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Figure 7.42: 3D Histograms, 1000 random generated strings. N=100 and
Nch = 7 with attractive interaction g = 0.3.

æ

æ

æ
æ
æ æ

æ
æ æ

æ
æ

á á á á á á á á á á á

ç ç ç ç ç ç ç ç ç ç
ç

ó ó ó ó ó ó ó ó ó ó
ó

õ õ õ õ õ õ õ õ õ õ
õ

10 15 20 25

0.3

0.6

0.9

Nch

1 String�Event ´ 1000 Events

Ε2
æ

Ε282<á

Ε284<ç

Ε286<ó

Ε288<õ

æ æ
æ
æ
æ æ æ æ

æ æ æ

á á á á á á á á á á á

ç ç ç ç ç ç ç ç ç ç çó ó ó ó ó ó ó ó ó ó óõ õ õ õ õ õ õ õ õ õ õ

10 15 20 25

0.0

0.3

0.6

0.9

Nch

1 String�Event ´ 1000 Events

Ε3
æ

Ε382<á

Ε384<ç

Ε386<ó

Ε388<õ

æ æ
æ

æ æ
æ
æ

æ

æ
æ
æ

á á á á
á á

á
á á á á

ç ç ç ç
ç ç

ç
ç ç ç çó ó ó ó

ó ó
ó
ó ó ó óõ õ õ õ

õ õ
õ
õ õ õ õ

10 15 20 25

0.0

0.3

0.6

0.9

Nch

1 String�Event ´ 1000 Events

Ε4
æ

Ε482<á

Ε484<ç

Ε486<ó

Ε488<õ

Figure 7.43: Non-interacting.

10 such long strings [71, 72, 73]. In Fig. 7.45 and Fig. 7.46 we show the same
cross moments following from the exchange of 5 typical strings stretched at
b = 5 sampled 200 times for non-interacting and attractive case respectively.

The case where 10 string are exchanged is shown in Fig. 7.47 and Fig. 7.48
for the same arrangements of parameters with each 10 string event sampled
100 times.
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Figure 7.44: Attractive interaction g = 0.6.
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Figure 7.45: Non-interacting.
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Figure 7.46: Attractive interaction g = 0.6.
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Figure 7.47: Non-interacting.
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Figure 7.48: Attractive interaction g = 0.6.

145



Chapter 8

Conclusion

8.1 Spin physics through QCD instantons

Instantons and anti-instantons provide the key building blocks of the instan-
ton liquid model. The latter offers a detailed framework for understanding
aspects of the spontaneous breaking of chiral symmetry and the resolution of
the U(1) problem. Key to this is the appearance of light quark zero modes of
fixed chirality and their de-localization through the formation of an interact-
ing liquid. Some aspects of this model are supported by lattice simulations
upon cooling [177, 178, 22].

In light of the many phenomenological successes of the instanton liquid
model, it is natural to ask about the role of instantons in scattering pro-
cesses, in particular on spin physics. An essential aspect of the light quark
zero modes is the emergence of large constituent masses and (chromo) mag-
netic moments. Also instantons and anti-instantons correlate strongly the
spin with color leading to sizable contributions in spin polarized processes
involving light quarks.

We give a brief summary of recent advances in the emerging field of spin
physics where the induced effects by instantons and anti-instantons in a semi-
classical analysis, are sizable in comparison to those usually parametrized
using perturbation theory. We stress that the effects we have reported both
in polarized electron-proton or proton-proton semi-inclusive scattering, rely
solely on the instanton liquid parameters in the vacuum without additional
changes. The effects are large and comparable in size with those reported
experimentally. We also show that the large spin effects induced by instan-
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tons and anti-instantons in polarized experiments may also be present in
peripheral AA collisions where a prompt and large magnetic field can induce
a prompt and large polarization although on a short time scale. A simple
analysis of the correlated fluctuations between target and projectile protons
shows that the effects is of the same magnitude and sign are those reported in
the peripheral charged pion azimuthal correlations at collider energies. Again
it is important to stress that only the fluctuations expected from instanton
vacuum configurations were used. The study of the spin effects induced by
instanton is not exhaustive as many new effects can be explored using this
framework. One important shortcoming of the instanton liquid model is the
lack of confinement as described by an ordering of the eigenvalues of the
Polyakov line at low temperature. Some important amendments to the in-
stanton liquid model have been proposed, suggesting that instantons and
anti-instantons split into dyons in the confined phase [179]. It was recently
shown that the key chiral effects and U(1) effects in the standard instanton
liquid model are about similar to those emerging from the new instanton-
dyon liquid model [180, 181, 182, 183, 184, 185, 186]. It would be important
to revisit the spin effects in this context.

