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ABSTRACT: Screening mechanisms are a natural method for suppressing long-range forces in
scalar-tensor theories as they link the local background density to their strength. Focusing
on Brans-Dicke theories, those including a non-minimal coupling between a scalar degree
of freedom and the Ricci scalar, we study the origin of these screening mechanisms from a
field theory perspective, considering the influence of the Standard Model on the mechanisms.
Additionally, we further consider the role of scale symmetries on screening, demonstrating
that only certain sectors, those obtaining their mass via the Higgs mechanism, contribute to
screening the fifth forces. This may have significant implications for baryons, which obtain
most of their mass from the gluon’s binding energy. However, a definitive statement requires
extending these calculations to bound states. We show that the non-minimally coupled field’s
interactions with the Higgs lead to an extensive region of the parameter space where screening
mechanisms create spatially dependent fermion masses. We say that the field over-screens
when this effect is more significant than the fifth forces suppressed by screening mechanisms,
as we illustrate for the chameleon and symmetron models.
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1 Introduction

Current cosmological and particle physics tensions motivate the extension of the models we
use to describe our universe. While the usual route is to modify the Standard Model by
adding Beyond the Standard Model terms, a popular alternative is to extend the gravitational
sector accordingly. For this, there are different choices one can take, but only some of
them are consistent with both General Relativity and Quantum Field Theory formalism and
symmetries. Among these, we will focus on theories that allow direct couplings between an
additional scalar degree of freedom and curvature terms, those called scalar-tensor theories [1].

These types of couplings are said to be non-minimal and, without symmetries to prevent
them, they will always be generated by the RG flow of any theory defined at a given specific
scale [2-4]; this connects these theories to UV completing theories such as string theory [5].
The number of possible such non-minimal couplings can be reduced by considering only those
that generate up to second-order differential equations of motion, collected into the Horndeski
theory [6, 7] (which, in turn, can be generalised into Beyond-Horndeski [8, 9] or DHOST
theories [10, 11]). The main example for such theories is the Brans-Dicke theory [12], where
the dynamical scalar field couples to the Ricci scalar in the gravitational action, controlling
the strength of gravity through its vacuum expectation value (vev). Popular examples of
such models include those in which the Higgs is non-minimally coupled to gravity, as is
required in Higgs inflation or the Higgs-dilaton theory [13-27]. However, performing such
extensions to gravity will lead to new interactions that must be considered. In particular,
the dominant interactions will normally be long-ranged, through the so-called fifth forces.
Different experiments and tests have been performed to constrain the strength of these fifth-
forces, varying from the stability of compact objects [28-30], the evolution of the universe [31],
dynamics inside the Solar System [32, 33] or Equivalence Principle tests [34, 35] (see ref. [36]



for a review on all tests). Altogether, these studies point out that our universe is accurately
described by the standard Einstein-Hilbert action. This requires fine-tuning to suppress any
existing fifth forces so that they are ~ 107° times smaller than gravity [32, 37].

Among all possible scalar-tensor theories, some of them present screening mechanisms that
relate the fifth-force strength to the local density of the background. For example, this can be
obtained by increasing the effective mass of the mediating field, as for the chameleon [36, 38, 39],
or by decreasing its coupling constant to matter, as for the symmetron [40, 41]. This would
be a natural explanation for the lack of evidence of these theories at large scales. It is,
therefore, no surprise that one of the main current motivations in this field is to find
phenomenological implications that evade or see through screening mechanisms. One popular
way of doing so is studying these theories from a particle physics perspective. For example,
from a Quantum Field Theory approach, one can test for the consistency of the interactions
by imposing unitarity and causality to be maintained [42], or study the effect of these
new interactions within atoms [43] and quantum systems [44, 45]. Similarly, given the
neutrality of the non-minimally coupled field, it has been proposed that the production of
such external states in scattering processes would lead to effective missing energy signals
that can be measured in colliders [46-48]. To carry out all these calculations, it is common
to use the fact that extensions of gravity can always be expressed as effective Beyond the
Standard Model physics [49, 50]. In ref. [51], the authors explore the emergence of screening
mechanisms from this Beyond the Standard Model description, making a series expansion
of the coupling functions for simplicity. Here, we extend their work by not assuming this
series expansion and studying the impact of different mass-generating mechanisms on the
screening of fifth forces. Throughout this work, we find that screening mechanisms create
a space-dependent fermion masses. This would effectively present itself as a mismatch of
the gravitational and inertial masses, which is very well constrained locally, allowing for a
deviation of A(Mg/M;) = (—2.0 & 2.0) x 1071 [52].

This paper is structured as follows: in section 2, we show how scalar-tensor theories can
be expressed as Beyond the Standard Model theories, where we also calculate the emergence
of screening mechanisms in a toy model Lagrangian of QED+Abelian-Higgs. In section 3, we
generalise the calculations to allow for multiple fermionic states and different scale-breaking
mechanisms. Then, in section 4, we study the impact of popular screening mechanisms
such as the chameleon [36, 38, 39] and symmetron models [40, 41] inside a toy model for
galactic disks. Finally, we conclude in section 5.

2 Screening mechanisms in the Standard Model

From all possible extensions of the Einstein-Hilbert action, we focus on the Brans-Dicke
theory [12], where a non-minimally coupled scalar field () allows for a varying effective
gravitational constant, which will be defined through its vacuum expectation value. This
theory takes the following generic form:
F(p 1

5= [atov=g [-EER+ 100000~ U) + Lnlioanl] . @)
where R is the Ricci scalar, built with the Jordan frame metric g"”, L,{t;} is the matter
Lagrangian containing the fields v;, and F(¢) and U(y) are functions controlling the non-



minimal coupling to gravity and the potential for the scalar field, respectively. These types of
actions are more generic than they seem, as gravitational sectors containing functions of the
Ricci scalar terms (f(R) theories) can be effectively expressed as Brans-Dicke theories [53].
A priori, the only requirement that these theories must satisfy is that, at late times, the field
© is constant or very slowly evolving through the potential, such that a constant effective
Planck mass can be generated via

M3y = F(#)lpsv,» (2.2)

where v, is the vev of the field. Current bounds estimate that the allowed rate of change for the
Planck mass is constrained to Mpl/Mp] < (=2+7) 10713 /year [54], where Mp) = dMpy/dt.

