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Introduction

• The Lam-Tung relation for the Drell-Yan 
process was derived kinematically over 20 years 
ago.

• Concerning the angular distribution among 
quarks and leptons.

• Confirmed in the Proton-Proton case

• Not for the Pion-Proton case.
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Lam-Tung relation

• Drell-Yan Process, with some real emission of 
gluons

• The lepton pair carries transverse momentum

• The angle between the quarks and the leptons
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Boer-Mulders function
Boer (PRD 60, 014012 (1999)): 
Hadronic Effect 
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 E866 (PRL 99 (2007) 082301):  

Azimuthal cos2Φ Distribution of DY events in pd 
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ν(π-Wµ+µ-X)~ [valence h1
┴(π)]  * [valence h1

┴(p)] 

ν(pdµ+µ-X)  ~ [valence h1
┴(p)] *  [sea h1

┴(p)]  

Sea-quark BM functions are much smaller than valence quarks 
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• The leading Fock state of        

• The subleading Fock state of
forms a huge soft cloud in the pion

• How about the soft cloud? 

Reconciliation

qq̄

qq̄g
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Gluons Emitted from the 
Soft cloud

These 3 diagrams contribute a delta function �(l+)
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Gluons Emitted from the 
Soft cloud

δ(l+)

l=l + +
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Eikonalization
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k3
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l

Assume k1 is in the plus direction and k2 is in the minus direction
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Glauber region

• The delta function leads to the Glauber gluon, 
i.e., additional infrared divergence.

• Glauber region: 

• Glauber gluon is virtual

• Ordinary soft gluon can be real or virtual

13
Monday, August 19, 13



Glauber gluons 

This Glauber gluon gives a factor     
if we consider all orders of emitting gluons of pion

π

p i�(l+)
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Glauber phase
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Angular coefficients after 
assignments of 

ce = cosS

E1, E2:hadron energy
k: lepton energy

all are in CS frame

More formulas

• As Se->0

obey Lam-Tung relation

22
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Numerical ResultsNumerical results
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coefficients vs q_T
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Speculation
• Lam-Tung relation holds at                  , in which 

the configuration contains only two partons 
(no real gluon emission)

• Lam-Tung relation breaks at                , in which 
the configuration contains at least 3 partons

• Violation of L-T relation caused by Glauber 
gluon?

• Glauber effect important only in pion due to 
the relatively large soft cloud? 

pT = 0

pT > 0

20
Monday, August 19, 13



How to verify?

• Using      , since the      is a valence one.

• In Boer’s prediction (VV>VS), LT should be 
broken.

• We can use this exp. to discriminate the two 
proposals (BM effect or Soft cloud nature).

pp̄ q̄
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Conclusions

• Glauber gluons appear in       factorization for 
complicated QCD processes.

• The Glauber gluons in the pion may break the 
Lam-Tung relation, which was still not solved at 
present.

• Proposed the exp. of       collision to JPARC, to 
discriminate the different resolutions.

• Try to use the same method to study h to bbar 
jets

kT

pp̄
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Thank you for holding till the 
last second.

Enjoy the Banquet!
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Lightcone Coordinate
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Glauber Divergence

• The problem is ...

• Soft gluons from parton 1

• Coupling to parton 2

• Factorization breakdown?
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Proton and Pion
• Proton - proton  => OK

32 

With Boer-Mulders function h1
ŏ:  

ǈ(�-WÆµ+µ-X)~ [valence h1
ŏ(�)]  * [valence h1

ŏ(p)] 

ǈ(pdÆµ+µ-X)~ [valence h1
ŏ(p)] * [sea h1

ŏ(p)]  

Azimuthal cos2ĳ Distribution in p+p and p+d Drell-Yan 
E866 Collab., Lingyan Zhu et al.,                      

PRL 99 (2007) 082301; PRL 102 (2009) 182001 

Sea-quark BM functions are much smaller than valence quarks 

SmallȤis observed 
for p+d and p+p D-Y  

 32 
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Pion

• Massless behavior as a Goldstone boson in the 
exact chiral symmetry

• Effective potential between the 2 quarks is 
linear for large distances. => Massive

• Pion is unique 

• Resolve strange behavior for Pion-Proton 
Process?

mu,d = 0
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Glauber gluon?

