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Deep Inelastic Scattering
Only 2 independent variables

q k k= − ′
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incoming lepton
outgoing lepton
Nucleon with mass
exchanged particle (probe)
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The following invariant quantities are often used:
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W q P M M Q
Qs k P Mxy

⋅ν = = −

⋅= =
⋅ ν

= + = + ν −

= + = +

x = 1 is the elastic case

mass squared of the system 
recoiling against the lepton

center of mass energy squared
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Deep Inelastic Scattering

In the lab frame, where
we have

( )P M= , , ,0 0 0

2 24 2sin

E E

y E
Q EE

′ν = −
ν=

θ′= θ is the lepton 
scattering angle

fraction of energy lost 
by lepton

lepton energy loss

2 2 2

2
sin ,  EE m mθ′ ′>>

where it is 
assumed that

Of interest,

( ) ( )
2 2 2

2 2
2 2

22d d d d
d  d d  dd  d d  d

Ms M x s Mx y E EQ x Q
σ σ π ν σ σ= ν − = = −′ ′Ων

22d d d d  d  dMEE Q y x yEE E
π′ Ω = ν = π′ ′
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Electron-Nucleon Scattering
This is the neutral-current process eN→eX
The differential cross section can be expressed as

( )2 2 2
2

1 24
4 2 2

2d sin cosd  d 2
E W WE Q
′σ α θ θ= +′Ω ( )2,i iW W Q= ν

or in a Lorentz invariant way as

( )
22 2

2 2
2 14 2

4 1d
d  d

M xys M y F xy Fx y Q s M
⎡ ⎤⎛ ⎞σ πα= − − − +⎢ ⎥⎜ ⎟−⎝ ⎠⎣ ⎦

( )2,i iF F x Q=
dimensionless 
structure functions

22

11

WF
MWF
ν=

=
2 functions for 2 polarization states of the photon

( ) ( )
( ) ( )

2 2 21
1 2

2 2 2
2

1

1
N

N 

F x G Q x

F G Q x

= µ δ −

= µ δ −

In the elastic case eN→eN, for high Q2 (essentially probing the 
magnetic form factor), one can write

where G is the nucleon form factor, 
where we have used the following 
experimental scaling laws:
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Electron-Nucleon Scattering

where the anomalous magnetic moments of 
the nucleons are

( ) ( ) ( ) ( )
( )

2 2
2 2

2 0

p n
M Mp

E
p n

n
E

G Q G Q
G Q G Q

G Q

= = ≡
µ −µ

= 2.79 1.91p nand      µ = µ = −

For example, the nucleon form factor is well represented by the dipole 
function

( )
22

2
21

0.71 GeV
QG Q

−
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

( ) 1/ 220.71 0.23GeV  fm
−

≅where

is characteristic of the nucleon size.  0.71GeV2 yields an rms charge 
radius of the proton of 0.81 fm.  Slightly different values are also found  
in the literature.   As Q2 increases,

G depresses the chance of elastic scattering;
the inelastic scattering becomes more likely and the nucleon is

more likely to break up;
the resolution of the probe (here a photon) increases so that we 

can begin to “see” the nucleon constituents.

see Perkins 
p.194-195
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Electron-Nucleon Scattering
2

vsd   d  d EE
σ ′

′Ω
for ep scattering ( )
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x

mass of system recoiling against the electron

elastic ep→ep
corresponds to x=1
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Neutrino-Nucleon Scattering
These are the charged-current processes

e N X
N e X
N e X

−

−

+

→ ν
ν →
ν →

The differential cross section can be expressed as

( ) ( )2 42
2 2 2

1 2 322 2
2 2 2

2F W
2

W

d sin cos sind  d 22
G M E EE W W WE MQ M

⎡ ⎤′σ θ θ + θ⎛ ⎞′= +⎜ ⎟⎢ ⎥′Ω π ⎝ ⎠⎣ ⎦+
∓

( )2,W W Q= νwhere , or in a Lorentz invariant way

( )
( )

2 2 42
2

2 1 32 22 2
12 2

2
F N N NW

W

d 1d  d
G s M M M xy yy F xy F y xFx y s MQ M

ν ν ν
− ⎡ ⎤⎛ ⎞ ⎛ ⎞σ = − − + ± −⎢ ⎥⎜ ⎟⎜ ⎟π − ⎝ ⎠⎝ ⎠+ ⎣ ⎦

where the top sign is for neutrino and electron processes, and the 
bottom one for antineutrino processes.

