Outline:

- the QCD phase diagram in lattice QCD

- hadron production at the LHC

- production of nuclei, anti-nuclei and exotica

- hadron yields and statistical model from AGS to SPS to RHIC

- connection to phase boundary

- direct connection of LHC data to lattice QCD on 2nd order critical
fluctuations

work done in collaboration with
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theory of strong interaction: QCD
Lagrangian density: Locp =

™% ! 2 - P
22 1 (Flw(2)?) +q(x) (iv, Dy + m) q()
in limit where renormalized running coupling constant a(q*) = ¢°(q°)/4n
small, QCD perturbation theory gives precise results (cf. QED)

- 1n hadronic matter and in QGP at T a few times T, coupling not small!

already 1n 1974 proposed by Wilson: put field theory (e.g. QCD) on 4 d lattice in
Euclidian space-time

from 1979 possibility to numerically calculate observables on a computer
“birth of lattice QCD”

in the past 35 years tremendous development due to availability of parallel super
computers (to good part also driven by IQCD community) and better algorithms

- now lattice QCD 1s a mature technique with increasingly reliable results
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computation of QCD EoS one of the major goals in IQCD community since 1980

A.Ukawa, arXiv:1501.04215
I I 1

os |l | | | consolidated results on EoS from
I different groups, extrapolated to
12 b “,.;1:!!!-‘”““ ++1]  continuum and chiral limit
e/T" ;#i’ﬂ.
Ll f’l‘t" ] . . .
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order parameter: chiral condensate, its susceptibility peaks at T

S.Borsayi et al. Wuppertal-Budapest Coll., JHEP 1009 (2010) 073
A.Bazavov et al. HotQCD Coll., PRD 85 (2012) 054503
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comparing different measures and different fermion actions, consensus:
T, =150 - 160 MeV for chiral restoration
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X5 /X5 o baryon number?

H.T.Ding, NPA931 (2014) 52

1.2
B, B -
Xy /X3 1 HRG stout: cont. 1« confined: |
0.8} HISQ: N.=6 -& measure suggested by Ejiri,
HISQ: N_=8 - Karsch, Redlich (2006)
0.61 naive stag.: N.=4 whe ]
0.4} naive stag.: N =8 wm |
0.2} .Q. -
, e © B . <« deconfined: 6/972
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rapid drop suggests: chiral cross over and deconfinement appear in the same
narrow temperature range
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QGP and phase diagram studied in high energy collisions of nuclei
since 1987 at AGS/SPS, since 2000 at RHIC, since 2010 at the LHC
at sy = 2.76 TeV
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a central PbPb collision at LHC at Vs = 2.76 A TeV

first collisions with stable beams:
Nov 8 - Dec 6, 2010

about 3000 charged
particles in 1.8 units
of pseudorapidity

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBE693



probes density of gluons 1nitially liberated from the colliding nucleons
expect order of 10 000 (question of shadowing and of gluon saturation)
in a statistical ensemble measure of 1nitial entropy density
each gluon (boson) contributes 3.6 units to the entropy
preserved for 1sentropic expansion

215 ©" TOALICE (PRL 106 (2011) 032301) ©0-5% central PbPb at 2.76 TeV
—|5 ®ALICE sym. -y dN /d 1600
—-Double gaussian fit E ° —
Pb-Pb &0 - 5050 ch n
2000 PR@}I}&EYVSNN=2-76T9V o e using arguments by Bjorken
imnitial energy densit
Pu— gy y

gy = 146 GeV/fm’
T=0.68GeV=4T = 10" K

pressure P =49 GeV/fm’ =7.9 10 Pa

entropy density = 290/fm’
total entropy of fireball: 36 000
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the Hadro-Chemical Composition of the Fireball

what are the 20 000 hadrons observed in final state at LHC?
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QCD implies duality between quarks/gluons and hadrons
- hadron gas: equilibrated state of all known hadrons
- QGP: equilibrated state of quarks and gluons

