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Deep-inelastic scattering



k = [E,!k] = [E,0,0,k]
k = [E ′,!k′]
q = [ν,!q] = [E −E ′,!k−!k′]

m2
e = k · k = k′ · k′

Q2 ≡−q · q = |!q|2−ν2 > 0!
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The virtual photon and Q2

e

e’

protonγ*

Kinematic variables of electron scattering

e
e′

In relativistic quantum mechanics = quantum field 
theory, scattering due to a force between particles 
(e.g. E&M) is treated as if a virtual particle were 

exchanged between beam and target

force carrier
E & M photon γ
strong gluon g
weak W, ZThe virtual photon γ* is just a combination 

of E and B fields ... “virtual” → short-lived

electron beam e
scattered electron e′ 

Virtual photon has imaginary 
mass, unlike a real photon! 

virtual photon γ*



x =
Q2

2Mpν
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The Bjorken scaling variable x

e

e’

p
At fixed beam energy, electron scattering xsecs 

depend on two variables: Q2 and ν of the γ*
... or E′ and θ of the 

scattered beam:
Q2 = 4EE′sin2(θ/2)

ν = E – E′

At high enough Q2 and W2 we scatter not from the whole proton, 
but from a collection of pointlike, nearly-massless quarks

Elastic electron-quark scattering:
k + pq = k′ + p′q      →      p′q = q + pq

Suppose the struck quark carries a fraction x of the target protonʼs 4-momentum P 

→  pq = xP  = [xMp, 0] in lab frame
→ Q 2 = 2q·pq = 2ν xMN

 pq = xP

→    2q·pq = –q2 = Q2(p′q)2 = mq2 = (q+pq)2 = q2 + pq2 + 2q·pq

We measure this for every event!

(also define y ≡ ν/E = fractional energy of γ*, range 0 → 1)



dσ
dxdQ2 =

(
dσ

dxdQ2

)

point(eq→eq)
· ∑

q=u,d,s,ū,d̄,s̄

e2
q q(x,Q2)
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Deep-inelastic scattering 

“scaling”

x =
Q2

2Mpν

 pq = xP

When we are scattering from individual pointlike quarks within 
the target, we are in the regime of deep-inelastic scattering 

 q(x,Q2)
The interesting, proton substructure 

part of the xsec is described by 
parton distribution functions q(x)

• PDFs describe number density of quarks at 
different momentum-fractions x

• one PDF per quark flavour

• PDFs depend only very-weakly on Q2

{q(x)} = u(x),d(x),s(x), ū(x), d̄(x), s̄(x)

σ(Q2)
σpoint(Q2)
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Deep-inelastic scattering and W2

e

e’

p

hadronic final 
state: total 
invariant- 
mass W

In DIS, the proton breaks up into 
many hadrons (“fragmentation”)

W2 = (q+P)2 = (ν+Mp)2–|q|2

      = Mp2 – Q2 + 2 Mp ν   

elastic scattering
ep → ep

resonance region
ep → eΔ, eN*, ...

DIS regime: W > 2 GeV
ep → e(X = many hadrons)
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HERMES kinematics

Beam energy 27.6 GeV
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momentum distribution of hadrons h
formed from quark q 

➡ not even lattice can help ...

The Fragmentation Function

momentum distribution of quarks q 
within their proton bound state  

 ➡ lattice QCD progressing steadily 

The Distribution Function

The perturbative part
Cross-section for elementary 
photon-quark subprocess  

Large energies ➡ asymptotic freedom
➡ can calculate!

Semi-Inclusive Deep-Inelastic Scattering (SIDIS)

N

(E, p)

h
h

π

q

e

+

(E, p )’ ’

π

u

d
u

*γ

In SIDIS, a hadron h is detected in coincidence with the scattered lepton:

Factorization of the cross-section:

dσh ∼∑
q
e2q q(x) · σ̂ · Dq→h(z)

Many distribution and 
fragmentation 

functions to explore!



The Proton Spin Puzzle:
Quark and Gluon Polarization
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The Pieces of the Spin Puzzle

only three possibilities
1
2

=
1
2
ΔΣ+ΔG+Lq+Lg

➊ Quark polarization
ΔΣ≡

Z
dx (Δu(x)+Δd(x)+Δs(x)+Δu(x)+Δd(x)+Δs(x)) ≈ 25% only

➋ Gluon polarization
ΔG≡

Z
dx Δg(x)

Lz ≡ Lq+Lg

➌ Orbital angular momentum
small…?

State of the art: DSSV global fit
                to Δq and ΔG
     full next-to-leading order QCD

DeFlorian, Sassot, Stratmann, 
Vogelsang, PRL 101 (2008)  
      and PRD 80 (2009)

World Data: polarized eN and pp scattering

q(x) =−→q (x)+←−q (x) ∆q(x) =−→q (x)−←−q (x)



• ΔΣ is around 20-30 %
• some indication that Δs may be negative ... (-10% ??)
• some indication that ΔG may be positive ... ?

Spin-Dependent 
Deep Inelastic 

Scattering (DIS)

The story so far ...  from inclusive measurements of g1(x,Q2)

Double spin 
asymmetries 

are measured :
A1 =

σ1/2−σ3/2
σ1/2+σ3/2

" g1
F1

=
∑q e2q Δq(x,Q2)
∑q e2q q(x,Q2)

polarized e polarized nucleon

e’
virtual photon

... goes to ...

IMPOSSIBLE
for a spin 1/2

quark!
... goes to ...

The polarized photon 
selects certain quark 

polarizations :



Semi-Inclusive DIS (SIDIS) 

N

(E, p)

h
h

π

q

e

+

(E, p )’ ’

π

u

d
u

*γ

Ah1(x,Q
2) =

R 1
zmin dz∑q e2q Δq(x,Q2) ·Dh

q(z,Q2)
R 1
zmin dz∑q e2q q(x,Q2) ·Dh

q(z,Q2)

In SIDIS, a hadron h is 
detected in coincidence 
with the scattered lepton

Flavor Tagging   
in LO QCD:

Measures probability for struck 
quark q to produce a hadron h with

: Fragmentation functionDh
q(z,Q

2)

z≡ Eh
ν

Energy fraction



Quark Polarization from Semi-Inclusive DIS (SIDIS) 

N

(E, p)

h
h

π

q

e

+

(E, p )’ ’

π

u

d
u

*γ

Ah1(x,Q
2) =

R 1
zmin dz∑q e2q Δq(x,Q2) ·Dh

q(z,Q2)
R 1
zmin dz∑q e2q q(x,Q2) ·Dh

q(z,Q2)

In SIDIS, a hadron h is 
detected in coincidence with 

the scattered lepton:

Flavor Tagging
Flavor content of observed hadron h is 

related to flavor of struck quark q via the 
fragmentation functions D

Rewriting ...

Purity matrix       = probability that hadron h came from struck quark q Phq

Ah1(x,z) =∑
q
Phq (x,z)

Δq(x)
q(x)

Purities are spin-independent ... compute using Monte Carlo



What results might we expect?
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Spin from the SU(6) Proton Wave Function

The 3 quarks are identical fermions ⇒ ψ antisymmetric under exchange 

ψ = ψ(color) * ψ(space) * ψ(spin) * ψ(flavor)

➋ Space: proton has l = l’ = 0 → ψ(space) = symmetric

➊ Color: All hadrons are color singlets = antisymmetric

ψ(color) = 1/√6 (RGB - RBG + BRG - BGR + GBR - GRB)

➌ Spin: 2 ⊗ 2 ⊗ 2 = ( 3S ⊕ 1A ) ⊗ 2 = 4S ⊕ 2MS ⊕ 2MA

● 2MS and 2MA have spin 1/2 and mixed symmetry: 
S or A under exchange of first 2 quarks only, e.g. 

● 4S symmetric states have spin 3/2,  e.g.               = ↑↑↑
∣∣∣∣
3
2
,+
3
2

〉

∣∣∣∣
1
2
,+
1
2

〉

MS = (↑↓↑ + ↓↑↑ – 2↑↑↓)/√6
∣∣∣∣
1
2
,+
1
2

〉

MA = (↑↓↑ – ↓↑↑)/√2

Constitu
ent 

Quarks



⇒ ΔΣ = Δu + Δd + Δs = 1 All spin present & accounted for!
N.C.R. Makins, NNPSS 2011

SU(3)-flavor gives 3 ⊗ 3 ⊗ 3 = 10S ⊕ 8MS ⊕ 8MA ⊕ 1A

● strong force is flavor blind

➍ Flavor: symmetry groups SU(2)-spin and SU(3)-color are exact ...

