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What could lie below the 10-°m
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Mo'rivcn‘ins

¢ String theory, the best candidate to unify gravity & gauge interactions,
is only consistent in 10 D space-time

¢ Extending symmetries:

Internal symmetries - GUTs, technicolour...; Fermionic spacetime- SUSY
Bosonic spacetime - Extra dimensions

¢ The presence of XD could have an impact on scales << M, (started with ADD)
The question is what is the size and the shape of ED ?!
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New perspectives of XD

* The nature of electroweak symmetry breaking

* The origin of fermion mass hierarchies

© The supersymmetry breaking mechanism

© The description of strongly interacting sectors
(provide a way to model them)
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Brief History

¢ 1914: Nordstrom tried to unify gravity and
electromagnetism in 5D
(Au —> A,, where M = 0,1,2,3,4)

Ml

¢ 1920's: Kaluza and Klein tried using Einstein's
equations in 5D (g*¥ —> g™\ ~ guv’gu4,g44)

¢ 1970's: Development of superstring theory and
supergravity required extra dimensions

¢ 1998: Arkani-Hamed, Dimopoulos, and Dvali propose
Large Extra Dimensions (ADD) as a solution to the
Hierarchy /Fine tuning problem of the Standard Model
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The idea of ADD

° The Standard Model has been tested to r ~ 10-1 mm,
Gravity has been tested to r ~ 1 mm only

Srandard Moae/ is Jocalise

Extra-Dimensions

© Sabine Hossenfelder
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The idea of ADD

° The Standard Model has been tested to r ~ 10-1 mm,
Gravity has been tested to r ~ 1 mm only
° 4D —> (4 + n)D

The effective D = 4 action is
'UrQ—I-Tl 21 R

d*x

1
d"Z VG Ryyp — 5 M{T / d*r /g R

In case of Tor'dal compactification of equal radii, R
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Gravity has been tested to r ~ 1 mm only
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The idea of ADD

° The Standard Model has been tested to r ~ 10-1 mm,
Gravity has been tested to r ~ 1 mm only
° 4D —> (4 + n)D

The effective D = 4 action is
'\IQ—FH 21 R

d*x

1
d"Z VG Ryyp — 5 M{T / d*r /g R

In case of Torondaompac‘hflcaﬂon of equal radii, R

V., = (27R)" ) Mp =MV,
>R = the torus  (r) = — Gy 202 o U
effectively disappear r Mpr
r<<R = observer V(r) = -G, mimaz _ ’2’517712
is able to feel the bulk r f+”7"1+

Fundamen’ral quantum
gravity scale
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The current status of ADD
So, Mz = M?+2(27TR)TL and respectively,

1 1 (Mp
- 2m My (ﬁf

R ) n [GeV 1] x 0.197[ GeV m]
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The current status of ADD

So, Mp = M7?"%(2nR)" and respectively,

2
1 1 (Mp\™ _
R = — ) [GeV™!] x 0.197] GeV m]
2w My \ My

. o V(1) = Gy (1 + ae )

How big are these dimensions are? o
Let us assume M_~ 1 TeV, then e N S
b [ orste_

(10°mm n=1X Already 5[ | \X /@&

o 1 mm n=2 X ruled out o L el
10°mm n=3 el A\

“ - B

: ’TL\ 0 - |_5 |_4 E?t.".“";??dig. }
Collider signature: oo R

A [m]

The current bound is R < 37 um

For n = 2 this means that
M > 1.4 TeV

Extra.—Dimensiogs
M
M
,

| ]
yd \'"I /
// \M\\ \l\- /—-._/_h > ’T e
s F N /
~ é 4 e
— S
T - [ //
T //

pp — jet + Er
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KK towers from XD

Sy fI}(,zM g = (I]'(.LM Z + 21R)
‘: 0= 0.1,2.3

Periodicity in Z
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KK towers from XD

Y ®(z,, Z) =®(z,, Z + 27R)
ll p—0,1,2.3

Periodicity in Z

Fourier series

Diz,, Z)= Z @k(iﬁ)eikz/ﬁ
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KK towers from XD

Sy {I}(IM g = fI?'(,LM Z + 21R)
‘: 0= 0.1.2.3

Periodicity in Z

Fourier series

P(r ) — b (1. YetkZ/ R -
P(zy, 2) = _Z O (w0 )e The non-zero modes in
the KK decomposition

