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The history of the universe through particle physics

It is the key to solving fundamental questions: What is the physics that governs our universe? Is
there a theory that explains all natural phenomena in a fundamental way?

HISTORY OF THE UNIVERSE A
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t = Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 10710 joules)
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The concept for the above figure originated in a 1986 paper by Michael Tt

As we go back in the hlstory of the universe it becomes denser and hotter (energy) and the
distance scales become smaller




What do we know today about matter?
The standard model, a model to unify everything (or almost everything)

Nucleus Neutron

THE STANDARD MODEL

FERMIONS (matter) BOSONS (force carriers)
Quarks @ Leptons Gauge bosons Higgs boson

Particles of matter
(outer ring)

Particles of forces
(inner ring)

* Every fundamental particle has a corresponding antiparticle, same mass and opposite electric charge 3



What do we know today about matter?
The standard model, a model to unify everything (or almost everything)

Nucleus Neutron

THE STANDARD MODEL

FERMIONS (matter) BOSONS (force carriers)
Quarks @ Leptons Gauge bosons Higgs boson

Particles of matter
(outer ring)

Higgs boson
Discovered in 2012

Particles of forces
(inner ring)

A very successful model from
the experimental point of view

* Every fundamental particle has a corresponding antiparticle, same mass and opposite electric charge 4



The Higgs boson: the origin of particle masses
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Explanation proposed by Brout, Englert,
Higgs et al., 1964

« “Brout-Englert-Higgs mechanism (BEH)”
— origin of masses

= ~ 10" s after the Big Bang, when Higgs
field became active, particles acquired
masses proportional to the strength of their
interactions with this Higgs field

Consequence: existence of a Higgs boson

*» The Higgs boson is the quantum of the new
postulated field

* |t has been searched for > 30 years at
accelerators all over the world

* Finally discovered at the LHC in 2012



The formula of the universe?
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The formula of the universe?

Describe the forces

How forces act
on matter
. h B e
How particles
get mass

e ———

How the Higgs
boson works



A very successful model

Standard Model Production Cross Section Measurements

Status: March 2019

_Q A-Q total (2x) : -
O 10" EFOAG newse ATLAS Preliminary
[ Theory
b 106 D|ncl Run 1 ’2 V_ = 5’7’8!13 TeV
2 “o ;
- (m} 3
5 B dijets v ]
10° F o . |
: or 5 Gev LHC pp Vs =7 TeV ]
10* F 20 BBl Data 45-49fb! -
E A0 5
I LHC =8 TeV )
103 £ oo A T ge pp Vs=8Te 4
E 0o O YV o A 50.2 — 20 3 1 3
C pr>100GeV p;>2 'AI o W Data 20.2-20.3fb ]
A VN t-chan o =
102 E : °© "o A 5wz A ww |
3 n23 we O ol LHC pp Vs =13 TeV E
N P Nowz A .
- Q n>2 B e 22 A 5 B ; i
10! ¥ n;>4 = uDZL’ zzA O ooF BEl Data 32-798f -
F Va\ O n;>4 A o O H-ww w 3
o o] nj>3 o) vH i Y 3
. 25 o ngs  chan Hobbae :
1 E- An Dnjz4 n>6 nH >TT QAOU D
3 O 0 n tZj Zy o 3
= n; =6 A 0O =
N y o & Wi 3
L A n25 27 VBF & x A ]
1071 o o HoWW A Ap
:F ] n>8 O D VAN ?:
- A n; 26 o] A o E
o[ g, o 8 :
— n27 A
10 EE 27 n | A | .o . W?:
C s
- Pa .
A A
—3 =
10 :E gwz
i A
PP Jets 7 W z tt t VV 7Y H WV VyttWttZttH tty 77y Vijj WW  Wyy  Zyjj

EWK  Excl. Zy‘y WW‘y V\/jj

tot. tot. tot. tot. tot. EWK



An example in our tool box

Mont Blanc in the Alps

Large Hadron
Collider (LHC)

Ly

l“r




The Large Hadron Collider (LHC)
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Exploring the small scales:

s Resolving structures: Use particle beam like light in a microscope. Need very short
wavelength, i.e. particles at very high energies E = hc/A

s Creating new particles: collide particles with ‘available’ collision energy corresponding to at

least the rest mass of the new particle E = mc? 10



The Large Hadron Collider (LHC)

