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Introduction

LHC experiment
- Higgs boson myp, ~ 125 GeV

- The SM is consistent so far.

SM is valid up to very high energy scale?

)\ crosses zero, or touches zero,

EW vacuum around Planck scale
is meta-stable. (Critical )

depending on top mass.

Higgs quartic coupling A
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RGE scale y in GeV
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Scale Anomaly and Effective Potential

p =1 .u
| _ . = — 0 X dq) : Mass dimension
nvariance unaer de of dynamical fields P
b(z) = o P(x)

Explicit mass scale breaks SI

2 A In the SM of particle physics sector
V:_MEWh2+_h4 p phy ,
2 4 Slis broken by the negative Higgs mass term.

Scale invariant for h > ugw . If you want,
HUEW X @ : dynamical

(approximately)
PP Y but is NOT crucial here.



Scale Anomaly and Effective Potential

Sl is anomalous with regularization/renormalization NOT respecting the symmetry.

Dimensional regularization n = 4 — 2¢

A\ h? 2e y \h?
A - K 1

An explicit mass scale is introduced for the divergence and defines coupling “constants”.



Scale Anomaly and Effective Potential

Sl is anomalous with regularization/renormalization NOT respecting the symmetry.

Dimensional regularization n = 4 — 2¢

A\ h? 2e y \h?
A - K 1

An explicit mass scale is introduced for the divergence and defines coupling “constants”.

m2

F,_ 4
One-loop (CW) correction AV ~ (=1)"m™In r 3
to Higgs potential H

Breaks the scale invariance



Scale Anomaly and Effective Potential

h* B . h?
Effective potential Vet = Z A+ E In F 4+ ...
— )\eff(h) h4
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Scale Anomaly and Effective Potential

Effective potential

hA B . h?
Vg = — | A+ —In — + -
Ty _|_2 n,u2_|_
_)‘eﬂ"(h) 4
=— h

h, ~ 101°GeV

if m; =173 GeV

Our vacuum is
NOT the global minimum
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Scale Anomaly and Effective Potential

h4 B. k2 B [ h\°
Effective potential Ve = — [ A+ = 1n — + ) (111 _2) 4.

4 2 p p
— )\eff(h) h4
Aeft 4 4 h ~ Planck
A=B=0
_—
h

“ Critical ”



Asymptotic Scale Invariance and Stability

Extended to 7 -dim.

)\ h4 2¢e )\h4 differently from the above.
- —> W 1—e >< S
4 4 A different theory
w? = p? + ah?

Field-dependent



Asymptotic Scale Invariance and Stability

4 4 Extended to 70 -dim.
)\ h 2¢e )\h differently from the above.

4 4 A different theory

Explicit mass scale becomes

h2
w2:,u2—|—ozh2:,u2 (1_|__>
negligible ( Sl is restored )

2

for A > Ly



Asymptotic Scale Invariance and Stability

Extended to 7 -dim.

)\ h4 2¢e )\h4 differently from the above.
- :> w 1—e >< -
4 4 A different theory

h2
wZZ,LLQ—I-OéfLQZ/LQ (1_|__>

Explicit mass scale becomes 112
*

negligible ( Sl is restored )

Pawel Olszewski's talk (Tuesday)
for h > 'u* about formal aspects of quantum scale invariance

Asymptotic Scale Invariance Some Cosmological Implications



Asymptotic Scale Invariance and Stability

B . h?
)\gfsfl(h):)\—l—glnﬁ—l-




Asymptotic Scale Invariance and Stability

) B h?
A2 (h) = N+ 5 n RIS + - Aett (pix) > 0

EW vacuum is
global minimum

hN,UJ* |]C,u*<h*

SI -,
Ao | Stops “running” at

Aot (fx)

o Ry h




Asymptotic Scale Invariance and Stability

Couplings run as energy scale of scattering increases.

h - ’
\ 7
\\ P \\ //
N /
N

M
‘ \\ / N
’
/ S =7 \
/ \
’ \

1672 w?



Asymptotic Scale Invariance and Stability

4 w2 X Iu2 4+ h2
2¢e )\h . *
wi-= X e . Non-renormalizable
_ 5 h4—|—2k
Non-polynomial operators Wiz X (k> 1)

are needed for renormalization (,%2( + h2)k



Asymptotic Scale Invariance and Stability

2o AR w? oc py 4 h?
wi-= X e . Non-renormalizable
_ 5 h4—|—2k
Non-polynomial operators Wiz X (k> 1)
are needed for renormalization (,%2( + h2)k -

Asymptotically SI

Both of regularization and renormalization
respect the approximate scale invariance for h > . .



Asymptotic Scale Invariance and Stability

2o AR w? oc py 4 h?
wi-= X e . Non-renormalizable
_ 5 h4—|—2k
Non-polynomial operators Wiz X (k> 1)
are needed for renormalization (,%2( + h2)k -

Asymptotically SI
Up to which energy scale
s this effective theory valid?