R
05 &2y, Z) = (a-)j ~ %) O(r,. Z) =0

2 ' I 2 i J .
Ly + ﬁ OL(J#) — () + ﬁ {_;);f(i-#) =0
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From Brane - to Bulk:
Universal Extra Dimensions (UED)

[Appelquist, Cheng, Dobrescu 'O1]
° all fields propagate in the extra dimensions,

so 1/R > 1 TeV to obey experimental data

¢ for D=5 (minimal UED = MUED) we immediately
find that M_=10'° GeV for 1/R = 1TeV

° hierarchy problem is not addressed
but MUED has interesting features ...
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Minimal Universal Extra Dimensions
compactifying on the circle

rl_.r}(x,y) = r){) X) 1/ 5 i Z r) X) COS —— —|— @ (X) sin —]
La
2R 1
S = /(14){/ d_yE [E)Mrjﬁf)mrﬁ — mzr;i:«(x.y)ﬂ
0
Ls
m;
e e
L = l [f_’) Oo O Do — m? r;u —|—Z r_’) Dh C)‘“‘ :IE m? — n—2 HT2
* all fields propagate in the bulk - 5D momentum \! !
conservation e 2
* This leads to the KK-number conservation 5
at this point: /11 == No = N
P 1 - 3 Forbidden OK
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Universal Extra Dimensions (UED)
compactifying on the orbifold

¢ Choose action of Z, symmetry — Ty
on Dirac Fermions to project out /
3 of them and arranges chirality: |
Vi(y) = Vi(=y) = £9°¢(y) °T "

If we identify y ~ —y then we require \ g
i (y) = va(y), so —

Ut y)—Lg +Z( cosn+L£RS|n)
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Universal Extra Dimensions (UED)
compactifying on the orbifold

¢ Choose action of Z, symmetry — Ty
on Dirac Fermions to project out /
3 of them and arranges chirality: |
b (y) = Vi(—y) = £7°0a(y) °T i

If we identify y ~ —y then we require \ g
Vi (y) = ¥+(y), so

/ R.L R, LR
UL (y) = g’ —+ Z (-QJE'L COSp —|—-E_;,J£'R smn)
n

¢ Translational invariance along the 5™ D is | 0 ) i
broken, but KK parity is preserved! /_\/ a
¢ KK number n broken 0| ) 1 .-

i

down to the KK parity, (-1) \_ /« ‘\\ &
KK excitations must be produced in pairs 1 N\ AN
. . These vertices are allowed and
¢ LKP is stable DM candidatel! can be generated at loop-level
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Minimal Universal Extra Dimensions

/...f" Ty
.f’f -z_.,-'",.-'R’L(X) — -g‘l.!i(x. y)
0 {I- =R SU(3) x SU(2) x U(1) A(x) = Am(x.y)
k" o(x) — o(x, y)
51/22 orbifold SM Gauge group SM field content

brane localised terms are zero at the cutoff scale

ik
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The role of radiative corrections

71

e
1

24— < — (1
\/m+ m6+R()

e.g. the 1s* KK excitation of the electron
is stable at tree-level!

Dark Matter would be charged - which is not acceptable
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MUED at one lOOP Ghreng: Malhpi Schmalt=

Loop corrections come from 5D Lorentz violating processes. They
appear as free-level mass corrections in 4D.

e Bulk corrections :
the gauge bosons receive an extra
mass which is KK-independent m
|
6mi = Q; —

RZ

e Brane corrections : ps is not conserved, all particles receive a
mass correction

AZ
dm, = 5; E11:1— for fermions
K
2 AQ
omZ = B; %IHF for bosons

Problem : Electroweak symmefry breaking was not included

Alexander Belyaev  NE& “Exploring Universal Extra Dimensions at the LHC”




MUED spectrum at lloop vs tree-level
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Our setup

We model the corrections to the self-energy by wave-function
normalisations. We replace a 5D-Lorentz conserving action
1
—~FynF*MY + | Dy @

+
by the following

1 1 a
— 3P B, + 5205 F*E + | Du®f —Za| Ds [’

which is gauge invariant but not Lorentz covariant.
In this way, the fields receive a KK mass

n , n
My = Zﬁ for fermions , m?2 = Zﬁ for bosons

We are free to match our normalisations with the previous results

Z?; = 1ok 81'111—
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Model implementation

e In LanHEP : Semenov
LanHEP is a package that generates the Feynman rules out of a
Lagrangian.

