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0) What was found

But should not have been found



Only the Higgs
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The SM Higgs
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[Giardino, Kannike, Masina, Raidal Strumia, 1403.4226]

http://arxiv.org/abs/1403.4226


And nothing else



Maybe up to the Planck scale

For the measured Mh, Mt the SM can be extrapolated up to MPl.

And is close to vacuum meta-stability.
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For the measured masses even the β-function of λ ∼vanishes around MPl



λ = βλ = 0 at MPl



The SM parameters at NNLO

SM parameters extracted with data at 2 loop accuracy: at µ̄ = Mt

g2 = 0.64822 + 0.00004
(
Mt

GeV
− 173.10

)
+ 0.00011

MW − 80.384 GeV

0.014 GeV

gY = 0.35761 + 0.00011
(
Mt

GeV
− 173.10

)
− 0.00021

MW − 80.384 GeV

0.014 GeV

yt = 0.9356 + 0.0055
(
Mt

GeV
− 173.10

)
− 0.0004

α3(MZ)− 0.1184

0.0007
± 0.0005th

λ = 0.1271 + 0.0021
(
Mh

GeV
− 125.66

)
− 0.00004

(
Mt

GeV
− 173.10

)
± 0.0003th .

m

GeV
= 132.03 + 0.94

(
Mh

GeV
− 125.66

)
+ 0.17

(
Mt

GeV
− 173.10

)
± 0.15th.

Renormalization to large energies is done with 3 loop RGE.

[Buttazzo, Degrassi, Giardino, Giudice, Sala, Salvio, Strumia, 1307.3536]

http://arxiv.org/abs/1307.3536


What is this talk about?

In the past decades, theory was driven by the naturalness principle:

“light fundamental scalars cannot exist, unless they are accompanied by new

physics that protects their mass from quadratically divergent corrections”.

Theorists proposed a beautiful plausible scenario with beautiful LHC signals:

Weak scale

.?.

Anthropic

Natural

Finite Naturalness

.?.

...

Warped extra dimensions

Technicolor

SUSY

Little Higgs

Large Extra Dimensions

...

...

Extra Singlet

MSSM

Extra gauge

...

...

Gauge-mediated

SUGRA

Anomaly-mediated

...

...

GUT masses

CMSSM

NUH-MSSM

...

? ? ? ? ?

But LHC found the higgs and nothing else so far.

I assume that this will be the final outcome and reconsider the basic question.

The goal of this talk is presenting an alternative: a renormalizable theory valid

above MPl such that Mh is naturally smaller than MPl without new physics at

the weak scale. It naturally gives inflation and an anti-graviton ghost-like.



1) Finite Naturalness

[Pappadopulo Farina, Strumia, 1303.7244]

http://arxiv.org/abs/1303.7244


The good, the bad, the ugly

The good possibility of naturalness is in trouble.

The bad possibility is that the Higgs is light because of ant**pic selection.

The ugly possibility is that

quadratic divergences vanish and a modified Finite Naturalness applies.

Power divergences are unphysical, nobody knows if they vanish or not. The

answer is chosen by the ultimate unknown physical cut-off. Surely it is not a

Lorentz-breaking lattice. Maybe it behaves like dimensional regularization.

To start, I explore if this heresy can work and find its consequences and tests.

“Finite naturalness is here considered only as a pure

mathematical hypothesis without any pretence of truth”



Ipse undixt

Wilson proposed the usual naturalness attributing a physical meaning to mo-

mentum shells of power-divergent loop integrals, used in the ‘averaged action’.

“The final blunder was a claim that scalar elementary

particles were unlikely to occur in elementary particle

physics at currently measurable energies unless they

were associated with some kind of broken symmetry.

The claim was that, otherwise, their masses were

likely to be far higher than could be detected. The

claim was that it would be unnatural for such parti-

cles to have masses small enough to be detectable soon.

But this claim makes no sense”

Kenneth G. Wilson

http://arxiv.org/pdf/hep-lat/0412043v2.pdf


The SM satisfies Finite Naturalness

Quantum corrections to the dimensionful parameter m2 ' M2
h in the SM La-

grangian 1
2m

2|H|2 − λ|H|4 are small for the measured values of the parameters
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Finite Naturalness and new physics

FN would be ruined by new heavy particles too coupled to the SM.

Unlike in the other scenarios, high-scale model building is very constrained.

Imagine there is no GUT. No flavour models too. Above us only sky.

FN holds if the top really is the top — if the weak scale is the highest scale.

