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Why do we care about exotic Hadrons?

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

Strongly interacting clusters of hadrons: molecules
(Tornqvist, Braaten, Close, Voloshin, ...)

Tetraquark mesons, Pentaquarks, ...
(Jaffe,Maiani,Piccini,Polosa,Riquer ...)

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

Glueballs The most famous 
mesons molecule 

candidate is
 X(3872)
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The discovery came in 2003



Discovery of the X(3872): B decays

August 2003: B± → K± X → K±  J/ψ π+π-

ψ(2S) X(3872)

and momentum of the B candidate. The signal region is defined as 5.271 GeV < Mbc <
5.289 GeV and |!E| < 0.030 GeV.
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FIG. 1: Distribution of M(!+!!"+"!)!M("+"!) for selected events in the !E-Mbc signal region
for (a) Belle data and (b) generic B-B̄ MC events .

Figure 1(a) shows the distribution of !M " M(!+!!"+"!) ! M("+"!) for events in
the !E-Mbc signal region. Here a large peak corresponding to #" # !+!!J/# is evident
at 0.589 GeV. In addition there is a significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample of generic B-B̄ Monte Carlo
(MC) events. Except for the prominent #" peak, the distribution is smooth and featureless.
In the rest of this paper we use M(!+!!J/#) determined from !M + MJ/!, where MJ/! is
the PDG [9] value for the J/# mass. The spike at !M = 0.775 GeV corresponds to a mass
near 3872 MeV.

We make separate fits to the data in the #" (3580 MeV < M"+"!J/! < 3780 MeV) and
the M = 3872 MeV (3770 MeV < M"+"!J/! < 3970 MeV) regions using a simultaneous
unbinned maximum likelihood fit to the Mbc, !E, and M"+"!J/! distributions [10]. For
the fits, the probability density functions (PDFs) for the Mbc and M"+"!J/! signals are
single Gaussians; the !E signal PDF is a double Gaussian comprised of a narrow “core”
and a broad “tail” [11]. The background PDFs for !E and M"+"!J/! are linear functions,
the Mbc background PDF is the ARGUS threshold function [12]. For the #" region fit, the
peak positions and widths of the three signal PDFs, the !E core fraction, as well as the
parameters of the background PDFs are left as free parameters. The values of the resolution
parameters that are returned by the fit, listed in Table I, are consistent with MC-based
expectations. For the fit to the M = 3872 MeV region, the Mbc peak and width, as well as
the !E peak, widths and core fraction are fixed at the values determined from the #" fit.

The results of the fits are presented in Table II. Figures 2(a), (b) and (c) show the
Mbc, M"+"!J/!, and !E signal-band projections for the M = 3872 MeV signal region,
respectively. The superimposed curves indicate the results of the fit. There are clear peaks
with consistent yields in all three quantities. The signal yield of 35.7 ± 6.8 events has a

statistical significance of 10.3$, determined from
!

!2 ln(L0/Lmax), where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal-yield, respectively. In the following
we refer to this as the X(3872).
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Discovery of the X(3872): pp collisions

September 2003: pp→ X +all→ J/ψ π+π- +all5
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FIG. 1: The mass distribution of J/!"+"! candidates pass-
ing the selection described in the text. A large peak for the
!(2S) is seen and a signal near a mass of 3872 MeV/c2 is
visible (enlargement shown in the inset). The curve is a fit
using two Gaussians and a quadratic background to describe
the data.

standard deviations) of the world average J/! mass,
pT (J/!) ! 4 GeV/c, "2 < 25 for the J/!#+#! vertex
fit, pT (#) ! 0.4 GeV/c, and !R " 0.7 for both pions.
Here !R is defined as

!

(!$)2 + (!%)2 where !$ and
!% are the azimuthal angle and pseudorapidity of the
pion with respect to the J/!#+#! candidate.

The values of these cuts are determined by an iter-
ative optimization procedure in which the significance
S/

#
S + B is maximized, where S and B respectively

represent the numbers of signal and background candi-
dates. B is obtained from a background fit to the data
in a window around 3872 MeV/c2. The dependence of
the X-yield on the cuts is modeled by using the observed
!(2S) signal. The value used for S is obtained by rescal-
ing the !(2S)-yield to reflect the much smaller X(3872)
signal. The rescaling factor is determined such that S
matches the observed X-yield for a set of reference cuts.
Since the denominator of the significance ratio is domi-
nated by the much larger background the optimization is
not sensitive to the precise value of the rescaling.

