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(Einstein) Equivalence “Principle” (EP)

¢ Not a basic principle of physics J

¢ A heuristic generalization of an experimental fact: “hypothesis of equivalence”
(Einstein) — very successful in building General Relativity (GR) J

Einstein’s GR:
Nuv — Guv (x)
absolute, elastic spacetime,
rigid spacetime  dynamically influenced
by matter

BUT all the coupling constants of local (special relativistic) physics remain as
absolute and rigid as in Special Relativity (SR):

Ja, Y, ABen, MBen — Non dynamical ga, Y, ApeH, UBEH
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What determines the coupling constants?

e Very unsatisfactory to put them by hand: this is against the “principle of
reason” nihil est sine ratione (Leibniz)

4

e The history of physics suggests that there are no absolute structures in
physics

vy

Kaluza-Klein’s idea:

_ g12 ~ L — (X)
8 4nhc ~ 137 955

g1 or oem =

higher-dimensional
elastic spacetime

v

Dynamical symmetry breaking: the vacuum state minimizes the energy V(o)
which dynamically determines

<¢>~% — Mg ~ Yold) ~ Yo
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Varying Coupling Constants and EP Violations

Then if any of the coupling constants of local physics
(€.9., Xem, Me/Mp, Mq/Mp, .. .) is x-dependent

— violation of equivalence principle (Dicke 1962)

Notably violation of universality of free fall

Sui = = | milax), .. /=g () i o

Composition-dependent acceleration

S L = . 0fnm; >
ai=9g-—Vvinma(x),..]=9g— a“'Voc—...
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General dilaton-like model of EP violations

Assume general dependence of coupling “constants” on some “dilaton” field
@ : aem(@), (Mg/Aacp) (@), (Me/Aacp)(®),.... Then the dependence of my

upon fundamental coupling constants:

m, mg Mg
ma = Aacp Ma <<XEM )
" Aaco’ Aaco’ Aaco
— a ¢ dependence of my and a corresponding dilaton coupling to my
0lnm
oLy = A(@)
0¢

Composition-dependent modification of Newtonian interaction

V(r)= —gTAMB

In the following: inverse range of ¢ : m, = 0. — Weak EP violation

(14 s B e*’"‘P’)

Aa
a /s
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General Dilaton Low-energy Couplings

(Damour-Donoghue10)

Organizing principle: keep track of all the possible ¢ couplings entering the
effective action describing physics at the scale of nucleons. At this scale: heavy
quarks (c, b, t; and, arguably, s) are integrated out.

1 1 - -
—ge2 Y - ZFSVFA”V + ) [nb,-lD(A, GaA* b — mibib;

i=e,u,d

Lett =

Five terms in L. — five possible (dimensionless) ¢ couplings:
de) dg,dme>dmu)dmd

d q .
Ling = @ |+7 7 Fuv F* = ;£3F§VFAHV_ > (dm,+ym,dg)m,-1|),-1b,-] :

i=e,u,d
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Relation between dilaton couplings d, and the

“constants of Nature”

The five possible dilaton couplings d; = {de, dg, dm,, dm,, dm,} are equivalentJ
to:

fine-structure constant o = e—; =] 1‘? —Safe)=1+de@) x J
QCD energy scale Az ~100MeV — Ag(@) = (1 + dg @) A |
electronmass me — me(@) = (1 + dm, ©) Me J
light-quark masses at QCD scale m;(A3) — [mj(A3)l(e) = (1 +

Am, @) Mi(Az), i = u,d J
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Ratios of dimensional parameters

As the Planck scale 1/x = 1/v/ 47 G does not directly enter physics at the QCD
scale (besides its possible impact on Az via Agyroff o< 1/k7) :

Mass of an atom:

m, mg m
ma = Az My (/\;/\:)/\:)“)

where M, is a dimensionless function of four dimensionless quantities:

mu md me
Ka = (Ku, Kdy Key ko) = | - ) 5 &
a (u d)y Re ) (/\3 A3’ As )
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Composition-dependence of ¢ coupling to atom

0In[kmy(@)] Z dIn[kma(ka)] 0ka

T e dka ¢

a

where dy = % is a universal (non EP-violating) contribution and

OMjy
olnu

1My 1 oMy
AT My 09 Mg 2 (G, —dg) 5y + de

a=u,d,e
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Analysis of scalar couplings to the binding energy

of nuclei

Need to relate the various contributions to the nuclear binding energy

(A—ZZ)2 Z(Z—1) ap
A t+ac Al/3 *6A1/2

Ebind — *aVA‘F aSA2/3 + a,

to the variability of light quark masses my, mg, or fit = ™2™ 5m = my — m,,.

