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QCD phase diagram in T" — up plane

[Guenther, 2010.15503]
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QCD phase diagram in T" — up plane

[Guenther, 2010.15503]

- first-principle
non-perturbative controlled
calculation with lattice

- sign problem at finite p

Iu B 900 MeV
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Chiral limit of QCD with two light flavors

Tpe = 156.5(1.5) MeV
[HotQCD, PLB 795 (2019) 15-21]
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[HotQCD, PRL 123, 062002 (2019)]
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Chiral limit of QCD with two light flavors

Tpe = 156.5(1.5) MeV

[HotQCD, PLB 795 (2019) 15-21]

T4 - T, - a fundamental scale of QCD

444444
~.

Tpe 1 - Expected to belong to the universality class

T. $— of 3d O(4) spin model
Tiri \ ' [SU(2) x SU(2) ~ O(4)]

T N \ [Pisarski and Wilczek, PRD 29 338 (1984)]
cep o
= Important for understanding the phase diagram
. \/ at physical mass
[Karsch, 1905'.03936] ,u‘B [Hatta and lkeda, PRD67 014028 (2003)]

T.=132"3 MeV]

[HotQCD, PRL 123, 062002 (2019)]
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Columbia plot

Depending on U4(1) symmetry restoration relative to chiral symmetry
restoration and number of flavors, the chiral phase transition can also be

first order [Pisarski and Wilczek, PRD 29 338 (1984)]
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Columbia plot
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Depending on U4(1) symmetry restoration relative to chiral symmetry
restoration and number of flavors, the chiral phase transition can also be
first order [Pisarski and Wilczek, PRD 29 338 (1984)]

=> Variable Nf [Cuteri, Philipsen

it Ny = 2 - Pure  chira it Ny = 2 - Pure and Sciarra, 2107.12739]
= Gauge = Gauge _ ..
Nf =3 [Dini et al, Phys.Rev.D
R . 105 (2022) 3, 034510]
phys. V V4 phys. Vi Z, .
L-"e" V\‘/ @ %" \~\‘/ @ -> Effective UA(l)
restoration [Ding et al, PRL
126 (2021) 8, 082001]
G [ I > Impri bservabl
157 & = 17 = mprint on observables
| | [Kaczmarek et al, 2010.15593]
Myd Myd .
The left scenario seems to be
[Philipsen and Pinke, PRD93, 114507, 2016] favored
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Depending on U4(1) symmetry restoration relative to chiral symmetry
restoration and number of flavors, the chiral phase transition can also be
first order [Pisarski and Wilczek, PRD 29 338 (1984)]

=> Variable Nf [Cuteri, Philipsen

it Ny = 2 - Pure  chira it Ny = 2 - Pure and Sciarra, 2107.12739]
= Gauge = Gauge _ ..
Nf =3 [Dini et al, Phys.Rev.D
R . 105 (2022) 3, 034510]
phys. V V4 phys. Vi Z, .
L-"e" V\‘/ @ %" \*‘/ @ -> Effective UA(l)
restoration [Ding et al, PRL
126 (2021) 8, 082001]
S T % [ > Imprint on observabl
15 2 = 158 v = mprint on observables
| | [Kaczmarek et al, 2010.15593]
Myd Myd .
The left scenario seems to be
[Philipsen and Pinke, PRD93, 114507, 2016] favored
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RG Scaling

dimensionless couplings

Free energy density f(t, h) = —% InZ = f, + f t= %T%CT" “reduced” temperature

h = hﬂo magnetization
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RG Scaling

dimensionless couplings

Free energy density f(t, h) = —% InZ = f, + f t= %T%CT" “reduced” temperature
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RG Scaling

dimensionless couplings

Free energy density f(t, h) = —% InZ = f, + f t= %T%CT" “reduced” temperature

h = hﬂo magnetization

RG scaling equation
fs(ul, Uz, U3, . . .) = b_dfs(byl’u,l, b¥2uq, bY¥3ug,. . .)

For 3d O(N) models

relevant fields uq = us, uo = uy,
with v, yp > 0

infinitely many irrelevant fields
with y; < 0
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RG Scaling

dimensionless couplings

Free energy density f(t, h) = —% InZ = f, + f t= %T%CT" “reduced” temperature

h = hﬂo magnetization

RG scaling equation
fs(ul, Uz, U3, . . .) = b_dfs(byl’u,l, b¥2uq, bY¥3ug,. . .)

