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Deuterium: off-shell corrections

Bound, off-shell nucleon inside the deuteron ~

p? < my

Structure functions are deformed at large x d

d pY

Off-shell expansion (in nucleon virtuality p?)
parton level
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p? = m?\, (To be fitted)
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fN = Oz — o) (x — 21)(1 + 79 — ) KP-like model Kulagin and Petti, NPA 765 (2006)

1
+ valence sum rule /0 dz o fN(z) [q(z) — q(x)] = 0

Release the assumption of the valence sum rule

C, xy and x, fitted # X; X

- (n)
Polynomial model = Of(x) = Z Qg "

Alekhin, Kulagin, Petti, PRD 96 (2017)

n
Better agreement with the data
w /0 imposing nodes a priori
- 3‘1':9‘”"’““ to the off-shell function
CJ15 + Poly (n=2)
— CJi5+Poly (n=3) Constrain power of CJ15
dataset only up to x = 0.6
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Higher Twist correction
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Higher Twist correction

Multiplicative Additive

Q2

F = Fy' (z,Q%) +

(1) (2)
H(z) =a\Vz% (1 —z) (1+a a)

they are related

C(z)
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Are experimental observables independent of the choice of the HT?
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Bias in n/p function
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Impact of H'l on n/p ratio

Are experimental observables independent of the choice of the HT?

n r— 1

1
> 1 LT Mult HT  Cp(z) = Cu(z) = C(z)
P
2 1 H
- +3
Add HT u+ Hn/Q @ 4 " 16uQ?
1, () £ Ha(2) 4u + Hy,/Q? y
Wo
o Z | 16uQ2 P Hy@) =2, 4 16u@?
structure function
7 2 is smaller

Mult HT U+ I_{”/ Q same as Add
(@) £ Cn(@) du+ H,/Q?

Bias not present!
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Results in the CJ fitting framework

Case 1: isospin symmetry

Add HT

Unnaturally large n/p
BUT smaller d /u than Mult

Bias identified

Off-shell compensates n/p bias
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Results in the CJ fitting framework

Case 2: isospin breaking
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Results in the CJ fitting framework

Case 2: isospin breaking

Compatible n/p

1
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Results in the CJ fitting framework

Case 2: isospin breaking

Compatible n/p

1
H,(x) ~ EHp(x)

Bias removed

No need of compensation by off-shell

Theory calculation confirmed!
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Results in the CJ fitting framework

After removing the bias

1.5

N Mult p#n
0 Add p#En

6f(x) ~0

Is the nucleon inside the deuterium
almost on-shell?
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Results in the CJ fitting framework

After removing the bias 0f(x) ~0

1.5

N Mult p#n
0 Add p#En

1.0 A

Is the nucleon inside the deuterium
almost on-shell?

Need A=3 data to assess flavour
dependence of off-shell function

MARATHON data
Adams, et al., PRL 128 (2022)
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Other extractions of the off-shell correction

AKP Alekhin, Kulagin, Petti, PRD 107 (2023)

No significant differences seen between HT Add and Mult

DISCLAIMER: off-shell function parametrized at the structure function level (6F)
and many other differences in the implementation

Fit to A=3 data: 6F (x) ~ 6F,(x) (baseline)

JAM JAM Collaboration, PRL 127 (2021)

Multiplicative HT considered as baseline

DISCLAIMER: off-shell function parametrized at the pdf level (5f)
but many differences in the implementation

Fit to A=3 data: 5f,(x) # &f,(x)

14



Need more information

15



Need more information

We cannot directly compare off-shell function at the pdfs level (Jf)
with the one at the structure function level (6F )
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We cannot directly compare off-shell function at the pdfs level (Jf)
with the one at the structure function level (6F )

Fop — Fyp!
Fyp

0Fsp =

15



Need more information

We cannot directly compare off-shell function at the pdfs level (Jf)
with the one at the structure function level (6F )

Fop — Fyp
Fyp)

Experimental data differential on the
off-shell proton virtuality p* would
allow us to pin down the off-shell
correction in a more clean way
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PVDIS process

PVDIS Asymmetry
do(A=1) —do(A=—1)
Apy = — —
do(A=1) +do(A=—1)
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PVDIS process

PVDIS Asymmetry
do(A=1) —do(A=—1)
Apy = — —
do(A=1) +do(A = —1)

Foou(z,Q%) = Fy) — gimyz By D + (57 + 957z By,
Fifo(2,Q%) = Fgan,zFy Y + 205 g4nz Fy .

iy (0, Q%) = FgamyzaFy ? + 26 gimzaFy?

