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Deep Inelastic Scattering: Kinematics

In the nucleon’s rest frame

ν = q ·P
M = E −E ′: lepton’s energy loss

Q2 =−q2 = 2(EE ′− k⃗ · k⃗ ′)−m2
ℓ −m2

ℓ′ ≈ 2EE ′(1− cosθ):
photon virtuality (momentum transfer)

x = Q2

2Mν
: Bjorken x , parton momentum fraction at the LO

y = q ·P
k ·P = ν

E = 1− E ′
E : inelasticity, lepton’s energy loss fraction

W 2 = (P + q)2 =M 2+2M ν−Q2: squared mass of the X
system

s = (k +P)2 = Q2

xy +M 2+m2
ℓ : center-of-mass energy square

DIS conditions:

Deep: Q2≫M 2

Inelastic: W 2≫M 2 with a lower bound (M +mπ)
2

[2007.14491]
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DIS cross section and Structure Functions
Schematically

dσ ∼∑
X

∣∣∣∣∣∣∣∣

∣∣∣∣∣∣∣∣

2

∼ LµνWµν

Lµν Leptonic tensor, calculable with the electroweak interaction
Wµν Hadronic tensor, constrained by Lorentz invariance

Cross section
d2σ i

dx dy
=

4πα2

xyQ2
η
i

︸ ︷︷ ︸
Leptonic

{(
1−y− x2y2M 2

Q2

)
F i
2 +y2xF i

1 ∓
(
y− y2

2

)
xF i

3

}

︸ ︷︷ ︸
Hadronic

Neutral Current: ηNC = 1 for unpolarized e±,

FNC
2 = F

γ

2 − (geV ±λgeA)ηγZ F
γZ
2 +

(
geV

2+ geA
2±2λgeV geA

)
ηZ FZ

2

xFNC
3 =−(geA±λgeV )ηγZ xF

γZ
3 +

[
2geV geA±λ

(
geV

2+ geA
2
)]

ηZ xFZ
3

Charged Current: ηCC = (1±λ )2ηW

FCC
1 = FW

1 , FCC
2 = FW

2 , xFCC
3 = xFW
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Quark-Parton model

Bjorken Scaling: In the Bjorken limit Q2,ν → ∞, Fi(x ,Q
2)→ Fi(x )

Neutral Current [
F

γ

2 , F
γZ
2 , FZ

2

]
= x ∑

q

[
e2q , 2eqg

q
V , (gqV )2+(gqA)

2
]
(q+ q̄),

[
F

γ

3 , F
γZ
3 , FZ

3

]
= ∑

q

[
0, 2eqg

q
A, 2g

q
V gqA

]
(q− q̄),

Charged Current

FW−
2 = 2x

(
u+ d̄ + s̄+ c . . .

)
,

FW−
3 = 2

(
u− d̄ − s̄+ c . . .

)
,

Callan-Gross relation: F i
2 = 2xF i

1 .
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Scaling violation and QCD (Improved Parton Model)

Factorization of the Structure Functions
F = ∑

i

Ci ⊗ fi +O(M 2/Q2),

C ⊗ f =
∫ 1

x

dy

y
C (y) f

(
x

y

)
.

DGLAP evolution:
∂ fi

∂ ln µ2
∼ αs(µ

2)

2π
∑
b

(Pij ⊗ fj ) ,

DIS scale: µ2 ∼Q2

Also: FL = F2−2xF1 ̸= 0.
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Heavy Flavor Structure Functions

Inclusive structure functions: F = ∑i=h ,l Fi

Heavy-flavor SFs (e.g., Fh=c,b) can be directly measured: HERA, EMC

Fixed-flavor-number (FFN) scheme vs Zero-mass (ZM) scheme

Heavy-quark mass and resummation (heavy-flavor PDF)

Q2

F
2
c(x,Q)

NLO

NLO

α
s
2 ln2( )

3-flavor O (α
s
2)

Q2

F
2
c(x,Q)

4-flavor O (α
s
) NLO

NLO
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General-mass variable-flavor-number (GM-VFN) scheme

