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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) at M_U ~ 10"14
a€” a scale, however, too high to probe directly via collider searches. Fortunately, since the inflationary Hubble scale H can be as high as&nt
10713 GeV ~ M_U, such GUT scale states can be cosmologically produced during inflation and contribute to primordial non-Gaussianity (NG

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

extra-dimensional framework of orbifold GUTSs. | will identify an interesting regime where the extra dimension is stabilized close to the onse
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
: i i 14

Approximate meeting ~ 10'*GeV .
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SM gauge couplings seem to unify

- Approximate meeting ~ 10'4GeV

60 60
50 50

-+ e.g. SU(D) unification 3% a0
Georgi, Glashow '74 573° ar'(u) 30
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- 1-loop SM RGE
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SM gauge couplings seem to unify

- Approximate meeting ~ 10'4GeV .

-+ e.g. SU(D) unification 0
Georgi, Glashow '74 § 30 u1_:((,p: 30

3 (W)
S SUG) 10 =
25 50 75 100 125 150
e o Log,q(p/GeV)
e 1-loop SM RGE
\ O& SuB) x sUx U

- Fewer parameters, explain SM guantum numbers etc.
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New physics and unification
- Not a very precise unification: " o
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S -
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1-loop SM RGE
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New physics and unification

- Not a very precise unification:

60 60

50 50

- Low scale SUSY -
g 30 ay 1( ) 130

20 ‘7’_:(’;) 20

£ ngh SCE;1|e threShC)ldS 10 ke 10

25 50 75 100 125 150
Log,o(p/GeV)

—+ M, ~ 10" GeV 1-loop SM RGE
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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:

= 07_ q
- M, ~ 10" GeV OW E‘}
: o
T My~ 10" GeV K -r \
4 3 0]
T\ off-shel ] Y,

—+ q,l
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Model building constraints

Minimal scenarios predict proton decay

SU((B) GUT example:

= 07_ b
—— M, ~ 10" GeV X OW E}
' o
—+ M, ~ 10'* GeV r% -r \
4 3 0]
T\ off-shel ] v,

—+ q,l

(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((B) GUT example:

= 07_ b
—— M, ~ 10" GeV X OW E}
d o

— M, ~ 10" GeV - = o[ 1
| J & e —
T\ off-shel bl -

—+ q,l

(p = etn") > 1.6 x 10°* yrs = my, > 5 x 10" GeV
Super-K Collaboration 16

Naively rules out SM unification

Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 6
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Kaluza-Klein decomposition
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Kaluza-Klein decomposition

- A 8D field corresponds to a discrete set of 4D KK modes.
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- A 8D field corresponds to a discrete set of 4D KK modes.

- Masses given by efc.
extra dimensional profiles T IR
—t+— ZIK
—| 1/R
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- A 8D field corresponds to a discrete set of 4D KK modes.

- Masses given by

extra dimensional profiles | é__‘

- Boundary conditions
determine which fields 7R

should appear in the IR

Soubhik Kumar, Maryland

Seeing Orbifold GUTs in Primordial Non-Gaussianities
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GUT breaking via boundary conditions
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GUT breaking via boundary conditions

3-2-|
_,u-'#xjv;’ : 5/R —+
f 3/R
/R 1

7R

2

XY

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

Kawamura '99, '00;
A Ha[l, Nomura '01, '03

i

»
P 5D GUT, (
(s gauge group G o sorved
e
y =10 y=L
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Orbifold unification

L Kawamura '99, '00;

1 MN Qf Uv Hall, Nomura '01, '03
) PR— ad )] . - L.
dy | —FyunF"™ + 6(y)KF; , F
0 85
5 5D GUT, (i ;
(s gauge group G pr sorved
y=20 y=1L
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Orbifold unification
L 1 Kawamura '99, '00;
_ MN Vi Uv , Hall, Nomura '01, '03
dy — FyunF"" + 6y, F,
0 85
1 _ L {-;:‘.‘5“! 5D GUT, ( ;
‘) —_— ‘, + K’ gauge group G [l,’l."l‘r\w
8%i 85
y=20 y;L
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Orbifold unification
L 1 Kawamura '99, '00;
I MN S( a11% , Hall, Nomura '01, '03
dy\ —FunE"" + 6()KF; !
0 85
1 _ L S 5D GUT, (i P
) = ) + Ki gouge group G @
8ii 85
- At low energies, X
y=20 y=1L
4nl. b, Pz
—1 i KK
a; (p) = + log + 4k,
o) l
g 2m K
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Orbifold unification

