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Overview

Today:

* The Road to the Higgs discovery
at the LHC in 2012 — an
experimental perspective

Tomorrow:

* Searches for Dark Matter
production at the LHC (including
SUSY)
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- The Road to the Higgs discovery at the LHC

Outline:

> Physics Introduction

» The LHC Accelerator and
Experiments

> The Discovery

> Outlook

CMS Experiment at the LHC, CERN

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 182796
Event: 74566644
2011-05-30 07:54:29 CEST

Buchmueller O., Imperial College °
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The Standard Model of Particle Physics

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 (SM).
The new (final?) “Periodic Table” of fundamental elements

Matter particles
s3a|olned 92104
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The Standard Model of Particle Physics

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 (SM).
The new (final?) “Periodic Table” of fundamental elements

Yet, its most basic
mechanism, that of
granting mass to
particles, was missing
for many decades!

Matter particles
s3a|olned 92104

=> The Higgs boson.
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Giving the Universe Substance — Generation of Mass

To Newton: F=ma, w = mg
To Einstein: E = mc?
Mass curves space-time

All of this is correct.
But how do objects become massive?
Simplest theory — all particles are massless !!

A field pervades the universe
Particles interacting with this field acquire mass —
stronger the interaction the larger the mass

y

The field is a quantum field — its quantum is the Higgs
boson. Finding the Higgs boson would establish the
existence of this field!

Seminal papers published in 1964!
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Groundbreaking Work in 1964

“Electroweak Symmetry Breaking Mechanism”
2010 Sakurai Prize of American Physical Society
R. Brout, F. Englert,

P. Higgs,

G. Guralnik, C. Hagen, T. Kibble

The References in CMS papers
on the search for the Higgs boson

[1] S. Glashow, Nucl. Phys. 22 (1961) 579, doi:10.1016/0029-5582(61)90468-2.

[2] 5. Weinberg, Phys. Rev. Lett. 19 (1967) 1264, doi:10.1103/PhysReviett19.1264.

[3] A. Salam, Weak and electromagnetic interactions, in: M. Svartholm (Ed.), El-
ementary Particle Physics: Relativistic Groups and Analyticity, Proceedings of
the Eighth Nobel Symposium, Almguvist and Wiskell, 1968, p. 367.

4 F._Englert, R Brout, Phys. Rev, tett. 13 (1964) 321, doi:10.1103]

ett 12 [1964) 132, doi:10.1016/0031-9163(64)91136-9.
R & 08, doi:10.1103/PhysRevLett.13.508.
e Phys. Rev. Lett. 13 (1964) 585,

[8] PW. Higgs, Phys. Rev. 145 (1966) 1156, doi:10.1103/PhysRev.145.1156.
[9] TW.B. Kibble, Phys. Rev. 155 (1967) 1554, doi:10.1103/PhysRev.155.1554.
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Groundbreaking Work in 1964 !

“Electroweak Symmetry Breaking Mechanism”
2010 Sakurai Prize of American Physical Society
R. Brout, F. Englert, P. Higgs,

G. Guralnik, C. Hagen, T. Kibble
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Physics Mission of the LHC

* The LHC project (the accelerator and experiments) was
conceived & designed to tackle fundamental questions in
science (some which go to the heart of our existence):

about the origin, evolution and composition of our
universe.

In particular,
what is the origin of mass?
what constitutes dark matter?
do we live in more than 3 space dimensions?
why is the universe composed of matter, and not antimatter?
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This Study Requires.......

