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Multi Jet Event at 7 ,‘5:5

@ the Large Hadron Collider
-Dark Matter?
-Supersymmetry?

-Extra space dimensions?
-Black Holes?

-Matter Substructure?

e Summary




What is the world made of?
What holds the world together?
— Where did we come from




Accelerators are Powerful I\/Iicroscopesl

Planck constant

They make high energy particle beams %

that allow us to see small things. P momentum

wavelength ~ energy
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seen by low energy seen by high energy
beam of particles beam of particles
(poorer resolution) (better resolution)



*Two beams of protons collide and generate,
In a very tiny space, temperatures over a

\ AfH billion times higher than those prevailing at

YN the center of the Sun.

*Produce particles that may have existed at

the beginning of the Universe, right after the



The Structure of

Quark

S

e Quarks and electrons are
Broton the smallest building blocks
@ of matter that we know

Neutron of tod ay.

% e X Are there still smaller
VR Jeictiron particles?

The Large Hadron Collider
will address this question!




The Fundamental Forces of Nature

Electromagnetism:
gives light, radio, holds atoms together

Strong Nuclear Force: Weak Nuclear Force:
holds nuclei together gives radioactivity

together
they make

the Sun
shine

Gravity: holds planets and stars together




The “Standard Model”

Over the last 100 years: combination of
Quantum Mechanics and Special Theory of relativity
along with all new particles discovered has led to the

Standard Model of Particle Physics.
The new (final?) “Periodic Table” of fundamental elements:

Fermions Bosons The most basic mechanism of the
SM, that of granting mass to
particles remained a mystery for a

3 J | long time
-~ a | A major step forward was made in
t ® | July 2012 with the discovery of
o

E g what could be the long-sought
g & Higgs boson!!
© )
b3 ) ()]

Leptons Fermions: particles with spin 72

Bosons: particles with integer spin |
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- The key questlon (pre—2012)

Where do th f
CI€ Ao HIE TASSES -0 Does the Higgs particle exist?

elementary particles come from? . , ,
T — : ’ If so, where is the Higgs?

-

- Massless particles move at the speed . We do not know the
» lof 11ght -> 10 atom formatlon" - - mass of the Higgs Boson

-'{-"ngg;:{. |||*'HH| -V 1r

_:_ T V(¢) = p20'o + MoTo)?

. Scalar field with at least

I e | 1t could be anywhere
one scalar particle P protons and neutrons from 114 to ~700 GeV



David Miller

The Higgs Field and the Cockt
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Enters a famous person...

He is slowed down on his way to the drinks!!
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Physics case for new High Energy Mac

-

- Discover physics beyond the Standard Model

Understand the mechanism Electroweak Symmetry Breaking

Reminder: The Standard Model ol g
- tells us how but not why 0 \wmw
3 flavour families? Mass spectra? Hierarchy? 19 parameters! <_
- needs fine tuning of parameters to level of 10-30 | 0
- has no connection with gravity / o i
- no unification of the forces at high energy 0 o000
Most popular extensions around 2000 e
. MSSM
- Supersymmetry >0 8 ol vere
- Extra space dimensions .

Many other ideas: More symmetry and gauge bosons, composite 0
Higgs models, L-R symmetry, quark & lepton substructure, »
Little Higgs models, Technicolor, Hidden Valleys, Vector-like quarks...

Higgsless models rather disfavoured these days




The Large Hadron Collider = a proton proton collider

7 TeV + 7 TeV
(4 TeV + 4 TeV)

1 TeV = :Fera electron volt
= 10'2 electron volt

physics targets
e Origin of mass
e Nature of Dark Matter
e Understanding space time
e Matter versus antimatter
£ o Primordial plasma

The LHC is a Discové.ry Machine
The LHC will determine the Future course of High Energy Physics



The Higgs Hunters @ the LHC

Muon Detectors

Tile Calorimeter

Liquid Argon Calorimeter

T LHC: pp collisions
at 7/8 TeV

e

L sy = The ATLAS experiment

Total weight 14000 t

/ Overall diameter 15 m ECAL 76k scintillating : M S
: : PbWO, crystals
Toroid Magnets  Solenoid Magnet SCT Tracker Overall Ieng‘ch 28.7m

- MUON ENDCAPS
HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)
Interleaved ~7k ch

. ’ ‘Afr » . >
The CMS experiment 7 4 = |

432 Resistive Plate Chambers (RPC)

These experiments are likely to

become DARK MATTER HUNTERS Tracker .,;;Xxmogggygkﬂ)
in 2015 and beyond... HCA

~1 m2~66M ch
HCAL +Si Strips (80-180 um)
~200 m2 ~9.6M ch
Muons MUON BARREL
Solenoid coil 250 Drift Tubes (DT) and
480 Resistive Plate Chambers






2012: A Milestone In Part

Observation of a Higgs Particle at the LHC, after about 40 years
of experimental searches to find it

Events / 3 GeV

proton

‘,,—f"

80 100 12092 140 160 180
m,, [GeV]

The Higgs particle was the last missing particle in the Standard Model
and possibly our portal to physics Beyond the Standard Model
R 2020 B



Large Hadron Collider

ATLAS Detector




A Collision with two Photons

CMS Experiment at the LHC, CERN
B | Data recorded: 2012-May-13 20:08:14.621490 GMT
| Run/Event: 194108 / 564224000

A Higgs or

a ‘background’
M,,=125.9 GeV process without
0/ M=0.9% a Higgs?

