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Fundamental Questions

Chiral Symmetry Restoration

Equation of State of matter under Extreme Conditions
Low energy QCD In the u-d-s sector

Extension of the Quark model: 3 Examples
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From Baryonic resonances decaying into mesons and nucleons
to the Quest of Chiral Symmetry restoration



Partal Wave Analysis SU(3): non exotic states
A. Sarantsev

P. Edwards et al., Phys. Rev. D84 (2011) 074508 T e
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How to conbrm these states (EXTREMELY BROAD!) experimentally?
== Partial wave analysis

A(s,t) = ZAgﬁ'(S)Q(B)'*' Fl-lvl unQ(B)
BB'n

Bonn-Gatchina partial wave analysis (http://pwa.hiskp.uni-bonn.de )

zEnergy Dependent approach, 200 data sets Ptted at the same time,20 Millions likelihood


http://pwa.hiskp.uni-bonn.de

vVs=1—-2GeV
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Partial Wave Analysis SU(3): non exotic states

DATA

yn — AK, YK

Y — TP

Y — nm

TP — NP

YP—n'Pp
vp — KTA
vp — KTX0

TTp—= TN
T~ p— w0

P — 7(0 7r0p

Yp— T p

TP — Wp

yp — KA

V. Crede, A. Sarantsev

N'(1535! 2000)" ! + p
N'(1535! 2000)" n+ N
N*(1535 —2000) - ! + K

Determination of N* mass, quantum
Numbers and relative branching ratios



vVs=1—-2GeV

fol

Partial Wave Analysis SU(3): non exotic states

DATA

yn — AK, YK

Y — TP

Y — nm

TP — NP

YP—n'Pp
yp— KTA
vp— KT

TTp—= TN
T~ p— m 7wlp

vp = 7lnVp
Yp— Tt p

D — Wp

vp — KA

V. Crede

Some Resonances can be produced only in 3 body reactions
Strange Baryon perspective:

Mapping out the spectrumof | , " #' baryons.

p+p data should be analysed within this framework




Vector Mesons

R. Rapp
Vector mesons properties within nuclear matter under extreme conditions
1] . st - g
:j - foocds Ap(s) = f2m2 = —2mq(qq)
B fooo dssAp(s) = —2ma (03 P)
Determine rho properties in the medium =" [Wig‘pbue;t%?ggl;s:i gtgj']©57

Vector Meson Dominance

*{ L L Also at ultra-relativistic colliding
i P, ®, p’, o, energies Resonances play an important
N role
N N

% R=! , N(1520), a, K, E
- Heue = N@vv
J h=N, "

K, E 7



Coupling through Mesons

B. Ramstein, I. Ciepal, A.Belounnas
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Coupling through Mesons

B. Ramstein, I. Ciepal, A.Belounnas
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Chiral Symmetry Restoration: a;?

ALICE coll. arxiv:1805.04365
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! spectral shape does not change from pp
to PbPDb
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check for the al in pp at 13 TeV10 9 evts

If al is observed
-> check PbPb data against the al-
vacuum hypothesis
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R. Rapp Chiral Symmetry Restoration: a;?

ALICE coll. arxiv:1805.04365
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How can these resonances (N*,1 " ...) and their decays
be uselul to better constraint the Equation of state of matter
under extreme conditions?

12



Equation of State of Dense and Hot Matter

hadronic phase

DY el skt mateczeow ¥ evidence from Lattice of
3 -.'fs B )i missing strange states in the
. . low T regime
A 25{ A e, ¥ Hyperons yields not well
“Glasma” Hydrodynamics Hadronic gas reproduced by HRG hadronic
spectrum !  underestimate

ﬂ by HRG calculations

¥ Excluded volume introduced in the model
to account for the missing resonances

¥ Excluded Volume inf3uences the
compressibility of the hadronic gas and
hence itsEquation of State

initial state

A more complete list of Resonances will lead to a more realistic E0S
But: why are the already discovered resonances not included in the hadron
gas yet e
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Equation of State of Hadronic Matter

p P - N T N
N* A T N* N*
) n” h et
- /1 p zt P v e”

Fundamental ingredient for RMF Lagrangians used for hadronic E0S
Coupling of nucleons and hyperons at Pnite densities

L= Wp(iy,d" —mp+ 8s80 — 8uBVu®" — &onYuts - P*)¥s
B

Phys.Rev. C85 (2012) no.6, 065802

z2=0.0

Relevant to solve the HYPERON
Puzzle within Neutron Stars
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Low Energy QCD: non perturbative.

| (1405 and KN

Finally we see kaonic bound states!!!
If we connect this to Vector mesons what do we learn?