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

“® collision with other particles
g

| 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 a
worldwide scale: thousands of

“B8 scientists, engineers, technicians and
support staff to design, build and
operate these complex “machines”.
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Timeline of the LHC Project

1984
1987

1990

1992
1993
1994
1996
1998
1998
2000
2008
2009
2012

Workshop on a Large Hadron Collider in the LEP tunnel, Lausanne

Rubbia “Long-Range Planning Committee” recommends
Large Hadron Collider as the right choice for CERN'’s future

ECFA LHC Workshop, Aachen

General Meeting on LHC Physics and Detectors, Evian les Bains
Letters of Intent (ATLAS and CMS selected by LHCC)

Technical Proposals Approved

Approval to move to Construction (materials cost of 475 MCHF)
Memorandum of Understanding for Construction Signed
Construction Begins (after approval of Technical Design Reports)
ATLAS and CMS assembly begins above ground. LEP closes
ATLAS & CMS ready for First LHC Beams

First proton-proton collisions

A new heavy boson discovered with mass ~125 x mass of proton
Almost 30 years!,
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CERN: The European Laboratory for Particle Physics

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

[]It is now commonly referred to as European Laboratory for Particle

Physics

(]It was founded in 1954 and has 20 member states + several observer
states

[JCERN employes >3000 people + hosts ~10000 visitors from >500
universities.

1 b =
50 : APCHERCHE MUCLEAIRE:
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The Large Hadron Collider at CERN

London
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The LHC Accelerator

Protons are accelerated by powerful
electric fields to very (very) close to
the speed of light (superconducting
r.f. cavities)

And are guided around their circular
orbits by powerful superconducting
dipole magnets.

The dipole magnets operate at 8.3
Tesla (200°000 x Earth’s magnetic field)
& 1.9K (-271°C) in superfluid helium.

Protons travel in a tube which is under
a better vacuum, and at a lower
temperature, than that found in

¥ 120 tons of stiperflfid
helium — a véry intgresting
engineering matergl!
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LHC Accelerator is Performing according to Design
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The LHC energy was increased in 2012 to 4 TeV/beam

2011: examined 350 trillion pp interactions
2012 (up to end-June) examined another 400 trillion pp
interactions

(500 million proton-proton interactions/s!)
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CERN'’s Particle Accelerator Chain
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™ The L_arge Hadron Collider at CERN
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Schematic of an HEP Detector

Physics requirements drive the design (e.g. search for the Higgs boson)

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.

In 1980’s: “we think we know how to build a high energy, high luminosity
hadron collider — we don'’t have the technology to build a detector for it”
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Particles that are detected in an HEP Detector

Any new particles will manifest themselves through known particles

Photons, Electrons, Muons

Forces

23
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One picture” of a pp collusion at 8 TeV
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A 3D 100 Mio Pixel Digital Camera

Trigger and Data flow:
Analogy with a 3D 100Mio digital camera! CMS in 2012:

1. At the LHC 40 million pictures per second a produced!
> information content equals ~10.000 encyclopedias per
second! We call these pictures “events”. (1PB/sec)
2. First selection of interesting pictures: 100.000/sec
> Each picture has a size of about 1MB. The tool that performs
this selections is called “L1 Trigger”. (100 GB/sec)
3. The 100.000 events/sec are further analyzed in a big
“online” computer farm (~20000 CPUs) called High

Level Trigger (HLT)

> out of 100.000 events/sec the most interesting ~1000 events
are permanently recorded. (up to 1GB/sec)

4. Recorded data are processed and distributed in the

world for physics analysis:
> ~10 Mio GB/year (or ~3 Mio DVDs/year)



Computing: Networks, farms and data flows
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World-wide coverage - over 200 sites

Ultra high speed data transfers
~100,000 CPUs

100 petabytes storage

Statistics;

; H o «d by e-Science, HEP
Concees. 0 | Impenal Cﬂltege
London

T
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Performance: CMS and LHC
High Data recording efficiency High Data recording efficiency
2012 certified for July4th Certified in 2012 total
‘Golden’: 5.19 b1 (85%) ‘Golden’: 18.3 fb1 (86%)
Muon: 5.62 fb-1 (92%) Muon: 19.4 fb-1 (92%)
The CMS detector is performing CMS Integrated Luminosity, pp
according to (beyond) design' o Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC25
" -~ 25 . ‘ : ‘ ; : ‘
o - 2 = 2010, 7 TeV, 44.2 pb !
99% of the channels operational < EE e
=20 "\ —— 2012, 8 TeV, 23.3 ! 120
o
c
E 15} HCP ey 115
2 | For July4th =k
HCAL Outer b >1000 trillion
HCAL Forward 4&; 10+ - t t 110
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e E s PRI
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2 0

