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Large Hadron Collider (LHC)

run | (2010-2012) :
7 and 8 TeV pp collisions
2 x 30 fb delivered

run II : (2015-2018, in progress)
E_=18Tev

2 x 150 fb™ expected
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QATLAS & = 2o
EXPERIMENT

A Toroidal LRC Apparatus

weight : 7000 t

25m

Tile calorimeters

LAr hadronic end-cap and
, forward calorimeters

~5000 memberS Muon cmbers

187 institutions (16 in Japan)
38 countries
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Together with LHC, the oldest
and longest experimental project
in the high-energy community.

_,;// z
And still like 20 years to come. {/
Most of the students joining
ATLAS today were not born when g
it all started,
-
Baked by Katherine Leney of ATLAS

/ 21 September 2018 Johann Collot, Univ. Grenoble Alpes, CNRS, Grenoble INP, LPSC-IN2P3 5!4

= - i



// "
/

ATLAS in history

1984 : Lausanne workshop
i 1989 : Barcelona workshop
l99;"» . Approvd

Early project program

2000 : assembly in cavern starts

l
Pre-series I

i 1992 : ATLAS Lol
official ATLAS birth

Concerted design

2004 : cavern tests Septembre 2008 :
starj%

Commissionning

Data taking + andlysis + upgrades

year l

Construction

> 2030 ...

LHLC starts operation

Construction Operation

T 2012 : Higgs discovery J
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What was learned since 2010
v
Confirmation that hadron colliders are search and discovery machines.
But also that they can deliver precision measurements in particular of the
standard model parameters.

AN .

768 publications since 2010 B Exotic Models
Each bringing new Knowledge ! i Standard Model
Super Symmetry
M Higgs
No way to report on even I/10 of B Too physics
% these in 30 minutes - Apologies to Heavy Tons
my numerous ATLAS colleagues B B physics

https://twiki.cern.ch/twiKi/bin/view/ AtlasPublic/Publications
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| Standard Model (SI\/\) Elementary partucles
e |
7 4 g p Q=0 eri%?ﬁo neutrino v neutrmo weak bosons
7 i t isospin = [/2 ‘ 12
0 Photon 174
Pe-- o0 o e
isospin = -1/2 tqu
muon
- g S electron
| ¢ (charm) t (top) Gluons
q u quark > quclr nggs boson
W, Q=273 e ‘ %
"5" isospin = 1/2 Z
. P Weak ’
::;/ B 173 e ‘ Interaction :
7 k isospin =-1/2 t Z
g S d quark su((;srrange) b (boﬁom> Electromagnetic Interaction 4
d quark Strong color interaction
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Standard Model (SM)

With massless neutrinos, SM is a 19 free-parameter model :

9 elementary particle masses: m ,m ,m_,m ,m ,m ,m ,m ,m
e H T v d s c b t

| vector boson mdss m.,

| weaK mixing angle : 6
2 coupling constants : G_, o

| Higgs mass : m,

4 quark mixing parameters (CKM matrix) : 3 mixing angles + | CP violation phase

| QCD CP violation phase : ©_ = 0
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Standard Model

% Taking into account massive & mixed neutrinos, at least 7 more free parameters are needed :

3 more neutrino masses : AR NN i

4t lepton mixing parameters (PMNS matrix) : 3 mixing angles + | CP violation phase

But in fact more is needed, in particular on hadron colliders :

Parton Distribution Functions (PDF) (Empirical fit of short-scale partonic proton structure)

Parametrization of parton showering and hadronisation processes.

Simulation of interaction of particles with matter.
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)[IMAN Y Hll Y PARAMETERS
The problem is more that - the W mass taken apart - none of these parameter

values were ever predicted (or any other words all predictions turned out to be wrong ).

Generation of elementary particle mass is far from being explained as there are still as
many coupling constant values as mass values.

m, / m_ =36 10° (spread even worse if we consider neutrino masses)

Many astrophysical observations not explained : dark matter, dark energy, baryon asymmetry

Quantum gravitation is not included There’s work for many generations ahead ! J

o
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| Standard Model (61\/\)

 With massless neutrinos, SM is a 19 free-parameter model :

9 elementary particle masses : m_, I DR anl A i )

| vector boson mass :@\

| weaK mixing angle : 6

2 coupling constants : G_, o

ATLAS & CM3s
prime targets in the
absence of observation of
new physics phenomena.

