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® To be able 1o study The universe & develop theories about
the way it works we need to be able to measure it

— Qur theories are only as good as how well they match to
the data

- But sometimes it, takes technology time to develop before
we can test the Theories

® This course is just a brief overview of how we detect
particles in experiments - personal choice.

® Who can quess the “first” fundamental particle detector?

I The Standard Model of particle physics Leptons | Theorised/explained

Bosons

Years from concept to discovery Quark | Discovered
arks .

1880 90 1900 10 20 30 40 50 60 70 80 90 2000 12
Electron I |
Photon | |
Muon l
Electron neutrino | |
Muon neutrino | {
Down =
Strange I |
Up Hi
Charm | ]
Tau I
Bottom 11
Gluon | |
W boson | |
Z boson | |
Top | 1
Tau neutrino i |

HIGGS BOSON | |

Source: The Economist




| Most Common Particle Detector: Our Eyel

® How do we see?
— Photons (particles of light) bounce off objects and enter your eye
— The light, gets focused onto the retina at the back of your eyeball

— Chemical reactions happen in The special cells in the retina called rods and cones
- These chemical reactions cause electrical impulses = they convert the light o an electrical signal
- These electrical signals are carried to your brain and interpreted there

® 50... we see because of the interactions between light and The matler of our eyes.

retina
retinal blood vessels

-/ optic nerve
. head (disc)

'

- And it turns out, that »
exactly how particle |
detectors work, tool

— e

leaving
the eye

* S
sclera

Claire Lee, University of dohannesburg, HDM2014 UNIVERSITY
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| Some History

® 1896: An x-ray picture taken by Wihelm Rontgen of Albert von Kolliker's hand at, a public lecture on

23 January

X-¥ays

Claire Lee, University of dohannesburg, HDM2014
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—gome History

® 9l Rutherford’s scattering experiment & the structure of an atom

lead shield radioactive RUtherTOI’d S |
souree scattering experiment

lead screen

\

/ with slit
1l

beam of
alpha particles

Schematic view

of Rutherford experiment %‘%

Claire Lee, University of dohannesburg, HDM2014 UNIVERSITY
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Some History

® [912: Hess's cosmic ray detection (Nobel prize 1936)

A
T
e
i} 3 ”
i _
30000 m
7 ? Secondary
cosmic rays

5= Vu /
20000 m

/,
@

> ]
g Chamber 1

~ 10000 m
8

§ Chamber 2

20

10

l >
6

Altitude (km)

o

UNIVERSITY

Claire Lee, University of dohannesburg, HDM2014




USome History

® (932 Anderson’s discovery of antimatter (Nobel Prize 1936)

Cloug chamber

In magnetic field

Positron
3 -

® 03 MeV positron passing through
lead plate emerging as 23 MeV positron.

~ Positron

® The length of this lalter passis at least ten times
greater than the possble length of a proton path of This curvature.

Claire Lee, University of dohannesburg, HDM 2014 UNIVERSITY
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Some History

4

® (947 Discovery of the €
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gome History

® AsTime qoes on, the detectors have become more and more complex

- Instead of using just one Tupe of detector people started puliting different types together 1o get more
ihformation

® Here, we will discover the basic technigues Thal allow particle detectors To work, and start to
understand how 1o build them to get The information that we need

® But firstl

- What dd all of The discoveries have in common?
- They were able To make Their observations based on The way particles interacted with matter

{3
Claire Lee, University of dohannesburg, HDM 2014 UNIVERSITY

F
JOHANNESBURG
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Introduction to particle physics - The fundamental particles o?” the Standard Model

1 st 2nd 3rd . electro-weak
generation symmetry breaking outside of
everyday matter exotic matter force particles (mass giving)  standard model
- - - /\ ) B /\\ ‘ /\ /\
.'/ \\‘ 4,/ \-._ / N ~N 7 ~
NV _ —
<«— charge | /
<«— color c(:h\e;)rge (rg or b) | o But, \/\/6 dOV\ t ObSGY\/e a“ O'F
mass (e

<— spin

£ | These particles in our daily life

(Jagew-pue g+)
syJenb g
/\

- Heavier particles decay

| [

— quarkségluons combine due 1o
confinement !

