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• Detector Upgrades
New technology, new possibilities

• Physics opportunities for Run3
Broad programme, new options 
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LHC Experiment Cycle
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• First decade of Operations
– 1000 papers/expt !

• Major Upgrades
– Upgrade I, & later 2
– Now and later in decade

Install

Operate

Upgrade

Completed 
~2008
Take Data
Analyse Data

Improve
Technology
Enhance
Opportunities Operate
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Upgrade I: ATLAS & CMS
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ATLAS UK:
• Calorimeter Trigger upgrade 
• High-Level Trigger software • Major Upgrades for LS3 in 2025

Chris Parkes,  Run 3 Prospects

CMS UK:
• Trigger & data acquisition system



• Innovative Trigger & Real-Time Analysis
• Flexibility to expand physics programme

Upgrade I: LHCb
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LHCb UK lead contribution to:
• Silicon pixel vertex detector (VELO)
• Particle Identification (RICH)

• Largest CERN particle physics detector project since completion of LHC
• Completed on budget and near schedule
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Upgrade I: ALICE

ALICE UK:
• Inner Tracking System
• Central Trigger Processor



Commissioning underway
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• Excitement and energy in control rooms
• First high-energy collisions expected 

5th July 2022

Start of LHC Run 3
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Big Physics Questions
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• Understanding the Standard Model. Precision measurements
• What is the nature of dark-matter ? New-physics searches
• Where did the Antimatter go ? Comparing particles & anti-particles
• How are quarks and gluons confined ? Recreating the primordial 

state of matter
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• Recent examples (outside Higgs) setting the direction of travel….
One step at a time…..



Beyond the proton : Exotic Hadrons
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• Particles made of 
quarks – hadrons
– 2 quarks (π, K…)
– 3 quarks (p, n…)

• New states of matter
– 4: Tetraquarks
– 5: Pentaquarks

• More than 60 particles discovered at LHC

Chris Parkes,  Run 3 Prospects



Beyond the proton: Exotic Hadrons
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• Particles made of 
quarks – hadrons
– 2 quarks (π, K…)
– 3 quarks (p, n…)

• New states of matter
– 4: Tetraquarks
– 5: Pentaquarks

• Charming Tetraquark Discovery: Tcc+

• Run 3: Discover more states ? Relatively long-lived states ?
• Run 3: Exotics- Tightly bound ? molecule-like ?

arXiv:2109.01038

Prediction: the 
equivalent state 
with beauty 
quarks might fly 
for ~ cm before 
decaying ! 
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Precision measurements: W & top
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• Run3: Resolve Discrepancy LHC & Fermilab ?

• Weak Force carriers, heaviest quark, Higgs boson related by theory

• End of the universe nigh ? Electroweak vaccuum stable ? 

arXiv:2201.13045v1 

• WWW discovered
(not the T. Berners-Lee variety)
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World comb. (Mar 2014) [2]
stat
total uncertainty

total  stat

 syst)± total (stat ± topm        Ref.s
WGtopLHCLHC comb. (Sep 2013) 7 TeV  [1] 0.88)± 0.95 (0.35 ±173.29 

World comb. (Mar 2014) 1.96-7 TeV  [2] 0.67)± 0.76 (0.36 ±173.34 
ATLAS, l+jets 7 TeV  [3] 1.02)± 1.27 (0.75 ±172.33 
ATLAS, dilepton 7 TeV  [3] 1.30)± 1.41 (0.54 ±173.79 
ATLAS, all jets 7 TeV  [4] 1.2)± 1.8 (1.4 ±175.1 
ATLAS, single top 8 TeV  [5] 2.0)± 2.1 (0.7 ±172.2 
ATLAS, dilepton 8 TeV  [6] 0.74)± 0.85 (0.41 ±172.99 
ATLAS, all jets 8 TeV  [7] 1.01)± 1.15 (0.55 ±173.72 
ATLAS, l+jets 8 TeV  [8] 0.82)± 0.91 (0.39 ±172.08 
ATLAS comb. (Oct 2018) 7+8 TeV  [8] 0.41)± 0.48 (0.25 ±172.69 
ATLAS, leptonic invariant mass (*) 13 TeV  [9] 0.67)± 0.78 (0.40 ±174.48 
CMS, l+jets 7 TeV  [10] 0.97)± 1.06 (0.43 ±173.49 
CMS, dilepton 7 TeV  [11] 1.46)± 1.52 (0.43 ±172.50 
CMS, all jets 7 TeV  [12] 1.23)± 1.41 (0.69 ±173.49 
CMS, l+jets 8 TeV  [13] 0.48)± 0.51 (0.16 ±172.35 
CMS, dilepton 8 TeV  [13] 1.22)± 1.23 (0.19 ±172.82 
CMS, all jets 8 TeV  [13] 0.59)± 0.64 (0.25 ±172.32 
CMS, single top 8 TeV  [14] 0.95)± 1.22 (0.77 ±172.95 
CMS comb. (Sep 2015) 7+8 TeV  [13] 0.47)± 0.48 (0.13 ±172.44 
CMS, l+jets 13 TeV  [15] 0.62)± 0.63 (0.08 ±172.25 
CMS, dilepton 13 TeV  [16] 0.69)± 0.70 (0.14 ±172.33 
CMS, all jets 13 TeV  [17] 0.70)± 0.73 (0.20 ±172.34 
CMS, single top 13 TeV  [18] 0.70)± 0.77 (0.32 ±172.13 
CMS, boosted jet mass 13 TeV  [19] 2.4)± 2.5 (0.4 ±172.6 
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• Top Quark