4t quark mixing parameters (CKM matrix) : 3 mixing angles + | CP violation phase

| QCD CP violation phase : © = 0
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nggs boson m,

High mass resolution channels : h = ZZ" > 41 ;. h=>yy

llllllllll\llII | |III|IIII|IIII
ATLASPrellmmary * ou

[7] signal (m, =125 GeV)
I H—ZZ* - 4l Bz
- 13 TeV, 79.8 fo™! B zjets, 1, iV, VWV
i Y Uncertainty

S e fen ey e (ST | e S L e
¢ Data ATLAS Preliminary
[ — Signal + background Vs =13TeV,79.8 b
===+ Continuum background  my, = 125.09 GeV
In(1+S/B) weighted sum, S = Inclusive

Events /2.5 GeV

Sum of Weights / 1.0 GeV
S
o
o

[e2]
o

FYVEPF PRI IONE 1 LI
LA T 7L ARAE AP SAFT AL S AL

Data - Cont. Bkg

1200 0 M0 158 | 160
90 100 110120 130 140 150 160 170 m,, [GeV]

m,, [GeV]

€
v
/4

http://cdsweb.cern.ch/record/2621479 http://cdsweb.cern.ch/record/262877




ATLAS | - Total | | Stat. only

Aunt f2=T7-B8TaV, 25 b, Run 2 f5= 13 TaV, 36.1 b”" Total  (Stat. only)

Run 1 H =4 1—-—4 12451+ 0.52 (£ 0.52) GeV

Run1H—=yy ——————— 126022051 (£ 0.43) GeV
Run 2 H—4 124.79 + 0.37 ( £ 0.36) GeV nggs boson mdss

Run 2 H—yy 124.93 £ 0.40 (£ 0.21) GeV Known at a 2 per mille
Run 1+2 H—4( 12471+ 0.30( £ 0.30) GeV pr‘eCision cllr‘eady |
Run 1+2 H—=yy 12532 £ 0.35( £ 0.19) GeV

Run 1 Combined ' 12536 + 0.41 { £ 0.37) GeV
Run 2 Combined . 12486 + 0.27 ( £ 0.18) GeV
Run 1+2 Combined 12487 £ 0.24 { £ 0.16) GeV
ATLAS + CMS Run 1 125.09 £ 0.24 ( £ 0.21) GeV

123 124 125 126 127 128
my, [GeV]
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nggs boson : tth production

~ 1% of total Higgs boson production cross section

ATLAS b Total | Stat. [ Syst — SM
Vs=13TeV, 36.1-79.81b"

Total  Stat. Syst.

fiH (bb) I-é—l 079+ 0% (* gz . +053)

P —
tiH (multilepton) H—— 156+ 22 (£ 100+ 030
tH (yy) — 1.39% g (* 05 % 037 )
O (ATLAS medsured VCIIU6> = fHEZZ)  p <177 at68% CL
670+90 (stat) + 110 (sys) fb Combined F—e—i 132+ 2 (£0.48,% 0%
(63 Standard devl.a-h.on Obsemation) PR S T S N T NN SO SN (N SR TN T N NN SR SR SN SN NN TR T S S R S
-1 0 1 2 3 4

O Ot

multilepton means H->WW'™ , ZZ", 1*1" with multiple leptons in product decays
Phys. Lett. B 784 (2018) 73, arXiv : 1806.0042v2
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Obserationsity= b b with Whor mmm

18 ATLAS - Data
(s=13Tev,798 10" Il VH, H—>bb(),l.106)
16F 0+1+21leptons - Diboson
243 jets, 2 b-tags 5] Uncertainty
14 Weighted by Higgs S/B Di;e! mass analysis

—
\*]

—_
o
|\|||||||||||||\||\|‘||\|\||‘|||||||

:

IS
»u

!
ATLAS H—bb F—?Tev aTeV and 13 TeV
4.717 203 ib™, and 24.579.8 b

|
\*]

