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‘ Administrative Points

= 3 lectures:
o Wednesday 12:00-13:00: 6th May : 1) Radiation and Accelerators
o Friday 11:00-13:00: 8" May : 2) Particle Interactions, and

Detectors; 3) Search for the Higgs and Supersymmetry.

= Course Objectives, Lecture Notes, Problem examples:
o http://www.phys.soton.ac.uk/module/PHYS6011/
o http://hepwww.rl.ac.uk/fwilson/Southampton/

= Resources:
a K. Wille, “The Physics of Particle Accelerators”
a D. Green, “The Physics of Particle Detectors”
o K.Kleinknecht, “Detectors for Particle Radiation”
o |L.R. Kenyon, “Elementary Particle Physics” (chap 3).
a
a

Martin and Shaw, “Particle Physics”
Particle Data Group, http://pdg.lbl.gov

Fergus Wilson, Email: Fergus.Wilson at stfc.ac.uk
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Universe energy

= Time, energy (temperature) and

distance are related.

= High momentum : small distance : & 0o
short wavelength : high temperature : G
early Universe

UnIV

UnIV

(K)=1.5x10"t"*" t<10"'secs
(K) 2)(1010 -1/2
Boltzmann constant, k =8.619x10"eV K™

t>10"secs

Znd of tuflacjagy

........

s
Last Scatten‘ng

Energy |Age (secs) |Temp. (K) |Observable Size

1eV 1013 104 106 Light Years

1MeVv |1 1010 10% km

10 Tev |10%4 10/ 102 mm
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Natural Radioactivity

= First discovered in late 1800s (X-rays Becquerel 1896)
= Used as particle source in many significant experiments

o Rutherford’s 1906 experiment: elastic scattering a+N— a+N

o Rutherford’s 1917 experiment: inelastic scattering a+N— p+X
= Common radioisotopes include

a >Fe: 6 keVy, 1, =2.7 years (1938)

o %Sr: 500 keV B, 1y, = 28.9 years (1790) = HSRTG

o “2Am: 5.5 MeV a, 1y, = 432 years (1944) e soe l
a 219Po: 5.41 MeV a, 1, = 137 days (1898)

= Radioactivity of food
o Bananas : 3500 pCi/Kg mwu s t-,;u a—
o Beer: 400 pCi/Kg ——
Mldspdn Heat

= Easy to control, predictable flux but low energy i vownine o) N\ g
1 T : Flange My ]l Fo l Si- (e llmu:uple ot upport
= Still used for calibrations and tests he Tt

Plutonium 238

Active Cooling System
(ALS]M lld

———————

sulatic

Cassini probe: http://saturn.jpl.nasa.gov/index.cfm
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‘ Cosmic Rays
= History

o 1912: First discovered (Hess)

o 1927: First seen in cloud chambers

o 1962: First 10%° eV cosmic ray seen
= Low energy cosmic rays from Sun

o Solar wind (mainly protons)

o Neutrinos

= High energy particles from sun, galaxy and perhaps
beyond

Primary: Astronomical sources.
Secondary: Created in atmosphere.
Neutrinos pass through atmosphere and earth

Low energy charged particles trapped in Van Allen
Belt

o High energy particles interact in atmosphere. |
o Flux at ground level mainly muons: 100-200 s m~
= Highest energy ever seen ~10%%V

a
a
a
a
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‘ Cosmic Ray Experiments il

= Primary source for particle physics
experiments for decades Lead plate

= Detectors taken to altitude for larger
flux/higher energy

= Positron (1932) and many other
particles first observed o
Is the B-field in or out of

Modern experiments include: the page?
= Particle astrophysics

o Space, atmosphere, surface,
underground

= Neutrino
o Solar, atmospheric
= “Dark Matter” searches
Still useful for calibration and testing

Which direction is the e*
moving (up or down)?

1912 CTR Wilson Cloud Chamber

0th and 8th May 2015 Fergus Wilson, RAL



‘ Cosmic Rays - Pierre Auger Project

H“-':‘_-H . Ea, Pampa
‘nas =~
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'y . 1600 detector stations
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Dark Energy and Dark Matter

Most of the Universe is invisible.

Dark Energy:

o Exerts a negative pressure on the
Universe

o Increases the acceleration of the
galaxies.

Dark Matter:

o Just like ordinary matter but not visible

: Baryonic Dark Matter
~2% of the Universe
MACHQOS, dwarf stars, etc...

1
a
a
2. Non-Baryonic Dark Matter
d
d

~249% of the Universe

Hot (neutrinos) and Cold (WIMPS, axions,
neutralinos).

(does not give off light). o Expected to be mostly Cold
Dark v(kmls)
Energy
68.3%
: : M (r)
Rotation Velocity v(r) = — EXfiEGEd

= from
TODAY 1 . - luminous disk

Outside Galaxy v(r) oc —
y v(r) N

Dark

Neutrinos
10% Matter
63%
10
Photons R[kpc}
15%

M33 Rotation Curve

13.7 BILLION YEARS AGO .
Fergus Wilson, RAL 10
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Residuals (cpd/kg/keV)

Dark Matter - DAMA /LIBRA

0.1
0.08
0.08
0.04
0.02

-0.02 B
-0.04 E
-0.06 F
-0.08 E
—0.1 E

2-6 keV

As the earth goes round the sun, its velocity
relative to the galaxy changes by +/-30 km

Look for nuclear recoil in Nal as nucleus
interacts with “dark matter” particle.

Expect to see a change in the rate of
Interactions every six months.

But is there really a pattern? and is it really
dark matter?

¥————— | DAMA/Nal = 1(0kg 4——>

(0 29 iioanr)

| <— DAMA/LIBRA ~0S0kg —>
b ' [0 8‘7toh><yr) i P

http://arxiv.org/abs/1301.6243

a000
Time (day)

0th and 8th May 2015
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Neutrino Oscillation
|Va> = ;Uai |Vi>

a = neutrino with definite flavour (e,u,t)

P

a—>f

= |< vy lo,(t) >|2

Neutrinos “Oscillate”:

o Can change from one type to another.
o Implies v have mass.
o Oscillation experiments can only

measure difference in squared mass

I = neutrino with definite mass (1,2,3) Am?2
U, = PMNS mixing matrix U, U, U,y
: : AM’L GeV I:Ue v UT} = Yu 2 3 || V2
P =sin?(20)sin*| 1.267 8 S
= (20) ( E eVkaj U, U, U,jlu]
IJ IJ T \ llﬁ't A M;"\." v J ‘Ilflllk.-"l
1< 2 Solar 8.070°x10™ 33.4%)% Vil
| ' || |[I||||I || II|IIIIII J h
2 <>3 Atmospheric 2.470:x107° 4547 1 ) ' v
1<>3  Nuclear 2.32x10° 8705 IO,
L/ E (km/GeV)
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Some Neutrino Detectors — Present and Future

Super-KAMIOKANDE

£

Wit Moguchi-Goro
2,924m

18]