Fh(x ,Q) =


fh(χ,µ)︸ ︷︷ ︸

FE

−αs(µ) ln
(

µ

mh

)∫ 1

χ

dz

z
Phg

(
χ

z

)
g(z ,µ)

︸ ︷︷ ︸
Subtraction


ω

0+αs(µ)
∫ 1

χ

g(z ,µ)ω
1

(
χ

z
,
mh

Q

)

︸ ︷︷ ︸
FC

Composite scheme: FFN (3f) + ZM (4f)

The double-counting between FC and FE is subtracted out
through an asymptotic term

when Q ≳ 2mQ , FE≃Sub, FC remain→ 3-flavor (FFN)
when Q ≫ 2mQ , FC≃Sub, FE remain→ 4-flavor (ZM)

Flavor Excitation (FE) Subtraction (Sub)
Flavor Creation (FC)

[W. Tung et al., 0110247]
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The ACOT scheme series
Aivazis-Collins-Olness-Tung [PRD1994] introduce an asymptotic subtraction term

Sub = αs(µ) ln
(

µ

mh

)∫ 1

χ

dz

z
Phg

(
χ

z

)
g(z ,µ)

︸ ︷︷ ︸
f̃h (x ,µ)

ω
0,

sharing the same Wilson coefficient as FE ω0.

Simplified-ACOT scheme [J. Collins PRD1998, M. Kramer et al., PRD2000] treats heavy-quark as massless in Flavor
Excitation. Warning: instability in the cancellation between SB and FE around the switching point.

The S-ACOT-χ scheme [W. Tung et al., 0110247] introduces rescaling variable χ = x (1+4m2
Q/Q2) to capture

the mass threshold effect.
It stabilizes the perturbative convergence near the switching point by enforcing energy-momentum
conservation in all scattering contributions.

It is extended to the NNLO [M. Guzzi, 1108.5112], and adopted in the CTEQ-TEA (CT) PDF global fitting.

The S-ACOT-mT scheme [I. Helenius et al., 1804.03557]

The S-ACOT-MPS [K. Xie et al., 2108.03741] scheme extends the S-ACOT-χ method to hadron-hadron collisions

We also introduces a subtraction PDF f̃h(x ,µ) to simplify the calculation, up to NLO [K. Xie et al., 2410.03876].
The NNLO is under development.

10 / 41

https://protect.checkpoint.com/v2/___https://arxiv.org/abs/1108.5112___.YzJ1OnN0b255YnJvb2s6YzpnOjhhM2RmZTU0ODYzYjlkMDE0ODYwOTJmNTRhMGI3MDQ4OjY6NWZmZDo1MDAwNzFlYTcyNWI5MzA1NWIzM2M1M2NmZGU5MjI0ZmUzNzQyYTZmN2NkOTA0NWNjZGYwNDkxNTk0ZThlYTdhOnA6VDpO
https://protect.checkpoint.com/v2/___https://arxiv.org/abs/1804.03557___.YzJ1OnN0b255YnJvb2s6YzpnOjhhM2RmZTU0ODYzYjlkMDE0ODYwOTJmNTRhMGI3MDQ4OjY6OTJlNToyZmQ0NWRhMzQ4NjZiZjk1NDg2ODY2YzE5M2IyZWY3MjA2NjhiYzY2ZDM0Nzg3ZmM2YTJhNTQzNjg1MTE2ODRlOnA6VDpO
https://protect.checkpoint.com/v2/___https://arxiv.org/abs/2108.03741___.YzJ1OnN0b255YnJvb2s6YzpnOjhhM2RmZTU0ODYzYjlkMDE0ODYwOTJmNTRhMGI3MDQ4OjY6MjI0MTplNzMxMjg0YjNhNmJlZTg0OWU1ZGFjYjY3YWQ3MmZiYWMyNDBmMGYxZjY3YzRjMjQwNzQ1NDk4ZTMzY2VlNjQ3OnA6VDpO
https://protect.checkpoint.com/v2/___https://arxiv.org/abs/2410.03876___.YzJ1OnN0b255YnJvb2s6YzpnOjhhM2RmZTU0ODYzYjlkMDE0ODYwOTJmNTRhMGI3MDQ4OjY6NzBkNzoyM2ZhOTc2MmEwNjdhMDNmN2EwNjM3N2U3MjYzZjlhMTRiYTFlMmY5YTA0MzI3ZjdlMDI1MDJiYmIyN2MyYTdkOnA6VDpO


