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An alternative to SUSY, large
extra dimensions, technicolor, etc

Effective
Theory

Of
Everything




Definitions

“Effective”: valid up to the Planck scale, quantum gravity problem is not
addressed. No new particles heavier than the Higgs boson.

“Everything”:

neutrino masses and oscillations
dark matter
baryon asymmetry of the Universe

Inflation
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dark energy
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Particle content of ETOE

Particles of the SM
_|_

graviton
_|_

dilaton

_|_
3 Majorana leptons




Symmetries of ETOE

s gauge: SUB)xSU(2)xU(1) —
the same as in the Standard
Model




Symmetries of ETOE

® Restricted coordinate transformations: TDIFF, det[—g] = 1
(Unimodular Gravity).

Equations of motion for Unimodular Gravity:

1 1
R, — Zg,wR = 8GN (Tyw — Zg”VT)

Perfect example of “degravitation” - the “g,,,," part of
energy-momentum tensor does not gravitate. Solution of the “technical
part" of cosmological constant problem - quartically divergent matter
loops do not change the geometry. But - no solution of the “main”
cosmological constant problem - why A < M#? Scale invariance can
help!
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Symmetries of ETOE

® Exact quantum scale invariance
# No dimensionful parameters
# Cosmological constant is zero
o Higgs mass Is zero
» these parameters cannot be generated radiatively, if
regularisation respects this symmetry
® Scale invariance must be spontaneously broken
# Newton constant is nonzero
# W-mass is honzero

® Agcp Isnonzero

[Heraklion, 8 October 2012|—p. 8




Lagrangian of ETOE

Scale-invariant Lagrangian

1
Lymsm = Lsvmm—o] + Lo + E(Bux)z — V(p,Xx)

+ (N7iv* 8, N1 — har LaN1@ — frN1“Nrx + h.c.) ,

Potential ( x - dilaton, ¢ - Higgs, ¢y = 2h?):
o 2
V(e,x) = A (soTso — axz) + Bx*,

Gravity part

Lo =— (&7 +2%ne’e)

|[Heraklion, 8 October 2012 p. 9




For A > 0, 3 = 0 the scale invariance can be spontaneously broken.

The vacuum manifold:

16"
h2 — 2
0 )\Xo

Particles are massive, Planck constant is non-zero:

M3 ~ My ~ M ~ My o X0, Mpi ~ Xo

Phenomenological requirement:

,v2

o~ ~ 10738 « 1

Pl

Absence of gravity: the only choice leading to interacting particles is
B = 0. With gravity this argument is lost. Still, the choice of 3 = 0 will
be made.

|[Heraklion, 8 October 2012|— p. 10




Roles of different particles

The roles of dilaton:

9

© o o o

determine the Planck mass

give mass to the Higgs

give masses to 3 Majorana leptons
lead to dynamical dark energy

Note: dilaton is a Goldstone boson of broken dilatation symmetry
—> only derivative couplings to matter, no fifth force!

Roles of the Higgs boson:

9

9

give masses to fermions and vector bosons of the SM

provide inflation

[Heraklion, 8 October 2012|— p. 11




mass -
charge -

name -

Quarks

Leptons

Three Generations

of Matter (Fermions) spin %2

New fermions: thevMSM

2.4 MeV 1.27 GeV 171.2 GeV 0
%A u % C %4 t 0 g
up charm top gluon
4.8 MeV 104 MeV 4.2 GeV 0
‘d s *b Y
down strange bottom photon
0ev . |91.2 Gev >114 GeV
OV <o 0 H
o 2
€ %) 0
electrpn m weak Higgs
neutnﬁo 8 force boson
0.511 MeV 105.7 MeVv 1.777 GeV ? |84 Gev + spin 0
=
e | T W
c
3
electron muon tau ﬂo:] ‘f"g?glé

