Latest developments 1n the Spectroscopy of Heavy Hadrons

Fulwia De Fazio

INFN - Bari

Question: recent discoveries 1n charm(onium) and bottom (onium) spectra
might be exotic states?

Collaborators: P. Colangelo, R. Ferrandes, S. Nicotri, A. Ozpineci, M. Rizz
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Open charm/beauty states

e D,(2308), D’,(2440)

D, (2317), D’,;(2460)

* D(2550), D(2600), D(2750), D(2760)
. D,(2632)

* D,(2860), D,(2710), D(3040)

o B,(5734), B",(5739)

* B,,(5830), B", (5840)

F. De Fazio INFN Barm Hadron 2011 2



Open charm/beauty states

* D,(2308), D’,(2440)
D, (2317), D’ (2460)

* D(2550), D(2600), D(2750), D(2760)

.% —— Seen only by SELEX, never confirmed

* D(2860), D;(2710), D;(3040)

e B,(5734), B',(5738)

B,,(5830), B, (5840)
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Open charm/beauty states

* D,(2308), D’,(2440)

*D_, (2317), D’,,(2460)

* D(2550), D(2600), D(2750), D(2760)

* Dy —» Seen only by SELEX, never confirmed

4(2860), D4(2710), D4(3040)

e B,(5734), B',(5738)

e B,,(5830), B" , (5840)
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Hadrons containing a single heavy quark Q

Spin of the heavy quark and of the light degrees of freedom
decoupled in the mg —> o limit
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Mesons classified as doublets

e In the HQ lmut:

- states with the same

* finite mg, corrections

st

degenerate

- remove degeneracy between the states of the same doublet
- induce mixing between states with the same J¥
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J

Qq multplets
P

S, =5/2

S, =3/2

D-wave doublets:

(D’ 9 Dya)s B9 Bys)

(D" 1. Do) B Biyo)

P-wave doublets:

(D(S)I,D*(S)Q)’ (B(S)I,B*(S)Q)

(D" 0D g1)s (B (0B 1)

S, =3/2
s, =1/2
s, =1/2

70 W T S A A

fundamental doublet: (D4 D" ), By B’ ()
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Qq muluplets
P

L=2
L=1
L=0

< S, =5/2
S, =3/2
S, =3/2
< s, =1/2
—> | =1/2

J

Strong transitions between multiplets

3" 1
5 — > + pseudoscalar meson

d-wave transition
3 aF

mesons are expected to be narrow

70 W T S A A
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1" 1
2 — P pseudoscalar meson

s-wave transition
1 +
> mesons are expected to be broad




S, =5/2

S, =3/2

—_

cq multiplets

Low lying Rad. Excitations

—  [D(2750), D(2760)?

—

D;*°(2460)

. ~40 MeV

S, =3/2

s, =1/2

D (2420)

FD ~ 20 MeV

1

D;°(2430)

[, ~384 MeV

1

D:°(2308)

I ~260 MeV

0

D™ (2010), D™(2007)

s, =1/2

70 W T S A A

D*(1869), D°(1865)
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D(2600)?

D(2550)?




J

P

S, =5/2

S, =3/2

cs multiplets

Low lying

S, =3/2

D, (2573)

s, =1/2

D_,(2536)

s, =1/2

D (2112)

70 W T S A A

D, (1968)
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. ~20 MeV

FD <2.3 MeV




production also observed

Narrow peak in the D_" 7’ mass distribution: DSJ(2817)

E } o)
t
i
t ‘ml'# U
N m t
i
e n»'.'m*m‘#
k |
21 2.2 2.3 2.4 2.5
t
F |
2.1 2.2 2.3 2.4 25

m{D, n°) Gev/c®

Events/5MeV/c’

at a fixed targetexp __,

CLEO 2.32 GeV

W Daw

— Continnum MC

40 .
0 Sl Ll | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0.10 0.20 0,30 0.40 0.50

M(D_r’)-M(D,) (GeV/c?)

0.60

Events/5MegV
g 3 2

[*]
=
=1

150 |

100 [

50 F

00.1 0.15 0.2 025 03 035 04 045 05 055 0.6

M(Dz")-M(D;)

observed width consistent with exp. Resolution (<10 MeV)
intrinsic width smaller
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DSJ(QS 17) quantum numbers

The narrow width suggests Isospin violating decay 1.e. | 21
confirmed by the absence of 1sospin partners COF Run Il Prefiminary
5 o _ 1] . — 1
eventually decaying in D,SJ_r D si T g ] ] pnF 350MeVic @@
g
ey R
=]
Z
5
J¥ =P D,,(2317) —» D z°
The observation of the mode D(2317) - D,n°
favours the assignment JP=0" o
Also suggested by the helicity angle distribution o 1.8
.E 1.6 00 ] &
mw =. 1 ; & — = o i)
=
<

D,(2317) /
B corrected

0.2
D | |
D, -1 -05 0 05 1

cos @

Lo e R
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Another narrow peak in the D’ mass distribution: D;(2460)
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D produced m B decays: B> D Dy

20 " D,(2317)57D,  (a) -
10 H
[N
g o
o X DS(2460)—)7c°DS ® - :
3. 10 —:
S | j ++ | :
@ (2460)>yD, (e)
20 i
| rules out J=0
o Bz P o -;,- T 2z 2 ’ k
2.2 2.3 2.4 2.5 26 12
M(D,;) (GeV/c") of A

Events
(-]

Analysis of helicity angle distribution suggests J=1

/

spin 1
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Belle observes radiative decay of DSJ(2460)
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D,(2817) & D,;(2460)

The two narrow states identified as
the J¥=(07,1") lowest lying cs states with L=1

e are data consistent with this interpretation?
e are data consistent with other mterpretations?

