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Claudia Patrignani:  
Exotic hadrons at LHCb

Exotic hadrons with heavy quarks

in the past decade a pletora of new
states with constituent heavy QQ̄

which is their structure?

B mesons – and their decay products –
copiously produced at hadron machines
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Claudia Patrignani:  
Exotic hadrons at LHCb

Fits allowing exotic components

Add X and Z

+ components with
various quantum numbers

Z

+ components improve fit marginally

Two 1++ and two 0++ states with large
significance

Contri- Sign. Fit results

bution or Ref. M0 [ MeV ] �0 [ MeV ] FF %

All X(1

+
) 16±3

+ 6
� 2

X(4140) 8.4� 4146.5±4.5+4.6
�2.8 83±21

+21
�14 13.0±3.2+4.7

�2.0

ave. Table 1 4147.1±2.4 15.7±6.3
X(4274) 6.0� 4273.3±8.3+17.2

� 3.6 56±11

+ 8
�11 7.1±2.5+3.5

�2.4

CDF [26] 4274.4+8.4
�6.7 ± 1.9 32

+22
�15 ± 8

CMS [23] 4313.8±5.3±7.3 38

+30
�15 ± 16

All X(0

+
) 28± 5± 7

NRJ/ � 6.4� 46±11

+11
�21

X(4500) 6.1� 4506±11

+12
�15 92±21

+21
�20 6.6±2.4+3.5

�2.3

X(4700) 5.6� 4704±10

+14
�24 120±31

+42
�33 12± 5

+ 9
� 5

Significance of JPC = 1++ incl. syst.:
X (4140): 5.7� X (4274): 5.8�

Significance of JPC = 0++ incl. syst. :
X (4500): 4.0� X (4700): 4.5�
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�K

J/ �

PRL 118 (2017) 022003

PRD 95 (2017) 012002

Tetraquark states !



Claudia Patrignani:  
Exotic hadrons at LHCb

⇤0
b

! J/ pK�

This decay mode, not observed before, found to have large rates and low
background

Used to measure the ⇤0
b

lifetime with 1 fb�1 collected in 2011
PRL 111 (2013) 102003

Clean signal of 26,000 candidates with 5.4%
background within ±2� in the whole Run 1
data sample (3 fb�1)

... but the Dalitz plot has
unusual features:

vertical bands for ⇤⇤’s

Horizontal band???
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PRL 115 (2015) 072001

Pentaquark state !



Claudia Patrignani:  
Exotic hadrons at LHCb

Conclusions: pentaquarks
Observation of P

c

(4450)± and P

c

(4380)± ! J/ p in ⇤0
b

! J/ pK

�

from both amplitude analysis and model independent approach

cc̄uud =) pentaquark!
resonant behaviour of P

c

(4450)± amplitude
resonant behaviour inconclusive for P

c

(4380)±

Evidence for exotic hadrons in ⇤0
b

! J/ p⇡�

compatible with P

c

states in di↵erent decay mode
amplitude analysis limited by sample size

⇤0
b

! �
c

pK

� and ⌅�
b

! J/ ⇤K�

investigate new P

c

(4450) decay modes and search for further
pentaquarks

new decay modes observed
might have su�cient statistics for amplitude analysis by the end of
upcoming data taking

Still a lot to understand – and a lot of data at LHC!

already on disk and more in the near future
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Laura Tolos:  
Heavy Flavour in Nuclear Collisions

Λc : C=1,S=0,I=0
Garcia-Recio et al.’09;
Romanets et al. ’12

coupling constant

mass and width

J=1/2 J=3/2

• Λc(2595) has large DN 
and D*N components

• Double-pole pattern for 
Λc(2595), like for Λ(1405)

• Identification of Λc(2625) 

Spectroscopy of excited charmed baryons



Laura Tolos:  
Heavy Flavour in Nuclear Collisions

Tsushima et al. ’99
Krein et al ‘17 (review)

Garcia-Recio, Nieves, Tolos ‘10

Solving Schroedinger or Klein-Gordon equation with
- potential from QMC model
- potential from SU(6) x HQSS model
- potential from π exchange model with HQS 

D-mesic nuclei

208Pb

D0 and D+

SU(6) x HQSS model

- SU(6) x HQSS model: weakly bound 
D0-nucleus states with important 
widths in contrast to previous QMC 
model

- SU(6) x HQSS model:
D+ does not bind

Detection at PANDA, JPARC?



