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The structure of matter
Distributions of partons in hadrons

John Terry (Argonne National Lab)
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Power counting nuclear TMD observables
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Spectrum of energy and transverse momentum in matter is modified in a non-trivial way in QCD

The nuclear medium can affect transverse momentum distributions in three distinct ways
1.) The intrinsic transverse momentum of the quarks in the nucleus differs from that in free nucleons
2.) Interactions between the incoming quark from the proton undergo re-scattering
3.) Re-scattering induces energy loss
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IntrinsicMediumPerturbative

Effective nuclear modified PDF

nTMDs were originally defined using an approximate scheme by these two

The structure of matter in the medium: an efficient approximation
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Alrashed, Kang, JT, Xing et al (2021)
 Alrashed, Kang, JT, Xing et al (2023)

John Terry (Argonne National Lab)

The nuclear medium can affect transverse momentum distributions in three distinct ways
1.) The intrinsic transverse momentum of the quarks in the nucleus differs from that in free nucleons
2.) Interactions between the incoming quark from the proton undergo re-scattering
3.) Re-scattering induces energy loss
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Description of the experimental data

John Terry (Argonne National Lab)
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Power counting nuclear TMD observables
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Spectrum of energy and transverse momentum in matter is modified in a non-trivial way in QCD

John Terry (Argonne National Lab)
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1.) The intrinsic transverse momentum difference
2.) Interactions between the incoming quark from the proton undergo re-scattering
3.) Re-scattering induces energy loss
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The structure of matter in the medium: modified beam function
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Spectrum of energy and transverse momentum in matter is modified in a non-trivial way in QCD

Modified proton PDF Modified nucleon PDF
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We consider the first-order opacity correction to the incoming beam function 

John Terry (Argonne National Lab)
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Ke, Vitev, JT (2024) 



Graphs at one loop for the matching function
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One loop graphs can be organized by 
the type of integration

Single Glauber, real emission

Wave function

Single Glauber, virtual loop

Double Glauber, real emission

Double Glauber, virtual emission

John Terry (Argonne National Lab)



Example description of data
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First principle description of data. Small improvements can be made by adding non-perturbative effects and 
investigating other perturbative effects

Nuclear size dependence Various effects from RG

John Terry (Argonne National Lab)



Status of nTMDs
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Extending this to GPDs

John Terry (Argonne National Lab) 10/24



Beam spin asymmetry in DDVCS

John Terry (Argonne National Lab)

Kinematic diagram for DDVCS

ALU =
dσ→ − dσ←

dσ→ + dσ←

∝ Im [T ∗BHTDDVCS] .

|T |2 = |TVCS|
2 + I + |TBH|

2,

|TVCS|
2 ∼

2
∑

n=0

[

cVCS

n (ϕℓ) cos(nφ) + sVCS

n (ϕℓ) sin(nφ)
]

,

I ∼
3

∑

n=0

[

cINT

n (ϕℓ) cos(nφ) + sINT

n (ϕℓ) sin(nφ)
]

,

cin(ϕℓ) =

2
∑

m=0

[

ccinm cos(mϕℓ) + csinm sin(mϕℓ)
]

,

sin(ϕℓ) =
2

∑

m=0

[

scinm cos(mϕℓ) + ssinm sin(mϕℓ)
]

.

Belitsky, Mueller 
(2003) 

Cross section can be Fourier decomposed

x

ξ

DGLAPDGLAP

ERBL

ERBL

Can access GPDs in off-diagonal and non forward limits
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Relationship to DVCS

John Terry (Argonne National Lab)
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Hadronic contributions to DDVCS Data exists for BSA in proton collisions

dσ

dξ dt dQ2 dQ′2 dϕ dΩℓ

=
α3
emxBy

2

16π2Q4
√

1 + γ2

×

[

T
µα

L
(e)
αβ

αem

Q′2
L
(ℓ)
µν T̄

νβ

]

(ξ, t, Q,Q′,ϕ,Ωℓ) +O

(

Λ2
QCD

Q2

)

[

T
µα

L
(e)
αβ

αem

Q′2
L
(ℓ)
µν T̄

νβ

]

(ξ, t, Q,Q′,ϕ,Ωℓ) →
[

T
α
ν L

(e)
αβ T̄

νβ
]

(ξ, t, Q,Q′,ϕ,Ωℓ)

DVCS limit
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Relationship to DIS

John Terry (Argonne National Lab)
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Shadowing was shown to emerge from 
multiple scattering 

Non-perturbative parameter that controls drag
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Power counting in the vacuum

John Terry (Argonne National Lab)

Tree-level diagram for DDVCS
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DDVCS has the implicit power counting
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Infrared physics contained by a single collinear mode
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DVCS in nuclear matter

|A(P )⟩ = |A(P )⟩iso + |A(P )⟩(ab) + · · ·+ |A(P )⟩(A)

|A(P )⟩iso =
1√
A!

∑
λ1

· · ·
∑
λA

∫ A∏
i=1

d3pi

(2π)32Ei

Ψiso

A (P ; p1,λ1; . . . ; pA,λA)

× |N(p1,λ1) · · ·N(pA,λA)⟩

|A(P )⟩(ab) =
1√
A!

∑
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· · ·
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d3pi

(2π)32Ei

Ψ
(ab)
A

(P ; p1,λ1; . . . ; pA,λA)

× |N(p1,λ1) · · ·N(pA,λA)⟩

|A(P )⟩(A) =
1√
A!

∑
λ1

· · ·
∑
λA

∫ A∏
i=1

d3pi

(2π)32Ei

Ψ
(A)
A

(P ; p1,λ1; . . . ; pA,λA)

× |N(p1,λ1) · · ·N(pA,λA)⟩

The nuclear states can be decomposed in terms of combinations with different overlap 

The probe interacts primarily with isolated nucleons embedded within the nuclear medium.

Coherent re-scattering begins to probe correlated nucleon pairs and short-range nuclear structure.

The scattering process becomes sensitive to coherent many-body dynamics across the entire nucleus.

rA ∼ rp

rA ∼ rp A
1/3
eff

rA ∼ rp A
1/3
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Computation setup

John Terry (Argonne National Lab)

∫

d4y T {Jµ (y) Jν (0)} =
∞
∑

n=0

∑
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q
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To examine the nuclear power corrections, we follow the methodology of Qiu-Vitev (2003)

Example diagram for eight gluons
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Effective Feynman rule

John Terry (Argonne National Lab)
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The subsequent interactions give rise to effective Feynman rules
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Nuclear shadowing of the GPDs, the imaginary part

John Terry (Argonne National Lab)

Representation of the position-space integration

In ≡

∫ LA

0

dy−n

∫ LA

0

dy−n−1
· · ·

∫ LA

0

dy−
1
θ(y−n − y−n−1

)θ(y−n−1
− y−n−2

) · · · θ(y−
2
− y−

1
)

=

∫ LA

0

dy−n

∫ y−

n

0

dy−n−1
· · ·

∫ y−

2

0

dy−
1
=

rnpA
n/3
eff

n!

∫

dλ0

2π
eixbλ0(iλ0)

n ⟨pB |Ô(λ0)|pB⟩ =
∂n

∂xn
b

[
∫

dλ0

2π
eixbλ0⟨pB |Ô(λ0)|pB⟩

]

=
∂n

∂xn
b

φb/N (xb)

Lastly, the integration in position space

rA ∼ r0 A
1/3
eff

Hq(x, ξ, t) ≈

N
∑

n=0

A

n!

