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papers c. 2009 by Amplitudes 2009 speakers (3 from each)
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experimental particle physics 
 in the 2020 & 30s
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LHC luminosity v. time
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Run 3 Run 4

YEAR

year lumi (fb–1)

2020 140

2025 450 (⨉ 3)

2030 1200 (⨉ 8)

2037 3000 (⨉ 20)
integrated luminosity  
(~ total number of  

pp collisions)

today: 140 fb-1

95% of collisions still to be 
delivered 
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5/8/2019 CERN Status & plans 16

Rebuilding ~1.2km of LHC 
(the most complicated bit!)

But also touches very many 
other systems around the 

machine 

• New IR-quads Nb3Sn 
(inner triplets)

• New 11 T Nb3Sn (short) 
dipoles

• Other NbTi magnets in 
the IR 

• Collimation upgrade
• Cryogenics upgrade
• Crab Cavities
• Cold powering
• Machine protection
• …

High-luminosity LHC
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huge experimental advances
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What we are preparing for 

Preparing for µ = 200 
Real Time Analysis 

§  RTA is integral part of DAQ chain in upgrade data processing. 
–  Offline	reconstruction	in	HLT2	à	la	Run	2.	

§  TURBO model for exclusive selections. 
–  High-level	physics	objects	directly	from	the	HLT	à	small	fraction	of	raw	event	size.	

11th	September	2019	 139th	LHCC	Meeting	-	OPEN	Session	 13	

Run	2:	JINST	14	P04013	
Comput.	Phys.	Commun.	208	35-42	

Malaescu @ 2019-09 LHCC
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Belle II: 40-50x increase relative to Belle
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Belle II at SuperKEKB

40 times 

8 1035

KEK

SuperKEK

PEP-II

     

• Belle at KEKB
• accumulated 1ab-1 at or near 

Y(4S) 

• Belle II at SuperKEKB
• 40-fold increase in luminosity over 

KEKB
• collect 50 ab-1 by 2025

SuperKEKB luminosity projection

Zupanc (2017)
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7

FCC Status
Michael Benedikt
CERN, 13 January 2020

by* чϮ mm achieǀed͊

double ring e+e- collider as B-factory at 7(e-) & 4(e+) GeV; design luminosity ~8 x 1035 cm-2s-1; by* ~ 0.3 mm; nano-beam ʹ large 
crossing angle collision scheme (crab waist w/o sextupoles); beam lifetime ~5 minutes; top-up injection; e+ rate up to ~ 2.5 
1012 /s ; under commissioning

Y. Funakoshi, Y. Ohnishi, K. Oide

SuperKEKB – pushing luminosity and b*
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Nova + T2K running; DUNE & Hyper-K starting ~2027
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DUNE HYPER-K

146 II.2 HYPER-KAMIOKANDE DETECTOR

cable. This cable will use the similar sheath material to the one used as the photo-sensor signal

cable not to a↵ect the water quality of the detector. We have also started designing the water

tight connectors for the PMT connection and the Ethernet connection. Both of the connectors

are using screws and are easy to connect. This will reduce the time to connect cables during the

construction. The mock-up connectors have been designed and we are going to produce samples

and evaluate them in the coming years.

8. Timeline

Current plan from the finalization of the design to the completion of the production and tests

is shown in Table XXII

Spring 2020 Final design review of the system

Autumn 2020 Start the design of the system based on the design review

Autumn 2021 Start bidding procedure

Autumn 2022 Start mass production

Autumn 2023 Start final system test

Autumn 2024 Complete mass production

Autumn 2025 Complete system test and get ready for install

TABLE XXII. Timeline to complete the production for the installation.

In order to complete the design by Spring 2020, R&D and evaluation of each component have

to be finished by then. Table XXIII shows the deadlines for each component.

Digitizer Autumn 2018 based on the decision of the photo sensors

Timing and synchronization Select technology by Autumn 2018

Communication block Fix specification by Autumn 2018

Design by Spring 2019

High voltage system Product selection and design by Autumn 2019

Water tight components Technology choice by Spring 2019

TABLE XXIII. Deadlines for each components.

Considering the schedule, we need good coordination with the other groups, including not only

the photo-sensor groups but also the construction groups. The allocated time for each item is not

much but still achievable.
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muon g-2: Fermilab running for the next few years; also J-PARC
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aμ(SM)=(11659182.3±0.1±3.4±2.6)×10−10 , aμ(exp)=(11659209.1±5.4±3.3)×10−10 

∆aμ ≡ aμ(exp) − aμ(SM) = (26.8 ± 7.6) × 10−10 

Thermal muonium
production,
Ionization laser

Muon storage
magnet (3 T)

MLF muon experimental
facility H-line

Positron tracking
detector

Proton beam (3 GeV)

Surface muon (3.4 MeV, 27 MeV/c)

Thermal muon (25 meV, 2.3 keV/c)

Reaccelerated muon
(212 MeV, 300 MeV/c)

3D spiral injection
Muon linac

Kinetic energy  Momentum

Fig. 1 Schematic view of the muon g � 2/EDM experiment at J-PARC MLF.

Our experiment will be installed at the muon facility (MUSE, Muon Science Establish-

ment) [25] in the MLF of J-PARC. A schematic of the experimental setup is shown in Fig. 1.

Experimental components and sensitivity estimations are described in the following sections.

3. Experimental facility and surface muon beam

A primary proton beam of 3 GeV kinetic energy with 1 MW beam power from the Rapid

Cycle Synchrotron hits a 2 cm thick graphite target to provide pulsed muon beams. The

proton beam has a double-pulse structure, and each pulse is 100 ns in width (FWHM) with

a 600 ns separation and 25 Hz repetition rate. Our experiment uses a surface muon beam.

Surface muons are nearly 100% polarized positive muons from the decay of pions stopped

at and near the target surface with the consequent momentum of 29.8 MeV/c and below.

There are four beamlines extracting muon beams. Our experiment will use one of those, the

H-line.

The H-line is a new beamline designed to deliver a high intensity muon beam [26]. This

is realized by adopting a large aperture solenoid magnet to capture muons from the muon

production target, wide gap bending magnets for momentum selection, and a pair of opposite

directional solenoid magnets for e�cient beam transport. The surface muon beam is focused

onto a target to produce muonium atoms. The final focus condition is optimized to maximize

the number of muons stopping in the muonium production target and to minimize the leakage

magnetic field at the focal point. To fulfill these requirements, the final focusing includes

a solenoid magnet followed by a triplet of quadrupole magnets. The layout of the H-line is

shown in Fig. 2.

6/24

Fermilab: has already surpassed 
BNL data (1st results to come 

soon?)

J-PARC: independent systematics, 
moving from R&D to construction
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direct detection dark matter experiments
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Direct Detection of WIMP Dark Matter Lepton Photon 2019Cecilia Levy 

Future: ARGO

�22

Slide credit: Y. Wang

DARWIN IN THE CONTEXT OF THE 
XENON DARK MATTER PROJECT

XENON10 XENON100 XENON1T XENONnT DARWIN

2005 – 2007 2008 – 2016 2012 – 2018 2019 – 2023 2025 –

~15 kg ~62 kg ~2 t ~5.9 t 40 t

15 cm 30 cm 1 m 1.5 m 2.6 m

~10-43 cm2 ~10-45 cm2 ~10-47 cm2 ~10-48 cm2 ~10-49 cm2

!3

See A. Brown’s talk on XENON 

earlier in this session!

15 cm
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many ongoing & medium and small experiments
➤ NA61 

➤ NA62 

➤ NA64 

➤ Compass 

➤ HPS 

➤ SeaQuest 

➤ KATRIN 

➤ …

13



LHC physics

14
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The core physics topics at the LHC (colour-coded by directly-probed energy scales)
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Standard-model  
physics  

(QCD & electroweak)

100 MeV ‒ 4 TeV

top-quark physics

170 GeV ‒ O(TeV)

Higgs physics

125 GeV ‒ 500 GeV

direct new-particle 
searches

100 GeV ‒ 8 TeV

flavour physics 
(bottom & some charm)

1 ‒ 5 GeV

heavy-ion physics

100 MeV - 500 GeV
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The core physics topics at the LHC (colour-coded by directly-probed energy scales)
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The core physics topics at the LHC (colour-coded by directly-probed energy scales)
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Standard-model  
physics  

(QCD & electroweak)

100 MeV ‒ 4 TeV

top-quark physics

170 GeV ‒ O(TeV)

Higgs physics

125 GeV ‒ 500 GeV

direct new-particle 
searches

100 GeV ‒ 8 TeV

Key physics goals (my view) 
1. Establish the structure of the Higgs sector of the SM 
2. Search for signs of physics beyond the SM, direct (incl. dark 

matter candidates, SUSY, etc.) and indirect 
3. Measure SM parameters, proton structure (PDFs), establish 

theory-data comparison methods, etc.



direct new-particle searches

17

direct new-particle 
searches

100 GeV ‒ 8 TeV

Long motivated by electroweak 
hierarchy problem, WIMP miracle 

The essence of energy-frontier 
exploration
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LHC direct search prospects (e.g. SUSY, Z’, etc.)

➤ Roughly 1.5 – 2 TeV increase in mass 
reach over next 18 years 

➤ Proportionally more significant for 
searches at lower end of mass scale

18

system mass (TeV) probed so far

system mass 
accessible in 

2038

13 TeV 140 fb-1  
➜ 14 TeV, 3 ab-1 
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Z’ → l+l‒ 
points: UA1/CDF/D0/ATLAS/CMS 
lines: collider-reach extrapolation
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points: UA1/CDF/D0/ATLAS/CMS 
lines: collider-reach extrapolation
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electroweak SUSY partners: projections

21

�̃±
1p

p

�̃0
1

�̃0
1

⇡±

j

Fig. 4.1.1: Diagram depicting �̃±
1 �̃

0

1 production (left), and schematic illustration of a pp ! �̃±
1 �̃

0

1 + jet event in
the HL-LHC ATLAS detector, with a long-lived chargino (right). Particles produced in pile-up pp interactions are
not shown. The �̃±

1 decays into a low-momentum pion and a �̃0

1 after leaving hits in the pixel layers.

to the afore-mentioned study on disappearing tracks, complementary studies on LLPs e.g. from higgs
decays have been performed in the context of a future e�p collider, resulting in good sensitivity for a
wide range in c⌧ and mass [330].

4.1 Disappearing Tracks
A disappearing track occurs when the decay products of a charged particle, like a supersymmetric
chargino, are not detected (disappear) because they either interact only weakly or have soft momenta
and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposed e�p
collider are presented, illustrating the potential of this signature as well as its experimental challenges.

4.1.1 Prospects for disappearing track analysis at HL-LHC
Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The disappearing track search [102] investigates scenarios where the �̃±
1 , and �̃0

1 are almost mass
degenerate, leading to a long lifetime for the �̃±

1 which decays after the first few layers of the inner
detector, leaving a track in the innermost layers of the detector. The chargino decays as �̃±

1 ! ⇡±�̃0
1.

The �̃0
1 escapes the detector and the pion has a very low energy and is not reconstructed, leading to the

disappearing track signature. Diagram and schematic illustration of production and decay process are
shown in in Fig. 4.1.1. The main signature of the search is a short “tracklet” which is reconstructed in the
inner layers of the detector and subsequently disappears. The tracklet reconstruction efficiency for signal
charginos is estimated using fully simulated samples of �̃±

1 pair production with m(�̃±
1 ) = 600 GeV.

Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
with tracks, referred to as “tracklets”. The tracklets are then extrapolated to the strip detectors, and any
compatible hits are assigned to the tracklet candidate. Tracklets are required to have pT > 5 GeVand
|⌘| < 2.2. Candidate leptons, which are used only to veto events, are selected with pT > 20 GeV and
|⌘| < 2.47 (2.7) for electrons (muons).

