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Why do we care about exotic hadrons?

exotic means non qq or qqq structures ... what else?

(1) Strongly interacting clusters of hadrons: molecules
(Voloshin; Tornqvist; Close; Braaten; Swanson...)

(2) Tetraquark mesons, Pentaquarks, ...
(Maiani,Piccinini,Polosa,Riquer ...)

(3) Hybrids
(Close, Kou&Pene, ...)

X(3872) is considered a good candidate of exotic hadron



What do we know about X(3872)?

[see talks by 
Vishal Bhardwaj on May 19

Arafat Gabareen Mokhtar on May 20]



2 Measurements of the width            

D0D0*: Γ=(3+1.9
-0.4 ± 0.9) MeV

  J/ψ π+π-: Γ < 2.3 MeV @ 90% c.l.

Mass and width: very narrow

2 Measurements of the mass                     

D0D0*: M=(3873.49 ± 0.51) MeV

  J/ψ π+π-: M=(3871.61±0.16(stat)±0.19(syst)) MeV 

::BaBar, arXiv:0708.1565v2 [hep-ex]::
::Belle, arXiv:0810.0358v3 [hep-ex]::

::CDF II, arXiv:0906.5218 [hep-ex]::
≈3.5 σ

::BaBar, arXiv:0708.1565 [hep-ex]::



Angular distribution of X → J/ψ π+π- 

JP=1+ preferred 

      JP=2- not excluded 

Quantum numbers

From X → J/ψ γ ⇒ C=+1

⇒
:: CDF, arXiv:hep-ex/0612053 :::: Belle, arXiv:hep-ex/0505038 ::

It was observed a large isospin violation

[the π+π- pair comes from ρ]
X seems to contain I=0 and I=1 at the same level

B(X → J/ψω)
B(X → J/ψπ+π−)

= 0.8± 0.3(stat.)± 0.1(syst.)

:: Belle, arXiv:hep-ex/0408116 ::

:: Belle, arXiv:hep-ex/0505037 ::



A  JPC =1++  tetraquark?



X as a tetraquark (1)

X can be a compact bound state of 4quark:

a diquark-antidiquark bound state

1++ quantum numbers are obained if one picks up one S=1 

diquark and one S=0 diquark

Xq =
[cq]1[c̄q̄]0 + [cq]0[c̄q̄]1√

2

A tetraquark has a strong affinity to the baryon-antibaryon 

mode, but the X is below threshold ⇒ narrow state
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:: Maiani, Piccinini, Polosa, Riquer, Phys.Rev.D71:014028,2005 ::



Two neutral states 

X+ = [cu][c̄d̄]

X− = [cd][c̄ū]

Two charged states 

Two different flavour for the light quarks:

But there are still some tetraquark candidates among the XYZ 

particles: Z+(4430), Y(4660)

Xu = [cu][c̄ū]
Xd = [cd][c̄d̄]

still missing!not established?

X as a tetraquark (2)

:: Maiani, Polosa, Riquer, Phys.Rev.Lett.99:182003,2007 ::

:: Maiani,Polosa,Riquer, New J.Phys.10:073004,2008 ::

:: Cotugno,Faccini,Polosa,Sabelli,Phys.Rev.Lett.104:132005,2010 ::



A  JPC =1++  molecule?



The molecular hypothesis

MD+MD*≅3872MeV ⇒ X is an S-wave D0D0* molecule

|D0D0*› + |D0D0*›
|X>=

√2

If one assumes JP=1++ the wavefunction is

[cu][cu] ⇒ |I=0› ⊕ |I=1>

this would explain the large Isospin violation

EB = MX-MD-MD* = (-0.25±0.40)MeV

Extremely small binding energy

Can such a loosely bound state be produced promptly
 in high energy pp collisions?

:: Tornqvist, Z. Phys. C 61, 525 (1994) ::

:: Braaten, Phys.Rev.D69:074005 (2004) ::

:: Swanson, Phys.Lett.B588:189-195 (2004) ::



X prompt production



pp→ X(3872) @ CDFII :: CDF, arXiv:hep-ex/0612053 ::
:: CDF, arXiv:0905.1982 [hep-ex] ::

:: CDF, Phys. Rev. Lett. 79, 572 (1997) ::

⇒

Assuming the same rapidity and p⊥ distribution per X e ψ(2S):

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

0.042 < B(X(3872)→ J/ψπ+π−) < 0.093Moreover:

CDF II performed an analysis to distinguish the fraction of ψ(2S) and 

X produced promptly from the fraction produced from B decays
on an integrated luminosity of 220 pb-1 pp collisions

