T RREQCD: HEsE, h/ROY—, axion

B5ARGRE €

RO FYEZOER2018 @ Zhf

Aug. 9, 2018



Yi(mr) for Ni=2 T1=220 MeV

2e+08

1.5e+08

1e+08

% MeV']

5e+07

GL-DW  gluonic charge on DW

gluonic charge on OV

OV index on DW ensemble
OV-OV 0OV index on OV ensemble

S —

3212, Bt 3 JLQCD: Lattice 2017
1st order transition ? |
&90V-OV| .

25 30



GL-DW  gluonic charge on DW
gluonic charge on OV

Xt(mf) for Nf:2 T:220 Mev OV index on DW ensemble

OV-OV 0OV index on OV ensemble

3212, Bt 3 JLQCD: Lattice 2017
2e+08 l | l | l | I | I | I

1.5e+08| - EE | .

UJ(1)a restoration suggested

= from y.a. measurement
= 1e+08} ere— I —~
; -
make sense
56+07 |- al a Pisarski & Wilczek -

0 5 10 15 20 25 30



GL-DW  gluonic charge on DW
gluonic charge on OV

_ _ OV index on DW ensemble
Xt(mf) for Nf_2 T_QZO Mev OV-OV 0OV index on OV ensemble
ER Ao T attice 2017
2e+(

where is the physmal ud mass point ?
:

GL-OV
OV-DW
1.5e+08 - & ¢ OV-OV

ud quark O HDEFRDEETT

—
=

é 1e+08 - R — —

= =
5e+07 - % —

i"'::l:::@:i::::g. ! I ! I ! I !
OO v S 10 15 20 25 30

| m, [MeV]
physical ud



GL-DW  gluonic charge on DW
gluonic charge on OV

Xt(mf) for Nf:2 T:220 Mev OV i-ndex on DW ensemble

OV-OV 0OV index on OV ensemble

< ioaen attice 2017
where is the physmal ud mass point ?

* GL-OV *
OV-DW
1.5e+08 - & -© OV-OV —

ud quark D HDTHFRD ET‘@“

-

H UIREHEEN cJBT‘@’Jf:B
Se«070 SEERAIERIC—RIBER
- axion window DAL %...

0 e

0 ——{ T Dy—t 30
* m, [MeV]

2e+(

1e+08

| e—

% MeV']

physical ud



JLQCD members involved in recent finite temperature study

Sinya Aoki

YA

Guido Cossu
Hidenori Fukaya
Shoji Hashimoto
Takashi Kaneko

Kei Suzuki
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» topological susceptibility

- fate of the Ua(1) symmetry

¢ Ni=2+1

* review of topological susceptibility



- C

5y Columbia

R
EiY

Plot = KA D ADIE

/

2 A —)\—

S~ R

loriginal Columbia plot: Brown et al 1990]



- C

5y Columbia

R
EiY

Plot = KA D ADIE

(o @)
physical pt.
Ms */
0 Mud o

loriginal Columbia plot: Brown et al 1990]



Ni=2+11H[X

« HiEBRETOMN>TWSBZ &

« Ni=0: —XRErt% o

s BLEBER XS > TNDS

/ physical pt.

- N=2+1 3 5 cross-over Ms | %

- staggered (YA, Endrodi,

Fodor, Katz, Szabo: Nature
20006)

. OEENETE R L 0 Mud

« BRERRNA ZILIEZFD
7 J7A—F TIERE

. Z D OES KR



QCD BREEHEZDIEZE: N=2+1 Lattice
- Nf=2+1 BRI R T IE
/ physical pt.
- QCD DIiEfE Ms | %
- MIBR DOEEBROERE. XREHNDTH S,
- RO D FEHMERRAE 0 M

o0

- TBIEFR(U=0)D p>0 NDEREVAZRANZ—>(T,HERFERDARNDRIT S

- KE

ml

SR/ BATHE > MANRERFEIDOTIOY I DO ED




=9 (E N=2

Qu

« Ni=2+1 physical pt. ) 53=EL) ?

* Mms~100 MeV —
« T=0 Tl s DH B4 U TR R

- boundary DR & U TIXER

* N=2

- Wilson, staggered: RHEE

» BRE IR T A T ILFRE

=U(1)a [E118 % TRE[JLQCD16]

= — RERZDBEEEMHE — y(m)ICTRO?
[Pisarski&Wilczek]

@

Ms

RS

/ physical pt.




— RESFZ & EDRBM7?

s 0<mi<me: —RETE

« —DOAEEE E UT: E T (N=3)D—RErFEMHEE & BH D

s VERANDOEZELZEAL5ND

- IRIR Tl staggered — EHEIRFE DHE R D H

0

Ms | %

/ physical pt.

