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Outline

* Why do we need “Beyond the Standard Model” (BSM) theories ?

* BSM theories on the market : their predictions/particles
* SuperSYmetry, Extra-dimensions, compositness, ...




Why do we need BSM theories ?

2 reasons (among others) that drive searches at LHC ?




Dark matter

* Astrophysical observations in contradiction w/ the theories
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* Cluster of galaxies: ~~~~.__Prediction
- Same velocity issue o
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Naturalness

*+ Higgs mass modified by guantum corrections
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» Als Iarge (up to Planck scale to include the gravity ?)
@ No ultra precise cancellation of terms (- fine tuning)
- Large m




Naturalness

*+ Higgs mass modified by guantum corrections

2 2 2
= m (2m
hsm 0 ! 2,2 W
16m=vg,,
A: scale of new physic
+ If:

a AIS Iarge (up to Planck scale to include the

gravity ?)

@ No ultra precise cancellation of terms (- fine tuning)

- Large m

» Observation : m ~125GeV - light !

Not natural !




Solving naturalness issue

+ Main ideas to solve the naturalness issue:

@ No ultra precise cancellation of terms (- fine tuning)
@ A can be large (up to Planck scale to include the gravity ?)

* New symmetry ---”---O---”—--

- Each correction balanced by another (new) one !
- Protects m, o4k

-—— -

— supersymmetry




Solving naturalness issue

+ Main ideas to solve the naturalness issue:

@ No ultra precise cancellation of terms (- fine tuning)
@ A can be large (up to Planck scale to include the gravity ?)

* New symmetry

* New spatial dimensions
- Bring the Planck scale to lower value

- A Is small




Solving naturalness issue

+ Main ideas to solve the naturalness issue:

@ No ultra precise cancellation of terms (- fine tuning)
@ A can be large (up to Planck scale to include the gravity ?)

* New symmetry
* New spatial dimensions

» Higgs boson is not the SM one
- Higgs is a composite particle at scale A

— naturalness issue disappears
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Solving naturalness issue

+ Main ideas to solve the naturalness issue:

@ No ultra precise cancellation of terms (- fine tuning)
@ A can be large (up to Planck scale to include the gravity ?)

~
* New symmetry

* New spatial dimensions

* Higgs boson is not the SM one |

> Have to appear at the TeV scale
to be efficient
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Supersymmetry
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Supersymmetry

*+ Add new symmetry: fermion < bos
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Supersymmetry

+ Add new symmetry: fermion < boson
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Supersymmetry O AR

+ Add new symmetry: fermion < boson
— cancellation of radiative corrections

EOE 8 OO6 &
00§ 000

Extended Higgs sector
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Supersymmetry O AR

+ Add new symmetry: fermion < boson
— cancellation of radlatlve correctlons

BEE 8 OO
D00 1 OO

+ Add a pinch of mixing
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Supersymmetry Q £y

+ Add new symmetry: fermion < boson

— cancellation of radiative corrections
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+ Add a pinch of mixing
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Supersymmetry O 4y

+ Add new symmetry: fermion < boson _ . _
— cancellation of radiative corrections

EEE) 8
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+ Add a pinch of mixing




Supersymmetry: R-parity

* R=(-1)-3B+2 L/B: leptonic/baryonic number, J:spin
» +1 for SM particles
@ -1 for SuSy particles

* R-parity:
@ Assumed prefect or weakly violated (to preserve proton lifetime)
@ SuSy particle produced by pair

SM, R=1

SuSy, R=-1
SM /
\ R=1

SM, R=1 SUSYy, R=-1
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Supersymmetry: R-parity

* R=(-1)-3B+2 L/B: leptonic/baryonic number, J:spin
» +1 for SM particles
@ -1 for SuSy particles

* R-parity:
@ Assumed prefect or weakly violated (to preserve proton lifetime)

@ SuSy particle produced by pair
@ Lightest SuSy particle (LSP) Iis stable — Dark matter candidate

SM, R=1

SuSy, R=-1 SuSy, R=-1
SM /
R=1 SuSy, R=-1
\ '
SM. R=1 SuSy, R=-1 \




Breaking SuSy

* Super-partners not yet observed — heavier than SM partners

*+ SuSy has to be broken

@ Unknown mechanism
@ |ntroduces many free parameters

- Phenomenological assumptions to express results
(MSUGRA, MSSM, nMSSM, pMSSM, ...)
or
- Simplified models:
« branching ratio=100%
« decouple other sparticles
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A rich phenomenology

* A simple example

2 b + missing energy

300

CMS Preliminary, 19.4 fb!, ys = 8 TeV

pp — bbb—b i? NLO+NLL exclusion
= Observed+ 1c
== Expected* 1¢

theory

experiment
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-
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95% CL upper limit on cross section (pb)




