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Work in collaboration with S Dooling, P Gunnellini, H Jung
                                                                 PRD 87 (2013) 094009,
                                                                 PLB 736 (2014) 293 + in progress  
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Motivation

Baseline predictions:

NLO QCD calculations + collinear evolution of QCD parton showers 
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Motivation
                   

        However,  when this approach is pushed to 
   increasingly high energies new effects arise due to 
            soft but finite-angle multigluon radiation. 
                                                   
         

      More recently, additional effects of kinematical origin 
       have been pointed out which arise from combining  
      collinearity approximations in the QCD showers with  
            energy-momentum conservation constraints.             
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Higgs boson + jets

Andersen, Terascale MC School, DESY 2015 



6 F Hautmann: NExT Workshop, UCL, April 2015 

Kinematic correction from showering to 
associated jets 

Dooling et al., arXiv:1212.6264
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W + jets 
ATLAS, EPJC 75 (2015) 82 

Rapidity phase space opens up as s increases → relevant for Run II  
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W + jets 
ATLAS, EPJC 75 (2015) 82 

Good agreement between all predictions and data for inclusive observables
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W + jets 
ATLAS, EPJC 75 (2015) 82 

Large spread in predictions for invariant mass spectrum

M_JJ ~ 400 – 600 GeV
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OUTLINE OF THE REST OF THE TALK:
                   

           Generalized factorization theorems in QCD  
                                                   
         

                 Examples in high-multiplicity final states             
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The collinear parton density functions:

 A) Single-scale scattering

QCD FACTORIZATION
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  Single-scale scattering.                         
E.g.: DIS                         



13 F Hautmann: NExT Workshop, UCL, April 2015 

B) Multi-scale hard scattering at LHC energies
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Transverse momentum dependent (TMD) 
parton density functions 

Generalize matrix element to non-lightlike distances: 

TMD pdf's: 

                  J Collins,                  
Foundations of perturbative QCD 
                 CUP 2011  
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Examples: generalized evolution equations

Q
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FROM QCD TO MONTE CARLO EVENT GENERATORS  

CCFM equation is TMD branching equation which contains both 
                     Sudakov physics and BFKL physics  
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  CCFM exclusive evolution  

●   evolution code uPDFevolv 
  [Jung, Taheri Monfared & H, 
           arXiv:1407.5935]  

 →   Catani-Ciafaloni-Fiorani-Marchesini (1990's) 
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“The TMDlib project” http://tmdlib.hepforge.org/ 

a platform for 
theory and 
phenomenology 
of TMD pdfs

library of fits and 
parameterizations  
LHApdf style

EPJC 74 (2014) 3220
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EXAMPLES:
VECTOR BOSON + JETS

FINAL STATES
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Application to vector bosons + jets  

Motivation: effects of not only 
collinear-ordered emissions but also 
non-ordered region which opens up 
at high s / pt^2 (and large pt). 
Finite angle multi-gluon radiation. 
Push limits of high-energy 
expansion beyond small-x region.   

Role of transverse-momentum 
kinematics on jets produced at 
moderately non-central rapidities 

Jet multiplicities associated with 
          W boson production 

  
Note: pt-ordered shower (eg, 
      Pythia) cannot predict 
      higher jet multiplicities 

Atlas data PRD85 (2012) 092002: 
                 jet | y | < 4.4  
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Can we go to large transverse momenta?  
Total H_T distribution in 

W + n jets fnal states at the LHC 
                                     Dooling, Jung & H, Phys. Lett. B736 (2014) 293 

mode A: uncertainties from renorm. scale, starting evol. scale, expt. errors      

mode B: include factorization scale uncertainties 
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W + n jets: 
Invariant mass spectra

[in progress]
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Theoretical uncertainties larger for larger H_T (increasing x) and,   
at fxed H_T, for higher jet multiplicities  

                                     

mu^2 = m^2 + qT^2      

                     Mode B: include variation of longitudinal component 
      (more conservative estimate – unlike standard collinear approximations)   

Dooling, Jung & H, Phys. Lett. B736 (2014) 293 
Mode C: vary transverse part of mu^2 by factor 2 above and below central value 
                    (more closely related to standard collinear calculations) 
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W + n jets fnal states at the LHC: 
pT spectra of the jets 

                                  Dooling, Jung & H, Phys. Lett. B 736 (2014) 293 

      

Leading jet pT: (left) inclusive; (right) n>=3 
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W + n jets fnal states at the LHC: 
pT spectra of subleading jets 

                                       

      
Subleading jets: (left) second jet pT; (right) third jet pT 
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Angular correlations in 
 W + n jets fnal states  
                                   

      

(left) Delta-phi between two hardest jets; (right) vector boson - third jet correlation 
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Conclusion: What do we gain? 

Uses of TMD pdfs + kt-dependent 
shower: 
 matching with 2 → n off-shell           
          parton calculations 
   (automated method, see 
van Hameren, Kotko & Kutak
    JHEP 1301 (2013) 078)
Opens possibility for full LHC 
phenomenology of QCD, EWK 
        and BSM processes   

Formalism interpolates from low pT 
to high pT
Incorporates experimental 
information from high-precision DIS 
measurements
Takes into account transverse 
momentum kinematics without 
approximations in the branching

      W +  2 jets as signal 
of double parton interactions 

Influence of TMD corrections to 
shower evolution on analysis of  
DPI? 

Single chain Double chain
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EXTRA SLIDES
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EXAMPLES:
                                 



30 F Hautmann: NExT Workshop, UCL, April 2015 

Kinematic effects in parton shower evolution  
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kT-dependent gluon density from precision DIS data

 Good description of inclusive DIS
               data with TMD gluon  

 Sea quark yet to be included at 
                     TMD level
Fit performed with herafitter     
                      package 
      https://www.herafitter.org/ 
       arXiv:1410.4412 [hep-ph]

[Jung & H, Nucl. Phys. B 883 (2014) 1]  
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Example I: 
Drell Yan hadroproduction of electroweak gauge bosons  

Landry et al.   
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Example II: 

DIS at high energies   
 

high-energy projector 
(spin and momentum)
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Conclusion
                   
     TMD parton distributions and showers relevant to 
 both large pT and small pT processes, high x and low x:

         TMDlib platform http://tmdlib.hepforge.org/  
                                                   
         First determination of TMD gluon from combined
  high-precision DIS data, including uncertainties [→ herafitter] 

    The approach has far reaching implications for LHC physics: 
          treatment of kinematic corrections to parton showers; 
        studies of theor uncertainties in multi-particle final states;   
               ex.: W + jets pT spectra and angular correlations
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W + 2 jets: signal for double parton interactions?

ATLAS, New J Phys 15 (2013) 033038 For jet pT = O(20 GeV) effects from 
higher orders in kt-shower significant 
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