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Overview of Topics

* Partl: What is a resonance and how do we measure it

A fascinating part of the hadronic world that is difficult to measure

* Part 2: Resonances and chiral symmetry

Can mass and width modifications be interpreted !

* Part 3: Resonances and the lifetime of the system

How does the hadronic system change the yield of resonances ?

* Part 4: Resonances and the Hadron Resonance Gas

Interpretation of fluctuation measurements

* Part 5: Looking for exotic states

Are there multiquark states in the system ?
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Part |:What is a resonance ?
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g.q 1 Billion 1 Trillion °K

°K $

20

18

16
Total

14

12

e

10

/

Neutrinos

Muons (106 MeV)

Photons /
IIIII/IIIIII 1 1 IIIIIII

10 10 10’ 10° 10° 10"
Temperature (electron volts)

Effective Number of Relativistic Species

Start with light particles, no strong nuclear force
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Cq 1 Billion 1 Trillion °K

°K ¢

35

30

Total

25

20 Kaons (495 MeV)

Proton/Neutron (939 MeV)
15

\

10 Previous

Plot
0 1 IIIII"! 1 IIIIIIII 1 IIIIIIII 2 i 11

Effective Number of Relativistic Species

10 10° 10’ 10° 10° 10"
Temperature (electron volts)

Now add = feel strong nuclear force
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g.q 1 Billion 1 Trillion °K

°K l

60
3 B Total
8 [
v 50—
O -
@ _
2 C
E 40_
q, L
ol T
© 30
i N
-Q o
E L
2 oo @ (783 Mev)
) - A A A A (1232) T
2 B
9 1oF- Previous
T, B / Plots
0 1 IIIIII'I 1 IIIIIIII 1 IIIIIIII . 'lIII"I ;llllll: 1 L1 L 111l l l
10° 10° 10’ 10° 10° 10"

Temperature (electron volts)

Keep adding more hadrons....
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How many hadrons !

N

1000 © non-strange mesons
Density of hadron mass soo

states dN/dM increases
exponentially with mass. 122 :

dN (M )
— ~ X 10 ¢
dM P AH 5 |

m [GeV]
TH ~ 2)(1012 'K Broniowski, et.al. 2004

Prior to the 1970 s this was explained in several ways
theoretically

Hadrons made of hadrons made of hadrons...

Stretchy rotators, first string theory

R.BELLWIED 7



QCD to

the rescue
Replace Hadrons
(messy and
numerous) 140 —
|
by Quarks and /T 5l | oo
. | i
Gluons (simple « g, 0o (1]
and few) .0
“In 1972 the early universe ' %
seemed hopelessly 6.0 lw' o
opaque...conditions of ultrahigh Y I' S
temperatures...produce a ' ; g
theoretically intractable mess. 20} T ]
But asymptotic freedom renders A_‘{I e
Itrahigh t t Oy 15 20 2r a0 =
ultrahigh temperatures 05 10 15 20 25 30 35 40
friendly...” Frank Wilczek, | |
Nobel Lecture (RMP 05) Karsch, Redlich, Tawfik,

Eur.Phys.J.C29:549-556,2003
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What is a resonance !

* Hadronic state that decays strongly, i.e. decay is allowed, conserves all
quantum numbers, i.e. short lifetime

* Generally an excited state of an existing ground state

n AC a° 1A
— a@—@T@—a

/ \ fX‘l -};;a 2 ;)\//J_
S N

= -1 & r
u — \ / =1
- a8 (1
=— =0 =1 B
5t

Combinations of threeu, dor &/ Combinations of three u, dor &7
s-quarks forming baryons with s-quarks forming baryons with
spin- 14 form the baryon octet spin-¥ form the baryon decuplet.

