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Projects o

Nf=2:
e DWF — Overlap; high T:
« chiral symmetry, fate of U(1)A, topology
e DWF
. spectrum (see Lattice 2024 talk by David Ward)

common set-up for:
e JLQCD type domain wall fermion (DWF)

. Gauge: tree-level Symanzik
« Fermions: Mobius DWF (scale factor=2 Shamir) with stout smeared links

e good knowledge of T=0 fine lattices for flavor physics
. calibration for finite temperature needs only small effort (computational)

Nf=2+1:
e DWF — Overlap for high T (led by Hidenori Fukaya)
e DWF: LCP analysis near and on the physical point

. transition / crossover; topology
. charge fluctuation (see talk by Jishnu Goswami)

Nf=3:
e DWF: phase hunting near three-flavor degenerate chiral limit (see talk by Yu Zhang)
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QCD phase transition near and on the physical point ® |

R-CCS

« Ni=2+1, 2 fine lattice DWF simulation and reweighting to overlap [PRD(2021), PTEP(2022)]

- Profound relation among: chiral symmetry, axial anomaly and topological susceptibility

« R &D for the Ny=2+1 thermodynamics with Line of Constant Physics (LCP)

Codes: Grid, Hadrons, Bridge++
LCP / Reweighting

Quark number susceptibility

Chiral order parameter and renormalization

« Ni=2+1 - thermodynamics with LCP (mass = ms/10 = about 3 x physical ud quark mass)

2 lattice spacings Ny=12, 16
3 volumes Ny/N=2, 3, 4

No phase transition !

[ e determined Ty, = 165(2) Mel/
PPR-Fugaku FY2020-2022

[PoS Lattice 2021, 2022]

« Physical point study

- PPR-Fugaku 2023- preliminary results —
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2 step renormalization for chiral condensate (power and log divergence) with an xm,..¢ correction
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Modes of Simulations

to locate phase transition l/
 tune parameters near transition

> T:fixed, change m

» m: fixed, change T

L= aN;

1
?:aNt

oy

(o)
1st order
/ physical pt.
Ms *
1s¥order crossover
o)
0 Mud
1st order
mS F
1st order crossover

0 Mud i
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Modes of Simulations Nf=2: Ward (Lattice 2024)

Nf=3: Zhang
to locate phase transition l/ oy // oo =
 tune parameters near transition - {st order
> T:fixed, change m .
» m: fixed, change T ‘/ /phyS/ca/pt.
Ms *
L: aNS _;V_Mﬂ
0 Mud 0
T 9\/ - /// > 1st order
Fixing / changing the controlling parameter —
 T:controled by /
m
« a(P) : controlled by B S we—
« N, :discrete Javrte
* m: controlled by 1st order crossover
* input quark mass D
™ 0 Mud 0

* m(fB)« matching with hadronic scale: My (3, m)



Ne=2+1 Mobius DWFE LCP for 2023-

For the Line of Constant Physics: amg(B) with a(B)
- Step 1: determine a(B) [fm] with t, (BMW) input
e atf =4.0,41%,4.17,4.35,4.47
* =4.0 new data, to add support at small 8

* p=4.1 old pilot study data, removed - small volume and statistics

« Step 2: determine Z,,(B)  using Non-Perturbative Renormalization results
- atp = 4.17,4.35,4.47;, Z,, with MS 2 GeV are available
« NNNLO running: u=2GeV - 1/a & [ polynomial fit & running back
« use Zpy(B) so obtained for § > 4.0 : B < 4.17 region is extrapolation
« 1/Z.,(B) will be used to renormalize scalar operator, chiral condensate

« Step 3: solve amy(B) with input (quark mass inpui):

e mE=27_ -aml®t. g 1 =92 MeV

Ms — 274 (See for example FLAG 2019)

Mmyd

« See for details in Lattice 2021 proc by S.Aoki et al.