Understanding 1if DSJ(2817) and Dy (2460) can be 1dentified
with the JP=(0",17) lowest lying ¢s states with I.=1 means checking that

e the isospin violating decays to D 1’ proceed at a rate larger than the radiative modes

e the total rate should not exceed the exp upper bound I'S 10 MeV
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Hadronic modes

P. Colangelo, FDF

The decays D", (D’ ) = D, 1® can be described PLB570, 180
as the result of the strong transition D, (D)) - D' i (Ol o) Lol oty 56510 B
MPLA19, 2083

followed by the m-1n mixing
D, (D;)

* : 0
D' (D)) ) T 7
h Ji
e l
computed by sum rules

Isospin violation enters here
2

2
1 h* Mp | my-m m’,

u i %,
1672'1:2 MD* m_md+mu ( pzo)pn

F(D:0 - Ds7z°) —

T

s0 S 2
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Radiative modes: Light-cone sum rule predictions

Initial state Final state LCQSR VMD [2,3] QM [5] QM [6]
+7(2317) Dy~ 4-6 0.85 1.9 1.74
D;7(2460) Dgy 19-29 3.3 6.2 5.08
\“ﬁ D~ 0.6-1.1 1.5 5.5 4.66
+7(2317)y 0.5-0.8 T 0.012 2.74
(m, > )

PDG =—=) D,1(2460)*+ DECAY MODES

D.4(2460)™ modes are charge conjugates of the modes below.

Mode Fraction ([;/T)

DI «° (48 +£11 )%
> I, DIy (18 + 4 )%

s Dfnta” (43L 13) %
[/ m— My D;+'}-' < 8 %
me==> 5 D! (2317)T (375 3D %

e Df=°

M7 D:?rci'ro

Mg D:‘:r":r'

P. Colangelo, A. Ozpineci, FDF
PRD 72, 074004

D;(2317) and D ;(2460) behave as ordinary cs mesons

16




cs multiplets
P

J Low lying
3_
SI :5/2 A 2—
L=2 <
SI :3/2 Y) 2_
1
2t |D(2573)
SI =3/2 4 1+ D31(2536)
L=1 <
S =1/2 ? 1+
O+
11 [Die112)
L=0 — S =1/2 <
o-|  [D.(1968)
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cs multiplets
P

J Low lying
3_
SI :5/2 A 2—
L=2 <
SI :3/2 Y) 2_
1
2t |D(2573)
SI =3/2 4 1+ D51(2536)
L=1 <
5 =17 [ D_, (2460)
07| [D(2317)
11 [Die112)
L=0 — S =1/2 <
o-|  [D.(1968)
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J

S, =5/2

S, =3/2

S, =3/2

s, =1/2

cs multiplets

P

s, =1/2

70 W T S A A

Low lying

D, (2573)
D_,(2536)
D.,(2460)| [FZ35 Mev

— DK
D (2317)| mz3g Mev
D’ (2112)
D, (1968)
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D*K threshold

threshold




D,(2860)

e Discovered by BaBar Collab.

e Reconstructed 1n
D°K* — (K z")K”
- (K 7z z°)K*

and in D+K§

events/20 MeV/c?

M =2856.6+1.5+5.0
['=48+7+£10 MeV

x 10°

x 10°

x 10°

o
I

wn

o

15 F

0 |

24 26 28 3
m(D° K*) GeV/c?

24 26 28 3
m(D° K*) GeVv/c?

BaBar Collab., PRL 97 (06) 222001

Quantum number assignment required n order to identify 1t

Possibilities: - low lying state not yet observed

- radial excitation of an already observed state

Only states that can decay to the observed mode DK are allowed
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24 26 28 3
m(D* K%) GeV/c?




Low lying

S, =5/2

S, =3/2

D, (2573)

S, =3/2

D_,(2536)

s, =1/2

D.,(2460)

D, (2317)

D (2112)

s, =1/2

70 W T S A A

D, (1968)
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Rad excitations




Low lying

Rad excitations

S, =5/2

forbidden

S, =3/2

forbidden

S, =3/2

D, (2573)

s, =1/2

D_,(2536)

forbidden

1+

D.,(2460)

O+

forbidden

s, =1/2

D, (2317)

1-

D (2112)

70 W T S A A

0

D, (1968)
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forbidden




Low lying

Rad excitations

S, =5/2

allowed

forbidden

S, =3/2

forbidden

allowed

S, =3/2

D, (2573)

allowed

s, =1/2

D_,(2536)

forbidden

1+

D.,(2460)

O+

forbidden

s, =1/2

D, (2317)

allowed

1-

D (2112)

allowed

70 W T S A A

0

D, (1968)
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forbidden




Belle Collab.: analysis of the mode

Signal yield / 50 MeVic’

Eff. corrected signal yield
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2i5 z.'?s 3 3..25
M(DYK*) (GeVic?)