● constituent q masses similar: mu,md ≈ 350 MeV,  ms ≈ 500 MeV

➡ SU(3)-flavor is approximate for u, d, s

➤ Count the number 
of quarks with spin 
up and spin down:

〈p↑|N̂(u↑)|p↑〉 =
30
18

=
5
3

〈p↑|N̂(d↑)|p↑〉 =
6
18

=
1
3

〈p↑|N̂(u↓)|p↑〉 =
6
18

=
1
3

〈p↑|N̂(d↓)|p↑〉 =
12
18

=
2
3

➤ Quark contributions 
to proton spin are:

Δu= N(u↑)−N(u↓) = +
4
3

Δd = N(d↑)−N(d↓) =−1
3

➤ Proton:  ψ(s=1/2) from spin 2MS,2MA  ⊗   ψ(uud) from flavor 8MS,8MA

|p↑〉= (u↑u↓d↑+u↓u↑d↑−2u↑u↑d↓+ 2 permutations)/
√
18

u d



Proton Spin 
Structure: the Sea

Meson Cloud Models
Li, Cheng, hep-ph/9709293

5

+

"sea""valence"

γ

0- meson

“Higher-order” cloud of 
vector mesons can generate 

a small polarization.

Δqvalence > 0

Δqsea < 0

Δq= 0

Chiral-Quark Soliton Model

Δu!−Δd > 0

Light sea quarks
polarized:

Goeke et al, hep-ph/0003324

0.0 0.2 0.4 0.6 0.8 1.0
x

−0.10

−0.05

0.00

0.05

0.10

xΔu−

xΔd−

xΔs−

uLRu

dR
dL

instanton
vertex

Instanton Mechanism

ʻtHooft instanton vertex
∼ uRuLdRdL transfers
helicity from valence u

quarks to dd pairs

Constituent 
Quark Model Δu= +

4
3
, Δd =−1

3
→

No gluons 
in these models

Δq ≡ 
N↑ – N↓



What results do we get?



A Wealth of Spin Data

Polarized Deep-Inelastic Scattering

polarized e polarized nucleon

e’
virtual photon

Polarized p-p Scattering

electron / muon beams → Δq

at RHIC →  ΔG

Rather than imposing the standard SU(2) and SU(3)
symmetry constraints on the first moments of the quark
and antiquark distributions, we allow for deviations

 !U!!D " #F$D%&1$ "SU#2%'; (6)

 !U$ !D! 2!S " #3F!D%&1$ "SU#3%'; (7)

where !F ( &!f1j $ ! "f1j '#Q2
0%, F$D " 1:269) 0:003,

3F!D " 0:586) 0:031 [2], and "SU#2;3% are free parame-
ters. In total we have fitted 26 parameters [16], setting
! "u; "d;"s;g " 0 in Eq. (4). Positivity relative to the unpolarized
PDFs of Ref. [14] is enforced at Q0. In Fig. 1 we compare
the results of our fit using Q " pT to RHIC data from
polarized p-p collisions at 200 GeV [4], included for the
first time in a NLO global fit. The bands are obtained with
the LM method applied to each data point and correspond
to the maximum variations for ALL computed with alter-
native fits consistent with an increase of !"2 " 1 or
!"2="2 " 2% in the total "2 of the fit.

Our newly obtained antiquark and gluon PDFs are
shown in Fig. 2 and compared to previous analyses [6,8].
For brevity, the total !u$!"u and !d$! "d densities are
not shown as they are very close to those in all other fits [6–
8]. Here, the bands correspond to fits which maximize the
variations of the truncated first moments,

 !f1;&xmin!xmax'
j #Q2% (

Z xmax

xmin

!fj#x;Q2%dx; (8)

at Q2 " 10 GeV2 and for [0:001 ! 1]. As in Ref. [8] they
can be taken as faithful estimates of the typical uncertain-
ties for the antiquark densities. For the elusive polarized
gluon distribution, however, we perform a more detailed
estimate, now discriminating three regions in x: [0:001 !

0:05], [0:05 ! 0:2] (roughly corresponding to the range
probed by RHIC data), and [0:2 ! 1:0]. Within each re-
gion, we scan again for alternative fits that maximize the
variations of the truncated moments !g1;&xmin!xmax'. These
sets are allowed to produce a third of the increase in "2 for
each region. In this way we can produce a larger variety of
fits than for a single [0:001 ! 1] moment, and, therefore, a
more conservative estimate. Such a procedure is not nec-
essary for antiquarks whose x shape is already much better
determined by DIS and SIDIS data.

One can first of all see in Fig. 2 that !g#x;Q2% comes out
rather small, even when compared to fits with a ‘‘moder-
ate’’ gluon polarization [6,8], with a possible node in the
distribution. This is driven mainly by the RHIC data, which
put a strong constraint on the size of !g for 0:05 & x &
0:2 but cannot determine its sign as they mainly probe !g
squared. To explore this further, Fig. 3 shows the "2 profile
and partial contributions !"2

i of the individual data sets for
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FIG. 1 (color online). Comparison of RHIC data [4] and our
fit. The shaded bands correspond to !"2 " 1 and !"2="2 "
2% (see text).

-0.04

-0.02

0

0.02

0.04

-0.04

-0.02

0

0.02

0.04

-0.04

-0.02

0

0.02

0.04

10
-2

10
-1

DSSV
DNS
GRSV

DSSV ∆χ2=1

DSSV ∆χ2/χ2=2%

x∆u
–

x∆d
–

x∆s
–

x

Q2 = 10 GeV2 GRSV max. ∆g
GRSV min. ∆g

x∆g

x

-0.2

-0.1

0

0.1

0.2

0.3

10
-2

10
-1

FIG. 2 (color online). Our DSSV polarized sea and gluon
densities compared to previous fits [6,8]. The shaded bands
correspond to alternative fits with !"2 " 1 and !"2="2 "
2% (see text).
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FIG. 3 (color online). The "2 profile (a) and partial contribu-
tions !"2

i (b) of the data sets for variations of !g1;&0:05!0:2' at
Q2 " 10 GeV2.
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ALL ! !þþ # !þ#

!þþ þ !þ# (36)

for pp ! "0X at RHIC, where the superscripts denote the
helicities of the incoming protons, computed with both the
Lagrange multiplier and the improved Hessian approaches.
As can be seen, the two give very similar results. This
feature can be traced back to correlations between the
parameters, in the sense that some of them can compensate
variations forced in the others. We note that such kinds of
correlations are fully accounted for in the Lagrange multi-
plier approach, whereas it is not generally clear how well
are they represented by the approximated Hessian matrix.
We shall investigate the distinctive features between the
two methods later, but will focus first on the physics
aspects related to our extracted polarized PDFs.

Table IV shows the evolution of the central values for the

truncated first moments !f1;½0:001!1%
i with Q2. !" denotes

the quark singlet combination, i.e., the sum of all quarks
and antiquarks. We also show the evolution of the full first
moments !f1i . These obviously rely on an extrapolation of
the PDFs to x values outside the measured region, and it is
difficult to estimate the uncertainty associated with this.
Total up and down distributions: !uþ!#u and !dþ

! #d, which inclusive DIS probes primarily, are by far the
best determined distributions. Their uncertainty bands are
very narrow (see Fig. 3) and also our results agree very well
with the determinations in previous analyses [31–34,36].
We note that recent lattice QCD results [70] of the full first
moments !"u ! !u1 þ !#u1 and !"d ! !d1 þ! #d1 (al-
beit excluding disconnected diagrams) also agree very well
with the values we extract, which may shed light on the
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FIG. 2 (color online). Same as Fig. 1, but for the semi-inclusive DIS asymmetries [10,14–16]. In all calculations the fragmentation
functions of [37] have been used.
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a sample ...



DSSV NLO global fit: Δq & Δg

validity of assumed extrapolations of the parton distribu-
tion functions to small x.

We have mentioned earlier that in our fit Ru ! ð!uþ
!"uÞ=ðuþ "uÞ and Rd ! ð!dþ! "dÞ=ðdþ "dÞ become con-
stant in the ‘‘valence region’’ as x ! 1, where the sea
quark contributions become small. Figure 5 shows the
ratios Ru, Rd along with the most relevant experimental

data. The information at the highest values of x comes from
the Jefferson Laboratory Hall A experiment [12]. As one
can see, our Ru goes to unity at high x, which is consistent
with expectations in relativistic constituent quark models
[71], but also in perturbative QCD, using power counting
and hadron helicity conservation [72]. We furthermore find
that Rd remains negative in the region where it is con-
strained by data and presently shows no tendency to turn
towardþ1 at high x. The latter behavior would be expected
for the pQCD based models. We note that it has recently
been argued [73] that the upturn of Rd in such models could
set in only at relatively high x, due to the presence of
valence Fock states of the nucleon with nonzero orbital
angular momentum that produce double-logarithmic con-
tributions %ln2ð1& xÞ in the limit of x ! 1 on top of the
nominal power behavior. The corresponding expectation is
also shown in the figure. In contrast to this, relativistic

TABLE III. Truncated first moments !f1;½0:001!1(
j at Q2 ¼ 10 GeV2 and their uncertainties for !!2 ¼ 1 obtained with the Lagrange

multiplier and the Hessian methods. For future reference, we also recall the results for the Lagrange multiplier method obtained in [28]
under the assumption !!2=!2 ¼ 2%, which are to be considered more realistic estimates of the uncertainties. In the last line, !gRHIC

represents the first moment but truncated to ½0:05 ! 0:2(.

