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On the existence of a superlight scalar boson
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Abstract. In this lecture we show that the study of hadronic resonances is severely ham-
pered by the lack of accurate data and, moreover, that for similar reason the study of Weak
substructure does not make sufficient progress. We furthermore report on an unexplained
high statistics signal that may indicate the existence of a superlight scalar boson.

1 Introduction

Half a century since the quark model was introduced by Zweig [1] and Gell-Mann [2], a decade
later it was followed by the Quantum Chromodynamics (QCD) proposal of Fritzsch, Gell-Mann and
Leutwyler [3]. Several discoveries led to a deeper understanding of hadronic interactions and their
building blocks [4-12]. Nevertheless, we are still in the dark on the structure of hadronic spectra,
which are supposed to be a consequence of the interactions between quarks/antiquarks and glue.
We basically live in an era of a plethora of suggestions for the interpretation of hadronic scattering
and/or production data. But, as we will discuss in this work, the lack of accurate data does not leave
us sufficient hints for a clear direction within the proliferation of models for mesonic and baryonic
resonances.

Lattice QCD (LQCD) [13], which was suggested by Wilson shortly after QCD had been proposed
and since then has been explored by many researchers, seemed to be the most powerful tool to link
theory with experiment. However, four decades later, it is recognised that its application to hadronic
production data still needs a much higher degree of perfection than already achieved, leaving enough
room for more modest strategies.

In the present work we discuss one of those latter strategies, namely the Resonance-Spectrum
Expansion (RSE) [14] for the description of mesonic spectra. The RSE facilitates non-perturbative
calculus for scattering and production cross sections and, furthermore, to find resonance pole positions
of the scattering amplitude in the complex invariant-mass plane. Here, we will restrict ourselves to
the Harmonic-Oscillator version of the RSE (HORSE), since interhadronic dynamics, governed by
the glue, is, as we will see in the following, well represented by harmonic-oscillator confinement
whereby the oscillator frequency w is taken equal to w = 190 MeV, independent of the meson’s
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flavour content [15]. It is assumed in the RSE that mesons couple to pairs of mesons and vice versa by
the creation/annihilation of ¢g pairs. The intensity of pair creation/annihilation is in RSE represented
by a parameter A which in principle has to be adjusted to experiment, but which in practice has been
found to be rather independent of the meson’s flavour content [16].

In Fig. 1 we show the results of HORSE for the charmonium vector states. One observes that
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Figure 1. The theoretical values [15] of the central resonance positions for J C = 17~ charmonium S and D
states for various values of the model parameter A, compared to the experimental situation [4-10]. The short-
dashed lines indicate the threshold positions of the open—charm decay channels, respectively, from the lowest
to the highest threshold, DD, DD*, D;D;, D*D*, D;D; and D;D;. The long dashes below 22=0 represent the
masses of the ¢¢ harmonic-oscillator spectrum, which are degenerate for S and D states except for the ground
state at 3.47 GeV. The long dashes below non-zero values of A? indicate the real parts of the resonance poles. The
latter do not necessarily coincide with central resonance positions for resonances above the DD threshold. Note
that the model treats on the same footing bound states below and resonances above the DD threshold.

the system of interacting quarkonium and meson-meson channels explains well the mass splittings
between charmonium S and D states. It implies, moreover, that pure S and D states do not exist in
nature. We verified that the dominantly S states end up at lower masses than the dominantly D states.
In fact, the dominantly D states are such admixtures of S and D states that they almost decouple
completely from the meson-meson decay channels, hence form narrow resonances which, due to
small mass shifts, do not deviate much from the c¢ harmonic-oscillator spectrum.

It is well known that compositeness may be studied from the appearance of resonance enhan-
cements in the event distributions of scattering and production experiments. An extensive study on
hadronic compositeness published by Godfrey and Isgur in Ref. [17] gave us a good insight into the
spectrum of quarkonia obtained by the scattering of mesons and by the event distributions of two or
more hadrons produced in production experiments.

Less well known is that the phenomenon of dynamically generated resonances, like the light scalar
mesons f(500), K;(800), fo(980) and an(980), is related to the main source for the coupling of quark-
antiquark systems to systems of two or more hadrons, namely quark-pair creation and annihilation,
hence a consequence of hadronic compositeness. Dynamically generated resonances do not make part
of the quarkonia spectrum. Different configurations, like multi-quark states [18] or meson molecules
[19], have been proposed. Such configurations, however, form an integral part of a complete descrip-
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tion of scattering and production processes based on the coupling, through quark-pair creation, of
quarkonia to multi-quark and multi-hadron systems. It was found that the main components which
are necessary for a good description of mesonic scattering and production data are quarkonia and
two-meson channels [20].

