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We explore the possibility that scale symmetry is a quantum symme-
try that is broken only spontaneously in flat space and apply this idea to
the Standard Model (SM). The one-loop scalar potential is scale-invariant,
since the loop calculations preserve the scale symmetry, with the DR sub-
traction scale generated spontaneously by the dilaton vacuum expectation
value, (o). At the quantum level, the Higgs mass is protected although
the theory is non-renormalizable. It is argued that the instability of the
effective potential in the Higgs sector that is driven by the quartic cou-
pling running towards negative values becomes worse in the scale-invariant
version, since the effective potential becomes unbounded from below.
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1. Introduction

In this letter we explore the proposal that scale symmetry is a quantum
symmetry and study its implications for physics beyond SM. However, this
symmetry is broken in the real world. We shall here consider only sponta-
neous breaking of this (quantum) symmetry'. One motivation of this study
is that scale symmetry plays a role in the ultraviolet (UV) behaviour of the
models. In particular, the SM with a classical Higgs mass parameter mg = 0
has an increased symmetry: it is scale-invariant at the tree level; this was
invoked [1] to protect mgy naturally 2] from large quantum corrections, but
a full quantum study is needed.

Consider a classically scale-invariant theory. One known issue when
studying scale symmetry at the quantum level is that the regularization of
the loop corrections introduces a dimensionful parameter (the subtraction
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the Deepest”, Chorzow, Poland, September 1-6, 2019.

! By quantum scale symmetry we mean that the full 1PI quantum action is scale-
invariant.

(1823)
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scale p) which breaks explicitly the scale symmetry, thus destroying the sym-
metry we actually want to investigate’ and affecting the UV properties of
the quantum theory. To avoid this, the UV regularization must preserve
this symmetry. This is done by using a subtraction function (o) which
generates (dynamically) a subtraction scale u({c)) when the field o acquires
a v.e.v. (o) after spontaneous scale symmetry breaking, see [3] and recent
examples at one loop [4-8] and higher loops |9, 10]|. Here, o is the Goldstone
mode (dilaton) of the spontaneously broken scale symmetry.

The model we consider is a scale-invariant SM, defined as SM with clas-
sical mg = 0 and extended by the dilaton. The goal is to use this scale-
invariant regularization to compute quantum corrections to the scalar poten-
tial. The quantum result is scale-invariant, so it can only have spontaneous
scale symmetry breaking, with a flat direction for the dilaton (o). This re-
sult should be compared to that in the “usual” dimensional regularization
(DR) of ;1 = constant scale, which breaks explicitly the scale symmetry at
the quantum level.

Let us consider first a simplified scale-invariant (classical) theory (e.g.
[11-27]) of two real scalar fields ¢ (Higgs-like) and o. The potential V' is a
homogeneous function

V(gp,0)=c*W(¢/o), where  W(p/o) =V (¢/o,1). (1)

We assume that V' (¢, o) has spontaneous scale symmetry breaking i.e. that
o acquires a non-zero v.e.v. (o) # 0. We thus search for such a solution and
for the necessary condition for this spontaneous breaking to happen. With
(0) # 0 it is then easy to see that the minimum conditions V, = V;, = 0
(Vo = 0V/0a) are equivalent to

W(p)=W'(p)=0, p=¢/o. (2)

These equations can have a common solution pyg=(¢)/(0), if the couplings
satisfy a particular condition (constraint), see below. Then a flat direction
exists in the plane (¢,0) with ¢ = ppo. Indeed, if ((¢), (o)) is a ground
state with V' = 0, then so is (¢(¢),t(o)), t real. Besides, the second deriva-
tives matrix Vag w.r.t. a, 8 = ¢, 0 has det(V,z) oc (AWW" —3W’'%) = 0 on
the ground state, so a massless state is indeed present corresponding to the
flat direction. Finally, since pg is a root of both W and of its derivative W,
then W (¢/o) o< (¢/0 — po)?, while if V' depends only on even powers of the
scalar fields (our model below), then the general structure is

W(g/o) o (62/02 — )% . (3)

2 One could use a regularization that does not keep manifest scale symmetry and at-
tempt to restore it “by hand” at the end, but this would miss scale-invariant operators
if the theory is non-renormalizable, see later.
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Note that the vanishing vacuum energy V({¢), (o)) = 0 follows from the
(spontaneously broken) scale symmetry, see Eq. (2). A scale-invariant regu-
larization of this theory leads to a scale-invariant quantum potential, which
thus remains of the form of Eq. (1). Hence the above discussion around
Egs. (1), (2), and (3) remains true at the quantum level, including the pos-
sibility of spontaneous-only breaking of the scale symmetry.

