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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(π+π−"+"−)−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(π+π−"+"−) − M("+"−) for events in
the ∆E-Mbc signal region. Here a large peak corresponding to ψ′ → π+π−J/ψ 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 ψ′ peak, the distribution is smooth and featureless.
In the rest of this paper we use M(π+π−J/ψ) determined from ∆M + MJ/ψ, where MJ/ψ is
the PDG [9] value for the J/ψ mass. The spike at ∆M = 0.775 GeV corresponds to a mass
near 3872 MeV.

We make separate fits to the data in the ψ′ (3580 MeV < Mπ+π−J/ψ < 3780 MeV) and
the M = 3872 MeV (3770 MeV < Mπ+π−J/ψ < 3970 MeV) regions using a simultaneous
unbinned maximum likelihood fit to the Mbc, ∆E, and Mπ+π−J/ψ distributions [10]. For
the fits, the probability density functions (PDFs) for the Mbc and Mπ+π−J/ψ 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 Mπ+π−J/ψ are linear functions,
the Mbc background PDF is the ARGUS threshold function [12]. For the ψ′ 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 ψ′ fit.

The results of the fits are presented in Table II. Figures 2(a), (b) and (c) show the
Mbc, Mπ+π−J/ψ, 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 10.3σ, 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).

5

::Belle, Phys. Rev. Lett. 91 (2003) 262001 [arXiv:hep-ex/0309032] ::
Wednesday, June 23, 2010



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/ψπ+π− candidates pass-
ing the selection described in the text. A large peak for the
ψ(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/ψ mass,
pT (J/ψ) ≥ 4 GeV/c, χ2 < 25 for the J/ψπ+π− vertex
fit, pT (π) ≥ 0.4 GeV/c, and ∆R ≤ 0.7 for both pions.
Here ∆R is defined as

√

(∆φ)2 + (∆η)2 where ∆φ and
∆η are the azimuthal angle and pseudorapidity of the
pion with respect to the J/ψπ+π− 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
ψ(2S) signal. The value used for S is obtained by rescal-
ing the ψ(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/ψπ+π− mass distribution of the selected candi-
dates is displayed in Figure 1. A large peak for the ψ(2S)
is seen, and in addition, a small peak at a J/ψπ+π− 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/ψπ+π− candidates re-
quiring m(π+π−) > 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 ψ(2S) candidates and
580 ± 100 X(3872) candidates.

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

mass distribution after requiring the π+π− 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 ψ(2S) reference
signal. Fitting the mass spectrum between 3.65 and
4.0 GeV/c2 gives 3530±100 ψ(2S) candidates and 730±90
X(3872) candidates. The fitted mass and width of
the ψ(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]

Wednesday, June 23, 2010



BaBar and D∅ confirm the state

4

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

We examine the production rate of the X(3872) rela-
tive to ψ(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 ψ(2S). We also compare the
angular decay distributions of the π+π− and µ+µ− sys-
tems in X(3872) decays with those from ψ(2S), to check
for any differences 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 |η| < 3, where
η = − ln[tan(θ/2)] is the pseudorapidity and θ 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 |η| < 1 relies on
10 cm wide drift tubes [10], while 1 cm mini-drift tubes
are used for 1 < |η| < 2.

J/ψ → 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−π+π−)−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/ψ 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/ψ 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/ψ 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/ψ 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/ψ π+π− system and each pion momentum vec-
tor is required to have ∆R < 0.4, where ∆R is defined as
√

(∆φ)2 + (∆η)2, with φ being the azimuthal angle. The
invariant mass of the two pions, M(π+π−), is required
to be greater than 0.52 GeV/c2, and the χ2 of a fit to
the µ+µ−π+π− vertex is required to be less than 16 (for
five degrees of freedom).

