Trace anomaly form factors
from lattice QCD

arXiv:2401.05496 [hep-lat]

_(, Y QUARK-GLUON
¢, TOMOGRAPHY
K & COLLABORATION

Bigeng Wang
Department of Physics and Astronomy, University of Kentucky

Collaborators: Fangcheng He, Gen Wang, Jian Liang, Terrence Draper, Keh-Fei Liu, Yi-Bo Yang

(yQCD collaboration)
Jefferson Lab Theory Seminar

1 January 29th, 2024



Outline

* |Introduction
e Scale invariance(?), the trace anomaly and hadron mass
* The “pion mass puzzle” & the mass distribution in the pion
* Radius and spatial distribution of the trace anomaly
e Calculation of the QCD trace anomaly from lattice QCD (glue part)
 Numerical setup
» Extract form factors from 2-point, 3-point correlation functions
* Results
* [race anomaly form factors, mass radii, and spatial distributions

e Conclusion and outlook

Bigeng Wang (University of Kentucky) Trace anomaly form factors



Scale invariance, trace anomaly and hadron mass

* The Standard Model £ ¢\ has symmetries (invariances under transformations):

« Noether's theorem: symmetry — conserved current J#*: Jd, J# = 0 — time independent classical charge Q = 0

 Non-symmetries: (classically) look like symmetries but actually notl«<> anomaly

- Scale invariance at m, = 0: y(x) — /13/21//(/1x),Alf(x) — AA(4x) , one can find L > L =1*L0Ux),S > S

 This is not true with the quantum effects (from QCD): 6MJ” # () < anomaly Figure from Wikipedia
_, (energy momentum
(densny) density
 Why do we call it trace anomaly? o0 TO1 702 T03
shear
 Corresponding Noether current of the cIassu:aI scale in arlance IS: Stress
)‘@ i 1~ pressure
Scale enf(lergy mor?lentum
o . UX UX
The conserved current J%, . : Energy-momentum tensor (EMT)

0" = 0,05, T") = (0,%,)T" + (9,T")x, = T # 0
N

: . t |
 What are the physics related to it? aee AonEY
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Scale invariance, trace anomaly and hadron mass

 What are the physics related to the trace anomaly? Hadron mass!
Figure from Wikipedia

- the matrix element of the EMT: (H(k) | 7" | H(k)) = 2kFk"/2my .- (goey) mopenn

density density

e the trace of EMT yields the mass of the hadron: W o o g0

_shear
stress

(H(K) | T | H(K)) = my,

pressure

energy momentum

o If T/ff = (), hadrons are massless flux flux
« However, T/ff =+ () and all hadrons are NOT massless:

(H(K) | T,,/f | H(K)) = my = Z mf(Wfo)H T <£F2 T Z mefl/_/fl//f>H
f

the o term ((T))") trace anomaly

from dimensional regularization
R. Tarrach, Nucl. Phys. B 196, 45 (1982)
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Scale invariance, trace anomaly and hadron mass

the o term ((T))") trace anomaly

\ / My TZ
RG Invariant T

* Trace anomaly: a very important term in the hadron mass!

* For the nucleon, the o term is small (i.e. ~ 8.5% of the nucleon mass), [Liu, PhysRevD.104.076010]
trace anomaly dominates. [YB Yang, et al. Phys. Rev. Lett. 121, 212001 (2018)]

* For the pion, the o term contributes half of the pion mass. (Gellmann-Oakes-Renner relation
and Feynman-Hellman theorem)therefore the trace anomaly term contributes another half.

Bigeng Wang (University of Kentucky) Trace anomaly form factors



Scale invariance, trace anomaly and hadron mass

_ p 7

1 5 1

the o term ((TH)*) trace anomaly
\ /'“' EIC at BNL (https://flic.kr/p/2ncjFe7)
RG Inva riant A. e. a. Accardi, The European Physical Journal A 52,268 (2016)

