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Phases of strong-interaction matter
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Symmetries of QCD
a,b
1 _ 3 ’
Lg = ZF[,CLLVF;,ZIV + "(,Dj,a (Z Yo (8,/ — Z%Aﬁ)f") + mj> wj,b
vr=0
— symmetries of QCD: Uy (1) X Ua(1) X SUL(ngs) X SUgr(ny¢)
— chiral decomposition: ) = (Y1, ...Yn;) = Y1 + YR
1
Pezi(l—l—e'yg,),e::tl P’=P.,P,P_=0
Y =Py , Yr = P_v Y =YP_ , Yr=1v¢YPy
Lr~YPrP YL+ YrDvr — me(Prpr + Pr)L)
Uy (1) : baryon number ¢® = ey, ¥© = pe*®
Ua(1) : axial symmetry ¢p© = e*©@5qp, p© = ¢pe*©75

SUL r(ny) : flavor symmetry Ge = P_c-1+ PU. , Ue € U(ny)
G =Gy (U)G_(U.)

W =Gy , P =¢GH



Chiral phase transition

Which symmetry is restored?
UL(’I’Lf) X UR(nf) = Uv(l) X UA(l) X S;UL(’I’Lf) X SUR(nﬂ

exact: baryon axial anomal
number conservation y ny =2 (u,d) : O(4)
nyg=2:
standard scenario: Ua(1) remains alternative scenario: Ua (1) "effectively"
broken, chiral limit controlled by O(4) restored, first order transition possible
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R. Pisarski, F. Wilczek, PRD29 (1984) 338
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Chiral symmetry breaking and restoration

staggered (or Kogut-Susskind) fermions do have a global
U(1)xU(1) symmetry (remnant of the chiral SU(nf)xSU(nf))

U(1) x U(1) : independent phase transformations on
even and odd sites of the lattice

’l,b; — e’l,g]_,"be : ,‘Zé - 9_292’1,56

"70:) — ez92¢o ’ ¢; — e_wl"nzo

one parameter, continuous global symmetry M = ms(YP)i
= T
mm=)>  jts spontaneous breaking solM  mymetio
generates one Goldstone pion g
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Universality and the Chiral Phase Transition

@ close to the chiral limit thermodynamics in the vicinity of the

QCD transition is controlled by a

universal O(4) scaling function

singular / regular

p _ 1/86
ﬁ ~ VT3 an(VaTa)—_fs(t/h )_f'r(vaT)
critical point: + ~ T -7 . h~ m O(4)
t=0, h=0 T, r o | -0.213
3 | 0.380
g/[ _ mg (P, 1 mgl 0lnZ RS () ) 0 4.824
— — — = A
b T4 VT3 T 28m/T “ (2—)/B6=1+1/5
O {1y, /T3
& — <’l7b"'lb>l/ ~ hl/a_lfx(t/hl/ﬁé) t/h]‘/'aé
T2 Bml/T ?
\_ /
dfy(2) — defines pseudo-critical T (1)
=0 < Zmaa o 2 1/6—1
dz — scaling: xi(my) /T* ~ m,

F. Karsch, NNPSS 2017 6



Chiral phase transition

Chiral susceptibility me ~ 3 GeV
oM
xi(t,h) ~ —— = /-1 fx(t/hl/ﬁ‘s) + regular
Oh
% Ni=2 PURE
; N, =6 m -|GAUGE
ism 3 flgvor QCDT . i sl oM order \ 15t
Xaais/ T M /MeV = 230 —x— 2" order Z(2)
600 + ] 160 —— | 0(4)
¢ é 130 ,
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! £ 1 90 —sa— | hysical point
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B
Exploring the chiral limit in (2+1)- and
3-flavor QCD I
A. Bazavov et al, arXiv:1701.03548 Meg
1/6—1
(xt/T*)™* ~my -
m* < 50 MeV

or (/T*)™*® ~ (my—me)t/ ™"
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3-flavor QCD:

Action N me. Year
standard staggered 4 ~ 290 MeV 2001
p4 staggered 4 ~ 67 MeV 2004
standard staggered 6 ~ 150 MeV 2007
HISQ staggered 6 <50 MeV 20171
stout staggered 4-6 could be zero 2014
Wilson-clover 6-8 ~ 300 MeV 2014
Wilson-clover 4-10 ~ 100 MeV 2016

Wilson-clover 4-10, cont. extrap. < 170 MeV 20172)

1) A. Bazavov et al., arXiv:1701.03548
2) X.-J. Jin et al., arXiv:1706.01178
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2 and (2+1)-flavor QCD: O(4) scaling?

