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To illuminate how electroweak symmetry breaking shapes the physical world, we investigate toy
models in which no Higgs fields or other constructs are introduced to induce spontaneous symmetry breaking. Two models incorporate the standard SU(3)c ⊗ SU(2)L ⊗ U(1)Y gauge symmetry
and fermion content similar to that of the standard model. The first class—like the standard electroweak theory—contains no bare mass terms, so the spontaneous breaking of chiral symmetry
within quantum chromodynamics is the only source of electroweak symmetry breaking. The second
class adds bare fermion masses sufficiently small that QCD remains the dominant source of electroweak symmetry breaking and the model can serve as a well-behaved low-energy effective field
theory to energies somewhat above the hadronic scale. A third class of models is based on the leftright–symmetric SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L gauge group. In a fourth class of models,
built on SU(4)PS ⊗ SU(2)L ⊗ SU(2)R gauge symmetry, lepton number is treated as a fourth color.
Many interesting characteristics of the models stem from the fact that the effective strength of the
weak interactions is much closer to that of the residual strong interactions than in the real world.
The Higgs-free models not only provide informative contrasts to the real world, but also lead us to
consider intriguing issues in the application of field theory to the real world.
PACS numbers: 11.15.-q, 12.10-g, 12.60.-i

I.

INTRODUCTION

Over the past fifteen years, the electroweak theory [1]
has been elevated from a promising description to a provisional law of nature, tested as a quantum field theory
at the level of one per mille by many measurements [2].
Joined with quantum chromodynamics, the theory of the
strong interactions, to form the standard model based on
the gauge group SU(3)c ⊗SU(2)L ⊗U(1)Y , and augmented
to incorporate neutrino masses and lepton mixing, it describes a vast array of experimental information.
In this picture, the electroweak symmetry is spontaneously broken, SU(2)L ⊗ U(1)Y → U(1)em , when an
elementary complex scalar field φ that transforms as
a (color-singlet) weak-isospin doublet with weak hypercharge Yφ = 1 acquires a nonzero vacuum expectation
value, by virtue of its self-interactions [3]. The scalar
field is introduced as the agent of electroweak symmetry
breaking and its self-interactions, given by the potential
V (φ† φ) = µ2 (φ† φ) + |λ| (φ† φ)2 , are arranged so that the
vacuum state corresponds to a broken-symmetry solution. The electroweak symmetry is spontaneously broken
if the parameter µ2 is taken to be negative. In that event,
gauge invariance gives us the freedom to choose the state
of minimum energy—the vacuum state—to correspond
to the vacuum expectation value

 + 

0√
φ
=
hφi0 =
,
(1.1)
φ0
v/ 2
0
p
where v = −µ2 /|λ|. Three of the four degrees of free-
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dom of φ and φ† become the longitudinal components of
the gauge bosons W + , W − , Z 0 . The fourth emerges as a
massive scalar particle H, called the Higgs boson,
p with
2
its mass given symbolically by MH
= −2µ2 = 2|λ|v.

Fits to a universe of electroweak precision measurements [2] are in excellent agreement with the standard
model. However, the Higgs boson has not been observed
directly, and we do not know whether such a fundamental
field exists or whether some different mechanism breaks
electroweak symmetry. One of the great campaigns now
under way in both experimental and theoretical particle
physics is to advance our understanding of electroweak
symmetry breaking by finding H or its stand-in.
For all its successes, the electroweak theory leaves
many questions unanswered. It does not explain the
choice µ2 < 0 required to hide the electroweak symmetry, and it merely accommodates, but does not predict, fermion masses and mixings. Moreover, the Higgs
sector is unstable against large radiative corrections. A
second great campaign has been to imagine more complete and predictive extensions to the electroweak theory,
and to test for experimental signatures of those extensions, which include supersymmetry, dynamical symmetry breaking, and the influence of extra spacetime dimensions. These more ambitious theories also put forward tentative answers to questions that lie beyond the
scope of the standard model: the nature of dark matter, the matter asymmetry of the universe, etc. Theories
that incorporate quarks and leptons into extended families point toward unification of the separate SU(3)c ⊗

2
SU(2)L ⊗ U(1)Y gauge couplings. They may also provide
a rationale for charge quantization, open paths to relationships among the masses of standard-model fermions,
and even determine the number of fermion generations.
The aim of this study is more modest, and more pedagogical. We step back from the task of constructing
a realistic model of particle physics valid to the TeV
scale and beyond, and address instead why electroweak
symmetry breaking matters for the physical world. Our
approach is to analyze closely what the world would
be like in the absence of electroweak symmetry break−1/2
ing at the usual scale (v = 2−1/4 GF
≈ 246 GeV),
whether by the conventional Higgs mechanism or by any
of its alternatives, including dynamical symmetry breaking and higher-dimensional formulations. Our laboratory will consist of four classes of toy models. Two are
drawn from the standard model by eliminating the Higgs
sector, a third is derived from a left-right–symmetric
electroweak gauge symmetry, and the fourth joins a
left-right–symmetric electroweak symmetry to the Pati–
Salam [4] symmetry SU(4)PS , in which lepton number is
identified as a fourth color.
Note that the program reported here is quite distinct
from the attempt to construct “Higgsless” models of the
real world [5], by introducing alternative mechanisms for
electroweak symmetry breaking. It is unrelated to attempts to quantify the extent to which parameters of the
standard model might be environmentally selected [6].
Our interest is to determine how certain Gedanken worlds
that follow well-defined rules differ from the real world.
Our approach therefore shares something of the inquisitive spirit of varying the vacuum expectation value v
while holding fixed other parameters, such as the Yukawa
couplings that set fermion masses [7], or considering what
if ? variations of standard-model parameters [8].1 However, we use standard field-theoretic calculational methods, rather than anthropic arguments, to reach our conclusions.
We designate the simplest class of models that we investigate as the modified standard model, SM. Models in
this class are built on the standard-model gauge group,
SU(3)c ⊗ SU(2)L ⊗ U(1)Y , with gauge couplings similar
to the standard ones, and similar fermion content. The
essential difference from the standard-model setup is the
absence of a Higgs sector, or any other element contrived
to hide the electroweak symmetry at the usual scale of
246 GeV.
Even a one-generation modified standard model provides a highly useful context for illustrating what an understanding of the agent of electroweak symmetry breaking will reveal about the everyday world [11]. It is worth

previewing a few features here to indicate how different that SM Gedanken world would be. Eliminating the
Higgs mechanism does nothing to alter the strong interaction, so QCD would still confine color-triplet quarks
and color-octet gluons into color-singlet hadrons.
If the electroweak symmetry remained unbroken, the
asymptotically free SU(2)L force would, in similar fashion, confine objects that carry weak isospin into weakisospin singlets. But as we shall recall in §II, QCD spontaneously breaks the chiral symmetry of the massless u
and d quarks, forming a quark condensate that hides the
electroweak symmetry, even in the absence of a Higgs
mechanism. Because the weak bosons have acquired mass
by absorbing the would-be pions, the SU(2)L interaction
does not confine. Quarks and leptons would remain massless, because QCD-induced electroweak symmetry breaking has no analogue of the Higgs-boson Yukawa terms of
the standard model. Without a Higgs boson, the interactions among weak gauge bosons become strongly coupled.
Apart from the absent pions, the familiar light-hadron
spectrum persists, but with crucial differences. In the
SM, no quark masses means no u-d quark mass difference to overcome the larger electromagnetic self-energy
of the proton and make the neutron outweigh the proton. Instead, the outcome depends on a competition
between γ- and Z-induced mass shifts that leads to
|Mn − Mp | ≈ a few MeV. A possible outcome is that
the pattern of radioactive beta decay might be turned
on its head. In the real world, a free neutron decays,
n → pe− ν̄e , with a mean life of 885.7 ± 0.8 s, about fifteen minutes. If the n-p mass difference changed sign
and the W -boson mass were characteristic of the QCD
scale, a free proton would decay in about 15 picoseconds:
p → ne+ νe . There would be no hydrogen atom, and the
lightest “nucleus” would be one neutron.
Straightforward modifications of big-bang nucleosynthesis hint that some light elements would be produced
in the early no-Higgs universe [6, 7, 12]. But even if some
nuclei were produced and survived, they would not form
recognizable atoms. A massless electron means that the
Bohr radius of an atom—half a nanometer in the real
world—would be infinite.2 In a world without compact
atoms, valence chemical bonding would have no meaning.
All matter would be insubstantial—and life as we know
it would not exist! On top of all that, the vacuum would
be unstable to the formation of a plasma of e+ e− pairs.
The minimalist Gedanken world gives eloquent testimony
to the importance of electroweak symmetry breaking for
the properties of our world.
More can be learned, as we shall see, from a close analysis of the SM, but the vacuum instability for massless
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This broad area of investigation has an abundant literature;
see [9] for a sampler. Some early related discussions that focus
on cosmological issues but also consider the variation of particle
physics parameters are noted in [10].

Now, it is nearly inevitable that effects negligible in our world
would, in the Higgsless world, produce fermion masses many orders of magnitude smaller than those we observe. The Bohr
radius of a would-be atom would be macroscopic, sustaining the
conclusion that matter would lose its integrity.
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electrons is a sign of pathological behavior. Moreover,
we wish to regard the SM as a low-energy effective field
theory that could be obtained by integrating out massive degrees of freedom from a more ultraviolet-complete
theory. It is natural then to imagine that generic higherdimension operators would induce bare fermion masses
that are hard on the QCD scale set by ΛQCD . Accordingly, we consider a second class of Gedanken worlds,
the modified standard model with bare fermion masses,
abbreviated SMm. Mass terms added by fiat must, of
course, respect the surviving SU(3)c ⊗U(1)em gauge symmetry of the low-energy standard model.
Specific mechanisms analogous to extended technicolor
can give rise to bare mass terms of the kind we wish to
entertain, but we shall not specify the elements in the
ultraviolet completion that produce the fermion masses.
The bare fermion mass terms break the electroweak symmetry explicitly. The requirement that such models serve
as consistent low-energy effective field theories up to a
specified energy places an upper bound on the admissible
bare fermion masses. We note that judiciously combining small explicit symmetry breaking with spontaneous
symmetry breaking has been rewarded with insights in
the past, among them the realization that pions can
be understood as (what we now call) pseudo-Nambu–
Goldstone bosons [13].
The third class of models we examine is based on
the left-right–symmetric SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗
U(1)B−L gauge group, where B and L denote baryon
number and lepton number, respectively. In the realworld context, this gauge group is motivated by the hypothesis that the weak interactions are, at bottom, leftright symmetric, and that the observed parity violation
is a consequence of the pattern of electroweak symmetry
breaking. As we shall review in §V, the electric charge
operator has a more symmetric form than in the standard
SU(2)L ⊗ U(1)Y electroweak theory, and the seeming arbitrariness of fermion weak-hypercharge assignments is
removed. In the left-right–symmetric Gedanken world,
both leptons and quarks are confined, so there is no
pathology associated with vanishing lepton masses.
The final example we study is a prototype unified theory, in which the SU(3)c and U(1)B−L symmetries are
combined into an SU(4)PS “Pati-Salam” symmetry. The
SU(4)PS ⊗ SU(2)L ⊗ SU(2)R model explains the quantization of electric charge. We will show in §VI that in
the Pati-Salam Gedanken world, all the fermions pick
up dynamical masses at the SU(4)PS confinement scale.
There is no infrared pathology provoked by the existence
of massless deconfined particles. The low-energy effective
field theory exhibits a residual exact SU(2)V gauge symmetry that confines, producing a spectrum of light counterparts of QCD glueballs. No exact Abelian symmetry
emerges, so the low-energy effective theory contains no
analogue of electromagnetism.
We explore the SM class of models in §II. We shall devote most of our analysis to the simplest modified standard model with a single generation of massless fermions.