Asymptotic Scale Invariance and Stability

h4—|—2k
Non-polynomial operators required
(1 + h2)*
J.M.Cornwall, D.N.Levin, G.Tiktopoulos (1974)
Unitarity bound Tree unitarity violation
N -particle amplitude \/ 2 2
P P at A ~ U5 h

4—N —
My ~ L Strong coupling

at most _ or

New physics

—



Asymptotic Scale Invariance and Stability

A

A

EW

h4—|—2k
(1 + h2)*

Non-polynomial operators required

~ \/qu + h? :Field-dependent

o

v << s
EW

v = 246GeV /L*

v



Asymptotic Scale Invariance and Stability
h4—|—2k

(1 + h2)*

Non-polynomial operators required

A ~ \/qu + h?2 :Field-dependent

N

~ h

Sl regime

o

The largest mass scale in the loops

A > my — ﬁ h
V2
V<< s Perturbative computation of

E\W the effective potential is justified.
EW
> h

v = 246GeV i




Asymptotic Scale Invariance
can actually stabilize our EW vacuum.

\ 4




Asymptotic Scale Invariance and

L o M]?’,eff R_
V=g 2 2

gt

0, hd,h — V(h) + -

Fffective M]_;2) = M]_;2) + €h2

Planck mass

F.Bezrukov, M.Shaposhnikov (2007)



Asymptotic Scale Invariance and Higgs [nflation

_ Mpew , g™
2 2

0, hd,h — V(h) + -

Nk

Fffective Mg,eﬂ-’ _ MPQ) + €h2

Planck mass

F.Bezrukov, M.Shaposhnikov (2007)

f ~ 104\/X Large non-minimal coupling

Tensor to scalar ratio T

A, ~22x%x 107"

0.00

0.94 0.96 0.98

Spectral tilt ML g



Asymptotic Scale Invariance and Higgs [nflation

Renormalization 2
prescription W

I M]?) _|_ €h2 — Ml%’eﬂ' K/-I.E%Sehzezggz\gnikov (2007)

A.O.Barvinsky, A.Y.Kamenshchik,

II MI% ( COHSJ[a ﬂJ[ > A.A.Starobinsky (2008)



Asymptotic Scale Invariance and Higgs [nflation

A h4 2. AR?
- :> wl—-e X ——
Renormalization 2 4 4
prescription W X
]\ 12 2 1 2 F.Bezrukov,
I P _|_ gh — MP,GH M.Shaposhnikov (2007)
) A.O.Barvinsky, A.Y.Kamenshchik,
II Zt/i P < COHSJ[a ﬂJ[ > A.A.Staarobisngky (200a8) o

i +h? MJQD + &R

f*:Mlg/Mz#f



Asymptotic Scale Invariance and

<

w? o 2 + h?

2221 stops running

at hN,u*

A\



Asymptotic Scale Invariance and

<

w? o 2 + h?

Higgs inflation
h 2 Mp/\/€
M1:2>,eff =§ (Mli%/f + h2)

\ - h

2221 stops running

at hN,u*




Asymptotic Scale Invariance and

v' Perturbative computation of effective potential is justified.

A > MMt (the largest mass scale in the loops )

v Generation of inflaton (Higgs) fluctuation is also computable.

A>H > kﬂuc during Higgs inflation



Asymptotic Scale Invariance and

v' Perturbative computation of effective potential is justified.

A > MMt (the largest mass scale in the loops )

v Generation of inflaton (Higgs) fluctuation is also computable.

A>H > kﬂuc during Higgs inflation

?? Reheating temperature becomes very high.

Trh > A‘h:O — [y ( zero mode vanishes after thermalization )

Thermal history after inflation

1, Theory above A 7

(= Inflationary observable )
cannot be discussed. 2, When T, < A7




Asymptotic Scale Invariance and Higgs [nflation

0.10

Critical case
2
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30 bands in
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002

Higgs quartic coupling A

0.00 L

V' with the standard renormalization prescription .,
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i M, = 1756 GeV
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Asymptotic Scale Invariance and

Critical case

h4
Vet = —

B B2 B 2\ 2
X, + =<1 e
T S R NN SR (nu§+h2> "
4
,\  He
h4

He — Hx

v




Asymptotic Scale Invariance and

Critical case

hA B, h2 B 2 \°
‘/e — T )\c I —=
I I R By ( u§+h2> i
B/,LL4 H2
_ Dclle |1 He .
e -t °

Flat potential without

non-minimal coupling &
e = Ui

fhe

>



Asymptotic Scale Invariance and

Critical case
T, < VA4 e ~ 107" GeV < Mp

< /’LC p— A‘h:O AS ~ 2.2 X 10_9

Flat potential without
non-minimal coupling &

fhe

>




Summary

Asymptotic Scale Invariance
can be responsible for our EW vacuum stability.

Perturbative computation of the effective potential is valid
because tree-unitary violation scale A is larger than any others.

Then, Higgs inflation is also possible.
T, > A for the non-critical case. Theory above A ?

T < A for the critical case. The theory below A is enough.



Thank you



Tree-Unitarity Ay
Violation Scale Mp

————--——-——--

Strong coupling gauge

- Perturbative
AHY
h

~
7

Hx pxm = Mp /€ Msi = MP/\/E




Non-Critical Higgs Inflation
Contour plot of Tl g
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Critical Higgs Inflation without &

With the standard thermal history,

ne =~ 0.975 : allowed within 20 level

3

nszl—ﬁ with N = 60

Non-standard thermal history is favored with AN ~ 15 .

Super-cooling stage?
(typically takes place in scale invariant models)



