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Introduction



Experimental situation

» Discovery of a Higgs boson in 2012 at the Large Hadron Collider (LHC).
It weights M, =~ 125 GeV

> So far no significant deviation from the Standard Model (SM) at the electroweak
(EW) scale. Although beyond the SM (BSM) physics is not yet excluded!
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Experimental situation

» Discovery of a Higgs boson in 2012 at the Large Hadron Collider (LHC).
It weights M, =~ 125 GeV

> So far no significant deviation from the Standard Model (SM) at the electroweak
(EW) scale. Although beyond the SM (BSM) physics is not yet excluded!

But now we can use the SM
> to make predictions up to the Planck mass Mp,

> to test the SM with cosmology as well as with laboratory data ...

Indeed, we are in the era of precision cosmology!
(e.g. Pranck, Bicer2/KEck, Bicer3/KECK, SKA, ...)



Can we really extrapolate the SM?

The consistency seems ok: some couplings seem to diverge as a function of the energy
1 (Landau poles), but above Mp;
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Solutions of the renormalization group equations (RGEs) of the most relevant SM parameters
(defined in the MS scheme ...)



Can we really extrapolate the SM?

Still there are unsolved problems:

» Dark matter

> (small) neutrino masses

» Baryon asymmetry

> Understanding of EW symmetry breaking, why m < Mp,?, ...



Can we really extrapolate the SM?

Still there are unsolved problems:

» Dark matter
axions, mirror particles, ...

> (small) neutrino masses
heavy right-handed neutrinos, ...

» Baryon asymmetry
leptogenesis, ...

> Understanding of EW symmetry breaking, why m < Mp,?, ...

Dynamical explanation: dimensional transmutation,
supersymmetry, extra dimensions ...



Can we really extrapolate the SM?

Still there are unsolved problems:

» Dark matter
axions, mirror particles, ...

> (small) neutrino masses

/ heavy right-handed neutrinos, ...
Connections

between
astrophysics, —»
cosmology and
particles!

» Baryon asymmetry
leptogenesis, ...

Dynamical explanation: dimensional transmutation,
supersymmetry, extra dimensions ...

> Understanding of EW symmetry breaking, why m < Mp,?, ...



Can we really extrapolate the SM?

Still there are unsolved problems:

» Dark matter
axions, mirror particles, ...

> (small) neutrino masses
/ heavy right-handed neutrinos, ...
Connections
between » Baryon asymmetry
astrophysics, —» leptogenesis, ...
cosmology and
particles!

Dynamical explanation: dimensional transmutation,
supersymmetry, extra dimensions ...

Nevertheless, there are extensions that solve these phenomenological problems and do
not invalidate all the SM predictions at very high energies ...

> Understanding of EW symmetry breaking, why m < Mp,?, ...



The stability bound



Origin of the stability bound
@ n simple terms
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Result for the stability bound
3(Mz) — 0.1184

My > 129.6 GeV + 2.0(M; — 173.34 GeV) — 0.5 GeV & S 6007 + 0.3, GeV

Combining in quadrature the experimental and theoretical uncertainties we obtain

Mp > (129.6 £1.5) GeV  — the stability bound is violated at the 2.80 level ...




Result for the stability bound

Mz) — 0.1184
M}, > 129.6 GeV + 2.0(M; — 173.34 GeV) — 0.5 GeV as(Mgz) — 0.1184

+ 0.3¢h GeV
0.0007

(> ] Combining in quadrature the experimental and theoretical uncertainties we obtain

Mp > (129.6 £1.5) GeV  — the stability bound is violated at the 2.80 level ...
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The SM phase diagram in terms of Planck scale couplings

yt(Mp1) versus A(Mp))
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“Planck-scale dominated” corresponds to A; > 1018 GeV

“No EW vacuum” corresponds to a situation in which )\ is negative at the EW scale



The SM phase diagram in terms of Planck scale couplings

Gauge coupling g2 at Mp; versus A\(Mp))
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The SM phase diagram in terms of potential parameters

Phase diagram of the SM potential
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If \(Mp1) < O there is an upper bound on m requiring (h) # 0 at the EW scale.

This bound is, however, much weaker than the anthropic bound of
[Agrawal, Barr, Donoghue, Seckel (1997); Schellekens (2014)]


http://arxiv.org/abs/hep-ph/9707380
http://arxiv.org/abs/arXiv:1306.5083

Meta-stability

@ s it worrisome?



Meta-stability

Is it worrisome?
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Right: The life-time of the EW vacuum, with 2
Left: The probability that EW vacuum decay different assumptions for future cosmology: universes
happened in our past light-cone. dominated by the cosmological constant (ACDM) or
by the dark matter (CDM).



Inflation and the Standard Model



Inflation
[Brout, Englert, Gunzig (1978); Guth (1981); Linde (1982); Albrecht, Steinhardt (1982)]

What it can solve: horizon, flatness, monopole problems

To solve these problems inflation should last enough — lower bounds on

N=In (m) = number of e-foldings
a(tin)


http://www.sciencedirect.com/science/article/pii/0003491678901768
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.23.347
http://www.sciencedirect.com/science/article/pii/0370269382912199
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.48.1220
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How it is implemented (slow-roll inflation):

» we assume some scalar field ¢ (the inflaton)
> at some early time the potential U(yp) is large, but flat enough

» — the Hubble H = a—'da/dt changes slowly — a(t) ~ a(ti,)et
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Inflation
[Brout, Englert, Gunzig (1978); Guth (1981); Linde (1982); Albrecht, Steinhardt (1982)]
What it can solve: horizon, flatness, monopole problems
To solve these problems inflation should last enough — lower bounds on

N=In (M) = number of e-foldings
a(tin)

How it is implemented (slow-roll inflation):

» we assume some scalar field ¢ (the inflaton)
> at some early time the potential U(yp) is large, but flat enough

» — the Hubble H = a—'da/dt changes slowly — a(t) ~ a(ti,)et

For each model we can compute parameters that are observable (e.g. by PLANCK):
> the scalar amplitude As,
> its spectral index ns

> and the tensor-to-scalar ratio r = A:/As



http://www.sciencedirect.com/science/article/pii/0003491678901768
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.23.347
http://www.sciencedirect.com/science/article/pii/0370269382912199
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.48.1220

