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Physics case for new High Energy Mac-

» Understand the mechanism Electroweak Symmetry Breaking

# Discover physics beyond the Standard Model
Reminder: The Standard Model { [T

e M
- tells us how but not why 0 Nammme
3 flavour families? Mass spectra? Hierarchy? 5 s
- needs fine tuning of parameters to level of 10-30 | 0
- has no connection with gravity / o s
- no unification of the forces at high energy 0 e300
Most popular extensions these days i
e MSSM
If a Higgs field exists: — Wad v
- Supersymmetry 2
- Extra space dimensions 0 N\

If there is no Higgs below ~ 700 GeV »

- Strong electroweak symmetry breaking around 1 TeV L
Other ideas: more symmetry & gauge bosons, L-R symmetry, quark & . R

lepton substructure, Little Higgs models, Technicolor, Hidden Valleys... ‘ ' ' §GeY

D_




A Light Higgs: Conseque

A light Higgs implies that the Standard Model cannot be stable up to
the GUT or Planck scale (1012 GeV)

The effective potential
blows up, due to heavy
top quark mass

g

—— Perturbativity bound
[ ] Stability bound

h=2n [] Finite-T metastability boun
I Zero-T metastability bo

Shown are 1o error bands, w/o theo

Allowed corridor
but needs strong
fine-tuning...

The eIectrowéak vacuum
is unstable to corrections
from scales A >> v= 246 GeV

Ingm{Af GeV)

New physics expected in TeV range




New Physics at High

- New Gauge Bosons?  gypersymmetry  ZZ/WW resonances?

X cMS .
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We do not know what is out there for us...
A large variety of possible signals. We have to be ready for that




7 TeV pp Collisions

CMS Experiment at the LHC, CERN| MS
Sun 2010-Jul-18 11:13:22 CET|-.._
Run 140379 Event 136650665,‘
C.O.M. Energy 7.00TeVE_—" |

FRO6 o )

An event containing “top” quarks




Candidate Event far Tc

Top Di-Muon Candidate Event




A Recorded Heavy lon Collision

CMS Experiment at the LHC, CERN ( Mg
Mon 2010-Nov-08 11:22:07 CET| -~
Run 150431 Event 541464/,
C.O.M. Energy 7Z TeVp
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Supersymmetry: a new symmetry of Nature?

-—
.'l‘ . ~
H

ﬁ Higgsino

- S ) ™ N - '.--.
SUSY particle production at the LHC 8 - $ .
- . \

Candidate particles for Dark Matter
= Produce Dark Matter in the lab

-

)

N ———

S Assume “R-Parity” Conservation




Why weak-scale SUSY ?

stabilises the EW scale: [m.— mg | < O(1 TeV)

predicts a light Higgs m,, 5 130 GeV
Predicts/allows gauge unification
accomodates heavy top quark

dark matter candidate: neutralino, sneutrino, gravitino, ...

consistent with Electro-Weak precision data

Discovering SUSY — A revolution in particle physics!!




Detecting Supersymmet
|

Energy produced in the detector

~ simulation

zzzzz

Supersymmetric particles decay and produce a cascade of jets, leptons
and missing transverse energy (MET) due to escaping ‘dark matter’
particle candidates

Very prominent signatures in CMS and ATLAS



Missing Transverse En

Total transverse momentum imbalance

Generally appreciated to be a difficult quantity to measure
Very sensitive to fluctuations, miss-measurements, noise, backgrounds

e S ——

E“’ﬁ CMS \s=7TeV, 8 pb' ;: E - GOW cellbased IE """" |q:<4.5 | | | | .
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In practice, rather well under control, from the start

*Good resolution using ‘particle flow’ ie maximally identifying particles
eMore Pile-up in future will NOT make this simpler




SUSY Searches

0-leptons | 1-lepton | OSDL SSDL __[23 leptons | 2-photons [ y+lepton
Jets + MET Single Opposite- | Same-sign | Multi-lepton | Di-photon + | Photon +
lepton + sign di- di-lepton + jet+ MET lepton +
Jets + MET |lepton + jets | jets + MET MET
+ MET
Large SM backgrounds Low

i sensitivity to strongly produced SUSY
All Analyses (CMS)

4 jets

.
’
‘o’ rn'g =Mrg

D Sae—

sensitivity to
gauge-mediated SUSY

JET+MET (ATLAS)
| Signal Region |>2jets >3jets >4jets Highmass
Trigger EDe >130 >130 >130 > 130
requirements | | Leading jet pr | > 130 > 130 > 130 > 130
[Secondjetpr | >40 >40 > 40 > 80
o Channel definition | | Third jet pr - >4 >4 >80
(b\ | Fourth jet pr - - > 40 > 80
Reduce | |A¢Get, EF*)min | >04 > 04 > 04 >04
2 jets QCD | | E™**/meg >03 >025 >025 >0.2
Enhance signal| m.g [GeV] > 1000 > 1000 > 500/1000 > 1100

n
Mesr = Y|P ' + EF*°
=1

Note: Strong effort to get background (tail) estimates from data itself




Example: Search for SL-

Take one example to show steps involved:
Define event selection criteria

Go through ~2.000.000.000 events triggered
and stored on-line, to select candidates

Use eg kinematical cuts to suppress
background

“Predict” backgrounds in signal region
Determine efficiencies and systematics

EXcess or no excess?




Jets+Missing E; ch

Kinematic Glossary

Select events with (main cuts)

-HT=ZE_  Jets with py> 50 GeV *At least 2 jets with pt>50 GeV;|n|<3
*No leptons (e,M) present
 MHT =|-3 B Jets with pr> 50 GeV *a; >0.55

*HT> 275 GeV
Dominated by background!!

. Ag* = minj Ao(jet, MﬁT computed without the jet)

CMS Preliminary 2011 CMS Prellminary 2011
E-Indl I | | L | | L | | L | | L E E I I I | | | | | I | |
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a ol % Standard Model § = 2% Standard Model
10 —— QCD MultiJet - - —— QCD MultiJet
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Example: Jets+Missing

Simplest topology: 2 jets + missing E;

q sauark Signal topology is different from the backgro
> topology

We define a variable a; defined as

Epret Epet
T = =
T MT

LSP  |sp \/ (22 E) — (22 P2Y) - (22 pé‘?*f)zr

We know from MC studies that a-
We will select events with a-

e

SIGNAL topology  JEL

8 [ 7 -
3"‘:2010 J'La.:upn".ui-rm A
im’r + Data

& E o Standard Madel

1n‘: — QCD MultiJet
107}

10‘;

10F

BACKGROUND
topology (QCD)

1|

107}




Several Control

CMS Prellminary 2011 CMS Preliminary 2011
E EIII|III|III|III|IIIIIIIIIIIlIIIIIIIIIII ﬂBU_'||||||||||||||||||||||||IIII|
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Jets + Missing E;

Hy Bin (GeV)

01

275325 325375 375-475 475575
pieding (Gev) 73 87 100 100
peend (GeV) 73 87 100 100
pher(GeV) 37 43 50 50
ar > 0.55 782 321 196 62
&y < 0.55 5.73 107 2.36 -107 1.62 107 5.12 .10
Ru(1075) | 1.36 00504 | 1.36 + 0.08a¢ | 1.21 +0.09¢¢ | 1.21 = 0.15p¢
Hry Bin (GeV) 575675 675-775 775-875 87500
peading (Gev) 100 100 100 100
pEeend (GeV) 100 100 100 100
psther (GeV) 50 50 50 50
ar > 0.55 21 6 3 1
ar < 0.55 1.78 .10 6.89 -10° 2.90 -10° 2.60 -10°
Rer(1075) | 1180264 | 0.87 £0.364 | 1.03 £ 0.60um; | 0.39 & 0.524
o
T oo
0.08
0.07
. 0.06
Expect different HT shape 005
for SM background only oo
and signal 0.0

0.01

%
1%

eDefine 8 bins in HT

*Add requirements on
the leading and sub-
leading jet p; values

i

HTT




Data Driven Background E

AY

An illustrative example: Z—vv+jets
Irreducible background for Jets+E,™* search

Data driven strategy: 71
» define control samples and understand their

strength and weaknesses
v
'\ B
w

u W

\

Z) I
Z—ll+jets W-—lv+jets y+jets
Strength: Strength: Strength:
* very clean, easy to select * larger statistic * large stat, clean for high E,
Weaknesfs:_ Weakness: Weakness:
* low statistic: factor 6 * not so clean, SM and * not clean for E< 00 GeV,
suppressed wrt. to Z —=>vv signal contamination * possible theo. issues for

normalization (u. invest:igat:ioriI

All have been used in the data analysis



Analysis Flow

Tying together signal and control
samples

H._nT HT-evolution

Hadronic Control Sample
( a_<0.55 )

MC ttW had

MC Z->vv had

MC photon

Muon Control Sample
(mu p_> 10 GeV;

a >0.55)




Results

Hy Bin (GeV) 275-325 | 325-375 475-575

W + tibackground | 3637 152.2 . 28.8
Z — v7 background | 2514 103.1 . 26.6
QCD background 172.4 55.1 5.0
Total Background | 787.4 310.4 60.4
Data 782 321 62
Hy Bin (GeV) 575675 | 675775 875—c0

W + tt background 10.6 3.1 . 0.6
Z — v7 background 8.7 4.3 : 2.2
QCD background 1.0 0.2 : 0.0
Total Background
Data

No excess seen in data compared to predicted background




SUSY Search: Jets + Missing‘

CMS-SUS-11-003 Using 1 fb!
CMS preliminary o det = 1 1fb! \Vs=7 TeV

— T T T T T
95% C.L. Linits:
:‘:; Observed Limit (NLO), CL - CDF 2,3, ‘“"ﬁ=5 u<t |
0] == Observed Limit (NLO), PL° DO 2,7, tanp=3, u<0
....... Median Expected Limit + 10, PL - LEP2 % .
~ == == Observed Limit (NLO), FC, 35pb! “
N 600 Gris [ Jier2 T ]
EF 50)(;‘95’
—— _
...... h""‘\ 7 (1250)Gev
..... .' \ —
) T RN tanf=10,A =0,u>0 |
]
400 o LME "," \\ 2(1000)Gev
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)G@p 1‘-— \ ]
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200 D N R R g o

So far Constrained Minimal
Supersymmetric Standard
Model CMSSM is often used as
a benchmark model for
presenting the search results...