We have implemented MUED@IL in Feynman and unitary gauges. We
discart the bulk corrections.

Pukhov, AB,
e In CalcHEP/CompHEP : Christensen

CalcHEP calculates cross-sections out of Feynman rules of a theory.
The vertices generated by LanHEP are included into CalcHEP.
We have taken particular care of the splitting of 4-gluon vertices.

Model is available at High Energy Physcs Model Database (HEPMDB)
http://hepmdb.soton.ac.uk/hepmdb:1212.0121
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Model Validation

Sample of processes with two-gauge bosons for cross-section comparison
in tpb) between previous implementation by
atta,Kong, Matchev (DKM) and our implementation (BBMP) arXiv:1212.4858

Process DKM o [pb] | BBMP o [pb]

1 | VG 5 GG 3.952x 101 3.952x101

2 gV e - M@ 7.600x 103 7.600%x 103
*3 | g g 5 g gl 8.619x103 8.600x 103
*4 | GW Zz) 5 cE 2.132x10~1 | 2.037x10~1
5 | GO AL 5 pp 3.651x1072 | 3.249%x 102
6 | vV~ 5 ¢E 2.641x1072 | 2.758x 1072
*7 | 20z 5 dd 0.098x10=2 | 9.165%x 102
* | Zz(W Zz(W) 5 Wt Ww— 0.293 % 10° 0.288x% 10°
kg W+t Ww-0 5 77 2.744%10° 2.761x10°

10| wHtOw-0 5 7+ 1.653x10° 1.653%x10°
1 | WO w - @) 5 W 3.152x10° 3.081x10°

\/522 TeV KK up to n=2: if KK numbers of the external particles is 5
Pr > 100 GeV or less [<2*(n+1) in general] gauge invariance is ensured
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Model Validation

e
H‘

| | | | | | p | | | | — ) |
WHWw- - w+Ow-0) - WHW= - W+w -
4 DKM _ -~ 1 4 A -
BBMP ,
3 1 51 ; DKM _
=) = }
=] =]
o S /
2 . 2 |- / .
/
/
| - 1| / BBMP -+
A
¥/
0 | | | | | | | 0N | | | | | |
0 2 1 b & 10 12 14 16 4 ¥ ol 10 12 14 16
V5 [TeV] /5 [TeV]

Proper implementation of the Higgs sector lead to the correct High Energy
asymptotic which respects Unitarity

Alexander Belyaey ~ Nim»@& “Exploring Universal Extra Dimensions at the LHC” 29



EW precision constraints

The tower of KK particles modify the gauge bosons self-energies, contributing to the ST,

and U electroweak parameters: T Appelquist H.-U. Yee 2001

I. Gogoladze and C. Macesanu, 2006

1sin’fw [ 3¢° 2 mf : g° 1 *UEI
= — 2 —— (2)]
= a |32 (Qﬂfi.h.) 2 + Fam)2 (GMI{_,K) '“2)]
B L[ 3¢ w2 m@ X . - g° sin?fyy 5 M2 N
= o [204m)2 ME (EM;{.K)"‘“} T (a2 cosZ0w (_Tzlx-ffm.){’(z) ‘
One Universal Extra Dimension _ o o n g

;l 1000 [ e Y LA Y o= _ 4 Sillgf’[-v g* Sillzgﬂ' _‘L{ﬁ l "(2} _ l i\f}z{ "{4]
2 e a | (@m2z M \5° 15 M2, " :
= 900 -
x E 2

800 — ]

700 =

600 — —

500 — —

| [Elfitter

300 — - -

—  68%, 95%, 99% CL fit contours (allowed) 7]
200 11 | L1 1 1 | L1 1 1 | I | | L1 1 | | I | L1 1 1 | | I | L1011 ar’Xiv: I |07.0975
200 300 400 500 600 700 800 BOUM 1000
H
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FCNC and DM constraints

K. Agashe, N.G. Deshpande, G.-H. Wu
FCNC L. A. J. Buras, A. Poschenrieder, M. Spranger, A. Weiler

KK modes will give contributions to FCNC processes . From b— sy

/R > 600 GeV

Cosmology (DM)
Belanger, Kakizaki, Pukhov

The evaluation of the LKP relic abundance depends on the spectrum details and on the
number of KK levels included in the calculation (eg level 2 resonances, level 2 particles in
the final state, etc) Electroweak symmetry breaking effects are also important.