) o
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N R e L
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97-1% | 97.75% 97.1% 99.16%  98.54%  99.92%  99.96%  99.88%  96.88% 99.1%  97.67% 98.2% Date (UTC)

Computing: Tens of petbytes/year LHC current] :
: y running at around 600
400M jobs/month million proton-proton interactions/s!)
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CMS Performance: Tracking and Muons
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Re-Discovery
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Standard Model Higgs Boson

WANTED

Ayx? DEAD OR ALIVE

6 _uby 2011 " . —'IS1 L={=A1)
23 (5) H
= X1 Aoy = E |
= -". — 0.02750+0.00033 L
%l D.D2749+0.00010 H
£ - it== incl. low QF data g —

&7 mh(GeV)300

NOTORIOUS ROBBER OF $5 [Im] 00 h
TRAINS AND BANKS '~ Ay s

REW ARD i

THIS NOTICE mﬁ m: ru.u nl ALL PREVIOUS
CONTACT sumr! w.ﬂm :wm MISSOURI JULT 20, 188
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Standard Model Higgs Boson

WANTED

Ax? DEAD OR ALIVE

6 g = 167 GeV
1 (5) H
= 31 A,y = E |
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CONTACT sumn wmm mmm MISSOUR JULT 20, 188
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Standard Model Higgs Boson

WANTED

Ay? DEAD OR ALIVE

6 Juhy 2011 .

__ . ﬂ'“i‘—.?d n
5 11— 0.02750+0.00033  jf : =]

ii-- 0.02749+0.00010 g :

2 - it-- incl. low Q° data 3 —
3 —] _—
2 —] —]
1 — -
0 | Excluded e

30 100 mh(GeV) 300
NOTORIOUS ROBBER OF

TRAINS AND BANKS 0(1 0B) « Bt “I{‘nﬁ‘.‘n

REWARD =+

THIS WOTICE mes m ruu rm PREVIOUS
CONTACT 'EIIH.!F! n.mﬂs mmm HISS0UN JULT 26, 1831

Pre-LHC:

» mh(SM)<161 GeV
preferred @ 95% CL from
EWK Fit

» mh(SM)< 114 GeV
excluded @ 95% CL from
direct searches at the LEP

» mh(SM) [156, 177] GeV
excluded @ 95% CL from
direct searches at the Tevatron

The preferred mass region of a SM-

like Higgs
was below 200 GeV
(and above 114 GeV).
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WANTED

SM-like Higgs Boson

SM: Constrained Phase Space

mh(SM)<161 GeV @ 95% CL

LEP direct search:
>114.5

DEAD OR ALIVE SUSY: Accessible Phase Space
!
= MSSM
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SM Higgs Boson Production

000000 4 Gluon-gluon production (ttbar loop) dominates.
P e.g. No. of “H,,.” produced = 25pb x 10fb-' = 250,000

\s=7 TeV

-
o

top 102

_ = — — |

100 200 300 400 500

LHC HIGGS X5 WG 2010
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SM Higgs Boson Decay

bb, 1t < |
h
ZZ,WW -
o
h ~— Wz
ZQL?
&'
AVAVAVAVAVAV:
W top photon
;_ -—
photon
AVAVAVAVAVAV:
AVAVAVAVAV.
W W 'T'?? % photon
R
L)"/Z,é\/ photon
AVAVAVAW,

U) 1 T I I I i64|.° I I | i I ]
O - — ° .
© [ bb \1:\\ i
(@) — ] i
£ B I i
5 149%
§ 1 0-1 __TT i lgg —_
& = :
_CC ' i
107 :
. Zy i
/ . -—'_ﬂ
1 0-3 | Ll 4—/ Co
100 120 140 160 180
vy is 2 per mille ~ 400 vy events | My [GeV]