Lagrange multiplier !!2 ¼ 1 Hessian Lagrange multiplier !!2=!2 ¼ 2%

!uþ!"u 0:793þ0:011
&0:012 0:793* 0:012 0:793þ0:028

&0:034

!dþ! "d &0:416þ0:011
&0:009 &0:416* 0:011 &0:416þ0:035

&0:025

!"u 0:028þ0:021
&0:020 0:028* 0:022 0:028þ0:059

&0:059

! "d &0:089þ0:029
&0:029 &0:089* 0:029 &0:089þ0:090

&0:080

!"s &0:006þ0:010
&0:012 &0:006* 0:012 &0:006þ0:028

&0:031

!# 0:366þ0:015
&0:018 0:366* 0:017 0:366þ0:042

&0:062

!g 0:013þ0:106
&0:120 0:013* 0:182 0:013þ0:702

&0:314

!gRHIC 0:005þ0:051
&0:058 0:005* 0:056 0:005þ0:129

&0:164
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FIG. 3 (color online). Our polarized PDFs of the proton at
Q2 ¼ 10 GeV2 in the MS scheme, along with their !!2 ¼ 1
uncertainty bands computed with Lagrange multipliers and the
improved Hessian approach, as described in the text.
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FIG. 4 (color online). Uncertainties of the calculated A"0

LL at
RHIC in our global fit, computed using both the Lagrange
multiplier and the Hessian matrix techniques. We also show
the corresponding PHENIX data [23].
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validity of assumed extrapolations of the parton distribu-
tion functions to small x.

We have mentioned earlier that in our fit Ru ! ð!uþ
!"uÞ=ðuþ "uÞ and Rd ! ð!dþ! "dÞ=ðdþ "dÞ become con-
stant in the ‘‘valence region’’ as x ! 1, where the sea
quark contributions become small. Figure 5 shows the
ratios Ru, Rd along with the most relevant experimental

data. The information at the highest values of x comes from
the Jefferson Laboratory Hall A experiment [12]. As one
can see, our Ru goes to unity at high x, which is consistent
with expectations in relativistic constituent quark models
[71], but also in perturbative QCD, using power counting
and hadron helicity conservation [72]. We furthermore find
that Rd remains negative in the region where it is con-
strained by data and presently shows no tendency to turn
towardþ1 at high x. The latter behavior would be expected
for the pQCD based models. We note that it has recently
been argued [73] that the upturn of Rd in such models could
set in only at relatively high x, due to the presence of
valence Fock states of the nucleon with nonzero orbital
angular momentum that produce double-logarithmic con-
tributions %ln2ð1& xÞ in the limit of x ! 1 on top of the
nominal power behavior. The corresponding expectation is
also shown in the figure. In contrast to this, relativistic

TABLE III. Truncated first moments !f1;½0:001!1(
j at Q2 ¼ 10 GeV2 and their uncertainties for !!2 ¼ 1 obtained with the Lagrange

multiplier and the Hessian methods. For future reference, we also recall the results for the Lagrange multiplier method obtained in [28]
under the assumption !!2=!2 ¼ 2%, which are to be considered more realistic estimates of the uncertainties. In the last line, !gRHIC

represents the first moment but truncated to ½0:05 ! 0:2(.

Lagrange multiplier !!2 ¼ 1 Hessian Lagrange multiplier !!2=!2 ¼ 2%

!uþ!"u 0:793þ0:011
&0:012 0:793* 0:012 0:793þ0:028

&0:034

!dþ! "d &0:416þ0:011
&0:009 &0:416* 0:011 &0:416þ0:035

&0:025

!"u 0:028þ0:021
&0:020 0:028* 0:022 0:028þ0:059

&0:059

! "d &0:089þ0:029
&0:029 &0:089* 0:029 &0:089þ0:090

&0:080
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FIG. 3 (color online). Our polarized PDFs of the proton at
Q2 ¼ 10 GeV2 in the MS scheme, along with their !!2 ¼ 1
uncertainty bands computed with Lagrange multipliers and the
improved Hessian approach, as described in the text.
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FIG. 4 (color online). Uncertainties of the calculated A"0

LL at
RHIC in our global fit, computed using both the Lagrange
multiplier and the Hessian matrix techniques. We also show
the corresponding PHENIX data [23].
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Rather than imposing the standard SU(2) and SU(3)
symmetry constraints on the first moments of the quark
and antiquark distributions, we allow for deviations

 !U!!D " #F$D%&1$ "SU#2%'; (6)

 !U$ !D! 2!S " #3F!D%&1$ "SU#3%'; (7)

where !F ( &!f1j $ ! "f1j '#Q2
0%, F$D " 1:269) 0:003,

3F!D " 0:586) 0:031 [2], and "SU#2;3% are free parame-
ters. In total we have fitted 26 parameters [16], setting
! "u; "d;"s;g " 0 in Eq. (4). Positivity relative to the unpolarized
PDFs of Ref. [14] is enforced at Q0. In Fig. 1 we compare
the results of our fit using Q " pT to RHIC data from
polarized p-p collisions at 200 GeV [4], included for the
first time in a NLO global fit. The bands are obtained with
the LM method applied to each data point and correspond
to the maximum variations for ALL computed with alter-
native fits consistent with an increase of !"2 " 1 or
!"2="2 " 2% in the total "2 of the fit.

Our newly obtained antiquark and gluon PDFs are
shown in Fig. 2 and compared to previous analyses [6,8].
For brevity, the total !u$!"u and !d$! "d densities are
not shown as they are very close to those in all other fits [6–
8]. Here, the bands correspond to fits which maximize the
variations of the truncated first moments,

 !f1;&xmin!xmax'
j #Q2% (

Z xmax

xmin

!fj#x;Q2%dx; (8)

at Q2 " 10 GeV2 and for [0:001 ! 1]. As in Ref. [8] they
can be taken as faithful estimates of the typical uncertain-
ties for the antiquark densities. For the elusive polarized
gluon distribution, however, we perform a more detailed
estimate, now discriminating three regions in x: [0:001 !

0:05], [0:05 ! 0:2] (roughly corresponding to the range
probed by RHIC data), and [0:2 ! 1:0]. Within each re-
gion, we scan again for alternative fits that maximize the
variations of the truncated moments !g1;&xmin!xmax'. These
sets are allowed to produce a third of the increase in "2 for
each region. In this way we can produce a larger variety of
fits than for a single [0:001 ! 1] moment, and, therefore, a
more conservative estimate. Such a procedure is not nec-
essary for antiquarks whose x shape is already much better
determined by DIS and SIDIS data.

One can first of all see in Fig. 2 that !g#x;Q2% comes out
rather small, even when compared to fits with a ‘‘moder-
ate’’ gluon polarization [6,8], with a possible node in the
distribution. This is driven mainly by the RHIC data, which
put a strong constraint on the size of !g for 0:05 & x &
0:2 but cannot determine its sign as they mainly probe !g
squared. To explore this further, Fig. 3 shows the "2 profile
and partial contributions !"2

i of the individual data sets for

-0.02

-0.01

0

0.01

0.02
2 4 6 8

AπALL

0

pT [GeV]

PHENIX
PHENIX (prel.)

STAR
STAR (prel.)

DSSV
DSSV ∆χ2=1
DSSV ∆χ2/χ2=2%

AjetALL

pT [GeV]

-0.05

0

0.05

10 20 30

FIG. 1 (color online). Comparison of RHIC data [4] and our
fit. The shaded bands correspond to !"2 " 1 and !"2="2 "
2% (see text).
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FIG. 2 (color online). Our DSSV polarized sea and gluon
densities compared to previous fits [6,8]. The shaded bands
correspond to alternative fits with !"2 " 1 and !"2="2 "
2% (see text).
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FIG. 3 (color online). The "2 profile (a) and partial contribu-
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Q2 " 10 GeV2.
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that we show both the !!2 ¼ 1 and the more conservative
!!2=!2 ¼ 2% uncertainty bands here.

