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Multi Jet Event at 7 TeV

» Higgs Discovery
» Dark Matter &

supersymmetry?
» Extra space dimensions?
« Matter versus anti-matter?
e SuUMmMary




CERN: The European Laboratory for Parti

*CERN is the European Organization for Nuclear Research, the world’s
largest Particle Physics Centre, near Geneva, Switzerland

e[t is now commonly referred to as European Laboratory for Particle Physics

|/t was founded in 1954 and has 21 member states + several observer
states.

*CERN employes ~4000 people + hosts ~11000 visitors from >500
universities.

eAnnual budget ~ 1000 MCHF/year (2014)

Distribution of All CERN Users by Location of Institute on 14 January 2014
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What is the world made of?
What holds the world together?




Accelerators are Powerful Microscopesl

They make high energy particle beams "o
that allow us to see small things. | g; P momentum
wavelen ~ energy
v I‘Tﬁ HT X
seen by low energy seen by high energy
beam of particles beam of particles

(poorer resolution) (better resolution)



In a very tiny space, temperatures over a
billion times higher than those prevailing at
the center of the Sun.

*Produce particles that may have existed at
the beginning of the Universe, right after the
Big Bang




The Structure of _

‘ Matter \

Quark

S

@ Quarks and electrons are

Proton the smallest building blocks

@ of matter that we know
Neutron of tOday.

Are there still smaller
particles?

L J
Electron

The Large Hadron Collider
will address this question!



The Fundamental Forces of Nature I

Electromagnetism:
gives light, radio, holds atoms together

Strong Nuclear Force: Weak Nuclear Force:
holds nuclei1 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

E o |long time
._Ig (I & | A major step forward was made in
= g July 2012 with the discovery of
- 9 | what could be the long-sought
—

9 £. | Higgs boson!!
© o

Leptons Fermions: particles with spin %2

Bosons: particles with integer spin



The Hunt for the Higgs
- : : The i(ey question (pf€-201.2):

h h f . : .
Where do the masses 0 Does the Higgs particle exist?

elementary particles come from? . ; ,
" b X ; » If so, where 1s the Higgs?
- Massless particles move atthe speed =~ We do not know the

- of light ->no atom formation!! "~ - mass of the Higgs Boson 2

Linges = (0,0)(0°0) — V(o) L

V(g) = p2o'o+ X\ (:(,-‘)T(,')_)")

> CLICK

. Scalar field with at least -R\leic=HR\o1} he mass f ' It could be anywhere
one scalar particle & protons and neutrons from 114 to ~700 GeV
’ N . . ;

A




The Higgs Field and the Cocktail Party™)

By David Miller Imagine a

cocktail party

This is the Higgs
field
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This Search Requires...

1. Accelerators : powerful machines
that accelerate particles to extremely
| high energies and bring them into

' collision with other particles

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

8 = scientists, engineers, technicians and
W support staff to design, build and

" | operate these complex “machines”.




The Large Hadron Collider = a proton proton collider

A 27 km ring -- 100m underground

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

N Ay 1 TeV =1 Tera electron volt
et = 1012 electron volt

Prlmary physms targets
* Origin of mass

* Nature of Dark Matter

* Understanding space time
* Matter versus antimatter
- Primordial plasma

§

The LHC produced collisions from 2010 till beginning of 2013
LHC will restart in 2015 with collisions at an energy of 13 TeV a2V,



The LHC is an Extraordinary Mac

The LHC is ...

Colder than the empty S T )
space in the Universe: 1.9K S aaae
ie above absolute zero s

The emptiest place in our solar
system. The vacuum is better
than on the moon

Hotter than in the sun: temperature
in the collisions is a billion times
the one in the centre of the sun







Schematic of a LHC I:_

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 Higgs Hunters @ the LHC .

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

.~ The ATLAS experiment

b
$ )

by

ECAL 76k scintillating C M S

. ’ < PbWO, crystals
Toroid Magnets  Solenoid Magnet  SCT Tracker . MUON ENDCAPS
HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)

Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)

3.8T Solenoid

Si Strips ~16 m?

The CMS experiment

Steel + quartz
Fibers 2~k ch

These experiments use different Pixel

technologies for their detector EAL s omtoum
components Muons | mommn L

Solenoid coil 250 Drift Tubes (DT) and

480 Resistive Plate Chambers (RPC






CMS Collaboration June 27, 2-

The CMS Collaboration: >3200 scientists and engineers,
>800 students from ~190 Institutions in 42 countrles
IMIEZE S 0 S Tl i A
TS ey 2o ||||||| About 1/8th of the
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The LHC Data Challenges %

| B ' i LS ‘ | w A\VA

of data each year (~20 milIionCDs!) |
The total volume in eg ATLAS is 5 \E

Concorde

billion detector events and several 15 Km
billion Monte Carlo events amounting

to 100 Million Gigabytes of data in 3
years

LHC data analysis requires a
computing power equivalent to
~100,000 of today's fastest PC

Processors

=> Requires many cooperating
computer centres, as CERN can only GRID Computing
provide ~20% of the capacity







Higgs Hunters -

Higgs Hunting Basics

Needle-in-the-hay-stack problem
— need high energy:
E = mc
— need lots of data
non-deterministic and very rare
order 1in 101°

Coosrafvlafim, :
i€ only took you

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



Higgs Boson Searches

Low My < 140 GeV/c2  Medium 130<M,<500 GeV/c2 High My > 500 GeV/c?

simulation V “Z\/ﬁ_ jet jet

—> Q+— — > @ — P H
. ./ z z
H et
’Y / - e
m \e
8000 |- [ . - 2

- ~ 25— H—=2Z*se ee e Im,‘=130<.‘--ew¢::1 .FD a0
T H — W 2T cms lm,‘=1:m<;evn:2 ¥ H_) ZZ —_ ,e,e JJ
= 8 - ¥ my, =170 GeVic lno
8 7000 ~ 20 22" 411+ 2bb - 5
— - - — B :
5 2 [ L _ g;?g'::al
s . o - -
> 6000 k i i =15 34T
g X Higgs signal 5 f o
o " 7] L o 3L
8 £l S
@ 5000 |- s - 2L
g ; 2
W 4000 | - e |

. ol (

[ A | D S 100 110 120 130 140 150 160 170 180 190 200

m,, (GeVic?) 200 600 1000 1400 1800

H (150 GeV) — 7°70" — 4p

—
—

N N VN e
/ i N I — ]
m e N
]
l — e = |
e ] 1]
A ; gLl [




A Collision with two Photons .