mass —
charge -

name —

Quarks

Leptons

Three Generations

of Matter (Fermions) spin %

2.4 MeV 1.27 GeV 171.2 GeV 0
*u |”c It e
up charm top gluon
4.8 MeV 104 MeV 4.2 GeV 0
‘d s Db "y
down strange bottom photon
—
<0.0001 eV /~10 keY | ~0.01 eV / ~GeV || ~0.04eV / ~GeV — [91.2 Gev 0 >114 GeV
o}/ o}/ o\ o 0
€ T @ 0
tau 1 i
electrpn  sterile Mol sterile ing Sterile weak Higgs
neuirino neutring | "UtAO petiirng MNP neutrino g force boson
LL .
0.511 MeV 105.7 MeV 1.777 GeV \J; 80.4Gev spin 0
e | T W
D
@ K
weal
electron muon tau force

Role of N7 with mass in keV region: dark matter

Role of Ny, N3 with mass in 100 MeV — GeV region:

“give” masses to

neutrinos and produce baryon asymmetry of the Universe
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The couplings of thev MSM

Particle physics part, accessible to low energy experiments: the
vMSM. Mass scales of the vMSM:
Mj; < Mw (No see-saw)

Consequence: small Yukawa couplings,

m M
F. 5~ VMatm Mi ~ (107% — 10713),
(¥

here v ~ 174 GeV is the VEV of the Higgs field,

maetm =~ 0.05 eV is the atmospheric neutrino mass difference.
Small Yukawas are also necessary for stability of dark matter and
baryogenesis (out of equilibrium at the EW temperature).

[Heraklion, 8 October 2012|— p. 13




Scale invariance + unimodular gravity

Solutions of scale-invariant UG are the same as the solutions of
scale-invariant GR with the action

S:—/d‘*az\/fg

R
(&xx? + 2¢npT o) o TA+-]

Physical interpretation: Einstein frame

Guv = Ux)%Gu s (ExX® + ER?)Q* = M3

A 1s not a cosmological constant, it Is the
strength of a peculiar potential!

|Heraklion, 8 October 2012|- p. 14




Relevant part of the Lagrangian (scalars + gravity) in Einstein frame:

—~

R
LE=+V—g (-Mlzaz + K — Ug(h, X)) :

K - complicated non-linear kinetic term for the scalar fields,
2 1 2 1 2 2 2
K =Q E(auX) + E(auh) ) ) —3Mp(8,9)" .

The Einstein-frame potential Ug (h, x):

4(€XX2 _|_ £hh2)2 _|_ (€XX2 4+ shh2)2

A (h? — 2x2)° A
UE(h9X) — M; ( A > ’

[Heraklion, 8 October 2012|— p. 15
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Inflation

Chaotic initial condition: fields x and h are away from their equilibrium

values.
Choice of parameters: &, > 1, &, < 1 (will be justified later)

Then - dynamics of the Higgs field is more essential, x ~ const and is

frozen. Denote &, x? = M 3.

[Heraklion, 8 October 2012|— p. 17




Redefinition of the Higgs field to make canonical kinetic term

p

dﬁ_\/ﬂz—l—ﬁﬁﬁhz/M]z; . h~h forh < Mp/€&
dh Q4 ~ Mp 3
\ h ~ \/gexp(\/gMP> forh > Mp/+/€
Resulting action (Einstein frame action)
M2 . 8,hd*h 1 D W
Sg = [ d*x\/—§{ — —F R+ £ — ————h(h)*
= / X g{ 2 T 2 Q(h)44()

Potential:

i} 2h? forh < Mp/§&
U(h) = 9

~ 2
4 _ 2h
AME (1_6 «aMp) for b > Mp /¢

[Heraklion, 8 October 2012|— p. 18




Potential in Einstein frame

U(x)

AMYEZ/A

Standard Mode

(@)

-

©

(¢D)

L

(€D)

AMYE2/16 o
5

O |

0 Xend XCOBE X
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Slow roll stage

_ M3 (dU/dX>2 4 (_ Ay )

