arXiv:hep-ph/0304093 v2 10 Apr 2003

TIME VARIATION OF FUNDAMENTAL CONSTANTS AS A PROBE OF NEW PHYSICS

PAUL LANGACKER Department of Physics and Astronomy University of Pennsylvania Philadelphia, PA 10104 E-mail: pgl@electroweak.hep.upen.edu UPR-1036T

Time variation of fundamental constants would not be surprising in the framework of theories involving extra dimensions. The variation of any one constant is likely to be correlated with variations of others in a pattern that is diagnostic of the underlying physics.

1. Introduction

There has recently been reported evidence for a possible time variation of the fine structure constant on cosmological time scales 1. Such variations are not surprising in any theoretical framework for the unification of basic forces involving extra dimensions or in which dimensionless couplings are related to the expectation values of scalar fields. However, the variation of α is likely to be correlated with the variations in other fundamental quantities, such as other gauge and Yukawa couplings, and the ratios of such dimensionful scales as the unification and electroweak or supersymmetrybreaking scales, or the unification and gravity scales. Thus, the observation of such variations is a powerful probe of the underlying physics. I briefly summarize^a relevant issues and describe an analysis and parametrization of these effects done in collaboration with Matt Strassler and Gino Segrè 2.

2. Theoretical motivations

There have been speculations going back to the pioneering work of Dirac in 1937 that the fundamental “constants” of nature may vary in time 3^,4^,5^,6^,7. From a modern perspective, time-variation is not surprising. For example,

aPresented at the Dirac Centennial Symposium, Florida State University, Tallahassee, December 2002. 1

in superstring theories and many brane-world scenarios, couplings are associated with moduli (scalar fields), which could be time-varying. In fact, time variation could be expected in any theory in which some or all of the couplings are associated with the expectation values of scalar fields 8^,9, provided that they vary on cosmological time scales. In the standard model, for example, masses are proportional to the expectation value of the Higgs field. Gauge and Yukawa couplings can similarly be associated with the expectation values of scalar fields that occur in higher-dimensional operators.

As a simple example, suppose there is a higher-dimensional operator coupling a scalar ϕ to the electromagnetic tensor F_{μν},

L_{elm} ∼ 1 4 [ 1 + λϕ M_{PL} ] F_{μν} F^{μν} + · · · , (1) where λ is dimensionless and M_{PL} is the Planck scale. It is useful to then replace A_μ by A^′_μ, where

A_μ = A^′_μ ( 1 − λϕ 2M_{PL} ) , (2)

so that A^′_μ has a canonical kinetic energy. The couplings of charged particles to A^′_μ will then be canonical in terms of a rescaled electric charge e^′, related by e = e^′ ( 1 + λϕ 2M_{PL} ) . (3)

e^′ is universal, i.e., the rescaling is the same for all charged particles. If ϕ were a constant classical field, then the effects of these rescalings would be unobservable. However, if ϕ varies with time or in space, the effective electric charge e^′ would also vary. For example, if ϕ is time dependent, it would satisfy ϕ̈ + 3Hϕ̇ + ∂V ∂ϕ = 0, (4)

where H is the Hubble expansion rate and V is the scalar potential. ϕ could be associated with a field introduced for other purposes, e.g., quintessence 10, or it might have no other cosmological significance (i.e., ϕ might or might not contribute significantly to H).

In addition to the time/space varation, there would be new operators associated with the derivatives of ϕ 11, which are usually assumed to be small for small variations^b. There would also be new long-range forces

bBekenstein has recently argued that they might in fact be relevant to the Webb et al. observations 12.

coupling to electromagnetic energy density mediated by the quantum of ϕ. These would violate the equivalence principle and could lead to strong but model-dependent bounds 13^,10.

One objection to the notion of time varying couplings is that in many frameworks the natural scale for the rate of variation of, e.g., the fine structure constant α, might be expected to be

α̇/α ∼ M_{PL} ∼ 10^{+43}s^{−1}, (5)

while any actual variation is clearly very much smaller than this^c. For example, the Webb et al. results suggest

α̇/α ∼ 10^{−15}yr^{−1} ∼ 10^{−66}M_{PL}. (6)

It is tempting to assume that since α̇/α is so small compared to its natural scale it must be exactly zero or at least unobservably small for some reason. However, it is worth considering an analogy with the cosmological constant: in most frameworks the natural scale for the vacuum energy density, related to the cosmological constant by ρ_{vac} = Λ_{cosm}/8πG_N , is ρ_{vac} ∼ M^4_{PL}. Most people assumed that since ρ_{vac} is so much smaller than this, there must be some principle to ensure ρ_{vac} = 0. Recently, however, the Type IA supernova and CMB data have independently indicated that

ρ_{vac} ∼ 10^{−124}M^4_{PL} ≠ 0. (7)

(The observed dark energy may not be a true cosmological constant. It could be a time-varying quantity such as quintessence. For the purposes of this remark it does not make any difference.)

