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ABSTRACT: In many strongly-interacting models of electroweak symmetry breaking the
lowest-lying observable particle is a pseudo-Goldstone boson of approximate scale symme-
try, the pseudo-dilaton. Its interactions with Standard Model particles can be described
using a low-energy effective nonlinear chiral Lagrangian supplemented by terms that restore
approximate scale symmetry, yielding couplings of the pseudo-dilaton that differ from those
of a Standard Model Higgs boson by fixed factors. We review the experimental constraints
on such a pseudo-dilaton in light of new data from the LHC and elsewhere. The effec-
tive nonlinear chiral Lagrangian has Skyrmion solutions that may be identified with the
‘electroweak baryons’ of the underlying strongly-interacting theory, whose nature may be
revealed by the properties of the Skyrmions. We discuss the finite-temperature electroweak
phase transition in the low-energy effective theory, finding that the possibility of a first-
order electroweak phase transition is resurrected. We discuss the evolution of the Universe
during this transition and derive an order-of-magnitude lower limit on the abundance of
electroweak baryons in the absence of a cosmological asymmetry, which suggests that such
an asymmetry would be necessary if the electroweak baryons are to provide the cosmolog-
ical density of dark matter. We revisit estimates of the corresponding spin-independent
dark matter scattering cross section, with a view to direct detection experiments.
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1 Introduction

The LHC has demonstrated the need for new physics in the electroweak symmetry-breaking
sector.

A couple of inverse femtobarns of data recorded by each of CMS and ATLAS have
sufficed to exclude a Standard Model Higgs boson at the 90% CL or more between ~ 130
and ~ 500GeV [1-3]. As is well known, if my > 500 GeV, the electroweak symmetry-
breaking sector becomes strongly-interacting at an energy scale < 1TeV [4-7], implying
the emergence of new physics before that energy, which would also be required for compat-
ibility with precision electroweak data [8, 9]. As is also well known, if my < 130 GeV, the
electroweak vacuum of the Standard Model is destabilized by loop corrections due to the
top quark [10-12]. It might be argued that one could live with an electroweak vacuum that
is metastable on a cosmological time scale, but most people might feel that this instability
should be countered by the intervention of new physics, though its energy scale is rather



uncertain. One way to stabilize the electroweak vacuum in the light Higgs case is low-
energy supersymmetry [13], though other mechanisms are possible. In addition to these
low- and high-mass Standard Model Higgs cases, however, the LHC data are compatible
with a third option for new physics, namely the appearance of a scalar Higgs-like state
with suppressed couplings to Standard Model particles [14-20].!

This paper is devoted to studying possible new physics in one generic scenario for such
a third way, namely new, nearly conformal strong dynamics with a (relatively) light pseudo-
dilaton that has (many) couplings proportional to those of a Standard Model Higgs boson,
but potentially suppressed by some unknown factor, as occurs in several scenarios [14-20].2
It is interesting to note that the most (~ 1.60) significant fluctuation in the ATLAS/CMS
Higgs combination is at mpy ~ 146 GeV with a suppressed strength ~ half the expected
signal in the Standard Model [1-3]. Such a ‘less-Higgs’ scenario is not renormalizable, and
requires some model-dependent ultra-violet completion and hence new physics at the TeV
scale. Our aim is to explore how much can be said about such a scenario without reliance
on a specific model, and what information low-energy physics might be able to provide
about this unknown ultraviolet completion.

A general framework for describing such a scenario is provide by nonlinear phenomeno-
logical Lagrangians. These were introduced in the 1960s to describe the low-energy inter-
actions of pions [25-27], and their extension to include the pseudo-dilaton of approximate
scale invariance of the strong interactions was developed shortly thereafter [28, 29]. A
decade later, the nonlinear chiral Lagrangian formalism was adapted to describe Higgsless
models of electroweak symmetry breaking [30]. This formalism has attracted renewed at-
tention within the last decade, particularly in the framework of strongly-interacting models
of electroweak symmetry breaking [31, 32]. Many of these feature a parametrically light
pseudo-Goldstone boson of approximate scale invariance of the new high-scale strong in-
teractions [33-41]. The use of a phenomenological Lagrangian to describe the interactions
and other properties of such an electroweak pseudo-dilaton [15, 16] could be justified more
readily than was ever the case for its conjectural counterpart in the conventional strong
interactions, for which parametrical lightness could not be demonstrated and no convincing
experimental candidate was ever found.

That said, the use of a phenomenological Lagrangian for approximate scale invari-
ance of the strong interactions provided some useful insights, including the likelihood that
the pseudo-dilaton would decay rapidly into pions, making it difficult to identify [29, 42],
and the discovery of the canonical trace anomaly [43-45] that foreshadowed that of QCD
and was the forerunner of later calculations of the Higgs decay rates into 4y and gluon
pairs [46]. Some twenty years ago, we also used the phenomenological Lagrangian for
approximate scale invariance to gain insight into the transition between quark-gluon and
hadronic descriptions of QCD [47, 48|, arguing that the chiral transition might be first
order and using the Skyrme description [49, 50] of baryons as chiral solitons to argue that
this transition should be identified with deconfinement.

LOr even, Heaven forfend, the absence of any Higgs-like state at all, an even more exciting scenario for
new physics.

20ther scenarios are frequently considered, for example that the Higgs boson is a composite Nambu-
Goldstone boson arising from the spontaneous breakdown of some higher-order chiral symmetry [21-24].



In this paper, we recycle this approach to explore the phenomenology of scenarios with
an electroweak pseudo-dilaton in generic approximately scale-invariant strongly-interacting
models of electroweak symmetry breaking. Quite generally, the effective nonlinear phe-
nomenological electroweak Lagrangian has Skyrmion solutions [49, 50], which may be in-
terpreted as ‘electroweak baryons’, whose possible properties we discuss below. These
properties could cast light on the new, high-scale strong dynamics, much as the quantum
numbers of conventional baryons and the rate for 70 — 2+ decay provided advance evidence
for the colour degree of freedom in QCD. We also use the phenomenological Lagrangian
for approximate scale invariance to gain insight into the nature of the finite-temperature
electroweak phase transition in such a theory,? which corresponds to ‘pseudo-confinement’.
We argue that this transition is likely to be first-order with substantial supercooling and
subsequent percolation of bubbles of the true electroweak vacuum. Finally, exploiting this
discussion of the electroweak phase transition, we revisit estimates of the possible cos-
mological relic abundance of such electroweak Skyrmion ‘electroweak baryons’ [53], and
discuss their possible suitability as dark matter candidates [54]. We also revisit estimates
of the spin-independent cross section for electroweak baryon scattering on conventional
matter [55], with a view to direct dark matter detection experiments.

2 The nonlinear effective electroweak and dilaton Lagrangian

As is well known, the tree-level couplings of the Higgs boson of the minimal Standard Model
to quarks and leptons (the bosons WTW~ and Z°Z°) are directly proportional to their
masses (squared), as would be the case for a dilaton, the conjectural Goldstone boson of
spontaneously-broken scale invariance. In fact, the scale invariance of the Standard Model
is broken explicitly by the coefficient of the quadratic term in the effective potential of the
Standard Model, as well as by loop effects. The Higgs sector of the Standard Model is
actually identical with the SU(2) linear o model [56], which was used as a prototype for
spontaneous chiral symmetry breaking in what was subsequently discovered to be QCD.*

However, the linear o model is not the most general phenomenological low-energy La-
grangian for spontaneously-broken chiral symmetry, a role that is played by a non-linear
chiral Lagrangian [25-27], in which there is no candidate for a dilaton and scale invariance
is broken explicitly by the pion decay constant, f.. However, approximate scale invari-
ance can be introduced into the non-linear chiral Lagrangian by introducing a dilaton x
whose v.e.v. V breaks scale invariance spontaneously [28, 29]. The resulting non-linear
Lagrangian is equivalent to the linear o model if f; = V', but this is not the case in general,
and the non-linear model provides a natural one-parameter generalization of the linear one,
albeit a generalization that is non-renormalizable if f # V.