@
?
>




Columbia plot: direct search of PT / scaling
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external parameter
— phase boundary
— point of interest
= detour the demanding region
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Columbia plot: direct search of PT / scaling

:E 1st order

- 2nd order
/ physical nt - imnroved \Wilaon
Ms | 4 N, = 1/(aT) =4 or 6 so far D Lat2016 (O(4) scaling)

3D 2016 [heavy many flavor]
‘ - 1st oder

— far from continuum limit onatiet al PRD 2014

1st order

0 Mia e hilipsen et al PRD 2016
U
problem not settled yet
glon e — UNTITrTIen et ¢l | |Uter

-0.5 -

— phase boundary
— point of interest
il : | = detour the demanding region

(W/T)

-0.75 -

1 I 1 1 I 1 1
0 0.05 0.1 0.15 0.2 0.25



Columbia plot: direct search of PT / scaling
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no PT found
1st order region
shrinks as a—0
with both staggered and Wilson
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for more information see eg
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de Forcrand
“Surprises in the Columbia plot”
(Lapland talk 2018)



Columbia plot: direct search of PT / scaling
> 1st order
Ni=2+1 or 3
#,ohys/ca/ pot. . either
Ms . no PT found
- 1st order region
wah e shrinks as a—0
|‘ with both staggered and Wilson
0 Mud o - or even disappear ?

Understanding of the diagram being changed a lot

Ding

Lattice 2016

de Forcrand
“Surprises in the Columbia plot”

(Lapland talk 2018)
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simulation
U(l)s SU(Nfv  SU(NfA
cost
Wilson v v X moderate
staggered v X cheep
. Im .
domain wall v v almost expensive
exact
almost
overlap v v v . .
Impossible

BRE{ITONSUER

- Wilson — Improved version
staggered — improved version
domain wall fermion — “reweighting” to overlap [JLQCD]



QCD and Lattice QCD

Lattice QCD = QCD defined on discretized Euclidian space-time
discreteness: lattice spacing=a (~0.1 fm ~ (2 GeV)!)
eventually continuum limit;: a — 0 needed

put the system in finite 4d box : V=L x Lt
eventually: V = ~ needed
able to put on the computer as a statistical system

Z =2exp(-S) — Monte Carlo simulation

some symmetry Is lost ¢ ¢ b
Infinitesimal translation and rotation )
chiral: partially or completely lost pln) |+
expected to recover in the continuum lm.a >0 1 SR
exact symmetry
gauge ! & S 5

“chiral” for special discretization
(close t0) exact chiral symmetry crucial for some applications



QC

D and Lattice QC

D

Lattice QCD = QCD defined on discretized Euclidian space-time

for some operators in some lattice discretizations

c; = 0 automatically — effectively close to cont. lim.
c; = 0 by engineering = “improvements”

most of the lattice actions used now = ¢; =0 orc; =0

discreteness: lattice spacing=a (~0.1 fm~ (2 GeV)!)
continuum limit is needed:

near the continuum limit
lattice operators can be expanded in powers of a

O‘LQCD = O’QC’D + ac1O1 + CL26202 .

a— 0

However, the size of c2 term wildly varies among different actions



=00 eo
Ni=4: stout iImproved staggered [LatkKMI collab.]

[ ' [
[ ) " " O ﬁ=38
to from Symanzik flow: ol i
. a2(B=3.7)/a2(3=3.8) = 1.3 4o
h ~30% difference in o’ ©
12|
=]
=]
B
1= =]
L | L | L | L |
- taste symmetry violation 7 B
| | |
+
03+ —
N=4, p=3.7 L S 0.2 4 |
® 4 I N )
= = 0§ B o O T
L 02 0 & O §, — é‘ O Tos
s £ £ * A S s {; S O s
- & B b 1 A T B
+ < §i§4 0.1 g ..
& =+ S < ij
0.1 % + &4&5 — & T,
B > &8s % > T
- + + & A
0 | | | | | O | | | | |
0 0.02 0.04 0.06 0 0.02 0.04 0.06

W LB SUd DI AAE L





HISQ


1=0
Nr=4 topological susceptiblility [LatkKMI collab.]

* normalized with to » x-axis: NG pion — taste singlet

(a la sChPT: see
Billeter, DeTar, Osborn, PRD2004)
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topological susceptibility and axion mass

« Peccei Quinn mechanism for a solution to strong CP problem
* new complex pseudo scalar field to remedy the fine tuning problem of 6
- U(1) symmetry is spontaneously broken — axion
- effective potential tilted by chiral anomaly
— gets mass through x = topological susceptibility at 6=0
» Axion is a candidate of dark matter
 axion mass as a function of temperature ma(T) is a crucial information

» X(T) of QCD @ 6=0 s the target quantity!