\ (aBaeyd 10]00) 2210} Je3jonU Buosls

4 g
105.7M 1.777G

\ electron A l_lon

il — neutrinos interact minimally

\ (eBieyo) onaubewoiloepR

é (- 1)

2 X £
g §‘< g .............. Q
Q
g <22 ‘ 80.4G 91.2G 3 g
- g &.
V : graviton §'
c 3 8
\ e-neutrin% ‘ e S‘
\ / ............... o

" N /

12 fermions (+12 anti-matter) 5 bosons (+1 opposite charged W)
increasing Mass s

p— —— . e

hL ® Final state particles: electrons, photons, (muons

) hadrons & their antiparticles

— ————————— = —

Claire Lee, University of dohannesburg, HDM2014 UNIVERSITY
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| Aside: QCD & quark confinement

% % f%% Conﬂnemént:

i) Quarks cannot, |
: - ~exist on their ownl {

(6 types of quarks: up, down,
charm, strange, top and bottom)

Pull apart

u d
Hadron-level jets .
p Hadronization

Pull morel

Parton-level jets

POP! more particles | -
Claire Lee, University of dohannesburg, HDM2014

Underlying event
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i( Idenummg Partncles

L

® What are the quantities we need 1o measure 1o be able To distinquish between the different types of

particles?

- —— _

electrons (and positrons)
photons

muons (and antimuons)
“charged hadrons (eq protons)
Lneutra| hadrons (eg heutrons)

Claire Lee, University of dohannesburg, HDM2014

UNIVERSITY
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leentimmg Particles

® What are the quantities we need 1o measure 1o be able To distinquish between the different types of
particles?

electrons (and positrons)
— Mass photons

muons (and antimuons)
“charged hadrons (eq protons) |
Lneutra| hadrons (eq neutrons)

- Momentum

- Enerqy

- Charge
- Lifetime*
- Spin*

- elc..

e e — —— I —— ——

‘ We can identify particles based on a combined measurement of |
| |

- (E,D,Q)

(7.6.Q
(7.m. Q)

— —— __ |

eV =1.6x10-19]
c =299 792 458 m/s
e=1.602x10"19C |

Claire Lee, University of dohannesburg, HDM2014 UN\?{E\RSWY
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leentimmg Particles

® What are the quantities we need 1o measure 1o be able To distinquish between the different types of
particles?

electrons (and positrons)
- Mass phOtOV\S

muons (and antimuons)

' charged hadrons (eq protons) |
L}:\eutra| hadrons (eg heutrons)

- Momentum

- Enerqy

- Charge
- Lifetime*
- Spin*

- efc..

e —— —— —=— e ———

‘> We can identify particles based on a combined measurement of |
| |

- (E,p,Q)

(7.6.Q
(7.m. Q)

eV =16x10-19] |
c=299792458m/s |
e=1.602x10719 C

Claire Lee, University of dohannesburg, HDM 2014 UNIVERSITY
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® |n order 1o detect a particle it must interact with the material of The detector.

® Some examples of the ways particles interact:

S o
Claire Lee, University of dohannesburg, HDM2014 UNIVERSITY

JOHANNESBURG




® |n order 1o detect a particle it must interact with the material of The detector.

® Some examples of the ways particles interact:
— lonization

Electron

Charged particle “kinocks” an electron
free, leaving the atom ionised

S

%%
Claire Lee, University of dohannesburg, HDM2014 UNIVERSITY
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Interactlons of Partloles with I\/\atter

j""

® |n order 1o detect a particle it must interact with the material of The detector.

® Some examples of the ways particles interact

— Photoemission

n=2
M An electroh i an atom can ga@n enerqu
from a particle and be excited into a

+Ze higher orbil. When 1t returns to its ground
state it emits a photon.

S o
Claire Lee, University of dohannesburg, HDM2014 UNIVERSITY
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® |n order 1o detect a particle it must interact with the material of The detector.

® Some examples of the ways particles interact
— Cerenkov radiation

Light slows down in matter, depending on its refractive index. But
a particle could move faster than the speed of light, in which case
it will give off Cerenkov radiation (much like the sonic boom when

breaking the sound barrier)

S o
Claire Lee, University of dohannesburg, HDM 2014 UNIVERSITY

JOHANNESBURG




® |n order 1o detect a particle it must interact with the material of The detector.

