Physics with ATLAS at
the High-Luminosity LHC

New Directions in Accelerator-Based Experiments

Maximilian Swiatlowski

TRIUMF

A)
A@AS (L\)/

EXPERIMENT




¢ The Large Hadron Collider
is a 2/ km long accelerator
on the French/Swiss border

e Collides protons at |3 TeV:
upgrade to | 3.6 TeV this
year for Run3

e Two large general purpose
experiments, but | will
focus on
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The HL-LHC, ~Tomorrow €2

LHC / HL-LHC Plan

“HiLumM

\ _ LARGE HADRON COLLIDER
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| Run 3
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LHC
I
Run 1 | | Run 2 |
Diodes Consolidation
8 TeV splice consolidation cryolimit LIU Installation
7 TeV e button collimators interaction .
R2E project wA Civil Eng. P1-P5
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
ATLAS - CMS
experiment upgrade phase 1
beam pipes . .
nominal Lumi 2 x nominal Lumi, ALICE - LHCb

75% nominal Lumi | '/— upgrade
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. . HL-LHC
inner triplet . .
pilot beam radiation limit installation

2022 2023 2024 2025 2026 2027 2028 2029 IIIIIII

5to 7.5 x nominal Lumi_,

ATLAS-CMS  ——

HL upgrade

2 x nominal Lumi

energy

m integrated LYY fb
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The HL-LHC, ~Tomorrow ¢o

3 LHC/HL-LHC Plan HiLlumi Y

(N7 \ LARGE HADRON COLLIDER

LHC HL-LHC
L
I
Run 1 | | Run 2 | | Run 3
EYETS 136 Tev  [RMAR 13.6 - 14 TeV
13 TeV energy
Diodes Consolidation
TeV splice consolidation cryolimit LIU Installation i . HL-LHC
7 TeV 8_e button collimators interaction . ) inner triplet . .
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
2028 | 2029 |IIl]
51to 7.5 x nominal Lumi
ATLAS - CMS —
experiment upgrade phase 1 ATLAS - CMS /
beam pipes . . . . HL upgrade
nominal Lumi 2 x nominal Lumi, ALICE - LHCb 2 nominal Luri |

75% nominal Lumi | /" upgrade
m IE::II:“ integrated JSA4YY fb
m luminosity JENT R o
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The HL-LHC, ~Tomorrow ¢e

LHC / HL-LHC Plan G,

LHC HL-LHC

Run 1 | | Run 2 | | Run 3

- 126 eV 126 - 14TV
e

energy
Diodes Consolidation
8 TeV splice cons?lidation cryolimit LIU Installation ) ] HL-LHC
7 TeV button collimators interaction . ] inner triplet ] .
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025 2026 2027 2028 2029 IIIIIIIM
510 7.5 x nominal Lumi
ATLAS - CMS —
experiment upgrade phase 1 ATLAS - CMS /
beam pipes HL upgrade
]

nominal Lumi 2 x nominal LL&iI ALICE - LHCb | 2 x nominal Lumi

75% nominal Lumi | /" upgrade
m IE::II:“ integrated JSA4YY fb
m luminosity JENT R o

| Increase energy to 14 TeV, \;
i and instantaneous luminosity to '
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Rising Energy

Minimum bias 1.
W
Z |
77 |
t (s-channel) |
t (t-channel) | 1.14
Wt | 1.18
WH |
H (ggF) | 113
H (VBF) 1.13
HH 1.19
t | 1.18
tZ | 1.20
ttH 1.21
stop pair (0.9 TeV)
gluino pair (2.0 TeV)
Z'SSM (4 TeV)
q* (6 Tev)
QBH (9 TeV, n=6)

B. Peterson

)1.37

J1.73

J1.40

2.0

J5.3

- Ny

HIncrease in energy may seem small, but can have a big impact|
| on important physics processes! ;;.
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Datasets

e Peak luminosity = =—Integrated luminosity
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The Price of Rate: P|Ieup (23