One of the two minimum conditions in (2) fixes the ratio py = (¢)/(o)
in terms of the (dimensionless) couplings of the theory. Thus, all v.e.v.s of
such a theory, including (¢) are proportional to (o) %0 which is a parameter
(unknown) of this theory. The second minimum condition, after eliminating
po between the two equations in (2), gives a relation among the couplings
of the theory in the order of perturbation in which V is computed. This
means one coupling, say A, (the dilaton self-coupling), is defined in terms
of the rest A\, = f(\jzs) + loops. This relation follows from demanding
that V has a flat direction that is itself a consequence of our requiring that
scale symmetry, which is a quantum symmetry, be broken spontaneously (in
that order). The relation A\, = f(\jzs) + loops is corrected in a given order
of perturbation theory by O(\;) relative to previous order; it is ultimately
related to the vanishing of the vacuum energy V ({¢), (o)) ~ W(po) = 0, see
minimum conditions (2).

We stress that the above picture, that builds on previous studies [3—
10], is very different from that obtained in the “traditional” DR scheme
(1 = constant scale) that is often used in classically scale-invariant models
e.g. [18-27]; in such a case, scale symmetry is broken ezplicitly by the (regu-
larization of) quantum effects and then conditions (1), (2) are not true any
more at quantum level and the flat direction is lifted by quantum corrections.

What about the hierarchy problem? In the absence of gravity (not in-
cluded here), the Standard Model has no hierarchy problem. However, this
situation is no longer true under the reasonable assumption that there is
some “new physics” beyond SM, e.g. a large v.e.v. of a new scalar field that
couples to Higgs, etc. In the model we consider, defined by the invariant
version of the SM extended by the dilaton, we have “new physics” beyond
the SM, represented by the v.e.v. (o) that breaks spontaneously the scale
symmetry. (o) can be very large compared to (¢) where the latter fixes the
electroweak scale®. We simply enforce such a hierarchy by choosing a very
weak coupling of the visible to the hidden sector of the dilaton [31]. Such a
hierarchy is however stable under quantum corrections, so mgy ~ (¢) < (o)
without tuning at the quantum level |4, 8|, and we verify this in our model
at one-loop. This is expected to remain true to all orders in perturbation
theory since scale symmetry is preserved by the regularization and is broken

3 Such a hierarchy can be generated dynamically [28, 29] or as in [30].
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only spontaneously. We thus have an example of a quantum stable hierar-
chy, with a vanishing vacuum energy at the loop level that follows from the
demand of spontaneous-only broken quantum scale symmetry.

In the following, we apply these ideas to the scale-invariant version of
the SM (with mg = 0) extended by the dilaton. The Higgs and the dila-
ton have a potential dictated solely by the classical scale symmetry and
thus can contain higher dimensional operators such as ¢%/02, ¢%/0*, etc.
(¢ is the neutral Higgs boson). We then compute the one-loop potential
with a scale-invariant regularization, so a flat direction is maintained at the
quantum level. Even if the tree-level potential does not include the afore-
mentioned higher dimensional operators (by tuning their couplings to zero),
they are generated at one loop with finite coefficient [8] or as two loop or
higher counterterms |9, 10] — this means the scale-invariant quantum the-
ory is non-renormalizable. Further, the quantum consistency of the theory
is shown by verifying the Callan-Symanzik equation of the potential in the
presence of these non-polynomial operators, gauge and Yukawa interactions.
We also compare the scale-invariant one-loop potential to its counterpart
computed in the “usual” DR scheme that breaks scale symmetry explicitly
(1 = constant), in the presence at tree level of these (non-polynomial) effec-
tive operators.

If scale symmetry is preserved by one-loop V, there is no dilatation
anomaly which is a result of explicit scale symmetry breaking by quantum
calculations with p = constant. Contrary to common lore, the couplings still
run with momentum [6-8| since the vanishing of the beta functions is not a
necessary condition for scale invariance. Their one-loop running is identical
to that in the theory with explicit scale symmetry breaking (= constant),
but at two loop, they start to differ in theories with spontaneous wversus
explicit breaking |7, 10].

This analysis in flat space-time should be extended to include the effects
of gravity which we ignored. Since Einstein gravity breaks scale symmetry,
a natural setup to include such effects is then to consider the Weyl or Brans—
Dicke—Jordan theory of gravity, see examples in [4, 28, 29, 32-38|. In such a
setup it may still be possible to perform a scale-invariant regularization and
then examine such a scale-invariant theory at quantum level.