R.BELLWIED



Example: listing of baryonic resonances

Nucleons A particles A particles Z particles = and Q particles | Charmed particles | Bottomed particles
p 1/2+ | e A(1232) | 3/2% || A 1/2+ | *+e= | 34 1/2+ | #+ex | =0 1/ | #eew Ac+ 1/t | wee !\g 1/2+ | **=
n 1/2* | == | A(1600) | 3/2* | ** | A(1405) | 1/2- | == | =0 2% | e | == 1/2% | == | A(2595)* | 1/27 | =+ | Ay(5912)° | 1/2- | ==
N(1440) | 1/2* | = | A(1620) | 1/2= | **=| A(1520)  3/2~ | ***= | =~ 1/2% | == | S(1530) | 3/2% | ™ | A(2625)* | 3/27 | *** | Ay(5920)° | 3/2- | ***
N(1520) | 3/2= | =** | A(1700) | 3/2= | **=| A(1600) | 1/2* | *** | £(1385)  3/2* | =*** | =(1620) * | A(2785)* * | 142+ | =
N(1535) | 1/2= | = | A(1750) | 1/2+ |* | A(1670) | 1/2- | ~**= | £(1480) = | =(1690) = | Ao(2BBO)* | B2+ | | 3, 3l |+
N(1650) | 1/2= | =** | A(1900) | 1/2= |*= | A(1690) | 3/2~ | ***= | £(1560) = | Z(1820) |a/2~ | *** | A(2940)* = 142+ | =
N(1675) | 5/2= | =** | A(1905) | 5/2* | **=| A(1710) | 1/2* | * | £(1580) 3/2- | = |=(1950) =p(5945)0 | 3/2* |
N(1680) | 5/2* | | A(1910) | 1/2* | = | A(1800) | 1/27 | ** | 5(1620) 1/27|* | 5(2030) |=237 ™ |5 (2456) |1/2* ** | q 142+ | =
N(1685) = | A(1920) | 3/2* | = | A(1810) | 1/2F | = | 5(1660) | 1/2* | == | Z(2120) * | Z(e520) |32t |
N(1700) | 3/2= | = | A(1930) | /2= | ** | A(1820) | 5/2* | *** | E(1670) | 32~ | =** | =(2250) ** | 2.(2800)
N(1710) | 1/2* | = | A(1940) 3/2- |*= | A(1830) | 5/2~ | ***= | £(1690) = | £(2370) =
N(1720) | 3/2* | = | A(1950) | 7/2* | **=| A(1890) | 3/2* | ***=| £(1730) 3/2* = |=(2500) e 1/2* | ==
N(1860) | 5/2* |** | A(2000) 5/2* |*= | A(2000) * | Z(1750) | 1/2- | == =0 1/2* | ==
N(1875) | a/2= | ** | A(2150) | 1/2= |* | A2020) 7/2* * | Z(1770) 1/2* |~ Q- Bfz+ | x| v 1/2* | ==
N(1880) | 1/2* | ** | A(2200) 7/2- |* | A(2050) 3/2~ | * | Z(1775) 5/2- |~ | Q(2250)" o | 200 1/2* | ==
N(1895) | 1/2= | ** | A(2300) | 9/2* |* | A(2100) 7/2- | ***=| Z(1840) 3/2* |* | Q(2380)" = | = (2645) | 3/2* |
N(1900) | 3/2* | ** | A(2350) 5/2- |* | A(2110)  5/2* ** | Z(1880) |1/2* | ** | Q(2470)" = | =(2790) |1/2-|**
N(1990) | 7/2* |** | A(2390) 7/2* |* | A(2325)|3/2- |* | Z(1900) 1/2- | * =.(2815) |3/2- | =~
N(2000) | 5/2* | ** | A(2400) 9/2- |* | A(2350) 9/2* *** | £(1915) | 5/2% | == =,(2930) e
N(2040) | 3/2* |* | A(2420)  11/2* | ***= | A(2585) * | 5(1940) | af2* | - =,(2980) e
N(2060) | 5/2= |** | A(2750) 1372~ | ** 3(1940) | 3/2- | == =,(3055) =
N(2100) | 1/2* |* | A(2950) 15/2% | *= 3(2000) [1/2- | = =,(3080) e
N(2120) | 3/2= | = 3(2030) | 7/2% | = =.(3123) e
N(2190) | 7/2= | == 3(2070) | /2% | =
N(2220) | gf2+ | == 3(2080) | 3/2+ | ** al 1/2+ | =
N(2250) | gf2= | == 3(2100) | 7/2- | = 0(2770)0 | 32+ | ==~
N(2300) | 1/2* | = 3(2250) )
N(2570) | /2= | ** 3(2455) = = e
N(2600) | 11/2= | =* 3(2620) =
N(2700) | 13/2* = (3000) 5

3(3170) 5
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What is a resonance !

* The width of the resonant state relates to its lifetime
* (Breit-Wigner formalism):I" = h/t

* Generally an excited state of an existing ground state

* Interesting in RHI physics since the lifetime is often comparable to the
lifetime of the generated fireball.

 Lifetimes measured in fm/c ~ 10-23s

Short resonance life times [fm/c]:
K* < ¥*< A(1520) < ¢
4 <6< 13 <40

* Is the resonance modified through the onset of chiral symmetry
restoration ! Can we measure an off-shell resonance through its decay

inside the fireball ?
R.BELLWIED




The final product (Example: STAR) for weak
decays (ground state baryons and mesons)

|

0 [ 7500 0
s | y B g K K% to mm
- % 5000 4 A to pm
3% —
— @ & 2500 ﬁ = to Am
5 o ¢$§!ll¢§!$4% L 0O to AK
« | 0 to
— 01 02 04 05 06
~ 3000
S 7500 : A g =" L i O |
3 % 2000 o ’
5000 A
%o 1000 0Q a
2500 o0 gy, | 200
0 _J %.—7__ 0 / = " M W
11 1125 115 13 135 14 165 17

Invariant Mass (GeV/cz)

- Reconstruct particles in full azimuthal acceptance of STAR!

M? = (B1+ E?)? — |lp1 -|‘P2||?f = mf—l—m%—i— 2(E1E; — p1-Pa).

R. BELLWIED = 2pr1pra(cosh(ny —n,) — cos(¢y — @2)).



The final product (Example: ALICE) for strong
decays (resonant states)

*0
K .

dS BR.=666%

Ir= 47 4 MeV/c?

q) _,....---:7 K_
SS BR.=489%

- 1019 Mew&'" K+

F 4.266 MeV/c?

xﬂ}B

%0
.,.---"'? E_
USS B.R.=66.7%

= 1532 Mewé’f"”

F 9.1 MeV/c?

[x]

%‘- K"JE LU ] [ ﬁ;‘ AAEARARLAARELEEREL R GBX“)B || u u T
S | ALICE Prellmlnaryr - = AUCE Preliminary L E p-PD. |5y _502Tav ALJCE P‘mllmlnary 3
2> 101 i npfggqt}\f_—wg L./ . %20_?9;;"3“"'50”’3“ NEW_ g EZE_WA Mul:lallcuy Class (Pb side) 0-20% E
0] —_ 1020] ] 05=y=0, Eﬁ-cp = 3.0 (GeV/c) E
= L 815-_ ;ﬂ o - N o5 =° (_DJ—:_N*E_'J 3
o F + = | 2E<p <28 Ge‘Wc— - E —— Data (MEB subtracted) 3
=) ﬂi‘: %10:_ } \ DﬁIﬂ{slal unoart) ] g 045_ —— Voigdan fit E
~ o5t K (892) i - o T + —Voighan Peak Fit a2 0.3F E
£ | 20<p <30GeVic E f t —- Resiual BG O gof 3
g | - Data (stat. uncert.) 8 5 f D1§ E
o | —Breit-Wi Fit [ E 3
o | ----H::sidu;?gg | NEW of ok 3
0.0 ! ' r £ IE
08 08 1 i R R (s A e
M GeV/c? ' . . ’ y " 1.48 15 1.2 154 156 1.58 1.6
kx (GeV/c?) My (GeV/c?) M., (GeV/c?)
— AX10 T T T T
z*+ z*_ ?51 p—F’b S = 502 TeV :2050?} ¥(1385)"
o -+ « C 05<y ,,.<0,20<p «25GaVic i
lt."""? ﬂ; asunet® y n g 3: N ' - NEW
8 L ALICE Praliminary
— 0 5 ol
uus. B-R - 87 /‘6 dds B R - 87% % 2: » Data (stat. uncert.)
- LY ™ = o = i
g SOWEL _E:F;?g::f’i?:?f
m = 1383 MeV/c? m = 1387 MeV/c? 05 a0 +“hH+ﬁH¢ il
_ _ F - Wi
I'=36.0 MeV/c? I'=39.4 MeV/c? i

12 13 ‘14 ‘15 16 1? 18 19 2

M, (GeV/c?)
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Topic 2: Resonances and chiral symmetry
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4 What is our mission !