[

ξ2
(

A1/3
− 1

)

Q2

]n

xn d
nHq(x, ξ, t)

dxn

Lastly, the integration in position space

Lastly, the integration in position space

Hq(x, ξ, t) → Hq

(

x

[

1 +
ξ2(A1/3

− 1)

Q2

]

, ξ, t

)
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Relation to shadowing in DIS
Representation of the space-time integration in DIS 

ξ2 ∼ lim
x→0

x

2
fg/P (x)

Non-perturbative parameter was determined long ago 
by Qiu and Vitev (2003)  
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Nuclear modifications to GPDs

John Terry (Argonne National Lab)

RA
u (x, t;Q) =

Hu/A(x, x, t;Q)

Hu/p(x, x, t;Q)

FA(x, ξ, t) =
F el

A (t)

F el

N (t)
[Z Fp(xeff , ξ, t) +N Fn(xeff , ξ, t)] ,

Modifications to the GPDs

Ye, Arrington, Hill, Lee (2017)

F el

A (t) ≃ exp
(

r2
0
A2/3t

)

,

Modifications to the GPDs

F (x, ξ, t) =

∫ 1

−1

dβ

∫ 1−|β|

−1+|β|

dα δ(x− β − ξα) fF (β,α, t)

Goloskokov-Kroll 2007

Evolution from Marco
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Description of proton DVCS

John Terry (Argonne National Lab)

Unpolarized cross section for CLAS 12 DVCS BSA for CLAS 12 DVCSFull cross section uses formalism of
Belitsky, Mueller, Kirchner 2001
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Predictions at Jefferson Lab and the EIC

John Terry (Argonne National Lab)

Preliminary prediction for He4 at JLab and Au197 at the EIC
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Future opportunities
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Upcoming measurements at the LHCb, Jlab, and the EIC

John Terry (Argonne National Lab)
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Upcoming measurements at the LHCb, Jlab, and the EIC Medium modifications to beam function can be used to 
probe properties of a QGP

John Terry (Argonne National Lab)
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Upcoming measurements at the LHCb, Jlab, and the EIC Medium modifications to beam function can be used to 
probe properties of a QGP

John Terry (Argonne National Lab)

Event generators for EIC and LHCb physics
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Questions?

24/24John Terry (Argonne National Lab)



24/24

Final result

John Terry (Argonne National Lab)
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Lastly, the integration in position space
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Lastly, the integration in position space
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Power counting nuclear corrections
The DIS cross section in the vacuum can be written as

John Terry (Argonne National Lab)

Qiu-Vitev (2003)

2004

d2σ

dx dy
=

4πα2
em

Q4
S

[

xy2F1(x,Q
2) +

(

1− y −
xyM2

S

)

F2(x,Q
2)

]

+O

(

ΛQCD

Q

)

Dynamical power corrections to cross section associated with additional transverse gluons

The power corrections are enhanced in nuclear matter

O

(

ΛQCD

Q

)

→ O

(

A1/3
Λ
2
QCD

Q2

)

∼

Λ
2
QCD

Q2
∼

ΛQCD

Q
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Resumming power corrections

John Terry (Argonne National Lab)

Qiu-Vitev (2003)Resummation of nuclear power corrections to all orders

A1/3
Λ
2
QCD

Q2
∼ 1

Resummation to all orders results in a shift in the PDFs

ξ2 ∼

1

r2
p
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Power counting in nuclear matter

John Terry (Argonne National Lab)

e(ℓi) +A(Pi) → e(ℓf ) +N(Pf ) + (A− 1)(PX) + γ∗(qf ) ,
e(ℓi) +A(Pi) → e(ℓf ) +A(Pf ) + γ∗(qf ) ,

Incoherent DVCS Coherent DVCS

q(x,b⊥) =

∫
d2∆⊥

(2π)2
e−ib⊥·∆⊥ H(x, 0,−∆

2

⊥
)

Burkhardt relationship introduces a power counting

b⊥ ∼ Rp/A ∼

c

ΛQCD dσ ∼ e
−∆

2

⊥

∆⊥ ∼

ΛQCD

c

b⊥ ∼ RA ∼

A1/3

ΛQCD

∆⊥ ∼ A
−1/3

ΛQCD





ΛQCD, k⊥, Q
ΛQCD, 1/r⊥, Q

ΛQCD, k⊥, 1/r⊥, Q
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What is known about nuclear matter?
Distributions of partons in hadrons

John Terry (Argonne National Lab)
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Power counting nuclear corrections
The DIS cross section in the vacuum can be written as

John Terry (Argonne National Lab)

Qiu-Vitev (2003)

2004

d2σ

dx dy
=

4πα2
em

Q4
S

[

xy2F1(x,Q
2) +

(

1− y −
xyM2

S

)

F2(x,Q
2)

]

+O

(

ΛQCD

Q

)

Dynamical power corrections to cross section associated with additional transverse gluons

The power corrections are enhanced in nuclear matter

O

(

ΛQCD

Q

)

→ O

(

A1/3
Λ
2
QCD

Q2

)

∼

Λ
2
QCD

Q2
∼

ΛQCD

Q
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Resumming power corrections

John Terry (Argonne National Lab)

Qiu-Vitev (2003)Resummation of nuclear power corrections to all orders

A1/3
Λ
2
QCD

Q2
∼ 1

Resummation to all orders results in a shift in the PDFs

ξ2 ∼

1

r2
p



ΛQCD, k⊥, Q
ΛQCD, 1/r⊥, Q

ΛQCD, k⊥, 1/r⊥, Q
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Transverse momentum distributions in cold matter
Distributions of partons in hadrons

John Terry (Argonne National Lab)
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Unmodified TMD PDF Unmodified perturbative Effective nuclear-modified PDF

nTMDs were originally defined using an approximate scheme by these two

A first approximation

L+

a b

c d

`�

`+ Qµ = pµ`+ + pµ`�

p
⇣1 = x1P+

a

p
⇣2 = x2P

�
b

a b

`�

`+

Non-perturbativePerturbative

f1 q/A (x, b, µ, ζ) = [C ⊗ f ]q/A (x, b, µi, ζi) U (µi, µ; ζ) Z (b, ζi, ζ;µi) U
fA

NP
(x, b, ζ, A)

DA
1h/q (z, b, µ, ζ) =

1

z2

[

Ĉ ⊗DA
]

h/q
(z, b, µi, ζi) U (µi, µ; ζ) Z (b, ζi, ζ;µi) U

DA

NP
(z, b, ζ, A)

Non-perturbative parameterization is modified to account for nuclear medium effects

Alrashed, Anderle, Kang, JT, Xing (2021) 

Armesto, Paukkunen, Penín,
Salgado, Zurita (2015) 

John Terry (Argonne National Lab)

1.) The intrinsic transverse momentum difference
2.) Interactions between the incoming quark from the proton undergo re-scattering
3.) Re-scattering induces energy loss



Soft-Collinear Effective Theory with Glaubers

10/24

SCET with Glauber gluons has been applied to pp and DIS 

Was shown that rapidity divergences of the collinear function give rise to the BFKL evolution equation

Ovanesyan, Vitev (2011)
Rothstein, Stewart (2016)
Neill, Pathak, Stewart (2022)

John Terry (Argonne National Lab)



ΛQCD, k⊥, Q
ΛQCD, 1/r⊥, Q

ΛQCD, k⊥, 1/r⊥, Q
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What about the other leg of matter?
Distributions of partons in hadrons

John Terry (Argonne National Lab)
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Bethe-Heitler Background

John Terry (Argonne National Lab)

[

T
µα

L
(e)
αβ

αem

Q′2
L
(ℓ)
µν T̄

νβ

]

(ξ, t, Q,Q′,ϕ,Ωℓ) =
αem

Q′2
L
(ℓ)
µν (Q

′,Ωℓ)
[

T
µα
DVCS (ξ, t, Q,Q′) L

(e)
αβDVCS (Q,ϕ) T̄ νβ

DVCS (ξ, t, Q,Q′)

+T
µα
BH (ξ, t, Q) L

(e)
αβ BH (Q,Q′,ϕ) T̄ νβ

BH (ξ, t, Q)

+T
µα
DVCS (ξ, t, Q,Q′) L

(e)
αβ I (Q,Q′,ϕ) T̄ νβ

BH (ξ, t, Q)

+T
µα
BH (ξ, t, Q) L̄

(e)
αβ I (Q,Q′,ϕ) T̄ νβ

DVCS (ξ, t, Q,Q′)
]

.

DDVCS

Kinematics of DDVCS

T
α
BH (ξ, t, Q) = (2π)4δ(4)(qi + Pf − Pi) ū(Pf )

[

F1(t)γ
α + F2(t)

iσαβ∆β

2M

]

u(Pi)

Ye, Arrington, Hill, Lee (2017)



16/24

Parameterization of the GPDs

John Terry (Argonne National Lab)

[

T
µα

L
(e)
αβ

αem

Q′2
L
(ℓ)
µν T̄

νβ

]

(ξ, t, Q,Q′,ϕ,Ωℓ) =
αem

Q′2
L
(ℓ)
µν (Q

′,Ωℓ)
[

T
µα
DVCS (ξ, t, Q,Q′) L

(e)
αβDVCS (Q,ϕ) T̄ νβ

DVCS (ξ, t, Q,Q′)

+T
µα
BH (ξ, t, Q) L

(e)
αβ BH (Q,Q′,ϕ) T̄ νβ

BH (ξ, t, Q)

+T
µα
DVCS (ξ, t, Q,Q′) L

(e)
αβ I (Q,Q′,ϕ) T̄ νβ

BH (ξ, t, Q)

+T
µα
BH (ξ, t, Q) L̄

(e)
αβ I (Q,Q′,ϕ) T̄ νβ

DVCS (ξ, t, Q,Q′)
]

.

