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Virtues of SUSY as a BSM Framework

[. Solves gauge hierarchy problem based on a symmetry principle
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II. Successful gauge coupling unification

III. Natural dark matter candidate
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IV. Radiative electroweak symmetry breaking
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Non-SUSY extensions maintaining these virtues

Gauge hierarchy is accepted as a fact (analogous to
cosmological constant)

Gauge coupling unification
realized with an intermediate = +*
Pati-Salam symmetry in SO(10) *
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New physics for neutrino masses, or dark matter, can lead to
radiative electroweak symmetry breaking

1. Type-II Seesaw models

2. Radiative neutrino mass models
Singlet scalar dark matter model
Inert Higgs doublet model
Model for 750 GeV scalar

Models studied:

(Gogoladze, Khan, KB)
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Evolution of Higgs mass parameter in SM
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16w2ﬁ = m; (6>\ + 2Tr(3Y,]Y, + 3Y) Y, + YY.) — 593 - 1—095)

If mﬁ IS positive at a high energy, it will remain so at low energy

If usual type-I seesaw mechanism is implemented, mq% becomes
more positive at low energy
dm?b
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16m2—2 = 1672 ey — ATr (Y, Y M Mpg)
di it ). Vi RN

Mp cannot exceed 107 GeV, or else the Higgs mass is fine-tuned
Vissani (1997)

New TeV scale scalars can turn Higgs (mass)? negative



Motivations for turning positive to negative

In many extensions of the SM, Higgs boson is part of a larger
Mmultiplet that breaks a higher symmetry

Consistency of the high scale symmetry breaking would require
all physical boson (mass)? to be positive

This set includes the SM Higgs boson, which must then turn
negative for EW symmetry breaking by some mechanism

Examples:
I. SO(].O) symmetry broken by a single 144 Babu, Gogoladze, Nath, Syed (2005)
144 cotains a SM singlet, as well as a Higgs doublet

II. Trinification model based on SU(3). x SU(3); x SU(3)gr

de Rujula, Georgi, Glashow (1984), Babu, He, Pakvasa (1986), Sayre,Wiesnfeldt, Willenbrock (2006), Pellagi, Strumia,
Vignali (2015)

Two fields in (1,3,3*) break symmetry down to SM. These
fields contain SM Higgs boson



Radiative EW symmetry breaking in type-l1 seesaw models

A scalar triplet A(1,3,1) acquires a small VEV and induces
tiny Majorana neutrino masses directly.

Lyvuk = =Y 0] Cira Al + h.c.
Higgs potential:

v

m36lo + mATH(ATA) + 5 (816)° + 2 (Tr(ATA))?
+ % (Tr(ATA))? = Tr(ATAATA] + AagT¢Tr(ATA)
1+ Asol[AT, Alb + {%quiTQATgb + heed

Boundedness conditions:
A
A>0, AL>0, /\1+?2>o, Aa £ As +2+4/2A1 > 0

No
Na £+ Ns + 2\/)\ (/\1 + ?) >0 Arhrib et al (2001)



Evolution of mass parameters in type-11 seesaw models
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M. Schmidt (2007)



Bounded quartic coupling evolution in type-11 seesaw models
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Turning of Higgs mass-squared in type-11 seesaw models
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Masses of A fields should be below a TeV



Radiative EW symmetry breaking in loop-induced neutrino

mass models
L= h e +giefefk ~ +puh™htk™™ +hc
Og — L’LJ LkeCLleCEUEk/
/"—T-‘\\
AN | ‘7t A. Zee, (1985)
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Consistent with all neutrino oscillation data
Predicts doubly charged Higgs boson with TeV mass

One neutrino is nearly massless
CP violation in neutrino oscillation is expected



Evolution of masses in loop-induced neutrino mass models

Higgs potential:
Vo= I (HUH) + I (hPa7) 4 g (k)
A (HTH) (WTh™) 4+ s (HYH) (K77577) + X6 (TR (K7T57)
+uyHYH + 1k h™ + pdk ™ k™™ — (uhthTk™™ + hee.) .
Boundedness conditions:

i = 0,
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Bounded quartic coupling evolution in loop induced neutrino
mass models
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Turning of Higgs mass-squared in loop neutrino models
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Masses of AT and k1T should be below a TeV



Singlet extension of SM for dark matter

A real scalar singlet S is introduced with a discrete 25
symmetry that remains unbroken

S is the dark matter, which annihilates through the Higgs portal

Silveira, Zee (1984), McDonald (1994), Bento, Bertolamii, Rosenfeld, Teodoro (2000), Burgess, Pospelov, ter Veldhuis (2001),
Davoudiasl, Kitano, Li, Murayama (2005), Barger, Langacker, McCaskey, Ramsey-Musolf, Shaughnessy (2008), He, Ho,
Tandem, Tsai (2010)

Higgs potential:
V=mio'¢+ 552 (¢*¢)2+ 82+ qﬂqbsz
Boundedness cond|t|ons:

)\1>O, )\2>O, )\3>—\/)\1)\2

Evolution of masses:

L dmg 2 g 9 9
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167 dt = 3Xomyg + 4)‘377% Kadastik, Kannike, Raidal (2009),

Mambrini, Nagata, Olive, Zheng (2016)



Bounded quartic coupling evolution in singlet dark matter model
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Turning of Higgs mass-squared in singlet dark matter models
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Radiative EW symmetry breaking in Inert doublet models

A scalar doublett n which is Z> odd serves as dark matter
Higgs potential:
Vo= m2ie+mnin+ 2 —(91)% + Q(n*n)Q
+ 36T (n'n) +A4(¢*n)(n*¢) +{ > (¢'n)? + h.c.}
Mass evolution:
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Ma (2006)
Barbieri, Hall, Rychkov (2006)



Bounded quartic coupling evolution in inert doublet model
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Turning of Higgs mass-squared in inert doublet models
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m; remains positive, while mfb turns negative



Turning of Higgs mass-squared in a model for 750 GeV scalar

1400}
1200}
> |my|
L - ¢
o 1000
U — |Ing; |
~ 800}
= s>
- ]
= 600t 1 = H
E ]
400+
200t
2 4 6 8 10 12 14 16
Log,(pt/GeV)

S1 and S are SM singlet scalars whose masses remain positive

Dev, Mohapatra, Zhang (2016)



Boundedness of Higgs potential in a model for 750 GeV scalar
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Yukawa coupling evolution in a model for 750 GeV scalar
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Fwde Gude gre Yukawa matrices involving vector-like fermions



Summary and Conclusions

Several SM extensions require turning of positive (mass)? to
negative value by RGE running

Additional scalars near the TeV scale is the best hope

Type-II seesaw model, radiative neutrino mass models, scalar
dark matter models all have this built-in feture

Discovery of new scalars at the LHC may support this idea

In models of a 750 GeV scalar, radiative EW symmetry
breaking can occur, but the potential for the new scalar
becomes unbounded typically due to the needed large Yukawa
couplings



