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⇒
⇒

JPC = 1++, 2-+: X→DD è proibito

ρ ω



X come molecola 
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Se la X ha JPC = 1++ : molecola in onda s con fdo:

|D0D0*› + |D0D0*›|X>=
√2

EB = MX-MD-MD* = (-0.49±1.6)MeV

Può uno stato così debolmente legato 
essere prodotto prompt in pp 

?

Energia di legame:

⇒



pp→ X(3872) @ CDF
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Phys. Rev. Lett. 98, 132002 (2007).
Phys. Rev. D80, 031103 (2009).
Phys. Rev. Lett. 79, 572 (1997).

33 nb < σ(pp̄→ X(3872) + All)prompt < 72 nb



⇒

D0*

D0

π0X

(1)

(2)

pp→ X(3872)

I mesoni D interagiscono scambiando π0

D0

D0*

k0 =
�

λ(m2
X , m2

D, m2
D∗)

2mX
� 30 MeV

r0 � 6 fm ∆k ∼ 1/2r0 � 15 MeV
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pp→ X(3872)

D0*

p

p

D0

Xk
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R : 0 ≤ k ≤ k0 + ∆k

Disuguaglianza 
di Schwartz 

MC: 
Herwig Pythia

σ(pp̄ → X(3872)) ≤
�

R
d3k|�DD̄∗(k)|pp̄�|2



pp→ X(3872) con Pythia e Herwig

the order of the center of mass momentum k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!ðm2

X;m
2
D;m

#2
D Þ

q
=2mX ’ 27 MeV. Given these consider-

ations, we can restrict the integration region to a ballR of
radius [18] ’ ½0; 35& MeV.

Since we assume that14 D'D# interactions have a range
of(1=m", we expect a relative orbital angular momentum
‘ & k=m"; i.e., we can only allow S-wave resonance scat-
tering. Moreover, we expect that D0 !D#0 is a rather narrow
object, its width being almost equal to the width of its D#

component: "( 65 keV. This is compatible with the de-
termination of Belle and BABAR, which find that the width
of the Xð3872Þ in the J=c# channel is <2:3 MeV at
90% C.L. On the other hand, attractive potentials do not
generate such sharp resonances in Swave. In higher partial
waves, the centrifugal angular momentum barrier allows
the formation of bound metastable states. Although the
D0 !D#0 molecule has to be a 1þþ state, we would need
the first even parity wave, namely, the D wave. Indeed, in
higher partial waves one can estimate the width of the
resonance to be "(#E ( E0ðkaÞ2‘'1, a being the range
of the interaction. Then, in the D-wave case, there could
have been a sharp resonance that we do not expect in the
S-wave case where we necessarily are. Other molecule
formation mechanisms under study, namely, Feshbach
resonances, could explain the narrowness of these states
[19].

Results.—15 As shown in Figs. 1 and 2, we can reproduce
the cross-section distributions in azimuth intervals #$
rather well for open charm production at CDF (see, for
example, [20] and the relative CDF internal notes), pro-
vided that we adopt some rescaling factors as to get the
right normalizations.

We have used HERWIG and PYTHIA to compute hadron
final states from 2 ! 2 QCD parton processes reaching a

Monte Carlo luminosityL( 100 nb'1. In Fig. 3, we show
the integrated cross section as a function of the center of
mass relative momentum in the D0 !D#0 molecule obtained
using HERWIG. To get the minimal experimental value of
%( 3:1* 0:7 nb, we need to include D0 !D#0 configura-
tions having up to krel ¼ 205* 20 MeV. Molecule candi-
dates in the ball of relative momenta R can account for
only 0.071 nb. Repeating the same calculation with
PYTHIA, see Fig. 2, we get krel ¼ 130* 15 MeV, whereas
in R we integrate 0.11 nb.
Simulating the real experimental situation of prompt

production of Xð3872Þ at CDF would require a further
increase of just a factor of 104 in the Monte Carlo lumi-
nosity, which is extremely CPU demanding. Yet, in con-
sideration of the stability of our results, we do not expect
significant variations from what we observed here.
In conclusion, we study gc !c events with one gluon at