In a similar way, one may replace the Higgs sector of the Standard Model by a non-
linear Lagrangian for the Goldstone bosons that are eaten by the W* and Z°, in which

3For a more complete discussion of more specific scenarios, see [51, 52].

4Just as the approximate chiral symmetry of the strong interactions was a first clue that they might be
described by a vector-gluon (gauge) theory [57], this analogy makes it tempting to conclude that the new,
high-scale strong dynamics should also be based on a gauge theory.



the role of f is taken by the electroweak scale v = 246 GeV but there is no scalar Higgs
boson [30]. As in the case of the chiral Lagrangian, scale invariance may be (approximately)
restored by introducing an electroweak (pseudo-)dilaton field y [15-20].° As we review
below, at the tree level the dilaton couplings to Standard Model particles are similar to
those of a conventional Higgs boson, but rescaled by a factor v/V. Explicit scale invariance
breaking cannot be avoided, due to breaking by loop effects, but can be parametrized
simply if this breaking is small, as might be the case in models with small breaking of
scale symmetry such as walking technicolour.® The resulting non-linear phenomenological
Lagrangian provides a minimal generalization of the Standard Model Higgs sector within
which, e.g., the results of searches for the Higgs boson may be interpreted more broadly.

For nonlinear realization of conformal symmetry, in the limit of small explicit breaking,
the nonlinear SU(2) x SU(2) — SU(2) effective Lagrangian for the electroweak Goldstone
bosons and the pseudo-dilaton may be written in the form

2
L = UZ(DHU)(D“UT) (%)2 + %auxaﬂx
—V(x) = Xymy(frfrRU + h.c.) (%) +..., (2.1)

where v = 246 GeV has the same value as the conventional Higgs v.e.v., U is a 2 x 2 unitary
matrix: UUT = 1 that can be parametrized by 3 real degrees of freedom 7;, which can be
identified with the Goldstone bosons ‘eaten’ by the W+ and Z° bosons, D,, is the conven-
tional electroweak covariant derivative, x is the dilaton field and V is its v.e.v. The f are
Standard Model fermions (quarks and leptons), and the dots indicate higher-order terms in
the effective Lagrangian, some of which we discuss in the following. It is apparent from (2.1)
that the couplings of the pseudo-dilaton to gauge bosons and Standard Model fermions are
related to those of the Standard Model Higgs boson by a simple multiplicative factor v/V.
There are, as well, a mass term and self-couplings for the dilaton y, encoded in the
effective potential V(x). These are induced by renormalization and any other (small)
explicit breaking of conformal invariance in the underlying dynamics that gives rise to the
effective theory described by (2.1). Small explicit breaking may arise via unsuppressed
operators that are almost marginal, or via operators that are far from marginality, but
which enter the dynamics with small coefficients. We analyze each of these cases below.

2.1 Minimal violation of conformal symmetry

In the case where the operator O generating explicit breaking of the conformal invariance
is almost marginal (ie. when the dimension Ap of O satisfies |[Ap — 4| < 1), then V() is
calculable to leading order in |[Ap — 4]

1

V00 = B! [V - g (2:2)

5The previous work whose spirit is most similar to ours is that of [15, 16], and we comment in a couple
of places on specific aspects of [17-20].

bIn the case of QCD, scale invariance is broken strongly by the trace anomaly associated with renormal-
ization.



The logarithmic form of the dilaton effective potential is related to the trace anomaly found
in [58-61], and the coefficient B is related to the pseudo-dilaton mass:

m? = 4BV?. (2.3)

2.2 Non-zero anomalous dimensions

In the case where the dilaton effective potential is induced by an operator in the electroweak
symmetry-breaking sector which has a non-zero anomalous dimension -, the effective po-
tential in (2.2) acquires corrections that are O(7) [15, 16]. Even if the anomalous dimension
~ were not small, conformal symmetry would be approximate if the coefficient of the anoma-
lous potential term were small, corresponding to a light pseudo-dilaton, in which case the
effective potential would take the form [41]:

V(x) = ”;;X; Lli,y () - ﬂ +0 <<?}2>2> . (2.4)

Defining ¥ = x — V and expanding (2.4) around V', we find the following expressions for

the trilinear and quadrilinear y self-couplings:

2

m
g3x:(5+7+--~)7a (2.5)
m2
g1z = (L1 +67++2+...) (2.6)

Ve
Even in the case of violation of conformal symmetry by (almost) marginal operators with
v — 0, discussed above, these couplings differ from those in the Standard Model by sig-
nificant factors that are in principle measurable in future experiments, such as the high-
luminosity LHC [62] or CLIC [63].

Moreover, pseudo-dilaton/Higgs proportionality would also be violated if there are
additional ff couplings with non-zero anomalous dimensions 7f,» which would be propor-
tional to (x/V)™7, as considered in [17-20]. In the absence of a theory of flavour, it is not
apparent why such couplings should be flavour-diagonal in the same basis as the Yukawa
couplings giving rise to the fermion masses my. On the other hand, any such couplings are
constrained by upper limits on flavour-changing neutral interactions, so we assume here
that they are negligible.

2.3 Anomalous loop-induced couplings

Another possible deviation from the v/V proportionality rule concerns pseudo-dilaton cou-
plings to massless gauge bosons G, namely gluons g and photons 7. As is well known, the
corresponding Standard Model Higgs couplings are generated by anomalous fermion trian-
gle diagrams (and related diagrams for bosons) that vanish when they have small masses
compared to mpy [46], and are suppressed by the universal v/V factor in the pseudo-

dilaton case:
Qg Qem, X
O GG+ 2 ] (X). >
Laa oy GG + S 1 v (2.7)



However, any additional charged or coloured states that might appear in a strongly-
interacting dynamical theory underlying the pseudo-dilaton and the electroweak Goldstone
bosons would alter the anomaly coefficients b ¢, [15, 16], leading to an enhancement in the
case of the pseudo-dilaton-gg coupling, or likely a suppression in the case of the pseudo-
dilaton-yy coupling, due to a partial cancellation with the Standard Model W+ W~ loops.”

The coefficient bg in (2.7) is normalized so that in the limit my < m; the one-loop con-
tribution from the top quark — 2/3 in the Standard Model, and this a good approximation
for mg/, < my. The CMS and ATLAS upper limits [1-3] on the production of a Standard
Model-like Higgs boson relative to the Standard Model prediction with the conventional
three generations can be rephrased as an upper limit on v/V, and hence a lower limit on V'
as a function of the dilaton mass m, as indicated by the solid red line in figure 1, where we
see that the LHC already imposes the limit V' 2 400 GeV in some ranges of m. We recall
that the most significant fluctuation in the ATLAS/CMS combination is a 1.60 fluctuation
at mpg ~ 146 GeV, with a strength ~ 1/2 that expected in the Standard Model [1-3].

Any additional heavy quark would also contribute Abs = 2/3, so that a fourth-
generation doublet would approximately triple the value of by and hence multiply the
cross section for gg — H or x by a factor of about 9. However, this enhancement would be
reduced for m; < mpy/, < 1000 GeV, since the top quark contribution yields a contribution
to |bs| > 2/3 for this range of mH/X.8 On the other hand, since by — 0 as my/mg/, — 0,
the top quark contribution to bs will decrease to |bs| < 2/3 for mp/, > my so that if
my < mpy S 1000 GeV the enhancement factor due to a fourth generation could exceed
9, depending on the masses of the fourth-generation quarks. The searches for a Standard
Model-like Higgs boson at the LHC has already excluded a naive four-generation extension
of the Standard Model over a large range of Higgs masses [1-3|. However, a four-generation
scenario could be revived in a pseudo-dilaton theory, since the potential enhancement in
o(gg — H) could be compensated by the universal (v/V)? factor in the production rate.
Figure 1 displays as a dashed blue line the 95% CL lower limit on V obtained from the
CMS and ATLAS upper limits on a four-generation extension of the Standard Model given
in [1-3]. For any given value of the dilaton mass m, we use the more sensitive of the
ATLAS and CMS limits: this is provided by CMS for m < 400 GeV and by ATLAS for
m > 400 GeV. We see that in the four-generation case the LHC already imposes the limit
V' 2 800 GeV in some ranges of m, and approaches 1 TeV for m ~ 220 GeV.

