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Operator Product Expansion

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

Factorization from another point of view:  the OPE

1. Justification

P

X

Jμ
q

k

k’ scattering amplitude ℳ = ū(k′￼) γμ u(k)
e2

Q2
⟨PX |Jμ(0) |P⟩

phase space dR = (2π)4 δ(P + q − PX) d4PX d4k′￼

cross section 

consider the inclusive DIS 

P
Jμ
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k’ 2

dσ ∝ ∫X
|ℳ |2 dR
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P
Jμ

q
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k’ 2

PΧ

Jμ Jν
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Wμν = ∫ d4PX (2π)4 δ(PX − P − q)
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optical
theorem

hadronic 
tensor

leptonic tensor

cut-diagram notation: 
cross section = product of (amplitude) x (amplitude)*
particles entering cut are on-shell

dσ ∝ ∫X
|ℳ |2 dR
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aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

DIS regime:  Wμν = ∫ dξ eiq⋅ξ ⟨P |[ ̂Jμ(ξ) , ̂Jν(0)] |P⟩
Q2 → ∞

x =
Q2

2P ⋅ q TRF
=

Q2

2Mν fixed 

⇒ ν → ∞Target Rest Frame

Operator Product Expansion
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DIS regime:  Wμν = ∫ dξ eiq⋅ξ ⟨P |[ ̂Jμ(ξ) , ̂Jν(0)] |P⟩
Q2 → ∞

fixed 
Riemann - Lebesgue theorem:
for  , large oscillations and cancelations; 
integral is dominated by terms with   constant

|q ⋅ ξ | → ∞
|q ⋅ ξ | ≤ K⇒ ν → ∞Target Rest Frame
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Then, (q ⋅ ξ) |cm = ν ξ0 ≤ K ⇒ ξ0 ≤
K
ν

⟶ 0
ν → ∞

space-like distances   are forbidden by causality;  ξ2 < 0
ξ2 = (ξ0)2 − ⃗ξ2 ≥ 0 ⇒ (ξ0)2 ≥ ⃗ξ2 ⟶ 0

ν → ∞

The integral is dominated by short time-like distances  , but in this limit the bilocal 
operator is ill defined.  Example:   free neutron scalar field φ(x) with propagator Δ(x-y)

ξ2 → 0

⇒ ν → ∞Target Rest Frame

for time-like distances  ,ξ2 ≥ 0

Operator Product Expansion
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The integral is dominated by short time-like distances  , but in this limit the bilocal 
operator is ill defined.  Example:   free neutron scalar field φ(x) with propagator Δ(x-y)

ξ2 → 0

⟨0 |𝒯[ϕ(x) ϕ(y)] |0⟩ = − i Δ(x − y) = i∫
d4p

(2π)4

e−ip⋅(x−y)

p2 − m2 + iε

=
m

4π2

K1 (m −(x − y)2 + iε)
−(x − y)2 + iε

−
i

4π
δ ((x − y)2) ⟶ ∞x → y K1  modified Bessel 

funct. of 2o kind

⇒ ν → ∞Target Rest Frame

for time-like distances  ,ξ2 ≥ 0

for  , the integral is divergent :x → y

Operator Product Expansion

x =
Q2

2P ⋅ q TRF
=

Q2

2Mν
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Operator Product Expansion

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

2. Definition ̂A(x) B̂(y) =
∞

∑
i=0

Ci(x − y) Ôi ( x + y
2 )

Wilson coefficients, singular for , 
ordered in decreasing singularity

x → y

local operators, 
regular for ,
typically Ô0 = I

x → y
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3. Application to inclusive DIS

Wμν = ∫ dξ eiq⋅ξ ⟨P |[ ̂Jμ(ξ) , ̂Jν(0)] |P⟩ = ∑
{α}

Cμν
{α} ( M

Q )
t−2

twist t = canonical dimension - spin
             of operator Ôi



Pedagogical QCD    ❷-11    Marco Radici - INFN Pavia

Operator Product Expansion

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

2. Definition ̂A(x) B̂(y) =
∞

∑
i=0

Ci(x − y) Ôi ( x + y
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Cμν
{α} ( M
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             of operator Ôi

twist 
expansion

perturbative 
expansion

1
1/Q
1/Q2

…

leading twist 2
subleading twist 3

…

1

leading 
order
LO

αs

NLO
αs2 …

parton 
model

OPE

perturbative QCD

NNLO …

twist 4

OPE rigorous proof only for inclusive 
processes. It can be effectively extended 
to all semi-inclusive hard processes. 
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Operator Product Expansion

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

4. Factorization

hard interaction

“structure”

By applying the same technique of  Wick theorem, it can be shown 
that the dominant contribution to the hadronic tensor of inclusive DIS 
comes from the so-called “handbag” diagram: 

Wμν = ∫ dξ eiq⋅ξ ⟨P |[ ̂Jμ(ξ) , ̂Jν(0)] |P⟩ ~

γ*

target

parton
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Operator Product Expansion

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

Φ bilocal quark-quark correlator: 

4. Factorization

hard interaction

“structure”

By applying the same technique of  Wick theorem, it can be shown 
that the dominant contribution to the hadronic tensor of inclusive DIS 
comes from the so-called “handbag” diagram: 

Wμν = ∫ dξ eiq⋅ξ ⟨P |[ ̂Jμ(ξ) , ̂Jν(0)] |P⟩ ~

γ*

target

parton

Φf (p, P) = ∫ d4PX δ(P − p − Px) ⟨P | ψ̄f (0) |PX⟩ ⟨PX |ψf (0) |P⟩

= ∫
d4ξ

(2π)4
e−i p⋅ξ ⟨P | ψ̄f (ξ) ψf (0) |P⟩
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= ∫
d4ξ

(2π)4
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By taking suitable projections, one can extract from the “structure” the leading-twist part, 
the subleading part at twist 3, at twist 4, etc..
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Operator Product Expansion

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

Φ bilocal quark-quark 
correlator: 

5. Extract PDF

Φf (p, P) = ∫ d4PX δ(P − p − Px) ⟨P | ψ̄f (0) |PX⟩ ⟨PX |ψf (0) |P⟩

= ∫
d4ξ

(2π)4
e−i p⋅ξ ⟨P | ψ̄f (ξ) ψf (0) |P⟩

By taking suitable projections, one can extract from the “structure” the leading-twist part, 
the subleading part at twist 3, at twist 4, etc..
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Light-cone variables

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

4-vector aμ

t

e

universe line

light-cone
basis

inclusive DIS:  target H absorbs momentum from γ*
initially, target at rest: Pμ = 0
if  ,  q ∥ ̂z Pz = 0 → P′￼z = |q | ≫ M

DIS regime → component “+” dominant

                       component  “-“ suppressed

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

a± =
a0 ± a3

2
a⊥ = (a1, a2)light-cone coordinates n+  n-  

n2
± = 0

n+ ⋅ n− = 1

a± = a ⋅ n∓

P = (M,0,0,0)
q = (ν,0,0, |q | )

P′￼= ( M2 + P′￼2
z ,0,0,P′￼z)

P′￼≈ ( |q | ,0,0, |q | )

P′￼≈ (P′￼+ = 2 |q | , P′￼− ≈ 0, 0⊥)
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Operator Product Expansion
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Φ bilocal quark-quark 
correlator: 
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= ∫
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the subleading part at twist 3, at twist 4, etc..

j i

i j

DIS regime   dominant component; take partons collinear,   , and 
integrate other components. Let’s define 