DDVCS

Kinematics of DDVCS
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The structure of matter: Nuclear matter

John Terry (Argonne National Lab)



Perturbative Sudakov: accounts for transverse momenta
 generated from soft and collinear emissions 

HD

f

S

n̄ ⋅ p

n ⋅ p

Qλ2

Qλ2

Q

Q

p2 ∼ Q2

p2 ∼ λ2Q2

Qλ

Qλ

μ

ν

ν

Rapidity Evolution

RG Evolution

Anomalous dimensions

3/24

Intrinsic/non-perturbative momentum
Perturbative momentum

kT0

kT

PhT

S
Experiments involve mixture of 
Perturbative and non-perturbative 
momentum

Obtain intrinsic momentum through a fit to data

F ∈ {H, f,D, S} G ∈ {f,D, S}

µ
d

dµ
lnF (Q,µ, ν) = γ

q
F µ(Q,µ, ν) ν

d

dν
lnG(Q,µ, ν) = γ

q
G ν(Q,µ, ν)

Perturbative background

John Terry (Argonne National Lab)



Anomalous dimensions are almost known up to N4LL at this point (no 5-loop cusp)

Duhr, Mistlberger, Vita (2022)
Moult, Zhu, Zhu (2022)
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Ebert, Mistlberger, Vita (2020)
Ebert, Mistlberger, Vita (2020)

Herzog, Moch, Ruijl, Ueda, Vermaseren, and Vogt (2019)
Baikov, Chetyrkin, and Kuhn (2017)

Lee, Smirnov, and Smirnov (2010)
Gehrmann, Glover, Huber, Ikizlerli, and Studerus (2010)

Agarwal, von Manteuffel, Panzer, and Schabinger (2021)

Anomalous dimensions

µ
d

dν
lnG(Q,µ, ν) = γ

q
G(Q,µ, ν)µ

d

dµ
lnF (Q,µ, ν) = γ

q

F (Q,µ, ν)

F ∈ {H, f,D, S} G ∈ {f,D, S}

Available perturbative accuracy

John Terry (Argonne National Lab)



Factorization of the cross section in an OPE
TMD FF

TMD PDF

Soft

Hard

Γa

Γ̄b

Γb

x′P+

k

Φq/P (x′,S;µ)

Φq/P

(

x,k⊥,S;µ, ζ/ν2
)

Γa
xP+

dσ ∼
∑

i

|C (Q;µ) |f ⊗D ⊗ S(qT , µ)

Q ≫ qT ! ΛQCD

φh

φS

x

z

y

ℓ
′

ℓ

P

Hadronic plane

Leptonic plane

Ph⊥

Ph

Factorization of IR modes 

Contains fixed order and large logs

ln

(

Q

µ

)

qT ! ΛQCD

f(x, qT , µ) ∼ [C ⊗ f ] (x, qT , µ)

Collinear PDF

Matching coefficient contains fixed order and
large logs

ln

(

qT

µ

)

=

2/24

Factorization of physics at different scales

John Terry (Argonne National Lab)
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Intro to the Sivers effect
Anomalous dimensions

This long-range correlation is similar to the Aharanov-
Bohm effect

The Sivers function is process dependent

ψ(r, t) → ψ(r, t) exp

(

iq

∫

C

A · dr

)

U
n̄
(

0, ξ−
)

= P exp

[

−ig

∫ ξ−

0

dn̄ · xn ·A(x)

]

Φq/p (x,k⊥,S, µ, ζ) = f1 q/p (x, k⊥, µ, ζ)

−

ϵ
ρσ
⊥
k⊥ρS⊥σ

M
f⊥

1T q/p (x, k⊥, µ, ζ)

John Terry (Argonne National Lab)



Differential cross section for Semi-Inclusive DIS is given by

Hard TMD PDF TMD FF

Non-perturbativePerturbative

TMDs can be matched onto the collinear distributions

Large logarithms are are resumed to all orders in the perturbative Sudakov

8/24

Factorization and resummation

U (µi, µ; ζ) = exp

[
∫ µ

µi

dµ′

µ′
γµ (µ

′, ζ)

]

, Z (b, µi, µ; ζ) =

(

ζ

ζi

)γζ(b,µi)

FUU (x, z,Ph⊥) = HDIS (Q,µ)
∑

q

e2q

∫

bdb

2π
J0

(

b Ph⊥

z

)

f1 q/p (x, b, µ, ζ1) D1h/q (z, b, µ, ζ2)

Hard Sivers function TMD FF

F
sinφh−φs

UT
(x, z,Ph⊥) = HDIS (Q,µ)

∑

q

e2q

∫

b2db

2π
J1

(

b Ph⊥

z

)

f⊥

1T q/p (x, b, µ, ζ1) D1h/q (z, b, µ, ζ2)

f1 q/p (x, b, µ, ζ) = [C ⊗ f ] (x, b, µi, ζi) U (µi, µ; ζ) Z (b, ζi, ζ;µi) U
f
NP

(x, b, ζ)

D1h/q (z, b, µ, ζ) =
1

z2

[

Ĉ ⊗D
]

(z, b, µi, ζi) U (µi, µ; ζ) Z (b, ζi, ζ;µi) U
D
NP

(z, b, ζ) .

John Terry (Argonne National Lab)



Differential cross section for Semi-Inclusive DIS is given by

TMDs can be matched onto the collinear distributions

9/24

Matching of the Sivers function

Hard Sivers function TMD FF

F
sinφh−φs

UT
(x, z,Ph⊥) = HDIS (Q,µ)

∑

q

e2q

∫

b2db

2π
J1

(

b Ph⊥

z

)

f⊥

1T q/p (x, b, µ, ζ1) D1h/q (z, b, µ, ζ2)

Φq/P

(

x, xg,k⊥,S;µ, ζ/ν2
)

Γa

f⊥

1T,q/p(x, b, µ, ζ) =
[

C̄ ⊗ TF

]

q/p
(x, b, µi, ζi) U (µi, µ; ζ) Z (b, ζi, ζ;µi) U

f⊥

1T

NP
(x, b, ζ)

Same as the 
unpolarized

Transverse momentum 
dependenceCollinear 

dependence

TF q/p(x, x, µ0) = Nq(x)fq/p(x, µ0)

Nq(x) = Nq
(αq + βq)

(αq+βq)

α
αq

q β
βq

q

xαq (1− x)βq

U
f⊥

1T

NP
(x, b, ζ) = g

f⊥

1T

1
b2 +

g2

4
ln

(

ζ

ζ0

)

ln

(

b

b∗

)

11 params in total

John Terry (Argonne National Lab)



10/24

Data description
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John Terry (Argonne National Lab)



Nuclear medium modification via higher twist 

LP TMD factorization cannot address how multiple partons are correlated with one another

13/24

Eskola, Kolhinen, Ruuskanen 
(1998)
Eskola, Paakkinen, Paukkunen, 
Salgado (2017) 

X X

dσ ∼

m2

Q2
Power suppressed by

A
#Nuclear enhancement

Nuclear modifications to collinear PDFs

John Terry (Argonne National Lab)



Nuclear medium modification via higher twist 

LP TMD factorization cannot address how multiple partons are correlated with one another

RA
i (x,Q) =

fA
i/p(x;Q)

fi/p(x;Q)

RA
i (x,Q

2

0
) =

⎧

⎨

⎩

a0 + a1(x− xa)
2 x ≤ xa

b0 + b1x
α + b2x

2α + b3x
3α xa ≤ x ≤ xe

c0 + (c1 − c2x) (1− x)
−β

xe ≤ x ≤ 1,

14/24

Nuclear modifications are 
absorbed into the non-
perturbative 
parameterization.

