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Crossover transition temperature T,
In the real world

¢ Crossover nature of the transition

pc-
inflection point

(i)

u,d,s

u,d,s

Tpc:
peak location

¢ Chiral phase transition: most likely 2nd order, 3d O(4)

Ejiri et al., PRD 80(2009)094505,
HTD et al. [HotQCD], arXiv:1903.04801...

¢ A well-defined chiral crossover transition temperature:
based on scaling properties of QCD 15 p tegde, 0. kaczmarek et al.

[HotQCD], 123 (2019) 062002
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Scaling behavior of chiral observables

chiral condensate: (T, ug) ~ m!/° Jc

chiral susceptibility: x*(T, ug) ~ m*/°~t f,
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Scaling behavior of chiral observables

chiral condensate: (T, ug) ~ m!/° Jc
chiral susceptibility: x=(T, ug) ~ m/°~1 f,

Taylor expansions:

(T, pux) = i Cénn()T,) (%X)% X(T, px) = i %ﬁ) (Mji()%

n=0 n=0
0.4

0.35 |

0.3

0.25 |

0.2

0.15 |

0.1

0.05 |

0

3 =2 4 0o 1 2 3
2~ (T = T0)/T0 + K(up/T)?) jm?



Scaling behavior of chiral observables

chiral condensate: (T, ug) ~ m!/° Jc

chiral susceptibility: x*(T, ug) ~ m*/°~t f,

Taylor expansions:

Z(Tv :LLX) —

aTXZ (T)
orCy(T) ~
Cy (T)

07.Cy (T)
OrC5 (T)

~

> ()

n=0

ml/é—l—l/@éf;((z)

m!/ 07 fG(2)

X(T, px) = f: Con(T) (Mx)2n
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Well-defined notation of chiral crossover transition temperature

0.4

0.35 | Orx>(T)
oas| OrCY(T) ~ !PTV (o)
0.2 | Cy (T)
0.15 |
041 |
07Cq' (T)
0.05 | : N 1/6—2/B86 g1

w

-3 -2 -1 0 1 2
2~ (T = T9)/T0 + K (uup/T)?) /ms

¢ 5 conditions to extract Tc: maxima of fx and f'g
orx(T)=0 OrCY(T)=0 CX(T)=0 GBCHT)=0 9;CH(T) =0
¢ m=0: all these susceptibilities diverge at a unique T

¢ m=/=0: non-unique temperatures, crossover
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QCD transition with my; =140 MeV at pg=0

170 ——+—
- T.(0) [MeV]
I >
| X~
| Cy =
160 | : Cy
| ; % . oy
155 i % (156.5 T 1.5) MeV m |
| 1/N?
150 | | | | |
N N N N
g s 2

A. Bazavov, HTD, P. Hegde et al. [HotQCD], Phys. Lett. B795 (2019) 15
Higher precision in the continuum limit:

Toc =156.5(1.5)MeV

Previous results: Tpc =155(9) MeV, [HotQCD] PRL 113(2014)082001
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Order Parameter Susceptibility at ug=/=0

100 — | | ' ' | 0.6 : :
/f4 .
Kdisc! Tk Xdisc( Tc(Ug) 1)/ Agisc(To:0) - 1
) Ug = 0.0 MeV -
80 | f : 1250 MeV - | 0.4 |
200.0 MeV _
0.2
60 | _
———
0
40 |
021 owd Ne=0, Ney/Np=
. S=Y, Q/nB—O.4
Ne=0, nA/ng=0.4 N. =8, O 6
20 | S Q''B T (Lp) 1 o4l O(“é -
oL TMev] oe O wgMev)
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A. Bazavov, HTD, P. Hegde et al. [HotQCD], Phys. Lett. B795 (2019) 15

No indication of a stronger transition at larger us

300
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Crossover, line of constant physics & freeze-out

1) =10 (1= () = () -0 (42)')

T
175 i I i I i I i I i I i I i I i I .
170 | Le [MeV] crossover line: O(u4) = | curvature of crossover line
] constant: € |
1o 1 f ¢ STAR -
a reeze-out. HH _ 1
160 | ALICE . - ko = 0.0123 &= 0.003
155 P : k4 = 0.000131 & 0.0041
150 | ¢ L
MO ns =0, 12 =04 : + curvature at constant b:
140 * 1
0 : UB [MGV]
135 T

