Strong interaction origin of
nadron masses
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Mass in qguantum field theory Multiple origins

H * Quark obtain mass through the
higgs ’

_______ * Electromagnetic interaction

H . .

( can also be crucial in the
| I i ' @ cases like the proton-neutron
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Strong

* But Strong interaction is still
Interaction

the major origin of the mass of
the hadronic matter and then

Millennium Problems

Yang-Mills and Mass Gap q

Experiment and computer simulations suggest the existence of a "mass gap" in the solution to the quantum versions of the Yang-Mills equations.
But no proof of this property is known.

the visible matter.



Hadron masses
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* Rescaling the hydrogen binding energy
13.6 €V bY Tydrogen’ Thadron ™ 10° gives

O(MeV) correction on the hadron mass;
» O(a/\gcp) gives a similar power counting.

and their strong interaction origin
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Strong interaction

* Direct contribution through the
QCD anomalous dimension of

m, and a; (trace anomaly);

* Indirect contributions through
(Gq); and parton motions.



QCD energy momentum tensor Sum rules

The decomposition of QCD energy momentum tensor (EMT) gives: 015

Trace anomaly -

e Hamiltonian: Quark Quark Gluon Trace 0.10
mass energy energy anomaly

H=T"= % mgq+ ) gr'D'q+Ti[B* - E?] 4Tr[ Fiel

q q,1 N0 —
X. Ji, PRL74(1995)1071 (rZTOO(,.» (GeV - fm—l)

Nucleon energy
0.05 |

e “Pressure”:

0.10 | .
y o , , 3 Trace anomaly
Z 1" = qy D'qg + Tr[B- — E~°] 1 Tr| bare]. Nucleon internal
: : 0.05 - pressure
q,l

OOO = e e e o o o o o o o S S o o . S S S S S S e e e e -

* And combining them gives the trace of EMT as:
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CLQCD ensembles

Country/
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CLQCD ensembles

Summary of our standard model parameter determinations

Tk _ 1.1907(76),.,

wp = 0.1736(9) fm v g = Sp+ = 0.2113(33), MeV
: us! JK
: = (0.27683(29).,,(20)
l : | Vudl fﬂ' g o l
m_o = 134.98 MeV —» (mu + md)M_S(Z GeV) /y — 3.37(04) MeV| +— m(m,, m,) i 1 = |Vud|2 + |V3S| + |V, |2 Jp+| Vcdl = 45.8(1.1)6Xp MeV
5 [ Via| = 0.9740(03),(O1) | Vg | = 0.2168(33)1,1(52)cx

mMS2 GeV) = 2 09(5) MeV

mey > = 497.44(02) MeV
QCD _ 491 44(15) M V_> WIFQ G@V) — 4.65(5) MeV +— mK(m;al, mc‘l)al, mlsea’ m;ea) I
E [ Vo | = 0.2265(14),,(03) 1 |1 V| = 0.975(13),(1 Dy

mMS2 GV) = 93.4(1.0) MeV ;

l

forl Vg | = 243.5(2.7)¢y, MeV

| Vi | = 4.06(13)1,(65)c, X 1073

mQCD = . . c MS
o, = OO MEL 1 ¥S0m) = 1293(13)(11) MeV | «— mp, (m2, m!, e, me?) T
— | . S| Vi | = 0.77(12) ¢, MeV fpe = 0.2498(33),,, MeV
my = 94604 MeV  — | P = 4.16(4)(2) GeV |+ mlmy "y, m) :
I Oct 11th parallel session 1
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CLQCD ensembles
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Charm sea effects
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* The second generation of the CLQCD ensembles uses Nf=2(light)+1(strange)+1(charm) setup and

further suppresses the discretization errors;

* Good consistency between the 2+1 and 2+1+1 results for the light quark physics, using the same

clover fermion action.

. Also good agreement for m  within 0.2% uncertainty.

