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27 km de perimetro

Most energetic collider ever built: \/_ =7,8,13,13.6 TeV

Proton bunches collide 40 M times per second
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Up to 60 collisions/bunch crossing




LHC

m 100 m underground CERN

-== ATLAS

m 4 main experiments: O e
- ATLAS, CMS, ALICE,
LHCb

m Other smaller

experiments
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The ATLAS and CMS Detectors
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detectors

Specialised
detectors

Cutting edge
technology
108 electronic
channels

Home made fastest
electronics



Looking into the origins of the universe »
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Producao do bosao de Higgs no LHC
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Modos de decaimento do Higgs no MP

144 Zy
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= O bosao de Higgs decai imediatamente! 77%

= Observamos as particulas estaveis produzidas no
seu decaimento

Canal de procura: modo de
producao + modo de decaimento




Fermilab SSC
CERN l LHCl

Standard Model
backgrounds

Production cross section of
Jets ~108 larger than oy

B-jets ~107 times larger than oy
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W-bosons: nearly 10000 times higher than oy
We need

Clear experimental signatures in the detector

For H—bb search:
Use sub-dominant production modes
Associated production with vector bosons

Events /s for & 10% cm2s™

\Vector boson fusion 0.001 0.01 0.1




‘ Pile-up

® Event with a Z—uu decay

plus 65 additional pp
Interactions
= \ery difficult to reconstruct

and distinguish different
particles

: EXPERIMENT

Run Number: 336852, Event Number: 883966264

Date: 2017-09-29 09:19:23 CEST




‘ The ATLAS detector

Muon Chambers Electromagnetic Calorimeters

i N Solenoid End Cap Toroid
/ g i Forward Calorimeters

Barrel Toroid Inner Detector Hadronic Calorimeters






‘ Jets

€ , . W s p=

=7

Magnification 3x

» Quarks/ \
gluons

hadronize
producing a
colimated
spray of
particles: jets
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Reconstrucao das particulas

= A traves das propriedades das particulas produzidas na desintegracdo
podemos inferir as propriedades do Higgs:

- E? = (mc?)’ + (pe)?
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EXPERIMENT
http://atlas.ch
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Events/2.5 GeV

H—Z2Z- 4f results
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ATLAS

EXPERIMENT

Run Number: 204026, Event Number: 33133446

Date: 2012-05-28 07:23:47 CEST
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H-WW* —evuv

» Second largest BR (22%)

» Clean signature: 2 leptons, large missing £

= Many SM backgrounds

q
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https://arxiv.org/abs/1808.09054

‘ Event selection

= Use the Higgs event characteristics
to reject background events
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HoWW- £y £y

= At the beginning data
compatible with
background only

m As statistics increases we
See an excess

= Compatible with SM
Higgs boson!
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‘ Combinando

resultados
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Nova
particula

Encontramos
uma nova

particula!!!

mas... sera o
bosao de
Higgs???
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And now... What?




‘ The last missing piece of the SM?
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SM Higgs Lagrangian after symmetry breaking
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Bosons Fermions Higgs potential
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Experimental duty:
Probe the the SM Lagrangian to high precision and search
for new physics
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= Ter um bosao de Higgs é a opcao mais simples no Modelo i & ° =
©
Padrao Q}' N

H
» Poderia haver 5 Higgses!

Que outra coisa pode ser?

vy =
> A particula descoberta agora poderia ser o Higgs mais ligeiro > 0 o
= Super-Symmetry (SUSY) ,
» Também ha 5 bosoes de Higgs . :
Previsdes menos precisas que no
» Tecnicolor caso do Higgs do SM

> O bosao de Higgs seria um estado ligado de tecniquarks

27
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‘ 10 years of Higgs boson measurements

CMS 138 fb~! (13 TeV)
» Measured its interactions with W, Z, t, €| fm, Jissscey | Wzt
b. 7, H 5 107F E
» Differential distributions €= )
. . -2 T ,.,"“ .
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L . ector bosons
[ SearChlng for rare deca\/S, eXOt|C 10_3:_ . ¢ Third-generation fermions i
iSecond—generation fermions
decays, CP-violation in the Higgs : -~ SM Higgs boson _
sector, ... 1?:?:: s ——————
3 12fF } 1.05f :
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E 0.8;‘ l 0.95F l —
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H i ggs b 0 S o n ATLAS Run 2 e Data (Total uncertainty) Syst. uncertainty I sM prediction
-5 5 10
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» Direct measurement 0 b1b 2 | zwvi o 1 ZZZ 3 0 717 o 1ﬂ2ﬂs 4

6 x B normalized to SM prediction

of 6 X BR « ATLAS p-value: 72%
Precision ATLAS & CMS = Similar results for CMS

> ggF: better than 10%

> Other production
modes: 10-20%

30




‘ New particles? What about dark matter?