Flavor decomposition

Light singlet and non-singlet
Σ = ∑

i

(qi + q̄i), q
V
ns = ∑

i

(qi − q̄i), q
±
ij = (qi ± q̄i)− (qj ± q̄j ).

with the DGLAP equation (L= log µ2)
d

dL
q±ij = P±ns⊗ q±ij ,

d

dL
qVns = PV

ns ⊗ qVns

d

dL

(
Σ

g

)
=

(
PΣΣ 2nf Pqg

Pgq Pgg

)
⊗
(

Σ

g

)
.

Flavor SU (Nf ) decomposition of heavy-flavor structure functions

Fh = ∑
i

Ch ,i ⊗ fi = Ch ,h ,ns⊗ f nsh +Ch ,l ⊗Σ+Ch ,g ⊗ fg

Heavy-flavor non-singlet: f nsh = fh + fh̄ , where h is the (Nf +1)-th flavor
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Subtraction up to NNLO [M. Guzzi, 1108.5112]

NLO

NNLO

Single and double masses
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The flavor classes up to N3LO [0504242]

(a) FC2 (b) FC02 (c) FC11 (d) FCg
2 (e) FCg

11

Flavor class FC2 FC11 FC02 FCg
2 FCg

11
Flavor factor fl2 fl11 fl02 flg

2 flg
11

Flavor structure Q̂2 Q̂ TrQ̂ Ī TrQ̂2 TrQ̂2 (TrQ̂)2

Non-Singlet 1 3⟨e⟩ 0 – –
Singlet Σ 1 ⟨e⟩2/⟨e2⟩ 1 1 ⟨e⟩2/⟨e2⟩

where the charge operator in the flavor basis is
Q̂ = diag

(
−1

3 ,
2
3 ,−1

3 , . . .
)
, TrQ̂ = ∑

i

ei =Nf ⟨e⟩, TrQ̂2 = ∑
i

e2i =Nf ⟨e2⟩.
13 / 41

https://protect.checkpoint.com/v2/___https://arxiv.org/abs/0504242___.YzJ1OnN0b255YnJvb2s6YzpnOjhhM2RmZTU0ODYzYjlkMDE0ODYwOTJmNTRhMGI3MDQ4OjY6ZmQ2Nzo5YjcyNDY3ZjU4YjRhNzdhNTU1OTQ1OWExZjAyYzkzM2NmNmVhOGFmMjU0NTI1ZTg5ZmY3ODgwMDM1ODI2OGI5OnA6VDpO


The heavy-flavor-mass dependence types [Wang, KX, Theses]

Massless Wislon coefficients are calculated: c
(3)
L [0411112], c

(3)
2 [0504242]

Nf

∑
j

e2j C
FC2

(mj )
q+j ,

Nfs

∑
i

Nf

∑
j

e2i C
FC02

(mi ,mj )
q+j ,

Nfs

∑
i

e2i C
FCg

2

(mi )
g ,

Nf

∑
j

NL
fs

∑
k

ekej C
FC11

(mj ,mk )
q+j ,

NL
fs

∑
i ,k

ekei C
FCg

11

(mi ,mk )
g

(f) FC2,T1 (g) FC2,T2 (h) FC2,T3 (i) FC02,T1 (j) FC02,T2

(k) FCg
2,T1 (l) FCg

2,T2 (m) FCg
2,T3 (n) FCg

11,T1 (o) FCg
11,T2
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The Intermediate-mass (IM) scheme up to N3LO

