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my = 125.09 £ 0.21 £ 0.11 GeV

el Now it’s possible to study the SM
‘ potential up to the Planck scale
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(0 (6n+v)/v2)
v = 1/(\/56‘“)1/2 ~ 246 GeV

Introduction

crit metastability
stability
o ]
Fermi Planck Fermi Planck Fermi Planck
)\¢,4, inflection point, plateau, ... Degenerate vacua Tunneling rate 7 > Tyniverse

(Froggatt-Nielsen)
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/Landau
’ pole
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n

Alekhin, Djouadi, Moch,
Phys.Lett.B 716(2012) 214

110 120 130 140 130 160

My [GeV |

Masina, Talk in Padua(2014)

vo_ o Extracted from the total
b )7 B cross-section pp — tt + X
(1 + 0 ()) o Comparison rule:

mP% 1y + 10 GeV

The two methods agree:
Masina, PRD 87(2013) 053001
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163.3+2.7

Top mass in MS bar scheme
mim) |GeV]

120 130
my |GeV |
Masina, Talk in Padua(2014)

140

Is Nature trying to tell us something?
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EW Extrapolating the Higgs potential at high energies:
sl i RGE evolution of the couplings (assuming “desert”)

and
inflection

point

Calculation

The formal solution of the RGE is

V;ei”f(/l‘a )‘i, ¢) = ‘/eff(ﬂ’(t)? )‘Z(t)’ ()ZS

1)),
() =etp, B(t) = eFDg, T(t) = - / dt'y(M(E))

t can be chosen in order to make ¢(t)/u(t) ~ O(1)
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EW Extrapolating the Higgs potential at high energies:
sl i RGE evolution of the couplings (assuming “desert”)
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Calculation

The formal solution of the RGE is

V;ei”f(/l‘a )‘i, ¢) = ‘/eff(ﬂ’(t)? )‘Z(t)’ ()ZS

1)),
() =etp, B(t) = eFDg, T(t) = - / dt'y(M(E))

t can be chosen in order to make ¢(t)/u(t) ~ O(1)
Our choice: = my
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Matching low-energy parameters at NNLO

Updating the results in literature:
inflection Bednyakov et al., PRL 115(20) (2015) 201802
point

@ Gauge couplings (g3 in particular) matching is performed at
myz and it is dominated by

al?) = 0.1181 + 0.0013 (error doubled)

Matching
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Matching low-energy parameters at NNLO

Updating the results in literature:
inflection Bednyakov et al., PRL 115(20) (2015) 201802
point

@ Gauge couplings (g3 in particular) matching is performed at
myz and it is dominated by

al?) = 0.1181 + 0.0013 (error doubled)
S @ Uncertainty on \ is dominated by uncertainty on Higgs mass
and theoretical errors in the matching procedure
(scale variation and truncation)

. exp
A(myg) ~ 0.7554 + 2.9 x 10732 —2H 4 48 1073
Amiy

slight disagreement in literature (Degrassi et al., Buttazzo et al., Masina)
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Matching of Yukawa top coupling

EW Extrapolation of the y; (1) from the matching between the running
top mass 7z (1) and the top pole mass m;:

stability
and
inflection
point

— () = ma (140 () + 0277 () + 3PP ()

Matching

@ matching procedure theoretical uncertainty

o experimental top mass: m; Y = 173.34 + 0.74GeV
ATLAS, CDF, CMS, DO, arXiv: 1403.4427

(but what it is really measured is a MC parameter mM®

— how much is the error committed in the identification?)

. exDp
ye(me) = 0.9359 + 4.4 x 107322 4 1.4 x 1072 J
Amy
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Running

(Mihaila, Salomon, Steinhauser; Chetyrkin, Zoller; Bednyakov, Pikelner, Velizhanin)

stabilty B-fur ns at NNLO (and 4-loop for strong coupling)
il]ﬂé‘;tiOIl
: dAi(t) (1)
boint {2 _ 2 (2) 3 (3)
: dt —K/B)\i Tk ’8)\1' Tk B)\i )

k= 1/(167’[’2) ) >\Z = {9:9/7937,%7 )‘77}

Running

We focus on the
running of the
Higgs quartic
coupling A

SM couplings

o0 [=e

102 10* 10° 10° 10%° 102 10 10'® 10'% 10%° Degrassi et al.,
RGE scale y in GeV JHEP 08(2012) 098
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Higgs quartic coupling;:
running of effective A at NNLO

inflection
point

R The running of A is heavily oosh Sobauds i
M, =173.1 £0.6 GeV (gray)
dependent on the top Yukawa 00 s = 0 184 +0 000 eed)
3 M, =1257 £ 03 GeV (blue)
coupling (and as) T ol
:% 0021
e . % M;= 1713 GeV
Stability or metastability? B 0w
Inflection point? -oo2f
ﬂ p M;=1749 GeV
—004F | |