at pseudocritical temperature T, QGP converts to hadrons

existence of QGP in central nuclear collisions implies that:
- hadron yields correspond to equilibrium state of common temperature T
- hadron yields must agree with predictions using the full QCD partition function
at this temperature T

near T,, hadron densities very large, can rapidly drive system into equilibrium

between hadronic species by multi-particle reactions (critical opalescence)
- conversely, rapidly dropping densities (reduction of dof and T3 drop of entropy
density) imply cooling system falls out of equilibrium, 1.e. freezes out
T bounded by T, within a few MeV

analysis of hadron production — experimental determination of T

P. Braun-Munzinger, J.S., C. Wetterich, PLB 596 (2004) 61



Counts / MeV/c?

measure and integrate spectra of identified hadrons

- hadrons reconstructed from weak decay products (A, =, Q)
- specific energy loss dE/dx and time-of-flight
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data: ALICE PLB 728 (2014) 216
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TPC ionization signal (a.u.)

1000 —— 220 ..
- E g % ALICE g 200 f— VOA Multiplicity ALICE preliminary
i 1‘. . 2 W/ Lot an o010 8 1a0F. | Class (Pb-Side) 010 24 GeVic < p_<26 GeVle
\ k | 'I’g.',-_ " negative particles, 160F-
" Y% Pb-Pb, 2011 run, 140F- g i
OOE | ' “ué \ (B =276 TeV 12{]5 R
500 L 100E — Background
400 80E- — Sig + Bkg
300 B0
200 40
100 - g - - - i 20 p-Pb 5, =502 Tev 'ﬂ
_|||||||||||||||||||||||||||| IIIIIIIIIIIIIIIIII

=25 2 15 1 05 0 05 1 15 2 25
P (Gevi) Mor - M (GeV/ )

- all particles from e to 4He identified via the TPC specific energy loss (resol 6 %) plus
TOF at crossings

- 2011 run 2.3 107 events and in those 10 anti-4He
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dE/dx in TPC (arb. units)

data ALICE - arXiv:1506:08951
loose vertex cuts

centrality: 0-80%

apparent asymmetry between t and
anti-t i1s caused by large spallation
background at low momentum for
tritons

anti-t/t yield consistent with 1 after
final cuts
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ALICE, Pb-Ph, [Spg = 2.76 TeV

Counts
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DCA = distance of closest approach of a track from the primary vertex
separation of primaries from secondaries through vertex cut -
important for particles, not anti-particles

Johanna Stachel

@fﬁ, RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG




ALICE PRC88 arXiv:1303.0737 . arXiv: 1506.08951
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composite objects participate in hydrodynamic flow
spectra described by hydro-inspired 'blast wave' approach

obtain <> ~ 0.6
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Identification of light nuclei
which are daughter tracks
originating from decay vertices

Lifetime similar to lifetime of free A

m(Hypertriton) = 2.991 + 0.002 GeV/c?

investigated decay channel: prim. vix.
Hypertriton — 3He + =t- P
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Statistical hadronization model and experimental data
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Vg, [°°
o | EpPdpn(t £ exp(— (B - i) /1))
0

partition function: In Z; =

T 0ln Z; g; > p2 dp
particle densities: 7 / vV ou 272 /0 exp((F; — ui)/T) £ 1

for every conserved quantum number there is a chemical potential:
3
pi = puBi + pusSi + pr, I

but can use conservation laws to constrain V, Hms, Ui,

=P | fit at each energy provides values for T and Wy,
- get yields of all hadrons
for dN/dy need in addition volume per unity - fix to dN.,/deta

good fit to data for central collisions of heavy nuclei at AGS, SPS, RHIC, LHC

see €.2. A. Andronic, P. Braun-Munzinger, J.S. Nucl. Phys. A722(2006)167 nucl/th/0511071
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in total 426 hadrons and composites (nuclei etc.) included — all states
considered confirmed by PDG

precision of e+e- data and LHC data requires this

(currently updating for newly found states)

finite volume correction

interactions as Van der Waals gas via excluded volume

for inclusion of charm-quarks canonical correction factors
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14.6 A GeV/c central S1 + Au collisions and GC statistical model
P. Braun-Munzinger, J. Stachel, J.P. Wessels, N. Xu, PLB 1994

