Part 3: Search for the Higgs Boson




What was known about the Higgs Boson before the LHC?

« Mass not predicted by theory, except that m, < ~1 TeV (unitarity)

m,, > 114.4 GeV from direct searches at LEP
my, < 158 GeV .or. m, > 173 GeV from direct searches at the Tevatron

Tevatron Run |1 Preliminary, L < 8.2 fot
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M, [GeV]

What was known about the Higgs Boson before LHC? (cont.)

* Indirect limits from electroweak precision measurements
(LEP, Tevatron and other experiments....)
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—> Higgs boson could be around the corner !
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Higgs boson production at the LHC
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Higher order corrections:

4334838

6(pp—H+X) [pb] Vs = 14 TeV
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—— NNLO

O . . .
R, o - Spira, Djouadi, Graudenz, Zerwas (1991)
- Dawson (1991)

1 cao o v by v v by v by s by by by g by v by oy
100 120 140 160 180 200 220 240 260 280 300 - Harlander, Kilgore (2002)
M., [GeV] - Anastasiou, Melnikov (2002)
H - Ravindran, Smith, van Neerven (2003)

Independent variation of renormalization and factorization scales
(with 0.5 my, < Yg, Mg <2 M)



Useful Higgs Boson Decays at Hadron Colliders

A. Djouad!, J. Kallnowskl, M. Splra
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at high mass:

Lepton final states
(viaH—>WW, Z7)

at low mass:
Lepton and Photon final states
(via H > WW*, ZZ*)

Tau final states

The dominant bb decay mode is only
useable in the associated production
mode (ttH, W/Z H)

(due to the huge QCD jet background,
leptons from W/Z or tt decays)
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Signal: o0BR=5.7fb (m, =100 GeV) z)/“
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Background: Top production W

tt — Wb Wb — {v clv {v clv
o BR = 1300 fb

Associated production Z bb
Z bb — f clv clv

P:(1,2) >20 GeV
P:(3,4)> 7 GeV
Inl <2.5

Isolated leptons

ME) ~ M,
M(EE) ~ < M,

-
N
I

Background rejection.
Leptons from b-quark decays
— non isolated
— do not originate from primary
vertex
(B-meson lifetime: ~ 1.5 ps)

No. of events at 5o discovery luminosity

Dominant background after isolation cuts: ZZ continuum

50

MC SIMULATION

L=9.2fb"

100 150 200 250
4 lepton invariant mass (GeV)

Discovery potential in mass range from ~130 to ~600 GeV/c?



Decay modes at low mass: H — yy

Main backgrounds:
vy irreducible background

| e T
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v-jet and jet-jet (reducible)

g Y

Oyitjj ~ 10% o with large uncertainties
—need R;> 10@ fors ~ 80% to get
%+ € On

* Main exp. tools for background suppression:

- photon identification
- v / jet separation (calorimeter + tracker)

Sensitivity in the low mass region, however,
higher integrated luminosities required
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H— WW — {v{v

- Large H - WW BR for m, ~ 160 GeV/c?
* Neutrinos — no mass peak,

— use transverse mass § §_ MC SIMULATION - :W+jets
« Large backgrounds: WW, W, tt = o | B
2 405 WW
c C -
l%’ sk [Wh, T tt
« Two main discriminants: 30E" — Signal
o5E- —— Pseudodata
() Lepton angular correlation o0E
i ATLAS
; 4*’/'4&][1/4/'4 | 105 j L dt=10 fb’
e W U 5E-
"~ . g . - e P I 1 '--L-xll .*1
(i) Jet veto: no jet activity % 100 200 300 400 500 600
Mr(GeV)

in central detector region

Channel with highest sensitivity !
Sensitive to a Standard Model Higgs boson already now, with 1 fb-1 !



Vector Boson Fusion qq H

Motivation: Increase discovery potential at low mass

Improve and extend measurement of Higgs boson parameters
(couplings to bosons, fermions)

Distinctive Signature of:
- two high p; forward jets (tag jets)

- little jet activity in the central region 9

IOl MC SIMULATION
= central jet Veto e
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é 5  Z jj i

_ O _ 4 [ tt, WW E.W-

Tag Jets — Higgs decay 3 = 3
= products 2
1

¢ 0 — -:=-=
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Vector boson fusion mode provides access

to H - Tt decay modes (e-t,.4; M Thag €-H);
In addition: strong on WW decay mode 10



What do the data say ?

Event with 2 identified electrons and 2 muons
(my = 210 GeV)
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Results from CMS on the H - WW — {v {v search:

L = 1.55 fb-! (large fraction of 2011 data)
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« Data are in “reasonable” agreement with expectations from Standard Model
processes; some small excess at small A¢ visible;

* Important background normalized using control regions in data
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Results from ATLAS on various other search channels:
L =1.08 — 2.28 fb! (up to data taken shortly before Lepton-photon conference)

Events / 50 GeV

O R
2 Dma2m1N§:7TmeLm:104ml

= ATLAS Preliminary 4 Data

‘600 700 800 900
m; [GeV]

Also in these channels: data are consistent

with expectations from Standard Model
background processes

—> work out significances / statistics
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95% CL limit on o/aog,,

Current status of the Higgs boson search at the LHC
-ATLAS and CMS-

I Exp.  Obs. E
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| H—> WW— Ivlv (1.70fb™) «rovveee H—ZZ—llqq (1.04fb™) _

WI/ZH, H— bb (1.04 fb™) H— ZZ—llvy (1.04 fb™)
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10 =

1= =
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The two collaborations show similar performance

- in terms of analysis power in the collaboration (many channels)
- in terms of sensitivity

- in terms of conclusions on the existence of the Higgs boson

- The grand combination (lecture by Kyle Cranmer on the details on statistics)
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Current status of the Higgs boson search at the LHC
-ATLAS and CMS combinations-
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Excluded mass
regions (95% C.L.):

146 <my <232 GeV
256 <my, <282 GeV
296 <my, <466 GeV

Excluded mass
regions (95% C.L.):

145 <my, <216 GeV
226 <m, < 288 GeV
310 <my <400 GeV
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Expectations for higher integrated luminosities

-95% C.L. exclusion limits-
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CMS, V. Sharma, Lepton-Photon 2011
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Expectations for higher integrated luminosities
-discovery significances-
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CMS, V. Sharma, Lepton-Photon 2011

17



Part 4.

Search for Supersymmetry
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Interpretation in a simplified model

cMSSM
(constrained Minimal Supersymmetric
Standard Model)

Five parameters: 3
my, My, particle masses at the GUT scale

A, common coupling term

tan 3 ratio of vacuum expectation value of

the two Higgs doublets
U (sign p) Higgs mass term

L regions of parameter space which are
consistent with the measured relic
density of dark matter (WMAP,.....)

focus point
region

rapid annihilation
my, b—sy funnel

2 g;;\\ co-annihilation region

PETVE PUTTY PUUTS PPoT
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The masses of the SUSY particles are not predicted,;
Theory has many additional new parameters (on which the masses depend)

However, charginos/neutralinos are usually lighter than squarks/sleptons/gluinos.

Mass limits before LHC : m (sleptons, charginos) > 90-103 GeV LEPII
m (squarks, gluinos) > ~ 350 GeV Tevatron
m (LSP, lightest neutralino) > ~ 45GeV LEPII

With LEP Combined results
55

m, < 1 TeV/c?

s ,
oo my,, = 175 GeV/c”

m (GeV/cz)

X

Charginos (large mg)

Higgs }

/Sleptons

50

45

in the corridor LEP-II limit on the mass of the
Lightest SUSY patrticle
Excluded at 95% C.L. assumption:
0 lightest neutralino = LSP
1 2 5 10 tanfp
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Sparticle production at the LHC

qd, qg and gg
in the initial state g

@uEnannnnEnn g

—> production

of coloured SUSY  ” g

particles dominant, * o
via strong interaction ..

