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WHY EXTRA-DIMENSIONS ?

* Many puzzles in the Standard Model:
— Hierarchy problem, EWSB mechanism,
DM existence, ...

* XD are a usefull tool for model building, lots of new
perspectives to explore Standard Model puzzles

— Gauge Higgs Unification, warping, GUTs, ...
* XD inspirated by string theory.

>
But DM comes from KK parity imposed by hand, like
in Susy (R-parity) or in Little Higgs (T-parity)
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OUTLINE

4 N
[s it possible to obtain an extra dimensional

\model with a “natural” dark matter candidate? ’

1

* 6D Universal Extra Dimension on a real
projective plane: UNIQUE 6D orbifold with an
exact KK parity.

* Dark matter “constraints” for the extra
dimensional radii.

* Preliminary results and discussions for the rich
phenomenology at LHC.



SD MODEL AND KK-PARITY

; Extra dimension: S; ‘

—_—— e ———————— s =

st — X5+ 271')




SD MODEL AND KK-PARITY

| Extra dimension: S |

@ & &

@ & &

(xs — X5+ 271:)

No KK-Parity |

@ & &

No Chiral

Fermions
D 6 &




SD MODEL AND KK-PARITY
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SD MODEL AND KK-PARITY

:_ _ Extra dimension: 8./ L7 |

QD@D L Wy W

KK-Parity ‘ Chiral
only in the bulk | Fermions
® & & W I o

(xs DA ) - Localized interactions on fixed points
== Extra symmetry to identify them
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ORBIFOLD WITHOUT FIXED
POINTS: 6D MODEL

* In 6D, 17 possible ways to compactity the extra R*
* Only 3 without fixed points
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No Chiral Fermions
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1 2-Klein Bottle I ;




LAST POSSIBILITY:
THE REAL PROJECTIVE PLANE




LAST POSSIBILITY:

THE REAL PROJECTIVE PLANE

* Definition: R?*/pgg  where pgg ={1,g | r*=(g°r)*=1}
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L5~ —T5
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LAST POSSIBILITY:
THE REAL PROJECTIVE PLANE

* Definition: R*/pgg  where pgg ={r,g | r*=(g°r)*=1}
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LAST POSSIBILITY:
THE REAL PROJECTIVE PLANE

* Definition: R*/pgg  where pgg ={r,g | r*=(g°r)*=1}

T
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: [ 5~ —x5 + TRs ' Fundamental domain
B 1ozt nRe tStep 3: The glide




LAST POSSIBILITY:
THE REAL PROJECTIVE PLANE

* Definition: R?/pgg  where pgg ={1,g | r*=(g°r)*=1}
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* In the bulk, two discrete parities.

* No “fixed” point but conical singularities

UNBROKEN KK-PARITY:
“NATURAL” DM CANDIDATE
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UNBROKEN KK-PARITY:
“NATURAL” DM CANDIDATE

_ — e

* In the bulk, two discrete parities.

* No “fixed” point but conical singularities
(O1m) (1 0): & (o el U}
"'-"9 Localized interactions

* One discrete parity remains unbroken
even by localized terms

4 ‘ )
Xy ~ Iy T T R5 .

P : |

. KK <~. :r:ﬁmﬂ.:@——?rR@) ! W W

Chiral Fermions
wwey Relic of 6D Lorentz invariance &
* Phase for generic KK modes with momentd KK_Parlty

(K1) = (1) KD




SCALAR FIELDS IN THIS
FRAMEWORK

27
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GAUGE BOSONS
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TREE LEVEL SPECTRUM
6D EXTENSION OF SM

* First and easy approach:
ween> | Iniversal Extra-Dimension on the RPP.

* SM fields live in the bulk of a 6D flat space.

* Gauge fields:
SM gauge group SU(3)xSU(2)xU(1)
—— 6 components: 1 vector A, and 2 extra scalars A;&A,

* Fermions are now general Dirac fermions:
a 6D fermion for each chiral SM fermion.

-——  Doublets Q&L, Singlet U, D, E, (N)

* EWSB is generated by Higgs mechanism in the bulk.



