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The Higgs boson is boring?

Miracle cure leaves researchers wanting more.
RN researchers continue their search for new
physics while prominent theorists cite need for
beyond Standard Model phenomenology.
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“Where’s the beef?,” asks John ]
got to be more to this puzzle.”

llis, “There has rr

In the LHC News:
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Desperately
Seeking Symmetry:

Young researchers
desire partner for lonely
top quark. Large masses

1697, | preferred, strong attraction

to Higgs boson is ideal.

Must be willing to interact
with SM particles.

Email: bsm_love@cern.ch

New paths to new physics & WAY more data ahead
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5.0 0 excess at m~126.5
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% These accomplishments are the results of more than 20 years of
talented work and extreme dedication by the ATLAS Collaboration,
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October, 2013

CMS Preliminary {s=7TeV.L<5.1fb' \s=8TeV.L<19.6fb"

=== 68% CL
—95% CL

Butis it a Higgs boson??
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A Simplitying Hlustration




Higgs Couplings: 2013 vs 2022

Fast forward to today

~  ATLAS Preliminary
Top quark Higgs (s =13 TeV, 24.5- 139 fb™

Q A my = 125.09 GeV

)J SM Higgs boson
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The Standard Model Stucceeds Survives

Get your t-shirt!
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Muon Anomalous Magnetic Moment 7

An exposition of precision

§ ) é y é ) L] A l
¥ ¥ a, Contribution Value (x107'")
Lo\ o\ QED (y & 1¥) [1] 116584 718.951 + 0.08
Y Z Hadronic VP (lo) [2] 6923 + 42
| | Hadronic VP (ho) [3] —-98.4 + 0.7
Dirac QED Electroweak Hadronic LbL [4] 105 + 26
Electroweak [5] 153.6 + 1.0
§ Y Total SM 116591 802 + 49
+ 08.9.3 ——

New (g-2) exp.
208.9+1.6
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a -11 659 000 (10™'°)




Puzzies in the Standard Model ;

Neutrinos2?

7.6 x 10° eV? @

Normal Inverted




Getting loopy?

| | smiit

SMfit wo M, measurement M.l

-®- LHC combination [PRL 114, 191803 (2015)]
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The Higgs Vacuum

Getting loopy?

V() = 12616+ A(6'0)

Higgs boson mass

Vacuum stability
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The Higgs Vacuum

Getting loopy?

)\H — )\Tree = )\Loops
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The Higgs Vacuum

Getting loopy?

Ultra-fine
Tunig H
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The Higgs Vacuum

Getting loopy?
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The Higgs Vacuum

Getting loopy?
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The Language of the Standard Model

Is this the truth or just a convenient description?
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Was it a right or a left turn at Lambda QCD??

A MAP OF THE
=)\l N VISIBLE

e

Q
-
.

Atom Land:

A Guided Tour Through the
Strange (and Impossibly
Small) World of Particle

Physics
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A historic guide to discovery




The November Revolution

November 1974: Discovery of the Charmed Quark

Discovery of a Narrow Resonance in ¢* ¢~ Annihilation®

VoLuMme 33, Numser 23 PHYSICAL REVIEW LETTERS 2 DECEMBER 1974

J.-E. Augustin, A, M. Boyarski, M, Breidenbach, F, Bulos, J, T, Dakin, G. J. Feldman,
G. E, Fischer, D, Fryberger, G, Hanson, B, Jean-Marie,f R, R, Larsen, V., Liith,
H, L, Lynch, D, Lyon, C, C, Morehouse, J, M, Paterson, M, L, Perl,
B. Richter, P, Rapidis, R. F. Schwitters, W, M, Tanenbaum,
and F, Vannuccii
Stanford Linear Accelevator Center, Stanford University, Stanford, Cal ifornia 94305

Experimental Observation of a Heavy Particle J¥

J. J. Aubert, U. Becker, P. J. Biggs, J. Burger, M. Chen, G. Everhart, P. Goldhagen,

J. Leong, T. McCorriston, T. G. Rhoades, M. Rohde, Samuel C. C, Ting, and Sau Lan Wu
Laboratory for Nuclear Science and Deparviment of Physics, Massachusetts nstitute of Technology,
Cambyridee, Massachusetts 02139

and
and G, S. Abrams, D. Briggs, W, Chinowsky, C. E, Friedberg, G, Goldhaber, R. J, Hollebeek,
Y. Y. Lee J. A, Kadyk, B. Lulu, F, Pierre,§ G, H, Trilling, J. S. Whitaker,
Brookhaven National Labovatory, Upton, New York 11973 J. Wiss, and J, E, Zipse
(Received 12 November 1974) Lawvrence Berkeley Labovatory and Depavtment of Physics, University of California, Bevkeley, California 94720

(Recelved 13 November 1974)
We report the observation of a heavy particle J, with mass m =3.1 GeV and width ap-
proximately zero, The observation was made from the reaction p + Be—e¢*+ ¢~ + x by We have observed a very sharp peak in the cross section for ¢ e~ — hadrons, e*e”,
measuring the ¢ "¢™ mass spectrum with a precise pair spectrometer at the Brookhaven possibly u*u® at a center-of-mass energy of 3,105+ 0,008 GeV, The upper limit to the
National Laboratory’s 30-GeV alternating-gradient synchrotron, full width at half-maximum is 1.3 MeV.

and




tmerging Landscape

Charm is a game-changer!




