Model approach to the sign problem
on lattice QCD with theta vacuum
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Theta vacuum TOET.

: T li
The QCD vacuum is (Tunneling)
a superposition of vacua
characterized by winding number n.

_ Z ein@ |?’1>
n

0 1 2 n
Then QCD effective Lagrangian is required an extra term.
— 1 a a g a a
L= Z qdy (f}/UDy - mf)Qf + 4FuuF,uy _ %96 2 #VJpFuyFap

7
At zero temperature, experimental measurement of
neutron dipole moment gives the upper limit: || < 10~1Y

1

There i1s no theoretical interpretation for this property
(Strong CP problem).

[ At finite temperature, the behavior of theta is nontrivial. ] 2114
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Sign problem vs. Theta vacuum

— 1 a a . 1 a a
Lacp = @y (Do +myp)as + 3 F Fy — 00— €uop T, o,
Ua(1) transformation
- Complex
 Topological effect
/ L —/( D _I_ (9)) / 1Fa Fa
QCD_Qf Tv v my Qf—i_z puvt pv
This parity-odd term
makes fermion determinant complex.

L attice OCD simulation

- Estimate the probability distribution of the topological number
- Taylor expansion around 6 = O

Ref: M. D’Elia and F. Negro, arXiv:1205.0538 [hep-lat] (2012)




Sign problem vs. Theta vacuum

- 1 a a . Y a ra
EQCD — qf(q/l/DV + mf)Qf + ZF,LLUF,LLU_ZQM?EHVUPFLLUFUF)

2

€ A(3) ®Ux(1) transformation

: 6
— 57 o
QIL — € 4q'u,

iv= 8
qq =€ °1q,

N\ 2 = s Y
1 a a
Locp = ) GMiO)q + Mgl + 7 F F,
l=u.,d
M;(0) = ~v,D, +mycos(60/2) +myivyssin (0/2),

M

3Dy + . —

Much smaller than the QCD scale




Suggestion

1 1 (1
Locp = E qM;(0)q + qusqS+4FWFW
[=u.d

Mg( ) = YDy, +mycos (0/2) + myivyssin (6/2),
Vo Dy + meg.

‘M (0) = ~,D, + mycos(0/2) | Neglect the P-odd mass

Reweighting Method

— /DA O"((letME(Q))Q det../\/lse_sgl

: |
(det M, (6))° ~ O [ Free from the sign problem }
(det M;(6))

det M () : Fermion determinant without P odd mass

O'=0




Entanglement PNJL model

2+1 flavor Polyakov-loop extended Nambu-Jona-Lasinio model
8

L =qr(vwDy +mys)gr — Gs(P) z [(GAaq)® + (TivsMaq)?]

a=0
+Gp [detqy (1 —5)qp +detqp(l 4 v5)qp | +U(T, PA], @7 [A])
/\
_ 4 . . .
q = (Quqd; gs) Kobayashi-Maskawa-’t Hooft interaction

mo = diag(m,, mq,ms)| breaks the U (1) symmetry explicitly
- Determinant Is taken in the flavor space.)

Entanglement vertex
Gs(®) = Gs [1 — a1 9D* — az(®° + ©*°)]

.o
= g _|_ ..... (I) +
AN

Ref : Y. Sakai, T. S., H. Kouno, and M. Yahiro, Phys. Rev. D82, 076003 (2010)
K. -I. Kondo, Phys. Rev. D82, 065024 (2010)




Entanglement PNJL model

Properties of EPNJL and PNJL model

PNJL model EPNJL model
(Deconfinement)
Transition temperature 7 . O O
/\ (Chiral
Equation of state O (Qualitatively) O (Qualitatively)
Roberge-Weiss periodicity
(for imaginary u)[1] O O
Quark mass dependence
of RW end point [2,3] X O
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[2] P. de Forcrand and O. Philipsen, Phys. Rev. Lett. 105, 152001 (2010)
[3] T. S. Y. Sakai, H. Kouno, and M. Yahiro, Phys. Rev. D84, 091901 (2011)




EPNJL model with theta vacuum

EPNJL model with theta vacuum
8

£ =Dy +1ip)ar — Gs(®) Y [(@haq)? + (G5 2a0)?]

a=0
+Gp [edetqr (1 — y5)qp + e~ detqr(1 + v5)gqs: ] +U(T, B[A], @*[A])

SUA(3) ® Ua(1) transformation

8

YDy +myp(0))g) — Gs(®) D> [(@Nad)? + (Ti75Maq')’]
a=0

+Gp [detq} (1 — v5)q} + detqy (1 +5)qy | +U(T, P[A], @*[A])
{ my () = my cos(0/2) + ivysmy sin(6/2)

mq(0) my cos(0/2) + iysmy sin(6/2)

ms(0) M /\

Expected : These effects are much smaller than
the scale of chiral symmetry breaking.




