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 Universal extra-dimensions and the 5D case



Universal Extra Dimensions

All SM fields can propagate in the full D-dimensional
background

Assumption: flat metric

ds® = g, (v)dxtdz” — dapdy®dy®

How many extra-dimensions?

How to compactify such extra-dimensions?



5-Dimensional Model

Compactification on a circle
Trs © {O, 27TR5}

Non-chiral 4D zero modes for fermions
(the chirality projector P __is missing)



5-Dimensional Model

Compactification gg,a»dr'c{

Not a good description s}
of low-energy physics

for fermions
(the chirality projecToW




5-Dimensional Model

Compactification W

Not a good description s}
of low-energy physics

for fermions
(the chirality projecfow

Compactification on an interval
S1/22 (orbifold)

|dentification of opposite points

zs 0 @ R Zero mode chiral Fermions

-
-
=



5-Dimensional Model
KK parity
|

L5

’ Discrete symmetry about the midpoint

0 TR
| o
0 T

It is a remnant of 5D continuous translational invariance:

335—>ZB5—|—7TR—’ — ZE5—>7TR—ZE5



5-Dimensional Model
KK parity

s 0
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¢ 0

TR
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Discrete symmetry about the midpoint

It is a remnant of 5D continuous translational invariance:

(135—>£E‘5—|—7TR—’ — ZE5—>7TR—335

Interactions must contain an

nvariance of the action under KK symmetry even number of modes with odd n

The lightest KK-odd level is stable ==  Dark Matter candidate

Automatic in the bulk, but not for the physically different fixed points O and mR
KK-parity imposed by hand on the fixed points




Is it possible?



Outline

* 6D on the Real Projective Plane



6-Dimensional Orbifolds

17 possible ways to \ Only 3 of them are WITHOUT
orbifold the extra R2 fixed points or lines

Torus Klein Bottle Real
Projective Plane



6-Dimensional Orbifolds

17 possible ways to \ Only 3 of them are WITHOUT
orbifold the extra R2 fixed points or lines

 No chiral fermions

orus Klein Bot Real
Projective Plane



6D on the Real Projective Plane
Mathematical definiion R/pgg = pgg = (r,g|r* = (¢?r)? = 1)

_ ( Iy ~ Ix 7TR5
glide g 3 Construction of the fundamental domain
X6 ~ —Te + ThHg Torus + Rotation + Glide

ifﬁers

( Xry ~ —I5
rotation 7 :<

L Le ™~ —L6
The rotation has 4 fixed-points
(0,0) (m,m) (0,7) (m,0)
The glide identifies them in pairs
(0,0) = (m,m) (0,m) = (7,0)

No fixed points!
Only 2 conical singularities
where local interactions can be added




KK-parity and Dark Matter

A discrete symmetry is

left unbroken
even on the singular points!!

Iy ~ Xy T 7TR5
PKK :

g ~ g T 7TR6

$5XR5

T 2

Fields on the RPP can be KK expanded into combinations of sines and cosines:
eg. cos(k(xs 4+ mRs))sin(l(xg + 7Rg)) = (—1) D cos(kxs) sin(lxg)

Modes can be classified - Odd KK modes can only

by their parity under KK symmetry be produced in pairs

The lightest KK tiers (k,1)=(0,1) and (1,0)
contain a NATURAL Dark Matter candidate



Outline

* Unitarity: the cutoff of the model



Unitarity in extra-dimensions

Pure Yang-Mills theory

Infinite tower Finite terms in the amplitude,
of KK modes ‘ which grow with energy

- Extra-dimensional theories are not renormalizable \

!