Depending on the chosen action, we expect new channels of interactions to emerge in
the matter sector indirectly through the modification of gravity. These new channels can
be expressed as Beyond the Standard Model interactions either by staying in the Jordan
frame and linearising and canonically normalising gravity, as in refs. [48, 50, 55], or by
taking a conformal transformation to the Einstein frame, where the Ricci scalar absorbs
the non-minimal coupling [49]. Here, we will take the second route, which is the standard
way to study modified theories of gravity. In terms of the generic action in eq. (2.1), this
conformal (or Weyl) transformation is given by

Mliz’l ~ o F((p) ~ UV
., v — ~ o 2.3
9uv _>F(g0) Juv,s g — M}%I g, ( )

where g, and Mpy are the Einstein frame metric and constant Planck mass, respectively.
Substituting this transformation into eq. (2.1), the gravitational action now takes the fol-
lowing form:

M3 -~ M| 1 3F'(p)?
— 4 —~|_ Pl Pl =
S /d xy/ g[ 5 R+ > | F(e) + 2F2(y) 9" 0,p0uep
A —_—

where we can see that while we recover a canonical gravitational action, given by the Einstein
frame Ricci scalar R, all the modifications appear in the matter Lagrangian, L{Yi, G 9}
through the minimal couplings of the fields to gravity. To work with this action, first, we
need to redefine the scalar field ¢ so that it is canonically normalized, solving

- 1 3F(p)?
X = dcpMpl\/ L 3E) (2.5)

%o F(@)  2F2%(9)’
where g is a constant that can be taken to be zero without loss of generality. Substituting
this into eq. (2.4), we obtain

T M3 s 1, 5 _
S - /d4x,/—g|: — %R + Qg'u 8MX8VX - V(X) + Em{ipi?gumX} Y (26)

where V(x) = M3,U()/F?(¢). Now, we need to define a matter sector, for which we will
choose a toy model of Abelian-Higgs+QED, following the work in [48, 55|, as it can be



easily extended to more complicated Standard Model sectors. Thus, we will work with the
following Jordan frame matter action,

1 124 1 v
S [gp] = / d'zv/=g {—49““95 Fapbuw + 59" 0,009

- 1- N
+ iely” W+ §¢657a9u¢ - qllfefh“Aul/J
7 Loo Ay 3y
— — — =" — 2.7
Yoy + 5" — 1t = o) (2.7)
where ¢ is a scalar field corresponding to the would-be Higgs field, 1 is a fermionic field and
A, the massless U(1) gauge field, with its strength tensor F},, = 0,A, — 0, A,. Additionally,
we have explicitly expressed the minimal couplings to gravity; particularly, we included the
vierbeins e?,, and the spin connection (1, that ensures that the kinetic energy of the fermion
is kept Hermitian and symmetric under conformal transformations.
Applying the Weyl transformation to the Einstein frame from eq. (2.3) to this matter
action and appending the gravitational sector from eq. (2.6) leads to

3 | oME . 1,
S[Guw] = /d4:rr\/ —-g [—;RvL 59" 0ux0ux — V(x)

A%(x)
2

G 0,00, ¢ + A*(x)ipely Oup

_ _ Al _
a0 (435 o) - A adel A

1o ops
- Egaug/BVFa/BFp,u +

_ by 4
~ Aoy + AT(Y) (;u%? - St ?;’“;) ] , (28)

where A%(x) = Mg,/F(¢(x)) and all tilded quantities are built with the Einstein frame
metric. To canonically normalise the matter fields, we can redefine each field depending
on its scaling dimension by

¢ —A7 (x)0, b —AT2(x)0, (2.9)

from which we obtain
~ 4 ~ MP%I 3 L. v
Slau) = [ d'ov/=g [~ PR+ 57" 0uxdx — V()

1 - 1. PO
= 395" FagFiu + 53" 0,60,0

A'(x) ¢? A'(x)?

A(x) 2 A%(x)

. Z o a ~ 1 = Al 7 = . a ~
+ Z¢657 8;1@[) + 51/1657 Q;ﬂp - Q@ZJE’ZW A,u@z}

(;ﬁgl“/auxﬁy(;ﬁ + gwjauxaux
T L 50, v2 A 4 3ut
-y + <2M A% (x)9" — a¢ —A (X)Q)\>] (2.10)

We can see that the fermionic and gauge fields have absorbed the couplings to the non-
minimally coupled field. However, while the gauge sector is completely free of fifth forces,



that will not be the case for the fermionic field, as it will still become affected through
the Yukawa interaction to the would-be Higgs, which has now obtained kinetic and mass
mixing couplings to the new scalar (third and last line of eq. (2.10), respectively). Given
that the only field directly coupling to the fifth forces is the would-be Higgs, these theories
are equivalent to Higgs-portal theories [49]. Some of these couplings between é and x can
be absorbed by canonically normalising x into

AR’
— d)A( \/ 1+ ¢2 ( ) , 2.11
/ AW (24
which does not lead to important modifications as it is usually the case ¢A’(x)/A(x) < 1.
With this, the Einstein frame action takes the following form:

Slow] = /d4x\/j [_%R+ g 0, X0y X — V(X)

1, 1, AR~ -
- =9 M.g FaﬁFuu + M 8;&581,(1) ~ <2<) ¢gﬂ 3;0(5145
4 A(X)
L a ~ 1 = ary T = a ~
+ e O + SYey Y — qyeg Ay

A

—ww+(2ﬁ(w mﬁxu@g> (2.12)

where A(Y) = A(x) and V(x) = V(x). The kinetic mixing channel is subdominant in
the modifications of the matter Lagrangian [49], so we will focus on the couplings in the
potential of ¢.

Now that the fields are canonically normalised, we can perturb the scalar fields around
their vacuum expectation values, which will introduce the screening effects into the theory.
This calculation has been done in the limit where A(vg) ~ 1 in ref. [56], which constrains the
allowed range of values for vy depending on the chosen potential and coupling function fi(f()
Here, we will keep /1(1)5() generic, studying the full phenomenological implications of screening
mechanisms on the matter Lagrangian. To find the scalar fields’ vacuum expectation values,
we need to solve the following system of equations

A -
“u3 — Pl A (vg) + py = 0,

ot 6 © ¢ (2.13)
A (wg) A (vg) 2= = p2u3 A (v) A(vg) + V' (vg) = 0,

where A'(vg) = dA(X)/dX|g—ves V'(vg) = dAV(X)/dXg—0s, and py = y’l)qgl/_}w is the local
energy density of the fermion fields and will be the term introducing the screening mechanisms.
For generic A(vg) and V(¥), this gives

2
2 _ Y g2, o Apy
V=5 A*(vyg) (1 + \/1 1)2/;21414(0)2))
A'(vg)

=P
Afwg) ™

V(vg) = -

(2.14)



where v? = 6p2/X. Although for all practical scenarios we can take Py K v2,u2144(v>~<),1

keeping the square root terms in vg is important to obtain the right result for vy, as the
leading order terms cancel in the derivation (as pointed out in ref. [56]). This result agrees
with ref. [56] when making a series expansion of A(Y) and assuming A(vg) ~ 1. However,
contrary to their conclusions, we find that allowing for an arbitrary value for A(v;() clearly
shows that the particle description leads to the same effective potential for y as in the standard
calculations for screening mechanisms (i.e., V/g(X) = V(%) + A'(X)py/A(X)). This means
that the Higgs field does not interfere with screening mechanisms but just enables them.

