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From the beginning it was realized that the radiative decay of X → J/ψ ɣ was way   
too small in comparison with J/ψ+ρ to fit a standard charmonium picture as 2 3P1 

(Eichten, Lane and Quigg)

J/ψ+ρ and J/ψ+ω channels have very similar rates (isospin violation) - unexpected 
for a cc*!

The mass of the X is almost exactly equal to the sum of the masses of D and D* open 
charm mesons

The mass of the X does not fit with the expected accuracy any of the predicted 
charmonium levels.  

X : CHARMONIUM OR ‘EXOTIC’?

For quite some time the X it has not been clear from data if X were a 1++ state or a 2-+ one.  

R. Faccini, F. Piccinini,  A. Pilloni, and ADP, ‘On the Spin of the X(3872)’,  Phys. Rev. D  2012

T. Burns, F Piccinini,  ADP, C. Sabelli,  ‘The 2-+ assignment for the X(3872)’,  Phys. Rev. D 2010
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HADRON MOLECULES
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X - A DIFFERENT KIND OF MOLECULE

D*

p

p

D

Xk

The loosely bound (~0 MeV) molecule (DD*) interpretation is tempting - it accomodates 
the isospin problem. But what about production at hadron colliders?

But then, what about the high production cross sections at Tevatron and LHC?
Computer simulations leave no space to the molecule hypothesis.

C. Bignamini, B. Grinstein, F. Piccinini,  ADP, C. Sabelli, Phys Rev Lett, 103, 162001 (2009)

Can final state interactions allow such high production cross sections?
How can occurr the decay into J/ψ initiated by a 10 fm bound state of color neutral mesons? 

And more: if 2-+ is confirmed the molecule hypothesis is ruled out.

P.  Artoisenet and E. Braaten, Phys Rev D81, 114018 (2010)

C. Bignamini, B. Grinstein, F. Piccinini,  ADP, C. Sabelli, Phys Lett, B684, 228 (2010)

N. Tornqvist, E. Braaten & Kusunoki, E. Swanson, F. Close and many others
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YH4274 L

XH3940 L
YH3915L

YH4660 L
YH4630 L
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YH4008 L

XH3872 L

0+ DD

1+ DD*

J+ D*D*

1- DD1

2- DD2

J- D*D1

J- D*D2

0+ DsDs

1+ DsDs
*

J+ Ds
*Ds
*

0++ hc'p-110.hcw

1+- y'p

J++ Hyw-yrL

0++ hc h '
0-+ Hcc0 h - hc f0L
1+- hc f

1-+ cc1 h - 1+- yh '
1-- Hyf0-hch<
2-+ cc2h
J++ yf

1-- Hcc0w-cc0rL
1+- y'h

J+- Hhcw-hcrL
J--Hcc2w-cc2rL
1-+ cc0h'
0++ cc0f0
1+-Hhc'w-hc'rL1-- cc0f

J++ y'wêr- 1-+ cc1h'
1++ cc1f0 - 1-- hch'
2-+cc2h'- 1+- hcf0

J-+ hcf - 2++ cc2f0

J-- cc2f
0++ hc'h'
0-+ hc'f0

1+- y'h'
1-- y'f0

THRESHOLDS (CHARM SECTOR)
A considerable amount of ‘unoccupied’ thresholds
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THRESHOLDS (CHARM SECTOR)

For an hadron being constituent in a hadron molecule its width has 
to be smaller than binding energy (e.g. ρ is just too broad)

Close to thresholds of narrow mesons (say DD*) interesting things 
might happen. There are several narrow charm-charm threshold one 
can form starting from D, D*, Ds, Ds* ,Ds0, Ds1*,Ds1 

Narrow light hadrons should also make up molecules 
(π,K,η,η’,ω,φ). Similarly with light baryons.