p? > 5 GeV recoiling from the c !c pair, which, in turn, can
hadronize into open charm mesons very close in phase
space. We perform this computation at the parton level
using ALPGEN [21] and assuming the fragmentation func-
tions into open charm mesons to be set to 1. This corre-
sponds to an upper bound estimation. The results obtained
point at a definitely negligible contribution from these
configurations, being in the range of a few picobarns.
Conclusions.—We have simulated the production of

open charm mesons in high energy hadronic collisions at
the Tevatron. The generated samples have been examined
searching for D and D# mesons being in the conditions to
form, through resonant scattering, bound states with bind-
ing energy as small as (0:25 MeV. These Xð3872Þ candi-
dates have been required to pass the same kinematical
selection cuts used in the CDF data analysis. This allows
us to estimate an upper bound for the theoretical prompt

FIG. 3 (color online). The integrated cross section obtained
with HERWIG as a function of the center of mass relative
momentum of the mesons in the D0 !D#0 molecule. This plot is
obtained after the generation of 55+ 109 events with parton cuts
ppart
? > 2 GeV and jypartj< 6. The cuts on the finalDmesons are

such that the molecule produced has a p? > 5 GeV and jyj<
0:6.

FIG. 2 (color online). The same as in Fig. 1 but using PYTHIA.
We find that we have to rescale the PYTHIA cross sections by a
factor KPYTHIA ’ 0:74 to best fit the data on open charm pro-
duction. In both cases, the agreement of the Monte Carlo distri-
bution with data is remarkable.
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production cross section of Xð3872Þ at CDF. Averaging the
results obtained with PYTHIA and HERWIG, we find this to
be approximately 0.085 nb in the most reasonable region of
center of mass relative momenta ½0; 35$ MeV of the open
charmmeson pair constituting the molecule. This value has
to be compared with the lower bound on the experimental
cross section, namely, 3:1% 0:7 nb, extracted from CDF
data. The intuitive expectation that S-wave resonant scat-
tering is unlikely to allow the formation of a loosely bound
D0 !D&0 molecule in high energy hadron collision is con-
firmed by this analysis.
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FIG. 4 (color online).16 The same plot as in Fig. 3 but using
PYTHIA. We show these curves in a wide range of krel to give an
idea of the remarkable Monte Carlo stability against fluctuations
achieved on account of the very high statistics used.
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σ(pp̄→ X(3872) + All)max
th � 0.085 nb
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E il dibattito continua ...      
arXiv:0911.2016   &   arXiv:0912.5064 / Phys.Lett.B684:228-230,2010

σmin
exp

σmax
th

� 300



Y: stati esotici 1-- 

arXiv:0911.2178 [hep-ph]
In stampa su Phys. Rev. Lett.



NEW HADRONIC SPECTROSCOPY 29

Figure 9.: Invariant mass distributions of the most significant observations of the states
with C = + and mass above 5 GeV: X(4160) → D∗+D∗−, X(4140) → J/ψω, and
X(4350)→ DD.

Y (4350).
Next, Belle has published the confirmation of all these 1−− states [73, 76] and at the

same time has unveiled a new states that was not visible in BaBar data due to the limited

Figure 10.: J/ψπ+π− (left) and ψ(2S)π+π− (right) invariant mass in ISR production.
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FIG. 2: The Mrec(Λ
+
c

γISR) distribution with a p tag. The
solid curve represents the result of the fit described in the text.
The combinatorial background parameterization is shown by
the dashed curve. The dashed-dotted curve represents a con-
tribution of the Λ+

c
Λ−

c
final state while the dotted one is that

of the Λ+
c
Λ−

c
(2595) and the Λ+

c
Λ−

c
(2625) final states. The dif-

ference between the solid and dotted lines corresponds to the
contribution of the Λ+

c
Λ−

c
(2765) and the Λ+

c
Λ−

c
(2880) final

states. The histogram shows the normalized M
Λ

+
c

sidebands
contributions. The selected signal window is indicated by the
vertical lines.

ulation. All reflection normalizations are floated sep-
arately in the fit. The goodness of the fit is found
to be χ2/n.d.f = 18.8/22. We define an asymmet-
ric requirement on Mrec(Λ+

c γISR) of −250 MeV/c2 <
mΛ−

c

< 150 MeV/c2 to suppress the dominant part of
the reflection background, as shown in Fig. 2. We find
(386 ± 27(stat.)) signal events in this signal region. The
contribution of the process e+e− → Λ+

c Λ−
c π0γisr in the

signal region is estimated to be less than 18 events at
the 90% C.L. while that from the e+e− → Λ+

c Λ−
c ππγisr

process is estimated to be (7.3±1.7(stat.)) events. In the
following study the possible contribution of these back-
grounds is included in the systematic error.

