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  Drell-Yan production measurements: 

     Drell-Yan type observables  

  Theoretical perspectives: 

     Opportunities and challenges 

     Drell-Yan offers much more than the sign change 

  Summary and outlook 

Outline 

Almost all talks so far addressed “theoretical perspectives  
on Drell-Yan production measurements” 



Drell-Yan production measurements 

  Process: 

A(P1) +B(P2) −→ V [→ �+�−(q)] +X

  Observables (                    ): V (q) → γ∗(q)

q2 ≡ Q2

  Single-scale cross sections (                  ):  
dσ

dQ2 ,
dσ

dQ2dy
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dQ2dq2T
,
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dQ2dq2T dy
,

dσ

dQ2dq2T dydΩ

  Asymmetries           Difference of  cross sections      ∝

  Two-scale cross sections (                                             ):  Q � qT , Q ∼ qT , Q � qT

Q � 1/fm



Drell-Yan mechanism in parton model 

Effective flux: 

  Drell-Yan lepton-pair production: 

  Transversely polarized virtual photon: 1 + cos2θ distribution 

  Lam-Tung relation: 

  Predictions: 

  No free parameter for production rate! 

  Normalized Drell-Yan angular distribution 



Drell-Yan mechanism in QCD 

  Leading order in QCD: 

⇐ all γ structure: γα γαγ5, , σαβ(or γ5σαβ), I, γ5

⇐ all γ structure: γα γαγ5, , σαβ(or γ5σαβ), I, γ5

  Leading power distributions: 

  Transversity distribution: 

h1(x) ∝ �P, S⊥|ψ(0)
γ · n γσ

⊥
P · n ψ(yn)|P, S⊥�

  Asymmetries – collinear factorization: 
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From parton model to QCD 

  Parton model – big K-factor: 

  Parton model = leading order QCD without DGLAP evolution 

  Leading order QCD calculation has the same size K-factor 

  QCD calculation at NLO and higher: 

  Normalization uncertainty in QCD global fit is limited  

     by systematic error of  individual experiment 

  High order corrections are sensitive to if  the  

     virtual photon’s invariant mass is space-like or time-like 



Factorized Drell-Yan cross section 
  TMD factorization (             ):     

The soft factor,        , is universal, could be absorbed into  
the definition of  TMD parton distribution 

  Spin dependence: 

The factorization arguments are independent of  the spin states  
of  the colliding hadrons   

                   same formula with different distributions for γ*,W/Z, H0… 

  Collinear factorization (                             ):     , q⊥ � Q



TMD vs collinear factorization 

  “Formal” operator relation between TMD distributions 
     and collinear factorized distributions:  

Transverse-spin: 

spin-averaged: 

But, TMD factorization is only valid for low kT – TMD PDFs at low kT  

Collinear:    Q1… Qn >> ΛQCD   

TMD:             Q1 >> Q2  ~ ΛQCD  

  TMD factorization and collinear factorization cover 
     different regions of  kinematics: 

  One complements the other, but, cannot replace the other! 

  Predictive power of  both formalisms relies on the validity of   
     their own factorization  

Consistency check – overlap region – perturbative region 



The sign change of  Sivers function 

  TMD quark distribution: 

  Parity + Time-reversal invariance: 

See talks by Collins, Kang, …  

It is a critical test of  TMD factorization approach 



Test of  the  modified universality 

  Drell-Yan:     See talks by Anselmino, Rogers,  …  

  Z0:     

Theoretical challenge:  Q-dependence of  Sivers function? 



The sign “mismatch” 

  Asymmetry could have a node: 

Sign change of  Δg(x): 

A(s) ∝ σ(s)− σ(−s)

  AN of  Drell-Yan pT distribution: 

AN

pT

TMD region (pT << Q) 

Collinear region (pT ~ Q) We could have: 

Important measurement for understanding AN of  hadronic pion 

See talks by Kang  

Difference of  two Gaussians 



Unpolarized Drell-Yan cross section 

  The denominator of  the Asymmetry: 
dσ

d4q
dσ

d4qdΩ

  Angular integrated Drell-Yan is under control: 

CSS resummation formalism – small role of  nonperturbative physics 



Unpolarized Drell-Yan cross section 

  The denominator of  the Asymmetry: 
dσ

d4q
dσ

d4qdΩ

  Angular integrated Drell-Yan is under control: 

CSS resummation formalism – importance of  power corrections 
Qiu and Zhang, 2001 



Unpolarized Drell-Yan cross section 

  The denominator of  the Asymmetry: 
dσ

d4q
dσ

d4qdΩ

  Angular integrated Drell-Yan is under control: 

But, Drell-Yan lepton angular distribution needs work! 



