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Motivation: The QCD Phase diagram

What we know:

Key Questions:

At physical quark masses the QCD What is the nature of the QCD

transition iIs a smooth crossover.

The pseudo-critical transition
temperature i1s known:

T,. = 156.5 £+ 1.5 MeV
HotQCD: PLB 795 (2019) 15

Two possible scenarios:

Nf — 2 1st

physical order
Evs @ point ’
mtri CI’O§SOV€I‘
D
R4
m u’d !

Pisarski, Wilczek (1984)

transition in the chiral limit?

What are the important non-
universal parameters?

Does the scaling window reaches
up to the physical point?

- Ny =2 Lst — 2nd order. O(4)
physical oreer — 2nd order. Z(2)
& @ point 1st order
5 CI’OSS’(’j‘VeI’ tri-critical
é\
1st.
order
© 0 M yd !

Philipsen, Pinke, PRD 93 (2016) 114507
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Overview

Plan for this talk: (2+1)-flavor

Universal scaling behavior: Order parameter and scaling fields
= New methods to estimate the chiral transition temperature

Lattice setup: Discretization, update algorithm, scale setting, "
Results: Towards the chiral limit of (2+1)-flavor QCD

m 70 = 13277 MeV from chiral susceptibility
= Consistency with O(4) critical point in the chiral limit

HotQCD: 1903.04801

Similar study: 3-flavor
No direct evidence of first order transition for m, = 80 MeV

Upper limit for a critical Z(2) point: m, < 50 MeV A//

HotQCD: PRD 95 (2017) 074505

See also:

(2+1)-flavor: Scaling of conserved charge fluctuations
= Talk by Mugdha Sakar: Mo 15:20

3-flavor: Phase diagram of QCD with background magnetic field
= Talk by Akio Tomiya: Th 14:20
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Universal Scaling

Free energy:

Effective model O(4)/0(2)/Z(2):
(> 3 relevant scaling fields

t reduced temperature

h  reduced symmetry
breaking field

L1 inverse system size

Scaling hypotheses:

fs(t,h, L) = b~ f,(b¥*t, b¥"y, L~ b)

map QCD to the
effective model

+*—>

controlled by non-
universal parameter:

to,ho,lo
TC1H C

(2+1)-flavor QCD:

t =

-
1 (T—Tc)
to \ T,
1
h= —(H! H.), H =
ho

[ = loL_l

-

mg

Here we aim on the determination of these parameter

So far no evidence for H . =

c
l>0
m

We assume H. =0 anddetermine Tg ! T
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Universal Scaling

The order parameter: RG invariant combination of light and strange chiral condensate
| f M =2 (m, ($3), — mu (P9),) / fi
L with (P9), = (@), + (P) ) /2
' use fx =156 .1(9)/ 2 MeV
The susceptibility: RG-invariant chiral susceptibility
921 XM = Ms(@My +IMg)M |m = m
SH 2 =ms (msxa! 2(Pp) | dmyuxeu) /i
with Xfg = Om, (Y1),
and  X: = 2 (Xwu + Xud)

XM |

Scaling functions and scaling variables: Ciritical pointat (Z,z. ) = (0, 0)

M = h'/° fa(z, zL) + foun(T, H, L) 7)= tih 89
. - zp= lo/(Lh' /%)
Xm = hg hl/é—lfx(z, zr) + fsun (T, H, L) 4
Known from the J k Contains corrections to Two scaling
effective model scaling and regular terms ~  variables
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Determination of 7°) — two new estimators

Peak of f1 (z,zL) is often used to 0.40 ! o
determine T. The peak is located 035 | f1 (z,0) |
at z = zp(zL). 0.30 |
| N 0.25 |

Zp determines pseudo critical T}, 00 | 18

zo (21 | 0.8 1 ., (2)/fx(2)
Tp(H, L) p— TcO (1 -+ p( )Hl/'85> 0.15 0.6 - XEe

ZO 0.4
+ sub leading 0-10 0o | 1P
L Z

' mass dependence rather steep 005 z = t/h VB 00 055 05 1 15 2
! define a new pseudo critical T 000 | 1 0 . ) 2

Consider observablesat z ~ 0

H!'y (Ts,H) 1 | | | .
= — + Ratio of scaling functions: Karsch, Laermann, PRD 50 (1994)

M (Ts, H) 15 receives only contributions from regular terms and
finite volume corrections
> XM (Teo, H) = 0.6x,,° ! zg values are rather small, | Ze0%
. O(2) | 1.56 | -0.005
to define T1, Teo H depznden?e IS re_ducclzed by O(4) | 1.37| -0.013
two orders of magnitude : :
J Z(2) | 2.00] 0.10
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Lattice Setup

Use (2+1)-flavor of highly improved staggered quarks with degenerate light quark
masses (m., = my).

Strange quark mass is tuned to its physical value, scale was set by using the kaon
decay constant, for details see HotQCD PRD 90 (2014) 094503

The light quark mass has been varied in the range m; ! [ms/160, ms/20],
according to a Goldstone pion mass in the range 58 MeV < m, < 168 MeV

The gauge action is Symanzik improved at tree level.

Gauge configurations have been generated using a RHMC algorithm with a leapfrog
Integrator on three different time scales and Hasenbusch preconditioning.

At each temperature we performed simulations on lattices of size N >N - , for three
different values of N, =6, 8, 12.

