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INTRODUCTION

Peter Millington?

Abstract

We consider the theory of a light conformally coupled scalar field, that is, one that
is coupled directly to the Ricci scalar of the gravitational sector. This theory can be
written equivalently as one of a light scalar that is coupled to the Standard Model
of particle physics with a particular combination of Higgs-portal couplings. When the
conformal coupling function contains terms that are linear and quadratic in the con-
formally coupled scalar, we find that the effective mass of the light propagating mode
and its coupling to matter fields, obtained after expanding around a minimum of the
classical potential, depend on the energy density of the background environment. This
is despite the absence of nonlinear terms in the original equation of motion for the
light conformally coupled field. Instead, we find that the nonlinearities of the prototype
Higgs potential are communicated to the light mode. In this way, we present a novel
realization of screening mechanisms, in which light degrees of freedom coupled to the
Standard Model are able to avoid experimental constraints through environmental and
thin-shell effects.
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environmentally dependent screening, where observable effects, such

as fifth forces, can be naturally suppressed in the neighborhood of

Light scalar fields are a popular candidate for physics beyond the Stan-
dard Model (SM), with significant motivation coming from theories of
dark matter,’"12 dark energy,’®-1> and modified gravity.1¢-1? How-
ever, there is, as yet, no evidence of new, light scalars coupled to the
SM particles.

One way to explain the lack of evidence of new scalars is to tune
the coupling of the scalar to the SM to be small.2® If we wish to
avoid this tuning, there are currently two options available. The first
is to couple the scalar field conformally to a fully scale-invariant
SM Lagrangian. In this case, a symmetry suppresses all interactions
between the scalar field and the fermions of the SM.21-3% However,
to preserve scale invariance, the theory requires an unusual approach
to renormalization.®*-38 A second option is offered by theories with

experiments.t#37-41 The cost paid for this behavior is that the equa-
tions of motion of the theory must be nonlinear. These nonlinearities
can involve nontrivial self-interactions of the scalar, nonlinear matter
couplings or noncanonical kinetic terms, or a combination of all three.
Renormalizable self-interactions are not forbidden for scalar field
theories. Indeed, the one scalar field that we have observed—the Higgs
field— is thought to possess nontrivial quartic self-interactions, which,
along with the quadratic term of the Higgs potential, are vital for elec-
troweak symmetry breaking. Theories of nonlinear light scalar fields
with environmentally dependent behavior are often referred to as
screened scalars. The commonly studied models with screening, includ-
ing chameleon,*?*3 symmetron,**4> and Vainshtein screening,*0~48

have all, to varying degrees, faced challenges about their naturalness,
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and whether the light masses can be protected from corrections due to
interactions with heavier fields.

In this work, we attempt to address these challenges to screened
theories by considering a scalar field with a small mass, which cou-
ples to the SM conformally, that is, via a nonminimal coupling to the
Ricci scalar. This means that SM particles move on geodesics of a met-
ric that is conformally rescaled by a function of the additional scalar
field. Such couplings naturally arise in ultraviolet (UV) theories with

49-52 which may

extra dimensions, for example, string-theory dilatons,
be screened,>35% as well as theories of modified gravity, such as f(R)
theories.” In previous work, and by virtue of the scale-symmetry
breaking provided by the quadratic term in the Higgs potential, we
have shown how models involving conformally coupled scalars can be
rewritten as Higgs-portal models,*® being related by the Weyl rescal-
ing of the metric from the so-called Jordan frame to the Einstein frame.
This is to say that there is a field basis in the Einstein frame in which
the scalar only interacts directly with the Higgs (at dimension four)
and has no direct couplings to the fermions of the SM. Fifth-force cou-
plings of the light degree of freedom to the SM fermions can then be
seen to arise as a result of mixing with the Higgs, or after diagonalizing
this mixing.”® An equivalent result can be obtained directly in the Jor-
dan frame, wherein the fifth-force coupling to SM fermions arises after
diagonalizing the kinetic mixing of the conformally coupled scalar and
the graviton.?”

The Higgs portal offers the lowest-dimension, renormalizable por-
tal by which to couple new fields (also known as hidden sectors)
to the SM.>8-61 Light scalars coupled through the Higgs portal have
received much recent attention,®22 but the possibilities of screening
through nonlinearities, which are naturally present, have largely been
overlooked, with a few exceptions (see, e.g., Ref. 64).

In the following section, we introduce our model, both in terms
of its conformal and Higgs-portal couplings. In the section “Equation
of Motion for the Fifth-Force Mediator”, we see the first signs of
environmental dependence through the expectation value of the con-
formally coupled scalar field, which will be seen to depend on the local
energy density. We derive the effective equation of motion for the
light scalar mode by expanding to leading order in fluctuations around
a density-dependent minimum of the classical potential. In the sec-
tion “Screening”, we then show how this environmental dependence
leads to suppression of the interactions between the light mode and
matter, and how this leads to dynamical screening of the fifth forces
sourced by massive compact objects. We discuss the implications and
limitations of these results further in the “Discussion” section, and then

end with the “Conclusions” section.

CONFORMAL COUPLINGS AND THE HIGGS
PORTAL

In our previous work, Ref. 56 (see also Refs. 57, 65), we showed that
conformally coupled theories were equivalent, at tree level, to Higgs-

portal models. We started with a generic action for a conformally

coupled scalar-tensor theory, written in the Einstein frame as

2
S= / d*x /-3 [% R - %5‘” 8uX 3% — V)| + Ssm[AZ603,0 (Y],
(1)
where the light scalar x has a canonical kinetic term and a potential
V(x). R denotes the Ricci scalar for the Einstein frame metric g,,, and
Mpy is the Planck mass. The term Sy is the SM action, whose fields are
indicated by {}. These fields move on geodesics of the Jordan-frame
metric gy, = Az(x)gw. We work throughout with signature convention
(= +, +,4).
We write a toy SM (with one fermion { and a real prototype of the

Higgs field ¢) in terms of the Jordan-frame metric as

Ssmlsp, b1l = /d4x\/—_8[—%g‘“’6”¢6v¢ + %MZ $? — %454

whou S .
T~ Vieav u — vbd| . (2

N w

We include the constant term —3u*# /21 to set the energy of the “Higgs”
potential at its minima to zero. This sets to zero any contribution to the
cosmological constant that could arise from the Higgs field after the
would-be electroweak symmetry breaking.

The scalar coupling to matter can be made explicit by rewriting the

theory in terms of the Einstein-frame metric 34 The action is then
- — 1 -
S A0 0] = [ @ V73|~ 5 208 0,00,
1.4 242 _ A 4_ 3 “_4
+ A X us e ke ()¢ 5 A 00 5
—A200)Didp — yA*(x) IT)¢¢]~ (3)
We note here the explicit appearance of the coupling function A(x).
After redefining the Higgs and fermion fields according to their
classical scaling dimensions as
d =AW D= A2, (4)

our toy SM Lagrangian becomes

" 1. AT Ay iAa g
L=-73"0,40,¢ + 873,60, InAl)

~ 287323,InA3, InALY)
+ ;uzAz(x) $ %é“ §A4( )“T
- 3idd - vy, (5)

where § = &y%6, = A1(x)ehy?3, and the antisymmetrization of the

kinetic term with d, = %(c’?M —d,) avoids the appearance of the spin
connection in the Lagrangian (see, e.g., Ref. 24).
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From Equation (5), we see that the light scalar does not couple
directly to fermions, and instead only couples to the Higgs through the
“Higgs portal,” a coupling which depends on the Higgs mass . This is
unsurprising as the Higgs mass is the only explicit mass scale in our
toy SM. In previous work, we showed how this coupling leads to tree-
level fifth forces due to the mixing between the light scalar and the
Higgs, and how this fifth force can be suppressed if part, or all, of the
Higgs mass scale arises dynamically.”® A similar result can be obtained
directly in the Jordan frame.”

