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* The Standard Model of Particle Physics is a well defined
(effective) theory valid up to the Planck scale and consistent
with all present experimental data (LEP, Tevatron, LHC,...).

* However, there are some phenomena the SM cannot cope
with, and which require the presence of New (BSM) Physics.

* These phenomena have to do more with Cosmology and
Gravity than with Particle Physics.
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Inflation and Higgs potential

* The SM Higgs potential has an instability at
h=h~10"Y - 10! Gev

* During inflation at N=# e-folds the probability of Higgs oscillation at
the value h is

1 _h? 2 _
P(h,N)~e > (h?) = H*N  Espinosa et al. 1505.04825
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e Condition to not find the Higgs away from its EW vacuum

T
P(h,N)<e™" = H< 2/3Nh, ~ 0.04h, greatly
constraining the inflationary model to low scale inflation

* High scale inflation requires Higgs potential stabilization
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Cosmological inflation is usually realized by an extra
singlet scalar field ¢: the inflaton

We will associate the inflaton with the Higgs stabilizing
field through the coupling i ¢ 1> which will constraint the

value of ;1 and the inflaton mass m, < @,

The inflaton, if coupled to the Chern-Simons density
QY'Y ,» €an trigger an explosive production of helical

hypermagnetic fields

Helical fields, if they survive till the EW phase transition,
can generate the baryon asymmetry of the universe



Baryogenesis by helical
magnetic fields at inflation

e If the inflaton is coupled to the hypercharge Chern-
Simons density it can generate helical magnetic fields By

with helicity # 'y

* Due to chiral anomaly the generation of helicity is
accompanied by the generation of chiral fermion f; , with
asymmetry
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During the EWPT from unbroken to broken electroweak symmetry: 7y — #Z .y,

Now W, get thermal mass and the weak angle 0y, = 0,/(T)




o # ycontributes to A(B + L), but # r;, does not

e The By is not fully converted to By, at the EWPT,
Tewpr =~ 160 GeV, but still remains when EW sphalerons

freeze out at T = Ty, ~ 130 GeV

 Therefore the source term from # y remains active while
the washout of EW sphalerons goes out of equilibrium

17 H T Jo, H
Ny = (g2 + g2)——2 v @ T =135 GeV
\atio®
~ —147.7 + 107.9 .o calcY
Mgt = 3P < T 130 GeV ) Jex 18t ©
— — o
cros®

5.6 X 1074 < f, = — sin(20,,) d6y,/d log T < 0.32




The model

The model is defined by the Lagrangian

L, =— ER _ S 4R+ l(a h)* + l(a $)* — U, h) — iwv?
/ 2 2 2 F 2 F ’ 4f, *" Jordan frame

1 1 1 )
— 2 1.2 21,2 4 A )
Ulp,h) = Ugy(h) +5m ¢ +5/1¢hgb h +Z/1¢q§ “\ 5 ma h

U (h):-l 2h2+l/1h4 A=A — 6
SM 2/4h A ot = /0 )

B o Ay m < @Q; To stabilize SM potential
bh

Vi 3,2 18,2 ’14) <<,w = (0 Stable under radiative corrections
2y & Ohgy T 1044

To cope with CMB normalization




Then 0, triggers a modification of the SM RGE
and can then stabilize the SM potential

0.10}
0.08}

0.06}

0.02}

= Z
= 0.04]

0.00¢

1
T

m=1 TeV, 6,(m)=0.05

log9(h/GeV)

10

0.10F
0.08}

0.06}

0.02}

= :
< 0.04;

0.00¢

m=10"° GeV, 6,(m)=0.15

log4o(h/GeV)



The Einstein frame is obtained by the Weyl transformation on the metric g, — ® 8w

—1
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Potential in the Einstein frame 0

T T T T
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m=10"" GeV, §,=0.15, 1,=10""%, g=0.0l

Along the contour lines 1 < ¢
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Inflation

During the inflationary regime <g¢2 > M]f), in terms of

Inflation : : : : :
the canonically normalized field ¢p — y the inflaton potential