Temperature 5

" Nuclel Density

» Establish the existence of a phase (state) of deconfined and chirally
symmetric matter. Determine state variables

e Establish the mechanism of reconfinement

R.BELLWIED



Lattice QCD: two phase transitions

Chiral symmetry restoration Deconfinement
Massive hadrons in the hadron The quarks and gluons deconfine
gas are massless partons in the because energy or parton density
plasma. Mass breaks chiral gets too high
symmetry’ needs to be restored (best visualized in the bag mOdel).
in the plasma
1 T T T T T T T T A
=
09 r n
08 r L .
Quark condensate: 07 | . : Polyakov loop:
H 06 r 7
Measure of chiral ol 'mwm Measure of
Symmetry restoration | = | o ST(T=0] | | deconfinement
03 1 S "a Lgn(T) —e— 7
02 f o®
Voo e T = . =
07 08 0.9 1 1.1 12 13 14 15
TT,

Mechanism of hadronization ? : How do hadrons obtain their mass ?

Not a question of Higgs fields, but rather of dynamic masses through
gluon fields (quasi-particles, constituent quarks, gluon clusters, color-
neutral bound states through recombination ? )
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Evolution in lattice QCD = the QCD crossover

the phase transition turns into a crossover due to finer lattice
spacing and smaller quark masses = a longer mixed phase !

1 = | " | 'SBIimit'; V-

& M Og a EI;AO

stout N=6 © 177
stout N=8
stout Ni=10
stout Ny=12, N=32
stout Ni=12, N;=36
asqtad N=6
asqtad N=8
p4 N=6

p4 N=8

0.8 1 12 14 16 18 2
T/T

C

— NEew

J \

— old

4« > 0RO D[4

The main transition parameters:
T.~154MeV ¢ ~ | GeV/fm3
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A smooth cross-over

Can we map out (experimentally) and understand (theoretically) the
transition from QCD degrees of freedom to hadronic degrees of freedom
through the QCD crossover region. The emphasis is on understanding the
formation of matter on a microscopic level. The main tools are flavor specific
identified particles and the detectors that enable PID.

4]
Wioeletetatetuloletelateteted
P A

Can we determine the state variables g
of a deconfined, yet collective, state that 0.8
existed only microseconds dafter the Big

Bang and forms the basis of matter 0.6

OO0
OSSR

pre-hadronor
quasiparticle/ AENRREIG L e e
formation/ 4. .~.~.". .

SRS
oRRRLRRERHKY
K]
Toressrtoteteretotatosaterele
ey

R RRIIRRRRANS O I T 2 T S S
[oistetoletotntetonatetoretets

. . . <

BSOS EEa55%%55d + 4+ 4+ o+ o+ F o+

formation in the universe.The IS SOAONLLOLOOOONE
b :‘:‘:.:.:.:’:’:.:‘:.:‘:‘:’:.:.: A

PSR A T S R S S S S

LRI LI HK R KK A S T T S T T S
soaretatetoietoieoretotetotel /

&
O]
Doesatotatotetuteratotetotets
R RN
RN

LSRR

emphasis is on establishing its 0.4

lateseteteieteletoretoretored

XXX X XXX IR EXXK Tttt + 4+t 4t

. . . . . zo:‘:0:0:0:0:0:0:0:0:0:0:0:0:0: A R o S N P S A T S I S
PRI I HH IR IEAR I

Pirtoteietuietoletoretoletoled ¥ -+ + o+ o+ o+ 4 fo FMa t ION+ + + + + + +

magnitude oy coliectivi V an ITS Unlque lretntnstesatatite et W o, Lt L T T L T .

SRR F R . L T TR T S T S T S S

v v % %900 /R

o A

properties as a state between the 0.2 +i11111211111iiiii;i;i;i;i;I;I;I;I;i;i;i;i;
hadron gas phase and the weak NN R
coupling limit of asymptotic freedom. T e g X ]

150 200 250 300 350 400 450

Bellwied et al., PLB 691 (2010) 208
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Evolution in Space-time

\ ‘ Requirements for deconfined matter formation

N

N (based on lattice QCD calculations) are met at RHIC and LHC:

Initial energy density:
& > 10 GeV/fm?

(model dependent)

Initial Temperature:
Truic ~ 350 MeV
T e > 500 MeV

Gluon density @ RHIC:
dN/dy ~ 800-1200

Experimental tools are in place
to study the new phase and reconfinement
R.BELLWIED




Resonance medium modification:
EM spectral functions

Thermal dR -o? _p _
- 4 — 3 na2 f (qOr T) Im Hem(M’qMB’T)
Dilepton Rate d*q n°M
10 2 = 1 ‘ 1 1 1 1 ‘ 1 1 1 1 | 1 1 1 1
= _ oy u,d s :
— 3 loop pQCD
—_ 10 | \ ¥ meemmmmaas Naive quark model =
I o ]
':qg) [ | \7. M : fa ]
1 3 1 i W |
§ [ ! sum of exclusive Inclusive ]
+ — - | - measurements * measurements
e e 10 -1 | '}I} ‘ | | ’ .I | | " | | | | ‘ | | | | | | ; | | | ’ | | | | |
0.5 1 1.5 2 25 3

« Hadronic Resonances
- change in degrees of freedom

% - restoration of chiral symmetry
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In-medium p-meson spectral functions

Hot + Dense Matter Hot Meson Gas
-10 . | -10 |
P B/p 0 ——— vacuum /\
s~ vacuum 0 s -———- T=120MeV ||
---- T=120MeV 0.1 | i &=~ T=150MeV ||
€ - T=150MeV 0.7 < = T=180MeV [\
R — T=180MeV 26 o ° )
O, - ' o, / W
,"*\ \‘\
Wl Hs o -4 .
Z =330MeV > q=0.3GeV / \
— Pl '/I// |
/ll// \%{
=2 L -2 '/",'//" \\\\\\\
) 4 RN
"""""""""""" ”, = '/,/:;’// \\i§ S
0 vt . . ] 0 oy = ‘
e o 0.4 836 Vv 0.8 1.0 1.2 00 02 04 06 08 10 1.2
[RR+Wambach *99] M [GeV] M[GeV]  [RR+Gale 9]

* p-meson “melts” In hot/dense matter
* baryon density p; more important than temperature
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Im D [GeV ]

=

|
-

In-medium vector mesons at RHIC/LHC

10 —————

I
—
Jli
o0
=
<
o
<

6.