Do simulation
« Step 4: proper tuning of input mass: correct m,q

Do simulation 2" round / correction with reweighting + valence meas.

latt

1.1

0.9

—
L [0 Z,(2GeV)

o Z,(1/a)

fit with 1+, /B+c,/B°
— run: u=1/a - 2 GeV




Simulation plan: 2" rouna
w/ treatment of m,¢ effect  w
L, = 12 fixed throughout this study =
e T1-(d) « T2-(c)
.Nt=12 .Nt=16 100
e m; = 0.1mg e m; = 0.1mg
. ;"P“t = mECP — Mgy * M, Shift by reweighting
. V, =243, 363 * Vg =32°
. T]__(p) * TZ-(Q) 2 0001
° Nt — 12 ° Nt — 16
* My = myy . ml = Myyg 0.0001
ilnput _ mécp — M o mzlnPUt _ méCP — Myps -
. V, = 363, 483 . V=487 '
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latt
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0.3ms
0.1 my

——m latt
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mres; Ls=8

m ;L=12

res’ °s

m_ ;L =12, N=12
res’ —s t

m_;L=12,N=16
res’ °s t
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O
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LCP remarks for FT2023-

0.06

latt

£’ 0.04

Features
 Fine lattice: use of existing results (0.04 < a < 0.08 fm)

0.02-

|

|

« Granted preciseness towards continuum limit
0 ! |

« Coarse lattice parametrization is an extrapolation 4 41
« Preciseness might be deteriorated

4.2

§

4.3

« Newly computing Z,,, e.g. at § = 4.0 (lower edge) might improve, but not done so far

« NPRof Z,, at a™! =1.4 GeV may have sizable error (window problem) anyway

« Smooth connection from fine to coarse should not alter leading 0(a?)
« Difference should be higher order

 Error estimated from Kaon mass (at physical point)

« Amp ~10% atf =40 (a=0.14fm) — Amg ~afew %
e Amy ~ afew % at § = 4.17 (a = 0.08 fm)

4.4

4.5



Domain wall fermions

Mobius DWF — OVF by reweighting

« Successful (w/ error growth) at g = 4.17 (a =~ 0.08 fm)
See Lattice 2021 JLQCD (presenter: K.Suzuki)

e Questionable for
Coarser lattice: rough gauge, DWF chiral symmetry breaking
Finer lattice: larger V (# sites)

Chiral fermion with continuum limit
« A practical choice is to stick on DWF

Controlling chiral symmetry breaking with DWF

« WTI residual mass myes: mz o (mg + myes)(1 + h.o.)
« Understanding m,..(B) with fixed Ly (5-th dim size)

* Mm,os[MeV] ~ aX, where X ~5

« Vanishes quicklyasa —» 0
« 1st (dumb) approximation: forget about my.s
« Better: m]‘i""t © (mg 4+ myes) but, this is not always enough

T
m_ L=
res S
001__ <> mres; S= -
% 0.001f @ .
E i PN
0.0001 3 E
1e-05 | . | | =
3.9 4.1 4.2 4.3 4.4
p
MDWF N,=2+1, L =12
T
0.01F PN -
slope ~-6
Fo
< 0.001 3 -
° ®
o L=12
0.0001F s _
[ L =8
[ S
- L
1e-05 01

affm]



Light quark £ = —(y):

conventional and residual power divergence

* Zlpwr~Cp————— + Zlcont. + -+ S. Sharpe (arXiv: 0706.0218)

® Myps F XMypog; X =0(1) #1

« “Since x is not known, this term gives an uncontrolled error in the condensate. It
can be studied and reduced only by increasing L, - a very expensive proposition.”

— S. Sharpe. o
e cf: m2 « (mf + mres) |1+h.0.]
B
xm =
* Zlpwr = (b a12‘es + Zlcont, + 5 (my - 0) NE@ |
L
_(1_x)mr 0.001
* Zlpwr = Cp 02 =+ X cont.; (mf - _mres)

MDWF N=2+1, L =12

T

aE:‘n]
“Forget about m,."
is dumber for 2, but---




Light quark X = —@w):
no power div. in disconnected susceptibility

* Xaisc = (uu - dd) — (uu) (dd)
- power divergence in (1) cancels out
* no new divergence over X because no new contact terms

 needs multiplicative renormalization for logarithmic divergence

* Zs(B) = 1/Z:(B)

