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Masses of hadrons
containing heavy quarks
and their QED corrections
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SM precision test and their strong interaction inputs
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e 3 * Precision determination of CKM ME is the foundation of the standard model
bottom precision test;
Belle2 completed upgrades and « Extract all the CKM ME except V,;, requires inputs from the strong

starts data collection. interaction predictions.



Baryon mass and spin and their strong interaction origin
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Hadron masses and their QED corrections

 The hadron mass and matrix elements in the real world require the full QCD+QED calculation. But since
the lattice calculation can only reach an O(1%) (0(0.1%) in the heavy quark case) precision, one can
expand the prediction in term of the polynomial of @ and also oygg = (m; — m,)/ Agep

ﬂQCD+QED _ %iSOQCD 4 a%(o,l) 4 5ISBﬂ(1,O) 4 @(0(2, aéISB’ 512813)
* Naive power counting suggests that both ISB and QED corrections are 1%;

e There are kinds of known results for the ISB and QED corrections:

m_. — 70 —_ OISB + 453QED(6) MeV, mK+ — mKo = — 6OOISB(15) MeV + 207QED(15) MeV,

T

» The QED correction for mp. itself ?
BMWoc, Science 347(2015)1452
M. Rowe, R. Zwicky, JHEP(2023)089
D. Giusti et al., PRD95(2017)114504
X. Feng et al., PRL128(2022)052003



Flavor physics and their challenges on the lattice
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CLQCD ensembles
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J.H. Wang et al. [CLQCD], arXiv:2511.02326
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e Light and strange quark  Charm quark
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« Bottom quark * QED corrections
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Light and strange quarks CLQCD ensembles

® 2 conms im

MILC | US |003fm| 5 |58fm| 1 o T
RBC US |0.06 fm| 3 55fm| 1
BMW EN |0.05fm| 15 | 10fm 2
CLS EN 10.04 fm| 2 55fm| 1
ETM EN |0.0O5fm| 5 |6.3fm| 1
PACS JP |0.06fm| 3 10 fm 1
CLQCD| CN (004fm| 4 |(6.7fm| 2

Fermion Lattice spacing range| No. of ensembles at |  Device for data Device for data

No. of ensembles

Sea fermion flavors

Discretization (fm) physical pion mass generation anslysis
Clover 20 2+1 0.038-0.105 3 CUDA GPU Sugon DCU
HISQ 10 24+1+1 0.048-0.108 1 Sugon DCU Sugon DCU




Light and strange quarks CLQCD inputs
tfor FLAG
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BMW 10A, 10B*  [16,17] A ¢ 3.469(47)(48) 95.5(1.1)(1.5) .. - B sl el Sl
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Blum 10 22] A c — 3.44(12)(22) 97.6(2.9)(5.5) -3 HiH ESE{%&E%#B HIH
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Flavor lattice average group, 2411.04268

* First domestic light quark masses and CKM matrix elements determination which enters the lattice QCD world averages;
/Z.-H. Hu, B.-L. Hu, J.-H. Wang, et. al., CLQCD, PRD109(2024) 054507

 Reach the highest “green star” grade in the chiral, continuum, infinite volume extrapolation and also renormalization.




Light and strange quarks

« Most precise prediction on gg‘_Td so far, among

three new results appears 2025;

Highlights at Lattice 2025

m, P —m* = 1293 MeV

om,, amp om,, amp . .
m —m. =m ( ) +m ( ) 4 5QEDmlsoQCD — (m —m ) u—d 4 5QEDmlsoQCD
" P N om, O0m, d om,; o0my P d W8S P

= (2.35(12) MeV),, _,, * 1.11(5), — 1.00(16) MeV ggp
= 1.60[0.23],0,(11),,(0.13);55(0.16) g, MeV .

ISB : Flavor lattice average group, 2411.04268
QED: BMWc, Science 347(2015)1452

* Better control on all kinds of systematic
uncertainties thanks to the large data set of CLQCD
ensembles, and also high precision data using
newly proposed “blending method”.

