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New states recently discovered in the open and hidden charm sector:

@ Open charm
D,(2317)
D.;(2460)
D,;(2632)
D;,(2860)
D (2308)
o Dj(2440)
@ Hidden charm
o h¢

° )
. Y(3940;
° )
° )

Stefano Nicotri New mesons with open and hidden charm



Outline

Outline

New states recently discovered in the open and hidden charm sector:

@ Open charm
D;(2317)
D.,(2460)
D, ,(2632)
D,;(2860) — Possible J© assignment
Dy (2308)
o D](2440)
@ Hidden charm
o h¢

—  Possible interpretation
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Properties
Heavy t 5 mesons spectroscopy
Framework and Predictions

Conclusions

A new Dg; state has been observed in the DK system inclusively produced in the
system ete™ — DK.

x 10° % 10° x 10°
E 15 = ¥
o Reconstructed in D°K™, with ol a0f R 107 P
. > ’ . 2 X
DO both decaying to K~ 7t 3
and K=n 0, and in DT K2 2
NS
2 [N
M = 2856.6 &+ 1.5 + 5.0 MeV 5 .
° ¢ a>) L ¢ N L 1
e r(Ds_](2860) — DK) = ® 2% 2528 3 24 2628 3 24 26 28 5
48 + 7 + 10 MeV m(D® K*) GeV/c? m(D° K*) GeV/c? m(D* K%) Gev/c*
o Not (yet) observed neither in
D*K nor in Dsn (no
experimental bound) Figure: Invariant mass distribution of DK for (a)

0 0
Dy _ (KT (b) DL_ | oK' and (c) D}

K?
+atSs
(BaBar Collaboration, hep-ex/0607082, July 2006).
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Heavy-Light c5 mesons spectroscopy
Framework and Predictions

Conclusions

A new Dg; state has been observed in the DK system inclusively produced in the
system ete™ — DK.

x 10° % 10° x 10°
E 15 = ¥
- . - X 07 [

o Reconstructed in D°K™, with %] 1o o [, 0 Fos [t
DO both decaying to K~ 7t 3 ﬂ L e . ., J os ™
and K=n 0, and in DT K2 2 - 1 ® : @

S s~y e
o M =2856.6+15+5.0 MeV 5 o L
g L ¢ N L ‘klx‘-\

e r(Ds_](2860) — DK) = ® ot 2528 3 2+ zo 28 3 | 24 26 28 3
48 + 7 + 10 MeV m(D" K*) GeV/¢ m(D° K*) GeV/c m(D* K%} Gev/c

o Not (yet) observed neither in
D*K nor in Dsn (no
experimental bound) Figure:  Invariant mass distribution of DK for (a)

0 0
Dy _ (KT (b) DL_ | oK' and (c) D}
(BaBar Collaboration, hep-ex/0607082, July 2006).

Possible quantum number assignments?

0
4t K
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Properties

Heavy-Light c3 mesons spectroscopy
Framework and Predictions
Conclusions

Dy 4(2860)

Heavy-Light ¢S mesons spectroscopy

Framework

Defined:

@ so heavy quark spin
@ s light antiquark spin

@ ¢ orbital angular momentum of the light degrees of freedom (light quarks and
gluons)

@ sp=55+7¢

SZP doublets (with P = parity) of Qg mesons, each one made of two particles with
quantum numbers JP = sP +£1/2.
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Properties
Heavy-Light c3 mesons spectroscopy

Framework and Predictions
Conclusions

Table: States with ¢35 as reported on PDG 2006

S[ 1— 1+ 3+

2 2 2
JP=sb - % Ds(1965) (0-)  D7,(2317) (0F)  Ds1(2536) (17)
JP=sP+ 3 | DI(2112) (17) Dyy(2460) (17) Ds»(2573) (21)

Table: Doublets still to be filled

5 R
F= TP (P E)
Fostel] (P () (Pa) ()
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Properties
Heavy-Light c3 mesons spectroscopy
28
D (2860) Framework and Predictions
Conclusions

Heavy-Light ¢S mesons spectroscopy

Table: States with ¢35 as reported on PDG 2006

sP 1= 1+ 3

2 2 2
JP=sb - % Ds(1965) (0-)  D7,(2317) (0F)  Ds1(2536) (17)
JP=sP+ 3 | DI(2112) (17) Dyy(2460) (17) Ds»(2573) (21)

