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Higgs inflation in a Nutshell

You know the SM hierarchy problem?

The renormalized Higgs boson mass is small (at EW scale) the bare one is huge
due to radiative corrections going with the UV cutoff assumed to be given by the
Planck scale Ap; ~ 10'° GeV.
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©® Is this a problem? Is this unnatural?
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@® |t is a prediction of the SM! logp (4 [GeV])

) At low energy we see what we see (what is to be seen): the renormalizable,
renormalized SM as it describes close to all we know up to LHC energies.
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® What if we go to very very high energies even to the Planck scale?

] Close below Planck scale we start to sees the bare theory i.e. a SM with its
bare short distance effective parameters, so in particular a very heavy
Higgs boson, which can be moving at most very slowly, i.e.

O the potential energy

is large

V() =4 + 4

@ the kinetic energy
197 is small.

The Higgs boson contributes to energy momentum tensor providing

pressure p=3¢*—V(g)
energy density 0= %g’bz + V(o)

1 As we approach the Planck scale (bare theory): slow—roll condition satisfied

1¢* < V(¢) then — [P ~=V(@); p~ +V(¢)}J —

o = px DARK ENERGY! no other system exhibits such strange equation of state!
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® The SM Higgs boson in the early universe provides a huge dark energy!

What does the huge DE do? Provides inflating the universe!

Friedman equation: % = H(t)dt — a(t) = exp Ht exponential growth of the radius

a(t) of the universe. H(¢) the Hubble constant H « /V(¢). Inflation stops quite
quickly as the field decays exponentially. Field equation: ¢ + 3H¢ ~ —V’(¢), for
V(g) ~ ’%2 ¢> harmonic oscillator with friction =Gaussian inflation (Planck 2013)

® the Higgs boson is the inflaton!

Inflation tunes the total energy density to be that of a (_ flat space ) which

has a particular value pei¢ = . With pere = 0.00216 eV!
OA = ,uf\: to.a = 0.002 eV today  approaching te o = 0.00216 eV with time

l.e. the large cosmological constant gets tamed by inflation to be
part of the critical flat space density. No cosmological constant problem either?
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@® Note: inflation is proven to have happened by observation!
Comic Microwave Background (CMB) radiation tells it v/
@ Inflation requires the existence of a scalar field,

The Higgs field is precisely such a field we need and within the SM it has the
properties which promote it to be the inflaton.

All other inflatons put by hand: all predictions are direct consequences of the
respective assumptions

SM Higgs inflation sounds pretty simple but in fact is rather subtle,
because of the high sensitivity to the
SM parameters uncertainties and SM higher order effects

Precondition: a stable Higgs vacuum and a sufficiently large Higgs field at Mp,!
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Cosmology, Cosmological Constant and Dark Energy

® Cosmology shaped by Einstein gravity G, = kT, +
~1 Weyl’s postulate (radiation and matter (galaxies etc)
on cosmological scales behave as ideal fluids)
~J Cosmological principle (isotropy of space implying homogeneity)
—fix the form of the metric and of the energy-momentum tensor:
1. The metric (3-spaces of constant curvature k = =1, 0)

[ds2:(cdt)2 a2 (5 + 7 dgz)]

where in the comoving frame ds = ¢ dt with ¢ the cosmic time
2. The energy-momentum tensor

[TW = (p(®) + p()) (1) W'u” — p() g ; u' = %j

Need p(¢) energy density and p(¢) pressure to get a(¢) radius of the universe

Einstein [CC A = 0 ]: curved geometry « matter [empty space < flat space]
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3. Special form energy-momentum tensor p(r) = —p(1)??? “Dark Energy” only

™ = p() g )

Peculiar dark energy equation of state: w = p/p = —1 no known physical system
exhibits such strange behavior as ElaliEe[E\iya!

- XT101-1-1 EQIT

WHAT IS DARK ENERGY? Well, the simple answer is that we don’t know.

First introduced by Einstein as “Cosmological Constant” (CC) as part of the
geometry, [where empty space appears curved,] in order to get stationary
universe.
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G,quR,uv_%g,uvR_Ag/xv = K T,uv

Einstein Tensor < geometry of space-time

Gravitational interaction strength . — 873TG2N

Energy-Momentum Tensor «, deriving from the Lagrangian of the SM
Cosmological solution: universe as a fluid of galaxies =Friedmann-Equations:

)
a“+kc
353 Kp

2 da+a®+kc?
252 KPp

a(t) Robertson-Walker radius of the universe

J universe must be expanding, Big Bang, and has finite age ¢
7 Hubble’s law [galaxies: velocity,. ..o, = H Distance ], H Hubble constant
[J temperature, energy density, pressure huge at begin, decreasing with time
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G,uv = R,uv = %g,uvR = K (T,uv+pA guv) = KT/E?} . PA = A/K

Einstein Tensor < geometry of space-time

Gravitational interaction strength . — 873TG2N

Energy-Momentum Tensor «, deriving from the Lagrangian of the SM
Cosmological solution: universe as a fluid of galaxies =Friedmann-Equations:

) k 2
3457 K )

2 da+a®+kc?

- 22 k (p )

a(t) Robertson-Walker radius of the universe

J universe must be expanding, Big Bang, and has finite age ¢
7 Hubble’s law [galaxies: velocity,. ..o, = H Distance ], H Hubble constant
[J temperature, energy density, pressure huge at begin, decreasing with time
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Problems of GRT cosmology if dark energy absent:
i Flatness problem i.e. why Q =~ 1 (although unstable) ? CMB Q, = 1.02 £ 0.02

 Horizon problem finite age ¢ of universe, finite speed of light c: Dy = ¢t
what we can see at most?

CMB sky much larger [d,,, = 4 - 107 ¢y ] than causally connected patch
[Devs =~ 4 - 10° £y ] at tomis (380 000 yrs), but no such spot shadow seen!

More general: what does it mean glelgglele[STalTeliE] or [Eelifelelled for causally disconnected parts of
the universe? Initial value problem required initial data on space-like plane. Data on space-like
plane are causally uncorrelated!

» Problem of fluctuations magnitude, various components (dark matter, baryons,
photons, neutrinos) related: EElERIElielaEEIRI=Igib[foF=Nil6]gfs]
=Planck length £p; sized quantum fluctuations at Planck time?

As we will see: - Q = 1 unstable only if not sufficient dark energy!

- dark energy is provided by SM Higgs via k7,
- no extra cosmological constant +A g, supplementing G,

- i.e. all is standard GRT + SM (with minimal UV completion)
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Sketch of the Evolution of the Universe |

At Start » a Light-Flash!

e high density

e high temperature

/ Matter = radiation dominates!

