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Questions from the first lecture?

@ It is a profound phenomenon in nature that the
gauge symmetry SU(2)xU(1) is spontaneously broken.
— Why does this happen?

@ What does explanation look like for hierarchy
problem? —2 Are there any new particles, forces or
dimensions in nature?

@ Anomalies: we face significant experimental issues
which guaranteed to be beyond the Standard Model.
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Exotica

Searches for new physics phenomenology and questions

GUTs
hidden sector
simple DM
axion
w /2’
top partner
heavy Vg, V’

Higgs+...
2HDM...

extra dim

composite/

Altan Cakir | Beyond the Standard Model | | DESY Summer School Lectures 2013 | 14.08.2013 | Page 3



Where are we?

o All these questions - the weak/Higgs mass scale and “naturalness”

ONew physics appears near electro-weak scale (fix divergences)
O New physics modifies couplings: GUT at the electro-weak scale

O Gravity is strong in ND, weak in 4D; e.g. MPl (5D) ~ TeV ?
O Extra groups: Occur naturally in GUT scale theories
O

O More generations? New/excited fermions
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Where are we?

o All these questions - the weak/Higgs mass scale and “naturalness”

ONew physics appears near electro-weak scale (fix divergences)
O New physics modifies couplings: GUT at the electro-weak scale

Supersymmetry

O Gravity is strong in ND, weak in 4D; e.g. MPl (5D) ~ TeV ?

Extra Dimensions

O Extra groups: Occur naturally in GUT scale theories

Extra Gauge groups: Z', W’

O

O More generations? New/excited fermions

Compositeness
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Topological signals vs BSM models?

1jet+ MET
jets + MET
1 lepton + MET

m Many extensions of the SM have been
developed over the past decades

Supersymmetry AN Same-sign di-lepton
. . N —3 ,

Extra-Dimensions e~ M Dilepton resonance

\\‘gﬁfﬁ/ﬁ Diphoton resonance

Diphoton + MET
Multileptons

Lepton-jet resonance
Lepton-photon resonance
Gamma-jet resonance
Diboson resonance
Z+MET

W/Z+Gamma resonance
Top-antitop resonance

Technicolor(s) N,é’/ﬂ,

Little Higgs S
[ggs Q\\?/\\\\\\\\\

/’

N

GUT \
Hidden VaIIe

Leptoquarks ‘\\‘

Compositeness /'

4™ generation (t', b')
LRSM, heavy neutrino
etc...

Slow-moving particles
Long-lived particles
Top-antitop production
Lepton-Jets
Microscopic blackholes
Dijet resonance

etc...

Topological presentation requires jumping between very different models
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Remember!

€ g 10" | Planck-Scale .
ol 113 ”
53 10| GUT-Scale Solution “Supersymmetry
Symmetry between Bosons and Fermions
‘New.Phys_ic"s
e Boson
10°| EW-Scale ,
6mH essssssssssssnsssunsunsssiss ettt sessssnsssssasanasasssnses s MP'
Ef?)(l)glv (?S Fermion """"""
& ;
< 2
- 0 -18 6mH ............................ [I—— fessssssssssssssssssssssssss gy — MPI
& 0 Solar system
GeV] gravity
e

The Standard Model of elementary particle physics
gives no explanation for this hierarchy

X
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Extra Dimensions

£8 10| Planck-Scale”” Solution “Extra Dimensi
@ | 1 1
%% 1018 “GUT-Scdle olution "eXtra vimensions
g Existence of large, extra,
. compactified space-dimensions ...
New Physics
“Terra incognita”
Fundamental scale in 4+& dimensions: Mp
10° | EW-Scale Then:
2
Mp = (Volume)s Mp2+°
grr]\%vcns Gravitation exists in all D=1+3+0
@§ dimensions.
5% -18
9 10 Solar system
gravity
[GeV]

The Standard Model of elementary particle physics
gives no explanation for this hierarchy
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Extra Dimensions

l‘ / r \
Gaul3’ Law:
}[ FodS ~ M
= FG S ~M
ik Fo~ M/S
S: n-dim. Surface
[2-dim.: S=4mr?]
& _J
3-dim. B
— mM 1
F(r)=Ga~— 53 x5
L J
5 (n+8-im. ] )
F=Gmymy/r B i mM !
Lines of force F(r) = G(34) 24n & 2

This theory requires that the fields of the Standard Model are confined to a four-dimensional
membrane, while gravity propagates in several additional spatial dimensions that are large

compared to the Planck scale.
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Gravitational Force 4D

Gravitational force
in a 4-dimensional world

/ r=R

—1
o

1
1
1
1
\
1
\
1
1
1
1

Gravitational Force
[arbitrary units]
2
|

Newton’s
Gravitational Law

/

"l A
T L

0' 0.5 1 15 ©R
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Extra Dimensions

r» R:

( R
f FodS = / f Frnd7dL ~ mM
0

M
= FG ~ m

‘ 4-dim. ' T2R Y,

A L R: size of the dimensionj
F(r)= R 2 x5
3n-dim. y SM interactions tested up tor ~ 108 m

