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Particle physics @ Summer school
in Marselille

* This introductory lecture (YC, Wed 4/7, 9:00)

* Rest of the day:

» ATLAS experiment, by Laurent Vacavant (14:00)
» LHCb experiment, by Julien Cogan (16:00)

* Friday 6/7 afternoon:

» ATLAS data analysis on computer, with Romain Kukla
(postdoc) & Ana Dumitriu (PhD student)

* Tuesday 10/7 at 9:00:
> The future of particle physics, by Romain Kukla



From the infinitely large to the
infinitely small

© Science et Vie
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Distance scale in particle physics

Scale in m: 9 2 Scalein 10®m:

10°n "8 » ) 2 100,000,000

-14 e
10 "m nuclet@

-

10"m  proton ) 1,000

10,000

r

<10"m quark° (\UE’ECW” <1
(*? 2

If protons and neutrons were 10 cm apart, a quark or
electron would measure less than 0.1 mm and an
atom about 10 km



Particle physics

Historv of the Universe

Study of elementary constituents of matter R
and their interactions P e

> elementary building blocks: “particles”
without internal structure

> nteractions: forces at play between these
constituents

Present in the primordial universe, when it
was dense and hot

In today’s cold universe, most of these
particles have disappeared

> artificially created in particle accelerators
(colliders), reproducing conditions that
prevailed in the very first instants of the
universe
* the more particles are accelerated,
the more energy is at play,
the further “back in time” one can go




Physics at the end of the XIX'™ century
e Newtonian mechanics [Newton (1643-1727)]

> Principle of inertia (First law of motion)
» Law of dynamics (Second law of motion)
> Universal gravitation

° Analytical mechanics [Lagrange (1736-1813)]

> Principle of least action
Wave OptiCS [Fresnel (1788-1827) — Young (1773-1829)]

> Wave nature of light
° Electromagnetism [Maxwell (1831-1879)]

> Unification of electricity & magnetism

e Existence of atoms: not proven — still debated
* Light: electromagnetic wave that propagates through aether6



Conceptual revolutions

* According to Lord Kelvin in 1900 (British Association for
the advancement of Science) :

“There is nothing new to be discovered in physics now.
All that remains is more and more precise measurement.”

* Nevertheless, the beginning of the XX™ century sees two
major changes of paradigm:

> Special relativity
> Quantum mechanics
(and later on general relativity)



Special relativity:
spacetime

* Length contraction and time dilation

> Flow of time depends on reference frame
e proper time (t,): time measured in object reference frame

* time measured by (stationary) observer seeing object moving
with velocity v:

t=vy t,where y = 1/¥(1-v?/c?) > 1 (increases with v)
» Example: bomb programmed to detonate after 1 s

1) v= 300 km/s (0,1 % c) - L = 300 km (t= 1s

L 2) v= 29 979 km/s (10°% c - L = 30 130 km (t= 1s

3) v= 269 813 km/s (90 % c - L = 618 994 km (t= 2s

V. 4) v= 296 794 km/s (99 % ¢ - L =2 103 921 km (t= 7s
—> 5) v= 299 493 km/s (99,9 %' c) - L = 6 698 534 km (t=22s

To be taken into account when approaching
limiting speed
(c, speed of light in vacuum)



Special relativity:

mass and energy
* Mass-energy equivalence

> Mass is a form of energy

 If a body loses an amount of energy E, its mass decreases by
Am=E/c?

 E,=m c? rest energy (in reference frame with body at rest)
> Total energy of a system: E? = m?c* + p?¢c? (p = momentum)

> Conversion of kinetic energy into mass

E E

'P, P,

2

E

0

Py= P, ¥ P,

m

Eo = E1 + E2 = \/(m12+p12) + \/(m22+p22) = \/(m2+p02)

example : collision of protons with E =7 TeV
— available energy: E, = 14 TeV

In collisions, one can produce heavier objects
than original particles!

> Conversion of mass into kinetic energy

E
0 po
m
m2 = E02 p02
= [N(m*+p,

example : decay of unstable particles

By identifying the nature of decay products, one
knows their mass.

By also measuring their momentum, one can compute
the mass (hence its nature) of the originating particle
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Special relativity:
mass and energy
* Mass-energy equivalence

> Mass is a form of energy

 If a body loses an amount of energy E, its mass decreases by
Am=E/c?
 E,=m c? rest energy (in reference frame with body at rest)

> Total energy of a system: E? = m?c* + p?¢c? (p = momentum)
> Conversion of kinetic energy into mass

E, E, E, E, = E, + E, =V(mp?) + V(m,>+p,?) = V(m*+p,?)
P P, Pe=P; * P, example : collision of protons with E = 7 TeV
® »-@0m™m > — available energy: E, = 14 TeV
m m m In collisions, one can produce heavier objects

1 2 than original particles!

> Conversion of mass into kinetic energy

- c c L@)nservation of energj(j

example : decay of unstable particles

By identifying the nature of decay products, one
knows their mass.

By also measuring their momentum, one can compute
the mass (hence its nature) of the originating particle

= V(M. 2+p.2) + (M 2+p.2) - [p. + p.J - —
mp%) + Nm, P, ) - [p, —p—J!Qonservation of momentyfm/] 12



Units

* Usual units not very practical in particle physics

* Instead, use :
> Energy : eV (electron-volf)
*1eV=1610"J
* energy gained by an electron in a 1V electric potential difference
* From mass-energy equivalence (E>=m?2c*+p?c?).
> Momentum: eV/c
> Mass: eV/c?
*1eV/c* = 1.8 103 kg
> Often using “natural” units:
e c=1
* energy, momentum and mass in eV

* Usual multiples : keV (103), MeV(10¢), GeV(109), TeV (10'?)

