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® HISQ action
TMC action

® Clover action

® DomainWall action

CalLAT (generated by MILC collaboration)

e Several lattice
spacings to do the
continuum
extrapolation;

e Several pion masses
to do the chiral
extrapolation to
physical pion mass;

e L arge enough volume

or infinite volume
extrapolation.
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Gauge actions
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Fermion actions

Naive Staggered/HISQ | Wilson/Clover Twisted-mass Overlaxgﬁomam
pnaive _ DSt = Delv — pm — DOV —
Form .
y,u(éx,xﬂz o 5x,x—,u) Yu (x)(éx,xﬂt - 5x,x—,u) D +aD? + CZCSWFMUG'W DY 4 1T3m [1+ VsD(—P)/\/DT(—P)D(—P)]/P
IR poles 16 4 1 1 1
Chiral symmetry N/A O(a*) O(a./a) O(a,) N/A
breaking ) §
Cost 1 ~1/4 ~1.1 ~1.1 ~10-100
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Quark mass determination

A natural concern of the clover fermion is,
whether its additive chiral symmetry breaking
is harmful for the chiral character of QCD,
likes the quark mass.

Only two Clover fermion results are included
in the FLAG averages of m

BMW10A/B: 3.47(05)(05) MeV:
S. Durr, et.al.,, BMWec., JEHPO8 (2011) 08,148

ALPHA 19: 3.54(12)(09) MeV.
M. Bruno, et.al., ALPHA, Eur.Phys.J.C80 (2020) 169

BMW10A/B used the RI/MOM renormalization
scheme and claimed 2% uncertainty in total,
less than 1% from the renormalization.
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Concerns on the renormalization

MOM  G. Martinelli, et.al., NPB445 (1995) 81

Y. Aoki, et.al., PRD78 (2008) 054510

C. Sturm, et.al., PRD80 (2009) 014501
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N. Hasan, et.al., Phys.Rev.D99 (2019) 114505

 But more recent study
suggests that using
different intermediate
renormalization scheme

(and then convert to MS
scheme) can make Z to
differ by 30% at ¢ = 0.11 fm.

* The systematic uncertainty
of the renormalization
should be rechecked,

* and also the other
quantities relate to the
chiral symmetry.



Outline

C 500 >

Significance will likely decrease Fermilab 142+3
with an updated SM prediction (2023)
< 510 >
@ et
SM: et+e- HVP World Average
T.I. White Paper (2023)
Background
| 4
New results in tension L
with White Paper (2020) SM: Lattice HVP
BMW Collab.
(2020)
]

SM: et+e- HVP
using only CMD-3
data below 1 GeV

175 180 185 190 195 200 205  21.0
a,x10° - 1165900

@ a =0.1053(2) fm
@® a2 =0.0775@2) fm
my @® «=0.0519@3)fm
N O To be generated in the future

o
i ™ Ve o e
Loy © © O @ O @ O

... ©ce0® O CLQCD ensembles

|

m,(MeV) _ mgy(MeV) ms(MeV)

- (S} FLAG 2021

- —o— FLAG 2021 ™ e FLAG 2021

ETM 21A

A HPQCD
- =] FNAL/MILC/TUMQCD 18
- A HPQCD 14A

N ) H——6—H ETM 14
—_—
RM123 17 FLAG 2021

Ne=2+1+1
T

e FNAL/MILC/TUMQCD 18 o FNAL/MILC/TUMQCD 18

Renormalization

Ne=2+1+1
Ne=2+1+1

H—— RM123 17

—e— FLAG 2021 [ ——i FLAG 2021 e xQCD 23
- CLQCD 23
ALPHA 19
RBC/UKQCD 14B
RBC/UKQCD 12
[ — CLQCD 23 Laiho 11

e
—o—i
i H—a—
o CD 23 P o CD 23
XQ [ xQ o
—c—
s - - BMW 10A, 10B
L = |
—_——
==
e

Ne=2+1

—®— cCLQcD23

and final results

HPQCD 10
RBC/UKQCD 10A
HPQCD 09A

Ne=2+1
Ne=2+1

[ H—e—H BMW 16 [ ——— BMW 16

i MILC 09A
20 22 24 26 28 30 32 Vi S X S B N R A ¥ Y X S R e T R TR § R s g




CLQCD ensembles

CLQCD choice and advantages

® @ =01053@) fm Maximum lattice size 48> X 144
@ o =0.0775(2) fm
My @® u=0.051 9(3) fm « Can reach the FLAG “green star” criteria with lowest cost.
N (O To be generated in the future
O Clover fermion action with stout smearing:
‘ e Can reach the physical quark mass at coarse a ~ 0.1053(2) fm;