Late Times » Dark Energy only

all other stuff dilutes into nothing!
T Time | unless universe recontracts k= +1]

Radiation ~ Dark Energy

E{adi,ation atter TODAY

ominates ominates

Forms of energy:
J radiation : photons, highly relativistic particles p;.q = orad/3

J normal and dark matter (non-relativistic, dilute) pmatter = 0, Pmatter > O
) dark energy (cosmological constant) pyac = —pvac < 0

Note: Radiation ppq o« 1/a(t)*, Matter pmy < 1/a(f)?, Dark Energy py o a(z)°
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much matter border little matter
recontraction case expanding forever

Curvature: closed k = 1[Qy > 1], flat k = 0[Q¢ = 1] and open k = —1 [Q < 1]

Interesting fact: flat space geometry < specific critical density, “very unstable”

3H? [— -

Pocrit = PEds = grge = 1.878 x 107 n? gr/em’, -

where H, is the present Hubble constant, and # its value in units of 100 km s~!

Mpc~!. Q expresses the energy density in units of pg .. Thus the present density

0o Is represented by
QO - pO/pO,crit

Dark energy will turn repulsive state into an attractor!
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J findings from Cosmic Microwave Background (COBE, WMAP, PLANCK)

What The Universe Is Made Of
il

DARK MATTER

) .

21%
DARK ENERGY

) the universe is flat! Qg ~ 1 . How to get this for any £k = +1,0? =inflation

{L QO — QA + -Qdark matter T Qnormal matter T Qradiation}

Qp =2 0.74 5 Qgark matter = 0.21 5 Qnormal matter = 0.05 5 Qradiation = 0.003
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The Cosmic Microwave Background
Cosmic black-body radiation of 3 °K Penzias, Wilson 1965, NP 1978

] The CMB fluctuation pattern: imprinted on the sky when the universe was just
380 000 years (after B.B.) old. Photons red-shifted by the expansion until the
cannot ionize atoms (Hydrogen) any longer

(snapshot of surface of last scattering). Smoot, Mather, NP 2006

PLANCK 2013
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) The power spectrum of CMB noise: (the acoustic peaks)
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CMB shows the Universe is Flat [WMAP, PLANCK]
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Inflation

Need inflation! universe must blow up exponentially for a very short period, such
that we see it to be flat! [switch on anti-gravity for very short period of time]

inflation

Evolution of the Universe
era

Forces
Separate

10"'s 300 000 Years

Energy 10"Tev 10" Tev 1 TeV 150 MeV 4 meV 0,7 meV

electroweak QCD
phase transition phase transition
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Inflation at Work

Flatness, Causality, primordial Fluctuations = Solution: Guth 1980

[ Inflate the universej

Add an “Inflation term” to the r.h.s of the Friedmann equation, which dominates
the very early universe blowing it up such that it looks flat afterwards

Need scalar field ¢(x) = “inflaton” : =inflation term 333";2 (V(¢)+%¢2)
Pl

Means: switch on strong anti-gravitation for an instant [sounds crazy]

Inflation: a(?) o< e®'; H = H(t) = a(t)/a(t) Hubble “constant”, i.e. %“ = H(t)dt

m»_ automatic ifft | V(¢) > %q’bz | slow roll!

“flattenization” by inflation: curvature term k/a’(1) ~ k exp(=2Ht) — 0 (k = 0, 1
the normalized curvature)

Assume too much matter, universe would re-collapse, inflation creates more space, density drops
to critical one, re-collapse just prevented (shifted to ¢ = oo)!

F. Jegerlehner — INFN LNF - Laboratori Nazionali di Frascati, — April 7, 2016 16



SM Higgs as inflaton?

Energy-momentum tensor of SM 7, = ©®,, = V(¢) g, + derivative terms

ps =3B+ V(@) ; ps=1¢> - V(o)

) Substitute energy density and pressure into Friedmann and fluid equation

1 Expansion when potential term dominates

2
i>0= p<-t—=ip <V(p

1*-V(9)
1 92+V(9)

is | V(g)> 1*| ?

Equation of state (provided by the Higgs): w = § =

@® small kinetic energy ™ w — -1 is dark energy p, = —py < 0!

indeed Planck (2013) finds w = —1.137) 7.

Friedmann equation: H? = %28 [V(qﬁ) + %(bz] =H? = XN Y (g)

Field equation: ¢ + 3H¢p = —V'(¢) =3H¢p ~ -V'(¢), for V(¢) =~ ’”72 ¢ harmonic
oscillator with friction =Gaussian inflation (Planck 2013)
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SM Higgs as inflaton?

A

Energy-momentum tensorof SM 7, = ©,,, = V(¢) g, + derivative terms

ps =22+ V(P) 5 ps=1¢*—V(g)

J Substitute energy density and pressure into Friedmann and fluid equation

"] Expansion when potential term dominates

2
i>0c=p<-£=ip <V(p)

X2-Vip) -
% = ! 2+V(¢) IS ‘/(¢) > %¢2 ?
@® small kinetic energy "™ w — -1 is dark energy p, = —py < 0!

indeed Planck (2013) finds w = —1.137) .

Equation of state (provided by the Higgs): w

Friedmann equation: H? = *Z% [V(¢) + %)4?72] =H? =~ IV Y (g)

Field equation: ¥+ 3H¢ = —V'(¢) =3Ho ~ -V'(¢), for V(¢) = ’%2 s
exponential decay =stops inflation =oscillations set in
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fixed
" entirely by

a(fen v
N = a(g d)) f H(H)dt ~ — v d¢ scalar
initial t; b potential

® need N 260, so called e-folds (CMB causal cone)

Key object of our interest: the Higgs potential { V = ’%2 H*> + £H* J

~J Higgs mechanism = spontaneous H — —H symmetry breaking!

means: symmetry at short distance scale, broken at low energies!
< when m? changes sign and A stays positive =first order phase transition

Temperarure \ ) v H
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Summary part I:

@ Inflation is established by observation (Flatness, Primordial Fluctuation etc)
® SM Higgs particle is ideal candidate for the Inflaton and dark energy
Key questions:
does SM Higgs potential satisfy slow roll condition?
does the SM provide sufficient amount of inflation?
Key problem:
renormalized SM Higgs potential established at low energy
cannot trigger inflation!

Therefore: standard opinion Higgs cannot be the inflaton
(Guth 1980 originally suggested the Higgs to be the inflaton!)

Standard paradigm:
renormalizability is fundamental principle, only renormalized SM is physical
symmetries if broken are broken spontaneously
the higher the energy the more symmetry (SUSY, GUT, Strings)
hierarchy problem requires SUSY, extra dimensions, little Higgs, ETC, etc
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Emergence Paradigm and UV completion: the LEESM

The SM is a low energy effective theory of a unknown Planck medium [the
“ether”], which exhibits the Planck energy as a physical cutoff: i.e. the SM
emerges from a system shaped by gravitation

| Api = (Gy/ch)y? =~ 1.22 X 10"° GeV |
Gy Newton’s gravitational constant, ¢ speed of light, 7 Planck constant

1 SM works up to Planck scale, means that in makes sense to consider the SM
as the Planck medium seen from far away i.e. the SM is at low
energies. Expand in E/Ap; = see renormalizable tail only.

