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Naturalness: a central clue 
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   What do we do with data?  

• Find a model that describes it, 

but many such models exist 

 

   How to choose amongst models?  

• Simplicity 

• ‘Naturalness’: demand our description arise as the 

low-energy limit of theory describing rest of physics 

 



Naturalness: a story of Hope and Change 

   Light scalars are unnatural  

 

    ….so LHC and cosmology 

 will see: 

• Lots of SUSY particles, or 

• A complicated Higgs sector, or 

• Extra dimensions in your face 
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The Cosmological Constant Problem:  

A small vacuum energy is also unnatural 



Naturalness: a story of Hope and Change 

• Gregory (Scotland Yard detective): “Is there any other point to 

which you would wish to draw my attention?”  

• Holmes: “To the curious incident of the dog in the night-time.” 

• Gregory: “The dog did nothing in the night-time.” 

• Holmes: “That was the curious incident.”    

         

          Sir Arthur Conan Doyle – Silver Blaze 
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Vacuum Energy: The Dog that Didn’t Bark 



Naturalness: a story of Hope and Change 

   Light scalars and vacuum   

 energy are unnatural  

   ….so LHC and cosmology 

 will see: 

• Extra dimensions in your face 

….and supersymmetric  

 (yet without superpartners 

 at the LHC) 
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Patron Saint of All Things Natural 



Outline 

• Does the vacuum gravitate? 

• Dark Energy and the Vacuum 

• Naturalness 

• What is the problem? 

• Proposals 

• Some approaches 

• A way forward: how would we know? 
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“It is a capital mistake to theorize before one has data.  

Insensibly one begins to twist facts to suit theories, instead of theories to suit facts.” 

Sherlock Holmes in A Scandal in Bohemia 



Properties of Vacuum Energy 

• Lorentz Invariance strongly constrains the vacuum energy 
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• Interpreted as a stress-energy the cosmological term looks like 

constant positive energy density and negative pressure 

 

𝑇𝜇𝜈 = −𝜆 𝑔𝜇𝜈 

−𝑝 = 𝜌 = 𝜆 = constant 



Vacuum Energy as Dark Energy 

Evidence for Dark Energy 

• Universal Acceleration 

 

Negative pressure what is 
needed to cause Universal 
expansion to accelerate 

 
𝑎

𝑎

 
= −

4𝜋𝐺

3
𝜌 + 3𝑝  

 

 

 

Courtesy: Ned Wright’s Cosmology Page 

Tonrey et.al., 2003 
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Vacuum Energy as Dark Energy 

Vacuum Energy describes the data well, as is the 

assumption used in the minimal cosmology 

Planck 

Tonrey et.al., 2003 
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Outline 

• Does the vacuum gravitate? 
• Dark Energy and the Vacuum 

• Naturalness 
• What is the problem? 

• Proposals 
• Some approaches 

• A way forward: how would we know? 
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What’s the Problem? 

• The vacuum energy is calculable within any theory of 

elementary particles, such as the Standard Model of particle 

physics, and the observed vacuum energy is the sum of a 

classical energy and an enormous quantum energy 
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𝜌𝑣𝑎𝑐 = 𝜆 + 
𝑚4

4𝜋 2
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• So what? Can always choose classical 𝜆 to ensure the 

Universe accelerates by the right amount, even if 𝜌𝑣𝑎𝑐 is much 

smaller than 𝑚4 



What’s the Problem? 

• The electroweak hierarchy 

 

 

 

• The cosmological constant 
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𝐿𝑆𝑀 = 𝜇20 +𝑚2
0 𝐻

∗𝐻 + 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

𝜇2 = 𝜇2
0
+ ℎ𝑖𝑔ℎ𝑒𝑟 𝑜𝑟𝑑𝑒𝑟 

 

me ~ 106 eV 

m10-2 eV 

mw ~1011 eV 

m ~ 108 eV 

   Modern picture: no unique   

‘classical’ theory; instead           

many ‘effective’ theories  
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4  



What’s the Problem? 

• The electroweak hierarchy 

 

 

 

• The cosmological constant 

Moriond 2014 

𝐿𝑆𝑀 = 𝜇20 +𝑚2
0 𝐻

∗𝐻 + 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

𝜇2 = 𝜇2
0
+ ℎ𝑖𝑔ℎ𝑒𝑟 𝑜𝑟𝑑𝑒𝑟 

 

me ~ 106 eV 

m10-2 eV 

mw ~1011 eV 

m ~ 108 eV 

   Modern picture: no unique    

‘classical’ theory; instead            

many ‘effective’ theories  

 

  𝜌𝑣𝑎𝑐 = 𝜆1 + 𝑘𝑒𝑚𝑒  
4 + 𝑘𝜈𝑚𝜈  

4  

 
𝜌𝑣𝑎𝑐 = 𝜆0 + 𝑘𝜈𝑚𝜈  

4  



What’s the Problem? 

