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Abstract: <p>The minimal Standard Model running of the gauge couplings gives us a hint of a Grand Unified Theory (GUT) aa M_U ~ 10"14 GeV
&€" ascae, however, too high to probe directly via collider searches. Fortunately, since the inflationary Hubble scale H can be as high as& nbsp; 5 x
10"M13 GeV ~ M _U, such GUT scale states can be cosmologically produced during inflation and contribute to primordia non-Gaussianity (NG).</p>

<p>In this talk, | will explore the possibility of doing on-shell, mass-spin spectroscopy of GUT-states by studying such NG contributions in an

extra-dimensional framework of orbifold GUTSs. | will identify an interesting regime where the extra dimension is stabilized close to the onset of a
horizon and find that the KK gravitons and KK gauge bosons can mediate observable NG providing a direct probe of orbifold GUTs.</p>
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SM gauge couplings seem to unify
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SM gauge couplings seem to unify dites

- Approximate meeting ~ 10'4GeV
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- Approximate meeting ~ 10'*GeV .
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- Fewer parameters, explain SM gquantum numbers etc.
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New physics and unification e

- Not a very precise unification:
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New physics and unification

- Not a very precise unification:
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- Low scale SUSY 40
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Model building constraints

- Minimal scenarios predict proton decay
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Model building constraints

Minimal scenarios predict proton decay

SU((B) GUT example:

O B \

— M, ~ 10" GeV o {*;
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| Lj’f_,.,_.,_a- = [N —

/‘ X off-shell - .
gl
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Model building constraints

Minimal scenarios predict proton decay

SU(5) GUT example: A

-
— M, ~ 10" GeV U @
' o
. - 1014 i e ]
M, ~ 10" GeV L_’ J O\ I o —

| q/‘} off-shell _— my

(p = etn’) > 1.6 X 10°* yrs = my, > 5 x 10> GeV

Super-K Collaboration 16
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Model building constraints

Minimal scenarios predict proton decay

SU(5) GUT example: X 4
- Ll

o \
— M, ~ 10" GeV X 01 @ / \
— M, ~ 10" GeV E_’ 'r ~ I o 1
} N ——
/‘\ off-shell T 4

—+ q,l

(p = etn’) > 1.6 X 10°* yrs = my > 5 x 10> GeV
Super-K Collaboration 16
Naively rules out SM unification
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Kaluza-Klein decomposition
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Kaluza-Klein decomposition

- A 5D field corresponds to a discrete set of 4D KK modes.
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Kaluza-Klein decomposition e

- A 5D field corresponds to a discrete set of 4D KK modes.

- Masses given by etc.
extra dimensional profiles T 3/R
— 2/R
— 1/R
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Kaluza-Klein decomposition rieeS

- A 5D field corresponds to a discrete set of 4D KK modes.

- Masses given by 5 etc.
extra dimensional profiles R .. T 3R
i —— 2/R
- Boundary conditions - U/R
determine which fields o — T
should appear in the IR
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GUT breaking via boundary conditions Kne

3-2-1
_ - - =7 #X/ y S/R
+ 3/R
/R ——
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GUT breaking via boundary conditions i

3-2-1
e T SIR -
% 3/R
/R ——
R
2

XY

SUGS) - SUB)XSUR)xU(l)=3-2-1
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Orbifold unification

Kawamura '99, '00;
, Hall, Nomura 01, "03

y
¢ L5 5D GUT, G
7 gauge group G [lf‘\":‘l‘m.tj
>
y=10 y=L
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Orbifold unification KRS

L Kawamura '99, '00;

1 MN o/ Uv Hall, Nomura '01, '03
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0 85
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Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 8

Pirsa: 18120010 Page 21/108



Orbifold unification KRS

L Kawamura '99, '00;

1 MN S( Uy Hall, Nomura '01, '03
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0 85
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Orbifold unification KRS

L Kawamura '99, '00;