10° 10 10° 10° 10% 10%? 10 10* 10% 10%

Buttazzo et al., JHEP 12(2013) 089 RGE scale g in GeV
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n; my; 2
v (g) = Z Wmi(tb)4 [hl /Ef) - Cyz}

Bffective Issue: gauge dependence?

potential

2-loop correction

, Jones, Nucl.Phys.B 387(1992) 373-390 and in more compact forms
et al. JHEP 1208(2012) 098; Buttazzo et al. JHEP 12(2013) 089

A — 0: Higgs and Goldstone contributions are neglected

Issue: is this approzimation theoretically justified?

28th Rencontres de Blois, 1st June 2016
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Abuses of the CW radiative correction

o o Vg is gauge dependent: is it meaningful to extract
stability

and physical quantities?
inflection .
For instance:

point

32 V;eff 2
| o,
09? |pmin

Nielsen’s identities and critical points l

Gauge e Dangerous “hunting” imaginary part:

dependence
v 1 mi(¢)*
12 (t)

, but... some m;(¢)? < 0!

h—e:vpansion (Andreassen, Frost, Schwartz, PRL 113(2014) 241801)
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Gauge
dependence

Gauge (in)dependence: Nielsen’s identities

Nielsen, Nucl. Phys. B 101 (1975) 173-188

1ok

0

V(,9). J

Variations w.r.t. gauge parameters are proportional to

variations w.r.t. field.

In other words, at critical points of V', the potential is gauge

independent. J

ReVem

The top mass value at
any stationary
configuration

mi (s =1i,c) is a
gauge-independent

quantity
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and F oog=126 GeV

inflection 8 As m; increases, the potential is
point o
destabilized:

@ stable

Vi)' [GeV]

@ stable with flex
(inflection point) *

#1GeV] - .
@ stability line
6 v [/ :
omee \ O\ [l (degenerate vacua) %
0.00004 \ -_t\u,(mr)= !hlj,‘)SJ GgV ;‘.‘
5 0.00002 \.‘ \ l;"* L'Vd_;" o metastable
tionary = 0 \ ""1- 0.2 MeX
et s \\ ./f.ﬁ/v @ deeper: unstable )
~0.00004 \:\_7__/
107 L0
1 [GeV)

Masina, PRD 87(2013) 053001
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EV
stability
and F oog=126 GeV

inflection 8 As my increases, the potential is
point o
destabilized:

@ stable

Vi)' [GeV]

@ stable with flex
(inflection point) *

@ stability line

. IR I3 77 .
00006 \ N .y (degenerate vacua) *
000004 ; -_{FJ,(I!I,)=[UZ;98)F!\ / :
5 0.00002 “.\ \ .J:ymw;f o metastable
tionary = 0 A 2 ,'v;x/"
. ] .
points . \\ ) @ deeper: unstable
\; + PMev o
=0.00004 ,_7,-//
107 10"
i [GeV] '3

Masina, PRD 87(2013) 053001
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Stability results: degenerate vacua (1)

stability
and
inflection
point

i [GeV]
—
=)
P
Top pole mass M, in GeV

“igis

- . — Sty
1245 1250 1255 Les ! : : : A
my [GeV] 120 122 124 126 128 130 132
Higgs pole mass M, in GeV
Only 1.50 deviation from stability! Buttazzo et al., JHEP 12(2013) 089

m¢ = 171.08 % 0.374, & 0.12,,, =+ 0.32, GeV’ J
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degenerate vacua (2)
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m [GeV]

124.0 1245 125.0

my [GeV]

1255 126.0

Degencrate mi™MS = 172.38 + 0.66 GeV

vacua

CMS, Rep. number: CMS-PAS-TOP-14-015(2014)