For 3d O(N) models

relevant fields u; = ug, us = up
Choose arbitrary scaling factor b = u;bl/yh with v, yp, > 0
fs(ug,up,...) = ui/yhfs(utu;yf/yh’ 1,...) infinitely many irrelevant fields
with y; < 0

Mugdha Sarkar (NTU) Critical behavior towards chiral limit 6



RG Scaling

dimensionless couplings

Free energy density f(t, h) = —% InZ = f, + f t= %T%CT" “reduced” temperature

h = hﬂo magnetization

RG scaling equation
fs(ul, Uz, U3, . . .) = b_dfs(byl’u,l, b¥2uq, bY¥3ug,. . .)

For 3d O(N) models
relevant fields uq = us, uo = uy,

Choose arbitrary scaling factor b = u;bl/yh with v, yp, > 0
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RG Scaling

dimensionless couplings

Free energy density f(t, h) = —% InZ = f, + f t= %T%CT" “reduced” temperature

h = hﬂo magnetization

RG scaling equation
fs(ul, Uz, U3, . . .) = b_dfs(byl’u,l, b¥%2uq, bY3ug,. ..

1/yn

For 3d O(N) models
) . - B
relevant fields uq = us, uo = uy,

Choose arbitrary scaling factor b = u,, with yg, yp > 0
fs(ug,up,...) = uh/yhfs(u uhyt/yh 1,...) infinitely many irrelevant fields
with y; < 0

Close to the critical point (t = h =0), uy = t,up, = h

Using s = L,y = 22

2—a=dv, v= ﬂ(5—1),
dv = (1 +9)
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RG Scaling

dimensionless couplings

Free energy density f(t, h) = —% InZ = f, + f t= %T%CT" “reduced” temperature

h = hﬂo magnetization

RG scaling equation
.fs(ula U2,U3y . - ) - b_dfs(by1u17 b¥2uz, b%us, . ..

1/yn

For 3d O(N) models
) . - B
relevant fields uq = us, uo = uy,

Choose arbitrary scaling factor b = u,, with yg, yp > 0
fs(ug,up,...) = uh/yhfs(u uhyt/yh 1,...) infinitely many irrelevant fields
with y; < 0

Close to the critical point (t = h =0), uy = t,up, = h

fs = h(2—a)/,66ff(z)

Using s = L,y = 22

Universal scaling function fy(z) 2—a=dy, 7= ﬁ(é —1),
Scaling variable z = ﬁ dv = B(1+9)
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Critical behavior in vicinity of the chiral phase transition

- — - —
[% = Lol Z(T, i, my) = hG=)/B3 f(z) + fr(T,u,ml)] infinite

volume

singular regular
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Critical behavior in vicinity of the chiral phase transition

- — - infinit
[% = ﬁ an(TnU’v ml) = h(2 a)/ﬁéff(z) + fT(T7/~L7ml)] :/nollgrlnz
singular regular
F=tty = (Tgk + (“%)2)] H = hhy = 2

“energy-like” coupling “magnetic-like” coupling

Chiral phase transition at
T/ pr1/86 m;=m, =mg=0(h=0)
2 = 2l T=T,(t=0)atpu=0

Scaling variable

zZ0 — hé/ﬁd/to
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Derivatives of free energy density / pressure

magnetic-like

8%2InZ
OH?

~ H1/5—1

~ F[—0-79
divergence : strong

critical exponents
« B3 )
O(4) -021 0.38 4.82
O(2) -0.017 0.349 4.78
Z(2) +0.109 0.325 4.8
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Derivatives of free energy density / pressure

magnetic-like mixed
8%2InZ 8%2InZ
oH? dHOt
~ H1/6-1 ~ H®B-1)/Bs
~ H_079 ~ H—O.34
divergence : strong moderate

critical exponents
« B3 )
O(4) -021 0.38 4.82
O(2) -0.017 0.349 4.78
Z(2) +0.109 0.325 438
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Derivatives of free energy density / pressure

magnetic-like mixed energy-like Conserved charge
fluctuations are
8%InZ 8%2InZ 8%InZ _li
SH2 SHO: o2 energy like w.r.t t-o.
1/6-1 1)/586 5 chiral phase transition

