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Structure of nuclei

» Nuclear binding energy ~ 1% of mass

» First approximation:
nuclei consist of free protons & neutrons

Ff\(z) m ZFP7"*(@) + NFP /™)
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Structure of nuclei

» Nuclear binding energy ~ 1% of mass 14
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Structure of nuclei

» Nuclear binding energy ~ 1% of mass

» First approximation:
nuclei consist of free protons & neutrons

Ff(2) # ZFPI™e(2) + NF™ (o)

= does not work

» Cross-sections in nuclear collisions are
modified

» Can we translate these modifications into
universal quantities?

Shadowing
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Progress & Opportunities for nPDFs in connection with the EIC

Theoretical foundation and assumptions
» Natural theoretical framework: Collinear Factorization

DIS-like Process DY-like Process

— V009 p(AZ) - __NTGD9 P (4,2) 5 _
doia—ix =207 f; ® dbi—rx dopaix =255 [T ® f; ® dbyjix

Peter Risse (prisse@smu.edu) 3



Progress & Opportunities for nPDFs in connection with the EIC

Theoretical foundation and assumptions
» Natural theoretical framework: Collinear Factorization

DIS-like Process DY-like Process

_ NN6a3.9 (A 2) - _ _NNGT9 P (A,2) - _
doiasix =Y 7 f; ® dbi 1 x dopasiix =2.35° fi ® f; ® d6i; s1ix

» Assumptions

Averaged proton/neutron with isospin symmetry

Problems:
fi(A'Z) - %ff/A + %f?/’ﬁl where » difficult flavor separation

» need more isospin-asymetric nuclei
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Theoretical foundation and assumptions
» Natural theoretical framework: Collinear Factorization
DIS-like Process

DY-like Process

— V009 p(AZ) - __NTGD9 P (4,2) 5 _
doia—ix =207 f; ® dbi—rx dopaix =255 [T ® f; ® dbyjix

» Assumptions

Averaged proton/neutron with isospin symmetry

Problems:

fi(A'Z) - %ff/A + %f?/’ﬁl where » difficult flavor separation

» need more isospin-asymetric nuclei

Neglect contributions from > 1

» DGLAP evolution equations » free proton PDFs sum rules » under investigation at JLab/EIC
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Nuclear maodification: free proton vs bound proton
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Methodology and experimental data

compare

update parameters

theory vs. data
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https://arxiv.org/abs/2311.00450

Methodology and experimental data

Progress & Opportunities for nPDFs in connection with the EIC

W ALICE T (y = 0)
— RHIC 1t (y = 0)

10 ? - LHC Z & Drell-Yan
£ Neutrino DIS
4 r Neutral-current DIS ..
100 F pA Drell-Yan
& £ LHC W
> [ [0 LHC beauty
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g— compare 1 P I =
theory vs. data 0°  10° w0t 1w0* 10° 10! 1
X
» utilized data points: O(3000)
» experimental precision lower than for proton
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Progress & Opportunities for nPDFs in connection with the EIC

Enlarged kinematic cuts

Kinematic variables: o nCTEQ15 DIS
4 nCTEQ15 HERMES b nCTEQ15

11—z * nCTEQ15 DY o /
JLAB 6GeV DIS P r|]9@>2 GV
L]

+ Mn

2 2 2
CEE N A x 1021

' ]
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Ndata =708
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[PRD 103, 114015 (2021)
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Enlarged kinematic cuts

Kinematic variables: nCTEQ15 DIS
1 : nCTEQ15 HERMES 1 nCTEQ15
2 2 21l —T * nCTEQ15 DY
& W< = M Q > 2 GeV
Q Q T + Mn 1024 JLAB 6GeV DIS e am Eay
> Nata = 708
O]
5 nCTEQIsHIX |
Requires proper treatment of: <o nCTEQIL5HIX
» deuteron corrections Q > 1.3 GeV
W > 1.7 GeV
[PRD 93, 114017 (2016)] 100 = ——o
> target mass corrections (TMCs) data =

001 0.1020304050.6070.80.9
X

[Prog.Part.Nucl.Phys. 136 (2024) 104096]

[PRD 103, 114015 (2021)

» higher twist effects

[PRD 93, 114017 (2016)]
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projected neutral current DIS data
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» “EIC will be the nuclear HERA"

» kinematic coverage more than doubles
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https://arxiv.org/abs/2102.00018

