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HL-LHC lumi: 5-7x today’s int.lumi by 2030, 20-30x by 2036

3

HL-LHC performance (ultimate from 2032)

L.Rossi - LHC future @ Open symposium EUSPP-Granada May 2019 22

Design 
goal

M. Lamont, O. Bruning, L. Rossi

End of 2020’s

HL-LHC performance (ultimate from 2032)

L.Rossi - LHC future @ Open symposium EUSPP-Granada May 2019 22

Design 
goal

M. Lamont, O. Bruning, L. Rossi

Run 3 Run 4
ATLAS and CMS

Run 3 Run4 HL-LHC total
300 fb-1 1 ab-1 3 – 4 ab-1

LHCb
Run 3 Run4 HL-LHC total
23 fb-1 50 fb-1 300 fb-1
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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 
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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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FCC Status
Michael Benedikt
CERN, 13 January 2020

by* ≤2 mm achieved!

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 – 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 

➤ …

10



direct new-particle searches
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LHC direct search prospects

➤ Roughly 1.5 – 2 TeV increase in mass 
reach 

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

12

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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Z’ → l+l‒ 
points: UA1/CDF/D0/ATLAS/CMS 
lines: collider-reach extrapolation
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disappearing track analyses
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�̃±
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)
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extreme lower end: A’ searches at LHCb
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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
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extreme lower end: A’ searches at LHCb
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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

for ε2 ~ 10-8, roughly x20 
increase in mass reach!
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extreme lower end: A’ searches at LHCb
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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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General searches (including an example with 704 event classes)
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ATLAS, arXiv:1807.07447 
13 TeV, 3.2 fb-1 
General search

As we move into 
regime where mass 
reach evolves more 

slowly, what’s the best 
strategy? 

Can/should searches 
be automated?  

Can they be 
incorporated into 
generic searches, 
freeing up time/
thought for novel 

searches? 
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Big plans

WE ARE HERE

2038

E won’t be raised much

statistics will increase
* a lot *

there’s much room for improvement in precision Ñ
worth having

a systematic program

for indirect searches

Ilaria Brivio (ITP Heidelberg) Top, Higgs and EFT 3/22

Ilaria 
Brivio
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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

20
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the Standard Model is not complete

21

particles
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the Standard Model is not complete

21

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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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?

➤ If you’ve observed a given channel, and it agrees roughly (±20%) with SM, then go 
to EFT  

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

23

establish  
SM first

then use (lack of) any deviations to  
(constrain) characterise new physics
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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 + theory calculations from many people in this room
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how well does H→γγ uncertainty track increase in lumi?

25
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how well does H→γγ uncertainty track increase in lumi?
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To what extent do we 
understand how 

systematics (will) 
evolve? 
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7+8 TeV

ATLAS-CONF-2018-028
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extrapolation of µγγ precision from 7+8 TeV results

one expt.
two-expt. combination

CMS-PAS-HIG-18-029
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how well does H→γγ uncertainty track increase in lumi?
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μggH
γγ

To what extent do we 
understand how 

systematics (will) 
evolve? 
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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
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HH: Grid Point Input

Figure 6: Relative uncertainty of the Padé results in the
p
s–pT plane. The points of [42]

are overlayed. Note that a logarithmic scale is used for the relative uncertainty.

• For
p
s < 700 GeV and pT � 200 GeV we add points from the Padé approximation.

The boundary above which we include points from the Padé approximation is denoted as
a yellow line in Fig. 6. We note here that if one reproduces Figs. 5 and 6 using the 6320
points described above the behaviour is qualitatively the same and we therefore refrain
from showing them in this paper.

In Fig. 7 we compare the Padé results to the improved version of the grid, which provides
precise results in the whole relevant phase space. We note that the wiggly behaviour and
the deviation of the grid data points from the Padé approximation for larger values of

p
s

and smaller values of pT could be improved by including further data points from the Padé
approximation. This behaviour would then be pushed to higher values of

p
s. We judge

the performance of the grid as displayed by Fig. 7 to be su�cient for the phenomenological
applications of this paper, and further improvements of the grid not to be necessary. This
improved grid can be downloaded from [42].

