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The mass distribution is a fundamental property of a physical
object.

Yet, while a lot of information is available about the charge

distribution inside the proton, nothing is known at present (2021)
about its mass radius......

“Mass radius of the proton”, D. Kharzeev, Phys. Rev. D.104.054015



Because of the extreme weakness of the gravitational field
created by a single proton, its direct measurement at short
distances is clearly impossible. Likewise, a study of graviton—
proton scattering is off limits for present experiments.

Does this mean that the mass radius of the proton cannot
be measured?

“Mass radius of the proton”, D. Kharzeev, Phys. Rev. D.104.054015



Because of the extreme weakness of the gravitational field
created by a single proton, its direct measurement at short
distances is clearly impossible. Likewise, a study of graviton—
proton scattering is off limits for present experiments.

Does this mean that the mass radius of the proton cannot
be measured?

“the mass radius of the proton can be rigorously defined through
the form factor of the trace of the energy-momentum tensor
(EMT) of QCD in the weak gravitational field approximation, as
appropriate for this problem.”

“Mass radius of the proton”, D. Kharzeev, Phys. Rev. D.104.054015



Hadron mass and the energy-momentum tensor

® The mass distribution of a hadron can be
calculated through the form factor of the trace of
the energy-momentum tensor (EMT) of QCD.

® |[n the forward limit (Q2 = ()), we can obtain the
hadron mass
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Trace anomaly form factors and GFF

X. Ji, arXiv:2102.07830 [hep-ph]
K.-F. Liu, arXiv:2302.11600 [hep-ph]
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“Mass radius of the proton”, D. Kharzeev, Phys. Rev. D.104.054015



“In astrophysics and cosmology, the study of the mass distribution
in galaxies has led to establishing the presence of dark matter
that is believed to constitute about 85% of the total mass of
matter in the Universe.

“Mass radius of the proton”, D. Kharzeev, Phys. Rev. D.104.054015



“In astrophysics and cosmology, the study of the mass distribution
in galaxies has led to establishing the presence of dark matter
that is believed to constitute about 85% of the total mass of

matter in the Universe.

Drawing an analogy to the physics of the proton, the electron
scattering experiments reveal the spatial distribution of quarks
(matter visible to photons) but do not directly constrain the
spatial distribution of gluons—“dark matter of QCD"” that is not

visible to photons.”

“Mass radius of the proton”, D. Kharzeev, Phys. Rev. D.104.054015



Trace anomaly and hadron mass
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 “One may thus fully expect that an experimental determination of the mass distribution
would constitute a big advance in the understanding of proton structure.”

A. e. a. Accardi, The European Physical Journal A 52,268 (2016)

Y. Hatta, D.-L. Yang, Phys. Rev. D 98, 074003 (2018)
A. Ali et al. (GlueX), Phys. Rev. Lett. 123, 072001 (2019)

K. A. Mamo and |. Zahed, Phys. Rev. D 106, 086004 (2022)

e (alculations of the trace anomaly (highly non-perturbative) with lattice QCD
F. He, P. Sun and Y.B. Yang (yQCD) (PRD 2021, 2101.04942) EIC at BNL(https://flic.kr/p/2ncjFer)
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The “pion mass puzzle”
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The “pion mass puzzle”
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 Why does the trace anomaly(conformal symmetry breaking) have a chiral-
symmetry-related behavior? K.-F. Liu, Phys. Rev. D 104, 076010 (2021)

 What kind of structure change can facilitate this attribute when approaching the
chiral limit?? K.-F. Liu, Phys. Lett. B 849, 138418 (2024) arXiv:2302.11600 [hep-ph]
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The “pion mass puzzle”
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 Why does the trace anomaly(conformal symmetry breaking) have a chiral-
symmetry-related behavior? K.-F. Liu, Phys. Rev. D 104, 076010 (2021)

 What kind of structure change can facilitate this attribute when approaching the
chiral limit?? K.-F. Liu, Phys. Lett. B 849, 138418 (2024) arXiv:2302.11600 [hep-ph]
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Trace anomaly form factors from lattice QCD