J looking at shorter and shorter distances (higher energies) we can see the bare
Planck system as it was evolving from the Big Bang! Energy scan in time!

@® the tool for accessing early cosmology is the RG solution of SM parameters:
we can [calculate the bare parameters from the renormalized ones] determined

at low (accelerator) energies.
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) In the symmetric phase at very high energy we see the bare system:

the Higgs field is a collective field exhibiting an effective mass
generated by radiative effects

2 o S2
my, .~ om- at Mp

eliminates fine-tuning problem at all scales!

Many examples in condensed matter systems, Coleman-Weinberg mechanism

] “free lunch” in Low Energy Effective SM (LEESM) scenario:
® renormalizability of long range tail automatic!
@® so are all ingredients required by renormalizability:

® non-Abelian gauge symmetries, chiral symmetry, anomaly cancellation,
fermion families etc
©® last but not least the existence of the Higgs boson!

< all emergent «xx
non-renormalizable stuff
heavily suppressed
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The low energy expansion at a glance

dimension operator scaling behavior
© co—many
g irrelevant
= T operators
3 no
£ data d=6 (D)%, (J)%, - (E/Ap)?
| d=>5 900'“VFW¢, T (E/Ap)
GC) | d = 4 (a¢)27 ¢47 (F/Jv)za Tt ln(E/API) > g
Q| experimental d=3 &>, s (Ap/E) = =
& data d=2 ¢, (Ap)? (Ap/E)* | 2 =
o l d=1 ¢ (Api/E)’ (8] =
S 7
= | Note: d=6 operators at LHC suppressed by (E; uc/Ap)? ~ 10730
= require chiral symmetry, gauge symmetry, --- ??7? self-organized!

— just looks symmetric as we cannot see the details —
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What is natural?
Get everything you need to live (minimal extension), largely what we have.

The higher the energy the higher the symmetry??? Group theory is beautiful
mathematics, already Kepler dreamed of the Platonic bodies (regular polyhedra)
to become true in celestial mechanics. But finally Kepler’s laws came out.

What is more natural: singlets, doublets, triplets, ... or 15-plets?

Actually REAGSEINITOAMNIAEIE most natural conspiracies!

Hadrons are built from two, tree, ... quarks ... pentaquarks already quite exotic
(also QCD hadronic spectra follow nice group theory).

The hot and dense medium at the Planck time exhibits all types of fluctuation
modes and the simplest combinations conspire to.make it to be seen at long
distances. The conspiracies in small n—plets are the effective long range
symmetries, which protect the masses to freeze out. Chiral fermions, gauge
bosons: massless before symmetries are spontaneously broken at low energies.
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The Standard Model up to the Planck scale

The Cosmic Bridge

Universe is expanding: began in a very hot and dense state!

|
At Start a Light-Flash: ~1—' BANG!

Light quanta very energetic, all matter totally ionized, all nuclei disintegrated.
Elementary particles only!: y,e*,e”, p, p,- -

Early cosmology is Particle Physics!

LEP type processes e*e” < y* < XX new fow

Energy scale <& Temperature < cosmic Time

2
E=2Myc* o T=E/kz°K & t=—22 (lMeV) sec. after B.B.

Vo \ Rl
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The Higgs boson discovery — the SM completion
Higgs mass found by ATLAS and CMS agrees perfectly with the indirect bounds

Ag ——| 0.23099 + 0.00053
A(P) —n— 0.23159 + 0.00041
Ag;b —— 0.23221 + 0.00029
A:f 4  0.23220 +0.00081
Qe S E— 0.2324 +0.0012

Average 2D. 23153 +0.00016
=
5}
Sor g B
023 I],:?ﬂ:inzez-rr)t 0234
LEP 2005 +++ LHC 2012 Englert&Higgs Nobel Prize 2013

Higgs mass found in very special mass range 125.9 + 0.4 GeV

[ Higgs boson predicted 1964 by Brout, Englert, Higgs — discovered 2012 at LHC by ATLAS&CMS j
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Common Folklore: SM hierarchy problem requires a supersymmetric (SUSY)
extension of the SM (no quadratic/quartic divergences) SUSY = infinity killer!

Do we really need new physics? Stability bound of Higgs potential in SM:

300]|||||II|II|II|_

2

_m 2 A jb
600

~ ]
> _
(_I) ] .
= oo = Riesselmann, Hambye 1996
= |
= _ My < 180 GeV
200 .-"‘"‘-Y.f'_f'AVA'AYAYQZOZ’ZQ'Q't"‘ _ fIrSt 2-|Oop analySIS’ knOWIng Mt -
LHC T el
0 ||1|||1||||1|_
103 105 102 101% 1015 1018

A (GeV)
SM Higgs remains perturbative up to scale Ap if it is light enough (upper
bound=avoiding Landau pole) and Higgs potential remains stable (1 > 0) if Higgs
mass is not too light [parameters used: m; = 175[150 — 200] GeV ; a,; = 0.118]
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SM — Fermions: 28 per family = 3x28=84; Gauge-Bosons: 1+3+8=12; Scalars: 1 Higgs
Photon massless, gluons massless but confined

Before [Higgs mechanism (triggering EW phase transition):

SM in symmetric phase : W=, Z and all fermions massless
Higgs “ghosts” ¢*, ¢ physical, heavy degenerate with the Higgs!

m

SM in broken phase : H, W+, Z and all fermions massive [each mass requires

separate new interaction via the Higgs: 2+12+1 decay channels];
3 Higgs “ghosts” ¢*, ¢" disappear and transmute into longitudinal DOFs of W*, Z

At “low” energy [likely up to 10'°® GeV]:

Basic parameters: gauge couplings g’ = g1, g = 92, g3, top quark Yukawa coupling
y;, Higgs self-coupling A and Higgs VEV v, besides smaller Yukawas.

—1/2
Note: 1/(V2v%) = G is the Fermi constant! [v = (\/iGp) / ]
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SSB = mass o interaction strength x Higgs VEV v

Mlz)[/ _ %g202; M% _ i(92+gl2)v2;
2 1.2 .2 2 1 2
me = YUt My = 3A4av

Effective parameters depend on renormalization scale u [normalization reference
energy!], scale at which ultraviolet (UV) singularities are subtracted

@® running couplings change substantially with energy and hence
as a function of time during evolution of the universe!

® high energy behavior governed by MS Renormalization Group (RG) [E > M, |
® key input matching conditions between MS and physical parameters |

@® running well established for electromagnetic ., and strong coupling a:
@em SCreening, a, anti-screening (Asymptotic Freedom)
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Asked questions:
does SM physics extend up to the Planck scale?
do we need new physics beyond the SM to understand the early universe?
does the SM collapse if there is no new physics?

