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Nuclear modifications to collinear PDFs

EMC effect was discovered 40 years ago

LP TMD factorization cannot address how multiple partons are correlated with one another
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Data diverged from Fermi-motion
    picture. Reason for EMC effect
    still not well understood.

Nuclear modifications are 
absorbed into the non-
perturbative 
parameterization.
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Nuclear modifications to collinear FFs
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Ejected quark undergoes multiple scattering in the nuclear medium, modifies the fragmentation functions
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Simultaneous extraction from hadroproduction in p-A collisions from PHENIX and STAR, and Semi-Inclusive DIS (collinear) 
from HERMES
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Collinear distributions to TMDs
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Intrinsic Medium Perturbative

We absorb all medium effects in the intrinsic (NP) parameterization

4/22Effective intrinsic kT
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Previous work with collinear distributions absorbed medium effects into parameters



Available data

Semi-Inclusive DIS for e-A collisions Drell-Yan production in p-A collusions

Multiplicity ratio
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Factorization and resummation

Differential cross section for Semi-Inclusive DIS is given by

Hard TMD PDF TMD FF
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Perturbative treatment

nPDFs and nFFs are known only to NLO
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Non-perturbative treatment
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Description of the data and predictions
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Three-dimensional images
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Can jets serve as a probe of nTMDs?
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Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs
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CMS Measurements in pp and pA collisions

See first talk by Johannes
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Can jets serve as a probe of nTMDs?
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Additional measurements of the integrated azimuthal angle decorrelation
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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
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Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs
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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

,

Generating the 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
(R2, 1, R)nin̄i

,

Factorization and resummation at NLL:
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Generating the factorization in SCET
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Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

Nuclear modifications in dijet production

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)

]

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, Phys. Rev. Lett. 126, 252001 (2021)
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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 in p-A collisions

Factorization and resummation:
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ŝ)− S

b,A
NP (b,Q0,

√
ŝ)
]



16/22

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

,

Factorization breaking effects?

nG-Glauber : p
µ
G ∼ pT (δφ

2, δφ2, δφ)nin̄i
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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)
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Description of pA data
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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

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
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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



CLAS measurements
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Semi-Inclusive DIS 

Hadron-multiplicity data can be incorporated into the fit

Measurements have been performed for angular decorrelation

Factorization and resummation has not been established

Morán et al. (CLAS Collaboration) Phys. Rev. C 105, 015201 Paul et al. (CLAS Collaboration) Phys. Rev. Lett. 129, 182501



Medium modified evolution
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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.

Matching and evolution are all up for grabs in the future!

See for instance Ovanesyan, Vitev 
Physics Letters B Volume 706, 
Issues 4–5, Jan 2012

DA
h/q (b, z;µ, ζ1) =

[

Ĉ ⊗D
]

(z;µi) exp
[

−Spert (b;µi, µ, ζi, ζ1)− SDA
NP (z, b;Q0, µ, ζi, ζ)

]



Conclusion
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o We develop a formalism for approximating broadening effects in Drell-Yan and Semi-Inclusive DIS.

o We find that we can absorb medium modifications into the intrinsic widths of the TMDs to define nTMDs.

o We perform the first extraction of both the nTMD PDF and nTMD FF from the world data of Semi-Inclusive DIS and 
 Drell-Yan.

o We studied jet production in pA collisions at the LHC and sPHENIX and find good agreement with the data.

o Many future applications such as a more rigorous treatment of the power counting associated with jet formation. Can explore 
using recoil free jets to remove the NGLS and the collinear-soft function and improve perturbative accuracy. Can also explore 
the use of EECs (TEECs) to study the medium and the nTMDs. Can also involve spin-dependent fragmentation in the medium 
and hadron in jet fragmentation. Lastly, we can study the collinear matching of the nTMDs in relation to jet transport.



Thank you!
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TMD PDFs and TMD FFs

TMD FFs TMD PDFs

Standard processes