TREE LEVEL SPECTRUM

Gauge Vectors

Gauge Scalars

STANDARD MODEL

Levels Mass | Pxx=(-1)*"! (A", 78 W, G (A, AS...) Fermions Higgs
(0,0) 0 YES NO (ggin YES
(1,0) &(0,1)| 1R NO YES G‘gfasc) NO
1,1 | 2R YES YES (D?;E)SX : YES
(2,0) &(0,2) 2/R YES NO (‘gfasc) YES
2.1) &(1.2)| Vs/R YES YES (D‘ifi)sx - YES

- Choice of degenerate case: Rs=Rs=R I




TREE LEVEL SPECTRUM:
LKP LEVEL

Gauge Vectors | Gauge Scalars

Levels Mass | Pxx=(-1)*"! (A", 78 W, G (A, AS...) Fermions Higgs
(0,0) 0 = YES NO (E}EIED YES
(1,0) &(0,1)| 1/R _ NO YES (}ggasc) NO
an | 2mr e YES YES (D};E:)Sx / YES
(2,0) &(0,2)| 2/R ae YES NO &ggasc) YES
2.1) &(1.2)| vs/R : YES YES (D?fi)sx ; YES

. Choice of degenerate case: Rs=Rs=R I




ONE 6D-LLOOP CORRECTIONS :
MIXED PROPAGATOR

* 6D mixed propagator on a torus 20 Propagates

T - = Y [T ) f o)

(=2 X SIN O

Vi
with f,g(.‘)cﬁ):\/2_%@"”:6 and ¥, =P s

o Propagator on the orbifold Da Rold, ArXiv hep-th/0311063
(0. 7.7 =7 [0, T~ T+ eGP (p. T (3
+p 6P, = (V) +pr oGP0, Y —rr8(F)]

—> =l +p, Il t pepe Tl . Ty
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MASS SPLITTING:
RADIATIVE CORRECTIONS

* (Calculation for LLP level

* 6D loop calculations: Mixed propagator method

Ex: Gauge boson field (0,n) with odd n. Divergences
12 on the singularities,
omy = 6 4:?_4@[—?9% TS R e 4B, , proportional to n?
S
YD B ¥ o D e Bl 3+ 7
omy = 64W4@_—59Tﬁ + 70¢(3) + 177“n“L + 7B, — 32B; — 2B3| ,
gs e :
5?11%; — ﬁilﬂ4® —3616 + 84((3) + A’ L+ 9B, — 4285 = 3B3| .

W—/

\

Proportional to KK mass scale

Higher levels computation: Work done by L. Panizzi, B. Kubik & G.Cacciapaglia

For (0,n) with even n similary results are obtained. 11



MASS SPLITTING:
HIGGS MECHANISM

* Universal Extra-dimension : Higgs in the Bulk of flat space

Constant vev

27
Shiggs = //0 dxs dxg {DRHTDGH gz V(HTH)} No mixing between levels
2
w // dxs dxg {m%;W{fW”’ # +m%BuB“}
0
* Standard mixing between W°/B
* At one loop for the (n,0) with odd n:
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DARK MATTER CANDIDATE.:
HEAVY SCALAR PHOTON
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SD LIMIT OF THIS MODEL
Re—0

Gauge Vectors | Gauge Scalars

Levels Mass | Pxx=(-1)*"! (A", 78 W, G (A, AS...) Fermions Higgs
(0,0) 0 = YES NO (‘C(}EIED YES
(1,0) )| IR /i NO YES g)gi) NO
(1.1) AR = B YES
2.0 JQ)| 2R i YES NO g)gasc) YES
e &1 5 vamo o YES
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SD LIMIT OF THIS MODEL
Re—0

Gauge Vectors | Gauge Scalars

Levels Mass | Pwx=(-1)<"! (A", Z¥, W, G¥) (A, AS,.) Fermions Higgs
(0,0) 0 a2 YES NO (‘C(}EED YES
L0 | IR |- NO | oupaszna ] o
(2.0) 2/R A YES NO (‘I()Easc) YES

Not a usual 5D UED Model limit
——>» Topological Consequences i



GENERAL RELIC DENSITY
CALCULATION IN XD

7 3% DARK ENERGY

M<Oannihilation v> falls as 1/MKK2 ie R’

Bolzmann equations

T relic density are function of R

Freeze out”’

Relic density constraint — Mass range for size of XD

G. Servant, . Tait, ArXiv hep-th/020607102



FIRST CALCULATION
OF RELIC DENSITY

Included effects:
- Large co-annihilation because of small mass splittings

0,0
A5 O e e 1/ q( ) (_J\’Y or eeze—o\l"
e Ex: q(0,1) A

q(O,l) L L

First approximation:

- EWSB neglected for SM fields.