L 1 Kawamura '99, '00;
: MN o/ U , Hall, Nomura '01, '03
dy — FyunF"" + 6y, F,
0 85
1 _ L oS\ 5D GUT, ( ;
= — = + KI (s gauge group G [|I'1‘.‘1“mlr"
8%i 8§
- At low energies, .
y=20 y=L
—1] 4]1.L bf ’,}1[\!1\! 60 80
a; (u) = + —log + 4k,
] 72 2]1_ I 50, 50
tgs / ﬂ - 40 40
30 ay ) (30
20, @' |y
ay '(w)
25 50 7.5 100 125 150
Log,(u/GeV)
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“Split” Multiplets to avoid proton decay

W . /\/\a{/

A \t
VAR

Not possible

q ——
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Are orbifold GUTs completely hidden?
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Are orbifold GUTs completely hidden? S

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

- Cosmic inflation! H < 5x 10°GeV  planck 2018

Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 10
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Are orbifold GUTs completely hidden? R

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

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

—— M, ~ Mg ~H~ 10" GeV
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Are orbifold GUTs completely hidden? her

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

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

—— M, ~ Mg ~H~ 10" GeV

- Time dependent inflationary background can produce
GUT states and give rise to non-Gaussianity.

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

- Quantum fluctuations ¢ get stretched to supgrhorizon

' . . . )
size and source classical density fluctuations or

p
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Pirsa: 18120010 Page 31/108



LV EISY
¥ Iy

\qu“‘j %
15 &
/
"/__& WO

Ry RS

Cosmological correlations functions

- Quantum fluctuations ¢ get stretched to supgrhorizon

' . . . )
size and source classical density fluctuations or

p

op Op

(6pbp) — (——
pp
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Cosmological correlations functions
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Quantum fluctuations d¢ get stretched to supgrhorizon
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Interactions and non-Gaussianity

ST e
i

Dimensionless measure of non-gaussianity (NG):
(RK DR(K DR )

(RCk DR(— k W(RCk )R (- k 3))
: 3
INL = ~—=Fk, k, k)
18
Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 13
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Interactions and non-Gaussianity

ST e
il

Dimensionless measure of non-gaussianity (NG):
(RCK DK DR )Y
(RCk DR(= K DY(RCK)R(— K 3))

F(ky, ky, ky) =

5
NI = —F(k k k
INL T ( )

O(1)interaction strength implies fN| ~ 103 — 10*

Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities
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Bounds on primordial non-Gaussianity

Planck 2015

- Current bound from CMB roughly : 8fN| S O(10) T2ansk <00
10*

\/ NModes

+ Number of modes matter : §fN| ~

Alvarez et. al.
1412.4671

Loeb, Zaldarriaga
astro-ph/0312134

2~ 2-3 z~ 30 z ~ 100 2~ 1100
PLANCK : NModes ~ 107 = 8 fni, ~ 10 Completed.
LSS Surveys : Nmodes ~ 10% = 8 fnp, ~ 1 2020
21-cm : Npmodes ~ 1016 = 6 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

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

7l

.
s+l ;
% TR ]

f(cos b)) &

s —m?2+ iml

Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities
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Cosmological collider physics Riiiis

H scale particles can decay into inflaton fluctuations

s {T{:Lm@ M

3,
=+t .
7 T ;

f(cos b)) &

s —m?+ iml’

Caﬂ be extracted by S’[udying Chen, Wang '09; Baumann, Green '11
B = e . i Noumi et. al. 12
squeezed Iimit” of primordial Arkani-Hamed, Maldacena '15
~ i i ¥ Lee et. al. '16
non anl-JShlan COﬂtI’IbUlIOﬂS. Meerburg et. al. '16, Kehagias, Riotto '17
Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 16
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Window of opportunity
+ Loss of non-analyticity for
m<< H
'3 );H 30
( ki,
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Window of opportunity

+ Loss of non-analyticity for

0.010 10.010
m << H _ 0.005 10.005
E |
) 3y m: 9 5 = 0.001 10.001
/\’3)" HZ 47 5.x107 5.x10°4
kl ! :
: 0.6 0.8 1.0 1.2 1.4 16 1.8 2.0
m
H
. W : w —amlH
Boltzmann suppression™ e
Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 16
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Window of opportunity

+ Loss of non-analyticity for |
m << H = 0:005 %0:005
j 0.001 3()001

06 08 10 12 14 16 18 20
m

H

- “Boltzmann suppression” e~/

T M, ~ 10" GeV
My ~ My ~ H ~ 10" GeV
A’I{;H; sy l()() Gev

Seeing Orbifold GUTs in Primordial Non-Gaussianities

Soubhik Kumar, Maryland
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Window of opportunity

+ Loss of non-analyticity for
m << H = 0:005 %0:005
: 0.001 0 001

06 08 10 12 14 16 18 2.0
m

H

T s~ p—amiH
Boltzmann suppression” e Oeki. @y

-—A%WVIW“GeY////_HM///Nb
zfﬁfjailfuﬂ4eev

A’I{;H; g l()() Gev

Seeing Orbifold GUTs in Primordial Non-Gaussianities

Soubhik Kumar, Maryland
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Orbifold GUTs and non-Gaussianity
-+ M, ~ 10" GeV
1+ My~ Mg ~H~ 10" GeV
—1— My ~ 100 GeV
Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 17
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Orbifold GUTs and non-Gaussianity
- M, ~ 10" GeV
— My~ My ~ H~ 10" GeV
—1— My ~ 100 GeV