/. X. Zhang et al.,[CLQCD],arXiv:2512.19265
T.W Lin et al. [CLQCD], arXiv:2603.04230




CLQCD ensembles Quark-gluon

interactions
PPy : :721511,—,),4:”(1?2,191)=—m, dm?lps g
PP : :ﬁif;)A:“(pz,plb(pl—pz)yls, M-»w =
» ;7;23;),4;#(]921?1):(?1_1”2)’7#7 ”% R{\L,J}.,
;. s ;; . Oct 11th parallel session 1 _ :7;5?;),4:“ (P2, p1) = (P, +P,) W5 pZ = p2 = (py + po)?
. 15:40-15:55 Li-Jun Zhou D - :fffz)A:u(P%Pl):i(l”l +9,)1 = D2
g lx Tooa| (®2:01) =i(p, — p,) (1 — P2)us
2 ° = _ :T,;ZgA:“(pz,pl) 2 [Py Pol Vs
o ; _ PP : _7;(18;,),4_“(?2,?1):—% Pl (P — p2)u
1 . % oL " : 1 s * For the first time, all the effective quark-
i 2 e "e "e . : e . gluon effective low energy interactions are
5 "A ogx e - il S calculated on the lattice:
: s g a8 BxemeaeAmoTee= _ °E _ * Using the chiral fermion on the 2+1+1
” P e o flavor ensembles and extrapolated to the
2] & * M m continuum;
1 2 3 4 5 6 7 * High order term including the quark

p [GeV]

anomalous magnetic-moment term turn
out to be important.



Hadron mass decomposition From Lattice QCD

(. L — )
My = Z mqq)y + {Z (G7-Dq)y + (Tr[B* — E*])p + §<TT[F§M€]>H}
q J

99 ¢gq',in

. g

[ 2 A QED QED 2\
+{Z quq,Selme+ Z e e N My + O(a )}
. q q,9'#q

J

Nyl
NANN
Sl

\l..

. Hadron mass my from the two point functions ) (7. n.0))——ce~ with different quark masses;

X,y

omy(m,) |

)

. Sigma term m_(gq) from the Feynman-Hellman theorem m_(Gq) = m

1 amq

* Trace anomaly from both the QCD EMT trace sum rule and also direct calculations;

» QED correction from the QCD + quenched QED); with all the aa,' corrections except the QED
vacuum polarization.

q q
Oct 11th parallel session 1 1 1
16:10-16:25 Chen-Yu Zhang
16:25-16:40 Yi-Yang Liu 75 q,

16:40-16:55 Hai-Yang Du
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Quark mass contributions
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Charm quarks

d3
p(aTa —a' a )

Q(X)}QLQ(X) — J (271_3) +.p%+.p —pY—p

-<><>—J dp_m
T = 0 E
< d3p
- (27%)

f T
(a+,pa+9p + a_apa_’p

T T
(a+,pa+ P + a_ 7pa_vp

« mMStm) = 129(2) Gev and

mMS2 GeV) = 1.09(1) GeV;
* |ts scale independent

components is 1.17(5)

G V L. Chen, Z. Li, M. Niggetiedt, PLB
ev, 871(2025) 139935

* Contribution per valence
flavor is also ~1.1 GeV;

 Slightly reduced with
more valence charm.

B.-L. Hu, et. al., [CLQCD], arXiv: 2411.18402

C.Y. Zhang, H.Y Du et al. [CLQCD], in preparation




Quark mass contributions
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Bottom quarks

3

d°p
o) —a' a )

T
(a a —P =P

+.p P

q(xX)y,q9(x) = J

-<><>—Jd3p -
TEEE = 1 o E
< d3p
(273

f T
(a+,pa+9p + a_apa_’p

T f
(a‘l‘,pa-l_ P + a_ 7pa_ P

. mgwmb) = 4.16(4) GeV and

my> OY) = 4 94(5) GeV;

* |ts scale independent
Compone[] Ehseni? I? I.\/I.QI\Zg(ggh)edt PLB
GeV,  871(2025) 139935

* Contribution per valence
flavor is also ~3.7 GeV;

 Slightly reduced with
more valence bottom.

B.-L. Hu, et. al., [CLQCD], arXiv: 2411.18402

C.Y. Zhang, H.Y Du et al. [CLQCD], in preparation




Trace anomaly Sum rule results

3.5F A Total trace anomaly _
B Sumrule, 4 GeV <Ha>H = My — Z mq(QQ>H A
30k ® Sumrule, 2 GeV
O Open = spin 1/2
o _ A
el ® Filled = spin 3/2 <H§(//t)>H = My — (1 + }/m(/’t)) Z m <CICI>H &}
A
~ 2.0¢F
g A
T 15Ff
IO\
1.0 9 “ [E .
U= u)
0.5F gi’
@
0.0 O
—0-25 2 4 6 8 10 12 14

my [GeV]

* The total trace anomaly contribution increase linearly on the baryon mass based on the sum rule;

(Hy) ~ 1 GeV for all the ground state baryons from ~1 GeV (nucleon) to 15 GeV £2,,,,,, at MS 4
GeV,

* Scale dependence of the gluon trace anomaly becomes more obvious in the heavier baryon.

