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Hadron mass

and Its origin
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Hadron mass =",

= X 2aBond+ 8~ F At quantum level
q

When D = 4, the UV regularization will introduce an UV Under the dimension
scale and break the conformal symmetry, and change regularization, we have
T/’;‘ into: F/f,,
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On the lattice, the exact form of 1, is unknown, while
we can guess how the trace anomaly works:
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F. He, P. Sun, YBY, yQCD, Phys.Rev.D 104(2021)074507

Gn(Q?)

- The gluon contribution to the hadron
mass, form factor and mass radius;

* Overlap fermion at 0.11 fm, too .= 0468 Gev
expensive to control the Z VI
systematics.

s m, .= 0253 GeV
av= 0281 GeV
av= 0320 GeV
av= 0347 GeV

nv= 0.388 GeV
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B. Wang, et.al., yQCD, Phys.Rev.D 109(2024)094504
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Gauge ensembles
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Finite volume

© Based on our simulation with
different spacial size at a = 0.055 fm:

® Spontaneous chiral symmetry
breaking restored at L ~ 0.8 fm
which corresponds to
1/L ~ 246 MeV;

e But the mass gap my — 3/2m_

remain large even at very small L.
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Gauge ensembles
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Quark mass

Light and strange quark masses

PZyla et,al, PTEP(2020)083C01 (PDG2020):

. m, = 93827 MeV = m, ocp, + 1.00(16) MeV + .

. m, =939.57 MeV:

. omt = 13957Mev mO + 4.53(6) MeV + .

T X Feng et,al. Phys.Rev.Lett. 128(2022)062003

.m0 = 497.61(1) MeV = m{ o +0.17(02) MeV +.

+2.24(15) MeV +.

D. Giusti, et.al. PRD95(2017)114504
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Hai-Yang Du, B.L. Hu, et. al., CLQCD, 2408.03548

D.J. Zhao, et. al., yQCD, in preparation

Renormalized quark masses

Charm quark mass

Based on the a® + a*
extrapolation:

® [he iImpact of unphysical
ight and strange quark
masses have been
corrected based on the
global fit.

® Such a value is similar to
the current lattice averages
within ~2%.




Charmed meson spectrum

m3P = mPY — APy, = 1966.7(1.5) MeV .

RM123, Phys.Rev.D100 (2019) 034514

Input to determine the
charm quark mass

. D*:

—-——

1.90- .

- . ® CRE > @& ]
1.855. 600 " 0.002 “0.004 0.006 0.008 0.010 0.012

a? (fm?)

Open charm cases

® Mp Is almost constant at different lattice
spacing, with

+ 0
mp — mp,

® Agree
well.

P Both
spacir

RM123, Phys.Rev.D95(2017) 114504

with the PDG value 4.8(1) MeV

m>* and m* have obvious lattice

D D,
g dependence and the

contin

Uum extrapolated values agree

with PDG well.

Hai-Yang Du, B.L. Hu, et. al., CLQCD, 2408.03548




Charmed meson spectrum

charmonium cases

m3P = mPY — APy, = 1966.7(1.5) MeV .

RM123, Phys.Rev.D100 (2019) 034514 o mJ/w agrees with PDG well but m;,] IS a
: C
ey few MeV lower;
—————g————eonmass 0000 ,
iy _; o My, —m, = 116(3) MeV agree with o
; e — previous HPQCD pure QCD prediction
Y e R — o 119(1) MeV.
g7 o xe ke ® P-wave charmonium masses also agree
£ 320 b “ : with PDG well, with
3'1; . mp—my s =461(19) MeV.
T ——
3.0~ _ _ _— i o -

Hai-Yang Du, B.L. Hu, et. al., CLQCD, 2408.03548
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Baryon spectrum