13



Quantum mechanics:
wave-particle duality

° At mlcrOSCOpIC Scales’ Ob.JeCtS Photo-electric effect, Einstein, 1905
have both wave and particle
nature

E=hv p = h/\
Planck’s constant: h = 6,63 10>* J.s

The photon is
B the carrier of
il the energy of
the electro-
magnetic
wave

> nothing equivalent in our
macroscopic world — non-intuitive !

* Two antagonistic descriptions!
 particle: point-like objet with well-
defined position and momentum

* wave: spread out object that can
interfere
> quantum object: point-like properties
follow probabilistic laws of

. The object looks different depending
associated wave. on the direction of lighting

ex : position of a particle

14



Quantum mechanics example

Double-slit experiment

Experiment :
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Case #2: projectile = wave
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Quantum mechanics example

Double-slit experiment

Experiment : Case #1: projectile = marble Case #2: projectile = wave

X
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Case #3: projectile = quantum object (electron, photon)

* One can see both point-like impacts and interference
patterns!
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Quantum mechanics example

Double-slit experiment

Experiment : Case #1: projectile = marble Case #2: projectile = wave
X X
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Case #3: projectile = quantum object (electron, photon)

* One can see both point-like impacts and interference
patterns!

* Note: if one detects which slit the particle goes through,
the interference pattern disappears! .

oy >



(c)

Quantum mechanics:
uncertainty principle

* Heisenberg relations (1927)

> if position of particle known to Ax,
its momentum is known to a
precision Ap such that: Ap.Ax>h/2

> if timing of particle known to At, its
energy is known to AE such that:
AE.At>N/2

* Advantage of quantum fuzziness

wave: A = cos (k.x)

- infinite spatial spread > an energy (AE) can be “borrowed”
- pure frequency from vacuum during a time (At),
wave packet: A=, cos (k.x) sufficiently short for AE.At>h/2

- limited spatial spread : 5 :

- mix of frequencies > .. and SiNce E=mC y (Vlrtual)
particle : A= 1 if x=x,, 0 otherwise (V k) particles can be cree_lted and “live”
_ spatially localised for a short time (getting shorter the

- no well-defined frequency heavier the particle)
18



Quantum mechanics: interpretation

e Quantum mechanics: mathematical trick or
reality?

> Probabilistic aspects shocking to deterministic

physicists
* “God does not play dice with the universe”, Einstein (1927)
» Wave-particle duality LIGHT 1S A

* hard to interpret

e debated for a long time \ \ / j
* very active field of research \ :
* Despite all its weirdness, all predictions of

guantum mechanics are so far confirmed by
experiments

19



What is the visible Universe made of?

Matter Atom Electron Proton

e

_______
,,,,,,

Nucleus s, Neutron

* All visible matter, galaxies, viruses or human
beings, are made up of up quarks (u), down quarks
(d) and electrons

* Protons and neutrons are
made up of 3 quarks

* They make up the nucleus

 Electrons orbit nucleus

* Neutrinos are produced in nuclear reactions within
the core of stars



The positron

* Equation of motion of an electron @

Quantum _ Quantum \
Mechanics Field Theory
[1928, Dirac]

Q Classic.al Relativis:tic
> quantum meChanICS Mechanics Mechanics
. . . Size
> relativistic case g1 | Speed
> Dirac equation with 2 solutions | ,
e electron e ;
s /J . C — / ‘_\ 3 \
* positron (17/ 8;1 W)W 0 in T

* Observation:
[1932, Anderson]

* records in a Wilson cloud chamber a i 29
particle with the same properties as 2 J iy
the electron but opposite electric Piihsrt y
charge

21



Antimatter

* Positron discovery means birth of
antimatter

> positron = anti-electron

* Generalisation: each particle is
associated to its anti-particle with:

> Sdme Mmass

> same spin ;{
(intrinsic angular momentum) Charge’ spin

> opposite charge(s)

 Antimatter behaves like matter
(as seen in a mirror)

> ... but not quite exactly

* there is a small asymmetry convention:

+ very active field of research (and quite a ~ @nti-particle of x is called X
theoretical puzzle) 22



Fundamental interaction

Exchange of particles (bosons) between matter
particles (fermions, like quarks or electrons)

— &
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In particle physics :



Fundamental interaction

Exchange of particles (bosons) between matter
particles (fermions, like quarks or electrons)

In particle physics : Y



Forces



Solar systems
. Galies

Gravitational force



Graviton?
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Forces

Leptons



Quarks

trino tau neutrino

Leptons



Forces

All particles have zero mass,
contrary to experimental results...




Leptons

trino tau neutrino

Forces

0000000

ooooooo

Solution: add the Higgs field



The Standard Model

e Condensed version

36



The Standard Model

* Condensed version * Partial expansion...
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The Standard Model

Theoretical model that explains
about all observed and predicted
phenomena in particle physics

Describes elementary particles and |
their strong and electroweak (weak

and electromagnetic) interactions  xew)

.2 lept
sin“@ . (QFB) :
| os

Put together in 1960-70 sl Ton) |

Based on symmetries, implying JIRREEnEP
conservation laws S P

oo
Ryl = . |07

Great success over the years: ml o m . |os

(5) a2y |
Aoy d(MZ) i i P [ ; : i -0.2

tested to unprecedented precision "y 0 = [T
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| 04
|24
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| 04

Largest deviation ~2.50 (0, O/ O



Galileo “Einstein

* Gravitational * |nertial mass * Mass-energy
mass equivalence
P=mg 2F=ma E =mc?