D,(2710)

B* > D°D°K*

New resonance decaying to D'K* with:

M =2708+9+; MeV

1~ — 00 mmphlies P=-1

HTH
N — O

A broad structure at M=2688 MeV with I'=112 MeV
was found by BaBar in the DK mass distribution
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50C0

[ =108+23+) MeV

||~ JP=1- favoured

d

2.5 3
m(D K) Gev/c’




Low lying

S, =5/2

S, =3/2

D, (2573)

S, =3/2

D_,(2536)

s, =1/2

D.,(2460)

D, (2317)

D (2112)

s, =1/2

70 W T S A A

D, (1968)
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Rad excitations




Low lying

S, =5/2

S, =3/2

*

DSl

D, (2573)

S, =3/2

D_,(2536)

s, =1/2

D.,(2460)

D, (2317)

D (2112)

s, =1/2

70 W T S A A

D, (1968)
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D;(2860) & D;(2710)

predictions on allowed decay rates can help to distinguish among the various possibilities

HQ limit: the members of the doublets are described by effective fields:

.

/

S, :%
S, =%+
S, =g+
S, :g_
S, :g_

H, = D [P — GVS]
e
Sa =~ Plyvurs — B, ]
| + ¥ 3 I | |
Tgﬁ — 5 1 JF”HL Y — P]auv/;}/ﬁ |:g,u,u — EV (:V‘u — ’U‘u)] ‘*
| + 3 I | |
Xy = T*LP*MUV‘:% — Plauv/z [8’”” — EV (V — ’”H)_ }
I+
o (RO AN P

l
‘EWﬂUﬁ—“q}
F -
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D;(2860) & D;(2710)

Interactions with the emission of a light pseudoscalar meson described by effective Lagrangian terms

Ly r[EaHbVHVSAEH]! H — Hnr
Lg @r[ﬁa Sbvu ]/5,45{1] + h.c., S| — Hn
LT = A@ TI‘[;&‘T;f'ﬂr TbM(EDMA + EE)AH)E,H]/S] + h.c., T| — |H=x
A
Ly = (j"—b Tr[ﬁa}{g(l DH,A + f:@flﬁ)bayﬂ] + h.c., X — Hmnr
X
| -
Ly = —3 Tr[Habe”v@{D#, Dy} A
X . X | — |H=n
K kYD Dy A + DDy AW |, 7" 5] +hec.,
: » .\/g330+ %n nt Kt
AﬁbaZE(ETapg_gaﬁgT)fm E — E%ﬂ_ M= T —\/;JTO-I-- %T,' KY
K~ KY — %n

Analogous terms describe 1nteractions involving radial excitation doublets: ¢ — @ . h—nh,...
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DSJ(2860) : results for width ratios

P. Colangelo, S. Nicotr1, FDF

PLB 642, 48
D, ;(2860) D.;(2860) — DK T3 Gty TDamse b
st=3",J=1", n=2 p-wave 1.23 0.27
sb = %Jﬂ JP=0%, n= s-wave 0 0.34
sP =37 JF =2+ n= d-wave 0.63 0.19
st =27, J'=1",n=1 p-wave 0.06 0.23
sP =27, JP =37, n= f-wave 0.39 0.13

N\
ottt s

F. De Fazio INFN Barm Hadron 2011
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D,;(2860)

Our supported option: 51 sb =

e Signal expected in D'K
* Small signal expected also in D, n

] i

In this case the small width can be attributed to the suppression
due to the kaon momentum factor:

(ky + k) Mp

E i f-wave transition
35 :E‘LSL( Mp,,

I'(D.; — DK) =

( Assuming the experimentally measured width would predict
in the typical range of these couplings k,+k, ~0.5

The spin 2 partner could decay i p-wave due to the effect of 1/m, corrections

% may escape detection

Our conclusion: D ;(2860) is likely to be a J'=3 state

% Should decay to D*K
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Identtying D;(2710) through its decay modes

P. Colangelo, S. Nicotri, M. Rizz1, FDF
Phys. Rev. D77, 014012

I(Dgy — Din)
I'D.,; — DK)

' — DK ]-_"Ds _-’Ds
R — I'(D.; — D*K) Ry — (Dsg 1)

I'(D.; — DK) I'D,; — DK)

Ry =

@ the dependence on the (unknown) couplings drops out

R, X 10? R, X 10? Ry X 102
D}’ 0] +4 201 52
DY, 43 +0.2 16.3 + 0.9 0.18 = 0.07

{4

The DK decay is the signal that must be investigated
in order to distinguish the two possible assignments
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BaBar Analysis of DK final states

e DK invariant mass spectrum

‘ Three peaks are visible:

(background-subtracted) %‘ 500 - (b)
2 g0 - | == m(D,(2710)")=2710+2,, +7 . MeV
o L _
:f 400 ? \ [(Dy(2710)") =149+7 , +5 .  MeV
2 f §
L

