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« Predicted structure function F,(x) ratio in
disagreement with theory

 NPDFs inside of F,(x)
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e Quark confinement at QCD energy scales
~200 MeV

e Nucleons bound at BE > 2.2 MeV
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® Reaso n for th ese n U C | ear e nVi rO n m e nt Fig. 1. Theoretical predictions for the Fermi motion correc- 0 02 04 06 X

tion of the nucleon structure function F ;' for iron. Dotted

effe CtS O n q u arkS u n kn OWﬂ after 43 yea rS line Few-nucleon-correlation-model of Frankfurt and Strik- Fie. 2. Th ; £ th | truct £ ¢ FN )
man [9]. Dashed line. Collective-tube-model of Berlad et al. g. 2. 1heralio o € nucicon structurc functrons 5" mea
[10] Solid line Correction according to Bodek and Ritchie ISUIed on wron and deutertum as a function of x = Q2/2Mpv.
{8]. Dot—dashed line. Same authors, but no high momentum The 1ron data are corrected for the non-1soscalarity of 3¢Fe,
tail included. Triple-dot—dashed line Same authors, momen- both data sets are not corrected for Fermi motion. The full
hould mof be widershond 2 predrctions but as an mdicanion curve 55 a lmear fit F3\(Fe)/F3'(D) = a + bx which results in
P asloped=—052+ 0.04 (stat.) + 0.21 (syst) The shaded

of the sensitivity of the calculations to several assumptions N
which are only poorly known, area indicates the effect of systematic errors on this slope.
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o The idea is to search for nuclear moditications to # quark and
d quark separately

* Possible discovery path for EMC effect solution

 An example of a flavor-dependent nPDF search (now defunct):

An update to C12-21-004 for PAC54, 2026
Semi-Inclusive Deep Inelastic Scattering Measurements of
A = 3 Nuclei with CLAS12 in Hall B
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II. NUCLEAR RESPONSE FUNCTIONS

The fractional modifications to the up and down quark PDFs in a bound proton inside nucleus A are
defined to be

uP/A dr/A

L=1-2  p=1-% 1
r " T4 y (1)

where u = uP and d = dP are the free proton PDFs. All variables carry quark momentum fraction (Bjorken-z)
and Q? dependence which is suppressed for visual clarity.

The flavor-asymmetric and flavor-averaged nuclear response functions are defined as the linear combina-
tions

Tu —T Tw+T
o= T o= ®

These definitions are chosen such that nuclear modifications that act equally on both u and d quarks (r, = ry)
force the flavor-asymmetric function to vanish €, = 0, thereby supplying the condition for a quark flavor-
independent nuclear modification. It also provides €, # 0 as the necessary and sufficient condition for a
flavor-dependent nuclear modification. In addition, in the case of no nuclear modifications, both functions
are zero €, = €ayg = 0.

The inverse relations r, = €,yg + €4 and rq = €4yg — €5 mMay be substituted into Eq.1 in order to write the
bound proton PDFSs in terms of the nuclear response functions,

uP/A = U(l — €avg — €a), dr/A — d(1 — €avg + €a)- (3)

Assuming charge symmetry (i.e., the double isospin swap u <> d and p <> n), the bound neutron PDFs
are related to the bound proton PDFs by v™/4 = dP/4 and d*/4 = uP/A. Therefore the full nuclear PDFs
for a nucleus with Z protons and N = A — Z neutrons can be obtained by summing over the bound nucleon
content

u? = ZuP/A + (A — Z)dP/4,  dA = ZdP/A + (A — Z)uP/A. (4)

Substituting the expressions for the bound proton PDFs in terms of the nuclear response functions (from
Eq. 3) gives the general nPDF expressions for nucleus A,

u? = (Zu+ (A—2)d) — (Zu— (A — Z)d) ey — (Zu+ (A — Z)d) €avg, (5)
d* = (Zd+ (A — Z)u) + (Zd — (A — Z)u) ea — (Zd + (A — Z)u) €avg. (6)
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+—d*D",
9

written in terms of favored qnd unfavored FFs (the fragmenting quark is a valence constituent of the produced pion, o
or not, D7) and where D;; = D’ is assumed due to (isospin) charge symmetry u < d, nt < 7~ just as for nPDFs

u < d, p < n. CSV effects must be considered (they are small).
/
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u? = ZuP/A + (A — Z)dP/4,  dA = ZdP/A + (A — Z)uP/A, (4)