Inflation in the SM (the inflaton is h)
[Barvinsky, Kamenshchik, Mishakov (1996); Bezrukov, Shaposhnikov (2008)]

° The model:
& = Len + Lsum — EIHPR
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Inflation in the SM (the inflaton is h)
[Barvinsky, Kamenshchik, Mishakov (1996); Bezrukov, Shaposhnikov (2008)]

o The model:
& = Len + Lsum — EIHPR

SM potential A constant

v MEN(h? — v?2)? h>> ’\721/\/5 A 7

Th tential i V) —_——
e potential 1s o 4(M12:1 Fem) T Pl

Q2 corresponds, by definition, to what multiplies R in &
and Mp; =~ 2.4 x 10'8GeV

Uk I\7I§1 (such that quantum Einstein gravity effects are small)

& generically is very large

4
@ Perturbative unitarity is violated at an energy close to the inflationary one:

[Burgess, Lee, Trott (2009); Barbon, Espinosa (2009); Hertzberg (2010); Burgess,
Lee, Trott (2010); Burgess, Patil, Trott (2014)]


http://arxiv.org/abs/gr-qc/9612004
http://arxiv.org/abs/arXiv:0710.3755
http://arxiv.org/abs/0902.4465
http://arxiv.org/abs/0903.0355
http://arxiv.org/abs/1002.2995
http://arxiv.org/abs/1002.2730
http://arxiv.org/abs/1002.2995
http://arxiv.org/abs/1002.2730
http://arxiv.org/abs/1402.1476

Initial conditions for the Higgs field

Anothe condition to have inflation is that TT = ‘L—f(tin) is small enough .
However, it is not natural: any M| < M2, is allowed

In Higgs inflation one usually requires T < VU ~ 10*5I\7I§,1 and X ~ Mp;
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Initial conditions for the Higgs field

Anothe condition to have inflation is that TT = ‘L—f(tin) is small enough .

However, it is not natural: any M| < M2, is allowed

In Higgs inflation one usually requires T < VU ~ 10*5I\7I§,1 and X ~ Mp;

Classical level

Initial field and momentum conditions for Higgs inflation

. —2 -0.01+
Even if we start from a 1" > U we can

compensate with a slightly larger initial o 002 N=64 ——— (uppen) ]
. X — — N=50 mmmm
value of the Higgs field, . Me? _ooal nesa dowen ]
-0.04+ ]
—0.05& L L n | 2
100 105 110 115 120 125
X
Quantum level <
Mp
A large value of £ can generate higher B
order terms in the Lagrangian: R?, R®, ... 7 N

For example this diagram — WW W

generates R? \ /



The absence of fundamental masses is a key to inflation

For any scalar s
Asst 4
U =—=  Mi = —=
)= s ™



Models without fundamental masses and inflation



Some motivations for models without fundamental masses (agravity)

Motivation 1: inflation

As we saw, the potential of a scalar s in agravity is

)\554 =4 )\5 =4
U(s) = ——=Mp, = —M
( ) (25552)2 Pl 4§-§ Pl
The potential is flat at tree-level, but at quantum level As and £s depend on s.

The RGEs give some slope, which is small if the couplings are perturbative.

— inflation!




Some motivations for models without fundamental masses (agravity)

Motivation 1: inflation

As we saw, the potential of a scalar s in agravity is

)\554 =4 )\5 =4
U(s) = ——=Mp, = —M
( ) (2§552)2 Pl 4§-§ Pl
The potential is flat at tree-level, but at quantum level As and £s depend on s.

The RGEs give some slope, which is small if the couplings are perturbative.

— inflation!

Motivation 2: origin of mass and EW symmetry breaking

Most of the mass of the matter we see has a dynamical origin

G0
()

Is it possible to generate all the mass dynamically? If yes, with m < Mp,?

Example: the proton mass —



Agravity scenario
The general agravity Lagrangian:

R? IR?-RZ . 4
+ A LT+ LS

L=
6,602 f22
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Agravity scenario
The general agravity Lagrangian:

1p2 2
@ = iz + gR _2R gadlm gadlm
6f5 f

Non-gravitational sector

> Zadim is the SM & (without m?|H|?/2 plus —&u|H[?R):

> fad‘m describes BSM physics. oo (s) generates the EW scale
adding a scalar s — Z33M = 4\ 5s?|H|?/2 — £55°R/2

V4

Gravity sector

o (s) generates Mp;:  £ss2R — M2, = £5(s)?

One can generate the EW and Planck scales such that their hierarchy is stable under
quantum corrections (including gravity effects)! ... This requires Ays < 1 ... J




Quantum Agravity is renormalizable
(clear from absence of fundamental scales)

However, looking at the spectrum:

(i) massless graviton
W ; 2 le2gm2
(i) scalar z with mass Mg ~ 5f7 Mg,

(iii) massive graviton with mass Mg = %f22l\7ll2;.1 and negative norm, but
with energy bounded from below



Quantum Agravity is renormalizable
(clear from absence of fundamental scales)

However, looking at the spectrum:

(i) massless graviton
(ii) scalar z with mass M3 ~ %fgl\_ﬂ%l
(iii) massive graviton with mass M2 = %:‘221\711%1 and negative norm, but

with energy bounded from below

Is there a dark side of quantum mechanics?

positive norm

negative norms




Absence of fundamental scales = “Classical Scale Invariance”

For Quanta Magazine (Simons Foundation)

Scale invariance is broken by quantum corrections



Absence of fundamental scales = “Classical Scale Invariance”

For Quanta Magazine (Simons Foundation)

Scale invariance is broken by quantum corrections

Previous literature on classical scale invariance ... standing on the shoulder of giants!