Recent studies in unquenched LQCD confirm the results of much older coupled-channel analyses,
such as a calculation [21] of the D;(2317) meson as a scalar c§ state with an important DK component
[22]. However, limitations due to problems in dealing with very broad and overlapping resonances,
as well as the physical pion mass, have not yet allowed unquenched LQCD to identify the K;(800)
resonance [23], predicted long ago in the coupled-channel model of Ref. [20]. In Fig. 2 we show the
results of HORSE for S-wave K scattering cross sections in the isospin / = 1/2 channel [20]. For

fp confinement A =0.50 A=0.75 experiment

| 60 spectrum

> A small

S

= 40

b

20

D B AU W70 W . V.Y
1.0 2.0 1.0 2.0 1.0 20 1.0 2.0

V's (GeV)

Figure 2. Theoretical [20] and experimental S -wave K7 scattering cross sections in the isospin / = 1/2 channel
for different values of the overall coupling A. Data are taken from Ref. [24] (©) and Ref. [25] (o).

small values of the overall coupling constant A, one finds in the model narrow peaks at the harmonic-
oscillator masses of us states. However, for the model value 4 = 1 one obtains a fair agreement
between model [20] and experiment [24, 25]. Inspection of the model’s transition amplitude reveals an
additional resonance pole at s = (0.772 — 0.281/)?, besides the poles that correspond to the harmonic-
oscillator states. The former resonance pole is absent for small A, hence dynamically generated by
the interaction between the quark-antiquark and two-meson configurations. At s = (2.04 — 0.15)
we find a further dynamically generated resonance pole, which is unexpected since both data and
model show a minimum in the S-wave Kx scattering cross sections in the isospin / = 1/2 channel
at the corresponding invariant mass. The latter phenomenon underlines once more the need for high-
statistics data.

It is basically unknown that a further consequence of hadronic compositeness is the appearance of
non-resonant threshold enhancements. A theoretical model for threshold enhancements in hadronic
production amplitudes, based on quark-antiquark pair creation, was formulated in Ref. [26] and further
developed in Refs. [27, 28]. This model shows that one must expect non-resonant enhancements in the
amplitudes just above pair-creation thresholds, which, in the case of stable hadrons, are accompanied
by a clear minimum at threshold, as observed in experiment for the process ete™ — bb, measured
and analysed by the BaBar Collaboration [29]. As also remarked by BaBar in their paper, the large
statistics and the small energy steps of the scan make it possible to clearly observe the dips at the
opening of the thresholds corresponding to the BB* + BB* and B*B* channels. However, experimental
evidence of this phenomenon is scarce, since it needs event counts with high statistics and good
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resolution. Nevertheless, in some cases signals, albeit often feeble, can be seen in experimental data
for hadronic production [30].

In Sect. 2 we study some examples of possibly observed threshold enhancements, thereby stressing
the need for more accurate data. The possibly observed superlight boson is discussed in Sect. 3.

2 Threshold enhancements

In Ref. [26] the generic relation
P=3mZ)+TZ (1)

between two-particle scattering (7') and production (P) amplitudes is studied in a microscopic multi-
channel model for meson-meson scattering with coupling to confined quark-antiquark channels. The
amplitude T in expression (1) is supposed to contain the resonance poles which occur in scatter-
ing, whereas Z is a smooth function of invariant mass. Threshold enhancements occur in production
amplitudes as a consequence of the shape of Jm(Z), which in the ideal case of no further nearby
thresholds rises sharply just above threshold. For larger invariant masses Im(Z) first reaches a max-
imum and then falls off exponentially. As a consequence, production amplitudes show non-resonant
yet resonant-like enhancements just above threshold.

2.1 Electron-positron annihilation into open-bottom pairs

In Fig. 3 we show data on hadron production in electron-positron annihilation, published by the BaBar
Collaboration in Ref. [29]. In Fig. 3a we show the full data in the mass region contained between the
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Figure 3. R, as measured by BaBaR [29] in electron-positron annihilation; (a): Full data, (b): without the
enhancement at 10.58 GeV, (c): near the BB, threshold. In (c) a Breit-Wigner (BW) approximation is shown for
the difference signal between the data and threshold-enhancement (TE) structures.

BB and BB* threshold, whereas in Fig. 3b we concentrate on the data above the BB* threshold. We
observe in Fig. 3 three threshold enhancements at the opening of BB, BB* and B*B*, which most
likely are non-resonant. The BaBar Collaboration remarks in Ref. [29] that large statistics and the
small energy steps of the scan make it possible to clearly observe dips at the opening of the thresholds
corresponding to BB* and B*B*. The shapes of the various threshold enhancements do not show the
just mentioned exponential tails, as a result of interference between the various configurations BB,
BB*, B*B*, and so on. Such configurations are of course also present below threshold, though not
capable of materialising.
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In Fig. 3c we show the difference signal near the opening of BB, which results from subtracting
the B*B* and BB; threshold enhancements from the full data. A Breit-Wigner approximation to the
difference signal clearly shows the shape of a resonance. According to us, this is the T(4S) state,
rather than the large enhancement at 10.58 GeV and also in fair agreement with the predictions in
Refs. [15, 16].