Trace anomaly form factors



Trace anomaly form factors from lattice QCD

QCD lattice ~
ensembles with
chiral fermion

Image credit: Derek Leinweber, CSSM,
University of Adelaide
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Trace anomaly form factors from lattice QCD

QCD lattice ~
ensembles with
chiral fermion
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Trace anomaly form factors from lattice QCD

QCD lattice
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Trace anomaly form factors from lattice QCD

QCD lattice
ensembles with
chiral fermion
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Trace anomaly form factors from lattice QCD

QCD lattice
ensembles with
chiral fermion
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Trace anomaly form factors from lattice QCD

QCD lattice
ensembles with
chiral fermion
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Trace anomaly form factors from lattice QCD

QCD lattice
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spatial distributions in the infinite-momentum frame (IMF). Q/Gev?
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Trace anomaly of the pion (glue part)

10 A

s my v = 0.253 GeV
mpyv= 0.281 GeV
mp v = 0.320 GeV
mpv= 0.347 GeV
my = 0.388 GeV
myv= 0.468 GeV
my v = 0.539 GeV

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
r/fm

[Novikov, Shifman, Z. Phys. C8, 43 (1981)]
[Chen, Phys.Rev. D57 (1998) 2837-2846]

o ® ma=0.0160 Q%=
0.0 ® ma=0.0160p;= — ps
® ma=0.0160p;=0
—0.5 ® ® m@a=0.0160 |p;| = |pH >
o2l S 0l
= ++ §= 10 4|
O s . S
* * ¢ + N 20
o ., b
—2.5 - 307
0 1 2 3 4
Q?/GeV/?
. - 2 p)
p03|t.|ve .at Q"=0 GeV * The predictions from chiral
(contribution to the pion mass _ )
from glue) perturbation theory at small 0,
region:
* sign change of glue trace ZChPT( )2 p)
anomaly form factor of the pion ta T (Q7) ~ Q
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[Y. Hatta, Private communication]




Trace anomaly of the pion (glue part)

® ma=0.0160Q%=0 10 A
® ma=0.0160p,= —pr |
® ma=0.0160p;=0
® m@=0.0160 |5 # |54 > ]
G
o |
= -104|
=,
< s My, = 0.253 GeV
= My v= 0.281 GeV
* ¢ + ™ —20- My v = 0.320 GeV
+¢ Muy= 0.347 GeV
¢ ? Mnv= 0.388 GeV
—30 - mp v = 0.468 GeV
—2.5 - >0 Mnv= 0.539 GeV
0 1 2 3 4 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
QZ/GeVZ r/fm
. positive at 0% = 0 GeV? - -
. . * The predictions from chiral
(contribution to the pion mass . 2
from glue) perturbation theory at small O
region:
* sign change of glue trace & ChPT ( Q2) Q2 E(N:ﬁviko;;‘Shi;man&SZ% I;hgsgsé)cgss,;s 2(;2;3]1)]
: en, Phys.Rev. -
anOmaIy form factor of the pion ta & 2m]% [Y. Hatta, Private communication]
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Trace anomaly of the pion (glue part)

pion _

Mass

0 -
-5 4
_10 -
= 0.253 GeV
~15 1 Mny= 0.281 GeV
mr['\/ = 0320 GeV
mr[lv = 0.347 GeV
_20 ] mr['v = 0388 GeV
mr['\/ = 0.468 GeV
mr('v = 0-539 GeV
0 5 10 15 20 25 30
Q?/GeV?
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I

211rp

10 A
0
~104|
mpy= 0.281 GeV
~20 - Mny= 0.320 GeV
Mpy= 0.347 GeV
mnv= 0.388 GeV
_30 - mr[,v = 0468 GeV
Mnv= 0.539 GeV
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
r/fm