G | But gravity ...
r « RZ (3) only tested down to about 0.1 mm ...
mM 1 '
F(T) - G(3+n) 24n X 24n NO Conﬂl(‘:t , : .
r r if only gravity ‘lives’ in extra dimensions
3+n-dim.
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Hierarchy Problem?

gczyvarzschild \C/:\/%Teﬁ)é?mgm
4
The real Planck Scale: ;. _CaMn _ _h
i.e. energy scale at which gravity gets ‘strong’ : 2 Mppc §
% 7
) o FLC 19 h(’

Gravitational constant

AY4
J

c2nC;'(3+n) C2n]\/'[g+2 True

he)nt1 he n+1
Mg = TH_d ( ) = G(3+n) = ( )
Planck Scale: Mg

— — 24n pn

R,n large => Ms small

0.
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Hierarchy Problem

Extra Dimensions may solve Hierarchy problem
If size of the compactified dimensions is large enough

2
M3 ~ MZT"R" ( B (Mp1>"

Observed / Size of

Planck scale Extra Dimensions
True

Planck scale

Gravity becomes strong at small distances
|.e. for distances of the order of the size of the extra dimensions

But: Only gravity should live inside the Extra Dimensions
as distance laws for other SM interactions are much better known
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New Dimensions

= Removes the hierarchy problem
=~ Consider 4+n dimensional space time

o Gravity propagates in all dimensions
o Appears weak in 4D space-time
o Gravity becomes strong at short distances

v’ expect
o Effects of virtual graviton interactions
o Kaluza-Klein excitations of graviton

ADD  Arkani-Hamed, Dimopoulos, Dvali, PL B429 (1998)

— n dimensions, compactified over multidim torus of radius R
- M3 ~ MST"R"

RS Randall and Sundrum, PRL 83, 3370 (1999)

— one warped dimension
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Extra Dimensions &> ADD and RS

« virtual gravitons modify production of sm particles
— enhanced production at high mass

 graviton production
— KK excitations = resonances
— graviton unobserved = missing momentum

e example: yy mass spectrum
— ADD Mp > 2.6...3.9 TeV
=~ [ Total Background

e forn=7..3
10" I "I Reducible Background

— RS m(ggs) > 1.0 ...2.1TeV ef | oo

syst @ stat (reducible)

10°

ATLAS Preliminary j Ldt=4.91f"

102 = Ns=7TeV

Events/bin

10
- —e-2011 data

—_

— SF [ RS, &M, =0.1,m =15TeV
 for k/Mpl = 0.01 ...0.1 10 EDADD,GRW,MS:Z.STeV
@ : ]
% ; :
8
E 2 : : : P :
2 200 300 400 1000 2000 3000
m,, [GeV]
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Black Holes

* Black Holes are a direct prediction of Einstein’s general theory on relativity

* If Planck scale ~TeV region, expect Quantum Black Hole production

. . . . M 1
* Using Gauss’s law with n extra dimensions  V(r) ~ ——5—
MpT2 et
* For small extra dimension of size R V) M 1

My+?Rrr

* Relation between planck scale in 4D and 4+nD M) ~ My R"

* Schwarzschild radius is the radius in which a confined mass would become a

1 " T
black hole oL (Mpn\T 8T (242) \
VTM, \ M, n+ 2

— Mpi =101 GeV in 4D implies rh << 103> m

— My =TeVin 4+n D implies r, ~ 10 m

 Occasionally protons with parton center of mass energy Mgy = V3
could collide at a distance smaller than ry,

* such collisions satisfy the black hole definition but with tiny mass
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Production and Decay of Black Holes

= Formation: semi-classical argument M, =M. R Moo >> M
= Partons with impact parameter less BH D
than Schwarzchild radius R (Vs) Parton i

area~nRg" ~1TeV >~ 10> m” ~ 100 pb
Production rate of ~0.1 Hz at L = 103**cm=2s!

= Hawking evaporation with lifetime

1~10%7 sec
BH—> (qandg:leptons:ZandW:vandG: H : vy ) .
=(72% : 1M1% : 8% : 6% :2%:1%)

= Experimental signatures
= High multiplicity events

Q T T T T I T T T T I T T T T I T I‘%
|| HadronS:LeptOHS n 5: 1 § 10° — pp — QCD (P> 600 GeV) _:
= Spherical events £ - SUSY e

o 2 — 5TeVBH(n=6) :
= Large missing PT 10° —— 5TeVBH@-2) -

s Could be discovered with
1 fb7tif My < 5 TeV! 1

L

3000
Missing P; (GeV)
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Searches for Black Holes at the LHC

* Analysis strategy: events with large transverse energy, multiple high- energy jets,
leptons, and photons

