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Abstract. We make use of the comparison between measurements of various pairs of
atomic clocks to impose constraints on coupled variations of fundamental constants in sev-
ers unification scenarios. We obtain null results for the proton-to-electron mass ratio ft/u =
(0.68+5.79)x107'® yr! and for the gyromagnetic factor g,/g, = (—0.72£0.89)x 10716 yr™!
(both of these being at the 95% confidence level). These results are compatible with theo-
retical expectations on unification scenarios (which we briefly describe), but much freedom
exists due to the presence of a degeneracy direction in the relevant parameter space.
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1. Introduction

Scalar fields help us to understand several cru-
cial aspects in fundamental physics and cos-
mology, such as the LHC evidence for the
Higgs particle, inflation, cosmological phase
transitions or dynamical dark energy. As there
is, as yet, no evidence for their presence in cos-
mological contexts, looking for them (or set-
ting constraints on scenarios invoking them) is
an extremely exciting and topical quest.
Probably the most direct way to look for
them is to search for spacetime variations of
nature’s fundamental constants (Martins! [2002;
Garcia-Berro et al. 2007; [Uzan| 2011). It is
well known that fundamental couplings run
with energy, and there are many classes of
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models in particle physics and cosmology in
which fundamental couplings are spacetime-
dependent. The fine structure constant @ and
the proton-to-electron mass ratio y are ideal
probes, and can currently be measured up to
redshifts z ~ 4.

As was amply discussed in this meet-
ing (and is reported elsewhere in these pro-
ceedings), the observational status of these
searchers is intriguing. There are astrophysical
measurements suggesting variations (Murphy
et al. [2004; Reinhold et all 2006; [Webb et
all2011) while others with comparable sensi-
tivity find null results (Srianand et al.| 2007
King et al.| 2008; Thompson et al.| 2009). One
of the goals of the UVES Large Program for
Testing Fundamental Physics (Molaro et al.
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2013FRahmani et al.| 2013)) is precisely to clar-
ify this issue.

Meanwhile, there are also several labora-
tory and astrophysical measurements that are
sensitive to various products of dimension-
less couplings, rather than to each of them
separately. Moreover, by combining several
of these measurements it is often possible to
break some of the associated degeneracies,
as well as to derive constraints on particular
classes of models of fundamental physics and
unification (Ferreira et al.| 2012} 12013).

In what follows we briefly describe the re-
sults of the application of this methodology
to current atomic clock measurements. A.M.
Monteiro’s contribution to these proceedings
describes an analogous study for the case of a
particular astrophysical system.

2. Constraints from atomic clocks

Mechanical clocks work by counting the vi-
brations of something which has a sufficiently
stable frequency (at the scale it is designed to
work), v. For instance, in a pendulum clock, the
frequency is a function of several parameters:

v = v(temperature, pressure, gravity, ...). (1)

In atomic clocks, the characteristic fre-
quency corresponds to the frequency of some
transition. In particular, for an atomic clock of
an alkali-like element, that frequency is the hy-
perfine frequency of the element—which de-
pends, again, on several quantities ((Luo et al.
2011)

Vifs = Vips(ReoCy Angss 8is @ 1, Frps(@),  (2)

where R;,r is the Rydberg constant, Ay, is
a numerical factor depending on the atomic
species, g; = 2u;/uy is the gyromagnetic fac-
tor (u; being nuclear magnetic moment and
Un = e/2m, the nuclear magneton), « is the
fine structure constant, yu = '::T” is the proton-
to-electron mass ratio and F, fsfa') accounts for
relativistic corrections.

By comparing clocks whose frequencies
have different sensitivities to parameters such
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as «, u and g;, we can therefore obtain con-
straints on the drift rate of the relevant param-
eter combinations. Schematically we’ll typi-
cally have a relation of the form

08n ob 0
+/lg"i +A,— +/lﬂ—’u
M

=1 6gp
- “8p b
VaB gp 8&n

6VAB

O
+ 2 (3)
a

By combining several measurements with
different sensitivity coeflicients, we can obtain
constraints on the drifts of the individual quan-
tities. And example of this type of analysis is
Luo et al.| (2011)) and we have recently updated
this using newer data (Ferreira et al.| [2012). In
what follows we summarise these results.

The experimental data is listed in Table [
and the resulting one-, two-, and three-sigma
likelihood contours in the w-g¢¢ plane are plot-
ted in Fig. [l Note that since thee first clock
comparison (Hg-Al) gives a direct and very
tight constraint on «, it is legitimate to use this
data set to impose bounds in the y — g, space.