UMNMa BT 5 & ...

axion cosmology scenario may fail for U(1)a restoration
due to vanishing / suppressed topological susceptivility
* Ailm=0o =0 & dvy:/ dmlu=0 = 0 Aoki-Fukaya- Tanigchi
= v, =0 for smallnon-zerom OR
= exponential decay for T>T.

qu?é)C[y T < TC’
xt(T) ~ { mgAéCDe—%(mq)TQ/Tg, 1 >1T.,

c(mg) — o0 as my — 0,

2 £2
Xt — mafa
axion mass and decay constant:

= axion window can possibly be closed
Kitano-Yamada JHEP [1506.00370]



topological susceptibility, U(1)a:

- QCD7E
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topological susceptibility



Method

- DWF ensemble — reweighted to overlap

- Mdbius DWF: almost exact chiral symmetry: mres = 0.05(3) MeV (3=4.3, Ls=16)

 Qverlap: exact chiral symmetry

+ Qt measurements

« global sum of the gluonic charge density (clover) after Wilson Flow (t=to)

« Overlap Index

(@)
V

 reweighting: before / after and above 2 meas. yield 4 . values

Xt = susceptibility

- current main focus: 1/a = 2.6 GeV ™ PRELIMINARY ***



Method

- DWF ensemble — reweighted to overlap

. MébiusD**"™ ' SR - e

"V (B=4.3, Ls=16)

. Overlap: || GL-DW  gluonic charge on DW ensemble

. Q: measuren gluonic charge on OV ensemble

OV index on DW ensemble

“low (t=to)

« global sul
. Overlap I OV-OV OV index on OV ensemble
Xt = <?/j susceptibility

 reweighting: before / after and above 2 meas. yield 4 . values

- current main focus: 1/a = 2.6 GeV ™ PRELIMINARY ***



gluonic charge on DW
gluonic charge on OV

OV index on DW ensemble

vi(ms) for Ni=2 T1=220 MeV, 323

32°x12, B=4.3
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INcreased stat. frgm | attice 201 , - ~30KkK tray.



vi(m) T=~220 MeV discretization effect

comparing ‘1/a 1.7 Gev‘and\ 1/a=2.6 GeV|| ((3.6/m) and (2.4im)3)

compare N;=8(B=4.1) and 12(4.3) at simlar temperature (217 and 220 MeV) compare N,=8(B=4.1) and 12(4.3) at simlar temperature (217 and 220 MeV)
[ [ ' [ ' [ [ ' [ ' [
2.0x10° [ B41GLDW n B=4.1 GL-DW
| |0-0p=4.3 GL-DW | [ |0-0p=4.3 GL-DW
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v% 0.0 l .............. Q- ;
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0o 5 10 15 20 25 30 0 5 10 15

« OV-0OV: better scaling
- GL-DW: large scaling violation for smaller m
« OV-OV: y=0 (withinerror) forO0 =m = 10 MeV

« GL-DW: >0, but, may well decrease as a
= (consistent with OV-OV with large error of OV-OV)



vi(m) T1=220 MeV a? scaling: m=6.6 MeV

m=6.6MeV
5e+07 T T T T T

O O GL-DW
O -aQ0Vv-OV
4e+07 =

N 3e+07| % ~

26407} T -

]

1, eV

16407 i

N $ L] (v=(3.6fm)3 and (2.4fm)3)
a [fm°]

continuum scaling in 1st region

* M=6.6 MeV

* vanishing towards continuum limit

 caveat: physical volume is different = needs further invest.



i(m) [=~220 MeV, 323x12

GL-DW gluonic charge on DW
gluonic charge on OV

OV index on DW ensemble

OV-OV OV index on OV ensemble

, 32°%12, p=4.3
32°x12, p=4.3 :
26+08 T T T T T T | I
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0 5 10 15 20 25 30 m. [MeV]
m, [MeV] f
physical ud

suggesting 2 regions

1: y: is very small (may vanish in a—0): 0 <m = 10 MeV

(— consistent w/ Aoki-Fukaya-Tanigchi for U(1)a symm.)

2: sudden growth of y;

10 MeV = m

 physical ud mass point: m=4 MeV



i(m) [=~220 MeV, 323x12

3212, p=4.3
2e+08 T T T T T [
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-9 0OV-OV
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2 1e+08 |
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5e+07 | |
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suggesting 2 regions

GL-DW gluonic charge on DW
gluonic charge on OV

OV index on DW ensemble

OV-OV OV index on OV ensemble

32°%12, p=4.3
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physical ud

1: y: is very small (may vanish in a—0): 0 <m = 10 MeV

(— consistent w/ Aoki-Fukaya-Tanigchi for U(1)a symm.)

2: sudden growth of y;

10 MeV = m

 physical ud mass point: m=4 MeV



GL-DW gluonic charge on DW

gluonic charge on OV

Xt(m) T: ~ 2 2 O M e\/, 323)( ‘I 2 OV index on DW ensemble

OV-OV OV index on OV ensemble

1/a=2.6 GeV

im0 an 3212, 4.3
T transition suggested ? | 235y LA
1.56+08]- T —— e
: = from both GL-DW & OV-OV 1
| P | A S S "
e +physical ua

suggesting 2 regions
1: y: is very small (may vanish in a—0): 0 <m = 10 MeV
(— consistent w/ Aoki-Fukaya-Tanigchi for U(1)a symm.)
2: sudden growth of y; 10 MeV = m

 physical ud mass point: m=4 MeV



GL-DW gluonic charge on DW

gluonic charge on OV

OV-OV OV index on OV ensemble

Xt(m) T: ~ 2 2 O M e\/, 323)( ‘I 2 OV index on DW ensemble

1/a=2.6 GeV

- transition suggested 7 | | 235 LA

« from both GL-DW & OV-OV

GL-DW is precise, maybe useful * """ -

32°%12, p=4.3

1.5e+08 -

<

x [MeV']

e —

_ ~ , physical ud
suggestm - T e

1: 4 isv Next step: Volume Study |, < 19 mev

| — —

o. In addition to 323, 243 & 483 are studied

« physical ud mass point: m=4 MeV

‘symm.)
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resolution of susceptibility (ex: m=2.6 I\/IeV:)W@a é