Reheating

2 X 2 |

/s o= (1) g
/% \ g
\\ We obtain the a-attractor models

Inflaton decouples
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e Inflation is mainly driven by the field ¢, but the Higgs A
also participates in the inflation at a small rate. The
predictions are
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* The model predictions are then it o - oo

0.96448 < n, < 0.96695 (0.96783)
~0.00063 < n’ < —0.00019 (—0.00005)
0.0467 > r > 0.0124 (0.00296)

* |In agreement with observations from Planck/Keck/BICEP

Scalar spectral index Spectral index running Tensor to scalar ratio
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Gauge field production

Equation of motion for gauge fields A ingauge A, =0, VXA =0

2 |
(a——w ag Vx)A:J, J—oE=-o22

or? J / \ ot

- ~_ Fermion current Ohm’s law
Gauge field quantization

conductivity

d’k .
A(t,X) = Z‘J o le,(k) a;(K) A, (z,k) e®* + h.c.] |
h ¢
Equation of motion for A, A== 5 — 2Hf¢

), 2¢
T
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1 1
Observable quantities are: p, = —E?, pp = EBQ, Z (helicity)

2
1 e k2 ) ) | k. k4 2 2
PE=¥[ dk4_ﬂ2(|A+| + |AL] >, PB=;J dk4_ﬂ2<|A+| +[A_] )
= tim L[ @ BB L el A
=V1_)IIOIO—[V X a3 —E[ 2_71_2(| -|-| _| —|>

For collinear E and B fields, one Dirac fermion with mass m the conductivity

[eQ|’ a 75 wm?
o= \/2pp coth| m, [— Jexp{ —
6r2 H V" PE V20 €0

Collinearity can be checked by the angle & 5’@(\0{\
o
(E -B) %"
cos @ = — \,\eqe‘\
2612\/PEPB -0 —
cO
oo

co®
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No Schwinger effect: 0 = (

—

o At early time, when | k7| > 2&, the modes are in their BD vacuum

e When | k7| =~ 2£&, one of the modes develop both parametric and tachyonic
instabilities leading to exponential growth while the other stay in the vacuum

e During the last e-folds of inflation, i.e. | k7| < 2&, the growing mode has solution:

k

A o) (
/12
2k \2¢agHE

D&k

apHp,

1
4
) exp 4§ & —2

All observables can be computed analytically

63 apHy

45 apH; -
216 72g3 ©

eZﬂé ~
’ 215 72 54

’ pE
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Schwinger effect

| — S

Fermion production takes energy from the gauge system and back reacts on
gauge field production

The production of gauge fields is damped in the presence of the Schwinger effect
Calculation are fully numerical. Only some analytical approximations are provided
Light fermions contribute to conductivity according to the Higgs background

Y2
value during inflation as mf2 = —fh2

It is difficult to avoid fermions with small Yukawa couplings e, i, u, d, . . .to
contribute

The gauge preheating is jeopardized by the production of fermions
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Baryogenesis

For baryogenesis, helicity has to survive until the EWPT

After reheating, gauge fields interact with the thermal plasma:
described by magnetohydrodynamics (MHD) equations

Magnetic diffusion leads to helicity decay, and magnetic
Induction to helicity conservation: they are controlled by the

magnetic Reynolds number &£,

If % > 1 induction leads and helicity is conserved

RN~ 59107

PB/ I%Y
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Magnetic correlation length



® Chiral Plasma Instability (CPI) is a phenomenon by which
an asymmetry via chiral anomaly is generated and decays
into a helicity with opposite sign: cancellation of the total
helicity and no baryogenesis at the EWP

® CPl can be avoided if the temperature at which it
happens 1 -p;is smaller than the temperature at which

the last species (ep) reaches equilibrium through its
Yukawa coupling (T(rp; S 10° GeV)

2
L, X H. \ [ T, .
HY \ 1013 GeV T'ns
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Baryogenesis region TilIllS ~ .10 GeV
r