We look first at the electroweak symmetry breaking mediated by the strong interactions. Then we consider the
hadron spectrum in the Gedanken world and examine
changes to the real-world pattern of β decay. In a model
without a Higgs boson, scattering of weak gauge bosons
becomes strong at modest c.m. energies, below 1 GeV.
We remark on changes to strong-interaction symmetries
in the Gedanken world, and on the form of the longrange nuclear interactions, which is very different from
the one-pion-exchange potential of the real world.
Then we extend the model to include multiple generations of massless fermions. We derive scaling relations
for electroweak observables and remark on qualitative
changes to the hadron spectrum that accompany the introduction of quarks beyond the first generation.
To circumvent the infrared pathologies brought about
by massless charged fermions, we introduce explicit quark
and lepton masses in §III. We derive conditions on the
magnitude of those masses, and note changes with respect to the models with massless fermions. In §IV we
look briefly at generalizations to the number of quark
colors, particularly in the limit of large Nc . Section V
explores the implications of a left-right symmetric gauge
group for a Gedanken world without the Higgs mechanism. The extension to an example left-right–symmetric
unifying group occupies §VI. A concluding §VII summarizes what we have learned.

II.

NO HIGGS MECHANISM,
NO BARE FERMION MASSES

Lessons from the superconducting phase transition
informed the understanding of spontaneous symmetry
breaking on the subatomic scale [14, 15] and led to the
insight that the spontaneous breaking of a local gauge
symmetry gives masses to gauge bosons [3]. The spontaneous symmetry breaking in the standard electroweak
theory [1] is modeled on the Ginzburg–Landau description of superconductivity [16].3 In the Ginzburg–Landau
phenomenology, the macroscopic order parameter, which
corresponds to the wave function of superconducting
charge carriers, acquires a nonzero vacuum expectation
value in the superconducting state. Within a superconductor, the photon picks up a mass Mγ = ~/λL , where
λL is the London penetration depth that characterizes
the exclusion of magnetic flux by the Meissner effect. In
like manner, the auxiliary scalars introduced to hide the
electroweak symmetry acquire a nonzero vacuum expectation value. The weak gauge bosons become massive in
the process.
In the case of superconductivity, we have an example
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See Ref. [17] for a brief, authoritative account of the path from
symmetry breaking in superconductivity to massive gauge bosons
in relativistic quantum field theory.
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of a gauge-symmetry–breaking mechanism that does not
rely on introducing an ad hoc order parameter. The microscopic Bardeen-Cooper-Schrieffer theory [18] reveals
a dynamical origin of the order parameter through the
formation of correlated states of elementary fermions,
the Cooper pairs of electrons. This suggests that the
electroweak symmetry might also be broken dynamically,
without the need to introduce scalar fields. Indeed, quantum chromodynamics can be the source of electroweak
symmetry breaking.

A.

One fermion generation

Let us consider first, as a low-energy effective field theory, a modified standard model SM1 with a single generation of massless fermions and no scalar sector: an
SU(3)c ⊗SU(2)L ⊗U(1)Y theory of massless up and down
quarks, plus massless electron and neutrino. The chiral
quark fields are
QaL

=



ua
da



uaR ,

,

daR ,

(2.1)

L

with (SU(3)c , SU(2)L )Y quantum numbers (3, 2)1/3 ,
(3, 1)4/3 , and (3, 1)−2/3 , respectively, and color index
a = 1, 2, 3. The chiral lepton fields are
LL =



ν
e



,

eR ,

(2.2)

L

with quantum numbers (1, 2)−1 and (1, 1)−2 , respectively. Electroweak-singlet “sterile” neutrinos NR , with
(1, 1)0 quantum numbers may be added at will.
Provided that the SU(3)c color gauge interaction is
dominant, so that we may treat the SU(2)L ⊗U(1)Y interactions as a perturbation, these models have the striking
property that the QCD quark condensates dynamically
break electroweak symmetry.

1.

Electroweak symmetry breaking

For vanishing quark masses (and with electroweak
interactions turned off), QCD displays an exact
SU(2)L ⊗ SU(2)R chiral symmetry. At an energy scale
∼ ΛQCD , the strong interactions become strong and
PNc a a
q̄ q i quark condensates appear. Vacuumhq̄qi ≡ h a=1
alignment arguments [19] imply that the condensates
are not only color-neutral, but also electrically neutral,
¯
of the form hūui and hddi.
In the limit of vanishing
¯
SU(2)L ⊗ U(1)Y interactions, hūui = hddi.
Formation
of the quark condensates spontaneously breaks the chiral

symmetry to the familiar isospin flavor symmetry,4
SU(2)L ⊗ SU(2)R → SU(2)V .

(2.3)

Three Nambu–Goldstone bosons appear, one for each
broken generator of the original chiral invariance. These
were identified by Nambu [13] as three massless pions.
The hq̄qi = hq̄L qR + q̄R qL i condensate links left-handed
and right-handed quarks, which transform differently under SU(2)L ⊗ U(1)Y . It follows from the weak-isospin
and weak-hypercharge quantum numbers of the leftand right-handed u and d quarks that the condensate
transforms as a weak isodoublet with weak hypercharge
|Y | = 1, and hence breaks SU(2)L ⊗ U(1)Y → U(1)em .
The broken generators correspond to three axial currents whose couplings to pions are measured by the pion
decay constant fπ , which is defined through the matrix
element
h0|Jjν |πk (q)i = iδjk fπ q ν ,

(2.4)

by which the charged weak current Jjν connects the pion
to the vacuum. The measured value of the chargedpion lifetime determines the real-world value of the decay
constant, fπ ≈ 92.4 MeV [20]. Within chiral perturbation theory, Gasser and Leutwyler [21] have estimated
that fπ would decrease by about 6% relative to its experimental value if the u and d quark masses were reduced to zero from the real-world value, 12 (mu + md ) =
2.5 to 5 MeV [20]. We adopt f¯π ≈ 87 MeV as an estimate of the corresponding parameter in the SM1 .5
When we turn on the SU(2)L ⊗ U(1)Y electroweak interaction with couplings g and g ′ , the electroweak gauge
bosons couple to the axial currents and acquire masses
of order ∼ g f¯π . In the interplay between the electroweak
gauge interactions and QCD, the would-be massless pions disappear from the hadron spectrum, having become
the longitudinal components of the weak gauge bosons.
The mass-squared matrix,

 2
g 0 0 0
2
 0 g 0 0  f¯π2
,
(2.5)
M2 = 
0 0 g 2 gg ′  4
′
′2
0 0 gg g
(where the rows and columns correspond to the three
weak-isospin gauge bosons b1 , b2 , b3 , and the weakhypercharge gauge boson A) has the same structure as
the mass-squared matrix for gauge bosons in the standard electroweak theory.
Diagonalizing the matrix (2.5), we find that the photon, corresponding as in the standard
model to the comp
bination A = (gA + g ′ b3 )/ g 2 + g ′2 , emerges mass√
less. Two charged gauge bosons, W ± = (b1 ∓ ib2 )/ 2,

4

5

The chiral symmetry breaking is associated with the dynamical
generation of equal “constituent” masses for the up and down
quarks.
A superior bar denotes quantities in the SM Gedanken world.
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2
acquire mass-squared M W = g 2 f¯π2 /4,
p and the neutral
gauge boson, Z = (−g ′ A + gb3 )/ g 2 + g ′2 , obtains
2
M Z = (g 2 + g ′2 )f¯π2 /4.The ratio,
2

2

M Z /M W = (g 2 + g ′2 )/g 2 = 1/cos2 θW ,

(2.6)

where θW is the weak mixing angle, echos the standardmodel result, because the SU(2)L ⊗ U(1)Y transformation properties of the quark condensate ensure a custodial SU(2) symmetry.
Here the symmetry breaking is dynamical and automatic; it can be traced, through spontaneous chiral
symmetry breaking and confinement, to the asymptotic
freedom of QCD. Electroweak symmetry breaking determined by pre-existing dynamics stands in contrast to the
standard electroweak theory, in which spontaneous symmetry breaking results from the ad hoc choice of µ2 < 0
for the coefficient of the quadratic term in the Higgs potential.
Despite the structural similarity to the standard
model, the chiral symmetry breaking of QCD does not
yield a satisfactory theory of the weak interactions. To
illustrate this statement quantitatively, we must specify
the values of the gauge couplings. In the case of QCD,
we have already assumed that the scale ΛQCD retains its
real-world value, which corresponds to α3 (MZ ) ≈ 0.118,
i.e., g3 (MZ ) ≈ 1.22. In that spirit, we shall take the
values of the SU(2)L ⊗ U(1)Y couplings at M Z to be the
same as those measured in the real world at MZ : g ≈ 0.65
and g ′ ≈ 0.34 [20].6
The masses acquired by the intermediate bosons are
some 2 800 times smaller than required for a successful
low-energy phenomenology, because their scale is set by
f¯π ≈ 87 MeV, instead of v ≈ 246 GeV [22]:
M W ≈ 28 MeV;

M Z ≈ 32 MeV.