The J/!#+#! mass distribution of the selected candi-
dates is displayed in Figure 1. A large peak for the !(2S)
is seen, and in addition, a small peak at a J/!#+#! mass
around 3872 MeV/c2 is observed. To fit the mass distri-
bution, we model each peak by a single Gaussian and
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FIG. 2: The mass distribution of J/!"+"! candidates re-
quiring m("+"!) > 500 MeV/c2. The curve is a fit with two
Gaussians and a quadratic background.

use a quadratic polynomial to describe the background.
A binned maximum likelihood fit of the mass spectrum
between 3.65 and 4.0 GeV/c2 is also shown in Figure 1.
The fit yields signals of 5790±140 !(2S) candidates and
580 ± 100 X(3872) candidates.

The X(3872) signal reported by the Belle Collabo-
ration favors large #+#! masses. Our data support
this conclusion as well. Figure 2 shows the J/!#+#!

mass distribution after requiring the #+#! invariant
mass to be above 500 MeV/c2, a value large enough
to probe the high mass behavior of the X(3872) can-
didates and yet not eliminate all the !(2S) reference
signal. Fitting the mass spectrum between 3.65 and
4.0 GeV/c2 gives 3530±100 !(2S) candidates and 730±90
X(3872) candidates. The fitted mass and width of
the !(2S) are 3685.65 ± 0.09 (stat) MeV/c2 and 3.44 ±
0.09 (stat) MeV/c2, respectively. For the X(3872) we ob-
tain a mass of 3871.3± 0.7 (stat) MeV/c2 and a width of
4.9± 0.7 MeV/c2. The latter value is consistent with de-
tector resolution. Our mass is in good agreement with the
Belle result of 3872.0± 0.6 (stat)± 0.5 (syst) MeV/c2 [2].

Imposing the dipion mass cut reduces the background
by almost a factor of two, and apparently increases the
amount of fitted X(3872) signal. A significant part of
the increase is attributable to a larger fitted width. The
original fit without the 500 MeV/c2 cut returns a smaller
but consistent width of 4.2 ± 0.8 MeV/c2. We conclude

ψ(2S)

X(3872)

:: CDF, Phys. Rev. Lett. 93 (2004) 072001 [arXiv:hep-ex/0312021] ::

[m(π+π-)>500 MeV]
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BaBar and D∅ confirm the state

4

X(3872). The !(2S) mesons produced in pp̄ collisions
can originate either from decays of B hadrons or from
direct production. The !(2S) mesons from B decays
have longer e!ective decay lengths and tend to be less
isolated than directly produced !(2S) mesons [8].

We examine the production rate of the X(3872) rela-
tive to !(2S) as a function of the transverse momentum
with respect to the beam axis (pT ), isolation and decay
length, as well as a function of rapidity (y = 1

2 log E+PL

E!PL
,

where E is the energy and PL is the longitudinal mo-
mentum with respect to the beam axis), to determine
whether the production characteristics of the X(3872)
are similar to those of the !(2S). We also compare the
angular decay distributions of the "+"! and µ+µ! sys-
tems in X(3872) decays with those from !(2S), to check
for any di!erences in helicities of these two states.

The data set used in this Letter was collected in pp̄
collisions at

!
s=1.96 TeV between April 2002 and Jan-

uary 2004, and corresponds to an integrated luminosity of
approximately 230 pb!1. The DØ detector is described
elsewhere [9]. The components most important to this
analysis include the vertex, central tracking and muon
systems. The DØ tracking system consists of a silicon mi-
crostrip tracker (SMT) and a central fiber tracker (CFT),
both within a 2 T solenoidal magnetic field.

The SMT has approximately 800, 000 individual strips,
with typical pitch of 50–80 µm, and a design optimized
for tracking and vertexing over the range |#| < 3, where
# = " ln[tan($/2)] is the pseudorapidity and $ is the po-
lar angle measured relative to the proton beam direction.
The system has a six-barrel longitudinal structure, each
with a set of four layers arranged axially around the beam
pipe, and interspersed with 16 radial disks. The system
provides a resolution, in the plane transverse to the beam
axis, for the distance of closest approach of a charged par-
ticle relative to the primary vertex of # 50 µm for tracks
with pT # 1 GeV/c, improving asymptotically to 15 µm
for tracks with pT $ 10 GeV/c.

The CFT comprises eight thin coaxial barrels, each
supporting two doublets of overlapping scintillating fibers
of 0.835 mm diameter, one doublet being parallel to the
collision axis, and the other alternating by ±3" to provide
information along the beam axis.

The muon system is located outside the calorimeters,
and consists of a layer of tracking detectors and scintilla-
tion trigger counters in front of 1.8 T toroidal magnets,
followed by two similar layers behind the toroids. Track-
ing in the muon system in the range |#| < 1 relies on
10 cm wide drift tubes [10], while 1 cm mini-drift tubes
are used for 1 < |#| < 2.

