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0 Introduction
@ Standard Model and the reality of the Universe
@ Minimal extension — still “Standard Model”
@ Current Higgs boson results

e Higgs from EW scale up to Planck scale
@ Renormalization evolution of Higgs self coupling
@ Present theoretical knowledge
@ Critical Higgs mass

e “Standard” model examples
@ Asymptotic safety
@ Higgs inflation
@ R? inflation

e Summary
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Summary

Standard Model — describes nearly everything

Describes

@ all laboratory experiments
— electromagnetism,
nuclear processes, etc.

@ all processes in the
evolution of the Universe
after the Big Bang
Nucleosynthesis
(T <1 MeV, t>1sec)

Experimental
problems:

@ Laboratory

? Neutrino
oscillations

@ Cosmology

? Baryon asymmetry
of the Universe

? Dark Matter -
? Inflation -

? Dark Energy



http://hitoshi.berkeley.edu/neutrino/
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Can we describe everything with as small extension
as possible?

@ Minimal number of new particles
@ No new scales before inflation/gravity
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vMSM+inflation — describes everything

Experimental
problems:

@ Laboratory

v Neutrino
oscillations

@ Cosmology
with vMSM v/ Baryon asymmetry
@ Right handed neutrinos of the Universe
@ see-saw generation of
active neutrino masses v Dark Matter -
e keV scale DM

e Baryogenesys via 7 et
leptogenesys

v Dark Energy

+ comological constant



http://hitoshi.berkeley.edu/neutrino/
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CMS “new boson” results
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“New boson” mass

M;, = 125.3 &+ 0.4(stat) + 0.5(syst) GeV

5.80 for SM Higgs boson of this mass

[CMS'12]
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ATLAS “new particle” results
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SM everywhere?

What happens if there is nothing else up to the Planck scales?
(or at least up to the scale of inflation) J
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Renormalization evolution of the Higgs self coupling A

(417)%B) = 2442 — 6y}
3
+ 5202 + (95 + 91)°)
+ (=993 — 392 + 12y2)A

@ High M, — strong coupling
@ Low M) — our (EW)
vacuum is metastable.

Coupling constant evolution:
sgnV AT

Strong coupling

Mp=Mpax §
Mh=Mrin

Higgs effective potential
4
V(@) ~ A(@)F

\% A%

Fermi Planck Fermi Planck
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Even metastable EW vacuum overlives the Universe

Will the vacuum decay?

M, (GeV)

Fermi Planck

PR RSN I |
173 174 175 176

ook S I
167 168 1690 170 171 172
M, (GeV)

[Espinosa, Giudice, Riotto’07]
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Even metastable EW vacuum overlives the Universe

Will the vacuum decay?

M, (GeV)

Fermi Planck

1o b el DS I T D IR I
l7 168 19 10 171 112 1B 1 175 176
M, (GeV)

[Espinosa, Giudice, Riotto’07]

EW vacuum lifetime > ryniverse
M, > 111 GeV J
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Definitely not Standard Model if

Higgs mass is out of the window

111GeV < My < 1TeV

Summary

%Degrassi, et.al.’2012
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Renormalization evolution of the Higgs self coupling A

(417)%B) = 2442 — 6y}
3
+ 5202 + (95 + 91)°)
+ (=993 — 392 + 12y2)A

@ High M, — strong coupling
@ Low M) — our (EW)
vacuum is metastable.

@ Boundary situation —
Mh - Mmin

dA
Alo) =0,  Ba(uo) = e 0

Coupling constant evolution:
sign@)V [ A]

Strong coupling

Mp=Ma }
Mh=Mnin

Higgs effective potential
4
V(o) = A(9) %

\4 v

Fermi Planck Fermi Planck
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Higgs potential stability — which case is realized?