In order to study this theory further, we write the coupling function

as a power series of the form

A2(y) = 1+b% +c,)\</1—22 +(9<r>\<4—?;), (6)
where b and ¢ are dimensionless constants, and M is a mass scale. The
latter controls the strength of the interaction between the scalar, the
x field, and matter, and could be considered as the cutoff of the theory.
Equation (6) can be considered as the leading-order approximation to
the true form of the coupling function. For example, in dilaton models,
the coupling function would be a series of powers of exponential func-
tions. However, as long as x < M, our calculations will remain valid. We

also include a mass term in the potential for the  field, taking

e x> (7)

NI =

Vix) =

More complicated potentials are, of course, allowed and may lead to a
more varied phenomenology. However, we will see that even with this
minimal choice, which might naively be expected to lead to linear equa-
tions of motion for the conformally coupled scalar, the interactions that
the conformally coupled scalar obtains with the Higgs field will lead to
nonlinearities that are sufficient to induce screening mechanisms for
the fifth-force mediating light degree of freedom.
Defining

232
r= (14 ZJ,’Z) % @

to approach canonical normalization for the x field, we have (keeping
terms up to order 72 /M2 and $2 /M?2)

1 0
L= _ng 0, % 0,% — 53’” 9,$0,¢

+ % %(b+2c——b2 )a@avx

This is a Higgs-portal model, where the portal couplings, of the form
(cths% + Apsk )2, arel

b 2
ths = % (10)
2 b2 2
o Mx
Ms = o0z * e (11)

This relationship between the portal couplings may not appear to be
an obvious choice at first sight, but we have seen how it arises due to
the nature of the conformal coupling. We note that, in addition to the
Higgs-portal couplings, there are also kinetic mixing terms between the
Higgs and the light scalar. These kinetic mixings give rise to fifth forces
between matter fields that are suppressed compared to the mass mix-
ings that arise from the portal couplings, given the low momentum
exchanges involved.
The potential terms that only include the light scalar are

72+ g “74 <1 + 2b

V() = %u,?x vl X ) (12)

M2 M2

where the second term (in curved brackets) arises due to the confor-
mal coupling to the term which sets the energy of the minima of the
Higgs potential to zero in the would-be electroweak symmetry break-
ing vacuum, thus subtracting the cosmological constant contribution.
Note that this also gives rise to nonlinear terms in the potential for %,
but these are suppressed for /M <« 1.

EQUATION OF MOTION FOR THE FIFTH-FORCE
MEDIATOR

We now proceed to derive the effective equation of motion of the fifth-
force mediator. We do so by performing a mean-field approximation,
expanding in fluctuations around a minimum of the classical potential.
This leads to a mass mixing between the Higgs and ¥ fields, which, when
diagonalized, gives rise to a direct coupling of the light mode to the
matter source (here, the single Dirac fermion). We will see, however,
that the effective mass and matter coupling strengths of this light mode
depend on the ambient matter density, as a result of the original mix-
ing between the Higgs and x fields. In this way, the nonlinearities of the
Higgs potential are communicated to the dynamics of the fifth-force

mediator, leading to the screening effects that we describe in Section 4.

Minima of the potential
The full Einstein-frame potential for the fields %, ¢, and { in the
Lagrangian of Equation (9) is

5 22
V(x,&,7) = % 2$2<1+b:(—4+cx—>+£&54

1 We use the subscripts h and s here, in line with the literature, to indicate the Higgs field and
the scalar field that has been added to the SM.
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+ %w%f( - b—) + y 0§, (13)

We now assume that we are working in an environment with a back-
ground density of fermions. When these fermions are nonrelativistic,
their energy-momentum tensor can be related directly to the mass
term in the Lagrangian, such that we can write py = yPm (PD), where
®m is the value of ¢ at the minimum of the potential. This expression
can be interpreted as a mean-field approximation for the nonrelativis-
tic limit of the fermion energy-momentum tensor, valid when taking the
classical limit in the case of high-occupation numbers. After making this
assumption for the behavior of the fermions, we can study the behav-
ior of the scalar fields in this environment. Varying Equation (13) with
respect to ¢ and %, we find equations for the values ¢, and %, of the

fields at the minima of the potential. These are

254 7 72 buZz>
Mv‘fm e |:M2<1+%+%>+MX—XM] +py =0, (14)

2,2 2 2 h232 2,2 32
Xm& C_%+b_ +H7% _ﬁ =b[.,L_V 1_¢_my
M2 v2 2 4M2 2M v2
(15)
where we have set v2 = 6u?/\. Keeping terms only to order 1/M?2,

assuming that v <« M and taking the mass scale of the light scalar to be
much smaller than the mass scale of the Higgs, that is, i, <, we can
solve these equations to find

~ o 2,252
$2 =2 14 Pin | T | D
in M v T aeme

- - S 252
I R N e 2
u2v2 M M2 M2 4u2M2 ’

2u2M2 + (2c — b2)p,

== (17)
We note that one might expect the terms proportional to p¢/(u2v2)
inside the square bracket in Equation (16) to be negligibly small. In fact,
it is important to keep them in order to determine the minimum for ¥
correctly (and for computing the effective potential for the light mode
in the next section), as leading-order terms cancel. The cancellation of
the leading-order terms is a direct consequence of our choice to set the
contribution of the Higgs field to the cosmological constant to zero—
notice that there is no contribution to §,,/M proportional to u2v2, as
one would otherwise expect.

In Equation (17), we see the first signs of environmental dependence
in this theory, as the minimum for j varies significantly depending on
whether the environmental density is greater or smaller than a critical
density perie = 2uZM?/(2¢ — b?). The limiting cases are

bpq, .
In _ ) amg e <P (18)
M~ b .
o’ ifpy > Pcrit-

We note that a small tuning of our dimensionless constants b and c is
required to ensure that %,, < M and our theory remains well defined
in high-density environments. This means that it is not possible for

the coupling function AZ(x) to be a pure exponential, as if b = 1 and

¢ = 1/2 in Equation (6), then Equation (18) implies that %, diverges in
high-density environments.

We will explore the two regimes of behavior that can be seen in Equa-
tion (18) further below. It is important to recognize, however, that this
phenomenology is only possible if (1, and, therefore, p.j; are nonzero.
For the field to remain truly massless requires a symmetry, for exam-
ple, scale or shift symmetry. In the absence of such a symmetry, a
mass for the light scalar will be generated by quantum effects, and the
calculations presented in this work will apply.