[Alexander-Nunneley, Carone, Chang, Chun, Englert, Fatelo, Foot, Gastmans, Gerard,
Hambye, Heikinheimo, Hempfling, Henz, Hill, Hur, Iso, Jaeckel, Jung, Karananas,
Khoze, Ko, Kobakhidze, Lee, Meissner, McDonald, Nicolai, Ng, Okada, Orikasa,
Pawlowski, Pilaftsis, Quiros, Raidal, Racioppi, Ramos, Rodigast, Spannowsky,
Spethmann, Strumia, Tkachov, Truffin, Tuominen, Volkas, Wetterich, Weyers, Wu]



Dynamical generation of (s)

Two basic conditions:

As((s)) =~ 0 < nearly vanishing cosmological constant (dark energy)
d‘;\ss (s)) =~ 0 < minimum condition (it fixes (s))



Dynamical generation of (s)

Two basic conditions:

As({s)) = 0 <«
Ds((s)) ~ 0 <

nearly vanishing cosmological constant (dark energy)

minimum condition (it fixes (s))

It is possible to satisfy these conditions as they are realized in the physics we know

(the SM)!
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Predictions for inflation
° The minimal realistic
model has at least 3 scalars:

h, s and “a graviscalar" z
(from f(R) = R?)
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° The minimal realistic
model has at least 3 scalars:

Scalar graviton field z/Mp

h, s and “a graviscalar" z
(from f(R) = R?)

M; = mass of s

1

My = mass of z

5 -
Planckion /Mg Planckion field /Mg



Predictions for inflation

The minimal realistic
model has at least 3 scalars:

h, s and “a graviscalar" z
(from f(R) = R?)

M; = mass of s
My = mass of z

> left: when
Ms < ()Mo,
the inflaton is s (z)

> right: comparison with
a global fit of PLANCK
and BICEP2/KECK

Tensor/scalar ratio r

és=1¢6n =

1, MgMo = 0.10, Ay = 0.01
mARLL-S

5
Planckion Mg

Predictions of agravity inflation

Scalar graviton field z/Mp
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Other virtues

This scenario also

leads to successful reaheating

has natural dark matter candidates and can account for neutrino masses



Conclusions



Conclusions

1. The SM is compatible with data (so far), but for sure it has to be extended.
There are nevertheless extensions that solve its phenomenological problems and
do not invalidate all its predictions at very high energies (See Point 3.)

2. We presented the currently most precise SM stability bound. Data indicate some
tension: the EW vacuum is metastable (life-time > than the age of the universe)
although absolute stability is still possible. We also discussed inflation in the SM.

3. A rationale for inflation and a dynamical origin of mass can be obtained in
models of all interactions (including gravity) where fundamental scales are absent:

agravity. E
We did not show it here, but in agravity one also has e
dark matter and neutrino masses,
a hierarchy between the EW and Planck scales wtabilty

that is stable under quantum corrections. —




THANK YOU VERY MUCH FOR YOUR ATTENTION!
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Qualitative origin of the stability bound

Veff: V+Vi+Vo+...
o A 2 212 _ 1 o 4 mi(h)z A
V() =7 (P =), vi(h) = )y Xi:c,m,(h) In p +d),

where h? = 2|H|? and ¢; and d; are ~ 1 constants

By substituting bare parameters — renormalized ones

Vet

=
op

=0 and one is free to choose p to improve perturbation theory

Since at large fields, h > v, we have m,-(h)2 oc h?, we choose ,u2 = h2, then

Ve = 20 (12— urye)? 4= O e 2D

K+
2 s T



Qualitative origin of the stability bound

Veff: V+Vi+Vo+...
o A 2 212 _ 1 o 4 mi(h)2 A
V() =7 (P =), vi(h) = )y Xi:c,m,(h) In p +d),

where h? = 2|H|? and ¢; and d; are ~ 1 constants

By substituting bare parameters — renormalized ones

Vet

=
op

=0 and one is free to choose p to improve perturbation theory

Since at large fields, h > v, we have m,-(h)2 oc h?, we choose ,u2 = h2, then

@ (h? - v(h)2)2 +..= m(2h) m + @h“ + ...

Veff(h) =
So for h> v @
A(h
Ve (h) =~ =~ ht
4
> M), contributes positively to A — lower bound on M
> y; contributes negatively to the running of A — upper bound on M;




Procedure to extract the stability bound

Steps of the procedure
Vegt, including relevant parameters

RGEs of the relevant couplings

Values of the relevant parameters (also called threshold corrections or matching
conditions) at the EW scale (e.g. at M) ...

Finally impose that Vg at the EW vacuum is the absolute minimum!


http://www.sciencedirect.com/science/article/pii/0550321379901676
http://arxiv.org/abs/hep-ph/9409458v1
http://arxiv.org/abs/hep-ph/9603227v1
http://arxiv.org/abs/1205.2893
http://arxiv.org/abs/1205.6497
http://arxiv.org/abs/1205.6497

Procedure to extract the stability bound

Steps of the procedure

Vegt, including relevant parameters
RGEs of the relevant couplings

Values of the relevant parameters (also called threshold corrections or matching
conditions) at the EW scale (e.g. at M) ...

Finally impose that Vg at the EW vacuum is the absolute minimum!

State-of-the-art loop calculation
> Two loop Veg including the leading couplings = {\, y¢, g3, 82,81}
> Three loop RGEs for {\, yt, g3, 82,81} and one loop RGE for {yp,y-} ...
> Two loop values of {)\, yt,g3,82,81} at M; ...
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Procedure to extract the stability bound

Steps of the procedure

(> ] Vegt, including relevant parameters
@D RGEs of the relevant couplings

@D Values of the relevant parameters (also called threshold corrections or matching
conditions) at the EW scale (e.g. at M) ...

Finally impose that Vg at the EW vacuum is the absolute minimum!

State-of-the-art loop calculation
> Two loop Veg including the leading couplings = {\, y¢, g3, 82,81}
> Three loop RGEs for {\, yt, g3, 82, 81} and one loop RGE for {yp, y-} ...
> Two loop values of {)\, yt,g3,82,81} at M; ...