The signal region (SR) optimisation is performed by scanning a set of variables which are ex-
pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The final state contains zero leptons, large Emiss

T and at least one tracklet, and
events are reweighted by the expected efficiencies of tracklet reconstruction. The small mass splitting
between the �̃±

1 and �̃0
1 implies they are generally produced back to back with similar transverse mo-

mentum. Hence it is necessary to select events where the system is boosted by the recoil of at least one
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Fig. 4.1.2: Expected exclusion limits at 95% C.L. from the disappearing track search using of 3 ab�1of 14 TeV

proton-proton collision data as a function of the �̃±
1 mass and lifetime. Simplified models including both chargino

pair production and associated production �̃±
1 �̃

0

1 are considered assuming pure-wino production cross sections
(left) and pure-higgsino production cross sections (right). The yellow band shows the 1� region of the distribution
of the expected limits. The median of the expected limits is shown by a dashed line. The red line presents the
current limits from the Run-2 analysis and the hashed region is used to show the direction of the exclusion. The
expected limits with the upgraded ATLAS detector would extend these limits significantly. The chargino lifetime
as a function of the chargino mass is shown in the almost pure wino LSP scenario (light grey) calculated at one
loop level. The relationship between the masses of the chargino and the two lightest neutralinos in this scenario is
m(�̃±

1 ) = (m(�̃0

1) +m(�̃0

2))/2. The theory curve is a prediction from a pure higgsino scenario.

potential of the analysis would allow for the discovery of wino-like (higgsino-like) charginos of mass
100 GeV with lifetimes between 20 ps and 700 ns (30 ps and 250 ns), or for a lifetime of 1 ns would
allow the discovery of wino-like (higgsino-like) charginos of mass up to 800 GeV (600 GeV).

Finally, Fig. 4.1.3 presents the 95% C.L. expected exclusion limits in the �̃0
1,�m(�̃±

1 , �̃
0
1) mass

plane, from both the disappearing track and dilepton searches. The yellow contour shows the expected
exclusion limit from the disappearing track search, with the possibility to exclude m(�̃±

1 ) up to 600 GeV
for �m(�̃±

1 , �̃
0
1) < 0.2 GeV, and could exclude up to �m(�̃±

1 , �̃
0
1) = 0.4 GeV for m(�̃±

1 ) = 100 GeV.
The blue curve presents the expected exclusion limits from the dilepton search, which could exclude up
to 350 GeV in m(�̃±

1 ), and for a light chargino mass of 100 GeV would exclude mass differences be-
tween 2 and 15 GeV. Improvements that are expected with the upgraded detector, and search technique
improvements may further enhance the sensitivity to these models. For example the sensitivity of the
disappearing tracks search can be enhanced by optimising the tracking algorithms used for the upgraded
ATLAS detector allowing for an increase in tracklet efficiency, the possibility of shorter tracklets pro-
duced requiring 3 or 4 hits, and further suppression of the fake tracklet component. The dilepton search
sensitivity would be expected to improve by increasing the reconstruction efficiency for low pT leptons.
The addition of the electron channel would also further enhance the search sensitivity.

4.1.2 Complementarities between LHeC and HL-LHC for disappearing track searches
Contributors: K. Deshpande, O. Fischer, J. Zurita

In higgsino-like SUSY models, the Higgsinos’ tiny mass splittings give rise to finite lifetimes
for the charginos, which is enhanced by the significant boost of the c.o.m. system and can be used
to suppress SM backgrounds [330]. The small mass splittings allow the Higgsinos to decay into
⇡±, e±, µ± + invisible particles, with the single visible charged particle having transverse momenta in
the O(0.1) GeV range. In the clean environment (i.e. low pile up) of the e�p collider, such single low-
energy charged tracks can be reliably reconstructed, if the minimum displacement between primary and
secondary vertex is at least 40 µm, and the minimum pT of the charged SM particle is at least 100 MeV.

107

LHC lumi increase  
& detector upgrades bring 
unprecedented reach for 

processes with small cross 
sections (& sometimes weird 

signatures — here, 
disappearing tracks)

2020

2038
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extreme lower end: A’ searches at LHCb

22
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Figure 8. Current limits (grey),
current LHCb limits (black band), and
proposed future experimental reach
(coloured bands) on A

0 parameter
space. The arrows indicate the
available mass range from light
meson decays into e

+
e
�g . From

Ref. [3].

Figure 9. (Left)
Expected (dashed black
line) upper limit on cross
section times branching
fraction s ⇥B as a
function of the Z

0 boson
mass. (Right) Projected
sensitivity to a vector
leptoquark model
addressing the B decay
anomalies. From Ref. [3].
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searches for the SSM and E6 Z
0 bosons, Z

0
SSM and Z

0
y , in the dilepton final state predict exclusion (discovery) up to masses

of 6.5 TeV (6.4 TeV) and 5.8 TeV (5.7 TeV), respectively. The 36 fb�1 Run-2 exclusion for Z
0
SSM (Zy ) is 4.5 TeV (3.8 TeV),

expected to grow to 5.4 TeV (4.8 TeV) after 300 fb�1 (Fig. 9). Using top-tagging, a Randall–Sundrum Kaluza–Klein gluon
decaying to tt̄ is expected to be excluded (discovered) up to 6.6 TeV (5.7 TeV) extending the 36 fb�1 bounds by over 2 TeV.

Models related to the apparent flavour anomalies in B decays suggest the presence of heavy resonances, either Z
0 or

leptoquarks (LQ), coupling to second and/or third generation SM fermions. The HL-LHC will be able to cover a significant
portion of the parameter space allowed by flavor constraints, with an exclusion reach up to 4 TeV for the Z

0, depending on
the structure and size of the Z

0 couplings. Pair produced scalar LQs coupling to µ (t) and b-quarks, on the other hand, can
be excluded up to masses of 2.5 (1.5) TeV, depending on assumptions on couplings. In Fig. 9 (right) we show the parameter
space of a vector LQ model addressing B decay flavor anomalies (see Section 3.2) that can be covered with dedicated HL-LHC
high-pT searches. Finally, prospect studies for third generation LQ in the tµ and tt channels deliver mass limits (discovery
potential) increased by 500 (400) GeV with respect to 36 fb�1, with discovery prospects in the tµ channel up to 1.7 TeV.

5.4 Long-lived particles
In addition to the significant expansion of expected luminosity, new detector upgrades will enable searches in the long-lived
particle regime. Muons displaced from the beamline, such as found in SUSY models with µ̃ lifetimes of ct > 25 cm, can be
excluded at 95% CL. New fast timing detectors will also be sensitive to displaced photon signatures arising from long lived
particles in the 0.1 < ct < 300 cm range.

Prospect studies for disappearing tracks searches using simplified models of c̃± production lead to exclusions of chargino
masses up to m(c̃±

1 ) = 750 GeV (1100 GeV) for lifetimes of 1 ns for the h̃ (w̃) hypothesis. When considering the lifetime
predicted by theory, h̃ (w̃) masses up to 300 (830) GeV can be excluded. This improves the 36 fb�1 Run 2 mass reach by a
factor of 2-3. The discovery reach is reduced to 160 GeV (h̃) and 500 GeV (w̃), due to the loss in acceptance at low lifetime
(0.2 ns), but sensitivity is expected to be recovered with dedicated optimisations. Results are shown in Fig. 7 (left).

Several studies are available also for long-lived g̃. As an example, we expect a 1 TeV extension of the 36 fb�1 Run 2 mass
reach, for models with g̃ lifetimes t > 0.1 ns, and an exclusion of mg̃ up to 3.4-3.5 TeV. Finally, the signature of long-lived dark
photons decaying to displaced muons can be reconstructed with dedicated algorithms and is sensitive to very small coupling
e2 ⇠ 10�14 for masses of the dark photons between 10 and 35 GeV. Complementarities in long-lived particle searches and
enhancements in sensitivity might be achieved if new proposals for detectors and experiments such as Mathusla, FASER,
Codex-B, MilliQan and LHeC are realized in parallel to the HL-LHC.

8



Amplitudes 2020 (Zoom@Brown)Gavin P. Salam

extreme lower end: A’ searches at LHCb

22

10�3 10�2 10�1 100 101

mA0 [GeV]

10�12

10�11

10�10

10�9

10�8

10�7

10�6

10�5

10�4

�2

�0

�

current limits

LHCb µµ

50 fb�1 D⇤0

300 fb�1 D⇤0 50 fb�1 µµ

300 fb�1 µµ

Figure 8. Current limits (grey),
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�g . From

Ref. [3].

Figure 9. (Left)
Expected (dashed black
line) upper limit on cross
section times branching
fraction s ⇥B as a
function of the Z

0 boson
mass. (Right) Projected
sensitivity to a vector
leptoquark model
addressing the B decay
anomalies. From Ref. [3].
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searches for the SSM and E6 Z
0 bosons, Z

0
SSM and Z

0
y , in the dilepton final state predict exclusion (discovery) up to masses

of 6.5 TeV (6.4 TeV) and 5.8 TeV (5.7 TeV), respectively. The 36 fb�1 Run-2 exclusion for Z
0
SSM (Zy ) is 4.5 TeV (3.8 TeV),

expected to grow to 5.4 TeV (4.8 TeV) after 300 fb�1 (Fig. 9). Using top-tagging, a Randall–Sundrum Kaluza–Klein gluon
decaying to tt̄ is expected to be excluded (discovered) up to 6.6 TeV (5.7 TeV) extending the 36 fb�1 bounds by over 2 TeV.

Models related to the apparent flavour anomalies in B decays suggest the presence of heavy resonances, either Z
0 or

leptoquarks (LQ), coupling to second and/or third generation SM fermions. The HL-LHC will be able to cover a significant
portion of the parameter space allowed by flavor constraints, with an exclusion reach up to 4 TeV for the Z

0, depending on
the structure and size of the Z

0 couplings. Pair produced scalar LQs coupling to µ (t) and b-quarks, on the other hand, can
be excluded up to masses of 2.5 (1.5) TeV, depending on assumptions on couplings. In Fig. 9 (right) we show the parameter
space of a vector LQ model addressing B decay flavor anomalies (see Section 3.2) that can be covered with dedicated HL-LHC
high-pT searches. Finally, prospect studies for third generation LQ in the tµ and tt channels deliver mass limits (discovery
potential) increased by 500 (400) GeV with respect to 36 fb�1, with discovery prospects in the tµ channel up to 1.7 TeV.

5.4 Long-lived particles
In addition to the significant expansion of expected luminosity, new detector upgrades will enable searches in the long-lived
particle regime. Muons displaced from the beamline, such as found in SUSY models with µ̃ lifetimes of ct > 25 cm, can be
excluded at 95% CL. New fast timing detectors will also be sensitive to displaced photon signatures arising from long lived
particles in the 0.1 < ct < 300 cm range.

Prospect studies for disappearing tracks searches using simplified models of c̃± production lead to exclusions of chargino
masses up to m(c̃±

1 ) = 750 GeV (1100 GeV) for lifetimes of 1 ns for the h̃ (w̃) hypothesis. When considering the lifetime
predicted by theory, h̃ (w̃) masses up to 300 (830) GeV can be excluded. This improves the 36 fb�1 Run 2 mass reach by a
factor of 2-3. The discovery reach is reduced to 160 GeV (h̃) and 500 GeV (w̃), due to the loss in acceptance at low lifetime
(0.2 ns), but sensitivity is expected to be recovered with dedicated optimisations. Results are shown in Fig. 7 (left).

Several studies are available also for long-lived g̃. As an example, we expect a 1 TeV extension of the 36 fb�1 Run 2 mass
reach, for models with g̃ lifetimes t > 0.1 ns, and an exclusion of mg̃ up to 3.4-3.5 TeV. Finally, the signature of long-lived dark
photons decaying to displaced muons can be reconstructed with dedicated algorithms and is sensitive to very small coupling
e2 ⇠ 10�14 for masses of the dark photons between 10 and 35 GeV. Complementarities in long-lived particle searches and
enhancements in sensitivity might be achieved if new proposals for detectors and experiments such as Mathusla, FASER,
Codex-B, MilliQan and LHeC are realized in parallel to the HL-LHC.
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anomalies. From Ref. [3].
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searches for the SSM and E6 Z
0 bosons, Z

0
SSM and Z

0
y , in the dilepton final state predict exclusion (discovery) up to masses

of 6.5 TeV (6.4 TeV) and 5.8 TeV (5.7 TeV), respectively. The 36 fb�1 Run-2 exclusion for Z
0
SSM (Zy ) is 4.5 TeV (3.8 TeV),

expected to grow to 5.4 TeV (4.8 TeV) after 300 fb�1 (Fig. 9). Using top-tagging, a Randall–Sundrum Kaluza–Klein gluon
decaying to tt̄ is expected to be excluded (discovered) up to 6.6 TeV (5.7 TeV) extending the 36 fb�1 bounds by over 2 TeV.

