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Two Lectures

1) Today: LHC, collider physics, HL-LHC prospects
2) Tomorrow: “Beyond”: Future colliders

Sinead Farrington, STFC PPD / U. of Edinburgh



Now

Standard Model Production Cross Section Measurements
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Now...

Overview of CMS EXO results

March 2024

Sting resanance.
Zycesonance
Wy resonance

191103947 2} Bt
36 b~

Higgs yresonance
Coor Octect Sealar, &2
Sl Dinark
 poeutos calar scalar, g3, x BR($+21] > =0.03(0.004)
m. poeudoscalar scalad. g3, x BRIg21)> =0.03(0.04)
pp+ 2y
0,

191104568 (31, = 41) 171
CHS PAS-EXC-L9-00 (pp + 1, pp + ¥ 37!
S O 545 £X0.22.022 (2ty) BIR?
05 BAS-EX0-21-017 I+ pF== +y)] BELY

[ oS 0075 191104968 (3, = &1 B
I

Stou i prodcion, HSCP withinfite fetime
Doubly-charged t3u, HSCP infits lfeime, DY production

frszzrzzzzzzzaz

EY

2103 02708 {24 uom?
21002708 120|140 !
b

Excitad Lepton Contact nceraction

b0

OS50 191103761 (= 3) 187!
210500708 2,200 1om?

fo e esasenoms
S— e i
L 210302708 e, 1om?
T GBI0L01553 01+ =7i B -l
US4 0T 108520, + 2214 B BT
210713020 1= 1 +pF) 01m?
210713021 (= 1 + " 0187

25, gon=Limg =1 GV
Lmy= 16

21211135 (3457 BELT )

[ 0N ) E

[ B306 8111011 (1 + 1+ ) 7l

[__ PP+

o =) BT
L D008 M5 PASEXQ-20-010 (2 displaced j + 7] 137

% 2Rl 1B7RL

00052 120202124 3 EL
OS2 505 01038 (2) EL

180601058 (2)) 38!

0070 CMS-PAS-EX0-21-004 (sc outing boosted diet) 12871

0.07-0.075 & G1995-0.105 MS-PAS-EX0-21-004 (scouting boosted tjet) 12601

txzeizizzziizzz iz

AR stop o8 quaris.
RPY squar o 4 quaris.

AP glino to & quarks

PV stop scouting boosted

AP sz degenerated higgeings o trjet baosted scauting

Txxzz

120308030 2)) E
181210843 (2,241 36!
210713021 (= 4 +9) 011!

]

160308030 E0
2205.06709 fop) 7M1
2205.06709 v} 137/
220506700 (v} B
05925 £X0.20012 ty 4}

1805.06013 £ Tit4, EC

203 2201 07140 (2) 137!
A 1202 05073 14§71

OMS-PAS-EX0-22-024 fyy) 1381

- B

OS5 101103047 (3 137D

I 015 945 EXO20012 v + ) BTRL

LR CMS PAS X 0-20012 fy. 137t

161103052 y +20] it

Y
D25 161103052 4201 367!

0001:1:24 1602.02965; 1806 10305 (3 = 1j 4 241 E
0001143 180202965, 1806 10305 (3¢ 21 + 28] 36!
| 00215180610905 (= L +u-+el 36m!

158220208675 (3, = 48, Tea 3, 2r 4 24,3 1L, Lr 4 2,2 4 1l 1371
011045 220208676 (3, = 4, Te 30, 2x4 2, Ir+ 11, Tr4 2,20 11 1711
0125.015 220208676 (3, 2 41, 1+ 3, 704 2, 3T 414, I 420,274 11) BIL?

zx5f crrzrzeerzxes

[EER R

wsl\"m—ﬂlv.m—n

s, | 0
i! mem, m" vaﬂ.\’» Wil =10

pe-l scesaw heavy fermions, Flavordemocrabi
Vector i taus, Daublet
Vector ic taus, Singlet

zxzzxx

191208776 (21 137m?

| ooonooes CHS-PAS EXO-21-005 (2u) 07 Fo-!
[OO0EZDO0I)  OMS-PASEX021-005 (2p) o7 fo~1

