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My friend

We met for the first time in the early 1990 (loannina?), around 30 years ago
We collaborated mainly in the period between 1992-2016

Ignatios immersed me into the world of extra dimensions

Thank you Ignatios, | learned a lot from you
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A warped solution to the hierarchy problem

* A warped extra dimension was proposed in 1999 by Randall and Sundrum (RS)

L. Randall, R. Sundrum, 9905221

o It was based on an AdSs space with line element

ds* = e‘zAnﬂydx”a’x” —dy?, A =ky

e With two branes at (0,y,) /

uv \

Planck

‘\.kfl“"v:;

p~e A0k k~Mp, A(y,) ~ 35

“

TeV

— ’\
TeV scale

related to AdS curvature

v

* The Higgs is localized toward the IR brane (composite):

* Zero mode gauge bosons are flat

AdS & CFT correspondence

Heavy (light) fermions are localized toward the IR (UV) brane: composite (elementary)

» KK resonances (TeV) are localized toward the IR brane (composite)
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Collider challenges: tf production

* The LHC data are putting severe bound on the mass of
the lightest KK resonances, e.g. for KK gluons:
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* These limits point toward the possibility that nature might

have chosen values of p > TeV, or that we have to
reformulate our model. Two ways out:

e |) Way out 1: Strongly coupled (gluon) resonances are not
narrow, but they are broad resonances: Bumps flatten in
detection!

* ji) Way out 2: Resonances are a gapped continuum: no
bumps at all!
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Broad resonances

o |f some fermions ( 7 ) are localized toward the IR brane,
where KK resonances g/ffD are localized, the latter can be
very broad and difficult to detect R. Escribano et al., 2102.11241
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Gapped continuum KK resonances

 Another possible “explanation” for elusiveness: KK states
Is a TeV gapped continuum of states instead of isolated

particles C. Csaki et al., 1811.06019
G. Giudice et al., 1711.08437

* A theory in that direction is the clockwork mechanism, or
its 5D version, where TeV is the fundamental scale, and
Planck is a derived scale. The KK modes have a TeV
mass gap and a (quasi continuum) spacing of 30 GeV.
Similar to Linear Dilaton scenarios, dual to Little String
theories (where hierarchy problem is solved by the string

theory)

|. Antoniadis et al., 1102.4043



- The class of 5D models we have considered here
share some properties

UV AdS 1 IR deformation

A(y) = ky ——log(1l — y/y)

L

1. They reproduce RS in the UV and therefore they can explain

conventionally the hierarchy with a fundamental Planck scale and a
warped TeV scale

2. For v > 1 they yield discrete KK spectra with TeV spacing

3. For v < 1 they yield ungapped continuum spectra similar to

unparticles
H. Georgi, 0703260

4. For critical v =1 they yield gapped continuum spectra

A. Falkowski et al., 0806.1737 J-A. Cabrer et al., 0907.5361
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Schrodinger-like potential (for the graviton)
for different values of v
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The critical casev = 1: continuum with mass gap

Their Green functions generalize from particle propagator with isolated poles

1 1 o 2 2
— =P Fino(p. — m”)
p? —m? +ic p? —m?
... to Green functions with an isolated pole (the zero mode) and a continuum
of states, instead of a discrete sum of KK modes, with a mass gap m

GA(pza m2) — ReGA(pza m2) + iImGA(pza mz)e(pz _ m2)

This is the behavior of gapped unparticles where the gap was usually
produced by EW breaking

Here the gap is TeV, and is linked to the solution of the hierarchy problem

The extra dimension has UV boundary (y=0), IR brane (y = y,) where Higgs
lives, and singularity (y = y, > y)

The mass gap is different for different bulk fields
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* The mass gap for the different states

AUGE graviton
field Jaug fermion | radion
boson : .
Higgs
1 | -3
massgap o7  lglp 5P
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The continuum spectrum shows up In the holographic spectral density

functions
p=+/5, m,=massgap E. Megias and MQ, 1905.07364
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A(y)

Analytical approximation on
Green’s functions

* \We can get analytical insight into the structure of Green'’s
function by approximating the exact metric (in proper

coordinates) A,  .(y) = ky—log(l —y/y,)

e By an approximate one (in conformal coordinates)

Aapp(z) = logkz

0 5 10 15 20 25 30 35
k-y

O(z; — 2) + [logkz; — p(z — 7)1 Oz — z4)

AN

RS LDM
Condition: ky, — ky,; = 1

E. Megias, M.Q., 2106.09598
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One can explore the structure of Green’s
functions in the complex s-plane

o Green’s functions for (massless) gauge bosons Aﬂ with y and/or

y <y
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« The zeros of ®(p) are poles of G4(y, y’; p)

* We have looked for resonances by looking for poles in the
second (unphysical) Riemann sheet of the complex s-plane

* Unexpectedly we have found a tower of broad resonances
located in the unphysical Riemann sheet

n-th branch of Lambert function

[

S .

n=-—1,—-2,-—-3....

