
1 F Hautmann: Mainz Institute for Theoretical Physics, October 2019 

 

TMD hadron structure and  
heavy quark production 

 
MITP Program “Heavy Quark Hadroproduction from Collider

to Astroparticle Physics”  

Mainz Institute for Theoretical Physics, October 2019 

 

     F  Hautmann



2 F Hautmann: Mainz Institute for Theoretical Physics, October 2019 

Overview
UNINTEGRATED, OR TRANSVERSE MOMENTUM DEPENDENT (TMD),
                       PARTON DISTRIBUTION FUNCTIONS

● Parton correlation functions at non-lightlike distances:

● TMD pdfs: 
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Evolution equations for TMD parton
distribution functions

    R. Angeles-Martinez et al., “Transverse momentum dependent (TMD) parton
 distribution functions: status and prospects”, Acta Phys. Polon. B46 (2015) 2501

CSS evolution equation
            (or variants – SCET, ...)

CCFM evolution equation
       (or BFKL,  BK,  JIMWLK, …)  
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TMDs from Parton Branching (PB) 

                     PB evolution equation motivated by

– applicability over large kinematic range from low to high
                               transverse momenta 
       
   – applicability to exclusive fnal states and Monte Carlo
                                   event generators  

    Jung, Lelek, Radescu, Zlebcik & H, “Collinear and TMD quark and gluon
               densities from parton branching”, JHEP 1801 (2018) 070
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TMD distributions (unpolarized and polarized)

    R. Angeles-Martinez et al., “Transverse momentum dependent (TMD) parton
 distribution functions: status and prospects”, Acta Phys. Polon. B46 (2015) 2501
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Outline of this talk

                    
   TMD efects at high       and at low qT
  

   PB approach  
                         

    Applications
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I. INTRODUCTION
TMDs at high energies

Ex.: heavy flavor electroproduction for  

                                  where TMD gluon distribution is given by 
                      Balitsky-Fadin-Kuraev-Lipatov (BFKL) evolution:  

,
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TMDs at high energies

asymptotic resummation effect 

realistic effects in UHE DIS,
           EIC, LHeC, VHEeP?

NB:   -  incorporate sub-asymptotic, finite-x terms → CCFM evolution
         -  dense-medium modifications in nucleons and nuclei → nonlinear evolution
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TMDs for low qT

Ex.: Drell-Yan production qT spectra for Q >> qT

where

and

Collins-Soper-Sterman (CSS) evolution

RG evolution
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TMDs for low qT

  Sudakov
form factor

 evolution
coefficients

pdfs
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From color-neutral to color-charged fnal states

Color neutral: Color charged:

●  New long-time correlations in color-charged case: 

●  
soft gluons coupling 
initial and final states  

●  Generate azimuthal correlations
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II. The Parton Branching (PB) approach

                     

–  how to describe TMD evolution in a PB formalism?  
       
 – construct the analogue of a parton shower for TMDs?

- connection with DGLAP collinear evolution? 
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PB method: 
A new evolution equation for TMDs

where

,

● solvable 
by iterative 
MC technique



14 F Hautmann: Mainz Institute for Theoretical Physics, October 2019 

Non-resolvable emissions and unitarity method

● angular ordering: q_t = (1 - z) q'
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Integrated PB-TMD with angular ordering:

● coincide with CMW result for
        coherent branching  

[Catani-Marchesini-Webber,
Nucl. Phys. B349 (1991) 635;

Marchesini-Webber,
Nucl. Phys. B310 (1988) 461.]
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Integrated PB-TMD with
                             --->  collinear PDFs

● Equivalent to DGLAP evolution equation for zM → 1
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Validation at LO  
against semi-analytic result from QCDNUM

See also S. Jadach et al, 2004 – 2010
               H. Tanaka et al, 2001 - 2005 
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Validation at NLO 
against semi-analytic result from QCDNUM

See also S. Jadach et al, 2004 – 2010
               H. Tanaka et al, 2001 - 2005 



19 F Hautmann: Mainz Institute for Theoretical Physics, October 2019 

Stability with respect to resolution scale z_M
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TMDs and soft-gluon resolution effects
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Comparison with
CSS (Collins-Soper-Sterman) resummation
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Comparison with
CSS (Collins-Soper-Sterman) resummation

More precisely:
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Comparison with
CSS (Collins-Soper-Sterman) resummation

● The k and d coefficients of the PB formalism match, order by order, the
                     A and B coefficients of the CSS formalism:
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How to extend PB to small-x evolution?