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
Y -{ 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



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.OM. Energy 7.00TeV
H>ZZ>4mu candidate &




The Higgs Boson
N?T?im()NAL Spring 2012

Physicists hope to find the Higgs boson, key to

unified field theory, this year The suspense was

building up...

Fabrice Coffrini/Agence France-Presse via Getty Images - A superconducting solenoid magnet, the largest of its

I kind, is part of the Large Hadron Collider, which is searching for the Higgs boson. l



July 4 2012 8

 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

Followed live around
the world...




July 2012: Result

Higgs - 2 photons!! Higgs - 2Z >4 leptons!! Higgs > 2W >2[2v!!
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July 2012: Res

Both experiments see an excess ~125 GeV in the yy, ZZ and WW channel
—>Final result by adding up al the channels
Shown is the compatibility with a ‘background only hypothesis”

5 fb1/2011 and 5 fb- 1/2012
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CMS and ATLAS observe a new boson with a significance

of about 5 sigma (1 chance in 3 million to be wrong!!!)



Higgs Publications...

Special Physics Letters B
edition with the ATLAS and Also...
CMS papers
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We called the new particle a “higgs-like” particle




Update with the Full 2012
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We now enter the phase of measuring the properties of the new particle
| — |



ATLAS
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Data - Fit

The Birth of a Pa

“History” of the data
accumulation during
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The News Since July-

The discovery of the new particle has been confirmed
with more added collisions in 2012.

Signals in the fermion-channels start building up

We tested the spin: it is compatible with a 0" state
and not with a O- or spin 2 states

The mass is measured better with time, now in the
range125-126 GeV. A naive average gives 125.6 GeV

The couplings to Bosons and Fermions are
consistent with the SM predictions (but these are not
very precise yet; Surprises possible...)

March 2013: We call it now “a Higgs particle”
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...and Dcember 2013 I

T

o

@neess. 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”.

UC-Davis is a member of CMS



The Future: Studying the Higg-

NESIE= =TT
I B " [ IE==
y = = ? 2J) & y
Y =L - S YA | HC upgrade !
| ' ( | Experiment upgrades!!
75 =y (Other/new machines?)
90001753
O
— ~ = : : d d PO o
Many questions are still unanswered:
*What explain a Higgs mass ~ 126 GeV?
*What explains the particle mass pattern? SU(3)exSUQ)xU(1)y
eConnection with Dark Matter?
*Where is the antimatter in the Universe? hidden Higgs quarks
o . sector sector leptons



Other Questio_

Are there Extra Space
Dimensions?




: Extra Space Dimensions B
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EXTRA-DIMENSION

A

Graviton
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4 The Gravitational f

New Planck scale is
larger than 3 TeV
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Quantum Black Holes at t

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

If the Planck scale is in ~TeV region:

can expect Quantum Black Hole production

Quantum Black Holes are harmless for the
environment: they will decay within less than 10-%7
seconds = SAFE!

3-brane

Simulation of a Quantum Black Hole event Black holes with mass of
up to 5 TeV are excluded




Black HONg
Hunters

the LHC...




Other Questio_

Dark Matter at the LHC?




Astronomers found
that most of the
l matter in the Universe

must be invisible Dark B

Matter

~ F Zwicky 1898-1974

Velocit);

Distance




SUSY Searches: No signal yet

p—
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*So far NO clear signal of
supersymmetric particles

has been found so far

SUSY particles must be heavier
than 1000 GeV

*\We can exclude regions where
the new particles could exist.

eSearches will continue for
the next years




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

new
b hpm'ric]es d, s

=

b - d, s

new
particles

Muon system
.'-I-I -




Primordial Plasma I

Lead-lead collisions at the LHC to study the primordial plasma,
a state of matter in the early moments of the Universe

Hundreds of particles
in the detector

CMS Experiment at the LHC, CER
Mon 2010-Nov-08 11:22:07 CE
Run 150431 Event 5414

C.OM. Energy 7Z TeVi¥——

Study the phase transition
of a state of quark gluon
plasma created at the time
of the early Universe to
the baryonic matter we
observe today

Erragh!

/6296, o)
(S
D

S

recorded lead lead collision in the CMS detector




The Physics Program at LHC.

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

->The Discovery of a Higgs-like particle!!
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Surrmer 2012 the CMS and ATLAS experiment found a new particle,

with a mass of 125-126 GeV, whlchlookedﬁtethelongsought =
fundamental scalar boson, postulated in 1964.

March 2013: The full statistics of 2011+2012 (about a factor 3 more.
data) confirms the existence of the new particle. - |

The spin and couplings tc'f.W‘and Z bosons are ..consistent with
the expectation for a Higgs boson. Hence we:call it now. - “a

Higgs particle”. This'is-a brand new fundamental particle, as we
never seen before.

This nggsbcson IS ‘very light’ which suggestmwphymaeyond
the Standard Model will be needed. Supersymmetry? Extra:
‘Dirnensions? Qther? The next years @ the LHC will tell...

We are on the verge of a revolution in our understanding of the

Universe and oukplace within it. UC-Davis and 'many other US-
scientist partncnpate"

This is only the begmmng!!!




The Physics Program at LHC -

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?

-Do we see supersymmetric particles/Dark Matter?
-Do we see extra space dimensions?

-Do we see micro-black holes?

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



A Recorded Heavy lon Collision

CMS Experiment at the LHC, CERN| (~\ 4§
Mon 2010-Nov-08 11:22:07 CET| - //
Run 150431 Event 541464
C.O.M. Energy 7Z TeV¥




re Quarks Elementa




Suersymety: a new symetry in Nature?

‘o - “9 ..’
..: el .‘. . s ° g '.._ . :

-

Standard particles SUSY particles

N

SUSY force particles

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

N ———. ™ "

% ' : .
ol SUSY particle production at the LHC . ML TFILEELTOT s Bradac

+ 4 jets



Are Quarks Elementary P-

Rutherford experiment:
Unexpected backscattering
of a-particles:

Evidence for the structure
of atoms !! (1911)




Are Quarks Elementary Pa
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5 o046F My >3.0TeV Aiumn =7 TeV (LO)
g 016 cee Aimn =7 TeV (LO)
2 0.14 frey A",u:;=7TeV(LO) pep-ex] Oe'egtgm
0425 — Ayyma =7 TeV (LO) <10""cm
E e Ajya =7TeV(LO)
0.1 proton
008 - | (neutron) k
""""" quar
0.06
004_—_% + """ S nucleus @
0_02:_ . Iy "'10 cm
" atom~10"cm ~10"%cm

< 5x1018 cm

Quarks remain elementary particles after these first results




The Press... (5t July 2012)

The discovery of the Higgs made the headlines worldwide

What Comes After Higgs Boson?