Note: the LHC is a Higgs Factory: 1 Million Higgses already produced
15 Higgses/minute with present luminosity



Discovery of the

197" (8 TeV) + 5.1 " (7 TeV)

S/(S+B) weighted sum

S/(S+B) weighted events / GeV
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Discovery of the

CMS Preliminary fs=7TeV,L=51M" ., {s=8TeV,L=1961"
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The discovery of a ‘

new particle
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Most cited paper so far...

Special Physics Letters B edition
with the ATLAS and CMS CMS
papers on the Higgs Discovery

seviere

Events / 1.5 GeV

BREAKTHROUGH \\
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Cited about 4200 times
- so far...




The Birth of a P

Y
p H / D “History” of the data
accumulation during
the last two years

ATLAS .
- - B P B e O R CMS Preliminary
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I Peter Higgs

Congratulations!!!!




and December 2013
¥

aaewas The Nobel Prize in Physics 2013 was awarded jointly to Frangois

Englert and Peter W. Higgs "for the theoretical discovery of a
mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed
through the discovery of the predicted fundamental particle, by
the ATLAS and CMS experiments at CERN's Large Hadron Collider””




A Higgs...

We know already a lot on this Brand New Higgs Particle!!

" 1058 5=7TeV,L=511"; E=8TeV,L=197 ' 1, CMS Preliminary B=6ToVL=197 1" ?Msp'el'""m LEs i > - — : : -
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Mass = Width = Couplings are Spin =
125.0 £0.2 GeV < 22 MeV within 20% of 0+ preferred
(95%CL) the SM values over 0,1,2

Note: We study the properties of the Higgs carefully, and check if these in

Fact are as expected from the Standard Model. We also look for new “Higgses”
I



Consequences for our Uni

Important SM parameter — stability of EW vacuum

Precise measurements
of the top quark and

New Physics inevitable?

Higes mass M)y, in GeV

But at which scale/energy?

150 T :
' = g first measurements of the
. -7 Meta=stability, . -7 .
S Higgs mass:
£ 175F= e
E"’ = ,r,;-””'ﬂ:" .
I TN /4 Our Universe meta-stable ?
gump L L Will the Universe disappear
3 [0 10 2= Stabili ' ' ?
&  arKiv:1205.647 ty in a Big Slurp? (NBCNEWS.com)
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...The May 2014 Issue...

| Supersymmetry and the Crisis in

Physics=




The Future: Studying the Higg
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Many questions are still unanswered:
*What explain a Higgs mass ~ 126 GeV?
*What explains the particle mass pattern?

eConnection with Dark Matter?

*Where is the antimatter in the Universe?

*®
B

=

& More LHC Data 2015-2022

| HC upgrade !
*Experiment upgrades!!
*(Other/new machines?)

SU(3)exSU(2):xU( 1)y

hidden
sector

Higgs
sector

quarks
leptons



Next Quest]

Dark Matter at the LHC?

re we Supersymmetric




Astronomers found

that most of the .
| matter in the Universe

must be invisible Dark }

Matter

Distance




More Evidence for Dark Matter

e Gravitational Lensing * Bullet Cluster; colliding galaxies

— much more lensing than can — Composite x-ray, visible image, 10x DM
be explained by visible mass




300,000
years

3
minutes

1 micro-
second

1 pico-
second

Formation
of atoms

Formation
of nucle1

Formation
of protons
& neutrons

Appearance :
of dark matter? [

Appearance

of mass?




Theories on Dark
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(Our) preferred DM candidate
matches cosmological observations (e.g. thermal relic density):

dark, stable, cold, weakly interacting with SM particles,
mass of up to a few TeV = a WIMP



Direct Searches for Dar

_MF%—

Intensive campaign of
direct detection
experiments since more
than ~20 years

No (real) sign so far...
B 0

State of the art today:
Driven by the results of
the LUX experiment
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Dark Matter Searches in Space! l

Europe « Asia
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Visit the AMS control
room at CERN today...