(2.7)

The change in scale from the real-world values of MW =
80.398 ± 0.025 GeV and MZ = 91.1876 ± 0.0021 GeV [20]
has many far-reaching implications.
The modified standard model SM1 serves as a reminder
that hiding the electroweak symmetry and generating
masses for W ± and Z 0 masses does not, by itself, confer
masses on the fermions.7 The possible division of labor
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From the perspective of a unified theory, the low-energy values
of the gauge couplings are determined by renormalization-group
evolution down from the unification scale. We do not specify
an ultraviolet completion for the SM, so the low-energy values
of g and g ′ are not specified unambiguously. Our qualitative
conclusions do not depend sensitively on the precise values we
adopt.
To be sure, quarks do gain the usual dynamical (“constituent”)
masses from their color interactions and associated confinement.
The constituent masses are soft, i.e., the associated running
masses decay to zero at Euclidean momenta far above the scale
of confinement and spontaneous chiral symmetry breaking, set
by ΛQCD ≃ 200 MeV. However, the quarks do not acquire any

between electroweak symmetry breaking and the generation of gauge-boson masses on the one hand, and the
generation of fermion masses on the other hand is to be
kept in mind as we explore the TeV scale.
The observation that QCD dynamically breaks electroweak symmetry (but at too low a scale) inspired the
invention of analogous no-Higgs theories in which dynamical symmetry breaking is accomplished by the formation
of a condensate of new fermions subject to a new, asymptotically free, vectorial gauge interaction (often called
technicolor) that becomes strongly coupled at the TeV
scale [23]. The technifermion condensates that dynamically break the electroweak symmetry produce masses for
the W ± and Z 0 bosons but do not directly give masses
to the standard-model fermions. To endow the quarks
and leptons with mass, it is necessary to embed technicolor in a larger extended technicolor framework containing degrees of freedom that communicate the broken electroweak symmetry to the (technicolor-singlet) standardmodel fermions [24, 25].8 A longstanding mystery of how
extended technicolor could produce suitably small neutrino masses was resolved recently [27].
Let us now explore the SM1 Gedanken world in
greater detail. The gross properties of nucleons derived from QCD would be little changed if the u and d
quark masses were reduced to zero. Chiral-perturbationtheory calculations suggest that the isoscalar nucleon
mass would decrease from 939 MeV to approximately
870 MeV [21, 28, 29]. A small real-world contribution
from the strange-quark sea would be absent.
The very low scale of electroweak symmetry breaking (at the scale of confinement and spontaneous chiral
symmetry breaking in QCD) brings with it a number
of important consequences. In the standard √
electroweak
theory, we choose the value of v = (GF 2)−1/2 ≈
246 GeV to reproduce the low-energy phenomenology of
the charged-current weak interactions. In the SM1 , the
analogue of the Fermi constant is now a prediction,
GF =

1
√ ≈ 93.4 GeV−2 ≈ 8 × 106 GF .
2
¯
fπ 2

(2.8)

As a consequence, the strength of weak interactions in
this Gedanken world is much closer to the strength of
the residual strong interactions than in the real world.
For processes involving momentum transfers |q| small
compared with M W , M Z , cross sections and decay rates
would be scaled up by the prodigious factor (GF /GF )2 ≈
6.4 × 1013 . This factor applies, for example, to nuclear
beta decay in the SM1 Gedanken world. Outside the
regime of negligible momentum transfers, the coupling-
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hard masses, i.e., masses that persist for momenta large compared with ΛQCD . The charged leptons and neutrinos remain
massless in every sense, to this approximation.
See Ref. [26] for some recent reviews of technicolor and extended
technicolor.
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constant amplification is tempered by the damping influence of the gauge-boson propagator. In the case of inverse beta decay, νe n → ep, the scaling factor is still large
enough to increase the real-world cross section (roughly
10−38 cm2 ) to the level of a few millibarns.

2.

The hadron spectrum

In addition to the gauge bosons and massless electron and neutrino, the low-energy spectrum of the SM1
contains color-singlet hadrons composed of the massless
up and down quarks and gluons. The pions (would-be
Nambu–Goldstone bosons) are absent from the physical spectrum, having been absorbed as the longitudinal
components of the electroweak gauge bosons in a sort
of merger of the strong and electroweak degrees of freedom. Small mixings may occur between the massive W ±
bosons and the charged spin-1 mesons ρ± , a±
1 and between the Z 0 boson and the neutral spin-1 mesons ρ0 , ω,
a01 . The real-world decays of mesons into pions would be
replaced in the SM1 by decays into weak gauge bosons,
such as ρ+ → W + Z, ρ0 → W + W − , ω → W + W − Z.
As in the real world, the meson spectrum would include
superpositions of q q̄ and glueball states, including some
that are primarily glueballs.
The chromomagnetic hyperfine interaction elevates the
isospin- 23 , spin- 23 ∆ states above the spin- 21 nucleon
isodoublet. The real-world decays of ∆(1232) → N π
would be replaced in the SM1 by ∆ → N (W ± , Z, γ).
We have already remarked that the nucleon mass in
the SM1 Gedanken world with massless quarks would be
decreased from its real-world value by less than 10%, because the great bulk of the nucleon masses arises not from
quark masses, but from confinement energy. The small
masses of the up and down quarks are an inessential element of the big picture. An interesting—and delicate—
question concerns the relative masses of the neutron and
proton, for which the u and d quark masses do play an
essential role in shaping the real world.
If electromagnetic self-energy corrections were the only
relevant factor in determining the neutron-proton mass
difference, it would be intuitively obvious that the electrically charged proton should outweigh its electrically
neutral partner, the neutron. However, that conclusion
is false in the real world: Mn − Mp ≈ 1.293 MeV [20].
The electromagnetic contribution to the nucleon masses,
larger for the proton (uud) than for the neutron (udd),
is more than compensated by the fact that the currentquark mass of the down-quark exceeds that of the up:
md > mu . It is natural to guess that in the SM1 , with
massless up and down quarks, the proton should outweigh the neutron. The issue is considerably more subtle,
because in the Gedanken world—in contrast to the real
world—weak-interaction contributions to the n-p mass
difference are not negligible, and these tend to make the
neutron outweigh the proton. We cannot make a definite
statement about which nucleon is the lighter; we describe

the ingredients of the analysis in Appendix A.

3.

Accelerated radioactive β decay

Since the weak interactions are close in strength to
the strong interactions in the SM1 Gedanken world, the
beta decay of the heavier member of the nucleon doublet is much more rapid than in the real world, for a
given value of the n-p mass difference. The rate for neutron β-decay in the real world scales approximately as
5
Γ ∝ G2F |Mn − Mp | , so the corresponding expression for
the β-decay rate of the heavier nucleon in the SM1 is
2
5
Γ ∝ GF M p − M n . If as a simple illustration we take
M p − M n = |Mn − Mp |, then the lifetime of the heavier nucleon in the SM1 would be
 ¯ 4
fπ
τn ≈ 15 ps .
τ̄ ≈
v

(2.9)

If the proton outweighs the neutron, then protons present
in the early universe would decay extremely rapidly, so
that the dominant species present at late times (temperature well below the QCD confinement phase transition)
would be neutrons, neutrinos and antineutrinos, and a
plasma of electron-positron pairs. There would be no
protons, and so no possibility of hydrogen atoms. On
this scenario, the lightest nucleus would be a single neutron which, being neutral, could not bind any electrons
to it.

4.

A classic unitarity bound revisited

Partial-wave unitarity has provided important guidance about the range of applicability of low-energy effective theories and the path to more comprehensive
theories. A classic example is the analysis of inverse
muon decay in the four-fermion (current-current) description of the charged-current weak interactions [30].
The invariant amplitude M for a reaction may be decomposed into P
partial-wave amplitudes aJ according to
M(s, t) = 16π J (2J + 1)aJ (s)PJ (cos θ), where s and
t are Mandelstam invariants, the PJ are Legendre polynomials, and θ is the c.m. scattering angle. Partial-wave
unitarity requires that |aJ | ≤ 1.9
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Several forms of the unitarity constraint appear in the literature;
|aJ | ≤ 1 is the least restrictive, and the one we adopt. The partial
wave amplitude aJ can be written as aJ = (ηJ e2iδJ − 1)/(2i),
where ηJ measures the inelasticity and δJ the phase shift. A
general expression of unitarity for the full amplitude is Im(aJ ) ≥
|aJ |2 (which is saturated if ηJ = 1 and δJ = π2 , for which aJ =
i). Using |aJ |2 = (Re(aJ ))2 + (Im(aJ ))2 , one can derive the
condition |Re(aJ )| ≤ 21 . However, the tree-level Born amplitude
aJ is real, and hence it actually violates the lower bound on

7
In Fermi’s current-current theory, the s-wave amplitude for νµ e → µνe is
√
a0 = GF s/π 2,
(2.10)
so partial-wave unitarity implies that the theory can only
be valid for
√ !1/2
√
π 2
≈ 620 GeV.
(2.11)
s≤
GF
This is a sign that the structure of the theory must change
below 620 GeV. Nature’s choice, exhibited in the standard electroweak theory, is to introduce the W boson,
which softens the four-fermion coupling. The observed
mass, MW ≈ 80.4 GeV, shows that new physics does
appear below the critical c.m. energy.
To make the analogous calculation in the SM, we must
look ahead to the two-generation Gedanken world discussed in §II B, for which we find [cf. Eq. (2.33)] that
GF scales inversely with the number of generations. The
corresponding point-coupling theory could only be valid
up to
√
s≤

√ !1/2
π 2
(ng =2)

GF

≈ 310 MeV.

(2.12)

This bound is consistent with the appearance of the W
boson with mass M W ≈ 40 MeV in the SM2 Gedanken
world [cf. Eq. (2.30)].
5.

all asymptotically constant (i.e., well-behaved) and pro2
. In the high-energy limit,10
portional to GF MH
√
√


1√ 1/ 8 1/ 8 0
2
 1/ 8 3/4 1/4 0 
−GF MH

√
√
lim2 (a0 ) →
·
 1/ 8 1/4 3/4 0  .
s≫MH
4π 2
0
0
0
1/2
(2.13)
Requiring that the largest eigenvalue respect the partialwave unitarity condition |a0 | ≤ 1 yields
MH ≤

MH ≤

√ !1/2
p
8π 2
= 4f¯π π/3 ≈ 350 MeV.
3GF

(2.15)

This condition is of course violated in the world without
Higgs, which resembles the standard model in the limit
of MH → ∞. We would therefore expect to see strong
scattering among weak bosons as in the ordinary strong
interactions among pions.
A relevant detailed analysis was carried out in the context of the standard electroweak theory (with a heavy
Higgs boson) by Chanowitz and Gaillard [35]. We evaluate the amplitudes for electroweak gauge-boson scatter2
ing in the limit of squared-c.m.-energy s ≫ MW
, MZ2 ,
with the Higgs-boson mass formally taken to infinity. In

10

11

Im(aJ ). The different versions of the unitarity conditions reflect
the fact that the lowest-order amplitude in perturbation theory
is only an approximation to the exact amplitude.

