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Outline

Modeling QCD for PDFs (z),, (z),, then Tc?;)g(Q) & Grav FFs

Employ DSE-RL approach to N and n. Very strong light quark
dressing & mass generation.

Obtain contribution of those gluons to Grav FF's, especially en-
ergy distribution &,,,(Q)

An initial exploration of capabilities & qualitative features
Compare radii R;, R, for £,,,(()) & other Grav FFs
Extract D (Q*) and C,/,(0)
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-1 —1 4g2 R
ST (P) =122 So (P) + 3 . Yu AW(P —k)S(k) v

e DSE-RL has 1-loop UV QCD renorm and 2 IR parameters fitted
to <C_YQ>7 My, Jr
ch

¥ =0, indep of parameters

e Maintains 0,,J, =0, 0,J5, xxmy ; m

o M, o+, foores (5%,10%); Fr(Q?), Fx(Q?) P. Maris, P.C. Tandy,
PRC60, 055214 (1999)
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Simple Case Insight: Parton content of “physical” quark, dressed to 1-loop

” gluon-in-quark”

() /dz— e3xPTz” b G+a(—Z)WG (z
X) = — a+(=
& Ar  xP+ 2 15

2 — Z|Z+:O:7J_
QCD in any gauge :

(x)g = 1 [%gz /qR o [-n- 94 ALS(q)] So(P — @) 7 | u

”quark-in-quark”

dz= i, pi,- — 7 7. 7
— o uSae Plag(—)~" — = —)|P <xX>
atx) = [ G e (Plah)y WG pagle)
LC gauge
_ 4g2 R k.n
LC __ LC
EC=u{ ~irZ - - | i wALSEP k) (o kS ()] 7y
! n=(1,-1; 0r)
g <= y parts 1t — k.n

Dressing g(X) is not 0 at any scale

(X)EG =1 — (x)g +X)WV, (= 7% too big)
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DSE-RL model calculations for hadrons

K+
Zy " (ﬁ)m

Zs vy (_)m + k K
= (x™) of quark-in-quark

e o o

= (x™) of gluon-in-quark

e ”cut-gluon” kernel IR parameter fit to (z); @ 1.3 GeV, V10 GeV
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Freese, Cloet,
PCT, PLB 823,
136719 (2021)

p p
<Mfwf>
P | P
l — —i1pg. + Mc ng—i7s ¢
Mf(p7 P) — Df(pC) A(p7 P) D¢ (pe) = ;P&f Us Us = 2 M, ( : 2 S )

e Spin-flavor Probs P, 1 = ny = ), Ps s, polarizations vy = (0, Py; 0)
With Pf — ZS SPS,f

e Use the SU(6) state generalized to allow spatial behavior cor-
related with the spin-isospin of the spectator pair and fitted to
Faddeev ¢ — qq calculations (Cloet et al, 2009)
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2.0
X gr(X) u=1.3 GeV
< | — JAM u(GeV)|  2(x)u, (X)sea (X)g
> 1.0 m:  Here 0.9 0.602 0.141 0.257
X
n:  Here V10 0.453 0.152 0.395
0.5 JAM[38] | V10 [0.45+0.01 0.17 +0.01 0.37 + 0.02
[ ] u(GeV)| (x)u, (x)dv (X)sea <x>g
0.0L— '0:1' — '012' — '013' — '0.4 05 06 N: Here 0.64 0.413 0.175 0.160 0.252
X N:  Here V5 | 0265 0.112 0.198 0.425
NNPDF3.0, Ref. [39]] V5 | 0273 0.111 0.175 0.441
6 L L ! ! ! LI L ! ! 2 ! ! : : : : : : : : : : : : :
R N xqg(x = V ]
5t 9(x) k=5 Ge . N X qy(X) 1F =5 GeV? 1
I : 0.8}
= 4_ —— DSE ] I u —— DSE
>3 N\, NNPDF3.0 - Z 0.6} =~~~ NNPDF3.0
b B . ey N
2 < 0.4}
r 0.2
Lo al 1 1 1 Lo aal 1 |
-3 -2 -2 -1 -1 0 ' . . . . ! ! . . )
5.107 10 5.10° 10 5.10 0 01 02 03 04 05 06 07

X X
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GPDs

1 1
Jq/g = §{Aq/g(0) -+ Bq/g(O)} = —/dxx {Hq/g(X’€ — 0, Q2 _ O) 4+ EQ/g(X7€ _ 07Q2 _ 0)}

