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Abstract: We examine the embedding of dark energy energy models based upon supergravity. We analyse the structure of the soft supersymmetry
breaking terms in presence of dark energy. We pay attention to their dependence on the quintessence field and to the electroweak symmetry
breaking, ie the pattern of fermions masses at low energy within the MSSM coupled to quintessence. In particular, we compute explicitly how the
fermion masses generated through the Higgs mechanism depend on the quintessence field for a general model of quintessence. Fifth force and
equivalence principle violations are potentially present as the vev of the Higgs bosons become quintessence field dependent. We emphasize that
equivalence principle violations are a generic consequence of the fact that, in the MSSM, the fermions couple diffeently to the two Higgs doublets.
Finally, we also discuss how the scaling of the cold dark and baryonic matter energy density is modified.
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1- Introduction

2- Quintessence field as the simplest HEP dark energy model: definition
& general properties & connection with high energy physics

3- Quintessence and the rest of the world. Consequences of the
interaction & illustrations on simple cases

4- Dark energy & dark matter

B- General conclusions
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The fact that the expansion of the Universe is accelerated is now supported by
many independent measurements ... 2
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-The presence of a fluid with negative pressure [ gt | =~
(ie dark energy) and representing 70% of the total T g
energy density in the Universe is a priori a possible s = F e e

explanation.

-We would like to understand the physical nature of
this fluid from the high energy physics point of view in

= 40

order to see whether this is a viable alternative. For sl
this purpose, it seems natural to consider the QFT }
prototypical model: a scalar field (the potential "o
energy being dominant) oo 2 !

NB: This does not solve the CC problem. Instead
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gt Quintessence A

A model of quintessence will be regarded as “interesting” if the present-day cosmology
is independent of the initial conditions: this is the case if one of the solution of the
Klein-Gordon equation is an attractor
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This turns out to be the case for the inverse power law potential: eg Ratra-Peebles
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gt Quintessence T

|

- The energy scale M of the potential ED?E_ -
is fixed by the requirement that the 15F .
quintessence energy density today F ]
represents 70% of the critical energy— 10 _
density 3 F 5
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logyo [M (GeV)] ~ 1 s . . 3
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The mass of the field is tiny

10°

2 1 Peri = 2 =
mg = V= = ~ ( 10 eV) =
P

8
5

ie very long range force: danger because
already well constrained by various experiments

:jl
(1]

strength [oe

- .. but the vev is huge
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1- Can we find a candidate for the quintessence scalar field in particle physics?
There is no candidate in the standard model of particle physics. Hence, we
have to consider the extensions of this model. The most popular extensions

are based on supersymmeiry and/or supergravity.

2- Can we derive the Ratra-Peebles potential in a consistent way from particle
physics? The fact that the vev of the field today is the Planck mass indicates that
supergravity is the correct framework to address this question.

3- What is the influence of the quantum corrections on the shape of this potential?

4- If the dark energy is just a field, does it interact with the rest of the world?
Can we compute this intferaction?

5- Can we go even further and establish the link between dark energy and siring
theory? Can we find a candidate with a stringy inferpretation? .
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As argued before, we use super-gravity ... more precisely, let us consider the standard
formula for the F-term potential
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The big uncertainty is: what are the Kahler and super potentials in this sector?
It is necessary to know them in order to compute the physical effects in detail.
A priori, tTwo main possibilities come to mind immediately

Polynomial (regular at origin): No scale:moduli quintessence (connection with string theory)
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As argued before, we use super-gravity ... more precisely, let us consider the standard
formula for the F-term potential

4 ™
S = 2 3 = 2
VQuint o ehﬂqumt (lDQunim:| e E HVC[uintl )

b J'rl

The big uncertainty is: what are the Kahler and super potentials in this sector?
It is necessary to know them in order to compute the physical effects in detail.
A priori, tTwo main possibilities come To mind immediately

Polynomial (regular at origin): No scale:moduli quintessence (connection with string theory)
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Super-gravity & Qui

So let us fry to construct the supergravity version of the Ratra-Peebles potential. A

