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• Modeling QCD for PDFs hxiq, hxig, then T 00
q/g(Q) & Grav FFs

• Employ DSE-RL approach to N and ⇡. Very strong light quark

dressing & mass generation.

• Obtain contribution of those gluons to Grav FFs, especially en-

ergy distribution Eg/q(Q)

• An initial exploration of capabilities & qualitative features

• Compare radii Rg, Rq for Eg/q(Q) & other Grav FFs

• Extract Dtot(Q2) and C̄q/g(0)
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DSE Ladder-Rainbow Truncation 
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• DSE-RL has 1-loop UV QCD renorm and 2 IR parameters fitted
to hq̄qi, m⇡, f⇡

• Maintains @µJµ = 0, @µJ5µ / mq ; mch
⇡ = 0, indep of parameters

• M⇢,�,K? , f⇢,�,K? , (5%, 10%); F⇡(Q2), FK(Q2) P. Maris, P.C. Tandy,
PRC60, 055214 (1999)



Simple Case Insight: Parton content of  “physical” quark, dressed to 1-loop  
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QCD in any gauge :
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LC gauge :
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hxiLG
q = 1� hxig +hxiWq , (⇡ 7% too big)
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by parts
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0 T)
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k+ = k · n

Dressing            is not 0 at any  scale  
<latexit sha1_base64="10073ZY6lgGVpBWnTXov99BycgY="></latexit>

g(x)
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DSE-RL model calculations for hadrons 

p p

PP

(m(p)

M f (p,P)
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) hxmi of gluon-in-quark
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) hxmi of quark-in-quark
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• ”cut-gluon” kernel IR parameter fit to hxi⇡g @ 1.3 GeV,
p
10 GeV

Quark-in-quark PDF: 
Bednar, Cloet, PCT, PRL 
124, 042002 (2020)

Gluon-in-quark PDF: 
Freese, Cloet, PCT, PLB 

823, 136719 (2021)



p p

PP

(m(p)

M f (p,P)

Nucleon:   First use an exploratory model 

<latexit sha1_base64="0l4qqnVJyhRdMkmIwwbJ0viOL3o="></latexit>

Mf (p,P) = Df (pc)A(p,P)
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Freese, Cloet, 
PCT, PLB 823, 
136719 (2021)
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Pion:  Use BSE solution 

<latexit sha1_base64="IJTaSL2aapKLKbLaJUyy/R/4Hko="></latexit>

• Spin-flavor Probs Ps,f ) nf =
P

s Ps,f , polarizations vf = (0,Pf ;~0)
with Pf =

P
s sPs,f

• Use the SU(6) state generalized to allow spatial behavior cor-
related with the spin-isospin of the spectator pair and fitted to
Faddeev q � qq calculations (Cloet et al, 2009)
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Freese, Cloet, PCT, PLB 823, 136719 (2021)

Bednar, Cloet, PCT, PRL 124, 042002 (2020)
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general form :
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hxiq/g

Parton Content of Nucleon J  
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NeedQ > 0 to extract H
q/g

and E
q/g. (Then extend to hP0|T++(0)|Pi )
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In any gauge :

Simple Case Insight: Parton content of J of “physical” q, dressed to 1-loop   
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Tandy, Phys Lett B842, 137972 (2023)
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Proton: hxiq/g, Jq/g @ µ = 2 GeV
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Jq , Jg of Proton at µ0
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p p

PP

(m(p)

M f (p,P)

<x>u+u_ <x>d+d_ <x>g Ju+u_ Jd+d_ Jg
0.0

0.1

0.2

0.3

0.4

0.5

LQCD—-C. Alexandrou, et al, PRD 101, (2020)

Tandy, Phys Lett B842, 137972 (2023)
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EMT/Gravitational Form Factors :
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Approach for calculations :

Already have GPDs ) Aq/g(Q
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D
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���T00
q/g(0)

���P
E

Deduce Eq/g(Q2), Jq/g(Q
2), Dtot(Q

2), C̄q/g(0)
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= 1  Momentum Sum Rule   (scale invariant) 
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Collins, Soper, 1982 
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eg DSE�RL Feyn Diags
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extends PDF hxiq/g to Q > 0

Breit frame
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eg DSE�RL Feyn Diags