Table: Doublets still to be filled
st > >
F=s =3 [P ) (P )
SFP=si+5 [ (PR (27) (Ps)(37)

o State in an unfilled doublet

o Radial excitation of a state belonging to a filled doublet

Stefano Nicotri New mesons with open and hidden charm



Properties

Heavy-Light c3 mesons spectroscopy
Framework and Predictions
Conclusions

Heavy quark limit

Fields:
_ 14+ ~Hy,
° 55 = % — H, = %[P;‘L’Y“ — Pays)
14 My,
+ v o
°s; =3 —‘Sa:f P15“/M5—P§a]
1+ Hv, 3 1
°osf=3" - Tk= f{%ﬁy% = Py 5 g — g’YU("/H - VM)H

_ 1+ ~Hy, 3 1
s =3 —Xl'= 7“{”22“”75% - P 5 {g”” — (=)

P 5
sp =35 —

14k, rag |5 1 1
xgre = ST prve, el oP 2o atiel - Srags 0 - o) - Zvasir - v}
Interaction Lagrangians:

® Ly = g Tr[HaHpypuvs ALl

@ Lg= hTr[I:IaSbfyufy5AL‘a] + h.c.

i —
o Ly = /(’—XTr[HaTg"y”(iDMAV +iDy Ap)pays] + h.c.
7 —
0 Ly = /((—XTr[HaXl’;L'y”(iD“AL, + iDy Ay )pays] + h.c.
° Ly = VlzTr[Haxg“”[kl{Du, Dy} Ay + kp(DyDy Ax + Dy DxAp)]bay™ 5] + hc.
Operators:
© Dpby = =052 + Viba = =060y + &1 0 + 68,67 pa/2
0 Aupa = i(610,€ — £8,67)pa/2
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D, ,(2860) Heavy-Light c3 mesons spectroscopy
sJ0e Framework and Predictions

Conclusions

Theoretical predictions in the heavy quark limit

r(Dsy — D*K)

Table: Predictions for the ratio R = for every possible quantum number assignment for D ;(2860)

(Ds; — DK)
(n is the radial quantum number).
D,,(2860) D,(2860) — DK (D, = D*K)
I'(Dyy — DK)
ss=1",JP=1",n=1 p-wave 1.23
s = %Jr, JF=0tn=1 s-wave 0
sy = g+, JP=2t n=1 d-wave 0.63
ss=3",JP=1",n=0 p-wave 0.06
sy %_, JP=3",n=0 f-wave 0.39
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Properties
D, ,(2860) Heavy-Light c3 mesons spectroscopy
sJ0e Framework and Predictions

Conclusions

Theoretical predictions in the heavy quark limit

r(Dsy — D*K)

Table: Predictions for the ratio R = for every possible quantum number assignment for D ;(2860)

M(Ds, — DK)
(n is the radial quantum number). i
MDD, = D°K
D,(2860) D.,(2860) — DK | (Pt = D"K)
r(DsJ - DK)
sp = %7, JP=1"n=1 p-wave 1.23
s = %Jr, JP=0t n=1 s-wave 0
sy = g+, JP=2t n=1 d-wave 0.63
sp = %7, JP=1"n=0 p-wave 0.06
s; %_, JP=3".n=0 f-wave 0.39
o For s; = %_, JP=1—, and sf = %+, JP =21 Ris too large
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Properties
Heavy-Light c3 mesons spectroscopy
Framework and Predictions

Conclusions

Theoretical predictions in the heavy quark limit

- ) r(Dsy — D*K) ) )
Table: Predictions for the ratio R = ———————— for every possible quantum number assignment for D ;(2860)

(Ds; — DK)
(n is the radial quantum number).
(D D*K
D.;(2860) D¢;(2860) — DK Dy = D°K)

I'(Dyy — DK)

sg = %Jr, JP=0t,n=1 s-wave 0

sp = %7, JP=1",n=0 p-wave 0.06

sg %_, JPF=3-,n=0 f-wave 0.39

,JP=1", and sf = %+, JP =21 Ris too large
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360) Heavy-Light c3 mesons spectroscopy
S; Framework and Predictions
Conclusions

Theoretical predictions in the heavy quark limit

- ) r(Dsy — D*K) ) )
Table: Predictions for the ratio R = ———————— for every possible quantum number assignment for D ;(2860)

(Ds; — DK)
(n is the radial quantum number).
(D D*K
D,(2860) D.,(2860) — DK | (Pt = D"K)
I'(Dyy — DK)
sy = %Jr, JP=0t n=1 s-wave 0
sp = %7, JP=1",n=0 p-wave 0.06
sh = %_, JP=3",n=0 f-wave 0.39

,JP=1", and sf =3t JP— 2t Ris too large

3
2
+, JP =07, and 55 = %_, JP =1~ I(Dsy — DK) is too large

Stefano Nicotri New mesons with open and hidden charm



Properties
Heavy-Light c3 mesons spectroscopy
Framework and Predictions

Conclusions

Theoretical predictions in the heavy quark limit

- ) r(Dsy — D*K) ) )
Table: Predictions for the ratio R = for every possible quantum number assignment for D ;(2860)
(Ds; — DK)

(n is the radial quantum number).