~ H/0— ~ H®B-1/B ~ H—/B (also Polyakov loop)
~ H—0.79 ~ H—O.34 ~ H+0.11
divergence :  strong moderate vanishes

critical exponents
« B )
O(4) -021 0.38 4.82
O(2) -0.017 0.349 4.78
Z(2) +40.109 0.325 438
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Derivatives of free energy density / pressure

magnetic-like mixed energy-like Conserved charge
N 5 ) fluctuations are
82InZ 82InZ 82InZ ot
SH? BH O 52 energy like w.r.t t-o.
chiral phase transition
~ H/°-1 ~ HWB-V/B  fga/Bs (also Polyakov loop)
~ E—0-79 ~ E[—0-34 ~ H 011
divergence :  strong moderate vanishes
critical exponents
. - « B )
d O(2 lity cl
?gtaO(er)ecli”}:avrfr:sizr:syai ?isnsite lattice spacin 0(4) -0.21 0.38 4.8
&8 . . lcespacine | 5 (2) -0.017  0.349 4.78
O(4) recovered in continuum limit Z(2 5100 03% 48
At our lattice spacing T, ~ 145 MeV (2) +0. - -
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> Gauge ensembles generated with HISQ fermion discretization
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> Gauge ensembles generated with HISQ fermion discretization

> Ensembles for smaller-than-physical quark (up, down) masses
my = ms/27,ms/40,ms/80,ms/160, keeping strange quark mass my fixed at
physical value. Corresp. pion masses : 140 MeV, 110 MeV, 80 MeV, 58 MeV.
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> Gauge ensembles generated with HISQ fermion discretization

> Ensembles for smaller-than-physical quark (up, down) masses
my = ms/27,ms/40,ms/80,ms/160, keeping strange quark mass my fixed at
physical value. Corresp. pion masses : 140 MeV, 110 MeV, 80 MeV, 58 MeV.
> For scale setting, we use the kaon decay constant obtained in calculations with
the HISQ action, i.e., fK = 1561/\/5 MeV [Bazavov et al. (MILC Collaboration), Proc.
Sci., LATTICE2010 (2010) 074]
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> Gauge ensembles generated with HISQ fermion discretization

> Ensembles for smaller-than-physical quark (up, down) masses
my = ms/27,ms/40,ms/80,ms/160, keeping strange quark mass my fixed at
physical value. Corresp. pion masses : 140 MeV, 110 MeV, 80 MeV, 58 MeV.
> For scale setting, we use the kaon decay constant obtained in calculations with
the HISQ action, i.e., fK = 1561/\/5 MeV [Bazavov et al. (MILC Collaboration), Proc.
Sci., LATTICE2010 (2010) 074]

> Continuum limit not yet performed. Measurements done at the largest simulated
volumes for each mass at fixed time extent N, = 8.

Mugdha Sarkar (NTU) Critical behavior towards chiral limit 9



o
o

Gauge ensembles generated with HISQ fermion discretization

Ensembles for smaller-than-physical quark (up, down) masses

my = ms/27,ms/40,ms/80,ms/160, keeping strange quark mass my fixed at
physical value. Corresp. pion masses : 140 MeV, 110 MeV, 80 MeV, 58 MeV.
For scale setting, we use the kaon decay constant obtained in calculations with
the HISQ action, i.e., fK = 1561/\/5 MeV [Bazavov et al. (MILC Collaboration), Proc.
Sci., LATTICE2010 (2010) 074]

Continuum limit not yet performed. Measurements done at the largest simulated
volumes for each mass at fixed time extent N, = 8.

Computing resources : Jiilich (Germany), Piz Daint (Switzerland), JLAB (USA),
Bielefeld (Germany) and Wuhan (China) supercomputing facilities.
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Results | : Polyakov loop and HQFE

Clarke, Kaczmarek, Karsch, Lahiri, MS, PRD
103, L011501 (2021)

Polyakov loop

Heavy quark free energy

T
Fy(T,H)=-Tl(P)=-% lim In(P,Pl)

In quenched limit (m, — 00),
(P) =0 : confinement
(P) # 0 : deconfinement

Mugdha Sarkar (NTU) Critical behavior towards chiral limit



Results | : Polyakov loop and HQFE

Clarke, Kaczmarek, Karsch, Lahiri, MS, PRD
Polyakov loop 103, L011501 (2021)

1 . 1
Py = §U"HU4 (@71), P= N3 ZPf > At large masses, inflection points of
T 7 (P) and (¢1)) seem to coincide

Heavy quark free energy [Cheng et al., PRD 77, 014511 (2008)]

> However at physical masses, no
F,(T,H) = —Tln (P) = T lim 1n<pfpj[> inflection point observed in (P)
|Z—g]—=o00 Y around T,
[Clarke et al, PoS LATTICE2019, 194 (2020).]

