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*  Introduction 

*  NLO at leading twist à DGLAP evolution of PDF (FF) 

*  NLO at twist-four (TMB effect) 

   à QCD evolution of nuclear q-g correlation function 

*  Summary 
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§  Multiple scattering in SIDIS 
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�h`2T i = h`2T ieA � h`2T ieN

HERMES: Phys.Lett. B684 (2010) 114 HERMES: Phys.Lett.B577 (2003) 37 



§   TMB (Transverse momentum broadening)  
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Single scattering     -->    localized in space 
Double scattering   -->     leading contribution to transverse  
                                      Momentum broadening 
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TMB – QCD dynamics beyond the single scattering picture 
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§  SIDIS Cross section - LO 
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Four possible regions of gluon momentum: 
 

1. collinear to initial quark (PDF) 
2. collinear to final quark (FF) 
3. soft (IR singularities cancel) 
4. hard (NLO correction) 
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real virtual 

§  NLO – SIDIS 



§  DGLAP evolution (scaling violation) 
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§  In MSbar scheme (                ) 
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§  Cross section for SIDIS at twist-2 
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General formalism 

Qiu, Sterman §  Twist-4 contribution 
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§  LO contribution to weighted cross section 
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Twist-4 leading order 

§  Leading contribution to broadening of hadron  
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Provide a way to measure the fundamental T-4 quark-gluon correlation function. 

Guo, 1998 
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(a) (b)
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Twist-4 NLO – Virtual correction 

All additional diagrams are just self-energies for external on-shell 
lines and do not contribute. Only central-cut contribute to TMB. 



Twist-4 NLO – Real correction 
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•  Organized in terms of cuts 



Central-cut 
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•  Organized in terms of soft- and hard-rescatterings 



§  Soft-collinear divergence (double pole) 
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§  Combine all the results 

New splitting function 

§  Redefinition of FF (MSbar) – well known 

§  Redefinition of T4 (MSbar) - NEW 

DGLAP 
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�(1� ẑ) [TF (x, 0, 0)Pqq(x̂) + Pqg!qg(x̂)⌦ TF (x, x, xB)] + · · ·
�

Divergences come from central-cut 



17 

µ

2 @

@µ

2
T

F

(x
B

, 0, 0, µ2) =
↵

s

2⇡

Z 1

xB

dx

x

⇥
P

qq

(x̂)T
F

(x, 0, 0, µ2) + P

qg!qg

(x̂)⌦ T

F

(x, x, x
B

, µ

2)
⇤

§  Evolution equation for T4 - NEW 
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Factorization at twist-4 

T-4 LO 

T-4 NLO 
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§  Transverse momentum square weighted 
    cross section 



Verification in Drell-Yan  

y1 y 0 y2

kg k′gk2k1

P P

x′p′ q

p′ p′P

H

A

18 

Real + Virtual à soft divergence cancel 
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Factorization in Drell-Yan at twist-4 
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•  Redefinition of beam PDF 

•  Redefinition of nuclear T-4 gluon-quark correlation function 

Exactly the same as that in SIDIS, it is universal! 

§  Transverse momentum weighted cross section 
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Discussion - Evolution of jet transport parameter 

§  Related to jet transport parameter 

§  Evolution equation of jet transport parameter 
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Scaling in large Bjorken-x 
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2.   Evolution of qhat in intermediate-x 
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§  Compare to HERMES data 
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§  Compare to HERMES data 
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Summary 
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•  We have calculated single inclusive hadron transverse momentum 

broadening in SIDIS as well as DY dilepton production at one loop 
order at twist-4.  

•  We verified QCD factorization beyond leading twist (twist-4). 

•  We derived the QCD evolution equation for twist-4 q-g correlation 
function. 

 
•  Our numerical results describe the TMB data at HERMES quite well 

for all kinematic dependences.  
 
 