15
mmmmmmm

OV index

32°%12, B=4.3, m=0.001
1000F —ovow] S Effective number of statistics
 decreases with reweighting

= 1005— _E
g * Nefi=Nconf <R>/Rmax

OF E * Nconi=1326 — Neff = 32

1:— | | | | | =

3 2 1 0 1 2 3
Qt

null measurement of topological excitation after reweighting
« does not readily mean y=0:
(this case <Q2>=4(4) x10-6<> 6(3) x10-3 @m=13MeV)
- there must be a resolution of y: under given statistics
» [resolution of <Q2>] = 1/Nef
- shall take the “statistical error” of <Q2> = max(A<Q2>, 1/Nef)
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Results of y«(m) at T=220 MeV; multiple volume

Statistics in trajectory
~30k, 30k, 10k
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Results of y«(m) at T=220 MeV; multiple volume

GL-DW
OV-OV
T [ ! ' |
1.5x10°| : : igz s : 3
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_ L 5x10 B E 32
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Statistics in trajectory $§
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0 5 10 [M1§/] 20 25
. m [Me
V dependence at m=10 MeV is strange

non-monotonic: cannot take thermodynamic limit

important region, where a phase boundary was suggested w/ 323
Let’s look at the histogram of Q



summary of histogram: 1=220 MeV, m=10 MeV
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competing scenarios with multiple volumes for
i given An.s (Ua(1) oder parameter) @ 1=220 MeV

]
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1, IMeV

1.5x108

1.0x10®

5.0x10"

0.0

- AFK scenario: x=0 for O<m<mc

OV-OV

[oX0) 243
= 3 32°
&0 4g°

KY scenario from A s (m=3MeV) R 1

AFT scenario

L
PR

» KY scenario: y=2 fam?2

 There are no strong tensions

 Neilther scenario is excluded
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<

1, IMeV

1.5x10®

1.0x108

5.0x10"

0.0

GL-DW

'0X0) 243

&0 48° R
KY scenario from A_ . (m=3MeV) i
AFT scenario

Kanazawa-Yamamoto

assume faz 0 (breaking param)

expansing free energy in m
discussing

finite m and V effect

in each topological sector






U(1) axial

Ny =~
8MJ§‘ = 392 FF
- violated by quantum anomaly
N .
(0 T4 (2) - 0(0)) = 25 (FE(x) - O(0))

up to contact terms
at T=0, responsible for n° mass

non-trivial topology of gauge field

at high T, this Ward-Takahashi identity is still valid

however, if configurations that contribute to RHS is suppressed.........
= the symmetry effectively recovers

® here Ni=2 (including Ne=2+1 with “2” driven to chiral limit)



Why bother 7

Because it is unsettled problem !
fate of U(1)a - analytic
Gross-Pisarski-Yaffe (1981) restores in high temperature limit
Dilute instanton gas
Cohen (19906)
measure zero instanton effect = restores
Lee-Hatsuda (1996)
zero mode does contributes — broken
Aoki-Fukaya-Tanigchi (2012)

QCD analysis (overlap) — restores w/ assumption (lattice)
Kanazawa-Yamamoto (2015)
EFT case study how restore / break

Azcoiti (2017)
case study how restore / break



Why bother 7

Because it is unsettled problem!
fate of U(1)a lattice

HotQCD (DW, 2012) broken
JLQCD (topology fixed overlap, 2013) restores

- TWQCD (optimal DW, 2013) restores ?
LNL/RBC (DW, 2014) broken
HotQCD (DW, 2014) broken
Dick et al. (overlap on HISQ), 2015) broken
Brandt et al. (O(a) improved Wilson 2016) restores

JLQCD (reweighted overlap from DW, 2016) restores
JLQCD (current: see Suzuki et al Lattice 2017) restores
Ishikawa et al (Wilson, 2017) at least Z4 restores




U(1)a restoration or not

need to make sure if not comparing apples and oranges...
key points
systematics effects of lattice discretization under control 7
finite V, a, m...
ud chiral limit of
Ni=2 QCD or
Ni=2+1 QCD  — strange quark mass effect !
discussing mug—0 or just around physical ud mass

discussing X=07%7 or X=07



SU(2), x SU(2) o
V53 9~ -0 qq

' u(1),

SCPL ~N: a9
SU(2) 1 x SU(2) g

T .

u(1),

a U(1)a order parameter :

QoI 0l

syrr?metw INn switching flavor non-singlet pseudoscalar and
scalar

order parameter:

A, s = / el (x)79(0)) — (5(x)5°(0))]