Equation of motion

Many experiments that search for light scalars, for example, fifth-force
experiments, are performed at energies well below that of the elec-
troweak scale. At these low energies, we can expand around the minima
of the classical potential and ignore fluctuations of heavy modes, with
masses of order the electroweak scale.

We will do this by performing a mean-field expansion, under the
assumption that the heavy field is slowly varying, and will consider the
equation of motion for fluctuations of the light mode to first order. This
is to say that we perform both a zeroth-order semi-classical approxi-
mation and a zeroth-order gradient expansion. The former amounts to
neglecting corrections generated by integrating out the heavy fluctu-
ations.? The latter amounts to neglecting gradients in the mean fields
and terms with higher-order derivatives.

We perturb the ¢ and  fields around the field values that minimize
the potential, given in Equations (16) and (17), writing ¢ = 7% + 8% and
¢ = ¢, + 8. We keep terms in the equations of motion only to first
order in perturbations. We find that mass terms in the equations of
motion mix fluctuations of the two fields, meaning that the heavy mode
of the theory—the “Higgs” boson—does not directly correspond to fluc-
tuations of the Higgs field 8¢. The mixing between the fields can be
expressed in terms of a mixing angle 6. Assuming that the mixing angle
9 is small (large mixing angles are excluded by collider searches®?), we
find that, keeping terms only to order 1/M?2,

0~

v (4c—b*)fm . Py 2¢km _ 5b%m
b+ + <b+ v oM > (19)

eMT T 2M T e T T2M

Herein, we have again neglected terms of order uf/uz, but we keep
terms to first order in pd,/(uzvz), since leading-order terms cancel in
the calculation of the effective mass and coupling constant for the
light mode.

2 Integrating out heavy fluctuations around the classical (saddle-point) configurations will
induce radiative corrections, and generate effective operators involving the light mode that
carry additional electroweak-scale suppression. The latter are expected to be subdominant in
the low-energy limit relevant to fifth forces. One could proceed to compute the evolution of the
reduced density matrix for the light mode using the Feynman-Vernon influence functional to
derive the relevant master equation. Integrating out the fluctuations in the heavy mode would
then lead to nonlocal effective operators. In Ref. 66, we performed this calculation for a closely
related model, finding that corrections to the field evolution beyond the semi-classical contri-
butions can be associated with the expected loop diagrams. While radiative corrections require
fine tuning, loop corrections that depend on the spatial variation of the classical background
field cannot be eliminated. However, these quantum corrections are not expected to be large
when the semi-classical mean field is slowly varying compared to the Compton wavelength of
the field,67 as we assume in this work.
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We can now identify the heavy and light mass eigenstates in our
theory, h and s, respectively (working in this field basis removes non-
derivative interactions between the fields in the equations of motion).
These are defined as

h =8¢ cos6 + 83 sin6, (20)
s =87 cosf —dsinb. (21)

We will obtain an effective potential for the light mode s by inverting
Equations (20) and (21) to write 8¢ and &g in terms of h and s, and sub-
stituting these expressions into the equations of motion for the fields.
We then neglect derivatives of h, assuming that we are considering suf-
ficiently low-energy experiments that the heavy mode is not perturbed
from the minimum of the field potential. The resulting equation of

motion for sis

b2V2 2 B(pl]))
<1+ W>D$=meﬁs+ 75%. (22)
We note that there is no density dependence in the leading corrections
to the kinetic terms. Hereafter, we omit terms that are suppressed by
v2/M?2, which could otherwise be rescaled into the effective mass and

coupling constants

(4c — b2)py v2
2 _ 2
mie = py + a2 +(‘)<M2>, (23)
and
2bu2M? P
Bloy) = —— 2 ¥ 0<—2‘”2 ) (24)
2uy M2 + (2c — b2)py u2v

In low-density environments, the mass of the light scalar remains
small in the leading semi-classical approximation. This is a consequence
of the choice to set the Higgs contribution to the cosmological constant
to zero in the Jordan frame, resulting in the subtraction of 3M4/(ZA)
from the Higgs potential in Equation (2).% If we had not subtracted
the Higgs contribution to the Jordan-frame cosmological constant, the
light scalar mass would have received corrections of order 2.4 When
the density exceeds the critical density, the mass of the light mode
increases as ~ \/ﬁ/M. It is also important to notice that the strength
of the coupling of the light mode to matter perturbations (which will
control the strength of the scalar-mediated fifth force) varies with the
environmental density and is suppressed when the density exceeds the
critical density.

SCREENING

Considering the equation of motion for the light mode in Equation

(22), we see that the coupling of the light scalar to matter is sup-

3 This article does not offer a solution to the cosmological constant problem, and we work
under the assumption that a mechanism that sets the contribution from the electroweak
minimum of the Higgs potential must be present.

4 This observation is reminiscent of the ideas behind Higgs-dilaton models,
dilaton potential is generated by the Jordan frame cosmological constant in order to realize
a quintessence-like scenario.

27,30 where the

pressed in regions of high density (above the critical density pc.it =
2uZM? /(2¢ — b?)). This comes from the variation of g, with the density
of the environment.
The light mode mediates a fifth force, on a test particle with unit
mass, of strength
Blpy)

Fo= Ve Vs. (25)

As the coupling ﬁ(p¢) varies with the environment, so will the strength
of the scalar-mediated fifth force. This section explores the phe-

nomenological consequences of this environmental dependence.

Environmental screening

We first consider the situation where the fifth force mediated by the
light mode is suppressed because the environment in which we make
our observations has a density that exceeds the critical density. The
characteristic scale over which s can vary is given by the Compton
wavelength ~ 1/mq. For the fifth force to be suppressed, or screened,

the density must exceed the critical density

2 2
()
gem=3 7 2c— b2 \ eV GeV

over a region of spatial extent at least as large as the Compton wave-

length. We should take care when applying this requirement, because
in regions of high density (above the critical density), the mass of
the light field will increase and the Compton wavelength will shorten.
Above the critical density, the coupling function becomes

2bpu2M?
Bley) ~ 7 i (27)

2c— bz)p‘d) ’

and the coupling is dynamically suppressed compared to our naive
expectation of § ~ 1.
Two useful examples of this condition for environmental screening

are:

« The density of the interstellar medium is ~ 10-26 g/cm®. This
exceeds the critical density if

1 Hx M -13
.3 <
(25_b2)1/2<ev><GeV>~2'1X10 . (28)
* The density of the Earth is ~ 6g/cm3. This exceeds the critical

1 My M

If the first of these conditions is satisfied, we expect the fifth force to be

density if

suppressed within the solar system. If the second, weaker, bound is sat-
isfied, the fifth force will be suppressed within the Earth, but this may
not be a sufficient condition to suppress the effects of the scalar in all

terrestrial experiments.