3

Drell-Yan production
of sleptons, charginos
and neutralinos
(lower cross sections)

2
Qe

*
L))
Qe
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Cross sections for SUSY production processes

o (pb)

G, pbl: pp — gg¢, E](:], Ilfl, Y

VS =14 TeV

— NLO
LO

m [GeV]

M (GeV)

NLO corrections in QCD perturbation theory are known
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Decays of heavy SUSY particles - long and complex decay chains
Invariants in R-parity conserving SUSY: jets, E;™ss (2 LSPs)
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shorter decay chains for direct chargino / neutralino production
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Search for Supersymmetry at the LHC

 If SUSY exists at the electroweak scale, a discovery
at the LHC should be easy

» Squarks and Gluinos are strongly produced

They decay through cascades to the lightest SUSY
particle (LSP)

—> combination of
Jets, Leptons, E,™Miss

1. Step: Look for deviations from the Standard Model
Example: Multijet + E ™S signature

2. Step: Establish the SUSY mass scale use inclusive variables, e.g. effective
mass distribution

3. Step: Determine model parameters  (difficult)

Strategy: select particular decay chains and use kinematics to
determine mass combinations
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A typical search for squark and gluino production

« If R-parity conserved, cascade decays produce distinctive events:

multiple jets, leptons, and E™'ss

- Typical selection: N, > 4,

E. > 100, 50, 50, 50 GeV,

E,mss > 100 GeV

Expectations from simulations:

LHC reach for squark- and gluino masses:

0.1 fbt = M~ 750 GeV
1 fbt = M~ 1350 GeV
10 fbt = M~ 1800 GeV

« Define: My = Ef* + P} + P2 + P} + P} (effective mass)
MC simulation
'-:g E | ": | A LU ERL IR I LR B LA LA
= O su3
> 10° _.?M BG .
- 3
i vz
& o ® QCD
‘u‘) 1 E * Di-boson
s ATLAS
>
C 10 —
: <+
d H | | | I oo |
0 500 1000 1500 2000 2500 3000 3500 4000

Effective Mass [GeV]

example: mMSUGRA, point SU3 (bulk region)
m, =100GeV, my, =300 GeV

tanpp =6, A;=-300GeV, p=>0

Deviations from the Standard Model

due to SUSY at the TeV scale can be
detected fast !
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Strategy in SUSY Searches at the LHC:

* Search for multijet + E{™'sS excess
* Look for special features (y‘s , long lived sleptons)
* Look for £, £+ &, £ {*, b-jets, t's

* End point analyses, global fit — SUSY model parameters
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How can the parameter of the SUSY model be constrained ?
 Not easy !!
» Other possible scenarios for Physics Beyond the Standard Model could

lead to similar final state signatures
e.g. search for direct graviton production in extra dimension models

Y
5 Ys=14 ToV
gg —™ gG, qg —> qG, qq — Gg £ 10tk E patew,
qQqq — Gy q : L pwten
L 0% 519 1Zvv)
I " | ? = total background
G . =99
, B ; = ‘ ® signal 3=2 M, =4 TeV
s ¢ slgnal 3=2 M, =8 TeV
103 4 signal 3=3 M, =5 TeV
Ignal =4 M =5 TeV
G s mSs b
R 102
G E
W W o W
10 3
B u I k 1 = e LT i s 2
0 2%/ 500 O 1000 125 1500 1750 2000

E, miss (GoV)



Measurement of the SUSY spectrum — Parameter of the theory

Test point 01

;;"”focus point
~ region

rapid annihilation
funnel

L S |
-

co—annihilation region

Charged LSP

my
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LHC Strategy: End point spectra of cascade decays

Example: 0~ 0z = 4007 = ar Jim?, —mEyn? -m?)

max
M['Z_

| | | ] | ] ] ] l T | ] | ] ] I | ] L] ] ]
—_— Signal

..... SM backg
-——= SUSY backg

400

300

200

events/4 GeVI30 b

100

Illlllllllllllllllllll
I[IllllllIIlIIIlIlllllI

—_
0
o
N
(@]
o

m, (GeV)

—> look for structures in kinematic distributions, e.g. di-lepton mass spectrum
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What do the LHC data say ?

Search channels (R parity violation):
- E;™ss + multijets + O lepton

- E;™ss + multijets + 1 lepton

- E{™ss + b-jets + 0/1 lepton

- E{Mss + leptons

- E{™ss + photons
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Some useful variable for SUSY searches at the LHC

E,Mss . missing transverse energy,
(measured from the energy depositions in the calorimeters and from muons)

Mes . effective mass,
scalar sum of transverse energies of selected high p; objects,
including leptons and EMss

H . scalar sum of total transverse energy in selected jets
(hadronic activity)

H.mss . modulus of vector sum of selected jets

My : transverse mass (in general: m; (lepton, E{™ss) )

M, =y 2pfE7*®(1- cosAg(e ')

A ¢ (jet, E;-™ss): angle between the missing transverse energy vector
and a jet in the transverse plane
4 important to reject “fake” background from QCD
jet production

A
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First results on the search for E{™ss + jets  (1.04 fb1)
(large part of 2011 data already included)

Selection of events with E{™ss + jets

Split the analysis according to jet multiplicities: 2, 3 and 4 jets
(different sensitivity for different squark/gluino mass combinations,
l.e. in different regions of SUSY parameter space)

Definition of signal regions:

Trigger
requirements

Channel definition

Reduce
QCD

Enhance signal

Signal Regrion >2jets >23jets =>4jets High mass |
[ [ Emiss >130 >130 >130  >130 |
| Leading jet pr | > 130 > 130 > 130 >130
Secondjet pr | >40 > 40 > 40 >80 |
Third jet pr - > 40 > 40 > 80
jE;oufth jet pr - - > 40 > 80
Ag(jet, ET™ )min | > 04 >04 >04 >04
_E;‘“‘/mc.r >03 >025 > 0.25 > 0.2
meg [GeV] > 1000 > 1000 > 500/1000 > 1100

n
Meff = Z |13f)7ft 7,| + E?M:SS

i=1



» Three different analyses, depending on
squark / gluinos mass relations:

~ e ]

4q-9X,qX,

(1) dijet analysis
small m,, m(squark) < m(gluino)

(ii) 3-jet analysis G3—q y? qq ,\?
intermediate my m(squark) = m(gluino)

! . - E= O
(iii) Gluino analysis 28—-qqX,qqX,
large m,, m(squark) > m(gluino)



Summary on control of backgrounds using data
(control regions, very important !!)

> s T T T T
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g 2
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0% 500 1000 1500 2000 2500 3000
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> L e e NI B e e
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g 10°f det 104" ot e
- F " 3 W+iets 7
8 10°c Dijet Channel W Z+ets <
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L 103? ..:"?:;‘Lﬂ +SU( ) =
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2| =
10°E "-5’,,_‘! E
= iy b
10 %ﬂx + =
i JH
L. LR Lﬂ E 7
Q 25 . =
= 2 %
P — .
B oosimsigRgentlly, 1 E
'0'50 500 1000 1500 00 2500 3000

m, [GeV]

Entries / 100 GeV

DATA /MC

Entries / 100 GeV

DATA / MC

10°

10*

10°

O A A SR T T T T
e Data2011{s=7TeV) 3
-1 — SM Total

fL dt~1.04 fb CQCD mulijet ]

" @ W+jets 3

Dijet Channel B Zets =

[Jtt and single top q

----- SM + SU(660,240,0,10) 5

P 3
%o-

ATLAS Preliminary -

i

500 1000 1500 2000 2500 3000
m, [GeV]

fL dt ~ 1.04 fb™

T T
e Data 2011 {s=7 TeV)
— SM Total ]
[CJQCD multijet _
@ W+jets 3
B Z+jets

[t and single top

Dijet Channel

----- SM + SU(660,240,0,10) E

__,ﬁ, ATLAS Preliminary

iy 1,

500 1000 1500 2000 2500 3000
m. [GeV]

A:Z + jet events, Z - ee

(to estimate Z - vv background,
likewise y + jet events were used)

B: QCD multijet background
(reverse cut on A¢ (jet, E;™Ms9)

C. W = Iv + jet control region

(select events with one lepton,
30 < M4(I,E{™ss) < 100 GeV,

no b-jet to suppress top contribution)

D: top quark control region
(same selection as for W events,

but require b-tag)
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Entries / 100 GeV

DATA / MC

First results on the search for E{™ss + jets  (1.04 fb1)
(large part of 2011 data already included)

fl_ dt ~ 1.04 f*

Dijet Channel

R o
e Data 2011 (s =
—— SM Total

[CJ QCD multijet
@ WH+jets

Bl Z+jets

[t and single top

----- SM + SU(660,240,0,10)

ATLAS Prelimin

.
7Tev)

ary

500 1000

1500 2000 2500 3000

m,, [GeV]

Entries / 100 GeV

DATA / MC

Observed and expected
event numbers (from Standard
Model processes)

dominant backgrounds:
W/Z + jets
tt production

Normalized in control regions !
(as explained on the previous slide)

T
Data 201.