→ P+ = 1
2

(P0 + P3) p+ = xP+

Φ[Γ]
f (x) =

1
P+ ∫

dp− d ⃗p
(2π)4

Tr [(Φf (p, P))ji
(Γ)ij]

p+=xP+

i j
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Operator Product Expansion

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

Φ[γ+]
q = q(x)

Φ bilocal quark-quark 
correlator: 

5. Extract PDF

Φf (p, P) = ∫ d4PX δ(P − p − Px) ⟨P | ψ̄f (0) |PX⟩ ⟨PX |ψf (0) |P⟩

= ∫
d4ξ

(2π)4
e−i p⋅ξ ⟨P | ψ̄f (ξ) ψf (0) |P⟩

By taking suitable projections, one can extract from the “structure” the leading-twist part, 
the subleading part at twist 3, at twist 4, etc..

unpolarized PDF
similarly for gluons

project with  Γ ≡ γ+ = 1
2

(γ0 + γ3) : leading twist  

j i

i j

DIS regime   dominant component; take partons collinear,   , and 
integrate other components. Let’s define 

→ P+ = 1
2

(P0 + P3) p+ = xP+

Φ[Γ]
f (x) =

1
P+ ∫

dp− d ⃗p
(2π)4

Tr [(Φf (p, P))ji
(Γ)ij]

p+=xP+

i j

Γ ≡ I    subleading twist 3 Φ[Il]
q = M

P+ e(x) connected to N scalar form factor

…                           …                         …
similarly for polarized PDFs
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Outline

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

3.  open problems❸
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Outline

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

  The Nucleon mass
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origin of Nucleon mass

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

Una teoria quasi perfetta

Standard Model:  gluons in Fμν are massless;  quark mass m 
                         comes from interaction with Higgs field; 
                         no other mass scale

ℒQCD = ψ̄(x) [i γμ Dμ − m] ψ(x) −
1
4 (Fa

μν)
2



Pedagogical QCD    ❸-2    Marco Radici - INFN Pavia

origin of Nucleon mass

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

Una teoria quasi perfetta

Standard Model:  gluons in Fμν are massless;  quark mass m 
                         comes from interaction with Higgs field; 
                         no other mass scale

ℒQCD = ψ̄(x) [i γμ Dμ − m] ψ(x) −
1
4 (Fa

μν)
2

Nucleon   =   ensemble of quarks + gluons

mN ~ 1 GeV
      ~ 168 10-26 g

gluons massless
mq ~ 10 MeV ~ 1.78 10-26 g ~ 1% mN

Where does the N mass come from ?
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origin of Nucleon mass

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

Una teoria quasi perfetta

Standard Model:  gluons in Fμν are massless;  quark mass m 
                         comes from interaction with Higgs field; 
                         no other mass scale

ℒQCD = ψ̄(x) [i γμ Dμ − m] ψ(x) −
1
4 (Fa

μν)
2

Nucleon   =   ensemble of quarks + gluons

Where does the N mass come from ?

99% of N mass comes from the energy of 
quark-gluon interactions that bind them 
inside the N

38 | NewScientist | 6 June 2015

called quarks. There are six types of quark: up, 
down, strange, charm, bottom and top. The 
proton has a composition of up-up-down, 
while the neutron is up-down-down. 

Down quarks are slightly heavier than up 
quarks, but don’t expect that to explain the 
neutron’s sliver of extra mass: both quark 
masses are tiny. It’s hard to tell exactly how 
tiny, because quarks are never seen singly (see 
“Quark quirks”, right), but the up quark has a 
mass of something like 2 or 3 MeV, and the 
down quark maybe double that – just a tiny 
fraction of the total proton or neutron mass.

Like all fundamental particles, quarks 
acquire these masses through interactions 
with the sticky, all-pervasive Higgs field, the 
thing that makes the Higgs boson. But 
explaining the mass of matter made of 

multiple quarks clearly needs something else.
The answer comes by scaling the sheer 

cliff face that is quantum chromodynamics, 
or QCD. Just as particles have an electrical 
charge that determines their response to the 
electromagnetic force, quarks carry one of 
three “colour charges” that explain their 
interactions via another fundamental force, the 
strong nuclear force. QCD is the theory behind 
the strong force, and it is devilishly complex.

Electrically charged particles can bind 
together by exchanging massless photons. 
Similarly, colour-charged quarks bind 
together to form matter such as protons and 
neutrons by exchanging particles known as 
gluons. Although gluons have no mass, they 
do have energy. What’s more, thanks to 
Einstein’s famous E = mc2, that energy can be 

converted into a froth of quarks (and their 
antimatter equivalents) beyond the three 
normally said to reside in a proton or neutron. 
According to the uncertainty principle of 
quantum physics, these extra particles are 
constantly popping up and disappearing 
again (see diagram, left).

To try and make sense of this quantum 
froth, over the past four decades particle 
theorists have invented and refined a 
technique known as lattice QCD. In much the 
same way that meteorologists and climate 
scientists attempt to simulate the swirling 
complexities of Earth’s atmosphere by 
reducing it to a three-dimensional grid of 
points spaced kilometres apart, lattice QCD 
reduces a nucleon’s interior to a lattice of 
points in a simulated space-time tens of 
femtometres across. Quarks sit at the vertices 
of this lattice, while gluons propagate along 
the edges. By summing up the interactions 
along all these edges, and seeing how they 
evolve step-wise in time, you begin to build up 
a picture of how the nucleon works as a whole.

Trouble is, even with a modest number of 
lattice points – say 100 by 100 by 100 
separated by one-tenth of a femtometre – 

that’s an awful lot of interactions, and lattice 
QCD simulations require a screaming amount 
of computing power. Complicating things  
still further, because quantum physics offers 
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1

d .
The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.

II. THEORETICAL OVERVIEW

A. Cross sections for polarized lepton-nucleon scattering

The polarized deep-inelastic lepton-nucleon inclusive
scattering cross section in the one-photon-exchange approxi-
mation can be written as the sum of a spin-independent term
⌅̄ and a spin-dependent term �⌅ and involves the lepton
helicity hl⇤�1:

⌅⇤⌅̄⇥ 1
2 hl⇤⌅ . ⇥2.1⇧

For longitudinally polarized leptons the spin Sl is along the
lepton momentum k. The spin-independent cross section for
parity-conserving interactions can be expressed in terms of
two unpolarized structure functions F1 and F2 . These func-
tions depend on the four-momentum transfer squared Q2 and
the scaling variable x⇤Q2/2M↵ , where ↵ is the energy of
the exchanged virtual photon and M is the nucleon mass.
The double-differential cross section can be written as a
function of x and Q2 ⌦15�:

d2⌅̄
dxdQ2 ⇤

4⌃⌥2

Q4x ⇧xy2⌅ 1⇥
2ml

2

Q2 ⇤F1⇥x ,Q2⇧

⌅⌅ 1⇥y⇥
�2y2

4 ⇤F2⇥x ,Q2⇧� , ⇥2.2⇧

where ml is the lepton mass, y⇤↵/E in the laboratory sys-
tem, and
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The spin-dependent part of the cross section can be writ-
ten in terms of two structure functions g1 and g2 which
describe the interaction of lepton and hadron currents. When
the lepton spin and the nucleon spin form an angle �, it can
be expressed as ⌦16�

�⌅⇤cos ��⌅ ⇥⌅sin � cos  �⌅' , ⇥2.4⇧

where  is the azimuthal angle between the scattering plane
and the spin plane ⇥Fig. 1⇧.
The cross sections �⌅ ⇥ and �⌅' refer to the two configu-

rations where the nucleon spin is ⇥anti⇧parallel or orthogonal
to the lepton spin; �⌅ ⇥ is the difference between the cross
sections for antiparallel and parallel spin orientations and
�⌅'⇤⇥hl�⌅T /cos  the difference between the cross sec-
tions at angles  and  ⌅⌃ . The corresponding differential
cross sections are given by
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined

FIG. 1. Lepton and nucleon kinematic variables in polarized
lepton scattering on a fixed polarized nucleon target.
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1

d .
The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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A. Cross sections for polarized lepton-nucleon scattering

The polarized deep-inelastic lepton-nucleon inclusive
scattering cross section in the one-photon-exchange approxi-
mation can be written as the sum of a spin-independent term
⌅̄ and a spin-dependent term �⌅ and involves the lepton
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lepton momentum k. The spin-independent cross section for
parity-conserving interactions can be expressed in terms of
two unpolarized structure functions F1 and F2 . These func-
tions depend on the four-momentum transfer squared Q2 and
the scaling variable x⇤Q2/2M↵ , where ↵ is the energy of
the exchanged virtual photon and M is the nucleon mass.
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The spin-dependent part of the cross section can be writ-
ten in terms of two structure functions g1 and g2 which
describe the interaction of lepton and hadron currents. When
the lepton spin and the nucleon spin form an angle �, it can
be expressed as ⌦16�
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where  is the azimuthal angle between the scattering plane
and the spin plane ⇥Fig. 1⇧.
The cross sections �⌅ ⇥ and �⌅' refer to the two configu-

rations where the nucleon spin is ⇥anti⇧parallel or orthogonal
to the lepton spin; �⌅ ⇥ is the difference between the cross
sections for antiparallel and parallel spin orientations and
�⌅'⇤⇥hl�⌅T /cos  the difference between the cross sec-
tions at angles  and  ⌅⌃ . The corresponding differential
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1

d .
The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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A. Cross sections for polarized lepton-nucleon scattering

The polarized deep-inelastic lepton-nucleon inclusive
scattering cross section in the one-photon-exchange approxi-
mation can be written as the sum of a spin-independent term
⌅̄ and a spin-dependent term �⌅ and involves the lepton
helicity hl⇤�1:

⌅⇤⌅̄⇥ 1
2 hl⇤⌅ . ⇥2.1⇧

For longitudinally polarized leptons the spin Sl is along the
lepton momentum k. The spin-independent cross section for
parity-conserving interactions can be expressed in terms of
two unpolarized structure functions F1 and F2 . These func-
tions depend on the four-momentum transfer squared Q2 and
the scaling variable x⇤Q2/2M↵ , where ↵ is the energy of
the exchanged virtual photon and M is the nucleon mass.
The double-differential cross section can be written as a
function of x and Q2 ⌦15�:
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The spin-dependent part of the cross section can be writ-
ten in terms of two structure functions g1 and g2 which
describe the interaction of lepton and hadron currents. When
the lepton spin and the nucleon spin form an angle �, it can
be expressed as ⌦16�
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where  is the azimuthal angle between the scattering plane
and the spin plane ⇥Fig. 1⇧.
The cross sections �⌅ ⇥ and �⌅' refer to the two configu-

rations where the nucleon spin is ⇥anti⇧parallel or orthogonal
to the lepton spin; �⌅ ⇥ is the difference between the cross
sections for antiparallel and parallel spin orientations and
�⌅'⇤⇥hl�⌅T /cos  the difference between the cross sec-
tions at angles  and  ⌅⌃ . The corresponding differential
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1

d .
The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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⌅̄ and a spin-dependent term �⌅ and involves the lepton
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The spin-dependent part of the cross section can be writ-
ten in terms of two structure functions g1 and g2 which
describe the interaction of lepton and hadron currents. When
the lepton spin and the nucleon spin form an angle �, it can
be expressed as ⌦16�
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
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p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
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d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1
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The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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ten in terms of two structure functions g1 and g2 which
describe the interaction of lepton and hadron currents. When
the lepton spin and the nucleon spin form an angle �, it can
be expressed as ⌦16�
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where  is the azimuthal angle between the scattering plane
and the spin plane ⇥Fig. 1⇧.
The cross sections �⌅ ⇥ and �⌅' refer to the two configu-

rations where the nucleon spin is ⇥anti⇧parallel or orthogonal
to the lepton spin; �⌅ ⇥ is the difference between the cross
sections for antiparallel and parallel spin orientations and
�⌅'⇤⇥hl�⌅T /cos  the difference between the cross sec-
tions at angles  and  ⌅⌃ . The corresponding differential
cross sections are given by
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1

d .
The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.

II. THEORETICAL OVERVIEW

A. Cross sections for polarized lepton-nucleon scattering

The polarized deep-inelastic lepton-nucleon inclusive
scattering cross section in the one-photon-exchange approxi-
mation can be written as the sum of a spin-independent term
⌅̄ and a spin-dependent term �⌅ and involves the lepton
helicity hl⇤�1:

⌅⇤⌅̄⇥ 1
2 hl⇤⌅ . ⇥2.1⇧

For longitudinally polarized leptons the spin Sl is along the
lepton momentum k. The spin-independent cross section for
parity-conserving interactions can be expressed in terms of
two unpolarized structure functions F1 and F2 . These func-
tions depend on the four-momentum transfer squared Q2 and
the scaling variable x⇤Q2/2M↵ , where ↵ is the energy of
the exchanged virtual photon and M is the nucleon mass.
The double-differential cross section can be written as a
function of x and Q2 ⌦15�:
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The spin-dependent part of the cross section can be writ-
ten in terms of two structure functions g1 and g2 which
describe the interaction of lepton and hadron currents. When
the lepton spin and the nucleon spin form an angle �, it can
be expressed as ⌦16�
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where  is the azimuthal angle between the scattering plane
and the spin plane ⇥Fig. 1⇧.
The cross sections �⌅ ⇥ and �⌅' refer to the two configu-

rations where the nucleon spin is ⇥anti⇧parallel or orthogonal
to the lepton spin; �⌅ ⇥ is the difference between the cross
sections for antiparallel and parallel spin orientations and
�⌅'⇤⇥hl�⌅T /cos  the difference between the cross sec-
tions at angles  and  ⌅⌃ . The corresponding differential
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1

d .
The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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A. Cross sections for polarized lepton-nucleon scattering

The polarized deep-inelastic lepton-nucleon inclusive
scattering cross section in the one-photon-exchange approxi-
mation can be written as the sum of a spin-independent term
⌅̄ and a spin-dependent term �⌅ and involves the lepton
helicity hl⇤�1:

⌅⇤⌅̄⇥ 1
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For longitudinally polarized leptons the spin Sl is along the
lepton momentum k. The spin-independent cross section for
parity-conserving interactions can be expressed in terms of
two unpolarized structure functions F1 and F2 . These func-
tions depend on the four-momentum transfer squared Q2 and
the scaling variable x⇤Q2/2M↵ , where ↵ is the energy of
the exchanged virtual photon and M is the nucleon mass.
The double-differential cross section can be written as a
function of x and Q2 ⌦15�:
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tem, and
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The spin-dependent part of the cross section can be writ-
ten in terms of two structure functions g1 and g2 which
describe the interaction of lepton and hadron currents. When
the lepton spin and the nucleon spin form an angle �, it can
be expressed as ⌦16�
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where  is the azimuthal angle between the scattering plane
and the spin plane ⇥Fig. 1⇧.
The cross sections �⌅ ⇥ and �⌅' refer to the two configu-

rations where the nucleon spin is ⇥anti⇧parallel or orthogonal
to the lepton spin; �⌅ ⇥ is the difference between the cross
sections for antiparallel and parallel spin orientations and
�⌅'⇤⇥hl�⌅T /cos  the difference between the cross sec-
tions at angles  and  ⌅⌃ . The corresponding differential
cross sections are given by
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1

d .
The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.