Matsumoto, Senami '05; Kong, Matchev '05
Brunel, Kribs '05; Belanger, Kakizaki, Pukhov '"10

WMAP imposes a bound from above to DM scale: if DM were heavier it would lead to
the Universe having a measurable positive curvature

/R < |.6TeV
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The role of the 2™ level of KK excitation

Processes important for calculating DM relic abundance. ..

Self-annihilation Co-annihilation
~(1) v SM o A1) e~
(2) e(1)
H;I:/_ -+ e(l)
(1) Y (1)
NEY NORIVE c
v f ke t 7 7(2)
B_ii@) o(2)
(1) ;o
/
/
£ (1) b (1) €

b]
~
l—l
h—
-ﬁl
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The role of the 2™ level of KK

excitation

280 |
260 |
240 |
— :
S o ; -
o _ . i
S - *" |
= 200 ’ —
r
= - ' -
L ]
80 - Ww/oFSlevel 2 . w/ FS level 2 7
- ' ]
[
B ! ]
160 — ' ]
- [ § —
- r _
— ' —
140 ' —
- AR =20 WMAP WMAP B
—————— _. — I I — I I I _—
120 ] | | | | | ] _r | i | ] T | ] T | II_ | ] | | ] ] |
400 600 800 1000 1200 1400 1600 1800
—1 Belanger et. al. 2010
R (Gev)  [Belong ]
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The role of the Higgs searches in constraining of

the mUED model

— R~ =500 GeV

|3 R~1 = 750 GeV h =y

— R =1000 GeV
— R~ =1250 QeV
12H — R-!=1500 GeV

Using tree-level masses

| Rhy+]

0.9 | | | | | | | 0.9 | | | | | | |

100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450
my, [GeV] mp [GeV]
¢ Production is enchanced AB, Belanger, Brown, Kakizaki, Pukhov '12

¢ Decay is slightly suppressed
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Constraints from the Higgs data

n S H ----<67 +H ----{ivn

G
26 | | | 2.6 | | | | |
24 F qgq — h — |- 9.4 ‘;" 99— h— WW- /77|
22F

. 22|, .

— AR ' =40

Z 20} B 1 720 -
I — — AR '=20 S
5 LR8N ~ = 1.8 -
S 1 ¢ 16 ]
] 1_1 ]
- Lee T -
1.0 L | | | | | — 1.0 | | | | T [
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
R [GeV] R~ [GeV]
¢ Production is enchanced AB, Belanger, Brown, Kakizaki, Pukhov '12

¢ Decay is slightly suppressed
¢ Overall, the 66->H->yy is enhanced
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Constraints from the Higgs data

1600

1400

1200

1000

R [GeV]

S00
600

400
114 116 118 120 122 124 126 128 130

mp [GeV]

Same channels (yyand WW) from CMS/ATLAS are combined
R-1<500 is excluded at 95% CL

-
~
¢ overall, the 66->H->yy is enhanced
¢ Narrow window around 125 GeV is left

AB, Belanger, Brown, Kakizaki, Pukhov '12
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The Status of MUED (with LHC@7 TeV Higgs data)

3 2000

E 1800 WMAFP exciuded

E 1600
1400
1200
1000

|

800 |

;
2
g |
-

Higgs

o ———

400 E LHG Higgs pxclppiop @TTeV@sM" | | |
00 120 740 160 180 200 220 240 260 280 300

AB, Belanger, Brown, Kakizaki, Pukhov '12 HH fGEw
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Data Fit with MUED vs SM

