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Many theories beyond the standard model involve an extraUð1Þ gauge group. The resulting gauge boson
U, in generalmixedwith theZ and the photon,may bemassless or very light and veryweakly coupled. Itmay
be viewed as a generalized dark photon interacting with matter through a linear combination
½ϵQQþ ϵBBþ ϵLL�e, involving B − L in a grand-unified theory, presumably through B − L − .61Q,
inducing effectively a very small repulsive force between neutrons. This new force, if long-ranged, may
manifest through apparent violations of the equivalence principle. They are approximately proportional to
ϵB þ ϵL/2, times a combination involvingmostly ϵL. New forces coupled toB − L orL should lead to nearly
opposite values of the Eötvös parameter δ, and to almost the same limits for ϵB−L or ϵL, as long as no
indication for δ ≠ 0 is found. We derive new limits from the first results of the MICROSCOPE experiment
testing the equivalence principle in space. A long-range force coupled to ½ϵQQþ ϵB−LðB − LÞ�e or

½ϵQQþ ϵLL�e should verify jϵB−Lj or jϵLj < .8 10−24, and a force coupled to ½ϵQQþ ϵBB�e, jϵBj < 5 10−24.
We also discuss, within supersymmetric theories, how such extremely small gauge couplings g”, typically
≲10−24, may be related to a correspondingly large ξ”D” term associated with a huge initial vacuum energy
density,∝ 1/g”2. The corresponding hierarchy between energy scales, by a factor∝ 1/

ffiffiffiffiffi
g”

p ≳ 1012, involves a
very large scale ∼ 1016 GeV, that may be associated with inflation, or supersymmetry breaking with a very
heavy gravitino, leading to possible values of δ within the experimentally accessible range.

DOI: 10.1103/PhysRevD.97.055039

I. A NEW LONG-RANGE FORCE
FROM AN EXTRA Uð1Þ

Are all fundamental particles and forces now known? It
would be presumptuous to think so. In particular, extremely
weak new long-range forces could exist, adding their
effects to those of gravity. We derive here, from the first
results of the MICROSCOPE experiment testing the
equivalence principle in space [1,2], improved limits on
the intensity of such new forces, as compared to gravity, or
electromagnetism. We also discuss how such forces could
fit within fundamental theories involving grand-unification,
supersymmetry, and inflation.
While the standard model has been confirmed brilliantly

with the discovery of the Brout-Englert-Higgs boson, many

physics questions remain unanswered, dealing in particular
with dark matter and dark energy, the hierarchy of mass
scales and interaction strengths, the problems of quantum
gravity and the quest for a possible unification of all
interactions. Gravity is very weak as compared to the other
interactions, the gravitational attraction between two
protons being smaller than their electrostatic repulsion
by a factor

gravity
electromagnetism

¼ GNm2
p

e2/4πϵ∘
¼ 1

α

�
mp

mPlanck

�
2

≃ :8093 10−36: ð1Þ

Why is gravity so weak, or equivalently why is the Planck
energy, EPlanck ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏc5/GN

p
≃ 1.2209 1019 GeV, so large,

still remains a mystery. Another aspect of the question is
that gravity should become strong at very high energies,
with an effective coupling ∝ GNE2/ℏc5 ¼ ðE/EPlanckÞ2,
generally making a quantum theory of gravity inconsistent.
Approaches towards a consistent theory of quantum grav-
ity, and most notably string theories, usually involve
additional Uð1Þ symmetries and describe many new fields
and particles, some of them extremely weakly coupled.
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This may also occur in supersymmetric theories, possibly
in connection with grand-unification, supersymmetry
breaking, supergravity and the vacuum energy density,
which plays an important role in the evolution of the
Universe.
Regardless of their possible origin, the couplings of a

spin-1 particle, hereafter denoted as the U boson, are
generally expected to obey a gauge symmetry principle.
The U mass may vanish if this gauge symmetry is
conserved, or be naturally small, especially if the corre-
sponding gauge coupling g” is very small or extremely
small. If the new symmetry Uð1ÞU associated with the U is
spontaneously broken, e.g. through the vev of an extra
singlet field, the U acquires a mass mU, vanishing with g”,
mediating a new force of range

λU ¼ ℏ
mUc

≃ 1973 km
�

mU

10−13 eV/c2

�
−1
: ð2Þ

We have long discussed such extensions of the standard
model with a gauge group enlarged to

G ¼ SUð3Þ × SUð2Þ ×Uð1ÞY × extra-Uð1ÞF; ð3Þ

and a small or very small extra-Uð1Þ gauge coupling g”
[3–7]. Assuming that the three families of quarks and
charged leptons acquire their masses from a single electro-
weak doublet φ as in the standard model, or several but with
the same gauge quantum numbers (as for hc1 and h2 in the
supersymmetric standard model), the gauge invariance of
their Yukawa couplings requires the new Uð1ÞF quantum
number F to be expressed as [6,7]

F ¼ αBBþ βiLi þ γY ½þFd�: ð4Þ

The Uð1ÞF current is expressed for quarks and leptons as a
combination of the weak-hypercharge Y current with the B
and L currents. This current may also include a possible
dark-matter [8] or extra spin-0 singlet contribution asso-
ciated with a “hidden sector,” providing the extra term Fd
in (4). We also ignore, at this moment, a possible con-
tribution from the R-symmetry current in a supersymmetric
theory, as we are dealing mainly with the usual spin-1

2

quarks and leptons, with R ¼ 0, disregarding superpart-
ners. The Y term, if present in (4) (for γ ≠ 0), is responsible
for a mixing of the extra-Uð1Þ gauge field with the neutral
electroweak ones, ultimately leading to a contribution in the
U current proportional to the electromagnetic current.
In the framework of grand-unification [9,10], the simul-

taneous appearance of B, L, and Y in (4) is necessary to
ensure that the new Uð1ÞF gauge group commutes with the
SUð5Þ grand-unification group. The Uð1ÞF quantum num-
ber (normalized to γ ¼ 1, for γ ≠ 0) may then be expressed
as [6,7]

F ¼ Y −
5

2
ðB − LÞ ½þFd�: ð5Þ

This F is equal to −1/2 andþ3/2 for the SUð5Þ 10’s and 5̄’s
of quarks and leptons, and þ1 for the BEH quintuplet 5
describing the electroweak doublet φ responsible for their
masses, respectively. The quantity expressed as

B − L ¼ 2

5
ðY − FÞ; ð6Þ

in the visible sector, remains conserved at this stage, as
long as no neutrino Majorana mass terms are considered,
with the grand-unification gauge bosons X�4/3 and Y�1/3

having B − L ¼ 2
5
Y ¼ � 2

3
.

