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BLUF — Bottom Line Up FrontBLUF — Bottom Line Up Front
[Bottom Line Up Front]

Experiments need triggers and hence choices
Master analysis techniques
. . . and soft skills
Look out for the future
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Triggering
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Why do HEP experiments have a trigger
[Brown et al., arXiv:2005.14165]

Particle physics experiments have triggers to efficiently select and record the most in-
teresting and relevant events among the vast amount of data generated in particle
collisions.
In particle physics experiments, high-energy particles collide at extremely high rates,
producing a large number of interactions. However, not all of these interactions are
of interest to researchers. Many of them involve well-understood and less significant
processes. Therefore, triggers are used to identify and capture the rare and interesting
events that may indicate the presence of new particles or phenomena.
Triggers consist of sophisticated algorithms and electronic systems that quickly analyze the
characteristics of each collision and make a rapid decision on whether to keep or discard
the data. These algorithms are designed to select events that meet specific criteria, such
as the production of certain particles or specific patterns of particle interactions. By using
triggers, experiments can focus on recording the most promising events while discarding a
significant portion of uninteresting background data, which helps manage the large data
volumes and limited storage capabilities of the experimental apparatus.
In summary, triggers are essential in particle physics experiments to efficiently select and
record the most relevant and intriguing events, allowing researchers to concentrate their
analysis on the most promising data.
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Cross-sections
Process Cross-section Rate at 1033 /BX
Inelastic 80 mb 80 kHz 2.7
charm (2 < y < 4.5) 2.4 mb 2.4 MHz 8%
beauty (2 < y < 4.5) 144µb 144 kHz 0.5%
Z→ µ+µ− 195 pb 0.2 Hz 6× 10−9

B0
s → µ+µ− 0.2 pb 0.2 mHz 5× 10−12

1033 cm−2s−1 are 1 nb−1/s. Assuming a non-empty rate of 30 MHz.

A trigger for just B0
s → µ+µ− is easy. Keeping lots of inclusive b is hard.
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Cross-sections
Process Cross-section Rate at 1033 /BX
Inelastic 80 mb 80 kHz 2.7
charm (2 < y < 4.5) 2.4 mb 2.4 MHz 8%
beauty (2 < y < 4.5) 144µb 144 kHz 0.5%
Z→ µ+µ− 195 pb 0.2 Hz 6× 10−9

B0
s → µ+µ− 0.2 pb 0.2 mHz 5× 10−12

Process Cross-section Rate at 1036

BB 1.2 nb 10 kHz

For Belle II the game is to keep a ∼100% efficiency on signal.
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ATLAS Trigger
[ATLAS, JINST 15 (2020) P10004, arXiv:2007.12539]

  

Level-1

L
e
v
e
l-
1
 A

c
c
e
p

t

Level-1 Muon

Endcap
sector logic

Barrel
sector logic

Level-1 Calo

CP (e,γ,τ) JEP (jet, E)

Central Trigger

Muon CTP 
Interface

(MUCTPI)

L1Topo

Central 
Trigger 

Processor 
(CTP)

Preprocessor

Detector
Read-Out

ROD

FE

ROD

FE ...

DataFlow

Read-Out System (ROS)

Data Collection Network

Data Storage

Muon detectors

Calorimeter detectors

High Level Trigger
(HLT)

Processors

RoI

Event
Data

Fast TracKer
(FTK)

TileCal

Accept

P
ix

e
l/
S

C
T

Tier-0

ROD ROD

FE

Typical two-stage trigger
Average event
size: 1 MB

Ü & 1.2 GB/s

Output rates adapted to
luminosity

Patrick Koppenburg Experimental Basis — 2 27/05/2023 — FPCP pre-conference school [6 / 71]

http://arxiv.org/abs/2007.12539


ATLAS Trigger
[ATLAS, JINST 15 (2020) P10004, arXiv:2007.12539]

  

Level-1

L
e
v
e
l-
1
 A

c
c
e
p

t

Level-1 Muon

Endcap
sector logic

Barrel
sector logic

Level-1 Calo

CP (e,γ,τ) JEP (jet, E)

Central Trigger

Muon CTP 
Interface

(MUCTPI)

L1Topo

Central 
Trigger 

Processor 
(CTP)

Preprocessor

Detector
Read-Out

ROD

FE

ROD

FE ...

DataFlow

Read-Out System (ROS)

Data Collection Network

Data Storage

Muon detectors

Calorimeter detectors

High Level Trigger
(HLT)

Processors

RoI

Event
Data

Fast TracKer
(FTK)

TileCal

Accept

P
ix

e
l/
S

C
T

Tier-0

ROD ROD

FE

40 MHz

. 100 kHz

∼ 1.2 kHz

Typical two-stage trigger
Average event
size: 1 MB

Ü & 1.2 GB/s

Output rates adapted to
luminosity

The bottlenecks are
1 Electronics read-out
2 HLT CPU available
3 Output bandwidth
4 Offline CPU (integrated)
5 Storage (integrated)

Patrick Koppenburg Experimental Basis — 2 27/05/2023 — FPCP pre-conference school [6 / 71]

http://arxiv.org/abs/2007.12539


ATLAS Trigger
[ATLAS, JINST 15 (2020) P10004, arXiv:2007.12539]

Typical two-stage trigger
Average event
size: 1 MB

Ü & 1.2 GB/s
Output rates adapted to
luminosity

The bottlenecks are
1 Electronics read-out
2 HLT CPU available
3 Output bandwidth
4 Offline CPU (integrated)
5 Storage (integrated)

Patrick Koppenburg Experimental Basis — 2 27/05/2023 — FPCP pre-conference school [6 / 71]

http://arxiv.org/abs/2007.12539


Luminosity levelling
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LHCb Trigger in Run 1
[JINST 8 (2013) P04022, arXiv:1211.3055] [JINST 14 (2019) P04013, arXiv:1812.10790]
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e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger 
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LHCb 2011 Trigger Diagram Versatile two stage trigger
Hardware-based L0 trigger:
moderate pT cuts Ü 1 MHz
L0-accepted data sent to trigger
farm
3.5 kHz output rate (2011)

2012: Defer some L0 data to disk
to free CPU cycles

Ü 5 kHz in 2012
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LHCb Trigger in Run 2
[JINST 14 (2019) P04013, arXiv:1812.10790]
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LHCb Run 2 Trigger Diagram
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LHCb Trigger in Run 2
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LHC downtime.
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Events are buffered on disk (10 PB) while
calibrations are being run.