Unitarity will be broken at energies
< comparable to the cutoff of the theory 4

Unitarity constraints are a powerful tool to determine the cutoff



The Unitarity Matrix

Wé'n,l) Wé’rm)
Wl(;'n,g) Wéng)
__ nl+n2
E 2 my +my = 572 )

EZmg+mg>m+me mmmp

Generic Process

WL (n1 )WL (ng) — WL (ng)WL (TL4)

y

\

Tn1n2 —N1M2

Tn1n2 —N1M2

Tnl no—n3ng

~

n3nNg—rnino

~

n3n4g—>n3zng

Only elastic channel

Many different processes
are allowed



Unitarity in 5D

e o

6
5 15
Unit 4, ] Unit
e R
2 |
1 0.5}
24 6 8 10 12 14 5 10 15 20 25
\sR Vs R
Threshold effects are relevant, Taking the points just below thresholds
but they can be safely taken into the unitarity parameter

\accoun‘r with a proper analySES/ vr‘ows linearly with the ener'gy

Fitting the linear behaviour A 34
(9=gew(Mz) ) — cutoff 5D R




Unitarity in 6D on the RPP

2 KK indices (k) mmmp

The number of open channels
increases very rapidly with energy!

:

\\GM KK

5D 6D
My K 1x1 4 x4
3Mk 3% 3 17 x 17 Challenge for the computation
AMp i 6 % 6 49 x 49 of the eigenvalues
5Mk i 10 x 10 107 x 107
15 x 15 226 x 226

~

/

Conservation of extra-dimensional
momentum in both coordinates

4 independent submatrices E=—p

;

A==t
A==t
[ £ 1o
[ £ 1o

‘llﬂ:l2’ = “3:|:Z4‘ — {

even s
odd
even s

odd

ki1 £ ko
k1 £ ko
k1 £ ko
k1 £ ko

even — even

odd — odd

even
odd
odd

evern



Unitarity in 6D on the RPP

/ 05 e KU / 035 \
[ wmmm Odd-Odd i mmmm Even-Even

0.4} 0.30[ === 0dd-0dd
A 025!
Unit 0.3} Unit 0,20,
g 02 \/\ g2 0.5
| 0.10
Ol = | 0.05|
005 ’ 0.000——
3 4 5 6 7 8 9 10 4 6 8 10
Vs R Vs R
Threshold effect structures are Taking the points below threshold
much more complicated than in in the four independent configurations

\ the 5D casel / \ the behaviour is quadratic /

itting th dratic behavi 21
Fitting e quadratic behaviour gy A o6 ~ e
(9—9ew(MZ) )
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* Phenomenology of the model



The Spectrum of the Model

e
Levels e (AW.Z.g

(chlr'al)
(0.0)
O
o /R - X v (Dirac)
(0.1) )
v v Dirac) v
(1,1) J2/R + (‘/
v
02 2/R + v X (Dirac)
(0.2) ) )
@D s v Vv

(Dirac)
(1.2)



The Spectrum of the Model

_ Gauge Vectors @ Gauge Scalars

(00) O

(1,0)

01 1/R - X v v X
11) J2/R  + v v v v

4 . R R
Deaenerate Radiative Corrections
g mm) < EWSB: Higgs VEV ) Mass
masses

| Higher order localized operators Splittings




(1,1)

The tier (1,1)

(1,1) particles can decay directly into SM states
through localized interactions which mix different levels

Interesting signature

(0,0) (0,0
U5oft i soft

Fa

Chain Localized
decays intferactons

£(0.0)



The tier (1,1)

At the LHC it will be possible to pair-produce
(1,1) gluons or quarks and obtain a final state containing 4 tops + soft jets

soft jet

soft jet
¢ /\ t
P |“ P “'r \
| ! L g !
| | |
|
| | |
‘a, 3 L i
P ‘ p L —
2 (1,1) t
(VAR
soft jet
soft jet soft jet
t
p 1|
# ‘.‘ [3
|
\
|
L
| | —
| | t
p \ ‘J" &
(VAR !

soft jet



The tier (1

1)

At the LHC it will be possible to pair-produce
(1,1) gluons or quarks and obtain a final state containing 4 tops + soft jets

O'qq — 7.247 ]

- 0.012(pb) @ TTeV

- 0.007(pb) @ TTeV

g9 = 0.688 -

- 0.001(pb) @ 7TTeV



The tier (1,1)

How can we see this signal at the LHC?

pp — 2t + 2t — 4b-jets + 4W — 4

2

0l + 4b-jets + 8 jets
1l + 4b-jets + 6 jets
20 + 4b-jets 4 4 jets
3l + 4b-jets + 2 jets
4] + 4b-jets

+ET -+ jetsoft



The tier (1,1)

How can we see this signal at the LHC?