\ ;
i 4 m(D,(2860)") =2862+2, + MeV

stat —2syst

3 \s\ I(D,, (2860)") =48+3,, +6,, MeV
. m{D°K) GeV/c?
* angular analysis

m(D,, (3040)") = 3044+8,, +°_ MeV
f A o ] [(D,;(3040)") = 239435, +33,,  MeV
%2 L e 1 075 -
3 - //\\—: o + ] ‘ The angular distribution 1s consistent with
; i_+ 0BT ] the expectations for states with natural parity
; e 1 0 (07,1,2%,3,...) for D;(2710) and D;(2860)

cos ) cos /

excluded by the observation
of the D'K mode
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BaBar Analysis of DK final states

e D K invariant mass spectrum - ‘ Three peaks are visible:
~ 800 by -
(background-subtracted) = - .
Z 600 |  —~> m(D,(2710)") =2710+ 2., +,  MeV
o - i
:f 400 ? \ [(Dy(2710)") =149+7 , +5 .  MeV
2 f i
Y200 ~
t 1 +
o b T W i T m(D,(2860)) = 286242, £, MeV
3 3.5 T(D,(2860)7) =48+3 ., +6_, MeV
. m{D°K) GeV/c?
* angular analysis
_3044 8stat —5 syst Mev
3 T 1 —
. | @ ] . » ] [(D,, (3040)") =239+35, +y5,, MeV
21 f //\\—_ o + ] ‘ The angular distribution 1s\consistent with
, 3_+ o P T ] the expectations for states with natural parity
PSR B S (07,1,2%,3,...) for D;(2710) and D ;(2860)

cos ) cos /

excluded by the observation '
of the D'K mode to be discussed later...
F. De Fazio INFN Bar1 Hadron 2011 B9

BaBak, PRD80 (09 )092003




BaBar Analysis of DK final states

Branching fractions

B(D,,(2710)" — D'K)

=0.91+£0.13,,, £0.12
B(D,,(2710)" — DK) s £0.12,,  EEED

B(D,,(2860)' >D'K) . 149,015 <019

B(D,, (2860)* — DK) o ¥t

!

Supports the 1dentification of
D, (2710) with
238, (first radial excitation of D)

Does not support or discard unambiguously any interpretation:

still to be understood
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Low lying

S, =5/2

S, =3/2

D, (2573)

S, =3/2

D_,(2536)

s, =1/2

D.,(2460)

D, (2317)

D (2112)

s, =1/2

70 W T S A A

D, (1968)
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Rad excitations




Low lying

Rad excitations

D,,(2860)?

S, =5/2

S, =3/2

D, (2573)

S, =3/2

D_,(2536)

s, =1/2

D.,(2460)

D, (2317)

D (2112)

s, =1/2

70 W T S A A

D, (1968)
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D, (2710)




Events/20 MeV/c?

800 [
600 |

400 |

200

(b)

. | M(D;(3040) = 3044 = 8, (F0) 5 MeV

m{D*K) GeV/c*

i ['(D,;(3040)) = 239 * 35, (%), MeV

3.5 —42

The only additional information 1s that it decays — DK YES

— DK NO

-

Ji=1%, 2, 8°,...

F. De Fazio INFN Barm Hadron 2011

37



Low lying

Rad excitations

D,,(2860)?

S, =5/2

S, =3/2

D, (2573)

S, =3/2

D_,(2536)

s, =1/2

D.,(2460)

D, (2317)

D (2112)

s, =1/2

D, (2710)

70 W T S A A

D, (1968)
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Low lying

Rad excitations

D,,(2860)?

S, =5/2

D.,(3040)

S, =3/2

D.,(3040)

D, (2573)

S, =3/2

D_,(2536)

s, =1/2

D.,(2460)

D, (2317)

D (2112)

s, =1/2

70 W T S A A

D, (1968)
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Low lying

Rad excitations

S, =5/2

D,,(2860)?

D.,(3040)

S, =3/2

D.,(3040)

S, =3/2

D, (2573)

s, =1/2

D_,(2536)

1+

D.,(2460)

O+

s, =1/2

D, (2317)

1-

D (2112)

70 W T S A A

0

D, (1968)

F. De Fazio INFN Barn Hadron 2011

would mmply an (unlikely)
- —2| mass inversion if D(2860)

has been properly placed

D.,(3040)

D.,(3040)

D, (2710)




D;(3040): how to discriminate among the four possibilities?

e info from Relativistic Quark Model (RQM) M( ﬁxl JRQM) — 3114 MeV,
I M(D',)RQM — 3165 MeV,

M(D ,)RM) = 2953 MeV,

* Allowed strong decays: M(D :E)mQM} = 2900 MeV.

- to D, + light pseudoscalar meson

- o I'(D,;(3040) — D7)
D'K,D'n —> ' T(D,(3040) — D*K)

- to members of higher doublets + a light pseudoscalar meson

D' K,D",,D’ K
DK, DK

-to D, + a light vector meson

DK’,D, ¢
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D;(3040): how to discriminate among the four possibilities?

Decay modes f};l (n =12, J; — lt,g} D, (n=2, JSIF:' — 1;@]' Dy (n=1, J:fl' = 25,)

D;f_’ {"_ 11‘!:'{ =2, }

<3y Zs5)2
DK, Dl 5 wave d wave p wave f wave
R, 0.34 0.20 0.245 0.143
DyK, DYym, D\K p wave p wave d wave d wave
K p wave p wave d wave
DK p wave p wave 5 wave d wave
DK*, D ¢ T wave 5 wave P wave P wave
I'= 140 MeV {F = 20 MeV {Negligible {Negligible
Spin partner

Diyin=2J5 =00, Dhn=2J5=27,) Dimn=1J=15,) Dsn=1J=3;,)
DK, D n 5 wave d wave p wave f wave
DK, Dy d wave p wave f wave
DiK, DYy d wave
DK p wave p wave d wave d wave
DK p wave p wave 5 wave d wave
DK e p wave d wave

. [~)s'1 decays in s-wave to D'K, D, 1 (broader), has the largest R,
the largest width to light vector mesons

F. De Fazio INFN Barn Hadron 2011

P. Colangelo , FDF
PRDS81, 094001
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D;(3040): how to discriminate among the four possibilities?

