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Motivation

Grand Unification

@ Proton Decay

@ Inflation, Axions and Magnetic Monopoles

Supersymmetry
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VBN — U

N ok
VxE=-"5
VxH=J+ %—?
Electromagnetic Waves (Photon) 1865
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A fifth dimension?

- Polish mathematician Kaluza
showed in 1919 that gravity and
electromagnetism could be unified
in a single theory with 5 dimensions
- using Einstein’s theory of gravity

Theodor Kaluza
1885-1954

“The idea of achieving a
unified theory by means of
five-dimensional world would
never have dawned on me.. At
first glance | like your idea
tremendously”

Unifying EM and Gravity
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Physics Beyond the Standard Model

e Neutrino Physics: SM + Gravity suggests m, < 107° eV

@ Electric charge quantization not explained in SM

(Dirac requires monopoles)
@ Dark Matter: SM offers no plausible DM candidate
@ Origin of matter in the universe

e Inflation (resolve problems of standard big bang cosmology)
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Grand Unified Theories (GUTSs)

@ Unification of SM/MSSM gauge couplings

@ Unification of matter/quark-lepton multiplets

Proton Decay

Electric charge quantization, Magnetic monopoles predicted
(as Dirac wanted)

@ Seesaw physics, neutrino oscillations
@ Baryogenesis/leptogenesis

e Inflation/gravity waves, dp/p
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Running of Gauge Couplings in SM

Hint of unification ?
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Gauge Coupling Unification in Non-SUSY SU(5)
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Gauge Coupling Unification in the SU(5) model with additional fermions

Q + Q + D + D at mass scale ~ 1 TeV. e



Quark-Lepton Unification

e Pati-Salam — SU(4). x SU(2)r x SU(2)g:
(4,2,1) + (4,1,2)

U U U Ve ) ) _
<d 4 d £>LR:> 16 chiral fields;

SM neutrinos can have tiny masses via seesaw
mechanism(built in)

e Georgi-Glashow — SU(5): 10 +5

o 15 chiral fields;
e Massless neutrinos

@ Fritzsch-Minkowski, Georgi — SO(10):

16 °7% 10 + 5+ 1(vg)

o SU(5) x U(1)y (cf: 4-2-2)
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SU(5) x U(1)re (Non-SUSY)

Model Contains axion (strong CP + DM),
right-handed neutrinos, and a new scalar
which drives inflation ( & breaks U(1)eq)
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SU(S) X U(1 )PQ

Neutrino masses

/ \ Fixes bad mass relations

Ty | Fo|vp [|Hi|Ha| o | ®| x
SUG) (10| 5 [ 1 |[5 5|1 |24[45°
pasymmetry OFsz) U (1) pg|a/2|a/2|a/2||—a|—a|—a| 0 | —«

M, = Y5 (Hs) +2Y a5 (X)
Ly =Tp.Y10.Tp.Hy +T1.Ys.F . Hy + 7. Ya5.F1-X My =Ys" (H) — 6Yas" (x)
FL.Y,.vi.Hy + 3YNvfvf.o+ he., > M, =4(Y10+ Y1) (Hy)
T -1 H,)?
M, ~Y, YNl Y, A0
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SU(5) x U(1)rq

Inflation with o

VL

SU(5) | 10

45*

Ul)pg|a/2

a/2

Inflaton

Axion
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SU(5) x U(1)re
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New color octet (~TeV mass)
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Higgs vacuum is stabilized
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SU(S) X U(1)PQ
Baryon asymmetry arises via non-thermal

leptogenesis
Baryogenesis

SUG) |10 5 |15
Ul)pol|a/2|a/2|a/2||—a

Ty | Fr | vy ||Hi|H2| o | @] x
5
—a

Right handed neutrinos from inflaton decay

produces lepton asymmetry: (Lazarides, Shafi 91

Asaka et al '92]

~ _10-5 Tru % - 107 GeV
nL = 10 (109 G6V> (mp —p MN ~ 0.3 m mp
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In this model 7p ~ 2.4 x 10% yr
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Hyper-Kamiokande Physics Goals