* Various interpretations of the same concept of mass

* From theory elementary particles are massless

» The Universe as we know it does not exist...
> Introduction of a mechanism to generate mass, without losing nice
properties of model: spontaneous breaking of electroweak symmetry
39



Spontaneous breaking of

electroweak symmetry
The Higgs potential: the "Mexican hat”

40



Electroweak unification

low energy: differences between y and W/Z
no difference in mathematical formulation!

Intensity

c
Electro- o
magnetic '-g
1000000 force o
i
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\'\'R,\
10000 =
Weak force w
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10

0°9 87 6 5 4 3
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Strong force

Electromagnetic force I

Weak force

Electroweak force

Gravitation

13.7 Gy (2.7 K) 1012 s (10%° K) © DESY



Spontaneous symmetry breaking

e ; .
.-"; : “"-_
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i
TR ; 1
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angle de la bille/verticale e

* Angular velocity ® = critical velocity o,
> If ® < o.: marble on symmetry axis

> if ® > o : 2 stable positions. The marble must “choose”

one of them = spontaneous symmetry breaking i



Electroweak symmetry breaking

Energy

« At high temperature, just after Vi)t
the Big Bang: ]l

> Higgs field is null in fundamental
state

> particles are massless @

Higgs field value

43



Electroweak symmetry breaking

Energy

« At high temperature, just after Vi)t
the Big Bang: ]l

> Higgs field is null in fundamental
state

> particles are massless @

* Temperature decreases Higgs field value
(10-12 s after the Big Bang): Vip)A

s

» symmetry breaking
> non-zero field

> elementary particles acquire
mass by interacting with the
Higgs field

44



1964: The Higgs mechanism

BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

F. Englert and R. Brout
Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium
(Received 26 June 1964)

It is of interest to inquire whether gauge those vector mesons which are coupled to cur-
vector mesons acquire mass through interac- rents that “rotate” the original vacuum are the
tion'; by a gauge vector meson we mean a ones which acquire mass [see Eq. (8)].
Yang-Mills field® associated with the extension We shall then examine a particular model
of a Lie group from global to local symmetry. based on chirality invariance which may have a
The importance of this problem resides in the more fundamental significance. Here we begin
possibility that strong-interaction physics orig- with a chirality-invariant Lagrangian and intro-
inates from massive gauge fields related to a duce both vector and pseudovector gauge fields,
system of conserved currents.” In this note, thereby guaranteeing invariance under both local
we shall show that in certain cases vector phase and local y,-phase transformations. In
mesons do indeed acquire mass when the vac- this model the gauge fields themselves may break
uum is degenerate with respect to a compact the y, invariance leading to a mass for the orig-
Lie group. inal Fermi field. We shall show in this case

Theories with degenerate vacuum (broken that the pseudovector field acquires mass.
symmetry) have been the subject of intensive In the last paragraph we sketch a simple
study since their inception by Nambu.'™ A argument which renders these results reason-

VoLume 13, Numeer 16 PHYSICAL REVIEW LETTERS 19 OCTORER 1964

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Talt Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1964)

In a recent note® it was shown that the Gold- about the “vacuum” solution @, {x} =0, @y{x) =gy
stone theorem,® that Lorentz-covariant field
theories in which spontaneous breakdown of ﬁ“{ﬁ' _(.!_'x:.:-j)—mpﬂ.xl 1=0, (2a)
symmetry under an internal Lie group occurs # “
contain zero-mass particles, fails if and only if .
the conserved currents associated with the in- {4V (ggT) ) =0, (2v}
ternal group are coupled to gauge fields. The
purpose of the present note is to report that, BVF"‘U =€w0{ﬁpﬁawl}—e ;,?DA u]. {2e)
as a consequence of this coupling, the spin-one
quanta of some of the gauge fields acquire mass; Equation (2b) describes waves whose quanta have
the longitudinal degrees of freedom of these par- {bare) mass 2y {V**(w,2) "% Eags. (2a) and (2¢)
ticles (which would be absent if their mass were may be transformed, by the introduction of new
zero) go over into the Goldstone bosons when the variables

coupling tends to zere. This phenomenon is just
the relativistic analog of the plasmon phenome-

Englert, Brout, Higgs, Guralnik, Hagen, Kibble publish within a few months

—4 g -1 ‘
H.u A# Ef?wol E#{ﬁwlh

* Prediction: existence of the Higgs field, which would manifest itself with a new
particle, the Higgs boson
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ictures

in p

Imagine that a room full of physicists quietly chattering is

like space filled only with the Higgs field...

