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Quarkonium

7

® Standard quarkonium is a bound state of a quark and an
anti-quark (e.qg. cc):

- Relevant quantum numbers nL,S,J (classified by J%,
where P=(-)""*, C=(-)-s;

® Production at e'e’:

- direct & ISR production (only 17); i - Visw )
- e'e —oeey*y*—ee X, - q
- in the decay of other particles (e.g. B — (cc)X );

- double quarkonium prod. e"e” — (cc)(cc) - ? )

® Decay:
- electromagnetic or OZI suppr. below open flavour (e.g. DD) threshold;

- open flavour (e.g (cc) — DD) above threshold;
I 5 rrrrte—m——
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Exeeriments

® Studies can be carried on at:
- T-charm Factories (CLEO, BES);

- B-Factories (BaBar, Belle);
- Hadron Colliders (CDF, DO);

® Quantum numbers can be measured:

~ in production (e.g. only 17" via ISR,
only C=+ via y* y*);

-

.

Y*y* production

L.
r o

e

~

- in decay (angular distributions and selection rules).




Bexond the I/Quar'konium

® Some example of exotic hadrons:

f N,
Tetraquarks Hybrids

e N
Molecules

[qc @ﬁq] @

Small widths also above

Small widths also above Mainly decay to DD the threshold!
the threshold! states! Only few possible states!
Many possible states! Possible non-standard
Possible charged states! J™(e.g. 17)! . )
E.Braaten et al., Phys.Rev.D 69 (2004) 074005
\_ J \0 J

L. Maiani et al., Phys.Rev.D 71 (2005) 014028 E.Kou et al., Phys.Lett.B 631 (2005) 164

...and many other references!
T r————
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Exotica [c/x‘r work

* Different combinations of quarks produce new multiplets of
hadrons:

- a quidance for understanding the underlying structure;

EXAMPLE: TETRAQUARKS

4.3

49! [CQ][CQ]
S L=0 Very rich spectroscopy
Z ——=— —— with clear mass
= i:_ —a— e e | patterns
e e
-1 -05 O 0.5 1
I3 B

N. Drenska et al., arxiv:1006.2741 5



State of the art

V)
Note: question marks indicate controversial
® Several states do not quantum number assignments
fit well in the standard it somomo R mon n p
. LI I DL N R DL B BRI B
charmonium scheme: | ]
4750 =
i @ Y(4660) i
- masses far from s - [ —
. Y (4350) ® :
pr‘ed|CT|0nS; < 050 )§(4160)?:Y(4260) Y(4140)? y(4415) ]
S o = ]
- Yoo narrow; N —— —
o ® @ Y(3940)
S HEIC L IR D (F Y A o 3 oy S
- non-standard decay " o8 Bpen charm . i
3500 —N VvV & o —— VIS TI0) ;
modes:; T e ” o |
| h 1
. . 3250 — At o ,i
e A wide review (both I e oy 1i
: 3000 ::-= Jy (] Theory -
theo. and exp.) in . ]
2750 I
N. Drenska et al,, f Sy,
o 2500 U
Gr'X|V: 1006 . 2741 o 1~ 2 i 0 1+ ¥ 2 I T
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The X(3872)
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The Discovery

// I

e Discovered by BelleinB — XK, X =>J/y w;
® Confirmed by BaBar, CDF and DO;

o Fou@ also in a few other modes
(O*D,J/vy,wi@S)y.J/vw)

[*~]
[=]
T T

Events / ( 0.005 GeV )

o C=+:

® JP¢= 1" or 27" (CDF, angular i

analysis) - preference for 17" by
Belle; 55

n [ | 1 | 1 L |
3.82 3.84 3.86 3.68 3.9 3.92

®* Why not a regular charmonium? My ) (Gev)
Phys. Rev. Lett., 91 (2003) 262001
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Mass asi/ Width

® Width measured by BaBar (Phys. Rev. D 77, 011102 (2008)):

P :(30i_i3 :|Z 09) MeV Belle J/ynnK, | wi 3871.8+ 1.1+0.6
- much smaller than regular """ - 687+ 15404
charmonium predictions, Belle DK+ 387263 10.4
e Some tension (3.50) between e SR8
mass measurements in D*D and  sete s o WI20% 0.6:0.5
J/\P T 1T . BaBar J/ynaK* H 38714+ 0.6+0.1
- impact of near D*D @ S R
threshold???
\verage . 387221 04
B 2 drffer.en.‘- STaTes (a 3860 SEIES BEI'?U SSITS 3880
tetraquark multiplet)??? My(MeV)
7))




Combined Measurements

® Bayesian combination of results from several measurements
has been performed.