A rich phenomenology

* A more complex one
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A rich phenomenology

t1, production, t— b f P 7 /T—ci /t—> Wb /1—t %

* A more Complex One _ 1I1I | | 1I | 1I I1 | I‘I I1 L ! I1I I1I 1T 1T 1 1T 1T 1
S’ 450 I | | I | T
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A rich phenomenology

J

* A more complex one
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A rich phenomenology

+ A more complex one
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SuSy : summary

+ Addresses naturalness & dark matter
*+ Very rich phenomenology

* Alot of free parameters
— Difficult to “kill”

— Baptiste's talk
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SuSy : summary

+ Addresses naturalness & dark matter
* Very rich phenomenology

* Alot of free parameters
- Difficult to “kill”

— Baptiste's talk
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Extra-dimensions

Nice ref: M. Besancon, Moriond EW 2010
Models & signatures of extra dimensions at the LHC
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Kaluza—Kleln excitations

» Add a space-dimension (y)

T y
Flat (ie factorisable): dSzngdX“dX"
u,v=0,1,2,3,..D Our 4-d world
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Kaluza—Kleln excitations

"+ Add a space-dimension (y) Corypactification I

T y @
Flat (ie factorisable): dSzngdX“dXV

M,VZO, 11 21 3a D Our 4-d World OUI’ 4'd WOf/d
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Kaluza—Kleln excitations

"+ Add a space-dimension (y) Corypactification I

T y @
"R
Flat (ie factorisable): dszzgwdx-“dxv

M,VZO, 11 21 3a D Our 4-d World OUI’ 4'd WOf/d

Fourier mode expansion
D(x,y)=%, PH(x)e"R

|

Kaluza—Klein (KK) excitations
m *=m_*+k*/R?
+ Assume some fields can propagate along y
@ Momentum in new dimensions < mass 4-D (Kaluza—Klein resonance)
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Kaluza—Kleln excitations

"+ Add a space-dimension (y) Compactification

T y
Flat (ie factorisable): dszzgwdxudxv
M,VZO, 11 21 31 ...D Our 4-d World OUI’ 4'd WOf/d

Ay

Fourier mode expansion
D(X,y)=%, PH(x)e"R

|

Kaluza—Klein (KK) excitations
m *=m_*+k*/R?

Warped: ds?=ay) (guvdx“dXV) + dy?
u,v=0,1, 2, 3

‘Our 4-d Woflq

+ Assume some fields can propagate along y
@ Momentum in new dimensions < mass 4-D (Kaluza—Klein resonance)
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Adding extradimensions...

A lot of room to play...

Topology
ADD Flat
mUED Flat
RS1 Warped

Bulk RS Warped

N extradim

Propagating fields
Graviton
V, fermions
Graviton
Everything apart Higgs

34



ADD (Arkani-Hamed, Dimopoulos and Dvali)

* n compactified flat extra-dimensions @

* Only grativity propagates in the bulk
@ Dilution of the gravity

2 2+n pn
Mp;~ ~ Mp“™R
Planck mass in 4+nDT T—d Planck mass in 4D

Our 4-d world

» It M_=1TeV (to address the hierarchy problem):
» n=1 > R=10*kKm
» n=2 - R=1lmm
* n=3 - R=1nm

@

Gravity probed down to ~0.1mm
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ADD signatures at colliders

* “Large” R — states close to each other (Am~eV) — continuum

107 pp —ee det=19.efb"J§=aTev
T T T T ‘ T T T T | T T T T ‘ T T T T ‘ T T T T E
a + %106 CMEr hed o 1

E o 5 unpublishe * E

+ s-channel | o0’ Wz
KK graviton 510 Bl canapiboson

%1 03 . Jets(data) —%

S, 2 3

w10 —— ADD, A=36TeV 3

q a- 10

1
10"
10°
10

n

w

+ KK graviton in final states T AN U U}
[GeV]
(ee)
% ATILAS ‘ e expectled limit
5 ADD model, 95% CL limit — Zigzgig f;f; ]
E ts=0Tov, [Laot-20at" 5557 obsened imit = o)
; %29 - detected g -
ED
f G — Missing Energy Gamma+MET

Number of Extra Dimensions
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UED

+ Universal Extra-Dimensions

* No gravity included

@ All the SM fields in the bulk Our 4-d world

Assume momentum conservation in the bulk
- KK-parity = (-1)¥
Similar effect than R-parity (pair production of 1 mode, dark matter
candidate)
SM, KK=0 KK=1 SM, R=1
> Kk=2
KK=1 \

<+ KK=1 SM, R=1 KK=1

KK=1 KK=1

B
SM, KK=0
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Randall-Sundrum (RS)

» Warped compacted 5D AY

ds2=e2kRy (ngX“dXV) + dey2 (6€]0,mx], k~MPI)

Warp factor / our 4-d Worl&\\

+ Warp generates vev~O(TeV) on a brane
from Planck scale on another brane .