• Glauber gluon breaks the universality of PDF 
of hadron 1, and kT factorization 

• Glauber gluon exists if three or more hadrons 
are involved

• Glauber gluon does not exist if only one or two 
hadrons are involved. No delta function   
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CDF (PRL 106, 241801 (2011)):  
Angular Distribution of DY events at Z pole in p-pbar 

37 

0
2(1 )
3

A 






2
4
3

A 





A good agreement with the  
Lam-Tung relation A0-A2=0 
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Phase between diagrams

Notes on Breaking of Lam-Tung Relation with QCD Glauber Gluon

Chun-peng Chang
(Dated: December 17, 2012)

The Lam-Tung relation, derives angular distribution of lepton pairs of the Drell-Yan process [1]. Collins used a
method of tensor analysis to develop the kinematics relation [2]. We are trying to interpret the breaking of the
Lam-Tung relation with Glauber gluons, in the diagrammatic way.
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p1 = E1(1,− sin θ1 cosφ,− sin θ1 sinφ, cos θ1) (3)

p2 = E2(1,− sin θx cosφ,− sin θx sinφ,− cos θx) (4)

k1 = k(1,− sin θ, 0, cos θ) (5)

k2 = k(1, sin θ, 0,− cos θ) (6)

k3 = p1 + p2 − k1 − k2 (7)

(p1p2) = E1E2(1− s1sxc
2
φ − s1sxs

2
φ + c1cx) = E1E2(1 + c1+x) (8)

(k1k2) = 2k2 (9)

(p1k1) = E1k(1− s1sθcφ − cθc1) (10)

= E1k(1− cos θ0) (11)

(p1k2) = E1k(1 + s1sθcφ + cθc1) (12)

= E1k(1 + cos θ0) (13)

(p2k1) = E2k(1−sxsθcφ + cθcx
:=cos θw

) (14)

= E2k(1 + cos θw) (15)

(p2k2) = E2k(1 + sxsθcφ − cθcx) (16)

= E2k(1− cos θw) (17)

k23 = (p1 + p2 − k1 − k2)
2 (18)

= 2(p1p2) + 2(k1k2)− 2(p1k1)− 2(p1k2)− 2(p2k1)− 2(p2k2) = 0 (19)

0 = E1E2c1+x + 2k2 − 2(E1 + E2)k (20)

(p1p2) = E1E2(1 + c1+x) = 2(E1 + E2)k − 2k2 The only constraint on θx (21)
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• The leading Fock state of        is tight in the 
pion to reduce the mass

• The subleading Fock state of
forms a huge soft cloud in the pion to fit its 
role of Nambu-Goldstone boson 

Reconciliation

qq̄

qq̄g
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Inserting the phase alpha

7

( 6©+ 7©11 + 7©12) cosα+ 1© (123)

= 64[(k3 − p2 cosα)p1][2(k3k1)(p1k2) + 2(k3k2)(p1k1)] · · · (124)

= 64 · 2k[(E2 − k)− (E1 + E2 − k) cosα][· · · ] · · · (125)

= 128k(E2 − k − E1 cosα− E2 cosα+ k cosα)[· · · ] · · · (126)

= 128k[(E2 − k)(1− cosα)− E1 cosα][· · · ] · · · (127)

= 128k[(E2 − k + E1)(1− cosα)− E1][· · · ] · · · (128)

= −128k[E1

←10©→

− (E1 + E2 − k)(1 − cosα)

←12©(1−cosα)→

][· · · ] · · · (129)

( 8©+ 9©11 + 9©12) cosα+ 2© (130)

= 64[(k3 − p1 cosα)p2][2(k3k2)(p2k1) + 2(k3k1)(p2k2)] · · · (131)

= 64 · 2k[(E1 − k)− (E1 + E2 − k) cosα][· · · ] · · · (132)

= 128k(E1 − k − E1 cosα− E2 cosα+ k cosα)[· · · ] · · · (133)

= 128k[(E1 − k)(1− cosα)− E2 cosα][· · · ] · · · (134)

= 128k[(E1 − k + E2)(1− cosα)− E2][· · · ] · · · (135)

= −128k[E2

←11©→

− (E1 + E2 − k)(1 − cosα)

←13©(1−cosα)→

][· · · ] · · · (136)

7©23 = 9©23 = 7©13 + 7©33 = 9©13 + 9©33 = 0 (137)

Total = 5© cosα+ 10©+ 14©(1− cosα) + 11©+ 15©(1− cosα) + ( 7©+ 9©)21,22,31,32 (138)

= 5©+ 10©+ 11©+ ( 7©+ 9©)21,22,31,32 + (1− cosα)[ 12©+ 13©− 5©− ( 7©+ 9©)21,22,31,32] (139)