—.--,'--.,':'V'\.J'".“‘_H_T et

-

Super Kamiokande Antares

tokvo ac.ip/

W’”\ Mdv\\

T2K hepwww.rl.ac.uk/public/groups/t2k/T2K . html

Intermediate neutrino detector

__ — water agulv. =
1 unum - - .._ - P ———

295 km

Ice Cube
http://icecube.wisc.edu/

0th and 8th May 2015

http://antares.in2p3.fr

Fergus Wilson, RAL
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‘ Particle Sources

Want intense monochromatic beams on demand:

1. Make some particles
Electrons: metal + few eV of thermal energy
Protons/nuclei: completely ionise gas

2. Accelerate them in the lab

+ve

° ¢ KE.=eXV
1 0 I

V

0th and 8th May 2015 Fergus Wilson, RAL
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Creating Electrons

Triode Gun
Current: 1 A

G — Voltage: 10 kV
i ! II‘ A . .
o oamene SN The grid is held at 50V
Y =l e below cathode (so no
oy Tl 7 - electrons escape).
= e R i
Vg=—20V e When triggered, grid
GEloeeey voltage reduced to OV.
Electrons flow through grid.
Pulse length: ~1ns
0th and 8th May 2015 Fergus Wilson, RAL 15



Creating Positrons

p@ggggﬁ;g}or Example of
~147 GeV & ”&‘;;ﬁi.?éd.t‘sﬂtﬁmm,mm how it will be
eheeve done at the
"
helical undulator r Ohtle LY ydump I LC (2027 ! )
cgg;rrrla%gc;r %lgéuh;gvl)?l: 9 dump Damping Ring
= High energy e- emit photons in undulator.
= Photons hit target (tungsten)
= Positrons and electrons emitted by pair-production.
= Electrons removed, positrons accelerated. PEP Il
= Inefficient: 1 positron for every 105 high energy electrons. Low E"E"g’{
?Eie‘u‘]
Morth Cramping
[1'.'1%@&“

Positran Feiurm Line Positron Source
|

&-gun

Example of how

. = ke o e T3 e e
It is done at 200 ey Lingo
mnjpacuor

SLAC (2005) | SounOampng || 9210 7P PEP I

[1 15 Gav] PEP Il Low Energy Bypass (LEB) High Ener

o Ring (HE

Sactor-4 F'IEF' Il [g GE‘H‘]

et injeclor
- 3 km -

0th and 8th May 2015 Fergus Wilson, RAL
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‘ Creating Protons — P1G (Penning lon Gauge)

power |
supply | 4
cathode
magnet \
pole

extraction

anode

7!’ Z

‘electrode

HZT magnet pole

Hydrogen gas bottle

Tevatron

= lon source (e.g. H,)

Introduced as a gas and
lonised.

Magnetic field 0.01T
perpendicular to E-field
causes ions to spiral along
B-field lines.

Low pressure needed to
keep mean-free path long
(103 Torr).

Modern methods are more

complicated.
http://www-bdnew.fnal.gov/tevatron/

6th and 8th May 2015
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‘ DC Accelerators — Cockcroft Walton

How it works Cockcroft and Walton’s Fermilab’s 750kV
Original Design (~1932) Cockroft-Walton
_— P
T e :
Discharge tube ': — Frotons
®— Eou | -
© ‘ E
: Heetler:t;: !! _'E;:':;Jt':m
) '
A Aooslerated i-E — 400,000
Protons !!. Voles
o L Flouresoen
transformer = Varunm -q—lzg) !f: ;}reen )
Target
(i thaumi N el ff iR
* ,_-% Microscope
Figure 1.2 E::I:T

= DC accelerators quickly become impractical
= Air breaks down at ~1 MV/m

0th and 8th May 2015 Fergus Wilson, RAL 18



‘ DC Accelerators — Van der Graff

Van de Graaf at MIT (25 MV)

tmetal dome to +
collect positive
charges

10N SOUrce
comb of needles

positive particles
accelerated down
from source

maowing belt to
carry positive
charge to dome

comb of needles

o
10 kilovolts {_

insulataor

+ + + +|+ + + +/+
—

charge source l
bearm

1211995 Encyclopaedia Britanmica, Inc.
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CYClOtronS — vacuum chamber

electrodes —

- . L magnetic field
= Utilise motion in magnetic field:

p (GeV/c)=0.3gBR

= Apply AC to two halves \ 0 B

= Lawrence achieved MeV particles with =/ (L +
28cm diameter = :y_. . m
lon source

= Magnet size scales with momentum
accelerating gap -

Precision Graphics

0th and 8th May 2015 Fergus Wilson, RAL 20



Cyclotrons - Vartations

= Cyclotron limitations:
o Energy limit is quite low: 25 MeV per charge
o Non-relativistic velocity v < 0.15c

= Alternatives:

o Syncro-cyclotron

= Keep magnetic field constant but decrease RF frequency as
energy increases to compensate for relativistic effects.

o Iso-cyclotron

= Keep RF frequency the same but increase the radial magnetic
fleld so that cyclotron frequency remains the same:

= Can reach ~600 MeV ~gB(r(E))

a Synchrotron @ m(E)
= For very high energies. See later...

= Const.

0th and 8th May 2015 Fergus Wilson, RAL 21



‘ Linear Accelerators

For energies greater than few MeV: s
= Use multiple stages e it
= RF easier to generate and handle

= Bunches travel through resonant cavities oy ©

= Spacing and/or frequency changes with ad
VeIOCity [toward

= Can achieve 10MV/m and higher e
= 3km long Stanford Linac reached 45 GeV
= 30km Linear Collider would reach 250 GeV.

+ —p amount of energy boost

Position

Negative particles

e— Bunch Cloud

0th and 8th May 2015 Fergus Wilson, RAL 22



‘ Synchrotrons )

p (GeV/ic)=0.3gBR

Cyclotron has constant B, increasing R
Increase B keeping R constant:

o variable current electromagnets

o particles can travel in small diameter
vacuum pipe

o single cavity can accelerate particles
each turn

o efficient use of space and equipment

‘ ACCELERATING CAVITY

CERN AC - Z34 va - V13/3/98

Discret.e.components in ring mv2 = qu
cavities

o dipoles (bending) v Bq

a quadrupoles (focusing) W= ? - F

o sextuples (achromaticity)

o diagnostics f = Bq My

o control 2MiT m, +T

0th and 8th May 2015 Fergus Wilson, RAL
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Synchrotron Radiation

Accelerated charges radiate

Average power loss per particle:
Quantum process — spread in energy
For a given energy ~ 1/mass*

o (this comes from vy in the power loss
equation)

Electron losses much larger than proton

o High energy electron machines have
very large or infinite R (i.e. linear).

Pulsed, intense X-ray source may be useful for

some things....

0th and 8th May 2015

K' K

1 e*a? V2 E
Power loss (Watts) = —7" a=— y=—
6rg, C R m

8.85x10°E*

= Electron Power Loss per turn = MeV/turn

E in GeV, R in km.

