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Introduction?

@ In QCD, transition for physical quark masses and vanishing or small baryon density is a
crossover.

@ T, for physical mass QCD has been determined with very good accuracy from various
observables : T, (up = 0) = 156.5 + 1.5 MeV [HotQCD; PLB 795 15 (2019)].

@ Important question : How do singular terms of the chiral phase transition at vanishing
quark mass affect observables at physical values of the quark mass? = How far the
physical regime is from chiral limit w.r.t. scaling window?

e Key question : What is the chiral transition temperature, 77
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Introduction?
e Key question : What is the chiral transition temperature, 77

@ Possibly another question : What is the nature of the thermal phase transition in the
chiral limit?

e Two pOSSib|e scenarios : [O. Philipsen and C. Pinke. Phys. Rev. D93, 114507, 2016.]
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Overview

© Scaling analysis : basic definitions and some insights
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Basic quantities

In terms of temperature T and symmetry breaking field H = m;/m; the scaling variables are

defined as : 0
1T-T 1 my 1
t = — ¢ d h - 7 =
to TCO an ho m ho
Scaling variable :
1
t T—1T0 1 hy°
z = = Z 5 zZ0 =
pos O\ T ) \HUE ) T
- TOolnZz
Chiral condensate ==
iral condensate () ¢ vV om;
Chiral susceptibility : /9 = —— (¢

omyg
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Scaling relations

Renormalization group invariant (RGI) definition of order parameter :

ms
Tk
RGI definition of order parameter susceptibility :

T o 0
= — s R — R — M
X = gym <8mu + 8md)

M =

- Du T <w>s) =at
K

s

( () + (B5)a)

Close to chiral limit, singular part behaves as :

M = ' fa(z)
1 _
M = %h1/5 1fX(Z)

fa(z) and fy(z) are universal scaling functions which have been
precisely determined from various spin models.
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Different estimators for pseudo-critical temperature

1 /T-T° up\ 2
@ For finite chemical potential : t = — | —% + & <—)
P o ( 70 TrE\T
82
@ In scaling regime : — ~ —
oT  Ouy
o Different estimators for Tp :
© Peak of chiral susceptibility : xas.
@ Inflection point of chiral condensate : 8—TM
2
© Minimum of a—QM
Oy
@ At finite mass, different estimators of pseudo-critical temperature,
in principle will give different results.
@ In chiral limit, all pseudo-critical temperatures should merge

to the chiral critical temperature, TCO UNIVERSITAT
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Scaling at physical Pion
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Scaling at physical Pion mass?
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Scaling at physical Pion mass?
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Scaling at physical Pion mass?
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Overview

© Something better from scaling function?
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Mass scaling of conventional estimators
Mass scaling of different estimators of T} :

Tx(H) =T° (1 + ZXHW’&) X =tp

20
0.45 ] o
040 | feld — - In chiral limit :
2 — o
0.35 f
_p1/8
0.30 | M = hl fa(z)
L 1/6—-1
0.25 XM = hih / fx(z)
0.20 - 0
0.15 | oM _ 1 hl/é—l/ﬂdf/ (Z)
0.10 | oT toT? “
2=2o (TT%-1)H P
0.05 ‘ : : ‘ ‘
-3 -2 -1 0 1 2 3
fc(z) and fy(z) are universal scaling functions which have been
precisely determined from various spin models. gnveRsiTir
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Scaling functions : Some intriguing facts
0.40

() P
_ 70 ZX 111/86 0351
Tx(H)="1T, <1 + Z—OH ) 030 |
025 |
Our approach : Use zx at or 0.20 | £
close to 0. We choose to work 0.15 | 06 el®
with X = ¢ and 60 : 0.10 2‘2‘ "

HXM (T57 H) o 1 005 1 O 5050 051 1.; 2 ]
M(Ts5,H) 8 000 0 1‘ 2 3
XM(T607 H) = 0 GXﬂam 2=t/h /P8

Zp Zg0%

Dependence on quark mass (H) reduced by two N O(2) | 1.56 | -0.005

orders of magnitude O(4) | 1.37 | -0.013
Z(2) | 2.00 | 0.10 il
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Scaling functions : Some intriguing facts

0 y 2 —00 . T .
H(z) 1/6 =0 @ Behavior of Hy /M is like Binder cumulant
o ’ o at CI’Itlca| Olnt F. Karsch and E. Laermann
fG(Z) 1, z— 4 P [
Phys. Rev. D50, 6954, 1994.]
1.0
09 | s Mot @ Ratio is expected to have a constant value at
x . . . . . . .
08 | H1/d0 — ] the crossing point, z = 0, i.e. in chiral limit at
07 | H=1/80 — i 70
06 [ ] y . - . -
05 ] @ Determine temperature T5(H) which satisfies :
04 1
03t  o@ ] Hyxy (T5,H) 1 )
021 7= 175 | L = = TCO = lim TJ(H)
M (T(s, H) 1) H—0
011 (-T2

0.0 i \ . . . .
-05 -04 -03 -02 -01 0 0.1 02 03 04 05

@ Uniqueness of the crossing point gets spoiled in presence of regular terms.
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Improved estimators : basic philosophy

Ty(H) = T? (1 + ZXH”“)
20

@ Qur approach : Use zx at or close to 0.
@ We choose to work with X = § and 60.