Ü Offline-quality trigger objects
available for analysis.

Disk Ü more CPU. The full
reconstruction can also be run during
LHC downtime.
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Corrected Mass

PV

SV

Track
Track

p⊥

The reconstructed momentum of a B does not point
to the PV: what’s the missing momentum and what is
the minimum mass we get?

mcorr =
√

m2 + p2
⊥ + p⊥

Hint: p⊥ is Lorentz invariant under
boosts along the direction of flight.
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TURBO
[P. Koppenburg, LHCb-FIGURE-2019-010]

We perform a full calibration in real
time. The output is ready to be used
for physics.

Plenty of collision events discarded, while the interesting are kept.
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TURBO
[P. Koppenburg, LHCb-FIGURE-2019-010]

We perform a full calibration in real
time. The output is ready to be used
for physics.

TURBO stores only the information needed for the analysis
Ü Huge savings in time and cost
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TisTos method
[Aaij et al., JINST 8 (2013) P04022 , arXiv:1211.3055]
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TIS events are harder than
unbiased events.

For a given signal candidate define
TOS Event triggered on signal
TIS Event triggered on rest of event
Candidates falling in both categories
can be used to compute

ηTOS = NTIS&TOS

NTIS .

The total trigger efficiency is obtained
from

ηTIS = NTIS&TOS

NTOS Ü ηtrig = ηTISNtrig

NTIS
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Run 1 Trigger Performance
[Aaij et al., JINST 8 (2013) P04022 , arXiv:1211.3055]
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LHCb Trigger in Run 3
[LHCb-TDR-016, 2014]
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µ/µµ
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e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb Run 2 Trigger Diagram

Ü

30 MHz inelastic event rate 
(full rate event building)

Software High Level Trigger

10 GB/s to storage

Full event reconstruction, inclusive and 
exclusive kinematic/geometric selections

Add offline precision particle identification 
and track quality information to selections 

Output full event information for inclusive 
triggers, trigger candidates and related 
primary vertices for exclusive triggers

LHCb Upgrade Trigger Diagram

Buffer events to disk, perform online 
detector calibration and alignment
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Software High Level Trigger

10 GB/s to storage

Full event reconstruction, inclusive and 
exclusive kinematic/geometric selections

Add offline precision particle identification 
and track quality information to selections 

Output full event information for inclusive 
triggers, trigger candidates and related 
primary vertices for exclusive triggers

LHCb Upgrade Trigger Diagram

Buffer events to disk, perform online 
detector calibration and alignment

New in Run III: No hardware (L0)
trigger

30 MHz non-empty events go to
event filter farm
Full event reconstruction at
30 MHz
Full calibration of preselected
events
Offline-like selections

Ü 10 GB/s to storage (most of that
TURBO)

[Trigger TDR]
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Parked B sample at CMS
[CMS DP 2019/043]

L1 rate of fill
6259 in
September 2017

L1 rate of fill 7108
in August 2018
Hlt rate of fill
7108 in August
2018
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Belle II event
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µ+µ−?

[evdisp.belle2.org][evdisp.belle2.org][evdisp.belle2.org][evdisp.belle2.org]
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Belle II event
[evdisp.belle2.org][evdisp.belle2.org][evdisp.belle2.org][evdisp.belle2.org][evdisp.belle2.org][evdisp.belle2.org][evdisp.belle2.org][evdisp.belle2.org][evdisp.belle2.org][evdisp.belle2.org][evdisp.belle2.org]

Could well be a
BB event

Patrick Koppenburg Experimental Basis — 2 27/05/2023 — FPCP pre-conference school [16 / 71]

https://evdisp.belle2.org/
https://evdisp.belle2.org/
https://evdisp.belle2.org/
https://evdisp.belle2.org/
https://evdisp.belle2.org/
https://evdisp.belle2.org/
https://evdisp.belle2.org/
https://evdisp.belle2.org/
https://evdisp.belle2.org/
https://evdisp.belle2.org/
https://evdisp.belle2.org/


Trigger
[Prim et al., ICHEP’20]

Output:
15 kHz
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[B]

Techniques
1 Full-event Tagging
2 Flavour Tagging
3 Blinding
4 Uncertainties
5 Dalitz Plots
6 sPlot
7 Machine Learning
8 Fitting Ü Backup
9 Good computing practices

10 Uncovered
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B+→ τ+ν branching fraction
b ντ

τ−u
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[FLAG’14] (fB) [CKMFitter’14]

(For B+ →µ+ν, replace mτ by mµ)
Higgs-mediated diagram reduces
(small tanβ) or enhances the B:

BMSSM
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=
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− m2
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tan2 β

1 + ε tanβ

)2
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Full Event Interpretation
[Keck et al., Comput.Softw.Big Sci. 3 (2019) 1, arXiv:1807.08680]
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Tag B mass with FEI [Keck et al.]

and FR [Feindt et al, NIM A654 (2011) 432]

The tag B is fully reconstructed (B+ → D0(→ K−π+π−π+)π+), which
completely determines the 4-momentum of the signal B (B−→ τ−(→ e−νν)ν)
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Full Event Interpretation
[Keck et al., Comput.Softw.Big Sci. 3 (2019) 1, arXiv:1807.08680]
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The full event interpretation algorithm
reconstructs all plausible B decays and
computes a probability using gradient-
boosted decision trees.
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Full Event Interpretation
[Keck et al., Comput.Softw.Big Sci. 3 (2019) 1, arXiv:1807.08680]
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The full event interpretation algorithm
reconstructs all plausible B decays and
computes a probability using gradient-
boosted decision trees.
It surpasses the Belle full reconstruction
algorithm (FR) [Feindt et al, NIM A654 (2011) 432]
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B+→ τ+ν

[Belle, PRD 92 (2015) 051102, arXiv:1503.05613]
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Using full Belle sample (772 million BB), re-
construct B+→ τ+ν

Use semileptonic tag of the other B
Consider τ+ decays to e+, µ+, π+, ρ+

(all with 1 charged track)
See 220± 50 decays (3.8σ)