Located on the French-Swiss border at CERN
CERN \
NS

Higher energy than any other particle

collider (protons) o
Millions of millions of protons , eaghiwith | H(C \\

the energy of a mosquito at ALICE # | . LHCb

99.9999991% of the speed of ligh S
circulate the 27km ring 11 000 ™, —_— SPS
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thousands of magnets of different types % Bt e
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600 million collisions per second N s/ )1

E=me?
4 high precision detectors built to record I~ 3
data: ATLAS, CMS, LHCb and ALICE ek Ricwislu, 1966
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The last stage/ring : the LHC

The pr%suré in the ring is 10 times less thar
moon, 107" mbar!




The last stage/ring : the LHC

~ Cooler than space

LHC 1.9 degrees above absolute zefo=-271C
Space 24 degrees above absolute zero =-270C

In order to maintain a témperature smtable for the
superconductivity-of the magnets and the radio-
freq uency caV|t|es | . i




LHC: 4 main detectors
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An example: ATLAS




The human part of a particle physics experiment

A

<~ About.3,000 scientists (1,200 students), 478 institytions, 38,7
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The human part of a particle physics experiment

Premier faisces




The human part of a particle physics experiment




The human part of a particle physics experiment:
One of 3000 stories

Went to university (Mérida)

Was born here {Barinas)

HELEN program (Paris, 2008-2009)
PhD (Clermont, 2009-2012)
Postdoc UGeneva (2013-2014)

Postdoc UChicago (2015-2017)

Work as a researcher at the French National Research Center (CNRS) in Paris since 2018

My work: Higgs physics, silicon detector R&D, capacity building Europe-Latin America 19



But there are still many questions without answers!

s Today:

Universe content

visible matter 4.82+0.05%
. r>9

s Numerous predictions of the Standard Model have [§ -
been experimentally verified with high accuracy -

dark energy 692 +1%

s Some unanswered questions:

s And the gravitation?

s How to unify all the particle interactions?

s \What is the nature of dark matter and dark
energy?

s The SM does not include enough CP violation to
account for the matter-antimatter asymmetry
observed in nature

Planck CMB Data (2013 and 2015)

e
.

s |s the SM an approximation of a more general theory? !

s |ncrease our experiment's precision to reach its
limits!

20



Where are going now?
Particle physicists are explorers

Known friends

Known strangers
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New physics so far?