The contribution from e+e− → Λ+
c Λ−

c π0, where an
energetic π0 is misidentified as a single γISR, is found to
be negligibly small. This is determined from a study of
e+e− → Λ+

c Λ−
c π0 events using a similar reconstruction

technique, but with an energetic π0 replacing the γISR.
The MΛ+

c Λ−

c

spectrum for events in the signal region
is shown in Fig. 3 (a). A clear peak is evident near
the Λ+

c Λ−
c threshold. We perform a simultaneous like-

lihood fit to the MΛ+
c Λ−

c

distributions for the Λ+
c signal

and sideband regions to fix the combinatorial background
shapes. The combinatorial background is parameterized
by p1

√
M − Mthr · e−(p2·M+p3·M

2), where p1, p2 and p3

are free parameters. The signal function is a sum of a rel-
ativistic s-wave Breit-Wigner (RBW) function [16] and a
threshold function

√
M − Mthr with a floating normaliza-

tion to take into account a possible non-resonant contri-
bution. Finally, the sum of the signal resonance and non-
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spectrum for the signal region: (a) with
p tag. The solid curve represents the result of the fit de-
scribed in the text. The threshold function is shown by the
dashed curve. The combinatorial background parameteriza-
tion is shown by the dashed-dotted curve; (b) with proton
(wrong-sign) tag. Histograms show the normalized contribu-
tions from Λ+

c
sidebands.

resonant functions is multiplied by an efficiency function
that has a linear dependence on MΛ+

c Λ−

c

, and the differen-
tial ISR luminosity, described in Ref. [7]. The fit, shown
as a solid curve in Fig. 3 (a), attributes 142+32

−28(stat.)
events to the RBW signal. The obtained peak mass
is M = (4634+8

−7(stat.)+5
−8(sys.))MeV/c2 and the total

width is Γtot = (92+40
−24(stat.)+10

−21(sys.))MeV. The fit
gives χ2/n.d.f = 104/77. Here the systematic uncer-
tainties are obtained by varying the fit range, histogram
bin size, efficiency function, parameterization of the back-
ground function and the non-resonant parametrization.
The systematic error associated with the possible inter-
ference between the resonance and non-resonant contri-
butions is estimated from the fit with a coherent sum of
the RBW and non-resonant amplitudes, which has the
quality χ2/n.d.f = 103/76 and yields a smaller mass
(4626 MeV/c2) and total width (77 MeV). A statistical
significance for the signal of 8.8σ is determined from the
quantity −2 ln(L0/Lmax), where Lmax is the maximum
likelihood returned by the fit, and L0 is the likelihood
with the amplitude of the Breit-Wigner function set to
zero, taking the reduction in the number of degrees of
freedom into account. The significance including system-
atics is 8.2σ. We use X(4630) to denote the observed
structure.

As a cross check, we present in Fig. 3 (b) the MΛ+
c Λ−

c
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−21(sys.))MeV. The fit
gives χ2/n.d.f = 104/77. Here the systematic uncer-
tainties are obtained by varying the fit range, histogram
bin size, efficiency function, parameterization of the back-
ground function and the non-resonant parametrization.
The systematic error associated with the possible inter-
ference between the resonance and non-resonant contri-
butions is estimated from the fit with a coherent sum of
the RBW and non-resonant amplitudes, which has the
quality χ2/n.d.f = 103/76 and yields a smaller mass
(4626 MeV/c2) and total width (77 MeV). A statistical
significance for the signal of 8.8σ is determined from the
quantity −2 ln(L0/Lmax), where Lmax is the maximum
likelihood returned by the fit, and L0 is the likelihood
with the amplitude of the Breit-Wigner function set to
zero, taking the reduction in the number of degrees of
freedom into account. The significance including system-
atics is 8.2σ. We use X(4630) to denote the observed
structure.