« we stick for now on this quantity

* Xeotar= (W Yb) — (Y) (Y)
« has power divergence everywhere
- needs to understand the power divergence of ¥ = —(ynp) first



Chiral susceptibility (disconnected)

. : =
N, = 12 spline smoothing —&—
N, = 16 spline smoothing &

N¢ = 12 spline interpolation —&—

N¢ = 16 spline interpolation »%—

N
-

——
-

- |

m; = 0.1mg (about 3 time larger than physics u,d mass)
0.55 .
3 el N x N, = 32° x 16 & pad
0.5 dl N? x N = 24° x 12 w5
0.45 d2.1\';: X Ne = '16: X 12 = 166
[~ d3. N, X Ne = 48° x 12 —%— v 8
e Tr i
2.0.35 &%
> >
¢ 03 K
g ez = 162
“Tasimg L
A 02 160 |
£30.15
>4 |
0.1 158 |
0.05
0 - A - A A - - 156 .
120 140 160 180 200 220 0 0.02

T [MeV]

no subtraction needed in addition to vacuum subtraction
peak position : mild volume dependence — infinite volume limit
observing no dependence for N;=12 and 16 (LT=2)

T,c = 165 (2) MeV from the disconnected chiral condensate

0.0d 0.06 0.08 0.1 0.12 0.14
N3N = 1/(VT3)



Disconnected chiral susceptibility at average
physical u and d quark mass

m; = mg/10

L XNis (1 = 2 GeV)[GeV?] CLN® x N, = 32° x 16 e d1,d2,d3: N, =12,LT=2,3,4
d1,N2 x Ny = 243 x 12 53— _
d2,N3 x N, = 36 x 12 —6— - cl ! Ny = 16, LT=2
0.8 d3,N3 x N, = 483 x 12 +—¥— _
p2, N3 x Ny = 36 x 12 +—5— » good scaling N, = 12 -16 observed for LT=2
p3, N2 x Ny = 48% x 12
0.6 ;
m; = Mygq
0.4 ;
[ e« p2,p3: Ny=12, aspectratio LT =3, 4
0.2 i
e Statistics is ~20,000 MDTU for LT=3, sampled every 10 MDTU

0 | e« LT=4 very preliminary, currently running to get to planned satat.
120 130 140 150 160 170 180 190 200 210 220

T [MeV] * T,. =151 (3) MeV (preliminary) on 363x12, compared with
* Tp.=155(1)(8) w/ DWF (N;=8) by HotQCD (2014)
Likely NO phase transition at physical point * Tp.=156.5(1.5) w/ HISQ by HotQCD (2019) (=disconnected)
with chiral fermions. * T, =158.0(0.6) w/ stout staggered by Budapest-Wuppertal (2020)
No surprise happened so far..
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Light quark £ = —(p)

« Two step UV renormalization necessary (naively)
« Logarithmic divergence (multiplicative): Zs(MS, 2 GeV)

« Power divergence (additive):

« Subtracted using (ss)
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2 . <0|]5q|7T>
X Mg a TeS (0|P|m)
2
mp X (mf + mres)
0.016 ; 7 (= 2.GeV)[GeV?
— | DLt ( = 2GeV)[GeV?]
0.012 0. lms, =24, N, =12, L, = 12 —O—-
@ m{D— 0. @zﬁ =24,N; =12, L, = 12 —A—
0.01 | o my = 0.1mg, N, = 32, N, = 16, Ly = 12 —5—
0008 - & & il i
0.006 A ¢ .
0.004 o .
0.002 A ¢ m .
o)
0 Y
A ¥y
—0.002 - Got worse ! 5, A .
_0.004 | | | | | | | |
130 140 150 160 170 180 190 200
T [MeV]
Origin of subtraction: m; = —m,.,



Light quark ¥ = —@1/)): residual power divergence

me +x

* Zlpwr = Cp——5——+ Zlcons. + =+ S. Sharpe (arXiv: 0706.0218)

Myps F XMyps; X =0(1) # 1

« “Since x is not known, this term gives an uncontrolled error in the condensate. It can be studied and reduced only
by increasing L - a very expensive proposition.” — S. Sharpe.