Decay modes Diyin=2J5 =10, Dyn=21UJf=15,) Dyp(n=1,J5 =27, Dhn=1J5 =2,
DK, Dl 5 wave d wave p wave f wave
R, 0.34 0.20 0.245 0.143
DyK, DYym, D\K p wave p wave d wave d wave
K p wave p wave v d wave
DK p wave p wave 5 wave d wave
DK*, D ¢ T wave 5 wave wave P wave
"= 140 MeV {r’—” 20 MeV @ {Net@
Spin partner

Dyn=2U05 =00, DLhn=21UJf=2,) Dy (n=1J5 =15, Dgsn=1J, =35,)
DK, D n 5 wave d wave p wave f wave
DK, Dy ae d wave p wave f wave
DiK, DYy s s d wave
DK p wave p wave d wave d wave
DK p wave p wave 5 wave d wave
DK e p wave d wave

e D! decaysin s-wave to D'K, D_" 1 (broader), has the largest R, P. Colangelo , FDF
. . PRDS8I, 094001
the largest width to light vector mesons

* the two 2 states should not be observed in the decay to light vector mesons

F. De Fazio INFN Barn Hadron 2011 43



DSJ(304O): how to discriminate among the four possibilities?

Decay modes D, (n=2, J'u = ll,ﬁ} D, (n=2, J'” = 1+,n,.]| D, (n=1, J'” = 23,) D7 (n=1, J_ff =25p)
DK, Dl 5 wave d wave p wave f wave
R, 0.34 0.20 0.245 0.143
DyK, DYym, D\K p wave p wave d wave d wave
K p wave p wave v d wave
DK p wave p wave 5 wave d wave
DK*, D ¢ T wave 5 wave wave P wave
I'= 140 MeV {F = 20 MeV @gible {Net@
Spin pdrlner

D, {n—H,JF—Dm} D%, (n=2, J"‘—"w} D, in=1, J'”—l]_ﬂ} Dgin=1, JP—E_”}
DK, D n 5 wave d wave p wave f wave
DK, Dy ae d wave p wave f wave
DK, D%,y e . d wave .
DK p wave p wave d wave d wave
DK p wave p wave 5 wave d wave
DK e p wave e d wave

e D! decaysin s-wave to D'K, D_" 1 (broader), has the largest R, gi{%oéélln%?)IZO’oFlDF

the largest width to light vector mesons

* the two 2 states should not be observed in the decay to light vector mesons

* D, cannot decay to D,K but should have the largest width to Dy'K
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D;(3040): how to discriminate among the four possibilities?

Decay modes Diyin=2J5 =10, Dyn=21UJf=15,) Dyp(n=1,J5 =27, Dhn=1J5 =2,
DK, Dl 5 wave d wave p wave f wave
R, 0.34 0.20 0.245 0.143
DyK, DYym, D\K p wave p wave d wave d wave
K p wave p wave d wave
DK p wave p wave 5 wave d wave
DK*, D ¢ T wave 5 wave wave P wave
I'= 140 MeV { I'= 20 MeV @gibb& {Ne@
Spin partner

Dyn=2J5 =0/, Dhn=2Jf= 2_%‘7-—1!:)’:,2 nm=1,J0 =1, Dsn=1J5 =3,
DK, D n 5 wave d wave p wave f wave
DK, Dy d wave p wave f wave
DiK, DYy d wave
DK p wave p wave d wave d wave
DK p wave p wave 5 wave d wave
DK p wave d wave

. 63’1 decays in s-wave to D'K, D, 1 (broader), has the largest R,
the largest width to light vector mesons

P. Colangelo , FDF
PRDS81, 094001

* the two 2 states should not be observed in the decay to light vector mesons

* D, cannot decay to D,K but should have the largest width to Dy'K

* look at the features of the spin partner
F. De Fazio INFN Bart Hadron 2011




D;(3040): how to discriminate among the four possibilities?

Decay modes Diyin=2J5 =10, Dyn=21UJf=15,) Dyp(n=1,J5 =27, Dhn=1J5 =2,
DK, Dl 5 wave d wave p wave f wave
R, 0.34 0.20 0.245 0.143
DyK, DYym, D\K p wave p wave d wave d wave
K p wave p wave d wave
DK p wave p wave 5 wave d wave
DK*, D ¢ T wave 5 wave wave P wave
I'= 140 MeV { I'= 20 MeV @gibb& {Ne@
Spin partner

Dyn=2J5 =0/, Dhn=2Jf= 2_%‘7-—1!:)’:,2 nm=1,J0 =1, Dsn=1J5 =3,
DK, D n 5 wave d wave p wave f wave
DK, Dy d wave p wave f wave
DiK, DYy d wave
DK p wave p wave d wave d wave
DK p wave p wave 5 wave d wave
DK p wave d wave