Comparison of available nPDFs

KSASG20

TuJu21 EPPS21 nNNPDF3.0 nCTEQ15HQ
‘ H PRD 104, 034010 ‘ PRD 105, 094031 ‘ EPJC 82, 413 EPJC 82, 507 PRD 105, 114043
1A NC DIS v 4 4 v 4
v A CCDIS v v v 4
pA Drell-Yan v v v v
7 A Drell-Yan v
RHIC dAu 7 v v
LHC pPb 7, K v
LHC pPb W /Z 4 v 4 v
LHC pPb dijet v v
LHC pPb HQ / GMVFNS / FO+PS(rew) / ME fit
LHC quarkonium v ME fit
LHC pPb ~ v
Kinematic cuts Q > 1.3 GeV Q > 1.87 GeV Q > 1.3 GeV Q > 1.87 GeV Q > 2GeV
W > 3.5 GeV W > 1.8 GeV W > 3.5 GeV W > 3.5GeV
P9 > 3 Gev pHQISIH) o 3 Gy
No data points 4335 2410 2077 2188 1496
No free param. 9 16 24 256 (NN) 19
X2 /dof 1.06(1.05) 0.94(0.84) 1.00 1.10 0.86
Error analysis Hessian Hessian Hessian Monte Carlo Hessian
AxZ tol. 20 (68% CL) 50 35 N/A 35
Proton baseline CT18 custom CT18A ~NNPDF4.0 ~CTEQ6.1
Qq ini. scale 1.3 GeV 1.3 GeV 1.3 GeV 1.0 GeV 1.3 GeV
No flavours 3 4 6 6 5
Deuteron treat. fitted fitted free fitted free
[ QCDorder || NLO&NNLO [ NLO & NNLO NLO NLO NLO
| HQscheme || FONLL \ FONLL S-ACOT FONLL S-ACOT

[2311.00450]


https://arxiv.org/abs/2010.00555
https://arxiv.org/abs/2112.11904
https://arxiv.org/abs/2112.12462
https://arxiv.org/abs/2201.12363
https://arxiv.org/abs/2204.09982
https://arxiv.org/abs/2311.00450

Progress & Opportunities for nPDFs in connection with the EIC
EPPS21 parametrization

Bound Proton

S, QF) = RY M. Q) ST (2, QF)
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https://arxiv.org/abs/2112.12462

Progress & Opportunities for nPDFs in connection with the EIC

EPPS21 parametrization

Bound Proton

p/A 2 p/A 2 2
1@, Q2) = RV M@, Q) 7 (. Q2) =14 : A
< EPPS21 : :
R ) 15/ antishadowing maximum :
with Nuclear ratio =.12F :
~ v
a
1.0 - H
aoi + a1i (T — Tai) [E_“%/m“ - €_a2’] ) T < Tai )
" ) . shadowing Ye
R (2,Q3) = boia®i (1 — x) *esi Zai < T < Tei 0.8 ]
coi + C1q (CQi—r)(l—I)_B’ s Tei <z <1,
0.6 - Y0
04 ' S
10* 10 10 . 10" 1
[EPJC 82, 413]
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https://arxiv.org/abs/2112.12462

EPPS21 parametrization

Bound Proton

S, QF) = RY M. Q) ST (2, QF)
with Nuclear ratio

aoi + a1i (T — Tai) [E_“%/m“ - €_a2’] ) T < Tai
p/A 2y _ bos
RY 7 (2,Q5) = { boiab (1 — z) 2ig7b3i Zai < T < Tei

coi + c1i (c2i — ) (1 — )P, Tei <z <1,

and A-dependence through scaling

Y
R M2, Qh) =1+ [R?’Am (x, Q%) — 1} (AAf) 0, A =12

Progress & Opportunities for nPDFs in connection with the EIC

=14 o i
S ! i i
c EPPS21 :
8 N . . B
< antishadowing maximum :
T2 f \ :
~ oy Ya
10 - 7 H
shadowing Ye
0.8 i
0.6 - Y0
0.4 ! : :
10* 10 10 . 10" 1
[EPJC 82, 413]
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Progress & Opportunities for nPDFs in connection with the EIC

NnNNPDF3.0 parametrization
Bound Proton

o fi(z, Qo 0) = iz 4% (1 — ) NN{ (2, Qo3 0)

Peter Risse (prisse@smu.edu) 10


https://arxiv.org/abs/2307.05967

Progress & Opportunities for nPDFs in connection with the EIC

nNNPDF3.0 parametrization

Bound Proton A InA x lnx
A A A /‘\Q I.\
.Tf]?(.’l?, QO; 9) = nl?wliak (1 - w)ﬁk NNk (x7 QO; 0)

204

Neural Network with explicit A-dependence

Neural Net
{zn (k) JA} [JiA (wslk) ) normalization]
\ / // fv\o\\\nws
z%* (1 — )P (4000 2E0) 00iQ) n0) Q) Twl) Q) Tyng))

(xg(x,ao gy xwg) xdrg) xdg) wk) wwo) )

[T. Rabemananjara]
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Progress & Opportunities for nPDFs in connection with the EIC

nCTEQ parametrization (incl. an update for the upcoming release)