As a cross check, we present in Fig. 3 (b) the MΛ+
c Λ−

c

Y(4630)

Y→
Λ

+c  Λ
-c   
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Charmed Baryonium

G Cotugno†, R Faccini†,¶, AD Polosa¶, C Sabelli†,¶
¶INFN Roma, Piazzale A. Moro 2, Roma, I-00185, Italy

†Department of Physics, Università di Roma, ‘La Sapienza’, Piazzale A. Moro 2, Roma, I-00185, Italy

We re-analyze the published data on the Y (4630) → ΛcΛ̄c and the Y (4660) → ψ(2S)ππ
with a consistent Ansatz and we find that the two observations are likely to be due
to the same state YB with MYB

= 4660.7 ± 8.7 MeV and ΓYB
= 61 ± 23 MeV. Un-

der this hypothesis and reanalizing also the e+e− → J/ψππγISR spectrum we extract
B(YB → ΛcΛ̄c)/B(YB → ψ(2S)ππ) = 117 ± 44, B(YB → J/ψππ)/B(YB → ψ(2S)ππ) < 0.46
@ 90% C.L., B(Y (4350) → J/ψππ)/B(Y (4350) → ψ(2S)ππ) < 3.4 × 10−3 @ 90% C.L. and
B(YB → ψ(2S)σ)/B(YB → ψ(2S)f0) = 2.0±0.3. These conclusions strongly support the hypothesis
of YB being the first observation of a charmed baryonium constituted by four quarks. From the
analysis of the mass spectrum we show that Y (4350) and YB are respectively consistent with the
ground state and first radial excitation of the % = 1 state.

PACS: 12.39.-x, 12.39.Mk, 13.75.-n

Introduction . The search of the so called baryonia, exotic states originally thought to appear in nucleon-
antinucleon systems, has a rather long and sometimes controversial history. Early work in this field can be
found in [1] and quite recently there have been new interesting experimental indications as discussed e.g. in [2].
In this letter we focus on higher mass scales, namely we refer to the hidden charm sector. We identify as a
charmed baryonium a narrow structure, which we call YB(JPC = 1−−), with a decay pattern dominated by the
ΛcΛ̄c baryon-antibaryon mode and compare a set of other observables with the expectations of a tetraquark
model. Many different interpretations have been proposed in previous works on the nature of the 1−− neutral
states in the 4 GeV region. The conventional charmonium assignation has been discussed in [3]. Besides the
charmonium hybrid interpretation [4] and the tetraquark exlpanation [5], the possibility that Y (4260) could be
a threshold effect [6] or a charm mesons molecule [7] have been considered too. Recently [8] and [9] proposed
the Y (4660) to be a D∗D̄1 and a ψ

′

f0 bound state respectively.
YB from Belle data . The existence of YB stems from our re-analysis of data from the Belle experiment

on the decay of the Y (4660) resonance in ψ(2S)ππ [10] and of the Y (4630) in ΛcΛ̄c [11]. We fit the invariant
mass spectra in Fig. 1 with a binned likelihood, adopting a consistent signal model: a relativistic Breit-Wigner
with comoving width, as detailed in Ref. [12]. Background is parameterized with a second order polynomial
multiplied by the phase space.
The individual fits to the charmonium and baryonic modes return MYB

= 4661± 9 MeV, ΓYB
= 61± 23 MeV

with χ2/d.o.f. = 7/20 and MYB
= 4661 ± 14 MeV, ΓYB

= 63 ± 23 MeV with χ2/d.o.f. = 51/35, respectively.
The two results are consistent, strongly supporting the hypothesis that the two structures are evidences of the
same resonance. In the following we will use the results of the first and more accurate, fit as reference. From
the same fits we also extract

B(YB → ΛcΛ̄c)

B(YB → ψ(2S)π+π−)
= 117± 44, (1)

a result which highlights a strong affinity of the YB to the baryon-antibaryon decay mode.
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FIG. 1: Fit of the cross section from the data of Belle Collaboration [10, 11] for the process e+e− → ψ(2S)π+π− (left)
and e+e− → Λ+

c Λ
−
c (center) and from the BaBar Collaboration [13] for the process e+e− → J/ψπ+π− (right) . The

black line represents the fit results, the red one shows the polynomial background.