Substituting the expressions for the bound proton PDFs in terms of the nuclear response functions (from
Eq. 3) gives the general nPDF expressions for nucleus A,

u? = (Zu+ (A—2)d) — (Zu — (A — Z)d) ea — (Zu + (A — Z)d) Eavg,
d* = (Zd+ (A — Z)u) + (Zd — (A — Z)u) ea — (Zd + (A — Z)u) €avg.
For helion 3He (Z = 2, N = 1) and triton 3H (Z = 1, N = 2) specifically, these become
ute = (2u +d) — (2u — d) e, — (2u + d) €ayg,
d*re = (u+ 2d) — (u — 2d) €, — (u + 2d) Eavg,
wH = (u+ 2d) — (u — 2d) €a — (u + 2d) €avg,
d®n = (2u+d) — (2u—d)ea — 2u+d) €avg-
For the deuteron (Z =1, N = 1), the nPDFs are
wH = (u+d) — (u—d)ea® — (u+d) eally,
d?v = (u+d) + (d — u) 2" — (u+ d) 21,
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aking the difference of the 7™ and 7~ cross sections for a general nucleus A, the favored and unfavorec
fragmentation functions combine into the flavor non-singlet (i.e., flavor-carrying) combination AD = Dt —
D™, giving
1

— 07 5(4@4‘4 —d*) AD. (17)

Substituting the nuclear PDFs derived above for helion and triton yields
AoTy, o % [(Tu+ 2d)(1 — £avg) — (Tu — 2d) £2] AD, (18)
Aoy o % (2 + 7d)(1 — £avg) — (2u — 7d) 4] AD. (19)
while for the deuteron

AoT é (w+d)(1— D) — (u—d)eP] AD. (20)

avg a

D

_ D _ :
avg — €a = 0, this reduces to

Under the assumption that the deuteron has negligible nuclear modifications,

Aag|€zo x %(u +d) AD. (21)

This assumption can be tested experimentally by forming the ratio

Ao —(1—¢D _(U—d)GD
W_(l ave) (utd) (22)

which equals unity if both ag,g = 0 and €P = 0. Deviation from unity in the measured ratio constitutes
evidence for nuclear environment modifications in the deuteron.
The ratio of the mirror nuclei Ao™ is

Aol (Tu+2d)(1 —€avg) — (Tu — 2d) €,

R(z) = AoTy  (2u+T7d)(1 —€avg) — 2u—T7d) &y’

" Forv (23)

:% O( x) PDFy» and SeaC W where th.e fragmentatior.l function combination .AD cance;ls between.nun.lerator .and denon%ina’.cor under 'Fhe
o assumption of nucleus-independent fragmentation. This cancellation is a primary motivation for using
cross section ratios as the experimental observables because it eliminates the need for a precise theoret-
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Mirror ratio R/Rq: baseline and diquark-SRC predictions
NNPDF4.0 NLO, Q% = 3.0 GeV?

NNPDF4.0 NLO 68% CL
— RIRo=1:3=0
+ qlqq] (HLFQCD), uP#/u=10.9
qqq np, uP*/u=0.9
- qlgq]l (HLFQCD), uP*/u=10.7
qqq np, uP”/u=0.7
¢ Expected JLab precision

Bjorken x

R o(X) ppyp, and searcl

‘not viable
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IV. DETERMINATION OF NUCLEAR RESPONSE FUNCTIONS

In order to determine the values of €, and €,y;, the ratios I:RQ,AHe /D and RgAH /p are formed by dividing the
helion and triton charge difference cross sections by the deuteron charge difference cross section of Eq. 21,

- (Tu+2d)(1 — €avg) — (Tu — 2d) €4
B 3(u+d) ’ (26)
_ Aoy (u+Td)(1 - €avg) — (2u —T7d) €4

~ Aol 3(u + d) (27)

Ry /p

The sum and difference of these ratios are
3(u—d)
(u + d)

5(u — d) 5
Butd) e T3 (29)

These two equations constitute a linear system in the unknowns €,,s and €,, with coeflicients determined
by the free proton PDFs u(z) and d(z) at each value of z. The system may be solved analytically at each
x, providing a model independent extraction of the nuclear response functions from the measured ratios
without requiring a global fit, with the resulting expressions

(u+d)[5(u—d)Rs —9(u + d)RA]

R3AHe/D + R3AH/D = 3(1 — €avg) — €a, (28)

R3AHe/D - R3AH/D =

Ea =

60ud
(u+d) [5Rx(u + d) — 9(u — d)Ra] (30)
- 60ud

Eavg — ]._
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2

2
Cross- active QCD potential V(r) = — — S
3 4xr

Constituent quark-quark binding energy ~ 150 MeV, via color-hyperfine mass model, De Rujula, Georgi, Glashow 1979

“Diquark induced short-range nucleon-nucleon correlations & the EMC effect” JRW, Nuc.Phys.A 2023
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Tensor-scalar transition in 12C
measurements from 2021 CLAS. NN tensor
force dominates at 400 MeV/c relative
momenta. Natural unit conversion gives
0.49 fm = 400 MeV/c.