Models related to the apparent flavour anomalies in B decays suggest the presence of heavy resonances, either Z
0 or

leptoquarks (LQ), coupling to second and/or third generation SM fermions. The HL-LHC will be able to cover a significant
portion of the parameter space allowed by flavor constraints, with an exclusion reach up to 4 TeV for the Z

0, depending on
the structure and size of the Z

0 couplings. Pair produced scalar LQs coupling to µ (t) and b-quarks, on the other hand, can
be excluded up to masses of 2.5 (1.5) TeV, depending on assumptions on couplings. In Fig. 9 (right) we show the parameter
space of a vector LQ model addressing B decay flavor anomalies (see Section 3.2) that can be covered with dedicated HL-LHC
high-pT searches. Finally, prospect studies for third generation LQ in the tµ and tt channels deliver mass limits (discovery
potential) increased by 500 (400) GeV with respect to 36 fb�1, with discovery prospects in the tµ channel up to 1.7 TeV.

5.4 Long-lived particles
In addition to the significant expansion of expected luminosity, new detector upgrades will enable searches in the long-lived
particle regime. Muons displaced from the beamline, such as found in SUSY models with µ̃ lifetimes of ct > 25 cm, can be
excluded at 95% CL. New fast timing detectors will also be sensitive to displaced photon signatures arising from long lived
particles in the 0.1 < ct < 300 cm range.

Prospect studies for disappearing tracks searches using simplified models of c̃± production lead to exclusions of chargino
masses up to m(c̃±

1 ) = 750 GeV (1100 GeV) for lifetimes of 1 ns for the h̃ (w̃) hypothesis. When considering the lifetime
predicted by theory, h̃ (w̃) masses up to 300 (830) GeV can be excluded. This improves the 36 fb�1 Run 2 mass reach by a
factor of 2-3. The discovery reach is reduced to 160 GeV (h̃) and 500 GeV (w̃), due to the loss in acceptance at low lifetime
(0.2 ns), but sensitivity is expected to be recovered with dedicated optimisations. Results are shown in Fig. 7 (left).

Several studies are available also for long-lived g̃. As an example, we expect a 1 TeV extension of the 36 fb�1 Run 2 mass
reach, for models with g̃ lifetimes t > 0.1 ns, and an exclusion of mg̃ up to 3.4-3.5 TeV. Finally, the signature of long-lived dark
photons decaying to displaced muons can be reconstructed with dedicated algorithms and is sensitive to very small coupling
e2 ⇠ 10�14 for masses of the dark photons between 10 and 35 GeV. Complementarities in long-lived particle searches and
enhancements in sensitivity might be achieved if new proposals for detectors and experiments such as Mathusla, FASER,
Codex-B, MilliQan and LHeC are realized in parallel to the HL-LHC.
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LHC searches are broad-band (here, a “general search” with 704 event classes, 105 bins)
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ATLAS, arXiv:1807.07447 
13 TeV, 3.2 fb-1 
General search

LHC experiments 
explore vast array of 

signatures across 
broad phase-space. 

This search is 
especially reliant on 
theory predictions, 

because it’s so 
general. 

(Other searches often 
have a mix of theory 

and “data-driven” 
background estimates)
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Table 1: A summary of the MC samples used in the analysis to model SM background processes. For each sample the corresponding generator, matrix element
(ME) accuracy, parton shower, cross-section normalization accuracy, PDF set and tune are indicated. Details are given in Appendix A.1. Samples with ‘data’ in
the ‘cross-section normalization’ column are scaled to data as described in Section 3.2.3. Z refers to �⇤/ Z .

Physics process Generator ME accuracy Parton shower Cross-section PDF set Tune
normalization

W (! `⌫) + jets S����� 2.1.1 0,1,2j@NLO + 3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z (! `+`�) + jets S����� 2.1.1 0,1,2j@NLO + 3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z / W (! qq̄) + jets S����� 2.1.1 1,2,3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z / W + � S����� 2.1.1 0,1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Z / W + �� S����� 2.1.1 0,1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
� + jets S����� 2.1.1 0,1,2,3,4j@LO S����� 2.1.1 data NLO CT10 S����� default
�� + jets S����� 2.1.1 0,1,2j@LO S����� 2.1.1 data NLO CT10 S����� default
��� + jets MG5_aMC@NLO 2.3.3 0,1j@LO P����� 8.212 LO NNPDF23LO A14
tt̄ P�����-B�� v2 NLO P����� 6.428 NNLO+NNLL NLO CT10 Perugia 2012
tt̄ +W MG5_aMC@NLO 2.2.2 0,1,2j@LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ + Z MG5_aMC@NLO 2.2.2 0,1j@LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ +WW MG5_aMC@NLO 2.2.2 LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ + � MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
tt̄ + bb̄ S����� 2.2.0 NLO S����� 2.2.0 NLO NLO CT10f4 S����� default
Single-top (t-channel) P�����-B�� v1 NLO P����� 6.428 app. NNLO NLO CT10f4 Perugia 2012
Single-top (s- and Wt-channel) P�����-B�� v2 NLO P����� 6.428 app. NNLO NLO CT10 Perugia 2012
tZ MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
3-top MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
4-top MG5_aMC@NLO 2.2.2 LO P����� 8.186 NLO NNPDF2.3LO A14
WW S����� 2.1.1 0j@NLO + 1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
W Z S����� 2.1.1 0j@NLO + 1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Z Z S����� 2.1.1 0,1j@NLO + 2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Multijets P����� 8.186 LO P����� 8.186 data NNPDF2.3LO A14
Higgs (ggF/VBF) P�����-B�� v2 NLO P����� 8.186 NNLO NLO CT10 AZNLO
Higgs (tt̄H) MG5_aMC@NLO 2.2.2 NLO Herwig++ NNLO NLO CT10 UEEE5
Higgs (W/ZH) P����� 8.186 LO P����� 8.186 NNLO NNPDF2.3LO A14
Tribosons S����� 2.1.1 0,1,2j@LO S����� 2.1.1 NLO NLO CT10 S����� default
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Table 1: A summary of the MC samples used in the analysis to model SM background processes. For each sample the corresponding generator, matrix element
(ME) accuracy, parton shower, cross-section normalization accuracy, PDF set and tune are indicated. Details are given in Appendix A.1. Samples with ‘data’ in
the ‘cross-section normalization’ column are scaled to data as described in Section 3.2.3. Z refers to �⇤/ Z .
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Table 1: A summary of the MC samples used in the analysis to model SM background processes. For each sample the corresponding generator, matrix element
(ME) accuracy, parton shower, cross-section normalization accuracy, PDF set and tune are indicated. Details are given in Appendix A.1. Samples with ‘data’ in
the ‘cross-section normalization’ column are scaled to data as described in Section 3.2.3. Z refers to �⇤/ Z .

Physics process Generator ME accuracy Parton shower Cross-section PDF set Tune
normalization

W (! `⌫) + jets S����� 2.1.1 0,1,2j@NLO + 3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z (! `+`�) + jets S����� 2.1.1 0,1,2j@NLO + 3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z / W (! qq̄) + jets S����� 2.1.1 1,2,3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z / W + � S����� 2.1.1 0,1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Z / W + �� S����� 2.1.1 0,1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
� + jets S����� 2.1.1 0,1,2,3,4j@LO S����� 2.1.1 data NLO CT10 S����� default
�� + jets S����� 2.1.1 0,1,2j@LO S����� 2.1.1 data NLO CT10 S����� default
��� + jets MG5_aMC@NLO 2.3.3 0,1j@LO P����� 8.212 LO NNPDF23LO A14
tt̄ P�����-B�� v2 NLO P����� 6.428 NNLO+NNLL NLO CT10 Perugia 2012
tt̄ +W MG5_aMC@NLO 2.2.2 0,1,2j@LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ + Z MG5_aMC@NLO 2.2.2 0,1j@LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ +WW MG5_aMC@NLO 2.2.2 LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ + � MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
tt̄ + bb̄ S����� 2.2.0 NLO S����� 2.2.0 NLO NLO CT10f4 S����� default
Single-top (t-channel) P�����-B�� v1 NLO P����� 6.428 app. NNLO NLO CT10f4 Perugia 2012
Single-top (s- and Wt-channel) P�����-B�� v2 NLO P����� 6.428 app. NNLO NLO CT10 Perugia 2012
tZ MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
3-top MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
4-top MG5_aMC@NLO 2.2.2 LO P����� 8.186 NLO NNPDF2.3LO A14
WW S����� 2.1.1 0j@NLO + 1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
W Z S����� 2.1.1 0j@NLO + 1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Z Z S����� 2.1.1 0,1j@NLO + 2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Multijets P����� 8.186 LO P����� 8.186 data NNPDF2.3LO A14
Higgs (ggF/VBF) P�����-B�� v2 NLO P����� 8.186 NNLO NLO CT10 AZNLO
Higgs (tt̄H) MG5_aMC@NLO 2.2.2 NLO Herwig++ NNLO NLO CT10 UEEE5
Higgs (W/ZH) P����� 8.186 LO P����� 8.186 NNLO NNPDF2.3LO A14
Tribosons S����� 2.1.1 0,1,2j@LO S����� 2.1.1 NLO NLO CT10 S����� default
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Table 1: A summary of the MC samples used in the analysis to model SM background processes. For each sample the corresponding generator, matrix element
(ME) accuracy, parton shower, cross-section normalization accuracy, PDF set and tune are indicated. Details are given in Appendix A.1. Samples with ‘data’ in
the ‘cross-section normalization’ column are scaled to data as described in Section 3.2.3. Z refers to �⇤/ Z .

Physics process Generator ME accuracy Parton shower Cross-section PDF set Tune
normalization

W (! `⌫) + jets S����� 2.1.1 0,1,2j@NLO + 3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z (! `+`�) + jets S����� 2.1.1 0,1,2j@NLO + 3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z / W (! qq̄) + jets S����� 2.1.1 1,2,3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z / W + � S����� 2.1.1 0,1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Z / W + �� S����� 2.1.1 0,1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
� + jets S����� 2.1.1 0,1,2,3,4j@LO S����� 2.1.1 data NLO CT10 S����� default
�� + jets S����� 2.1.1 0,1,2j@LO S����� 2.1.1 data NLO CT10 S����� default
��� + jets MG5_aMC@NLO 2.3.3 0,1j@LO P����� 8.212 LO NNPDF23LO A14
tt̄ P�����-B�� v2 NLO P����� 6.428 NNLO+NNLL NLO CT10 Perugia 2012
tt̄ +W MG5_aMC@NLO 2.2.2 0,1,2j@LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ + Z MG5_aMC@NLO 2.2.2 0,1j@LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ +WW MG5_aMC@NLO 2.2.2 LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ + � MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
tt̄ + bb̄ S����� 2.2.0 NLO S����� 2.2.0 NLO NLO CT10f4 S����� default
Single-top (t-channel) P�����-B�� v1 NLO P����� 6.428 app. NNLO NLO CT10f4 Perugia 2012
Single-top (s- and Wt-channel) P�����-B�� v2 NLO P����� 6.428 app. NNLO NLO CT10 Perugia 2012
tZ MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
3-top MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
4-top MG5_aMC@NLO 2.2.2 LO P����� 8.186 NLO NNPDF2.3LO A14
WW S����� 2.1.1 0j@NLO + 1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
W Z S����� 2.1.1 0j@NLO + 1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Z Z S����� 2.1.1 0,1j@NLO + 2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Multijets P����� 8.186 LO P����� 8.186 data NNPDF2.3LO A14
Higgs (ggF/VBF) P�����-B�� v2 NLO P����� 8.186 NNLO NLO CT10 AZNLO
Higgs (tt̄H) MG5_aMC@NLO 2.2.2 NLO Herwig++ NNLO NLO CT10 UEEE5
Higgs (W/ZH) P����� 8.186 LO P����� 8.186 NNLO NNPDF2.3LO A14
Tribosons S����� 2.1.1 0,1,2j@LO S����� 2.1.1 NLO NLO CT10 S����� default
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Table 1: A summary of the MC samples used in the analysis to model SM background processes. For each sample the corresponding generator, matrix element
(ME) accuracy, parton shower, cross-section normalization accuracy, PDF set and tune are indicated. Details are given in Appendix A.1. Samples with ‘data’ in
the ‘cross-section normalization’ column are scaled to data as described in Section 3.2.3. Z refers to �⇤/ Z .