* Main Standard Model background: QCD multijet production
* Discrimination variable: visible transverse energy
— scalar sum of ET for identified physics objects and MET
* Estimate background shape from low multiplicity events
> E -1 > = -1 > E -1
3 L CMS s =7 TeV, 4.7 fb b) & CMS (s =7TeV, 4.7 fb e & CMS (s =7TeV, 4.7 fb f)
S10°E [ Mutiplicity, N = 3 ol0'e Muttiplicity, N=7 | o Multiplicity, N = 8
= - ® Observed % Photon+Jets = e Observed 91 0= ® Observed
51 0°E — Background =¥tvb;‘#ets E 5 — Background E; - — Background
c Uncertainty Z+Jets %1 07 Uncertainty s I Uncertainty
Dotk e Mp=15TeV,M"=45TeV,n=6| @& [ - My=15TeV,MT"=45TeV,n=6/ @ | - Mp = 1.5 TeV, M = 4.5 TeV, n = 6
SR N Mp =2.0 TeV, M™" = 4.0 TeV, n = 4 e My=20TeV,M™=40TeV,n=4/ 1OF .. My = 2.0 TeV, M™" = 4.0 TeV, n = 4
100 e e Mp=25TeV,M™=35TeV,n=2 1O E% ... Mp=25TeV,M™=35TeV,n=2 [&4e - Mp = 2.5 TeV, M™" = 3.5 TeV, n = 2
2 10 . RN
10 10 3 Lo : = £
T L TN e 1
I | ‘ IENERRN] 11 V--ivi;:i : | I I - ‘ L1 111 ‘ L1 | 1 I - ‘ | ;'?-; I | : | I | ‘ I - L1 1 | ‘ - ;'; ; L1 1 I \ .....
1500 2000 2500 3000 3500 4000 4500 2000 2500 3000 3500 4000 4500 2000 2500 3000 3500 4000 4500
S, (GeV) S, (GeV) S, (GeV)
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Multijet events as Black Holes

CMS Experiment st LHC, CERN
Data recorded: Mon May 23 21:46:26 2011 EDT
RunvEvent 165567 / 347495624
Lumi section: 280

OdiCrossing: 732558853 / 3161

C
;«é\ \

CMS Experiment at LHC, CERN
Data recorded Sat Agr 23 08 05 38 2011 EDY
RunEvent: 163332/ 196371106
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Searches for new resonances at the LHC

* New gauge bosons predicted by many extensions of the Standard Model with
extended gauge symmetries

— Zssm in Sequential Standard Model with same Z0 coupling as in Standard Model
— Z’ models from E6 and SO(10) GUT groups

— The Kaluza-Klein model from Extra Dimension

— Little, Littlest Higgs model

* No precise prediction for mass scale of gauge bosons
* Technicolor also predicts variety of narrow heavy particles

* Backgrounds
— relatively clean with good S/B

— mostly tails of SM processes

* Experimental challenges

— detector resolution can be a key player
» 1.3% - 2.4% for electrons and 7% for muons at | TeV mass

— extra care for energy/momentum reconstruction above | TeV
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New Resonances

= Number (D) of space-time = Propagation into the other
dimensions — form of dimensions:
force observed + Resonances!

*

LY

= What we will see:

2D+ 17 world f§ E
= Tabletop experiments: look | N ‘
for deviations from 1/r2 law Dl et
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Di-Electron Searches for Z° Model

* Additional U(1) gauge
symmetries and
associated Z gauge
bosons are one of the
best motivated
extensions of the

Standard Model (SM).

R | ! ! T

CMS
preliminary Ns=7Tev
DATA

[ zy—e'e
- tt + other prompt leptons

[ ots (data)

JLdt-Mib"

Events / 10 Gev
2

102

10°

llll L 1 llllll

70 10? z><;o2 10° 2x10°
m(ee) [GeV]

10+

vI1Z1Z

* Also E6 Grand Unified
| Theory (GUT), broken
in U(5) and two U(1)
groups, giving raise to
- two new U(1) fields.
Their mixing can give
rise to Z’ candidates

107 . . e _
imi e Data 2011
108 ATLAS Preliminary DZ/?( a
° 1 [CDiboson
10 Ldt=4.9fb T
o : 535?3 ltiiet
= muitije
° \s=7TeV [1Z'(1500 G(laV)
10 [(JZ'(1750 GeV)
[JZ'(2000 GeV)

10°
10

107
10
10°°

l l l 1 L I

100 200 300 1000 2000
m,. [GeV]

* Background estimation: QCD and ttbar from data, DY from MC
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Di-Electron Searches for Z° Model

preliminary
DATA

[ zty—e’e
tt + other prompt leptons
]

[ jots (dta)

LI ]/ T T T T T II] T
: Cms \s=7Tev ILdt-A.ﬂb"
t

Events / 10 GeVv
2

L 1 L L 1 L1 l
10° 2x10°
m(ee) [GeV]

70 10? 2x‘l|02

107 e .
10° ATLAS Preliminary ® Data2011
[(JDiboson
10° j Ldt=4.9fb" o
‘°“ SEC T
s = multije
° \s=7TeV E592/(1500 GeV)
1 [(JZ'(1750 GeV)
10° [JZ'(2000 GeV)
10
1
10
102
10'3 1 1 1 L 0 |
100 200 300 1000 2000
m,. [GeV]

* Background estimation: QCD and ttbar from data, DY from MC
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Di-Electron Searches for Z° Model

T T IIITII]

>

@ CMsS A
» 10° preliminary Ns =7 TeV I Ldt=4.7fb
— DATA

-~ 10* [ zty—e’e

2 -

g 10° - tt + other prompt leptons
2 [ Jots (data)