15

Relative uncertainty of the Padé results

Dots: phase-space points 
computed using the full result

Construct grid based on: 
- 6320 points computed using the full NLO result 
- Supplemented with Padé approximated results for    

 and s < 700 GeV, pT ≥ 200 GeV s ≥ 700 GeV, pT ≥ 150 GeV

Quality of 
expanded results 
degrades for small 

 due 

to the break down 
of the assumption 

p2
T = tu − m4

H

s

m2
h, m2

t ≪ | t |

Steven 
Jones

the challenges and 
progress in putting 
together top-mass 

effects for di-Higgs
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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

!32
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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 → 4ℓ

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
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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
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First experimental projections
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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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T
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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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 
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MC programs for 4FS ttbb at NLO+PS 

‣ Several tools on the market
• Sherpa + OpenLoops [1309.5912]

• PowHel + Pythia/Herwig [1709.06915]

• PowhegBox + OpenLoops + Pythia/Herwig [1802.00426]

• MG5_aMC + Pythia/Herwig
• Herwig7 + OpenLoops

‣ History of out-of-the-box comparisons:
• Large discrepancies
• Partially due to large perturbative uncertainties
• But also beyond!

» Parton Shower?
» NLO+PS matching algorithm?

Improve or accept as uncertainties (and kill ttH(bb)?)?
14

[YR4: 1610.07922]

Arguably one of the most complex 
processes for NLO+PS matching

→ Strong challenge to understand unc’s as 
prototype for other processes!

Frank  
Siegert
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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)

where

a� =
�� +

p
��(↵� + ��)

2(1 + a3)3
, a+ =

�+ � i

p
�+(↵+ + �+)

2(1 + a3)3
,
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⇣
(
p
a3 � i)2 � a1 + a2

⌘
(
p
a3 � i) (

p
a3 + i)3 ,
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⇣
(
p
a3 + i)2 � a1 + a2

⌘
(
p
a3 � i)3 (

p
a3 + i) ,

↵+ = �2a1
⇣
a2 + (

p
a3 � i)2

⌘
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⌘
, (5.4)
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2
1 +

⇣
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2
1 +

⇣
a2 � (
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,

�+ = � (
p
a3 � i)2 (

p
a3 + i)6 , �� = (

p
a3 � i)6 (

p
a3 + i)2 .

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 ≡ a⃗ · b⃗ − 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

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

Poncelet, arXiv:1911.00479 

➤ simpler than ttH (in particular, no 
external mass scales) 

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

Figure 4. As in fig. 2 but for the |�⌘(�i, �j)| distributions.
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E.Shabalina	-	,X:	experiment	-	ZPW2020	14/01/2020

Results	
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Understanding top & 
Higgs is not just 

about signal but also 
backgrounds  

E.g. here importance 
of ttW
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Next project: 
ttHH production

H

H

Process directly sensitive to the ttHH 
coupling (non-linearity effect)

Giacomo 
Cacciapaglia

rich future for 
thinking about top & 

Higgs from BSM 
point of view 
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Inclusive jet rates

• For Njets ≥ 0,1 bins ST is 
NLO accurate; 
for Njets ≥ 2 bin the STJ 
is NLO accurate 

• STJ* is NLO accurate in 
the first three bins 

• Excellent agreement 
among results where 
expected 

• Due to POWHEG 
methodology the 
uncertainty bands for the 
higher-multiplicity bins 
artificially small
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Figure 3. Inclusive jet cross sections in t-channel single-top production, with a jet transverse
momentum threshold of 25 GeV. The left-hand plot shows predictions for jets defined according
to the kt clustering algorithm with radius parameter R = 1, while the right-hand plot gives the
analogous predictions for the case of the anti-kt algorithm with R = 0.4. As in Fig. 2 we show in
green, blue and red, predictions from the ST, STJ and STJ