Planck
e

Oq\————___
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Randall-Sundrum (RS)

» Warped compacted 5D AY

ds2=e2kRy (ngX“dXV) + dey2 (6€]0,mx], k~MPI)

Warp factor / our 4-d Worl&\\

+ Warp generates vev~O(TeV) on a brane
from Planck scale on another brane .

Planck

+ Bulk RS g

@ Higgs localized on/near TeV brane
— Fix hierarchy problem

Oq\————___
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Randall-Sundrum (RS)

» Warped compacted 5D AY

ds2=e2kRy (ngX“dXV) + RZCIy2 (6€]0,mx], I(~I\/IPI)

Warp factor ' our 4-d WOI’/(EI\\

+ Warp generates vev~O(TeV) on a brane
from Planck scale on another brane .

Planck

+ Bulk RS g

@ Higgs localized on/near TeV brane
— Fix hierarchy problem
- 1% and 2™ generations : Planck brane

I
I
I
I
I
I
I
+
0

- 3" generation: TeV brane
- ~large Yukawa - large 3" gen. mass
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Randall-Sundrum (RS)

» Warped compacted 5D AY

ds2=e2kRy (ngX“dXV) + RZCIy2 (6€]0,mx], I(~I\/IPI)

Warp factor ' our 4-d WOI’/(EI\\

+ Warp generates vev~O(TeV) on a brane
from Planck scale on another brane .

Planck

+ Bulk RS g

@ Higgs localized on/near TeV brane
— Fix hierarchy problem
- 1% and 2™ generations : Planck brane

I
I
I
I
I
I
I
+
0

- 3" generation: TeV brane

- ~large Yukawa - large 3" gen. mass
@ Fields in bulk - KK resonances

» Prediction of Vector-like quark (see next slides)
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Extra-dimensions...

Various kinds of models addressing different issues

Topology N Propagating Addresses...
extradim fields
ADD Flat >2 Graviton Naturalness
mUED Flat >1 V, fermions Dark matter
Bulk Warped 1 Everything apart Naturalness
RS Higgs

— Kirill's talk




Compositness
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Compositness

* Assume new Strong sector (QCD-like) at TeV-scale

@ SO(5) - SO(4) + 4 Goldstone bosons (=Higgs doublet)
— Higgs boson is composite (like pion in QCD)

* Consequences:

* Fix naturalness issue
» Lagrangian modified as:

v V2

M2 ho o h2 _ h
,C: ZVVJHQ (1~|—26L— | b ) _m,f,{/)L/{/)R <1~|—C_) + ...
(V)

_ 17& h=1 E c = 1_£ Stolen to A. Pomarol
a@ = 12 - - f2 } 12

(SM a=b=c= 1) \ Scale related to the composite-scale
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Compositness: conseguence

* SM without Higgs Cf Philipp Pigard's talk
M i
W, Wi S No unitarity at high energy
Cx —
’02

+* SM with Higgs: unitarity recovered

WL W. W Wi

+ > -
WL Wr_ WL WL

Figures stolen to A. Pomarol \/E
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Compositness: conseguence

+ If the Higgs is (partially) composite:

partly unitarize!

— Need extra states: \/_
5[;[) IDIDD 15I[}[} EDIDD 25ID[} BDIDD €S
w )
2 TeV
V1 — a?

Figures stolen to A. Pomarol

*+ Also predicts Vector-Like Quarks (VLQ)

46



Vector-Like Quark (VLQ)

* Predicted by many theories
* Extra-dimension, Compositness, Grand Unified Theory, ...

+ Vector-like ?

47



Vector-Like Quark (VLQ)

* Predicted by many theories
* Extra-dimension, Compositness, Grand Unified Theory, ...

+ Vector-like ?

g
(B = 2
K5

@ SM chiral quarks: ONLY left-handed charged currents

(]“Wj +F‘_Wy_) Charged current Lagrangian

= dpytdy = ayt(1-9°)d=V - A

=TT 4R with {ﬁ =0

@ vector-like quarks: BOTH left-handed and right-handed charged currents

JPt =TT 4R = apytdy + agytdg = aytd =V

L. Panizzi
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Vector-Like Quark (VLQ)

* Predicted by many theories
* Extra-dimension, Compositness, Grand Unified Theory, ...

+ Vector-like ?