Structure as a guide to the underlying theory.
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The Livingston Line

Particle colliders as engines of discovery
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Large Hadron Collider
(2009 - Present)

proton - proton &
heavy-ion collisions

collision energy:
7-14 TeV
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Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector
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Run: 267073
Event: 279124678
2015-06-05 02:24:03 CEST




ATL.A.S /s =13 TeV
Preliminary

_ Delivered: 156 fb’
. LHC Delivered Recorded: 147 fb

__|ATLAS Recorded
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A Roadmap 28

Guide to enhancing discovery potential

Upgrades to the ATLAS triggering
capabilities & Jet Identification

* Phase-1: 2019-20:2
 HI.-LHC: 2026-2028

Enhancements to search potential
via targeted model tests

* Models with Heavy Resonances

e Combined searches
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Collimated
“Jet” of
particles

Run: 299584
Event: 563621388

2016-05-20 08:26:49 CEST
M(JJ)=2.40 TeV



Heavy Resonances

A window to new physics

Excited

quarks/gluons //

Extra-

dimensions
(RS graviton) / /
/N

Extended
gauge

/
/
symmetry

Composite
Higgs




2

Cross Section:
Nsignal = L X €sig X Osig QM probability to
create this state. Set
by QM, not optimizable
= for a given state.

Acceptance:
How many events pass
vour selection criteria out
of the total produced?

Luminosity:
How much data
vou’'ve collected.
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Example: Two-Higgs Doublet Models

Positives:
Y v Provides additional degrees of
1 freedom in the Higgs sector
e 5 Higgs bosons!
e A,H h, H*
§ v Potential to ease naturalness
| problem
8 v Potentially allows flavor-
changing neutral currents

Negatives:

8 @ Complicates Higgs boson

8 physics

8 @ Additional resonances haven'’t
8 been found yet

B © Likely doesn’t explain some
anomalies seen thus far

35
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unper limits on pseudo-scalar proguction =

ATLAS 95% CL limit
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There's lots more!

Far too much for today, but...

JHEP 03 (2020) 034 JHEP 04 (2020) 171 PRL 125 (2R020) 051801 PLB 787 (2018) 68
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Guide to enhancing discovery potential

[Enhancements to search potential
ja targeted model tests

e Models with Heavy Resonances

e Combined searches




What would new physics look like: 5

Finding new physics in increasingly-rare places

Facts:
1) We've looked in a Lot of places, but not everywhere.
2) We havent observed anv%hiv\g “obvicus” just j@.&.

Inferences:
1) New physics couplings may be “too weak” to see yek.
2) S N v our data.

2 COThners.,



What would new physics look like:?

1

Model-driven probe for new physics

Facts:
1) We've Llooked in a Lot of places, but not everywhere,
2) We havent observed anything “obvious” just yet.

Inferences:
1) New physics couplings may be “too weak” to see yek.
2) Smaller excesses may already be hiding in our data,
3) We have to be willing to look in very rare corhers.

2 ‘“Heavy Vector Triplet” Model

a V| a my «-ra a
-3 DL DY + Vv

2

W q
—I—Z.chHV:HTTaD H + g—cFV;’Jlfi

gv
+2

gv

CVVV Each/fVVbD[MVV] € + Q%CVVHHV;V“ GHTH — gCVVWEachuV GV:V; .

2] Siephicpaniccom. - |
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95% CL upper Imt
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There's lots more!

Far too much for today, but...

) PLB 787 (2018) 68
Excited D

_ Vs=13TeV. 36.1 ! —— Observed 95% CL limit E

quarks/gluons / oo oL

~ VBF Category s

Expected limit (+ 10) 5

. | Expected limit (+ 20) :

Extra- :

dimensions
(RS graviton)

Extended
gauge

symmetry

Technicolour

Composite

Higgs
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Model-driven probe for new physics
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nHeavy ¥ector Tripiet Example 47

A model with W’ and Z’ bosons

JHEP 07 (2018) 089

EW fits 3 TeV EW fits 4 TeV EW fits 5 TeV

f

Observed
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A Roadmap .

* Phase-1: 2019-202<

Enhancements to search potential * HL-LHC: 80K6-20&8

via targeted model tests

* Models with Heavy Resonances

e Combined searches

Programmastic foundation of searches
for new physics at ATLAS

e Searches for heavy vector resonances



LHG Upgrade Program

Staged upgrades during operations pauses

LHC / HL-LHC Plan

HILuM|

LARGE HADRON COLLIDER

We are herel

| | Run 2 ‘ I Run 3

| sarev 13514 7oV

13 TeV
Diodes Consolidation
splice consolidation cryolimit LIU Installatioy HL-LHC
7 TeV 8 TeV button collimators interaction _ inner triplet i )
— R2E project reg|ons Civil Eng. P1-F pilot beam radiation limit installation
|

.
2 t \
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Triggering in a Nutshell