Stability would be excluded at less than 1o

28th Rencontres de Blois, 1st June 2016



Degenerate vacua: theoretical uncertainties

Lo e NNLO matching (scale variation and truncation):
point (AX)gp ~ 1.60 in mpy and (Ayg)n ~ 0.30 in my
— 0.32GeV in m§ (dominant one);

e Order of the S-functions in the RGE: error ~ 107°

(negligible);
171.10 . .
. @ Truncation of the effective
mo——m——— : :
~~~~~ - potential loop expansion at
— 17106} R ] d . —
Z ! I-loop S~ 2"¢ order: :u(t) - a¢(t)
_9 171.04 AN
us\ \\\
vl we ] The higher the order, the less
17100  my=12509 GeV a®=01181 the dependence on «
o1 05 1 ST (N +5 % 10_3G€V)

28th Rencontres de Blois, 1st June 2016



Inflection point configuration: results
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The potential spans one order of
magnitude for decreasing a:
0.1 dramatic variation of r

Log;o(V}*/GeV)

1245 1250 1255
my [GeV]

0.12

A tension of at least 30 appears:

0121
all the false vacuum inflationary | .
$ 0120
models seem to be ruled out
0119
Exclusion should be less stronger than 0.118
» Ballesteros, Tamarit, JHEP 09(2015) 210 oa7bs 5 ) ‘
II;:)‘?SZ“"’“ 7034 1246 1248 1250 1252 1254 1256 1258

my [GeV]
1

r1/4
logy, Vi'/* = 16.77 £ 0.114, =+ 0.05,,,, & 0.08¢
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Inflection
point

Inflection point: theoretical uncertainties

e NNLO matching (scale variation and truncation):
(AN ~ 0.08GeV on V; and EAyt)th has no significant
impact on V; — 0.08GeV on Vj;

o Order of the S-functions in the RGE: ‘71.1/4 changes at
the per mille level (negligible);

7oF 107 @ Now the dependence at
l6sl___ > _ >l tree-level is implicit, but
r- NI == 5x1016 ..
L6l \ 1-loop - = significant (one order of
\ e Ao S :
Loa N o 2 magnitude). The 1-loop
o A N 2400 B and 2-loop flatten the
mp=125.09 GeV \ potential and make the
160 a®)=01181 \ 1016 . .
‘ S uncertainty respectively of
0.1 05 1 5

20% and 5%
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Conclusions

a’ Most updated and detailed study of gauge-independent

inflection

point observables associated with m§ (which ensures stability) and
m; (SM Higgs potential at rising inflection point)

Q Stability of the SM is compatible with present data at
the level of 1.50: it is still a viable possibility.

Higher precision measurements of the top quark pole
mass and as would be needed.

@ Fualse vacuum inflationary models (Higgs scalar rolling
down along an inflection point configuration) display a
30 tension with the PLANCK bounds on the

Conclusions tensor-to-scalar ratio 7.

28th Rencontres de Blois, 1st June 2016
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NNLO analysis
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Higgs inflation
False vacuum

SM extensions
Planck-scale physics

Backup
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General inflationary parameters: slow-roll
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Slow-roll

@ scalar spectral index: ng =1 — 6e + 27;
@ tensor-to-scalar ratio: r = Py/Ps ~ 16¢;
@ number of e-folds:

)

PCcMB

end V¢

V46 ~ 50 = 60

y

W Planck-+WP-+highl
B Planck+WP+BAO
W Nawral Inflation

0.936 0.044 0952 0.960 0.968 0.97

Planck collaboration, arXiv: 1303.5062

Inflationary scale
ro\1/4
Vst = 1.94x10' GeV (m)

Amplitude of scalar
perturbations (slow-roll approx)

~_ vV
247T26]\/fj43

28th Rencontres de Blois, 1st June 2016
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Matching procedure (1)

44444

. @ The matching for the gauge couplings is performed at

o the Z boson pole mass myz: the correction to the
it numerical values for the related M.S observables (from
PDG) is very small and can be neglected;

e The matching between A, (1) with the Higgs pole mass
my, is given by:

1m?2
An(p) = B vh

known at NLO: 521)(,@ is O(«), while (522) (u)is a
Yukawa contribution and a QCD contribution

(O(aaz), O(a?)). “Theoretical” uncertainty is 0.7% at
2-loop:

< 146 )+6,(f)(u)+...)

An(mp) = 0.8065 + 0.0109(my [GeV] — 126)+