= (O for U(1)a restoration

as a result, screening masses for these channel will degenerate

not a sufficient condition for U(1)a restoration



screening mass from O(a) improved Wilson f Ni=2

mass difference between m and 6
200 FT

[ S S ‘
I G
2. 400 | :
& =600 | -

E T=T: —@—
< -800 | S linear chiral extrapolation —<— 7]
-1000 2 T = 0 physical point —e— |

T = 0 chiral limit —&—

_1200 I I I I I
0 10 20 30 40 50
Myq [MeV]

Brandt et al JHEP [1608.06882]
- Ni=1/(aT) =16 - quite fine lattice

- T=T; - on top of transition temperature

only one existing study for Ns=2

- AMps = 0 (with a sizable error) — consistent with U(1)a restoration



relation with Dirac eigenmode spectrum p(A)

chiral condensate : order parameter of SU(2)a : Banks-Casher rel.

. > 2
~(a0) = lim | () 55 = me(0)
U(1)a:
> 21 o
AW—(S — , d)‘p()\) ()\2 n mg)g 7~ P (O)
very roughly speaking

+very sensitive to the spectrum near A=0

- overlap fermion, able to distinguish zero/nonzero modes, is ideal



JLQCD 16: Hov, Hpow spectrum: above T¢c N=2

- DW: Domain wall fermion sea

L=32%x8 Domain-wall =4.07 (T=203 MeV)
I I

é 0.005 |- . OV Overlap Valence
% - exact “chiral symmetry”
e e e wowowoow o feweighting to OV
001 L=32°x8 Partially quench:;M;Z;rlap B=4.07 (T=203 MeV)

m/\
>
0]
Q 0.005
=
=

140

40 60 80 100 120
AMMeV)

0 20

L=32%x8 reweighted OverlapB=4.07 (T=203 MeV)
T T T =

0.01 T T
am=0.001 e

Q 0.005

100 120 140

0 20 40 60 80
AMMeV)

[JLQCD 2016 Tomiya et al



JLQC

D 16: Hov, How spectrum: above Tc Ni=2

p(L) (GeV®)

p(L) (GeV®)

p(L) (GeV®)

0.01 —

0.005

0.01

0.005

0.01

0.005

DW on DW o

0 20 40 60 80 100 120 140

AUNMa\N

] OV on DW

3=4.07 (T=203 MeV)

0 20 40 60 80 100 120 140

AMMeV)

" OV on OV

.07 (T=203 MeV)

DW: Domain wall fermion sea
OV: Overlap valence

exact “chiral symmetry”

reweighting to OV

Lowest-bin [O—8MeV](GeV3)

0.018

0.016r
0.014
0.012r

0.01F
0.008 -
0.006
0.004 -
0.002 -

0

overlap
323x8 p=4.07, 7-203MeV —®—
3% x8 B=4.10, 7=217MeV —@—
32 x12 p=4.23, T=191MeV —4—
32 2§12 B=4.24, T=195MeV —v—
16 x8 3=4.07, 7=203MeV —H—
16 x8 B=4.10, 7=217MeV —O—
0 5 10 15 20 25
m (MeV)

Lowest bin—0
consistent with SUa(2)
restoration

[JLQCD 2016 Tomiya et al



Comparison: unitary <-> partially quench

L=32%x8 Domain-wall =4.07 (T=203 MeV)
| |

0.01 T T
am=0.001 e

0 20 40 60 80 100 120 140
2 (MaV/

o OV on DW ~

3=4.07 (T=203 MeV)

120 140

80 100

AMMeV)

.07 (T=203 MeV)

16ra{ngeof\JLQCD OV on _”SQ

¥4 06 0.8 1 1.2 1.4 1.6 1.8
AT

A>(0  Dick et al PRD [1502.06190]

ﬁ

Partially guench eftect
needs to be investigated




JLQC

1.4

1.2

0.8

A%(GeV?)

0.6

D 16: Ua(1) susceptibility: T=190-220 MeV

32 x8 3=4. 07, T= 203MeV ——
32 XSB =4.10, T=217MeV —@—
B=4.07, 7=203MeV —+—
16 x8B 4.10, 7=217MeV —>%—
chiral zero-modes included

%)

A%V (GeV

32 x12[3 4.23, T 191MeV A

32 XIZB 424 7=195MeV —v—
chiral zero-modes included -

seemingly A—0

L

10 15 20
m (MeV)
AOV — AOV _ 2N0 .
=0 Vm?

Ny/V (MeV?)