Higgs mechanism
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Higgs mechanism in pictures
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... a well known scientist walks in, creating a disturbance as he moves

across the room, and attracting a cluster of admirers with each step ... ,;



Higgs mechanism in pictures

to movement, in other words, he
acquires mass, just like a particle moving through the Higgs field ... 4



In pictures

hanism

Higgs mec

.. If a rumour crosses the room ...
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Higgs mechanism in pictures

... it creates the same kind of clustering, but this time among the scientists
themselves. In this analogy, these clusters are the Higgs particles. 50



Interactions with the Higgs boson
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https://cds.cern.ch/record/1406032

Mass
e Our mass: that of our atoms

* Mass of atoms: almost exclusively that of nucleus,
made of protons and neutrons of mass ~1 GeV

* Proton, neutron: 3 quarks,
mass ~10 MeV
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Mass
e Our mass: that of our atoms

* Mass of atoms: almost exclusively that of nucleus,
made of protons and neutrons of mass ~1 GeV

* |n reality, lots of gluons, whose
energy gives 99% of their
mass to protons and neutrons
(E=mc?)
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Mass
e OQur mass: that of our atoms

* Mass of atoms: almost exclusively that of nucleus,
made of protons and neutrons of mass ~1 GeV
s * |n reality, lots of gluons, whose
energy gives 99% of their
mass to protons and neutrons
(E=mc?)

* Higgs b: explains “only” mass of elementary
particles (quarks, electron [leptons], Z and W=
bosons) and its own
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Mass
Our mass: that of our atoms

Mass of atoms: almost exclusively that of nucleus,

made of protons and neutrons of mass ~1 GeV

energy gives 99% of their
mass to protons and neutrons
(E=mc?)

Higgs boson: explains “only” mass of elementary
particles (quarks, electron [leptons], Z and W=
bosons) and its own

Not much? Without this, no atoms, no chemistry, no
life or Universe as we know it...

* |n reality, lots of gluons, whose
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Higgs boson discovery

announcement on 4 Ju|y 2012
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A long quest

IThe Standard Mod_el.ofparticle physics ;DL;LL”T | Theorised/explained ° Standard mOdeI:

o .. .. . incredible success, except
— | particles have no mass...
- TTh * Higgs boson: cornerstone
H of model to make theory
s n and experiment agree
W bosan I I
", 48 years between

. . theoretical prediction and
emeeconomst  @XpPerimental discovery!

 Why? The theory predicts everything about the
Higgs boson, except its mass! Had to look for it
everywhere... -



The Higgs boson hunt

P

| | | | | | |
| 0 | 100 I200 !300 JOO Sl)O 6(]0 70(! 800I 900 | 1000 |

Masse [GeV]

* Only theoretical constraint: mass < 1000 GeV
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The Higgs boson hunt

LEP
1989-2000

0 100 200 300 400 500 600

my [GeV] |

© N. Makovec



The Higgs boson hunt

Tevatron
1983-2011

100 200 300 400 500 600

my [GeV] |

© N. Makovec



The Higgs boson hunt

LHC
2009-2011
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© N. Makovec



The Higgs boson hunt

300 400 500 600
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© N. Makovec



How do you go about it?

* Proton collision — (E = mc2) — creation of a Higgs
boson, once every 10 billion collisions

* Decays quickly,
differently depending on
its mass. Example at
125 GeV.

~ 58 times out of 100 in bb [
» 21 times out of 100 in WW ¢
» 3 times out of 100 in ZZ
» 2 times out of 1000 in yy

* Note: the most frequent decay mode does not have
to be the easiest one to observe SeeL.Vacavant .

WW

—_
|

o

Tl

ggs BR + Total Uncert
o
W I

7

10'3 1 1 1 ! 1 1 1 | 1 1 N 1 1 1 1
100 120 140 160 180 200



Even more difficult than

a needle in a haystack

* The Higgs boson is not produced very often, one
needs to analyse many, many collisions

* The trace of its decay in the
detector maybe be
mimicked by other
processes, difficult
to distinguish from
what one is
looking for

* Aneedlein a
needle stack



H—yy candidate



H—ZZ*—eeuu candidate

ATLAS

§

. EXPERIMENT
- http://atlas.ch
i N Q%B Run:p //2@)5113

Event: 12611816
Date: 2012-06-18
Time: 11:07:47 CEST

%;
g



H—WW—evuv candidate

ATLAS
EXPERIMENT

un Number: 204026, Event Number: 33133446

Date: 2012-05-28 07:23:47 CEST




Measurement
* Higgs to 2 photons

» Large background

» Small peak with “a lot”
of signal

500, , ATLAS ¢ Data

3
3000 ® e Sig+Bkg Fit (m,=126.5 GeV)
2

. Bkg (4th order polynomial)
500 .

2000
1500 ®e

Events / 2 GeV

1000 15=7 TeV, det=4.8fb" oo
500~ V=8 TeV, [Ldt=5.9fb" H-yy

N
(=]
Q

100

-100 +

Events - Bkg
o

V)
=]
S

100 110 120 130 140 150 160
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Measurement
* Higgs to 2 photons

» Large background

» Small peak with “a lot”
of signal

S T T T T T T T T T T T T T T
> =
O 3500F ATLAS ¢ Data
o = . .
.(}’_ 3000 f— ——— Sig+Bkg Fit (mH=126.5 GeV)
T E N, e Bkg (4th order polynomial)
S 2500F-
i =
2000 0 Tw
1500
1000 {s=7 TeV, [Ldt=4.8fb"
500 1s=8 TeV, [Ldt=5.9fb" H—vy
g) T R T T ST R S T S S RS S S R S S
m
o
T
o
>
T

150 160
m,, [GeV]



+ Hi

>

Events / 2 GeV

Events - Bkg

Measurement

ggs to 2 photons

Large background

Small peak with “a lot”
of signal

ATLAS ¢ Data

—— Sig+Bkg Fit (m =126.5 GeV)

-------- Bkg (4th order polynomial)

o,
B
-

{s=7 TeV, det=4.8fb"

— Vs=8 TeV, | Ldt=5.9fb"

150 160
m,, [GeV]

* Higgs to ZZ

> Very little background
> Very few events

L T | T T T | T T T
. e Data

> T | T T T T

8 ATLAS
— [l Background zz" .

023 Bl Backgroun  HszZsa4

£ [l Background Zsjets, i

|_T>j 20~ [ Signal (m =125 GeV) N
T %/ Syst.Unc.

