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Introduction

The so called proton spin crisis or spin puzzle of proton was an outcome of
the experimental finding that the quarks contribute only 13-17 per cent of
proton spin [1, 2] whereas the simplest valence quark model predicts that
quarks contribute about 75 per cent to the spin of proton with the remaining
25 per cent being due to the orbital motion of quarks. Besides the orbital
motion of valence quarks also gluons could contribute to the spin of proton.
Also polarized sea quarks can be considered as a source of proton spin.
Quite recently, the spin crisis got a new twist [3]. One of the few absolute
predictions of perturbative QCD (pQCD) is that at the limit, when the
momentum fraction of quark approaches unity, quark spin should be parallel
to the proton spin. This is due to the helicity conservation predicted by
pQCD in the lowest order. The findings are consistent with this expectation
in the case of protonic u quarks but not in the case of protonic d quark.
The discovery is of a special interest from the point of view of TGD since
it might have an explanation involving the notions of many-sheeted spacetime, of color-magnetic flux tubes, the predicted super-canonical ”vacuum”
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spin, and also the concept of quantum parallel dissipation.
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The experimental findings

In the experiment performed in Jefferson Lab [3] neutron spin asymmetries
n were deduced for three kinematic
An1 and polarized structure functions g1,2
configurations in the deep inelastic region from e-3 He scattering using 5.7
GeV longitudinally polarized electron beam and a polarized 3 He target. An1
n were deduced for x = .33, .47, and .60 and Q2 = 2.7, 3.5 and 4.8
and g1,2
(GeV/c)2 . An1 and g1n at x = .33 are consistent with the world data. At
x = .47 An1 crosses zero and is significantly positive at x = 0.60. This finding
agrees with the next-to-leading order QCD analysis of previous world data
without the helicity conservation constraint. The trend of the data agrees
with the predictions of the constituent quark model but disagrees with the
leading order pQCD assuming hadron helicity conservation.
By isospin symmetry one can translate the result to the case of proton by the replacement u ↔ d. By using world proton data, the polarized
quark distribution functions were deduced for proton using isospin symmetry between neuron and proton. It was found that ∆u/u agrees with the
predictions of various models while ∆d/d disagrees with the leading-order
pQCD.
Let us denote by q(x) = q ↑ + q ↓ (x) the spin independent quark distribution function. The difference ∆q(x) = q ↑ − q ↓ (x) measures the contribution
of quark q to the spin of hadron. The measurement allowed to deduce estimates for the ratios (∆q(x) + ∆q(x))/(q(x) + q(x)).
The conclusion of [3] is that for proton one has
∆u(x) + ∆u(x)
' .737 ± .007 , for x = .6 .
u(x) + u(x)
This is consistent with the pQCD prediction. For d quark the experiment
gives
∆d(x) + ∆d(x)
' −.324 ± .083 for x = .6 .
d(x) + d(x)
The interpretation is that d quark with momentum fraction x > .6 in proton
spends a considerable fraction of time in a state in which its spin is opposite
to the spin of proton so that the helicity conservation predicted by first
order pQCD fails. This prediction is of special importance as one of the few
absolute predictions of pQCD.
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The finding is consistent with the relativistic SU (6) symmetry broken
by spin-spin interaction and the QCD based model interpolated from data
but giving up helicity conservation [3]. SU (6) is however not a fundamental
symmetry so that its success is probably accidental.
It has been also proposed that the spin crisis might be illusory [4] and
due to the fact that the vector sum of quark spins is not a Lorentz invariant
quantity so that the sum of quark spins in infinite-momentum frame where
quark distribution functions are defined is not same as, and could thus be
smaller than, the spin sum in the rest frame. The correction due to the
transverse momentum of the quark brings in a non-negative numerical correction factor which is in the range (0, 1). The negative sign of ∆d/d is not
consistent with this proposal.
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TGD based model for the findings

The TGD based explanation for the finding involves the following elements.
a) TGD predicts the possibility of vacuum spin due to the super-canonical
symmetry. Valence quarks can be modelled as a star like formation of magnetic flux tubes emanating from a vertex with the conservation of color
magnetic flux forcing the valence quarks to form a single coherent structure.
A good guess is that the super-canonical spin corresponds classically to the
rotation of the the star like structure.
b) By parity conservation only even values of super-canonical spin J are
allowed and the simplest assumption is that the valence quark state is a
superposition of ordinary J = 0 states predicted by pQCD and J = 2 state
in which all quarks have spin which is in a direction opposite to the direction
of the proton spin. The state of J = 1/2 baryon is thus replaced by a new
one:
1
3 3
1
|B, , ↑i = a|B, 1/2, i|J = Jz = 0i + b|B, , − i|J = Jz = 2i ,
2
2
2 2
X
1
↑ ↑ ↓
|B, 1/2, i =
cq1 ,q2 ,q3 q1 q2 q3 ,
2
q1 ,q2 ,q3
3 3
|B, , − i = dq1 ,q2 ,q3 q1↓ q2↓ q3↓ .
2 2