% Nucleon isovector charges are well-studied by many collaborations: Recent results by
* RQCD: 47 CLS ensembles at 6 a~(0.038-0.098) fm, m~(480-130) MeV and multiple L
* ETMC: 4 ensembles at 4 a~(0.08-0.05) fm and m,~140 MeV

* CLQCD: 16 Clover ensembles ar 4 a~(0.105-0.052) fm, m,~(340-134) MeV and

multiple L

g ? gt ?
. , — . . . .
ETMC25} - ! BTMC25! =
PNDME23f o A | PNDME23} ——
CLQCD25¢ H-H 1 CLOCD25} N
RQCD25¢ 1
, RQCD25}
Mainz24t H—t—H
QCDSF/UKQCD/ | _ . , _ Mainz24¢ —e
CSSM 23 ) ’
NME21| | P s 2at ——
¥QCD21} | NME21}
0.6 0.8 1.0 12 1.4 0.85 0.90 0.95 1.00 1.05 1.10

“Hadron Structure in the Context of the EIC Program?,
Constantia Alexandrou, Lattice 2025 Plenary talk




Light and strange quarks Fermion propagator

on the lattice

Only the bosonic two-point function of the fermion, namely propagator, can be

calculated on the lattice, but the all-to-all fermion propagator can be extremely
costly:

» A modern 243 X 64 lattice will require ~15K$* and 820 TB to calculate and
storage the all-to-all propagator for a given quark mass and configuration.

*Assuming A100 GPU can generate a 12-column propagator within 1min

» State-of-the-arts 48> X 64 lattice will requires 8x and 64x on the resource and
storage, respectively.

» Realistic calculation will require ©(100) configuration and repeat the calculation
on multiple lattices.

Cost efficency Hadron state optimization (N>2)-point functions
Tranditional Low Yes Yes
Distillation High Yes No
Sparsening High No Yes




Light and strange quarks Blending method

* The “blending” method projects the identity matrix into exact low

momentum modes plus stochastic samples of high momentum N = - .

modes;

N+Ny _
| ) (P | + |¢><¢I+@(—)
- Zwinie 3 o . =

* The the correlation function can be projected to the subspace of

those modes: B . .

D, (SO DS@W) )y = ) (S04 )+ @(—t> - e i i
X,Y,2,W i,j.k,l S
with the projected propagators I I IJ I

5; = Jd3 2d’w(i(2) | S(z, w) | p,(w))
and projected and reweighed operators g fori.j < N.
0, = Q§J.2>Jd3zd3w<¢i(z) | Mz, w) | (), Mo(x,y) = Jd3zd3wfx,ﬁ<z, wi,, 2 Z | B O ()| + @(—) QP = < g orij > N i #J
= A % for the other cases,

/Z.C.Hu, J.H. Wang et. al., arXiv:2505.01719




Lightand strange quarks  Cost comparison

6 8 10 f 12 14 16

“’i' T T L e at thSlCCll P10 MaAass
13f + k‘ Ensemble | L | T | affm) | m, | 7 g Propagators | "'oPegators for
© . o ot ¢ $ k }» 0
| - . N
i DU SR AR . b F" ’"‘ CalLAT | a12m130 | 48 | 64 [ 0.121 | 131 | 1000 | 1.29(03) 0.03M 0.15M
FEL CLOCD CLQCD | Fe4P13 |64 |128[0.078 | 134 | 40 | 1.24(01) 0.34M 0.11M
1.0F
: ETMC |cB211.072.64| 64 | 128 | 0.080 | 139 | 750 | 1.29(02) 1.71M 5.5M
0.9 ———5 7 ——% 0= 1.0 7 T3
. ) RQCD | D452 |64 |128|0.076 | 156 | 1000 | 1.19(25) 0.01M 5.2M
16 - ? CalLAT T PNDME | a09m130 | 64 | 96 | 0.090 | 138 | 1290 | 1.32(03) 1.69M 11.2M
7 | C.C.Chang et. al., [CalLAT], Nature 558(2018)91
& 14 Z.C.Hu, et. al.,[CLQCD] in preparation
1.3 C.Alexandrou et. al., [ETMC], PRD102(2020)054517
s G.S.Bali et. al., [RQCD], PRD108(2023)094512
) H ! Y.C.dang et. al., [PNDME], PRD109(2023)014503
| 0.0 2.5 5!0 7!5 10I.0 12I.5 15.0 " . . .
” * Advantage becomes much more significant at the physical pion
18f T mass, except the CalLAT results which is only available at much
g~ : :
L 7 1 { { } { _ larger lattice spacing;
Lo y 4 % by T "2t 13 g, - : : : :
Ll 3 * And also provide much more information on different source-current-
| ETMC sink separations and nucleon interpolation fields, which allow us to
1.4,

050 095 1.00 125 1.50 175 050 055 100 125 have much better control on the excited state contaminations.
tg [fm] tloW [fm]