(0] + 4b-jets + 8 jets

1l + 4b-jets + 6 jets

pp — 2t 4+ 2t — 4b-jets + AW — ¢ 21 + 4b-jets + 4 jets  +Hp + jety g
3l + 4b-jets + 2 jets

4] + 4b-jets

Main backgrounds

Opspj\i4t S 1fb Standard Model cross section is negligible

4/ + jets
Mli\lsid(ejn;rifica’riorjr is the main prot;lem. pp — WW + jets
eed to compute processes such as tF + jets

Work in progress with CMS group in Lyon...



sigma (pb/bin)

sigma (pb/bin)

The tier (1,1)

q"Pq"Y-initiated process (preliminary results)

# jet
_I I 1 1 | I T 1 T I 1 1 T 1 | I T 1 1 | 1 1 T T | I_
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Conclusions

Universal Extra-dimensions can accommodate
a Dark Matter candidate through conservation of KK parity




Conclusions




Conclusions




Work in progress...

Gauge-Higgs Unification
various possibilities already analyzed
but complete computation of unitarity bounds in progress

Phenomenology
of heavier tiers (2,0) and (2,1)

Computation of additional bounds on localized operators from
Electroweak Precision Tests



Backup...



More than four Dimensions

Infinite or Compact?

- D
Just like ordinary dimensions,
Infinite but one must explain why SM fields
are confined to 4D at low energy
A 4
- D
“x5l 6”." are limited to a finite interval {O,ZnRa 6,...}:
Compact effective 4D theory up to distance scales
of the order of the compactification radii R,

\\ , ,/

Assumption: extra dimensions are compact!



More than four Dimensions

-

\_

By a5, w6-) = Y ohehe ()l (R

ks.kg,...
Compact space =P Discrete sum

ks

A field that propagates in D dimensions can be Fourier-expand

$5—|— 236-|— )

e

)

J

-

From quadri-momentum to D-momentum: D = (Pu,Ps,P6,---)
. . )
Equation of motion KK mass
k2 k2 k.2 k2
2 2 2_ 2 K5 Rg _ 2 L 6
=p° =p ;pz Pop g Wy mi = R T
J

\_




More than four Dimensions
The 5D case

Extra-dimensional field in 5D ®(z,, z5)

!
(oo N

3 4 Tower of 4D particles
with masses related to
M =1/R

\_ /




5-Dimensional Model

Compactification on a circle
Trs € {0, 27TR5}

ﬁermions \

Clifford Algebra in 5D contains the 4 Dirac matrices and the 7s:
{Ta,I'n} =2npn with Ty =v,,15 = =175

A chirality projector P __is missing

KK expansion

(er'mions are 4-component Dirac spinors > Non-chiral 4D zero modes%

Not a good description of low-energy physics!



5-Dimensional Model

Compactification on an interval

(orbifold)
S1/22 — . .
|dentification of opposite points

/"~ Orbifold and parity of fermions N
@ P(xs)=—x5  ®(zt,—a5) = P(®)(a*, x5)

v 0 R Invariance of the action requires:
b 0 T < P(¥L)=+Y, P(UR)=-Vg v
Uy (x,x5) ~ Z wg”) (a:)cos(%asg,) r(z,z5) Z w x)sin(—=xs)

n=0 \ /

No n=0 R-fermions
Zero mode chiral Fermions



5-Dimensional Model
KK parity

¢

0 R
. . Discrete symmetry about the midpoint
0 U

It is a remnant of 5D continuous translational invariance:

Ts — Ty + TR - - 5 — TR — x5

S

Under this symmetry: { (25 + 7R)) (—1)" { COS(%ET5)  Modes with

Sin(§w5) odd n flip sign
Interactions must contain an

Invari the action und symmefry == i
nvariance of the action under KK symmetry even number of modes with odd n

The lightest KK-odd level is stable ==  Dark Matter candidate




6D on the Real Projective Plane

Mathematical definion R/pgg = pgg = (r,g|r* = (¢°r)* = 1)

)
id Y T5 ~ s + ThH @struction of the fundamental dorrm
gliae g - Torus

| Zg ~ —Xg +TRs |,

f335 ~ —X5

N\

rotation 71 :

L L6 ™~ —ULs6

!