E3

~ b ~b

xT

Symbol a (fm) m; m?  mx(MeV) m, (MeV) mzL negg nke nEE
C24P34| 24% x 64 6.20 0.10521(11)(62) -0.2770 -0.2310 340.2(1.7) 748.61(75) 4.38 200 32 3
C24P29 | 243 x 72 6.20 0.10521(11)(62) -0.2770 -0.2400 292.3(1.0) 657.83(64) 3.75 760 3 3
C32P29 | 323 x 64 -0.2770 -0.2400 293.1(0.8) 658.80(43) 5.01 489 3 3
C32P23 | 323 x 64 -0.2790 -0.2400 227.9(1.2) 643.93(45) 3.91 400 3 3
C48P23 | 483 x 96 -0.2790 -0.2400 224.1(1.2) 644.08(62) 5.79 62 3 3
C48P14 | 48% x 96 -0.2825 -0.2310 136.4(1.7) 706.55(39) 3.56 188 48 3
E28P35 | 28% x 64 6.308 0.08970(26)(53) -0.2490 -0.2170 351.4(1.4) 717.94(93) 4.43 147 4 4
F32P30 | 32° x 96 6.41 0.07751(14)(45) -0.2295 -0.2050 300.4(1.2) 675.98(97) 3.81 250 3 3
FA8P30 | 48% x 96 -0.2295 -0.2050 302.7(0.9) 674.76(58) 5.72 99 3 3
F32P21 | 323 x 64 -0.2320 -0.2050 210.3(2.3) 658.79(94) 2.67 194 3 3
F48P21 | 48° x 96 -0.2320 -0.2050 207.5(1.1) 661.94(64) 3.91 82 12 12
F64P14 [64° x 128 -0.2336 -0.2030 122.8(0.9) 679.9(0.3) 3.09 109 4 4
G36P29(36° x 108 6.498 0.06884(18)(41) -0.2150 -0.1926 297.2(0.9) 693.05(46) 3.68 270 4 4
H48P32 |48° x 144 6.72 0.05198(20)(31) -0.1850 -0.1700 316.6(1.0) 691.88(65) 4.06 157 12 12

o Used 2,636 configurations with 27,158

measurements In total:

o After the continuum extrapolation, agree with the
orevious lattice results well.
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Baryon spectrum

of four light flavors

® Generally agree with the PDG values at 1% 5
level;

Al E)vc.perlment O+t -
_ Width cce
4 B8 Lattice QCD )

® Decay width Is added to the experimental
values as an uncertainty of the pole position;

—— — "
— q+ =* Q.
—cc

® [he mass of baryon with 1 charm quark is > cc e
around 2.5 GeV; 5 3T .
- - = | —_— 0 T =
® [he mass of baryon with 2 charm quarks is = | S copxo=e ¢
around 3.8 GeV; 2 o )
® The mass of baryon with 3 charm quarks is | . — = T =
around 5 GeV, 1 P — T s 2 A ) _

® The missing QED effect will be investigated in
the near future.

B.-L. Hu, et. al., CLQCD, in preparation




Baryon spectrum

Light quark mass contribution

After interpolation of valence strange and charm quark masses, the
hadron mass on different ensembles are fitted using the following ansatz: 0.07

X(m m..a) = X mphys, mphys’o [ > baryon with 3 light quark(s) ]
( 7 s ) ( 4 ls ) 0.06 F 41 baryon with 2 light quark(s)
+df((m7% . (m];;hys)z) + dg((m;i,sea . (mis)shYS)Z) + dg(aZ + dj(a4; ? :M’ll:_\j()n \\jrh ] ]?g.ht qnmjl\:(s) :

0.05 E A baryon with 0 light quark(s)

The light quark mass contribution is defined as - ;
0.04  » y

_ X phys 2 —~ [ (uud) ]

GJZ'X T dl (mﬂ' ) ‘ ?“.: 0.03 F % % 3

-/ g | ]

. 1/2 3/2 : @ q |111111]}:. ? % % 4

That in N*= or A”“is ~40 MeV, ¢ o002 f A % (uus) ]
SRFER B \uds| uus) ? =" A pI > 1

. . . : - (uss) | m‘{_'um-) (uuc) % |
Those in the baryons with two valence light quarks are ~25 MeV, 0.01 | ae) A () ¥ :\% . :
| 0 =, 2 [”S"){; =, (;(r :

Those in the baryons with only one valence light quark are ~15 MeV, 0.00 Fommmmmm oo {e58) - &.wisz(), PP S S——
- SscC O - & 4

i O Q...