Physics process Generator ME accuracy Parton shower Cross-section PDF set Tune
normalization

W (! `⌫) + jets S����� 2.1.1 0,1,2j@NLO + 3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z (! `+`�) + jets S����� 2.1.1 0,1,2j@NLO + 3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z / W (! qq̄) + jets S����� 2.1.1 1,2,3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z / W + � S����� 2.1.1 0,1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Z / W + �� S����� 2.1.1 0,1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
� + jets S����� 2.1.1 0,1,2,3,4j@LO S����� 2.1.1 data NLO CT10 S����� default
�� + jets S����� 2.1.1 0,1,2j@LO S����� 2.1.1 data NLO CT10 S����� default
��� + jets MG5_aMC@NLO 2.3.3 0,1j@LO P����� 8.212 LO NNPDF23LO A14
tt̄ P�����-B�� v2 NLO P����� 6.428 NNLO+NNLL NLO CT10 Perugia 2012
tt̄ +W MG5_aMC@NLO 2.2.2 0,1,2j@LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ + Z MG5_aMC@NLO 2.2.2 0,1j@LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ +WW MG5_aMC@NLO 2.2.2 LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ + � MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
tt̄ + bb̄ S����� 2.2.0 NLO S����� 2.2.0 NLO NLO CT10f4 S����� default
Single-top (t-channel) P�����-B�� v1 NLO P����� 6.428 app. NNLO NLO CT10f4 Perugia 2012
Single-top (s- and Wt-channel) P�����-B�� v2 NLO P����� 6.428 app. NNLO NLO CT10 Perugia 2012
tZ MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
3-top MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
4-top MG5_aMC@NLO 2.2.2 LO P����� 8.186 NLO NNPDF2.3LO A14
WW S����� 2.1.1 0j@NLO + 1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
W Z S����� 2.1.1 0j@NLO + 1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Z Z S����� 2.1.1 0,1j@NLO + 2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Multijets P����� 8.186 LO P����� 8.186 data NNPDF2.3LO A14
Higgs (ggF/VBF) P�����-B�� v2 NLO P����� 8.186 NNLO NLO CT10 AZNLO
Higgs (tt̄H) MG5_aMC@NLO 2.2.2 NLO Herwig++ NNLO NLO CT10 UEEE5
Higgs (W/ZH) P����� 8.186 LO P����� 8.186 NNLO NNPDF2.3LO A14
Tribosons S����� 2.1.1 0,1,2j@LO S����� 2.1.1 NLO NLO CT10 S����� default
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Table 1: A summary of the MC samples used in the analysis to model SM background processes. For each sample the corresponding generator, matrix element
(ME) accuracy, parton shower, cross-section normalization accuracy, PDF set and tune are indicated. Details are given in Appendix A.1. Samples with ‘data’ in
the ‘cross-section normalization’ column are scaled to data as described in Section 3.2.3. Z refers to �⇤/ Z .

Physics process Generator ME accuracy Parton shower Cross-section PDF set Tune
normalization

W (! `⌫) + jets S����� 2.1.1 0,1,2j@NLO + 3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z (! `+`�) + jets S����� 2.1.1 0,1,2j@NLO + 3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z / W (! qq̄) + jets S����� 2.1.1 1,2,3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z / W + � S����� 2.1.1 0,1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Z / W + �� S����� 2.1.1 0,1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
� + jets S����� 2.1.1 0,1,2,3,4j@LO S����� 2.1.1 data NLO CT10 S����� default
�� + jets S����� 2.1.1 0,1,2j@LO S����� 2.1.1 data NLO CT10 S����� default
��� + jets MG5_aMC@NLO 2.3.3 0,1j@LO P����� 8.212 LO NNPDF23LO A14
tt̄ P�����-B�� v2 NLO P����� 6.428 NNLO+NNLL NLO CT10 Perugia 2012
tt̄ +W MG5_aMC@NLO 2.2.2 0,1,2j@LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ + Z MG5_aMC@NLO 2.2.2 0,1j@LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ +WW MG5_aMC@NLO 2.2.2 LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ + � MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
tt̄ + bb̄ S����� 2.2.0 NLO S����� 2.2.0 NLO NLO CT10f4 S����� default
Single-top (t-channel) P�����-B�� v1 NLO P����� 6.428 app. NNLO NLO CT10f4 Perugia 2012
Single-top (s- and Wt-channel) P�����-B�� v2 NLO P����� 6.428 app. NNLO NLO CT10 Perugia 2012
tZ MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
3-top MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
4-top MG5_aMC@NLO 2.2.2 LO P����� 8.186 NLO NNPDF2.3LO A14
WW S����� 2.1.1 0j@NLO + 1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
W Z S����� 2.1.1 0j@NLO + 1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Z Z S����� 2.1.1 0,1j@NLO + 2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Multijets P����� 8.186 LO P����� 8.186 data NNPDF2.3LO A14
Higgs (ggF/VBF) P�����-B�� v2 NLO P����� 8.186 NNLO NLO CT10 AZNLO
Higgs (tt̄H) MG5_aMC@NLO 2.2.2 NLO Herwig++ NNLO NLO CT10 UEEE5
Higgs (W/ZH) P����� 8.186 LO P����� 8.186 NNLO NNPDF2.3LO A14
Tribosons S����� 2.1.1 0,1,2j@LO S����� 2.1.1 NLO NLO CT10 S����� default
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Table 1: A summary of the MC samples used in the analysis to model SM background processes. For each sample the corresponding generator, matrix element
(ME) accuracy, parton shower, cross-section normalization accuracy, PDF set and tune are indicated. Details are given in Appendix A.1. Samples with ‘data’ in
the ‘cross-section normalization’ column are scaled to data as described in Section 3.2.3. Z refers to �⇤/ Z .

Physics process Generator ME accuracy Parton shower Cross-section PDF set Tune
normalization

W (! `⌫) + jets S����� 2.1.1 0,1,2j@NLO + 3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z (! `+`�) + jets S����� 2.1.1 0,1,2j@NLO + 3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z / W (! qq̄) + jets S����� 2.1.1 1,2,3,4j@LO S����� 2.1.1 NNLO NLO CT10 S����� default
Z / W + � S����� 2.1.1 0,1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Z / W + �� S����� 2.1.1 0,1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
� + jets S����� 2.1.1 0,1,2,3,4j@LO S����� 2.1.1 data NLO CT10 S����� default
�� + jets S����� 2.1.1 0,1,2j@LO S����� 2.1.1 data NLO CT10 S����� default
��� + jets MG5_aMC@NLO 2.3.3 0,1j@LO P����� 8.212 LO NNPDF23LO A14
tt̄ P�����-B�� v2 NLO P����� 6.428 NNLO+NNLL NLO CT10 Perugia 2012
tt̄ +W MG5_aMC@NLO 2.2.2 0,1,2j@LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ + Z MG5_aMC@NLO 2.2.2 0,1j@LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ +WW MG5_aMC@NLO 2.2.2 LO P����� 8.186 NLO NNPDF2.3LO A14
tt̄ + � MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
tt̄ + bb̄ S����� 2.2.0 NLO S����� 2.2.0 NLO NLO CT10f4 S����� default
Single-top (t-channel) P�����-B�� v1 NLO P����� 6.428 app. NNLO NLO CT10f4 Perugia 2012
Single-top (s- and Wt-channel) P�����-B�� v2 NLO P����� 6.428 app. NNLO NLO CT10 Perugia 2012
tZ MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
3-top MG5_aMC@NLO 2.2.2 LO P����� 8.186 LO NNPDF2.3LO A14
4-top MG5_aMC@NLO 2.2.2 LO P����� 8.186 NLO NNPDF2.3LO A14
WW S����� 2.1.1 0j@NLO + 1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
W Z S����� 2.1.1 0j@NLO + 1,2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Z Z S����� 2.1.1 0,1j@NLO + 2,3j@LO S����� 2.1.1 NLO NLO CT10 S����� default
Multijets P����� 8.186 LO P����� 8.186 data NNPDF2.3LO A14
Higgs (ggF/VBF) P�����-B�� v2 NLO P����� 8.186 NNLO NLO CT10 AZNLO
Higgs (tt̄H) MG5_aMC@NLO 2.2.2 NLO Herwig++ NNLO NLO CT10 UEEE5
Higgs (W/ZH) P����� 8.186 LO P����� 8.186 NNLO NNPDF2.3LO A14
Tribosons S����� 2.1.1 0,1,2j@LO S����� 2.1.1 NLO NLO CT10 S����� default

11

The sets of 
amplitudes 

being used at 
the hard scale

the parton 
shower  

(from hard 
scale down to 

GeV scale)

non-perturbative 
physics: 
proton structure 
(PDFs) and 
hadronisation 
models etc.theory (hadron-level + detector sim) compared to data

The matching 
between 

amplitudes and 
parton shower



Amplitudes 2020 (Zoom@Brown)Gavin P. Salam

stages of an amplitude

30

too hard to calculate
one phase-space point 

known  
(maybe not physical) 

hundreds of phase-
space points known 

(can be used with 
interpolation, etc.)

can be called as a 
normal C++ function, 

but slow/unstable  

can be called as a 
normal C++ function, 

public code, fast, 
problem-free 

known in principle  
analytically (but no 
explicit numbers)

Each stage brings important value.  
For broad experimental use at the LHC,  

we need to get to the last one (+ parton-shower matching etc.)

alternative: numerical route



Amplitudes 2020 (Zoom@Brown)Gavin P. Salam

stages of an amplitude

30

too hard to calculate
one phase-space point 

known  
(maybe not physical) 

hundreds of phase-
space points known 

(can be used with 
interpolation, etc.)

can be called as a 
normal C++ function, 

but slow/unstable  

can be called as a 
normal C++ function, 

public code, fast, 
problem-free 

known in principle  
analytically (but no 
explicit numbers)

Each stage brings important value.  
For broad experimental use at the LHC,  
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alternative: numerical route

The amplitudes alone are not enough,  
but need to be supplemented with 

1) subtraction/slicing schemes 
2) parton distribution functions (to same order) 

3) splitting functions (to same order) 
4) merging/matching with parton showers 

(to get hadron-level predictions)
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Why do you need parton showers etc.?
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Factorization & parton distributions[PDFs]

Cross section for some hard
process in hadron-hadron
collisions
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I Total X-section is factorized into a ‘hard part’ �̂(x1p1, x2p2, µ2) and
‘normalization’ from parton distribution functions (PDF).

I Measure total cross section $ need to know PDFs to be able to test
hard part (e.g. Higgs electroweak couplings).

I Picture seems intuitive, but
I how can we determine the PDFs? NB: non-perturbative
I does picture really stand up to QCD corrections?

Gavin Salam (CERN) QCD basics 3 2 / 32

For infrared and collinear safe observables, you can 
ignore most of the physics between hard scale Q and ΛQCD

The physics at intermediate and low scales is higher-order or higher twist in “proper” 
observables, i.e. numerically subdominant. 

But detector effects can have up to O(1) impact, and to understand those effects you 
need full hadron-level description of collider events (i.e. not infrared-collinear safe).

amplitudes +  
subtraction / 

slicing

perturbative 
expansion at  

hard scale μ~Q

proton structure 
(PDFs)

non-perturbative 
(higher-twist) 

effects
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This is where we measure SM 
parameters (e.g. top-quark mass), learn 
about basic non-perturbative inputs 
(parton distribution functions — PDFs) 
and test many of our methods 

[it’s also one of many places where we 
validate the SM and look for deviations]

Standard-model  
physics  

(QCD & electroweak)

100 MeV ‒ 4 TeV

SM measurements



Z-boson transverse momentum 

➤ “unfolded” measurement, i.e. as if 
experiments could directly measure the 
electrons and muons from Z decay.  