m=/p KgK=

| statistical errars anly
e cxperimental values d/p

model values |
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dynamic range: 9 orders of magnitude! No deviation
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Ratio

prel. 200 GeV data fully in line
still some experimental discrepancies

130 GeV data in excellent agreement
with thermal model predictions

T T T T T T T T T T T |
11k Q. .
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! | . | - T o
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- e E - A BRAHMS o -
F Model 1 [ —— T=160.5, u,=20 MeV = ]
| T=165.5,11,=38 MeV 10 3L T=155, =26 MeV i
10 T O Y Y I O O S Y N R Y I
K p A 2 Q KK p A = o K TKpAZQKKPAEZQddo KA A™

chemical freeze-out at: T = 165 £ 5 MeV

P. Braun-Munzinger, D. Magestro, K. Redlich, J. Stachel, Phys. Lett. B518 (2001) 41
A. Andronic, P. Braun-Munzinger, J. Stachel, Nucl. Phys. A772 (2006) 167
confirmed by Xu and Kaneta  and by F. Becattini
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Systematic evolution of T and mu_b with beam energy
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following the observed evolution of T and Wy, detailed features of proton/pion and
kaon/pion ratios reproduced in detail
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@ agreement between groups doing finite
temperature lattice gauge theory:

—_— 200 [ [ [ [ I l I I I I I I I I I
> L | | 1 T (u=0)=150-160 MeV
Q@ 180 ® Cleymansetal. 7 C .
= B A Becattinietal. 1 Bazavov & Petreczky, arXiv:1005.1131 [hep-lat] S.
- 160/ m Andronicetal. — Borsanyi et al., arXiv:1005.3508 [hep-lat]
140 ;_ _; @ data points 'chemical' freeze-out of hadrons
120 |- 3 from abundancies
- 1 A. Andronic, P. Braun-Munzinger, J. S., Nucl. Phys.
100 7 A772 (2006) 167
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rapid equilibration within a narrow temperature
interval around T by multi-particle collisions due to

steep temperature dependence of densities

P. Braun-Munzinger, J. Stachel, C. Wetterich, Phys. Lett. B596 (2004)61

=T
= 14 b d
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6 —
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for T, 20-30 MeV below T,

very hard to maintain
scenario of simultaneous
freeze-out of all hadron species

estimate upper limit of
Tc — Tch =5 MeV

—

Johanna Stachel

requires T, = 160 MeV
experimental determination!
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s near phase transition particle density varies
rapidly with T (see previous slide)

s for SPS energies and above reaction such as
21+KKK— Q Nbar bring multi-strange
baryons close to equilibrium rapidly

s 1n region around T equilibration time

T & T-60!
s increase ny by 1/3: T=0.2 fm/c

(corresponds to increase in T by 8 MeV)
decrease ny by 1/3: 1= 27 fm/c

— all particles freeze out within a very
narrow temperature window due to the
extreme temperature sensitivity of multi-
particle reactions

P. Braun-Munzinger, J. Stachel, C. Wetterich,

Johanna Stachel

Phys. Lett. B596 (2004)61
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based on this prediction for LHC:
T=16144 MeV and j1,=0.87}2 MeV

A. Andronic, P. Braun-Munzinger, J.S.
arX1v:0707.4076 [nucl-th]

over the coming years these numbers
moved a little due to RHIC data
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LHC data
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Yield dN/dy
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excluding protons: T unchanged

perfect fit for other hadrons
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temperature vs. baryochemical potential

f"‘"'*EDG I'TTI | I T T TTTI | LA | I T TTTTI *
> - | | = hadron yields for Pb-Pb central
= 180F | | E collisions from LHC down to
= 160 == T - RHIC, SPS, AGS and even SIS
[ £ - . .
140 %é = energies well described by a
120 4 = statistical ensemble
100 E = - there 1s a limiting temperature for
a0 F- _ . = a hadronic system
- Thermal fits (central collisions) - 7
60 & O Cleymans et al. (PRC 59 (1999) 1663) - Tiim = 159 i,3 MeV
10 :_ O Andronic et al. (PLE 673 (2009) 142) ¢' _: reaChed fOr —\ISNN 2 10 GCV
- M Manninen, Becattini (PRC 78 (2008) 054907) -
20 = # STAR (PRC 83 (2071) 024901) i
5 ALICE (preliminary, SQOM 2013) i
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u, (MeV)