II. THEORETICAL OVERVIEW

A. Cross sections for polarized lepton-nucleon scattering

The polarized deep-inelastic lepton-nucleon inclusive
scattering cross section in the one-photon-exchange approxi-
mation can be written as the sum of a spin-independent term
⌅̄ and a spin-dependent term �⌅ and involves the lepton
helicity hl⇤�1:
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For longitudinally polarized leptons the spin Sl is along the
lepton momentum k. The spin-independent cross section for
parity-conserving interactions can be expressed in terms of
two unpolarized structure functions F1 and F2 . These func-
tions depend on the four-momentum transfer squared Q2 and
the scaling variable x⇤Q2/2M↵ , where ↵ is the energy of
the exchanged virtual photon and M is the nucleon mass.
The double-differential cross section can be written as a
function of x and Q2 ⌦15�:
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tem, and
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The spin-dependent part of the cross section can be writ-
ten in terms of two structure functions g1 and g2 which
describe the interaction of lepton and hadron currents. When
the lepton spin and the nucleon spin form an angle �, it can
be expressed as ⌦16�
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where  is the azimuthal angle between the scattering plane
and the spin plane ⇥Fig. 1⇧.
The cross sections �⌅ ⇥ and �⌅' refer to the two configu-

rations where the nucleon spin is ⇥anti⇧parallel or orthogonal
to the lepton spin; �⌅ ⇥ is the difference between the cross
sections for antiparallel and parallel spin orientations and
�⌅'⇤⇥hl�⌅T /cos  the difference between the cross sec-
tions at angles  and  ⌅⌃ . The corresponding differential
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1

d .
The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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A. Cross sections for polarized lepton-nucleon scattering

The polarized deep-inelastic lepton-nucleon inclusive
scattering cross section in the one-photon-exchange approxi-
mation can be written as the sum of a spin-independent term
⌅̄ and a spin-dependent term �⌅ and involves the lepton
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parity-conserving interactions can be expressed in terms of
two unpolarized structure functions F1 and F2 . These func-
tions depend on the four-momentum transfer squared Q2 and
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The spin-dependent part of the cross section can be writ-
ten in terms of two structure functions g1 and g2 which
describe the interaction of lepton and hadron currents. When
the lepton spin and the nucleon spin form an angle �, it can
be expressed as ⌦16�
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and the spin plane ⇥Fig. 1⇧.
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined
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For high energy scattering g is small

target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-
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d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1

d .
The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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lepton momentum k. The spin-independent cross section for
parity-conserving interactions can be expressed in terms of
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The spin-dependent part of the cross section can be writ-
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describe the interaction of lepton and hadron currents. When
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be expressed as ⌦16�
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to the lepton spin; �⌅ ⇥ is the difference between the cross
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1

d .
The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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be expressed as ⌦16�
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1
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The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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two unpolarized structure functions F1 and F2 . These func-
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The spin-dependent part of the cross section can be writ-
ten in terms of two structure functions g1 and g2 which
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the lepton spin and the nucleon spin form an angle �, it can
be expressed as ⌦16�
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and the spin plane ⇥Fig. 1⇧.
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1

d .
The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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The spin-dependent part of the cross section can be writ-
ten in terms of two structure functions g1 and g2 which
describe the interaction of lepton and hadron currents. When
the lepton spin and the nucleon spin form an angle �, it can
be expressed as ⌦16�
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined

FIG. 1. Lepton and nucleon kinematic variables in polarized
lepton scattering on a fixed polarized nucleon target.

5332 56D. ADAMS et al.
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get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
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d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1
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data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
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cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined
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tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
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d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1
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the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
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cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1
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The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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be expressed as ⌦16�
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1

d .
The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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be expressed as ⌦16�
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1

d .
The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
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inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
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target. Both inclusive and semi-inclusive data were obtained,
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In this paper, we present SMC results on the spin-

dependent structure functions g1
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p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1
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The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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the lepton spin and the nucleon spin form an angle �, it can
be expressed as ⌦16�

�⌅⇤cos ��⌅ ⇥⌅sin � cos  �⌅' , ⇥2.4⇧

where  is the azimuthal angle between the scattering plane
and the spin plane ⇥Fig. 1⇧.
The cross sections �⌅ ⇥ and �⌅' refer to the two configu-

rations where the nucleon spin is ⇥anti⇧parallel or orthogonal
to the lepton spin; �⌅ ⇥ is the difference between the cross
sections for antiparallel and parallel spin orientations and
�⌅'⇤⇥hl�⌅T /cos  the difference between the cross sec-
tions at angles  and  ⌅⌃ . The corresponding differential
cross sections are given by
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined

FIG. 1. Lepton and nucleon kinematic variables in polarized
lepton scattering on a fixed polarized nucleon target.
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For high energy scattering g is small

target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
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is now properly taken into account, resulting in an observ-
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evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1

d .
The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-
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ton. Finally, we present our conclusions in Sec. IX.

II. THEORETICAL OVERVIEW

A. Cross sections for polarized lepton-nucleon scattering

The polarized deep-inelastic lepton-nucleon inclusive
scattering cross section in the one-photon-exchange approxi-
mation can be written as the sum of a spin-independent term
⌅̄ and a spin-dependent term �⌅ and involves the lepton
helicity hl⇤�1:

⌅⇤⌅̄⇥ 1
2 hl⇤⌅ . ⇥2.1⇧

For longitudinally polarized leptons the spin Sl is along the
lepton momentum k. The spin-independent cross section for
parity-conserving interactions can be expressed in terms of
two unpolarized structure functions F1 and F2 . These func-
tions depend on the four-momentum transfer squared Q2 and
the scaling variable x⇤Q2/2M↵ , where ↵ is the energy of
the exchanged virtual photon and M is the nucleon mass.
The double-differential cross section can be written as a
function of x and Q2 ⌦15�:

d2⌅̄
dxdQ2 ⇤

4⌃⌥2

Q4x ⇧xy2⌅ 1⇥
2ml

2

Q2 ⇤F1⇥x ,Q2⇧

⌅⌅ 1⇥y⇥
�2y2

4 ⇤F2⇥x ,Q2⇧� , ⇥2.2⇧

where ml is the lepton mass, y⇤↵/E in the laboratory sys-
tem, and

�⇤
2Mx
AQ2 ⇤

AQ2

↵
. ⇥2.3⇧

The spin-dependent part of the cross section can be writ-
ten in terms of two structure functions g1 and g2 which
describe the interaction of lepton and hadron currents. When
the lepton spin and the nucleon spin form an angle �, it can
be expressed as ⌦16�

�⌅⇤cos ��⌅ ⇥⌅sin � cos  �⌅' , ⇥2.4⇧

where  is the azimuthal angle between the scattering plane
and the spin plane ⇥Fig. 1⇧.
The cross sections �⌅ ⇥ and �⌅' refer to the two configu-

rations where the nucleon spin is ⇥anti⇧parallel or orthogonal
to the lepton spin; �⌅ ⇥ is the difference between the cross
sections for antiparallel and parallel spin orientations and
�⌅'⇤⇥hl�⌅T /cos  the difference between the cross sec-
tions at angles  and  ⌅⌃ . The corresponding differential
cross sections are given by

d2�⌅ ⇥

dxdQ2 ⇤
16⌃⌥2y
Q4 ⇧ ⌅ 1⇥

y
2⇥

�2y2

4 ⇤ g1⇥ �2y
2 g2�

⇥2.5⇧

and

d3�⌅T
dxdQ2d ⇤⇥cos  

8⌥2y
Q4 �A1⇥y⇥

�2y2

4 ⌅ y2 g1⌅g2⇤ .
⇥2.6⇧

For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined

FIG. 1. Lepton and nucleon kinematic variables in polarized
lepton scattering on a fixed polarized nucleon target.