.-M

Solar neutrinos CP violation Astrophysical neutrinos




Nucleon decay

Mode Sensitivity (90% CL) [years]|Current limit [years]
p—etnl 7.8 x1034 1.6x10%
Flagship nucleon decay modes: ;, —; i+ 3.2 x103 0.7x10%
+.0 34 34
p ee_'_ 7'[0 p—p'w 7.7><101 0.77)(1(?
p—etn? 4.3x10% 1.0x10%
gj;a p—ptn® 4.9x10% 0.47x10%
Positron o p—etp? 0.63x10% 0.07x10%
- —Q- 0 34 34
v p—ptp 0.22x10 0.06x10
\ p— etw? 0.86x10% 0.16x10%
gamma p— ptwd 1.3x10% 0.28x10%
p SVK* . n—etn 2.0x10% 0.53x 1034
.. \'% n—pta 1.8%10% 0.35x1034
& K+
H : Limits will be improved across all
236 MeVic

nucleon decay channels, some by

an order of magnitude. 2
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HK construction timeline

FY2018 | FY2019 | FY2020 @ FY2021 @ FY2022 FY2023 | FY2024 | FY2025

Constructionmanagement

Licensing Tank PMT support &
procedurq Access tunnel _ Cavern excavation > lining PMT installation
Pregaratorx cor_};tructnon AEEroagh tunnel, water room Water system Water

construction _filling
>—>

Geological
survey !Cavern final design '
Prepa?atory construction
for excavated rock disposal Excavated rock disposal at|Maruyama
Tank final design

Photosensor production

A4

Photosensor housing production
Electronics production

vVVvYvV

Data taking expected in 2026
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Magnetic Monopoles in Unified Theories

Any unified theory with electric charge quantization predicts the
existence of topologically stable ('tHooft-Polyakov ) magnetic
monopoles. Their mass is about an order of magnitude larger than
the associated symmetry breaking scale.

Examples:

@ SU(5) — SM (3-2-1)
Lightest monopole
carries one unit of
Dirac magnetic
charge even though
there exist fractionally
charged quarks;

U(1)em

monopole mass ~ <
ag
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© SU4). x SU(2)p x SU(2)r (Pati-Salam)

Electric charge is quantized with the smallest permissible
charge being +(e/6);

Lightest monopole carries two units of Dirac magnetic charge;
Q SO(10) — 4-2-2 — 3-2-1
Two sets of monopoles:

First breaking produces monopoles with a single unit of Dirac
charge.
Second breaking yields monopoles with two Dirac units.

© FEs breaking to the SM can yield 'lighter’ monopoles carrying
three units of Dirac charge.

The discovery of primordial magnetic monopoles would have
far-reaching implications for high energy physics & cosmology.
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Primordial Monopoles

They are produced via the Kibble Mechanism as G — H:

@ @ Center of monopole has G
* symmetry (¢) =0

Initial no. density oc 7.3, With big bang cosmology such numbers
are unacceptable.

fin = - ~ 1072,
= Monopole Problem
(Need Inflation)
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Inflatlonary CosmOIOgy [Starobinsky, Mukhanov, Chibisov, Guth, Linde, Hawking, - - -

Successful Primordial Inflation should:

Explain flatness, isotropy;

- - ST .
Provide origin of %;

o Offer testable predictions for ns,r,dns/d Ink;

Recover Hot Big Bang Cosmology;

Explain the observed baryon asymmetry;

Offer plausible CDM candidate;

]
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Slow-roll inflation

e Inflation is driven by some potential V(¢):

@ Slow-roll parameters:

/]}’LQ Vl 2 2 Vll
= () 0= ()
@ The spectral index ng and the tensor to scalar ratio r are
given by

_ dlnA% _ A2
= amk ' "= A%

ng — 1
where A% and A% are the spectra of primordial gravity waves
and curvature perturbation respectively.

@ Assuming slow-roll approximation (i.e. (e, |n|) < 1), the
spectral index ng and the tensor to scalar ratio r are given by

ng ~ 1 — 6e+ 2n, r =~ 16e.
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Slow-roll inflation

@ The tensor to scalar ratio r can be related to the energy scale
of inflation via

V(o)* ~ 3.0 x 10" 71/4 GeV.

@ The amplitude of the curvature perturbation is given by

4
A% =1 (V/mp)(b 5 = 2.43 x 1079 (WMAP? normalization).
=¢0

T 2472 €
@ The spectrum of the tensor perturbation is given by
A2 = 2 (L) .
3w Amb ) =g

@ The number of e-folds after the comoving scale lp = 27 /ko
has crossed the horizon is given by

No = m%g f¢eo (%) do.
Inflation ends when max[e(¢.), [n(¢e)]] = 1.
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Inflation with a nggs Potential [Kallosh and Linde, 07; Rehman, Shafi and

Wickman, 08]

@ Consider the following Higgs Potential:
2
Vi(g) =W |:1 — (%)2} <« (tree level)

Here ¢ is a gauge singlet field.