4

Possible by combining Walecka-type analysis of nuclei binding (parametrized
by scalar and vector coupling strengths Ggs, Gy) with recent work of Donoghue
(2006) on the pion-mass dependence of Gs and Gy:

—pind _ (A — dg) _ 2/3y 2 OMs
&y = —A (120A 97A )I”7Ta 721
ons _ o 0ns _
3 _m7ra 72r_ 0.35+0.10
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Implications for the Equivalence Principle

XA = dg + Xa
xa = [(dfh - dg)ofh + (dém - dg)oém + (dme - dg)ome + deoe]A

where the various “dilaton charges” Qx, are given by
(With Fa = Amamy/mya ~ 1)

0.036 (A—22)2 W Z2(Z-1)
Qfﬁ_FA 0.093 — A1/3 0020A——14X10 W 9
Qsm = Fa [0.0017 A _AZZ] ,

Qm, = Fa [5.5 x 1074 %] ,

V4 Z(Z—-1) 4
QezFA[ 14+82A+77W]X10 .
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Simplified Parametrization of EP Violations

Under plausible approximations, only two dilaton charges dominate:

Qy, linked to average quark-mass sensitivity to nuclear binding, and Q; = Q;
linked to the fine-structure constant:

XA =~ dy + [(dm — dg)Qf, + deOé]A

0.036 4 Z(Z-1)

4Z(Z-1)
_ 4
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Approximate EP-violating “dilaton charges”

Table : Approximate EP-violating ‘dilaton charges’ for a sample of materials. These
charges are averaged over the (isotopic or chemical, for SiO,) composition.
Material A V4 -Qy, Q;
Li 7 3 18.88 x10~% 0.345 x10°3
Be 9 4 17.40 x10% 0.494 x10°3
Al 27 13 1227 x10~% 1.48 x103
Si 28.1 14 121 x10°3 1.64 x103
SiOo .. 13.39x10° 1.34 x10°3
Ti 479 22 10.28 x10°% 2.04 x10°3
Fe 56 26 9.83x10°% 234 x10°3
Cu 63.6 29 9.47 x10°3 2.46 x10—2
Cs 133 55 7.67 x1073 3.37 x1073
Pt 1951 78 6.95 x1073 4.09 x103
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Composition-dependence of weak EP violations

General possible (dilaton-like) phenomenology (Damour-Polyakov’94, Dent’08,
Damour-Donoghue’10): A=N+Z

Aa |G Z? A—-27 (A—22)?
) AB— A1/3+02A4/3-|—03 A +Cs y 5

Plausible simplified (dilaton-like) phenomenology (Damour-Donoghue2010)

a ) LAV A3 | g

Two dominant EP signals, linked to nuclear physics (variation of mq/Aqcp) and
Coulomb effects (variation of agy = €2/hc)

4

Two material pairs suffice to constrain the two dominant EP parameters ¢, ¢, J

Dilaton-like models allow to a priori compare the sensitivity of various EP tests:
e.g. the “dilaton charge vector” of the pair Rb%®, Rb® can be compared to that
of Pt, Ti and is found to be ~ 10~2 smaller.
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Present Experimental Bounds

Using the two current EP experiments that have reached the 102 level,
namely E6tWash (Schlamminger et al. 2008)

A
<a) = (otge — otri) XEarh = (0.3 +1.8) x 1073
a4 /BeTi

and Lunar Laser Ranging (Williams et al. 2004, 2009)

Aa
<) = (“Earth - O‘Moon)“sun = (_1 0 + 14) X 10713
a Earth Moon
one can get constraints on the two dilaton parameters