<latexit sha1_base64="DHnwXBGIrRKWj2IipmJV3gFz+Gk="></latexit>⌦
P0

��T00
g (0)

��P
↵
c

2(K0)2
=

1

2K0

Z
d4k

(2⇡)4
(
k0

K0
)

Z
d4z

eik·z

k0

⌧
P0

����G
0↵(

�z

2
)G↵ 0(

z

2
) +

1

4
G↵�(

�z

2
)G↵�(

z

2
)

����P
�

c

<latexit sha1_base64="8QZVHKXBCb5yQZ+DG/Ny7gcBzho="></latexit>⌦
P0

��T++
g (0)

��P
↵
c

2(K+)2
=

Z
dxx

Z
dz�

8⇡

e
i
2xK

+z�

xK+

⌧
P0

����G
+↵(

�ẑ

2
)G↵+(

ẑ

2
)

����P
�

c

.

<latexit sha1_base64="sD5TLKhUTOAzlzHs1pBMetYj9CY="></latexit>⌦
P0

��T++
g (0)

��P
↵

2(K+)2
=

1

2K+

Z
d4k

(2⇡)4
(
k+

K+
)

Z
d4z

eik·z

k+

D
P0

���G+↵(�z

2
)G↵

+(
z

2
)
���P

E

c

<latexit sha1_base64="mq/P+YnFuEgVy6uwnwW9+G4DwKw="></latexit>

ẑ = z|z+=0=�!z ?

<latexit sha1_base64="os2KencHDstNPVnxJhh54AKmKvU="></latexit>⌧
P0

����T
++
g (0) +

g++

4
GG

����P
�
|v+!v0 !

⌦
P0 ��T00

g (0)
��P

↵
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<latexit sha1_base64="skNYxY5p1eBxkm1ALEncQmJBlXA="></latexit>

Present results for Aq/g(Q
2) and Jq/g(Q

2)
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<latexit sha1_base64="DyG38/zqg+6/EBKXU9VF6ylVIqI="></latexit>

For any parton : R2
E = R2

T +
3

4M2

<latexit sha1_base64="AXrghaiySC9mnGFDVUAPx/vG1CU="></latexit>

E(Q2)

M
=

hP0|T00(0)|Pi/2M2

p
1+Q2/4M2

<latexit sha1_base64="3fsseJoqeAPw3umMYOXD7eTFLr0="></latexit>

R2
E =

R
d3r r2 E(r)R
d3r E(r)

<latexit sha1_base64="BuAFhTz9ZQf4drDfUWzcn5QeGdo="></latexit>

hP0|Pi = 2E (2⇡)3�3(P0 �P)

<latexit sha1_base64="MrfgtweXdriAbfOGckS4p7jK/7c="></latexit>

E(Q2) =
hP0|T00(0)|Pi

2E(Q2)

<latexit sha1_base64="rZxd7sMc42CvUw9cb0EgatwFT6I=">AAACB3icbVDLSgMxFL3js46vUVciSGgR6qbMCL52BRFcVrAPaEvJpJk2NJMZkoxQSosLN/6KGxeKuPUX3Pk3ZtoutPXAhcM59yb3Hj/mTGnX/bYWFpeWV1Yza/b6xubWtrOzW1FRIgktk4hHsuZjRTkTtKyZ5rQWS4pDn9Oq37tK/eo9lYpF4k73Y9oMcUewgBGsjdRyDht+gOxrQWWnj0b5bIiVyh6jkcRtlijUcnJuwR0DzRNvSnLF/QdIUWo5X412RJKQCk24eavuubFuDrDUjHA6tBuJojEmPdyhdUMFDqlqDsZ3DNGRUdooiKQpodFY/T0xwKFS/dA3nSHWXTXrpeJ/Xj3RwUVzwEScaCrI5KMg4UhHKA0FtZmkRPO+IZhIZnZFpIslJtpEZ5sQvNmT50nlpOCdFU5vTRqXMEEGDiALefDgHIpwAyUoA4FHeIZXeLOerBfr3fqYtC5Y05k9+APr8weMKZiS</latexit>