Filtering down to the data we want to keep

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
N \ |

Triggering 101

40 MHz proton collision rate

W

Data from 150 million channels
X  encodedin 1.5 MB per event

— BB TB/sec

Toroid Magnets Solenoid Magnet SCT Tracker Pixei Detector TRT Tracker

Detector Channels Fragment size [KB]
Pixels 1.4*108 60
6.2*10° 110
3.7*%10° 307
1.8*%10° 576
104 48
3.7*10° 154
6.7*104 256
3.5%10° 12
4.4%10° 6
28
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Reject 99.9975% of collisions
in custom hardware
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Ideally not top quarks

' V(9) = 12010+ A(919)°

B—




Events /5 GeV
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¢ Data2015+2016

[ tt (top)

(W)

I it (other)

[ Single Top (W)

] Single Top (other)

[ I W +jets

B VYV, Z + jets, multijet
Total uncert.

N Stat. uncert.

— tt modelling uncert.

Puritying our top samples

Lemonade from lemons

ATLAS

s=13TeV, 36.1 fb"
Trimmed anti-k, R=1.0 Jets
AR(large-R jet, b-jet) < 1.0
p_ >3350 GeV

Low top pT

High top p+

52

60 80 100 120 140 160 180 200 220 240
Leading large-R jet m*®™ [GeV]




Run: 267073
Event: 279124678
2015-06-05 02:24:03 CEST




Tile barrel

Puritying our top samples

Lemonade from lemons

Tile extended barrel

LAr hadronic

end-cap (HEC) \,

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic \
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= |V boson
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Top radiation
= SR
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e |

TLASILIIllllllllll#lt:llil'll.ll:l . Clusters

~Preliminary B antik, (R=0.4)
-Simulation

T 'fLASl }l.:r'_fl“ * Clusters

‘Prellmmar
-Simulation.:

G’
G’

(&)

IIIIIIIIIIlIIIILI

o

lllllllllllllllllll

n
:f

¢ [radians]
) [radians]

Ny
o Sl

QCD Jets .
<].l>-0 [ <].1>_80- e
et (u = 40) e (=40)"

— flL‘ 1 — I'ILC 1

—l
—
—
—l
—
—
—
—
—
—
—
—
—l
—

IlllIllllITlLl

|
)
O
O
(-
L1
w

L 1 11
I

l-‘
llllllllllll:'lllllll.ll.llIllll.llllllllll lllllllllll

-3 -2 -1 0 1 2 3 < -3 -2

y

<s




ATLAS Phase-1Ungrade .

Focusing on the calorimeter for now

HIGH RES IMAGE 300dpi LOW RES IMAGE 72dpi

10x increase in image resolution
1,700 Towers — 17,000 Super-Cells
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Level-1Galorimeter Trigger

Super-cells!

Level-1 Calorimeter Trigger electronics.
Being installed & commissioned NOW.
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LHG Upgrade Program

Staged upgrades during operations pauses

{.) LHC/HL-LHC Plan HiLum

LARGE HADRON COLLIDER

HL-LHC

‘ ‘ Run 2 Run 3 o - * Run 4-5...

— 13.8 Tev 1RAEE ‘ 13.8 - 14 TeV

13 TeV

Diodes Consolidation
splice consolidation cryolimit LIU Installation HL-LHC

7 TeV 8 TeV button collimators interaction inner triplet | i )
— R2E project reg|ons Civil Eng. P1-P5 pllot beam radiation limit § installation

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025 2028
| 51to 7.5 x nominal Lumi ,

ATLAS - CMS | ﬂ~ |
experiment upgrade phase 1 | ATLAS - CMS ,
beam pipes | HL upgrade

nominal Lumi 2 x nominal Lule ALICE - LHCb 2 x nominal Lumi

75% nominal Lumi I |/'— upgrade |
|/ " i~
30 b 190 b T 00 >
| | luminosity JEIIIE{ R

HL-LHC TECHNICAL EQUIPMENT: | l
{
DESIGN STUDY ‘If’ ‘ PROTOTYPES / CONSTRUCTION I INSTALLATION & COMM HH PHYSICS

HL-LHC CIVIL ENGINEERING:
DEFINITION EXCAVATION BUILDINGS




LHG Upgrade Program
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Staged upgrades during opera
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One more degree of complexity

Tile barrel

LAr electromagnetic
end-cap (EMEQC)

LAr electromagnetic
barrel

process ALL the data!

Tile extended barrel
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61

dern telecom

ing mo

Bootstrapp

u.o.o.........l R




ATLAS Global Trigger

Bootstrapping modern telecom

HL-LHC Global Trigger hardware prototypes
Ongoing area of R&D
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LHG Upgrade Program

Staged upgrades during operations pauses

LHC / HL-LHC Plan HiLum

LARGE HADRON COLLIDER
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The unfinisihelroaMidaiiseouenial discovery.

ATLAS 3 TeV
EW fits 5 TeV

ATLAS 3 TeV
EW fits 4 TeV

ATLAS 3 TeV
EW fits 3 TeV
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[(Most of] The M5U Team

The ones that get the work done.
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