Independently of this possibility of grand-unification,
the vev of the spin-0 doublet φ, taken with F ¼ Y ¼ 1 (for
γ ≠ 0), induces the electroweak breaking in a way involv-
ing also the extra-Uð1Þ gauge field C, according to

SUð3Þ × SUð2Þ ×Uð1ÞY|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
possiblywithin SUð5Þ

× extra-Uð1ÞF

→ SUð3Þ ×Uð1ÞQED ×Uð1ÞU: ð7Þ
The three neutral gauge fieldsW3, B, and C get mixed into
the massless photon field A, the massive Z field and a new
neutral field U, still massless at this stage. They are given
by [6,11]

8>>>>>>>><
>>>>>>>>:

A¼ g0W3þgBffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2þg02

p ¼ sinθW3þcosθB;

Z¼ gW3−g0B−g00Cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2þg02þg002

p ≃cosθW3−sinθB;

U¼Z×A¼g00ðgW3−g0BÞþðg2þg02ÞCffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2þg02

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2þg02þg002

p ≃C;

ð8Þ

with mW¼gv/2 and mZ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2þg02þg”2

p
v/2 ≃ mW / cosθ.

The U field is obtained from a mixing, with a very small
angle ξ, given by [12]

tan ξ ¼ g”ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g02

p ; ð9Þ

between the extra-Uð1Þ gauge field C and the usual weak
neutral gauge field Z∘ ¼ cos θW3 − sin θB.
The U is coupled to a current J μ

U, combination of the
extra-Uð1Þ current JμF with the standard weak neutral
current Jμ3 − sin2θ Jμem, which remains conserved, as long
as the U stays massless. Its axial part cancels out in this
limit, as required for a conserved current. It is expressed as
a combination of the baryonic, leptonic (or B − L) and
electromagnetic currents, according to [6,11]
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J μ
U ¼ g”

2
cosξ ðJμY þ αBJ

μ
B þ βiJ

μ
Li
½þJμd�Þ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g02

q
sin ξ ðJμ3 − sin2θJμemÞ

¼ e tanχ

�
Jμem þ 1

2cos2θ
ðαBJμB þ βiJ

μ
Li
½þJμd�Þ

�
; ð10Þ

with the coupling

ϵQe ¼ e tan χ ¼ g”cos2θ cos ξ ≃ g”cos2θ: ð11Þ

This includes and generalizes, within an extended
electroweak or grand-unified theory, the very specific case
of a “dark photon” coupled proportionally to electric
charges. It also includes the case of a new massless gauge
boson coupled to baryon number [13]. TheU boson may be
viewed, more generally, as a generalized dark photon
coupled to standard model particles as in (10), through
the linear combination

ðϵQQþ ϵBBþ ϵLLÞ e; ð12Þ

with [14]

ϵQe ¼ g”cos2θ cos ξ; ϵBe ¼ g”
2
αB cos ξ;

ϵLi
e ¼ g”

2
βi cos ξ ðwhere cos ξ ≃ 1Þ: ð13Þ

The U may stay massless or acquire a mass (e.g. from the
vev of an extra singlet field), possibly extremely small,
making the new force finite-ranged without affecting
significantly its couplings (only by extremely small terms
∝ m2

U/m
2
Z).

The corresponding new force acts additively on ordinary
neutral matter, proportionally to a linear combination of
baryon and lepton numbers. This is, in practice, equivalent
to considering a force acting effectively on a linear
combination of the numbers of protons and neutrons,
Z ¼ L and N ¼ B − L. Such a new force is thus generally
expected to be repulsive (except if ϵBBþ ϵLL has different
signs for the Earth and the test mass considered). This is in
contrast with a spin-0 induced force, normally expected to
be attractive, and not expected to have such an additivity
property, making its couplings more difficult to evaluate
[15]. This may allow to distinguish the spin-1 and spin-0
induced cases, should such a force be found.

II. THE NEW FORCE WITHIN GRAND
UNIFICATION

Furthermore,within grandunification thevevof the spin-0
quintuplet φ breaks the SUð5Þ ×Uð1ÞF symmetry into a
SUð4Þes ×Uð1ÞU subgroup, with SUð4Þes⊃SUð3ÞQCD×
Uð1ÞQED appearing as an electrostrong symmetry group

unifying directly electromagnetic with strong interactions
and commuting withUð1ÞU at the grand-unification scale (at
which cos2 θ ¼ 5/8) [11]. As for SUð5Þ itself, this SUð4Þ
electrostrong symmetry group is spontaneously broken to
SUð3ÞQCD × Uð1ÞQED by thevevof an adjoint spin-0 field, or
possibly through the compactification of an extra dimension,
then leading to a grand-unification scale of the order of the
compactification scale, mX ≈ πℏ/Lc [16].
The extra Uð1ÞF quantum number F is given by (5), so

that B and L contribute to the U current in (10) only
through their difference B − L. This appearance of B − L
also follows from the requirement of anomaly cancellation,
in the presence of νR fields and ignoring a possible
contribution from Li − Lj. The coupling (12) then reads
in a grand-unified theory,

ϵB−L

�
ðB − LÞ − 4

5
cos2θQ

�
e; ð14Þ

i.e. approximately

ϵB−LðB − L − .61QÞ e ð15Þ

using sin2θ ≃ .238 at low energy. ϵB−L and ϵQ are related by

ϵB−Le ¼ −
5

4cos2θ
ϵQe ¼ −

5

4
g” cos ξ ≃ −

5

4
g”