® Some examples of the ways particles interact:
— Transition Radialion

Transition radiation occurs if a relativistic particle
% passes the boundary between two media with
different refraction indices

~57

S o
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® |n order 1o detect a particle it must interact with the material of The detector.

® Some examples of the ways particles interact:
- Complon Scattering

Compton scattering

o o ° \/ Photon ionises an atom by giving enerqu
\ fi™ V)Y ) to an electron. Photon moves on with

X \ reduced enerqy

X /\ /\ /\ /\ i /\ /\ /\ /\

\ ,‘. '. ,i '.~ '; '~_ 1,' '. ) | l T (T < /’
VoV VY \/ b L O AR il
k///'z
(o]

recoil electron

S o
Claire Lee, University of dohannesburg, HDM2014 UNIVERSITY
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® |n order 1o detect a particle it must interact with the material of The detector.

® Some examples of the ways particles interact:
— Pair production

Positron
hv

Uﬂ\/\\/\\/ ““““““““““ A photon interacting with a nucleus can

conver?t into matler-antimatler pairs

nucleus

Electron
-e K-

X

Claire Lee, University of dohannesburg, HDM2014

UNIVERSITY
OF
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® |n order 1o detect a particle it must interact with the material of The detector.

® Some examples of the ways particles interact:
- Bremsstrahlung

As an electron gets bent around a
nucleus it emits a photon.

S o
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Interaotions of Particles with Matter
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® |n order 1o detect a particle it must interact with the material of The detector.

® Most particle detectors actually detect the light or electric charge the particle leaves behind

® BUT: The properties of the particle may be different after we have detected it:
- Lower Enerqy
— Different Momentum
- Completely Stopped

® \We can tell what kind of particle it is by how it changes as it goes Through the detector, and what it
leaves behind (eq. light, electric charge)

— We can also build our detectors in a particular wau, “tuning” them to detect a particular tupe of particle
while ignoring another

S o
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LEnergq Loss by lonisation

E—— — e ———

® Charged (heawy) particles moving fast through matter ionises the atoms
in The material, and leads 1o energy loss of the traveling particle.

® The enerqy loss per distance traveled is dominated by the number of
collisions with electrons, and can be described by the Bethe-Bloch
function:

Charge number of medium

v
_ <d_E> _ Kngi [1 I 2mec” B2y Tmax _ 32 5(5’7)]

Constant” Atomic Mass Max enerqy
of medium transfer in a

Charge of incident sihgle collision

(incoming) particle

Claire Lee, University of dohannesburg, HDM 2014 UNIVERSITY




LUnderstandmg the Bethe-Bloch Function

® Enerqy loss of pions in Copper:

.:‘-/At low

incident
particle | &
+ energies the | _‘5
functionhasa | '
/B2 e
| =
dependence |
L — 3
f2)
T

—
o

0.5

Slower particles feel the

50.0

20.0

—
<
(-

ot
=

O
o

electric force of the atomic
electron for a longer time,
increasing the enerqy loss

dE\ . 2Z 1 [1 2me®B°Y°Tmax o 0(87)
‘<%> e Zﬁ[ﬁl = _T]
AT T o l - ‘

\ - f
LN dE [dx o« B~5/3 nt on Cu - For high enerqy
-\ Y dE/dx =< B2 [=322eV | particles the

Radiative effects Func"u.on'has‘ d

= become important relativistic rise, as
[ Approx Timax the interaction
i -\ dE /dx without & | cross section
'gﬁgﬁ i\ \ Minimum l | INCYeases

t . “\lonization e |
correct. | ) T eeaes A (transverse E field

, )\ qé/‘l’/’;‘:;t = 0.5 MeV increases due to
< B B_5/3/~'. . Complete dE/dx | Lorentz boost) |
’-lllll 1 1 lll\lll i | lllllll y llllll i 1 lllllll PSRN

0.1 1.0 10 100 1000 10000
T By = p/Mc
By =3-4
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LBethe-Bbch Function: dependence on medium

E—— — e ———

® Dependence on mass (A) and charae (2)
of rT),ar et nucleus : (BN g2 Ly, 2mec By Tinax. _ B* — 0B7)
J dz A (32 I? 2
IOE_I\\'IIIIHI 1 T TTTTI1 1 I T TT1TTT1 | I T TTTTI1 1 T 11