15

s =8TeV:[Ldt=5.8fb"

"is=7TeV:[Ldt= 4.8 b
10 }

100 150 200 250
m, [GeV]
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Measurement

* Higgs to 2 photons * Higgs to ZZ

» Large background > Very little background

» Small peak with “a lot” > Very few events
of signal

S T > [T T T T
3 3500 ATLAS ¢ Daa 8 - ° Data " ATLAS

Ry 3000 —— Sig+Bkg Fit (m, =126.5 GeV) % 25 Bl Background ZZ. sz

% -------- Bkg (4th order polynomial) "GC')' E ] E?Ckﬁrounizz’;ﬁé;&v tt

z 2500 Lﬁ20_ |:| ignal (m = eV) B

—
9]

— — -1 T
V=7 TeV, [Ldt=4.8fb [s =8 TeV:Ldt=5.8 fb"

2000F- RN " % Syst.Unc.

Vs =7TeV:|Ldt = 4.8 i }

500 Vs=8 TeV, [Ldt=5.9fb" Hoyy 1oL

U) T R T T ST R S T S S RS S S R S S

o .
o S
& i
i i

: 0
150 160 100 150 200 250
m,, [GeV] m,, [GeV]

Is it significant?
Statistical tools to answer
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The Gaussian
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The Gaussian
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Higgs result: is it statistically
significant?
e p-value p,: probability that

background events produce § /T4 U P esTeTer
something that is as signal- = [

like by chance ol || i

* Quantified in number of “c”; s -

10°F R SO o o

» 10: 1 chance out of 3 (too N R e

probable to conclude anything) "oz 000560

my, [GeV]
» 30 (evidence): 3 chances out of 1000

» 50 (observation): 1 chance out of 2
millions 34.1% 34.1%

» 5,90: 3 chances out of 1 billion 19 2% 4O ) 21% 19,
-300 -20 -1lo V] lo 20 ?:0

* We are therefore sure we saw something
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Evolution with time

(until discovery)
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* At first statistical fluctuations everywhere
* Then measurement stablilises
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Evolution with time

(until discovery)
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07/11 EPS Prel. ...
— Observed
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12/11 CERN Prel.

— QObserved
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Spring 2012 PRD
Observed
------ Expected
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Observed .~ —— Observed §
Expected *. Y omm—-- Expected

IIIIIIIIIIIIII|IIIIIIIIIIIIII]IIIIIIIII

my, [GeV]

Excited

theoreticians
around the globe

* At first statistical fluctuations everywhere

e Then measurement stabilises
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Evolution with time

(until discovery)
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* At first statistical fluctuations everywhere
* Then measurement stablilises



Events / GeV

Data - Fit

Evolution with time
(until end of 2012)
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) weights / GeV

Y weights - fitted bkg

Evolution with time

(latest results)

T 1 ©~ 7 7 T [ T T T 1 L I T T T T > FT T T | L | 7T | 1T | 71T | [ | T T I I | T T1TTH
- e Data ATLAS D B Lt ® Dat 7
600__ ...... Background _ 4 (D L ATLAS Prellmlnary Sla: L 125 Gev B
- —— Signal + Background Vs =13 TeV, 36.1fb . o 100 . gnal (m,, ev) |
500l — Signal In(1+S/B) weighted sum -  H—> 727" — 4l Bz ]
S 1 - 13 TeV, 79.8 fb” B z:jets, 1, tE+V, VWV .
:_ _: wn B 7/ Uncertainty .
400: - = 80 - B
- 1 2 1 ]
S00F R T I ]
200F- E 60 B -
100 s - ]
=—— T T I } = I ]
20 E - _
10E- = 20 - =
0 = i
e 11'o'+' 720 130 140 50 '1_;60 0 .
m.,, [GeV] 80 90 100110120130 140 150 160 170
144

m, [GeV]

H— yy H— ZZ* — 4l

81



Consistent with other measurements

5|||||||
SM fit

SM fit w/o M,, measurement

=®- LHC combination [PRL 114, 191803 (2015)]

[GIi

fltter M|

E—-—%

N
o IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

P
~f
o_

* Not very far from indirect prediction

ol
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* No “tension” with standard model
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Consistent with other measurements
In the standard model?

p—
> B H -
[ —  68% and 95% CL contours i1 M comb. £ fo —
O - _ il e m, = 172.47 GeV -
= 80.5 — B Fitw/o M, and m measurements Vil -~ o =0.46GeV - —
Eg B Fit w/o M,,, m and M, measurements 1l — =046 9050,  GEV .
B Direct M, and m measurements :: ’ _
80.45 o =
B }.,1 _
80.4 — s

-t etk Jo
— M, comb. + 15 ; -
80.35 [, -80.379+ 0013 Gev % ]
80.3 — :,: _]
B Nl > e ii N’ ]
| OB’,' 66 QG,’ qC:)a' —
80.25 — 9. AL e gt : -
L o N \,\? fitter[sff -
B | | | | | | | ,*’ | | | L"’ I :E: | | | | | | | | | | ]

140 150 160 170 180 190

m, [GeV]
* Not very far from indirect prediction

 No “tension” with standard model
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Is it the Standard model Higgs?