To see the effects of screening mechanisms on the matter Lagrangian, we have to shift
the fields ar0u~nd their vevs (q~5 S o+ 3 and Y — X + vg). Although we do not ta~ke a series
expansion of A(vy) to calculate the vacuum expectation values (i.e., we don’t use A(vy) = 1),
we will assume that the field’s perturbations around this vev are suppressed, which is the
case for the most popular screening models. This allows us to make the following series
expansion of A(¥) around the vacuum expectation value,

2
A +vg) = A(vg) +A’(UX)X+A"(U;C)X? T (2.15)

Performing this expansion to eq. (2.12), we obtain

5 | oME s 1, o o
Slguw) = /d4x\/—g [—fR#— 59“ 0uXouX — V(X + vg)

1 ~a ~ 0OV 1 ~ [V 7 7 A/ X T ~uy ~ ~
- Zg Mgﬁ FO(,BF,LLV + 59“ 8u¢au¢ - A&())(bg“ a,uXaud)
+ AV — Yt — yogu + H($, %), (2.16)

where H (<Z~>, X) is the vev-shifted Higgs potential, which is important for calculating the
coupling strength of the long-range mode to fermions and its associated mass. However, before
calculating these quantities, let us focus on an important consequence of the environmentally
dependent vev for x¥. This has to do with the generated mass of the fermions, which from
eq. (2.16) is given by

6u2 -
my =yvg Ry TA(U;(). (2.17)
In the A(vg) = 1 case, this would evaluate to the constant m,, ~ y1/612/X. However, allowing
for any value for fl(vi) leads to big implications for screening mechanisms, as depending on
the potential and coupling function fl(f(), the masses of fermionic fields can be very sensitive
to changes in the background’s energy density. Since measurements are always made in
comparison to other measurements (equivalent to using a ruler for distances), not all physics

!Note that the local variation of A(vg) with the background density may cause this limit to be invalid.
In such a case, the stable minimum of the Higgs field would be at vz = 0, reunifying the electroweak sector
into one force. This would significantly affect Standard Model phenomenology as all fermions would become
massless. We will ignore that limit in A(vg) in this work.



will be affected by this mass shift. Nonetheless, forces charged by particles’ masses (i.e., gravity
and fifth forces) will experience this mass shift, as they can be made dimensionless observables
by comparing them to the electric force, which does not pick up any mass correction. Similarly,
it is possible to create dimensionless observables by taking the ratio of experiments carried
out in different backgrounds, which would show the mass shift of elementary particles. We
demonstrate in appendix A how this same result would be obtained working directly in
the Jordan frame. Given that A(vg) is background-dependent, this implies that screening
mechanisms will seem as if the strength of gravity varies with space, following the background
distribution of matter. This can be used to constrain scalar-tensor theories against both the
cosmological evolution of A(¥) [57] and the local evolution of the Planck mass [54].

For completeness, we will also obtain the effective y field mass and fifth-force coupling
due to screening using a generic A(vg) and V(¥). As earlier, we will assume that the
perturbations are suppressed, which is justified for most models, and we will use the following
substitutions for this demonstration:

a=A(vg), b=A(vg), c=A"(vy), (2.18)

such that eq. (2.15) can be expressed as

A()Z+v>~<):a+bx+gx2+~~. (2.19)

With this, when expanding the Higgs potential around the vevs, we obtain

2

H(¢, %) :% ( 20?7 + 2abvq~5gz~5>2 + (b + ac)véf) (2.20)
A 9y 3H4 3 272\ <2

where the ellipsis includes cubic and higher-order terms. Including the potential V()Z + vy),
we find that the mass matrix for this Lagrangian is given by

2 -
msoag
M= , (2.22)
i 2
Yo M
with
2 _ 2.2 2
Mg = —a"pu” + 5%
2 _ 2/1.2 2.2 U2M2 3 272 I
my = —p(b +ac)vq~$x + ?(2a c+6a°b°) — V" (vg),
g = ,u2abvq~5. (2.23)

We cannot make the usual addition of terms in the would-be Higgs mass into mi = 2a°1?,
as its vev now has subleading p, dependence that will be important when calculating the
fifth-force strength, see eq. (2.14). To isolate the long-ranged from the Higgs interaction, we



need to canonically diagonalise the mass matrix, as in refs. [49, 56]. After some algebra, we
find two modes of propagation of forces, which have the following masses

2u*a’,
V" (vg) + gpw. (2.24)

m

QN >0
Il

m

Here, we find one heavy mode, corresponding to the Higgs boson, h, and one light mode
transmitting the long-range forces, o. As we can see, the Higgs boson also has an environ-
mentally dependent mass proportional to a = fl(v;c). Moreover, we find that the screened
mass of the light mode also agrees with the standard case, where it is given by m?2 = v (vg),
with Vig(Y) = V'(X) + A'(X)py/AX)-

This equivalence with the standard screening description extends to the coupling of fifth
forces to the matter fields. For this, we need to find how the fields ¢ and ¥ transform into
the canonical fields h and o. Since the fifth forces are introduced through the fermion’s
Yukawa coupling to the would-be Higgs, we only need to study how the following term in
the matter Lagrangian transforms

LD —yhdih. (2.25)
After some algebra, we find that the light mode channel couples to the fermions as follows
L2 —yvA (vg)hoip, (2.26)

where, using p, = yv gﬂ;ib = yv[l(vi)djw, we can express the fifth force coupling to energy
density as

£o 2" TPy, (2.27)

agreeing with the standard result.

3 Screening for different mass generation mechanisms

So far, we have seen the effect of one single fermionic field on the screening of the non-
minimally coupled field and on the mass of elementary particles. Here, we will extend
these results into three different contexts: first, we will consider multiple fermion fields with
masses sourced either from the Higgs mechanism or from explicit mass terms; then, we will
explore the case for classical scale invariant theories whose scale symmetry breaks dynamically.
Additionally, we will study the implications of screening for baryons, which are known to
obtain most of their mass from the gluons’ binding energy.



3.1 Multiple sources of screening

As a generic example for this case, we will consider the following Jordan frame matter action

1 1
S [gu] = / dz' /=g [29“”3u900us0 + 59“”3u¢0u¢

«

N
+ <Z iw_a'yﬂvuwoz - yoﬂﬁo@wa)

M
+ (Ziﬁﬂ“ Vs — mﬁ,oﬁm)
5

1 A 3ut
—Ulp) +5u"¢" — ;0" — 2’1] (3.1)

which contains the would-be Higgs providing mass to N number of fermions v, a family
of M fermions 7g, which have an explicit mass term, mg, and the non-minimally coupled
field ¢ with its potential V (¢). For completeness, one would have to also add the U(1) gauge
field, but that sector trivially decouples from ¢, as we saw in the last section.