B(B+→ τ+ν) = (1.25± 0.28± 0.27)× 10−4

Combine with hadronic tagging [PRL 110 (2013) 131801]

to get

B(B+→ τ+ν) = (0.92± 0.19± 0.11)× 10−4

BSM =
(

0.75 + 0.10
− 0.05

)
· 10−4

[FLAG’14] [CKMFitter’14]
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∆ms with B0
s→ D−s π+

[LHCb, Nature Physics 18 (2022) 1, arXiv:2104.04421]
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380k B0
s → D−s π+ in 6 fb−1 Run 2 data Ü ∆ms = 17.7656± 0.0057 ps−1
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Flavour Tagging at the LHC
[LHCb, EPJC 77 (2017) 238, arXiv:1610.06019]
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Flavour Tagging
We start with a sample of N B and B mesons. We need flavour tagging to know their
flavour at origin.
Ntag of those have a tagging decision, with ηtag = Ntag

N . The remaining Ntag − N are
not useful for CP violation but may be used for other observables.
The fraction of wrongly tagged B is ω

Ntag
B = η(1− ω)NB + ηωNB

Ntag
B = η(1− ω)NB + ηωNB

The CP asymmetry is

ACP
meas =

Ntag
B − Ntag

B
Ntag

B + Ntag
B

= (1− 2ω)
NB − NB
NB + NB︸ ︷︷ ︸

=ACP
true

Ü ACP
true = ACP

meas
1− 2ω
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Flavour Tagging
The CP asymmetry is

ACP
meas =

Ntag
B − Ntag

B
Ntag

B + Ntag
B

= (1− 2ω)
NB − NB
NB + NB︸ ︷︷ ︸

=ACP
true

Ü ACP
true = ACP

meas
1− 2ω

To correctly measure ACP it is necessary to know ω.
The uncertainty is

∆ACP
true = ∆ACP

meas
1− 2ω = 1

1− 2ω

√
(1− ACP

true)2

Ntag = 1
1− 2ω

√
(1− ACP

true)2

ηtagN

= 1√
ηtag(1− 2ω)

∆ACP
true

The effect of the imperfect tagging is the same as reducing the sample by a factor
ηeff = ηtag(1− 2ω)2
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Flavour Tagging
To correctly measure ACP it is necessary to know ω.
The wrong-tag fraction is calibrated on self-tagging control samples. Here B0→
J/ψK ∗0(→ K +π−) for B0→ J/ψK 0

S [LHCb, PRL 115 (2015) 031601, arXiv:1503.07089]
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Flavour Tagging
To correctly measure ACP it is necessary to know ω.
The wrong-tag fraction is calibrated on self-tagging control samples.

The measured CP
asymmetry (i.e.
sin 2φ1) is proportional
to the oscillation ampli-
tude. A wrong value of√
ηtag(1− 2ω) directly

translates into a bias.
[LHCb, LHCb-PAPER-2023-013, in

preparation]
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Tagging Performance
εeff [%]

Channel 2011 Run 1 Run 2 Imprvt Reference
B0

s → φφ 3.29 5.38 6.00 82% [LHCb-PAPER-2023-001]

B0
s → D+

s D+
s 5.33 [PRL 113 (2014) 211801]

B0
s → D+

s K− 5.07 5.80 14% [JHEP 03 (2018) 059]

B0
s → J/ψK +K− 3.13 3.73 4.30 50% [LHCb-PAPER-2023-016]

B0
s → J/ψπ+π− 2.43 3.89 60% [PLB 797 (2019) 134789]

B0→ J/ψK 0
S 2.38 3.03 4.71 98% [LHCb-PAPER-2023-013]

B0→ J/ψ(e+e−)K 0
S 6.48 [LHCb-PAPER-2023-013]

B0
s → J/ψφ 1.45 1.49 1.75 20% [EPJC 81 (2021) 342]

B0
s → J/ψφ 0.97 1.31 10.5 [PLB 816 (2021) 136188]

Red means not full run 2.
Impressive improvements in tagging performance in the last years
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Tagging Performance
εeff [%]

Channel 2011 Run 1 Run 2 Imprvt Reference
B0

s → φφ 3.29 5.38 6.00 82% [LHCb-PAPER-2023-001]

B0
s → D+

s D+
s 5.33 [PRL 113 (2014) 211801]

B0
s → D+

s K− 5.07 5.80 14% [JHEP 03 (2018) 059]

B0
s → J/ψK +K− 3.13 3.73 4.30 50% [LHCb-PAPER-2023-016]

B0
s → J/ψπ+π− 2.43 3.89 60% [PLB 797 (2019) 134789]

B0→ J/ψK 0
S 2.38 3.03 4.71 98% [LHCb-PAPER-2023-013]

B0→ J/ψ(e+e−)K 0
S 6.48 [LHCb-PAPER-2023-013]

B0
s → J/ψφ 1.45 1.49 1.75 20% [EPJC 81 (2021) 342]

B0
s → J/ψφ 0.97 1.31 10.5 [PLB 816 (2021) 136188]

Red means not full run 2. CMS triggers on tagging muon.
Impressive improvements in tagging performance in the last years
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Pathological Science
[Stone, TASI, arXiv:hep-ph/0010295]

In 1967 the Missing Mass Spectrometer (MMS) at CERN
report that the a2 meson (now 1316.9± 0.9 MeV [PDG])
has a split structure [Chikovani et al., PLB 25 (1967) 44].

Confirmed in 1968 by the CERN Boson
Spectrometer (CBS) [Benz et al., PLB 28 (1968) 233].
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Pathological Science
[Stone, TASI, arXiv:hep-ph/0010295]

In 1967 the Missing Mass Spectrometer (MMS) at CERN
report that the a2 meson (now 1316.9± 0.9 MeV [PDG])
has a split structure [Chikovani et al., PLB 25 (1967) 44].

Confirmed in 1968 by the CERN Boson
Spectrometer (CBS) [Benz et al., PLB 28 (1968) 233].

Not seen at LRL (Berkeley),
which has a better resolution
[PLB 33 (1970) 607].
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Pathological Science
[Stone, TASI, arXiv:hep-ph/0010295]

In 1967 the Missing Mass Spectrometer (MMS) at CERN
report that the a2 meson (now 1316.9± 0.9 MeV [PDG])
has a split structure [Chikovani et al., PLB 25 (1967) 44].

Confirmed in 1968 by the CERN Boson
Spectrometer (CBS) [Benz et al., PLB 28 (1968) 233].

