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We study the Abelian Higgs model with multiple scalar fields, but without mass terms. Solving the
model nonperturbatively order-by-order in the number of scalar fields, we find that radiative corrections
generate masses for the scalar and gauge boson, without spontaneous symmetry breaking. The mass scales
are set by the Λ-parameter of the electroweak running coupling, thereby naturally avoiding the hierarchy
problem. No part of our calculation employs a weak-coupling expansion, and we find that the perturbative
vacuum is metastable, and hence must decay to the stable nonperturbative vacuum of the theory, which we
identify. Although the field content of our Lagrangian is standard, our results predict the existence of two
heavy scalar resonances in addition to the Higgs. We believe that these predicted resonances will ultimately
allow experimentalists to discriminate between our method and standard solutions of the Higgs model.
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I. INTRODUCTION

In the Standard Model of Physics, the electroweak gauge
bosons obtain theirmasses through theHiggsmechanism [1].
The standard implementation of the Higgs mechanism in
electroweak theory is through spontaneous symmetry break-
ing (SSB) [2], in which the Higgs field takes on a non-
vanishing vacuum-expectation value (VEV):

hϕi ¼ VEV ≠ 0: ð1Þ

There are several well-documented issues with the
standard implementation of the Higgs mechanism for
generating gauge boson masses:

(i) The symmetry broken by SSB would be a continu-
ous symmetry (gauge symmetry), which is explicitly
forbidden by Elitzur’s theorem [3], as pointed out in
detail in Ref. [4].1

(ii) The Higgs VEV is engineered through a Higgs
potential involving a “tachyonic” mass term:

VðϕÞ ¼ −μ2ϕ2 þ λϕ4: ð2Þ

No plausible reason for the sign of μ2 is given other
than that “it works.”

(iii) The mass of the Higgs boson (and its VEV) are set
(by the choice of μ) to the electroweak scale, which
is much smaller than the Planck scale. This issue is
known as the “hierarchy problem” [2,6].

(iv) The standard implementation proceeds via the weak-
coupling (perturbative) expansion around the
classical minimum of (2). Experimental data suggest
that this minimum is only metastable with respect to
decay to other, nonperturbative vacua [7].

In this work, we propose a different mechanism for mass
generation that

(i) Does not involve a nonvanishing vacuum-expectation
value:

hϕi ¼ 0: ð3Þ

(ii) Does not involve SSB because no symmetries are
broken.

(iii) Does not involve a tachyonic mass term in the
potential

μ2 ¼ 0: ð4Þ

(iv) Has the Higgs mass scale emerge as the Λ-parameter
of the electromagnetic running-coupling trough
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1One may wonder why the Higgs mechanism is so successful
phenomenologically despite the fact that gauge symmetries
cannot be spontaneously broken. The answer is nontrivial, and
has been much discussed in the literature (cf. Ref. [2] for a
review). Within the realm of weak coupling, it is possible to
obtain phenomenologically equivalent results to the Higgs
mechanism without breaking gauge symmetry using so-called
gauge invariant perturbation theory [5], though differences with
respect to the Higgs mechanism are expected to appear in the
nonperturbative regime [2].
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dimensional transmutation, thereby naturally avoid-
ing (as opposed to “solving”) the hierarchy problem.

(v) Uses a large N expansion around a nonperturbative
vacuum of the theory rather than the usual weak-
coupling expansion around the metastable classical
vacuum.

Because our proposed mechanism does not have any
dimensionful parameters in the theory Lagrangian, we refer
to our mechanism as generating mass from nothing.
The individual components of our mechanism have been

suggested in one form or another before, but to our
knowledge they have never been combined in a single
calculation from the beginning to the end. For instance,
mass generation without SSB, also known as symmetric
mass generation, has been discussed in the context of scalar
and fermionic theories [4,5,8,9]. An emergent Higgs mass
scale from radiative corrections has been discussed in the
context of spontaneous symmetry breaking and is known as
the “Coleman-Weinberg mechanism” (cf. Ref. [10]).
Finally, large N expansions in the number of fields rather
than a weak-coupling expansion has been employed in pure
scalar field theories in Refs. [11,12], leading to the
discovery of nonperturbative stable minima.
The catalyst of bringing these separate developments

together into one single mechanism was the realization that
scalar quantum field theory could be nontrivial in four
dimensions [13] (see also [14–16]), because the condensed-
matter-inspired proof of quantum triviality [17] leaves an
important loophole exploited by large N scalar field
theory [18]. This has led to a recent uptick in interest
related to scalar and fermionic large N theories, broadly
defined [19–35].
Importantly, if scalar field theory in four dimensions is a

bona fide interacting quantum field theory in the con-
tinuum, then nonperturbative solutions of this theory are
possible. Putting the theory on a lattice is one potential
approach [32,36], but complicated by the existence of a
severe sign problem. For this reason, nonperturbative
analytic techniques, such as an expansion in a large number
of scalar fields N ≫ 1 currently seem most promising [37].
For this reason, here we consider the Abelian Higgs

model where multiple scalar fields are covariantly coupled
to a single U(1) gauge boson. Thus our theory Lagrangian
is completely standard, but our solution technique is not.
Instead of using effective theory and a weak-coupling
expansion, systematically expanding in the number of
scalar fields N allows us to reliably study the nonpertur-
bative sectors of the theory. In this work, our goal is not a
direct phenomenological application of our findings, even
though we believe this could be a viable research direction
in its own right. Instead, we choose to consider the Abelian
Higgs model because it will allow us to elucidate the
similarities and differences with respect to the standard
weak-coupling solution of the same theory with minimal
complexity. In a follow-up work, we will present the

generalization of our mechanism to non-Abelian Higgs
and full electroweak theory, including phenomenological
consequences.
Even though the field content of our theory is standard,

and even though the symmetries are standard, owing to our
nonperturbative solution techniques we do find features
that are not present in the standard weak-coupling
approach. In particular, it will be shown in this paper that
in addition to the standard field content of the theory, the
nonperturbative solution predicts the presence of two scalar
resonances at masses of approximately 1.84 and 2.63 times
the Higgs boson mass. We believe that these additional
scalar particles are prime candidates for future experimental
verification/falsification of our method.
Many experts trained in standard perturbative quantum

field theory will be unfamiliar with the recent technical
developments for many component scalar field theories.
While we point out the most important new steps including
references in this paper, a fully pedagogical treatment is
beyond the scope of this work. For this reason, we suggest
the interested reader browses the lecture notes on large N
field theory [37] for context, more detail, and additional
references.