Taking the conformal transformation to the Einstein frame as given in eq. (2.3), we
obtain that the matter action transforms as

~ —1_ v 1 v
Swluw] = / dz* /=g [29“ 8#X8VX+A2(X)§QH 0,90, ¢

N
+ (Z iAP () alhir (Vy + %% log(A(X))) e — yocA4(X)1Zoc¢wa>

M
+ ( YA () Taehy® (Vi + 39, log(A(X))) 75 — m5,0A4(X)7_'67'5>
3
4
~V(x) +A*(x) (;u%z - %¢4 - 3;;) ] (3:2)

where we remind that the all tilded quantities are built using the Einstein frame metric,
Juv- As in section 2, to canonically normalise all fields’ kinetic energies, we must redefine
them depending on their scaling dimension as

¢ —=A" ()0, b — A2 (X)W, 7 = AT ()7, (3.3)
leading to

~ _ 4 /= 1~,u1/ 7 Iy }~uu 19 I A,(f() Teuv g o9 1
Smlgw] = [ d2" v/ =g| 58" 0ux0uX + 59" 00010 — 03" 0,X0,¢

A(%)
N =~ ~ ~ =~ ~
+ (Z M/}aég’yavud]a - ya¢o¢¢wa>

M
+ (Zﬁﬁéhav;ﬁﬁ - mﬁ,M(f()%fB)
5

4
- V(0 + GM(W&Q R 3“21604) ] (3.4



where we have already canonically normalised the x field into x as in eq. (2.11). Here,
we see that those fermionic fields that acquire their mass via the Higgs mechanism will
contribute to the screening of the fifth forces through their interactions with the would-be
Higgs (as in section 2), while the ones containing an explicit mass will interact directly with
the non-minimally coupled field. The question is: will both groups of fermions contribute
equally to the screening of x and pick up the same background-dependent mass?

The answer does not require a very complicated computation, as we only need to calculate
the vacuum expectation values for the scalar fields as for section 2. Defining the local densities
of each category of fermions as p, = Z(JIV Yal (z;&aqﬁa and p, = 224 mg, 0778, we obtain

A
6“35 - uQU(%AQ(v;() +py =0,
Alvy) (3:5)

~ ~ 6#4 ~ ~ -
Al (v) A3 (v)—— — 1202 A (ve) A(vs) + V' (s - - = 0.
(v3) A% (vg) R (vg)A(vg) + V'(vg) + A(W)p

Comparing these equations with eq. (2.13), we can see that the system of equations is
equivalent under the replacement V'(vg) — V' (vg) + pr A'(vg)/A(vg). Making these same
substitutions into the results from the one field case in eq. (2.14), we find

v? - 4
vt = 5 A(vy) (1 + \/1 - 7@2/’{%) (3.6)
V(o) = —}ﬁw ), (3.7)

where we have again used v? = 6u2/\. We can see that although the would-be Higgs density
corrections depend only on the energy density of the fields it interacts with (¢4), both groups
of fermions contribute equally to the screening of the non-minimally coupled field. Moreover,
expanding the function A(¥) around the field’s vev as

o2

AR +vy) = Alvg) + A0 + A (0) 5+, (3.8)

we find that the masses of the fermion fields are given by

Mo = Yaly = yavfl(v;() (3.9)
mg = mgoA(vy), (3.10)

meaning that once a field contributes to the screening of the non-minimally coupled field,
it will always experience the same shift in its mass.

3.2 Scale symmetry breaking mechanisms and screening effects

Scale symmetries and the mechanisms breaking them have important implications on the
strength of fifth forces in scalar-tensor theories. In refs. [18, 25], it was shown that a classically
scale invariant matter Lagrangian would not couple with the non-minimally coupled field.
Additionally, in refs. [49, 50], this was explored from a field theoretic perspective, working
with a matter Lagrangian where the scale symmetry was broken both explicitly (via the Higgs

,10,



mechanism) and dynamically, by the generation of the vacuum expectation values of the
fields, allowing the authors to study the midpoint between both scale generating mechanisms.

In this subsection, we will use the same model as in refs. [49, 50] to see the impact
of scale invariance on the screening of the non-minimally coupled field and mass shift of
the fermion fields. With this, we will repeat the calculation from section 2 but introduce
another scalar singlet, #, that will help dynamically break the scale symmetry. The scalar
sector we will use for this calculation is

1 1 1
SsBgu] = / d'z/—g lQQ“”ame + 59“”3u99u9 + 59“”(%90@30

+ zﬁewvuw — g — U(p)

W (6,6) + grEA ()~ 00 ;’fA‘*(so)], (3.11)
0
where \ 8 - B 5
I

wio.0)= 5 (0= Do)~ L (2 Doe) 25 (312

The limits mentioned earlier correspond to either taking 5 — 0, the explicit scale symmetry
breaking leading to a Higgs-like double-well potential, or p — 0, where we obtain a Higgs-
Dilaton potential [13-27]. In this model, the additional couplings of € to the non-minimally
coupled field in the last line of eq. (3.11) ensure that fifth forces decouple from those terms.
Thus, taking the Weyl transformation as usual, we obtain

1 1 1
Sswli) = [ a'ov/=7 [ 542000 0,00,0 + 5 2005 0,00,0 + 39" D
_ - 3 -
+ 04 (0e" (T, + 50:108(A0) ) ¥ — A (WT6w - V()

1 A 3 ud
—A ()W (9,0) + §M§A2(X)92 - Z?A4(X)94 — 2/;9] . (313)
! 9

where we have already canonically normalised the non-minimally coupled field into x, using
eq. (2.5). Following the same process as earlier, we now rescale the fields depending on
their scaling dimension as

¢ —A"N(x) 0 —A"(x)0 ¥ — AT (), (3.14)

leading to

~ = |1 v ~ ~ 1. v ia 1 "Zl/ X) 7~ v ~ 7
SSB[Q#V] = /d435v —g [qu auXauX+ 59“ au¢au¢ - ./Zl((;:)) og" auXau¢
I(

| =
5/1

1
~§"9,00,0 — =205 9,00,0
2_ AR)
+ ey Vi — yibd — V()
R 1 5~ A 3 ud
V(6,0 + 5> - 16"~ 2’;—3 , (3.15)
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where we have also used

1= /d;g\/l + (602 + (52)1;11’2(2)2‘ (3.16)

This leads to the rescaled potential
T ~~_i ~25~2)212~ <*2 52) §i~~4
W(o0) =5 (8- 50°) - putd0? (# - () + 35 At e

We can see that the 6 sector in the last line of eq. (3.15) has completely decoupled from
the x field. These couplings have now emerged in VV((%, 5), which will introduce the fifth
forces and the mass shift into the Standard Model. However, in the pure scale-invariant
limit (4 — 0), these couplings to the x field vanish, leaving the theory free of fifth forces
(there would still be kinetic mixings in the Lagrangian, but they do not introduce long-range
interactions into the system).