EPNJL model with theta vacuum

8
L =5 (v Dy +mp(0))ds — Gs(®) D> [(@Aad)? + (@iv52aq)?]
a=0

+Gp |detq; (1 — v5)qp + detqy (1 + v5)qp ] +U(T, ®[A], @*[A])
Meanfield approximation
(o = (@df) » mf = (@rirsa))

(@A) = (Ti50aq) =0 (a=0,---,7)

\<I> : Traced Polyakov loop )

~

Partition function : 7

: : 1
Thermodynamic potential : ) = —731112

Stationary condition
Meanfields are determined by the stationary condition.

o0 _
0xX

0 (X = 0_270_;7772777;1(1)7(1)*)




Sign problem vs. Theta vacuum

With parity odd mass

I'=p=20 my(0) = my cos(8/2) + iysmy sin(6/2)
1.5 — |
11100l P even condensate
b S
— G -— o . —
ﬁ‘;'uc& - 0} = (Q’fq;c> : Red and Green lines
051 1 =) Dominant part
O == s L D = o =
05 L | P odd condensate
1 1Ny = (q71v5q}) : Blue and Purple lines
) Always small
15 | | |
0 0.5 1 15 2




Sign problem vs. Theta vacuum

Without parity odd mass

T=p=20 my(0) = my cos(6/2) + iysmsi(@/2)
1.5 I T |
S /100l P even condensate
, GS';IGOI
L L G [———— _
r]\qsl'/|<58| - 0} = (Q’fq;c> : Red and Green lines
05T 1 =) Not affected
O b o o o o o o
05 | | P odd condensate
1 1Ny = (q71v5q}) : Blue and Purple lines
m) Become zero
_15 | | |
0 0.5 1 1.5 2

0/m
oo =0T =pu=0=0)




Sign problem vs. Theta vacuum

Without parity odd mass

I'=p=0 my(0) = my cos(0/2) + NamEsiatd/2)
1.5 Py |
g;ﬁ}gg} P even condensate
T r?slﬂggi . 0's = (q7q}) :Red and Green lines
T 1 =) Not affected
0 ﬂ?eweighting Method \
05 (O) = /DA O’ (det M}(0))° det M ze~5s
| lines
_ det M, (0))° 2
| ool
s (det M (0))

\_ detM;(#) : Fermion determinant without P odd mass _/

oo =0T =pu=0=0)




Phase structure

Transition order of chiral transition

PNJL Crossover EPNJL
Rr] At Gt l 1st order l

T (GeV) ~ N N T (GeV) .
02 r R
0.15 | -
0.1
0.05

C : Critical endpointat ¢ = 0

There Is a possibility that the cosmic evolution is
changed at QCD epoch if theta is large




Theta dependence of transition temperatures

EPNJL Model

Transition temperatures are
defined as the peak of susceptibility.

017 | .

0.18 T T T T

Red : Deconfinement transition
Blue : Chiral transition

é - __
Lattice data el :
T.(6) .
c — ]. - R 92 O 94 econ inl_e?:]técne -
T.(0) 0 07+ O(0) | Pommemen s
| 0 0.1 0.2 0.3 0.4 0.5
Ry = 0.0175(7) o/m

Lattice data :
M. D’Elia and F. Negro, arXiv:1205.0538 [hep-lat] (2012) The next speaker




Summary

Ordinal representation ‘ Transformed Lagrangian
iOFF g

q = em“”gql’ A my cos(0/2) + iysmy sin(6/2)

gs = q. Parity odd mass is negligible.
- y,

Reweighting Method
0) = / DA O' (detM](8))” det M e~

O =0 (deth(‘g))Q det M (0): Fermion determinant
(detM!(6))° without P odd mass

EPNJL model prediction

QCD transition at zero chemical potential
may be 1st order when theta is large.