210302708 (20,20 1ot

OS2 191103547 (3} BIR?
10331 43, 1y) 36!
I L 73 1 Uopt

T SIS0 151204775 20 B0t
o onoz

7, naron rasomance, £ 3¢ 10° (40 CL)
ssMzin

220206073 I + 1) BrIm?

oo ) 171

LRSMWa{rhi) Moy =0 5
g, Coloron, cotf=1
. HSCP tau 600 GeV/ mass with ininte ifetime

.
0010

82 Frazzzizzzzcrzzezizizx

i +95% C.L. (theory heluded)

Mass Scale [TeV]

Sinead Farrington, STFC PPD / U. of Edinburgh



Contact.
nteractions.

Dark Matter
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Why?
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Understanding the Universe
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Standard Model of Particle Physics

*Strong, weak and Electromagnetic

forces | 3
Describes interaction of matter " P2
particles by the means of - > “

force carrier particles

) fermion

Sinead Farrington, STFC PPD / U. of Edinburgh



Goals of Particle Physics

Measuring Standard Model parameters precisely
It has 26 free parameters

Understanding the generation of mass (is the Higgs
mechanism the right answer?)

Searching for new phenomenato rule in or out new
theories
Standard Model has some shortcomings

- Joining up our understanding of the very large (galaxies) with the
very small: what is dark matter?

CP violation

Sinead Farrington, STFC PPD / U. of Edinburgh



The Collider Approach (in the present)

Sinead Farrington, STFC PPD / U. of Edinburgh
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The Energy Frontier

* Mass of new particles that can be produced:

E=mc?

* The larger the collision momentum (energy), the
higher the mass of new particles that can be
produced
- And the higher the process cross-section

Sinead Farrington, STFC PPD / U. of Edinburgh
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Particle Collisions
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Proton Proton Collisions

+ H G. Salam

LHC 13 TeV centre of mass energy <2

Cross section for some hard
process in hadron-hadron L@

collisions N _ p
g Underlying event=—x
P2

Sinead Farrington, STFC PPD / U. of Edinburgh 13



Proton Proton Collisions

Example production diagrams: top, exotic W’
b

q

Leads to multitude of signatures (leptons, jets...)

Motivates a General Purpose Detector with
capabillities for all these particles (ATLAS and CMS)

Dedicated b-physics detector: LHCb, (Tim Gershon)
Dedicated heavy-ion detector: ALICE

Sinead Farrington, STFC PPD / U. of Edinburgh 14



A Particle Detector

“Onion shell” structure enables reconstruction of particles

Muon
Spectrometer

o
- .
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Hadronic
Calorimeter

| Proton
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\ Neutron| /0 e The dashed tracks
: are invisible to
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Electromagnetic . ’
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Photon/t 4
Solenoid magnet c :
Transition ¥ S ‘,'
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Pixel/SCT = A FVDEDIAMENT
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Use this capability to reconstruct particle interactions of
special interest

Sinead Farrington, STFC PPD / U. of Edinburgh
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The

LHC Detectors

Sinead Farrington, STFC PPD / U. of Edinburgh
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The ATLAS experiment

40M readout channels

Finely instrumented tracking detectors, then deep
calorimeters then muon chambers, two magnet
systems : ——

25m

LAr hadronic end-cap and

forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

Semiconductor tracker

Sinead Farrington, STFC PPD / U. of Edinburgh 17



Precision silicon tracking

Sinead Farrington, STFC PPD / U. of Edinburgh
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100’s millions readout channels

Sinead Farrington, STFC PPD / U. of Edinburgh
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LHC Collider Upgrades

NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC

ATLAS

SUPERCONDUCTING LINKS
Electrical transmission lines based on a high-
temperature superconductor to carry the very

high DC currents to the magnets from the
powering systems installed in the new service
tunnels near ATLAS and CMS.

CIVIL ENGINEERING “CRAB” CAVITIES
2 new 300-metre service 16 superconducting “crab” cavities for
tunnels and 2 shafts near the ATLAS and CMS experiments to
ATLAS and CMS. tilt the beams before collisions.