300 MeV O O O@Q @ O

 Much cheaper than the OV/DW fermion but free of the fermion doubling;

« Additive chiral symmetry breaking can be resolved after the continuum
extrapolation, with proper renormalization (to be shown Ilater).

coe0®

—[ 200 MeV Symanzik gauge action with tadpole

Q Q G improvement.
G F E C

e (Can reach quite fine a ~ 0.03 fm based on the study of MILC collaboration.
—— 100 MeV

Similar pion mass and volume at different lattice
spacing:

0 0.05 fm 0.10 fm 0.15 fm  (Can estimate the discretization error with given pion mass and/or momentum.



CLQCD ensembles

300 MeV

—1— 200 MeV

— 100 MeV

@® « =0.1053(2) fm
@ o =0.0775(2) fm
@® 4 =0.0519(3) fm

4 A100
66 A100 @ | ..

250 A100 Hours

Hours

‘ . 10 A100

Hours

128 A100
Hours

' 43 A100
Hours
‘ 420 A100

Hours

0.05 fm 0.10 fm 0.15fm

Cost of each ensemble

Cost of an independent configuration
(per 10 traj.’s) with 7 = 1.0,
converted to A100 GPU hours;

Needs ~1,000 configurations per
ensemble;

Currently used 658k A100 hours,
equals to 3.3M Chinese Yuan with
the market price.

Working on the Sugon machines to
avoid the embargo of A100 GPU.
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CLQCD ensembles
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Quark mass through PCAC

Due to the additive a,/a correction, the
dimensionless bare quark mass n"f'zg = mcl]’a IS
negative.

The renormalized quark mass should be

defined as m) = Z,(m) — m.;), where m; is
defined as the m) which vanishes the pion

Mass.

One can avoid this difficulty by defining the
quark mass through PCAC relation:

(0]04A4,41PS) = (m;~ + m;“)(0| P|PS)

T. Ishikawa, et.al., JLQCD, Phys.Rev.D78 (2008) 011502

And then m,“ is always positive and can be

renormalized as m,, = Zp/Zm;".



CLQCD ensembles

Joint fit of pion correlators

 Joint fit of ' = m“q, f,s = fisa, @and

ips = mpsa, WIth several 2pt at
o' ~2 Gev and physical pion mass; 0-0020F Sinh(#ies) ciec P-0430T
0.0018 } s b.04a28 -
e Used 48 measurements on each 0.0016 iU 476 |-
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" 0.0012F o ?
§ 1 1 1 1 L p0422 -1 L 1 L 1
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0.075
O
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‘ 0.065
- 100 MeV 0.060
: | ! > 0 t/a t/a
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CLQCD ensembles

* With the same quark propagator,
the ratio between the nucleon

mass and pion mass is

0.475(6)/0.0723(9)=6.58(8). 0.6
 Which is quite close to the 0.5
physical value 0.939/0.135=6.96. iy
0.3
o O

-+ 300 MeV O O 0.2
O 0.1

-T- 200 MeV O
% 0.0

-1 100 MeV
0 0.05 im 0.10 fm o5t

Nucleon mass v.s. pion mass

C48P14

® Nucleon

il

Pion

T = 6.58(8)

my,;=135.5(1.6)MeV

lllllllllllllllllllllllllllll

* Using the lattice

spacing
determined from
the gradient flow,
we have

m_= 135.5(1.6) MeV,
my = 890(10) MeV.