8.2 Stringy pomeron

Holographic strings in walled AdS5 provide a non-perturbative description
of diffractive scattering, production as well as low-x DIS [71]. Although
a key aspect of AdS5 is its conformality which translates to the conformal
character of QCD in the UV, the essentials of the walled AdS5 construction
for the holographic string with a large rapidity interval can be captured by a
string with an effective transverse dimension 2 < D⊥ < 3. The holographic
Pomeron intercept follows from the zero-point motion or Luscher term of the
free transverse string with D⊥/12, and the Pomeron slope is fixed by the
string tension.

Long color flux tubes in QCD are smooth. In leading order, the Nambu-
Goto effective theory is corrected by a term that depends on the extrinsic
curvature to allow for smooth string configurations [160]. The extrinsic cur-
vature affects the zero-point energy of large Wilson loops to one loop [161]
and is amenable to lattice simulations. We have shown that a similar contri-
bution affects the scattering amplitude of two dipoles.

In leading order, the extrinsic curvature induces an overall momentum
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dependent contribution to the scattering amplitude. Detailed comparison
with accurate but differential proton on proton measurements at large

√
s

but fixed t = −q2
⊥ show sensitivity of the diffractive peak to changes in

the extrinsic curvature. pp scattering may provide for an empirical esti-
mate of the extrinsic curvatures of smooth QCD strings, besides the current
measurement estimates for the slope (string tension) and intercept (Luscher
contribution) of the Pomeron.

Low-x physics in the holographic string set up corresponds to a string
with higher zero-point resolution, whereby the string bits play the non-
perturbative analogue of the wee partons in perturbative QCD. A key as-
pect of the partonic description is Gribov transverse diffusion which arises
naturally in the quantum string description as emphasized by Susskind and
others [84, 85, 110, 111]. A new aspect of our recent study of the holographic
string at low-x consists in the role played by the interactions between the
string bits in 2 < D⊥ < 3 and their role in producing a stringy mechanism
for saturation [76].

For strings exchanged at smaller impact parameters, the exponential in-
crease in the string excited states dwarf the zero point fluctuations making
the string essentially classical. We have used this observation to construct a
micro-canonical description of a holographic string by introducing an effec-
tive temperature. Close to its Hagedorn temperature, the string carries large
entropy and multiplicity and provides a possible and generic mechanism for
large multiplicity events in hadronic collisions in the Pomeron kinematics.

In flat D⊥ = 3 dimensions the free string close to its Hagedorn tem-
perature carries large multiplicities and exhibits large transverse geometrical
deformations mostly due to its transverse and classical diffusion [115]. The
large outgrowth of the string bits makes it ideal for a mean-field analysis
of the string self-interactions. We have used the variational analysis to put
a lower bound on the interacting string free energy and use it to detail its
geometrical content. Self-interactions cause the effectively thermal string to
contract, a process typical of string-black-hole transmutation in fundamental
string theory [75, 163, 87, 88, 89, 81, 84, 85].

The geometry of the string bit distributions emerging from stretched
strings for small impact parameters is rich in structure and transverse defor-
mation. We have presented a detailed study of its transverse moments and
distributions for single and multiple string exchanges. These prompt and
deformed distributions can be used to initialize the prompt parton distribu-
tions in current pp and pA collisions for the recently reported high multiplic-
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ity events by the LHC [112, 113, 114]. Our azimuthal and cross-moments
provide a specific measure of the prompt asymmetries versus multiplicity.
The holographic string close to its Hagedorn temperature maybe at the ori-
gin of the fire ball mechanism underlying the relevance of a hydrodynamical
description in hot but small hadronic volumes [163, 187, 188, 189, 165].
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