“collapse”: Higgs potential gets unstable below the Planck scale; actually several
groups claim to have proven vacuum stability break down at 3o level!
Shaposhnikov et al, Degrassi et al, Maina, Hamada et al, ...

Scenario this talk: Higgs vacuum remains stable up and beyond the Planck scale

—=seem to say we do not need new physics affecting the evolution of SM couplings
to investigate properties of the early universe. In the focus:

) does Higgs self-coupling stay positive 1 > 0 up to Ap; ?

[ the key question/problem concerns the size of the top Yukawa coupling y;
decides about stability of our world! — [1 = 0 would be essential singularity!]

Will be decided by: @ more precise input parameters
@® better established EW matching conditions
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Need vacuum stability and Higgs phase transition below Mp,.

My evaluation of MS parameters revealed Vacuum Stability

Although other evaluations of the matching conditions seem to favor the meta-stability of the
electroweak vacuum within the experimental and theoretical uncertainties, one should not
exclude the possibility that other experiments and improved matching conditions will be able
to establish the absolute stability of Standard Model in the future.

Shaposhnikov et al. arXiv:1412.3811 say about Vacuum Stability

Although the present experimental data are perfectly consistent with the absolute stability of
Standard Model within the experimental and theoretical uncertainties, one should not exclude
the possibility that other experiments will be able to establish the meta-stability of the elec-
troweak vacuum in the future.
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The SM running parameters

aumd soumd soued sued 3 vued 3oved 3od soued ssued s siued o siued o sued onmd s ued el el

couplings

10° 10° 10" 10° 10" 10® 10
log (w [GeV] )

The SM dimensionless couplings in the MS scheme as a function of the
renormalization scale for My = 124 — 127 GeV.

@® perturbation expansion works up to the Planck scale!
no Landau pole or other singularities :[Higgs potential remains stable!]
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1 U(1)y screening (IR free), SU2);., S U(3). antiscreening (UV free)
[asymptotic freedom (AF)] — g1, 92, g3

Right — as expected (standard wisdom)

~J Top Yukawa y; and Higgs 4: screening if lonely (IR free, like QED)

Wrong!!! — as part of SM, transmutation from IR free to AF

[ running top Yukawa — QCD takes over: IR free =UV free
J running Higgs self-coupling — top Yukawa takes over: IR free =UV free

® Higgs coupling decreases up to the zero of 5, at u; ~ 3.5 x 10'7 GeV,
where it is small but still positive and then increases up to u = Ap

The Higgs is special: before the symmetry is broken: all particles massless
protected by gauge or chiral symmetry except the four Higgses. Two quantities
affected: Higgs boson mass and Higgs vacuum energy
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The Role of Quadratic Divergences in the SM

Veltman 1978 [NP 1999] modulo small lighter fermion contributions, one-loop
coefficient function C; is given by

om2, = 162(:1, C1=S(M} + M +2M3, —4M?) =22+ 397 +34* — 124

[ Key points:]

' is universal and depends on dimensionless gauge, Yukawa
and Higgs self-coupling only, the RGs of which are unambiguous.
At two loops C, ~ C; numerically [Hamada et al 2013] stable under RCs!

m Couplings are running! C; = Ci(1)

 the SM for the given running parameters makes a prediction for the
bare effective mass parameter in the Higgs potential:
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The Higgs phase transition in the SM [for My = 125.9 + 0.4 GeV ].

[{n/ﬂ = sign(m?, ) X 10X}]

bare

Jump in vacuum energy: wrong sign and 50 orders of magnitude off Acyg !!!
2 2

AV (go) = —=1~ = L . _(176.0 GeV)*

=one version of CC problem
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2
bare

) in the broken phase m which is calculable!

_ 12
o 2meare’

w the coefficient C,(u) exhibits a zero, for My = 126 GeV at about
Lo ~ 1.4x10'° GeV, not far below u = Mpjaner !

wat the zero of the coefficient function the counterterm ém* = m; _—m* =0
(m the MS mass) vanishes and the bare mass changes sign

= this represents a phase transition (PT), which triggers the

Higgs mechanism as well as _ as|V(p) > ¢*|for u > uo

N _ 2
- at the transition point 1o we have [Ubare = VHp) 3 Mevare = Mp(Hp) }J
where v(i?) is the MS renormalized VEV

In any case at the zero of the coefficient function there is a phase transition, which

corresponds to a restoration of the symmetry in the .
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[Hot universe =finite temperature effects:]

finite temperature effective potential V(¢, T'):

T2 0) VT =4 0r T —p2) ¢+ gt

Usual assumption: Higgs is in the broken phase x? > 0 and u ~ v at EW scale

EW phase transition is taking place when the universe is cooling down below the
critical temperature 7. = /u?/gr.

My scenario: above PT at o SM in symmetric phase —u* — m? = (m2, + om3,)/2
M2
2

m* ~ om* = m C(u = Mp) =~ (0.0295 Mp))* , or m*(Mp)/Mp, =~ 0.87 x 107 .

In fact with our value of uy almost no change of phase transition point by FT
effects. True effective mass m?> — m’* from Wick ordered Lagrangian [C — C + 1].
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Effects on the phase transition by finite temperature and vacuum rearrangement
o ~ 1.4 x10'° GeV — ) ~ 7.7 x 10'* GeV,

Up to shift in transition temperature PT is triggered by 6m? and EW PT must be
close by at about uy ~ 10" GeV not at EW scale v ~ 246 GeV!
Important for Baryogenesis!
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The Cosmological Constant in the SM
® in symmetric phase SU(2) is a symmetry: ® —» —U(w)® and ®*® singlet;

2
OID*D|0) = L0y = LE; == 1
just Higgs self-loops
() =4 s (H) =3 (B = K )
m> = | 1=2. T 2, 1=
= vacuum energy V(0) = (V(¢)) = 5 =E + g &7, mass shift m* = m~ + 5 =

7 for our values of the MS input parameters m?> — m’>

= to ~ 1.4 x10'° GeV — ) ~ 7.7 x 10'* GeV,

@ potential of the fluctuation field AV(¢) .

— quasi-constant vacuum density V(0) representing | the cosmological constant

= H ~ ¢ V() + AV at Mp; we expect ¢g = O(Mp)) i.e. at start AV(¢) > V(0)
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fluctuation field eq. 3H¢ ~ —(m'” + %qﬁz) ¢ , ¢ decays exponentially,
must have been very large in the early phase of inflation

® need ¢y~ 4.51Mp; , big enough to provide sufficient inflation. Note: this is

UK IWAICEREIEINEIE in SM inflation, the Higgs field is not an observable in the

renormalized low energy world (laboratory/accelerator physics).