( )2,i iF F x Q= dimensionless structure functions
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Neutrino-Nucleon Scattering

1 1

2 2

3 3

N

N

N

F MW
F W
F W

ν

ν

ν

=
= ν
= ν

3 functions for 3 polarization states of the W±

The third structure function is sensitive to the parity violating part of the 
cross section.
Note that the neutral-current cross section is recovered by the 
replacements
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2
W
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F F
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ν
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→
→
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Scale Invariance and Partons
Bjorken postulated the scaling law

( ) ( )2
1 1,MW Q F xν →

( ) ( )2
2 2,W Q F xν ν →

lim
2Q →∞
ν→∞

( ) ( )2
3 3,W Q F xν ν →

lim
2Q →∞
ν→∞

lim
2Q →∞
ν→∞

Since x is dimensionless, there is no scale of mass or length:  scale 
invariance.
This implies that the virtual photon scatters off pointlike constituents 
since otherwise the dimensionless structure functions F(x) would 
depend on the ratio Q Q

where Q°
-1 is some length scale characteristic of the size of the 

constituents.
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Scale Invariance and Partons
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Scale Invariance and Partons

In the case of exact scaling
( ) 1, 2, 3N N   i i iF F xν ν ==

21 1

0 0

dd  d d  dx y aEx y
σσ = =∫ ∫

Then

where a is a constant 
independent of E

“The ratio of cross section per 
nucleon to incident energy is 
practically constant over two 
orders of magnitude and is a 
direct demonstration of 
pointlike constituents 
(partons) inside the nucleon” 
(Perkins p.264)

σ
E

E
P.D.G. 2002 Fig 39.10
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Scale Invariance and Partons

Feynman gave a physical interpretation of scale invariance in the parton
model.  Go to the “infinite momentum frame”, where the target nucleon 
has a very large 3-momentum

( ), ,0,0P P P P= .
Since the 3-momentum is large, we can neglect masses and parton
transverse momenta

P
M q

( )1− x PxP

m

( )2 2

2 2 2

2 2 2 2 2 2

2 2

0
2 0

2 2

if

then

  ,

 

xP q m
x P q xP q

x P x M Q q
Q Qx P q M

+ = ≈
+ + ⋅ ≈
= << = −

= =
⋅ ν

Therefore x is the fractional 3-momentum of the parton in the infinite 
momentum frame.
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The Parton Model
Assume the nucleon is made of pointlike constituents
In the infinite momentum frame, consider the probe to scatter off a 

pointlike parton q of mass m and charge eq which carries a fraction ξ of 
the nucleon’s momentum.  In the Lab frame, this means

m M= ξ
Recall the eµ→ eµ cross section (Lab frame, neglecting electron mass)

22 2
2

4 2
4

2 22
2d cos sind

QE E
EQ m
⎛ ⎞′ ′σ α θ θ= +⎜ ⎟Ω ⎝ ⎠

where m = mµ.  Since E′ is fixed for a given E and θ, we obtain 
(Halzen+Martin p 132)

2 22 2
2

4 2
4

2 2 22

2
2d cos sind  d

Q QE
E mQ m

⎛ ⎞ ⎛ ⎞′σ α θ θ= + δ ν −⎜ ⎟ ⎜ ⎟′Ω ⎝ ⎠ ⎝ ⎠
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The Parton Model

Using m = ξM and assuming a parton of charge eq instead of a muon, 
this can be written as

2 22 2
2 2

4 2
4

2 2 22

2
2

q
d cos sind  d

Q QE eE mQ m
⎛ ⎞ ⎛ ⎞′σ α θ θ= + δ ν −⎜ ⎟ ⎜ ⎟′Ω ⎝ ⎠ ⎝ ⎠

Comparing this model with the deep inelastic neutral-current result eN→eX

( )2 2 2
2

1 24
4 2 2

2d sin cosd  d 2
E W WE Q
′σ α θ θ= +′Ω

and using ( )
2

2
Q x xm

⎛ ⎞
δ ν − = δ ξ −⎜ ⎟ ν⎝ ⎠

we obtain for this model the following structure functions

( ) ( )2
2 1

ˆ ˆ2qF x xe x xF= δ ξ − =
This suggests that F(x) probes a parton constituent with momentum 
fraction x.
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The Parton Model
Let ( )q  dξ ξ probability that a parton carries a momentum 

fraction between ξ and ξ+dξ .
( )q ξ parton’s probability density function, or p.d.f.