II. SETUP OF THE ABELIAN HIGGS MODEL

We choose to work in Euclidean field theory in order to
give a nonperturbative definition of the full quantum field
theory in terms of the path-integral representation of the
partition function. Observables in Minkowski space are
then obtained via the usual analytic continuation of the
Euclidean quantities (cf. [[38], Chap. 8]). Let us now get
more specific about the Abelian Higgs model, and first
consider the Euclidean Lagrangian density of a complex
scalar Φ covariantly coupled to an Abelian gauge field Aμ:

LE¼ðDμΦÞ†ðDμΦÞþ1

4
FμνFμν; Dμ≡∂μ− ieBAμ; ð5Þ

where Fμν is the Abelian field-strength tensor and eB is the
(bare) electromagnetic coupling parameter. The theory
Lagrangian is invariant under the following local gauge
transformation:

ΦðxÞ → Φ0ðxÞ ¼ eiαðxÞeBΦðxÞ;
AμðxÞ → A0

μðxÞ ¼ AμðxÞ þ ∂μαðxÞ: ð6Þ

Since ΦðxÞ is locally a complex number, we can use the
above symmetry to phase-rotate ΦðxÞ such that it is purely
real, in complete analogy to what is performed in the
standard Higgs mechanism implementation [39] (see
also [40]). This amounts to a gauge fixing procedure,
but we perform the gauge fixing on the scalar degrees of
freedom rather than the gauge field Aμ. This simplifies the
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following calculation, because the resulting Faddeev-
Popov ghosts are not dynamic.
We now want to introduce gauge fixing in the usual way,

e.g. by inserting a δ function that imposes a condition on
ΦðxÞ to fix the gauge, e.g. through the choice

G½ΦðxÞ� ¼ 0: ð7Þ

With the gauge transformation parametrized as in (6) by the
function α, this implies we insert

1 ¼
Z

DαδðG½ΦðxÞ�Þ
���� det

�
δG½ΦðxÞ�

δα

����� ð8Þ

into the path integral. To be specific, let us choose2

G½ΦðxÞ� ¼ ImΦðxÞ; ð9Þ

so that

det

�
δG½ΦðxÞ�

δα

�
¼
Y
x

eBReΦðxÞ: ð10Þ

Writing ΦðxÞ ¼ ϕðxÞ þ iϕ2ðxÞ with ϕðxÞ and ϕ2ðxÞ the
real and imaginary parts ofΦðxÞ, the partition function after
gauge fixing thus becomes

Z ¼
Z

DϕðxÞjϕðxÞje−
R

d4xLgf ; ð11Þ

where we have absorbed the constant term eB into the path
integral measure, and the gauge-fixed Euclidean
Lagrangian density is given by

Lgf¼ðDμϕÞ†ðDμϕÞþ
1

4
FμνFμν; Dμ≡∂μ− ieBAμ; ð12Þ

where ϕðxÞ is now a single real scalar field. One can
recognize the term jϕðxÞj in (11) to correspond to the
Faddeev-Popov determinant, and it is possible to exponen-
tiate it using the usual introduction of Faddeev-Popov
ghosts.3 However, since the determinant is so simple,

introduction of the ghosts is not necessary. In fact, in
many discussions of the Higgs mechanism in the literature,
the Faddeev-Popov determinant from fixing the scalar to be
real is said to be “absorbed in the measure of the path
integral” (cf. the Lagrangian in the “polar representation” in
Ref. [39]). Essentially, this is just a redefinition of the
potential for the Higgs field. Because of this prevailing
choice in the literature, and to be absolutely clear that this is
not the source of mass generation in our setup, we adopt the
same convention (packing the Faddeev-Popov determinant
into a redefinition of the Higgs field potential) for the main
part of our work. However, for those interested in its effect,
we redo the calculation with the Faddeev-Popov determi-
nant included in the Appendix.
It is now easy to generalize the above theory from one

complex scalar field to a theory consisting of N complex
scalar fields. We consider N complex scalar fields which
are “phase-locked,” e.g. can be represented as Φ⃗ ¼
ϕ⃗eieBαðxÞ with the same complex phase for all N fields.
This is to ensure that the model has N þ 1 degrees of
freedom rather than 2N degrees of freedom, and we can use
the gauge fixing procedure as above. After gauge fixing, we
end up with a theory involving N real scalar fields
ϕ⃗ ¼ ðϕ1;ϕ2;…;ϕNÞ. Thus in the following we study the
theory defined by the Euclidean action

SE ¼
Z

dx

�
ðDμϕ⃗Þ†Dμϕ⃗þ λB

N
ðϕ⃗ · ϕ⃗Þ2 þ 1

4
FμνFμν

�
; ð13Þ

where in addition to the kinetic terms we have also included
a potential term for the scalars with λB the bare scalar self-
coupling parameter. Note that no mass term is included in
the potential, nor will it be included later on in the
derivation, so there are no dimensionful parameters in
the theory.
The gauge covariant derivative and field-strength tensor

are defined by

Dμ ¼ ∂μ − i
eBffiffiffiffi
N

p Aμ; Fμν ¼ ∂μAν − ∂νAμ; ð14Þ

where eB is the gauge field coupling parameter. For the case
N > 1, the model is related to extensions of the Standard
Model [43], but hereN is taken as a bookkeeping parameter
in order to organize a nonperturbative solution of the
model. The scaling of the couplings λB, eB with N has
been chosen such that the theory possesses a well-defined
limit for N → ∞.
It should be pointed out that—usually—path integrals

for gauge theories suffer from flat directions. Because we
have chosen to fix the gauge freedom as a condition on the
scalar field rather than the vectors, the resulting path
integral must be free of any flat directions. We show below
that this is indeed the case.