- No resonant annihilation via Higgs or (0,2)-(2,0) tiers
- Localized kinetic terms neglected

!

Model implemented in FeynRules &
more precise calculations (B.kubik) 15



RELIC DENSITY AND RADII
“FIRST ESTIMATION”

OYERCLOSURE

WMAP

300 400
m_KK [GeV]
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RELIC DENSITY AND RADII
“FIRST ESTIMATION”

200 GEV<1/R<300 GEV |
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RELIC DENSITY AND RADII
“FIRST ESTIMATION”

300 GEV<1/R<400 GEV |

OYERCLOSURE

\ WMAP
' Asymmetric case

300 400
m_KK [GeV]

16



RELIC DENSITY AND RADII
“FIRST ESTIMATION”
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PHENOMENOLOGY @ LHC
A FRIENDLY SCENARIO

* Light upper bound
= Lot of new heavy states below 1 TeV

* Quantum number related to SM ones

* What can we expect?
~—=3 First preliminary results

17



PHENOMENOLOGY @ LHC :
INTERACTIONS IN THIS FRAMEWORK

* Bulk interactions
—> Conservation of all parities and of XD momenta

~—> Pair producting }y
(2,0)

0,

* Loops induced processes
- Less constraint, discrete parities conserved
—> Single production (0

2,0

(©,
* Counter-term generated processes 09

—> Only KK-parity preserved 1

18



PHENOMENOLOGY @ LHC :

DECAYS OF LIGHTEST TIER

* Only Pair Production:
for 1/R ~ 300+400 GeV: 10 tb < Oproa <1 pb

* Small splittings ====> Detection of the lightest
tier will not be easy

mx — mrrp | decay mode | final state
i GeV + MET
AT 70 bW (1,0) bjJ
| _ [
| G*Y 40-70 qq''? ii )
g0 20-40 g A1) j
W (L0) 20) [1/(1.0) 1,1(1,0) [
Z\1.0) 20 A [l
I,'q{l.[}J < 5 L;.-jll_fl.[}:l /

A0
issing B

q(l,O)
(3(1.0) \

q(0,0)

7 q©o
soft jet

soft jet

19



PHENOMENOLOGY @ LHC :
DECAYS OF LIGHTEST TIER

* Only Pair Production:

for 1/R ~ 300+400 GeV: 10 tb < Oproa <1 pb

tier will not be easy

mx — mrrp | decay mode | final state
m GeV + MET

0 70) b/ (1,0) b3

bl

G(1.0) 40-70 qq'tV 17

| g9 20-40 gAY '
j II.’[I_[J] ) Eb‘f‘.t'{]]. ;;E'Tl-i]:' |
ALY 20 [[(5:0) 1l
I,'q{l.[}J < 5 L;.-jll_fl.[}:l /

10,0
W

i

v(©00)

* Small splittings === Detection of the lightest

A0
Missing E._
100.0)

soft charged
lepton

Missing E.

20



PHENOMENOLOGY @ LHC :
DECAYS OF (1-1) TIER@V2/R

* Localized interactions
=> long lived? stable? prefer decay into tops?

e Mainly resonant decays into SM particles & no Missing E._

o Ex:4-tops decays: @7 TeV for m_ = 300 GeV

q(0,0)
soft jet

Work in progress by G.C, L. Panizzi q(0,0)

& CMS Lyon experimentalists. 21

soft jet



PHENOMENOLOGY @ LHC :
DECAY OF (2,0)<(0,2) TIERS @2/R

* Tree level decay to (1,0) often suppressed:
Small mass splitting also loop induced
-3 No or small phase space

* Loop induced: loop factor suppression

(2,0) or (1,0)

(0,0) or (1,0

(0,0

* Main challenge === Compute the spectrum and the
dominant loop induced couplings to estimate the branchings
20






COUPLING CALCULATION :
AD-L.OOPS TRICKS

Divergent contribution of loop induced couplings is dominant.