7.78x10°E*

= Proton Power Loss per turn = keV/turn

Ein TeV, R in km.

bending radius

bending radius

/

/

accelerating
force

accelerating

electron
trajectory

electron

electron trajectory

radiation field

a h

Fergus Wilson, RAL 24



‘ Real Synchrotrons Grenoble, France

DIAMOND, RAL, UK |

0th and 8th May 2015 Fergus Wilson, RAL 25




‘ Fixed Target Experiments

Beam incident on stationary target

= Interaction products have large
momentum in forward direction

= Large “wasted” energy < small \'s

= Intense beams/large target = high
rate

= Secondary beams can be made.

P, = (E1’ ﬁl) P, = (Ez’ 52) E® = p2 + mg
Centre of Mass energy squared s=EZ =(p,+ p,)’

1/2
— Ecm :|:(E1+ EZ)2 _(ﬁ1+ﬁz)2:|

0th and 8th May 2015 Fergus Wilson, RAL
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‘ Fixed Target - Neutrino Beams

Target Service MINOS To Soudan
Building 7 Service
= Main Injector Building \
e T CW) o

Carri %:%3% v
Tunrébg Pio 1
Target Halllll nBeam Absorber _/ Minos Hall

beamMuon Detectors Minos Near
Detector

< 2
700 m

= Fermilab sends a v, beam to Minnesota
= Looking for oscillations
m Detector at bottom of mine shaft

0th and 8th May 2015 Fergus Wilson, RAL



‘ Colliders ¢ -
= Incoming momenta cancel ’ b
o s =2E.., orbit

N,
= Same magnetic field deflects opposite charges in opposite directions =
Antiparticle accelerator for free!

o particle/antiparticle quantum numbers also cancel
= Technically challenging

= £

Event Rate R = Lo |
particle
Current |i — niebe particles per bunch detector

particle

Luminosity = W, |1|22
droo, 4rniNe“foo,

X
N @\
frequency bunch size #bunches

0th and 8th May 2015 Fergus Wilson, RAL 28




Particle In =

Hergus Wilson, RAL
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How do we detect particles?

= Particle Types

a

o O O O O

Charged (e /K*/11) 0
Photons (y)
Electromagnetic (e)
Hadronic (K-/t1/u")
Muonic ()
Gravitons !

o o 0o 0O 0O O

= Interaction with matter

lonisation Loss

Radiation Loss

Photon Absorption
Electromagnetic Showers
Hadronic Showers
Cherenkov Radiation
Transition Radiation

In general, we measure the energy lost as the particle
passes through a medium.

0th and 8th May 2015
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Key; . Muon
Electron

Charged Hadron (e.g. Pion)
- )'M — — — - Neutral Hadron (e.g. Neutron)
Yy eeee- Photon

Transverse slice
through CMS

Silicon
Tracker

Electromagnetic
Calorimeter

Hadron

Calorimeter Superconducting

Solenoid
Iron return yoke interspersed
with Muon chambers
Om im 2m 3m 4m 5m 6m m
| | | | ] | | |
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Which particles interact with which subdetector?

(caveat: some particles leave a small signal in a subdetector e.g. muon in
EM calorimeter)

Electron | Charged Muon Neutral Photon
Hadron Hadron

Detector (K*/m™) (n°)
Tracking Yes Yes Yes
Cherenkov Yes
Transition Yes Yes
Radiation
EM Calorimeter Yes Yes
Hadronic Yes Yes
Calorimeter
Muon Detector Yes

0th and 8th May 2015 Fergus Wilson, RAL 38



‘ Charged Particle Detectors

= Physics

a
a

a
a
a

lonisation

Mean Energy Loss
Fluctuations
Cherenkov Light
Transition Radiation

10.

11.

12.

Detectors

Emulsion

Bubble Chambers
Scintillation Detectors
Wire Chambers

Multi Wire Proportional
Chambers (MWPC)

Geiger Muller
Solid State Devices
Time Projection (TPC)

Resistive Plate Counters
(RPC)

Limited Streamer Tubes (LST)
Cherenkov
Transition Radiation (TRD)

6th and 8th May 2015

Fergus Wilson, RAL

39



lonisation and Atomic Excitation

= Heavy Charged particles interact with electrons in material as
they pass
= Energy loss can be calculated: The Bethe-Bloch Equation

= Works for energies between 6 MeV and 6 GeV
= Function only of B (approximately)

Stopping @
Power \

——(chm g?) = Kq
Constant for

_distance (cm)
density (g/cm®)
material

Maximum energy loss

In single coII|S|on
T ~2mc’p*y’

lonisation

Density correction
4

0th and 8th May 2015 Fergus Wilson, RAL
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Ly’ Z (V)

oo
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jes)

[—
[=2]
T
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i

—
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-
=

0

Stopping Power

lonisation Constant

ICRU 37 (1984)

{(interpolated values are
/ not marked with points)
Barkas & Berger 1964

Bichsel 1 992\
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¢

uton Cu
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- ;a
55
10 =& & o —
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- Minimum effects 7
s ionization reach 19 1]
| Nuclear . ]
| losses . ;_7____,1 R
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1 \ | | |
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—dE/dx (MeV g~ lem?)

Mean Energy Loss in different materials

HE’ liquid

—rr

High energy

dx Ap? | 2

L1 11111l | I‘LII' 1 IIIIIII| | IIIIIII| L1 111111 /
0.1 1.0 100 1000 10000

||||(|:i.1 1 |||||l|.0 1 L 11t
Muon momentum (GeV/

100

IIIIII| 1 IIIIIII| 1 IIIIIII| | L 111111 | 1 1
0.1 1.0 10 100

Pion momentum (GeV/c)

1

1000

Low energy
~ 1/p2

0.1 1.0 10 100 1000 10000

Proton momentum (GeV/c)

Distance units (X):

Minimum at
> gcm
Y=3
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‘ Energy Fluctuations

= Bethe-Block only gives mean, not most probable
= Large high energy tail — 0 rays (“delta rays”)
= Landau distribution:

Ax (MeV g_l cm?)

0.50 1.00 1.50 2.00 2.50
| I 1 1 1 | 1 1 1 I | 1 1 I 1 | 1 I 1 1 |
. 1.0~ SR 500 MeV pion in sili
0-rays : electrons : e ]
i i “ 640 um (149 mgfem®™) 7]
pI’Od Uced by the Bethe‘ 08l _ r-f | ’ —-—-— 320 um (74.7 mg.-"-:mg}l _
= r Cop o ———- 160 um (37.4 mg/em®~)
Bloc?k_ equation that_ha\_/e o i 80 um (187 mefem? ]
sufficient energy to ionize 5061 S s
" o | ! Wl
further atoms through S T -~
I i 0.4 St L -
sub_sequent Interactions on : i Mean energy
their own. [ N I apa N loss rate
0.2 : 1 i
i i fI / l N
i R
D_D III-I.IJ..--I‘;I-C"'FI III|II |IIII|IIII|IIII 1111

100 200 | éﬂﬂ 400 SD[I}I T il3ﬂﬂ
A/x  (eVium)
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Particle Identification by Energy Loss (dE/dx)

1000

900 - !