(2.14)

as a condition for perturbative unitarity.
If this (standard-model) bound is respected, weak interactions remain weak at all energies, and perturbation theory is everywhere reliable. If the bound is violated, perturbation theory breaks down, and weak interactions among W ± , Z, and H become strong on the
TeV scale. This means that the features of strong interactions at GeV energies will come to characterize electroweak gauge boson interactions at TeV energies. The
bound (2.14) means that new phenomena—either a Higgs
boson or strong dynamics—are to be found in real-world
electroweak interactions at energies not much larger than
1 TeV.11
The models we are considering have no Higgs boson,
but it is informative to write down the formal analogue of
the unitarity bound Eq. (2.14) on the Higgs-boson mass
in the SM1 Gedanken world. It is

Strong scattering of electroweak gauge bosons

In addition to hiding the electroweak symmetry in the
standard model, the Higgs boson plays an important role
in regulating the high-energy behavior of scattering amplitudes. A Gedanken experiment that illuminates that
role [31] leads to a conditional upper bound on the Higgsboson mass that sets a key target for experiment in the
real world.
It is straightforward to compute the amplitudes M for
gauge boson scattering at high energies, and to make
a partial-wave decomposition. Most channels “decouple,” in the sense that partial-wave amplitudes are small
at all energies (except very near the particle poles, or
at exponentially large energies), for any value of the
Higgs boson mass
√ MH . Four
√ channels are interesting:
|W + W − i, |ZZ/ 2i, |HH/ 2i, and |HZi, where all the
gauge bosons are understood as√the longitudinal polarization states, and the factors of 2 account for identical
particle statistics. For these, the s-wave amplitudes are

√ !1/2
p
8π 2
= 4v π/3 = 1 TeV
3GF

It is convenient to calculate these amplitudes by means of
the Goldstone-boson equivalence theorem [32], which reduces
the dynamics of longitudinally polarized gauge bosons to a
scalar field theory with interaction Lagrangian given by Lint =
+ w − + z 2 + h2 )2 , with
−λvh(2w +√
w − + z 2 + h2 ) − (λ/4)(2w
√
2 / 2.
1/v2 = GF 2 and λ = GF MH
In the standard-model context there are also upper bounds on
(i) the quartic coupling λ and hence the Higgs mass [33], and
(ii) Yukawa couplings and hence fermion masses generated by
Yukawa interactions [34], arising from triviality constraints.

8
this limit, the J = 0 partial-wave amplitudes
for the nor√
malized states |W + W − i and |ZZ/ 2i are given by
s
a0 =
32πv 2



√1
2

√ 
2
,
0

(2.16)

2
for which the larger eigenvalue is amax
= s/16πv√
. The
0
unitarity
condition
|a
|
≤
1
is
saturated
for
s⋆ =
0
√
4 πv ≈ 1.74 TeV in the standard model with a very
heavy Higgs boson. In the SM1 Gedanken world, the
requirement that |amax
| ≤ 1 is saturated for
0

√
√
s⋆ = 4 π f¯π ≈ 620 MeV.

(2.17)

The SM1 is a theory of strongly coupled electroweak
gauge bosons—as expected for a Higgsless model—that
becomes strongly coupled on the hadronic scale. In the
SM context, the equivalence theorem [32] noted in Footnote 10 states that scattering among weak gauge bosons
2
at energies s ≫ M W,Z is dominated by amplitudes for
longitudinal polarization states, which are equivalent,
2
up to terms of order M W,Z /s, to the amplitudes for
scattering among the corresponding Nambu–Goldstone
bosons. Consequently, we can examine the strongly coupled gauge boson scattering in the Gedanken world in
the light of experimental and theoretical knowledge of ππ
scattering in the real world, suitably rescaled in mass.
As in the standard model, the (I = 0, J = 0) and
(I = 1, J = 1) channels and their Regge recurrences are
attractive, while the (I = 2, J = 0) channel is repulsive. When the partial-wave amplitudes approach their
bounds, resonances will form and multiple production of
gauge bosons will ensue, in emulation of phenomena seen
in ππ scattering in the real world. The (nonperturbative)
resonant contributions unitarize the partial-wave amplitudes.
In real-world ππ scattering, strongly coupled resonances include the isovector vector meson ρ(775), the
isoscalar tensor meson f2 (1270), and the isoscalar scalar
meson f0 (980), all of which decay dominantly into
ππ. Similar structures could be expected in the SM1
Gedanken world. Theoretical tools developed to address
ππ dynamics can be applied there [36]. Scaling arguments derived in the context of the minimal (QCD-like)
technicolor model [37, 38] suggest that
M ρ = (f¯π /fπ )Mρ ≈ 730 MeV,

(2.18)

and
Γ(ρ → W + W − )
Mρ
=
Γ(ρ → π + π − )
Mρ

"

2

2 #3/2

1 − 4M W /M ρ
1 − 4Mπ2 /Mρ2

≈ 170 MeV.

(2.19)
Investigations of different unitarization schemes to the
heavy-Higgs version of the standard model, which were
informed by the experience of ππ scattering, would find
ready application to the Gedanken world [39].

6.

Strong-interaction symmetries

An outstanding challenge in real-world quantum chromodynamics is to understand why CP and T are observed
to be good symmetries of the strong interaction. The issue arises because of the generic presence in the QCD
Lagrangian of the term,
Lθ =

θgs2 a e a µν
G G
,
32π 2 µν

(2.20)

where gs is the strong coupling, Gaµν is the gluon fieldea µν is its dual, and
strength tensor with color-index a, G
the implied sum over a runs over the adjoint representation of the color gauge group. Because of the nontrivial
topology of the color gauge fields, it is not possible to
remove Lθ as a total derivative. If one or more of the
quarks has zero hard mass, the argument of the quark
mass matrix becomes a free parameter, and the physical
value of the θ-parameter can be tuned to zero. In the
SM, all of the fermions have zero bare masses, so there is
no strong CP problem due to instantons. There is strong
evidence that all the quark masses (and, in particular,
the up-quark mass) are nonzero in the real world [40].
In the real world, color-singlet hadrons experience
residual strong interactions that can be modelled at long
distances (>
∼ 1 fm) by one-pion exchange, and at shorter
distances by the exchange of ρ and ω vector mesons and
effects due to overlapping quark wavefunctions, which
yield a repulsive hard-core component to the nucleonnucleon interaction. The SM1 Gedanken world lacks
physical pions, because the corresponding degrees of freedom have become the longitudinal components of W ±
and Z 0 . The long-range part of the N N interaction
is supplied by the exchange of the electroweak gauge
bosons themselves, because of their small masses and
the enhanced strength of the weak interactions in the
SM. The consequence for strong-interaction symmetries
is dramatic: in the Gedanken world, parity (P) and
charge conjugation (C) are violated, because the longrange “strong” force is derived from the SU(2)L ⊗ U(1)Y
chiral gauge theory!

7.

Quantitative changes to the nuclear force

Calculations of nuclear properties have reached an
advanced—and, overall, very satisfying—state, through
the systematic application of semi-empirical nuclear potential models guided by fundamental principles [41]. It
would be excessively ambitious to attempt to characterize the nature of binding among nucleons in any variant
of the SM. A few simple observations are revealing.
As we have just noted, the long-range force of the twonucleon interaction is governed in the SM1 by the exchange of electroweak gauge bosons. The virtual emission and reabsorption of W ± and Z 0 is the analogue in
this Gedanken world of the pion cloud in the real world.
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Accordingly, the size of a hadron, measured in the real
world by r ≃ 1/mπ ≈ 1.4 fm, is given in the SM1 by
r̄ ≃ 1/M W,Z ≈ 7 fm, about five times greater.
In the real world, of course, the one-pion-exchange amplitude between nucleons involves strong couplings with
strength given by gπN N ≈ 14 at each πN N vertex. In
the limit of low momentum transfer,
A(N1 N2 → N3 N4 ) ∼

2
gπN
N
.
m2π

(2.21)

effect at temperatures T much lower than the electroweak
scale v ≈ 246 GeV, because their contributions to physical processes are suppressed by the factor exp(−8π 2 /g 2 )
at zero temperature, where g is the SU(2)L gauge coupling [42]. For T >
∼ v, the sphalerons tend to erase a preexisting baryon asymmetry of the universe, and could under some conditions generate a significant baryon asymmetry [43, 44, 45]. The analogous statement is true in
the SM1 Gedanken world, with the critical temperature
rescaled from v → f¯π .

The corresponding W -exchange amplitude in the SM1 is
A(N1 N2 → N3 N4 ) ∼

(g 2 )
2
8M W

∼

1
.
2f¯π2

(2.22)

Hence, the ratio of the Gedanken-world amplitude to the
real-world amplitude is
Ā/A =

m2π
= 0.0065 .
2
2f¯π2 gπN
N

(2.23)

Thus, although the range of the N N interaction is considerably longer in the SM1 than in the real world,
the strength is considerably weaker, at zero momentum
transfer. However, this does not mean that a bound-state
spectrum would be entirely absent.
A reasonable simplified description of N N binding in
the real world can be had by solving the Schrödinger
equation in a square-well potential with a radial size
a ≈ 1.4 fm and depth V0 . The occurrence of bound states
is the determined by the value of the dimensionless parameter,
ξ=

2µV0 a2
,
~2 π 2

(2.24)

where µ is the reduced mass, equal to MN /2 for the twonucleon problem. When ξ exceeds a minimal number
of order unity, a first bound state appears, and as ξ increases, more bound states appear in the discrete spectrum of the Hamiltonian. The relevant figure of merit is
V0 a2 .
To compare one-pion exchange in the real world with
electroweak-gauge-boson exchange in the SM1 , we measure V0 by the strength of the amplitude A and set a
equal to the Yukawian range of the force. The ratio
¯ =
ξ/ξ

m2π
m2π
≈ 1/6
·
2
2f¯π2 gπN N M 2
W

(2.25)

is smaller, but not grossly smaller, than unity. This observation would have to inform studies of nucleosynthesis
in the Gedanken world.
8.

Weak instantons (Sphalerons)

In the real world, weak SU(2)L instantons, which violate B and L, conserving B − L, have a negligibly small

9.

(Nearly) massless fermions

We have emphasized that in the SM, leptons are massless, even after the gauge symmetry is broken as a consequence of the spontaneous breaking of the chiral symmetry of massless quarks within QCD. Zero or extremely
small masses for the neutrinos do not have any negative consequences. However, the masslessness of the
electron in the SM1 undermines the integrity of matter, and also makes the SM vacuum unstable against
the spontaneous production of charged-lepton pairs. The
presence of even very small electromagnetic fields with
Fµν F µν = 2(|B|2 − |E|2 ) < 0, for which one could transform to a Lorentz frame in which B = 0, would lead,
through the Schwinger mechanism [46], to decay by production of e+ e− pairs. The rate for this production is
2
sizeable for e|E| >
∼ me .
In the real world, a recombination of free electrons and
protons takes place when the age of the universe is about
380 000 years, when the mean temperature is a fraction
of an electron volt. It is hard to imagine anything of the
sort occurring in the e+ e− plasma of the Gedanken world.
Moreover, the presence of zero-mass unconfined charged
particles leads to a pathology associated with the infinite
acceleration to which they would be subjected under the
influence of an electric field [47].
If we regard the SM as a low-energy effective theory, then an ultraviolet completion will in general induce
nonzero fermion masses. Consider a minimalist scenario
in which the SM1 is embedded in a unified theory governed at high energies by some simple gauge group. Assume that at the unification scale MU , the common value
of the gauge couplings is αU . The extended quark-lepton
families in a unified theory mean that proton-positron
mixing is a logical consequence.
A tree-level process that contributes to proton decay
is u + u → X 4/3 → e+ dc , where dc corresponds to the
d antiquark and X 4/3 is a leptoquark gauge boson. At
energies very low compared with MX ≈ MU , we can estimate the matrix element of the uude four-fermion operator between |pi and |e+ i as
ε ≡ M(p ↔ e+ ) ≈

4παU 3
2 ΛQCD .
MX

(2.26)
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It follows that the (e+ , p) mass matrix is given by


0 ε
M=
(2.27)
ε∗ M p
Diagonalizing this matrix, we find a negligibly small
shift in the proton mass, a tiny ε/MX positron admixture in the proton wave function (and vice versa), and a
nonzero but exquisitely small positron mass given (after
a field redefinition to eliminate a physically insignigicant
minus sign) by a seesaw-type formula,

world would be changed if there were no Higgs mechanism. The results are similar in character for ng ≥ 2
fermion generations, subject to the constraint that ng is
not so large as to change the qualitative character of the
QCD sector. It is well known that QCD remains asymptotically free so long as (33 − 4ng ) > 0, assuming 2ng
active quark flavors, so that up to eight generations are
permitted. For our purposes, we must be more demanding and require that, as in the real world, QCD confine
and spontaneously break chiral symmetry.