I B
1Ws=7TeV)

F -1 — SM Total
10°¢ f Ldt~1.04fb"  —ocp mutiet E
= 0 W+ijets
0L Three Jet Channel g o h
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T SM + SU(660,240,0,10)
100 = 5
E ATLAS Preliminary 3
10? E E
10 =
1= =
25
2
155
et R
05E
3 ,
0% 500 1000 1500 2000 2500 3000
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Entries / 150 GeV

DATA / MC

0

10*

1o3é

102é

—
e Data 2011 (s =7 TeV)

-1 — SM Total ]

f Ldt~10at’  So0Toe 7
) WHiet: 3

Four Jet High Mass =Z+J}§55 7
Channel [tt and single top 3

----- SM + SU(660,240,0,10)

ATLAS Preliminary |

.......

500 1000 1500 2000 2500 3000
m,, [GeV]
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Squark-gluino-neutralino model (mLSP =0 GeV)

1000

2000 o © Interpretation of the results in the
§ i 3 3 E : ﬁ;l;la)::\glf;erg:)melglary (mgluinOv msquark)'plane as 95% C.L.
o 1750 S| L T S oenedomen I exclusion limits in a simplified

a9 i l : | ===+ CL; median expected limit g

£ ] E l\ B exp. limit 68%, 99% CL SUSY model:

x 1500 o Y -

E ‘ l i3 \‘ 2010 data PCL 95% C.L. limit|

> o\ | ) 7 oam, =0

P 1250 o\

N N - masses of gluinos and of 15t and 2"
e : generation squarks as given on plot

DO, Run Il

750

- all other SUSY masses are assumed
to be decoupled, with masses of 5 TeV

500

250

0 250 500 750 1000 1250 1500 1750 2000
gluino mass [GeV]

Large area of mass combinations excluded, significant improvement compared
to Tevatron results and to 2010 results (black curve)
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MSUGRA interpretation

MSUGRA/CMSSM: tanB = 10, A = 0, u>0

% ATLAS Preliminary 0 lepton 2011 combined
int -1 P
O] L™ =1.041b 7, Vs=7 Tev CL, observed 95% C.L. limit B — —
I_"\IGOO [ LEP2 % --=- CL, median expected limit tan 101 AO 01 lJ' > O
S [ 1 D0g,0q tanp=3,u<0, 2.1 ot exp. limit 68%, 99% CL
£ [ CDF g,g, tanp=5, u<0, 2 fb* % Reference point

I Theoretically excluded —— 2010 data PCL 95% C.L. limit

The channel (2, 3, 4, jets) with the
best expected limit is taken at

oo F each point in parameter space

300

200

L1 11 | L1 11 | L1 11 | 1 1
500 1000 1500 2000 2500 3000 3500
m, [GeV]

MSSM/cMSSM interpretation (for equal squark and gluino masses):

L =1.04 fbi: m(squark), m(gluino) > 980 GeV
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E miss + 2 |leptons

(same sign or opposite sign)

- Leptons might appear from resonance decays

- more interesting: sensitive to cascade decays
producing flavour correlated lepton pairs

- endpoint spectra contain information on
mass differences of SUSY particles

- important for SUSY parameter determination
(as explained)

400 S5M backg

- - Standard Model physics background expected
to be small, in particular for like-sign

lepton pairs

200 |

pvents/d Gevao b

-
‘‘‘‘‘

Py i PR Rt WS Y
0 50 100 150 200

m, (GeV) 39




Like-sign di-leptons appear in many models of Physics Beyond the
Standard Model:

- Supersymmetry

- Universal extra dimensions
- Heavy Majorana neutrinos

- Same sign top pair resonances

Backgrounds from Standard Model processes are in general small,
contributions arise from:

- di-boson production (WZ2)
- tt production, where a second lepton comes from semileptonic b-decays
- in general: non isolated leptons from heavy flavour decays

- fake leptons from misidentified jets
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- Lepton p; values in SUSY cascades might be low, depends on the mass
differences of the SUSY particles involved -
search for as low p- leptons as possible

- Taus (3" generation) may play a larger role, stau could be the lightest slepton
- include leptons (hadronic decays in the search)

41



Di-lepton search in CMS

 Analysis based on data from 2011, L, = 0.98 fb!
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- Discriminating variables to define signal regions: H; and E™ss
- Low p; lepton cuts compensated by higher cuts on the hadronic activity (Hy)
- Three signal regions defined (see figure)

400

500

600 700

H, (GeV)

42



Comparison between data and expectations:

Inclusive and tau selection high p- di-lepton selection

Good agreement beween data and expectations; no evidence for an excess

Backgrounds are dominated by “fake” leptons;
In addition, there is a component from charge mis-identification

Estimates have large uncertainties (results from two methods shown)
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Di-lepton based exclusion in the cMSSM model

uncertainties on the

cross sections (renormalization,
factorization scale, pdfs) are
indicated by the bands

* Exclusion extends to gluino masses of 825 GeV in the region Mg, = Mgino

For higher squark masses, gluinos with masses below 675 GeV are excluded
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A first example to search for a characteristic edge in the opposite sign di-lepton

mass spectra.:

Xzeg =Tk

Remove Z veto cut

Tighter E;™ss cut: E™ss > 100 GeV
Signal region:
Control region: 100 < H; < 300 GeV

H, > 300 GeV

- Da}ta

O_ 16__| T T T T 1 T T 1 T T 1 T |_ Sig)lr:m
9' B — ep-shape
- 14_— Uncertainty
$ 12:_ CMS preliminary
= - Vs =7 TeV, 0.98 fb™

o -
c L
w10

gl ng=84+77
- N, =81.5+9.0

n,=1.0%3.2

150 - 200 250 300
m, [GeV]

events/4 GeVI30 b

2 2 2 2
i (M2 —m2)(m? —m?,)

At Al

l

- T I Ll Ll T T l T Ll T T l Ll ]
n — signal ]
400 p»— .. SM backg —
n ——_ SUSY backg
300 -
200 |— —
100 |— —
0 ety -3 Y et -

o 50 100 150 200

m, (GeV)

MC simulation

CMS Data 2011

No evidence for a characteristic
di-lepton edge in the data
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Emiss + O/1 leptons + b jets

- There might be large mixing effects,
between scalar partners of left- and right-
handed quarks

- proportional to the corresponding SM fermion
masses, therefore important in the third
generation
sbottom and stop might be the lightest squarks

- b quarks appear in their decays

production e.g. via gluino-pair production with
subsequent decays:

'(} — [;1[) or g —2 flf
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Exclusion limits in the (Mg,q0m-Mguino)-Plane, for the hypothesis that the
lightest squark (sbottom1) is produced via gluino-mediated production or
direct pair production and decays 100% via b, — b)Z‘f

§-g + bb, production, b, b+zi "L dt = 0.83 fbo',\/s=7 TeV
E 10° LR N e '—|1000_||||||||||||||||||||||||||||||||||||||||||||_
8 ATLAS  Preliminary S-Ielp‘k;gs jets % C ATLAS Prelimi CL, observed limit -
o = C [ ]
10* =0. 1ys = r reliminary  eeeeee CL_ expected limit .
> Jrazomnvs=7rev _® Daazn © oo T T gsi%eagcé 9% ClL o~
= ducti - - . X imi ]
E 10° % :/?/pp':;?iuléfig?\n EIQ C 0 '_ePtO”' 3jets ATSLAS (35 pb'l) .
@ Z production [~ b-jetanalyses -
|:|9CD production 800 I ]
..... § 700 GeV,b 380 GeV = m(%i) = 60 GeV, mal 2)>>m(§) -
....... 700 = =
C D CDF b)b, 2.65 fo™* -
600 . ) —
“““ C -DO b, 5.2 fb ]
500 — D CDF G —~bp 251" (¥ g=
C oS ]
o - > ]
2 400 ) =
% C Reference gpint ]
© 300 |- —
m i [Gev] 200 _I 111 I 1111 I 1111 I 1111 I 1111 I | - I | - I 1111 I 111 I_

e
100 200 300 400 500 600 700 800 900 1000

events with 1 b-tagged jet

 Gluino masses below 720 GeV for shottom masses of ~600 GeV
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Events / 100 GeV