Data demand some new physics: DM, neutrino masses, maybe axions...

FN still holds if such new physics lies not much above the weak scale.

Is this possible? If yes what are the signals?



Finite Naturalness and new physics

Neutrino mass models add extra particles with mass M

M <∼


0.7 107 GeV × 3√∆ type I see-saw model,
200 GeV ×

√
∆ type II see-saw model,

940 GeV ×
√

∆ type III see-saw model.

Leptogenesis is compatible with FN only in type I.

Axion and LHC usually are like fish and bicycle because fa>∼109 GeV. Axion
models can satisfy FN, e.g. KSVZ models employ heavy quarks with mass M

M <∼
√

∆×


0.74 TeV if Ψ = Q⊕ Q̄
4.5 TeV if Ψ = U ⊕ Ū
9.1 TeV if Ψ = D ⊕ D̄

Inflation: flatness implies small couplings. Gravity gives an upper bound on
HI and on any mass [Arvinataki, Dimopoulos..]

δm2 ∼ H H

g

g

t

t

M M ∼
y2
tM

6

M4
Pl(4π)6

so M <∼∆1/6 × 1014 GeV

Dark Matter: extra scalars/fermions with/without weak gauge interactions.



DM with EW gauge interactions

Consider a Minimal Dark Matter n-plet. 2-loop quantum corrections to M2
h :

δm2 =
cnM2

(4π)4(
n2 − 1

4
g4

2 + Y 2g4
Y )×


6 ln M2

Λ2 − 1 for a fermion
3
2 ln2 M2

Λµ2 + 2 ln M2

Λ2 + 7
2 for a scalar

Quantum numbers DM could DM mass mDM± −mDM Finite naturalness σSI in
SU(2)L U(1)Y Spin decay into in TeV in MeV bound in TeV, Λ ∼MPl 10−46 cm2

2 1/2 0 EL 0.54 350 0.4×
√

∆ (2.3± 0.3) 10−2

2 1/2 1/2 EH 1.1 341 1.9×
√

∆ (2.5± 0.8) 10−2

3 0 0 HH∗ 2.5 166 0.22×
√

∆ 0.60± 0.04
3 0 1/2 LH 2.7 166 1.0×

√
∆ 0.60± 0.04

3 1 0 HH,LL 1.6+ 540 0.22×
√

∆ 0.06± 0.02
3 1 1/2 LH 1.9+ 526 1.0×

√
∆ 0.06± 0.02

4 1/2 0 HHH∗ 2.4+ 353 0.14×
√

∆ 1.7± 0.1
4 1/2 1/2 (LHH∗) 2.4+ 347 0.6×

√
∆ 1.7± 0.1

4 3/2 0 HHH 2.9+ 729 0.14×
√

∆ 0.08± 0.04
4 3/2 1/2 (LHH) 2.6+ 712 0.6×

√
∆ 0.08± 0.04

5 0 0 (HHH∗H∗) 9.4 166 0.10×
√

∆ 5.4± 0.4
5 0 1/2 stable 10 166 0.4×

√
∆ 5.4± 0.4

7 0 0 stable 25 166 0.06×
√

∆ 22± 2



DM without EW gauge interactions

DM coupling to the Higgs determines ΩDM, σSI and Finite Naturalness δm2
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2) A new principle

Finite Naturalness is phenomenologically viable, what about its theory?



Nature has no scale

FN needs something different from the effective field theory ideology

L ∼ Λ4 + Λ2|H|2 + L4 +
H6

Λ2
+ · · ·

that leads to the hierarchy problem. Nature is singling out L4. Why?

Principle: “Nature has no fundamental scales Λ”.

Then, the fundamental QFT is described by L4: only a-dimensional couplings.

Power divergences vanish simply because they have mass dimension, and there

are no masses. [Other authors assume scale or conformal invariance as quantum

symmetries and argue that the regulator must respect them. I assume that scale

invariance is just an accidental symmetry, like baryon number].

Quantum corrections break scale invariance and should generate Mh,MPl

Can this happen? I apply this principle first to matter and later to gravity.



What is the weak scale?

◦ Could be the only scale of particle physics. Just so.

• Could be generated from nothing by heavier particles.

• Could be generated from nothing by weak-scale dynamics. Like QCD.



Dynamical generation of the weak scale

Goals:

1) Dynamically generate the weak scale and weak scale DM

2) Preserve the successful automatic features of the SM: B,L...

3) Get DM stability as one extra automatic feature.

