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Multi Jet Event at 7 TeV },{,«,’?

 Standard Model Physics at
//8 TeV

» The Higgs Boson

 Searches for Physics
Beyond the Standard Model




The Large Hadron Collider = a proton proton collider

7/ TeV + 7 TeV
(3.5-4 TeV + 3.5-4 TeV)

\ i | \\E- \ ‘. -
— N U S Na il 1 TeV = 1 Tera electron volt
==\ O VI N TN S s e = 1072 electron volt

swem
Primary physics targets
e Origin of mass
e Nature of Dark Matter
e Understanding space time
| ¢ Matter versus antimatter
B e Primordial plasma

The LHC is a DiscovAe'ry Machine
The LHC will determine the Future course of High Energy Physics



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 would be 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_




History of the Universe
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The Origin of Particle M

A most basic question is why elementary particles
have masses (and so different masses)

Peter Higgs

The mass mystery could be solved with the ‘Higgs mechanism’
which predicts the existence of a new elementary particle, the N
‘Higgs’ particle (theory 1964, P. Higgs, R. Brout and F. Englert) ‘ \

The Higgs (H) particle has been
searched for since decades at
accelerators...

Mass 1
(GeVvic2)
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The LHC will have sufficient
energy to produce it for sure, if it
exists
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Supersymmetry

(Julius Wess and Bruno Zumino, 1974)

Establishes a symmetry between fermions (matter)
and bosons (forces):

- Each particle p with spin s has a SUSY partner B’
with spin s -1/2

- Examples q (s=1/2) > Y (s=0) squark

g (s=1) = g (s=1/2) gluino

ur known world Maybe a new world?

Standard-Teilchen SUSY-Teilchen M OtiV ati on:

- Unification
(fermions-bosons,
matter-forces)

- Solves some deep
problems of the
Standard Model

Quarks ‘ Leptonen ‘ Kraftteilchen Squarks \) Sleptonen o SUSY-Kraftteilchen




Astronomers found
that most of the
| matter in the Universe
must be invisible Dark ¢
| Matter




This Study Requires......

1. Accelerators : powerful machines

jl that accelerate particles to extremely

high energies and bring them into
collision with other particles

<! 2, Detectors : gigantic instruments
that record the resulting particles as
they “stream” out from the point of
collision.

3. Computing : to collect, store,
distribute and analyse the vast
amount of data produced by these
detectors

4. Collaborative Science on

Worldwide scale : thousands of

“al | scientists, engineers, technicians and
W support staff to design, build and

- operate these complex “machines”.




LHC is 100m underground

LHC is 27 km long

Magnet Temperature is 1.9 Kelvin = -271 Celsius
LHC has ~ 9000 magnets

LHC: 40 million proton-proton collisions per second

_ . ) RN
LHC: Luminosity 10-100 fb-/year (after start-up ~ ATLAS
phase) Point 1

CM system energy: 7/8 TeV (13-14 TeV in 2014)

c™ms :

Point 5 & 1, | i

\\.4.7!\

eHigh Energy = factor 3.5-7 increase w.r.t. present accelerators
eHigh Luminosity (# events/cross section/time) = factor 100 increase




R -

CMS Integrated Luminosity, pp

Main changes in 2012:
> Beam energy: 4 TeV.

Data included from 2010-03-30 11:21 to 2012-12-02 15:07 UTC » Reduction of B* <+ tightercollimator settfngs.
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LHC did very well
2011: luminosity 3.5 . 103 cm2 s'1 = >5 fb! collected in total
2012: luminosity 7.6 . 1033 cm™ s'1= >20 fb! collected in total
Next pp collisions in 2015. Shutdown for ‘energy upgrade’
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The Four Central Experiments

Muon Detectors Electromagnetic Calorimeters A I LAS

Solenoid Forward Calorimeters

End Cap Toroid

Barrel Toroid Inner Detector Shielding

CMS ™

wum chamber

= central detector

— — | 1§ = electromagnetic
e e ———— calorimeter
"."Q;__- =R ™ hadronic

Tracking system

s e A calorimeter

Electromagnetic calorimeter

Hadronic calorimeter




Example: The ATLAS E_

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

45m long
22m diameter

NAFE LS '
/ / \

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker




Schematic of a LHC

Physics requirements drive the design!

Analogy with a cylindrical onion:

Technologically advanced detectors comprising many layers, each
designed to perform a specific task.

Together these layers allow us to identify and precisely measure the
energies and directions of all the particles produced in collisions.

Such an experiment
has ~ 100 Million
read-out channels!!



The CMS Experiment (B40)

The CMS Collaboration: >3200 scientists and engineers,

>800 students from ~190 Institutions in 39 countries .
L . g | |\ \

8
2
o, & -



The experiments are in good shape!

ATLAS ... CMS

Fraction of non-operational detector Current Operational Status*

o 10 20 30 40 50 60 70 80 go 100

: ~93.6%

- H H H Pixel Stri Presh ECAL ECAL HCAL HCAL HCAL HCAL 'M M M
(WI II Increase fu rther Wlth d ata re p roceSSI n g) Tr;’ézer Tr:or:fer reshawer Barrel | Endcaps | Barrel | Endcaps | Forward | Outer ;$n CUSOCn RUPQCn
97.1% g97.75% 97.1% 99.16% 98.54% 99.92% 99.96% g99.88% 96.88% g99.1% g97.67% 98.2%

channels: (depends on the sub-detector) Pixels | I —— '
£ Strips | I —
il 49/ : EINS e —-—=—
Few permil (most cases) to 4% 3 ECAL Endcap
o I I
- ECAL Burrel [———

: .. ] HCAL Oronr I S S O —
Data-taking efficiency = (recorded e e —
lumi)/(delivered lumi):~ 94.6% : HCAL Barrel [e——————
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. . o mopEDY [
Good-quality data fraction, used for analysis f P =S a————
%
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~ An issue for jet measurement
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Data Taking Challenges-

» Collider: 20M bunch crossings per second
« ~ 30 events per bunch crossing: pile-up

« Trigger on 400 events/sec (+ another 400-600 Hz of
parked data in CMS): keep the interesting (incl. unknown)
physics

« Total data volume in eg ATLAS: 5 billion detector events,

120 PB of data (simulation and data). Several billion Monte
Carlo events (produce ~ 10° events/2 g

« ATLAS+CMS > 450 papers in 3 years g |
> 550 papers for all experiments
No attempt to cover everything © but

examples to illustrate the LHC
Most examples from CMS/ATLAS




ery Forward Measurements

Particle flow
| |
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Total pp Cross Sectio

TOTEM uses the same Interaction Point as CMS (IP5)
TOTEM has forward detectors and Roman Pot Near Beam Detectors

(150m-220m away from the IP)

*T2

] | T1:34<n<4.7
o _— . i T2:53<1<6.5

- Inelastic telescopes: charged particle
& vertex reconstruction in inelastic events