 Mass compatible with other SM measurements:
» m, =125.09 + 0.24 (0.21 stat. + 0.11 syst.) GeV

(134 times the mass of the proton)

I I I I I 1 I I I 1 I I I 1 I 1 I I I 1 I I I 1 1 1 l I 1 I I | I I
ATLAS and CMS —— Total Stat. 1 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 ) | 124511 0.52 (£ 0.52 £ 0.04) GeV
CMS H—ZZ—4l —t—— 125.59 £0.45 (£ 0.42 £ 0.17) GeV
ATLAS+CMS yy I-—EI—-I 125.07 £ 0.29 (£ 0.25 £ 0.14) GeV
ATLAS+CMS 4] I_l-E_I 125.15 £ 0.40 (£ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l I—?—I 125.09 £ 0.24 ( £+ 0.21 £ 0.11) GeV
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 I 1 1 1 1 | 1 1
123 124 125 126 127 128 129

m,, [GeV]



Is it the Standard model Higgs?

Mass compatible with other SM measurements:

+ m,=125.09 + 0.24 (0.21 stat. + 0.11 syst.) GeV

(134 times the mass of the proton)

Statistical significance keeps increasing

Measurements in other decays modes
New ATLAS and CMS results still consistents

Property measurements:

» Various channels/production modes, couplings,

spin...
» Confirm the standard model...

See L. Vacavant
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Measurements in several channels

ATLAS Preliminary Input measurements
m, = 125.36 GeV +
H m,, (GeV) - 10 on u
rall: p 5.4 : ]
H— vy goF: 1 5.4 : ; i : :
o —_—
i 5 5 SV
ZH : ; A S S,
1040 ({25 36 . . —— - . .
H - zz* Overall: p = 1.44 : : : : :
. . —— . .
N B o s e VLSRN B
Overall: p = 1.16"°%* 125 36 ' : — : .
H - Ww* : : : : :
: N = T : :
E S SUTEE
H-o . . . : .
: Lo
Overall: u = 0.52'%° : R : : .
VH — Vbb 049 . . . : .
A . L p—te——f . .
N R e e B PR PRSI B
H— uu Overall: p =-0.7"%7 |25 5
H - Zy . . :
! . ‘ —_—
ttH : : :
: —
i : f : - |
R I R R B

Vs =7TeV, 4547 b

Vs =8TeV, 20.3fb"

Signal strength ()

Combined
w=1.00+0.14

H — vy (untagged)
H— vy (VBF tag)
H— vy (VH tag)
H— vy (ttH tag)
H— ZZ (0/1-jet)
H— ZZ (2-jet)
H— WW (0/1-jet)
H— WW (VBF tag)
H— WW (VH tag)
H— WW (ttH tag)
H— 1t (0/1-jet)
H— 1 (VBF tag)
H — 7t (VH tag)

H — 1t (ttH tag)

H — bb (VH tag)

H—bb (ttHtag) | | |

19.7 b (8 TeV) + 5.1 fb' (7 TeV)

CMS m, =125 GeV
psrm: 0.84 -
——
]
B
i
|
i
1 | 1 1 1 | I. 1 | 1 1 | | 1 1 1
4 -2 0 6

2 4
Best fit G/GSM

* 1 = clogy = 1 if the particule is like the Higgs boson

of the standard model
* So far very close to predictions
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Higgs boson production

Different production
modes

If standard model
Higgs, proportions are
Known

“Just” have to
separate decay
modes experimentally

Easier said than
done...

gg Fusion

tt Fusion

ttH

VBF
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Separatlon of productlon channels

ATLAS Simulation H—yy \'s=8TeV

ttH leptonic

ttH hadronic
VH dilepton

VH one lepton
VH Emiss

T
VH hadronic
VBF tight

VBF loose
Forward - highp_
Forward - low P,
Central - high P,

Central - low P,

O 0.1 02 03 04 05 06 0.7 0.8 09 1
Fraction of each signal process per category

* Optimising analyses, one can target a specific
production mode

* Never 100 % pure, but allows interesting
measurements 88



“VBF” Or “gg F!!?

T 7 L L L L L L L L O [ I N I D Y I O ]
> - Standard Model -
+ I —
S gE 4 Best ATLAS Prellmlnary__
> C  —68%CL Rl \s=7TeV, 4547’ =
5E- ---95% CL ! \s=8TeV,20.3 fb" =
- : —Ho>WW 3
4 —Ho2ZZ
3 - Hobb J
- —Hor ]
o H— 1t .
1= —
O —
1= =
- = 125.36 GeV -
_2 C L1 1 I 11 1 1 I 11 1 1 I 1 1 1 | | | T | 1 1 1 1 I 11 1 1 I 1 1 1 1 | L1 | ]
-2 -1 0 1 2 3 4 3 6 7/

f
uggF+ttH

u =1 if the particule is like the Higgs boson of the standard model

* All channels compatible among themselves and with standard
model

* Evidence pour VBF#0 — this boson plays a role in electroweak

symmetry breaking
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Coupling to fermions and bosons