2Fypp(x, Q%) = — gz Fy 7 4 (057 + 957 nza Ry,
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PVDIS process

PVDIS Asymmetry
do(A=1) —do(A=—1)
Apy = — —
do(A=1) +do(A = —1)

Fovu(2,Q%) = Iy = g5z By + (95 + 957 nz Fy™,
Fif (2, Q%) = FgamzFy ) £ 295 g4n2 Fy 7,

Fry (2, Q%) = TganyzaFy'? + 265 g4nzaFy”,

rFypp (2, Q%) = — gz Ey Y+ (952 + 98 ) nzaFy7,

...but be careful
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PVDIS process: proton target
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PVDIS process: proton target
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PVDIS process: proton target

Auy \1—d/u/ 5\

"14d/u od

)

HERA CC

W asym.

DISd

BONuS6

PVDIS Projected

1.0
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PVDIS process: proton target

\1—d/u/ 5\

A > 1
w 1+ d/u 10 § O HERACC
I W asym.
‘ DIS d
104‘: BONuS6
f PVDIS Projected
1+ O91d/u S 1()3-:0
PV ™ >
1 +0.25d/u S b o
=
+ HT + F)* O s m—
sin? Oy, fixed

1.0



PVDIS process: proton target

\1—d/u/ 5\

A ; |
YT T d/u od e
| W asym.
' DIS d
104‘: BONuS6
. ~3 PVDIS Projected
O O
— 3 8
1 —|— 091d/u N> 1()3-500 o
PV ~ -
1+ 0.25d/u S oo o
o o :
+ HT + Fy? © :
~: ‘%&oo
sin” Oy fixed
PVDIS p
PVDIS on proton 1047 = o 5 o )
is sensitive to d/u X
at large x
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PVDIS process: proton target

1+ 0.91d/u
1 4+ 0.25d/u

PV
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PVDIS process: proton target

1+ 0.91d/u
1 4+ 0.25d/u

PV + HT 4 FJ*

Be careful: experimental data with very high precision (< 1%)
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PVDIS process: proton target

Be careful: experimental data with very high precision (< 1%)

Parton Model calculation (LO)

+ O(a,) corrections

+ Target Mass corrections (TMC)
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PVDIS process: proton target

Apy ~ + HT + F}”

Be careful: experimental data with very high precision (< 1%)

Brady, Accardi, et al., PRD 84 (2011)

Parton Model calculation (LO) e B i P71 L
+ O(a,) corrections -l T
-
. - .‘/’_\
+ Target Mass corrections (TMC) e ;
Q - ]iO G.eV 1 | N I\
1.08 T O L T '
BBBEEE no TMC y
1 04 | MENNN OPE o s||]
éZ 1 g2 e lw _'
\Z 0.96 | A
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"2 0*=2GeV? ~l
088 1 1 N 1 1 1 1 1 N A
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PVDIS process: proton target

Z
Apy ~ ]

Be careful: experimental data with very high precision (< 1%)

Brady, Accardi, et al., PRD 84 (2011)

Parton Model calculation (LO) - e
+ O(a,) corrections T l
>
° x ,‘./’_\
+ Target Mass corrections (TMC) !
QZ " ]iO G.evzl | X I\
1.08 T O L T | I
e o ° 2 | BBBEBE no TMC > i
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PVDIS process: proton target

Apy ~

Be careful: experimental data with very high precision (< 1%)

Brady, Accardi, et al., PRD 84 (2011)

Parton Model calculation (LO) ot —

+ O(a,) corrections X
-
R

+ Target Mass corrections (TMC)

Non-negligible impact at low Q*

Even if subleading, it has to be considered

1.08

1.04 -

0.96

092

0.88

l .04 L] I I I I I I I
proton

1.02 |- -




PVDIS process: deuteron target
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PVDIS process: deuteron target

9 s+ S
Apy ~ | = —4sin® Oy +C -
PV (5 S Ow ¥ u+a+d+d)
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PVDIS process: deuteron target

9 . S+ s A
Apy ~ [ 2 —4sin’ 0 C _1(1+4 HT + FJ
PV (5 sin® Oy + u+a+d+d>( +4f) + + Fj

Be careful: experimental data with very high precision (< 1%)
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PVDIS process: deuteron target

9 s+ s
Apy ~ | 2 — 45in2 6 C (146 HT + FY*
PV (5 sin® Oy + u+a+d+d>( +4f) + + Fj

Be careful: experimental data with very high precision (< 1%)

same discussion as for proton target
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PVDIS process: deuteron target

9

Be careful: experimental data with very high precision (< 1%)

same discussion as for proton target

PVDIS on deuteron
is sensitive to s-quark
at large x

s(z, Q%)