WO :

TuNNEY

FOCUSING MAGNETS )
12 more powerful quadrupole magnets
for the ATLAS and CMS experiments,
designed to provide the final focusing
of the beams before collisions.

COLLIMATORS CRYSTAL COLLIMATORS
15 to 20 additional collimators and New crystal collimators in the
replacement of 60 collimators with IR7 cleaning insertion to improve
improved performance to reinforce cleaning efficiency during

machine protection. operation with ion beams.

CERN February 2024

Sinead Farrington, STFC PPD / U. of Edinburgh
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LHC

Collider Upgrades

, B0

splice consolidation
button collimators
R2E project

7Tev _8TeV_
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ener
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cryolimit LIU Installation ! . HL-LHC
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reglons Civil Eng. P1-P5 pllot beam radlatlon limit installation

2022 2023 2024 2025 2026 2027 2028 2029 IIIIIII
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ATLAS - CMS
experiment upgrade phase 1 A-I;ILLAS - %MS
beam pipes . . . " upgrade
normipal Tumi 2 x nominal Lumi ALICE - LHCb ; 2 x nominal Lumi "
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integrated EALUURT 3
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LHC Upgrades

~10x instantaneous luminosity

Pile-up of ~200 (c.f. 60 now) at ATLAS/CMS

High Luminosity-LHC detector occupancy would
overwhelm existing detectors

- Require finer-grained silicon detectors, new tracking detectors

Sinead Farrington, STFC PPD / U. of Edinburgh
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LHC Upgrades

 Construction work is taking place around the world

e All new silicon detectors for ATLAS/CMS

In addition to substantial software developments in data-recording
Challenging projects, large scale pixel detector. Much to do!

 ALICE and LHCb propose upgrades after LS4

Sinead Farrington, STFC PPD / U. of Edinburgh



CMS upgrades

L1-Trigger \
https://cds.cern.ch/record/2714892
o Tracks in L1-Trigger at 40 MHz

« Particle Flow selection

e 750 kHz L1 output

« 40 MHz data scouting

W

ase-2 Upgrade of the

‘The Phase-2 Upgrade of the
CMS Tracker

Technical Design Report

Tracker ﬂ

https://cds.cern.ch/record/2272264

DAQ & High-Level Trigger j

https://cds.cern.ch/record/2759072
« Full optical readout 7
« Heterogenous architecture A

« 60 TB/s event network /

« 7.5 kHz HLT output S

Barrel Calorimeters

"Ihttps://cds.cern.ch/record/2283187

o ECAL crystal granularity readout at 40 MHz
with precise timing for e/y at 30 GeV

o ECAL and HCAL new Back-End boards

Calorimeter Endcap N

* https://cds.cern.ch/record/2293646
e '« 3D showers and precise timing o
CM%.E;:i::'&?.:L‘::;T“‘"' « Si, Scint+SiPM in Pb/W-SS

_—— ﬁuon systems

https://cds.cern.ch/record/2283189
« DT & CSC new FE/BE readout

« RPC back-end electronics

« New GEM/RPC1.6<n<2.4

« Extended coverage ton =3

.

The Bhase2 Uporade of the
'CIMS Huon Detectors.

TECHNICAL DESIGN REPORT

« Si-Strip and Pixels increased granularity
« Design for tracking in L1-Trigger
« Extended coverageton = 3.8

Qam Radiation Instr. and Luminosity
http://cds.cern.ch/record/2759074
» Beam abort & timing
« Beam-induced background
« Bunch-by-bunch luminosity:
1% offline, 2% online
« Neutron and mixed-field radiation

J kmonitors

MIP Timing Detector
https://cds.cern.ch/record/2667167
Precision timing with:
« Barrel layer: Crystals + SiPMs
« Endcap layer:
Low Gain Avalanche Diodes

P. McBride

Sinead Farrington, STFC PPD / U. of Edinburgh
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ATLAS upgrades

New Inner Tracking Detector (ITk)
* All silicon with 9 layers up to |n| = 4

* Less material, finer segmentation

» Improve vertexing, tracking, b-tagging

New High Granularity Timing Detector

(HGTD)