• The electroweak hierarchy 

 

 

 

• The cosmological constant 
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𝐿𝑆𝑀 = 𝜇20 +𝑚2
0 𝐻
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0
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me ~ 106 eV 

m10-2 eV 

mw ~1011 eV 

m ~ 108 eV 

   Modern picture: no unique    

‘classical’ theory; instead            

many ‘effective’ theories  

 

  𝜌𝑣𝑎𝑐 = 𝜆1 + 𝑘𝑒𝑚𝑒  
4 + 𝑘𝜈𝑚𝜈  

4  

 
𝜌𝑣𝑎𝑐 = 𝜆0 + 𝑘𝜈𝑚𝜈  

4  
Must cancel to 32 

decimal places!! 



What Must a Solution Do? 

• Go beyond the classical approximation 

• Hard to beat a cosmological constant at classical level 
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• Quantum effects are not a problem until particles included with masses 

heavier than the vacuum energy. 
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What Must a Solution Do? 

• Go beyond the classical approximation 

• Hard to beat a cosmological constant at classical level 

 

• Apply at energies larger than the cosmological constant scale 

• Quantum effects are not a problem until particles included with masses 

heavier than the vacuum energy. 

 

• Do no harm 

• Do not screw up particle physics or cosmology. 
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“Circumstantial evidence is a very tricky thing,” answered Holmes thoughtfully.  

“It may seem to point very straight to one thing, but if you shift your own point of view a little, you 

may find it pointing in an equally uncompromising manner to something entirely different.” 

Sherlock Holmes in The Boscombe Valley Mystery 
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Roads Well Travelled 

 

A Way Forward? 

 

 How Would We Know? 

 

 



Popular Proposals 

• Denial 

• Work on something else and hope Dark Energy doesn’t affect it. 
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Popular Proposals 

• Denial 

• Work on something else and hope Dark Energy doesn’t affect it. 

 

• Anthropic Arguments 

• Multiverse explanations for why naturalness might not be needed 

 

• Modify Gravity I 

• ‘New’ CC problem: try to generate acceleration IF CC not present 

 

• Modify Gravity II 

• Screening: try to screen CC using graviton mass (still missing: 

nonlinear proof of screening; and UV completion above the CC scale) 
Moriond 2014 



Moriond 2014 

Roads Well Travelled 

 

A Way Forward? 

 

 How Would We Know? 

 

 



A Loophole 

Moriond 2014 

• The Problem: 

• Einstein’s equations make a lorentz-invariant vacuum 

energy (which is generically large) an obstruction to 

a close-to-flat spacetime (which we see around us)  

𝑇𝜇𝜈 = −𝜆 𝑔𝜇𝜈 

𝐺𝜇𝜈 = 8𝜋𝐺 𝑇𝜇𝜈 
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• The Problem: 

• Einstein’s equations make a lorentz-invariant vacuum 

energy (which is generically large) an obstruction to 

a close-to-flat spacetime (which we see around us)  

𝑇𝜇𝜈 = −𝜆 𝑔𝜇𝜈 

𝐺𝜇𝜈 = 8𝜋𝐺 𝑇𝜇𝜈 

Arkani-Hamed et al 

Kachru et al 

Carroll & Guica 

Aghababaie et al 

   But this need not be true if there are 

more than 4 dimensions!! 



A Loophole 
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• Why not? 

• Extra dimensions need not be lorentz invariant 

• Vacuum energy might curve extra dimensions, rather 

than the ones we see in cosmology 

Vilenkin et al 

e.g. gravitational field of a cosmic string 

 



A Loophole 

Moriond 2014 

• A higher-dimensional analog:  

• Similar (classical) examples also with a 4D brane in 

two extra dimensions: e.g. the rugby ball and related 

solutions 

Carroll & Guica 

Aghababaie et al 



Doubling Down 

• Must re-ask the CC question in this context: 

• What choices give near-flat geometries? 
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CB, Hoover & Tolley  

  Sufficient condition:  

  absence of coupling of brane 

  to specific bulk field, 𝜙 



Doubling Down 

• Must re-ask the CC question in this context: 

• What choices give near-flat geometries? 

 

 

• Are these choices ruined by quantum fluctuations? 
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CB, van Nierop, Parameswaran, 

Salvio & Williams 

  Brane loops cannot generate coupling to 𝜙 

   

  Bulk loops require SUSY but in bulk only. 
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• Must re-ask the CC question in this context: 

• What choices give near-flat geometries? 
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CB, van Nierop, Parameswaran, 

Salvio & Williams 

  Brane loops cannot generate coupling to 𝜙 

   

  Bulk loops require SUSY but in bulk only. 

Does NOT mean particle 

physics should look 

supersymmetric 

 

only gravity need be 



Doubling Down 

• Why does SUSY in bulk help? 

• Forbids higher-dimensional cosmological constant 
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Doubling Down 

• Why does SUSY in bulk help? 