+ 0.0015(my — 172)10-0002

= O
28th Rencontres de Blois, 1st June 2016




Matching procedure (2)

EW
stability

2l e Extrapolation of the v; () from the matching between

inflection

point the running top mass my(x) and the top pole mass my:

()= = () = mo (14817 (1) + 677 () + 6777 ()

known at NLO: 6}V (u) + 5tQED(,u) represent the EW
contribution (at 2-loop), while 6tQCD(,u) is the QCD (at
3-loop).

“Theoretical” uncertainty is related to the choice of p,
2% at 2-loop:

ye(me) = 0.933 + 0.006(m¢[GeV] — 172) 75017

28th Rencontres de Blois, 1st June 2016



SM two-loop effective potential?
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u(t) = mget

B(t) = Et)bet, &) = e~ Jo (T
k= = %g( )?, kz= ;L [90)* +d' %], ke= %¢(t)2

'S. Coleman, E. Weinberg, Phys. Rev. D7, 1888 (1973).
23t Hooft-Landau gauge and M S renormalization scheme.
28th Rencontres de Blois, 1st June 2016



Anomalous dimension

Dilatation in a scale-invariant QFT: z — Az,
and each operator acquires a factor A=2,

inflection

point with A called scaling dimension of the operator

Free theories Ay from dimensional analysis (classical one);

Interacting fields A = Ag + y(g), where y(g) is the
anomalous dimension?: the scale invariance is
spoiled at quantum level

(or, in some cases, preserved approximatey over long distances).

Higgs field case

F(M)E/M’Y(M/)dlnﬂla v(g) = o

_dln,u

mg

This quantity is independent by the cut-off of the theory but not by the gauge.

3Tt is generally expressed by power series in the couplings, with their
running in energy.
28th Rencontres de Blois, 1st June 2016



h - expansion method (1)

(H. Patel, M. J. Ramsey-Musolf, JHEP 1107, 029 (2011) and alsosji

@ 7 counts the number of loops, the effective potential is
g truncated to order i at NLO and h? at NNLO, with a A ~ i
point power counting*.

o Effective potential will be a series in A:

Verr(8) = VO (¢) + VI (¢) + BV (@) + ... —
Smin = 0O + hp™M) + W2 + ..

where ¢(©) is the tree-level vev v and the others are the
quantum corrections dv.

Inserting into the minimization condition V) =0:

Ui Gmin) = V'O (0@ 4 hpM 4. )+ VO 4. =
= V'O p@) 4 AV D (pO) 4 oMY ()] =0

“Be careful to terms scaling like the inverse power of #.
®A. Andreassen, W. Frost, D. Schwartz, arXiv:: 1408.0292:

28th Rencontres de Blois, 1st June 2016
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Vacuum energy

(1) ((0)
e = VO (¢4 VD ($(0)) 4 42 <V(2)(¢<0>) - %%) F...

¢ depends only on extremal gauge-independent objects

@ It can be applied also to
VEVs (6v), Masses, CW corrections, RG-improved vacua,

28th Rencontres de Blois, 1st June 2016



Proof: gauge independence of m$ (1)

btﬁ)‘ﬁlh Absolute stability (¢c > ¢ew)

and

inflection av P av T
€ €

¢

point
o

=0, Veff(d)ewymtt:;f) = Veff((bc,mtt:;[

~—

Pew ,mﬁ @c >m§

Inflection point (¢; > ¢ew)

OVerr
¢

O*Vegr
) E)q52

_ OVeg
=%

Pew 7m§ o 7m% ¢17m7£

Due to Nielsen’s identities

a‘/eff(¢a g) _ 8‘/eff(¢a g)
6¢ ¢s,mt B 0 - 8§ ¢s,mt

50 Vegr(¢s, mf; €) = Vege(dk, m;0)

28th Rencontres de Blois, 1st June 2016



Proof: gauge independence of m$ (2)

Inverting Veﬂ(ﬁbs,mf;g) eff(¢ mta ) = ‘75
e would give a gauge-dependent field and top mass

el ¢s = ¢s(€) and mi = mj(§)
Applying a total derivative w.r.t. £

OVesr
o3

OVerr

om; n Vgt
8mt

pemy 05 09

23

Ps 7m§

2, _, J

third and first term vanish because of stationary condition
and Nielsen identity respectively.

Since in general BZ‘;H # 0, we obtain that

¢s mi

28th Rencontres de Blois, 1st June 2016
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¢ — h: Higgs inflation? (1)

Who’s the scalar field which drives inflation?

28th Rencontres de Blois,
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¢ — h: Higgs inflation? (1)

frsttletifom Who’s the scalar field which drives inflation?

point

Minimal choice: the only scalar in SM, the Higgs field!

28th Rencontres de Blois, 1st June 2016



0‘@0’@4
@ ¢ — h: Higgs inflation? (1)
EW

stability
and

