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The causal view of hadron formation allows to establish a simple quantization scheme describing
mass spectra of light hadrons. The resulting model predicts a multitude of observable effects,
notably the enhanced production of close pairs of equally charged pions, traditionally attributed
to Bose-Einstein interference. Model predictions agree with measurements performed by the
ATLAS Collaboration.
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1. Causal approach to the description of hadron formation

It is common to describe the confining strong field between partons (quarks, gluons) as a one-
dimensional string undergoing fragmentation into a set of hadrons [1]. Such a description however
implies space-like, out-of-light-cone separation of breaking points forming a hadron. The absence
of causal connection excludes study of the physics processes involved: consequently, hadron masses
and widths are treated as external parameters, as well as intrinsic components of hadron momenta
( w.r.t. the string axis).

Situation is substantially different when the one-dimensional string is replaced with a three-
dimensional object, which allows causal relations between break-up vertices to be established.
Already the simplest example, a strong field in the form of helix (first proposed in [2]), allows
to unfold a rather simple quantization rule which seems to govern the hadron formation. For
a helical string described by radius R, tension « (~ 1 GeV/fm) and phase ®, different hadron
species correspond to the fragmentation of helical string in multiples of helix phase interval A®.
Also the intrinsic transverse momenta of hadrons can be derived from the transverse shape of the
three-dimensional string, potentially reducing the number of model parameters.

It is found that the mass spectrum of light hadrons is very well described by the model of
quantized fragmentation of helical string with only two parameters, A® (~ 2.8 rad) and the product
k R (~ 0.07 GeV) where the causal constraint is imposed on the breakup information traveling along
the string ( for pseudoscalar mesons[3] ) or across string loops ( for baryons[4] ). Fig.1 shows the
mass spectrum of light hadrons as a function of the quantized helical phase A®. Vector mesons
(w, p,..) and wide resonance states ( fy) fit within the scheme, as well.
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Figure 1: Mass spectrum of light hadrons plotted as a function of the helix phase difference captures the
quantized nature of the fragmentation. Graphics taken from [4].
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2. Signatures of quantized fragmentation

On top of describing the quantized nature of hadron mass spectra, the model predicts a
number of observable particle correlations. The linearly quantized quantity is the transverse mass

m, = y/m2+ p?, and consequently the quantization affects both masses and intrinsic transverse
momenta of hadrons. For the color-adjacent lowest states ( pions sharing a common string breakup
vertex), this means they have to go apart in the transverse plane of the string ( A® being close
to back-to-back configuration), while pions with rank difference 2 ( rank describes the ordering
of hadrons along the string ) are expected to be found with (transverse) angular separation of
2A® ~ 0.7 rad only. Assuming local charge conservation in the string breaking ( gluon splitting
into quark-antiquark pair ), pions with equal (non-zero) electrical charge cannot be produced as
adjacent hadrons. This charge combination asymmetry couples with the above mentioned anomaly
of quantum origin, where pion pairs with rank difference 2 emerge from the fragmentation with
low momentum difference O ~ 0.09 GeV, below the quantum threshold of momentum difference
for colour adjacent (rank difference 1) pion pairs ( ~ 0.26 GeV) (these estimates do not take into
account possible variations of the string field in the longitudinal direction along string axis). These
non-trivial correlations predicted by the model of quantized fragmentation are actually observed in
the data. It should be stressed that the model is fully constrained and overconstrained by known
hadron masses ( the two model parameters are known with the precision of about 3% from the fit of
mass spectrum of pseudoscalar mesons and the precision of the prediction of masses of nucleons is
close to 1%).

3. Measurement of correlations between colour-adjacent hadrons

Using observables with high sensitivity to the distribution of adjacent hadron pairs [5] based
on the difference between the spectra of hadron pairs with opposite and equal charge, it is shown
that the anomalous production of close like-sign pions pairs, traditionally attributed to Bose-
Eistein interference, is better understood in terms of quantized fragmentation. The maximum of
the anomaly appears at the predicted Q value and the source of these correlations is shown to
coincide with an excess of pion triplets with properties predicted for a chain of three adjacent direct
pions stemming from the quantized fragmentation. Moreover, the triplet chains responsible for the
enhanced production of close like-sign pions are shown to fill the gap between the data and and the
conventional (Lund) string fragmentation models when measuring inclusive particle spectra such as
transverse momentum in the laboratory reference frame (Fig.2). Measurements of common origin
of discrepancies in 1-, 2- and 3-hadron distributions are performed in a model-independent way.

4. Universality of hadronization

Correlations within hadron triplets are used to perform an independent measurement of the
string parameters A® and xR. Additional observable sensitive to variation of the longitudinal
fragmentation function is used to suppress the corresponding bias. The measurement is repeated
on samples of pp collisions at various energy as well as on heavy ion collision data. A good
agreement is obtained between all samples demonstrating the validity of the underlying physics
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approach, in particular, the hadronization origin of so-called Bose-Einstein correlations, as well as
the universality of rules governing the hadron formation across all samples under study (Fig.3a). The
correlation measurements from all samples are combined and compared with the string parameter
values obtained the mass spectra of hadrons (Fig.3b). The results from both evaluations coincide
within the uncertainties of the measurement and of the published version of the model, which does
not take into account the quark masses ( i.e. the model does not distinguish between masses of
neutral and charged pions).

5. Signature of long chains of direct pions

As mentioned above, it is possible to distinguish longitudinal and transverse momentum differ-
ence components using complementary observables like relative momentum ¢, which is sensitive
to local variations of the fragmentation function. In a model independent way, the evolution of
the correlation signal in Pb+Pb collisions between events with low multiplicity of charged particles
(accessible in pp collisions), and high multiplicity end of spectrum (beyond the particle densities
obtained in pp events) reveals a new type of quantized correlation signal, visible as a set of stripes
in Fig.4. Numerically, the positions of stripes agree with the signal expected for the quantized
momentum difference between direct pions with rank difference 3-5, i.e. it can be assimilated to
the signal from long chain of direct pions produced by the quantized fragmentation. With higher
statistics, this new signature may serve as yet another independent way of measuring the string
parameters. Long chains of direct pions are also a natural candidate to carry a “ridge-like” type of
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Figure 3: Parameters of quantized confining gluon field as measured via hadron correlations in various
ATLAS data samples, indicating the combined result (a) and (b) the comparison of combined measurement
of correlations with values derived from masses of light hadrons [6]. Source: [5].

correlations observed in heavy ion collisions and therefore deserve further dedicated studies.

6. Conclusions

The causality is the leading principle in all of scientific activity, and the study of strong
interactions is no exception. This short contribution aims to demonstrate the power of causal
constraint in the field of non-perturbative QCD where the experimental data are plentiful but
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Figure 4: First observation of correlations consistent with the signature of long pion chains stemming from
quantized fragmentation in high multiplicity Pb+Pb collisions. Source: [5].
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theoretical physics incomplete. A strictly causal approach to particle interactions may seem odd
given the dominant probabilistic interpretation of quantum effects. Yet as seen above, it allows to
make relatively precise predictions and find unexpected connections between various observations.
Future experimental work will resolve the issues of the pertinence of one approach or the other,
but already now it is possible to appreciate the alternative point of view which stimulates the
development of new observables and the discovery of new signatures.
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