1.2 -

1.1+

1.0

0.9 -

0.8 1
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PVDIS process: deuteron target

9

Be careful: experimental data with very high precision (< 1%)

same discussion as for proton target

PVDIS on deuteron
is sensitive to s-quark
at large x

Nuclear corrections must be
taken into account

s(z, Q%)

1.2 -

1.1+

1.0

0.9 -

0.8 1
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PVDIS process: deuteron target

9 . s+35 Z
Apy ~ | 2 —4sin’ 0 C _ (146 HT + FY
PV (5 S11 W—|— u—l—ﬂ—l—d—l—d)( ‘I— f) ‘|‘ ‘|‘ 3
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PVDIS process: deuteron target

S+ s

Apy ~ | = — (1+6 HT + F}”

PVDIS on deuteron gives a direct access to EW mixing angle!
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q(z, Q)
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PVDIS process: deuteron target

s+ s

Apy ~ | = — (1+6 HT + FJ”

PVDIS on deuteron gives a direct access to EW mixing angle!

BUT...be careful to the systematics

q(z, Q)

Nucl. Corrections

[Global fit]
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PVDIS process: deuteron target

S+ S VA
Apy ~ [ 2 = (146 HT + F]

q(x, Q)

Nucl. Corrections

[Global fit]
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PVDIS process: deuteron target

s+ s

Apy ~ | = — (1+6 HT + FJ”

q(x, Q)

Nucl. Corrections

[Global fit]

If we find “anomaly”?
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PVDIS process: deuteron target

q(x, Q)

Nucl. Corrections

If we find “anomaly”?

s+ s

(1+6 HT + FJ”
u+u+d+d +of) + +

[Global fit]

L> Strong PV!

See my talk of this morning
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Good number of very
precise experimental data
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d/u ratio at large x

O  PVDIS on deuteron:
s-quark at large x



Sol.ID can help us

Good number of very
precise experimental data

O  PVDIS on proton:
d/u ratio at large x

O  PVDIS on deuteron:
s-quark at large x

O Improve our
knowledge on
PDF's at large x
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Sol.ID can help us
We can help Sol.1D

We have the knowledge to
treat the corrections needed

TMC + HT
(PVDIS on proton)

weor SNYNEX |

Nuclear corrections

(PVDIS on deuteron)
-
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- ' o D of SM physics
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Off-shell table

iIsospin Symmetric Non symmetric
higher-twist

0 Mult p#n
00 Add p#n

Multiplicative

Additive




Higher-Twist table

iIsospin Symmetric Non symmetric
higher-twist
H = Fy n(x, Q) Hypux () SH = Fo N (7, Q*)0 Hypuie (%)
0 Mult p=n i Mult p
T . . Add p=n “*1 mmm Mult n
Multiplicative e Addp
| Add n
E 0.00 E 0.00
s A
Additive I -
0.0 0.2 0.4 - 0.6 0.8 1.0 . . . x . . .
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Add HT (p=n) as baseline choice

H,, Hy parametrized
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AKP results
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JAM Fitincluding A=3 data  9of,, 0f,

JAM Collaboration, PRL 127 (2021)

Mult HT (p=n) as default choice
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JAM results

JAM Fitincluding A=3 data  9of,, 0f,

JAM Collaboration, PRL 127 (2021)

Mult HT (p=n) as default choice
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JAM results

JAM Fitincluding A=3 data  9of,, 0f,

JAM Collaboration, PRL 127 (2021) | '
ollaboration 0n an/sz _
. 0.6 2 = 142 GeV?+
Mult HT (p=n) as default choice o X
Y mm JAM
0477 JAM (no MARATHON)

0.3- + maratHON + KP model

0.5¢ d / u -
0.4+
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0.2+
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X

Isoscalar offshell function (JAM) Courtesy of C. Cocuzza
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Some implementation differences

(x-8ulseaoul) suorIaII0)

shadowing

smearing

pi-cloud

T™C

HT

HT(x)

off-shell

df(x)

pi thresh.

Theoretical choices

KP

yes

Paris
yes

GP
0(Q4)?

H (p=n
??7)

7?

O(p2-M2)

factorized

yes

—p-

AKP

yes (which
one?)

AV18

yes

GP O(Q4)??

H (p=n)

5 pt. spline

O(p2-M2)

polyn. 2nd/3rd

yes

Qs

MST x<0.1

AV18 x>0.1

GP approx.

C (p=n)

parametrized

O(p2-M2)

factorized + sum

rule

AKP-like

(same)

(same)

(same)

H&C, p=n&
p!=n

parametrized

(same)

polyn. 2nd/3rd