\ ;
<X>q/g &= Q+ P/, P = (K07 0; i&)
2

(KO)2 — EZ(QJ_) — M2

La
4

d)\ . n n
(31 _ ixK-n\ P/ MN=(_ = _| >
Tde= [ 3™ (PLe|a-A5) AW, A a(AS)[Pus)
d)\ eXKnA n n
g _ gt B YW n
JE /zﬂ — <P,s GT(=A5) Ga+(>\2)|P,s>c

general form :

TE0x,6,QP) = () | e 4 7]k B ()

Need Q > 0 to extract HY® and E¥8. ( Then extend to (P’|T*1(0)|P))

= Aq/g(Qz)v Bq/g(Qz)
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Simple Case Insight: Parton content of J of “physical” q, dressed to 1-loop

Jg x

In any gauge :

, —iM
Yo = élino( Q.

) T

.. kn
_lﬂK-n
k+Q/2 k-Q/2
— i Zy +
K+Q/2 K-k K-Q/2
b ts = Lc_ 1
/ Yy parts Jq _§_Jg
K-Q/2
4g2 R q-n
1) [T [ 0 00 AL (@) Se(K ~ ) | w(P)
q
1 .
JLG = (3 —Je) + IV, (7% too big)
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—

03} |
02} ]
B e T b
vonly| 0478 -0.119 0.119[0.478|| 0 0 : :
100% -25% 25% |100%| O O A ]
U+U

Juvi Jy.g  Jg | Jiot Ja Jg ! Kuwa Xag <X>g Ja. Jg ]
v+aN| 0439 -0.051 0.119|0.507 ||0.0104 0.0520
86.6% -10.1% 23.5%|100% || 2.1% 10.3% LQCD—-C. Alexandrou, et al, PRD 101, (2020)

Table III. Parton sharing of the proton J at the model scale ygy =
0.64 GeV. The first section at the top is from the previously established
DSE-RL model containing only valence quarks and the dynamically
involved dressing glue. The next section shows the quark J values
from pion cloud dressing of the proton involving 7N Fock terms.

>
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H. Pagels (1966) X. Ji (1997) M. Polyakov, C. Weiss (1999)

P, P = (K° 0; i%)
2
EMT /Gravitational Form Factors : (K°)? =E*(Q.)=M?+ TL
N (PT,(0)[P) = @'{Ay/:(Q%) 2K'K” + J,/4(Q%) t"" (K, Q, 0)
Q,LLQI/ . g,LWQZ - y
+ D/ (Q%) > +Cq/:(Q%)2M? g lu
Q2

n <P/’Tq/g( >’P>:Aq/g(Q2)2(KO)2+Dq/g(Q) 9 +Cq/g(Q2)2M2

Approach for calculations :

Already have GPDs = Aq/g(Qz), Bq/g(Qz)

Tq/g )|P>

Deduce &,/6(Q?%), Jq/6(Q?), Dot (Q?), Cq/(0)

Directly calc QCD matrix elem for <P’
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are same calculation

a/g

<P ‘ T (0) ‘ P> and PDF (x)

d\ . Pon )\ _ n n d)\ ixP-n\
q(x):/E e PN (PIg(-AZ) WX A) (A7) [P)e g(x) :/MexP+ <P]G+“(—>\E)WGM+(A2)|P)C
QCD
Y
(X)gq + (X)g = 1 P|q(0) 1o+ B+ (0) + GT*(0) G, (0)|P
d & 2(P+)? A7 E H . Collins, Soper, 1982

_PITHO) P
2(P+)2

KENT STATE 12 Quark Conf Cairns Aug 2024



P/, P = (K%, 0; + )
’ 2

(P

T ' (0) ’P> extends PDF (x)q/s to Q >0

q/g (K0)2 — E2(QL) — M2 4 QTi

Breit frame

<P’!T++

PTH0)P) 1 d'k k* k7
2(i<+)2 T 2K+ / 27m)4 )/d4zek <P/

o]

|
N | N
2

_|_
2
N | N
2
~~——
@]

k — space repn

eg DSE — RL Feyn Diags

P'|Ty°(0)|P 1 0 .
< ’ q ( )‘ > — 1 / (217_‘_k4 k /d4z elk-z <P/

2(K0)2 2K0O
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gtt

T (0) + GG|P> [yt svo = (P TR°(0) | P)

(

A

—7Z Z

P/|T:+(0)|P — L ixKTzo
(P|Tg (0] >c:/dXX/dz e <P,
2(K+) 8t xKt

G* (5 Ga(3)

P) s
C Z = Z‘Z+:O:7J_

).

