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Supersymmetry has been carefully studied,
however...

BSM has a rich zoology of models!
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LHC results:

So far, it failed to discover signs of New Physics.

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: HCP 2012
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ATLAS SUSY Searches* - 95% CL Lower Limits (Status: HCP 2012
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We went after the “easy catch”...

Le5.8 10", 3 TV [ATLAS-CONF-2012-103)
Le58 10", 3 TeV [ATLAS-CONF-2012-104)
L=5.81b", 8 TeV [ATLAS-CONF-2012-109]
L=5.81b", 8 TeV [ATLAS-CONF-2012-109]
L=12.8 16", 8 TeV [ATLAS-CONF-2012-145]
L=581b", 8 TeV [ATLAS-CONF-2012-105]
L=13.0 10", 8 TeV [ATLAS-CONF-2012-151]
Le5B 10", 3 TeV [ATLAS-CONF-2012-103]
Le128 10", B TeV [ATLAS-CONF-2012-145)
0™, 7 TeV [ATLAS-CONF-2012-106]
Le12.04b", B ToV [ATLAS-CONF-2012-151}
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what about tougher guys?




Search for Supersymmetry:

Susy searches mostly based on energetic jets + MET (missing
transverse momentum.

Classic spectra have enough splitting! (from running or couplings)
= strong bounds!!!

What if the spectra are compressed?



Search for Supersymmetry:

@ What if the spectra are compressed?
® We need to rely on Initial State Radiation to boost the event!

@ The cuts on pT become much more pricey on the signal!



Dark Matter in extra Dimensions:

@ Compressed spectra arise naturally in extra dimensions!

G.C., A.Deandrea, J.Llodra-Perez, 0907.4993

27TR(5

T Rg

T Rs 27 Rs
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symmetry of the space < parity

Loop induced splittings are smaller than typical SUSY,

bulk field « same-spin recurrences and smaller than other UED models (5D, T2/Z2...)



Dark Matter in extra Dimensions:

@ Same topology as Susy, different spins!
@ Small splitting! Searches based on ISR!

@ Distinctive signatures from even fiers...



Dark Matter in extra Dimensions:

B Chain decays
q1,0 (MET)
d1,0
. i
@ Same topology as Susy, different spins! o

y

@ Small splitting! Searches based on ISR!

@ Distinctive signatures from even fiers...




Compressed Susy searches

@ Acceptance of standard SUSY searches are very low!

ATLAS jets+MET searches:
acceptance drops to 1:0.1%

pT leading jet > 120 GeV!!
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Compressed Susy searches

@ Acceptance of standard SUSY searches are very low!

@ Bounds on SUSY masse drop significantly!

M; > 650 GeV

Monojet Search Limits, vs 7 TeV SUSY Search Limits, vas 7 TeV

¥

B CMS Mono, 471!
B ATLAS Mono, 5.01b ' (extrap)

Bm CMS Razor,44M !
B CMS MET, 5.0fb
Bl ATLAS MET, 4.7 fb

CMS a,, 50fb'
) (extrap)

CMS A, 4.7 fb '
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Monojet: 1 high-pT jet + jet-veto! Dreiner et al, 1207.1613



What else can Extra Dimensions do?

A personal list:

@ Provide symmetries (kK parity/Dark Matter)
@ Break gauge symmeitries (Higgsless models)

@ Protect the nggS MASS (Gauge-Higgs unification,
composite Higgs models, Little Higgs models)

® Generate hierarchies (fermion masses)

D ...



Breaking gauge symmetries

Masses depend on boundary conditions!

@ Suitable boundary conditions can generate massive gauge bosons:
O,W'(y=0)=0

No KK parity here!
No Dark Matter!

@ Who plays the role of the Higgs? Massive vector bosons!




Breaking gauge symmetries

Masses depend on boundary conditions!

@ Suitable boundary conditig

0,Wi(y =0) =0 What about the

126 GeV guy?

@ Who plays the role of the Higgs? Massive vector bosons!




Breaking gauge symmetries

Here enters Mr. Radion:

@ Scalar degree of freedom associated with the stabilisation of the
XD size! Its a gravity field!

@ Its couplings are proportional to the masses (like for the Higgs!)

1
LRadion = ? { ‘QA/W+W_ e §m2222 s }

f

@ Reduced tree level couplings to gauge bosons and fermions!

@ Somewhat enhanced loop induced couplings (gluons and photons)!



New kinds of scalars

Vectors contain extra polarisations!

Any = (A P Rt

® A massless scalar appears in the coset space SU(3)/SU(2)xU(1)

o Its an SU(2) doublet! New gauge-Higgs boson?



New kinds of scalars

Vectors contain extra polarisations!

Any = (A P Rt

SU(3)
SU(2) x U(1) SU(2) x U(1)

~ ™~

Fermion localisation
to generate mass hierarchies!

No KK parity here!

No Dark Matter!