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: May 2020 JLdt=(3.2-139)fb™? Vs =8,13TeV
Model t,y Jetst ET™ [rdt[fb] Limit Reference
T T T T T T T T T T T T —TT
ADD Gk + g/q Oe,pu 1-4j Yes 36.1 Mp 7.7 TeV n=2 1711.03301
2 ADD non-resonant yy 2y - s 36.7 Ms 8.6 TeV n =3 HLZ NLO 1707.04147
S | ADDQBH - 2j - 37.0 | Mu 89TeV n=6 1703.09127
< ADD BH high ¥, p1 >leu >2j - 3.2 M 8.2 TeV n=6, Mp = 3TeV, rot BH 1606.02265
QE" ADD BH multijet - >3j - 3.6 My, 9.55TeV n=6, Mp=3TeV,rot BH 1512.02586
3 RS1 Gkk — vy 2y - - 36.7 Gkk mass 4.1 TeV k/Mpg = 0.1 1707.04147
© Bulk RS Gk —» WW/ZZ multi-channel 36.1 Gyk mass 2.3 TeV k/Mp; = 1.0 1808.02380
£ Bulk RS Gk —» WV - fvqq 1epu 2j/1J  Yes 139 | Gkk mass 2.0 TeV k/Mp; = 1.0 2004.14636
w Bulk RS gkk — tt leu >1b,>1J/2) Yes 36.1 8Kk mass 3.8 TeV r/m=15% 1804.10823
2UED / RPP 1epg =22b>23j Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AM) — t) =1 1803.09678
SSM Z’ - ¢ 2ep - ~ 139 Z’ mass 5.1TeV 1903.06248
SSM Z’ - 77 27 = - 36.1 Z’ mass 2.42 TeV 1709.07242
» Leptophobic Z’ — bb = 2b = 36.1 Z’ mass 2.1TeV 1805.09299
8 Leptophobic Z’ — tt Oe, >1b,>2J Yes 139 Z’ mass 4.1 TeV r/m=1.2% 2005.05138
2 SSM W’ — ¢v tep o Yes 139 | W’ mass 6.0 TeV 1906.05609
Q SSM W’ — 1v i - Yes 36.1 W’ mass 3.7 TeV 1801.06992
% HVT W - WZ — évggmodel B 1e,u 2j/1J Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
(?S HVT V' - WV — gqqqg modelB O e, u 2J - 139 V'’ mass 3.8 TeV gv =3 1906.08589
(0] HVT V' - WH/ZH model B multi-channel 36.1 V’ mass 2.93 TeV gv =3 1712.06518
HVT W — WH model B Oep >1b,>2J 139 W’ mass 3.2TeV gv =3 CERN-EP-2020-073
LRSM Wg — tb multi-channel 36.1 Wg mass 3.25 TeV 1807.10473
LRSM Wgr — uNg 2u 1J - 80 Wrg mass 5.0 TeV m(Ng) =0.5TeV, gL = gr 1904.12679
oy Cl qqqq - 2j - 37.0 A 21.8TeV 7, 1703.09127
I Cl‘tqq 2e,u - - 139 | A 358TeV. ., CERN-EP-2020-066
Cl tttt >1eu >1b,>1j Yes 36.1 A 2.57 TeV |Carl = 4 1811.02305
Axial-vector mediator (Dirac DM) Oe u 1-4j Yes 36.1 Mimed 1.55 TeV 84=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
o Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mped 1.67 TeV g=1.0, m(y) =1GeV 1711.03301
Q Vv EFT (Dirac DM) Oe,pu 1J,<1j  Yes 32 | m. 700 GeV m(x) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 my 3.4 TeV y =0.4,1=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 15t gen 12e =12 Yes 36.1 LQ mass 1.4 TeV p=1 1902.00377
Q| Scalar LQ 2™ gen 12u 22] Yes  36.1 LQ mass 1.56 TeV B=1 1902.00377
= Scalar LQ 3 gen 2r 2b - 36.1 LQ; mass 1.03 TeV B(LQ3 — br) =1 1902.08103
Scalar LQ 3" gen O-1e,pu 2b Yes 36.1 LQ; mass 970 GeV B(LQY - tr) =0 1902.08103
VLQ TT - Ht/Zt/Wb+ X multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
§.<_Q VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
© E VLQ Ts/3Tss3|Ts3 = Wt+ X 2(SS)/>3eu>1b,>1] VYes 36.1 Ts/3 mass 1.64 TeV B(Tsy3 > Wt)=1, c(Ts;3sWt)=1 1807.11883
2 VIQY Wbt X teu >1b>1 Yes 361 |Ymass 1.85 TeV B(Y — Wh)=1, cr(Wh)= 1 1812.07343
VLQ B - Hb+ X Oeu,2y >1b,>1j Yes 79.8 B mass 1.21 TeV k=05 ATLAS-CONF-2018-024
VLQ QQ — WqWq lepu >4] Yes 203 |[lQfascoocevl 1509.04261
b cé) Excited quark ¢* — qg - 2] — 139 q* mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447
O S Excitedquark g* — qy 1y 1j = 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
g £ Excited quark b* — bg = b, j - 36.1 b* mass 2.6 TeV 1805.09299
w :q:) Excited lepton ¢* e - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* Seut - - 20.3 A=1.6TeV 1411.2921
Type Ill Seesaw 1eu =22 Yes 79.8 N° mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wg) =4.1TeV, gL = gr 1809.11105
) Higgs triplet H** — ¢¢ 2,3,4 e,1 (SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
ESy Higgs triplet H** — {7 3eut = = 20.3 DY production, B(H;* — () =1 1411.2921
(¢} Multi-charged particles - - = 36.1 multi-charged particle mass 1.22 TeV DY production, |q| = 5e 1812.03673
Magnetic monopoles - - — 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
\/':13TeV 1/':13TeV TR | L 1 A | 1 1 M T R A | N 1 P
partial data full data 1071 1 10

*Only a selection of the available mass limits on new states or phenomena is shown.
+Small-radius (large-radius) jets are denoted by the letter j (J).