8 (qutt L H—a— :
Ewﬁ(] Wy +] Wy) Charged current Lagrangian

@ SM chiral quarks: ONLY left-handed charged currents

]f+ = ipytd, = " (1— ) d=V —A

=T TR with L
]R =0

@ vector-like quarks: BOTH left-handed and right-handed charged currents

Jit = I Y = gty 4 agytdg = aytd =V

L. Panizzi

Ly = —Myy Gauge invariant mass term without the Higgs
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VLQ

* VLQ mix with SM quarks

+ ... and interact through Yukawa interactions
* Various incarnation possible:

SM Singlets Doublets Triplets
() ;
uy ey 7t (t) t’ t t t
(d)(s)(b ) (b') (b’)(b’) v b’
4 3
SU(2) 2 and 1 1 2 3
qr. — 1/6
U(l)y flp = 2/3 2/3 -1/3 | 7/6 1/6 -5/6 2/3 -1/3
dp = —1/3
—%ﬂiuh ”%JHLUK — jfu M% fuLuK
Lt _Y2giyi g AP 3 Dy AP g —Ajvdt DR
2 & GEMTR ‘[ V2 L. Panizzi
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Searching for VLQ

» Productlon / decay

101@@@@; :

o(pb)

v 'S'ih'gl'e' -

N\ - palr productlon : . :: St

1

0.0y 2HPEL. N T S|ngIeX5,3

e il

200 400 600

mq,




Searching for VLQ

» Productlon / decay

o(pb)

01 i SPGB L P T

T pa,rpmduct,onz e

B ammxgs

001N T

t!

200 400 600 800

1000

-

m, = 600 GeV
0%5 T

-%%w

=

ATLAS Preliminary
Status: ICHEP 2014

Vs =8 TeV, _[ Ldt=143 & 2030

== = 95% CL exp. excl.

— R

5% GL obg. excl.

[ATLAS-CONF-2013-018]

BR(T — Wb)
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Searching for VLQ

» Productlon / decay

o(pb)

800

oaf singlel TN T

N pa,rpmductlon -

001N T

_Single Xe3

i.f

200 400

600

1000

-

l;

Vs =8 TeV, j Ldt=14382031"

ATLAS Preliminary
Status: ICHEP 2014

=

= = = Ghth CL exp. excl.

—

— Oh%E CL obs. excl.

[ATLAS-CONF-2013-018]

[T ] same-Sign Il [ATLAS-CONF-2013-051]

BR(T — Wb)
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Searching for VLQ

» Productlon / decay

o(pb)

800

oaf singlel TN T

N pa,rpmductlon -

001N T

_Single Xe3

i.f

200 400

600

1000

-

=

i..f
U; N 1

ATLAS Preliminary
Status: ICHEP 2014

Vs = 8 TeV, j Ldt=143&203 "

= = =GRl CL exp. excl.

—

— 5% CGL obs. excl.

[ATLAS-CONF-2013-018]

[T] same-Sign Il [ATLAS-CONF-2013-051)

[ 7otx

[ATLAS-CONF-2014-036]

BR(T — Wb)
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Searching for VLQ

» Productlon / decay

o(pb)

o1 SIGEl  TEN T

N pa,rpmductlon -

__Single Xs;5 |

001N T

i.f

200 400 600

Cf Romain's talk

800 1000

-

| T T T |
0.6 0.8

=
=
(V)
=]
=9

i..f
U; N 1

W+

ATLAS Preliminary
Status: ICHEP 2014

Vs =8 TeV, j Ldt=14.38& 203"

= = = g5% CL exp. excl. m— G5%: CL obs. excl.

[ Hiex [ATLAS-CONF-2013-018]
[ | same-Sign Il [ATLAS-CONF-2013-051)
[ zomex [ATLAS-CONF-2014-036)
|ATLAS-CONF-2013-060]

BR(T — Wb)
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Conclusion
+ Lots of models on the market

Hors—Série
aryemy Beyond S
... trying to address s v ioa

i T
- dark matter >Votre Higgs al'abri!

et (5% LES MEILLEURS
EN TEMPS [

* Of course, | could not present

* many other models
@ many other problems (v mass, ...
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Backup
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Top-quark mass

+ Important parameter of the SM
@ (meta-)stability of the Higgs field ?

Energy of A Larger m -
empty space Our vacuum larger corrections
e
A\
D
>
vev

Exotic vacuum

Top pole mass M, in GeV

180
167
178 -
L. 'Jge“_
e @t el
176 F e gl
I i ’ ' - "']'{}ln.

174 Fe*"
| Meta~stability. * " ||

172 &

170 [EESEE

Stability -

P T | N N T N
120 122 124 126 128 130 132

Higgs pole mass M, in GeV
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