2Note that this gauge fixing choice is described in Ref. [41],
Chap. 1.1. The gauge condition can be brought into some-
thing resembling the usual Faddeev-Popov form by replacing

δðG½Φ�Þ → e−
1
2ξ

R
d4xG½Φ�G½Φ� with arbitrary gauge parameter ξ. It

can be shown that the resulting action obeys Becchi-Rouet-Stora-
Tyutin (BRST) invariance, suggesting that the results found in the
specific gauge (9) hold more broadly [42]. We thank
G. Sundaresan for pointing this out to us.

3Note that our determinant as written would be singular for all
points where ϕðxÞ ¼ 0. However, the manifold on which ϕðxÞ
vanishes has a lower dimension than our target dimension d ¼ 4.
For this reason, the singular points in the determinant do not
contribute to the partition function in the infinite volume limit of
the theory. We thank Cliff Taubes for pointing this issue out to us.
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III. CALCULATION

Following Ref. [37], it is useful to trade the quartic scalar
coupling with respect to an additional auxiliary field. This
can be done in terms of a mathematical identity:

e−
λBðϕ⃗·ϕ⃗Þ2

N ¼
Z

dζe−iζϕ⃗·ϕ⃗−
Nζ2

4λB : ð15Þ

After using (15), the partition function of the theory
becomes

Z¼
Z

Dϕ⃗DADζe−
R
dxðϕ⃗½−□þiζþe2

B
N AμAμ�ϕ⃗þNζ2

4λB
þ1

4
FμνFμνÞ: ð16Þ

In this form, the scalar part of the action is quadratic in ϕ⃗
and can formally be integrated out:

Z ¼
Z

DADζe−
N
2
tr ln ½−□þiζþe2

B
N AμAμ�−

R
dxðNζ2

4λB
þ1

4
FμνFμνÞ: ð17Þ

So far, everything has been exact. However, to make
progress, an approximation will have to be made.

A. (Only) approximation: Large N limit

In the leading large N limit, only terms proportional to N
in the action of (17) contribute. This case is identical to the
case of the pure scalar case treated a long time ago [11,12],
and recently revisited [13,20,21,29]. Expanding the action
systematically in powers of 1

N, one finds in particular

tr ln

�
−□þ iζ þ e2B

N
AμAμ

�

¼ tr ln ½−□þ iζ� þ e2B
N

tr½Δðx; yÞAμðxÞAμðxÞ�

þO
�

1

N2

�
; ð18Þ

where

½−□þ iζ�Δðx; yÞ ¼ δðx − yÞ: ð19Þ

We are particularly interested in studying mass gener-
ation for the U(1) gauge field Aμ, so it is a nice feature of
the large N expansion that the quadratic term in the gauge
field in the action is automatically included at the next-to-
leading-order (NLO) large N expansion level. Higher order
contributions, while interesting when studying decay
channels, are not of primary interest here, but will need
to be included when calculating the width of the auxiliary
scalar resonances (see discussion below).
Truncating the action at (including) order OðN0Þ, one

finds for the partition function

Z2 ¼
Z

DADζe−S2 ; ð20Þ

with

S2 ¼
N
2
tr ln ½−□þ iζ� þ e2B

2
tr½ΔAμAμ�

þ
Z

dx

�
Nζ2

4λB
þ 1

4
FμνFμν

�
: ð21Þ

Expanding the auxiliary field as a global zero mode plus
fluctuations gives

ζðxÞ ¼ ζ0 þ ξðxÞ;
Z

dxξðxÞ ¼ 0; ð22Þ

so that

N
2
tr ln ½−□þ iζ� þ

Z
dx

Nζ2

4λB

¼ N
2

�
tr ln ½−□þ iζ0� þ

Z
dx

ζ20
2λB

þ
Z
x;y

ξD−1ξþ � � �
�
;

ð23Þ

where the auxiliary field propagator Dðx − yÞ in Fourier
space fulfills

DðkÞ ¼ 1
1
2λB

þ ΠðkÞ ; ΠðxÞ ¼ 1

2
Δ2ðxÞ; ð24Þ

with the scalar field propagator Δ ¼ ½−□þ iζ0 þ iξ�−1
defined above. Now note that one can scale the fluctua-
tions as

ξ →
ξffiffiffiffi
N

p ; ð25Þ

so that it becomes clear that the contributions from the
fluctuations are suppressed as N → ∞. This greatly sim-
plifies the calculation. It implies that up to (including) NLO
in a large N expansion, it is sufficient to replace the scalar
propagator by its large N limit,

ΔðxÞ → Δ0ðxÞ≡
Z

d4p
ð2πÞ4

eip·x

p2 þ iζ0
; ð26Þ

with iζ0 taking the role of a mass (squared).
The corresponding action, complete to next-to-leading

order in large N, takes the form
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S3 ¼
N
2
tr ln ½−□þ iζ0� þ

Z
dx

Nζ20
4λB

þ e2B
2
Δ0ðx ¼ 0Þ

Z
dxAμðxÞAμðxÞ

þ
Z

dx
1

4
FμνFμν þ

Z
dxdy

ξðxÞD−1ðx − yÞξðyÞ
2

þOðN−1Þ; ð27Þ

where now in addition to all the explicit N dependencies
also the implicit subleading terms in largeN in the auxiliary
field have been expanded out.
To this order in the large N expansion, the polarization

tensors take the form

ΠðxÞ ¼ 1

2
Δ2

0ðxÞ; ð28Þ

and the partition function becomes

Z ¼
Z

dζ0e−NV½iζ0�; e−NV ¼
Z

DADξe−S3 : ð29Þ

In the largeN limit, the partition function is given exactly in
terms of the saddle point condition V 0½iζ0� ¼ 0. To leading
order in large N, this saddle point condition is given by the
derivative of S3 with respect to iζ0, or

iζ0
2λB

¼ 1

2
Δ0ðx ¼ 0Þ þOðN−1Þ: ð30Þ

This result can be used to simplify the expression for S3,
making the mass term for the gauge boson explicit:

S3 ¼
N
2
tr ln ½−□þ iζ0� þ

Z
dx

Nζ20
4λB

þ e2B
2λB

iζ0

Z
dxAμðxÞAμðxÞ

þ
Z

dx
1

4
FμνFμν þ

Z
dxdy

ξðxÞD−1ðx − yÞξðyÞ
2

þOðN−1Þ: ð31Þ

In this form, the action is only quadratic in all the
remaining fields (Aμ; ξ) so one can immediately find the
effective potential of the theory in terms of ζ0:

V ¼ 1

2
tr ln ½−□þ iζ0� þ

Z
dx

ζ20
4λB

þ 1

2N
tr lnD−1

þ 1

2N
tr ln det

��
−□þ iζ0

e2B
λB

�
δμν þ ∂μ∂ν

�
þOðN−2Þ; ð32Þ

where the determinant in the last term is over the Lorentz
structure. In Fourier space representation it can bewritten as

V
vol

¼ 1

2

Z
d4p
ð2πÞ4 ln ½p

2 þ iζ0� þ
ζ20
4λB

þ 1

2N

Z
d4p
ð2πÞ4 ln

�
1

2λB
þ ΠðpÞ

�

þ 1

2N

Z
d4p
ð2πÞ4 ln det

��
p2 þ iζ0

e2B
λB

�
δμν − pμpν

�
þOðN−2Þ; ð33Þ

where vol indicates the spacetime volume. We will use
dimensional regularization to evaluate the remaining inte-
grals in the following.

B. Evaluation of effective potential
to NLO in large N

In dimensional regularization, one shifts the number of
the spacetime dimension to be noninteger:

d ¼ 4 − 2ε; 0 < ε ≪ 1; ð34Þ

and takes the limit ε → 0 at the end of the calculation. One
hallmark of dimensional regularization is that it is only
sensitive to logarithmic divergencies, which we will be
using in the following. The heavy lifting is performed by
the analytic continuation of the Gamma function, which for
clarity we explain through the following example. Consider
the momentum integral

μ2ε
Z

ddp
ð2πÞd

1

p2 þm2
¼ m2Γð−1þ εÞ

ð4πÞ2
�

m2

4πμ2

�−ε
ð35Þ

in d ¼ 4 − 2ε dimensions, which has been recognized to
correspond to an integral representation of the Γ function.
Here μ is a fictitious energy scale that was introduced such
that the above integral has mass dimension 2 even if d ¼
4 − 2ε is noninteger. An immediate consequence of dimen-
sional regularization is that the above integral vanishes
whenever m ¼ 0, unlike what one would find in cutoff
regularization. This behavior is well-documented and
understood: dimensional regularization will only report
logarithmic divergencies (cf. Ref. [44]).
For the case at hand, it is useful to integrate the above

integral with respect to m2 to find

μ2ε
Z

ddp
ð2πÞd lnðp

2 þm2Þ ¼ m4

ð4πÞ2
Γð−1þ εÞ

2 − ε

�
m2

4πμ2

�−ε
;

ð36Þ

which again vanishes for m ¼ 0. For the case m ≠ 0, one
can expand in powers of ε, finding
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lim
ε→0

μ2ε
Z

ddp
ð2πÞd lnðp

2 þm2Þ ¼ −
m4

2ð4πÞ2
�
1

ε
þ ln

μ̄2e
3
2

m2

�
;

ð37Þ

and where μ̄2 ¼ 4πμ2e−γE is the renormalization scale in
the MS scheme. Using these results and introducing the
shorthand notation

m2 ¼ iζ0; ð38Þ

the effective potential in dimensional regularization
becomes

V
vol

¼ −
m4

64π2

�
16π2

λB
þ 1

ε
þ ln

μ̄2e
3
2

m2

�

þ 1

2N

Z
d4p
ð2πÞ4 ln

�
1

2λB
þ ΠðpÞ

�

þ 1

2N

Z
d4p
ð2πÞ4 ln det

��
p2 þm2

e2B
λB

�
δμν − pμpν

�
þOðN−2Þ; ð39Þ

and the polarization tensor is given by

ΠðpÞ¼ μ2ε

2

Z
ddk
ð2πÞd

1

ðp−kÞ2þm2

1

k2þm2

¼ μ2εΓðεÞ
2ð4πÞd2

Z
1

0

dxðm2þxð1−xÞp2Þ−ε;

¼ 1

32π2

�
1

ε
þ ln

μ̄2e2

m2
−2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2þ4m2

p2

s
atanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2

p2þ4m2

s

þ εΠ2ðpÞ
�
; ð40Þ

where

Π2ðpÞ ¼
1

12

�
π2 þ 6ln2

μ̄2

m2

þ 12 ln
μ̄2

m2

 
2− 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þ 4m2

p2

s
atanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2

p2 þ 4m2

s !