140 5
2 _ i 1/8 m_ =160 MeV ——x—
Xais,'T N = (M - freq )/h .
120 | 7O T 18| 140 MeV —eo— |
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| 1.4 |
. 12|

X !
e

i 140 MeV —e—
100 %
:
4
®
*

60 t Ty
_ + % T g; ' 0s |
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Xdls/T ~/ m 1/ ) M = m8<¢¢>/T

magnetic equation of state: M = hl/(s_f(;(z)
— scaling analysis in (2+1)-flavor QCD with HISQ fermions
s M < 80MeV

not yet sensitive to O(4) scaling in the chiral

limit vs. Z(2) critical behavior at m. > 0 staggered fermions:
O(2) instead of O(4)

for non-zero cut-off
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The QCD crossover transition
- extracting the pseudo-critical temperature -

Crossover transmon temperature

:22 - ' — ' . Critical temperature from location
185 | T MeV] Physical mym, 1 of _peak in the fluctuation of the
180 HISQtree ~E chiral condensate (order parameter):
175 T Asgtad 6~ - . .
170 ) . Chiral susceptibility
S | T 821n Z N
1: - — o Combined continuum extrapolation : Xl IR V 8m2 IR Xl,dZSC Xl,con
HISQ/tree: quadratic in N2 l
145 Asqtad: quadratic in N2
140 1 N | 140
19 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 X|,disc/-r2
120 | ]
— (154 + 9) MeV 00 + i+ HISQ/treeNN Elxl |
O
— well defined pseudo-critical temperature + asqtadNN $o |
— quark mass dependence of susceptibilities °
consistent with O(4) scaling 60 [ ﬁ
A. Bazavov et al. (hotQCD), 0! &
Phys. Rev. D85, 054503 (2012), arXiv:1111.1710
20 | ‘Dl?
lattice: N2 . N, ol T A .
T —1/N. 140 160 180 200 220 240
temperature:T' = 1/N-a consistent with Y. Aoki et al, JHEP 0906 (2009) 088
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Symmetries and in-medium properties of hadrons

Which symmetries are restored at Tc?

& thermal hadron correlation functions

Greens functions G of quark-antiquark pair in different quantum
number channels H, controlled by operators J

JH(w) — q(w)PHQ(w) I'y =1, 75, Yus YuY5

scalar, pseudo-scalar, vector, axial-vector
q(q) = u(a), d(d),.... = dq = uu flavor singlet

qq = ud flavor non-singlet

Gu (7, &) = (Ju (T, &) J};(0,0)) ~ e ™mHT

/

at T=0
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Thermal modification of the hadron spectrum

quark propagator: q(x)q(0) = M_*(x, 0) connected

Gﬂ' (:L‘) — (TI‘ 75Ml_1(339 0)75Ml_1(09 CB) > C>

Gn(z) = Gr(z)— (Tr [y5M; (2, 2)| Tr [y (0,0)))
Gs(x) = —(TrM; '(x,0)M;*(0,z))
Go(z) = Gs(x)+ (TeM; *(z,z)TrM; *(0,0))
—(TrM; *(x,x)) (trM; " (0,0)) O O
hadronic susceptibilities disconnected

Xn — Z Gﬂ'(w) = X5,con X6 — Z Gé(w) = Xcon

Xn = Z Gn ({B) = X5,con — X5,disc
x

Xo — Z Ga (JJ) — Xcon + Xdisc
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Thermal modification of the hadron spectrum

T < T, : broken chiral symmetry is reflected in the hadron spectrum

a,: q7;7,9" ~p:dvg
SU(2) I_X SU(2) o
X5,con T. C|Y5%C|‘ -0 49 Xcon+xdisc
(fo)
flavor flavor
non-singlet ~ U(1) u(1), singlet
Xcon 0: EI% q -~ M- E|Y5¢| X5,con” X 5,disc
(ag) SU(2) 1x SU(2) g