ZZ — 4lis ~104

~ 10 4l events

LHC HIGGS XS WG 2010

200



Imperial College

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT ;h
Run/Event: 194108 / 564224000 ﬂ
didat
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CMS - Search for the SM Higgs boson: H-yy

Observe a peak at 125.3 GeV
As particle seen in di-photon mode it must have spin 0 or 2

%2000 - CMS Preliminary —e— S/B Weighted Data
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ATLAS - Search for the SM Higgs boson: H—-yy

Observe a peak at 126.5 GeV

> 1 "1 ° " 1 " "1 1 ]
o, > ATLAS 4 DataS/B Weighted .
Ny 1001 Sig+Bkg Fit (m,=126.5 GeV) =
(9] [ —
:cEn 80 :_ -------- Bkg (4th order polynomial) _:
3 . .
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40— —
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2 8F
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ZZ™ — 2u2e Channel

QATLAS

http://atlas.ch

Run: 182796
Event: 74566644
2011-05-30 07:54:29 CEST
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CMS - Search for the SM Higgs boson: H—-Z2Z—-4l
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ATLAS - Search for the SM Higgs boson: H—-Z2Z—-4li

[ e Data ATLA
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Higgs & 2 photons!! —— Higgs & 2 Z &4 leptons!!

- B ——le g40F ATLAS | y| | A clear “excess”
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10F T .
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And the result is... &
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< Combining the Results from the Searches for

the Higgs boson

ATLAS and CMS have each independently discovered a new
heavy boson at approximately the same mass

ATLAS 2011 + 2012 Data -
--- Exp. Vs=8TeV: |Ldt=5.8-59 fb ;

L
10~ — Obs. Vs=7TeV: [Ldt=4.6-481"

Local Significance

24 ieieieieteieteletteteteteleisleteteleleiesteielstseteteleleils poThnnnnmmt I i .
100 200 300 400 500 600
m, [GeV]

