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Where are we?
Particle Physics and Cosmology:  

Standard Model with 30 parameters


10−9Teq

10−12Λ1/4

10−3me

...

Energy

MPl 1019

102

10−1

v

ΛQCD

GeV

 Why this theory?  
Why these numerical values?



Eventually all determined by 
symmetries of the unique theory

The conventional argument:

I’m not so sure!!



The Anthropic Principle 
of Old

“The Laws of Physics take their form 
because they must allow us, 
the observer of these laws, 

to exist.”

 Why this theory?  
Why these numerical values?

This is giving up!



The Cosmological Constant

Λ

ρvir

A Catastrophic Boundary

Weinberg PRL 1987:

Universe becomes a 
structureless, dilute,  

inflating gas 

Why so small?   An anthropic argument:

Galaxies, and 
therefore observers, 

are able to form 

Predicted Dark EnergyMartell, Shapiro, Weinberg 
astro-ph/9701099:



Need Theory of a Multiverse!



A Preview of Results
Successful Prediction
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I. Predictions from The Multiverse



us

G
G

G G
G

G
G

G

Many universes

 Parameters of low energy field theory; 
or important physical quantities, eg

x
Teq

x1

x2

xobs

Environmental selection

dNobs = f̃ (x)n(x)d lnx = f (x) d lnx





Catastrophic Boundaries




In many situations there are 
catastrophic boundaries -- 

physics makes a sudden 
transition

This regime change induces 
a sudden change in 

x1

x2

A
B

xxc

A B

n(x)

n(x)

Most observers 
near boundary

 The crucial assumption:

is peaked 
towards the boundary

xxc

f̃ (x) f̃ (x)



A Comparison




symmetries restrict the parameter space. 

 physics of catastrophic boundaries: 
eg nuclear stability, formation of galaxies.

Symmetries 

Multiverse 

symmetries, representations, symmetry breaking

a multiverse force towards the boundary

Assumptions: 

Assumptions: 

catastrophic nature of boundary x1

x2

∇ f

no observers

most universes



Fake and Real Predictions


xxobs

A fake prediction:



xxobs

A real prediction:

∇ f Assume sufficiently large

f̃ (x)

xc
Calculated from the physics 
of the catastrophic boundary

No observers

Most universes 

∇ f

f̃ (x)



“Tip of the Cone”

xxc

∇ f

Nx
Nb 1 2

1

2

n

n

1 prediction
x1

x2

∇ f

1 prediction, 1 runaway

n predictions

2 predictions
x1

x2

∇ f


Tip
of the 
Cone



How close to the Boundary?







Define f(x):

Power law:

F = ∇ f =
∂ ln f
∂ lnxDefine force:

f ∝ xp Gives: F = p

xxc

∇ f

   5         3        2        1       1/2      1/3      1/5

1.15 1.26 1.41 2 4 8 16

F = p :

dNobs = f (x) d lnx

x1/2

xc

x1/2
= 21/p

xc

x1/2

1/2



II) The Higgs Mass
V

H
v

Λ
mH

Galaxies

Avoiding a helium 
universe:  later

V (H)

Hv
A phase 

boundary

Brian Feldstein, LJH, 
Taizan Watari; 

hep-ph/0608121



The Phase Boundary
V (H)

H
v

λ(ΛSM) = λ0

Assume:  SM up to some large scale

ht(ΛSM) = h0

ΛSM

λ0

h0

EW phase boundary is catastrophic boundary

Environmental 
predictions for

mt ,mH

∇ f



Higgs and Top Mass Predictions

relatively 
insensitive to 

SM cutoff

mt =
[

176.7+2.2log10

(
ΛSM

1018 GeV

)
±3

]
GeV

Top and QCD 
contributions to running2 loop

running
running to 

pole

p sufficiently large for a tight 
Higgs mass prediction

+
25GeV

p

− 35GeV
√p

mH =
[

110.5+4.4
(

mt−172.6GeV
1.4GeV

)
−2.6

(
αs−0.1176

0.002

)
±6

]
GeV

3 loop:

→ 109Arkani-Hamed, Dobovsk
Senatore, Villadoro 0808.2399  

Suppose LHC finds 
only a SM Higgs

mH ∼ (120−130)GeV

mH ∼ 115GeV

p∼ 1−2

p∼ 10

!
!!