So, do we know — is Higgs light or heavy?
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Calculation steps

Input: Pole masses M;, My,
(and other constants at scale y = My)

@ Convert to MS constants A(u), y;(u) at a scale u between Mz

and M;
vip) = 23/4/GeMyx (1 + Syd(My, as, a, s, Mz; 1))
Ap) = V2GeM2x(1+ 8A(M:, as, a, s, Mz; )

@ Evolve with RG up to the Planck scale
dA dyt
udilJ :BA(Avytagi)v ple :Byt(Aaybgi)a

Output: A() in MS
Finally: solve for A(ug) = A'(ug) = 0.
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Calculation steps: state of the art

@ Convert to MS constants A(u), y¢(u) at a scale y between My
and M;

5y; Up to O(a2), O(a)

6A Up to O(a)

@ Evolve with RG up to Planck scales
Bgy, two loops

By, B, two loops
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Calculation steps: state of the art

@ Convert to MS constants A(u), y;(u) at a scale u between Mz
and M;

5y; Up to O(a?), O(a)
O(ag) [Chetyrkin, Steinhauser’99, Melnikov,Ritbergen’00]

O(aas) [FB, Kalmykov, Kniehl, Shaposhnikov’12]
6A Up to O(a)
O(aas) [FB, Kalmykov, Kniehl, Shaposhnikov’12]

O(y}) (Yukawa part of O(a?))
[Degrassi, Di Vita, Elias-Miro, Espinosa, Giudice, Isidori, Strumia’12]
@ Evolve with RG up to Planck scales
Bg, two loops
three loops [Mihaila, Salomon, Steinhauser’'12]

By, By two loops
three loops (no EW gauge contributions)
[Chetyrkin, Zoller'12]
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Size of new contributions to M,

Contribution

AMm"'] y Gev

Three loop
beta functions
Syt o O(a3)
oy x O(aas)
0A x O(aas)
SA o O(y})

-0.23
-1.15
-0.13
0.62
0.2

“Standard” model examples Summary
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0.000 ~

—~ —0.005

MM)/(GeMEN2)-

-0.025¢,

-0.010f
-0.015¢

-0.020

O(a) correction

O(a)+O(aas) correction

pammnnt - 'O(L‘y)+0(mt$)+0(y(‘)‘ correction
110 115 120 125 130 135 140
M, GeV
CD 2-l0g
< -0.0570} Q P
= 00575}
w
O _00580f__  QCD 3-loop+O(a)
EX S ————
S 005851 S - 1
= 70_0590,w,
2 QCD 3-loop+O(a)+O0(aas)
= 00595}
QCD 3-l0g

110 115 120 125 130 135 140
My, GeV
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Scale for A turning negative is high

Higgs mass M=124 GeV Higgs mass M,=127 GeV
0.06 0.06
0.04 0.04f
_ 002 _ 002}
0.00 0.00
-0.02 2 -0.02f
100 10° 10° 101 104 107 107 100 10° 10° 101 104 107 107

Scale u, GeV Scale u, GeV
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Scale for vanishing A and g3,

10.0 [~ T T T T ; T

Scale uo/Mp

176

Pole top mass My, GeV
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Critical Higgs mass is compatible with M; and a

Tevatron value: My = 173.2 4+ 0.6(stat) + 0.8(syst) GeV
as(Mz) = 0.1184 + 0.0007

Mmin

0.121

Strong coupling as(Mz)
o o o
P P e
I = =
~ © ©

0.116

o
e
N
o

Higgs mass M=125.3 GeV

Y
il

Strong coupling as(Mz)

0.121

0120}
0.119}
0118}
0.117

0.116 &

;o

Higgs mass Mp=126.5 GeV

ol /o

170 171 172 173 174 175 176

Pole top mass M;, GeV

170 17.

1 172 173 174 175 176

Pole top mass M;, GeV

= [129.5+w~26ev % 1.8 — 9s=0.1184

0.9 GeV

0.0007

X 0.6i2] GeV J
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Part | Conclusions: Is there a coincidence?