Previous calculations
[Cabibbo, Maiani, Parisi, Petronzio (1979); Casas, Espinosa, Quiros (1994, 1996);
Bezrukov, Kalmykov, Kniehl, Shaposhnikov (2012); Degrassi, Di Vita, Elias-Mird,
Espinosa, Giudice, Isidori, Strumia (2012)]


http://www.sciencedirect.com/science/article/pii/0550321379901676
http://arxiv.org/abs/hep-ph/9409458v1
http://arxiv.org/abs/hep-ph/9603227v1
http://arxiv.org/abs/1205.2893
http://arxiv.org/abs/1205.6497
http://arxiv.org/abs/1205.6497

Input values of the SM observables
(used to fix relevant parameters: A, yt, g1, 82)
M)y, = 125.15 £ 0.24 GeV

[CMS Collaboration (2013, 2014); ATLAS Collaboration (2013, 2014);
average from Giardino, Kannike, Masina, Raidal and Strumia (2014)]

My = 80.384 +£0.014 GeV Mass of the W boson [1]
Mz = 91.1876 +0.0021 GeV Mass of the Z boson [2]
M, = 125.15+0.24 GeV (source already quoted)
M:; = 173.344+0.76 £ 0.3 GeV  Mass of the top quark [3]
V = (v2G,)"Y/2 = 246.21971 £ 0.00006 GeV  Fermi constant [4]
a3z(Mz) = 0.1184 £ 0.0007 SU(3)c coupling (5 flavors) [5]

[1] TeVatron average: FERMILAB-TM-2532-E. LEP average: CERN-PH-EP/2006-042
[2] 2012 Particle Data Group average, pdg.lbl.gov

[3] ATLAS, CDF, CMS, DO Collaborations, arXiv:1403.4427. Plus an uncertainty O(Aqcp)
because of non-perturbative effects [Alekhin, Djouadi, Moch (2013)]

[4] MuLan Collaboration, arXiv:1211.0960

[5] S. Bethke, arXiv:1210.0325

» back to main slides
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Step 1: effective potential

RG-improved tree level potential (V)
Classical potential with couplings replaced by the running ones

One loop (V1)
Ve depends mainly on the top, W, Z, h and Goldstone squared masses in the

classical background h: in the Landau gauge ... they are

2h2 2h2 2 3 2 5 h2
7 E—gz , 257(g2+g1/) ,m,2753)\h2—m2,g5)\h2—m2

2’ 4 4

— (47)?V4 is (in a suitable renormalization scheme, called MS)
3w? 5\ , 322 5 t 3\ mp [ m: 3\ 3g2 3
3w? (.nﬁ - ,)+; (lni_ 7)_3# (.n“ 7)+J nTh 3% (.né_ )
2 12 6 4 12 6 12 2 4 e 2 4 e 2

In order to keep the logarithms in the effective potential small we choose

t=

p=nh

Indeed, t,w,z, m? and g are o h? for h>> m

Two loop (V2)
It is very complicated, but always depend on t, w, z, mi,g plus g;



Step 2: running couplings
For a generic parameter p we write the RGE as

o B 8P
dinp2  (47)2  (4m)*

+ ..

They were computed before in the literature up to three loops

(very long and not very illuminating expressions at three loops)

One loop RGEs for )\,yf,gl.2 and m?

2 2 27
O _ a(12nieyp- 262 %) 5, % 278
A ( T T 0 ) T e T T
U~ 2 W o2 — 9g; 17gf
v t\ 2 3 20 )’
W _ M w194 su_ o4
ﬁgl - 10g17 ﬁg22 - 6 82, ng - 7g37
2 2
(1) _ 2 2 9g2 9g1
W= (e R

982 g7

40

)



Step 3: threshold corrections

M M,
A(M:) =0.12604 + 0.00206 h o 125.15) — 0.00004 £
GeV GeV

— 173.34) =+ 0.0003041

m(l\/lt) - Mh Mt
= 13155+ 0.94 —125.15 ) +0.17 —173.34 ) £0.15,
GeV GeV GeV
My az(Mz) — 0.1184
M;) =0.93690 + 0.00556 —173.34) — 0.00042 =227 — 277 4 0.00050
ye(Me) + ( GeV ) 0.0007 th
My My, — 80.384 GeV
M) = 0.64779 + 0.00004 —173.34 ) +0.00011 —¥ —_—"2 77
&2(Me) + ( GeV ) + 0.014 GeV
M, My, — 80.384 GeV
gv(M:) = 0.35830+0.00011 [ - —173.34 ) — 0.00020 Y =297 €}
GeV 0.014 GeV
Myz) — 0.1184 M,
e(M;) = 1.1666+0.0031423(M2) 01184 o e ( Me 17334
0.0007 GeV

The theoretical uncertainties on these quantities are much lower than those used in
previous determinations of the stability bound J




Tunneling probability

The probability of creating a bubble of the absolute minimum in dV dt was found
by [Kobzarev, Okun, Voloshin (1975); Coleman (1977); Callan, Coleman (1977)]

dp = dtdV N} e=5("8)

2
S(AB) = the action of the bounce of size R = /\El, given by S(Ag) = _8m
3|A(As)|

» back to main slides
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h inflation: classical analysis

The part of S that depends . M%’l ) )
on guy and H only —> Sg :/d XV—8 |~ T+£‘H| R+ |DuH|* = V(H)

The non-minimal coupling can be eliminated through a conformal transformation ...
2€|HP?

U2

MPl
In the unitary gauge, where the only scalar field is the radial mode h = /2|H|2

Sgn = /d4xx/7[ PlR Ki(ah)2 v

2 Q4

guv — Buv = Q2gﬂy, Q=1+

where K = (Q2 4 6£2h2/M32,)/Q* and we set the gauge fields to zero.

The h kinetic term can be made canonical through h = h(x) defined by

dx |92 +6£2h2 /M2
dh Q4



h inflation: classical analysis

The part of S that depends . M%’l ) )
on guy and H only —> Sg :/d XV—8 |~ T+£‘H| R+ |DuH|* = V(H)

The non-minimal coupling can be eliminated through a conformal transformation ...
2€|HP?

U2

MPl
In the unitary gauge, where the only scalar field is the radial mode h = /2|H|2

Sgn = /d4xx/7[ PlR Ki(ah)2 v

2 Q4

guv — Buv = Q2gﬂy, Q=1+

where K = (Q2 4 6£2h2/M32,)/Q* and we set the gauge fields to zero.

The h kinetic term can be made canonical through h = h(x) defined by

dx |92 +6£2h2 /M2
dh Q4

This is what we want in order to have slow-roll ...

Thus, x feels a potential U

1 _ A(h(x)* — v?)? h>I\7I§1/\/E L,\}]“
Q41+ Eh(x)?/M2))? aga e




h inflation: classical analysis

All parameters can be fixed through experiments and observations ...