. 63’1 decays in s-wave to D'K, D, 1 (broader), has the largest R,
the largest width to light vector mesons

P. Colangelo , FDF
PRDS81, 094001

* the two 2 states should not be observed in the decay to light vector mesons

* D, cannot decay to D,K but should have the largest width to Dy'K

* look at the features of the spin partner
F. De Fazio INFN Bart Hadron 2011
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Hidden charm (conventional) states

News since 2004

44F

4.2
4.0
M [GeV]
38
36
34
32
30

2.8

B—-K7, BelleO4
L I — VD) ap,)=36370424 MeV e’ >Jlyry,  BelleOS
i [(7.)=14+7 MeV
[ e st s K KigF ClE004
N 1 e 0(4159) e s® 7 Babar04
1- A(4040) evidence of 1.’
- Belle, BaBar 05
N 1- ¥(3770) j
[ 1 e U/(3686) — "D
- O _f?c(3g3+8+) 1 w — 7°h,(3524)
- 1+ — 7»(3556) —
[ 1+ 74(3511) He(3524) L {w
= 0 Y ca(3415) vy
[ Cleo05
N evidence of h, (1*)
-1 J/y(3097) 1
[ M(h,)=35244+0.7 MeV
- 0 1.(2979)
I M, ,CP)-M(h)=1 MeV

S P D F G
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Hidden charm states (?

State m (MeV) I'(Mev) JFPC Process (mode) Experiment (#c) Year  Status
@ 3871.52+020 13+06 1+5/2~+F B— K(nta—J/¥) Belle [85, 86] (12.8), RABAR [87] (8.6) 2003 OK
(<2.2) pp— (mtm—Jj¥)+--- CDF [88-90] (np), D@ [91] (5.2)
B — K(wl V) Belle [92] (4.3). BABAR [93] (4.0)
s +0 30 5 . | o
8 K(D*D0) Belle 94,931 (0. MBR 61 49) From N, Brambilla et al.
B— K(yl/y) Belle [92] (4.0), BABAR [97, 98] (3.6)
B — K(yyr(25)) BABRAR [98] (3.5). Belle [99] (0.4) EPJ C71 (1 1) 1534
X(3915) 3915.6 +3.1 28410  0/2™ B — K(wl /W) Belle [100] (8.1), BABAR [101] (19) 2004 OK
ete” = ete (wd Ur) Belle [102](7.7)
X (3940) 3042*7 3741 7™+ ete™ — J/y(DD*) Belle [103] (6.0) 2007 NC!
etem = Iy (... Belle [54] (5.0)
G(3900) 3943 +21 52+ 11 - ete— — y(DD) BABAR [27] (np), Belle [21] (np) 2007 OK
Y (4008) 4008* '3 226497 1 ete” = y(mta~J/¥)  Belle [104] (7.4) 2007 NC!
Z1(4050)"  4051*% g2+l ? B — K(m+y.1(1P)) Belle [105] (5.0) 2008 NC!
Y (4140) 41434 +3.0 15+Y 7+ B — K(pJ/vr) CDF [106, 107] (5.0) 2009 NC!
X (4160) 415632 139413 9+ ete— — J/y(DD¥) Belle [103] (5.5) 2007 NC!
Zy(4250)" 42481 1773 2 B — K(m+y.1(1P)) Belle [105] (5.0) 2008 NC!
Y (4260) 4263 +5 108+14 1 ete” = y(ta—J/w)  BARAR [108, 109] (8.0) 2005 OK
CLEO [110] (5.4)
Belle [104] (15)
ete— — (mHa—J/v) CLEO [111](11)
ete— — (0707 ) CLEO [111] (5.1)
Y (4274) 42744753 32753 7 B — K(oJ/y) CDF[107] (3.1) 2010 NC!
X (4350) 4350.6°2% 133758 02+ ete— — ete(9J /W) Belle [112] (3.2) 2009 NC!
Y (4360) 4353+ 11 96+42 1 ete” = p(mtaTy(28))  BABAR [113] (np). Belle [114] (8.0) 2007 OK
Z(4430)t 44438 17t 2 B — K(m+y(25) Belle [115, 116] (6.4) 2007 NC!
X (4630) 4634+ ) 92+4) 1—- ete~ > p(AFXAD) Belle [25] (8.2) 2007 NC!
Y (4660) 4664 + 12 4815 1 ete” = p(mta~y(25)) Belle [114] (5.8) 2007 NC!
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Hidden beauty states

Beauty  mass (MeV)

width (MeV)

m(1S) | 9300 =+ 20 + 20

TTIST  9460.30 +0.26
Xeoo(1P)  9859.44 + 0.42 +0.31
Yor(1P)  9892.78 £ 0.26 + 0.31
Yez(1P)  9912.21 £ 0.26 +0.31
hy(1P) | 9808.25 + 1.06+19%.
M(25)

T(2S)  10023.26 £+ 0.31
xeo(2P) 102325 +£0.4+0.5
Yo1(2P)  10255.46 + 0.22 + 0.50
Y2 (2P)  10268.65 + 0.22 + 0.50
he(2P) | 10259.76 + 0.64+11%,
T(13D,)
T ) 10161.1 +£0.6+1.6
T(1°D3)

ma(1'Da)