2

me =

|ε|
.
Mp

With illustrative values 1/αU ≈ 24 and MX ≈ 1017 GeV,
we find that |ε| ≈ 10−36 GeV and so me ≈ 10−72 GeV.
Independent of the infinitesimal result, it is fascinating
to contemplate the possibility of mass eigenstates that
mix elementary and composite fermions.
Analogous arguments apply to neutron–(anti)neutrino
mixing and a similar induced mass for the neutrino.
Richer ultraviolet completions that populate lower mass
scales could well lead to larger induced masses for the
neutrino and electron.
10.

Electroweak symmetry breaking

With ng fermion generations, the modified standard
model SMng displays a global SU(2ng )L ⊗ SU(2ng )R chiral symmetry, reflecting the presence of 2ng massless
quarks.12 So long as ng <
∼ 6, QCD confines the massless quarks at an energy scale that, for given ng , we denote as ΛQCD . It forms color-singlet hq̄qi condensates
that spontaneously break SU(2ng )L ⊗ SU(2ng )R to an
SU(2ng )V flavor symmetry that is exact in the absence
of electroweak interactions [48, 49, 50].
Leaving implicit the trace over colors to make color
singlets, the generalized pions are
ng
1 X
|ui d¯i i
|Π+ i = √
ng i=1

A variant: SU(2)L dominant

We chose to investigate Gedanken worlds in which the
hierarchy of the gauge interactions is like that of the real
world, with QCD the strongest of the interactions at low
energies. This protocol is sufficient for our purpose of
inquiring what the world would be like in the absence of
a mechanism introduced to hide the electroweak symmetry. Other deviations could be considered, of course. One
that immediately suggests itself is to ask what the outcome would be if, in a world without a Higgs mechanism,
the SU(2)L interaction were stronger than the SU(3)c interaction.
The consequences are very dramatic: if the chargedcurrent weak interaction, which is asymptotically free, is
the first to become strong, it produces SU(2)L -singlet
condensates involving two quark fields, or two lepton
fields, or one quark field and one lepton field. These condensates break the color gauge group SU(3)c → SU(2)c ,
break weak hypercharge and electric charge, and break
baryon number and lepton number! At a lower scale,
the residual color interaction confines colored objects into
mesons, bosonic baryons, and glueballs. This Gedanken
world has so little in common with the real world that
we shall not pursue it further.

B.

1.

(2.28)

ng
1 X
|Π i = p
|(ui ūi − di d¯i )i
2ng i=1
0

(2.29)

ng
1 X
|Π− i = √
|di ūi i.
ng i=1

These are three of the 4n2g −1 Nambu–Goldstone bosons13
of the SMng , before the SU(2)L ⊗ U(1)Y interactions are
turned on.
As before, we treat the SU(2)L ⊗ U(1)Y interactions
as a perturbation on the situation created by QCD. The
Π± and Π0 are absorbed as the longitudinal components
of the massive W ± and Z 0 , for which the masses are now
given as
2

M W = ng g 2 f¯π2 /4

(2.30)

M Z = ng (g 2 + g ′ 2 )f¯π2 /4,

(2.31)

and
2

so that in the SMng ,
√
M W ≈ 28 ng MeV;

√
M Z ≈ 32 ng MeV.

(2.32)

Multiple massless generations
12
13

With the one-generation toy model as background, we
now turn our attention to how the three-generation real

The global U(1)A symmetry is broken by SU(3)c instantons.
The flavor-singlet pseudoscalar meson, the generalized η′ corresponding to the U(1)A generator is massive, since this symmetry
is anomalous.
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The custodial-symmetry relation (2.6) remains in force.
In the SMng Gedanken world, the counterpart of the realworld Fermi constant is
GF =

1
v2
√ = GF ·
.
2
¯
ng f¯π2
ng f π 2

(2.33)

The scaled-down value of GF ∝ 1/ng relative to what
we found in the SM rescales the constraints derived from
partial-wave unitarity in §II A 5. In the more general
SMng , the tipping point (2.15) for the mass of the (nonexistent) Higgs boson would come for
MH ≤

p
√ !1/2
4f¯π π/3
8π 2
360 MeV
≈ √
. (2.34)
=
√
ng
ng
3GF

Of greater relevance, in the SMng Gedanken world, the
electroweak-gauge-boson scattering amplitudes saturate
partial-wave unitarity, in the sense that |amax
| = 1, for
0
(cf. (2.17))
√
√
√
s⋆ = 4 πng f¯π ≈ 620 ng MeV.
(2.35)
2.

The hadron spectrum

Let us consider the fate of the (4n2g − 1) Nambu–
Goldstone bosons of the SMng Gedanken world in greater
detail. There are n2g NGBs with charge +1 and an equal
number with charge −1. These are the counterparts of
the real-world π ± for ng = 1, plus K ± , D± , and Ds±
for ng = 2, etc. Next, there are 2ng (ng − 1) electrically
neutral NGBs that carry nonvanishing flavor quantum
numbers. No such particles exist in the real world with
one generation; for ng = 2, the corresponding particles
are K 0 , K̄ 0 , and D0 , D̄0 . Finally, there are 2ng − 1 selfconjugate neutral, but flavor-nonsinglet, particles. The
real-world analogues are π 0 at one generation, plus η and
ηc in the second generation.
When the SU(2)L ⊗ U(1)Y interactions are turned on,
the generalized pions disappear from the hadron spectrum, leaving (4n2g − 4) NGBs.14 That is to say, the
SMng ≥2 Gedanken worlds exhibit massless (or very light)
strongly interacting Nambu-Goldstone bosons. To estimate the coupling of the NGBs to baryons, we note that
an analogue of the Goldberger-Treiman relation [51]
|gA | MN = fπ gπN N ,

(2.36)

where gA = −1.2695 ± 0.0029 is the axial charge of the
neutron [20], should hold in the SM. This equality holds
within 15% in the real world, with gπN N ≈ 14. In the

SM Gedanken world, we have noted the estimates that
the pion decay constant and the nucleon mass would be
slightly reduced with respect to their real-world values,
and we expect little change in the axial charge gA . We
can therefore infer that the SM-value of ḡπN N ≈ gπN N
in the real world. The SU(2ng ) flavor symmetry implies
that this coupling strength applies to all the NGB–baryon
interactions.
The size of hadrons is determined by the radius of the
NGB cloud, which would be far greater than the 1.4 fm
size of the pion cloud in the real world. Similarly, the
range of the baryon-baryon interaction would be very
great. In practice, this would mean that the wavefunctions of different baryons would overlap. This, in turn,
could lead to pairing effects that would produce integralspin dibaryon correlations, perhaps analogous to Cooper
pairs in a superconductor, with consequent macroscopic
coherent quantum effects, including, perhaps, macroscopic occupation numbers of ground states when the
nucleon number density is sufficiently high and the temperature sufficiently low.
The structure of the baryon spectrum in the SM is familiar from what we observe in the real world, with one
important modification. In the absence of quark mass
differences, all states in a representation are highly degenerate and consequently the SU(nq ) flavor symmetry,
with nq = 2ng , is essentially exact. In the context of
QCD based on the SU(3)c gauge group, the baryons are
composed of three quarks. They can be classified according to the Clebsch-Gordan decomposition of the threefold
product of nq , the fundamental representation of SU(nq ),
nq ⊗ nq ⊗ nq = S3 ⊕ M1 ⊕ M2 ⊕ A3

where A3 , S3 , and M denote the totally antisymmetric
and symmetric rank-3 tensor representations, and M has
mixed symmetry. These have dimensions
nq (nq + 1)(nq + 2)
,
3!
2
nq (nq − 1)
dim(M ) =
,
 3
nq
.
dim(A3 ) =
3
dim(S3 ) =

The persistence of n2g − 1 massless charge +1 bosons and their
oppositely charged partners constitutes a new source of vacuum
instability not present in the SM1 .

(2.38)

In the real world, the lowest-lying states are the spinnucleon doublet, baryon octet, etc., for nq = 2, 3, . . .,
corresponding to the mixed representation, and the spin3
2 ∆ quartet, baryon decimet, etc., corresponding to the
symmetric representation. As in the SM1 case, chromomagnetic interactions would raise the spin- 23 states above
the spin- 21 ground state by an amount of order ΛQCD .
1
2

III.
14

(2.37)

INCLUDING EXPLICIT
FERMION MASSES

As we have noted, the SM theory in isolation has an infrared pathology resulting from the massless unconfined
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charged leptons. Even if one takes into account a nonzero
mass that is generated in a grand-unified ultraviolet completion of the SM theory, this is still so small that the
late-time, low-temperature universe would still be in the
radiation-dominated era with a plasma of charged lepton pairs. Additional problems arise with the presence
of massless charged scalars in multigeneration versions
of the SM. The instabilities that beset the SM with zero
fermion bare masses motivate us to investigate the properties of the corresponding modified standard model with
bare fermion masses, which we designate SMm. It is free
of the infrared pathology and provides a different interesting theoretical laboratory in which to study the behavior of scattering cross sections in a theory without a
fundamental Higgs field.
We add to the low-energy effective Lagrangian explicit
fermion mass terms that appear hard (persist) on scales
well above ΛQCD .15 Mass terms for up quarks, down
quarks, and charged leptons are of the Dirac form
Lm = −

ng
X


ūnL Unn′ un′ R + d¯nL Dnn′ dn′ R

n,n′ =1


+ ℓ̄nL Lnn′ ℓn′ R + h.c.