7H'l;@’¢3 + hC)

» Couplings to new particles?

Couplings to
> Search for invisible Higgs decays fermions
> Nothing observed yet... S gy (1 N i_l)
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Standard Model Production Cross Section Measurements Status: February 2022

St an d ar d M o) d el g Jot bnd " ATLAS Preliminary .
S g6 \5=57,8,13 TeV
106 kg LHC pp V5 = 13 TeV

Measurements b B e R

pr>100 GeV
LHC pp Vs =8 TeV

: 104 o BB  Dae 202-203f0"
v
pr>
Measured a long list of
103 s g mad LHC pp Vs =7 TeV
125GV 100'Gev o) DXZO m
O o OV o BBl Data 45-49fb"
Standard Model Ko To By
2 A Ao o a—chan O i
10 nz1 o B o N7
w23 pr> o4 7o ot LHC pp Vs =5 TeV
2 B 1006, ., Kt 27 VK %ZD m'alﬁ
nz n=1 "4 PR
roceSSES” 101 a  onze B0 ey ee 2 4 o BEE Daa 003-030
p H nee A La mz4 5O O w
o o, "5 [o] n n {
n2s w3 Ag
1 En LN H o O WU tot.
o o o o zy [u]
n26 g = ! EL::ED A cizu o Wi
g s nz7 Hortr Howw' | (x0.5) I WWZ tot. o
1 o (x0.25) aw: & A &2 Bg
10 - A
n=4 nz6 /Q o N H—ZzZz* [e] o
oo Hew B i o
10—2 =7 (x0.15) Weyy total
nj=5
n27 i o o al H WEW=
o L Hoyy H=yy o (m| o
A (x05) 2y bz E
3 26 o
10 Hoat | I i nnwz
{n) wwy
PP Jets ¥ W Z it VW ¥ H Hj VHVy v iH _WwWV 77 V@ v
tty Vi tEiE oww
tot. tot. VBF tot. EWK tot. EWK