Figure 1 shows the distribution in the mass difference
∆M = M(µ+µ−π+π−) − M(µ+µ−), after all selections.
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FIG. 1: Distribution of mES for (a) B−
→ J/ψ K−π+π−

candidates, and (b) events in the X(3872) region, 3862 <
mJ/ψππ < 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/ψππ in this
case). The binned χ2 fit gives a resolution on mJ/ψππ 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/ψK−π+π−and the ψ(2S) selection ef-
ficiencies, ε and εψ(2S), are extracted from Monte Carlo
simulation: we obtain εψ(2S)/ε = 1.17 ± 0.03. We use
B(ψ(2S) → J/ψπ+π−) = (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/ψππ 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− → ψ(2S) K−) = (6.8 ± 0.4) × 10−4 [12], yields

B(B− → J/ψK−π+π−) = (2)

(116 ± 7(stat.) ± 9(syst.)) × 10−5.

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

X(3872)
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FIG. 2: Distribution of mJ/ψππ (a) in the entire range, (b)
in the hc region, (c) at the ψ(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/ψππ . The probability den-
sity function (PDF) is taken to be the sum of four
terms. The first three describe B− → J/ψK−π+π− 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/ψππ that describes:
1) non-resonant events, distributed as a first order poly-
nomial; 2) ψ(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 ψ(2S) but with a mass
that floats relative to the ψ(2S) mass. The measure-
ment of mass difference 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/ψππ. From the ψ(2S)
mass value, mψ(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/ψπ+π−) is
performed with a counting technique. We select events
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signal and a flat distribution representing the remaining
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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/ψππ in this
case). The binned χ2 fit gives a resolution on mJ/ψππ of
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function as measured on Monte Carlo and by varying the
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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/ψππ . The probability den-
sity function (PDF) is taken to be the sum of four
terms. The first three describe B− → J/ψK−π+π− 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/ψππ that describes:
1) non-resonant events, distributed as a first order poly-
nomial; 2) ψ(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 ψ(2S) but with a mass
that floats relative to the ψ(2S) mass. The measure-
ment of mass difference 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/ψππ. From the ψ(2S)
mass value, mψ(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
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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/ψππ in this
case). The binned χ2 fit gives a resolution on mJ/ψππ 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/ψK−π+π−and the ψ(2S) selection ef-
ficiencies, ε and εψ(2S), are extracted from Monte Carlo
simulation: we obtain εψ(2S)/ε = 1.17 ± 0.03. We use
B(ψ(2S) → J/ψπ+π−) = (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/ψππ 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− → ψ(2S) K−) = (6.8 ± 0.4) × 10−4 [12], yields

B(B− → J/ψK−π+π−) = (2)

(116 ± 7(stat.) ± 9(syst.)) × 10−5.

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

X(3872)

Ev
en

ts
/ 5

 M
eV

/c
2

(a)

hc
(b) (c)

mJ/!""(GeV/c2)

(d)

1

10

10 2

3.5 3.75 4 4.25 4.5 4.75

0

5

10

15

3.4 3.5
0

100

200

3.6 3.7 3.8
0

10

20

30

3.85 3.9

FIG. 2: Distribution of mJ/ψππ (a) in the entire range, (b)
in the hc region, (c) at the ψ(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/ψππ . The probability den-
sity function (PDF) is taken to be the sum of four
terms. The first three describe B− → J/ψK−π+π− 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/ψππ that describes:
1) non-resonant events, distributed as a first order poly-
nomial; 2) ψ(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 ψ(2S) but with a mass
that floats relative to the ψ(2S) mass. The measure-
ment of mass difference 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/ψππ. From the ψ(2S)
mass value, mψ(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/ψπ+π−) 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/ψππ in this
case). The binned χ2 fit gives a resolution on mJ/ψππ 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/ψK−π+π−and the ψ(2S) selection ef-
ficiencies, ε and εψ(2S), are extracted from Monte Carlo
simulation: we obtain εψ(2S)/ε = 1.17 ± 0.03. We use
B(ψ(2S) → J/ψπ+π−) = (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/ψππ 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− → ψ(2S) K−) = (6.8 ± 0.4) × 10−4 [12], yields

B(B− → J/ψK−π+π−) = (2)

(116 ± 7(stat.) ± 9(syst.)) × 10−5.

