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First High-mass Dimuon Experiment at BNL

29 GeV protonp U Xµ µ+ −+ → + +

Lederman et al. PRL 25 (1970) 1523

Experiment originally 
designed to search for 
neutral weak boson (Z0)

Missed the J/Ψ signal !

“Discovered” the Drell-Yan 
process
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The Drell-Yan Process
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“… our original crude fit did not 
even remotely resemble the 
data. Sid and I went ahead to 
publish our paper because of 
the model’s simplicity…”

 “… the successor of the naïve 
model, the QCD improved 
version, has been confirmed by 
the experiments…”

 “The process has been so well 
understood theoretically that it 
has become a powerful tool for 
precision measurements and 
new physics.”
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Complementality between DIS and Drell-Yan

Both DIS and Drell-Yan process are tools to probe the quark 
and antiquark structure in hadrons (factorization, universality)

DIS Drell-Yan

Ann.Rev.Nucl. 
Part. Sci. 49 
(1999) 217;

Peng and Qiu, 
Prog. Part. 
Nucl. Phys. 76 
(2014)43
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Fermilab Dimuon Spectrometer
(E605 / 772 / 789 / 866 / 906 /1039)

1) Fermilab E772 
   "Nuclear Dependence of  and Quarkonium Production"
2) Fermilab E789 
   "Search for Two-Body De

(proposed in 1986 and completed in 1988)

(proposed in 1989 and c i
D

 
r

e
e

e
l

p
l

o
-

1
Y

9
a

t
n

m l d n 1 9 )

7

cays of Heavy Quark Mesons"
3) Fermilab E866 
   "Determination of /  Ratio of the Proton via 

n
"

4) Fe

i

rmi

p

la

(

b 

pro o

E

sed n 1993 a d co

a

mpleted 

p
Drell-

in 1996)

( ropo n906/ 9Se Qu 9est sed i  1 9 , completed in 
Yand u

"

/2017)

 (proposed in 
l

2017
i

, 
h

be
F

a
L

m
M

 
i

e
 

x
n

p
e

e
t

c
r

t5 e de  m 2l 0b 2E 40 )9
 

S
 

i
 

   "  w th t e NA  a n I j c o "
) F r i a  1 3 / p nQuest
"  with Tra

-

nsverse ely r Po

D

la

Y

rY il z

r

e

l

d

a

 a T- a

e

rD l n get

n



7

EXPERIMENT E789- Moving Cable at Meson. 
"The Snake". (1990)
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/  flavor asymmetry from Drell-Yand u
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800 GeV proton beam
on hydrogen and deuterium

 mass spectrumµ µ+ −

Fermilab 
E866
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Angular Distribution in the “Naïve” Drell-Yan
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Lepton Angular Distribution of “naïve” Drell-Yan:
Drell-Yan angular distribution

Data from Fermilab 
E772

(Ann. Rev. Nucl. Part. 
Sci. 49 (1999) 217-253) 
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Helicity conservation and parity 

θ
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Dilepton 
rest frame
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Drell-Yan lepton angular distributions for pT > 0

Collins-Soper frame

Θ and Φ are the decay polar 
and azimuthal angles of the μ- 

in the dilepton rest-frame
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4 2

d
d
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σ π
      = + + +      Ω      

A general expression for Drell-Yan decay angular distributions:

Reflect the spin-1/2 nature of quarks
     (analog of the Callan-Gross relation in DI
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Decay angular distributions in pion-induced Drell-Yan

13

Z. Phys.

37 (1988) 545 

T0  and  increases with pν ν≠

Dashed curves 
are from pQCD 

calculations

NA10  π- +W

2 21 3 1 cos sin 2 cos sin cos 2
4 2

d
d
σ νλ θ µ θ φ θ φ

σ π
      = + + +      Ω      
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Decay angular distributions in pion-induced Drell-Yan

Data from NA10  (Z. Phys. 37 (1988) 545)

Is the Lam-Tung relation (1-λ-2ν=0) violated?
140 GeV/c 194 GeV/c 286 GeV/c

Violation of the Lam-Tung relation suggests interesting new origins 
(Brandenburg, Nachtmann, Mirkes, Brodsky, Khoze, Muller, Eskolar, 
Hoyer,Vantinnen, Vogt, etc.)
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Boer-Mulders function h1
┴                   

1 1
1

1 1

Boer pointed out that the cos2  dependence can be caused by
    the presence of the Boer-M

   can lead to an azimuthal dependence wi

ulders

th 

 function.

h hh
f f

ν
⊥ ⊥

⊥   
• ∝   

 

•



φ

Boer, PRD 60 (1999) 014012

The puzzle is resolved. It also leads to the first 
extraction of the Boer-Mulders function

ν
The violation of the Lam-
Tung relation is due to the 
presence of the Boer-
Mulders TMD function
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With Boer-Mulders function h1
┴: 

ν(π-Wµ+µ-X)~ [valence h1
┴(π)]  * [valence h1

┴(p)]

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

┴(p)] 