J/! % µ+µ! decays are selected by triggering on
dimuons using a three-tier trigger system. The first trig-
ger level uses hardware to form roads defined by hits
in two layers of the muon scintillator system. The sec-
ond trigger level uses digital signal processors to form
track stubs defined by hits in the muon drift-chamber
and muon scintillator systems. The third level comprises
a farm of computer processors with access to the entire

event. Events passing the third-level trigger are recorded
for analysis.
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FIG. 1: !M = M(µ+µ!!+!!)!M(µ+µ!) for all candidates
satisfying the selection requirements. The solid curve is a fit
to the data and the dashed curve represents the background
under each peak. The insert shows the mass distribution of
the J/" candidates used in the analysis.

Muons are identified by extrapolating charged particle
tracks from the central tracking system that match with
muon track segments formed from hits in the muon sys-
tem. Oppositely charged muons are combined to form
J/! candidates, which are then combined with two op-
positely charged particles assumed to be pions. At least
two of these four tracks are required to have at least
one hit in the SMT. To reduce background from com-
binatorics, events are required to satisfy the following
selection criteria. An event is required to have less than
100 tracks. J/! candidates are selected by requiring the
invariant mass of the µ+µ! system to be between 2.80
and 3.35 GeV/c2, and the transverse momentum with
respect to the beam axis (pT ) of the J/! is required to
be greater than 5 GeV/c. In addition, the pT of each of
the two pions must be greater than 0.7 GeV/c, and the
spatial separation, "R, between the momentum vector
of the J/! "+"! system and each pion momentum vec-
tor is required to have "R < 0.4, where "R is defined as
!

("%)2 + ("#)2, with % being the azimuthal angle. The
invariant mass of the two pions, M("+"!), is required
to be greater than 0.52 GeV/c2, and the &2 of a fit to
the µ+µ!"+"! vertex is required to be less than 16 (for
five degrees of freedom).

Figure 1 shows the distribution in the mass di!erence
"M = M(µ+µ!"+"!) " M(µ+µ!), after all selections.
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FIG. 1: Distribution of mES for (a) B!
! J/! K!"+"!

candidates, and (b) events in the X(3872) region, 3862 <
mJ/!"" < 3882 MeV/c2. The solid curves represent the
binned likelihood fits described in the text; the combinato-
rial components are indicated by the dashed curves.

signal and a flat distribution representing the remaining
background. (Fig. 2(c) shows the corresponding unsub-
tracted distribution). Throughout this Letter the distri-
butions after combinatorial-background subtraction are
obtained by fitting the mES distribution of the events
within each bin of the variable of interest (mJ/!"" in this
case). The binned !2 fit gives a resolution on mJ/!"" of
3.1±0.2 MeV/c2 for the core Gaussian containing 70% of
the events and 12 ± 3 MeV/c2 for the broader Gaussian.
The total B! ! J/"K!#+#!and the "(2S) selection ef-
ficiencies, $ and $!(2S), are extracted from Monte Carlo
simulation: we obtain $!(2S)/$ = 1.17 ± 0.03. We use
B("(2S) ! J/"#+#!) = (31.8 ± 1.0)% [12].

We estimate the systematic error due to the choice
of the signal mES shape function by replacing it with a
simple Gaussian. We estimate the uncertainty on the fit
to the mJ/!"" distribution by using the signal resolution
function as measured on Monte Carlo and by varying the
background shape. Including all these errors, we measure
R = 1.70±0.10(stat.)±0.09(syst.) which, combined with
B(B! ! "(2S) K!) = (6.8 ± 0.4) " 10!4 [12], yields

B(B! ! J/"K!#+#!) = (2)

(116 ± 7(stat.) ± 9(syst.)) " 10!5.

To investigate the possible presence of narrow char-
monium states decaying to J/"#!#+, we have studied
the distribution in mJ/!"" (Fig. 2(a)). We observe an

X(3872)
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FIG. 2: Distribution of mJ/!"" (a) in the entire range, (b)
in the hc region, (c) at the !(2S), and (d) in the region of
the X(3872) with the projection of the unbinned likelihood
fit superimposed. The requirement mES > 5.27 GeV/c2 is
applied.