? simulations respectively.

cross sections fall below those of STJ and STJ? by an amount which increases with Njets.
Both the STJ? and STJ predictions in the Njets � 2 and Njets � 3 bins, are NLO and
LO accurate respectively. On the other hand, in the ST case, the description of Njets � 2

is LO accurate, while events in the Njets � 3 bin are due entirely to parton showering.
The undershooting of jet cross sections by simulations based on lower multiplicity matrix
elements, compared to those built from higher multiplicity ones, is a typical observation in
comparisons of event generators based on matrix element-parton shower matching/merging.

3.5 Differential jet rates

The n ! m differential jet rates, ynm, measure the value of the distance measure in the
exclusive kt clustering algorithm at which an n-jet event becomes resolved as an m-jet one.
They are key variables of interest in validating our STJ and STJ? generators.

The p
y01 jet rate, on the left-hand side of Fig. 4, is essentially equivalent to the

transverse momentum spectrum of the hardest jet obtained in the inclusive kt clustering
algorithm, with jet radius R = 1. Hence p

y01 is therefore described with NLO accuracy
by the ST simulation and LO accuracy by STJ. Correspondingly, except for the region

– 18 –
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Figure 3. Inclusive jet cross sections in t-channel single-top production, with a jet transverse
momentum threshold of 25 GeV. The left-hand plot shows predictions for jets defined according
to the kt clustering algorithm with radius parameter R = 1, while the right-hand plot gives the
analogous predictions for the case of the anti-kt algorithm with R = 0.4. As in Fig. 2 we show in
green, blue and red, predictions from the ST, STJ and STJ

? simulations respectively.

cross sections fall below those of STJ and STJ? by an amount which increases with Njets.
Both the STJ? and STJ predictions in the Njets � 2 and Njets � 3 bins, are NLO and
LO accurate respectively. On the other hand, in the ST case, the description of Njets � 2

is LO accurate, while events in the Njets � 3 bin are due entirely to parton showering.
The undershooting of jet cross sections by simulations based on lower multiplicity matrix
elements, compared to those built from higher multiplicity ones, is a typical observation in
comparisons of event generators based on matrix element-parton shower matching/merging.

3.5 Differential jet rates

The n ! m differential jet rates, ynm, measure the value of the distance measure in the
exclusive kt clustering algorithm at which an n-jet event becomes resolved as an m-jet one.
They are key variables of interest in validating our STJ and STJ? generators.

The p
y01 jet rate, on the left-hand side of Fig. 4, is essentially equivalent to the

transverse momentum spectrum of the hardest jet obtained in the inclusive kt clustering
algorithm, with jet radius R = 1. Hence p

y01 is therefore described with NLO accuracy
by the ST simulation and LO accuracy by STJ. Correspondingly, except for the region
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Differential distributions and EFT constraints

39

13 January 2020                                            Alexander Grohsjean

Ac as a function of mtt

enhance BSM sensitivity by going differentially ATLAS-CONF-2019-026 

 19

13 January 2020                                            Alexander Grohsjean

Turning Ac into limits on 2light-2heavy operators

good improvement over previous results

best trade off between m
tt
 EFT 

enhancement and A
c
 precision

ATLAS-CONF-2019-026 

C1 - C2  [TeV-2]

 20

Alexander 
Grohsjean
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19
Differential top production with leptonic decays                                            Alexander Mitov                  Zurich Pheno Workshop, 14 Jan 2020

9 Δ𝛗 vs. m(tt) (others are computed, too, not shown)

9 Great reduction of scale error at NNLO (vs NLO). Mostly small K-factors
9 Both mt=171.5GeV and mt=172.5GeV seem to work 
9 Improved MC error required to draw quantitative conclusion (mt sensitivity is apparent)