The coefficient be,,, in (2.7) takes the following value in the Standard Model:

4
bem = —2Q%— 1T, 2.8

in the limit of small my,,” where the first term in (2.8) includes a sum over all heavy
fermions, with the quark contributions acquiring a colour counting factor of 3, the second

"Specific contributions to these coefficients arise from techniquarks in the scenario of ref. [17-20].
8We recall that the imaginary part of bs # 0 for My > 2my.
For the generalization to non-zero My, see [64].
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Figure 1. Lower limits on the pseudo-dilaton v.e.v. V as functions of the its mass m, as obtained
from an illustrative combination of the 95% ATLAS and CMS upper limits on a Standard Model-like
Higgs boson relative to the Standard Model with three generations (solid red line), and as obtained
from the more sensitive of the ATLAS and CMS limits on the Standard Model with four generations
(dashed blue line) [1-3]. Also shown, as a green dash-dotted line, is the lower limit on V as a function
of m provided by precision electroweak data, estimated using (2.10) and the results of [9].

term in (2.8) is due to the W* ' and we note that the fermion and W¥ contributions
have opposite signs. The terms in (2.8) are enhanced in the neighbourhoods of the thresh-
olds where mpy/, ~ 2my¢, 2myy, respectively, and decrease for larger mpy/,. As a result,
['(H/x — ~v) is strongly suppressed for mp/, ~ 2m;. The effect of additional fermions
would be to decrease the magnitude of bey, for small mp,, but the magnitude might be
increased for larger masses, depending on the heavier quark masses. Hence the interpreta-
tion of the appearance (or absence) of a v signal would be ambiguous in a pseudo-dilaton

10The validity of this calculation has recently been questioned in two papers [65, 66] in which the unitary
gauge was used to arrive at a different result. We recall that individual unitary-gauge Feynman diagrams
are quartically divergent, so that great care must be taken to obtain the correct finite result. The relation
of unitary-gauge and Re¢-gauge calculations was discussed in [67], where it was pointed out that U-gauge
integrals are formally equal to those in the R¢ gauge in the limit £ — 0, but that this equivalence is valid
only if the limit is taken after integration over the Feynman parameters. It is known that, if sufficient
care is not taken with the order of limits or in the definitions of loop momenta, the U gauge may yield
incorrect finite results. We also note that, in general, regularization is necessary even in calculations such
as this that yield a finite result, and that neglecting regularization may yield an incorrect finite result.
The result (2.8) has been verified in many independent calculations. Therefore, we do not regard the
calculation of [65, 66] as evidence of a problem with dimensional regularization, which has given many
correct results in all sectors of the Standard Model. The papers [65, 66] also contain incorrect remarks
about the decoupling theorem and the trace anomaly. For recent refutations of the conclusions of [65, 66],
see [68-72], where issues in the treatment of divergent integrals of the Goldstone (longitudinal W*) modes
and decoupling are discussed. J.E. thanks Sasha Belyaev, David Broadhurst, Mary K. Gaillard, Dimitri
Nanopoulos and Douglas Ross for discussions on these points.



theory. On the other hand, the search for a ~7 signal is currently not important for
My 2 130 GeV, the range displayed in figure 1, and we do not discuss it further here.

Finally, note that because any extra heavy (as yet undiscovered) coloured fermions,
such as new fourth-generation quarks, or coloured states in the ultraviolet completion of
the electroweak symmetry breaking sector, could produce an enhancement in o(gg — H)
that might compensate the universal (v/V)? suppression of the production rate, the ob-
servation of an H/x state at a rate consistent with that of H production in the Standard
Model would not, by itself, prove that such a state was the Standard Model H, rather
than a y. Furthermore, since the couplings of both the H and x to massive final states
(which dominate the decay width) are proportional to mass, the measurement of the rel-
ative branching ratios to massive final states would not resolve this ambiguity. However,
this ambiguity could be resolved in two ways.

One is by a measurement of the decay width of the state. Since in both cases the
dominant contributions to the decay width are massive states, and the only difference in
the x couplings to the massive states, as opposed to an H, is the universal suppression by
v/V, the decay width of a x will, to good approximation, be the same as the Standard
Model decay width of an H of the same mass, but reduced by a factor (v/V)?. So, if the
resonance observed is at a mass at which the Standard Model predicts an observable decay
width, measurement of the decay width at its predicted value would be evidence that the
state was indeed a Standard Model Higgs. Conversely, if the decay width is measured to
be smaller than the Standard Model prediction (or appears unmeasurably small) then one
will have established that the state is not a Standard Model Higgs. Further, if the state is a
pseudo-Dilaton x, and the decay width can be measured, that measurement will determine
the ratio v/V. For H/x states of moderately large masses , one of the dominant decay
modes is to a Z°Z0 final state, and the decay chain H/y — Z°Z° — ¢+¢=¢*¢~ provides a
powerful technique for the measurement of the decay width, and hence the identification
of the state as an H or a .

A second way to resolve the H/x is by disentangling the gg fusion production mecha-
nism from others, such as W*W~ fusion and/or production in association with a W+, Z°
or tt pair. In each of these cases, the production cross section is suppressed by the same
factor (v/V)2. This approach to H/x discrimination would work better for a lighter state,
whereas measuring the total decay width is easier for a more massive state.

2.4 Precision electroweak data

Before leaving this section, we discuss briefly the potential impact of the constraints im-
posed by precision electroweak data via determinations of the S and T vacuum polarization
parameters [73, 74]. The contributions of pseudo-dilaton loops are proportional to those
from a conventional Higgs boson, but scaled by factors (v/V)%:

AS(x) = (%)2 éln (Z;) T (2.9)
AT(x) = — (%)2 mm?(’)segv <:g> . (2.10)



where the dots denote terms that do not depend logarithmically on the dilaton mass. Stan-
dard Model fits to the precision electroweak data are compatible with a Higgs mass ~ m,
and hence a negligible contribution to S and 7' from the electroweak symmetry-breaking
sector. The potential suppressions of the dilaton contributions by factors (v/V)? open the
possibility that even a relatively heavy dilaton could be compatible with the precision elec-
troweak data. Specifically, figure 10 of [9] shows that the pseudo-dilaton contributions to S
and T (2.10) would lie within the present experimental upper bounds even for m ~ 1TeV,
if (v/V)? ~ 1/10. We display in figure 1 as a green dash-dotted line the lower limit on V'
as a function of m obtained using the forms (2.10) of the loop corrections and the analysis
of [9] that found mpy < 169 GeV at the 95% CL in the Standard Model, i.e., when V = v,
assuming three generations. We see that this gives a lower bound on V' that is weaker than
the direct Higgs searches in the three-generation case (red line) over much of the range
displayed. However, the limit from precision electroweak data is stronger than that from
the direct Higgs searches in at large m, and is competitive in an intermediate range of m.!!

Nevertheless, a full discussion of the precision electroweak constraints requires a bet-
ter understanding of the other contributions to S and 7" in a strongly-interacting theory,
which are quite model-dependent. For example, a massive p-like vector resonance with
self-coupling gpeabcaupﬁpz,oi would contribute [76-79]

4

AS(p) = (2.11)
p

and other contributions are to be expected in any specific model. Therefore, it may be pre-
mature to conclude that the precision electroweak excludes any region of the pseudo-dilaton
parameter space at the present level of understanding.