800
700 -

\
600 -

e negative particles,
W\ AT\ PbPb, 2011 run,

500 —
400 —
300
200

TPC ionization signal (arbitrary units)

100 g

0 I I | F=
0.1 02 03 1 231G

Results from ALICE at LHC

0th and 8th May 2015 Fergus Wilson, RAL

44



lonisation Detectors

lonisation used to detect particles in different ways:
1. Observe physical or chemical change due to ions
2. Detect energy from recombination - scintillation

3. Collect and measure free charges - electronic

0th and 8th May 2015 Fergus Wilson, RAL
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http:\\choruswww.cern.ch

‘ Emulsions Expose film to particles and develop

Natural radioactivity was discovered
cco [ Tracks reconstructed by a this way
microscope | R g hardware video processor : : .
Still occasionally used for very high

frame to frame emulsion grains
coincidence x

X50 magnification g

~3um focal depth

precision, low rate experiments
Similar technique in etched plastics

CHORUS (neutrinos)

tomographic
image

- | 350 pm (175 um)
emulsion sheet

2] 90 um plastic backing

emulsion plate

350 um (175 pm)
emulsion sheet

1251m

800kg of emulsion

"

4 stacks of 8 modules each 35 x 70 x 2.9 cm3
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http://choruswww.cern.ch/Public/techniques/techniques.html

‘ Scintillation Detectors

Detect photons from electronic recombination of ions

Organic (plastic)

Inorganic (crystal or glass)

o doping normally required

Not very efficient ~ 1 photon/100eV
Light carried to sensitive photo-detectors
Fast, cheap and flexible

Fhotomultiplier

Ionization excitation of base plastic

base plastic

108m | | Forster energy transfer

imary fluor
F:l % wt/wt )
emit UV, ~340 nm
10~%m y
absorb UV photon  secondary fluor
(~0.05% wt/wt )
emit blue, ~400 nm
1 m b

absorb blue photon photodetector

~cintillator

Source

‘-\ﬁ'\.

0th and 8th May 2015
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‘ Wire and Drift Chambers

= Charged particle ionises atoms along its path
“Primary ionisation”: around 20 primary ions per cm (in a gas)

= Free electrons will be attracted to anode
= Electric field near thin wire increases

o Electrons are accelerated towards wire
= Accelerated electrons ionise more atoms.

o “Secondary ionisation ”

o More electrons released — more ionisation
= Avalanche!

0th and 8th May 2015 Fergus Wilson, RAL
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Gas Amplification

Charged particle ionises atoms along its path
o “Primary ionisation”: around 20 primary ions per cm (in a gas)

Free electrons will be attracted to anode g+ g
Electric field near thin wire increases 5 % A
o Electrons are accelerated towards wire
Accelerated electrons ionise more atoms. @ @ @
o “Secondary ionisation ” g
o More electrons released — more ionisation . b c d ¢
L A H 1 E q E I F 1 G - -
LT T 5 5 5 Maximum gain ~10’
_.E T2 : : :F"rnp':.vr— : 1Y b
& nd ilnnisul:l'nni itinnul GE'?EF NG _
8 1|:.?_ :chumhar: :regin:m :rcgmn : \ . Gelger Muner
E . raglan . . . [
_g 0° - i i i i _ Tube
b e B . i i - -
N | | | ® Resistive Plate
G - 1 1 ] 1
L | | | Chambers
5 wq A : i
e — ! ! S Proportional
0 200 400 BOQ 300 1000 1200 P

Ancde voltoge

Chambers
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Gelger Reglon

Geiger Counter— N— -

Spark Chamber 3

o short bias pulse->localise breakdown | [ E HHEH %
Streamer Chamber \ | - LA

o Large volume, transparent electrodes
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o precision ~100 ym

o drift time ~us

Fergus Wilson, %
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‘ Time Projection Chamber

: : v+ Band E field
What if you get rid of all - N 5 Sl

the wires?
a Gas
E.g.: Ar+10 to 20 % CH,
a E-field
E ~ 100 to 200 V/cm
a B-field

as big as possible fo measure
momentum and to limit electron
diffusion

a Wire chamber at ends
To detect projected tracks
Timing gives z measurement

o Long drift distances (many metres)

L ¢

S

@\e
1. ionisation 2. drift 3. registration
0\6
e
6\e ©
Al
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‘ Reminder: p_n Junctlons http://britneyspears.ac/physics/basics/basics.htm

space
charge d
o region
Slllcon doped tO Change neutral region g neutral region
electrical properties

Charge carriers diffuse out of depletion region't

electrons

]

n-doped

carrier concenfrafiion
[log sca

Net space charge -> electric field

oY

Intrinsic depletion can be
increased by reverse =
bias

ET Electric field

oY

Space Charge Region, d
d z0.5[um/x/Qcm.V}/p(\/ +0.5) um

AV built-in
voltage

-
-

_____________ Y. @

|4 0 Voltage
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‘ SO]id State D €t€CtOI’S Implanted p-strips 50-150 ym pitch

L . . Resolution = pitch/v12
= Detect ionisation charges in solids

o high density — large dE/dx signal
o mechanically simple
. Pre-amplifiers/
o can be very precise Particle Shapers
= Semiconductors
o small energy to create electron-

Principles of operation

Implant, Metalisation

hole pairs
o silicon extremely widely used Surip pitch, P R
Implant width, W/
= bandgap 1.1eV 3
= Mmassive expertise and =
capability in electronics g miyse
industry
Backplane, i - type silicon ;
. ReSIStOI’S + Bias Voltage
o Plastic — cheap ~22,000 electron-hole pairs per MIP
o Diamond - robust, rad. hard (most probable) in 300um
o Germanium — can be made thick
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‘ Cerenkov Detector  Photo

e
e detectors 0 T~
= Cerenkov Radiation -
o A charged particle will radiate energy if its velocity mirror
Is greater than the local phase velocity of light
o speed of light in medium = ¢/n -
o n = refractive index Beam
o charged particles produce light “shock waves” if pipe
v>c/n \l 0
o light cone cosf = c/vn = 1/(np) — ¢
o “eerie blue glow”
o Useful for separating pions and kaons Track
LHCDb
2 (m)
1
CcoSf=—=—
] vn  ng
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Transition Radiation Detector

Arbitrary units

LLaunched May 26 08
http://www.nasa.gov/qglast

Bions JOCED ;

'7""'::: ‘I Fe55 source B

Elecz‘rons 10 GelV

5 10 15 20 25
Energy (kel’)

An energetic charged particle moving through matter momentarily polarizes the material nearby. If
the particle crosses a boundary where the index of refraction changes, the change in polarization
gives rise to the emission of electromagnetic transition radiation.

About one photon is emitted for every 100 boundaries crossed. Transition radiation is emitted even
if the velocity of the particle is less than the light velocity of a given wavelength, in contrast to
Cerenkov radiation. Consequently, this radiation can take place in the x-ray region of the spectrum
where there is no Cerenkov radiation, because the index of refraction is less than one.