The pattern of symmetry breaking in the light antiquark
sea polarizations shown by Figs. 3 and 7 has been predicted
at least qualitatively by a number of models of nucleon
structure. A simple intuitive consideration of the Pauli
principle roughly gives the observed picture: if valence-u
quarks primarily spin along the proton spin direction, u "u
pairs in the sea will tend to have the u quark polarized
opposite to the proton. Hence, if such pairs are in a spin
singlet, one expects !"u > 0 and, by the same reasoning,
! "d < 0. Expectations based on the Pauli principle have
been made quantitative in [74] and the ‘‘valence’’ scenario
of [31], and the resulting predictions are shown by the dot-
dashed line in Fig. 7. They tend to lie somewhat higher than
our extracted !"u" ! "d, but are certainly qualitatively
consistent, given the still relatively large uncertainties.
The same is true for the case of the chiral quark soliton
model [75], represented by the dotted line in the figure.
Within the large-Nc limit of QCD on which this model is
based, one in fact expects j!"u"! "dj> j "u" "dj. As com-
parison of our extracted xð!"u"! "dÞwith the result of [46]
for xð "d" "uÞ in Fig. 7 shows, one can presently not yet
decide whether this expectation is fulfilled. Predictions for
!"u"! "d have also been obtained within meson cloud
models [76]; it has been found in [77] that also here a
flavor asymmetry of similar size is possible. Finally, also
statistical parton models [35,78] obtain a similar size of
!"u"! "d. We note that predictions for the individual !"u
and ! "d, where available, agree on !"u > 0, ! "d < 0, con-
sistent with our results in Fig. 3, but may differ in the
relative size of the distributions. For example, the results of

[31,74] have j! "dj> !"u, as in Fig. 3, while the statistical
models find the two distributions to be of more equal
absolute size.
Strange quark polarization: The polarization of strange

quarks has been a focus since the very beginning of the
proton spin crisis. The reason is that in the parton model
and assuming SUð3Þ symmetry (see Sec. III A) one has

!# % #u þ #d þ #s ¼ ð3F"DÞ þ 3!#s; (37)

where the !#f are as defined in Eq. (31) but now for
arbitrary scale Q, and !# is the total quark and antiquark
spin contribution to the proton spin. If the latter is found to
be small experimentally,!#' 0:25, the implication is that
strange quarks make a significant negative contribution to
the proton spin. Indeed, most fits to only inclusive DIS data
have preferred a large and negative strange quark polariza-
tion. The samewas found in Ref. [36], even though here the
SUð3Þ flavor symmetry was not enforced.
At variance with these results, the best fit in our present

analysis has a polarized strange distribution !s that is
positive at large x, but negative at small momentum frac-
tions. Before we discuss the origin and significance of this
result, we note that a prerequisite for it is that we have
adopted a more flexible parametrization for the strange
quark distribution in this work, which permits a node.
This is again in contrast with the previous fits in which
the initial !s always had the same sign for all x. We have
assumed however !s ¼ !"s, since the fit is unable to
discriminate strange quarks from antiquarks. This is really
an assumption: unlike the spin-averaged case where the
distributions s and "s will be rather similar (the integral of
s" "s has to vanish), there is a priori no need for!s and!"s
to have the same size or even the same sign.
Qualitatively, the main features of our extracted strange

sea distribution arise in the following way: the (kaon)
SIDIS data, within the leading-twist framework we em-
ploy, turn out to prefer a small and likely positive !s at
medium x, while inclusive DIS and the constraints from "
decays demand a negative integral of!s and so force!s to
turn negative at low x. Given the importance of !s, we
address these constraints and their significance and impli-
cations in more detail in the following.
We start by analyzing the behavior of the truncated first

moment, !s1;½0:001!1), around the minimum defining the
best fit. Figure 8 shows the increase of !2 of the fit against
variations of !s1;½0:001!1), along with the partial contribu-
tions of the various data sets. Evidently, the best fit has a
truncated moment close to zero and only slightly negative,
as we also saw in Table III. The shape of !!2 around the
minimum is dominated by the SIDIS data, and here pri-
marily by the data for kaon production. All other data sets,
pion SIDIS, inclusive DIS, and RHIC pp data, play less
important roles, as expected (here one has of course to keep
in mind that the impact of individual data sets seen in the
Lagrange multiplier scans is always estimated in the ‘‘pres-
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FIG. 7 (color online). The difference between x!"u and x! "d at
Q2 ¼ 10 GeV2, along with the uncertainty bands for !!2 ¼ 1
and !!2=!2 ¼ 2%. The dot-dashed and dotted lines show the
predictions of the valence scenario of [31] and the chiral quark
soliton model of [75], respectively. We also show the result
obtained in an earlier global analysis [36] of DIS and SIDIS
data (light dotted line), for which the fragmentation functions of
[37] were not yet available. The dashed line displays for com-
parison the flavor asymmetry xð "d" "uÞ in the spin-averaged case,
using the PDFs of [46].
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all x error
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+0.81

Z
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Isospin Symmetry of the Light Sea

Unpolarized PDFʼs for u and d: 
strong isospin-symmetry breaking

results favor meson cloud picture, not chiral-quark soliton model
● No isospin-asymmetry observed in the light sea polarization

Polarized PDFʼs for u and d ...
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So what’s left?



Orbital Shells
of definite L

in atoms ...

in nuclei ...

… and within the proton? ...
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The Pieces of the Spin Puzzle

only three possibilities
1
2

=
1
2
ΔΣ+ΔG+Lq+Lg

➊ Quark polarization
ΔΣ≡

Z
dx (Δu(x)+Δd(x)+Δs(x)+Δu(x)+Δd(x)+Δs(x)) ≈ 30% only

➋ Gluon polarization
ΔG≡

Z
dx Δg(x)

Lz ≡ Lq+Lg

➌ Orbital angular momentum

?
small...?

In friendly, non-relativistic bound states like
     atoms & nuclei (& constituent quark model),
     particles are in eigenstates of L

Not so for bound, relativistic Dirac particles ...
     Noble L is not a good quantum number

q(x) =−→q (x)+←−q (x) ∆q(x) =−→q (x)−←−q (x)



= δq(x)

= q(x)
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momentum distribution of hadrons h
formed from quark q 

➡ not even lattice can help ...

The Fragmentation Function

momentum distribution of quarks q 
within their proton bound state  

 ➡ lattice QCD progressing steadily 

The Distribution Function

The perturbative part
Cross-section for elementary 
photon-quark subprocess  

Large energies ➡ asymptotic freedom
➡ can calculate!
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Strategy: Semi-Inclusive Deep-Inelastic Scattering (SIDIS)

N

(E, p)

h
h

π

q

e

+

(E, p )’ ’

π

u

d
u

*γ

In SIDIS, a hadron h is detected in coincidence with the scattered lepton:

Factorization of the cross-section:

dσh ∼∑
q
e2q q(x) · σ̂ · Dq→h(z)

Many distribution and 
fragmentation 

functions to explore!
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PDFs and the Optical TheoremNew Spin-Structure Function: Transversity δq(x)

Proton

Matrix
Elements

vector charge 〈PS|ψγµψ|PS〉 =
R 1

0 dx q(x)− q(x) →# valence quarks

axial charge 〈PS|ψγµγ5ψ|PS〉=
R 1

0 dx ∆q(x) + ∆q(x)→ net quark spin

tensor charge 〈PS|ψσµνγ5ψ|PS〉=
R 1

0 dx δq(x)− δq(x) → ???

Forward

Helicity
Amplitudes

q

P

2

~
q q

P P

Im (optical theorem

applied to DIS)

q(x) ∼ +

∆q(x) ∼ -

δq(x) ∼
... but in

transverse

basis ...
-

Forward 
Scattering 
Amplitudes

Proton 
Matrix 

Elements

the Optical 
Theorem

the DIS xsec ... can be calculated from ...

... or in 
transverse 

basis ...
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3 Classes of Parton Distribution Functions

f1,q(x) =−→q (x)+←−q (x)

g1,q(x) =−→q (x)−←−q (x)

h1,q(x) = q↑(x)−q↓(x)

➊ Traditional PDFs

➋ TMDs: Transverse Momentum Dependent PDFs

h⊥1,q(x,kT)∼!Lq ·!Sqf⊥1T,q(x,kT)∼!Lq ·!Sp

SIVERS BOER-MULDERS

TRANSVERSITY

u u
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One T-odd function required to produce 
single-spin asymmetries in SIDIS

Sivers

Collins

Functions surviving on 
integration over 

Transverse Momentum
The others are sensitive to intrinsic kT in 

the nucleon & in the fragmentation process

transversity

=

=

=

f1

h1

g1 g1T =

f1T =

h1 =

h1T =h1L =

=

=
1

1

G

=H1

=1TG

D

D1T

1H

=

=

H1L= H1T =

Distribution Functions Fragmentation Functions
Mulders & Tangerman, NPB 461 (1996) 197

Polarizing FF
Boer-Mulders
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Measuring: Azimuthal Asymmetries

N.C.R. Makins, Collab Mtg, DESY, Apr 02

Azimuthal Moments

“The Bible”:

Mulders & Tangerman,

PLB 461 (1996) 197
k

k’

q

!"#

Ph

P

Polarized SIDIS xsec
at leading order in 1/Q:

UU 1 ⊗ f1 = ⊗ D1 =

cos(2φl
h) ⊗ h⊥1 = ⊗ H⊥

1 =

UL sin(2φl
h) ⊗ h⊥1L = ⊗ H⊥

1 =

UT sin(φl
h + φl

S) ⊗ h1 = ⊗ H⊥
1 =

sin(φl
h − φl

S) ⊗ f⊥1T = ⊗ D1 =

sin(3φl
h − φl

S) ⊗ h⊥1T = ⊗ H⊥
1 =

LL 1 ⊗ g1 = ⊗ D1 =

LT cos(φl
h − φl

S) ⊗ g1T = ⊗ D1 =

SIDIS, at 
leading twist

beam
poln

target
poln
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π+

uv
d

Photo-Album of our New Friends!

