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Hadron Colliders before the LHC
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The total cross section at
Js=13 TeV exceeds 100 mbarn

Hadrons ,like" to interact via the
strong interaction; the detalled
mechanisms are not yet fully
understood ab initio: what used
to be Pomeron and Regge-
trajectories are today explained
as multi-gluon exchange.

The rise of o, has been a
matter of considerable debate



Total Cross Section and

,Odderon-Discovery*

Olbservation of the exchange of a colorless C-odd gluonic compound
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Physics expectations for the LHC at the start and now

Explore the electroweak scale to discover new physics

SUSY 7 )

Provide an explanation for Dark Matter

Discover the Higgs particle
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The advantage and dilemma of the LHC (from a 2021 perspective)

- pp-collisions offer tremendous Interaction rates; protons can be accelerated to high
energies

- We have learnt from Run 1 and 2 that New Physics is not strongly coupled to
quarks and gluons In the energy regime we can explore up to a few eV

+  Hence we have to resort to electroweak processes to search for New Physics or
allow for very weakly interacting particles in strong interactions.

- the strong interaction is largely a background

- LHC will serve predominantly as a factory of weakly interacting particles — very
much like an ete- or py+tu-—-collider




Standard Model Production Cross Section Measurements Status: March 2021
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L uminosities

Effective cross sections range from ~nb to ~flo and smaller

Searches thus require the highest sustainable luminosities at the LHC and the
experiments to deal with the huge backgrounds

H1 Collaboration

Protons are ,burnt off” in less interesting collisions BT

t is not possible to prevent interactions E

in a way that was possible e.g. with polarised electron .t T

beams at HERA. W o0 ~
20:_ | Q%> 400 GeV? | _;E

P, [%]



L uminosities

Effective cross sections range from ~nb to ~flo and smaller

+ Searches thus require the highest sustainable luminosities at the LHC and the
experiments to deal with the huge backgrounds

- The rates of "Iinteresting events” are dominated by the smallest cross section.
The current sensitivity Is at the level of ~fb.
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| HC past and present and HL-LHC Plan
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Selected physics results
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Higgs Particle — the only fundamental scalar in the SM
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Production of WWW — announced at EPS 2021

.
7
‘//1/

W*

W

a purely electroweak process WWW-production has also been
observed in the CMS
experiment
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Top Pair Production in association with a et

+ Define an energy asymmetry
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Limits on SUSY quark and lepton production
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Test of Lepton Universality
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Simultaneous fit of CKM angle ¥ and charm mixing parameters
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| HC produces (hew) hadrons
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Observation of a charmed Tetra-quark — announced at EPS 2021

lllllllll

Ordinary matter is colourless

% 60— - I%’iﬁiin&ry%%
2o | P %
baryons, containing 3 constituent 5 :
guarks
Mesons contain a quark-antiquark IS AR
SyStem 3.87 3.88 . 3.89 [Gev/czf

| HCb observes a Tetra-quark state 7'

containing cciid, i.e. an open charm
system.
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Triple J/\¥-Production observed in CMS

CMS Experiment at the LHC, CERN

Data recorded: 2017-Oct-18 16:07:04.866439 GMT
Run / Event / LS: 305237 / 1277785997 / 682
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Charm production in pp-collisions
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Production of charm-quarks has been
measured by the ALICE experiment
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Strangeness production - to explore QGP

Ratio of yields to (n*+n")
o

—
o
o

10

ALICE Collaboration, Nature Phys

13, 535-539 (2017)

ALICE Collaboration, Eur. Phys. J. C80, 167 (2020)
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Preparing for HL-LHC



Detector Resolution

- We have learnt from LEP and SLD, from BaBar and Belle/Belle |l that full
reconstruction of the complex final states is only possible with ultimate
resolution
+  momentum and energy reconstruction

- flavour tagging

+particle 1dentification

25



Experiments at the LHC / HL-LHC in perspective

+EXperiments must - at least - provide the resolution of the best proposed
detectors at ete- factories and still reject the pile-up of other events

-+ e.g. Timing has be added as an important tool to reject (slightly) out-of-time
interactions (pile-up). This is a tremendous challenge and added complexity
out a necessary tool to provide sensitivity to new physics.

+ ps-timing will also be key to make LHCb during Run 5 feasible
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Flavour physics

- |LHCDb profits from the large cross section for b-quark production in pp-
collisions but has to throttle the rate due to detector limitations (LHC is
separating the beams laterally at the IP).

- LHCb has published a wealth of results on b-physics and observed CP-
violation In the charm system

» For rare decays the detector rate capability needs to be improved; hence

the LS2 upgrade, a rebuild of the detector, and plans for a further upgrade in
. S4

+ S0 far the physics is limited by the performance (granularity) of the detector

27



Heavy lon Physics

-+ The purpose of ALICE Is primarily to study the strong interaction

+comparison of PbPb to pp and pPb collisions and other ions

+ large cross sections and hence use only a small fraction of possible pp-luminosity
+ Lessons, In particular from Run 1 and 2:

+ strangeness, charm and beauty production originate from different phases of the
quark gluon plasma and hence prove particularly interesting

+ Need for higher rate capabillity

28



L essons learnt have been cast into a new
Strategy for Particle Physics
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European Strategy for Particle Physics Update 2020... Europsergérat

3
egy,

+ The successful completion of the high-luminosity upgrade of the (LHC)
machine and detectors should remain the focal point of European particle
physics, together with continued innovation In experimental techniques.

- New experimental ideas are welcome and key to progress

- The full physics potential of the LHC and the HL-LHC, including the study of
flavour physics and the quark-gluon plasma, should be exploited.