Johanna Stachel ‘E&ﬁi@ﬁﬁ RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG




agreement over 9 orders of T 1o ?g  PbPbys,=276TeV
magnitude with QCD statistical N 1022 ..... K 0-10% centralty (N_ -356)
operator prediction 3 b B A ]
(- strong decays need to be z 10¢ ﬁl © 3
added) E g
10k "8, g ]

= :

102 " E

10°F -

: Hes :

works equally well for nucler and 10_4? m Data (ALICE) 'i\ 3
loosely bound (anti)hyper-nuclei 10° £ Thermal model, T=156 MeV (V=5330 fm") . g1
prediction P. Braun-Munzinger, J.S., J.Phys. 10-6; total (after decays) I!-I‘e?
G28 (2002) 1971-1976, J.Phys. G21 (1995) L17 71 F’rl'r?‘?“f“f“'l L .f
strong indication of isentropic o 05 1 15 2 25 3 35 4
expansion in hadronic phase Mass (GeV)
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PbPb central collisions: even
Efimov-like states (hypertriton)
produced with yields fixed at the
phase boundary

T 3 oom higher than

Lambda separation energy

FT T I B B LI L LB
103 é_g Pb-Pb \s‘SNN=2.76 TeV jz
o, é 0-10% centrality (N =356) ]

E .. RPA ;
10¢ 'gl - 3

1 ﬁ*‘ ]
10-1'5_ '-‘.’d 5

; L3 3
10%F ) 1
10°¢ . :

: “Hea, E

4 .
10 " m Data (ALICE) If\ . E
10 E Thermal model, T=156 MeV (V=5330 fm’) T
10° ? total (after decays) I!_l‘e?

E veernes primordial E
107". N ENSEEN RSN R TR S TS S AT R ArATr N BT
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Mass (GeV)
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experimental hadronic freeze-out
points coincide with
pseudocritical temperature T,

from state-of-the-art lattice QCD
for high collision energies

S
&
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|_

200 1 T ‘ I
i ----- Lattice QCD
180 ‘;%ﬁ Chiral EFT E
C RS e ek ]
160,:::5:::;@$~—; 1
140 Jaami\ .
[ [ A
120 :_lEarIy Universe E|¢ -
100 _ Thermal fits O R
80 |- O Cleymans et al. C -
_ 1 Andronic et al. [ ]
60 = A Manninen, Becattini [:} ]
" % STAR (BES prelim.) o) 1
40 ® ALICE _:
20[ T S 1
0: T B B ||\ n
0 200 400 600 800 1000
g (MeV)
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Revisit formation of (anti-)nuclei

Johanna Stachel



14.6 A GeV/c central S1 + Au collisions and GC statistical model

P. Braun-Munzinger, J. Stachel, J.P. Wessels, N. Xu, PLB 1994

'p

| statistical errars anly
e cxperimental values

model values

Kw—

KH/F+ oa/nt = /1
K=fm= ek ko)  —
.
Nﬂ—#—

dynamic range: 9 orders of magnitude! No deviation

Johanna Stachel
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Argument has been made, that coalescence is responsible for their
formation and this 1s different mechanism

However: for system in thermal equilibrium, statistical ensemble and
coalescence results agree

d/p 1s given by entropy per baryon (see already Siemens and Kapusta
PRL 43 (1979) 1486 - S/A W -In(d/p) )

while lightly bound nucle1 may well be destroyed and built again during
1sentropic expansion, ratio of their abundance 1s frozen in by S/B and
doesn't change
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P. Braun-Munzinger, J. Stachel, J. Phys. G21 (1995) L17