See E. Braaten talk at CHARM2012
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DEUTERIUM & X

Deuterium (spin1) has a binding energy of ~ -2.2 MeV. 
Singlet deuteron (-60 keV) is a virtual particle in n-p scattering.

The X has ~ -0.14 MeV.

For Deuterium one can make a square well potential model with a depth of ~ 20 MeV
For the X the depth could be of about 7 MeV.
The expectation for the X to be found outside 3 fm is 77%                                                            
(~72% to be within [3,20] fm and only 20% to be in [0,3] fm)

N.B. The Deuterium has spin!
D and D* do not have spin-spin interactions

Production at hadron colliders?
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DEUTERIUM & X
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PROMPT PRODUCTION
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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#
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[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]
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TUNING MC’S

Thursday, March 7, 13



Pythia !2!2 :: y part "2 :: !#100 nb $1"
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In the Ball R of relative momenta found above the cross section turns out to be 0.07-0.11 nb,
about 300 times smaller than the minimum experimental value found by CDF data (∼30nb).  

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
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FSI

Artoisenet & Braaten: Phys Rev D81, 114018 (2010)

�(pp̄! X(3872))prompt = �(k < ⇤)⇥ 6⇡
p

2µE
0

⇤

D0*

D0p

p

FSI
D0*

D0

In this way σth and σexp can be reconciled

(2) Enhancement factor

(1) FSI can make a high relative momentum pair to rescatter 
in a lower relative momentum pair: k can range up to 
Λ≈2-3 mπ
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FSI II

p

p
1/a

a is the range of 
strong interaction:

a∼1fm
 k<1/a∼200MeV

:: Bignamini, Piccinini, Polosa, Riquer, Sabelli, Phys.Lett.B684:228-230,2010 ::
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FSI II
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p

D0

k 1/a

h’

a is the range of 
strong interaction:

a∼1fm
 k<1/a∼200MeV

:: Bignamini, Piccinini, Polosa, Riquer, Sabelli, Phys.Lett.B684:228-230,2010 ::
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FSI II
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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 Λ value up to 600 MeV (following some considerations on the
possible values of the Λ cutoff made in [11]). We obtain definitely similar results using Pythia [12].
Such numbers should put the Xs(4080) molecule in the conditions to be observed at CDF. We would find

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

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

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

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

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

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

Acknowledgments

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

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, Piccinini, Polosa, Riquer, Sabelli, Phys.Lett.B684:228-230,2010 ::
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FSI II

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

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

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

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

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

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

s pair. We estimate such cross section to be between 1 and 3 nb at the Tevatron. On the other hand
we cast some doubts on the applicability of the Watson theorem for final state interactions in the calculation at
hand. We show that in the hadronization shower the number of hadrons in a momentum volume R(k) tends to
grow with k whereas the final state interactions formulae used in [11] (see [13]) should involve only two hadrons
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FSI III
CMS Collaboration arXiv:1302.3968

Artoisenet & Braaten: Phys Rev D81, 114018 (2010)
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THE OPPOSITE OF FSI
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PION RESHUFFLING

0 2 4 6 8 10
0.0

0.1

0.2

0.3

0.4

# mols. (arbitrary units)

k_rel in COM (arbitrary units)

Redistribute the molecules in every bin using  Gaussian random number 
generation for their new k_rel values. The variance is left as a parameter.

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

σ

#f
10

#i
10

#f
10

#i
10

0 1 2 3 4 5
0

50

100

150

200

250

300

σ

Thursday, March 7, 13



FESHBACH MOLECULES

A

B

distance

en
er
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B
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distance
en
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Much studied in cold atoms physics. What about hadrons?

i
�
2

= ⌅�B |HBA
1

E �HAA
HAB |�B⇧ ⇥ |g|2

[The Breit-Wigner width of a Feshbach resonance
is proportional to the coupling squared between the open (A) and closed (B) channels]

E. Braaten
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LOW EQUATION
(See e.g. S. Weinberg’s lectures on quantum mechanics)

When shallow bound states  are allowed in low energy 
potential scattering it is possible a description of scattering 
leghts and phase shifts which does not require the precise 
knowledge of the scattering potential.

