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Search for critical end point
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Symmetries of QCD 1n vacuum
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Classical QCD symmetry (mqg=0)
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Quantum QCD vacuum (mq=0)

Chiral condensate:
spontaneous mass generation

(Grqr) # 0

U(1) problem

Axial anmaly:
guantum violation of U(1)a




Chiral crossover/phase transition temperature
at physical point and mq—0

Rigorous definition from O(4) universality class Based on O(g) scaling analyses
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A. Bazavov, HTD, P. Hegde et al. [HotQCD], HTD, P. Hegde, O. Kaczmarek et al.[HotQCD],
ChiraFljhéi’ (L)estté?)ffaz i‘g(’?l?z)l;fsition Phys. Rev. Lett. 123 (2019) 062002
T=156.5(1.5) MeV Chiral phase transition T: possible upper bound of Tc

See also Wuppertal-Budapest, PRLizs (2020) 052001 at critical end point in the T-mu phase diagram

4 /20



Chiral crossover/phase transition temperature
at physical point and mq—0

Rigorous definition from O(4) universality class
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Chiral crossover transition

T=156.5(1.5) MeV

See also Wuppertal-Budapest, PRL125 (2020) 052001

Based on O(4) scaling analyses
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0.4 = I 4wF. ) Landau functional of QCD

Symmetry: SU(N;)p x SU(Ns)r x U(1)y X U(I)A Pisarski & Wilczek

PRD 84

1 o , | .
Chiral field: &, ~ 54 7 (1 —75)¢" = qrq,  Chiral transformation: & — 24 Vi ® v;;
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5 Quark mass term
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Role of axial anomaly in the nature of chiral phase transition
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¢ The strength of axial U(1) anomaly could get
reduced at high temperature

Pisarski and Wilczek, PRD 29 (1984) 338

Butti, Pelissetto and Vicari, JHEP 08 (2003) 029
Pelissetto & Vicari, PRD 88 (2013) 105018
Grahl, PRD 90 (2014) 117904

Nf=1

o Lffectively” restored: 1st or 2nd order
(U2)LeU(2)r/U(2)v)

mu,d

e Broken: 2nd order (O(4)) phase transition
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Signatures of symmetry restorations ?

-»- Susceptibilities defined as integrated two point correlation functions of the

local operators, e.g.  x. = / d*z(rt ()7 (0)) with 7" (z) = i (2)ys7"Y; ()

E. Shuryak, Comments Nucl.Part.Phys. 21 (1994) 4, 235,
hep-ph/9310253

SU(2)  x SU2) R .
Cm T U estoration of SU(2)1xSU2)r:
X5,con T - CIY5§ q 0:4q9 Xcont X disc ( )L ( )R
A A
Kx = Ko =0 )
u(1) , u(1), Xt = X0 =)Xdisc =)5,disc
I I KO ™ A =0
Xcon 0 : EI% q ~ -1’ EIY5¢| X5.con~ X 5.disc

SU(2) | x SU(2) . .
g Effective restoration of U(1)a:

Xdisc = %/dllit < )(x)(z) — <@(x)¢(x)>}2> An = X0=0

Yo~ An=0 * K ™ K0 = disc=Xs,disc =O
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https://arxiv.org/abs/hep-ph/9310253

Dirac Eigenvalue spectrum p

_ > Admyp /OO 8ms p = dmy Op/Omy
W) /0 A2 4+ m? ’ 0 (A2 + mlz)2 Xdisc /0 dA A2 + ml2

o(A,m) = co + ;A + ¢, m20(A) + ¢;m + ¢, m2 + O(A,m)

(P)) = 2com — deym In(m) + 2cam + 2mesm + 2weam”
Xr — X§ = 2com/m + 4cq + 4eg + 2mes + 2meam