* Precision track timing (30 ps) with LGAD in the forward
region

* Improved pile-up separation and bunch-by-bunch
luminosity

Calorimeter Electronics

» On-detector/off-detector electronics upgrades of LAr
and Tile Calorimeter

« Provide 40 MHz readout for triggering

New Muon Chambers and electronics

 Inner barrel region with new RPCs, sMDTs, and TGCs
» Improved trigger efficiency/momentum resolution,
reduced fake rate

Upgraded Trigger and Data
Acquisition System

» Single Level Trigger with 1 MHz output (x 10 current)
* Improved DAQ system with faster FPGAs

Additional small upgrades |
* Luminosity detectors (1% precision)
* HL-ZDC (Heavy lon physics)

K. Tariq

26

Sinead Farrington, STFC PPD / U. of Edinburgh



LHCb and ALICE Proposed Upgrades

ALICE: very light tracker LHCDb: magnet stations
- MAPS technology PID, calorimetry...
- Enable 20-50xhigher lumi

ECAL
RICH

Absorber
Magnet

Muon chambers
FCT

TOF
Tracker

Vertex detector

27
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What Is a scientific paper?

* Original work

* Peer-reviewed — adversarial process
 (Collaborations have strict internal review rocesses In addition

o { P HILOSOPHICAL

IJOVRNAL TRANSACTIONS S:
DES = |HCOY.INCES M S
ACCOMPT
(savants) SSAYVATS e

1665

NNNNNN
CONSIDERABLE PARTS
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aes, 4 N=a S
Io e SAVOT,
Mby f«]-b-ll-n,w d-eld.ali:kuil.b-
: *M rytiohald
Qmo-tdf,lhj..ﬂ.vhgg J((l]

- YO

“Giving some Account of the present Undertakings,
Studies, and Labours of the Ingenious in many
considerable parts of the World” (Royal Society journal)

Sinead Farrington, STFC PPD / U. of Edinburgh

28



Celebrate

« Each paper is the result of the collaboration’s work to
« construct the detector
* read data out
« calibrate the data
* process the data to reconstruct the objects
« analyse the data...

 Hence large authorship papers =

ATLAS Submitted Papers

1122 paper

800

600 1

400 A

200

T T T T T T
2012 2014 2016 2018 2020 2022

Sinead Farrington, STFC PPD / U. of Edinburgh 29



Which processes can we probe?

Standard Model Production Cross Section Measurements Status: July 2018
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Which processes can we probe?: QCD

* First thing to understand with collisions at a new
centre of mass energy:. what are the bulk of the
collisions and do they look as we would expect,
extrapolating from lower energies?
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Which processes can we probe?: QCD

* First thing to understand with collisions at a new
centre of mass energy:. what are the bulk of the
collisions and do they look as we would expect,
extrapolating from lower energies?
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Which processes can we probe?: EW

* Many parameters and processes to explore
 Example: WW scattering

Significant and delicate test of the Electroweak theory with the
Higgs boson at the heart of it — deviation from exact SM Higgs
predictions would alter WW cross-section potentially fatally for
the SM, but it agrees with predictions so far.

= F T J
8 20— ATLAS ¢ \?Vaiat.. toch K ]
F Y [ \s=13TeV,36.1 fb" W strong
. E}I_ 2 Non-prompt
wt W 0 B B ©/y conversions -
: c 15 o — WZ -
H* | 4 B 7 Other prompt 7
A Ll i ¢ 44444 Total uncertainty i
wt W L i
q (II 1 0 __ —_
& |
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I 4
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SM prospects
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10

Weak Mixing angle

* LHCDb benefit from forward acceptance

s}
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Effective Field Theory

 Not a model as such, but an equation with terms
additional to the SM, that modify it in specific ways

) CiCj 1 E
G_USM+Z d1m6 lin. +Z ~iyy d1m6 quad. _'_Z d1m8 lin. 4

ATLAS full model
E=1 3 TGV, 139 fb1 Expected 95% CL == (Observed 95% CL
Coeff. Observable Draw Scale Obs. 95% interval
Cho M I = T % & [-0.20,-0.033] u [-0.011,0.013]
G Mas i — x5 | [-0.033,0.033]
Cup My [-0.62,0.29]
Cows  Mas — [-0.29,0.13]