Not seen at LRL (Berkeley),
which has a better resolution
[PLB 33 (1970) 607].

Schübelin (CDS): “The dip was a clear feature.
Whenever we didn’t see the dip during a run we

checked the apparatus and always found something
wrong.”

Stone then asked him if they checked the apparatus
when they did see the dip, and he didn’t answer.
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PDG History plots
[PDG]
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Blind Analysis in Particle Physics
[Roodman, PHYSTAT 2003, arXiv:physics/0312102]

Efficiency

Background

Cut Value

Sensitivity

Result
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B0
s→ µ+µ− blinding

[LHCb, PRL 111 (2013) 101805, arXiv:1307.5024]
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B0
s→ µ+µ− unblinding

[LHCb, PRL 111 (2013) 101805, arXiv:1307.5024]
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Uncertainties: Facts and fictions
[Roger Barlow, arXiv:hep-ex/0207026]

The data, a straight line fit, two fits in subranges, the actual quadratic function.
Using the fits in subranges to set a systematic uncertainty overestimates by a lot the
uncertainty on the slope, but wildly underestimates it in the larger range.
This illustrates the point that there is no ‘correct’ procedure for incorporation of a
check that fails. If you fold it into the systematic errors this is almost certainly wrong,
and should only be done when all other possibilites have been exhausted.
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Uncertainties: Facts and fictions
[Roger Barlow, arXiv:hep-ex/0207026]

Once a bias is known, it can be corrected for: an estimator with known bias can be
trivially replaced by an unbiased estimator. If the bias is unknown and unsuspected then one
can by definition do nothing about it. The match between ‘bias’ and ‘systematic error’ under
our definition is the case where a bias is known to exist, but its exact size (systematic effect)
is unknown (systematic uncertainty).
We apply this to the example of measurements with an expanding steel rule.

1 If the expansion coefficient is known, as are the two temperatures of calibration and
actual measurement, then the measurements can be corrected and the bias is removed;
the systematic effect is known exactly and there is no systematic error.

2 If the effect is ignored then this is a mistake. Hopefully consistency checks will be done
and will (through statistical techniques) reveal a discrepancy for which the physicist will
(through common sense, experience and intuition) realise the cause.

3 If the effect is known to exist but the temperature at which the actual measurements
was taken was not recorded, and one can only give the laboratory temperature to within
a few degrees, that is a systematic uncertainty on a systematic effect, and a systematic
error in the accepted sense.
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Uncertainties: Facts and fictions
[Roger Barlow, arXiv:hep-ex/0207026]

The following should be printed in large letters and hung on the wall of every practising
particle physicist.

I Thou shalt never say ‘systematic error’ when thou meanest ‘systematic effect’ or
‘systematic mistake’.

II Thou shalt not add uncertainties on uncertainties in quadrature. If they are larger than
chickenfeed thou shalt generate more Monte Carlo until they shrink to become so.

III Thou shalt know at all times whether what thou performest is a check for a mistake or
an evaluation of an uncertainty.

IV Thou shalt not incorporate successful check results into thy total systematic error and
make thereby a shield behind which to hide thy dodgy result.

V Thou shalt not incorporate failed check results unless thou art truly at thy wits’ end.
VI Thou shalt say what thou doest, and thou shalt be able to justify it out of thine own

mouth; not the mouth of thy supervisor, nor thy colleague who did the analysis last
time, nor thy local statistics guru, nor thy mate down the pub.

Do these, and thou shalt flourish, and thine analysis likewise.
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Breit-Wigner
[Cowan, Gershon]

For narrow resonances far away from the threshold, the Breit-Wigner
parametrisation is suitable

A(s) = α

M2
BW − s − i

√
s ΓBW

' α

M2
BW − s − i MBW ΓBW

[PDG]
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Dalitz Plots
[R.H. Dalitz, Phil.Mag.Ser.7 44 (1953) 1068]

Dalitz plot Fabri plot, with relativistic
corrections
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Dalitz Plot

[B]

[B. Lindquist at SLAC Student Seminar]

A→ abc where A has spin S and a, b, c are spinless, the decay amplitude
will have zeroes corresponding to a Legendre polynominal.

A ∼ ABWPS(cos θ)

There will be S zeroes in the amplitude.
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Constructive interference

[B]

[B. Lindquist at SLAC Student Seminar]
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Destructive interference

[B]

[B. Lindquist at SLAC Student Seminar]
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Dalitz plot of D+
s → K +K−π+

[BaBar, PRD83 (2011) 052001, arXiv:1011.4190]
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Dalitz plot of D+
s → K +K−π+

[BaBar, PRD83 (2011) 052001, arXiv:1011.4190]
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Dalitz plot of D+
s → K +K−π+

[BaBar, PRD83 (2011) 052001, arXiv:1011.4190]
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Dalitz plot of D+
s → K +K−π+

[BaBar, PRD83 (2011) 052001, arXiv:1011.4190]
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sPlot
[Pivk, Le Diberder, NIMA 555 (2005) 356 , arXiv:physics/0402083]
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sPlot

sPlot determines weights from a
fit, allowing to statistically subtract
backgrounds (or signal)
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sPlot
[Pivk, Le Diberder, NIMA 555 (2005) 356 , arXiv:physics/0402083]
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sPlot determines weights from a
fit, allowing to statistically subtract
backgrounds (or signal)

1 Fit signal only

2 Study distributions
3 Use signal to weight

simulation
4 Use signal to train MVA
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sPlot
[Pivk, Le Diberder, NIMA 555 (2005) 356 , arXiv:physics/0402083]
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sPlot determines weights from a
fit, allowing to statistically subtract
backgrounds (or signal)

1 Fit signal only
2 Study distributions

3 Use signal to weight
simulation

4 Use signal to train MVA
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sPlot
[Pivk, Le Diberder, NIMA 555 (2005) 356 , arXiv:physics/0402083]
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sPlot determines weights from a
fit, allowing to statistically subtract
backgrounds (or signal)

1 Fit signal only
2 Study distributions
3 Use signal to weight

simulation

4 Use signal to train MVA
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sPlot
[Pivk, Le Diberder, NIMA 555 (2005) 356 , arXiv:physics/0402083]
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sPlot determines weights from a
fit, allowing to statistically subtract
backgrounds (or signal)