Zero mode effect

' B=4.07, =203MeV, m=0.001 —=—

B=4.10, 7=217MeV, m=0.001 —e—
B=4.10, 7=217MeV, m=0.01 —v—

0.1 0.2 0.3 0.4 0.5

1/L3/2(f 3/2)




HotQC

) 2014
SU(2)A

DWE Ni=2+1

SU(2)  x SUR)

m:qY,z 9" ~o:qq
UU)A' ' u(1),
6: 939 = ~N: a9

SU(2) Lx SU(2) g

U(1)a

o50 | (XJ'\tAS_ X(I;AS)/TZ m =135 MeV —e— | o509 L (XT'\C"S_ X'g"s)/'r2 m, =135 MeV —e— |
m_ =200 MeV —83— o m_ =200 MeV —3—
200 r 1 200
CD o
150 1 150
d
10) =
100 r 1 100 ¢
00 = - D
bl @
50 | ¢ 50 | | g0
5 [
.
0 . . . 1y . 1] . - ] 0 . . . . . - . @
130 140 150 160 170 180 190 200 130 140 150 160 170 180 190 200
T [MeV] T [MeV]
' =
RIEMTITIE 2

[figures from Ding Lattice 2016]



JLQC

1.47F

1.2

%)

A%V (GeV

0.8

0.6

D 16:

Ua(1) susceptibility

32 XSB

32 XSB =4, O 7=217MeV —@—
16x8[3407T203MeV'—|—' i 12+
16 x8B 4.10, 7=217MeV —>%— '
chiral zero-modes included - |

.07 T203MCV'_._' i 141+
1

%)

32 x12[3 4.23, T 191MeV A

32 XIZB 424 1=195MeV —v—

chiral zero-modes included - ]

g 0.8
>
506
0.4}
02}
1 O 1
20 25 0 5

seemingly A—0

L

update available

10 15 20

s this showing really, exactly A—0 ?

closer to continuum limit

25



-y 7 EBIA: Ve MR Z EXL 5 DY

JLQCD: zero-mode subtracted

0.3

c-©16%s
G-832%8

0.2

0.1~

! | ! | ! |
0 100 200 300
m> [MeV?]

1 l 1 l 1 l 1 V
0 10000 20000 30000 40000

[JLQCD 2016 Tomiya et all



- 7] E

7 N

3: Voo HR[S

R7Z N2 D N

JLQCD: zero-* Oo%+ acted
T A7 o

0.2 D
<U} -
0.1 E%/////////////////////////////////%

0

1 l 1 l 1 l 1 V
0 10000 20000 30000 40000

[JLQCD 2016 Tomiya et all



VAV

| m—

7 N

3: Voo HR[S

0000000000

[JLQCD 2016 Tomiya et all
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F v U EE: Voo BREEN S H e
\(\) y
KY: without |Q|>0 sector  JLQCD: zero-~ OO?ZG‘B* acted
10— i : 03 | ‘Q) . )(,b_\)\
| g OV X7
| \,Q ,V/(’
4 o> %”‘@/ 0
] Q)\ “Ll\{\ ’%4/
1-0 v , é&OKQ ;/J @'_
\v‘%%@;‘
N L
fix Vi A—=0 as m2 for m—0 AN E*?— &\K\g |
even for U(1)a br. case % \C§/ |
J @Q) |
fixm: AecV | 0@/% —
LZ\?\L/ %—ﬁ['@‘%/ﬂ\%foﬁ L OO ) S s = S V
LA L x—=0 DIEE T & SHBY  [JLACD 2016 Tomiya et al



F v VEIR: Vo RR2Z NS D N

1.0———— i

KY: without |Q|>0 sector  JLQCD: zero-~ OOM+ acted
: Vs

T [
0.3 Q
00 16° T

. I | (‘O ‘
r =2V, fam? v&% {&@;
— 4J A \’\\\ N \;’5/

fix Vi A—0 asm2form—0 = A * g O
even fi

AT DJILQCD Tl reweighting (& exact

fIX M Aee D@ 4
T ULH—HTDHELL ——

LA U x—=0 ORREE Tz & S B JLQCD 2016 Tomiya et al




S. Aoki, H. Fukaya, and Y. Taniguchi PRD86 (2012), 114512
A. Tomiya et al. (JLQCD) PRD96 (2017), 034509

Note 1:
U(1), susc.=Low modes-+Zero mode ?

2 2m? 2m?(1 — /l(i)z)2
Ap_g = jo A1 p() T “» - Aoy

4 b
The factor of 1/1* enhances

zero-mode contribution?
\_

subtracted
zero mode

In V - oo limit, we know zero-

mode contribution is suppressed:
2N,
gzmode = m (x 1/\/7)

New order parameter:
we subtract zero mode

24/Jul/2018 Lattice 2018




JLQCD, preliminary (2018)
Note 2:

U(1), susc.=Physics+

i 2m2 oV 2
o= [ @100 s ) At
ﬁ h The term depends on and
[ p)~A | ~1/4 valence quark mass m

We assume valence quark mass

dependence of A _s (for small m): p (AOV)
B 2 4
Ar—g (M) = —5 + b+ cm? + 0(m*)
- A
Zero-mode m? Aov
(disappears in V — o) (disappears in m — 0) - )
\\ y,

— From 3 eqs. for A,_s(m,), A,_s(my), A,_s(m3), a and ¢ are eliminated
— A,_s~ b + 0(m*) (, that depends on sea quark mass)

24/Jul/2018 Lattice 2018 12




U(1)a susceptibility Nig=2

[JLQCD preliminary]

p(IM) [GeVO]