- Assume gluino-mediated stop production: & — fll and stop pair production
(stops are assumed to be the only squarks that appear in gluino decays,
other squarks and sleptons assumed to have masses > 1 TeV)

-Assume 7, — bj;" decays with 100% BR

- Assume chargino decays via virtual W:  BR(ZE — 7205v)=11% (£ = e, 11, 7)

data/ MC

104 E L e B e . B B B B B S B B B s S B p s ;
E ATLAS  Preliminary 1-lepton, baseline selection 3
= _ e ® data -]

10° f Ldt=1.03 0" N5 = 7 Tev o -
E D QCD production E
— D top production —

:I_O2 E- - W production =
E - Z production =
: =S s - diboson production :

10 = = = = M;=500GeV, m‘1:210 GeV —=
E 4 e=eI__. m; = 550 GeV, m;0 =50 GeV =
1 _E S NN E_

107 - \&

- e s
3f- . ‘ 3
2o, IR E
) s -~ L 3
200 400 600 800 1000 ~ 1200 ~ 1400 ~ 1600 1800 ~ 2000

My [GeV]

events with 1 b-tagged jet
1 lepton (from chargino decays)

[GeV]

—
—

m-

§-G + -t production, § — t;+t, t,—= b+, fLdt=1.03 fo"\s=7 Tev

(L0 o o o o o o o o o o S HELLINL o =
- ! : i _I ! ! I_ CLL observe!d limit ! ]

550 - ATLAS Preliminary ... CL, expected limit =
T Expected CL, limit +1o =

E  1-lepton, 4 jets —— Observed ATLAS (35 pb")
0E o ibtagm >e00Gev Expected ATLAS (35 pb')
- e L -

450 ) , 3
- m(il) =60 GeV, m(i;) =2 m(il) ‘ =

400 - - 3
g m@, ,) >> m@) '&eﬂ) s ". E

350 SOty : —
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c e Y 3
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1.20 excess leads to degraded
observed exclusion limits
(for details, see: ATLAS-CONF-ZOll-l?,O%r8



Observed and expected event numbers:

(for details, see ATLAS-CONF-2011-130)

Cuts >4 jets >1bjet |E-f-““>80GeV|mr>100GeV|meﬁ>600GeV
1 muon channel
top 1670 £ 620 | 1290 £ 490 403 £+ 169 54 + 29 24413
Wjets 910 £+ 370 100 £ 60 24 +17 20+20 20+19
Z+jets 150 + 60 14+ 10 0.74+24 0.1+£03 0.1+0.2
diboson 41 +£17 294+ 3.0 0.6 08 0.2+03 0
QCD (d-d) 250+ 10 96 + 43 5.1+6.6 < 0.6 < 0.6
SM (MC) | 30204+910 | 1504 £ 515 433 £ 179 56 + 30 26+ 14
SM (d-d) 27.4+52
data 3036 1640 497 70 37
1 electron channel
top 1690 + 620 1300 + 480 406 + 166 49 + 24 23+ 14
W+jets 940 + 380 110 £ 70 31 +20 17+14 1.1+13
Z+jets 260 + 100 25415 1.7+1.0 03+0.2 0.3+0.2
diboson 46 + 19 71+34 34+18 02+0.2 0.2+0.2
QCD (d-d) | 620+ 170 151+ 78 46+104 1.1+18 09+1.0
SM (MC) | 35554+960 | 1592 £ 522 447 £ 176 53+ 25 26+ 14
SM (d-d) 28.0+8.4
data 3623 1721 492 71 37
Total
top 3360 + 1250 | 2590 + 970 810 + 337 103 &+ 53 48 + 27
W+jets 1850 + 750 210 £ 130 55+ 36 37 £3.1 31+29
Z+jets 410+ 170 39 +24 24431 04404 0.44+03
diboson 87 £ 36 10+6 40425 04+04 0.2+0.2
QCD (d-d) | 870+ 270 247 + 121 9.7 +16.8 1.1+23 09+1.2
SM (MC) | 6574 £ 1870 | 3096 & 1042 881 £+ 356 109 £ 55 52 + 28
SM (d-d) 54.9+13.6
data 6659 3361 989 141 74
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Summary of R-parity conserving SUSY searches in CMS

CMS Preliminary  \'s=7 TeV, f Ldt = 11 fort

C\IA 700_ [ [ | | | | | | |
o - &  —201lLimits - CDF g g, tan=5, H<0_
2 600 "¢ +='2010 Limits DO, tanp=3,1<0_
O [ tanp =10, A =0, p>0 - LEP2 %, ]
q - LEP2 .
S 500 [ ] -
S - ]
400~ =
300 .
200:_ - '.l. '-..‘ - -.----..__....-.--._

0 200 400 600 800 1000

2
m, (GeV/c?)
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Intermediate Summary:

« ATLAS and CMS experiments have very efficiently analyzed their data;

* Results already available for data corresponding to an integrated
luminosity of ~1 fb-?

» So far: search for R-parity conserving SUSY scenarios not successful:

- Many final states and topologies were explored;
- Data are consistent with expectations from Standard Model processes

- What about other SUSY scenarios ?
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CMS search for lepton (e,un) +

(i) Change SUSY breaking scenario photon + E, s
e.g. GMSB
- search for photons
- search for long-lived particles

no evidence for new physics found so far

(i) Give up R-parity conservation
- Abandon pair production and the E;Mss
signature

first analyses done, e.g. search for e-p

T T T T T T
ATLAS e Data2011 [ Fake Bkg.

resonances Ve B S
E 102 f Lit=107 5" W Zhrr o 2(700 GeV)
2w T
! S
I ST S |
again: no evidence for new physics found so far SR e e T
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Search for Gauge Mediated SUSY breaking
scenarios (GMSB)

In Gauge mediated SUSY breaking (GMSB) models, SUSY breaking occurs at
energy scales much smaller than the Planck scale, breaking linked to gauge
interactions

The gravitino is the LSP, escapes detection - E;™ss signature is kept
Phenomenology is determined by the NLSP (next-to-lightest SUSY patrticle);

In many scenarios the NLSP are the superpartners of the SU(2), gauge fields,
with small mass splittings between the charged and neutral winos

+

- Decays scenarios: W — yé W —W'G

- Also y; can be the NLSP with decays: 2 —7G
- expect / search for events with Photons, Leptons and E,™ss

In GMSB models sleptons, squarks and gluinos might have long lifetimes
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Summary of R-parity conserving SUSY searches in ATLAS

ATLAS Searches* - 95% CL Lower Limits (Status: SUSY 2011)

MSUGRA/CMSSM : O-lep +j's +Eq e
MSUGRA/CMSSM : 1-lep +'s + Eq s
MSUGRA/CMSSM : multijets + Eq i

Simpl. mod. (light %) : O-lep +'s +Eq s

Simpl. mod. (light i‘z) 10-lep +j's +Eq s

Simpl. mod. (light 7.) : 0-lep +J's +Er s

Simpl. mod. (light g‘l’) : 0-lep + bjets +j's +Eq s
Simpl. mod. §—tI,) : 1-lep + brjets +J's + Eq e,

Pheno-MSSM (light ) : 2-1ep SS + Eq s

SUsYy

Pheno-MSSM (light ) : 2-lep OS__ +Eq .,
Simpl. mod. (g— qTY") : 1-lep +j's + Eq yiss
GMSB (GGM) + Simpl. model : yy + Er miss

GMSB : stable T
Stable massive particles : R-hadrons
Stable massive particles : R-hadrons
Stable massive particles : R-hadrons

Hypercolour scalar gluons : 4 jets, m;~m|

RPV (4;,,=0.01, 4,,,=0.01) : high-mass eu

q=gmass ATLAS

Preliminary

f Ldt = (0.034 - 1.34) fb*
Vs=7TeV

gmass (for m(g) = 2m(g))
=g mass

qmass

g mass

g mass (for m(b) < 600 GeV)
g mass (for m(i(l)) < 80 GeV)
qmass

qmass

7° mass (for m(g) < 600 Gev,mp >1/2)

m(g) -m(x")
g mass (for m(bino) > 50 GeV)

g mass

b mass

tmass
sgluon mass (excl: mgy < 100 GeV, mgy=~ 140 = 3 GeV)

v, mass

*Only a selection of the available results leading to mass limits shown

10" 1 10
Mass scale [TeV]
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Changing Prospects for Higgs and SUSY ?