O ng =9-10""
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Phenomenology

The naturalness problem

| — T

 The theory has two separated scales: the inflaton mass m and the
Higgs mass m,

e Inthelimit u =4/20, m — 0 there is an enhanced Z, symmetry

¢ — — ¢ indicating that any value of i, as small as it can be , is
natural in the sense of 't Hooft, as the symmetry is recovered

e One loop correction to the Higgs mass parameter //t}%

0 m2 y) 2 _ 2
A//t}% ~ 4 m2 lgg_ ‘Aﬂh‘ Spu;,=ml2 > m3S12TeV
812 m? o .

h
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Higgs-inflaton mixing

T— —— 2

0, v
The minimum equations :“lf — /1\;2, V= A
2 m
and the squared mass matrix at the minimum
2(4 + 5/1)\22 —4/20, my
—4/20, my m?

lead to mass eigenstates h =c, h+s,¢, ¢=c,p—s,h,

2
- mil’(/; 1 V2 B 1 2 2V4
with masses — :§+</ﬁt+6f1)ﬁ+\/2_( _5/1)_4_(/14_5/1) -

.
and mixing angle s, ~ /20,—, m >V
m

B(p - XX) = B(h - XX) - SC% [;/T; \(\\06

m \
L)~ 25— —. Tj=~4c; MeV 8\
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EW precision constraints

—

S

The doublet-singlet mixing can affect the EWPO through changes in

the gauge boson propagators

rity, — 9y, + 31f; + 5 + 120 log(i)
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LHC CONSTRAINTS

T — T

i) The Higgs signal strength

The coupling of the mass eigenstate h to SM particles is
suppressed with respect to the coupling of the weak state /1 by C,

The signal strength modifier rlf for the process i — h — fis

£ O ggf , Experimental data are
l
li T @l Ca r=11170% (ATLAS), r=117+0.1 (CMS)
(0;)sm SM
| A(my )
0.20} 2
' / c, >/0.9
| 0.14
0.15}
S 0.133
0.10}
/ 0.13
0.05 /
0.3 05 0.7 : 5

m [TeV]
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i) Trilinear and quartic Higgs couplings
As the light state h is identified with the SM Higgs, the trilinear A; and
quartic 4, couplings are modified with respect to the SM values

ﬁ3=

3
Ca

v

5/1
A48, —1,4]=2
2

m

v

Ay = c4/1 + cz( c 4s + 4c2s2 + c2)5/1

.
—64/26 —25D)(A+5,)— — 18 A+ 6, —
A Casa(ca Sa)( /1) m Saca( /1) m2

Az 1AM Ay | A
0.20+
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0.95 : S
0.10/
7
| 02" 06 08 0.95
0.05" / / / /
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A/3M = 4.0157 (ATLAS),

A3/23M = 0.61752 (CMS)
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iii) Inflaton production

The state qﬁ can be produced at the LHC by the same mechanism of Higgs
production with a x-section o(pp — ¢ + X) = S§ o(pp > H+ X)
where H is a mass m SM Higgs

1000
) z
!A [ — 6=005
3 100!
o i T 6=015
= : |
b“g 10; ° 95 % CL upp CMS
: ATLAS

1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |

03 04 05 06 07 08 09 1.0
m [TeV]

m 2 0.55 (0.7) TeV@95 % CL, for ¢, =0.05 (0.15)
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Conclusions

We have presented an inflaton model with chaotic
(quartic) potential, non-minimally coupled to gravity

In the Einstein frame the potential is identified with o
-attractor models

If the inflaton mass m < @Q; ~ 10''GeV. it can stabilize
the SM vacuum at low scales

The Higgs will participate to some extent in the process of
inflation, making the link with Higgs Inflation models
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If the inflaton is coupled to the Chern-Simons density of the
hypercharge, it can produce helical magnetic fields

Fermion pair (Schwinger effect) production damps the gauge
field production and prevents gauge preheating

Even in the presence of fermion pair production there is room
for baryogenesis at the EWPhT (crossover)

Naturalness criteria imply that the inflaton mass should be In
the TeV region

In that case it will modify the trilinear and quartic SM
couplings, and can be produced at the LHC and future
colliders
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