1 Fit signal only
2 Study distributions
3 Use signal to weight

simulation
4 Use signal to train MVA

Warning: it assumes uncorrelated
variables
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Write a GBT in python using tensorflow
[Brown et al., arXiv:2005.14165]

In this example, we use the breast cancer dataset from
scikit-learn. We split the data into training and testing
sets and convert them into TensorFlow Dataset format.
We then define the feature columns using
tf.feature column.numeric column for each
numerical feature in the dataset.
Next, we define the Boosted Decision Trees classifier
using tf.estimator.BoostedTreesClassifier. We specify
the feature columns, the number of trees (n trees),
maximum tree depth (max depth), and the learning
rate.
To train the model, we call the train method of the
estimator, passing the training data using an input
function that shuffles the data and creates batches.
After training, we evaluate the model on the test set
using the evaluate method of the estimator, passing the
test data using an input function that creates batches.
Finally, we extract the accuracy from the evaluation
result and print it.
Note: Make sure you have TensorFlow 2.x installed
(pip install tensorflow) before running this code.

import tensorflow as tf
from sklearn.datasets import load_breast_cancer
from sklearn.model_selection import train_test_split
from sklearn.metrics import accuracy_score

# Load the breast cancer dataset (example dataset from scikit-learn)
data = load_breast_cancer()
X = data.data
y = data.target

# Split the data into training and testing sets
X_train, X_test, y_train, y_test = train_test_split(X, y,

test_size=0.2, random_state=42)

# Convert the data into TensorFlow Dataset format
train_dataset = tf.data.Dataset.from_tensor_slices((X_train, y_train))
test_dataset = tf.data.Dataset.from_tensor_slices((X_test, y_test))

# Define the feature columns
feature_columns = []
for i in range(X.shape[1]):

feature_columns.append(tf.feature_column.numeric_column(str(i)))

# Define the Boosted Decision Trees estimator
estimator = tf.estimator.BoostedTreesClassifier(

feature_columns=feature_columns,
n_trees=100,
max_depth=3,
learning_rate=0.1

)

# Train the Boosted Decision Trees model
estimator.train(input_fn=lambda: train_dataset.shuffle(1000).batch(32))

# Evaluate the model on the test set
eval_result = estimator.evaluate(input_fn=lambda: test_dataset.batch(32))
accuracy = eval_result[’accuracy’]
print("Accuracy: {:.2f}%".format(accuracy * 100))
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Sven Sachsalber finds the needle in the
haystack

[Sven Sachsalber in Beautiful/Decay]

Sven Sachsalber finds the needle in the
haystack
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Is AI in HEP overrated?
[Brown et al., arXiv:2005.14165]

The role of AI in particle physics is certainly important, but whether it is overrated or not depends on
who you ask and what specific application of AI you are considering.
On one hand, AI has already played a significant role in particle physics research, particularly in areas
such as data analysis and simulation. For example, machine learning algorithms have been used to
classify particle events in large particle accelerators like the Large Hadron Collider (LHC), enabling
physicists to better identify interesting signals from background noise. AI has also been used to
optimize simulations of particle interactions, allowing researchers to explore theoretical models more
efficiently.
However, it is worth noting that AI is not a panacea for all problems in particle physics. While it
can be a powerful tool for certain applications, it is not a substitute for theoretical or experimental
expertise. Some experts in the field argue that AI should be seen as a complement to traditional
methods, rather than a replacement for them.
Additionally, some applications of AI in particle physics have faced criticism or skepticism. For example,
some researchers have raised concerns about the use of AI in making decisions about which data to
analyze, arguing that such decisions should be made by human experts with a deep understanding of
the physics involved. Others have expressed skepticism about the ability of AI to uncover truly new
and unexpected physics, as opposed to simply optimizing existing methods.
Overall, the role of AI in particle physics is an ongoing and evolving area of research, and opinions
on its usefulness may vary depending on the specific application and perspective of the individual
researcher.
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Software tools
[Ben Couturier]
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Charged multiplicity at
√

s = 13 TeV
[LHCb, JHEP 01 (2022) 166, arXiv:2107.10090]
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Charged multiplicity at
√

s = 13 TeV
[LHCb, JHEP 01 (2022) 166, arXiv:2107.10090]

This paper consistently and cor-
rectly cites all high-level software
used in the analysis.

Patrick Koppenburg Experimental Basis — 2 27/05/2023 — FPCP pre-conference school [52 / 71]

http://arxiv.org/abs/2107.10090


Good Enough Practices
[Wilson, Bryan, Cranston, Kitzes, Nederbragt, Teal, arXiv:1609.00037]

1 Data Management
a) Save the raw data.
b) Create the data you wish to see in the world.
c) Create analysis-friendly data.
d) Record all the steps used to process data.
e) Anticipate the need to use multiple tables.
f) Submit data to a reputable DOI-issuing repository so that others can access and cite it.

2 Software
a) Place a brief explanatory comment at the start of every program.
b) Decompose programs into functions.
c) Be ruthless about eliminating duplication.
d) Always search for well-maintained software libraries that do what you need.
e) Test libraries before relying on them.
f) Give functions and variables meaningful names.
g) Make dependencies and requirements explicit.
h) Do not comment and uncomment sections of code to control a program’s behavior.
i) Provide a simple example or test data set.
j) Submit code to a reputable DOI-issuing repository.

3 Collaboration
a) Create an overview of your project.
b) Create a shared public “to-do” list.
c) Make the license explicit.
d) Make the project citable.
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Good Enough Practices
[Wilson, Bryan, Cranston, Kitzes, Nederbragt, Teal, arXiv:1609.00037]

4 Project Organization
a) Put each project in its own directory, which is named after the project.
b) Put text documents associated with the project in the doc directory.
c) Put raw data and metadata in a data directory, and files generated during cleanup and analysis in a results

directory.
d) Put project source code in the src directory.
e) Put external scripts, or compiled programs in the bin directory.
f) Name all files to reflect their content or function.