V()

Above vev (AV)

inflation
Below vev (BV)

inflation

e WMAP /Planck data favors BV inflation (r < 0.1).

Note: This is for minimal coupling to gravity
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Higgs Potential:

- T T
025 Planck TT+lowP 7

Planck TT+lowP-+BKP
+lensing-+ext

0.20

10.002

0.05

n, vs. r for Higgs potential, superimposed on Planck and Planck+BKP 68% and 95% CL regions taken
from arXiv:1502.01589. The dashed portions are for ¢ > v. N is taken as 50 (left curves) and 60 (right
curves).
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n, vs. r for Coleman—Weinberg potential, superimposed on Planck and Planck+BKP 68% and 95% CL
regions taken from arXiv:1502.01589. The dashed portions are for ¢ > v. N is taken as 50 (left curves)

and 60 (right curves).

10.002

Coleman—Weinberg Potential:
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Coleman—Weinberg Potential:

14F -

12f S
10f '
o8f
0.6}

H/10%GeV

0.4r
0.21

0.0t . . . .
0.93 0.94 0.95 0.96 0.97 0.98

Ns

ns vs. H for Coleman—Weinberg potential, superimposed on Planck TT+lowP+BKP 95% CL region
taken from arXiv:1502.02114. The dashed portions are for ¢ > v. N is taken as 50 (left curves) and 60
(right curves).
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Higgs Potential:

H/10MGev

0.94 0.95 0.96 0.97 0.98
Ns
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Primordial Monopoles

@ Let's consider how much dilution of the monopoles is necessary.
M ~ 102 GeV corresponds to monopole masses of order
My ~ 10™ GeV. For these intermediate mass monopoles the
MACRO experiment has put an upper bound on the flux of
2.8 x 10716 cm™2 s~! sr~. For monopole mass ~ 10'4 GeV, this
bound corresponds to a monopole number per comoving volume of
Yvu=num/s < 10727, There is also a stronger but indirect bound
on the flux of (Mjy;/107 GeV)10~6cm=2 s=! sr=! obtained by
considering the evolution of the seed Galactic magnetic field.

@ At production, the monopole number density ny; is of order H2,
which gets diluted to H2e 3N+, where N, is the number of e-folds
after ¢ = ¢,. Using

vy, ~ Hee T
S
where s = (2m2gs/45)T3, we find that sufficient dilution requires
N, 2 In(H,/T,) + 20. Thus, for T, ~ 10° GeV, N, > 30 yields a
monopole flux close to the observable level.
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Relativistic Monopoles at lceCube

— BAIKAL 1998-2003 oo |ceCube 40 Sensitivity
MACRO up-going o—e |ceCube 40 Limit

+~—a ANTARES 2008 »-+ |ceCube 86 Sensitivity

o—a |ceCube 22 ~— IceCube 86 Limit

Source: lceCube Collaboration, Eur. Phys. J. C (2016) 76:133
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Supersymmetry

t 3

, R Il’[j\l
Ami) = - -y R AN
\ ,
N

Source: Martin, Adv.Ser.Direct.High Energy Phys. 21 (2010) 1-153

Resolution of the gauge hierarchy problem
@ Predicts new particles, some maybe found at LHC ?

e Unification of the SM gauge couplings at Mgyt ~ 2 x 1016
GeV

Cold dark matter candidate (LSP)

Compelling inflation models
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Why Supersymmetry 7

2 4 6 § 10 12 14 16

Log,,[A/GeV]
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Where is SUSY 7

Selected CMS SUSY Results* - SMS Interpretation ICHEP '16 - Moriond '17

Gluino

(Max exclusion for M,
(Max exclusion for W)

CMS Preliminary

o :

H e »

g ot o (M excluson fo . _

7 g Vs = 13TeV

L=129fb"'L=359fb"

g

g %05 o X

8 For decays with intermediate mass,

£ o 2150t (Max exclusion for M., -M up < 40 GeV) M ermediate = XCMy o +H(LX)M,

o 1 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
*Observed limits at 95% C.L. - theory uncertainties not included Mass Scale [GeV]

Only a selection of available mass limits. Probe *up to* the quoted mass limit for ful =0 GeV unless stated otherwise
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SUSY Yukawa Unification

b—7 Yukawa coupling unification
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Without Supersymmetry
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b-7 YU and finite threshold corrections !