« relatively general » (1) Taylor expansion leads to
=% -
. : - ' b XX
Fquiut — '“YJ{I _i_ QQI L3 } }_T El LB (QC?) ) _|_ F—) ( ) )-3' (QQ - )
m_? mZP—= mZ = m2
(XX1)" (QQ'
el 2m-+2n—2 ) Z (*KQ}L + ¥ }D‘j gt =%
e a=1 Mass scale: cut-off of the
. effective theory used
W . = AXTY | Z AG‘Y‘;’YQ o NB: can be justified if the charges of X, Y and
' Q under U(1) are 1, -2 and Q)

(=8 =53 H'Qmm b

ﬁﬁﬁﬁﬁﬁﬁﬁ

€1 =0 no quadratic terminY, p>1

Furthermore, one requires that

e— no direct coupling between X and Q,
~ otherwise the matrix is not diagonal
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Straightfoward calculations, ie applying the simple formula giving the F-term, lead to

the following expression for the quintessence potential
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As argued before, we use super-gravity ... more precisely, let us consider the standard
formula for the F-term potential

-~

o = 2 3 % 2
VC{uint =— ehﬁqumt (lDquuinﬂ = E ‘unintl )
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The big uncertainty is: what are the Kahler and super potentials in this sector?
It is necessary to know them in order to compute the physical effects in detail.
A priori, tTwo main possibilities come to mind immediately

Polynomial (regular at origin): No scale:moduli quintessence (connection with string theory)
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So let us fry to construct the supergravity version of the Ratra-Peebles potential. A

« relatively general » (1) Taylor expansion leads to

£\ g it -
t f + | Y¥! QOF XX
'E:quiut — '“-KF"YI _I_ QQI D }.F}_I El K3 @ _|_ _’% Q 2 1 2
m-=4 m EP_ m 2 m:,
rxn" =
..y i . R
2m+2n—2 0k
M. = Mass scale: cut-off of the
effective theory used
W — AXZY + Z )\QJLE Yo +--- NB: can be justified if the charges of X, Y and
- Qunder U(1) are 1, -2 and Q)
——— (¥) =0, (¥.)=0 =(W,..)="f
" *  (Xi=—t, (X)=5
Furthermore, one requires that e ={ no quadratic ferm inY, p>1

no direct coupling between X and Q,

€3 =10 otherwise the matrix is not diagonal
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So let us fry to construct the supergravity version of the Ratra-Peebles potential. A

« relatively general » (1) Taylor expansion leads to
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Mass scale: cut-off of the

mZ

=1
effective theory used

W e = AX “¥ I Z AaX, Y., NB: can be justified if the charges of X, Y and

Qunder U(1) are 1, -2 and Q)
e & <-} ) i ‘I};}:: =0 <I1;rQumt E.." = (
fg::':r?' & Q X‘ = <*Yﬂ ’ = *Eﬂ'

€1 =0 no quadratic ferminY, p>1

e no direct coupling between X and Q,
3= otherwise the matrix is not diagonal
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Straightfoward calculations, ie applying the simple formula giving the F-term, lead to

the following expression for the quintessence potential
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Super-gravity & Qui

So let us fry to construct the supergravity version of the Ratra-Peebles potential. A
« relatively general » (1) Taylor expansion leads to

N et 2
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effective theory used
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Furthermore, one requires that €1 = no quadratic ferm inY, p>1

e —) no direct coupling between X and Q,
3 — otherwise the matrix is not diagonal
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Straightfoward calculations, ie applying the simple formula giving the F-term, lead to

the following expression for the quintessence potential

£ v
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Super-gravity & Quintessence

Criticisms and drawbacks of the previous approach

1- The model is a compromise between our desire to reproduce the Raira-Peebles potential
on one hand and To keep the formula as general as possible on the other hand. Nevertheless,
iT remains rather complicated.

2- Terms in The most general Taylor expansion have to be killed without a really convincing
(ie physical) argument

3- The scale M can be high (by particle physics standards) but there is a problem with
the ferm &. In order to have a high £, the cut-off scale should be small compared fo

the Planck scale (for a coupling constant of order one) ... but, then, the Taylor expansion
is no longer under controll

2
- 1 my, 9/ ,OU-J‘
\/X mc Cri

4- But we have not yet taken into account the coupling with the rest of the world
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A

Straightfoward calculations, ie applying the simple formula giving the F-term, lead to
the following expression for the quintessence potential
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So let us fry to construct the supergravity version of the Ratra-Peebles potential. A

« relatively general » (1) Taylor expansion leads to
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Furthermore, one requires that

no direct coupling between X and Q,

€3 =0 otherwise the matrix is not diagonal
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Super-gravity & Quintessence

Criticisms and drawbacks of the previous approach

1- The model is a compromise between our desire to reproduce the Ratra-Peebles potential
on one hand and To keep the formula as general as possible on the other hand. Nevertheless,
iT remains rather complicated.