Trace anomaly of the pion (glue part)

neutron

0 -
10 -
_5 -
0
. >
3
pion _ S
o 1 < |
o = -104|
‘6 S
s myy= 0.253 GeV < s myy= 0.253 GeV
| I |aSS —15 My v = 0.281 GeV ('51 mpyv= 0.281 GeV
mpv= 0.320 GeV —20 - My v= 0.320 GeV
Mryv= 0.347 GeV Muy= 0.347 GeV
~20 - Mpv= 0.388 GeV Mnv= 0.388 GeV
mr[,\/ = 0.468 GeV _30 _ mr[,v = 0468 GeV
mr('v = 0.539 GeV Mg v = 0.539 GeV
0 5 10 15 20 55 30 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
02/GeV? r/fm
c w =
G oAl b @ This Work (MAMI, JLab/Hall-A data)
- W This Work (CLAS data)
B O World data
0.08— — Fitto G! data

0.04
charge

()

0.02

£
L

| 1 l 1

0O 05 1 15 2 25 3 35
Q2 (GeV/c)
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Trace anomaly of the pion (glue part)

neutron e

0 - 10 A
_5 - 0
: >
Q
pion _ Q
_10 - t :“
9& = -104|
=
'O = 0.253 GeV 8'.: \ == m,,= 0.253 GeV
| I |aSS —15 7 My v = 0.281 GeV ('51 mpyv= 0.281 GeV
mpv= 0.320 GeV —20 - My v= 0.320 GeV
mpy= 0.347 GeV My y= 0.347 GeV
—20 - myv= 0.388 GeV my v = 0.388 GeV
Mp,v = 0.468 GeV —30 4 Mp,v = 0.468 GeV
mpy= 0.539 GeV myy= 0.539 GeV
0 5 10 15 20 25 30 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
02/GeV? r/fm
e
c w - Y
G o1b b @ This Work (MAMI, JLab/Hall-A data) c i d
B W This Work (CLAS data) — 0
B O World data c
0.08_— — Fitto G data Q
N -0.2 — neutron charge density

0.04
charge
0.02 S ~ -0.6 " . . . i 1 . . . . I . , . . I
S 0 0.5 1 1.5
el W ST TN TN NN WY TR TN T Y NN TN TN AN NN TN AN NN NN SN TN SN SN SN N S SN SN S N S S
0 05 1 15 2 25 3 35 | o b (fm)
2 G V/ 2 Atac, H., Constantinou, M., Meziani, ZE. et al. Measurement of the neutron charge
Q ( e C) radius and the role of its constituents. Nat Commun 12, 1759 (2021)
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0.05 -

0.00

Trace anomaly of the nucleon (glue part)

s mg = 0.253 GeV
myy= 0.281 GeV
mypv= 0.320 GeV
mpv= 0.347 GeV
my = 0.388 GeV
my = 0.468 GeV
myp v = 0.539 GeV

0.0 Oi2 0.|4 Or6 0.18 1.IO 1f2 1.14

r/fm

1.04

0.8 -

0.2 A

0.0 -

= m,;,= 0253 GeV
v= 0281 GeV
v= 0.320 GeV
v= 0.347 GeV
v= 0.388 GeV
v= 0.468 GeV

mnv — 0539 GeV

33333 3 3

0.0

dF o 1(Q°)

<”2>m(H) = =06 d0?

m

0.5 1.0

020

15 20 25 30 35 40
0Q2/GeV?

dGy(Q°)

~ () = —6— i

R~ R, =1 /(rM(N) = 0.89(10)(07) fm

020
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Trace anomaly form factors and GFF

X. Ji, arXiv:2102.07830 [hep-ph]
K.-F. Liu, arXiv:2302.11600 [hep-ph]

Trace Anomaly Form Factors snergy-mementum fensor Gravitational Form Factors

Y. Hatta, arXiv:1810.05116 [hep-ph]

T = Tw + T

moments of Generalized Parton Distribution (GPD)
Trace Traceless

/ part part (P'|(TH) | PY2my = i(P")|A, (O} * PV
= D T+ | Q) A8) 2 s (7w - 270y ()
= LYYy Tfrm ST = d, ° d *° B (0% 10" 4q

f f 5 J J 0.
) y T A C A B. D

(Tﬁ)a trace anomaly, RG invariant 4.8 q.8 4.8 4.8 q.8 2 M q . g,uv 2
0 g(Q
d3 E N Tong, et al., Physics Letters B 823, 136751 (2021)
12, —a | €2)

