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The spin of the nucleon

Angular momentum conservation

1
2 = 1

2 ∆Σ + ∆G + Lq + Lg

Constituent (naive)
parton model:
∆Σ = ∆uv +∆dv = 1

Is contribution from
gluons important
as in unpolarized
case?

Full description
should take into
account orbital
angular momenta
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COMPASS experiment at CERN

The deuteron spin-dependent structure function g1 3DIS 2007 Krzysztof  Kurek 

N

SPS

LHC

luminosity:      ~5 . 1032 cm-2 s-1

beam intensity: 2.108 µ+/spill (4.8s/16.2s) 

beam momentum: 160 GeV/c

beam polarization:   ~76 %

target polarization: ~50 %

• longitudinally polarised muon beam

• longitudinally or transversely polarised 
deuteron (6LiD) target

• momentum and calorimetry measurement

• particle identification

COMPASS
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COMPASS spectrometer

Two parts of spectrometer (60m length in total)
About 350 detector planes of different type
Polarized beam: µ+ (PB=76% at 160GeV)
Polarized target: 6LiD (PT =50%) and NH3 (PT =90%)
Particle identification by RICH, ECALs, HCALs and µ-filter
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Ring Imaging CHerenkov detector

π K p

RICH features

π, K, p separation from 2, 9, 18 GeV
up to 50 GeV

116 spherical mirrors (21 m2)

80 m3 C4F10, n=1.00153

< n > = 15
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The polarized target

Target features

target material: 6LiD, NH3

Dynamic Nuclear Polarization
technique

polarization: 50%, 90%

acceptance: 70 mrad, 180 mrad

solenoid field: 2.5T

temperature: 50mK

two (three) cells with opposite
polarization

target length: 120 cm in total

dilution factor ≈ 0.4, 0.2
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Deep inelastic scattering

N

(E, p)

q

e

(E, p )’ ’

*γ

u

d

u

π
+

h

h

π

Kinematical variables:

Q2 = −q2

ν = E − E ′

x = Q2/2Mν

y = ν/E

z = Eh/ν

Inclusive cross-section

d2σ

dxdQ2
= c1F1(x ,Q2) + c2F2(x ,Q2) + c3g1(x ,Q2) + c4g2(x ,Q2)

where g1, g2 and F1,F2 are spin dependent and spin
independent structure functions.
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Polarized deep inelastic scattering

Quark densities in QPM:

q(x) = q+(x) + q−(x)

∆q(x) = q+(x)− q−(x)

q+(x), q−(x): quarks polarized
parallel (antiparallel) to nucleon
spin

Inclusive asymmetry:

A1 =
σ1/2−σ3/2

σ1/2+σ3/2
= g1

F1
= 2x(1+R)

F2
g1

QPM
=

P
q e2

q∆qP
q e2

qq

Semi-inclusive asymmetry:

Ah
1 =

σh
1/2
−σh

3/2

σh
1/2

+σh
3/2

QPM
=

P
q e2

q∆qDh
qP

q e2
qqDh

q
, A‖ = σ↑↓−σ↑↑

σ↑↓+σ↑↑
≈ DA1

Rafal Gazda Polarization of valence, non-strange and strange quarks in the nucleon determined by COMPASS



COMPASS

COMPASS experiment
First moment of g1

Semi-inclusive asymmetries
Flavour separation

Experimental asymmetry

polarization
rotation
every 8h

beamµ−

Upstream Downstream
cell cell

N�u

Nu Nd

N�d

Target cells polarized in
opposite direction

Acceptance for cells is not
the same

Polarization reversed

Experimental asymmetry:

Aexp =
1

2

(
Nu − Nd

Nu + Nd
+

N ′d − N ′u
N ′d + N ′u

)
= fPBPTA‖

PB ,PT - beam and target polarization
f - dilution factor
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Structure functions g d
1 , g p

1
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NLO QCD analysis

Spin dependent structure function g1:

gd
1 (x ,Q2)= 1

2〈e2〉[CS
q ⊗∆Σ+CNS

q ⊗∆qNS+2nf CG⊗∆G]
∆Σ=∆u+∆d+∆s, ∆q3=∆u−∆d , ∆q8=∆u+2∆d−∆s

DGLAP equations:

d
dt ∆qNS = αs(t)

2π PNS
qq ⊗∆qNS , t=log

„
Q2

Λ2

«
d
dt

0@ ∆Σ

∆G

1A = αs(t)
2π

(
PS

qq 2nf P
S
qG

PS
Gq PS

GG

)
⊗
(

∆Σ

∆G

)

Input parametrization at fixed Q2
0 :

(∆Σ,∆q3,∆q8,∆g)= η xα(1−x)β(1+γx)R 1
0 xα(1−x)β(1+γx)dx

Minimization routine:

χ2 =
N∑

i=1

[g calc
1 (x ,Q2)−g exp

1 (x ,Q2)]
2

[σexp
stat(x ,Q2)]

2
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First moment of g1

Quark polarization from the fit (Q2 = 3 GeV2)

ηΣ = 0.30± 0.01(stat)± 0.02(syst)

First moment (average nucleon) (Phys. Lett. B 647 (2007) 8)

ΓN
1 (Q2 = 3GeV/c)2 =

R 1
0 gN

1 (x)dx = 0.0502± 0.0028(stat)± 0.0020(evol)± 0.0051(syst)

Contribution from unmeasured region about 4%

Extracting a0 from the first moment of gN
1

ΓN
1 (Q2) = 1

9

„
1− αs (Q2)