0608
M [GeV]

100 ———

T T T T T T T
— vVacuuIil

PB et~ 0

- pBaeﬁ=U.68p0

T=180MeV

0(782)

0(1020) -

® also melts, ¢ more robust «» OZI
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Properties of the QGP

 What is its temperature?
.. . + _

» measure thermal photons o Minimum bias Au lﬁﬁ'l@fl 200 GeV
8 % % % - all pairs .
* Does it restore chiral symmetry? < n —>yee ]

o) : : ; :
» modification of the vector mesons :ﬂ.’, | ! =
A ¢ >ee&nee -
« How does it affect heavy quarks? © 104‘-‘- ) -
» modification of the intermediate : §
4EN L ]
» All these questions can be
answered by measuring dileptons  1¢®L{ -} .
ete” or ytu- S f : .
( l-J l.l ) 10-5_I Ll | | - RN ) il'_l"\)\lﬂ | [ SR I L - ol i ol II_
- - ons: 0 05 1 15 2 25 3 3.5 .4
» no strong final state interactions: _ [GeVic]
* |eave collision system unperturbed
* emitted at all stages: need to
disentangle contributions
2
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30 years: di-leptons in heavy ion collisions

= 102

2 Ar + KCl @ 1.76 GeV UrQMD

(3 3 UrQMD (x + n + ®) and in-medium Spectral :::::::: %t
E‘ 10° Function from Coarse-Graining (p) J)
3 = Rapp Wambach

2 10"y in-medium p

Z | For comparison:

= B, =umuw P With no baryon effects

------

LIS

(d“N__/dndM) / (dN_ /dn) [100MeV] '

Central Pb(158AGeV)+Au

35%

<N ,>=230

L L B
ERES '95+'06

—- free p E
— in-med p+e++QGP+4n

p>02GeV |
2.1<n<2.65 A
8,.>35mrad ]

-8 : K ‘ X i~
10 MWME L v v b v L v Ly 1y~
0 01 02 03 04 05 06 0.7 0.8 ?GeV] 00 02 04 06 08 10 12 <
~ 10” ~ + = INADU Data M [GeV
% In-In— o +X hadronic =====-- . E:e [ . El .
Z 6 QGP - l |
S 107 e total thermal Au+Au |[5,,;= 200 GeV Min. Bias
g frome e, 102K E
3. -7 Sy =
310 B - — Sum
> ‘\?’*‘-._l ------ cocktail excluding p
'Ei 10 \:T:hﬁﬂ_;_ PHENIX — - p broadening (Rapp)
7 R 0° -~ QGP (Rapp) i
= 0 B ; E
o 10 - S, 1.
~ - — It
SR T=235Mev - i 0y
S T=170MeV e 10k \ -
5 el -
A 1ot . : X
02 04 06 08 1 12 14 16 18 2 22 24¢ .I.. | RS
Dimuon Invariant Mass Mllll (GeV/cz) 0 05 1
s M. (GeV/c?)

NS ANZE/dM, [ (GeV/icD) ™)

~ P e'ey o-e’e(n) o 19.6 GeV % 0.002
n-e'ey Cocktailwiop @ 27 GeV x0.03
ct—>DA—e’e ~ QGP o 39GeVx2
n—e'ey - in-Medium 0 624 GeVx25
w-e’e(r) Cocktail + Model © 200 GeV x 200

BES: STAR Preliminary
200 GeV: PRL 113 022301

ﬂ*\”{rﬁ—ﬁ—« +*9*+ ii‘
W +_L /o,

0.5 1 1.5 2 25
dielectron invariant mass, M, (GeV/c?)

* Robust understanding across QCD phase diagram:
QGP + hadronic radiation with melting p resonance
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Excitation function from 20-200 GeV

0 e — . 19lliG V=0 E]IUE o 196GeV=0001 — Cocktail + Model
"R ey $—e et o Gevl. o 27 GeVx03 — Cocktail
- ne’ey Cocktail w/o p e 27 GeV x0.03 o 39 GeV x50 — in-Medi
- et ‘e - QGP e 39 GeVx2 e n-Viedium
ce—=DiA—ee = MEF ] e 624GeVx5000 — QGP
o —=eey - in-Medium @ 624 GeV =25 9
M= e e Cocktail + Model @ 200 GeV =200 10
stat. errors only

BES: STAR Preliminary

- 200 GeV: PRL 113 022301
3 1 10° H et i Fon 24
3 o F .
:} — T —

g '_Q_'p—;s—| g /_a- |._!-___1____%-__&- -

5 =3 .g- 102 " -
.E rrrrr -|- i \ ?
Bao T

1f I

2 SRR S LA

g R l .

STAR Preliminary
LMR: 0.4 <M, < 0.76 GeVic?