] A
N . MN Sl s UU , Hall, Nomura '01, "03
dy sEun ™" + o(kE;
0 85

1 L ¢ S 5D GUT, [t

) j— ) + Kf ’ gauge group G [mwm--{j
8%i 85

- At low energies, .

y=20 y=1L
N drl. b, Mk |
a (u) =—+ log + 4rk;
2 9)
85 7 H
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Orbifold unification Khie

L 1 Kawamura '99, '00;
N . MN Sl s UU Hall, Nomura '01, '03
dy sEun ™" + o(kE; '
0 85
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) - 2 + Kl gauge group G [m“ﬂ’”'.t
8%i 85
- At low energies, .
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“Split” Multiplets to avoid proton decay
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Are orbifold GUTs completely hidden?
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Are orbifold GUTs completely hidden? e

- Without proton decay signals and TeV scale states, how
to proceed?

- Cosmic inflation! H < 5x 10°GeV  planck 2018
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Are orbifold GUTs completely hidden? T

- Without proton decay signals and TeV scale states, how
to proceed?

- Cosmic inflation! H < 5x 10°GeV  planck 2018
— M, ~ 10" GeV

—— M, ~ My ~ H~ 10" GeV

—— My, ~ 100 GeV

Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 10

Pirsa: 18120010 Page 28/108



Are orbifold GUTs completely hidden? e

- Without proton decay signals and TeV scale states, how
to proceed?

- Cosmic inflation! H < 5x 10°GeV  planck 2018
— M, ~ 10" GeV

—— M, ~ My ~ H~ 10" GeV
—— M, ~ 100 GeV

- Time dependent inflationary background can produce
GUT states and give rise to non-Gaussianity.
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- Quantum fluctuations ¢ get stretched to Supgrhorizon

- ' - . )
size and source classical density fluctuations 22

p
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- Quantum fluctuations ¢ get stretched to Supgrhorizon

- ' - . )
size and source classical density fluctuations 22
P
op op
(6pop) > (——
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Cosmological correlations functions TRy RS
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Quantum fluctuations 8¢ get stretched to Supgrhorizon
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size and source classical density fluctuations 22
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Interactions and non-Gaussianity

4 Ttime

\I/
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Interactions and non-Gaussianity tie

4 Ttime

\I/ ;

Dimensionless measure of non-gaussianity (NG):
(R(K )RCK)R(K )

Fk,, ky, k) =
(A( & DAR(— & 1) (A( k ) AR(— & 3))
. 5
INL = = F(k. k, k)
18
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Interactions and non-Gaussianity e

4 Ttime

\l/ a

Dimensionless measure of non-gaussianity (NG):
(R(K )RCKDR(K )
(A( k DR(— & 1) (A( k DAR(— & 3))’

F(ky, ky, ky) =

5

(1) interaction strength implies f ~ 10° — 10
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Bounds on primordial non-Gaussianity T

- Current bound from CMB roughly : éfny S 0(10) Fanck 201>
10*

\/ NModes

- Number of modes matter : o\ ~

Alvarez et. al.
1412.4671

Loeb, Zaldarriaga
astro-ph/0312134

2z~ 2-3 z~ 30 z ~ 100 2~ 1100
PLANCK : Nyodes ~ 107 = 8 fxr, ~ 10 Completed.
L.SS Surveys : Nmodes ~ 108 — 8 fyp, ~ 1 2020
21-cm ¢ Npodes ~ 1018 = § fnr, ~ 0.001 2077
Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 14
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Cosmological collider physics

H scale particles can decay into inflaton fluctuations
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Cosmological collider physics

H scale particles can decay into inflaton fluctuations
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Cosmological collider physics AN

H scale particles can decay into inflaton fluctuations

°_ ] /\\tf,mq,@ M

l

f(cos b)) &

s —m? 4+ iml’
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Cosmological collider physics AN

