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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)
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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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Qq multplets

S, =5/2

S, =3/2

D-wave doublets:

(D’ g9 Dya), B9 Bys)

(D" 1. D) B Biyo)

S, =3/2

s, =1/2

P-wave doublets:

(D(S)I,D*(S)Q)’ (B(S)I,B*(S)Q)

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

s, =1/2

70 W T S A A

fundamental doublet: (D4 D" ), By B’ ()
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J

Qq muluplets

P

Strong transitions between multiplets

3" 1
5 — > + pseudoscalar meson

d-wave transition
3 aF

mesons are expected to be narrow

S, =5/2
S, =3/2
S, =3/2
s, =1/2
s, =1/2

70 W T S A A

1" 1
2 — P pseudoscalar meson

s-wave transition
1 +
> mesons are expected to be broad
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S, =5/2

S, =3/2

cq multiplets

Low lying Rad. Excitations

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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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




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)| (EEEEE
D.,(2536) I“DS1 <2.3 MeV
D.,(2460)| [F<35 Mev

_ DK
D,,(2317) ['<3.8 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 1dentify it

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

D, (1968)
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forbidden




S, =5/2

S, =3/2

S, =3/2

s, =1/2

1+

O+

s, =1/2

1-

70 W T S A A
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Low lying Rad excitations
allowed

forbidden

forbidden

allowed

D, (2573) allowed
D.,(2536) forbidden
D.,(2460) forbidden
D, (2317) allowed
D;(2112) allowed
D, (1968) forbidden




Belle Collab.: analysis of the mode
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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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[ =108+23+) MeV

||~ JP=1- favoured

100C0

50C0

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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Rad excitations




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:
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D;(2860) & D;(2710)

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

Ly =g Tr[HaHpyuys A, ), H| — [Hn

L @r[ﬁa Sbvu ]/5,45{1] + h.c., S — Hn

Lr=—"= Tr[H, T} (i Dy A+ iDApays| +he., |T — Hn
X

EX=(j—DTr[ﬂﬂXg(iDﬂﬂ+f@AH)bays]—I—hJ.:_. X — |Hn

A
I _
Ly = —3 Tr[Habe”v@{D#, Dy} A
X . X — H=n
@(DHDUAA +D,Dy A, v vs| +he.
| .\/g330+ %n nt Kt
Aﬁba:%(ETapg_gaﬁgT)ba E: E% 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
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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 (07,1,2%,3,...) for D;(2710) and D;(2860)

cos ) cos /

excluded by the observation
of the D'K mode

F. De Fazio INFN Barn 23
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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 - _
:f 400 ? \ [(Dy(2710)") =149+7 , +5 .  MeV
2 f ]
Y200 ~
t 1 +
o b T W i T m(D,(2860)) = 286242, £, MeV
3 \s\ I(D,, (2860)") =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
SR HEES: [ S R (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 Bari 24
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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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cq mesons: the non strange partner of D ;(2700)

States with the same quantum numbers of D;(2700) but with a different light quark flavour:
D;* and D’

Assuming M(DJ)=26()() + 50 MeV:

B(DF — D) |B(DY — D =")|B(D} — D.K2)|B(D} — D q)|B(D} — D%« |B(DY — D**=")|B(D} — D**q)
DY (27.0£2.1)% | (133£1.0)% | (23+£08)% | (53+£1.0)% | (324+08)% | (161+04% | (1.2+£1.8)%
B(Dj — D'= )| B(D] = D"=") |B(D} — D.K )| B(D§ — D) |B(D§ — D**= )| B(D} — D*"z") | B(D} — D*p)
DY (265+£21)% | (135£1.1)% | (49+£16)% | (55+1.0)% | (320+£07)% | (163+£04)% | (1L.3£1.9%

The strong coupling constant entering in these modes can be fixed from D;(2700) decays

g =0.26+0.05

[(D**+0)) = (128 = 61) MeV

F. De Fazio INFN Barn 28



C( Mesons

BaBar observes four new states with charm and without strangeness: BaBar, PRD 82 (10) 111101
e 0 Wi O
D (2550) ¢ 25394 £4.5+£6.8 130+ 12 + 13

D (2750) ¢ 27524 £ 1.7+ 2.7

F. De Fazio INFN Bari 29



C( Mesons

BaBar observes four new states with charm and without strangeness:

2539.4 4.5+ 6.8

2608.7 £ 2.4+ 2.7
2608.7 £ 2.4+ 2.7

27524 £ 1.7+ 2.7

2763.3
2769.7

+2.3+ 2.3
+3.8 £ 1.5

BaBar, PRD 82 (10) 111101

W:din (vieV)

130+ 12 £ 13 D

93 £ 6 =13 D', D' 1
93 £ 6 £13 D"

71 = © = 11 D

60.9 = 5.1 = 3. D'

60.9 £ 5.1 £ 3.6 DOrt*

in agreement with previous predictions
for the members of the non strange partners

of D4(2700)
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C( Mesons

BaBar observes four new states with charm and without strangeness: BaBar, PRD 82 (10) 111101
e 0 Wi O
D (2550) ¢ 25394 £4.5+£6.8 130+ 12 + 13

27524 £ 1.7+ 2.7

still need to be 1dentified
likely to be 1.=2 states
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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)

F. De Fazio INFN Barn

D(2600)?

D(2550)?




Events/20 MeV/c?

800 [
600 |

400 |

200

(b)
: | M(Dy,(3040)) = 3044 *+ 8,4, ("), MeV
i H
B [(Dy,(3040) = 239 + 35,.,(*4), . MeV
3 3.5 -
m{D*K) GeV/c*

The only additional information 1s that 1t decays — D*'K  YES

— DK NO

-

Ji=1%, 2, 8°,...

F. De Fazio INFN Barn
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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)

F. De Fazio INFN Barn

D.,(3040)

D.,(3040)

D, (2710)




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

D, (1968)

F. De Fazio INFN Barn

would imply 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(D.)RQM — 3114 MeV,
I M(D},
M (D 52

!

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

RQM) — 3165 MeV,
RQM) = 2953 MeV,
RQM) = 209()) MeV.

T et e

* Allowed strong decays:

- to D, + light pseudoscalar meson

- to members of higher doublets + a light pseudoscalar meson

D' K,D",,D’ K
DK, DK

-to D, + a light vector meson

DK’,D, ¢

F. De Fazio INFN Barn 7



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

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 @ {Ne@
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 n the decay to light vector mesons
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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 g T wave 5 wave wﬁ 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"‘—li,ﬁ} 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 n the decay to light vector mesons

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

F. De Fazio INFN Barn 40



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 n 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 Bar
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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 n 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 Bar
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Concluding remarks

- all the observed cs states classified as ordinary mesons

- DSJ(27OO) identified with D™ DJ(26OO) most likely 1ts non strange partner

- Still to be understood: D ;(2860) (J P— 3 D)
D(3040) —> various allowed decay modes may help in the classification

8

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

- HQ symmetry predicts analogous states 1in the beauty system : P. Colangelo et al.
MPILA 19, 2083

M@®B’)=5721 MeV decaying to B, n’
M@®B’,)=5762 MeV decaying to B,

F. De Fazio INFN Barn 43



	Diapositiva numero 1
	Diapositiva numero 2
	Diapositiva numero 3
	Diapositiva numero 4
	Diapositiva numero 5
	Diapositiva numero 6
	Diapositiva numero 7
	Diapositiva numero 8
	Diapositiva numero 9
	Diapositiva numero 10
	Diapositiva numero 11
	Diapositiva numero 12
	Diapositiva numero 13
	Diapositiva numero 14
	Diapositiva numero 15
	Diapositiva numero 16
	Diapositiva numero 17
	Diapositiva numero 18
	Diapositiva numero 19
	Diapositiva numero 20
	Diapositiva numero 21
	Diapositiva numero 22
	Diapositiva numero 23
	Diapositiva numero 24
	Diapositiva numero 25
	Diapositiva numero 26
	Diapositiva numero 27
	Diapositiva numero 28
	Diapositiva numero 29
	Diapositiva numero 30
	Diapositiva numero 31
	Diapositiva numero 32
	Diapositiva numero 33
	Diapositiva numero 34
	Diapositiva numero 35
	Diapositiva numero 36
	Diapositiva numero 37
	Diapositiva numero 38
	Diapositiva numero 39
	Diapositiva numero 40
	Diapositiva numero 41
	Diapositiva numero 42
	Diapositiva numero 43