Chris Parkes,  Run 3 Prospects

arXiv:1205.6497 

LHCb-FIGURE-2022-003



Higgs self-coupling
• Discovery of the Higgs marked the opening up

of a new sector to explore
• Higgs boson is the only fundamental scalar 

particle we know
– Ability to self-couple
– Value of the self-coupling tells us about 

vacuum stability 
– Recent result: now sensitive to signal 

strength only 3x higher than prediction
– Double the statistics, improve the methods

Run 3: Close to probing this new type of 
fundamental interaction ? 



New Physics Searches: Under watch for Run 3!
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DirectIndirect

Chris Parkes,  Run 3 Prospects

• Two complementary approaches
– Produce unknown particles & observe their decays

• Direct discovery
– Compare precision measurements with theory predictions

• Probes masses above direct discovery reach



New Physics Searches: Under watch for Run 3!
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DirectIndirect

Chris Parkes,  Run 3 Prospects

• Lepton flavour universality
• Intriguing pattern of anomalies in 

several beauty quark particle-decays
– Ratios, Rates, Angular distributions

• Bump hunting !
• Many searches performed
• Will always be excesses

– See what nature gives us ! 
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New Physics Searches: Under watch for Run 3!
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Direct - EnergyIndirect - Intensity

Chris Parkes,  Run 3 Prospects

• Lepton flavour universality
• Intriguing pattern of anomalies in 

several b-decays
– Ratios, Rates, Angular distributions

• Search for new particles that 
could explain b anomalies
– Vector like leptons 

decaying to leptoquarks

• Run3: Statistics to understand the anomalies  

• Wealth of signatures:
• Focus on events with:

≥3 b-jets
0,1,2 τh
0,1,2 ντ (MET)

• Tagging: 
- DeepTau
- DeepJet(b)

• DNN (ABCNet) to reject QCD and tt

• Binning and fitting over:  #j,  #τh, DNNtt

Vector-like lep. pair  LL à...à 4b, ττ/τν/νν

12/3/22 12

B2G-21-004

LQ, VLQ & Reso Searches - Antonis Agapitos, Moriond EW 2022

• Model 4321 1808.00942, 1708.08450

Potential to explain B-physics 
anomalies: R(D*), R(K), 
evidence for LFV

• EW production of VLL-pair, decay via off-shell vLQ: U 

• VLL à 3rd gen fermions: b/t, τ/ντ (3-body decay) 
due to flavor non-universal coupling of vLQ: U

2.8σ
for signal ~600 GeV

(not shown here)

1τh SR
Postfit S+B

2τh SR
Postfit S+B

Angular distribution in B0→K*μμ

ar
Xi

v:
20

03
.0

48
31

http://arxiv.org/abs/2003.04831


Matter Antimatter asymmetries
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• Discovered in two beauty quark system (B+, Bs) and charm at LHC
• Matter & antimatter like mirror images ?