Hawking lost $100 bet over Higgs
boson
Wire

'God Particle' '‘Discovered': European Researchers
SAY QQIEPABTIGIE

Claim Discovery of Higgs Boson-Like Particle

HOW THE HIGGS COULD Xurrc yBuauT 6030H

BECOME AN NOYI NG B CERN otkpbinu 6030H Xurrca ‘:’
Yes, the discovery of the Higgs boson is thrilling and game- 53
changing. But it could also introduce some aggravating Teker %
situations. 307421513 —

TEKCT: AIEKCAHOPA BOPUCOBA
O: SCIENCEUNSEEN.COM

Discovery of Higgs Boson Bittersweet News in
Texas

Scientists Set The Higgs Boson
To Music

3 Ways the Higgs Boson

Discovery Will Impact Financial

Services — .

Lk Higgs boson discovery could
make science fiction a
Higgs boson researchers consider move to Cloud reality
t- Discovery of the ‘God particle’ could make science fiction

compu lng a reality, and answer one of the most basic questions of
"Within another decade the Cloud will be where grid computing is now" our ;{nfyerse: I:Iow did light become matter — and us?

I ___



What is Next? R

The work is not over yet: Many questions still remain unanswered:
]s it THE Standard Model Higgs boson or a messenger of New Physics ?

*How can we explain a Higgs mass ~ 126 GeV? What stabelizes the mass?
*What explains the mass pattern of the particles that we observe?

*What is Dark Matter and Dark energy? Supersymmetry at higher masses??
*Where is the antimatter in the Universe? How did it dissapear??

Iggs as a porta

® having discovered the Higgs?

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

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

hidden | | Higgs quarks
sector sector leptons

Need for precision measurements with ~100x the present statistics
LHC upgrade ! Experiment upgrades!! (Other machines?)






Energy produced in the detector

Detecting Supersymmetric P-

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

‘ Very clear signatures in CMS and ATLAS

LHC can discover supersymmetric partners of the quarks and gluons
as heavy as 2to 3 TeV
The expected cross sections are huge!! = ~10,000 particles per year




CERN is also: Technology Transfe

GRID Computing! -

Experimental R
Area

/ N
i pY { R,
[ = Thesstrwn, Do ‘-’l‘ .- LS, (
1 S oy \_ e — “\ \
. o \

- - —\
Neutron source -

- =

e 4. sy |
W podaticexage e

Silicon detector for a Compton

camera in nuclear medical imaging Radio-isotope production for

medical applications

X-ray
source
|I " !
It

Thin films by sputtering
or evaporation

fip-chi; I

bur:np h‘::ndqu il

conneetions
—

CMOS pixed
n:nd-on? chip

Radiography of a bat,
Medipix: Medical X-ray diagnosis with recorded with a GEM detector
contrast enhancement and dose reduction



Applications of Grid Computln.

Multitude of applications from a growing number
of domains

— Archeology

— Astronomy & Astrophysics
— Civil Protection

— Computational Chemistry
— Earth Sciences

— Financial Simulation

— Fusion

— Geophysics

— High Energy Physics

— Life Sciences

— Multimedia

— Material Sciences

Infrastructure used by >10000 researchers



CERN as an Educator
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A AR TR S RSN SR s L AT NS TSR

Suramer 2012 the CMS and ATLAS expenment found a new
particle, with a mass of 125-126 GeV, which looked like the long
sought Higgs boson, postulated in 1964.

March 2013: The full statistics of 2011+2012 (about a factor 3
rore data) confirms the existence of the new particle.

The spin and:-couplings to W and Z bosons.are consistent

with the expectation for.a Higgs boson. Hence we call it from
now onwards “a nggs particle”. This is a brand new particle,
as we hever seén before.

This I-Ilggsbosomslnkelytooawythe ‘genetic code’ forthe
physics Beyond the Standard Madel. Presentstudmdo*notyet
reveal any BSM signatures but have only a ~20% precision.

We are on the verge of a revolution-in-our understanding of the
Univgrse and-our place within it. We expect more discoveries at
the LHC (Supersymmetry, Extra dimensions, other?)

This is only the beginning!!!




March 2013 News

About CERN

Sclentists

' |s the Higgs boson
Bhe key that will unlock

the secrets of the universe?

find out onanal
~ouU

" 4

Following the data
released by AT
call it a Higgs boson (instead of a Higg;’_lci:kl\gsbl)assgnl\)/larch, we



The LHC is an Extraordinary Mac

The LHC is ...

Colder than the empty S T )
space in the Universe: 1.9K S aaae
ie above absolute zero s

The emptiest place in our solar
system. The vacuum is better
than on the moon

Hotter than in the sun: temperature
in the collisions is a billion times
the one in the centre of the sun




The Higgs Boson
N?T?im()NAL Spring 2012

Physicists hope to find the Higgs boson, key to

unified field theory, this year The suspense was

building up...

Fabrice Coffrini/Agence France-Presse via Getty Images - A superconducting solenoid magnet, the largest of its

I kind, is part of the Large Hadron Collider, which is searching for the Higgs boson. l



The Spin of the New ParticiSHIllE

A Higgs particle should be a spin 0t state

*Study angular correlations in the decays
of the particle; build likelihoods and

test spin- and parity hypotheses
*Use the ZZ, 2-photon and WW final states

=> Particle is consistent with a 0* state!!