As in the last section, we need to find the vacuum expectation values for the scalar fields
to include the screening effects into the matter Lagrangian. Thus, finding the minimum of
the potential with respect to ¢, 8 and X, we obtain

A
Ev;% - %v%vz /L%)(%AQ(U)Z) +py =0,
5 B B Ao
6)\1)3 - Evgv(% Y v§A2(v)~() — ugvg — Fvg =0 (3.18)
A (o) A(00) - — 2 (62 = B2 A (ue) Avg) + 7 (05) = 0
(v3)A%(vg) h\ 6 )\ (v3)A(vg) + Vi(vg) =0,

which, for generic A(Y) and V(X) gives

vl = (602 + UQAQ(U)z)) 1+ |1- p 2pr~ 5 (3.19)
3 (Gvg+ 12 A2(vy))
2
vE = 6;‘: (3.20)
V' (vg) = A (vy) A(vg) (3.21)

/3 2+N2A2( )w

We can see that in the explicitly broken limit (8 — 0), we recover the solution in eq. (2.14),
while in the dynamically broken limit (z — 0), the vev of the non-minimally coupled field
completely decouples from the local density. Additionally, once we expand the perturbations
around the vacuum expectation value of the fields, we find that the mass for the fermion
is given by

B 6u?

showing that in the p — 0 limit, we can preserve a massive fermionic sector while avoiding
the mass shift due to possible screening of the non-minimally coupled field. This is a property
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coming from the fact that this model introduces Higgs-portal terms in the Jordan frame to
evade fifth forces, which generate a second mass shift that exactly cancels the one generated
by the Higgs (see appendix A for a demonstration of this fact working directly in the Jordan
frame). Thus, matter sectors that break the scale symmetry dynamically will lead to vanishing
fifth forces while generating a fermionic sector of constant, non-zero masses.

3.3 Baryon contribution to screening mechanisms

Although baryons are constituted of quarks, these only contribute to a small percentage of
the total baryon mass. This is important for the effect that baryonic matter will have on
screening mechanisms, as depending on the scale symmetries of the mass components, they
will contribute differently to the screening of fifth forces.

The QCD Lagrangian in the Einstein frame for the gravitational sector in eq. (2.1)

is given by
Sacnliu) = [ dev=g Bg*‘”auxaux + 0 0u50,6 - é/(%) 5 0,50,
GG+ G T~ yabad”
U0+ RAREE - 23 - A 33)

where we have followed the same steps as in previous calculations, but replaced the fermions
with the family of N quarks q,, where a =1 — N, and the U(1) gauge strength tensor Fj,,
by the gluon strength tensor Gj,,. Notice that the internal gauge group is unimportant in
this derivation, just the minimal couplings to gravity, allowing us to extend our previous
results without breaking any internal symmetry [55].

We can see that, as expected, the non-minimally coupled field does not couple to the
gauge fields or fermions’ kinetic energies. Therefore, the only fraction of the baryon’s mass
contributing to the screening of the fields comes from the bare mass of quarks, which is
usually subdominant. To get an estimate for the actual coupling of baryons to the screening
of the fields, we will focus on the proton’s mass, whose renormalised theory contains the
contribution from both quarks and gluons by the four-term decomposition [58]

My = (Ga€37*V i) R
1 va
Mg = <1GuvaGM >R
My, = (maCjaqa>R
Mr = (0)r, (3.24)

where () g is the expectation value at the proton’s rest frame. Herein, M, and M, correspond
to the potential energy of the quarks and gluons, respectively; M,, is the quark mass
contribution, which depends on the Higgs vev, by m, = y,v 3 and Mt contains the trace
anomaly contributions, which exactly cancel for the Tyg terms of the energy-momentum
tensor, those being considered for this calculation (see ref. [58] for a detailed discussion on
the cancellation of the trace anomaly).

,13,



Having an analytical description of the proton’s components is still an open problem in
physics. However, we can use different methods to estimate the percentage of the proton mass
corresponding to the Higgs mechanism. Competing calculations provide different percentages
depending on the assumptions and tools used. Following ref. [58], we consider the analysis using
chiral perturbation theory from refs. [59-61] and Lattice QCD [62], where up to, and including,
charm quarks are considered. In the first scenario, they obtain that the quark mass contribu-
tion to the proton mass is of 0.074 + 0.08 GeV, equivalent to 8.0 + 8.5%, while using Lattice
QCD a contribution of 0.187+0.023 GeV is obtained, corresponding to around 204 25% of the
proton’s total mass.? This should be considered in modified gravity experiments that depend
on the screening of the non-minimally coupled field, such as in atom interferometers [64-66].

The coupling of fifth forces to baryons has been previously considered, focusing on the
nuclei of different elements [67, 68]. However, it can be the case that, since quantum corrections
are calculated once the theory is stable at its vacuum configuration (i.e., after calculating
the vevs of the fields), they do not contribute to screening the fifth forces. For example,
regarding the fifth force coupling to baryons, the main channel of the interaction comes from
the conformal anomaly to the gauge field [49] via the effective coupling to the would-be Higgs

Lot o %GHMGW“, (3.25)

where (¢) = v 5 and we have omitted the Wilson coefficient and proportional terms to the
number of quarks producing this effective coupling. However, we can see that this term will
not contribute to the field screening as it is normalised over the vev of the would-be Higgs
field. Nonetheless, an actual computation of how bound states couple to the non-minimally
coupled field is required before making a complete statement about the baryon contribution
to screening mechanisms.

4 Implications of screening mechanisms on fermion masses

Our analysis of screening mechanisms in the Standard Model has found that only those terms
coupling to the Higgs will contribute to the screening of fifth forces. This has important
implications, as particle masses experience a shift in their mass depending on the local value
of the non-minimally coupled field’s vev, which depends on the background density.

Usually, screening effects are assumed to hide fifth forces without impacting how much a
field is screened, naturally explaining the local lack of evidence for modified gravity while
retaining fl(vx) ~ 1. In this section, we will explore how valid this approximation is, as fine-
tuning might be required to avoid fifth forces while not affecting the strength of gravitational
interactions. We will do this using two popular models that present screening mechanisms:
the chameleon [36, 38, 39] and symmetron [40, 41].

e Chameleon model: these screening mechanisms suppress fifth forces by increasing the
local mass of the non-minimally coupled field. While there are various formulations, for
convenience, we will adopt the following one defined by the Jordan frame action

ap? 1,
S = /dw4\/—g l—;OR—i- ig“ OOy —U() + Lon{¥i, guv }| (4.1)

2Had we considered the trace anomaly for this calculation, we would find a smaller estimate for the Higgs
contribution to the proton mass, around 9% as given by the xyQCD collaboration [63].
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where « is a dimensionless constant and the potential has the generic power-law form?
U(p) oc '™ (4.2)

After taking the conformal transformation and canonically normalising the x field into
X as demonstrated in section 2, we obtain the coupling function

A(R) = e, (4.3)

and the potential )
V(X) = Voe o, (4.4)

where M is a generic mass scale related to the strength of fifth forces and Vj is a
constant term related to the mass of the scalar field. This potential is usually expanded
into powers of y, but we will keep this generic form here for convenience. This type of
action has also been widely studied in the context of the expansion of the universe as a
popular quintessence model [69, 70].