/o )

* Divergences come from singularities generated by the rotation.

\* How to compute them? Tricks with 4D loops y

(0,0)/(0,1
22)/21)  (00)/(01) 4

(2.2/(21) ]
® contribution

©,
5

2n )
L (E=—-3)= SEm el (E)2 e i (9 AH)? + B (i6Z,0  y, — 8,) W
0 4 e

Only divergent

\ for “few” 4D-loops /

+68Zy(D*9)"(Dud) +Smy ¢7 o +...)

N

(Compensate divergences from singularities

*Gauge invariant in “Magic gauge” {=-3

\*Used to compute contributions for all modes, for instance with (2,0) /
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PHENOMENOLOGY @ LHC:
BR OF QUARK SINGLET (2,0)

BR(U,2%/ D)
1.00¢
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PHENOMENOLOGY @ LHC :

- J'.: 'IT i.-:-.

BR OF QUARK DOUBLET (2,0)
BR(d5D->2x) o2 LA
1.00 q W2
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PHENOMENOLOGY ¢
PRODUCTION OF GLU

opp —>G5 —>1f ) (pb )
1

7 TeV
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14 TeV
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0.001

1500 2000 0,

. o(pp —>G5G
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PHENOMENOLOGY @ LHC :
BR FOR GLUONS (2,0)

BR(G5-=1)
0.50

ql q1/92q0

0.20F

0.10

005k t1/t1

0.02F

SM jet

0.01F

e L IRK(GeV)
400 600 300 1000 1200 1400

b Decay 525D loiinte q<2’0)+SOft jet (to be added to previous Xsection)
& 50% into g*q"Y (invisible)
& less than 1% into SM jets



SUMMARY:
DECAYS OF HEAVIER TIERS

Tiers (1,1) @1.4/R & Tiers (2,0)-(0,2) @2/R

via localized via loops

kinetic terms (& kinetic terms)
Mainly resonant decays into SM particles & with/without

MET
Tiersl 21 @22/R

A00)

via loops
N (& kinetic terms) MET
» Can decay into SM Z@ e-(0.0
particles & MET soft charged
» Rare but clear signature 00 S o

energetic

like singled charged lepton charged lepton

30



CONCLUSION

KK-Parity is build-in in this 6D space:
- from topology and Lorentz invariance
- without imposing new extra-parity

Good predictability : not so many localized interactions

Low mass range for KK-states : explored or excluded with few fb™
luminosity at LHC.

Possible extensions: Gauge-Higgs Unification, warped space,...

Implemened in Feynrules: interface for Calchep, Madgraph,...

Early LHC phenomenology, calculation for higher luminosity

Relic density including EWSB etfects, resonant effects,...
(B. Kubik in collaboration with A. Arbey)

Model buiding and study of possible extensions. 31



CONCLUSION

v
v

I Early LHC phenomenology, calculation for higher luminosity

I Relic density including EWSB effects, resonant effects,...
(B. Kubik in collaboration with A. Arbey)

| Model buiding and study of possible extensions.

31



THE END
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Figure 11: Branching ratios of the heavy Z2Y as a function of mp: NIN1,L1 L1, N2 v, L2
SMlep,SMjet, SM tops,WW; W, Z, h




UED ON THE REAL PROJECTIVE
PLANE AND EWPT

EW observable expected to be cut-off dependent
Log-divergences expected due to density of states in 6D
in UED (Appelquiest, Cheng, Dobrescu, Arxiv:hep-ph/0012100)

Highly model dependent (compactification, EWSB,...) !!!