A. Ali et al. (GlueX), Phys. Rev. Lett. 123, 072001 (2019), arXiv:1905.10811 [nucl-eXx]

- K.A.M d I. Zahed, Phys. Rev. D 106, 086004 (2022), arXiv:2204.08857 [hep-ph
 The origin of the nucleon mass: MO ane L caned, TS, ey (2022), arXiv Lhep-ph]

one of the major scientific goa|s of the Electron-lon Collider (E|C) D. E. Kharzeev, Phys. Rev. D 104, 054015 (2021),arXiv:2102.00110 [hep-ph]
Y. Hatta, D.-L. Yang, Phys. Rev. D 98, 074003 (2018), arXiv:1808.02163 [hep-ph]
* (alculations of the trace anomaly (highly non-perturbative):

o With lattice QCD
F. He, P. Sun and Y.B. Yang (yQCD) (PRD 2021, 2101.04942)
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https://flic.kr/p/2ncjFe7

Motivation: the “pion mass puzzle”

_ p _

1 5 1

N N

the o term ((T%))?) trace anomaly

» Using SU(2) chiral perturbation theory:
. Left hand side: m,, /me,  for m;=m, =my

* Right hand side: by using Gellmann-Oakes-Renner relation and Feynman-Hellman theorem

1
, the o term: 5 - X /mf

. Therefore, the trace anomaly term must also o | /mf.

 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?
Spatial distributions K.-F. Liu, arXiv:2302.11600 [hep-ph]
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From mass to its spatial distribution

Hadron mass? Spatial distributions

of mass?
Matrix elements ﬁ ¥ oam
' TH
P T, | p) ?
; p(r)

2 MA Py <2 F? + Z Y YWD

8
/ /
the avterm J k((T[l‘)a) trace anoglaly,RG invariant
My TA

o

2%
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Motivation: the “pion mass puzzle”

- \ -

the o term  , /m, ((T))") trace anomaly o , /m,

 What kind of structure change can facilitate this attribute when approaching

the chiral limit”? F. He, P. Sun and Y.B. Yang (yQCD) (PRD 2021, 2101.04942)
« Asm;— 0, the density function p(r) changes sign. 0.0010
 Why not calculate the form factors? p. 0.0005 7 s ‘:
 Radius, spatial distribution of mass, etc. 3 0.00008 %~ —_
- |
« Experimentally measurable(?) " ~00005F——Gev - 06506V - 08606
+» 1.28GeV r 1.640GeV
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From the form factor to spatial distribution

Spatial distributions

Hadron mass?
of mass?

Matrix elements —» Form factors ————» .
w AF 1y (0
<p ‘Tlu ‘p> LfrrnH(Q ) 020
’ p(r)
_ B o _
2 ML W)y + <2_ T Z Y WAV ) |
7 J £ - Why do we calculate the form factors?
the avterm J ‘((T[j)a) trace anoglaly,RG invariant * Radius, Spatial distribution, etc.
Mgy TA Eg. GE(Qz) — charge radius

o

i  Experimentally measurable(?)
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From the matrix element to form factor

Spatial distributions

Hadron mass? 0
of mass”

Matrix elements —————» Form factors

P T; 1 p) F mn(Q7)

AdF 2

020

p(r)

_ P _
Z MYy <2g =+ Z YWY
J /
the avterm ] 2(Tﬁ)a> trace anor;laly,RG invariant
My TA

o

e
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From the matrix element to form factor

_ P _
T = Z MWy + z_gF T Z Y'm" WV
f f

-~ —_ -

the o term ((T%)),) trace anomaly,RG invariant

s . d? E
« Normalization convention: 1 = J Z1p)—(pl, Ip)= —a’ | Q)
(2n)° " E, m

- Define a dimensionless scalar form factor # | y, where Q%= —(p'—p)*

e for spin-%particle like the nucleon:

<p,9 S,‘ T,l/j ‘pa S> — mNgvrn\,N(Qz)ﬁ(pla S/)u(pa S)a

* for spin-0 particle like the pion: matrix element _ form factor

(P Th | p)y = m, F, (O

. fé‘vfm,H(Q2 = () = 1: the total mass of hadron H (in percentage).
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From the form factor to spatial distribution

Hadron mass? Spatial distributions

of mass?
Matrix elements Form factors ——— _ .
2 d‘/rm,H(Q )
/ U o o <I" >m(H) = -0 sz
p(r)
D mL ) +<ﬁF2+Z mip
MAY Y )1 2¢ YW e g
f f
k the avterm J L((T 1)?) trace anor;aly,RG invariant
my TA

o

e
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From the form factor to spatial distribution

e Form factors &% m,H(Qz)