In quenched limit (m, — 00),
(P) =0 : confinement
(P) # 0 : deconfinement
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Results | : Polyakov loop and HQFE

Clarke, Kaczmarek, Karsch, Lahiri, MS, PRD

Polyakov loop 103, L011501 (2021)
1 . 1
Py = §trHU4 (@ 7), P= N3 ZPf > At large masses, inflection points of
T 7 (P) and (¢1)) seem to coincide

Heavy quark free energy [Cheng et al., PRD 77, 014511 (2008)]

> However at physical masses, no
F,(T,H) = —Tln (P) = T lim 1n<pfpj> inflection point observed in (P)
|Z—g]—=o00 Y around T,
[Clarke et al, PoS LATTICE2019, 194 (2020).]

In quenched limit (m, — 00),
(P) =0 : confinement
(P) # 0 : deconfinement

Is the rapid change in (P) around T, still
sensitive to the confinement-deconfinement
transition or something else?
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Polyakov loop as energy-like observable

— purely gluonic and invariant under chiral
transformation

F,)T = AH(lfa)/ﬁtsf}(ZOT%(‘T«Hfl/ﬁzS) + freg

freg(T, H) =37, s aj oyt HY = af o + af ot

— 5 parameter flt anngW|th universal O(2)
scaling function and critical exponents
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Polyakov loop as energy-like observable

5.0
. . . . 45 k¥
— purely gluonic and invariant under chiral ol
transformation as |
(1-0)/B6 p1 (o T=Tx [7~1/86 el
_ 11—« /(. —Tc -1 H=1/20 o
Fq/T =S AH ff(éo T H ) + freg 25 127 e o, 2
20| 1/40 o solid : t° regular
9i 1/80 - dashed : scalig correction
J— ) — 15
freg(T, H) = a9t H¥ = ag g + af ot LT e

. . 110 120 130 140 150 160 170 180
— 5 parameter flt anngW|th universal O(2)

scaling function and critical exponents
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Polyakov loop as energy-like observable

5.0

3.2

. . . . 45 k¥
— purely gluonic and invariant under chiral ol 80

transformation 35|

28
26
4

3.0 r
= (1-a)/B6 ¢t (., T=T. r7—1/B5 H=1/20 -
F‘I/T_AH ff(éo gy H )+freg B e o2
20| 1/40 o solid : t° regular
94 1/80 - dashed : scalig correction
J— ) — 15
Jreg(T, H) =32, s ai ot HY = aj o+ aj ot s TMev)
. . . ’ 110 120 130 140 150 160 170 180

— 5 parameter flt anngW|th universal O(2) 020

scaling function and critical exponents 018 | %
016 0.070
0.14 0.060

0.050 .
P = ex (_AH(lfa)/ﬁ(S / ) — ) 0.12 TIMeV]
< >T7H p ff( ) freg 0.10 600 140 142 144 146 148 150

0.08 z =1/160
0.06 1/80 &
! 1/40 o~
0.04 1127 v+
ggz - TiMeV] 1/20 o~

110 120 130 140 150 160 170 180
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Derivative of Heavy Quark Free Energy

[mg}f)/T = - LU0 = L (P.U)—(P) <\1’>]
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Derivative of Heavy Quark Free Energy

0 , —
(25T — — 80 = — b (Pow) — (P (W)
Divergent at 2nd order
[%%}1 = _AH(B—l)/Mf/G(ZOTTCTcH—l//BtS)] % = —0.39,0(2)]
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Derivative of Heavy Quark Free Energy

[an(Tﬂ)/T = LAD — L (P.W) — (P) (V)

Divergent at 2nd order

10F; _ _AH(B—l)/B(Sf/G(ZOTTTCH—1/55)] % = —0.39,0(2)]

T OH
7 . . .
d(F/T)/oH H=1/27 =~
6 1/40 &~
\4 1/80 A
5r 1160~
4l

T [MeV]

130 140 150 160 170 180

3 parameter fit
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Derivative of Heavy Quark Free Energy