+π
uu

Transversity
h1(x)

Sivers
f⊥1T(x,kT)

Collins
H⊥1 (z, pT)

Favored / Disfavored Frag Functions
Dfav ≡ Du→π+

= Dd→π− = ...
Ddis ≡ Du→π− = Dd→π+

= ...

Boer-Mulders

h⊥1 (x,kT) u



● t:  4-momentum transfer2 to target
● ξ: “skewing parameter” = x1 – x2

● x: average quark momentum fracn
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➌ Generalized Parton Distributions

Analysis of hard exclusive processes leads to a new class of parton distributions

Scattering at high Q2 and W2 
... but create only one particle 

in final-state!

ξ ξ

ξ ξ

Q
t = Δ

2
2

γ∗ γ

x + x −

P (1 +   ) P (1 −   )

Four new distributions = “GPDs”

helicity conserving
helicity flip → H̃(x,ξ, t), Ẽ(x,ξ, t)

→ H(x,ξ, t),E(x,ξ, t)

1/Q

T
z

P

xP

X
b

Y
b

b
T

Fourier transform of t-dependence ...

spatial distribution of partons !

“Femto-photography” of the proton

meson
(π,ρ,...)
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Fq
1 (t) =

Z 1

−1
dx Hq(x,ξ, t) Fq

2 (t) =
Z 1

−1
dx Eq(x,ξ, t)

model-independent access to L !

q(x) = Hq(x,ξ= 0, t = 0)

Δq(x) = H̃q(x,ξ= 0, t = 0)

● DIS structure funcʼs: 
   forward limit (ξ = 0, t = 0)

● Elastic form factors: 
    first moments in x

Jq =
1
2

Z 1

−1
xdx [Hq(x,ξ, t = 0)+Eq(x,ξ, t = 0)]

Jq =
1
2
ΔΣ+Lq

● Ji sum rule:  

FN
1 (0)+FN

2 (0) = µN

Note connection of H, E to 
Dirac, Pauli form factors ... 

and their connection to 
nucleon magnetic moment:

Connection to 
many observables

H(x,  ,0)ξ



● t:  4-momentum transfer2

● ξ: “skewing parameter” = x1 – x2

● x: average quark momentum fracn
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Generalized Parton Distributions

Analysis of hard exclusive processes leads to a new class of parton distributions

Cleanest example: Deeply 
Virtual Compton scattering

DVCS

ξ ξ

ξ ξ

Q
t = Δ

2
2

γ∗ γ

x + x −

P (1 +   ) P (1 −   )

Four new distributions = “GPDs”

q helicity sum
q helicity difference → H̃(x,ξ, t), Ẽ(x,ξ, t)

→ H(x,ξ, t),E(x,ξ, t)

Four with q helicity flip = “GTDs”

q helicity sum
q helicity difference

→ HT(x,ξ, t),ET(x,ξ, t)
→ H̃T(x,ξ, t), ẼT(x,ξ, t)

Generalized Transversity Distribʼs are
• chiral odd
• also called “tensor GPDs” because 

of presence of σµν in their definition

• involve quark helicity-conserving amplitʼs



In Search of L:
Transverse Single-Spin Asymmetries



AN =
1

Pbeam

Nπ
left−Nπ

right

Nπ
left+Nπ

right
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π+

π-

Single-spin asymmetries in  p↑p → πX Analyzing Power 

Huge single-spin asymmetry 
for forward meson production

!Sbeam · (!pbeam×!pπ) odd under naive Time-ReversalObservable

STAR Run 6

STAR !"#$%&'()'!
* +),'-.+'/+00'123(4)0

1. Nphoton = 2

2. Center Cut (" and #)

3. Pi0 or Eta mass cuts

4. Average Yellow Beam 

Polarization = 56%

For                        , the

asymmetry in the " mass 

region is greater than 5 sigma 

above zero, and about 4 sigma 

above the asymmetry in the !0

mass region.

!"

STAR !"##$%&'&()&(*&$+,$-.

! Yellow beam asymmetry 

clearly reveals the shape of two 

mass resonances. 

! "#$%$&'(&)*&+)(,--$.%,&

/)00$,1&'*&2$.3$$*&!0 and "

mass regions.

1. Nphoton = 2

2. Etotal > 40GeV

3. No Center Cut

4. Average Yellow Beam 

Polarization = 56%
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transversity

q(x) Δq(x) h1(x)
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E704 Mechanism #1: The “Collins Effect”

Need an ordinary distribution function ...

spin-orbit in fragmentation

h1(x) ⊗ H⊥1 (z, pT)

+π
uu

E704 effect:

u

... with a new, T-odd “Collins” fragmentation function H⊥1 (z, pT)

π+

π−



... with a new, T-odd “Sivers” distribution function f⊥1T(x,kT)

D1(z)

N.C.R. Makins, NNPSS 2011

E704 Mechanism #2: The “Sivers Effect”

Need the ordinary fragmentation function

quark orbital motion!

u

f⊥1T(x,kT) ⊗ D1(z)

E704 effect:
π+

uv
d

Phenomenological model of Meng, Boros, Liang:
Forward π+ produced from orbiting valence-u quark by 

recombination at front surface of beam protons

π+



N.C.R. Makins, NNPSS 2011

Electro-Production of Hadrons with Tranvserse Target

Electron beam defines 
scattering plane

Target spin 
transverse to beam

Azimuthal angles measured 
around q vector ...

with respect to 
scattering plane

= target spin orientationφS φh = hadron direction

Measure dependence of hadron production on 
two azimuthal angles



α

φ
S

α

φ c

φ
h

ph
qT

S
S'

x ( e-e' plane )

y

γ *

(φh+φS) = π+(φh−φS)

(φh−φS)
angle of pion relative to initial quark spin

Sivers:

Collins:
angle of pion relative to final quark spin

Separate mechanisms!
 Thanks to linear polarization of photon ...

h1(x) ⊗ H⊥1 (z, pT) ⇒ sin(φh +φS)

f⊥1T(x,kT) ⊗ D(z) ⇒ sin(φh−φS)

N.C.R. Makins, NNPSS 2011

Separating Collins and Sivers

Collins mechanism

Sivers mechanism

both 

observed!



The  Collins 
Fragmentation Function

u

π+

H⊥
1 (z, pT)

Lq in 
fragmentation



h1(x)⊗H⊥
1 (z, pT)
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Collins Moments for π  from H↑ 
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8.1% scale uncertainty

Magnificent 
agreement at very 
different scales!

Final papers submitted:
COMPASS arXiv:1005.5609
HERMES   arXiv:1006.4221



N.C.R. Makins, NNPSS11

Understanding the Collins Effect

The Collins fragmentation function exists 
➡ spin-orbit correlations in pion formation

Lund Strin
g

Model + Artru
 

mechanism
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The Sivers Function

f⊥1T(x,kT)

π+

uv
d

Lq within 
the proton
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Sivers Moments for π and K from H↑& D↑

HERMES final H↑

COMPASS final 2003-04 D↑
PRL 103 (2009)

NPB 765 (2007) 31
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The Leading-Twist Sivers Function: Can it Exist in DIS?

A T-odd function like f⊥1T must arise from
interference ... but a distribution function
is just a forward scattering amplitude,
how can it contain an interference?

q

P

2

~
q q

P P

Im

Brodsky, Hwang, & Schmidt 2002

can interfere
with

and produce
a T-odd effect!

(also need Lz != 0)

It looks like higher-twist ... but no , these are soft gluons
= “gauge links” required for color gauge invariance

Such soft-gluon reinteractions with the soft wavefunction are
final (or initial) state interactions ... and may be
process dependent ! new universality issues e.g. Drell-Yan

Jargon Alert 
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Global Fit to Sivers 
Asymmetries 
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FIG. 3: The results obtained from our simultaneous fit of the SIDIS Asin (φh−φS)
UT Sivers asymmetries (solid lines) are compared

with HERMES experimental data [10] for pion and kaon production (left and right panel respectively). The shaded area
corresponds to the theoretical uncertainty of the parameters, see Appendix A for further details. For completeness, we also
show the K0

S asymmetry, not measured at HERMES, which is the result of a computation based on our extracted Sivers
function and the assumed fragmentation functions of Eq. (16).
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FIG. 4: The results obtained from our fit (solid lines) are compared with the COMPASS measurements of Asin (φh−φS)
UT for

pion (left panel) and kaon (right panel) production [11] off a deuteron target. The shaded area corresponds to the theoretical
uncertainty of the parameters, as explained in Appendix A. The π0 asymmetry, not measured at COMPASS, is the result of
a computation based on our extracted Sivers functions. Also the K0

S asymmetry, although compared with data [12], is not a
best fit, but the result of our computation, using the assumed fragmentation functions of Eq. (16).

obtain χ2 = 1.20 per data point for K+ production at HERMES [10], while for pions we have χ2 = 0.94 per data
point, and a total χ2

dof = 1.00.
The quality of our results is shown in Figs. 3 and 4 where our best fits to the SSA is compared with the experimental

data from Refs. [10] and [11]: the SSAs are plotted as a function of one variable at a time, either z or x or PT , while an
integration over the other variables has been performed consistently with the cuts of the corresponding experiment.
The shaded area in Figs. 3 and 4 corresponds to 95.45% Confidence Level (CL) and is determined according to the
procedure described in Appendix A.