Light and strange quarks
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C48P14/C64P14 48/64 96 0.105 135
C24P23/C32P23/C48P23 24/32/48 | 64/96 | 0.105 227
C24P29/C32P29/C48P29 24/32/48 | 64/72 | 0.105 290

F32P21/F48P21 32/48 96 0.077 210

F32P30/F48P30 32/48 | 64/96 | 0.077 300

Control on systematic

uncertainties
My (GeV)
0.1 0.15 0.2 0.25 0.3
] T ] | |
14k t gs This work
I gs RQCD
. ds PNDME
1.ZT | ¥
i i Ho it -
1.0F }§}F f f
0.8f
0.6f
0.4;- : L - - M A |
0.00 0.02 0.04 0.06 0.08 0.10 0.12
m? (GeV)?

J.H. Wang et al. [CLQCD], arXiv:2511.02326

* Best parameter combinations to constraint the finite
volume effects at different lattice spacing and light

quark masses;

* Much better signal at physical pion mass compared to
all the previous results.
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« Charm quark
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Charm quark Quark mass v.s

Hadron masses

mMS(2GeV)
I T I ! I T T T I ! T ! I T ! T I I
q 2 . 2 "' | | | | AL | | ™
_ _ : * *
1.18 _ {D Ds @ D l D
1.16- . 2. ]__- -
. ] ; i \f/ ‘%‘ \y -
> _ “ s
3 114 - Q -
S | £2.0r . )
EU 1.12F - in % PN
1.10:— - 19; .-.
i I C24P34 ¥ c4a8pP23 J> F48P30 D G36P29 | - — = — & ——
1.08F ¥ C24P29 ¥ c4a8P14 & F32pP21 ¥ H48P32 -
: £ C32P29 $ E28P35 O F48P21 B FLAG : I )
R 1.85.000 * 0.002 ~0.004 ~ 0.006 0.008 0.010 ~ 0.012
0.000 0.002 0.004 0.006 0.008 0.010 0.012 . . . " ” ’ .

a? (fm?) a2 (fm?2)

Hai-Yang Du, B.L. Hu, et. al., CLQCD, PRD111(2025) 054504

. Using m&CD = mg?ys — AQEDmDS = 1.9667(15) GeV as input to determine the quark mass on each

sample at each lattice spacing;
. Most of the O(m?>a?) errors in the hadron mass are absorbed into the definition of 71_(a);

* The systematic uncertainty of the scale setting (~0.5%) is also majorly cancelled for the masses of other
hadron containing charm quark, e.g., we predict my = 1.864(2)(2) GeV.



Charm quark

o mpy —mp = 2.92)qcp + 2.4(5)grp = 5.3(2)(5) MeV
agrees with the PDG value 4.8(1) MeV well;

. my,, —m, = 116(3) MeV agree with previous
HPQCD pure QCD prediction 119(1) MeV.

2.2r - ' | o ' T
: P D > D7
2.1 .

Z = "
2.0r .
1.9~ .

- = -© @ = & -9 '

1.85.000 " 0.002 0.004 0.006 0.008
a? (fm?)

0.010 0.012

Meson spectrum

meson Mass
———

o
W
T l T T

> |

g | >{< JIy XcO 713 hc |

T | D ne Xa W PDG

= 3.27 :
3.0- "

e P-wave charmonium masses also
agree with PDG well, as

Hai-Yang Du, B.L. Hu, et. al., CLQCD, PRD111(2025) 054504




Charm quark
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Predict the ground state 5 and 5 masses at 1% level, while QED effects are missing;

Baryon spectrum
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B.-L. Hu, et. al.,, CLQCD, arXiv: 2411.18402

* Agree with the previous results well with better precision in most of the cases, and more systematic.



Charm quark CKM unitarity

1.100
{  This work Lat. & PDG l

075 Jp+ Vel = 45.8(1.1), MeV > | Vegl = 0.2168(33)1,(52) 5,

1.050 1

—— Jo+ 1 Veg| = 243.5(2.7)¢y, MeV > [ Ve | = 0.975(13)1,(1 1)y,
'§1-°°°‘lmmmzoi1il{}{lllII I

0.975. fpr = 0.2498(33),, MeV

0.950 1

0.925] e \erified the unitarity of CKM matrix elements involving the

charm quark:
0.900

m{2eeVmp mp- Mp; My Myyy My, My, M. fp fpr fo, fo; T Ty £5. f5. £,

VP + [V P+ |V, |2 = 0.999(25)(22).