0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.2
dielectron invariant mass, M., (Gevic?) dielectron transverse momentum, py (GeV/c)

 compatible with predictions from melting p meson

R.BELLWIED




It works even for the heaviest system

U+U 193 GeV STAR

U+ U {syy =193 GeV (MiniBias)

1 o p¢>0.2 GeVie, mtl<l, ly I<1
STAR preliminary 7 ce

— Cocktail ]
= 1“-1 0 ' =
% = . T ™M n, o 0 =
£ b ny, ' )

1072 B2 ] — -
“‘-‘; R . cT, bb, DY (PYTHIA) -
HESNE ]

S S b T e
E 10 _§' '-: ‘I I,‘ . b~ _E
Z o __dj,.f' ] . ]
T A iy N
RNFAR Tl E
1“-5 __Ii :\k’f: IT_ ‘‘‘‘‘ f-—--___ 0 N ‘ |
g/'// ] ‘f - L “1 ~~ e TS
- :I i - = .._'-q___“,ll H et

3 [ ! yl ! 'T“ | | ) +.-’ " 7

2.5 Rapp: HG_med+QGP _|
2 |
L5 |

Data/Cocktail

0 0.5 1 1.5 2 2.5 3 35 4
2
R.BELLWIE M. (GeV/c?)




Topic 3: Resonances and the lifetime of the
system
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Relationship between excess and lifetime of
the source

Au+Au STAR

In+In NAGBO
18_——I—zm(~m A I?- 1%
I 200 Ge¥ AuwrAu 0.40<M ;<0.75 GeV/e 1
— —o —18
o 16 | —&— 62.4GeV AusAn i
~_ - 13'}(%2"" 1416 *’a
— 14 . ey STAR preliminary . &- “'-E-
§ 12| —=— 17.3GeV In+In y - __ 14 b
?‘i 10 __ . -5 ' ] ]2 o}
= - lio £
X I 1
P - -
Zﬂ.1 6 — *{ e | Theory liletirme: 18 E
"-5 L - MW GeV - 193 GeV T _
e 4 — 024 GeV =30 GeY —|0
= T ey UG eeY -
2 | o . . I—lT.BlIT}q:‘ir' . . ] 4
10? 10°
dN_ /dy
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Increase as a function of centrality

Au+Au STAR

In+In NAGO

— =il 200 GeV Au+Au Py
| —@— 193 GeV U+U 0.40<M <0.75 GeV/e

-
N o
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| =——ne 27 GeVY

e 19.6 GeV STAR preliminary

ch
—
&
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(—

/dy)/(dN /dy)
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lifetime (fm/c)
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-—27GeV  ==19.6GeV
2 == 173GeV 2 4
3
10

dN,, /dy

R.BELLWIED



Increase as a function of energy

Au+Au STAR

In+In NAGO

- —l— 200G r
18] 200 Gey Aurdu - (.40<M ;<0.75 GeV/e
e B 18
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:l_"": 10 B . - 1_2 o
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i I 103
= -
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2 | o . . I—IT._‘HI.";HF . ] 4
10° 10°
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Strange resonances in medium

Red: before chemical freeze out
Blue: after chemical freeze out

R.BELLWIED

Short life times [fm/c]:
K* <E*<A(1520) < ¢
4 <6< 13 <40

" Rescattering vs.
Regeneration ?

Medium effects on resonance and their
decay products before (inelastic) and after
chemical freeze out (elastic).




What happens in the experiment !

\ Z Inelastic Collisions }
hadron momenta <
\\ and yields change

kinetic
freeze out

Free Hadrons

QGP=>Hadron Gas

Yields of long-lived
hadrons fixed i
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Sensitive to many different observables

Inelastic Collls:ons

hadron momenta
and yields change

QGP=>Hadron Gas

Yields of long-lived
hadrons fixed

R.BELLWIED

X | freeze out <

kinetic
freeze out

Free Hadrons

Final resonance yields depend on:
» Chemical freeze out temperature
» Lifetime of hadronic phase
» Resonance lifetimes
» Scattering cross sections of decay products

Ll



with many different measurements
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Particle Yield Ratios in STAR

. ¥ ATp x21
0.8L STAR Preliminary ¢ﬂ{l-] x 2.8
\s = 200 GeV p/x x2.1

® KK

ptp  AutAu W AYAx37

0.6

resonance/non-resonance

Life time [fm/c] :
¢ (1020) = 40
A(1520) = 13
K@92) = 4
A+ =17

Thermal model [1]:

T=177 MeV
— ug = 29 MeV
> UrQMD [2]

charge

[1] P. Braun-Munzinger et.al., PLB 518(2001) 41
D.Magestro, private communication

[2] Marcus Bleicher and J6rg Aichelin
Phys. Lett. B530 (2002) 81-87.

M. Bleicher, private communication

Rescattering and regeneration is needed !
Strength can determine hadronic/partonic lifetime
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Particle Yield Ratios in ALICE

 Suppression of K*%/K in central ‘. (‘

: 0 ,
Pb+Pb w.r.t. peripheral Pb+Pb,p+p © [ ¢ xpp2.76TeV ALICE
w 0O 0 xpp7TeV m Pb-Pb 2.76 TeV
and thermal model © ,
o | ©0Pb-Pb2.76TeV (PRC 91, 024609) |
> Qualitatively described by EPOS G o4f |
with UrQMD S
: Q- o3l
e No suppression of ¢/K
> Central Pb+Pb consistent with 02
thermal model :
 Suggests that K*O re-scattering is o1 W EPOS3 - EPOS3 wio UrGMD
dominant over regeneration | .....Thermal Model, T, = 156 MeV
. . 07 | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | |7
o Lifetime of K¥*0 = 4.16 fm/c o 2 4 & 8 10

12
1/3
> Lifetime of ¢ = 46.2 fm/c (dN ,/dm)

> Re-scattering not significant for ¢ _

Estimate hadronic phase lifetime

(model-dependent): At > 2.4 fm/c PRC 91 024609 (2015)
PRC 95 064606 (2017)

EPOS: PRC 93 014911 (2016)
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7(0”) = 1.3 fm/c

0.6

Ratios

0.5

04

0.3

0.2

0.1

p0 v ptp
e A d+Au
® Au+Au

STAR, PRC 78 044906 (2008)
Vs =200 GeV

3 IO

0

g_ 0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04

0.02

o 1

L 1 L1 | \l L 1 1 11 1 II
10 102 10°
dNgp/dn

ALICE Preliminary
pp, Pb-Pb \s,, =2.76 TeV
p—-nn, |yl <05

s\ =2.76 TeV

Il B
-————
-~
-~ -
- -

[ —
r

pp, Pb-Pb
THERMUS
EPOSS3, PRC93 (2016) 1, 014911
EPOS3 without UrQMD

Uncertainties: stat. (bar), sys. (box), uncorr. sys. (shaded box)
I Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il I