ﬁTo enable mcreased Ium|n05|ty, coII|S|ons need to be more frequent
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The Price of Rate: Pileup €2

- To enable increased luminosity, collisions need to be more frequent;

A

' Bunch spacing fixed W
Only option: increase pileup
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The Price of Rate: P|Ieup (LV

To enable mcreased Ium|n05|ty, coII|S|ons need to be more frequent

Bunch spacmg f'xed at 25 ns ‘ | Expect 200 .colllsmns per *
Only option: increase pileup: crossmg' Compare to ~50 today
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Upgrades

Tile calorimeters

: LAr hadronic end-cap and
forward calorimeters
Pixel detector

Toroid magnets LAr electiromagnetic calorimeters

Muon chambers Solenoid magnet | Transifion radiafion tracker

Semiconductor fracker
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Upgrades

Improved muon coverage
Upgraded Trigger and triggering (NSW)
and Data Acquisition: N

10x increased bandwidth

74 " New endcap high-
| \, N granularity timing
25m

S8 detector: ~20 ps

| timing resolution

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Toroid magnets

Upgraded electronics Solenoid magnet | Trc

for calorimeters, muon system: Semiconducto
greater precision, speed

New all-silicon Inner Tracker,
Radiation-hard and coverage to |n| < 4
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A))

Preparing for the Future €&

e FEuropean Strategy Update

¢ Canadian Long Range Planning

e The HL-LHC plays a critical role in all of these exercises

¢ |Important to understand how this device interplays with
others!
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https://europeanstrategyupdate.web.cern.ch/welcome
https://subatomicphysics.ca
https://snowmass21.org
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A))

How We Do Projections ¢~

® We don’t have the HL-LHC data in hand, but we have a pretty good idea of what
we’ll be able to do with it

* Typically, start existing Run 2 analyses, and adjust for new conditions

¢ Increase cross=-sections (due to energy), larger datasets (~20-80x
larger), projected detector performance (pileup)

o are key: usually present a
few scenarios

¢ Baselines assume reductions in both: 1/\/Z for experimental, and half for
theoretical. Ambitious, but

® These projections may significantly undersell what we can do!

® Analysis improvements often significantly outpace luminosity
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Electroweak SUSY v



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-048/

ATL-PHYS-PUB-2018-048 . ]

Electroweak SUSY v

Run?2 phyS|cs program did not dlscovery SUSY: ;
tcould signal be hiding in the low cross-section electroweak sector?}
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Electroweak SUSY v

Run 2 phyS|cs program did not dlscovery SUSY: ;
tcould signal be hiding in the low cross-section electroweak sector?}
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ATL-PHYS-PUB-2018-048 l ;

Electroweak SUSY v

| Run 2 physics program did not discovery SUSY:
tcould signal be hiding in the low cross-section electroweak sector?}
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Electroweak SUSY v

| Run 2 physics program did not discovery SUSY:
tcould signal be hiding in the low cross-section electroweak sector?}
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-033

ATL-PHYS-PUB-2018-033 l ;

Long Lived Particles o~

| Run 2 phy5|cs program did not dlscovery SUSY: could difficult to |
|_measure signatures from “long lived” particles be the answer? |

M. Swiatlowski (TRIUMF) June 7,2022


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-033

ATL-PHYS-PUB-2018-033 l ;

Long Lived Particles o~

| Run 2 phy5|cs program did not d|scovery SUSY: could difficult to
| _measure signatures from “long lived” particles be the answer? |

Run2 ID 5 Tk

1066 563 514 299 122 33 39 279 405 1000 [mm]

' Many searches depend cr|t|caIIy on detector deS|gn and Iayout '
| upgrades prowde new opportunity for d|scovery ’
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-033

LLP Sensitivity ’(\z\),
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LLP Sensitivity o~
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 Significantly larger pixel and strip radii enable large increase]
| in acceptance for long-lived particles!
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Weak Mixing Angle v



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-037/

ATL-PHYS-PUB-2018-037 l ;