frsttletifom Who’s the scalar field which drives inflation?

point

Minimal choice: the only scalar in SM, the Higgs field! J

Main issue

The Higgs potential is not flat

02\ ?
Vo = A (HTH - 5)
Electroweak (EW) scale: v ~ 246 GeV .
Higgs mass: my = v/202\, ~ 125.1 GeV.
Extrapolation of the high-energy behaviour is needed!

28th Rencontres de Blois, 1st June 2016
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An quartic coupling constant

For large field values

Vo ~ Aph?

Guth, PRD 23(1981) 347

28th Rencontres de Blois, 1st June 2016



Pure SM inflation

_and @ Sufficient e-folds N; e i
inflection Sx 108 IRT— A
oo /i

o @ Correct Ag;

4x10%

@ Power spectrum nearly
2x10%
scale invariant.

B -
0 1x107 2x107 3x107 4x107 5x107 6x 107 7x 107
¢

Gev

1734
s Y. Hamada et al., arXiv: 1308.6651

a0
22 o For m;, ~ 126 GeV =
1716

e N Ul.Dg tOO low Nt()t

“ oz o If Nyyt correct, wrong

169.8
Ag: no slow-roll?

2 169.2
168.6

20 122 124 126

A, [GeV]

M. Fairbairn et al., arXiv: 1403.7483
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Pure SM inflation

stability

_and @ Sufficient e-folds N; ) et
inflection Sx 108 710800087
int
PO @ Correct Ag; e
4x10%
@ Power spectrum nearly
2x10%
scale invariant.

B -
0 1x107 2x107 3x107 4x107 5x107 6x 107 7x 107
¢

Gev

Y. Hamada et al., arXiv: 1308.6651

o For m;, ~ 126 GeV =
too low Nyt

© o If Nyyt correct, wrong

2 Ag: no slow-roll?
Maybe the Higgs is not

20 122 124 126

w15 responsible of both inflation and

scalar perturbations.
M. Fairbairn et al., arXiv: 1403.7483

28th Rencontres de Blois, 1st June 2016



False vacuum inflation (1)%

stability @ Tuning the top quark mass, it is possible to obtain a shallow
] local minimum at large field values (stability required);

inflection

B @ The Higgs boson sitting in this false vacuum would provide
exponential inflation and then could tunnel to the EW one;

@ The model needs another scalar responsible of scalar
perturbations and a mechanism (tunnelling) for escaping
from inflationary phase (graceful exit).

SM Higes potential, M; = 125 GeV/ SM Higgs potential, M; = 126 GeV
003 003
M, =171.083 GeV M, = 171.579 GeV
a,(Mz)=0.1184 a;(Mz)=0.1184

False
vacuum

Planck units

V4 in Planck units

0003 0003
003 o1 03 1 003 01 03 1
Higes vev / in Planck units Higes vev Jr in Planck units

51. Masina, A. Notari, arXiv: 1112.2659.
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Real scalar singlet and right-handed neutrino:
Ul)p_L

EW
By Global Lagrangian
illﬂé‘;tiOIl
point £ = £$M a4 £S + ‘CN’
2 A A
Ls = _%32 — % |H|? % — 2—234 + (kinetic terms),
My . = o
Ly = TN N + hyLoHN + c.c. | + (kinetic terms)

@ 7, symmetry

SM

extensions

@ my < instability scale

@ tree-level threshold effect:

2
Other generations can be generated by )\4)3
lighter right-handed neutrinos A= /\d) - Y

s

28th Rencontres de Blois, 1st June 2016
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my = 125GeV. M, = 1732 GeV my=125GeV. M, = 1732 GeV

L e L B e e LI S B S B B |

point 006 T —
M SM plus a singlet SM —t—— SM plus a singlet
004} 1
) El
= =
5 E
g 3
= 2
= =
8 El
& s
%@ &
= 2
T £
LSS TS TS [ LA (RS : w10 10t w0t 0% 10%
RGE scale ft in GeV RGE seale i in GeV

Under evaluation...

7J. Elias-Mir6, J. R. Espinosa, G. F. Giudice, H. M. Lee, A.
Strumia, JHEP 1206 (2012) 031.
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Gravitational corrections

EW
stability
and Near the cutoff of the theory, large Planckian effects are possibile:

inflection

ekt our ignorance about the UV completion of the theory could be

parametrized through an effective field theory approach
X a, X 90 As ¢® P!
V(g) =549 6 M2 ' 8 Mp O MS

The impact of gravitational effects is largely dependent on the free
couplings towards stability or metastability

The effective theory expansion breaks down when ¢ ~ Mp:

Planck-scale

physics the use of an effective theory close to its cutoff might not be fully
reliable
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