Roman Pots: measure elastic & diffractive protons close to outgoing beam

Q1 Q2 Q3 .
_ o1 D2 Q4

CIEI

Q6

\_
(RP147)

& E
X

\ -
R

P220

Physics Goals

Total cross section
Elastic cross section
Diffractive studies

-> Most collisions
are soft peripheral
proton proton

collisions




Elastic/Total pp cro

Example Results

7 TeV elastic differential
Cross section

- T T
o 108 T +  pp (PDG)
% 10* g—r—r—r— T v n
] E [ ! | extrapolation to t = 0 —_ - pp (FDG)
9“‘ : 3 120 o Auger + Glauber .
= 10 do, /dt= Ae ™3 2 «  ALICE
o 2 SRR O 110 E
3 1 : & +  ATLAS :
= UF It] Fq;; W0 . oMs
s S I R S T 9| + TOTEM (L indep) ]
10° 3 ; : 0 0,05 0.1 0.15 0.2 = ol best COMPETE y fits
F - | A=506 + 22,75 & 1.0 mbiGeV? [ i - - - —114—152Ins+ 013010 s
101 ot B | 508 % 26,75 & 1,557 mb/GeV? ] & 70 —
E ' : | I .| B=19.9 + 0.26%% = 0.04% GeV? f = 3
i . . § g} 60 -
10-2 . j j g 8 4 -
leg= 053 Go2 T :
10-3 | —— EPL 95 . < _;Itl_?e., _E 40 = SLAC S”" ------ 7]
EPL 96 ! i ; i i o3 e - .- .
| »

o,, =(74.7x1.7)mb

o,=(27.1x14)mb

Future: eHigh beta measurements for Coulomb-Nuclear interference
Common data with CMS?




LHC Results for Cosmic Rays




Forward gammas: LHCf EX

LHCf uses the same Interaction Point as ATLAS (IP1)
LHCf has forward detectors at zero degrees seen from the IP (140 away
from the IP)

LHCf: location and detector layout

Detector 1 Detector I1
INTERACTION POINT
Tungsten Tungsten
Scintillator IP1 (ATLAS) Scintillator
Scintillating fibers|  Eront Counter | Front Counter!, Silicon pstrips

140 m

> 140 m '
e
SIS s g —

HCOMING NEUTRAL
PARTICLE BEAM

= =

Armi#t2 Detector
25MMX25mMm+32mmx32mm
4 X-Y Silicon strip tracking layers

Arm#a Detector
20MMX20MM+40MmMX40mm
4 X-Y SciFi tracking layers




LHCf: Forward Photon

Y. Itow Forward gamma measurement compared to Monte Carlos
ISVHECRI 2012 No model reproduces the data !!

LHCf Single Y SpeCtra at7TeV e (0.53)nb" on 15May2010

: ' 8:81 v<l‘r‘l'<sl:;?c?\ru7'l'ov
Gamma-ray like

8.81 <1 <8.99, A¢ = 20

- Gamma-ray like E
§ 10 d § 10
1> 10.94, Ap = 360

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

L we AT DRIV RSP B
v 500 1000 1500 2000 2500 3000 3500
Energy[GeV]

Phy.s.Lett. B703 (2011) 128-134
® None of the models agree with data -

® Data within the range of the model spread

Energy[GeV]



The Standard Model

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



Strong Interaction: Jets!

Study the strong force via jet production

proton
P - R " i .
: : q (Xl) g q : : J et 4 e ¢ > % : \'\\ N S : ‘:‘ N “l,&' A RN i 7
I I v, N Q) 7
BRI i \
pMmKﬁ;;## & : - VNN s g xolTl.a:S
\\ J’ 'l\ J’ - | M ". ; ; = A% o t": §WP- i AI: 9 - /“{.
| & o S > 7 EXPERIMENT

Pr (1, J2) = 2.3-2.2 TeV

Jets of particles
emerge after a high
energy parton-parton
scattering

E{™ss = 47 GeV

In this event more
than 50% of the
proton-proton energy
ends up in jets

26



Strong Interaction

Observed and fitted dijet mass Data / fit ratio, compared to four g* models

'''''''' L LN B L R BRI E LI L I L L B N L L L L B L L B B B N B B L B
g o* ATLAS Preliminary 1 > | fs=8TeV,[Lat=130M" .
? — Background ? = a4 e [data-fit]/fit —
10'E F=8TeV = g | o O PYTHIAB(1500) 1
- [Ldt=13010" 3 © | —#— q"PyTHiA8 (2500) |
1L 2 o I a~- q* PYTHIA 8 (3000)
= E - - Q" PyTHIA 8 (3750) -
“F_E I 3_ (%Y o T 04 T\ (QESL (] ) ]
EDI'_]et Mass = m(q*) > 3.84 TeV (95% CL) i
= i

espectrum

A %__%t;_ ——

- ATLAS Preliminary y

L P T P T S T T R TR R
2000 3000 4000 1000 2000 3000 4000 5000
Reconstructed m, [GeV]
Reconstrucied m; [GeV]

Significance

Rutherford scattering:
-> gives limits on quark
substructure

proton

/ (neutron)
quark
2
13

< 5x1018cm

atom~10*cm




Dense Matter Interactions

Heavy Ion Collisions




G Oa I CMS,,| CMS Experiment at LHC . CERN
L | Data recorded: Mon Nov 8 11:30:53 2010 CEST
Run/Event: 150431 / 630470
Lumi section: 173

Understand the properties of Quark

Gluon Plasma: a new state of matter

« Problem: the lifetime of QGP is so short

(O(fm/c)) such that it is not feasible to

2010 PbPb
analyses

probe it with an external source. ....ht ,{,

‘. Q" 8’ &'.i

. Solution: take the advantage of the NS ds WBpt
large cross-sections of high p; jets, %3 .
v/W/Z, quarkonia at the LHC energy,
use hard probes produced in the

collision.



Theoretical Concepts in H

Relativistic fluid dynamics (space-time evolution of final state)

Low-X, saturation, color-glass condensate (initial state
effects, correlations inherited by the final state)

* pQCD (high-p+ jets, patrticles, energy loss)

« AdS/CFT, connection with string theory (shear viscosity over
entropy density, heavy quark energy loss, QGP-black hole
duality)

— Velocity-dependent screening in the plasma for heavy
guarks: can be calculated in the AdS/CFT framework

— Energy loss of charm and bottom can be calculated in
AdS/CFT and tested in experiments

— m/s can also be calculated by AAS/CFT and also in various
viscous hydrodynamical models, and results compared to
experimental data




Measuring Shear Vis

Azimuthal anisotropy of final state particles (unlike incoherent sum of NN
collisions)

- Data provide typically an upper bound on n/s

« Policastro, Son, and Starinets (2003): at finite T in the strong coupling
limit, the shear viscosity/entropy density (N=4 super-YM) is 1/4r.