➤ The observable is infrared and collinear 
safe (i.e. finite in perturbation theory) 

➤ < 1% uncertainties in the data 

➤ ~2% uncertainty on theory, thanks to 
past 5-years’ advances in fixed-order 
predictions (Z+jet @ NNLO) and 
resummation (N3LL) 

➤ agreement is very good
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Figure 10. Comparison of the normalised transverse momentum distribution for Drell-Yan pair production
at NNLO (green), NNLL+NLO (blue) and N3LL+NNLO (red) at

p
s = 8 TeV integrated over the full

lepton-pair rapidity range (0 < |Y``| < 2.4), in three different lepton-pair invariant-mass windows. For
reference, the ATLAS data is also shown, and the lower panel shows the ratio of each prediction to data.

In Figure 11 we focus our analysis on the central lepton-pair invariant-mass window defined in
Eq. (6.2) and show predictions for the normalised p

Z
t

distribution in six different lepton-pair rapidity
slices:

(a) 0.0 < |Y``| < 0.4, (b) 0.4 < |Y``| < 0.8, (c) 0.8 < |Y``| < 1.2,

(d) 1.2 < |Y``| < 1.6, (e) 1.6 < |Y``| < 2.0, (f) 2.0 < |Y``| < 2.4. (6.3)

The comments relevant to Figure 10 by far and large apply in this case as well, with our
best prediction at N3LL+NNLO affected by an uncertainty that is of order 3–5% in the whole p

Z
t

range, regardless of the considered rapidity slice. It is moreover in very good agreement with the
experimental data, hence significantly improving on both the NNLL+NLO, in the whole p

Z
t

range,
and the pure NNLO, in the p

Z
t
. 20 GeV region.

6.2 Matched predictions for fiducial �
⇤
⌘

distributions

Figure 12 shows the �⇤
⌘

distribution for three different lepton-pair invariant-mass windows as defined
in Eq. (6.2).

– 20 –

Bizon et al, 
arXiv:1805.05916

Key demonstration that 
LHC data & theory can 

successfully achieve high 
precisionNB: two-loop amplitudes date to ~2002



Amplitudes 2020 (Zoom@Brown)Gavin P. Salam

First full 2→3 NNLO calculation: for pp→γγγ + X
➤ Chawdhry, Czakon, Mitov & 

Poncelet, arXiv:1911.00479
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Figure 2. pT distribution of the hardest photon �1 (left), �2 (center) and the softest one �3 (right). Top
plot shows the absolute distribution at NNLO (red), NLO (blue) and LO (green) versus ATLAS data
(black). Middle plot shows same distributions but normalized to the NLO. Bottom plot shows central
NNLO predictions for 6 di↵erent scale choices (only the central scale is shown) with respect to the
default choice µ0 = HT /4. The bands represent the 7-point scale variations about the corresponding
central scales.

Figure 3. As in fig. 2 but for the ��(�i, �j) distributions.

Figure 4. As in fig. 2 but for the |�⌘(�i, �j)| distributions.

– 9 –
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Drell-Yan at N3LO (Duhr, Dulat & Mistlberger, 2001.07717)
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FIG. 2 The cross section as a function of the invariant mass Q2 of the lepton pair for small (left) and large (right)
values of Q.

of this section we present our results for the cross section
as a function of the invariant mass of the lepton pair, and
we discuss the sources of uncertainty that a↵ect it.

Tab. I contains numerical values for the QCD K-factor,
i.e., the ratio of the N3LO cross section over the NNLO
cross section. We observe that for all values of the invari-
ant mass Q considered, the cross section receives negative
corrections at the percent level at LHC center-of-mass
energies. We include numerical estimates of the size of
the three uncertainties discussed. The central values and
scale variation bands for the K-factor are obtained with
the zeroth member of the PDF4LHC15 nnlo mc set. We
define

KN
3
LO

QCD
=

�(3)(µf = µr = Q)

�(2)(µf = µr = Q)
,

�(X) =
�X(�(3))

�(3)(µf = µr = Q)
,

(2)

where �(n)(µf = µr = Q) is the hadronic cross section
including perturbative corrections up to nth order evalu-
ated for µF = µR = Q and �X(�(n)) is the absolute un-
certainty of the cross section from source X as described
below.

Q/GeV KN
3
LO

QCD �(scale) �(PDF+↵S) �(PDF-TH)

30 0.952 +1.5%
�2.5% ±4.1% ±2.7%

50 0.966 +1.1%
�1.6% ±3.2% ±2.5%

70 0.973 +0.89%
�1.1% ±2.7% ±2.4%

90 0.978 +0.75%
�0.89% ±2.5% ±2.4%

110 0.981 +0.65%
�0.73% ±2.3% ±2.3%

130 0.983 +0.57%
�0.63% ±2.2% ±2.2%

150 0.985 +0.50%
�0.54% ±2.2% ±2.2%

TABLE I Numerical predictions for the QCD
K-factor at N3LO.

Let us now analyse the two sources of uncertainty re-
lated to the PDFs (PDF+↵S an PDF-TH) and the de-
pendence of the cross section on the renormalisation and
factorisation scales. Fig. 1 displays the impact of our im-
precise knowledge of parton distribution functions and
the strong coupling constant on our abilities to predict
the DY cross section. The PDFs and the strong coupling

constant cannot be computed from first principle but
they need to be extracted from measurements. In order
to study the PDF+↵s uncertainties we use the Monte-
Carlo replica method following the PDF4LHC recom-
mendation [68]. In addition, we study the uncertainty
reflecting the fact that currently there are no N3LO PDF
sets available. The estimate of this uncertainty was ob-
tained following the recipe introduced in Ref. [16]. As
shown in Fig. 1 each of the two uncertainties is of the
order of ±2% over the whole range of invariant masses
considered.

Fig. 2 shows the value of the NLO, NNLO and N3LO
cross sections normalised to the central N3LO value as
a function of the invariant mass Q2 of the lepton pair.
The bands indicate the dependence of the cross section
at di↵erent orders on the choice of the renormalisation
and factorisation scales. We choose Q as a central scale
and increase and decrease both scales independently by
a factor of two with respect to the central scale while
maintaining 1

2
 µR/µF  2. We observe that at N3LO

the cross section depends only very mildly on the choice
of the scale. In particular, for small and very large invari-
ant masses the dependence on the scale is substantially
reduced by inclusion of N3LO corrections compared to
NNLO. Remarkably, however, we find that for invariant
masses 50 GeV . Q . 400 GeV, the bands obtained by
varying the renormalisation and factorisation scales at
NNLO and N3LO do not overlap for the choice of the
central scale Q that is conventionally chosen in the liter-
ature. This is in stark contrast to the case of the N3LO
corrections to the inclusive cross section for Higgs pro-
duction in gluon and bottom-quark fusion [15, 17, 18],
where the band obtained at N3LO was always strictly
contained in the NNLO band (for reasonable choices of
the central scales). We note that this behaviour does not
depend on our choice of the central scale, but we observe
the same behaviour when the central scale is chosen as
Q/2. Since this is a new feature which has not been ob-
served so far for inclusive N3LO cross section, we analyse
it in some detail.

Fig. 3 shows the dependence of the cross section for
an invariant mass Q = 100 GeV on one scale with the
other held fixed at the central scale Q = 100 GeV. The
bands are again obtained by varying the scale by a factor
of two up and down around the central scale. We see



Higgs physics
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Higgs physics

125 GeV ‒ 500 GeV
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the Standard Model is not complete

37

particles



Amplitudes 2020 (Zoom@Brown)Gavin P. Salam

the Standard Model is not complete

37

particles

+
interactions
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https://www.piqsels.com/en/public-domain-photo-fqrgz https://commons.wikimedia.org/wiki/File:LEGO_Expert_Builder_948_Go-Kart.jpg, CC-BY-SA-4.0

particles particles + interactions

https://www.piqsels.com/en/public-domain-photo-fqrgz
https://commons.wikimedia.org/wiki/File:LEGO_Expert_Builder_948_Go-Kart.jpg
https://commons.wikimedia.org/wiki/Category:CC-BY-SA-4.0
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Some interactions extensively tested

Many parts of the gauge 
sector have been tested 
to high accuracy (e.g. 
QED) 



Higgs sector

40

until 7 years ago none of these 
terms had ever been directly 

observed.
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Up quarks (mass ~ 2.2 MeV) are lighter than  
down quarks (mass ~ 4.7 MeV) 

proton        (up+up+down): 2.2 + 2.2 + 4.7 + … = 938.3 MeV 
neutron (up+down+down): 2.2 + 4.7 + 4.7 + … = 939.6 MeV 

So protons are lighter than neutrons,  
→ protons are stable.  

 
Which gives us the hydrogen atom,  

& chemistry and biology as we know it
41

neutron  
mass = 939.6MeV

proton  
mass = 938.3MeV

u u
d

u d
d

Why do Yukawa couplings matter?  
(1) Because, within SM conjecture, they’re what give masses to all quarks



major news of past 2 years: ATLAS & CMS see events with top-quarks & Higgs simultaneously
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Figure 2: (a) Invariant mass distributions (circles) of simulated H ! �� events reconstructed in two categories
with one of the best (“ggH 0J Cen”: open circles) and one of the worst (“ggH 0J Fwd”: solid circles) experimental
resolutions. The signal model derived from a fit of the simulated events is superimposed (solid lines). (b) Diphoton
invariant mass distribution of all selected data events, overlaid with the result of the fit (solid red line). Both for data
and for the fit, each category is weighted by a factor ln(1+ S/B), where S and B are the fitted signal and background
yields in a m�� interval containing 90% of the expected signal. The dotted line describes the background component
of the model. The bottom inset shows the di�erence between the sum of weights and the background component of
the fitted model (dots), compared with the signal model (black line).

the SM values multiplied by a signal modifier for each production mode: µggF, µVBF, µVH and µt t̄H .
The expected yield for mH = 125 GeV varies between about one event in categories sensitive to rare
production modes (tt̄H, tH) to almost 500 events in the most populated event category (“ggH 0J Fwd”).

The background invariant mass distribution of each category is parameterised with an empirical continuous
function of the diphoton system invariant mass value. The parameters of these functions are fitted directly
to data. The functional form used to describe the background in each category is chosen among several
alternatives according to the three criteria described in Ref. [24]: (i) the fitted signal yield in a test sample
representative of the data background, built by combining simulation and control regions in data, must be
minimised; (ii) the �2 probability for the fit of this background control sample must be larger than a certain
threshold; (iii) the quality of the fit to data sidebands must not improve significantly when adding an extra
degree of freedom to the model. The models selected by this procedure are exponential or power-law
functions with one degree of freedom for the categories with few events, while exponential functions of a
second-order polynomial are used for the others.

From the extrapolation of a background-only fit to the sidebands of the m�� distribution in data, excluding
events with 121 GeV < m�� < 129 GeV, the expected signal-to-background ratio in a m�� window
containing 90% of the signal distribution for mH = 125 GeV varies between 2% in the “ggH 0J Fwd”
category and 100% in a high-purity, low-yield (about 12 events) category targeting H+2jet, VBF-like
events with low transverse momentum of the H+2jet system.

12

Jelena Jovicevic - LHCP 2018, Bologna, Italy

ttH̄(γγ) results

 24

Significance: 4.1 σ (expected 3.7 σ)

Dominant uncertainties
• Statistical (~29%);

• t tH̄ parton shower model (8%);

• photon isolation, energy resolution 
& scale (8%); 

• Jet energy scale & resolution (6%);

Background estimation and signal extraction performed by simultaneous 
unbinned fit of mγγ spectra (105-160 GeV) in all 7 categories.