2- Terms in The most general Taylor expansion have to be killed without a really convincing
(ie physical) argument

3- The scale M can be high (by particle physics standards)but there is a problem with
the ferm &. In order to have a high £, the cut-off scale should be small compared fo

the Planck scale (for a coupling constant of order one) ... but, then, the Taylor expansion
is no longer under controll

2
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4- But we have not yet taken into account the coupling with the rest of the world
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Straightfoward calculations, ie applying the simple formula giving the F-term, lead to

the following expression for the quintessence potential
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Super-gravity & Qui

So let us try to construct the supergravity version of the Ratra-Peebles potential. A

« relatively general » (1) Taylor expansion leads to
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W o = A %, 55 i Z Aa X, i % NB: can be justified if the chargesof X, Y and
Qunder U(1) are 1, -2 and Q)
——— (V) —0. (¥.)—0 (W, ) —0
constars < > (X) =8 Kol =L
Furthermore, one requires that €1 =0 no quadratic terminY, p>1
—0 no direct coupling between X and Q,
€3 = otherwise the matrix is not diagonal
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As argued before, we use super-gravity ... more precisely, let us consider the standard
formula for the F-term potential

-~
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The big uncertainty is: what are the Kahler and super potentials in this sector?
It is necessary to know them in order to compute the physical effects in detail.
A priori, Two main possibilities come to mind immediately

Polynomial (regular at origin): No scale:moduli quintessence (connection with string theory)

Kquine = QQ"+XX' B oo — —iln [Hl - (Q + Qi—)
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+ YY? w A
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IITquim . }‘-*YEET o Irquinr == qumm {(2
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Super-gravity & Quintessence

Criticisms and drawbacks of the previous approach

1- The model is a compromise between our desire to reproduce the Raira-Peebles potential
on one hand and o keep the formula as general as possible on the other hand. Nevertheless,
iT remains rather complicated.

2- Terms in The most general Taylor expansion have to be killed without a really convincing
(ie physical) argument

3- The scale M can be high (by particle physics standards)but there is a problem with
the ferm &. In order to have a high £, the cut-off scale should be small compared fo

the Planck scale (for a coupling constant of order one) ... but, then, the Taylor expansion
is no longer under controll

2
- 1 my, a/ plX_-i
\/X mc Cri

4- But we have not yet taken into account the coupling with the rest of the world
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What are the effects of the
SUGRA corrections?

1- The attractor solution still exists since for 3
large redshifts, the vev of Q is small in comparison
with the Planck mass

2- The exponential corrections pushes the
equation of state towards -1 at small redshifts

L _@2-V(Q)
7 @Q2+V(Q)

= Wp +wiz+---

3- The present value of the equation of state
becomes "universal”, i.e. does not depend on a
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ol The "mSUGRA” framework

One has to embed dark energy in a consistent sugra framework. Let us first
describe how it works for ordinary matter

Usual structure of the standard model: two sectors

Gravity mediated J*'ﬁ

Kobs = X" 6ad) + - Kinig = ¥ 2is] +
- i

b = = | Whia = W (2;)

II‘DDS = EZ Aabt:@ﬂmhﬁﬂ hid — <3
abe
| N T e e e
—I— — v Qa® WRNEre susy Is Droken: | gloyni TIEId ETC ..
2 % ﬂ'.b b
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o The "mSUGRA" framework 3

In supergravity, although the sectors are separated, they communicate (through
gravitation) and the fields in these separate sectors interact. The form of the
intferaction is completely specified.

K = Kops + Kh The Kahler and super- potentials of each sector only
- . ) depend on the fields of that sector
W = Wops + Wh

Then, the F-term leads to V =K ( pwiz -3 II"E)
=
: 9K, | Wy 0K, _ oW,
1' _ {?hh {I{-!] s (hri,() Lh i Ui h) h_.[.[,__ d "L._} g {j !1
UZJ. UL?_J. U:il U:..'