€ ~ —ex
2 U 3 P\ VemMp
d?U /dx? 4 2x
= M; ~ ——ex (— )
T=Yr 3 P\ " VemMp

Slow roll ends at xena >~ Mp

2 2
Number of e-folds of inflation at the moment hpn is N ~ & An—Reng

— 8 Mp/¢
Xeo >~ SMp
COBE normalization U/e = (0.027Mp)* gives
AN m
£~ COBE . 40000V \ = 49000

— V 3 0.0272 V20

[Heraklion, 8 October 2012|— p. 20




CMB parameters—spectrum and
tensor modes

0.4: ' ! ' ' ' ! ' ' ' ! ' ' ' ! ' ' ' ! .
: WMAP5 N=2000"

C M e|l@
03[~ Mm% o | O -
' S N-flation m?¢? © | ©
M+En°R |

Hz B -

LO.ZE

0.1F

0.0k

0.94 0.96 0.98 1.00 1.02
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Naturalness of Higgs inflation




Naturalness of Higgs inflation

Standard Model: is the value £ ~ 103 — 10* “natural”?

[Heraklion, 8 October 2012|— p. 23




Naturalness of Higgs inflation

Standard Model: is the value £ ~ 103 — 10* “natural”?

SM: is Mp /My, ~ 1017 “natural™?
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Naturalness of Higgs inflation

Standard Model: is the value £ ~ 103 — 10* “natural”?
SM: is Mp /My, ~ 1017 “natural™?

SM: is m¢ /m, ~ 10° “natural”?

SM: is m, /m. ~ 10° “natural”?

Real physics question is not whether this or that theory is “natural” but
whether it is realised in Nature...
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Naturalness of Higgs inflation

Standard Model: is the value £ ~ 103 — 10* “natural”?
SM: is Mp /My, ~ 1017 “natural™?

SM: is m¢ /m, ~ 10° “natural”?

SM: is m, /m. ~ 10° “natural”?

Real physics question is not whether this or that theory is “natural” but
whether it is realised in Nature...

If £ Is large then chaotic inflation is inevitable in the Standard model,
‘/i-nf XX )\Mé/éz

[Heraklion, 8 October 2012|— p. 23




What happens at largeg?

Sibiryakov, '08; Burgess, Lee, Trott, '09; Barbon and Espinosa, '09
Tree amplitudes of scattering of scalars above electroweak vacuum hit

the unitarity bound at energies

M

What does it mean?

|Heraklion, 8 October 2012|- p. 24




What happens at largeg?

Tree amplitudes of scattering of scalars above electroweak vacuum hit

the unitarity bound at energies

M

What does it mean?
Option 1: The theory fails and must be replaced by a more

fundamental one
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What happens at largeg?

Tree amplitudes of scattering of scalars above electroweak vacuum hit
the unitarity bound at energies

M

What does it mean?
Option 1: The theory fails and must be replaced by a more
fundamental one

Option 2: A theorist fails and must work harder to figure out what
happens

[Heraklion, 8 October 2012|— p. 24




Effective theory

We do not know the more fundamental theory. So, lets add to the SM
all sorts of higher dimensional operators suppressed by powers of
cutoff A. Cutoff is background dependent:

e rhs

A(h) = 35, for 2 ShS P2,
> Mp
\\/Eh, forhN\/g.

Important: scale invariance in Jordan frame = shift symmetry in

Einstein frame

[Heraklion, 8 October 2012|— p. 25




Higgs-dependent cutoff

log(A)
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Cutoff is higher than the relevant dynamical scales throughout the

whole history of the Universe, including the inflationary epoch and
reheating!!

The Higgs-inflation is “natural” in the Standard Model. eI T OTBa 20T p. 26
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Dark energy

Late time evolution of dilaton p along the valley, related to x as

P 4
= Mpexp | —— = :
X P p(4MP), Y 6—|—l

Potential:

From observed equation of state: 0 < &, < 0.09

Result: equation of state parameter w = P/ FE for dark energy must be
different from that of the cosmological constant, but w < —1 is not
allowed.