Tensor-scalar transition in 12C
measurements from 2021 CLAS. NN scalar force is
included at 800 MeV/c relative momenta. Natural
unit conversion gives 0.25 fm = 800 MeV/c .

“Diquark induced short-range nucleon-n the EMC effect” JRW, Nuc.Phys.A 2023
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B. Proton: 3-Quark Internal Configuration

In the uud configuration, all three valence quarks are available for cross-nucleon diquark formation. The

A. Proton: Quark-Diquark Internal Configuration number of available [ud] diquark microstates depends on the identity of the SRC partner nucleon.

In the u|ud] configuration, the d quark is already bound in the internal [ud] diquark and cannot participate 1. pp Pairing

in cross-nucleon diquark formation. Only the free u quark can participate, and it can only pair with a d
quark in the partner nucleon. For a pp SRC pair, the partner proton also has its d quark bound in an > SR : : L oton :
. . . . . . . [ud] combinations are: w;, with ds and w;, with ds, giving 2 combinations for the u quarks in the first
internal diquark, so no cross-nucleon diquark can form and the contribution is zero. For an np SRC pair, : : . 2

) . . proton; and d; with us, and d; with wugp, giving 2 combinations for the d quark. The u and d quarks
the neutron has a free d quark available, so cross-nucleon diquark formation proceeds. In both cases, therefore participate with equal probability, giving r, = 4, and therefore

upP/A

p/A _ —1_
rg=0, r=1-— (34) =0, Emg=1-—— (38)

For a pp SRC pair, the bound proton uud partners with another proton uud. The available cross-nucleon

2. np Pairing

For an np SRC pair, the bound proton uud partners with a neutron udd. There are 5 total available
cross-nucleon [ud] microstates, where p D wujjui2d; and n D doydosus: ui1der, Ui1das, Ui2dar, Uiadss, and
diuz. The proton’s u participates in 4/5 microstates and d in 1/5 microstates. The fractional modification
of the u quark PDF is therefore 4 times that of the d quark PDF.

g
a re =414, (39)

giving rq = (1 — uP/4/u) /4, and therefore

The diquark-SRC model therefore predicts
_TutTa _ 5 (

Cavg = - (40)

€a = €avg

o A (41)

for the u[ud] configuration, independently of the value of u?/* /u.
The ratio €,/€avg = 3/5 is a parameter-free prediction of the diquark-SRC model for the uud np-pairing
case.

——> Diquark-SRC predictions for flavor-depe e internal structure of the
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Projected extraction of £,(x) and &,,4(x) at JLab 12 GeV
Diquark-SRC model predictions with £, =0.05

(a) Extracted c,(x) (b) Extracted &,,4(x)

oisof -+ -+ T Trrrrr L T T T T T T T T T T T T L] IS s — I T T

® glgql np: €ayg=€,=0.05 _
B qgqg np: €a/€avg=3/5, €avg=0.083 |-

® qlqql np: Eavg=¢,=0.05 _
B qqg np: €a/€avg =3/5, Eavg=0.083

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Bjorken x Bjorken x

NNPDF4.0 NLO, valence quarks, Q2 =5.0 GeV? | JLab 12 GeV projected uncertainties (fractional, converted to absolute) | Horizontal lines: input

Values of ¢ , £, . to be extracted fro 025. Guess & plot:

avg
e =01
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NLO-LO: MARATHON 3He/3H DIS with Light-Quark Flavor Independence Test (¢, = 0)

(a) Measured R(x) vs. flavor-independent R (x) (b) Flavor-Independence test ratio R(x)/R; (x) [unity & &,=0]

—— CT18 NLO: Ry (x)
—— MSHT20 NLO: Rg" (X)
—— NNPDF4.0 NLO: R (x)
= CJ15 NLO: Rg" (X)

® MARATHON: R(x)

-=- R/R; =1: flavor-independent nuclear effects
CT18 NLO
MSHT20 NLO
NNPDF4.0 NLO
¢ CJ15NLO

0.5 0.6 . . ' . . . 0.5 0.6
Bjorken x Bjorken x

MARATHON JLab Hall A Tritium Experiment | Q% =2.73-11.9 GeV? | NLO QCD | 68% CL PDF uncertainties (bands) + experimental errors (bars) | Ry uses gt =q+ g (DIS, LO)