Decay patterns:

¢(1) = o exp{—Eq (1 — t0)}, Eo ~ 3—@ ~ 4.3 x 10" GeV, Viy > Vinass

soon mass term dominates, in fact V(0) and V,,.ss are comparable before V(0)
dominates and H ~ ¢ /V(0) and
2

¢(t) = ¢O eXp{_EO (t — tO)} > E ~ 3¢ n\/zm ~ 6.6 X 1017 GeV, Vmass > Vint

Note: (V(0) ~ 0) as assumed usually
B(1) = ¢o— Xo (t — 10) , Xo ~ 2 ~ 7.2x 10 GeV?, Vinass > Vim
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Note: the Hubble constant in our scenario, in the symmetric phase, during the
radiation dominated era is given by (Stefan-Boltzmann law)

H = £\ = 1.6 (ksT)? V10275 M

such that at Planck time (SM predicted) Note: inflation stops because

[Hi ~16.83 Mp, }J of the extremely fast decay of
i.e. trans-Planckian ¢y ~ 5Mp, is not unnatural! the Higgs field (7eng < 1007p)

F. Jegerlehner — INFN LNF - Laboratori Nazionali di Frascati, — April 7,2016 41



How to get rid of the huge CC?

V(0) very weakly scale dependent (running couplings): how to get rid of?

Note total energy density as a function of time
P(t) = Pocrit {QA + Qo (@o/a(®)* + Qo mat (@o/a(®))’ + Qo raa (ao/ a(f))4}

reflects a present-day snapshot. Cosmological constant is constant! Not quite!

intriguing structure again: the effective CC counterterm has a zero, which
again is a point where renormalized and bare quantities are in agreement:

M4
PAbare = PAren T ﬁx(ﬂ) ‘

with X(u) ~ 2C(u) + A(u) which has a zero close to the zero of C(u)
when 2 C(u) = —A(u), which happens at

in between py ~ 1.4 X 10'° GeV and y, ~ 7.7 x 10'* GeV .
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Again we find a matching point between low energy and high energy world:

| PAbare = PAren |

where memory of quartic Planck scale enhancement gets lost!

Has there been a cosmological constant problem?

Crucial point X =2C + 1 =51+ 3¢"* + 94> — 24 acquires positive bosonic
contribution and negative fermionic ones, with different scale dependence. X can
change a lot (pass a zero), while individual couplings are weakly scale dependent
y{(Mz)/y(Mp) ~ 2.7 biggest, g1(Mz)/g1(Mp1) ~ 0.76 smallest.

4
SM predicts huge CC at Mpi: ps = V(¢) ~ 2.77 M ~ (1.57 x 10" GeV)
how to tame it?
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At Higgs transition: m’*(u < u,) < 0 vacuum rearrangement of Higgs potential

V(o)
AV 7o
MS Y
TTL%_I ¢

How can it be: | V(0) + AV ~ (0.002 eV)* | 292
The zero X(ucc) = 0 provides part of the answer as it makes pa pare = PA ren

to be identified with the observed value?
Seems to be naturally small, since Aﬁl term nullified at matching point.

Note: in principle, like the Higgs mass in the LEESM, also px ren IS €Xpected to be
a free parameter to be fixed by experiment.
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Not quite! there is a big difference: inflation forces p(f) = porit = constant after
inflation era

Qiot = Qp + Quat + Quag = Qa + Qo (ao/a())* + Qomat (ao/a®))’ + Qo raa (ao/a(t))* =

ek

and since 1 > Q..., Qrag > 0 actually Q, is fixed once we know dark matter,
baryonic matter and the radiation density:

QA =1- Qmat = Qrad

So, where is the miracle to have CC of the magnitude of the critical density of a flat
universe? Also this then is a prediction of the LEESM!

Note that (2, = 1 requires Q4 to be a function of ¢, up to negligible terms,

Q= QA = 1 - (QO,dark mat T QO,baryonic mat) (ClQ/Cl(t))3 —1; t—>

F. Jegerlehner — INFN LNF - Laboratori Nazionali di Frascati, — April 7,2016 45




| 107 T 11072
ﬁ 107 : 107
107 ; 107
— 1077, : 1077,
T 10 1 10
(\l< 10:13 \"'0_3 10:13
= 1070 <] 10°%
1077 7 1077
El 05 3 105
~ 105 3 10 %
10 o 10
% 10'25 <1 10'25
NE 10'27 Q.1 10'27
10'29 ] 10'29
10-31 10-31
10'33 10'33
-———— 410 ® L —— g B 2
0.052 0.056 0.060 0.064 0.068 0.052 0.056 0.060 0.064 0.068
17logyy (u [GeV]) 17logyy (u [GeV])
effective Higgs mass square effective dark energy density

in units of Apj, for i < ucc we display pA[GeV*] x 103
OA = ,uj‘\: to.a = 0.002 eV today  approaching te o = 0.00216 eV with time

Remark: Q(7) includes besides the large positive V(0) also negative contributions from vacuum
condensates, like AQgw from the Higgs mechanism and AQqcp from the chiral phase transition.
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The Higgs Boson is the Inflaton!

) after electroweak PT, at the zeros of quadratic and quartic “divergences”,
memory of cutoff lost: renormalized low energy parameters match bare
parameters

) in symmetric phase (early universe) bare effective mass and vacuum
energy dramatically enhanced by quadratic and quartic cutoff effects

wslow-roll inflation condition 1¢* < V(¢) satisfied

Higgs potential provides huge dark energy in early universe which
triggers inflation

The SM predicts dark energy and inflation!!!

dark energy and inflation are unavoidable consequences of the SM Higgs
(provided new physics does not disturb it substantially)
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The evolution of the universe before the EW phase transition:

el ol ol ool ool ool omend somed ool ool ool oound osund ool ool somend ool o ool ooned ool oomnd ouoeed omed sood ool ool ooumd ool oomed

=
oy v \\\ o 110721
™ VK0
—— g TR 3l
: S [

0 100 200 300 400 500 400 700 800
t Ity

Inflation epoch (r < 4501p)): the mass-, interaction- and kinetic-term of the bare
Lagrangian in units of M;, as a function of time.
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The evolution of the universe before the EW phase transition:
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Evolution until symmetry breakdown and vanishing of the CC. After inflation
quasi-free damped harmonic oscillator behavior (reheating phase).
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Comment on Reheating and Baryogenesis

] inflation: exponential growth = exponential cooling

7J reheating: pair created heavy states X, X in originally hot radiation
dominated universe decay into lighter matter states which
reheat the universe

J baryogenesis: X particles produce particles of different baryon-number B
and/or different lepton-number L. B by SM sphalerons or
nearby dim 6 effective interactions

Sacharow condition for baryogenesis:

°®

J small Bis natural in LEESM scenario due to the close-by dimension 6 operators
Weinberg 1979, Buchmuller, Wyler 1985,Grzadkowski et al 2010

Not really new physics as they are build from SM fields!
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7 suppressed by (E/Ap)? in the low energy expansion. At the scale of the EW
phase transition the Planck suppression factor is 1.3 x 107°.