The next step is to obtain the vev of the y field, for which we will need to use the
screening equation from eq. (2.14), leading to

V'(vx) _ ANI(UX)

A(vg)

po = Ay = A'(vg)p, (4.5)

where py, = yvﬁ(vg)zzz/; is density as given by the mass calculated in eq. (2.17) and
p= yui is the constant constituent of the density, equivalent to applying the locally
measured value for the fermion masses to objects in different backgrounds. With this,

e find
) Vo, e _ L g ws)
e = 376" P .
leading to
“’;W(p) = (1+n)log (np%) : (4.7)

which is stable only for positive n. From this solution, we can see that although the
exponent of fl(f() is Planck suppressed, this cancels when substituting eq. (4.7), leading
to the following shift of elementary particles’ masses

B V 14+n
m = yvA(vg) = mo (nO> , (4.8)
p
where mg = yv is the particle’s mass as measured locally. Therefore, big changes

in the energy density of the background will introduce significant differences in the
gravitational interaction of elementary particles. This effect can be larger than any

30ther popular chameleon models define the power-law potential directly in the Einstein frame. Since these
models exhibit similar runaway behavior, the main arguments presented in this section remain unchanged.
Our choice, made for convenience, allows for an analytic expression of vev of the non-minimally coupled field
as a function of the background’s density.
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possible fifth force, as can be seen by perturbing the couplings A(¥) as in eq. (2.15),

AR +vg) = <"pv0)1+n (1 pX X ) . (4.9)

giving

T T

Thus, while the leading term (the one shifting the masses of the elementary particles)
is not Planck suppressed, any direct coupling to the perturbations of this field will be
Planck suppressed. Moreover, using our results from section 2, in particular eq. (2.24),
the effective mass of the light mode is given by

fi”(’l);() v ( p >n(1+n) n2 N (nvo)l-l—n

2 "
5 =V"(05) + - T,
m (UX) A(UX) 10’(/) n% M2 M2pn

(4.10)

which increases in high-density backgrounds, suppressing any long-range interaction
transmitted by this field. Similarly, the fifth forces are also screened by the coupling
itself to matter by . ~

LD —yv[l’(vi)mﬁi} = —y—]\Zev*/MmZi;. (4.11)

Therefore, fifth forces completely disappear in high-density environments due to the
increase of the propagator’s effective mass and the decrease of their coupling to matter.
However, this does not imply that all modifications from scalar-tensor theories vanish,
as the mass shift of elementary particles can still lead to more important consequences,
as we will explore in section 4.1.

Symmetron model: it is defined by having the following non-minimally coupling function

in the Einstein frame .
e X

A =14+ "L 4.12

() =1+ 575 (4.12)

sym
where Mgy, is a mass scale related to the fifth force. Additionally, the symmetron
potential takes the double-well form

- 1 5. Ay
V(R) = —5mX* + X" (4.13)
which, when taking into consideration the local density background, leads to the effective
potential
1 P 2) 2 Mo
Ve == - —=X". 4.14
eft (X) 2<M3ym MX>X + X (4.14)

Minimising this effective potential, we find that the vacuum expectation value for the
field x is given by

sym

0 for p > uiMfym

6 2 2 a2
ZZ{A)(<MX_]\4Q> forp</'LXMbym (415)

where the field’s Zs symmetry is restored in high-density backgrounds, giving the name
to the model. This will impact the effective mass of the fifth-force mediating mode by

p
M

me = (2) ‘ — 153, (4.16)
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where the factor of (2) only multiplies when the field is unscreened (p < piMZ).

sym

Moreover, the strength of the field will also be affected, leading to

Ve
"X
M2

sym

LD —y’ufl’(v;()m,/:}@ =—y 0'121[}. (4.17)
We can see that in high-density backgrounds, the field screens the fifth forces by
increasing the mass of the propagator and decreasing the fifth force coupling.

These two models are highly constrained due to their effect on the Weak Equivalence
Principle and the impact on the dynamics of systems through fifth forces (see, for example,
refs. [36, 38, 41]). However, these bounds heavily depend on tests within the Solar System
and the screening profile considered. For instance, it is usually assumed that the unscreened
mass of the non-minimally coupled field is of the same order as the Universe’s radius, such
that it can explain the universe’s expansion while producing fifth forces at large distances,
which requires the usual fine-tuning related to the Cosmological Constant Problem [71, 72].
On the contrary, having a larger mass in vacuum would evade most tests as fifth forces
would be naturally exponentially suppressed [41]. This is one of the main reasons why
massive symmetron or chameleon fields are not commonly considered, as they would lack
phenomenological interest. Nevertheless, while fifth forces may not be effective for studying
modified gravity within this region of the parameter space, studying the shift in fermion
masses remains a viable option. This is because the masses would still be influenced by the
screening of the field, resulting in a space-dependent gravitational force

A% (vg)md

_ Alvymy. 4.18
4 M3 r? ( )

where myq is the mass of particles as measured locally, which can add up to make more
massive, compact objects. As mentioned in section 2, the gravitational force can be made a
dimensionless observable by taking its ratio to the electric force. Otherwise, we can take the
ratio of gravitational interactions in different spacetime regions, corresponding to different
values for fl(v;() For example, for the chameleon model, we find the ratio

FG 5 (TL‘/Q)Q(n+1)
_— = A Vo) = _— y 419
(FG’O>cham ( X) p ( )

where F g is the gravitational force in eq. (4.18) for A(vg) = 1, corresponding to our local
observations. This choice for the local value for fl(vi) requires nVy = pg, where pg is the
density within the Solar System.? In the symmetron case, we find that the local gravitational
interaction depends on the background density by

2
__6_ (2 __p 2772
<FG> = A%(vg) = [1 t oAz, (“X Mé’ym)} for p < i Meym (4.20)
Feo sym 1 for p > ,uiM2

sym

“Here, one may opt to take the density of Earth instead, which may lead to a change of the strength of
gravity in the vacuum around Earth. However, we will consider average densities since obtaining the exact
space distribution of the non-minimally coupled field usually requires a numerical approach [51, 73].
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where allowing for any value for 1, can lead to big deviations on A(vg). Expecting A(vg) = 1
locally implies that the symmetron must be screened within the Solar System, such that
po > :U*iMSQym-

Note that screening mechanisms will always tend to monotonically decrease the mass of
elementary particles in high-density environments,® but this rate of change will be model-
dependent. For example, the chameleon model presents over-screening, as the shift in the
masses of elementary particles is very sensitive to changes in the local density, even when
fifth forces are completely suppressed. On the other hand, for the symmetron model, the
mass of particles is always constant once the fifth forces are screened, for densities higher
than p. = ,uiM 2

sym*
4.1 Over-screening effects on galactic disks

The evolution of the mass for Standard Model particles has already been considered regarding
the expansion of the universe, as the scalar field’s roll under the influence of its own potential
will give a time-varying mass to the elementary particles. For example, this has been applied
from neutrino physics, addressing their small mass [74] or the Hubble tension [75], up to
inflation in the context of string theory [5, 76]. However, here, we relate this mass change
to screening mechanisms and their effect on elementary particles in late-time cosmology,
where the non-minimally coupled field is already stable at its effective minimum. Therefore,
instead of studying the time evolution of the scalar field, we will focus on the implications
of the distribution of matter at current times. As an illustration, we will see the impact
of screening mechanisms on galactic disks.
For this, we will use the following density function for the galactic disk