• Higgs signal parametrisation: double-sided Crystal Ball function;

• Continuous background parametrisation: smooth function (power-law or exponential)
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in events with top quarks

enhanced fraction of Higgs bosons in events with top quarks 
→ direct observation of Higgs interaction with tops 

(consistent with SM to c. ±20%)
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metric for success going forwards [one possible view]
➤ Long term (≡ new colliders):  

can we observe Higgs self coupling?  
I.e. get an experimental window on the Higgs potential, which underpins the rest of 
the SM 

➤ Medium term:  
evolve today’s c. 10-20% constraints on Higgs sector towards accuracy 
(we wouldn’t consider QED established if it had only been tested to 10%) 

➤ Bonuses:  
maximise our sensitivity to new physics at colliders and smaller experiments, 
(what form it takes and whether it’s even accessible is in Nature’s hands, not ours)

43
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e.g. CMS 1804.02610 on ttH (~80 fb-1)

➤ overall on ttH, theory systematics are about the same as statistical and experimental 
systematics 

➤ statistical error has potential to go down by  at the HL-LHC (factor ~40 in data) 

➤ useless if theory doesn’t keep up. 

➤ both signals and backgrounds matter

× 6

44
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Table 1: Best fit value, with its uncertainty, of the ttH signal strength modifier µttH, for the five
individual decay channels considered, the combined result for 7+8 TeV alone and for 13 TeV
alone, and the overall combined result. The total uncertainties are decomposed into their sta-
tistical (Stat), experimental systematic (Expt), background theory systematic (Thbgd), and sig-
nal theory systematic (Thsig) components. The numbers in parentheses are those expected for
µttH = 1.

Uncertainty
Parameter Best fit Stat Expt Thbgd Thsig

µWW⇤

ttH
1.97+0.71

�0.64
+0.42
�0.41

+0.46
�0.42

+0.21
�0.21

+0.25
�0.12⇣

+0.57
�0.54

⌘ ⇣
+0.39
�0.38

⌘ ⇣
+0.36
�0.34

⌘ ⇣
+0.17
�0.17

⌘ ⇣
+0.12
�0.03

⌘

µZZ⇤

ttH
0.00+1.30

�0.00
+1.28
�0.00

+0.20
�0.00

+0.04
�0.00

+0.09
�0.00⇣

+2.89
�0.99

⌘ ⇣
+2.82
�0.99

⌘ ⇣
+0.51
�0.00

⌘ ⇣
+0.15
�0.00

⌘ ⇣
+0.27
�0.00

⌘

µgg
ttH

2.27+0.86
�0.74

+0.80
�0.72

+0.15
�0.09

+0.02
�0.01

+0.29
�0.13⇣

+0.73
�0.64

⌘ ⇣
+0.71
�0.64

⌘ ⇣
+0.09
�0.04

⌘ ⇣
+0.01
�0.00

⌘ ⇣
+0.13
�0.05

⌘

µt+t�

ttH
0.28+1.09

�0.96
+0.86
�0.77

+0.64
�0.53

+0.10
�0.09

+0.20
�0.19⇣

+1.00
�0.89

⌘ ⇣
+0.83
�0.76

⌘ ⇣
+0.54
�0.47

⌘ ⇣
+0.09
�0.08

⌘ ⇣
+0.14
�0.01

⌘

µbb
ttH

0.82+0.44
�0.42

+0.23
�0.23

+0.24
�0.23

+0.27
�0.27

+0.11
�0.03⇣

+0.44
�0.42

⌘ ⇣
+0.23
�0.22

⌘ ⇣
+0.24
�0.23

⌘ ⇣
+0.26
�0.27

⌘ ⇣
+0.11
�0.04

⌘

µ7+8 TeV
ttH

2.59+1.01
�0.88

+0.54
�0.53

+0.53
�0.49

+0.55
�0.49

+0.37
�0.13⇣

+0.87
�0.79

⌘ ⇣
+0.51
�0.49

⌘ ⇣
+0.48
�0.44

⌘ ⇣
+0.50
�0.44

⌘ ⇣
+0.14
�0.02

⌘

µ13 TeV
ttH

1.14+0.31
�0.27

+0.17
�0.16

+0.17
�0.17

+0.13
�0.12

+0.14
�0.06⇣

+0.29
�0.26

⌘ ⇣
+0.16
�0.16

⌘ ⇣
+0.17
�0.16

⌘ ⇣
+0.13
�0.12

⌘ ⇣
+0.11
�0.05

⌘

µttH
1.26+0.31

�0.26
+0.16
�0.16

+0.17
�0.15

+0.14
�0.13

+0.15
�0.07⇣

+0.28
�0.25

⌘ ⇣
+0.15
�0.15

⌘ ⇣
+0.16
�0.15

⌘ ⇣
+0.13
�0.12

⌘ ⇣
+0.11
�0.05

⌘

five decay channels considered, are shown in the upper section of Fig. 2 along with their 1
and 2 standard deviation confidence intervals obtained in the asymptotic approximation [44].
Numerical values are given in Table 1. The individual measurements are seen to be consistent
with each other within the uncertainties.

We also perform a combined fit, using a single signal strength modifier µttH, that simultane-
ously scales the ttH production cross sections of the five decay channels considered, with all
Higgs boson branching fractions fixed to their SM values [35]. Besides the five decay modes
considered, the signal normalizations for the Higgs boson decay modes to gluons, charm
quarks, and Zg, which are subleading and cannot be constrained with existing data, are scaled
by µttH. The results combining the decay modes at 7+8 TeV, and separately at 13 TeV, are shown
in the middle section of Fig. 2. The overall result, combining all decay modes and all CM ener-
gies, is shown in the lower section, with numerical values given in Table 1. Table 1 includes a
breakdown of the total uncertainties into their statistical and systematic components. The over-
all result is µttH = 1.26 +0.31

�0.26, which agrees with the SM expectation µttH = 1 within 1 standard
deviation.
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Table 1: Best fit value, with its uncertainty, of the ttH signal strength modifier µttH, for the five
individual decay channels considered, the combined result for 7+8 TeV alone and for 13 TeV
alone, and the overall combined result. The total uncertainties are decomposed into their sta-
tistical (Stat), experimental systematic (Expt), background theory systematic (Thbgd), and sig-
nal theory systematic (Thsig) components. The numbers in parentheses are those expected for
µttH = 1.

Uncertainty
Parameter Best fit Stat Expt Thbgd Thsig

µWW⇤

ttH
1.97+0.71

�0.64
+0.42
�0.41

+0.46
�0.42

+0.21
�0.21

+0.25
�0.12⇣

+0.57
�0.54

⌘ ⇣
+0.39
�0.38

⌘ ⇣
+0.36
�0.34

⌘ ⇣
+0.17
�0.17

⌘ ⇣
+0.12
�0.03

⌘

µZZ⇤

ttH
0.00+1.30

�0.00
+1.28
�0.00

+0.20
�0.00

+0.04
�0.00

+0.09
�0.00⇣

+2.89
�0.99

⌘ ⇣
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five decay channels considered, are shown in the upper section of Fig. 2 along with their 1
and 2 standard deviation confidence intervals obtained in the asymptotic approximation [44].
Numerical values are given in Table 1. The individual measurements are seen to be consistent
with each other within the uncertainties.

We also perform a combined fit, using a single signal strength modifier µttH, that simultane-
ously scales the ttH production cross sections of the five decay channels considered, with all
Higgs boson branching fractions fixed to their SM values [35]. Besides the five decay modes
considered, the signal normalizations for the Higgs boson decay modes to gluons, charm
quarks, and Zg, which are subleading and cannot be constrained with existing data, are scaled
by µttH. The results combining the decay modes at 7+8 TeV, and separately at 13 TeV, are shown
in the middle section of Fig. 2. The overall result, combining all decay modes and all CM ener-
gies, is shown in the lower section, with numerical values given in Table 1. Table 1 includes a
breakdown of the total uncertainties into their statistical and systematic components. The over-
all result is µttH = 1.26 +0.31

�0.26, which agrees with the SM expectation µttH = 1 within 1 standard
deviation.
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Table 1: Best fit value, with its uncertainty, of the ttH signal strength modifier µttH, for the five
individual decay channels considered, the combined result for 7+8 TeV alone and for 13 TeV
alone, and the overall combined result. The total uncertainties are decomposed into their sta-
tistical (Stat), experimental systematic (Expt), background theory systematic (Thbgd), and sig-
nal theory systematic (Thsig) components. The numbers in parentheses are those expected for
µttH = 1.
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five decay channels considered, are shown in the upper section of Fig. 2 along with their 1
and 2 standard deviation confidence intervals obtained in the asymptotic approximation [44].
Numerical values are given in Table 1. The individual measurements are seen to be consistent
with each other within the uncertainties.

We also perform a combined fit, using a single signal strength modifier µttH, that simultane-
ously scales the ttH production cross sections of the five decay channels considered, with all
Higgs boson branching fractions fixed to their SM values [35]. Besides the five decay modes
considered, the signal normalizations for the Higgs boson decay modes to gluons, charm
quarks, and Zg, which are subleading and cannot be constrained with existing data, are scaled
by µttH. The results combining the decay modes at 7+8 TeV, and separately at 13 TeV, are shown
in the middle section of Fig. 2. The overall result, combining all decay modes and all CM ener-
gies, is shown in the lower section, with numerical values given in Table 1. Table 1 includes a
breakdown of the total uncertainties into their statistical and systematic components. The over-
all result is µttH = 1.26 +0.31

�0.26, which agrees with the SM expectation µttH = 1 within 1 standard
deviation.
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LHC – FROM 5 SIGMA TO DIFFERENTIAL IN 360 WEEKS

Run1 CMS-ATLAS combination

ZPW 2020 - SMEFT Run 2 A. DAVID (CERN)

Some Run 2 milestones:
 Observation of H→ττ, H→bb, and ttH.
 Reaching SM-level limits on H→µµ.

July 2012

Andre David 
@ZPW

+ theory calculations from many people in this zoom
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EFT approach

Well-defined theoretical approach 
Assumes New Physics states are heavy

Write Effective Lagrangian with only light (SM) particles
BSM effects can be incorporated as a momentum expansion

L = LSM +
X ci

⇤2
O

d=6
i +

X ci
⇤4

O
d=8
i + . . .

dimension-6 dimension-8

BSM effects SM particles

example: 

c̄W =
m2

W (2 �̃3 + �̃4)

192⇡2 µ̃2
2

ig

2m2
W

c̄W
⇥
�†T2k

 !
D µ�

⇤
D⌫W

k,µ⌫

where

H1

H
†
1

H2

Vµ

V⌫

2HDM

EFT (expressive formulation of constraints) or not?

➤ First observe a given channel, e.g. H →  

➤ Once you’ve observed it, if it agrees roughly (±20%) with SM, then consider going 
to EFT  

➤ if you’ve not observed it, e.g. charm Yukawa, Higgs self coupling, then use of EFT is 
more debatable 

bb̄

46

establish 
SM first

then use (lack of) any deviations to 
(constrain) characterise new physics
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What mass reach do we gain from indirect probes (EFT-style)?
➤ We have ~  increase in luminosity from today to end of HL-LHC 

➤ Statistical precision can go up by  

➤ For dimension-6 operator  dimension-4 operator, probing a scale  for new 
physics, effects go as  

➤ Increase in  to which we’re sensitive will be  

This is better improvement than direct searches at the high end of LHC mass 
reach, comparable for low end.

× 20

× 20 ≃ 4.5

× Λ
1/Λ2

Λ × 4.5 ≃ 2.1

47
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top-quark physics

170 GeV ‒ O(TeV)

Higgs physics

125 GeV ‒ 500 GeV

these two sectors are 
intimately connected with each 

other
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Top-Higgs interplay in HH
Future prospects for Higgs self-coupling:

Degeneracy with Yukawa and contact ggH operators worsens HHH sensitivity 

Di Vita et al. arXiv:1704.01953 and HH white paper 

Eleni 
Vryonidou 
@ ZPW
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C1: kinematic dependence

Contributions to ttH and HV processes can be 
seen as induced by a Yukawa potential, giving a 
Sommerfeld enhancement at the threshold. 

H

H

V

V

H

H

V

V

Figure 2: Structure of the �SM
3

-dependent part inM
1

�
SM
3

for processes involv-

ing massive vector bosons in the final or in the intermediate states (VBF,
HV and H ! V V

⇤
! 4f).