Dp = dy (dm — dg) , De = dj de .
Namely, at the 20 level

Ds = +0.87 x 107°, Dy = +4.0 x 107°.
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Comparing the Experimental Sensitivities of EP

Experiments

The simplified dilaton framework contains three independent parameters, dy
(composition-independent) and dy = dg, — dy, de (composition-dependent). It is
quite predictive and can be used as a guideline for comparing and/or planning
EP experiments. Examples:

v

Comparing composition-independent  (Eddington’s y-parameter) and
composition-dependent
1—y:2dg2

e In dilaton models: 3 also link EP and tests of (PN) gravity

Aa 2 dq 1 _'YPPN

where dq =0 ﬂn(mq//\QCD)/a(p, dg =0 En(/\QCD/mplanck)/a(P and either dq = dg

or dq ~ dy/40. In the “worst case” 1 —y"™N ~ 10* Aa/a so that Aa/a~ 10~ % —
1— PPN ~10— 11

y
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Comparing the vectors of dilaton-charge differences

(Qfyy QL)pm = (3.33,2.04) x 1072

vs  (Qp, Qs,y Qm, Qe)s7mpesgy = (—3.3,3.4,—0.55,-9.2) x 107°.

3 also link between WEP and clock tests of EEP (e.g. grav. redshift) (see,
e.g., TD gr-qc/9904032). When comparing frequencies of atomic transitions
A* — A at two different locations rq, r>:

~14+ (1 + o ag)(Ue(r) — Ug(r))

where o
A _ dln E)

XA a(p
computable from coupling-constant dependence of E4 . E.g. for hyperfine
transition E4 o m, €* g,%’; e* Fu(Ze?).
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Anthropic-type argument for EP violation

(Damour-Donoghue2010)

Independently of any specific theoretical model one might argue (along the “an-
thropic” approach to the vast “multiverse” of cosmological and/or string back-
grounds) that:

v

(i) the EP is not a fundamental symmetry principle of Nature

(ii) the level n ~ Aa/a of EP violation can be expected to vary,
quasi-randomly, within some range of order unity over the full multiverse

(iii) as there is probably a maximal level of EP-violation, say n. # 0, which is
compatible with the development of life (and physicists), one should a
priori expect to observe, in our local environment, an EP violation n of
order ns.

Thibault Damour (IHES) EP Violations and Light Dilaton ONERA, Palaiseau 29-30/01/2013 18/20



Conclusions (I)

¢ EP is intimately connected with some of the basic aspects of modern physics,
and of the unification of gravity with particle physics.

v

e The historical tendency of physics to discard any absolute structures, as
well as the generalized Kaluza-Klein aspects (moduli) of string theory a priori
suggests there could exist EP violations.

vy

e The recent observation of p,,. ~ 1072 m#_ . poses a challenge to physics
which suggests that we are missing some key understanding of IR gravity. This
might provide additional motivation for EP violation (either via some Nambu-
Goldstone mode, or via anthropic arguments).

y

e Even within the “majority view” of the “moduli stabilization” issue, EP experi-
ments are testing a key assumption of current string models.

vy
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Conclusions (ll)

e 3 no firm prediction for level of EP violation, but some phenomenological
models show that the violation could naturally be just below the currently tested
level.

v

¢ In dilaton-like models, the composition-dependence of EP signals is (proba-
bly) dominated by two signals, depending on A~'/3 and Z2 A—4/3,

¢ In such dilaton-like models, there exist correlated modifications of gravity
(Aa/a, Y"™N —1 # 0, &y # 0, day/dU # 0, ...) but EP tests stand out as our
deepest probe of new physics, when compared to, e.g., solar-system (y**N) or
clock tests (&, or doy/dU). Indeed,

A2 _jg2% 1=V
a

where dq =90 Zn(mq//\QCD)/aq), dg =0 En(/\QCD/mplaan)/aq) and either dq dg
or dy ~ dy/40. In the “worst case” 1 —y"™ ~ 10* Aa/a so that Aa/a~ 10~"° —
1 _,YPPN ~ 10—11.

Thibault Damour (IHES) EP Violations and Light Dilaton ONERA, Palaiseau 29-30/01/2013 20/20



