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x> Why do we consider extra-dimensional scenarios?

What is the significance of these extra dimensions?

Historically: A path to unification?
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{7 . . . .
x> Why do we consider extra-dimensional scenarios?

What is the significance of these extra dimensions?

Today: A path to physics BSM?
* 1980s: “KK renaissance”, 1984 “superstring revolution”

® 1998: Arkani-Hamed, Dimopoulos, Dvali: large EDs
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OUR UNIVERSE MAY EXIST ON A WALL, or membrane, in the it
extra dimensions. The line along the cylinder (below, right) and the -
flat plane represent our three-dimensional universe, to which all the known
particles and forces except gravity are stuck. Gravity (red lines)

propagates through all the dii i The extra di ions may be as
large as one millimeter without violating any existing observations.

Gravity

Our 3-D universe

Extra dimensions

Taken from ADD's 2002 Scientific American article, “The universe’s unseen dimensions”




{7 . . . .
x> Why do we consider extra-dimensional scenarios?

What is the significance of these extra dimensions?
Today: A path to physics BSM?
* 1980s: “KK renaissance”, 1984 “superstring revolution”
* 1998: Arkani-Hamed, Dimopoulos, Dvali: large EDs

* 1999: Randall & Sundrum: warped EDs
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- Very large XDim accesible only to gravity
- Requires two or more XDim

- Black holes at colliders?
Some

negigibla
o bulk fields.
curvative

Al bulk

fislcss - TeV scale XDim (several hundred GeV?)
- Pair production, K7 (SUSY-like)

- Interesting DM candidate (non SUSY-like)
- Additional nice features in 6D

Many bulk
feks
Bulk gravity i izati
ulk gravity oty - Field localization

- Theories of flavor?

{ RS1 ] [Newwarped models]
Soft-wall
models

-]

- KK resonances at few TeV

Narrow spin-2
resonances? Dynarmicat

- Relatively broad resonances

Higgsless

Composite
Higgs

Taken from E. Pontén’s 2011 TASI lectures, “TeV scale EDs”



<> Negatively-curved extra dimensions: the nilmanifold

Any Lie group G of dimension d can be understood as a d-dimensional
differentiable manifold. To make G compact, we quotient by the lattice I.

For nilpotent groups, there is always a T'.

= compact ED model from solvable Lie groups: My4 = My x Hy

Wikimedia Commons, Torus & Twisted torus
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<> Negatively-curved extra dimensions: the nilmanifold

Heisenberg algebra...
[ZhZZ] - _fZ3 ) [Zl,Z?,] = [Z27Z3] =0

Wikimedia Commons, Torus & Twisted torus
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<> Negatively-curved extra dimensions: the nilmanifold

Heisenberg algebra...
[ZhZZ] = —{Z3, [Zl7z3] = [22723] =0

de=fel Ae?, de' =0, de? =0

7’1 1,.2

61 — rldyl , eZ — T’Zdyz ’ 33 — 7’3(dy3 +erdy2) , N = 7’73f

...gives us the metric ds3, = g].";{dx[d,\‘/

Wikimedia Commons, Torus & Twisted torus
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<> Why the negativity?

Negatively-curved EDs: a BSM landscape of untapped potential?
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Negatively-curved EDs: a BSM landscape of untapped potential?

Phenomenological implications:

* natural resolution to the hierarchy problem
— volume grows exponentially with /¢ /¢,

— RSI-like KK mass spectrum w/o light KK modes
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* zero modes of Dirac operator emerges w/o gauge breaking
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<> Why the negativity?

Negatively-curved EDs: a BSM landscape of untapped potential?

Phenomenological implications:

* natural resolution to the hierarchy problem
— volume grows exponentially with (¢ /¢,

— RSI-like KK mass spectrum w /o light KK modes
* zero modes of Dirac operator emerges w/o gauge breaking

* enables homogeneity & flatness of observed universe
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<¥> Constraining EDs

¢ Limits on R from Deviations in Gravitational Force Law

¢ Limits on R from On-Shell Production of Gravitons: § = 2

® Mass Limits on Mpr

¢ Limitson1/R = M.