PN
A sk BR(B — XK) ~ 10 3
i (unusually low for 3
0.025 .
: a regular 3
0'025_ char'monium)_g | 0014 T T T T T T T
0-0155_ E r:"0.012:— [(X— D*D)~1MeV
omg— _ 0.012— (most natural value for —
0.005F E Omsf_ a DD* molecule would -
% 0.1 0203 g 0.0065 be ~T(D*) ~ 70 keV) -
BF(B — X K) T -
0.004f =
0.002 =
N. Drenska et al., arxiv:1006.2741 [ T

R T S S S S S B
I'pps [MeV]
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Recent Results (I)

X— J/p w (1 1 10)

e Yield of B— X(J/w 31m) K
in bins of m;,, by BaBar;

® Better data description if
Ly=1(—P=-)

- JP¢= 27" is favored w.r.t.
1++ (620/0 VS. 70/0)

1sE X(3872)
E region *

Events/7 .4 MeV/c’
o

=== MC S-wave
— MC P-wave

076
m(t 1 m0) [GeV/c?]

Phys. Rev. D 82, 011101 (2010)

P

o

=
T

Eb‘:f}entsf 10 MeV/c?
=
S

o=
T T 1

2 lp
Y = Xiaghsyon
=400~ e Y(3940) B
g i —  Nonresonant
%ok l
2200'_ —

i { X

of il

4 42 44 46 48

Possible n.,(1D) interpretation
for the X(3872)

G iirrrr—————————

*3.8625 <m(J/y 31r) <3.8825GeV 11



Recent Results (IT)

__ZZ

RADIATIVE TRANSITIONS

® A new analysis for X(3872) in J/y y and y(2S) y by Belle;
(preliminary, ICHEP talk by I. J. Watson)

e J/y y dominance predicted for molecules;

e J/y vy is observed, only a limit for ¢(2S5) vy :

BF(B — XK) x BF(X — J/iry) = (1.787048 £ 0.12) x 107° gr=my
BF(B — XK) x BF(X — ¢(25)y) < 3.4 x 10°° L[>

® Tension with BaBar observation (PhysRev.Lett. 102, 132001 (2009), Phys.
Rev. D 74, 071101 (2006)):

BF(B - XK) x BF(X — J/¢y) = (2.84+0.84+0.1) x 10°°
BF(B - XK) x BF(X — (2S5)y) = (9.5+2.74+0.6) x 107°

7
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The 3940 Family
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Phys. Rev. Lett. 98, 082001 (2007)

Phys. Rev. Lett. 94, 182002 (2005)

| I
“' - X(3940) " b
%150 = n2s) XG + 30 [-©)
= e . X j :
Q100 \ § il + [
EE - "* + i
50(- T eve- — T/ X ‘
gtk X(3940) — DD*
0, 2.5 3 3.5 a4 "1g5
o) GeV/c
3880
Yy > £
Z(3930) — DD
> 12 :—
E P ) 20l
S QB% S s8¢
o D :
T
N
v N Ty "
.f.tﬂ#ﬁ+t. %
M?bb} (Ge‘(\ﬁ'cz) .

B—VYK

Y(3940) — J/y w

4080 4280
M(wJ/y) (MeV)

Phys. Rev. Lett. 96, 082003 (2006)

Yy > Y
Y(3915) — J/y w

W (GeV)

Phys. Rev. Lett. 104, 092001 (2010) 14



UEda‘I'es on Z(3930)

® New recent measurement by BaBar (improves previous Belle
result):

M = (3926.7 + 2.7 + 1.1) MeV/c?
[=(21.3+ 6.8 +3.6) MeV

Ll

Lh
T
1

® Angular distribution suggests
spin 2 (consistent with x.,(2P)

GSSignmenT). -~ T T T

Entries / 10 MeV/c?
S B3
[ [ I
|| | | I T | |||||||||

[a—y
Lh
TT T T[T T T T[T T T T[T T 1T T[TT

[
=
IIIII|
——
—

<
g20¢ 5F
p*D 5]5: J=2 0 | L. +{'H++| !
| | 3.8 4 42
g | m(DD) [GeV/c?]
P~
>
/ 0 Phys. Rev. D 81, 092003 (2010)
sk |
SRR EFIPRPE EPRPRPE BRI I I
P*5 0 02 04 06 08 1
|cos(0) 15
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The 4140 Family
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SEect/r'a