95UB017 SUOWILIOD 3A1IID) 3(edl|dde auy Ag pausenob a1e saple WO ‘@SN JO SaINnJ 10} Aeiq13UIIUO AB|IM UO (SUORIPUD-PUR-SWLIBY WD A8 | 1M ARR1q | U1 |UO//:SONY) SUORIPUOD PUe SWiB L 83U} 885 *[7202/70/0] Uo Areiqiauljuo A|IM 1581 AQ Z60ST SeAUTTTT OT/10p/wo0 Ao |m Areiq puljuosqndseAu//sdny wouy papeojumod ‘T 7202 ‘Ze996LT



100 |

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

Thin-shell screening of fifth forces

If the environment in which an experiment is performed is not dense
enough to exceed the critical density, it is still possible that the force
sourced by large objects may be suppressed through the so-called
“thin-shell” effect.#243

To see this, we return to working in terms of the field %, whose
background value in a region of density py, is given by Equation (17).
Fluctuations around this value are given by 8y = scos 6, and the pertur-
bations s have a density-dependent mass given by Equation (23). The
thin-shell effect can occur when pgyt < perit BUt Pin > Perit-

We consider the profile of the field around a spherical compact
object. We center our spherical coordinate system on the center of
the object and assume that the object has a constant density p;, when
r < R, where R is the radius of the object. The object is embedded in
a background of constant density po,t. Assuming that p;, > pgit and
Pout <K Perit, We find

b 201 R _m R )
——(1— 2L+moutR) o—mi,R smhminr), ifr <R,
_ 2c—b2 mint

X
M ) _ beout bR mout(R—r), (30)

2M2u2  (2c-b2)r

ifr>R,

where m;, and my,; indicate the effective mass of the light scalar mode
evaluated at the densities p;, and pgt, respectively. We have addi-
tionally assumed that m;,R > 1 and will confirm when this condition
holds shortly.

Substituting the expression for the field profile, Equation (30),
around the compact object into the expression for the fifth force on a
test particle, Equation (25), we find that the fifth force on a test particle
of unit mass at somer > Ris

b2R

m(l + moutr)emOUt(R_'). (31)

Fs=—
This can be compared to the strength of the fifth force of a canonical
light scalar with Yukawa couplings to matter controlled by the energy
scale M and with mass mg¢ ~ , given by

M
Frue = = 32,2¢ " (32)

where M, = 47p;,R% /3. We find

Fs bh2RM? R
Frue = B2 2am e )

If mgytR < 1, then

Fs b2RM?2
Fruc (b2 —20M,
204~ _ 2
~ 3b%(4c — b?) , (34)
167(b2 — 2¢)(m;,R)2
and the fifth force is suppressed if
M 2 _ 2
_c< > w (35)

b2

When the condition in Equation (35) is satisfied, the source is suf-

ficiently compact that the fifth force it sources is suppressed and

constraints on the model parameters from fifth-force searches are
weakened, similarly to chameleon*?43 and symmetron models*44° (for
earlier related work, see Refs. 52, 68-71). Consistency of our solution
requires the closely related condition

M
2R2 — Mﬁ > 1. (36)

M’ = T2

As an example, we consider the Earth embedded in the Interstellar
Medium (ISM). We assume there is no environmental screening, so that
the density of the ISM does not exceed the critical density, but the den-
sity of the Earth does exceed the critical density. This allows for the
possibility of thin-shell screening. Combining Equations (28) and (29),

such a situation can occur when

_ 1 My M
) e — ) | (LU I
21x107 < 2 b2 (eV) (GeV) <5.1. (37)

Then, the fifth force sourced by the Earth is screened through a thin-
shell effect if Equation (35) is satisfied for the Earth, which requires

M (3x 10)b

v < —|b2 iz (38)

DISCUSSION

We have presented a theory in which a light scalar field is added to
the SM, but the long-range fifth forces mediated by this scalar can
be suppressed through environmental screening. The screening occurs
because of nonlinearities in the scalar potential. In this way, the screen-
ing is similar to a number of commonly studied models. The existence
of a critical density above which screening can occur means the phe-
nomenology of the theory is particularly similar to that of symmetron
models of screening. However, the key difference between our model
and those in the existing literature is the source of the nonlinearities.
Prior to this work, it was assumed that screening could only occur
if nonlinear terms were added to the Lagrangian of the light scalar.
Here, we have shown that if the light scalar has a potential which
contains only a mass term, and couples to matter through the Higgs
portal, then the self-interactions in the Higgs potential are sufficient
to induce screening at low energies, where the Higgs field (or, more
precisely, the heavy mode of the coupled theory) can be assumed to
be nondynamical.

In this work, we have only kept terms in the conformal coupling up to
order 1/M2. This led to an effective theory, where the mass of the light
scalar and its coupling to matter depend on the environmental density.
The kinetic term for the light mode in our theory is also rescaled, as can
be seen in Equation (22), but this is independent of the environment. It
is possible that if we were to extend the calculation to include terms of
higher order in 1/M, we would find environmental dependence occur-
ring in the kinetic sector as well, opening up the possibility of additional
Vainshtein-like screening occurring if it becomes more challenging for
the light mode to propagate in regions of high density.

We have only studied a toy model Lagrangian, with a prototype
real-valued Higgs field and a single fermion. This fails to capture the
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dynamics of the quantum chromodynamics (QCD) sector, potentially
a significant failing, since the QCD binding energy provides approxi-
mately 99% of the mass of nucleons. In our previous work,>® following
earlier references,”?~74 we showed that an interaction between a con-
formallly coupled scalar and baryons does arise, mediated through the
Higgs field and the conformal anomaly. This allows baryonic matter to
act as a source of energy density in the equations of motion for the
light mode of our model in the same way as the fermionic density we
have used in the above calculation. Even so, the differing origins of the
interactions may lead to an effective violation of the weak equivalence
principle between the SM leptons and hadrons.>¢

It is important to recognize that the analysis presented here consid-
ers only tree-level interactions. The potential generated for the light
degree of freedom, as described here, will be subject to radiative cor-
rections. A detailed study of these radiative corrections is beyond the
scope of this article and may be presented elsewhere.

In addition, we leave a detailed analysis of experimental constraints
for future work. As well as allowing a theory to avoid existing con-
straints, screening also introduces novel observational signatures, and
these would be smoking-gun signatures of this type of new physics. For
example, long-lived environmentally dependent scalars could have dif-
ferent displaced vertices in the ATLAS and CMS detectors because of

the differing design and construction of the detectors.”>

CONCLUSIONS

We have studied light conformally coupled scalar fields, a widely con-
sidered type of new physics beyond the SM. We have assumed that
the bare potential for these light scalars only contains a mass term.
After a series of field redefinitions, we have shown that such a theory
is equivalent to a Higgs-portal model, with a particular combination of
Higgs-portal couplings. This combination of couplings may not seem
intuitive when viewed as a Higgs-portal model, but we have seen
how this arises naturally from the conformal coupling. This, of course,
does not preclude large radiative corrections that would require
fine-tuning.

In the case of a toy SM, we proceeded by expanding in fluc-
tuations of the scalar fields around a classical minimum of the
Einstein-frame potential, and derived the effective equation of motion
for the light mode—the fifth-force mediator of the scalar-tensor
theory. Choosing the would-be electroweak minimum to have van-
ishing potential, so as to eliminate any contribution to the Jordan-
frame cosmological constant, the mass of the light mode does not
receive large electroweak-scale corrections at tree-level in the Einstein
frame.