8 -
5 sE
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> N
o B
e 3F
b u
N
3 2
| i
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By=p/Mc
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- Bethe-Bloch Function: dependence on particle tupe

dE Z 1 [1. 2mec?B%7*Tmax
—< >—Kz2 [—ln £ 127 < —52——2

Tmax = 2mMeC?B%Y%/(1 + 2y me/M + (Me/M)?)
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U‘/\ean Particle Range

E—— — e ———

® Jince the particle is losing energy, eventually it
will stopl

50000 r

® The range R can be found by integrating over 20000 |

, 10000
the energy loss from E down 1o zero: 5000 |

0102 ©d

2000 r
1000
500 [

O dE

R =

| IIlIIllI

200 |
100

R/M (g cm™2 GeV~])
N
o

1 lIIIIlI|

\®)
@)

1 IlIlllII 1 | I N S
2 5 100 2 5 100.0

- eq | GeV proton on a lead target, " br=piMe |

- R =20cm 002 005 01 02 05 10 20 50 10.0
Muon momentum (GeV/c)

1 IlIlIIII 1 Illlllll 1 lllllll|
002 005 0.1 02 05 1.0 20 50 10.0

Pion momentum (GeV/c)
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LBethe-Bbch for Electrons

® The Bethe-Bloch function needs a correction for light particles such as electrons

— Light particles are easily accelerated in the Coulomb field of a hucleus

— Radiate photons due to conservation of momentum (and therefore lose extra enerqu)

e

® The Critical Energy is the energy at which loss from Bremsstrahlung takes over from loss from

lonisation
dFE dE 200
N (EC) - (EC)
dz Brems dz Ion
100

~J
o

B

dE/dx X Xy (MeV)
W
-

H
Copper
Xy=12.86 g cm™2
E_=19.63 MeV

Rossi:

Ionization per X,
= electron energy

1 1 1

I 111 I L1 l|llllIlll[lllll|llll|llll|ll|_l]

Brems = ionization

1 1 11

5 10
Electron energy (MeV)

Claire Lee, University of dohannesburg, HDM2014
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| Energy Loss Summary (muons)

e

- [ u" on Cu il
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g% /o - E
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> - ’
L |4 Anderson- .
i: vy, Ziegler 8
0 L3 H .
o ®
ML
o E Radiative ative .
a - Minimum  effects 74~ losses 7
2 ionization reach 1% S e =
S | Nuclear - i
@ | losses A= . ki T i
\ o= , Without &
1 | | I | | I I
0.001 0.01 0.1 1 10 100 1000 104 105 106
By
I | | I I | | I I I
0.1 1 10 100, |1 10 100, 1 10 100 |
[MeV/e] [GeV/e] [TeV/e]

Muon momentum

Claire Lee, University of dohannesburg, HDM2014

X

UNIVERSITY
OF

JOHANNESBURG




= et = _ e —

LLet’s Use lonization to Build a Particle Detectort

e = — —————

&t%
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LLet’s Use lonization to Build a Particle Detectort

— ———— = — — e

Schematic Principle

Particle
of gas detectors

4
Drifting charges

due to electric field

>
-
-
N
Anode

[e.g. wire or plane]

%%
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LLet’s Use lonization to Build a Particle Detectort

® [ake atube

e e —— = R

® Fill it with a gas: (noble gases are more likely to ionize than others. Let’s use Argon)

® Inserl a conducting surface 1o make an intense electric field The field at The surface of a small wire

gels extremely high, so use Tiny wires
e Attach electronics and apply high voltage
® Andwe're donel

Schematic Principle

Particle
of gas detectors

Drifting charges

due to electric field

>y
L

\ 4

A\ 4

\4

Anode | How can | make this more accurat

——

D to computer

[e.g. wire or plane] L

Claire Lee, University of dohannesburg, HDM2014
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LMLMU Wire Chamber

|

- ® We can use many wires to get a
| accurate position measurement

more

Schematic setup:

Charged particle
g[?ithode ::g P Cathode
p ' signals
L
L
A
— N\
N
A
T
Arjode/
WIrS Anode
signal

-1

/

cathode plane

o o/o O
L|TCV

o O O O O

anode wire

—_—




LMLAH}i Wire Chamber

® \We can also layer the chambers longitudinally along the particle direction

® | we make several measurements of Track position along the length of the Track,
we can figure oul The whole trajectory

- We can also Time The signals coming from each of the layers

Mass

Momentum | yd
Enerqu | // )
Charge P Al R
Lifetime* ! —

Spin* yal @——7%7
ete. . —
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LWhat about, using the produced light?