3 Electroweak baryons

If the searches for a Higgs boson do indeed discover a pseudo-dilaton, particle physics will
be in a situation reminiscent of, but rather different from, that of strong-interaction physics
in the 1960s. The similarity is that one has an effective low-energy theory but is ignorant
of its ultraviolet completion and short-distance structure. In the 1960s, the approximate
chiral symmetry of the low-energy effective theory motivated the suggestion that the un-
derlying theory might be a gauge theory, and supplementary information, such as the rate
for 7% — 4+ decay and the success of the quark model in describing baryons, in particular,
suggested that the gauge group should be the SU(3) of colour, i.e., QCD. In the present
case, we have less information. We have an effective low-energy Lagrangian, its chiral
symmetry suggests that the underlying theory is a gauge theory, and the LHC is providing
constraints on the pseudo-dilaton couplings. However, we currently have no analogue of
the phenomenological success of the quark model to guide us towards the nature of the
dynamics of any underlying theory.

1We do not discuss here the evaluation of the precision electroweak limit in the four-generation case, as
it requires some supplementary hypotheses on the spectrum of fourth-generation quarks and leptons.



However, as we discuss below, relevant experimental information may be provided by
‘electroweak pseudo-baryons’, which arise as Skyrmion solutions of the nonlinear effective
electroweak Lagrangian. Their existence is ‘inevitable’ but their properties are model-
dependent, and discovering any such states and measuring their properties would provide
valuable insights into the underlying theory.'?

It is well known that the nonlinear SU(3) x SU(3) — SU(3) and SU(2) x SU(2)
— SU(2) chiral Lagrangians of QCD have topological soliton solutions [49, 50, 81] called
Skyrmions, as long as there is a higher-order ‘Skyrme term’:

Ls = éTr[(DMU)UT, (D, U)UT. (3.1)

These solitons appear because m3(SU(2)) = Z, and have integer baryon number

1
B =
2472

/ e Tr (U0,U) (U 0;U) (U o,U)] (3.2)

In the case of the nonlinear SU(3) x SU(3) — SU(3) theory the effective Lagrangian con-
tains a Wess-Zumino term NT', where N is an integer, and the lowest-lying B = 1 baryon
is a fermion (boson) with I = J =1/2 (I = J = 0) if N is odd (even). If the underlying
strongly-interacting theory is a non-Abelian SU(N) gauge theory, N is identified with the
number of colours, and in QCD the B = 1 baryon is necessarily a fermion because N = 3.
In the case of the nonlinear SU(2) x SU(2) — SU(2) theory, there is no Wess-Zumino
term, and the B = 1 baryon is not necessarily a fermion. Nevertheless, the topology
accommodates this possibility, since m4(SU(2)) = Zg [81].

The above discussion can be taken over intact to the case of the scale-invariant elec-
troweak x SU(2) — SU(2) chiral Lagrangian. The only difference is the appearance of a
dilaton-dependent factor in the leading-order term in the chiral Lagrangian (but not the
Skyrme term (3.1)), which does not affect the topological properties of the theory. Indeed,
a B =1 Skyrmion solution of the field equations for the dilaton-dependent SU(3) x SU(3)
— SU(3) chiral QCD Lagrangian has been exhibited in [82], with the same qualitative
features as in the dilaton-free theory. We therefore conclude that the (approximately)
scale-invariant nonlinear electroweak Lagrangian possesses Skyrmion solutions with non-
zero electroweak pseudo-baryon number B # 0, which may be either baryons or fermions,
depending on the nature of the underlying strongly-interacting theory.

As pointed out in [81], there are other exotic possibilities for the electroweak baryon
quantum number, which should also be considered in the absence of information about the
ultraviolet completion of the effective nonlinear Lagrangian. For example, if the underlying
strongly-interacting theory is based on an SO(N) gauge theory, no distinction is possible
between baryons and antibaryons, i.e., B is a Zo quantum number. In this case, baryons are
produced in pairs and two baryons may annihilate into N mesons. Another, more exotic
possibility arises if the underlying gauge theory is of Sp(N) type. In this case there are no
stable baryons at all, and any wannabe baryon could decay directly into N mesons.

2For related studies in ‘Little Higgs’ models, see [80].

,10,



It has been suggested recently that the ultraviolet completion of the electroweak
symmetry-breaking sector of the Standard Model might be via classical field configura-
tions, dubbed ‘classicalons’ [83, 84]. In the case of QCD, the ultraviolet completion of the
low-energy chiral theory involves an infinite series of resonant states, most of which are
unstable against hadronic decays. The only states that are stable against hadronic decays
are the lowest-lying baryons. From the point of view of this discussion, that is because
they are the lowest states in a non-trivial topological sector. Indeed, in QCD these are the
only known non-trivial semi-classical field configurations. However, they do not play an
important role in unitarizing 77 scattering. As discussed above, though, they do encode
key features of the underlying theory. In a similar way, the Skyrmions of the electroweak
theory may encode important aspects of the dynamic underlying electroweak symmetry
breaking that is not determined by the effective low-energy Lagrangian alone. However,
they would not provide a realization of the ‘classicalon’ suggestion.

4 The electroweak phase transition

We now discuss the behaviour of the pseudo-dilaton theory at finite temperature, 7', focus-
ing in particular on the electroweak phase transition in this model.'® To this end, we first
discuss the T" dependences of its three parameters with non-zero mass dimensions, namely
v,V and m, whose leading corrections are in general of the forms O(T2/v?, T?/V?).

4.1 Finite-temperature corrections

Since v appears in the nonlinear electroweak Lagrangian in the same way as f; in the
much-studied nonlinear pion Lagrangian of QCD, the leading v-dependent temperature
corrections to v itself are known from studies of that theory [85, 86]:

o(T,v) = v X [1—/2\;TU§+O<§>}, (4.1)

where N is the number of electroweak ‘pseudo-flavours’. In the minimal realization of
the Standard Model with an SU(2) x SU(2) — SU(2) structure, N’ = 2, but one could
imagine embedding the theory in a larger structure with more ‘pseudo-pions’, in which
case N’ > 2. In QCD, the leading T'/v-dependent corrections to (0|gg|0) have also been
calculated, and are of the form [1 — (NV? — 1)T?/(12Nv?) + O(T*/v*)] [85, 86]. Numerical
evaluations suggest that v(7',v) and (0|gq|0) do not vanish for T < 2v, but the T'/v expan-
sion is in principle valid only in the limit 7" < v, so this conclusion should be taken with
a pinch of salt. Moreover, since the kinetic term for the Goldstone bosons in the nonlinear
effective electroweak Lagrangian also has a factor y?/V?2, there is also a finite-temperature
correction to v that are oc T2/(12V2). The leading contributions to the finite-temperature
dilaton effective potential are also well known:

SV(T, ) = %,f {m("j) + ;] T2 4 ..., (4.2)

where the dots indicate terms that are of higher order in T'/V'.

13For an early study of technicolour cosmology, see [53], and for a more recent discussion see [51, 52]. For
a more closely related recent discussion of cosmology in a nearly conformal model, see [87, 88].
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4.2 Critical temperature

The finite-temperature correction (4.2) does not alter the fact that the minimum of the
effective potential is at (x) # 0. However, the preferred finite-temperature vacuum is found
by minimizing the free energy

F = -P+V(x)+ (T, x), (4.3)
where
P— (No+n ”—2T4 (4.4)
— BT ) 90 '

for Ng massless bosons and Nr massless fermions, and hereafter we denote N' = N +
%N . The finite-temperature electroweak phase transition is driven by the difference be-
tween (4.4) in the high-temperature vacuum with (x) = 0 and the low-temperature vacuum
with (x) = V.