≃ −1.64 ϵQe ≃ −.497 ϵQ; ð16Þ

as also seen from (13). The Y and B − L terms in expression
(5) of F are responsible, after the electroweak breaking, for
the couplings of theU boson both to the electric charge (as for
a pure dark photon) and to B − L, respectively. The expres-
sion ϵB−Le ¼ −ð5/4Þg” cos ξ fixing the coupling of the U
to B − L originates directly from the extra-Uð1ÞF gauge
coupling g”/2 (from iDμ ¼ i∂μ −… − g”

2
FCμ), times the

coefficient−5/2 ofB − Lwithin theUð1ÞF quantumnumber
F in (5), times cos ξ ≃ 1 from the C:U scalar product in the
3 × 3 mixing matrix (8).
At the grand-unification scale, for which cos2θ ¼ 5/8,

expression (14) of the coupling would read [11]

ϵB−L

�
ðB − LÞ −Q

2

�
e

ðinvariant under the SUð4Þes electrostrong symmetryÞ
ð17Þ

evolving into ϵB−LðB − L − .61QÞ e at low energy. The
SUð4Þes-symmetric expression (17) vanishes for the u, c,
and t quarks, as necessary since uL and ūL, cL and c̄L, tL
and t̄L, join into SUð4Þes sextets of the electrostrong
symmetry group unifying directly photons with gluons.
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(For the same reason the u, c and t couplings to the Z are
purely axial for sin2 θ ¼ 3/8, as required by the electro-
strong symmetry.) At the same time also B − L − Q

2
has the

same value −1/2 for the d̄ and e fields, joining into ðd̄; eÞ,
ðs̄; μÞ, and ðb̄; τÞ vectorial Dirac SUð4Þes antiquartets. ϵB−L,
equal to −2ϵQ at the grand-unification scale, may thus be
already present at this scale [17], without having to be
generated by radiative corrections.
The above coupling (14), (15) simplifies for neutral

particles into [6,7,11]

ϵB−LðB − LÞ e; ð18Þ

sufficient for a phenomenological analysis. As the new
force then acts in opposite ways on protons and electrons it
involves in practice the number of neutrons, B − L ¼
A − Z ¼ N, effectively acting as a repulsive force between
neutrons. The resulting apparent violations of the equiv-
alence principle will then be proportional to the difference
between the ratios N/Ar for the elements constituting the
two test masses (Ar being the relative atomic mass of the
element considered, scaled to 12 for a 12C atom), leading to
an Eötvös parameter:

δ12 ∝ −Δ
�
N
Ar

�
12

: ð19Þ

The − sign corresponds to the fact that, for a new force
effectively coupled to B − L, the test mass richer in
neutrons (relatively to its mass) should undergo a stronger
repulsive force from the neutrons in the Earth, leading to a
smaller apparent “free-fall” acceleration.
This analysis further extends to situations involving two

spin-0 doublets [allowing for an axial Uð1ÞA generator FA
to contribute to (4)] and an additional singlet, breaking
Uð1ÞU so that the U acquires a mass, here supposed to be
extremely small [3–7]. TheU current then includes an axial
part as well, strongly constrained by experimental results
[18]: indeed, a light U with nonvanishing axial couplings
(fA) would interact with quarks and charged leptons very
much as an axionlike pseudoscalar with effective pseudo-
scalar couplings fp ¼ fA × 2mq;l /mU, requiring Uð1ÞU to
be broken at a sufficiently high scale through a large singlet
vev [3–7]. The vector part in the U current, subject of our
present interest, is still found to be a linear combination of
the baryonic, leptonic, and electromagnetic currents as
given by (12), again involving B − L, i.e. the number of
neutrons N, in a grand-unified theory.

III. INTENSITY OF THE NEW FORCE,
AS COMPARED TO GRAVITY

The new interaction potential between two particles at
distance r reads

VU ¼ e2

4πϵ∘r
ðϵQQþ ϵBBþ ϵLLÞ1

× ðϵQQþ ϵBBþ ϵLLÞ2 e−r/λU ; ð20Þ

generalizing the corresponding expression for a pure dark
photon. The U boson may be viewed as a generalized dark
photon, including as well the gauge bosons of B and/orL, or
B − L, and interpolating between these situations. It takes
into account the electroweak mixing effects with the
photon and the Z, as illustrated by Eqs. (8)–(12). For neutral
objects with a small extension compared to λU ¼ ℏ/ðmUcÞ,
VU ¼ e2

4πϵ∘r ðϵBBþ ϵLLÞ1ðϵBBþ ϵLLÞ2 e−r/λU , reducing to a
Coulomb-like potential for a sufficiently long-ranged force.
For a coupling involving Q and B − L, expressed as

½ϵQQþ ϵB−LðB − LÞ� e ð21Þ

as expected from anomaly cancellation, or grand unification,
VU reduces to [5,6]

VU ¼ e2

4πϵ∘r
ϵ2B−LN1N2 e−r/λU ; ð22Þ

where N ¼ B − L denotes the number of neutrons.
Assuming λU infinite, or at least somewhat larger than

the Earth diameter, the new potential between the Earth and
a test body i at a distance r of its center is, in general,

VU ¼ e2

4πϵ∘r
ðϵBBþ ϵLLÞ⊕ðϵBBþ ϵLLÞi: ð23Þ

Adding it to the attractive Newton potential VN ¼
−GNm⊕mi/r amounts to the rescaling

VN → VN þ VU ¼ ð1þ δiÞVN: ð24Þ

The ratio,

δi ¼
VU

VN
¼ −

e2

4πϵ∘GNm2
p
ðmp/uÞ2

×
ðϵBBþ ϵLLÞ⊕

m⊕/u
ðϵBBþ ϵLLÞi

mi/u
; ð25Þ

may be expressed in terms of the ratio of the electromagnetic
to the gravitational forces between two protons, proportion-
ally to e2/ð4πϵ∘GNm2

pÞ ¼ αðmPlanck/mpÞ2 ≃ 1.2356 1036.
Expressing masses in atomic mass units (the mass of a
12C atom being 12 u, with mp ≃ 1.007 276 u) with Ar

denoting the relative atomic mass of an element, we get
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δi ¼
new force
gravity