Phys. Rev. Lett. 100, 202001 (2008)

e+re- — J/y X
X(4160) — D*D*

Phys. Rev. Lett. 102, 242002 (2009)

N/50 MeV/c2
&n
[

ol | e U . e —— '-.-.-.5 N§ :_ B—-YK
m(p" D) GeV/c? g 7E Y(4140) — J/y ¢
JPC = Oi"" oL+ 2 6
possible n.(3S) assignment (07*) E i
S 3
Near threshold! 8 5}
Not yet confirmed at the B-Factories O 1
Jre=0o*t 1t 2t 0114 12 13 14 15
possible non-standard J"¢ (hybrid?) M(uuKK) — M(up) [GeVie?]
S
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Search for yy — Y(4140)

__Z

* yy — Y(4140) would be enhanced in the hybrid hypothesis;

®* Not yet observed;

® Instead, new X(4350) observed in this process.

co
L 'I T

« e+e- — J/y @

FY(4140)

T L

M(6JAy) (GeV/c?)

Phys. Rev. Lett. 104, 112004 (2010)
7

Entries/25 MeV/c®
N

18




CDF update of B > J/y ¢ K

e A possible second peak in the J/y ¢ spectrum at 4.28 GeV.

10 CDF Run Il Preliminary L=5.0 fb™
Q
2 ¥y
= 8|
g S || m = 4274484+ 1.9 MeV
2 a4l i i Significance 3.1o
2 5] rls
B 2 th]r..t—l - k
s 2 g{ﬁﬁ i e lal-
O _.-"-' [ o |-
0; 1.2 1.4

m(uuK'K)-m(u*u’) GeVic?
Talk by Kai Yi at ICHEP 2010
B
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The 17~ Family
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Phys. Rev. Lett. 95, 142001 (2005)

Il'g

e+e- — Yy Y
Y(4260) > J/y ™

Events / 20 MeV/c?
3

lgllll

e+e- — yrp Y
Y(4320) — @(2S)

9% — 48 5
m(nIhy) (GeV/c?)
e+e- — Yy Y ] ” \
N~..>Q Y(4660) - J/y . =
O T ’ ] —25 — 5 — 55
> ; m2(nm)I/y) (GeV/c?)
010
% : Phys. Rev. Lett. 98, 212001 (2007)
(05 5
S 5+
= O
w - r

M(r*mw(2S)) (GeV/c?) 21
Phys. Rev. Lett. 95, 142002 (2007)



AA. & D*D™) Decay Modes

® Regular 1" charmonium is expected fo decay prevalently to
charmed meson pairs, D(*)D(*);

® 17" tetraguarks would mainly decay in baryonic modes, A ..

® No evidence so far for Y — D(*)D(*):

BF(Y(4260) — DD)

BF (Y (4260) — J/vymm) <1@90%C.L.

BF(AA) / BF(w(2S) T ) L5 * Large A signal for the
R Y(4660).

D
: The Best Tetraquark
0F | AF il Ty ﬁ*ﬁ Candidate!
T N T T DAL 5
6 47 48 49 5 51 52 53 54
M(AT AD GeV/c2  Phys. Rev. Lett. 10, 172001 (2008) 22

40 |-

30
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-

9 [ 1
45 4



)

Charged States

L rrm————
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Char'ﬂed Stal/’/ges at Belle

® Charged states decaying to charmonium would require at
least 4 quarks ;

® So far, only Belle observed charged states.

B— Z K ,,,
Z(4430) — w(2S) T

4433 + 4 + 2 MeV

20

Events/0.01 GeV
Events / 0.024 GeV/c?

10

0 = S LJ:-"J:-.il"f"J:I:I'I'W | 4-“-|:'1" KR N

t}_ — 36 38 4 4.2I- 44 46 l 4.8
3.8 4.06 4.3 4.55 4.8
M(x"y) (GeV) M (x7), GeV/c?
Phys. Rev. Lett. 100, 142001 (2008) Phys.Rev.D 78, 072004 (2008)

G iiirrrr————
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The Z(443" Saga (I)

Z

e Original Belle analysis simply cut away Km resonances by an
invariant mass cut (interference not accounted for);

e BaBar performed an accurate analysis of the K background
(Kt mass, angular distributions) to extract the background

Shape. U
= |
M = 4476 + 8 o= Phys.Rev.D 79, 112001 (2009)
- - = | A5 32
0 KB fLagl e
(bo from Belle) ‘; W bl - .
Significance 2.90 / NE“ 18F T B g ]
i 70 ST T T e A
- (d B"—=yQ2S)tK™ : - i i
40~ All Kot Events s

200

1L NSO & ."_.‘
T ol
o

0.8 1 1.2 1.4 1.6

38 4 42 44 46 48 2
m,_. (GeV/c?)

