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The Standard Model of Particle Physics
particles & interactions

Leptons




The Standard Model of Particle Physics
probing it at colliders
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The Large Hadron Collider
and its detectors
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The Large Hadron Collider
and its detectors
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The Large Hadron Collider

and its detectors



The Large Hadron Collider
and its collaborations




The Large Hadron Collider experiments
what do we see?

T AS CMS Experiment at the LHC, CERN

EXPERIMENT Data recorded: 2017-Oct-16 05:01:09.248576 GMT
Candidate Even A
s

Run /Event / LS: 305112 / 1683658016 / 979




The Large Hadron Collider experlments
how to interpret what we see? //
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The Large Hadron Collider experlments
how to interpret what we see?




What can we do with the LHC data?

probe the Standard Model !
dngole CMS Preliminary

m 7 TeV CMS measurement (L <5.0 fb™)
R I 8 TeV CMS measurement (L < 19.6 fb™)
LM s o o8 oo on o 13 TeV CMS measurement (L < 35.9 fb™)
eﬁ:) [ == Theory prediction

P [ S S & Z CMS 95%CL limits at 7, 8 and 13 TeV
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Comparing with
theory predictions
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What can we do with the LHC data?
probe the Standard Model - Higgs boson properties
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probe the Standard Model - Higgs boson properties
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What can we do with the LHC data?
probe the Standard Model - Higgs boson properties
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What can we do with the LHC data?
probe the Standard Model - Higgs boson properties




What can we do with the LHC data?
probe the Standard Model - Higgs boson properties

ttbar decay BRs Higgs decay BRs
other* (11.2%)
di-lepton (197._@%) \

8

Y (0.2%)
\

@ bb (58.1%)

@ all hadronic (45.7%) ® wWw* (21.5%) smaller BR,
® lepton + jets (43.8%) O 1T (6.3%) higher purity
@ di-lepton (10.5%) ® zz* (2.6%) (generaily

® Yy (0.2%)
® other* (11.2%)



What can we do with the LHC data?
probe the Standard Model - Higgs boson properties
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What can we do with the LHC data?
probe the Standard Model - Higgs boson properties
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What can we do with the LHC data?
probe the Standard Model - Higgs boson properties
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What can we do with the LHC data?
probe the Standard Model - Higgs boson properties
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What can we do with the LHC data?

probe the Standard Model - and search for new phenomena beyond it!

= Why should we search for new physics beyond the Standard Model?
o we mustleave no stone unturned in data
o ...and we have good motivations to think that new physics exists
mass hierarchy of the fermions

matter/anti-matter asymmetry

[ |
[ |
m dark matter
[ |



What can we do with the LHC data?

probe the Standard Model - and search for new phenomena beyond it!