No poles found in the first (physical) Riemann sheet

Poles interpreted as resonances !!!

0 10 15 20 25 30
M/p

Poles (M/p,r) = (2.42,2.87), (6.03,1.12), (9.37,0.768), (12.64, 0.601), (15.87, 0.500), - - -
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e Green'’s functions with y and y’ > y, are decomposed as

« G,(v,yp) =G, ,0.Y;p)+G,(Y,p)

1
. Where G, (y,Y", p) «——poles
D(p)

1
,and G, (y,y;p) x which correspond to gapped
04(P)

unparticles with d; = 3/2
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Some Green and spectral functions
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For massive Gauge bosons Wﬂ, Zﬂ

 Similar results follow by replacing the function ®(p) by
®,, (p) after replacing Aj — Aj“ + 2ky (my/ 0)?
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Gm/ Gam

Foo - Pam(Yo:Yo)
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Notice that while p,(yy, yo) is positive definite (as it is 4D spectral function in the

UV brane), p4(yg, ¥1) is not that challenges the physical interpretation of the
spectral function in 4D QFT

This apparent contradiction can be resolved by noticing that p,(y, y’) can be
considered as the matrix element (v, y') of an operator (p A)§ = pa(y,Y)

This operator acts on the infinite dimensional space parametrized by the
coordinate y

The matrix p, turns out to have a factorizable form, i.e.

(pAA)if = pypy’a py = \/ (ﬁA)i;}

All eigenvalues of p, are zero except one which is given by

Mp) Etrp, = [dypA(y, y;p) 20
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For gauge bosons with Dirichlet
boundary conditions: i.e. SU(2),

* There are no zero modes, only the continuum and broad resonances

e The Green’s functions satisfy G'=1)(y,, y; p) = 0, which follows
from the Dirichlet boundary condition G(_’+)(y0) =0
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log,o IGA ™ (y1,31)

0 5 10 15 20 25 30 651015202530
M/p M/p

There appear poles in the second Riemann sheet with
a width I corresponding to resonances with n > 1

Location of poles similar to that of massless gauge bosons
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Phenomenology of continuum KK modes

* The mass gap is different for different states

quge | graviton
field Jaud - fermion | radion
boson | : ,
Higgs
1 3
massgap | 4" ¢l p 5P

As for light fermions cp > 1/2, the easiest produced

continuum s for gauge bosons
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Phenomenological applications

e A set of broad KK resonances or a continuum of
unparticles can be produced at the LHC

* |n the production of fermions from DY processes via
gluon KK continuum, there is just an increase in the
Cross section:

6/65(qq = JfirJ1R) ologqq — fuvfuy)
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— 05
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Conclusions

- Warped extra dimension is an interesting solution the
hierarchy problem (dual to CFT,...)

- One exploring possibility to solve the elusiveness of signals
at LHC is that KK modes are very broad, triggered by

fermions very localized toward the IR brane (e.g. #p)

- Another (most intriguing) possibility is a continuum of KK
states (related to CFT, unparticles,..)

- The 5D model with a continuum of KK states is pretty unique:

it corresponds to a critical value of the metric parameters

27



It is a 5D modelization of a 4D conformal theory with a mass gap

 Green’s functions behave like those of unparticles: i.e. they have an
iImaginary part not corresponding to particle creation!

In general, Green’s functions can be decomposed as unparticle
component + Green function with broad resonances: i.e. with poles

In the second Riemann sheet of

The location of masses is very similar to that in the RS model, while
the width is very broad for the first resonances while for heavy
resonances it is very narrow

Confronting this theory with LHC experimental data is in progress...

There are also plenty of theoretical problems to be understood:
unitarity of the theory, spectral densities,...

E. Megias, M. Perez-Victoria, M.Q., work in progress
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Thank you

Ignatios, | wish you the best
In your professional
and personal life