Weak Mixing Angle v

' The weak mixing angle, sin? 0.,
tis a fundamental measurement of!
i the consistency of the SM |
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Weak Mixing Angle v
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Weak Mixing Angle v

x10°

‘ The weak mixing angle, S11 H y § S 22 _—;\_TLAS Simulation P:ellmmary
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WV Boson Mass smsne o) )
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-026/

W Boson Mass ?z\),
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-026/

VV Boson Mass

{W boson mass is of great interest, |
| especially given latest CDF results |

HL-LHC measurement would |
exploit upgraded tracker acceptance,

improved PDF, larger dataset |

3

o

- ATLAS ISimulation L’reliminaryI B stat. © POF
- Vs =14 & 27 TeV, 200 pb™, <u>=2

- my, frommy & p. [stat.

CT10 PDF B PDF

|n||<2.4 |T|||<4 |n||<2.4 |n||<4 In||<4
Vs = 14 TeV i 27 TeV ' 14827 TeV

ATL-PHYS-PUB-2018-026 l ;

\C\Z
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W Boson Mass ?z\),

| W boson mass is of great interest, |
| especially given latest CDF results |

| Special low-pileup dataset could|
. lead to ~9 MeV precision: |
ibest cross-check of CDF result?]

exploit upgraded tracker acceptance, |
improved PDF, larger dataset

3

o

- ATLAS ISimulation L’reliminaryI B stat. © POF
- Vs =14 & 27 TeV, 200 pb™, <u>=2 ]
- my, frommy & p. [stat.
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', Vector boson scatterlng ';
 critical to our understanding
‘ of the Higgs: '

V, V, diverges without |
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Vector Boson Scattermg (v

', Vector boson scatterlng ';
 critical to our understanding
‘ of the Higgs: '

S oo > 8

V, V, diverges without |
f thenggsboson'_ \

)j‘ VvV scatterlng observed in |
| Run 2 with > 50: goal now is |
. to extract longitudinal |
| component of the process |
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: Vector boson scatterlng |
i critical to our understanding |
| of the Higgs: |
V; V; diverges without |

the nggs boson' {-

)j‘ WV scatterlng observed in |
| Run 2 with > 50: goal now is |
| to extract longitudinal |
| component of the process |
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Vector Boson Scattermg

of the Higgs:

V; V; diverges without

to extract longitudinal

systematic and analysis
improvements needed for

evidence ,f_
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Why Higgs!

® The Higgs is the center of
the Standard Model:
related to all the particles,
so critically important to
understand

6 ® The Higgs is the newest
particle: we know the
least about it

souse ® The Higgs is incredibly
rich: many different ways to
study it
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’ ’ “ 've ra |gs cys c eurable at th HL LHC ‘
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Rare Higgs Processes (v

250 ATLAS Simulation Preliminary
Vs = 14 TeV, 3000 fb™", <u>=200

200

Entries/0.10 GeV

B Pseudodata

150

100

—— S4B fit ]

(Data - Bkg)

110 116 120 125 130 135 140 145 150 155 160

Scoping Scenario (1) Overall significance Ap Ap
w/ syst. errors w/o syst. errors
reference 200 9.5 +0.13 +0.12
middle 200 9.4 +0.14 +0.12
low 200 9.2 +0.14 +0.13

at >

A A -

H — /,ﬁﬂ_ observable Jo!l!