[ six possible four-fermion operators all B — L conserving!

| @ @ out of equilibrium

X is the Higgs! — “unknown” X particles now the known very heavy Higgs in
symmetric phase of SM: [Primordial Planck medium Higgses]

All relevant properties known : mass, width, branching fractions, CP violation
properties!

Stages: (1 kgT > my =thermal equilibrium X production and X decay
in balance

[ H =~ I'y and kgT < my = X-production suppressed,
out of equilibrium
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T H — tt, bb, --- predominantly (largest Yukawa couplings)

7 CP violating decays: H™ — td [rate o« y,y, Viy] H- — bii [rate «< ypy, Vi ]
and after EW phase transition: t —» de*v and b — ue™v, etc.

J Note: before Higgs mechanism bosonic triple couplings like HWW, HZZ are
absent (induced by SSB after EW phase transition).

J Preheating absent! Reheating via ¢ — ff while all bosonic decays
heavily suppressed (could obstruct reheating)!

ﬂ Seems we are all descendants of four heavy Higgses via top-bottom stuff! ”

Baryogenesis most likely a “SM + dim 6 operators” effect!

872
g2 (1)

Unlikely: B + L violating instanton effects oc exp [——2— + ---] ~ e*1>% too small.

—=observed baryon asymmetry 17, ~ 1071 cannot be a SM prediction, requires
unknown B violating coupling. But order of magnitude looks to be “explainable .
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Conclusion

- The LHC made tremendous step forward in SM physics and cosmology:
the discovery of the Higgs boson, which fills the vacuum of the universe
first with dark energy and later with the Higgs boson condensate, thereby
providing mass to quarks leptons and the weak gauge bosons,
but also drives inflation, reheating and all that

- “Higgs not just the Higgs”: its mass My = 125.9 + 0.4 GeV has a very
peculiar value, which opens the narrow window to the Planck world!

1 SM parameter space tailored such that strange exotic phenomena like
inflation and likely also the continued accelerated expansion of the
universe are a direct consequence of LEESM physics.

m ATLAS and CMS results may “revolutionize” particle physics in an
unexpected way, namely showing that the SM has higher self-consistency
(conspiracy) than expected and previous arguments for the existence of
new physics may turn out not to be compelling
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w SM as a low energy effective theory of some cutoff system at Mp,
consolidated; crucial point Mp; >>>> ... from what we can see!

 the huge gap E., <<<< Mp lets look particle physics to follow
fundamental laws (following simple principles, QFT structure)

m change in paradigm:
Natural scenario understands the SM as the “true world” seen from far away

This is anyway what it is!

= Methodological approach known from investigating condensed matter
systems. (QFT as long distance phenomenon, critical phenomena)
Wilson 1971, NP 1982; also

= Non-Abelian gauge symmetries as low energy phenomenon
Veltman, Bell, Lewellyn Smith, Cornwall, Levin, Tiktopoulos and others
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m»cut-offs in particle physics are important to understand early cosmology,
l.e. inflation, reheating, baryogenesis and all that.

mwthe LEESM scenario, for the given now known parameters, the SM
predicts dark energy and inflation, i.e. they are unavoidable

min contrast to “the higher the more symmetric” (SUSY, GUT etc) which have no
phenomenological support (only real as imaginations), the LEESM scenario
predicts a well established observational fact: dark energy and inflation without
the need of any ad hoc assumptions
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So what is “new”?

Take hierarchy problem argument serious, SM should exhibit Higgs mass of
Planck scale order (what is true in the symmetric phase),

as well as vacuum energy of order A‘lil, but do not try to eliminate them by
imposing supersymmetry or what else, just take the SM regularized by the
Planck cutoff as it is.

minflation seems to be strong indication that quadratic and quartic cutoff
enhancements are real, as predicted by LatticeSM for instance, i.e.

[ Power divergences of local QFT are not the problem they are the solution!]

® New physics: still must exist
O cold dark matter
® axions as required by strong CP problem
® singlet neutrino puzzle (Majorana vs Dirac) and likely more - - -,
however, NP should not kill huge effects in quadratic and quartic
cutoff sensitive terms and it should not deteriorate gross pattern of the
running of the SM couplings. As most Yukawa couplings (besides ;).

F. Jegerlehner — INFN LNF - Laboratori Nazionali di Frascati, — April 7, 2016 56



SI‘[]lﬂ‘LSOI‘llaﬂcom GORPOBC

SUBSCRIBE  SMARTNEWS  HISTORY INNOVATION  ARTS&CULTURE  TRAVEL  ATTHE
AGE OF HUMANS HUMAN BEHAVIOR MIND & BODY OURPLANET SPACE WILDLIFE VIDEO

Dark Energy: The Biggest Mystery in
the Universe

Unless you accept the SM
supplemented with a physical cutoff!

Thanks for your attention and the kind hospitality!
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B. Touschek
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Backup Slides
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o

Last but not least: today’s dark energy = relict Higgs vacuum energy?

T 4% Visible WHAT IS DARK ENERGY?

Well, the simple answer is that we don't
Know.

It seems to contradict many of our un-
derstandings about the way the universe
works.

74% Dark Energy Something from Nothing?

It sounds rather strange that we have no
firm idea about what makes up 74% of the
universe.
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Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

Inflatioi

Quantum W
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

ithe Higgs at work s
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F.J.,Kalmykow,Kniehl, On-Shell vs MS parameter matching

% the big issue is the very delicate conspiracy between SM couplings :
precision determination of parameters more important than ever =
the challenge for LHC and ILC/FCC.: precision values for A, iy, and aj,
and for low energy hadron facilities: more precise hadronic cross
sections to reduce hadronic uncertainties in a(My) and a,(My)

[New gate to precision cosmology of the early universe!]
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Shaposnikov et al., Degrassi et al. matching

% the big issue is the very delicate conspiracy between SM couplings :
precision determination of parameters more important than ever =
the challenge for LHC and ILC/FCC.: precision values for A, iy, and aj,
and for low energy hadron facilities: more precise hadronic cross
sections to reduce hadronic uncertainties in a(My) and a,(My)

[New gate to precision cosmology of the early universe!]
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The SM’s naturalness problems and fine-tuning “problems”™

Issue broached by 't Hooft 1979 as a relationship between macroscopic
phenomena which follow from microscopic physics (condensed matter inspired),
l.e., bare versus renormalized quantities. Immediately the “hierarchy problem”
has been dogmatized as a kind of fundamental principle.