R R R R e
- —— J°=0" (SM) hypothesis =~ ATLAS Preliminary 3

— —— J'=2" (100%gg) hypothesis JL dt=207 1"
—~ —— observed =

F Hoyy

)
o
o
=

|
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o
o
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.....

o
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Data 2012, Vs = 8 TeV

MNominal analysis
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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 (monojets searches)

|—|1O'27_| T T T T L R R T T orrrirg .—.10'27 — T ——r——TTT —
N - . . Q i T I H
g 10 28 i CMS Prellmlnary —e— CMS 2012AX.|3.| Vector — E 10-28 — CMS Prellmlnary —e— CMS 2012 Vector —
=% - Vs=8TeV e ggs:&g Axial Vector - O, 1% “s=8Tev " o gl\D/ls 22(;)1121 Vector b
C B - . C — — — _]
O = [Ldt=19.51b" -==- SIMPLE 2012 = = |Ldt=195fb" —— XENON1002012
3 10% — = 1032
3 10 B . -+ CDMSII 2011 . o 107 F ---- COUPP 2012 =
= S e COUPP 2012 B ) = SIMPLE 2012 =
-34 | . —] 34| ]
(3 10 - L == Super-K W'W | D 107 - CoGeNT 2011 B
B g% % --- IceCube W'W h B 1%L ~--- CDMSII 2011 =
o B ' o 107 ---- CDMSII 2010 R
O 10-38 O 1038 —___ l
C —
O 40 (CD .
q) 10 q) 1040
o Gy, v 0 @'y ) I
2 10 — A 2 1042
>I< 10-44 __ . __ 1 44
- Spin Dependent 3 XR10% .
— - — Spin Independe N
10-46| : L1l I I III||||2 . I |||||||3 10-46| | Lol 1 Lol | Lol
1 10 10M GeV/ 120 1 10 102 1203
, [GeV/c M, [GeV/c

Competitive limits with direct searches (under the effective theory assumptions)




Rare Decays: B, to ppu [-

A B, particle is a particle consisting of a beauty-quark
s - w* and strangeness-quark, with a mass of ~ 10 GeV
t *Three B, particles in a million will decay into two
muons. This decay has been chased since 25 years.
*New physics modifies these Standard Models predictions

b 1y

BR(Bs — utpu~)=3564+029 x 10~ °

Observation:

BR(B; — ptpu)=(29+0.7) x 107

DO 10.40b '

e Results from
LHCb +CMS
e Wsm experiment
- : combined
i"mmmo R B R TR )

BB > (107



And it continues... -

* European physics society prize in July for
the ATLAS and CMS experiments...

* Prestigious Prince of Asturias Award two
weeks ago for CERN and Englert & Higgs...
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Consequences for our Universe’.

Precise measurements

N of the top quark and
Important SM parameter — stability of EW vacuum  first measurements of the

180 peers == Higgs mass:
> L Instability  _ _ —==" Meta-=stability _
G TS Our Universe meta-stable ?
ol = g | ! Will the Universe disappear
N _‘ in a Big Slurp? (NBCNEWS.com)
e ol
g for . : Will our universe end in a 'big slurp'?
r I 10™ Stability ] Higgs-like particle suggests it might
arXiv:1205.6497 ]
165 M M M M 1 " 1 1 " 1 M 2 M M 1 " " 1 "
115 120 125 130 135

Higgs mass M, in GeV




Searches at t_

In the last 10 years most information came from the Tevatron
This will be discussed in a separate lecture

Tevatran Bun I Prebminary, L < 100 1"

E 10 «e=es Expacied wio Higgs
- B 41 sd Expecled
C_T'i [ 42 sd Expected
&

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

[ —— - e

June 2017

100 110 120 130 140 150 160 170 180 190 200
m,, (GeV/c®)

....An excess at M, ~ 120-135 GeV !




C M S EXOTl CA 95% L ExcLusion LimiTs (Tev) 91-B=1D

Z'5EM (ee, pp)

Z'SEM ()

Z* ftt hadronic) width=1.2%
Z' (dijed)

Z° ftt lap+jat) width=1.2%
Z'S3M () fob=0.2

G (dijeg)

G (tthar hadronic)

G (jet+MET) kM = 0.2
Gy M =01

G ZNZigql) kM =0.1
W (v

W idijed)

W' (td)

W= WZ{leptonic)
WR' (th)

WH, MNR=MWR2
WEK p =10 TeV

pTC, nTC = 700 GeaV
String Rezsonances (gg)

neutraling, cr<60cm

Searches for Exoti

] 1 2 3 4 B

=1_[_J Mz, I, HLZ. nED = &

MEBH, Quantum BH, MD=3TeV, nED =2

LO1, p=05

LQ2, p=0.6

LQ2, p=1.0

L3 ), Q=+1/3, p=0.0

LOS3 (br), Q=273 or +4/3, B=1.0
atop (bT)

b* — W, (31, 21) + b-jet

q'. b'/t' degenarate, Vtb=1
b — W, l+jata

B’ — bZ (100%)

T -+ tZ (100%)

1 — bW (100%), l+jeta

¥ = bW (100%), k!

C.L A, X analysiz, A+ LL/RR
C.L A, X analyziz, A- LL/RR
C.l., pp. destructve LLIM
G, pp. conztructive LLIM
C.1., single & (HnCM)

RSPVl Inferactions

C.LL. incl. jet, deatructive
C.L. incl. jet, conatructive
1]

Mz, vy, HLZ. nED =3
Ms, yy. HLZ. nED = 6
Mz L HLZ nED =3

MD, monojet, nED = 3

MD, monojet, nED = 6

MD, mono-y, nED =3

MD, mono-y. nED =6

MEH, rotating, MD=3TeV. nED = 2
MEH, non-rot, MD=3TeV, nED = 2
MEBH, boil. remn., MD=3TeV, nED = 2
MBH, =table remn., MD=3TeV. nED = 2

E P E E E E FE E B E B B

*similar results

LeptoQuarks

Generation

Contact

Bxira Dimensions
& Black Holes

N, Tev
obtained by ATLLAS




What is Next?
—iggs as a porta

® having discovered the Higgs?

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

SU(3)exSUQR)xU( 1)y

hidden Higgs quarks
sector sector leptons

Need for precision measurements with ~100x the present statistics
LHC upgrade ! Experiment upgrades!! (Other machines?)



Aside :Profile likelihood Ra

3 sigma= “Evidence”

 Local significance |~ 1of—Obsevedp,  Data20itNs=7Tev
t t t E— SMH — yy expected p, a0 ] .
py to tes L Jra=s9u" 1} 1 chance in 1000 to

backg round i -.-.-.-.-:.-:.-:.-:.-:.-:.':.':.'.".'.'.'.'.'."..'.'.':::::::::;:;:;:.-:.-.-.-.-.-w\—{-'% be Wrong!

hypothesis e N
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5 sigma="Discovery
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Signal Stre

Signal strengthpis the observed over Standard Model expected cross section
*Foru=1 the production rate is compatible with Standard Model expectation

T 1 I’ l
ATLAS Preliminary
W.ZH — bb

\s=7TeV: [Ldt=a7 1"

| ] |
i m, = 125.5 GeV

\s = B TeV: [Ldt = 13 /b
H— 1t

Vs =7 TeV: Lt - 4617
\s = B TeV: [Ldt = 13 16"

H— WW'" = viv

Vs =8 TeV: [Ldt= 137"

H— vy
e =7 TeV: [Ldt- 48 b7
\s = B TeV: [Ldi = 207 b

H—zZz" - 4l

Ve =T TeV: [Ldi- 460"
\s = B TeV: |Ldt = 207 b7

Combined

ve=TTeV: |Ldt-46-421"
\s =B TeV: |Ldt=13-207 o'

W=143+021

-1 0+
Signal strength (u1)

Combined
U= 080+ 015

H— bb
p=1.15+062

H—1
u=1.10+0.41

H—yy
=077+ 0.27

H— WW
1=066+020

H— 27
u=0.82+0.28

is=7TeV, L=511fb" \s=8TeV,L=158.5 b’

CMS >reliminary m, = 125.7 GeV
Py, = 0.65

i =0.80 +0.14

15 2 o5
Best fit G/GSM

ATLAS a bit above and CMS a bit below p=1...




