VACUUM STABILITY, NEUTRINOS, AND
DARK MATTER

CHIAN-SHU CHEN
(NATIONAL CENTER FOR THEORETICAL SCIENCES)

2012 CROSS-STRAIT MEETING ON
PARTICLE PHYSICS AND COSMOLOGY

2012/05/09

ARXIV:1202.5717, JHEP1204(2012)019

WITH YONG TANG

1256588 HEH "



OUTLINE

Introduction
The frameworks
Vacuum stability within SM + v/DM

Conclusion

125F5H8HEH "



INTRODUCTION

e Standard model successfully describe most phenomena but is
incomplete.

e Neutrino oscillations indicate neutrinos have non-zero and tiny
masses.

e There is only matter around us. 7354 on v

¢ The Universe is dark.

e At least three copies of fundamental
fermions.

One of the main goal of large hadron collider is to find the last
piece of Standard Model particle - Higgs boson.

e E ‘_. 2

e CMS
S — il

...-..‘
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e Neutrinos are regarded as massless, left-handed, and charge neutral
fundamental fermions in Standard Model.

e Neutrino oscillations can be described by the mixings between weak
eigenstates and mass eigenstates.
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e Neutrinos are regarded as massless, left-handed, and charge neutral
fundamental fermions in Standard Model.

e Neutrino oscillations can be described by the mixings between weak

eigenstates and mass eigenstates.
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Cluster Dark matter

9 | @ .

J073728.45+321618.5 J095629.77+510006.6 ’ J120540.43+491029.3 J125028.25+052349.0

Dark matter and ‘
gravitational lensing JEE"S - .

..

J140228.21+632133.5 J162746.44-005357.5 : J163028.15+452036.2 J232120.93-093910.2

Einstein Ring Gravitational Lenses
Hubble Space Telescope - Advanced Camera for Surveys

NASA, ESA, A. Bolten (Harvard-Smithsonian CfA), and the SLACS Team STScl-PRC05-32
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Gravitational Lens

Galaxy Cluster 0024+1654
Hubble Space Telescope - WFPC?2
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Gravitationally Lensed Quasar in Galaxy Cluster SDSS J1004+4112
Hubble Space Telescope + ACS/WFC

NASA, ESA, K. Sharon (Tel Aviv University), and E. Ofek (Caltech) STScl-PRC06-23
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Depends on

® Neutron lifetime
® Number of massless neutrino species

® Baryon-to-photon ratio 1
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2.0 — a Consistent with
all observations:
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e FElectroweak vacuum

— V(¢) —

= .
o - — N
/ = 4 4 SN \\
- S n e N
7 — e — ~
o - s
o P = s — NG
-~ e
e ~
¥y
Y - e
/ -

* Higgs potential

1. 1
Vo= —im(u)zhz(u) + ZA(u)h“(u).

Some conceptual issues for Higgs : hierarchy problem and vacuum stability
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e Perturbativity and instability bounds on Higgs

A
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e (urrent results at LHC
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THE FRAMEWORKS

Neutrino and Seesaw mechanisms

e The famous idea to realize the tiny neutrino masses is the
“seesaw mechanism”

In the See-Saw picture, the Majorana mass
IS much larger than the Dirac mass,
so the splitting is very large as well.

Field theory description :

Which scale?

Weinberg, 1979

MLNv = Mgur

or My = o (LH)(LH)

MLNV
Minv =~ MEw
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* Seesaw mechanism (Type LIII seesaw)

In the basis of (vi,vr) with mass matrix

() mp If mp < A\[”;
«"\/lu — /11% |
mp My my g = (—-\[”-‘\/.\/)
H H
| i
Type (I,III) seesaw — ey '
/ o " \\ Ns : (1,3,0)
L L

Type-1: SM + 3 right-handed Majorana v’s
(Minkowski 77; Yanagida 79; Glashow 79; Gell-Mann, Ramond, Slanski
79; Mohapatra, Senjanovic 79)
Type-III:SM + 3 triplet fermions (Foot,Lew,He,Joshi 89)
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e Type-Ilseesaw :