OFy(T.H)/T _ 1 o(P) _ 1
[aH—HaH—H<P"I’><P><‘1’>
Divergent at 2nd order
10F, _ 81 (o T—T. ;7—1/B6 =1 _ _
1 grF = —AHBV/B f1.(2gT5T H1/50) 6—_ 0.39,0(2)
7 : : 0.9 S
d(F/T)/oH H=1/27 5~ 08 | H“’B)/BSG(F T)/oH
61 1/40 -6~ ’ q
\4 1/80 A 0.7
51 1160 06 | H‘li; g
05 | 1/80 A
Ry~ 1/160 ~o—~
04
03 N=8
02 F 4k Woarer 0@
T [MeV] 041 | 2zy  WRI

130 140 150 160 170 180

3 parameter fit

Mugdha Sarkar (NTU)

-1 05 0 05 1 15 2 25 3 35

consistent with O(2) scaling
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Fit results and C'y-like quantity

singular part

regular part

Hmax A Tc 20

T '
Qp.0 aio

1/27 248(2) 145.6(3) 2.24(5)
1/40 2.26(5) 144.2(6) 1.83(9)

2.74(1) -34.4(7)
281(3) -27(1)

v and zp match with earlier results
T. and tch with earl It
[HotQCD, PRL 123, 062002 (2019)]
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Fit results and C'y-like quantity

singular part regular part
Hpax A T. 20 ag o aj o
1/27 2.48(2) 145.6(3) 2.24(5) | 2.74(1) -34.4(7)
1/40 2.26(5) 144.2(6) 1.83(9) | 2.81(3) -27(1)

v and zp match with earlier results
T. and tch with earl It
[HotQCD, PRL 123, 062002 (2019)]

T2ELIDIT _ A Fr=o/85 1) 4 T, eesTor)
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Fit results and C'y-like quantity

singular part

regular part

Hmax A Tc 20 CL6 0 C17{ 0
1/27 2.48(2) 145.6(3) 2.24(5) | 2.74(1) -34.4(7)
1/40 2.26(5) 144.2(6) 1.83(9) | 2.81(3) -27(1)
T. and zy match with earlier results 10
[HotQCD, PRL 123, 062002 (2019)]
9 Tcaqu’“’aT
8 L
7 L
T, P LI — Ay =150 11 () 4 7, sl ] opas,
Characteristic spike develops for H ~ 107° N N
inaccessible in current lattice simulations. O(2) spin model -
‘001 10,005 0 0.005

Mugdha Sarkar (NTU)
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Results Il : Conserved charge fluctuations

[MS, Kaczmarek, Karsch, Lahiri, Schmidt,
Acta Phys. Pol. B Proc. Suppl. 14, 383 (2021)]

[% = h(2=)/BSf(2) + reg.]

(1= 2 (57 +n¥ (9)°). X = B.Q.5]
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Results Il : Conserved charge fluctuations

[MS, Kaczmarek, Karsch, Lahiri, Schmidt,
Acta Phys. Pol. B Proc. Suppl. 14, 383 (2021)]

[% = h(2=)/BSf(2) + reg.]

(=& (5 o (577), x - m.05)

expected to behave as energy-like quantities

Conserved charge fluctuations at p = 0 (Singular part) :

82np/T4

Xoy = ~ Bax/T)Z" ~ = (2r)" H(2_a_n)/ﬁ6f}n)(z)

nx=0
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Results Il : Conserved charge fluctuations

[MS, Kaczmarek, Karsch, Lahiri, Schmidt,
Acta Phys. Pol. B Proc. Suppl. 14, 383 (2021)]

[% = h(2=)/BSf(2) + reg.]

(=& (5 o (577), x - m.05)

expected to behave as energy-like quantities

Conserved charge fluctuations at p = 0 (Singular part) :

measurable
8271 T4 Y 4
X%(;L _ _O(MXP//T)?” o _ (2I‘i§)n H2—« n)/ﬁéf)(c")(z) in H/C.'
1ix =0 experiments
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Second order charge fluctuations -
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@
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1160

Mugdha Sarkar (NTU)
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0.35

0.30
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!
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ZZ@ 8
&Ko
%@B
8
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H=1/27 &~
1/40 -6~
1/80 —A&—
1160 —

— similar features as energy
density

T, = 144(2) MeV at N, = 8
(yellow band)
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Estimation of singular contribution to -

XX (Tey, H) ~ —ng"H(l—a)/ﬁJ‘f}l)(O) + const. reg. term + O(H?)
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Estimation of singular contribution to -

XX (Tey, H) ~ —ng"H(l—a)/ﬁJ‘f}l)(O) + const. reg. term + O(H?)