Pdisk,0(T; 2) = fdike_r/rdis“e_m/zdis“, (4.21)
Zdisk

where this system is in cylindrical coordinates, and ik, zdisk and rgisk are length scales
characterizing different galaxies. Following ref. [51], these quantities can be reparametrised
into the virial mass, My, (defined as the enclosed mass within the radius at which the
galaxy density equals 200 times the critical density of the universe). Taking M, = 1011° M,
corresponds to gige = 6.4 x 108 Mokpe™2, zgisk = 0.2kpe and 74 = 0.6kpe. For a realistic
illustration of this scenario, we would also have to consider other galaxy components, such as
dark matter® and the bulge [77], but we will neglect them in this illustration for simplicity.
Similarly, we will take that baryonic matter contributes with a 100% of its mass, as any

other percentage can be redefined into the model parameters.
We calculate the effective rescaled density by evaluating fl(vi) at each point through

paisk (7, 2) = pdisk,0(7s 2) A(vg (paisk,0(7, 2))- (4.22)

5A short proof for this statement: in very high densities, the effective potential Veg(%) = V(%) + A(X)p is
dominated by the coupling function A(%), so vz must be located at a local minimum of A(vg). Therefore, the
shifted mass, m = moA(v;(), takes its minimum value at high densities, as any shift on the effective minimum
of Veg given by the dependence on V' will always shift the field to a higher value for A(vi). This means that
the lower the density, the higher the mass for elementary particles.

5Dark matter will also feel the mass shift due to screening mechanisms, unless it obtains its mass by a
dynamically broken scale symmetry, as we saw in section 3.2.
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Figure 1. Impact of screening mechanisms on the density of a galactic disk as given in eq. (4.21)
(black line) for the chameleon (left) and symmetron (right) models. Both models have been tuned to
give fl(v;() = 1 in the Solar System, at 10kpc from the galactic center. We can see that the chameleon
model presents over-screening, while the symmetron’s rescaling of the masses is constant after reaching
the critical density p. = p3 Mg,

For this, we have assumed that the matter density in the galaxy disk is measured using
Earth’s values for the observed particle masses. To express these values to their true, rescaled
masses, we have applied eq. (2.17). It is important to emphasise that this is a toy model
calculation for illustrative purposes. A more realistic scenario would need to account for the
mass shift’s impact on the stars’ luminosity, which would change our current estimate for
eq. (4.21). Moreover, for a more accurate estimation of this effect within galaxies, it is crucial
to compute the screening map, as done in refs. [51, 73], or to use numerical simulations,
such as those in refs. [78, 79].

We present the results in figure 1, with one plot for each model, where the black line
is the density distribution of the galactic disk as in eq. (4.21) evaluated at z = 0, and the
rest of the lines correspond to the real, shifted mass of the galactic disk for different models
and sets of parameters. On the left, we can see that the chameleon model is very sensitive
to the background density, needing fine-tuning to generate the observed local strength of
gravity, using nVy = po (eq. (4.7)).” On the right, the symmetron model shows that a
constant strength of gravity is obtained inside the critical density p. = ,u,iMfym, where all
fifth forces are suppressed. In this case, changing i, My shifts the critical mass, while

. impacts the mass rescaling outside the screened region.

changing )\XMs4y

Thus, even though we commonly rely on screening mechanisms to eliminate the effects
introduced by modified gravity due to fifth forces, these mechanisms can lead to more
significant consequences, such as the mass shift of elementary particles. Although we
neglected the contribution of fifth forces in this section, there might be regions where both

effects, those the mass shift and long-range forces, become relevant.

"Had we chosen the usual negative power-law potential defined in the Einstein frame for the Chameleon
field, the effect on fermion masses would be less noticeable at high densities. This is because such potentials
asymptote at xy = 0, setting a minimum possible value for fl(v;(). However, given the runaway potential, we
would expect the same tendency at low-density backgrounds as in figure 1.
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5 Conclusion

Screening mechanisms are a popular method of evading the tight constraints of fifth forces
in scalar-tensor theories. These rely on the non-minimal coupling of the additional scalar
singlet to the Ricci scalar, relating the strength of the introduced long-range forces to the
local curvature, which is connected to the local density.

Since these theories include an extra scalar in the action, they can also be studied from
a particle physics perspective. This has been done in vacuum, focusing on the emergence
of long-range fifth forces and additional interactions in the Standard Model [49, 50]. This
paper has expanded previous work in ref. [51] to account for screening effects in this context,
with the main difference being that we relaxed the assumption of A(vg) = 1, where A(vy) is
the late time value for the non-minimal coupling function. We showed that in the Standard
Model, the Higgs field does not alter the effective potential for the non-minimally coupled
field, obtaining the same result as in the standard treatment of screening mechanisms. We
further explored how different mass-generating mechanisms contributed to the screening of
fifth forces. In particular, we first studied explicit mass terms and scale invariant theories
that generate their mass dynamically. In the former case, we find that the contribution
is equal to that of the Higgs mechanism, while in the latter, the field does not contribute.
Therefore, there is a relation between the fifth force and the contribution to the screening, as
expected. Considering this, we found that baryonic matter would only contribute via the
percentage that gains its mass via the Higgs mechanism, between 10% and 20% for the mass
of the proton, depending on the method used to study the proton’s mass.

In the Einstein frame, the coupling of the non-minimally coupled field to the Higgs leads
to a mixing in their vacuum expectation values. This has important consequences on the
Standard Model, as screening mechanisms shift the mass of elementary particles, as discussed
after eq. (2.17). This effect can be significant even when fifth forces are completely suppressed,
meaning that, for some models, a field cannot be infinitely screened without consequences on
the physics, a phenomenon we have called over-screening. We studied this effect on a toy
model for galactic disks for the chameleon and symmetron models, finding that changes in the
local density give a different gravitational potential to the one expected by standard gravity,
as shown in figure 1. In particular, the chameleon model with an exponential potential is
a perfect example of over-screening, as independently of its mass and coupling strength to
matter, it will drastically change all fermion masses depending on the background’s density,
as given by eq. (4.19). On the other hand, the symmetron model leads to a constant mass
inside the screened region (i.e., for p > ,uiMszym). Outside this region, the masses rapidly
converges to a rescaling given by my/mg = (1 — u2/(2)\XM82ym)), as we show in eq. (4.20).
Thus, increasing the mass of the symmetron field leads to more significant effects, but it
can always be compensated by increasing A, or Mgym.

