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Introduction

e Chiral symmetry in QCD
* Broken in two different ways

SU(Nf)L X SU(NJ?)R X U(l)v X U(l)A

Anomaly
" relation? (explicit breaking)

Spontaneous breaking

SU(Nyg)v x U(1)v

We have shown a possibility of BOTH restoration

at the SAME temperature.
(Aoki, Fukaya, Taniguchi; PRD 86, 114512)
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Previous works on U(1)a restoration

There so many works.
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Cohen (1996) : YES. Lee & Hatsuda (1996) : NO.
U(1)A is restored above Tc Q==1 instanton sector does break U(1).
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* The idea:
Eigenvalue spectrum of Dirac operator may

link SU(2) SSB and U(1) anomaly

SU(2)1xSU(2)r breaking/restoration

Banks-Casher relation

I (near) zero mode spectrum of Dirac operator ,
index theorem

U(1)a breaking/restoration
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U(1)a order parameter
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- Vanishing U(1)a order parameter
|
7

Constraint on
) (O e U()abreaking
parameters C, X, y

n1 + ng2 +n3 + na = odd case

singlet order parameter = non-singlet one

Nni+nz2+ns+na=1
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* One loop correction

(w7 (p = 0)) = 1
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1
W <500n1,n2,n3,n4> =il

appropriately normalized with volume

disconnected correlation function tends to be leading

1 1 i
W<500n1,n2,n3,n4> X (V<SO>> = (0 no more constraint
i<500 > X 1<PaPa Ll SaSa> _O Ca_O
Vk mn1,Mn2,Mn3,MN4 V T ™

No constraint on X, VY
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o SU(2)LxSU(2)rxU(1)a symmetric Lagrangian

TN 2
| 22tr (CIDTCID)

Lo =tr (0,270,P) + majtrd'® A A21 (trd' P)

e U(l)a breaking Lagrangian
iy Z (tr®T®) (det @ + det T) + % ((det ®)° + (det <I>T)2)

* all mesons contribute to the running
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* If the phase transition is second order at Tc
% correlation length £ — oo
* [Long range mode dominates at Tc

* Physics is described by the theory in 5D
® Theory in 3D should have stable IR fixed point

* [nstead of 3D we adopt ¢ -expansion analysis



4 couplings  gi = {A1, A2, T, Y}
P function Do = Ma_,ugi

Dimensional regularization d=4- ¢ and MS scheme

g; = :u_EZg—ilgiO
Oln Z,.
B function Bg; = —€9i + g 5 ( 1 )

€
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4 couplings  gi = {A1, A2, T, Y}

B function BHlle= ua—u G

1 3 5
5>\1 = —€A1 8)\% + 8A1 Ao + 3)\% + ol o —y2
72 9 A
1 2 3 2 2
Br, = —€da + o (43 + 62 — J2” —y

1
Br = —ex + 2z (12M1 + 6X + 3y)
3

1
=il ie (6)\13/ il 5;52)
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* Fixed points of f-function (A1, A2, 7, ¥)

(0,0,0,0)
er?(1,0,0,0) saddle point
e /3(4,-2,0,-4) saddle point
€2 /3 (4,-2,0,4) saddle point
67’(‘2/3(2,- 1,-4,2) saddle point
e7r2/3 (2,-1,4,2) saddle point

No stable IR FP found!
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We assume: SU(2)1xSU(2)r >

T

U(1)a order parameter vanist
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1 order
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-1 splitting mass=0 but U(l)a breaking int. remains
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Non-perturbative 3-function and e—1

1. No stable IR FP is found — first order
2.Stable IR FP is found at
* [Lagrangian acquire Z4 symmetry
e Second order but O(4)x Z4 universality class
o ' =0 is trivial by the symmetry
3.Stable IR FP is found at

e Second order and O(4) universality class

e Fine tuning is needed for ¢’ =0
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If SU(2)xSU(2) phase transition is 2nd order:

Crossover due to
lattice artifact
quark mass

finite volume

U()a order

parameter

il
1c Tc
—(6°0) =0 just above Tc

U@)a restoration seems like first order



If you can read this
I am on the wrong page.



Ward-Takahashi identity
1

%(POP“S% = V(POPO — §8.80Y = 470 (non-singlet)
LG D T o
x™° (singlet)
4 point non-singlet order parameter
S 08 (8%(PY)? + (SP%) = = ((8)* — (PO = 0




1. SU(2) x SU(2) fully recovered at Tec.
2. if O(A) is m-independent ,
(O(A))m = f(m?) f(x) is analytic at x = 0

3. if O(A) is m-independent and positive, and satisfies

lim —2 (O(A))m = 0

2k
o - <O(A)>m — m2(k+1) /DA}S(mQ’A)O(A)
finite
w— (O(4))m = m**+) [ D f’(m2 A)O(4)' = O(m?**+1)
A 1 A A) A)\n
pr(A) = vlﬂnoonn:d( . ann' at A=0 (A <e)

(4 can be removed later.)




We have used full SU(2)xSU(2) chiral
symmetry. If we use non-chiral l|attice
fermion, the result should change.

(A W)m = (o3,
»

<pA ()‘)>'m a'”'ln'oakAQCD)‘ T /8”]’})1‘()‘31{)\2
3
T (<p?>0 s 77”1)1'02111/AQCD) >;| i 8 8

For example, staggerd fermion might have

-

IMlbreak ™~ 4 1 )C' D



Ohno et al. (2012)

U(1), looks broken P ——— S

T=2330.1 MeV
my/mg = 1/20

w/ staggered fermion.

7 7?» l_) rea k ol 4 I\I e V

p(A)

ra

Our estimate for lattice artifact



Ward-Takahashi identity T <5O ) = <Qtop O)

Anomaly contribution is leading order

Need to consider the leading order term