N\

k — space repn

G (~3)Ga ()

<P/}Tg+(0)|P> B 1 d4k Kkt . eikz /
2(Kt)2 2Kt /(2%)4 (K+)/d 2 T <P

eg DSE — RL Feyn Diags

(P[T°(0)P) 1 [ d*k KO [ , e7 /
2(K%)?> 2K°/(2w>4(K°)/d “xO <P
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1.0p

Present results for Aq/g(Qz) and Jq/g(Qz)

I N 2
0.8} Ap ()
0.65-
00 03 07 05 08 o7

15

1.0

0.8:-
0.6:-

0.4}

0.2l

0.8.:

Quark Conf Cairns Aug 2024



Gravitational FF : &, /g(Qz) and energy distribution radius

Eg: Polyakov & Schweitzer,
arXiv:1805.06596 (2018)

H:/d3x T (x) E(Qz) _ <P,|TOO(O)|P>

2E(Q?)
£(Q*) _ (P|T°°(0)|P)/2M?
M /1+QZ%/aM?
: : et P2 o d f(Q7)
Adopt Breit frame viewpoint: R = —6 107 “F(0) |0—0

d’rr? €
Energy ("mass”) radius RZ = Jdr x” E(r)

[ d3r&(r)
For any parton: R2 =R2 + S
CE T T M2
= large effect for =
KENT STATE 16

(P'|P) = 2E (27)%5% (P’ — P)
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Radii (fm) from ¢, g parts of A(Q?), T°°(Q), £(Q?) at u = ug

A T E
Rq Rg Rg/Rq Rq Rg Rg/Rq Rq Rg Rg/RCl
’/T(,LLo) 0.412 0.503 1.22 0.782 1.07 1.37 1.45 1.62 1.12
N(/,Lo) 0.711 0.795 1.12 0.951 0.765 0.81 0.966 0.784 0.812 Expected > 1
2 2 3
Agrees Rz =R7T + 1M2
17
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Radii (fm) from A(Q?%), T°°(Q), £(Q?) at u =2 GeV

Expected > 1

Agrees R2 =R3 + 41:\5/12
A T 3
Rqy | Rg/Rq || Rq | Rg/Rq |[Rq | Rg/Rq

m(u=2GeV) | 0.39 1.21 0.681 1.05 1.18 1.01
N(p=2GeV)| 0.627 f 1.03 0.823 0.945 0.835| 0.897

ct Hackett, Oare, cf Raya, Cui, et al

Pefkou, Shanahan, (2021) 1.31

LQCD (2023) 1.1 AlgA Rq =0.64

18
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Here: Rg=0.749
Hackett, Pefkou, Shanahan
LQCD (2024) => Rg=0.81
Meziani (2024) => Rg=0.778

T

Both ignored (_Jq/g(Qz)
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Ry/RSPY from A (Q?), £,(Q?%) at p=2 GeV

f Hackett, O A &
C ackett, Lare, expt expt
Petkou, Shanahan, RQ/ Rchp RQ/ Rchp
LQCD (2023) 0.63 ————»  7(u = 2 GeV) 0.60 1.79
cf Raya, Cui, et al N(p=2GeV) 0.75 0.99

(2021) 0.49

AlgA
KENT STATE 19

Expected < 1
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Grav FFs: D(Q?), Cgy/(0)

From Polyakov & Schweitzer,

00— — DQ(t) arXiv:1805.06596 (2018)
. Here : T -
0.5} ]
-1.0} D(QQ)
-1.5}
20} ] 25 _ —'*'— KM15 global fit _
—— - N g JLab data "
0.5 1.0 1.5 2.0 A % lattice LHPC :
02 (G eV2) -3 - = = = dispersion relations=]
— chiral quark soliton ]
35E | | - Skyrme model
m Grav FFs From Broniowski & Arriola, 2024 3.5 : | ba;:zfu’,z;) ‘ :
—r . r 1 r T r T T T T T T T '....#....I....I....I....I....I....'

1.0 " (a\] -4
| e MIT lattice ()]

0 01 02 03 04 0.5 -t[GeV?]