Assume Planck scale Ap; ~ 1.22 x 10'° GeV as a UV cutoff regularization:

J the Higgs mass: [note bare parameters parametrize the true Lagrangian]

A2
2 — 2 2. 2 _ Pl
mHiggs, bare mHiggs, ren +om > om” = (1672) C(,Lt)

coefficient typically C = O(1). To keep the renormalized mass at the observed
small value m,, = O(100 GeV), =m?> . has to be tuned to compensate the huge

bar

term om?: about 35 digits must be adjusted in order to get the observed value.

Hierarchy Problem!
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J the vacuum energy density (V(¢)):

4
APl

Pvac, bare = Pvac, ren T 6,0 ; 5,0 - (1672)2 X(,U)

SM predicts huge cosmological constant (CC) at Ap;:

Pvac. bare = V(0) + AV(¢) ~ 2.77 Aﬁl ~ (1.57 x 10" GeV)* vs. pyac = (0.002 eV)* today

Cosmological Constant Problem!

Note: in symmetric phase the only trouble maker is the Higgs field!

Note: naive arguments do not take into account that quantities compared refer to
very different scales! mg; . ... short distance, my, . . long distance
observables. Also: A as a regulator nobody forces you to take it to be Ap;.

Need: BONAS o0l of SM: prototypeas true(r) system
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Paths to Physics at the Planck Scale

M—THEORY(BRAIN WORLD)
candidate TOE

Energy scale

E—THEORY(REAL WORLD)
“chaotic” system

exhibits intrinsic cut-off Planck scale with intrinsic cut—off

T |
o STRINGS 10" GeV S
2 1 ! S
g SUGRA Y QFT =h
- T ~L ©
Q Q
3 SUSY-GUT 10'° GeV z
S 1 ¥ ! S
Q SUSY 1 TeV “2?SM?7?” g

\ Y V4

soft SB only @ SB soft at low/hard at high energies

symmetry low — — — symmetry high

?? symmetry = blindness for details ??
the closer you look the more you can see when approaching the cut-off scale
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Summary part Il:

® with Higgs discovery: SM essentially complete, Higgs mass My ~ 126 GeV
very special for Higgs vacuum stability
® SM couplings are energy dependent, all but g’ decrease towards Mp,
perturbation theory works well up to Planck scale.
® SM Higgs potential likely remains stable up to Mp; (i.e. A(u) > 0 for all u < Mp)
@® bare parameters are the true parameters at very high energy approaching Mpj,
relevant for early universe
@ bare parameters are calculable in SM as needed for early cosmology
cutoff enhanced quantities: effective bare Higgs mass (quadratic o Al%l)
as well as dark energy (quartic oc Ap))
=provide inflation condition V(¢) > 3¢?
SM originally (at very high energies) in symmetric phase, all particles massless
except for the four very heavy Higgses
both the Higgs mass as well as the dark energy exhibit matching points
where bare and renormalized values coincide, separates
low energy form bare Planck regime responsible for inflation
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need trans-Planckian initial Higgs field ¢; = ¢(tp)) ~ 5 Mp

in order to get sufficient inflation N > 60

trans-Planckian fields do no harm: fast exponential decay of Higgs field

after inflation in reheating phase: very heavy Higgses mainly decay into

top—antitop pairs, which latter (after the EW phase transition) decay into
normal baryonic matter

except for ¢; all properties known: inflation and reheating are SM predictions

within uncertainties of SM initial parameters and RG evolution approximations

EW phase transition in this scenario happens at much higher energy than

anticipated so far and close by natural Baryon number violating

dimension 6 operators likely trigger baryogenesis.

SM inflation requires very precise input parameters and appropriate higher
order corrections (precise knowledge of the SM itself) Presently: MS RG to 3
loops (massless), matching conditions leading 2 loops (need full massive SM
calculations, yet incomplete)

no SM hierarchy problem: relation between renormalized and bare Higgs
boson mass is a SM prediction, nothing to worry! No CC problem either!
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SM inflation vs inflation scenarios

LEESM scenario is easy to rule out:

O find any type of New Physics (NP) as motivated by the naive hierarchy problem
argument. These are most SM extension scenarios (SUSY, Extra Dimensions,
Little/st Higgs, ETC and what else), i.e. any physics affecting substantially
the quadratic and quartic “divergences”.

® find any type of “new heavy states with substantial couplings to SM spectrum”
like 4th family, GUT, “light” heavy (far below Mp) singlet Majorana neutrino etc,
i.e. anything affecting the ¢’, g, g, y, and 4 SM running coupling pattern.

® confront precise SM inflation predictions with inflation pattern itself: large
enough N,, w ~ —1, spectral indices ng, ny, Gaussianity etc

The LEESM scenario is natural as it predicts a bulk of properties, which usually
are assumed/ imposed as [sEE[eRgllefeo]llz]. All these are emergent properties!
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Predicted as long range phenomenon:
% QFT structure,

% renormalizability and requirements needed for it:

i non-Abelian gauge structure,

- chiral symmetry,

m gnomaly cancellation and fermion family structure

i the existence of the Higgs particle! (renormalizability)

% space-time dimensionality D = 4, no renormalizable non-trivial QFT in D > 4
* rotation invariance and Lorentz invariance (pseudo-rotations)
* analyticity, effective unitarity etc

All result are checkable through real calculations (mostly existent).

SM inflation is based on SM predictions, except for the Higgs field value ¢,, which
is the only quantity relevant for inflation, which is not related to an observable low
energy quantity.
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All other inflation scenarios are set up “by hand”: the form of the potential as well
as all parameters are to reproduce the observed inflation pattern.

Example Minkowski-Zee-Shaposnikov et al so called | non-minimal SM inflation

© Change Einstein Gravity by adding G,, — G, + ¢ (H"H) R together with
renormalized low energy SM T, (no relevant operator enhancement)

® Choose ¢ large enough to get sufficient inflation, need & ~ 10%
entire inflation pattern essentially depends on & only (inflation “by hand”)

© assume quadratic and quartic SM divergences are absent
(argued by dimensional regularization (DR) and MS renormalization)

® assume SM to be in broken phase at Planck scale, which looks unnatural.
Note: SSB is a low energy phenomenon, which assumes the symmetry to be
restored at the short distance scale!)

All but convincing!
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Note: DR and MS renormalization are possible in perturbation theory only. There
is no corresponding non-perturbative formulation (simulation on a lattice) or
measuring prescription (experimental procedure). It is based on a finite part
prescription (singularities nullified by hand), which can only be used to calculate
quantities which do not exhibit any singularities at the end. The hierarchy problem
cannot be addressed in the MS scheme.

My scenario: take Einstein Gravity serious (geometry, equivalence principle etc
unaffected) together with true SM energy-momentum tensor, i.e. as effective at
given scale, beyond X.., = Xyae matching point: true=bare as relevant near
Planck energies.
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- Additional remarks e

@ Test of tricky conspiracy between SM couplings the new challenge

® Very delicate on initial values as we run over 16 orders of
maghnitude from the EW 250 GeV scale up to the Planck scale!