Energy (”mass”) radius

<latexit sha1_base64="ws+bsooPhQ+L2ESx6pHaAYR0DZY=">AAACCXicbVC7SgNBFJ2Nr7i+Vi1tBoMQm7CrxCdCwCZlhLwguwmzk9lkyOyDmVlJWNLa+CE2NhaK2PoHdn6Bn6GTR6GJBy4czrmXe+9xI0aFNM1PLbWwuLS8kl7V19Y3NreM7Z2qCGOOSQWHLOR1FwnCaEAqkkpG6hEnyHcZqbm965FfuyVc0DAoy0FEHB91AupRjKSSWga0XQ/qRXgFbRpI2G4e96F9CcvNxITmMNs/bBkZM2eOAeeJNSWZQv7B/PquX5RaxofdDnHsk0BihoRoWGYknQRxSTEjQ92OBYkQ7qEOaSgaIJ8IJxl/MoQHSmlDL+Sq1Dlj9fdEgnwhBr6rOn0ku2LWG4n/eY1YemdOQoMoliTAk0VezKAM4SgW2KacYMkGiiDMqboV4i7iCEsVnq5CsGZfnifVo5x1ksvfqDTOwQRpsAf2QRZY4BQUQBGUQAVgcAcewTN40e61J+1Ve5u0prTpzC74A+39B395mr0=</latexit>

H =

Z
d
3
x T

00(x)

 
<latexit sha1_base64="5TwgcMaalANEyj2pcRsxhVJwcqk="></latexit>

Gravitational FF : Eq/g(Q2) and energy distribution radius

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

<latexit sha1_base64="5vEEl11BAHZNfnp5sEKjLvSFMFI="></latexit>

) large e↵ect for ⇡

<latexit sha1_base64="x6i2FbMp+ZALyhrrAdJwgzJGBKo=">AAACt3icbVFNbxMxEHWWrxK+0nLk4pIgtRJEuxG0gIQo0AMHDk1F2kpxmnq93qzVtb3Ysw2R8d/jP/AfuMIZJ40QbRnL8vObN/LMc1qVwkIc/2hE167fuHlr5Xbzzt179x+0VtcOrK4N4wOmS22OUmp5KRQfgICSH1WGU5mW/DA9/TDPH55xY4VWn2FW8ZGkEyVywSgEatw6IWnefJfpCvB7wwXg3FDJ8Zng00oLBa9xZ/+4h9 /gZ1uYPMUkpJnLvMv6xz2/vOYb4bLpwxlv+rnq29j1CWgc+05z3GrH3XgR+CpIlqCNlrE3Xm28JZlmteQKWEmtHSZxBSNHDQhWct8kteUVZad0wocBqtCvHbmFFR4/CUyGc23CVoAX7L8VjkprZzINSkmhsJdzc/J/uWEN+cuRE6qqgSt2/lBelziMOfcVZ8JwBuUsAMqMCL1iVtBgDwT3m0TxKdNSUpU5omwYq/COyFR/dR2iNGCyjlXH+4vCT/u7QaXn/8fBkZLnYMSkAGqMnnq368n631UVVIGWgfTB8uSywVfBQa+bbHVf9HvtnedL81fQI/QYbaAEbaMd9BHtoQFi6Dv6iX6h39GraBzlUXEujRrLmofoQkRf/gDJOdZd</latexit>

Adopt Breit frame viewpoint: R2 = �6 d
dQ2

f(Q2)
f(0) |Q!0
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Expected > 1

<latexit sha1_base64="2TtVTY+439l5YNMu123ElOl+0s4="></latexit>

Agrees R2
E = R2

T +
3

4M2

<latexit sha1_base64="z6o+lO1gm5qOAQw31i/DRgPEo0Y="></latexit>

Radii (fm) from q, g parts of A(Q2), T 00(Q), E(Q2) at µ = µ0
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Expected > 1

<latexit sha1_base64="2TtVTY+439l5YNMu123ElOl+0s4="></latexit>

Agrees R2
E = R2

T +
3

4M2

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

Meziani (2024) => Rg=0.778

<latexit sha1_base64="pQNuGEgNN+RFQrru8zqhcg8W770="></latexit>

Both ignored C̄q/g(Q
2)