Notice that in Fig. 4 we also show the results for π0 at COMPASS, for which no data is so far available, computed

using our extracted Sivers functions as given in Table I. Similarly we have computed Asin(φh−φS)
UT for K0

S production
at HERMES and COMPASS and show them respectively in Fig. 3 and 4. As the K0

S is an equal mixture of K0 = ds̄
and K̄0 = d̄s, we have assumed isospin invariance, writing the K0

S FFs in terms of the K+ ones – which are taken
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S asymmetry, not measured at HERMES, which is the result of a computation based on our extracted Sivers
function and the assumed fragmentation functions of Eq. (16).

)
S
!

 -
 

h
!

s
in

 (

U
T

A

x z  (GeV)TP

-0.1

0

0.05

0.1 0" COMPASS 2003-2004

-0.1

0

0.05

0.1 +"

-3
10

-2
10

-1
10 1

-0.1

0

0.05

0.1 -"

0.2 0.4 0.6 0.8 0.5 1 1.5

)
S
!

 -
 

h
!

s
in

 (

U
T

A

x z  (GeV)TP

-0.1

0

0.05

0.1
S
0K COMPASS 2003-2004

-0.1

0

0.05

0.1 +K

-3
10

-2
10

-1
10 1

-0.1

0

0.05

0.1 -K

0.2 0.4 0.6 0.8 0.5 1 1.5

FIG. 4: The results obtained from our fit (solid lines) are compared with the COMPASS measurements of Asin (φh−φS)
UT for

pion (left panel) and kaon (right panel) production [11] off a deuteron target. The shaded area corresponds to the theoretical
uncertainty of the parameters, as explained in Appendix A. The π0 asymmetry, not measured at COMPASS, is the result of
a computation based on our extracted Sivers functions. Also the K0

S asymmetry, although compared with data [12], is not a
best fit, but the result of our computation, using the assumed fragmentation functions of Eq. (16).

obtain χ2 = 1.20 per data point for K+ production at HERMES [10], while for pions we have χ2 = 0.94 per data
point, and a total χ2

dof = 1.00.
The quality of our results is shown in Figs. 3 and 4 where our best fits to the SSA is compared with the experimental

data from Refs. [10] and [11]: the SSAs are plotted as a function of one variable at a time, either z or x or PT , while an
integration over the other variables has been performed consistently with the cuts of the corresponding experiment.
The shaded area in Figs. 3 and 4 corresponds to 95.45% Confidence Level (CL) and is determined according to the
procedure described in Appendix A.

Notice that in Fig. 4 we also show the results for π0 at COMPASS, for which no data is so far available, computed

using our extracted Sivers functions as given in Table I. Similarly we have computed Asin(φh−φS)
UT for K0

S production
at HERMES and COMPASS and show them respectively in Fig. 3 and 4. As the K0

S is an equal mixture of K0 = ds̄
and K̄0 = d̄s, we have assumed isospin invariance, writing the K0

S FFs in terms of the K+ ones – which are taken
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IV. PREDICTIONS FOR FORTHCOMING EXPERIMENTS

Using the Sivers functions determined through our fit, we can give predictions for other transverse single spin

asymmetries Asin(φh−φS)
UT which will be measured in the near future. Fig. 8 shows the results we obtain for the

COMPASS experiment operating with a hydrogen target, adopting the same experimental cuts which were used for
the deuterium target (Eq. (71) of Ref. [1]).

Forthcoming measurements at the energies of 6 and 12 GeV are going to be performed at JLab, on proton, neutron
and deuteron transversely polarized targets. The obtained data will be important for several reasons; they will
cover a kinematical region corresponding to large values of x, a region which is so far unexplored from other SIDIS

Anselmino et al, 
arXiv:0805.2677

d

u

antiquark
orbital L ≠ 0
favoured!

E. Boglione, 
Transversity2008

x f⊥(1)
1T (x)

Wait a second ... how are we  
connecting the sign of the Sivers 

function to the 
sign of Lq?
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Phenomenology: Sivers Mechanism

M. Burkardt: Chromodynamic lensing

π+

u mostly over here

FSI kick

Electromagnetic coupling  ~ (J0 + J3) stronger for oncoming quarks 

〈sin(φlh−φlS)〉π
+

UT > 0We observe 
π−(and opposite for      )

∴ for φlS = 0, φlh = π/2 preferred

Model agrees!

π+

uv
d

Opposite sign to data ... 

Parton energy loss considerations suggest
quenching of jets from 

“near” surface of target

➡ quarks from “far” surface should dominate

D. Sivers: Jet Shadowing

Nearly all models 
predict Lu > 0 ...
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Meson Cloud on the back of an Envelope

|p> = p + Nπ 
             + Δπ + ... 

Pions have JP = 0–  = negative parity ...
→ need L = 1 to get protonʼs JP = ½+

Nπ cloud:

2/3   n π+

1/3   p π0 
⊗

2/3   Lz = +1
1/3   Lz = 0

πN

Δπ cloud:

1/2   Δ++ π–

1/3   Δ+   π0 
1/6   Δ0  π+ 

⊗
1/2   Lz = –1
1/3   Lz = 0

1/6   Lz = +1

π Δ

p

d

u

   orbiting d:    Δ++ π– with  Lz (π) < 0
Dominant 
source of:

orbiting u:    n π+      with  Lz (π) > 0
Lu  > 0
Ld  < 0

Lqbar  ≠ 0

and an 
orbiting sea!



The Boer-Mulders function

h⊥1 (x,kT)

u

Lq within 
the proton

... now correlated with 

the quarkʼs own spin ...



→ cos(2φ)
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The Boer-Mulders function

Electron beam defines 
scattering plane

produces an azimuthal 
modulation 

with unpolarized 
beam and target

φh = hadron direction

u u

π+

⊗ H⊥
1 (z, pT)h⊥1 (x,kT)
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First charge-separated data on <cos(2Φ)>UU
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h⊥1 (x,kT)⊗H⊥1 (z, pT) → cos(2φ) modulation

deuterium ≈ hydrogen values → indicate Boer-Mulders functions of 
same sign for up and down quarks (both negative, similar magnitudes)

u d
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B. Zhang et al., Phys.Rev.D78:034035,2008

Boer-Mulders extracted from unpolarized p+D Drell-Yan data

Set II:

Boer-Mulders extracted assuming 
h1⊥,u and  h1⊥,d of opposite signs
-> results in large h1⊥ for antiquarks

Zhang et al.

Collins parameterization to SIDIS and e+e- from
M. Anselmino et al., Phys. Rev. D 75, 054032 (2007).

f1 MRST2001 LO
D1 Kretzer

<cos(2φh)>: Model 3 One illustration of H ≈ D impact
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So given that we are doing something reasonable for H, 
let’s calculate D...

Set 1
Like the data 

H~D

Set 2
Not like the data 

H~large D~0

We MUST use H AND D data to determine the u/d sign!!!
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<cos(2φh)>: Hydrogen vs Deuterium
in the (roughly implemented) Zhang model
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... and then there were Kaons: <cos(2Φ)>UU

dramatic effects for Kaons, with strange quarks! → L in the sea?
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A Coherent Picture Yet?

?
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A Coherent Picture?

• Transversity: h1,u > 0   h1,d < 0 
     → same as g1,u and g1,d in NR limit

• Sivers:        f1T⊥,u < 0    f1T⊥,d > 0
     → relatn to anomalous magnetic moment*
f1T⊥,q ∼ κq  where  κu ≈ +1.67   κd ≈ –2.03
 values achieve κp,n = Σq eq κq with u,d only

• Boer-Mulders: follows that h1⊥,u  and h1⊥,d < 0  ?
     → QCD analogue of Sokolov-Ternov effect?

u d

du

   * Burkardt PRD72 (2005) 094020; 
   Barone et al PRD78 (1008) 045022;
  

u d

but these 
TMDs are all 
independent

〈!su ·!Sp〉 = +0.5 〈!lu ·!Sp〉 = +0.5 〈!su ·!lu〉 = 0



h1,q(x) = Hq
T(x,ξ = 0, t = 0)
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Fq
1 (t) =

Z 1

−1
dx Hq(x,ξ, t) Fq

2 (t) =
Z 1

−1
dx Eq(x,ξ, t)

model-independent access to L 

q(x) = Hq(x,ξ= 0, t = 0)

Δq(x) = H̃q(x,ξ= 0, t = 0)
● DIS structure funcʼs: 
   forward limit (ξ = 0, t = 0)

● Elastic form factors: 
    first moments in x

Jq =
1
2

Z 1

−1
xdx [Hq(x,ξ, t = 0)+Eq(x,ξ, t = 0)]

Jq =
1
2
ΔΣ+Lq

● Ji sum rule:  

FN
1 (0)+FN

2 (0) = µN

Note connection of H, E to 
Dirac, Pauli form factors ... 

and their connection to 
nucleon magnetic moment:

Connection to 
many observables

H(x,  ,0)ξ
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Lattice QCD



the latter correlation is stronger than the one between
transverse quark and nucleon spin.