(D = D*K
D,,(2860) — DK T(Ds, = D7K)
(Dy — DK)

D,,(2860)

sg = %_, JPF=3-,n=0 f-wave 0.39
o For s; = %_, JP=1—, and sf = %+, JP =21 Ris too large
o For sf = %+, JP =07, and 55 = %_, JP =1~ I'(Dsy — DK) is too large

open and hidden charm
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Properties

Heavy-Light c5 mesons spectroscopy
Framework and Predictions
Conclusions

Theoretical predictions in the heavy quark limit

- ) r(Dsy — D*K) ) )
Table: Predictions for the ratio R = ———————— for every possible quantum number assignment for D ;(2860)
(Ds; — DK)

(n is the radial quantum number).

(D, D*K
D.;(2860) D,;(2860) — DK T(Ds, = D7K)
I'(Dyy — DK)
sg = %_, JPF=3-,n=0 f-wave 0.39
o For s; = %_, JP=1—, and sg = %+, JP =21 Ris too large
o For sg = %+, JP =07, and 55 = %_, JP =1~ I'(Dsy — DK) is too large
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Properties

Heavy-Light c5 mesons spectroscopy
Framework and Predictions
Conclusions

Theoretical predictions in the heavy quark limit

- ) r(Dsy — D*K) ) )
Table: Predictions for the ratio R = ———————— for every possible quantum number assignment for D ;(2860)
(Ds; — DK)

(n is the radial quantum number).

(D, D*K
D.;(2860) D,;(2860) — DK Dy = D°K)
I'(Dyy — DK)
s)=3,JP=3",n=0 f-wave 0.39
o For s; = %_, JP=1—, and sg = %+, JP =21 Ris too large
o For sg = %+, JP =07, and 55 = %_, JP =1~ I(Dsy — DK) is too large

= JP =3~ (P. Colangelo, F. De Fazio, S.N., Phys. Lett. B 642 (2006) 48)

A non negligible signal in D*K is expected (for experimentalists: please look at it) J

Stefano Nicotri New mesons with open and hidden charm




ht c5 mesons spectroscopy
Framework and Predictions

Conclusions

Theoretical predictions in the heavy quark limit

I(Dsy — Dsn)

Table: Prediction for the ratio m for every possible quantum numbers assignment for D (2860).

D, ;(2860) (D) — Dsn)

r(Dy — DK)
s;=3 ,JF=1",n=1 0.27
sf=1" P =0t n=1 0.34
ss=3" P =2t n=1 0.19
ss=2",JP=1",n=0 0.23
ss=2",JP=3",n=0 0.13
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Properties
Heavy-Light c3 mesons spectroscopy
Framework and Predictions

Conclusions

Theoretical predictions in the heavy quark limit

I(Dsy — Dsn)

Table: Prediction for the ratio for every possible quantum numbers assignment for D (2860).

F(Dsy — DK)
D, ,(2860) (D, = Dsn)
(D, — DK)
ss=1",JP=1",n=1 0.27
sf=1" P =0t n=1 0.34
ss=3" P =2t n=1 0.19
ss=2",JP=1",n=0 0.23
ss=2",J=3",n=0 0.13

A small signal in the Dsn mode is expected (for experimentalists: please look at this
too (a little bit more difficult)) J

Stefano Nicotri New mesons with open and hidden charm



Properties

Heavy-Light c3 mesons spectroscopy
Framework and Predictions
Conclusions

3000
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Figure: Proposed c5 spectrum
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Heavy-Light c5 mesons spectroscopy
Framework and Predictions
Conclusions

3000
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Figure: Proposed c5 spectrum

Other interpretation

First radial excitation of D,(2317): 0% of the s = 1/2% doublet (F.E. Close,
E. van Beveren)
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Heavy-Light c5 mesons spectroscopy
Framework and Predictions
Conclusions
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Figure: Proposed c5 spectrum

Other interpretation

First radial excitation of D,(2317): 0% of the s = 1/2* doublet (F.E. Close,
E. van Beveren) (D*K signal is crucial)
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Heavy-Light c5 mesons spectroscopy
Framework and Predictions
Conclusions