<latexit sha1_base64="vbp8GeQHiHFqDAE92bMmzg+QNQ8="></latexit>

Radii (fm) from A(Q2), T 00(Q), E(Q2) at µ = 2 GeV

<latexit sha1_base64="Tc6LV0Vjlvo0tPRuHCJZCOclO48="></latexit>

cf Hackett, Oare,
Pefkou, Shanahan,
LQCD (2023) 1.1

<latexit sha1_base64="e0JWY9rRGJZX7jfc3rYSTColg1c="></latexit>

cf Raya, Cui, et al
(2021) 1.31

AlgA Rq = 0.64
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Expected < 1

<latexit sha1_base64="79/Rx40zHrAwo77dWui7M8cMDDc="></latexit>

Rq/R
expt
ch from Aq(Q2), Eq(Q2) at µ = 2 GeV

<latexit sha1_base64="JTKXU+M5jxjHf3xw0WdknEE1L58="></latexit>

cf Hackett, Oare,
Pefkou, Shanahan,
LQCD (2023) 0.63

<latexit sha1_base64="yOlldSjelIb2DqoZ4hbCQQHmWuI="></latexit>

cf Raya, Cui, et al
(2021) 0.49

AlgA
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From Polyakov & Schweitzer,
arXiv:1805.06596 (2018) 

From Broniowski & Arriola, 2024
<latexit sha1_base64="6d6I6fdDeVG0biKcaJveJhymy04=">AAAB/HicbVDLSsNAFL2prxpf0S7dDBbBVUkEXysLQnVZwT6gCWUynbRDJw9mJoUS2l9x40IRt679Bnf+jdO0C60euHA4517uvcdPOJPKtr+Mwsrq2vpGcdPc2t7Z3bP2D5oyTgWhDRLzWLR9LClnEW0opjhtJ4Li0Oe05Q9vZn5rRIVkcfSgxgn1QtyPWMAIVlrqWiXXD5DpJgxNbwUeoWmtJrtW2a7YOdBf4ixI+foDctS71qfbi0ka0kgRjqXsOHaivAwLxQinE9NNJU0wGeI+7Wga4ZBKL8uPn6BjrfRQEAtdkUK5+nMiw6GU49DXnSFWA7nszcT/vE6qgksvY1GSKhqR+aIg5UjFaJYE6jFBieJjTTARTN+KyAALTJTOy9QhOMsv/yXN04pzXjm7t8vVq3kaUIRDOIITcOACqnAHdWgAgTE8wjO8GFPjyXg13uatBWMxU4JfMN6/AWCWlLM=</latexit>

⇡ Grav FFs

MIT LQCD pts: 
Hackett, Oare, 

Pefkou, 
Shanahan, 2023

 

<latexit sha1_base64="JO+qL7FH3RwVJNIOxIXo8Ifs/k8=">AAAB7XicbVDLSgNBEOyNr7i+oh69DAbBU9gVfJ0MePEkEcwDkiXMTmaTMbMzy8ysEJb8gxcPinj1N/wGb/6Nk00OmljQUFR1090VJpxp43nfTmFpeWV1rbjubmxube+UdvcaWqaK0DqRXKpWiDXlTNC6YYbTVqIojkNOm+HweuI3H6nSTIp7M0poEOO+YBEj2Fip0Qkj5N52S2Wv4uVAi8SfkfLVJ+SodUtfnZ4kaUyFIRxr3fa9xAQZVoYRTsduJ9U0wWSI+7RtqcAx1UGWXztGR1bpoUgqW8KgXP09keFY61Ec2s4Ym4Ge9ybif147NdFFkDGRpIYKMl0UpRwZiSavox5TlBg+sgQTxeytiAywwsTYgFwbgj//8iJpnFT8s8rpnVeuXk7TgCIcwCEcgw/nUIUbqEEdCDzAE7zAqyOdZ+fNeZ+2FpzZzD78gfPxA7eMj04=</latexit>

N

Here 

Here 

<latexit sha1_base64="Z5d/TKoxrHqiM0uA8koFOn3p5zg="></latexit>

Grav FFs : D(Q2), C̄q/g(0)
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<latexit sha1_base64="j4ESjbtbFs4nyoQiTkUdXWbJlao="></latexit>

• DSE-RL modeling of QCD for PDFs hxiq/g, Jq/g, extended to
T 00
q/g(Q) & Grav FFs for N & ⇡

