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Brief highlights from a “small” , review on Target Mass Corrections
(TMCs) (more in a bit!) in deep-inelastic scattering off nuclear targets

w/ Muzakka, Leger, Olness, Schienbein, et al (nCTEQ Collaboration), Prog.Part.Nucl.Phys. 136 (2024) 104096 [2301.07715]
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the big picture
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Deeply inelastic scattering (DIS) is a powerful probe of hadronic
structure, hadron formation, and leptonic interactions

e.g., parity violation, new physics

s D+

νµ µ−

W+∗

A

µ+

νµ

c

motivation: ongoing (JLAB) and upcoming (CERN,FNAL,BNL) precision exp’l DIS
programs require a new level of theory precision
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Formally, inclusive DIS of ℓ ∈ {ℓ±, ν, ν} off nucleons can be described
by the Collinear Factorization Theorem Collins, Soper (’87); Collins (’11)

s D+

νµ µ−

W+∗

A

µ+

νµ

c

dσ(νA → ℓX ) =
∑
k,Xn︸︷︷︸

inclusive

∆kk′︸︷︷︸
shower/RGE

⊗ fk′︸︷︷︸
PDF

⊗ d σ̂νk′→Xn︸ ︷︷ ︸
hard scattering

+ O

(
Λ2+k

NP
Q2+k

)
︸ ︷︷ ︸
interesting bit!
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Importance of subleading corrections

O
(

Λ2+k
NP

Q2+k

)
corrections increasingly

important at small Q2, large x !

“target mass corrections” (TM) →
Georgi, Politzer (’76,’76)

“renormalon” corrections” (HT) →
Dasgupta, Webber (’91)

in extreme kinematics, necessary:
– describe DIS data
– extend validity of Fact. Thm.
– extract PDFs from structure fns. Yang, Bodek (PRL’99)
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O
(

Λ2+k
NP

Q2+k

)
corrections have several origins (kinematical and dynamical)

Georgi, Politzer (’76,’76); Ellis, Furmanski, Petronzio (’82,’82); Dasgupta, Webber (’91); lots more

νℓ ℓ−

A

Leading twist, (MA/Q) → 0 Leading twist + TMCs

q Q
kT  ∼O (MA

Higher twist

kT = 0 )

proton result: kinematical corrections, i.e., target mass corrections
(TMCs), can be incorporated in structure functions, Fi(x ,Q2)
Georgi, Politzer (’76,’76); Ellis, Furmanski, Petronzio (’82,’82); lots more; Kretzer, Reno (’02,’03); Schienbein, et al [0709.1775]

=⇒ not obvious such results hold for arbitrary nuclei
especially due to questions of original derivation’s correctness [Collins (’84)]
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do expressions for TMCs for protons hold for nuclei?

R. Ruiz (IFJ PAN) nTMCs – DIS24 9 / 31



yes
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νℓ ℓ−

A

Leading twist, (MA/Q) → 0 Leading twist + TMCs

q Q
kT  ∼O (MA

Higher twist

kT = 0 )

In practice, replace F A (No TMC)
i → F A (TMC)

i in cross sections:

same holds for charged current scattering
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deriving TMCs for DIS with nuclei
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light cone dominance

starting point for DIS on p is stipulating kinematic domiain. typically,

Q2 = −q2 > 0 ≫ m2
proton [proton case]

naïve application to 56Fe or 197Au would require

Q2 ≫ (50 GeV)2 ∼
(

MZ
2

)2
or (180 GeV)2 ∼ m2

t [incorrect]

more precise statement

Q2 ≫ Λnon−pert. ∼ O(1) GeV ≫ Λ2
QCD ∼ m2

q [general case]

Bjorken scaling still works at moderate energies since O(Λ2
QCD/Q2) ≪ 1

Georgi, Politzer (’79); Muta (’98/’10)
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draw diagrams, currents, and build the matrix element

νℓ(k1)
ℓ−(k2)

W ∗(q)

A(pA)

Xn(pX)

−iM = Jα
ℓfℓi

· ∆αµ · Jν
XnA
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n-body phase space integral and summing over n gives us W µν
A

νℓ(k1)
ℓ−(k2)

W ∗(q)

A(pA)

Xn(pX)