2. SM with a scale-invariant one-loop potential

2.1. The tree-level scale-invariant potential

Consider the SM Lagrangian with tree-level Higgs mass my = 0, so it is
scale-invariant. The Higgs sector is weakly coupled to the “hidden” sector of
the dilaton o with



Stability of the Electroweak Vacuum in a Scale-invariant Extension . .. 1827

1

L= |DMH|2+§(8MU)2_‘/07 (4)
where ot
H:<\}§(q§+iG0)> (5)
and

3
Aé 2 A A 4 ¢ (HTH)
) HTH> ﬂ(HTH) 24,20 ,4, 270 RN
Vo= ( M T T
where the dots stand for higher powers of Hf H. The neutral Higgs (¢) and
dilaton part is

1 1 1 A
V(¢,a):I)\¢¢4+1)\m¢202+a)\004+EP+... (7)
We take Ay, Ay > 0 and A\, < 0 and that the two sectors of ¢ and o are
weakly coupled, with |A,,| < Ay. Regarding the terms suppressed by powers
of o, they respect the (classical) scale symmetry of the action, so they can be
present in the theory. They are well-defined since o acquires spontaneously
av.e.v. (o) # 0 under conditions that we identify shortly (see (a) in Eqs. (9),
(11) below). One can expand such terms about the ground state, into an
infinite sum of familiar polynomial (effective) operators
6 6 / 2
)\6% — )\GL <1_20 + 3L 4. ) , o= /{(o)+0o', o :fluctuation.
o (0)? (o) = (o)?
(8)

However, we prefer to use the form in Eq. (7) since it keeps manifest the
scale symmetry of £. Finally, we keep Ag7£0 but set to 0 the coefficients of
(HYH)*/o* and higher terms.

Consider first A\¢ = 0. We demanded spontaneous breaking of scale
symmetry, so we seek the condition for which (o) # 0. The minimum of V
exists if derivatives Vy, = V,, = 0, giving

(a): A= by [1 4 loops] and (b) : GRSy [1 4+ loops],

)
so also (¢) # 0; here, “loops” stands for loop corrections.

Let us then assume that A, is indeed that of (a) up to “loop” effects that
one can identify order by order in perturbation theory and that we ignore
for the classical discussion here. If (a) is true, we have spontaneous breaking
of scale symmetry and
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1 ¢ ’
V=10 (2+A¢) (10)

g

with V' = 0 at the minimum. A flat direction, corresponding to the Gold-
stone of scale symmetry (dilaton) exists in the plane (¢,0). The neutral
Higgs acquires a mass m% = (As/3)(1 — 3Am/Ag){¢)?, while the EW Gold-
stone bosons are massless. Thus, spontaneous scale symmetry breaking trig-
gers EW symmetry breaking, with a vacuum energy V = 0.

Consider now Ag # 0, with A\g >0 for a well-defined V' at large ¢. Then
Egs. (9) become

(% [22)\6 Po — ] + loops, where
¢) 1 1/2
(0)2 12X [ Ao+ (A3 = 7226 Am) } +1loops.  (11)

(a) : =p
(b) : <

We assume from now on that A\, is indeed given by relation (a), up to small
quantum corrections (ignored here), to ensure spontaneous scale symmetry
breaking; this relation is “protected” by scale symmetry. The potential is

then
e 2 2
vt (4o ) (G ). (12)

in agreement with (3). Here, & = (A + 2 ()\% — T206Am)/2)/(12X6) > 0
If A\¢ — 0, one recovers Eq. (10). The neutral Higgs mass can again be
computed and recovers the above value for small A\g; the dilaton is again
massless, with the flat direction mildly changed by Ag. To conclude, sponta-
neous scale symmetry breaking triggers EW symmetry breaking and ensures
V' = 0 on the ground state. We would like to know if this can remain true
at quantum level.

The scale (o) of “new physics” beyond SM should be larger than (¢) ~
O(100) GeV. In Weyl or Brans—Dicke—Jordan theory of gravity (not consid-
ered here) that can generalise this study, one actually expects (o) ~ Mpjanck.
So a hierarchy (¢) < (o) may be generated dynamically [28, 29]. Here, we
take a common view of a very weak coupling of the hidden (o) to visible (¢)
sector: |Am| < Ag [31]; then? from Eq. (11), Ay < |Asn|. This classical “tun-
ing” can ensure a hierarchy of scales (¢) < (o) (A\¢ only brings sub-leading
corrections, since the hierarchy is controlled by A,,, the main coupling of the
two sectors).

4 This hierarchy is stable under renormalization group [31] due to a shift symmetry,
o — o + constant.
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This concludes the picture of the classical potential with scale symmetry.
At the quantum level, one question is whether the (quantum) scale symme-
try, when spontaneously broken, maintains the hierarchy mj; ~ ($)? < (0)?

without additional tuning of the couplings. If quantum corrections A2 (o)?
are generated, a tuning of the Higgs self-coupling Ay would be needed and
this would re-introduce the hierarchy problem.