This allows to write `universal’ formulae depending only on 
binding energies.

a =
}p

2µ|Eb|cot �`=0 = �
r

|Eb|
E

range expansion for k~0

|g|2 =
1

⇡

s
2|Eb|
µ

g is for example the coupling of X to its open charm components
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LOW EQUATION

�
�
X(3872) ! D0D̄⇤0 + c.c.

�
=

p⇤ (MX ,MD0 ,MD⇤0)

8⇡M2
X

1

3
g2XDD⇤

 
3 +

p⇤ (MX ,MD0 ,MD⇤0)2

M2
D⇤0

!
One can estimate the decay width of X into its components by 

Thus obtaining an estimate of g. To do so we average over a random mass of 
the X extracted from a Breit-Wigner distribution centered at 3871.68 MeV
and having width of 1.2 MeV. The range of values is

MD0 +MD⇤0 < MX < MB �MK

and we use the experimental estimate

B
�
X ! D0D̄⇤0 + c.c.

�
⇡ 67%

gXDD⇤ = 2.5 GeV

yielding
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LOW EQUATION

The coupling obtained has to be rescaled by the mass of the X to make it 
adimensional. Yet it is off by almost two orders of magnitude from the value
computed with the binding energy - the expression of g used in the Low eq.  

More can be done like computing 

D

D*

D

D*

X

flux function To be compared with the potential scatterig 
result for shallow bound states

�
tot

=
2⇡}2
µ|Eb|
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TETRAQUARKS
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OPTIONS FOR 
COLOR NEUTRAL STATES

1c

1c

X: a loosely bound molecule (R ~10 fm)

8c

8c
the ‘hybrid’ option quark (heavy or light)

antiquark

gluon

3̄c

3c

a compact `tetraquark’

6c

6̄c

8c ...less bound

8c

(R=1 fm)
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CHARMED DIQUARKS: 
THE SYMMETRY APPROACH

dq-dq*JPC

0++

1++

1+�

2++

[cq]0[c̄q̄]0 � ([cq]1[c̄q̄]1)0

[cq]1[c̄q̄]0 + [cq]0[c̄q̄]1�
2

[cq]1[c̄q̄]0 � [cq]0[c̄q̄]1⇤
2

⇥ ([cq]1[c̄q̄]1)1

([cq]1[c̄q̄]1)2

([ ]s[ ]s)J

i� = ⇥ijk⇥�⇥⇤ q̄j⇥
C

�5q
k⇤ = [qq]0

jk
� = ⇥�⇥⇤ q̄⇥(j

C
⌅�qk)⇤ = [qq]1

X+

X0

X-

Xs+

Xs-

Xs0

Xs0

The octet with diquarks -
the ‘azimuthal approach’ 
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ISOSPIN VIOLATIONS

At the charmonium scale we expect the annihilations to be small and 
quark mass to dominate - observed X -> ω/ρ isospin breaking 

We set in the flavor basis Xu, Xd

M =
�

2mu 0
0 2md

⇥
+ �

�
1 1
1 1

⇥

where the mixing matrix has a diagonal structure in the Isospin I = 0, 1
basis, its eigenvectors being

1⇥
2

�
1
1

⇥
1⇥
2

�
1
�1

⇥

G.C. Rossi, G. Veneziano; L. Maiani, F. Piccinini, ADP, V.Riquer PRD 2005
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DIQUARK MODEL

Color neutral diquark-antidiquark states can be written with a convenient notation

With a bit of work one finds relations like the following

which teach how to extract color couplings in tetraquark symmetry using info
extracted from standard hadrons. On the spin side we can write
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TETRAQUARKS ? 

cq

c̄q̄(0)

Two neutral X predicted with an hyperfine separation 
in mass to accomodate isospin 

Charged partners (degenerate in mass?) with Q=±1   
or even Q=2 such as in [cu][d*s*]. Not seen.  Are they 
just too broad? 