excess in the region of the X(3872) (Fig. 2(d)), but do
not find any excess in the hc region (Fig. 2(b)). The
mass of the X(3872) state is extracted from an un-
binned maximum likelihood fit to the two-dimensional
distribution in mES and mJ/!"" . The probability den-
sity function (PDF) is taken to be the sum of four
terms. The first three describe B! ! J/"K!#+#! de-
cays that peak when mES is the mass of the B-meson.
The PDF of these three terms contains a Gaussian func-
tion in mES times a function of mJ/!"" that describes:
1) non-resonant events, distributed as a first order poly-
nomial; 2) "(2S) candidates, distributed as a double-
Gaussian resolution function around a mean value that
is allowed to float; and 3) X(3872) candidates, with the
same resolution function as the "(2S) but with a mass
that floats relative to the "(2S) mass. The measure-
ment of mass di!erence allows us to neglect systematic
errors on the absolute mass scale. The fourth term of
the PDF describes the combinatorial background, dis-
tributed as an ARGUS threshold function in mES and
as a first order polynomial in mJ/!"". From the "(2S)
mass value, m!(2S) = 3685.96±0.09 MeV/c2 [12], we find
mX(3872) = 3873.4± 1.4 MeV/c2, consistent with the pre-
vious measurements by Belle [2] and CDF [3].

The measurement of the branching fraction
B(B! ! X(3872)K!) " B(X(3872) ! J/"#+#!) is
performed with a counting technique. We select events
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mJ/!"" < 3882 MeV/c2. The solid curves represent the
binned likelihood fits described in the text; the combinato-
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signal and a flat distribution representing the remaining
background. (Fig. 2(c) shows the corresponding unsub-
tracted distribution). Throughout this Letter the distri-
butions after combinatorial-background subtraction are
obtained by fitting the mES distribution of the events
within each bin of the variable of interest (mJ/!"" in this
case). The binned !2 fit gives a resolution on mJ/!"" of
3.1±0.2 MeV/c2 for the core Gaussian containing 70% of
the events and 12 ± 3 MeV/c2 for the broader Gaussian.
The total B! ! J/"K!#+#!and the "(2S) selection ef-
ficiencies, $ and $!(2S), are extracted from Monte Carlo
simulation: we obtain $!(2S)/$ = 1.17 ± 0.03. We use
B("(2S) ! J/"#+#!) = (31.8 ± 1.0)% [12].

We estimate the systematic error due to the choice
of the signal mES shape function by replacing it with a
simple Gaussian. We estimate the uncertainty on the fit
to the mJ/!"" distribution by using the signal resolution
function as measured on Monte Carlo and by varying the
background shape. Including all these errors, we measure
R = 1.70±0.10(stat.)±0.09(syst.) which, combined with
B(B! ! "(2S) K!) = (6.8 ± 0.4) " 10!4 [12], yields

B(B! ! J/"K!#+#!) = (2)

(116 ± 7(stat.) ± 9(syst.)) " 10!5.

To investigate the possible presence of narrow char-
monium states decaying to J/"#!#+, we have studied
the distribution in mJ/!"" (Fig. 2(a)). We observe an
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excess in the region of the X(3872) (Fig. 2(d)), but do
not find any excess in the hc region (Fig. 2(b)). The
mass of the X(3872) state is extracted from an un-
binned maximum likelihood fit to the two-dimensional
distribution in mES and mJ/!"" . The probability den-
sity function (PDF) is taken to be the sum of four
terms. The first three describe B! ! J/"K!#+#! de-
cays that peak when mES is the mass of the B-meson.
The PDF of these three terms contains a Gaussian func-
tion in mES times a function of mJ/!"" that describes:
1) non-resonant events, distributed as a first order poly-
nomial; 2) "(2S) candidates, distributed as a double-
Gaussian resolution function around a mean value that
is allowed to float; and 3) X(3872) candidates, with the
same resolution function as the "(2S) but with a mass
that floats relative to the "(2S) mass. The measure-
ment of mass di!erence allows us to neglect systematic
errors on the absolute mass scale. The fourth term of
the PDF describes the combinatorial background, dis-
tributed as an ARGUS threshold function in mES and
as a first order polynomial in mJ/!"". From the "(2S)
mass value, m!(2S) = 3685.96±0.09 MeV/c2 [12], we find
mX(3872) = 3873.4± 1.4 MeV/c2, consistent with the pre-
vious measurements by Belle [2] and CDF [3].

The measurement of the branching fraction
B(B! ! X(3872)K!) " B(X(3872) ! J/"#+#!) is
performed with a counting technique. We select events
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signal and a flat distribution representing the remaining
background. (Fig. 2(c) shows the corresponding unsub-
tracted distribution). Throughout this Letter the distri-
butions after combinatorial-background subtraction are
obtained by fitting the mES distribution of the events
within each bin of the variable of interest (mJ/!"" in this
case). The binned !2 fit gives a resolution on mJ/!"" of
3.1±0.2 MeV/c2 for the core Gaussian containing 70% of
the events and 12 ± 3 MeV/c2 for the broader Gaussian.
The total B! ! J/"K!#+#!and the "(2S) selection ef-
ficiencies, $ and $!(2S), are extracted from Monte Carlo
simulation: we obtain $!(2S)/$ = 1.17 ± 0.03. We use
B("(2S) ! J/"#+#!) = (31.8 ± 1.0)% [12].