The CMSSM has 4 parameters
-My /51 universal gaugino mass
at GUT scale

- Mp: universal scalar mass at
GUT scale

-tanf: vev ratio for 2 Higgs
doublets

-Ao:  trilinear coupling

and the sign of Higgs mixing

0 500 1000 1500 2000 Parametery
m, (GeV)




SUSY Search: Jets + Missing E+

Limits in a simplified model ~ Using 1 fb™* [ imits in CMSSM

Squark-gluino-neutralino model (mLBF =0 GeV) MSUGRA/CMSSM: tarp = 10, A = 0, u>0

— 2000 TT T T[T TTT] T 7 [Py |~ P
= ! "WV i ATLAS Preliminary > ATLAS Preliminary 0 lepton 2011 combined
0] : '; i 0 lepion 2011 cambined o ] L1046 ", 1_3;? Tav — O chszrved 85% C.L limit
; 1750 I Il ol pbsaned B85 C.L {mik T‘EOU [ LEF2 ¥ ==== L, median expacied limit
7] . 1 I': ===« CL, madian expacted limit = l:l Do g, o tanp=3, p=0, 2.1 T’ ceee @XE imit B8, 9% CL
< E TR K S B GOF §§, tanp-5, <0, 210" *  Refetence point
S 1500 o e GRp I, DY CL BN Thooretically axcluded —— 2010 det PCL 35% C L limit
L4 1 Y
E 1 v, e 2010 data PCL 95% C.L limi) T
b o N
o> w . B i 500
g e L =1.0ddh | vs2=F TeV |

=k
M2
[
o

1000 40— -

750
300

500

200
250

1250 1500 1750 2000 500 1000 1500 2000 2500 3000 3500

500 750 1000

gluino mass [GeV] m, [GeV

MSUGRA/CMSSM: tanB=10, A =0, p>0
Equal mass case: m_=m_ > 980 GeV

m_>800 GeV m_>850 GeV
Equal mass case: |11b=r11[.4.:--1 .075 TeV

Up to masses of 1 TeV excluded for equal gluino-squark masses
Extends the 2010 data limits by ~ 250 GeV




SUSY Search: 1 Leptc

ATLAS-CONF-2011-90

MSUGRA/CMSSM: tanfi= 10, A = 0. u=0

L ATLAS L' = 165 pb", ys=7 TeV —— Observed PCL 85% CL

—_F’i"elmlmary 1 lepton, =3 jets - —~- Expected PCL
Observed Cl
Expected CL

| | LEP2%]

- [ | D0§.§ tan=3,p<0,2.1 fio
- CDF g. q. tanp=5, u=a, Eib‘_

|lIIJ

IIII

) o

{500 GeV) |

!
il

[T
ilIII

800 1000 1200 1400
m, [GeV]

In CMSSM: less strong limits

Base on 165 pb-!




SUSY Search: lepton and hadro

CMS summary of channels with new data  ysing 1 bt

, CMS Prellmmary \s=7 TeV f Ldt = 1.1 fo
’ ' 3 Results of three SUSY

& —2011 LImItS - CDF 2,7, tanp=5, ll<0—
T N 00 7.7, tapeduco analyses completed on
tanf = 10, A =0, u>0 - LEP2 7 full summer 2011 data

(o , Same Sign and
Opposite Sign
dileptons).

[ Jiep2 7

Jets+MHT

(1000 Gep

MT2
1 Lepton

2(1000)Ge

@

Illl<|llll|llll

2(750,,SS Dilepton CMS-SU

..........
- -
-----------
'''''
-
enrE s s, “twman.,

- - -
........

3(500)Gev |

0 200 400 600 800 1000
m, (GeV/c?)

Within the Constrained MSSM model we are crossing the border of
excluding gluinos up to 1TeV and squarks up to 1.25TeV




Previous Benchmar

MSUGRA, tanp =10, A, =0, 1 >0
800 1000 1200 1400 1600 1800 2000

II..'II i}v // 4
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200 A 5 8 __—m_ =103 GeV =P % Lmo 20&
E = X
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....................................... u
800 1000 1200 1400 1600 1800 2000

Example CMS

For our 2006 studies
we chose 13 benchmark
points (LMx, HMx...)

9 of these points are
already washed away
by the “tsunami” of data
this year




..S0me Interesting Events...

%EXPERIMENT
CMS Experlment CCCCCCCCCCC 304]
& jed: Tue Oct 2 4 2010 CEST
89 3 /706 2(
(1] Orbit/ Crossn‘"; 1268 SSSSSSS
.
5> - ! !
E . B --<
%: = : \{ ‘
e
= . )
= e " 7
,.',c‘-‘ ’/ >
,a 7 .

*Events with five jets and large missing transverse energy
*CMS: Total sum of transverse momentum H.= 1132 GeV and

Pko)



Impact of LHC EPS Results

Simultaneous fit of CMSSM “Predict” on the basis of

arameters my, m tang

08 0o et ) ceir present data what the preferred

and cosmology data (e.g. M, region for SUSY is (In constrained

M, .., g-2, BR(B—Xy), reli

o 0 ety MSSM SUSY)

ol N L I e 25010 e o
3 p Including LHC @EPS ‘;; CMSSM ma@
= 2000f Before EPS S ) e
3 G 68% CL £ =l =gt

LBl

95% CL

500

—
g
lll”!.llillllll]

PRI IECEEP P P B T R
0 500 1000 1500 2000 2500 . '2500 0

2
Buchmuller et al. arXiv 1106.2529 ™Mo [GeV/c] m, [GeV/c?]

X2 probability: P(x2) for CMSSM
Before EPS: 16% Including EPS results: <10%

LHC direct searches significantly constrain allowed CMSSM parameter space!
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The way the Press sees it (Example)
BlBICI

News Sport | Weathe

NEWS SscIENCE & ENVIRONMENT

Home UK Africa Asia-Pac Europe Latin America Mid-East South Asia US & Canada

27 August 2011 Last updated at 06:41 GMT

 FRENX-

LHC results put supersymmetry theory ‘on

the spot’

By Pallab Ghosh

Results from the Large Hadron Collider
(LHC) have all but killed the simplest
version of an enticing theory of sub-atomic
physics.

Researchers failed to find evidence of so-called
"supersymmetric” particles, which many
physicists had hoped would plug holes in the
current theory.

Theorists working in the field have told BBC
News that they may have to come up with a
completely new idea.

Science correspondent, BBC News

Supersymmetry predicts the existence of
mysterious super particles

A slight wave of panic?

27




What I1s Next?

« Think beyond the simplest or
most constrained models and

optimize searches A lot!!
~ pMSSM

— NMSSM

— Degenerate mass spectra
— Light 3 generation

— Split SUSY

— RPV SUSY e Important to push limits up, but with more statistics
more important to systematically close windows for
light sparticles with suppressed xsec...

Missing something?

 How much of the “theory

e .8,
space” do we really cover? . \\

May have to revise our

“Flavor-Split” spectra “Squashed” spectra Low MET
. (heavy 1st-2nd gen (everything below scenarios
searches for other scenarios Shiaks cunaboiow W =soocoy bt sptitiig [ (ot secanrily

1-1.5 TeV, light 3rd gen) @ are small, O(10GeV)) RPV)

 More ideas at the LPCC
Workshop@CERN last week




Searches in Different C

e Extend the searches using also to Z+2 or more jets and missing

. . fransverse enerqy.
leptons and jets coming from b-quarks or ~ — oaa

Z bosons P | — 0
e Sensitive to different part of the
SUSY phase space
gg(production)
g —bb,
IF-2011-98 b — by,

b b production, b‘a b+x J L dt = 0.83 i5' \'s=7 TeV |_ e 0 83 fb \,5_7 TeV
T T T T T T T T

T T I I
—_ NLO Prosplno

Events/5 GeV

Qi

I I I
e G, ObsetVE limit
ATLAS Preliminary cL, expected limit
------------- 68% and 99% C.L.
CL, expected Ilmns
ATLAS (35 pb')

1000
900

—4— Observed limit 95% C.L.
--4-- Median expected limit
---- ATLAS (35 pb")

mt;1 [GeV]

0 lepton, 3 jets
b-jet analyses

o]
o
o

m(;) = 60 GeV, mfi, ,)>>m(@)

F [ | coFip, 265

- .DDSE 5.21b"

— | | CDFgg - bp2asi’
D 9.~ \o.

h
,)0"

Cross section [pb]