Proton baseline

CTEQ6M CJ15

[PRD 75,054030 (2007)] [PRD 93, 114017 (2016)]
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https://arxiv.org/abs/hep-ph/0702159
https://arxiv.org/abs/1602.03154

Progress & Opportunities for nPDFs in connection with the EIC

nCTEQ pal‘ametl’ization (incl. an update for the upcoming release)

Proton baseline

[PRD 75,054030 (2007)] [PRD 93, 114017 (2016)]

[ CTEQ6M CJ15

PDF parametrization:

zfi(z,Q3) = coz™ (1 — ) (1 + 3/ + cux + cs.\/:ig) i = Uy, dy, g, 0 +d, s+ 3
d/a(z, Qo) = cox™ (1 — ) + 1+ ezz(l — z)™ Qo = 1.3GeV
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Progress & Opportunities for nPDFs in connection with the EIC

nCTEQ pal’ametl‘ization (incl. an update for the upcoming release)

Proton baseline

[ CTEQ6M N CJ15
[

PRD 75,054030 (2007)] [BRIDROSMITL01I(2016)

PDF parametrization:

zfi(z,Q3) = coz™ (1 — ) (1 + c3v/T + cqx + cs.\/fg) i = Uy, dy, g, 0 +d, s+ 3
d/u(z, Qo) = coz™ (1 — ) + 1 + c3z(1 — )™ Qo = 1.3GeV

with updated A-dependence:

Currently: ck(A) = pr + ax (1 - A_b’“)

!
Future:  cx(A) = pi + ax In(A) + by, In*(A)

Peter Risse (prisse@smu.edu) 11
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Progress & Opportunities for nPDFs in connection with the EIC

Nuclear ratio of EPPS21 vs. nNNPDF3.0 vs. nCTEQ15HQ
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https://arxiv.org/abs/2311.00450

Progress & Opportunities for nPDFs in connection with the EIC

What else can the EIC do for nPDFs?

Peter Risse (prisse@smu.edu) 13
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Nuclei currently included

Periodic Table of the Elements

5 3 7 8 9
VB VB vis VI —~,
5B 68 7B 8
2 4 2 7
Vanadiom  Owomium  Manganese Cobalt
1996 ey s

Niobium Technetium Ruthenium Rhodium
= = =
Ta Re Os Ir
Tanalum Fhenium Qsmmium. Indium
. e e e
207 108 109
Bh Hs t
Behrium Hassium Meitnetium

23] (= 8]
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Isotope chart

nCTEQ uses 19 nuclei
A =1[2,208]

Hunfiniine s

N:5D
0

d i mJ|m|\||guu|mj\|u‘| I H\‘\I\‘J‘IH.‘H\JI:H‘HI\LHH‘IHIJHH‘ i \HI\LMI\ H'\im |H.‘ibiHl\HIJHI\‘IH,\l\ i

I\Hl‘HII‘.IH'IHJ

Junln
030 Ey

1
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Short Range Correlations
&
nuclear PDFs

Modification of Quark-Gluon Distributions in Nuclei by Correlated Nucleon Pairs

AW. Denniston @ ,%* T. Jezo® 2T A, Kusina®™ ? N. Derakhshanian ©,* P. Duwentister (,245
O. Hen ©,! C. Keppel @ ,5 M. Klasen®,>7 K. Kovaitk @2 J.G. Morfin @ 8 K.F. Muzakka © 9
F.I. Olness @ '° E. Piasetzky ©,'* P. Risse @ ? R. Ruiz® ? I. Schienbein 2 and J.Y. Yu.©® 12
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Progress & Opportunities for nPDFs in connection with the EIC

New SRC-motivated parametrization

Modeling of short-ranged nuclear structure suggests separation of single nucleons from SRC nucleon pairs.

Translation to parton model

7Z
f@,Qo) =5 [(1 = C2)#2(, Qo) + CF £ (z, Qu)]
N ® n
+5 (1= C2) 17(2,Q0) + C2 1757 (2,Q0)|
fzp/n(x7 QO) C]‘.747C';? ff’SRC(m7QO)7fin7SRC(x7 QO)
free nucleon PDFs fraction of nucleon in SRC pairs modified nucleon in SRC pair
A-independent A-dependent A-independent

Peter Risse (prisse@smu.edu)
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Progress & Opportunities for nPDFs in connection with the EIC

Quality of the fit

2
Y%/ Naata DIS | DY | W/Z | Jlab || %, | et

Npor

traditional 0.85 | 0.97 | 0.88 0.72 1408 0.85

baseSRC 084 | 0.75 | 1.11 | 0.41 || 1300 | 0.80
puSRC 085 | 084 | 1.14 | 049 || 1350 | 0.82
Noawa || 1136 | 92 | 120 | 336 || 1684 | |

