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Two Types of Evidence

II)  Structural

I) QuantitativeMathematical
construct

+
physical 

interpretation

Lots of assumptions!
Can’t look inside the box!

Why three gauge forces?

MeV

Judge theories by evaluating 
these two types of prediction

Theories Evidence 

me = 0.51099



Quantitative Evidence    




Standard Model:     

Invent theory to relate the free parameters
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Unified Symmetry
“SU(5)”

Strong

Weak

Electromagnetic

eg



or More Universes?
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 Program: 1.   Identify possible catastrophies

2.   Compute boundaries
3.   Evaluate closeness to boundaries

(fine-tuning)
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Structural Evidence
Phenomena:

Puzzling array of phenomena

Theory

QED
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FCoul ∝ 1
r2

1

...

2.   Hadron spectrum, ...
QCD

3.   Short range of weak interactions, ...

1. 

Higgs boson

4.   Q(3,2,1/6), L(1,2,-1/2), ...
Unified theory,  SU(5)

5.   Mass hierarchy
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THE AUTHOR

MW !MPl

1

Weak scale supersymmetry

Order and simplicity



Quantitative Evidence
Theory

1. QED

2. QCD

3. Higgs boson

4. Unified theory,  SU(5)

5. Weak scale supersymmetry

Order and simplicity

Predicts

g-2 = 1159.6521...

Certainty axis

QEDQCDHiggsSU(5)
Weak
scale 

supersymmetry

Discovered;
Agreement

Speculative;
Debate

 several at 5%

coupling unification at 5%

coupling unification at 1%

??    (problems with alternatives)



The Structural Problem of the Standard Model
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Why is the weak scale so small                      ?                                  

Must arrange for 32 orders of magnitude cancellation
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2. Supersymmetry is at the weak scale

3. The weak scale varies in the multiverse
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 Three known solutions: 1. Elementary Higgs boson does not exist

2. Supersymmetry is at the weak scale

3. The weak scale varies in the multiverse
Agrawal, Barr, Donoghue, Seckel  hep-ph/9707380



Can We Really Get Evidence For
For 10^32 Fine Tune?
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No complex nuclei
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1016

1

Supersymmetry

30

Energy

Even with supersymmetry beyond the reach of LHC, 
the fine tuning may be “only” 1 in 1000

 It may be that the measured mass and couplings of the Higgs accurately 
reflect a boundary condition from supersymmetry at very high scales

Split Supersymmetry, Arkani-Hamed, Dimopoulos, hep-th/0405159 

No complex nuclei
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A Catastrophic Phase Transition
 Assume Higgs and top quark masses vary in multiverse

Standard Model correct to very high energies

Brian Feldstein, LJH, Taizan Watari; 
hep-ph/0608121
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A Catastrophic Phase Transition
 Assume Higgs and top quark masses vary in multiverse

Standard Model correct to very high energies

∇ f

.
 There is a phase boundary

Higgs Mass

Top Mass177 GeV

112 GeV No light quarks or leptons

 If Higgs discovered close to boundary:





A quantitative prediction of Higgs/top masses at 5% level

Evidence that multiverse solved structural fine tuning problem

(The other two known solutions are excluded)

Brian Feldstein, LJH, Taizan Watari; 
hep-ph/0608121



Symmetries v Multiverse

Huge 
extrapolation

SU(5) Multiverse

Distance

Features that 
will never be tested

pp→ XX α′,m′
e, ...

Structural evidence q(3,2,1/6), ... MW !MPl

Primary quantitative 
evidence

Further quantitative 
evidence

MW (Λ)g1 = g2 = g3

mb/mτ mH

New experiments 
needed

proton decay,
weak scale supersymmetry

Energy

precision mt,g3

??

??
??



Conclusions
Criticisms of the multiverse:

1. Many aspects of the theory cannot be tested

True
The same is true for SU(5), inflation, baryogenesis, axions, quark masses, ...

For any new theory the question is the same:
Can we obtain sufficient evidence to be convinced?
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2.  A Retreat/Disappointment

True

No “fundamental” calculation of α,me, ...

if by “fundamental” you mean “symmetries” ... but little success in 35 years

Multiverse offers an alternative way to calculate



Conclusions
Criticisms of the multiverse:

1. Many aspects of the theory cannot be tested

True
The same is true for SU(5), inflation, baryogenesis, axions, quark masses, ...

For any new theory the question is the same:
Can we obtain sufficient evidence to be convinced?

2.  A Retreat/Disappointment

True

No “fundamental” calculation of α,me, ...

if by “fundamental” you mean “symmetries” ... but little success in 35 years

Multiverse offers an alternative way to calculate

Shouldn’t we give it a try?An exciting advance!



Higgs and Top Mass Predictions

p sufficiently large for a tight 
Higgs mass prediction

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

mH =
[

106+6
(

mt−171GeV
2GeV

)
−2.6

(
αs−0.1176

0.002

)
±6

]
GeV +

25GeV
p

− 35GeV
√p

What is the future of the field?



Nuclear 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.
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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.
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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.
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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.
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Figure 6: The value of g2
3(M∗) as a function of ΛQCD/ΛQCD,o for non-supersymmetric theories

(left) and supersymmetric theories (right). The range of Eq. (29) is depicted by the vertical
lines, while the corresponding range of g2

3(M∗) by the horizontal lines.

between v and ΛQCD, enhancing P̃ΛQCD
. The distribution and the range of g3(M∗) are also

important. For example, if the distribution of g3(M∗) were flat in 1/g2
3(M∗) within the range

1/g2
3(M∗) >∼ b3/16π2, the QCD scale is distributed almost flat in ln ΛQCD for all ΛQCD <∼ M∗.

Here, b3 is the one-loop beta function coefficient for g3 evaluated at M∗. In this case, we would

obtain P̃ΛQCD
estimated using Eq. (29) to be infinitely small. To avoid this unphysical conclusion,

we can introduce an arbitrary cutoff c on the distribution, 1/g2
3(M∗) <∼ c. Alternatively, we can

consider that the distribution of g3(M∗) is flat in g2
3(M∗). In this case, restricting the range to

be g2
3(M∗) <∼ c′ gives a finite answer to P̃ΛQCD

. The value of P̃ΛQCD
depends on c′, but we can

make a reasonable conjecture on the value of c′, e.g. c′ ≈ 1 or ≈ 16π2/b3.

In Fig. 6, we plot the value of g2
3(M∗) as a function of ΛQCD/ΛQCD,o obtained using one-

loop renormalization group equations for non-supersymmetric theories (left) and supersymmetric

theories (right). In non-supersymmetric theories, M∗ is taken to be 1014 GeV, which is the scale

where the SU(3) and U(1) gauge couplings almost meet. (This is the scale where the three

gauge couplings would almost meet if five Higgs doublet fields or a vector-like fermion with the

Higgs quantum numbers were introduced at the electroweak scale.) In supersymmetric theories,

we take M∗ to be the unification scale, 2 × 1016 GeV, and the scale of superparticle masses to

be mSUSY $ 1 TeV. Dependence of the results on these parameters, however, is weak. From the

figure, we find the probability of ΛQCD falling in the range of Eq. (29) to be

P̃ΛQCD
$ 0.016

1

c′
$ 61−1 1

c′
, (30)

for non-supersymmetric theories and

P̃ΛQCD
$ 0.038

1

c′
$ 26−1 1

c′
, (31)
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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

comparable?

me, mu, md
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