1985: No — Lose theorem
LHC will discover a Higgs boson and/or a Supersymmetric World

1995: Maybe SUSY will not be realized in its minimal version ....
(maybe there is NMSSM, ..... )

.... but we believe in SUSY (see e.g. J. Ellis, hep-ph 9503426)

negligible in this range. Similar sensitivity is to be expected in the CMS experiment [14]. Thus
essentially all the parameter space of the MSSM allowed by naturalness arguments will be cov-
ered. If the LHC does not discover supersymmetry, we theorists will have to eat our collective
hat.

2006: No discoveries at LEP-II and Tevatron (so far), Standard Model still rules !
Maybe SUSY is not realized as a Low Energy SUSY .....

“The SUSY-train is already a bit late.....” (G. Altarelli)

New models: extra space time dimensions, ...... including dark Higgs scenarios !
(e.g. J.van der Bij et al., Higgs boson coupled to a higher dimensional singlet scalar, hep-ph/0605008)

in the range s'/2 > 100 GeV. The data show a slight preference for a five-
dimensional over a six-dimensional field. This Higgs boson cannot be seen at
the LHC, but can be studied at the ILC.
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LHC reach: or where can we go with Vs = 14 TeV

present ATLAS and
CMS limits

mSUGRA reach in various final states for 100 fb™’
1500
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Part 5: Other Extensions of the Standard Model

Grand s'uts)

SUPERSTRIN G
Unmfication

M-theory heterotic
@ ‘olonon’

Additional Gauge bosons,
Z' and W’ searches

Search for compositeness
Resonances in di-jet mass

Search for signals from
Extra Dimensions

THOUGHT OF

o/



5.1 Search for new, high-mass di-lepton resonances

» Additional neutral Gauge Boson Z’

« Randall-Sundrum narrow Graviton
resonances decaying to di-lepton

appear in Extra Dim. Scenarios

4 q £ —q e
.‘ ) AVAVAVE .-. _|_ ,'.'a‘a'.“-'a'|'u'\'-'\'."&'.._'
| ¥ q .{' ¥ ( N ('
i, ¢ 1 ..
(a) )

Standard Model :
background process Signal

 ldentical final state (two leptons), same analysis, interpretation for different

theoretical models

« Main background process: Drell-Yan production of lepton pairs
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Run Number: 180400,

Event Number: 17126264

Date: 2011-04-27, 23:36:28 CET
Cells: Tiles, EMC

A high invariant mass di-muon event in the ATLAS data. The highest momentum muon has a
p; of 270 GeV and an (eta, phi) of (1.56, 1.30). The subleading muon has a p; of 232 GeV
and an (eta, phi) of (-0.09, -1.82). The invariant mass of the pair is 680 GeV.
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Search for New Resonances in
High Mass Di-leptons

Di-electron invariant mass Di-muon Iinvariant mass

12] 6 i T
@ — —— £ 19
£ 10° ATLAS ) Data 2011 § ] ATLAS oo 200
= v w 10 [CDiboson
W 10° = 1 [T
Lo f Ldt=1.08 " 10* f Ld=1211b G lsses
‘ = Qcb
1 Vo=TTeY o U Sl
] gggégg gea 102 C1Z'(1500 GeV)
10 ¢
10
1
1
101 10
2
10_2 10 T !
M| | | | | L
80 100 200 500 1000 2000 80100 500 1000 2000
m,, [GeV]

Mee [GEV]

Data are consistent with background from SM processes. No excess observed.

Detailed numbers on signal and background for the ee channel:

Mt .- |GeV] 70-110 110-200 200-400 400-800  800-3000
DY 258482 + 410 5449 4+ 180 613 +26 538 +£3.1 2.8 + 0.1
tt 218 + 36 258410 8243 54403 0.1100
Diboson 368 + 19 8545 29 + 2 31405 03+01 Drell-Yan background
W jets 150 + 100 150426 43410 46418 0.2 104 can be normalized in the
QCD 332 £ 59 191 + 75 36-+29 18414 < 0.05 Z peak region,
Total 259550 + 510 6128 4+ 200 803 40 68.8 3.9 34404 70-110 GeV

Data 259550 6117 808 65 3 60




Z’ models used in the interpretation

() Sequential Standard Model Z’

- Z' has the same couplings to fermions as the Standard Model Z,
width of the Z’ increases proportional to its mass

(i) Models based on the E; grand unified symmetry group

- Broken into SU(5) and two additional U(1) groups, leading to two
new neutral gauge fields, denoted W and .
The particles associated with the additional fields can mix to form
the Z’ candidates

Z'=27'y CoS OBgg + Z'y Sin O,
- The pattern of symmetry breaking and the value of 6, determine the

Z’ couplings to fermions
(several choices are considered)
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o B [pb]

Interpretation in the SSM and E6 models:

10?

107

103

ee:fL dt=1.081b"

uw | Ldt=1.21fb"

L B B B I
ATLAS --- Expected limit
\s=7TeV I Expected = 1o
Z =l Expected = 20
— Observed limit

= Zssm
—Z,
— 7 v

i R TR BT ST L1 11 TR BT [ 1
0.2 O. 06 08 1 12 14 16 18 2

m [TeV]

Resulting mass limits: ee + up
95% C.L.

Sequential SM: m,.> 1.83 TeV
E; models: m,. > 1.49 —1.63 TeV

Summary of 95% C.L. SSM exclusion limits from various experiments:

95% C.L. limits ee MU Il

(SM couplings) combined
CDF /DO 5.3 fbl 1.07 TeV
ATLAS  0.036 fb? 0.96 TeV 0.83 TeV 1.05 TeV
ATLAS  1.1/1.2fb? 1.70 TeV 1.61TeV 1.83 TeV
CMS 1.1 fb? 1.94 TeV
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(% ;i- I | T 1 | L | L L L L L L L I =3
& - -
% 1oL Z' combined |
S

1e =
102 1 1 —=
= —e— ATLAS (uu 1.21 fb™; ee 1.08 fb™*) 3

- —+— ATLAS (uu 42 pb’; ee 39 pb?) ]
103 —— CDF (uu 4.6 fb™) |
- —e— DO (ee 5.4 fb™) 3

_I | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | | N

02 04 06 08 1 12 14 16 18 2
m,. [TeV]

Ratio of observed combined limit for the Z' search using both
channels divided by the SSM Z' cross section time branching ratio.
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Interpretation in the Randall-Sundrum models: Graviton resonances: G - |l
(Kaluza-Klein modes)

o) AN L B B BN LELELE B AL B
o 1F ATLAS -~ Expected limit —
o - \s=7TeV  mExpected=ls J
C G* = |l Expected+ 20 . o
I — Observed limit Resulting mass limits: ee + pu
= k/Mp, = 0.1 0
10-15— k/I\_/IP,:O.OS 5 95 /0 CL
- — kM, =003 3
C — kM, =001 ] 4
i ] k/M'p, =0.01: m,. >0.71 TeV
10_25_ _E k/M’Pl = 0.03: mZ1 > 1.03 TeV
Eee:det=1.08fb'l . k/M’PI = 0.05 mz1 > 1.33 TeV
_uu:det=1.21fb'1 k/M’P| =.0718: m-: >1.63 TeV
10° 52" 04 06 08 1 12 14 16 18 2

m [TeV]

Limits as a function of the coupling strength k/M’,

k : = space-time curvature in the extra dimension
M’p = Mp, / V8 (reduced Planck scale)
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m .
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5102, + DATA

S ZIy*—p'w

o

> 10°

L

- tt + other prompt leptons

Resulting mass limits: ee + up
95% C.L. from the CMS analyses

Sequential SM: m,.> 1.94 TeV

E; models: m,.y > 1.62 TeV
10?