D U——— Y — b _
0 50 100 150 200 250 300 350 400 0.-006 < k5 <0.012, b= Pe,s

A. Bazavov, HTD, P. Hegde et al. [HotQCD], Bielefeld-BNL-CCNU, PRD95 (2017) no.5, 054504
Phys. Lett. B795 (2019) 15
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Radius of convergence

®.@,

. P &1 4 up\"
Taylor expansion of the pressure: =1 = EO: X (T)(7)
radius of convergence = lim X% = lim X",
n— 0o n— 0o
wa _ |2n(2n — 1)xg, |1/ b | @)X /2
Ton = B Fopn—2 = B
X2n+2 ) Xon

The Radius of Convergence corresponds to a critical point
only if all n >0 for all n>ng

This forces P/T4 and x., , grows monotonically with pg/T
(ko?)p = Xfu/xiu > 1

Otherwise: 1) the ROC does not determine a critical point
2) Taylor expansion is not applicable near the critical point
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Estimates of the radius of convergence

radius of convergence = lim 73, =

8 —————————————————————
[ Fodor, Katz, 2004 @ ) j
j Datta et al., 2016 ©
5 D'Elia et al., 2016, r} &
| this work: lower bound for rk I A
om | estimator r}
34 [
S |
Sql
A
E
o2 Ff
e |
1F & ,
- disfavored region for the
location of a critical point
0 ......................

lim 5
n— 00 X2n—|—2

2n(2n — 1)x2 |1/2

HISQ + Taylor Exp. (this work):
Nf=2+1, Nt=8
Bielefeld-BNL-CCNU,
PRD 95 (2017) no.5, 054504

stout + Img. mu:
Nf=2+1,Nt=8
D’Elia et al., PRD 95 (2017) 094503

unimproved staggered + Taylor Exp.:
Nf=2, Nt=4,6,8
Datta et al., PRD 95 (2017) 054512

unimproved staggered + Reweighting:
Nf=2+1, Nt=4
Fodor and Katz, JHEP 0404 (2004) 050

A QCD critical point is disfavored at pg/T=s 2 at

12135 MeV

A. Bazavov, HTD et al., [Bielefeld-BNL-CCNU], Phys.Rev. D95 (2017) no.5, 054504 1019



QCD phase diagram in the quark mass plane

Columbia plot:
0 N=2

oNd order

nd
2 " order Z(2)

O(4)

physical point ) N3

PURE

st |GAUGE

.-order

@ At physical point: cross over,
Tpc — 1565(1 5) MeV

HotQCD, arXiv:1812.08235

@ Ni=2(+1): Ua(1) remains broken at Txsg
mg P N=1 JLQCD "13,14,15, HotQCD "13,'14
o @ Critical lines of second order transition
c f _ ] Pisarski & Wilczek PRD 84
2nd order Nf=2: 0(4) unlversaHTy C|aSS Kogut & Sinclair, PRD ‘06
' . . . Karsch, Laermann,
Z(2) | Nf=3Z |Slng unlversallty class scomidipLe 04,...
My d

Towards the chiral limit;
§ Ni=2+1 QCD: m.'? m@hy
& Fundamental scale of QCD: chiral T0 ?

¢ Relation between chiral T, and Tcep
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QCD Phase Diagram

2nd order, O(4)

2nd order, Z(2)

1st order

crossover

chiral T is an upper
bound of Tcep

Y. Hatta & T. Ikeda Phys.Rev. D67 (2003) 014028

/ y,d M. A. Halasz, A. D. Jackson, R. E. Shrock, M. A. Stephanov,
A )M, Verbaarsohot. Phys. Fov. D 56 (1998) 096007
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Towards chiral limit of (2+1)-flavor QCD

°° Ni=2 PURE

cauce ¢ HISQ/tree action

m )
S 2" order 2" order 1St
0(4) Z(2) "',x'order N -~ ~
' ¢ Ni=2+1: Mu=mMg—0
Physicgl point _ P
L Ng=3 M Nt=6,8,12 Ms=Ms )

mtrI y Nf=1

& m"mi = 20, 27, 40, 60, 80,160
M ~160,140,110,90,80,55 MeV
R 4 or M 7>NgJ/Ni>4 & 5z2mqL =3