Events / 10 GeV (Weighted, backgr. sub.)
o]

40760 80 100 120 140 160 180 200 —Tol st L St
Wl mo(GeV]  Veroor| | e o e mE 15,

P VH|  rea 0.98 *02 (91t °010)
5% AHE D i e T R el [ e

+0.20 +0.12  +0.16

- Comb. Ko 1.01 50 Conds s )

mspur*ehep. et/record/1691634 VH (bb) observed significance = 4.9 SD

erved significance = 5.3 SD
)] ptemW
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Fundamental scalar field physics

higgs discovery confirms the existence of a new class of fundamental particles,

More Higgses are predicted by almost all Beyond the Standard Model (BSM) theories (stay fu - if!

If Universe compared to a piston. V‘JCUUT energy

Universe

?
E Fundamental scalar fields probably played a crucial role at the beginning of Universe
#
4

Initially vacuum energy density p = cte > 0 V(o)

V

; Universe expansion : dV > 0 Initially
?J pdvV=-pdvy >0 p = cte
Initial pressure (P) negative => exponential expansion => inflation Intlaton

~ 21 September 2018 Johann Collot, Univ. G MWW///
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V. >c | No causal point at the beginning | No temperature equilibrium.
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Top mass medsurement

ATLAS Preliminary My, SUmmary - September 2017, L = 4.6 fo'-20.3 fb

mg, * tot. (stat * JSF £ bJSF * syst)
Eur. ths .l C75 (2015) 158 1751 + (14 i12 )

all Jets

single top’ ‘T“‘;gz"m““’“ 1722 Acer ’ PDG 20'8 a\/erage

Eur. Phys. J. C75 (2015) 330 172.3 (02 £02+07
471" ' ’ o

- I+]ets

dllepton

N d||ept0n Phys Le.: B761 (2016) 350 173.0 X y .
. | m, =173 + 04 GeV

all jets arxi/.17uz.o‘7546 173.7

Eur. Phys J. C75 (2015) 330 173.8
- X

- I+Jets* ATLASH °°"52°‘7°7‘ 1721 £ 09 (01+01+t03 +08)

6(&) dilepton Eur. Phys. J. 07:1 (2014) 3109 172.9 gg
Ly, =4.6-20.3 fb -

Differential o(fi+1-jet) ", 0 219121 173.7 + 33

Differential ot )dllepton 8 dlst.)‘L‘T'-:gg?b“fF'z"‘”’“ 1732 £ 1.6

ATLAS Comb. September 2017* ATLAs-CONF-2017-071 World Comb. + 1o
172.51 + 0.50 stat. uncertainty

World Comb. Mar. 2014 (arxiv:1403.4427) e Stat. ® JSF @ bJSF uncertainty
173.34 + 0.76 )
total uncertainty

Tevatron Comb. Jul. 2014 (arxiv:1407. o
174.34 + 0.64 (oo zeez) *Preliminary, —Input to ATLAS comb.

165 180 185
My, [GEV]




Single (electroweak) top production

q
iy
; qﬁ—é g ¢
‘ Tt ] ;
) gésﬁe b
t-channel

I I I I I

ATLAS Preliminary May 2017
Single top-quark production

t-channel _____—&—

== NLO+NNLL atm, = 1725 GeV—|
MSTW2008 NNLO PDF

—NLO atm, = 1725 GeV
MSTW2008 NLO PDF

s-channel
q t

i s-channel
8 t-channel 4.59 fb™' PRD 90 (2014) 112006
8 t-channel 20.2 fbo™" arxiv:1702.02859
I t-channel 3.2 fb™! JHEP 04 (2017) 086
& Wt 2.05 fb” pLB 716 (2012) 142
& Wt 20.3 fbo™" JHEP 01 (2016) 064
§ Wt 3.2 b aiviterzo72s1
v s-channel 95% CL limit 0.7 fb™ ATLAS.CONF-2011-118
} s-clhannel 20.[3 fb' P8 757 (2016) 228

|
9 10 11 12 13
Vs [TeV]

b W
Wt associated production

——C—1
[e10] lels
|

Single top-quark cross-section [pb]
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W mass (precision) medsurement