The Spin of the New ParticiSHIllE

A Higgs particle should be a spin 0t state

*Study angular correlations in the decays
of the particle; build likelihoods and

test spin- and parity hypotheses
*Use the ZZ, 2-photon and WW final states

=> Particle is consistent with a 0* state!!

R R R R e
- —— J°=0" (SM) hypothesis =~ ATLAS Preliminary 3

— —— J'=2" (100%gg) hypothesis JL dt=207 1"
—~ —— observed =

F Hoyy

)
o
o
=

|

ATLAS

o
o
(%)
3]

[
.....

o
(=]
@

Data 2012, Vs = 8 TeV

MNominal analysis
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Couplings to the N

*Use information of all production and decay channels
K and Kk are scale factors w.r.t. the Standard g et G
Model values for fermions and vector bosons

” ATLAS Prellmlnary IH j |t|)|l|) *H :)) |TVT|V CMS Preliminary Vs=7TeV,L<51fb" {s=8TeV,L<19.6 b CMS
- os=7TeY, ILdt 46-48%" -H -y Ecombined > . o SM Higgs @ Fermiophobic @ Bkg. only

i - \s=8TeV, Lot = 13207 11" + SM X Best Fit 2

Bl -I 111 || Ll L1l |A L1l L1117
06 07 08 09 1 11 12 13 14 15 16
K

= Couplings compatible Standard Model values, but large uncertainties
...Future data will decide...



2013 Nobel
Prize in Physics

Higgs were jointly awarded the Nobel Prize in Physics "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”

» This seminar will discuss the discovery of the particle...



Multi Jet Event at 7 TeV

~+ The birth of a new particle:
The discovery of a new

kind of fundamental particle:
A Higgs Boson
= Studies of its properties
- » What is next?
* SuUMmary

(*) T will mostly use that name throughout




EWSB Heroics

The year is 1964 Electroweak Symmetry Breaking

Frangois Englert Robert Brout Peter Higgs Gerald Guralnik Carl Hagen Tom Kibble

BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS* GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES®
F. Englert and R. Brout G. 5. Guralmk T C. R. Hagen,i and T. W. B. Kibble

Faculté des Sciencgs . . - i
(Received 26 June 1964)

BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE FIELDS

Pelgium Departmegd ST S SVNEFRTRS ST g and
(Received 12 October 1964)

P. W, HIGGS
Tall Musditale of Mattematioa! Mpsice, Dulversily of Edimbwrgh, Scollawd

Yoruse LY, Nosiesx 16

BNCHEER SYMMETRIES AND THE MASEES OF OAUGE BOEONS

P"' W, "‘GE
Tait Jnsiibues of Maiborroticsl Phisies, Uy of Edinbargh, Fdinbargh, Scotiasd
.l‘.rﬂ. | .\ ags q.- LR

+ others could be mentioned, that have inspired those above




A Propos: What is in a Nam-

In 1964 Peter Higgs, and Francois Englert & Robert Brout
introduce scalar fields as a solution to EWSB. Peter Higgs
mentions as a side-remark that there should be a particle

associated with these fields in his second paper.

Steve Weinberg picks up the idea for the Standard Model
formulation at the end of the 60’s. Benjamin Lee coins at ICHEP

1972 the particle as ‘Higgs’ particle. The name stuck...

In recent years some new proposals have been tried such as:
— The Brout-Englert-Higgs particle (BEH particle)

— The Electro-weak fundamental scalar

— The Standard Model Boson (SMS)

None really got stuck so far: the Particle Data Group &
community is used to 40 years of then name “Higgs particle”

We do call it the “Brout-Englert-Higgs Mechanism”

See eg. “The Particle at the End of the Universe” by Sean Carroll



e

°Sevral thousand billion protons

*Each with the energy of a fly
*99.9999991% of light speed

*They orbit a 27km ring 11 000 times/second
* A billion collisions a second in the experiments #

I T | T T T T T I | co— - o
- ATLAS Online Luminosity 4 o — i 8 e ‘1.; \ W 1 l
:_ s 2010 pp N5 = 7 TeV 8 Tev i — Q _ 3 _ciep 3
Sy - LHC operation is now stop_ped
. for 2 years, and the machine
is being prepared for running

- Measurement —
at 13-14 TeV from 2015 onwards
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The Higgs Field

Another view of the Higgs field

Electron
light

W-boson
Heavy

Photon
NO Mass




Pre-LHC: Higgs Searc

*Searches for the Higgs particle started end of the *70’s and 80’s
Stringent results came in the '90’s from the LEP and Tevatron accelerators

Precision Measurements (LEP...) Tevatron p anti-p collisions at 1.96 TeV

6 _ July 2010 M imit

= 158 GeV
: Tevatron Run II Preliminary, <L> =5.9 fb™

1 1 —0.02758+0.00035
% 4 - 0.02749+0.00012
i+« incl. low Q° data

0 1 EXClUded . .;:““‘- .,;'-':.. Prelilminary- .5 :
30 300 100 110 120 130 140 150 160 170 180 190 200

(GeV/c )

Direct exclusion M,< 114 GeV Direct exclusion: M, = 158-176 GeV

*Results from quantum corrections:

favorite mass M= 92+/-34 GeV
= ....Enter the LHC !



_November 2011: based on 50% of the data
ATLAS + CMS Prellmmary, \s =7 TeV | —— Observed

Liny = 1.0- 2 3 fb 1/expenment S5 Expected = 1o
Y Ny s Expected + 20
S ] LEP excluded
\\ : m Tevatron excluded
m LHC excluded

il
o

AVALUEVAN

Allowed

95% CL limit on o/og,,

—

4 Excluded

\\\

\\

.\Nm ) ANNR

ALARRTARRRUANARERARY

-1
1075,

| '300 200 500 600
Higgs boson mass (GeV/c?)

