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Abstract: We briefly review some essential aspects of the QCD instanton vacuum in relation to the
quantum breaking of conformal symmetry, the spontaneous breaking of chiral symmetry, and the
axial U(1) anomaly. The anomaly causes the intrinsic nucleon spin to transmute to the vacuum
topological charge by quantum tunneling. We use Ji’s invariant spin decomposition to discuss the
spin budget of the nucleon as a quark—-diquark state in the QCD instanton vacuum. A measure of
the intrinsic quark spin of the nucleon is a measure of the quenched topological susceptibility of the
QCD instanton vacuum.
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1. Introduction

The nucleon is a spin—% object composed of quarks and gluons. However, how does
its spin arise from its constituents? Historically, this question was answered in the context
of the constituent quark model: the nucleon is composed of three weakly interacting
constituent quarks, and the nucleon spin arises from the composition of their spin. The
gluons only help bind the quarks.

This reductionist view of the nucleon was challenged by the EMC experiment [1].
More recently, a double spin asymmetry analysis by the COMPASS collaboration has shown
that only 30-40% of the nucleon intrinsic spin is carried by the quarks [2]. These initially
surprising results led to a flurry of activities both experimentally and theoretically, with
most wondering about where the spin was [3].

Dedicated lattice simulations have by now provided the natural answer [4,5]: the
proton spin is the sum of the spin and the angular momentum of its partonic constituents,
with the contributions varying with the resolution. For a recent review of both the experi-
mental status and the lattice measurements of the proton spin, we refer the reader to [6]
(and references therein).

However, the lattice answer, while quantitative, does not provide the physical insights
into the mechanism(s) underlying this spin composition. For that, we need a better under-
standing of the non-perturbative aspects of the gauge configurations in the QCD vacuum
state and how they affect the spin composition of hadrons.

The QCD vacuum, as a liquid of instantons and anti-instantons [7-9], offers such
an understanding that is rooted in QCD. The purpose of this article is to show how the
intrinsic quark spin of the nucleon in this liquid is regulated by the vacuum topological
fluctuations and why the real gluon angular momentum contribution to the nucleon spin is
naturally small at the resolution fixed by the mean instanton size.

In Section 2 we review some aspects of the QCD instanton liquid in relation to the
quantum breaking of conformal symmetry and the spontaneous breaking of chiral symme-
try. We briefly address the role of thin center P-vortices. The quark and gluon composition
of the nucleon spin using Ji’s decomposition [10] and the role of the U(1) axial anomaly are
discussed in Section 3. In Appendix A, we suggest that the measure of the quark intrinsic
spin in the nucleon is a measure of the quenched topological susceptibility of the QCD
instanton vacuum as a topological liquid. Our conclusions are discussed in Section 4.

Symmetry 2022, 14, 932. https:/ /doi.org/10.3390/sym14050932

https://www.mdpi.com/journal /symmetry


https://doi.org/10.3390/sym14050932
https://doi.org/10.3390/sym14050932
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://doi.org/10.3390/sym14050932
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym14050932?type=check_update&version=2

Symmetry 2022, 14, 932

20f12

2. Yang-Mills Vacuum

The chief aspects of the Yang-Mills vacuum is its quantum breaking of conformal sym-
metry and the ensuing spontaneous breaking of chiral symmetry. The main gauge fields at
the origin of these two fundamental mechanisms were made visible in the stunning pictures
developed by Leinweber and his collaborators [11-13], who used cooling and/or projection
techniques of lattice gauge configurations, as illustrated in Figure 1. The numerical pictures
reveal a smooth landscape made of instantons and anti-instantons threaded by thin center
vortices or Zsz-fluxed strings, which span world-sheet surfaces in four dimensions.

A

anel LV RNCA R, RS
JULT [y / U kS
- [ : /
| I !"_g' “
pan
A
P
t ;
N
1
r
i \
f ' "
- II -"— 1\ » F— )
, A J N E
1 ol » ey 4
i
4 _( 1 4 l'll, ;
.I, — _*_ 2 rnill
1 - ™ > f\ 3
& A 4 \'l *‘,
Z 7 —— —— —= — —=—
e e e e e e e e e e e N

Figure 1. Configurations of instantons (yellow) and anti-instantons (blue) in the cooled Yang-Mills
vacuum after center projection, threaded by center P-vortices [11,12]. They constitute the primordial
gluon epoxy (hard glue) at the origin of the light hadron masses. The center P-vortices are responsible
for the confinement (see text).

