
A 𝒑𝑻-ratio observable for studies of 
intrinsic transverse momentum of 
partons from Drell-Yan 𝒑𝑻 spectra

Wenxiao Zhan1, Siqi Yang1, Minghui Liu1, Francesco Hautmann2,3, and Liang Han1

1 University of Science and Technology of China, Hefei, China

2 University of Oxford, Oxford, England, United Kingdom

3 University of Antwerp, Antwerp, Belgium

59th Rencontres de Moriond



In this report…

➢The TMDs and Drell-Yan measurements

➢Parton Branching

➢A 𝑝𝑇-ratio observable in the DY process

➢Extraction of TMD parameter
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The Drell-Yan 𝒑𝑻

• Impact of three-dimensional hadron structure on final states in high energy DIS, 
semi-inclusive DIS, low 𝑝𝑇 DY
• Intrinsic transverse motion of partons?

• High 𝑝𝑇 region: QCD perturbation to finite order ⊕ collinear PDF
• At region of decreasing 𝑝𝑇, not able to describe

• prediction from any finite order of perturbation theory ⊕ collinear PDF diverge!
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figure from J. High Energ. Phys. 2019, 61 (2019)

https://link.springer.com/article/10.1007/JHEP12(2019)061


TMD and DY Process

• Behavior of Z-boson near the peak region is controlled by multi-parton radiation
• Not well approximated by the perturbative expansion as 𝑝𝑇 → 0
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• Requires resummation of scattering amplitudes with an infinite number of real and virtual 
insertions of soft gluons
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• Requires resummation of scattering amplitudes with an infinite number of real and virtual 
insertions of soft gluons

• Accomplished with PDFs that explicitly depend on transverse momentum and 
polarization (TMDs)
• Obey evolution equations (generalization of ordinary renormalization-group evolution of 

collinear PDFs)

• Combined with the TMD factorization of the physical cross section

• Allow resummation of log(𝑝𝑇/𝑀) to all higher orders in the QCD coupling
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Fine-binned 𝒑𝑻(DY) 

• Low-𝑝𝑇 region strongly depends on 
TMD
• Consensus: Finer binning in such 𝑝𝑇

measurements improve the precision

• In multiple soft-gluon emissions

• In non-perturbative intrinsic 𝑘𝑇
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uncertainty figures from Eur. Phys. J. C 80, 616 (2020)
& Eur. Phys. J. C 83, 628 (2023)

Bin intervals are 2 GeV
Z-𝑝𝑇 peak ~ 4 GeV
(Not really a ‘fine-structure’)

0~1 GeV, the unfolding 
uncertainty shoots up

https://link.springer.com/article/10.1140/epjc/s10052-020-8001-z
https://link.springer.com/article/10.1140/epjc/s10052-023-11631-7


Fine-binned 𝒑𝑻(DY) 

• Low-𝑝𝑇 region strongly depends on 
TMD
• Consensus: Finer binning in such 𝑝𝑇

measurements improve the precision

• In multiple soft-gluon emissions

• In non-perturbative intrinsic 𝑘𝑇

• Such fine-binned treatments require 
delicate control of uncertainties –
experimentally challenging

• Very important to 
• Study the TMD sensitivity

• Find a methodology which works with 
a more coarse-grained binning
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The Parton Branching Method

• Solve the evolution equation and determine TMD parton density 𝐴(𝑞, 𝑔; 𝑥, 𝐤, 𝜇2)

• Rely on renormalization group evolution  J. High Energ. Phys. 2018, 70 (2018)

• Previous works
• Provide a basis for including TMD in parton shower MC calculations

• Consistent with DY 𝑝𝑇 shape

• Consistent with multiple-jet structure

• Related to evolution of PDF and describe DIS structure functions
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Eur. Phys. J. C 84, 154 (2024)

J. High Energ. Phys. 2022, 60 (2022) Phys. Rev. D 99, 074008 (2019)

https://link.springer.com/article/10.1140/epjc/s10052-024-12507-0
https://link.springer.com/article/10.1007/JHEP09%282022%29060
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.074008


PB-TMD Parton Density

𝐴𝑎 𝑥, 𝐤, 𝜇2

= 𝛥𝑎 𝜇2, 𝜇0
2 𝐴𝑎 𝑥, 𝐤, 𝜇0

2 +න
d2𝝁′

𝜋𝜇′2
නd𝑧ε𝑎𝑏(𝛥, 𝑃

𝑅 ; 𝛩)𝐴𝑏 𝑥/𝑧, 𝐤 + (1 − 𝑧)𝝁′, 𝜇′2

• Intrinsic momentum 𝐤

• Evolve upwards with no branching or 1 or more branchings

• Without branching: Sudakov form factor 𝛥𝑎 𝜇2, 𝜇0
2

• Accurate to next-to-leading log (NLL)