- ATLAS, CMS, LHCb and ALICE will continue to be upgraded and run till the
end of the 2030s or early 2040s and beyond

30



The LHC / HL-LHC will be our primary tool for research at the energy
frontier for the next years to come



| HC detectors and their upgrades

ALICE ATLAS

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transifion radiation tracker
Semiconductor tracker

M

Keep strip tracker cold to
avoid reverse annealing

HCAL barrel (last phase I):

Software-only
trigger

/a

Upgraded calo
FE electronics,

NN

Upgraded muon

install SIiPM+QIE11-based Now tracki remove SPD/PS FE electronics,
5Gbps readout Install new beam pipe for e:;a::;smg remove M1
/ Side View HCAL
,‘ phase Il ECAL oy M M5

* replace barrel layer 1 (guideline
250 fb-1 max lumi)
* replace all DCDC converters

v

MAGNET (stays cold!) & Yoke Opening
* Cooled freewheel thyristor+power/cooling
* New opening system (telescopic jacks)

* New YE1 cable gantry (Phase2 services)
Muon system (already phase Il):
* install GEM GE1/1 chambers

* Upgrade CSC FEE for HL-LHC trigger rates
* Shielding against neutron background

Near beam & Forward Systems
* BRIL BCM/PLT refit
* New Totem T2 track det

* PPS: RP det & mechanics
upgrade

0 ////'

g

1
(o

-

ey

X 7

New pixel
VELO

A i

upgrade

New RICH PMTs +
upgraded
electronics

LHCb-TDR-12
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Why is this reasonable’?
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Experimental tools iImprove and systematic limitations are pushed out
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L ow mass detectors near beam - Example: Plans of ALICE 3

3 Inner layers closer to IP, (e.g. Iris
tracker ) —

e 3
P\ ALICE
AL

retractable innermost layer ~ 5 mm

X/Xo ~0.1 % / layer

§1O4§ USRELL ) B L) B
= ALICE 3 study T -
-% 10°E n=0 R _=100cm 3
Ko} - ITS2 — Layout V1 .
3 —— ITS2 -
q;),m?g— 1S3 —— ITS3 E
E ]
N 105_ ALK
wWiLLL be used for flavour tagging
107" Lol Lol Lol L
107 107 1 10 10°
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Timing - Example ATLAS HGTD

2 disks either side in gap between
ATLAS barrel and end cap.

Each instrumented double-sided layer
supported by cryostat/support
structure, moderator pieces for
protection against back splash.

Acceptance at 2.4 < |n| < 4

_ow-Gain Avalanche Silicon
Detectors (LGAD) sensors

—nable precision timing, retain signal
efficiency after heavy irradiation

LGAD sensor:
Silicon detector with
internal low gain

pite-up
proteatiow
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Integrated Fast Timing - Example LHCb for Run 5

25 ns bunch crossing period

Fast Timing for W T s
VELO Eo | 0
RICH .

-150 Z[r(;m] 150
EC Al 5 20 ps time window -
TORCH y _ .

= disentangling
s O i events
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Precision Calorimetry - Example CMS

+ Full replacement of existing CMS endcap ECAL and HCAL
- Integrated sampling calorimeter
- Absorber
- EM section: Pb, CuW, Cu
- Hadronic section: steel, Cu
- Active material
- High radiation area: 8" hexagonal silicon sensors
- Low radiation area: scintillator tiles with on-tile SIPM
- 5D Imaging calorimeter
- Extends tracking in forward regions

- Highly granular spatial information €.9. W-
- Si cell size: 0.5 cm2 and 1.2 cm? ‘PVODIM.O’CLOV\, LA
- Scintillator tile size: (23 mm)2 — (55 mm)?2 Cut-away side view
ntllator tie size: )2 — ) y forward
- Large dynamic range for energy measurements

- Timing information to tens of picoseconds Particle Flow Ca\orime’[ry

directlon
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Reconstruction and Simulation

+ Some of the results from the LHC have been obtained earlier than expected
from the integrated luminosity

- This Is largely owed to the advances Iin reconstruction and simulation
- detalled simulation and parametrisation - understanding of pile-up
+ machine learning and much more
- dedicated event streaming

- optimising data formats
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Upgrading / re-inventing the Software

In addition to providing better resolution detectors also need the software to
improve

Better algorithms vield:
- better resolutions Y
s
Y
“a,, et
- lower backgrounds “Up, . F »
40,,L C

+ and hence better signals
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What does this mean for Particle Physics around 20407

»+ We could be lucky and New Physics turns up directly

- LHC / HL-LHC will define the yardstick for physics reach of any other facility
(ete- and ptyo)

+ Today’s predictions for HL-LHC physics reach are probably too pessimistic
N view of new experimental ideas and reconstruction capabllity

- Flavour physics becomes more important and better accessible; competition/
complementarity from Belle || and its possible upgrade Is interesting

- LHC / HL-LHC will continue as the copious source of physics
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Examples of new ideas

- FASER and SND
+ Neutrinos and non-interacting particles in the very forward direction
- SMOG at LHCb
- PA collisions in front of the VELO detector
- Crystal channeling for rare charm decays
- MATHUSLA

+a cosmic telescope and detector for long lived particles from the LHC
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Summary

- LHC / HL-LHC will be the workhorse for Particle Physics for the next two decades

+ Direct observation of New Physics? “y
7 e
o
lts scope for precision is considerably better than originally expected ¢ Lay
and rivals the precision of lepton colliders <
+ But New Physics could hide elsewhere a,
q/aeh:%ﬁ/»
- Low mass Dark Matter searches 24, Fer
C?pl’éq( Oééek
o7

» Neutrino Physics
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