= 2
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Rare H ggs Processes™™ " ?z\),

) Evnra |gs cys com measurable at the HL LHC -

>
> -
O 50 ATLAS Simulation Preliminary ] ATLAS Preliminary [+ 1o
5 - Vs = 14 TeV, 3000 fb™, <u>=200 E Projection from Run 2 data - + 20
3 00— = Vs=14 TeV, 3000 fb"! E d
£ - ] VH, H — ¢t - Expecte
L : B Pseudodata m
150[— — S+B fit _ 0 lepton
- T Exp.=8.1x SM
100{— —
n . 1 lepton
50 :_ _: Exp.=11.2 x SM
O_I v b by by by by by e by by by 2 Iepton
— Exp.=10.5 x SM
2
m
8 Combination
o Exp.= 6.4 x SM
110 115 120 125 130 135 140 145 150 155 160 T L
M [GeV] 0 5 10 15 20
o . .
Scoping Scenario (1) Overall significance Ap Ap 95 /O CL I|m|t on u _
w/ syst. errors w/o syst. errors VH(c?)
reference 200 9.5 +0.13 +0.12
middle 200 9.4 +0.14 +0.12
low 200 9.2 +0.14 +0.13

Expected H — CC sensitivity at

~6x SM: improvements in charm

tagging and analysis can improve
this further
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Riggs Precision v

Vs = 14 TeV, 3000 fb™ per experiment

-z analyses summarized here in — g?;{stical ﬁlﬁi,;;jo,? s
‘ one plot: expected | — E;‘gg[iyme”ta' R
uncertainty on H.iggs o = e

K, = 1.5 07 06 1.2

Kg =___ 2.5 09 0.8 21

Kt —— 3.4 09 1.1 3.1

Kb — 3.7 13 13 32

K, =_. 1.9 09 08 15

T 43 38 1.0 1.7

KZy _. 9.8 72 1.7 6.4

0 002 004 006 008 01 012 0.14
Expected uncertainty
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Riggs Precision v

Vs = 14 TeV, 3000 fb™ per experiment

: : : | Total ATLAS and CMS
t analyses summarized here in | ___ Statistical HLLHC Projection
. ’ —— EXxperimental
one plot: expected — Theay ncerainty 4
uncertainty on Higgs | N Tot Stat £xp T
. ) \ Y — .8 08 1.0 1.
couplings to particles  }

e A e B e ot e rvon ] Kw = 1.7 08 0.7 1.3
A S— S— — Kz = 1.5 0.7 06 1.2
Some couplings (K, Ky, K;) j Kg = 25 09 08 21
~ measurable to <2%! KE=——Fr 3.4 08 11 3.

T Ky B 3.7 13 1.3 32

Ky = 1.9 09 08 15
KM — 4.3 38 1.0 1.7
Kz, V= 9.8 72 1.7 64

0 002 004 006 008 01 012 014
Expected uncertainty
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Riggs Precision v

Vs = 14 TeV, 3000 fb™ per experiment

; . : | Total ATLAS and CMS
i analyses sulmmarlzed thre in | _ E;a:)tfrtiircr:]aelntal HLLHC Projiection
one plot: expecte — -
—_— Theory Uncertainty [%]
uncertainty on Higgs | = ot Stat &b
. . ;{ = . : : :
r"ﬂm — I — Ky, = | 1.5 07 06 1.2
'Some couplings (K, Ky K;) | Kg = 25 09 08 2
| measurable to <2%! | Ki —=__ | 3.4 09 1.1 3.1
e Kp == 3.7 13 13 32
K - 1.9 09 08 15
Many of these measurements e ae e
T 3 38 1.0 1.7
expected to be complementary E—
. . KZy—" ' 9.8 72 1.7 6.4
to Higgs Factories 000 604 006 608 0T 6. 0
(especially rarer decays) Expected uncertainty
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Understanding EWSB 02

The SM Higgs potential is:
V(¢) = — ugp” + 1¢°

We live in the minimum:

V(¢) = Vy + A?h* + Avh’ + . ..