Mass scale [TeV]

22



New physics may appear now or after several years of exploration

LHC / HL-LHC Plan HiCom Y

LARGE HADRON COLLIDER ~

LHC HL-LHC
LS1 EYETS LS2 13- 14 Tev 123AE 14 TeV
13 TeV energy
Diodes Consolidation
splice solids 8 i -
v reex, I oo HLAKC
AL A R2E project regions Civil Eng. P1-P5 radiation limit installation

[ eon [ ooz | s | 2o [ aoms | zos | 2oz [ awe | zow | a0 | awer | 22 | oo | oawes | 2oes | oo | aver [l
5 to 7.5 x nominal Lu
ATLAS - CMS /”———4
experiment upgrade phase 1 ATLAS - CMS
‘ 2 x nominal Lumi

beam pipes e HL upgrade
nominal Lumi __(:_"__E_l—”—”% ALICE - LHCb

75% nominal Lumi /-_ upgrade
m 1 integrated LRI R
1985 m luminosity BEOIR{VE

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY 3 PROTOTYPES e CONSTRUCTION INSTALLATION & COMM. PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS

We don't decide where new physics will appear, but we decide to keep exploring:
s |[mproving our data analysis techniques

s Taking advantage of new technologies and/or developing new ones

s Collaborating with other scientific fields and industry

s New eyes, new people, new collaborations 23



Many more tools in our box

) AMS
Alpha Magnetic Spectrometer

) AEGIS

Antihydrogen Experiment: Gravity,
Interferometry, Spectroscopy

Deep Underground Neutrino Experiment

) COMPASS

Common Muon and Proton Apparatus for
Structure and Spectroscopy




Technology transfer: from particle physics labs to society

= From Rutherford's experiment: the
structure of the atom

= To the most powerful accelerator
ever built: the LHC

= All these experiments reveal to us
mysteries of nature

= But they also take us to the limit of
what we can build, what we can do,
measure

= Driving technological developments
of high impact

25



Technology transfer: from particle physics labs to society

s An accelerator can be used to:

treat a tumor 5
provide a sustainable and cleaner
source of energy

burn nuclear waste

harden materials for better tyres Hadrontherapy: more than 100,000 cancer
and more resistant plastic foils patients treated worldwide (45 facilities)
implant ions in semi-conductor

map proteins

design new drugs

date archaeological findings
...among others

Accelerator Mass
Spectroscopy can be
used to date paintings
and detect fraudulent
copies

26



Technology transfer: from particle physics labs to society

= A particle detector can be used to:

= visualise the brain activity

= validate new drugs in preclinical
trials

= confirm the efficacy of cancer
treatment

= spot the location and content of
suspicious cargo

= detect contraband radioactive
materials

= ... among others

Dosimetry: Real-time measurement of radiation exposuré



Technology transfer: from particle physics labs to society

ooooooooooooo

= Information technology developed
for particle physics can be used to:

information availabil

s for financial and investment
forecasting

to provide seamless platforms for

e-commerce. e-health and e- In 1989 Tim Beners-Lee invented the WWW. Sharing
3 dministratio,n information between researchers and universities

d: Text which is not constrained to be linear.

= to separate bio-molecules 090,
= to monitor and analyse climate 0 * *®s @
15 .e u .
change . . St e @
= In particular through the use of ' e e

the Grid computing applications
... among others e GI

European Grid Infrastructure provide access to high-
throughput computing resources across Europe using grid
computing techniques 73




Technology transfer: from particle physics labs to society

= Capacity building
= Education & training

= An unique way of thinking, to
approach and solve problems

s I[nvaluable inside and outside of
academia

13th - 24th
April 2020

One of th ts of the ATLAS Early C
Fermilab education high schools tours neo eeveg;gntsteBoard arly Lareer 29



Thanks!
iGracias!