2,
IIIIIL|,|,| IIIIIL|,|,| IIIIIL|,|,| IIIIIL|,|,| IIIIIL|,|,| IIIIIL|,|,| IIIIIL|,|,| IIIII|_|,|,I_|_
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1077900 400 600 800 1000 1200
m(uW) [GeV]

CMS preliminary,J- Ldt = 1.1fb™ ee+IUW
! ' ! ' ----.-.._median expected

Kaluza-Klein Gravitons:

___ 5% onpocted - KIM',, = 0.05: m,. > 1.45 TeV
B e expected KIM', = 0.10: m,. > 1.78 TeV
Z"I’ .

I G, M,=0.1
Gy K/M,=0.05
—— 95% C.L. limit
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Search for W' — |v

W’: additional charged heavy vector boson

Appears in theories based on the extension of the gauge group
e.g. Left-right symmetric models: SU(2); Wx

Assume v from W’ decay to be light and stable, and W’ to have the
same couplings as in the SM (“Sequential Standard Model, SSM")

Signature: high p; electron + high E,mss

— peak in transverse mass distribution
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Search for New Resonances In
High Mass |v events (W’)

Transverse mass (e, E;™s9)

Events

10°
10°
10*
10°
102

10

10?
102

T T L |
ATLAS
W' — ev
\Ns=7TeV
fLdt=1.04fb"

e

® Data 2011
[Jw'(500)
[Jw’(1000)
[Jw’(2000)

W

Bz
W ttbar
[]Diboson

QCD

S

}

10?

10°

m; [GeV]

Events

Transverse mass (U, E;™ss)

107 T T L | T T
ATLAS ® Data 2011
6 [Jw(500)
107 eee W= v [Jw'(1000)
[® -
10° \s =7 TeV C]wW'(2000)
_ -1 w
10° L frdi=104t? Y
3 W tthar
10 []Diboson
10? Qcb

102

102 10°
m; [GeV]

Data are consistent with background from SM processes. No excess observed.
Above: Differential transverse mass distributions from ATLAS in the ev and pv channels
Below: Cumulative transverse mass distributions from CMS in the ev and pv channels
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o B [pb]

101

107

10°E

Interpretation in the Sequential SM

ATLAS

T ‘ T T T T
e-- NNLO theory

—e— Observed limit

Expected limit -

[ Expected = 1o |
Expected = 26 1

T W — v

—\s= 7TeV det_104fb1 E

C L L IR T T .

500 1000 1500 2000 2500
m,,. [GeV]

Z10F =
 E —&— CDF 2010 3
g [ —— ATLAS 2010 ]
© [ —=— CMS 2010 7
1e E
10t E
= ATLAS 3
i —-— W — v (2011) ]
” Ns=7Tev

10 _ ST
= fLdt=1.04fo" 3

L 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1
500 1000 1500 2000 2500
m,,. [GeV]

Summary of 95% C.L. SSM exclusion
limits from ATLAS and CMS:

95% C.L. limits Il

(SM couplings) combined
ATLAS 1.1 fb? 2.23 TeV
CMS 1.1 fbl 2.27 TeV
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5.2 Search for substructure /

compositeness of quarks

Substructure of quarks would lead to contact interactions at high energy
scales between the constituents

Such interactions would lead to deviations from the expected QCD scattering
behaviour, which would be most visible in:
- the inclusive jet cross section at high p-
- the di-jet invariant mass distribution
(traditional variables, but very sensitive to uncertainties on the jet energy
measurement, i.e. jet energy scale)
- the di-jet angular distributions of jets in the parton-parton centre-of-mass system

Parametrize effects by using an effective Lagrangian, in addition to the QCD

terms §g %
Lgaga(A) = A2 qu wq IPqV wq where 4_:
T
corresponds to a 4-ferm|on interaction (analogue to Fermi theory) ;
¢ = £1, interference parameter, relative phase between QCD terms and contact terms
N\ = scale parameter of new interaction, to be determined in experiment 69




In QCD: gluon exchange diagrams
dominate, have the same angular
dependence as Rutherford scattering;
essentially flat in the variable

Y = e|y1—Y2|

Y1, Y, = rapidities of the two jets

Results on ¥ measurement from the
CMS experiment

based on full 2010 dataset, 36 pb!

95% C.L. Limits on scale A :
ATLAS 3.1pbt A>34TeV

CMS: 36 pbl A*>5.6TeV
A >6.7TeV
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5.3 Search for Resonances in the di-jet mass distribution

Many extensions of the Standard Model predict the existence of new massive objects
that couple to quarks (q) and gluons (g) and result in resonances in the di-jet mass

spectrum:
Some examples searched for by ATLAS and CMS:
« Excited quarks g*, which decay to qg, predicted if quarks are composited objects

» Axial-vector particles called axigluons (A), which decay to qq, predicted in a model
where the symmetry group SU(3) of QCD is replaced by the chiral symmetry
SU(3), x SU(3)x

* New gauge bosons (W’ and Z’), which decay into qqg, predicted by models that
iInclude new gauge symmetries; the W’ and Z’ are assumed to have Standard Model

couplings

« Randall-Sundrum (RS) gravitons (G), which decay to qq and gg, predicted in the
RS model of extra dimensions; the value of the dimensionless coupling k/IM’g, is
chosen to be 0.1.
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g 0F ATLAS Preliminary -

> - E

. 10° e Data -

103%_ — Fit _é

ok Ns=7Tev ]

E -1 3

- [Ldt=081fb" 3

1o;g ?;

1 4 -

10'1_E 3;

8 1 1 i L B L R A i-i;

c 2 =
R Jaiel ) B

c 2 E

.g’ I.|.I.I.I.I.l.I.I.I.I.l.l.l.l.l.l.I.I:
@ 1000 2000 3000 4000

ATLAS search in data corresponding to L., = 0.81 fb-!

Reconstructed m, [GeV]

Search for resonance / bump in the
invariant dijet mass spectrum
Assume smooth functional form of the
QCD mass spectrum

No evidence for a resonance - exclusion limits

o x A [pb]

o \ 3
- — — — g*MC10 -
10°E A (MRST) =
- —e— Observed 95% CL upper limit 3
N Expected 95% CL upper limit
102 = \\ 68% and 95% bands =
i \ i
10 AN . E
- N\ ATLAS Preliminary 1
S \ Ldt=0.81fb"
e ™= AN \fE =7 TeV E
- DN\ :
1071 - N E
10-2 ; 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ \ “’;“”””X'“ 1 lﬁé
1000 2000 3000 4000
Mass [GeV]
Model 95% CL. Limits (TeV)
Expected  Observed
Excited Quark ¢° 2.7 291
Axigluon 3.02 3.2]
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CMS search in data corresponding to L, = 0.81 fb-!

Model Excluded Mass (TeV)

. Observed | E cted

« Search for resonance / bump in the o : == ) i
i ; iy String Resonances 4.00 3.90
invariant dijet mass spectrum Eg Diquatks 350 198
* Compare to PYTHIA QCD model Excited Quarks 2.49 2.68
* No eVIder_me Tor_a resonance Axigluons/Colorons 2.47 2.66
~ exclusion limits W’ Bosons 1.51 1.40

No exclusion limits set yet on
RS gravitons and Z’ - qqg decays 73



LHC reach for other BSM Physics
(expected discovery sensitivity for 30 and 100 fb1)

30 fb -1 100 fb 1
Excited Quarks M(g*) ~ 3.5TeV M (g*) ~ 6 TeV
Q*—qy
Leptoquarks M(LQ) ~1TeV M (LQ) ~ 1.5 TeV
Z° = j M@Z ~ 3 TeVv MIZ 9 =5 TeV
W'— fv MW ~ 4 TeV MW ~ 6 TeV
Compositeness A ~ 25 TeV A ~ 40 TeV
(from Di-jet)
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5.4 Search for signals from extra dimensions

- Search for escaping gravitons at the LHC

- Search for Black Hole Production

Microscopic-Black Hole
events at the LHC ?