Hai-Yang Du, B.L. Hu, et. al., CLQCD, PRD111(2025) 054504

e Also provide the most precise fp+ and fp« so far.



Charm quark
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I Q, HI+I, 2+1

b
w4 P
bk

0.004 0.006 0.008 0.010 0.012

a(fm?)

f (GeV)

Charm sea effects

0.17

0.16

| | |

® cLacD(CL@CL,2+1)
X CLQCD(CL@HI,2+1+1)

0.15

0.14 4

0.000

0.002 0.004 0.006 0.008 0.010 0.012
az(fmz)

. Discretization errors are also smaller for mgn and f with similar continuum limit which suggest negligible charm sea

effects.

T.W Lin et al. [CLQCD], in preparation




Qutline

* Light and strange quark

(1 fori,j <N.,
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V=N,
— for the other cases,
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« Summary



Bottom quark Restoration of isotropy

_ . ; . in the continuum limit
SQ=CZ4ZQ[mQ+y4V4_EV421+UZ<Yivi_zvz’2)
X =1

3 3
a a
— gV, Up) 2] Z Ouliy — U, Up) 2 Z ot ij] 0,
i=1

51 . Tune v to ensure Efl = mé + p%l;
cpW, up) = (1 + )/ QuY), cpv, up) = vl (uy) L.M. Liu et al. PRD81(2010)094505  Practical calculation suggests
1.0 &
W with ¢, = 0.621(3);
0.8 . Comparable with the free quark case ¢, = 0.5;
: « v — 1 with either my; = Oora — 0;
0.6 * The anisotropy of the matrix elements also
approaches 1 in the continuum limit:
0.4:- ® 1/.1/(&) Zy, _ (H|V,|H) p, )
| Zi, | Zt (a) 7, = IV E 0.99(2) — 0.015(2)m?a>.
0.000 0002 0004 0006 0008 0010 0012

a? [fm?]

M.C. Cai et al. [CLQCD], in preparation




Bottom quark Afps =My —M,

23: ( g _a Vz) Isotropic action with smeared gauge field,
VivVi— 5 Vi

as used by lighter flavors

So=a* Y, 0| mg+ 1V, —%vﬁw
i AL (a=0.105 fm,v = Luy ~ 0.95) ~ 3 MeV

=1

3 3
a a
— g, Up) B Z Oiuliy — v, Ugp) 5 Z ot ij] 0,
i=1

i>j=1

Change gluon

discretization Introduce anisotropy

cpw, ug) = (1 + )/ Quy), cgv, up) = vl(up)

b —

L.M. Liu et al. PRD81(2010)094505 Isotropic action with Anisotropic action with
original gauge field smeared gauge field
A? (a=0.105 fm,v = 1, A (a=0.105 fm,v = 3.6,
E Am;;ingUt i Am?S;StOUt I This work HFS HFS
1—stout 0—stout Uy ~ 085) ~ 9 MeV Uy ~ 095) ~ 15 MeV

80 B I Arrniso @ ATn’amiso i PDG
- . Change gluon
I Introduce anlsotrop\ / discratization

Anisotropic action with
8- original gauge field

A?(a = 0.105 fm, v = 3.6,
iy ~ 0.85) ~ 45 MeV

e Different discretized fermion action share the same
—=— —r— continuum limit but vey different discretization errors!

0.000  0.002 0.004 0.006 0008 0.010

a2 [fmZ] M.C. Cai et al. [CLQCD], in preparation




Sottomquark  Predictions

~—

Mz Mp- M, Mg Mg, Mg- M,,
M [GeV]|5.2835(46) 5.3271(59) 5.3682(25) 5.4112(33) 6.2725(43) 6.3297(45) 9.4026(12)

— 639k PDG |5.2796(02) 5.3248(02) 5.3669(01) 5.4154(14) 6.2745(03) 6.3295(30) 9.3987(20)
?.5 B T —— M. x*/dof |  0.93 0.82 0.65 0.53 0.73 0.60 0.78
D 6 —— e o Mg Q 0.60 0.81 0.84 0.93 0.76 0.88 0.71
= .22} "

5.42 F t PDG
>5.37 ;MMB; » Discretization errors of both the bottom quark and
K : T 0
O. 5 39 .\‘\’\v —o- —@— Mp, hadron masses are at 1% level at the coarsest
= 5 o wm lattice spacing;

5220 % MB * Combining the ISB and QED corrections gives

- 03k mP¥ = 5283.5(4.6) + 1.1(0.1)5p + 0.2(0.1)ggp = 5284.8(4.6) GeV
= 408} mP* = 5283.5(4.6) — 1.1(0.1)igg + 1.7(0.2)ggp = 5284.1(4.6) GeV
< o3k "y and mp™* = 5368.2(2.5) +0.2(0.2)qpp = 5368.4(2.5) GeV.
S 4asl . .