* Too many parameters to measure simultaneously

> Group them and measure ratio to SM prediction, K

* If k« = 1 the particule is like the Higgs boson of the
standard model

2

- ATLAS Prellm
— Vs=7TeV, 4547 1"
S =
m, = 125.36 GeV

(0]
_|
0]
< :
N
&
w
—+
()

III|I|II|IIII|I\II|III

D

= =

> CH 2z

- CJH—wWw
- H

= » SM — 68% CL } j g;

E 'II- Best flt 95/ CL D Combmed

IIII|IIII|IIIILI__|_I||J_L_I_|_IIII|IIII|III_

0.4 O 6

—0.8

RN

.4

16

18
Ky

ATLAS Preliminary

Total uncertainty

my = 125.5 GeV + 1o + 20
MOdel:KV! Ke ......................................................... }“ ...................
Pg,=10% +0.08 : [/
Ky=1.15 0g | fonn 1
I ::i/, : \ o
+0.17 : \ /
K=0.9977 12 1 e R N —
Model: g, Kyy \A/ ....................................... \ o
Pg=10% £0.14 : \ | ¥
k v=0. 86" CQAD [ R — 19]
MOdel:)‘wzvsz!KZZ ........................................... ‘l .....................
Pgy=19% +0.14 : \
k -=0. 94" B e e E— | S
Model: Ay, Ay Koy LN - R N A
Py —20% Ay € \ ./ \

['1.24,0. 81]u[0 78,1.15] |- \J/ S — R i—r
Model: A, Ay Y \ /
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\« // .............
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PR I ] I 2
'
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Spin and parity
* Observation of H — yy implies integer spin, not 1

e Exclusion of spin 1+, 1-, 0-, 2* more and more clear
(more than 99 % confidence)

* Every time consistent with 0+: like the standard
model Higgs boson

2 . 0.5 N . c TTT T[T TTT
T [ATLAS Preliminary . pu, Lo12e [ ATLAS Preliminary 9 o
E Ho 77" 54 2 L e data S 10k ATLAS Preliminary H-ZZ* - 4 ,
B, [T T B signal S = 0" (125.5 GeV) & — SM Hiaas ‘ 1 =
2 5,_ —7TeV, 45" . = 04— 99 \S=8TeV,20.3 fb e Dat s—8Te
*\‘S_STeV’ 263fb'1 Background ZZ* + Zjets —H01 & C — spin2 K=Kg 5 +a ' » &0 B
plesE e @ spin2 k=0 c 1 _g H— WW*— evuv 3
1= r . & ls=8TeV,20.3f5' ]
- - s s e EEEESEEEEE==== 0.3— — SpIN2 K4=2K, =
- o= = om i mmpp —0.08 - B 1l ]
= 1 = 107e
= =-- E
:== -== 0.2 B
L = = =N | N N ] —0.06 — 10-25_ ~
L = m NN HEEEEEEEE= — — g
- R R N 1 T 1T 1 0 0 0 N
: s EEEEEEEEEe = - |
o -sEmEEEEEE = —H0.04  0.1= | ! 10°L _
- = mm EEwEn 3
- smwmmd’'sm I= T
- .: = : - m Em s = B —_—r B
g = - - - —0.02 ol -1 I 104E 4
;i:i.:::'::::::::fiif ‘ g
--------. ------ \- -|- Tl-- : | | | *57II|I\\I‘II\\‘III\ I L JE "|
—0 C1 c2 Cc3 C4 Cs5 Cé Cc7 cs8 C9 c10 Cc11 1 O

: Clli
40 -30 20 -10 O 10 20 30 40
log(L(H )/L(H)
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Particle masses and coupling to
Higgs boson

_"I T LR T L rrTTT t'
> 1r ATLAS and CMS w2
1 - LHC Run 1
5 107'E
LL
e >
L
“ 102 F >
¢ ATLAS+CMS
------- SM Higgs boson
10°F 0 g — [M, g] fit
[ 68% CL
E [ ]95% CL ]
107 T T
49 1;... ........................ i ... .{ ....... —*«TJ
S 05 E
(4] O:_L.j Ll Ll L] .
i 10 1 10 102
Particle mass [GeV]

* As expected from standard model
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An unstable unlverse’?

200 |

150 |

Top mass M, in GeV

100 f Stability
50 |
ot —m e,
0 50 100 150 200

Higgs mass M), in GeV
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An unstable universe?

180

175 =

170 F -~

Pole top mass M, in GeV

Stability

165 I 1 1 1 | ! ! 1 ! ] ! 1 ! ! | ! 1 ! 1
115 120 125 130 135

Higgs mass M,, in GeV

* Rather meta-stable, stable on the scale of the age of the Universe
— we are safe!
* Need to improve precision on m; to know more
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fundamental particle, by the ATLAS and CMS experiments at CERN's Large Hadron Collider”
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What else?

Our visible Universe




_Planck_, March 2013

Our visible Universe




Planck March 2013

What else’? >

Our visible Universe

Do not know what it
is, but have good

- rotational velocity

i) e reasons to think it is
: 7 - measured th ere
Potential candidates
2 observable at LHC
: -;Ehhnlili;la;lne;rﬁ;li cﬁlei[li}lnl:]l;]\?:#rsi,r (Supersymmetry’ e )?