SUSY force particles

0. v Y ‘ Candidate particles for Dark Matter
8 — Produce Dark Matter in the lab

» » - .4
% Picture from Marusa Bradac



Supersymmet

Supersymmetry (SUSY) — assumes a new hidden symmetry between the
bosons (particles with integer spin) and fermions (particles with half
integer spin). Stabelize the Higgs mass up to the Planck scale

-Each particle with spin S has a SUSY
partner p with spin S -1/2
-q (s=1/2) > q (s=0) squark

f -g (s=1) 2> g (s=1/2) gluino

—hz

\ 4
\ 4

—hz

Fermion and boson loops cancel, provided m_ < TeV.
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A VERY popular benchmark...

More than 10000 papers

since 1990

ers."

“One day all these trees will be SUSY phenomenology papers”

Considered as a benchmark for a large class of new physics models



Summary: Why SUSY Is good for -

) i T + Elegant solution + Gauge unification
) to the hierarchy
o problem (i.e., why
¢ the Higgs mass is
not at the Planck

H H

scale)

» n\: » 5 o p J“
AM;~ F[I m,—m)log(—)]

g

+ Dark matter candidate with th right abundance




Detecting Supersymmetric
|

Energy produced in the detector

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

Very prominent signatures in CMS and ATLAS



...Some Interesting Collisions... I

...already in 2010...
SOATLAS

AT Y 2= EXPERIMENT
xperiment at . LY AR <
Data recorded: Tue Oct 26 07:13:54 2010 CEST . o s e ]
) vent: 148953 / 70626194

=
i section: 49
rbit/Crossing: 12688625 / 466

*Events with five jets of particles and large missing energy

which could come from a possible dark matter particle
*But a few events is not enough too prove we have something new
No visible excess has been building up with time...



SUSY Searches: No signal yet

Status in 2013

MSUGRA/CMSSM: tanf = 30, Ao= -2my, u>0
T

= BREREREVER] LA BN B BN IR B .
3 ATLAS preiminay J  *S0 far NO clear signal of
ésooo [La-zamiiseev 7 SUpersymmetric particles
_:"3 8 0-lepton combined E haS been fOUI‘ld
3.)-4000 K d I IOWGCI = Observed limit (+1c o\ )]

~o- Beecedimitlew) - e\\e can exclude regions

3000 where the new particles

could exist.
2000

é;. ,‘5 “""0""\,,’_““_“.&"
AE

eSearches will continue for
the higher energy in 2015
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gluino mass [GeV]

Plenty of searches ongoing: with jets, leptons, photons, W/Z,
top, Higgs, with and without large missing transverse energy

Also special searches for contrived model regions



The Generic Dark Matter Conne
y

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

Direct Indlrect
DM g
Colllder
q DM
Indiréct <
Colllder
Direct ' \ '\\\\
| q " DM
Use effective theory

or simplified models 7 = Fhetent™ g Jet+MET y w

to relate
measurements to oo o
Dark Matter studies - 7728

q DM q DM




Dark Matter at Collide

Invisible DM particles escape detection:
LHC experiment strategy: tag events using recoiling object(s),

measure missing transverse momentum (Missing E.)

Searching at the LHC for WIMPs
Weakly Interacting Massiver Particles

arxiv:1008.1783

’ = EFT Operators representing

types of DM-SM interactions
with DM particles

Advantages:

Limited number of degrees of freedom:
scale of interaction (M* or A), DM mass
Disadvantages:

Only applicable
at low momentum transfer




Mono-object Searches

* Mono-jets: Generally the most powerful
« Monophotons: First used for dark matter Searches
* Mono-Ws: Distinguish dark matter couplings to u- and d-

type of quarks
e Mono-Zs: Clean Signature Effective Field Theories for DM
' interpretation are under scrutiny!

* Mono-Tops: Couplings to tops Alternatives such as SMS proposed...

- Mono-Higgs: Higgs portal of dart§"
; gm
B 10*®
o 3
o 10
. g .
Example Monojets ghion £10
= -
Eray Ilﬂn Z? 1042 E—
L:’ X10-43 o e ) 3
MET §| SpinI Delpe‘n(?elnlt,l ﬁxial-v?ctolr olp?rlatlo.rl lﬂuYsAz Y a

o
£

Dark Matter? e I v a0
M, [GeV]




Run/E\fgnfiaM553 /26729384
Lurﬁlm@ﬁon 31

CMS Experiment at LHC, CERN
Data recorded: Fri Oct 5 20:41:32 2012 CEST
Run/Event: 204553 / 26729384

Lumi section: 31

Compact Muon Scwsod




Mono-Jet Studies: Latest
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spin-dependent i

Model-dependent comparison

Needs agreement on benchmarks and assumptions
— e.g. truncation procedure to ensure EFT validity

Complementarity of direct/indirect detection and colliders:
outlines strengths of each of the experiments



Mono-object Searches

* Mono-jets: Generally the most powerful
* Mono-photons: First used for dark matter Searches
* Mono-Ws: Distinguish dark matter

Effective Field Theories for DM

Couplings to u- and d-type of quarks interpretation are under scrutiny!
] Alternatives such as SMS proposec
« Mono-Zs: Clean signature : =
« Mono-Tops: Couplings to tons A s aXivi1407.8257
_ _ ' " arXiv:1411.0535
° - - - I e e B s
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New Questio

Are there Extra Space
Dimensions?