To investigate the possible presence of narrow char-
monium states decaying to J/ψπ−π+, we have studied
the distribution in mJ/ψππ (Fig. 2(a)). We observe an
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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/ψππ . The probability den-
sity function (PDF) is taken to be the sum of four
terms. The first three describe B− → J/ψK−π+π− 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/ψππ that describes:
1) non-resonant events, distributed as a first order poly-
nomial; 2) ψ(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 ψ(2S) but with a mass
that floats relative to the ψ(2S) mass. The measure-
ment of mass difference 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/ψππ. From the ψ(2S)
mass value, mψ(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/ψπ+π−) is
performed with a counting technique. We select events

::BaBar, Phys. Rev. D 71 (2005) 071103 :: :: D0, Phys. Rev. Lett. 93 (2004) 162002 ::
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AFTER THE X MANY MORE

From Godfrey arXiv:0910.3409

From Godfrey arXiv:0910.3409

X → γJ/ψ �→ C = +1 and X → ρ0J/ψ → (π+π−)SJ/ψ �→ P = 1
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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)∼40

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)∼40

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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THE MOLECULE EXPLANATION

A way for accomodating isospin violations is 
to suppose that X(3872) is a DD* molecule

So that one can produce both the I=0 or I=1 combinations.
In B→ KX decay indeed can have both

|D0D0*› + |D0D0*›|X>=
√2

Braaten; Mehen; Swanson; Hanhart; Tornqvist; Voloshin (hadrocharmonium)
...
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THE MOLECULE EXPLANATION

A way for accomodating isospin violations is 
to suppose that X(3872) is a DD* molecule

So that one can produce both the I=0 or I=1 combinations.
In B→ KX decay indeed can have both

|D0D0*› + |D0D0*›|X>=
√2

B(X→ψρ)/B(X→ψω)∼1

Braaten; Mehen; Swanson; Hanhart; Tornqvist; Voloshin (hadrocharmonium)
...
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HOW LARGE IS A MOLECULE?

Using the indetermination principle

and the fact that g2/4π~10 we have a characteristic size

r0 ∼ 8 fm

which could either be infinity(!) as 

E = 0.25± 0.40 MeV

�2

2µr2
0

− g2

4π

e−
mπc

� r0

r0
= E = MD + MD∗ −MX ∼ 0.25 MeV

Wednesday, June 23, 2010



SOME PROBLEMS

Such a large state must spend part of its time in a very tight 
configuration to allow J/ψ ρ and J/ψ ω decays - one can model this 
but it is difficult to ‘reliably’ calculate...

D* has a width of about 70 keV.  Why the X→DDπ decay rate is ~3 
MeV then? In other words, which is the mechanism accelerating the 
D* decay into the molecule?
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X PROMPT CROSS SECTION

At the moment CDF (which has performed the most 
precise determination of the X(3872) mass) measures a
prompt X production cross section of about 30-70 nb. 

We find that the prompt production cross section is 
an important table test of the molecule interpretation.

Bignamini,Grinstein, Piccinini, Polosa, Sabelli Phys Rev Lett 2009

How can a loosely bound  state (almost zero binding energy) 
be poduced in the wild environment of hadronic collisions?

Wednesday, June 23, 2010



Beppe Nardulli once told me:
“Sometimes it is more profitable to have important

enemies than important friends...”
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PROMPT PRODUCTION

σ(pp̄ → X(3872)) ∼
����
�

d3k�X|DD̄∗(k)��DD̄∗(k)|pp̄�
����
2

�
����
�

R
d3k�X|DD̄∗(k)��DD̄∗(k)|pp̄�

����
2

≤
�

R
d3k|ψ(k)|2

�

R
d3k|�DD̄∗(k)|pp̄�|2

≤
�

R
d3k|�DD̄∗(k)|pp̄�|2

Using Pythia & Herwig we can compute

σmax(pp̄ → X(3872)) =
�

R
d3k|�DD̄∗(k)|pp̄�|2

where R ∼ [0.40] MeV

as k ∼
�

2µ(−0.25 + 0.40) � 17 MeV

D*

p

p

D

Xk
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D0 :: !y!!1 :: 5.5!p!!20 GeV
D"# :: !y!!1 :: 5.5!p!!20 GeV
Herwig "p!part $ 2 GeV#