H scale particles can decay into inflaton fluctuations

0 { /\\t[,mq,@ M

3,
S+ .
> T j

f(cos b)) &

s —m? 4+ iml’

Can be extracted by S’[udying Chen, Wang '09; Baumann, Green '11
B R . ) Noumi et. al. '12
Squeezed limit” of pl’lmOl’dEEﬂ Arkani-Hamed, Maldacena '15
C\ . tributi Lee et. al. '16 ‘
NON-Laussian contrioutions. Meerburg et. al. '16, Kehagias, Riotto '17
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Window of opportunity

-+ Loss of non-analyticity for
m << H

Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities

Pirsa: 18120010 Page 42/108



Window of opportunity

-+ Loss of non-analyticity for

0.010 10.010
m << H — 0.005 10.005
E |
: iy [ — 220 S0t 0.001
/\'3)' o4 5 %10 15.x10
06 08 10 1.2 14 16 18 20
m
H
. N p—mlH
Boltzmann suppression” e
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Window of opportunity T

-+ Loss of non-analyticity for

0.010 |0.010
m << H —  0.005 10.005
E ‘
2 = 1 | 1
‘T, %+J— %f%:() el 3000
/\3)' \ # 5x1071 |5.x10*
k, B R
’ 06 08 10 12 14 16 18 20
m
H
—am/H

- “Boltzmann suppression” e
- M, ~ 10" GeV

A!I[fl"\"" ~ l()() Gev
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Window of opportunity T

-+ Loss of non-analyticity for

0.010 |0.010
m << H —  0.005 10.005
E ‘
-~ 0.001 10.001
5 %104 15.x10*
. (},ﬁ. []j& 1.0 1.2 . 1,.4 .1,‘6 1.8 . 2.0
m
H
—am/H

- “Boltzmann suppression” e Orb. guT

T M, ~ I()'“GeY/ e NG
YT T

A!I[fl"\"" ~ l()() Gev
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Orbifold GUTs and non-Gaussianity

—+ M, ~ 10" GeV

—— My~ Mgy ~H~ 10" GeV

M,y ~ 100 GeV
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Orbifold GUTs and non-Gaussianity Ty iR
—+ M, ~ 10" GeV
= M, ~ M, ~H~ 10" GeV
—— My, ~ 100 GeV

- 5D geometry necessarily important, can not integrate out
KK modes and get a 4D EFT
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Orbifold GUTs and non-Gaussianity S

—+ M, ~ 10" GeV
= M, ~ M, ~H~ 10" GeV
—— My, ~ 100 GeV
- 5D geometry necessarily important, can not integrate out
KK modes and get a 4D EFT

- Robust spin-2 NG signals because mkk Graviton ~
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Orbifold GUTs and non-Gaussianity Ty
—+ M, ~ 10" GeV
—— M, ~ Mgy ~ H~ 10" GeV
—— My, ~ 100 GeV
- 5D geometry necessarily important, can not integrate out
KK modes and get a 4D EFT

- Robust spin-2 NG signals because mkk Graviton ~

- We will identify a regime in which KK gravitons and KK
gauge bosons both contribute to observable NG.
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Overview

- Study extra dimensional geometry during inflation
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Overview RN

- Study extra dimensional geometry during inflation

- Characterize the KK spectrum of graviton and gauge
boson
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Overview IRy

- Study extra dimensional geometry during inflation

- Characterize the KK spectrum of graviton and gauge
boson

- Inflationary couplings of the KK states and contribution to
NG
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Overview IRy

- Study extra dimensional geometry during inflation

- Characterize the KK spectrum of graviton and gauge
boson

- Inflationary couplings of the KK states and contribution to
NG

- Conclusion
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General set-up

A
in
r
[nflator 5D GUT, t
gauge group G r!..a--rl't’d
R e
("
»
y=20 y=1L
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General set-up