L 1 L L 1 L1 l
10° 2x10°
m(ee) [GeV]

70 10? 2x‘l|02

signals

10° ' ' LRI T
10° ATLAS Preliminary © Data2011
[ Diboson
1o 9fb” 1
" B ach e
s = multije
° \s=7TeV E592/(1500 GeV)
1 [(JZ'(1750 GeV)
10° [JZ'(2000 GeV)
10
1
10!
107
1 0'3 1 1 1 L 0 |
100 200 300 1000 2000
m,, [GeV]

* Background estimation: QCD and ttbar from data, DY from MC
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llll T T T

CMs
preliminary

Ulllll T

\s =7 TeV ILdt=4.9fb"

DATA
[ zvon'w
I < + other prompt leptons

[ ots

10°

>
[
o
—
~ 10
2
c
o
>
w

10"

102

10°
104 2 2 3 3
70 10 2x10 10° 2310
m(u*p’) [GeV]

* Several events with mass of | TeV

Events

I T
e Data 2011

10° ATLAS Preliminary gg{r
5 iboson
10 I Ldt=5.0b" Wi
4 @ W-+jets
10 \s=7TeV (JQCD multijet

CJZ'(1500 GeV)
1Z'(1750 GeV)

102 []Z'(2000 GeV)
10
’
10"
102 |'|
10—3 L L | L
100 200 300 1000 2000
My [GeV]

* But much larger resolution with muons spreads out a possible signal a lot compared to

Altan Cakir | Beyond the Standard Model | | DESY Summer School Lectures 2013 | 14.08.2013 | Page 25
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W' - Lepton + MET Search

> ’ g Ll BN L L LR A
310 CMS\s=7TeV s« (%9,107 CMS “s=7Tev B v .
- 4 EEWow 6 v
QU0 Jl-dt-S-Ofb — C>1°s JLdt=5.0 b7 oeron
=~ \1 Top
2‘,103 W —-ev i ® 0 iL Wouv !oh.
- DY C104
Q107 — s Sk o
UJ B v >10 ) ® Data

— W (n\'-&.) TeV)

10 e W' (m =2.3 ToV)
1 -
10 E
107 :
500 1000 1500 2000 2500 500 1000 1500 2000 2500
M- [GeV] 500 M- [GeV]
= Heavy analog of SM W; assume same 3o R B T R Y
. . O — My =1.5TeV
couplings to fermions. Cleanest 2 M= 2.0 TeV
signature: high-p; lepton (e or p) %‘m?  My=25Tev
= Search for peak/enhancement in B e
transverse mass spectrum (e/p + MET) - -
* Look for heavy W-like Jacobian peak in transverse mass 200} h -
. S
[ (arPiigy Lﬁ«»ﬂ‘” \ _
mr = \/2‘0 rir(l— COSA¢E,ET) % 500 100@1533‘5300 2903‘302)043500

GeV]
* Dominant background:W production in Standard Model wiodel | | DESY Summer School Lectures 2013 | 14.08.2013 | Page 26
* Now also take into account interference with SM



Heavy Neutrinos and LR Symmetry

Left-Right-Symmetric Extension
Standard Model & LRSM
Gauge group SU(2), X U(1), SU(2), X SU(2), X U(1),,
) LH doublets: @, = (u,d ), ,L, = (1%,v), | LHdoublets: Q, = (u’,d ), ,L, = (1',v),
Fermions RH singlets: @, = u',, d ', , L, =1 RH doublets: Q= (u',d ), ,L,= (I,N),
) v, do not exist N, are heavy partners to the v/,
Neutrinos v are massless & pure chiral N, Majorana in the Minimal LRSM
Gauge bosons WiL, Z°%y WiL,WiR, Z° 7",y
* Parity violation built-in for the Standard Model X b
d \\“. W I* _——_-____ jet
— Parity violation in LRSM via symmetry breaking at ,/ S
intermediate mass scale ot \ ”"
* Neutrino oscillations require massive neutrinos \

— but neutrinos mass forbidden in SM

— “See saw” mechanism in LRSM can explain small mass of
neutrinos via heavy partners
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Heavy Neutrino and Wi Symmetry

CMS Preliminary 5.0fb'at7 TeV * 11
> ""|r!"'l"‘—o—Data(365) WR%VINV%VIFZWR_)VIFZJJ
8 tt (211)

o 102 Z+Jets (116)

S = ‘ ) - Other (14)

-~ - § My, = 1.8 TeV (48)

»n L Y t .