0.20 —— ‘
018 | 12 e ]

0.16 | ﬁ g

014t Nes 78 1 — expect straight line fit for

ZE )X’é% H=127 - X2 (Tm H) VS H0'61 if scaling
) 4 1/40 -0~

0.08 | X%% E doelN holds (O(2) exponents)

e BT e _ T, ~ 144 MeV for N, = 8

) ] _TIMeV]

002 L L L L L L
130 135 140 145 150 155 160 165 170 175 180
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Estimation of singular contribution to -

XX (Tey, H) ~ —n§H(1—a)/55f}1)(0) + const. reg. term + O(H?)

0.090
0.085
0.080
0.075
0.070
0.065
0.060 |
0.055 |

H(1-c)/Bs

0050 L L L L L L
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

— expect straight line fit for
x2(Tey H) vs HO6! if scaling
holds (O(2) exponents)

—T. ~ 144 MeV for N, =8

X?(TC,H =0)— X?(TC,H = 1/27) = Singular part of ch(Tc)
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Estimation of singular contribution to -

XX (Tey, H) ~ —ng"H(l—a)/ﬁtS‘f}l)(O) + const. reg. term + O(H?)

0.090
0.085
0.080
0.075
0.070
0.065
0.060 |
0.055 |

H(1-c)/Bs

— expect straight line fit for
x2(Tey H) vs HO6! if scaling
holds (O(2) exponents)

- T, ~ 144 MeV for N, =8

0050 L L L L L L
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

X?(TC,H =0)— X?(TC,H = 1/27) = Singular part of ch(Tc)

[Singular contribution to x&¥ at physical masses ~ SO%J
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Estimation of singular contribution to -

XX (Tey H) ~ —nzxﬂ(l_a)/ﬁ‘sf](el)(O) + const. reg. term + O(H?)

0.330
0.320
0.310
0.300
0.290
0.280
0.270
0.260
0.250
0.240

BT

H(1-c)/B3

0.230
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Mugdha Sarkar (NTU)

0.180
0.175
0.170
0.165
0.160
0.155
0.150
0.145

% (To)

H(1-o0/Bs

0.140
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
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Estimation of singular contribution to -

XX (Tey H) ~ —nzxﬂ(l_a)/ﬁ‘sf](el)(O) + const. reg. term + O(H?)

0.330 3 T T T T T T 0.180

x2 (To) s
0.320 © 0475 | 12 (T
0.310
0.170
0.300
0.165 m
0.290
B N.=8 N=8
0.280 0.160
0.270 a 0.155
0.260 &
0.150
0.250 =
0.145 B
0.240 (1S : H(1-c0/ps
0.230 0.140
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

singular contribution
at physical mass

XZB (1¢) ~ 50%
XS(T)  ~30%
5 (T.)  ~20%
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Estimation of singular contribution to -

XX (Tey H) ~ —nzxﬂ(l_a)/ﬁ‘sf](el)(O) + const. reg. term + O(H?)

0.330 3

0.320 x2 (To)

0.310
0.300
0.290
0.280
0.270
0.260
0.250
0.240

H(1-c)/B3

0.230
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

singular contribution

at physical mass

XZB (1¢) ~ 50%
XS(T)  ~30%
5 (T.)  ~20%
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0.180

0.175 )
0.170
0.165 m

0.160
0.155
0.150
0.145

H(1-o0/Bs

0.140
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

— ratio of singular parts = ratio of ko

Hg/ﬁg ~ 2.6

kB /ks  ~ 1.0
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Estimation of singular contribution to -

XX (Tey H) ~ —nzxﬂ(l_a)/ﬁ‘sf](el)(O) + const. reg. term + O(H?)

0.330 3
0.320
0.310
0.300
0.290
0.280
0.270
0.260
0.250

0.240 H(Irm)/llﬁ

0.230
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

singular contribution

at physical mass

XZB (1¢) ~ 50%
XS(T)  ~30%
5 (T.)  ~20%

Mugdha Sarkar (NTU)

0.180

0.175 )
0.170
0.165 m

0.160
0.155
0.150

0.145
H(1-o0/Bs

0.140
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

— ratio of singular parts = ratio of x2
kS ~2.6 1.8(8)*
~1.0 0.9(4)*

Close to results for physical mass
*[HotQCD, Phys. Lett. B 795 (2019) 15]
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Mixed observables / Derivatives of observables w.r.t t and H

Quark Chiral condensate ¥, =

ms
I

Yy ~ HYS fo(2) + reg.]