(3.1)

where U, D, L are fermion mixing matrices and ng is the
number of fermion generations. (Dirac and Majorana
mass terms can be written for neutrinos as well.) By
bringing the ng × ng mass matrices to diagonal form, one
obtains the mass eigenstates and the mixing matrices for
quarks and leptons.
Explicit Dirac mass terms link the left-handed and
right-handed fermions, and thus violate the SU(2)L ⊗
U(1)Y gauge symmetry of the electroweak theory. Accordingly, at lowest order in perturbation theory, scattering amplitudes for the production of pairs of longitudinally polarized gauge bosons in fermion-antifermion annihilations grow with c.m. energy roughly as GF mf Ecm .
For a fermion with bare mass mf , the resulting partialwave amplitudes saturate partial-wave unitarity for the
standard model with a Higgs mechanism at a critical c.m.
energy [53, 54, 55],
√
8πv 2
4π 2
√
= p
,
sf ≃ p
3ηf GF mf
3ηf mf

(3.2)

where ηf = 1(Nc ) for leptons (quarks). As usual, the parameter v sets the scale of electroweak symmetry breaking. If the electron mass were hard, the critical energy
√
would be se ≈ 1.7×109 GeV; the corresponding energy

15

What here appear as hard masses could be seen as soft (induced by some spontaneous symmetry breaking) on substantially
higher scales. Provided they are dynamically generated at some
high scale Λ⋆ ≫ ΛQCD in the ultraviolet-complete theory, the
associated running fermion masses will fall off as mf ∝ Λ⋆ 3 /p2
for Euclidean momenta p ≫ Λ⋆ [52].

√
for the top quark is st ≈ 3 TeV. The fact that a hard
electron mass would only imply a saturation of partialwave unitarity at a prodigiously high energy means that
the celebrated gauge cancellation observed in the reaction e+ e− → W + W − at LEP [56] validates the gauge
symmetry of the electroweak theory, but does not establish that the theory is renormalizable [52, 53].
In the SMm, electroweak symmetry breaking is induced by QCD at the QCD scale. If we choose the upand down-quark masses equal to the real-world values,
then the appropriate scale should be close to the realworld value of fπ . Consequently, perturbative unitarity
would be violated by bare fermion mass terms at a critical c.m. energy
8πng fπ2
√
sf ≃ p
:
3ηf mf

(3.3)

the greater the bare fermion mass, the lower the critical
energy.
If the SMm is to be a useful construct, it must make
sense up to energies above the scale of low-lying mesons,
√
baryons, and glueballs, say, up to sf = 50fπ ≈
4.6 GeV. That can be achieved provided that

4πng fπ
27 ng MeV (leptons)
p
mf <
≈
(3.4)
∼ 25 3η
15 ng MeV (quarks) ,
f
conditions that would generously accommodate the realworld values of the u, d, and e masses.
If we impose the more modest requirement that the
fermion sector of the SMm respect unitarity up to the
energy at which the gauge-boson
scattering saturates
√
√
√
partial-wave unitarity, s⋆ = 4 πng fπ ≈ 655 ng MeV
(cf. (2.35)), then the requirements on bare fermion
masses relax to

√
√
2 πng fπ
190 ng MeV (leptons)
<
√
(3.5)
≈
mf ∼ p
110 ng MeV (quarks) .
3ηf

Not only do the hard fermion masses implied by (3.1)
explicitly break the SU(2)L ⊗ U(1)Y gauge symmetry,
they also break the SU(2ng )L ⊗ SU(2ng )R chiral symmetry that attends massless fermions. Just as in Nambu’s
classic construction [13] of light, but not massless, pions
by the spontaneous breaking of an approximate chiral
symmetry, the QCD-induced spontaneous breaking of the
SU(2)L ⊗U(1)Y symmetry does not yield exactly massless
spin-zero particles, but light pseudo-Nambu–Goldstone
bosons (pNGBs). We recall that in the Nambu–JonaLasinio example [57] a bare nucleon mass of a few MeV
sufficed to generate a realistic pion mass. Unlike their
massless counterparts in the SMng >1 Gedanken world,
the charged pNGBs of SMm do not create a vacuum instability problem.
As is the case for the standard model, the electroweak
sector of the SMm is CP-conserving for one and two
fermion generations. For ng ≥ 3, the (ng − 1)(ng − 2)/2
unremovable phases in the quark mixing matrix for the
charged-current interactions provides a mechanism for
CP violation [58].
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IV.

BEYOND THREE COLORS

In the modified standard models we have considered,
the scale of electroweak symmetry breaking is linked directly to the confinement scale of quantum chromodynamics. This circumstance makes it interesting to examine generalizations of the SM in which the number of
colors, Nc , differs from the real-world value of 3.16
The large-Nc limit holds particular interest, because
it has yielded a number of insights into the structure of
QCD in two and four dimensions [60, 61]. This limit is
Nc → ∞ ,

with g32 Nc = finite constant 6= 0,

(4.1)

−1/2

.
so that the strong coupling g3 → 0 as Nc
The large-Nc limit was originally applied to QCD in
isolation, neglecting the electroweak interactions. The
requirement that the SU(2)L ⊗ U(1)Y gauge interactions
be free of anomalies imposes restrictions on the electric
charges of the fermions in the theory. Expressing the
quark charges Qu and Qd in terms of the electron charge
Qe , we find [62]
Qu = Qd + 1 =

1
2

[1 − (2Qe + 1)/Nc ]

(4.2)

With the canonical choice Qe = −1 (for which Qν = 0),
the condition becomes [63]
Qu = Qd + 1 =

1
2

(1 + 1/Nc) ,

(4.3)

which reproduces the familiar assignment Qu = + 32 for
Nc = 3.
Once the electroweak interactions are included, the
electroweak coupling constants must be rescaled in the
manner of Eq. (4.1) to compensate for the growing number of chiral fermion degrees of freedom:
g 2 Nc , g ′ 2 Nc , e2 Nc → constants as Nc → ∞.

(4.4)

Without this rescaling, the theory would have unphysical
properties in the Nc → ∞ limit: (i) the SU(2)L ⊗ U(1)Y
interactions would become infinitely strong relative to the
SU(3)c interaction and (ii) various qualitative properties,
such as the stability of mesons, would be spoiled. To cite
one example, the decay rate Γ(π 0 → γγ) ∝ α(Q2u −Q2d )Nc
would grow unacceptably, if α = e2 /4π were independent
of Nc .

The scaling of the electroweak gauge couplings
√ (in particular g) compensates for the growth fπ ∝ Nc of the
pion decay constant, which we recall is defined through
the matrix element Eq. (2.4) by which the charged weak
current connects a generalized pion to the vacuum in
leptonic decays. The foregoing discussion applies to the
Nc 6= 3 generalizations of both the standard model (with
spontaneous SU(2)L ⊗U(1)Y symmetry breaking induced
by the Higgs sector) and of the SM.
√
The same interplay
between the fπ ∝ Nc increase
√
and the g, g ′ ∝ 1/ Nc decrease makes the W ± and Z 0
masses independent of Nc in the SM (cf. §II A). The
Fermi constant is related to the SU(2)
coupling
√L gauge
2
and the W -boson mass as GF√= g 2 /(4 2 MW
). If we regard the value of GF = 1/(v 2 2) as a constant of Nature
within the framework of the standard√model, then the
scaling law (4.4) means that MW ∝ 1/ Nc . In contrast,
M W is independent of Nc in the SM, so GF ∝ 1/Nc.
For odd values of Nc > 3, the spectrum of low-lying
hadrons in the SM would consist of (q Nc ) baryons [64]
with spins 21 , 23 , . . . N2c , plus glueballs and (q q̄) states that
include (4ng − 4) Nambu–Goldstone bosons (pNGBs in
the SMm) and vector mesons including W ± and Z. The
baryons lie in SU(nq )flavor representations contained in
the product (⊗nq )Nc , and have masses ∝ Nc .
V.

LEFT-RIGHT–SYMMETRIC
GEDANKEN WORLD

Up to this point, we have considered modified versions
of the standard model based on SU(3)c ⊗ SU(2)L ⊗ U(1)Y
gauge symmetry, and investigated how different the world
would be if electroweak symmetry breaking were accomplished not by a special agent, but as an induced effect of the spontaneous breaking of chiral symmetry in
QCD. Since the standard model may well emerge as the
low-energy limit of a more comprehensive theory, it is
worth examining where some theories beyond the standard model would lead if the Higgs mechanism were absent. As before, our aim is not to find alternative paths
to the real world, but to explore how the world might
have been different.
We consider first a left-right–symmetric extension of
the standard-model gauge group [65],
SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L ,
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To build specific models, we will confine our attention to odd
values of Nc . This restriction maintains baryons as fermions,
since the simplest body plan for a multiquark color singlet is q Nc .
A second motivation for keeping Nc odd is the requirement that
the theory should be free of a global Witten π4 anomaly [59]
for arbitrary values of the number of fermion generations, ng ,
lest the SU(2)L gauge theory be mathematically inconsistent.
This means that the number of chiral components of left-handed
doublets [= (Nc + 1)ng ] must be even. Hence, for general values
of ng , Nc must be odd.

(5.1)

for which QCD will once again be the agent that induces
electroweak symmetry breaking. It is a characteristic of
such models that the observed maximal parity violation
in the weak interactions does not reflect a fundamental asymmetry of the laws of nature, but a circumstance
based on the pattern of electroweak symmetry breaking.
To respect real-world limits on right-handed charged currents and a B − L gauge force, the SU(2)R ⊗ U(1)B−L
symmetry must be broken to U(1)Y at a scale >
∼ 1 TeV.
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This means that the right-handed W ± -bosons must acquire a much higher mass than the known left-handed
W ± , so the low-energy charged-current interaction would
be left-handed to the high accuracy established experimentally. Furthermore, the mixing among the neutralgauge–boson eigenstates must be such as to reproduce
the neutral-current properties of the standard model to
high precision.
An appealing feature of the left-right–symmetric theory is that the electric charge operator takes an elegant
form in terms of generators of both of the weak-isospin
gauge groups and the fundamental quantities B and L,
namely
Q = I3L + I3R + 12 (B − L).

(5.2)

What the standard model identifies as weak hypercharge
is given, in the SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L
world, by Y = I3R − 12 (B − L), an expression that makes
sense of the curious weak hypercharge assignments [cf.
the discussion around Eq. (2.1) and Eq. (2.2)] in the
SU(2)L ⊗ U(1)Y electroweak theory.
To be specific, let us consider a left-right symmetric Gedanken world with a single generation of massless
fermions and no scalar sector. We shall see presently that
this LR model exhibits a number of properties that differ
in interesting ways from the SM models discussed in §II
and III.17 Now the chiral quark fields are
 a
 a
u
u
a
QaL =
,
Q
=
,
(5.3)
R
da L
da R
with (SU(3)c , SU(2)L , SU(2)R )B−L quantum numbers
(3, 2, 1)1/3 and (3, 1, 2)1/3 , respectively, and color index
a = 1, 2, 3. The chiral lepton fields are
 
 
ν
ν
,
(5.4)
,
LR =
LL =
e R
e L
with quantum numbers (1, 2, 1)−1 and (1, 1, 2)−1 . In the
gauge-covariant derivative specifying the interactions,
the normalization of the SU(2)R gauge coupling gR is defined in a manner analogous to that for the SU(2)L gauge
coupling gL . Again we will take the SU(3)c and SU(2)L
couplings g3 and gL = g to retain their standard-model
values, and we assume that the SU(2)R and U(1)B−L
gauge couplings are similar in magnitude to gL .
As in the SM, at a scale near ΛQCD , QCD confines colored objects and spontaneously breaks the global chiral
SU(2)L ⊗ SU(2)R symmetry associated with the massless
quarks, leaving a residual SU(2)V isospin symmetry. The
three would-be pions become the longitudinal components of gauge bosons that correspond to the broken (axial) generators, endowing the massive states with a com2
2 ¯2
mon mass given by M = (gL2 + gR
)fπ /4. If gL = gR = g,
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It is straightforward to extend this model, as we have done for
the SM models, to several fermion generations, and to consider
the large-Nc limit or to admit bare fermion masses.