III) Nuclear Boundaries

Stability of Nuclei

BBN







Nuclear Stability Boundaries
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Figure 5: The location of the observer boundary in mu-md-me space. The neutron and complex
nuclei boundaries of Eqs. (21) and (28) are depicted by solid lines (below and above, respectively).
Dashed lines represent the deuteron boundary of Eq. (26) (for a = 5.5, 2.2 and 1.3 MeV from
below). The observed point is represented by little dots.

21

mn < mp +me

mn−mp−me > 8MeV

BD < 0

(10 - 30)%

Closeness to 
n boundary

2d slice

(
α,

me

mp
,

mu

mp
,

md

mp

)Relevant parameters

no stars

no complex nuclei

stars exotic

Damour
Donoghue   

arXiv:0712.2968

∇ f 
Tip of theCone!

mu,d,e
determined by nuclear 
physics of boundaries

Yasunori Nomura, 
LJH   

arXiv:0712.2454



Understanding Coincidences




Why are the three 
contributions to 

comparable?
Q(n→ peν)

Q

0
me0.5 MeV

δEM1.0 ∓ 0.5 MeV

δd−u 2.3 ± 0.5 MeV

Q ! 0.8 MeV

Figure 11: Q value for the reaction n → pe−ν̄.

where CI ≈ (0.5 – 2) and Cα ≈ (0.5 – 2) are strong interaction coefficients, and we choose

a definition of the QCD scale such that ΛQCD = 100 MeV. Throughout we use approximate

ranges for mu,o and md,o from Ref. [20]. For complex nuclei the binding energy per nucleon is

Ebin = CBΛQCD, with CB ≈ 0.08 another strong interaction coefficient. The neutron and complex

nuclei boundaries are then described by the inequalities

0 < CI(yd − yu)
v

ΛQCD
− ye

v

ΛQCD
− Cαα < CB. (55)

In the approximation that the deuteron binding energy, BD, is linear in mu + md in the region of

interest, the stability boundary for the deuteron can be written as

BD

ΛQCD
= C1 − C2(yd + yu)

v

ΛQCD
> 0, (56)

where C1,2 are two further strong interaction coefficients. These three boundaries involve just

four independent combinations of Standard Model parameters, yu,d,ev/ΛQCD and α.

Much of the observer naturalness problem arises because the three terms that contribute to

mn − mp − me in Eq. (54) are comparable, as shown in Fig. 11, even though Yukawa couplings

and the ratio of mass scales v/ΛQCD are expected to range over many orders of magnitude.

The electron mass, yev ! 0.5 MeV and the electromagnetic mass splitting δEM ≡ CααΛQCD !
1.0 ∓ 0.5 MeV differ by only about a factor of 2. They both stabilize the neutron, and hence

an unstable neutron requires yd > yu. Not only is this the case, but the isospin breaking term

δd−u ≡ CI(md − mu) = 2.3 ± 0.5 MeV only just over-compensates the negative terms to give a

40

are determined by the 
physics of the boundary

me, mu, md





 Simple distributions give

me ! δEM

mu,d !
B
N

, BD



The BBN Boundary
Relevant quantities:   mn−mp ∝ ΛQCD

Tf (v)

1.3 MeV

0.8 MeV





v

(mn−mp)3/4 M1/4
Pl

YH YHe

He universe:
no H burning stars

Our universe is within 
a factor 2 of a change 

of regime

YH, YHe



The Weak Scale

n unstable

 Does this require a strong force on v?  
ie does it exclude dynamical EWSB !?!