No sign of a new particle yet, but mass limited to 114.4 -141 GeV or >476 GeV




The Higgs Search by Dece

December 2011: based on 100% of the data

§ A p S, N =, ' T r=‘ T\, T : : : 5 E lllllllllllllllllll | T T T 7T | |||||||||||||||
& | CMSPreliminary,\s =7 TeV —=— Observed & [ ATLAS Preliminary 2011 Data -
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g 10 __._m_ ......... ed i D ] 2 | — Observed a4
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0 1 o))
@ 1 o\ N - - - - - eeteeeeeeses —
o - ]
o - .
o . ’
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Higgs boson mass (GeV/c?) M, [GeV]

All the data from 2011 was now analysed and the combination the decay
channels showed the following:
-We see — for the first time-- an excess of events building up in a region over
expectation from pure background. Cool!

Is this the first sign of the ‘growing Higgs signal?



Higgs Phenomenology Startin-

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **

* Neutral currents (1973)|,
+ Charm (1974)

A discussion is given of the production, decay and observability of the scalar Higgs

» Heavy lept 1975 e e S S,
eavy e On T boson H expected in gauge theories of the weak and electromagnetic interactions such as

the Wemnberg-Salam model. After reviewing previous experimental limits on the mass of

 Attention to search for W=, ZY

* For us, the Big Issue: is there a Higgs boson?

* Previously ~ 10 papers on Higgs bosons
* My > 18 MeV

We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass of the Higgs boson, unlike the
case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing
experiments vulnerable to the Higgs boson should know how it may turn up.




CERN: The European Laboratory for Parti

*CERN is the European Organization for Nuclear Research, the world’s
largest Particle Physics Centre, near Geneva, Switzerland

e[t is now commonly referred to as European Laboratory for Particle Physics

o/t was founded in 1954 and has 20 member states + several observer
states

*CERN employes >3000 people + hosts ~11000 visitors from >500
universities.

eAnnual budget ~ 1200 MCHF/year (2013)

Distribution of All CERN Users by Location of Institute on 14 January 2013

Where the
World Wide Web
was born...
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The Origin of Particle M-

*At ‘low’ energy the Weak force is much weaker than the
Electromagnetic force: Electroweak Symmetry Breaking: EWSB @ @
*The W an Z bosons are very massive (~ 100 proton
masses) while the photon is massless.
*The proposed mechanism() in 1964 gives mass
to W and Z bosons and predicts the existence of a new
elementary ‘Higgs’ particle,. Extend the mechanism to give
mass to the Fermions via Yukawa couplings.

(*) Brout , Englert, Higgs, Kibble, Hagen and Guralnik, ...

Mass
(GeV/c2)

The Higgs (H) boson is the quantum of
the new postulated field and has been
searched for since decades at other
particle colliders such as LEP and the

Tevatron, and now at the Large Hadron
Collider @ CERN
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100
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0.01 0.15 b
S Do0s s C
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Quarks




Blinding the Data -

Not to have a bias in the analysis we decided to analyse the 2012 data blinded
The unblinding in CMS was on June 15t 2012
About 900 participants (400 persons in a room for 250 people, rest by video)

That day CMS knew whether they had a discovery or not... -




Does this Particle Decay int_

*The BEH Mechanism was proposed in 1964 to give mass to the W and Z boson
*Does it also give mass to the fermions? Does the particle couple to fermions?
=> Direct test: check for the decays H— tau tau and H — b quark pairs

Higgs —1t leptons Higgs — b-quark pairs
1 EMS Prellmmary Hotr, L-243fb1 ' o 1FTT

® E : ! ! 3 E
é 107 i © 2 100 =
A a0 N
B0 fp -%2" B
3 --...___; ________ 2L e
_'10-3 —_—3c 3 0 E_- ------

: _ 4q {8=7TeV, L=5.0 fb"

10-5 e R, p'Value observed 10—4 ‘ﬁ';bﬂh;rtv, L-."En !
; L mmme—— p-value expected ‘
- % 115 720 125 130 _ 135
130 my, [GeV]

Significance 2.850 at 125 GeV Significance 2.10 at 125 GeV
Yes: A mild excess is building up also for these channels!!




The Mass of the _

Determine the mass from ZZ and 2-photon channels which show a peak!

-7 ATLAS 1OCMS Preliminary fs=7TeV,L<51f" {s=8TeV,L<1961b CMS
- ATLAS Prelimina —— Combined (statvsys) T T T Combined
S F sorTev: [Lat= 4648 1" —---- Combined (stat only) S o Hoyy+H—-=2Z EI'O'"b'"ed
- (5=8TeV:|Ldi= 1 —H- - - —H-yy
o E-8Tovfua-207 < I R e
N o 8F u_(VBF.VH) i
- 1 r ]
5_— 7 _:
B 6 3
4_ -120 3
- o E
aF 4 =
B 3 -
2 :
- 2 E
: o : f
B 0 i
{’\21”||1£é”'1:1.‘é”'124 125 126 I1éi:'l”1.'!18””12!5;
m,, [GeV] my (GeV)

my = 125.5 + 0.2(stat) T5:2(syst) GeV iy = 125.7 + 0.3(stat) % 0.3(syst) GeV

ATLAS and CMS observe the same particle!! ©




Signal Stre

Signal strengthpis the observed over Standard Model expected cross section
*Foru=1 the production rate is compatible with Standard Model expectation

T 1 I’ l
ATLAS Preliminary
W.ZH — bb

\s=7TeV: [Ldt=a7 1"

| ] |
i m, = 125.5 GeV

\s = B TeV: [Ldt = 13 /b
H— 1t

Vs =7 TeV: Lt - 4617
\s = B TeV: [Ldt = 13 16"

H— WW'" = viv

Vs =8 TeV: [Ldt= 137"

H— vy
e =7 TeV: [Ldt- 48 b7
\s = B TeV: [Ldi = 207 b

H—zZz" - 4l

Ve =T TeV: [Ldi- 460"
\s = B TeV: |Ldt = 207 b7

Combined

ve=TTeV: |Ldt-46-421"
\s =B TeV: |Ldt=13-207 o'

W=143+021

-1 0+
Signal strength (u1)

Combined
U= 080+ 015

H— bb
p=1.15+062

H—1
u=1.10+0.41

H—yy
=077+ 0.27

H— WW
1=066+020

H— 27
u=0.82+0.28

is=7TeV, L=511fb" \s=8TeV,L=158.5 b’