ATLAS combined local significance
Expected: 5.00

Observed: 6.00

At a mass of 126.5 £ 0.6 GeV

Local p-value

1 CMS Vs=7TeV,L=511f" \s=8TeV,L=531b"
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
| | | -
= q2
104 =
F 130
= Y// =
104 LT \ _—40
el D il
10 — “‘ \-/ —5(5
16 = "’~.__ e
~~~~ 60
| | === Combined obs. &l
10719 —|---- Exp. for SMH —
|| = Vs=7TeV el
10_12‘ — {s=8TeV : : ,‘I . 17s
110 115 120 125 130 135 14 145
my, (GeV)

CMS combined local significance

Expected: 5.80

Observed: 5.00
At a mass of 125.3 + 0.6 GeV
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Is the Higgs Boson finally surfacing ...?

%:2000 - CMS Preliminary —e— S/B Weighted Data
(51800F Vs=7TeV,L=5.1f" ::gB:ii(tComponent
N~ - V\s=8TeV,L=5.31fb" 4o
51600 =
14001
wn _
-'GE)1 200 —
>1000F
L C
© 800
2 -
%_5) 600 -
O 400F
= _F

200 —

O :I ] ] | | ] ] | | ]
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A New
Heavy Boson

Born on the 4* of July 2012!




Where are we after

the full analysis of
the 2012 data?
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Events / GeV

Data - Fit

H->yy: Example ATLAS (CMS similar)

Vs =7 TeV J Ldt=0.021b ' Apr 18, 2011

4500
4000
3500

_+_ Data ATLAS Preliminary

3000 H—yy channel

— Background-only
2500
2000
1500
1000

500

1
]

TP P PP P g gy
¥ :

200

0

-200 ]

100 110 120 130 140

All available data are analyzed!

m?, =2 E; E, (1-cosa)

CMS Integrated Luminosity, pp
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Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

= 2010, 7 TeV, 44.2 pb™!
— 2011, 7 TeV, 6.1 b
—— 2012, 8 TeV, 23.3 b
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H->4l :Example ATLAS (CMS similar)

> 35 _I L | T 1T T T | 1T T T | T 1T T T | T 1T T T | T 1T T T | T 1T T T | T 1T T T L I_
3 - Ys=7TeV _[ Ldt=0.05f " Apr 24, 2011 - _ _
© 30 — » 4 isolated high p; leptons
‘% = - » consistent with Z decays
o ATLAS Preliminary > from same vertex
E H—zz"~s4l channel E
20 - [ Signal (m =125 GeV) 1
B I Background 2Z" ]
15— B Background Z+ets, tt ]
- —4— Data _
10— —
5 —
_U n_l!!_*!!!!!!! ' IIIIIIIIIIIIIIIIIIIIIIIII_
5 10+ —
S
on
S 0 -
4]
m
s 10 —
a 50 100 150 200 250 300 350 400 450 500
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So, is it THE/A Higgs boson?

Some key questions to look at:

Does it have spin 0 or 27
Is it scalar (JP=0*) or pseudoscalar (0-)?
Is it elementary or composite?
Does it couple to particle masses (~M2, ~M,#) ?
Quantum (loop) corrections?

What are its self-couplings?
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Scalar or pseudoscalar?

Test angular distributions under both 0+ and 0- hypotheses

-y 0_1:04||||||||||||||||||||||||||||||||||||||||||||||_|: CMS (s=7TeV,L=5.1f"; {s=8TeV,L=19.7 fb"
= = . — _ﬂ L DL L L L |
S 0.09E 2z, Zy 4 5 Lo
o JP=0" (SM Higgs) 1 E oif ]
= 0.08 99 - 5 f
JP=0 =E % i — CMS data
N 007 et S & oosf .
© 0.06 . ERE: i
S 0.05 - 4 008 _
Z = ] i
0'04 ] _; 0.04r I
0.03F _{1‘-;;"-- =
0.018~ , o o A
0 010203040506070809 1 E2?-0 -20  -10 0 10 20 30
KD -2 In([,o. 1L )

scalar (0*): data fully consistent
pseudo scalar (0-): data different by ~2.5 standard deviation
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It looks quite a bit like the SM Higgs...

Signal strength and comparison to SM Higgs

| [ [
ATLAS Preliminary
W.,Z H — bb

Vs =7TeV: | Ldt=4.7 " °
Ye=8TeV: JLdt=13 @’
H— 1T
Vs=7Tev: [Ldt =468
Ys=8TeV: JLdt=13 M’
*

HoW
Ys=8Tev:|Ldt=13m"

H— vy
\s=7TeV:|Ldt=4.8f"
Ys=8TeV: | Ldt=59 !

H—2Z" - 4l

\s=7TeV:|Ldt=48m"
Ys=8TeV |Ldt=58m"

) — viv

| I I [

i m, =126 GeV

Combined L=13+03 :

Ye=T7TeV: JLdt=46-480" e

Ve=8TeV: JLdt=58- 131"

| | I | | ] |
-1 0 +1

Signal strength (u)

ATLAS: 1.3 £ 0.3

H— bb
n=1.15+0.62

H—n1t
uw=1.10x 0.41