1600

700 . | T | T
| | | | | ; | ls=7TeV,L<51f" (s=8TeV,L<196f"
i ‘mo Combined
- ATLAS Preliminary ™= 125 GeV T v1a| VIS Preliminary m, = 1257 GeV
600 W.ZH - bb ; H— bb (VH tag)| p,, =094 -|-|—
(5=7TeV: | Ldt=47 fb_" ! E H - bb (ttH tag) =
Vs=8TeV: |Ldt=13fb" i
— H 11T 1— vy (untagged)
- 2 v | | :
500 C:) By ltjt ;‘;Lb. — H— vy (VBF tag)
:[?\3‘ |;|—>V\J|'W _}.Mv H— vy (VH tag)
| f;_: V5= 8TeV: |Ldt= 1310 .E_._ H— WW (0/1 jet)
400 j H — { ; — WW (VBF tag) e
[ =7TeV:|Ldt=481" [ —
N}( % -8 TeV: |Ldz TSfb 41— WW (VH tag) | '
| = H%ZZ 'S4 i H— 11 (01 jet) ——
300 [ E=7TeV: |Lat= 46fb_| ——
U :Ed Ys=8TeV: |Ldt=131b i H— 1t (VBF tag) i
Combined w=1.35+0.24 , H— 7t (VH tag)
{5-7TeV: |Ldt-46-487" | H— 77 (0/1 t)
2 00 {5 =8TeV: |Ldt=13 10" :
o | | | | | I | H % ZZ ( etS) | | ‘ | | ‘ | | ‘ | |
-1 0 +1 -4 -2 0 2 4
100 Signal strength (u) Best fit o/0,
—t==
) ’ ] ] ] ] |
200 / 400 600 800 1000 1200 1400
—1(GeV)

SM  MUED
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Data Fit with MUED vs SM

600

There is no hint on MUED from
the Higgs data ... 1
The fit of the SM if perfect :-(

Excluded at 95% CL

0
200 / 400 600 800 1000 1200 1400 1600

R=Y(GeV)
SM MUED
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Data Fit with MUED vs SM

600

There is no hint on MUED from
the Higgs data ... -
The fit of the SM if perfect :-(
But SM does not predict DM!

Excluded at 95% CL

0
200 / 400 600 800 1000 1200 1400 1600

R=Y(GeV)
SM MUED
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Data Fit with MUED vs SM

600

There is no hint on MUED from
the Higgs data ... -
The fit of the SM if perfect :-(
But SM does not predict DM!
The fit of MUED is good as well .

Excluded at 95% CL

0
200 / 400 600 800 1000 1200 1400 1600

R=Y(GeV)
SM MUED
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mUED: the mass spectrum defines dominant decay
G pattern to leptonsl!

e > 4
R-1 =800 GeV | W mum
myg = 120 GeV '
w< n
(1)
mmm quarks
—--p---- 1% < BR < 10% mmm scalar bosons
P[l} —»— 0.05% < BR < 1% mmm faluge bosons
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mUED: the mass spectrum defines dominant decay
G
. pattern to leptons!!|

(1)

=

(1)
41 o
. >
R =800 GeV | W mm— Ve
mpy = 120 GeV g
Yo
4= =
(1)
mmm quarks
e 1 0% < BR < 100% — 1men5>
---p---- 1% < BR < 10% mmm scalar bosons
P (LKP) —>— 0.05% <BR < 1% mm cauge bosons

Can SUSY have this pattern?! Mgw > My > My oy, Mzay > Mjay > Mo
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mUED collider phenomenology with leptons

o (fh)

Tﬂ_ ||||||||||||||||||||.|‘x||||.-\ii'-||||||
400 600 800 71000 1200 1400 1600 1800 2000
R'(GeV)

G (fb)

AB, Brown, Moreno, Papineau'12

107

pp — q{ﬂq{ﬂ + G{i}¢"ﬂ + GH’IG”’I

10 s
14 TeV

10 _ 8Tev

10 7 TeV

10

10

10

o
.
P B N I T

400 600 800 1000 1200 1400 1600 71800 2000
R'(GeV)

Q! Q! production rate is the highest
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mUED collider phenomenology with leptons

Lep‘l‘on mu|1'ip|ici'|'y: AB, Brown, Moreno, Papineau'12
Signal vs BG before (left) and after(right) selection cuts
g MUED Signal vs Background @LHC, /s = 8 TeV mUED Signal vs Background @LHC, s =8 TeV
":!.'.:10 2 B B B B IR LR v,:amg S LI BUNLNLELITS yurmi i ey R
E 10° background] ::“ 35 MUED: R"=800 GeV
i 104 signal & 10 3 A=20(solid),40({dashed) 3
® E ® ° ;
@ 10° : @ 10% 3
c c E
[ 2 3 @ C
g 10 § 310k ]
3 10 5
a.. - b _
1 o 1¢E E
g -7 Q 8 ]
£ 10 § af ]
= .2 > 10 E E
2 1‘0 -25 ]
Tﬂ -3 et Tt e o 4% St ol e Vst T et Tt e et et e s o P e vt e, I I 1ﬂ l . I R
1 2 32 4 5 6 7 8 1 2 3 4 5 6 7 8
Number of leptons Number of leptons