heavy nuclei 
unstable

He 
universe

v

yd

window width is factor 2 to 3, 
closes up as      increasesyu



vc

vc ∼ Λ3/4
QCD M1/4

Pl

ydc

ydc ∼
(

ΛQCD

MPl

)1
4

Our universe is within a factor of 2 of 
the critical point

runaway direction



The Force on v

n unstable

heavy nuclei 
unstable

He 
universe

v

yd



Fv = 2
Fyd = 0

n unstable

heavy nuclei 
unstable

He 
universe

v

yd



Fv = 0
Fyd = 0

n unstable

heavy nuclei 
unstable

He 
universe

v

yd



Fyd =−1
Fv = 0

Perhaps preferred

n unstable

heavy nuclei 
unstable

He 
universe

v

yd



Fv = 0
Fyd = 0

Another BBN boundary:

He 
universe



Split Supersymmetry

m2
q̃,l̃,Hu,Hd

, µB q̃, l̃, H, H+, A

g̃, w̃, b̃, h̃u, h̃d,µ, Ma

v h

Arkani-Hamed, Dimopoulos  
th/0405159

mg̃, τg̃

m2 Compelling evidence for an 
amount of fine tuning of 
m2

v2 1015
h̃u,d couplings
mh

e.g.

Coincidence

Works even if 
Yukawas scan:

v ! Λ3/4
QCD M1/4

Pl

n unstable

heavy nuclei 
unstable

He 
universe

v

yd





Implication:
Certain crucial parameters are being 
related by environmental selection

At the 
factor of 2 level 





me ! δEM

mu,d !
B
N

, BD



 yd ∼
(

ΛQCD

MPl

) 1
4

v ∼ Λ3/4
QCD M1/4

Pl

These parameters are not determined 
by symmetries or by accidents



IV) Cosmological Coincidences
Raphael Bousso, Yasunori Nomura, LJH 

Well separated cosmic eras: tin f l! tEWSB! tQCD! teq

Amount of
Dark Energy

Amount of
Dark Matter &

Size of primordial 
density perturbations

eg, QED
bremsstrahlung

Inverse Compton 
scattering from CMB

Why are these time scales all           years?

Hard to imagine a symmetry explanation

109−10

tΛ ! tvir ! trad ! tComp

 Broken down recently:

 Seek order of magnitude understanding!!



The Cosmological Constant
Λ

ρvir

Catastrophic boundary:
must form non-linear proto-

galaxies before CC fuels inflation

Weinberg PRL 1987



Martell, Shapiro, 
Weinberg 

astro-ph/9701099
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Figure 2: Weighted by “observers per baryon”, the probability distribution for ρΛ de-

pends strongly on specific assumptions about conditions necessary for life. Three curves

are shown, corresponding to different choices for the minimum required mass of a galaxy:

M∗ = (107, 109, 1012)M". In neither case is the observed value (vertical bar) in the preferred

range. The choice M∗ = 107M" (also shown in Fig. 1) corresponds to the smallest observed

galaxies. The choice M∗ = 1012M" minimizes the discrepancy with observation but amounts

to assuming that only the largest galaxies can host observers. By contrast, the Causal En-

tropic Principle does not assume that observers require structure formation, let alone galaxies

of a certain mass; yet its prediction is in excellent agreement with the observed value (see

Fig. 8).

different approach, which is always well-defined. It will allow us to assume nothing
more about observers than that they respect the laws of thermodynamics.

2.3 Weighting by entropy production in the causal diamond

Causal Entropic Principle In this paper we will compute the probability distribu-
tion for ρΛ based on the Causal Entropic Principle, which is defined by the following

two conjectures [21]:

(1) The universe consists of one causally connected region, or “causal diamond”.

Larger regions cannot be probed and should not be considered part of the semi-
classical geometry.

– 10 –

nobs ∼ nvir B
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Figure 1: The probability distribution of the vacuum energy measured by typical observers,

computed from the Causal Entropic Principle, is shown as a solid curve. The values consistent

with present cosmological data, in the shaded vertical bar, are well inside the 1σ region (shown

in white), and hence, not atypical. For comparison, the dashed line shows the distribution

derived by estimating the number of observers per baryon. Unlike our curve, it assumes

that galaxies are necessary for observers; yet, the observed value is very unlikely under this

distribution. For more details about both curves, see Figures 2 and 8.