We estimate the systematic error due to the choice
of the signal mES shape function by replacing it with a
simple Gaussian. We estimate the uncertainty on the fit
to the mJ/!"" distribution by using the signal resolution
function as measured on Monte Carlo and by varying the
background shape. Including all these errors, we measure
R = 1.70±0.10(stat.)±0.09(syst.) which, combined with
B(B! ! "(2S) K!) = (6.8 ± 0.4) " 10!4 [12], yields

B(B! ! J/"K!#+#!) = (2)

(116 ± 7(stat.) ± 9(syst.)) " 10!5.

To investigate the possible presence of narrow char-
monium states decaying to J/"#!#+, we have studied
the distribution in mJ/!"" (Fig. 2(a)). We observe an
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excess in the region of the X(3872) (Fig. 2(d)), but do
not find any excess in the hc region (Fig. 2(b)). The
mass of the X(3872) state is extracted from an un-
binned maximum likelihood fit to the two-dimensional
distribution in mES and mJ/!"" . The probability den-
sity function (PDF) is taken to be the sum of four
terms. The first three describe B! ! J/"K!#+#! de-
cays that peak when mES is the mass of the B-meson.
The PDF of these three terms contains a Gaussian func-
tion in mES times a function of mJ/!"" that describes:
1) non-resonant events, distributed as a first order poly-
nomial; 2) "(2S) candidates, distributed as a double-
Gaussian resolution function around a mean value that
is allowed to float; and 3) X(3872) candidates, with the
same resolution function as the "(2S) but with a mass
that floats relative to the "(2S) mass. The measure-
ment of mass di!erence allows us to neglect systematic
errors on the absolute mass scale. The fourth term of
the PDF describes the combinatorial background, dis-
tributed as an ARGUS threshold function in mES and
as a first order polynomial in mJ/!"". From the "(2S)
mass value, m!(2S) = 3685.96±0.09 MeV/c2 [12], we find
mX(3872) = 3873.4± 1.4 MeV/c2, consistent with the pre-
vious measurements by Belle [2] and CDF [3].

The measurement of the branching fraction
B(B! ! X(3872)K!) " B(X(3872) ! J/"#+#!) is
performed with a counting technique. We select events
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signal and a flat distribution representing the remaining
background. (Fig. 2(c) shows the corresponding unsub-
tracted distribution). Throughout this Letter the distri-
butions after combinatorial-background subtraction are
obtained by fitting the mES distribution of the events
within each bin of the variable of interest (mJ/!"" in this
case). The binned !2 fit gives a resolution on mJ/!"" of
3.1±0.2 MeV/c2 for the core Gaussian containing 70% of
the events and 12 ± 3 MeV/c2 for the broader Gaussian.
The total B! ! J/"K!#+#!and the "(2S) selection ef-
ficiencies, $ and $!(2S), are extracted from Monte Carlo
simulation: we obtain $!(2S)/$ = 1.17 ± 0.03. We use
B("(2S) ! J/"#+#!) = (31.8 ± 1.0)% [12].

We estimate the systematic error due to the choice
of the signal mES shape function by replacing it with a
simple Gaussian. We estimate the uncertainty on the fit
to the mJ/!"" distribution by using the signal resolution
function as measured on Monte Carlo and by varying the
background shape. Including all these errors, we measure
R = 1.70±0.10(stat.)±0.09(syst.) which, combined with
B(B! ! "(2S) K!) = (6.8 ± 0.4) " 10!4 [12], yields

B(B! ! J/"K!#+#!) = (2)

(116 ± 7(stat.) ± 9(syst.)) " 10!5.

To investigate the possible presence of narrow char-
monium states decaying to J/"#!#+, we have studied
the distribution in mJ/!"" (Fig. 2(a)). We observe an
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FIG. 2: Distribution of mJ/!"" (a) in the entire range, (b)
in the hc region, (c) at the !(2S), and (d) in the region of
the X(3872) with the projection of the unbinned likelihood
fit superimposed. The requirement mES > 5.27 GeV/c2 is
applied.