A improved rescaling variable ζ (λ ) to capture the mass effect in Wilson coefficients

x =
ζ

1+ζ λ (∑fs m)2/Q2
=⇒ ζ =

{
χ λ = 0

x λ = ∞

Non-singlet C
(3)
ns : c

(3)
ns,FC2,T1+Nf c

(3)
ns,FC2,T2+N 2

f c
(3)
ns,FC2,T3+ f ns11 Nf c

(3)
ns,FC11

Pure-singlet C
(3)
ps = C

(3)
Σ
−C

(3)
ns : Nf c

(3)
ps,FC02,T1+N 2

f c
(3)
ps,FC02,T2+ f ps11 Nf c

(3)
ps,FC11

Gluon C
(3)
g : Nf c

(3)

g ,FC
g
2,T1

+N 2
f c

(3)

g ,FC
g
2,T2

+ f g11N
2
f c

(3)

ns,FCg
11

Flavor Class Type ∑fsmh Type ∑fsmh

NS
FC2 T1 2m1 T2,3 2m1+2m2

FC11 – 2m1+2m2

PS
FC02 T1,2 2m1+2m2

FC11 – 2m1+2m2

Gluon
FCg

2 T1 2m1 T2,3 2m1+2m2

FCg
11 T1,2 2m1+2m2
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Numerical scale dependence

x

­5
10 ­410

­3
10 ­210 ­110

(x
,Q

)
2

F

0

0.05

0.1

0.15

0.2

0.25

0.3
scale dependence, Q=2.0 GeV

2
c+4m

2
Q < IM

F
µ, GM

F
µQ < 

=0.3
IM

λ

2h
GM,N2LO,F

2h
IM,N2LO,F

2h
IM,NLO,F

x

­5
10 ­410

­3
10 ­210 ­110

(x
,Q

)
2

F

0

0.05

0.1

0.15

0.2

0.25

0.3
scale dependence, Q=2.0 GeV

2
c+4m

2
Q < IM

F
µ, GM

F
µQ < 

=0.3
IM

λ

=Q
F

µ

2
c+2m2=Q2

F
µ

2
c+4m2=Q2

F
µ

2h
GM,N2LO,F

2h
IM,N2LO,F

2h
IM,N3LO,F

The GM give a very good convergence

The preferred scale µ =
√
Q2+2m2

c
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The ζ and Q dependence

x

­5
10 ­410

­3
10 ­210 ­110

(x
,Q

)
2

F

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2

dependence, Q=2.0 GeV

rescaling variable

2
c+4m

2
Q = IM

F
µ

 = QGM

F
µ

=0λ

=0.2λ

=0.6λ 2c
GM,N2LO,F

2h
GM,N2LO,F

2h
IM,N2LO,F

2h
IM,N3LO,F

Q/GeV
0 5 10 15 20 25 30

(x
,Q

)
2
h

F

0

0.05

0.1

0.15

0.2

0.25

0.3

FFNS Nf=3,N2LO

GM,N2LO

IM,N3LO
=0.2λ=1.36Q, 

F
µIM,N3LO, 

=0.2λZM,N3LO, 

x=0.01

The preferred rescaling variable λ = 0.2

The global analysis with the IM N3LO in the CTEQ-TEA framework will come soon!
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Other treatments in approximated N3LO

Alternative NNLO schemes: FONLL by NNPDF, and RT (Thorne) by MSHT

MSHT: heavy-flavor Wilson coefficients [2207.04739]

C
FF,(3)
h ,{q ,g} =





C
FF,(3)

h ,{q ,g},low-Q2(x ,Q
2 =m2

h)e
0.3(1−Q2/m2

h )

+C
FF,(3)

h ,{q ,g},low-Q2(x ,Q
2→ ∞)

(
1− e0.3(1−Q

2/m2
h )
)
,

Q2 ≥m2
h

C
FF,(3)

h ,{q ,g},low-Q2(x ,Q
2), Q2 <m2

h

virtual heavy-flavor to light Wilson coefficients

C
FF,(3)
q ,{q ,g} =





C
FF,NS,(3)
q ,q (x ,Q2→ ∞)

(
1+ e−0.5(Q

2/m2
h )−3.5

)
,

C
FF,PS,(3)
q ,q (x ,Q2→ ∞)

(
1− e−0.25(Q

2/m2
h )−0.3

)
,

C
FF,(3)
q ,g (x ,Q2→ ∞)

(
1− e−0.05(Q

2/m2
h )+0.35

)
.