- Boundary localized inflaton

2 2 1,2 2 a2 =2 2 , .
dsc = — ﬂ(\-")hdt + I’l(\’) (rl(t) dx- -+ d\_-"{- [nfator 5D GUT, ¢
o i ’ ~ gauge group G !_.;{-rl't’d
oM e
{; i 5M
y=20 y=1L
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General set-up

. . i.r‘.
- Boundary localized inflaton
dsz = - ”‘(}?)zdtz + I’l()')za(t)zd_x’z -+ d}’z (nfator .r.l)(':l.\'l\(‘ (;.=J
Ll gauge group G [’r!_‘.;{-rlt‘
P
- Einstein egs. in presence of X
Goldberger-Wise stabilizer,
9 y=0 y=1L
2 ' "y g I ”(y)_ I e N2 7( : }
H* —n(y)n"(y) —n'(y)” = w3 X ()" + V() + As
(v)? = H? L ') (] )2 = V(y) — A
n'(y)y—H"= , —x (V)= V(y) —
¥ a6 \20 T T
Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 19

Pirsa: 18120010 Page 56/108



General set-up

. . " n
- Boundary localized inflaton
dsz = - ”‘(}?)zdtz + I’l()')za(t)szE -+ d}’z (nfator .r.l)(':l.\'l\(‘ (;.=J
Ll gauge group G [’r!_‘.«--rli‘
P
- Einstein egs. in presence of X
Goldberger-Wise stabilizer,
9 Y= y=1L
H — n(on"(y) — n'(y)? = I n(y) (1 SR+ )+A) y =0 y
n(y)n"(y) —n(y)” = a3 2,1/(_\ X 5
0P - H? = — oy (L V= V() - A )
e - - — — V)< — VI(: —_
n'(y 6 2)((,. X 5
- Supplement with junction conditions
Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 19
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5D Geometry

- Solution in the absence of a bulk stress-energy tensor:

n(y)=1-—Hy Vo= 24M2H > 0 Vilenkin ‘83
- Ipser, Sikivie "84
Kaloper, Linde '98

Kaloper '99
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L)
5D Geometry e

- Solution in the absence of a bulk stress-energy tensor:

n(y)=1-—Hy Vo= 24M2H > 0 Vilenkin ‘83
- Ipser, Sikivie "84

‘h” Kaloper, Linde '98

- A horizon has masked the g |<i|9per '99
second boundary! 1

| mﬂat{lll | 5D GUT,

. |
- Inflationary vacuum energy | EeEeO |
48
has backreacted o
|
y = I

| s

‘ y =1
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L)
5D Geometry e

- Solution in the absence of a bulk stress-energy tensor:

n(y)=1-—Hy Vo= 24M2H > 0 Vilenkin ‘83
- Ipser, Sikivie "84

‘h” Kaloper, Linde '98

- A horizon has masked the g |<i|9per '99
second boundary! 1

| mﬂat{lll | 5D GUT,

. |
- Inflationary vacuum energy | B |
1 S
has backreacted b
|
Thorizon = —
horizon = 5 T

| -

‘ y =1
Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 20

Pirsa: 18120010 Page 60/108



L)
5D Geometry e

- Solution in the absence of a bulk stress-energy tensor:

n(y)=1-—Hy Vo= 24M2H > 0 Vilenkin ‘83
- Ipser, Sikivie "84

‘h” Kaloper, Linde '98

- A horizon has masked the g |<i|9per '99
second boundary! 1

| mﬂat{lll | 5D GUT,

. |
- Inflationary vacuum energy | EeEeO |
48
has backreacted o
|
y = I

| s

‘ y =1
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Simplify : semi-infinite extra dimension Rt