excess in the region of the X(3872) (Fig. 2(d)), but do
not find any excess in the hc region (Fig. 2(b)). The
mass of the X(3872) state is extracted from an un-
binned maximum likelihood fit to the two-dimensional
distribution in mES and mJ/!"" . The probability den-
sity function (PDF) is taken to be the sum of four
terms. The first three describe B! ! J/"K!#+#! de-
cays that peak when mES is the mass of the B-meson.
The PDF of these three terms contains a Gaussian func-
tion in mES times a function of mJ/!"" that describes:
1) non-resonant events, distributed as a first order poly-
nomial; 2) "(2S) candidates, distributed as a double-
Gaussian resolution function around a mean value that
is allowed to float; and 3) X(3872) candidates, with the
same resolution function as the "(2S) but with a mass
that floats relative to the "(2S) mass. The measure-
ment of mass di!erence allows us to neglect systematic
errors on the absolute mass scale. The fourth term of
the PDF describes the combinatorial background, dis-
tributed as an ARGUS threshold function in mES and
as a first order polynomial in mJ/!"". From the "(2S)
mass value, m!(2S) = 3685.96±0.09 MeV/c2 [12], we find
mX(3872) = 3873.4± 1.4 MeV/c2, consistent with the pre-
vious measurements by Belle [2] and CDF [3].

The measurement of the branching fraction
B(B! ! X(3872)K!) " B(X(3872) ! J/"#+#!) is
performed with a counting technique. We select events

:: BaBar, Phys. Rev. D 71 (2005) 071103 :: :: D0, Phys. Rev. Lett. 93 (2004) 162002 :: 4/20



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: X is 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
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   (     &   )

   (     &   )

JPC quantum numbers

From X → J/ψ γ ⇒ C=+1

Angular distribution of X → J/ψ π+π- 

     JP=1+ strongly preferred 
    (JP=2- not excluded) 
⇒

⇒ JPC=1++

:: CDF, arXiv:hep-ex/0612053 ::

:: Belle, arXiv:hep-ex/0505038 ::
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Is X a standard charmonium?



Isospin Violation

The first striking feature of X(3872)
was the large isospin violation observed

[the π+π- pair comes from ρ]

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

B(X → J/ψω)
B(X → J/ψπ+π−)

= 0.8± 0.3(stat)± 0.1(syst)
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Radiative decays

B(B± → X(3872)K±)× B(X(3872)→ J/ψγ) = (2.8± 0.8(stat)± 0.1(syst))× 10−6

:: BaBar, Phys.Rev.Lett.102:132001,2009.  ::

:: BaBar, Phys. Rev.D, 77 (2008) 111101  ::

B(B± → X(3872)K±)× B(X(3872)→ J/ψπ+π−) = (8.4± 1.5(stat)± 0.7(syst))× 10−6

B(X(3872)→ J/ψγ)
B(X(3872)→ J/ψπ+π−)

= (0.3± 0.1)

Γ(23P1→ψγ)/Γ(23P1→ψππ)>>0.3

Charmonium predictions: :: Eichten, Lane and Quigg, Phys. Rev. D 69, 094019 (2004) ::
                             :: Barnes and Godfrey, Phys. Rev. D, 69, 054008 (2004) ::
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Radiative decays

B(B± → X(3872)K±)× B(X(3872)→ J/ψγ) = (2.8± 0.8(stat)± 0.1(syst))× 10−6

:: BaBar, Phys.Rev.Lett.102:132001,2009.  ::

:: BaBar, Phys. Rev.D, 77 (2008) 111101  ::

B(B± → X(3872)K±)× B(X(3872)→ J/ψπ+π−) = (8.4± 1.5(stat)± 0.7(syst))× 10−6

B(X(3872)→ J/ψγ)
B(X(3872)→ J/ψπ+π−)

= (0.3± 0.1)

Γ(23P1→ψγ)/Γ(23P1→ψππ)>>0.3

Charmonium predictions: :: Eichten, Lane and Quigg, Phys. Rev. D 69, 094019 (2004) ::
                             :: Barnes and Godfrey, Phys. Rev. D, 69, 054008 (2004) ::

not cc
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What else can be this X?



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) ::
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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−) < 0.093

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

Moreover:

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 ::
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⇒

D0*

D0

π0X

(1)

(2)

pp→ X(3872) as loosely bound molecule

D mesons interact via π0-exchange:

D0

D0*

k0 =
�

λ(m2
X , m2

D, m2
D∗)

2mX
� 30 MeV

∆k ∼ 1/2r0 � 15 MeV

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
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D0*

p

p

D0

Xk R : 0 ≤ k ≤ k0 + ∆k

Schwartz 
Inequality

MC: 
Herwig Pythia

pp→ X(3872) as loosely bound molecule

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 ::
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the order of the center of mass momentum k !
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!"m2

X;m
2
D;m

#2
D $

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

ations, we can restrict the integration region to a ballR of
radius [18] ’ %0; 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 X"3872$ 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 1)) 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 ( 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 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 ! 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 ! 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 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 X"3872$ 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 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
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 � 0.085 nb

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

                    ∼130 MeV for Pythia

pp→ X(3872) @ Pythia and Herwig

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.
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pp→ X(3872) @ Pythia and Herwig

To be compared with

... which gives

σmin
exp � 33 nb

σmin
exp

σmax
th

� 300

The molecular picture of the X 
seems to be in trouble!
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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 factorPythya & 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
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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 ::
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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 ! value up to 600 MeV (following some considerations on the
possible values of the ! cuto" 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.
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3

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
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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 ! value up to 600 MeV (following some considerations on the
possible values of the ! cuto" 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.
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3

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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What if FSI work like this?