Pf > 20 GeV, Pf(all) > 10 GeV, |n,
sz — M) > 10CeV

Pr > 50 GeV Selection
PR < 100GeV; PP <70GeV:  Pr* < 50GeV cuts
Mo > R7'/5 Mg =Pr+3,, Pr

<25, ARy = \/a\@gj + A2 > 0.5
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mUED collider phenomenology with leptons

AB, Brown, Moreno, Papineau'12

Cut on the maximum P_ of the lepton is important!

mUED Signal vs Background @LHC, Vs =8 TeV

10 2 . mUED Signal vs Background @LHC, s =8 TeV
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a mUED: R"'=800 GeV - o 10 3 —_ mUED: R"'=800 GeV

® ] N A=20(solid),40(dashed)

N mUED: R"'=1200 GeV ® :

10 — — 2|

(3 A=20fsoﬁd),40|’dashed)§ % 10 _ 3
Te) R

B ® 10 £ §
g 5|

g 1 — A, -

D C Le}] 1 = =
- - Q :

G B g -T B

b | 10 E 5
D - < 2

O 1 E

E .10 1 L1 | | N Y O | | T Y | | | N T | | | Y | | | O | | 1 T | | I N | | Y TN | | | N Y | 10 '2 B | | | | | |

: | L1 1 1 L1 1 | - | | 1 1 1
< 0 25 50 75 100 125 150 175 200 225 250 1 2 3 4

5 6 7 8

P1(GeV) Number of leptons

3-lepton signature has the highest significance
in comparison with 4-lepton signature
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mUED collider phenomenology with leptons

AB, Brown, Moreno, Papineau'12

LHC @ 8 TeV: MUED reach for 3-lepton signatu 45 LHC@14TeV: mUED reach for 3-lepton signature
: : .
40 -#-f° T D e e
- g 9scL | \,1\‘, | | - g 95%CL | . |
= 4 il 1 l.\ B P \i
30 {=-=iif i1 30 == JOMO e
e 10 107 NIRER \ —.—e 30167 \ .f
25 i - T 1 i i 25 00 f T e A e
- 1 il \ C | N
20 ¢ i i ) 20 e \\ -------------------
- ' (N \ i i - i s |
: ; g \ . . : éprellmlpary
10 . - g T L St S
5 - 1 | | 11 1 | | i | | | | 1 5 L | | | | | | | | \ | | \ |
600 800 1000 1200 1400 1600 1000 1200 1400 1600 1800

R7(GeV R (GeV)
¢ Small mass gap (as compared to MSSM) - much lower missing PT
Quite a few PHENO papers, but there are no experimental limits!l!
the projected limit from this study: R! > 1.2—1.3 TeV
¢ 3-lepton signature - is very promising:
LHC@14 will eventually discover or close MUED!
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Constraints from di-lepton searches

Edelhauser,Flacke,Kramer, '13

¢ production

¢ decay

Q(Z)

¢ Lower bounds
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Kakuda,Nishiwaki,
Oda,Watanabe, '13

Vacuum stability bounds

mUED
50 Tz,rz:

4 5¢

y : T*/(ZyxZ'5)
= 351
- :
= 3.0t
- -
Y
20}

Mgk (GeV)

Model || mUED | T2/Zy | T2/ (Za x Z5) | T2]Zs | 8% | §%2/Zy | RP? | PS
A 5.0 2.5 2.9 3.4 2.3 3.2 2.3 1.9
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6D VED
(Dark Matter in a twisted bottle)

Arbey,Cacciapaglia,Deandrea,Kubik'12

Spectrum of the SM
— + + o

X k+A (1,0) & (0,1) (1,1) (2,0) & (0,2)| (2,1) & (1,2)
PrK = (=1) m=1 s 141 ) B 204

Gauge bosons
G A ZW v v

Gauge scalars '
G A Z W

Higgs boson(s) v

Fermions v v (X 2)

\

DM candidate here!