then 
( ) ( ) ( ) ( ) ( ) ( )

1 1 2 2
2 20 0

ˆ
q q

q q q
d  q d  q qF x F x xe x e x x= ξ ξ = ξ ξ δ − ξ =∑ ∑ ∑∫ ∫

The sum runs overall charged partons q since all the elementary 
neutral-current processes e- q → e- q are allowed.  The result

Callan-Gross relation( ) ( )2 12F x xF x=
is verified experimentally. Note that 

( )
( )
( )
( )

1

2

1

2

2
1

2
0

1
2spin  partons

spin  0   partons

 

 

xF x
F x
xF x
F x

= ⇔

= ⇔

 Therefore the charged partons inside the nucleon are spin 1/2 !
 We associate them to quarks.
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The Parton Model

( )1F x

x

x

( )2F x

G
rif

fit
hs
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27

1 Partons are spin 1/2 !
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( )
1

2

2xF x
F x

x
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The Parton Model

where          and           
correspond to the quark and 
antiquark p.d.f. that are probed 
in the process.

A similar analysis can be carried out for the charged-current reactions.
Comparing

+
e e             e e
N e N           N e N

v v v v− − − −

−
→ →

ν → ν →with 
one obtains (Perkins p278)

( ) ( ) ( )

( ) ( ) ( )

2

3

2

2

N

q,q
N

q,q

  q q

q q

F x x x x

xF x x x x

ν

′
ν

′

′⎡ ⎤= +⎣ ⎦

′⎡ ⎤= −⎣ ⎦

∑
∑

Note that (Perkins p275)

( )q x ( )q x′

1 1 2 2 3 3

1 1 2 2 3 3

n p n p n p

p n p n p n
                
                

F F F F F F
F F F F F F

ν ν ν ν ν ν

ν ν ν ν ν ν

= = = −
= = = −

( )
( )
( )
( )

1
1 1 12

1 1
2 2 22 2

1
3 3 32

p n N

N p n p n N

p n N
i i i

F F F

F F F F F F

F F F

ν ν ν

ν ν ν ν ν ν

ν ν ν

⎧ + =
⎪⎪= + = + =⎨
⎪− + = −⎪⎩

In particular, for isoscalar targets we 
have
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Structure Functions
Let us consider the four lightest quarks
Let q(x) denoted by

( ) ( ) 2
3
1
3

u c         d s
+
−

( ) ( ) ( ) ( ),u ,  d ,  c   sx x x x
to represent the parton density function of the u, d, c and s quarks in 
the proton.
Isospin invariance relates the proton and neutron  p.d.f. for the u and d 
quarks:

( ) ( )
( ) ( )
( ) ( )
( ) ( )

n

n

n

n

u d
d u
c c
s s

x x
x x
x x
x x

=
=
=
=

Therefore any Fn(x) can be obtained from Fp(x) using u↔d
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Structure Functions

Cabibbo
suppressed

While all e- q → e- q processes are allowed, only the following 
elementary charged-current processes are permitted:

d e u     (or c)
 u e d     (or s)

u e d     (or s)
d e u     (or c)

−

−

+

+

→
→
→
→

ν
ν
ν
ν

… likewise for (u,d)↔(c,s)

( ) ( )
( )
( )
( )
( )

4 1
2 9 9

2

2

3

3

2
2
2
2

ep

p

p

p

p

u u c c d d s s

d s u c
u c d s
d s u c
u c d s

F x

F x
F x

xF x
xF x

ν

ν

ν

ν

⎡ ⎤= + + + + + + +⎣ ⎦
= + + +

= + + +

= + − −

− = + − −

Therefore we obtain
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Structure Functions

When the target has an even mixture of p and n we use

( ) ( ) ( ) ( )
( ) ( )
( ) ( )
( ) ( )
( ) ( )

51 4 1
2 2 22 18 9 9

1
2 2 22

1
2 2 22

1
3 3 32

1
3 3 32

2

2

2

2

eN ep en

N p n

N p n

N p n

N p n

u u d d c c s s

u d u d s c

u d u d c s

u d u d s c

u d u d c s

F F F x

F F F x

F F F x

xF xF xF x

xF xF xF x

ν ν ν

ν ν ν

ν ν ν

ν ν ν

⎡ ⎤≡ + = + + + + + + +⎣ ⎦
⎡ ⎤≡ + = + + + + +⎣ ⎦
⎡ ⎤≡ + = + + + + +⎣ ⎦
⎡ ⎤≡ + = + − − + −⎣ ⎦
⎡ ⎤− ≡ − + = + − − + −⎣ ⎦