DsDs* molecule: why not?

One may suppose that a similar mechanism for binding is 
at work between Ds mesons 

|DsDs*› + |DsDs*›|Xs>=
√2

Assuming the same binding energy one expects: 

MXs ≅ MDs+MDs* = 4080MeV

:: Bignamini, Grinstein, Piccinini, Polosa, Riquer, Sabelli, Phys.Lett.B684:228-230,2010 ::
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assuming a strong interaction Yukawa potential between the two D mesons. Given that the binding energy E0
is E0 ! MX "MD"MD! = "0.25±0.40 MeV we find that r0 ! 8 fm (8.6±1.1 fm) and applying the (minimal)
uncertainty principle relation, we get the gaussian momentum spread !p ! 12 MeV.
Given the very small binding energy we can estimate k to be as large as k #

!

2µ("0.25 + 0.40) #
17 MeV, µ being the reduced mass of D0D̄!0 system, or of the order of the center of mass momentum
k =

!

!(m2
X
,m2

D
,m!2

D
)/2mX # 27 MeV. These considerations imply that we can restrict the integration

region to a ball R of radius 4 # [0, 35] MeV.
Keeping k inside R we estimate a "(pp̄ $ X(3872))max which is about 30 times smaller than the most

conservative estimate (" ! 3.2 nb) of the minimal prompt production cross section measured at CDF [1]. In the
analysis proposed in [11] the experimental cross section is estimated from data to be " ! 30÷ 70 nb reinforcing
the negative result obtained with our theoretical calculation that would rather be 300 times smaller than the
measured one. This fact would undoubtably put in serious trouble the molecular interpretation of X(3872).
In this note we intend to start from the main result discussed in [11] where it is argued that the e"ect of final

state interactions in the D0D̄!0 system is such that two corrections should be made to our previous calculation:
i) the ball R should be enlarged to include momenta up to # ! 300 MeV; ii) a correction factor to the cross
section we compute (see (1)) should be considered so that the actual cross section "! including the full e"ect of
final state interaction is

"!(pp̄ $ X(3872)) = "(k < #)%
6#

!

2µ|E0|
#

(2)

Assuming that this is the correct way of discussing the X(3872) production we observe that, besides reconciling
the experimental result with the theoretical computation for the X , this mechanism should enhance the occur-
rence of an hypothetical new molecule, the DsD̄!

s , which otherwise would be suppressed as one could infer by
looking at data on Ds production at Tevatron [14] (as shown in Fig. 1, Ds is on average ! 5 times less probable
than D0). The same data are used to tune our Monte Carlo (Herwig in this calculation) with respect to Ds

production as shown in Fig. 1.
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FIG. 1: Di!erential charm cross section measured in fully hadronic charm decays using 5.8 pb!1 at CDF [14]. The error
bars represent the total uncertainty of the measurement. The ratio in the production of D0 and Ds is 4.4 whereas the
ratios in the production of D" and Ds is about 2.2. The dot-dashed lines are the result of the Monte Carlo simulation
done with Herwig rescaling the normalizations of the distributions by a factor K = 1.5. This value is in very good
agreement with the K factor found in [1] (K = 1.8) using data on d!/d"", "" being the angle between D0 and D"!

mesons produced at CDF within some definite cuts in rapidity and transverse momentum.

The Xs(1++) molecule should exist as a partner with strange light quarks of the X(3872). One could expect
it to be a more compact molecule with respect to the X(3872) as $ particle exchange forces would be at work.
This enlarges the spread !p in the relative momentum and naturally makes the ball R larger. We will postulate
a binding energy for Xs as small as that of the X(3872) and its mass is expected to be MXs

= 4080 MeV.
Xs could decay into J/%## with a narrow width because of its mass and flavor content (it cannot decay into
K+K"J/% (via &) because of phase space; it cannot either decay to J/%f0(980) because of quantum numbers),
or in DsDs'. Using the Herwig hadronization algorithm to compute "(k < #) in (2) we obtain

"!(pp̄ $ Xs(4080)) = 1÷ 3 nb (3)