S
3§

0 lepton, 3jets
b-jet analyses

:': * .
Retgrence @hint

ATLAS Preliminary

PRI T N S N T SN AN ST T AN ST TS NN T S AU

0 300 350 400 450 500 550 600 650
100 200 300 400 500 600 700 800 900 _ 1000
m; [GeV] m, [GeV]

Gluinos have to be heavier than ~ 550 GeV from this search




Search for Gauge Me

10°

—+— Data 2010 s =7 TeV)
Il CcD

T Woev+jets, Woevy ttoev+ XS
—— GGM m, =600 GeV,

102

Events /5 GeV

= 2 photons (py>30,20GeV) 10 e UED Va0 oo
s E s> 125 GeV 1 (s

j Lt = 36 pb

| IIIILI.| | III|LI.I| L 111l

" Ngigna=0 107! e

- + =+ 2 . L e
n Nbackgmmd 0.10 £0.04(stat) £0.05(syst) 1023 - s e o 750

EF* [GeV]

} [T T I T TT I TT T I TTI I I TTTT | LI I LI | TIrorr I TTT1T I T T _I_ . . . i
3 .l ATLAS —— Data20108s5=7ToV) | o g0 (EGPI";' bino 'l'kle .”?Ll"lra."'fml' fal”!i =2 s < l‘” mm |
210" & GGM m. = 600 GeV, 3 g - ATLAS m upper lu'n.lt 1s set on the
~ B ) ¢ 1 = 750 cross section for new
o0 - -[Ldt -3 pb‘ m, = 300 GeVV — =) - .
c - ® (100 4 E 00 E physics of
) 10° 3 ".. weees UED 1/R = 900 GeV 3 det = 36pb’,\s=7TeV m 0 <0.38 —0.65pb.
i e ) - 650 | = Mass (gluinos)>560 [GeV]
10 L LT lll"llﬂ‘;' — 500 :—
g LI C
- - 550 —e
B N @ ATLAS expected CL, limit
1T Em E 500 |- —— ATLAS observed CL, limit gNLSP
o = 450 [ [+do
ij-l . - —e— CMS observed limit (35 pb™)
,10-1 wil N ST 0 Y I T Y T PR P Y | P BT AT 400_||||||||||||||||||IIII|IIII|IIII|IIII
50 100 150 200 250 300 350 400 450 500 100 200 300 400 500 600 700 800

m; [GeV]

E; [GeV]




RP Violating SUSY S

el resonance

« With N’ RPV coupling, resonant sneutrino (or Z’) can ﬁ
decay into an electron-muon pair Ny, T

» Use single lepton triggers and select signal candidates
with exactly one high pT electron and muon

Using 0.87 fb-' of 2011 dataset to update analysis
published in PRL analyzing 2010 data

T l T T 1T LI LN | LI I LI '[ TTTT I LI I LI
ATLAé Preliminary &= meoy1, 0102, -005
\s =7 TeV B theoy 2, - 0012, - 001

Observed Limit

ATLAS Preliminary @ Data 2011 [l Instrumental
o Total Bkg. W WW/WZ

\s=7Tev Top v.(650 GeV) 5
j Ldt=0.87fb' WM Zy—oww —-Z(700 GeV) 3

-1 ===== Expected Limit
j Ldt = 0.87 0 ] ey o 1o
- Expected Limit +2 6
= = ATLAS 2010 limit

AL
A

>
Q
O]
0
AN
~
[0
u
c
o
>
L

i -

95% CL & x BR(ep)[fb]
T ||II|||| T TTTITT .l.llllyl

Data/SM

Mmf-_.-_.fﬂ v ; -

| | ] [

100 200 300 400 500

1

1 I L1 11 1 U l 11 | I
600 700 800 900 1000
m, [GeV]

700 200 300 400 500 600 700 800 900 100C
m,, [GeV]

Limits on sneutrino mass between 0.5 and 1 TeV depending on the couplings




RP Violating SUSY S

pp 2 QQ Q=g

I:iji

I Sparticle decays into 3 jets

o @ Use a diagonal cut to remove
> combinatorial background as well as
= QCD background:

"7 uCorrect” triplets lie along . 4 mjjj < E IP—l{'ITiFlE'l')I - o (‘GF'FE’E'I']

horizontal line

4 et 0
2 Y| arXiv:1107.30
cms r|.=35.1 pb”
% F U B B LR BN ELRMR BN ©
2 CMS, 35.1 pb” . — ot PApeciad
S I = Data (= 6 Jets) g ~ e — Observed
- | — Exponential Fit Function — B0
g o -+ 250 GeV/c? Gluino Model = s He2
E X 7 m - — o"°(Gluino)
uor ¢ p 10 A e
° 4 = [ _
8 Y [ e
E 10 =— + - KR — :
I } T H § =
1= . -
S T T T N I A | [ : PR IV R
0 100 200 300 400 500 600 700 800 200 250 300 350 400 450 500
M, (GeV/ Three Jet Mass [GeV/c?]

No signal for gluino masses up to 280 GeV
High mass excursion is less than 20 taking into account look elsewhere effect



Search for BSM Hi

Double Charged Higgs

MSSM Higgs — 17

CMS Preliminary 2011 1.6 fb’

e 95% CL excluded reglons

* [J CMS observed
------ +1g theory
- CMS eXpected

B Do 7.3 fb"

o N LEP

MSSM m;"™* scenario, M

SUsY

=1TeV

200 250 300 350

m, [GeV]

Impressive Exclusion Limits

400 450

q

CMS Preliminary

BR{D™ = &'e")=100%
BR{® ™ = &"u")=100%
BR{D™ - w*pt)=100%
BR{®™ - e"r7)=100%
BR{D™ = w'1)=100%
BR{®™ - Tr7)=100%
BP1: narmal hierarchy
BP2: inverse higrachy
BP3: dagenerale massas

BP4: equal branchings

I Exciuded by Tevatron or LER
¢ CMS\E=T mr_r L=0.98 5"

*
+
L]

L L L 1 L
100 150 200 250 a0 350
Lower limit on mass of ¢ [GeV]




@ Extra Space Dimensions &
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mpw = —— = 246 GeV
(Gpv2)2

- el

1
(tmm) /R M
1 TeV

Gravity becomes strong!



Models with Extra Dimensions e

Large Extra Dimensions planck scale (M) ~ TeV

Size: » TeV!; SM-particles on brane; gravity in bulk

KK-towers (small spacing); KK-exchange; graviton prod.

Signature: e.g. X-section deviations; JeT-r-ETm'ss ADD
Arkani- Hamed Dlmopoulos DvaI| 7

Warped Extra Dimensions  pg o (oo

5-dimensional spacetime with warped geometry
Graviton KK-modes (large spacing); graviton resonances
Signature: e.g. resonance in ee, py, yy-mass distributions ...

TeV-Scale Extra Dimensions look-like SUSY

SM particles allowed to propagate in ED of size TeV?
[scenarios: gauge fields only (nUED) or all SM particles (UED)] Antoniadis

o UED
nUED : KK excitations of gauge bosons Universal Extra Dimensions

UED : KK number conservation; KK states pair produced (at tree-level) ...
Signature: e.g. Z/W' resonances, dijets+Ermiss, heavy stable quarks/gluons...



Search for Extra Di

2-photon resonance (RS)

——
- Estimated bkg
J Ldi =36 pb” [[] Bka extrapolation syst uncertainty
[ 15 bkg uncertainty band (stat+syst)
[[J2c bkg uncerlainty band (stat+syst)
. KM 08 005 :h-ﬂp..u.n
MG Gy Gev 1000 Gev

Benchmark Signal RS Gravitons (G)

5-D space-time bound by two 3+1D
branes with SM particles localized on
one and gravity on the other

L. =Datays =TTV

Events/ 5 GeV

Only G propagate in bulk resulting in
massive spin- 2 Kaluza-Klein (KK)
excitations ATLAS Preliminary

Narrow intrinsic width if k/Mp<0.1 (k “Tz00 00 60 00 1000 1200
is space-time curvature in ED) My, [GeV]

. . T T T I T I- I- I T T T T T T T T T T =
Graviton decays to SM fermions or ATLAS Preliminary c 3
--=-= Expected limit

J-Ld't=36pb'1 [ Expected =16 |

bosons: Diphoton branching fraction is
. . . . [ |Expected+2c -
twice higher than dilepton one L VE=7Tev —— Observed limit

Data consistent with SM predictions

Limit @ 95% CL >920(545) GeV for
k/Mp=0.1(0.02)

L |~L;?:Cq‘.t:b-‘; L
000 1200 1400
ATLAS-CONF-2011-044 my, [GeV]




Search for Extra Di

Mono-jet final state +Missing Er (ADD) & 1 wusmimmny  — 2 ]
g wk PR R
. +  ATLAS-CONF-2011-95 i F j Eap E
.-',,/ . 102§ \s=7TeV EE(—)II}-&-]EE E
,2/ ﬂ E|_.|5'|' N . e ADD (n=2, M _=2.0 TeV]
gluon Jet % 1 'E_ e
/ pr jet > 250 GeV
p * { p 10-15_
L MET > 220 GeV :
graviton,.” 102k
‘;"‘"I 200 300 400

5 | | | | |
Lower Limit on the Planck Scale

: ] det=1 fo! ATLAS Preliminary
versus number of extra dimensions

——— ATLAS 2011
\Ns=7TeV
----- CDF run Il

s LEP combined

M, lower limit [TeV]
N

|

Limits on M, between 2 and 3 TeV 1.5 :