The reason why the BB threshold enhancement is much more pronounced than those for the BB*
and B*B* channels can be explained by the presence of a strong resonance pole in the scattering
amplitude on the real invariant-mass axis just below the BB threshold at about 10.5 GeV. Data on
ete” - ntrTT(2S,18) — ntn e*e” published by the BaBar Collaboration [31] are further analysed
in Ref. [32]. In Fig. 4 we depict the signal at 10495+5 MeV, which was obtained in Ref. [32] for
the Y (2 3D1) resonance and which is in good agreement with the prediction in Ref. [15]. The signal,
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which is even more prominent than the enhancement at 10.58 GeV, implies a strong resonance pole
on the real axis in the complex invariant-mass plane. It is this pole that mainly contributes to the
threshold enhancement above the BB threshold.

2.2 Electron-positron annihilation into open-charm pairs

Further threshold enhancements are discussed in Ref. [30]. Here we will concentrate on the reaction
of e*e™ annihilation into open-charm pairs, which can be observed at and above the DD threshold.
We assume here that the reaction takes place via a photon and the c¢ propagator, through the creation
of a light gg pair. However, many competing configurations may be formed, increasing in number for
higher invariant masses. Furthermore, it seems we may conclude from experiment that stable open-
charm hadrons have more probability to be formed near threshold, where kinetic energy is almost
zero. Hence, if it were not for phase space and the centrifugal barrier, DD pairs would be produced
most likely just above threshold.

For total invariant mass below but close to the DD* threshold, we assume that the probability of
DD creation is already reduced because of the non-vanishing probability of creating a virtual DD*
pair. Just above the DD* threshold, DD creation decreases rapidly. The expected corresponding non-
resonant contribution of the production amplitude should thus exhibit this feature. In this respect, an
important observation was published by the BES Collaboration in Ref. [33]. To our knowledge, the
BES Collaboration was the first to discover that the ¥/(3770) cross section is built up by two different
amplitudes, viz. a relatively broad signal and a rather narrow c¢ resonance. For the narrow resonance,
which probably corresponds to the well-established y/(1D)(3770), the BES Collaboration measured
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a central resonance position of 3781.0 + 1.3 + 0.5 MeV and a width of 19.3 + 3.1 +£ 0.1 MeV (their
solution 2). If the latter parameters are indeed confirmed, it would be yet another observation of a
quark-antiquark resonance width that is very different from the world average (87.04 + 0.33 MeV
[34] in this case), after a similar result was obtained by the BaBar Collaboration in Ref. [29], for bb
resonances. Concerning the broader structure, the BES Collaboration indicated, for their solution 2, a
central resonance position of 3762.6+11.8+0.5MeV and a width of 49.9+32.1+0.1 MeV. The signal
significance for the new enhancement is 7.60 (solution 2). It was explained as a possible diresonance
[35] or heavy molecular state [36]. Here, we assume that the broader structure is most likely caused
by the non-resonant contribution to the production amplitude given in Eq. (1), thus lending further
support to the idea that the /(1 D)(3770) enhancement consists of two distinct signals.
The data shown in Fig. 5 are fitted by assuming

Z = Nproexp{- (pro)*} ¢ (4p? = s - 4m3) )
for the Z function in Eq. (1), and
B Iy/2
Vs =My +iTy/2
for the scattering amplitude in Eq. (1). The theoretical curve in Fig. 5 corresponds to M, = 3782

MeV, rg = 0.36 fm, I'y = 18 MeV and ¢ = 0.7n. The overall normalisation factor N in Eq. (2) is
adjusted to the data.
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Note the sharp interference dip at about 3.81 GeV, which can also be observed in data published
by the BaBar Collaboration [37], but with even less statistics.

2.3 DK~ invariant-mass distribution

When the D},(2860)" meson was discovered by the BaBar Collaboration [38], only the DK decay
mode was detected, which made an assignment as a radially excited scalar ¢5 meson plausible [39—
41], though other configurations such as a 3~ state [41-43] could not be excluded. For a discussion
of additional options, see Ref. [44]. The later observed D*K mode [45] at first seemed to exclude the
0% scenario for the Dy, 1(2860)+ resonance. But the true situation may be subtler, involving two over-
lapping resonances, viz. one scalar 2 3Py and one tensor 2 *P, charm-strange meson [46]. However,
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in a recent study the LHCb Collaboration finds overlapping spin-1 and spin-3 resonances at a mass
2.86 GeV, by analysing the resonant D°K~ substructure of B — D°K~x* decays with the technique
of Dalitz-plot analysis [47, 48]. Here we will study the latter result.