T > T : restoration of symmetries is reflected in the (thermal) hadron
spectrum

SU((2)r x SU(2)r: (m, o), (a1,p) degenerate

U(l)a : (m, 6) degenerate
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Symmetry restoration and correlation functions
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Thermodynamics with domain wall
fermions, hotQCD, arXiv:1205.3535

chiral flavor symmetry is restored at
T>160 MeV

m,. ~ 200 MeV
no cont. extrap.
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Restoration of the axial symmetry

T < T, : broken chiral symmetry is reflected in the hadron spectrum

SU(2) LX SU(2) R
x5,con L 52 q- ~6:4q9 Xcon+xdisc
(fo)
uQ1) , ' u(1),
Xcon EI = ~Mn: E|Y5¢| X5,con” X 5,disc
(ao) SU(2) Lx SU(2) g

T > T : SU(2) x SU(2)r restored
== X5,con = Xcon T Xdisc
U(1)a restored = X5,con = Xcon
& Xdise =0 & Xrn(x) — x5(x) = 07
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U(1)A remains broken

i T [MeV]
_ : T = 139-195 MeV
the difference of the scalar (9) il Z f I SRR T ﬁg
[
and pseudo-scalar(m)drops by % 5 B90gg000°° 3 % 159
an order of magnitude but stays & % ? i 1 R ? % v 1 168
non-zero T 10?2} {7 v{y %
i i i trift i 186
%MWMH
1073 b :
0 2 4 6 8 14
above Tc (but still for m>0): %
240 r
Xdisc/T2+
X7 — X8  Xdisc _ Xb5,disc >0 200 | ¢ o 4o /T2 —
T2 T2 T2 w| 3 T ia
thermodynamics with domain wall fermions 120 1 g
hotQCD, arXiv:1205.3535 A L ;
]
nonetheless, chiral limit remains controversial i R SRS LS ET ) .
S. Aoki et al., PR D86 (2012) 114512 ol T b
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Lattice QCD at non-zero baryon number density
p >0

THE PROBLEM in QCD Thermodynamics

partition function again:
Z(Va Ta ﬂ) :/ DAD’QDD’QB e"/;M(A’man)"P e_SG’

/

= [ DAdetM (A, mg, 1) eS¢

p >0
The fermion determinant - is no longer positive definite
standard simulation techniques fail

detM (A, mq, p) = e*?(1) [ det M (A, mg, p)

F. Karsch, Schleching 2016 17




Lattice QCD at non-zero baryon number density
— the infamous sign problem —

partition function:

staggered
fermion matrix:

Z(V,T,pn) =/ DA detM (A, mg, 1) eS¢
1 3
M(p) = mgdi; + 5’7i(Z(Ui,k5i,j—fc - U:—I%,k(s’i,j-l-fc
k=1
+ et U; 00

o —e kUl 5 A
i,j—0 — € Ui—o,odz,a—kﬂ)

3
=mg-1+ ) D;+ Do()

=1

e 0]
mgy Deo e
D, myg 0
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Lattice QCD at non-zero baryon number density
— the infamous sign problem —

schematic: e 0

Mg
. Mg
NJU ~
W& Yito,0

~

O
0
O
D

— ~ meeniy B N N N N N B N B N N BN B BN B B N B BN N N NI

~

~
~

P S V1 T ‘6 E
e Ui—ﬁ,O ~~‘ Doe 1 mq 0]
Mg :
p=0: D is anti-hermitian D has even-odd structure
==> eigenvalues are purely imaginary == gigenvalues come in pairs: £\
mmmp det M 2 0
“2 > 0: D is no-longer anti-hermitian

— eigenvalues are no longer purely imaginary

m—p detM = e'’|detM| SIGN problem!!

p,z <0: D is anti-hermitian
== eigenvalues are purely imaginary
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Probing the properties of matter through the analysis
of conserved charge fluctuations

P
Taylor expansion of the QCD pressure: Ta = 1o, 1S)
/ oo ™
Z BQS( ) /’I’Q I’l’S
v]vkv Xijk T T
\_ 1,7,k=0 )

cumulants of net-charge fluctuations and correlations:

XBQS 8z'-|—j+kP/T4
k _ ~ ~ 1] ~
“ Op; 0 Ok

»B,Q,s=0

the pressure in hadron resonance gas (HRG) models:

[%= S mzhTmvie+ Y anL(T,V,u)J

meEmeson meEbaryon

~ e~ MH/T(Bup+Spus+Quq)/T

F. Karsch, NNPSS 2017
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Equation of state of (2+1)-flavor QCD: up/T > 0

S Bos py (HB)' (Ha)’ (Hs)
il 'k'x"’ﬂ”“ ) \1) \T

1,7,k=0

the simplest case: us = pug = 0

P(T, up P(T, 2B B\’ f B\" 6
Tpe) L T X ) (’;) g X (“T) + O((us/T)°)

10

cosh(x)-1 ——

An O((np/T)*) expansion is x212+x*124+x8/720
exact in a QGP up to O(g?) x2/2+x4/22/421 —
2o ——

HRG vs. QCD:

O((np/T)*) :difference is less
than 3% at up /T = 2

O((nr/T)%) :difference is less —
than 2% at up /T = 3 0 0.5 1 15 2 2.5 3

F. Karsch, NNPSS 2017 21
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Equation of state of (2+1)-flavor QCD: pup/T > 0

A(T,pp) P(T,ps)— P(T,0) x3 (MB)z 1+ 1 x7 (HB>2
- s B

T4 T4 2 \ T 12x8 \ T
variance of net-baryon
number distribution kurtosis*variance
fits: A. Bazavov et al. (Bielefeld-BNL-CCNU) 2
arXiv:1701.04325 RBO
data are updated: B
0.35 Bielefeld-BNL-CCNU preliminary |
B
B free quark gas X4/X2 HRG
0.3 [ X2 T 1 & .
&
0.95 [ - @(IA ] ? cont. estimate
E PDG-HRG — 0.8 1 Ni=6 +A-
0.2 continuum extrap. Il - 8
N=6 A 0.6 + 12 @
0.15 | 8 i
12 @ 0.4 ]
0.1 | 16 K 1 m/m=20 (open) Tir
m¢/m=20 (open) 0.2 27 (filled)
0.05 | 27 (filled) - <1 =14
ol | | T [MeV] o | | | T MevV]
140 160 180 200 220 240 260 280 130 140 150 160 170 180 190 200

— leading and next-to-leading order corrections agree well with HRG for T<150 MeV
— already in the crossover region deviations from HRG can reach ~40% for T~165 MeV
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Equation of state of (2+1)-flavor QCD: pup/T > 0

A(T,pp)  P(T,pp) — P(T,0) X7 <u3>2 1ot Xy (uB>2
T4 T4 2 \ T 12x8 \ T

n 1 xg <HB>6

T

720 B

B — non-int. limit

|1 =

t

4 &

3p/T* o

=

g/T4 IR 1 =

i 1

3s/4T3 1 =

T [MeV]
0IIIIIIIIIIIIIIIIIIIIIIIIII

130 170 210 250 290 330 370 140 160 180 200 220 240 260 280

T [MeV]

—=> The EoS is well controlled for pp/T < 2
or equivalently v/snn = 20 GeV

F. Karsch, NNPSS 2017
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Searching for a critical pointat gz > 0

Does it exist?

Quark-Gluon Plasma

Temperature (MeV)
2

Point?

50 Color

Nuclear
Vacuum Matter Superconductor
| I T W N W S T \H |

i i 1 I i 1 i i i 1
0 200 400 600 800 1000 1200 1400 1600

Baryon Chemical Potential - u,(MeV)

— signatures for a critical point: large fluctuations in e.g. the net baryon-number

break-down of Taylor series expansion — radius of
convergence
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Chiral transition, hadronization and freeze-out

— pseudo-critical temperature T, = 154(9)MeV
— hadronization temperatures Ty, = 164(3) MeV
— freeze-out temperatures: Ty, = 156(3) MeV
Tto = [164(5) — 168(4)] MeV