« (we proposed another way to utilize m’,..., which end up mixing T=0 Cp into high T)
e Yet another way of subtraction including x using Ny =3, T =0 &T > T information
—see the talk by Yu Zhang

1. Prepare several different lattice spacing forT =0
.. . . C
2. Compute coefficient linear in m; : Z|pwr~const. +(a—f,_’+ Cr)mg + -
3. Separate divergent term : linear fit in a? of. Cp + a*Cr — Cp = 0.37(2)
4. Estimate x using T > T, through Slowr = _CD(l;Zx)mres =0 (my > —myes) [ren.cond. X one = 0]

N;=3; B =4.0estimate: x = —0.6(1)

* In general, x may depend on B, for now use this value as a reference for all B
« We also use (), (single flavor normalization) of Ny =3 for Ny =2+ 1
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fest on Ne=2+1T=0 measurements

only multiplicative renormalization applied

— |G©ren; =40
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changing y-axis range
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Cpa~?(1 — x)m,,s Subtraction
applied only to 5=4.0

Cpa~?(1 — x)m,,s Subtraction
applied to all
assuming x is universal

Seemingly, both conventional and residual divergence are controlled, but
« need to check if x does not depend much on B
« refinement of precision and check applicability range of C, necessary




0.8 -

0.6

0.4

Disconnected chiral susceptibility and chiral

condensate

MS () — 2 GeV)[GeV?2
Xdlsc(lu’ 4 )[ € ] CLNSth:?)QBXlG*—A—F

d1,N2 x N, = 243 x 12 3+
d2,N3 x N; = 363 x 12 —6—
d3,N2 x N; = 48% x 12 —¥—
p2, N2 x Ny = 36% x 12 ——
p3, N2 x Ny = 48% x 12

m; = Myg

all divergences subtracted assuming x is universal

0.2
m; = mgy/10

| | |

130 140 150

0
120 160 170

T [MeV]

180 190 200 210 220

Likely NO phase transition at physical point
with chiral fermions.

No surprise happened so far..

0.03 — —
[<w¢>l - Ca_QD(mu + xmres)]MS(,Uf =2 GeV) [GeV3]
cP =0.37(2),z = —0.6(1)
0.025 - cl, N3 x N; = 32% x 16 1
[1] @ 8 dl, N2 x Ny = 24° x 12 —
% d2, N? x N, = 36% x 12 —O—
0.02 - d3, N3 x N; = 48% x 12 —¥—|
‘17 & p2, N3 x N, = 36% x 12 ——
¥ §3, N3 x Ny = 48% x 12
0.015 + b4 . i
m=myy Y By = my/10
0.01 + pv4 i
v % :
\v4
0.005 ~ i
v
O | | | | | | | |
120 130 140 150 160 170 180 190 200 210
T [MeV]
m; = Mygq

e p2,p3: Nt=12, aspect ratio LT = 3,4
« Statistics is ~20,000 MDTU for LT=3, sampled every 10 MDTU
« LT=4 very preliminary, currently running to get to planned satat.

* T,.=151(3) MeV (preliminary) on 363x12




physical point MDWF
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L=48 - Nt=12 and 16 are very preliminary (low statistics)




topological susceptibility *

Xtm[M eV]

Summary by Chen et al (TWQCD)

PHYS. REV. D 106, 074501 (2022) -

CHEN, CHIU, and HSIEH

mmmm This work

mmmm Bonati ef al. [19]
mm Petreczky et al. [20]
mm Borsanyi ef al. [21]
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xfcj10 BW: continuum 100 200 T[Mewsoo 400 500
10'45— E
[ . 90 - 8
10°F E 701 1
: : iy \
-6 | | | | < ]
10400 200 300 400 500 3
T [MeV] ié 20
MDWF(JLQCD) X rat physical point T o] S
- inconsistent with Chen et al (optimal DWF) = orasar ot 20
e getting closer to BW[continuum] fora - 0 o M teemew ™
 N,=16 already ~continuum or even undershoot ? o T

 more detailed study needed
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Summary and Outlook om