Large Extra Dimensions & the ADD Model

« Assume that there are n compactified extra space dimensions, with size r
* Only gravity can propagate in the extra dimensions;

Relation between Planck mass Mg, in 4 and (4+n) dimensions M:

MZ e 87.[Mn—+—2 n
] :nsions EXTRA-DIMENSION
A
’/Graviton
« The Standard Model interactions and 2 j \
all matter particles are confined to our

3-dimensional world = éwé %
S N

Arkani-Hamed, Dimopoulos, Dvali: hep-ph/9803315, 9804398, 9807344 26



Experimental Signature: Mono-jets from graviton production

Signal: single jet, E;™ss

\G A nice candidate event: 1 jet with p; = 602 GeV
E,Mss = 523 GeV
AN\4
5 4 \\{‘\\kjet
o

A EXPERIMENT

Run Number: 180309, Event Number: 36060682

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




Experimental Signature: Monojets

Physics background:

Signal: single jet, E;™s* - Z+jet, Z > vv (irreducible)

- W+ jet, W = lv, | not detected
- QCD jet background, jet mis-measured

In addition, there could be a sizeable “instrumental / non-physics” background:

- Calorimeter noise, coherent noise in one region of the calorimeter
- Beam induced background
- Background from cosmic rays

(e.g. high energy muon showers)
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Typical selection: ATLAS, 2011 data, L, = 1.0 fb

- require strict vertex cuts (five tracks associated to a primary vertex)
suppresses beam-related background and cosmic ray backgrounds

- apply tight cuts on the shape of the calorimeter energy depositions,
l.e. fraction of el.magn. energy, timing cuts, ...
(to suppress jets from “correlated noise in the calorimeter”)

- Require 1 jet with p; > 120 GeV (low p;), 250 GeV (high p;), 350 GeV (very high)
in the central detector region, |n| < 2.0

No further jets in the event with p; > 30 GeV within |n| < 4.5

- E;™ss > 120 GeV (low), 220 GeV (high) and 300 GeV (very high)
and A¢ (jet, E™sS) > 0.5

- Lepton veto: reject all events with an identified lepton,
electrons with p; > 20 or muons with p; > 10 GeV

= 15750, 965 and 167 events observed in ATLAS data for the low, high
and very high selections, respectively
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Numbers of observed events in data in comparison to expectations
from Standard Model background:

Background Predictions =+ (stat.) £ (syst.)
LowPt Selection  HighPt Selection veryHighPt selection

Z (— vV)+jets 7700 490 4400 610+27+47 124+ 12+15
W(— tv)+ets 3300 £90 £ 220 180+ 16+22 36+£7+£8
W(— ev)+jets 1370 =60 +90 68 +£10+8 8+1+2
W(— uv)+ets 1890 +70 4+ 100 113+14+9 18+4+2
Multi-jets 360 +20+290 30+£6+11 34242
Z/v (— t7T7 )+jets 59+3+4 204+0.6+0.2 -
Z/y (= utu)+ets 45+3+2 2.04£0.6+0.1 -
it 17143 1.740.3+0.3 -
Y+jet - - -
Z/v*(— eTe )+jets - . _
Non-collision Background 3704+40+£170 8.0+3.3+4.1 40+£32+21
Total Background 15100 £170£680 1010437465 193+ 15+£20
Events in Data (1.00 fb—1) 15740 965 167
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Agreement between data and expectations for the p,(jet) and E{™'ss spectra:

%

o 10

)

g 10°

w,
107

::r-

S

pd 10

©

dN/d < [Events/GeV]

Low p; selection:

100

ATLAS Preliminary

f Ldt=1fb™

\s=7TeV

buvuue

200 300 400

—e— data 2011
Total BG
CJzZ(—=vv)+jets
EE W(—=Ilv)+jets
1 Qcb
CJz(—=1l)+jets
.

[ Non-collision BG
...... ADD (n=2, M _=2.0 TeV)

............ ADD (n=6, M'=1.5 TeV)

500 600 700
P, jetl [GeV]

Very high p; selection:

H
=
S <

[
LLLLL B L L AL B B AL IR

w
[=]
o

ATLAS Preliminary

f Ldt=1fb™

\s=7TeV

—e— data 2011 i
—— Total BG

CJz(—=w)+jets
W (—=1v)+jets
...... ADD (n=2, M_=2.0 TeV)
ADD (n=6, M_=15 TeV) 3

350 400 450 500 550 600 650 700 750

P, jetl [GeV]

dN/dET™®  [Events/GeV]

dN/dET™®  [Events/GeV]

ATLAS Preliminary

f Ldt=1fb™

\s=7TeV

e

—e— data 2011

Total BG

CJzZ(—=vv)+jets

EE W (—=1v)+jets

] Qcb

CJz(—=1)+jets
tt

[ Non-collision BG
...... ADD (n=2, M_=2.0 TeV)

............ ADD (n=6, M_=1.5 TeV)

wew

400 500 600
E_r|1_1iss [G EV]

10’ ATLAS Preliminary
- f Ldt=1fb"
10 \s=7Tev

E

101

102

250 300 350 400 450 500 550 600 650 700 750

—e— data 2011
Total BG
[CJz(—wvv)+jets
W (—1v)+jets

...... ADD (n=2, M_=2.0 TeV)
............ ADD (n=6, M_=1.5 TeV)

Lol

Ll

E-rll-‘liSS [G e\/]
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o x A [pb]

Constraints on the ADD model parameters:

10t

—— ADD signal: n=2

—— ADD signal: n=4
— — 95% CL Exclusion

ATLAS Preliminary

1 1 I 1 1 1 1 I 1 1 1 1 I il
1500 2000 2500

1 I 1
4000
My [GeV]

1 1 I 1 1 1 1 I 1 1
3000 3500

Cross sections as a function of M,
for n=2 and n=4 extra dimensions

(cutoff for s" < M2)

M, lower limit [TeV]

4.5

3.5

2.5

15

0.5

F | | | | | =

3 det =1fo" ATLAS Preliminary 3

= S =7 TeV ATLAS 2011 E

;_ ----- CDF run Il _;

;_ --------- LEP combined _;

= | | | | | E
2 3 4 5 6

Number of Extra Dimensions

Excluded M, values (95% C.L.):

95% CL limits on Mp for the ADD model (5§ < Mp)

LowPt selection
n | observed [TeV]
2 2.20
3 1.76
4 1.54
5 1.37
6 1.24

HighPt selection | veryHighPt selection
observed [TeV] observed [TeV]
3.16 3.39
2.50 2.55
2.15 2.26
1.89 1.90
1.68 1.58
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* New physics, scale of gravity M, can appear

at the TeV-mass scale, i.e. accessible at the LHC
q@\\
« Extra dimensions are compactified on a torus 3&

G
or sphere with radius r;
relation between Planck mass in 4 and (4+n) G
dimensions:

le - 87TM”+2 n

* Black hole formation at energies greater than My, /

(above a threshold mass, M)

Production cross section can be in the order of
100 pb for My ~1 TeV (large model dependence)

Once produced, the black hole is expected to
decay via Hawking radiation, democratically to

all Standard Model particles (quarks and gluons dominant,75%)
- multijet events with large mass and total transverse energy
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CMS search for events with high jet multiplicity
and large transverse energy

Candidate events exist....

event with high multiplicity of jets,
high mass....

all particles coming from one interaction
vertex

Is there an excess above the
expectation from QCD production?
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Discriminating variables between QCD background and black hole signals:

- jet multiplicity N,
- total transverse momentum/energy (scalar sum) in the event, Zp; =: S;

Results of an ATLAS Monte Carlo simulation;

P % 5 16 @
14 10* > - 3
i 14f >
: 102
12 12~
2 -
10 10 10-
8 7 8 10°
6 6F :
4;
‘ * il
10 o | 1ENI | 10"
2 - ATLAS Preliminary
Lo b b b b
0 1 %1000 2000 3000 4000 5000
51000 2000 3000 4000 5000 Zp, [GeV]
Zp, [GeV]
QCD multijet “background” Black hole signal events with Planck scale
Mp =1 TeV and n = 2, threshold productior
mass 4.3 TeV
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Background model / “calibration” of QCD muiltijet background