@ For the Higgs boson mass

Min = [129.5 + MII3209V 1.8 — 2:-8.184 0.6 + 2] GeV \

(that is somewhere between 125-134 GeV)
a coincidence takes place in the SM:

A(u) = Bx(u) = 0, for p ~ Mp )

@ To check this coincidence precise measurement of M, and
M; is needed
e Build a lepton collider at > 350 GeV!
e Calculate of higher order relations between MS parameters
and masses
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Outline

e “Standard” model examples
@ Asymptotic safety
@ Higgs inflation
@ R? inflation

Summary
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Asymptotic safe model has a non-trivial UV fixed point

@ Above Planck scale beta functions get additional terms
2

Bgrav _an H
h

- 8T MR(u)

where h € {91, 92, 93, A, y:} — coupling constant and the
running Planck mass is
M3 (k) == M3 + 28,1

with ¢y ~ 0.024



Introduction Higgs from EW scale up to Planck scale “Standard” model examples Summary
00000 0000000000000 0®0000000000000

Asymptotic safety prediction of the Higgs mass
a, < 0 leads to the bounds Mpin < My < Mmax

A A
\/\ " "
Fermi Planck Fermi Planck

a, > 0 leads to the prediction My = Mnin

Up to a difference of 0.1-0.2 GeV

Fermi Planck Fermi

Fermi Planck [Shaposhnikov, Wetterich’09]
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There are other models predicting the same Higgs
mass

@ Forggart, Nielsen’96 — Multiple point principle.
All the vacua should be degenerate — thus, the same
prediction My, = Mnin

@ Masina, Notari’11 — inflation from the decay of the
metastable Planck scale vacuum — My, =~ Mnin
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Inflation may change things

Adding inflation to the model — will it give bounds?
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Non-minimal coupling of the Higgs gives inflation

Quite an old idea

Add h?R term (required by renormalization) to the usual M,%R
term in the gravitational action

o A.Zee'78, L.Smolin’'79, B.Spokoiny'84
@ D.Salopek J.Bond J.Bardeen'89

Scalar part of the (Jordan frame) action

SJ_/d“xF{ —Ep <f R VM2‘9V’7—2(h2—\/2)2}

@ his the Higgs field; Mp = =24 x10"®GeV

1

\/BTTGN
@ SM higgs vev v < Mp/+/¢

[FB, Shaposhnikov’08]
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Conformal transformation — way to calculate

It is possible to get rid of the non-minimal coupling by the
conformal transformation (change of variables)
¢h?
M

P

quzﬂzgpv, Q*=1+

Redefinition of the Higgs field to get canonical kinetic term
dX_\/QZ+6§2h2/M,23 . { h~ x forh < Mp/¢

dh o*

0? ~ exp (\/26)/\(,1,3) forh > Mp/¢

Resulting action (Einstein frame action)

Sg = / *xv/—§ { Mg auxa“x_w)()“}

2 4 Q(x)*
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Potential — different stages of the Universe

meaUo ..
4¢2

NT AIV’;‘E' <1 _ e—2X/\/éMp>2

= a¢?

Mp/¢ Mp Xwmap = 54Mp X

-~ - v

g > o Slow roll inflation

= £ 0

© %2w OT/T~107° normalization

n £ 8¢ ¢

= 0 & ns ~ 0.967

o ~Y
T O 5 A0 0.0032
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CMB parameters are predicted

0.3

01f

0.0 b=
0.94

spectral index

tensor/scalar ratio

WMAPS5

0.96 0.98 1.00 1.02

Ns

ne1—88N9) o7

N=50 60 ]

m242 o | O é
SM+ERR
HZ

AN

(4N+3)2

ry A ~ 0.0033

Summary

6T/T~107°

—
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No high energy minimum of potential should appear
below inflation

AV AV
o o
Fermi Planck Fermi Planck
In Higgs Inflation — Bound on the Higgs mass
Mh > Mmin J