5 Keeping Track of Changes
a) Back up (almost) everything created by a human being as soon as it is created.
b) Keep changes small.
c) Share changes frequently.
d) Create, maintain, and use a checklist for saving and sharing changes to the project.
e) Store each project in a folder that is mirrored off the researcher’s working machine.
f) Use a file called CHANGELOG.txt to record changes, and
g) Copy the entire project whenever a significant change has been made, OR
h) Use a version control system to manage changes

6 Manuscripts
a) Write manuscripts using online tools with rich formatting, change tracking, and reference management, OR
b) Write the manuscript in a plain text format that permits version control.
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Techniques
1 Full-event Tagging
2 Flavour Tagging
3 Blinding
4 Uncertainties
5 Dalitz Plots
6 sPlot
7 Machine Learning
8 Fitting Ü Backup
9 Good computing practices

10 Uncovered
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78(a)INFN-TIFPA;(b)Università degli Studi di Trento, Trento; Italy.
79Universität Innsbruck, Department of Astro and Particle Physics, Innsbruck; Austria.
80University of Iowa, Iowa City IA; United States of America.
81Department of Physics and Astronomy, Iowa State University, Ames IA; United States of America.
82Istinye University, Sariyer, Istanbul; Türkiye.
83(a)Departamento de Engenharia Elétrica, Universidade Federal de Juiz de Fora (UFJF), Juiz de Fora;(b)Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro;(c)Instituto de F́ısica, Universidade de São Paulo, São Paulo;(d)Rio de Janeiro State University, Rio de Janeiro; Brazil.
84KEK, High Energy Accelerator Research Organization, Tsukuba; Japan.
85Graduate School of Science, Kobe University, Kobe; Japan.
86(a)AGH University of Science and Technology, Faculty of Physics and Applied Computer Science, Krakow;(b)Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakow; Poland.
87Institute of Nuclear Physics Polish Academy of Sciences, Krakow; Poland.
88Faculty of Science, Kyoto University, Kyoto; Japan.
89Research Center for Advanced Particle Physics and Department of Physics, Kyushu University, Fukuoka ; Japan.
90Instituto de F́ısica La Plata, Universidad Nacional de La Plata and CONICET, La Plata; Argentina.
91Physics Department, Lancaster University, Lancaster; United Kingdom.
92Oliver Lodge Laboratory, University of Liverpool, Liverpool; United Kingdom.
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e Also at Borough of Manhattan Community College, City University of New York, New York NY; United States of America.
f Also at Center for High Energy Physics, Peking University; China.
g Also at Center for Interdisciplinary Research and Innovation (CIRI-AUTH), Thessaloniki ; Greece.
h Also at Centro Studi e Ricerche Enrico Fermi; Italy.
i Also at CERN Tier-0; Switzerland.
j Also at CERN, Geneva; Switzerland.
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[flowchart]
LHCb Publication Procedure (PAPER)

dated: March 14, 2019

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53

WG Review

WG Readers comment

Conveners comment

RC requested

RC assigned

WG Reader Sign-Off

Conveners Sign-Off
Review Committee

Review

inform WG about unblinding (1 day notice)

Reviewer’s ok to unblind

optional post-unblinding presentation

first paper draft

Reviewer consider draft complete

RC requests EB reviewer

Reviewer Sign-Off

EB reviewer Sign-Off
Collaboration wide review

Approval to go to Paper Presentation

RC sends list of comments to list

All comments have been addressed

collaboration approved

1. Circ. (2 weeks)

Reviewer’s ok on “no major physics comments left unaddressed”

Physics Coordinator may declare results public

update draft

EB reviewer Sign-Off

update draft

EB Reading or corrections on overleaf

update draft

EB Reviewer’s OK on draft

2. Circulation (1 week)

Final EB Reading

update draft

One reviewer’s ok on draft

RC to check that Rivet plugin is planned

Paper submitted to gitlab (at latest)

Paper and publication summary page indico agenda

Physics Coordinator’s “ready to submit” announcement
Journal Review

Submitted to journal and arXiv

Submission of Rivet plugin and HepData

wait for comments

update draft

RC and EB chairs’s ok on draft

RC and EB chairs’s ok on replies

resubmitted

check proofs

published

updated arXiv and CDS

prepared by Moritz Karbach
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How long does it take

[B]

[Flowchart]

(left) Distribution of time from WG approval to
publication, (right) median. The grand total.

Step [Days]
Review 145
1st circ. 24
EB reading 29
2nd EB 3
Final version 6
Submission 1
EB process 71
Peer review 60
Proofs 29
Journal 91
Total 334
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IArXiv
[iarxiv.org]
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Outlook
(The sky is the limit)
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LHC schedule (Jan 2023)
[Lamont, Chamonix 2023]

Indicative timeline

11

LHCb-II prep tbc)

LHCb-II, ALICE3 upgrades (tbc)
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The P{h}ysics caseThe P{h}ysics case
[LHCb U2 Physics case, arXiv:1808.08865]
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Colliders
[Shitsev, Zimmermann, arXiv:2003.09084] [Bai, Shiltsev, White, Zimmermann, arXiv:2209.04009]
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Colliders
[Shitsev, Zimmermann, arXiv:2003.09084] [Bai, Shiltsev, White, Zimmermann, arXiv:2209.04009]
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FCCFCC
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ILC

[B]

[ILC, arXiv:2203.07622]
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Muon Collider
[Long, Lucchesi, Palmer, Pastrone, Schulte, Shitsev, Nature Physics (2021)]
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Snowmass Energy Frontier Report
[Snowmass, arXiv:2211.11084]
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SppC: 75-125 TeV, 10-20 ab-1 

Proton collider
Electron  collider
Muon  collider

2080

Construction/Transformation

2090

Original from ESG  2020 by UB
Updated  July 25, 2022 by MN

350-365 
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20km tunnel 

100km tunnel 

100km tunnel, installation 
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installation 
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Snowmass Energy Frontier Report
[Snowmass, arXiv:2211.11084]

Proposals emerging  from Snowmass 2021 for a US based collider

CCC

  Muon Collider

2020 207020402030 2050 2060

Proton collider
Electron  collider
Muon  collider
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125 GeV or 1 TeV at Stage 1
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CERN Environment Report 2017–18
[CERN Environment Report for 2017–18]

Total: 12
tCO2e

/person
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SESAMESESAME
[sesame.org.jo] [CDS]

The first accelerator powered by renewable energy
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Experiments need triggers and hence choices
Master analysis techniques
. . . and soft skills
Look out for the future

[ @pkoppenburg@sciencemastodon.com] [ @pkoppenburg] [patrick.koppenburg@nikhef.nl]
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John von Neumann
[wikipedia]

With four parameters I
can fit an elephant, and
with five I can make him

wiggle his trunk.
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Anything can be fitted with one parameter
[Boué, arXiv:1904.12320]

Any shape can be fitted by a single-parameter function

fα(x) = sin2(2xτ arcsin
√
α)

with α the parameter fitting a dataset in x ∈ [0 . . . n], f (x), (τ ∈ N is a
constant which controls the desired accuracy).