Azimuthal cos2Φ Distribution in p+d Drell-Yan
Lingyan Zhu, JCP et al., PRL 99 (2007) 

082301; PRL 102 (2009) 182001

Sea-quark BM function is much smaller than valence BM function

Fermilab E866
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Angular distribution data from CDF Z-production
TeV 1.96sat   =++→+ −+ Xeepp

λ 1 2λ ν− −ν

• Strong pT (qT) dependence of λ and ν
• Lam-Tung relation (1-λ = 2ν) is satisfied within 

experimental uncertainties (TMD is not expected 
to be important at large pT)

arXiv:1103.5699 (PRL 106 (2011) 241801) 



CMS (ATLAS) data for Z-boson 
production in p+p collision at 8 TeV

• Striking qT (pT) dependencies for λ and ν were 
observed at two rapidity regions

• Is Lam-Tung relation violated? 18

(arXiv:1504.03512, PL B 750 (2015) 154)

λ ν
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Recent data from CMS for Z-boson production 
in p+p collision at 8 TeV

• Yes, the Lam-Tung relation is violated (1-λ > 2ν)!
• Can one understand the origin of the violation of 

the Lam-Tung relation (It cannot be due to the 
Boer-Mulders function)?
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Interpretation of the CMS Z-production results
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How is the angular distribution expression derived?

Define three planes in the Collins-Soper frame

 Contains the beam  and target  momenta
 Angle  satisfies the relation tan /

ˆ  and  have head-on collision along the  axis
ˆ ˆ  and a

1) Hadron Plane
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xes form 
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How is the angular distribution expression derived?
Define three planes in the Collins-Soper frame

1 1
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How is the angular distribution expression derived?

0
2

0cos1 cosad
d
σ θ θ∝ + +
Ω

0 1 1 1cos cos cos sin sin cos( )θ θ θ θ θ φ φ= + −

How to express the angular 
distribution in terms of θ and φ?

Azimuthally symmetric !

Use the following relation
(addition theorem):
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How is the angular distribution expression derived?
0
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All eight angular distribution terms are obtained!
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Angular distribution coefficients A0 – A7
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Some implications of the angular distribution 
coefficients A0 – A7
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Some implications of the angular distribution 
coefficients A0 – A7
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Compare with CMS data on λ
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Compare with CMS data on ν
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Origins of the non-coplanarity
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Compare with CMS data on Lam-Tung relation
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Violation of Lam-Tung 
relation is well described



Compare with CDF data
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Compare CMS data on A1, A3 and A4 with calculations

36



Other implications of the “geometric model”

• Extend this study to semi-inclusive DIS at high pT 
(involving two hadrons and two leptons)
– Relevant for EIC measurements

• Rotational invariance, equality, and inequality 
relations formed by various angular distribution 
coefficients
– See preprint arXiv: 1808.04398 

• Comparison with pQCD calculations
– See preprint arXiv: 1811.03256 
– Lambertson and Vogelsang, PRD 93 (2016) 114013

37

(PRD 99 (2019) 014032)

(Phys Lett B789 (2019) 352)



Other implications
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arXiv:1808.04398 
Quantities invariant under rotations along the y-axis (Faccioli et al.)

(Phys Lett B789 (2019) 352)
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1 1 1 ˆsin sin  is the component of along the y-axis in 
the  invariant under rotation along  y-dilepton rest frame; axis
y zθ φ ′=



Other implications
• Extend this study to fixed-target Drell-Yan 

data

39

PRD 99 (2019) 014032



Other implications
Extend this study to W-boson production at CDF

40W-boson production in p-pbar collision from CDF 



Other implications

• Extend this study to Z plus jets data at LHC
– The angular distribution coefficients are expected to be 

different, in general, for Z plus single jet and Z plus 
multi-jets events

– Lam-Tung relation is expected to be satisfied by Z plus 
single jet events, but badly violated by Z plus two or 
more jets.

– The qT dependence of A0 would be different for Z plus a 
single quark jet events and Z plus a single gluon jet 
events (can lead to the validation of various algorithms 
for quark/gluon jets separation)

– Would be great to have these data from LHC!
41



Expected Z plus jets results

42

Z plus single gluon jet

Z plus single quark jet

Z plus single jet

Phys. Lett. B797 (2019) 134895
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Summary
  A "geometric model" is developed to understand many 

    features of the lepton angular distributi
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Some other possible physics topics at sPHENIX

*

 

1) In transversely polarized -  collision, one could 
    measur  (left-right asymmetry) for / , ,

2) If one could identify Drell-Yan signals, it would be 
in

(1 ,2 ,3 ), , , production.
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3) One could study intrinsic charm in the proton using 
forward /  production or D-meson production, or 
intrinsic strange using forward  produ

to measure Sivers asymmetry (in ),  
as well as other TMDs.
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Some other possible physics topics at sPHENIX

o

4) If the vertex detectors work well, it might be possible 
    to observe B-meson production through 
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    as a warm-up to optimize analysis algorithms.
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