R. G. Sachs, Phys. Rev. 126, 2256 (1962)

e Mass radius {(r*) (H) = —6 ’
() (H) e
. . el ae Ul
o 3-dimensional spatial distribution in
the Breit frame
O —_— -
— PH(r) = [ 19 M oisr, (0
P=(p+p)2=0 (27)3 Ey .
only valid for the non-relativistic systems
A>3>1/m

A=p-p P=p+p

R. L. Jaffe, Phys. Rev. D 103, 016017 (2021)
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From the form factor to spatial distribution

* Form factors & _..(0%)

dF , 1(0?)
dQ?

o 2-dimensional spatial distribution In

e Mass radius (r*), (H) = -6

020
3
PA, P~

IMF( 1. | — J AT, o >
pir (Fy) (Zﬂ)ze mu(C7) P-A=0

the infinite momentum frame (IMF)
P,—-coand P-A =0

A=p-p P=p+p

C. Lorcé, H. Moutarde, and A. P. Trawinski, Eur. Phys. J. C 79, 89 (2019), arXiv:1810.09837 [hep-ph]
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From the matrix element to form factor

Spatial distributions

Hadron mass? 0
of mass”

Matrix elements —» Form factors ———» "

dF o u(0%)
<’”2>m(H) ==06 dO2

/ 2
(P’ T |p) F Q) -

r

1
I pME(r )

_ p _
Z MYy + <£F ®+ Z YA Y
f f

-

the o term ((T%))") trace anomaly,RG invariant

my TA

o

e
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Trace anomaly form factors

(H(P) | T |H(P)) = Z MAWAY) g

f
the & term ((T}") trace anor;laly,RG invariant
My _ TA
2
| o | —1
2 _ 2 2
<%ZIn,H(Q ) — ‘O/TG,H(Q ) + LC}77;‘[3_,H(Q )
« For the nucleon, the ¢ term is small (i.e. ~ 8.5% of the nucleon mass), [Liu, PhysRevD.104.076010]
the glue part of the trace anomaly dominates. [YB Yang, et al. Phys. Rev. Lett. 121, 212001 (2018)]

1
. For the pion, the trace anomaly term ~ Emﬂ (Gellmann-Oakes-Renner relation and Feynman-Hellman theorem)

assuming 7, is not large, the glue part dominates the trace anomaly term.

* |In this work, we calculate the glue trace anomaly form factors GH(QZ)
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Trace anomaly form factors (glue)

+ Form factors F,u(Q°) = F,1(Q%) + F,1(Q°)

6,09

AdF 2 9
* Mass radius (r*) (H) = -6 T niC) ~—6 dOn(C7)
dQ- dQ?

020 02—0
o 2-dimensional spatial distribution In
-

1 —l T P—>OO
i (F1) = J (27r)2 R (2] e

the infinite momentum frame (IMF)

PZ—>ooandP-A=O

A=p—-—p P=p+p

C. Lorcé, H. Moutarde, and A. P. Trawinski, Eur. Phys. J. C 79, 89 (2019), arXiv:1810.09837 [hep-ph]

Bigeng Wang (University of Kentucky) Trace anomaly form factors



From the form factor to spatial distribution

Spatial distributions

Hadron mass? 0
of mass”

Matrix elements Form factors ————» "

d
<r2>m(H) ~—0
TG 2 40?2
F mAQ7) S P

Gii(Q?) :
! D A

Z MYy +
/
‘ the avterm J L((T 1)?) trace anor;aly,RG invariant
How do we calculate the matrix elements?
My TA

e
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The path integral iIn the Minkowski space

Input parameters

* Observables from the path integral (Minkowski):

9 OQiSM(¢)4' .
<0> — J ¢ . — Z(J) — 9¢elld4x[30+gl+‘,¢]
J@¢QZSM(¢)
» |
E.g. n-point correlation functions Rete g, oanaly s otk of SharSiar o
O T O 5 5 Z(J) Jc?oemr?wor?:.l\?vritkifﬁecljjia.lgrg/(\avr?iﬁgéx.gﬁ;-?curid=1764161
X;)...0x — ... :
OITpx). .. ¢(x,)10) iox;  ibx, Feynman diagrams
=0 Feynman rules
+
Perturbative
S_matrlx, SCatterlng amplltUdeS, . expansions
«  When the couplings are strong ...... a, ~ 1

 (Can we calculate without perturbative expansions/non-perturbatively?
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The path integral in the Euclidean space