NNLO QCD vs ATLAS data: 2-dim

Work in progress: Czakon, Mitov, Poncelet

Alex  
Mitov

precise comparisons 
with leptonic data 

data is with 36   
so ~  

improvement to come 
with current data

fb−1

× 2
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3) NLO QCD to o↵-shell pp ! µ�⌫̄µbb̄jj
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[Denner, MP; 1711.10359]

! Di↵erent NLO behaviour between the hadronic and leptonic top
quark

Mathieu PELLEN O↵-shell e↵ects in tt and tth production 24 / 26

Mathieu 
Pellen
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Conclusions

Theoretical uncertainties play a critical role in many
measurements/searches/interpretations e.g. in the top sector
Better parameterized uncertainty models are needed to fully understand
and/or replace 2-point uncertainties
In particular for predictions/interpretations/fits across di↵erent phase
space regions, accurate modeling of correlations for uncertainties is an
important and di�cult problem (and this has already contributed to
di�culties in interpreting e.g. top pT discrepancy with MC)
Issue likely to become even more critical for global EFT(+parameter
extraction+PDF) fits

More accurate predictions and Monte Carlo generators obviously help

Josh Bendavid Theory Uncertainties 23

Josh 
Bendavid

one problem in 
understanding 
correlations of 

uncertainties is that 
our main method for 

estimating 
uncertainties (scale 

variation) is a 
convention, rather 
than motivated by 

some deeper physics 
understanding
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A plot we’ve all seen many times

44

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.

4 / 45



ZPW, 2020-01Gavin P. Salam 45

Véronique 
Boisvert

Physics
Conclusions

• Best	single	analyses	able	to	reach	0.4%	precision	while	combinations	reach	0.3%!	

• Even	pole	mass	now	reach	about	same	level	of	precision	

• Improvements	mainly	due	to	increased	statistics	which	allow	for	differential	
measurements	and	regions	of	phase	space	sensitive	to	top	mass	

• If	I	do	a	naive	combination	of	ATLAS	SMT	with	ATLAS	comb	assuming	completely	
uncorrelated,	get:	173.18	 0.41	(0.24%)	very	close	to	world	comb.	

• Best	long	term	precision	will	come	from	a	lepton	collider	

• For	Higgs	Mass	of	125	GeV,	need	top	pole	mass	>	175	GeV	to	be	in	unstable	region…	
seems	unlikely…

±

25

CMS	l+jets:	172.25	 0.63	(0.37%)±
ATLAS	SMT:	174.48	 0.78	(0.45%)±

ATLAS	tt+1	jet:	171.1	+1.2	-	1.0	(0.7%)

“MC”	mass

ATLAS	Comb.:	172.69	 0.48	(0.28%)±
CMS	Comb.:	172.44	 0.48	(0.28%)±

Pole	mass

CMS	3D	diff:	170.9	 0.8	(0.47%)±

Tevatron	Comb.:	174.30	 0.65	(0.37%)±
World	Comb.:	173.34	 0.76	(0.44%)±

[S.	Alekhin	et.	al.	2012]

kinematic reconstruction  
of individual top quarks

kinematic reconstruction  
of  (+jets) systemtt̄
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3.2-σ difference — problematic or not?

46

Physics
ATLAS	L+Jets:	fit	results
• Nuisance	parameters:	no	significant	pulls	or	constraints	

• Numerous	checks	performed	showing	fit	stability

15

174.48	 0.78	(0.45%)±

ATLAS-CONF-2019-046

Compatible	with	ATLAS	
combination	at	2.2σ

ATLAS ℓ + (b→)μ

Physics
CMS	DIL	pole	mass:	Results

• Appendix	contains	lots	of	 	plots	for	mass	under	different	parametersχ2

22 CMS-TOP-18-004

170.9	 0.8	(0.47%)±
CMS: 3d cross-section fit

Véronique 
Boisvert
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14

Results: [Njet0,1+,M(tt)̅,y(tt)̅] vs NLO with diff. mt
pole

!mt
pole  sensitivity mainly from first m(tt)̅ bin 

• mt
pole extraction technique follows: D0 results  [FERMILAB-CONF-16-383-PPD] 