Laura Tolos:  
Heavy Flavour in Nuclear Collisions

Charm resonances in matter: X(3872)

Albaladejo, Nieves and LT, in preparation

as D D* molecule
_



Laura Tolos:  
Heavy Flavour in Nuclear Collisions

Beauty under Extreme Conditions

Λb(5912) and Λ*b(5920) found by LHCb*
collaboration are described as meson-
baryon molecular states belonging to a 
HQSS doublet. New HQSS partners are 
predicted: Ξb(6035) and Ξb(6043)

Garcia-Recio, Nieves,
Romanets, Salcedo and LT ‘13

* Aaij et al (LHCb) ‘12

Spectroscopy of excited beauty baryons



Debarati Chatterjee: Hyperonic Equation 
of State and Astrophysical Applications

Effect of 3N and hyperonic 3BF
on energy/particle of NM and HM

D.C. and I. Vidaña, EPJA 52 (2016) 29

SOLVING THE HYPERON PUZZLE: HYPERONIC 3-BODY FORCES

EoS and M-R relations using 
(a)-(b) BHF, 
(c)-(d) MPP, 
(e)-(f) Quantum MC 

Vidaña+, EPL 94 (2011)
Yamamoto+, PRC 88 (2013)

Lonardoni+, PRL 114 (2015) 



Debarati Chatterjee: Hyperonic Equation 
of State and Astrophysical Applications

SOFT EOS FROM HEAVY-ION DATA

KaoS experiment, GSI Darmstadt

I. Sagert, C. Sturm, D. C., L.Tolos and J. Schaffner-Bielich,  PRC 85 (2012)
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Kaon production in heavy-ion collisions
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Sturm et al. (KaoS collaboration), PRL 2001

Fuchs, Faessler, Zabrodin, Zheng, PRL 2001

Kaons produced by
associated production:
NN→ NΛK, NN→NNKK

in-medium processes
(rescattering): πN → ΛK,
πΛ → NK

nuclear matter is
compressed up to 3n0!

long mean-free path of
kaons: kaons can escape
high density matter

– p.11

Sturm et al. (KaoS collaboration), PRL 2001

Extreme Properties of Neutron Stars
• The most compact configurations occur when the
low-density equation of state is "soft" and the
high-density equation of state is "stiff".

soft

⇐
=

stiff=
⇒

ϵo

p
=

ϵ−
ϵ o

ca
us
al
lim
it ϵ0 is the only

EOS parameter

The TOV
solutions scale
with ϵ0

p = 0 ◦

J.M. Lattimer, WE-Heraeus School on Nuclear Astrophysics in the Cosmos, GSI, 13/07/10 – p. 34/67

Lattimer, GSI, 2010

GSI-NACHRICHTEN 1/98 11

FE
AT

U
R

E

per nucleon (1 AGeV)—this corre-
sponds to approximately 90% of the
velocity of light—and let them collide
with gold nuclei at rest.  In the overlap
zone of the colliding nuclei part of the
nucleons can interact so energetically
that they are excited to resonance sta-
tes. A so-called fireball consisting of
mesons and baryons with a temperatu-
re of about 80 MeV is created. In the
final phase of the reaction, when the
density decreases, the resonances
again decay into nucleons and mesons.

The experiments have been concei-
ved to determine how the newly crea-
ted particles behave in their hot and
dense environment and thus throw
light on the properties of this medium.
The instruments utilised at GSI to gain
such insight are the kaon spectrometer
KAOS, the FOPI detector, the photon
spectrometer TAPS and the fragment
separator FRS.

Equation of State for Nuclear
Matter

In collision experiments, we obtain
indirect access to information about the
behavior of nuclear matter as a func-
tion of density and temperature – the
so-called equation of state for nuclear
matter. Of primary importance is the
energy balance. One part of the energy
available in the collision is used to com-
press the nuclear matter. This portion,
the compression energy, corresponds to
potential energy,  the type of energy sto-
red in a compressed spring, for exam-
ple. The remaining energy is converted
into thermal motion of the nucleons
(undirected kinetic energy) and is avai-
lable for the production of new particles
in collisions between the constituents of
the fireball.