488 ¥ FLAG ms (2GeV) . Using the Mghys to determine the bottom quark

483 L| —a ey 5 .

0.000 0.002 0.004 0.006 0.008 0.010 0.012 mass can results 1.5(2.5) MeV shift on all the
a? [fm?] predictions (3(5) MeV for MWY).

M.C. Cai et al. [CLQCD], in preparation




Bottom quark

f [MeV]

Predictions
B fB* fB. [Bx IB. fB> I fr
flGeV]  ]0.1898(34) 0.1811(38) 0.2308(27) 0.2166(24) 0.4533(39) 0.4385(38) 0.727(10) 0.701(11)
x2/d0f 0.64 0.55 0.13 0.43 0.27 0.59 0.77 1.14
Q 0.97 1.00 1.00 0.97 1.00 0.89 0.73 0.31
FLAG N; = 3/0.1920(43) 0.2284(37)
FLAG N; = 4[0.1900(13) 0.2303(13) exp: 0.6897(46)(8)
HPQCD 0.1750(60) 0.2130(70) 0.4270(60) 0.4220(130) 0.7240(120)  0.6772(97)

-
=
Cc
- ’
of
460 ———/z;
C
-
C A A A L L L L 1 1 i i A A A A I L L L L

295 - %f&;
- Q::Qi:?__

— : ¥ ‘ T | B
175
T 4~f3‘
]
0.000 0.002 0.004 0.006 0.008 0.010 0.012
a? [fm?]

TABLE XV. Ratio of fv/fps.

fe</fs  fB:/fB. fB:/fB. fr/fn:

HPQCD
x>dof

0.960(20) 0.943(12) 0.9636(89) 0.955(16)

0.941(26) 0.953(23) 0.988(27) 0.9454(99)
0.49 0.59 0.17 0.21
1.0 0.9 1.0 1.0

* Discretization errors of the decay constants of the bottomed hadron are highly suppressed compared to naive
@(mbzaz) power counting (mlfa2 ~ Tata ~ 0.105 fm) and also previous HPQCD result;

. Verify the relation fg./fp = fp+/fp = fg+/fg = fy!f,, with so far the highest precision.

M.C. Cai et al. [CLQCD], in preparation




Bottom

quark

Summary of our standard model parameter determinations

w, = 0.1736(9) fm

|

Mo = 134.98 MeV — |(m 4 m YMSC GeV)/2 = 3 60(19) MeV

mey > = 497.44(02) MeV

—

m2eP = 491.44(15) MeV

mI“P = 1966.7(1.5) MeV
S _>

my = 9460.4(1) MeV ~—»

l

mMS2 GeV) = 2 45(30) MeV

m> OV = 4.74(14) MeV

mMS2 GeV) = 98 8(5.5) MeV

_ l

my>U) = 1293(13)(11) MeV

«— mg(m

«— mDS(mC , Mg, m,

mg“_“mb) — 4.16(4)(2) GeV

«— mY(

u

val val

val val

val sea
ny,~, m

mﬂi(mw mg )

sed

)

, M

sSeda sed
,m ., my e, g )

seda
\)

)

IK _ | 1907(76),,
S I fir = 0.2113(33),,, MeV

v
[ Vis| J _ 0.27683(29)ey(20)y,

1= |V >+ VA +|V,]|° Jp+1Veal = 45.8(1.1) 5, MeV

, l

| Vudl — 09740(03)1at(01)ph | Vcdl - 0-2168(33)1at(52)exp

| Vis | = 0.2265(14)1,(03) 5 [ | Ves | = 0.975(13)1(1 Dy

|

[ V| = 4.03(13),,(65)eyp X 1073 | Soi 1 Ve = 243.52. 7)oy, MeV

x I

for | Vi | = 0.77(12),, MeV fp: = 0.2498(33);,, MeV

|

foe = 0.190(3),,, MeV
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* Light and strange quark

(1 fori,j <N.,
] | - |
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ij

 Bottom quark
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« Summary



QED corrections Subtraction scheme

 The QCD+QED calculation can be done under the quenched

QED approximation using QED); for the valence fermion:
« QED correction of the hadron

dp . L5242 masses suffer from additional UV
e P*A (p), P ., ox e PP : :
27)* U EA(p) 150 divergence and require further
renormalization in the quark mass;