...............................

llll||lll|||

o

N
w
N
[&)]
[¢2]

Number of Extra Dimensions



A High p+ Mono-jet event

p, = 602 GeV
F_r'“i“ =523 GeV

Run Numbe

2 EXPERIMENT
r: 180209, Event Number: 36060682

Date: 2011-04-27 02:33:15 CEST

A high-p_monojet event - SM interpretation Z = w + jet



Search for Extra Dime

Mono-photon final state +Missing E; (ADD)

m | arge Extra-D (ADD): For n = 2-6:
= Graviton escape detector

. , Mp>1.25-1.31TeV
® Similarly to monojet:

Look for a photon and ~ nothing else
CMS Preliminary __ Ns =7TeV

[ .
A I 5M + ADD |Iln=1 TaV¥, n=2) |

Ldt=1.14fb" _, puma E
EEES Total bkg uncertainty

B Zy— vy I

0 W ev E|

B Miss 1D Pheten (GCD)

QCDy, Wy B

Il EcamHalo E

CMS Preliminary _ NS =7TeV

—
T
o 1

o fm: 114107

Cross section (fb)
q’

2
%

- n=d, Theory NLO ~ —— 95% CL Obs. Limit

- —— n=4, Theory LO weasees @5% CL Exp. Limit -

| - n=B, Theory NLO [ +o Exp. Limit

- —— n=6, Theory LO . [ | +20 Exp. Limit
| | |

PR B R T L L L L
100 200 300 400 500 600 700 1 12 14 16 1.8 2
E. (GeV CMS-EX0-11-058 M, (TeV)




Search for Extra Dim

Two Photons Resonances (RS)

® Randall-Sundrum KK RS graviton (k/MPI = 0.1):
graviton excitation m(G)>1.7 TeV at95% C.L.

—h
Q

llIlII II|IIII|IIII|IIllllllllllllllllllllll;
;35,7,‘2’,":.:’ CMS Preliminary

By +jet 1.1fb'at7 Tev 3
EDijet ]
£ Syst. Uncertainty

...... k=04, M, =750 GeV

- Median expected
68% expected
95% expected

—— Gy k=0.10

—— 95% CL limit

\ -
\ CMS Preliminary 7
N1fbtat7 Tev |

Entries/20 GeV

2

o
=
o
C
o
S 107E
o
o
%)
o

-4
Q
ra

«

IIIII|IIIIIIIlIIIIIIIIIIIlI\.I

600 800 100012001400160018002000
M, [GeV] CMS-EXO-11-038
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Search for Extra Dim
Two Photons and Missing E+ (UED)

> WP
» Benchmark: effective theory of one TeV= é e Ns=7TeV)
size UED valid at A>1/R (R = ED size) g v — ‘é‘*’gﬁgﬁgﬂ—éﬂﬂﬁqew
. . . . m, = 300 GeV
— SM particles in bulk = KK excitations  “ | UED 117 - 500 Gov

— Mass degeneracy of KK excitations ATLAS

broken by radiative corrections

1

— Lowest KK particle y* decays to 10" i b T
y+Graviton 107
» Expect excess of UED events at high TS [GeV]
EpMiss: = e A
— No events observed in EMiss>125GeV - — Dewected %t';“;:‘t
— Background events expected 105— S
0.10+0.04(stat)+0.05(syst) . Jrot-26ps" B-7Tev ]
« UL @ 95% CL on 6<0.18-0.23pb for 'F \ E
1/R=700-1200GeV in UED model I j
- At 36pbexclude @95% CL 1/R<961GeV ~ 'OF \ E

Same analysis as before !l (GMSB) 1ol —ste—sbsa55-5 55555
1/R [GeV]
arXiv:1107.05661, submitted to EPJC 12




EXTRA-DIMENSION

A . .
Extra Dimensions!

Graviton

=)

>~ Planck scale W
UNIVERSUM 3-brane a feW TeV? y | ) 27
S-EXO-11-071 Evaporates in 102/ sec

::..I- :" L 1 o~ (1 T

Look for the decay producs & 1o¢tf ™% o 13 [ CMS Preliminary
. 2 Background 94 ~ I _ .1 ]
of an evaporating black hole 8 o 52“?““?“;'« I T N ($=7TeV, 1.0 fb" -
~ 10°F T Wzt osovnoe 3 = 48l e ]
_ 2 R I =T N Y. |
"IDefine Sy to be the scalar g ¢z o Prtiminary - DR o ned ]
sum of all high p; objects * & 8 =7TeV, 1.09 16" 1 X -
found in the event 10¢ I s .
"ILook for deviations A L et s |
at hlgh ST ; E i —;— :g:n:il:;atins N
107 Clov v v b e 1T

1.5

S; (GeV)

Black hole masses excluded in range ~5 TeV depending on assumptions



Search 1or MICro bl

T I T T T T I T T T T I
Theoretical Cross Sec
My =1.6 TeV, M

CMS Preliminary  f)
/s =7 TeV, 1.09 fb™ YR

String Ball (BlackMax)

—o— Mp=16TeV,M =13TeV, g =04
—o— My=13TeV,M =1.0TeV, g =0.4
—o- Mg=21TeV,M =17 TeV, g’ =0.4

T N
| L1 1 1]
T T 1T

T
<=z
om0
Soo
EgE =

wonn

N=8

— Observed g%
Expected cgjp_

String ball search

T IIII,NII
|

a(S_ >S™) x A (pb)

Model independent results 102

10 CMS Preliminary .

Vs =7 TeV, 1.09 fb"

[ 1 A B B L S B
4000 5000 3.5 4 4.5 5 rEmS
ST'"'" (GeV) M™ (TeV)

2011, 1.09 i’

Cl L1
2000 3000

Nice events, eg this 10 jet event

i

‘CMS Experiment at LHC, CERN
Data recorded: Sat Apr 23 08:05:38 2011 EDT
Run/Event: 163332/ 196371106




Search for Micro Blac

Multi-jet search

310F L=, ATLAS Preliminary Require Ef! > 250 GeV 3 "TATLAS Prefminary
=P - MC:PYTHIA for good trigger 2 oo e=7TeV ~
2 OF . - efficiency 2 r Data | Lot=35pb" =
i ‘ ***l . . 10 + —— Ny=5 normalized |
s ~® L NZ5 For Nj. count jets with = 5
10° ] S =N, <5 pr> 50 GeV - ;
10 ;_ ‘-t-. i = —-— =
: *:-,' To good - -
1s *. . - L _
: . approximation, the ol _|
N - o= . =P [T [IPETITITITE B Pl P |
107 = L1+ " shape of Zppis the e A : T
0 1000 2000 3000 - - S N
£p,[GeV] same m QCD for % e e ]
% aof Aahmimnay | o2 Ny<SandNy25. 5 O mw o mwomw
- b NEETRV . . L
= 420 ] o J'L dt 35" . 4 * Usel.l TeV <ZXp;<1.2TeV region for normalization, then
@ 5 = n 1
NN : ons ] compare the N; < 5 shape to N;> 5 data
: vy 1 Predict number of events in signal region: N; > 5,
—Mothl ] Ypr>2TeV
. . . —  3.7+1.0(stat) £ 1.1 (syst) compared to 7 data
o \'\\ . — Largest syst is 24% due to QCD modelling
"7 1 ¢ At95% CL cross section x acceptance < 0.29 pb
“H. . n " " L]
- : {1 * Setmodel-dependent limits in My, My, n space
3 1 J 1 | | 1 Jr 1 | | 1 I 1 1 1 1 I | | | | I 1

1 1.5 2 25 3
My [TeV] A. Gibson, Toronto p.7




Search for Micro Bla

Benchmark Model: Large ED ADD Model
* My, is the Planck scale in n+4 D (Mp<<Mp)

» Ifthere are ED and Mp~1TeV, microscopic
black holes (BH) can be produced at LHC

» Assume continuous BH production from
M, to LHC Vs=7TeV, but remove mass
region (M) close to M where classical
BH production and semi-classical BH decay
approximations are not valid

» Strategy:

— Select events with same sign di muons, with at
least one being isolated, to minimize SM bkgs

— Look at track multiplicity distribution

My [TeV]

* No excess over SM expectations seen

* 95% CL limit on 6xAxBF of new physics in
this final state is 0.184pb

» Exclusion plots in low scale gravity model

ATLAS-CONE-2011-065

Events

Same sign dimuon search

107

=
W

357

5

. | ATLAS Pfelimihary '

V=T TaV, JL dt =31 ph’

Sample exclusion plot:

— Standard Modes
[ n#faka
[ [

L I5

MNTracks

s
I
=

e;;élu_ﬂed

T
-
'

T
ATLAS preliminary
WEI=7TeV, £ =31ph !

— - — unconstrained limit

constrained limit

- - —- expectad limit

e expected 1 sigma
expacted 2 sigma

My = kMp
Non-Rotating_
BH, ED=6

z
5

1




Other Searches -

— New Gauge bosons

— Colored resonances

— Objects decaying into top quarks

— Strong EW symmetry breaking eg topcolor
— 4t Generation of quarks and leptons

— Substructure /contact interactions

— Technicolor

— Long lived patrticles

— Dark/Hidden Sector particles

— ...and more...