Eskola, Kolhinen, Ruuskanen 
(1998)
Eskola, Paakkinen, Paukkunen, 
Salgado (2017) 

X X

dσ ∼

Method of treating nuclear modifications

John Terry (Argonne National Lab)



ℓ
′

ℓ

q Ph

Ejected quark undergoes multiple scattering in the nuclear medium, modifies the fragmentation functions

15/24

Simultaneous extraction from hadroproduction in p-A collisions from PHENIX and STAR, and Semi-Inclusive DIS (collinear) 
from HERMES

Dh
i (z,Q0) = Ñiz

αi(1− z)βi

[

1 + γi(1− z)δi
]

Ñi → Ñi

[

1 +Ni,1(1−A
Ni,2)

]

ci → ci + ci,1(1−A
ci,2)

D. de Florian and R. Sassot (2004)
Zurita (2021)

Abelev et al. (STAR) (2010) 
Adams et al. (STAR) (2006) 
Adare et al. (2013) 
Airapetian et al. (HERMES) (2007)

Effective treatment of medium modifications

John Terry (Argonne National Lab)



ℓ
′

ℓ

q

Ph

Intrinsic Medium Perturbative

Interaction between partons and interact with the nuclear medium via Glauber exchange

16/24

Effective intrinsic kT

σHeavy/σLight

Effective treatment of the transverse momentum broadening

John Terry (Argonne National Lab)
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Semi-Inclusive DIS for e-A collisions Drell-Yan production in p-A collusions

Multiplicity ratio

φh

φS
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ℓ
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ℓ

P

Hadron plane

Lepton plane

Ph⊥
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ATLAS 5 TeV
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Kinematic coverage of the data

Cross section and cross section ratio 
    for p-A collisions

Rh

A =

dσh

A
/PS d2Ph⊥

dσA/PS

dσD/PS

dσh

D
/PS d2Ph⊥

dσ
h

A

PS d2Ph⊥

dσA

PS

SIDIS cross section

DIS cross section

RAB =

dσA

dPS d2q⊥

dPS d2q⊥

dσB

E772:  A = C;       B = D 
E866:  A = Fe, W; B = Be 

ATLAS, CMS:    distribution p-Pb
RHIC: A = Au;     B = p 

q⊥
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HERMES ratio for A = He, Ne, Kr, Xe
                     h = π+, π−, π0, K+, K−, K0

Jefferson Lab ratio for A = C, Fe, Pb
                     h = π+

, π
−

Available data

John Terry (Argonne National Lab)



Anomalous dimensions are almost known up to N4LL at this point (no 5-loop cusp)

Duhr, Mistlberger, Vita (2022)
Moult, Zhu, Zhu (2022)
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Ebert, Mistlberger, Vita (2020)
Ebert, Mistlberger, Vita (2020)

Herzog, Moch, Ruijl, Ueda, Vermaseren, and Vogt (2019)
Baikov, Chetyrkin, and Kuhn (2017)

Lee, Smirnov, and Smirnov (2010)
Gehrmann, Glover, Huber, Ikizlerli, and Studerus (2010)

Agarwal, von Manteuffel, Panzer, and Schabinger (2021)

Anomalous dimensions

µ
d

dν
lnG(Q,µ, ν) = γ

q
G(Q,µ, ν)µ

d

dµ
lnF (Q,µ, ν) = γ

q

F (Q,µ, ν)

F ∈ {H, f,D, S} G ∈ {f,D, S}

Available perturbative accuracy

John Terry (Argonne National Lab)



dσ

dPS d2Ph⊥
= σ0 H(Q;µ)

∑

q

e2q

∫

bdb

2π
J0

(

bPh⊥

z

)

fA
q/N (x, b;µ, ζ1) D

A
h/q (z, b;µ, ζ2)

Differential cross section for Semi-Inclusive DIS is given by

Hard nTMD PDF nTMD FF

Non-perturbativePerturbative

TMDs can be matched onto the collinear distributions

Large logarithms are are resumed to all orders in the perturbative Sudakov
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Factorization and resummation in the medium

f1 q/A (x, b, µ, ζ) = [C ⊗ f ]q/A (x, b, µi, ζi) U (µi, µ; ζ) Z (b, ζi, ζ;µi) U
fA

NP
(x, b, ζ, A)

DA
1h/q (z, b, µ, ζ) =

1

z2

[

Ĉ ⊗DA
]

h/q
(z, b, µi, ζi) U (µi, µ; ζ) Z (b, ζi, ζ;µi) U

DA

NP
(z, b, ζ, A)

U (µi, µ; ζ) = exp

[
∫ µ

µi

dµ′

µ′
γµ (µ

′, ζ)

]

, Z (b, µi, µ; ζ) =

(

ζ

ζi

)γζ(b,µi)

John Terry (Argonne National Lab)



Non-perturbative contributions given by

EPPS21 In house FF (new), previous analysis used LIKEn
Non-perturbative Sudakov given by
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Non-perturbative treatment

U
fA

NP
(x, b, ζ) = U

f
NP

(x, b, ζ) exp

{

−gAq

(

A1/3
− 1

)

b2
(

ζA

ζ

)Γ
}

UDA

NP
(x, b, ζ) = UD

NP
(x, b, ζ) exp

{

−gAh

(

A1/3
− 1

) b2

z2

(

ζA

ζ

)Γ
}

Parameterization for the medium modified fragmentation

Dπ+

i (z, µ0) =
Niz

αi(1− z)βi [1 + γi(1− z)δi ]

B[2 + αi,βi + 1] + γiB[2 + αi,βi + δi + 1]
.

Ñi → Ñi

[

1 +Ni,1(1−A
Ni,2)

]

ci → ci + ci,1(1−A
ci,2)

p =
{

Nq1 , Nq2 , γq1 , γq2 , δq1 , δq2 , g
A
q , gAh ,Γ

}

,

f1 q/A (x, b, µ, ζ) = [C ⊗ f ]q/A (x, b, µi, ζi) U (µi, µ; ζ) Z (b, ζi, ζ;µi) U
fA

NP
(x, b, ζ, A)

DA
1h/q (z, b, µ, ζ) =

1

z2

[

Ĉ ⊗DA
]

h/q
(z, b, µi, ζi) U (µi, µ; ζ) Z (b, ζi, ζ;µi) U

DA

NP
(z, b, ζ, A)
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Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs
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Di-jet decorrelations in pp
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Additional measurements of the integrated azimuthal angle decorrelation
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Di-jet decorrelations in pp continued
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SCET is an EFT which captures soft and collinear emissions along the directions

LQCD =
∑

q

ψ̄ i /Dψ −
1

4
GA

µνG
Aµν

+ Lgauge−fix + Lghost

ψ → ψs + ψc A
µ
→ A

µ

s +A
µ

c

LSCET = ψ̄s i /Ds ψs −
1

4
GA

µν sG
Aµν
s

+ ξ̄
/̄n

2

[

in ·D + i /Dc⊥

1

in̄ ·Dc
i /Dc⊥

]

ξ −
1

4
GA

µν cG
Aµν
c

Bauer, Fleming, Luke 2000

Hill, Neubert 2003

Bauer, Fleming, Pirjol, Stewart 2001
Bauer, Stewart 2001
Bauer, Pirjol, Stewart 2002
Beneke, Chapovsky, Diehl, Feldmann 2002
Beneke, Feldmann 2003

Echevarria, Idilbi, Scimemi 2011
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QCD modes in SCET

Chien, Hornig, Lee 2015

John Terry (Argonne National Lab)
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Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

hard : p
µ
h ∼ pT (1, 1, 1)

Factorization and resummation derived in a SCET framework

Factorization in SCET
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µ
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Factorization and resummation derived in a SCET framework
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Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

hard : p
µ
h ∼ pT (1, 1, 1)

Factorization and resummation derived in a SCET framework

na,b-collinear : pµci ∼ pT (δφ2, 1, δφ)nin̄i
,

soft : pµs ∼ pT (δφ, δφ, δφ),
nc,d-jet : pµci ∼ pT (R2, 1, R)nin̄i

,

Factorization in SCET
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Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

hard : p
µ
h ∼ pT (1, 1, 1)

Factorization and resummation derived in a SCET framework

na,b-collinear : pµci ∼ pT (δφ2, 1, δφ)nin̄i
,

soft : pµs ∼ pT (δφ, δφ, δφ),
nc,d-jet : pµci ∼ pT (R2, 1, R)nin̄i

,

nc,d-collinear-soft : pµcsi ∼
pT δφ

R
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Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

hard : p
µ
h ∼ pT (1, 1, 1)