T, | TiMev)
Because of the the reduced variation w.r.t. H,
:p - up to the regular contributions, the
. pseudo-critical temperatures defined by the
Too improved estimators at any finite value of H,
0 S e.g. Hppys, already gives a close estimate of TO.
0 .
H=m//
/s UNIVERSITAT
0 Honys —
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Improved estimators on finite volumes

@ System size (L) is also a scaling field resulting
into additional scaling variable
zp < 1/ (LH").

@ We have used O(4) finite size scaling function
for our calculations.

[J. Engels and F. Karsch. Phys. Rev. D90, 014501, 2014.]
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Improved estimators on finite volumes

@ System size (L) is also a scaling field resulting
into additional scaling variable
zr, < 1/ (LH").

@ We have used O(4) finite size scaling function
for our calculations.

[J. Engels and F. Karsch. Phys. Rev. D90, 014501, 2014.]

@ Both the estimators seems to approach

(1 n ZX(ZL)H”‘”)

20

Z5

Zg0
0.8 -
B><zL5'7° 004) _

nators 1.0 Tp By 597002
thermodynamic limit faster than 1/V. ol
Determine temperature T5(H, L) which 44l LH
satisfies : 16 I e G
00 02 04 06 08
Hxwm (T5,H,L) 1 0 s
=—-=1T' = lim lim T5(H,L).
M(T, H,L) 8 e~ jm lim T5(HL)
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Improved estimators on finite volumes

@ System size (L) is also a scaling field resulting Tx(H,L) =T° <1 + Z)((ZL)Hl/st)

into additional scaling variable <0
zp < 1/ (LH"). e —
e We have used O(4) finite size scaling function 02 ¢
for our calculations. 0471
06t
[J. Engels and F. Karsch. Phys. Rev. D90, 014501, 2014.] Zg0
. -0.8 1 Bxz 570004
@ Both the estimators seems to approach 10 L

[A+Bz 597 002

thermodynamic limit faster than 1/V. a2l

Determine temperature T5(H, L) which 14t .
I 2, o< 1/(LH%)

satisfies : 16 ‘ ‘

0.0 0:2 0.4 0.6 0:8 1.0
HXM(T(S’H)L) 1 0 . . .

— ~ = 7% = lim lim lim T3 (H,L).
M HL) o L= jm lim lim T5(H, L)

UNIVERSITAT
BIELEFELD

— Faculty of Physics

Anirban Lahiri ( |d University) HotQCD Chiral phase transition of (2+1)-flavor QCD 16



Overview

@ Results towards chiral limit
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No evidence for 1%' order transition

450 ‘ : ; ; ; ‘
) ) AM o Ny=32 &~
@ Volume dependence of xj; is studied for 400 | o No=40 o |
. 24l -
H = 1/80 which corresponds to No=56 <=
L Jeq| ]
my = 80 MeV. 350
o X1/* is NOT proportional to volume. 300 ¢
® X717~ seems to saturate towards 250 | Ng \
R R R = i
thermodynamic limit. 000 | my/m=80
@ T, and Tgg increase towards 50 T [MeV]
thermodynamic limit. 135 140 145 150 155 160 165 170

@ Possibility for 15t order phase transition can be ruled out at m, = 80 MeV for N, = 8.
@ Similar results are also obtained for N, = 6 and 12.
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Chiral susceptibility

@ The increase of X[/ is apparently
consistent with H1/9~1 with § ~ 4.8.

@ Precise determination of 4 is not possible
with the present data.

@ Preliminary analyses with H. being a free
parameter gives a quite uncertain estimate
of H. with 0 within the range.

700
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500 -
400 -
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200
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O L L L L L L L
130 135 140 145 150 155 160 165 170 175 180

AM
N,=8
’ A
‘ﬁ -
V-4
/@/eﬁ’ 5

PN S o © & & Bo g
—c @ 88 =& Q=
gs T [MeV]

@ Saturating trend of Ty towards chiral limit even at N, = 8 already puts this as an

improved estimator.