Figure 5 shows the n ! 2 moment of the densities.
Obviously, the pattern is very similar to that in Fig. 4,
which supports our simple interpretation. The main differ-
ence is that the densities for the higher n ! 2 moment are
more peaked around the origin b? ! 0 as already observed
in [27] for the vector and axial vector GFFs.

Conclusions.—We have presented first lattice results for
the lowest two moments of transverse spin densities of
quarks in the nucleon. Because of the large and positive

contributions from the tensor GFF !BTn0 for up and for
down quarks, we find strongly distorted spin densities for
transversely polarized quarks in an unpolarized nucleon.
According to Burkardt [7], this leads to the prediction of a
sizable negative Boer-Mulders function [4] for up and
down quarks, which may be confirmed in experiments at,
e.g., Jefferson Lab and GSI Facility for Antiproton and Ion
Research [28,29].

The numerical calculations have been performed on the
Hitachi No. SR8000 at LRZ (Munich), the apeNEXT at
NIC/DESY (Zeuthen), and the BlueGene/L at NIC/FZJ
(Jülich), EPCC (Edinburgh), and KEK (by the Kanazawa
group as part of the DIK research programme). This work
was supported by DFG (Forschergruppe Gitter-Hadronen-
Phänomenologie and Emmy-Noether programme), HGF
(Contract No. VH-NG-004), and EU I3HP (Contract
No. RII3-CT-2004-506078).
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FIG. 5 (color online). Second moment (n ! 2) of transverse
spin densities. For details, see caption of Fig. 4.

 

FIG. 4 (color online). Lowest moment (n ! 1) of the densities
of unpolarized quarks in a transversely polarized nucleon (left)
and transversely polarized quarks in an unpolarized nucleon
(right) for up (upper plots) and down (lower plots) quarks. The
quark spins (inner arrows) and nucleon spins (outer arrows) are
oriented in the transverse plane as indicated.
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Transverse spin on the lattice

Compute quark densities in impact-parameter space via GPD formalism

Sivers Boer-MuldersLu > 0

Ld < 0

Lu // Su

Ld // Sd

Hagler et al, 
PRL98 (2007)

Expected 
picture from 

quark models 
+ lensing

nucleon coming out of page ... observe spin-dependent shifts in quark densities:

u
d

u

d



small at the model scale but they very rapidly cross and
settle down inverted above 1 GeV2. The reason for this
behavior is easily understood because asymptotically Lu

and Ld tend to 0:06!!u=2 and 0:06!!d=2, or !0:36
andþ0:28, respectively. This is a model independent result
and it is simply a matter of how fast QCD evolution takes
one from the familiar physics at the model scale to the
asymptotic limit.

As we have already noted, the lattice QCD data for the
orbital angular momentum carried by the u and d quarks
have a number of systematic errors. Disconnected terms
are as yet uncalculated, and the data need to be extrapo-
lated over a large range in both pion mass and momentum
transfer in order to extract the physical values of Ju and Jd.
Nevertheless, for all these cautionary remarks, the results
just reported are consistent with the latest lattice results of
Hägler et al. [24]. For example, they report Juþd in the
range 0.25 to 0.29 at the physical pion mass, in comparison
with 0.30 in the calculation reported above. They also
report Luþd # 0:06 in comparison with 0.11 in this work.
Of course, given the omission of disconnected terms in the
lattice simulations, the result for Lu!d may be more reli-
able. The LHPC Collaboration reports Lu!d ¼ !0:124%
0:023 in Ref. [33] (where the error is obtained by combin-
ing errors on Lu and Ld in quadrature), while our present
result is!0:16% 0:05 [34]. Finally, the qualitative feature
that Ld is positive and bigger than Lu is, as we have
explained, clearly reproduced in the current work.

Although it is clear that !G is too small to give a major
correction to the spin sum rule through the axial anomaly
[35,36] [e.g., !Nf!s!G=ð2"Þ # 0:05 for !G ¼ 0:3 at
Q2 ¼ 3 GeV2], it can still be nonzero. As just one example
of the effect of a small gluon spin fraction at the model
scale, in Fig. 2, we show the evolution of the angular

momentum on the u and d quarks if !G is set to 0.1 at
the starting scale (and LuðdÞ lowered proportionately to
preserve the proton spin). While the qualitative behavior
is identical, there are nontrivial quantitative changes. In
particular, Lu moves down by about 0.04 and Juþd moves
down to 0.26 at 4 GeV2. We note that the nature of the
QCD evolution is such that the changes in the values of Lu

and Ld at 4 GeV2 are considerably smaller than at the
model scale.
The experimental extraction of information about the

quark angular momentum is still in its very early stage of
development. One needs to rely on a model to analyze the
experimental data, which are still at sufficiently low Q2

that one cannot be sure that the handbag mechanism really
dominates. Nevertheless, the combination of deeply virtual
Compton scattering (DVCS) data on the proton from
Hermes [37,38] and the neutron from JLab [39] (both at
a scale Q2 # 2 GeV2), provides two constraints on Ju and
Jd, within the model of Goeke et al. [40,41], as shown in
Fig. 3. Also shown there is the prediction of the present
work [34]. Note that the error bands are the purely experi-
mental (predominantly statistical) errors, and there is, as
yet, no information on the possible systematic variation
corresponding to a change of model. The exploration of the
model dependence is clearly a high priority for future
work. Nevertheless, within the present uncertainties,
most notably the relatively low Q2 of the data and the
unknown model dependence of the extraction of JuðdÞ,
there is a remarkable degree of agreement.
In summary, we have shown that the resolution of the

spin crisis proposed by Myhrer and Thomas, which implies
that the majority of the spin of the proton resides on u and "u
quarks, after QCD evolution is consistent with current
determinations from lattice QCD and experimental data
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FIG. 2 (color). Evolution of the total angular momentum and
the orbital angular momentum of the up and down quarks in the
proton—from top to bottom (at 4 GeV2): Ju (solid line), Ld

(smallest dashed line), Lu (largest dashed line), and Jd (middle
length dashed line). In this case, it is assumed that the gluons
carry 0.1 units of angular momentum at the model scale
(0.4 GeV).
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FIG. 1 (color). Evolution of the total angular momentum and
the orbital angular momentum of the up and down quarks in the
proton—from top to bottom (at 4 GeV2): Ju (solid line), Ld

(smallest dashed line), Lu (largest dashed line), and Jd (middle
length dashed line). In this case, it is assumed that the gluons
carry no spin or orbital angular momentum at the model scale
(0.4 GeV).
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... and longitudinal spin on the lattice ... Thomas, 
PRL101 (2008)

lattice, expt
scale

quark 
model scale

Lu

Ju

Jd

Ld

→ no disconnected graphs, evolution applied via Ji, Hoodbhoy

ΔG(Q02=0.4) = 0 ΔG(Q02=0.4) = 0.1

→ lattice shows Lu < 0 and Ld > 0 in longitudinal case at exptʼal scales!
Evolution might explain disagreement with quark models, 

but not with lattice calculations of transverse spin. 

lattice, 
expt

Are disconnected graphs – sea quarks – the reason for apparent
 Lu & Ld sign change from longitudinal to transverse ?

Lu

Ld
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Data Transverse: 
Sivers moments

Lattice Transverse: 
q density shifts

Quark models: 
Lu > 0 at low Q2

π+

π-

the latter correlation is stronger than the one between
transverse quark and nucleon spin.

Figure 5 shows the n ! 2 moment of the densities.
Obviously, the pattern is very similar to that in Fig. 4,
which supports our simple interpretation. The main differ-
ence is that the densities for the higher n ! 2 moment are
more peaked around the origin b? ! 0 as already observed
in [27] for the vector and axial vector GFFs.

Conclusions.—We have presented first lattice results for
the lowest two moments of transverse spin densities of
quarks in the nucleon. Because of the large and positive

contributions from the tensor GFF !BTn0 for up and for
down quarks, we find strongly distorted spin densities for
transversely polarized quarks in an unpolarized nucleon.
According to Burkardt [7], this leads to the prediction of a
sizable negative Boer-Mulders function [4] for up and
down quarks, which may be confirmed in experiments at,
e.g., Jefferson Lab and GSI Facility for Antiproton and Ion
Research [28,29].

The numerical calculations have been performed on the
Hitachi No. SR8000 at LRZ (Munich), the apeNEXT at
NIC/DESY (Zeuthen), and the BlueGene/L at NIC/FZJ
(Jülich), EPCC (Edinburgh), and KEK (by the Kanazawa
group as part of the DIK research programme). This work
was supported by DFG (Forschergruppe Gitter-Hadronen-
Phänomenologie and Emmy-Noether programme), HGF
(Contract No. VH-NG-004), and EU I3HP (Contract
No. RII3-CT-2004-506078).
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FIG. 5 (color online). Second moment (n ! 2) of transverse
spin densities. For details, see caption of Fig. 4.