5 (x5 ~ x5 + 2T R5

[ L6 ™~ L6

f£C5N£C5

L g ~ Xg + 2T Rg




6D on the Real Projective Plane

Mathematical definion R/pgg = pgg = (r,g|r* = (¢°r)* = 1)

s
id y T5 ~ s + ThH @struction of the fundamental dorrm
gliae g - Torus + Rotation

xszE

(L6 ~ —Le +7TR6

( Iy ~ — Iy
rotation 7 :<

L L6 ™~ —Ls6

!

(x5 ~ T5 + 27 R5

[ L6 ™~ L6

f£C5N£C5

. zs/ Hs
T ~ Tg + 2T Rg /




6D on the Real Projective Plane

Mathematical definion R/pgg = pgg = (r,g|r* = (¢°r)* = 1)

s
id y T5 ~ s + ThH @struction of the fundamental dorrm
glide g - Torus + Rotation

 Tg ~ —x¢ + TRg 5o/ e

( Iy ~ — Iy
rotation 7 :<

L L6 ™~ —Ls6

!

5 (x5 ~ 5 + 2T R5 T

2T

[ L6 ™~ L6

f
Ty ~ I
te = (gr)* :3 ° ° s/ s
T 2T
| e ~ X + 2T R, -




6D on the Real Projective Plane

Mathematical definion R/pgg = pgg = (r,g|r* = (¢°r)* = 1)

s
id y T5 ~ s + ThH ﬁstruction of the fundamental dorrm
gliae g - Torus + Rotation

( Iy ~ — Iy
rotation 7 :<

L L6 ™~ —Ls6

!

5 (x5 ~ T5 + 27 R5

[ L6 ™~ L6

f£C5N£C5

L Zg ~ T + 2T Rg




6D on the Real Projective Plane

Mathematical definion R/pgg = pgg = (r,g|r* = (¢°r)* = 1)

f
id ,< T5 ~ T5 + mhs @struction of the fundamental dorrm
gliae g - Torus + Glide

f335 ~ —X5

N\

rotation 71 :

L L6 ™~ —ULs6

!

5 (x5 ~ T5 + 27 R5

[ L6 ™~ L6

f£C5N£C5

L Zg ~ T + 2T Rg




6D on the Real Projective Plane

Mathematical definion R/pgg = pgg = (r,g|r* = (¢°r)* = 1)

f
id ,< T5 ~ Ts + T @struction of the fundamental dorrm
gliae g - Torus + Glide

(T6 ~ —x6 + TRs 5

f35'5 ~ —XI5

N\

rotation 71 :

L L6 ™~ —Ls6

!

5 (x5 ~ T5 + 27 R5

[ L6 ™~ L6

f.’L'5N.’L'5

L g ~ Xg + 2T g




6D on the Real Projective Plane

Mathematical definion R/pgg = pgg = (r,g|r* = (¢°r)* = 1)

f
id ,< T5 ~ Ts + T @struction of the fundamental dorrm
lliels g - Torus + Glide

 xg ~ —x¢ + TRg 5s/Fe

'35'5 ~ —XI5

N\

rotation 71 :

L6 ™~ —Ls6

!

5 (x5 ~ T5 + 27 R5

[ L6 ™~ L6

f.’L'5N.’L'5

L g ~ Xg + 2T g




6D on the Real Projective Plane

Mathematical definion R/pgg = pgg = (r,g|r* = (¢°r)* = 1)

(
id y Ts ~ Ts + Tl ﬁstruction of the fundamental dorrm
IS g - Torus + Glide

L 336 ~ _336 —I_ 7TR6 $5XRE

'35'5 ~ —XI5

N\

rotation 71 :

L6 ™~ —Ls6

!

5 (x5 ~ T5 + 27 R5

[ L6 ™~ L6

r.’L'5N.’L'5

L g ~ Xg + 2T Hg




6D on the Real Projective Plane

Mathematical definion R/pgg = pgg = (r,g|r* = (¢°r)* = 1)

s
glide g9 Ts ~ T5 + TR @struction of the fundamental dorm
' Torus + Rotation + Glide

f335 ~ —X5

N\

rotation 71 :

L L6 ™~ —ULs6

!