NNPDF: threshold resummation [2402.18635]

C
(3)
i ,k (x ,m

2
h/Q

2) = C
(3),thr
i ,k (x ,m2

h/Q
2)f1(x )+C

(3),asy
i ,k (x ,m2

h/Q
2)f2(x ),
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Intrinsic Charm (IC) puzzle
The proton’s intrinsic charm (valence-like) component: BHPS model |uudcc̄⟩ [Brodsky+, PLB’80, PRD’81]

Both EMC F c
2 [CT14IC, Hou, KX+, JHEP’18] and LHCb Z + c [PRL’22] data prefer an IC component

We analyzed various uncertainties and IC models ⟨x ⟩FC = (4.8+6.3
−4.8) ·10−3, while globally consistent

with a zero IC [CT18FC, Hobbs, KX+, PLB’23], contradictory to NNPDF [Nature’22] (Unc. [Nadolsky, KX+, PRD’23])
Precision measurement of F c

2 at EIC will help

0

0.005

0.01

0.015

0.020
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x
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+
- c
)

x
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CT18NNLO ∆χ
2
 = 10

CT18XNNLO ∆χ
2
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χ
2

〈x〉c+
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0 0.005 0.01 0.015

CT18 nonperturbative charm fit Q0  = 1.27 GeV

CT18NNLO

MBMC ∆χ
2
 = 10

MBME ∆χ
2
 = 10

〈x〉c+
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MBME

0 0.005 0.01 0.015 0.02
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PDFs at small x

CT18X takes a saturation model [Hou, KX+, PRD’21]

CT18sx resum the ln(1/x ) with BFKL [KX+, EPJP’24]

Resolve the FL puzzle between H1 and ZEUS

10−7 10−6 10−5 10−4 10−3 10−2 10−1 100

x

0.0

0.2

0.4

0.6

0.8

1.0

x
g

g(x,Q = 2 GeV)/10, 68%CL

CT18

CT18X

CT18sx

10-6 10-5 10-4 10-3 10-2 10-1
0.0

0.1

0.2

0.3

0.4

0.5

x
F

L
(x

,Q
2
=

3
.5

G
eV

2
)

[Kovchegov, 1911.02651]

[CT18sx←H1]

[CT18X←ZEUS]

[KX+, SciPost’22]

[KX+, EPJP’24]
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The FL puzzle
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H1 and ZEUS

R

]2 [GeV2Q

 = 225 GeVsHERAPDF1.5 NNLO y = 0.70, 

 = 225 GeVsHERAPDF1.5 NNLO y = 0.40, 

 = 252 GeVsHERAPDF1.5 NNLO y = 0.85, 

 = 225 GeVsHERAPDF1.5 NNLO y = 0.70, 

 = 225 GeVsHERAPDF1.5 NNLO y = 0.40, 

 = 252 GeVsHERAPDF1.5 NNLO y = 0.85, 
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[EPJC 2014] R = FL/(F2−FL)≈ σL/σT [PRD 2014]

H1 and ZEUS do not fully agree with each other in the FL measurement.

H1 gives enhanced FL, which is preferred by small-x resummation [1710.05935,1802.00064].

ZEUS gives an opposite pull, preferred by x -scale description.

It awaits to be resolved by the future precision measurements ⇐ EIC
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The LUXqed method [Manohar+, PRL’16, JHEP’17]

e

e

σ ∼ fγσ̂
(0,0)
ℓγ + α

∑
j σ̂

(0,1)
ℓj + · · ·

⇔
Q2

σ ∼ LµνH
µν ∼ F2,L

The master formula: Photon PDF can be determined in terms of structure functions

xfγ(x ,µ
2) =

1

2πα(µ2)

∫ 1

x

dz

z

{∫
µ2/(1−z )

x2m2
p /(1−z )

dQ2

Q2
αph(−Q2)

[(
zpγq(z )+

2x2m2
p

Q2

)
F2

(x
z
,Q2

)

− z2FL

(x
z
,Q2

)]
−α(µ2)z2F2

(x
z
,µ2
)}

+O(α2,ααs)
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Perturbative vs non-perturbative structure functions
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In the resonance region W 2 =m2
p +Q2(1/x −1)<W 2

lo = 3 GeV2, the structure functions are taken
from CLAS [0301204] or Christy-Bosted [0712.3731] fits.
In the low-Q2 continuum region W 2 >W 2

hi = 4 GeV2, the HERMES GD11-P [1103.5704] fits with ALLM
[PLB1991] functional form.
In the high-Q2 region (Q2 >Q2

PDF), F2,L are determined through pQCD.
The elastic form factors are taken from A1 [1307.6227] or Ye [1707.09063] fits of world data.