Lam-Tung relation 

  Normalized Drell-Yan lepton angular distribution: 

  Lam-Tung relation: 

  Collinear factorization: 

  TMD factorization: 
– Boer – Mulder function – cos(2Φ): 

σ+αk⊥α −→

σ+βk�⊥β −→
h⊥DY
1 (x) = −h⊥SIDIS

1 (x)

Still valid after resummation of  large logs Berger, Qiu, Rodriguez, 2007 

Theory challenge: Q-dependence of  BM function, cos(Φ), …   



High pT and low mass Drell-Yan 

  Clean probe of  gluon without final-state interaction 

Compton subprocess dominates when qT > Q/2 

  Complementary to prompt photon 

  Idea:  low Q2 – increases the rate, and  
                high pT – reliable pQCD calculation 

IF pT >> Qs, Collinear factorization is as good as that of  prompt photon  

Kang, Qiu, Vogelsang, PRD 2009 

Berger, Qiu, Zhang, PRD 2002 



  Invariant cross section: 

  Role of  non-perturbative fragmentation function: 

  QED alone (dotted): 

  QED + hadronic input (solid): 

Hadronic component of  

fragmentation is very  

important at low QT  

   Input FF: 

Kang, Qiu, Vogelsang, PRD 2009 

Data from PHENIX: arXiv:0804.4168 

p+p 

Very low mass Drell-Yan (pT > Q ~ 1/fm) 



Excellent probe of  gluon distribution 

  Nuclear modification factor: 

  RHIC kinematics – if  dominated by single scattering: 

d+A 

– The band is given by κ=1 (top lines) and κ=0 (bottom lines) 

– Ratio follows the feature of  gluon distribution if  turns off  isospin 

– No suppression if  removing isospin effect 

Kang, Qiu, Vogelsang, PRD 2009 

shadowing 

antishadowing 

EMC EKS98 
EPS08 
dFS03 

–  



Saturation and CGC physics 

  Forward rapidity ( y >> 0 ): 

Jalilian-Marian’s talk 

Yuan’s talk 

Nuclear shadowing cannot produce such suppression! 

If  QT ~ Qs, collinear factorization fails 

Theory challenge:  Role of  pT? 



Another sign change 

  Power correction to DIS – single scale: 

FeA(x,Q
2) = FLP

eA (x,Q2) +
1

Q2
FNLP
eA (x,Q2) + ...

≈ + + 

Negative - suppression 

  Power correction to inclusive DY – single scale: 

dσpA

dQ2
=

dσLP
pA

dQ2
+

1

Q2

dσNLP
pA

dQ2
+ ...

Positive - enhancement 

Compton gives negative contribution in CO factorization 



Another sign change 

LO 

On-shell 

LO 

Fixed 

On-shell 

Fixed 

Resum all powers 

Resum all powers 

  DIS with a space-like hard scale: 

  DY with a time-like hard scale: 



Inclusive low mass Drell-Yan 

  Power correction to inclusive total rate: 

NA60 

  Power correction from cold nuclear matter enhances the  
     dilepton production -  consistent with NA60 data  

Theory challenge:  A-dependence of  DY’s pT and y distributions  

See talks by Mueller, Yuan,   Jalilian-Marian, Reimer, Peng, …  



  W’s are left-handed: 

Drell-Yan with parity violation 

  Flavor separation: 

Lowest order: 

Forward W+ (backward e+): 

Backward W+ (forward e+): 

  Complications: 
High order, W’s pT-distribution at low pT 



  Fixed order pQCD calculation: 

CSS formalism – implemented in RHICBOS – only diagonal contribution 

LO: 

NLO: 

  All order resummation is needed:  

  RHIC experiments measure decay lepton not the W’s:  

Resummation for the lepton angular distribution needed! 

Scale dependence of  the polarized sea  
∆q̄(µ = MW ) =⇒ ∆q̄(µ = Q ∼ GeV�s)SIDIS

Challenge in predicting AL of  lepton 

Leptons not from W decay – background – hard for theorists 



Sea quark asymmetry from Drell-Yan 

  Flavor asymmetry of  the sea: 

Theory challenge:  Why there is a node?  Role of  pion cloud? …  

See talks by Reimer, Peng, … 

σpd

2σpp
≈ 1

2

�
1 +
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�



TMD gluon distribution 

See talk by Schlegel 

  Gluon Sivers function: 

Need TMD factorizable observables! 

  RHIC:  momentum imbalance of  two isolated photons: 

A(P1) +B(P2) −→ γ(p1) + γ(p2) +X

  Future EIC:  

�(k) +B(P ) −→ D(p1) + D̄(p2) +X

�(k) +B(P ) −→ J/ψ(PT ) +X

Diehl and Xiao 



Summary and outlook 

Thank you! 

  Drell-Yan process is one of  the oldest hard process  
     proposed to test QCD – it still a very good one! 

  The proof  of  QCD factorization for Drell-Yan is solid 
     (LP + NLP for collinear, LP for TMD)  

  The test of  the sign change of  the Sivers function is  
     a critical test of  TMD factorization! 

  Drell-Yan could provide much more than the sign change 
     of  Sivers function 



Backup transparencies 