S Pry T — % 0.05 | [-2.6,8.4]
¢, AP, - — % 0.05 | [-13.0,-6.9] U [-1.5,4.4]
Cpp A, M — [-0.70,0.20]
oAb — [-0.19,055]
oy Aw, —— [-0.47,0.12]
S My %05 [-1.6,045]

oy AP . [-0.15,0.52]

c, My [-0.51,0.42]

C My, S —— %0.01| [-33.0,41.0]

¢, m, S [-0.14,0.22]

Cy My — [-0.41,0.37]

c, My % 0,02 [ [-21.0,26.0]

c, My % 0,02 | [-20.0,25.0]
o) AD,,,. N [-0.18,0.49 ]
o) my, e — %2 | [-0.086,0.17 ]
oy my I — x4 | [-0.064, 0.080 ]

c, my S x2| [-0.16,0.20]

Ce My Ss— x2| [-0.11,0.14]

-1 —OI.S 0 0!5 1

Sinead Farrington, STFC PPD / U. of Edinburgh 36



Standard Model Shortcomings

Remarkable self-consistency and predictive power... but...

Couplings of different scales — partial unification through
Electroweak theory, but not unified with QCD

Nothing to say about gravity
(Too?) many free parameters

Hierarchy problem (difference in scales of fundamental
forces)

Naturalness problem (Higgs mass fine—tuned)
No dark matter candidate

... and so we are driven to look Beyond the Standard
Model

Sinead Farrington, STFC PPD / U. of Edinburgh
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Dark Matter

Observations

om 21 e ydroge®

fr

Sinead Farrington, STFC PPD / U. of Edinburgh
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Dark Matter

 There are specific theories

 But even better than looking for specific theories:

go and map out the phase space = what can we see (or not)?
- organise by experimental signature

- divide the parameter space up into “fiducial volumes” — well-defined
regions, separated by cuts

- Say what you saw or didn’t see in that region
* This constrains the theories

Sinead Farrington, STFC PPD / U. of Edinburgh 39



A fully testable idea

BLY

Indirect Detection
)

WY
Collider Search

e
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Direct Detection
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Dark Matter / BSM iIn colliders?
#

* Typically search for a mass resonance

Mass(0,,0,)

Higher energy =» Access higher mass states
Higher luminosity =» Access rarer production processes

* This has worked: ...J/vy, Y, Z, Higgs, ...

But no evidence for resonances Beyond the Standard Model
Ruled out phase-space: e.g. mass(Z[1= trt7) is > 2.4 TeV

Sinead Farrington, STFC PPD / U. of Edinburgh 4



Which processes can we probe?: Searches

 For example, rule out new particles decaying to two
leptons up to around 4.5 TeV in mass

> T ' ' -
8 10 ATLAS —
= \s=13TeV, 139 fb" 3
@ 10° E
c _
2 10? =
L 3
10 e Data :- _%I
—— Background-only fit .
1= ---- Generic signal at 1.34 TeV, I/m = 0% =
E -------- Generic signal at 2 TeV,I'/m = 0% .," E
-1 - .=+ Generic signal at 3 TeV,I'/m = 0% !
L SR
2 2 oot
= " t t t |
T ot -H***#+'+++++ Mt B b
©
_4 :
= 3x10° 10° 2x10°  3x10°
M, [GeV]
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Dark matter candidates at (HL-)LHC

e SUSY neutralino

Wino % % = W* %, Z%, — 3L + MET final state

; L LI I LI | LI I B | I LI | LI I LI I L | LI B B I LI l_
& 12007 ArLAS simulation Preliminary B
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Z’ Prospects

(lo-B] Z [0-B] Z) x [o-B] Z [pb]
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Legacy: Cross sections in fiducial regions

/% axis logarithmic for m,, > 225 GeV

do/dm, [fb/GeV]
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Reinterpretation

Exemplar:

{s=13 TeV, 139 fb™

ATLAS Preliminary
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Alternative AXIS:

Lifetime

LLP = Long Lived

Single LLP production O, Particle
LLP O,
p — ’ — p

Lifetime, ct (cm)
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1 Tonly Tgr/fg/er