2.2. The one-loop scale-invariant potential

Let us compute the one-loop potential by preserving scale symmetry at
quantum level and thus avoid its explicit breaking by the UV regularization.
The method is described in [4, 6-10]. To do this, note that we already have
a v.e.v. (o) that can act as a subtraction scale. The starting point is in
d = 4 — 2¢ dimensions where the tree level potential is modified into

V=u@)*V, plo)=zc"/1"9, (13)

V is thus scale-invariant in d = 4 — 2¢. The function u(o) generates a sub-
traction scale p((o)) when o acquires a v.e.v. spontaneously. The definition
of p(o) follows on dimensional grounds, with z an arbitrary dimensionless
subtraction parameter [7]. If we set p(0) = constant, one immediately recov-
ers the “traditional” DR scheme that breaks explicitly the scale symmetry in
d = 4—2¢. We thus have two possible analytical continuations to d = 4—2¢ of
the classical scale-invariant theory in d = 4: one is scale-invariant (Eq. (13)),
the other is not (u = constant), and they lead to distinct quantum theories
(of different symmetry) [8, 10|, as discussed below. The one-loop potential
in d =4 — 2¢ is then [8, 10]

V—f/—i/ddp Trl [2—17--+' (14)
1= 2 (27_()(1 n|p ij el .
This is computed in the Landau gauge. The field-dependent squared masses
are eigenvalues of the matrix of second derivatives denoted V;; where sub-
scripts i, j stand for: the EW Goldstone scalars GV, ®(G1), S(GT), neutral
Higgs ¢ and dilaton o. Unlike the EW Goldstone modes or fermions and
gauge bosons, the field-dependent masses of ¢ and o acquire a correction
x e relative to their values induced by V' alone, from derivatives of u(o)

2¢ 2¢ 2¢
ulo ulo ulo
wi =M o, ity =2 g, g = O (4 gd) 7,
2¢ 4
mé:#(? )\¢¢2+3>\m02+6)\6¢—2 ,
g

M? = p(o)* [m,zf + €0k] k=¢,0o, (15)
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where my (h¢) is the field-dependent top mass (Yukawa coupling), mw, z
denote the gauge boson masses and mg denote the three EW Goldstone
field-dependent masses. Finally, M,? are eigenvalues of V3, while m% are
eigenvalues of the 2 x 2 sub-matrix V,g of Vj; with Vg = 0?V/0a 08,
a, 3 = ¢,0. Then, one finds at one loop (k = (4)?)

Vi = p(o)*

m2 o
X V—i Z n; m;l(d), O') (1_111 ](d)v )>+4(Vaﬁ N,Ba) (16)
J

2
J=¢,0;G,W,Zt H (U)

with summation over o, 8 = ¢,0 and Nog = p(paVs + psVa) — papis) V

and o = Op/Oc. Besides, nj = {3,1,6,3,—12} for j = {G, S, W, Z,t}, with

S=¢,0,¢cj= 432778 if § = ¢, 0,t, G and cj = A eB/0E if § =W, Z.

The one-loop term (Vo3 Ngq) is a new correction, absent in the case of

p = constant (i.e. explicit scale symmetry breaking by the regularization).
The SM one-loop potential U; becomes

U=V + v 4 ytn (17)
where
1 m3(¢, o)
J=¢,0;Gt,W,Z J
n 1
yn = P (—16XmAp — 18A2, + AgAo) ¢F — A (48X, + 25),) %0
2 4 ¢6 ¢8
T\ 0" + ()\¢)\m + 6)\6)\0) 52 + 8 X¢ (4)\¢ - 2)\m) )
¢10 9 ¢12
+26 (19226 +2X) 5 + 4008 5|, (19)

and the Uy is manifestly scale-invariant.

There is also a finite one-loop contribution V&™) due to “evanescent”
corrections (o €) to the field-dependent masses of ¢ and o (Eq. (15)), induced
by derivatives of u ~ o. Therefore, V(1™ is not present in the other case
of ;1 = constant when the regularization breaks the scale symmetry; thus,
V() can distinguish between these two cases at one loop®. Further, in the
classical decoupling limit of the hidden sector from the SM, A,, — 0 and
X6 — 0, then V(1) vanishes.

5 These two cases are different quantum theories (have different symmetry).
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V(L) also contains terms non-polynomial in fields like )\m)\¢¢6 /o? that
remain present even if we set Ag = 0.

At two loop, such non-polynomial operators, including higher order ¢8/c*,
etc., emerge as two-loop counterterms [10] even if we set A\g = 0°.

Although we do not show it, one can immediately Taylor expand both
VM and V™ about the non-zero v.e.v. of o, with o = (o) + ¢’ and
eventually of ¢ too, ¢ = (¢) + ¢’. One then obtains a representation with
only polynomial operators in the field fluctuations (¢, o").

2.8. Absence of dilatation anomaly

Let us analyze the situation of the dilatation current D* and its diver-
gence [6, 7]. For a set of fields ¢; (¢, o, etc.),

oL y
DH = m(a} 8y¢j+d¢)—x‘u£,
oL oL
D" =l 1) 0409) g0 by by 0 —dl, (20

with dg the mass dimension of ¢, dy = (d—2)/2 for a scalar in d dimensions.
For standard kinetic terms and using the equations of motion, we find for a
potential V in d dimensions

