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Goal : Understanding of the critical phenomena
of two flavor QCD

When the Ua(1) breaking is finite (but small) at Tec:

Our assumption

*How does it affect the nature of chiral phase transition?
=) 1st order or 2nd order?

“(If it is 2nd) What is the universality class?

8-

3-d Linear sigma model (as an effective theory)

At the leading order of € expansion
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2nd order phase transition?

# Yes

O(4) universality?

Results

Ua(1) breaking Y

(depends on the parameters)

B) One of the exponents differs

w

Infinite (O(4))

2/(4-€)

n
0

)

Finite

2/(4-¢€)

0

| 2-5¢/3 |
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INTRODUCTION



Chiral Phase transition of 2flavor QCD

Chiral symmetry (Nf=2) SUL(2) ® SUR(2) ® Uy(1 /

anomaly
‘ Effective model

U(2) x U(2) Linear Sigma Model(LSM) + Ua(1) breaking term

UA(1) symmetry

[ [
Infinitely large breaking Effective restoration
0(4) LSM R.D.Pisarski, FWilczek (1984) U(Z)XU(Z) LSM
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Difference of RG flow

RG flow at 1-loop level in d=4-¢

Large Ua(1) breaking

O(4)
uv IR
fixed point  fixed point
0 €/2
«—+—> D€ >\
There is an IR fixed point
A=¢€/2

|
2nd order phase transition

%) Stability of this IRFP is well established

in higher order

S. A. Antonenko and A. I. Sokolov (1998)
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Ua(1) restoration

U(2) @ U(2)
g2

A>0

“m Saddle point

uv % $
fixed point A

Classical stability bound

No IR fixed point at 1-loop order

) Existence of IR fixed point of U(2)xU(2) LSM

in higher order is still under debate

Pelissetto and E. Vicari (2013)
Y. Nakayama and T. Ohtsuki (2014) et .al. 6/20



Chiral Phase transition of 2flavor QCD

Chiral symmetry (Nf=2) SUL(2) ® SUR(2) ® Uy(1 /

‘ Effective model

U(2) x U(2) Linear Sigma Model(LSM) + Ua(1) breaking term

anomaly

UA(1) symmetry

Infinitely large breaking Effective restoration

$ \ 4
O(4) LsSM U(2)xU(2) LSM
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Chiral Phase transition of 2flavor QCD

Chiral symmetry (Nf=2) SUL(2) ® SUR(2) ® Uy(1 /f(

‘ Effective model

U(2) x U(2) Linear Sigma Model(LSM) + Ua(1) breaking term

anomaly

UA(1) symmetry

[] [ []
Infinitely large breaking Finite breaking Effective restoration
O(4) LSM 29927 U(2)xU(2) LSM
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METHOD



U(2)xU(2)LSM +Ux(1)

U(2)xU(2) LSM+UAa(1) breaking term (Ua(1) broken model)

Liotal = EU(Q)XU(Z) + 'Cbreaking

d — MALTOR (L € SUL(2), R € SUR(2))  2x2 complex scalar

1 ; 1 ; w2 112 w2 £\ 2
Lue)xv@) = Etr 0,20"®"]| + 5m tr [®DT] + 51 (tr[@®1])" + 392 tr [(@P7)?]

2 2
Emmm:ri%ﬁa¢+d%¢w+%ﬂTﬂMﬂma¢+da®U+%y@%¢+daéw

+w (tr [(%‘I)T ty OHO* tz] + h.c.)

1 i
In terms of components ‘ d = v2(do — ixo)to + V2(xi + i)t (to =5, ti= %)

. | e (i=1,2,3a=0,1,2,3)
Lioat = (1= w)5 (Ouda)” + 5 (m*(T) = ca/2)60” + 5 \(6")?

H1=w) 3 (B + 5 (m2(T) + ea/2)x?

o [ = 22) (xa®)* + 2(A + g2 — 2)6a” 0" — 22(axa)?] /20
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U(2)xU(2)LSM +Ua(1)

U(2)xU(2) LSM+UAa(1) breaking term (Ua(1) broken model)

Liotal = £U(2)><U(2) + Ebreaking

d — MALTOR (L € SUL(2), R € SUR(2))  2x2 complex scalar

1 ; 1 ; w2 112 w2 £\ 2
Lue)xv@) = Etr 0,20"®"]| + 5m tr [®DT] + 50 (tr[®@®1])" + 392 tr [(@P7)?]