Kobs  Wobs ) iyt OFobs | OWoy,
[ = =
UDF_; f-}rjb [:}f::'(lt (I-}r-.-:ll'll

LK (—1)%% (HH - 7E ) — 3xe"Ewwi
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ol The "mSUGRA” framework =

The hidden sector is not known but, as in the standard case, can be
parameterized with a few numbers: gravitino mass, scalar mass etc ..

At high energies (typically 6UT scale)

8;5 L'r(:j. <Oa> — 0) — ()

Susy brecking scale

i3 ) = 172 / OWhia
6Y2(2; ) min = a; £ (Whid) i =~ M, &Y < > ~ ¢; M
min

l 3::1-
L 37 jal?/2 ¥
B = YA M (a; +c¢;) #0  « Supersymmetry is broken »
V R H'KV + A S Ond P
mSUGRA ~€ susy T “labe | PaPbPc T PaPpPc

W F ot 2 . i
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e —
ol The "mSUGRA” framework: g

The presence of the hidden sector affects the Electroweak transition. In
the mSUGRA model, one has

- There are two Higgs doublet instead of one

- The EW transition is intimately linked to the breaking of SUSY

Without the breaking of SUSY, the Higgs potential only has a
global minimum. The breaking of SUSY modifies the shape of
the potential through the soff ferms

' 'K r f : T - 1.5
-I/IIISL_GRA i i + eh | I/SUSY_ + iilabc (@a@bﬁjc + @é@éoé)

¥

Weope = u(HTHT — HOHO) + - .. ‘L -

~aps it B Soft tferms proportional to the SUSY
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without the
soft terms

: 3 O
Then, the particles acquire mass when the iy — Aot H )
Higgs acquire a non-vanishing vev

O
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£ Gravity mediated

Modification of the

Kobs = %: badg 1+ Kpig = Z :_3____‘,!_? n

L
Whia = W(z)

- 1
["'DDS = gz)‘rﬁx:@ﬂ@h@ﬂ

e Quintessen
1 couplings &m

> Z HabPaPp
ﬂb ,."|l

Wn'l’assmce sector ) ] _
,. K — LA quint (da ) y

quint —

% -quint — | unint ( da J
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3 1
Vobs = gz}‘am:@ﬂ@h@ﬂ

Quintessen

abe | P
1 couplings &m
=+ E E Hab@PaPp ;
ab /
¥
/
/
Quintessence sector

B‘-quiﬂt — Fquint(da) ’

H'quim — ”"—quint(da)
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= The hidden sector in presence of dt

i

The hidden sector is not known but, as in the standard case, can be
parameterized. However one has now arbitray functionsl!

At high energies (typically GUT scale)
8.,V (21, Q. (¢a) =0) =0

|

Hlf?(nﬂ':-i >min ™~ a; (Q)

& (Whid) min =~ Ms(Q)

. | OWiy
kl/? a—?d Eci(Q)ﬂ"Is(Q)

min

The soft terms become « dark energy dependent »
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P’:hl'd — Z :.J;:!-T ‘|— i

: 1 , v
Vobs = g Z AabePaPpPc Whia =W (i)

ke Quintessen
1 couplings &m

> Z HabPaPp
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-
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#~  The hidden sector in presence of de T
3 =

The hidden sector is not known but, as in the standard case, can be
parameterized. However one has now arbitray functionsl!

At high energies (typically GUT scale)
8-V (2;,Q, (6a) =0) =0

|

Hlfi(£i>min =~ a; (Q)

K <];I'rhid>min = ‘;‘U-S (Q)

1){2 ar['hld
8:3:1-

K

min

The soft terms become « dark energy dependent »
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———————————————
g Consequences i

Conseqguence I

The dark sector and the hidden sector interact. As a consequence the shape of
the quintessence potential is modified: nothing but "soft terms” in the dark sector