Factorization and resummation derived in a SCET framework

na,b-collinear : pµci ∼ pT (δφ2, 1, δφ)nin̄i
,

soft : pµs ∼ pT (δφ, δφ, δφ),
nc,d-jet : pµci ∼ pT (R2, 1, R)nin̄i

,

nc,d-collinear-soft : pµcsi ∼
pT δφ

R
(R2, 1, R)nin̄i

,

Factorization and resummation at NLL:

d4σpp

dyc dyd dp2T dδφ
=

∑

abcd

pT

16πŝ2
1

1 + δcd

∫

∞

0

2db

π
cos(bpT δφ)xaf̃a/p(xa, µb∗)xbf̃b/p(xb, µb∗)

× exp

{

−

∫ µh

µb∗

dµ

µ

[

γcusp (αs)CH ln
ŝ

µ2
+ 2γH (αs)

]

}

×
∑

KK′

exp

[

−

∫ µh

µb∗

dµ

µ
γcusp (αs) (λK + λ∗

K′)

]

HKK′

(

ŝ, t̂, µh

)

WK′K (b∗, µb∗)

× exp

[

−

∫ µj

µb∗

dµ

µ
ΓJc (αs)−

∫ µj

µb∗

dµ

µ
ΓJd (αs)

]

U c
NG (µb∗ , µj)U

d
NG (µb∗ , µj)

× exp
[

−Sa
NP(b,Q0,

√
ŝ)− Sb

NP(b,Q0,
√
ŝ)
]

.

Factorization in SCET
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hard : p
µ
h ∼ pT (1, 1, 1)

Glauber mode note treated in our paper

na,b-collinear : pµci ∼ pT (δφ2, 1, δφ)nin̄i
,

soft : pµs ∼ pT (δφ, δφ, δφ),
nc,d-jet : pµci ∼ pT (R2, 1, R)nin̄i

,

nc,d-collinear-soft : pµcsi ∼
pT δφ

R
(R2, 1, R)nin̄i

,

nG-Glauber : p
µ
G ∼ pT (δφ

2, δφ2, δφ)nin̄i

The experimental data is well-described by the experimental data in the back-to-back region, within the error bars

Collins, Qiu Phys.Rev.D75:114014,2007
Collins (2007)

Factorization breaking effects in dijet production studied in

d
4σpp

dyc dyd dp
2

T dδφPhys.Rev.Lett.106:122003,2011 Phys. Rev. Lett. 121, 062002 (2018)

Do we observe factorization breaking effects?
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Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

Non-perturbative: Contains all medium contributionsPerturbative

nTMDs can be matched onto the collinear distributions

We ignore all final-state interactions between the jets and the medium. 
High energy jets are not expected to be affected by the medium
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Li, Vitev (2021)

fA
q/N (b, x;µ, ζ1) = [C ⊗ f ] (x;µi) exp

[

−Spert (b;µi, µ, ζi, ζ1)− S
f A
NP (b;Q0, µ, ζi, ζ)

]

Nuclear modifications to this process

John Terry (Argonne National Lab)
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Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

hard : p
µ
h ∼ pT (1, 1, 1)

Factorization and resummation derived in a SCET framework

na,b-collinear : pµci ∼ pT (δφ2, 1, δφ)nin̄i
,

soft : pµs ∼ pT (δφ, δφ, δφ),
nc,d-jet : pµci ∼ pT (R2, 1, R)nin̄i

,

nc,d-collinear-soft : pµcsi ∼
pT δφ

R
(R2, 1, R)nin̄i

,

Factorization and resummation:

d4σpA

dyc dyd dp2T dδφ
=

∑

abcd

pT

16πŝ2
1

1 + δcd

∫

∞

0

2db

π
cos(bpT δφ)xaf̃a/p(xa, µb∗)xbf̃b/A(xb, µb∗)

× exp

{

−

∫ µh

µb∗

dµ

µ

[

γcusp (αs)CH ln
ŝ

µ2
+ 2γH (αs)

]

}

×
∑

KK′

exp

[

−

∫ µh

µb∗

dµ

µ
γcusp (αs) (λK + λ∗

K′)

]

HKK′

(

ŝ, t̂, µh

)

WK′K (b∗, µb∗)

× exp

[

−

∫ µj

µb∗

dµ

µ
ΓJc (αs)−

∫ µj

µb∗

dµ

µ
ΓJd (αs)

]

U c
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d
NG (µb∗ , µj)

× exp
[

−Sa
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√
ŝ)− S

b,A
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√
ŝ)
]

Factorization in pA
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Strong consistency with the CMS measurements of the azimuthal angle decorrelation in pA and the ratio of the integrated
    azimuthal angle decorrelation.
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Red band is the uncertainty from the EPPS sets, small blue band from the uncertainty of the nTMDs and is very small for
 high pT jet production.

Phys. Rev. Lett. 121, 062002 (2018)Eur. Phys. J. C 74 (2014) 2951

Description of pA data

John Terry (Argonne National Lab)



31/24

Predictions at ATLAS, ALICE, and sPHENIX
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At the LHC, the collinear uncertainties are more dominant due to the large perturbative transverse momenta that are 
 generated. Uncertainty band of the broadening becomes larger at lower center of mass energies
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q Ph

Medium introduces three length scales to the problem

36/24

ℓ
′

ℓ

q Ph

L ∼ A1/3/ΛQCD Lh ∼ ν/m2

h
λ

Large medium: requires additional NP input from hadronization
        also require input from hadronic collisions

Thin medium: NP input only from medium properties

L < Lh L > Lh

Number of collisions goes like χ = L/λ

χ ! 1 χ ≫ 1

Gyulassy-Levai-Vitev (2000) Baier, Dokshitzer, Mueller, Peigne ́, Schiff (1996) Zakharov (1997) 
Dilute limit: Opacity expansion or higher twist

Guo, Wang (2000) 
Dense limit: Opacity expansion or higher twist

p

x0

J
q1 q2

�1 �2

A(2)q
1 =

p

x0

J

�1

q1

A(1)q
1 =

p

x0

JA(0)q
1 =

Can be treated in Glauber SCET Ovanesyan and Vitev (2011) p
µ
G ∼ Q

(

λ2,λ2,λ
)

Fragmentation in the medium from first principles

John Terry (Argonne National Lab)
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q Ph

Previous work has been done in QCD and SCET to derive medium modified evolution equations
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∂D̃h/j(z;µ)

∂ lnµ2
=

αs(µ)

2π

∑

i

[

P̃ij ⊗ D̃h/i

]

(z;µ)

P̃ij(z;µ) = P̃ij(z) +∆P̃ij(z;µ)

Medium modification can be implemented into the fit, but introduces additional scales. Future work in this community 
    will involve including the medium modified DGLAP into the fit, as well as calculating the medium modifications to the 
    RG and Collins-evolution of the TMDs.

Ovanesyan, Vitev  (2012)

Medium modified DGLAP evolution

John Terry (Argonne National Lab)



38/24

Future work

Graphs for medium modified evolution can be applied to final-state functions for TMD measurements (exclusive jet functions, EECs)

standard jet axis
recoil-free axis

pcoll,?

pcoll,? + psoft,? = 0psoft,?

Medium modified DGLAP can be applied in a global analysis Medium modified spin physics as a new probe of medium properties

xP

ẑ

ŷ

x̂

S⃗
Λ

(

S⃗Λ

)

∂D̃h/j(z;µ)

∂ lnµ2
=

αs(µ)

2π

∑

i

[

P̃ij ⊗ D̃h/i

]

(z;µ)

P̃ij(z;µ) = P̃ij(z) +∆P̃ij(z;µ)

John Terry (Argonne National Lab)
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Standard jets complicate resummation

n̄n

mH � mL

Uk
NG (µcs, µj) = exp

[

−CACk

π2

3
u2

1 + (au)2

1 + (bu)c

]

,

NGLs for jet at NLL is the same as jet mass in e+ e-

Dasgupta, Salam (2001) Larkoski, Moult, Neill (2016)

Becher, Neubert, Rothen and Shao (2016)

Non-global logs

John Terry (Argonne National Lab)



Extraction at NNLO+N3LL, SIDIS+DY

Hermes multiplicity data CMS     distributionq⊥ TMDs
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Map Collaboration

John Terry (Argonne National Lab)



Extraction obtained at NNLO+N3LL, SIDIS+DY

TMD PDF TMD FF

Hermes Multiplicity data

6/24

b ∼ 1/qT

Artemides

Φn = 1−

sin

(

Q2
n
L+

2x(1−x)p+

1

)

Q2
n
L+

2x(1−x)p+

1

John Terry (Argonne National Lab)