Y suppression (measured by CMS) sensitive to n/s
arXiv:1207.5327v2

—_— [ T T | T 1T ‘ T 1T | T T | T T 1]
o~
L1200 i CMSPbPb {5, =276 TeV PRL 109 (2012) 2
8 : E‘; Cent-0-100%,|y|{2'4 : g _||\\|||\||||\|||\\Ill\llll\lll\\lll\lll_
gmoo_— L, =150 ub” - 14 CMS PbPb \s,, =2.76 TeV .
> i H E " : : _ i -
= P, >4 GeV/c 1 1o +Y(1S) L, = 150 ub"
2 gool- ¥ ] B l #T(25) ly| < 2.4
4 i g & s data ] 1y
L L i i i M. Strickland
600 . — total PbPbfit R BRIV (il et
JE 1% 0 . =2
i g ity 1 TV S —— Y(1S), 4mnys = 1
= TN background . BN + r%g} 122;2 =g
| IR _ - " E G PPERS T B = b
400+ JpiH T pp shape - 061 Vi + +— YGS) 4mes1
- R (R, scaled) . + ]
e 0.2 +,
07 - | S | S | S ‘ S | - | S 07| | - | L1l | L1l | | | 1 \"I"I"I. -\-'Iulu-.\"\" "I""\"I"I -I-;
8 9 10 n 12 13 14 0 50 100 150 200 250 300 350 400

Mass(u*w) [GeV/c?] N

part



Viscosity from v, vs. centrality and t
cac http://arxiv.org/abs/0804.4015¢sc

) s=10"
I

PHOBOS] -

20F

o STAR non-flow corrected (est).
e STAR event-plane

15

v, (percent)

0.14

0.12
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T

- Cl

T
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=200
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300
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0.15
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g

0.05
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Measurements of Asy

Higher flow components in At high p, path length dependence

Ultra-central PbPb events of energy loss: AdS/CFT predicts

sensitive to n/s stronger effect than pQCD
M. Luzum and J. Ollitrault.

I B B PRL 109 (2012) 022301

CMS Preliminary - arX|v 1201 0281
— PbPb \[S,y, = 2.76 TeV

,.A.,O'O‘?’ I 0-0.2% centrality CMS Li .= 150 ub k 40-50% oelntrahty | i
CR.I . . — Glauber,iys=0 1 05 PbPb (S, =276 TeV  Ini<i .
= | — — Glauber, 1ys=0.08 ' -
<0.02-, . = Glauberys=020- — L2, Glauber !
+ - V2 vz — 1 = -.= 12, dege1.2 ]
M - 1 g .
Q. B —_— o S
QT:‘ 0.01- ;r . ]
> - 4 — 1 00—
[0.3<p_<3GeVic o= - i
000 ——————— 2

L pQCD, collisional
L’  pQCD, radiative
L AdS/CFT




Energy Loss of Heavy Quarks

2.0
1 1 i 1 1
] ol ALICE
####### 0-20% centrality
-7 ] 5 Pb~Pb, Vs, = 2.76 TeV
Y > average DO, D*, D**, |y| <0.5
// WHDG 4 1.4
7 == AdS/CFT Drag
7 4 Vs =276 ATeV - iz
/ 0-20% ] =
/ S = i i e e e it R A T T TR
/ ] =
v el ————— = i <—— nuclear shadowing (EPS09)
__________________ parton energy loss
————— BDMPS-ASW, Vitev, WHDG

40 60
[ (GeV/c)

AdS/CFT predicts much larger charm
suppression than bottom suppression

p. (GeV/c)

ALICE results address
open charm suppression



New: pPb Collisions

. ALICE event ATLAS
X/dEplay

L ~1x10+26 cm= s1
Pilot run un-squeezed,
15 bunches/beam

Data taking ongoing

37



The Standard Model (Part Il)

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



Studies of the TOP Q

« The TOP quark is the heaviest elementary partcile we
know. We produced ~ 5 10° pairs at the LHC so far

It could play a special in electroweak
symmetry breaking or physics Beyond
the Standard Model. érfu

Generator

level

« Assume all tops decay to Wh: event

topology then depends on the W decays: »
« one lepton (e or ),

E mss jjbb (37.9%) %/@ Q\\“

 di-lepton (ee, uu or ep),
£ S, bl (6.46%) v
. All hadronic channel &

/m.»




Top Quark: Top Mass

Very significant progress over the last 12 months
LHC Experiments now as precise as those of the Tevatron (16 year effort)

CMS Preliminary

% 200 = 1 I I 1 1 =

CMS 2010 dilepton * T755% 4.6+ 4.6 O, qo5F —° ATLASiHets *— CMSl+jets 3
JHEP 07 (2011) {L=36 pb") (val. « stat. = syst) g_ - & ATLAS dl-h'pfﬂn CMS dl-h'pfﬂﬂ .
CMS 2010 lepton-ets - 1731221227 E 190 — = ATLAS all-jets —+— CMS all-jets -
PAS-TOP-10-009 (L=36 pb ) {val. = stat. = syst.) = .
- —s— LHC comb, June 2012 | LHC comb. uncert. band =

CMS 2011 dilepton i 1725+ 04+ 1.5 185 -
arXiv:1209.2393 (L=5.0/fb) (val. = stat. = syst.) - 1
CMS 2011 lepton-+jets e 1735+ 04+ 1.0 180 - =
arXiv:1209.2319 (L=5.0/fo) (val. = stat. = syst.) — .
CMS 2011 all-jets _— 1735+ 0.7+ 1.3 175 = I % #ﬂ i % ;iﬁ =
PAS-TOP-11-017 (L=3.54/fb) (val. = stat. = syst) - .
CMS combination N 173.4+ 0.4 0.9 170 =
up to L= 5.0/fb (val. = stat. = syst.) - -
e e 1651 —

Tevatron 2012 combination 173.2+ 0.6+ 0.8 - ]
arXiv:1207.1069v2 up to 5.8 (val. = stat. = syst) -I 160 — | i | | | .
| | | CMS combined ’l"s“" I | 12/2010 07/2011 01/2012 07/2012 12/2012

Precision on the mass now better than 1%
Important for EWK studies, Higgs, see later...