π
+O(α2

s )
“
a0(Q2) + 1

4
a8

”«
From hyperons β decays assuming SU(3)f

a8 = 0.585± 0.025 (Y. Goto at al., PRD 62 (2000)034017)

⇒ a0 = 0.35± 0.03(stat)± 0.05(syst)

Quark polarization at Q2 = 3 GeV2

â0(Q2→∞) = ∆Σ = 0.35± 0.03(stat)± 0.05(syst)

(∆s + ∆s̄) = 1
3

(â0 − a8) = −0.08± 0.01(stat)± 0.02(syst)
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Difference asymmetry

Definition: Ah+−h− =
(σh+
↑↓−σ

h−
↑↓ )−(σh+

↑↑−σ
h−
↑↑ )

(σh+
↑↓−σ

h−
↑↓ )+(σh+

↑↑−σ
h−
↑↑ )

In LO FF cancel out. For a deuteron target:

Aπ
+−π−

d (x) = AK+−K−

d (x) = ∆uv (x)+∆dv (x)
uv (x)+dv (x)

Ah+−h− calculated from Ah+ and Ah−:

Ah+−h− = 1
1−r (Ah+ − rAh−), r =

σh−
↑↓ +σh−

↑↑
σh+
↑↓+σh+

↑↑
= σh−

σh+ = N−/a−

N+/a+

↑↓ ↑↑

x
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Valence quark distribution

x(∆uv (x)+∆dv (x))=
x(uv (x)+dv (x))

(1+R(x))(1−1.5ωD)Ah+−h− (x), ωD=0.05±0.01

x
-210 -110 1

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

2=10 GeV2SIDIS+DIS, Q

From diff asymmetry
d

1
From Inclusive g

DNS fit (prediction)

)vd∆+vu∆x( 2=10 GeV2SIDIS+DIS, Q

• evolved to
Q2 = 10 (GeV/c)2

• using LO DNS
parameterization
(PRD 71(2005)094018)

• DNS predicts
COMPASS data

• for uv + dv

MRST04(LO) used

sea very small at large x, with inclusive asymmetry much better precision

∆uv + ∆dv =
36
5

gd
1(x,Q2)

(1− 1.5ωD)
−

[
2(∆ū + ∆d̄) +

2
5
(∆s̄ + ∆s̄)

]

Rafal Gazda Polarization of valence, non-strange and strange quarks in the nucleon determined by COMPASS



COMPASS

COMPASS experiment
First moment of g1

Semi-inclusive asymmetries
Flavour separation

Valence quark distribution - first moment
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Proton asymmetries
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Deuteron asymmetries
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The method of PDF extraction in LO

Asymmetries in LO

A1,d =
5(∆u + ∆d) + 5(∆ū + ∆d̄) + 4∆s

5(u + d) + 5(ū + d̄) + 2(s + s̄)

Ah
d =

(4Dh
u + Dh

d )(∆u + ∆d) + (4Dh
ū + Dh

d̄
)(∆ū + ∆d̄) + 2(Dh

s + Dh
s̄ )∆s

(4Dh
u + Dh

d )(u + d) + (4Dh
ū + Dh

d̄
)(ū + d̄) + 2(Dh

s s + Dh
s̄ s̄)

A1,p =
4(∆u + ∆ū) + (∆d + ∆d̄) + 2∆s

4(u + ū) + (d + d̄) + (s + s̄)

Ah
1,p =

4(Dh
u ∆u + Dh

ū ∆ū) + (Dh
d ∆d + Dh

d̄
∆d̄) + (Dh

s + Dh
s̄ )∆s

4(Dh
uu + Dh

ū ū) + (Dh
dd + Dh

d̄
d̄) + (Dh

s s + Dh
s̄ s̄)

~A(x) = B(x) ∆~q(x), ∆~q = (∆u,∆d ,∆ū,∆d̄ ,∆s)

χ2 = (~A− B∆~q)T Cov−1
A (~A− B∆~q).

∆~q = (BT Cov−1
A B)−1BT Cov−1

A
~A

Error propagation:
Covq = (BT Cov−1

A B)−1

CovA = Covstat
A + Covsyst

A .
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Polarized Quarks Distributions
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First moments, x-range 0.004-0.3,
MRST04 LO, DSS

∆u = 0.45± 0.02± 0.03

∆d = −0.25± 0.03± 0.02

∆ū = 0.01± 0.02± 0.004

∆d̄ = −0.04± 0.03± 0.01

∆s = ∆s̄ = −0.01±0.01±0.02
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Quark valence distribution - FF dependence

RSF =
R

DK+

s̄ (z)dzR
DK+

u (z)dz

RUF =
R

DK+

d (z)dzR
DK+

u (z)dz

RUF fixed at 0.14 from the DSS fragmentation functions

Large statistical uncertainty due to RSF

If RSF > 5∆s (SIDIS) > ∆s (DIS) and ∆s < 0 for x < 0.004
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Summary

Analysis of 2002-2007 data has been presented

From the first moment of g1 we obtained quark contibution to
the nucleon spin:

∆Σ = 0.33± 0.03± 0.05
(∆s + ∆s̄) = −0.08± 0.01(stat)± 0.02

Method of difference asymmetries gives

∆uv + ∆dv = 0.40± 0.07± 0.05
Proton data allows to perform full flavor separation

∆u = 0.45± 0.02± 0.03
∆d = −0.25± 0.03± 0.02
∆ū = 0.01± 0.02± 0.004
∆d̄ = −0.04± 0.03± 0.01
∆s = ∆s̄ = −0.01± 0.01± 0.02

Determination of fragmentation function is under study
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