2.1. Primordial Epoxy

The size distribution of the instantons and anti-instantons in the Yang-Mills vacuum is
well-captured semi-empirically by [7-9]:

d _
dn(p) ~ p—g(PAQCD)be #o* /R (1)

with b = 11N./3 — 2N /3 (one loop). The small size distribution follows from the confor-
mal nature of the instanton moduli and the perturbation theory. The large size distribution
is non-perturbative, but the mean separation of the instantons (anti-instantons) is cut off by
R in the vacuum. Remarkably, the mean density or tunneling rate and size were predicted
long ago by Shuryak [14].
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The hadronic spectrum and correlations following from the cooling configurations in
Figure 1 are similar to those before cooling—an observation that is supported by earlier



Symmetry 2022, 14, 932

30f12

studies [8,15]. The dimensionfull parameters (2) combine in the dimensionless parameter
x = 7t2p*n;, 1 ~ 0.1, which is a measure of the diluteness of the instanton-anti-instanton
ensemble in the QCD vacuum. It is this diluteness that allows for an analytical analysis of
the vacuum in Figure 1 with the use of the semi-classical expansion in gauge theory and
many-body physics.

The quantum breaking of conformal symmetry is best captured by the anomalous part
of the trace of the energy-momentum tensor.

T ~ —
# 3272

Fi F™M + mipy ®3)

Throughout this paper, we will use the rescaling gF — F for operators in the instan-
ton or anti-instanton gauge fields. In the QCD instanton vacuum, the gluon operator
F?2/(327%) — (N4 + N_)/V = N/V counts the number of instantons plus anti-instantons
in the 4-volume V, while FF/327> — (N, — N_)/V = N/V counts their difference in
the 4-volume V. In the canonical ensemble with zero theta angle, the former is fixed by
the mean instanton density, with N../V — N/2V and N = 0. Therefore, we have the
following:

<Tﬁ> ~ —bnpp+m(pyp) = b(g) (1 + O(mR)) ~ —10fm~* @)

thus setting the scale of all hadrons. The explicit chiral breaking contribution is small,
with mR ~ (8 MeV)(1fm) ~ 1/25 at the soft renormalization scale p ~ 0.3 fm. The gluon
condensate (F?), which is positive, is referred to as the primordial epoxy or hard glue (a
term coined by the late Gerry Brown) at the origin of the hadronic mass in the Universe.
The gluon epoxy in the nucleon is the quantum anomalous energy in the nucleon discussed
recently in [16].

In Figure 1, the instanton number N = N, + N_ and the topological charge N =
Ny — N_ fluctuate, with a universal measure fixed by low-energy theorems for N (all
moments) [17] and a topological susceptibility for N (variance), that is [9,18,19]:

The leading moments are respectively

_ N2
W — % <N2>Q = XQ (6)

The variance in N is the vacuum compressibility, which is seen to vanish in the large N,
limit (the vacuum crystallizes). The variance in N is the following topological susceptibility:

vV - v d*x —327T2FF(x) —BZNZFF(O) o 7
In quenched QCD, (7) is given by the Witten—Veneziano formula [20,21]:

xo _ (No _ faMi
v v 2N/

®)

with M; being the quenched singlet mass:

Mi = m3, + my — 2my ©9)
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and with (8)—(32) holding in the QCD instanton vacuum [7-9]. In the unquenched QCD
instanton vacuum, (8) is very sensitive to the presence of light quarks with the substitution
M% — m? (see below) and vanishes in the chiral limit [18,19].

2.2. Zero Modes

When a light quark crosses a tunneling configuration, it develops a zero mode that is
single handed [22], an amazing phenomenon protected by topology and the Atiyah-Singer
theorem. It is the delocalization of these zero modes and their interactions that is at the
origin of the spontaneous breaking of chiral symmetry and the emergence of the light
hadronic spectrum. Remarkably, this topological mechanism for mass generation leaves
behind a distinct fingerprint: universal conductance-like fluctuations in the quark spectrum,
predicted by the random matrix theory [23] and confirmed by lattice simulations [24].