¢ Limits on Kaluza-Klein Gravitons in Warped Extra Dimensions
¢ Limits on Kaluza-Klein Gluons in Warped Extra Dimensions

® Black Hole Production Limits
— Semiclassical Black Holes
— Quantum Black Holes

PDG-

parficle dofa group

ATLAS, CMS, DELPHI, ALEPH, CDE, D0, OPAL, etc. 2020
PARTICLE

PHYSICS
BOOKLET
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<L> Objective

Using new techniques to probe underexplored BSM landscapes...
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> Quasinormal mode:
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B.P. Abbott et al., PRL 116, 061102 (2016).
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s . .
x> Quasinormal mode: "ringdown"

Quasinormal mode and frequency

Z Z wsni _ithZm(ei) ) Wsne = WR — MWy

nOZm

* Re{w} = physical oscillation frequency
¢ Im{w} = damping — dissipative, "quasi"
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s . .
x> Quasinormal mode: "ringdown"

Quasinormal mode and frequency

Z Z wsni _ithZm(ei) ) Wsne = WR — MWy

nOZm

s: spin of perturbing field

m: azimuthal number for spherical harmonic
decomposition in §;

¢: angular /multipolar number for spherical harmonic
decomposition in §;

° n: overtone number labels QNMs by a monotonically
increasing |[Im{w}|
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> The black hole + nilmanifold model

The 7D metric

ey = gw, Haxtdx” + g?"dxldx]

nom (6750, 0,9, 2, 17) ZZRM )Z(yh 7,y )e ™!

n=0 £,m

dshy = —f(r)df + f(r)~dr? + 1*(sin® d6* + d¢?)
f(r)y=1-2M/r
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> The black hole + nilmanifold model

The 7D metric

s = gW Haxrdx” 4 S Hax'dx

nom (6750, 0,5, 2, 17) ZZRM VZ(yh 7y )e ™!

n=0 £,m

Laplacian of a product space is the sum of its parts

(VB + V3) D @(x)Zely) =0,

V2Y3,(0, ) = LUy (6, 9)
V2Zi(y) = —13Zi(y)
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> The black hole + nilmanifold model

The 7D metric

sz = gW Haxrdx” 4 & Hdx'dx

iﬁm(t’raevqs’ylvyzvy ZZR mé 0 ¢ (y17y27y3)e_lwt

n=0 £,m

1
KG: ——9, (\/—¢¢"9,¥) — 1’ =0
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> The black hole + nilmanifold

The wavelike equation

de

s («? - V) v =0

-1 (52

T r2
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<> The QNM spectrum

The fundamental mode: n = 0, { = 2

|4
0.6}
0.5}
0.4f — H=08
pu=0.6
03} — p=04
— u=02
0.2} — p=00

0.1
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<> The QNM spectrum

The fundamental mode: n =0, ¢ =2

w [WKB: O(V®)]

w [DO: O(L™%)]

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

0.48364 — 0.09677i
0.48680 — 0.09568i
0.49632 — 0.09240i
0.51234 — 0.08680i
0.53510 — 0.07868i
0.56493 — 0.06763i
0.60224 — 0.05284i
0.13961 + 0.27633i

0.48364 — 0.09676i
0.48680 — 0.09567i
0.49633 — 0.09239i
0.51237 — 0.08679i
0.53520 — 0.07866i
0.56526 — 0.06763i
0.60320 — 0.05315:
0.65000 — 0.03433:
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<> The QNM spectrum

The fundamental mode: n =0, ¢ =2

I

w [WKB: O(V®)]

w [DO: O(L™%)]

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

0.48364 — 0.09677i
0.48680 — 0.09568i
0.49632 — 0.09240i
0.51234 — 0.08680i
0.53510 — 0.07868i
0.56493 — 0.06763i
0.60224 — 0.05284i
0.13961 + 0.27633i

0.48364 — 0.09676i
0.48680 — 0.09567i
0.49633 — 0.09239i
0.51237 — 0.08679i
0.53520 — 0.07866i
0.56526 — 0.06763i
0.60320 — 0.05315:
0.65000 — 0.03433:

In agreement with massive scalar QNFs of S. Dolan, Phys. Rev. D 76 (2007) 084001
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<> The QNM spectrum

The fundamental mode: n =0, ¢ =2

I

w [WKB: O(V®)]

w [DO: O(L™%)]