M, 6., (GeV/cH)




The Z(4430

l/: Saga (IT)

® Belle updated the analysis with a full Dalitz fit approach ;

® Result is confirmed, but with larger uncertainties.

Phys. Rev. D 80, 031104 (2009)

m2(y' ) (GeV)

23

m = 4443+24 . MeV
Significance 6.40

i

Events / 0.18 Gev’ic® Events f0.18 GeV’ic*

Events / 0.18 GeV ic*

S
ol

'."".Jr'.-.-T'I'.'T-\.l

Pl - £ T L

16

16 18 20
Mia'y), GeVvire®

18 20 22
M (), GeViie?

m(y' )
projections

—
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Exotic Bottomonium
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Exotic Bottomonium?

® New charmonium-like states could have bottom companions
(like regular charmonium);

® Tnterest boosted by Belle's observation of an anomalously
large Y (1S) m 1w ISR production around the Y (5S).

ete™ — ysr Y (nS)

Phys.Rev.Lett. 100, 112001 (2008
. 3 D_Y , ( ) , T(1S)rtn—
g 330 = (a) pun candidates in the Y(1S)-p'yregion .
E : : : Y (5S)”
e 250 |- P 'Y(29) EY(SS) EY(&IS) E (5S)
= 200 : : '
)
g sf :
£ 0797 06 08 1 12 14

AM = M(uprr)-M(up) (GeVic?)

28
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The T(Z/S) region

e Scan of R, = o,,/0,, To look for new structures and measure
the Y (5S) parameters (BaBar, Belle);

e Measure of the exclusive Y (nS) 1 yield as a function of
the CM energy to distinguish a new resonance from the

T (BS) (Belle);
e Discrepancy of ~2.3o0 (9 MeV) in mass
osf and 1.4o0 in width between the
oaf exclusive and inclusive shapes
Ry oaf arXiv:0810.3829
0.2?— E 0.012 :
o % 0.010~ ¢ y(1Spn : D
0-1_7' E 0.008 [— M-Y(2S)n + QB%
T T T Y T e @0-006—+Y(3S)mm E +
"""los 107 108 109 11 1.1 112 =1 :
5 [GeV] = 0.004 |- + ; t
Phys.Rev.Lett. 101, 012001 (2009) 0.002|—-______—— > 7 N f* 77777
0.000 2 : 1' %
1075 108 1085 109  10.95 11 11.05

\s (GeV)



In‘rer'Blr;eTaﬁon

® The R, scan shows several structures, but they can be all

interpreted in terms of standard resonances and final state
interaction effects (see N. Térngvist, Phys.Rev.Lett. 53, 878 (1984))

e Alarge Y (5S) — Y (nS) ™ m rate is naively unexpected - /s
there a nhew resonance? Ali et al., arXiv0911.2787

- final state interactions can produce similar effects;
Meng and Chao, Phys. Rev. D, 77 074003 (2008)
Simonov and Veselov, Phys. Lett.B, 671 55 (2009)

- ~ 10 MeV mass split between the inclusive and exclusive
shapes can be easily introduced in the same way:;

® A more comprehensive theoretical description is needed in
order to say the last word.

L hiirrrmm—m——————
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Outlook and Conclusions
)

® Several new resonances have been observed, but:

- only a small fraction of the possible decay channels has
been searched for;

- only a small fraction of the available decay spectra has
been fitted to set limits for the known new resonances;

- several spectra suffer from low statistics;

Still a lot of work to do with present data

Room for improvements with
new generation experiments (SuperB)

A challenge for theorists too

31
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Backup
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The X(3872) Charmonium:

» Cons
I » narrow to be above threshold
p UZZ e « large BF in isospin violating
TR Jypp

- + low BF(B>XK)
P(4160)  IncreasingL >  (B5+DL Molecules:

. | * Pros
' . i * Close to threshold

. L (4040) ¢ ‘yragrdyy o] + favors DD* decays
o COT % Openchamthr. ;oo | « Cons

n'e Y >leas PYE770) 7 » above threshold!
| e, % * Narrow

C
e %eo ® exp j « hard to match production

o= 3 ___Imntn;;;ge's]; }{sectln'ns In pp
. L M, - | Tetraquark :
| » Pros:
» explains small width
* Any mass allowed
» Cons:
*Several unobserved states
predicted