In Figure 2, we show how a light up-quark helicity in a zero mode is flipped when
crossing an instanton (left) or anti-instanton (right). In the zero mode, the quark spin &
is locked to the color 7 in a hedgehog-like configuration with & + 7 = 0. This flipping
is captured by the 't Hooft vertex for a single quark flavor [22]. More specifically, the
LSZ-reduced forward scattering matrix for the zero mode in Figure 2 is in the Euclidean
signature below:

m (uk(r)p | V2 (p)pell] 1 [Vag ()Uep [pup)) + (Lo (LR) (a0

with the Weyl notation subsumed (p = p,0), and the normalized quark zero mode as
follows:

!/

pel); (11)

1

V8 (p) = V2g! (p) (pell)t = V2 [npz (10K0<z> - 11K1<z>)

)

Here, the matrix element (ell), = eé U! carries spin-i and color-a, with eé being a real
anti-symmetric tensor (hedgehog in spin color) and U an SU(N,) valued color matrix. The
averaging in (11) is carried over U, while (10) can be recast in the following form:

M) (Rt Putp) = 5 (0w ') [Mup) (1= §o° ) [utp) a2

with the running constituent quark mass [25,26] (8 = «x/ (272N,)):

L pe' (P VE pe'(p))?
MulP) =E ot 7 22 Tlagl 3)

The singular 1/m effect is removed by disordering, with M, (0) = 383 + 39 MeV [26],
which is comparable to the numerical result M, (0) ~ 300 MeV [8,27]. In the QCD instanton
vacuum, the running quark mass is fixed by the same scale as the gluon condensate, or
M, (0) =~ 1/R since § ~ R/3, with the size distribution (1) still controlled by R. This
ensures the renormalization group invariance of all mass scales.

The emergent quark mass (13) in the QCD instanton vacuum may remind us of the
constituent quark mass from the Nambu—Jona-Lasinio (NJL) model [28,29] (and references
therein). However, it is important to stress that the latter is a pre-QCD model, while the
former is rooted in QCD and is now supported by even numerical QCD lattice pictures,
as in Figure 1. The canonical NJL model, although useful, does not explain the vacuum
gluon condensate, the running quark mass, the 77’ mass (unless modified), and the universal
spectral conductance fluctuations [23], among other things. For completeness, we note the
non-topological approach to the hadronic mass scale in [30] (and references therein), where
a running quark mass also emerges by re-summing gluon rainbow diagrams.
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Figure 2. Quark spin (helicity) in zero mode being traded in and out of an instanton (left) and
anti-instanton (right), at the origin of the mixing of the quark spin and the topological charge in the
QCD instanton vacuum (see text).

2.3. Center P-Vortices

The thin and long center-projected P-vortices in Figure 1 that survive the moderate
cooling procedure (about seven to eight cooling sweeps) [11,12] are responsible for the
disordering of the large Wilson loops, and therefore confinement, at larger distances. These
thin vortices, with a size given by a lattice length, are generated on the lattice as follows: (1)
Each of the links in a lattice plaquette is projected onto the center of the gauge group Zy,; (2)
The product of the centers around a plaquette is an element of the center in the dual lattice;
(3) By extending these projections to all lattice plaquettes, the initial gauge configuration is
center-projected; (4) The center-projected P-vortex is the closed string threading these Zy;
flux lines on the dual lattice. A Wilson loop winding around this P-vortex counts the Zy;
fluxes. A continuum description of these thin P-vortices and their subtleties is discussed
in [31].

The instantons and anti-instantons only contribute to the logarithmic growth of the
potential between heavy quarks [32], which is not enough. Any center P-vortex that links
with a large Wilson loop will produce a Zy;, flux. A random collection of these fluxes by
the Wilson loop can be reduced to a binomial sum that exponentiates to an area law in the
thermodynamical limit. The emergent string tension o1 = Ny /+/V is fixed by the planar
density of center P-vortices [33]. Since o7 = 1/(27I2) with the string length I ~ 0.2 fm,
this translates to a center P-vortex planar density of about Ny /+/V ~ 4/fm” ~ 4/R2. Note
that all topological charges in Figure 1 are anchored to the branching points along the
center P-vortices. How the P-vortex planar density relates to the mean instanton density is
still an important open question.

While the center vortices are important for enforcing confinement at long distances,
Figure 1 shows that they are on average decoupled from the inhomogeneous and strong
topological fields. Moreover, their field strength in the vicinity of these topological fields is
about orp ~ 0.3 GeV, which is weaker than the typical chromo-electric or chromo-magnetic
field in the instanton center /E = v/B &~ 2.5/p ~ 1.5GeV. This suggests that the quantum
breaking of conformal symmetry and the spontaneous breaking of chiral symmetry, both
for the vacuum and the low-lying hadronic excitations, are mostly driven by the strong and
inhomogeneous topological gauge fields.

