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Hadron mass is a QCD question

a . . . )
Most visible mass is

generated by QCD dynamics,

. not by bare quark masses. )

confinement

color-charged
degrees of freedom
cannot be isolated

gluon fields

carry energy and
momentum; generate
most of the mass

BARE QUARK MASSES

u u d
= 2.2 MeV = 2.2 MeV = 4,7 MeV
I 1

quantum anomaly

breaks scale invariance;
drives mass generation

-
my, +my, + my ~ 10 MeV

<K 1% of typical hadron mass

How to understand the hadron mass in terms of quark and gluon fields?




The QCD EMT: from quark-gluon fields to hadron mass

To understand hadron mass in terms of quarks and gluons, we need the operator
that measures energy and momentum in QCD.

Noether current of Hadron matrix elements
spacetime translations < H\ Tf},’; ‘ H)
Tocp = Typt Tog
pi J 73 TOK (p"| T" | p) — gravitational form factors
(p| T?| p) — enerqgy / rest-frame mass

Hocp = Jd3x 700 (p|T",| p) — scale breaking / trace anomaly

The EMT connects quark-gluon dynamics to hadron mass, GFFs,
and the trace anomaly.
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Mass decomposition and the trace anomaly from the EMT

How do we weigh the hadron?

|
M,, = HITOH
H 2MH<‘ | H )

00 _ 7700 00
I =1 r+ 1,5

IO |
— 700 00
=Tox+ Tor+ T,

traceless

TY gives the Hamiltonian
definition of mass

How does QCD acquire a scale?

X = AX

» — = _
[ [ aD=1
p(g) )
T’L — 2 (Fz)R + (mql//l//)

The trace measures the breaking

of dilatation symmetry

» 1" is conserved current.

» 0/ components are scale and
scheme dependent.

» In classical limit (g) = vy,, = 0

_ m=0
1", =myy — 0



Experimental access: GFFs from exclusive processes
DVCS

e Ji, PRL 78 (1997)

E.g., moments of GPDs:

1
J dx x Hi(x, &, 1) = Adt) + £2C4U 1)
~1

1
J dx x E4(x, &, 1) = BUt) — £°C4U 1)
L J—1

/

P(”ia”)pAp A
(P, s'| T | p,s) = a(p',s') | Ay o) v “ PV + B, (D) X,
AHAY — g,uvAZ
U
+C, (1) TY +-M g lu(p,s).
P=p+p A=p —p, t=AZ.
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e Ji, PRL 78 (1997)
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Experimental access: the missing trace channel
DVCS ,

E.g., moments of GPDs:
1
J dx x Hi(x, &, 1) = Adt) + £2C4U 1)
~1

1
J dx x E4(x, &, 1) = BUt) — £°C4U 1)
~1

/

\_

1 .
= TH — Zg””T“ . twist-2

. scalar trace, twist-4

~

,

Twist expansion gives access to the traceless EMT: the trace sector

IS absent.
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EMT matrix elements from lattice QCD: why hard?

1 1 . .
TH = 01,/4” — 102/” + 103,/w = — Fg Fa,g + Zg’waaﬁF
f K
(" > )

\_

e Lattice discretization breaks O(4)
to H(4): only traceless T
components in H(4) irreps are safe.

® [race mix with lower-dimensional
operators with a~" divergence, e.g.,

- R . . e |
(9, D)™ ~ lim |y, DMyiy+—(pTy) + -+

No continuum limit!
® No direct access to trace sector.

,

Y

Renormalized full EMT
including trace

. —————— —
"

Ty ()



Gradient flow as heat-kernel smoothing

e M. Luscher, Commun.Math.Phys. 293 (2010)
e M. Luscher, JHEP 08 (2010) 071
e M. Luscher, P. Weisz, JHEP 02 (2011) 051

0B, =D,G Bﬂ(O,x) =A,(x)

Pl TE
\_ Y,
r i ~ =1 i >4
~ _tp
B(t,p)~e " A,(p)
- / flow time
( 1 ) '

/8L~
! )% 4 \/@ ) <

»_‘\\—

._\» 7

® UV modes are exponentially suppressed.

o | Local operator Smeared over
® At finite t, the operator has a physical nointlike IV
resolution scale. ) i
® [ he flowed operator Is a smeared probe, ZGﬁv(O’X)Gﬁv(O’x) ZGZZV(@ x)G (1, x)

not a local QCD operator.