Top Quark: Top Cro

CMS Preliminary 350 CMS Preliminary
o n o) [
e * CMS combi ) = T
- combined 7 TeV (1.1 fb") B . -1
Ig - CMS combined 8 TeV (2.8 fb-1) IESOO | L CMS ODI'anned 7 TeV (1 .1 fb ) Z
- ©CDF 5300 ’
° o DO O™ = CMS combined 8 TeV (2.8 fb")
102 -
- 250
R 200—
- Approx. NNLO QCD (pp) B
Scale uncertainty -
10l [ Scale ® PDF uncertainty 150 :_ ______________ NLO QCD
- e oy Approx. NNLO QCD (pp) B Approx. NNLO QCD
N [ Scale uncertainty | Scale uncertainty
i I Scale ® PDF uncertainty 100(— I Scale ® PDF uncertainty
: A T S e : R A S o
Vo v b b b b v b v b o I T T B T T

oS

1 2 3 4 5 6 7 8 9 6.5 7 7.5 8 8.5 9
Vs (TeV Vs (TeV)

Precision of the cross section measurement ~ 5%
The measurements agree well with approximate NNLO calculations



Heavy Boson Production

S Exg
e \,ATLAS
s : - JLEXPERIMENT
Y Run: 154822, Event: 1432150C
M Date: 2010-05-10 02:07:22 CEST
T
ES—
: W_> \ Z+pup candidate "
IJV in 7 TeV collisions

The first W & Z bosons showed up in May 2010 in the experiments
Now: about 6M W and 600K Z events/fb-! for analysis (e+p final states)

Ni r



Vector Boson Productio

Nov 2012 CMS

— ET . 3
L = : ]
= - ' W - Q@ 7 TeV CMS measurement (statbsyst)
5| o—ri E g8 TeV CMS measurement (statbsyst)
- 1n E_ i ﬂ E Z ] i Lo
EE = : ' —— 7 TaV Theory prediction
- e Ot
C 5311 ' —— & TeV Theary prediclion
- 4 ' P 1
s wfe o
= - - : : .
D 10E SO A 1N S S S S R
a Fi =T . oy Lo oo
= o 2dj; : —Oo— WWaWz: \WW : :
E 1 ] ] H 1 H ¥ H ]
c = ! T 5 T : == WZ :
2 b , L JE B WA 7 4
[E] I E; =30 GeV v Er»15GeV o : : '
5 10g: : : ; oy
© = ™| <24 L AR(YN) > 0.7 :
e F E e E
1 . . . 1 50f 49f L 49fos
i 36, 19 pb : 501 : 95 fiy! 11fb 53 fb"l:
MEP10[20111132 OMS EWIK-11-009 CMS-PAS-EWK-11-010 [WZ)
JHEPOI2012)010 CHS-PAS-SMP-12-005 (W7,

CMS-PAS-SMP-12-011 [WIE 8 Tav) QOF[ZZF), 01 I0AWE), 08228, D15



Rare Decays: B, to

i i i
Since many years this
s SM T Mode SM prediction decay has been chased
_ B, »ptp~ 3.54 £ 0.30) x 10—
(o B e | (011 200D x 100 CDF, DO, CMS, ATLAS
we | and LHCb
t A. Buras et al., arXiv:1208.0034 New ( se do) sca|ar5
b : DeBruyn et al., arXiv:1204.1737 p - u
. C. Davies, arXiv:1203.3862 (and ref. therein) can mOdIfy the SM
predictions
___L S
20 v v v - - 5 Bwl-
o WIHY
£ 01/ "
~ 15 MSSM-LL 2
2 % b Wi
= §
:? 10 B "E - ey d""l\
g wsi’
X *\.\
Oc‘z 0.5 : “‘,‘)‘kP‘
i MSSM-AC
0.0 2 " " "
0 10 20 30 40 50

. —4.1032 e —2c—1
@ Running at £ =4-10°*cm “s 10° x BR(B, - u*4-)

LHCb: Plethora of flavor measurements: DO oscillations, observation of

new B meson decays, CP asymmetry studies, CKM angle measurements,..



Rare Decays: B,

T T T T L} T T T T T T T L} T T

I . E— g . " v T d L—
Yot LHCb 1 T uf LHCh -
08k 1.0 b (TTeV) +1.1 i 8TeV) _ % 12: 1087 CTTeV) +1.1 8578 TeV) E
i E C BDT=>07 2
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e -
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B(BY = ' ) [107] m,.- [MeV/c?]

e Combining 201142012 data
o Bkg only hypothesis p-value is 5 x 10~ corresponding to 3.5 ¢
o B(Bs — ptp~) =3.27 13 (stat) 103 (syst) x 1072

@ First evidence of the decay By — pu ™
» Consistent with the SM!

@ Submitted to PRL arXiv:1211.2674




The Hunt for the Higgs




Where do the masses of AR .. The key questlon

elementary particles come from? ... . "~ Where 1s the Higgs?

Tl T : . : _ s .‘
We do not know the

.~ Massless particles move at the speed

mass of the Higgs Boson "~
- of light -> no atom formation!! : — = . g

| D | R L It could be anywhere
. Scalar field with at least.* - - e from 114 to 700 GeV
one scalar particle r ' I TR . '



Higgs Situation In

March 2012
80-5 _I 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 I T L
| (O LEPEWWG (2011) 68% CL (excluding MW, mt‘Jp & direct Higgs exclusion)

. . ] @ 68% CL (by area) M,, (2012), m__ |
Exquisitely precise w_ -
measurement of R \ -
M,y driven mainly by > 804 -

0 - -
the Tevatron. = -

= 8035 !
Much of the SM Higgs S03 E
range has been ruled out 155 160 165 170 175 180 185 190 195
by 2011 LHC running. M, (GeV)

Exclusions of M,:
— LEP < 114.4 GeV (arXiv:0602042v1)

— Tevatron [156,177] GeV ( arXiv:1107.5518)

— LHC [~127, 600] GeV arXiv:1202.1408 (ATLAS); arXiv:1202.1488 (CMS)




Higgs Hunte

Higgs Hunting Basics

Needle-in-the-hay-stack problem
— need high energy:
E = mc’
— need lots of data
non-deterministic and very rare
order 1 in 10"

Congratoations\g
it only took you |,
65 299 sewnds

* for us finding the Higgs it was
48 years = 1,513,728,000 sec



Higgs Production Cha

Higgs Production at the LHC

Higgs production in proton-proton collisions

\Js=7 TeV

10

S

‘-IIII}(

1I|LIHI| T IIIIII|

200 300 400
area of largest interest

§II




Higgs Decay Chann‘

Higgs boson

couples to
mass

Branching ratios

~ 2
]jHﬁ an

1 1 1 i # 1 i 'l | 1 i |L 'l [l 1 I [l = 1
100 120 140 160 180 200
My [GeV]

Messy: many channels, many subsequent decays efc. efc.
* common: leptons/photons essential for any search
* 5 channels are most promissing

1073




Higgs Hunting at t

Overview — The big five

Channel Mu range data set Data used My
[GeVicT = CMS [fb1] resolution

1) H-oyy 110-150 5+5/fb 2011+12 1-2%

2) H— tau tau 110-145 5+12/fb 2011+12 15%

3) H—bb 110-135 5+12/fb 2011+12 10%




Searches for the Higgs Particle

A Higgs particle will decay immediately, eg in two heavy quarks

or two heavy (W,Z) bosons

Example: Higgs(?) decays into ZZ and each Z boson decays into gyd

So we look for 4 muons
in the detector

@ATLAS

EXPERIMENT
http://atlas.ch

: 204769
vent: 71902630
ate: 2012-06-10
ime: 13:24:31 CEST

But two Z bosons can also be
produced in LHC collisions,
without involving a Higgs!
We cannot say for on event

by event (we can reconstruct the
total mass with the 4 muons)

"
z\/ﬁ'

C WY,

— ) —



th two Photons

lon w

1S

A Coll

A Higgs or

a ‘background’

process without
a Higgs?

i

(e) CEME. ALl rights rese



A real collisions: ZZ-> 4 muons

CMS Experiment at the LHC, CERN
Sun 2011-Aug-07 05:00:32 CET
Run 172822 Event 2554393033
C.O.M. Energy 7.00TeV R
H>ZZ>4mu candidate (%




July 4th 2012 .