þ 6

Z
1

0

dx ln2
�
1þ xð1− xÞ p

2

m2

��
; ð41Þ

contains logarithms and polylogarithms with arguments

depending on p2

m2.
For the contributions of the gauge boson, it is easiest to

introduce the orthogonal projectors [38,45]

PT
μν ¼ δμν −

pμpν

p2
; PL

μν ¼
pμpν

p2
; ð42Þ

in terms of which the determinant is straightforward to
calculate, and one finds

ln det ½ðp2 þm2
AÞδμν − pμpν�

¼ ðd − 1Þ ln ½p2 þm2
A� þ ln½m2

A�; ð43Þ

where

m2
A ¼ m2

e2B
λB

: ð44Þ

Since ln½m2
A� is independent from p2, the corresponding

momentum integral vanishes in dimensional regularization,
and we get for the effective potential

V
vol

¼ −
m4

64π2

�
16π2

λB
þ 1

ε
þ ln

μ̄2e
3
2

m2

�

þ 1

2N

Z
d4p
ð2πÞ4 ln

�
1

2λB
þ ΠðpÞ

�

−
3

N
m4

A

64π2

�
1

ε
þ ln

μ̄2e
5
6

m2
A

�
þOðN−2Þ: ð45Þ

C. Nonperturbative renormalization

The theory can be nonperturbatively renormalized as
follows: first note that in the large N limit, only the first
term in (45) contributes. Hence, the large N renormaliza-
tion condition in MS must be given by

1

λB
¼ 1

λRðμ̄Þ
−

1

16π2ε
þOðN−1Þ; ð46Þ

so that the large N exact running coupling λRðμ̄Þ is given by

λRðμ̄Þ ¼
16π2

ln
Λ2

MS
μ̄2

þOðN−1Þ: ð47Þ

The LO large N renormalization and running coupling are
sufficient for calculating the contributions at OðN−1Þ in
(45). For instance, we find that—using the above formulas
for the bare and running coupling—the combination

1

2λB
þΠðpÞ¼ 1

32π2

 
ln
Λ̄2

MS
e2

m2

−2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2þ4m2

p2

s
atanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2

p2þ4m2

s
þ εΠ2ðpÞ

!

ð48Þ

is automatically finite, and we may proceed to evaluate its
momentum integral.
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For the renormalization to proceed, we first need to
isolate the divergent part of the integral over the logarithm
in (45). This is not completely trivial in dimensional
regularization, but has been done in Ref. [46]. In this
work, we are also interested in evaluating the finite part of
this integral, which is why we need to include the term
proportional to ε in (48). Following the steps outlined in
Appendix A of Ref. [46], we find

1

2N

Z
ddp
ð2πÞd ln

�
1

2λB
þ ΠðpÞ

�

¼ m4

32π2N

�
−
4

ε
þ
�
9þ 6 ln

Λ2

MS
e1

m2

�
ln ε

− 4 ln
μ̄2e1

m2
þ f

�Λ2

MS
e1

m2

��
; ð49Þ

where fðΛ
2

MS
e1

m2 Þ can be evaluated numerically for any m2,
e.g. fð1Þ ≃ 8.42….
The effective potential thus reads

V
vol

¼ −
m4

64π2

�
16π2

λB
þ 1

ε

�
1þ 8

N
þ 3

N
e4B
λ2B

�
−
18

N
ln ε

þ
�
1þ 8

N

�
ln
μ̄2e

3
2

m2
þ 3

N
e4B
λ2B

ln
μ̄2e

5
6

m2
A

þ 6m4

32π2N
ln
Λ2

MS
e1

m2
ln εþ m4

32π2N

�
2þ f

�Λ2

MS
e1

m2

���
þOðN−2Þ: ð50Þ

Following the discussion on renormalizing the pure scalar
OðNÞ model to NLO in large N in Ref. [46], we write

m2 ¼ m2
H

�
1þ 6 ln ε

N

�
ð51Þ

to cancel the term proportional to lnm2 ln ε in the effective
potential. In terms of m2

H, the effective potential takes the
form

V
vol

¼ −
m4

H

64π2

�
16π2

λB
þ 1

ε

�
1þ 8

N
þ 3

N
e4B
λ2B

�
−
18

N
ln ε

þ
�
1þ 8

N

�
ln
μ̄2e

3
2

m2
H
þ 3

N
e4B
λ2B

ln
μ̄2e

5
6

m2
A

þ m4
H

32π2N

�
2þ f

�Λ2

MS
e1

m2
H

���
þOðN−2Þ: ð52Þ

Nonperturbative renormalization then implies

e2B
λB

¼ e2Rðμ̄Þ
λRðμ̄Þ

¼ const ¼ u2;

1

λB
¼ 1

λRðμ̄Þ
−

1

16π2ε

�
1þ 8

N
þ 3u4

N

�
þ 9

8π2N
ln ε; ð53Þ

and the running couplings are given by

λRðμ̄Þ ¼
16π2�

1þ 8
N þ 3u4

N

	
ln

Λ2

MS
μ̄2

þOðN−2Þ;

αðμ̄Þ ¼ 4πu2�
1þ 8

N þ 3u4
N

	
ln

Λ2

MS
μ̄2

þOðN−2Þ; ð54Þ

where we have introduced the fine structure parameter
α≡ e2

4π. Up to (including) order 1
N, the renormalized effec-

tive potential now is

V
vol

¼ −
m4

H

64π2

��
1þ 8þ 3u4

N

�
ln
Λ2

MS
e
3
2

m2
H

−
3u4 ln u2 þ 2u4 þ 4þ 2f

�Λ2

MS
e1

m2
H

	
N

�
: ð55Þ

The value of m2
H is determined by the saddle point of V.

One finds two possible solutions:

m2
H ¼ 0;

m2
H ¼ exp

�
1−

2ð10.42þu4þ3u4 lnuÞ
N

�
Λ2

MS
≡ m̄2

H; ð56Þ

where we have inserted the leading large N solution form2
H

to evaluate the argument of the function f. The first
solution m2

H ¼ 0 corresponds to the perturbative saddle
of the theory, whereas the second saddle is nonperturbative.
To decide which saddle is realized, one has to compare the
effective potential evaluated at the saddles. One finds

VðmH ¼ m̄HÞ
vol

¼−
1þ 8þ3u4

N

128π2
exp

�
2−

4ð10.42þu4þ3u4 lnuÞ
N

�
; ð57Þ

whereas VðmH¼0Þ
vol ¼ 0.