> 6 T | T T 1T | L | T T 1T | T T 1T | L | T T 1T | I% - | —_— | e | —— | —— | —— | —TT |
o 10 N=2 a) 3 o 10° N=3 b)
O . b Dati , . 5\;1+0thtr1$+-]ets . Q) ® Data Photon+Jets ]
o 10 Backgroun B tthar — o 5 Background = :/t\éuets

o Uncertainty | Z+Jets E o 10 Uncertainty Z+§rets E!
[N e My=15TeV,MI"=45TeV,n=6 — F e Mp=15TeV,M™=45TeV,n=6 7
- 104 .................... Mg = 2.0 TeV, MBF:;" =40TeV,n=4 - - T I W— M, = 2.0 TeV, Mznzn =40TeV.n=4 —;.
_.2 ---------- My =25 TeV, MI" = 3.5 TeV, n = 2 3 0 E T e Mp = 2.5 TeV, M"" = 3.5 TeV, n = 2 3
- 7 c ]
q>) 10° CMS Preliminary - c|>) 103 CMS Preliminary -
T \s=7TeV,1.09fb" 7 i \s=7TeV,1.09fb" 3
102 3 10° E
10 3 E
-1 _ ]_O'l --------

10 1 | 1111 | 1 | | L1 111 3 '“_Ia L | L
1000 1500 2000 2500 3000 3500 4000 1000 1500 2000 2500 3000 3500 4000

S, (GeV) Sy (GeV)

Shape of ST distribution cannot be reliably calculated in Monte Carlo simulation
problem: high jet multiplicities

- Fit a smooth QCD model to data in low ST region, determine parametrization

(functional form) at low muiltiplicities (n=2) 37



Events / 100 GeV

CMS analysis, use large part of the 2011 data, L, = 1.09 fb-?

> T ‘ T T T T ‘ T T T T ‘ T T T T T T T T ‘ ] > T ‘ T T T T ‘ T T T T ‘ T T T T T T T T ‘ ]
r N=3 () r N=5 (5] r N=7 e)
104 (] Data a) (O] 104 . Data C) O] 10°F . Data ) 5
= Background o E Background o = Background
. Uncertainty (@) N Uncertainty o L Uncertainty
3 ey M, =15TeV,M™=45TeV,n=6 | i 3| e Mp=15TeV,M™=45TeV,n=6 | — X e ——. Mp =1.5TeV,M™=45TeV,n=6
10 E " Mp = 2.0 TeV, MB’”'" =40TeV,n=4 3 -~ 10°g Mp = 2.0 TeV, MB"“" =40TeV,n=4 3 - 10 E Mp = 2.0 TeV, MB'"'" =40TeV,n=4
i Ngy e M, = 2.5 TeV, MZ’E" =35TeV,n=2 I2 0 U My = 2.5 TeV, ME'E” =35TeV,n=2 o M, = 2.5 TeV, MZ"E” =35TeV,n=2
C L. c C c C
10°F Q 10%E E Q 10%h - CMS Preliminary
e N é \s =7 TeV, 1.09 fb
10 10¢ 10
1 1= 1E
f CMS Preliminary f CMS Preliminary u
. C
10_1 \\]7 7T8V109fb E 10_1 \]7 7TeV10\9fb 3 10_1?\ L co by e S
2000 2500 3000 3500 4000 2000 2500 3000 3500 4000 2000 2500 3000 3500 4000
S; (GeV) S; (GeV) S; (GeVv)

Total transverse energy S; for events with N > 3, 5, 7 objects

No evidence for excess above the QCD expectations
- No evidence for the formation of micro Black Holes
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Extracted limits (at 95% C.L.) on the excluded cross section times
acceptance for S; > S;min

3 |‘ I I I I I I I I | I I. I . I | I I I aI.) |
e 10 N CMS Preliminary E
< %\ (s =7 TeV, 1.09 fb™! ]
C/‘\ \\ N=3 N
e 1 X N —— Observed ¢% E
D - Expected 0% .
A S N Xpecte Oerp. :
— i ]

0 2010, 35 pb™

-1 — |
© 10 S N e e 3
10 ¢ —~
- "o, 2011, 1.09 fb* ]
|_ | | | | | | | | | | | | | | | | | .I"-I" | |

1000 2000 3000 4000 5000
SN (GeV)



SUSY

Other

*Only a selection of the available results leading to mass limits shown

Summary of results on searches for Physics Beyond the
Standard Model in ATLAS in ATLAS

Simpl. mod. (Ilghtio) 0- Iep + b-jets + j's +E
Simpl. mod. (g—>ttx ) 1- Iep ¥ b-jets + j's +E

T,miss

T,miss

ATLAS Searches* - 95% CL Lower Limits (Status: SUSY 2011)

"""""" MSUGRA/CMSSM : O-lep +j's + E; s ! =g mass
MSUGRA/CMSSM : 1-lep +j's +E i g =g mass
MSUGRA/CMSSM : multijets +Eq .. gmass_(for m@) = 2m(@@)) ATLAS
Simpl. mod. (Ilghtlm) 0-lep + 'S +Eq ies @l =g mass Preliminary
Simpl. mod. (|Ightx ) 0-lep +'s +Eq e _gmass
Simpl. mod., (|Ightx D1 0-lep +is +Er g mass

f Ldt = (0.031 - 1.60) fo™*
\s=7Tev

g mass (for m(b) <600 GeV)
g mass (for mG( ) < 80 GeV)

Pheno-MSSM (light %) : 2-lep SS + Eq e, qmass
Pheno-MSSM (Ilghtx ) 2-lep OS ¢ T ET miss g mass
Simpl. mod. (g 2 1-lep + ] S+ Et miss X mass (for m(g) < 600 GeV, mE) - m(;“( )) / (m() - m(;"( ) > 1/2)
GMSB (GGM + Slmpl model :yy + ET miss g mass (for m(bino) > 50 GeV)
GMSB : stable ¥ T mass B
Stable massive particles : R-hadrons g mass
Stable massive particles : R-hadrons b mass
Stable massive particles : R-hadrons t mass
Hypercolour scalar gluons : 4 jets, m; =m, sgluon mass (excl: mgg < 100 GeV, mgy~ 140 = 3 GeV)
________ RPV (3,70.01, 7,,,=0.01) : high-mass ey v, mass
Large EDU(ADD) monolet My (8=2)
Compact. scale 1/R
RS with k/M pI= =0.1: dlphoton m Graviton mass
RS withk/M, =0.1: dllepton mee,MIL Graviton mass
RSwithg /g =-0.20 :H + E . KK gluon mass
Quantum bia&k hole (QBH) md”et, Flx) M, (6=6)
QBH : High-mass o Mp
ADD BH (M,,/M,=3) : multijet =p_ N M, (5=6)
.........ADDBH (M, .M ..3)..%5.@.'!‘?99@.% part. My, (5=6)
qqqq contact interaction : Fx(mduet) L=36 pb™* (2010) [arXiv:1103.3864 (Bayesian limit)] 6.7Tev. A
gquu contact interaction : m L=42 pb™ (2010) [arXiv:1104.4398] 49Tev. A
---------------------------------------- SSM -I’i'fe-e;w L=1.08-1.21 fb™* (2011) [arXiv:1108.1582] 183Tev| Z' mass
SSM m L=1.04 fb™ (2011) [arXiv:1108.1316] 2151ev. W’ mass

i gen LQ mass
oM gen. LQ mass

4 generatlon coII mass in Q Q — Wqu Q, mass
_4 generation : d d — WtWt (2-lep SS) d, mass
TTohgen = tT+A A 1 lep + jets + Eq miss T mass
Major. neutr. (LRSM no mixing) : 2-lep + jets N mass (m(W_) = 1 TeV)
Major. neutr. (LRSM, no mlxmg) 2 Iep + jets W, mass (230 <m(N) < 700 GeV)
H.™ (DY prod., BR(Hﬂ_’MM) H* mass

(like-sign)
Excited quaﬂ?‘s Myier

Axigluons : m;.,
Color octet scalar : m;,

g* mass
Axigluon mass
Scalar resonance mass

1 10
Mass scale [TeV]

90



End of
lectures
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