M ∼ Lµν · W
µν
A

2

d3σ
dk32

∼ dPSn Σn Σspins

in the paper, we use exact expressions for dσ, etc., so ∼ → =
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Summing over Xn ensures “inclusivity” and closure, 1 =
∑

n |Xn⟩⟨Xn|
this step sometimes omitted in textbooks, e.g., Halzen & Martin

W A
µν = 1

4π
∫

d4z eiq·z⟨A|J†
had .µ(z) Jhad .ν(0)|A⟩

= −gµν F A
1 +

pAµpAν

Q2 2xA F A
2 − iϵµνρσ

pρ
Aqσ

Q2 xAF A
3

+
qµqν

Q2 2F A
4 +

pAµqν+pAνqµ

Q2 2xA F A
5 +

pAµqν−pAνqµ

Q2 2xA F A
6

– point #1: Fi(x ,Q2) are structure functions and can be measured
and predicted from other experiments since parton model says Fi =

∑
fj/p

– point #2: W A
µν is defined in the “DIS” limit:

xA = Q2

2pA·q is fixed and (Q2/M2
A) → ∞
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Define the time-ordered ME for (virtual) AV ∗ → AV ∗ scattering

T A
µν =

∫
d4z eiq·z⟨A| T J†

had .µ(z) Jhad .ν(0)|A⟩

= −gµν ∆T A
1 +

pAµpAν

M2
A

∆T A
1 − iϵµνρσ

pρ
Aqσ

M2
A

∆T A
3

+
qµqν

M2
A

∆T A
4 +

pAµqν+pAνqµ

M2
A

∆T A
5 +

pAµqν−pAνqµ

M2
A

∆T A
6

point #1: related to W A
µν by Fourier transformations + Cauchy’s Thm

see also Collins (’84)!

∆T A
i = (some factor) ×

∑∞
N F AN

i (Q2)︸ ︷︷ ︸ x−N
A

Nth Mellin moment =
∫ 1

0 dy y (N−1)Fi (y)

point #2: T A
µν is defined in the “short-distance” limit:

xA
Q is fixed and (Q2/M2

A) → ∞
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the operator product expansion (in a nutshell)

The OPE is a formalism for decomposing products of operators
Wilson (’69); Brandt, Preparata (’71); Christ, et al (’72)

⟨some number of operators Ô⟩ =
∑

k Ck︸︷︷︸
Wilson coeff.

× ⟨fewer operators Ô⟩

1. Assume T A
µν has an OPE in the short-distance limit:

limz→0 T A
µν

OPE
= (Wilson coeff.) × (hadronic ME) + . . .

2. Take leading term, keeping masses
power counting is ordered by “twist”, τ = (dim. of EFT operator) − (# of Lorentz indices); see also Stermen (TASI’95)

3. Organize, simplify...
∆T A

i = (some factor)× (
∑

stuff × Wilson) x−N
A

4. Identify F AN
i (Q2) = (stuff × Wilson), then inverse Mellin
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1. Assume T A
µν has an OPE in the short-distance limit:

limz→0 T A
µν

OPE
= (Wilson coeff.) × (hadronic ME) + . . .

2. Take leading term, keeping masses
power counting is ordered by “twist”, τ = (dim. of EFT operator) − (# of Lorentz indices); see also Stermen (TASI’95)

3. Organize, simplify...
∆T A

i = (some factor)× (
∑

stuff × Wilson) x−N
A

4. Identify F AN
i (Q2) = (stuff × Wilson), then inverse Mellin

R. Ruiz (IFJ PAN) nTMCs – DIS24 18 / 31

https://inspirehep.net/literature/54999
https://inspirehep.net/literature/60979
https://inspirehep.net/literature/75937
https://inspirehep.net/literature/406008


Nuclear structure functions with TMCs
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running numbers
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running the numbers
we use NLO PDFs (nCTEQ15) to build str. fns. At LO, these are

for many targets

Symbol A Z Symbol A Z Symbol A Z Symbol A Z
H 1 1 Be 9 4 Ca 40 20 Xe 131 54
D 2 1 C 12 6 Fe 56 26 W 184 74

3He 3 2 N 14 7 Cu iso 64 32 Au 197 79
He 4 2 Ne 20 10 Kr iso 84 42 Au iso 197 98.5
Li 6 3 Al 27 13 Ag iso 108 54 Pb iso 207 103.5
Li 7 3 Ar 40 18 Sn iso 119 59.5 Pb 208 82
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reduced cross sections for many nuclear targets

Plotted: (upper) reduced cross sections with nTMCs; (lower) ratio to w/o
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something interesting
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the operator product expansion (in a nutshell)

The OPE is a formalism for decomposing products of operators
Wilson (’69); Brandt, Preparata (’71); Christ, et al (’72)

⟨some number of operators Ô⟩ =
∑

k Ck︸︷︷︸
Wilson coeff.