Bl o]
o }',,QJQ.HI/RZ._ + EAIRi(VR)CiVRi + h.c..

o Jype-Ill seesaw :

Cs, = Tr[SipY] — =Tr[EMsY] — 1o V2V SH — HY'S,V/2Y5 11,

2 Ldxt ’ ~ot
Y‘R = S() / \/E S};
X5 —Z(}?/ V2
0 mp mp = vY, /2v2 My = Mgr  For Type-I
./"\/ly —
mp A /‘\[ = UYE/Q\/§ = My For Type—III
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e Seesaw mechanism (Type Il seesaw)  schechter & Valle, 1980, 1982
Cheng & Li, 1980
Mohapatra, Senjanovic, 1981

el 3 2)

/'\A V = —u?H'H + A (H'H)® + %M;{Tr (ATA) — [AaMpHTi0yAH + h.c.]

my ~ Y A% ‘AVA = AaYA \l[
4V A

mpy 0

0 0
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Dark matter candidates

e We choose two models of dark matter which minimally
change the SM Higgs potential.

1. Darkon - a real singlet scalar (A.Zee et al,1985)

2
N

»CS = 3(—)#“5(:)“5 s Tbg = Tb4 o /\SHA-_SZHTH.

2. Minimal dark matter - a fermion
quintuplet with zero hypercharge

(A.Strumia et al,1985)

No free parameters: mass = 9.6 TeV, direct detection cross section = 10-#* cm?
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VACUUM STABILITY WITHIN SM + TYPE-I(II]) SEESAW/
DARKON(MINIMAL DARK MATTER)

e SM + Type-I / Type-III seesaw :

The new Yukawa interactions VY, _il.Hve and HTTS,V2Ys L.
bring the additional corrections to the 3 function of A

|

%"=y

-4 TV, YV, Y] + 4\ TvY, Y] For Type-I

A [—2() TrYs Y VeV + 121 Tr}g_j)g] For Type-III

(47)°

1256588 HEH "



nEi—— 0.15 ————————————1————————
[ (a) : I
TYPEH and TYPEAII _ _ (b) TYPEH and TYPEHII
010 Mg =Mz ~ 10 TeV i e Mg =Mz =10" GeV ]
0.05F 0.05F
= =
0.00 0.00
-0.05 - d -0.05F
_0 lO : 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1- _O lO: 1 1 1 1 1 1 1 | 1 1 1 1 |
: 5 10 15 : 5 10 15
u u
LDglO LDg]Q
GeV GeV

The triplet fermions in Type-III seesaw will change the SU(2). gauge

coupling RG running with the modification 1 4n

Mo = G 3
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e SM + darkon/minimal dark matter :

For darkon, we first scan the parameter space.

Relic abundance: perturbativity:
i T T }0:
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The [ function of A is modified by ap,, = =

125F5H8HEH "



For minimal dark matter, there is no interactions with the SM
fields except the gauge interaction. The SU(2). gauge coupling

RG is changed by

AV =
T2 DM 2 9
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Unlike the darkon case, in minimal dark matter extension
there is no free parameter after the mass is fixed by relic

density and A(u) is positive up to Planck scale.
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SM + TYPE-I/TYPE~IIl + DARKON
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Instability is sensitive to Yukawa couplings

1256588 HEH "



SM + TYPE-I/TYPE-IIl + MDM
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The raise of A(u) via the growth of gauge coupling would
compensate for the negative contributions from Yukawa
couplings and avoid the instability at high scale
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* Quartic coupling A(Mp) >0, bounds on neutrino sector parameters.
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CONCLUSION

e We study the impact of the possible discovery of SM
Higgs boson at 125 GeV on the electroweak vacuum
stability.

e Confronting the neutrino masses and dark matter puzzles
in particle physics, we extend the SM in these two
directions with the minimal change of Higgs potential as
the guidance.

e Type-I/Type-Ill seesaw and darkon/minimal dark matter
are the extension frameworks we investigate.
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