Data from deep inelastic sct ng e: h fc r PDF sets from
LHAPDF. Left: Helion/Triton xse n PDFs for ¢, = 0.
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LO-LO: MARATHON 3He/3H DIS with Light-Quark Flavor Independence Test (¢, = 0)

(a) Measured R(x) vs. flavor-independent free proton R; (x) (b) Flavor-independent test ratio R(x)/R; (x) [unity & &,=0]

—— CT18 LO: Ry ()
—— MSHT20 LO: Ry (x)
—— NNPDF4.0 LO: Ry (x)
m— CJ15 LO: Rg" (X)

® MARATHON: R(x)

R/Ry =1: flavor-symmetric nuclear effecta
CT18 LO

MSHT20 LO

NNPDF4.0 LO

CJ15 LO

0.5 0.6
Bjorken x Bjorken x

MARATHON JLab Hall A Tritium Experiment | Q?=2.73-11.9 GeV? | LO QCD | 68% CL PDF uncertainties (bands) + experimental errors (bars) | Ry uses gt =q+ g (DIS, LO)

Data from deep inelastic scattering = t our PDF sets from
LHAPDF. Left: Helion/Triton xsec ra DFs for e, = 0.
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DIS: Quantifying the LO vs NLO coefficient uncertainty in F,(x, Q) built
from NLO PDFs

Testing the LO-NLO hybrid in DIS against a proper NLO-NLO calculation using a toy model with no nuclear modification at all (i.e., £, = €,

RI(x,Q2) = [ 3(u+w) + 2(d+d) ] / [ 2(u+1) + 3(d+d) ] (LO F, coefficient, NLO PDFs)

¢ =)

Method

LO-LO — NLO-NLO shift in the ratio
. R(;r ratio of >He/>H DIS cross sections built from free proton

PDFs (CT18NLO), evaluated at LO in F2 1.0 - Q2=3 GeV? - CT18NLO - u+d, d+d only, s/c/b/t excluded
. 3He = 2p+1n, *H = 1p+2n via (isospin) charge symmetry & 05-
=
.« Same NLO PDFs throughout, only the F’, coefficient order c 0.0-
changes from LO to NLO (via APFEL#+ software library, Bertone 2 05 -
& Carrazza 2017, github.com/vbertone/apfelxx) E
_10 -
«  Compared: genuine LO, hybrid (NLO PDF + LO coefficient), é
genuine NLO £ -1.5-
2 20-
Result %
© —2.5 -
Individual F pieces shift ~30-50% at large x, but the -
SHe/>H ratio shifts by only 0.3-2.4% across x = 0.20— —-3.0- | | | | | | .

o
N
o
w
o
=
O
U
o
o
o
~J
o
o

0.83.
— R(;r =1 is an accurate test of flavor dependent nuclear modification, €, = (

APFEL 4.0

A PDF evolution library in C++
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http://github.com/vbertone/apfelxx

DIS: What does the hybrid (LO coefficient + NLO PDF) approximation cost,
relative to full NLO?

Same NLO PDF (CT18NLO) throughout. Isolating the F’, coefficient function order.

Hybrid = F, with NLO PDF, LO coefficient

Method _
o game SHe/>H setup as before (charge symmetry, u+a, d+d

only)

Both cases use the same NLO PDF, only the coefficient
function's order changes (LO vs NLO), calculated via APFEL++
software library, Bertone & Carrazza 2017, github.com/
vbertone/apfelxx

The approximation used in the extraction scheme: an NLO PDF
paired with an LO structure function coefficient. This allows a

simple extraction of flavor dependent functions €, o from
data.
Result

The hybrid ratio stays within =1.05% to —0.25% of the
genuine NLO ratio across x = 0.20-0.83.

— The LO-coefficient approximation costs under 1.1% in the
cross section ratio

Jennifer Rittenhouse West

Genuine NLO = F, with NLO PDF, NLO coefficient

Hybrid — NLO shift in the ratio

0.50 - Q2=3 GeV? - CT18NLO - u+d, d+d only, s/c/b/t excluded
X 0.25 -
0
© 0.00 -
M
< _0.25-
M
o)
L
(= —0.50 -
&
< —0.75 -
vy
[£
o —1.00 -
+J
O
© —1.25 -
L
—150 - I I I I I I I I
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.83

APFEL 4.0

A PDF evolution library in C++
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. on Functions for A=3 SIDIS then done!

4. Wish list: EIC fixed target uncertainties for new nuclear modification functions!
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