1—J |p>—<p| =4/ =./2E a*|Q

27)3 P Pefkou, et al., Phys. Rev. D 105, 054509 (2022 p) = pp 1€2) 2\ 1%

(27) p efkou, et al., ys. Rev : ( ) +Cq,g(Q ) N;/]ﬂ ]M(P)
Hackett, et al., Phys.Rev.Lett. 132 (2024) 25, 251904

2

(p.s1T,|p.s) = mNym,N<Q2>a<p', S u(p,s) Crmmm—) (P'|T/||P)/2my = a(P")|(A(Q*)my — B(Q*)——

4mN

2
F ., F mn(Q°) G,H(Qz) 3D(Q2)Q—] u(P)

JA(QY) 3D(0) dF (0% h

<r2>m(H) ~ <r2>ta = — 6/ d0? T M2 B dO? )
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Mass radius of the nucleon

* Our result with lattice QCD * Avrecent lattice calculation of the quark and glue GFF

Ry = Ry = /(DM (N) = 0.89(10)(07) fm R, = 1/(r)3F(N) = 1.038(98) fim

Pefkou, et al., Phys. Rev. D 105, 054509 (2022) Pefkou, Private communication
Hackett, et al., Phys.Rev.Lett. 132 (2024) 25, 251904

* A holographic GFF calculation with lattice input:
R, =~ R,=0.926(8) fm

Mersyrlt) = —Qe 0 167rb2M (PIT|P). K. A. Mamo and l. Zahed, Phys. Rev. D 106, 086004 (2022), arXiv:2204.08857 [hep-ph]
* Adirect dipole fit to the recent GlueX » Using the quark (from lattice) and the glue GFF from
Collaboration (experimental) data: fitting the near-threshold J/¥ production at £ > 0
Ry =1/(R2) = R, = 0.55(3) fm R, ~ R, = 1.20(13)fm
D. E. Kharzeev. Phvs. Rev. D 104. 054015 (2021).arXiv:2102.00110 Y. Guo, X. Ji, Y. Liu, and J. Yang, Phys. Rev. D 108, 034003 (2023), arXiv:2305.06992 [hep-ph]

A. Ali et al. (GlueX), Phys. Rev. Lett. 123, 072001 (2019),
arXiv:1905.10811
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Systematic uncertainties?

3pt/2pt correlation functions %E q

with momentum transfer O
LY |

hpi ‘ -
T~
tO —— tf
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Systematic uncertainties?

—

Gn(Q%2=1.747GeV?),p;=(-1, —1,0),pr=(1,1,0), 12 aved

G.(Q%2=1.947GeV?),p;=(0, -1, —1),pr=(-1,1,1), 12 aved
3pt/2pt COrrelathn fUﬂCtIOnS % q o6 - ++ ¢ _tflfi(g'og) + + . ;isg(o.os) o A
A tr=11 0.5 A t=10
° 2 —-0.8 - W tr=12 2 B t=11
with momentum transfer ( T " e
—-1.0 A f: -
& fr=15 & -1.01 p Y
< S af THE YL +
- S 5 ¢
h p1 > = 1A + = ~1.5 - ++ £ 4 Y
{4 7
\ -1.8 —2.0 1
-2.0 T
: -4 -2 0 2 4
0 tf B B t2 2 ’ T-til2
~Lfi
2
m,H(Q )
Hp m g
o
1. ii % "L 1 T -
.A% = : ‘. PO : L 4
_2 1 .} I ! v N ¢ ] :
(6 —3 - | A A . * A
— ® my,= 0253 GeV A + s
O 4. A m;,= 0281 GeV 2
B my.,= 0.320 GeV + +
] Y mpy= 0347 Gev ®
® m,,= 0.388 GeV
_6 - my v = 0.468 GeV
® mpy= 0.539 GeV
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Systematic uncertainties?