 Official announcement of the discovery of a Higgs-like
particle with mass of 125-126 GeV by CMS and ATLAS.

 Historic seminar at CERN with simultaneous transmission
and live link at the large particle physics conference of
2012 in Melbourne, Australia




Profile likelihood Ratio
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Summer 2012: Res

' Higgs - 2 photons!!

Events / GeV

Data - Bkg

zm:""l""l""I""I""I""
2200— Selected diphaton sample
200'0:— L] Data 2011 and 2012
- Sig + Bkg indus'rveﬁt(rn"=125.SGeV)
18008% . L 4th order polynomial
¢
1600 E=TTeV.ILd=4.Bb"
1400 y
1200 ; J 'JE=8T8V.ILdI=5.9'b4
1000 \
800 - )
600 ety
400
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100E-
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2000 CMS | —4— S/B Weighted Data
F e o _ -1 —— S4B Fit
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[ I+1a

Higgs > 2 Z >4 leptons!!

Events/10 GeV

401 ATLAS | y
: * Dat
35 3 [ | Elgczli(gruund 2z
- I Background Z+ ets tt
301 [ Signal (m =1
: [ Signal (m =190 GeV)
25 :_ I Signal (m =360 GeV)
: “, Syst.Unc.
20: H—PZZ( ]_r4|
i {s=7TeV:[Ldt=4.8 b
/s =8 TeV: [Ldt = 5.8 fb

400

Events / 3 GeV

\s=7TeV,L=5.05fb?Ns=8TeV, L=5.26 fb*

12 ~e-Data © 33 [mENI
100 | B z+x
[zgrzz
8- -
- [ |m=126 Gev
61~
ar
2
0 |

f .'—ﬁg L 2l >—9—:e4 L=y |
L e o e
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A clear “excess”

of events seen

in both experiments
around 125-126 GeV

It became very
significant in 2012

Sophisticated
Statistical Methods
have used to fully
analyse this.

And the result is...~>



Results from the Expe

Statistical combination: Compatibility with
Total signal strength a SM Higgs

m }u
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Evolution of the excess with time

\s =7 TeV (2011), [Ldt = 4.8 fo’
\s =8 TeV (2012), [Ldt=5.9 fb"

w N
Q Q

EPS July 2011
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Energy-scale
systematics
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Two papers are
published side by
side in the same
issue of PLB

Special booklet
edition with the two
papers and an art
cover

S/(S+B) Weighted

Events / 1.5 GeV
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The Press...

The discovery of the Higgs made the headlines worldwide

What Comes After Higgs Boson?

Hawking lost $100 bet over Higgs v
boson "4Wire

'God Particle' '‘Discovered': European Researchers
PARTIGLE

Claim Discovery of Higgs Boson-Like Particle

SAY GOD
HOW THE HIGGS COULD XMITC yBUauT GO30H o
BECOM E AN NOYI NG B CERN oTxpbinu 6oaoH Xurrca ,j" -

Yes, the discovery of the Higgs boson is thrilling and game-
changing. But it could also introduce some aggravating
situations. —3.07.1215113 —

Teker

TEKCT: ANEKCAHOPA BOPUCOBA
O: SCIENCEUNSEEN.COM

Discovery of Higgs Boson Bittersweet News in
Texas

Scientists Set The Higgs Boson
To Music

3 Ways the Higgs Boson 7
Discovery Will Impact Financial %
Services ;

! ik /"‘ .

Higgs boson discovery could
make science fiction a

aMeOHUTEIA huank Mutep Xurrc

h

Higgs boson researchers consider move to Cloud reality

t- Discovery of the ‘God particle’ could make science fiction
Compu Ing || areality, and answer one of the most basic questions of
"Within another decade the Cloud will be where grid computing is now" our universe: How did light become matter — and us?

. 4



The Theo

"125 GeV is a mass of maximum agony” N. Arkani Hamed May 2012
But excellent for the experiments & property measurements

Higgs mass range

SM (valid up to Mp)

Composite Higgs I

50




The Theorie

But not so excellent for all theorists:

Specially for fans of Higgsless models:




Is it really the Higgs B

We, experimentalists, call it a “"Higgs-like” particle

Does this new particle have all the properties that we
expect a Higgs Boson to have?

— So far it seems to couple as expected to photons,
heavy Z and W bosons, but the evidence that it also
couples to quarks or leptons is much weaker so far.

« What are the quantum numbers of this new particle?
— EG Spin and Parity: for the SM Higgs we expect it to
have spin = 0 and parity = +.
 Is there more than one Higgs-like particle? Some theories
beyond the Standard Model predict these...

Does it have ‘exotic’ properties?

There is a lot to do for us in the next years!!




The News since Ju

The discovery of the new particle has been
confirmed with more added collisions

We got a first glimpse of the spin: it is a more
likely a parity state O+ as compared to a O- (as
should be if it is really a Higgs)

Also seems to favour more spin O compare to
spin 2 (but not conclusive yet)

The mass is getting measured better with time, a
and in the rangel125-126 GeV

The couplings to Bosons and Fermions are
consistent with the SM expectations (but these
are not very precise/definite yet)




News after summer
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News after summer 210

7Z->4 leptons Zipriotons
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The Higgs
Iggs as a porta

® having discovered the Higgs!?

® Higgs boson may connect the Standard
Model to other “sectors”

SU(3)exSU2)xU(1)y

hidden quarks
sector leptons




Higgs @ 125 GeV has Conseq

*A 125 GeV Higgs is challenging to
accommodate in constrained versions
of SUSY particularly for natural
superpartner masses

Starts to constrain some of the
simpler models-> High SUSY masses
oIf SUSY exists, is it really natural?

=1
e
Ef1 35| — mGMSB
H— mAMSB
130

CMESM

1251

Arbey et al., 5
ar)(w 1207. 1348
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earches for New Physic




New Physics at High E

- New Gauge Bosons?  gypersymmetry  ZZ/WW resonances?

i = CMHs

Technicolor?

. signal

Zz

3

g Zy»ww -
e fL=01fb! -
Ly

ertries / 100eV/e
s, . &

7.5;— gu

; 5= §u
....... 25 F0
X - ” i
______ S

%00 600 700 800 900 1000 1100 1200
My (GeV)

: B
il [1ligefe: Hidden Valleys?