A massless scalar appears in the coset space SU(3)/SU(2)xU(1)

Its an SU(2) doublet! New gauge-Higgs boson?

No tree level potential, and loops are finite!

All interactions are gauge (including yukawas)!



New kinds of scalars

An interesting development: Higgs as Dark Matter?!?!
Y.Hosotani, P.Ko, M.Tanaka, 0908.0212

@ As the Higgs is a gauge field, it can be removed from the Action with a
gauge transformation.

@ Thus, the VEV of the field appears in the Boundary Conditions!
(Hosotani Mechanism!)

Loop induced potential: VALER) Al (s (TS 2
g

Coupling to all (massive) particles: gy ~ sin(#H) ~ 1 — #cos(#(H)) h
St (1 h° ...



New kinds of scalars

An interesting development: Higgs as Dark Matter?!?!
Y.Hosotani, P.Ko, M.Tanaka, 0908.0212

@ As the Higgs is a gauge field, it can be removed from the Action with a
gauge transformation.

@ Thus, the VEV of the field appears in the Boundary Conditions!
(Hosotani Mechanism!)

Loop induced potential: A Ltl”
P P V(H) sin(#H) = (H) ;
Coupling to all (massive) particles: gy ~ sin(#H) ~ 1 — #cos(3,-(H)) h
Eoesindl () )h .

@ The Higgs is stable and can play the role of the Dark Matter!

@ Mr. Radion @ 125 GeV?



New kinds of scalars

An interesting development: Higgs as Dark Matter?!?!
Y.Hosotani, P.Ko, M.Tanaka, 0908.0212

@ As the Higgs is a gauge field, it can be removed from the Action with a
gauge transformation.

@ Thus, the VEV of the field appears in the Boundary Conditions!
(Hosotani Mechanism!)

Higgs potential:

— semi-analytic
micrOMEGASs
— WMAP

gauge fields

top quark

50 60
Higgs mass (GeV)

mH = 75 GeV !



Mass hierarchies: composite Higgs

Wave functions can be localised!

uv




Mass hierarchies: composite Higgs

Wave functions can be localised!

\ Higgs
v light
.‘fernﬁons

uv IR

' édugé bosons’

Elementary Camposite
(standard) £ olds
fields

@ Fairly SM-like Higgs
@ Very heavy (»>2-3 TeV) W' and Z’

@ Light top (fermion) partners, O (1 TeV)



Mass hierarchies: composite Higgs

Wave functions can be localised!

Higgs

light
_fermions

uv IR

' édugé bosons’

Impose a custodial symmetry in the bulk to avoid EWPTs and Zbb corrections:

. e ho RN
[:Yuk ~ Ytop tR TI'( hEk) el > y ( t/L bL >

New Vector-Like quark doublet with hypercharge 7/6!



Mass hierarchies: composite Higgs

Wave functions can be localised!

Vector-like quarks (top partners)
are a common prediction of:
- X dimensions
- composite Higgs models
- Little Higgs

Impose a cust ections:

&t hT ho RN
[quk ~ Ytop tR Tr( hz; el ) y < t/L bL )

New Vector-Like quark doublet with hypercharge 7/6!



What is a VL quark?

@ They have a Dirac mass without the Higgs.

Lnass ~ —M (@ZL@DR - &Rwlj)

@ They couple to SM quarks via Yukawa-type interactions.

Lyuk ~ —% (Grr +¥rer) or * (Yrgr + drir)

@ The couplings depend on the representation of SU(2) - few possible
choices!

9

Lade ﬁ 2

41 + 77 (e
45 Wu try"dy, A 9 cos Oy

Vae Z, te v ul + h.c.

A g
- 2cos Oy

47 ry 1
L:doublets s T VR Z,u tR"}/'uUR + h.c.



What is a VL quark?

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: HCP 2012

4" generation : tt'— WbWb ", 7 TeV [1210.5468) 656 Ge¥ t'mass

4" generation : BT, Tsq)— WIWL ", 7 TeV [ATLAS-CONF-2012-130] 670Gev D'(T_ ) mass
New quark b': bD'— Zb+X, m, ", 7 TeV [1204.1265) 400Gev b'mass
Top partner : TT — 1t + A::AL. (dilepton, M_j ", 7 TeV [1209.4186) 483GeV| T mass (m(A ) <100 GeV)
Vector-like quark : CC,m,,, ", 7 TV [ATLAS-CONF-2012-137] 1.12Tev  VLQ mass (charge -1/3, coupling x o = v/m,)
Vector-like quark : NC,m, ", 7 TeV [ATLAS-CONF-2012-137] 1.08Tev VLQ mass (charge 2/3, coupling x ., =vi/m,

New quarks

® Bounds are below the TeV.

@ With few exceptions, 100% BR into a single channel assumed.

CMS Preliminary \s=8TeV,L =9.2fb"

e ers o BR(W1) = 1 - BR(Zb)

—— Theory uncertainty (NLO)
expected 95% CLs Limits
expected = 1o

Spocd=r , Search for mul’rilep’ron signals

800 900
m,, (GeV)




What is a VL quark?