4 Which corresponds to a k0 of the Gaussian at ! 27 MeV and a spread of +12 MeV.

2

pp→ Ds vs pp→ D0(*) @ CDFII

Ds production should be suppressed
 with respect to D0 and D0* ... but FSI help

L=5.8 pb-1

Ds/D0 ≈4.4
Ds/D0* ≈2.2

Rescaling factor 
K=1.5
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pp→ Xs(4080) @ CDFII

σ(pp̄→ Xs(4080) + all)max
th = (2± 1) nb

taking into account the FSI
enhancement factor one obtains an 
observable cross section at Tevatron

if Xs is not there maybe FSI
didn’t work as they should ...
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Conclusions & Outlook

X can be a tetarquark: diquark-antidiquark bound state

~8 
∼8 fm ~1 fm∼1 fm

Charm mesons molecule Tetarquark

:: Maiani, Piccinini, Polosa, Riquer, 
Phys.Rev.D71:014028,2005 ::

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

To establish the existence of tetraquarks one can look 
for doubly charged particles at the LHC

�
Xu = [cu][c̄ū]
Xd = [cd][c̄d̄]

X++ = [cu][d̄s̄]

¿ do tetraquark states really exist ?
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X decays 

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

[Work in progress : ::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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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.
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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.
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State JPC Mass (Mev/c2) Width (MeV)

X(3940) [112] 0±+ 3942+7
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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.

B(X→ψρ)/B(X→ψω)∼1

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

Charmonium predictions: :: Eichten, Lane and Quigg, Phys. Rev. D 69, 094019 (2004) ::
                             :: Barnes and Godfrey, Phys. Rev. D, 69, 054008 (2004) ::

50N. DRENSKA[AB], R. FACCINI[AB], F. PICCININI[C], A. POLOSA[B], F. RENGA[AB], 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.
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B(X→ψρ)/B(X→ψω)∼1

Γ(23P1→ψγ)/Γ(23P1→ψππ)∼40
Γ(X→ψγ)/Γ(X→ψππ)∼0.25

[Work in progress : ::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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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.

B(X→ψρ)/B(X→ψω)∼1

Γ(23P1→ψγ)/Γ(23P1→ψππ)∼40
Γ(X→ψγ)/Γ(X→ψππ)∼0.25not cc

[Work in progress : ::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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Figure 5.: Likelihood function of the X branching fraction in J/ψππ and D∗0D0, the total
width and the partial width Γ(X → D∗0D0). See text for a description of the combination
method. The dark (light) filled area corresponds to the 68% (90%) C.L. region.

than the X. As far as other production mechanisms are concerned, both the B → XK∗

decays and the γgamma production have been investigated. The measured BF (B0 →
X(3872)K∗(892)0) shows that the X meson is produced in association with a K0 less

favourably than in association with the K, contrarily to the other charmonia. The only

search in γγ production was performed by CLEO [111]. It did not return a signal and a

limit was set: (2J + 1)ΓγγB(X− > pi + pi− J/psi) < 12.9 eV.

5.
2. The 3940 family . – Three different states have been observed in the past years

by the Belle collaboration with masses close to 3940Mev/c
2
. Their measured masses and

widths are summarized in Tab. XIII and Fig. 7.

The first one, named X was observed in continuum events (i.e. not in Y (4S) de-

cays) produced in pair with a J/ψ meson [115]. Subsequently its decay into DD∗ has

been ascertained by means of a partial reconstruction technique in the same production

mechanism [112]. The production mechanisms constraints it to have positive charge con-

jugation. Furthermore the fact that in this production mechanism only J = 0 states

are observed makes it likely to be either JPC = 0++ or 0−+ . Ref [115] was also

able to measure the absolute production rate of this state and searched for X → J/ψω
without evidence of signal. It eventually concluded that BF (X → DD∗ > 41% and

BF (X → J/ψω < 26% 90% C.L..

A second one, named Y , observed in B decays and decaying into J/ψω [46], is sig-

nificantly larger, and only its charge conjugation (C=+) is known, while J = 0, 2 and

all parities are possibile. The BaBar collaboration confirmed the Y (3940) → J/ψω de-

cay [47], but measuring a lower mass and a width, albeit consistent (see Tab XIII).

Likelyhood functions for X
[Work in progress : ::Drenska,Faccini,Piccinini,Polosa,Renga,Sabelli::]



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−) < 0.093

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

Moreover:



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 !
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!"m2

X;m
2
D;m

#2
D $

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

ations, we can restrict the integration region to a ballR of
radius [18] ’ %0; 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 X"3872$ 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 1)) 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 ( 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 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 ! 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 ! 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 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 X"3872$ 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 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
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

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

pp→ X(3872) @ Pythia and Herwig

L ∼ 100 nb−1



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.  



Watson theorem (1)

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 (2)

?! kmax≈2mπ≈300 MeV
   1/α≈30 MeV