1

Y(4630) ≡ Y(4660) ≡ YB

Nuova analisi dei dati di Belle nei canali ψ(2S) π+π- e Λ+c Λ-c

MYB = (4660.7± 8.7)MeV
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B(YB → Λ+
c Λ−c )

B(YB → ψ(2S)π+π−)
= 117± 44

B(YB → J/ψπ+π−)
B(YB → ψ(2S)π+π−)

< 0.46
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Lo spettro: stringa rotante relativistica

m1

m2
T

ω

r1 r2

dE∗ = Tdr → dE =
T

ω

dv√
1− v2

dL = ωdI =
v2

ω
dE =

T

ω2

v2 dv√
1− v2

m1=m2=M, M>>T/ω E = 2M +
3L2/3T 2/3

(4M)1/3

T=σ/2π, σ=1.1 GeV2

dalle traiettorie di Regge

10/10

nr L

0 1
0 3
1 1

4340
4850
4700

Y(4350)

Y(4660)

Mth(MeV)



Back Up



pp→ X(3872) @ CDFII

3/10

(p⊥ > 5 GeV, |y| < 0.6)

[arXiv:hep-ex/0612053]
[arXiv:0905.1982 [hep-ex]]
Phys. Rev. Lett. 79, 572 (1997)

⇒

p⊥ > 5 GeV, |y| < 1con:

Assumendo la stessa distribuzione in rapidità e p⊥ per X e ψ(2S):

σ(pp̄→ X(3872) + All)prompt × B(X(3872)→ J/ψπ+π−))
σ(pp̄→ ψ(2S) + All)prompt

� (4.6± 0.1)%

σ(pp̄→ X(3872) + All)prompt B(X(3872)→ J/ψπ+π−) � (3.1± 0.7)nb

σ(pp̄→ ψ(2S) + All)prompt = (67± 9) nb with:

0.042 < B(X(3872)→ J/ψπ+π−) < 0.093

33 nb < σ(pp̄→ X(3872) + All)prompt < 72 nb

Inoltre:



D0 :: !y!!1 :: 5.5!p!!20 GeV
D"# :: !y!!1 :: 5.5!p!!20 GeV
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FIG. 1: The D0D∗− pair cross section as func-
tion of ∆φ at CDF Run II. The transverse mo-
mentum, p⊥, and rapidity, y, ranges are indi-
cated. Data points with error bars, are compared
to the leading order event generator Herwig. The
cuts on parton generation are ppart

⊥ > 2 GeV and
|ypart| < 6. We have checked that the dependency
on these cuts is not significative. We find that we
have to rescale the Herwig cross section values by
a factor KHerwig ! 1.8 to best fit the data on open
charm production.

FIG. 2: The same as in Fig. 1 but using Pythia.
We find that we have to rescale the Pythia cross
sections by a factor KPythia ! 0.74 to best fit the
data on open charm production. In both cases the
agreement of the Monte Carlo distribution with
data is remarkable.

bound metastable states. Although as the D0D̄∗0 molecule has to be a 1++ state, we would need the first even
parity wave, namely D-wave! Indeed in higher partial waves one can estimate the width of the resonance to be
Γ ∼ ∆E ∼ E0(ka)2!−1, a being the range of the interaction. Then, in the D−wave case, there could have been a
sharp resonance that we do not expect in the S−wave case where we necessarily are. Other molecule formation
mechanisms under study, namely Feshbach resonances, could explain the narrowness of theses states [18].

Results. As shown in Figs. 1 and 2, we can reproduce rather well the cross section distributions in azimuth
intervals ∆φ for open charm production at CDF (see for example [19] and the relative CDF internal notes),
provided that we adopt some rescaling factors as to get the right normalizations.

We have used Herwig and Pythia to compute hadron final states from 2 → 2 QCD parton processes reaching a
Monte Carlo luminosity L ∼ 100 nb−1. In Fig. 3 we show the integrated cross section as a function of the center
of mass relative momentum in the D0D̄∗0 molecule obtained using Herwig. To get the minimal experimental
value of σ ∼ 3.1± 0.7 nb we need to include D0D̄∗0 configurations having up to krel = 205± 20 MeV. Molecule
candidates in the ball of relative momenta R can account only for 0.071 nb. Repeating the same calculation
with Pythia, see Fig. 4, we get krel = 130 ± 15 MeV whereas in R we integrate 0.11 nb.