A crucial point is that the symmetry broken phase with
hϕ⃗i ≠ 0 also has V ¼ 0, which can be shown by direct
calculation by letting ϕ⃗ ¼ ϕ⃗0 þ fluctuations in (16)
(cf. Refs. [11,47]). One finds that while the corresponding
SSB saddle with hϕ⃗i ≠ 0 exists, it requires mH ¼ 0, and is
therefore identical to the perturbative saddle in our
calculation.
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Comparing the effective potential, once evaluated at the
perturbative saddle V ¼ 0, and once evaluated at the
nonperturbative saddle (57), one finds that for all N, the
nonperturbative saddle has the lower free energy. As a
consequence, we find that at least in the large N limit, the
nonperturbative vacuum is the preferred phase, while the
perturbative vacuum is at best metastable. While our result
only strictly holds in the large N limit of the Abelian Higgs
model, it is curious to note that our stability analysis agrees
with the expectation that the perturbative Higgs vacuum in
the full Standard Model is not stable (cf. Ref. [7]).

D. Vector boson and Higgs masses

The nonvanishing value of m̄H implies a nonzero mass
for the scalar ϕ⃗ at leading order in large N:

m̄2
Higgs ¼ Λ2

MS
e1 þOðN−1Þ ≠ 0: ð58Þ

It is possible to evaluate the 1
N corrections to the mass of the

scalars by evaluating the pole mass to order (including)
OðN−1Þ. This is most easily accomplished by consistently

incorporating 1
N on the level of the action, via the R2-level

resummation scheme [48–50], which we discuss in the next
section.
The nonperturbative saddle found in the preceding

subsection also implies a nonvanishing expectation value
for the vector boson mass. Specifically,

m̄2
A ≡ m̄2

Higgsu
2 þOðN−1Þ ≠ 0: ð59Þ

Both the Higgs and the gauge boson mass arise without
any spontaneous symmetry breaking, which is anyhow
forbidden by Elitzur’s theorem [3].

IV. INCLUDING 1=N CORRECTIONS

Including 1=N corrections systematically necessarily
requires infinite-order resummations of perturbative
Feynman diagrams. At the NLO large N level, this can
be implemented straightforwardly by starting from (16)
with ζðxÞ ¼ ζ0 þ ξðxÞ and adding and subtracting self-
energies for the three types of field ϕ⃗; ξ; Aμ:

SE ¼ SR2;0 þ SR2;I ; ð60Þ

SR2;0 ¼
Nζ20
4λB

× volþ
Z

dx

�
1

2
ϕ⃗Δ−1

R2ϕ⃗þ N
2
ξD−1ξþ 1

2
AμG−1

μνAν

�
;

SR2;I ¼ −
Z

dxdy

�
1

2
ϕ⃗ðxÞΣðx − yÞϕ⃗ðyÞ þ N

2
ξðxÞΠðx − yÞξðyÞ þ 1

2
AμðxÞΠμνðx − yÞAνðyÞ

�

þ
Z

dx

�
e2B
2N

ϕ⃗2AμAμ þ
i
2
ξϕ⃗2

�
; ð61Þ

where we rescaled ϕ⃗ → ϕ⃗ffiffi
2

p to have a canonical normaliza-
tion of the scalar fields. Here the propagators for the scalars,
auxiliary, and gauge bosons in Fourier space are given by

ΔR2ðkÞ ¼
1

k2 þ iζ0 þ ΣðkÞ ; DðkÞ ¼ 1
1
2λB

þ ΠðkÞ ;

G−1
μν ðkÞ ¼ k2δμν − kμkν þ ΠμνðkÞ: ð62Þ

Note that the auxiliary field propagator DðkÞ was already
encountered before in (24). The self-energy corrections
themselves are evaluated to leading order in the large N
expansion, finding

ΣðxÞ ¼ e2B
N

δðxÞGμμðxÞ þ
1

N
DðxÞΔR2ðxÞ;

ΠμνðxÞ ¼ δμνe2BδðxÞΔR2ðxÞ: ð63Þ

along with the result for ΠðkÞ already found in (40). Note
that since ΣðxÞ ∝ 1

N, the self-energy contribution in ΔR2 can

be neglected for the purpose of calculating Σ;Πμν, so that to
this order in the large N expansion

ΣðxÞ ¼ e2B
N

δðxÞGμμðxÞ þ
1

N
DðxÞΔ0ðxÞ;

ΠμνðxÞ ¼ m2
AδðxÞδμν; ð64Þ

where m2
A was defined in (44). Note that this implies in

dimensional regularization

GμνðxÞ ¼ μ2ε
Z

ddp
ð2πÞd

eipx

p2 þm2
A
PT
μνðpÞ; ð65Þ

so that

ΣðxÞ ¼ e2B
N

ðd − 1ÞδðxÞμ2ε
Z

ddp
ð2πÞd

1

p2 þm2
A

þ 1

N
DðxÞΔ0ðxÞ: ð66Þ
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The first term is just a constant and may be calculated using
(35) as

e2B

Z
ddp
ð2πÞd

1

p2 þm2
A
¼ −

e2B
λB

m2
AλB

16π2ε
þOðe2Bε0Þ

¼ u2m2
A þOðεÞ; ð67Þ

where we used nonperturbative renormalization (53). As a
consequence we have in Fourier space

ΣðkÞ ¼ 1

N

�
3u2m2

A þ
Z

d4p
ð2πÞ4 DðpÞΔ0ðp − kÞ

�
: ð68Þ

From ΔR2 above, it is clear that the pole massmHiggs for the

scalars ϕ⃗ has to fulfill

m2
NLO ¼ m2 þ ΣR; ð69Þ

withm2 ¼ iζ0 the saddle point location and ΣR the retarded
self-energy evaluated at the pole mass. Extracting the zero-
momentum contribution from Σ using (68) leads to

m2
NLO ¼ m2 þ Σðk ¼ 0Þ þ ΔΣR; ð70Þ

where ΔΣðkÞ ¼ ΣðkÞ − Σð0Þ. After the rescaling (51), this
becomes

m2
NLO ¼ m2

H þm2
H
6

N
ln εþ Σðk ¼ 0Þ þ ΔΣR; ð71Þ

which includes all corrections to (including) OðN−1Þ. We
recall that Σðk ¼ 0Þ contains a divergent contribution
− 6

N m
2
H ln ε that precisely cancels the divergent term in-

troduced from (51), so that the 1
N contribution to the pole

mass is finite [46]. It can be calculated by using the spectral
representation of the propagator, and we will report on this
result in a future work.

