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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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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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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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FIG. 6: The Sivers distribution functions for u, d and s flavours as determined by our simultaneous fit of HERMES and
COMPASS data (see text for details). On the left panel, the first moment x ∆Nf (1)(x), Eq. (17), is shown as a function of x
for each flavour, as indicated. Similarly, on the right panel, the Sivers distribution x∆Nf(x, k⊥) is shown as a function of k⊥

at a fixed value of x for each flavour, as indicated. The highest and lowest dashed lines show the positivity limits |∆Nf | = 2f .

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?

NEW

H target

H target
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u-dbar  vs  u-sbar

ubar-d  vs  ubar-s



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)

N.C.R. Makins, NNPSS 2011

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).

*Electronic address: phaegler@ph.tum.de
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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.

PRL 98, 222001 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
1 JUNE 2007

222001-4
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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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[11] Ph. Hägler, Phys. Lett. B 594, 164 (2004); Z. Chen and

X. Ji, Phys. Rev. D 71, 016003 (2005).
[12] J. C. Collins and M. Diehl, Phys. Rev. D 61, 114015

(2000); D. Y. Ivanov et al., Phys. Lett. B 550, 65 (2002).
[13] A. Ali Khan et al., Phys. Rev. D 74, 094508 (2006).
[14] C. Aubin et al., Phys. Rev. D 70, 094505 (2004).
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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
Lensing

∴ Lu > 0
Transverse
at high Q2

The L Scorecard

Lattice 
Longitudinal: 

Lu < 0 at high Q2

??
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xq(x)dx
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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.  
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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 
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