Search for G, or Z’ Gau

Study of the channels Z'—pup, ee

w B T T T T T T T T 3 — —— —— —— S —— . : I. —— .
= 10 o =) T T T T T T T T
§ : ATLAS Preliminary é%f’:f 2 = L ATLAS Preliminary ___ gynacted limit —
w 10 . [EDiboson E . = NS=T7TeV  guEypected:t to 3
- Ldt=1211b =}L+Jm N - 2= Expected+ 25 |
_ Dach E - — it |
10° Ns=T7TeV 9711000 Gev) ] Observed limit
[Z(1250 GeY) 3 107" = w— st =
10° 171500 GeV) c —2Z 3 et
] r —Elu ]
10 i _ & GKK
'1 10-2 E_ _E ll--;-l
10" E - Eﬂ:ILdt=1.UEm'I . Z .
10° | = B uu:ILm=1.21lh" IR ©
80100

' - S T T T TN NS R s T
200 300 1000 2000 10° G55G4 66 08 1 92 14 16 18 2

m,.. [GeV] m [TeV]
E 10° ICMS preliminary | wWs =7 Telv I L :Ilt =11 fbl" E 0.4":”5 P'I'e"mm"?-I = _IL1 3 '.I N assbanss ma"di:?;:ﬂzmad
E 104 i DATA e \ [ | 68% expected -
5 ... B 2o 0alt \ [ %5% expected |
L - tf + other prompt leptons uSSM
107 jets (data) ] G:K k.’E=ﬂ.1 |
10 0.2 0 Gy k/M,=0.05 —

— 85% C.L. limit

0.17

A L ¥
800 1000 1200
miee) [GeV]

Exclude (SSM) Z" up to 1.94 TeV and G, up to 1.7 TeV or @ 95% CL




Search for Z’ Gauge

Study of the channels Z'—>TT

I LA e o o
CMSPr_il:IImlnary Wz
36.1 pb Wz-un

e A —
CMS Preliminary Bz~
36.1 pb”' .

i =TTBar

Wiets H H
= = Using 4 different
Ozizso) =<« DTZ';-EEEI}—-TT

tau-tau channels

—=— Data —=— Data

-
o
%)
—

— LA N B B O B B I S B B B B B
(o 8 CMS Preliminary —— ExperimentsscL ]
: 36.1 pb“ ------- Mean Expected 95%CL .
200 400 600 800 1000 1200 200 400 600 800 1000 1200 I 1o expected range |
M(uT,MET) (GeV/c?) M(e;t, MET)(GeV/c?) 20 expected range
(a) ®) N 10 ——— Theory E
o [F57%] Tevatron Exclusion Region ]
L L L A LI B L B B o |
Ccms —-TT CMS T n
“h.l1 :;gllmlnaw =.“zvm 3:1 :;?Iimlnnnr =; o :-‘h i
W ww [ TTar N
-'I'I'Ear -W.Iels 1
M aco Eaco
Ozaso) —~ <= Ozaso) — <o O
- Data —+ Data \E'
107 o
1 Il 1 1 I 1 1 Il 1 I L Il 1 1 I 1 1 Il 1 I L Il Il 1 I 1 1 [l 1 4

400 500 600 700 800 900 1000
M, (GeV/c?)

200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
M(e,u,MET)(GeV/c?) M(x, ., MET)(GeV/c?)

Exclude (SSM) Z" up to 468 GeV @ 95% CL




Search for W’ Gauge Bosons

Study

— ——
%1 oL CMS Preliminary | * D@
(O] E W —uv —— Max Function
1.0—1 04 % Ns=7TeV Min Function
~ _f Ldt=1.13fb" Mean Function
L10°F f
£
>102 3
10 £
l:
10 £
102 £

< ) PRI IR N | I I |
10 0 200 400 600 800 1000 1200
M; [GeV]

R e
[CMS Preliimifiry
Ns=7TeV

L T T

95% Observed Combined

— — - 95% Expected Combined

Theoretical Cross Section

I
95% Observed Limit Electron 1.03 1b™]

95% Observed Limit Muon 1.13 b |

BR(W'—¢/u +v) (pb)
Q
I

—I.U )

0‘2

) NIRRT N T T S AN S S N ST NSNS N
9400 1600 1800 2000 2200 2400
W' mass (GeV)

-

6 B [pb]

of the channels W' —pv,ev

7 T
. ATLAS Prebminary — — T0- 5 3
0e e . _ WIS
__m+ W — uv WL
1':‘& - Wes =T Tel CIwizn
_ — o 3
10 b |Ldt=1.04¢b . " !
107 b e !
) | Dy
10° — |_| oD .
10k I J
ol :
L : | Q-I_I — i
o oL LLL
f i It 1 |
0 10
. |Eey
1 %] !
’i'__' - NNLD theory
..., —+— Observed limit |
- '-,.. - Expected limit - E——
10" € Expected 1o | Mt = \'u jljh-lj-};,-];nm( 1 cos A-f__-ﬂllr_._“)j_-;: }
| . Expected + 2¢ 1 i I
107
= ATLAS Preliminary T,
W' — v "
10°=Ns=7TeV, [Ldt=104 b | CMS-EXO-11-024
500 1000 1500 2000 2500
My, [GeV]

Exclude new W’ bosons up to ~2.27 TeV @ 95% CL 49

N~

Ly



Searching for Tec
W'(prc) » WZ - 38v (£ = e, u)

Technicolor ~ QCD (color force);

i

CMS Preliminary 2011 £g =7 TeV
...|...|...|...|...|...

Ldt- 11547

Higgs is composite

F s

+Da1a -Wﬂers

-y
W Z+Tets I:IETZ—)EI\I'
COW 600

Events / 10 GeV
m(z;) (GeV)
=

250

II|IIII|IIII|III.-|

ILdt-lleb"

CMS Prelmnna_ry 2011 s=7TeV -
B
|| ’\ﬂ‘H“ ﬂ” " 200p- _ 95% C.L. limit (exp) ]
L 1
oo 1200 C — 959 C.L. limit (abs} Z

My (GeV) A B I B
15?00 320 ?40 ?60 330 400 420 440 460

m{pT) (GeV)
W' sn: 784 GeV
3

prci382 GeV (My,, = =M, 25 GeV) ~ EX0O-11-041
prc:436 GeV (M, < My + My,)

TC

First search after TeVatron; Exclusion limits on SSM
(784 GeV) and techni-color models (382-436 GeV)



Heavy Neutrinos in Wx

Left-right symmetric extension of the Standard Model

: Select events with
2 leptons and 2 jets

CMS Preliminary CMS Prelimi Muon channel: Event with M, = 331 GeV, M,,; = 881 GeV

Emnu}""‘ul*""';{ ——— 20p a7 v ]
| Large exclusion range
1 in mass of the Wy and

1 heavy neutrino

T T T T T T T TT T ™
gmm'— M, > My, 240ph at 7 TeV |

= Obsened -

21000k § Z1000f
= 10007 : = 1000}

Al 1 800}~
o r 600

Tevatron excludes
| Wr~ 780 GeV

(] 400

Sl
] 200

TRy 0
MWF. [Ge‘sf_]

T N B B AR
800 1000 1200 1400 1600
M, [GeV]

M R R B
BOO 1000 1200




Search for Dijet Resonance

Select events with 2 jets with p> 180 GeV (ATLAS)
Search for a bump in the invariant jet mass

CMS:arXiv:1107.4771: Sub. to PLB

No bump found Limits —~1-4 TeV Range ATLAS-CONF-2011-95
;IOH l |1 IJ% O UL L T IEF- \I“I\III.‘LI\\II\_"\\Illll\-l‘lllll\
8 : ::15(1.01 fb™ E -.é r o q* MC10 i -8_ b g -: E;r:;g;t:::::ncs i
B 1= . QCD Pythla + CMS Simulation 5 < 1 03 E_ A (MRST) _§ - AxiglluunfColoron
e ses U:certalmy E é 8 —— Observed 95% CL upper limit ; § 1F TPl
g 10-1 S ‘1?‘TEV) == Exclted Quark é 1 02 ;_ \\ ‘— gax‘goeg:]eddggsiff’bghduspper |Im|t—; m ﬁ’s Graviton
'8 . . “\ - - - String Resonance E ; \ ; %
102 R \ ] C N ]
e e S (26TeV E 105 \\ 48
ool TR R N : \  ATLAS Preliminary - ‘g 107 —_
T X = * N [Ldar=0811" | ¢ [ . ;
. ] 1 — I CMS (1.01 fb™)
10° Vs=7TeV - ﬂq‘ 2.3 Te\n"\_ 7% ; \\ Ns =7 TeV % i \s=7TeV
samt . 3 o | Il<25&lAni<1.3
10'55 ?;J:iﬁm ' .5 10" +4 O 95% CL Upper Limit
C 3 E 102 —=— Gluon-Gluon
S It E 102 A Ouark-g:uon ‘ -~
8 o = E L LN e [ === Quark-Quark Ay il
T f ? e 7% 1000 2000 3000 4000 ol b b b b et i L
3 7000 1500 2000 2500 3000 3500 4000 1000 /¥500 2000 2500 3000 3500 4000
Dijet Mass (GeV) Mass [GeV] Resonance Mass (GeV)
The data exclude new particles predicted in the following ATLAS
models at the 95%CL (CMS) Model 95% CL Limits (TeV)
String resonances with mass M(S)<4.00TeV, E; diquarks Expected Observed
with M(D) <3.52TeV, excited quarks with M(qx)<2.49TeV, | Excited Quark ¢* 2.77 2.91
axigluons and colorons with M(A,C)<2.47TeV, and W' Axigluon 3.02 3.21

bosons with M(W’) <1.51TeV Color Octet Scalar 1.71 1.91




High p; Dijet Events

Very high energy jet event
[Cxas _Run 166895 m; = 4040 GeV
vent : i _
\ Dijet Mass : 3.835 TeV py” = 1850 GeV

pp2 = 1840 GeV
ATLAS-CONF-2011-081

i

53



2 10F : ! : ! E
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© = i, ATLAS Preliminary 4
2 [ - g i
s 1F & - ILdt=200pb E
> F & - 3
w E e 7
—I 10'E ¢ -+
s 8 -+
107} E
— KKGS0D - g |
10° = 3
- KKG1000 s i
10—4 | SR S B 1 !
0 500 1000 1500 2000 2500 3000
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Y _.-.I..-|-.vl-v-’v'r—lrrwln-lunl-.:'_5‘
o [ V5 =7TeV dRmin. Syst.+stat, =
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N F I Exp. 16 uncertainty ] O:é
% [ Exp. 26 uncertainty 1 E:‘
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&' ATLAS Preliminary 7| &

| ' | 'S

lllllllll
800 10001

1l LAl 11 1 l LRSS
200 1400 1600 1800 2000
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Top Resonances ‘