B _ a—2 8l
0,DV =dVy 5 o 20 (21)
Consider now that V is scale-invariant at both classical and quantum level as
in our case. Therefore, for a dimensionless parameter p, V has the property
V(pd;) = p*¥ =2 Y(¢;) in d = 4 — 2¢ dimensions (homogeneous function).
Dlﬁerentlatlng this equation with respect to p and then taking p — 1 gives
2d/(d —2)V = ¢;0V/0¢; so the r.hs. of Eq. (21) vanishes. Therefore,
0uDH = 0 at both classical and quantum level, so there is no anomalous
breaking of the quantum scale symmetry. Nevertheless, the couplings still
“run” and have non-zero beta functions with their corresponding poles in L.
To understand this better, let us also see what happens if V is not scale-
invariant in d = 4 — 2¢. This happens when V = >V (¢;) which is the case
of the “traditional” DR scheme with the explicit scale symmetry breaking,
with p a fixed scale (not a function of the fields) and V' the potential, scale-
invariant in d = 4 (assuming no mass terms). Then V(p ¢;) = p* V(¢;), but

5 The two-loop beta functions of such terms are non-zero even if A\ = 0, so setting
these to zero (at some scale) will not remove them since they are again generated at
a different scale [10].
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V is no longer scale-invariant in d = 4 — 2e. Then from Eq. (21),

ov

OuD = d >V —2(d = 2) " V(9)) = 2e > V = 26 p* Ny =
j

(22)

While at the classical level the r.h.s. vanishes when ¢ — 0, at the quantum
level the quartic couplings A; in V' acquire a pole BAj/ € which cancels the
€ in front, to give a finite non-zero r.h.s. 9, D" oc B,(0L/0);). This is the
familiar scale anomaly breaking of the conservation of this current in the
“traditional” DR scheme”%.

In conclusion, it is scale invariance of the action in d = 4—2¢ that ensures
that no scale anomaly is present. This invariance in d = 4 — 2¢ is lost in the
“usual” DR regularization with explicit breaking (u = constant). Thus, the
vanishing of the beta function is not a necessary condition for the theory
to be scale-invariant; one must also specify how the quantum theory was
regularized, with or without respecting its scale symmetry. In other words
the non-vanishing of the beta function does not mean the theory cannot be
scale-invariant.

3. Additional comments

It is interesting to note that the chiral symmetry breaking at low en-
ergies can also be viewed as the spontaneous breaking of the scale invari-
ance due to strong interactions. Parametrizing the renormalization scale as
p = e! o and taking into account the 1-loop running of the strong coupling

dgs(t bog3 . . .
constant, gjg ) — 0%, one finds the renormalization group invariant scale

expressed as

1
Asg = (o)e bosE® (23)

This implies that the contributions to the quark masses that are due to
strong interactions can be parametrized by scale-invariant terms in the ef-

fective Lagrangian
1

6Ls=—0ce s gq. (24)

The consistency of the boundary values for the running couplings with
high scale physics that may fix the value of (o) should be investigated. This
discussion requires that one extends this quantum calculation to the case of
curved space time while respecting this symmetry. The appropriate setup
is in the context of Weyl gravity or Brans—Dicke—Jordan theory of gravity.
For investigations along this direction, see [28, 29, 32-42].

" Even if at classical level it was conserved.
8 If V contained mass terms, 9, D" also contains a “classical” breaking of scale symme-
try term, m2¢2.
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4. Quantum instability

The careful study of the renormalization group improved SM potential
has revealed new extrema located at field strengths larger than 10'" GeV.
The upshot depends critically on the precise value of the measured Higgs
mass and on the measured value of the top quark Yukawa coupling. In
particular, one finds that for the central value of the top mass and for the
central value of the measured Higgs mass, the physical electroweak symme-
try breaking minimum becomes metastable with respect to the tunnelling
from the physical EWSB minimum to a deeper minimum located at super-
Planckian values of the Higgs field strength. The lifetime of the metastable
SM Universe is much larger than the presently estimated age of the Universe,
however the instability border in the space of parameters Miop—Miggs looks
uncomfortably close, which suggests that the result is rather sensitive to
modifications that can be brought in by the BSM extensions. The ques-
tion of stability in the presence of non-renormalizable operators was raised
in [10]. This question has been studied further in [43|. In particular, a map
of the vacua lifetime in SM with new non-renormalizable scalar couplings
was presented. Moreover, the RGE improvement of the new couplings has
been included and shown to have a significant impact on the resulting life-
time. The results were also obtained by a fully numerical approach instead
of the analytical approximations previously used in the literature.