In all models of screening to date, the screening of fifth forces has
occurred because of nonlinearities in the equation of motion of the
additional scalar field. In contrast, in the model we study here, there
are no terms in the Lagrangian, which involve powers of the light field
higher than quadratic, and so its equations of motion are linear. The
only field with nontrivial self interactions is the Higgs. In the lead-

ing semi-classical approximation, we find that these nonlinearities are

communicated to the fifth-force mediator, resulting in an environmen-
tally dependent effective theory for the light mode. This environmental
dependence appears as density-dependent effective masses and cou-
plings, leading to the screening of the light mode and the fifth force that
it mediates. We find that in different regions of parameter space, the
effects of the scalar near the surface of the Earth could be screened
by the environment, or by a thin-shell effect. This occurs, despite an
absence of nonlinear terms in the original Jordan-frame Lagrangian for
the light field, as a result of the conformal coupling to the Ricci scalar

and the nonlinearities in the Higgs potential.

AUTHOR CONTRIBUTIONS
Both authors have contributed equally to the original ideas and

calculations in this work, and to the writing of the text.

ACKNOWLEDGMENTS

This work was supported by a Research Leadership Award from the
Leverhulme Trust (C.B.), a United Kingdom Research and Innovation
(UKRI) Future Leaders Fellowship (Grant No. MR/V021974/2) (PM.),
and the Science and Technology Facilities Council (STFC) (Grant Nos.
ST/T000732/1 [C.B.] and ST/X00077X/1 [P.M.]). For the purpose of
open access, the authors have applied a Creative Commons Attribution

(CCBY) license to any Author Accepted Manuscript version arising.

COMPETING INTERESTS
Neither author has any competing interest that may affect or be
affected by the research reported in this paper.

DATA AVAILABILITY STATEMENT
No data were created or analyzed in this study.

ORCID
Clare Burrage "= https://orcid.org/0000-0002-7337-0470
PEER REVIEW

The peer review history for this article is available at: https://publons.
com/publon/10.1111/nyas.15092.

REFERENCES

1. Turner, M. S. (1983). Coherent scalar field oscillations in an expand-
ing universe. Physical Review D, 28, 1243. https://doi.org/10.1103/
PhysRevD.28.1243

2. Hui, L., Ostriker, J. P, Tremaine, S., & Witten, E. (2017). Ultralight
scalars as cosmological dark matter. Physical Review D, 95(4), 043541.
https://doi.org/10.1103/PhysRevD.95.043541

3. Marsh,D. J.E., & Pop, A.-R. (2015). Axion dark matter, solitons and the
cusp-core problem. Monthly Notices of the Royal Astronomical Society,
451(3), 2479-2492. https://doi.org/10.1093/mnras/stv1050

4. Ferreira, E. G. M. (2021). Ultra-light dark matter. Astronomy and Astro-
physics Review, 29(1), 7. https://doi.org/10.1007/s00159-021-00135-
6

5. Press, W. H., Ryden, B. S., & Spergel, D. N. (1990). Single mecha-
nism for generating large scale structure and providing dark missing
matter. Physical Review Letters, 64, 1084. https://doi.org/10.1103/
PhysRevlett.64.1084

85U017 SUOWIWOD) 8A1eEa1D 3|qeot|dde au Aq pausenob ae sap e YO ‘8SNn JO S9N 104 Akeid8UlUO A1 UO (SUORIPUOD-pUe-SULLBILIOY" A3 | 1M AReIq 1 [BUI|UO//SANY) SUOTIIPUOD pue Swie | 841 885 *[y20z/70/£0] uo Ariqi]auljuo A8|IM ‘So 1 AQ 260ST SeAU/TTTT OT/I0p/wod A3 1M Areiq 1 jpuljuo'sgndseAu//sdny wo.y pepeojumod ‘T ‘%202 ‘289967, T


https://orcid.org/0000-0002-7337-0470
https://orcid.org/0000-0002-7337-0470
https://publons.com/publon/10.1111/nyas.15092
https://publons.com/publon/10.1111/nyas.15092
https://doi.org/10.1103/PhysRevD.28.1243
https://doi.org/10.1103/PhysRevD.28.1243
https://doi.org/10.1103/PhysRevD.95.043541
https://doi.org/10.1093/mnras/stv1050
https://doi.org/10.1007/s00159-021-00135-6
https://doi.org/10.1007/s00159-021-00135-6
https://doi.org/10.1103/PhysRevLett.64.1084
https://doi.org/10.1103/PhysRevLett.64.1084

102

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

. Sin, S.-J. (1994). Late time cosmological phase transition and galactic

halo as Bose liquid. Physical Review D, 50, 3650-3654. https://doi.org/
10.1103/PhysRevD.50.3650

. Goodman, J. (2000). Repulsive dark matter. New Astronomy, 5, 103.

https://doi.org/10.1016/51384-1076(00)00015-4

. Peebles, P. J. E. (2000). Fluid dark matter. Astrophysical Journal Letters,

534,1L127. https://doi.org/10.1086/312677

. Hu, W, Barkana, R., & Gruzinov, A. (2000). Cold and fuzzy dark mat-

ter. Physical Review Letters, 85, 1158-1161. https://doi.org/10.1103/
PhysRevLett.85.1158

Arbey, A., Lesgourgues, J., & Salati, P. (2001). Quintessential haloes
around galaxies. Physical Review D, 64, 123528. https://doi.org/10.
1103/PhysRevD.64.123528

Amendola, L., & Barbieri, R. (2006). Dark matter from an ultra-light
pseudo-Goldsone-boson. Physics Letters B, 642, 192-196. https://doi.
org/10.1016/j.physleth.2006.08.069

Schive, H.-Y., Chiueh, T., & Broadhurst, T. (2014). Cosmic structure as
the quantum interference of a coherent dark wave. Nature Physics, 10,
496-499. https://doi.org/10.1038/nphys2996

Copeland, E. J., Sami, M., & Tsujikawa, S. (2006). Dynamics of dark
energy. International Journal of Modern Physics D, 15, 1753-1936.
https://doi.org/10.1142/5021827180600942X

Joyce, A, Jain, B., Khoury, J., & Trodden, M. (2015). Beyond the cosmo-
logical standard model. Physics Reports, 568, 1-98. https://doi.org/10.
1016/j.physrep.2014.12.002

Bull, P, Akrami, Y., Adamek, J., Baker, T., Bellini, E., Beltran Jiménez, J.,
Bentivegna, E., Camera, S., Clesse, S., Davis, J. H., Di Dio, E., Enander, J.,
Heavens, A, Heisenberg, L., Hu, B., Llinares, C., Maartens, R., Mortsell,
E., Nadathur, S., ... Winther, H. A. (2016). Beyond ACDM: Problems,
solutions, and the road ahead. Physics of the Dark Universe, 12, 56-99.
https://doi.org/10.1016/j.dark.2016.02.001

Clifton, T., Ferreira, P. G., Padilla, A., & Skordis, C. (2012). Modified
gravity and cosmology. Physics Reports, 513, 1-189. https://doi.org/10.
1016/j.physrep.2012.01.001

Heisenberg, L. (2019). A systematic approach to generalisations of
General Relativity and their cosmological implications. Physics Reports,
796,1-113. https://doi.org/10.1016/j.physrep.2018.11.006
Kobayashi, T. (2019). Horndeski theory and beyond: A review. Reports
on Progress in Physics, 82(8), 086901. https://doi.org/10.1088/1361-
6633/ab2429