2 I JN i ! =7
() N ¢ . 1

> 7%

g [ A

CMS Preliminary 5.0fb"at7 TeV
T I T T T T I T T T T I T L T T ]

—_
o
T llllllll
——
P
1 llllllll
N
o
o
o

C’00 500 1000 1500 2000 2500

R\ F# & 1800 "M ]

1o 4 _ 1600 E
: il At - : .
- N ] = 1400" E
i 1K e : 12001 E

: ] 1000- 3
22 peostost y ; ) :
i 800 :

M, [GeV] 000
e Currently limits at 2.4 TeV 400
_ . . . '
Most stringent limits today! 200
* Gets very interesting for theory once limits at 2.5 TeV 1] e S I B

1000 1500 2000 2500
 Enhanced cross section at 8 TeV with MWR [GeV]

Altan Cakir | Beyond the Standard Model | | DESY Summer School Lectures 2013 | 14.08.2013 | Page 28



WZ Resonances

CMS Preliminary 2011

> "l|l‘fl|ll"'[fl"]lllll"ll]"'! IIIIIE

g. p.,a>WZ S flia=a7m"  am2o, :

°1°35‘ \s=7TeV - E

= B Z+Jets E

@ Dw'z(sooe V) :

c10?E _ eVl 5

L ]

Pr 10F E

Z : :

o= 1 =

9 ¢

. : : 107 E

* Sensitive to sequential SM and techni-hadrons : .
0 100 200 300 400 500 609 700 800

* 3 leptons + missing energy H =2 p " (GeV)

> . ILIIIIW‘O' ll'llclllllllllll?ly ‘IU' lllI o

— Sum of lepton Pt 8103 _J'L =47 iDataY -

- invari i i S [\s= -

WZ invariant mass with W mass constraint 8 | \s=7TeV Eﬁf i’ets :

%102 3 — W' (600 GeV) =

* Scalar sum of transverse momenta a key discriminator & | :
to reject SM background Hr > 300 GeV

43 E

107 3

0 200 400 600 800 1000 1200 1400
M,z (GeV)
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WZ and ZZ Resonances

. n quarks
pp —> G — 274 —qql™l .
W' - WZ —qqlTl™
pp — qq
L — py, ee
CMS Preliminary 2011
> L B B BRI B BLRLRL B BB T T
Q .
¢ [ [|Ldt=50fp" * Data 221y
0 10 Vs=7Tev MM B Z+Jets
. — RS 750 - W'1000
E 10°
QO
i
10
1
My 7z = 2058 GeV
Mz = t«?U Cr:c\--'i 10!
pr z = 938.6 GeV M T
My =794 GeV 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
prv = 1005.0 GeV M;',; (GeV)

* For very heavy resonances hadronic W and Z merge into one fat jet

— jet energy resolution
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ZZ Resonance

G
* J— J—
pp — G- = L4 — qquv _
4%
L )\ ppiee—
Remember the trick!

103 E T T T T T T T T T T | T T T T | T T T T - 103 E T T T T T T T | T T T | T T T | T T T | -
E [ Z{vv)+jets E E [ Z{vv)+ets E
- O W(lv)+jets - - [ W(v)+ets -
» I ti+jets b r I tf+jets T
> i = g'.b(c;szosgseev;, kM, =0.2 ] > i = g'rb(c;szggseev,\, kiM_ =0.2 ]
o * Data | o * Data |
(GDJ 10 ; CMS Preliminary ; (GDJ 10 ; CMS Preliminary ;
o L deI=4.?ﬂ:‘1,i§=?TaV N % L deI=4.?ﬂ:",i§=?TaV N
— ] ]
— — —— —

2 2
c 10 — c 10 -
() 3 o ]
> 7 > 7
L . L .
1 - 1 -
| | | | | | | : :
100 150 200 250 300 1000 1200 1400 1600 1800 2000
Leading Jet Mass (GeV) Jet-MET Transverse Mass (GeV)
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Di-Jet Resonance

= Very early search for numerous
resonances BSM: string
resonance, excited quarks, axi-
gluons, colorons, E6 diquarks, W’
& Z’, RS gravitons

Run 144112 Event 1189490855

Jet 2 p. = 935 GeV > M.~2.05 TeV
i~2-

—_— 10 UL I L B A | I L B B ] I LA | I LN B B I L A | ' L B A
% —&— CMS (1.0 fb”)
o S
- Fi Four-parameter
a E N 0 QCD Pythia + CMS Simulation . ] _— - : —
= JES Uncerainty fit to describe 2oz cussimiien -
ke} 10" S(8TeV) ... Excited Quark QL auark owide set ]
_8 0 - = = String Resonance QCD Shape g i ]
2 e 02 —— Quark-Gluon (Wide Jet) N
10° - ‘ o e Gluon-Gluon (Wide Jet) ]
“q (15Tev)' SEa m h [ — - - GluonGiuon (Antik; Re07) ] |
10” oL “ 1 0.15- -
e E - - ol
P T T do Vs : ir
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105 - Mi<25.jan<13 ' S e m Il <25, jan| < 1.3 P
Wide Jets O \/E 005 a= I
3 2 o Sa—— __ IR TN -
g [ SIS UORSGRSSISITORIN IO S — —é s : T b
g ! /\/’ 800 1000 1500 2000 2500
€ oEo Mo T B = P> + ps\m /S Dijet Mass (GeV)
n 1000 1500 2000 2500 3000 3500 4000 S
Dijet Mass (GeV)
q .
G’ J
Altan Cakir | Beyond the Standard Model | | DESY Summer School Lectures 2013 | 14.08.2013 | Page 32
q J




Tri-Jet Resonance

CMS Preliminary, 5.0fb" \s=7TeV

* 6 jets in several theoretical models A -
- 5 R 17

— Q = g = SU(3)C Adjoint Majorana Fermion g, 10° p 3 ,\’

— R-Parity violating (No Missing ET) e . g |

* Modeled as R-parity violating gluino % ! | ‘mTzzﬂmaglé?V’gg
(negligible intrinsic width) 107 -4 .