• DCSB quark dressing is very strong. Those gluons dominate
T 00
g (Q), Ag(Q), Jg(Q), Eg(Q)

• Results for D(Q) are typical, and non-conserving C̄q/g(0) have
been identified

• A(Q) is not a good estimate of the energy/mass radius RE > RA

Eg: µ = 2 GeV: (RE
q /R

A
q )N = 1.33, (RE

q /R
A
q )⇡ = 2.98

• Rg/Rq less than expected: µ = 2 GeV: (RE
g /R

E
q )N = 0.90, (RA

g /R
A
q )⇡ =

1.21

• µ = 2 GeV: (RE
q /R

expt
ch )⇡ = 1.79, (RE

q /R
expt
ch )N = 0.99
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Expected > 1

Expected < 1

<latexit sha1_base64="2TtVTY+439l5YNMu123ElOl+0s4="></latexit>

Agrees R2
E = R2

T +
3

4M2

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

Meziani (2024) => Rg=0.778

<latexit sha1_base64="pQNuGEgNN+RFQrru8zqhcg8W770="></latexit>

Both ignored C̄q/g(Q
2)

<latexit sha1_base64="vbp8GeQHiHFqDAE92bMmzg+QNQ8="></latexit>

Radii (fm) from A(Q2), T 00(Q), E(Q2) at µ = 2 GeV

<latexit sha1_base64="79/Rx40zHrAwo77dWui7M8cMDDc="></latexit>

Rq/R
expt
ch from Aq(Q2), Eq(Q2) at µ = 2 GeV

<latexit sha1_base64="Tc6LV0Vjlvo0tPRuHCJZCOclO48="></latexit>

cf Hackett, Oare,
Pefkou, Shanahan,
LQCD (2023) 1.1

<latexit sha1_base64="JTKXU+M5jxjHf3xw0WdknEE1L58="></latexit>

cf Hackett, Oare,
Pefkou, Shanahan,
LQCD (2023) 0.63

<latexit sha1_base64="yOlldSjelIb2DqoZ4hbCQQHmWuI="></latexit>

cf Raya, Cui, et al
(2021) 0.49

AlgA

<latexit sha1_base64="e0JWY9rRGJZX7jfc3rYSTColg1c="></latexit>

cf Raya, Cui, et al
(2021) 1.31

AlgA Rq = 0.64
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<latexit sha1_base64="TMjBWlA8zqn8bvAfTOEVwO3ywyE="></latexit>h
�(m=1)
q (p) + �(m=1)

g (p)
i
=

p · n
P · n

n
� n · @p S�1(p)

o

<latexit sha1_base64="SFWZnvnveQJstMru3ExIS0Z0cNw="></latexit>n
hxiq + hxig,Dress q

o

u+d̄
= 1� hxig,Bind

<latexit sha1_base64="AmstgEw66sKxw6y7xOy2Yr2Mxo0="></latexit>

hxmig,Bind =
<latexit sha1_base64="4ySnF+R1PeoBKT189I19KUSiwkE="></latexit>

⇠ 0.025

Exact @ 1-loop

Exact @ DSE-RL

<latexit sha1_base64="KUXXl8aTfVCRgLXW/Pivc0S0WOg="></latexit>

Binding Gluon Contribution to hxig

Quark Conf Cairns Aug 2024
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<latexit sha1_base64="kCEKIHAjzvQ6oi/XfL7QvuYizy4="></latexit>

Rq/R
expt
ch from Aq(Q2), Eq(Q2) at µ = µ0, 2 GeV

<latexit sha1_base64="443r3UY7/q1ef+Uwd5a5oBafKTU="></latexit>

[cf Hackett-Shanahan,

LQCD (2023) 63%]

<latexit sha1_base64="6s07+Wg209kxiS1nidGf/pcJ0nQ="></latexit>

Radii (fm) from q, g parts of A(Q2), T 00(Q), E(Q2) at µ = µ0, 2 GeV
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<latexit sha1_base64="Ihmm32Eo7hhzdjXC2DfPQQ1zm9o="></latexit>

V. Bertone, et al (2022) : Scale evolution of

GPDs(x, ⇠ = 0,Q2) is same as PDFs(x)