H— vy
n=0.77+027

H—>WW
u=0.68%0.20

H-ZZ
n=0.92+0.28

Is=7TeV,L<5.1fb" Ys=8TeV,L<19.6 5"

CMS Preliminary my, = 125.7 GeV
P, =0.65
PRI AR EPRRTIE RPN R

0 0.5 1 2

1.5 .
Best fit GfGSM

CMS: 0.9 +£0.2
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Do Couplings Scale as Expected in the SM?

London
Vs=7TeV,L<5.1fb" {s=8TeV,L<19.6fb"
CMS Preliminary m,=125.7 GeV
Py, = 0-65
H— bb
it=1.15+0.62 : =
H— 1t
t=1.10+0.41 ;.
H— vy =
p=0.77+0.27 :
H- WW _
p=068%0.20 ;
HoZZ :
L=0.92+0.28 .;
lllllllllillllllllllllll
0 05 1 E

15 2 .
Best fit G/GSM

Coupling A

Best Fit M =241 +18, ¢e=0.05+0.08

10!

J.Ellis & T. You, arXiv:1207.1693

wil ez b _ Wz t
10 10 10
m [GeV]
2(1+¢)
71 1+E 7
hpe— x/E( ! ) yov = 2| Y
d M Y M+

Standard Model: € = 0, M = v = 246 GeV
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So, is it THE/A Higgs boson?

Does it have spin 0 or 2?
It is not spin-1: it decays to two photons (Landau-Yang theorem)
spin 2 is disfavored in several channels/analyses.

ls it scalar (JP=0*) or pseudoscalar (0-)?
Pseudoscalar strongly disfavoured

Is it elementary or composite?
No significant deviations from Standard Model are found

Does it couple to particle masses (~M2, ~M,#) ?
Appealing evidence that it does

Quantum (loop) corrections?
vy coupling > Standard Model (but not yet significant)

What are its self-couplings? High Luminosity —LHC (>2022)
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So, is it THE Higgs boson?

Does it have spin 0 or 2?

It is not spin-1: it decays to two photons (Landau-Yang theorem)
Spin 2 11inlikelv hiit can eanfirm via anniilar dictrihiitinn nf decave intn Y

So, with all this in mind we declared in 2013
Is it the new particle to be
Fse A Higgs boson!

Proving (or falsifying) the hypotheses of
“THE SM Higgs boson”
will likely keep us busy for many years!

Quantum (loop) corrections?
vy coupling > Standard Model (but not yet significant)

What are its self-couplings? High Luminosity —LHC (>2022)



Standard Model Particles:
Years from Proposal to Discovery

Electron

Photon Lovers of supersymmetry:
Muon DO nOt deSpaIr!

Electron neutrino
Muon neutrino
Down

Strange

Up

Charm

Tau

Bottom

Gluon

W boson

£ boson

Top

Tau neutrino

HIGGS BOSON

Source: The Economist
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Concluding |

» The LHC project (the accelerator and experiments) was
conceived & designed to tackle fundamental questions
in science (some which go to the heart of our existence).

» Unprecedented instruments in scale and complexity
Driven by the science many technologies pushed to their
limits.

» The Project has required a long and painstaking effort
on a global scale — a tribute to human ingenuity and
collaboration.
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Concluding |l

We have discovered a particle sans precedent
We believe it is a Higgs boson, a fundamental spin-0 particle, and its
discovery has far-reaching consequences on our thinking about Nature.

For the first time we have detected a fundamental scalar field!
It is possible that fundamental scalar fields are responsible for the
inflation in the early universe and the acceleration of the expansion of the
universe recently observed
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Concluding |l

We have discovered a particle sans precedent
We believe it is a Higgs boson, a fundamental spin-0 particle, and its
discovery has far-reaching consequences on our thinking about Nature.

For the first time we have detected a fundamental scalar field!
It is possible that fundamental scalar fields are responsible for the
inflation in the early universe and the acceleration of the expansion of the
universe recently observed