● Promote splitting functions to TMD splitting functions:  

● controls summation
 of small-x logarithms
 in gluon-to-quark
 processes
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How to extend PB to small-x evolution?
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III. APPLICATIONS
PB method in xFitter

TMD distributions from fits to precision inclusive-DIS data from HERA
                        using the open source QCD platform
            xFitter [S. Alekhin et al., E. Phys. J. C 75 (2014) 304] 

A. Bermudez et al., Phys. Rev. D99 (2019) 074008 

● NLO determination of TMDs including uncertainties
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TMD distribution functions
from precision DIS data fts
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Where to fnd TMDs? TMDlib and TMDplotter

TMDlib proposed in 2014 as part of
the “Resummation, Evolution,
Factorization” Workshop 

A library of parameterizations and 
fts of TMDs (LHAPDF-style) 

http://tmdlib.hepforge.org
http://tmdplotter.desy.de

Also contains collinear (integrated) 
pdfs 

http://tmdplotter.desy.de/
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Comparison with KMRW unintegrated distributions
                                         (Kimber-Martin-Ryskin-Watt)

KMRW :    - transverse momentum generated by last emission 
                 - radiation populates diferent phase space region  
                 - no rescaling of transverse momenta in Sudakov form factor
                 - difers in treatment of non-resolvable processes 

● low-kT kink from single-emission picture;
● high-kT tail from radiative effects + Sudakov 

arXiv:1908.08524
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3D Imaging and Monte Carlo
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Z-boson DY production at the LHC:
TMDs ftted to inclusive DIS + NLO DY calculation

 ATLAS 8 TeV data [E. Phys. J. C76 (2016) 291]

A Bermudez et al, arXiv:1906.00919 
● Use MadGraph5_aMC-at-NLO
● Apply PB-TMD
● Set matching scale mu_m (kT < mu_m)

● Theoretical uncertainties dominated by scale dependences; TMD uncertainties moderate
● Low-pT spectrum sensitive to angular ordering (PB-TMD Set 2)
● Missing higher orders at high pT: see DY + 1 jet contribution  
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Z-boson DY production at the LHC:
TMDs ftted to inclusive DIS + NLO DY calculation

A Bermudez et al, arXiv:1906.00919

ATLAS 8 TeV data [E. Phys. J. C76 (2016) 291]
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Heavy quark hadroproduction:
b-jets at the LHC from PB TMDs + NLO

A Bermudez et al, in progress

ATLAS 7 TeV data [E. Phys. J. C71 (2011) 1846]
  

● Use MadGraph5_aMC-at-NLO
● Apply PB-TMD
● Set matching scale mu_m (kT < mu_m)
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The role of TMD densities and TMD showers:
inclusive jets

Events by NLO POWHEG 2 jets

PB TMD (with angular ordering) 

TMD parton shower  

A Bermudez et al, in progress
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The role of TMD densities and TMD showers:
b-jets

A Bermudez et al, in progress

ATLAS 7 TeV data [E. Phys. J. C71 (2011) 1846]



36 F Hautmann: Mainz Institute for Theoretical Physics, October 2019 

Conclusions
PB method to take into account simultaneously 
soft-gluon emission at z -> 1 and transverse momentum qT
recoils in the parton branchings along the QCD cascade

potentially relevant for calculations both in
collinear factorization and in TMD factorization  
    ->  cf. parton shower calculations and analytic resummation  

terms in powers of ln (1 – zM) can be related to large-x 
resummation?  -> relevant to near-threshold, rare processes to be 

                                                     investigated at high luminosity     

systematic studies of ordering efects and color coherence
                            -> helpful to analyze long-time color correlations?  
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                              EXTRA SLIDES
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Predictions for 13 TeV 
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Fine binning at low pT?

● dedicated measurements in the region of Z-boson pT < 5 -10 GeV?
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Sensitivity to branching-scale dependent
soft-gluon resolution scales

arXiv:1908.08524
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Toward new approaches to matching/merging,
locally in kT
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