12© = 128k(E1 + E2 − k)[2(k3k1)(p1k2) + 2(k3k2)(p1k1)] · · · (140)

= 128k(E1 + E2 − k)

{

2[E1k(1− c0) + E2k(1 + cw)− 2k2]E1k(1 + c0)
+2[E1k(1 + c0) + E2k(1− cw)− 2k2]E1k(1 − c0)

}

· · · (141)

= 512k3(E1 + E2 − k)E1[E1(1− c20) + E2(1 + c0cw)− 2k] · · · (142)

13© = 128k(E1 + E2 − k)[2(k3k1)(p2k2) + 2(k3k2)(p2k1)] · · · (143)

= 512k3(E1 + E2 − k)E2[E1(1 + c0cw) + E2(1− c2w)− 2k] · · · (144)

− 5© = −512k3(E1 + E2 − k)E1E2(2 + 2c0cw) · · · (145)

−( 7©+ 9©)21,22,31,32 =

{

−512k3E1(E1 − k)[E1(1− c20)− E2(1 + c0cw)]
−512k3E2(E2 − k)[E2(1 − c2w)− E1(1 + c0cw)]

}

· · · (146)
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λ cos2 θ

{(

E1
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)(

c21 −
1

2
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)

+ (1 − cosα)

(

−2c21 +
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(148)

µ sin 2θ

{(

E1

E2
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E2

E1

)

c1s1 + (1 − cosα)
E2 − E1

k
c1s1

}

(149)

ν
1

2
sin2 θ cos 2φ

{(

E1

E2
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E2

E1

)

s21 + (1− cosα)(−2)
E1 + E2 − k

k
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(150)
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We consider the final state with the lepton pair of total transverse momentum qT being produced in the central
rapidity η = 0. The condition η = 0 then leads to qz = 0, namely,

E1

p01
=

E2

p02
, (160)

Hence, we assume

E1 =
c√
2
p+1 , E2 =

c√
2
p−2 , (161)

We then employ the relations

s21 = 1−
p+1 p

−
2

2E1E2
= 1−

1

c2
, (162)

k =
qT
2

√

1− s21
s21

=
qT
2

1√
c2 − 1

, (163)

and insert them into the relation for the center-of-mass energy at parton level

c(p+1 + p−2 ) =
p+1 p

−
2

qT

√

c2 − 1 +
qT
2

1√
c2 − 1

. (164)

The above equation is solved to get

c2 =

2(p+1 p
−
2 )

2 −
[

(p+1 + p−2 )
2 + p+1 p

−
2 + (p+1 + p−2 )

√

p+2
1 + p−22 + q2T

]

q2T

2
[

(p+1 p
−
2 )

2 − (p+1 + p−2 )
2q2T

] . (165)

It is easy to see c2 = 1 as qT → 0, at which the Collins-Soper frame coincides with the center-of-mass frame.
At last, we calculate the deviation from the Lam-Tung relation

1− λ− 2ν =
(1− cosα)

[

1− E1E2
2k2 s21 +

E1E2
k2 sin2(2θ1)

]

(

E1
E2

+ E2
E1

)

(

1 + 1
2s

2
1

)

+ (1 − cosα)
(

E1E2
2k2 s21 − 1

)

cos(2θ1)
(166)

We predict that the deviation increases with qT first, and then becomes negative at larger qT .
For E1 = 50 GeV, E2 = 4 GeV, k = 10 GeV, θ1 = π

6 , the relation between structure functions and the breaking
phase α.
λ
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Boer

12

D. Boer

transversely polarized photon, structure WT only
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Numerical ResultsqT dependence
O Q
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CDFCDF      data
• Lam-Tung relation is respected: A0 = A2

• at large Q=mZ, consistent with LT
• pT /Q  not small, support Glauber gluons 

pp

may not discriminate BM or 
Glauber gluons due to high pTCDF, 1103.5699

A0 and A2 are functions of lambda and nu
When A0 = A2, The LT relation holds
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Angular asymmetry requires 
helicity flip

•    Asymmetry              comes from an 
interference between +1 and -1 photon helicities

13

D. Boer

0Q z

then parton transverse d.o.f  comes in to play
sin term appears, which breaks LT relation
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Explanation as a QCD 
vaccum

14

D. Boer

Chromo-magnetic Sokolov-Ternov effect:
spin-flip gluon synchrotron emission leading 
to a correlated polarization of q and qbar.

Lam-Tung relation 
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Lam-Tung relation could be violated

40
Monday, August 19, 13