With sufficient measurements of the structure functions, these relations 
can be inverted to obtain the p.d.f.’s.
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Structure Functions

As we will see, the following picture emerges:
The proton consists of 3 valence quarks

( ), ,v v vP u u d=

which carry the electric charge and the baryon number, and an infinite 
sea of light quark-antiquark pairs

, , , , ,s s s s s s s su , u  d  d  c  c , s  s
We set

s s s su u d dS ≡ = = =

and we have
v

v

s s

s s

u u
d d
u d
c c c c
s s s s

S
S

S

= +
= +
= =
= = =
= = =
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Structure Functions
We can get an estimate of the antiquark content of 
the proton by measuring R on isoscalar targets

N X

N X
R

+

−

ν →µ

ν →µ

σ=
σ

Let       and      be the nucleon momentum fraction 
carried by the quarks and antiquarks respectively

Qδ Qδ

( )
( )

1 1

0 0
1 1

0 0

Q

Q

d  Q d  u d c s

d  Q d  u d c s

x x x x

x x x x

δ ≡ = + + +

δ ≡ = + + +

∫ ∫
∫ ∫

From angular distribution considerations we have the following cross 
section weights (Halzen-Martin pages 274-276)

Q Q

Q Q

1 1q X : 1       q X :       q X :       q X : 3 3
δ δ

ν → ν → ν → ν →
δ δ

Therefore if there were no antiquarks in the proton, we would have 
R=1/3.  Otherwise we would have

1
3

1
3

3 1
31

Q
Q Q

Q Q
Q

RR R

δ

δ

δ

δ

+ δ −= ⇒ =
δ −+

Experimentally we obtain

0.45 0.14Q

Q
R

δ
≈ ⇒ ≈

δ
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Structure Functions
Also of interest, we have

( ) ( )8 2
2 5 5

2

18
5
1 2 2

eN

N

u u d d c c s s

u u d d c s

Fx
Fx

ν

= + + + + + + +

= + + + + +

If we assume c(x) ≤ s(x), we obtain 

( ) ( )2 2
18
5

eN NF x F xν≤
c c s s.= = =equality holds if

This is confirmed experimentally.
Since

( ) ( )2 2 51 1 4 1
2 2 9 9 18u de e+ = + =

this result is a confirmation of 
the fractional charge 
assignments for the quarks.

( )2F x

xP
er

ki
ns

, p
28

0
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( ) ( )
0 0

vlim lim
x x

S x q x
→ →

>

Structure Functions
We can also consider ( )

( )
( ) ( )
( ) ( )

4 1
9 92

4 1
2 9 9

en

ep

d d c c u u s s

u u c c d d s s
F x
F x

+ + + + + + +
=

+ + + + + + +

( )
1

0lim
x

S x
→

=Since we expect

( )
( )

1
2 4

21 1

4 v

v

en
v v

ep
v v

if u  dominates
lim lim

if d  dominates
  u d

4u d 4 x x

F x
F x→ →

+ ⎧= = ⎨+ ⎩

Since
( )
( )

2

20
1

en

eplim
x

F x
F x→

=then

( )
( )

2

2

1
en

ep
u d

F x
F x

=

=
Also
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Structure Functions

We see that uV dominates at 
large x, while the sea 
dominates at low x.

( )
( )

2

2

en

ep

F x
F x

x

H
al
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n

&
 M

ar
tin

, p
.2

00
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Sum Rules
If the parton model is correct, one expects

( )
( )
( ) ( )

1 1

0 0
1 1

0 0
1 1

0 0

2

1

0

v u

v d

d  u u d  u

d  d d d  d

d  c c d  s s

x x N

x x N

x x

− = = =

− = = =

− = − =

∫ ∫
∫ ∫
∫ ∫

We therefore have the Gross-Llewellyn-Smith sum rule

( )
1 13
0 0

3
N

v v u d d u d  dxF x x N Nx

ν

= + = + =∫ ∫
Experimentally we obtain 2.79 ± 0.16 (CCFR 1988) and the difference 
from 3 is understood to come from QCD corrections (see Mishra and 
Sciulli) 
This indicates that the valence quarks do carry baryon number 1/3.
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Sum Rules

From neutrino data using hydrogen and deuterium targets, one can
extract the Adler sum rule

( ) ( )
1 1

2 20 0

1 12
n p

v v u d
d d  u dx F F x N Nx

ν ν− = − = − =∫ ∫
This result is free of QCD corrections.
Experimentally we obtain 1.01 ± 0.20 (WA25 1985, Neutrino and 
antineutrino interactions in deuterium, CERN SPS). 