Gauge higgs unification, warping, .... can be implemented as
well and totally change the allowed range



] dzs ] dr{ iPrar Obre + iPrar Obrat

b a0 ) + (B 00 s+ ] |

For a left-handed erminn, case (+=£ ), the KK modes are given by:

e + 0 0

L coslzg —1) Lecosleg —Lsinlzy =+(-1 %Tsmh:ﬂ

5= C08 kT :I:{—l]"ﬁcﬂakmﬁ —gosinkx;  F— ]]"“—Emi::.trﬁ

while for both k,1 # 0, there are 2 degenerate solutions for each level which can be parame-
terized as

(@ coskzs coslrg + bsin kzs sinlxs) fi
T +(—1)**H (esin kx; coslzg — deos kxs, sinlrg) f,
| (=1 (acoskx; coslrg — bsinkxg sinlzg) f;

(csin krs coslrg + d cos ks sinlxg) f}

(3.16)

where we can use the EOMs and normalization condition to fix the coetficients

keosa—ilgina

a c=—
b d — kdﬁu—&ﬁﬂu

= T ETVEL R




MASS SPLITTING:
LOCALIZED COUNTER-TERMS

* Localized counters-terms on the singularities
» Compensation of the Log-divergences from rotation
wmmesy Terms at order of 1-loop
» Respect 4D residual invariance
» Mixing between mode (1, k) & remove degeneracies

(8(x5)8(35) + 8(xs - mB(5s — 1), g5 _ O ( _
(6(x5)8(xs— ) +6(xs—7)8(x)), ~ = A2

Vector Kinetic

Toi

0
O 2

} gl
| =2 —

Mass term corrections

Term corrections For Gauge & Scalars part

(e (k’l):/_%(l’k) , withl >k




SPLITTINGS : ONE 6D-LOOP
AND EWSB CORRECTIONS
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SPLITTINGS : ONE 6D-LOOP

AND EWSB CORRECTIONS
* (alculation for LLP level

® 61 loop calculations: Mixed propagator method

om4 6—13’41?2 7975 L 140(3) - n’n I = 4B,| ,
2
Stie < 94 = [ 39T + 70¢(3) + 17n*n’L + 7B; — 32B; — 2B3| ,
812 5 W o Fagier L
2
5?1’@?—; = 64‘(;‘1}?2 [ —36T% + 84¢(3) + U n’ L+ 9B — 4285~ 3 B8l
AAR2 | -

* EWSB: Higgs VEV

Sl iy o= F r3

( w3 B ) | oMz + mi%,, . tan (}pg M ? . we
T T : iy . Bl i #. ;

—tan fymy, om%p + tan® Oy my, i3

: - 1
R b
T g i Zos g (rr:d + dmp + dmiy,
> = \/ (m% + dm% — dmiy )2 — dm, (dm% — 5?’1’1,%1,-))
e
- n

e

R?



SPLITTINGS : HEAVY TOP

MASS CORRECTIONS
* 6D loop calculations: Mixed propagator method

.-I:.-\'I"'[.|'||;_.|l':|.'q_.| — - / l!'-il-.t"_'.l!lil-.t"r'. -}; '|_LI'I1.IH1|1_|'{ -I_ |;I1 o =

— — / I:'-il-.'-:"_'.l:'-.il-.:-'r'. -}; [i'_;'r-.:.l| Hl'll_,_’_ + ?_:'.'_;J_H"HL,_" | ‘I_ ‘Il_.l.,.:' | Hﬁ,_"_ + .'l.__._L.I_Hﬂ',_’ | ] ‘I_ I;I;'.I'".

- F w s I| —|-I:.'-'I.| "ull' .II_Ill ||:,'_|II .
LYukawa(kl) = — =1 ! My op, ('Ei'.'. Tt — -!I";.L' iy ) + h.c..

* EWSB: Higgs VEV
. Co L 4dmag  —Mos qy
= — i TR A L tof 1 .
Cmass = — L qr ( Mtop %—I— s j ( Ly j +fae..
1 1

. . . I 1 : 1 .
r.*i-f]___.3 = — + :-r;'f_,I, + amyg (— + 50myg T Bj + Omyg; (— + So0my F E‘j .

K R R 2
> with

+ M -

.I - .. ]
L] dmg + -*Ji-n{-j
7

B = \ (ﬁ +



DECAY OF (2,0)-(0,2) TIERS:
1-LOOP VERTEX CORRECTIONS
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