From this combined analysis we calculated
the 95% confidence intervals for both parame-
ters

5 — (6.8 +57.6) x 10~ 7yr~! (4)
ic*' = 9.1+ 11.3) x 1077y (5)
Cs

or equivalently
8p —17, -1

. =(-72+8.9)x 107 'yr (6)
P

These should be compared to the value ob-
tained by [Rosenband et al.l (2008) :

g = (1.7 + 4.9) x 1077y )

Our results are therefore consistent with the
stability of the constants at the probed level of
precision. We note that there is a more recent
measurement for the variation of a (Leefer et
al. [2013)), but it has very little effect on our
results, since the bound of [Rosenband et al.
(2008) is much tighter.
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Clocks VB Vap/vap (yr'1) Ref.

Hg-Al 3208 (53+7.9) %107 Rosenband et al.l (2008))

Cs-SFq gesit'?a?® (=1.9+£0.12, +£2.7,,) X 10~™  [Shelkovnikov. et al] (2008)
Cs-H gespa®® (32+63)x 10713 Fischer et al] (2004)
Cs-Sr gespa’ (1.0£1.8)x 107 Blatt et al.] (2008)
Cs-Hg gespa®% (-3.7+3.9)x 1071° Fortier et al] (2007)
Cs-Yb gespa® (0.78 £ 1.40) x 1071 Peik et al.l(2001)
Cs-Rb  (gcs/grp)a®® (0.5+£53)x 10710 Bize et al] (2005)
Cs-Yb o™ 049040 x 105 Peikl (2010)
Cs-Rb  (gcs/gry)a®® (1.39£0.91) x 10716 Guena et al] (2012)

Table 1. Atomic clock constraints of varying fundamental couplings. The second column shows
the combination of couplings to which the clock comparison is sensitive, and the third column
shows the corresponding experimental bound. The measurements in the first seven lines were the
ones used in [Luo et al.l (2011); in our analysis the limits from Rubidium and Ytterbium clocks
(lines 6 and 7) have been updated to those in lines 8 and 9.

3. Phenomenology of unification

We can go beyond the previous analysis, by
using the data to constrain a class of unifi-
cation models with simultaneous but related
variations of several fundamental couplings—
specifically, for our present purposes, @, u and
gp - that are model dependent.

We will follow the approach of [Coc et al.
(2007) and [Luo et al.| (2011}, considering a
class of grand unification models in which the
weak scale is determined by dimensional trans-
mutation, and assuming that relative variation
of all the Yukawa couplings is the same. As
in |Campbell & Olive| (19935), we assume that
the variation of the couplings is driven by a
dilation-type scalar field. With these assump-
tions one can show (Coc et al.l 2007) that u
and « are related by

A _ [0.8R — 0.3(1 + S)]%, (®)
U a

where R and S can be taken as free phe-
nomenological parameters. On the other hand,
for the proton and neutron g-factors one has
(Flambaum| 2003; [Flambaum et al.| 2004}
Flambaum & Tedescol [2006])

A A
282 _10.10R - 0.04(1 + 522 )
8p o
A A

8n _ [0.12R = 0.05(1 + $)122 (10)
8n a

which together allow us to map any measure-
ment of a combination of constants into a con-
straint on the (R,S,a) parameter space.

Given the theoretical uncertainty, there are
two possible approaches to relate the various
parameters, further discussed in [Luo et al.
(2011). In a simple shell model:

A A A
28R L 0736282 ~ [0.07R - 0.03(1 + 5)1=Z (11)
8Rb 8p a

B3¢ L 1266252 ~ [0.13R+0.05(1451 22 (12)

8cs 8p a
while with a more accurate phenomenological
description, motivated from experimental re-
sults and including a dependence on g, and the
spin-spin interaction,

A A

SR ~ [0.014R - 0.007(1 + )12 (13)
&Rb @
Ages A
28G5+ [-0.007R +0.004(1 + S . (14)
8Cs a

The results of this analysis, with both sets
of assumptions, are shown in Fig. B} one can
see that given the current experimental uncer-
tainties the theoretical ones are not a limit-
ing factor (however, they may become a limit-
ing factor as the experimental results improve).
The degeneracy direction can be characterised
by

$S+1)-27TR=-5=%15 (15)
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Fig. 1. Atomic clock constraints on the p-gc, pa-
rameter space. The top panel shows the constraints
obtained with the data discussed in [Luo et al.
(2011), while the bottom panel shows the con-
straints derived from the most recent data, i.e. using
Peikl (2010), |[Guena et al.| (2012) instead of [Peik
et _al.l (2001), |Bize et al.| (2005). In both cases the
one-, two- and three-sigma likelihood contours are
plotted. Notice the change in the degeneracy direc-
tion. Reprinted, with permission, from Ferreira et al.
2012).