2 4 6 8
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Ratios

pO+A++
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0.5

0.4
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0.1
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Summary: resonance yield measurements

Summary: Not ;Snuzﬂ\el;ssed Not suppressed Not suppressed

! 1
Resonance: o° A** K 3*  A(1520) E* ¢
Lifetime (fm/c): 1.3 416 S 126 21.7 46.2

Possible weak

\ /
suppression

« Shorter-lived resonances suppressed, but lifetime not only factor
— Scattering cross sections
— Competition between regeneration and re-scattering
« EPOS w/ UrQMD qualitatively descrlbes (non- )suppressmn patterns

Suppressed

o
§ o1f Joa &
0.08[ ]
A , el Ho:3
0.06[ ]
: --2(1530)/ =" Jo2
004t A(1520)/A - 3(1385)%/ A ]
0.02L ---¢(1020)/K* T - A(1232" “ip Jo.1
[ p(770)" 2% 1 K (892] IK* ]
0_ | ! ! I M R T | T1 ! M R T | _0
1 {chhf1§-n)”3 1 (dwchf1d0n>“3

R.BELLWIED



Topic 4: Resonances and the HRG
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Describing the transition hadronically

\ :
N~

T, K, p, ...
T K time
y TN p, ces A T
fo

= / Teh
ks]
2 e
®
x
D |e
S

Hydrodyna
Evolution Pre-Equilibrium
Phase (< 1)
B
a) without QGP b) with QGP z
A B
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Effective Number of Relativistic Species

60

50

40

30

20

10

The more resonances | add the better the

agreement with lattice QCD at high T ?

Transition/ Chemical Freeze-out T get pushed

out to higher temperature ?

p° ¢ (770 MeV)
®° (783 MeV)
A AT AP A (1232)

i;______—f”’-—_f

10° 10°
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A smooth cross-over

The smoother the crossover the more contributions from hadronic
degrees of freedom !
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Indication of bound states in non-diagonal
susceptibility correlators
(C. Ratti et al., PRD 85, 014004 (2012))

00—+ = PNJL variations
0 4
PNJL-MF:
= el pure mean field calculation
g, 002 PNJL-PL:
°  .0.03 | N=12, No=36 Imean field plus Polyakov loop
64| i fluctuations
' PNJL MC PNJL-MC:
-0.05 mean field plus all fluctuations

06 08 1 1Tﬁr 14 16 1.8 2 (incl. chiral and Kaon

c condensate fluctuations)

even the inclusion of all possible flucutations
IS not sufficient to describe lattice data above Tc.

There has to be a contribution from bound states
R.BELLWIED




The incomplete HRG input spectrum

rass (Gay)

mass |Ga)

I X | —
5 M
L I | —
L —
-_ %E
! e ——
:EE
s | —
| e
K
| e
p—
—_—
!:!_
i ===
—
1L :E

rrass | Ga)

PDG 22 PDG 2014

Quark Model

nass (G

nass (Cel)

nass (Cel )

Wiin

25 0

PDG 2012

FDG 2014 Quark Model

First suggested as a
possible ‘solution’ to the
different flavor surfaces by

Bazavov et al. (PRL (2014),
arXiv:1404.6511)

Higher Strange States based
on Quark Model Calculations

(e.g. PRD79, 114029 (2009))

A more detailed study by
P.Alba et al.,
(arXiv:1702.01113)



Details from Quark Model calculations
(e.g. Ebert et al, PRD79 (2009) 114029)

TABLE II: Masses of excited strange mesons (in MeW).

Theory Experiment Theory Experiment
n2S+ip, g¥ g Ir=1/2 mass n?S+ip, Jgf qE Ir—1/2 mass

115, 0- 482 K 193 677(16) 3ls, 0— 2065

138, 1~ BOT K* 801.66(26) 339, 1— 2156

13 Py ot 13262 Ky 1425(50) 2y 1~ 2063

13 7% 2+ 1424 K3 1425.6(15) 22Ny 3~ 2152

17 1+ 1412 Hy 1403(7) 200 2~ 2163 Ko 2247(17T)
17 1+ 1294 Ry 1272(7) 200 2~ 2066
218, 0 1538 320, O+ 2160
235, 1- 1675 K* PP 2F 2206
13, 1™ 16949 K* 1717(27) 3rm 1+ 2200

1% D 3 17849 K3 177G(T) 3P 1+ 2164

1.0 2- 1824 K 1816(13) 123G 3~ 2207

110 2- 17049 K 1773(8) 1975 B~ 2356 Kz 2382(24)
23 7, o+ 1791 157 4 4~ 2285

2, 2+ 1806 16, 4~ 2255

2P 1t 1803 23 4+ 2436

2 1+ 1757 Ry 1650(50) 2K 3+ 2348 Kg 2324(24)
13 2+ 1964 K3 1973(26) Rl e 5 2656

13 F;y 4+ 2006 K3 2045(9) 207 4 4~ 2575 Ry 2490020)
1Fy at 2080

155 a+ 20049

Simple expansion of higher spin parity states,
but not all states might be energetically favorable
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Comparison of lattice QCD susceptibilities to HRG
model calculations with different hadron spectra input

4 —————————— ————
- - 1

L Lt #
# 1

‘‘‘‘
-*

PDG 2012 e 1 PDG 2012 —
r -_— P 1 2+
0.35 - PDG 2014 L 7 PDG 2014
- Quark Model Lo ] Quark Model
. uark Model === - e 1 WB lattice
WB lattice o T ge0002 b _
+ \‘\a mmmmmm 4 )
03 | =
9 i €.
> =
K 2
o |
2 ozt g,
>
02 L
0.15 -—,-""‘ 1 I 1 1 1 1
i 120 130 140 150 160 170 180 180
140 150 1?|'0(Me\;') 170 180 190 T (MeV)

Adding unverified states might help for certain susceptibilities
but worsens agreement with others. There are many Quark
Models with different numbers of "extra states depending on
the quark interaction.