This allows us to perform
infinite volume, continuum and then chiral extrapolation!
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¢ Consistent with a continuous phase transition with O(N)
universality class in the chiral limit of m,

Quark mass and volume dependences of

chiral susceptibility
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Susceptibility increases as m|/o-1+const, here 6=4.8
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Peak height of susceptibility slightly changes with Volume
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Quark mass and volume dependences of
chiral susceptibility

M i mg/m,

m, [MeV]

¥ |
20 | 160 &
N ¥ ¥ 27140 ~o~ |
v 40 [110 —o—
) A ph—y 80| 80 ~&— -
y 2¢ Y. 160 55
% p/ N
A 0@ oo %
© S O
e@e@ © E E-o g
4 % gEEE‘ O
SRC T [MeV]

130 135 140 145 150 155 160 165 170 175 180

550

500 r
450 r
400 r
350 r
300 r
250 r
200 r

150

XM @ NS=48 -
Ng=60 O~
@ ¢ 9 N=72 o~ |
o
% @
7
[ & .
@ N‘E=12
@ m/m=80 .
T [MeV]

125 130 135 140 145 150 155 160 165 170

Susceptibility increases as m|/o-1+const, here 6=4.8

Peak height of susceptibility slightly changes with Volume

¢ Consistent with a continuous phase transition with O(N)
universality class in the chiral limit of m,
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A novel approach to estimate T¢

¢ Pseudo-critical temperature at H 0.40

0.35

Too(H) = T? (1 + H615>

0.30

0.25 |

1 T—-T1° (H\ Y 110 _
z:::zg 70 (fu)) = 20 70 H~1/80 0.20 |
0.15
¢ Estimate of the chiral transition T¢ 0.10 |
0.05
Hxm(15,H,L) 1 B 0.00
M(Ty,H,L) 0 H 2(15)=0
xm (Teo, H) = 0.6 Z(Te0)=0 Zp: peak location of the susceptibility
Zes0: location of 60% of peak height from left
[ small quark mass dependence 5 2 2
M small variations among Z(2) |4.805|2.00(5)| 0.10(1)
universality classes O(2)|4.780]1.58(4) |-0.005(9)
O(4)]4.824(1.37(3)]-0.013(7)
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Things need to be taken care of

e [hermodynamic limit

e Continuum limit . Q}

e Chiral limit

€<— aNg —m

Tx(H,L) =T (1 n <ZX(ZL)> H1/55> 4oy [L1/0H1/85

<0

Singular Regular

X=60,0
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Chiral phase transition temperature: T(? — 132J_r2 MeV

o (1)Voee, O(4); (2)a—0; (3)m—0
N.=6,8,12 — @ B (1)V—oo, Linear; (2)a—0; (3)m—0
oy (1)V—00 & m—0 combined O(4); (2)a—0
P (1)V—00, O(4); (2)a—0; (3)m—0
N, =8,12 | ®— & (1)Vo, Linear; (2)a—0; (3)m—0
ey S (1)V—0c0 & m—0 combined O(4); (2)a—0
TO [I\/IeV] from TS (Squares) from Tg, (Circles)

124 126 128 130 132 134 136 138

HTD, P. Hegde, O. Kaczmarek et al.[HotQCD], arXiv:1903.04801, PRL 123 (2019) 062002

¢ Teo and Ts give consistent results
¢ About 25 MeV lower than Ty at the physical point!
¢ Indication of Tcep = 132 MeV
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Expansion coefficients of net electric charge fluctuations
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XBQ To !
n2 xngM Al
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N,=8 Xa2 "
T= BQ
Xa2 O
I
" HotQCD W
L preliminary | | T [MeV]

X2(T,up) = x22(T) +

BOS __ _BOS
Xiik = Xijk

T-T 0 [ UB\?
T

T

C

(T)

| BO
57522

1

~ JP(T,p)/T*

NGOy

T

(T)As

+ 5 tas (T + 6 ()

¢ In the scaling regime, two derivatives wrts ps < one derivative wrt T

¢ Irregular sign change seen at 1>1Tpc IN X5

BQ

¢ Irregular sign change expected at Tz 135 MeV in >

More support for Tcep < Tc°
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Conclusions