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

0.48364 — 0.09677i
0.48680 — 0.09568i
0.49632 — 0.09240i
0.51234 — 0.08680i
0.53510 — 0.07868i
0.56493 — 0.06763i
0.60224 — 0.05284i
0.13961 + 0.27633i

0.48364 — 0.09676i
0.48680 — 0.09567i
0.49633 — 0.09239i
0.51237 — 0.08679i
0.53520 — 0.07866i
0.56526 — 0.06763i
0.60320 — 0.05315:
0.65000 — 0.03433:

= An upper bound on our QNM probe (“sensitivity range cutoff")
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Bounds from LV

K ¥ C @ OB wwwgw-openscience.org/events/Gw1509

LIGO

S8 Gravitational Wave Open Science Center

Data~ Software Online Tools~ Learning Resources~ About GWOSC~
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Bounds from LV

M ¥ C @ OB www.gw-openscience.org/events/GW 150914,

Gravitational Wave Open Science Center

Data~ Software ~ Online Tools~ Learning Resources~ About GWOSC ~

_ dw = wE(1 + dw)

61 = 798(1 + o7)
PYRING
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<> The QNM spectrum — as GR deviations

The fundamental mode: n =0, ¢ =2

1 ow ot
0.0 | 0.0000 | 0.0000
0.1 | 0.0065 | 0.0113
0.2 | 0.0262 | 0.0473
0.3 | 0.0594 | 0.1149
0.4 | 0.1066 | 0.2302
0.5 | 0.1687 | 0.4306
0.6 | 0.2472 | 0.8206
0.7 | 0.3440 | 1.8181
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<> ONM GR deviations

The fundamental mode: n =0, ¢ =2

probability density
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ONM GR deviations

Tests of GR with GWTC-3 [2112.06861]

— +0.07
50.)03 = 0.02_0'07
0.21
6103 = 013792
log BEICR = — 0.9

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
Bwa20
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GW150914-like

—— pSEOBNR

-1 0 .1 0.2 L3 04
'5f2 20

Ghosh, Brito, Buonnano [2104.01906] using pSEOBNR simulated waveform model
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Thank you



Thank you
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<LF> QNMs: Deriving the radial equation

Suppose we place a 4D Schwarzschild black hole within a 7D
spacetime, perturbed by a 7D scalar test field of mass p:

1
KG: ——9, (v/—¢¢"9,¥) — 2T =0,

Guvdxtdx” = gup(x)dx"dx’ + gii(y)dx'dx

—f(r) 0 0 0 0 0 0
0 fn=1 0 0 0 0 0
0 0 +1 0 0 0 0
v = 0 0 0 +1 0 0 0 ,
0 0 0 0 2 0 0
0 0 0 0 0 3+ N?y? INy
0 0 0 0 0 ANy, 3

wheref(r) =1—2M/r
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<LF> QNMs: Deriving the radial equation

Variable-separable QNM solution:

nemu (B, 7,60, , 1,92, 3) = ZZ Z (Y50 (0, 8)Z, (y1, y2, y3)e"

n=0 =0 m=—¢

Laplacian of a product space is the sum of its parts

VBH + vml Z (I) Zk

o V2Y5,(0,0) = ~LEUYS (0, 0)
° V2Zi(y) = —12Zi(y)

4mk? (2m + 1)r
2 TN | T
u—k,],m (73)2 + 2ﬂ_\]{| | |
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¥ Gravitational perturbations

Table I.  Stabilities of generalised static black holes. In this table, “d” represents the spacetime
dimension, n + 2. The results for tensor perturbations apply only for maximally symmetric
black holes, while those for vector and scalar perturbations are valid for black holes with generic
Einstein horizons, except in the case with K =1,Q =0,A >0 and d = 6.

Tensor Vector Scalar
=01 QZ0]Q=0]QZ0| Q=0 PET)
K=1 |Ar=0| OK | OK | OK | OK 0K j;g‘fOK
A>0| OK | OK | OK | OK g;g?K j;g*fOK
A<0| OK | OK | OK | OK g;gg)}( j;g?K
K=0 |A<o| OK | OK | OK | OK j;g?K j;g?K
K=-1|A<0| OK | OK | OK | OK j;g?K Z;?K

RED = (d — 3)K’yi]‘
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