[Heraklion, 8 October 2012|— p. 28




© o o o

Higgs-dilaton inflation

Take arbitrary initial conditions for the Higgs and the dilaton
Find the region on the {x, h} plane that lead to inflation
Find the region on the {x, h} plane that lead to exit from inflation

Find the region on the {x, h} plane that lead to observed
abundance of Dark Energy

[Heraklion, 8 October 2012|— p. 29




Initial conditions

] Orobs
(g < S5

|Heraklion, 8 October 2012|— p. 30




Trajectories

1000 2000

~2000  —1000

|Heraklion, 8 October 2012|— p. 31




Generic semiclassical initial conditions lead to:

® the Universe, which was inflating in the past

® the Universe with the Dark Energy abundance smaller, than
observed

Quantum initial state to explain the DM-DE coincidence problem?

[Heraklion, 8 October 2012|— p. 32




Inflation-dark energy relation

Value of n; is determined by &5, and &,., and equation of state of DE w
by &, = ns — w relation:

1.00

.95

e

0.96

.94

| 0010 0015 0.020  0.025

0005

0.000

0
1+WQE
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Higgs mass, stability, inflation and asymptotic
safety

Radiative corrections are essential for validity of ETOE (and thus for
the Higgs-dilaton cosmology). ETOE must be self-consistent up to
Inflationary scale. This gives a direct relation to the Higgs mass.

Definition: “M S benchmark Higgs mass M_.,.;:" is defined from

equations
A(po) =0,  B3M(o) =0

together with parameter ng, assuming that all parameters of the SM,

except the Higgs mass, are fixed.

[Heraklion, 8 October 2012|— p. 34




Then:

® Electroweak vacuum is stable for Mg > M it + AMtap

® Higgs or Higgs-dilaton inflation can take place at
Mpyg > Merit + AMin g

® Prediction of the Higgs mass from asymptotic safety of the SM is
MH — Mcrit + AMsafety

All AM; are small (few hundred MeV).
Value of M..,.;; as of 2009 (one-loop matching at the EW scale and
2-loop running up to high energy scale):

my — 171.2 a, — 0.1176
Merie = [126.3 + X 4.1 — x 1.5] GeV
2.1 0.002

Theoretical uncertainties: +2.5 GeV (different sources are summed
guadratically) or +=5 GeV (different sources are summed linearly).

[Heraklion, 8 October 2012|— p. 35




Updated computation of Mg
, incorporating O (aa;) two-loop matching and 3-loop

running of coupling constants

my — 172.9 a; — 0.1184
Merie = [129.0 + X 2.2 — X 0.56] GeV ,
1.1 0.0007

Theoretical uncertainties: +1.2 GeV (different sources are summed
guadratically) or +=2.3 GeV (different sources are summed linearly).

Effect of contributions o< y;, y2A%, A% (
shift of the Higgs mass by 100 — 200 MeV. Quadratic theoretical
uncertainty is reduced to ~ 0.8 GeV.

[Heraklion, 8 October 2012|— p. 36




Strong coupling ag(M;)

Strong coupling ag(M;)

Higgs mass M;=124 GeV
LRI T

0.120
0.119f
0.1185
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0_116_‘|/.(f'.|....|....|....|....|...
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Pole top mass M,, GeV

Higgs mass M;=126 GeV
0.121_"""'":"'/""","l"l"nwuv.,,_

0.120 |
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0.117}
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Strong coupling ag(M;)

Strong coupling ag(M;)

Higgs mass M;,=125 GeV
0.121_‘""""-"'","l""lllvv\.u..,

0.120 |
0.119
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170 171 172 173 174 175 176

Pole top mass M;, GeV

Higgs mass M;=127 GeV
0121 T

0.120 |
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0.118

0.117} -

0116_‘1'../.. ..(.l'l....J....|....\....|‘-
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To decrease uncertainty: (the LHC accuracy can be as small as 200
MeV!)

#® Compute remaining two-loop O (a?) corrections to pole - MS
matching for the Higgs mass and top masses. Theoretical
uncertainty can reduced to ~ 0.5 GeV, due to irremovable
non-perturbative contribution ~ Agcp to top quark mass.