2 - - - "7
ds® = gm_,dx“dx"” + n(y)°h, dx"dx"* d d

HY ny)— = —
) V. dy dz
iy n
- KK decomposition:
—~ -:l ) —~
4 - v) — 3 4 -
(X, y) = Z n= (W, (Op(y) -
/ G
(-,;S.\!
: wi(z) + | m? i H? + "o 5(z) Jy(z) =0
5 YL - O\, ) = o
dz? 4 8M:
y "
Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 21
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: i .. : : : B VA
Simplify : semi-infinite extra dimension Ty
2 _ = YU 227 g
ds® = g, dx"dx" + n(y)"h,,dx"dx" A5} ;_! _ ;_i
) y dz

- KK decomposition:

2 '% By} .: - y
(X, y) = Z n=2(Why ,, (Ow(y) -
/ G

LM

G

oz) Jy(z2) =0~

2

—

dz?
&Y

Vo
M3

, 9
y(2) + m"‘—zH“+

Y
- Zero mode and KK graviton continuum: m > 3H/2 and
obeys the Higuchi bound m > \/EH Garriga, Sasaki '99

iauchi'’ Langlois et. al. '00
Higuchi "87 Karch, Randall '00
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Introducing the second boundary T

- Spectroscopy of discrete states : a second boundary.

[
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Introducing the second boundary TN

- Spectroscopy of discrete states . @ second boundary.
A .

r I
I | I
| | I |
I
|
I |
| I
I
I | >
T | l
p=H
o A
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Introducing the second boundary TN

- Spectroscopy of discrete states . @ second boundary.
A .

| -

I
I
I
I
I
I
I
I >
|

p=H

- Non-trivial! tachyonic radion:
ds® = — n(v)*(1 = 2I1(x, y))dt* + n(y)>a()>(1 = 2I1(x, yNd X% + (1 + 411(x, y))dy*

[
ro
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Introducing the second boundary TN

- Spectroscopy of discrete states . @ second boundary.
A .

| -

I
I
I
I
I
I
I
I
|

 d

p=H

- Non-trivial! tachyonic radion:
ds® = — n(v)*(1 = 2I1(x, y))dt* + n(y)>a()>(1 = 2I1(x, yNd X% + (1 + 411(x, y))dy*

ALI2TT — Gen, Sasaki '00
DdS [M+4H 11 =0 Chacko, Fox 01

Binetruy et. al. '01
Frolov, Kofman '03

[
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Introducing the second boundary TN

- Spectroscopy of discrete states . @ second boundary.
A .

| -

I
I
I
I
I
I
I
I
|

 d

p=H

- Non-trivial! tachyonic radion:
ds® = — n(v)*(1 = 2I1(x, y))dt* + n(y)>a()>(1 = 2I1(x, yNd X% + (1 + 411(x, y))dy*

ALI2TT — Gen, Sasaki '00
DdS [M+4H 11 =0 Chacko, Fox 01

o Binetruy et. al. '01
¢ Need ’[O S’[ablllze. Frolov, Kofman '03

[
ro
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Backreaction constraints Iy

+ Tachyonic instability — ©(H?) but also interested in mkk ~ H
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Backreaction constraints TRy LA

+ Tachyonic instability — ©(H?) but also interested in mkk ~ H

- Stabilization mechanism will necessarily have 6(1)
backreaction on the geometry and KK spectrum

Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 23

Pirsa: 18120010 Page 71/108



VRS
AN - }

/@ ;
18 56
/
-:»',,“‘-, )3 QD

Backreaction constraints Ty IS

+ Tachyonic instability — ©(H?) but also interested in mkk ~ H

- Stabilization mechanism will necessarily have 6(1)
backreaction on the geometry and KK spectrum

- Needs to solve coupled 5D equations: technically difficult

- Analytical way to know a stabilization mechanism is
working or not?

Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 23
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Near horizon analysis

!
in
|
L
~
' |
‘ | 5D GUT
atol !
| Inﬂﬁ“ gauge group G
al JS\\[ l

-
[

>

=0
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Near horizon analysis

- Very near the horizon n(e) ~ He

4
b))
|
L—r
|
' |
‘ . 5D GUT
atol !
| Iﬂﬁ{‘t gauge group G
al JS\\[ l
[
|
l |
|
| >
e=0
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Near horizon analysis

- Very near the horizon n(e) ~ He

- New small parameter He, , solve perturbatively in that.

f
an

|
' |
‘ [ -4 ™ [}l

| 5D GUT
aton ’

| I“ﬁ{m ‘ gauge group G |
| » "‘# S}\[ |

| u

|
|

|
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Avoiding the tachyonic instability AN

- Background solution can be obtained order by order:

n(e) = He — 5v2m§H£3 + -

_ |
Y=/4M3 | v+
x(€) =4/ 5(" 0

m2e? +
vm, €
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Avoiding the tachyonic instability AN

- Background solution can be obtained order by order:

n(e) = He — 5v2m§H£3 + -

_ | ._
N — a3 ., 2.2
x(€) =/ 4M; (L -+ IOLth “+ )

- No constraint from radion eq. of motion:
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Avoiding the tachyonic instability AN

- Background solution can be obtained order by order:

n(e) = He — 5v2m§H£3 + -

_ | ._
N — a3 ., 2.2
x(€) = /4M; (L -+ IOLth “+ )

- No constraint from radion eq. of motion:

[(x, &) (He_')fli" + .- Y=
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KK graviton wavefunction on inf. boundary "«
- Warp factor known only near the horizon—complete
solution would require solving the coupled egs. in full
- But backreaction is still only 6(1)
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KK graviton wavefunction on inf. boundary

- Warp factor known only near the horizon—complete
solution would require solving the coupled egs. in full

- But backreaction is still only @(1)

7

) 9 9 () .,
)+ | m-——H"+ o2) ly(2) =0
i( 1 BM3 ( ) (2

d

* Sinusoidal profile from  —
will receive O(1) correction.

p)
F4
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KK graviton wavefunction on inf. boundary

- Warp factor known only near the horizon—complete
solution would require solving the coupled egs. in full

- But backreaction is still only @(1)

_ , : d* s 9 o Ve oL
* Sinusoidal profile from  ——wi@ + (m- - M‘;]h(:)) yi(2) = 0
S

will receive 6(1) correction.

- Would not change the inflaton-KK graviton overlap
significantly
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Model independent inf-KK graviton coupling "«

_y)

4

Jd 4"}{ —g o+ q[)()y (bilm, + o
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Model independent inf-KK graviton coupling "«

_y)

4

Jd 4"}{ —g o+ q[)()y (bilm, + o

ks < ky =~ ks
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NERSITy

/@; .

Model independent inf-KK graviton coupling "=

~y(0)

4

Jd4,x* —gotdpo ph ”

ks < k) =~ ks

- Strength of NG in terms of tensor-to-scalar ratio:

w(0) y w(0)eh, " (/}0 b5
M, = M, ~H MH

X l//(())‘ ~ rX l//(())‘
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Explicit form of KK graviton mediated NG

0.100| 0.100

0.050| 0.050
r=0.1; |
— 0.010| 0.010
(0) l E  0.005] 0.005
YL, = 0.001| 0.001
5.x107| 5.x107
1.x107% o 1.x107
1.6 1.8 2.0 2.2 2.4
m
H
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Explicit form of KK graviton mediated NG AN
=01 o i
) =1 = .

F = (072 X (cos? 6 — ) 0=h,k
e c‘— X (cos“ 0 — — — bk
v 8 37 8(1 + 4us)*cosh(mpu,) 30

k 324ip,
X | A(p,)(1 + isinh sz)(f) + Uy = = 1)

I
A(p) = (=27 4 120ip + 152p% = 32ip” + 16572 + ip)(—ip)2 =
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Explicit form of KK graviton mediated NG AN
=01 o i
) =1 = .