Opens a window on physics beyond the standard model
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Concluding |l

We have discovered a particle sans precedent
We believe it is a Higgs boson, a fundamental spin-0 particle, and its
discovery has far-reaching consequences on our thinking about Nature.

For the first time we have detected a fundamental scalar field!
It is possible that fundamental scalar fields are responsible for the
inflation in the early universe and the acceleration of the expansion of the
universe recently observed

Opens a window on physics beyond the standard model

The most exciting part of this incredible journey has started
Physics exploitation of the LHC is likely to continue
for 2 more decades!
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Re-start of the LHC in 2015 — 13 TeV
LHC 2015 RUN (6.5 TeV/beam)
450[} | | | | | | T T T T T
-1
— ATLAS 4215.578 pb CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV
7 4000H_,  cMs4220.089 pb! 1
.& | - Data |ncluded from 2016-04-22 22:48 to 2016-05-08 23:59 UTC -
; 3500 H LHCb 346.563 pb - HT . - LHC Dellvered 43 21 pb !
= —8— ALICE 6.789 pb! =0 A\ [ CMS Recorded: 34.60 pb 40
E 3000 HPRELIMINARY 2 35} 35
= b 30| Prefiminary 185
3 3 (so far) 125
)
@ 2000 | T >0 {20
o ]
o T 15| 115
c 1500+ -4
yo) t 10| 110
v =
T 1000 + B sl s
> °
E 500 = ' ' ' ; ' ' ' i
L < < < < < N N N 3]
& 7 po o5 po 2 po 0 po 9 po 1@\0 D‘"\o 6@\6 %@\a
0 | | Date (UTC)

Jan FebMarApr May Jun Jul Aug Sep Dct Ncw Dec
Month in 2015
(generated 2016-04-18 15:38 including fill 4369)
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Extension of the Standard Model: Introduce a new symmetry
Spin %2 matter particles (fermions) < Spin 1 force carriers (bosons)
Standard Model particles SUSY particles
@
E Forces an g "’*-ﬁig.s}s'iniﬁlﬁ? .
t ® ¢ o o £ = 4neut|alinus
< T Voo Vs Vs Z X+
E %l.' ~ % % ~ '1 2 chawmus
o ) e M T W
E 7)) Gravitino
Squarks Sleptons = Susy

Force particles

_ 15 B+L+2s
New Quantum number: R-parity: Rp = (— 1) = +1 SM particles

R-parity conservation: -1 SUSY particles
* SUSY particles are produced in pairs
* The lightest SUSY particle (LSP) is stable
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Supersymmetry

Extension of the Standard Model: Introduce a new symmetry
Spin %2 matter particles (fermions) < Spin 1 force carriers (bosons)
Standard Model particles SUSY particles

Higgs
~ R \’ 4 neufralinos
- b - 3 & rginos
: Gravitino
Graviton
Quarks o Leptons . Force particles Squarks ' Sleptons & Susy

Force particles

: 1 B+L+2s

New Quantum number: R-parity: Rp = (— l) = +1 SM particles
R-parity conservation: -1 SUSY particles
* SUSY particles are produced in pairs

The lightest SUSY particle (LSP) is stable
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No sign of Supersymmetry yet!

1 CMS Exper t at'the LHC, CERN '1 CMS Experiment at the LHC, CERN
./.4 Data recﬁrded 2R 051854414801 GMT(OO1854 CDT]I 4“- Data recorded: 2010-Oct-26 05:13:54 414301 GMT(00:13:54 CDT)

Run / Event: 148953 / 70626194
Fun / Event; 1 26194 un / Even

8~

5

— |

(et

'|||||u_:j|||||||||||||||||||||||||||'

4 70 | R L
A ke - CMS, 1.141b" 5 =7 TeV
P 80 = e  Data, hadronic signal sample
i / N O Prediction from L and ¥ data samples
{ 4 50 = — — - Mominal hypothesis + SUSY LMS —
/. 5 - Nominal hypothesis (p value = 0.56) |
// ,,;: 40 e H-independent hypotheais (p value = 0.41) I
! o 30 | r——1
In the simplest models of SUSY the o I___|
masses of superpartners of quarks o w...ih.,.jﬁ-— L foreen e
and gluons must be larger than 5 . . | .lf j,q .[ﬂ
200

~ 1000 x mass Of protons ¢ 300 400 500 600 700 800
H,(GeV)
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Searching for Extra Dimensions