We also have the Gottfried sum rule

( ) ( )( )
( )( ) ( )( )

1 1 2 2
2 20 0

2 2 4 1 1
9 9 32 1

ep en
u d v v

u d u d

d d  e e u d

e e

x F F xx
N N

− = − −

= − − = − − =
∫ ∫

Experimentally we obtain 0.24 ± 0.11 (EMC 1987, CERN SPS), using 
muons
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Sum Rules
Finally we have the momentum sum rule.  Neglecting the sea contribution 
(which are further suppressed here by the weight x), we have

( )1 1 1

2 20 0 0

18
5

eN N
QQd  d  d  u u d dx F x F x xν≈ ≈ + + + = δ∫ ∫ ∫

where         is the “expectation value” of the fraction of the nucleon 
momentum carried by the charged partons.   

QQδ

Experimentally , at Q2 ≈ 1 to 10 GeV2,
1

4 1
2 9 90

1
1 4

2 9 90

0.18

0.12

ep
uu dd

en
uu dd

d  

d  

x F

x F

= δ + δ =

= δ + δ =

∫
∫

where ( )
1

0uu d  u ux xδ ≡ +∫

This yields 0.36 0.18uu dd         δ = δ =
Which means that a fraction

1 1 0.46g uu ddQQδ = −δ = −δ −δ =
of the momentum is carried by neutral partons, which are not seen by the 
weak or electromagnetic probes. They are associated with the gluons.
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Parton Density Functions
The following approximate form of the p.d.f. valid in the limit x→0 and 
x→1 is obtained (Collin and Martin, p34)

( ) ( )2 11qq snx C x x −−α= −

where ns is the minimum number of the other partons whose 
momentum have to vanish in the limit x→1:

2
4

v

s

for 
for

    q
     q

s

s

n
n
=
=

and where 1
2

1
v

s

for
for

    q
     q

α =
α =

The constant Cq is constrained by the sum rules.
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Parton Density Functions

g carries 
momentum too...

H
al

ze
n

&
 M

ar
tin

, p
.2

01

PHYS506B, spring 2005 The Parton Model 31



Parton Density Functions

P
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. 2

00
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g 
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.4

Quarks and gluons distribution functions at Q2 = 10 GeV2

Note that g dominates at low x.
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e+ e- → Hadrons

Consider the ratio
( )
( )

-

-

hadronse e  

e e
R

+

+ + −

σ →
=

σ →µ µ

If we consider the hadron production to proceed in two stages
- then hadrons  e e qq           qq+ → →

Then the parton model yields
23 q

q
R e= ∑

where the sum runs over all quarks kinematically available.  The factor 
3 counts the colours, and is confirmed by experiment.  This is a 
compelling evidence for the colour hypothesis.

Note that as the center of mass energy becomes close to MZ, R is 
expected to grow up to ( )

( )
20.7

hadronsZ
Z

B
B + −

→
=

→µ µ
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e+ e- → Hadrons

P
.D

.G
. 2

00
4,

 fi
g 

40
.6

b

The solid curve is 3-loop QCD 
predictions, and the dashed 
curve is the naïve quark 
parton model.

The dashed lines represent 
• u+d+s+c+b no colour 11/9
• u+d+s 2
• u+d+s+c 10/3
• u+d+s+c+b 11/3
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e+ e- → Hadrons
Since the e+ e- →µ+ µ- center of mass cross section is given by

( )
2

14
2d cosd s

σ α= + θ
Ω

We expect the angular 
distribution of the quarks-
antiquark to follow the 
same angular distribution 
(as long as the effect of 
the Z is negligible).
At high energy, the 
quarks-antiquark pair 
gives rise to two jets.
Their experimental 
angular distribution 
confirms the spin 1/2 
nature of the quarks.
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e+ e- → Hadrons

Consider the process e+ e-→ hX
h
qDe+

e−

q

q

h

The production of the hadron
should be independent of how the 
quark was produced.  Therefore in 
the parton model we have