0 50 100 150
0.0

0.5

1.0
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2.0

2.5

3.0

%Φ

dΣ
$%Φ

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]

θ

ϕ

beam line

TUNING MC’S
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Pythia !2!2 :: y part "2 :: !#100 nb $1"

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

k rel !GeV"
Σ
!nb"

One needs to integrate cross section up to about 205 MeV with Herwig and 130 MeV with Pythia
in order to reach the experimental value. We thus EXCLUDE any molecular interpretation of X(3872).

COUNTING PAIRS OVER 
5*10**9 SIMULATED EVENTS

Bignamini,Grinstein, Piccinini, Polosa, Sabelli Phys Rev Lett 2009

σ
TH
∼ 1/300 σ

EXP
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ARE XYZ DIQUARK-
ANTIDIQUARK PARTICLES?

Suppose that X(3872) is a new type of meson with a body-plan different 
from standard ones, namely a diquark-antidiquark meson

Maiani, Piccinini, Polosa, Riquer Phys Rev D 2005

A diquark qq has the same color as an antiquark 
(there is attraction between two quarks in this color channel)

This would explain easily J/ψ ρ and J/ψ ω decays

With a bit more effort it would also explain                                                                                      
the observed isospin violations

J/ψ γ is understood! (only with 4q!)  
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THE MOST CHALLENGING 
PREDICTIONS

All the mesons (red dots) found in the first table are 
NEUTRAL particles whereas the tetraquark model 

predicts also the existence of CHARGED particles like 

[cu][c̄d̄] Q = +1
[cu][d̄s̄] Q = +2

Light states like 

[uu][d̄s̄] Q = +2

are disfavored as the spin one light diquark is itself disfavored

TWO NEUTRAL X are PREDICTED with a separation in mass 
of few MeV (of the order of mu-md)
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BUT THEN A NEW PAPER BY 
BABAR CAME...

The quantum numbers of the X are 
not 1++ but 2-+ !!

arXiv:1005.5190

This is why we cannot justify the prompt production
of X at CDF.  There is no 1++ (DD*) molecule.

O(200) papers on the molecular interpretation...
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THE SIMPLEST QCD STRING
Selem and Wilczek hep-ph/0602128 (on the Chew-Frautschi model)

ω

Loosely bound (S-wave) molecules cannot have orbital or
radial excitations. Two diquarks bound by a string can.

E =
m1�

1− (ωr1)2
+

m2�
1− (ωr2)2

+
σ

2πω

� ωr1

0

dv√
1− v2

+
σ

2πω

� ωr2

0

dv√
1− v2

� =
ωr2

1m1�
1− (ωr1)2

+
ωr2

2m2�
1− (ωr2)2

+
σ

2πω2

� ωr1

0

dv v2

√
1− v2

+
σ

2πω2

� ωr2

0

dv v2

√
1− v2

σ ∼ 1 GeV2 from Regge slopes and dE �/dr� = T = σ/2π
miω2ri

1− (ωri)2
= Tand

T
light�light
light�heavy
heavy�heavy
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1

2

3

4

5

R �fm�

E
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�
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THE SIMPLEST QCD STRING II

Cotugno, Faccini, Polosa, Sabelli Phys Rev Lett 2010 

In the limit of infinite (heavy-light) quark mass we find

3.2

3.4

3.6

3.8

M
as
s!GeV

"

L!2L!1

ψ(3770)

χcJ=0,1,2 , hc

70 MeV w/χc0

9.7

9.9

10.1

10.3

L!2L!1

χbJ=0,1,2

Υ(1D)

No spin-spin because of large r and M

E(r)
TOT

� 2M +
3

(16π2M)1/3
(σ�)2/3

� �� �
E(r) as T/(Mω)→0

+A
�

�S · ��
� 1

r

d

dr
E(r)