2 — 2 p= (— —_ D = - -
Gn(Q”=1.747GeV7), pi=(~1, —1,0),pr=(1,1,0), 12 aved Gn(Q2=1.947GeV?),5,= (0, =1, — 1), pr=(-1,1,1), 12 aved

3pt/2pt correlation functions %EZJ’ ool b g = 158009 ‘ . = 100 .
A tr=11 A t =10
. _08- W otr=12 =0.51 t= 11
with momentum transfer Q2 rouss " ’:
0 =15 ~ _10 Aou Y
< & af TH b 7,
- 3 o &
h pl ‘ S R + —-1.5 - + X & *
' .. ~1.6 + i . Y
\ -1.8 —-2.0 -
tO 6«' _4 —2 T_?f/z 2 4 - _2 T-tf/02 ’ )
2
form factors # , y(Q~) .
. . m,H(Q )
Z-expasion fit
k ° =_. .ll
~ -l :‘ ¥ e o T
Gu(Q) = ) 4, 11 M o S A
'A Vy ®e oo Y
k=0 =2 ‘} "a ! v M i! !
& ]
9,; =1 o ;n,w_ 0A253 GeV i |
® mny= 0253 Gev o O A mg,= 0281 GeV 4 4 !
A mpy= 0281 GeV \/ cut \/ cut 1 W muy= 0320 Gev o +
®  mg, = 0.320 GeV 2(t,t 1) = — — Q2 Y e 0.347 GV
407 v m..= 0347 Gev > “eut 0 =5 - My =~ © g
o m .~ 0388 cov \/tcut — I+ \/tcut ® my,= 0.388 GeV
m: = 0:468 GeV -6 my,v = 0.468 GeV
~50 - My = 0.539 GeV _ ®  mgy= 0.539 GeV
. | | | [R. J. Hill and G. Paz, Phys. Rev. D 82, 113005 (201( . l
0 1 2 3 4 5 6 0 1 2 3 4
Q2/GeV? Q?%/GeV?
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Conclusion and outlook

- We have calculated the trace anomaly form factors of the EMT(glue part)
with lattice QCD to reveal the mass distribution within hadrons:

=
12

R, = /(A (N) = 0.89(10)(07) fim

the o term J ((T%)),) trace anomaly,RG invariant
phys
Outlook my a—
» In the future, we will include the quark part for - Better ways to control/estimate:

the pion, nucleon and p meson.
- excited-state contaminations.

- Calculations on lattice ensembles with physical
quark masses and smaller lattice spacings for - uncertainties from the fitting of the form
extrapolations to the continuum limit. factors.
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Numerical setup with lattice QCD

 Observables from the path integral (Euclidean):

J DPpOe )

0) = — 2,0) = | pge-ianz. =
< > J@¢€_SE(¢) E( ) ¢ % ;[ > @0

(partition function in statistical mechanics)

 Ensemble average: with distribution e ~3E(®)

e Generate with Monte-Carlo

(0) =~ %2 0, + O6(y/N) methods with lattice actions Séat(¢): Input parameters
2+1-flavor domain-wall fermion configurations with aA. N . co. . 0. ...
N lwasaki gauge action by RBC-UKQCD collab. g TS
E.g. n-point correlation functions ‘,/
(Q|Tp(x)) ... P(x,) | Q) Ensemble L° xT a (fm) L(fm) mx (MeV) Neons
¢ Wick’s theorem 241 243 X 64 01105(3) 2.60 340 788
P { ——————— hadron spectrum, matrix elements ..., at my .
/ | Renormalization ,
Sy, j» by x,i,a) = (DG
/-
Overlap fermion with valence quark
masses m,,
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Renormalization on the lattice

The trace anomaly emerges with the lattice regulation after renormalization:

" __ — p(g) o) _
I, = z A 5 F=+ 2 1,(8) miusy
f g f S. Caracciolo, G. Curci, P. Menotti, and A. Pelissetto, Annals of Physics 197, 119 (1990)
H. Makino and H. Suzuki, Progress of Theoretical and Experimental Physics 2014, 063B02 (2014)

the o term ((T[j)a) trace anomaly,RG invariant M. Dalla Brida, L. Giusti, and M. Pepe, JHEP 04, 043 (2020), arXiv:2002.06897 [hep-lat]

Renormalization method: based on the mass sum rule
F He, P. Sun and Y.B. Yang (yQCD) (PRD 2021, 2101.04942) * Verify the assumptions: sum rule satisfied for other masses

p(g) — Mixing with lower dimensional operators is negligible
. and 7, (g) are independent of the hadron state