The | case

15



Low energy (DCD in the u-d-s sector

T. Hyodo, K. Piscicchia 3 (1385) A (1405)

Broad resonances present below the KN threshold \ l | 15|°°

makes ChPT not applicable for KN interaction —Te—o I 3 eV
An Xn ]

KN
A(1405) :ONLY state about which we are rather sure we have a molecular state MB

Proof: spectral shape moves around with different reactions
Lattice QCD Evidence that the !(1405) K_ N |

Resonance is an Antikaon-Nucleon Molecule I (s
Phys. Rev. Lett. 114, 132002 (2015) Resonant and Non resonant amplitude
Important to constrain the background of the A(1405)
o, 390
f,‘ 3002_ - Non-Rescnant Al-Rest C)
§ ) E_ = Hesonant Al-Rest n
- 50§
éEOOE— 5. N N' internal convarsi
g 150;_ — — A internal caonvarsian
S 100>

1%11_1 - ___g-w—-r-'qf'f‘ =

30 1300 1320 1340 1360 1380 1400 1420

m, _ (MeV/c?)

Reactionmechanisne inclticedininetnearencal calculanons!y

Grrenty EXpetimentalists are-parialty,doing e jon By hemselves:
16

K. Piscicchia et al. Phys.Lett. B782 (2018) 339345
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K-Nucleon interaction

K. Piscicchia

180
160
140
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80
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40
20

Counts / (5.3 MeV/c?)

T T Illlll l' ll'l” LI LI IIII]

m, , (MeV/c?)

Phys. Lett. B, 758, 134-139 (2016)

Nucl. Phys. A, 954, 75-93 (2016).

Spectra are described in terms of K
multi nucleon absorption processes
only

No kaonic bound states for slow
absorbed K-

e

7

Legend
KLOE 2004-2005 data
2NA-QF A p
2NA-FSI A p
2NA-QF 2% p
2NA-FSIx°p
2NA-CONV X/A
B 3NA Apn
B 3NA X° pn
U ANA Apnnn
Global fit

Ul



Kaonic Bound States
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ANOLOT WENONAIherprete ds esuils ion the tiarket
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Kaonic Bound States

K. Piscicchia _ F. Sakuma
8 Toooc E15@JPARCarXiv:1805.12275
3‘ \ —=— KLOE 2004-2005 data
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. . 6 2
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J. Marton

Meson-Baryon Interaction

Kaonic hydrogen and deuterium

fol

“normal” hydrogen “exotic” (kaonic) hydrogen

n~25

Myed
’1 % * ’1()
V' m,

X-ray

2p —1s
K, transition

€15=—283 £ 36(stat) + 6(syst) eV

Physics Letters B704 (2011) 113

l
[15=541 + 89(stat) + 22(syst) eV *615 — 5 F]S = —

1
Ug=—p = E[a() + CL1]
Ag=n = A4
ag-qa = [ap +3a,]Q +C

[my + mg]

[2my + my]

20 piap (1 —2apc(Ine — 1ap)



J. Marton

Meson-Baryon Interaction

Kaonic hydrogen and deuterium

1
€15 — 51“15 — —20(3,ugap(1 — 20 fc(In

e

“normal” hydrogen

n~25

Myed
0~ B,
m,

“exotic” (kaonic) hydrogen

X-ray

2p —1s
K, transition

€15=—283 £ 36(stat) + 6(syst) eV

I'1c=541 + 89(stat) £ 22(syst) eV

Physics Letters B704 (2011) 113

+ scattering Data
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Meson-Baryon Interaction

FEIOSCORYAINTTIPICOI ISIONS St e fH G

Precise data above
threshold

In particular: sensitivity to
Charge exchange processes
Sensitive to the SHAPE of
the K-p and K-d potential
Complementary

measurements to kaonic
atoms

openin

P2

1 " #channel

V. Mantovani-Sarti

T LS L4 L4 T L 4 L 4 L4 T

Q t Kp+ KD .
2.5ﬂ Coulomb 7

I Coulomb+Strong |

20 ALICE preliminary el

' pp \s=5TeV 8

—¢] ro=1.14’££fm :