Proton Neutron
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Elastic form factors
Dipole form GD = 1/(1+Q2/Λ2)2 vs. world fits (A1 and Ye)

The derived structure functions [9901360]

F2

(
x ,Q2

)
=

G2
E + τG2

M

1+ τ
δ (1−x ), FL

(
x ,Q2

)
=

[
GE

(
Q2
)]2

τ
δ (1−x )

where τ = Q2

4m2
p
and GM (0) = µp ≈ 2.793.

Neutron elastic form factors can be extracted from deuterium and/or helium

A1 fit pol.

A1 fit unpol.

Ye et al.
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Elastic photon PDF

xf elγ (x ,µ2) =
1

2πα (µ2)

∫
∞

x2m2
p

1−x

dQ2

Q2
α
2
(
Q2
)
[(

1−
x2m2

p

Q2(1−x )

)
2(1−x )G2

E

(
Q2
)

1+ τ

+

(
2−2x +x2+

2x2m2
p

Q2

)
G2

M

(
Q2
)

τ

1+ τ

]
.
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The proton electric (magnetic) form factor dominates at low (high) x
The neutron’s elastic photon is small and mainly from magnetic form factor (zero electric charge)
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Low-energy SFs: CLAS [0301204]/CB [0712.3731] and Hermes [1103.5704]
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RL/T = σL/σT [E143, 9808028; JLab, 0410027]

FL = F2
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2
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Inelastic photon: non-perturbative uncertainties

A1 pol. unc.

A1 unpol.
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Remaining uncertainties at large x : Higher-twist, target-mass corrections, etc [KX+, PRD’22]

The low-Q2 structure functions: CB/CLAS, HERMES, R = σL/σT

The neutron’s photon PDF suffers for a large uncertainty, due to the imprecise of SF extraction, and
nuclear corrections [KX+, JHEP’24]

Can be generated to the heavy-ion’s photon.

Proton [KX+, PRD’22] Neutron [KX+, JHEP’24]
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Heavy-ion (A,Z ) coherent scattering
Electric and magnetic form factors

GE ∼ ZF (Q2), GM ∼ µNFN (Q2)≈ 0 ?
Woods-Saxon (SuperChic)

F (Q2 = |⃗q |2) =
∫

d3reiq⃗ ·⃗rρp(r), ρp(r) =
ρ0

1+ exp[(r −R)/d ]
Helm (ALPtraum) or STARlight or Symmetrized Fermi distribution

F (Q2) =
3j1(QR1)

QR1
exp
[
− (Qs)2

2

]
, F (Q2) =

4πρ0

ZQ3
[sin(QRA)−QRA cos(QRA)]

1

1+a2Q2
.
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Axion-like particle or light-by-light scattering

The photon PDF corresponds to the collinear approximation, p
γγ

T ∼ 0

It applies to the inclusive cross section

It will fails in the off-beam-axis kinematics with recoiling boost, e.g. p
γγ

T > 0.

Recoiling boost requires a N-body (N ≥ 3) phase space, with SFs or FFs.

A dedicated event generator is under development: elastic (diffractive and coherent), inelastic

Preliminary Preliminary
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The ACOT scheme for the charged-current DIS[Gao+, 2107.00460]

The LO Structure functions
FW−
2 = 2x

(
u+ d̄ + s̄+ c+ . . .

)
,

FW−
3 = 2

(
u− d̄ − s̄+ c+ . . .