—— - 1 o . It ¥ I i 1

3 cshaohne NnT the acliTiert notential cifall Aenencdent n hartictilor 1 Adenenc e nn
| NE snNape o1 Tne moditied porential Is Qdel dependent., In particulat I depends on
i i 3 ™ | M | i
+ idcen cortnrm 11t n a reaorilt n ~mr Araatieall nonne T ¥ AT Th

ne niaden seCcTor. put as a resuit, ane n drastically cnange The mass oi e

/ -
. - - 1
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Consequence 11

Since the soft terms in the obsevable sector becomes quintessence dependent,
this means the vev of the two Higgs will also become quintessence dependent and,

hence, the mass of all the fermions will also functions of Q
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Quintessence & rest of the

In the case of the SUGRA model, and for an arbitrary hidden sector, the
explicit form of the soft terms is given by

5 a@; 2 1 7 2 ‘
4&&:: . Aabcm}:f‘?e Kquint Z lai]|*/2 [1 == Z ‘ﬁ;| =5 — Z a;C; + 73“ (hQ + H& = 3)]
Bab = HabMs3 /2€" Kauincg) |, 19:1°/2 [1 + — Z a;|” + = Z a;c; + _— (rQ* + KE* — 5)]

Mep = mg/?.eﬁ a2 éal_}

If a=c=cte, then the quintessence field acquires a large mass and the calculation
'f the fermion mass is not so important

- However, if a=0 but ¢c= 0, one can maybe design a model where the complicated
Q-Aapandance of the coefficient c saves the runaway shape of the quintessence
‘otential. But is it fine from the gravity tests point of view??
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All the masses (fermions etc ..) become dark energy dependent. Because
there are two Higgs vev, there are two types of particles:

1 R . _ : -
v [ j 1 4 ey 4 o5 2 32 HEF S} & 2 o oy T
Smat|Pus Pds Gpw]| = — = d*z\/—g __fj'“ 0y 0u0y0u + my (Q) o, + " 0,040,04 + m3 (Q) Og|+---

m— ——

"u particle” "d particle”

Through redefinitions, this
type of theory can be put
under the form of a
scalar-tensor like theory,
the difference being that
there are now two coupling
function:
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1- Presence of a fifth force DT
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Example of the SUGRA model (no systematic = Ruled outt !
exploration of the parameters space yet) . 5 1
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2- Violation of the (weak) equivalence
rinciple (because there are two Higgs!)

Aa a, —a |

= T S il S - - .

Nagp = ( —— ~ —Qp (ﬂ-s. Ct!?.;

: ) 9 = ' I
(1 e ﬂ__,\ i

Current limits: 7, = (+0.1=2.71.7) X 1

3- Other possible effects

fite "Microscope..

PrsdfgPidtion of constants (fine structure constant efc ..), proton to electron mass ratio, w4



ol A no-go theorem? _ g

The quintessence potential is modified The fermions mass pick up a
by the hidden sector quintessence dependence

The potential is still of
the runaway type and its
mass is mg~ Hok 10-3 eV

The potential acquires a minimum and
the mass of Q typically becomes the
gravitino mass mz,>> 10-3eV

The model is safe from the gravity | One has to check whether the
experiments point of view but is not | model is safe from the gravity
interesting from the cosmological | experiments point of view.
point of view E "Polynomial models” : not compatible

(chameleon if hidden Sec. not trivial??)

"No scale models” : not compatible




]
. Summary s .3@'
Conclusions:

1- Supergravity seems to be the natural framework to build sensitive models
of quintessence. It implies a non trivial coupling between the dark sector and
the observable sector.

2- Many interesting consequences seem to show up: fifth force, WEP
violation, Chameleon effects, variations of constants efc ..

3- However, when one comes to the quantitative predictions, one faces very
serious problems. In addition, these predictions are very model-dependent. The
Fact that we do not the hidden sector is a serious limitation

Punch-line: Either the model is fine from the gravity point of view because
its mass is large (gravitino mass) but uninteresting from the cosmological point
of view or it is fine from the cosmological point of view because its mass is
small (Hubble length) but, then, the corresponding range of the force is large
and it is difficult to build a model consistent from the gravity experiments
point of view. Quintessence no-go theorem?

But strong assumptions on the hidden sector and on the separate sectors ..
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2- Violation of the (weak) equivalence

principle (because there are two Higgs!)
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3- Other possible effects

PisifgRi¥tion of constants (fine structure constant etc ..), proton to electron mass ratio, 294