:: BaBar, Phys.Rev.Lett.96:052002,2006 ::

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



⇒

D0*

D0

π0X

(1)

(2)

pp→ X(3872) as loosely bound molecule

D mesons interact via π0-exchange:

D0

D0*

using the fact that g2/4π∼10 we find a characteristic size

(uncertainty principle)

r0 � 8 fm

�2

2µr2
0

− g2

4π

e−mπr0

r0
= |EB | � 0.25 MeV

∆k ∼ 1/2r0 � 20 MeV

k0 =
�

λ(m2
X , m2

D, m2
D∗)

2mX
� 30 MeV



pp→ X(3872) as loosely bound molecule

D0*

p

p

D0

Xk R : 0 ≤ k ≤ k0 + ∆k

Schwartz 
Inequality

MC: 
Herwig Pythia

σ(pp̄ → X(3872)) ∼
����
�

d3k�X|DD̄∗(k)��DD̄∗(k)|pp̄�
����
2

≤
�

d3k|ψ(k)|2
�

d3k|�DD̄∗(k)|pp̄�|2

≤
�

R
d3k|�DD̄∗(k)|pp̄�|2 ∼ σ(pp̄ → X(3872))max

 :: Bignamini, Grinstein, Piccinini, Polosa, Sabelli, Phys. Rev. Lett. 103 (2009) 162001 ::



pp→ X(3872) @ Pythia and 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.

P HY S I CA L R EV I EW LE T T E R S

3 3

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.

We wish to thank Marco Rescigno for his indispensable
hints on CDF data. We acknowledge many useful discus-
sions with E. Braaten, R. Escribano, F. Maltoni, R. L. Jaffe,
and we thank Gino Isidori and Alessandro Strumia for their
comments on the manuscript. The work of one of us (B.G.)
is supported in part by the U.S. Department of Energy
under Contract No. DE-FG03-97ER40546.
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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 � 3 nb if k ranges up to ∼200 MeV for Herwig

                           ∼130 MeV for Pythia

We rescale the Herwig cross section values by a factor  K= 1.8 to best fit the 
data on open charm production. As for Pythia we need  K=0.74.

σ(pp̄→ X(3872) + All)max
th � 0.085 nb



To be compared with

... which gives

σmin
exp

σmax
th

� 300

The molecular picture of the X 

seems to be in trouble ...

pp→ X(3872) @ Pythia and Herwig

σmin
exp � 33 nb



FSI came into play



Is really the molecular picture in trouble?

:: Braaten & Artoisenet arXiv:0911.2016 :: 

FSI can enhance the theoretical cross-section

In this way σth and σexp can be reconciled... but ...

(2) Enhancement factor

D0*

D0p

p

FSI
D0*

D0

σ(pp̄→ X + all)prompt � [σ
�
pp̄→ D0D̄0∗(k < Λ) + all

�
]MC ×

6π
√

2µEX

Λ

FSI enhancement factorPythia & Herwig 

(1) FSI can make a high relative momentum pair to 

rescatter in a lower relative momentum pair: k can range 

up to Λ≈2mπ

QCD



D0*

p

p

D0

k

FSI: Watson theorem

1/a

h

a is the range of 
strong interaction:

a∼1fm
 k<1/a∼200MeV

:: Bignamini, Grinstein, Piccinini, Polosa, Riquer, Sabelli, Phys.Lett.B684:228-230,2010 ::

16/20



D0*

p

p

D0

k

FSI: Watson theorem

1/ah’

h

DD!!k"300 MeV"

x#50 MeV

x#100 MeV

0 1 2 3 4 5 6 7 8
0.0

0.5

1.0

1.5

0 1 2 3 4 5 6 7 8

Number of hadrons with k"x relative to D0 or D0!

Σ
!n
b"

FIG. 2: The cross section integrated in bins containing n = 0, 1, 2, ... extra hadrons having a relative momentum
k < x MeV with respect the D or the D∗ composing the X(3872) molecule. Following [11] we assume that the molecule
is formed in S-wave with a relative k in the center of mass of D and D∗ as large as 300 MeV.