Gradient flow smooths the operator over a radius 74, =~ 1/ 3¢
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UV finiteness and well-defined continuum limit

® Flowed composite operator

e For ¢, > (), correlation
4 A functions of flowed fields

O(If, x) =0 [Bﬂ(tf, Xx), x (1, x),;?(tf, x)] are UV finite.
_ Y

® Regulator independent;
holds for any underlying

® Continuum limit at fixed physical |
regulator (lattice,

flow time dimensional regularization,
~ . 2
O(ty, a) = O(1:,0) + CIT T Cd” T e ® Safe to take continuum
N / J imit @ = 0 at finite .
Continuum

imit (finite) ~ UtofT effects




Back to the local EMT at the t = 0 boundary

t =0 (boundary): rowAtimet ( \
local 4D QCD EMT and scale Ward identity bum [ > O
i 2 (2, > 0)
T;‘ = ple) (FHg + (1 + 7,) (mu)p : UV finite smeared
28 i composite operator:
) ) : no trace anomaly.
trace anomaly of 4D QCD 7777777’77771‘;797;7
N ) _ Y,
_ MS
>0 t=0 O,t5.%) = Y, Cyltps ) OYS(u, ) + O(1)
Small-t ¥
expansion ® [he local EMT Is recovered after matching
R and #; — 0 limit.

, ® [ he anomaly enters the flowed
2 representation through the coefficients

O(t;, x) # @M_S(,u,x) Cl-j(l}f, 1) in the ty — O limit.
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A controlled path to the full local EMT

continuum limit
a— 0

matching

toM_S

remove finite-flow
contamination

local MS

operator

at fixed physical t ¢

lattice spacing
(UV cutoff) radius

(short distance)
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Three physical scales

s . e Y S
: i ' increasing
\ v Y length scale
—1
a V/B; Ak

flow (smoothing) hadron / IR scale

(long distance)
(intermediate scale)

a < /81 < AGep

otftoo small: cutoff artifacts dominate
(~ azltf, az,...)

otftoo large: oversmearing, loss of
short-distance information.




Lattice calculation: charmonium states as a demonstration

e 7. and J/y states: three ensembles with physical .. and J/y meson masses; Light

quark contribution ignored.

Mc J/ P
sea,/msea M;ea [MGV] Csw a'm\c,al_
1.0336 [0.306
20 160 1.030934|0.236 L = AP i,
1.02868 [0.167 [

1
—(P=0|T"|P=0)=M
oM alg 0 0 q,g(()) 0
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Bare EMT matrix elements from flowed operators

quark EMT (7. | 53 X80 [ 1)

® [hree-point function of flowed operator: e
K _ \ ~3.76 -
G151, = 3 (10:) 0,155, 710,0))
x,y =3.78:
—~(C21)) ¥ (Ol %) .
K X /, (t-t/2)/a

gluon EMT (7. | él,ﬂy(tf) | 7,.)

® Bare matrix elements from two-state fit:

—-1.0 1

K < ‘ (l-) ‘ > \ ~1.11
m () n

3 L, uv\“f —(1—7\E
C pt(tf, T) E Z>I< e e (I=7)E, ~1.2-

2 A
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Continuum extrapolation at fixed flow time

4 ~ ~ )
<7]c ‘ Oi,/,w(tfa Cl) ‘ nc> — <r]c ‘ Oi,/,w(tf) ‘ ;/]c>+a2Xi,lm/(l}”)
- J

gluon EMT (#.| Oy (%) | ) quark EMT (.| O3 ,,(%) | 11.)
—1.0 A I t=5¢ % s $ tr=5¢
—3.4 -
-1.1 -
-1.2 1 T =376 4
—-1.3 -
—3.8 1
—-1.4 A
-1.5 - _4.0 -
—-1.6 -
—-4.2 1
-1.74 |
0.0bOO 0.0605 0.0610 0.01015 0.0lOZO 0.0625 0.01030 0.0635 0.0600 0.0I005 0.0'010 O.OI015 0.0I020 0.0'025 0.0b30 0.0l035
a2 [fm?] a2 [fm?]

At fixed physical 7., the continuum extrapolation is well

controlled due to UV finiteness
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0.00 -
—0.15 1

M ;
0.0 -
0.5
~1.0-
151

—0.3()
—0.45 1

0.36
0.32 1
0.28
0.24
0.20

=125
—1.50

=1.7357
—2.00 1

0.000

Matching to MS and extrapolaﬁon to zero flow time

/'

LUV

O; ,(1)+ @(zfAZ)/

} -1 .
00p Z (ne I(91 2ncM(2M,,.)