√
then M would be a factor 2 larger than the SM value of
M W . The corresponding triplet of SU(2)V gauge bosons
remains massless, and couples to (vectorial) weak isospin
with a gauge coupling
gL gR
gV = p 2
.
(5.5)
2
gL + gR
√
If gR ≈ gL , then gV ≈ g/ 2 ≈ 0.46. As before, because
of the confinement and chiral symmetry breaking, the
quarks pick up effective “constituent” masses of order
ΛQCD , and the physical states are color-singlet mesons,
baryons, and glueballs.
Below the QCD scale, the gauge symmetry has been
broken to
SU(3)c ⊗ SU(2)V ⊗ U(1)B−L ,

(5.6)

but since only color-singlet degrees of freedom persist below the confinement scale, it suffices to classify the states
according to their (SU(2)V
 )B−L quantum numbers. The
ν
lepton Dirac field
L
=
transforms as (2)−1 , the nue

cleon doublet np as (2)1 , and the V-gluons as (3)0 .
The leptons remain massless to this stage, so the effective low-energy theory, with hadrons integrated out,
(ℓ)
(ℓ)
exhibits a global SU(2)L ⊗ SU(2)R leptonic chiral symmetry. The SU(2)V interaction is asymptotically free,
and hence the associated coupling gV increases as the
energy scale decreases below ΛQCD . At a sufficiently low
2
energy scale ΛV , where αV ≡ gV
/4π approaches unity,
the SU(2)V interaction confines and breaks the leptonic
chiral symmetry. Because the running of αV , calculated
by standard renormalization group methods, is logarithmic, the scale ΛV is exponentially smaller than ΛQCD ,
provided that the couplings gL (ΛQCD ) and gR (ΛQCD ) are
small, as we assume. We adopt the QCD (and technicolor) criterion that chiral symmetry breaking occurs in
a channel r × r̄ → 1 when αV C2 (r) ≈ 1, where C2 (r)
is the quadratic Casimir operator , of the fermion representation r under the gauge group, [48, 49]. With the
illustrative value gV ≈ 0.46 given above, we estimate
that ΛV ≈ 10−24 ΛQCD . Maximally-attractive-channel
and vacuum-alignment arguments point to the formation
of a lepton condensate,
hL̄Li = h(ēe + ν̄ν)i,

(5.7)

that respects the SU(2)V ⊗ U(1)B−L gauge symmetry,
but breaks the leptonic chiral symmetry to a “leptonic
(ℓ)
isospin” symmetry SU(2)V . In the process, the electron
and neutrino acquire equal dynamical masses, of order
ΛV . At least in principle, therefore, this model avoids
the massless deconfined charged fermion pathology of the
SM.
The process by which the leptons pick up dynamical masses at the scale ΛV is analogous to the one by
which the confining SU(3)c interaction produces dynamical quark masses at the scale ΛQCD . The SU(2)V -singlet
bound states are of three types: leptonic mesons, of the
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form |(ēe + ν̄ν)i, with lepton number L = 0; leptonic
baryons, with L = 2, and V-glueballs.18 The confine−1
ment of SU(2)V charge means that at distances r >
∼ ΛV
hadrons will be (very lightly) bound into SU(2)V singlets.
On the same scale there would also be SU(2)V -singlet
combinations of nucleons and leptons, including an ersatz (e p) Hydrogen atom bound by both the SU(2)V
and U(1)B−L gauge interactions. If the second confinement scale ΛV is indeed extremely tiny, then the Bohr
radius of a putative atom would be macroscopic, and the
integrity of matter would again be lost.
In the limit of low energies (<
∼ ΛV ), all the physical
states are SU(2)V singlets, and so we can express the
electric charge operator as
Q = 12 (B − L).

(5.8)

In this sense, the surviving Abelian symmetry at low energies is not U(1)em , but U(1)B−L . This circumstance
is a reminder that the emergence of electromagnetism as
a low-energy, long-range interaction is not automatic; it
depends not only on the choice of gauge group, but also
on the pattern of symmetry breaking.
As a final comment on the LR Gedanken world, let
us note that three Nambu–Goldstone bosons appear as
a consequence of the breaking of the global symmetry
(ℓ)
(ℓ)
(ℓ)
SU(2)L ⊗ SU(2)R → SU(2)V . These massless bosons
do not cause any infrared pathology, because they are
neutral under the surviving U(1)B−L long-range force.
Moreover, the NGBs have derivative couplings, so that
they become noninteracting in the limit of vanishing energy.

VI.

PATI-SALAM GEDANKEN WORLD

Our focus in this study has been on Gedanken worlds
in which electroweak symmetry breaking is dominantly
caused by the formation of a quark condensate in QCD.
Here we take up a generalization of that scenario in the
setting of a prototype unified theory of the strong, weak,
and electromagnetic interactions, in which the provocateur of electroweak symmetry breaking is not SU(3)c ,
but a larger gauge group in which QCD is embedded.
Specifically, we consider an extension of the SU(3)c ⊗
SU(2)L ⊗ SU(2)R ⊗ U(1)B−L explored in §V, identifying lepton number as the fourth color, and so combining
SU(3)c and U(1)B−L into the SU(4)PS introduced by Pati
& Salam [4]. In the resulting SU(4)PS ⊗ SU(2)L ⊗ SU(2)R
Gedanken world, it is the unbroken SU(4)PS , rather than
SU(3)c , that produces a fermion condensate that breaks
the electroweak gauge symmetry. Like the LR example, this PS model exhibits two widely separated con-

18

The lowest-lying leptonic mesons are pseudoscalars and vectors;
the ground-state leptonic baryons have spin 0 and 1.

finement scales and yields no deconfined massless charged
fermions.
Considered as a description of the real world, the
SU(4)PS ⊗ SU(2)L ⊗ SU(2)R model must be broken to the
standard-model gauge group SU(3)c ⊗ SU(2)L ⊗ U(1)Y at
a high scale of order 1 TeV. That step is required to satisfy the stringent upper bounds on right-handed chargedcurrent interactions, and also to suppress decays such as
K + → π + µ+ e− that are allowed in the unbroken theory
with three fermion generations. The symmetry is conventionally broken by the Higgs mechanism, but it may
also be broken dynamically [27].
The PS model accounts for the quantization of electric
charge. The (B−L) operator is proportional to the fourth
diagonal generator of the SU(4) Lie algebra, and so the
analogue of Eq. (5.2) defines the electric charge operator
as the sum of three generators, one for each of the nonAbelian groups in SU(4)PS ⊗ SU(2)L ⊗ SU(2)R .
The chiral quark and lepton fields defined in Eq. (5.3)
and Eq. (5.4) are joined into the fermion representations
FL = (Qa , L)L ,

FR = (Qa , R)L ,

(6.1)

which transform as the (4, 2, 1) and (4, 1, 2) representations of SU(4)PS ⊗ SU(2)L ⊗ SU(2)R , respectively.
In light of what has gone before, we can quickly enumerate the major characteristics of the one-generation PS
Gedanken world. The SU(4)PS interaction is asymptotically free, so as the energy scale decreases through a characteristic scale ΛPS , the gauge coupling becomes strong,
the theory confines and produces equal fermion conden¯ ēe)i that respect the SU(4)PS
sates h(ūu+ ν̄ν)i and h(dd+
symmetry, but break SU(2)L ⊗ SU(2)R → SU(2)V . Just
as in the LR model, this breaking confers a common mass
on the gauge bosons corresponding to the broken axial
generators, with the difference that the mass scale is set
by the SU(4)PS counterpart of f¯π . All the fermions gain
a common dynamical mass, of order ΛPS .
Below the PS scale, the gauge symmetry has been broken to
SU(4)PS ⊗ SU(2)V ,

(6.2)

but since only SU(4)PS -singlet degrees of freedom persist below the confinement scale, it suffices to classify
the states according to their SU(2)V quantum numbers.
These include the SU(4)PS mesons, bosonic baryons, and
glueballs. There are no light fermions below the confinement scale ΛPS . As the SU(2)V interaction becomes
strong at very low energies, it produces a spectrum of
V-glueballs with masses set by its confinement scale, ΛV .
Using the coupling constant gV given in Eq. (5.5), we
estimate ΛV ≈ 10−21 ΛPS . In this case, no exact Abelian
symmetry remains, so the low-energy effective PS theory
has no long-range force. Again a gauge symmetry that
might have given rise to low-energy electromagnetism
does not, because of the pattern of “electroweak” symmetry breaking.
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VII.

CONCLUSION

In this paper we have studied toy models built upon
the SU(3)c ⊗SU(2)L ⊗U(1)Y standard-model gauge group
and fermion content similar to that of the standard
model, but without any Higgs field. The electroweak
symmetry is hidden, so that SU(2)L ⊗ U(1)Y → U(1)em ,
through the quark condensates that spontaneously break
chiral symmetry in quantum chromodynamics with massless quarks. In these modified standard models, the
quarks and leptons do not acquire any masses as a consequence of electroweak symmetry breaking. The agent
that endows the fermions with mass need not be the same
one responsible for hiding the SU(2)L ⊗ U(1)Y symmetry
and giving mass to the weak bosons. Nor is it guaranteed
that all fermion masses have a common origin.
In the absence of (hard) quark masses, the goodness of the vectorial SU(nq ) flavor symmetry is enhanced, but the broad outlines of the hadron spectrum
are left unchanged, with one important exception. In
the one-generation modified standard model SM1 , the
pions disappear from the physical spectrum to become
the third (longitudinal) components of the electroweak
gauge bosons W ± and Z 0 . The vanishing of up- and
down-quark masses may leave the proton heavier than
the neutron, in which case it would be unstable against
p → ne+ νe β decay, leaving a Gedanken world without
hydrogen atoms. In any case, the integrity of matter is
compromised in Gedanken worlds that contain leptons
with vanishing or infinitesimal masses.
In the SM, the electroweak symmetry breaking scale
is set by the QCD scale, which leads to many interesting and striking differences with respect to the real
world. Lacking a Higgs boson, the SM exhibits strong
dynamics in W W , W Z, and ZZ scattering at c.m. energies below 1 GeV. Electroweak symmetry breaking on
the QCD scale implies a very significant reduction in
the weak-boson masses, so that M W ≈ 30 MeV in the
Gedanken world. This makes the low-energy weak interactions comparable to the electromagnetic interactions.
A corresponding increase in the SM value of the Fermi
constant dramatically accelerates β decay and enhances
neutrino-nucleon cross sections. Moreover, weak interactions and residual strong interactions are of comparable strength, so the systematics of nuclear forces are
changed in important ways. In particular, nuclear forces
of weak origin would be P- and C-violating. On the other
hand, vanishing quark masses would obviate the strong
CP problem.
Models with vanishing or infinitesimal masses for unconfined charged leptons are pathological, being unstable
against the breakdown of the vacuum and the creation
of a plasma of electron-positron pairs. It is therefore
appealing to consider the modified standard model as a
low-energy effective field theory, and to investigate ultraviolet completions that induce fermion mass terms that
are hard on the QCD scale.
In particular, we contrasted the properties of two types