Thermal Model

A.J. Baltz, C.B. Dover, et al.,
Phys. Lett. B315 (1994) 7

Particles T=.120 GeV  T=.140 GeV  Coalescence Model
d 15 19 11.7
t+°He 1.5 3.0 0.8

a 0.02 0.067 0.018
Hy 0.09 0.15 0.07

2L H 3.5 -107° 2.3 1074 410714
¢ \He 7.2:1077 7.6 -107° 1.6:107°
Toy He 4010710 9.6 109 4-10¢
10g¢=8% 1.6 .10 14 7.3-10713

st 1610717 1.7 1071

st 6.2 1072 1410718

308t~ 2.4 .10 121072

208t=16 9.6 .1073! 2.3 10727



data cover 10 oom!
addition of every nucleon
-> penalty factor R, = 48

=1.9

but data are at very low pt
use m-dependent slopes following

systematics up to deuteron
-> Rp =26

GC statistical model:

Rp % explmn § *p)=T]
for T=124 MeV and uy,= 537 MeV

R, =24 good agreement

also good for antideuterons:
data: R,=2+1-105> SM: 1.3-105

(2mpy Ny dp (c/GeVhip,/A=200MeViey

P. Braun-Munzinger, J. Stachel,
J. Phys. G28 (2002) 1971

Johanna Stachel
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agreement of data from Bevalac/SIS energies up to LHC

with thermal model prediction
A.Andronic, P.Braun-Munzinger, J.S., H. Stocker, PLB697 (2011)203
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> 10— . 3
O - 'p—' p— Pb-Pb \s,,=2.76 TeV 3
10
S F A 0-10% central 1
o 1F E
o) - . =
> 107 qd oo 3
102 | An e =
102 — AAL... 4
of 30, —— EE .
1045— He 3 s
10°F : =
10° — =
107 He o - E
- A 4H =
10*E Thermal model AT o
o°L T=164 MeV o .
= S
ool — T=156 MeV °H E

values for 4He, 3He and 3\H were predictions and are in excellent agreement with

new data from ALICE
test of statistical hadronization model over another 3 orders of magnitude
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E 102 ALICE Preliminary, 0-20% Pb-Pb, {s,,, =2.76 TeV
<
©

10‘8I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
05 1 15 2 25 3 35 4 45

m, (GeV/c?)

penalty factor exp(-m/T) = 300
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fluctuations of conserved charges (baryon number, strangeness, charge) sensitive to
criticality related to spontaneous breaking of chiral symmetry

~

Xow _ OF XN M 0°P

Ji ) T2 OfinOfin

with P = pP/7*, fin = pun/T  and N,M = (B,S,Q)

- exhibit characteristic properties governed by universal part of free energy

in 1QCD chiral transition in O(4) critical region

can we see signs of this criticality in experimental data?
- direct measurement of higher moments of fluctuations of conserved charges very
challenging, for LHC under way (very statistics hungry!)
- 2nd order cumulants of conserved charges can be obtained from measured inclusive
distributions in case probability distribution of number of particles and antiparticles
are Poissonian and uncorrelated

P. Braun-Munzinger, A. Kalweit, K. Redlich, J.S. PLB in print, arXiv:1412.8614



susceptibilities of a conserved charge related to variance of net charge distribution
1 72 "2

5 (N?) = (3)?)

if e.g. baryon and antibaryon distributions are Poisson, the net baryon distribution is

a Skellam distribution

variance of Skellam distribution given by mean of total number of baryons +

antibaryons N (N, + (N_o))
q —q

T VT3
can be directly computed from measured ALICE data using rapidity densities of
measured baryon and antibaryon yields:

XN =

XB 1 _
e WW FNY+A+ED+(ED +(2)
—()

+(Z7) + (27) + () + antiparticles],

and equivalent for strangeness using strange hadron yields or electric
charge/strangeness correlations using charged strange hadron yields
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X B 1