Saridakis, E. N., Lazkoz, R., Salzano, V., Vargas Moniz, P,, Capozziello,
S., Beltran Jiménez, J., de Laurentis, M., Olmo, G. J., Akrami, Y.,
Bahamonde, S., Blazquez-Salcedo, J. L., Béhmer, C. G., Bonvin, C,,
Bouhmadi-Lépez, M., Brax, P, Calcagni, G., Casadio, R., Cembranos, J.
A. R, de La Cruz-Dombriz, A., ... Wojnar, A. (2021). Modified gravity
and cosmology: An update by the CANTATA network. Springer. https://doi.
org/10.1007/978-3-030-83715-0

Adelberger, E. G., Heckel, B. R, & Nelson, A. E. (2003). Tests of
the gravitational inverse square law. Annual Review of Nuclear and
Particle Science, 53, 77-121. https://doi.org/10.1146/annurev.nucl.53.
041002.110503

Wetterich, C. (1988). Cosmology and the fate of dilatation symme-
try. Nuclear Physics B, 302, 668-696. https://doi.org/10.1016/0550-
3213(88)90193-9

Brax, P, & Davis, A. C. (2014). Conformal inflation coupled to matter.
Journal of Cosmology and Astroparticle Physics, 05,019. https://doi.org/
10.1088/1475-7516/2014/05/019

Karananas, G. K., & Shaposhnikov, M. (2016). Scale invariant alter-
natives to general relativity. Il. Dilaton properties. Physical Review D,
93(8),084052. https://doi.org/10.1103/PhysRevD.93.084052
Ferreira, P. G, Hill, C. T., & Ross, G. G. (2017). No fifth force in a scale
invariant universe. Physical Review D, 95(6), 064038. https://doi.org/
10.1103/PhysRevD.95.064038

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Ferreira, P. G, Hill, C. T.,, & Ross, G. G. (2016). Scale-independent infla-
tion and hierarchy generation. Physics Letters B, 763, 174-178. https://
doi.org/10.1016/j.physletb.2016.10.036

Buchmuller, W., & Dragon, N. (1989). Dilatons in flat and curved space-
time. Nuclear Physics B, 321, 207-231. https://doi.org/10.1016/0550-
3213(89)90249-6

Shaposhnikov, M., & Zenhausern, D. (2009a). Scale invariance, unimod-
ular gravity and dark energy. Physics Letters B, 671, 187-192. https://
doi.org/10.1016/j.physletb.2008.11.054

Shaposhnikov, M., & Zenhausern, D. (2009b). Quantum scale invari-
ance, cosmological constant and hierarchy problem. Physics Let-
ters B, 671, 162-166. https://doi.org/10.1016/j.physletb.2008.11.
041

Blas, D., Shaposhnikov, M., & Zenhausern, D. (2011). Scale-invariant
alternatives to general relativity. Physical Review D, 84, 044001.
https://doi.org/10.1103/PhysRevD.84.044001

Garcia-Bellido, J., Rubio, J., Shaposhnikov, M., & Zenhausern, D. (2011).
Higgs-Dilaton cosmology: From the early to the late universe. Physi-
cal Review D, 84, 123504. https://doi.org/10.1103/PhysRevD.84.1235
04

Bezrukov, F., Karananas, G. K., Rubio, J., & Shaposhnikov, M. (2013).
Higgs-Dilaton cosmology: An effective field theory approach. Phys-
ical Review D, 87(9), 096001. https://doi.org/10.1103/PhysRevD.87.
096001

Henz, T., Pawlowski, J. M., Rodigast, A., & Wetterich, C. (2013). Dila-
ton quantum gravity. Physics Letters B, 727, 298-302. https://doi.org/
10.1016/j.physletb.2013.10.015

Rubio, J., & Shaposhnikov, M. (2014). Higgs-Dilaton cosmology: Uni-
versality versus criticality. Physical Review D, 90, 027307. https://doi.
org/10.1103/PhysRevD.90.027307

Coleman, S. R., & Weinberg, E. J. (1973). Radiative corrections as the
origin of spontaneous symmetry breaking. Physical Review D, 7, 1888-
1910. https://doi.org/10.1103/PhysRevD.7.1888

Englert, F, Truffin, C., & Gastmans, R. (1976). Conformal invariance in
quantum gravity. Nuclear Physics B, 117, 407-432. https://doi.org/10.
1016/0550-3213(76)90406-5

Ghilencea, D. M. (2016). Manifestly scale-invariant regularization
and quantum effective operators. Physical Review D, 93(10), 105006.
https://doi.org/10.1103/PhysRevD.93.105006

Ghilencea, D. M., Lalak, Z., & Olszewski, P. (2016). Two-loop scale-
invariant scalar potential and quantum effective operators. European
Physical Journal C, 76(12), 656. https://doi.org/10.1140/epjc/s10052-
016-4475-0

Ferreira, P. G, Hill, C. T, & Ross, G. G. (2018). Inertial spontaneous
symmetry breaking and quantum scale invariance. Physical Review D,
98(11), 116012. https://doi.org/10.1103/PhysRevD.98.116012
Koyama, K. (2016). Cosmological tests of modified gravity. Reports
on Progress in Physics, 79(4), 046902. https://doi.org/10.1088/0034-
4885/79/4/046902

Burrage, C., & Sakstein, J. (2018). Tests of chameleon gravity. Living
Reviews in Relativity, 21(1), 1. https://doi.org/10.1007/s41114-018-
0011-x

Ishak, M. (2019). Testing general relativity in cosmology. Living Reviews
in Relativity, 22(1), 1. https://doi.org/10.1007/s41114-018-0017-4
Khoury, J., & Weltman, A. (2004a). Chameleon fields: Awaiting sur-
prises for tests of gravity in space. Physical Review Letters, 93, 171104.
https://doi.org/10.1103/PhysRevLett.93.171104

Khoury, J., & Weltman, A. (2004b). Chameleon cosmology. Physical
Review D, 69,044026. https://doi.org/10.1103/PhysRevD.69.044026
Hinterbichler, K., & Khoury, J. (2010). Symmetron fields: Screen-
ing long-range forces through local symmetry restoration. Physical
Review Letters, 104, 231301. https://doi.org/10.1103/PhysRevLett.
104.231301