* Data ]

. . 2 || - Four-Parameter Background Fit .

pp — QQ — 3j + 3j 107 | 300 Gevie® Gluno Model 1

-4 P ) . . . . 1 " P | P
107, 500 1000 1500
Triplet Mass (GeV/c?)

jet
q q jet \0 CMS Preliminary - ,rL=5'°fft‘.
g ‘ : St eSSttt - Vs=7Te i
g9 - 2 : —_ 07b:exled i+
- q jet 1 . § PG S— . ==+ Expected i
~ A\ | S H I =10 kS
q 3 : : [J:20
TSI SIS U S i —— oN(Gluino)
q jet
4
~
q < 5
o' q jet

- o"(Gluino) = 10 '
q jet

-
o

«?
(=7}

95% CL Limit o x B (pb)

10"k : Nl
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Di-Jet Pair

g G, g G, g G, a Gl
g ’ 9
)”
q G’ q 1:, g ';, q ’:;
rv 2.2 fb"! ; CMS Preliminary [L=22m
% 10° 4-Jet Data T FN - Pair-Produced Dijet Resonances
—=— 4-JetDa -
g Background Fit R N . Obeerved Limit (96% CL)
F — - - QCD Simulation 8 L B Expected Limit (95% CL)
» 10° « |===-- Coloron (400 & 800 Ge < Il -1
& B x 10 3 =2
] N g : Coloron
c 10 : :
o F X
> - c
I.I.l - .g 10-2
1E = QI EONG
S N (7 T SO SRS SR S S
C e ’ 0 OO S S
o
10 e 10°
R S S S . o 3
400 600 800 1000 1200 300 400 500 600 700 800 900 1000 1100 1200
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Fourth Generation

m Search for b'
2b'->tW @1.14fb

m Search for t'
2 t'—bW (I+j channel) @0.8fb™’

2 t'—bW (dilepton channel) @1.14fb"
2> T-tZ @0.2fb

extensmn

Main
t search
scenario

If b" 1s light;

Depends on who
or suppressed Vi, Vip

is heavier

W o
N Main
search SI d

SCenario
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Fourth Generation

= bb pair production
m BR(b'—>tW) = 100%
®m Decay Chain: b'b'>tWtW—bbW*W-W*W-
m Complex signature

m Final States: 4L+2J, 3L+4J, 2L+6J, 1L+8J, OL+10J

(clean/large modes)

o @—!*0 . @0 Howtoseel v,q,b?
\ .
@ e v @ @ = Counting experiment
= same-sign lepton(e/y) pair or trilepton
@ ma 1V @ @ . tieast bt
/ ® higher mass then top quark & more Jets then top pair
~@-0-060 00
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Fourth Generation

V'Y — tWIW T — bW W bW~ W™
* At least | b-jet,2 or 3 leptons
* Main backgrounds determined from lepton fake rate in data

* Dominant systematic uncertainty: b-tagging and lepton efficiency

e Main background discrimination from total transverse energy ¥ pr(jets) + ¥ pr(leptons) + Kt

CMS EXO-11-036

CMS 2011 Preliminary 1.14 ib’

200 400 600 80010001 2001 40016001800
S, [GeV]

CMS 2011 Preliminary 1.14 fb"

: P IR PP TR B P T
200 400 600 80010001200140016001800
S, [GeV]

. . _] _

>103§ ® data M, 400 GeV/c? 1> ® data M, 400 Gevic? 1 — 10 CMS 2011 Preliminary 114 fb"\s =7 TeV
Q f mmg - (2) 12 - . (2) : o) F ' | ' I
5 [ @ Single-top W O] @ Single-top Wy {1 2 - e Observed limit 20
2 k) [ diboson o ok 7T [ divoson — e p -
D10°F  same-sign dilepton 4 ©10°F  trilepton E 7o) Sreg; -«=- expected limit W lo
N i ] [qV] 3 ] :O .~y (I")"
~ ] ™ 2 R Sw,
2] 1 19 - '
s R < 10 = I = T 1 =
g 12 7§ I 18 F
u jw ‘ : 5

. l E 101 -

107k . - Limit at 95% CL: M, > 495 GeV/c* 1
] 1 | 1 | . |
s _\—‘ 350 400 450 500 550

Supersedes previous measurement

by CDF at 372 GeV

M, [GeV/c?]