At each interface between materials, the probability of transition radiation increases with the
relativistic gamma factor. Thus particles with large y give off many photons, and small y give off
few. For a given energy, this allows a discrimination between a lighter particle (which has a high y
and therefore radiates) and a heavier particle (which has a low y and radiates much less).

Useful for separating pions and electrons
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‘ Radiation I.oss for electrons

= Bremsstrahlung: electromagnetic
radiation produced by the
deceleration of a charged patrticle,

such as an electron, when deflected
€ by another charged particle, such as
— .
an atomic nucleus.
photon
= Photon can be very energetic.
atom ‘
Radiation Length
dx X N
O/ (gcm=)
—XAXO.

& E = Ee
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Photon Absorption

= Electron-positron pair

photon

€ production
= Exponential absorption
® ¢ = Length scale 9/7 x X,
dE 7E
dx 9X,

0th and 8th May 2015 Fergus Wilson, RAL
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Radiation Length for electrons and photons

Radiation Length X, has 2 definitions:

o “Mean distance over which high-
energy electron loses all but 1/e of

its energy by Bremsstrahlung.” B 716.4A (gem-?)
o “7/9ths of the mean free path for " Z(Z2+1)In(287/Z)
pair production by a high-energy
phOton'” | I\IIIIII| | I IIIIIII | T TTTIT]
\ Paositrans —0.20
Lead (/= 82) i
lectrons ]
X,(gcm2) | X,(cm) o o.15
g Bremsstrahlung ]
. Sk i
Alr 37 30,000 I 18
' 05 5
Silicon 22 9.4 —o0.05
Lead 6.4 0.56 Lot ]
1 100 1000
E (MeV)
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\ Simple Electromageric (EM) Shower
i E. Critical Energy

et 7 G
2 Y ot
;c’f 200 S B
e = ;")_ [ Copper
s ¢ L= v oy Xp=12.86 g cm2
v G 100 - F.=19.63 MeV =
e ?cf E 70F :
i e "C", cn b Rossi: 3
e 7 e > 90 E lonization per Xy E
e 'Y % 40 E =electron energy -
e re” g 30 3
é"_ 20 / =
et AL Z+ I Brems = 101111.;111011
= 0 : [ & 2 ougan i 5 il |
: AN :Y 102 5 10 20 50 100 200
te Electron energy (MeV)
X, =7 X,=2 X,=3 X,=4 X,=5
= Start with electron or photon
x | 0 X, 2X, 3X, 4%, P
= Depth ~ In(E,)
" .
N 1 2 A 3 16 0 Most energy deposited as

lonisation.

<> | E;, E 2 EyJ/4 EJ8 EJ16 <E,
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Real Electro-magnetic Shower

Shape dominated by fluctuations

0.125 T T T T (g
As depth of - -
. I 30 GeV electron -
shower Increases 0.100 [— incident on iron ‘__ ]
more energy is N : Tall
carried by S 0075
photons S F
= 0.050 — N
= - Photons
- x1/6.8
e Erectrons ="
ooook A L, 1, 1 TR
0 5 10 15 20
t = depth in radiation lengths
Maximum close to’naive ,bDe ™ L x
. O ) _
depth expectation dt I'(a) X
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‘ Calorimetry 1 - Homogeneous

In homogeneous calorimeters the functions of passive particle absorption and
active signal generation and readout are combined in a single material. Such
materials are almost exclusively used for electromagnetic calorimeters, e.g.

crystals, composite materials (like lead glass, PbWOQO,) or liquid noble gases.

Crystal, glass, liquid
Acts as absorber and

scintillator
Light detected by
photodetector
E.g. PbWO,
(Xo= 0.9 cm) 9504,
lead
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‘ Calorimetry 2 — Sampling

In sampling calorimeters the
functions of particle absorption and
active signal readout are separated.
This allows optimal choice of
absorber materials and a certain
freedom in signal treatment.

= Heterogeneous calorimeters are
mostly built as sandwich counters,
sheets of heavy-material absorber
(e.g. lead, iron, ur_anlumz alternating
with layers of active material (e.g.
liquid or solid scintillators, or
proportional counters).

= Only the fraction of the shower
energy absorbed in the active
material is measured.

= Hadron calorimeters, needing
considerable depth and width to
create and absorb the shower, are
necessarily of the sampling
calorimeter type (see next slide).

0th and 8th May 2015 Fergus Wilson, RAL 04



‘ Hadronic Showers

= Nuclear interaction length >>
radiation length

-2 A1/3
A =350.cm~°A
e.g. Lead: X,=0.56 cm, A =17 cm H

= | F =T
= = = =
= Hadron showers wider, deeper, less === E
CEe— 1 FE =11
well understood e = E
= Need much larger calorimeter to % — _% o
contain hadron shower e — —=
. | i g ] el i |
o Dense metals still good as e, E =
absorbers T I
. . Photomultiplier
o Mechanical/economic LightPipes  Seistllate Jron Filar Bt
considerations often important
o Uranium, steel, brass... Hadronic Calorimeter from

NOMAD experiment
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‘ Hadronic Calorimeter

s , Alternating layers

P of steel and readout

2 ~\S Barrel I

Calorimeter
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= EM Calorimeter

o the intrinsic limitation in resolution results
from variations in the net track length of

charged particles in the cascade.
o Sampling Fluctuations
o Landau Distribution

o(E) 1%-3%
E JE

1.4 | Resolution in 3x3 crystals

o(E)/E (%)

Energy Resolution Limitations

Hadronic Calorimeter

A fluctuating 1M° component among the
secondaries which interacts
electromagnetically without any further
nuclear interaction (T1°—yy). Showers may
develop with a dominant electromagnetic
component.

A sizeable amount of the available energy is
converted into excitation and breakup of
nuclei. Only a small fraction of this energy
will eventually appear as a detectable signal
and with large event-to-event fluctuations.

A considerable fraction of the energy of the
incident particle is spent on reactions which
do not result in an observable signal. Such
processes may be energy leakage of various
forms, like:

= Backscattering
Nuclear excitation
slow neutrons, neutrinos

G(E) 30%

CMS ECAL
O_. - L T T S T ' I -
0 50 100 150 2(:;) (Ge23§} E A ’ E
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‘ Multiple Scattering

= Elastic scattering from nuclei causes angular deviations:

13.6MeV
pep

QRMS ~

\ 4

= Approximately Gaussian

= Can disrupt measurements in subsequent detectors

= If you want to:
= Measure momentum : make detector as light as possible
= Measure energy: make detector as heavy as possible

= Measure momentum before energy!