≃ −1.2536 1036
�
ϵB

B
Ar

þ ϵL
L
Ar

�
⊕

×

�
ϵB

B
Ar

þ ϵL
L
Ar

�
i
: ð26Þ

The− expresses that the new force is in general repulsive,
while gravity is attractive. To ultimately obtain very small
values of these parameters δi, smaller than 10−12, in spite of
the huge overall factor 1036, we shall consider extremely
small values of ϵ which are typically ≲10−24 in magnitude.
Possible motivations for considering such small values of ϵ
originating from extremely small values of g” will be
discussed in Sec. VIII in the framework of supersymmetry
[19], in connection with a very large hierarchy of
mass or energy scales, typically between ≈ TeV scale
and ≈ 1016 GeV scale or so. With ϵ2 ≲ 10−48 we can get
very small jδij’s ≲10−12, i.e. a new force smaller than
gravity by about 12 orders of magnitude at least. The
resulting apparent violations of the equivalence principle
will then be typically ≲10−15 for a new force coupled to B
(with B/Ar very close to 1), up to a few 10−14 for a coupling
involving L, including most notably B − L. This will be
made precise soon in Eq. (31), and Eq. (35) in the case of
MICROSCOPE.

IV. APPARENT VIOLATIONS OF THE
EQUIVALENCE PRINCIPLE

Gravity seems to enjoy a remarkable universality prop-
erty: bodies of different compositions fall at the same rate in
an external gravitational field [1,20–25]. Einstein inter-
preted this fact as an equivalence between gravitation and
inertia, and used this equivalence principle as the starting
point for the theory of general relativity. A new long-range
force would lead to apparent violations of the equivalence
principle, with changes in the observed accelerations of test
bodies i “freely-falling” towards the Earth, according to

g → ai ¼ ð1þ δiÞg: ð27Þ

This would imply a nonvanishing value for the Eötvös
parameter measuring the relative difference in the observed
accelerations of two test masses “freely-falling” towards
the Earth,

δ12 ¼
a1 − a2

ða1 þ a2Þ/2
≃
a1 − a2

g
≃ δ1 − δ2; ð28Þ

i.e.
δ12 ≃ −1.2536 1036

�
ϵB

B
Ar

þ ϵL
L
Ar

�
⊕

×

�
ϵBΔ

�
B
Ar

�
12

þ ϵLΔ
�
L
Ar

�
12

�
: ð29Þ

These apparent violations of the equivalence principle
could be rather large and even huge, unless the new force
is really very small compared to gravitation, and extremely
small compared to the electromagnetic force. For
jϵj≲ 10−24, they would be ≲ (1 to a few) 10−15 for a
new force coupled to B, up to ≃ (1 to a few) 10−14 for a
force coupled to L, or B − L [cf. Eqs. (31), (35), (45)],
depending on ΔðB/ArÞ and ΔðN/ArÞ.
For a neutral object B and L coincide with the total

numbers of nucleons (B ¼ A ¼ Z þ N) and protons
(L ¼ Z), with the mass, in atomic mass units, denoted
Ar as for a relative atomic mass. For an atom with Z protons
and Nα neutrons (with relative isotopic abundance nα, in
amount fraction), the relative atomic mass is Ar ¼ ΣnαArα,
leading immediately to L/Ar. The average baryon number
B ¼ ΣnαðZ þ NαÞ must be evaluated directly, to provide
B/Ar ¼ ΣnαðZ þ NαÞ/ΣnαArα, very close to 1.
To estimate Z/Ar for the Earth, we consider its compo-

sition as 32.1%Fe (Z/Ar ≃ .4656), 30.1%O (Z/Ar ≃ .5000),
15.1% Si (Z/Ar ≃ .4985), 13.9% Mg (Z/Ar ≃ .4937),
2.9% S (Z/Ar ≃ .4991), 1.8% Ni (Z/Ar ≃ .4771), 1.5% Ca
(Z/Ar ≃ .4990), 1.4%Al (Z/Ar ≃ .4818), with 1.2% of other
elements. This leads in average toZ/Ar ≃ .4870.We find in a
similar way B/Ar ≃ 1.0008, so that N/Ar ≃ .5138, and
Z/B ≃ .4866, N/B ≃ .5134. The Eötvös parameter in (29)
may then be expressed as

δ12 ≃ −1.2546 1036 ðϵB þ .4866 ϵLÞ
�
ϵBΔ

�
B
Ar

�
12

þ ϵLΔ
�
Z
Ar

�
12

�
; ð30Þ

reducing to

8>>>>>><
>>>>>>:

δ12B ≃ −1.2546 1036 ϵ2BΔ
�
B
Ar

�
12

;

δ12L ≃ −.6105 1036 ϵ2L Δ
�
L
Ar

�
12

;

δ12B−L ≃ −.6441 1036 ϵ2B−L Δ
�
N
Ar

�
12

;

ð31Þ

for a coupling to B, L or B − L.
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As ΔðB/ArÞ is usually close to 1 so that ΔðN/ArÞ≃
−ΔðL/ArÞ, with the numbers of neutrons and protons within
the Earth being approximately the same, the resulting expres-
sions for δL (in terms of ϵ2L) and δB−L (in terms of ϵ2B−L) are
usually approximately opposite as seen from (31), i.e.

δ12B−L
ϵ2B−L

≈ −
δ12L
ϵ2L

: ð32Þ

This leads to approximately equal upper limits for jϵLj and
jϵB−Lj, as long as no indication for a nonvanishing δ is found.
In general, any upper limit on jδj can be converted into an
upper limit on jϵBj; jϵLj or jϵB−Lj, for a force coupled toB,L or
B − L, according to8>>>>>>>>>>><

>>>>>>>>>>>:

jϵBj < :8928 10−18
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lim jδj

jΔðB/ArÞj

s
;

jϵLj < 1.2798 10−18
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lim jδj

jΔðL/ArÞj

s
;

jϵB−Lj < 1.2460 10−18
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lim jδj

jΔðN/ArÞj

s
:

ð33Þ

The last two bounds have almost the same expressions, with
ΔðL/ArÞ ≃ −ΔðN/ArÞ as indicated above, dealingwith a new
force acting effectively on either protons (for L ¼ Z) or
neutrons (for B − L ¼ N). The bounds on jϵLj and jϵB−Lj are
thus almost the same as long as no indication for a non-
vanishing δ is found, the bound on jϵBj being typically several
times larger, as jΔðB/ArÞj is usually small.