If α does vary with time, then it is likely that other fundamental constants, such as other gauge couplings α_i, Yukawa couplings h, the electroweak scale v, and the Newton constant G_N = 1/M^2_{PL} also vary^d in a correlated way 2^,4^,14^,15. The relation of these quantities is presumably specified in any complete unified description of nature, though the form of the relations depends on the theory. One should therefore allow for the possibility that other quantities are varying when interpreting the observational data. Observations (or non-observations) of time or space variations can therefore be viewed as a probe of the underlying physics and how the various quantitites are related.

cThis is reminiscent of the flatness problem, expressed as the statement that the natural time scale for the evolution of the universe is 1/M_{PL} rather than 1.4 ×10^{10} yr. dI will take the view that only dimensionless couplings and ratios of mass scales are physically meaningful, and that quantities such as ℏ and c are derived quantities rather than fundamental. In that case, they can be taken to be fixed at unity. For a debate on such matters, see 16.

3. Search for varying α

Webb et al. 1 have studied the absorption of light from background quasars by molecular clouds in the redshift range 0.5 < z < 3.5. They apply a new “many multiplet” method to simultaneously study many relativistic (i.e., O(α^2, α^4)) splittings, obtaining evidence for an increase in α, Δα α ≡ α_z − α α = −(0.72 ± 0.18) × 10^{−5}, (8)

where α_z (α) refers to the fine structure constant at redshift z (at present). This would correspond to α̇/α ∼ 10^{−15}/yr for α̇/α = constant. Using a different method, Bahcall et al. 17 find a result consistent with no variation, though with lower precision,^{Δα}_α = (−2 ± 1.2) × 10^{−4}, for the redshift range 0.16-0.80. Similarly, Cowie and Songaila 18 constrain X ≡ α^2g_pm_e/M_p, where the proton magnetic moment is eg_p/2M_p, from the 21 cm hyperfine line in hydrogen at z ∼ 1.8, and Potekhin et al. 19 limit Y ≡ M_p/m_e from molecular hydrogen clouds at z = 2.81: ΔX X = (0.7 ± 1.1) × 10^{−5}, ΔY Y = (8.3^{+6.6}_{−5.0}) × 10^{−5}. (9)

There are also stringent laboratory limits^e For example, Prestage et al. obtain 20 |^{Δα}_α | < 1.4 × 10^{−14} over 140 days, corresponding to α̇/α < 3.7 × 10^{−14}/yr if constant. More recently, Sortais et al. obtained 21 α̇/α < (4.2 ± 6.9) × 10^{−15}/yr. Laboratory techniques may ultimately be sensitive to α̇/α < 10^{−18}/T , where T is the running time 5.

A very stringent limit comes from the OKLO natural reactor 5. In particular, the^{149}Sm/^{147}Sm ratio is depleted by the capture of thermal neutrons,

n +^{149} Sm→^{150}Sm + γ. (10)

The cross section is dominated by a very low energy resonance, involving an almost exact cancellation between Coulomb and strong effects. Thus, even a small change in α could be significant. This was analyzed by Damour and Dyson 22 who found that α̇/α is bounded to be between −6.7 × 10^{−17}/yr and +5.0 × 10^{−17}/yr, and by Fujii et al. 23, who obtained α̇/α = (−0.2 ± 0.8) × 10^{−17}/yr, both over 2 × 10^9 yr. This is a very stringent result, but does not directly contradict (8) because the latter refers to an earlier time period (around (6 − 11) × 10^9 yr ago). Furthermore, only the possible variation in α was considered in 22^,23. It is conceivable that the effects of

eLaboratory limits are reviewed in detail in 5.

varying α could have been cancelled by a change in the strong interaction strength, α_s.