The contributions of the Standard Model particles are the same in both states: the dif-
ference arises from the numbers of degrees of freedom in the electroweak symmetry-breaking
sector above and below the transition temperature. In the low-temperature theory, this is
simply Np = 4 for the pseudo-dilaton and the longitudinal polarization states of the W=+
and ZY. If the high-energy theory were a parity-conserving SU(N) gauge theory with Ny
multiplets of fermions in the fundamental representation, it would contribute

7
AN = 2(N? —1)+ 5 (N X Ny). (4.5)
If this theory were to be approximately conformal, one would have Ny = O(11N/2), and
hence
85

Substituting into (4.4), it is clear that, for any plausible A, the difference between the
pressures in the symmetric and broken phases is

2
AP = AN;LO T4 ~ Offew) 72 T, (4.7)

This is a useful order of magnitude to keep in mind in the following discussion - the exact
numerical coefficient does not play an essential role.
The critical temperature, T, is calculated by equating F' in the symmetric and broken
phases:
AP = —V(xr) — V(T,xr), (4.8)

where xr denotes the value of x in the broken phase at finite-temperature. Neglecting
SV(T, ), so that xr ~ V, and using V = —(B/4)V* at the minimum in the broken phase
and recalling that m? = 4BV?, one has

T = (’)(2\1/7?>\/m7‘/+ ~ 0.28vVmV. (4.9)
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At this temperature, dV(T,,V) ~ —m?2T?/12 and, using the approximation (4.9) for T,
we see that [0V(T,, V)| = O(m?V) < |[V(V)|, implying that the estimate (4.9) is valid to
leading order in m/V and that in the same approximation xr, = V.

We infer that the electroweak phase transition is likely to have been first-order, at
least in the limit of small dilaton mass m, as might have been expected from the ‘Coleman-
Weinberg’ form of the effective dilaton potential V(x) (see also [87, 88]).1

4.3 Tunnelling and supercooling

Since the phase transition is first-order, it will have proceeded by tunnelling, and it is
to be expected that the early Universe supercooled to some extent before completing the
transition. The rate for tunnelling between two vacua whose energy densities differ by AV is

27 S}
2 (AV)3 )’

I' ~ A xexp (— (4.10)

where one expects A ~ V' and the bounce action Sy is given in the thin-wall approximation
by
\%4
So (thin — wall) = / V2Vdy = aVBV3. (4.11)
0

Integrating naively the logarithmic potential (2.1) would yield o = 0.37+/2, but this poten-
tial is not accurate close to the origin at finite temperatures. If instead one integrates (4.11)
from V/2 to V and doubles the result, one finds o ~ 0.261/2: for numerical estimates we

estimate a ~ 0.4. The condition for completing the transition is I'/H ~ 1, where H is the
Hubble expansion rate. This condition would be satisfied if there was a temperature " < T:

| 3\ 2 mp 2772 atB?V12 (4.12)
“\\a2rB % 2 (ANT2/30)3(TF — T1H)3’ ‘

where AN here is the difference between the numbers of light particles before and after

tunnelling, which we estimate to be AN = O(100) as discussed previously, and we have
used the Hubble parameter corresponding to the vacuum energy density. It is easy to see
that the condition (4.12) cannot be satisfied for representative values of m/V ~ 1/10 —1
corresponding to B ~ 1/400—1/4, if we use the thin-wall approximation (4.11) to evaluate
the tunnelling rate (4.10). Using the high-temperature form (167/3)(S3/(AV)?) for the
bounce action yields the same conclusion, so we infer that the transition must occur at some
temperature T' < T, where the barrier is very low and the thin-wall approximation (4.11)
is inapplicable [87, 88].1

Therefore, we explore the possibility that the supercooled transition takes place at a
nucleation temperature T,, = €T, < T, to a ‘small’ value y. < V of the dilaton field where

B 4
V(xe) ~ —NT = —N Tt = 7647‘/, (4.13)

14 A priori, this re-opens the possibility of electroweak baryogenesis, a possibility excluded in the Standard
Model by the LEP lower limit on mp. However, realizing this option in practice would require additional
CP violation beyond the Kobayashi-Maskawa phase, an issue beyond the scope of this work.

5For similar conclusions in analogous models see [90, 91].
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Figure 2. The ratio of the nucleation temperature T, relative to the critical temperature 7.,
e = T,/T., and the ratio of the corresponding value of x at nucleation, x. = x(7},), to the zero-
temperature v.e.v. of the pseudo-dilaton field V' = (0|x|0), as functions of the ratio of the dilaton
mass m to the zero-temperature v.e.v. of x, V.

which reduces to solving the condition

() w1 -5 o

Corresponding to X, one may estimate a. = [V 2Vdx/(v/BV?), and then solve the
I'/H ~ 1 consistency condition, which may be cast in the form

864m2a 17314
c - [1_ (Bln((3/27rB)1/2mp/V)) ] ' (4.15)

Using this procedure, for B ~ 1/400, corresponding to m/V = 1/10, we estimate

e = I g5 Xe Z 008 0 = 0.04v2: (4.16)
T, Vv

i.e., the Universe supercools substantially to a temperature ~ 0.15 of T, before completing
a first-order electroweak phase transition to a dilaton v.e.v. ~ 0.08 of its present value V.
Figure 2 illustrates the m dependences of € = T,,/T, and x./V, where x. = x7,,. We see

that T;, < T,, and that also the value of y at nucleation y. < V.
In making the above estimate, we have assumed that the Universe is radiation-
dominated for temperatures T' > T.. Both before and after nucleation, the scalar field
energy density is given approximately by V(0) = BV*/4, and radiation in fact dominates
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the overall energy density at temperatures 1" > T¢,, where

Teq =~ <30V(0)>1/4 = ( 50 )1/4 (B>1/4 ~ 0.21VmV. (4.17)

2N TN 4

The estimate (4.17) of T,, is somewhat smaller than the estimate (4.9) of the critical
temperature T;, but rather larger than the estimate (4.16) of the nucleation temperature
T,. This indicates that, for some period around the time of nucleation, the scalar field
energy density dominates somewhat over radiation. However, the dilaton field rolls very
quickly, with a characteristic time scale t,.,;; ~ 200/V, which is very short compared to the
nucleation time scale ¢, ~ 10'®/V, and decays with a characteristic rate that is very large
compared with the Hubble expansion rate. Hence the Universe does not enter a de Sitter
expansion phase (inflationary epoch), because the conventional slow-roll conditions

1 (VN 1 (V"

where Gy is Newton’s constant, are strongly violated.

The above discussion is summarized in figure 3, in which the solid blue (red)
lines represent the evolution of the cosmological energy density, p, for m/V = 1(0.1).
Relativistic particles, including electroweak constituents (which we estimate to contribute
AN ~100) as well as Standard Model particles (which contribute AN = 427/4) dominate
p until it falls to the temperature 7T,, at which it becomes equal to the scalar field energy,
which ~ V(0). Following the change in the rate of evolution of p, the scalar field energy
density dominates p during a short epoch that is terminated by nucleation and (almost
immediately) percolation of bubbles of the low-energy electroweak vacuum. Since the
dilaton field rolls and decays with a rate oc o, m where o, is some coupling strength,
that is much larger than the Hubble expansion rate, the scalar field energy density is then
converted rapidly and efficiently to relativistic Standard Model particles, as indicated by
the later kinks in the solid lines. The dotted lines represent the evolution of the energy
density of relativistic particles during the short epoch of scalar field energy domination.

The short period of non-adiabatic expansion between 7., and 7}, is accompanied by a
corresponding growth in entropy. The growth in the scale factor is by a factor ~ R,,/Rcq =
exp[H (ty, — teq)] = Teq/Tn ~ 1.9/y/m [TeV] for 1TeV > m > 100GeV, leading to a
corresponding growth in the entropy by a factor of (R, /Req)® ~ 7 to 200. This is not
a big problem for baryogenesis before the electroweak phase transition, but this entropy
growth should be taken into account, particularly if the dilaton mass m ~ 100 GeV.