- grand unified theories A
- models with extra dimensions N
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3 5
Search for Heavy Vector Bosons W’/Z
— Di-electrons
Muons + missing E; i
2 100 . E
¢ t CMS Ve=7TeV |Ldt=47fb"
o 107 T ] — Ew‘? { pama E
c @ Data 2011 C R -
SR ATLAS [(JW'(500) 51035 I e 5
L W — nv CJW'(1000) l.ﬁ = I it + other prompt leptons 3
10° \s=7TeV [JW'(2000) 102 [ ] jets (@ata
py [Ldt=1.041" E;" 10 binsize
10° Bl ttbar
[] Diboson 1

107
10

10
1072

10°

10°

[JacD

m; [GeV]

ATLAS: W - v
M, > 2.15 TeV 95% CL

3
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1 IIII|,|,|,| IIIII|,|,|,| LI

1000 zu'uu
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CMS: ee and pp
M(Z’s5,)> 2.3 TeV 95% CL
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A glimpse of the construction
of LHC experiments
e.g. the CMS crystal calorimeter
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Example of Challenging Technologies:
ECAL: Lead Tungstate Crystals

Physics Driving the Design
Measure the energies of photons from
a decay of the Higgs boson
to a precision of < 0.5%.

Idea (1993 — few yellowish cm?® samples) . . e
— R&D (1993-1998: improve rad. hardness: purity, echio;netry, defects)
— Prototyping (1994-2001: large matrices in test beams, monitoring)
— Mass manufacture (1997-2008: increase production, QC)
— Systems Integration (2001-2008: tooling, assembly)
— Installation and Commissioning (2007-2008)

— Collision Data Taking (2009 onwards)

s Diecovery of a new heavy boson (2012)
At ~ 20 years !!!
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Assembling the Calorimeter

Submodule
2¥%5 crystals

M.:, -

SUpeFmoduIe
1700 crystals

Tl 36 Supermodules
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Installation of Barrel ECAL

CMS has more crystals (75000) than all previous HEP experiments put together
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Spectacular Operations (Feb. 2007)
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Standard Model — Electroweak Interaction

Production of Mediators of
the Weak Force
(W and Z bosons)

;| CMS Experiment at LHC, CERN
CMS 3 Run 133874, Event 21466935

il Lumi section: 301

Sat Apr 24 2010, 05:19:21 CEST

.| CMS Experiment at LHC, CERN -
CMS | Run 135149, Event 125426133 " 4
il Lumi section: 1345 S
Sun May 09 2010, 05:24:09 CESF

Electron p;=35.6 GeV/c
ME; = 36.9 GeV
Mr=71.1GeV/c?

A ,//,
Muon p=67.3,50.6 GeV/c
Inv. mass = 93.2 GeV/c?

Woev

1in 10 miIIiQn pp interactions "
producesa W —=ev o
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<ren - Standard Model (Electroweak) Measurements

1 in-10 million pp interactions producesa W - e v

[Pb]

Production Cross Section, O\t

—
o
o

B _ | <L CMS 95%CL limit N
% - : ® CMS measurement (stat®syst) %
- 2] O i —— theory prediction _
:—hg_ =1] : —
S - . -
= T :
= >3] : ZY : 5 ? —
— J : - | : | : : 3
- R s U -
B = | FWW | 7
= = T L owz E
- . ! | 77 ]
= % 7 Huzp
= o - | 5 X -
: ET >30 GeV | ET>10 GeV | | :
| In®1<24 | AR(y,)>0.7 | V7777
| 36 pb’ . 36pb’ 1.1fb? 47107
JHEP10(2011)132 PLB701(2011)535 CMS-PAS-EWK-11-010  CMS-PAS-HIG-11-025

CMS-PAS-EWK-10-012
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Growth in Clock Speed and Memory
100 . ;f;,f Se
Memory 256 Mb .-__..-"'PIL._. Ll:HJi'i:
1GE R - __[:_j =
“a 1 GHz
2 16Mb " 200 MHz
S 10° e =
% 1 ME _,x"ﬁ ¥ 25 MEs j/_
E .1@5_ I TvlLd .-___;;_:-
- ,,f”
G
Z 100
10¢
2 M}-T 2 TDAL project ifetme -
z :
100 | | | —I
1970 1980 1990 2000 2010

Processor performance growth has been following Moore’s law since 1970.
Moore’s Law describes the performance increase for semiconductors and
was estimated in 1971 as “doubling every 18 months”
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