The angular analysis of the D7 ,(2860)™ — DK~ decays supports natural parity for the resonance,
ie., JP =0%, 17,2%, 37, .... Its mass spectrum for harmonic-oscillator confinement [16] is given
in Table 1. We observe at a glance that, besides the well-established 135 ,(2110) and 1°P,(2572)

Mass (GeV) States
3.305 3%P, 3°P, 2°F, 2°F, 1°H, 1°H,
3.115 3%, 2°D, 2°D3 1G5 1°G5
2.925 2%Py 2°P, 1°F, 1°F4
2.735 235, 13D,(2709) 1°Ds
2.545 1°Py 13P»(2572)
2.355 135,(2110)

Table 1. D, natural-parity HO states and their masses. When experimental central resonance masses are
measured, those are shown in brackets. The states in boldface are discussed in the text.

resonances, most of the predicted states have not even been observed or their quantum numbers are
still to be determined. In Ref. [49] the assignment 235, for the resonance at 2.71 GeV is disputed. As
can be read from Table 1, we expect four resonances in the mass interval 2.735-2.925 GeV, namely
23Py, 2°P,, 1°F, and 1°F,, while out of the five predicted resonances in the mass interval 2.925-3.115
GeV we expect for 335 | the larger mass shift and thus to come out closer to 2.925 GeV than the other
four.

In Fig. 6 we show the D’K~ mass distribution in the mass interval 2.75-3.0 GeV as published
by LHCb [47, 48]. Besides an estimate for a possible background, the threshold enhancements at

LHCb

1R, 19F,

22P, 2°P,

events/5 MeV

2ks 2 253 2Fo 2ks 200 2bs

M(D°K~) (GeV) M(DK~) (GeV) M(DK~) (GeV)

(a) (b) (©)

Figure 6. DK~ mass distribution in B — D°K~n* decay [47, 48]; (a): Our suggestion for background and
threshold enhancements, (b): Highlighting the remaining structures, (c): LHCb representation of the data.

the openings of the D°K*~/D~K*° channels and the D**K*~/D*~K*° channels are shown in Fig. 6a.
The remaining signal is highlighted in Fig. 6b. The 35| assignment for the peak at 2.96 GeV seems
to be in good agreement with our expectation from the HO value of 3115 MeV and a mass shift of
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roughly 160 MeV due to meson loops. The signal peaking at about 2.86 GeV could consist of 2, 3 or
4 overlapping resonances. This issue can only be solved with much better statistics and bin sizes that
do not exceed 1.0 MeV. The LHCD solution for the data shown here is depicted in Fig. 6c¢.

2.4 Weak substructure?

This section is devoted to the recently observed (pseudo)scalar, most probably scalar [50, 51], en-
hancement in the 120-135 GeV interval [52, 53] in the light of non-resonant threshold enhancements.

In Ref. [54] the CMS Collaboration collected diphoton events in proton-proton collisions corre-
sponding to integrated luminosities of 5.1 fb~! at a centre-of-mass energy of 7 TeV, and 19.7 fb~! at
8 TeV. The ATLAS Collaboration published similar results [55] based on data samples corresponding
to integrated luminosities of up to 20.7 fb~! at 8 TeV, and 4.6 fb~! at 7 TeV. Those data are collected
in Fig. 7a.

Besides the bump at about 125 GeV, one observes a clear dip in the diphoton invariant-mass
distribution at about 115 GeV. Its signal is rather similar to the threshold dips observed by the BaBar
Collaboration [29] and which are depicted in Fig. 3. Hence, could there exist a threshold at 115 GeV
for particle-antiparticle production? If so, the masses of the particles should be about 57.5 GeV each.

Composite heavy gauge bosons and their spin-zero partners, the latter with a mass in the range
50-60 GeV, were considered long ago [56] and studied in numerous works (see e.g. Refs. [57-62]).
To date, no experimental evidence of their existence has been reported. More recently the interest in
Weak substructure has revived [63-67].

% N érl{‘/ILSA(Srescaled) + 2 +
O 200 + % + ++ ¢
B GMHH. |ll|+|{+ +
P T b e o
¥ a0, Glom T T s T T ke T ids s 150 135 150
M., (GeV) invariant mass (GeV)
(a) (b)

Figure 7. (a): Diphoton signals after background subtraction, published by the CMS Collaboration [54] (e) and
the ATLAS Collaboration [55] (e); (b): Diphoton signals published by the CMS Collaboration [68] (¢) and the
ATLAS Collaboration [55] (e), four-lepton signals published by the CMS Collaboration [69] (x) and the ATLAS
Collaboration [55] (#), invariant-mass distributions for 77 in e*e™ — 77(y) (¢) and uu in ete™ — uu(y) (o)
published by the L3 Collaboration [70].

In Fig. 7b we collect invariant-mass distributions for a variety of two-particle production pro-
cesses, namely diphoton signals after background subtraction published by the CMS [68] and ATLAS
Collaborations [55], four-lepton signals published by the CMS [69] and ATLAS Collaborations [55],
and for 77 in e*e”™ — 77(y) and pu in e*e” — pu(y) published by the L3 Collaboration in Ref. [70].
The data shown in Fig. 7 indeed seem to suggest that the total signal in the 115-133 GeV energy
interval is built up by two different amplitudes, viz. a broad non-resonant signal and a resonance at
about 125 GeV.
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In order to proceed let us assume that a (pseudo-)scalar partner of the Z-boson exists, say a Z(57).
By its quantum numbers we may expect that the Z(57) does not show up in dilepton cross sections,
or at least not as a very clear resonance. But it could be visible in diphoton data. Indeed, a promising
analysis of the L3 Collaboration [71] does show that Z(91) — yZ(57) transitions cannot be excluded
a priori. In their analysis, the L3 Collaboration searched for anomalous Z — yyy events with the L3
detector at LEP and concluded that no significant deviations were observed from the et e™ — yyy
events expected by QED. We do not contest here the conclusion of the L3 Collaboration, since with
a sample of 87 candidate events, against (76.3 + 2.8) events expected from QED processes, one can
hardly expect sufficient resolution and statistics for evidence of the existence of a hard-to-be-detected
pseudoscalar partner of the Z boson. Nevertheless, it is justified to pay here closer attention to the
result obtained by the L3 Collaboration.