ATLAS-CONF-2011-87

*Select semi-leptonic tt event
eInspect the tt invariant mass spectrum

*Search for narrow topcolor Z" and wider KK gluons

Limit on KK-gluons < 700 GeV 95 % CL

 Black holes near threshold -> tt? arXiv:0708.3017
eLimit on 2 body tt decay black holes ~ 2.35 TeV

10°

10

10°k

=l L) L} I L] L] L}
_\G =7 TeV
F [ £.dr =200 pb”

I L L L] I Ll T 1 I L] | £ § ] T L] L] l L]
dRmin. Syst.+stat.
—— Obs. 95% CL upper limit

—

Exp. 85% CL upper limit
B Exp. 16 uncertainty
I Exp. 2 o uncertainty
Kaluza-Klein gluon

ATLAS Preliminary

BT W et |

lllAJ
600

1 l Ll j Lashand l J
1200 1400 1600

~ mmeanes AV

800 1000

Oqgy (PP

107k

103:

[T

T T
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dRmin. Stat. only

B jLa‘.‘ =193 pb-1 —e— Obs. 95% CL upper limit 4

=== Exp. 95% CL upper limit

- Exp. 10 uncertainty
[ Exp. 2 5 uncertainty
Quantum Black Hole

ATLAS Preliminary
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Z’ — tt Search

*Search in the all hadronic decay channel for the tops

*Tops are boosted for high mass Z, jets merge

Start from Cambridge-Aachen FAT jets and apply jet pruning to find sub-jets
*QCD background estimate from data (mistag method)

CMS-EXO-11-006 Particle flow an asset for this s

> E<q
I - Exclude KK-Gluons 1<M<1.5 TeV

_CMS Preliminary, 886 pb” at\s = 7 TeV

102 | i 3

{}onilmad type 1+1 & 1+2 =

Jeia: Observed (95% CL) .
pt 47.8 Ge\fic, -
b-tag discriminant 4.2 i — Expected (95% CL) i

+ 15 Expected
[ £ 20 Expected 3

—_
=

=k

~ Jet 2: Jat Pruning
e pt484.3 Gewie,
mass = 88.8 GaWic2
Jat2 + 3 - Mass = 167

1 Top Tagging
Dlﬂm‘l GeVic,
3 subjets,
num-im'l' Gewic2,
minhass = B7 2 GaVic?

—h
<

—L'I‘III| T T IIIIII‘|_"r

Upper Limit 6, x BR(Z' — tt) (pb)

f Invariant Mass (TeV/c?)




4t Generation: Top p‘

T - tZ 't — WbWb — Lvbggb

CMS 191 pb' \s =7 TeV
1 T T T

3cwlsi preliminary  CL: e+jets (573pb™), u+jets (821pb™)
T L] | T
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)
- tTHEORY

“~.. Limitat95% CL: M; > 417 GeV/c’

o(pp — TT) [pb]

—_
=
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o
oy =
e
e
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N i
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~-.  observed limit
# 20 M.
(Bet' I|II""'ln-
i lo gﬂ'aﬁ"; rrrrr _
10" R

P P R H S S N B B m[geéfn
50 300 350 400 450 500 550
CMS-EXO-11-005 Mr [GeV/c’

M(T) [GeV/c?] 250 300 350 400 450 500 550
Observed limit [pb] | 218 1.28 1.05 1.04 093 091 094

No t’ with found in the
region of mass < 450 GeV
at 95% CL

No top-like quark with tZ decay found
with mass < 417 GeV at 95% CL

b'b! — tW-tWT — bWTW bW W No b’ with 255<mass< 361 GeV




Ath Generatio

Final state has heavy top pair signature:
- 2 leptons
+ 2 jets
- Missing E, (- plot for ee)
» higher boost of the decay products

LN L R R B E B I B R B LI LA L | |

L} I T T T T I T T T T I
ATLAS lelmlm.r.lJL- avpt’

[ E [ B
" P P
Qe-w W
B:-- ® Dot

BG-only 3= = 18.7, 20 DOF

Lot = 37.0 pb 95% (L
—— NNLO from HATHCR
—— hedign Frepeated Limt
— Okservas Limit

E-1e

=,

ATLAS Preliminary

Cross Seclion (ph)

1 I L L 1 I L L L I 1 L L I 1 1 I '] '] '] I I 1 '] ']
50 100 160 200 250 300 260 280 300 320 340 360 3280 400

Missing Transverse Energy [GeV] Q, Mass (GeYic™

Limit on production cross section of Q_‘ﬁ:lr 37 pbt:
- Translates to lower mass limit: Mm:sz?n GeV
(Best Tevatron limits (CDF, 4.6 fb': m_ >335 GeV))




Search for Dark Ph

I Dark photons decaying into muons. Look for muon jets events in data
ani-Hamed, Weiner CMS-SUS-11-13

CMS Preliminary 2010 «Js=7 TeV Ln=35ph" CMS Freimm!yr 2010 vJs=7 Te‘u' L¥=HE pb?
_-n LI | LU | LI | LI | LI | LI | rrri |-|_ IIIIIII | LI o] | IIIIIIII | L | IIIIIIIIIIIIIII | I
Q. 1_2_ﬂlﬂ_u“.uﬂt _ -E. L mig = m['ﬁH_E E'ﬁ;—*IJ IW-IW% i
Z g 4 X (. Wit PS80 G0, I 5) i "'"*1':13';— m{h) = 3 GeWic® Br(h —Y,y )=100% E
J e i+ o+ X (1ot iy 20 GV, n 0.5 N g miy)= 05GVIE ge. o - ]
o - 2nd di-: p_>10 GeVc, bn <2 4) ] —~ Upper Limit .
% o e o KNG W D] ] EE]GE';_ —e— By, —up)=100% E
08r - e Brlyp=50%
N =T —a— Brly —pp)=33% _|
0.6 = ) a 5
8 T — Theary ;
. ] ’
04 % -1;_ o :— T s _EI
0.2 107 2 -
ﬂ|: :||I||||I||||I....I....I....I.|||I||||I||:
05 1 15 2 25 3 35 45 5 500 &00 700 800 900 1000 1100 1200
m(yy). ‘GeVion m(@), GeV/c?

%Y — KdarkYdark + KdarkMdark(— Ydark Ydark )

None found so far.... Limits set on production cross sections




Long Lived Particles

Split Supersymmetry
Assumes nature is fine tuned and SUSY — ==
IS broken at some high scale CA

The only light particles are the Higgs
and the gauginos

- Gluino can live long: sec, min, years!

- R-hadron formation (eg: gluino+ gluon):
slow, heavy particles

Unusual interactions with material

eg. with the calorimeters of the
experiments!

nnnnn

Gravitino Dark Matter and GMSB

In some models/phase space the
gravitino is the LSP

= NLSP (neutralino, stau lepton) can
live ‘long’ Voo

— non-pointing photons Sparticles stopped in the detector,walls

of the cavern, or dense ‘stopper’ detector.
—Challenge to the experiments!

They decay after hours---months...




Search for Stopped

m Qut-of-time decay of heavy particles stopped in the detector

® | ook for signal without collisions:
- When no beam in the machine CMS-EXO-11-020

- Between bunch trains Too short-lived Too long-lived to

- — — - — — — — to be out-of-time ~ Nave decayed yet
100 ns 1 month
|

q—G —
ap CMS Preliminary 2011 BE% C.L. Limits:
det:BBpr'1 - -- Expacied: Gounting Exp.
Expactad = 1a: Counting Exp.
Expactad +20: Counting Exp.
WE e T TEV — Oibsarved: Counting Exp.
mr-mi.-Eﬂﬂﬁewd‘ — Observed: Timing Profile

) [pb]

50ns_4B0b+1small_424_14_468 T2bpittinj L= 38 pb”

CMS Preliminary 2011
Lifetime =1 us

L

500 7000 1500 2000 2500 3000 3500 - Lifetime [s] _ i ls]
Bunch Crossing# BX 13 orders of magnitude!

