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‘Standard Model (SM)

> Standard Model is not the final answer

» Phenomenological shortcomings: Q[ [ .
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» Technical issues: i 1 :
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‘Grand Unified Theory (GUT)

» A Quest for a Simpler/Elegant Theory

SM Gauge Group Example
SU3)e x SU(2), x U(1)y - GG T |G =50(10)

» GUT symmetry unifies SM gauge coupling:
gl /AT = 0i=321 == QGUT

» SO(10): 16'=Q' @L'® N, (i=123)

. Nf'{ ; Right-handed neutrinos (RHNSs)
*  Seesaw mechanism: Origin of light masses of the SM neutrinos.
* Leptogenesis: Generates baryon asymmetry of the universe

» Predicts proton decay: 16' o Q' @ L' (SM Quarks 4= Leptons)

> New Particles: Possible Candidates for Dark Matter, Inflaton,.... 2



Non-SUSY SO(10) and Monopole Problem

» Requires two-step Symmetry Breaking (SB)
* Example: SO(10) <210H>:MGUT> SU(4). x SU(2), x SU(2)g (Pati-Salam (PS) Group)
W26 =Me g17(3), x SU(2)1 x U()y
> Intermediate scale PS SB: (126) = M ~ 10 GeV ;e 1001 tanmti
* Natural scale to implement see-saw mechanism
» 1265, 10 : sufficient to reproduce SM fermion masses/mixing ‘[z-rif\jfﬁe@-_mggagﬁ?'a;]
» Both (GUT and PS) SB produce monopoles: (mass = SB scale)
* Monopole energy density can easily exceed the critical density of Universe
. ThIS WI” OVEFC'OSE the universe I L. Patrizii and M. Spurio, [arXiv:1510.07125[hep-ex]]
» If Hy,y < M}, inflation can solve the monopole problem
* Inflation dramatically reduces number density of monopoles
» A typical single field Higgs inflation does not work

H;, ;= 1013 ~14Gev > M, mtermedlafte mass .monopoles
survive inflation !!

N. Okada, V. N. Senoguz and Q. Shafi [arXiv:1403.6403 [hep-ph]]



Inflection-point Inflation (IPI) in U(1) Higgs Model

N. Okada and D. Raut, [arXiv:1610.09362 [hep-ph]]
» Inflection-point inflation (IP1) works

* Unigue realization of a low-scale single field inflation:(M< Planck Mass)

> Ingredients to realize IPl with a RG improved Aqb“ potential
* Inflaton: U(1) Higgs Inflation g

4.x 10710 ¢ V'(M) ~ 0
sx10f V(M) =0

e Conditions:

o AM) =0
O IBA(M) ~ #g(M)4 — # Y(M)4 ~ 0 1Lx1071}
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> Predictions of IPI /M

v" Inflationary Predictions ‘ng set to match Planck Observation; r K 1
v Unique Inflationary Prediction :a =~ —2.742 x 1073

v Low Energy Parameter are fixed :A(M), g(M), Y (M) fixed by IPI conditions
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$O(10) x U(1)y, GUT

SO(10) | U(1)y
16?3\/[ 16 +1 v SM fermions
E; O Fermions | 1o\¥ 10 9
E \/ .
v Anomaly free 1%) 1 L4 DM candidate
10y 10 -2

v' Symmetry breaking
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dp 1 _ g IPIl inflation
SO0 x (L), 20 MeuT gy % SU() x SUR)R x U(1),

(1265),(45H), (P4, B) =M

SU(g)c X SU(Q)L X U(l)y

M SU(g)c X U(l)EM 5



S0(10) x U(1)y Mass Spectrum

> U(l),l, sector: Fixed by IPI conditions

v Inflaton mass  my, = /2A(M7)M; ~8.7x 107° x M; |In [
(Pp)
_9 M
m iz ~ ]_Og(MI)MI ~ 2.3 x 10 X MI —
Mp
1
mg%) ~ %Y(M[)MI ~ gmzf.
 Masses not fixed: Remaining 10-plet, m%’z) ; Singlets fermions, mgi) ; Py
> $0(10) sector:
Scalar Mass Sector Fermion Sector
My
126y | (10,1,3), (15,2,2) (10,1, 3)) : RHN Mass ~ M,
45 i (15,1,1)
10y (1,2,2),(6,1,1) ((15,2,2)),((1,2,2)): SM Fermion Mass
Only one light Higgs (SM) below scale M; 6