In Fig.8a/b we show the L3 data for the three one-photon CM energies for each of the candidate
events. The L3 Collaboration collected the one-photon CM energies as a function of M,/ +/s. Here,
we have converted that information into M,, thereby assuming +/s = M. With a green band we
indicate where we expect the photons from the radiative process Z(91) — yZ(57). We observe that

»
3 il %
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St + 8
£ + 3
g1 E
: !
1)
g o
c [aa]
54 0
a =
= &
K] =
£
o
M, (GeV) invariant diphoton mass (GeV)

Figure 8. (a): Experimental data for the three one-photon CM energies of the candidate Z — yyy events obtained
by the L3 Collaboration [71], assuming +/s = M. The histogram was obtained by the L.3 Collaboration from a
Monte-Carlo simulation for the expected number of events predicted by QED. With the green band we indicate
where we expect photons from the radiative process Z(91) — yZ(57) for the case that Z(57) has a mass of 57.5
GeV. (b): The same data as shown in (a), but now measured events divided by QED expected events. (c, d):
Measured over expected events for diphoton invariant-mass distributions published by the CMS Collaboration
[72], for (c) DIPHOX and (d) RESBOS.

most of the data agree well with the expectation from QED. Nevertheless, be it a coincidence or
not, in the mass region where we expect a signal from Z(91) — yZ(57) events, we observe a small
enhancement. The latter can be better demonstrated by showing the ratio of measured signal over
QED prediction, as also depicted in Fig. 8b. Here one clearly observes a modest enhancement for
exactly the expected Z(57) mass of 57.5 GeV.

In diphoton invariant-mass distributions published by the CMS Collaboration [72], shown in
Fig. 8c for predictions of a DIPHOX data simulator and in Fig. 8d for predictions of RESBOS, one
also observes an excess of three times more observed events than predicted in the 40-60 GeV mass
interval. This could be in agreement with diphotons stemming from the decay process Z(57) — yy.
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We have thus shown here that the described threshold phenomena, observed for mesons, may also
have an application to heavy gauge bosons at high energies, where the weak interactions are in fact
not weak anymore. Confirmation of such effects would indicate compositeness in this sector of the
Standard Model, too. Moreover, it could offer an explanation for the enhancement around 125 GeV
seen by ATLAS and CMS at LHC, as a possible alternative to a generally accepted Higgs-like particle
of such a mass. A consequence of this scenario would be the existence of gauge-boson partners, of
lower mass and with different quantum numbers, being either scalars or pseudoscalars. The LHC and
LEP data we have presented above indeed hint at the existence of such partners, namely a Z(57) at
57.5 GeV. Moreover, there are also indications [73], albeit feeble, of Z-like recurrences, viz. at about
210 and 240 GeV. However, only much improved statistics and resolution can settle the issue of a
possible weak substructure and its manifestation through new heavy bosons.

3 Existence of a superlight scalar boson

In Ref. [74] a variety of indications were presented of the possible existence of a light boson with
a mass of about 38 MeV, henceforth referred to as E£(38). These indications amounted to a series
of low-statistics observations all pointing in the same direction, and one high-statistics observation,
which might be interpreted as the discovery of the E(38).

3.1 Motivation

In Ref. [75] an S O(4,2) conformally symmetric model was proposed for strong interactions at low
energies, based on the observation [76-78] that confinement can be described by an anti-De Sitter
(aDS) background geometry. The possibility of such a strategy had already been studied, almost a
century ago, by H. Weyl [79], who found that the dynamical equations of gauge theories retain their
flat-space-time form when subject to a conformally-flat metrical field instead of the usual Minkowski
background. The unification of electromagnetism and strong interactions can be justified by the very
subtle balance between these forces in the nucleus, where just one neutron more or less can make the
difference between stability or instability.

Confinement of quarks and gluons was in Ref. [75] modelled by the introduction of two scalar
fields, which spontaneously break the S O(4, 2) symmetry down to S O(3,2) and S O(3) ® S O(2) sym-
metry, respectively. Moreover, a symmetric second-order tensor field was defined that serves as the
metric for flat space-time, coupling to electromagnetism. Quarks and gluons, which to lowest order
do not couple to this tensor field, are confined to an aDS universe [80], having a finite radius in the
flat space-time. This way, the model describes quarks and gluons, which oscillate with a universal
frequency — independent of the flavour mass — inside a closed universe, as well as photons, which
freely travel through flat space-time.