Olaf 
Behnke

should we fit 
everything?

e.g. origins of 
dependence on  &

 in each bin and 
degree of theory 

control over each bin  

mtop
αs

only if 
we 

understand 
everything
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Diagrams up to leading Nf one gluon correction
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Paolo Nason

revolution in 
treatment of 

non-perturbative 
effects

+Ferrario-Ravasio  
& Oleari

ultimate impact 
likely well 
beyond top 
physics
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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

Paolo Nason
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
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‣ Analytic power correction coefficient calculated in the 2-jet limit 
‣ Fit of the coupling performed in the 3-jet regime (contribution from gluon jet  
  substantial)

1

AN EXAMPLE: C PARAMETER

i.e. �(O) = constant

fit range

[Plot by V. Mateu]

Fit performed with state of the 
art PT (N3LL+NNLO) returns a 

low value for the coupling, 
with small error 

↵s(M
2
Z) = 0.1123± 0.0015

[Hoang, Kolodrubetz, Mateu, Stewart ’15]

50
[slide from Pier Monni]
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[Luisoni, PM, Salam (in preparation)]

‣ Analytic power correction coefficient calculated in the 2-jet limit 
‣ Fit of the coupling performed in the 3-jet regime (contribution from gluon jet  
  substantial) 
‣ [NEW] direct calculation of leading power  
  correction in the 3-jet symmetric limit reveals  
  that            is not constant & hadronisation is  
  overestimated in the fit region 

2

AN EXAMPLE: C PARAMETER d�hadron
MC (O) ' d�parton

MC (O �
↵0

Q
�(O))

�(O)

Impact on αS fits

Variation of non-perturbative 
shift impacts αS fits by 3%-4% 
(becomes compatible with WA)

Standard fit  
(constant shift)

  fits w/ shift  
 variation

�symm.
3�jet (O) . �2�jet(O)

2

PRELIM
INARY

51

Luisoni, Monni & GPS (in prep.)

[slide from Pier Monni]
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conclusions
➤ LHC has been doing precision for vector-boson production for some years 

➤ what’s new is that this is extending to Higgs, top, etc., with much progress still to be 
expected over next 15–20 years 

➤ all crucial to establishing the Higgs sector of the SM (not just H boson) 

➤ Some routes to progress are “obvious” (in sense of what needs to be achieved) 

➤ higher-precision data 

➤ higher-precision perturbative QCD & EW calculations 

➤ But we will also need to learn to do things in new ways 

➤ how we select observables to measure (according to what we’re aiming for, e.g. top mass, 
EFT fits, etc.) 

➤ understanding non-perturbative physics, potentially at same level of precision as 
perturbative calculations (few %)
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ATLAS Higgs γγ systematics (fiducial cross section)

55

Table 3: The breakdown of uncertainties on the inclusive diphoton fiducial cross section measurement. The
uncertainties from the statistics of the data and the systematic sources a�ecting the signal extraction are shown. The
remaining uncertainties are associated with the unfolding correction factor and luminosity.

Source Uncertainty (%)
Statistics 6.9
Signal extraction syst. 7.9

Photon energy scale & resolution 4.6
Background modelling (spurious signal) 6.4

Correction factor 2.6
Pile-up modelling 2.0
Photon identification e�ciency 1.2
Photon isolation e�ciency 1.1
Trigger e�ciency 0.5
Theoretical modelling 0.5
Photon energy scale & resolution 0.1

Luminosity 1.7
Total 11.0

The inclusive fiducial cross section times the H ! �� branching ratio is measured to be

�fid = 65.2 ± 4.5 (stat.) ± 5.6 (syst.) ± 0.3 (theo.) fb ,

which is within one standard deviation of the default SM prediction of 63.6 ± 3.3 fb [15].