The spatially dependent fermion masses is a new window for phenomenology in modified
theories of gravity in a region of the parameter space that previously seemed uninteresting.
For example, this could be a great contender for dark matter as it increases the gravitational
potential in low-density environments. However, the main challenge lies in the fact that our
understanding of galactic dynamics comes from the nuclear processes taking place inside

stars, which would be modified by the shift in fermion masses depending on the model. In
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future work, we aim to better study the behaviour of matter for these models, such as in
the stability of galaxies or as a possible explanation for the observed radial acceleration
relations [80], following the work from ref. [81]. Additionally, over-screening can also have
strong implications for quintessence scenarios motivated by scalar-tensor theories, such as the
exponential potential in the chameleon model [69, 70], where the coupling to matter would
introduce non-linear effects to the evolution of the fields. Furthermore, since scalar-tensor
theories are related to the low energy description for string theory, we can also relate the
over-screening of a field to the Swampland conjectures [82, 83]. For example, the distance
conjecture would not only restrict Avy < Mp; during the evolution of the field in time, but
also in the late-time distribution of energy density.

There are many positive aspects of studying modified gravity from a particle perspective,
such as consistently studying the modification of gravitational interactions along those in
the Standard Model. Moreover, throughout this work, we have only considered the classical
aspects of the scalar-tensor theories, but this description will allow us to account for quantum
corrections, which is a topic worthy of further exploration.
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A Screening effects in the Jordan frame

In section 3.2, we found that when a fermionic field obtains its mass through a dynamical
symmetry breaking, it does not contribute to the screening of the minimally coupled field.
Moreover, we also found that this field wouldn’t experience the mass shift found for the
explicit symmetry-breaking case. As explained in section 2, the mass shift we find in the
Einstein frame comes from interactions with the Higgs field. In the Jordan frame, these
effects arise as a shift in the Planck mass, as we will show now.

We will use the combined scale breaking action from section 3.2,

Slg] = / dizy/ =g l Pe)p, 1 59" 0u00,0 + %gwauaaye + %g“”@ugof)ygo
+ va — Yy + Py p — mypyp — U ()

9 Ao 3#3 —4
“W(6,6) + 5u3A ()6 — S0t - SH0A (sa)], (A1)

where we remind the reader that F(¢) = MZA™%(p). The potential is given by

W(¢,9)=2(¢2—'§92>2—;u2 G )+§’“A (A.2)

where we have two extreme cases, the explicitly broken scale symmetry limit (5 — 0) and
the dynamically broken limit (u — 0).
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In the Jordan frame, the screening of the non-minimally coupled field does not come
from the interaction with the Higgs, but through the non-minimal coupling to the Ricci
scalar. In this way, the equation of motion for the ¢ field leads to

O+ U () + £ ,g") R=0, (A.3)

where the value for the Ricci scalar can be obtained from the modified Einstein equation

1
_ L (e L p@ )
G = 5 (T + 1 + 1), (A.4)

where T;(Lrlfl) is the energy-momentum tensor of the matter sector and T}, of the non-minimally
coupled field. Taking the trace of the Einstein equation and using T(i)z = pi, with p,, > p,,
we obtain
R=——pu, (A.5)
F(p)

where the matter sourced by the dynamical scale breaking won’t contribute to p,, since

the trace of their energy-momentum tensor vanishes [25]. Substituting this equation into
eq. (A.3), we find

F'(p)
2F(p)

where, using F(p) = M2, /A%(¢), leads to the Jordan frame effective potential

Op +U'(0) -

pm =0, (A.6)

Ver(¢) = Ul(p) + 10g(A(#)) pm) (A7)

equivalent to the Einstein frame effective potential in eq. (2.14). We will now study the
implications of the screening of the non-minimally coupled field on the Standard Model
in both limit cases:

Explicitly broken limit (8 — 0). Taking this limit, the extra field 6 decouples and we
recover the usual double-well potential for the would-be Higgs sector, as in section 2. As
we can see, the masses do not shift with the screening mechanism since there are no extra
couplings of the non-minimally coupled field to the Higgs. However, the propagation of
particles will still be affected by the modified geodesic equations in the Jordan frame (which
can be derived from eq. (A.4)). Similarly, all gravitational interactions will get modified
because of the definition of the effective Planck mass, defined via

MB\(vy) = F(vy), (A-8)

which is now environmentally dependent via the effective potential in eq. (A.7). We can
see that this leads to the same result as in the Einstein frame by comparing dimensionless
quantities, such as the ratio of gravity against the electric force, given in the Jordan frame by
1 2
(FG> _ =P Fey (A9)
Fem /v 2’ ¢*F(vy)’
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where ¢ is the charge of the test particles. The same calculation done in the Einstein
frame leads to

1 m?A%(vg) 5 9
< Fc ) _ 4mr2 Mg, _ m=A (U;() (A 10)
Fem / gr 473.7‘2 > q2M1%1 ’

where we have introduced the mass shifted mass mfl(v;c) and the Einstein frame’s constant

Planck mass Mpj. We thus find the equivalence between frames by considering the definition
A(vg) = My/F(p).

Dynamically broken limit (x — 0). While the fermions will not contribute to screening
the fifth forces in this limit, we will consider that a different sector is driving the screening
effects. This allows us to see the impact screening would have on a scale-invariant sector by
studying the mass of the fermions. For this, we have to find the minimum of the scalar field
potential from eq. (A.1), which is given by solving the following system of equations

A B
Evé — 61}31}3, =0,
B, B - Ao
avg - gvgvi — ug A% (v, )0 — 5V = 0 (A.11)
F 4
U/ (05) — 2102 5 308 A3(0,) A ,) + 622 A5 (0, A/ (0,) = 0.
F(vy) Ao
For any generic A(yp) and U(yp), it gives
B
v(% = /\vg (A.12)
6 2
v = A“@ A2 (v,), (A.13)
0
F'(vy)
U'(v,) = 22 o, Al14
( 80) F(vgo) ( )

agreeing with the Einstein frame result. Expanding the scalar fields around their vacuum
expectation values, we find the following mass for the fermionic fields

_ 613
m = yvy = yA 1(”@)\/5;20, (A.15)

which is environmentally dependent through the screening of ¢, contrary to what we found in
the Einstein frame. However, this rescaling perfectly cancels the modification in the geodesic
equation, recovering the standard propagation in Einstein’s gravity for all particles.

This result agrees with the one found in the Einstein frame, as can be seen by comparing
dimensionless observables. Taking the ratio of the gravitational and electric forces for the
pure dynamical scale breaking case in the Jordan frame, we find

1 2 _ 62
( F ) _we Ty _ vAT9SSE
JF

A.16
¢ £F,) (4.16)

Fem

— 23 —



Using the definition of A%(p) = M2 /F(y), we obtain the exact same result as in the

Einstein frame,

B 61g

(FG> _ DN (A.17)
Fem/gr 2 MB,

Therefore, we see that screening the non-minimally coupled field always tends to change

the local Planck mass value, affecting the strength of all gravity-related forces. However, if

the matter sector generates the masses by a dynamical scale symmetry breaking, all fields

will be invariant to such changes.
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