 Observables from the path integral (Minkowski):

(0) = —— 0= |9

t—> —ir Y
. . Wick rotati . :
* Observables from the path integral (Euclidean): crIorEtion g k0 iky

| Dpe—Se@) Z(J) = | Dpe™ I H —+ -~ e
o . . . . . A A TN SSSEse)
(partition function in statistical mechanics) | | | > e

« Ensemble average: with distribution e ~OE®)
* Discretization of space and time in

S
..
-
el

(0) =

Non-perturbative

1
(0) ~ ~ Z 0, % O6(\/N) a finite volume: lattice
. . N ..
E.g. n-point correlation functions . Generate with Monte-Carlo methods Input parameters
OTP(x)). .. ¢(x,) | 0) with lattice actions S'{(¢) @My, O
i Wick’s theorem

; <> — » hadron spectrum, matrix elements ...
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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

(O =~ %Z 0, + O6(y/N) methods with lattice actions Séat(¢): Input parameters
2+1-flavor domain-wall fermion configurations with aA. M . ... ... ...
N lwasaki gauge action C C
E.g. n-point correlation functions ‘,/
(O] Th(x))...p(x,)|0) Ensemble L®> x T a (fm) L(fm) mx (MeV) Neons
¢ Wick’s theorem 241 243 X 64 01105(3) 2.65 340 788
P y ——————— hadron spectrum, matrix elements ..., atm, g
/ | Renormalization ,
Sp(v, js by x,i,a) = (D)

/-

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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Renormalization on the lattice

The trace anomaly terms need renormalization:

Th= ) mipy+

. ! _ S 3 ) My _ TA
the o term (7)) ) trace anomaly,RG invariant
Renormalization method: based on the mass sum rule i
p(g) .
. and y, (g) are independent of the hadron state
28 » For the nucleon, (H, )y is small.
» Solve the mass sum rule equations for pseudo- » Solve the mass sum rule equations for nucleon at
scalar(z) and vector meson(p) at m,a ~ 0.3: m.a ~ 0.016:
P&
Mps— (1 +7y (H >PS (F >PS = 0, (&)
s T My — (H,) - 282 2 0
P 2¢g
MV — (1 + ym)<Hm>V 2g <F >V =0 ~ @(mvzaz)
,B( g) discretization error? ,B( g)
and obtain the bare 20 = —0.08(1) and obtain the bare Syl 0.129(6)
F. He, P. Sun and Y.B. Yang (yQCD) (PRD 2021, 2101.04942) Other systematic errors? &
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Numerical setup with lattice QCD

 Observables from the path integral (Euclidean):

J DPpOe )

7/ — ” De™ fd4xE3E
[Dpe—Sed £J) = | 200

(partition function in statistical mechanics)

(0) =

 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. M . v e Aon ...
N lwasaki gauge action e T
E.g. n-point correlation functions ‘//
(0] Tp(xy). .. p(x,)|0) Ensemble L° xT a (fm) L(fm) mx (MeV) Ncons
¢ Wick’s theorem 241 243 X 64 01105(3) 2.65 340 788
P { ———————— hadron spectrum, matrix elements ..., atm, q
- ~ Renormalization ’
Sp(y,J, b3 x, 1, a) = (Do_vl))ycfs l chiral extrapolation to m?*
/
Overlap fermion with valence quark 9 o) IME phys
masses 71, GH(Q ) <I” >m(H) p (I'J_) ..., at mv,q
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Trace anomaly form factors from lattice QCD

 What kind of observables do we measure on the lattice?
e To extract the form factors:

 Three-point correlation functions: interpolating operators
> o .o o / l
Crapt. TP D) = Y € Pr5eT (5, (3, )0, 1)1(0.0))

d3
X2 = J o) \p>—<p |

R p
i

T ]Z' m][ —_— —_ —_
> >>9 (7[\@\7[)Z~Z+ E E o —Er—Ef E(t—7)
m,G (0%
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Trace anomaly form factors from lattice QCD

« \What kind of observables do we measure on the lattice?
e To extract the form factors:

* Three-point correlation functions:

Crap TP PP = ), € Pr¥e®i(y (3, )0, 7)x(0,0)) i
O
tf=t
¢ ﬂmﬂ' —~Eg—E(t—t
e <7Z"@‘7T>Zal pr E, Er—E(1~7)
GO~ — _pF