Perhaps, where confinement becomes important is for the orbitally excited hadronic
excitations, as the underlying quark sources follow wider world lines that are likely to
link more frequently to the long and weaker center P-vortices. This point can be tested
numerically. Furthermore, the branching points in these long vortices anchor the topological
charges, hinting at their stability under moderate cooling. Clearly, too much cooling that
removes the topological charges will also remove the long center P-vortices with the
disappearance of both the string tension and the chiral condensate. This remarkable
geometrical relationship between the long vortices and the topological charges may explain
why the deconfinement transition and the chiral symmetry restoration temperature are so
close in QCD [34].

We will not further pursue these and other challenging questions here. Instead, we
will mostly focus on the topological gauge fields, which are essentially composing the
instanton liquid we presented above.
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3. Ji Spin Sum Rule

A frame-independent and gauge-invariant decomposition of the nucleon spin was
suggested by Ji in [10]. In that study, the nucleon spin is the sum of the intrinsic quark spin
%/2, the quark orbital angular momentum LQ, and the gluon angular momentum J:

]—(12+LQ)+TG (14)
In the Minkowski signature, the quark part is the following:
Jo= %2+ZQ - /d3x <;¢'775w+¢*(fxi5[A})lp) (15)
and the gluon part is as follows:
Jo = /d3x (fx (E" x E“)) (16)

The quark orbital and gluon angular momentum depend on the renormalization scale
and scheme, but their sum does not. The quark spin is tied to the U(1) anomaly and is
therefore scale-independent. The nucleon spin budget is then as follows:

- (PS|]|PS) _ 1

=L = EN L IN 4+ TN 17

When translated to the Euclidean signature, we readily observe that at the soft renor-
malization scale p = 0.3 fm, the gluonic contribution to the spin is the sum of multi-
instanton contributions of the form:

N N4
(B x BY[A] = Y (E"x BY[A(&)] + ;(Eﬂ < BY)[A1(&1), Ay (&) +
=1 1Z]
Nt
= Y (E*xBY[AED), A D]+ (18)
I#]

The instantons and anti-instantons are self-dual with E?[A;] = +B*[A{] for all [ =
1,... N4, so the first contribution in (18) vanishes. When averaged over a measure of
independent instantons and anti-instantons, the remaining contributions in (18) are down
by a power of ¥ = 0.1. As a result, the gluon contribution to the angular momentum is
down by x in comparison to the quark orbital contribution, i.e., Jc/Lg = . This will be
used in the budgeting of the nucleon spin below.

3.1. U(1) Axial Anomaly

The quark intrinsic spin contribution to the nucleon is tied to the axial singlet U(1)
current by the anomaly:

3T = oLy FE + 2mifin (19)
¥ 1672

In the chiral limit, the fermionic spin (helicity) mixes with the bosonic topological
charge of the gauge fields. This is how the intrinsic spin transmutes to the topological
charge through quantum tunneling. Indeed, in a polarized nucleon state, (19) gives the
following (on the left-hand side):

%u(P'SIPr *yIPS) = Z(0) Ns(p)iaur2*Ns(p) 20
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and (on the right-hand side):
Nf / = AP I:) _ Nf NT N5 21
Ta.2 \P'SIEEIPS) + 2m(P'S[pi’9|PS) = ( 75 Ap(q)mn +2mAp(q) | Ns(p')iv’Ns(p) - (21)
with the intrinsic quark spin identification:
N = 5N (0) = Ap(0) + " Ap(0) (22)
Q—=Q 322t my T

In terms of the invariant normalization (PS|PS) = 2my(27)36(0,) = 2myV3, the
quark spin is a measure of the topological charge in a polarized nucleon state [35-39]:

~ N¢V3 (PS|FF(0)|PS) m
~ 3272 (PS|PS) +O(mN) @3

28 Ns(p)iv’Ns(p)

or for a nucleon with a small velocity 7 ~ P/my and a spin-up sy = x%((f' ) X4

sN A, N¢V3 (PS|FF(0)|PS)
Q7 3272 gy (PS|PS)

(24)

3.2. Nucleon Topological Charge and Vacuum Topological Susceptibility

In the QCD instanton vacuum, the U(1) axial charge fluctuates in the grand-canonical
ensemble, with the fluctuations captured by the fluctuations of the topological charge
N = N; — N_. The gluon contribution in (24) follows from the normalized and connected
three-point function asymptotically:

(PSIFE(Q)[PS) _ . UB(T)FF(0)]p(=T))c
(PS|PS) T=eo  (JE(T)Jp(=T))

(25)

with Jp being a pertinent nucleon source. In the canonical description of the QCD instanton
vacuum, FE/ (327r2) — N/V is a number. It factors out in the three-point correlator in
(25) (numerator), and the connected correlator vanishes. The non-vanishing contribution
should stem from fluctuations.