® e AtLas T oo

0 Is= 7 TeV, 41 o' BW-uv 3
ATLAS W mass medsurement s MBackarouna 2
at 7 TeV (2018) &

NN R

'8' 1.02F
iz — |
p < oo T+ e S ki T -{-l_i_T
8 098
g 30 32 34 36 38 40 42 44 46 48 50
Pl [GeV]

ATLAS -@- Data
(s=7TeV,46fb" WW e

[ Background
¥2/dof = 54/59

Events/ GeV

Template fits of e,p transverse momentum
and W transverse mass distributions

Data / Pred
o
[{=]
J
3
+r 1
'!'..
,-':
&
==
—
:‘

https://inspirehep.net/record/1510564
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W mass (precision) medsurement

| | I I
ATLAS ® m,
. . e Stat. Uncertainty
Almost reaching the precision =
of Tevatron, but much more
LEP Comb. ° 20376+33 MeV
data to analyze.
F Tevatron Comb. ° 8038716 MeV
l__.r"'
r f LEP+Tevatron @-50385t15 MeV
/ i ATLAS ] 70+19 MeV
e
- Electroweak Fit 80356+8 MeV
/ ‘ | | | I I
/ s 80320 80340 80360 80380 80400 80420
4 m,, [MeV]

https://inspirehep.net/record/1510564
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| A
/ ) top
7 f Grey contour obtained by =
V ~ global fit of electroweak ﬁ 80.5
7 f data with as input LHC E
Higgs mass medsurement. 80.45
m_ and m,__let free.
4 i 80.4

~ Blue bands depict ATLAS separated  gq 35
top and W mass medsurements.

Yellow contour, ATLAS
combined top and W mass
medsurement.

https://inspirehep.net/record/1510564
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cy test

1 1 | T
ATLAS

80.3F

-
-
.

III"IIIIIII

T T I T T T T I 1 |
= m,=80.370£0.019 GeV 4

B m - 172,84 £0.70 GeV

-
-
-
-

e B8/95% CL of Electroweak ]

Fit w/o My and m,
(Eur. Phys. J. G 74 (2014) 3048)

80.25——

lot, Univ. Grengble Alpes, CNRS, Grenobl

' IR T R
180 185
m, [GeV]

L 6w v
175
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Analysis of angular distribution
of leptonic (e,p) Z boson

decays.

LEP-1 and SLD: Z-pole

LEP-1 and SLD: Ay
SLD: A,

Tevatron

LHCb: 7+8 TeV
CMS: 8 TeV
ATLAS: 7 TeV
ATLAS: 86 HHM
ATLAS: ee.
ATLAS: 8 TeV

L i

0.231

in20/
sin“0, 4

0.232

| 0.23152 + 0.00016

0.23221+ 0.00029
0.23098 *+ 0.00026
0.23148 £ 0.00033
0.23142 £ 0.00106
0.23101+ 0.00053
0.23080 £ 0.00120
0.23119 £ 0.00049
0.23166 £ 0.00043
0.23140 £ 0.00036
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Beyond the Standard Model searches

7

Several hundred sedrches were conducted to find new physics phenomena. This is perhdps ,//
the most active analysis field of ATLAS. .4
#

p

7

P

/
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e SUSY particles

e New vector bosons from new gauge symmetries APOLOGIES TO ALL MY
Z : ATLAS COLLEAGUES
/ e Extra neutral or cha
/ xtra neutral or charged Higgses FOR NOT REPORTING
4 e Extra dimension particles ON THIS. PLEASE KEEP

| GOING ON, IT WILL PAY

e Compositeness OUT SOME DAY.

e Many other exotic models

Alas | No convincing sign of new physics showed up for the time being, but the final word a
/ is very far from being said | Stay tuned | Even better join us & participate. J :
21 September 2018 Joh:mn Collot, Univ. Erenoble Alpes, CNI;S, Grenoble ;;P, LPSC-IN2P3 W



What's next
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Major discovery rate over last 50 years

1973 : weaK neutral currents

1974 : ¢ quark

| major discovery every 5 yedrs
1977 : b quark and tau lepton on averdge.
1983 - W and Z And max. interval = I4 years

1995 : t quark Next discovery could be next year or in 2026.