32




‘ Excluded the
existence of
many hew
exotic

particles at
the LHC
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: July 2022 JLdt=(3.6-139) fo! Vs=8,13TeV
Model £,y Jetsi ET™ [ratf] Limit Reference
£ ADD Gyx +g/q Oepmt,y 1-4j Yes 139 | Mp 112TeV| n=2 2102.10874
.S ADD non-resonant yy 2y - - 367 | Ms 8.6 TeV 3 HLZ NLO 1707.04147
n m o r e 2 ADDQBH - 2j - 13 (M 9.4TeV 1910.08447
@ ADD BH multijet - >3] - 36 |Mua 9.55 TeV. , Mp = 3TeV, rot BH 1512.02586
EEN £ | RS1Gkk >y 2y - - 139 | Gk mass 45TeV 0.1 2102.13405
S BukRS Gk — WW/ZZ multi-channel 361 | Gk mass 2.3 TeV k/Mp = 1.0 1808.02380
£ BukRS Gk » WV - (vqq Tepu 2j/1J  Yes 139 | Guk mass 2.0 TeV k/Mp; = 1.0 2004.14636
> Bulk RS gk — tt 1eu 21b >1J/2) Yes 36.1 8Kk mass 3.8TeV r/m=15% 1804.10823
W™ 2uep/RPP leu 22b 23] Yes 361 |KKmass 1.8 TeV Tier (1,1), BAM — tt) =1 1803.09678
SSM Z’ — ¢t 2epu - - 139 [Z'mass 5.1 TeV 1903.06248
SSM Z’ — 1T 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
g Leptophobic Z’ — bb - 2b - 36.1 Z' mass 2.1TeV 1805.09299
S Leptophobic Z’ — tt Oeu 21b22J Yes 139 Z’ mass 4.1 TeV r/m=12% 2005.05138
§ SSM W’ — tv Tenu - Yes 139 W’ mass 6.0 TeV 1906.05609
SSM W’ — 1v 17 - Yes 139 W’ mass 5.0 Tev ATLAS-CONF-2021-025
S ssMw - >1b>1J - 139 | W’ mass 4.4 TeV ATLAS-CONF-2021-043
=] HVT W’ — WZ — tvqgmodel B 1 e, u 2j/1J Yes 139 W’ mass 43 TeV 8v = 2004.14636
S HVTW - WZ - 00 modelC Beu  2j(VBF)  Yes 139 | W’ mass 340 GeV gven=1,8=0 ATLAS-CONF-2022-005
HVT W’ — WH — tvbbmodel B 1e,u 12b,1-0] Yes 139 W’ mass 3.3TeV gv =3 2207.00230
HVT Z' — ZH — ¢t/vvbbmodel B 0,2e,u4  1-2b,1-0] Yes 139 Z’ mass 3.2TeV gv =3 2207.00230
LRSM Wg — uNg 24 14 - 80 | Wr mass 5.0 TeV m(Ng) =05 TeV, &L = gr 1904.12679
Clqqqq - 2j - 370 |A 21.8TeV 11, 1703.09127
— Cl ttqq 2epu - - 139 A 358TeV 1, 2006.12946
O | Cleebs 2e 1b - 139 |A 1.8 TeV 8= 2105.13847
Clpybs 2pu 1b - 139 |A 2.0TeV g=1 2105.13847
Cl tttt 2tep =1b2>1] Yes 361 [A 2.57 TeV |Cael = 4 1811.02305
Axial-vector med. (Dirac DM) Oeput,y 1-4j Yes 139 Mpped 2.1 TeV 25, g,=1, m(y)=1GeV 2102.10874
S Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 Mined 376 GeV. g =1, m(x)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) O e, 1 2b Yes 139 Mined. 3.1TeV tanp=1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 Mined 560 GeV tanp=1, g=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1% gen 2e >2j Yes 139 LQ mass 1.8 TeV B=1 2006.05872
Scalar LQ 2™ gen 2pu >2j Yes 139 | LQmass 1.7 TeV. B=1 2006.05872
Q| ScalarLQ3" gen 17 2b Yes 139 LOS mass 1.2 TeV B(LQ; = br) =1 2108.07665
= ScalarLQ 3" gen Oepu 22},22b Yes 139 | LQS mass 1.24 TeV B(LQs - tv) =1 2004.14060
Scalar LQ 3¢ gen >2epu,21721),21b - 139 LQE mass 1.43 TeV B(LQ§ - tr) =1 2101.11582
Scalar LQ 3" gen Oeu,2170-2j,2b Yes 139 | LQS mass 1.26 TeV B(LQ%/H by)=1 2101.12527
Vector LQ 3¢ gen 17 2b Yes 139 [ LQS mass 1.77 Tev B(LQ3" — br) = 0.5, Y-M coupl. 2108.07665
@ VIQTT - Zt + X 2e/2u/>3eu 210, 21] - 139 T mass 1.4TeV SU(2) doublet ATLAS-CONF-2021-024
X @ VLQBB - Wt/Zb+ X multi-channel 36.1 | Bmass 1.34 TeV SU(2) doublet 1808.02343
TS VLQ Ts;3Ts3lTsz » Wi+ X 2(SS)>8eu>1b>1] Yes 361 |Tszmass 1.64 TeV B(Tsj3 — W)= 1, c(TsjsWi)=1 1807.11883
S E VLQT - Ht/Zt leu >1b2>3] Yes 139 | Tmass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
§ @ VLQY - Wh lepu 21b2>1] Yes 361 Y mass 1.85 TeV. B(Y — Wh)=1, cr(Wb)=1 1812.07343
=% VOB - Hb Oeu =22b, 21,210 - 139 B mass 2.0 TevV SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL 7" — Z7/Ht multi-channel ~ >1] Yes 139 | 7' mass 898 GeV SU(2) doublet ATLAS-CONF-2022-044
'8 2 Excited quark g* — gg - 2j - 139 q° mass 6.7 TeV only u” and d*, A = m(q") 1910.08447
2 O Excitedquark g* — gy 1y 1j - 36.7 q" mass 5.3TeV only ™ and d*, A = m(q") 1709.10440
§ & Excited quark b® — bg - 1b1]j - 139 b* mass 3.2 TeV 1910.0447
W & Excited lepton * 3epu - - 20.3 A=3.0TeV 1411.2921
=1 Excited lepton v* 3eurt - - 20.3 A=1.6TeV 1411.2921
Type lll Seesaw 234epu >2j Yes 139 N° mass 910 GeV 2202.02039
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2TeV m(Wg) =4.1TeV, g, =gr 1809.11105
L Higgstriplet H** — W*W=* 23,4 e (SS) various  Yes 139 | H®* mass 350 GeV DY production 2101.11961
D Higgs triplet H** — ¢¢ 234epu(SS) - - 139 | H** mass 1.08 TeV DY production ATLAS-CONF-2022-010
& | Higgstriplet H** - (7 3eut - - 20.3 DY production, B(H:* — (1) =1 1411.2921
Multi-charged particles - - - 139 multi-charged particle mass 1.59 TeV DY production, |q| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - — — 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
Vs=13 TeV Vs=13 TeV M| T L L PSR | L s MR | s L PR
artial data -
p full data 10 1 10 Mass scale [TeV]

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



https://atlaspo.cern.ch/public/summary_plots/

Many unanswered questions remain...

= Why is there a matter-antimatter asymmetry in the Universe?