Planck March 2013

Our visible Universe

27°/o d k

-_.( ~

_- t:ter' * Do not know what it
] t is, but have good
reasons to think it is

|

- ‘rotational ﬁelﬁcilv
“ . [km/s) . ‘ : 5
: v - measured. -

there
* Potential candidates
£h observable at LHC
T 0000 B oo ?
: e | dis}anc‘ﬁrqmclil&f»[_l‘iumvez.l'rsl ,‘ rourhw(nsugemrls?:mrn ;:netry, i ) :

Best fit of
current dg\ta

Accelerating

. ® High-Z Supernova
Universe 9 P

Search
Supe 2rnov a Cosmology

Dbgereed] bagn i®

No clue whatsoever as to what it could be

L ok W&
Bedshff 2

- . [ [ | 1
See W. Gillard & al 27
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Other theories

* The standard model does not explain everything:

> Why three families?

> Why such a wide spectrum of masses among elementary
particles?

> What are dark matter and dark energy?
> Why has antimatter almost completely disappeared?

* Theoreticians have lots of ideas
* Many models make predictions that can be tested at LHC

e Supersymmetry, exotic models, extra dimensions of
space, ...

» predict new particles, or have impact on already known
phenomena

* Need experimental measurements to guide theoreticians
102
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Matter-antimatter asymmetry

* Not enough antimatter in the Universe

 Precision measurements to characterise minute
differences between matter and antimatter

HFLAV

DO 8 fb~!
68% CL contours

(Alog £ =1.15)
CMS 19.7 fb!

0.10

0.08
LHCb 3 fb~!

0.06 ATLAS 19.2 fb!

04 02 00 02 ‘0‘4‘
6% [rad]
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Matter-antimatter asymmetry
* Not enough antimatter in the Universe

 Precision measurements to characterise minute
differences between matter and antimatter

* So far mostly compatible Standard model predictions

2)

1 —

0.14 . HFLAV I
' DO 8 fb 05
68% CL contours -

0.12 (Alog £ =1.15)

CMS 19.7 fb! = or

0.10 Combined

O

ATLAS 19.2 fb!

CDF 9.6 fb ! -
-0.5 -

LHCb 3 fb!

0.06

04 02 00 02 ‘0@‘
¢ [rad]

_1_5_|||||||||||||||||||||||||||
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Matter-antimatter asymmetry
* Not enough antimatter in the Universe

 Precision measurements to characterise minute
differences between matter and antimatter

* So far mostly compatible Standard model predictions

2)

1 —

,? b
i HFLAV L
£ 014 DO 8 fb! 05 -
z 68% CL contours r
o1 (Alog £ = 1.15)
CMS 19.7 fb-! = or
0.10 Combined

CDF 9.6 fb ! -
-0.5 -

O

ATLAS 19.2 fb!

LHCb 3 fb! L
_1 —
0.06 |

04 02 00 02 ‘0.‘_4‘
¢ [rad]

_1_5_|||||||||||||||||||||||||||

But other tantalising results from LHCb, see J. Cogépn 107



Matter-antimatter asymmetry

in space: AMS

* Alpha Magnetic Spectrometer

* Particle detector onboard international space
statlon !QSS _




Matter-antimatter asymmetry

in space: AMS

* Alpha Magnetic Spectrometer

* Particle detector onboard international space
station JIS@S
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Positron fraction

-
Qe

Confirmed already known positron excess
But also excess of antiprotons and various elements
Taking data until at least 2024

Matter-antimatter asymmetry
in space: AMS

Measures the ratio of electron and positron fluxes

IIIII

T

Avril 2013

n JTH%” |
44 i{"} |
(¢ o A A iﬁéé ]
§ 3 3 2 oﬁy:nm
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1 10 102

positron, electron energy [GeV]
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Matter-antimatter asymmetry
in space: AMS
Measures the ratio of electron and positron fluxes
Confirmed already known positron excess

But also excess of antiprotons and various elements
Taking data until at least 2024

Positron fraction

-
Qe

[ |
Avril 2012 | | 4
Positron Fraction

| AMS 2016
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1 T T | L L

10 1|:l3
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Matter-antimatter asymmetry
in space: AMS
Measures the ratio of electron and positron fluxes
Confirmed already known positron excess

But also excess of antiprotons and various elements
Taking data until at least 2024

Positron fraction

-
Qe
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< 00 oo - 1} B q’e*
8 EE ¢ e
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i a e f
e L
a -
1 102 —80'05-
I | E||1ergy [GeV] |
0= 10 100 1000
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Positron fraction

-
Qe

Matter-antimatter asymmetry

in space: AMS

Measures the ratio of electron and positron fluxes

Confirmed already known positron excess

But also excess of antiprotons and various elements

Taking data until at least 2024

IIIII
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What now?

e Remember Lord Kelvin in 1900:

> “There is nothing new to be discovered in physics now.
All that remains is more and more precise
measurement.”

* Oops, “just” missed quantum mechanics, special and
general relativity...

e Safe bet: there is more to discover out there
e But: where?

* R. Kukla will tell you more about prospects next
Tuesday



High energy physics life cycle

o New |deas and Models

Discovery and e
ATLAS
Expatiment 1

Deeper Exploration e
Experimant 2 L
= )
. —
> .
/
Mass of perent pertice & ¥
Bumps and statistics Construction
£
W {}Q
%,

Frequancy
-

Comparison "y, %
with simulated data e i
|

Mass of parent parfce
=7

Data Analysis and Search Detection

o EBvent Selection

Reconstruction
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