Model:

GSM⊗SU(2)X with one extra scalar S, doublet under SU(2)X and potential

V = λH |H|4 − λHS|HS|2 + λS|S|4.

[Hambye, Strumia, 1306.2329]

http://arxiv.org/abs/1306.2329


Dynamical generation of the weak scale

1) λS runs negative at low energy:

λS ' βλS ln
s

s∗
with βλS '

9g4
X

8(4π)2

S(x) =
1√
2

(
0

w + s(x)

)
w ' s∗e−1/4

H(x) =
1√
2

(
0

v + h(x)

)
v ' w

√
λHS
2λH

Problem: vacuum energy must be negative???

2) No new Yukawas.
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3) SU(2)X vectors get mass MX = 1
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4) Bonus: threshold effect stabilises λH = λ+ λ2
HS/βλS.



Experimental implications

1) New scalar s: like another h with suppressed couplings; s→ hh if Ms > 2Mh.
2) Dark Matter coupled to s, h. Assuming that DM is a thermal relict

σvann +
1

2
σvsemi−ann =

11g2
X

1728πw2
+

g2
X

64πw2
≈ 2.2× 1026 cm3

s
fixes gX = w/2 TeV, so all is predicted in terms of one parameter λHS:
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Dark/EW phase transition

The model predicts a first order phase transition for s

The universe remains trapped at s = 0 until the potential energy ∆V is violently

released via thermal tunnelling: Γ ∼ T4e−S/T with S ∝ g4
X.
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• For the critical value gX ≈ 1.2 one has ∆V ≈ ρ such that

fpeak ≈ 0.3 mHz Ωpeakh
2 ≈ 2 10−11 detectable at LISA

• For gX > 1.2 gravitational waves become weaker.

• For gX < 1.2 the universe gets trapped in a (too long?) inflationary phase.



3) Agravity



What about gravity?

Does quantum gravity give δM2
h ∼M

2
Pl ruining Finite Naturalness?

Maybe M−1
Pl is just a small coupling and there are no new particles around MPl.

Quantum gravity would be very different from what strings suggest...

[Salvio, Strumia, 1403.4226]

http://arxiv.org/abs/1403.4226


Adimensional gravity

Applying the adimensional principle to the SM plus gravity and a scalar S gives:

S =
∫
d4x

√
|det g|L

L = LSM +
R2

3f2
0

+
R2 − 3R2

µν

3f2
2

+ |DµS|2 − ξS|S|2R− λS|S|4 + λHS|HS|2

where f0, f2 are the adimensional ‘gauge couplings’ of gravity and R ∼ ∂µ∂νgµν.

Of course the theory is renormalizable, and indeed the graviton propagator is:

−i
k4

[
2f2

2P
(spin 2)
µνρσ − f2

0P
(spin 0)
µνρσ + gauge-fixing

]
.

The Planck scale should be generated dynamically as ξS〈S〉2 = M̄2
Pl/2.

Then, the spin-0 part of gµν gets a mass M0 ∼ f0MPl and the spin 2 part splits

into the usual graviton and an anti-graviton with mass M2 = f2M̄Pl/
√

2 that

acts as a Pauli-Villars in view its negative kinetic term [Stelle, 1977].



A ghost?

Classically, higher derivatives are bad [Ostrogradski, 1850]:

∂4 ⇒ unbounded negative kinetic energy⇒ the theory is dead.

The dispersion relation P4 = m4 has 4 solutions: E = ±m and E = ±im.

In presence of masses, ∂4 can be decomposed as 2 fields with 2 derivatives:

1

k4
→

1

k4 −M2
2k

2
=

1

M2
2

[
1

k2
−

1

k2 −M2
2

]

Quantistically, the state with negative kinetic term can be reinterpreted
as positive energy and negative norm by swapping a↔ a†.

This is the iε choice that makes the theory renormalizable.

Lee, Wick, Cutkosky... claim that, it gives a slightly acausal unitary S matrix.

Without masses, ∂4 cannot be decomposed. Such crackpotton field has its
own quantisation rules, I do not yet understand what they mean.

This is what happened with anti-particles: sometimes we have the right equa-
tions before understanding what they mean. I ignore the issue and compute.



A ghost?



A ghost?



A ghost?

http://www.youtube.com/watch?v=gza7DrsJTLM


Quantum Agravity...

The quantum behaviour of a renormalizable theory is encoded in its RGE.
The unusual 1/k4 makes easy to get signs wrong. Literature is contradictory.