(x5 ~ T5 + 27 R5

[ L6 ™~ L6

f£C5N£C5

| Te ~ Te + 2T R




S scalar

The general solutions of the equation of motion are given by:

Scalars

b = Z (b(k’l) (A coskxs coslag + Bsinkxssinlag + C'sin kxs coslag + D cos kxs sinlxg)

k,l

The modes can be characterized by their parities under rotation and glide:

Pg

cos kxs coslxg
sin kxs sinlxg
sin kxs coslzg
cos kxs sinlxg

Pr
+
+

S
(_1)k—|—£—{—l
(1)
(_1)k—|—£—{—l

27
/ dﬂ?g,dil?@ {6a<I>T80‘<I> — MQ(I)T(I)} Rs=Rg=1
0

/cos(kxg,) cos(lzg) —

cos(kxs) cos(lze) ﬁ>

\

0s(—
(
5 (
0s (

COS

kxs) cos(—lxg)

kxs) cos(lxg)
k(xs + m)) cos (I(—x¢ + 7))

(k + 1)) cos(kxs) cos(lxg

\

)/




Scalars

2m
Sscalar = | dasdzg {0,9T0°® — M?®T®}  Rs=Re=1
0
Pr Pg
coskxs coslrg | + (—1)~+
sinkxs sinlzg | + (—1)FFHL
sinkxs coslrg | — (—1)F+t

coskws sinlrg | — (—1)FFHit+!

The classification of the modes is:

(k1) Pk | (pripg) = (++) (+-) (—+) (——)
(0,0) - —
(0,2[) + 715; cos 2lxg 1 : 7;—_—1_ sin 2[lxg
(0,21 — 1) — 1 5 cos(2] — 1)xg 75;;-;111{2:? — 1)zg
(2k,0) + —5o COS 2kxs —; sin 2kxs
(2k — 1,0) — \/%ﬁ cos(2k — 1)x5 # sin(2k — 1)z
(ky 1)kt even — % cos kxs cos lxg % sin kxy sin lxg % sin kxs coslzg % cos kxs sin lxg
(k, D41 odd — — sin kx5 sin lzg ~ cos ks cos lxg —cos kxs sinlzg —sin ks cos lzg




Gauge Bosons

27T
Sange = / drsdze {—iFMNFMN — %(ELA“ — £(05A5 + 86A6))2}
0

AM — {A;LH A57 Aﬁ}




Gauge Bosons

1

27
Sgauge — / dx5d336 {_ZFMNFMN — %(8 AM €(85A5 —+ 86146))2}
0

AM — {Auv A57 AG}

,
As = (_p'r'apg) Parities are
AM — (p'f‘apg) = - A related
\ 6 — (_p’ra _pg)

(k, 1) PKK A,Ejjr} A;(:,_H Aé__)

(0,0) - 7=

(0, 21) + 712; cos 2lxg
(0,20 — 1) - ﬁ sin(2] — 1)zg

(2k,0) + \/%W cos 2kxs
(2k — 1,0) — ﬁ sin(2k — 1)x5
(K, 1)Kk+1even - % cos kxs coslxg ﬁ sin kxs cos lxg ++I cos kxs sin lxg
(K, Dk+1 0dd — % sin kx5 sin lxg m/;?w cos kxssinlxg | - wv”!i’—w sin kxs cos lxg




Gauge Bosons

1

27
Sgauge — / dx5d336 {_ZFMNFMN — %(8 AM €(85A5 —+ 86146))2}
0

AM — {Auv A57 AG}

.
As = (_p'r'apg) Parities are
Au = (Prspg) :><A related
\ 6 — (_p’ra _pg)
_ ) | L)
(k, 1) PK K AE{ +) A — -
(0,0) + = [ v f rors]
(0.21) " T cos 2l only for vectors!
(0,20 — 1) - ﬁ sin(2] — 1)zg
(2k,0) + \/15»” cos 2kxs
(2k — 1,0) — ﬁ sin(2k — 1)x5
(k,1)k+1 even -+ % cos kxs coslxg ﬁ sin kxs cos lxg —ﬁ cos kxs sin lxg
(K, Dk+1 0dd — % sin kx5 sin lxg ﬂ;ﬁ cos kxssinlzg | - ?W,;;w sin kxs cos lag




Fermions

Why the RPP contains zero mode chiral fermions?