( ) ( ) ( )
24 33

2 h h
q q q

q

d e e hXd e D z D zz s
+ − ⎛ ⎞σ πα ⎡ ⎤→ = +⎜ ⎟ ⎣ ⎦⎝ ⎠

∑

( )D z zq
h d

( )D zq
h

where
probability that the hadron h is found in the debris of q 
carrying a fraction z of its energy
fragmentation function

note that
h h

q beam

E Ez E E= =
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e+ e- → Hadrons
We have the following sum rules

1
1 h

q0
h

1 h
h q q0

h

 d

 d

zD z

e D z e

=

=

∑∫
∑ ∫

conservation of energy

conservation of charge

The average multiplicity of hadrons of type h is given by

( )
min

1 h h h
h q q min

beamq
 d  ,    

z

mn D D z z E= + =∑∫
The following approximate form of the fragmentation function valid 
in the limit z → 0 and z → 1 is obtained (Collin and Martin),

( ) ( )2 11 1h h
q q

snD z C z z −−= −

where ns is defined as for the p.d.f.
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e+ e- → Hadrons
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The parton model therefore 
predicts

( )
( ) ( )

( )
2

2

1
had

h h
q q q

q
h

q
q

d e e hXd

    

z
e D z D z

F z
e

+ −σ → =
σ

⎡ ⎤+⎣ ⎦
=

∑
∑

This is expected to be scale 
invariant in the parton model.  This 
agrees well with experiment. 
The large scaling violations for z 
smaller than about 0.2 are 
associated to c and b quark 
production (large multiplicity and low 
z) (Halzen-Martin p.234)

1
had

d
dz
σ

σ

z

P
.D

.G
. 2

00
4,

 fi
g 

17
.4



The Drell-Yan Process
Consider the lepton pair 
production in hadron-hadron
collisions

AB X+ −→ µ µ
via an annihilation process.
We have

2 2

2 2
k

P M
k m

=
=

( )
( ) ( )

2 2
1 2

2 22 2
1 1 2 2 1 2ˆ

CMs P P E
s x P x P q Q k k
= + =

= + = = = +

1P

1 1x P
2 2x P

q

2P

1k

2k

1 2ŝ x x s=In the limit s >> M2 and s >> mk
2 ,we obtain 

( )ˆ qq + −σ = σ →µ µ ( )1 2
ˆ ˆ ˆˆ

d
d s x x ss
σ = σδ −Let then

In the case of pure QED, we have 
(no sum over colours) ( )

2
24ˆ ˆ3 qqq es

+ − πασ = σ →µ µ =
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The Drell-Yan Process

The parton model yields

( )
( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

1 2 1 2 1 2

1 2 1 1 2 2 1 1 2 2 1 2

ˆ
ˆ1
ˆ3

1 ˆˆ3

A B A B

q

A B A B

q

d ABd
dd d q q q q d

d d q q q q

s
x x x x x x s

x x x x x x x x x x x xs

+ −σ →µ µ

σ⎡ ⎤= +⎣ ⎦

⎡ ⎤= + σδ − τ⎣ ⎦

∑∫ ∫

∑∫ ∫

( ) ( )1 2
1 2 1 2

ˆˆ ˆ            x x ss x x s x xs sδ − = δ − τ τ ≡

where we have used

In the case of pure QED we see that

( ) ( )2ˆ ˆ
d ABds Fs

+ −σ →µ µ = τ

is expected to be scale invariant.
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The Drell-Yan Process

Note that, with 
3

2ˆ ˆ 2 2
d d d
d d d

m ss s m
σ σ σ= =

τ τ τ

( )2 2

cm GeV
d  

d
s σ

τ

τ

( )GeV
27.4
23.7
19.4

s
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Muon pair production in fixed target 
proton-proton collision (BFS 
Collaboration, Fermilab, 1978).

( )2s M E M= +

Note that a measurement of F(τ)
along with the quark p.d.f. from deep 
inelastic scattering, allows the 
extraction of the antiquark p.d.f., 
which is in agreement with the 
antiquark p.d.f. obtained from 
neutrino and antineutrino cross 
section differences.

2ŝ m=
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The Drell-Yan Process

Since the center of mass cross 
section of  

qq + −→ µ µ
is given by  

( )
2

2 2ˆ 1ˆ4 q
d cosd es
σ α= + θ
Ω

we expect the same angular 
distribution to hold in the Drell-Yan 
process (in the dimuon rest frame).  

( )
d

d cos
σ
θ

cosθ
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