Preliminary results at one loop:

• f2 is asymptotically free:

(4π)2 df2
2

d lnµ
= −f4

2

[
133

10
+
NV
5

+
Nf

20
+
Ns

60

]
• Gravity does not affect running of gauge couplings: these two diagrams cancel

V V

g

V

V V

g

presumably because abelian g is undefined without charged particles.

• f0 is not asymptotically free unless f2
0 < 0

(4π)2 df2
0

d lnµ
=

5

3
f4

2 + 5f2
2f

2
0 +

5

6
f4

0 +
f4

0

12

∑
s

(1 + 6ξs)
2



...Quantum Agravity

• Yukawa couplings get an extra multiplicative RGE correction:

(4π)2 dyt

d lnµ
=

9

2
y3
t − yt(8g2

3−
15

8
f2

2 )

• RGE for ξ

(4π)2 dξH
d lnµ

= −
5

3

f4
2

f2
0
ξH + f2

0ξH(6ξH + 1)(ξH +
2

3
) + (6ξH + 1)

[
2y2
t −

3

4
g2

2 + · · ·
]

• Agravity makes quartics small at low energy:

(4π)2 dλH
d lnµ

= ξ2
H[5f4

2 + f4
0 (1 + 6ξH)2]− 6y4

t +
9

8
g4

2 + · · ·

• Agravity creates a mixed quartic:

(4π)2dλHS
d lnµ

=
ξHξS

2
[5f4

2 + f4
0 (6ξS + 1)(6ξH + 1)] + multiplicative



Generation of the Planck scale

Some mechanisms can generate dynamically the Planck scale

a) λS runs negative below MPl or b) f2 or ξS run non-perturbative.

Focus on a): scalar Planckion. ξS makes the vacuum equations non-standard:

∂V

∂S
−

4V

S
= 0 i.e.

∂VE
∂S

= 0

where VE = V/(ξS2)2 ∼ λS(S)/ξ2
S(S) is the Einstein-frame potential. The vev

〈S〉 = M̄Pl/
√

2ξS

needs a condition different from the usual Coleman-Weinberg:

βλS(µ̄ ∼ 〈S〉)
λS(µ̄ ∼ 〈S〉)

− 2
βξS(µ̄ ∼ 〈S〉)
ξS(µ̄ ∼ 〈S〉)

= 0

The cosmological constant vanishes if

λS(µ̄ ∼ 〈S〉) = 0

Then the minimum simplifies to

βλS(µ̄ ∼ 〈S〉) = 0

Is this fine-tuned running possible?



This is how λH runs in the SM
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H cannot get a Planck-scale vev. Model: add a mirror copy of the SM, broken

by the fact that S, the Higgs mirror, lies in the Planck minimum: ξS ∼ 101÷2.



Inflation = perturbative agravity

Inflation needs very special theories. Heavy model building engineering is needed
to hammer a potential until it is flat enough. BICEP calls super-Planckian vevs.

A successful class of models is ξ-inflation: a scalar S with −1
2f(S)R+ V (S).

Redefine gµν = gEµν×M̄2
Pl/f to the Einstein frame to make the graviton canonical

√
det g

[
−
f

2
R+

(∂µs)2

2
− V

]
=
√

det gE

[
−
M̄2

Pl

2
RE + M̄2

Pl(
1

f
+

3f ′2

2f2 )
(∂µs)2

2
− VE

]
where VE = M̄4

PlV/f
2 is flat (good for inflation) if V (S) ∝ f2(S) above MPl.

In general, this restriction is unmotivated and uncontrollable.

In quantum agravity f(S) = ξS(µ̄ ∼ S)|S|2 and V (S) = λS(µ̄ ∼ S)|S|4!

Inflation is a typical phenomenon in agravity: the slow-roll parameters are the
β-functions, which are small if the theory is perturbative. In the Einstein frame

ε ≡
M̄2

Pl

2

(
1

VE

∂VE
∂sE

)2

=
1

2

ξS
1 + 6ξS

[
βλS
λS
− 2

βξS
ξS

]2

,

η ≡
M̄2

Pl

VE

∂2VE
∂s2
E

=
ξS

1 + 6ξS

β(βλS)

λS
− 2

β(βξS)

ξS
+

5 + 36ξS
1 + 6ξS

β2
ξS

ξ2
S

−
7 + 48ξS
1 + 6ξS

βλSβξS
2λSξS

 .