The heavier partners of light tetraquarks (scalars) ...

G. ‘t Hooft, G. Isidori, L. Maiani, ADP, V. Riquer, Phys Lett B 2008

Today we have 5 charged states  - not explained by any unified picture 
(to be confirmed )

Z(4430), Z1(4050), Z2(4250), Z(10610), Z(10650)

The decay pattern preferring a ψ(2S) (or η(2S)) is completely obscure.
The last two were found in May 2011.

L. Maiani,  F. Piccinini, ADP,  V. Riquer, Phys. Rev. D71, 014028 (2005)
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TETRQUARKS PREFER BARYON DECAYS
G. Cotugno, R. Faccini,  ADP, C. Sabelli Phys. Rev. Lett. 104, 132005 (2010)

We observed that Y(4660) and Y(4630) might be one and the same particle
(YB) showing how this hypothesis improves the fit to Belle data.

B(YB ! ⇤c⇤̄c)
B(YB !  (2S)⇡+⇡�)

= 24.6± 6.6

Under this hypothesis we found the remarkable ratio 

Search for similar resonances having ‘baryon affinity’ in the b-system.
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Y(4260)→J/ψ+π+π-
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Newcomers in the b-System

DECAYS & PRODUCTION
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+ô hbHnPLpp, n=1, 2
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CONCLUSIONS

We have spent quite some time debating about which is 
the correct description of these resonances. 

The models presented all have pros/cons but none of 
them has -the- solution

Hopefully a new bunch of results from the LHC 
will revitalize the field

Thursday, March 7, 13



BACK UP
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THE ‘NEW’ HADRON RESONANCES
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Newcomers in the b-System

DECAYS & PRODUCTION
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+ô hbHnPLpp, n=1, 2
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e+e-ô Zb
+ p- û s ~10.860 GeV

e+e- û s ~10.860 GeV

YbH10888 Lô UHnSLpp, n=1, 2, 3

CHARGED STATES

hbH1SL

hbH2SL

hbH3SL

UH1SL

UH2SL

UH3SL

UH4SL

cb0H1PL

cb0H2PL

cb1H1PL

cb1H2PL

cb2H1PL

cb2H2PL
13D1

23D1

33D1

hbH1PL

hbH2PL
11D2

21D2

13D2

23D2

13D3

23D3

YbH10888 L

Zb
+H10610 L

Zb
+H10650 L

0-+ 1-- 1+- 0++ 1++ 2++ 2-+ 2-- 3-- ¿1+?

9.5

10.0

10.5

11.0

B B
B B*
B*B*

BsBs
BsBs

*
Bs

*Bs
*

M
as
sHG

eV
L

Thursday, March 7, 13



THE X(3872) SPIN
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EXPERIMENTAL RESEARCH ON SPIN

O(1000) fully reconstructed B → X(3872) K+ events with X decaying into
J/ψ ρ are expected at LHCb in 2013 - sufficient to have an unambiguous determination 
of quantum numbers performing an angular analysis. Results achievable within 2013/2014

1++

2�+
LHCb simulation with 1000 evts
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R. Faccini, F. Piccinini,  A. Pilloni, and ADP, ‘On the Spin of the X(3872)’,  arXiv:1204.1223
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MATRIX ELEMENTS

h (✏, p)V (⌘, q)|X(�, P )i = g1 V ✏µ⌫⇢� �µ(P ) ✏⇤⌫(p) ⌘
⇤
⇢(q) P�

h (✏, p)V (⌘, q)|X(⇡, P )i = g2 V TA + g02 V TB

TA = ✏⇤↵(p) ⇡↵µ(P ) ✏µ⌫⇢� p⌫ q⇢ ⌘⇤�(q)� ⌘⇤↵(q) ⇡↵µ(P ) ✏µ⌫⇢� q⌫ p⇢ ✏⇤�(p)