Big Bang Nucleosynthesis, which occurred for redshift ∼ 10^9 − 10^{10}, implies 24 that^{Δα}_α < O(10^{−2}), assuming that only α varies. This is weak compared with (8) if α̇/α is constant in time, but could conceivably be important if there were significantly enhanced effects at large redshift.

CMB results may eventually be able to constrain^{Δα}_α at the 10^{−2} − 10^{−3} level for z ∼ 1000 from their effects on the ionization history of the Universe 25.

4. Correlations with α_s, h, v, G_N , · · ·

If α varies with time, it is likely that other fundamental constants do also. The correlations of their time dependences would be a probe of the underlying theory of particle physics 2^,4^,14^,15.

For example, the observed low energy gauge couplings are consistent with the unification of the running gauge couplings at a scale M_G ∼ 3×10^{16} GeV, predicted in simple supersymmetric grand unification 26: 1 α_i(M_Z ) = 1 α_G + b_it_G (11)

where α_i, i = 1, 2, 3 are the gauge couplings associated with U (1)×SU (2)× SU (3), t_G =^1_{2π} ln^{MG}_{MZ} ≈ 5.32, α^{−1}_G ≈ 23.3 is the inverse of the common coupling at the unification scale, and the b_i are the beta function coefficients. In the MSSM, b_i =

(_{33} 5 , 1, −3 ) . The (running) electromagnetic fine structure constant is related by α^{−1} =^5_3 α^{−1}_1 + α^{−1}_2 ∼ 127.9, where all three couplings are evaluated at M_Z . If gauge unification holds, either in the simple MSSM framework or something similar, then it is likely that all three gauge couplings will vary simultaneously 2^,14.

The simplest possibility is that the dominant effect is a time variation in α^{−1}_G . In that case, it is straightforward to show 2 that the strong coupling α_s = α_3 has a magnified variation, Δα_S α_S ≃ 3 8 α_S α Δα α ∼ 5.8 Δα α (12)

where α_s is evaluated at M_Z and we ignore the difference in the relative variation of α between scales 0 and M_Z . There is an even stronger variation in the QCD scale Λ_{QCD}, at which α_s becomes strong, ΔΛ_{QCD} Λ_{QCD} ∼ 34 Δα α , (13) which is around −25 × 10^{−5} for the Webb et al. value (8). This has a theoretical uncertainty (given the assumptions) of around 20%. Most hadronic mass scales (with the exception of the pion mass) are approximately proportional to Λ_{QCD}, so they are expected to have the same relative variation.

It is also reasonable to consider a variation in the electroweak scale v ∼ 246 GeV (which sets the scale for M_Z = g_W v, where α_W = g^2_W /4π = 3α_1/5 + α_2 ), or more precisely in the ratio of v to the unification scale M_G 2^,4^,14^,15. (Only dimensionless ratios of mass scales are physically relevant, so we are implicitly measuring all masses with respect to M_G.) In 2 we define the phenomenological parameter κ by Δv v ≡ κ^{Δα}_α , (14)

which implies that Δα_S α_S ∼ 3 8 α_S α ( 1 − 10α π κ ) Δα α ΔΛ_{QCD} Λ_{QCD} ∼ 34 (1 + 0.005κ) Δα α . (15)

These corrections are small for κ of order unity, but important for larger κ. In fact, it is shown in 2 that κ ∼ 70 in theories in which v is tied to the scale of soft supersymmetry breaking, and in which supersymmetry breaking occurs in a hidden sector at a scale in which a (unified) gauge coupling becomes strong! Even in this case, the correction to the Λ_{QCD} variation is only a factor of 1.35.

It is useful to introduce phenomenological parameters for the variation of other fundamental “constants”. In particular, the variation of the Yukawa coupling h_a for fermion a (so that its Higgs-generated mass is m_a = h_av) is parametrized as^f Δh_a h_a ≡ λ_a^{Δα}_α . (16)

Similarly, the variation of the Planck scale M_{PL} = G^{−1/2}_N (again, only the ratio of M_{PL} to other masss scales is relevant) is parametrized as ΔM_{PL} M_{PL}

≡ ρ^{Δα}_α . (17)

The possible variation of various observables can be expressed in terms of these parameters, and their values can in principle be computed in any complete fundamental theory, allowing for a more general treatment of time

f The effects of the running of h_a are described in 2.