1998 : neutrino mixin
| > Research in fundamental physics is a school of patience

2012 : Higgs boson (and hard but interesting work 1)



Run IIT and high-luminosity LHC

LHC /HL-LHC Plan eﬂiﬁi‘mosny

LHC

LHC

Ls1 EYETS
13-14 TeV -

splice consolidation SPS cryogenics Point 4 o
button collimators o dispersion , Ctreyr?a‘;:":g HL-LHC installation
suppression

R2E project

n tion
- . regions
collimation —\‘
. 2013 2014 3] 2017 2018 2019 2020 2021 2022 2023 2024 2025 IIII m
radiation
age

il u
experiment beam pipes experiment upgrade phase 2

luminosity

o ‘-” il
21 September 2018 Johann Collot, Univ. G > Alpes, CNRS, Gre INP, LPSC-IN2P3
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Phase-1 ATLAS upgrade
Muon Detectors Tile Calorimeter Liquid Argon Calorimeter be‘FOT"e Run III o
| Trigger aootronios FE & BE 2018-2019

Toroid Magnets Solenoid Magnet || SCT Tracker Pixel Detector TRT Tracker

P e e }
o L e =
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Phase-11 ATLAS upgrade
=

before Run IV |

FE & BE electronic
| sMDT, Electronics I Hhrbeyerspilini, FE & BE electronics HGTD 2023-2025
Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
L h
] \

\ Al

' ,5 I ':'::{_ s
| ™maa

| Detector readout:
k. ITk, LAr/Tile,
ﬂ Muons
| Trigger
& LO from Phase-|
with upgrades

Global Processor
Hardware Track

Event Filter

Computing & Software

i

g .'
Torold Magnets Solenoid Magnet

21 Sepeember 2018 Jonamn
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Run III and Hl-LHC prospects

ATLAS Simulation Preliminary Will be reappraised soon for European Strategy Update
\s =14 TeV: det 300 b ; det 3000 fb1

S [
@ = 5 ¢ di 3000 fb, <u>=140
Hoyy  (comb) S 4400 Ere i, Opyg = 30%
ey Ji B sy 95% CL exclusion (3000 fb™', <u>=140)
Hes ZZ (comb) E 1200 :_ 5 6 MVA discovery (3000 fo™!, <u>=140)
1000 :_ """"""" 95% CL MVA exclusion (3000 fb™', <u>=140) -
H— WW (comb. [E <<\v
Akl soo - ATLAS Simulation m
~ Preliminary <<\M .
H— Zy (incl) 600 :— " .\‘g
400— - e
H— bp (comb.) - “i %
200— %\ i
C. : {
H—)‘E"E (VBF-llke) F.?ﬁl 1 LI T T T I TR T 1 [ 1; ril }E i [
gOO 400 600 800 1000 1200 i 1400
m( X, X; ) [GeV]
H—-up  (comb.) _ .
| http://cdsweb.cern.ch/record/2038565

o

ve 04 http://cdsweb.cern.ch/record/1956710
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And beyond LHC
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In Japan

e*e” collider
250-1000 GeV

starts in 2040 ?
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Future Circular Collider : FCC

’#;i‘ff. 4

FCC-ee : e'e collider - up to 350 GeV
starts in 2040 ?

FCC-pp : pp collider - up to 100 TeV
starts in 2060 ?

2 Wﬂ" A{fWM //A/ / ”é



F - L Y

Compact Linear International collider : CLIC

1 -
— exlstlng LHC
Potential underground siting:

eeee CLIC 500 Gev
eeee CLIC 1.5 TeV
= CLIC 3 TeV

e'e” collider 4
starts in P
2040 ?

LN

P IO |

Johann Collot 36 g



Conclusion

e | HC has promoted
fundamental scalar fields
to credible physical entities. Tt
would be strange that nature
has made the Higgs boson a o TR
unique child I No convincing TR
BSM sign in LHC data till now.
* Future looks bright (for young
students) with a clear objective :
bridging micro & macro physics.

21 September 2018 Johann Collot, Univ. Grenoble Alpes, CNRS, Grenoble INP, LPSC-IN2P3
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