• See recent development to NNLL:  arXiv:2412.21116

• Evolution kernal ε(𝛥, 𝑃 𝑅 ; 𝛩)

• Real-emission splitting functions 𝑃𝑎𝑏
(𝑅)

• Initial 𝐴𝑎 𝑥, 𝐤, 𝜇0
2 to be determined by fit and factorization
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soft-gluon resolution parameter 𝑧𝑀
(see J. High Energ. Phys. 2018, 70 (2018) for detail)

Phys. Rev. D 99, 074008 (2019)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.074008


A First Observation on the TMD Template

• α𝑠 = α𝑠(𝜇
′2(1 − 𝑧)2)

• 𝐴0,𝑏 𝑥, 𝑘𝑇, 𝜇0
2 = 𝑓0,𝑏 𝑥, 𝜇0

2 ∗ exp(−𝑘𝑇
2/𝑞𝑠

2)/π𝑞𝑠
2

• 𝑓0,𝑏 𝑥, 𝜇0
2 fit from HERA combined data

• Intrinsic 𝑘𝑇 factorized by 𝑞𝑠
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TMDlib website: 
https://syncandshare.desy.de/index.php/s/GjjcwKQC93M979e?path=%2FTMD%20grid%20files
See also: Phys. Rev. D 100, 074027 (2019)

https://syncandshare.desy.de/index.php/s/GjjcwKQC93M979e?path=%2FTMD%20grid%20files
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.074027
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• α𝑠 = α𝑠(𝜇
′2(1 − 𝑧)2)

• 𝐴0,𝑏 𝑥, 𝑘𝑇, 𝜇0
2 = 𝑓0,𝑏 𝑥, 𝜇0

2 ∗ exp(−𝑘𝑇
2/𝑞𝑠

2)/π𝑞𝑠
2

• 𝑓0,𝑏 𝑥, 𝜇0
2 fit from HERA combined data

• Intrinsic 𝑘𝑇 factorized by 𝑞𝑠

• When 𝑞𝑠 increases:
• Low-𝑝𝑇 region predominantly altered

• Peak shifting to larger 𝑝𝑇

• The essential information on the intrinsic 𝑘𝑇 can 
be extracted from a well-defined ratio between 
the low and high 𝑝𝑇 regions
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TMDlib website: 
https://syncandshare.desy.de/index.php/s/GjjcwKQC93M979e?path=%2FTMD%20grid%20files
See also: Phys. Rev. D 100, 074027 (2019)

https://syncandshare.desy.de/index.php/s/GjjcwKQC93M979e?path=%2FTMD%20grid%20files
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.074027


A 𝒑𝑻-ratio Observable

• Define ratio:
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𝑝𝑠: separate low and high 𝑝𝑇  region

TMDlib website: 
https://syncandshare.desy.de/index.php/s/GjjcwKQC93M979e?path=%2FTMD%20grid%20files

https://syncandshare.desy.de/index.php/s/GjjcwKQC93M979e?path=%2FTMD%20grid%20files


Sensitivity Study

• Check if the 𝑝𝑇-ratio has a comparable sensitivity as using whole shape for 
extracting 𝑞𝑠

• Separation momentum 𝑝𝑠 is important
• Too low, soft-gluon splitting will be integrated into the upper region -- a loss of sensitivity to 

TMD parameter.

• Too high, the information on low 𝑝𝑇 is undetectable.
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Sensitivity Study

• Check if the 𝑝𝑇-ratio has a comparable sensitivity as using whole shape for 
extracting 𝑞𝑠

• Separation momentum 𝑝𝑠 is important
• Too low, soft-gluon splitting will be integrated into the upper region -- a loss of sensitivity to 

TMD parameter.

• Too high, the information on low 𝑝𝑇 is undetectable.

• A pseudo-data test for the 𝑝𝑇-ratio sensitivity to 𝑞𝑠
• Set 𝑞𝑠 = 0.89 as the pseudo-data sample

• Extract 𝑞𝑠 with templates constructed with a certain 𝑝𝑠
• Repeat the extraction with different 𝑝𝑠

• The sensitivity is at the same level as fine-binning case
• ↑ bin interval, ↑ experimental unc.
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Sensitivity Study with Cut and Resolution

𝑝𝑇 𝑙± > 25GeV;

η 𝑙± < 2.4;

dressed-electron Δ𝑅 < 0.1;

3% Gaus energy resolution 
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• 𝑝𝑇-ratio still sensitive
• The method can possibly be applied directly on raw data 
• Optimal 𝑝𝑠 choice is crucial but not trivial

• Check the 𝑝𝑇-ratio is still sensitive to TMD after these 
effects are applied (=> before unfolding in experiment)

• Phase space cut changes shape and is related to sensitivity
• Momentum resolution causes migrations