The reason is that a real number contains an infinite amount of information
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Anything can be fitted with one parameter
[Boué, arXiv:1904.12320]

But it is useless because it has no predictive power
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Asymmetric uncertainties in RooFit
[LHCb, PRL 128 (2022) 041801, arXiv:2108.09284]
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Ivo van Vulpen 

The options 
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Python in HEP
[Pivarski at HL-LHC]
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Overtraining is Gerrymandering
[Kaggle]

[Kaggle]

[Washington Post, 2014]

[29/8/2022]
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How long does it take
[Flowchart]

(left) Distribution of time from WG approval to
approval-to-go-to-paper, (right) median. This is
the length of the internal CWR.

Step [Days]
Review 145
1st circ.
EB reading
2nd EB
Final version
Submission
EB process
Peer review
Proofs
Journal
Total
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How long does it take
[Flowchart]

(left) Distribution of time from approval to end of
1st circulation, (right) median.

Step [Days]
Review 145
1st circ. 24
EB reading
2nd EB
Final version
Submission
EB process
Peer review
Proofs
Journal
Total
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How long does it take
[Flowchart]

(left) Distribution of time from first to second cir-
culation, (right) median.

Step [Days]
Review 145
1st circ. 24
EB reading 29
2nd EB
Final version
Submission
EB process
Peer review
Proofs
Journal
Total
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How long does it take
[Flowchart]

(left) Distribution of time from second circulation
to EB meeting, (right) median.

Step [Days]
Review 145
1st circ. 24
EB reading 29
2nd EB 3
Final version
Submission
EB process
Peer review
Proofs
Journal
Total
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How long does it take
[Flowchart]

(left) Distribution of time from EB meeting to
approval-to-submit, (right) median.

Step [Days]
Review 145
1st circ. 24
EB reading 29
2nd EB 3
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Submission
EB process
Peer review
Proofs
Journal
Total
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How long does it take
[Flowchart]

(left) Distribution of time from approval-to-submit
to submission (could be negative), (right) median.

Step [Days]
Review 145
1st circ. 24
EB reading 29
2nd EB 3
Final version 6
Submission 1
EB process
Peer review
Proofs
Journal
Total
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How long does it take
[Flowchart]

(left) Distribution of time from approval to submis-
sion, (right) median. This is the duration of the
EB process.

Step [Days]
Review 145
1st circ. 24
EB reading 29
2nd EB 3
Final version 6
Submission 1
EB process 71
Peer review
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Journal
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How long does it take
[Flowchart]

From this moment, we don’t control the timing
any more. We submit the paper to one of these
journals.

Step [Days]
Review 145
1st circ. 24
EB reading 29
2nd EB 3
Final version 6
Submission 1
EB process 71
Peer review
Proofs
Journal
Total
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How long does it take
[Flowchart]

(left) Distribution of time from submission
to journal accept, (right) median by journal.

Step [Days]
Review 145
1st circ. 24
EB reading 29
2nd EB 3
Final version 6
Submission 1
EB process 71
Peer review 60
Proofs
Journal
Total
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How long does it take
[Flowchart]

(left) Distribution of time from journal ac-
cept to publication, (right) median by jour-
nal.

Step [Days]
Review 145
1st circ. 24
EB reading 29
2nd EB 3
Final version 6
Submission 1
EB process 71
Peer review 60
Proofs 29
Journal
Total
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How long does it take
[Flowchart]

(left) Distribution of time from submission
to publication, (right) median by journal.
This is the time with the journal.

Step [Days]
Review 145
1st circ. 24
EB reading 29
2nd EB 3
Final version 6
Submission 1
EB process 71
Peer review 60
Proofs 29
Journal 91
Total
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How long does it take
[Flowchart]

(left) Distribution of time from WG approval to
publication, (right) median. The grand total.

Step [Days]
Review 145
1st circ. 24
EB reading 29
2nd EB 3
Final version 6
Submission 1
EB process 71
Peer review 60
Proofs 29
Journal 91
Total 334
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TURBO stream

[B]

[JINST 14 (2019) P04013, arXiv:1812.10790]

5 kHz of 12 kHz go to TURBO:
Only trigger information is saved:
tracks and vertices that caused the
event to trigger

Ü No raw event — no offline
reconstruction

4 Smaller events, faster analysis
Used for high-yield exclusive trigger
lines :

4 J/ψ [JHEP 10 (2015) 172]

4 charm [JHEP 03 (2016) 159]

4 spectroscopy [PRL 119 (2017) 112001]

Most of the events will be saved by
TURBO from Run 3 [LHCb-TDR-016, 2014]  [ps]zt
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TURBO stream

[B]

[JINST 14 (2019) P04013, arXiv:1812.10790]

5 kHz of 12 kHz go to TURBO:
Only trigger information is saved:
tracks and vertices that caused the
event to trigger

Ü No raw event — no offline
reconstruction

4 Smaller events, faster analysis
Most of the events will be saved by
TURBO from Run 3 [LHCb-TDR-016, 2014]
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LHCb dataflow in Run 3
[FIGURE-2020-016]
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Operations Statistics Run 1–2
Quantity unit TDR 2011 2012 Run 1 2015 2016 2017 2018 Run 2 Tot/Avg
Peak Luminosity Lpeak µb−1/s 280 461 492 480 302 422 453 493 447 458
Average Luminosity Lavg µb−1/s 200 250 330 298 140 240 280 310 268 278
Seconds of running t 106 s 10.0 4.3 6.2 10.5 1.6 6.9 4.6 6.9 20.0 30.5
Integrated luminosity