F = (072 X (cos? 6 — ) 0=h,k
e c‘— X (cos“ 0 — — — bk
v 8 37 8(1 + 4us)*cosh(myu,) 30

e 32
X | A(p,)(1 + isinh sz)(f | + Uy = = 1)

I
A(p) = (=27 4 120ip + 152p% = 32ip” + 16572 + ip)(—ip)2 =
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Explicit form of KK graviton mediated NG AN
=0 o i
o=t L -

1.6 1.8 2.0 2.2 24

3/8(1 + 4us)*cosh(mu,)

e 32
X | A(p,)(1 + isinh sz)(f | + (U = = 1)

|
A(p) = (=27 + 120ip + 1527 — 32ip’ + 16pH0(5/2 + i) (= ip)2~2H
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KK gauge boson mediated NG
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KK gauge boson mediated NG

- (Gauge invariance can be very restrictive.
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- (Gauge invariance can be very restrictive.
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KK gauge boson mediated NG

- (Gauge invariance can be very restrictive.

. 3+2iu
- Loops are hard: 1/16z* suppression and faster (_*)

dilution in the squeezed limit. I
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KK gauge boson mediated NG

- (Gauge invariance can be very restrictive.

. 3+2iu
- Loops are hard: 1/16z* suppression and faster (_*)

dilution in the squeezed limit. I

- Need to look for states neutral under the residual group
for tree level NG
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S0O(10) GUT

Soubhik Kumar, Maryland

‘ .
i
-
[nfato? 5D GUT, 0
gauge group G .N']'\'t‘d
5\ V
(1‘_' :1_\
]
y =0 y=1L
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SO(10) GUT Ope &

. i
Need broken gauge groups
G =50(10) - SUB)x SUR2) x U(1)
[nfato? 5D GUT, 0
gauge group G ]]_N.]-\rg‘d
g+ |
y =0 y=1L
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S0O(10) GUT Ehee

- Need broken gauge groups ‘_ff-’
G = SO(10) - SU3) x SU2) x U(1)
[nflato? 5D GUT, 8
gauge group G ‘t‘h‘i']"r“d
a5 D

- Broken U(1)g_; can mediate tree level '
NG

y=0 y=1L
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S0O(10) GUT Ehee

- Need broken gauge groups ‘_ff-’
G = SO(10) - SU3) x SU2) x U(1)
[nflato? 5D GUT, 8
gauge group G ‘t‘h‘i']"r“d
a5 D

- Broken U(1)g_; can mediate tree level '
NG

. Cy . :
Zinf-gauge > " +F(V¢) V,$o A" + .- .

y=0 y=1L
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S0O(10) GUT Ehee

- Need broken gauge groups

G =S50(10) - SUB) x SU2) x U(1)

[nflato? 5D GUT, (

o gauge group G ]]].tisi']'\'t‘d
1 M

- Broken U(1)g_; can mediate tree level '
NG

. Cy . :
Zinf-gauge > " +F(V¢) V,$o A" + .- .

y=0 y=1L

\ .. fr
ko \ /k [ ks

S

ks < ky = ky
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Explicit form of KK gauge boson mediated NG«

0.010 10.010
— 0 _ 0.005 10.005
p 3 : |
8’(0) p— 1 = 0.001 10.001
’ 5 %104 15, x10*
"~ -~ 06 08 10 1.2 14 16 18 20

9:]{3‘/\’] =

H
P I 3 s
F=|— —F(— s qul)r(— — iy )cosh(mp,)d (0)* x sin* @ w/ Sundrum 17
m/) lém 2
k T‘HF’
X | B(u)(1 - isinh(ﬂpl))(f) + (U = = uy)
|
) . b v Ay 3 . Vg= s .
B(p) = (7 = Sipy + 16u; + 4ip)l (; +ip )T (=2 = 2ipy)
Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 31

Pirsa: 18120010 Page 99/108



.\\.‘\-'lk\a'; L
- 0

*/@3};