BaBar & CLEO (08)

(54.02 £ 1.25) x 10~

>
to be confirmed

(31.98 + 2.63) x 10~

—2 | Belle 2011, to be confirmed

7

5> | BaBar & CLEO (04)

To be confirmed and interpreted:

Y, (10888)

very recently discovered puzzling states: 7, (10610) & Z, (10650)

decaying to Y(nS) n* (n=1,2,3) and h (mP) 7* (m=1,2) in Y(5S) decays
1 association with a single charged pion
favoured quantum numbers I=1, J*=1°

decays to Y and h; occur with comparable rates — no spin-flip suppression

F. De Fazio INFN Bar
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Exotic interpretations

Molecular state: Tetraquark:

loosely bound state of a pair of mesons. Bound state of four quarks (diquark-antidiquark)
The dominant binding mechanism quarks grouped mto colour triplet scalar

should be pion exchange. or vector clusters.

Being weakly bound, mesons tend to decay  Strong decays via rearrangement processes
as 1f they were free

G Distinctive features of multiquark picture with respect to charmonium:
- prediction of many new states

- possible existence of states with non-zero charge, strangeness or both

Charmonium hybrids
States with an excited gluonic degree of freedom
0+-, 1-+, 2+-...quantum numbers are not possible for cc states

but are possible for hybrids —  would unambiguously signal an exotic state
Lattice predictions for the lowest lying hybrid: Ml 4.2 GeV

Threshold effects

Virtual enhancement of cross section
that may not indicate a resonance.

F. De Fazio INFN Barn Hadron 2011
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X(3872): discovery and properties

Observed 1n 2003 by four experiments in two production channels:

Belle & Babar

N5 "Prompt”

From R. Van Kooten, D0

and/or

* mass very close to DD threshold: M(X(3872) )- Mp,+Mp.) = -0.32 +£0.35 GeV

e very small width: T' < 2.3 GeV @ 90% c.l.

 X->J/ymw consistent with originating from X > J/yp — C=+1

« from angular distributions in X-> J/y nt (CDF) — J°C¢= 1** (¢’ ) or J°¢= 2 (n.,)

» search for charged partners produced no result — 1=0

F. De Fazio INFN Barm Hadron 2011 51



X(3872): decays to two or three pions

Two and three pion modes were found with:

B(X = J/yr*n 7P
B(X > J/yx"7n")

=1.0+04+03| m=> Isospin violation

Possible explanation: Suzuki, PRD 72, 114013

phase space severely suppressed

T +_—_0
BX DI lyrm7]) g 0404403 = X2Iwp) 4,
B(X > J/yrn"n") AX = Jlyo)

phace space not very suppressed

BaBar studies the oot distribution i X — J/y @ which seeems too favour a p-wave decay

@ J'=2" however in contrast with other properties of X

F. De Fazio INFN Barn Hadron 2011 H2



X(8872): radiative decays to J/y vy and y(2S) y

. .. R . o Barnes et al, PRD 72, 054026
May help in distinguishing the different possibilities Swanson, PLB 598, 197

oif X=9%".; = X—>y(2S)y should have a rate larger than X — J/y y

oif X=1m., or X=composite object —» X—y(2S)y is suppressed with respect to X — J/w vy

BaBar gives: [(X(3872) >y (25)¥) _54.14
['(X(3872) > J/y y)

while Belle: [(X(3872) >y (2S)7) _,
(X (3872) > J 1y 1)

F. De Fazio INFN Barn Hadron 2011 53



X(3872): molecule vs charmonium

X proximity to DD" threshold may suggest that
a molecular state made of charmed mesons 2

) C U
contributes to the structure of X u u

Swanson, Brateen,

Voloshin

Mixing of the molecule (dominant component) with other states
such as pure charmonium — ,  no definite 1sospin

radiative decays

In the molecular scenario X - D°D% & X —>D'D7y
arise from the radiative decays of the individual vector mesons

D°*—>D%, D°>D% & D™ > D%y
and the decay X — D"D 7y is strongly suppressed with respect to

Voloshin

X — D°D%

would support the molecular interpretation?

If observed, the suppression of X — D"D"y with respectto N Dogoy

F. De Fazio INFN Bari Hadron 2011
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X(3872) as the first radial excitation of ., :radiative decays

Standard mechanism for radiative X transitions into charmed states
% Pole diagrams

Intermediate ¥ (3770) rr‘f /

® W
c o
Unknown coupling /7 g(//DD ~.

known from exp data

Intermediate D~

s

® D*
E> c' Can be obtained

from data
on radiative D" decays

Q>
H

Unknown coupling |+—

%)



X(3872) as the first radial excitation of ., :radiative decays

B I'(X — DTD )

k= IS
F(X — DDFD,},) PLB 650, 16611

Can be evaluated as a function of the ratio of the two unknown couplings

P. Colangelo, S. Nicotri, FDF

C
O

Very small values of R

I (X->D"D vy)

o R<0.7

in the cc description R is very small for small values of
(when the y pole contribution 1s neghgible)

| o

the suppression of R is not peculiar of the molecular scenario

F. De Fazio INFN Barn Hadron 2011
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X(3872) as the first radial excitation of Y., :hadronic decays

X — DODO70

(MeV)

—— Lxp bound

b2

n

m =2 U N o w o e

o

T (X-D°D°n°)