2-loop

(Ne |(92 e (2M,,)

H—Q—(—__‘

3
3 Z Nl ONS ne (M)

k
; ; o : ' .
i ¢ 3 3 3 3
i\ (1 OYS, I Y(2M,,)
0.001 0.002 0.003 0.004
tr [fm°]
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e H. Suzuki, PTEP 2013 (2013) 083B03
e H. Makino, H. Suzuki, PTEP 2014 (2014) 063B02
e R. Harlander, Y. Kluth, F. Lange, Eur.Phys.J.C 78 (2018) 11, 944

® One- and two-loop matching are
close.

® small-flow-time window Is under
control.

® the final result is the local MS
EMT matrix element.




GFFs from EMT matrix elements (rest frame P=0)

® 7. (spin-0)
(P|T' | P) = 2P*PYA(0) + 2M°g"*C(0)

e J/y (spin-1): denote the polarization
oy ¥,

(P, | T I Pyyy) = 2PFPYA (0)
1 _
+ (25/4@5'/1 + Eg””) M>f,(0)

Ne J/v
A(0) C(0) A(0) C(0) £(0)

gluon(g) [0.084(45) 0.058(18) |0.077(35) -0.146(29) -0.012(32)

( (
charm(c)|0.918(17) -0.068(4) |0.926(34) 0.176(87) 0.023(5)
total [1.000(46) —0.010(18)|0.997(43) 0.030(30) 0.010(32)

e A , probes the momentum fraction {(x)

q/g q/g’

o C g/¢ Probes the trace-related channel.

® [he quark and gluon sectors combine into
the conserved total EMT:

A0) + A (0) = 1,C,(0) + C,(0) ~ 0
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The sigma term from the QCD equation of motion

tchi t ts:
® ¢ term: the contribution to the hadron Matching remove the flow effects

mass due to explicit chiral-symmetry scale and scheme invariant

breaking; scale and scheme invariant. /
0 = W(P| 2 maApx)pAx) | P) B (103, 4, 44"7c>/ (2M
: e
® Use QCD EOM we have, —1.75 - \‘\\.\
p ~2.00 - Ny
> s(x )le( )=-2mss(z)s(x) | .
f | T | |
(P‘wa IMf P 0.000 0.00I  0.002 : 0.003  0.004
S —— tr [Tm~]
1 - Trace operater: power divergent
C _WU)‘O‘”‘”‘ Py mixing avoided through GF
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Quark-gluon decomposition of mass and trace anomaly

1
M=—-H|T"|H)
2

® Ji’ four-term ® [Wo-term/three-term

decomposition decomposition

_ _ 1

00 _ 00 00 00 _ 700 00

T —_— Tq,R + Tg,R + ZT’IL T - Tq,R + Tg,R

M=U,+U,

M=M,+M,+M,+M,,
=W,-0)+U,+ U,

e X.-D. Ji, PRL 74 (1995) 1071-1074 Mm — Um — O
e C. Lorcé, EPJC 78 (2018) 2, 120

e A. Metz, B. Pasquini and S. Rodini, PRD 102 (2020) 114042

e Y. Hatta, A. Rajan and K. Tanaka, JHEP 12 (2018) 008
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(P|T,| Py =2P"P, = 2M"

® Quark--gluon separation
of the trace

_ (&) v ra
I, = 2(1+7’m) mfl//fl//f"l'ﬁz_iFﬂvFﬂv
/

1
M = — (T80 + (T



Quark-gluon decomposition of mass and trace anomaly

7. MEesSon

® All mass/trace-anomaly sum rules are
simultaneously satisfied in a common

MS framework (first direct lattice
validation).

® Even deeply bound cc states contain

sizable gluon energy and a non-negligible
trace-anomaly contribution.

Trace 2-term 3-term
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Quark-gluon decomposition of mass and trace anomaly

7. meson JI'Y meson

Trace 2-term 3-term J1 | Trace 2-term 3-term J1

® Gluon contributions are remarkably similar between 7. and J/y.

® Differences are dominated by the charm contributions, indicating that the spin
change mainly redistributes charm energy/sigma components.

20



Summary

e (Gradient flow provides a UV-finite and regulator-independent definition of
flowed EMT operators, which admits a controlled continuum limit and avoids

power-divergent mixing. Combined with perturbative matching to MS and a
t. — ( extrapolation, this gives us access to the full EMT including the trace.

® |n charmonium, we extract quark and gluon EMT matrix elements and
determine forward-limit GFFs, including the trace-related C..

e \We directly validate the momentum, trace-anomaly, and mass/energy
decomposition sum rules simultaneously in a common scheme.

® [he framework is general and can be straightforwardly adopted for lattice-
QCD calculations of mass and spin decompositions as well as gravitational
form factors of other hadrons and nuclel.
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