41 1

Increasing n >

e

Omitting dozens of theory references 12




3940 Family: Masses

_ZZ

3970 g

3960 |

Mass(GeV)

3950

Y(3940)

3940 Belle — 1

3930

3920 1 —
Y(3940)
3910 BaBar

Y(3915)

3900 -
0 20 40 60 80 100 120 140 160

Width(GeV)

T
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Summary 1 Tables (I)

State BaBar Bel |l e
X(3872) X X X
X( 3940) X X
Y(3940) X X
Y(3915) X
Z(3930) X X
X(4160) X
Y(4140) X
X(4350) X
Y(4260) X X
Y(4320) X X
Y(4660) X X
Z(4430) + X
Z,(4050) + X
Z,(4250) + X

X: di scovery
X: confirmation

G iiirrrr———————
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Summary Tablg/s (IT)

v(ESInIv(EShu V2N e PP Ac Job o0 [o0 Jos(0s0) [

B decays Jypnn §/ yuo fwy 1/ we §)/wm
XK(E87)

/A, MN/A N/ NA WA N/A  N/A
XY (3940) N/A  NJA N/A N/A N/A A N/A
Z(3940) N/A  NJA M/A N/A /A A N/A
Y4140 MN/A N/ N/A M/A,
X410 NJA N/A N/A WA
Y (4260) MN/A N/A  NJA N/A N/A N/A (I
X(4350) N/ A N/A h/A
Y{4350) N/A NS NA N/A M/A NfA M/
Y{4660) /A N/ N/A N/ /A M/
ISE ;
Y {42600 M/F

Y{4350) M/F M/ M /F M/F
Yi{de60) M/ M/F M /F M/ F

M/F: missing fit
N/S: not seen

N: not searched
N/A: not applicable
N/F: not feasible




Summar Table§ (III)

@S)mx fw @Sk Jw@Sh by  fpp J** JAcAc  JDDJOD* JO*D*|

X(3872)

N/F - N/A NJF MN/A N/F N/F N/F N/F N/A

X, Y (3940)

N/F N/F
/A N/F N/F N/F N/ N/A
/A N/F N/F N/F NF  N/A
M/A M/F MN/F MN/F N/F N/A

X(3872)

X, Y (3940)

N/A - N/A
N/A  N/A

N/A M/F
M/ M/F
Y (4140) N/A M/F

Xi(4160) N N/F /A N/F
X(4350) N M/F

£(3940)




Summar Tablei (IV)

lop incl fwy Plwe Prwm fw@S)nx fe@Sw w25k |y PP Ac |DD |DD* |D*D* |Ds(*)Ds(*)
X(3872)

N/F - N/A N/A N/A, N/A N/F N/A N/&  N/A MR N/A
X, Y (3940)

N/F NA N/A MNfA A M/F MiA M/ A My A

' (4140)
X(4160)
' (4260)

Z2(3340)

X (4350)

(43500

Y (4660

MAFE NAA WA M/A /A M/F MA M/ A

N/F MiA N/ A
N/F MAA M/ A
M/A N/F N/A
N/F MAA M/ A
NJA M/F N/A
M/A N/F

E T
MYF
I+ (39400 Rt
Z+(4050)
2+4140)
2+ 250)
Z+(4350)
2+(4430)
Z+[@660)




Y(4S) > Y(nS)

Z //

N
[\~
a4
|
|

M
(=]
=]

on-resonance

Entries/0.005 GeV/c’
5 8

-t
(=
o

nqq
5
I

n
o
T

N
o
T

9 1 1.1 1.2 1-.3
AM (GeV/c?)

0
03 04 05 |06 0.7 08
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Coueled Chg;mel

® The shape of different T 3 o
s °F -7 . oo o
exclusive final statesare: | £ | S8 2%, e ]
'y | é
- Differ.en.r fr'Om The __ —Y ':“F:' v ‘r:ivvv y 9 -
inclusive shape; ol 705, e
30.6_—'D5D“ 1 15
- Different each from T 0| . * 13
2 3 10
the other. AL AN SU -
0.8 [ D*Dr I -
—~ os] *DPm T | ] ]
| pal
e 04r Lt ]
02 T } ]
- 1 I .
< 0 Y a & —
= I 2 5
: ¢ T
S sk W™ heom 12
CLEO, arXiv:0801.3418 T - Hadron Counting « %
A I N
© 390 39 400 405 410 415 420 425 T
Ecn (GeV)
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