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

C.Y. Zhang, H.Y Du et al. [CLQCD], in preparation




Gradient flow As an UV regulator

0.30 - ——— al2m310 flowed (a=0.12 fm)
¥ al2m310 ordinary operator (renormalized)

0.28 - _g_ :8322112 fcl)(:gsgr;aozglrgtgofrn(‘r)enormaIized) nla d4p 1 nla d4p e—pzl‘GF

0.26 - (2]1')4 4 Q,p'ua 2\n i (271') 4 2p'ua 2\n
. —nla ;Zﬂsm — +m?) 7la (Ezﬂsm — +m?)
E 0.24 -
'%: d4p e—pztGF
w 0.22 — (272:)4 (p2 + mz)n |tGF>>a2/Jz'2

0.20

0.18

* The gradient flow introduces a “soft” UV cutoff which can remove

toF (Gev—2)

the impact of arbitrary regularization effect with large enough (OF;

Ne: two inputs for O";"_S at u=2 GeV

* Taking the vector meson second moment as example, flowed ME

become closer at tF > 0.05 GeV?, and similar to the
Renormalized value;

(Nc|O3'3alnM(2M7)

« Using vector current conservation to define ringed Zq(tGF) can

F2] o vy e suppress the O((:°F)"?) correction of the charm sigma term at

. St T | | . _ : GF M. Q. Gao et al.,arXiv:2609.23379

g 10} finite flow time 7~ . D. Nollweg et al. PRL137(2026)061901
éio_o | | | | | T. W. Lin et al.,[CLQCD], in preparation

Flow time & (10-3 fm?) C.Y. Zhang, H.Y Du et al. [CLQCD], in preparation




Gradient flow

* On the lattice, one can have many
definitions of g2F* which differ

from each other at @(az) + O(a,);

* The gradient flow can also
eliminate this ambiguity at large

enough tGF;

. Taking (g°Tr[F 2])beb at
a = 0.052 fm as example, the
matrix element becomes
independent of the definition of F?
at large enough tOF

Trace anomaly

_p?CF

Jﬂ/a d4p 1 Jzﬂ/a d4p 0
o QD (LY sty S QO (LY sin2Z 4 2y
dp e7?

(2ﬂ)4 ( pz + mz)” |tGF>>a2/7z2

(tGF)—1/2(GeV)

10.00 5.00 3.33 2.50 2.00 1.67 1.43 125 1.11 1.00

—-10 -

0 +- 1x1,clo -+- diag l l T
1x1 ax i e ] e
-50 F- 1x2 -F- 2x2 l | | ]
—60 - L 2X2
OtO 0?1 0:2 Ot3 0j4 Oi5 Oj6 Oj7 0t8 0?9 1:0
tcF(GeV—2)

C.Y. Zhang, H.Y Du et al. [CLQCD], in preparation




Trace anomaly

10 (GEV)

ol
)

{

Qbbb
2.0
) }
1.5 - —
—-"“"--— -
-
u i #‘_’f—'
1.0 - > Raw (no matching) O Sumrule u=2
27 == p=2Gev B Fitbu=4
— - =4 GeV ] Sumruleuy=4
— — u=8GeV A Fithu=s8
0.5 - ® Fitbu=2 A Sumrule y=38
o ¢
0.0 T
=D.5 | | | | | |
—0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30
t" (GeV ™)

CQS@ Of beb

* Perturbative matching and also
mixing with )’ m_(gq), are required

q
to convert

tim into that In
the specific MS scale;

tOF = (0 extrapolation is also
required to eliminate the @(t”Ag’CD)

contaminations of the gradient
flow scheme;

* QObvious scale dependence of the
gluon trace anomaly (H;), IS

reproduced after the
extrapolations, and consistent with
those from the sum rule.

C.Y. Zhang, H.Y Du et al. [CLQCD], in preparation




Trace anomaly Final results

Baryon gluon trace anomaly at y =4 GeV

2.0
O Lat.,/=1/2 (open)
® Lat.,/=3/2 (filled)
1.5 - 1 Sumrule, J=1/2 (open)
' i @ Sum rule, J = 3/2 (filled)
— 4
— - n % % .
% 1.0 : L
U o
T 0O _ .
5o | (H,))y = my — 2 mqq)y Oct 11th parallel session 1
T 057 _ p 16:40-16:55 Hai-Yang Du
16:10-16:25 Chen-Yu Zhang
. (H{ )iy = myg = (1 + 1,(1) ), m{aadu
| q
-0.5 ' ' ' . . | |
0 2 4 6 8 10 12 14

my [GeV]
* The direct calculation only covers kinds of hadrons without light quarks due to limited statistics;

. (H;)M_S(él GeV) ~ 1 GeV for all the ground state baryons is verified by the direct calculation of
the gluon trace anomaly.