Now, it is an interesting question how the stability issue gets modified
in the context of the quantum scale-invariant extension of the SM?. First of
all, there appear non-renormalizable operators suppressed by the powers of
the expectation value of the dilaton, the (o). The suppression scale needs
to be assumed to be pretty high to avoid significant modifications of the
Standard Model predictions, since all couplings of the additional field o
which are not assumed numerically small to arrange for the hierarchy of
the EW scale are suppressed by (o). Besides, the new, with respect to the
SM, corrections to the couplings of the non-renormalizable operators are
proportional to powers of the small couplings A,, \,,. Hence, the influence
of the non-renormalizable operators in the stability of the EW vacuum is
the same in the pure SM and in the quantum scale-invariant SM. However,
the interesting new effect does appear and it is related to the exact scale
invariance of the potential. The result of this invariance to all orders in
perturbation theory is the general structure of the scalar potential which
takes the form of

Var(6,0) = MAW(9), (25)

where M? = ¢? + 02 and tan(9) = % This structure makes it obvious
that the running of the Higgs quartic coupling A.g towards negative values

9 This section is based on the work with Pawel Olszewski, paper in preparation [44].
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implies that the function W () becomes negative for § > 6y for certain
value 0y corresponding to the vanishing effective potential. However, if such
a finite 6y does exist, this implies an incurable instability, since by making
M suitably large for 6 > 6, one can make the effective potential as negative
as one wishes. The upshot is that to stabilise the electroweak vacuum in the
simplest quantum scale-invariant extension of the SM, one has to prevent the
effective Higgs quartic coupling from becoming negative. Precise numerical
calculations confirm the validity of the reasoning sketched above. However,
one should notice that the coupling to gravity should be carefully taken
into account. When one couples the flat space action to Weyl gravity or to
Brans—Dicke gravity [39-42, 45|, the picture may become modified.

5. Conclusion

We explored the possibility that scale symmetry is a quantum symmetry
of the SM that is broken only spontaneously. Following previous develop-
ments on this idea, we considered the case of the classically scale-invariant
version of the SM which has vanishing tree-level mass for the Higgs (¢) and
is extended by the dilaton o (the Goldstone mode of scale symmetry). The
v.e.v. (o) # 0 breaks scale symmetry spontaneously and generates dynami-
cally a subtraction scale pu ~ (o). The classical scalar potential is dictated by
scale symmetry and may contain non-polynomial effective operators such as
#% /a2, etc.; these may be expanded into a sum of infinitely many polynomial
operators in fields (suppressed by (c)).

The one-loop computation of the potential respected the scale symmetry
of the classical Lagrangian. As a result, a scale-invariant one-loop potential
for the Higgs and dilaton is obtained. The quantum potential has corrections
from gauge and Yukawa interactions and also from the higher dimensional,
non-polynomial operators. The latter were included in the classical La-
grangian and their couplings are one-loop renormalized, with beta functions
that we computed from the potential (and which are otherwise difficult to
compute by other means). Tuning the couplings of these non-polynomial
operators to zero at the tree-level will not allow to avoid their presence at
the quantum level; they re-emerge at the loop level with a finite one-loop
coefficient and as two-loop counterterms, due to the non-renormalizability
of theories with quantum scale invariance.

It has been argued that the instability of the effective potential in the
Higgs sector that is driven by the quartic coupling running towards negative
values becomes worse in the scale-invariant version, since the effective po-
tential becomes unbounded from below. This presentation has been based
on [10, 43, 44, 46].



Stability of the Electroweak Vacuum in a Scale-invariant Extension . .. 1835

This work was supported by the National Science Center, Poland (NCN)

grant UMO-2017/27/B/ST2/02531.

(1]
2]

191
[10]

[11]
[12]

[13]

[14]

[15]
[16]

[17]
[18]

[19]

REFERENCES

W.A. Bardeen, On Naturalness in the Standard Model,
FERMILAB-CONF-95-391-T, C95-08-27.3.

S. Weinberg, Phys. Lett. B 82, 387 (1979); G. 't Hooft, Lectures at the 1979
Cargese Summer Institute, 1979.

F. Englert, C. Truffin, R. Gastmans, Nucl. Phys. B 117, 407 (1976).

M. Shaposhnikov, D. Zenhausern, Phys. Lett. B 671, 162 (2009)
|[arXiv:0809.3406 [hep-th]].

M.E. Shaposhnikov, F.V. Tkachov, arXiv:0905.4857 [hep-th].

R. Armillis, A. Monin, M. Shaposhnikov, J. High Energy Phys. 1310, 030
(2013) [arXiv:1302.5619 [hep-th]].

C. Tamarit, J. High Energy Phys. 1312, 098 (2013)

[arXiv:1309.0913 [hep-th]].

D.M. Ghilencea, Phys. Rev. D 93, 105006 (2016)
[arXiv:1508.00595 [hep-phl]; PoS CORFU2015, 040 (2016)
[arXiv:1605.05632 [hep-phl]].

F. Gretsch, A. Monin, Phys. Rev. D 92, 045036 (2015)
[arXiv:1308.3863 [hep-th]].

D.M. Ghilencea, Z. Lalak, P. Olszewski, Eur. Phys. J. C 76, 656 (2016)
[arXiv:1608.05336 [hep-th]].