In this paper we address the third condition. We will use a novel approach, the
Causal Entropic Principle, to argue that the observed value of ρΛ is not unlikely. Our
main result is shown in Fig. 1.

The Causal Entropic Principle is based on two ideas: any act of observation in-
creases the entropy, and spacetime regions that are causally inaccessible should be

disregarded. It assumes that on average, the number of observations will be propor-
tional to the amount of matter entropy produced in a causally connected region, ∆S.

Vacua should be weighted by this factor to account for the rate at which they will be

the cosmological constant gradually [12, 13]. In the string landscape, the vacuum preceding ours was
likely to have had an enormous cosmological constant. Its decay acted like a big bang for the observed
universe and allowed for efficient reheating [6].

– 3 –

nobs ∼ Scausal diamond

Λ



Bousso, Harnik
Kribs,Perez

hep-th/0702115



∇ f

Most universes a 
dilute inflating 

homogeneous gas 
CC problem solved
Amount of Dark Energy predicted

Λ∼ ρvir i.e. tΛ ∼ tvir



The CC Runaway Problem






∇ f

Λ

ρvir

Suppose       scansρvir

might reach a maximum at some pointf (ρvir, Λ)

This preserves Λ∼ ρvir but the value cannot be predicted

Need a second catastrophic boundary



The Galaxy Cooling Catastrophe


ρvir

no ionization

Bremsstrahlung rate 
too low

Compute ionization and 
cooling boundaries

M

Relevant parameters

α, me, mp; ρvir, MPl, M

 ∇ fMc

ρvirc

ρvirc predicted from proto-galaxy cooling physics:

explaining the coincidenceρvirc ∼
m4

em2
p

α4 M2
Pl
∼ (8×10−3 eV)4 trad ∼ tvir

and as a bonus:

Mc ∼
α5 M4

Pl

m1/2
e m5/2

p
∼ 1067 GeV∼ 1010 M"



Solving the CC Runaway Problem

Λ

ρvir

2 scanning parameters 
and 

2 catastrophic boundaries

cooling virialization



∇ f

ρvirc

Λc

Λc ∼
m4

em2
p

α4 M2
Pl
∼ (2×10−3 eV)4



Inverse Compton Cooling




ρvir

no ionization

Bremsstrahlung 
rate too low

M



Mc

ρvirc

All M cool via 
inverse Compton

Why is our galaxy so close to 
inverse Compton cooling?

 This radically changes the scanning analysis

Assume Compton 
cooling is catastrophic

ρvir ∼ Q3
0 T 4

eq (Q0, Teq)

 Small region in        is tip of higher dimensional cone!ρvir



Scanning

ρvir ∼ Q3
0 T 4

eq (Q0, Teq)

 Explains the coincidence tComp ∼ trad

Bremsstrahlung 
rate too low

All M cool via 
inverse Compton

Teq

Q0Q0c

Teq,c



∇ f

mild force to 
tip of cone

Q0c ∼
me

mp
Teq,c ∼

m1/4
e m5/4

p

αM1/2
Pl

 Two predictions

 are each factor 100 from the critical point;  e.g.Q0,Teq

f (Q0,Teq)∼ Q0/T 1/2
eq

Q0,Teq



Symmetries & The Multiverse


Environmental selection does not care 
what the underlying theory is 



Standard Model              Beyond Standard Model

SM
BSM

 Independent parameters that allow for the variation of

me,mu,md,v,Λ,Qo,Teq

(Lose Higgs prediction)



Conclusions:  A Complete Scheme


x1

x2

∇ f


Tip of the 
Cone

The idea:
assume multiverse force 

towards catastrophic edges

 Will LHC discover unnatural EWSB?


What determines       ?

ΛQCD

MPl 


A missing boundary?
Multiverse distribution?
The discretuum?







Proto-galaxy cooling:

Nuclear stability

Virialization

 BBN

me

ΛQCD
,

mu

ΛQCD
,

md

ΛQCD

v
ΛQCD

, ye,u,d

Teq, Q0 Mgal

Λ