Hsce I B

Q.5
oT HE B
«« N B
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Dark matter candidates at (HL-)LHC

 SUSY long-lived gluino

Gluino R-Hadron, §->qqx°, m(x% = 100 GeV

= 40001
[0} - a 5 & =
S e00b. ATLAS Simulation Preliminary
e C  {s=14 TeV, 3000 fb™", All limits at 95% CL, nB=1.8 3
E -
3600 —
b
3200
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L
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2600 ——— 30 evidence
- —— bo discovery
2400[—
2200 —ATLAS 13 TeV, 33 fo" (observed)
~ Phys. Rev. D 97 (2018) 052012
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The Higgs b
particle for
present thrg
which gives
The more a
with the Hig
Its mass.
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SM Higgs Boson Couplings

« Standard Model Higgs: h: JPc=0**
D F'D"F + V(FF) + DJY,DF

// /7 /h
// // 7
7 </ {/
AT Y T . f
i My T~ M
vV vV
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SM Higgs Boson Couplings

« Standard Model Higgs: h: JPc=0**
D F'D"F + V(FF) + DJY,DF

// /7 //h
g o7 R
, ’, -,
AT Y T N < f
5i My RN _ime
Vv Vv

« 2HDM (SUSY) Higgs: h9, HO: 0**; A% O*; H*
DF,,D'F, + V(F,F)+ DY,DF, + UY,UF,

.~ hH . hH
y 2L b
M- m _sinaho cosa | g
2|T[sm(,8—a)h°+cos(,b’—a)H°] " { c0s 5 +—cos,8 }
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SM Higgs Boson Couplings

« Standard Model Higgs: h: JPc=0**
D F'D"F + V(FF) + D.Y,D,F
.2 h

// /7 /h
// //
7 </ {/ f
Ve Y
M 2 \4 RN .m
Ky 2] —V¥ NS K¢ —j—
V Vv

Sinead Farrington, STFC PPD / U. of Edinburgh

52



Standard Model Agreement with Data

* Within uncertainties the data agree with
the Standard Model

(.:.MS] R 138 b7 (13 TeV)
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What precision is necessary?

« SM couplings can be modified by new physics
 Modifications can be small depending on the BSM

scenario (Snowmass report)
For new physics at the 1TeV mass scale:

Model KV Kb Kry
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM  ~ —0.0013% ~ 1.6% ~ —. 4%
Composite ~ —3% ~—383-9% ~-9%
Top Partner ~ —2% ~ —2% ~ +1%
arXiv:1310.8361

Higher scales imply smaller effects

Sinead Farrington, STFC PPD / U. of Edinburgh
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What did we discover?

cMS 138 fb! (13 TeV) cMS 138 fo-' (13 TeV)
® Observed | +1s.d. (stat) ® Observed || +1sd. (stat)
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111 1 I 111 1 i 111 1 I L1 1 1 I 11 1 1 | 1 L1 1 1 I 11 | 1 i 11 1 1 I 11 1 I L1 |
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 40 4.5 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Parameter value Parameter value

Sinead Farrington, STFC PPD / U. of Edinburgh



Cross Section In exclusive regions

ggH = ggH + gg — Z(qq)H + bbH qqH = VBF + qq — V(qg)H
| I
P [0,200] ]
| 1 | T [om ][ =i ]
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H—tt In regions

L I LI I T 1T T 1 I T 1 1T 7T I LI I | I T T
ATLAS Hott fs=13TeV, 140 fb”
=Tot. BSyst. xTheory p-value = 6%
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gg—H, = 2-jet, mii =350 GeV, p: <200 GeV —— 5.09 tz_ag ( :_54 t1 87 )
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Cross Section in exclusive regions

[ T T T T TTTT I T T T T TTTT T T T T T T I_
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HL-LHC Prospects: Higgs

Sinead Farrington, STFC PPD / U. of Edinburgh
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Single Higgs Couplings

{s =14 TeV, 3000 fb™' per experiment

|| Total ATLAS and CMS

— Statistical HL-LHC Projection

—— Experimental

—_— Theory Uncertainty [95]
Tot Stat Exp Th
Ky = 1.8 08 1.0 13
Ky = 17 08 07 13
K, = 15 07 06 12
Kg =__. 25 09 08 21
K, == 34 09 11 31
. = 1.9 09 08 15
W = 43 38 10 17
KZY —_— 98 72 17 64