Nf=2+1 Physical point computation of QCD thermodynamics with Mébius DWF

use LCP, determined with T=0 JLQCD knowledge

no surprise on the existence/non-existence on the transition

machinery to treat power divergence, residual chiral symmetry effect is being finalized
seemingly the both types of “divergence” are under control using Nf=3 results

further improvement underway

Disconnected chiral susceptibility show no hint of phase transition for Nt=12

e T,.= T, (staggered)

o No surprise so far with chiral fermions

Topological susceptibility showing large lattice artifact for Nt=12. Nt=16 promising.

Outlook
e refinement of power divergence subtraction using T=0 information of very fine MDWF

e 483 for Nt=12 and 16 are being run on Fugaku
e plan to be completed by the end of FY2025 with a few additional points on 643x16.
e use of these configuration underway

. see eg. talk by Goswami on charge fluctuation



thank you Tor your attention



Light quark ¥ = —@1/)): residual power divergence

myg +Xx

* Zlpwr~———— *+Zlcone. + -+ S. Sharpe (arXiv: 0706.0218)

Mypps F XMppg; X =0(1) # 1

« “Since x is not known, this term gives an uncontrolled error in the condensate. It can be studied and
reduced only by increasing L¢ - a very expensive proposition.” — S. Sharpe.

« We propose another way to estimate x using m',...
If chir

mmetry is restored — X|.one. =

is related with

x {Jsq(x)P(0))

- _ Zz Usq(BOP@) _ (0]Jsq|m)
Yx (P(x) P(0))

X (P@EDP0)  (0|P|m)

(large t) )

me = —M,.s' is a zero of Z|pyr (¢  mp=-— is a zero of ,m2)
Due to Axial WT identity:  (mg+mj.) Xx (P(x) P(0)) =X
From: Ay (A, (x) P(0)) = 2my (P(x) P(0)) + 2 (J54(x) P(0)) — 2 % 8y



Light quark ¥ = —@1/)): residual power divergence
e + 2| gone. + -+ S. Sharpe (arXiv: 0706.0218)

a2

° ZlDWF = (Cp

Mypos F XMypps; X =0(1) #1
« “Since x is not known, this term gives an uncontrolled error in the condensate. It
can be studied and reduced only by increasing L, - a very expensive proposition.”

— S. Sharpe.

-Nf=3(:ase

« T>0 problem @ 5 =4.0
« T=0 exercise @ 5=4.0,4.1,4.17
e« T>0 div free 2



N:=3, N,=12 chiral condensate

0.035
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0.025
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0.015
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T

T

T

T

T

—0.01 1

a

o A
(Y)M3 (1 = 2 GeV)[GeV?] N A
A
A
A
A
x A
% 2]
» @
" @ N3 % N, x L, =48% x 12 x 16 —5— |
@ N3 x Ny x Ly = 36% x 12 x 16 —6—1 |
* @ N2 x Ny x Lg =24 x 12 X 16 —A—

N3 x Ny x Ly = 24% x 12 x 32 —K—i
ﬁl’) = az +b,b=—0.00911(7),x*/dof = 0.03 - - - -

2 4 6 g 10 12 14 16

(Mg + Mres) M3 (1 = 2 GeV) [MeV]

18

20

only multiplicative renormalization
applied
quark mass: m,. shift applied
@T=0:mp >0, (Mg +mpes) 20
L.=16