® Measure better t-quark mass (present error in m g due to this
uncertainty is ~ 4 GeV at 20 level): construct t-quark factory —
eTe~ or ptp~ linear collider with energy ~ 200 x 200 GeV -

proposal for the European high energy strategy committee

® Measure better o, (present error in m g due to this uncertainty is
~ 1 GeV at 20 level)

[Heraklion, 8 October 2012|— p. 38




Behaviour of the Higgs self-coupling

0.06 ;
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Scale from equations: A(uo) = 0 and B5M(ue) = 0

500

v T B I I | I I I I | I I I I | I I I I | I I I I |
170 171 172 173 174 175 176
Pole top mass M, GeV

1o determined by the EW physics gives
the Planck scale!

Numerical coincidence?

Fermi scale is determined by the Planck
scale (or vice versa)?

Possible explanation - asymptotic safety of the SM+gravity

|Heraklion, 8 October 2012|— p. 40
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Conclusions. ETOE gives:

Dynamical origin of all mass scales

Hierarchy problem gets a different meaning - an alternative (to
SUSY, techicolor, little Higgs or large extra dimensions) solution of

it may be possible.

Cosmological constant problem acquires another formulation.
Natural chaotic cosmological inflation

Low energy sector contains a massless dilaton

There is Dark Energy even without cosmological constant

There is direct relation between inflation and DE equation of state

Agreement with LHC indications of the Higgs existence and of
absence of evidence of new physics right above the EW scale

[Heraklion, 8 October 2012|— p. 41




Problems to solve

® Though the stability of the electroweak scale against quantum
corrections may be achieved, it is unclear why the electroweak
scale is so much smaller than the Planck scale (or why ¢ < 1).

[Heraklion, 8 October 2012|— p. 42
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Hot, Warm and Cold

Abazajian, Fuller, Patel

The mass inside sterile neutrino free streaming length Args:

1keV\3 /(p/T)\*
Mprg ~ 2.6 X 10" M~ (Qrh? ( ) ( )
FS o (Rvh™) Mn 3.15

p/T ~ 3.15 for thermal spectrum of sterile neutrino. In reality

0.3 < {2220 < 0.9

Joel Primack: “WDM producing less structures than CDM at the scales
10° — 10® M, is excluded”.

If 108 My: My > 2 — 5 KeV, depending on the spectrum

If 106 Mo: My > 8 — 25 KeV, depending on the spectrum

|[Heraklion, 8 October 2012|— p. 45




Quantum scale invariance
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Quantum scale invariance

Common lore: quantum scale invariance does not exist, divergence of
dilatation current is not-zero due to quantum corrections:

Ot o B(Q)GZQGaﬁ v,
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Quantum scale invariance

Common lore: quantum scale invariance does not exist, divergence of
dilatation current is not-zero due to quantum corrections:

Ot o B(Q)GZQGQB v,

Sidney Coleman: “For scale invariance,..., the situation is hopeless;
any cutoff procedure necessarily involves a large mass, and a large
mass necessarily breaks scale invariance in a large way.”
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Quantum scale invariance

Common lore: quantum scale invariance does not exist, divergence of
dilatation current is not-zero due to quantum corrections:

auaJ“ X B(Q)Gaﬁaaﬁ “,

(81

Sidney Coleman: “For scale invariance,..., the situation is hopeless;
any cutoff procedure necessarily involves a large mass, and a large
mass necessarily breaks scale invariance in a large way.”