0 002 004 006 008 01 012 0.14
Expected uncertainty
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Di-Higgs

 Total production cross section is very small ~30fb

 Currently set limits on HH production (inclusive of
both diagrams)

gfmj\ > ___H g ,H
v 1 A ———<:/
gm < ___ H g \\\H

An alternative
1 1 potential
V(h) = Vo + —mih*+4,,,vh> + — Ak
2 4 Standard Model
potential

Vi)

Higgs field value
in our Universe

Current
experimental
knowledge

0 1 Nature 607 (2022)

4
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~2AIn(L)

ATL-PHYS-PUB-2022-053

Nature 607 (2022) 60-68

Di-Higgs

20

16

12

* Getting close to SM: both experiments set limits on

cross-section at ~2.5 x SM cross-section

* Theory systematics: parton shower up to 13%; PDF up to 12%;

scale variations up to 8%

LI | LI L L L L L L L L LA L LI L L I Channel Significance 950/0C]“lilnitOnO'I'H'I/‘:rsl—]:[l\iil
i ATLAS Prelimina ry § Stat. + syst. Stat. only Stat. +syst.  Stat. only
i Vs =14 TeV, 3000 fb-! , i bbbb 0.95 1.2 21 1.6
o HH—’D5VY+ b5T+T_ 4 b6b5 - bbtT 14 1.6 14 1.3
¥ Projection from Run 2 data . EEX\;W(EVEV) 01'5; 01'589 ‘;’? ’;:

i Aslinaycatal (ks = 1) i bbZZ (£000) 0.37 0.37 6.6 6.5
—+— No syst. unc. S
A —— Baseline 1 Combination (26 28 0.77 071
E Theoretical unc. halved - p—
- ~—+— Run 2 syst. unc. 5
L N Uncertainty scenario k1 68% CI k3 95% CI
i § >
i d No syst. unc. [0.7,1.4] [03,1.9] =
M e ¥ Baseline [0.51.6] [0.0,25 @
I oo NN e T r.@&‘%@ Theoretical unc. halved [0.3,2.2] [-0.3,5.5] \S
Lol Ll Ll e .\"- el { S | BT T ] | | | { S o 5 | ! o | I I 1 U
-0 1+ 2 3 4 5 6 7 € Run 2 syst. unc. [0.1,2.4] [-0.6,5.6] =
KA

- Uncertainty in k; ~ 20% with LHC combination!
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But

@ 95% C.L.

HH

Expected limit on u

—_
o

S

T ] T 1 L l L | LI I LI | I T 1 1 | LI | L | I T

ATLAS Preliminary
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------- Luminosity-based scaling

Major analysis
improvements!
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Technigue improvements

Discovery Today

l Evolution of the performance for several objects in CMS from 2012 to 2022 l
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Kinematic Distributions

Kinematic distributions

Differential Higgs boson measurements also expected to yield sensitivity to Higgs
boson self-coupling = combine with HH searches for ultimate sensitivity to k;
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Future up to 2040

* HL-LHC is a major part of our field until 2040 (or until we
reach 3abtat ATLAS/CMS)

The next 1000 papers from the HL-LHC?

* New triggers are in place to record new signatures, so
even with the same LHC run configuration, we can say
new things

* Higgs boson established, it’s the only fundamental spin 0
particle we know of, explore its properties and those of
W/Z/top more precisely

 Higgs Self coupling?
« Map out phase space as far as our ingenuity allows us

Sinead Farrington, STFC PPD / U. of Edinburgh



What might we know in 20407

Higgs self-coupling to 20% (if SM value...)

Higgs single couplings to % level (2"d generation to a
few %; light quarks? Get smart on that too?)

Top mass to 0.1%7?
W mass to a few MeV
pdf constraints improved by several factors

Constraints on event rates for a huge signature
phase space
- (know which models not to consider...)

All this -> EFT fits — hints?
Or something direct and anomalous?

Sinead Farrington, STFC PPD / U. of Edinburgh