After the publication of our paper Belle collaboration published some data which
supports the JP = 3~ assignment

{ 50 MeVic*
& 2

Sign%I yigld
=3

o

24 28 28 a2 22 3.4
M(D"K*) (GeVich

Figure: Invariant mass of the D° K™ system in the process BT — DODOK* (Belle Collaboration, hep-ex/0608031,
August 2006)
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Properties
Interpretation (?)
X — DD~

Conclusions

o Found in the J/¢nt 7~ distribution, both in B decays (B~(9) — K=(9X), and
in pp annihilation

@ No evidence of resonances in the charged channel J/wﬂ'iwo or J/v¥m

B(B® — K°X)

22 7R ) 0.6140.36 4 0.06
B(B+ — K*X)

o For the X meson produced in B decays

o Not observed in et e~ annihilation
o M =3871.9 £ 0.6 MeV
@ Only an upper bound for the width: I < 2.3 MeV (90% CL)

o Angular distribution of the final state compatible with J© =1+
B(X — J/¥7)
B(X — J/ymta—
B(X — J/ypmta—n0)
B(X — J/ymtn—)

o X — J/1~y observed with =0.19+0.07 - C=+1

o J/¢nta~m0 observed with =1.0+ 0.4+ 0.3 — isospin

violation
o If 23P; is identified with Y (3940) — overpopulation of ¢ 17+ states

- . —0 .
o The mass of the resonance coincides with the mass of the D*9D" pair
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Properties
Interpretation (?)
X — DD

Conclusions

o Found in the J/¢nt 7~ distribution, both in B decays (B~(9) — K=(9X), and
in pp annihilation

@ No evidence of resonances in the charged channel J/dmiwo or J/v¥m

B(B® — K°X)

22 7R ) 0.6140.36 4 0.06
B(B+ — K*X)

o For the X meson produced in B decays

o Not observed in et e~ annihilation
o M =3871.9 £ 0.6 MeV
@ Only an upper bound for the width: I < 2.3 MeV (90% CL)

o Angular distribution of the final state compatible with J© =1+
B(X — J/v7)
B(X — J/ymta—
B(X — J/pmtm—a0)
B(X — J/ymtn—)

o X — J/1~y observed with =0.19+0.07 - C=+1

o J/ymtn—n0 observed with =1.0+0.4 £+ 0.3 — isospin

violation
o If 22P; is identified with Y(3940) — overpopulation of ¢ 17+ states

. . =0 .
o The mass of the resonance coincides with the mass of the D*9D" pair
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Properties
Interpretation (?)
X — DD

Conclusions

o Found in the J/¢nt 7~ distribution, both in B decays (B~(9) — K=(9X), and
in pp annihilation
@ No evidence of resonances in the charged channel J/dmiwo or J/v¥m
B(B® — K°X)

22 7R ) 0.6140.36 4 0.06
B(B+ — K*X)

o For the X meson produced in B decays

o Not observed in et e~ annihilation
o M =3871.9 £ 0.6 MeV
@ Only an upper bound for the width: I < 2.3 MeV (90% CL)

o Angular distribution of the final state compatible with J© =1+
B(X — J/v7)
B(X — J/ymta—
B(X — J/pmtm—a0)
B(X — J/ymtn—)

o X — J/1~y observed with =0.19+0.07 - C=+1

o J/ymtn—n0 observed with

=1.0£0.4+£0.3 — isospin

violation
o If 22P; is identified with Y(3940) — overpopulation of ¢ 17+ states

. . =0 .
The mass of the resonance coincides with the mass of the D*D" pair

Near-threshold D9D%7% enhancement in B — D°DO79K decay with central value
of the mass 4 MeV higher than PDG value
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Properties
Interpretation (?)
X — DDA
Conclusions

X(3872)

What kind of particle is X(3872)?

o Charmonium?
o Molecule(bound state D° — D*0)?

@ gq gq diquark-anti-diquark?
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What kind of particle is X(3872)?

o Molecule(bound state D° — D*0)?
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Properties
Interpretation (?)
X — DD~
Conclusions

X(3872): molecule?

IX(3872)) = a|D*D° + D= D% + b |¢)

—0 | =0 . . .
o |D*°D" + D* D% — “molecular’ part — peripheral interactions

e ) = |D*TD~ + D*~D*t) + ... — “core” part — all other interactions

@ a>> b (molecule dominates)
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Properties
Interpretation (?)
X — DD~
Conclusions

X(3872): molecule?