4.4 Percolation

The transition to the new electroweak vacuum would have been completed at the percola-
tion time ¢,, when the Universe was filled with bubbles of true vacuum [89]. In order to
estimate this, we first recall that the probability for bubble nucleation is

P ~ Vie B (4.19)
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Figure 3. Illustration of the cosmological evolution of the energy density, p, for m/V = 1 and
0.1 (blue and red solid lines, respectively). At high temperatures T > T,, p is dominated by
relativistic particles, including electroweak constituents as well as Standard Model particles. This
is followed by a short epoch during which p is dominated by the scalar field energy and the
energy density of relativistic particles drops (dotted lines), which is terminated by nucleation and
percolation of bubbles of the electroweak vacuum. The scalar field energy density is then converted
rapidly to relativistic Standard Model particles.

where the bounce action 2 g2y
27
B~ 2 (4.20)
2 N3TR2
where NT# = BV*/4. Following nucleation, the fractional volume of space remaining in

the false vacuum is

ft) ~ exp[—/t drP(1)a(T)3V (1,1)], (4.21)

V(rt) = 4?” (/: a‘(l:)>3, (4.22)

For definiteness, we assume vacuum domination, so that a(t) ~ ef!. We find that the

where

percolation time ¢, = t,,(140), where the small correction ¢ is found by solving the equation

—Inf = gtfj)&‘*, (4.23)
which yields the estimate
104 104772
b~ — ~ n 1. 4.24
v, v, S (4.24)

We conclude that the phase transition would have completed almost immediately after
nucleation, with the percolation time ¢, ~ t,,. This conclusion is independent of the exact
expansion rate between ¢, and ¢,.
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4.5 Confinement

As was pointed out in [47, 48], it is a natural possibility to identify the high-temperature
dilaton phase transition with the deconfinement transition. In the case of QCD, the
argument was as follows. In the nonlinear Lagrangian for pseudoscalar mesons with no
dilaton, the Skyrmion mass o fr, and the Skyrmion radius o 1/f;. Interpreting the
Skyrmion as a baryon, we interpret the low-mass, large-radius limit as fr — 0 as the quark
deconfinement limit. Finally, since m2 f2 = m,(0|gq|0) in QCD, the chiral transition when
(0]@q|0) — 0 requires the vanishing of f; and hence deconfinement in QCD.

The next question is the relationship of the chiral condensate (0|gg|0) — 0 to the
dilaton v.e.v. In the nonlinear QCD Lagrangian with a dilaton, V' = (0|x|0) # 0 is in fact
required in order that (0|gq|0) # 0 [47, 48]. The explicit construction of a Skyrmion solution
to this theory demonstrated that the baryon mass — 0 and the baryon radius — oo when
V' — 0. If (0|gq|0) vanishes at the same temperature as the dilaton v.e.v., V, the chiral sym-
metry/deconfinement transition is identified with spontaneous scale symmetry breaking.

On the other hand, as also pointed out in [47, 48], it is possible that the chiral finite-
temperature corrections to the effective chiral Lagrangian, cf (4.1), drive (0|gq|0) — 0
even if V' = (0]x|0) # 0. In this case the chiral symmetry/confinement transition would be
distinct from the dilaton transition, taking place at a lower temperature. In the case of QCD
with two (and one moderately) light flavours, it was not possible on the basis of the effective
low-energy theory alone to determine whether finite-temperature chiral corrections drive
(0]gq|0) and fr — 0 below the dilaton transition temperature, or not. However, lattice
calculations of QCD seem to favour strong simultaneous variations in the gg and gluon
condensates around the quark-gluon/hadron transition, consistent with the coincidence of
chiral symmetry breaking, quark confinement and the development of a dilaton v.e.v.

In the electroweak case, by analogy, the formation of a dilaton v.e.v. V # 0 is neces-
sary for the breaking of chiral symmetry that leads to the nonlinear electroweak effective
Lagrangian. Moreover, on the basis of the Skyrmion model for electroweak baryons we
argue that the breaking of electroweak chiral symmetry can be identified with pseudo-
confinement, and expect that the electroweak baryon B has a mass mg = O(V), with a
numerical coefficient that depends on the underlying strongly-interacting theory.

The remaining question is whether the chiral transition coincides with the dilaton
transition, or whether it occurs at a lower temperature, driven by the finite-temperature
corrections (4.1). On the basis of this formula, and more detailed evaluations of higher-
order finite-temperature corrections in the QCD case [85, 86], it seems reasonable to
hypothesize that they would not drive v — 0 at a temperature below ~ 2v ~ 500 GeV.
On the other hand, (4.9) suggests that 7, ~ 100GeV, and we saw subsequently that
there is likely to have been supercooling by a factor ~ 10 before the transition to V # 0.
According to the above estimates, the chiral finite-temperature corrections would not
drive v — 0 below this temperature, so we expect that the transitions to V' # 0 and v # 0
occurred simultaneously, and we identify this transition with the pseudo-confinement of
whatever underlying constituents there may have been.
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4.6 Electroweak baryon-to-entropy ratio

The above discussion of electroweak baryons provides a framework for re-examining the
longstanding suggestion that technibaryons might provide the astrophysical cold dark
matter [54].1® When the electroweak phase transition was completed at the time of
percolation by bubbles filling space, the relative orientations of the chiral condensates in
the bubble interiors would have been partially mismatched, in general, leading a la Kibble
to the appearance at their boundaries of topologically stable defects [93]. The number
density of the defects at the time of percolation would have been of the same order as
the bubble density at percolation,!” as there is a natural topological duality between
the bubbles and the defect sites. These topologically-stable defects are the Skyrmions
of the chiral theory, which we interpret as the electroweak baryons of the underlying
strongly-coupled electroweak symmetry-breaking sector, for the reasons presented earlier.

By the time of percolation, the Universe would have filled with bubbles of the new
vacuum with a characteristic size R given by

350

R= 3y

(4.25)

where Sy = a.v/BV? is the bubble action (4.11), and AV ~ N'T. Using the estimate (4.16)

for a., we find
12a, ~ 9 Qe 1.35

= VBV m = m
It is clear that R < H~' ~ (3/2xB)Y/2(Mp/V?) ~ (6/7)/2(Mp/mV).
If there is one electroweak baryon B per bubble, we may estimate their density to be

(4.26)

1
g~ g~ 0.4m3, (4.27)

which can be compared with the entropy density

3/2173/2
s ~ Pt~ HI2MPP mT, (4.28)
yielding an electroweak baryon-to-entropy ratio
ng my3/2
= oas2(g) 4.29
. % (4.29)

This estimate is indisputably approximate, but it does suggest strongly that the baryon-
to-entropy ratio is likely to be large immediately after percolation.

However, this prediction of the Kibble-like mechanism for the production of electroweak
baryons would have been modified if equilibrium was restored after the transition. We

16For the record, we note that electroweak baryons are expected to be sufficiently stable to serve as dark
matter particles [92].

17Since, as argued earlier, we expect the electroweak phase transition in the class of models studied here
to have been first-order, we do not expect modifications of the Kibble estimate of the types discussed in,
e.g., [94, 95] to be important for our analysis.
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now argue that this would have been the case following reheating after the electroweak
transition, and that this would have led to a much lower density of electroweak baryons.

The pseudo-dilaton would have decayed at percolation, and the residual vacuum
energy density thereby released would have led to reheating. Since the pseudo-dilaton
decay rate, which is o< a,m where «a, is some coupling strength, is much larger than
the Hubble rate after the transition, which is o< (m/Mp)m, we expect that the reheating
temperature, Tz, would have been given by

w? 4 1 4
%NT ~ ZBV , (4.30)

where N' ~ O(100) is the effective number of relativistic degrees of freedom after the
transition, implying that
Tr ~ 0.2VmV. (4.31)

Equilibrium would have been established following reheating if the annihilation rate of
electroweak baryons was at least as large as the Hubble expansion rate, i.e., if

8m3N T2

> H ~
ovn 2 90 My

(4.32)

where the annihilation cross section is related to the pseudo-dilaton mass: ov ~ 1/4B(x)?,
(x) is its expectation value at reheating, and n = (mgT/2n)3/2e=(m8/T) One expects
that the effective electroweak baryon mass mpg o< (x).