C. Wetterich, Nucl. Phys. B 302, 668 (1988).

I. Bars, P. Steinhardt, N. Turok, Phys. Rev. D 89, 043515 (2014)
[arXiv:1307.1848 [hep-th]]| and references therein.

W. Buchmuller, N. Dragon, Phys. Lett. B 195, 417 (1987); Nucl. Phys. B
321, 207 (1989).

K.A. Meissner, H. Nicolai, Phys. Lett. B 648, 312 (2007)
[arXiv:hep-th/0612165|; Phys. Lett. B 660, 260 (2008)
|[arXiv:0710.2840 [hep-th]].

R. Foot, A. Kobakhidze, R.R. Volkas, Phys. Lett. B 655, 156 (2007)
|arXiv:0704.1165 [hep-phl|.

H. Aoki, S. Iso, Phys. Rev. D 86, 013001 (2012)
|arXiv:1201.0857 [hep-phl|.

R.H. Boels, W. Wormsbecher, arXiv:1507.08162 [hep-th].

R. Foot, A. Kobakhidze, K.L. McDonald, R.R. Volkas, Phys. Rev. D 77,
035006 (2008) |arXiv:0709.2750 [hep-ph]].

B. Grinstein, P. Uttayarat, J. High Energy Phys. 1107, 038 (2011)
[arXiv:1105.2370 [hep-phl|.


http://dx.doi.org/10.1016/0370-2693(79)90248-X
http://dx.doi.org/10.1016/0550-3213(76)90406-5
http://dx.doi.org/10.1016/j.physletb.2008.11.041
http://dx.doi.org/10.1007/JHEP10(2013)030
http://dx.doi.org/10.1007/JHEP10(2013)030
http://dx.doi.org/10.1007/JHEP12(2013)098
http://dx.doi.org/10.1103/PhysRevD.93.105006
http://dx.doi.org/10.22323/1.263.0040
http://dx.doi.org/10.1103/PhysRevD.92.045036
http://dx.doi.org/10.1140/epjc/s10052-016-4475-0
http://dx.doi.org/10.1016/0550-3213(88)90193-9
http://dx.doi.org/10.1103/PhysRevD.89.043515
http://dx.doi.org/10.1016/0370-2693(87)90041-4
http://dx.doi.org/10.1016/0550-3213(89)90249-6
http://dx.doi.org/10.1016/0550-3213(89)90249-6
http://dx.doi.org/10.1016/j.physletb.2007.03.023
http://dx.doi.org/10.1016/j.physletb.2007.12.035
http://dx.doi.org/10.1016/j.physletb.2007.06.084
http://dx.doi.org/10.1103/PhysRevD.86.013001
http://dx.doi.org/10.1103/PhysRevD.77.035006
http://dx.doi.org/10.1103/PhysRevD.77.035006
http://dx.doi.org/10.1007/JHEP07(2011)038

1836 7. LALAK

[20] A. Farzinnia, H.J. He, J. Ren, Phys. Lett. B 727, 141 (2013)
|arXiv:1308.0295 [hep-ph]].

[21] S. Iso, N. Okada, Y. Orikasa, Phys. Lett. B 676, 81 (2009)
[arXiv:0902.4050 [hep-ph]].

[22] S. Iso, Y. Orikasa, PTEP 2013, 023B08 (2013)
[arXiv:1210.2848 [hep-phl].

[23] E. Gabrielli et al., Phys. Rev. D 89, 015017 (2014)
[arXiv:1309.6632 [hep-phl].

[24] D. Gorbunov, A. Tokareva, Phys. Lett. B 739, 50 (2014) .
[arXiv:1307.5298 [astro-ph.CO]]|.

[25] Z. Chacko, R.K. Mishra, Phys. Rev. D 87, 115006 (2013)
|arXiv:1209.3022 [hep-phl]|; B. Bellazzini et al., Fur. Phys. J. C 73, 2333
(2013) [arXiv:1209.3299 [hep-phl]; 74, 2790 (2014)
[arXiv:1305.3919 [hep-th]].

[26] S. Fubini, Nuovo Cim. A 34, 521 (1976).

[27] K. Endo, Y. Sumino, J. High Energy Phys. 1505, 030 (2015)
|[arXiv:1503.02819 [hep-phl].

[28] P.G. Ferreira, C.T. Hill, G.G. Ross, Phys. Lett B 763, 174 (2016)
[arXiv:1603.05983 [hep-th]|.

[29] P.G. Ferreira, C. T. Hill, G. G. Ross, Phys. Rev. D 95, 043507 (2017)
[arXiv:1610.09243 [hep-th]|.

[30] A. Kobakhidze, Eur. Phys. J. C' 75, 384 (2015)
[arXiv:1506.04840 [hep-phl|.

[31] K. Allison, C.T. Hill, G.G. Ross, Phys. Lett. B 738, 191 (2014)
|[arXiv:1404.6268 [hep-phl].

[32] K. Kannike, M. Raidal, C. Spethmann, H. Veerméie,
arXiv:1610.06571 [hep-ph].

[33] M. Shaposhnikov, D. Zenhausern, Phys. Lett. B 671, 187 (2009)
[arXiv:0809.3395 [hep-th]].