170 1 1
wi | hadronizati
165 1 I P
160 - . - . . .
physics is quite different
= 155 § at lower and upper end
= ESTAR of the current error bar
JE 150 T'-ALIGE \ 7 on TC
= 4 [@Becatini etal. . | probed with net-charge
correlationsé&fluctuations
140 lines of constant P = T
E B
135 8 4
crossover lines — L [MeV]
13{] 1 1 1 1 1 1 1 1

0 30 100 150 200 250 300 350 400 450

crossover transition lines:
G. Endrodi et al., arXiv:1102.1356, O. Kaczmarek et al., arXiv:1011.31.30
C. Bonati et al., arXiv:1507.03571, P. Cea et al., arXiv:1403.0821
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HRG vs. QCD
net baryon-number fluctuations

[ MB/T >0 ] for simplicity: ng = s =0

B B, 1 p(HB ’ 1 p(uB : 6
Xz(Ta.UB):X2 +§X4 ? ‘I'ins ? _l_O(IJ’B)

- agreement between HRG and QCD will start to deteriorate for T>150 MeV
- net baryon-number fluctuations in QCD always smaller than in HRG for

T>150 MeV
40 I I I I I I 40 I I I I I I
35  XBTuE(T0) T=140 MeV 15  XBTusET0) T=150 MeV
301 3.0
i HRG = i HRG ==
T=140 MeV, O(ug) T=150 MeV, O(pg) N
2.5 _ o 2.5 _ o
2.0 | 20
15 15
Mp/T
1.0 1.0 ' ' ' ‘
0.0 0.5 1.0 15 20 00 0.5 1.0 15 2.0
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HRG vs. QCD
net baryon-number fluctuations

[ MB/T >0 ] for simplicity: ng = s =0

B B, 1 p(HB ’ 1 p(uB : 6
Xz(Ta.UB):X2 +§X4 ? +iX6 ? +O(IJ’B)

- agreement between HRG and QCD will start to deteriorate for T>150 MeV

- net baryon-number fluctuations in QCD always smaller than in HRG for
T>150 MeV

40 ! | ! | ! !
: B B _
no evidence for enhanced 35 | Xa(THe)a(T0) T=150 MeV
net baryon-number fluctuations -
for 30
i HRG ==
T > 135MeV , up < 2T o5l TISOMeOLH W
T O(ug)
2.0+
no evidence for getting closer
to a "critical region" 157
I Mp/T
10 | | | I
0.0 0.5 1.0 15 2.0
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Taylor expansion of the pressure and critical point

4 N
estimator for the radius of convergence:

_ pB "
ﬁ Z _X" (?)
J A\

for simplicity : g = ps = 0 (.UB)X _ ox_ n(n — 1)x5
crit,n " \

T : XE-|-2
\_ J
— radius of convergence corresponds

to a critical point only, iff

Xn > 0 for all n > ng

If not:_ forces P/T4 and XTEE (T, pB)

— radius of convergence _ _ |
| T
does not determine to be monotonically growing with s/

the critical point I
B(T
— Taylor expansion can not be at Top : KBO% = X‘;( » HB) > 1
iti | X2 (T, pB)
used close to the critical point 2
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estimates/constraints on critical point location

6 i . Fodor, .Hatz_.ED{M ® . .
[ Datta et al., 2016 &
5¢ D'Elia et al., 2016, r¥ & -
5 [ this work: lower bound for rf W A
Gm | estimator rk
=4
s |
S
53|
E
82|
xe |
1T distavored region for the
location of a critical point
ﬂ [ . v . . 1 . " . . 1 . . . : 1 . x . . 1 .
135 140 145 150 155
T [MeV]

01/01/17:

based on ongoing calculations of 6™ order Taylor expansion

coefficients performed by the Bielefeld-BNL-CCNU collaboration
A. Bazavov et al., arXiv:1701.04325
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estimates/constraints on critical point location