H

t

g

g

t

H

t

g

g

t

H

t

g

g

t

Figure 3: Sample of �SM
3

-dependent diagrams in tt̄H production.

the fermions in the final state. The same applies toH ! WW
⇤
! 4f . In the

case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M

1

�
SM
3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due

12
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Fig. 5 Effect of O(λ3) correction in t t̄ H at 13 TeV LHC. Upper panel: normalized distributions at LO (red) and at O(λ3) (blue). Lower panel: C1
at the differential (green) and inclusive (blue) level

the unitary gauge. Having understood this point, the calcula-
tion is straightforward and can be performed automatically
in the Feynman gauge.

In our results we include both t H j and t̄ H j channels and
we do not apply cuts on the jet, since the result is infrared
finite. We find the C1 for the total cross section is about
0.91%. In Fig. 6, we showC1 for kinematic distributions such
as pT (H), pT (t), m(t H) and m(t H j). We note that unlike
the other variables pT (t) does not decrease monotonically as
we move from low to high pT values. Near threshold m(t H)

displays a quite impressive difference in shape.

3.5 H → 4"

The Higgs decay into four fermions is the only Higgs decay
channel with non-trivial final-state kinematics. Moreover, it
is the only one where a priori alsoC1 can have a shape depen-
dence. Indeed, all the other decays correspond to a 1 → 2
process, and since the H boson is a scalar, there is not a
preferred direction in its reference frame. In the previous

study [39] the C1 for H → Z Z∗ decay was calculated to be
0.83%. Although the full off-shell configuration was taken
into account, possible angles between the decay products
were not analyzed. Using the form-factor code mentioned
above we calculate C1 for H → e+e−µ+µ− channel. We
analyzedC1 for many observables involving the four leptons,
but we found that it has in general almost no kinematic depen-
dence. As an example, in Fig. 7, we display C1 for leading
and subleading lepton pair invariant masses. Since the Higgs
boson interactions with the final-state fermions are negligi-
ble, this result can be extended to all the other decays into
four leptons and in general into four fermions.

4 Anomalous trilinear effects and the NLO electroweak
corrections

The set of one-loop corrections to single Higgs production
and decays involving the trilinear Higgs self-coupling is

123
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Fig. 4 Effect of O(λ3) correction in WH at 13 TeV LHC. Upper panel: normalized distributions at LO (red) and at O(λ3) (blue). Lower panel:
C1 at the differential (green) and inclusive (blue) level

single top is a particularly rich and interesting process, espe-
cially in searching for observables sensitive to relative phases
among the Higgs couplings to fermions and bosons [64–67].
Naively, one would expect this process to have a sensitivity
to the trilinear one between that of VBF and t t̄ H ; the t H j
process features a top quark in the final state as well as W
boson(s) in the propagators. The contribution of one-loop
diagrams featuring the Higgs self-coupling to this process
has not been considered in Ref. [39] for two major reasons.
The first one was of phenomenological nature: in the SM
this process is barely observable at the Run II of the LHC.
The second one is of a technical nature: the calculation needs
a careful check of EW gauge invariance and UV finiteness,
since a few subtleties, which are not present for the other
processes discussed in this work, arise. We describe them in
the following.

Similar to the case of the H → γ γ decay [38,39], Gold-
stone bosons appear in the Feynman diagrams contributing
to the LO. Thus, HGG and HHGG interactions are present
in one-loop EW corrections. While the former is not modi-

fied by (#†#)n effective operators, the latter is indeed mod-
ified [38,39]. The calculation can be consistently performed
in two different ways: either directly eliminating Goldstone
bosons by employing the unitary gauge, as also done for
other quantities in Refs. [39,42], or keeping track of HHGG
effects in the intermediate calculation steps, as we explain in
the following and as we actually will do in our calculation.

In a generic gauge, the on-shell renormalization of the
EW sector [68] involves the counterterm for the Goldstone
self-energy, which depends on the Higgs tadpole counter
term δt , which in turn depends on the trilinear coupling λ3.
Therefore, if we only modify the value of λ3, the Goldstone
self-energy counterterm receives a UV-divergent contribu-
tion proportional to (κ3 − 1), which is not cancelled by any
divergence from loop diagrams. Instead, if we consistently
take into account the modification of the HHGG vertex,
loop diagrams featuring a seagull in the G propagator are
also present; they exactly cancel the UV-divergent contribu-
tion proportional to (κ3 − 1) in the Goldstone self-energy
counter term, leading to the same result one would obtain in

123

Maltoni, DP, Shivaji, Zhao ’17

complementary to 
direct searches for HH 

Davide Pagani 
@ ZPW
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First experimental projections

!33
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Figure 6: The expected differential ttH + tH cross sections times branching ratio, along with
their respective uncertainties, in bins of p

H
T . These are for the fiducial region of phase space

defined in the bottom left of the plot. The error bars on the black points include the statistical
uncertainty, the experimental systematic uncertainties and the theoretical uncertainties related
to the ggH and VH yields. The theoretical uncertainties in the inclusive ttH + tH cross section
and those effecting the shape of the ttH + tH p
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spectrum, originating from the uncertainty in

the QCD scales, are shown by the shaded yellow regions. Contributions from the individual
hadronic and leptonic channels are shown in red and purple respectively. The cross section
for the p

H
T = [350,•] GeV bin is scaled by the width of the previous bin. Additionally, the

expected differential ttH + tH cross sections for anomalous values of the Higgs boson self-
coupling (kl = 10 and kl = -5) are shown by the horizontal dashed lines.
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theoretical systematic uncertainties in the Higgs boson production yields. Additionally, the
contributions from the hadronic and leptonic channels have been separated, shown in red and
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References 21

λκ
10− 5− 0 5 10 15

H
µ

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 ln
 L

∆
-2

 

2

4

6

8

10

12

14

Simulation Preliminary CMS Phase-2 TeV)  (14-13 ab

SM
68% CL
95% CL

Figure 8: Results of the two-dimensional likelihood scan in kl-vs-µH, where µH allows all Higgs
boson production modes to scale relative to the SM prediction. The 68% and 95% confidence
level contours are shown by the solid and dashed lines respectively. The SM expectation is
shown by the black cross.
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Figure 8: Results of the two-dimensional likelihood scan in kl-vs-µH, where µH allows all Higgs
boson production modes to scale relative to the SM prediction. The 68% and 95% confidence
level contours are shown by the solid and dashed lines respectively. The SM expectation is
shown by the black cross.

Only ttH+tH with H—>γγ. 

Differential information is used. 
Including a free parameter for the 
global rescaling, bounds are not 
dramatically changed!

Available on the CERN CDS information server CMS PAS FTR-18-020

CMS Physics Analysis Summary

Contact: cms-phys-conveners-ftr@cern.ch 2018/11/19

Constraints on the Higgs boson self-coupling from ttH+tH,
H ! gg differential measurements at the HL-LHC

The CMS Collaboration

Abstract

This note details a study of prospects for ttH+tH, H ! gg differential cross section
measurements at the HL-LHC with the CMS Phase-2 detector. The study is performed
using simulated proton-proton collisions at a centre-of-mass energy of

p
s = 14 TeV,

corresponding to 3 ab�1 of data. The expected performance of the upgraded CMS
detector is used to model the object reconstruction efficiencies under HL-LHC con-
ditions. The results are interpreted in terms of the expected sensitivity to deviations
of the Higgs boson self-coupling, kl, from beyond standard model effects. Using the
HL-LHC data, the precision expected in ttH+tH, H ! gg differential cross section
measurements will constrain kl within the range �4.1 < kl < 14.1, at the 95% con-
fidence level, assuming all other Higgs boson couplings are fixed to standard model
predictions. Moreover, it is possible to disentangle the effects of a modified Higgs
boson self coupling from the presence of other anomalous couplings by using the
differences in the shape of the measured spectrum. This separation is unique to dif-
ferential cross section measurements. The ultimate sensitivity to the Higgs boson self
coupling, achievable using differential cross section measurements, will result from a
combination across Higgs boson production modes and decay channels.

CMS PAS FTR-18-020 

Davide Pagani 
@ ZPW

complementary to 
direct searches for HH 

only the start of 
studying its potential
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Figure 5. Kite integral with three internal massive propagators with masses m1, m2 and m3.

in D = 2� 2✏. A simpler version of this integral, when all three internal masses have the

same value m1 = m2 = m3 = m, has been computed in the literature in terms of iterated

integrals over products of elliptic integrals and polylogarithms [31] or modular forms [35], in

terms of elliptic generalisations of polylogarithms [35] and finally, more recently, in terms

of the eMPLs considered here [52]. We consider here the more general case with three

di↵erent internal masses. We encode the kinematic dependence is the three dimensionless

ratios

ai = �m
2
i

p2
, i = 1, 2, 3 . (5.2)

We compute the kite integral in the region 0 < p
2
< min(m2

1,m
2
2,m

2
3). The branch points

are complex and given by

~a =
�
a�, a

⇤
�, a+, a

⇤
+

 
, (5.3)
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�� +
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,
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a3 � i)2 � a1 + a2

⌘
(
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p
a3 + i)3 ,
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(
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(
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p
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p
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p
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As in the previous applications for three-point functions, the kite integral can be computed

in terms of a pure combination of eMPLs of uniform weight three. In order to arrive at

the final expressions, we make use of the following relations valid for the kinematic region

– 25 –

p1

p2

Z ′m

m

Figure 1: Feynman diagram for the annihilation of a pair of massless fermions with the
exchange of two massive quanta with equal mass m. The thin lines represent the massless
fermions, while the thick lines represent the massive quanta. The outgoing dashed line
represents the probe (for instance a Z ′).

4 Reduction to Master Integrals

By standard decomposition into invariant form factors and rotation of the scalar products,
one can show that the computation of the two equal-mass crossed ladder diagram (see fig. 1)
is equivalent to the computation of the following independent scalar amplitudes:

F (n1, n2, n3, n4, n5, n6, s) =

∫

Sr

P n1

1 P n2

2 P n3

3 P n4

4 P n5

5 P n6

6

DDk1DDk2, (16)

where D is the space-time dimension, the scalar product is defined as

a · b ≡ !a ·!b − a0 b0, (17)

the loop measure is

DDk ≡
1

Γ(3−D/2)

dDk

4πD/2
, (18)

with Γ(z) the Euler Gamma function. We consider a routing of the loop momenta kµ
1 and

kν
2 which results in the following denominators:

P1 = k2
1 + m2, (19)

P2 = k2
2 + m2, (20)

P3 = (p1 − k1)
2 , (21)

P4 = (p2 − k2)
2 , (22)

P5 = (p1 − k1 + k2)
2 , (23)

P6 = (p2 + k1 − k2)
2 , (24)

and the following irreducible numerator (scalar product):

S = p2 · k1 . (25)

The indices of the denominators are assumed to be all positive2, ni > 0 while the index of
the scalar product can be positive or zero, r ≥ 0.

2 If ni ≤ 0 for some i we have a sub-topology in which line i is shrinked to a point.

5

H form factor at 3 loopsttb + X processes

Kite integral (self-energies…) EW form factorQCD with top quarks

Iterated integrals of elliptic type are crucial for high precision calculations in the 
Higgs and top sectors !

TOWARDS HIGGS AND TOPS Lorenzo Tancredi 
@ ZPW

@ NNLO



top mass
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top-quark physics

170 GeV ‒ O(TeV)
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A plot shown many times
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Top and vacuum stability

Degrassi et al. 2012
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Meta-stability

With current value of Mt and MH the vacuum is metastable.
No indication of new physics up to the Plank scale from this.
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hadron-level effects
➤ ultimately, it is hadrons that get 

measured 

➤ for utmost precision (≲ 1 GeV) we need 
some handle on non-perturbative effects 

➤ long-standing discussion about pole mass 
v. MSbar mass (and associated non-
perturbative effects ≡ renormalons) 

➤ but this is only one part of the story
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Figure 7. d�/dmWbj distribution obtained with hvq interfaced with Pythia8.2 (left panel) and
Herwig7.1 (right panel). In green, the NLO+PS results; in red, hadronization e↵ects are included;
in blue, NLO+PS with multi-parton interactions (MPI); and in black, with hadronization and MPI
e↵ects. The curves are normalized using the NLO+PS cross section in the displayed range.