Factorization of the cross section in an OPE
TMD FF

TMD PDF

Soft

Hard

Γa

Γ̄b

Γb

x′P+

k

Φq/P (x′,S;µ)

Φq/P

(

x,k⊥,S;µ, ζ/ν2
)

Γa
xP+

dσ ∼
∑

i

|C (Q;µ) |f ⊗D ⊗ S(qT , µ)

Q ≫ qT ! ΛQCD

φh

φS

x

z

y

ℓ
′

ℓ

P

Hadronic plane

Leptonic plane

Ph⊥

Ph

Factorization of IR modes 

Contains fixed order and large logs

ln

(

Q

µ

)

qT ! ΛQCD

f(x, qT , µ) ∼ [C ⊗ f ] (x, qT , µ)

Collinear PDF

Matching coefficient contains fixed order and
large logs

ln

(

qT

µ

)

=

8/24

Factorization of physics at different scales

John Terry (Argonne National Lab)



SCET is an EFT which captures soft and collinear emissions along the directions

LQCD =
∑

q

ψ̄ i /Dψ −
1

4
GA

µνG
Aµν

+ Lgauge−fix + Lghost

ψ → ψs + ψc A
µ
→ A

µ

s +A
µ

c

LSCET = ψ̄s i /Ds ψs −
1

4
GA

µν sG
Aµν
s

+ ξ̄
/̄n

2

[

in ·D + i /Dc⊥

1

in̄ ·Dc
i /Dc⊥

]

ξ −
1

4
GA

µν cG
Aµν
c

Bauer, Fleming, Luke 2000

Hill, Neubert 2003

Bauer, Fleming, Pirjol, Stewart 2001
Bauer, Stewart 2001
Bauer, Pirjol, Stewart 2002
Beneke, Chapovsky, Diehl, Feldmann 2002
Beneke, Feldmann 2003

Echevarria, Idilbi, Scimemi 2011

15/24

Soft-Collinear Effective Theory

John Terry (Argonne National Lab)



Process proposed by: Liu, Ringer,Vogelsang, Yuan 
(2019)

Novel factorization using recoil-free jets

Less sensitive to non-perturbative physics
Lepton-jet transverse momentum imbalance

TMD region

Hard:

Collinear:

Global soft:
Jet:

e(ℓ)

A (P )

X
PT

J (PJ)

δφ

ℓ
′

y

ℓ
′

x

e (ℓ′)

x

z

y

16/24

dσp

d2ℓ′T dy dδφ
=

σ0 ℓ
′
T

1− y
H (Q,µH)

∫
db

2π
cos (bℓ′T δφ)

∑
q

e2q fq/p (xB , b, µH , ζB) Jq (b, µH , ζJ )

dσA

d2ℓ′T dy dδφ
=

σ0 ℓ
′
T

1− y
H (Q,µH)

∫
db

2π
cos (bℓ′T δφ)

∑
q

e2q fq/A (xB , b, µH , ζB) J
A
q (b, µH , ζJ )

q⃗T = P⃗JT + ℓ⃗T

|q⃗T |
∣

∣

∣

P⃗JT

∣

∣

∣

≪ 1

PJT (1, 1, 1)

PJT

(

λ2, 1,λ
)

PJT (λ,λ,λ)

PJT

(

1,λ2,λ
)

Better than SIDIS in that there is no sensitivity to FFs
Worse due to the perturbative accuracy

Back-to-back lepton-jet production

John Terry (Argonne National Lab)
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Standard jets complicate resummation

n̄n

mH � mL

Uk
NG (µcs, µj) = exp

[

−CACk

π2

3
u2

1 + (au)2

1 + (bu)c

]

,

NGLs for jet at NLL is the same as jet mass in e+ e-

Dasgupta, Salam (2001) Larkoski, Moult, Neill (2016)

Becher, Neubert, Rothen and Shao (2016)

Non-global logs

John Terry (Argonne National Lab)
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Direction of recoil-free jet is insensitive all soft emissions, jet points in direction of most energetic hadron. Thus no NGLS

standard jet axis
recoil-free axis

pcoll,?

pcoll,? + psoft,? = 0psoft,?

Larkoski, Neill, and Thaler (2014) 

p
µ

1
= E1 (1, n̂1)

p
µ

2
= E2 (1, n̂2)

p
µ

0
= (E1 + E2) [p̂

µ

1
Θ (E1 − E2) + p̂

µ

2
Θ (E2 − E1)]

Direction of jet and total jet momentum have a transverse momentum relative to one another, contains rapidity divergence 

qT

qT

Q

Q H

n ⋅ p

n̄ ⋅ p

S

p2 ∼ p2
T

p2 ∼ q2
T

f

𝒥

p2 ∼ μ2

ν

ν

µ
d

dµ
lnJ (Q,µ, ν) = γ

q

J µ
(Q,µ, ν)

ν
d

dν
lnJ (Q,µ, ν) = γ

q

J ν
(Q,µ, ν)

γ
q
J µ(Q,µ, ν) = γ

q
D µ(Q,µ, ν)

γ
q

J ν(Q,µ, ν) = γ
q

D ν(Q,µ, ν)

Jq

(

b, µ, ζJ /ν2
)

= 1 +
αsCF

4π

[

3L+ 2L ln

(

ν2

ζJ

)

+ 7−
2π2

3
− 6 ln 2

]

+O
(

α2

s

)

Winner take all jet axis

John Terry (Argonne National Lab)



19/24

ℓ
′

ℓ

q

PJ

We want to take the jets to be energetic so that L/Lh ∼
A1/3

ΛQCD

ν
≪ 1

We consider an infinite chain of Glauber gluons

dσ

d2qT
=

αsCF

π

1

(q2
T
+m2)

2

Single gluon exchange

Infinite number of gluon exchanges
dσn→∞

db
= exp

(

ρGL

m2
αsCF (mbK1 (mb)− 1)

)

Collinear sources

Jet

J
A
q (b, µ, ν) =

dσn→∞

db
Jq (b, µ, ν)

Modification to the jet

Treatment of medium modifications to the jet

0.05

0.10

0.15

0.20

J
q(

p x
,µ

,≥
)

Jq(px, µ, ≥)

JA
q (px, µ, ≥)

0.5 1.0 1.5 2.0 2.5 3.0

px[GeV]

0.95

1.00

1.05

R
je

t

Modified jet function under this approximation

John Terry (Argonne National Lab)
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Predictions at the EIC

200

400

600

800

1000

1200

dæ
/d

±¡
[p

b
]

e-p

e-Au

e-Au(Jq)

e-Au(aN = 0, Jq)

aN uncert.

ΩG uncert.

nPDFs uncert.

0.9

1.0

R
p
A

0.05 0.10 0.15 0.20 0.25 0.30
±¡

0.99

1.00

1.01

¢
un

.

EIC

p
S = 90 GeV

9 < `0
T < 11 GeV

0.1 < y < 0.9

0.00 0.05 0.10 0.15 0.20 0.25 0.30
±¡

1

2

3

4

5

6

7

8
1/

æ
dæ

/d
±¡

EIC

p
S = 141 GeV

15 < `0
T < 20 GeV

0.1 < y < 0.9

NNLL

Pythia

Comparison of our results with Pythia at NNLL

Perturbative ingredients are known to have N3LL accuracy.
Only missing the 3-loop jet function and the 5-loop
 cusp anomalous dimension to reach N4LL

John Terry (Argonne National Lab)
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Higher order results

Results have been taken one step higher by 

0
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800

1000

1200
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]

EIC

Ee = 18 GeV

Ep = 275 GeV

pT > 15 GeV

|yJ | < 1

Uncertainty in µb NNLL

NNNLL
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Fang, Gao, Li, Shao (2024) 

Constant that was obtained numerically

John Terry (Argonne National Lab)



Power counting

τf =
1

p−
=

x(1− x)p+

p2

µE ≫ µb
µE ≪ µbΛ

2
QCD ≪ µ2

E
≪ Q2

14/24

Power counting the observable requires examining several scales

τf ≪ L
+

τf ≫ L
+

LPM phase rapidly oscillates LPM phase contributes
e
iL+/τf

Power counting the observable requires examining several scales. Collinear logs are different in these cases

µ2
E
= p+1 /L

+

John Terry (Argonne National Lab)
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The structure of matter: Nuclear matter