Given simple theoretical expectations on
unification scenarios, one may naively expect
typical values for R and S, say R ~ 30 and
S ~ 160. So, fixing these two separately, one
can find the following bounds for the other:

R=61+71, forS=160 (16)

S =76 +197, forR=30; (17
we note that In both methods of calculation
these values are in agreement, at the 95 % con-

fidence level. As one may expect from the fact
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Fig. 2. Atomic clock constraints on the R — S pa-
rameter space, using the same data as for the bot-
tom panel of[I] The one-, two- and three-sigma like-
lihood contours are plotted. In the top panel the
relations between the variations of the gyromag-
netic rations and « are the ones in the simple shell
model, while the bottom panel assumes the relations
in the more accurate phenomenological description.
Reprinted, with permission, from |[Ferreira et al.
(2012).

that the experimental values are consistent with
no variations, these results are compatible with
theoretical expectations on unification scenar-
ios.

4. Conclusions

We have considered the latest tests of the sta-
bility of natures fundamental constants using
atomic clocks and discussed their usage as a
tool to constrain unification scenarios. A global
analysis of existing measurements, assuming
the tight bound of Rosenband et al.| (2008)), al-
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lows us to obtain separate updated constraints
ony and g,.

We then used these same measurements to
set constraints on a simple but generic phe-
nomenological description of unification sce-
narios. The atomic clock results lead to a de-
generacy in the space of the two relevant phe-
nomenological parameters (R and S). This de-
generacy may be broken by measurements in
astrophysical systems that have different sensi-
tivities to these parameters. An example is pro-
vided in A.M. Monteiro’s contribution to these
proceedings.

Acknowledgements. We acknowledge the finan-
cial support of grant PTDC/FIS/111725/2009 from
FCT (Portugal). CIM is also supported by an
FCT Research Professorship, contract reference
IF/00064/2012. We would also like to sincerely
acknowledge the staff of the Sesto Center for
Astrophysics for the way we were welcomed.

References

Bize, S. et al. 2005, J. Phys. B, 38, S449

Blatt, S. et al. 2008, Phys. Rev. Lett., 100,
140801

Campbell, B.A. & Olive, K.A., 1995, Phys.
Lett. B, 345, 429

Coc et al. 2007, Phys. Rev. D, 76, 023511

Ferreira, M.C., Julido, M.D., Martins, C.J.A.P,,
& Monteiro, AM.R.V.L., 2012, Phys. Rev.
D, 86, 125025

Ferreira, M.C., Julido, M.D., Martins, C.J.A.P,,
& Monteiro, AM.R.V.L., 2013, Phys. Lett.
B, 724, 1

Fischer, M. et al. 2004, Phys. Rev. Lett., 92,
230802

Julido et al.: Probing unification with atomic clocks

Flambaum, V.V. 2003, arXiv:physics/0302015

Flambaum, V., et al. 2004, Phys. Rev. D, 69,
115006

Flambaum, V., & Tedesco, A. 2006 Phys. Rev.
C, 73, 055501

Fortier, T. et al.
070801

Garcia-Berro, E., Isern, J., & Kubyshin, Y.A.
2007, Astron. Astrophys. Rev., 14, 113

Guena, J. et al. 2012, Phys. Rev. Lett., 109,
080801

King,J.A. et al. 2008, Phys. Rev. Lett., 101,
251304

Luo et al. 2011, Phys. Rev. D, 84, 096004

Martins, C.J.A.P., 2002, Phil. Trans. R. Soc. A
360, 2681

Molaro, P, et al. 2013, A. & A., 555, A68

Murphy, M.T., et al. 2004, Lect. Notes Phys.,
648, 131

Leefer, N. et al., 2013, arXiv:1304.6940

Peik, E. 2010, Nucl. Phys. B, Proc. Suppl.,
203204, 18

Peik, E. et al.
170801

Rahmani, H., et al. 2013, M.N.R.A.S, in press,
cf. arXiv:1307.5864

Reinhold,E., et al. 2006, Phys. Rev. Lett., 96,
151101

Rosenband, T. et al. 2008, Science, 319, 1808

Shelkovnikov, A. et al. 2008, Phys. Rev. Lett.,
100, 150801

Srianand, R. et al. 2007, Phys. Rev. Lett., 99,
239002

Thompson, R.I. et al. 2009, Astrophys. J., 703,
1648

Uzan, J.-P. 2011, Living Rev. Relativity, 14, 2

Webb, J.K., et al. 2011, Phys. Rev. Lett., 107,
191101

2007, Phys. Rev. Lett., 98,

2004, Phys. Rev. Lett., 93,



	Introduction
	Constraints from atomic clocks
	Phenomenology of unification
	Conclusions