A. Emergent resonances

There are emergent propagating particles appearing at
the R2 resummation level that are not obvious from (13). To
see this, consider the propagator for the auxiliary scalar ξ,
given above. After nonperturbative renormalization, evalu-
ating (48) for m2 ¼ m̄2

Higgs ¼ Λ2

MS
e1 þOð1NÞ one has

D−1ðpÞ

¼ 1

32π2

 
1 − 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þ 4m̄2

Higgs

p2

s
atanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2

p2 þ 4m̄2
Higgs

s !
:

ð72Þ
Particle degrees of freedom can be identified from the zeros
of D−1 when analytically continuing the momenta from
Euclidean to real frequencies ω (cf. [38,50])

p2 → ðiω − 0þÞ2 ¼ −ω2 − iω0þ: ð73Þ

Recovering the results found in the 1970s [11], one finds
that the inverse auxiliary propagator has a zero for

ω ≃ 1.84m̄Higgs; ð74Þ

corresponding to anOðNÞ singlet or a bound state of ϕ⃗with
mass (cf. Ref. [13])

m̄bound ≃ 3.03ΛMS: ð75Þ

This bound state is expected to acquire a nonvanishing
width at OðN−1Þ in the Abelian Higgs model because
decays into the massive vector bosons are allowed. For this
reason, even though it is unconditionally stable to leading
order in large N, we refer to this bound state as a resonance
from now on.
In addition to this resonance, the real part of D−1ðp2 ¼

ðiω − 0þÞ2Þ vanishes for

ω ≃ 2.63m̄Higgs; ð76Þ

but the imaginary part of D−1 does not. Taylor-expanding
D−1 near this frequency, we can match it to the form of a
Breit-Wigner function, and we are led to identify

����ReD−1ðωÞ
ImD−1ðωÞ

����2 ¼ ðω − m̄resonanceÞ2
Γ̄2
resonance

; ð77Þ

indicating a broad resonance with a mass and width of

m̄resonance ≃ 4.3ΛMS;

Γ̄resonance ≃ 1.57m̄Higgs ≃ 2.59ΛMS: ð78Þ

Since the presence of these resonances is not obvious
from the Lagrangian of the Abelian Higgs model, and since
there is no mention of these resonances in the standard
perturbative solution of this well-studied model, we expect
that they could provide a possible experimental verifica-
tion/falsification of our solution method. We do want to
point out, however, that arguments in favor of additional
Higgs resonances have been given in Refs. [19,51].

V. PHENOMENOLOGY AND CONCLUSIONS

The Abelian Higgs model does not lend itself directly to
particle physics phenomenology, but we nevertheless
would like to study how numerical values emerge from
our calculation. The only mass scale we use as an input is
the electron massme ∼ 0.511 MeV; the rest are dimension-
less couplings such as the fine structure constant α, which
we fix from (54) as
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αðμ̄ ¼ meÞ ≃
1

137
¼ 4πu2�

1þ 8
N þ 3u4

N

	
ln

Λ2

MS
m2

e

: ð79Þ

This leaves one more parameter undetermined. We choose
to fix the ratio of coupling constants u from (53), which is a
constant of order unity. Absent other input, the choice for
this parameter is arbitrary. For illustration purposes, we
choose

u ¼ 0.362; ð80Þ

and stress that the phenomenological values we get in the
following are quite sensitive to the precise value of u.
With these choices, all model parameters are fixed.

Using N ¼ 1, one finds that the electroweak scale is
given by

ΛMS ¼ 132 GeV: ð81Þ

Furthermore, we have

m̄A¼78.8GeV; m̄Higgs≃217.7GeV; m̄bound≃400GeV;

ð82Þ

for the masses of the gauge boson, the Higgs boson, and the
predicted mass of the bound state. In addition, we predict a
broad resonance with mass and width

mresonance ≃ 572 GeV; Γresonance ≃ 342 GeV: ð83Þ

While clearly not in agreement with the experimentally
measured Higgs mass, these results are not qualitatively
inconsistent with expectations. In particular, the partial
NLO corrections from (56) reduce the value of the Higgs
mass from its leading-order large N value.
There are many other choices of parameters that could

lead to phenomenologically interesting results for the gauge
boson and Higgs mass. The main result of our work,
however, is that masses such as (82) arise naturally from the
Abelian Higgs model in the absence of any mass parameter
in the Lagrangian or symmetry breaking mechanism. In
particular, this generation of mass from nothing is a
consequence of our nonperturbative solution of the model,
and not due to any Beyond the Standard Model (BSM)
ingredient.
Because we solve the Abelian Higgs model in the

continuum with the UV cutoff sent to infinity, our solution
naturally avoids the hierarchy problem: both the Higgs and
gauge boson mass are fixed by ΛMS times a number of
order unity, despite (or rather because of) the consistent
inclusion of radiative corrections. The key ingredient
that allows this construction is the existence of quantum
field theory with upside down potentials [13,25,52].
Defying classical intuition, this is a special case of

so-called non-Hermitian field theories [53,54], which
likewise defy classical intuition, but correctly describe
the experiment at least in lower dimensional systems
(cf. Refs. [55,56]).
Ultimately, since physics is a natural science, experiment

will have to decide if our “mass from nothing” mechanism,
or the perturbative Higgs mechanism with its extra param-
eters and UV-cutoff, is realized in nature. In this regard, the
prediction of the resonances in our Sec. IVA could play a
key role, since no such extra particle degrees of freedom
have been identified in the weak-coupling solutions of the
Abelian Higgs model.
To make contact with experiment, more work on our

mechanism is needed. For instance, we need to show that
the mass from nothing mechanism generalizes to the case
of the non-Abelian Higgs model, and ultimately to the full
electroweak sector of the Standard Model of Physics.
Furthermore, we need to consistently calculate 1