 

FIG. 4 (color online). Lowest moment (n ! 1) of the densities
of unpolarized quarks in a transversely polarized nucleon (left)
and transversely polarized quarks in an unpolarized nucleon
(right) for up (upper plots) and down (lower plots) quarks. The
quark spins (inner arrows) and nucleon spins (outer arrows) are
oriented in the transverse plane as indicated.
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u mostly over here

FSI kick

Chromodynamic
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∴ Lu > 0
Transverse
at high Q2
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Lattice 
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Lu < 0 at high Q2

??
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Whatʼs going on?

• The quark density shift is E

• E is not L: 

PDF momentum sum

Jq =
1
2

∆Σ+Lq =
1
2

Z 1

−1
xdx [Hq(x,ξ, t)+Eq(x,ξ, t)]t=0

not Δq!

• E is the anomalous magnetic moment κ / Pauli F2  
                            (∵ GPD basics)

• F2 (Brodsky) and κ (Burkardt)  require L ≠ 0   (∵ N spin flip amplitudes)

Lattice

Burkardt, Brodsky proofs

Jaffe L

Ji L

“L” not yet uniquely defined

Contradiction?

➡ Which “L” conrols chromodynamic lensing? Maybe neither 
➡ Are longitudinal and transverse Lq the same? Maybe not  

Ji, PRL 78 (1997) 610

Bashinsky, Jaffe, NPB 536 (1998) 303
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u

u

d

With spin 
around, thereʼs 

never a dull 
moment ☺



• Cross Section – Nucleon structure functions F 1 and F 2: 
 

 
 
 

 
• Quark-Parton Model (QPM) interpretation in terms of  
  quark probability distributions qi(x) (large Q2 and ν): 
 
 
• Bjorken x: fraction of nucleon momentum carried by  
   struck quark: 
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• Assume isospin symmetry: 
 
 
 
 
• Proton and neutron structure functions: 
 
 
 
 
 
• Nachtmann inequality: 
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F2
n/ F2

n, d/u Ratios and A1 Limits for x→1 
  
F2

n/F2
p 

 
 d/u 

   
 A1

n 
   
 A1

p 

 
          SU(6)       2/3  1/2      0     5/9 

  Diquark Model/Feynman       1/4    0      1      1 

     Quark Model/Isgur       1/4    0      1      1 

      Perturbative QCD       3/7  1/5      1      1 

   QCD Counting Rules       3/7  1/5      1      1 

  A1:  Asymmetry measured with polarized electrons and nucleons.  Equal in 
         QPM to probability that the quark spins are aligned with the nucleon spin. 
         Extensive experimental programs at CERN, SLAC, DESY and JLab.  
 
       Extensive recent review on the valence/high-x structure of the nucleon: 
       R. J. Holt and C. D. Roberts, Rev. Mod. Phys. 82, 2991 (2010). 



A Dependence 
   EMC Effect 

SLAC E139, 1984 
   J. Gomez et al. 

Nucleon momentum probability 
distributions in nuclei different 
than those in deuterium.  Effect 
increases with mass number A. 



       SLAC DIS Data 
 
Whitlow:  Density Model 
 
M&T:  Convolution Model 
 
Bodek:  Fermi-Smearing 
             Paris N-N potential 
 



The three analysis methods indicate tremendous uncertainties in high-x 
behavior of F2

n/F2
p and d/u ratios … d/u essentially unknown at large x! 



• Form the “SuperRatio” of EMC ratios for A=3 mirror nuclei: 
 
 
 
• If R=σL/ σT is the same for 3He and 3H, measured DIS cross 
  section ratio must be equal to the structure function ratio as 
  calculated from above equations: 
 
 
 
• Solve for the nucleon F2 ratio and calculate R* (expected to 
  be very close to unity) using a theory model: 
 
 

Nucleon F2 Ratio Extraction from 3He/3H 
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Tritium Target at JLab 

 
Tritium Target Task Force 

E. J. Beise (U. of Maryland)  
B. Brajuskovic (Argonne)  

R. J. Holt (Argonne) 
W. Korsch (U. of Kentucky) 

A. T. Katramatou (Kent State U.)  
D. Meekins (JLab) 

T. O’Connor (Argonne) 
G. G. Petratos (Kent State U.)  

R. Ransome (Rutgers U.)  
P. Solvignon (JLab)  

B. Wojtsekhowski (JLab) 
 

JLab Review:  June 3, 2010: 
 “No direct show stopper” 

1000 Ci 

Details: Conceptual Design of a 3H Gas Target for JLab,  
Tritium Target  Task Force, Roy J. Holt et al., May 2010.  
 



Possible Jlab - Hall A Data for F2
n/F2

p and d/u Ratios  
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Spin from the SU(6) Proton Wave Function

The 3 quarks are identical fermions ⇒ ψ antisymmetric under exchange 

ψ = ψ(color) * ψ(space) * ψ(spin) * ψ(flavor)

➋ Space: proton has l = l’ = 0 → ψ(space) = symmetric

➊ Color: All hadrons are color singlets = antisymmetric

ψ(color) = 1/√6 (RGB - RBG + BRG - BGR + GBR - GRB)

➌ Spin: 2 ⊗ 2 ⊗ 2 = ( 3S ⊕ 1A ) ⊗ 2 = 4S ⊕ 2MS ⊕ 2MA

● 2MS and 2MA have spin 1/2 and mixed symmetry: S or 
A under exchange of first 2 quarks only, e.g. 

● 4S symmetric states have spin 3/2,  e.g.               = ↑↑↑
∣∣∣∣
3
2
,+
3
2

〉

∣∣∣∣
1
2
,+
1
2

〉

MS = (↑↓↑ + ↓↑↑ - 2↑↑↓)/√6
∣∣∣∣
1
2
,+
1
2

〉

MA = (↑↓↑ - ↓↑↑)/√2

Constitu
ent 

Quarks



⇒ ΔΣ = Δu + Δd + Δs = 1 All spin present & accounted for!
N.C.R. Makins, NNPSS 2011

SU(3)-flavor gives 3 ⊗ 3 ⊗ 3 = 10S ⊕ 8MS ⊕ 8MA ⊕ 1A

● strong force is flavor blind

➍ Flavor: symmetry groups SU(2)-spin and SU(3)-color are exact ...

● constituent q masses similar: mu,md ≈ 350 MeV,  ms ≈ 500 MeV

➡ SU(3)-flavor is approximate for u, d, s

➤ Count the number of 
quarks with spin up 
and spin down:

〈p↑|N̂(u↑)|p↑〉 =
30
18

=
5
3

〈p↑|N̂(d↑)|p↑〉 =
6
18

=
1
3

〈p↑|N̂(u↓)|p↑〉 =
6
18

=
1
3

〈p↑|N̂(d↓)|p↑〉 =
12
18

=
2
3

➤ Quark contributions to 
proton spin are: Δu= N(u↑)−N(u↓) = +

4
3

Δd = N(d↑)−N(d↓) =−1
3

➤ Proton:  ψ(s=1/2) from spin 2MS,2MA  ⊗   ψ(uud) from flavor 8MS,8MA

|p↑〉= (u↑u↓d↑+u↓u↑d↑−2u↑u↑d↓+ 2 permutations)/
√
18

u d

10 ↑
6
  −  2 ↓

6
2 ↑
6
  −   4 ↓

6



Λ Spin Structure as x → 1

• Gribov-Lipatov relation qh(x) ∝ Dh
q (z)

endpoint
easy to see:

zΛ → 1
Λ carries all energy
ν of struck quark

xΛ → 1
struck q carries all

energy of Λ
©1 Quark-Diquark Model

spectator diquark D in
scalar or vector state

ψD(x, k⊥) ∼ exp−[
1

8β2
D

(
m2

q + k2
⊥

x
+

m2
D + k2

⊥

1 − x
)]

... as x → 1, VECTOR diq confign suppressed

d

u
→ 0

∆u

u
→ 1

F n
2

F p
2

→
1

4

∆d

d
→ −

1

3
©2 pQCD Model

x → 1 wavefn obtained from “normal” wavefn by
exchange of large invariant mass gluons from
spectator q’s ... propagators∼ 1

p2 small
→ small couplings, perturbative methods possible

d

u
→

1

5
thus

F n
2

F p
2

→
3

7
,

∆q

q
→ 1 for u and d

For Λ: Both models predict ∆qΛ

qΛ → 1 for all flavours!

 
q↑(x)  (1− x)3

 
q↓(x)  (1− x)5



PAC30:  Physics goals of experiment: 
              “Highlights of 12 GeV Program” 
                 
              Conditional approval based on 
              on “review of safety aspects of 
              3H target” 
 
PAC36:  Physics again very highly rated. 
               Conditional approval based on 
               detailed SBS detector design 
 
               3H target conditional approval 
                removed 



Possible Jlab - Hall A Data for F2
n/F2

p and d/u Ratios  

MARATHON & BONUS