CMS >reliminary m, = 125.7 GeV
Py, = 0.65

i =0.80 +0.14

15 2 o5
Best fit G/GSM

ATLAS a bit above and CMS a bit below p=1...
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The Dark Matter Co

Results for direct searches and collider searches for Dark Matter
-> Spin dependent and spin independent cross sections of Dark Matter
with ordinary matter (W/Z + MET searches)

" ATLAS Preliminary J
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Dark Matter @ LHC-

Search for Weakly Interacting Massive Particle (WIMPs) candidates in events
with Missing Transverse Momentum
EG: SUSY searches, monojet and mono-photon Searches, W’ searches...

arXiv:1305.1605

Dark Matter

Leptons
electrons, muons,
taus, neutrinos

Nuclear Matter
quarks, gluons

Photons, Other dark
W, Z, h bosons particles

DM DM

DM DM DM SM SM DM
Direct Indirect Particle Astrophysical
Detection Detection Colliders Probes

SM SM DM SM M DM DM DM

+ CAST experiment, searching for axion DM



m,,, (GeV/c?)

Do we see Supersymmetric Pa-

700
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CMS Preliminary

Is= 7TeV det~1fb1

o
%)
-

[ [
— 2011 Limits

=== 2010 Limits
tanp = 10, AO=O, u>0

200 400

600 800

- CDF g, 7, tanp=5, u<o—
N DO 7,7 tang=3,n<0
- LEP2 ¥
[ Jiep2 T
Jets+MHT

Razor (0.8 fb™)) -

2(1000)Gev

m, (GeV/c?)

Masses of SUSY particles are larger than 1000 GeV!!!

So these particles are heavier than 1000 times the proton
Explore other than the simplest/constrained SUSY models

1000

*So far NO clear signal of
supersymmetric particles
has been found

*We can exclude regions
where the new particles
could exist.

*Searches will continue for
the next years

m, and m, , are SUSY
parameters




AHiggs... N

m, = 125.6 + 0.4 GeV

A malicious choice!

MSSM at the weak scale
| |

[
— M

Strumia
50 60 70 80 90 100 110 120 T 130 140

The Higgs:
so simple yet so unnatural

Stockholm Nobel Symposium
May 2013

Guido Altarelli

Naturalness: Requires Top squarks < ~1 TeV, gluino < ~1.5 TeV...
So far no evidence found...



SUSY Searches: LSP

CMS Preliminary

Vs =8TeV,[Ldt=19.5 fb"

L
pp—tt*
1-lepton channel

SUS-13-011 BDT analysis
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But could hide in contrived scenarios



Searches for S_

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: EPS 2013 [Ldt=(44-229) o0 5=7,8TeV
Model &7y Jets ET™ [cdifi] Mass limit Reference
MSUGRA/CMSSM 0 26jets  Yes 203 |@&g 1.7TeV m(g)=m(z) ATLAS-CONF-2013-047
MSUGRA/CMSSM lepu 3-6jets Yes 203 |& 1.2 TeV any m(g) ATLAS-CONF-2013-062
MSUGRA/CMSSM 0 7-10jets  Yes 203 |& 1.1 TeV any m(g) ATLAS-CONF-2013-054
44, Goqh3 0 26jets Yes 203 |§ 740 GeV mi9)=0 GeV ATLAS-CONF-2013-047
2E, g—)qqxg 0 2-6jets  Yes 203 |& 1.3 TeV m(¥3)=0 GeV ATLAS-CONF-2013-047
28, B-q9¥ioq thl 1epu 3-6jets Yes 203 |& 1.18 TeV m(F3)<200 GeV, m(¥*)=0.5(m(¥3)+m(z)) ATLAS-CONF-2013-062
gg—»qqqqft’(t’f)xlxl 2e,u(SS) 3jets Yes 20.7 g 1.1 TeV m(¥3)<650 GeV ATLAS-CONF-2013-007
GMSB (e NLSP) 2e,pu 2-4jets  Yes 4.7 tang<15 1208.4688
GMSB (£ NLSP) 121 0-2jets Yes 207 |& 1.4 TeV tang >18 ATLAS-CONF-2013-026
GGM (bino NLSP) 2y 0 Yes 4.8 m(#9)>50 GeV 1209.0753
GGM (wino NLSP) lep+y 0 Yes 4.8 m(#9)>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(,\"r‘})>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets Yes 5.8 m(F)>200 GeV
Gravitino LSP 0 mono-jet  Yes 10.5 m(g)>10" eV
g—>bB§u§’ 0 3b Yes 201 |& 1.2TeV m(#2)<600 GeV
g_,tiib 0 7-10jets  Yes 203 |& 1.14 TeV m(#9) <200GeV
Bt O-1ep 3b Yes 201 |& 1.34 TeV m(¥9)<400 GeV
Y O-1e,u 3b Yes 201 |& 1.3 TeV m(¥3)<300 GeV
b1by, by—b¥) 0 2b Yes 201 |B, 100-630 GeV m(¥9)<100GeV
by by, by—t¥i 2e,u(88) 03b Yes 207 |B 430 GeV mi5)=2 m¢t?)
i 1-2eu 1-2b  Yes 47 |8 167GeV m(F3)=55GeV
21 # (light), 1 — Wb’(1 2e,pu 0-2jets Yes 203 |§ 220 GeV m(#9) =m(E)-m(W)-50 GeV, m(E; )<<
% & (medium), & —¢X. 2e,u 2jets  Yes 203 |& 225-525 GeV meF3)=0GeV
;11 (medium), T, — b7 0 2b Yes  20.1 f 150-580 GeV m(¥9)<200 GeV, m(¥5)-m(¥?)=5 GeV
%, %1 (heavy), f; > ¥ lepu 1b Yes 207 |% 200-610 GeV m(E0)=0 GeV
t1 t1(heavy), foth] 0 2b Yes 205 |& 320-660 GeV m(£3)=0 GeV
fity, il 0 monojetctagYes  20.3 | 200 GeV m(E)-m(¥)<85 GeV
#  (natural GMSB) 2e,u(2) 1b Yes 207 |& 500 GeV m(#9)>150 GeV
b, hoh 4+ Z 3eu(2) 1b Yes 207 |& 520 GeV m(#;)=m(¥})+180 GeV
BRbL, R/ e 2epu 0 Yes 203 |¢? 85-315 GeV m(¥3)=0 GeV
> 'S kal,Xl—rt’v(fv) 2eu 0 Yes 203 |%; 125-450 GeV m(#3)=0 GeV, m(Z, 5)=0.5(m(E; }+m(¥
W fh, X () 27 0 Yes 207 X 180-330 GeV m(F3)=0 GeV, m(z, 7)=0.5(m(¥7)+m(k
© X1X2—>£|_v€|_°€(vv) e () 3eu 0 Yes 207 |X.X 600 GeV mET)=m(3), m(£3)=0, m(Z, #)=0.5(m(¥5 )}+m(k
BER-wid Z‘X? 3eu 0 Yes  20.7 if,é 315 GeV m(E5)=m(¥3), m(¥3)=0, sleptons dect
Direct ¥1 X7 prod., long-lived ¥;  Disapp. trk 1 jet Yes 203 |X 270 GeV m(¥5)-m(¥3)=160 MeV, 7(¥;)=0.2 n
Stable, stopped g R-hadron 0 1-5jets  Yes 229 |& 857 GeV m(¥3)=100 GeV, 10 us<r(g)<1000 s ATLAS-CONF-2013-057
GMSB, stable %, Bo(e, f)rr(e n) 121 0 - 15.9 10<tanB<50 ATLAS-CONF-2013-058
GMSB, #—y &, long-lived &2 2y 0 Yes 47 0.4<r(¥)<2 ns 1304.6310
- qqu (RPV) 1u 0 Yes 4.4 1 mm<cr<1 m, & decoupled 1210.7451
LFV pp—¥. + X, ¥r—e+pu 2e,u 0 - 4.6 23;,=0.10, 4132=0.05 1212.1272
LFV pp—¥ + X, 7r—oe(u) +7  leu+t 0 - 4.6 24,,=0.10, 23(2)33=0.05 1212.1272
>  Bilinear RPV CMSSM lepu 7jets  Yes 47 m(@)=m(g), crisp<1 mm ATLAS-CONF-2012-140
& X iI,F—»WXl X1—>eev,‘, euve 4eu 0 Yes  20.7 m(¥2)>300GeV, A12>0 ATLAS-CONF-2013-036
Xk, X SWE K11y, erv, Beu+T 0 Yes  20.7 m(¥2)>80 GeV, 233350 ATLAS-CONF-2013-036
g—»qqq 0 6 jets - 4.6 1210.4813
g-tt, hi—obs 2e,pu(SS) 03b Yes 207 ATLAS-CONF-2013-007
Scalar gluon 0 4 jets - 4.6 | sgluon ~ 100-287 GeV incl. limit from 1110.2693 1210.4826
WIMP interaction (D5, Dirac x) 0 mono-jet  Yes 10.5 m(y)<80 GeV, limit 0f<687 GeV for D8 ATLAS-CONF-2012-147
Vs=8TeV 1071 1