2 2
Lireaking = —%‘(det O + det ) + %x Tr[@d!)(det & + det &) + %y (det & + det )2

+w (tr [(%CI)T ty OHO* tz] + h.c.)

1 i
In terms of components ‘ d = v2(do — ixo)to + V2(xi + i)t (to =5, ti= %)

(1=1,2,3a=0,1,2,3)

Liotal = <1w)E<au¢a>2+§<m2<T) —ca/2)¢a” + —A (9°) ] &= 0(4) Lsm!!

HL = w) @) + 5 (mA(T) + ea/2)x

2
+% (A= 22)(xa®)* + 200 + g2 — 2)0a"X0> — 292(Baxa)?] 9/20



Strategy

*Working hypothesis

: Ua(1) broken model undergoes 2nd order phase transition
at m?b(Tc) =m*(T,) —ca/2 =0

mm) 4 massless scalar ¢, and 4 massive scalar Xa mi(Te) = m*(T.) +ca/2 = ca

= £ expansion with mass dependent scheme

&

—

Yes : 2nd order
: Check existence of an IR fixed point EmE) -
No : 1st order?

—

- (When it is 2nd order) Calculate the critical exponents 10/20



RESULTS



B functions

B functions of Ua(1) broken model (1-loop) §; = 1 g; (d =4 —¢€)

dX < ey 1 2 R o2 ofa  ma
ﬁ,\zud—u:—e)\+2)\2+6f(,&)(4)\2+6)\gg+39§—8)\Z—Gggz+4zz)
dgs NP
s = B2 = = o+ A+ 5 f(B)2(0 — 28) + S h(A)G(4A + s — 42)
7
_dz 1 N 12 1 A A2 {2 A A A2 AN/ A )
B = ,u@ = —€eX + 12(1 — f(@2)(8N" — 6Aga — 3G5 + 8AZ + 6g22 — 42°) + 4f(n)(A\T — Z°)
d,é N 1 12 AN DN 1 A~ 12 ~92 NS ~2
B, = ,u@ =—€z+ 5(2)\ — Ag2 + 2A2) — éh(,u)(él)\ + 305 — 8A\Z2 4 42°)
- 6f(/fb)(—2)\2 +3MG2 + 305 — 202 — 6§22 + 1203 + 6000 — 1282 + 42?)
p= e f)=1- arctan —— B(f) = 1 — — log[1 + ]
Vea f/ 4+ [ 4+ (2 f1?

lim f(i) = lim h(g) = 1, lim f(2) = lim h(3) = O(4%)

fi—00 f—00 £—0 £4—0
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B functions

B functions of Ua(1) broken model (1-loop) §; = p “g; (d =4 — ¢)

dA - -
du
dg
=gy = _
dz
dz 2
ﬁ:,u =—ez+ (202 — Ago + 2)2)

cq= mi — 00 with fixed # B — 50(4)
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B functions

B functions of Ua(1) broken model (1-loop) §; = p “g; (d =4 — ¢)

dA < Q 1 3 2 A 12 ~ 2 5
%,\ =p, == €N + 2)\2]—|— 8f(ﬂ)(4)\2 4 6AGa + 395 — 8A2 — 6§22 + 457)

dg . 1., | R, . | P .
Bp = o2 = = €4+ 2 AGs + 2 F(@)Ga(A — 28) + 2 h(R)3a(4A + §> — 42)
dpu 3 3 3
dz Lo ANV (232 g3 2 QS5 1 RA s 422 SN a a2
By = ,u@ =—ei+ E(l — f(@)(8N" — 6Aga — 3G5 + 8AZ2 + 6g22 — 42°) + 4f(n)(Az — z°)
d2 R 1 12 NN NN 1 A 12 ~9 NS 22
B, = M@ = —€eZ+ 5(2)\ — Ag2 +2X2) — gh(,u)(él)\ + 35 — 8AZ + 427)

1 ~ N " ~
+7 F(R) (=202 4 3XGa + 355 — 202 — 6§22 + 123 + 6090 — 1222 + 45?)

ca=m? — oo withfixed u B B\ — Bow

1 — 0 limit with fixed c4 =) ? ‘
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RG flow

(A(A), g2(A), z(A), z(A)) = (0.25,0.25,0,0), e =1

5) E— |
1
1
\
.
.
\
.
.
.
.
3 — . —
\
.
N \
N .
2 L ~ N p—
-
N
1 N N -
~~‘\~:\:::\::‘: < :\ .
RS
A% =0.002 T =1
CA = 0.00
0 I I I I I