5332 56D. ADAMS et al.

V. W. Hughes
1922-2003

switching on polarization:   lepton helicity | ⃗Sℓ | = hℓ = ± 1

N spin such that  and normalized.  
Since  time-like    space-like 

P ⋅ SN = 0
P2 = M2 ⇒ S2

N = − ⃗S2
N = − 1

S∥
N = | ⃗SN | cos ψ = cos ψ

S⊥
N = | ⃗SN | sin ψ cos ϕ = sin ψ cos ϕ

inclusive DIS:   unpolarized       +    polarized  parallel (ψ=0)     or    transverse (ψ=π/2)
dΔσ∥

dx dQ2
= hℓ

8πα2y
Q4 (1 −

y
2 ) g1(x, Q2)

dΔσ⊥

dx dQ2 dϕ
= − hℓ cos ϕ

8πα2y
Q4

1 − y

×
y
2

γ̃ [g1(x, Q2) + g2(x, Q2)]

γ̃ =
Q2

ν
⟶ 0DIS 

γ* - N cross section: σλγ*

Jz

γ* polarization 

 γ*-N  total J γ* - N asymmetries: 
A1 =

σT
1/2 − σT

3/2

σT
1/2 + σT

3/2
≈

g1

F1

FL = F2 − 2x F1

A2 =
2 σLT

σT
1/2 + σT

3/2
= γ̃

g1 + g2

F1
≪ A1

helicity asymmetries: 
A∥ =

dΔσ∥

2 dσ

A⊥ =
dΔσ⊥

2 dσ

combinations of A1 and A2 : by measuring  , get A∥ , A⊥ g1(x, Q2)

⏟

⏟
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the “Spin crisis”

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

Define 1st Mellin moment: Γ1(Q2) = ∫
1

0
dx g1(x, Q2)

in parton model =
1
2 ∑

f

e2
f ∫

1

0
dx [ϕ↑

f (x) − ϕ↓
f (x)] ≡

1
2 ∑

f

e2
f Δf

=
1
2 [ 4

9
Δu +

1
9

Δd +
1
9

Δs]

% of N spin carried 
by flavor f

=
1
12 (Δu − Δd) +

1
36 (Δu + Δd − 2 Δs) +

1
9 (Δu + Δd + Δs)
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1
36 (Δu + Δd − 2 Δs) +

1
9 (Δu + Δd + Δs)

using info from weak decays of 
baryon octet (Cabibbo theory). 
“reduced Wigner-Eckart theorem”: 
all matrix elements depend on two 
parameters F & D, fitted to data. 

Assuming perfect SU(3)f symmetry and Δs=0
F = 0.42 ± 0.004 , D = 0.73 ± 0.003

isovector A3 
from β-decay

octet A8  from 
hyperon decay

singlet A0  = ΔΣ

A3 = F+D A8 = 3F-D A0 = 3F-D

% of N spin carried 
by flavor f
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Experiment:  EMC (’88)
DIS ⃗μ ⃗p → μp
at Q2=10.7 GeV2 

Γ1(Q2) = ∫
1

xmin

dx g1(x, Q2) = 0.126 ± 0.010 ± 0.015

ΔΣ = A0 = 0.60 ± 0.12

ΔΣ = 0.12 ± 0.17

% of N spin carried 
by flavor f

the “Spin crisis”

% of N spin 
carried by 
all quarks

Ashmann et al. (EMC), P.L. B206 (88) 364
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origin of Nucleon spin

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

ΔΣ = 1Parton model (quarks give the N spin)
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origin of Nucleon spin

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

Ellis-Jaffe sum rule

EMC exp Q2=10.7 GeV2 

ΔΣ = 1

ΔΣ = 0.12 ± 0.17

Parton model

ΔΣ = 0.60 ± 0.12

result confirmed by other exp’s

(quarks give the N spin)

Therefore, quarks carry only a small fraction of N spin

1
2

≠
1
2

ΔΣ
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⃗p ⃗p → jet(s) + X

At RHIC (BNL), measured spin asymmetries

 ⃗p ⃗p → π + X

Gluon Polarization & 
Longitudinal Double-Spin Asymmetry

3N. Lukow

• Polarized gluon distribution function can be constrained by measuring the longitudinal 
double-spin asymmetry of jets (!!!) in polarized proton-proton collisions

!!! =
Δ$
$ = $"" + $## − $"# + $#"

$"" + $## + $"# + $#"

$"" $"#

24th International Spin Symposium, October 18-22 2021

Lattice QCD Impacts Diverse 
Experimental Program in NP

3

Friday, May 22, 2015

P.R.L. 115 (’15) 
P.R. D95 (’17); D98 (’18)

P.R. D90 (’14)

access to gluon helicity     at tree levelΔg(Q2) = ∫
1

0
dx Δg(x, Q2)

1
2

=
1
2

ΔΣ + Δg ?
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05 OCT 2021 S. Fazio 4

Helicity of gluons

Process:
)⃗ + )⃗ → jets,dijets + 1

o RHIC energies give sensitivity to qg, gg interactions
→ access to !" #

" #

o First evidence for gluon polarization driven by STAR 
inclusive jet measurements at √s = 200 GeV (2009 run 
data) – [PRL 115 (2015) 9, 092002]

→ global fits: ∫$.$&
'.$ 34Δ6~0.2 ±$.$($.$)@=* = 10@AB*

Observable:
H++ =

I,, − I,-
I,, + I,-

First time a significant
non-zero Δ" #

New Fit: DIS (fixed targ.) + RHIC (till 2009) 

 

1
2= P, 12 | JQCD

z |P, 12 = 1
2q

∑ Sqz+Sgz+ Lqz
q
∑ +Lgz

Jaffe-Manohar Spin Sum Rule:

but large  
uncertainties  
at x < 0.05   first clear evidence of  

Δg > 0 for x > 0.05 at  
Q2 = 10 GeV2   

∫
1

0.05
dx Δg(x, Q2 = 10)

= 0.218 ± 0.027

DSSV14 fit P.R.L. 113 (’14); arXiv:1902.10548

NNPDFpol1.1 fit N.P. B887 (’14); arXiv:1702.05077
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=
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ΔΣ + Δg + Lq + Lg ?

orbital motion ?
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Outline

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

 Going beyond collinear
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Example #2: elastic p-p scattering

p"p ! p p p#p ! p pversus

AN =
d�" � d�#

d�" + d�#

of scattered 
proton  

for a review, see 
Krisch, E.P.J. A31 (07) 417

correlation between spin of the proton    
                               and kT of partons

Evidences to go beyond collinear

“Single-spin asymmetry” 

! L

R 

•  expect  AN ~                    in simple parton model 
Kane, Pumplin, Repko ‘78 

p p
p

p

p"p ! p p p#p ! p pversus

AN =
d�" � d�#

d�" + d�#

 orbital motion ↔



Phenomenology of TMDs   ❸-7   Marco Radici - INFN Pavia

Example #3: semi-inclusive p-p collisions

single-spin 
asymmetry  

Evidences to go beyond collinear

“Single-spin asymmetry” 

! L

R 

•  expect  AN ~                    in simple parton model 
Kane, Pumplin, Repko ‘78 

where TMDs started from ... (1991)