USCD_FQED — U/?CDe—iequﬂ’ Aﬂ(x) —

* The PQU scheme requires ’
t

qi - ) 2
5(3IED uv Enlte (_a: 15Ioop Ieve)l) 5int ( ) 5QEDmc] — eq 2<qq>
—e e m_(m m)~—e e m_(m
) ED ED ED , ]
& 77 QEDT T TRED T e QED T to cancel the UV divergence of
self
5QEDm,7q, and ensure
q1 , " 5QEDmﬂq — O
e Op m
¢,°QED'""H - | |
7 | olf HED L ne * And then the final correction to the
5QEDm7z(mq 5QEqu) hadron mass can be significantly
smaller than 1% with proper quark
q1 ~ Sself - _ _
~ Soep™A(My) + (49) OqED™M, mass renormalizations.
_ 2 gself QED UV divergent QED UV divergent
7 €4,00Ep"H

Y.Y. Liu et al. [CLQCD], in preparation




QED corrections

QED UV finite (at 1-loop level)

SenMam, + Sgepm,) = S0Epm(m,)

q1
2 gself
€4,0QED™MH

q1
2 gself
€4,0QED"MH

q1

nt
6418425(2 D'"H

q>

QED UV finite QED UV divergent

If —
55%%mn(mq + 5QEqu) = 5(8261—3Dm7t(mq) +(qq >7z5QEqu

SoepMy = 4.6 MeV SoepMy = 9.2 MeV

(.2 1 o2 sself _cint
OoepM,+ = (e + e d)5QEDmﬂ + e e déQEDmﬂ

5 2
= 54.6 MeV + 39.2 MeV = 4.6 MeV

1
2

— (p2 2\ sselt
OQEDMa0 = (€ + €3)0qEp",

5 15
= —4.6 MeV 0.2 MeV =0
0 29

(eueﬁ €i€a )53115Dm7r

Pion case

QED UV divergent

Self energy
+
Repulsive interaction

Self energy
_|_
Attractive interaction

Y.Y. Liu et al. [CLQCD], in preparation




QED corrections Self energy v.s.

Interaction
_ 2 qself, int,qq’
SoEDM = Z eqégeEquH + Z Z eqeqﬁgqu my
q q q97%q
5QEDmBO = e,féé%%bmlgo + 655(82%%de0 + ebedéglé’gdmlgo 5QEDmB+ = 655(82%%me+ + efﬁé%%“mm + ebedéglé’gdm3+
1 1 1 1 4 2
= —5 MeV + —0.6 MeV — —4 MeV = —5 MeV + —0.6 MeV + —4 MeV
9 9 9 9 9 9
= 0.2 MeV Self energy = 1.6 MeV Self energy
+ +
Attractive interaction Repulsive interaction

_ 2 ¢self,b 2 ¢self,c 2 <int,bb Int,bc _ 2 ¢self,b 2 sint,cc
OQEDMqy:, = 2€,005 Max + €0 Moy + €,000 " Max +2e,e. 005 Mg Ogep/Ma, = 3€; 5QED Mg+ 3¢ 055y Mo,

b~ QED " 825, C“QED " 82, b~ QED bbe C”QED ¢ “QED
1 4 1 2 4 4
= 2—5 MeV + —3.5 MeV + —4 MeV — 2—5 MeV = 3—3.5 MeV + 3—5 MeV
9 9 9 9 9 9
_ — If
0.8 MeV Self energy 11 MeV Se e+nergy
T , Repulsive interaction
Repulsive interaction
+ Y.Y. Liu et al. [CLQCD], in preparation

Attractive interaction



QED corrections Summary

51nt qq 5self q 5self q self.q _ -
ED ED gD M — qq’
Sopr, = eq QED "y, — 9Q : My, — 9Q | SoEDMH = Z e (5QED My + SoepMA49) ) + Z Z e.e, 5QED my,
2{qq),, q 1 q#q
Y.Y. Liu et al. [CLQCD], in preparation i ; :+
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Summary

® Blending me
to Improve tr

‘hod provide new possibilities
e statistical precision for

physical light quark mass;

® Charm and bottom physics can now be
oredicted with suppressed discretization
error with kinds of the improvements;

e QE

also be predicted precis

D correction of the

nadron masses can

ely.
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