)
,

At HO
F = ∑

X

CX ,j ⊗ fj = Fl +FQ

(p) Flavor Creation (q) Flavor Excitation

We expand the Wilson coefficients
C = C (0)+αsC

(1)+α
2
sC

(2)+O(α2
s )

The LO coefficients
C

(0)
l ,l = δ (1− z ), C

(0)
h ,h = δ (1−χ),

C
(0)
h ,l = δ (1−χ), χ ≡ (1+m2

c/Q
2)z ,

The NLO one
C

(1)
l ,l = c

(1)
l ,l (z ), C

(1)
l ,g = c

(1)
l ,g (z ), C

(1)
l ,h = c

(1)
l ,l (χ),

C
(1)
h ,l =H

(1)
l (z )−C

(0)
h ,l ⊗A

(1)
ll ,

C
(1)
h ,g =H

(1)
g (z )−C

(0)
h ,l ⊗A

(1)
lg −C

(0)
h ,h ⊗A

(1)
hg ,

The NNLO ones
C

(2)
h ,h = c

(2)
h ,h(χ), C

(2)
h ,l =H

(2)
l (z )−∆C

(2)
h ,l ,

C
(2)
h ,g =H

(2)
g (z )−∆C

(2)
h ,g , C

(2)
l ,g = c

(2)
l ,g (z ),

C
(2)
l ,h = c

(2)
l ,h (χ), C

(2)
l ,l = c

(2)
l ,l (z )+ C̃

(NS,2)
l ,l (z ),
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Reduced cross sections

d2σCC

dx dQ2
=

G2
F

4πx
(
1+Q2/M 2

W ,Z

)2
[
Y+F2−y2FL±Y−xF3

]
,

[Gao+, 2107.00460]
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Charged-current charm production and fragmentation

Peterson 06

Peterson 05

Bowler

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

2.5

Besides the neutral-current F c
2 (probe IC), the charge-current

F c,W
2 can probe the strangeness [Hobbs+, PRD’21]

HERA data is very imprecise, which awaits to be improved by the
EIC

Also useful for fragmentation function, synergy with many
heavy-flavor measurement, such as LHCb [KX+, SciPost’22]

Important for the neutrino source determination at the Forward
Physics Facility [KX+, Phys. Rept.’22, JPG’23]
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Neutrino scattering
Cross section can be obtained from FW /Z

σ =
∫

dxdQ2 G2
F

4πx
(
1+Q2/M 2

W ,Z

)2
[
Y+F2−y2FL±Y−xF3

]

Kinematic limits
Q2 ∈ [Q2

min,2MEν ], x ∈ [Q2/(2MEν),1].

We take extrapolation for Q2 <Q2
min
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Neutrino cross sections
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High-energy neutrinos mostly interact with nucleon through DIS.

High-energy neutrinos can be measured at colliders (NuTeV, FPF) and
telescopes (IceCube)

We have performed a state-of-the-art calculation (N3LO) for the
high-energy neutrino-nucleon cross sections [KX et al., 2303.13607]

37 / 41



Neutrino’s cross section uncertainties [KX et al., 2303.13607]
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We have investigated the flavor number up to Nf = 6 and heavy-quark mass effect

The small-x is resummed up to next-to-leading logarithms

The proton PDF uncertainty is under control

A sizable uncertainty comes from the nuclear corrections, where the EIC can help
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Heavy neutral lepton (HNL)
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The HNL can be produced sizeably at the EIC [KX+, 2210.09287]

Combining the prompt decay and displaced vertex, new parameter space can be explored.

Motivation for the 2nd detector for muon detection
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Neutrino detectors for the EIC?

Neutrinos from charged-current DIS ep→ νeX

Neutrinos from the hadron decays: FASER-like

Neutrino trident and dimuon events

Long-lived particles from hadron decays
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Summary

The general-mass variable-flavor-number scheme for deep inelastic scattering is developed up to the
(approximated) N3LO, with the CT global analysis incoming.

With the LUXqed method, photon PDF of nucleon and nuclei can be precise determined through the
structure functions.

Charged-current structure functions with fully mass dependence up to NNLO, while approximated at
N3LO, with applications to neutrino scattering.
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Mass schemes

Factorization Mass dependence Mass dependence of the Introduce heavy-quark
schemes in the FC terms FE and subtraction terms PDFs at large Q
FFN Exact N/A no
ZM None None yes
IM Approximate Approximate yes
GM Exact Approximate yes
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