Figure 6 reports the unfolded di�erential cross section as a function of the diphoton kinematics, p��T and
|y�� |. Figures 7 and 8 show the results for the corresponding one for the jet-related observables, Njets, pj1

T ,
m j j and �� j j . The first bin of the pj1

T distribution represents events that do not contain a jet passing the
corresponding fiducial selections.

The unfolded di�erential distributions are compared to the default MC prediction for ggF and X H described
earlier and also to additional theory predictions of ggF production, added to the same X H contributions,
described below. All predictions are modified to include the e�ect of particle-level photon isolation
e�ciency by applying correction factors obtained from the P����� NNLOPS simulation.

The p��T distribution is compared to NNLOJET+SCET [100], which provides predictions using a N3LL
resummation matched to an NNLO fixed-order calculation in the heavy top-quark mass limit. Corrections
are applied for the fiducial selections of the analysis and are obtained from the P����� NNLOPS sample.
The p��T distribution reaches out to 350 GeV, a region where top-quark mass e�ects start to become sizeable.
The statistical errors for the last bin prevent any conclusive statement about the presence of such e�ects
in the data. The inclusive cross section for p��T > 350 GeV is measured to be 0.23 ± 0.14 fb, with the
uncertainty being predominantly statistical, and is in good agreement with the default prediction of about
0.21 fb. A finer binning has been chosen at lower p��T to probe the region where resummation e�ects are
important and to probe the charm quark Yukawa coupling.

The |y�� | distribution is compared to SCET���+MCFM8, which provides predictions for |y�� | at
NNLO+NNLL0' accuracy, derived by applying a resummation of the virtual corrections to the gluon
form factor [101, 102]. The underlying NNLO predictions are obtained using MCFM8 with zero-jettiness
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ATLAS CONF Note

ATLAS-CONF-2019-029
15th July 2019

Measurements and interpretations of Higgs-boson

fiducial cross sections in the diphoton decay channel

using 139 fb
�1

of pp collision data at
p
s = 13 TeV

with the ATLAS detector

The ATLAS Collaboration

Fiducial integrated and di�erential cross sections for the production of the Higgs boson
decaying to two photons are measured using 139 fb�1 of proton–proton collision data recorded
at
p

s = 13 TeV by the ATLAS experiment at the Large Hadron Collider. The inclusive
production cross section in a fiducial region closely matching the experimental selection of the
photons is measured to be 65.2 ± 7.1 fb, which is in good agreement with the Standard Model
prediction of 63.6± 3.3 fb. Di�erential measurements are performed for a set of variables that
are related to the diphoton kinematics as well as the kinematics and multiplicity of the jets
produced in association with the Higgs boson. The measurements are compared to various
QCD calculations and are found to be in good agreement with the Standard Model predictions.
The measurements are also used to probe the strength and tensor structure of the interactions
of the Higgs boson using an e�ective Lagrangian which introduces additional CP-even and
CP-odd interactions. In addition, an interpretation of the transverse momentum distribution of
the Higgs boson is performed as an indirect probe of the Yukawa coupling of the Higgs boson
to the charm quark. Resulting limits on the strength of anomalous interactions are presented
for these two approaches.

© 2019 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

compare CMS systematics?
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8

ttbar spin correlations

Differential top production with leptonic decays                                            Alexander Mitov                  Zurich Pheno Workshop, 14 Jan 2020

9 QCD works! One can do the same expansion for the NNLO calculation

9 At NLO the expanded definition has big impact. It makes NLO agree with data.

9 However at NNLO the difference is tiny. This implies, ultimately, there is no th/data agreement

9 My understanding is the ATLAS plot will be updated given its important implications

ATLAS: arXiv:1903.07570

Behring, Czakon, Mitov, Papanastasiou, Poncelet arXiv:1901.05407