Up to a difference of 0.1-0.2 GeV
[FB, Shaposhnikov’09]
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Modifying the gravity action gives inflation

Another way to get inflation in the SM

The first working inflationary model
[Starobinsky’80]

The gravity action gets higher derivative terms

SJ—/d4X\/_{ R—f-iRz}-i-SSM
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Conformal transformation

conformal transformation (change of variables)

O = Q% ., Q% =ex (X(X)>
9uv 9uv p \/éMp

X(x) — new field (d.o.f.) “scalaron”

Resulting action (Einstein frame action)

2x 2
SE—/d4X\/_{ i —PR+ 8“X28uX—M;‘5<1—e~/5MP> }

472
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Inflationary potential

- Z’é (1 - e*ZXNéMPY

s

Mp Xwmap = 5.4Mp X

v v v
g > 5 Slow roll inflation

= -0
©FL&T  ST/T~ 1075 normalization
n £ 8F
- 90 & ns ~ 0.965

S o ~
£ o O ¢=47000 " 0.0036
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The SM vacuum should not decay at hot stage after
inflation

Log, | Tgy/GeV]

The electroweak vacuum may
decay at high temperature

[Espinosa, Giudice, Riotto’07]
Reheating is due to Mp suppressed operators =
temperature is low T, ~ 107 — 10° GeV

Higgs mass bounds in R? is weak
my > 116 GeV
(superseded by LEP/LHC)
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Different T, means different field at horizon exit

@ Hubble at the Horizon exit H, = X % 2 eN-

1/3
a_(2)"h (%
ap 9r T’ de grg—éTf."

@ E-folding number of the hirizon exit

13
N, ~ 57—1 log m = Ny =577, Ng2 = 54.4
3 T,
X, for HI
v d

v

9Bezrukov, Gorbunov'12
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Different predictions for CMB observables

Higgs inflation: ns=0.967, r=0.0032
R? inflation: ns = 0.965, r=0.0036

@ Planck Ang ~ 0.0045 — not there, but not too far away
@ CMBPol Ang ~ 0.0016, or ~ 10~3
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Summary
Coincidence in pure SM
AMp) = % =
[128.9 + =TSV 22— 2571184 0.6 42| GeV

@ Future accelerator needed to clear up the situation — Higgs
and top factory — ete™ collider up to ~ 350 GeV

@ Possible consequences for SM

@ In some models (i.e. asymptotic safety) — My = Mni, is the
prediction

e In some models (i.e. Higgs inflation) — My > Mnn

e In some models (R? inflation) — no problem with light M},
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FB, M. Kalmykov, B. Kniehl, M. Shaposhnikov, arXiv:1205.2893 [hep-ph]

G. Degrassi, S. Di Vita, J. Elias-Miro, J.R. Espinosa, G.F. Giudice, G.
Isidori, A. Strumia arXiv:1205.6497 [hep-ph]

A.Starobinsky, Phys.Lett. B91 (1980) 99

J. R. Espinosa, G. F. Giudice and A. Riotto, JCAP 0805 (2008) 002
K. G. Chetyrkin and M. Steinhauser, Phys. Rev. Lett. 83 (1999) 4001
K. Melnikov and T. v. Ritbergen, Phys. Lett. B482 (2000) 99

L. N. Mihaila, J. Salomon, and M. Steinhauser, Phys. Rev. Lett. 108
(2012) 151602

K. G. Chetyrkin and M. F. Zoller, arXiv:1205.2892.
FB, M. Shaposhnikov, Phys. Lett. B 659, 703 (2008)
FB, M. Shaposhnikov, JHEP 0907 (2009) 089