Chris Parkes,  Run 3 Prospects

• Largest difference ever !
• 85% asymmetry
• 12 times more B- than B+

decays this way

• Run3: Push toward % level 
determination (CKM angle γ)
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Understanding the strong force: Lead ions and p

16

• Run 3: Upgraded 
ALICE will explore
quark gluon plasma 

arXiv:2106.0573

• Understanding particle
formation from quarks

• Radiation from quarks (QCD dead cone)

• 3-quark & 2-quark state formation

Chris Parkes,  Run 3 Prospects
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Fig. 21: Illustration of charm diffusion coefficient 2⇡TDs(T ) estimate from D meson RAA data using
different hadronisation assumptions in the Catania model [273, 274] as a function of temperature. The
blue band refers to fit with fragmentation only, the red band to the fit with coalescence plus fragmentation.
In the left panel the Ds estimation obtained with the current experimental uncertainties is shown, while
in the right panel the estimation considering the case with more precise measurements as expected with
Lint = 10 nb�1 is shown.

play a dominant role in describing simultaneously both D meson RAA and v2 [280,303–305]. Moreover,
as discussed in Section 5.4.1, the charm baryon-to-meson ratio Lc/D0 measured at RHIC and LHC is
not consistent with a fragmentation only scenario [290,292]. Therefore, a combined study including also
the heavy baryon-to-meson ratio provides further information to solve the ambiguity on the recombina-
tion fraction. In the following, the sensitivity of the QGP characterisation to the recombination fractions
described in Section 5.4.1 is illustrated. To estimate how different model implementations of the hadro-
nisation mechanisms can affect the extraction of the charm quark diffusion coefficient 2⇡TDs, a global
quantitative �2 analysis was carried out by comparing experimental data on the D meson RAA with
theoretical results obtained using the Fokker-Planck equation under a standard bulk medium evolving
hydrodynamically with ⌘/s = 0.1 [306, 307]. The model developed in [273, 274] with diffusion and
drag coefficients related by the fluctuation-dissipation theorem was used, considering two different im-
plementations of the hadronisation process: one using only fragmentation of charm quarks to D mesons
(with the Peterson function) and another one including a hybrid hadronisation by coalescence plus frag-
mentation [280, 292]. For the estimate of the temperature dependence of 2⇡TDs, a schematic model in
which the drag coefficient is parametrized as � = �0(T/Tc)

� was used. The two parameters �0 and �
were determined by minimizing the �2/n.d.f. of the model with respect to the measured D meson RAA.
The exercise could in principle be repeated using both RAA and v2. The spatial diffusion coefficient
is directly related to the drag coefficient by Ds = T/(M · �(p = 0)), where M is the charm quark
mass. The left panel of Fig. 21 shows the spatial diffusion coefficient 2⇡TDs(T ) estimated from the fit
to the present data with �2/n.d.f < 2.5. The blue band corresponds to the fragmentation only results
and the red band to the coalescence plus fragmentation result. The right panel shows the same calcu-
lations obtained with experimental data with smaller error bars on the D-meson RAA as expected with
Lint = 10 nb�1. The comparison between the two cases highlights the difference in the estimation of the
Ds coefficient obtained with the two different hadronisation mechanism. Clearly, an optimal estimate of
the diffusion coefficient requires an accurate description of the hadronisation mechanisms in the model.

58

Now Run
3-4

Interaction charm quarks with QGP arXiv:1812.06772

https://arxiv.org/abs/2106.05713


Long-lived Particles: dark sector ?
• Addition of new online selection (triggers) in Run 3

– ~7 times the the efficiency for decays that happen far out from production point
– Opens searches – in a fully generic way – into much higher lifetime objects

Lots of unexplored 
space outside 
these bands!

Physical Review Letters 127, 051802 (2021) 

• Run 3: New territory is being opened up
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Extending opportunities
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• FASER – Neutrinos observed  at LHC!
• Run 3: New light particles produced but not yet detected at LHC ?

• SMOG @ LHCb – collide protons & gas (He, Ne, Kr, Ar, Xe..)
• Run 3: Understand cosmic ray interactions, dark matter searches

Chris Parkes,  Run 3 Prospects

• Probe anti-proton production, facilitates dark matter searches in space

LHCb-PAPER-2022-006 



Summary: LHC Run 3 Opportunities
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• Run 3 same but different
• Technology enhancements
• Very broad physics programme
• LHC makes discoveries weekly

– Many of examples here 
from last months

• Looking forward to 2000 papers/expt !
Chris Parkes,  Run 3 Prospects

15th gen
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Upgrade

Operate

Upgrade

Completed 
2022
Take Data
Analyse Data

Improve
Technology
Enhance
Opportunities

Run 4, 5, 6

Operate



VLL
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