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Key message

* We now know that the SM w/ Higgs is a good
effective theory working below or at TeV scales.

 |f the SM still works fine at high scale, the Higgs field
may also play the role of inflaton: “Higgs Inflation”
* This may open a new possibility of measuring “values”
e.g. M: with a greater precision using cosmological
data, which may never be achievable at the LHC.



Higgs inflation

An economical/predictive idea : Higgs=Inflaton
At low scale (~100 GeV) responsible for EWSB

At high scale (~1017 GeV) responsible for
cosmic inflation

We can learn about EW scale physics from
Cosmology!



Higgs in the SM

- A scalar field (s=0) (2,1/2) of ¢+
SonxuCrye - dodi -

- Tachyonic, develops non-zero
VEV sU(2)XU(1) to U(T),.w

. Qe?uiriwg Q-eworma“zabi“{‘y, two freeV(H) - )\(IHIQ e 1)2)2
parameters in the general
renormalizable action



Higgs in the SM

 W-mass and gauge coupling
measurement or equivalently
Gr : vev =244 G/

e Mass=125.9 GV from the LHC!

Now, a( { the parameters In the Higgs sector
are experimentally measured!



Current status of Higgs mass measurement

mpy = 125.0370-28 (stat) " 0. }g(syst)

Mg — 125.36
Mg — 125.9 4

0.37(stat.)
- 0.4GeV

PDG new

CMS PAS HIG-14-009

0.18(syst.)GeV

ATLAS arXiv:1406.3827



Decay pattern is consistent with the SM, too!

TN
theory

pn=1.00 £ O.OQ(Stat.)iLg:g?(theo) + 0.07(syst.)



- The Higgs in the SM plays two main roles: it
provides EWSB and also fermion masses

- Both are experimentally checked already to
some extend!

¢ H-W-W, H-Z-Z

e H-t-t (via H-A-A, H-g-g through 1-loop), H-b-b,
M-tau-tau

» | think it is fair to say that the observed boson
is very-SM-like-boson or just the Higgs.



Cosmology demands inflation

* Inflation gives a chance to
have causal connection in

space inflates > e

 homogeneity and isotropy
explained and also no
monopole, domain wall etc.

ur
‘patch”

| * It provides seed for structure

“E formation provided.

SPase » Now becomes a part of the
SM of cosmology.



In particle physics, inflation takes place
due to a flat potential

H(t—t
ThiS iS whot we wont: (I»(t) = Qo€ (t=to) “
‘patch
ds® = dt* — a(t)?dZ - d& '
time
e \ 2 \! [
ThiS iS the equoation: H? = a — P space
a M
It is reolized if the potentiol is “flot”

(V'/V)? « 1
—p V"IV <« 1

R T T ) »
funless it makes a composite state win s=0.  (8%) V' = A¢%, A ~ 10




Q. Is Higgs potential 1 [af enough?

Higgs “SMS & Chaotic Inflation

7

4

V() ~ (H] - ) V(inr) ~ 1071268,

-
looks very cp'fferent...



But!
The Higgs potential becomes flat at high
energy by RGE!

The SM Higgs

Apew) ~ O(1)
)\(ﬂlnﬁation) Y O(l)



2-loop effective potential
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Criticality of the SM

M,=171.39294 GeV
1 x10%8 i '=171.39314 GeV

M,=171 39334 GeV Plateau |
— 5x 1067 ,=171.39354 GeV This helps.
> But, not enough
LQD) | for 60 efoldings.
; 0- We need something more!
5% 10%7
+loop 0  1x10® 2x10® 3x10® 4x10®

¢ [GeV]



Another source of flathess
:“non-minimal coupling”

Sa = /deﬁMD_z; K(9) R+ L(¢)

> Generically allowed in SUGRA.
> In effective theory, this term should be included

as long as [K(¢)] = [MP~?]




“Inflation by non-minimal couplings”
[SCP, S.Yamaguchi (2008)]




This Is an interesting
topic for model building!

Origin?77?

K(¢) ~VV



¢2=HHT

m _2 “Higgs Inflation”
— [Bezrukov,Shaposhinikov (2008)]

ex) monomial;
A :
a V - — 2m

K = £¢° V(p) ~ P

M4
4£2

Ve — — const.

COBE normalization
5p/p~10"0 = = ~10"0 E 107

(hard to swallow...)



At low scale, Higgs potential
with/without non-minimal coupling term

20x107 |
15x10° |
1.0x10° F

50x10° F

sox10% F TT——

no difference in low energy!
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At high scale, they are different!
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Observables

“Scalar spectral Index”

Ps(k) ox ks 1

‘“scale invariance”

“Tensor-to-scalar ratio”

A2 ~ H* /¢?
A? ~ H?/M?

A? 8 (qb )2
h= A? " MZ\H
movemé)nt”

“gravitational wave”

( also running spectral index, Non-Gaussianity etc...)



0.008

0.006 -

=T/S

r

0.002 -

0.000

0.004 -

[SCP S.Yamaguchi (2008)]

|NO RG effect into account [N

gnzz m=1

m=3

AAAAAAAAAAAAAAAAAAAAAAAA

0.964 0.966 0.968 0.970 0972 0974

_ 9(+1/(6ag)) _ 2
2N*

0.976

) .
22 B z\jgl (%)2

A~ H* /7
A} ~ H? /M

K(¢) = ag™

A
V(g) = - e
V
VEinstez’n ~ ﬁ

75 (m=1) |

°8(1+1/(6ao)) S (m=2) |

%, (m>3) |

r is expected to be ‘small’~0.003 !