Known exceptions - not realistic theories like N=4 SYM

Everything above does not make any
sense???!l
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Standard reasoning

Dimensional regularisation d = 4 — 2¢, M S subtraction scheme:
mass dimension of the scalar fields: 1 — e,
mass dimension of the coupling constant: 2e

Counter-terms:

p 1S a dimensionfull parameter!!
One-loop effective potential along the flat direction:

00 [0 00 3]

6472 2 2

Vix) =
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Result: explicit breaking of the dilatation symmetry. Dilaton acquires a
nonzero mass due to radiative corrections.
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Result: explicit breaking of the dilatation symmetry. Dilaton acquires a
nonzero mass due to radiative corrections.
Reason: mismatch in mass dimensions of bare (\) and renormalized

couplings (Ar)
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Result: explicit breaking of the dilatation symmetry. Dilaton acquires a
nonzero mass due to radiative corrections.

Reason: mismatch in mass dimensions of bare (\) and renormalized
couplings (Ar)

Idea: Replace p12¢ by combinations of fields y and h,
which have the correct mass dimension:

2€

“26 — Xl_eFe(w) ’

where x = h/x. F.(x) is a function depending on the
parameter e with the property Fy(x) = 1.
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Example of computation

Natural choice:

Potential:

Counter-terms

Ucc — [wz} T
€

1 1 1
Ah?x? (t + a) +Bx* (E + b) +Ch* (E + c) ] :

To be fixed from conditions of absence of divergences and presence
of spontaneous breaking of scale-invariance
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m*(h) m?(h) 2
Ui = 6472 [10 v? +O(CR>]
%C4czh20h4oh6
— 647T2[OU-|-2U + C4h*| + )
where m?(h) = Ar(3h? — v?) and
3 2 4
Co = — [20,— 1+ 2log (C—R> -+ —logZ)\R—I—O(CIZ%)] ]
2 &) 3
Cr >
Cs, = —3 |2a — 3 + 2log €— +OKR)| »
X
3 Clzg 2
Cy = 5 [2a—5—|—210g (§—> —4log2)\R—|—O(CR)] :
X
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Origin of Agep

Consider the high energy (/s > v but /s < xo) behaviour of
scattering amplitudes on the example of Higgs-Higgs scattering
(assuming, that (g < 1). In one-loop approximation

IN%,
'y =Ar+ log

6472

S
SXX(Z)> -+ const] + O (Clz%) .

This implies that at v < /s < xo the effective Higgs self-coupling
runs in a way prescribed by the ordinary renormalization group!
For QCD:

__ 1
Agcp = Xo€ 0%,  B(as) = bpa?
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Quantum effective action is scale invariant in all orders of
perturbation theory!!!
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Quantum effective action is scale invariant in all orders of
perturbation theory!!!

Problems
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Quantum effective action is scale invariant in all orders of
perturbation theory!!!

Problems

® Renormalizability: Can we remove all divergences with the similar

structure counter-terms? The answer is “no" ( ).
However, this is not essential for the issue of scale invariance. We

get scale-invariant effective theory
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Quantum effective action is scale invariant in all orders of
perturbation theory!!!

Problems

® Renormalizability: Can we remove all divergences with the similar
structure counter-terms? The answer is “no" ).
However, this is not essential for the issue of scale invariance. We
get scale-invariant effective theory

® Unitarity and high-energy behaviour: What is the high-energy
behaviour (E > Mp;) of the scattering amplitudes? Is the theory
Unitary? Can it have a scale-invariant UV completion?
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Conseguences

® The dilaton is massless in all orders of perturbation theory
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Conseguences

The dilaton is massless in all orders of perturbation theory

Since it is a Goldstone boson of spontaneously broken symmetry

It has only derivative couplings to matter (inclusion of gravity is
essential!)
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Consequences

The dilaton is massless in all orders of perturbation theory

Since it is a Goldstone boson of spontaneously broken symmetry
It has only derivative couplings to matter (inclusion of gravity is
essential!)

Fifth force or Brans-Dicke constraints are not applicable to it

Higgs mass is stable against radiative corrections (in dimensional
regularisation)
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Consequences

The dilaton is massless in all orders of perturbation theory

Since it is a Goldstone boson of spontaneously broken symmetry
It has only derivative couplings to matter (inclusion of gravity is
essential!)