» branchings are never 100% in one channel!

¥ Wb Zt ht
Single, Triplet Y=2/3 50% A A
Doublets, Triplet Y=-1/3 ~ 0% 50% 50%

EQUIVALENCE THEOREM: at large VL masses, BR(Zt) = BR(ht)!!!
» decays into light quarks may not be negligible!

Flavour bounds: however, BRs are NOT proportional fo the mixing
matrices nor to the Yukawa couplings!

Mixing ONLY with top Mixing ONLY with charm




What is a VL quark?

Example: same sign dilepton in b’ decays

Assuming 100% decays into Wt

ss dilepton from W's
b-tagging

Different efficiencies!!!!

Decays in W q
should also be included
in the same search!




What is a VL quark?

Example: same sign dilepton in b’ decays

ss 21 31+ tot

WW) m
WWW) —-
WWWW) | - |WiWt | 713 522 | 12.35
W2Z)
WWZ)
Wh) 2.04 |
WWh)
2z) ZjZj
WZzZ) | ZjZt 036 4.03 | 4390
gz - o5 cor
hh)  hjhj
Whh) —-
WWhh) | htht |- | 395 4.30] 826
Zh)
WZzh) [ Zjht |- | 151 320] 471 |
WWzh) [Ztht |-  [220 4.85] 7.05
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Relevance of Single Production!

Pair production is “model independent”, being dominated by QCD!

Single production: pp — ¢’ + {q, V,H}

pair production

Present bounds

single t’ \ single Xs;3
NG

Couplings proportional to the mixing
i.e. sensitive to the Yukawa couplings!

@ Potential window to size of Yukawa couplings/mixing!
@ Potentially relevant at high masses.

@ It needs to be included in a consistent way (flavour bounds!!!)



The Higgs discovery and BSM

G.C., A.Deandrea, J.Llodra-Perez 0901.0927
G.C., A.Deandrea, G.Drieu La Rochelle, J.B.Flament 1210.8120

@ The KK resonances of W and top contribute to H—=>gg and H —Yyy
loops!

ATLAS data

(pre HCRI2) mKK = 600 GeV

H —
2 o Kes, Kyy % 1/mKK’

@ HZ/




Conclusions:

@ A lot of information is still to
be extracted by the data.

o New ph;(;si'es'may be there: are
we properly looking for it?

o R
L
e




A closer look to Extra Dimensions

D—4
Action for a massless e D | LR AR
scalar in D-dimensions Diee /d L 6M¢ 0 ¢ E : 8J¢ 5)J¢
J=o

o . d4p g
E S 4-dim fields 7 e PuT ¢ (7
onggmﬁcr;cl’rnex’rr;mstce: ¢(x“’ xj) e / (27T)4 St EH : Pk (pﬂ)fk (:CJ)
k

@ D-dim fields correspond to tower of massive 4-dim fields

@ kS are like frequencies of vibrating membrane!

@ Masses and interactions determined by the wave functions f=(z;)!

@ Symmetries of the compact space = global symmeftries of 4-dim fields:
transformation properties of the wave functions!

@ Can such symmeftry stabilise the Dark Matter?



A closer look to Extra Dimensions

The extra space is

like a vibrating membrane,
a drum!

D-dim fields correspond fo tower of massive 4-dim fields

k's are like frequencies of vibrating membrane!

Masses and interactions determined by the wave functions f—(;)!

Symmetries of the compact space = global symmetries of 4-dim fields:
transformation properties of the wave functions!

Can such symmetry stabilise the Dark Matter?



A closer look to Extra Dimensions

Transferring

energy can excite a
vibration.

@ D-dim fields correspond to tower of massive 4-dim fields
@ kS are like frequencies of vibrating membrane!

@ Masses and interactions determined by the wave functions f=(z;)!

@ Symmetries of the compact space = global symmeftries of 4-dim fields:
transformation properties of the wave functions!

@ Can such symmeftry stabilise the Dark Matter?



A closer look to Extra Dimensions

Increasing energy:

more massive mode!

E:mc2!

@ D-dim fields correspond to tower of massive 4-dim fields

@ kS are like frequencies of vibrating membrane!

@ Masses and interactions determined by the wave functions f=(z;)!

@ Symmetries of the compact space = global symmeftries of 4-dim fields:
transformation properties of the wave functions!

@ Can such symmeftry stabilise the Dark Matter?



A closer look to Extra Dimensions

Symmetries

= geometry of
the membrane!

@ D-dim fields correspond to tower of massive 4-dim fields

@ kS are like frequencies of vibrating membrane!

@ Masses and interactions determined by the wave functions f=(z;)!

@ Symmetries of the compact space = global symmeftries of 4-dim fields:
transformation properties of the wave functions!

@ Can such symmeftry stabilise the Dark Matter?