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: July 2018 ]L dt = (3.2-79.8) fo ! Vs=8,13TeV
Model Ly Jetsi ET™ [raqm) Limit Reference
T T
& ADD Gk +s/q Oep 1-4] Yes 361 |Mp 7.7TeV n=2 171103301
i< ADD non-resonant yy 2y = = 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
2 ADDOBH — - 370 |Ma 89Tev. 170309127
5 ADD BH high ¥ pr zlep >2j - 32 [My 82TeV =6, Mp = 3TeV, rot BH 1606.02265
g ADD BH multijet - 3 - 36 | My 1512.02586
B RS1 Gk - ¥y 2y - - 367 | Gk mass 41TeV 1707.04147
g Bulk RS Gk — WW/ZZ multi-channel 36.1 | Gy mass 23TeV CERN-EP-2018-179
W BukRS gkk — tt Teq 21b>102) Yes  36.1 | gk mass 38Tev 180410828
2UED/RPP lepu 22b23] Yes 361 KK mass 1.8 TeV Tier (1.1). AU  tt) 1803.09678
SSM 7/ — tf 2ep - - 364 |Z'mas 45Tev 1707.02424
123 SSM Z' - 11 2r = At 36.1 Z' mass 2.42TeV 1709.07242
§ Leptophobic Z' — bb - 2b - 364 |Zmass 24 TeV 1805.09299
8 | Loptophobic 27 — 1t fepu :1b>102 Yes 361 | Zmass 30Tev /m=1% 1804.10828
SSM W’ — v Ten - s 798 | W’ mass 5.6TeV ATLAS-CONF-2018-017
§’ SSMW' — v 1r - Yes 361 | Wmass 37Tev 180106992
&  HVTV WV o qggqmodel B Oep 24 - 798 |Wmass 415 TeV & ATLAS-CONF-2018-016
HVT V' — WH/ZH model B multi-channel 361 |V mass 293TeV & 1712.06518
LRSM W, — tb multi-channel 36.1 W’ mass 3.25TeV CERN-EP-2018-142
_ Clqgaq - 2j - 37.0 A 218TeV 1, 1703.09127
S Clttaq 2ep - - %1 A 400TeV 7, 1707.02424
Cl et ey 21b21] Yes 364 |A 257 TeV 1Cel = 4n CERN-EP-2018-174
Axial-vector mediator (DiracDM) ~ Oe,ur 1-4]  Yes 361 | Mnet 155 TeV 0, m(x) = 1GeV 1711.03301
2 Colored scalar mediator (DiacDM) O eir 1-4]  Yes 361 | 167 TeV £=1.0, m(x) =1GeV 1711.03301
Wiy EFT (Dirac DM) Oep  14s1j Yes 32 [M 700 GeV. m{x) <150 GeV 1608.02372
Scalar LQ 1* gen 2e 22j - 32 |Lamass 11 TeV 160506035
S| scalarLa 2 gen 2p 22j = 32 | LQmass 1.05 TeV 1605.06035
Scalar LQ 3" gen Teu 21b23j Yes 203 p=0 1508.04735
@ VLQTT > H/Zt/Wb+ X multi-channel 361 | Tmass 137 TeV SU(2) doublet ATLAS-CONF-2018-032
S | viaBs_ wzbs x multi-channel 361 |Bmass 1.34 TeV SU(2) doublet ATLAS-CONF-2018.032
8 | VLQTisToslTss— We+ X 2SS)23enz1b21] Yes 361 | Toamass 1.64TeV B(Top = We)=1,(ToaWe)=1 | CERN-EP-2018171
S | VLAY > Wb+ X lep =21b21 Yes 32 |Ymass 1.44 Tev B(Y = Wh)=1, c(YWb)-1/VZ | ATLAS-CONF-2016-072
8§ VQB-Hb+X Oep2y 21b>1 Yes 798 |Bimass 1.21TeV. =05 ATLAS-CONF-2018-024
% VLA QQ - WaWq lep 24]  Yes 203 1509.04261
€ Excited quark g* — qg - 2j - 37.0 | gt mass 6.0 TeV only u” and d*, A = m(q") 1703.09127
E Excited quark ¢* — qy 1y 1j = 36.7 | mass 53 TeV only u” and d*, A = m(q") 170910440
o | Excitedquark b* — bg. - 1b1j - 36.1 b* mass 26TeV 1805.09299
& | Excitedlepton £ Seu - - 203 A=30Tev 14112021
“S Excited lepton v* 3eut - - 203 A=16Tev 14112021
0 Type Ill Seesaw Ten >2)  Yes 798 ATLAS-CONF-2018-020
LRSM Majorana v 2ep 2j - 203 m(We) = 2.4 TeV, no mixing 1506.06020
. Higgs triplet H** — (. 234epu(SS) - = 36.1 870 GeV. DY production 1710.09748
2 | Higgs triplet H** — (r 3eprt - - 203 DY production, B(H;* — fr) =1 1411.2921
Monotop (non-res prod) Ten 1b Yes 203 Bnonmees = 02 1410.5404
Multi-charged particles - — - 203 DY production, g  Se 1504.04188
Magnetic monopoles - - - 70 DY production, | = 150, $pin 1/2 150908059
1

*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)

10 Mass scale [TeV]



What can we do with the LHC data?

probe the Standard Model - and search for new phenomena beyond it!