; ~ — 2R ol 1
ALICE data T2 = 773 (203 ) 6
‘i S -I- ey 448 O ® from ALICE data
~ 504.2 +16.8 o
TQ ITTS ( ) ) P
’ - L ' L 4
XQS 1 i !
o~ ={(191.1 < 12).
TQ IT T3 ( ) 5 L ||
- 1n ratios of susceptibilities volume and
temperature drop out - |
- compare to lattice QCD at pseudo-critical L !

temperature for |y, = 0 and extrapolated to

continuum limit
A.Basavov et al., PRL 113 (2014) 072001 and
PRD 86 (2012) 034509

10x (xo/xs)  Ax(xg/xgs) 2x(Xo/Xgs)

very good agreement data and 1QCD
strongly suggests: fluctuations are of thermal origin and indeed established
—  at the phase boundary



evaluate susceptibilities from 1QCD for a range of temperatures and compare to data

T 0 4
Xo/ X e ,
8" g —
4 2 )(55//(5
3 - .
------------------------------------------------------ CTTRE R a
XXX :
2 T m _ & 1
______________ +.q_ _9_%___________________________ 03 B 4 7
* *
- L g 4 Oi
L 4 * * ’; +
_______ + LT TRedesct | .
6] & .
L J
0.9 N LG *
T
=2 * 0 2‘{ _________ A CE atd .
0.8 . B B e ower m
om ALICE dats e RS '
0.7
0.6 - T e
Ge GeV
0. 5 | | | | | | 1 |
19 . 17 19 0. 21 23 0. .25 015 17 0. 19 0o 2 0 23 25

combination of these two plots: T > 150 MeV and T < 165 MeV
and independently: for T > 163 MeV, IQCD thermodynamics cannot be described
by hadronic degrees of freedom (Karsch 2014)
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- good knowledge of QCD phase diagram from lattice QCD close to (=0

- comprehensive set of data on hadron yields from AGS to LHC energies
data consistent with QCD statistical operator over 9 oom, chemical freeze-out very
close to pseudocritical temperature from 1QCD

- same pictures applies to the formation of (anti-)nuclei and hypernuclei

- fluctuations of conserved charges: linked to mean multiplicities
values consistent with 1QCD, indicative of thermal fluctuations at phase boundary
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1.15

Relative production

—
—e

1.05

0.95

A. Andronic, P. Braun-Munzinger, J. Stachel,
arXiv:0812.1186, Phys. Lett B673, 142 (2009)
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as T levels off,
so does the increase in
pion yield
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A. Andronic, P. Braun-Munzinger, F. Beutler, K. Redlich, J. Stachel, Phys. Lett. B678 (2009)

i

LARILLY ..!..!.!'..'.'ﬁ...'..
t

multiplicities

! I|I| | Illlllil.1 [ |||II|]

4 LEPdata (91 GeV)

thf:rmal mndel

—
o
T

1o

parameter set: T=164 MeV, V=20 fm?>, |~.=0.

= =

Johanna Stachel

Ll

arXiv 0804.4132

strangeness
supressed — fit
still not good!
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5 12

interactions become visible around T = 140 MeV

but no well constrained; modeled here with
excluded volumes

= B [ T T T T T T T T T T T T T T T T T T ]
= F L HLW:“:H“,;.,E:D.M- 006 fm 1
% ? ;_ ------ Rb.:ry:n:Rmn::o'l:D _;
) - Riaryer=0.3 M, R____ =0 i
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4 4 b

3t Y :

5 B 11WP{ ]

2r o L]- 7

: e pHT T ]

e -
__,_,, {""" -

E:] 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 ]

'H]D 120 140 160 180 200 220
T (MeV)

Andronic, Braun-Munzinger, JS, Winn,
Phys. Lett. B718 (2012) 80
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GC statistical model applied first time successfully to 10.7 A GeV/c Au + Au
collisions P. Braun-Munzinger, J.S., J.P. Wessels, N.Xu, Phys. Lett. B344 (1995) 43

J‘:}-"‘.-Iq[]l_l LI T T T LI I T T T I T TT LI LI ||_ rg | | | | | | | |

= 8 | % s, =485 GeV —&& -

o i | E E
120 - . p )

I | —— ®

] ?