Fifth force or Brans-Dicke constraints are not applicable to it

Higgs mass is stable against radiative corrections (in dimensional
regularisation)

Requirement of spontaneous breakdown of scale invariance -
cosmological constant is tuned to zero in all orders of perturbation
theory

[Heraklion, 8 October 2012|— p. 53




Dilaton as a part of the metric

Previous discussion - ad hoc introduction of scalar field x. It is
massless, as is the graviton. Can it come from gravity?
Yes - it automatically appears in scale-invariant TDiff gravity as a part

of the metric!
Consider arbitrary metric g,,,, (no constraints). Determinant g of g, is
TDiff invariant. Generic scale-invariant action for scalar field and

gravity:

S = /d‘*m\/:q[ — %cbzf(—g)R — %ciﬁzggg(—g)(@g)2

5 960(~0)(09)? + Gos(~9)6 Dy - 06 — *v(~g))
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Equivalence theorem

This TDiff theory is equivalent (at the classical level) to the following
Diff scalar tensor theory:

L. 1, 1, , 1 ,
Nt —5® f(o)R — 4 Ggg(0)(00)” — §g¢¢(0)(3¢)

Ao

~Ggp(0)¢ 8o - D9 — ¢p*v(o) — o
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Transformation to Einstein frame:

Le 1 on 1.9 2 1.5 2
= =y MAR— S M Koo (0)(90) = S MK () (D (/M)
, . v M
—M*Ksp(o) 80 - 0ln(¢p/M) — MV (o) 51 f (V2o

As expected, ¢ is a Goldstone boson with derivative couplings only
(except the term containing Ag).
So, TDIiff scale invariant theory automatically contains a massless

dilaton. All previous results can be reproduced In it.

[Heraklion, 8 October 2012|— p. 56




Towards to Physics at All Scales

If gravity (\Weinberg, M. Reuter)

and the Standard Model (IV.S.,
Wetterich)

are asymptotically safe then

ETOE may appear to be a fundamental
theory




To be true: all the couplings of the SM
must be asymptotically safe or
asymptotically free

Problem for:

® U(1) gauge coupling g;, pda = B5M = (4143

® Scalar self-coupling A, u% = M =

1 1 9 3 3
= [(24>\ + 12h2 — 9(g2 + ggf))A — 6h* + ggé + ggi* + Zgigf

® Fermion Yukawa couplings, t-quark in particular h, u% = M =

g3

_h 9h2 a2 9 , 17
1672 |2 I3 = 4927 15

Landau pole behaviour
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Gravity contribution to RG running

Let =; is a SM coupling. Gravity contribution to RG:
dwj SM grav
M@ =06;" +8; .

On dimensional grounds

. 2
IBQ’I"CL’U . a’] M
J

_= i .
8w M3 (u)

where
M3 (p) = M} + 26op?

with Mp = (877G ) "1/2 = 2.4 x 10'8 GeV, &, ~ 0.024
from a numerical solution of FRGE
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Remarks

® The couplings are not in MS scheme

°

The couplings are not in MOM scheme

® Pretty vague definition based on physical scattering amplitudes at

large momentum transfer - never actually worked out in details

Thus, computations of a; are ambiguous and controversial.

Still, even without exact knowledge of a; a lot can be said about the
Higgs mass
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® Most works get for gauge couplings a universal value
a1 = ay = agz < 0: U(1) gauge coupling get asymptotically free

In asymptotically safe gravity

® a, ~ 2.6 > 0according to for scalar

theory coupled to gravity

® ap, >< 07?? The case ap > 0is not phenomenologically

acceptable - only massless fermions are admitted
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Suppose that indeed a1 < 0, ap < 0, a) > 0. Then the Higgs mass
can be predicted :

my — 171.2 a; — 0.1176

myg = [126.3 X 4.1 — X 1.5 GeV
= | T o 0.002 | ’
A
Landau pole
safe
M I\N H
instability

Possible understanding of the amazing fact that A(Mp) = 0 and

B53M(Mp) = 0 simultaneously at the Planck scale. oG S OB 2012 - p. 62
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