Thus equilibrium would have been established if:

3/2
1 < mpg > Te_(mB/T) 2 AV 87T3N/90 (433)

4B(x)> \ 27T Mp

Defining x = (mp/T), this condition becomes

* M
(327N J45)1/2 £ < ZEPTB (4.34)
Vv m?
which may usefully be written in the form x 2 zp, where the freeze-out temperature = p
may be expressed in the form

M Vv 1 - 1

vp = 1n<VP) + 21n(m> +1n<”‘1/3) — 5In(320°N/45) + SIn(er). (4.35)

We find the approximate value zp ~ 40, which is relatively insensitive to variations in

V/m € (1,10) and even less so to mg/V if it is O(1), as expected, corresponding to a
freeze-out temperature

mg

Tp ~ —. 4.36

p e (1.36)

Comparing with the estimate (4.31) of the reheating temperature Tg, we see that T > T,

and hence that equilibrium is expected to have been achieved for m/V = 0.015 and

mp~V.
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Once brought into equilibrium, the freeze-out density of electroweak baryons is given

simply by n(TF), namely

s ms \*? (ms/Tr)
— ~ —\ms/LE) 4.37
nw <27TTF> € ( )

Using the estimate Tp = mpg/40 gives

g = -8B ~ 10716, (4.38)
Ny
which is far below the Kibble estimate (4.29) and in general agreement with the estimate
n [53]. A more detailed calculation would be required to verify how accurately (4.38) is
satisfied, but it is at least a useful lower limit.

For comparison, requiring the electroweak baryon density today to be ~ 5 times
the baryon density [96], taking the baryon-to-photon ratio n ~ 6 x 10719 and assum-
ing a nominal electroweak pseudo-baryon mass ~ 1TeV, we estimate the electroweak
baryon-to-photon ratio to be

ng ~ 3x 10712, (4.39)

The estimate (4.38) based on the freeze-out abundance is much smaller, suggesting that
some mechanism for creating an electroweak pseudo-baryon asymmetry is needed if the
electroweak pseudo-baryons are to provide all the dark matter [54]. However, we do not
enter here into the details of any possible mechanism for generating such a electroweak
pseudo-baryon asymmetry. Also, we note the possibility that incomplete equilibration
might have left the baryon density in the interesting range (4.39), in which case an
electroweak pseudo-baryon asymmetry might be unnecessary.

5 Electroweak baryons as dark matter

In this section, we assume there is a cosmological electroweak baryon asymmetry of the
appropriate magnitude for the the electroweak baryons to acquire the appropriate relic
density Qph? ~ 0.1 [96]. Since they interact strongly at the TeV scale, one might wonder
whether their self-interactions would modify the standard WIMP scenario for dark matter.
The self-interactions would be dominated by exchanges of the lightest available particles
in the spectrum, namely the pseudo-dilaton and the massive electroweak gauge bosons.
These yield self-interacting cross sections that are O(1)/(100 GeV)? at most, an upper
bound strong enough for their self-interactions to have no impact on the evolution of
structures in the Universe.

We now study in more detail the direct interactions of electroweak baryons with con-
ventional matter, which would also be dominated by exchanges of the pseudo-dilaton and
the massive electroweak gauge bosons W+ and Z°. At this stage, we must distinguish the
generic possibilities of bosonic and fermionic electroweak baryons. As discussed earlier, if
the lowest-lying electroweak baryon state is bosonic, it is expected to have I = J = 0,
whereas if it is fermionic it is expected to have I = J = 1/2, like the conventional nu-
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cleons.!® In the bosonic case, therefore, one need only consider pseudo-dilaton, v and Z°
exchanges, whereas W+ exchange should also be considered in the fermionic case.

The questions also arise in the latter case which of the two (nearly) degenerate states
is lighter, and what is its electric charge. The answer to the latter question should clearly
be that the ground state is neutral, or the standard WIMP paradigm would fail.'? As
discussed in [98], two classes of diagrams are likely to contribute to the mass differences
between the I3 = +1/2 fermionic partners: (a) electromagnetic ‘self-energy’ diagrams and
(b) photon-exchange ‘Coulomb potential’ diagrams. We expect these diagrams to have
the following orders of magnitude:

O(;;)V X [(a)Eiqf or (Ei(h’)2, (b)zz’;éj%’q]'] . (5.1)

It is plausible that, for any odd number of fermionic constituents of electroweak baryons,
there are charge assignments that ensure that the lighter of the two I = 1/2 states is
electrically neutral. In the specific case of QCD, the fact that the neutron is heavier
than the proton is ascribed to the fact that mg > m,, whereas the electromagnetic mass
difference alone is calculated to yield m, > m,, so QCD actually supports the plausibility
of this expectation, despite the neutron being heavier! In any such scenario, the mass
difference with the heavier member of the I = 1/2 doublet, as given by (5.1), is expected
to be O(1)GeV or more, as would also be given by scaling up the electromagnetic
contribution to the p — n mass difference. We therefore expect that the heavier (charged)
electroweak baryon would S-decay with a lifetime O(107!) s or less.

The electroweak baryon asymmetry might have either sign, so that the residual excess
of electroweak baryons might have electromagnetic charges (0,+1) or (—1,0). Metastable
charge —1 particles could affect Big Bang nucleosynthesis via catalysis reactions that are ab-
sent for metastable charge 41 particles [99]. However, the above estimate indicates that any
charged electroweak baryons would decay before Big Bang nucleosynthesis, so it is unneces-
sary to consider the corresponding constraints. Henceforward, we use the notation (N, P)
that is natural for an (0,+1) doublet, but our remarks apply equally to the (—1,0) case.

In general, the rate for weak-interaction P <+ A transitions at finite temperature is
estimated to be

Tpon ~ G2T°, (5.2)

which may be compared with the Hubble expansion rate H ~ /g.GnT?, where g, is
the effective number of relativistic degrees of freedom, which are assumed to dominate
the cosmological expansion. This comparison suggests that the weak interactions of the
electroweak baryons freeze out at

1/6
Tr ~ (gﬁN> ~ 1 MeV, (5.3)
F

8We also note that, in the case of an Sp(N) gauge group, there would be no stable electroweak baryons,
as the electroweak Skyrmions would decay into bosons.
9For a discussion in the context of ‘little Higgs’ models see [97].
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just like the weak interactions of conventional baryons. This would suggest a relic
abundance of P relative to N:
n
P e—AM/TF -~ 6—103
ny

, (5.4)

which is completely negligible.

However, this argument neglects the possible formation of charged pseudo-nuclei that
might be [-stable, and be capable of trapping the otherwise-unstable P electroweak
baryons. Any substantial relic abundance of such objects would be incompatible with
upper limits on possible charged relics from the Big Bang. In the case of conventional
Big-Bang nucleosynthesis, the formation of light nuclei is inhibited by photo-dissociation
until the density of photons above the nuclear photo-dissociation threshold falls below the
density of baryons, which occurs when the temperature 1" ~ 0.1 MeV, below the freeze-out
temperature (5.3). In our electroweak baryon case, the density of photons above the photo-
pseudo-dissociation threshold ~ 2 GeV falls below that of the electroweak baryons when

~ NB, (55)

where ng is given in (4.39). This condition is reached when the temperature falls to
T ~ 75MeV, at which epoch

o—2 GeV/T

TP e AM/T . 1077, (5.6)
nn
assuming mp —my ~ 103(m,, — my). We conclude that the relative abundance of charged
electroweak baryons P is suppressed strongly below that of neutral electroweak baryons
N well before the formation of pseudo-nuclei begins. However, the suppression (5.6)
translates into an abundance relative to protons of
np
o

~ 10710, (5.7)

which may not be sufficient by itself to respect the strong upper limits on the possible
abundance of charged relics from the Big Bang. Note that a even a slightly larger mass
difference between P and N, will greatly suppress the abundance of P to p.

Detailed exploration of this question requires deeper studies of pseudo-nuclear physics
and Big-Bang pseudo-nucleosynthesis that go beyond the scope of this paper. However,
we note that if the abundance of charged relics turns out to be problematic, there are at
least two escape routes. One is that the electroweak baryons are bosons, in which case
the lowest-lying state has I = J = 0, and the other is that the underlying gauge group is
of Sp(N) type, in which case electroweak baryons are unstable.