<
MIT LQCD pts: H
Hackett, Oare, ere
Pefkou, p=2GeV| N m
§ Shanahan, 2023 Cq (0) | -0.087 || -0.132

Cq (0) | +0.106 || +0.130
Cg(0) | -0.017 || -0.008

20
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KENT SIATE 2|

Summary

DSE-RL modeling of QCD for PDFs (z)
T (Q) & Grav FFs for N & 7

q/9

J

q/gs €xtended to

q/9°

DCSB quark dressing is very strong. Those gluons dominate

T(Q). 44(Q). J4(Q), &(Q)

Results for D((Q)) are typical, and non-conserving C’q/g( ) have
been identified

A(Q) is not a good estimate of the energy/mass radius Rg > R4
Eg: =2 GeV: (RE/R})~n =133, (RE/R:). =298

R,/R, less than expected: =2 GeV: (Rg/Rg)N = 0.90, (ll%gl/Rg;‘)Tr =
1.21

p=2 GeV: (RE/RGPY) . = 1.79, (RE /RGP )N = 0.99
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KENT STATE

The End

22
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Back-Up Slides



Model scale Grav FFs

] 1.0— 1.0 ——————v—r—v————

N TO@)2M o ] m T%Q%2m,?

1 08}

1 0.6}

1.0_
N e@)M g

8o ——02 """ 07 o6 0.8
Q? (GeV?)
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Radii (fm) from A(Q?%), T°°(Q), £(Q?) at u =2 GeV

Expected > 1

3
Agrees R2 =R3 + 1N
A T 3
Ry | Rg/Rq || Rq | Rg/Rq ||[Rq | Re/Rq
m(u=2GeV) | 0.39 1.21 0.6381 1.05 1.18 1.01
N(p=2GeV)| 0.627 f 1.03 0.823 0.945 0.835| 0.897
ct Hackett, Oare, cf Raya, Cui, et al
Pefkou, Shanahan, (2021) 1.31
LQCD (2023) 1.1 AlgA Rq = 0.64
Ry/RSP' from A (Q?), £,(Q?) at u=2 GeV
cf Hackett, Oare, A 2
Pefkou, Shanahan, Ry/RS™ Ry/RS™
LQCD (2023) 0.63 m(uw =2 GeV) 0.60 1.79
cf Raya, Culi, et al N(p=2GeV)| 0.75 0.99
(2021) 0.49
AlgA
KENT STATE 29

Here: Rg=0.749
Hackett, Pefkou, Shanahan
LQCD (2024) => Rg=0.81
Meziani (2024) => Rg=0.778

T

Both ignored (_Jq/g(Qz)

Expected < 1
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Binding Gluon Contribution to (x)g

Exact @ 1-loop B - p- -
Exact @ DSE-RL [F‘(lm_l)(p) +Iy _1)(p)] P n{ B 1(p)}

| |
<X>q + <X>g,DreSS q _ = 41— <X>g,Bind
{ Furi

1

~ 0.025

26
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Radii (fm) from ¢, g parts of A(Q?%), T°(Q), £(Q?) at p = uo,2 GeV

A TUO g
Rq Ry | Rg/Rq || Rq Ry | Rg/Rq |[Rq Ry [ Ry/Rq
m(po) | 0412 0503 122 || 0.782 1.07| 137 || 145 162| 1.12
N(po)| 0711 0.795| 112 || 0951 0.765| 081 [|0.966 0.784| 0.812
A T £
Rq Rg | Rg/Rq || Ry Rg | Rg/Rq [|[Rq R:; | R;/Rq
m(u=2GeV)| 0396 0.478 1.21 0.681 0.718 1.05 1.18 1.20 1.01
N(p=2GeV)| 0.627 0.649 1.03 0.823 0.778| 0.945 0.835 0.748| 0.897
Ry/REPY from A (Q?), £4(Q?%) at p = uo,2 GeV
A &
Ry | Ry/RG™ ||[Rq | Rq/RG™
7 (o) 0.412 0.63 1.45 2.20
N(uo) 0.711 0.85 0.966|  1.15
=2GeV) | 0.39% 0.60 1.18 1.79 [cf Hackett-Shanahan,
Tk =2 GeV) LQCD (2023) 63%]
N(u=2GeV)| 0.627 0.75 0.835|  0.99
27
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V. Bertone, et al (2022) : Scale evolution of

GPDs(x, ¢ = 0,Q?) is same as PDFs(x)

KENT STATE
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