• Forbids higher-dimensional cosmological constant 

 

• More generally, at least one supersymmetry is 

unbroken locally everywhere in the extra 

dimensions, but breaks globally once all branes are 

viewed together. 

Shortest wavelength that knows that SUSY is broken 

is size of extra dimensions, giving 𝜆~1/𝑟4  
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Good Things 
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• Can the numbers work? 

• Radius, r, as large as microns since 𝜆~1/𝑟4 

Adelberger et al 

Remarkably: this is 

possible if they are smaller 

than 45 microns 

and particles stuck on 

branes 
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• Can the numbers work? 

• Radius, r, as large as microns since 𝜆~1/𝑟4 

 

• At most two dimensions can be this large 

Otherwise the high-D Planck scale, 𝑀𝑔, must be too 

low to get 4D Planck scale right. 

 

Remarkably: same size, r, needed by EW Hierarchy 

Problem as for vacuum energy, since  Mp = Mg
2 r ,  

Arkani-Hamed et al 
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Good Things 
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• Can the numbers work? 

• Radius, r, as large as microns since 𝜆~1/𝑟4 

 

• At most two dimensions can be this large 

 

• Must include ‘back-reaction’ of branes on the extra 

dimensions. 

Extra-dimensional curvature cancels brane 

tension in 4D vacuum energy.  

 

This is hard to do, and why the mechanism 

had not been found earlier. 

Aghababaie et al 



Good Things 
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• How small can the extra dimensions be? 

• Radius, r, cannot be made much smaller than 0.1 

micron without making vacuum energy too large. 

    Predict:             𝜆 ~ 
𝛿

4𝜋𝑟2 2  

     

 where                  𝛿 ~ 
Δ𝑇

𝑀𝑔
4     

    

 and Δ𝑇 is difference of brane tensions  

 



Good Things 
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• How small can the extra dimensions be? 

• eg: if Δ𝑇 is due to particle vacuum energy get: 

        𝜆 ~ 𝑘
𝑚𝑀𝑔

4𝜋𝑀𝑝

4

  

    where m is heaviest particle on the brane  
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• How small can the extra dimensions be? 

• eg: if Δ𝑇 is due to particle vacuum energy get: 

        𝜆 ~ 𝑘
𝑚𝑀𝑔

4𝜋𝑀𝑝

4

  

    where m is heaviest particle on the brane  

 

So   l ~ k (5 . 10-5 eV)4      if we use      m ~ mt  

and  𝑀𝑔 ~ 10 TeV 
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Roads Well Travelled 

 

A Way Forward? 

 

 How Would We Know? 

 

 



Surprises? 
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• Required spectrum: 

• Particle sector     Gravity sector 

    (always 4D)    

           𝑀𝑔~ 10 − 30 𝑇𝑒𝑉 

 SM particles   (gravity 6D and SUSY) 

 

        
1

𝑟
 ~ 0.1 −  0.01 𝑒𝑉 

neutrino masses    gravity becomes 4D 

       𝑚 ~ 𝛿/𝑟 
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• Required spectrum: 

• Particle sector     Gravity sector 

    (always 4D)    

           𝑀𝑔~ 10 − 30 𝑇𝑒𝑉 

 SM particles   (gravity 6D and SUSY) 

 

        
1

𝑟
 ~ 0.1 −  0.01 𝑒𝑉 

neutrino masses    gravity becomes 4D 

       𝑚 ~ 𝛿/𝑟 

 

Newton’s Law Φ = −𝑘/𝑟  applies for 𝑟 > 10 microns 

 

Converts to Φ = −(𝑘 + 𝑘′ 𝑒−𝑚𝑟 )/𝑟  for  0.1 >  𝑟 > 10 microns 

 

Converts to 6D form  Φ = −𝑘"/𝑟3 for   r < 0.1 microns. 
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Summary 

 

A solution to the cosmological constant problem using 

supersymmetric large extra dimensions (SLED) may 

exist. 

 If so, seems to be the only game in town. 

 

“…when you have eliminated the impossible,  

whatever remains, however improbable,  

must be the truth.” 

A. Conan Doyle 

 



Opportunities & Concerns 
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• If true, many striking implications: 

 

• Micron deviations from inverse square law 

• Missing energy at the LHC and in astrophysics:  

requires Mg > 10 TeV  

• Probably a vanilla SM Higgs 

• Excited string states (or QG) at LHC below 10 TeV  

• Low energy SUSY without the MSSM 

• Quite light Brans-Dicke-like scalars 

• Sterile neutrinos from the bulk? 

• New massless states (axion, gauge boson) 



Opportunities & Concerns 
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• If you claim to solve the cosmological constant problem, 

aren’t you crazy? 

• Weinberg’s no-go theorem? 

• Didn’t we see this all before in 5D? 

• What about general argument against x dims? 

• What stops proton decay? 

• How is inflation at high scales possible? 

• Don’t constraints already force (1/r)4 > cc? 

 

• What is Dark Matter? How does cosmology change? 

 

S Weinberg 


