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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 A-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.

DOI: 10.1103/PhysRevD.110.113006

I. INTRODUCTION

In the Standard Model of Physics, the electroweak gauge
bosons obtain their masses through the Higgs mechanism [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):

(¢) = VEV # 0. (1)

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]."

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

V(g) = —12¢* + 2g*. (2)

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

(iii) The mass of the Higgs boson (and its VEV) are set
(by the choice of u) 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 notinvolve a nonvanishing vacuum-expectation

value:
(¢) =0. (3)
(i) Does not involve SSB because no symmetries are
broken.
(iii) Does not involve a tachyonic mass term in the
potential

> =0. (4)

(iv) Has the Higgs mass scale emerge as the A-parameter
of the electromagnetic running-coupling trough
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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 @ covariantly coupled to an Abelian gauge field A,

1
Lp=(D,®)"(D,®)+-F,F

2 FuwFus D,=0,—iegA,, (5)

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

O(x) - D'(x) =
Au(x) = Ay (x)

eia(x)eB q)(x) ,
A, (x) +9,a(x). (6)

Since ®(x) is locally a complex number, we can use the
above symmetry to phase-rotate ®(x) 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
Jfreedom rather than the gauge field A,. 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 ¢ function that imposes a condition on
®(x) to fix the gauge, e.g. through the choice

G[®(x)] = 0. (7)

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

1—/Da5 ‘d t<5G[:;(x)]>’ (8)

into the path integral. To be specific, let us choose?
G[®(x)] = ImD(x), 9)

so that

det (5G > HeBReq> (10)

Writing ®(x) = ¢(x) + igh(x) with ¢(x) and ¢,(x) the
real and imaginary parts of ®(x), the partition function after
gauge fixing thus becomes

- / Dp(x)|p(x) e ] <o, (11)

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

Lyr=( qu)( M¢)+4F/4UF/4D’ D,=0,—iegA,. (12)

where ¢(x) is now a single real scalar field. One can
recognize the term |¢(x)| 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,

*Note 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

5(Gl@]) - e_ﬁf TAGIPIGIO] iy arbitrary gauge parameter £ 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.

*Note that our determinant as written would be singular for all
points where ¢(x) = 0. However, the manifold on which ¢(x)
vanishes has a lower dimension than our target dimension d = 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.

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 O =

(?)eielf“(x) with the same complex phase for all N fields.
This is to ensure that the model has N + 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

é = (¢1. . ....¢x). Thus in the following we study the
theory defined by the Euclidean action

e = [ x| (0,00, + 30 G-+ [Pl (13

where in addition to the kinetic terms we have also included
a potential term for the scalars with A5 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

. €p
D, = aﬂ — IWA”’ F, = aﬂAy - dyAﬂ,

where e is the gauge field coupling parameter. For the case
N > 1, the model is related to extensions of the Standard
Model [43], but here N is taken as a bookkeeping parameter
in order to organize a nonperturbative solution of the
model. The scaling of the couplings Ag, ep with N has
been chosen such that the theory possesses a well-defined
limit for N — oo.

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.

(14)
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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—ig(iqz)z:/dé’e_ic{ﬁ_{‘v‘i- (15)

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

Z= /D(;DADCE—fdx(tﬁ[—m+ic+NA,,A ]¢+MB+4FMFM) (16)

In this form, the scalar part of the action is quadratic in 475
and can formally be integrated out:

7 — /DA,DZ:e—%tr In [—D+iC+WA,4A# fdx Jm', wFu) (17)

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. one finds in particular

62
tr In [—D +il+ ﬁBAﬂAﬂ}

=tr In[-00+ i{] + %tr[A(x, y)A,(x)A,(x)]

[0+ ig]A(x. y) = 8(x —y). (19)

We are particularly interested in studying mass gener-
ation for the U(1) gauge field A,, 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 O(N?), one
finds for the partition function

Z, = / DADe—S:, (20)

with

2

Szzgtrln[ O+ ig] + 5 tr[AAA,]

Z:Z
+ / dx [er 4FWFW] (21)

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

L) = Co + E(x). / dé(x) =0, (22)

so that

Ntl O+ d CZ

Ern[— +l§]+/ xm

—Etl[—D C}—l— ED™ 15
=5 [T e / o0 / +

(23)

where the auxiliary field propagator D(x —y) in Fourier
space fulfills

1

1 2
m’ (x) = 5A%(x), (24)

D(k) = :

with the scalar field propagator A = [~ + i, + i&]~!
defined above. Now note that one can scale the fluctua-
tions as

£, (25)

VN

so that it becomes clear that the contributions from the
fluctuations are suppressed as N — oo. 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,

d4p ip~x

Ax) = Ag(x) = / She )

with i{, 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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N . NGG
S; =5t In [0 + i) —I—/dxm
2

+ 2 00x=0) [ du, ()4,

2
+ / A FyuFyu + / dxdyf(")D"(;—y)f(y)
+ O, 27)

where now in addition to all the explicit N dependencies
also the implicit subleading terms in large N in the auxiliary
field have been expanded out.