- 5D geometry necessarily important, can not integrate out
KK modes and get a 4D EFT

Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 17
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Orbifold GUTs and non-Gaussianity

- M, ~ 10" GeV
—+ My, ~ Mg~ H~ 10" GeV
—1— 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 ~

Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 17
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Orbifold GUTs and non-Gaussianity
- M, ~ 10" GeV
— My~ My ~ H~ 10" GeV
—1— 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.

Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 17
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Overview
- Study extra dimensional geometry during inflation
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Overview
- Study extra dimensional geometry during inflation
- Characterize the KK spectrum of graviton and gauge
boson
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Overview

- 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

Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 18
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Overview

- 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

Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 18
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General set-up

A
in
»
[nflaton 5D GUT, o
gauge group G ,..;{-rl'i'd
L e
G
»
y=20 y=1L
Se ' ar, Marylanc Seeinc ifold GUTs i imordial Non-Gaussianities
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General set-up
- Boundary localized inflaton ;

dSZ — ’I(}!)zdtz + n(}!)z(){(r)zd?’z + (1}72 [nflaton 5D GUT, G

gauge group G [”,!,‘,x-;n'd

4

G S\

y=20 y=1L

Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 19
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General set-up

Pirsa: 18120010

- Boundary localized inflaton
dS?- = - ”(V)zdtz + H(}’)Z(J(F)Zde <+ d}f’z [ufato? ,r,l)(:l\'l‘,(‘ b d
gauge group G I’!‘-"{"'W
{.,. L4 b
- Einstein egs. in presence of £
Goldberger-Wise stabilizer,
g Y= y=1L
i n o oGP (1 y =0 y
H* —n(y)n"(y) —n'(y)” = e 3 EX (V) + V() + As
o -m =L PO (L v -a
ny)y—-fH-= - — )& - -
> a6 \27 T T
Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 19
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General set-up

- Boundary localized inflaton
dS?' = — i’l(’_\,’)zdtz + n(}’)za(t)szE <+ d}f’z fyfato0 D GUT, 4 ;
gauge group G gVt
[ Q\f e
- Einstein egs. in presence of £
Goldberger-Wise stabilizer,
, _ » . | n(y)l l . ; y=20 y=1L
H* —n(y)n"(y) —n'(y)” = e 3 EX (V) + V() + As
o -m =L PO (L v -a
ny)y—rmn-= . —_ ) - -
o a6 \ 2% T T
- 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

Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 20
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5D Geometry £
- Solution in the absence of a bulk stress-energy tensor:

fI(.‘_\-’) =1- HV VU = 24M2H > (0  Vilenkin '83
) Ipser, Sikivie '84

Am Kaloper, Linde '98

- A horizon has masked the Kaloper ‘99
second boundary!

' | pfatod | 5D GUT, |
- Inflationary vacuum energy | e | |
48]
has backreacted G4
y = H )
| | 5
y =L
Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 20
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5D Geometry Shid

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

fI(.‘_\-’) =1- HV VU = 24M2H > (0  Vilenkin '83
) Ipser, Sikivie '84

Am Kaloper, Linde '98

- A horizon has masked the Kaloper ‘99
second boundary!

' | pfatod | 5D GUT, |
- Inflationary vacuum energy | e G | |
48]
has backreacted G4
Thorizon = 5=
2]2: y=H"
| Ll >
| y =L
Soubhik Kumar, Maryland Seeing Orbifold GUTs in Primordial Non-Gaussianities 20
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5D Geometry £
- Solution in the absence of a bulk stress-energy tensor:

fI(.‘_\-’) =1- HV VU = 24M2H > (0  Vilenkin '83
) Ipser, Sikivie '84

Am Kaloper, Linde '98

- A horizon has masked the Kaloper ‘99
second boundary!

' | pfatod | 5D GUT, |
- Inflationary vacuum energy | e | |
48]
has backreacted G4
y = H )
| | 5
y =L
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Simplify : semi-infinite extra dimension

i
= 4
hiﬂ}][im
G
-
Y
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Simplify : semi-infinite extra dimension

2 - / 27
ds® =g, dxtdx" + n(v)°h, dx!dx"® d d
O UL ¢ HL n(y)— = —
y dy dz
- KK decomposition:
~ 3 ) —~ ) )
/ G
¢ ,,\\‘
& @+ m =~ 1+ =250) Jyz) = 0
—UYN\ < == ( Wi zZ) = e
4 SM" ’
y 3
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