6 i . Fodor, .Hatz_.‘zﬂ{}d- ®
[ Datta et al., 2016 &
5t D'Elia et al., 2016, r¥ &
5 [ this work: lower bound for rf W A
Gm | estimator rk
=4
s |
S
53|
E |
82
S
1T disfavored region for the
[ location of a critical point
ﬂ [ 1 . . . . 1 . . . . 1 . . . . . . . 1 .
135 140 145 150 155
T [MeV]
strongly disvavored
01/01/17: as
based on ongoing calculations of 6™ order Taylor expansion X? <0

coefficients performed by the Bielefeld-BNL-CCNU collaboration
A. Bazavov et al., arXiv:1701.04325
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estimates/constraints on critical point location

not accessible
in BES@RHIC 8 .
collider mode ; Fodor, Katz, 2004 @
i Datta et al., 2016 ©
5t D'Elia et al., 2016, r¥ &
l: [ this work: lower bound for rﬁ* N F 3
Gm | estimator rk
= 4
S |
S
A
E |
82
S
1T disfavored region for the
[ location of a critical point
ﬂ [ 1 . . . . 1 . . . . 1 . . . . . . . 1 .
135 140 145 150 155
T [MeV]
strongly disvavored
01/01/17: as
based on ongoing calculations of 6™ order Taylor expansion X? <0

coefficients performed by the Bielefeld-BNL-CCNU collaboration
A. Bazavov et al., arXiv:1701.04325
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Explore the structure of matter close to the QCD transition
temperature using fluctuations of conserved charges

[ baryon number, strangeness, electric charge ]

High T: ideal gas l Low T: HRG l

hadron resonance gas

in r char
baryon number. B= +/- 1/3 baryon number: B= +/-1
electric charge: Q= +/- 1/3, +/- 2/3 electric charge: Q=0=+/-1, +/- 2
strangeness: S=0,+/-1 strangeness: S=0,+/-1,+/-2,+/-3

F. Karsch, NNPSS 2017
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Correlations and Fluctuations of conserved charges

— construct QCD observables that would project onto specific quantum numbers,
if QCD = HRG

— obtain fluctuations of quantum numbers and correlations between them from
the grand canonical potential (~pressure)

P
—i =M Z(T,V, 5, s s )

charge fluctuations charge correlations:
X = 0" In Z(T,V,..ux..) o — Ot In Z(T,V,..ux, by -.)

" Ou'y 0 XY Ouy Opy o
n=2: x3 = (X? —(X)? n=m=1: x33¥ =(XY) —(X){Y)
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Net baryon-number fluctuations

ratio of 4™ and 2™ order cumulants:

cont. est.
N,c=6 il
8 ik

m¢/m,=20 (open)
27 (filled)

free quark gas

O | . | . | . | . | . | . |

140 160 180 200 220 240 260 280
T [MeV]

BNL-Bielefeld-CCNU:
Phys. Rev. Lett. 111, 082301 (2013)
Phys. Lett. B737, 210 (2014)
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Net baryon-number fluctuations

ratio of 4™ and 2™ order cumulants:

cont. est.
N,c=6 il

* s M
i\ _
m¢/m,=20 (open)

27 (filled)

appearance of :
fractional charges '

ES ey free quark gas ]

B EN

140 160 180 200 220 240 260 280

T [MeV]

BNL-Bielefeld-CCNU:
Phys. Rev. Lett. 111, 082301 (2013)
Phys. Lett. B737, 210 (2014)
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Net baryon-number fluctuations

ratio of 4™ and 2™ order cumulants:

cont. est.
N,c=6 il

* s M
i\ i
m¢/m,=20 (open)

27 (filled)

appearance of :
fractional charges '

ES ey free quark gas ]

I Er%

140 160 180 200 220 240 260 280
T [MeV]

transition temperature
BNL-Bielefeld-CCNU:

T = 154(9)MeV ~ 3 x 10'2 °C Phys. Rev. Lett. 111, 082301 (2013)
Phys. Lett. B737, 210 (2014)
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Ratio of baryon number — strangeness correlation and
net strangeness fluctuations

"non-inter. quark gas -

4 ‘Q@ mg/m=20, N =12 |

8

6

mg/m=27, N =12
8
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16

PDG-HRG
QM-HRG

lattice sizes:
(4N.)® x N, -

[ f<«rme IO

T [MeV]

140

160 180 200 220 240

+ evidence for experimentally

not yet observed strange
baryons?