With the expansion of the fireball
following the compression phase, the

compression energy is released. Nucle-
ar fragments and newly created par-
ticles separate collectively in a radial
expansion (see GSI-Nachrichten 1/97).
The thermal energy of the fireball can
be estimated from the type and number
of the newly created particles and from
their energy and momentum spectra.
Since the total energy of the accelerated
ions is known, one gets also an estima-
te for the compression energy in the
initial phase of the reaction.

The measurement of particle pro-
duction in heavy-ion collisions thus
offers a possibility for studying the
equation of state for higher densities.
Additional information can be gained
by measuring the radial flow of
nucleons and light fragments.

The particles most frequently crea-
ted in the collision of two nucleons are
the pions. However, utilising pions to
draw conclusions about the properties

I n  central collisions of gold ions
at energies of 1 Gigaelectronvolt per
nucleon, some 100 protons and deu-
terons and about 40 pions are emitted
from the fireball region. However,
only one out of 30 collisions leads to
the production of a kaon. The kaon
spectrometer was optimised for stu-
dying these rare events.  It is capable
of determining the momentum and
charge of the particles, their emission
angle, the centrality of the reaction
including the total number of partici-
pating nucleons, and the orientation
of the reaction plane. The momentum
is measured via the deflection angle
of the particle in the magnetic field
and its recorded hit position in the
focal plane. The velocity is deduced
by reconstructing the flight path and

T H E  K A O N  S P E C T R O M E T E R

measuring the time of flight. With these
quantities known, the rest mass and

thus the particle species can be unam-
biguously determined. ■
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How does nuclear matter respond
when it is compressed and heated?
What role do strange particles play in
hot, dense nuclear matter? Do the
properties of the particles change
under such extreme conditions? The
answers to these questions are of
fundamental significance for our
understanding of the strong interac-
tion. They also have great relevance
for topics in astrophysics, where they
can help answer questions such as:
Under what conditions will the explo-
sion of a supernova result in a neu-
tron star and when will it produce a
black hole?

Two particles, the kaon K+ and its
antiparticle K-, are highly relevant to
the answer. Using the synchrotron at
GSI in Darmstadt, it is possible to stu-
dy heavy-ion collisions in which
kaons are created. With a magnetic
spectrometer the number, energy,
and emission angle of the kaons pro-
duced can be determined. Thereby,
we not only acquire information
about the state and properties of
nuclear matter under extreme condi-
tions, but also obtain first indications
that the nuclear environment itself
affects the kaon properties. The fact
that substantially more antikaons
than expected are produced in hot
dense nuclear matter—at first, a sur-
prising result—opens up several inte-
resting possibilities.

Just like all material around us, the
properties of nuclear matter are also
subject to the influence of pressure,
density and temperature. In particular,
it is important for cosmologists to know,
for example, how strongly nuclear mat-
ter resists attempts to compress it. Hea-
vy-ion collisions at relativistic energies
provide the only way  to create and stu-
dy hot, compressed nuclear matter in
the laboratory.

To compress the protons and neu-
trons inside the nucleus to approxima-
tely 2.5 times normal nuclear density,
researchers at GSI accelerate gold
nuclei to energies of 1 Gigaelectronvolt

Strange Particles Probe
Compressed Nuclear
Matter
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Kaon and Pion Production GFig. 1: Production probability
for kaons and pions as a func-
tion of the number of nucleons
participating in the collision of
the two gold ions.

GSI-Nachrichten, 1/98

K+ meson production in heavy-ion collisions 

Pions: late freeze out

Kaons:
- direct early production: high density 
phase

- isovector channel effects

Au+Au@1AGeV

stiffstiff
EEsymsym

soft soft 
EEsymsym

G.Ferini et al.,PRL 97 (2006) 202301

NN !!!! N∆∆∆∆ !!!! NYK

ππππΝΝΝΝ !!!!YK

mean field effects: n/p repulsion

threshold effects: ∆ ∆ ∆ ∆ and K self energies

Sensitivity of particle production to the symmetry energy

28÷36 MeV

NL

NL!