22 _ p(g)
Ry = |(1 +7,)(H,)y e (F*)y|/my ~ 1
- Solve the mass sum rule equations for pseudo- ]
scalar(x) and vector meson(p) at one valence mass: W . PS |
p(g) SH N
Mps — (1 +v,)(H,,)ps 20 <F2>PS =0, H l »- "
SR T AR S Sl A > 2 SO So—
p(g) x :] I
MV T (1 + ym)<Hm>V 2g <F2>V =0 08l
. p(g) ool
and obtain the bare and 7, (2) o S
28 0.0 0.1 0.2 0.3 0.4 0.5 0.6
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Joint fit of the two- and three point functions

Three-point functions

% : CH,?)pt(]_?)ia ﬁfa ta T) — mH GH(Q2) %H,3pt(pia pf)Z—’iZﬁfe _ET_E(t_T)

+Cye BB 4 € e Er-E=0 4 € o EleE D

\
/

—E. _E(T— _rl
CH,Zpt(t) = X H,2pt(Ei)Z§i[€ Ll 4 o~ET t)] + A€ £t

3pt-2pt joint fit — G;(0?)

Two-point functions

N _ _ . _rl
’ P Chop() = Ay oy )ng[e =4 e 4+ A
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Ratio of the two- and three point functions

Three-point functions _ _ _
%E ) o Ch 3pt(t T, D; Pf) \/ CH,Q,pt(t — 7 ;pi)CH,zpt(t;pf)CH,zpt(T ;pf) /
q

R (t,7T;p;, Dr) = = D D
sqrt i Pf Ciopt; P f) Cropt = T3 D) Cryopi(8 P Cri0p(T5 P

[ My Z 1 3pPi> Df)
NEE Ty

qurt NGH(Q2)+ Cle —AE, + Cle —AE} (1—7) + Clle —AE!t—AE} (t—7)

Two-point functions

t>>T>>9 GH( QZ)

|

2

Compare it with the results from 3pt-2pt joint fit
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Extract form factors from the two- and three point functions

Three-point functions R ~G(0))+ Cle™ET 4 Cle™AE =0 4 Cle= AR T AE (=)

sqrt

% 1 t>>T>>9 GH( Q 2)

P el Compare it with the results from 3pt-2pt joint fit

G.(02=1.065GeV?),p;= (0, —1,0),B;=(-1,1,0), 12 aved

o -1.70(0.03) °
’o tf ' oo R._ from dat
A tr=0 rom data
. . 0.0 - B t=10 . / sqrt
Two-point functions Y =11 A =
A ©® ® tr=12
& 05
m‘g”- Y m A @ ® A B Vv o
574 ~1.0 1
P Iz
NQN v '/ / ;\
1.5 A S e o R, from joint fit
o Iy 2 H
Gy(Q?) ——
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Extract form factors from the two- and three point functions

e source-at-rest: e Dback-to-back: e near-back-to-back:

- - = - -

| p;| = 0 with g = p; Py = — p; with g = 2p; Py #F —Pp P& —p; ~ ql2

b > s o —>— 7
G,(Q%2=0.370GeV?),p;=(0,0,0),pr=(1,1,1), 8 aved G,(Q2=1.747GeV?),p;= (-1, — 1,0), Br=(1,1,0), 12 aved G,(Q%2=1.947GeV?),p;=(0, =1, —1),pr=(-1,1,1), 12 aved
-1.46(0.10) o A -1.88(0.09) b -2.15(0.08) o A
—0.50 - ¢ =9 —0.6 - + + ® t=10 + ® =09
A tr=10 A tr=11 054 A t=10
" =11 o B t=12 | " =11
—0.75 - VvV tr=12 Y t=13 + VY tr=12
® t=13 ¢ A W v 10 ® t=14 + ¢ ¥
—~ -1.00 tr= 14 ' tr= 15 + — A B
N & ~ —1.0
S S af 11} X S
% ~1.25 t ‘%
oC o -1.4- + e Y
A
~1.50 " .
: 7
~1.75 A
~2.00
" B A T 2 ;

T- tf/ 2
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