6 Detection of electroweak baryonic dark matter

The scattering of electroweak baryonic dark matter on conventional matter is expected
to be dominated by exchanges of the photon, the neutral electroweak gauge boson Z° and
the pseudo-dilaton y.2°

203 cattering of a fermionic electroweak baryon via W= exchange would entail inelastic charge-exchange:
Np — Pn. Since this requires an excitation energy O(GeV), far exceeding the expected kinetic energy of
the relic dark matter particle, we neglect this contribution.
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The photon-exchange contribution to technibaryon scattering on conventional matter
was first discussed in [55]. It was pointed out there that the electromagnetic scattering
of scalar electroweak baryons would proceed via their charge radius, which is quite
model-dependent. It was estimated that the rate would be relatively small (see also [100]),
and quite possibly below the reach of current experiments. On the other hand, it was
also pointed out in [55] that fermionic electroweak baryons would scatter via their
magnetic-dipole moments, yielding considerably larger rates, of order 1 event/kg/day. A
rate as large as this has now been excluded by experiment [101], suggesting that fermionic
electroweak baryons could not constitute the astrophysical dark matter.

Turning to Z° exchange, it would contribute to the scattering of a fermionic elec-
troweak baryon via vertices that are both spin-independent and -dependent, but we do
not discuss these in detail for the reason given in the previous paragraph. On the other
hand, Z%-exchange would not contribute to the scattering of a bosonic electroweak baryon,
because it has I =Y = 0.

It remains to consider the pseudo-dilaton exchange contribution to the scattering of
bosonic electroweak baryons [100, 102]. Experiments usually quote upper limits on the
cross section on an individual nucleon n, neglecting the possible difference between the
proton and neutron. Neglecting the photon exchange contribution, the cross section may
be written in the form [100]

(6.1)

m%{ |:fmnMB:|2
o8 = —* |55 | >

A | V?2m?
where mpr = Mpm,,/(Mp + m,,) is the reduced electroweak baryon mass. In writing (6.1)
we assume that all the electroweak baryon mass is due to the pseudo-dilaton v.e.v. V|
and the coefficient f is defined and calculated as follows.

Following [103, 104], we have

F= Y ot gede (6.2)

q=u,d,s

where for the light quarks ¢ = u, d, s, we have:

B 22X,
fo = T = - (6.3)
B 2%
my my(1+ 7)1+ )
B o) XrN Y
o= meBe LB (6.5)
my my(1+ 7)
and fo = 1—3 _, 45 fq where Xry is the m-nucleon o-term, mqeBy = (n|mqqg|n),

y =1—00/Y:n, and octet baryon mass differences give oy = 36 & 7MeV. Inserting the
following representative numerical values: ¥,y = 50MeV, my4/m, = 1.81, By/B, = 0.75
and mg/mgy = 18.9, we estimate

fu = 0.022, f; = 0.029, f, = 0.182, fo = 0.767, (6.6)
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Figure 4. The estimated cross section for the elastic scattering of a scalar electroweak boson B on
a proton, as a function of mg, assuming V' = 1TeV and the pseudo-dilaton mass m = 100, 200 and
300 GeV. See the text for a discussion of the uncertainties in hadronic inputs to this calculation.
Also shown is the published upper limit of the XENON100 experiment for dark matter particles
masses < 1TeV (solid blue line) and its expected sensitivity (blue band) [101].

and hence f =~ 0.40, though with considerable uncertainty, related in particular to the
poorly-determined experimental value of ¥, 5. Varying this between 36 and 72 MeV yields
over an order of magnitude range in op for fixed values of the other parameters.
Numerically, assuming that the photon-exchange contribution is negligible, using
f = 0.4 and choosing a representative electroweak baryon mass Mp = V = 1TeV and
the minimum dilaton mass m = 100 GeV, we find a cross section o5 ~ 4.4 x 1074 cm?.
This may be compared with the upper limit established by the XENON100 experiment on
WIMP-nucleon scattering, which is ~ 8 x 10™%* ¢cm? for a WIMP mass of 1 TeV, the largest
mass displayed in [101], as shown in figure 4. However, we note that the cross section (6.1)
grows ~ m%, whereas the upper limit given in [101] grows more slowly in the mass range
displayed. Extrapolating the published XENON100 result, as seen in figure 4, we estimate
that the Bp cross section may exceed the XENON100 sensitivity for mp 2 2TeV, if V
= 1TeV and m = 100 GeV. On the other hand, the calculated cross section decreases
~ m~% for larger pseudo-dilaton masses, as illustrated in figure 4 by the cases m = 200
and 300 GeV. This discussion serves to emphasize, however, that there might be good

prospects for detecting electroweak dark matter with forthcoming experiments.

7 Summary

We have analyzed in this paper phenomenological and cosmological aspects of what may
be the best-defined extension of the Standard Model in the context of composite models
with new, nearly-conformal strong interactions around the TeV scale. In this model
there is a single additional light degree of freedom, in addition to the known Standard
Model particles, a pseudo-dilaton. This particle would have couplings similar to those of a
Standard Model Higgs boson, except for a universal overall suppression and the possibility
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that the loop-generated decays to 7y and gg might be modified by additional particles
with electric charges and/or QCD interactions. We have used the upper limits on Higgs
production at the LHC [1-3] to constrain the pseudo-dilaton coupling suppression factor
for dilaton masses m > 140 GeV, and have also discussed the constraints coming from
precision electroweak data.

We have also discussed the cosmology of such a model, including the possible nature
of the electroweak phase transition, which we expect to have been first-order except
possibly for large m. This re-opens the possibility of generating the cosmological baryon
asymmetry during the electroweak phase transition, a possibility we did not develop here.
On the other hand, we do not expect that an enormous growth in entropy would have
been engendered during the transition, so generating the cosmological baryon asymmetry
(and possibly the cosmological electroweak baryon asymmetry) before the electroweak
phase transition remains a possibility.

We identify electroweak baryons with the Skyrmion soliton solutions of the low-energy
effective electroweak theory, much as conventional baryons may be described as Skyrmions
in the low-energy effective chiral SU(2) x SU(2) or SU(3) x SU(3) description of QCD.
In ignorance of the strong dynamics underlying electroweak symmetry breaking, the
electroweak baryons may be a doublet of I = J = 1/2 fermions or a singlet I = J = 0
boson, or even unstable if the underlying gauge theory is based on an SP(N) group.
However, there are two potential problems for the fermionic case: first, even if the charged
member of the I = J = 1/2 doublet is heavier than the neutral one, and hence unstable,
some of its cosmological abundance might have become ‘sequestered’ in problematic
charged stable ‘electroweak nuclei’; secondly, the magnetic-moment scattering of neutral
fermionic electroweak baryons is estimated to exceed the current upper limit [101]. On
the other hand, this and other experiments are just at the verge of sensitive to scalar
electroweak baryonic dark matter.

The LHC experiments will presumably soon tell us whether there is a Standard Model
Higgs-like boson. If so, it would probably weigh less than about 130 GeV and our hunch is
that it would probably be accompanied by supersymmetric particles. On the other hand,
if it does not exist, one should not assume that the correct theory of electroweak symmetry
breaking is Higgsless. There may still exist a Higgs-like boson but with suppressed coupling:
a ‘less-Higgs’ theory. In the event that a Standard Model-like Higgs boson is not discovered
soon with a mass below ~ 140 GeV, the LHC experiments should push the upper limits
on a ‘less-Higgs’ boson down relentlessly. Such a ‘less-Higgs’ boson would necessarily be
accompanied by massive states, needed to unitarize WW scattering, and its discovery

would be almost as exciting as proving that electroweak symmetry breaking is Higgsless.

Note added. While finishing this paper, three related papers have appeared. Con-
straints on a radion model have been considered recently in [105]. Refs. [106, 107] derive
collider constraints on a model with a dilaton coupled to gluons via the full QCD £ function
for light quarks. Because the light-quark contribution to the g function is considerably
larger than the top-quark contribution in the model we study in our section 2.3 and
figure 1, the lower limit derived in [106, 107] on their analogue of our dilaton v.e.v. V' is
considerably stronger than in the model considered here.
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