To this order in the large N expansion, the polarization
tensors take the form

M() = 5 A3(). (28)

and the partition function becomes

z- / depe Gl N / DADEeS.  (29)

In the large N limit, the partition function is given exactly in
terms of the saddle point condition V'[i¢,] = 0. To leading
order in large N, this saddle point condition is given by the
derivative of S5 with respect to i, or

ilo 1 _ _

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

N . NG3
S = Etrln [0+ ilo) + / dxﬂ;)
2

+ 2B e, / dxA,(x)A, (x)

24
+ / dx%F;wF,w-ir / dxdyé(x)D_l(;_y)f()’)
+O(N. (31)

In this form, the action is only quadratic in all the
remaining fields (A,, &) so one can immediately find the
effective potential of the theory in terms of {j:

2
V:%trln[—D—&-iCo]—I—/dxﬁ—l—L

trln D!
4, N

1 . e}
+ ﬁtr In det |:<—|:| + lé’() /IB> 5;,,, + 0”01,}

+ O(N72), (32)

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

vV 1 [ dp ’z
o 1 24 =0
vol 2 / 2yt P Gl + 35

1 d*p e2
— [ —ZIndet | p? +iy-2)5,, —
“ v | e (7 + 03230 = |

+ O(N72), (33)

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=4-"2¢, O<ex 1, (34)
and takes the limit ¢ — 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

e / dp 1 _
(2m)¢ p* + m?

in d = 4 — 2¢ dimensions, which has been recognized to
correspond to an integral representation of the I" function.
Here u is a fictitious energy scale that was introduced such
that the above integral has mass dimension 2 even if d =
4 — 2¢ is noninteger. An immediate consequence of dimen-
sional regularization is that the above integral vanishes
whenever m = 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 m? to find

m*T (=1 +¢) < m? >-f (35)

(4r)? Ay’

d’p m* T(=1+e¢) [ m>\~¢
2e 1 2 2\ ,
# / R Al 7 = i e <4n;42>

(36)

which again vanishes for m = 0. For the case m # 0, one
can expand in powers of &, finding
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m* 1 ﬁ2e%
I In( L
i /(2 n(p? o+ m’) = 2(4n)2(e+nm2>’

and where fi> = 4mu’e”7t is the renormalization scale in
the MS scheme. Using these results and introducing the
shorthand notation

m2 = igO’ (38)
the effective potential in dimensional regularization
becomes
% m* (167> 1 ite
i |
vol  64n? < P

ZN/ il [ 1 +H(P)}

1 d*p ez
— Indet | ( p? +m?>-£)5,, —
T e >“K” #n25E)o =

+ O(N72), (39)

and the polarization tensor is given by

H(p):”—/ d’k 1 1
(27)? (p—k)*> + m* k> +m?

_ 2&F( )/ dx (m +x(1 2—6

 2(4n)!
:321,, L —2,/ utanh,/ 2+4m
+8H2(P))»
where
IL(p) = : [2—1—6111 2
12

+ 121n— ( U atanh’/p +4m )
o [Lane(. Hu_x)mz)]

contains logarithms and polylogarithms with arguments
depending on :1—22

For the contributions of the gauge boson, it is easiest to
introduce the orthogonal projectors [38,45]

PuPy
P

T L Pﬂl’p
P/w - 5/w - P pz

(42)

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

In det[(p* +m3)8,, — pup.]
= (d=1)In[p* + m3] + In[m3], (43)
where
62
A8

Since In[m3] is independent from p?, the corresponding
momentum integral vanishes in dimensional regularization,
and we get for the effective potential

v  om 167:24_1_'_1 iter
vol  64n*\ 1y ¢ 2
1 d*p 1
— S
TN ] 2ay {2@ * (p)]
3 my (1 ﬁzes
2 M (24 ON-2). (45
N647r2<8+ ) FOW D @)

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 1 1

E:m—@+O(N‘]), (46)

so that the large N exact running coupling A (i) is given by

—a +O(NT). (47)

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

1 1 AL e
+H( ) _7[ (ln 5

20y

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 € in (48). Following the steps outlined in
Appendix A of Ref. [46], we find

1

o Gy 0
4

4 AZ_e!
= [——+<9+6lnM—52)lns
& m

(49)

