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The Cosmological Constant Problem

General Covariance & Equivalence Principle = Vacuum Energy Gravitates

e vac/ v—9d4$ = T,LLV — —VoacYuv
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...add a bare cosmological constant...
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Estimating the vacuum energy

Vvac i) Z/d?’k%h\/kz + m?
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Quantum Gravity cut-
off

SUSY cut-off
EW phase transition

QCD phase transition

muon

fine tuning to 120 decimal places

fine tuning to 60 decimal places

fine tuning to 56 decimal places

fine tuning to 44 decimal places
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Within EFT, renormalised couplings of
relevant operators CANNOT be predicted,
must be measured!

Big, small, who cares? Just measure them.
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More on NATURALNESS

electron mass should be larger than its EM energy of electron

but if EM energy ~ a/r, suggests electron is larger than nucleus!
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The cosmological constant is radiatively UNstable
(and badly so)

At one loop, Vyee = Viree + V1oor  pE > (TeV )4

vac vac

tune Nvare to great precision

AN A 100pS, Vvac =t three Vlloop V2loop, V2loop s Vlloop

vac vac vac vac vac
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How can we make the cosmological constant
radiatively stable?
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Within particle physics, SUSY would do the job, but not in a
way that is compatible with pheno.
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Introduce global dynamical variables A
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Introduce global dynamical variables N\, A
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Introduce global dynamical variables N\, A
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Equations of motion

O./
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)\4,u4_/d T+/q
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A equation : 4A = /d4x\/§ A T“M

A equation
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Equations of motion

A equation X z/d4x\/§

/
A equation 4A)\Z,u4 = /d4zz;\/§)\4 ek

guv equation : MZGH = —ASY +
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Equations of motion

A equation : 4,
q ; A =0 i<Taoz>7 <Q> = ffddglf\/g
A equation V9
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Equations of motion

1
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Equations of motion
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1
MGl =~ (r8) 3L + 7.

Vacuum energy drops out at each and every loop order

No hidden equations — this is everything!

Residual cosmological constant A, ff = Z<Ta>

(84
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How big is Net?

For standard matter, space-time integrals dominated by
time when universe is largest

l
/ d4£[j —g ~ H4 where lifetime ¢44. ~ Hige 2> 13.7 Gyrs
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Observational consequences?



Universe has finite spacetime volume




Universe has finite spacetime volume
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space-time volume must be finite or else A — 0

Mphys = AN




Universe has finite spacetime volume
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Universe has finite spacetime volume

o' ;
Mgt~ /d V8

space-time volume must be finite or else A — 0

Mphys = AN

e e
- it A — 0 particle masses go to zero
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COLLAPSE TRIGGER DARK ENERGY
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form protected by shift symmetry,
size of m? technically natural

Linear potential VV=m3¢
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Radliatively stable choice of collapse time?

Radiatively stable choice of @in?
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Radliatively stable choice of collapse time?

Yes, thanks to m?

Radiatively stable choice of @in?
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Radliatively stable choice of collapse time?

Yes, thanks to m?

Radiatively stable choice of @in?
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WHY NOW?
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Because the end is nigh!!!
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Stuff | don’t have time to talk about?

Symmetries

Phase transitions

Inflation

Particle Physics Phenomenology
Corrections to Planck mass
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Summary

Found a way to cancel SM vacuum energy at any order in loops
Locally theory looks just like GR with a small A

Small A is radiatively stable & determined by a global boundary condition
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“Fine tuning” and renormalization

m2

e N2 [
m 2 : Uv m
1/ ¢>1-loop - finite + In < ) Divergent vacuum energy
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“Fine tuning” and renormalization
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Symmetries?

Approximate scaling
0 A = €A, 0.\ = 4el\, O (77“,,
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Phase transitions?
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Inflation?

In slow roll approximation,

_m2 [ dta’o?
2 faied

1
SMI%ZH2 0 §m2902 2l Aeffa Aeff =

(s tend
/dta3<p2 ~ /0 dta3g02100M123l/0 dta® ~ 100M3,e>" /H*
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Particle Physics Phenomenology

Do not solve hierarchy problem, but compatible with other solutions

To avoid hierarchy between physical masses and bare masses, desire A ~ O(1).
Then if we take p = |Vyae|'/4r~1 for o(z) ~ e* we have
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Corrections to Planck mass?

Mp ys
M3, — MZ, + O(1) x M2, + O(1) x 2, In (242222 ) £ O(1) x m2,, + ...

Physical subtraction scale: My, s = AM, giving corrected action
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Weinberg No Go

S G| = /d4x\/—gR + AL(m, 9,0, derivatives)
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Scalar eqn — trace of gravity eqn
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Scalar eqn — trace of gravity eqn
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If g, and 7 are constant then AL is invariant under
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Scalar eqn — trace of gravity eqn

OAL OAL

29/“/ ag/u/ f(ﬂ-) o =0

If g, and 7 are constant then AL is invariant under
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