e If we assume that the Standard Model is the low energy limit of a more
general theory at higher energy

o the Higgs boson mass can be calculable (and not a free parameter):

n

{4
bare mass

My’= 3.233459429634¢2905438634964332159643
_3.2%3%45942943%29054¢386349643321594L45

37 quantum ... Q .....
=10 (in planck units) corrections, 2.9.



searching for the unknown
an example: the hierarchy problem

e The natural solution for this balancing in mass without fine-tuning is to
have counter terms originating from new heavy particles (top partners)

h : . h h h

=l

MHZ ~T0 - 9 = T (inunits of ~100 GV squared) '



. b,t,t
searching for the unknown

an example: vector-like quarks
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searching for the unknown
an example: vector-like quarks

e Many different topologies
e Looking for extremely small signals

e Advanced analysis methods are mandatory!

signal events

K
background
events



searching for the unknown
an example: use of neural networks for classification problems

Each line in the graph
represents a constant
whose value 1s adjusted
using the traming data.

T hidden layer with m nodes

mput  Q[X),..., 9,,(x)
layer



searching for the unknown

an example: use of neural networks for classification problems
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searching for the unknown
an example: use of neural networks in searches
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searching for the unknown
an example: use of neural networks in searches
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searching for the unknown
an example: vector-like quarks
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What's next?
LHC and beyond

LHC /HL-LHC |

LHC
Run 2 | Run 3
LSt 13 TeV EYETS 13.5-14 TeV 14 TeV 14 TeV energy
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7Tev 8TeV button collimators DS collimation interaction N X luminosity
e P2-P7(11 T dip.) regions installation

R2E project
Civil Eng. P1-P5

2025

2021

2020

2019

2018

2013 2014 2016

2012

7

radiation

2 x nominal Iuminu‘i\at;nage experiment
Y experiment experiment upgrade
zgrﬁinal beam pipes nominal luminosity I—— | phase 1 — upgrade phase 2
luminosity |

—
EXE 150 " | 300 b | B



What's next?
LHC and beyond
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Physics Briefing

Could a new type of quark fix the
“unnaturalness” of the Standard
Model?

While the discovery of the Higgs boson at the Large Hadron
Collider (LHC) in 2012 confirmed many Standard Model
predictions, it has raised as many questions as it has answered.
For example, interactions at the quantum level between the
Higgs boson and the top quark ought to lead to a huge Higgs
boson mass, possibly as large as the Planck mass (>10'8 GeV). So

§=13TeV, 361 1"
VLQ combination
Observed fimit

BR(T — Hi)

% SU(2) doublet
O SU(2) singlet

0 01020304 0506070809 1
BR(T - Wb)

why is it only 125 GeV? Is there a mechanism at play to cancel these large quantum corrections caused by the top
quark (t)? Finding a way to explain the lightness of the Higgs boson is one of the top (no pun intended) questions

in particle physics.

Read more -

Physics Briefing

Higgs boson observed decaying to b
quarks - at last!

Today, at the 2018 International Conference on High Energy
Physics in Seoul, the ATLAS experiment reported a preliminary
result establishing the observation of the Higgs boson decaying

into pairs of b quarks, furthermore at a rate consistent with the
Standard Model prediction.

Read more -

> T
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If you want to know more and keep an eye on the latest news...

physics briefings

https://atlas.cern/updates/briefing
https://cms.cern/cms-updates



| SATEAS

http://opendata.atlas.cern
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Thanks for your attention

Questions?

you can always reach me at nfcastro@lip.pt



When you ask for more data...
... more data is what you get!

Recorded Luminosity [pb "/0.1]
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ATLAS Online, 13 TeV det=122.o fo !