Simulating the real experimental situation of prompt production of X(3872) at CDF would require a further
increase of just a factor of 104 in the Monte Carlo luminosity which is extremely CPU demanding. Yet, in
consideration of the stability of our results, we do not expect significant variations from what here observed.

In conclusion we study gcc̄ events with one gluon at p⊥ > 5 GeV recoiling from the cc̄ pair which in turn
can hadronize into open charm mesons very close in phase space. We perform this computation at the parton
level using ALPGEN [20] and assuming that the fragmentation functions into open charm mesons to be set
to one. This corresponds to an upper bound estimation. The results obtained point at a definitely negligible
contribution from these configurations, being in the range of few picobarns.

Conclusions. We have simulated the production of open charm mesons in high energy hadronic collisions
at the Tevatron. The generated samples have been examined searching for D and D∗ mesons being in the
conditions to form, through resonant scattering, bound states with binding energy as small as ∼ 0.25 MeV.
These X(3872) candidates have been required to pass the same kinematical selection cuts used in the CDF
data analysis. This allows to estimate an upper bound for the theoretical prompt production cross section of
X(3872) at CDF. Averaging the results obtained with Pythia and Herwig we find this to be approximately
0.085 nb in the most reasonable region of center of mass relative momenta [0, 35] MeV of the open charm
meson pair constituting the molecule. This value has to be compared with the lower bound on the experimental
cross section, namely 3.1 ± 0.7 nb, extracted from CDF data The intuitive expectation that S−wave resonant
scattering is unlikely to allow the formation of a loosely bound D0D̄∗0 molecule in high energy hadron collision
is confirmed by this analysis.

3

Tuning del MC sui dati



pp→ X(3872) con Pythia e Herwig

the order of the center of mass momentum k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!ðm2

X;m
2
D;m

#2
D Þ

q
=2mX ’ 27 MeV. Given these consider-

ations, we can restrict the integration region to a ballR of
radius [18] ’ ½0; 35& MeV.

Since we assume that14 D'D# interactions have a range
of(1=m", we expect a relative orbital angular momentum
‘ & k=m"; i.e., we can only allow S-wave resonance scat-
tering. Moreover, we expect that D0 !D#0 is a rather narrow
object, its width being almost equal to the width of its D#

component: "( 65 keV. This is compatible with the de-
termination of Belle and BABAR, which find that the width
of the Xð3872Þ in the J=c# channel is <2:3 MeV at
90% C.L. On the other hand, attractive potentials do not
generate such sharp resonances in Swave. In higher partial
waves, the centrifugal angular momentum barrier allows
the formation of bound metastable states. Although the
D0 !D#0 molecule has to be a 1þþ state, we would need
the first even parity wave, namely, the D wave. Indeed, in
higher partial waves one can estimate the width of the
resonance to be "(#E ( E0ðkaÞ2‘'1, a being the range
of the interaction. Then, in the D-wave case, there could
have been a sharp resonance that we do not expect in the
S-wave case where we necessarily are. Other molecule
formation mechanisms under study, namely, Feshbach
resonances, could explain the narrowness of these states
[19].

Results.—15 As shown in Figs. 1 and 2, we can reproduce
the cross-section distributions in azimuth intervals #$
rather well for open charm production at CDF (see, for
example, [20] and the relative CDF internal notes), pro-
vided that we adopt some rescaling factors as to get the
right normalizations.

We have used HERWIG and PYTHIA to compute hadron
final states from 2 ! 2 QCD parton processes reaching a