« my are ~5%

smaller than the
physical value,
and can be a
discretization
effect based on
the lattice spacing
dependence of f..
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Renormalization and final results

Renormalization through intermediate scheme

Z%{OM’LM(Q, 1 /CZ)

MS(,\ —
a0 = ZMOMDIm(Q_ €)™

perturbative IR
region can only
be calculate by

- The RI/MOM renormalization targets to
cancel the aJlog(a) divergences using the
off-shell quark matrix element;

© Up to the O(a’p?) correction which can be
eliminated by the a’p? — ( extrapolation.

ZM_S,Dim

Non-

Lattice QCD

(e)m;‘“(l/ a) + O(a™, o

Perturbative

region

* accessible by

kinds of the

regularizations

s 1 UV region

with

obvious

regularizat

ion effects

G. Martinelli, et.al, NPB445(1995)81, arXiv: hep-lat/9411010
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Renormalization and final results

—— @a=0.105 fm, m}'
—— a=0.077 fm, mj

—— a=0.052 fm, m}'

a=0.105 fm, m}’
a=0.077 fm, m'

a=0.052 fm, m;'

¥ a=0.111 fm, m;' overlap

two definitions of quark mass

1 —1
ET"[S (p)] |p2=,u2

mgl — Is the natural of
73 (1)
the regularization independent (Rléguark
Zym
mass and equals to AN = 1 forthe

q A
| | Z¥OM(u)
chiral fermion.

But m}}l (data points) of the clover fermion

suffer from huge lattice artifacts and diverges
at large u.

n'ftIqu of the clover fermion has much smaller
discretization error and its ¢ dependence is

similar to that of the overlap fermion.
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Renormalization and final results
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457
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ov, a=0.07fm
ov, a=0.06fm ——>¢—
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51—y #? %'{'* *yﬁf}/ﬂ;}k,* 3=

0 0.005 0.01 0.015 0.02 0.025

mq"S(2GeV) (GeV)

0.03 0.035

0.04

Renormalized quark mass

Non-perturbative renormalization to MS 2 GeV
eliminates the regularization scale 1/a dependence of
mz=/ .
mz=/ m,, using the clover fermion also turns out to be
consistent with that using the overlap fermion.

The large uncertainty of the renormalized m%/ m,

majorly comes from the missing higher order effect of
the perturbative matching

MS
Zp
MOM
Zp

=1+ 0.4244a, + 1.007a? + 2.722a + 8.263a+2,

and can be highly suppressed after the continuum
extrapolation.

J.A. Gracey, Eur.Phys.J.C83 (2023) 181



Renormalization and final results

Restore of chiral symmetry in the continuum

0.0205

{ NN, Renormalized quark mass mf; = ZA/ZPmCI]) © with 317 MeV pion mass at three

| lattice spacings:
0.0200F

* The intermediate renormalization scheme dependence is 3.1(1.5)%.

mg(MeV)

0.0195} e RI/MOM scheme has smaller discretization error.

« Feynman-Hellman theorem can extract g¢ _ as

0.0190F

om_(m m
0.000 0005 0004 0006 0008 0010 0oL g?yj: : ﬂ( CI) ~ —— @(mq,az)
| | | a’(fm?) | | . amq 4mq

4.4 F R/MOM 4 RISMOM which is 4.04(6)(12) for m_ = 317 MeV in the continuum.

e (HIS|H)
Renormalized g.> ™" = Zg (H|H)

* The intermediate renormalization scheme dependence is 6.6(2.4)%.

conn

based on the direct calculation:

. gévlf using RI/MOM scheme has smaller discretization error, and agree with gg,{;ZFH

within 20 at all the lattice spacings.

0.000 0.002 0.004 0.006 0.008 0.010
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Renormalization and final results

QED effects in the pesudoscalar masses
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summary

e Lattice QCD ensembles at multiple lat

[est;

gh accuracy pread

Ice spacing, pion mass and
volume are the foundation of the SM hi |

ction and

We chose the clover fermion and Symanzik gauge actions to

generate the ensembles, and figured out the proper renormalization
to restore the chiral symmetry at 5% level.

Current prediction of quark masses and low energy constants agree

with the lattice averages within 5-10%, and more accurate studies are

oNn-going.