Dominant contributions to the bottom quark mass from the gluino

and chargino loop

2 2
~ 8 Mpmztanp Yi pArtanf
5yb ~ 1272 m% + 3272 m% +...

where my ~ (my + my )/2 and my ~ (mz, + p)/2

s
Hy Hi
1 1
| |
/—L\\ /’L\\
- s u)”b \\~ - // At;‘t \\~
bL/ \bR tR/ \tL
1 \ ! \
! 1 ! 1
by, g min g br by Hy w Hj  bg

where A\p = ypand A\ = v

1
L. J. Hall, R. Rattazzi and U. Sarid, Phys. Rev.D 50, 7048 (1994)
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b—7 YU in SU(5)

0 S mio S 20 TeV
0< ms < 20 TeV
0< My, <5TeV
-3< Af/mpe <3
—20 < Ap/ms <20
1.2< tang <60

0< mH, <20 TeV
0<  my, <20TeV
M r .
R = M <11 b—-7YU Condition
Mln(yb7yT)

voiyr=(1—-0C):(1+3C), |C|<0.2 b—7 QYU Condition
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b—7 QYU in SU(

mio(TeV)

0 1 2 3 4 5

My (TeV) tan
All points are consistent with REWSB and neutralino LSP. The green points satisfy the LHC constraints. Blue
points form a subset of green and they are compatible with the QYU and Fine-tuning conditions. Brown points are
a subset of blue and they are consistent with the WMAP bound on the relic abundance of neutralino LSP within

50.
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b—71 QYU

Higgsino-like

n SU(5)

dark matter, A—resonance

coannihilation scenarios.

and chargino-neutralino

02 04 06 08 1
M (TeV)

1 4
-
—~ 08 {0 %
g
Soosd g
- B
2 04 .
< Z
< 02 ¥
0 . : . . |
0 04 08 12 16 2 0
M (Msysy)(TeV)
4 4 1 4
3.5 4 -
5 ] 0.8 4
= 25 Z 069
£ 2 z, e
£ 15 P04
1 02 1
05 4
0 T T T T t 0
0 02 04 06 08 1 0

The color coding is the

same as previous figure. In addition, the blue

T
0.2 0.4 0.6 0.8 1
mgo(TeV)

points satisfy the QYU condition and brown

39/56



Point 1 Point 2 Point 3
mo 2325 5805 3299
Ms 4334 5756 4813
My 1317 2478 1002
my, 1574 6740 1592
my, 3698 8052 4206
tan 8 226 13.8 26.7
Ac/myg -1.73 -1.65 -1.46
Ap.r/ms 0.29 -2.46 0.05
n 107.8 714.9 835.4
Agw 353 117 163
my, 1245 126.4 124.1
my 1334 6513 946.3
ma 1326 6471 940.1
my 1336 6514 950
me, 1028, 1114  701.3, 7164 4417, 7833
mg., 579.9, 1104 1128, 2110 831, 899
mee 110.8, 1093 732.5, 2088 792, 894
mg 2954 5361 2369
Mayn 3420, 3424 7354, 7302 3780, 3839
M, 1403, 2569 2797, 5473 1548, 2747
M3 n 3421, 4957 7355, 7187 3781, 5140
my, 2572, 4831 5539, 6868 2751, 4958
ma, 4457 6007 4902
mg, 4411 5852 4822
ma, . 4455, 2246 6002, 5791 4899, 3196
mz, 2053, 4404 5464, 5851 2947, 4816
os(pb) | 0.10x 1078 072x10°° 020 x 1078
asp(pb) | 0.82x 107 0.15 x 10~° 0.59 x 10~°
Qcpmh® 0.05 0.097 0.098
Yebr | 050, 0.13,0.17 051, 0.07, 0.1 0.52, 0.16, 0.21
C 0.08 0.08 0.07
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b— 7 QYU in SU(5)

Direct detection!

105

as1(pb)
asp(pb)

01 02 04 08 16 01 02 04 08 16
mygo (TeV) mgo(TeV)

The color coding is the same as previous figure.
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SUSY Higgs (Hybrid) Inflation

[ ]
[ Il ]

@ Attractive scenario in which inflation can be associated with
symmetry breaking G — H

@ Simplest inflation model is based on
W=krS(®d - M?)

S = gauge singlet superfield, (®,®) belong to suitable
representation of G

@ Need @, ® pair in order to preserve SUSY while breaking
G — H at scale M > TeV, SUSY breaking scale.

@ R-symmetry
PP dD, S eSS W—eW

= W is a unique renormalizable superpotential
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@ Tree Level Potential
Vi = K2 (M? — |92]) 4 2r%[S[?|®[?
@ SUSY vacua

viemt |,

43/56



Take into account radiative corrections (because during inflation
V # 0 and SUSY is broken by Fg = —k M?)