V. TEST-MASS COMPOSITION AND EÖTVÖS
PARAMETER FOR MICROSCOPE

We give in Table I the charge-to-mass ratios for the
elements composing the test masses of the MICROSCOPE
experiment [1]. For 103Rh and 27Al we have a single isotope.
The isotopic abundances of Pt (A ¼ 190, 192, 194, 195,
196, 198) lead to Ar ≃ 195.084; B ≃ 195.120. For Ti
(A ¼ 46 to 50) one gets Ar ≃ 47.867 and B ≃ 47.9183.
For Va (99,75% 51Va and .25% 50Va), Ar ≃ 50.9415 and
B ≃ 50.9975. The resulting values for Z/Ar; N/Ar and B/Ar
are shown in the last three lines of Table I.

The MICROSCOPE test masses, however, are made of
alloys: platinum (90% Pt–10% Rh) and titanium (TA6V,
90% Ti–6% Al–4% V) alloys. We average (with respect to
the composition, in mass) the charge-to-mass ratios for pure
bodies, as shown in Table I. The resulting differences
between test masses are given in Table II [26]. Using alloys
rather than pure Pt and Ti does not modify these differences
significantly. For exampleΔðN/ArÞðTi − PtÞ gets decreased
by less than 5% in magnitude by going to alloys, from
−5.889% to −5.625%.
We thus get for the Eötvös parameter in the

MICROSCOPE experiment, from Eq. (30) and Table II,

δðTialloy; PtalloyÞ ≃ −1.2546 1036ðϵB þ .4866 ϵLÞ
× ð.00079 ϵB þ .05704 ϵLÞ; ð34Þ

not much different as for pure bodies, as seen from Table II.
With the B/Ar ratios differing by less than 10−3, the Eötvös
parameter is much more sensitive to ϵL than to ϵB. For
couplings to B, L or B − L, we find, respectively:8>><

>>:
δBðTialloy; PtalloyÞ ≃ −1.00 1033 ϵ2B;

δLðTialloy; PtalloyÞ ≃ −3.482 1034 ϵ2L;

δB−LðTialloy; PtalloyÞ ≃ 3.623 1034 ϵ2B−L;

ð35Þ

the last two expressions involving approximately opposite
coefficients, as noted in (32). The positive value of δB−L
indicates that the titanium alloy, less rich in neutrons,
should undergo a smaller repulsive force from the neutrons
in the Earth, leading to a larger a, and a positive δB−L. For
δL the Ti alloy, richer in protons and electrons, should
undergo a larger repulsive force from the electrons in the
Earth, leading to a smaller a, and a negative δL.
In particular for a new force effectively coupled to B − L

we get from (16)

ϵB−L ≃ −
5

4

g”
e
≃ −4.13 g”; ð36Þ

leading to

δB−LðTialloy; PtalloyÞ ≃ 3.623 1034 ϵ2B−L ≃ .617 1036 g”2;
ð37Þ

TABLE I. Charge-to-mass ratios L/Ar, ðB − LÞ/Ar and B/Ar, with L ¼ Z and B ¼ A ¼ Z þ N for neutral matter. The values of B are
obtained by averaging on the isotopes with respect to their relative abundances (in amount fraction). The charge-to-mass ratios for the
MICROSCOPE test masses, of platinum and TA6V titanium alloys, are evaluated by averaging (with respect to their composition in
mass) the values for pure bodies.

Pt Rh Pt-Rh (90–10%) Ti Al V Ti-Al-V (90–6–4%)

L ¼ Z 78 45 22 13 23
B 195.120 103 47.9183 27 50.9975
Ar 195.084 102.9055 47.867 26.9815 50.9415

L/Ar ¼ Z/Ar 0.39983 0.43729 0.40357 0.45961 0.48181 0.45150 0.46061
ðB − LÞ/Ar ¼ N/Ar 0.60036 0.56362 0.59668 0.54146 0.51887 0.54960 0.54043
B/Ar 1.00018 1.00092 1.00026 1.00107 1.00068 1.00110 1.00105
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so that any upper limit on δ can directly be converted into
an upper limit on jg”j.

VI. CONSTRAINTS FROM MICROSCOPE

We just got the first results of the MICROSCOPE
experiment [1], which implies

δðTialloy; PtalloyÞ ¼ ½−.1� .9ðstatÞ � .9ðsystÞ� 10−14; ð38Þ

i.e. ð−.1� 1.3Þ 10−14 and ð−.1� 2Þ 10−14 at the 1σ and 2σ
levels, respectively, when systematic and statistical errors
are added in quadrature. Considering that −1.4 10−14 <
δ < 1.2 10−14 at 1σ, or −2.1 10−14 < δ < 1.9 10−14 at 2σ,
we get from (35), (38) the constraints8>><
>>:

for a force coupled toB∶ jϵBj < 3.7 10−24;

for a force coupled toL∶ jϵLj < .63 10−24;

for a force coupled toB − L∶ jϵB−Lj < .57 10−24;

ð1σÞ

or

8>><
>>:

jϵBj < 4.6 10−24;

jϵLj < .78 10−24; ð2σÞ
jϵB−Lj < .73 10−24:

ð39Þ

This may be remembered as

jϵBj < 5 10−24; jϵLj or jϵB−Lj < .8 10−24 ð2σÞ:

ð40Þ

In particular for a new force effectively coupled to
B − L, for which we also have

jϵQj ≃ .61 jϵB−Lj < .45 10−24; ð41Þ

we get from (16), (36) g” ≃ − 4
5
ϵB−Le ≃ −.242 ϵB−L,

leading to

jg”j < .18 10−24; ð42Þ

as obtained directly from (37). We recall that the sign of
the extra-Uð1Þ gauge coupling constant g” can be conven-
tionally defined at will as being þ, or −, thanks to the
possibility of redefining the extra-Uð1Þ gauge field C
through a change of sign. These limits may be improved
in the near future, possibly by a factor up to about 3 or so
from a gain of sensitivity of the experiment by about an
order of magnitude, if no positive indication in favor of a
nonvanishing δ is found.
With the MICROSCOPE satellite orbiting at a z ≃

710 km altitude, the limits obtained are valid for a range
λU in (2) somewhat larger than the diameter of the Earth.
They become less constraining for smaller values of λU. For
a range significantly smaller than 710 km the experiment
gets nearly insensitive to such extremely small forces as δ
now includes a very small global damping factor e−z/λU ,
with the resulting upper limits on jϵj and jg”j increasing
very rapidly, much like ez/ð2λUÞ, for smaller values of λU, as
compared to z.