PDG-HRG: uses experimentally known hadron spectrum listed by the Particle Data Group
QM-HRG: uses additional hadrons predicted to exist in Quark Model calculations
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Probing the hadron spectrum using QCD thermodynamics

Littlcg QCI? f‘.'r’”;l. _ (Ptot — E :Ph e IOularklModeI

O -u- | '
- L h=all hadrons 22| == — == A[GeV] E |
T N g -/ By s ol JE—— ol
2L = E sEmm WEER
— .
strange o] -
. -l
| ol
baryons __
1.4 M.
( more \ 1ol experimentally established states =
Strangeness 1/2% 3/2* 5/2* 7/2% 9/2* 1/2° 3/2° 527 7/2
2.4 — —_—
— X [GeV]
- 20| "™ - E = —
=m - = =
. -
\Iarger fluct.j 2 B2 T -
1.8 e e e
s - .
16 f
14 | ol
f 12 o experimentally established states =
S 5 3" E 5 E T — 13_ E ;_ 5 z_ 5 z_ 12" 312t 512* 712" 9ro” P
- > = 3 — = = - .
R. Edwards et.al., Phys. Rev D87, 054506 (2013) S. Capstick, N. Isgur, Phys. Rev. D34, 2809 (1986)
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Probing the hadron spectrum using QCD thermodynamics

4 N\
Lattice QCD Ptot — E Ph, — IQulark MOdeI.

L h=all hadrons - Ac [GeV]_ — -
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216 = e 1 : — - EEE g
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L T T S > SR - & Y T S _ 1/2" 3/2" 5/2" 7/2" 9/2M11/2" 1/2° 3/2° 5/2° 7/2" 9/2°
M. Padmanath et.al., arXiv:1311.4806 D. Ebert et. al., Eur. Phys. J. C66, 197 (2010),

Phys. Rev. D84, 014025 (2011)
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Correlations and Fluctuations: HRG vs. LQCD

— construct QCD observables that would project onto specific quantum numbers,
if QCD = HRG

E.g.: HRG pressure:

P

= = Y WmZE(T,V,uw)+ > Wzl (T,V,p)

meEmesons meEbaryons

HRG charmed-charged-baryon density:
0*In ZJ (T,V, 1)
BQC Z m 9 Vo

X211 _= 2
/me"?c— Onpdnqdpc p=0 Ac [GeV]
baryons ———— —

sum "knows" about spectrum

+ Il OM-HRG

B OM-HRG-3
B PDG-HRG

experimentally established states ll

1/2* 3/2* 5/2* 7/2* 9/2* 1/27 3/2° 5/2° 7/2° 9/2°11/2
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Evidence for many charmed baryons in thermodynamics

. close to Tc charmed baryon fluctuations
" are about 50% larger than expected in a

[
m ™ - HRG based on known charmed baryon

QM-HRG-3 |
QM-HRG — | resonances (PDG-HRG)
. PDG-HRG - - |
0.5 | B9C)(,QC_,BAC non-int. i
iz s e ) quarks all charmed baryons/mesons

| €= charged charmed baryons/mesons

L strange charmed baryons/mesons
LT :/

L8 6 including resonances predicted in quark model
K i

BSC,,. SC _BSC
| -X112 /(X913 X112 )

0.7

05 M - s B calculations and observed in lattice QCD
“““““““““““““““ L. T calculations allows for a HRG model (QM-HRG)
03 L7 7 T T[I\feVI] - description of lattice QCD results on conserved
140 150 160 170 180 190 200 210 charge fluctuations and correlations

A. Bazavov et al., Phys.Lett. B737 (2014) 210
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Evidence for many charmed baryons in thermodynamics

. close to Tc charmed baryon fluctuations

| 41371447413 g " are about 50% larger than expected in a
'QM e . HRG based on knoy :
- b r nan Pld :
QM-HRG — esonances { observation of
. PDG-HRG - - 5 new charmed baryons
R N N NN IR N B by LHCb
B0C.. OC BOC int ) arXiv:1703.04639
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03 L7 ? T T[I\feVI] - description of lattice QCD results on conserved
140 150 160 170 180 190 200 210 charge fluctuations and correlations

A. Bazavov et al., Phys.Lett. B737 (2014) 210
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Thank you for your attention and the
many Iinterested/interesting questions

you asked during the lectures and the breaks

F. Karsch, NNPSS 2017
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