variation^g. For example, for the quantities defined before (9) one predicts^h the variations 2, ΔX X ∼ (−32 + λ + 0.8κ) Δα α ∼ (23 ± 6) × 10^{−5} ΔY Y ∼ (34 − λ − 0.8κ) Δα α ∼ (−24 ± 6) × 10^{−5}, (18)

where I have assumed a common value λ for all the Yukawa factors λ_a, and the numerical values are evaluated using λ = κ = 0 and the Webb et al. value (8). These are to be compared with the experimental results in (9). Clearly, within this framework the observational results in (8) and (9) are consistent only if there is a delicate cancellation of effects, with λ + 0.8κ ∼ 32. Other applications, including big bang nucleosynthesis, the OKLO reactor constraints, and the triple α process, are considered in 2^,4^,14^,15.

5. Conclusions

• Time (or space) variation of fundamental “constants” is plausible in any theory in which they are dependent on the sizes or properties of extra dimensions, or on other scalar fields.

• The natural scale for such variations in many framewroks is α̇/α ∼ M_{PL} ∼ 10^{43}/s, which is very much larger than what is allowed by observations. However, it is at least possible that the true variations are nonzero but very small for some reason, just as the vacuum energy is much smaller than the natural scale of M_{PL}^4.

• Webb et al. 1 have reported a positive result (8), corresponding to α̇/α ∼ 10^{−15}yr^{−1} ∼ 10^{−66}M_{PL} for constant α̇/α.

• If α varies, then it is possible that other fundamental quantities, such as the other gauge couplings, Yukawa couplings, or the dimensionless ratios of the electroweak, unification, and gravity scales also vary in a correlated way that depends on the underlying physics. Such variations should be allowed for in analyzing experimental/observational results, and can in principle be a significant probe of the underlying physics.

g It was argued in 27 that a variation in α would upset the fine-tuned cancellations of radiative corrections to the cosmological constant with other contributions, with enormous effect. We take the view that such arguments are not conclusive given our lack of understanding of why Λ_{cosm} is so small.

hWe ignore possible variations in g_p because it is well described in the constituent quark model, where it is a Clebsch-Gordan coefficient.

• The comparison between different classes of observations depends on the time dependence of α̇/α, which in turn depends on the type of scalar fields involved and their potentials.

• There may be long-ranged forces associated with the time variation 13.

Acknowledgments

It is a pleasure to thank the conference organizers for support. Supported in part by Department of Energy grant DOE-EY-76-02-3071.

References 1. J. K. Webb et al., Phys. Rev. Lett. 87, 091301 (2001); J. K. Webb, M. T. Murphy, V. V. Flambaum and S. J. Curran, Astrophys. J. Supp. 283, 565, 577 (2003).

2. P. Langacker, G. Segre and M. J. Strassler, Phys. Lett. B 528, 121 (2002). 3. P. A. M. Dirac, Nature 139, 323 (1937).

4. Time variation has been discussed by many authors in many theoretical contexts. A small sample includes P. Forgacs and Z. Horvath, Gen. Rel. Grav. 10, 931 (1979), 11, 205 (1979); W. J. Marciano, Phys. Rev. Lett. 52, 489 (1984); V. V. Dixit and M. Sher, Phys. Rev. D 37, 1097 (1988); C. T. Hill and G. G. Ross, Nucl. Phys. B 311, 253 (1988); C. T. Hill, P. J. Steinhardt and M. S. Turner, Phys. Lett. B 252, 343 (1990).

5. For recent reviews, see T. Chiba, gr-qc/0110118; J. P. Uzan, hep-ph/0205340. 6. For constraints motivated by the need to maintain “anthropic” values of parameters 7, see V. Agrawal, S. M. Barr, J. F. Donoghue and D. Seckel, Phys. Rev. Lett. 80, 1822 (1998), Phys. Rev. D 57, 5480 (1998); M. Livio, D. Hollowell, A. Weiss and J. W. Truran, Nature 340, 281 (1989); A. Csoto, H. Oberhummer and H. Schlattl, Nucl. Phys. A 688, 560 (2001); H. Oberhummer, R. Pichler and A. Csoto, nucl-th/9810057; T. Jeltema and M. Sher, Phys. Rev D 61, 017301 (2000). M. Dine, Y. Nir, G. Raz and T. Volansky, Phys. Rev. D 67, 015009 (2003);

7. For recent reviews of the anthropic principle, see C. J. Hogan, Rev. Mod.

Phys. 72, 1149 (200); B. Müller, astro-ph/0108259.