We need to experimentally verify possible higher states.

Best compromise seems to be PDG2016+ (incl. all 1-star
resonances), see P.Alba et al., arXiv:1702.01113

The comparison to lattice QCD has predictive power !
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Topic 5: Multi-quark states
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Indication of flavor dependence in
diagonal susceptibility correlators

Difference between light and strange flavor

e o N
VAN e T L T
S A P ek ittt

et

0.8 |

0.6 |

04 -
o MM cont. [ ]
%°/T2 cont. 3

J
.-‘.
!
L)
0 - 2 b
/]
/)
"
e
J

150 200 250 300 350 400
T [MeV]

C. Ratti et al., PRD 85, 014004 (2012)
R. Bellwied, arXiv:1205.3625
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Direct determination of freeze-out
parameters from first principles (lattice QCD)

1 x5 (T) 2
Xip _ X2 (T) [1+ 250 We/T) +}
- B
2

B
1+ 3255 (up/T)2 + ..

x5 (T)

str'ange quérk x4/x2' .
light quark y o —— _
HRG prediction for the strange quark - - - -
for the light quarks

130 140 150 160 170 180 190
T [MeV]
Bellwied & WB Collab., PRL (2013), arXiv:1305.6297

Susceptibility ratios are a
model

Independent measure of the

chemical freeze-out
temperature
near u=0.
(Karsch, arXiv:1202.4173)

In a regime where we have
flavor (quark mass)
dependent susceptibility
ratios there might be no
single freeze-out surface



But: a separate freeze-out surface for strange and
light particles should lead to a preference of
strange states and ultimately pure strange states

- Enhances probability for Omega’s and strangelets, strange clusters

str'ange quétrk x4f12' ———
light quark 410 —— |
HRG prediction for the strange quark - - - -
for the light quarks

i!!
.....

140 150 160 170 180 190
T [MeV]

R. Bellwied & WB Collab., PRL (2013),
arXiv:1305.6297

R.BELLWIED



Why only three quark states !

The standard two and three Endless possibilities of
quark states as we know increasing complexity (all
- them allowed theoretically)

all involve strangeness
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/ Could there be stable strange matter !
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Strangelets should be strangeness dominated
Direct formation from plasma, definitely not formed

hadronically
- 1 _
O .
2 107 z :
o 10-2 11 o % 104 90% Confidence Level
(o)} .,l\) E)E = 5
2107 N
Z 10° AN
@ 10° £S
$ 10° 28 g0k
1078 N_h > L ...
] . 10 10
10° T Mass (GeV/c?)
102 10°
Life Time (ns)
Only negative results from RHI collisions
]
EMMI
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Exotic states within the Standard Model

EXxotic states measured at RHIC and the LHC (strange and charm sector)

10®
1400~ —Sum 2 5500 znar - eroms I 7
, u STAR Preliminary 0 = C fﬁ CMS Ws=7TeV ]
1200~ K - L \ L=4E8f ]
i AutAu 40%-80% s = mﬂﬂﬁﬁ% [ § +data .
1000 o o H i . —tatal it ]
— | ---background i
800 _@ 4500 '}W .
g ¢ :
O 2 4000f 7
400 LI’!J! i 1ISI-:pI_-; 30 eV ]
35001 3
0 30 Lo v b v v by v v by g by ]
o o " = 030_75 38 3.85 39 395 4
' ’ Invariant Mass (GeV/c %) m{Jiw ') [GeV]
ExHIC Collaboration (2011): RHIC LHC
Particle mi(MeV) g [ Jr 2q/3q/6q 4q/5q9/8q Mol. 2q/3q/6q 4q/5q/8q Mol. Stat. 2gq/3q/6q 4q/5q/8q Mol. Stat.
Mesons
fo(980) 980 1 0 ot qd.s¥L=1) qgss KK 38,073(s5) 0.10 13 5.6 10, 2.0 (s5) 0.28 36 15
ap(980) 980 3 | o* ggiL =1) ggss KK 1 0.31 40 17 31 0.83 1.1 % 10° 16
K (1460) 460 2 12 0 g5 qgqs KKK — 0.59 3.6 1.3 — 1.6 9.3 3.2
D(2317) 2317 10 ot es(L = 1) gics DK 1.3 x 1072 20x 1077 16x1077 56x1077 8Tx1072  14x 107! 0.10 0.35
Tl2 3797 3 0 1+ — qqee DD* — 40x% 107 24x10°% 43 x 107 — 6.6 x 104 4.1 %104 7.1 % 1073
X(3872) 3872 03 0 1T.27° cHL=2) ggce DD*  10x107*  40x107°  T8x10*  29x107*  1.7x102  66x 10~ 1.3 % 102 4.7 % 1077
ZH44300" 4430 3 1 = — ggec(L =1 DD* — 13107 20%x10° 14x107° — 2.0 % 1074 3.4 % 107 2.4 % 10~
The 712310 o+ — qqch DR — 6.1%107%  18x107  69x 107 — 6.1 % 106 1.9 x 1075 6.8 x 107
Baryons
A(1405) 1405 2 0 12 ggs(L = 1) qqqsq KN 0.81 0.11 1.8-8.3 1.7 22 0.29 4.7-21 42
@*r(1530* 1530 2 0 12 — qqqqs(L. =1) — — 2.9 % 107 — 1.0 — 7.8 x 1072 — 2.3
KKN® 1920 4 172 1/2* — gqqsi(L=1) KKN = 1.9 % 1072 1.7 0.28 — 52 %1072 4.2 0.67
Dn? 0 2 00 12 — qqqqc DN — 201077 46x1077 1.0x 1072 — 2.0 x 1072 0.28 6.1 x 1072
DeN? 2019 4 0 32 — qgqqill.=2) D*N — T1x107  45x107 10x107? — 47 % 1077 0.27 6.2 % 1072
B 2080 4 172 12t — qggse(l =1) — — 5.9x 107 — 7.2 % 1077 — 39 x 1077 — 45 %1072
BN® 6200 2 0 1/27 — qqqqb BN — 1.9%x 107 80x107°  39x107° — 7.7 % 107 2.8 1077 1.4 % 1077
B*N? 626 4 0 32 — gqqgb(L =2) B*N — 53% 105 12x 10  66x 1077 — 2.0 % 1074 44 %1077 2.4 x 1077
Dibaryons
H? 2245 1 0 o+ q4qqss — EN 3.0x 1073 — 16x102 13x102 82x1073 — 3.8 x 102 3.2 x 1072
ENN® 2352 2 12 0°  ggqggs(L=1) ggqqqqsj KNN 50x107° 50x 107 0011024 16x102  13x102 14%x102 0026—054 3.7x1072
Qe 3278 10 o SES558 — Qo 32 1073 — 1.5 % 1073 6.4 % 1077 8.6 x 1077 — 4.4 % 1073 1.9 1074
Hrte 3377031 ot gqqgsc — E.N 30x107 — 33x 104 15x10% 20x 107 — 1.9 x 1073 4.2 % 1077
DNN® T4 2 1) 0 — qqqqqq gt DNN — 29x 1077 1.8 x 1073 79 x 1073 — 2.0 x 107+ 9.8 x 1077 42 =107
BNN* 747 2 12 0 — gqqqqqqh  BNN — 23x 1077 2x10%  24x107 — 9.2 x 10° 3.7 % 1075 7.6 x 107