Proton Decay and Mass Splitting

» Proton Decay:
*  Mostsevere:p - et + 0
*  Current experimental bound: Super-K: 7, > 1.6 X 103* years la>v1610.03597]

*  Future experimental reach : Hyper-K: 7, < 1.6 X 103> years

GUT gauge boson mediated Colored Higes (6,1,1) C 1011 mediated
4
p Ycur Mp p— ngdz m?)
Mgur 16 i1
» | acor > 2.5 x 107 GeV » mye > 4.5 x 10 GeV

» 10-plet triplet-doublet mass splitting:

S. Dimopoulos and F. Wilczek, [hep-ph/9306242]

£ ziymogmg +Z§n545H10§3)10§§) ’i —

i#] mp - =Myy ' =Mp

45H> =M x diag(l,l, 1,0,0) X 109 mg_pl’Q) = |mp £ mas| = mr




'$S0(10) Gauge Coupling Unification

> EW< u < M, : SM Gauge Couplings : @1 5 3
» M; < p < Mgyr : PSGauge Couplings :ay; g
» a,(GUT) = a;, (GUT) = a,(GUT) = agyr




'$S0(10) Gauge Coupling Unification
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Leptogenesis and Reheating

> Thermal Leptogenesis: my, = 10°71°0 GeV
S. Davidson and A.~Barra, [hep-ph/0202239]

107~ 1%1GeV| < Tr < M;

V(o)

VDOAD A 10%{ -

e 105 O (1,2,2) = H, ® Hy | e A

e H,D Hsinf :

o H; D H'cosf \Ri: tmg )
o=y Tp= (H32-) " T M;
» F(SO — HTH) ~ A sin” 2p Inflaton decay-products thermalize the universe

4T me

® T ~ 1010 GeV ( A[GeV] )

4.2x10°
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_Higgs-portal Dark Matter

» DM Candidates: {105, 1}

» Colored triplets decay mediated by colored Higgs:
My < 3x 10" Gev  mp  triplet lifetime < 1 second

» Singlet-Doublet DM:
L = 1Y4®4105105 + 3VpPplplp + Yulpl0p10k

e 107 D HsinB® H' cos B
° 10EDDEBD

Mixture of 1;(S) and Doublet (neutral) € 10

L 3 mpDD + mgSS + ‘[3—:“’ (cosﬁDHTS } sinﬁDHS) + he

1 - 0 mp Mo Sin 3 Dy
LD 5 (Do Dy S) mp 0 mo cos (3 Dy

mosin 3 mgcos 3 ms S

> mp >>mg,mg:
e DM is mostly the Singlet Component
* DM interacts with SM particle through Higgs-portal Interactions
m Higgs-portal DM Scenario 11



_Higgs-portal Dark Matter

» Mostly Singlet DM (Y3) :

mp >> mg, my:
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* Higgs-portal DM is excluded except for mp =
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e Scenario will be fully explored by future direct DM detection experiment.
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_Electroweak Vacuum Stability

» Stability Condition: 1y (u < M;) >0

1678 = By (mp,mr) +|8(n - mp) (MYe’ - 4Vs")
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Summary
SU(10) x U(1), D SM

» Phenomenological shortcomings:

» Monopole Problem (Low Scale Inflation) ? \/

» Neutrino Mass ? \/
> Baryon Asymmetry ? \/
» Dark Matter ? \/

> Technical issues:

> Stability of the Electroweak Vacuum? \/

Thank you
Questions?