Alexander Belyaev  NE& “Exploring Universal Extra Dimensions at the LHC”



6D UED DM bounds

Arbey,Cacciapaglia,Deandrea,Kubik'12

Asymmetric
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———————— DM relic abundance bounds

Symmetric

two tiers contribute to the relic abundance!

Rs = Re

on bounds
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6D UED LHC bOUﬂdS Eﬁic&?ﬁﬁgﬂihiesgﬁffim

“composition " of signal signatures MHT-HT analysis plane
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Exclusion limit: M >600-700 GeV UM, /H - M
Almost all parame‘rer space is
excluded
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Conclusions

¢ UED are limited from above by DM relic abundance and from
below by the LHC searches
LHC and DM search experiments provide an important test:
LHC@14 TeV will discover or exclude the complete parameter
space for 5 & 6D UED (no boundary localised terms).

¢ There are still no dedicated experimental searches for MUED
signals which could be in datal It is time to check them!
3-lepton signal is very promising for MUED at the LHC.

¢ Consistent MUED with EWSB and loop-corrections is
implemented into LanHEP and publicly available at HEPMDB
[CalcHEP and UFO(Madgraph5) formats are available].
It is ready to be used by experimentalists and theorists!
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mUED collider phenomenology with leptons

AB, Brown, Moreno, Papineau'12

o - o
o4 MUED @LHC: R™ = 800 GeV, \s =8 TeV o 6. SM backgrounds @LHC, s = 8 TeV
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Signal vs BG in lepton multiplicity
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Backup slides

G

R~ = 1500 GeV
myg = 125 GeV

(1)
q1 @
=y
Lo
_‘*
D)
mmm quarks

cee---- 1% < BR < 10% mmm scalar bosons
——» — 0.05% < BR < 1% mmm gauge bosons
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MQED: Direct DM detection rates

CDMS E F CDMS
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Figure 5: Rescaled LKP-nucleon cross section on Ge™ vs mpgp for mp, = 120 GeV,

AR = 20 and 2 sets of quark coefficients ( (o,x.00) = (56 MeV, 35 MeV) (dash) or
(47 MeV, 42.9 MeV) (dot) ) and for different values of the mass splitting between the
KK singlet d-quarks and the LKP mncluding the MUED case (left panel). The MUED
results for my = 220 GeV are also shown. In each line the region between the blobs 1s
consistent with the 30 WMAP range. Rescaled LKP-nucleon cross section on Ge™ vs my,
for R~! = 1300 GeV, AR = 20 (right). In each line the region left of the blob is consistent
with the 36 WMAP range.

Alexander Belyacy ~ NE& “Exploring Universal Extra Dimensions at the LHC” o7



The spectrum

Because of the loop-corrections, the B and W*®do not mix with the
Weinberg angle

Consequently, the mass eigenstates are not the KK photon or KK Z-
boson. We call them P™and Q™).

There is a tree-level H*) pW) p(m) yertex.

Associated with the KK vectors A('”]i the Goldstone bosons are
combinations of the fifth componen’rs A and the Higgses x ™

Finally, there are two KK fermions per SM one, and they mix with
angles related to the Z; .
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The spectrum

Spin | Name Particle Mass

1 Gluon Gm Mgy = 26 Fo
P boson p™) mf;.{n}
(Q boson Q™ mé(ﬂ}
W boson WE®) My oy = Zw Br + My

1/2 | Neutrinos W W.(n) P
Charged leptons 1 | e{™, p{™, 7™ Me 1(n), My 1(n), Mr 1(n)
Charged leptons 2 eg”'}, ,ué“}, 'rz{“} Me9(n)s My 2(n)s M 2(n)
Up—quaIkS 1 ugn}: Cgﬂ}: t{iﬂ} My ]{ﬂ}:! me l{ﬂ-}; my l{ﬂ}
Up-quarks 2 uSeE, 1 my 2(n)s Me2(n)s Mt 2(n)
Down-quarks 1 det s\ | my 1(n)s Mg 1(n)s M 1(n)
ann—quarks % dén},, Sgn}, bgﬂ} Mg 2(n)s Mg2(n)s Mhb2(n)

0 Higgs scalar h(™) mi{n] — Z,qf.;—z2 g
neutral scalar ag“} miﬂ(nj =Zyg |5+ % (g—lg +
charged scalar a'f} mi{n} = g—:’ ZW%; L JM%;]
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