@ There is no strong evidence for H. being non-zero.
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T? in continuum : ‘Proper’ limits

150 @ Results for fixed H have been
m/m =80 extrapolated to thermodynamic limit.
145 | T . . :
—e o — e Systematic uncertainty comes in form of
—_— :
< 140 — | difference .between O(4) and 1/V
2 extrapolations.
= LT T Nr=6 o ) .
F 135 | P N=8 = | @ Continuum extrapolation are performed
I Noss, 12 with(out) N; = 6 results which is another
130 f source of systematic uncertainty.
(N/Ng)®
125 : o) :
0.000 0.005 0.010 0.015 0.020

Chiral extrapolation : T (H) = T? (1 + z—XHl/’%) + ex HT1/0H1/89
20
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TY in continuum : ‘Improper’ limits

150 | | |
o 1/27 m./m=80 : filled
o . -
/607 1/40 L
“ ;;]/4Q®Q 1/,27 1/160 R ~
1400 @
g o V%7 - Iy (] ]
[0} XK 1/4 i =
= WM% Nr—g : \@mr
K 135 T u M 12 a0
R
N.=6, 8, 12 g |
g n=s. 12 -
[N?/Nc(ms{m|)V/5513 >

125 ‘ ‘
00 05 10 15 20 25 30 35

@ Continuum extrapolation are performed
with(out) N; = 6 results which is another
source of systematic uncertainty.

y) for HotQCD
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@ Results for fixed NV, have been
extrapolated to thermodynamic limit and
chiral limit simultaneously using O(4)
scaling functions.

142 : . . . : ;

140 x%/dof=2.70/3 1
138
136
134
132 [T5[MeV]
130
128  mym=27 o~
126 | mym=40 6~

N=12
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122 _
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T? . A single number

(1)V—ses, O(4); (2)a—0; (3)m—0
- (1)V—seo, Linear; (2)a—0; (3)m—0

(1)V—se0 & m—0 combined O(4); (2)a—0
(1)V—e0, O(4); (2)a—0; (3)m—0

N.=8,12 B (1)Vose, Linear; (2as0; (3)m—0

(1)V— & m—0 combined O(4); (2)a—0

-|-0 [MeV] from T8 (Squares) from Tgq (Circles)

124 126 128 130 132 134 136 138

Final number we have quoted : Tg = 132f2 MeV. )
HotQCD; PRL 123, 062002 (2019). YvERsITAT
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Preliminary comparison with conventional estimator

@ Disclaimer : All T,c numbers and T for
H = 1/27 are not infinite volume
extrapolated.

@ A little tension can be seen for T},
calculation for H = 1/40.

@ Still compares well.

@ In thermodynamic limit, as we have seen
earlier, T, will presumably increase which
may pull down T2, more closer to the
current estimate.

@ Stability of new estimators are vivid.
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Order of chiral transition : work in progress....

M fa(?) 55 80 90 110 140m, [MeV]
M f1(2) 0.25 : — : ‘
colored band : O(N) w/o regular term
. 0.20 black band : O(N) w regular term
@ For small H the data seems to be linear.
o Lines are NOT fitted curves rather = 015 | red: @06y
. RS blue : @y
expectations for O(2) and O(4). 5 0l |
o Regular term oc H2~1/9. ]
o Coefficient of the regular term is NOT 0.05 1 . o 1
fitted, rather taken from MEoS fits. 0.00 L= il ‘ ‘
’\\,\‘bQ ,\\‘bQ \\"OQ \\bg \\Q:\ I’Tl|/ Mg

@ Z(2) transition, at some finite H,, will results into a sudden drop in the ratio = 15 order
transition is unlikely for m, > 55 MeV.

@ Additional low H measurements : slope can be directly determined —
as a fit parameter. —_e

Anirban Lahiri (Bielefeld Univers r HotQCD Chiral phase transition of (2+1)-flavor QCD 24



Order of chiral transition : work in progress....

55 80 90 110 140 m, [MeV] 55 80 90 110 140m, [MeV]
0.08 T O(N) == T T 0.25 T O(N) == : :
0.07 O(N)+reg I 020 | O(N)+reg I
0.06 | Z(2)@H=1/120 — Z(2)@H=1/120 —
| Z@@H=1160 — ° Z(2)@H=1/160 —
'@a z'zi ] Z(2)@H:=1/240 | ('gj 015 | o)@Htr240
3 3
= 003 | £ o0
0.02 | 7 0.05 +
0.01 | 1 P
0.00 L ‘ ; 0.00 == ‘ ;
RSN N o ¢ mms & ©® S mim

M
Z(2) lines are schematic: — = (H — H,) Ja(2)
XM fx(z)
If M is not exactly order parameter then the Z(2) lines will have a curvature.

Mixing becomes weak as H. becomes small.
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Overview

© Summary and Outlook
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Summary and Outlook

@ Summary :
@ Scaling fits with O(4) exponents worked reasonably.
© Within error same results obtained taking chiral and continuum extrapolations in different

order.
© Current estimate of T2, in continuum, is 13273 MeV.
@ Outlook :
@ Comparison with conventional estimators will be done with finite volume effects taken into
account.

@ Additional low H measurements will help us to be confident about the scaling behavior.
© Precise calculation of disconnected part of chiral susceptibilities at high temperatures can
throw some light into U4(1) restoration in chiral limit.
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Symmetry transformations

SU(2) LX SuU(2) R
Xs,con T CIYS% q G:4q Xcon+xdisc
u(1), ‘ U(1),
Xcon 5 ‘_1% q n: ‘_:qu X5,con” X 5,disc

SU(2) | x SU(2) g
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