(1)

|B, 1/2, 21 i is in a good approximation the baryon state as predicted by
pQCD. The coefficients cq1 ,q2 ,q3 and dq1 ,q2 ,q3 depend on momentum fractions
of quarks and the states are normalized so that |a|2 + |b|2 = 1 is satisfied:
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the notation p = |a|2 will be used in the sequel. The quark parts of J = 0
and J = 2 have quantum numbers of proton and ∆ resonance. J = 2 part
need not however have the quark distribution functions of ∆.
c) The introduction of J = 0 and J = 2 ground states with a simultaneous use of quark distribution functions makes sense if one allows quantum
parallel dissipation. Although the system is coherent in the super-canonical
degrees of freedom which correspond to the hadron size scale, there is a decoherence in quark degrees of freedom which correspond to a shorter p-adic
length scale and smaller space-time sheets.
d) Consider now the detailed structure of the J = 2 state in the case
of proton. If the d quark is at the rotation axis, the rotating part of the
triangular flux tube structure resembles a string containing u-quarks at its
ends and forming a di-quark like structure. Di-quark structure is taken to
mean correlations between u-quarks in the sense that they have nearly the
same value of x so that x < 1/2 holds true for them whereas the d-quark
behaving more like a free quark can have x > 1/2.
A stronger assumption is that di-quark behaves like a single colored
hadron with a small value of x and only the d-quark behaves as a free quark
able to have large values of x. Certainly this would be achieved if u quarks
reside at their own string like space-time sheet having J = 2.
From these assumptions it follows that if u quark has x > 1/2, the state
effectively reduces to a state predicted by pQCD and u(x) → 1 for x → 1
is predicted. For the d quark the situation is different and introducing
distribution functions q J) (x) for J = 0, 2 separately, one can write the spin
asymmetry at the limit x → 1 as
∆d(x) + ∆d(x)
p(∆d0 + ∆d0 ) + (1 − p)(∆d2 + ∆d2 )
=
,
d(x) + d(x)
p(d0 + d0 ) + (1 − p)(d2 + d2 )
p = |a|2 .
(2)

Ad ≡

Helicity conservation gives ∆d0 /d0 → 1 at the limit x → 1 and one has
trivially ∆d2 /d2 = −1. Taking the ratio
y=

d2
d0

as a parameter, one can write

Ad →

p − (1 − p)y
p + (1 − p)y
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(3)

at the limit x → 1. This allows to deduce the value of the parameter y once
the value of p is known:
y =

p
1 − Ad
×
.
1 − p 1 + Ad

(4)

From the requirement that quarks contribute a fraction Σ = q ∆q ∈
(13, 17) per cent to proton spin, one can deduce the value of p using
P

p×

1
2

− (1 − p) ×
1
2

3
2

= Σ

(5)

giving p = (3 + Σ)/4 ' .75.
Eq. 4 allows estimate the value of y. In the range Σ ∈ (.13, .30) defined
by the lower and upper bounds for the contribution of quarks to the proton
spin, Ad = −.32 gives y ∈ (6.98, 9.15). d2 (x) would be more strongly concentrated at high values of x than d0 (x). This conforms with the assumption
that u quarks tend to carry a small fraction of proton momentum in J = 2
state for which uu can be regarded as a string like di-quark state.
A further input to the model comes from the ratio of neutron and proton
F2 structure functions expressible in terms of quark distribution functions
of proton as
Rnp ≡

F2n
u(x) + 4d(x)
=
.
F2 p
4u(x) + d(x)

(6)

According to [3] Rnp (x) is a straight line starting with Rnp (x → 0) ' 1 and
dropping below 1/2 as x → 1. The behavior for small x can be understood in
terms of sea quark dominance. The pQCD prediction for Rnp is Rnp → 3/7
for x → 1, which corresponds to d/u → z = 1/5. TGD prediction for Rnp
for x → 1
Rnp ≡
=

pu0 + 4(pd0 + (1 − p)d2 )
F2n
=
F2p
4pu0 + pd0 + (1 − p)d2
p + 4z(p + (1 − p)y
.
4p + z(p + (1 − p)y)

(7)

In the range Σ ∈ (.13, .30) which corresponds to y ∈ (6.98, 9.15) for Ad =
−.32 Rnp = 1/2 gives z ' .1, which is 20 per cent of pQCD prediction. 80
percent of d-quarks with large x predicted to be in J = 0 state by pQCD
would be in J = 2 state.
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