(uu) = magnetic-like observable

Divergent already
for 2nd order

027% =

_%y B
App/T)? 2

HB=D/BOf(2) +-reg. | | 2L = —0.39,0(2)

g
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Mixed observables / Derivatives of observables w.r.t t and H

Quark Chiral condensate ¥, = % (uu) = magnetic-like observable
(" K
DI H1/5fg(z) + reg.] Divergent already
- for 2nd order
— _ &% Bry(B—1)/86 ¢ 1
Corty = pron gz ~ —Kb HB=/B3 fL(2) + reg. % =-0.39,0(2)
18 : , , , 050 —
16 T2023 /oug mym=27 & | 045 |-H b g N8 H=1/27 -5+
i mg/my=40 +64 040 0oQ) 1/40 o~
14+ % mg/m=80 re1 -
12l 0.35 jq) o 1/80 -
0.30 @ 1/160 <~
ror 025 {z % % $%
08 0.20 %é%m
06 0.15 G%@
04 010} ¢ P,
02 |+ _ I
) ) T [MeV] ) ) 0.05 7/z,,
0.0 0.00 : ‘ : ‘ ‘ :
130 140 150 160 170 180 -0.5 0 0.5 1 1.5 2 2.5 3 35
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Curvature along the p direction

T . 1 (T-T. X 2
L [t:to( e, (“%)),X:B,S]
pc 7,/

T, @—
1—1tri ]

Tcep'
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Curvature along the p direction

T)\
3 _ 1 T-T: 1254 2 _
t_to( + k3 (T))'X—Bvs
Ty 1
T.
T Chiral limit curvature
tri T
T2 62 f
Tce 4 HB ~
v T
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Curvature along the p direction

T A
Ty -;j‘

------
-
~~

1 (T-T. 2 _
B,phy [t:to( T, +“§(MTX) ),X—B,S}
2

T, -G\‘
1—1tri

Tcep'

Chiral limit curvature

2
T2 9
2 e 03/
2 — el
2 ]

\{ Curvature at a given mass H from Taylor expansion
2
B,H
Tpc(ﬂBa H) = Tpc(ov H) (1 — Rq (Tpclz(})g,H)) >
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Curvature along the p direction

TA
S T Bohy
Ty K Ko
T. -G\‘
1—1tri n
Tcep'

KB

[HotQCD, PLB 795 (2019) 15]

Physical mass
KD = 0.015(4)

(1= & (52 v wF (9)°) x = B.5]

Chiral limit curvature

2
T2 o)
- T g
2 — 9
2T87Tf

Curvature at a given mass H from Taylor expansion

B.H UB 2
Tpe(pp, H) = Tpe(0, H) { 1 = 3 (m)

Measurements from different groups in agreement

Mugdha Sarkar (NTU) Critical behavior towards chiral limit 19



Curvature in the chiral limit

(Regular contributions)

— proper choice of f such that regular
terms are suppressed in the ratio
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Curvature in the chiral limit

(Regular contributions)

— proper choice of f such that regular
terms are suppressed in the ratio

divergent after another derivative
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Curvature in the chiral limit

0.022 T T T

(Regular contributions) (T?0%2/3UB) / (2Tca2/aT)
0.020

— proper choice of f such that regular 0.018

terms are suppressed in the ratio
0.016

v — ms /] 0.014
f=%= 7t (i)
0.012 |z ,
divergent after another derivative — T [MeV]

0.010 : : : : :

135 140 145 150 155 160 165 170

Curvature doesn’t seem to
change towards the chiral limit
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Conclusions and Outlook

=> Consistent with O(2) universality class in the chiral limit
(O(4) in the continuum limit)

=> (P) and F;/T seem to behave as energy-like observables w.r.t. chiral phase
transition

- Singular fit parameters match well with earlier results

- Singular part at physical mass can be extracted

- Preliminary estimate of curvature in chiral limit - consistent with physical mass
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Conclusions and Outlook

=> Consistent with O(2) universality class in the chiral limit
(O(4) in the continuum limit)

=> (P) and F;/T seem to behave as energy-like observables w.r.t. chiral phase
transition

- Singular fit parameters match well with earlier results

- Singular part at physical mass can be extracted

- Preliminary estimate of curvature in chiral limit - consistent with physical mass

Thank you for your attention
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