Monte Carlo luminosityL( 100 nb'1. In Fig. 3, we show
the integrated cross section as a function of the center of
mass relative momentum in the D0 !D#0 molecule obtained
using HERWIG. To get the minimal experimental value of
%( 3:1* 0:7 nb, we need to include D0 !D#0 configura-
tions having up to krel ¼ 205* 20 MeV. Molecule candi-
dates in the ball of relative momenta R can account for
only 0.071 nb. Repeating the same calculation with
PYTHIA, see Fig. 2, we get krel ¼ 130* 15 MeV, whereas
in R we integrate 0.11 nb.
Simulating the real experimental situation of prompt

production of Xð3872Þ at CDF would require a further
increase of just a factor of 104 in the Monte Carlo lumi-
nosity, which is extremely CPU demanding. Yet, in con-
sideration of the stability of our results, we do not expect
significant variations from what we observed here.
In conclusion, we study gc !c events with one gluon at

p? > 5 GeV recoiling from the c !c pair, which, in turn, can
hadronize into open charm mesons very close in phase
space. We perform this computation at the parton level
using ALPGEN [21] and assuming the fragmentation func-
tions into open charm mesons to be set to 1. This corre-
sponds to an upper bound estimation. The results obtained
point at a definitely negligible contribution from these
configurations, being in the range of a few picobarns.
Conclusions.—We have simulated the production of

open charm mesons in high energy hadronic collisions at
the Tevatron. The generated samples have been examined
searching for D and D# mesons being in the conditions to
form, through resonant scattering, bound states with bind-
ing energy as small as (0:25 MeV. These Xð3872Þ candi-
dates have been required to pass the same kinematical
selection cuts used in the CDF data analysis. This allows
us to estimate an upper bound for the theoretical prompt

FIG. 3 (color online). The integrated cross section obtained
with HERWIG as a function of the center of mass relative
momentum of the mesons in the D0 !D#0 molecule. This plot is
obtained after the generation of 55+ 109 events with parton cuts
ppart
? > 2 GeV and jypartj< 6. The cuts on the finalDmesons are

such that the molecule produced has a p? > 5 GeV and jyj<
0:6.

FIG. 2 (color online). The same as in Fig. 1 but using PYTHIA.
We find that we have to rescale the PYTHIA cross sections by a
factor KPYTHIA ’ 0:74 to best fit the data on open charm pro-
duction. In both cases, the agreement of the Monte Carlo distri-
bution with data is remarkable.
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production cross section of Xð3872Þ at CDF. Averaging the
results obtained with PYTHIA and HERWIG, we find this to
be approximately 0.085 nb in the most reasonable region of
center of mass relative momenta ½0; 35$ MeV of the open
charmmeson pair constituting the molecule. This value has
to be compared with the lower bound on the experimental
cross section, namely, 3:1% 0:7 nb, extracted from CDF
data. The intuitive expectation that S-wave resonant scat-
tering is unlikely to allow the formation of a loosely bound
D0 !D&0 molecule in high energy hadron collision is con-
firmed by this analysis.
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FIG. 4 (color online).16 The same plot as in Fig. 3 but using
PYTHIA. We show these curves in a wide range of krel to give an
idea of the remarkable Monte Carlo stability against fluctuations
achieved on account of the very high statistics used.
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σ(pp̄→ X(3872) + All)max
th � 0.085 nb
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55 × 109 eventi :: p⊥
part > 2 GeV :: |ypart| < 6

Tagli sui mesoni finali D tali che p⊥
X > 5 GeV and |ypart| < 0.6

σ(pp̄→ X(3872) + All)max
th � 3 nb

k fino a ∼200 MeV



Decadimenti della X

50N. DRENSKA[AB], R. FACCINI[AB], F. PICCININI[C], A. POLOSA[B], F. RENGA[B], and C. SABELLI[AB]

Table XII.: Measured X(3872) branching fractions, separated by production and decay
mechanism. When more than a publication is present the combination is performed
assuming gaussian uncorrelated errors. The last two columns report the results in terms
of absolute X branching fraction (Bfit) and of the branching fraction normalized to
J/ψππ (Rfit) as obtained from the global likelihood fit described in the text. Ranges
and limits are provided at 68% and 90% C.L. respectively.

B Decay mode X decay mode PBF(×105) Bfit Rfit

XK± X → J/ψππ 0.82±0.09 [101, 102] [0.035, 0.075] N/A
XK0 X → J/ψππ 0.53±0.13 [101, 102] – N/A
XK± X → D∗0D0 13±3 [99, 103] [0.54, 0.8] [3.9, 18.9]
XK0 X → D∗0D0 13±3 [99, 103] – –
XK X → χc(1P )γ [95] – –
XK X → J/ψγ [104] [0.0075, 0.0195] [0.19, 0.32]
XK X → ψ(2S)γ [104] [0.03, 0.09] [0.75, 1.55]
XK X → γγ [105] < 0.0004 < 0.0078
XK X → J/ψη [106] < 0.098 < 1.9
XK X → J/ψπππ0 [107] [0.015, 0.08] [0.45, 1.44]
XK∗ X → J/ψππ [102] – –

Table XIII.: Measured JPC , masses, and widths of the ”3940 family” of states.