A chiral crossover temperature is determined with
better precision, i.e. Tpec = 156.5(1.5) MeV, while chiral
phase transition temperature Is determined to be about
25 MeV smaller, i.e. T." = 13272 MeV

A Negative 6th order cumulants, radius of convergence

and the low chiral phase transition

- suggests that a

possible existing critical end point can only be found at

TCEp <135 MeV
15914 |

Thanks for your attention!
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Ts: Infinite V limit = continuum limit = chiral limit

Volume scaling fit at a fixed quark mass H

i \HHH\HHHI\I\IIIIIIIIIIIIIIIIIII
135 - N =6, 8. 12 NT=8 - _
HA s, o7
N =8, 12
130 - ’
| 3
| (NN,
105 L —

0.000 0.005 0.010 0.015 0.020

Ts(H,V,a) [MeV] Ts(H,V,a) [MeV]
with Nt=6,8&12 with Nt=8&12

V—o, a—0, H=1/80 133.8(4) | 131.4(8)
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Ts: Infinite V limit = continuum limit = chiral limit

Volume scaling fit at a fixed quark mass H

S
(O] I
>
._U.O I \HHH\\IHHI\I\IIIIIIIIIIIIIIIIIII |—E—|
— 135 _ N.=6, 8, 12 - o _
M s, .
N =8, 12
130 - ’
| 3
| (NN,
125 L —

0.000 0.005 0.010 0.015 0.020
Ts(H,V,a) [MeV] Ts(H,V,a) [MeV]
with Nt=6,8&12 with Nt=8&12

V-, a—0, H=1/80 133.8(4) 131.4(8)
V-0, a—0, H=1/40 136.9(5) 135.5(8)
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Ts: Infinite V limit = continuum limit = chiral limit

Volume scaling fit at a fixed quark mass H

S
(O] I
>
._U.O I \H\\IH\\|\H\|\|\||||||||||||||IIIII |—E—|
— 135 _ N.=6, 8, 12 - o _
M s, .
N =8, 12
130 - ’
| 3
| (NN,
125 L —

0.000 0.005 0.010 0.015 0.020

Ts(H,V,a) [MeV] Ts(H,V,a) [MeV]
with Nt=6,8&12 with Nt=8&12
V-0, 3a—0, H=1/80 133.8(4) 131.4(8)
Voo, a—0, H=1/40 KGRI 135.5(8)

Voo, a—=0, H=0 132.8(1.4) = 130.6(2.4)

21/19



Ts [MeV]

Ts: Infinite V Iimit = chiral limit = continuum limit
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Joint volume scaling fit with all quark masses

Ts(H,V,a) [MeV]

V-0, H—0, a—0

Nt=6,8&12

132.9(6)

Nt=8&12

128.6(1.1)

Voo, a—0, H—0

132.8(1.4)

130.6(2.4)
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Chiral and continuum limits are Interchangeable
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chiral phase transition and universal scaling

Behavior of the free energy close to critical lines
—t/h1/Bd

f(m,T)=h1+1/6 fS( ) ,

h: external field, t: reduced temperature, [3,0: universa

critical exponents

fs(z): universal scaling function, O(N) etc. e 1 m - | T-T.
Magnetic Equation of State (MEoS): __(Qofms ) (g
hl/o 1 d
M= -0fs(t,h)/0H = hl/(st(Z) M = OM/OH = H 3 (fG(Z) — % fgiz)
20t ];G(Z]) | 0.40 ;
04) 0.35
1.5 F 0(2) 0.30 +
0.25 ¢
1.0 0.20 + O(2)
0.15 ¢
05 L 0.10 |
83 0.05 F
z=t/h"/ . 2
00 C)'00-5-4-3-2-1012345

5 4 -3 -2-1 01 2 3 4 5

)
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Chiral phase transition temperature T.

M = —df,(t,h)/OH = h'/° fa(2)

B Rt 1 z dfa(2)
xu = OM/OH = == 5 (fG<Z>‘ 5 dz )
. 10 —m
| Hoyp /M '
HXu/M = 1/0 @ T 0.9 [ M p o=
0.8 +
07 [ Net2 %
H: mi/ms o6 ;
M: chiral condensate 05 | e
Xwm: chiral susceptibility 0.4 | ] Ne=72 -
0.3 ‘ B @
I = 1/0
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Consistency of QCD chiral phase transition with
O(N) universality class
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