
Our understanding of atoms has driven 
technology for the past century, but we 
still know shockingly little about the 
internal structure of protons and atomic 
nuclei. 

In this project we computed predictions on 
heavy quarkonium production in nuclear 
deep inelastic scattering (DIS) experiments at 
BNL’s future Electron-Ion Collider as a 
potential gateway into probing the partonic 
structure of atomic nuclei, which is mediated 
by quantum chromodynamics (QCD).
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Encodes all the multiple interactions of the 
quark-antiquark pair with the nucleus.

Hadronic tensor

NRQCD 
decomposition

CGC computation

Lepton-hadron tensor decomposition

More on this in Maddox talk in two 
weeks!
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Our model of the proton is nearly 94 
times lighter than an actual proton. The 
difference is generated by QCD.

Protons were believed to be 2 up quarks and 
1 down quark, which we would expect to 
weigh	~1.78×10!"#𝑔. But an actual proton 
is closer to 168×10!"#𝑔. At higher energy 
experiments, a sea of gluons and quark-
antiquark pairs emerges, which increases in 
density until it becomes statistically favorable 
for the gluons to recombine, and a saturation 
is reached.

Probing Nuclei
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(2024). Direct quarkonium production in DIS 
from a joint CGC and NRQCD framework. 
Physical Review D, 110(9), 094039.

Combining CGC + NRQCD

21

nucleus

p

J/ 

<latexit sha1_base64="K4jfryTuwappmfxWwgWcTrn6OeA="></latexit>p?
2

+ l?
<latexit sha1_base64="wGf4KXYmKy8R6KHw3ZasbsaJacg="></latexit>p?
2

� l?

<latexit sha1_base64="6QcaTDVmRtV8HbMaEmztvCroyOI="></latexit>e

<latexit sha1_base64="6QcaTDVmRtV8HbMaEmztvCroyOI="></latexit>e

<latexit sha1_base64="tPgrkDl8xnuTOmMOaKdAH0XEQuc="></latexit>

+fTL(y)
d�J/ 

TL

dp2
?

cos�eJ/ + fTflip(y)
d�J/ 

Tflip

dp2
?

cos 2�eJ/ 

)

<latexit sha1_base64="2oR71BwFKhuZLVgLsDUEGBJoPHA="></latexit>

d�J/ 

dxBjdydp2
?d�eJ/ 

=
↵em

2⇡2yxBj

(
fL(y)

d�J/ 
L

dp2
?

+ fT(y)
d�J/ 

T

dp2
?

<latexit sha1_base64="WfyoSuPWymKDSIzJzGOLDrwgk0s="></latexit>

d�J/ 
�

dp2
?

=
X



hO
J/ 
 i

d�̂�
dp2

?

p

J/ 

p

J/ 

<latexit sha1_base64="K4jfryTuwappmfxWwgWcTrn6OeA="></latexit>p?
2

+ l?
<latexit sha1_base64="wGf4KXYmKy8R6KHw3ZasbsaJacg="></latexit>p?
2

� l?
<latexit sha1_base64="tpIZPB58FTa4IpXoGvzLegPIU3Y="></latexit>p?
2

+ l0?

<latexit sha1_base64="YpXZ9RdOd7A4xR1ygpA14hjA+bI="></latexit>p?
2

� l0?

Spin and polarization-
dependent perturbative factor

Nuclear-dependent 
CGC distribution

<latexit sha1_base64="yr2C4qxPhcOmZ13+IEbUdaiqdNQ="></latexit>

d�̂
�

dp2
?

=

Z
d2l?
2⇡

Z
d2l0?
2⇡

e�
�(p?, Q; l?, l

0
?)eG(xA,p?; l?, l

0
?)

<latexit sha1_base64="j+Xw0shLiB5HxbDZTn4204dFkls="></latexit>

eG(xA,p?; l?, l
0
?)

Encodes all the multiple interactions of the 
quark-antiquark pair with the nucleus.

Hadronic tensor

NRQCD 
decomposition

CGC computation

Lepton-hadron tensor decomposition

More on this in Maddox talk in two 
weeks!

Our results will be used to experimentally test the gluon 
saturation phenomenon at the future Electron-Ion Collider.

This allows us to constrain the 𝑤 function on color densities, 
informing us on how color-charged partons are distributed 
within protons and other nuclei at high energies.

Deriving Nuclei Structure

These computations are highly complex, so we developed 
a Mathematica package to automatize them, providing a 
path forward to more complex calculations needed for 
higher accuracy, such as relativistic corrections.
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