95UB017 SUOWILIOD 3A1IID) 3(edl|dde auy Ag pausenob a1e saple WO ‘@SN JO SaINnJ 10} Aeiq13UIIUO AB|IM UO (SUORIPUD-PUR-SWLIBY WD A8 | 1M ARR1q | U1 |UO//:SONY) SUORIPUOD PUe SWiB L 83U} 885 *[7202/70/0] Uo Areiqiauljuo A|IM 1581 AQ Z60ST SeAUTTTT OT/10p/wo0 Ao |m Areiq puljuosqndseAu//sdny wouy papeojumod ‘T 7202 ‘Ze996LT


https://doi.org/10.1103/PhysRevD.50.3650
https://doi.org/10.1103/PhysRevD.50.3650
https://doi.org/10.1016/S1384-1076(00)00015-4
https://doi.org/10.1086/312677
https://doi.org/10.1103/PhysRevLett.85.1158
https://doi.org/10.1103/PhysRevLett.85.1158
https://doi.org/10.1103/PhysRevD.64.123528
https://doi.org/10.1103/PhysRevD.64.123528
https://doi.org/10.1016/j.physletb.2006.08.069
https://doi.org/10.1016/j.physletb.2006.08.069
https://doi.org/10.1038/nphys2996
https://doi.org/10.1142/S021827180600942X
https://doi.org/10.1016/j.physrep.2014.12.002
https://doi.org/10.1016/j.physrep.2014.12.002
https://doi.org/10.1016/j.dark.2016.02.001
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2018.11.006
https://doi.org/10.1088/1361-6633/ab2429
https://doi.org/10.1088/1361-6633/ab2429
https://doi.org/10.1007/978-3-030-83715-0
https://doi.org/10.1007/978-3-030-83715-0
https://doi.org/10.1146/annurev.nucl.53.041002.110503
https://doi.org/10.1146/annurev.nucl.53.041002.110503
https://doi.org/10.1016/0550-3213(88)90193-9
https://doi.org/10.1016/0550-3213(88)90193-9
https://doi.org/10.1088/1475-7516/2014/05/019
https://doi.org/10.1088/1475-7516/2014/05/019
https://doi.org/10.1103/PhysRevD.93.084052
https://doi.org/10.1103/PhysRevD.95.064038
https://doi.org/10.1103/PhysRevD.95.064038
https://doi.org/10.1016/j.physletb.2016.10.036
https://doi.org/10.1016/j.physletb.2016.10.036
https://doi.org/10.1016/0550-3213(89)90249-6
https://doi.org/10.1016/0550-3213(89)90249-6
https://doi.org/10.1016/j.physletb.2008.11.054
https://doi.org/10.1016/j.physletb.2008.11.054
https://doi.org/10.1016/j.physletb.2008.11.041
https://doi.org/10.1016/j.physletb.2008.11.041
https://doi.org/10.1103/PhysRevD.84.044001
https://doi.org/10.1103/PhysRevD.84.123504
https://doi.org/10.1103/PhysRevD.84.123504
https://doi.org/10.1103/PhysRevD.87.096001
https://doi.org/10.1103/PhysRevD.87.096001
https://doi.org/10.1016/j.physletb.2013.10.015
https://doi.org/10.1016/j.physletb.2013.10.015
https://doi.org/10.1103/PhysRevD.90.027307
https://doi.org/10.1103/PhysRevD.90.027307
https://doi.org/10.1103/PhysRevD.7.1888
https://doi.org/10.1016/0550-3213(76)90406-5
https://doi.org/10.1016/0550-3213(76)90406-5
https://doi.org/10.1103/PhysRevD.93.105006
https://doi.org/10.1140/epjc/s10052-016-4475-0
https://doi.org/10.1140/epjc/s10052-016-4475-0
https://doi.org/10.1103/PhysRevD.98.116012
https://doi.org/10.1088/0034-4885/79/4/046902
https://doi.org/10.1088/0034-4885/79/4/046902
https://doi.org/10.1007/s41114-018-0011-x
https://doi.org/10.1007/s41114-018-0011-x
https://doi.org/10.1007/s41114-018-0017-4
https://doi.org/10.1103/PhysRevLett.93.171104
https://doi.org/10.1103/PhysRevD.69.044026
https://doi.org/10.1103/PhysRevLett.104.231301
https://doi.org/10.1103/PhysRevLett.104.231301

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

| 103

45.

46.

47.

48.

49.

50.

51.

52.

583.

54,

55.

56.

57.

58.

59.

60.

61.

Hinterbichler, K., Khoury, J., Levy, A., & Matas, A. (2011). Symmetron
cosmology. Physical Review D, 84, 103521. https://doi.org/10.1103/
PhysRevD.84.103521

Vainshtein, A. I. (1972). To the problem of nonvanishing gravitation
mass. Physics Letters B, 39, 393-394. https://doi.org/10.1016/0370-
2693(72)90147-5

Dvali, G.R,, Gabadadze, G., & Porrati, M. (2000). 4-D gravity on a brane
in 5-D Minkowski space. Physics Letters B, 485, 208-214. https://doi.
org/10.1016/50370-2693(00)00669-9

Nicolis, A., Rattazzi, R., & Trincherini, E. (2009). The Galileon as a local
modification of gravity. Physical Review D, 79, 064036. https://doi.org/
10.1103/PhysRevD.79.064036

Damour, T, Piazza, F., & Veneziano, G. (2002). Violations of the equiv-
alence principle in a dilaton runaway scenario. Physical Review D, 66,
046007. https://doi.org/10.1103/PhysRevD.66.046007

Gasperini, M., Piazza, F., & Veneziano, G. (2002). Quintessence as arun-
away dilaton. Physical Review D, 65, 023508. https://doi.org/10.1103/
PhysRevD.65.023508

Damour, T, Piazza, F., & Veneziano, G. (2002). Runaway dilaton and
equivalence principle violations. Physical Review Letters, 89, 081601.
https://doi.org/10.1103/PhysRevLett.89.081601

Damour, T., & Polyakov, A. M. (1994). The String dilaton and a least
coupling principle. Nuclear Physics B, 423, 532-558. https://doi.org/10.
1016/0550-3213(94)90143-0

Brax, P, van de Bruck, C., Davis, A.-C., & Shaw, D. J. (2008). f(R) Grav-
ity and chameleon theories. Physical Review D, 78, 104021. https://doi.
org/10.1103/PhysRevD.78.104021

Brax, P, van de Bruck, C., Davis, A.-C., & Shaw, D. (2010). The dilaton
and modified gravity. Physical Review D, 82,063519. https://doi.org/10.
1103/PhysRevD.82.063519

Sotiriou, T. P, & Faraoni, V. (2010). f(R) Theories of gravity. Reviews of
Modern Physics, 82, 451-497. https://doi.org/10.1103/RevModPhys.
82451

Burrage, C., Copeland, E. J., Millington, P., & Spannowsky, M. (2018).
Fifth forces, Higgs portals and broken scale invariance. Journal of
Cosmology and Astroparticle Physics, 11, 036. https://doi.org/10.1088/
1475-7516/2018/11/036

Copeland, E. J.,, Millington, P, & Mufoz, S. S. (2022). Fifth forces and
broken scale symmetries in the Jordan frame. Journal of Cosmology
and Astroparticle Physics, 02(02), 016. https://doi.org/10.1088/1475-
7516/2022/02/016

Binoth, T., & van der Bij, J. J. (1997). Influence of strongly coupled, hid-
den scalars on Higgs signals. Zeitschrift fiir Physik C, 75, 17-25. https://
doi.org/10.1007/s002880050442

Patt, B., & Wilczek, F. (2006). Higgs-field portal into hidden sectors.
[arXiv:hep-ph/0605188].