M. Shaposhnikov and C. Wetterich, Phys. Lett. B 683 (2010) 196


http://arXiv.org/abs/arXiv:1205.2893
http://arXiv.org/abs/arXiv:1205.6497
http://dx.doi.org/10.1016/0370-2693(80)90670-X
http://arxiv.org/abs/0710.2484
http://xxx.lanl.gov/abs/hep-ph/9907509
http://xxx.lanl.gov/abs/hep-ph/9912391
http://xxx.lanl.gov/abs/1201.5868
http://xxx.lanl.gov/abs/1201.5868
http://xxx.lanl.gov/abs/1205.2892
http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+EPRINT+0710.3755
http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+EPRINT+0904.1537
http://arxiv.org/abs/0912.0208
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@ CMS Collaboration, [arXiv:1207.7235 [hep-ex]]
@ ATLAS Collaboration, [arXiv:1207.7214 [hep-ex]]

@ ATLAS Collaboration, ATLAS-CONF-2012-170


http://arxiv.org/abs/1207.7235
http://arxiv.org/abs/1207.7214
http://cds.cern.ch/record/1499629
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ATLAS “new particle” results (July)
> T T T T T T T T T
38 ° Data , ATLAS ATLAS 2011 -2012 ™= 1260 GeV
025, Wloasgounazz’ 0, Wz
£ [ Background Z+jets, ff = T k-7
5207 [ Signal (m =125 GeV) g; o :T-:Sv P E
W SystUnc. H (5=8TeV: Lot =585 " e
15[f5 =7 TeV:[Ldt = 4.8 fb”! s 4F B
g
[5=8TeV:fLdt=581" & ——
10 i
9 - -
— Y L
0
100 150 200 250 s 104 o 1
m, [GeV] my [GeV] Signal strength (u)

“‘New particle” mass

Mj, = 126.0 + 0.4(stat) = 0.4(syst) GeV

5.90 for SM Higgs boson of this mass

[ATLAS'12]
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Exact effective potetnial definition

V(@) x A@)9* [1+0 (4= log(My/M)) ],
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Corrections to the potential
1-loop effective potential
m'(x) M0 | M), mA(x)
AU(X) ~ > 5 log o a2 109 200)

In Einstein frame: m2(x) ~ g2h%(x)/Q%(x)
@ Correct by RG running
@ Ambiguity in the theory definition in UV

particles

Cutoff frame dependence and choice
| choice | | choice Il
Jordan frame | M2z +¢n* [ Mg
Einstein frame M2 S -
b

FB, Magnin, Shaposhnikov'09
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RG scale dependence

B 1300 — —

0] . P "
£ 12951 . 1= A~O@,aasy?), yi~Ola,aas,ad)
E : L %

z 129.0 — ~O(a,aay), Yi~O(a,aas,ad)
E 1285 . A~O(a,aas), Yi~O(a,0d)

D

2 1280 - A~O(@), i~O(a,a3)

T 1275 - A~O(@), yi~O(a,a?)

=

S 1270

Matching scale uq, GeV
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Error budget

Theoretical

Source of uncertainty Nature of estimate  AeorMmin, GeV

3-loop matching A Sensitivity to u 1.0
3-loop matching y; Sensitivity to u 0.2
4-loop as to y; educated guess 0.4
confinement, y; educated guess 0.5
4-loop RG My, — Mp educated guess <0.2
total uncertainty sum of squares 1.2
total uncertainty linear sum 2.3
Experimental

Source of uncertainty AexpMmin, GeV
M; ~ 2
as ~ 06

total uncertainty sum of squares 21
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Top mass

LA ) B B B T [T
ATLAS 2010, I+jets 169.3+ 4.0+ 4.9 GeV
ATLAS-CONF-2011-033, 35 pb™ (value + stat + syst)