T—Zt —llblv T

ATLAS
300 b

o e e 1y 3
400 (=] 800 1000 12@3_ 1400 1600
W mass (Gel)

Energy ' A Conceptual Diagram |

Evaanvis/d0 G300 '

Rl 1RMN ng

? UNIVERSUM ~brane L Il blv mass (eV) ——

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




Quarks o Leptons {) Force particles

SUSY particle production at the LHC 8

Assume “R-Parity” Conservation

ersymmetry

- 2 ® - g

SUSY particles

i

SUSY force particles
o

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

)




...Interesting Event

l CMS Experiment at LHC, CERN

;| Data recorded: Tue Oct 26 07:13:54 2010 CEST
Run/Event: 148953 / 70626194

Lumi section: 49

Orbit/Crossing: 12688625 / 466

Typical search:

Activity: (jets,
leptons, photons)+
. Large missing
¥ . transverse energy
2 ¥ (escaping neutralinos)

eEvent with five jets and large missing transverse energy
*Total sum of transverse momentum H,= 1132 GeV and
missing transverse energy Hq i = 693 GeV



Jets + Missing E+ Channel

l CMS-SUS-11-003 Using 1 fb!
CMS preliminary o7 det = 1 1 fb1 Ns=7 TeV
< 05% C.L. Limits: | ' o So far Constrained Minimal
E —— Observed Limi ::tg; gt - EE F;;m:,ﬂff “,'f Supersymmetric Standard
O Median Expected Limit £ 10, PL  [[0] LEP2 %, - Model CMSSM is often used as
o === == Observed Limit (NLO), FC, 36pb [ Jiep2 T B a benchmark mOdel for

presenting the search results...

z(1250)Gev

The CMSSM has 4 parameters
-My /,: universal gaugino mass
2(1000)Gev— at GUT scale

4 -mg: universal scalar mass at
GUT scale

-tanf: vev ratio for 2 Higgs
doublets

-Ag:  trilinear coupling

and the sign of Higgs mixing

tanp =10, Au=0,p.>0

7 (750)GeV

0 200 1000 1500 2000 parameterp

M, (GoV)  pu—

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




Generic SUSY Search

CMS Preliminary L _ =4.98 fb”,\s=7TeV

Squark-gluino-neutralino model, m(-,}_"’} =0 GeV
T T T T T T T T T

5‘28[][] T ; T LI N A B B B B I B Y N B B | t | L 1 ! | B _
[} = i P n "'i'.-'sg,.b 2 2 tan(p)=10 ~
©.0600 ' ATLAS Preliminary 3 3 i 2 = |a-0Gev | ]
2 — . Rl ‘C’% u=0 ]
é 2400 :_ det: 585", {5=8TeV _: miF) = 1500 m, = 173.2 GeV|
- - 3 7]
E 2200 — O-lepton combined — D -
c Ny N - LEP2 1™ ]
3’2000 = = Observed limit (=153%%Y) = N E
1800 C ~—— Expected imit (+10,,,) - .Lm i ]
c [ | observed limit (4.7 16", 7 Tev) _:
1600 = 00 el ] .
100 TR - =
1200 -~
1000 —
8[][] : 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 1 | :

2500 3000
, [GeV]

800 1000 1200 1400 1600 1800 2000 2200 2400
gluino mass [GeV]

1000 1500 2000

Limits from this model:
m(q) ~ m(g) <1.5 TeV

m(q) <1.4 TeV (V m(g) <2 TeV)
m(g) <1TeV (V m(q) <2 TeV)

Still no sign of SUSY
in generic searches...

->Design more specific searches



Supersymmetry: Ne
.

N. Arkani-Hamed
CERN Nov 2011

Cu—mpu s=r~| [ ’/luraj S USJ/ eSquarks, sleptons can be mult-TeV
*Gluino should not be too high,
S0 U j typically below 1.5 TeV
*Stop and Bottom_left well
.7 below a TeV
e 7 LR «Gauginos can be ‘light’ (O(500 GeV)
120 — \"l.

Look for 3™ generation squarks
Look for EWK production of gauginos

Importance of the partners of the third generation: stops and bottoms
...Other scenarios, such as compressed spectra, multi-top production...



Search for Gau

Direct Electroweak
production of gauginos

Signal:
Trilepton + MET search

cms Preliminary s=8TeV, L =92f"
-
85% C.L. CLs NLO Exelusions

Excluded phase space
depends on the
kinematics assumptions

Exclusion ~ M> 600 GeV

i ||||||.I
o

'r..!'lIIIIIIIIIIIIIIIIIIIIIIII_

95% CL upper limit ono [fb]

—L
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Gluino-mediated b/ production irect b/ pai i Summer 2012

producum: x,-.uoz z-.w"’oz (8R=1 m,<2OOGeV) n,-mz (BR=1 m,>2ooeeV)

T T T T T T T N'T) L L

Oburvodiviu(lc'““) i'-.oog 2,- W sg, (m <200 GeV)

ATLAS Prellmmary — Observed limits (nominal) - e00on (m, = 108 GeV) =

Ldt=4.7M" (s=7 TeV - Expected imits (nominal) s 12apoa bt n, = 108 o¥)

i i ANl imits 8t 95% CL, -'nw M(M "2x ﬂl) nd
i’-.t»g (m; > 200 GeV)

To date:
No light stop
squarks found...

150 200 250 300 350 400 450 500 550
CMS indirect search interpretation looks competitive! ™M, [GeV]




Search for Stop

T, production Status: December 2012

S‘ _III|IIII|I|||||||||||||||||||||||||||l'l“lllIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
(uﬂ:' 300 ATLAS preliminary L, =13"E=8TeV L, =471 57 TeV ]
= - L e et LATLAS-CONF-2012-186 0L [1208 1447], 1L[1208.2500], 20 [1209.4186] _
é*“" - ME :ﬁ{-hm] -5*"%'“‘-?1“““ . 21 [1208.4308], 1-2L [1208.2102) -
200 - im Ee== L-b#i.m_=150GeV  ILAILASCONF2012186 - ]

- — — - Expected limits B L m =y - 10 GeV A AMASOONFRTOIeT - -

- B P M =2xmy ILATLAS-CONF-2012-186  1-2L[1208.2102) i

L o ), -0 0 E

250 B T1—:-b+x1,x1—rwf+4x1 i;—:-t;lt‘ . _

: & , - :

- -ﬂ".r - —

200 ﬁﬁr \ T

[ e Voo

150 [Borimoer Vo

- \ -

; o

]

100 -

[—

| -

-

50 |

-

: .

0 Lo bl

15[]‘20[125[]3[]{]3504121}45{]“2[]{}25[]30{]35{]4{}(]45050(]55060065[}

L | m; [GeV]

Latest results
Limits reaching 500-550 GeV in stop mass
-> Natural SUSY gets under pressure...