TB = Q↵ ⇡↵µ(P ) ✏µ⌫⇢� P⌫ ✏⇤⇢(p) ⌘
⇤
�(q)

Spin 1 :: 1++

Spin 2 :: 2-+

where  the sum over the five polarizations is 

X

pol

⇡µ⌫(k)⇡
⇤
↵�(k) =

1

2
(Pµ↵P⌫� + Pµ�P⌫↵)�

1

3
(Pµ⌫P↵�)

Pµ⌫ = �gµ⌫ +
kµk⌫
m2

R. Faccini, F. Piccinini,  A. Pilloni, and ADP,  Phys Rev. D86 (2012)

V = ⇢,!
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CALCULATION OF WIDTHS

In our approach we do not need any orbital barrier factor (Blatt-Weisskopf) as 
the decay wave is fixed by the matrix elements. Instead we take into account
the hadron finite sizes by introducing a ‘polar’ form factor (n=1,2)

g ! g

(1 +R2q⇤2)n

The R parameters will be fit on data. Next we compute the widths, e.g., 

�(X !  ⇡+⇡�) =
1

2J + 1

1

48⇡m2

X

Z
ds

X

pol

|h ⇢(s)|Xi|2p⇤(m2

X ,m2

 , s)

⇥ 1

⇡

1

(s�m2

⇢)
2 + (m⇢�⇢)2

Z
d�(2)

X

pol

|h⇡+⇡�|⇢(s)i|2

(for ρ and ω ) in both hypotheses (spin=1,2) and compare to data.
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COMBINED FIT ANALYSIS

In the channel X → ψ 2π  both hypotheses J=1,2 fit data well (no discrimination). 
On the contrary in X → ψ 3π the 2-+ hypothesis is the better one 

Because of this, following Hanhart et al (Phys. Rev. D85, 011501, 2012), we also made
a combined J=1,2 fit. But our statistical analysis gives opposite results with respect to 
those presented in that paper 

fit J = 1 : R1, g1 ⇢, g1 !

fit J = 2 : R2, g2 ⇢, g
0
2 ⇢, g2 !, g

0
2 !

Fit parameters

It is interesting to note that the radii, the  fit parameters with a 
physical content, have reasonably small errors and get values 
consistent with 1 fm, the scale of the size of a standard hadron 
interaction.
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RESULTS
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(TOY MC METHOD)

Generate N MC data samples with the same # of events as real data

The samples can be generated using the parameters that better fit the J=1 or J=2 
hypothesis (extracting, sample by sample, the parameters according to the best 
combined fit to data)

Mass bins bi are filled by extraction from Poisson distributions of mean 
values μi  given, bin per bin, by the combined fit model vs data  - the errors 
on bi are assumed to be the statistical fluctuations on μi
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TOY MC

We have performed a statistical analysis of data based on the Toy-MC method 
studying the estimator Δ𝜒2 

where the 𝜒2 are related to fits 
to MC samples generated under 
the J=1 or 2 hypothesis. 

The 2-+ hypothesis is excluded at 
99%CL but a probability of only
5.5% is obtained for the 1++ hyp.

Separate fits return a clear
preference for 1++ in rho-channel
and a clear preference for 2-+ in 
the omega-channel

��2 = �2(1++)� �2(2�+)
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BELLE ANGULAR CORRELATIONS

The angle θX is measured. It is the angle between the J/ψ and the direction
opposite to the K (from B→ K X) in the X rest frame (the resulting decay 
distribution is flat in S-wave and ~(1 + 3 cos2θX) in P-wave)

Two more angles θl  and 𝜒 are introduced according to the definition  

Belle, arXiv:1107.0613
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RESULTS
R. Faccini, F. Piccinini,  A. Pilloni, and ADP,  Phys Rev. D86 (2012)
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WHAT IF 2-+ ??
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THE SIMPLEST QCD STRING
Selem and Wilczek hep-ph/0602128 (on the Chew-Frautschi model)

!