× ⟨fewer operators Ô⟩

As an intermediate step, we set (M2
A/Q2) → 0:

F̃ AN
i

∣∣∣∣∣
No TMC

= CN
i AN

τ=2 + O(τ > 2) for i = 1, 3 − 6 ,

F̃ A(N−1)
2

∣∣∣∣∣
No TMC

= CN
2 AN

τ=2 + O(τ > 2)

structure fns. = (short-dist. phys.) × (hadronic matrix element)
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what does this mean?
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for proton, F N
i = CN

i × AN + power corrections
=⇒ “PDFs = QCD × hadronic matrix element”

u

u u

d dss

u

d

d d

u u

ss

d d

u u

u u

d d

d d

u u

uu

uu

d d

∼ 1− 2 fm

fi/P
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for A, it is common to parameterize PDF
as combination of “bound” P and N PDFs

∼ 1− 2 fm × A1/3

π

π

fi/A =
Z
Af

b
i/P +

(A−Z)
A f b

i/N

π

π

π
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for A, F AN
i = CN

i × AN + power corrections
=⇒ “PDFs = QCD × had. ME” (“nucleon” picture not necessary)

u

u u

d dss

u

d

d d

u u

ss

d d

u u

u u

d d

d d

u u

uu

uu

d d

∼ 1− 2 fm × A1/3

fi/A

d d

ss

u u

u u

d d

ss

uu

uu d d

d d

u u

d d

d d

u u

ss ss

ss

u u
u u

d d

d d
d d

d d

u u

u u
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Rescaling

Moreover, TMCs have particular kinematical dependence:

xA
ξA

or
(

x2
AM2

A
Q2

)
Define “average (nucleon) kinematics”: MN ≡ MA/A and xN ≡ AxA

xA
ξA

= xN
ξN

or
(

x2
AM2

A
Q2

)
=
(

x2
NM2

N
Q2

)

Consequence: TMCs for A-independent, “averaged”
nucleon str. fns. matches intuitive picture of nuclei →

– same expressions as for A but replace “A” with “N”

∼ 1− 2 fm × A1/3

π

π

fi/A =
Z
Af

b
i/P +

(A−Z)
A f b

i/N

π

π

π

R. Ruiz (IFJ PAN) nTMCs – DIS24 29 / 31



Summary and conclusion

The nCTEQ collaboration has revisited the theory and phenomenology
TMCs in DIS off nuclear targets nCTEQ Collaboration [2301.07715]

extended formalism for protons to nuclei

pedagogical appendix that fills in gaps in literature/texts

lots of phenomenology, numbers, and plots (... so many plots - JLAB, EIC, LBNF)

hope this work guides future discussions

lots not covered (ACOT, uncertainties, xN > 1, fit results), so see the paper!
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Thank you!
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backup
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more numbers
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running the numbers
we use NLO PDFs (nCTEQ15) to build str. fns. At LO, these are

for many targets

Symbol A Z Symbol A Z Symbol A Z Symbol A Z
H 1 1 Be 9 4 Ca 40 20 Xe 131 54
D 2 1 C 12 6 Fe 56 26 W 184 74

3He 3 2 N 14 7 Cu iso 64 32 Au 197 79
He 4 2 Ne 20 10 Kr iso 84 42 Au iso 197 98.5
Li 6 3 Al 27 13 Ag iso 108 54 Pb iso 207 103.5
Li 7 3 Ar 40 18 Sn iso 119 59.5 Pb 208 82
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ratio of F TMC
i / F no TMC

i
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Plotted: ratio for (L) F W−
1 and (R) F W−

3 at Q = 1.5 GeV
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Can you spot the 1H and 2D curves?
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Plotted: ratio for (L) F W−
2 and (R) F γ/Z

2 at Q = 1.5 GeV
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ratio of F TMC
i / F leading TMC

i
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Plotted: ratio for (L) F Z/γ
i , (C) F W+

i , (R) F W−
i for i = 2 (upper) and

i = 3 (lower)
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remarkable uniformity! (good enough to fit! ,)

R. Ruiz (IFJ PAN) nTMCs – DIS24 8 / 10



reduced cross sections
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Plotted: (upper) reduced cross sections with nTMCs; (lower) ratio to w/o
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