& can be fixed requiring the normalization of [PLaNCK Collaboration (2015)]
As(hin) ~ (2.14 £ 0.05) x 10~°
hin U (dUNT (dx 2
hiy is fixed by requiring N = —s (—) (—X> dh =~ 59
hona Mpy \ dh dh
[Garcia-Bellido, Figueroa, Rubio (2009); Bezrukov, Gorbunov, Shaposhnikov (2009)]

and hepgq is the field value at the end of inflation: €(heng) = 1


http://arxiv.org/abs/1502.01589
http://arxiv.org/abs/arXiv:0812.4624
http://arxiv.org/abs/arXiv:0812.3622

h inflation: classical analysis

All parameters can be fixed through experiments and observations ...

& can be fixed requiring the normalization of [PLaNCK Collaboration (2015)]

As(hin) ~ (2.14 4 0.05) x 107°

hin Uy /dUN T dx\?
hin is fixed by requiring N = — (—) (—X> dh ~ 59
hona Mg, \ dh dh
[Garcia-Bellido, Figueroa, Rubio (2009); Bezrukov, Gorbunov, Shaposhnikov (2009)]

and hepgq is the field value at the end of inflation: €(heng) = 1

This leads to £ &~ 4.7 x 10*v/X and indicates that xi has to be large ... J
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h inflation: quantum analysis

Two regimes

> small fields: h < Mpy/¢ (the SM is recovered)

> large fields: h>> Mp /¢ (chiral EW action with VEV set to h/Q ~ Mp//€) —
decoupling of h in the inflationary regime



h inflation: quantum analysis

Two regimes

> small fields: h < Mpy/¢ (the SM is recovered)

> large fields: h>> Mp /¢ (chiral EW action with VEV set to h/Q ~ Mp//€) —
decoupling of h in the inflationary regime

State-of-the-art calculation of the bound on M, to have inflation

> Two loop effective potential Ueg in the inflationary regime
including the effect of £ and the leading SM couplings = {\, yt, g3, 82, 81}
> Three loop SM RGE from the EW scale up to Mp;/¢ for {\, yt,g3,&,81} -..

» Two loop RGE for the same SM couplings
and one loop RGE for £ in the chiral EW theory

> Two loop threshold corrections at the top mass, for these SM couplings



Bound on M, to have h inflation

Derivation

1. We fix £ as in the classical case, but with U replaced by Ueg.
... this already gives &inr = £(Mp1/v/&:), where conventionally & = &(M)

2. If My is too small (or M is too large) we go from the blue behavior to the red
one! When the slope is negative the Higgs cannot roll towards the EW vacuum
Usit
Mt

1x100

8.x10°1 -
We set the th. errors to zero and the input
parameters to the central values, except M;:
6.x10° 1 -
» Solid line: M, = 171.43GeV
(¢ fixed as described above)

ax10F

4 . > Dashed line: My = 171.437GeV (&; = 300)

2101 F




Bound on M, to have h inflation

Derivation

1. We fix £ as in the classical case, but with U replaced by Ueg.
... this already gives &inr = £(Mp1/v/&:), where conventionally & = &(M)

2. If My is too small (or M is too large) we go from the blue behavior to the red
one! When the slope is negative the Higgs cannot roll towards the EW vacuum

Ut
Mg
1x109F
8.x10°1 -
We set the th. errors to zero and the input
parameters to the central values, except M;:
6.x10° 1 -
» Solid line: M, = 171.43GeV
ot . (€ fixed as described above)
4 » Dashed line: My = 171.437GeV (& = 300)
saont [ Tl
A
(] 2 2 6 8 Mp

Result (bound to have h inflation)
a3(Mz) — 0.1184

M, > 129.4 GeV + 2.0(M; — 173.34 GeV) — 0.5 GeV
0.0007

+ 0.3¢, GeV



Violation of perturbative unitarity

Consider the scattering “Higgs Higgs — Higgs Higgs’ mediated by a graviton

At tree-level and for large ¢ the leading contribution comes from the —¢|H|2R term:
$HP(8,00h h
7/\717131‘ |(u vy — Nuv w)

The amplitude in the rest frame is then

662 E2
A(E) = e
Pl




Violation of perturbative unitarity

Consider the scattering “Higgs Higgs — Higgs Higgs’ mediated by a graviton

At tree-level and for large ¢ the leading contribution comes from the —¢|H|2R term:

3
Iy \H|2(6#8th - mwazhuu)
Pl

The amplitude in the rest frame is then

6£2E2
A(E) = ;2
Pl
— unitarity is violated at B
M,
E ~ Me1
§

» back to main slides



Violation of perturbative unitarity

Consider the scattering “Higgs Higgs — Higgs Higgs’ mediated by a graviton

At tree-level and for large ¢ the leading contribution comes from the —¢|H|?R term:

3
Iy \H|2(6#8th - mwazhuu)
Pl

The amplitude in the rest frame is then

6£2E2
A(E) = ;2
Pl
— unitarity is violated at B
M,
E ~ Me1
§

This is typically smaller than the energy during inflation

A o, 1/4
Fine ~ (@MPI)

» back to main slides



Quantum agravity

Quantum effects are mostly encoded in the RGEs ...

They are important to obtain ns and r and to dynamically generate Mp; and m



http://www.sciencedirect.com/science/article/pii/0550321383906107
http://www.sciencedirect.com/science/article/pii/0550321384905339
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Quantum agravity

Quantum effects are mostly encoded in the RGEs ...
They are important to obtain ns and r and to dynamically generate Mp, and m J

The most general agravity can be parameterized by the following £

2
ﬁ+%R2 — Rlzl«v _ (Fﬁu) +(Du¢a)2igib¢ ¢ R— /\abcd
6f2 £2 4 2 2 PP

GaBbdcba+jiPi—Yivivdath.c.

We obtain the RGEs of this renormalizable quantum field theory:

_ 9
Pr = dinp

(of all parameters p)

Without gravity this was done before [Machacek and Vaughn (1983,1984,1985)]
We include gravity


http://www.sciencedirect.com/science/article/pii/0550321383906107
http://www.sciencedirect.com/science/article/pii/0550321384905339
http://www.sciencedirect.com/science/article/pii/0550321385900409

Results for RGEs

Gauge couplings
Possible new gravity contributions
Their contributions to the RGEs cancel!