-0.1 0 01 02 03 04 05

A :Initial value of the renormalization scale p

No IR fixed point 13/20



RG flow

(A(A), g2(A), xz(A), z(A)) = (0.25,0.25,0,0), e =1
5

]
)
p—

ca/A* = 0. 002 =
0 | | | | |
-0.1 0 0 02 03 04 05

All couplings diverge A

A :Initial value of the renormalization scale p
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RG flow

1 \
.| ->
3 \ <
o \\ N
) % .
2 L | Converges to
i A\, = €/2
Tr , \\ | IR fixed point of
ca/A° =0.002 = - 1 0(4) LSM
() ] ] ] ] ]
-0.1 0 0.1 0.2 03 04 0.5
y Other couplings diverge

A :Initial value of the renormalization scale o _5,
ex) lim go ~ p o
. u—0
Decoupling?
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N point function

Any correlation function has same IR limit with O(4) LSM

m=) Same IR physics = 2nd order phase transition

IR limit

GSY) = (9u(c1P) $ulesP) n(esP) - de(enP)) 2 GLY) P

)

(2) P—0 (2) (4) P—0 (4)
G — G O4)’ G¢ —>GO(4)

N=6?
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Divergence vs. suppression

N point 1Pl diagram of ¢ with typical scale P (N=6)
¢ ¢¢

—d

L N/2 1 2
+ 92 (P2 4+ CA)

¢’s contribution

Diverge Suppress

b

P—0 N N/2 P2 %1
D20 prNtd L AN2 4 gl (—)
CA

—4— 5
d=4 ‘5; PN—4—|—6—EN€

Contribution from massive components vanishes with N >

X's contribution

4 — € 6—)1\ 30

5 /4
1_E6 7

= N(=6) point 1Pl diagram converges to O(4) ...



Decoupling

Any correlation function has same IR limit with O(4)

G = (ga(c1P) $u(e2P) du(esP) -~ delen P)) T2% G

IR physics agree with O(4) LSM
1

Ua(1) broken model undergoes 2nd order phase transition

O(4) universality?

16/20



Critical exponents

|T—Tc|>”

v:Power index of a correlation length ¢~ ( 0

n:Anomalous dimension of correlation function (¢(z)¢(0)) ~ |z|~¢+2>"

w : Scaling dimension of the leading irrelevant operator |\ — \,| ~ u*

Results at the leading order of € expansion
Ua(1) breaking v n w
Infinite (O(4)) 2/(4-¢€) 0 3

Finite 2/(4-¢€) 0 2-5¢/3
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v:Power index of a correlation length ¢~ ( 0
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Ua(1) breaking v n w
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Critical exponents

|T—Tc|>”

v:Power index of a correlation length ¢~ ( 0

n:Anomalous dimension of correlation function (¢(z)¢(0)) ~ |z|~¢+2>"

w : Scaling dimension of the leading irrelevant operator |\ — \,| ~ u*

Results at the leading order of € expansion

Ua(1) breaking v n w
Infinite (O(4)) 2/(4-€) 0 ( £ ]
Finite 2/(4-€) 0 | 2:5¢/3

Non-decoupling !? 17/20



Nature of the chiral phase transition

Possible pattern of chiral phase transition of two-flavor QCD
depends on ca

1. 1st order (ca=0)
2. 2nd order with U(2)xU(2) universality class (ca=0)

3. 2nd order with O(4) universality class (ca—>o°)



Nature of the chiral phase transition

Possible pattern of chiral phase transition of two-flavor QCD
depends on ca

1. 1st order (ca=0)
2. 2nd order with U(2)xU(2) universality class (ca=0)
3. 2nd order with O(4) universality class (ca—> <)

4. 2nd order with the Ua(1) broken scaling (ca 20, A>¢/2)

18/20



Summary

* We study the nature of chiral phase transition of

massless two-flavor QCD using the Ua(1) broken
model

* Depending on the parameters, the model shows
the 2nd order phase transition

* We find that at least one of the critical exponents
has different value from the O(4) LSM. It suggests

novel possibility of chiral phase transition of two-
flavor QCD.