* Two-point correlation functions:

m_
CropD) = (07 (0)) == 23l + 75T
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Numerical setup

* overlap valence fermions on
one ensemble of 2+1-flavor domain-wall fermion configurations with lwasaki gauge action

Ensemble L®> xT a (fm) L(fm) mx (MeV) Neons Nasrc
241  24° x 64 0.1105(3) 2.65 340 788 64 x 2

— G,;(0%) at 7 valence pion masses

e source-at-rest: e back-to-back: e near-back-to-back:
|pi| = 0 with g = p; pg = — p; with ¢ = 2p; Py # —Pp Pr & —p; ~ ql2
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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

Bigeng Wang (University of Kentucky) Trace anomaly form factors



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)

- \ fé Compare it with the results from 3pt-2pt joint fit
G.(02=1.065GeV?),p;=(0, —1,0),pr=(—1,1,0), 12 aved
027 -1.70(0.03) °
t 7 ¢ =8
A =0
. . 0.0 | B =10
Two-point functions rooen ® i m
Lo tr=1
< -0s-
E‘ v m A Y ® A H v o
—_ —1.0 -
p 2
NQN \__/ o/
—1.5 | Py v A ve Av I. \ 2
o == Do
’ ! Gu(Q7) B ; : ;
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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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Extract form factors from the two- and three point functions

* source-at-rest: e back-to-back:  near-back-to-back:
Pi WItN ¢ = Ps Pt pPi with ¢ Pt Pr Pi> Pt Pi~ {4
G.(0? = 0.370GeV?), §; = (0,0, 0), B;= (1,1, 1), 8 aved Gn(Q?=1.747GeV?),p;= (-1, —1,0),pr=(1,1,0), 12 aved Gr(Q%?=1.947GeV?),p;=(0, —1, —1),pr=(-1,1,1), 12 aved
. ;1:169(0.10) o A o + + . -t;LfSl((()).09) + + . ;5559(0.08) e A
A t:=10 A tr=11 ] A t=10
W =11 ~0.8 - =12 0-5 Wot=11
Y v t=13 v tr=12
+ ¢ ¢ b oy 10 Pl ! P ,ou S
— o = & —1.0 -
- + g t S
cég Qicnr—l.4— + ch_lj_ + + o £ & ¥
~1.6- ++ . !
2.0
- T-t/2_1 4 2 0 2 4 4 2 0 2 4
f T-te2 T-tf2

m;a=0.0160 Q?=0
m;a=0.0160 p;= — pr |
m;a=0.0160 p;=0
m;a=0.0160 |p;| = |p+

o O O &

—2.5 -

Q2/GeV?
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* Results
* [race anomaly form factors, mass radii, and spatial distributions

e Conclusion and outlook

Bigeng Wang (University of Kentucky) Trace anomaly form factors



Results

Spatial distributions

Hadron mass? 0
of mass”

Matrix elements —————» Form factors

(P'| T | p) F Q)
Gp(0%)

the o term ((T%))") trace anomaly,RG invariant

ny
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glue trace anomaly form factor of the pion
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* positive at Q-=0 (_}eV * The predictions from chiral perturbation theory
(contribution to the pion mass at small Qz region:
from glue)
[Novikov, Shifman, Z. Phys. C8, 43 (1981)]
° Sign change of glue trace O‘“gh]fT(Qz) Q2 [Chen, Phys.Rev. D57 (1998) 2837-2846]

. I | -
an()maly form factor of the pion 2m71' [Y. Hatta, Private communication]
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glue trace anomaly form factor of the pion

oc\/7 . i ~ .

the o term o /mf ((T%))?) trace anomaly o , /m;

m log+linear fit
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(contribution to the pion mass from glue)
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glue part of the trace anomaly density of the pion
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Trace anomaly form factors
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glue trace anomaly spatial distribution of the pion

Form factors Spatial distribution
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2D spatial distribution in the infinite momentum frame (IMF)

2
P—->oc0and P-A =0 IMF _ d°A iAr, /()2 P

 sign change of glue trace anomaly spatial distribution of the pion, negative at small 7.