IX(3872)) = a|D*D° + D= D% + b |¢)

—0 | =0 . . .
o |D*°D" + D* D% — “molecular’ part — peripheral interactions

|) = |D**D~ + D*~D*) + ... — “core” part — all other interactions

a > b (molecule dominates)

o The decay of the molecule is mainly due to the decay of its component

o X — Dt D~ suppressed with respect to X — D9D0%

o Observation of such a suppression = signature for the molecule
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Properties
Interpretation (?)
X — DD~

Conclusions

Considering X (3872) as a pure QQ meson the radiative transition X — DDW could be
considered as the sum of the three processes:

Diky)
Xip.=)
D(ks)
D" q e ; 7 p°
LA, L LA
* DY & b > X 1(3770) &

Two unknown parameter
@ c governing the radiative (X|¢)(3770)7) matrix element
e 3 governing the couplings XDD*
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Interpretation (?)
X — DD~
Conclusions

F(X — D*D~v)
(X — DODOy

= =
o
ala
aha
ala
il e
WK
H| R

Ratio

o S0 100 150 200 250 30
B
=51
Figure: Ratio of charged X — D+D7'y to neutral X — DO Do'y widths versus the ratio of hadronic parameters
c/&
o In the region ¢/g; — 0 the process X — D*D — DD~ dominates
@ In the region ¢/g1 — oo the process X — (3770)y — DD~ dominates
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Interpretation (?)
X — DD~
Conclusions

(X — DTD ~

Ratio

e o e
b n

T (X5D'D vy
T (X-D90%y)
F

o S0 100 150 200 250 30
B
=51
Figure: Ratio of charged X — Dt D™~ to neutral X — D°D%~ widths versus the ratio of hadronic parameters
c/&
o In the region ¢/g; — 0 the process X — D*D — DD~ dominates
@ In the region ¢/g1 — oo the process X — (3770)y — DD~ dominates

There is always a suppression of the charged channel with respect to the neutral one.
The ratio is always smaller than 0.7
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Interpretation (?)
X — DD~

X(3872) Conclusions

Photon spectrum

c/g1 = 300 —(3770) dominates
o Peak at Ey ~ 100 MeV

c/g1 =1 —D* dominates

o Peak at Ey ~ 139 MeV— D*

decay o Structure at E, ~ 139 MeV
= =
%| o ol s
= "
T 0.1 o 0.1
= 2T
el o
E, (MeV) E, (MeV)
o .
3
. : = 0.2
= o Fi
2 R
[=] o.2| ‘ e
alg,, S
¢
. &0 Gl 100 120 €0 a0 100 120
-] E, (MeV) E, (MeV)
o Evident suppression o Evident suppression
o Peak at Ey ~ 125 MeV @ No structure at Ey ~ 139 MeV
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Interpretation (?)
X — DD~

X(3872) Conclusions

Summary, conclusions and remarks

Assuming for X(3872) a pure c€ structure:

@ The charged channel X — DD~ is suppressed with respect to X — D9D%
over all the range of the parameters governing the processes

o The photon spectrum of all the processes X — DD~ is different with respect to

the one resulting from assuming a molecular structure for X(3872)
y

Conclusions

© The suppression of the charged channel X — Dt D~ with respect to the neutral
X — DODO%y one cannot be taken as a signature of the molecular structure of
X(3872)

o Since at present the charmonium option for X(3872) cannot be simply excluded,
the analysis of the photon spectrum of radiative X — DD~y decays can be useful
in clarifying the situation

P. Colangelo, F. De Fazio, SN, hep-ph/0701052

—
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Interpretation (?)
X — DD~
Conclusions

Charmonium spectrum

1600
P(4415) RE
) _—_ I |
a200 = — == — Y4260~~~ — 25 s
— (2040) G w(160) | D*D*
- . ((3040) DsD
_ X(3940) w7 o3) Bo"
= 3800 , (3872 — -
< iy : (@770} DD
,q n, — T2
1 — 1
= 3400 | o ]
Iy
3000 - e |1r =
2600 ' ' '
S P D
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Properties
Interpretation (?)
X — DD

X(3872) Conclusions

Regge trajectories

a(t)
=
(52}

5 6 7 8 9 10
t (Gev?)

Figure: Chew-Frautschi plot for c5 states. The av = 0 point corresponds to the doublet 55 = %_ (t= Vi,) the
a = 1 points to the states with 55 = %+, %+ (t= W?gj). The o = 2 point represents the Dg;(2860) meson.
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