Approximating agravity inflation

If the inflaton is the Planckion s, its potential is approximately logarithmic

λS(µ̄ ≈ s) ≈
g4

2(4π)4
ln2 s

〈s〉
, ξS(µ̄) ≈ ξS

The canonical Einstein-frame field is

sE = M̄Pl

√
1 + 6ξS
ξS

ln
s

〈s〉
and its potential is:

VE =
M̄4

Pl

4

λS
ξ2
S

≈
M2
s

2
s2
E with Ms =

g2M̄Pl

2(4π)2

1√
ξS(1 + 6ξS)

Inflation occurs at sE ≈ 2
√
NM̄Pl for N ≈ 60: above the Planck scale:

As ≈
g4N2

24π2ξS(1 + 6ξS)
ns ≈ 1−

2

N
≈ 0.967, r =

At

As
≈

8

N
≈ 0.13,

In the SM-mirror model b ≈ 1.0/(4π)4 so ξS ≈ 230 so 〈s〉 ≈ 1.6 1017 GeV: ok.



Comparison with inflationary data

The prediction for r was embarrassing until BICEP2 presented data
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Generation of the Weak scale

RGE running generates Mh from MPl. 3 regimes:

1) below M0,2: ignore agravity, Mh runs logarithmically as in the SM

(4π)2 dM
2
h

d ln µ̄
= βSMM

2
h βSM = 12λH + 6y2

t −
9g2

2

2
−

9g2
1

10

2) between M0,2 and MPl: the apparent masses run:

(4π)2 dM
2
h

d ln µ̄
=

[
βSM + 5f2

2 +
5

3

f4
2

f2
0

+ · · ·
]
M2
h − ξH

[
5f4

2 + f4
0 (1 + 6ξH)

]
M̄2

Pl

3) above MPl couplings are adimensional: λHS|H|2|S|2 leads to M2
h = λHS〈s〉2:

(4π)2dλHS
d ln µ̄

= −ξHξS[5f4
2 + f4

0 (6ξS + 1)(6ξH + 1)] + · · ·

The weak scale arises if f0,2 ∼
√
Mh/MPl ∼ 10−8 i.e. M0,2 ∼ 1011 GeV

All small parameters such as f0,2 and λHS ∼ f4
0,2 are naturally small

The Planckion s can have any mass between Mh and MPl



Black holes

Non-perturbative quantum gravity (a black hole with mass MBH) could give

δM2
h ∼M

2
BHe

−M2
BH/M

2
Pl.

The black holes possibly dangerous for FN have mass MBH ∼MPl.

Such black holes do not exist if the fundamental coupling of gravity is small.

The minimal mass of a black hole is MBH > MPl/f0,2 because of

VNewton = −
Gm

r

[
1−

4

3
e−M2r +

1

3
e−M0r

]
Conclusion: non-perturbative QG corrections δM2

h ∝ e
−1/f2

0,2 can be neglected.



Landau poles



Landau poles

We have the RGE above MPl, can the theory reach infinite energy?

Problem: Landau poles for gY , possibly λ, yt? To analyse any QFT:

1) Get 1-loop RGE, asymptotically approximate

gi = ci/ ln µ̄� 1

2) Get a system of ordinary equations in ci.

3) Find multiple sets of solutions c1i , c
2
i , . . ..

4) Check if at least one physical solution exists,

such that all couplings are real.

5) If yes, extrapolate down to low energy.

6) Perturb: UV fixed points admit deforma-

tions; IR fixed points are predicted.

In the SM there is one acceptable solution and

it predicts gY = 0 and yt (Mt ≈ 194 GeV) and

negative λ at large energy.

For gY 6= 0, Landau pole at 1043 GeV.
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Landau poles

Can the SM be extended into a theory valid up to infinite energy?

Idea: avoid Landau poles by making hypercharge non abelian. The best

possibilities — SU(5)-like GUTs — are not compatible with finite naturalness.

FN demands extensions at the weak scale. There are two possibilities:

SU(4)c ⊗ SU(2)L ⊗ SU(2)R and SU(3)c ⊗ SU(3)L ⊗ SU(3)R

Experimental bounds seem now too strong for naturalness

All models include SU(2)R and so two Higgs coupled to u and d: K0/K̄0 mixing

and K → µe demand MSU(2)R
> tens of TeV. More fine-tuned than SUSY!



Conclusions

The exploration is still in progress.

The truth can be somewhere along this

set of ideas.

Of course, going from Higgs and no

SUSY to modified naturalness to an

anti-graviton ghost at 1011 GeV is risky.

Of course, it is much more reasonable

to imagine ant***pic selection within a

multiverse of branes wrapped on 6 or 7

extra dimensions compactified on...