E704

BNL, ANL, Fermilab, Serpukhov

also: ! Polarization

" L

R

large PT

p" p! ⇡ X

Single   
Spin 

Asymmetry

AN =
d�" � d�#

d�" + d�#

E704  √s = 20 GeV    0.7 < pT < 2.0   

where TMDs started from ... (1991)

E704

BNL, ANL, Fermilab, Serpukhov

also: ! Polarization
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L

perturbative 
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∝
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pT
αs ∼ 𝒪(10−3)

Kane, Pumplin, Repko, 
P.R.L. 41 (‘78) 1689
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Example #3: semi-inclusive p-p collisions

where TMDs started from ... (1991)

E704

BNL, ANL, Fermilab, Serpukhov
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R
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p" p! ⇡ X
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Spin 

Asymmetry

AN =
d�" � d�#

d�" + d�#

E704  √s = 20 GeV    0.7 < pT < 2.0   

single-spin 
asymmetry  

Instead, large asymmetries observed. 
Evidence of correlation between 

spin of the proton and 
kT and flavor of partons

Persisting also  up to 
 GeV s = 200

 = 20 GeV,  
0.7≤ PT ≤ 2 GeV

s

Adams et al. (STAR),  
PRL 92 (04) 171801

Evidences to go beyond collinear

“Single-spin asymmetry” 

! L

R 

•  expect  AN ~                    in simple parton model 
Kane, Pumplin, Repko ‘78 
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L
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AGS-ANL  FNAL RHIC 
s = 6.6 GeV s = 19.4 GeV s = 62.4 GeV

Gluon Polarization & 
Longitudinal Double-Spin Asymmetry

3N. Lukow

• Polarized gluon distribution function can be constrained by measuring the longitudinal 
double-spin asymmetry of jets (!!!) in polarized proton-proton collisions

!!! =
Δ$
$ = $"" + $## − $"# + $#"

$"" + $## + $"# + $#"

$"" $"#

24th International Spin Symposium, October 18-22 2021

perturbative 
QCD

∝
mq

pT
αs ∼ 𝒪(10−3)
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Outline

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

  Chiral-odd structures
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chiral-odd structures

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

Φ[Γ]
f (x) =

1
P+ ∫

dp− d ⃗p
(2π)4

Tr [(Φf (p, P))ji
(Γ)ij]

p+=xP+

quark-quark correlator

leading-twist projections

Γ = γ+ →

= ∫
d4ξ

(2π)4
e−i p⋅ξ ⟨P | ψ̄f (ξ) ψf (0) |P⟩

U L T
U f1 h1⊥

L g1L h1L⊥

T f1T⊥ g1T h1  h1T⊥

f1

N
 p

ol
ar

iz
at

io
n

unpolarized PDF

quark polarization
spin-1/2 hadron (Nucleon)
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U L T
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quark polarization
N
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n

Γ = γ+ → unpolarized PDF

Γ = γ+ γ5 → helicity PDF

Γ = i σi+ γ5 → transversity PDF

= ∫
d4ξ

(2π)4
e−i p⋅ξ ⟨P | ψ̄f (ξ) ψf (0) |P⟩

spin-1/2 hadron (Nucleon)
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chiral-odd structures

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

Φ[Γ]
f (x) =

1
P+ ∫

dp− d ⃗p
(2π)4

Tr [(Φf (p, P))ji
(Γ)ij]

p+=xP+

quark-quark correlator

leading-twist projections

U L T
U f1 h1⊥

L g1L h1L⊥

T f1T⊥ g1T h1  h1T⊥

f1
g1

h1

quark polarization
N

 p
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at
io

n

Γ = γ+ → unpolarized PDF

Γ = γ+ γ5 → helicity PDF

Γ = i σi+ γ5 → transversity PDF

=1f

�=g
1

=1h �

= ∫
d4ξ

(2π)4
e−i p⋅ξ ⟨P | ψ̄f (ξ) ψf (0) |P⟩

Γ = γ+ → ψ̄ γ+ ψ → R†R + L†L sum of right-handed / left-handed quark densities

Γ = γ+ γ5 → ψ̄ γ+ γ5 ψ → R†R − L†L difference  “   “  “

Γ = i σi+ γ5 → ψ̄ i σi+ γ5 ψ → L†γiR − R†γiL not diagonal on helicity basis
“chiral-odd” structure 

spin-1/2 hadron (Nucleon)
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chiral-odd structures

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

define γ± =
1

2
(γ0 ± γ3) 𝒫± =

1
2

γ∓ γ±

projector: (𝒫±)2 = 𝒫± [𝒫+ , 𝒫−] = 0
𝒫+ + 𝒫− = Il

given Dirac vector 
“good” light-cone 
component (dominant)

“bad” component
𝒫+ |ψ⟩ = ϕ 𝒫− |ψ⟩ = χ

define helicity projectors: 𝒫R,L =
1 ± γ5

2 [𝒫R,L , 𝒫±] = 0

show that 

ψ̄ γ+ ψ → R†R + L†L with R, L ≡ 𝒫R,L ϕ

ψ̄ γ+ γ5 ψ → R†R − L†L

ψ̄ i σi+ γ5 ψ → L†γiR − R†γiL
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chiral-odd structures

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

QCD conserves helicity at leading order,  
transversity does not

 transversity suppressed in inclusive DIS
    it has no corresponding structure function
    PDF f1  structure function F1

    PDF g1  structure function g1

    PDF h1   ?                              Need a process with another chiral-odd partner

→

↔
↔
↔

+
+

±

−
−

∓
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chiral-odd structures

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

�=g
1

=1h �

QCD conserves helicity at leading order,  
transversity does not

 transversity suppressed in inclusive DIS
    it has no corresponding structure function
    PDF f1  structure function F1

    PDF g1  structure function g1

    PDF h1   ?                              Need a process with another chiral-odd partner

→

↔
↔
↔

+
+

±

−
−

∓

Nevertheless, it’s a leading-twist PDF with very interesting properties:

in a nonrelativistic theory, g1=h1 because would differ just by a rotation
 transversity contains info on relativistic motion of quarks→
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chiral-odd structures

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

�=g
1

=1h �

QCD conserves helicity at leading order,  
transversity does not

 transversity suppressed in inclusive DIS
    it has no corresponding structure function
    PDF f1  structure function F1

    PDF g1  structure function g1

    PDF h1   ?                              Need a process with another chiral-odd partner

→

↔
↔
↔

+
+

±

−
−

∓

Nevertheless, it’s a leading-twist PDF with very interesting properties:

in a nonrelativistic theory, g1=h1 because would differ just by a rotation
 transversity contains info on relativistic motion of quarks→

in a spin-1/2 hadron, there is no gluon transversity
 evolution of transversity of quarks is decoupled from gluons

     very different from helicity
→
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chiral-odd structures

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

world data for        proton F2                  proton g1                  h1

A
U

T

thousands of data

hundreds of data

tens of data

171. JAM Methodology 
2. Extraction of DiFFs 
3. Extraction of Transversity PDFs 
4. Extraction of Tensor Charges 
5. Conclusions and Outlook

some phenomenological extractions using different mechanisms

JAM3D  Collins effect→

JAMDiFF,  RB18 
 di-hadron production→

- agreement on valence up

- large uncertainty on
  valence down

Gamberg et al., P.R.D 106 (‘22) 034014

Radici & Bacchetta, P.R.L. 120 (‘18) 192001

Cocuzza et al., arXiv:2308.14857
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the tensor charge

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

1st Mellin moment of transversity:  the tensor “charge”
(not really a charge, since it scales  no associated conserved current in )→ ℒQCD