® Many materials radiate light, but most also absorb that light again so

thal it never gets out.

® However, a Tuype of material called a scintillator produces light That does

not gel reabsorbed

® Scintilators have
- Sensitivity To enerqy
- Fast Time response
— Pulse shape discrimination

Plastic Scintillator
BC412

Claire Lee, University of dohannesburg, HDM2014

Scintillator

Photomultiplier
Tube
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LAsidez Photomultipliers

® Photomultipliers convert light into a detectable electronic signal
— Use photo-electric effect to convert photons to photo-electrons (p.e)

® Typical PMT Gain: » 10°
— PMT can “see” single photons!

Photon %]7

~

entrance window

photo
cathode

V Electron

_/—'\ // ;:f:ii-"

Electron

Dynodes

Voltage divider

Claire Lee, University of dohannesburg, HDM2014
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LWhat about, that, Transition Radiation?

Detection Principle:

[Electron-ID]

Y-Absorption

Electron

M — |
TR T
dE/dx |
Radiator foils | Wires
|
Detector Signal:
O-electron =

dE/dx

FAVAVAN

/\/\ A

VAN

ansition Radiation]

Drift time

High threshold probability
o o
o - © N
—_ (&) [\ (&)
L | L | L | L | | | I

o
o
a

o

Claire Lee, University of dohannesburg, HDM?2
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ATLAS Preliminary

t
Electron candidates ,§' 3&“ %JT%
i

=  Generic tracks
o Electrons (MC)

o Generic tracks (MC) %i Elc?r%trc())gﬁversions
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Mainly Pions . 1
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TRT endcap °
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LCalorimetm

|
|
|

e If we completely stop a particle (eqin a scintilator) then all of its energy will be transferred into light
- Thisis called a calorimeter

® Operaling principle:

® Incoming particle initiates particle shower .
Shower Composition and shower dimensions depend on particle Tupe and detector material .

— Enerqy deposited in form of: heat, ionization, excitation of atoms, Cherenkov light, ..

® Calorimeters can measure the enerqgy of both, charged and neutral particles, it they interact via
either electromagnetic or strong forces

— you would have a different EM or hadronic calorimeter

Claire Lee, University of dohannesburg, HDM 2014 UNIVERSITY

JOHANNESBURG
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I

LSuvwmmam |

® \We detect particles from their interactions with matler

® Most interactions either qive off light or electric charge
— we builld our detectors To exploit these in different ways

— R—

L "Homework.” (for tonight, not, homel)

— — ———

® Using the information you have learnt, how could you tell the difference between:
— proton and neutron
— electron and positron
- electron and muon
— positron and proton
— A single proton and a jet

\ /
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) > 4
&

A\ 4 /4
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different ways.
Traéking:
- Drift,/Multi wire chambers
- Semiconductor detectors

Calorimetry;
- Electromagnetic
- Hadronic

Specialised:
- Cerenkov
- Transition radiation

(Magnets)

Claire Lee, University of dohannesburg, HDMZ2014

® \We detect particles from therr interactions with matter
® Mosh interactions either give off light or electric charge - we build our detectors to exploit these in

electrons (and positrons

photons

muons (and antimuons) ‘
| charged hadrons (eq protons) |
| neutral hadrons

electro-weak

symmetry breaking
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LHomework

® Using The information you have learnt, how could you tell the difference between:
— proton and neutron

— Both would be stopped (shower) in a hadronic calorimeter. But protons would leave tracks in a tracking
detector, whereas neutrons would leave no tracks.