VII. COMPARISON WITH EARLIER
EXPERIMENTS

These limits may be compared with those that may be
derived from [23,24]

δðBe;TiÞ ¼ ð3� 18Þ 10−14
δðBe;AlÞ ¼ ð−7� 13Þ 10−14 ðat 1σÞ: ð43Þ

With

ðBe;TiÞ∶

8><
>:

ΔðB/ArÞ ≃ −.242%;

ΔðL/ArÞ ≃ −1.577%;

ΔðN/ArÞ ≃ 1.333%;

ðBe;AlÞ∶

8><
>:

ΔðB/ArÞ ≃ −.203%;

ΔðL/ArÞ ≃ −3.797%;

ΔðN/ArÞ ≃ 3.593%;

ð44Þ

we get from (31)8>><
>>:

δBðBe;TiÞ ≃ 3.04 1033 ϵ2B;

δLðBe;TiÞ ≃ .963 1034 ϵ2L;

δB−LðBe;TiÞ ≃ −.859 1034 ϵ2B−L;8>><
>>:

δBðBe;AlÞ ≃ 2.55 1033 ϵ2B;

δLðBe;AlÞ ≃ 2.32 1034 ϵ2L;

δB−LðBe;AlÞ ≃ −2.31 1034 ϵ2B−L:

ð45Þ

The δB−L’s are negative as the Be test masses are compa-
ratively richer in neutrons than Ti orAl ones,with 5 neutrons
for 4 protons. In the opposite way the δL’s are positive as the
Be masses are comparatively less rich in protons, and thus
electrons. A positive δ is taken to be less than 21 10−14 and

TABLE II. Differences in the charge-to-mass ratios L/Ar, N/Ar
and B/Ar between the Ti and Pt alloys (and comparison with pure
bodies). ΔðL/ArÞ and ΔðN/ArÞ, nearly opposite, differ signifi-
cantly from 0, the Pt alloy being richer in neutrons by ≃ 5.6%
(with Pt richer than Ti by ≃ 5.9%).

Tialloy − Ptalloy Ti − Pt

ΔðL/ArÞ 0.05704 0.05978
ΔðN/ArÞ −.05625 −.05889
ΔðB/ArÞ 0.00079 0.00089
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13 10−14 for Be-Ti and Be-Al, respectively. For a negative
delta, jδj is taken to be less than 18 10−14 and 20 10−14,
respectively. One then gets the (1σ) upper limits

ðBe;TiÞ∶

8>><
>>:

jϵBj < 8.3 10−24;

jϵLj < 4.7 10−24;

jϵB−Lj < 4.6 10−24;

ð1σÞ

ðBe;AlÞ∶

8>><
>>:

jϵBj < 7.2 10−24;

jϵLj < 2.4 10−24;

jϵB−Lj < 3 10−24;

ð1σÞ ð46Þ

in agreement with (33), and with the conservative estimate
jϵB−Lj≲ 10−23 given in [11].
Generally speaking, improving by one order of magni-

tude the sensitivity of the equivalence principle tests allows
for the upper bounds on jϵj, and jg”j, to be improved by a
factor ≃3. The first results of the MICROSCOPE experi-
ment already allow for such an improvement by a factor≃ 4
to 5 for the upper bounds on jϵLj or jϵB−L�, as seen from the
comparison between (39) and (46). The improvement
factor is smaller for jϵBj, due to a larger jΔðB/ArÞj, slightly
above 2 10−3, for the Be-Ti and Be-Al experiments, as
compared with less than 10−3 for Ti-Pt in MICROSCOPE.

VIII. VERY SMALL COUPLINGS
FROM A LARGE HIERARCHY,

AS ASSOCIATED WITH INFLATION
AND SUPERSYMMETRY BREAKING

A. An extremely small g”, with a very large energy
scale from a ξ”D” term

What are the implications of these results, and why
should we care about such extremely small gauge cou-
plings, typically≲10−24? As we shall see such small values
may be related with a correspondingly large hierarchy in
mass or energy scales, by a factor ≳1012, involving a very
large scale of the order of ∼1016 GeV.
A crucial role is played, within supersymmetric theories

of particles, by the ξ”D” term [27] present in the
Lagrangian density for an invariant Uð1Þ gauge subgroup,
such as the Uð1ÞF considered here. Indeed we considered
long ago the limit of a vanishing gauge coupling, g” → 0,
for an extra Uð1Þ gauge group beyond SUð3Þ × SUð2Þ ×
Uð1ÞY [19]. This was done in connection with the question
of spontaneous supersymmetry breaking, with a very large
ξ”D” term in the Lagrangian density associated with the
extraUð1Þ factor in the gauge group. Boson mass2 terms of
moderate size, proportional to ξ”g”, may then be obtained
by combining the very large coefficient ξ” having the
dimension of a mass2 with the very small Uð1Þ gauge
coupling g”. These terms are obtained from the contribution
to the scalar potential,

V” ¼ D”2

2
¼ 1

2

����ξ”þ g”
2

X
i

Fi φ
†
iφi

����2
¼ ξ”2

2
þ
X
i

ξ”g”
2

Fi φ
†
iφi þ � � � : ð47Þ

φi denote the spin-0 components of left-handed chiral
superfields Φi, with couplings ðg”/2ÞFi to the extra Uð1Þ
gauge field Cμ. This provides the soft supersymmetry-
breaking spin-0 boson mass2 terms:

μ2i ¼
ξ”g”
2

Fi: ð48Þ

Taking the limit ξ” → ∞, g” → 0 with ξ”g”/2 ¼ μ2∘ fixed,
corresponding to supersymmetry getting spontaneously
broken “at a very high scale” [19], still generates the above
dimension-two soft supersymmetry-breaking terms (48).
Then ξ” appears to be proportional to 1/g” and very large,
or conversely, g” ∝ 1/ξ”, and very small.
The auxiliary field D” contributes to an initial vacuum

energy density through the term

V”∘ ¼
ξ”2

2
∝

1

g”2
ðhugeÞ; ð49Þ

originating from expression (47) of the potential. This term
may be responsible for a very rapid inflation of the early
Universe, typically with

ξ” ≈ Λ2
inflation: ð50Þ

More precisely with L ¼ D”2/2þ ξ”D”þ…, ξ” enters
in the equation of motion for the auxiliary field, D” ¼
−ξ”þ…, so that D”, equal to −ξ” when all spin-0 fields
vanish, may acquire a different vev hD”i ¼ −ξ”eff, with in
general jhD”ij decreased from jξ”j to jξ”eff j. ξ” should then
ultimately be replaced by ξ”eff, which, when nonzero so as
to contribute to supersymmetry breaking, is expected to be
proportional to ξ” and in many cases of the same order, but
smaller in magnitude. Still we also have to pay attention
that the U boson should not acquire a too large mass in this
process. This may be achieved, in particular, if the shift in
hD”i from −ξ” to −ξ”eff originates from the very large vev
hφ†φi of a bilinear form involving strongly-coupled (for a
new interaction with a very large energy scale) spin-0 fields
φ, significantly coupled to Cμ in a hidden sector, still with
hφi ¼ 0 so that this effect does not break the extra-Uð1Þ
symmetry.
The new vev hD”i ¼ −ξ”eff replacing the original −ξ”

contributes to the generation, for the other spin-0 fields of
interest to us, of supersymmetry-breaking mass2 terms
expressed as

μ2i ¼
ξ”eff g”

2
Fi ¼ μ2∘ effFi; ð51Þ
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obtained from the expansion of (47). We can thus express
the very small extra-Uð1Þ gauge coupling as

g” ¼ 2μ2∘ eff
ξ”eff

: ð52Þ

The parameter μ2∘ eff ¼ ξ”eff g”/2 is normally expected to be
of the order of the boson-fermion mass2-splittings within
the multiplets of supersymmmetry, now usually believed
≈ ð1–10 TeVÞ2, leading to

jg”j ≈m2
sparticle

jξ”eff j
≈
ð1–10 TeVÞ2

jξ”eff j
: ð53Þ

In practice considering g” → 0 and ξ” → ∞ means con-
sidering very large values of ξ”, and often of ξ”eff as well so
that it contributes effectively to the supersymmetry breaking
in the final state, ≈ Λ2. This Λ may be one of the very large
scales in the theory, such as the grand-unification scale or
inflation scale (taken ≈ 1016 GeV), a compactification
scale (possibly related to the grand-unification scale by
mX ≈ πℏ/Lc [16]), a very large supersymmetry-breaking
scale Λss ≈

ffiffiffiffiffiffiffiffiffiffijξ”eff
p j ≈ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m3/2mPlanck
p

associated with a very
heavy gravitino, or a string scale ≈ 1017–1018 GeV. This
then leads to

jg”j≈
�
msparticle

Λ

�
2

≈
�
1–10 TeV

Λ

�
2

≈ 10−26–10−24; ð54Þ

for Λ ≈ 1016 GeV.
With for example δB−LðTialloy; PtalloyÞ ≃ 3.62 1034 ϵ2B−L

≃.62 1036 g”2 as in (37), we get from (35) the possible order
of magnitude estimate for the Eötvös parameter,

δ≃ .61036g”2≈1036
�
msparticle

Λ

�
4

≈1036
�
1–10TeV

Λ

�
4

≈10−16–10−12;

ð55Þ

for Λ ≈ 1016 GeV.
This estimate decreases by 4 orders of magnitude,

down to ≈10−20–10−16 for Λ ≈ 1017 GeV. A constraint
of less than about 2 10−14 on jδj, as obtained at 2σ from the
MICROSCOPE results, thus already provides useful infor-
mation on an extremely weak long-range interaction
associated with a very large energy scale. To fix the ideas,
with sparticle masses of the order of 3 TeV/c2 and an
inflation scale around 1016 GeV, we might expect in this
framework apparent violations of the equivalence principle
with an Eötvös parameter δ roughly of the order of 10−14,
not much below the present MICROSCOPE limit [1].

B. A huge vacuum energy density ∝ 1/g”2, the inflation
of the Universe, and supersymmetry breaking with

a very heavy gravitino

The term ξ”2/2 in (49), from expression (47) of the
potential, appears as the very large contribution of the
ξ”D” term in L to the vacuum energy density, evaluated
when all spin-0 physical fields vanish. It may be responsible,
by itself or jointly with a linear superpotential term σS, for
the very rapid inflation of the early Universe, with a huge
contribution to its initial vacuum energy density V∘ ¼
ξ”2
2
þ jσ2j. This connection with inflation, from D and F

terms in the potential, associated with a very small extra-
Uð1Þ coupling g” and avery lightU boson that could lead to a
new long range force, was already pointed out long ago [28].
The contributionD”2/2 to the vacuum energy density can

decrease quickly from the initial ξ”2/2 to a lower ξ”2eff /2 as
the result of a dynamical modification of the ξ”D” term,
possibly induced by the translation of a bilinear form in
spin-0 fields, hφ†φi, strongly coupled in a hidden sector.
The vev of auxiliary F components of chiral superfields,
when present, may also be modified (or simply generated)
through the change jσj → jσeff j. We ignore here possible
contributions from weak-hypercharge and weak-isospin
auxiliary D fields, which play no significant role in this
discussion. The Universe gets ultimately almost flat, but for
an extremely small residual cosmological constant, thanks
to the supergravity contribution −3m2