\
]
This was previously noticed in ’\
[Narain, Anishetty (2013)] v v v v
Possible explanation:
the graviton is not charged q

(Rainbow) (Seagull)

Yukawa couplings

We find the one-loop RGE (where Gy = tAtA and tA = “fermion gauge generators” ):

dy? 1 15
(47r)2r = 5(Y“’YbYaJrYaY“’Yb)+2YbYTaYbJrYbTY(Y“’Ya)fS{CZF, Y"’}+§f22Y"”
np

All remaining RGEs
We also computed the RGEs for


http://inspirehep.net/record/1252060

RGEs for the quartic couplings

Tens of Feynman diagrams contribute to these RGEs ... we obtain

dAaped 1 3
(47T)2ﬁn; = > |:§)‘abef)\efcd + g{GA,GB}ab{GAﬂB}cd — Try?ythycyitd

perms

5 A
+§f24fab§cd + %gaegcf((seb +6&ep)(0rg + 6E1g)

f2
+%(5ae + 6€ae) (0br + 6Ebf)>\efcd] + Xabed {Z(sz —3C)s) + 56|,
' P

where the first sum runs over the 4! permutations of abcd and the second sum over
k ={a,b,c,d}, with YJ and C¥ defined by

Tr(YT2yb) = vis%, 02464 = Cisap

(6* are the scalar gauge generators)



RGEs for the quartic couplings: SM case

For the SM H plus a complex scalar singlet S the RGEs become:

dX &
(4m)* = Insu = 2005 + 2\ + 5 [56 + 17 (1+665)] + As [55 + (1 + 6¢5)?]

d\
(m) Gy = S [+ B (6€s + (66 + 1] = 4 + A {BAs + 120 + 67

£2
+56 + & [(665 + 1) + (664 +1)° + 4(6¢s +1)(6¢u + 1)] }

dAn 9 9 27 &,

@Y Jing = g% T 0818 T opp8t — 6% 28N+ Ahs + o [56 + (14 66k)’]

9
+ A (51‘22 + A (1+660)* + 1257 — 9gF — gg%) :



RGEs for the scalar/graviton couplings

Complicated calculation (but computer algebra helps!)

dé.p 1 vk Ck
2 El _ 2 2S
) Fng = g abed (66 + 0ca) + (600 +6ab)zkj {3 -2+
56 2
— 2 b+ fbac [ €ca + S0ca ) (6ab + dab)
3f; 3
For the SM H plus a complex scalar singlet S the RGEs become:
d 4 2\ f2 5 f;
(4m? 255 = (14 6ge)ns — 2 (14 6e) + Dgs(1+ 65)(2+ 36s) — 2 2 &
dinp 3 3 3 3 f5
déy > 3, 3 5 AHS
47)? = (1+6E)(2y2 — g2 — — 22y) — Z2(1+6
(4m) dinp (1 +66n)(2y; — 8 — 5580 +2xn) — = (1+685) +
2 56
o En(1+664)(2+ 36m) — 3 Sém
3 3 f

» back to main slides



RGE for the gravitational couplings

Huge calculation ... (computer algebra practically needed!!)

df? 133 N N¢ N,
a2 (133 Nv  Ne O Ns
@) g 2(10+5+20+60
df? 5 5 £
(4)? g Ir?u = 564 + 5615 + 6f04 + %(‘Lb +68ap)(0ab + 68ap)

Here Ny, Nf, Ns are the number of vectors, Weyl fermions and real scalars.

In the SM Ny = 12, Ny = 45, N = 4.

We confirmed the calculations of [Avramidi (1995)]
rather than those of [Fradkin and Tseytlin (1981,1982)]

» back to main slides
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Natural dynamical generation of the electroweak scale

1) Low energies (1 < Mp): agravity can be neglected and the SM RGE apply:

2
5 dm

dm? 9 9%
dinp

= mE B =122 +ey? - 2F -

(47)

» back to main slides



Natural dynamical generation of the electroweak scale

1) Low energies (1 < Mp2): agravity can be neglected and the SM RGE apply:

dm? 9g 9g?
(4)? = mEEM, EM =12 46y - 22 - EL
dinp 2 10

2) Intermediate energies (M2 < pu < Mp)): Both m and Mp| appear and we find

(am)2—2 m? EnlsEd + £ (1 + 66m)] +
dinp M12>1 v 0 H

The red term is a non-multiplicative potentially dangerous correction to m

_ 4
m? ~ M12>1g2, naturalness — f, (1 + 6§H)1/4 ~ ML’" ~ 1078 J
Pl

These ultraweak couplings are preserved by the RGE even for fy > 10~>
if¢~—-1/6



Natural dynamical generation of the electroweak scale

1) Low energies (1 < Mp2): agravity can be neglected and the SM RGE apply:

dm? 9g 9g?
(4)? = mEEM, EM =12 46y - 22 - EL
dinp 2 10

2) Intermediate energies (M2 < pu < Mp)): Both m and Mp| appear and we find

(am)2—2 m? EnlsEd + £ (1 + 66m)] +
dinp M12>1 v 0 H

The red term is a non-multiplicative potentially dangerous correction to m

_ 4
m? ~ M12>1g2, naturalness — f, (1 + 65;./)1/4 ~ ML’" ~ 1078 J
Pl

These ultraweak couplings are preserved by the RGE even for fy > 10~>
if¢~—-1/6

3) Large energies (> Mp)):
Aus|HPPs? = m? = Aps(s)?

Ans can be naturally small (looking at the RGE of Ays):

= )‘HS ~ fE)4,2



Agravity inflation: inflaton identified with s

We identify inflaton = s by taking the other scalar fields heavy ...

Then we can easily convert s into a scalar sg with canonical kinetic term and find

c= MUY L& (B sy
- T2

2 \Udsg 14665\ As €s
, = R lPU_ & <B(,8A$) _,B(Be;) | 543665 By 7+ 48cs 5A55§5)
T Pluast T 1+66s\ As &s 1+66s €2 1+6Es 2Asés

The slow-roll parameters are given by the [3-functions ...



Agravity inflation: inflaton identified with s

We identify inflaton = s by taking the other scalar fields heavy ...

