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Claudia Patrignani:
Exotic hadrons at LHCb

Exotic hadrons with heavy quarks

W0 T X(3872) observed at Belle

X (;3872;:- u':onﬁr.med gt Do, CDF

e e in the past decade a pletora of new
e2(2P) |as Z(3930)] observed at Belle . . ~

¥ (6ot comtionad ot L0 states with constituent heavy QQ

X (3940), Y (4008), ¥ (4660) observed at Belle

Y (4360) observed at BaBar ! 1 !

o s bt which is their structure?

X (3915) [as ¥Y(3940)] confirmed at BaBar

X (3940) confirmed at Belle

Z*+(4050), X (4160), Z*(4250), Z*(4430), X (4630)
observed at Belle

Y (4140) observed at CDF

X (3915), X (4350), Y;(10888) observed at Belle

xe2(2P) |as Z(3930)] confirmed at BaBar

Y (4274) observed at CDF

X (3915) confirmed at BaBar

Zp(10610)* observed and confirmed at Belle

Zp(10650)* observed and confirmed at Belle

X (3823) [likely v2(1D)], Z3(10610)" observed and co

Z.(3900)*, Z,(4020)* observed at BESIII

Z.(3900)* confirmed at Belle

Z.(3900)° observed at CLEO-¢

Z(4020)° observed at BESIII

Y (4140) confirmed at Do, CMS

Y (4274) confirmed at CMS

Y (4660) confirmed at BaBar

Z.(4020)* confirmed at BESIII

Z*(4200) observed at Belle

Z*(4240) observed at LHCh

Z~(4430) confirmed at LHCb

X (3823) [likely o»(2D)], Z.(3900)°, Z.(4020)" confir

Z.(4055)* ohserved at Belle

Y (4230) observed at BESIII

Pr{4380), P(4450) observed at LHCh

Y3(10888) no longer observed at Belle

X (5568)* observed at Do

X (5568)* NOT observed at LHCh .

Y (4140), ¥ (4274) confirmed at LHCb B mesons — and their decay products —

X (4500), X (4700} observed at LHCh
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copiously produced at hadron machines
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Claudia Patrignani:
Exotic hadrons at LHCb

PRL 118 (2017) 022003

Fits allowing exotic components PRD 95 (2017) 012002

> P
E —a—— tptal fit
— s background .
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Claudia Patrignani:

Exotic hadrons at LHCDb
Ay — J/pK™

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

Pentaquark state !

Used to measure the A? lifetime with 1 fb~! collected in 2011

PRL 111 (2013) 102003

< — 1 ¥ s v v 1 v v v v |
3 7000

= : LHCb

¥ 6000F

Clean signal of 26,000 candidates with 5.4% %50002‘

background within =20 in the whole Run 1 “3:222:

data sample (3 fb™!) 2000 |
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S : ... but the Dalitz plot has
A= | ]
221~ . unusual features:
20| . vertical bands for A*'s
18F . :
- : Horizontal band??7?
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Claudia Patrignani:
Exotic hadrons at LHCb

Conclusions: pentaquarks

@ Observation of P.(4450)F and P.(4380)* — Jipin A — Jhp pK™
from both amplitude analysis and model independent approach

e ccuud — pentaquark!
o resonant behaviour of P.(4450)F amplitude
o resonant behaviour inconclusive for P.(4380)*

@ Evidence for exotic hadrons in A} — Jhap pr~

e compatible with P. states in different decay mode
e amplitude analysis limited by sample size

@ A} = xcpK™ and =, — JWp AK™
e investigate new P.(4450) decay modes and search for further
pentaquarks
new decay modes observed

e might have sufficient 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

Spectroscopy of excited charmed baryons

coupling constant
A: C=1,8=0,1=0 11 (s) v 90
. (8) Ay
Garcia-Recio et al.’09; *J \/; — \'@ mass and width

Romanets et al. ’12

SU)imep  SUG)imep SUG)imep My T Couplings to main channels SawsPDG J

16 By, 3 89.8 b= 2 4= 16, =14, " AC(2§95) has large DN
=13 and D*N components
h(p !

168 55, M0 BT gy, =20 gy =205, =08 i
o2 * Double-pole pattern for

I N (DL g;,,=0. L 1) A(2595), like for A(1405)

gx\D.,=]'4s AD; o -
. % BAEO po=Mdgy=llgee=lh I« |dentification of Ay(2625)
By = M g5,y = L gy, =10,
gz =08




Laura Tolos:
Heavy Flavour in Nuclear Collisions

D-mesic nuclei

Solving Schroedingeror Klein-Gordon equation with
- potential from QMC model

- potential from SU(6) x HQSS model

- potential from 1 exchange modelwith HQS

Detection at PANDA, JPARC?

0 +
D”and D - SU(6) x HQSS model: weakly bound
B DO-nucl tat ith |
SU(6) x HQSS model =0 —— “-nucleus states with |m.portant
5 Garc o n L= 1 widths in contrast to previous QMC
arcia-Recio, Nieves, Tolos “10 | _o
13 _T“_ model
) IS AU RS S 208Ph
> State DO(v9)
2 O
S o ¢ 1 A Ls —96.2
4 10 o o ¢ ¢ [ ] 1p —93.0
“ 2s —88.5
15 F
0 01 01 01 01 01 01201423 Tzus_himta ?f1a7'-(’99_ )
20 120 %y 2 By 325 40 1185, 28pp | rein et a review
: LS TS TR T su(6) x HQSS model:

N .
D -nucleus bound states D* does notbind



Laura Tolos:
Heavy Flavour in Nuclear Collisions

B decays: Belle, BaBar, LHCD, efc.