The fields in the model of Ref. [75] comprise one real scalar field o and one complex scalar
field A. Their dynamical equations were solved in Ref. [75] for the case that the respective vacuum
expectation values, given by o and Ay, satisfy the relation

lool > 0] . 4

A solution for o of particular interest leads to aDS confinement, via the associated conformally flat
metric given by o7,,. Furthermore, the only quadratic term in the Lagrangian of Ref. [75] is pro-
portional to —022*A. Hence, under the condition of relation (4), one obtains, after choosing vacuum
expectation values, a light o field associated with confinement, and a very heavy complex A field
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associated with electromagnetism. Here, we will study the — supposedly light — mass of the scalar
field that gives rise to confinement.

The conformally symmetric model of Ref. [75] in itself does not easily allow for interactions
between hadrons, as each hadron is described by a closed universe. Therefore, in order to compare
the properties of this model to the actually measured cross sections and branching ratios, the model
has been further simplified, such that only its main property survives, namely its flavour-independent
oscillations. This way the full aDS spectrum is, via light-quark-pair creation, coupled to the channels
of two — or more — hadronic decay products for which scattering amplitudes can be measured, thus
relating observed resonances to the aDS spectrum.

The aDS spectrum reveals itself through the structures observed in hadronic invariant-mass dis-
tributions. However, as we have shown in the past (see Ref. [49] and references therein), there exists
no simple relation between enhancements in the experimental cross sections and the aDS spectrum.
Nevertheless, this was studied in parallel, for mesons, in a coupled-channel model in which quarks are
confined by a flavour-independent harmonic oscillator [15, 16]. Empirically, based on numerous data
on mesonic resonances measured by a large variety of experimental collaborations, it was found [81]
that an aDS oscillation frequency of w = 190 MeV agrees well with the observed results for meson-
meson scattering and meson-pair production in the light [20], heavy-light [22], and heavy [32, 82]
flavour sectors, thus reinforcing the strategy proposed in Ref. [75].

A further ingredient of the model for the description of non-exotic quarkonia, namely the coupling
of quark-antiquark components to real and virtual two-meson decay channels [83] via 3P, quark-pair
creation, gives us a clue about the size of the mass of the o field. For such a coupling it was found
that the average radius ry for light-quark-pair creation in quarkonia can be described by a flavour-
independent mass scale, given by M = %wz,ur(z], where y is the effective reduced quarkonium mass.
In earlier work, the value po = +uwro = 0.56 [15, 16] was used, which results in M = 30 MeV
for the corresponding mass scale. However, the quarkonium spectrum is not very sensitive to the
precise value of the radius 7y, in contrast with the resonance widths. In more recent work [84, 85],
slightly larger transition radii have been applied, corresponding to values around 40 MeV for M.
Nevertheless, values of 30—40 MeV for the flavour-independent mass M do not seem to bear any
relation to an observed quantity for strong interactions. However, in Refs. [74, 86] we have presented
experimental evidence for the possible existence of a quantum with a mass of about 38 MeV, which
in light of its relation to the 3Py mechanism we suppose to mediate quark-pair creation. Moreover,
its scalar properties make it a perfect candidate for the quantum associated with the above-discussed
scalar field for confinement.

3.2 Interference effects

In Ref. [87] notice was made of an apparent interference effect around the D*D* threshold in the
invariant-mass distribution of e*e™ — J/yn*n~ events, which we observed in preliminary radiation
data of the BaBar Collaboration [88]. The effect, with a periodicity of about 74 MeV, could be due
to interference between the typical oscillation frequency of 190 MeV of the cc pair, as in the model
of Refs. [15, 16], and that of the gluon cloud. Later, in Ref. [89], evidence was reported of small
oscillations in electron-positron and proton-antiproton annihilation data, with a periodicity of 76+2
MeV, independent of the beam energy. The latter observations are summarised in Fig. 9.

Amongst the various scenarios to explain the phenomenon presented in Ref. [89], one was rather
intriguing, namely the postulated existence of gluonic oscillations, possibly surface oscillations, with
a frequency of about 38 MeV. These would then, upon interfering with the universal quarkonium
frequency w = 190 MeV [15, 16], lead to the observed oscillations. However, here we will show
that the phenomenon is most likely to be associated with the interquark exchange of a boson with
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Figure 9. Fits to the residual data, after subtraction of global fits to: e*e” — n*n~ data of the CMD-2 Col-
laboration [90], with a period of 78+2 MeV and an amplitude of ~5% (top); pp — J/yn*n~ data of the CDF
Collaboration [91], with a period of 79+5 MeV and an amplitude of about 0.75% (middle); e*e~ — T(2S)n*n~
data of the BaBar Collaboration [31], with a period of 73+3 MeV and an amplitude of some 12.5% (bottom).

a mass of about 38 MeV. Moreover, from the fact that the observed oscillations are more intense for
bottomonium than for light quarks, we assume that the coupling of this light boson to quarks increases
with the quark mass. This seems to correspond well to the scalar particle of the model of Ref. [75],
and to the enigmatic mass parameter related to the P pair-creation mechanism [15].

