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We will address to the following questions:

What is particle spin good for?

What contributes to the proton spin?

What needs to be measured next?

What are the prospects?
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Outline

Some intringing and unexpected observations

Guided tour on parton distributions functions
Unavoidable digression on unpolarized PDF

∆q, ∆q̄ : Flavor separation from SIDIS eN → ehXand prospects

Gluon Polarization ∆g(x) in the nucleon: Present status and prospects

Quark Transversity δq(x,Q2) and double transverse
spin asymmetries ATT

New degrees of freedom in QCD
QCD mechanisms for single spin asymmetries AN (Sivers versus Collins)

Generalized parton distributions and orbital angular momentum

Outlook
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Recall what we know from pp → pp since

1979

This was the motivation for a successful Siberian Snake Program
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Recall what we learnt recently from ep →ep

A simple reaction which was believed to be totally understood
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New surprises: Large AN in hyperon

inclusive production at FNAL in 1976

Many more puzzling single spin asymmetry data since then
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6th Int. Spin Symposium - Marseille 1984
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6th Int. Spin Symposium - Marseille 1984
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6th Int. Spin Symposium - Marseille 1984
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6th Int. Spin Symposium - Marseille 1984

Fundamental Open Questions in Spin Physics – p. 10/45



6th Int. Spin Symposium - Marseille 1984
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Some specific goals

- To understand the nucleon spin structure in terms of quarks and gluons.
- To test the SPIN SECTOR of pQCD (Several spin asymmetries calculated to NLO)
Basic information comes from Deep Inelastic Scattering (DIS)

lN → l
′

X or l(↑)N (↑) → l
′

X

We recall that ( q = u, d, s, ...)

unpolarized DIS ⇒ F p,n
2

(x, Q2) =
∑

q

e2
q [xq(x, Q2) + xq̄(x, Q2)] ,

long. polarized DIS ⇒ gp,n
1

(x, Q2) = 1/2
∑

q

e2
q [∆q(x, Q2) + ∆q̄(x, Q2)] ,

the q(x, Q2)’s (same for antiquarks) are defined as q = q+ + q−, where q± are the quark
distributions in a polarized proton with helicity parallel (+) or antiparallel (−) to that of
the proton. Similarly ∆q(x, Q2)’s (same for antiquarks) are defined as ∆q = q+ − q−.
Idem for the gluon distributions defined as G = G+ + G− and ∆G = G+ − G−.
In DIS they only enter in the QCD Q2 evolution of the quark distributions.
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Nucleon helicity sum rule

We have the following sum rule

1

2
=

1

2
∆Σ + ∆G(Q2) + Lq(Q

2) + Lg(Q
2)

where ∆Σ =
∑

q

∫ 1

0
[∆q(x,Q2) + ∆q̄(x,Q2)]dx is twice the

quark (+ antiquark) spin contribution to the nucleon spin.
- ∆G, Lq,g contributions of gluon and orbital angular
momentum of quark and gluon.
- So far ∆Σ ∼ 0.3 and ∆G small and still badly known.
- Lq,g might be relevant contributions?
- Is there a "‘dark spin"’ problem?
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Recall what we know from unpolarized F p
2

and polarized gp
1 DIS
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Flavor separation for unpolarized quark

distributions

Easier for u and d, thanks to the high precision of the
data on F p,n

2 and neutrino DIS.

Have found long ago that ū < d̄ from the violation of
Gottfried sum rule
Confirmed recently from dilepton production but need
to be clarified at high x

We are still unclear whether s < s̄ or s > s̄.
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A global view of the unpolarized parton

distributions
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Need to know more about the sea quarks
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The important issue of d̄/ū at large x ?

From Drell-Yan process at Q2 = 54GeV2
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Prospects for this important issue at FNAL

and J-PARC
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Large uncertainties on xs(x) − xs̄(x)

D. Mason et al., NuTeV Collaboration, Phys. Rev. Lett. 99, 192001 (2007).
Positive strange asymmetry S− from charm production.
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An interesting observation at Q2 = 4GeV 2 :

unpolarized and polarized are related

F p−n
2

≃ 2xgp−n
1

⇒ u+ dominates and u− ≃ d−
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Flavor separation for quark helicity

distributions

One possibility is semi-inclusive DIS (Hermes,
Compass), supplemented by JLab at high x.