C
%M
B* z.

Charm resonances in matter: X(3872)

as D D* molecule

3 D™ D° D°
_’_\L\UK_*_ X g @) X 7 gy X X 3 a3\ X X g g\ X
\\2 2// \\2 2,/ \\2 2 \\2 2//
B— KX;X - ntn~J/4 at Belle ‘DE_*_’ e ‘5?0’ ) 3?0’
PRL91,262001 (2003)
[
S Al o T T AN BE.—2MV
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0 25 o 7008
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c? S = 006 |
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o ” I&
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w 0.02
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3(:’82 3.84 3.86 3.88 3.9 392 : :

M(Jly r) (GeV)
1l Py, = 0.999

P/Po |Emax (MeV) Eqp (MeV)
0.10 | 3873.3 3878.0
0.30 | 3870.8 -
0.50 | 3866.9 -
0.75| 3860.3 -
1.00| 3851.9 —

(| ] P T ET TR TR BT FTE T ST
3800 3820 3840 3860 3880 3900 3920 3940

3800 3820 3840 3860 3880 3900 3920 3940

E (MeV) E (MeV)

o Spectral function:
SUE) = —L1IimA(E) =
1 Imn,(E)

7w (2 — m§ — ReM,(E))? + (ImM,(E))?

o Quasi-particle peak:
E2, — m§ — RelN(Eqp) = O.

Albaladejo, Nieves and LT, in preparation



Laura Tolos:
Heavy Flavour in Nuclear Collisions

Beauty under Extreme Conditions

Spectroscopy of excited beauty baryons

500 i Exb . T T B T ]
=
B AR EiR =r—
400 - — | N\p(5912) and A*,(5920) found by LHCb*
S '_'Z' collaboration are described as meson-
0 Tt :
S = baryon molecular states belonging to a
K L1 T BB HQSS doublet. New HQSS partners are
2 300 e ™ 7 predicted: =,(6035) and =,(6043)
Abmt =
* Aaij et al (LHCb) ‘12
200 - - -
Pt b
I -

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



Debarati Chatterjee: Hyperonic Equation
of State and Astrophysical Applications

SOLVING THE HYPERON PUZZLE: HYPERONIC 3-BODY FORCES
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Debarati Chatterjee: Hyperonic Equation
of State and Astrophysical Applications

SOFT EOS FROM HEAVY-ION DATA

K* meson production in heavy-ion collisions NN > NA =2 NYK
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Debarati Chatterjee: Hyperonic Equation
of State and Astrophysical Applications

IMPLICATIONS ON ASTROPHYSICS: BH FORMATION

Birth of a Neutron Star and Supernova Remnant

(not to scale)
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Debarati Chatterjee: Hyperonic Equation
of State and Astrophysical Applications

IMPLICATIONS ON ASTROPHYSICS: R-MODES

Possible sources of bulk viscosity

Leptonic weak processes

direct Urca process:

n—>p+e +1,
pt+e —n+tre

modified Urca process:

n+N—=p+e +v.+ N
p+e +N—=n+ve+ N

hyperon Urca process :
Y - B+1l+m

Non-leptonic processes involving hyperons

n+p<p+A
n+n<n-+ANA

1 | | | 7]
z B l
E — Pure nucleomic star |
C 08 == == Hyperonic star I
~° B i
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z : 1
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= B / \ window | I /
= 02l \ epton!c
i &% non~lel:>tomc
5 n
0 l l
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Temperature (K)
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

D.C. and D. Bawdgopadhgag, PRD 74 (20006)



Giuseppe Pagliara: Strangeness
Production within the GW170817 event?

Compactness constraints

3000 1
The deviations from point-like GW sources depend . i
on the tidal deformability A: the phase departure 2500 1 PRL119 (201.__.‘7“_):»‘-"
depend on the compactness of the stars and thus N

on the equation of state. The stiffer the EoS the |

larger the radius, the larger the deviation. \ %, Less Compact
mpact
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Giuseppe Pagliara: Strangeness
Production within the GW170817 event?

Constraining the equation of state: maximum mass

e B e e e e LA i e e s
[ diff. rot. hypermassive NSs \

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

| only diff. rot.
[ supramassive NSs

non-rotating star M max = 2.2 MSun (see also Margalit et al 2017) -

M

Ruiz et al 2017: - only diff.

Rezzolla et al 2017_f
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A . s fsu f IS }l FIG. 1.— Schematic diagram of the different types of equilibrium models
l‘[NSI\ S ~ 2. i "l z i‘llnléll.)\ ~ ,3.:“"‘[1151“ for neutron stars. The golden cross marks the initial position of the merger

r
product and the dashed lines its possible trajectories in the (M, p.) plane
before it collapses to a black hole.
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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)

¢ ’=1/3 - E/A=870 MeV - n_=1.15n_
- 0 sat
! ' [ I I

)
'

— QS |

Three parameters:
Speed of sound, energy
density and baryon
density at pressure=0

O | | —
900 1200 1500

0 . | . 1 . | 1 | | u[MeV],
10 11 12 1312 15 1.8 21 24 2.7 3
R[km] M, M_

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__smaller than about 13km (from

deformability and from the mass ejected).

i

Strangeness must appear in compact stars in some form: hyperons, quark
matter (hybrid or quark stars)
GW170817 produced strange matter (which is then “eaten up” by the BH)!

One possible solution of the hyperons puzzle: strong A-A
repulsion — late appearance of hyperons.

Stiff nucleonic equation of state — small central densities.

The 2M_  stars have central densities below the
threshold.

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

=
=
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Lonardoni, PRL 2015
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