowed

®m Kinematical constraints

® Final state 1sospin
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Resonances in M pp spectrum

m Resonance R contributions for each channel:

2y ety 2 il Vs —mrs)

® Only 0" "and 2" allowed

®m Kinematical constraints

® Final state 1sospin

B Threshold effects for fy, ag, 0 = Flatté formalismlFlatte (1976)]
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Evidence for light tetraquarks

CaNoNEr T oo NoNET
A fo=(uu+dd)ss

9 mesons g peduss, af-uzddss = |9 tetraguarks

S 0, R, fO?aO

aj=ud, ag=ut-dd, ap=du; o=uudd
fg=UU+da
ISOSPIN PROJECTION ISOSPIN PROJECTION
l; e} |l B
1 12 0 -1/2 -1 -1 =12 0 1/2 1

®m Masses for light resonances in constituent model
= Flavor nonets are arranged as triangles
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Nature of f(), e O

O Light tetraquark SU ( 3) ~ nonet [t’Hooft et al., (2008)]

o = [udfnd
k = |sullud]; |sd]|ud]

(+conjugate doublet)
0] _ [sullsu]+[sd)[sd] >0
: V2
ag = [sul[sd]; [sd]|5ul;

[su][su]—[sd][5d] §=-1

V2
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Nature of f(), e O

O Light tetraquark SU ( 3) ~ nonet [t’Hooft et al., (2008)]

olll = ud] [ﬂ@ . S=+1
k = |sullud]; |sd]|ud]
(+conjugate doublet)
0] [sul[sa]+[sd][5d] °=0
: V2
ag = [sul[sd]; [sd]|5ul;
[su][su]—[sd][5d] §=-1
V2

SU(3)r limit = Identical couplings

Tetraquark Physics, Frascati, April 5,2011 — p.38



S-wave resonance contribution

Zweig allowed light tetraquark resonance contributions:

m Effective Lagrangian for 0" tetraquarks:

L = gspp(9,P)(0"P) S + gyrvms)s Y;, TS
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D-wave resonance contribution

Zweig allowed f5(1270) contribution:

m f5(1270) effective Lagrangian:

L = 295,pp (8, P) (0, P) 5" + gyivms)f, You Lo 3"
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Fittoo(ete™ — Y, — T(19)n " n™)

80 | (@) "Y(5S)"—Y(1S)*rw

Entries / 0.1 GeV/c?
[$)]
o
|

Entries /0.2

062 06 08 1 1.

2 14

M(sur) (GeV/c?)

m Fit to normalized cross section:

—~

o

rtr— = OY(1S)ntn— /O

Belle
Y(1S)mrTm—

50 | (c)
40 ?{1_ I [ == ]
30 || l l I
20 - 1
10

05 0.5 ) 05 1

coso,,,,
: Belle _
with O (18)m+m— — 1.61 £ 0.16 pb
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Fittoo(e"e” — Y, — T(15)n 7 ™)

o~ F N r
2 go | (@) "Y(5S)"—=Y(1S)x’w S so0f (0
L 70 | »n =
=X - £ % ?}——_ I [~
S s50f - 5 30| Iyl I't
» 40 - N I
2 30F 1. ._{_. 1 i"._}_. 20 1 l
£ 20 T
Woqo | [T : 8 10
0 02 06 08 1 12 1.4 0.4 0.5 0 0.5 1
M(x) (GeV/c?) COSOy,
® Fit to normalized cross section:
-~ — Belle . Belle o
Optr— = OY(1S)rtn— /UT(IS)ﬁﬁ_ with oBelle . =1.6140.16 pb

m Fit features:

m ROOT O(5000) fits - checked with Mathematica
® Simultaneous fit

® Binning taken into account
m Different Flatté couplings BES, CB and KLOE
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Fittoo(ete™ — Y, — T(19)n " n™)

cos 6
® Fit results:
/ / / /
A B Iyoras)r, IvOras)r, 77 Yo Y12
BES, CB 0.000079 —0.00020 0.318 0.439 0.36 —2.76 —0.46
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Fittoo(ete™ — Y, — T(19)n " n™)

cos 6
® Fit results:
/ / / /
A B Iyoras)r, IvOras)r, 77 Yo Y12
BES, CB 0.000079 —0.00020 0.318 0.439 0.36 —2.76 —0.46

m ?/d.of.=21.5/15 = Good agreement with data
m Stable for BES, CB and KLOE input
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Fittoo(ete™ — Y, — T(19)n " n™)