Values of @1 typical of hadronic couplings can reproduce the small width of X(3872)

F. De Fazio INFN Barm Hadron 2011
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Heavy quark mass limit for heavy quarkonium states

Usual classification for the states:

§=spin

/ L = orbital angular momentum
n2s+ L//
J

N

radial quantum number

J= total angular momentum

with: P=(-1 L+1 1~0 < S- wave states
] I~1 < P- wave states
C=(-1 - 1=2 < D- wave states

ooooo

* HQ spmn simmetry  YES
e HQ flavour symmetry NO

F. De Fazio INFN Barn Hadron 2011 8



Multiplets for heavy quarkonium states

L 1+ F{ L-E.--- 1 t":[.'lﬁa\u" LI yaﬁ?-! =
"5 { SR @ @')
1
+ 3 E v -

v

* /=0 muluplet Ry B
T [@ i " (7.18), (@)
e = (7.(25), y(25))
spin 1 state spin () state n=2 |V ¥
* [~1 multplet siple
~ — = — n=1
R S A 1 sy L -
S ks O J
! 4 singlet 1P 1P 1P)), h.(1P
spin 2 spin 1 sme spngll [(Zco( )y Xa@P), xe( )), . ( )]
e [~2 multiplet | triplet triplet
spin 2

[(n?’Dl, n°D, ,n°D, ) n'D, |

st @ ’ }1—2¢

N / 1
triplet singlet

2
F. De Fazio INFN Barn Hadron 38 p 59
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Effective Lagrangian for radiative transitions of heavy quarkonia

e P §

e D P

F. De Fazio,
PRD 79, 054015

LnpPems @a r [j(mS)J#(nP)} v, FHY 4 11+-:?_.+

photon

a single constant describes all the transitions
among the various members of the Pand S multplets

@ - reduced theoretical uncertainty

- model independence

’C’TLDHT‘FLP T [ja('ﬂ’lpj j;t (?IDH '1.-’;;FPLL’ —+ 11+C,
Y

1dem for transitions among members of 1) and Pmultiplets

F. De Fazio INFN Barm Hadron 2011 60



1P— 15 transitions

Exploting known data:

B(xeo(1P) — J/ih~) =
B(xe1 (1P) — J/¢7)
B(xe2(1P) — J /1)

+ total widths of y; states

-
(1.28 £0.11) x 1072
(36.0 £ 1.9) x 1072
(20.0 £ 1.0) x 1072

SIP1S — (0227 + 0.013 GeV—1
Sy 51P15 = 0.241 4 0.009 GeV !
SIP1S = 0.233 £ 0.010 GeV—!

J

c spin symmetry turns out to be experimentally well satisfied

averaged result:

can be used to predict:

SLPLS = 0.235 4+ 0.006 GeV ™

I'(he(1P) — 1.

(1P)~) = 634 £ 32 KeV

F. De Fazio INFN Barm Hadron 2011
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25 — 1P transitions

possibility to exploit data in the beauty sector:

B(xeo(2P) — T(15)7) = (9£6) x 107°

B(xp(2P) — Y(25)7) = (4.6+2.1) x 1072

B(xn (2P) — Y(1S)~) = (85+1.3) x 1072

B(xp (2P) — T(2S)~) = (21 +£4) x 1072

B(xye(2P) — T(1S)~) = (7.1 £ 1.0) x 1072

B(xue(2P) — T(25)~) = (16.24+2.4) x 1072
define width ratio 20) _ I(xps(2P) — T(25)~)

T T (2P) — Y(15)7)
. o2F1s ||:> Rgb) = 8.8+ 0.7

and coupling ratio Ry = S% 55T

even though the coupling might be different passing from beauty to charm,
1t 1s reasonable to assume that the ratios of the couplings stay stable

@ we can predict analogous charm ratios R§C)

F. De Fazio INFN Barn Hadron 2011 62




25 — 1P transitions

)

prediction for J~1: (X (2P) — (2

c )7)
R =

2 1,644 0.25
T(xe1(2P) — ¥(1S) )

Identifing X(3872) with ¥ .,(2P) and using the data:

B(BT — XK+t X — J/iy) = (28+£08+0.2) x 1076
@ B(BT — XK, X — (258)7) = (9.9+29+0.6) x 107°

) =35+14

R and RX are close enough to consider the assumption  X(3872) = %, (2P) plausible
tojbe contrasted with composite scenarios i which X(3872) — y(2S)y
1s suppressed with respect to X(3872) — y(1S)y

F. De Fazio INFN Barm Hadron 2011 63



Concluding remarks

* open charm mesons:
- all the observed cs states classified as ordinary mesons

- the most mtriguing challenge remains to understand why
D", (2317) and D)’ ;(2460) have masses below the DK threshold

- HQ symmetry predicts analogous states in the beauty system :

M@®B’ 50)25721 MeV decaying to BS ! P. Colangelo et al.
M@®B’ )=5762 MeV decaying to B", ° MPLA 19, 2083

e quarkonium like states:

- X(3872) still puzzling state
- identification with 7’ ; plausible (according to my analysis of radiative decays)

* Many other states not discussed
Strongly required mdependent confirmation of charged quarkonium-like states
(at present only Belle has evidence)c ravio 1NN Bari Hadron 2011
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