of models, one that has, in isolation, no fermion bare
mass terms and pathological infrared behavior due to
the unconfined massless leptons, and another that has
bare fermion mass terms, with magnitudes bounded by
the requirement that the model can serve as a reasonable effective theory up to energies somewhat above the
hadronic scale.
The generalization to Nc 6= 3 exposes another connection between quantum chromodynamics and the electroweak sector. In the standard model, with the Fermi
constant
√ a fixed parameter, the weak-boson masses scale
as 1/ Nc , whereas in the SM, weak-boson masses are
independent of the number of colors, but GF ∝ 1/Nc.
Two no-Higgs modifications of extensions to the
standard-model gauge group display interesting characteristics. In the first of these, we considered a left-right–
symmetric theory based on SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗
U(1)B−L gauge symmetry. The spontaneous breaking of
the chiral symmetry associated with massless quarks that
occurs near the color-confinement scale ΛQCD breaks the
gauged SU(2)L ⊗SU(2)R to a residual exact SU(2)V gauge
symmetry, and gives masses to the SU(2)L ⊗ SU(2)R
weak bosons. The SU(2)V gauge symmetry is asymptotically free, and so confines leptons at a characteristic scale, ΛV ≪ ΛQCD . The two scales of confinement
and chiral symmetry breaking are widely separated provided that the weak gauge couplings are small enough
that SU(2)L ⊗ SU(2)R ⊗U(1)B−L may be considered as a
perturbation on the SU(3)c strong interaction. Because
leptons are confined, this model avoids the problem of
massless deconfined charged particles. A long-range interaction coupled to B−L, rather than electric charge, remains after the confining interactions have accomplished
their symmetry breaking. Electromagnetism is thus not
an automatic outcome.
Our final example was a prototype unified theory that
incorporates SU(4)PS gauge symmetry, in which SU(3)c
and U(1)B−L are joined by regarding lepton number as
the fourth color. One of the virtues of the resulting
SU(4)PS ⊗ SU(2)L ⊗ SU(2)R gauge symmetry is that it
provides a natural explanation of the quantization of electric charge. At a characteristic scale ΛPS , the SU(4)PS interaction confines and induces the breaking of the gauged
SU(2)L ⊗ SU(2)R to a residual exact SU(2)V gauge symmetry. Since both quarks and leptons are confined, this
model avoids the pathology of massless charged deconfined fermions. The residual SU(2)V is asymptotically
free, so at a (very low) characteristic scale ΛV it confines the gauge bosons of this interaction, V-gluons, into
SU(2)V -singlet V-glueballs. In contrast to the no-Higgs
versions of the standard model and the left-right symmetric theory, no U(1) gauge symmetry survives, and
so—leaving aside gravity—there is no long-range force
at all.
One of the goals of this study was to explore how different the physical world would be, if there were nothing like
the Higgs mechanism to hide the electroweak symmetry.
We regard that as important preparation for interpreting
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the insights we hope to derive from experiments at the
Large Hadron Collider. The SM provides an explicit theoretical laboratory in which to study how properties of
our world would change if the scale of electroweak symmetry breaking varied from its real-world value. The
approach taken here complements studies that retained
a Higgs mechanism but allowed variations in the weak
scale v.
Gedanken worlds also help us to take a fresh look at the
real world and the way we have understood it. Since we
have not definitively established the source of electroweak
symmetry breaking, it is useful to ask how it might deviate from the standard hypothesis. The early technicolor
models were based on a close analogy with QCD, and the
general idea of dynamical electroweak symmetry breaking merits continued study. Even when we do include a
Higgs mechanism that gives rise to a realistic scale for
electroweak symmetry breaking, it is important to bear
in mind that there are at least two contributing sources—
even if the QCD source is but a tiny effect. This serves
as a reminder that there can be several contributions,
at quite different mass scales, to the breaking of a given
symmetry.
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APPENDIX A: NEUTRON-PROTON MASS
DIFFERENCE

The problem of calculating hadron masses has received
much attention since the rich spectrum of strongly interacting particles began to reveal itself in the 1960s.
The state of the art has progressed from early considerations in the framework of the nonrelativistic quark
model [66] through relativistic formulations such as the
MIT bag model [67] and the Bethe-Salpeter equation [68],
to methods based on light-front wave functions and the

Anti-de Sitter/conformal field theory connection [69] and
lattice gauge theory computations [70]. With respect
to so-called electromagnetic mass differences—splittings
within an isospin multiplet—there has been parallel
progress from the Cottingham formula [71] to ab initio
calculations in lattice QCD [72, 73].
Our modest goal in this Appendix is to expose two differences between the real world and the SM Gedanken
world: the absence in the SM of quark masses, and
the appearance in the SM of weak contributions to the
neutron-proton mass difference that are negligible in the
real world. In the real world, the difference between upand down-quark masses increases the neutron mass relative to the proton mass. The weak-interaction contributions have a similar effect in the SM.
It will be sufficient for our purposes to examine the
sources of the n-p mass difference within the quark
model, using as a starting point the SU(6) flavor-spin
wave functions,
√
|p ↑i = (1/ 18) (2u↑ d↓ u↑ − u↓ d↑ u↑ − u↑ d↑ u↓
−d↑ u↓ u↑ + 2d↓ u↑ u↑ − d↑ u↑ u↓
−u↑ u↓ d↑ − u↓ u↑ d↑ + 2u↑ u↑ d↓ ) ,
(A1)
√
|n ↑i = −(1/ 18) (2d↑ u↓ d↑ − d↓ u↑ d↑ − d↑ u↑ d↓
−u↑ d↓ d↑ + 2u↓ d↑ d↑ − u↑ d↑ d↓
−d↑ d↓ u↑ − d↓ d↑ u↑ + 2d↑ d↑ u↓ ) ,
here written for proton and neutron with spin up.
Within a multiplet, a standard analysis identifies three
distinct contributions to mass differences: (i) a difference between the masses of the up and down quarks, (ii)
pairwise Coulomb interactions among the valence quarks,
and (iii) pairwise hyperfine or magnetic-moment interactions among quarks. A plausible expression for particle
masses within a real-world multiplet is then (cf. [74])
D α EX
M = M0 + nd (md + δd ) + nu (mu + δu ) +
Qi Qj
r i<j
+
*
X
8π
2
−
(A2)
µi µj ~σi · ~σj .
|Ψij (0)|
3
i<j
In this equation, ni is the number of quarks of flavor
i in the hadron, δi is the electromagnetic correction to
the constituent-quark mass of flavor i, Qi and µi are
the electric charge and magnetic moment of quark i, and
Ψij (0) is the wave function at zero separation of quarks
i and j. The symmetry of the wave function has been
exploited in writing the Coulomb term.
The formula Eq. (A2) incorporates different aspects of
the dynamics contributing to the nucleon mass and entails a number of approximations. Fits to the masses and
magnetic moments of the baryon octet require that the
quark magnetic moments be inversely proportional to the
constituent-quark, not current-quark) masses [75]. Questions of internal consistency arise because the chromomagnetic hyperfine term is a short-distance phenomenon,
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and at short distances the quarks behave as quasifree particles with no dynamically generated masses [76]. With
such caveats in mind, we proceed with the analysis.
Without appealing to a specific dynamical model to
2
compute the mean quark separation hr−1 i and |Ψij (0)| ,
we may recast Eq. (A2) in terms of Coulomb and magnetic contributions δMC and δMM as
(A3)
M = M0 + nd (md + 19 δ) + nu (mu + 94 δ)
+
*
X
X
Qi Qj ~σi · ~σj ,
Qi Qj + δMM
+δMC
i<j

i<j

where we have assumed that the magnetic moments are
proportional to the quark charges and the corrections
to the constituent-quark masses are proportional to the
quark charges squared. The electromagnetic mass shift
δ = αM0 /3π, times a constant of order unity, so approximately 1 MeV, comparable in magnitude to the terms
with which it is grouped.
Evaluating Eq. (A3), we find
Mp = M0 + (md + 2mu ) + δ
Mn

+

4
3 δMM

(A4)
= M0 + (2md + mu ) + 32 δ − 31 δMC + δMM ,

so that, in the real world,
Mn − Mp = (md − mu ) − 13 (δ + δMC + δMM ).

(A5)

the exchange of virtual W and Z bosons. In the spirit
of the quark model, these arise from the difference between constituent-quark mass shifts due to Z emission
and reabsorption for the d and u quarks and the difference between Z-exchange diagrams for dd scattering in
the neutron and uu scattering in the proton, all other W and Z-exchange contributions being in common. The two
contributions (viz., Z exchange between different quark
lines and corrections to individual quark propagators due
to Z emission and reabsorption) share some similarities.
Accordingly, we can anticipate the character of a detailed
evaluation by estimating the Z-exchange contribution in
the static limit of zero momentum transfer as

GF Λ3h  2
√
(Ld + Rd2 ) − (L2u + Ru2 )
Z−ex
2 2
(A6)
where Λh is a typical hadronic scale and the chiral couplings of Z to quark q are
=

Mn − Mp

Lq = τ3 − 2Qq xW , Rq = −2Qq xW

(A7)

with τ3 twice the weak isospin projection of q and xW ≡
sin2 θW the weak mixing parameter. Note that in the
real world, this contribution is indeed entirely negligible: with the plausible value Λh = fπ ≈ 100 MeV,
−5
GF Λ3h ≈ 10
√ MeV. 2Inserting the SM1 Gedanken-world
value GF / 2 = 1/2f¯π , we compute
Λ3h
Λ3h
xW (1 − 2xW ) ≈
.
2
¯
3 fπ
24f¯π2

The current-quark mass difference, (md − mu ) > 0, outweighs the negative contribution of the other three terms,
leading to the observed Mn −Mp ≈ 1.293 MeV [20]. If we
were to set mu and md to zero, but otherwise retain all
the features of the real world, the proton would outweigh
the neutron.
Simply erasing the current-quark masses from Eq. (A5)
is not sufficient to describe the n-p mass difference in the
SM, in which the strength of weak interactions is greatly
enhanced over the real-world level. In the Gedanken
world, we must take into account contributions due to

where we approximated xW = 41 , close to the real-world
value, in the last step. This contribution is positive and
plausibly measured in MeV, so could well tip the balance back in favor of the neutron as the heavier nucleon.
That electromagnetic and weak contibutions have opposite sign, so long as xW < 21 , was noted long ago in the
context of the Cottingham formula for real-world mass
differences [77].
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