∫
Ldt fb−1 2.0 1.1 2.1 3.2 0.5 1.9 1.5 2.5 6.4 9.6

Bunches Nb 2600 1320 1320 1320 1710 2036 2332 2332 2193 1905
Energy E TeV 14 7 8 8 13 13 13 13 13 11
Inelastic cross-section σinel mb 80 64 67 66 77 77 77 77 77 73
Charged multiplicity dNch

dη 6 6 6 6 6 6 6 6 6 6
bb cross-section (acc.) σbb µb 150 72 83 79 144 144 144 144 144 122
pp interactions/BX µ = Lσinel

fLHCNb
0.55 1.08 1.49 1.32 0.56 0.81 0.82 0.91 0.83 0.99

Non-empty rate fLHCNb(1− e−µ) MHz 12.3 9.8 11.5 10.8 8.3 12.7 14.7 15.7 14.0 12.9
Avg. MB rate σinelLavg MHz 16.0 16.0 22.1 19.7 10.8 18.5 21.6 23.9 20.7 20.3
MB events σinel

∫
Lavgdt 1012 160 70 141 113 38 146 116 192 149 137

Peak particle flow dNch
dη σinelLpeak 106 134 177 198 189 140 195 209 228 207 201

Irradiation dNch
dη σinel

∫
Ldt 1015 1.0 0.4 0.8 1.3 0.2 0.9 0.7 1.2 3.0 4.2

bb rate σbbLavg kHz 30 18 27 24 20 35 40 45 39 34
bb yield σbb

∫
Ldt 109 300 79 174 254 72 274 216 360 922 1175

Output rate λHLT kHz 2.0 2.6 4.5 3.7 10.4 6.1 7.5 5.8 6.6 5.7
Stored events (bkk) λHLTt 109 20 11 28 39 17 42 35 40 133 172
Event size Sev kB 2 53 59 56 48 55 58 58 56 56
HLT B/W SevλHLT MB/s 5 136 263 212 501 333 438 333 371 319
Total storage SevλHLTt EB 0.1 0.6 1.6 2.2 0.8 2.3 2.0 2.3 7.4 9.6
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Operations Statistics Run 3
Quantity unit Run 1 Run 2 UTDR 2022 Tot/Avg
Peak Luminosity Lpeak µb−1/s 480 447 2000
Average Luminosity Lavg µb−1/s 298 268 2000
Seconds of running t 106 s 10.5 20.0 5.0
Integrated luminosity

∫
Ldt fb−1 3.2 6.4 5.0

Bunches Nb 1320 2193 2808
Energy E TeV 8 13 14
Inelastic cross-section σinel mb 66 77 80
Charged multiplicity dNch

dη 6 6
bb cross-section (acc.) σbb µb 79 144
pp interactions/BX µ = Lσinel

fLHCNb
1.32 0.83 5.07

Non-empty rate fLHCNb(1− e−µ) MHz 10.8 14.0 31.4
Avg. MB rate σinelLavg MHz 19.7 20.7 160.0
MB events σinel

∫
Lavgdt 1012 113 149 400

Peak particle flow dNch
dη σinelLpeak 106 189 207

Irradiation dNch
dη σinel

∫
Ldt 1015 1.3 3.0

bb rate σbbLavg kHz 24 39
bb yield σbb

∫
Ldt 109 254 922

Output rate λHLT kHz 3.7 6.6 10.8
Stored events (bkk) λHLTt 109 39 133 54
Event size Sev kB 56 56 61
HLT B/W SevλHLT MB/s 212 371 659
Total storage SevλHLTt EB 2.2 7.4 3.3
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Quantum entanglement
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The B0 and B0 originate from a Υ (4S) resonance.
They are produced in a quantum-entangled state of
a superposition of B0 and B0. The flavour of the
one is only fixed once the other decays.
Unlike at the LHC, the clock only starts at the time
the other B decays.

Ü The difference in flight time is relevant
This difference can be negative, if the signal B
decays before the tag B.
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The Conundrum of the Θ+ pentaquark
[Hicks, Eur. Phys. H. H37 (2012) 1]

SAPHIR [PLB 572 (2003) 127]

[J. Pochodzalla, arXiv:hep-ex/0406077]
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The Conundrum of the Θ+ pentaquark
[Hicks, Eur. Phys. H. H37 (2012) 1]

SAPHIR [PLB 572 (2003) 127]

CLAS [PRL 96 (2006) 042001]
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The Θ(1540)+ Pentaquark

[B]

LEPS’03

SAPHIR’03

PDG2004

In 2003 a uudds state was allegedly found
in data from LEPS [Nakano et al.,PRL 91 (2003) 012002],
DIANA [Phys.Atom.Nucl. 66 (2003) 1715], CLAS [PRL 91

(2003) 252001], SAPHIR [PLB 572 (2003) 127].
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The Θ(1540)+ Pentaquark

[B]

CLAS’06

PDG2006

CLAS’03 [PRL 91 (2003) 252001]

In 2003 a uudds state was allegedly found
In 2006 CLAS reported from a large-yield
dedicated run and failed to find the particle
[PRL 96 (2006) 042001]

Read On the conundrum of the pentaquark
by Hicks [EPJH 37 1 (2012)] Allegedly 6 experi-
ments?
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Dalitz Plots
[Back et al., Computer Physics Communications 231 (2018) 198, arXiv:1711.09854]
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Dalitz Plots
[Back et al., Computer Physics Communications 231 (2018) 198, arXiv:1711.09854]
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Dalitz of B0
s→ D0K−π+

[B]

[LHCb, PRL 113 (2014) 162001, arXiv:1407.7574]
[LHCb, PRD 90 (2014) 072003, arXiv:1407.7712]
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Dalitz of B0
s→ D0K−π+

[B]

[LHCb, PRL 113 (2014) 162001, arXiv:1407.7574]
[LHCb, PRD 90 (2014) 072003, arXiv:1407.7712]
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Observation of narrow pentaquarks
[LHCb, PRL 122 (2019) 222001, arXiv:1904.03947]
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Event sizes and rates
[Cerri, LHCP 2022]
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B→ `+`− search at Belle
[Belle, PRD 68 (2003) 111101, arXiv:hep-ex/0309069] [Belle-CONF-0315]
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B→ `+`− search at Belle
[Belle, PRD 68 (2003) 111101, arXiv:hep-ex/0309069] [Belle-CONF-0315]
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B(B→ e+e−) < 1.9× 10−8

B(B→ µ+µ−) < 1.6× 10−7

B(B0→ e±µ∓) < 1.7× 10−7
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Colliders

[B]

[Shitsev, Zimmermann, arXiv:2003.09084] [Bai, Shiltsev, White, Zimmermann, arXiv:2209.04009]

Each decade, energy increases by a factor 5
and luminosity by a factor 7
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ILC
[ILC, arXiv:2203.07622]
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