A non-vanishing contribution to the connected three-point correlator follows from
the grand canonical description, where N is allowed to fluctuate. With this in mind, it
is straightforward to see that (25) is dominated by the variance of N in the quenched
vacuum [18]:

V_(PS|FF|PS) (%)

3272 (PS|PS) Log (%EQO<IE(T)IP(—T)>> (26)

QIN

assuming that the skewness and curtosis of the topological charge are small. (In the
unquenched case, all fluctuations in N are vanishingly small in the chiral limit, as we note
below). The result (26) was noted in [18] (see Equation (4.37)) using effective fermions, and
in [19] (see Equation (92)) using effective bosons, each in the QCD instanton vacuum in
the 1/ N, approximation. Equation (26) shows how the nucleon trades its spin with the
fluctuations of the topological charge. More explicitly, (26) reads as follows:

V3 <PS|FF|PS> N—<N2> (aLogmN> 27)
N=0

3272 my (PS|PS) oN

since (J5(T)Jp(T)) asymptotes e 2"NT with ity = my(N, N), which we detail below. For
completeness, we note that in [40], the same matrix element was related to the root of the
slope of the topological susceptibility by an intricate argument using the renormalization

group.
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3.3. Intrinsic Quark Spin in the Nucleon

To evaluate (27), we use a simple description of the nucleon as a quark-scalar diquark
compound, e.g., the proton with a spin up is (uud)" ~ u'[ud]o. This schematic description
captures part of the correlations in the nucleon, but not all [8]. This notwithstanding, it
follows that the mixing of the proton spin with the axial charge is mostly through the
unpaired u-quark. From (12), we have the following equation:

N
MmN ~ MmN — Mu(O)szﬁ (28)
and therefore,
. T
(8Log~mN) ~ _Mu(O)STv 29)
oN N=0 my N

This reasoning is similar in spirit to the one discussed in [41-43]. Inserting (29) in (27)
and using (8), we obtain for (24) the following:

Vs (PS|FE|PS) _ (XQ) (Mu(0)> 1<f%M%>(Mu(O)> (30)

3272 ) (PS|PS) “\N my ) Np\2np,p my

Therefore, the intrinsic quark spin contribution (24) is (modulo O(m/my ~ 1/100)):

& (f%M%> (M”‘(O)) ~ 0.6 (31)

2npyg my

In the numerical estimate we used, M,, =~ 300 MeV and my = 960 4+ 30 MeV from the
numerically generated QCD instanton vacuum [27], and the singlet mass M; ~ 0.85GeV
given by the Witten—Veneziano formula in (32), or xo/N = 1.95/ Ny. This value is compat-
ible with xg/N =~ 1, which was reported in the quenched lattice simulations in [44]. For
comparison, we note that in the chiral soliton model, the nucleon axial singlet coupling
was found to be about 0.36 [45].

In the grand canonical and unquenched QCD instanton vacuum, the topological
fluctuations are substantially depleted by screening from the light quarks [18,19]:

Xug _ Mi($y) <2Nf<¢¢> o 1)1 1(/%)( M%)l
N B Nt f%[ Ml f; mf - Nf 271[+I- 1+ m%_[ (32)

with m; — m. The intrinsic quark spin follows from (31) with the substitution My — m,
which is seen to vanish in the chiral limit. This null result is caused by the unpaired quark
zero modes, as streamlined by the random matrix theory [46].

Since the mixing between the quark spin of the nucleon and the topological charge
takes place locally in the nucleon state, we expect it to be weakly sensitive to this screening
so that the quenched result (31) still holds. This observation is consistent with the large
axial singlet charge reported in [47] in the canonical QCD instanton vacuum for both the
quenched and unquenched ensembles.