2015: <u> =134
2016: <u> =251
2017: <u>=37.8
2018: <u> = 37.3
Total: <u> = 33.6
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What can we do with the LHC data?
probe the Standard Model - Higgs boson properties

710
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What can we do with the LHC data?
probe the Standard Model - Higgs boson properties

@® bb (58.1%)
® WW (21.5%) smaller BR,
TT (6.3%) higher purity

‘ Y4 (2_60&) (generally)
® Yy (0.2%)
@ other (11.2%)

ttH(bb) 36.1 fb-1, 13 TeV Phys. Rev. D 97, 072016
ttH multi-lepton 36.1 fb-1, 13 TeV Phys. Rev. D 97, 072003
(mostly H—=»WW* and )
ttH(ZZ* - 41) 79.8 fb-1, 13 TeV

CERN-EP-2018-138
submitted to PLB

ttH(yy) 79.8 fb-1, 13 TeV

ttH combination 36.1 - 79.8 fb-1, 13 TeV



What can we do with the LHC data?
probe the Standard Model !

Standard Model Production Cross Section Measurements 3% [ra

July 2018 1 Reference
T T T T T T T T T T T T T T T T T T [fb ]
w 3 T REEE, L,
T 8x10°® ucl ys. B, 486-548 (2014
- 3.2 JHEP 09 (3017) 020
Jets R=0.4 2 ATLAS Preliminary 202  JHEP 09 (2017) 020
Y 45 JHEP 02, 153 (2015)
Dijets Re0.4 =l 32 JHEP 09'(2017) 020
fets —C— Run 1,2 /s =7,8,13 TeV 45 JHEP 05,080 G0id)
b4 A 202 JHEP 06 (2016) 00
—— 4.6 RD 89, 052004 (2014)
w ol 0.081 PLB 759 (2016) 601
L] 46 EPJC 77 (2017) 367
. . ] 32 JHEP02(2017) 117
m z By 202  JHEP 02 (2017) 11
O arl n WI o] 46 JHEP 02 (2017) 117
- [ = ] 32 PLB 761 (2016) 136
tt A Theory 202 EPJC 74:3109 (2014)
1 H O 4.6 EPJC 74: 3109 (2014)
theory predictions o = S Sers
tch ot, = : 203 (2017)
\/ p <an A)— LHC pp Vs =7 TeV 46  PRD 90, 112006 (2014)
ts_chan  (toOt.) Y —— 20.3 PLB 756, 228-246 (2016)
[ 1] Data 32 JHEPO01(2018) 63
- B s % famd,
- — 2.0 16, 142- 1
tZj stat ® syst 361  PLB 780(2018) 5!
| omom 35 PLB773(2017) 34
WW  (tot) | e LHC pp Vs =8 TeV 203  PLB 763,114 (2016)
excellent agreement = i > e,
ata 36.1  ATLAS-CONF-2018-034
Wz  (tot) 203  PRD 93, 092004 (2016)
a stat 46  EPJC 72,2173 (2012)
o= stat & syst 36.1 PRD 97 (2018) 032005
zz (tot.) 203 JHEPO1, 099 (2017)
J— " 46 03, 128 (2013
vy A LHC pp 5 =13 TeV 202 PRD S (2017) 112005
Da— 49 01, 086 (2013
Wy Om— _ Data 46 PRD 87, 112003 (2013)
Zy 5 stat 20.3 PRD 93, 112002 (2016)
stat @ syst 46  PRD87,112003 (2013)
wv 202 EPJC 77 (2017) 563 [hep-ex]
46 JHEROI, 040 (2015)
M o 77'(2017) 40
tw (o) 203 JHER 11, 172 2015)
- 3.2 77'(2017) 40
tz (tot) 203 JHEP 11, 172.(2015)
& 202 JHEP 11(2017) 08
. i
- 202 1
WijEwk 47 EPICTT(2017 474
i 32 775 (2017)
Zli Ewk 203 JHEP 04, 031 (2014)
‘Zﬁ/y 20.3 PRD 93, 112002 (2016)
203 PRL 115, 031802 (2015)
Wiy 202 EPJC 77,646 (2017)
ZyjiEwk 503 JHEP 07/(2017) 107
frppie 361 ATLAS-CONF-2018-030
WEWEjj EWK = 203 PRD 96, 012007 (2017)
m 361 AS-CONF-2018-033
WZzjjewk = 503 PHD 'S 085004 (3010)

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
data/theory




What can we do with the LHC data?

probe the Standard Model - and search for new phenomena beyond it!
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searching for the unknown
an example: vector-like quarks

BR(T — Ht)
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