® Running couplings likely have dramatic impact on
cosmology! The existence of the world in question?

® LHC and ILC will dramatically improve on Higgs self-coupling 1
(Higgs factory) as well as on top Yukawa y, (¢ factory)

@® for running «.,, and sin’0.; < gy and g5 need
more information from low energy hadron production facilities,
improving QCD predictions and EW radiative corrections!
Lattice QCD will play key role for sure.
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Comparison of SM coupling evolution

l.o I I I I I I T T T T
Ny s Degrassi et al 2013
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Renormalization of the SM gauge couplings g; = V5/3gy, g>, g3, of the top,
bottom and T couplings (y;, y», y-), of the Higgs quartic coupling A and of the Higgs
mass parameter m. We include two-loop thresholds at the weak scale and
three-loop RG equations. The thickness indicates the +1o0 uncertainties.
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Comparison of MS parameters at various scales: Running couplings for
My =126 GeV and ug ~ 1.4 x 10'° GeV.

my findings Degrassi et al. 2013
coupling \ scale M, M, o Mp; M, Mp;
J3 1.2200 1.1644 0.5271 0.4886 || 1.1644 0.4873
g2 0.6530 0.6496 0.5249 0.5068 | 0.6483 0.5057
g1 0.3497 0.3509 0.4333 0.4589 | 0.3587 0.4777
Yy 0.9347 0.9002 0.3872 0.3510 || 0.9399 0.3823
VA4 0.8983 0.8586 0.3732 0.3749 || 0.8733 1 0.1131
A 0.8070 0.7373 0.1393 0.1405 || 0.7626  -0.0128

Most groups find just unstable vacuum at about 1 ~ 10° GeV! [not independent,

Note: A = 0 is an essential singularity and the theory cannot be extended beyond
a possible zero of A: remind v = /6m2/A 1l i.e. v(1) > 0cas 1 — 0

same MS input]

besides the Higgs mass my = V2 m all masses m; o« g;v — oo different cosmology
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What about the hierarchy problem?
J In the Higgs phase:

[ There is no hierarchy problem in the SM! J

In the broken phase, characterized by the non-vanishing Higgs field vacuum
expectation value (VEV) v(u), all the masses are determined by the well known
mass-coupling relations

my () = 797w s my() = 1 (P + g2 (W) v () ;
mi) = YW s mpG) = 3w ) .
] Higgs mass cannot by much heavier than the other heavier particles!

J Extreme point of view: all particles have masses O(Mp)) i.e. v = O(Mp)).
This would mean the symmetry is recovered at the high scale,
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notion of SSB obsolete! Of course this makes no sense.

® Higgs VEV v is an order parameter resulting form long range collective

behavior,
can be as small as we like.

Prototype: magnetization in a ferromagnetic spin system

Magnetization

Temperature

M = M(T) and actually M(T) = 0 for T > T. furthermore M(T) — Oas T < T,
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® v/Mp < 1 just means we are close to a 2" order phase transition point.

J In the symmetric phase at very high energy we see the bare system:

the Higgs field is a collective field exhibiting an effective mass
generated by radiative effects

2 o S2
my, .~ om~ at Mp

eliminates fine-tuning problem at all scales!

Many example in condensed matter systems.
In my view the hierarchy problem is a pseudo problem!
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X What rules the g-functions:

Naively:

1 U(1)y screening (IR free), SU(2);., SU(3). antiscreening (UV free) [asymptotic freedom (AF)]

[ Right — as expected ]

71 Yukawa and Higgs: screening (IR free, like QED)

Wrong!!!l — transmutation from IR free to AF j

At the Z boson mass scale: g, ~ 0.350, g, ~ 0.653, g3 ~ 1.220, y, ~ 0.935 and 4 =~ 0.796
Leading (one-loop) S-functions at u = Mz: [c = ﬁ]

% gauge couplings:

41

19
6 91 ¢ ~0.00185; B, = . % ~ —(0.00558 ; B3 =-7 g3c ~ —(0.08045,

B =
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% top Yukawa coupling:

17 9 ,

9
B, = (Eyf—ﬁg?yt—zgzyz—f%giyt)c
~  0.02328 — 0.00103 — 0.00568 — 0.07046
~  —0.05389

not only depends on y,, but also on mixed terms with the gauge couplings ¢’, g and g; which have a
negative sign.

In fact the QCD correction is the leading contribution and determines the behavior. Notice the
critical balance between the dominant strong and the top Yukawa couplings: QCD dominance
requires g5 > - y, in the gaugeless limit.

% the Higgs self-coupling

9, 9, , 27

B, = (4/12—39%/1—9/lg§+ 12yt2/l+ é_lgl + §g1g2+ Zgé—36yf)c
~  (0.01606 — 0.00185 — 0.01935 + 0.05287 + 0.00021 + 0.00149 + 0.00777 — 0.17407
~ —0.11687
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dominated by y, contribution and not by A coupling itself. At leading order it is not subject to QCD

corrections. Here, the y, dominance condition reads .1 < “‘f‘” y7 in the gaugeless limit.

[ running top Yukawa QCD takes over: IR free =UV free

[ running Higgs self-coupling top Yukawa takes over: IR free =UV free

aund 2 vousd 2 oousd 2 ooued 2 ooued s ooued ooued ooued o susd oousd ousd ool ool o soued o siued soiued 100

-0.00+
-0.01-
~-0.02;
3\ 1 ’/g}"/
< -0.031/;
-i’,\s . g3 L
-0.041/ —— g |
4/ _ g/‘ -
-0.05; Y,
' A

- O b Bl B B B B L B B B B B BUALL B I AL B
) 3 é 9 12 15 18
10 10 10" 10 10~ 10
log (w [GeV] )

F. Jegerlehner — INFN LNF - Laboratori Nazionali di Frascati, — April 7, 2016 82



Including all known RG coefficients (EW up incl 3—loop, QCD up incl 4—loop)

w except from B;, which exhibits a zero at about u; ~ 10'7 GeV, all other
B-functions do not exhibit a zero in the range from u = M to u = Mp;.

m so apart form the U(1)y coupling g, which increases only moderately,
all other couplings decrease and perturbation theory is in good condition.

wat u = Mp; gauge couplings are all close to g; ~ 0.5,
while y, ~ 0.35 and VA ~ 0.36.

@ cffective masses moderately increase (largest for my by factor 2.8): scale like
m(k)/kas k = u'/u — oo,
i.e. mass effect get irrelevant as expected at high energies.
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Non-zero dimensional MS running parameters: m, v = V6/1m and Gy = 1/( V2 v%). Error bands

include SM parameter uncertainties and a Higgs mass range 125.5 + 1.5 GeV which essentially

determines the widths of the bands. Note that v increases by a factor about 2.5 before it jumps to
zero at the transition point.
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