Extract 𝒒𝒔 with Real Data
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• 𝑞𝑠 is extracted with PB-TMDs in several public results
Eur. Phys. J. C 84, 154 (2024)

arXiv:2404.04088 arXiv:2502.19380

• Previous studies extract 𝒒𝒔
• Dependence on 𝑠 is analyzed and compared with collinear parton 

shower

• Very different behavior
• Nonperturbative Sudakov effects arising from the region near the soft-gluon 

resolution boundary

• Different treatments of soft radiative processes 

• Having our new method tested with real data

arXiv:2409.17770

https://arxiv.org/pdf/2409.17770


Extract 𝒒𝒔 with Real Data

Reference: 

Eur. Phys. J. C 84, 154 (2024)

Data from CMS 
collaboration: 

Eur. Phys. J. C 83, 628 (2023)
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• CMS data is used for an extraction with a wide range of 𝑚𝑙𝑙

• In the reference study, same TMD set (PB-NLO-HERAI+II) is 
used for extracting 𝑞𝑠

https://link.springer.com/article/10.1140/epjc/s10052-024-12507-0
https://link.springer.com/article/10.1140/epjc/s10052-023-11631-7


Reference: 

Eur. Phys. J. C 84, 154 (2024)

Data from CMS 
collaboration: 

Eur. Phys. J. C 83, 628 (2023)

Extract 𝒒𝒔 with Real Data
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Uncertainty from the fit,
at the same level

Variation with 1 
more / less bin in 
the fit:
Stability of 
extraction

Results are 
consistent with 
the reference

Published in Phys. Rev. D 111, 036018 (2025)

From binned 𝑝𝑇

https://link.springer.com/article/10.1140/epjc/s10052-024-12507-0
https://link.springer.com/article/10.1140/epjc/s10052-023-11631-7
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.036018


Summary and Outlook

• We report a 𝑝𝑇 ratio observable in TMD parameter extraction
• The 𝑝𝑇 ratio has comparable sensitivity as fine-binned 𝑝𝑇 shape
• The fine-binning 𝑝𝑇 is restricted by the precision in the most sensitive 𝑝𝑇 region
• The separation 𝑝𝑠 is important in finding the best sensitivity

• In the future
• More TMD forms to reduce the bias from the 𝑝𝑇 range
• Test with extreme conditions
• Also apply this methodology in different topics – helpful in investigating TMD vs. 𝑠

• Also in experiments
• We advocate the experiments associate with TMD performance studies
• This study can be considered as a methodology in such topics
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That’s all 

Thanks for your attention



Backups



Backup – the PB evolution

The evolution in terms of two branching variables, z and μ
z is the longitudinal momentum transfer at the branching, controlling 
the rapidity of the parton emitted along the branching chain

μ is the mass scale at which the branching occurs and is related to 
the branching’s kinematic variables according to the ordering 
condition.

The double evolution in rapidity and mass for TMD distributions 
can also be formulated in a Collins-Soper-Sterman (CSS)

The equation is obtained at the angular ordering: α𝑠 = α𝑠(μ
2(

)
1 −

𝑧 2), corresponding to Catani-Marchesini-Webber evolution

Alternative TMD set, transverse-momentum ordering (correspond 
to DGLAP evolution) α𝑠 = α𝑠 μ2 . Much worse fit with DY shape 
(Phys. Rev. D 99, 074008 (2019))

Evolution of 𝑘𝑇:
μ = |𝐪⊥|/(1 − 𝑧) 𝐤 = −σ𝐪⊥ (sum over all euclidean
transverse momentum of branching parton)

soft-gluon resolution parameter 𝑧𝑀: defines resolvable and non-
resolvable branchings
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Backup – PB Sudakov compare with CSS

PB: solve probabilities with Monte Carlo

Real-emission branching probability 𝑃𝑎𝑏
(𝑅)

Sudakov form factor 𝛥𝑎 𝜇2, 𝜇0
2

PB Sudakov
See Pos EPS-HEP2023, 270 (2024) for factors’ definition 

Introduce intermediate dynamical scale 𝑧𝑑𝑦𝑛 = 1 − 𝑞0/𝜇, 𝑞0 is the minimal resolvable emitted transverse 
momentum

Resolvable (perturbative) PB Sudakov factor 

CSS1 Sudakov

See arXiv:2412.09108 for comparison with CSS2, NNLL result and more discussion
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Series expansion in strong 

coupling. LL (α𝑠
𝑁 × ln𝑁−1

𝑀2

𝑝𝑇
2 ) 

given by 𝐴(1), NLL  (α𝑠
𝑁 ×

ln𝑁
𝑀2

𝑝𝑇
2 ) by 𝐴(2) and 𝐵(1), etc.

The 𝑘(0) of the splitting functions 
coincides with 𝐴(1) at LL, the 

𝑑(0) = −
1

2
𝐵(1) gives NLL, etc.
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