N correc-
tions to all experimentally accessible quantities, such as
masses, widths, and cross sections. After these quantities
have been calculated and if—importantly—they are in
acceptable agreement with experimental values, the pres-
ence or absence of the resonances predicted in Sec. IVA
will determine if our approach could be a viable alternative
to the celebrated Higgs mechanism.
We expect to report on progress on some of the above

tasks in follow-up studies in the near future.
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APPENDIX: INCLUDING THE
FADDEEV-POPOV DETERMINANT

In this appendix, we redo the calculation in the main text,
but with the Faddeev-Popov explicitly included (not
absorbed into a redefinition of the Higgs potential). The
starting point is thus the path integral

Z ¼
Z

Dϕ⃗jϕ⃗jDAe−SE; ðA1Þ

with SE given in (13). We now introduce an auxiliary field
σðxÞ as in Ref. [37], so that

ROMATSCHKE, SU, and WELLER PHYS. REV. D 110, 113006 (2024)

113006-10



Z ¼
Z

Dϕ⃗Dσ
ffiffiffi
σ

p
δðσ − ϕ⃗2ÞDAe−SE; ðA2Þ

and where the Higgs potential in SE has been replaced
using the delta function as

λB
N

ðϕ⃗2Þ2 → λB
N

σ2: ðA3Þ

Introducing a second auxiliary field ζ in order to exponen-
tiate the δ-function leads to

Z ¼
Z

Dϕ⃗DζDAe−
R
x
½ðDμϕ⃗Þ†Dμϕ⃗þ1

4
FμνFμνþiζϕ⃗2�

×Dσ
ffiffiffi
σ

p
e−
R
x
½λBN σ2−iζσ�: ðA4Þ

Note that without the Faddeev-Popov determinant
ffiffiffi
σ

p
, the

path integral over σ reproduces the result (16) in the main
text. With the determinant, it is useful to affect a change of
coordinates σ ¼ ρ2 such that up to a constant factor

Z
Dσ

ffiffiffi
σ

p
e−
R
x
½λBN σ2−iζσ� ¼ D

Dζ

Z
Dρe−

R
x
½λBN ρ4−iζρ2�: ðA5Þ

The path integral over ρ can be done in closed form as a
product of modified Bessel functions K1

4
. However, in the

continuum limit, the resulting expression simplifies and
one gets up to a constant

Z
Dσ

ffiffiffi
σ

p
e−
R
x
½λBN σ2−iζσ� ¼ D

Dζ
e−
R
x
Nζ2

8λB : ðA6Þ

As a consequence, the partition function with the deter-
minant included reads

Z ¼
Z

Dϕ⃗DζζDAe−
R
x
½ðDμϕ⃗Þ†Dμϕ⃗þ1

4
FμνFμνþiζϕ⃗2þNζ2

8λB
�; ðA7Þ

which should be compared to Eq. (16) in the main text.
A further change of coordinates to

uðxÞ ¼ ζ2ðxÞ ðA8Þ

then leads to

Z ¼
Z

DADue−
N
2
tr ln ½−□þi

ffiffi
u

p þe2
B
N AμAμ�−

R
x
½Nu
8λB

þ1
4
FμνFμν�; ðA9Þ

where the fields ϕ⃗ have been integrated out [cf. (17)].
Performing an expansion in 1

N in the exponent then leads to
the expanded action

S̃2 ¼
N
2
tr ln ½−□þ i

ffiffiffi
u

p � þ e2B
2
tr½Δ̃AμAμ�

þ
Z

dx

�
Nu
8λB

þ 1

4
FμνFμν

�
; ðA10Þ

with Δ̃ ¼ ½−□þ i
ffiffiffi
u

p �−1 [cf. Eq. (21)]. Expanding uðxÞ
around a global zero mode and fluctuations

uðxÞ ¼ u0 þ νðxÞ; ðA11Þ

we have

N
2
tr ln ½−□þ i

ffiffiffi
u

p �þ
Z
x

Nu
8λB

¼N
2
tr ln ½−□þ i

ffiffiffiffiffi
u0

p �þ
Z
x

Nu0
8λB

þN
2

Z
x;y

νD−1ν; ðA12Þ

where the term linear in νðxÞ vanishes. The saddle point
condition for u0 is

Δ̃0ð0Þ¼
i
ffiffiffiffiffi
u0

p
2λB

; Δ̃0ðxÞ¼
Z

d4p
ð2πÞ4

eip·x

p2þ i
ffiffiffiffiffi
u0

p ; ðA13Þ

which can be used to express the auxiliary field propagator as

DðkÞ ¼ 4u0
1
4λB

þ ΠðkÞ ; ΠðxÞ ¼ 1

2
Δ̃2

0ðxÞ: ðA14Þ

Performing the same steps leading up to the effective
potential (33) in the main text, we find

V
vol

¼ 1

2

Z
d4p
ð2πÞ4 ln ½p

2 þ i
ffiffiffiffiffi
u0

p � þ u0
8λB

þ 1

2N

Z
d4p
ð2πÞ4 ln

�
1

4λB
þ ΠðpÞ

�

þ 1

2N

Z
d4p
ð2πÞ4 ln det

��
p2 þ i

ffiffiffiffiffi
u0

p e2B
2λB

�
δμν − pμpν

�
þOðN−2Þ; ðA15Þ

e.g. exactly the same as (33) with the replacement λB → 2λB.
Because of this, the calculation goes through as before. In
particular we find the same leading order large N results for
m̄Higgs; m̄A in terms of ΛMS as in (58) and (59), but the
running coupling changes from (47) to

λRðμ̄Þ ¼
8π2

ln
Λ2

MS
μ̄2

þOðN−1Þ; ðA16Þ

which will change the phenomenology. To summarize,
explicitly including the Faddeev-Popov determinant is pos-
sible in our framework and does not lead to qualitative
changes.
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