AZ_e!
where f(—%—) can be evaluated numerically for any m?,

e.g. f(1)~842....
The effective potential thus reads

1% m* 167t2+1 1+8+3e‘,§ 18
—_——_—_— | — —_ —_ —_—— —_—— E
vol 64722 A € N N3 N
8\, pler 3eb jiter
14— ) In—-4—==-£1
+< +N) PR V.
6m 2 el mé AZ_e!
1 MS 1 2 MS
TN e n8+32n21v< +f( m?
+O(N2). (50)

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

6lne
2: 2 1
m mH< + N>

to cancel the term proportional to In m? In ¢ in the effective
potential. In terms of m?, the effective potential takes the
form

(51)

(52)

Nonperturbative renormalization then implies

é = < (P) = const = u?
g Ag(@)

1 1 1 8 3ut 9
L (14342 e (53
PP 167126‘( Al N>+87r2N ne,  (53)

and the running couplings are given by

1672
Ar(it) = -+ ON?),
(1+5+%)mF
4 2
a(ji) = o+ O(N), (54)

A=
(14+5+%)mo

where we have introduced the fine structure parameter
a= g. Up to (including) order -, the renormalized effec-
tive potential now is

2 3
l:_m_;‘-l 1+8+3u4 lnAmez
vol 647> N m%,

AZ_e!
3u4lnu2+2u4+4+2f( 5 )
- | )

My
N

The value of m?, is determined by the saddle point of V.
One finds two possible solutions:

m% =0,
2(10.42 + u* +3ul
m%{_exp[l— ( +L]lv+ ! nu)}/\id_szm%,, (56)

where we have inserted the leading large N solution for m?
to evaluate the argument of the function f. The first
solution m%, = 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

V(my =iny)

vol
] 4883 4(10.42 + u* + 3u*1
e |2 ( +u* +3u*Inu) L5
1287 N
whereas Y2=0 _

vol
A crucial point is that the symmetry broken phase with

-

() # 0 also has V = 0, which can be shown by direct

calculation by letting g;ﬁ = q?ﬁo + fluctuations in (16)
(cf. Refs. [11,47]). One finds that while the corresponding

-

SSB saddle with (¢) # 0 exists, it requires my = 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 =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 7 implies a nonzero mass
for the scalar ¢ at leading order in large N:

e = Aice! + O(NT!) #0, (58)

It is possible to evaluate the % corrections to the mass of the
scalars by evaluating the pole mass to order (including)
O(N~!). This is most easily accomplished by consistently

|

Sg = Sr20 + Skt

2

incorporating % 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,

u>+O(N™Y) £0. (59)

ggs

my = miy

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 {(x) = {y+ &(x) and adding and subtracting self-

energies for the three types of field (75 & A,

NEG 1- .- N___ 1 _
Skz,o—mXV01+/dx<§¢AR£¢+§§D 1§+§AMGW‘AD>,

Sgog = — / dxdy GfZ(X)Z(x —9)d(y) + gé(xm(x - ¥)é(y) + %Aﬂ ()T, (x = y)Au(y))

e - I -
+ / dx(ﬁqﬁzAﬂA”—i—E&ﬁz),

where we rescaled ¢ — % 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

1 1

Apo (k) :m, D(k) :W,

G (k) = K8, — k,k, + 11, (k). (62)

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

2(0) = “B5()Gyu(x) + 3 D) Agalr).
Mu(x) = 3, 30(x) Ao (). (63)

along with the result for I1(k) already found in (40). Note
that since X(x) o %, the self-energy contribution in Ag, can

(60)
(61)
l
be neglected for the purpose of calculating X, I, so that to
this order in the large N expansion
e 1
2(1) = 2 5(x)Gyu(x) + 3 Dx)Ao(),
pr(x) = mfx5(x)5/4w (64)

where mf‘ was defined in (44). Note that this implies in

dimensional regularization

ddp eipx
G (x) = i / LT prp). (65)
1z (2”)dp2+mi 1z

so that
62 d
T e
4 %D(x)Ao(x). (66)
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The first term is just a constant and may be calculated using

(35) as

dip 1 e% mi A
2 — _SBTMAMB | (o260
eB/(Zn)d p*+m} A Tor%e (e5e’)

=u’m3 + O(e), (67)

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

20 = ( +/(2

From Ag, above, it is clear that the pole mass niy;,e, for the
scalars g;S has to fulfill

P)holp - k>) (68)

miy o = m> + g, (69)
with m? = i, the saddle point location and X the retarded
self-energy evaluated at the pole mass. Extracting the zero-
momentum contribution from X using (68) leads to

my o = m* + E(k = 0) + AZp, (70)

where AX(k)
becomes

= X(k) — 2(0). After the rescaling (51), this

6
Mo = mH+mH—1ne+2(k 0) + A%,  (71)

which includes all corrections to (including) O(N~!). We
recall that X(k =0) contains a divergent contribution