X/ X,

0th and 8th May 2015 Fergus Wilson, RAL
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‘ Putting them all together

Muon Detectors Tile Calorimeter Liguid Argon Calorimeter

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector

TRT Tracker

0th and 8th May 2015 Fergus Wilson, RAL
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What do we measure? . .
But Iin reality:

LIGHT UNFLAVORED MESONS Quark
(5=C=B=0) content

For | =1(m b, p a): ud, (uT—dd)/v2, dT;
for t=0(nn', h H,w ¢ f ) c(ud+ dd) + c(s5) ||

ELEMENTARY N SR
PARTICLES Mass Mean e 7~ (26035 2 00009 <1072 3 (5 21

cr = 7.8045 m

. 5 7t — FEyey form factors [
Lifetime Fy = 0.017 + 0.008

Fa = 00115 + 0.0005 (S = 1.2) Form factor

g +0.009
R =0.050+3:99

In principle:

7w modes are charge conjugates of the modes below.

For decay limits to particles which are not established, see the appropriate
Search sections (Massive Neutrino Peak Search Test, AD (axion), and

Other Light Bosen (XO) Searches, etc.).

P

n+ DECAY MODES Fraction ([;/T) Confidence level (MeVic)
W Decay MOdeS ptu, [5  (99.98770+0.00004) % 30
2 . J TR [e] (200 +025 )x10~4 30
el v, [B] (1230 £0.004 )x10—4 70
- h et vy [] (161 4023 )x10—7 70
o F G D) _8
I'g . Branc N et T (1.036 +£0.006 )x10 4
n... e ) 9 eTveete (32 +05 )x10~9 70
II III Fractlon et v vw < 5 %1079 90% 70
d b h:u Generations of Matter Lepton Family number (LF) or Lepton number (L) violating modes
pt o, L [d] < 1.5 %1073 90% 30
© Formiat 05750 phve LF [d] < 80 %1072 90% 30
peteTy LF < 1.6 %1079 90% 30
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‘ What should we collide?

up top

Generally want to collide particles and anti-particles: < “

o They annihilate into energy I - o

o But anti-particles can be expensive to produce. ame b _ - T,

Electron / Positron colliders (e.g. LEP): @/' <
Point-like with well-known initial energy. anti-up annihilation gluon anti-top

All the energy goes into the collision.

All decays have roughly the same cross-section so there are no large backgrounds.
Lose lots of synchrotron radiation in circular colliders.

Need to have good idea of the mass of the particles you want to produce e.g. e+e- —Z0°

a

a

a

a

a

Proton / Anti-proton colliders (e.g. Tevatron):
o Composite particles so initial energy not known

o Not all the energy goes into the collision so need to accelerate to higher energies
o Large cross-sections but large QCD backgrounds

o Heavy so do not lose lots of energy via synchrotron radiation ALEFH
a
P
a

Useful if you don’ t know the mass of the particles you want to produce e.g. gg—H AL .

2v

roton / Proton colliders (e.g. LHC)

At high energies, most interactions involve gluons and sea-quarks so little difference in £ 20p
proton/proton and proton/anti-proton cross-section. Z [H e measremans

Neutrino / Nucleon colliders (e.g. T2K)
o Need a lot of mass to stop neutrinos

Electron / Proton (e.g. ZEUS and H1 at DESY) g

o A giant electron microscope to probe the structure of the proton. R [ffLV] AN
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The (4 out of ) LHC Experiments

h-Pomeniam

Hr-n'll'm: ton

- Detector

Absorber
Dipale Magnet

0th and 8th May 2015 Fergus Wilson, RAL 73



Why look tor the top quark?

The top quark and W boson are very heavy
Their mass is influenced by the Higgs mass
If we measure both we can “predict” Higgs mass

—

Topmass:172.6+1.4 GeV
W mass :80.385+0.0021 GeV

eV

)

S

W Mass

0th and 8th May 2015

Fergus Wilson, RAL
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‘ Top Pair Production and decay
= LHC

= [evatron

g X t

Semi-leptonic (I"v) channel is best

t>W'b (100%)
W™ >qq (70%)
W™ > 1"v (10% per lepton)

I"is an electron or muon

I"is easy to identify

Only one neutrino

Each b quark decays into a jet

Each g quark decay into another 2 jets

o
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Best decay channel to look for

= Semi-leptonic mode (lepton+neutrino)
= Electron or muon 20% of the time

. Jet muon
= Signature: AN ()
. . \ neutrino
a 2 light quark jets oo ﬂ.
a 2 bottom jets wan N\ O o
top quark
o One electron or muon protons antiprotons
o Missing transverse momentum @ 9@ @ @ “Q‘ O O O O

(because of the neutrino)
quark W bDSﬂ}/O quark
= Extras: e (" N\ botiom
_ Jet ——— /  uark
o Underlying event
o Higher order processes
o Multiple interactions

"'-:j-.f"’;\luw energy
oA muon @ particles

N\ tces
() antiparticles

These two jets Jet
have W- mass A Top Antitop Quark Event from the
D-Zero Detector }at Fermilab

Y These three jets
have top mass
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The Top mass

How do we find the top mass

b
Add together the q and anti-g jets to form W*
mass

If this Is okay, add the b quark jet to get the top
mass

0th and 8th May 2015 Fergus Wilson, RAL
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An example of the top mass

0
9
8
— data 250 CDF Il Preliminary
Eoe fi G200L * Data (8.7 fb)
. b A bked > __]1Signal+Bkgd
V(@) . o150~ § FE7 Bkgd only
3 | :100 [~
19 7/
L ] 0
- ’ + A * . ‘ : "' 50 Y
1 G & § 7
* A A &lala A ;; » ; P T |
2 | e | SRR o M
5 3 00 150 200 25 300
30 120 160 200 240 28 e ( GeWcQ)
Fit top quark mass (GeVic™)
~1999 2011
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Search for the Higgs Boson

= Missing piece of Standard Model m Particle masses are generated by
= Standard Model Higgs theory well Interactions with the scalar
understood: (Higgs) field.
a Mass is only free parameter = Couplings are fixed by the
o Clear predictions to test Mmasses.
= Most “New Physics” models have Once M, 's known everything is
something equivalent to a Higgs predicted.
boson (“MSSM Higgs”, “little = S0 by measuring the coupling of

Higgs”, etc...).

= Could be more than one type of

Higgs boson

the Higgs to particles of known
mass we can test theory.

0th and 8th May 2015
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Higes Mechanism in the Standard Model
===
o Weak force has two massive W and a Z
—H

2 _ ‘éx
Modified potential V/ = 2|¢|” + A|g| brin =0 ==

Step 1: Spontaneous Symmetry Breaking produces one massive
and one massless gauge boson (Goldstone Boson).

Step 2: Introduce local gauge invariance : massive Higgs patrticle,
three massive vector bosons (W/Z) and one massless boson (y).

Higgs mass a free parameter M,, =-24>

Gauge couplings of Higgs doublet give gauge boson masses:
=g,v/2 M, =M, cosé, cosd, =0.8810

Can calculate v (=246GeV) but not A before measuring Higgs mass.

Higgs couplings to fermions depends on their mass and unique
coupling for each fermion: M, oc M, g,

Need to accommodate massive gauge bosons
o Strong and electromagnetism ok (photon, gluon)
2
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What did we know about the Higgs before 20127

No useful lower limit from theory.
Lower limit from experiments.