Explicit form of KK gauge boson mediated NG«

0.010 0010
) — 0 g _0.005 0.005
p =023 : |

8’(0) p— 1 = 0.001 10.001

’ 5 %10 ‘5_1104
"~ -~ (}h []8 1.0 1.2 14 1& 1.8 2.0

H

I 3 e ,
F= ﬁ) —F(— + qul)r(— — iy )cosh(zu,)9'(0)? @ w/ Sundrum '17
m/) l6r '

[_r

/\'1 S+ip
X | B(u)(1 - isinh(ﬂpl))(kf) + () = = uy)
1
_ . 2 A S e .
B(p) = (7 = Sipy + 16u; + 4ip)l (; +ip )T (=2 = 2ipy)
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Explicit form of KK gauge boson mediated NG«

0.010 10.010
— 0 _ 0.005 10.005
p 3 : |
8’(0) p— 1 = 0.001 10.001
’ 5 %104 15.x10*
"~ -~ 06 08 10 1.2 14 16 18 20

9:]{3‘/\’] =

H

I 3 e v
F= ﬁ) —F(— + qul)r(— — iy )cosh(zu,)9'(0)? @ w/ Sundrum '17
m/) l6r '

/\'1 %Hy‘
X | B(u)(1 - isinh(ﬂpl))(kf + () = = uy)
l

2 : 3 Yy, .
B(u) = (7 = Sipy + 167 + 4ip)U (= + ip )’ T(=2 = 2ip,)
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SU(5) GUT

- If SM gauge group remains unbroken then can have tree
level NG due to KK modes of U(1),, but suppressed

- However non-minimal curvature coupling can break
electroweak symmetry during inflation, restored after
inflation ends

VO —cRIH'H; m, ~Hym, ~ H

w/ Sundrum 17
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SU(5) GUT

- If SM gauge group remains unbroken then can have tree
level NG due to KK modes of U(1),, but suppressed

- However non-minimal curvature coupling can break
electroweak symmetry during inflation, restored after
inflation ends

VO —cRIZ'H: my, ~ Hym, ~ H
w/ Sundrum 17

- Scenario of “heavy-lifting”: h, Z can mediate observable
NG
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Future directions

- KK gravitons and GUT states can mediate NG, potentially
observable by 21cm cosmology and (may be) via LSS
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Future directions

KK gravitons and GUT states can mediate NG, potentially
observable by 21cm cosmology and (may be) via LSS

Can we get a larger strength?

Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 33

Pirsa: 18120010 Page 105/108



Future directions

KK gravitons and GUT states can mediate NG, potentially
observable by 21cm cosmology and (may be) via LSS

Can we get a larger strength?
Randall, Sundrum '99

RS set-up with IR localized inflaton may overlap significantly
with KK graviton, warped down 4D Planck scale may help.
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Future directions

KK gravitons and GUT states can mediate NG, potentially
observable by 21cm cosmology and (may be) via LSS

Can we get a larger strength?
Randall, Sundrum '99

RS set-up with IR localized inflaton may overlap significantly
with KK graviton, warped down 4D Planck scale may help.

More agnostic view about inflationary dynamics and an effective

formalism focusing entirely on the inflationary fluctuations. EFT
of inflation. Comes with a lower cutoff Cheung et. al. ’07
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Future directions

KK gravitons and GUT states can mediate NG, potentially
observable by 21cm cosmology and (may be) via LSS

Can we get a larger strength?

Randall, Sundrum '99
RS set-up with IR localized inflaton may overlap significantly
with KK graviton, warped down 4D Planck scale may help.

More agnostic view about inflationary dynamics and an effective
formalism focusing entirely on the inflationary fluctuations. EFT
of inflation. Comes with a lower cutoff Cheung et. al. ’07

Determination of the warp factor in the entire extra dimension

DeWolfe et. al. '99
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