Or Micro Black Holes?




Rl

L —12.109GeV

NOVEMBER 7

New Planck scale is
b . S [arger than 3 TeV



Large Extra Di

Large Extra Dimensions

OUR UNIVERSE MAY EXIST ON A WALL,

or membrane, in the extra dimensions. The line along the
cylinder (below right) and the Hlat plane represent our three-di-
mensional universe, to which all the knowa particles and forces
except gravity are stuck. Gravity (red lines) propagates through
all the dimensions. The extra dimensions may be as lange as one
millimeter without violating any existing observations.

Model of Arkani-Hamed, Dvali,
Dimopoulos: Standard Model
particles are localized on a 3-D
brane. Gravity propagates inside the
bulk (a more dimensional space) .

EXTRA DIMENSIONS




Quantum Black Holes at the‘

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

Quantum Black Holes are harmless for the
environment: they will decay within less than 10-27
seconds = SAFE!

Alber Einstein

real collision

3-brans

—— Black holes with mass

Simulation of a Quantum Black Hole event
below 6 TeV are excluded
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Black HGTE
Hunters
_at.the LHC...




New Physics”

- New Gauge Bosons?  gypersymmetry ZZ/WW resonances?

v CMs

Technicolor?

- It u 3 H'q-=‘ ) y B siond
LMY — :

Eventz=/50 Ge V.

B 3
3 2175 i 90zZ (W) -
: i i
3 125 ° E
10 -

entries / 10GeV/ (o

400 (=] BOQ 1000 f?EF_ H’ﬂﬂ_ 1600
W mass (Gel)

Little Higgs?

Hidden Valleys?

Tzt —lbl -
a
g a5 fgoifbs' ] A Conceptual Diagram
3 -
g F
_3 251
i q 2 q
w2 WS

1.5 b T

0.5F

0 /00 ] 1R E]

Il bhv mass (fev) ——

What stabelizes the Higgs Mass? Many ideas, not all viable any more
A large variety of possible signals. We have to be ready for that



Are Quarks Elementary P

Rutherford experiment:
Unexpected backscattering
of a-particles:

Evidence for the structure
of atoms !! (1911)
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Quarks remain elementary particles after these first results .
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1Ne FNYSICS Frogram at LHL-
y

Data taking started in 2010
Now we have more than 300 reviewed
scientific papers per experiment!
Mostly measurements of the strong and
electroweak force at 7/8 TeV and Searches

-Are quarks the elementary particles? So far yes
-Do we see supersymmetric particles? Not yet
-Do we see extra space dimensions? Not Yet
-Do we see micro-black holes? No

I ->The Discovery of a Higgs-like particle!! ‘




And more....

Many Other New Physi

« Plenty!

Compositeness/excited quarks & leptons
Little Higgs Models
leptoquarks

String balls/T balls
Bi-leptons

RP-Violating SUSY
SUSY+ Extra dimensions
Unparticles

Classicalons
Dark/Hidden sectors
Colored resonances

E

10 TeV

1 TeV H

200 GeV +

L A S

Strong dynamics

Triplet Higgs
possibly more scalars

W Z' 1 et

funpegm Appaw . ——=

-—

1 or 2 Higgs doublets



MOEDAL: Monopole and Exotics Detector &

Heavy particles which carry “magnetic charge”
Could eg explain why particles have “integer
electric charge”
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L HC data and Theorists
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"Data are coming! Data are coming!”




How does it feel to be a (BSM) Theoris

H. Murayama
ICFA Seminar October 2011




Summary: The Searches at the LH(.

The LHC has entered a new territory. The ATLAS and CMS
experiments 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 first 20 fb-! at 8 TeV with the
analyses reported in this lecture.. This starts to cut into the
‘preferred regions’ for a large number of models

More exotic channels are now being covered: monopoles,
fractional or multiple charged particles, long lived partlcles
Still many unexplored channels left to explore

The LHC did its part so far with a great run in 2
Collected about 20 fb-'@ 8 TeV by end of 2012

In 2015 the energy will be 13/14 TeV, excellent
And maybe one day soon:
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Matter-Antimatter .

The properties and subtle differences of matter and anti-
matter using mesons containing the beauty quark, will be
studied further in the LHCb experiment
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