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

C.Y. Zhang, H.Y Du et al. [CLQCD], in preparation




Trace anomaly

| =1 nnn P-wave phase shifts and Breit-Wigner fit

180 : = TL,
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For unstable particles
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02- | {

0.0 rmmmmm oo -
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» The p — nimr system has sizable (H, ), for
arbitrary energy level;

* On the other hand, (H ), has a peak around
the p threshold while much smaller for 7.

X. L. Meng et al. [CLQCD], in preparation




QED corrections Subtraction scheme

1 * QED correction of the hadron mass
QED _ 2 A QED = QED 2 . n
A my = 2 quq,selme T N Z eqeq’Aqq',inth + O(a”) Introduces additional UV
q 9974 divergence from the quark mass at
O(a) level;
91 _ .

WED U\’Afg'ggat 1-loop level) \QED « Dashen scheme suggests matching

7, ~ €% qlqz,inth(mq + my) condition mnq(mgchED, e,) = mﬂq(mc(}CD,O)
~—e e A%®D 1 (m) to define the quark mass

91 92 g,g,,1nt H\""q qu[()::SED(/’t) — qu D(//l)(l‘l'
q1 ,
2 cself ci(we‘a + O(a?));
_ €4,0QED"H QED UV finite (e (@)
9 ED ED
Agselfmﬂ(mq + AR m,) * GRS scheme further matches the
~ AQED ~ QED uark mass at MS 2 GeV,
— Aq’selme(mq) T <QQ>HA mc] rC}:I/lQC+ED(ﬂ) — mQCD(,u)(1+
2 self QED UV divergent QED UV divergent ¢,GRS 9
€4,9QED"H 2 2
(c1(p) — €2 GeV))eja + O(a?)).

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




QED corrections Comparison with literatures

 Both the CLQCD and BMW

AREPyr .0 results with Dashen
¢ CLQCD 2+1, Dashen ® BMW 2+1+1, Dashen A RM123 2+1+1, GRS Scheme are CO”S'Stent Wlth that

% 3- § . using the GRS scheme;
= _ ¢ " | | . AEDy . are also consistent
c 2 s l D
= while the Dashen scheme is free of
O the systematic uncertainty in the
c 1 GRS scheme from the perturabtive
5} , matching of the quark mass.
W Qe
O . - - — , » QED corrections for the neutral
K K D D Ds particles are around zero, while
Pseudoscalar meson those of the charged particles are

much larger.

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




QED corrections

QED correction [MeV]

@)

S

N

o

b self energy
c self energy
siself energy
u/d self energy

6 8 10
Hadron mass [GeV]

12 14

. AQEDm

Selt energy contribution

A2 my are around 1-2 MeV and suggest good

SU(3) flavor symmetry, except the cases of light
pseudo-scalar mesons;

 The QED self energy corrections for the heavy
flavors are hadron insensitive:

QED o 2 A TmQED -~ :
. Ab,selme 6 MeV, ebAb,Self my ~ 0.6 MeV;

. APy~ 3 MeV, e?A™9EPy, ~ 1.3 MeV.

c,self c,self

* This correction can not be eliminated through a
quark mass independent renormalization, as

Algfell)f/Agiﬁ + my/m, OF my(bb),/(m{cc)y).

~ 33 MeV based on the extrapolation.

[self 7 ‘m,—>0

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




QED corrections

5self,b

_ 0 2 sself,d
OQED™MB, = €00k M8, t €40GED M5,

int,bd
ex00rn MB,

QED Self energy
| 1 | +
= 363 MeV + 506 MeV —53.2 MeV Attractive interaction
= 0.3 MeV
OQEDMB, = ezf 55%’;‘,)me+ T 33 55%%“’“& +eb€d5§éﬁdmg+ Self energy
2 +
— %6,3 MeV + 30.6 MeV 5 3.2 MeV Repulsive interaction

= 1.7 MeV

_ 2 ¢self,b 2 sself,c 2 <int,bb Int,bc
OgEDMgy,, = 2€,0 00 Ma, + € 0 o Mg +€,0,0 Mg +2e,e 0,0 Mg,

b~ QED ¢ “QED b~ QED c”QED
1 4 1 2
= 256.3 MeV + 52.9 MeV +§7.0 MeV —255.7 MeV
— 0.9 MeV Self e+nergy
Repulsive interaction
Oct 11th parallel session 1 +