where the value of 3 nb is found pushing the Λ value up to 600 MeV (following some considerations on the
possible values of the Λ cutoff made in [11]). We obtain definitely similar results using Pythia [12].
Such numbers should put the Xs(4080) molecule in the conditions to be observed at CDF. We would find

rather surprising that no such state is found assuming that the mechanism (2) is correct thus we encourage
searches of this resonance.
On the other hand we cast some doubts on the possibility that final state interactions can indeed play such

a pivotal role as described in [11]. First of all we remind that Watson formulae [13] used in [11] are valid for
S-wave scattering, whereas a relative three-momentum k of 300 MeV indicates that higher partial waves should
be taken into account.
Most importantly, we have verified in our MC simulations that as the relative momentum k in the center of

mass of the molecule is taken to be up to 300 MeV, then other hadrons (on overage more than two) have a
relative momentum k < 100 MeV with the D or the D∗ constituting the molecule (see Fig. 2). On the other
hand the Migdal-Watson theorem for final state interactions requires that only two particles in the final state
participate to the strong interactions causing them to rescatter. In other words the extra hadrons involved in
the process do necessarily interfere in an unknown way with the mesons assumed to rescatter into an X(3872).
This is particularly true as one further enlarges the dimensions of the momentum ball R as required in [11].
Tetraquarks with a [cs][c̄s̄] might also occur, and one expects the lightest of this family to be a scalar at about

3930 MeV, as estimated in [15]. Computing the prompt production cross section is an harder task though. This
would require some specific model for the fragmentation of partons into diquarks allowing to extract from data
a ratio of the production rate of [cs] and [cq] diquarks. In turn this would allow, for example, to estimate
the prompt production cross section of the Xs under the hypothesis that the X(3872) produced at CDF is a
tetraquark. A simple model of parton to diquark fragmentation could be drawn along the lines discussed in [16]
where the case of light diquarks was treated. Yet we prefer to postpone such estimate as soon as the first data
on exotic hadron production will be available from LHCb and ALICE.
In this note we show that starting from the results discussed in [11] we should expect an enhancement in the

prompt production cross section of an hypothetical newXs(4080) molecular loosely bound resonance constituted
by a DsD̄∗

s pair. We estimate such cross section to be between 1 and 3 nb at the Tevatron. On the other hand
we cast some doubts on the applicability of the Watson theorem for final state interactions in the calculation at
hand. We show that in the hadronization shower the number of hadrons in a momentum volume R(k) tends to
grow with k whereas the final state interactions formulae used in [11] (see [13]) should involve only two hadrons
at a time.

Acknowledgments

We wish to thank Marco Rescigno for his indispensable hints on CDF data. The work of one of us (B.G.) is
supported in part by the US Department of Energy under contract DE-FG03-97ER40546.
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a is the range of 
strong interaction:

a∼1fm
 k<1/a∼200MeV

In the standard treatment of FSI (Watson Theorem)  

one should have no more than two particles 
rescattering in the final state.                                                                                             

We find that this is not the case in the CDF simulation.

1.

:: Bignamini, Grinstein, Piccinini, Polosa, Riquer, Sabelli, Phys.Lett.B684:228-230,2010 ::
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s-wave scattering 

requires: ka<<1 

k<<200 MeV

D0*

p

p

D0

k

FSI: Watson theorem

1/ah’

h

DD!!k"300 MeV"

x#50 MeV

x#100 MeV

0 1 2 3 4 5 6 7 8
0.0

0.5

1.0

1.5

0 1 2 3 4 5 6 7 8

Number of hadrons with k"x relative to D0 or D0!

Σ
!n
b"

FIG. 2: The cross section integrated in bins containing n = 0, 1, 2, ... extra hadrons having a relative momentum
k < x MeV with respect the D or the D∗ composing the X(3872) molecule. Following [11] we assume that the molecule
is formed in S-wave with a relative k in the center of mass of D and D∗ as large as 300 MeV.
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a is the range of 
strong interaction:

a∼1fm
 k<1/a∼200MeV

⇒

In the standard treatment of FSI (Watson Theorem)  

one should have no more than two particles 
rescattering in the final state.                                                                                             

We find that this is not the case in the CDF simulation.

1.
2.

:: Bignamini, Grinstein, Piccinini, Polosa, Riquer, Sabelli, Phys.Lett.B684:228-230,2010 ::
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Additional hadrons @ krel < 50 MeV

1h = 1π ∨ other ∑n (1π + nh’)

h’ ≠π and not selected in krel
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Conclusions

(1)  Problems of tetraquarks: 
charged X states are still missing

Xu - Xd  splitting?

(2) Problems of molecules: 
prompt production cross section

(3) Other routes open: 

hadro-charmonium?

D-wave standard charmonium?
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pp→ X(3872) @ CDFII

(p⊥ > 5 GeV, |y| < 0.6)

CDF, arXiv:hep-ex/0612053.

CDF, arXiv:0905.1982 [hep-ex].