ΛQCD, k⊥, Q
ΛQCD, 1/r⊥, Q

ΛQCD, k⊥, 1/r⊥, Q

The reach of EFTs

Distributions of partons in hadrons Highly differential distributions require high luminosity

John Terry (Argonne National Lab)
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The structure of matter in the vacuum

ΛQCD, k⊥, Q
ΛQCD, 1/r⊥, Q

ΛQCD, k⊥, 1/r⊥, Q

The reach of EFTs

Distributions of partons in hadrons Highly differential distributions require high luminosity

John Terry (Argonne National Lab)



Medium induced collinear divergences

14/24

∑

T,j

xfq/p(x)⊗ J
(1),coll
q/q,F ⊗⊥ Σ

(0)
FT ⊗⊥ N

(0)
j,T ⊗ fj/Nρ−0 L

+

=
α2
s(µ

2)ρ−GL
+

8µ2
E

B (w)

(

1

2ϵ
+ ln

µ2

γ(w)µ2
E

)

2CF

(

2CA + CF

x
− 2CA

d

dx

)

[

xfq/a(x)
]

The one-loop computation yields a medium-induced collinear divergence

∂Fq−q̄

∂tµ
=

(

4CFCA

∂

∂x
−

4CFCA + 2C2
F

x

)

Fq−q̄

∂Fq+q̄

∂tµ
=

(

4CFCA

∂

∂x
−

4CFCA + 2C2
F

x

)

Fq+q̄ + CF

Fg

x

∂Fg

∂tµ
=

(

4C
2
A

∂

∂x
−

2NfCF

x

)

Fg + 2C
2
F

∑

q

Fq+q̄

x

Collinear divergences give rise to a medium modified DGLAP evolution equation

Medium-induced collinear 
divergence

Flavor non-singlet
Flavor singlet

(q − q̄)

(q + q̄, g)

John Terry (Argonne National Lab)
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Process proposed by: Liu, Ringer,Vogelsang, Yuan (2019)

Factorization using recoil-free jets: Fang, Ke, Shao, JT (2023)

Hard:

Collinear:

Global soft:
Jet:

e(ℓ)

A (P )

X
PT

J (PJ)

δφ

ℓ
′

y

ℓ
′

x

e (ℓ′)

x

z

y

7/24

dσp

d2ℓ′T dy dδφ
=

σ0 ℓ
′
T

1− y
H (Q,µH)

∫
db

2π
cos (bℓ′T δφ)

∑
q

e2q fq/p (xB , b, µH , ζB) Jq (b, µH , ζJ )

dσA

d2ℓ′T dy dδφ
=

σ0 ℓ
′
T

1− y
H (Q,µH)

∫
db

2π
cos (bℓ′T δφ)

∑
q

e2q fq/A (xB , b, µH , ζB) J
A
q (b, µH , ζJ )

PJT (1, 1, 1)

PJT

(

λ2, 1,λ
)

PJT (λ,λ,λ)

PJT

(

1,λ2,λ
)

Back-to-back lepton-jet production

standard jet axis
recoil-free axis

pcoll,?

pcoll,? + psoft,? = 0psoft,?

Bertolini, Chan, and Thaler (2013)
Larkoski, Neill, and Thaler (2014) 

John Terry (Argonne National Lab)
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Predictions at the EIC
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Comparison of our results with Pythia at NNLL

Perturbative ingredients are known to have N3LL accuracy.
Only missing the 3-loop jet function and the 5-loop
 cusp anomalous dimension to reach N4LL

John Terry (Argonne National Lab)
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Higher order results

Results have been taken one step higher by: 

0
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John Terry (Argonne National Lab)
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PT

∆φ

J (PJ1)

J (PJ2)

N(PB)

p(PA)
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Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

hard : p
µ
h ∼ pT (1, 1, 1)

Factorization and resummation derived in a SCET framework

na,b-collinear : pµci ∼ pT (δφ2, 1, δφ)nin̄i
,

soft : pµs ∼ pT (δφ, δφ, δφ),
nc,d-jet : pµci ∼ pT (R2, 1, R)nin̄i

,

nc,d-collinear-soft : pµcsi ∼
pT δφ

R
(R2, 1, R)nin̄i

,

d4σpA

dyc dyd dp2T dδφ
=

∑

abcd

pT

16πŝ2
1

1 + δcd

∫

∞

0

2db

π
cos(bpT δφ)xaf̃a/p(xa, µb∗)xbf̃b/A(xb, µb∗)

× exp

{

−

∫ µh

µb∗

dµ

µ

[

γcusp (αs)CH ln
ŝ

µ2
+ 2γH (αs)

]

}

×
∑

KK′

exp

[

−

∫ µh

µb∗

dµ

µ
γcusp (αs) (λK + λ∗

K′)

]

HKK′

(

ŝ, t̂, µh

)

WK′K (b∗, µb∗)

× exp

[

−

∫ µj

µb∗

dµ

µ
ΓJc (αs)−

∫ µj

µb∗

dµ

µ
ΓJd (αs)

]

U c
NG (µb∗ , µj)U

d
NG (µb∗ , µj)

× exp
[

−Sa
NP(b,Q0,

√
ŝ)− S

b,A
NP (b,Q0,

√
ŝ)
]

Factorization in pp and pA

John Terry (Argonne National Lab)
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Strong consistency with the CMS measurements of the azimuthal angle decorrelation in pA and the ratio of the 
 integrated azimuthal angle decorrelation.

RpA =
1

A

d4σpA

dyc dyd dp
2
T d∆φ

/

d4σpp

dyc dyd dp
2
T d∆φ

d
4σpA

dyc dyd dp
2

T dδφ

Phys. Rev. Lett. 121, 062002 (2018)Eur. Phys. J. C 74 (2014) 2951

Description of pp and pA data

d
4σpp

dyc dyd dp
2

T dδφ

Phys.Rev.Lett.106:122003,2011
Phys. Rev. Lett. 121, 062002 (2018)
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Ratios defined for nPDF and nFF
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Alrashed, JT et al: Phys. Rev. Lett. 129 (2022)
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Overview of graphs at one loop

i

MI

j Nj,T MF

⌃RT Y

Jq/i,R
pX

q

q0

MI

Bq/p,1 =

∑

i=q,g

∑

j=q,q̄,g

σq/i,j ⊗ fi/p ⊗ fj/N · ρ−0 L
+,

σ
(0)
q/q,j + σ

(1)
q/q,j =

(

J
(0)
q/q,F + J

(1),rap
q/q,F

)

⊗⊥ Σ
(0)
FT ⊗⊥ N

(0)
j,T+

+ J
(1),coll
q/q,F ⊗⊥ Σ

(0)
FT ⊗⊥ N

(0)
j,T + J

(1),coll
q/q,A ⊗⊥ Σ

(0)
AT ⊗⊥ N

(0)
j,T

+ J
(1),rap
q/q,A ⊗⊥ Σ

(0)
AT ⊗⊥ N

(0)
j,T + J

(0)
q/q,F ⊗⊥ Σ

(1)
FT ⊗⊥ N

(0)
j,T + J

(0)
q/q,F ⊗⊥ Σ

(0)
FT ⊗⊥ N

(1)
j,T

+∆σ
NLO
q/q,j ,
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In this paper, we study the correlations between the incoming proton and the medium

Here we use the short-hand
[

Jq/i,R ⊗⊥ ΣRT ⊗⊥ Nj,T

]

(x1,p, µ) =

∫

d2−2ϵ
q

(2π)2−2ϵ

d2−2ϵ
q
′

(2π)2−2ϵ

[

Jq/i,R(x1,p,q, µ, ν)
g2s
q2

]

×

[

(

g2s
q2

)−1

ΣRT (q,q′, ν, ν′)

(

g2s

q′2

)−1
]

×

[

g2s

q′2
Nj,T (q′, ν′)

]

John Terry (Argonne National Lab)



Overview of graphs at one loop

i

MI

j Nj,T MF

⌃RT Y

Jq/i,R
pX

q

q0

MI

Bq/p,1 =

∑

i=q,g

∑

j=q,q̄,g

σq/i,j ⊗ fi/p ⊗ fj/N · ρ−0 L
+,

σ
(0)
q/q,j + σ

(1)
q/q,j =

(

J
(0)
q/q,F + J

(1),rap
q/q,F

)