In Ref. [31], the BaBar Collaboration presented an analysis of data on e*e™ — 7*7~T (l, 23S 1)
— 7t "€ (€ = e and £ = p), with the aim to study hadronic transitions between bb excitations and
the Y (1 3 1) and Y (2 3 1), based on 347.5 fb~! of data taken with the BaBar detector at the PEP-II
storage rings. The selection procedure for the data is well described by BaBar in Refs. [31, 92, 93].

Y(35) — T(15)

100

$ 9 oy

T ™ T
9.3 94 Myus) 95 9.6

ptp” invariant mass (GeV)

0

Ry ¢

-100— —38 MevT

Figure 10. Event distribution of the excess signal taken from Ref. [93], in the invariant-y* ¢~ -mass distribution
for the reaction Y’ (2 39 1) -t T (1 39 1) — 't~ pt . Statistical errors are shown by vertical bars. The shaded
areas (dark, red in online version) are discussed in the text. The vertical line indicates M,+,- = T(135)"

A particularly interesting study, published by the BaBar Collaboration [93], is the asymmetry with
respect to a Gaussian distribution for the reaction e*e™ — Y (2 3§ 1) - ata™ T (1 3S 1) - atnutu.
We depict the result in Fig. 10. We observe that, with respect to the Gaussian distribution, there is
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an excess of data for M+, below the T(l 3S 1) mass, and a deficit of data for M,+,- thereabove.
Moreover, the analysis in Ref. [93] took all known possible origins of asymmetry into account. Con-
sequently, what is left (see Fig. 10) cannot be explained by known physics. Furthermore, it states that
the, here reported, systematic uncertainties due to the differences between data and simulation in the
processes I (1 3 1) -1ttt and T (1 3 1) — u*u~ cancel, at least in part, in their ratio. This implies
that a similar excess is found in the (' (135 ;) — 7"~ decay.

In order to explain the structures in the deficit signal, we must assume that the £(38) can be loosely
bound inside a bb state, giving rise to a kind of hybrid. This was discussed to some detail in Ref. [86].
In Fig. 11, we show the event distribution for the invariant mass AM, which is defined [31] by AM =
Mgy - — M+, where the latter mass is supposed to be the T (1 3 1) mass. Thus, a signal with the

25

events

Figure 11. Possible sign of the 1’ (2 39 1)
hybrid. The vertical line indicates where
MT(Z 350) + 38 MeV comes out, in terms of
AM = My gyt~ — M+, Data are from
Ref. [31].

15

10

| ! |
0.59 0.60 0.61
AM (GeV)

shape of a narrow Breit-Wigner resonance seems to be visible on the slope of the T’ (2 ) 1) resonance,
though with little more than 20" relevance. Nevertheless, by coincidence or not, it comes out exactly
in the expected place, namely at M’Y‘(Z i,) + 38 MeV.

3.3 Diphoton mass distributions

We do not expect the E(38) — yy mode to be very large, since E(38) couples to quarks proportionally
to their masses, as we concluded above in connection with the observed oscillations. Moreover,
diphoton data for the mass interval 10—100 MeV are very rare and usually with low statistics.

=)
S
[}

Figure 12. A modest signal in the yy
400 COMPASS [94] data around 40 MeV.

events/1 MeV

1 0.030 0.040 0.050 0.060
My (GeV)
In Ref. [94], the COMPASS Collaboration studied w and ¢ vector-meson production in pp —

ppw/¢$ data, obtained at the two-stage magnetic COMPASS spectrometer attached to the SPS accel-
erator facility at CERN. For the indentification of the w meson, the 7% was reconstructed from two
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photons. A detail of the thus obtained invariant-mass distribution for yy pairs is shown in Fig. 12, in
which an enhancement at about 40 MeV can be observed.

These data seem to have enough statistics to support the existence of a light boson with mass
around 40 MeV. However, in a more recent version [94] of their work, the COMPASS Collaboration
added the following remark to the figure caption regarding the enhancement in Fig. 15:

“The structures below the n° mass peak are artefacts of low energetic photon reconstruc-
tion due to secondary interactions in the detector material and to cuts in the reconstruc-
tion algorithm. They should not be mistaken for any physical signal.”

Although it may of course be possible to obtain resonance-like structures by artefacts in data
collection, we are convinced this is not the case for the signal in the 40 MeV region, because it
coincides surprisingly well with the other observations reported in Refs. [74, 86].

Furthermore, it is clear that the light boson cannot be an ordinary hadron emerging from a hadronic
vertex, unless at an extremely low rate. Otherwise, it would have been observed long ago. Ordinary
hadronisation in high-energy collisions gives rise to pions, kaons, and other hadrons that are stable
with respect to strong interactions. These are processes in which quark-pair creation and gluonic jets
dominate. But on the other hand, judging from the amount of events in the low-mass enhancement in
the two-photon data, which is about 10% of the number of events in the 7 signal, it does seem to be
produced with a reasonably large rate in the COMPASS experiment. Such a rate indicates that it most
probably is a hadronic particle, though with very peculiar properties that still have to be understood.