CDF, Phys. Rev. Lett. 79, 572 (1997)

⇒

p⊥ > 5 GeV, |y| < 1with:

Assuming the same rapidity and p⊥ distribution 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−) < 0.093Moreover:

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



Schwartz 
Inequality

Schwartz inequality

σ(pp̄ → X(3872)) ∼
����
�

d3k�X|DD̄∗(k)��DD̄∗(k)|pp̄�
����
2

≤
�

d3k|ψ(k)|2
�

d3k|�DD̄∗(k)|pp̄�|2

≤
�

R
d3k|�DD̄∗(k)|pp̄�|2 ∼ σ(pp̄ → X(3872))max

Cauchy-Schwartz inequality states that:

where ϕ is the inner product of to complex functions

φ(g, f) =
� b

a
g∗(x)f(x)

φ(g, x) ≤ φ(g, g)φ(f, f)



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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55 × 109 2→2 events: 
Cuts on final D mesons are such that p⊥X > 5 GeV and |yX| < 0.6

[p⊥part > 2 GeV and |ypart| < 6]

σ(pp̄→ X(3872) + All)max
th � 3 nb if k ranges up to ∼200 MeV for Herwig

                    ∼130 MeV for Pythia

L ∼ 100 nb−1

pp→ X(3872) @ Pythia and Herwig

σ(pp̄→ X(3872) + All)max
th � 0.085 nb



D0 :: !y!!1 :: 5.5!p!!20 GeV
D"# :: !y!!1 :: 5.5!p!!20 GeV
Herwig "p!part $ 2 GeV#
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CDF II vs MC

The D0 D*- pair cross section as function of Δϕ at CDF Run II.  
We find that we have to rescale the Herwig cross section values by a factor  
K= 1.8 to best fit the data on open charm production. 
As for Pythia we need  K=0.74.

Tuning the MC

ϑ
ϕ

beam line



[Configurations with one gluon recoiling from a charm pair, are those configuration 

expected to produce two collinear charm quarks and in turn collinear open charm mesons. 
The parton shower algorithms in Herwig and Pythia treat properly these configurations at 
low pT ( enhanced by collinear logarithms) whereas they are expected to be less important 

at  higher pT. This has been verified using ALPGEN with pT(gluon)>5 and f.f. set to 1]

Tuning the MC (2→2 vs ccg)

dashed as in Artoisenet-Braaten ccg

solid as in Bignamini et al
2→2

∆φ

dσ

d∆φ

The region of small relative k is related to the 

small ΔΦ region. Data agree with the solid curve.  
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Watson theorem (2)

dσ(D∗0D̄0(k)) =
1

flux

�

all

�
dφD∗D̄+all|T (D∗0D̄0(k) + all)|2 d3k

(2π)32µ

dσ(D∗0D̄0(k)) =
1

flux

�

all

�
dφD∗D̄+all|T (D∗0D̄0(0) + all)/f(0)|2 × 1

k2 + 2µEX

d3k
(2π)32µ

σnaive(D∗0D̄0(|k| < kmax)) ∼ 1
flux

�
dφD∗0D̄0+all|T (D∗0D̄0(|k| = kmax) + all)|2 × k3

max

12π2µ

f(k) =
1

k cot δ0 − ik
k∼0−−→ 1

−1/α− ik

The differential cross-section for the production of a DD* meson pair with fixed 
relative 3-momentum can be written as:

But is is the “naive” xsect, since FSI introduce an enhancement factor:

Integrating up to kmax one obtains:

this is true as far as only s-wave scattering is relevant since

[α2=1/2μEX]



σ(X) ∼ 1
flux

�

all

�
dφD∗0D̄0+all|T (D∗0D̄0(|k| = kmax) + all)|2k2

max

√
2µEX

2πµ

σ(X) ∼ σnaive[(D∗0D̄0(|k| < kmax)]× 6π
√

2µEX

kmax

|f(kmax)|2 ∼ 1/k2
max

Since T(k)/f(k) is insensitive to the k value one can evaluate it at kmax 

and thus obtain the complete X prompt production cross section 

which in turn means that

Watson theorem (3)

?! kmax≈2mπ≈300 MeV
      1/α≈30 MeV
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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.
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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
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State JPC Mass (Mev/c2) Width (MeV)
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−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.

::Drenska,Faccini,Piccinini,Polosa,Renga,Sabelli::

Absolute BF 68% intervals extracted using the upper limit B(B±→K±X)>3.2×10-4 @ 90% c.l. 
from BaBarRatio of B(X→f)/B(X→J/ψπ+π-)

:: BaBar, Phys. Rev. Lett., 96 (2006) 052002 ::
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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.
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Absolute BF 68% intervals extracted using the upper limit B(B±→K±X)>3.2×10-4 @ 90% c.l. 
from BaBarRatio of B(X→f)/B(X→J/ψπ+π-)
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