+

1001~ s, =4.85 GeV

i ) N 10 °L ® Data,dN/dy ¢ 4z _
|. T|_1241 |Hh_53|? ME‘v’I, I _B|-gﬁ . T T mempdr eV I

T 1 111 11 1 11 1 11 1 111 111 111
460 480 500 520 540 560 580 600 © Kop,A K K p A d o
u, (MeV) © K p A T m ® W p K*

Figure from A. Andronic, P. Braun-Munzinger, J.S. Nucl. Phys. A772 (2006) 167
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note: yield peaks at low (SIS100) energies
an exciting but tough prospect for FAIR
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Ramona Lea, SQM?2013

q, 1200
S F Pb-Pb | s, = 2.76 TeV
< 1000 13.8 million events (0-80% central)
Y B — data
H% - ALICE [ | syst. error
R R — injected signal (m =2.21 GeV/c?)
8 = syst. error (mH=2.£1 GeV/c?)
o & injected signal (m =2.23 GeV/c?)
B syst. error [mH=2. 3 GeV/c?)
400
200
:l-l-f"‘:||III|I||I|L‘HT!\IIIII|I||II|4‘$EII|II|=|I|II|1II|
8% 221 222 223 224 225 226 227 228 229 23
Invariant mass Apn (GeV/c?)

No signal observed, H yield 1s < 0.1 x (thermal model prediction)
Much more stringent limits to come soon
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counts/(2 MeV/c?)

searches for exotic bound states

Nicole Martin and Benjamin Doenigus, ALICE
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Incomplete hadron spectrum

Annihilation in the hadronic phase
Non-equilibrium scenario with new parameters
other?

Johanna Stachel BN RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG




K'/n"

we studied this for K/m ratio:

(Andronic, Braun-Munzinger, JS Phys. Lett.
B673 (2009) 142)

estimate effect by extending mass
spectrum beyond 3 GeV based on TH =
200 MeV and assumption how states
decay

strongest contribution to kaon from K*
producing one K

all high mass resonances produce
multiple pions

-> further reduction of K*/wt”*
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from talk U. Thoma DPG2013
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annihilation in the hadronic phase?

F. Becattini et al., Phys. Rev. C85 (2012) 044921 and arXiv: 1212.2431
Evaluate hadronic interactions after statistical hadronization using RQMD
find significant effect of apparent cooling due to hadron rescattering

Johanna Stachel




@ but need to take into account full detailed balance, backreaction
like 5t — ppbar (not in RQMD)

analysis by Rapp and Shuryak 2008 for SPS energies: this cancels

the annihilation effect,
equilibrium value at T_pe, 1S recovered

b

recent analysis by Pan and Pratt, PRL 110 (2013) 042501:
taking account backreaction cancels half of the effect of
annihilation
@ Why should only proton be affected? and not hyperons? Cross
sections should be very similar, e.g. 2 + Nbar — 21t + 3K
evalute 10 mb at threshold Braun-Munzinger, JS, Wetterich,
Phys. Lett. B596 (2004) 61

- they show if anything opposite effect

@ what about nuclei1?? they fit perfectly and their cross sections
are larger

Johanna Stachel
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all of this casts serious doubts on the reduction of protons only due to annihilation
in hadronic phase

additional argument: in RQMD lifetime of hadronic phase significantly too long
(from HBT: total lifetime of system = 10 fm/c — and volume change between
chemical and thermal freeze-out does not allow for longlived hadronic phase)

shorter lifetime reduces effect - -
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different centrality depen-

dence for RHIC and LHC

1s a real puzzle

- does not support
annihilation picture

- 1s 1t real? physics origin?
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J. Rafelski and collaborators

introduction of additional chemical potentials
* systematic variation of parameters with beam energy?

» yield of deuterons prop to Y46 - comparison to data: strong deviation

Johanna Stachel ‘E&ﬁi@ﬁﬁ RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG
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