T T T T I T T T T I
¥ cMSData _
— Signal PDF (£ = 1ps) L = 1.3 %107 em?s”

-

alpp — 1) x BR{T — t

MLO+MNLL (m, = 300 Gevic™)

‘:;',71_'—.—4

k . 107 10% 10® 10* 107 10® 107 1 10 10 107 10t 107 10°




Search for Stopped

Search for Heavy Stable Charged Particles that stop in the detectors
and decay a long time afterwards (nsec, sec, hrs...)

Special data taking after the beams are dumped and during beam

abort gaps CMS-EX0-11-020

LCMS Preliminary 2011 95% C.L. Limits - CMS Preliminary 2011 95% C.L. Limits
"rL dt = 886 pb’ Expected: 10 us - 1000 s Gounting Exp.
E [ Expected +10: 10 us - 1000 s Counting Exp. E

Expected =20 10 us - 1000 s Counting Exp.

| del:BBﬁ pb’ Expected: 10 s - 1000 s Gounting Exp.
3 [ Expected +10: 10 us - 1000 s Gounting Exp.

Expected +20: 10 us - 1000 s Counting Exp.

10?

C [ _ R
:L;::=1.3X1D$Cm_25_] - LE—"SK"O cm2s!

5 =7 Tev - N5 =7TeV

Obs.: 10 us - 1000 s Counting Exp. = (Obs.: 10 us - 1000 s Counting Exp.

m-m.,= 100 GeV/c? Obs.: 10 us Timing Profil m.- m., = 200 GeVic? ————— Obs.: 10 us Timing Profile

NLO+NLL3

o(pp — T x BR{ — t%°) [pb]

o
2
%
1
)
i
o
X
B
1
a
o
5

—
TT TFT T T

NLO+NLLT

-1 L L 1 L | | L 1 L I |
10 300 350 400 450 500 550 600 650 700 300 350 400 450 500 550 600
m, [GeVic?] m; [GeV/c?]

95% CL Limits: Stopped Gluinos > 600 GeV, Stopped Stop quarks> 337 GeV




Heavy Stable Charge

Search limits using
tracker de/dx and
Muon TOF information

Result for 1 fb1;
#Events consistent with
estimated background

S-EXO-11-022
. . \ . \ . lDMBII’MlmII:uu ':.'i-?‘:w 1:91:& I‘ E - . \ . \ . lcm Il’mlml .m \I.'i-nlnv 1n|111w I‘
| Theorstical Prediction Tk + oty R ‘; | Theoratical Pradiction Tk + TOF ] .
oL W pmeomy  TIRE ol B oy ghine; 0t | Stable particles that
E stop (NLO+HLL) —t— guina; 0% 34; ch. suppe. E stop (NLO+NLL) —— gluino; 10% gg S
sy ] e - I traverse the detector,
U3 - 1 4  and move slowly
" : " 1 Eg heavy stable
w02k ] 102 1 gluino or stop/stau
107 g 1000 107 g 1000
Mass (GeVi/c?) Mass (GeVic?)

e

95% C.L. mass limits are set for

Cloud model interaction scenario
— Gluino (10% ~gg): 899 GeV, Gluino (50% ~gq)

- 839 GeV
— Stop: 620 GeY  GMSB Stau:293 GeV — NEW Addition

Charge suppression interaction scenario
—  Gluino(10% ~gg): 808 GeV. Stop: 515 GeV




Search for RPV

Using events with a
“displaced vertex” ’

ATLAS

preliminary

Event from a jet-trigger data sample, where a high-
. mass vertex (circled) is the result of an apparently
random, large-angle intersection between a track
and a low-mass hadronic-interaction vertex
produced in a pixel module. The beampipe and

Run 165821
Event 1605517

Displaced vertex some pixel modules are shown
50 . s
%’ 1 | I I | | I I IE _.é ...
S 45 E C10°E
Signal Region 7 :
40 : = o
% (Extends ta == in x and y) E ¢
E 35 E § 10 '
2 ap ATLAS E § i e e 3
E EJ'," E @ ", A :
> 25 E & \‘ __
ESCTE N A oo :
20 = O C - 0 ]
] | —=— 700 GeV g, 494 GBV';(1 ] .
180 E 107 —+— 700 GeV g, 108 GeV 4 No signal found
108 : [ 1.5TeV, 494 GeV T ]
50 ¢ é 102k —° 150 GeV{, 108 GeVy, 4
okt 10 1 1 ) ST S S Y E
2 4 6 8 1012 14 16 18 20 1 10 10? 10°

g
3
3

Number of tracks in vertex

* (O * detector acceptance * ¢
<0.09pb @95% Confidence level




Simplified mode {light 1) - 0-lep + E, ., Y=Y mass ATLAS
Simplified model Uight 1) - Cep + Ep ., 4 maas Praliminary

Simplified model (ight 7,) - 0-lep + Ey .,
Simplified mode : 0-lep + b-jets + E; .,
Pheno-MSSM (light ) : 24ep S5 + E;,,

§mass (for mb) <800 GaV) JLdt:{ﬂ_[‘.B‘l 121 "

SUsY

Y mazs
Pheno-MSSM “Iﬂht:,‘[:] 21ep OS_ +E; ., Y mass Ws=TTeV
EISB(EGH+5inmlnmdBI:ﬁ+Em Y mass

GMSH : stabla T

Stable massive particles : R-hadrons
Stable massive particles : R-hadrons
Stable massive particles : A-hadrons
HP\I' l’.l..,,:llllﬂ J.m,:{l.ﬂﬂ hlgh—mm &l

Large ED (ADD) - monojst
UED :yy+ E

RS with k'M, =0.1 :m;

RS with k'M,, =01 :
RS with top couplingsa g1=1 i} g.=4.l] Ty
Quantum black hole (QBH) :m g, Fix)
‘QBH : High-maze ¢,
ADD BH (M/ M=3) : muhijuEpT, ats
) A.EIJBH{HH.I’H'_?J SSEmunnH“F,__

All Searches

Extra dimensions

0y Scalar LQ pairs (§=1) : kin. varzs. in eefj, evjj
- Scﬂu'LQpan{ﬂ:ﬂ kin. wars. im ppjj, pvii

- 4“'hmiy coll. meH—}Wqu-
4" family - dEI-;wwntssamm
Major. neatr. (¥, ,.FL_ITuH'l 55 dilepton

ther

Color octet scalar :m.,

"Only a selechion of the available reaulis shown



The Search Overvi

M, b = BN (2010
Mt", t* = 12 (100%)
ML, T = BW (10096), l+jeis

Exotica
Searches

ME, vy. GRW (2010}

Ms, . GRW (2010}

MWD, monojet. NED = 2 (2010}

MWD, monojet. NED = 6 (2010}

MEH, rotating. MD=3.5 Te\, nED = 2
MEH, non-rot, MO=1.5 T\, nED = &
String Ball M, MD=2.1, Ms=1.7, g5=0.4

Bottom line: no evidence
for new physics yet @ the LHC

P A= 2T
C.I. A, dijst mass [3 po-1)
CA A X snaysic

Lo, B=0.5 (2010
L, B=1.0 200
LGz, B=1.0 (2010

o o6 12 18 24 3 36 42 48 54 &
TEW




New Physics and s

Many extensions of the SM have been Ll

developed over the p -
—_— >

Supersymmetry

"

Extra-Dimensions ¢
N

NS

Little Higgs<_ 2N
No Higgs *;“‘f \\\\
GUT

Hidden Valley

-
‘ )
Leptoquarks ‘\,
. <) AN}
Compositeness "\

4™ generation (t', b')

Technicolor(s)

=
e

LRSM, heavy neutrino
etc...

(for illustration only)

. jets + MET

(LP11: H. Bachacou

1jet+ MET

1 lepton + MET
Same-sign di-lepton
Dilepton resonance
Diphoton resonance
Diphoton + MET
Multileptons

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

W/Z+Gamma resonance
Top-antitop resonance
Slow-moving particles
Long-lived particles
Top-antitop production
Lepton-Jets

Microscopic blackholes
Dijet resonance

etc. .



Can we miss somethi

Model independent search
*Divide events into exclusive classes
o selected CMS Study deviations from SM predictions
Fvents | in a statistical way

CMS-EXO-10-021

@
Distributions in each class
]
control plots data o] @ > pr - Most general
r

2 containe ()
SRR @ M, ' - Good for resonances
) ~— o MET - Escaping particles
AU

event classes

Ei-lnﬂE- miss .r ' =
levly] fiv+3jet] 2wy g [ oreliminary | |- oes
=]
€ ; ; i
. (kinematic) gy S
€ distributions : 5
bl 5:Iearc_|;:h 100 _'_ -
algorithm i ;
* see [ ;i
O SM expectation (kinematic) quantity 1| : —'——*— =
. T | S e - 0
Probability distribution as expected Wo~ os 115 2 28
L dt = 36.1/pb

for 35 pb1
Look at & watch the outliers...




summary

New signatures for new physics yet
— Simple Summary (LP11: H. Bachacou)

Gauge bosons (SSM)




Summary: The Searches are on! .

The LHC has entered new territory. The ATLAS and CMS
experiments are ready for searches for new physics. The most
popular example is SUSY, but many other New Physics model
searches are covered.

No sign of new physics yet in the first 1 fb-! at 7 TeV.

Starts to cut into the ‘preferred SUSY region’. The air for
constrained models is getting very thin. We' Il need to dig
deeper. Input from our theory colleagues welcome!

Some analyses have been released only with 35 pb-! so far so
these have a lot of headroom left.