@ Mass splitting in & — &
mi = k25?2 k2 M?, mi =kr?S?
@ One-loop radiative corrections

2
AViloop = 5z StrM*(S) (In 256 — 3]

@ In the inflationary valley (® = 0)

Vo~ k2 M4 (1 BN (g ))

872

where z = |S|/M and

F(m):i((“—&—l)l @) 221 2241 4 21 “M“—3)
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Tree level 4 radiative corrections + minimal Kahler potential yield:

1
nszl—N%O.Q&

8T /T proportional to M?/M?2, where M denotes the gauge
symmetry breaking scale. Thus we expect M ~ Mgy for this
simple model.

Since observations suggest that n, lie close to 0.97, there are at
least two ways to realize this slightly lower value:

@ include soft SUSY breaking terms, especially a linear term in
S,

@ employ non-minimal Kahler potential.
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MSSM p-Problem and Inflation

U(1)r symmetry prevents a direct p term but allows the
superpotential coupling

AH,H;S

Since (S) acquires a non-zero VEV oc my/, from supersymmetry
breaking, the MSSM 1 term of the desired magnitude is realized.
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(- Term Inflation with Non-Minimal Kahler: (enman, s, vardag, 2017

o W =2S8(k®> - xM?+ \H,H,)
6
o K = Kpin + ks Jlf)ﬂ + Kvs';f‘;i‘lz;

mp mp

4 2
oV:nzM4<1+VQS<M> zt — /<;S<M) 2 +a

where vg =14 2k% — 7”75 — 3kgs and x = |S|/M

ms3/2
KM

/)
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5x10'®
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Wi (oev)

o
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El

1x10'°

1077 1076 107° 107 1073
K K

Reheat Temperature vs « for mg3/, = 1 TeV (solid-green), 10 TeV

(dashed-red), and 100 TeV(dotted-blue), ns = 0.9655, kg = 0.02,
kss = 0 and v = 2(10) for thick (thin) curves.
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SUSY SU(5)

oW =35 [RMQ — KTr(9?) — M%Tr(@ﬁf)} +yHOH + HH
+yB 10,10, H + y10,5; H + ylv) LS H + my, 151

|SI* |51°

o K= szn+/€5 2+KJS 4—|-
2

o V D k2

-2 Z 5252 4,€M* zgk¢z¢]¢k
2
S [6SGi+ - dijiSdidu—yT Ho Hy |+, WT ¢! H+5H,|?

+ >, T ¢"H + 6Hy|* + D — terms + Vyop
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ng Vs K

8(1 — M\ 2

_W|aon(5‘r0)‘ M)

where 2o = [So|/M¢ and M2 = M?(4/2762 — 1)
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ng Vs K

Non-Minimal Shifted Hybrid Inflation

102 et
T .
/ ./
7/ . '/
L 4 o / i
1.00 P J
7/ ./
. B /
098 p - 7 ]
e . 7
=" o=’ .
0.96 | > x=0 |
st s ----x,=0.006
- s
094 /./"4 - KS:O.OI .
T e %= 0015
L 1 1 1 L AI I

0.002 0.004 0.006 0.008 0.010 0.012 0.014

K

Figure: ng vs « for shifted hybrid inflation with £ = 0.3, T}, = 10° GeV.
1 — o bounds from WMAP7 are shown in yellow.
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MSSM with Vector Like Particles

Inflation in SU(5) introduces light particles G(1,8,0) and T(1,3,0).
Gauge coupling unification is restored by introduction of vector like
particles L(1,2,1/2),L(1,2,-1/2) and 2(E(1,1,1)+E(1,1,-1)) at
scale Msysy (~TeV)
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! . L L QGeV) Qe
1000 107 10t 10" 10" 1000 107 10" 10" 10

From Left to Right : Columns showing Gauge Coupling Unification
and b — 7 Yukawa Unification at Mgysy = 2 TeV, 3 TeV
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@ Unification of all forces remains a compelling idea.

@ Grand unification explains charge quantization, predicts
monopoles and proton decay.

@ Also explains tiny neutrino masses via seesaw mechanism.

@ Non-SUSY gauge coupling unification require new
particles/new physics below Mgyr.

@ In non-SUSY inflation with Higgs potential, r 2 0.02 (minimal
coupling to gravity).

@ SUSY models offer plausible dark matter candidates such as
TeV mass higgsino.

@ Class of SUSY inflation models predict %T x (%)2, with M
~ 1016 GeV; r < 1074

@ b — 7 Yukawa Unification can be implemented in SUSY
models with heavy particle masses; Find Them.
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Thank You!
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