δq(Q2) = ∫
1

0
dx [hq

1 (x, Q2) − hq̄
1(x, Q2)]
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the tensor charge

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

1st Mellin moment of transversity:  the tensor “charge”
(not really a charge, since it scales  no associated conserved current in )→ ℒQCD

δq(Q2) = ∫
1

0
dx [hq

1 (x, Q2) − hq̄
1(x, Q2)] (PμSν − PνSμ)(PμSν − PνSμ)

⟨PS | q̄ σμν q |PS⟩
=

matrix element of 
tensor operator - calculable on lattice with high precision
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the tensor charge

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

1st Mellin moment of transversity:  the tensor “charge”
(not really a charge, since it scales  no associated conserved current in )→ ℒQCD

δq(Q2) = ∫
1

0
dx [hq

1 (x, Q2) − hq̄
1(x, Q2)] (PμSν − PνSμ)(PμSν − PνSμ)

⟨PS | q̄ σμν q |PS⟩
=

matrix element of 
tensor operator - calculable on lattice with high precision

extraction from data in range [xmin, xmax], problems 
with extrapolation outside it

tension ? discussion 
in progress…
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the tensor charge

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

1st Mellin moment of transversity:  the tensor “charge”
(not really a charge, since it scales  no associated conserved current in )→ ℒQCD

δq(Q2) = ∫
1

0
dx [hq

1 (x, Q2) − hq̄
1(x, Q2)] (PμSν − PνSμ)(PμSν − PνSμ)

⟨PS | q̄ σμν q |PS⟩
=

matrix element of 
tensor operator - calculable on lattice with high precision

no tensor operators in   at tree level !ℒSM

extraction from data in range [xmin, xmax], problems 
with extrapolation outside it

tension ? discussion 
in progress…

• Both approaches needed to reconstruct the structure, symmetries,  
and parameters of LBSM  

Two strategies

LHC

LANSCE

ACME

The low-energy footprints of LBSM

• The low-energy footprints of heavy new physics: local operators

Familiar example: 
W q2 << MW2

 GF ~ g2/Mw2 

gg

direct access to BSM at MBSM footprint of BSM operators at low energy

energy

Is transversity a low-energy footprint of  new physics (BSM) at higher scale ?

Example:  weak CC interaction

The low-energy footprints of LBSM

• The low-energy footprints of heavy new physics: local operators

Familiar example: 
W q2 << MW2

 GF ~ g2/Mw2 

gg

The low-energy footprints of LBSM

• The low-energy footprints of heavy new physics: local operators

Familiar example: 
W q2 << MW2

 GF ~ g2/Mw2 

gg
Q2 ≪ M2

W Fermi contact term
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aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

β-decays and BSM physics

Ten effective couplings

E << Λ

1/Λ2  GF ~ g2Vij/Mw2 ~1/v2

• In the SM,  W exchange (V-A, universality)

1. n β-decay:  n → p e− ν̄e

GF ⇠ g2

M2
W

tree-level SM Lagrangian

ℒSM ∼ GF Vud ē γμ (1 − γ5) νe ⟨p | ū γμ (1 − γ5) d |n⟩
β-decays and BSM physics

Ten effective couplings

E << Λ

1/Λ2  GF ~ g2Vij/Mw2 ~1/v2

• In the SM,  W exchange (V-A, universality)

+ℒeff ∼ GF Vud εT ē σμν νe gT ⟨p | ū σμν d |n⟩

BSM tensor coupling

effective BSM Lagrangian
with tensor coupling

the tensor charge
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aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

β-decays and BSM physics

Ten effective couplings

E << Λ

1/Λ2  GF ~ g2Vij/Mw2 ~1/v2

• In the SM,  W exchange (V-A, universality)

1. n β-decay:  n → p e− ν̄e

GF ⇠ g2

M2
W

tree-level SM Lagrangian

ℒSM ∼ GF Vud ē γμ (1 − γ5) νe ⟨p | ū γμ (1 − γ5) d |n⟩
β-decays and BSM physics

Ten effective couplings

E << Λ

1/Λ2  GF ~ g2Vij/Mw2 ~1/v2

• In the SM,  W exchange (V-A, universality)

+ℒeff ∼ GF Vud εT ē σμν νe gT ⟨p | ū σμν d |n⟩

BSM tensor coupling isovector tensor charge

εT gT ≈
M2

W

M2
BSM

precision on couplings  bound on BSM scale→
( 0.1%  [3-5] TeV )→

⟨p, Sp | ū σμν u − d̄ σμν d |p, Sp⟩

∝ δu(Q2) − δd(Q2) ≡ gT(Q2)

isospin symmetry implies

effective BSM Lagrangian
with tensor coupling

the tensor charge
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chiral-odd structures

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

2. CP violation (CPV): effective BSM Lagrangian CPV couplings related to fermion 
Electric Dipole Moment (EDM) 

ℒEDM ∼ e ∑
f=u,d,s,c

d̃f ψ̄f σμν γ5 ψf Fμν Fμν = ∂μ Aν − ∂ν Aμ

quark EDM

d̃N = d̃u δu(Q2) + d̃d δd(Q2) + d̃s δs(Q2) + d̃c δc(Q2)Neutron EDM

quark tensor charge
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chiral-odd structures

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

2. CP violation (CPV): effective BSM Lagrangian CPV couplings related to fermion 
Electric Dipole Moment (EDM) 

ℒEDM ∼ e ∑
f=u,d,s,c

d̃f ψ̄f σμν γ5 ψf Fμν Fμν = ∂μ Aν − ∂ν Aμ

quark EDM

d̃N = d̃u δu(Q2) + d̃d δd(Q2) + d̃s δs(Q2) + d̃c δc(Q2)Neutron EDM

quark tensor charge

experimental 
bounds

improved knowledge on 
quark tensor charges

constraints on CP violation 
encoded in quark EDM→+
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Outline

aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

  Nuclear matter effects
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aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

the EMC effect

- nuclear PDFs are different from free-Nucleon PDFs :

Rf
A(x; Q2) =

ϕ f
A(x; Q2)

ϕ f
p(x; Q2)

≠ 1

“Why QGP aficionados  should care:”

Parton distribution functions for bound nucleons  are 
different than that of a free proton, they are 
connected as (EPPS16, EPJ C77(2017)163):

Nuclear PDF effects are critical to properly map 
QGP properties → inclusive DIS in eA collisions

eA: Nuclear PDF effects

12

𝑓𝑓 ⁄𝑒𝑒 𝐴𝐴
𝑖𝑖 𝑥𝑥𝑖𝑖 ,𝑄𝑄2 = 𝑅𝑅𝐴𝐴𝑖𝑖 𝑥𝑥𝑖𝑖 ,𝑄𝑄2 𝑓𝑓𝑒𝑒𝑖𝑖 𝑥𝑥𝑖𝑖 ,𝑄𝑄2

Measurements of the structure functions and their evolution at EIC will allow precise
extraction of nPDFs together with extending F2 and FL into low-x regime relevant for
gluon saturation

Eskola et al., E.P.J. C77 (16) 163 

ϕ f
A(x, Q2) =

Z
A

ϕ f
p(x, Q2) +

N
A

ϕ f
n(x, Q2)
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Parton distribution functions for bound nucleons  are 
different than that of a free proton, they are 
connected as (EPPS16, EPJ C77(2017)163):

Nuclear PDF effects are critical to properly map 
QGP properties → inclusive DIS in eA collisions

eA: Nuclear PDF effects

12

𝑓𝑓 ⁄𝑒𝑒 𝐴𝐴
𝑖𝑖 𝑥𝑥𝑖𝑖 ,𝑄𝑄2 = 𝑅𝑅𝐴𝐴𝑖𝑖 𝑥𝑥𝑖𝑖 ,𝑄𝑄2 𝑓𝑓𝑒𝑒𝑖𝑖 𝑥𝑥𝑖𝑖 ,𝑄𝑄2

Measurements of the structure functions and their evolution at EIC will allow precise
extraction of nPDFs together with extending F2 and FL into low-x regime relevant for
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- how do colored quarks and gluons interact with
  nuclear medium and propagate through it?