Then we can easily convert s into a scalar sg with canonical kinetic term and find

= M(LOUY L& (O Y
- T2

2 \Udsg 14665\ As €s
0= W 12U & </8(/8>\5) _BB) L 5+ 368 % 7448 /3>\5/3§5>
T PlU s T 14665\ As &s 1+66s €2 1468 2Asés

The slow-roll parameters are given by the [3-functions ...

We can insert them in the formulae for the observable parameters As, ns and r:

UJe

ne=1-6e+2n,  Ag=—t_
: K °T 2amMd

r = 16¢

where everything is evaluated at about N & 60 e-foldings when the inflaton sg(N) was

N 1 /SE(N) U(sg)
M2, Jo U'(se)

dSE



Agravity inflation: inflaton identified with s (analytic approximation)

Xs(s) ~ 0 b s

A ~s)~ —In"— ~
ﬂ)\s(s) ~ 0_ N 5(/" S) 2 n <S> 5 55(/1') &s
&s(s)s? = M3, for simplicity

b= g*/(4m)* can be computed in any given model ...

» back to main slides



Agravity inflation: inflaton identified with s (analytic approximation)

As(s) = O b , s
A ~s)~ —In"— ~
Brels) ~ O 5 As(pms)= i =R §s(u) = &s
£s(s)s? = M%,l for simplicity

b= g*/(4m)* can be computed in any given model ...

L% 1 2M

T 146sIn?s/(s)  s2

The Einstein-frame potential is nearly quadratic around its minimum:
_ Mli‘lﬁ ~ M2 2 _ g2Mp1 1

— s with Ms = 2(47r)2 ﬁs(l n 655)

4 & 2

— exn




Agravity inflation: inflaton identified with s (analytic approximation)

As(s) = O b , s
A ~s)~ —In"— ~
Brels) ~ O 5 As(pms)= i =R §s(u) = &s
£s(s)s? = M%,l for simplicity

b= g*/(4m)* can be computed in any given model ...

L% 1 2M

T 146sIn?s/(s)  s2

The Einstein-frame potential is nearly quadratic around its minimum:
_ Mli‘lﬁ ~ M2 2 _ g2Mp1 1

— s with Ms = 2(47r)2 ﬁs(l n 655)

4 & 2

— exn

Inserting sg at N ~ 60 e-foldings, sg(N) ~ 2v/NMp;, ... we obtain the predictions

2 8 4 N2
e~ l— = ~0967, rA~—~013, A~—8 1
N N 2472¢5(1 + 6€3)

(remember inflaton = s). Such predictions are typical of quadratic potentials




Agravity inflation: inflaton identified with s (analytic approximation)

As(s) = O b , s
A xs)~ —In®—, =
Brels) ~ O 5 As(pms)= i = §s(u) = &s
£s(s)s? = M%,l for simplicity
b= g*/(4m)* can be computed in any given model ...
25 1 2M3

- eRnNx =
T +6¢5 In? s/ (s) s2

The Einstein-frame potential is nearly quadratic around its minimum:
_ Mli‘lﬁ ~ M2 2 _ g2Mp1 1

—s¢ with Ms = 2(4m)? FETD)

4 & 2

Inserting sg at N ~ 60 e-foldings, sg(N) ~ 2v/NMp;, ... we obtain the predictions

2 8 4 N2
e~ l— = ~0967, rA~—~013, A~—8 1
N N 2472¢5(1 + 6€3)

(remember inflaton = s). Such predictions are typical of quadratic potentials

VEVs above Mp], sg ~ 2v/NMpi, are needed for a quadratic potential

Agravity predicts physics above Mp;, and a quadratic potential is a good
approximation, even at sg > Mp), because coefficients of higher order terms are
suppressed by extra powers of the loop expansion parameters, which are small at weak

coupling



Tricks to bring the theory in a more standard form

& R2 1R2_R2V 2
ﬁ = @ + 3TM _f?R"!‘fmatter



Tricks to bring the theory in a more standard form
First, we can trade the R? term with a scalar field: consider an auxiliary field x

& R2 IR?—R? 2 R+ 3f2x/2)?
=~ 72+372m/_§£"?+$matter _%
VR T R 2 61
zero on—shell

1p2 2 2

z:R°—R f 3f;

?’1,72W - ER - ?OXZ + Zmatter

2

D,p)? 1 -
where f =x+£p? and  Zmatter = %_ZFEV'FWW'F(}/ pith.c)=V(p)



Tricks to bring the theory in a more standard form
First, we can trade the R? term with a scalar field: consider an auxiliary field x

2 _ R _IR-RL, 2., (R+30\2
N 612 + £2 - 5 + Zmatter — o2
0 2 0
zero on—shell
1p2 2 2
sR°—R f 3f;
= %—ER—?O 2+$matter
2
Dup)? 1
where f = X+E<P2 and ngatter = % 4 pu+w W+(y WJ”/H‘h C) V(Lp)

Second, perform a conformal transformation of the metric and the other fields:
gfl, = g;wa/’\;’l%l YE = @X(Mgl/f)l/27 YE = ¢><(M1231/f)3/47 Aue = Ay

1p2 >
2  3RE-RE., o M2
; = 7,(2 =L _ZFE:W,+¢E’WE+(}’SDET/’ET/JE+h-C-)—72P1RE+-$¢—UJ
v 2

(Due)® | 3(0uf)? M4, 3£2
where fw_l\/lpl ;f + 4*;2 and U = 2 V(o) + 70X2

By redefining z = v/6f,

6M2 (D,0)? + (0,2)> 364 3£2 [ 22 2
Lo = zzpl( ) 2 (0u2) ) U(z,¢) = ZPI {V( )+ ?O(E—EMOZ) }J




Matching the scalar amplitude

1. Planckion inflation (My > Ms)

2 N=60 8 N=x60
nszl—ﬁ ~ 0.967, r~ —

The scalar amplitude As = M52N2/67r2I\7ll2,1 is reproduced for Ms ~ 1.4 x 1013GeV
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2. Graviscalar inflation (Starobinsky inflation) (Mo < Ms)
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ns~1— — 0.967, re — 0.003
N N2

The scalar amplitude As = F02N2/487r2 is reproduced for fy ~ 1.8 x 10—°



Matching the scalar amplitude

1. Planckion inflation (My > Ms)

2 N=60 8 N=x60
ns~1—— ~ 0.967, r~ —
N N

The scalar amplitude As = M52N2/67r2I\7ll2,1 is reproduced for Ms ~ 1.4 x 1013GeV

2. Graviscalar inflation (Starobinsky inflation) (Mo < Ms)

2 N~60 12 N~60

ns~1— — 0.967, re — 0.003
N N2

The scalar amplitude As = F02N2/487r2 is reproduced for fy ~ 1.8 x 10—°

So generically we have
fo 2 107°
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where g, ~ 100 is the number of relativistic degrees of freedom at Try.
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Reheating

The decay of | with mass M; and width I} reheats the universe up to a temperature

90 _q1/4
Tru = [?g F?Mél} ;
where g, ~ 100 is the number of relativistic degrees of freedom at Try.