A =0.80%0.16 (syst)

g

Data/Model

50 100 150 200 250

k* (MeV/ic)

Kyoto Model
(Hyodo et al., Phys.Rev. C95 (2017) no.6,065202



In Vacuum
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In Medium

(b)
D. Cabrera et al. PHYSICAL REVIEW C 67, 045203 (2003)

x107°
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(c)

J. Wirth

-induced reactions off light and
heavy targets (HADES, GSI)
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Exotics states: our attempt to extend the quark models
First light stuft

P4



Exotic predictions in the light sector e

©o © SN S )
Rainbow Ladder and beyond s 3  mlGeV] } m(1600) ¢
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> % 15 |
] m i ]
0 = ﬂ
e g
C >
E QO
% 9 1.0 |
S '
B} O El roc
i N
5000400 os | Y 3PI-3L
_ 2P|-3L
0.0 *~
0— 0ft— 11—+
2 quarks + strong gluons interacting
gL, kernel does predict the exotic candidate
L R <
...... o ST - SUPR < COMPASS coll. Phys.Rev.Lett.104:241803,2010

Williams, CF Heupel, PRD 93 (2016) 034026
CEWilliams, PRL 103 (2009) 122001

T o5



Exotic predictions in the light sector

C. Fischer

. - © ;
Rainbow Ladder and beyond <8  m[GeV] | mi(1600)
) :
S g ) Al
© & ' R b agis insi
S 3 15 | m,(1400)
e g
© >
s g
S
s 9 1.0 |
S 5
LL" —
0.5 Bl roc
os | Y 3PI-3L
T 2PI-3L
0.0 *
0—— o0t— 1-%

2 quarks + strong gluons interacting

A T lre = _'/o;'i: . ‘= ‘ . . .
Aguans v\ alenciegeluon kernel does predict the exotic candidate
== Vil the-Saine Come out?’ COMPASS coll. Phys.Rev.Lett.104:241803,2010
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5 . 0 5
Diffractive 3!  Production J. Friedrich, F. Krinner

— - Bachelor
3 P Isobar Tt
-
Parget Precoil Prarget Precil

Good old 771 (1600)

ONLY exotic candidate
Conbrmation with a2 partner

Mol o

A m .
Bw ( mg\—\mz—\/mo Mo

Freed-isobar analysis: much more freedom than Pxed-isobar analysis

New Method with non-Pxed shapes for the amplitudes
Not yet tried out on ! 1 (1600)



@ Mass:

Ma, (1420) = 1411.87,5 MeV /2

Width:
Fa1(1420) = 158-_'-583 MeV/c2

22(1420): The fake exotic

Plublished as a resonance by COMPASS

Interpreted as the signature of OscatteringO in three

different models

* M. Mikhasenko, B. Ketzer, and A. Sarantsev, Phys. Rev.

91, 094015 (2015).

* X. H. Liu, M. Oka, and Q. Zhad?hys.Lett. B753, 297

(2016).

*F. Aceti, L. R. Dal, and E. Osdg®hys. Rev. ¥4, 096015

(2016).

Wiy & an s Price?

O

[ntensity / (20 MeV/c?)

J. Friedrich, F. Krinner

K* (892)

h
T

. 70 f(980) 7 P
/ \ 01<1 <1.0(GeVicy
(1) Model curve

(2) a,(1420) resonance

——
e—

i '4; (3) Non-resonant term
N / )f+
<2‘.‘/ '
|
o | | \
o
)
' / t’ (1 \\‘\.
N \\‘j}
"‘ r\\ : ) ’\ -
-y " \\\ j) o, -
T N e
: -' Pl I - 1 1 I 1 L1 ' 14 1 l L1 1 I 1
1 12 14 16 18 2 22

my, [GeV/ie?]

Outlook: Extending of the TUM PWA to include triangle diagrams and rescattering as waves

95
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Exotics states X,Y ,Z and Pc...
The worst part of the week...