V() = Vit LNELE
U o TH 207
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Understanding EWSB 02

The SM Higgs potential is:
V(¢) = — ugp” + 1¢°

We live in the minimum:

V(¢) = Vy + A?h* + Avh’ + . ..
L, mj; 3
V) = Vit Smiih*+= o

= v = 246 GeV

1
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202

M. Swiatlowski (TRIUMF) June 7,2022



Understanding EWSB 02

The SM Higgs potential is:
V(¢) = — ugp” + 1¢°

We live in the minimum:

= v = 246 GeV

™ f 3
v - Iy
] l\ b . i R
I >
F- 0
44 »
&P

S=

V(p) = Vo + Ah* + vk’ + .../~

Lo mj;
V) = Vit Smih®+— vl
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The SM Higgs potential is:
V(¢) = — ugp” + 1¢°

We live in the minimum:

= v = 246 GeV

A 4 2
g Y &
] l\. o Ll
I >
e
44 »
e

S=

V(p) = Vo + Ah* + vk’ + .../~

mj;

V(¢) = V.+ lm2h2+—yh3
o ST

s _ M A —

= K, =
HHH 2 A SM
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Understanding EVVSB

The SM Higgs potential is:
V(¢) = — ugp” + 1¢°

We live in the minimum:

= v = 246 GeV

N < /.v~ e T v
A 4 Y
g Y &
] l\. o Ll
oot
o
44 »

S=

V() = Vo+ Wh*+ wh’ + .../~
T

V() = Vgt —m>Zh*+—-vh’
2 T w2
Aoy = —— K = ” In the SM, x;, = 1:but we
202 M : .
haven’t measured it!
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Understanding EVVSB

The SM Higgs potential is:

V(¢) = — ugp* + Ag* % — y = 246 GeV
We live in the minimum: \

3
N
. ‘ A
PR g ,
A N &
s e
oot
R
44 »

V(¢) = Vy + Av?h* + Avh’ + .. v

| mf e
V() = Vgt —m2h*+—"-vh
2 T w2
Aoy = 57 9= oy In the SM, x;, = 1:but we
HHH haven’t measured it!
But what if we see something ? Could be hints of

new physics, related to baryogenesis or vacuum stability!
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ey W ooH The other is just proportional
N
/b L /
P s to K, already well understood
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8 "uEEET . The other is just proportional
dmHyH K

7D >«

) H \\\ P
8 666600t S H g

to K;: already well understood

Destructive
interference makes
HH difficult to
observe! But

, differential
| observables can help

200 300 400 500 600 700 800
measure K,
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do

8 ~EEEeTT Ly The other is just proportional
dmHyH K

) H \\\ P
8 666600t S H g

to K;: already well understood

Destructive
interference makes
HH difficult to
observe! But

_} differential
| observables can help

measure K/‘t
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Self Coupling Project

3 ab-1 (14 TeV)

ATLAS and CMS HL-LHC prospects

/\12 'l ]
= [ ' | SM HH significance: 40 | :
c L \ '
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6
95% CL 45 i\ f et ]
2 ;\\ \“‘ \“ "'l "'l
68% CL [t % _ 3\ __ ;'__________TJ—_"_____
0
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Ka

—— Combination
- bbyy
bbtt
"~~~ bbbb
bbzz*(4l)
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Self Coupling Projections “e2

ATLAS and CMS HL-LHC prospects 3 ab1 (14 TeV)
12
)
= — Combination
<110 _
N -- bbyy
9.4% CL 8 ~ bbrr
"~ bbbb
6 J—
bbzZ*(4l)
95% CL 4 "= bbVV(Ivlv)
2
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0

ATLAS+CMS measurements: |
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Self Coupling Projections ¢

ATLAS and CMS HL-LHC prospects
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95% CL 4

68% CL

Combination of all
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ATLAS+CMS measurements:
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Updated ATLAS- only |
measurement just two channels:]
ATLAS alone reaches

05<k <l1l5atlol

;‘; ATLAS+CMS measurements:
 05<k<lS5atlo |

High hopes for even more significant improvements in the future
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ATLAS

EXPERIMENT

HL-LHC tt event in ATLAS ITK
at <u>=200

| The physics potential of the |
~ HL-LHC is enormous! |

. Upcoming energy increases are small, but |
 huge datasets enable impactful measurements
. that will be state-of-the-art for many years

Creativity has enabled measurements |

. we never thought possible at the LHC |
- already: what else will 20 years bring? !
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