The LHC did its part so far with a great first half in 2011
Expect between 10 and 20 fb1 by end of 2012 (optimistic), and
maybe a higher energy in 2012,which would help for searches




BACKUP



Excited Leptc

o fT ‘LL* ¥ ) ]
Contact interactic
) I M
ga.'!

L= Ef"fﬁr

CMS Preliminary 7 TeV 36 pb’ CMS Preliminary 7 TeV 36 pb’
, o T

o 10~ T o A=1TeV < S

a E —— A=2TeV o

= 10°F i A=4TeV = 45 —— E
E —e— A=6TeV F

% 10 A " Obsarved Limit (35% C1) < 4 it E

=, ’—'— Expected Limit 95% CL) | . 5 oS Excludod al95% CL ;

& 1§ . *”””’] DO Excluded at 95% CL

X ; . :

o 107

104 No excited leptons
109F - with mass < 1 TeV

1 0—4 C P S (NN TS T T NN TR TR SR NN T SR T NN T T :I
02 04 06 08 1 2
M- (TeWc"l)

CMS Preliminary 7 TeV 36 pb’

fOI‘ /\= Me*

CMS Preliminary 7 TeV 36 pb’
e

10° T A=1TeV = 5 ]

—— A=2TeV [ ]

102 g A=4TeV E 45 pp—ee* E
) —+— A=BTeV < e'oe+y

... —— Observed Limit (95% CL) 4k =

—-— Expected Limit (95% CL} J E CMS Excluded at 95% CL ]

S . = No excited squarks
S = | | with mass < 1.17 TeV

___________________ > | | for A= M.
IRt 3 - From g-> qZ study

o X BR(e*—eY) (pb)




GMSB SUSY Sear

Gauge Mediated SUSY breaking: LSP is the Gravitino

@ Phenomenology depends on NLSP

@ if neutralino, decays into gravitino and vy, Z°, or h°
(depending on neutralino mixing) PRL.106 211802,

Here analyse collisions with:
two hard photons (30 GeV) , missing transverse momentum and jets

%) r . <2000 R 7
< @ CMS: 35.5 pb’
& 10'F cMs  —e— Data-yy > O] 3P
> F 355pp! & 1800 o M(z0) =50 GeV |
L . 77777, Total BG (QCDshape fromz) o S 5 .
S - = = 0y =
8 10° i i Electroweak Background 8;i'_\ = 1600 = Ml;) = 180/GeV-
) : : ~ ]
:E; g i L A samamm Expected for
zZ W’*‘ NO Excess 2 1200 M(x7) = 150 GeV
* — 1000 For equal squark and gluino
masses the limits are
800 740, 800 GeV, and 780 GeV
/ /// 600 j
0 20 40 60 10 120 140 400
E“’“Ss (GeV) 400 600 800 1000 1200 1400 1600 1800 2000

M(9) (GeV)

These results can be reinterpreted in Universal Extra Dimensions




Universal Extra Dim

Search for events with two photos and missing transverse energy
Limits set for events with two photons with E-> 25 GeV and MET > 75 GeV

T T
arX|y:

—— Data 2010 (Vs =7 TeV) ) .
== Total background 3 : 95% CL Limit

[CJUED 1/R =500 GeV - B =~ UED LO cross section
(JUED 1/R = 700 GeV 3 i

3

Entries / 5 GeV

fl_dt=3.1pb" Ns=7TeV

—he
TTT T 1T

—he
=]

-t
Qe
[3v]

-t
Q
]

i L ] ] ] ] ] ! S IR B ST B L]
0 10 20 30 40 50 75 150 600 400 500 600 700 800
ET™® [GeV] 1/R [GeV]

EX=s range Data Predicted background events Expected UED signal events
(GeV) events Total QCD W(— ev) + jets/~y 1/R = 500 GeV 1/R =700 GeV
0-20 465 465.0 £ 9.1 465.0 £ 9.1 - 0.28 £ 0.06 0.02+ 0.0

20 - 30 45 40.5 + 2.2 40.41 £ 2.17 0.11 +£0.07 0.45 £ 0.07 0.03 £ 0.01
30 - 50 g 10.3+1.3 10.13 £+ 1.30 0.16 £ 0.10 1.60 +0.12 0.08 +£0.01
50 - 75 1 0.93 £0.23 0.85 £ 0.23 0.08 £ 0.05 2.84x0.16 0.14 £ 0.0

> 75 0 0.32 +£0.16 0.28+0.15 0.04 £ 0.03 40.45 £ 0.62 4.21 £ 0.06

No evidence yet for Universal Extra Dimensions...




GMSB SUSY Sear

E.G. This channel: A lepton, a photon and Missing Transverse Energy

P; lepton> 20 GeV
P; photon > 30 GeV
MET> 100 GeV

JHEP 1106:093

II|IIII|IIII|IIII|IIIIIIII
CMS, 35pb™ N5 =7 TeV

Events /5 GeV

squark / gluino mass (GeV)

200 700

wino mass (GeV)

ET"™ (GeV)

No excess found... Exclusion in the squark/gluino wino space




Results as Simplified

Models proposed at: hitp:/fwww.lhcnewphysics.org

CMS Preliminary L _ =35pb” \s=7TeV

g' [ P1od _ GNLO-GCD

@ 900F.weeee PfOE _ g GNLO-GED
()
S
o
w

o GG — djets + LSPs
A wE
_HithTselecIiun

E_ ________________ oo = 43 ohliLo-ocD
- Hadronic
E—' 700- Searches

'most sensitive
Fanalysis per poin

~ _ allhadronic analysis
600 800

1000 0 400 500 600 700 800 900 1000

my (GeV) Mo (GEV)

Shows complementarity of hadronic analyses.
CMS will provide these results electronically.
Feedback is welcome.

Are these result representations useful/used?




Contact Interact

Contact Interactions s

[ DY—pp

. . . I L dt = 42 pb™ [ Diboson
+ Four-fermion contact interactions (CI) at - I

W+ jets

low energy limit describe phenomena as: A =3V
— AN =5TeV

— Large Extra Dimension ADD Model - At =5 ToV
— Quark-lepton compositeness

* Benchmark: left-left isoscalar model

do - dopy . rFI(mM) _I_Fc(mnn) d 2x107 10° 2x10°

dm,  dm,, 7 A2 AX My, [GeV]
— Fy, isinterference (CI) term, ;= 1 Taking an integral...

— 1is the energy scale (below which fermion
constituences are bound)

* No excess, limits at 95% CL:

—  >4.9TeV for constructive
interference

—  *>4.5TeV for destructive interference

-
=]

r —
—A=3TeV -- A =3TeV

Standard Model
— AN =4TeY A =4 TeV

ILm=42ph" —N=5TeV -— A"=5Tev
Ns=17 leV

Number of events above m[j;"

arxiv:1104.4398 accepted by PRD



Long Lived ParticJ

Search for Massive Long-Lived Highly lonising Particles

———— : — T
aTLAS » dam3ipy ' g 0 ATLAS o datadiph’ EW . | AmAs e damdipb 2
EEE Standard Model MC © 5=7Tev SR Standard Model MC T Pl E=TTey  EEE Stancard Mocel MC =
Signal, [qi=10e, _; T 10 —- Signal, |gj=10e, T L e Signal, jol=10e, =
g m=500 GaV i P m=500 Gt
= 10 = IPF |
E 2L E 1F
£ e E i
3 : = |
Z 10k 2 ki

Hi

» Search for massive long-lived HIP: concentrate on large mass (>100GeV),
non-relativistic speed, charges 6-17e (Q-balls, stable micro black holes)

« Signal has high ionization in tracker, narrow calorimeter deposits
* No events pass selection shown above (96% efficient for signal)

Cross-section limits @ 95% CL Cross-section limits at 95% CL in pb assuming

in pb for any model Drell-Yan-like production mechanism
m[GeV] | |gl=06e |gl=10e |g|=17e m[GeV] | |g|=6e |g|=10e |g|=17e
200 1.4 1.2 2.1 200 11.5 5.9 9.1
500 1.2 1.2 1.6 500 7.2 4.3 5.3
1000 2.2 1.2 1.5 1000 9.3 3.4 4.3




Search for Extra Dime

Are there extra space B S o NEWEIANCK ooy
dimensions that open at cramon "
higher energies? %

\\;3)
“0ld Plang
scale

Strength of Forces

xample: Experimental signature \ Q\ X
ects the di-fermion production ‘% T e N i '
udy here: di-photon production

UNIVERSUM B (tmm) R M Mplanck
1 TeV

CMS Preliminary
338pbTat \ys=7 TeV

£

arxiv:1103.4
% |||||| TTTT ||||||||||||||||||||||||||||||||||_
) BN Dijet

gy filky) Vilgy) g 10° [ et E
8 BN Diphoton :

......... M =1.2 TeV, 5 .

@) fik,) via,) '% ......... M, = 1.5 TeV, E" -2 a
q 10 —— Data =

‘Results (TeV)

NMgp =2 Ngp=3 ngp=4 nNgp=5 ngp=6 ngp=7 ! ] (i ﬁ.‘u"!j'i
1.88 2.29 1.93 1.74 1.62 1.53 ir'

i

N -
H

New mass scale larger than 1.5-2.3 TeV
depending on the number of extra
dimensions (similar in the yuy channel)
Tighter limits than from the Tevatron

600 700 800 S00 1000

m,, (GeV/c?)

100 200 300 400 5H00