—NmH Ine that precisely cancels the divergent term in-

troduced from (51), so that the 4 w 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 &,
given above. After nonperturbative renormalization, evalu-
ating (48) for m* = mnggg = A2 e + O(3;) one has

”p i ngggutanh
+4mH1ggs

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

D_

p? = (i —07)? = —@? — iw0™". (73)

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

w =~ 1'84ﬁ1HiggS’ (74)

corresponding to an O(N) singlet or a bound state of (75 with
mass (cf. Ref. [13])

mbound >~ 303Am (75)

This bound state is expected to acquire a nonvanishing
width at O(N~!) 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~!(p? =
(iw — 0%)?) vanishes for

w =~ 2-63mHiggs9 (76)

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

— (CU —I_ﬂ;"_lresonalnce)2 . (77)

resonance

ReD™!(w)|?
’ ImD~!(w)

indicating a broad resonance with a mass and width of

ml'CSO[ldnCC - 4 3AMS’

1—‘resonamcc = 1-57mHiggs = 259/\@ (78)

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 mass m, ~ 0.511 MeV; the rest are dimension-
less couplings such as the fine structure constant @, which
we fix from (54) as
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1 dzu?
alfi=m,) == (19
137 (1+8+3u4> lnAM_S
NN )M

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=0.362, (80)

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 =1, one finds that the electroweak scale is
given by

Ays = 132 GeV. (81)
Furthermore, we have

iy =T8.8GeV, fpigg2217.7GeV,  itpouna~400GeV,
(82)

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

Miesonance = 572 GeV, I esonance 2 342 GeV. (83)

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 Ayg 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. IV A 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 % 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= /D(Z|$|DA6—SE, (A1)

with S given in (13). We now introduce an auxiliary field
o(x) as in Ref. [37], so that
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$*)DAeSE,

/ DéDor/55(c (A2)

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

/13 7272 /IB )
— —o”. A3
L@ 2o (A3)
Introducing a second auxiliary field ¢ in order to exponen-
tiate the J-function leads to

_ /DCZDCDAe—fX[(D;:$)+0M43+Al,FuDF;‘L+in752]

— [ FBs2—i
x Dov/ge™ J =i, (A4)
Note that without the Faddeev-Popov determinant /o, the
path integral over ¢ reproduces the result (16) in the main
text. With the determinant, it is useful to affect a change of
coordinates ¢ = p? such that up to a constant factor

B2 16,’0’]

/ Dov/se e / Dpe~ L= (A5)

The path integral over p can be done in closed form as a
product of modified Bessel functions K L. However, in the

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

/DG\/(_TB_ (o =itel _ D fgf;

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

(A6)

7- / DFDLcDAC S IO DBHEFuiF ] (A7)

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

u(x) = ¢*(x) (A8)

then leads to

_ /DADue—%tr ln[—D+i\/_+AlfA;,A;,] f [SAB+4FMFW] (A9)

where the fields 5& have been integrated out [cf. (17)].
Performing an expansion in % in the exponent then leads to
the expanded action

S’zzgtrln[ O+ il + BufAa,A,

Nu 1
+/d [%Jr FWFW], (A10)

with A = [0+ iy/u]™! [cf. Eq. (21)]. Expanding u(x)
around a global zero mode and fluctuations
u(x) = uy + v(x), (A11)
we have
N
—trln[-[J
S n[-0+ivu] + 8/13
N N
=—trin[-0O+i/up) + Mo, % vD™'y,  (A12)
2 8/13 vy

where the term linear in v(x) vanishes. The saddle point
condition for uy is

» i 1 » d4p elrx
B0)=50. A= [t

which can be used to express the auxiliary field propagator as

(A13)

4M0

D(k) :W’ I(x) = - Aj(x). (A14)

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

V d'p
— \ v/
2/(2) n[p? +iyug| + 8/13

vol
d4
+1II
TN / 7! {4/13 (p )}
ﬂl/_pﬂpl/:|

2
P 2 . €p

— [ —zIndet — |5
+ 2N/ 2n) "¢ [(” + ’\/”_02,13)
+ O(N7?), (A15)
e.g. exactly the same as (33) with the replacement Az — 24p.
Because of this, the calculation goes through as before. In
particular we find the same leading order large N results for
Myiggs, M4 0 terms of Ay as in (58) and (59), but the
running coupling changes from (47) to

872
— OV,

lnﬁ

(i) = (A16)

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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