8. See, for example, J. D. Bekenstein, Phys. Rev. D 25, 1527 (1982); T. Damour and A. M. Polyakov, Nucl. Phys. B 423, 532 (1994); B. A. Campbell and K. A. Olive, Phys. Lett. B 345, 429 (1995); E. Witten, hep-ph/0002297; K. A. Olive and M. Pospelov, Phys. Rev. D 65, 085044 (2002); F. Paccetti Correia, M. G. Schmidt and Z. Tavartkiladze, hep-ph/0211122.

9. For possible space variations, see J. D. Barrow and C. O’Toole, astro-ph/9904116.

10. For applications of quintessence or other fields to time varying couplings, see for example T. Chiba and K. Kohri, Prog. Theor. Phys. 107, 631 (2002); C. Wetterich, hep-ph/0203266, hep-ph/0301261, hep-ph/0302116; J. D. Barrow, J. Magueijo and H. B. Sandvik, Phys. Rev. D 66, 043515 (2002), Phys. Lett.

B 541, 201 (2002). The possibility of time variation being associated with a phase transition is considered in Z. Chacko, C. Grojean and M. Perelstein, hep-ph/0204142.

11. J. D. Bekenstein, in 8.

12. J. D. Bekenstein, astro-ph/0301566.

13. J. D. Bekenstein in 8; K. A. Olive and M. Pospelov in 8; G. R. Dvali and M. Zaldarriaga, Phys. Rev. Lett. 88, 091303 (2002); J. Magueijo, J. D. Barrow and H. B. Sandvik, Phys. Lett. B 549, 284 (2002). For a contrary view, see J. D. Bekenstein, Phys. Rev. D 66, 123514 (2002).

14. X. Calmet and H. Fritzsch, Eur. Phys. J. C 24, 639 (2002); Phys. Lett. B 540, 173 (2002).

15. T. Dent and M. Fairbairn, Nucl. Phys. B 653, 256 (2003); V. V. Flambaum and E. V. Shuryak, Phys. Rev. D 65, 103503 (2002); V. F. Dmitriev and V. V. Flambaum, Phys. Rev. D 67, 063513 (2003); M. Dine, Y. Nir, G. Raz and T. Volansky, Phys. Rev. D 67, 015009 (2003); H. Oberhummer, A. Csoto, M. Fairbairn, H. Schlattl and M. M. Sharma, astro-ph/0210459; S. R. Beane and M. J. Savage, Nucl. Phys. A 713, 148 (2003).

16. M. J. Duff, L. B. Okun and G. Veneziano, JHEP 0203, 023 (2002). 17. J. N. Bahcall, C. L. Steinhardt and D. Schlegel, arXiv:astro-ph/0301507. 18. L. L. Cowie and A. Songaila, Astrophys. J. 453, 596 (1995). 19. A. Y. Potekhin et al., Astrophys. J. 505, 523 (1998).

20. J. D. Prestage, R. L. Tjoelker and L. Maleki, Phys. Rev. Lett. 74, 3511 (1995).

21. Y. Sortais et al., Physica Scripta T95, 50 (2001). 22. T. Damour and F. Dyson, Nucl. Phys. B 480, 37 (1996). 23. Y. Fujii et al., Nucl. Phys. B 573, 377 (2000).

24. E. W. Kolb, M. J. Perry and T. P. Walker, Phys. Rev. D 33, 869 (1986);

L. Bergstrom, S. Iguri and H. Rubinstein, Phys. Rev. D 60, 045005 (1999); P. P. Avelino et al., Phys. Rev. D 64, 103505 (2001); J. J. Yoo and R. J. Scherrer, Phys. Rev. D 67, 043517 (2003).

25. S. Hannestad, Phys. Rev. D 60, 023515 (1999); M. Kaplinghat, R. J. Scherrer and M. S. Turner, Phys. Rev. D 60, 023516 (1999); C. J. Martins, A. Melchiorri, G. Rocha, R. Trotta, P. P. Avelino and P. Viana, astro-ph/0302295.

26. See, for example, P. Langacker and N. Polonsky, Phys. Rev. D 52, 3081 (1995).

27. T. Banks, M. Dine and M. R. Douglas, Phys. Rev. Lett. 88, 131301 (2002).