The inflaton / is in the hidden sector. How can it reheat the universe?

The Planckion s and the graviscalar z respectively couple to

At Tw
Me1/v/&s Mpy

(Tuyp is the trace of the energy-momentum tensor and 2, is the dilatation current)

The theory is classically scale-invariant — a non-zero 9,,%,, arises only at loop level:

Bei 2 Bey 11,2 Bes 2 4
D, = =Y, —=W, —G HQ3 U H ce.
2 2g1 nv + 2g2 n + 2g3 uv + 5yt Q3 3 + ﬂ)\H‘ | + 5

where ... are BSM terms (they are relevant for DM production as we will see)



Reheating
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where g, ~ 100 is the number of relativistic degrees of freedom at Try.

TRH:[

The inflaton / is in the hidden sector. How can it reheat the universe?

The Planckion s and the graviscalar z respectively couple to

At Tw
Me1/v/&s Mpy

(Tuyp is the trace of the energy-momentum tensor and 2, is the dilatation current)

The theory is classically scale-invariant — a non-zero 9,,%,, arises only at loop level:

B B B
OuTiu = 5oV + 5o Wit & 52 G+ By HQaUs + By [HI* +-..
where ... are BSM terms (they are relevant for DM production as we will see)

4013 N M 3/2
leading decay from 9,2, : T(l — gg) = ii‘jr‘)g# — Tru sl 107 GeV(m)
Pl



Reheating

The decay of | with mass M; and width I} reheats the universe up to a temperature
1/4
90 22 /
7r2g* 17V'P1 ’
where g, ~ 100 is the number of relativistic degrees of freedom at Try.

TRH:[

The inflaton / is in the hidden sector. How can it reheat the universe?

The Planckion s and the graviscalar z respectively couple to

At Tw
Me1/v/&s Mpy

(Tuyp is the trace of the energy-momentum tensor and 2, is the dilatation current)

The theory is classically scale-invariant — a non-zero 9,,%,, arises only at loop level:

Ber y2 Bes 12 Bes 2 4
8u@p,: 21 Y;“,'i' 20 WMV—"_ 285 G”V+ﬁytHQ3U3+B)\H‘H| +...,
where ... are BSM terms (they are relevant for DM production as we will see)
: lés g5 M2 €107 ( Ms )3/2
leading decay from 9, %, : (I — N2 T ~ 10’ GeV| ——=——
ing decay T T — gg) (ar)> 2, RH V{ B aev

(1+66n)%es| M}

Es~1 | 9o
L Tag 5501109 Gev
1+665| 64nhi2, RH ¢

leading decay from T, : T(/ — hghg) =
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There should be fermions in the s-sector. Two types of candidates come to mind

Fermions in the s-sector with no gauge interactions

» They can couple to the SM behaving as right-handed neutrinos N and generate
the observed neutrino masses via NLH couplings. The right-handed neutrino
masses can be generated by sN? terms. [Alexander-Nunneley, Pilaftsis (2010)]

> They can provide baryogenesis via leptogenesis.

> [Dodelson, Widrow (1993)] claimed that N may also account for DM in special
cases
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Dark matter, neutrino masses and leptogenesis

There should be fermions in the s-sector. Two types of candidates come to mind

Fermions in the s-sector with no gauge interactions

» They can couple to the SM behaving as right-handed neutrinos N and generate
the observed neutrino masses via NLH couplings. The right-handed neutrino
masses can be generated by sN? terms. [Alexander-Nunneley, Pilaftsis (2010)]

> They can provide baryogenesis via leptogenesis.

> [Dodelson, Widrow (1993)] claimed that N may also account for DM in special
cases

Fermions in the s-sector which cannot couple to the SM

The lightest fermion in the s-sector is a stable DM candidate if it cannot couple to the
SM sector (for example because it has gauge interactions under the inflaton sector).


http://arxiv.org/abs/1006.5916
http://inspirehep.net/record/1242456

Dark Matter: a Concrete example

A predictive model (no extra parameters)

Take a 274 copy of the SM and impose a Z symmetry, spontaneously broken by the
fact that the mirror Higgs field (S) has

<5> () Mpl while (H) ~ MW

Mirror SM particles (e.g. a mirror neutrino or electron) may be DM ...

Interactions between these candidates and the SM are suppressed by Ays ...
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Terms in 0,9, and T, lead to decays of the inflaton / into DM
(along the lines of the reheating calculation)

More in general the DM fermions can also get a mass M from another source.
Then such fermion masses would contribute to 0,%,, and to T, as MYV
(we are considering, for example, a Dirac mass term)



Dark matter abundance

Terms in 0, %, and T, lead to decays of the inflaton / into DM
(along the lines of the reheating calculation)

More in general the DM fermions can also get a mass M from another source.
Then such fermion masses would contribute to 0,%,, and to T, as MYV
(we are considering, for example, a Dirac mass term)

By identifying the fermion W with DM, its abundance is

pom _ 0.110 M T(I = DM)

Q = ~ X
M= h2 " 0.40eV T(I — SM)

having inserted the present Hubble constant Hy = h x 100 km/sec Mpc



Dark matter abundance: result

The observed DM abundance is reproduced for

M, 2/3
M ~ (10 — 200)TeV | ——l
( )Te (1013GeV)

where the lower (higher) estimate applies if ['(/ — gg) (I'(/ — hghg)) dominates

» back to main slides
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