16:25-16:40 Yi-Yang Liu Attractive interaction

14

QED correction [MeV]

QED correction [MeV]

Interaction contribution

(a) Diagonal interactions 5 e Il 4 cc
= SS ¢ bb

| 5£ |
gg— i ;
o Mesons (open) e Baryons (filled)
(b) Off-diagonal interactions s = Ib > sb
+ Ic sc =~ c¢b
B L i §§
f; l§ %
v: central value below 0
. . v | | .
2 4 6 8 10 12 14

Hadron mass [GeV]

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




QED corrections

QED correction [MeV]

10 7

Electric charge Hadron type
Mesons

® Baryons

e 0=0 O
m Q=
0=

+1
+2
A

2 4 6 8 10 12 14
Particle mass [GeV]

Total corrections

Among the 45 neutral states shown,
40 have central values no larger than 1
MeV in magnitude;

Singly charged states receive positive
shifts below 5 MeV, with a median
hear 2 MeV;

The doubly charged baryons have
substantially larger shifts, ranging from
approximately 3.7 to 8.4 MeV. The

largest is AQEDmQCCC = 9.3(2) MeV.

Those of the light baryons can be
more precise in the near future with
larger statistics.

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




light baryons

1.6_-
1.4}
1.2}
1.0
0.8F

0.6f

gs C48P14
.} SD T N—=Nr— Nnrrm GEVP
N — Nt GEVP | N — Ns GEVP
fitted gs
b S P 4] J}~{”
) i1
Bq
b
lllll I | | 3 3 1 | | 1 3 [ | 1 1 I | - 1 1 | | 2 3 3 | | 1 1 1 | | 1

Blending method

Counts of quark diagrams

F64P13
N ® Original
0.7F ¥ GEVP-Optimized
- —— two-state fit, tnin/a=>5
0.6F @ ) . @ AlC-average Coo
- 0
R
:/\'_ SCYSK AVA ~ b \TAYAY |
T e
i X | )
(13; ¥
0.2F
:|||||||||||||||||||||||||||||||||||||||||
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

* Precise results for the light baryon likes nucleon requires good
control of the excited state contaminations;

e Contaminations from Nz, Nz and also VJ states correspond to

hundreds and thousands quark diagrams;

* The blending method can be so far the most efficient way to

eliminate those contaminations.

Unprojected projected
Cngng (L) 26 54
Cny N (D) 26 486
Cnnne (L) 102 1944
CNmt,Nmt (t) 144 1178
cs N (&) 26 42
c%’ N, (8, T) 26 126
C‘Zl, N6 T) 52 252
C‘Z,' N (6 T) 60 162
| E——— | @ @ [
N - - =
| — | o = a
|1 a

Z.C.Hu, J.H. Wang et al. [CLQCD], arXiv:2505.01719
J.H. Wang, Z.C. Hu et al. [CLQCD], arXiv:2511.02326




Summary

ospin 1/2 e spin 3/2

Strong interaction contributes
to the hadron masses In
three ways:

® Convert the sca
dependent quar

€

K

INto sca
contribu

e Indeper
tion with f

mass
dent

dVvor

dependence
enhancements:

® avor insensitive gluon

trace anomaly at MS 4
GeV from the sum rule,

with 1

Wit

n

{

ne coefficients verified

ne direct gluon trace

1 =
0 Electric charge i Hadron type
e Q=0 o Mesons
81 B QOF %] e Baryons
> A Q=+;2
- W A
S 4t 1 o
§ [ & ] R ¥
S 21 ° o-g X t
O o Q, L e
& 0 E’&;; | LB
-2
0 2 4 6 8 10 12 14
Particle mass [GeV]
e A few MeV QED corrections

which include positive/
negative correction for the
repulsive/attractive
Interaction, and also flavor-

L — %
strange quark Ikc
= )I; “”l-
)
% %
I‘I.Il arkc‘ m
(GeV)
3.5 A Total trace anomaly
® Direct calc., 4 GeV A
3oL ® S m rule, 4 GeV
® Sumrule, 2 GeV A
O Open =spinl/2 8
25 @ Filled = spin 3/2
20} 4?
>
@,
Q
T 15 {
T
T n B i
1.0 °
33 O
0.5} — 8 @
@
0.0 ®
—0.5 ' ' ' '
0 2 4 6 8 10 12 14

my [GeV]

anomaly calculations.

dependent but
Insensitive quar

nadron-

< self energy.