Overview of SUSY Searches Example ATLAS

Vast number of SUSY models studied... Concentrating on the most « Natural » scenarios

Still many analyses to be completed with 8 TeV data, surprises might be waiting in the present data, and/

1TeV

or data to come at higher energy in 2015

ATLAS SUSY Ssarches* - #5% Cl Lowsr Limitz (Status: Dec 2012}
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earch for Non-SUSY BSNV




@ Extra Space Dimensions &
.' .‘~ \ G ';..‘.'.*:":' & o |

-
.

-

mpw = —— = 246 GeV
(Gpv2)2

- el

1
(tmm) /R M
1 TeV

Gravity becomes strong!



Models with Extra Dimensions

Large Extra Dimensions Pplanck 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+Etmiss ... ADD
Arkani- Hamed D|mopoulos DvaI| :

Warped Extra Dimensions  pg o\ icoo4o

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

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 Large Extra Di

Mono-jet final state +Missing E; (ADD) 3 1o oS Profiminary EL
O " [Latoa7t'at o7 Tev 3" 3
Q T
) : prjet > 110 GeV Sl S
W’ Ih‘d‘ MET > 200 GeV § +E:|A\fdm-1GeV ;
L ADD M,253
D Limits on Mg

between
2.5 and 4.5 TeV

Lower limit on the Planck Scale
-11-059  versus number of extra dimensions ATLAS-CONF-2
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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



The Dark Matter Connection -

Searches for mono-jets and mono-photons can be used to search for
Dark Matter (DM)

Direct Indlrect
Colllder
q DM
Indiréct
Collider o
q DM

Photon+MET q Jet+MET




The Dark Matter Con

Results for direct searches and collider searches for Dark Matter
-> Spin dependent and spin independent cross sections of Dark Matter
with ordinary matter

) [ 100 GeV med.)
Effective contact -

interaction approach

(Xrux)(d7"q)

Oy = 20

cMSSM
(R sX) @7 rsq) 1"01 Ty ' 13 e
_ !

WIMP Mass (GeV)

Collider searches are very competitive!!
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Quantum Black Ho

o Schwarzschild radius | Landsberg, Dimopoulos, Giddings, Thomas, Ri

4-dim., Ivlgravity= IVIPIanck : Rs — << 1035m

4 + n-dim., Mgayiy= Mp ~TeV: Rg > ~ 10 m

Since M is low, tiny black holes

of Mgy ~ TeV can be produced if
partons ij with  Vs;; = Mgy pass at a
distance smaller than Rg

3-brane
« Large pa‘rtonic cross-section : o (ij > BH)~nRg o
s (pp — BH) is in the range of 1 nb — 1 fb Evaporates in 10" sec

e.g. For Mp~1 TeV and n=3, produce 1 event/second at the LHC .

« Black holes decay immediately by Hawking radiation (democratic evaporation)
-- large multiplicity
-- small missing E } |expected signature (quite spectacular ...) |
-- jets/leptons ~ 5




Search for Micro Black

EXTRA-DIMENSION

" _ _ Nice events, eg a 10 jet event
_— Extra Dimensions!
’/ llel OY
% é"_"% g Planck scale
S a few TeV?
DU AN
% R SN
@,
* UNIVERSUM 3-brane
rXiv:1202.6396
il
Look for the decay producs | & | o o
of an evaporating black hole §m‘§— ______ . ”,;:;f-;:;vﬁ:mmﬂ

—_— MD=2_l]Ta'|r',Mﬂ|=-|_l]Ta‘u’_n=4
mimemees My =25TeV, h“ =35TeV. n=2

- R REE T,

"1Define S; to be the scalar 105
sum of all high p; objects
found in the event

“1Look for deviations

at high S;

- —¥—- Stable Remnant (with Yoshino-Rychkov loas)

i AR B
28 3

:|||||| I I T AT B
43 26 32 34 36 38

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



Search for Resonances




E.g. Di- Iepton Resc

Plot the di-lepton
Invariant mass

A peak!!
A new particle!!
A discovery!!

JH. ﬂ'}D Eﬂﬂ IEII.'J F.?Eﬂ um 1800
Wi mass (GeV)

‘ Example : The Di- Ieann chunnell\_

‘ \ / 60
(New gauge bnsans) (ADD)

An, Zn ?{1};2{11
(Little Higgs) (TeV-! Extra Dimensions)

5[1]
(Rnndall Sundrum)




Z’ Combination of 7 & 8

8 TeV. ee (3.6 f5 Y 'y (4.1 fo arXiv:1212.6175

G, TTeV.ee (500 }+|..||..| |:53f|:|"‘1

T
-------- mun:llan u:pm:tﬂd

P GE% expected
95% expected
But no discovery 10

so far ® “,
—=— Q5% CL lirnit

LI

Limits... ..1':’-5

L IT|I'|I|
IIIIII|

107

I TSI N S —— .I_|_|_|_|_I_|_|_|_|_I_L_|_|_|EI
500 1000 1500 2000 Eﬁﬂﬂ 3000

M [GeV]
{pp—>Z'+X — £+ X)
olpp = Z+ X = U+ X)

* Limits on the combined 7 TeV and 8 TeV data from 2011+2012
— M(Z’ssm) > 2590 GeV at 95% C.L.
— M(Z’y) > 2260 GeV at 95% C.L.

- — a = T

* Short time between data-taking and result R =

Excess just below 1 TeV all but gone in CMS data



search for Heavy Neutrinos




Heavy Neutrinos in Wx

Left-right symmetric extension of the Standard Model

: Select events with
2 leptons and 2 jets

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

gmm;'@.'!u;,' ——— 260p7at7ToV Emngj-'m';m; ———— dopo a7 fev - Y —
1000l e 1000 | Large exclusion range
= S, ] = | in mass of the W, and
AL 800 .
AL i 1 heavy neutrino
/,, ) 600
400 | Tevatron excludes
—: 200 WRN 780 GeV
00 7800 0 5007000 1200 1400 1800

1400 1600
My, [GeV]

JLimits ~ 1 yéar agb

M R R B
BOO 1000 1200
My, [GeV]




Heavy Neutrinos in W,

[CMS PAS EXO-12-017]

- Search assumes small Wr-Wcrand Ni-Nr mixing angles, only one lepton

channel kinematically accessible

* Primary Systematic Uncertainties
— Signal Eff.: 6-10% from lepton
— Background: ~50% from DY+jets shape, ~16% from top shape

For M(N)=M(W&)/2; M(Wg)> 2.8 TeV

=
=
T

F _ gl CMS Preliminary 5‘! T
F | Ldt=3.6fio 15=8 TeV +
C ' 5.0 b :‘It Ye=7 T:U 8 zmﬂ 'Iﬂd‘ - ”.""n

=—.1800

= 1600

Mﬂfﬂ

2900 CMS Prﬂlmllnalnr .

501" (7 TeV) + 3.6 " (8 TeV)
LN L L — Chzanced
81 Expacied

i
TITT
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1000
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800
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Searches with Top Quar




TeV Resonances into Top Quark Pair_

Recent developments in models: a prominent role of top production
-light SM fermions live near Planck brane, heavy (top) near TeV brane
-decay of Randall Sundrum gravitons into top pairs!!