Schabinger, R. M., & Wells, J. D. (2005). A minimal spontaneously
broken hidden sector and its impact on Higgs boson physics at the
large hadron collider. Physical Review D, 72,093007. https://doi.org/10.
1103/PhysRevD.72.093007

Englert, C., Plehn, T,, Zerwas, D., & Zerwas, P. M. (2011). Exploring the
Higgs portal. Physics Letters B, 703, 298-305. https://doi.org/10.1016/
j.physletb.2011.08.002

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Bauer, M., Foldenauer, P, Reimitz, P, & Plehn, T. (2021). Light dark mat-
ter annihilation and scattering in LHC detectors. SciPost Physics, 10(2),
030. https://doi.org/10.21468/SciPostPhys.10.2.030

Beacham, J.,, Burrage, C., Curtin, D., de Roeck, A., Evans, J., Feng, J. L.,
Gatto, C., Gninenko, S., Hartin, A, Irastorza, I., Jaeckel, J., Jungmann, K.,
Kirch, K., Kling, F., Knapen, S., Lamont, M., Lanfranchi, G., Lazzeroni, C.,
Lindner, A,, ... Wilkinson, G. (2020). Physics beyond colliders at CERN:
Beyond the standard model working group report. Journal of Physics G,
47(1),010501. https://doi.org/10.1088/1361-6471/ab4cd2

Brax, P, & Burrage, C. (2021). Screening the Higgs portal. Physi-
cal Review D, 104, 015011. https://doi.org/10.1103/PhysRevD.104.
015011

Sevillano Muioz, S., Copeland, E. J., Millington, P, & Spannowsky, M.
(2022). FeynMG: A FeynRules extension for scalar-tensor theories of
gravity [arXiv:2211.14300].

Burrage, C.,Kiding, C., Millington, P, & Mina¥, J.(2019). Open quantum
dynamics induced by light scalar fields. Physical Review D, 100,076003.
https://doi.org/10.1103/PhysRevD.100.076003

Burrage, C., Elder, B., Millington, P, Saadeh, D., & Thrussell, B. (2021).
Fifth-force screening around extremely compact sources. Journal of
Cosmology and Astroparticle Physics, 08, 052. https://doi.org/10.1088/
1475-7516/2021/08/052

Dehnen, H., Frommert, H., & Ghaboussi, F. (1992). Higgs field and a
new scalar - Tensor theory of gravity. International Journal of Theoretical
Physics, 31, 109-114. https://doi.org/10.1007/BF00674344

Gessner, E. (1992). A new scalar tensor theory for gravity and the
flat rotation curves of spiral galaxies. Astrophysics and Space Science,
196(1), 29-43. https://doi.org/10.1007/BF00645239

Pietroni, M. (2005). Dark energy condensation. Physical Review D, 72,
043535. https://doi.org/10.1103/PhysRevD.72.043535

Olive, K. A, & Pospelov, M. (2008). Environmental dependence of
masses and coupling constants. Physical Review D, 77,043524. https://
doi.org/10.1103/PhysRevD.77.043524

Shifman, M. A, Vainshtein, A. |., & Zakharov, V. I. (1978). Remarks on
Higgs boson interactions with nucleons. Physics Letters B, 78, 443-446.
https://doi.org/10.1016/0370-2693(78)90481-1

Jungman, G., Kamionkowski, M., & Griest, K. (1996). Supersymmetric
dark matter. Physics Reports, 267, 195-373. https://doi.org/10.1016/
0370-1573(95)00058-5

Gunion, J. F, Haber, H. E., Kane, G. L., & Dawson, S. (2000). The Higgs
hunter’s guide (Vol. 80).

Argyropoulos, S., Burrage, C., & Englert, C. (2023). Environmentally
aware displaced vertices [arXiv:2304.08118].

How to cite this article: Burrage, C., & Millington, P. (2024).
Higgs-induced screening mechanisms in scalar-tensor
theories. Ann NY Acad Sci., 1531, 95-103.
https://doi.org/10.1111/nyas. 15092

95UB017 SUOWILIOD 3A1IID) 3(edl|dde auy Ag pausenob a1e saple WO ‘@SN JO SaINnJ 10} Aeiq13UIIUO AB|IM UO (SUORIPUD-PUR-SWLIBY WD A8 | 1M ARR1q | U1 |UO//:SONY) SUORIPUOD PUe SWiB L 83U} 885 *[7202/70/0] Uo Areiqiauljuo A|IM 1581 AQ Z60ST SeAUTTTT OT/10p/wo0 Ao |m Areiq puljuosqndseAu//sdny wouy papeojumod ‘T 7202 ‘Ze996LT


https://doi.org/10.1103/PhysRevD.84.103521
https://doi.org/10.1103/PhysRevD.84.103521
https://doi.org/10.1016/0370-2693(72)90147-5
https://doi.org/10.1016/0370-2693(72)90147-5
https://doi.org/10.1016/S0370-2693(00)00669-9
https://doi.org/10.1016/S0370-2693(00)00669-9
https://doi.org/10.1103/PhysRevD.79.064036
https://doi.org/10.1103/PhysRevD.79.064036
https://doi.org/10.1103/PhysRevD.66.046007
https://doi.org/10.1103/PhysRevD.65.023508
https://doi.org/10.1103/PhysRevD.65.023508
https://doi.org/10.1103/PhysRevLett.89.081601
https://doi.org/10.1016/0550-3213(94)90143-0
https://doi.org/10.1016/0550-3213(94)90143-0
https://doi.org/10.1103/PhysRevD.78.104021
https://doi.org/10.1103/PhysRevD.78.104021
https://doi.org/10.1103/PhysRevD.82.063519
https://doi.org/10.1103/PhysRevD.82.063519
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1088/1475-7516/2018/11/036
https://doi.org/10.1088/1475-7516/2018/11/036
https://doi.org/10.1088/1475-7516/2022/02/016
https://doi.org/10.1088/1475-7516/2022/02/016
https://doi.org/10.1007/s002880050442
https://doi.org/10.1007/s002880050442
https://doi.org/10.1103/PhysRevD.72.093007
https://doi.org/10.1103/PhysRevD.72.093007
https://doi.org/10.1016/j.physletb.2011.08.002
https://doi.org/10.1016/j.physletb.2011.08.002
https://doi.org/10.21468/SciPostPhys.10.2.030
https://doi.org/10.1088/1361-6471/ab4cd2
https://doi.org/10.1103/PhysRevD.104.015011
https://doi.org/10.1103/PhysRevD.104.015011
https://doi.org/10.1103/PhysRevD.100.076003
https://doi.org/10.1088/1475-7516/2021/08/052
https://doi.org/10.1088/1475-7516/2021/08/052
https://doi.org/10.1007/BF00674344
https://doi.org/10.1007/BF00645239
https://doi.org/10.1103/PhysRevD.72.043535
https://doi.org/10.1103/PhysRevD.77.043524
https://doi.org/10.1103/PhysRevD.77.043524
https://doi.org/10.1016/0370-2693(78)90481-1
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1111/nyas.15092

	Higgs-induced screening mechanisms in scalar-tensor theories
	Abstract
	INTRODUCTION
	CONFORMAL COUPLINGS AND THE HIGGS PORTAL
	EQUATION OF MOTION FOR THE FIFTH-FORCE MEDIATOR
	Minima of the potential
	Equation of motion

	SCREENING
	Environmental screening
	Thin-shell screening of fifth forces

	DISCUSSION
	CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	COMPETING INTERESTS
	DATA AVAILABILITY STATEMENT

	ORCID
	PEER REVIEW

	REFERENCES