Tensor-to-scalar ratio (rp.002)
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Implications of
Planck+BICEP2
and RGE effects



Recall the two polarization modes of a gravitational wave:

. Ok



The anisotropic stretching of space induces a temperature quadrupole
and scattering produces two types of polarization

cold

cold
hot

hot hot

hot
cold

cold



Summing over many waves, we get the following
polarization patterns around hot and cold spots:

N —\ |
/ | AN /| \-—-{-
2N | Z—
l\..../l __\_/ I\
E-mode B-mode

(grad) (curl)



Helmholtz theorem

R curl-free  divergence frge

(=—-VP+V XA

N/ -

20 /Ico\-——/—
/TN | /
@) N
E-mode B-mode

(grad) (curl)
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B-mode Power Spectrum

- BICEP2
t BICEP]
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-Foreground dust must be better understood!

r unsubtracted | DDM2 cross | DDM2 auto
+0.07 +0.06 +0.05
+4+0.04 +40.04 +0.04

1405.7351 by Faluger, Hill and Spergel



Planck showed that the power spectrum indicates that the uncertainty is
comparable in magnitude to the BICEP2 measurements at these multipoles.

0.04 3 P R e s e e P bl Y e kY R T

E Ogtat g

- Tglat+extr .

0.03 :_ ACDM tensor » = 0.2 _:

0.02 -
= E
N -
=§L =
g- —
I

0.00F = = = = = = = = - - - - - — - - - - -

- F arXiv:1409.5738 3

Planck intermediate results. XXX.

_0.02 l A A A A l A A A A l A A A A l A A A A l A A A A :
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Multipole ¢

Twirren

Assessing the dust contribution to the B-mode power measured by the BICEP2 experiment requires a
dedicated joint analysis with Planck, incorporating all pertinent observational details of the two data

sets, such as masking, filtering, and color corrections. (Further analysis is needed to rule out any sign
of B-Mode observation by BICEP2.)
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For the potential V(p) to be’monotomcally 1ncreasmg around the 1nﬁect10n

point, it is necessary and sufficient that " |t
B2 -6 / 7

Amin 2 A¢ = ~ 1077, — — 5

min = /¢ (647!’2)2 A — 0_ A ()

The equality holds when the potential has a plateau. That is, when we put

Amin = A¢, the point @inflection = e~ 1/ 4 imin >~ 0.84min becomes a saddle point with
vanishing first and second derivatives.® _11/12

€ Hmin



“Bigger possibilities w/ RGE, criticality”

s
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Higgs inflation w/ RGE, criticality” B Linde is here
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M t [GCV]

M: in Higgs Inflation

IIIIIIIIIIIIIIIIIIIIIII
. .

© a,(My) = 0.1185 + 0.0006
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Precise measurement of M: by cosmological data

Am; ~ O(1 —10)MeV

may be achievable in “Higgs inflation™

ThiS IS not a smail thing!



Current top quark mass measurement

CMS Preliminary CMS PAS TOP-14-001

| I | | | | I | | 1 | I | | 1 I I | |
. L
CMS 2010, dilepton 1755+ 4.6 + 4.6 GeV
JHEP 07 (2011) 049, 36 pb” (value =+ stat = syst) N EW
L
CMS 2010, lepton+jets 1731+ 2.1+ 26 GeV
PAS TOP-10-009, 36 pb’ (value + stat + syst) 17208 . 0.36 i 083
i ——
CMS 2011, dilepton 1725+ 0.4 = 1.4 GeV
EPJC 72 (2012) 2202, 5.0 fb”' (value = stat + syst) _] u Iy 2014
CMS 2011, lepton+jets ® 173.5+ 0.4 + 1.0 GeV [CMS PAS TOP_ 14_002]
JHEP 12 (2012) 105, 5.0 fb" (value = stat = syst)
CMS 2011, all-hadronic o 1735+ 0.7 = 1.2 GeV ® 1 75_> 1 73_> 1 72 e
arXiv:1307.4617, 35" (value + stat + syst) . . .
NN keep reducing in its
CMS 2012, lepton+jets 1720+ 0.2 + 0.8 GeV
PAS TOP-14-001, 19.7 fbr (value = stat = syst) measured Val ue
CMS combination . 172.2+ 0.1+ 0.7 GeV . .
March 2014 (value = stat = syst) e Error remains still
Tevat binati 173.2+ 0.6 + 0.8 GeV Ta P
o s e big~GeV
World combination 2014 173.3+ 0.3 + 0.7 GeV ® TO re d U C e th e e r rO r,
ATLAS, CDF, CMS, DO (value = stat = syst)
M R T T W O N NN\ T I T S I Oﬂ@ShOUldhave

165

180

m, [GeV]

better understanding
of “MC mass” but this
'S tough!




conclusion

BICEP + Planck, if confirmed, fantastic!!

It not, we will learn more about dust any way.

Higgs may play a role of inflaton and compatible
with data: predictions are n=0.967 and r=0.003 or
~0.1 with or without criticality, NG Is expected to be
small.

With criticality (r~0.1), Mh and Mt may be (best)
measured by cosmological data!

PLANCK and BICEP upgrades(BICEP3, KECK array)
result will tell us more. Let’s stay tuned.