3.4. Spin Sum Rule
The breakdown for the nucleon spin budget (17) yields the estimates (Sy = %):
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1y N
LZQ ~ &X%sz%

SN 3 N

LN N

9 o L (1 ZiXe) L

SN 1+« 3 N

I K Nf xq

= = —— =) = 4%

SN 1+« 3 N & (33)

using the quenched topological susceptibility, with M, /my ~ 0.31 ~ 1/3 [27] and k =
m?p*n;; ~ 0.1 at the soft renormalization scale fixed by the mean instanton density
p =03 fm.

Equation (33) shows that in the QCD instanton vacuum, about 60% of the nucleon
spin stems from the spin of the valence quarks as they hop and mix with the vacuum
topological charge fluctuations, 36% stems from their orbital motion, and only 4% from the
emerging valence gluons as the topological charge fluctuates. Our result for the intrinsic
quark spin is larger than the 30-40% result reported by COMPASS [2]. Our small valence
gluon contribution to the spin is comparable to the small intrinsic gluon helicity reported
by COMPASS [48-50] and other collaborations.

This budgeting of the nucleon spin is to be compared with the lattice composition
reported in [4], with 25% for the intrinsic quark spin, 47% for the quark orbital momentum,
and 28% for the valence gluon contribution at the harder renormalization scale y = 2 GeV.
More recently, lattice results were also reported in [5], with 40% for the intrinsic quark spin,
42% for the quark orbital momentum, and 27% for the valence gluon contribution, also at
u=2GeV.

Our results at the soft renormalization scale appear to be closer to those in [5], espe-
cially with their large up-quark result of about 80%, although with a smaller valence gluon
contribution. The absence of a negative down-quark contribution in our case ([5] reports
—20%) follows from the quark-scalar diquark approximation in which the d-quark spin is
locked. This may be improved. In addition, the quantum evolution to the harder lattice
scale of 4 = 2 GeV will enhance the valence gluon contribution at the expense of the other
contributions.

Since our results tie the intrinsic spin contribution to the quenched topological sus-
ceptibility, it would be useful for the lattice collaborations in [4,5] to report their numerical
values for the topological susceptibility along with the spin budget.

4. Conclusions

The QCD instanton vacuum is populated by instantons and anti-instantons constantly
tunneling between vacua with different topological charges. Their mean tunneling rate of
about 1 per fm* sets the scale for the quantum breaking of conformal symmetry. This effect
gives rise to a finite and positive gluon condensate, the primordial epoxy or hard glue at
the origin of most light hadron masses.

The way a light quark can propagate coherently through this maze of tunneling
configurations is through its zero mode, by locking its spin-color to zero, tunneling through
an instanton and hopping to the closest anti-instanton. The tunneling through the instanton
flips chirality and is at the origin of the U(1) axial anomaly and the anomalously large #’
mass [22].

In a polarized proton such as a quark—-diquark state, the spin of the unpaired quark is
constantly in flux with the topological charge of the liquid. As a result, the intrinsic quark
spin of the proton is fixed by the (quenched) vacuum topological susceptibility. A measure
of the intrinsic quark spin is a measure of the (quenched) vacuum topological susceptibility.

This fundamental mechanism yields a nucleon with an intrinsic quark spin that is
smaller than 1, but still larger than the one reported by the COMPASS collaboration [2].
This shortcoming may be partly fixed by relaxing the quark-diquark assumption for the
nucleon, and perhaps by scale evolution.
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Finally, the self-dual character of the topological gauge fields yields a small gluon
contribution to the spin of the nucleon that naturally explains the null helicity polarization
reported by the COMPASS [48-50], STAR [51], HERMES [52], and PHENIX [53] collabora-
tions.
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Appendix A. Measuring the QCD Vacuum Topological Susceptibility

The cooled Yang-Mills vacuum in Figure 1 is composed of active topological charges
that constantly flip the helicity of light quarks. The fluctuations in the topological charge
add or remove from the intrinsic quark spin of the nucleon. This strategic relationship is
mediated by the U(1) anomaly and is best captured by recasting the result (31) in the more
generic form:

N Nixe _ Ne [ (FE(x)FF(0)g
R (F2(0) (A1)

with the estimate M, (0)/my ~ 1/3. A measure of the quark spin contribution in the
proton (on the left-hand side) is a measure of the QCD vacuum susceptibility normalized
to the mean topological density (on the right-hand side). Since (A1) is a polarized nucleon-
connected matrix element, it is natural that it probes the fluctuations of FF in the Yang-
Mills vacuum.
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