32%x12, B=4.3, T=220MeV, m=0.001(2.64MeV)
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onQV C—
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N
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n
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A% on OV 24x12 —4— |_
A% on OV 32x12 —@—
A% on OV 48x12 —&— |1

N=12, p=4.3
T=220MeV
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Quark mass m [MeV]

* 10 |/
physical ud

seemingly vanishing as m—0

Suzuki, Lattice 2018



U(1)a susceptibility  Ni=2

[JLQCD preliminary]

T T T T T T T T T
10 L /J
-
-
-
= - g
-
-
-
-
-
-

Ni=12, f=4.3
T=220MeV

A% on OV (UV subt.) 24x12
A®Y on OV (UV subt.) 32x12 —o— |
A% on OV (UV subt.) 48x12 ——

107° |

U(1) 5 susceptibility A___s [GeV]

10
Quark mass m [MeV]

seemingly vanishing as m—0,
more evident in log-log prot



U(1)a susceptibility  Ni=2

[JLQCD preliminary]

—
o
\
\
\
\
. ]

—
on
N

Ni=12, f=4.3
T=220MeV

stibility A5 [GeV<]

—
<
w

UV subtraction D finite V effect © 5| W\ T UWLR WD

BEI DSNEHD
FORBEZBEALLS
COFRIF UM BEZRLTWVDS

)

More ¢ to be continued ... &

S —




O 5 — ) @Juj]’ ?

Because it is unsettled problem!

- fate of U(1)a lattice N
HotQCD (DW, 2012) broken 2+1
JLQCD (topology fixed overlap, 2013) restores 2

- TWQCD (optimal DW, 2013) restores ? 2
LNL/RBC (DW, 2014) broken 2+
HotQCD (DW, 2014) broken 2+
Dick et al. (overlap on HISQ), 2015) broken 2+
Brandt et al. (O(a) improved Wilson 2016) restores 2
JLQCD (reweighted overlap from DW, 2016) restores 2
JLQCD (current: see Suzuki et al Lattice 2018) restores ? 2

Ishikawa et al (Wilson, 2017) at least Z4 restores 2



CCEXRTDIRED

- topological susceptiblility
- T>Te CEODTREME: &3

MERTE DA #: 4=

- fate of U(1)a
- T>T, CEIET ShH:  #Ewbd

LU & DEGEIRRICGIWVWEF T, KDBRRF Rz HFA
BRDMENDE: ZHZHBELMBETIEARL
Z&
IR DR T TR BRI F 572 £ VL SR E R
subtraction DIE#E (15 ICEAR)
parameter DZEFEIC LD, KD BEBLTUVAZEN: T FfBERE
- =220 MeV — 180 MeV (> T. chiral transition)

9
H9

=z

HI




U1)a @ Ni=2+1 (+1) ZDMBD 7 )L—=F



references

- topological susceptibility for axion mass
- 1606.07494, S. Borsanyi et al, (Budapest-Wuppertal), Nature

- “Calculation of the axion mass based on high-temperature lattice
quantum chromodynamics”

« 1606.07175, J.Frison, R.Kitano, H.Matsufuru, S.Mori, N.Yamada
» “Topological susceptibility at high temperature on the lattice”

- crucial technique of above



simulation parameters and integral path

- starting from 3+1 at T=300 MeV

dp

30 I I I I T
GO OQOEeEE Oyl O B oEE O O«— N=3+1
» 20 vV V
£ vV V V
®5 staggered O
e staggered fixQ ©
= v Vv overlap fixQ v
E qot
v VvV VvV
v % - n=2+1+1 phys
O SO0oT T O O | ; | |
100 200 500 1000 2000 5000
T[MeV] Vog 707
' : ' _alog 4@/ 4o
. ; —bo = _
T direction: integrate Q Tlos T

Z

 m-direction: “1
Zy

~ dloga

D S
~ oxp /
24+1+1 m?

<Sg>Q—O +

C“Og Muyd mud<¢¢ud>10> J—




other key methodologies

 “reweighting” of staggered simulations to better ones with small O(a?)

* lowest modes engineering :

« would induce non-local term in the action — similar to 4th root ?

* isospin breaking effect N D TET%'T/IE D 1k 4 ’|‘t: 7b\j( % 7Ld1 ﬁ:l'ﬁxEE'E

- finite volume effect
- charm quark effect
* line of constant physics: mud(B), Mms(B), Mc(B), a(B); B=6/g2

» systematic error associated with the ambiguous definition of Q from Gluonic



the result and comparison with other works

1512.06746 s
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this work

100 200 500
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the result and comparison with other works
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he direct determination of y(7) all the way
up to 3 GeV means that we do not have to
rely on the dilute instanton gas
approximation (DIGA).

Note that a posteriori the exponent predicted
by DIGA turned out to be compatible with
our finding, but its prefactor is off by an
order of magnitude, similar to the quenched
case.