CDF: PRL106.141803 (2011)
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Fourth Generation

't — WbWb — fvbqgidb 't — bW bW — blubly

CMS Preliminary etjets

@ T T T 2
> . } E CMS Preliminary ]
<) Data 573 pb a 1.14 b at \'s=7 TeV N
el tt vents 3
: 2 Single 1 E with ee/yp/epn 3
oy - Wrjets

1 Z+jets

=

o B ocp

=

...... 3 T 400 GeV Signal Region

400 600 800 1000 1200 1400
H, [GeV]

3cms preliminary  CL_ e+jets (573pb”), u+ets (821pb™)
. . . L d

100 200 300 400 5"30
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o [pb]

T

i CMS Preliminary 1.14 fb"\'s=7 TeV |
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—eo— 95% CL observed —

O e ory

T

10

o (pp—tt) pb

T
vl

T

v 1l

. | CMS: PAS EXO-11-050 .. .
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Exotica Searches in the CMS Collaboration

C M S EXOT| CA 95% CL EXCLUSION LIMITS (TEV)

g* (qg), dijet
q* (@W)

q* (a2)

q*, dijet pair
q*, boosted Z
e, AN=2TeV
p, A=2TeV

Z’SSM (ee, py)

Z’SSM (1)

Z’ (tt hadronic) width=1.2%
Z’ (dijet)

Z’ (tt lep+jet) width=1.2%
Z’SSM (ll) fbb=0.2

G (dijet)

G (ttbar hadronic)

G (jet+MET) k/M = 0.2

G (yy) kM = 0.1

G (Z(InZ(gq)) k/M = 0.1
W’ (Iv)

W’ (dijet)

W’ (td)

W’— WZ(leptonic)

WR’ (tb)

WR, MNR=MWR/2

WKK p =10 TeV

pTC, nTC > 700 GeV
String Resonances (qg)
s8 Resonance (gg)

E6 diquarks (qq)
Axigluon/Coloron (qgbar)
gluino, 3jet, RPV

gluino, Stopped Gluino
stop, HSCP

stop, Stopped Gluino
stau, HSCP, GMSB
hyper-K, hyper-p=1.2 TeV
neutralino, ct<50cm

c

Compositeness

3 4 5
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LQ1, B=0.5
LQ1, B=1.0
LQ2, B=0.5
LQ2, p=1.0

LQ3 (bv), Q=+1/3, p=0.0
LQ3 (b1), Q=+2/3 or +4/3, p=1.0
stop (b1)

b’ — tW, (3, 2I) + b-jet

q’, b’/t’ degenerate, Vtb=1
b’ = tW, I+jets

B’ = bZ (100%)

T — tZ (100%)

' = bW (100%), l+jets

t' = bW (100%), I+l

C.I. A, X analysis, A+ LL/RR
C.I. A, X analysis, A- LL/RR
C.l., py, destructve LLIM
C.l., py, constructive LLIM
C.l., single e (HNCM)

C.l., single p (HNCM)

C.l, incl. jet, destructive
C.l., incl. jet, constructive

Ms, yy, HLZ, nED = 3

Ms, yy, HLZ, nED = 6

Ms, Il, HLZ, nED = 3

Ms, Il, HLZ, nED = 6

MD, monojet, nED = 3

MD, monojet, nED = 6

MD, mono-y, nED =3

MD, mono-y, nED = 6

MBH, rotating, MD=3TeV, nED = 2
MBH, non-rot, MD=3TeV, nED = 2

MBH, boil. remn., MD=3TeV, nED = 2
MBH, stable remn., MD=3TeV, nED = 2
MBH, Quantum BH, MD=3TeV, nED = 2

LeptoQuarks

Generation

Contact
Intferactions

Extra Dimensions
& Black Holes

0 1 2 3 4 5



Exotica Searches in the ATLAS Collaboration

its (Status: May 2013)

Large ED (ADD) : monojet + E
Large ED (ADD) : monophoton + E.

T,miss

T,miss
‘é’ Large ED (ADD) : diphoton & dilepton, m,_ Mg (HLZ =3, NLO) AT_L_AS
S UED : diphoton + E7 Compact. scale R Preliminary
2 s'z, ED : dilepton, m, Mg ~ R
QE) RS1 : dilepton, m, Graviton mass (k/Mp, = 0.1)
3 RS1: WW resonance, my,,, Graviton mass (k/Mp, = 0.1) ]
© Bulk RS : ZZ resonance, m; Graviton mass (k/Mp, = 1.0) det =(1-20)fb
= RS g _ — tf (BR=0.925) : tT — I+jets, m g, mass
< —
) ADD BH'{M,, /M,,=3) : SS dimuon, Ny, .. M, (5=6) Is=7,8TeV

ADD BH (M, /M,=3) : leptons + jets,Xp
Quantum black hole : dijet, Fx(mj1

T T
M, (6=2)

M, (6=2)

M, (6=6)
M, (5=6)
A

3 qqll Cl : ee &uy, r#r” A (constructive int.)
uutt CI : SS dilepton + jets + E . A (C=1)

"""""""""""""""""""""""" Z'(SSM) 1M, [L=201b" 8 TeV [ATLAS-CONF-2013-017] 286TeV. Z' mass

Z' (SSM) : m,, |L=471b",7 TeV [1210.6604] 1.4Tev Z'mass
S Z' (leptophobic topcolor) : tT — I+jets, m, fL=tas fb™!, 8 TeV [ATLAS-CONF-2013-052] 1.8TeV_ Z'mass