Ansatz sz X 7 X5 Xm — X8 Xdisc .
L Co & ¢, terms: break both symmetries
C 2eT 2cm /m 0 2 ) , ,
Ry R e 0  C»near zero mode contribution
. milga & Stern,
m*§(A\)|  2m 2 - 1 1 c;: another U(1)a breaking term  Gross.Yaffe & Pisarsi
m 2Tm 27T 0 27T 27T . Not fosted ; ot lat RMP 81
2 i - 0 orm  27m G4+ INOt manifested in 2-pt correlators o
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HotQCD, PRD86(2012)094503
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Dathcult to access m dep. ot p directly from LOQCD
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Novel relation: Light quark mass derivative of p and C,

p(A,my) = Vg[bl] /D[Z/{]e_SGW] det | D[U] + ms | (det [D[U] + ml])sz()\)

Partition function Z|U| = / Dlid]e Ml det DIU] + ms| (det [ DU] + mz])Q

Eigenvalue spectrum per ensemble pp(A) = Z O(A — Aj)
Quark mass dependence of p is enclosed in ’

det [P[U] +my] = | | (1A + mu) (=i A 4+ my) = exp (/OOO dA py(A)In [A* + mﬂ)
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Relation between p derivatives and Cp+1

V 0 AN —m)C > 4my)* C
I" Om; 0 (A5 + m7) 0 (A2 +mp) (A5 +mj)
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A% >PFlops local

Lattice setup NS

GPU machine
o N=2 PURE
i Y S order \_ 18 |OAVCE ¢ At a single T~205 MeV
O 7 T ¢ HISQ/tree action
physical point Nf= ¢ Ni=2+1:
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| & m2Ymy = 20, 27, 40, 80, 160
Mn» =160,140,110, 80, 55 MeV
M 9>Ns/N: >4
My.d | . . .
HTD, S.-T. Li, A. Tomiya, S. Mukherjee, X.-D. Wang, Y. Zhang ¥ ChebySheV fllterlng teChnlque to
Phys. Rev. Lett. 126 (2021) 082001 compute pu
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Ist & 2nd mass derivative ot p on N,=38 lattices
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2nd & 3rd mass derivative of p: volume and a dependences
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Chiral phase transition T=132 MeV is used from
HTD et al.,, [HotQCD} PRL 19’

14/20



140

120

100

30

60

40

20

2nd & 3rd mass derivative of p: volume and a dependences

3 0%p /4
H1g amIQ /Tc

800
600
400
200

0
—200
—400
—600
—3800

£ o

Chiral phase transition T=132 MeV is used from
HTD et al.,, [HotQCD} PRL 19’

Peaked structure becomes sharper
towards continuum limit

Mild volume dependence

0°p/Om; ~ 0
m; "0p/Omy ~ 8°p/Om;

¥ o

p(A— 0,m; — 0) o m;

14/20



16 |

14
12
10

S N O OO

Quantities related to p
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Quantities related to Ist & 2nd derivatives of p
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Continuum and chiral extrapolations with m, < 140 MeV data
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Continuum and chiral extrapolations with m; < 140 MeV data

o & R o mo[MeV] & . simultaneous fits
39 1 m | | Continuum: ¢y + ¢1 /N2 + ¢co /N2
30 Chiral: quadratic in quark mass
25 |- Value at N,—~o and m—o0 :
207 8.0t2.4
T & first continuum and

1 8,12,16_ \ :
) N, ——— oo == then chiral extrapo.
N, —/— oo &= ) . o .
° Continuum: quadratic in 1/N,with
0+ . . | . - N,=12 & 16 data
0 0.0003  0.0006  0.0009  0.0012  0.0015 Chiral: quadratic in quark mass
(1 /my)*
Value at N,—c and m—o :

chiral limit 6.1:1.9

17/20



Continuum and chiral extrapolations with m; < 140 MeV data
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Continuum and chiral extrapolations with m; < 140 MeV data
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Summary & Conclusion

¢ We established novel relations between 0no/0m» & C.,
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Summary & Conclusion

Our study suggests:

2 At'T =z 1.6 'Tc the microscopic origin of axial anomaly is driven by the
weakly interacting (quasi-) instanton gas motivated o(A—>0,m—0) « m2 0(A)

2 Ne=2+1 QCD: 2nd order chiral phase transition belonging to 3-d O(4)

Outlook:

[] the methodology would be useful for other discretization schemes
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T'hanks for your attention!
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