1.2 1.4

.6 0.8 1
M+ — [GeV]

0" " tetraquarks 27" meson f5
m Fit results:

/ / / /
A B Iyoras)r, IvOras)r, 77 L Y12

BES,CB | 0.000079  —0.00020 0.318 0.439 0.36 —2.76 —0.46

m ?/d.of.=21.5/15 = Good agreement with data
m Stable for BES, CB and KLOE input

B Clear resonance dominance!
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Predictions for T (15)(K K, nm’)

Fit determines couplings = predictions for spectra:

| 2 r 40 1 T T 8 [
=k = b 0
g 15[ < 30 |- s 6
C E o B
ST T 20f ] S 4f
| C C’k C Eb i
Tosf o 10 F = 20
S - S - i
.2% 0 - ] | | | 1 0 [ s |... ...... L 0 L
1 1.1 1.2 1.3 1.4 07 08 09 1 11 1.2 13 1. 0
Mg+~ [GeV] M, 0 [GeV]
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Predictions for T (15)(K K, nm’)

Fit determines couplings = predictions for spectra:

| 2 r 40 1 T T 8 [
=k = b 0
g 15[ < 30 |- s 6
S T 20f . S 4f
| N Ol: N (e} i
Tosf o 10 F = 20
S - S - i
.2% 0 - ] | | | 1 0 [ s |... ...... L 0 L
1 1.1 1.2 1.3 14 07 08 09 1 11 1.2 13 1. 0
Mg+~ [GeV] M, 0 [GeV]

® Agreement with G+ 5~ = 0.117)5; (BELLE)
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Predictions for T (15)(K K, nm’)

Fit determines couplings = predictions for spectra:

| 2 r 40 N T 8 [
g 15] =30 . 6
C - L
SR S : S af
| C Ot: Eb i
Tosf o 10 F = 2
< - S - i
.2% 0 - L L L L ] 0 - 7 |... ...... L 0 B
1 1.1 1.2 1.3 1.4 07 08 09 1 11 12 13 1. 0

MK‘FK* [GGV] Mmro [GGV]

® Agreement with G+ 5~ = 0.117)5; (BELLE)
= 1.0 S 0,70 $ 2.0 predicted
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Predictions for T (15)(K K, nm’)

Fit determines couplings = predictions for spectra:

N
Y
o

—
a
T[T 11T
w
o

T

o
)]

dc, 0/ dM, o
N
o

daK‘*‘K_/dMK"‘K_

—
o o
T T T T T T 1T

o
LIS L L B

'; 1:1 1:2 1.I3 1.4 . 0:2 0:3
Mg+~ [GeV] Mmro [GeV] OK+K—

® Agreement with G+ 5~ = 0.117)5; (BELLE)
= 1.0 S 0,70 $ 2.0 predicted
®m Resonance dominance

= Characteristic shape
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Predictions for T (15)(K K, nm’)

Fit determines couplings = predictions for spectra:

| 2 40 LN 8 BEVRGEE DL S
f C Ot: E (b) C
g 15] =30 . 6
C - L
ST S E Eblé 4r g
| B Ot: 5 .h-' o
o5t 5 10 [ R o[ ot
L = -
eb - ] L& 7 |... ------ L L ] L
= 0 1 I I I 0 0
1 1.1 1.2 13 1.4 07 08 09 1 11 12 13 1. 0 . 0.2 0.3
MKJrKf [GeV] Mmro [GGV] OK+K—

® Agreement with G+ 5~ = 0.117)5; (BELLE)
= 1.0 S 0,70 $ 2.0 predicted
®m Resonance dominance

= Characteristic shape
= Excellent tests
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Further predictions
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Further predictions

® Production of K K o Qg

O y(1s)kK+K— [Qbu] o

=

o L

v (18)K0KO o Q[de]

flavor eigenstate diquark charge:

Qpa = —2/3  Qpu = +1/3
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Further predictions

® Production of K K o Qg

O y(1s)kK+K— [Qbu] o

=

o L

v (18)K0KO o Q[de]

flavor eigenstate diquark charge:

Qpa = —2/3  Qpu = +1/3

® BB produced by T(55) + Yb(l)

0 B " e ~L " 0.2
= 05050 ~ 1 Kk24+0.27

— BYBY 10% enhanced vs BT B~
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Further predictions

® Production of K K o Qg

O y(1s)kK+K— [Qbu] o

=

o L

v (18)K0KO o Q[de]

flavor eigenstate diquark charge:

Qpa = —2/3  Qpu = +1/3

® BB produced by T(55) + Yb(l)

0 B " e ~L " 0.2
= 05050 ~ 1 Kk24+0.27

— BYBY 10% enhanced vs BT B~

Distinct for
tetraquarks with
pointlike diquarks
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Summary and Outlook
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Summary and Outlook
B Y(55) —» T(nS)rTn~ decays are Zweig forbidden ;
distavoured by observed decay widths and dipion mass spectra
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Summary and Outlook
B Y(55) —» T(nS)rTn~ decays are Zweig forbidden ;
distavoured by observed decay widths and dipion mass spectra

Y, — T(nS)rtn~ decays are Zweig allowed ;
= naturally explain the large observed decay widths

® Couplings to light quark resonances (o (600), fo(980), f2(1270))
= Explanation of the shape of the invariant dipion mass spectra

B The states hy(1P)and hy(2P) observed by Belle are most likely
tetraquark decay products: Y;,(10890) — hy(1P,2P)n* 7~
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Summary and Outlook
B Y(55) —» T(nS)rTn~ decays are Zweig forbidden ;
distavoured by observed decay widths and dipion mass spectra

Y, — T(nS)rtn~ decays are Zweig allowed ;
= naturally explain the large observed decay widths

® Couplings to light quark resonances (o (600), fo(980), f2(1270))
= Explanation of the shape of the invariant dipion mass spectra

B The states hy(1P)and hy(2P) observed by Belle are most likely
tetraquark decay products: Y;,(10890) — hy(1P,2P)n* 7~

B Crucial tests:
m Decays Y, — Y(15)(K*K~,nr") dominated by the light
tetraquarks f,(980) and a((980)

®m Confirmation of the Exclusive decay rate ratios
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Summary and Outlook
B Y(55) —» T(nS)rTn~ decays are Zweig forbidden ;
distavoured by observed decay widths and dipion mass spectra

Y, — T(nS)rtn~ decays are Zweig allowed ;
= naturally explain the large observed decay widths

® Couplings to light quark resonances (o (600), fo(980), f2(1270))
= Explanation of the shape of the invariant dipion mass spectra

B The states hy(1P)and hy(2P) observed by Belle are most likely
tetraquark decay products: Y;,(10890) — hy(1P,2P)n* 7~

® Crucial tests:
m Decays Y, — Y(15)(K*K~,nr") dominated by the light
tetraquarks f,(980) and a((980)
®m Confirmation of the Exclusive decay rate ratios

= Forthcoming Belle data, and crucially data from the Super-5
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factories eagerly awaited!



thank you!
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Backup

Tetraquark Physics, Frascati, April 5,2011 — p.47



Light tetraquark interactions

The effective Lagrangian (z, 7 are flavor indices):

L x Det(Qrr) , (Qrr)” = (]L(]é

induces tetraquark-meson 6-quark interactions via

Tr(JM J%4) | with J,i[;l = 149)ilqq]; ijq = ;4

~ laq] - [aq] P [qa]
S’ [qq]
- [qa] ~ [ad] P [dq]

tetraquark-meson mixing tetraquark decay
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Diquarks: Evidence in lattice QCD

gauge invariant two-density correlators:

Cr(ry, T4, t) = (0|Jr(0,2t) J4(ry, t)Jd(rq, t)JL(0,0)|0)

where J/ (r,t) =: f(r,t)yf(r,t):, f =u,d and

Jr(z) = €| ul (2)C Tdy(x) £ d* o(2)C Tup(x) | se(x)

static quark:
flavor symmetry:
0:

L

Sc
+/—

U= 75
Lis 1

correlator:
quark distance:
angle:

diquark size:

Clyg (1, Tuq) o< €™ ud/ro(r)
rud = 21 sin(6/2)
0 = cos (7 - 7)

ro(r)
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