R ————
CMS 2010, I+jets 1731+ 2.1+ 2.7 GeV
CMS-PAS-TOP-10-009, 36 pb™! (value + stat + syst)

i  ——
CMS 2010, dilepton 175.5+ 4.6 + 4.6 GeV
JHEP 07 (2011) 049, 36 pb™' (value + stat + syst)
ATLAS 2011, l4jets ® 175.9+ 0.9+ 2.7 GeV
ATLAS-CONF-2011-120, 0.7 fb™! (value + stat + syst)
ATLAS 2011, l+jets o 1745+ 0.6 + 2.3 GeV
To be published, 1.04 fb™' (value + stat + syst)
ATLAS 2011, all-hadronic 1749+ 2.1+ 3.8 GeV
ATLAS-CONF-2012-030, 2.04 fb™! (value + stat + syst)
CMS 2011, u+jets o 172.6+ 0.6 + 1.2 GeV
CMS-PAS-TOP-11-015, 4.7 fb"! (value + stat + syst)
CMS 2011, dilepton ® 173.3+ 1.2+ 2.6 GeV
CMS-PAS-TOP-11-016, 2.3 fb"! (value + stat + syst)
Tevatron average 2011 o 173.2+ 0.6 + 0.8 GeV
FERMILAB-TM-2504-E (value + stat + syst)

e e b e g

m, [GeV]

determination
T

In addition:

@ Problems with
relation of Mpytnia
and My — up to
~ 1GeV
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as determination
0.5 July 2009
o(Q)
2 a Deep Inelastic Scattering
04l oe e'e Annihilation i
T T T T T o® Heavy Quarkonia
T-decays (N3LO) g'.o..
1
Quarkonia (lattice) [le]
1
Y decays (NLO) —O0— 0.3
!
DIS F, (N3LO) o |
DIS jets (NLO) —o—i
0.2
1
ete™ jets & shps (NNLO) ——o0+—
1
electroweak fits (N3LO) —o—
ete™ jets & shapes (NNLO) —o— 01l
o ‘11 * o '12 * 0 '13 =QCD 0,(My)=0.1184 +0.0007

100

os (M) ! 0 Q1Gev]
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Preheating
@ Background evolution after inflation x < Mp (h < Mp/f

e Quadratic potential U ~ ”72)(2 with y = \/g% X \
Me WA AAAQ ﬁt

e Matter dominated stage a o #2/3 !
INAMR

@ Stohastic resonance )
e Particle masses m2,(x) ~ g2@ miy
N ) !QQS
w'

e W bosons are created (non-relativistic)
Me : non-resonant creation/W decay

° \/< >>23(025)§
° /(x?) < 23(5%) % M2 resonant creation/W annihilation
e Higgs creation — relat|V|st|c, less efficient
1/2
(X?) ~2.6(4%5) %

Reheating at
T, 2 3.4 x 10" GeV |

Bezrukov et.al’2008, Garcia-Bellido’2008
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Features in tensor perturbations for gravity wave
detectors

r=0.1, Tp=10%"3GeV
T

10—12 -
BBO/FP-DECIGO
10year L
10-14 H -
/Ultimate-DECIGO]
% 16 - 3year
g 10 N
1018 T, = 10° GeV |
10-20 .
1
108 102 10! 1 10 102 10°
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For R? inflation can be in
DECIGO reach

[?]

Gravity waves at matter dominated stage

@ Primordial density of scalar perturbations 5p/p ~ 105
@ Grow  scalefactor at matter domination
@ Can reach 6p/p ~ 1 for long matter domination and small
scales, generating scalaron (inflaton) “clumps”
@ Gravity waves can be generated
e collapse of scalaron perturbations

e merging of clumps
@ evaporation of clumps at reheating

d Qgv/d In(f)




	Introduction
	Standard Model and the reality of the Universe
	Minimal extension – still ``Standard Model''
	Current Higgs boson results

	Higgs from EW scale up to Planck scale
	Renormalization evolution of Higgs self coupling
	Present theoretical knowledge
	Critical Higgs mass

	``Standard'' model examples
	Asymptotic safety
	Higgs inflation
	R2 inflation

	Summary
	Appendix
	Backup slides
	Effective potential
	RG scale matching dependence
	Preheating in Higgs inflation
	Gravity waves