HCAL Déposits =

ECAL Deposits~™

Subjets

. Top quark decay products merged in one ‘fat’ jet
=High P+ tops P 9 Y P J JA



New Physics with Boosted -

S22 B 4pTTTTT T T T T
- 2F ATLAS Preliminary - Simulatiol E': E ATLAS Preliminary - Simulation
u 3.9
18F . . Fe . _
........... 5516: Pythia Z'— tf, t — Wb < L0 Pythia Z' — £, t — Wb 12200
145 -
ab 2.3¢ 150
1 2t
0.8 15[ 100
06 i
04 . 50
02F 0.5
0 vl b b bes b b b Lew o 1 :||||I||||I||||I||||I||||I||||I||||I|||| 0
0 100 200 300 400 500 600 700 800 900 00 100 200 300 400 500 600 700 800
top P, [GeV] w P, [GeV]

W,Z and top decays from heavy, typically multi-TeV
objects are of special interest at the LHC
*AR ~ 2m/p+: decay product merge at large p-
*New techniques developed — and discussed in a
series of topical Workshops- for leptonic and
hadronic decays of W,Z, top...
Eg.: Jet substructure, grooming: mass drop filtering,
trimming, pruning...

ATLAS-CONF-2012-065




Top resonance study

arXiv:1207.2409

» Boosted objects are reconstructed as one fat jet R=1.0, p;> 250
GeV. Analyse the jet substructure

« Modified isolation for the leptonic decay side

pp — tt — bbqd lvy.

L]
1':"- T I T T T I T T T I T T T I T T T I T T T I T T T
—s— (bs. 95% CGL upper limit

——-- BEqp. 5% CL upper limit

Exp. 1o uncertsinty

Exp. 2 o unceriainty

B xK oluon (LO)
ATLAS
HEPTopTagger

I T LT

III1

D Y4 — _
A EXPERIMEN N5 =7TeV
Run Number: 180(2111-4?;Ij':r;:q!‘~;l;r:'|l};e:ndv36715 _ -[ L d‘t - 4 ? ﬂ}-1
l

1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 I:
0.8 1 1.2 1.4 1.6 1.8 2
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Searches for Unusual F

eavy stable charged particles with unit
narge traversing the detector

eavy stable charged particles with multiple
narge traversing the detectors

|_

C

|_

C

Heavy stable charge particles with fractional
charge traversing the detector

|_

|_

eavy new particles decaying in the detector

eavy new particles stuck in the material in
or before the detector




Particles with Fraction

[CMS PAS EXO-11-074]
* Search for long-lived particles with fractional charge

CMS Preliminary,s=7 TeV, 5.0 1y
1 T T ] T

* Backgrounds e erpecled 8% GL. [zt

—— obsened 95% C.L. [E=T =

— Cosmics: estimate from dyy sidebands — theary [LO)

— Collisions: using Z—»up data, fit Npits with low dE/dx

o (pp — 77 (pb), g=2/3

* Assume lepton-like spin=1/2 particle masses

Exclude: Q= e/3: m> 210
Q=2e/3: m> 330

CMS Simulation, s =7 TeV
L B BN BN LR LR

CMS Preliminary,\s=7 TeV, 5.0 fb”'
1 | | I 1

3
3

TT 11

_q=‘|
—q=2/3
_q=1f3

8
3

Hits (arbitrary scale)
[ 4]

—4— signal sample data
—4— ctrl sample data
£ fitto ctrl sample

8 10 12 14 — 11

0o 1 2 3 4 5 =26
dE/dx (MeV/cm) hits with dE/dx < 2 MeV/cm




Highly lonising Part

Search for Massive Long-Lived Highly lonising Particles

LAS

1|:|u_| T T T T T T T T 1T T T T T T T L IIEIIIIIIIIII.IIII_
8 7= Tamas o dam3iph’ ' gg g ATLAS o« datadiph %W | ATLAS s data3iph :
8 107 ST TeV e e MC - ke Vs=7Tev BB Stancard ModelMC 3 2 | we=TTey I Standard Mocel MC -
2 = sl 2w —-—- Signal, |q=10e, TAE L e Signal, lol=10e, <
g 10°= m=stle T m=500 GeV g =500 CeV/
5 5 107 ; v
E 2L ¥ ol
£ 1 ig g £ P
= =1 4 =
= 4 £

—
=
-
=

1
f

..
2

0
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 Monog

arXiv:1207.6411
* Magnetic charge g yields strong coupling a,, and very high ionisation

ge 1 _g_ 1 _ _ (B _ 1
e 2" e 2, =982 = he _m,ﬁz

* Look for high ionisation in Transition Radiation Tracker and high hit fraction (fur)
and also deposition in the Liquid Argon Electromagnetic Calorimeter

* Pair-produced (Drell-Yan) production
Cross Section limits set for m(M) = 0.2-1.2 TeV

—
=
(%3

S
ATLAS
~... ~Data 2011 ----- Observed limit (DY) _|

fL dt=2.0fb"

4-Ns=7TeV E=7TeV

?

Monopole cross section [fb]

_['L dt=2.01fb"

L+ Data 2011
"« Monopole MC

——— Observed limit in fiducial region

bl N PR I
200 400 600

L MR R MR T R

BOO 1000 1200 1400
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MOEDAL: Monopole and Exotics Detectc

Heavy particles which carry “magnetic charge”

Could eg explain why particles have “integer [ R

N
TTTTTT T T T T 1T

electric charge”

First Data Results in 2015

Direct Monopole
production

CDF V"s=1.96 TeV

LHC ¥'s=14 TeV

CDF'Expt.
514 TeV 5 x 10°2cm2s ! (@107s/yr = 5 fb-")

el BLELLELE )

B oY Y IO 0 Y Y Y Y o o Y

Laloogl d

10 102 103
Monopole mass GeV/c?

-
o
S

Remove the sheets after some
running time and inspect for ‘holes’




INFN-Bari

L Siveskis

5§ 2012 CMS Report LHCC Open 112

Summary of S

E 95% CL Exclusion lefts-
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Summary: What did we learn so fa.

The LHC has entered new territory. A new particle was
detected @ mass ~ 125 GeV. Mounting evidence that this is a
Higgs boson, but cannot be completely sure yet.

The ATLAS and CMS experiments make important Standard
Model measurements and are heavily engaged in 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 7/8 TeV with the analyses
reported in this lecture. Cut into the ‘preferrec’ -~ ~'--~’ :,:, -
number of models Still many new channels | “j’_

In 2015 the energy will be (>)13 TeV, exceller
for New Physics so maybe what awaits us

And who knows, maybe soon....