- which mechanism creates nuclear binding
  from quark-gluon interactions?

two pillars of the EIC science case

ϕ f
A(x, Q2) =

Z
A

ϕ f
p(x, Q2) +

N
A

ϕ f
n(x, Q2)

h

h

γ∗

γ∗

electron

hadron

nuclei as femtodetectors

λ ∼
ν

Q2
=

1
2xMA⏟
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aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

nuclear PDF

dσeA→e′￼+X

dx dQ2
=

2πα2

xQ4 [A(y) FA
2 (x, Q2) − y2 FA

L (x, Q2)]- inclusive DIS on nuclei A

- fitting  on a large range in x  extract nuclear PDF (nPDF)FA
2 , FA

L →

- nNNPDF3.0 
2151 pts (NC&CC DIS + DY + LHC + di-jet + prompt γ & D0)
χ2/Npts = 1.09

Abdul Khalek et al., arXiv:2201.12363

- EPPS16nlo  
1905 pts (NC&CC DIS + LHC)
χ2/Npts = 0.896

Eskola et al., E.P.J. C77 (16) 163 

- nCTEQ15  
740 pts (NC&CC DIS+DY+π RHIC)
χ2/Npts = 0.81

Kovarik et al., arXiv:1509.00792
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Figure 4.12. The nNNPDF3.0 predictions for the nuclear modification ratios in lead at Q = 10 GeV, compared
to the corresponding results from the EPPS16 and nCTEQWZ+SIH global analyses. The PDF uncertainty bands
correspond in all cases to 68% CL intervals.

Figure 4.13. Same as Fig. 4.12, now comparing the relative nPDF uncertainties associated to R(A)
f (x, Q).

compared to the other two groups. Except for the region around x ' 0.2, where the nNNPDF3.0 nuclear
ratio is somewhat higher, the nNNPDF3.0 predictions agree within uncertainties in the full x range with
EPPS16, while for x

⇠
< 10�3 the nCTEQ prediction for Rg is instead higher and consistent with no gluon

shadowing. In terms of the nPDF uncertainties on Rg, these turn out to be similar between the three groups
in the region where the bulk of the data lies, x

⇠
> 10�2, while at smaller x those of EPPS16 become the

largest and those of nNNPDF3.0 the smallest, the latter result being explained by the strong constraints
provided by the LHCb D-meson measurements in this kinematic region.

In the case of the nuclear modifications associated to the up and down quarks, good agreement is found
both in terms of the central values and of the PDF uncertainties among the three groups for the whole range

29
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aμ = (a0, a1, a2, a3) = (a+, a−, a⊥)

the EMC effect

nPDF determine the initial state of ion collisions

e.g., useful to determine initial 
configurations that lead to 
understand collective phenomena

eA: Collective Phenomena in Small Systems

• Long range correlations:  everywhere! AA collisions, pA, high 
multiplicity pp
• Can the system that small reach an equilibrium? 
• Is this a manifestation of initial state phenomena? CGC?

• NOT reproduced in any established MC generators
• Understanding of proton structure is critical for testing QGP formation 

in small systems

PRD 94(2016)034042

Olga Evdokimov (UIC) SPIN 2021 10/21/2021 15

CMS

proton density 
x ~ 10−3

CHAPTER 7. EIC MEASUREMENTS AND STUDIES 157

7.3.3 Nuclear PDFs

Nuclear parton distribution functions (nPDFs) describe the behaviour of bound
partons in the nuclear medium. Like free-proton PDFs they are assumed to be
universal and are extracted through fits to existing data. To date, there is no com-
pelling evidence of factorization breaking or violation of universality.

The theoretical interpretation of A+A and p+A data from the LHC and RHIC also
relies on precise knowledge of nPDFs. However, in contrast to the free-proton
PDFs, the determination of nPDFs is severely limited by both the kinematic cover-
age and the precision of the available data.

The realization of the EIC will provide key constraints on nPDFs. Fig. 7.66 shows
the significant broadening of the kinematic coverage for all nuclei available at the
EIC. Note that nPDFs sets make different selections and apply extra kinematic cuts
that further reduce the explored space. In contrast with previous experiments, the
systematic uncertainties of the e + A inclusive DIS cross section measurements at
the EIC will be at most a few %, as depicted in Fig. 7.67. Additionally, the statis-
tical uncertainties will be negligible for almost the whole x coverage, gaining pre-
dominance only at the largest values of x. This broad kinematic coverage, almost
doubling the one from existing data, will revolutionize our current understanding
of partonic distributions in nuclei.

Figure 7.66: Kinematic coverage of experimental data and EIC pseudo data used in nPDFs
fits. The coverage corresponds to all measured nuclei together. Each nPDFs set has extra
cuts that further reduce the explored space.

Community Effort to Define EIC Detector

• ~400 authors / ~150 institutions / ~900 pages with strong international contributions!

• Review, community input, and editorial process completed:     
https://arxiv.org/abs/2103.05419

• Best reference guide for EIC detector requirements and technologies

arXiv:2103.05419,  
N.P.A1026 (22) 122447

currently, significant coverage 
of phase space. 
But still missing very low x

“Why QGP aficionados  should care:”

Parton distribution functions for bound nucleons  are 
different than that of a free proton, they are 
connected as (EPPS16, EPJ C77(2017)163):

Nuclear PDF effects are critical to properly map 
QGP properties → inclusive DIS in eA collisions

eA: Nuclear PDF effects

12

𝑓𝑓 ⁄𝑒𝑒 𝐴𝐴
𝑖𝑖 𝑥𝑥𝑖𝑖 ,𝑄𝑄2 = 𝑅𝑅𝐴𝐴𝑖𝑖 𝑥𝑥𝑖𝑖 ,𝑄𝑄2 𝑓𝑓𝑒𝑒𝑖𝑖 𝑥𝑥𝑖𝑖 ,𝑄𝑄2

Measurements of the structure functions and their evolution at EIC will allow precise
extraction of nPDFs together with extending F2 and FL into low-x regime relevant for
gluon saturation

existing 
data

terra incognita:
does RA saturate?
or keep falling?
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Saturation

ℒQCD = ψ̄(x) [i γμ Dμ − m] ψ(x) −
1
4 (Fa

μν)
2

gluons carry color charge, can self-interact

high energy, low x : parton fluctuations time-dilated; long-lived gluons
                            radiate smaller-x gluons, which in turn radiate more…
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At low x, very surprising phenomena…
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…  rapid growth of gluon density at lower x

At low x, very surprising phenomena…

d g(x, Q2)
d log(1/x)

= αs KBFKL ⊗ g(x, Q2)
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The rapid growth of gluon density at lower x must 
stop to preserve unitarity!  Froissart bound: the total 
cross section should grow as   .
Gluons must recombine to balance the splitting:

σ ∼ log2 s

?
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New universal state of gluonic 
matter at large densities?
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Motivation – the EIC science program

another pillar of EIC science case
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d log(1/x)

= αs KBFKL ⊗ g(x, Q2)

−αs [g(x, Q2)]2

implications for astrophysics 
of neutron stars
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1/3Iancu et al., P.L. B510 (01) 133
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