Fortunately, the COMPASS Collaboration also presented a Monte-Carlo (MC) simulation of the
data in Ref. [95]. The authors of Ref. [95] gave the following list of mechanisms that may result in
structures in their data.

e Secondary 7° mesons produced in the detector material downstream of the target lead to diphoton
masses which are below the nominal 7° mass when reconstructed assuming a target vertex.

e Material concentrated in detector groups leads to peak-like structures.

e Secondary e*e” pairs from photon conversion in the spectrometer material lead to low-mass struc-
tures.

o Cuts applied in the reconstruction software lead to additional structure in the low-mass range.

Most of those processes occur, of course, in the EM calorimeter ECAL2, because it is further down-
stream than ECALI, and therefore picks up more contamination due to unwanted processes.

These artefacts are reproduced in the MC simulation of Ref. [95] for the reactions under study,
using a complete description of the spectrometer material and employing the same reconstruction
software as for the real data analysis.

3.4 Simulation of diphoton data

In principle, the diphoton invariant-mass distribution below the nominal 7° mass has a structure as
represented by the solid curve in Fig. 13. However, the two electromagnetic calorimeters, ECALI at
about 6 meters from the target and ECAL?2 at about 30 meters downstream, do not accept low-energy
photons. This results in the non-observation of the enhancement at zero invariant diphoton mass.
Hence, at very low masses no events are observed, since they are removed by the trigger system of
the EM calorimeters, as indicated by the removed area in Fig. 13. It has the effect that at low mass a
peak shows up in the data.
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Now, the data selection system does of course also influence the aspect of the data for higher
diphoton masses. It may even result in some structures which resemble resonances. Moreover, sev-
eral physical processes in the experimental setup, not related to the purpose of the experiment, may
result in further structures. In Fig. 14 we depict the MC simulation of Ref. [95]. We find that the

% 1500 MC simulation
E does not explain
S E(38) signal.
~
2
1000
5
Figure 14. Diphoton mass distribution [94] (upper curve)
and Monte-Carlo simulation [95] (lower curve).
5001

0 20 40 60 80 100
M~ (MeV)

experimental data are not at all well described by the MC simulation of Ref. [95]. The discrepancy
between data and simulation at low diphoton masses is rather serious and may indicate differences
between the experimental low-energy cuts and those of the simulation. We observe from Fig. 14 that
for some reason the 7° signal, which in the experimental data sets out at about 50 MeV, is not included
in the simulations [95]. From the discrepancy between the actual 7° tail and its simulation we may
conclude that the spreading in the data may not have been correctly taken into account in the simula-
tion. The latter observation would imply that the small effect of the artefacts in the present simulation
should be even smaller. We may safely conclude that the MC simulation of Ref. [95] does not explain
the signal around 40 MeV [96].
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3.5 High-statistics signal

In Ref. [97], the COMPASS Collaboration carried out a partial-wave analysis of pt~ — pn~n’ in order
to extract the exotic J¢ = 17" 775’ P-wave signal. The analysis consists of various intermediate
steps. The first step is to select 7°7 pairs, possibly stemming from the decay of an 7’-meson. Either
one of the two mesons 7°, 7 or both may decay into pairs of photons. Hence, as a byproduct of
their analysis, the COMPASS Collaboration produced an invariant-mass distribution of photon pairs.
In Fig. 15 we show a detail of the invariant two-photon mass distribution of COMPASS. These data

structure that remains after background subtraction and

0.47 contains about 46000 events.

2 1.2

=
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g 0.8 Figure 15. Top: a clear signal in the yy COMPASS [97]
Z 0.64 data, with maximum at about 39 MeV. Bottom: the E(38)
n

=

@)

>

&)
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seem to have enough statistics to substantiate the existence of a light boson with mass around 40 MeV.

4 Conclusions

With respect to the hadronic sector of the Standard Model, we have shown that high-statistics exper-
iments are necessary for serious data analysis, in particular for the study of threshold enhancements.
Moreover, we have exhibited data that may indicate the existence of a weak substructure.

The question whether there exists a (scalar) boson with a mass of about 38 MeV does not depend
exclusively on the existence of a resonance-like structure in the experimental data of Ref. [97], yet it is
at present the clearest signal we have found in many experiments. Diphoton data for the mass interval
10-100 MeV are very rare and usually with low statistics. Therefore, it is very important that the
present issue be settled, which requires a profound understanding of all possible sources of artefacts.
In this respect, we welcome the efforts of our colleagues at JINR (Dubna), who are reportedly finishing
the analysis of their E(38) signal [98].

With this latest piece of evidence of E(38), we conclude that it is now necessary to establish
its mass and other properties by further experiments. We think that £(38) is the light scalar Higgs-
type boson which was proposed in a model describing the unification of electromagnetic and strong
interactions [75]. Finally, as E(38) appears to couple to quarks proportionally to their masses, its
coupling to the top quark is expected to be quite strong.
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