NL!"



Debarati Chatterjee: Hyperonic Equation 
of State and Astrophysical Applications

MG vs MB for neutrino-free 
and neutrino-trapped matter

D.C. and I. Vidaña, EPJA 52 (2016) 29

IMPLICATIONS ON ASTROPHYSICS: BH FORMATION



Debarati Chatterjee: Hyperonic Equation 
of State and Astrophysical Applications

Possible sources of bulk viscosity

Leptonic weak processes

         hyperon Urca process :

Non-leptonic processes involving hyperons

1

⇧i
= �
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n+ p ⇤ p+ �
n+ n ⇤ n+ � (3)

n ⇥ p+K� (4)

u+ d ⇤ u+ s (5)

IMPLICATIONS ON ASTROPHYSICS: R-MODES

r-mode instability damped by leptonic 
bulk viscosity at high T and 
non-leptonic bulk viscosity at low T

In the intermediate T regime, there 
exists an Instability window

leptonic
non-leptonic

instability 
window

D.C. and D. Bandyopadhyay, PRD 74 (2006)



Giuseppe Pagliara: Strangeness 
Production within the GW170817 event?

  

Compactness constraintsCompactness constraints

PRL119 (2017)PRL119 (2017)

The deviations from point-like GW sources depend 

on the tidal deformability Λ:  the phase departure 

depend on the compactness of the stars and thus 
on the equation of state. The stiffer the EoS the 
larger the radius, the larger the deviation.

Ruled out, ingredients: just Ruled out, ingredients: just 
nucleons, no strangeness.nucleons, no strangeness.
Large radii.Large radii.

Sly and APR4: again just nucleons, but consistent Sly and APR4: again just nucleons, but consistent 
with the astro-data. Are they consistent with with the astro-data. Are they consistent with 
(hyper)nuclear physics ??(hyper)nuclear physics ??

Soft eos

Read et al 2013Read et al 2013



Giuseppe Pagliara: Strangeness 
Production within the GW170817 event?

  

Constraining the equation of state: maximum massConstraining the equation of state: maximum mass

Rezzolla et al 2017Rezzolla et al 2017

By using the hyp. that the remnant is not a supramassive star, 
three different papers lead to a maximum mass for cold and 

non-rotating star MM
max max 

≤≤ 2.2 M 2.2 M
sun sun 

(see also Margalit et al 2017)(see also Margalit et al 2017)

Ruiz et al 2017:Ruiz et al 2017:

Ruling out very stiff equations of state!!

(simple argument based on causality)



Giuseppe Pagliara: Strangeness 
Production within the GW170817 event?

  

Two families of compact stars? 
(exercise with constant speed of sound quark EoS, Dondi et al 2016)

Three parameters:

Speed of sound, energy 

density and baryon 

density at pressure=0

Hadronic stars would fulfill the small radii limits while strange stars would fulfill 

the large masses limits. Note: at fixed baryon mass, strange stars could be 

energetically convenient even if the radius is larger than the corresponding 

hadronic star configuration.



Giuseppe Pagliara: Strangeness 
Production within the GW170817 event?

  

Summary:
a) Maximum mass smaller than about 2.2M

sun

b) Radius of the canonical 1.4M
sun 

smaller than about 13km (from 

deformability and from the mass ejected).

Strangeness must appear in compact stars in some form: hyperons, quark Strangeness must appear in compact stars in some form: hyperons, quark 
matter (hybrid or quark stars)matter (hybrid or quark stars)

GW170817 produced strange matter (which is then “eaten up” by the BH)!! GW170817 produced strange matter (which is then “eaten up” by the BH)!! 

One possible solution of the hyperons puzzle: strong Λ-Λ 

repulsion → late appearance of hyperons. 
Stiff nucleonic equation of state → small central densities.
The 2M

sun  
stars have central densities below the 

threshold.

This solution is disfavored because produces large This solution is disfavored because produces large 
radii for a wide range of masses.radii for a wide range of masses.

Lonardoni, PRL 2015Lonardoni, PRL 2015