Backup



Relativistic kinematics

1 Example: proton. m =938 MeV 10000000
0.9 beta 1000000
0.8
0.7 gammad 100000
0.6
10000 Y
p 0.5 P !
0.4 1000
0.3 100
0.2 10
0.1
0 1
1 10 100 1000 10000 100000 1000000
E=E, +m, E_kin (MeV)
E?= p2c2 + m,2c* ( [3 = v/c =pc/E D <y= 1/(1-p%) >
E = mc? = myyc? (Q’_‘Y:m/md}‘)

Energy accelerates particles towards speed of light (v=c, B = 1) and increases their

relativistic mass!
32



The Standard Model

The Standard Modcel 1s much more
than an order scheme for

. . Parameters of the Standard Model
elementary particles. It’s the theory

Renormalization
scheme (point)

Symbol Description Value

of almost everything.
Electron mass
Compact formulation of Standard Model Lagrangian T I

Tau mass
Up quark mass
Down quark mass
Strange quark mass
Charm quark mass
Bottom quark mass
Top quark mass
CKM 12-mixing angle
CKM 23-mixing angle
CKM 13-mixing angle
CKM CP-violating Phase

" |U(1) gauge coupling
SU(2) gauge coupling

s SU(3) gauge coupling

QCD vacuum angle

Unfortunately 1t has ~20 free parameters
which need to be measured.

Higgs vacuum expectation value

Higgs mass

Neutrinos remain massless!

s =2 GeV
S = 2 GeV
s = 2 GeV
HMMS = My

KMS = Mp

On-shell scheme

511 keV
105.7 MeV
1.78 GeV
1.9 MeV
4.4 MeV
87 MeV
1.32 GeV
4.24 GeV
172.7 GeV
13.1

24

0.2

0.995
0.357
0.652
1.221

~0

246 GeV
~ 125 GeV {tentative)




Como se descubre una particula?
Tomemos el ejemplo del Higgs

Particules Grandeurs
& mesurées
3 . impulsion,
Spectromeétre
pe muon charge
hadrons
o (protons,
Calori n'!etre neutrons, energie
hadronique :
pions,
kaons, etc.)
4 D
Calorimétre 6-, &t, énergie
électromagnétique photons
l:  ssbiTiit ﬂ ~
REHIE, fiaia) b
R i F ticules | impuls
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.f_-; = Trajectographe chargées charge




How do we discover a new particle?

We need to produce the Higgs and then we need to be able to detect/identify it!

First difficulty: -.
« We would need 10" collisions *f’a\ '\}_ | -_/K ' j
to observe one Higgs R N 7

collisions per second

\ g
* The LHC produces 600 million «‘,&\ | |

s '.?. / --.’. 4 {j}’q ;\ | " ? 5 =
/' |Second difficulty:

. Ohly stable particles will be observed
x,x' in the detectors. The Higgs is ephemeral
P and decays to other particles as a pair of

/& photons
f « Many particles are produced and we
need to put the puzzle together




How do we discover a new particle?
The Higgs boson as an example

LATLAS

Run: 19142%
Event: S5654500 EXPERIMENT

2011-18-22 17:38:29 CEST http://etlos.ch
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How do we discover a new particle?

The Higgs boson as an example

2400
2200
2000
1800
1600
1400
1200
1000

800

=
=]

| 1 L 1 ] | L] ] ] L] ] L} L] L ] I L L T

Selected diphoton sample

. Data 2011 and 2012
Sig + Bkg inclusive fit (m_ = 126.5 GeV)

--------- 4th order polynomial
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Big data?

Big Data ?
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lllustration by Sandbox Studio, Chicago
Taken from

LHC data output
(2012): 15 PB

Total ATLAS data
(2017). 255PB

Content uploaded to
Facebook per year: 182 PB

—_—

WIRED.com © 2014 Condé Nast.
Taken from



LHC: 4 detectores principales
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The ATLAS experiment

Inner Detector
Electromagnetic calorimeter
Hadronic calorimeter

Muon Spectrometer
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The ATLAS experiment

Inner Detector
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The ATLAS experiment

Electromagnetic calorimeter
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The ATLAS experiment

Inner Detector

clectromagnetlic calorimeter

Hadronic calorimeter v
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The ATLAS experiment

Muon Spectrometer
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The ATLAS experiment -

Inner Detector
Electromagnetic calorimeter
Hadronic calorimeter

Muon Spectrometer
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