3/2m
2
Planck/8π cancel-

ling out in the final vacuum state, almost completely, the
d2/2 ¼ ξ”2eff /2þ jσeff j2 energy-density contribution fromD
and F terms [28–30]. With

ðξ”; σÞ → ðξ”eff ; σeffÞ; ð56Þ

during a rapid phase of expansion of the Universe, this
change in the vacuum energy density ρvac may be expressed
as [31]

ρivac ¼
ξ”2

2
þ jσj2 − 3mi 2

3/2m
2
Planck/8π ↘

ρfvac ¼ ξ”2eff
2

þ jσeff j2 − 3m2
3/2 m

2
Planck/8π ≃ 0: ð57Þ

The≃0 for ρfvac may be replaced byΛccc4/ð8πGNÞ in which
Λcc is the value, extremely small, of the cosmological
constant taken as responsible for the present acceleration of
the Universe.
The inflation scale is then defined as

Λ4
inflation ¼ ρivac − ρfvac ≃

ξ”2 − ξ”2eff
2

þ jσj2 − jσeff j2; ð58Þ

assuming for simplicity that the gravitino mass does not get
significantly modified during this early expansion phase of
the Universe. Assuming also that ξ”2eff is of the same order
as Λ4

inflation and combining (53) and (58), we get as in (54)

MICROSCOPE LIMITS FOR NEW LONG-RANGE FORCES … PHYS. REV. D 97, 055039 (2018)

055039-9



jg”j ≈
�
msparticle

Λinflation

�
2

; ð59Þ

leading to the estimate (55) for the Eötvös parameter δ.
Let us now consider the mass of the gravitino, fixed in

flat (or almost flat) spacetime by the product of the
gravitational coupling κ ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

8πGN
p

with the supersym-
metry-breaking scale parameter, defined by d2/2 ¼ F2

ss ¼PhDi2/2þP jhFij2 ¼ jξ”eff j2/2þ jσeff j2, leading to

m3/2 ¼
κdffiffiffi
6

p ¼ κFssffiffiffi
3

p : ð60Þ

This relation also ensures that the �1/2 polarization states
of a very light spin-3/2 gravitino have enhanced gravita-
tional interactions, and behave very much as a massless
spin-1/2 goldstino with non-negligible gauge couplings ≈
g” [29] (but this is not the situation in which we are
interested here). It implies that the present energy density of
the vacuum ρfvac in (57) cancels out, almost exactly but for
an extremely small contribution associated with a non-
vanishing cosmological constant Λcc.
We assume ξ”eff ≠ 0 so that it contributes effectively to

spontaneous supersymmetry breaking, and express it rel-
atively to d as in [29], according to jξ”eff j ¼ d cos θ”. It
leads, within supergravity [including if needed a possible
contribution of the R-symmetry current to the Uð1ÞF
current associated with (4)], to a gravitino mass

m3/2 ¼
κdffiffiffi
6

p ¼
ffiffiffiffiffiffi
4π

3

r
jξ”eff j

mPlanck cos θ”
≈

jξ”eff j
mPlanck

; ð61Þ

with κ ¼ ffiffiffiffiffiffi
8π

p
/mPlanck ≃ 4.1 10−19 GeV−1. With jξ”eff j ≈

m2
sparticle/jg”j from (53) we obtain a relation between the

gravitino mass, the gravitational coupling κ, the boson-
fermion mass2-splittings and the extra-Uð1Þ coupling g”,
expressed as in [29] according to

m3/2 ≈ κ
m2

sparticle

jg”j cos θ” : ð62Þ

A very heavy gravitino is then naturally associated with a
very small gauge coupling (while, conversely, a very light
onewould have a goldstinolike behavior with non-negligible
gauge couplings).
A very large ξ”eff , associated with a very small g”

as considered in [19,29], corresponds to a very large
supersymmetry-breaking scale

Λss ¼
ffiffiffiffiffiffiffi
Fss

p
¼

ffiffiffi
d

p

21/4
¼

�
3

8π

�
1/4 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m3/2 mPlanck
p

¼ jξ”eff j1/2
21/4cos1/2θ”

; ð63Þ

with a heavy gravitino, leading to

jg”j ≈ m2
sparticle

m3/2 mPlanck
≈
�
msparticle

Λss

�
2

: ð64Þ

And, using (37) to estimate δ from g”, to

δ ≈ 1036
�

m2
sparticle

m3/2 mPlanck

�2

≈ 1036
�
msparticle

Λss

�
4

: ð65Þ

Taking m3/2 ≈ 1013 GeV/c2, i.e. supersymmetry broken “at
the very large scale” Λss ≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m3/2 mPlanck

p ≈ 1016 GeV,
withmsparticle ≈ 1 to 10 TeV/c2, leads again to g” ≈ 10−26 −
10−24 as in (54), and to an Eötvös parameter

δ ≈ 10−16–10−12; ð66Þ

decreasing to δ ≈ 10−18–10−14 for m3/2 ≈ 1014 GeV/c2.

The first results of MICROSCOPE, constraining
the Ti-Pt Eötvös parameter jδj to be less than
about 2 10−14 at 2σ, confirm that a new long-range force
added to gravity must be extremely weak, typically
with a gauge coupling g” smaller than 10−24, providing
increased constraints on its possible magnitude. Testing the
equivalence principle to a very high degree of precision
may be the most powerful way to look for extremely feeble
long-range forces, complementing the search for very
heavy particles and short-range interactions performed
at LHC.
Should such a force be observed, its characteristics may

allow to find out if it is due to a spin-1 U boson mediator,
effectively coupled to B and L, and help shedding light
on a possible unification of weak, electromagnetic and
strong interactions. The extremely small couplings tested,
down to less than 10−24, may be related to a very large
hierarchy of mass scales by a factor ≈ 1012 at least,
involving the ratio of a moderate scale ≈ a few TeV’s as
tested in LHC to a very large one typically ≈ 1016 GeV, as
may be associated with grand-unification or compactifica-
tion, inflation, or supersymmetry-breaking with a very
heavy gravitino.
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