⊗⊥ Σ
(0)
FT ⊗⊥ N

(0)
j,T+

+ J
(1),coll
q/q,F ⊗⊥ Σ

(0)
FT ⊗⊥ N

(0)
j,T + J

(1),coll
q/q,A ⊗⊥ Σ

(0)
AT ⊗⊥ N

(0)
j,T

+ J
(1),rap
q/q,A ⊗⊥ Σ

(0)
AT ⊗⊥ N

(0)
j,T + J

(0)
q/q,F ⊗⊥ Σ

(1)
FT ⊗⊥ N

(0)
j,T + J

(0)
q/q,F ⊗⊥ Σ

(0)
FT ⊗⊥ N

(1)
j,T

+∆σ
NLO
q/q,j ,

17/24

In this paper, we study the correlations between the incoming proton and the medium

Collinear divergent terms

Collinear divergent terms have been considered in Semi-Inclusive DIS

Ke, Vitev (2023)

John Terry (Argonne National Lab)



Overview of graphs at one loop
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In this paper, we study the correlations between the incoming proton and the medium

Here we use the short-hand
[

Jq/i,R ⊗⊥ ΣRT ⊗⊥ Nj,T

]

(x1,p, µ) =

∫

d2−2ϵ
q

(2π)2−2ϵ

d2−2ϵ
q
′

(2π)2−2ϵ

[

Jq/i,R(x1,p,q, µ, ν)
g2s
q2

]

×
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(

g2s
q2

)−1

ΣRT (q,q′, ν, ν′)

(

g2s

q′2

)−1
]

×

[

g2s

q′2
Nj,T (q′, ν′)

]

Collinear divergent terms Collinear rapidity divergent terms
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Overview of graphs at one loop
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In this paper, we study the correlations between the incoming proton and the medium

Here we use the short-hand
[

Jq/i,R ⊗⊥ ΣRT ⊗⊥ Nj,T

]

(x1,p, µ) =

∫

d2−2ϵ
q

(2π)2−2ϵ

d2−2ϵ
q
′

(2π)2−2ϵ

[
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g2s
q2
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×
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(
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)−1

ΣRT (q,q′, ν, ν′)

(
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q′2

)−1
]

×

[

g2s

q′2
Nj,T (q′, ν′)

]

Collinear divergent terms Collinear rapidity divergent terms

Soft and anti-collinear rapidity divergent terms
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Overview of graphs at one loop
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In this paper, we study the correlations between the incoming proton and the medium

Here we use the short-hand
[

Jq/i,R ⊗⊥ ΣRT ⊗⊥ Nj,T

]

(x1,p, µ) =

∫

d2−2ϵ
q

(2π)2−2ϵ

d2−2ϵ
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(2π)2−2ϵ

[
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]

×
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(
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)−1
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(
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)−1
]

×

[

g2s

q′2
Nj,T (q′, ν′)

]

Collinear divergent terms Collinear rapidity divergent terms

Soft and anti-collinear rapidity divergent terms Finite terms
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Collinear matching function at one loop

Type I: p = q� k

q

M 0M

q

q

M 0 M

k

Type II: p = �k

q

MM

q

M M

Type III: p = q

q

M 0M

q

M 0 M

Type IV: p = 0

q

MM

q

M M

Q1 = xk− (1− x)(p0 − k)

Q2 = xk− (1− x)(p0 − k+ q)

Q3 = x(k− q)− (1− x)(p0 − k+ q)

Q4 = x(k+ q)− (1− x)(p0 − k)
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The finite contributions to the collinear function can be organized based on the type of emission
We use the short-hand

Type K IK,F (x,k,q) IK,A(x,k,q)

I 1

Q2

1

+ 2Q2

Q2

2

·

(

Q2

Q2

2

−
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Q2

1

)

φ2
1
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3

−
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·
Q3
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3

+ Q2

Q2

2

·

(

Q1
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−
Q3

Q2

3

)
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II −
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·
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)
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·
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The finite contributions to the collinear function can be organized based on the type of emission

J
(1)
q/q,R(x,p,q) =

g2sCF

2π
pqq,ϵ(x)

∫

d2−2ϵk

[

δ(2−2ϵ)(p− q+ k)II,R + δ(2−2ϵ)(p+ k)III,R

]

+
g2sCF

2π
δ(1− x)

∫ 1

0

dx′pqq,ϵ(x
′)

∫

d2−2ϵk

[

δ(2−2ϵ)(p− q)IIII,R + δ(2−2ϵ)(p)IIV,R

]

Generate collinear divergences
Generate rapidity divergences (focus of this talk)
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Coherence in the scattering
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There are two competing time-scales in the process

τf ≪ L
+

τf ≫ L
+

Emissions break coherence (GB region) Coherence is unbroken (LPM region)

e
iL+/τfτf ∼

1

p−
L
+

Time-scale for emission

There are two regions with distinct power countings

Time-scale for traversing the medium LPM phase

John Terry (Argonne National Lab)



Rapidity divergence in the collinear function
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The one loop contribution to the collinear function takes on a simple form 

J
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]

The one loop contribution to the collinear function takes on a simple form 

Ln ∼ ln
min{2L+µ2

b
, x1P

+
a
}

ν

Different natural rapidity scale enters into 
the different regions 
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Soft and anti-collinear contribution

(6)

q1 � k k

b, µ

b, ⌫

a, ⇢

a,�

(7)

k q1 � k

b, µ

b, ⌫

a, ⇢

a,�

(8)

b, µ

b, ⌫

a, ⇢

a,�

(9)

b, µ

b, ⌫

a, ⇢

a,�

(1)

Jet

Target

q1

�q2 �k

a, µ

b, ⌫

c, ⇢

(2)

q2

q1 � q2

b, µ

b, ⌫

c, ⇢

(3) (4) (5)

25/24

J
(0)
q/q,F ⊗⊥ Σ

(1)
FT ⊗⊥ N

(0)
j,T

=

∫

d
2−2ϵ

p

(2π)−2ϵ
e
−ip·b

∫

d
2−2ϵ

q

(2π)2−2ϵ

∫

d
2−2ϵ

q
′

(2π)2−2ϵ

J
(0)
q/q,F

q2

(

2

τ
+ Ls

)

Ĉ
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Soft and collinear functions at one loop
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Graphs from the anti-collinear sector

Double Glauber exchange graphs are scaleless
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The BFKL evolution equations
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Each sector obeys a BFKL evolution equation
g2s
q2

∂Jq/i,R(x,p,q; ν)

∂ ln ν
= −Ĉ

[

g2s
q2
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∂ ln ν

[

Jq/i,R ⊗⊥ ΣRT ⊗⊥ Nj,T
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(x1,p, µ) = 0

Each sector obeys a BFKL evolution equation
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⎧

⎨

⎩
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⎭
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The Landau–Pomeranchuk–Migdal effect

L+

a b

c d

`�

`+

Spectrum of energy and transverse momentum in matter is modified in a non-trivial way in QCD

dσ

dPS
=

∞∑

n=0

1

n!
χn

dσn

dPS

Cross section can be written as an expansion in the opacity

χ
n is the average number of 

active partons that 
contribute

χ
n

≪ 1

Spectrum of energy and transverse momentum in matter is modified in a non-trivial way in QCD
Landau et al (1953), Migdal (1956) 
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Images of proton structure

John Terry (Argonne National Lab)

d

d lnµ
lnF (w, b, µ, ζ) = γµ (µ, ζ) ,

d

d ln ζ
lnF (w, b, µ, ζ) = γζ (b, µ) ,

Gutierrez-Reyes, Scimemi,  Vladimirov (2020)

Approximations to N4LL TMDs have been extracted in Moos, Scimemi, Vladimirov, Zurita (2023)
True N4LL requires full 5 loop cusp anomalous dimension and evolution of PDF at N3LO 

Global extraction from data requires evolution equations for TMDs
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The structure of matter in the medium

L+

a b

c d

`�

`+

Spectrum of energy and transverse momentum in matter is modified in a non-trivial way in QCD

Stimulated emissions in Drell-Yan result in energy loss

dσ

dPS
=

∞∑

n=0

1

n!
χn

dσn

dPS

John Terry (Argonne National Lab)

Cross section can be written as an expansion in the opacity

χ
n is the average number of 

active partons that 
contribute

Stimulated emissions also generate additional transverse 
momentum

Gyulassy-Levai-Vitev (2000) Guo, Wang (2000) 
χ
n

≪ 1
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Ratios defined for nPDF and nFF
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Alrashed, JT et al: Phys. Rev. Lett. 129 (2022)
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The structure of matter: Nuclear matter
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