Another one is ∆q and ∆q̄ flavor separation from W±

production at RHIC.
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Polarized quarks distributions vs x at DESY

and CERN: flavor separation from SIDIS
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Polarized quarks distributions versus x at

JLab

A key question: what is the behavior for x → 1?
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The valence quark helicity distributions

versus x

From semi-inclusive DIS µd → µh±X can determine the valence quark helicity
distributions. Combined with gd

1
it leads to ∆ū + ∆d̄ = 0.0 ± 0.04 ± 0.03

i.e. a highly non-symmetric polarized sea
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Antiquarks dominate the very low x region,

in particular strange sea quarks
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Antiquarks dominate the very low x region of

gp
1 (prediction from DSSV)
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W+ production in polarized pp collisions

C. Bourrely and J. S., Phys. Lett. B314, 132 (1993)
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Flavor separation from W± production at

RHIC for PDF at Q2
∼ 6500GeV2

Expected sensitivity for near future of RHIC running at 500GeV

Q = M W
22
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Gluon Polarization ∆g(x) in the nucleon

From polarized DIS only, the Q2 evolution does NOT
allow the determination of ∆g(x), because of lack of
accuracy and limited Q2 range.

From DIS with high-pT hadron pairs in the final state
from γ∗g → qq̄.

In DIS open charm is another option

It is also crucial to measure it at RHIC
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Present knowledge of Gluon Polarization

from DIS

Photon-gluon fusion: Open charm - At NLO get zero
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The gluon polarization at RHIC
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The gluon polarization at RHIC from PHENIX
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Present knowledge of polarized PDF from a

recent global fit (DSSV)
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Quark Transversity Distribution δq(x,Q2)

It was first mentioned by Ralston and Soper in 1979, in pp → µ+µ−X with transversely
polarized protons, but forgotten until 1990, where it was realized that it completes the
description of the quark distribution in a nucleon as a density matrix

Q(x, Q2) = q(x, Q2)I ⊗ I + ∆q(x, Q2)σ3 ⊗ σ3 + δq(x, Q2)(σ+ ⊗ σ− + σ− ⊗ σ+)

This new distribution function δq(x, Q2) is chiral odd, leading twist and decouples from
DIS. Only recently, it has been extracted indirectly, for the first time.
There is a positivity bound (J.S., PRL 74,1292,1995) survives up to NLO corrections

q(x, Q2) + ∆q(x, Q2) ≥ 2|δq(x, Q2)|

Fundamental Open Questions in Spin Physics – p. 34/45



Quark Transversity Distribution δq(x,Q2)
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ATT in the PAX experiment p̄p → l+l−X at

COSY

A new challenge: how to make polarized p̄ ?
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Single spin asymmetries AN in QCD

What is a single spin asymmetry (SSA)?
Consider the collision of a proton of momentum −→p , carrying a transverse spin −→sT and

producing an outgoing hadron with transverse momentum
−→
kT . The SSA defined as

AN =
dσ(−→sT ) − dσ(−−→sT )

dσ(−→sT ) + dσ(−−→sT )

is zero, unless the cross section contains a term −→sT · (−→p ×
−→
kT )

Two QCD mechanisms

Introduce Transverse Momentum Dependence (TMD)
- TMD parton distributions ⇒ Sivers effect 1990
- TMD fragmentation distributions ⇒ Collins effect 1993

Consider higher twist operators
- In collinear approach introduce quark-gluon correlators (Efremov-Teryaev 1982
Qiu-Sterman 1991)
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Single spin asymmetries in SIDIS
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Process-dependence of Sivers functions

Crucial role of gauge links in TMDs
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Another puzzling SSA
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Generalized parton distributions
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Generalized parton distributions
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Outlook

Rapid theoretical progress and new calculations are made in QCD spin physics

Many experimental results are coming out and we are entering an area of precision

Spin physics generates new tools, new concepts, new challenges

Perhaps some surprises are round the corner !!

We might also rely on some help from
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SERENDIPITY :
The art to find something unforseen by looking for

another matter
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