— electron and positron

- Both leave tracks, both would shower in an EM calorimeter. Bul they would bend different ways in a
magnelic field

- electron and muon

- Both would leave tracks, bul an electron would shower in a calorimeter, whereas a muon would go
Through

— positron and proton

- Same charge. Positron would shower in an EM calorimeter, proton would shower in a hadronic
calorimeter

— A single proton and a jet
- A jet is a cone of many charged and neutral hadrons, compared 1o a single proton.
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LDisoovem of the Higgs boson (diphoton channel)
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Discovery of the Higgs boson (4 lepton channel)
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| Build your own particle physics experiment

® Now it’s time for you to put it all together and build your own
detectorl

® (el into pairs/threes
® Each group take one of each tupe of shape (passing around)
® Give each shape a label for each detector type

® Puild yourself a detector That would be able To identify The
following events: (you don't need to use all shapes)

— Draw the “signal” the particles would leave on the shapes

Groups in Uﬂ

Groups on the

LEFT MIDDLE
A Higgs boson that ﬁ‘ez\fgs tbgi(zz\otg_at
decays 1o two Z !

bosons, each of which quarks (jets) produced

with a Z boson that
decay To electron or
. decays to electron or
MUoN pairs .
MuUoN pairs
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- Drift./Multi wire chambers
- Semiconductor Trackers
- Electromagnetic calorimeter

- Hadronic calorimeter
- Cerenkov detector |
- Transition radiation detector

Groups on the

RIGHT

A W boson that
decays to an electron
Or muon, and a
neutrino
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Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr electiromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiafion tracker

Semiconductor fracker
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ATLAS Pixel detector




ATLAS SCT gong into the TRT
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,’ Some actual ATLAS events...
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i Higgs decay to 4 electron

-

E—— e ——

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 203602
Event: 82614360
Date: 2012-05-18
Time: 20:28:11 CEST
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LHiggs decay to 4 muon

@ATLAS

EXPERIMENT
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Higgs decay to 2e 2mu

L

EXPERIMENT
http://atlas.ch

Run: 205113
Event: 12611816
Date: 2012-06-18
Time: 11:07:47 CEST
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5 Higgs decay to 2 photons
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1« Other Examples of eecos: The CMS Detector




Othe:r Examples of Detectors: The ALICE Detecto
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Other Exampes of Deoors: The ALICE Detetr i
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| Other Examples of Detectors: Hall C Spectrometers at dLab
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| Thank. youl

® Emall clarelee@cern.ch

® The ALICE Experiment: http://aliceinfo.cernch/

® The ATLAS Experiment: http.//atlas.ch/

® The CMS Experiment: http.//cmsweb.cern.ch/

® The LHCb Experiment: https.//Ihcb-public.web.cern.ch/Ihcb-public /
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BACKUP
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h

Us

eflul Units I

Quantity HEP units Sl Units
length 1 fm 10 m
energy 1 GeV 1.602-1010 J
mass 1 GeV/c? 1.78-10%" kg
h=h/2 6.588-102° GeV s 1.055-1034 Js

C 2.988-10%% fm/s 2.988-108 m/s
hc 0.1973 GeV fm 3.162:1026 Jm

Natural units (h = ¢ = 1)

mass 1 GeV
length 1 GeV'1=0.1973 fm
time 1GeV'1=6.59-10%s
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Detector Types Summary

HERMETIC

GASEOUS IONISATION / DETECECESS \ SOLID STATE

CHAMBERS DETECTORS

A /I\
v v v R’ 4 R}
IONISATION GEIGER-MULLER SPARK PROPORTIONAL
COUNTER TUBE CHAMBER COUNTER
MULTI-WIRE MULTI-WIRE
CHAMBER PROPORTIONAL

CHAMBER

l

DRIFT
CHAMBER

TIME
PROJECTION
CHAMBER

N J
Y Y

TRACKING DETECTORS N J TRIGGERS

CALORIMETERS

Claire Lee, University of dohannesburg, HDM2014 UNIVERSITY

o
JOHANNESBURG



TRT

"/’&‘

:-J,'ﬁ\ e

1%

4‘,.

299 mm

"R =1082 mm

R
R
R
R
R

ATLAS Inner Tracking Detector System

|

SCT

UNIVERSITY
OF
JOHANNESBURG

%
(<))
=
al
__
:\,.._‘
4
{1
EEE E
S EE E
N W o
NSS!
H 0 i @
il 0 a0l 0 S
{
w
()]
X
o



@AT LAS

EXPERIMENT

1 Advantage: provides a

t complete measurement of

i The magnitude of the missing
t enerqy from all events

 (vertices)

i1} Disadvantage: sensitive to
E pileup

Run: 204763
Event: 49333326

Date: 2012-06-09
Time: 16:08:25 CEST

miss __ mlss e miss, -y miss, Thad miss, jets miss, u miss, soft term

Emlss — \/(‘E:;;niss)2 + (E?I/niSS)2
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