Charmonia with hadron strings?
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THE SIMPLEST QCD STRING II                                
Cotugno, Faccini, Polosa, Sabelli, Phys. Rev. Lett. 104, 132005 (2010)

We take the limit in which the mass attached to the ends 
of the string is the largest scale in the problem  
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Burns, Piccinini, Polosa, Sabelli, Phys Rev D 2010
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THE NEXT-TO-SIMPLEST QCD STRING

bottomonium

Burns, Piccinini, Polosa, Sabelli, Phys Rev D 2010
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D-WAVE BOTTOMONIUM

bottomonium

Based on BaBar data
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CHARMONIUM L=1

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?!

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/ �)
B(X(3872)! J/ ⇡+⇡�)
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FRAGMENTATION OF A GLUON IN A 1D2 

d�

dp?
(pp̄! 11D2 + All) =

2X

h=0

Z 1

0
dz

d�

dp?
(pp̄! g(p?/z) + All; µ)⇥D

g!11D(h)
2

(z;µ)

Cho and Wise hep-ph/9410214 

x '
q

M

2
?/1960

2 ' 0.02

p? & 5 GeV

|y|  6

factorization scale µ 'M?

�(pp̄! 11D2) = 0.6 nb

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

Updating the pdf’s we find
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BARYONS STRING AND DIQUARKS

Xµ,1(� = 0, ⌧) = Xµ,2(� = 0, ⌧) = Xµ,3(� = 0, ⌧)
� 2 [0, Li(⌧)] variable length in time

S = �
3X

i=1

Z
d⌧

Z Li(⌧)

0
d�

q
(@�X i

µ · @⌧Xµi)2 � (@�X i
µ)2(@⌧X i

⌫)2

Masses at the 
endpoints neglected

It is found that one of the three harms will soon (τ) disappear shedding
its energy into the excitation modes of the two other harms: 
we end up with a single open string connecting three quarks.

Quantum effects will then favor the configuration with one quark at one 
end and a diquark at the other hand. Baryons are like mesons as in Regge trajectories

‘t Hooft hep-th/0408148

τ
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2-+ OPTION

Molecule ruled out

Standard charmonium suffers

Tetraquarks can be but, again - more states required -

Are there reasons to expect more states? In the 
following we give one of the possible ones
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EXOTIC HADRONS AND HIC

What are the fragmentation functions of diquark-antidiquark 
mesons? Could they be modeled and confronted with data from 
ALICE and CMS/ATLAS? 
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The numerators are dominated by 
the ‘coalescence’ mechanism (B. Muller et al).
Molecule and tetraquark denominators 
should also be different 

L. Maiani, A.D. Polosa, V. Riquer, C. Salgado, Phys Lett B 2007 (light mesons)
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I - The transverse momentum of partons is steeply falling with pT (assume exp.)
II - Fragmentation functions favor the situation where the energy of the 
fragmenting parton is democratically distributed amid all the radiated partons

For this reason fragmentation is inefficient at producing high pT hadrons. 
In particular pions are produced more efficiently with respect to baryons.
But what if the phase space is densely populated with partons?

EXOTIC HADRONS AND HIC

C = Combinatorial factor of
producing  a (almost non 
relatively recoiling) pair (D,D*) 

P⇡ = pu + p
¯d ⇠ 2 p

Pp = pu + pu + pd ⇠ 3 p

#(protons) ⇠ exp(�3 p) ⇠ exp(�Pp)

#(pions) ⇠ exp(�2 p) ⇠ exp(�P⇡)

#(protons)/#(pions) ⇠ 1 if P⇡ ⇠ Pp

#(X
4q) ⇠ exp(�PX)

#(X
mol

) ⇠ C exp(�PX)

meson

baryon

4q
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