P9



We can make use of what we have learned in SU(3)

S. Olsen et al. Rev. Mod. Phys., Vol. 90, 1, (2018)

Threshold Cusp: Anomalous Triangle Singularity:
@ ;D b D (
~ - ~__~ c)
~ Y \v/l\\, q2 pa
D" n’ D
tree one-loop P 01
e n P D P I q3 D
"~ ~ - ™~ ~ b
Y \\_//i\\_//i\
D" D’ D D
two-loop ¢
S PT T | generates a peak in the bnal state if all three
0.1 | \ e ReT particles in the triangle are on-shell.
" I\ I7i
0.05 | JiE 0
_;-"'_/ ' —
o[ [ ——
005
-0.1

02 01 0 01 02 03 04
M(DD*)-m,-m. (GeV)

BO
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i Kucharcavk X 1 Il v¥¢ States (LHCD)

LHCb: Full amplitude fit to B+ — J/y @ K* [PRL 118 (2017) 02203]

[PR D95 (2017) 012002]
e Run 1, 3fb! (4289 + 151 candidates with minor background)
* 6D phase space: m(@K), helicity angles and A angles
e includes interferences between B — J/WK", K" — @K and B — X°K, X° — J/wy@

X(4140m X (4274 Z23510(0) 1< (4T400)

> 100 >
)
=
S 80 .
>
2 60 et PSSR ,
-
E 3 | LHCb
o 40 3 ' - wdita < I"NR,,
: « towml fit ——
.i ‘ : g’ O NR (1 )x
&}\\\vﬂa " 5 & tr x(4;,;;,)+xl2)+x @)
" ﬁ Tt -’ '-".-‘-‘-MN -on:w—":’.: -..‘-'..‘."' “'-. 5 l =" X(4252;(.)) *ﬁtg )
. v 0T XA —*=
2100 4200 4300 4400 4500 4600 4700 4800 e WO x(4700) —K(O)

My, e [MeV]

Even with PWA one can not disentangle all the
properties of the states

X(4140), X(4274) Iincompatible with
cusps or molecular bound states maybe
ztetraquarks 81




Alternative explanation
E. Oset

X(4140)g X(4274)mX(4500)p4%U0)

120 - 5
I/. ,’,’

= 100 B 7~ . B__=P

E 80 \\*\\\ S \\ \\ y . |

E — f)c \"L/

i D ©X{4160)

E .

g 40 (a) ”

20 %, gl ﬂ"" ‘\\\\\v
A ”"'{““ -,{f.ii?," i

4100 4200 4300 4400 4500 4600 4700 4800

My, e [MeV]

N 68CL |

: hreshold O T o X140

D S[ﬁg Thresno S 100f Full

¥e) [ — - F:I&)MO
~ . : 8 s —_—— :
NOne correspondingto X(4140) with mass around z * g o, g
4135 MeV, and width around 15 MeV. S 0 T 1
NAnother one corresponding to X(4160) g 40 , T

--A third one corresponding to a cuspof relatedto 5 20} R

_D S S 911.00 4120 4140 4160 4180 4200 4220 4240

ci B2 Min(J/w) MeV
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Pentaquark from LHCb

S —
_ 1K
W <
b C p*‘
AAQU————T—0f “— J/T+ p
d%‘ — d

Partial Wave analysis in m(K-p) and 5 angles including

Ap — J/ON* N — pK— A} — PYK—,P}Y — J/¢p

If one considers only A' one cannot reproduce the experimental data

State JF Mp (MeV) Mo (MeV) 4 Reduced  Extended
A(1405) 1/2—  1405.1*%3 505120 3 <
A(1520) 3/2— 15195110 156110 5 6
A(1600) 1/2+ 1600 150 3 4
A(1670) 1/2 1670 35 3 4
A(1690) 3/2- 1690 60 5 6
A(1800) 1/2 1800 300 4 4
A(1810) 12+ 1810 150 3 4
A(1820) 5/2+ 1820 80 1 6
A(1830) 5/2- 1830 Q5 1 6
A(18%0) 3/27 1890 100 3 6
A(2100) 7/27 2100 200 1 6
A(2110) 5/27 2110 200 1 6
A(2350) 9/2F 2350 150 U €
A(2585)  5/2 ~2585 200 o0 6
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Pentaquark from LHCb
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Partial Wave analysis in m(K-p) and 5 angles including
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Summary

Chiral Symmetry Restauration
-> VM In nuclear matter and coupling to resonances
-> Search for a

Equation of State of matter under Extreme Conditions
-> Missing resonances to be added to Hadron Resonance Gas
-> meson-nucleon Coupling determines EoS within mean beld approaches

Low energy QCD In the u-d-s sector
-> Kbar-N data: improve precision below and above threshold

> @ )

Extension of the Quark model
-> PWA + coupled channel + rescattering + ..
-> Lattice???
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