*similar results obtained by CMS




...oome Interesting Collisions... I

CATLAS

EXPERIMENT
CMS Experiment at LHC CERN Ren Number: 183021, Event Number 66383304
Data recorded: Tue Oct 26 07:13:54 2010 CEST
<} Run/Event: 148953 / 70626194
< \| Lumi section: 49
| Orbit/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



Higgs Production Chan_

Higgs Production at the LHC

Higgs production in proton-proton collisions
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We now have data on all production channels...
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Higgs Decay Channel vs. Mass [

é 1;' 'bE"' ' _—ww 3§ Higgs boson
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The five main decay channels: L2 110750 S THI98 il
H -> tautau 110-145 4.9+19.6

-> bb 110-135 5.0+19.0




Dark Matter Search Ex_

Search for
\\/\%EP

; Weakly Interacting
i Massive Particle (WIMPs)
CDMS 1l Ge -

XENON1
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—
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WIMP-nucleon cross section (cm2)

LUX (2013)-85 live days - No established
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— S Dark Matter yet
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Dark Matter Experiments provide limits on cross section vs. WIMP mass




The Other Dark Matter Connect-

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

Direct Indlrect

e el

Colllder

Indirect

Collider

Direct

Use effective theory = | enotonner JebAMET

to relate X
measurements to
Dark Matter studies

q

>< |



The Dark Matter Conn

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

'—10-27 1 1 I IIIIII 1 I I IIIII| I I I IIIIII_ '_|10-27 I I I IIIII| 1 1 I IIIIII I I I IIIII|,_
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Competitive limits with direct searches (under the effective theory assumptions)



The Higgs Particle -

Technique: Produce and detect Higgs Particles at Particle Colliders

nabisd el “THE FUNNIEST BOOK

THE LALE, MUCH-MISSED
uuuuuuuuuuuuuuuuu
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“ UNIVERSE
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ANSWER,
WHAT IS THE
QUESTION?
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The Higgs particle is the last missing particle in the Standard Model



The Higgs Particle

Technique: Produce and detect Higgs Particles at Particle Colliders
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8 Extra Space Dimensions B
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Extra Dimensions at

Main detection modes at the experiments
* Collisions with Large missing (transverse) energy
* Resonance production in two particle distributions

>
()
4 ‘1 b CMS Preliminary
a s =8TeV
% det=19.51b'1
>
11-003 gluon N
p=21ev,0=
DMA =892 GeV, M, = 1 GeV
p R <seue. Unparticles d =17, A, =2 TeV
e, ’
graviton, o No signal yet

If extra dimensions

e oo exist then the
gos T ';g;ﬁr:’e:llcméprellnmm;ry Plaan Scale IS
go Eé?g{u"mmw 1.1fb'at7 Tev Iarger than 2_3 TeV
10°
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LHC can detect extra dimensions for scales up to 5 to 9 TeV



Search for Micro-blac

EXTRA-DIMENSION

A . .
Extra Dimensions!

A mp
é;:;é—k&x Planck scale a

st TEW TeV7?

No evidence for micro black
holes was found in the data
so far

But some do see some interesting events
These could be background

Black holes with mass of up to 5 TeV are excluded (model dependent)




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 pu

But two Z bosons can also be

produced in LHC collisions,

without involving a Higgs!
QATLAS We cannot say for on event

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

So we look for 4 muons
in the detector

204769

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




Is it really the Higgs B-

In summer 2012 we called it a “"Higgs-like” particle
» Does this new particle have all the properties that we expect a
Higgs Boson to have? (Summer 2012 5+5 fb)

— So far it seems to couple as expected to photons, heavy Z
and W bosons, but at the time of the discovery it was not
seen that they also couple to quarks or leptons

« 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?

Still a lot of questions to be answered in summer 2012!!

Let’s look at the new updates with full 2012 data (~ 25 fb1)