= What are dark matter and dark energy?

= Why is gravity so weak?

= Why is the Higgs boson so light (naturalness/hierarchy problem)?

= How precise is the SM?

= Why three fermion families?

= Why do neutral leptons, charged leptons and quarks behave differently?
= What is the origin of neutrino masses and oscillations?

= Are there other fundamental particles?
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Searching for the unknown...

= Train deep learning models to learn SM
background and provide an anomaly score
for New Physics

> Increases search generality

» Reconstruction error is a measurement of

Latent Layer
(Encoding) Reconstruction

X A e <\ < Ao
RREES D 2L
ptee— /A R

00
2%

anomaly

Inputs

]

TP




CMs

138 fb™! (13 TeV)

> 1ET A IR ' T g
€= E my=125.38 GeV wz.* ]
Conclusions 2
5 107F E
€=
< b o
. . . 102F et ;
» The Higgs boson provides an optimal ground to probe the SM f " § Vector bosons
predictions and search for new physics! ook y # Third-generation fermions |
] Q- f Second-generation fermions
» OQutstanding performance of the LHC and the CMS and ATLAS --- SM Higgs boson ]
detectors -
. . . .. 5 12f 1.05F &
> Large increase in the available pp collisions A 35 S WS iy IE S
2 :)'g:_ $ 0.95F t 3
» A wealth of new results on SM Higgs boson studies = 0265-1-'0_1 T i
» Main decay and production modes now observed in each Particle mass (GeV)

experiment!!
» All results are compatible with SM predictions
» Searches for new physics and additional Higgs bosons continue

» Much more data to come!
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High Luminosity LHC expectations

Vs = 14 TeV, 3000 fb™' per experiment

fife

[ ] Total ATLAS and CMS
Statistical HL-LHC Projection
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N Theory Uncertainty [%]
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LV ——T 34 09 11 3.1
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Expected uncertainty
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ATLAS and CMS HL-LHC prospects
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= SM HH significance: 40 — Combination
ﬁ 10 0.1 < k1 <2.3[95% CL] _
Yo 0.5 <1< 1.5[68% CL] == bbyy
9a%cL 8 b N 7 bbw
-* bbbb
bbzz*(41)
95% CL 4} _ _ = i S = bbVV(Iviv)
68% CL

2 -1 0 1 2 3 4 5 6 7 8
K
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Compact Linear Collider

International Linear Collider

[ I TE A
. Compact Linear Collider (CLIC)

+ — . ‘ |
e e c 0 I e r S = BN 380 GeV - 11.4 km (CLIC380) 7
7 r P 1.5 TeV - 29.0 km (CLIC1500)

3.0 TeV - 50.1 km (CLIC3000) =~ &

FCC




eTe” colliders — operation goals
CLIC

ILC, Japan

250 GeV, 11y > 2 ab”

500 GeV, 8.5y
1000 GeV, 8.5y

4 ab
8 ab™!

CLIC, CERN
380GeV, 8y >
1500 GeV, 7y

3000 GeV, 8.5y

1 ab™’
2.5 ab™
5 ab

FCC-ee, CERN

mz, 4y > 150ab’
2xmw, 1-2y > 10ab™
240 GeV,3y > 5ab’
2XMypp, 5y > 1.5ab"

CEPC, China
mz, 2y > 16 ab™
2xmw, 1y = 2.6ab™

240 GeV,7y > 5.6 ab™
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‘ Precision physics

= Complementarity ee/eh/hh colliders

kappa-O-HL [ HL+FCC-eepqp | HL+FCC-ce HL+FCC-ce (41P) HL+FCC-ee/hh  HL+FCC-elhh | HL+FCC-hh HL+FCC-co/eh/hh)
Kw [%] 0.86 0.38 0.23 0.27 0.17 0.39 0.14
Kz [%] 0.15 0.14 0.094 0.13 0.27 0.63 0.12
K [%] 1.1 0.88 0.59 0.55 0.56 0.74 0.46
Ky[%] 1.3 1.2 1.1 0.29 0.32 0.56 0.28
Kzy[%] 10. 10. 10. 0.7 0.71 0.89 0.68
Ke[%] 1.5 1.3 0.88 1.2 1.2 - 0.94
Kz [%] 3.1 3.1 3.1 0.95 0.95 0.99 0.95
Kp (%) 0.94 0.59 0.44 0.5 0.52 0.99 0.41
Ky [%] 4. 3.9 3.3 0.41 0.45 0.68 0.41
Kz [%) 0.9 0.61 0.39 0.49 0.63 0.9 0.42
Tw [%] 1.6 0.87 0.55 0.67 0.61 1.3 0.44
ALL COMBINED
only FCC-ee@240GeV only FCC-hh
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