We remark that the di↵erent mechanisms that lead to an increased cross section above

and below the top peak depend on the jet radius parameter R. By increasing (or decreas-

ing) R, the peak position is shifted to the left (or right). Furthermore, di↵erences in the

implementation of radiation from the resonances, the hadronization model and the under-

lying events can also shift the peak, leading eventually to a displacement of the extracted

top mass, that should be carefully assessed.

5 Methodology

In the following sections we will examine various sources of theoretical errors in the top-

mass extraction, focusing upon three classes of observables: the reconstructed mass peak,

the peak of the b-jet energy spectrum [34], and the leptonic observables of Ref. [35].

The reconstructed mass observable bears a nearly direct relation with the top mass. If

two generators with the same mt input parameter yield a reconstructed mass peak position

that di↵er by a certain amount, we can be sure that if they are used to extract the top mass

they will yield results that di↵er by roughly the same amount in the opposite direction. Of

course, this is not the case for other observables. In general, for an observable O sensitive

to the top mass, we will have

O = Oc +B (mt �mt, c) +O

⇣
(mt �mt, c)

2
⌘
, (5.1)

where mt is the input mass parameter in the generator, and mt, c = 172.5 GeV is our

reference central value for the top mass. Oc and B di↵er for di↵erent generators or generator

setups. Given an experimental result for O, Oexp, the extracted mass value is

mt = mt, c +
Oexp �Oc

B
. (5.2)

– 16 –

after parton 
showeringafter 

hadronisation

reconstructed top mass

plot from Ferraro Ravasio, Jezo, Nason, Oleari 
1801.03944 + 1906.09166  

see also work by Hoang et al

https://arxiv.org/abs/1801.03944
https://arxiv.org/abs/1906.09166
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Diagrams up to leading Nf one gluon correction
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26 / 45

revolution in 
treatment of 

non-perturbative 
effects

Nason,  
Ferrario-Ravasio  

& Oleari 
1810.10931

ultimate impact 
likely well 
beyond top 
physics

https://arxiv.org/abs/1810.10931
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Prospects

I With some work, the renormalon approach can help to search
for top mass observables that are free from linear renormalons.

I One may discuss calibration of jets on a theoretically sound
ground.

I The fact that top CM leptonic distributions are free from
linear renormalon may be exploited further.

36 / 45

NB: jets are sensitive 
also to underlying 

event / MPI, for which 
we don’t have 

comparable theory 

Leptonic observables 
may be the only 

theoretically clean 
route? 

[modulo cuts to  
select  events]tt̄

Top CM Leptonic distributions

Kawabata,Shimizu,Sumino,Yokoya,2013,2014 have proposed a
method to measure physical parameters in the decay of a massive
object involving a light lepton using only the lepton spectrum, and
have proposed to apply it for the measurement of the top mass.

Defining a weight function

W (E`,m) =

Z
dE D0(E ,m)

1

E El

⇥

✓
odd function of log

El

E

◆

where D0(E ,m) is the lepton spectrum in the top rest frame for a
top of mass m. It turns out that the quantity

I (m0) =

Z
dEl D(El ,m

0)W (El ,m),

where D0(E ,m0) is the lepton spectrum in the laboratory for a top
of mass m0, vanishes if m = m

0.

37 / 45

Nason,  
Ferrario-Ravasio  

& Oleari 
1810.10931

https://arxiv.org/abs/1810.10931


using full event 
information

how much information is hidden among  
the hundreds of particles produced in a 

collisions? 58

Standard-model  
physics  

(QCD & electroweak)

100 MeV ‒ 4 TeV

top-quark physics

170 GeV ‒ O(TeV)

Higgs physics

125 GeV ‒ 500 GeV

direct new-particle 
searches

100 GeV ‒ 8 TeV
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ce

pure QCD event event with Higgs & Z boson decays
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high pT Higgs & [SD] jet mass
We wouldn’t trust electromagnetism if 
we’d only tested at one length/
momentum scale. 

New Higgs interactions need testing at 
both low and (here) high momenta.

60

5

A binned maximum likelihood fit to the observed mSD distributions in the range 40 to 201 GeV
with 7 GeV bin width is performed using the sum of the H(bb), W, Z, tt, and QCD multijet
contributions. The fit is done simultaneously in the passing and failing regions of the six pT
categories within 450 < pT < 1000 GeV, and in the tt-enriched control region. The production
cross sections relative to the SM cross sections (signal strengths) for the Higgs and the Z bosons,
µH and µZ, respectively, are extracted from the fit. Figure 1 shows the mSD distributions in data
for the passing and failing regions with measured SM background and H(bb) contributions.
Contributions from W and Z boson production are clearly visible in the data.
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Figure 1: The mSD distributions in data for the failing (left) and passing (right) regions and
combined pT categories. The QCD multijet background in the passing region is predicted using
the failing region and the pass-fail ratio Rp/f. The features at 166 and 180 GeV in the mSD
distribution are due to the kinematic selection on r, which affects each pT category differently.
In the bottom panel, the ratio of the data to its statistical uncertainty, after subtracting the
nonresonant backgrounds, is shown.

The measured Z boson signal strength is µZ = 0.78 ± 0.14 (stat)+0.19
�0.13 (syst), which corresponds

to an observed significance of 5.1 standard deviations (s) with 5.8s expected. This consti-
tutes the first observation of the Z boson signal in the single-jet topology [65] and validates
the substructure and b tagging techniques for the Higgs boson search in the same topology.
The measured cross section for the Z+jets process for jet pT > 450 GeV and |h| < 2.5 is
0.85 ± 0.16 (stat)+0.20

�0.14 (syst) pb, which is consistent within uncertainties with the SM produc-
tion cross section of 1.09 ± 0.11 pb [30]. Likewise, the measured Higgs boson signal strength
is µH = 2.3 ± 1.5 (stat)+1.0

�0.4 (syst) and includes the corrections to the Higgs boson pT spectrum
described earlier. The corresponding observed (expected) upper limit on the Higgs boson sig-
nal strength at a 95% confidence level is 5.8 (3.3), while the observed (expected) significance
is 1.5s (0.7s). The observed µH implies a measured ggF cross section times H(bb) branching
fraction for jet pT > 450 GeV and |h| < 2.5 of 74± 48 (stat)+17

�10 (syst) fb, assuming the SM values
for the ratios of the different H(bb) production modes. This measurement is consistent within
uncertainties with the SM ggF cross section times H(bb) branching fraction of 31.7 ± 9.5 fb.

Table 2 summarizes the measured signal strengths and significances for the Higgs and Z boson
processes. In particular, they are also reported for the case in which no corrections to the Higgs
boson pT spectrum are applied. Figure 2 shows the profile likelihood test statistic scan in data
as function of the Higgs and Z boson signal strengths (µH, µZ).

high-pT Z → bb (5σ)

high-pT H → bb (~ 1σ)



Convolutional neural networks and jet images

61

Convolutational Neural Networks and Jet Images

I Project a jet onto a fixed n ⇥ n pixel image in rapidity-azimuth, where
each pixel intensity corresponds to the momentum of particles in that
cell.

I Can be used as input for classification methods used in computer
vision, such as deep convolutional neural networks.

[Cogan, Kagan, Strauss, Schwartzman JHEP 1502 (2015) 118]
[de Oliveira, Kagan, Mackey, Nachman, Schwartzman JHEP 1607 (2016) 069]

Frédéric Dreyer 11/42

powerful 

but black box  



using full event information for H/etc. boson tagging

62

QCD rejection with 
just jet mass 

(SD/mMDT) 
i.e. 2008 tools & 

their 2013/14 
descendants 

QCD rejection with use 
of full jet  

substructure 
(2019 tools) 

100x better

ba
ck

gr
ou

nd
 r
ej
ec

tio
n

signal efficiency

First started to be exploited 
by Thaler & Van Tilburg with  
“N-subjettiness”  (2010/11)

Dreyer 2020 
(work in 
progress)



general purpose Monte Carlo event generators: 
THE BIG 3

63

Herwig 7 Pythia 8 Sherpa 2

they do an amazing job of simulation vast swathes of data; 
collider physics would be unrecognisable without them



64

∞

∑
n=0

n

∏
i=1 ( ) =

What is a parton shower? At its simplest…

iteration of 2→3 (or 1→2) splitting kernel



Amplitudes 2020 (Zoom@Brown)Gavin P. Salam

What questions can we ask about parton showers (PS)?

➤ in what sense is the distribution of final n-particle states be 
correctly described, for arbitrary n? 

➤ can a (iterated 2→3) parton shower reproduce known logarithmic 
resummations, & to what accuracy?

65

With appropriate classification of phasespace (Lund diagrams), 
and analysis of asymptotic limits of parton showers, it becomes 
possible to answer these questions and design new showers with 
well-defined logarithmic accuracy (NLL)

Dasgupta, Dreyer, Hamilton, Monni & GPS 1805.09327, idem + Soyez 2002.11114

https://arxiv.org/abs/1805.09327
https://arxiv.org/abs/2002.11114
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standard 
parton 
showers

new “PanScales” parton showers, designed 
specifically to achieve NLL accuracy

“PanScales” family 
reproduces squared matrix 
element for arbitrary n, in 
limit where each & every 
pair of particles is well 

separated in logarithm of 
angle, energy or transverse 

momentum  
(modulo spin correlations, 

work ongoing) 

first time comprehensive accuracy tests achieved for parton showers — sets baseline for future work 
& demonstrates that it is possible to achieve NLL accuracy from simple iterated 2→3 splitting



Conclusions
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conclusions
➤ LHC has already far surpassed what was originally envisaged in terms of its potential 

for accurate measurements (e.g. Z production with < 1% accuracy) 

➤ relative to current results, more stats on its way,  
i.e. potential for higher accuracy 

➤ with perturbation theory as our only rigorous tool, progress in calculating 
amplitudes is essential to successful physics exploitation of this wealth of data 

➤ amplitudes (and associated perturbative IRC safe cross sections) are not the only 
issue — parton showering, matching/merging, hadronisation all become increasingly 
important as one pushes the boundaries of accuracy and information-extraction in 
LHC events.

20 − 80 ×
4 − 9 ×

68



BACKUP
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likely progress in PDFs
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Figure 4.2. The reduction of the uncertainties in the PDF luminosities at
p
s = 14 TeV once the

HL–LHC pseudo–data has been included, compared to the PDF4LHC15 baseline. We show the gg, qg,
qq̄, qq, ss̄, and sū luminosities for the conservative (A) and optimistic (C) scenarios. The average values
for the PDF uncertainty reduction in di↵erent bins of MX is also reported in Fig. 4.2.

imately between a factor 2 and a factor 5, depending on the specific partonic channel and the
scenario for the systematic errors. For example, for the gluon–gluon luminosity in the range
relevant for Higgs production in gluon fusion, one finds a reduction by almost a factor 4 in the
optimistic scenario. The improvement in the strange–initiated processes is also remarkable, for
example the PDF uncertainties in the ss̄ luminosity are expected to be reduced by a factor 5 (3)
in the optimistic (conservative) scenario. Recall that strange–initiated processes are important
for a variety of LHC analysis, from measurements of MW and sin2 ✓W to searches for BSM W 0

bosons. We also find that the uncertainties in quark–antiquark luminosities, relevant for exam-
ple for precision electroweak measurements, are expected to be reduced by up to a factor 3 in
this invariant mass range.

Similar improvements in the PDF luminosities are found in the high mass region, MX � 1
TeV, directly relevant for BSM searches. For instance, in the optimistic scenario, the PDF error
reduction at higher masses is expected to be as large as a factor 5 for the gluon–gluon luminosity.
Again this is a consequence of the inclusion in the profiling of gluon–dominated processes such as
tt̄ and inclusive jets that at the HL–LHC, which cover the region up to 6 TeV, see Fig. 2.2. The

21

arXiv:1810:03639

up to  reduction in 
uncertainty on partonic 
luminosities (e.g. # of 
quark-antiquark 
collisions) 
relative to today’s PDFs

× 2