. . . . (sce) ‘.:('.;_' -”'.'('_ ]
Contribution to the baryons without valence light quark —0.01 | (seekece) 3

B.-L. Hu, et. al., CLQCD, in preparation




Baryon spectrum

Strange quark mass contribution

O After interpolation of valence strange and charm quark masses, the
hadron mass on different ensembles are fitted using the following

X(mﬂ, mns, Cl) = X(m};hys, m,fshys,O) 05 - A baryon with 0 strange quark(s)
ansatz: v, 9 phys\2 X, 9 physy2 v 9 ¥ 4 i ¥ baryon with 1 strange quark(s) ]
di(mz — (mE™>)) + di(m —(m 7)) +dia“+dja™; * ' 3 baryon with 2 strange quark(s)
1 - - 2 n.sea 7, 3 4 . b aryon with 2 strange quark(s) ;
0.4 1 - (> baryon with 3 strange quark(s)
: . : : - ()
® [he strange quark mass contribution is defined as ; 4 Ji (ss9) ;
0.3 F = :
am . i (uss) = | % 0*
—_— PC H X Phys 2 . > : \US$ SSC )
Ogx = M amPC + d2 (m ; ) ’ & 0.2 - ? %‘::() ]
>, (mPC) = mPMs - ! v (uus) ? = :
/DA Ns ; 01 i A | 5 - (usc) ‘f ‘Y |
: : L T (uds) A (uus) T o _ 2, . ]
e Thatin Q%?is ~450 MeV: = i A use) | (ee) T e
. . 00 vt g T A
® [hose in the baryons with two valence strange quarks are ~300 MeV; [ (uud) (ude) e A
: 24, | \ (ucce ((‘('(.) :
: , —0.1 F (uuc) S N
® [hose In the baryons with only one valence strange quark are ~150 ' () *
MeV; 'y

e (Contribution to the baryons without valence strange quark

B.-L. Hu, et. al., CLQCD, in preparation




Baryon spectrum

After interpolation of valence strange and charm quark masses, the

Charm quark mass contribution

hadron mass on different ensembles are fitted using the following ansatz:
X(mg. m, , a) = X(md™*, mP™*,0)

4l
dy'(mg — (™))

X(1,,2
dz (m (,S€a

— (m™)?)

X 2
d3a

)

The strange quark mass contribution is defined as
om
— ,,PC H
Ocx = M, amfc

That in Q22

ccce

s ~3 GeV;

Those in the baryons with two valence charm quarks are ~2.1 GeV:;

h
() =

h
mp (M) = mp >

dfa“;

3.0

1.0

Those in the baryons with only one valence charm quark are ~1.1 GeV:;

Contribution to the baryons without valence charm quark

4
{4
)3

o f

_ (udc)

baryon with 1 charm guark(s)
baryon with 2 charm quark(s)

baryon with 3 charm quark(s)

(uuc) (usc) (ssc)

Qeee T

(cee)
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Baryon spectrum

Trace anomaly contribution

2 11 N,
my = m{Qy) y + [—aS + @(asz)]m(l/'/l//)H + [(—— -+ —f)aS + @(asz)] (F?),,.
T 8t 12«
20 [ ¥ (Ha) for spin 1/2 baryon 0 - ® [otal trace anomaly can be obtained
| ; : ff i ,1:? ]‘ (o) through the difference between baryon
> L 1, ) for spin 3/2 baryon . | , , ,
- [ ¥ (HY) for spin 3/2 baryon =a (S'ff";') 4 MassS and ItS quark Mass COﬂtrlbUthnS,
- “ ' Mo (ucce) Q
Ty (wucg, o, Zeee § :
| o %ug-g;;,;“%‘y | ® Gluon trace anomaly (Hg)y = (H,)y — 1,0n
= 14 Bl B - can be more insensitive to flavor if we use
= » A2 = ? i 4 * O 3
:t‘ * (uuu()“”'\'):.s-.sg”'“ ) -\.‘ (usc) T }/ A~ . ,
~ 1.2 peee f b3 §(ude) & - m
""""" - __Y 4 j
L0 b fumsfns L ? """""" s S {,{-i ® [hat in the J=3/2 baryon is larger than
g S o] that of J=1/2 baryon, while the difference
08 I ! ¥ { ‘ becomes smaller with more heavy flavors.

B.-L. Hu, et. al., CLQCD, in preparation




Summary

* Kinds of gauge ensembles in different
conditions have been generated to study the
mass gap and related feature of the Yang-Mills
field;

 Up, down, strange and charm quark masses
have been determined at a few percent level,
and bottom quark mass is under investigation;

* Ground state baryon masses with the lightest
four flavors and contributions from Higgs and
strong interaction are obtained, and the latter
one is universal within 10%.
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