« three volumes: 243, 363, 483
L =32

« smaller m,,, 243
—(1=X)Myes

Intercept = Cp —— <0
e need to be subtracted



Nf=3 1=0 chiral condensate

0.25 — 0.75
(pP)MS (11 = 2 GeV)[GeV?] ) 0 CP + CRa? %
0.2 LA o
R 0.65 LT 5
p= pe)
0157 ,/ ’,,@’ | 0.67 ,,” B
B e
B e ) 0.55 |- 'y .
0.1 F = e a1 i . |
5 g AT 0.5 A-
= 40N XRII;XIA, é43><48><16»—A—« !,
ﬂ‘—41N X Ls =24° x 48 x 16 —— 45 - - _ _ o
0.05 = 4lAN3‘§S>< Ni X Ly = 323 x 64 x 16 —5—] 045 - CP = 0.37(2)]x*/dof = 0.67
f1($)':" alx =|—’bl:13+cl,cl = 0.008(1), 2/dof =0.86 ---- 04 - ’," |
jg{:ﬁ)——agx +b2m+02,02—00142()X/dof—026---- B
0 C -f3(x) —a3a: +ng+03,03—0014()X/dof—201---- 035 | | | | | | | | |
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(Mg + Mires) M5 (1 = 2GeV) [GeV] a?[GeV~?]
_ 2 f myg +Xx
Z _— It p— LI}
(m)=Ch+Cim+C,m Sl pwr = Cp - + 3| cont. +

°Q=%+% * (p+ Cra?
« Cp/a”: divergent, Cg: regular * Cp =0.37(2) from linear fit



. 0.8
N:=3, N,=12 chiral condensate * =«
=9, Nt cniral conadensate . = .
0.6 - B
st 800w o]
i) f T Eg Mmoo
0.035 N 03y @ ¥,
3 _ A 0.2 A 4 . 8
0.03 - (Y)M3(u = 2GeV)[GeV?] N A = 01} 488 a s
0025 i A 2 | 00 é 4(mqj-mres8)m(;lto—QgeV)[llil/[eV]lﬁ lé ?
A
X :
0.015 |- X o 2 1 * m<my::high T “phase”
0.01 |- Xag 4 5 . ¢ Y C —(1=X)Myes y i
" NJ X Ny X Ly = 48% x 12 x 16 +—H— |DWF — LUp > + |cont.:
0.005 - @ N3 x Ny x Ly = 36% x 12 x 16 —0—_ a
* N3 X N¢ x Ly =243 x 12 x 16 —A— (mf — —mres>
0 r N3 x Ny x Ly =243 x 12 x 32 —¥—i
,R:B) = ax + b,b = —0.00911(7), x*/dof = 0.03 - - - - ] ]
—000 e 1 ¢ Zleone.=0 : renormalization cond.
A '
_0.01 | | | | | | | | |

0 2 4 6 8 10 12 14 16 18 920 e applied to determine x
(g + M) ™S (11 = 2 GeV) [MeV] « x=-0.6(1) from 243x12x16



Ni=3, N,=12 chiral condensate @ =

0.03

0.025

0.02

0.015
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0.005

() —

I

—0.005

P matemee VS (1, = 2 GeV)[GeV?]; & &

ALAA
A

ALA

&

| | | | | | |

R
* T~ 121(2) MeV

N2 x Ny x Ly =48% x 12 x 16 —E—7
N2 x Ny x Ly = 36% x 12 x 16 —&—
N3 x Ny x Ly =24% x 12 x 16 —A—-
N3 X Ny X Lg =243 x 12 x 32 —¥—

4 6 8 10 12 14 16
(Mg + Mres) M5 (1 = 2 GeV) [MeV]

18

20

T ~ 121(2) MeV

05 é N3 x Ny x Ly = 48% x 12 x 16 —5— |
’ N2 x Ny x L, =36% x 12 x 16 —6—
0.4 - i N3 x Ny x Ly = 24% x 12 x 16 —A— |
% N3 x Ny x Ly = 24 x 12 x 32 —¥—
03 5 )
@

A

A A
AAAAAA

I S S ST R TR T AT
(Mg + Mues)MS (1 = 2GeV) [MeV]
my. =~ 4 MeV
m < my. : high T “phase”
—(1=X)Myes _
Zlpwr = Cp + Zlcont.;

a2
(mf - _mres>

* X|cont.=0 : renormalization cond.

e applied to determine x

« x=-0.6(1) from 243x12x16
subtraction using these to all sets

« note: consistency L.=16 <-> 32



Renormalized chiral condensate

Multiplicatively renormalized chiral condensate
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Subtracted chiral condensate vanishes in the chiral limit as expected since T> T¢
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Additive and multiplicatively
renormalized chiral condensate
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