4 Clifford algebra in 6D A
rt... 1% 4+ TI7=T'rrrrere
6 8x8 Gamma matrices + 6D Chirality Matrix
A 4
,},E



Fermions

Why the RPP contains zero mode chiral fermions?
1 L1 F+%) 0 ) ( P 0
Pr=-(1£T") = 2 = “L/E )
6D Chirality —=——— 4D Chirality

v=( ) = () we=(3)

U, =P, \If+=<:’ﬁ;> (wR)i:(g)i



Fermions

Why the RPP contains zero mode chiral fermions?

K':'nehc :> /d$5d$6i\ifFMaM\I] - /dx5d$6i(q’+FM8M\I’+ + O IOy T +...)
erm

= - 1 - . - .
iU TMOy Uy = Z¢17M8u¢i+§[¢L175(85 F i06) YR+ + VrtY" (05 £ i06) L]

Vs

Glide Nﬁra’rion

%[%Li’75(85ii86)¢1%j: + Yre7° (05 Fi06 )1 1] %[@Liv5(—35ii36)¢}zi + YRy (—0sFi0s )+
Vi,ry+(9(T) = Yy Ry Global sign compensated if
Non Chiral 4D zero mode Dy (wL) = —p, (U)R)

Chiral 4D theory!




The SM case

Scattering of longitudinally polarized gauge bosons

2
S S
T:A< ) + B NG,
Wi Wi MI%V MI?VJ

.

" o

Explicitly divergent high-energy behaviour

/ Cancellations among\

A=0 pure gauge diagrams
. Cancellations involving
B=0 Higgs boson
Wi, Wi,
C — constant
4-leg + s-channel + t-channel + u-channel s> Mp

47t/ 2

\U\ni’rari’ry condi’rion:MIZJ S GF/




The Unitarity Matrix

pim) W)

Generic Process

WL (’I’Ll)WL (’I’Lg) — WL (ng)WL (n4)




The Unitarity Matrix

pim) W)

Generic Process

WL (’I’Ll)WL (’I’Lg) — WL (ng)WL (n4)




The Unitarity Matrix

(o) o)
Generic Process
WL (nl)WL (ng) — WL (’ng)WL (n4)
W}_(_jng) W]_'(;HB)
@ Higher energies Y
[ Em — 1 - > ~ 1

I T = TS { s>threshold 5—00 - maX{Ai} S 1

K LT:dlag(Al,)\2,) /

\ energy for which the maximum eigenvalue of
Cutoff the scattering matrix violates the unitarity bound



The tier (1,0)-(0,1)

The lightest (1,0)-(0,1) state is the natural DM candidate

100

30 |

Leptons .
(a)

2000

1000 1500
m_KK [GeV]



The tier (1,0)-(0,1)

(Rough) Estimation of M from Dark Matter abundance

0.6

04f
- tiers (RB=R6)

= 03]

Degenerats

-

0.5 :

0.2

0.1:

OYERCLOSURE

-~ -
-~
P _
P _
” |
~

. Asymme’ri

ric radii

I | I I I I I I | I
200 300 400
m_KK [GeV]

1 | I
500



The tier (1,0)-(0,1)

Production at LHC

mx —mprrp | decay mode | final state
in GeV + MET
(1.0) 70 b (10 03]
blv
G(1,0) 40-70 qq(10) ] Splittings are small
q(10) -~ 20-40 gAL0) j
W (1.0 20 [(10)  1(1,0) lv
7(1,0) 20 11(1:0) i
0) <5 ] A(1.0) I AL (Br)
1,0) 0 _ \

7(1,0)

Difficult to observe at LHC



om [GeV]

100

The tier (1,1)

tops

80 |
glugr .
60 -
\ W.Z quarks .
L A\ _
40 N / i
. W / |
- S scalar W.,Z Leptons .
B e r o
0 = ——— = = = =

I | | I I | | I I I | I I I | I I I |

100 200 300 400 500

mKK [GeV]



Conclusions

Few parameters: M and A that can be estimated
from computation of unitarity bounds and Dark Matter abundance
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