W' (SSM) {Myg, |L=47 16", 7 Tev [1209.4446] 255Tev. W' mass
W' (—=1tq,g =1): My, |L=4.7 1", 7 TeV [1209.6593] 430 GeV. W' mass
______________________________________ Wi (= tb, LR%M) im, [L=14:3 1", 8 TeV [ATLAS-CONF-2013-050] 1.84Tev. W' mass
Scalar LQ pair (8=1) : kin. vars. in eejj, evjj |[L=1.0fb™,7 TeV [1112.4828] 660Gev 1 gen.LQ mass
9, Scalar LQ pair (8=1) : kin. vars. in uujj, uvjj |L=1.0™,7 Tev [1203.3172] 685Gev 2" gen. LQ mass
__________________ Scalar LQ pair (B=1) : kin. vars. in ttjj, Tvjj [L=471b",7 Tev [1303.0526] 534 Gev 3 gen. LQ mass
» ., 4 generation 1t't'— WbWb  [L=471b" 7 TeV [1210.5468] 656 Gev  t' mass

%E 4th generation : b'o' — SS dilepton + jets + Er,miss L=14.3 fb™! 8 TeV [ATLAS-CONF-2013-051] 720 GeV_ b' mass
= 2 Vector-like quark : TT— Ht+X |[L=14.31b", 8 TeV [ATLAS-CONF-2013-018] 790 GeV_ T mass (isospin doublet)
.. ... Vectorlike quark : CC,m [L=461b",7 TeV [ATLAS-CONF-2012-137] 1127eV. VLQ mass (charge -1/3, coupling kg =v/my)

Excited quarks:y-jet resonance, m o
E IS Excited quarks : dijet resonance, iji
X8 Excited b quark : W-t
0o cited b quark : resonance, m,,,
Excited leptons : I-y resonance, m
o Techni-hadrons (LSTC) : dilepton,m,,.
Techni-hadrons (LSTC) : WZ resonance (Mll), m,.,
w Major. neutr. (LRSM, no mixing) : 2-lep + jets
_qé Heavy lepton N* (type Ill seesaw) : Z-| resonance, my,
3 H™ (DY prod., BR(H™—Il)=1) : SS ee (un), m
Color octet scalar : dijet resonance, m;
Multi-charged particles (DY prod.) : highly ionizing tracks mass (Iql = 4e)
M ti les (DY .)_: highly ionizing track ass
...... agnetic monopoles (DY prod.) : highly ionizing tracks. E—— T Coy ] o i

10" 1 10 10°
Mass scale [TeV]

q* mass

q* mass

b* mass (left-handed coupling)

I* mass (A = m(I*))

p, /o mass (m(p /o) - ming) =M, )

p, mass (m(p,) = m(x,) +my, (@) =1.1m(p.))
N mass (m(W ) = 2 TeV)

N* mass (IV | = 0.055, IV | = 0.063, IV | = 0)

H* mass (limit at 398 GeV for uu)

Scalar resonance mass

*Only a selection of the available mass limits on new states or phenomena shown
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v’ There is a very rich and exciting the physics beyond the SM program at
LHC (beyond?) probing many fundamental aspects of the nature.

v’ Past 3 years of data taking at the LHC have been very intense and
productive!

4 Many different signatures of new physics (SUSY & Exotica) are being
studied in both collaborations (also many other experiments).

4 Many searches of new Physics in complementary final states have been
performed, and many analyses are ready to process with full dataset in

2012.

v Unfortunately, no significant excess observed over SM.
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Understand electroweak symmetry breaking
Observe the Higgs boson I = Observation of the new boson!

j Measure neutrino masses and mixings
WE HAVEN'T <EEN ANYTNG CRAZY N~ Establish Majorana neutrinos (330, )
ﬁrﬁ%% mm EE EVERY TME You OPEN Thoroughly explore CP violation in B decays
eLE ! YOUR E-MAILL, OR EVERY Exploit d K.D....)
.I.-HERE WAmN& TO POP OU". QDMEONE M‘:KEQ 'xp ol rare ecays ( ’ LA
L A PLOT... Observe neutron EDM, pursue electron EDM
~ Use top as a tool
R TUAT COULD BE 'NE\ Observe new phases of matter
z TIME YOU HEARD Understand hadron structure quantitatively
Q".‘ 4 hﬁ?&%&fm{@ » L Uncover QCD’s full implications
=?;.’“n ! k " ..~ Observe proton decay
A . . Ve Understand the baryon excess

Catalogue matter and energy of the universe
Measure dark energy equation of state
Search for new macroscopic forces
Determine GUT symmetry

Detect neutrinos from the universe

Learn how to quantize gravity

Pl Learn why empty space is nearly weightless
Test the inflation hypothesis

Understand discrete symmetry violation
Resolve the hierarchy problem

Discover new gauge forces

Directly detect dark-matter particles
Explore extra spatial dimensions
Understand the origin of large-scale structure
Observe gravitational radiation

Solve the strong CP problem

Learn whether supersymmetry is TeV-scale
Seek TeV-scale dynamical symmetry breaking
Search for new strong dynamics

Explain the highest-energy cosmic rays
Formulate problem of identity

JoRGE CHAM B 2012
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