(charm) (beauty)
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THE NEXT-TO-SIMPLEST QCD 
STRING

Χb0

Χb1

Χb2

Χb0

Χb1

Χb2

Spin"Orbit Spin"Orbit # TensorExpt

# 0 MeV

# 2 MeV

# 2 MeV Χb0

Χb1

Χb2

9859

9893

9912

9862

9894

9913

M
!MeV

"

bottomonium

Burns, Piccinini, Polosa, Sabelli -w.i.p.- 

E(r)
TOT

� 2M +
3

(16π2M)1/3
(σ�)2/3

� �� �
E(r) as T/(Mω)→0

+A
�

�S · ��
� 1

r

d

dr
E(r) + B

�
�S2 − 3

�
�S · �n

�2
�
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D-WAVE BOTTOMONIUM

13D1

13D2

13D3

13D1

13D2

13D3

13D1

13D2

13D3

Spin!Orbit Spin!Orbit " TensorExpt

! 17 MeV

! 4 MeV

" 8 MeV

10152

10164

10173

10134

10160

10181

M
!MeV

"

bottomonium

BaBar ::  Moriond 2010
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CHARMONIUM

Χc0

Χc1

Χc2

hc

Χc0

Χc1

Χc2

hc

Spin"Orbit Spin"Orbit # TensorExpt

# 5 MeV

# 3 MeV

# 26 MeV

# 6 MeV

Χc0

Χc1

Χc2

hc3526

3415

3510

3556

3441

3513

3561

3532

M
!MeV

"

The situation for charmonium is a bit more tricky since the
`infinite` mass limit is less appropriate here. 
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IS THE X(3872) A 1D2 (2-+)
CHARMONIUM?!

Ψ!3770"

X!3872"

13D1

13D2

13D3

11D2

13D1

13D2

13D3

11D2

Spin"Orbit Spin"Orbit # TensorExpt

" 25 MeV

" 46 MeV

3872

3772

3747

3811

3869

3825

M
!MeV

"

Maybe isospin violations mentioned are not the main problem, 
but what about radiative decays? 

J/ψγ and J/ψρ would be P-wave decays - but then why

B(X(3872)→ J/ψγ)
B(X(3872)→ J/ψπ+π−)

= (0.3± 0.1)
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FRAGMENTATION OF A 
GLUON IN A 1D2 

dσ

dp⊥
(pp̄→ 11D2 + All) =

2�

h=0

� 1

0
dz

dσ

dp⊥
(pp̄→ g(p⊥/z) + All; µ)×D

g→11D(h)
2

(z;µ)

Cho and Wise hep-ph/9410214 

x �
�

M2
⊥/19602 � 0.02

p⊥ � 5 GeV
|y| ≤ 6
factorization scale µ �M⊥

σ(pp̄→ 11D2) = 0.6 nb

Still very small w/ respect to the prompt production at CDF (??)

Updating the pdf’s we find

Wednesday, June 23, 2010



OUTLOOK

There are about 20 newly found narrow resonances 
resembling standard charmonia but often evading the 
well known charmonium features. 

Belle has observed a Z+(4430) decaying into 
charmonium + charged pion! This is a highly exotic 
state. What is it? (A Tetraquark?)

Are we really observing hadrons with a different 
`body plan`? We think so.

More urgently: is the X just D-wave charmonium? 
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THREE MORE (NEW) STATES

From Godfrey arXiv:0910.3409
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TWO ARE THE SAME: YB
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e+e− → ψ(2S)π+π−

e+e− → ΛcΛ̄c

e+e− → J/ψ π+π−

We just redo the fits using Belle data under the 
hypothesis that Y(4660) and Y(4630) are the same (1--) particle. 

This hypothesis improves the fit 

Cotugno, Faccini, Polosa, Sabelli Phys Rev Lett 2010 

What we find surprising is that 

B(YB → ΛcΛ̄c)
B(YB → ψ(2S)π+π−)

= 24.6± 6.6
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