Upper limit from WW scattering calculations
o Above ~1TeV cross-section — o
o Need Higgs to “regularise” cross-section

W W W W
T W W
W W
w W &
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What did we know about the E

1005 before 20127

350
B 2y ,2
300 |— M{ < > v° =246 GeV
= A=27
- QCD
[ A=n 3log
L V2
= 250 —
[5)
g -
£ B “THEORY”
200 —
Tevatron exclusion at >95% CL
150 —
C naoSe or “EXPERIMENT”
— ""—— e
100 LT T T et e AT A A
4 6 8 10 12 14 16 18

log,, (A (GeV))

If no new physics up to Planck scale (~101°GeV) small mass range for Higgs: 130 < M,,< 190 GeV
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What did we know about the E

Direct searches
My, > 114.4 GeV

@ 95% C.L.

1005 before 20127

.= 161 GeV

Status as of March 2011 90% -
95% confiden

Execluded by
LEP Experiments
95% confidence level

Excluded by
Tevatron
Experiments

Excluded by
Indirect Meast
95% confidem

100 114 120 157 173 180185 200 (¢

July 2011

My

5)
24 Al aq =

21 —0.02750+0.00033
% 1= 0.02749+0.00010

[
LT
%
.

incl. low Q2 data

http://lepewwqg.web.cern.ch/LEPEWWG

0
30
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‘ Higes Production Mechanisms

\

g mmm\\t q 2 W.Z
g g fusion : TV/ > H° WW, ZZ fusion : H®
t
Q000900000 '
g - g 3 W,Z

/

t ;- 4 ) ..
Gluon fusion looks most promising
gRAARNERL - 7 W,z
_ . - - H'D q
ttfusion: > ' W7
-
ek
g
= HO
Sometimes called “Associated :-“; 9 W 7 bremsstrahlung

ttH production” : =) )
P Sometimes called “Associated

WH,ZH production”
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Higegs production and decay

How often is it produced? What does the Higgs decay into?

:I L] | L | L | LI | LI | LI I LI | L) | LI I LI I: s 1 ‘ | | | — ‘ ‘ | ‘ ‘
= oM o g
i G(pp —»H+X) i 7 E WW S -
: Vs =14TeV " "ot ]
0 __ mt 175 GeV i 106 i o Z7 e i
E % 2 E|
e CTEQ4M T 107 -
[ k “‘:‘T\\\ ---------- g -8_ ~
E 1 E .‘.:\\\\\ ---------------- 10 Vg —_— .
o Lol C\\\ __________________ E I ]
o . [ e, | UERE T EsaRR. s = X i
1 0 ~ \\qal—bHW 1 0 “9 m 2
e %) m
B e Sl , £ 10 =
10 ¢ iy --\._,‘_\_j;:;:;::':‘— 410 g =
i TRl e, 90AT—HE ? i
1 0_3 E M. Spira et al. gg,qa—)be_ Ty — _: Ty -.—:_:"_::‘::"_"::-:.:_:E 1 02 ‘ _\ |
. Noo T 9_5_:..‘4%“--{ 10—3 L o
10 PN N T T N N T T TN W R RN A T A N T T N AN N O T A O k. 90 M A 50 200 500 1000
0 200 400 600 800 1000
My [GeVl
MH (GeV) Process Events/s | Events/year
W — e 40 4108
Z — ee 4 4107
t 1.6 1.6 107
bb 108 1018
gg (m =1TeV) 0.002 2 .104
Higgs (m= 120 GeV) 0.08 8 .10°
Higgs (m= 120 GeV) 0.08 8 -10°
Higgs (m= 800 GeV) 0.001 104
. - 2 9
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Signal significance

Rate Rate Higgs mass
Best Modes to look at

H—q anti-q Large ~100 GeV
= H—b anti-b Large Large ~100 GeV
® H — vy
| ® ttHH %(*?b) H—yy Low Low ~100 GeV
A H — ZZ  — 41
H — T O H—t anti-t Low Large ~100 GeV
2 H — ZZ — llvv
07 o H - ww — Ijj H—ZzZ*—4l Large Low ~250 GeV
i1 hombsipuiiiednce H—WW*—slvlv Large  Low ~150 GeV
: H—gg Low Large ~100 GeV
fi H—-ZZ/\WW— jets Large Large ~500 GeV
(l ; H— top anti-top Low Large ~500 GeV
10 |
— sl b e e SO
_ The amount of
U ATLAS
1 background affects our
L JL dt =30 fb’ I .
1 L L 1 | 1 L L L 1 1 L L |
2 3
10 10

my (GeV)
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‘ Reconstructing the Higgs properties

= 1) Mass
o Add up all the 4-moment of its decay particles e.qg.
H—oyy, H -ZZ* —I*II*l (4 leptons)
o But sometimes miss particles e.g. H-W*"W-—lvlv

= Just use 4-momenta in transverse direction “transverse mass” 1.e.
ignore momentum p, along beam direction.

= 2) Spin

o Look at the angle between one of the decay products
and the direction of the Higgs in the Higgs centre of

mass Y
= E.g. Hoyy H'"'< .

Laboratory “boost”
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‘ Reconstructing the Higgs properties

= 3) Charge Parity (CP)
o Look at angles defined by leptons in H —-ZZ —I*I'I*I-
a SM CP=+1 (even); some SUSY models CP=-1 (odd)

d
I' dcos 0,

0.3 ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]
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The Higgs Mass

(March 2015)

I I I I I 1 I I I I 1 I I I I 1 I 1 I I I 1 I I l I 1 1 I | I 1 1 1 | I I
ATLAS and CMS —e—i Total Stat. = Syst.
LHC Run 1 Total  Stat. Syst.

ATLAS H—yy ———— | 126.02 +0.51 (+0.43 + 0.27) GeV
CMS H—yy ——— 124.70 + 0.34 (+ 0.31+ 0.15) GeV
ATLAS H—-ZZ -4l I -- i 124.51+ 0.52 ( £ 0.52 + 0.04) GeV
CMS H—ZZ—4i ——— 12559+ 0.45(+0.42+0.17) GeV
ATLAS+CMS yy I_E|—I 125.07 £ 0.29 (£ 0.25 £ 0.14) GeV
ATLAS+CMS 4] I Il-_.l | 125.15+0.40 (£ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l F?-l 125.09 £ 0.24 ( £ 0.21 £ 0.11) GeV
1 1 1 | I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | | 1 1 1 | 1 1
123 124 125 126 127 128 129
m,, [GeV]
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Events / GeV

Data - Fit

‘Some Higgos masses

4500
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+
5
5

3000
— Background-only
2500
2000
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]
¥

Ys=7TeV | Ldt=0.021b " Apr 18,2011

ATLAS Preliminary

H—yy channel

200
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% Systematic uncertainty
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Best fit suggests Higgs is a scalar (J=0) particle.