State JPC Mass (Mev/c2) Width (MeV)

X(3940) [112] 0±+ 3942+7
−6(stat.)± 6(sys.) 37+26

−15(stat.)± 8(sys.)

Y(3940)[Belle] [46] [2,4]±+ 3943± 13 87± 22

Y(3940)[BaBar] [47] [2,4]±+ 3914.6+3.8
−3.4(stat.)± 1.9(sys.) 33+12

−8 (stat.)± 5(sys.)

Y(3915) [113] 3915± 3(stat.)± 2(sys.) 17± 10(stat.)± 3(sys.)

Z(3940) [114] 2++ 3926± 2.7(stat.)± 1.1(sys.) 21.3± 6.8± 3.6

Table XIV.: Expected spectrum of [bq][bq�] tetraquarks.

Γ(23P1→ψγ)/Γ(23P1→ψππ)∼40
Γ(X→ψγ)/Γ(X→ψππ)∼0.1

B(X→ψρ)/B(X→ψω)∼1



Lo spettro: stringa rotante relativistica

m1

m2
T

ω

r1 r2

dE∗ = Tdr → dE =
T

ω

dv√
1− v2

dL = ωdI =
v2

ω
dE =

T

ω2

v2 dv√
1− v2

m1=m2=M, M>>T/ω E = 2M +
3L2/3T 2/3

(4M)1/3

L = 1 :

L = 2 :

cc̄ [cq][c̄q̄]
L = 1 :

L = 3 :?!

M th
χcJ

= 3517MeV

Mexp
χcJ

= 3525MeV

M th
ψ� = 3820MeV

Mexp
ψ� = 3770MeV

⎬
⎬

M th = 4340MeV

Mexp = 4350MeV

Mexp = 4660MeV
M th = 4850MeV

⎬ ⎬⎬
⎬

T=σ/2π, σ=1.1 GeV2

dalle Regge trajectories
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Eccitazioni radiali

La dominanza del decadimento in ψ(2S)π+π- suggerisce 
che il sistema sia eccitato radialmente

∆M = Mχb(2P ) −Mχb(1P ) � 360MeVBB Threshhold
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Figure 1: Schematic showing the full bb spectrum below open beauty threshold.

of angular distributions and invariant mass spectra are important in developing our
theoretical understanding of hadronization.

In each of these cases, comparison to similarly precise measurements in the char-
monium system that have been performed by CLEO, E835 and other recent experi-
ments, provide a very nice foundation for improving theoretical models that describe
the dynamics of heavy quarks.

2 The Experimental Situation Circa 2001

At the beginning of 2001, the spectrum of bottomonium was known, in its gross
features, relatively well (see Figure 1). Three triplet-S states, the Υ(3S), Υ(2S) and
Υ(1S) had been observed, with known branching ratios to lepton pairs; two pairs of
triplet-P states (χb(1P ) and χb(2P )) had all been observed in radiative transitions
from the higher Υ(nS) states, and many had been observed to decay radiatively to
lower Υ(mS) states. The masses of all nine of these states were known to varying
degrees of precision. Leptonic branching ratios and/or partial widths were not all
well known.

From 2001 to 2002, CLEO took data at center of mass energies on or near the
three lower-lying triplet-S bottomonium resonances, expending from 1.2 to 1.5 fb−1

in each case. The number of Υ(nS) decays observed were approximately 22, 9 and 6

2

E(nr, L) = 2M +
3L2/3T 2/3

(4M)1/3
+ nr∆M

nr L

0 1
0 3
1 1

4340
4850
4700

Y(4350)

Y(4660)

Il rapporto B(J/ψ)/B(ψ(2S)) puo’ essere spiegato con un 
integrale di sovrapposizione delle fdo radiali ?

∫ψcc*(r) ψ[cq][cq](r) 
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