Thank you for your attention!
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go(A)

Region of initial values A(A), g2(A) flowing into O(4) fixed point

0.8

0.6

0.4

0.2

-0.2

-0.4

cA/A2

O(4) attractive basin

=1,x(A)=0,z(A)=0

O(4) attractive

basin

-04 -0.2

0

02 04 06 08
AMA)

O(4) attractive basin shrinks as cavanishes

1

Small ca

=)

g,(A)

0.8

0.6

0.4

0.2

-0.2

-0.4

cA/A%=0.01,x(A)=0,2(A)=0

O(4) attractive
basin }

-04 -0.2

0

02 04 06 038

MA)

1



z(A)
A
1+ =
=
o+ =

(4) attractive basin

¢/ ZZI,Ax(_ .):",E( =

ea/ =110 02 )=1

ep/ 13 1.2 )1

1 . 1 . 1 :
05 - 05 | 05 |
o+ S of S ot
< =2
05 | 05 | 05|
A1 1 1 1 I 1 | 1
05 0 05 15 05 0 05 15 05 0 05 1 15
A Aoy A
cp/A%=12(N)=-1,2(A)=0 ca/A?=1,8(A)=0,2(A)=0 ca/A’=1,R(N)=1,2(A)=0
1 T 1 T 1 T T T
05 - 05 | 05| .
ot S of S of
< <
05 | 05 | 05 |
A1 | 1 | 1 |
05 0 05 15 05 0 05 1 15 05 0 05 1 15
Ay A AN
calA =18 (N)=-1,2(A)=-1 ealA’=1 K(N)=0 2(A)=-1 CAAP=1.3(M=12(N)=-1
1 T T 1 T T T 1 T T T
05 b 05 i 05} §
ot S of S of .
< <
05| 05| 05| 4
-1 1 -1 ' -1 ! L 11‘!‘?“:#;%:
05 0 05 15 05 0 05 1 15 05 0 05 1 15
A Aoy Ay
| 1 |
I | 1 o .’E(A]
-1 0 1



Asymptotic behavior

*B functions of g2and z ( A\ (i — 0) ~ ¢/2)

—5€/6

5 A M

5 ~ ——€Q — 0) ~

692(/'1“ — O) 6692 92(/’[’ ) ¢ (\/a)
1 \ A s 452 A 3 .

Bi(p — 0) ~ —et + E(_392 + 6oz — 427) ‘ Z(p— 0) ~ = G5 (1)
1.1 A 3.

Bz(p — 0) ~ 5% T 60 Z(p — 0) ~ 1 G2 (1)

-B function of A(u — 0)

N N 1 N N N
By = = €A+ 20 4 < F() (40% + 6Ags + 333 — 8AZ — 675 + 45%)

C2 . ) A C2 2S¢
N —ed + 20—y s l {A - A*} ~ 2
Vs sy 8(5¢ — 3) \ \/ca



Four point correlation function

Ggl)(ﬁba(pl), Pa(D2); Pb(P3), Pb(Pa))]s=t—u=p2 (s =(p1+p2)% t=(pr—p3)* u=(p1—ps)°)

4
—1 8 52 8 o5&
— (H p2> ue [37r2)\ — §7r2)\log[P2/u2]

1=1

5 ) ) ) 1
— 274N 4 6AGa + 397 — 8AZ — 6’ + 427) / dg log [
0

9
‘ RG improvement

g { gUathybroken Ja(1) broken

Bo(ay 0(4)

When })12%) S\(P)lUA(l)broken — }}LI%)E‘(PHO(‘D Y

the four point function of the Ua(1) broken model agrees with O(4)



Divergence vs. suppression

N point 1Pl diagram of ¢ with typical scale P (N>4)

& ¢¢ Diverge Suppress
_ P—>03 PN+d{5\N/2+géV/2 (i) ’ }
CA

—4— 5
d 4 63 PN—4+€—§N€

4 — € 6—)1\ 30

5 /4
1_E€ 7

Contribution from massive components vanishes with N >

= N(z6) point 1PI diagram converges to O(4)



Footprint of non-decoupling

4 point functions of UA(1) broken model and O(4) LSM

2S¢
(4) P08 5 1) e P\



Approaching rate

4 point functions of UA(1) broken model and O(4) LSM

2— 3¢
(4) P08 5 -1 5 : € P\



Approaching rate

4 point functions of UA(1) broken model and O(4) LSM

o) P20 S (T[ask ) Py s PN
s=t=u=P 3 e p; 9 N I )

L Disagree
Agree
s |

—1 P
e 23 (157 ) {5« (5}

Same convergence point, but different approaching rate




Approaching rate

4 point functions of UA(1) broken model and O(4) LSM

G P20 S (T[ask ) Py s PN
¢ |ls=t=u=P 3 11 sz 9 N I )