The spacial lattice extent, N, = L/a, has been varied intherange 4! N, /N- | 8.
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Results on the chiral susceptibility ! v and Tg,
Mass dependence Volume dependence
700 - - 450 :
m /m, m,, [MeV] Ng 32 =
600 | 160 400 | No=40 o~ |
N,=56
500 | 140 —o- -
110 —o— 350 ¢
400 + 80 —A—
160 | 55 —v— 300
300 | P e %
Kﬁ ,/@'_"
200 | i P \:\s\ 250
© e
M e = EH-g =
100 | /e/é“ @y = E o—F- 200
@ ® T[MeV] T [MeV]
0 - 150
130 135 140 145 150 155 160 165 170 175 180 135 140 145 150 155 160 165 170

Increase in peak hight is consistent with
~ HY9~1 4 const.

max

X M

and ! I 4.8; however precise
determination not yet possible.

Black points indicate Tgo values, they
seem to saturate for H — 0.

! Improved estimator

Similar results for IN-

Christian Schmidt

Peak hight slightly decreases with
volume and seems to saturate

' no nearby first order transition

Te0 values increase with increasing
volume.

— 6,12
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Results ontheratio H! y /M and T,

1.0

0.9- '
0.8 !
07 |
0.6 !
0.5 !
0.4 |
0.3 !
0.2 !

0.1

125 130 135 140 145 150 155 160 165

Volume dependence

Hx/M 0
@
N =12 /
m/m=80 v /?
% N =48
?’ N,=60 O
z] Ng=72
=
— = 1/
SEUSSSSEREOUST Y TMevl

The intercepts with the horizontal line
(constant) at 1/ defines Ts.

Fine volume corrections are small, T;
Increases with increasing volume.

Similar results for all masses and lattice
spacings.

Christian Schmidt

Volume and continuum extrapolation
150

0.000 0.005 0.010 0.015 0.020

Two different volume extrapolations:

» 0O(4) finite size scaling functions.
Engels, Karsch, PRD 90 (2014) 014501

Can be parametrlzed by
2y (zL) ~ 22

Good if singular part dominates.
» Regularterm ! 1/V .

Difference between these extrapolations
IS accounted for in our systematics.
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Combined chiral and infinite volume extrapolation

Our fits show that the O(4)-scaling Ansatz 150 ¢ ' . ' ' i
: . . SR SN -- Sl m¢/m,=80 : filled
IS appropriate already at finite NV, . BT S ALT I _ .
. . 145 1 140 @127 MR
! Combined O(4) extrapolation plus e g T
leading order Infinite volume regular < 140 | q V7 l—e
term in H. L | 1/40 N=6 ~~m\®%
:. 135 — N 8 @~ 1/40
: : o _ 12 -
Continuum extrapolation by 1/N: N.Z6, 8, 12 g
L 1/4 I|'X
Difference of the continuum extrapolation 130 Jin=s, 12 '
w/ and w/o N - = 6 data is taken to be | [N-/Ng(mg/m)
- - 125 ' ' ' ' '
The finial number from all our fits: —e— (VI O(@); (2)al O; (3)m! 0
N,=6,8,12 P (LV!" |, Linear; (2)a! 0; (3)m! 0
0 __ +3
Tc — 132—6 MeV .'_._' AV & m! 0 combined O(4); (2)a! 0
o N (V" O(4): (2)a! 0; (3)m! 0
' First study of TCO which N,=8,12 P (V" | Linear: (2)a! 0; (3)m! 0
attempts to control all thr_ee i i (LV!"  &m! 0 combined O(4); (2)a! 0
limits: infinite volume, chiral 0 |
and continuum limit | | | T [MeV] Ifrom T$ (Sqlljares); from Tgq (Circles)
124 126 128 130 132 134 136 138
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Summary and Outlook

Summary:
Introduced two new estimators for T .
Presented the first study of TCO that controls all systematics.
T.is about 25 MeV smaller than the chiral crossover temperature Tpc.
Find that O(4)-scaling Ansatz works reasonably well.

Obtain within error the same results when taking chiral and
continuum extrapolations in different order

Outlook:

Comparison of the conventional pseudo critical temperature with
the two new estimators.

Further calculations at small H might help to be more confident
about the O(4) scaling and to investigate and/or investigate H ..
further.
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Implications for the critical end-point at ls > O

Scaling arguments and model calculations
suggests a hierarchy of 4 important
temperature values in the QCD phase
diagram:

o
Tpc>TC >Ttri>Tcep

So far we have determined the first two:
T,. = 156.5 1.5 MeV > T° = 132, MeV

T? = 1327, MeV can thus be seen as an

upper boundary for the temperature of a
possible critical end-point Tcep.
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Is there a finite H . ?

0.10

0.08

0.06

0.04

0.02

0.00

25 8090 110 140 160 55 8090 110 140 160 m, [MeV]
T T T T T T T T T T T T /i'_ 0_30
M/XM ’ M/XM @OGxﬂaLG* s’ //”
_ - 7 4025
solid : N.=6 ) /.
open : N_=8 - 0.20
half-filled : N_=12
- 1 0.15
I ) colored : O(N) 1010
I @ black solid : Z(2)@H,=1/120
_ 10.05
= s black dashed : Z(2)@H,=1/240
g 0L W A N Q 0L O A N 000
JOBE JORRE @ mims

A finite H.would require that the ratio M/ xu drops to zero already at some finite
value H = H.. Unlikely for m, > 55 MeV.

f(;'(Z)

. .M
Z(2) lines are schematic.: — = (H — Hc)—=

XM

fx(2)

magnetization like directions is neglected.

Need more data at small H.

, @ mixing of temperature and

Need to investigate further the U 4(1) restoration temperature.
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Comparison with the conventional estimator for T,

Mass extrapolation of T, and T,
160 | | |

@ Conventional methods leads to slightly
higher values for T, . 156

® No infinite volume extrapolation for 150
H =1 /27 yet. This might help to reduce 45

the tension between the two extrapolations. 120

@ Additional data at small H needed. 135

. . . 130
@ The stability of the new estimator is

evident. 125

0 0.01 0.02 0.03 0.04
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