An Example: the f0

Coalescence: meson __tetra-quark _molecule
Particle m(MeV) g [ Jr 2q [3q/bq 4q /5q /By Mol.
Mesons
fol980) 980 1 0 0 gg.ssL =1) Gggsis KK
102
1400}~ o —Sum
12003_ STAR Preliminary KDS
10003— ; AutAud0%-80% LHC
o _+ 2q/3q/6q  4q/5q/%q Mol. Stal.
soo%F ......
400 :—
200f . ’ 10, 2.0 (s5) (.28 36 15
0;:.’-' o ) +j'
Ol.S DI.B ‘II 1.2

Invariant Mass (GeV/c %)

- yield tells us something about the quark configuration
-Strangeness enhancement could affect yield as well
-But the purer the s-state the more likely the enhancement effect

R.BELLWIED



LHCDb penta-quark announcement
(arXiv:1507.03414)

In the charm sector: |/ p
(@)

C (b) s
b%c} o b <3 3}1(
Al 1 0 <\ p.
b{g—\a}f\* Ao 3_:_\:_ } )
d

Figure 1: Feynman diagrams for (a) A} — J/A* and (b) A) — PFK~ decay.

oo

N
< F
o BOOE (b) LHCb
= E
€ s00F
@ E
400
200F
PRI [T TR T AT T T TN T B T T TN N N N T T T N N T T N N A
1.4 1.6 1.8 2.0 2.2 2.4 4.0 42 4.4 4.6 4.8 5.0
My, [GeV] M yp [GeV]

Figure 2: Invariant mass of (a) K p and (b) J/'p combinations from AY — J/4 K p decavs.
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EXxotica:
Penta- and Tetra-quarks from LHCb

Penta-quark in 2015, 9c evidence by 2016

In the charm sector: J/y p resonance
In A, decays to J/y p K

Events/(15 MeV)

Candidates (10 MeV)

Tetra-quarks in 2016

In the charm sector: J/w ¢ resonance
In B* decays to J/y ¢ K*

o
=

100

80

60

0 ‘
4100 4200 4300 4400 4500 4600 4700 4800

VY 3 ..',' g h,
pabTLIA g TN L RS R - "me'-z

My o (MeV]

Why nothing in the strange sector ?



Exotica In strange sector ?

4‘ mhﬁV"L « Famous pentaquark candidate

2 J‘H e from NA49

o M s elsnss| o (2008) in 27 channels (¢(1860))

e b)

£, (dsdsubar)

Tl » Never retracted, never confirmed
’ Wl’)“ 'HWM”«JW IR Ty PLYTEY REEES

| “ MjE-;‘_p [GI':T:' 7l _ .
No evidence for H-dibaryon or

¢(1860) in ALICE data.

{\g‘ :“Iqal'.'"l"'flf"'l““I"“I""I""I':

S 1B ALICE, pp, Vs=7TeV -

S o % Mayb looking in th

s 0 SE e aybe we are looking in the wrong
g, -Z+n 1 channels. In the charm sector all tetra
5 }

3 :

and penta-quarks seem to require
closed charm components.

=(1530)° (1860) E

_ﬂ‘l.l‘l. 5 Keep looking !!

1.5 1.6 1.7 18 19 2 2.1
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H-Dibaryons in ALICE (arXiv.1506.07499)

T E ALICE | ¥ Upperlimits (1.93 x 107 events for 0-10%)
210" - | - Thermal model prediction (156 MeV)
10—2 E_ m : - Lifetime of free A
"E I ! I I 1
10* & I I | II |
I :
=107 !
o E_ TTTTTTTTT 'T - - - T T -
0%k AN 1 I
107 _ I - i 1 . . I . L 4
3x107 107 2x10 1 2 3

Decay length (m)
- negative result
-but again: likely light quark dominated
- formed after hadronization through AA coalescence ?
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Summary — Discussion points

- Short lived hadronic resonances are difficult to measure but they carry
a large amount of information

- The significant broadening of the low mass vector mesons signals chiral
symmetry restoration. The merging of chiral partners would be the
ultimate proof.

- The lifetime of the partonic and the interacting hadronic phase of the
fireball evolution is well constrained through yield variations of short
lived resonances.

- The inclusion of not yet measured hadronic resonances in order to
describe the hadronic phase improves the agreement with lattice QCD
in the low temperature regime. The comparisons have predictive power

regarding the probability of finding new resonances.

-A possible flavor hierarchy in the QCD crossover should lead to more
strange baryonic and mesonic resonances as well as multi-quark states.

- Resonances are a rich and very exciting field —
experimentally and theoreticallly
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