Though some of our simulations (see
Supplementary Fig. 18) are already carried
out with chiral (overlap) fermions, where

large cut-off effects are a priori absent, it is

an important task for the future to
crosscheck these results with a calculation
using chiral fermions only.




the result and comparison with other works
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Bonati et al 2015: outlier 7

7 [MeV]

Note:
these are all based on staggered

DW or overlap TODIRIFNE

Bonati et al 2018 new
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Bonati et al.
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Nnow, consistent



Thank you very much for your attention |



| attice framework

DWF ensemble — reweighted to overlap

Mobius DWEF: almost exact chiral symmetry:
Mres = 0.05(3) MeV (=43, L.=16)

Overlap: exact chiral symmetry

DW—=0V reweighting



| attice framework

DWF ensemble — reweighted to overlap

Mobius DWEF: almost exact chiral symmetry:
Mres = 0.05(3) MeV (=43, L.=16)

Overlap: exact chiral symmetry
DW—=0V reweighting
R

" (Rpw



| attice framework

DWF ensemble — reweighted to overlap

Mobius DWEF: almost exact chiral symmetry:
Mres = 0.05(3) MeV (=43, L.=16)

Overlap: exact chiral symmetry

DW—=0V reweighting
<OR>DW
O oV — 9
o =Ry o
det[H,,(m)>  det[H*, (1/4a)]?
det[HR, (m)]? : det[Hoy (1/4a)]”

R




| attice framework

DWF ensemble — reweighted to overlap

Mobius DWEF: almost exact chiral symmetry:

Mres = 0.05(3) MeV (=43, L.=16)
Overlap: exact chiral symmetry

DW—=0V reweighting
<OR>DW
O oV — 9
o =Ry o
det[H,,(m)>  det[H*, (1/4a)]?
det[HR, (m)]? : det[Hoy (1/4a)]”

R

1
Doy = 3 D (1 +ssgni) [Ny (Nl + Dy (1 = ) A

Ai <Ath

J/ \ .

Ai <Ath

)

J/

N

Exact low modes

High ?nodes



| attice framework

DWF ensemble — reweighted to overlap

Mobius DWEF: almost exact chiral symmetry:
Mres = 0.05(3) MeV (=43, L.=16)

Overlap: exact chiral symmetry
DW—OV reweighting Nor  Hy = s
(0)., = (OR)pw "
7 (R)pw

det[H,,(m)]* det[Hp (1/4a))?

K det[HR, (m)]? : det[Hoy (1/4a)]”

1
Doy = 5 > (L + 580N [N (A +D 5oy (1 - ) P\z‘><)\z’>a

Ai <Ath Ai <Ath

J/ \ . J/

N

Exact low modes High ?nodes



simply speaking, Inthe m—0 [imit

U(1)a restores if . and not if

with p(0)—0 and p’(0)—0 with p(0)—0 and p’(0)= 0

¢ non-analyticity at A—0 required



Analytic works

- Aoki-Fukaya-Taniguchi

-+ QCD with OV regulator

- assuming analyticity of p(0)
- fa— 0 :U(1)a br. parameter

¢ Xt0p= O fOF O<m<mc

- Kanazawa-Yamamoto

- assuming faz 0

+ expansing free energy in m

+ discussing

- finite m and V eftect

- contributions of topological
sectors



Kanazawa - Yamamoto

assuming faz 0
expansing free energy in m

Z(Ta‘/BaM> — €XP [_%f(Ta V37M)] )

F(T, V3, M) = fo— fatr MTM — fa(det M + det M) + O(M?),

M — e 2104y, MV}; det M — e*¥4det M breaks U(1)a

other terms are invariant under U(1)a
all invariant under SU(2)L.xR

to study topological sectors 0

' — ¢ L oY i60/2
M — Me®/N;  Zo(T, Vs, M) = ¢ —— e " Z(T, Vs, Me™/?).

_ e—v4[fo—fz(m3+m§)] 7{ (21_‘9 a—1Q0 2Vi famumg cosf
T

= o7 V=2 mi ] 1o 2V famuma) .

15(2Vafam?)




Kanazawa - Yamamoto: U(1)a br. scenario

to study topological sectors
dog

Mo MaN Za(T Ve, M)= b 5o Z(T, Vi, Me?l?),

_ o Valfo—fa(m3+m3) 7{ 3_9 o—iQ0 (2Va famumy cos 0
7

_ e—V4[f0—f2(m12,,+m3)] IQ(QVZlfAmumd) :

1.0f s

0.8

0.6

0.4

0.2

0.0

0.01 0.1 1 10 100 1000

T = 2V4fAm2
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Kanazawa - Yamamoto: U(1)a br. scenario

KY tells
fixed topology gives wrong result at small V
adding all Q sector or large enough volume necessary

L

1.0f s

0.8

0.6

0.4

0.2

0.0 -
0.01 0.1 1 10 100 1000

T = 2V4fAm2

8 10



Kanazawa - Yamamoto: U(1)a br. scenario

KY tells
- fixed topology gives wrong result at small V
- adding all Q sector or large enough volume necessary

Wy

L

JLQCD

- does not fix topology (DW)

- zero-mode subtraction may have similar effect to fix Q=0
- for smallest m: actually effectively fixed to Q=0

T = 2V4fAm2