[34] D. Blas, M. Shaposhnikov, D. Zenhausern, Phys. Rev. D 84, 044001 (2011)
[arXiv:1104.1392 [hep-th]].

[35] G.K. Karananas, M. Shaposhnikov, Phys. Rev. D 93, 084052 (2016)
|arXiv:1603.01274 [hep-th]].

[36] I. Oda, Adv. Stud. Theor. Phys. 8,215 (2014) [arXiv:1308.4428 [hep-ph]].
[37] I. Oda, Adv. Stud. Theor. Phys. 9, 595 (2015) [arXiv:1505.06760 [gr-qcl].
38] 1. Oda, Phys. Lett. B 724, 160 (2013) [arXiv:1305.0884 [hep-phl].
[39] D.M. Ghilencea, H.M. Lee, Phys. Rev. D 99, 115007 (2019)
|arXiv:1809.09174 [hep-th]].
[40] D.M. Ghilencea, J. High Energy Phys. 1903, 049 (2019)
[arXiv:1812.08613 [hep-th]|.
[41] D.M. Ghilencea, J. High Energy Phys. 1910, 209 (2019)
[arXiv:1906.11572 [gr-qcl|.


http://dx.doi.org/10.1016/j.physletb.2013.09.060
http://dx.doi.org/10.1016/j.physletb.2009.04.046
http://dx.doi.org/10.1093/ptep/pts099
http://dx.doi.org/10.1103/PhysRevD.89.015017
http://dx.doi.org/10.1016/j.physletb.2014.10.036
http://dx.doi.org/10.1103/PhysRevD.87.115006
http://dx.doi.org/10.1140/epjc/s10052-013-2333-x
http://dx.doi.org/10.1140/epjc/s10052-013-2333-x
http://dx.doi.org/10.1140/epjc/s10052-014-2790-x
http://dx.doi.org/10.1007/BF02785664
http://dx.doi.org/10.1007/JHEP05(2015)030
http://dx.doi.org/10.1016/j.physletb.2016.10.036
http://dx.doi.org/10.1103/PhysRevD.95.043507
http://dx.doi.org/10.1140/epjc/s10052-015-3621-4
http://dx.doi.org/10.1016/j.physletb.2014.09.041
http://dx.doi.org/10.1016/j.physletb.2008.11.054
http://dx.doi.org/10.1103/PhysRevD.84.044001
http://dx.doi.org/10.1103/PhysRevD.93.084052
http://dx.doi.org/10.12988/astp.2014.419
http://dx.doi.org/10.12988/astp.2015.5777
http://dx.doi.org/10.1016/j.physletb.2013.06.014
http://dx.doi.org/10.1103/PhysRevD.99.115007
http://dx.doi.org/10.1007/JHEP03(2019)049
http://dx.doi.org/10.1007/JHEP10(2019)209

Stability of the Electroweak Vacuum in a Scale-invariant Extension . .. 1837

[42] P.G. Ferreira, C.T. Hill, G.G. Ross, Phys. Rev. D 98, 116012 (2018)
[arXiv:1801.07676 [hep-th]].

[43] D.M. Ghilencea, Z. Lalak, P. Olszewski, Phys. Rev. D 96, 055034 (2017)
[arXiv:1612.09120 [hep-phl]].

44| Z. Lalak, P. Olszewski, in preparation.

[ prep

[45] P.G. Ferreira, C.T. Hill, J. Noller, G.G. Ross, Phys. Rev. D 97, 123516
(2018) [arXiv:1802.06069 [astro-ph.CO0]].

[46] Z. Lalak, P. Olszewski, Phys. Rev. D 98, 085001 (2018)
|[arXiv:1807.09296 [hep-th]].

[47] G. Marques Tavares, M. Schmaltz, W. Skiba, Phys. Rev. D 89, 015009
(2014) |arXiv:1308.0025 [hep-ph]].

[48] P.G. Ferreira, C.T. Hill, G.G. Ross, Phys. Rev. D 95, 064038 (2017)
[arXiv:1612.03157 [gr-qcl].


http://dx.doi.org/10.1103/PhysRevD.98.116012
http://dx.doi.org/10.1103/PhysRevD.96.055034
http://dx.doi.org/10.1103/PhysRevD.97.123516
http://dx.doi.org/10.1103/PhysRevD.97.123516
http://dx.doi.org/10.1103/PhysRevD.98.085001
http://dx.doi.org/10.1103/PhysRevD.89.015009
http://dx.doi.org/10.1103/PhysRevD.89.015009
http://dx.doi.org/10.1103/PhysRevD.95.064038

	1 Introduction
	2 SM with a scale-invariant one-loop potential
	2.1 The tree-level scale-invariant potential
	2.2 The one-loop scale-invariant potential
	2.3 Absence of dilatation anomaly

	3 Additional comments
	4 Quantum instability
	5 Conclusion