P three fits: one with traditional parametrization, two fits SRC inspired

Peter Risse (prisse@smu.edu) 18



Progress & Opportunities for nPDFs in connection with the EIC

Quality of the fit

X*/Nawa || DIS | DY | W/Z | Jlab || o | e

traditional || 0.85 | 0.97 | 088 | 0.72 || 1408 | 0.85

baseSRC 084 | 075 | 1.11 | 041 || 1300 | 0.80
pnSRC 085 | 0.84 | 1.14 | 049 || 1350 | 0.82
Niata H 1136\ 92 \ 120 \ 336 H 1684\ \

P three fits: one with traditional parametrization, two fits SRC inspired

» better overall quality for the SRC inspired fit

Peter Risse (prisse@smu.edu) 18



Progress & Opportunities for nPDFs in connection with the EIC

Quality of the fit

2
X*/Naata DIS | DY | W/Z | JLab || x3, | me

Npor

traditional 0.85 | 0.97 | 0.88 0.72 1408 0.85

baseSRC 084 | 0.75 | 1.11 | 0.41 || 1300 | 0.80
pnSRC 085 | 084 | 1.14 | 049 || 1350 | 0.82
Noawa || 1136 | 92 | 120 | 336 || 1684 | |

P three fits: one with traditional parametrization, two fits SRC inspired
» better overall quality for the SRC inspired fit

» particularly pronounced for high-x JLab data
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Quality of the fit

2
Y%/ Naata DIS | DY | W/Z | JLab || %, | et

Nporw

traditional 0.85 | 0.97 | 0.88 0.72 1408 0.85

baseSRC 084 | 0.75 | 1.11 | 0.41 || 1300 | 0.80
pnSRC 085 | 0.84 | 1.14 | 0.49 || 1350 | 0.82
Nawa || 1136 | 92 | 120 | 336 || 1684 | |

P three fits: one with traditional parametrization, two fits SRC inspired
» better overall quality for the SRC inspired fit
» particularly pronounced for high-x JLab data

» worse description of W /Z data, which probe lower z-values

Peter Risse (prisse@smu.edu) 18



Progress & Opportunities for nPDFs in connection with the EIC

SRC fractions

0.7
Fit proton & neutron fractions Fraction of SRC Pairs vs. Nuclear A
independently: baseSRC 0.6 1
P y Proton
» both proton and neutron fraction have 05 f
simple logarithmic A-dependence oa b Neutron
A A . -
> C, & C3; unconstrained for nuclei with 03 |
sparse data '
02
01 |
0.0 |
| __ NuclearA | |
3 10 30 60 100 200

[Nuclear A [ 2 [ 3 [ 4] 6 ] 9] 12 [ 14 |27 [40 ] 56 | 64 | 84 [ 108 [ 119 | 131 | 184 [ 197 | 208 |
[ #data | 275 | 125 [ 66 | 15 | 49 | 196 [ 101 | 73 [ 92 | 134 | 61 |84 | 7 [ 152 | 4 | 37 | 50 | 163 |
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Progress & Opportunities for nPDFs in connection with the EIC

SRC fractions adjusted for neutron excess

. i 0.7
Fit proton & neutron fractions Fraction of SRC Pairs vs. Nuclear A
independently: baseSRC 06
P TOtO n Adjust for
» both proton and neutron fraction have 0.5 neutron excess
simple logarithmic A-dependence N
pie og P Neutron x =
0.4 | 7
> C;,4 & C2 unconstrained for nuclei with
sparse data 0.3 r Qus
New fit with C2=Z/NC5': pnSRC 0.2 1
» neutron fractions adjusted for excess 0lr
» better agreement with proton fractions 0-0 T Constained fc: 2 080 = 0.82 Nuclear A
3 10 30 60 100 200
» small XQ/NDOF increase, but less [Nudear A 2 | 3 9 [ 12 | 14 [ 27 [ 40| 56 | 64 | &4 | 108 | 119 | 131 | 184 | 197 | 208 |

[4]6]
[ data [ 275 | 125 | 66 | 15 | 49 | 196 | 101 | 73 |92 | 134 [ GL |84 | 7 [ 152 | 4 | 37 | 50 | 163 |

parameters to fit!
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Thank you!

Peter Risse (prisse@smu.edu)
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Progress & Opportunities for nPDFs in connection with the EIC

Preliminary results: A-dependence
xuv(x, Q = 2 GeV) xdv(x,Q = 2 GeV)

X 1.0e+00 1 X 1.0e+00 1

xu(x,Q = 2 GeV) xg(x,Q = 2 GeV)

N

1.0e+00 1

X 1.0e+00 1
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