Bigeng Wang (University of Kentucky) Trace anomaly form factors



Radius of the glue trace anomaly of the pion

* Radius of the glue trace anomaly 0-

o 2 ) N

9 H _ 6 da/'m,H(Q ) o H _ 6 dGH(Q ) g_lo_
(r)mH) = > ~ (rg)a(H) = >
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02—0 020 = 0347 Ge

* Lattice: chiral extrapolation to the physical pion mass using
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g /ta ' T 7108 o) e \r()(g Nz
My phy é@\* ((0(5 N
0° e~ ©
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=
* The predictions from chiral perturbation theory at small 2
07 region:
[Novikov, Shifman, Z. Phys. C8, 43 (1981)] 0.60 005 010 015 020 025  0.30
<I’2>gthT(7Z') =—~6 fm? [Chen, Phys.Rev. D57 (1998) 2837-2846] 2 a2 Fiaure by E H
m]% [Y. Hatta, Private communication] m;,1GeV 'gure by I e
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Results for the nucleon

0.30
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mn:\, = 0.320 GeV 0.25 1 Mgy = 0.320 GeV
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2D spatial distribution in the infinite momentum frame (IMF) P, > oo and P - A = 0

* NO sign change of glue trace anomaly form factor of the nucleon

* NO sign change of glue trace anomaly spatial distribution of the nucleon, always
positive.
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Mass radius of the nucleon

 Radius of the trace anomaly(glue part)

3333333
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R, ~R, = \/ (r2)PS(N) = 0.89(10)(07) fm
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me/GeVZ Figure by F. He
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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-momentum fensor Gravitational Form Factors

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

™ = TH + TH
moments of Generalized Parton Distribution (GPD)
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7 7 28 J } +B, (0%
. ) ) 2my
(1)) trace anomaly, RG invariant Age Cag Age Bag Dag , q,u qv _ g,uv q2
+D, (0?)
Tong, et al., Physics Letters B 823, 136751 (2021) My
Pefkou, et al., Phys. Rev. D 105, 054509 (2022) = o) U
I E 3 . +C, (Q)myn*|u(P)
1 = J 2 | p>_p<p| |p) = \/%ap |Q)  Hackett, et al., (arXiv:2307.11707) |p) =+/2E,a, |Q) 4,8 2
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Mass radius of the nucleon

e Qur result with lattice QCD
R, ~R, = \/ (r2)PS(N) = 0.89(10)(07) fm

1672 M
b

Mypoyp(t) = —Qe ¢

A direct dipole fit to the recent GlueX
Collaboration (experimental) data:

R = \/ (R2) ~ R, = 0.55(3) fm

D. E. Kharzeev. Phys. Rev. D 104. 054015 (2021).arXiv:2102.00110
A. Ali et al. (GlueX). Phvs. Rev. Lett. 123. 072001 (2019). arXiv:1905.10811

(P'|T|P).

* A recent lattice calculation of the quark and glue GFF

R = \/ (P2YGFF(N) = 1.038(98) fm

Pefkou, et al., Phys. Rev. D 105, 054509 (2022) Pefkou, Private communication
Hackett, et al., (arXiv:2307.11707)

* A holographic GFF calculation with lattice input:

R, ~ R, = 0.926(8) fm

K. A. Mamo and I. Zahed, Phys. Rev. D 106, 086004 (2022), arXiv:2204.08857 [hep-ph]

* Using the quark (from lattice) and the glue GFF from
fitting the near-threshold J/YW production at & > 0O

R, ~R,=1.20(13)fm

Y. Guo, X. Ji, Y. Liu, and J. Yang, Phys. Rev. D 108, 034003 (2023), arXiv:2305.06992 [hep-ph]

Bigeng Wang (University of Kentucky) Trace anomaly form factors



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:

F(r/GeV

2rrp™

- For the pion, we find a unique sign change in both GE(QZ) and pIMF(rl).

(r7)P™ () = 21.5(5.2)(11.7) fm?
possibly large sy

. For the nucleon, we find no sign change in both GN(Qz) and p&MF(rL).

R,~R, = \/ (r2)PYS(N) = 0.89(10)(07) fm

3333333

<tematic errors Nere "

3333333

F(r)/GeV

IM
ron

21

Outlook

* In the future, we will include the quark part for
the pion, nucleon and p meson.

6 0.8
r/fm

» Calculations on lattice ensem.bles W|th physical e o torm (T#),) trace anomaly.RG invariant
quark masses and smaller lattice spacings for

. . . h
extrapolations to the continuum limit. m}? 7> a— 0
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