nggs Splﬂ Don’t yet know CP values but CP=+1 is preferred.
5 2O
e - ATLAS . H—yy ——J =0"Expected
2 ool Vs=8TeV [Ldt=20.7f6" ® S=0"Data ]
g ~ v Bkg. syst. uncertainty ]
L 150:_ _: 3 0-3__| T T T ‘ T T T T T T T T T T 1 T T T | T T \__
C § = - -
S : = - ATLAS —Data 1
100 —] (®) - —
F E = 0.25 H - vy —JF=0"
50~ Bl = 9 [ 1s=8TeV [Lat=207f" --gP-2r ]
E ~r { s 02f (_=0%) |
o += £ :
T T T B T TR PO PO o : T i
0 01 02 03 04 05 06 07 08 09 1 < 0.151 N 3 5
lcos 6*| - o Qs i
250 : o % i
e - ATLAS H- vy —Jl’=2+ Expected 0.1 . | 3 \R ]
£ oppf-\s=8TeV _I.Ld1=20.7fb'1 ° F=2"Data ] i o \5 ]
g r Bkg. syst. uncertainty - i ! | \: :
" sof (fo=0%) 0.05p S \ E
: . I < | \ ]
100—_ + — ~ QI| Lt -1 \- R R \ “1“‘. L |
: 1 : 5 10 5 0 5 10 15
50 — 7
B —— ]
- —— . q
o —+
0010203 04 05 06 07 08 09 1
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Higes coupling to ditferent particles

| | | | | | |
ATLAS Preliminary  my=125.5 GeV

W,ZH — bb : : : : :
\s=7TeV: [Lot=4.7 10" o 5 Is this rate too high? Is it a signal of

new physics?

Vs =8TeV: [Ldt=13 1"

H— 1t

Vs=7TeV: |Ldt= 461" —
s =8 TeV: ILdt 13fb1 :

® Could be new fermions in the decay

H— WW = wiv or production.
A (e i
\s-8 - 20. ® Could be new charged bosons in the

H— vy
\s=7TeV: [Lt = 4.8 15" S decay loop.

s =8 TeV: ILdt 20.7 fo

H—zz" - 4 ® Could just be statistics !
\s=7TeV: [Ldt= 461" J———

\s =8TeV: |Ldt = 20.7 fo!

Combined w=130x0.20 ,
Vs=7TeV: Ldt=46-48f" | o
Vs =8TeV: |Ldt = 13-20.7 fb ! :

I I I I I I | h === t h === W

-1 0 +1 ; o
n=1 is Standard Model Signal strength (u)
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Is the Standard Model all there is?

So far we have assumed a Standard Model Higgs but...

o Does not explain Dark Matter

o Does not unify electromagnetism, weak and strong forces at

high-energies (10%® GeV, Planck mass).
Need models beyond the Standard Model

Resolution [m] F{esolutlon [m]

1 107 107! 10%°  10*° 10% 10" 10 10%®° 10%° 10+

Strength - W 7dsy .S'uper—.S‘ymmetry

100+ 100

104 Unification

1d*
f Energy [GeV] f Energy [GeV]
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‘ Supersymmetry

Every particle has a “super-partner” particle
Fermions <= Bosons

Half-Integer Spin: %4, %, ... Integer Spin: 0, 1, ...
u
£ 2 L2
© ]
s §d
- s I
- O
: e Himw § €
-l -
v e \
Spin Y 1 0 Spin
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Supersymmetric Higgs

Need at least two Higgs doublets (H,,H,) to generate down- and up-type
parthles. o h=H,cosa—H,sinaa (m,<m,)
Physical particles: _
H=H,sina-—H,cosa (m, >m,)

A = CP-odd Higgs

H* =charged Higgs (m ., =m: +m’
Radiative corrections can change masses. : ggs (m,. At M)
Higgs sector now described by two free parameters (m,, and tanf=v,/v,).

However, the exact SUSY symmetry has to be broken to reconcile the theory
with experiment (i.e. the standard model and SUSY particles have different
masses).

The minimal extension to SUSY (MSSM) has 105 parameters!

Have to assume a specific model e.g. mMSUGRA
o Modifies Higgs mechanism
o 5 free parameters:

tanp (as before)

m, (universal scalar mass, includes Higgs)
m,,(gaugino mass)

plus two others
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‘ Looking tor SUSY Higgs at the LHC

= Small tanp
o gg—H,A production is enhanced due to stronger ttH coupling.
o H,A —ttdecay gets enhanced.
= Large tanf3
o H, A production is enhanced in bb-fusion
o H —t*t has a large branching ratio
= Medium tanf

a Only SM-like h visible. We could see a Higgs and not realise we
have seen SUSY!

= Charged Higgs
o Clear signal for new physics (not predicted in Standard Model)
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‘ Lookmg for other SUSY particles

SUSY predicts that every Standard Model particle has a Super-
Symmetric partner

o Electron « selectron, quark < squark,W < wino, etc...
o But masses not the same — SUSY not exact symmetry
o But they can not be too massive.

= SUSY can be a new source of CP-Violation
o Explain matter/anti-matter asymmetry of the Universe

= A SUSY particle will quickly decay to the Lightest Supersymmetric
Particle (LSP).

o Neutral (no charge)

o LSP is a candidate for Dark Matter
= LSP will leave detector without interacting

o Large Missing energy, momentum (because LSP is massive)
= What is the LSP?

a Don’ t really know
o Likely to be a neutralino
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What 2 SUSY decay looks like

......... X
~ q
5 C —
P\ p
b
S0 b
\ Lots of leptons produced. Easy
Lots of missing energy to see and not produced in

background events
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‘ What theory predicts for SUSY at LHC

3 Il l I L | [ | | L | [ | T | | [ | L
107 o ~ =
_~ Gy lPb]: pp — 88, 43, T, X3X 1 W, %38 X359 -
Q - T i
&1025— ey PP E
c - o, | N 3
o h ﬂ ﬂ oo e
10 L @
Q = =
» A
ol VS=14TeV
5 E X2K 1 ﬂ 5
- . — NIO -
-1 A ==
10 =
% - ﬂ m [GeV]:

10 > Ll | Lol L] Ll 1 | | Ll | | L1 | | Ll 1| | G o | | Ll | Ll 1 |

100 150 200 250 300 350 400 450 500
Particle mass (GeV)
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What we currently (don t) see (March 2015)

Lo ()1 =2 1 stopped gluino (cloud)
LQ‘I[?S;E}‘I][VQ stopped stop cloud)
Bl = HECP gluina (zloud) ' nct=l T -
LazLazt) HSCPatop Flowd) Long-Lived
e q=23e H3CP e
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x ; ] ;
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Status of the LHC today

= Higgs
o Mass ~125 GeV
o Spin=0
o CP probably not -1.
o Could be a Standard Model Higgs (good).
o Could be a SUSY Higgs (also good).
o No sign yet of any other Higgs below ~600 GeV.

= SUSY

o No particles found below 1 TeV

o If no SUSY particles found below 1 TeV SUSY models are
“wrong” (bad) but theorists always have a back up plan.

The LHC is due to start data-taking in June at 14 TeV and
run for another 4 years before being upgraded
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