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Only a small subset of
interesting results and
prospects are shown in
this talk, focusing on 
ATLAS and CMS

Warning!



The Run 2 legacy 
´ LHC data collected during Run-2 (~140 fb-1 / exp.) are being analysed now 

´ Fantastic results have been already achieved, and more are in the pipeline:
´ Broad and diverse research programme à data-driven times – experiments take the lead! 

´ Precise Higgs mass, cross-section and coupling measurements 
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An illustration of progress in the past years: H→ZZ

!10W. Adam: Highlights from the CMS experiment
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The scalar sector is directly connected 
with profound questions: naturalness, 
vacuum stability & energy, flavour

The Higgs boson discovery allows us 
to directly study this sector, requiring   
a broad experimental programme that 
will extend over decades 

And the Higgs boson does more …
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The Brout-Englert-Higgs mechanism is real !

Non-universal coupling

Higgs mass: ~200 MeV precision
dominated by statistical uncertainty 

Also:  
à Width: 0.08 < ΓH < 9.16 MeV (CMS) 
(SM: 4.1 MeV)



The Run 2 legacy 
´ LHC data collected during Run-2 (~140 fb-1 / exp.) are being analysed now 

´ Fantastic results have been already achieved, and more are in the pipeline:
´ Broad and diverse research programme à data-driven times – experiments take the lead 

´ rare decay searches, getting closer to di-Higgs production
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First CMS result on VH, H→cc 
• highly challenging due to low cross section and need for c-tagging 

- categorisation according to lepton multiplicity of V decays 
- addressing resolved (2 c jets) and merged (1 cc jet) cases 
- use of ML and jet substructure for tagging and classification

Moving to the 2nd generation

!13W. Adam: Highlights from the CMS experiment
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Di-Higgs production 

56

HH ggF cross section predicted to 34 fb at 13 TeV,                                    
>1000 times smaller than single Higgs production
Sophisticated analyses needed, room for innovation
Best channels: bbgg (BR = 0.26%), bbtt (7.3%), bbbb (34%)

® combination 

ATLAS combination using 36 fb–1 analyses:
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produced, for example, through the gluon-fusion mode shown in Figure 1 (c). Models with two Higgs53

doublets [5], such as the minimal supersymmetric extension of the SM [6], twin Higgs models [7] and54

composite Higgs models [8, 9] involve the addition of a second complex scalar doublet. This implies55

the existence of a heavy Higgs boson that could then decay to two of its lighter, SM-like, partners. In56

addition, the Randall-Sundrum model of warped extra dimensions [10] predicts both spin-0 radions and57

spin-2 gravitons that could couple to a Higgs boson pair in this way.58

In addition to the resonant production discussed above, there can also be non-resonant enhancements to59

the di-Higgs cross-section. These can either come through loop-corrections from new particles, such as60

light, coloured scalars [11], or through non-SM couplings: either additional couplings not present in the61

SM or alterations to SM couplings between the Higgs boson and other particles. Anomalous couplings,62

such as contact interactions between two top quarks and two Higgs bosons [12], can also enhance the63

SM cross-section, although no interpretation in terms of such processes is considered here. Deviations64

from SM couplings can be quantified using �, which measures deviations in the Higgs self-coupling65

(� = �HHH/�SM), and t , which measures deviations in the Yukawa coupling between the top quark and66

the Higgs boson (t = yt/yt,SM ), where the SM subscript refers to the SM value of these parameters.67

H

H
(a) (b) (c)

Figure 1: Leading-order production modes for Higgs boson pairs. In the SM, there is destructive interference between
(a) the heavy-quark loop and (b) the Higgs self-coupling production modes, which reduces the overall cross-section.
BSM Higgs boson pair production could proceed through changes to the Higgs couplings, for example the tt̄H (red
vertices) or HHH (blue vertices) couplings which contribute to (a) and (b), or through an intermediate resonance,
X , which could, for example, be produced through a quark loop as shown in (c).

This paper describes a search for the production of pairs of Higgs bosons in pp collisions at the LHC. The68

search is carried out in the ��bb̄ final state, and considers both resonant and non-resonant contributions.69

For the resonant search, the narrow-width approximation is used, focusing on a resonance with mass (mX)70

in the range 260 GeV < mX < 1000 GeV. Although this search is for a generic scalar decaying to a pair71

of Higgs bosons, the simulated samples used to optimise the search were produced in the gluon-fusion72

mode. Previous searches have been carried out by the ATLAS [13] and CMS [14] collaborations in the73

��bb̄ channel at
p

s = 8 TeV, as well as in other final state searches [15–18] performed at both
p

s = 8 TeV74

and
p

s = 13 TeV.75

Events are required to have two isolated photons, accompanied by two jets, at least one of which is tagged76

as originating from a b-quark. These jets are required to have dijet invariant mass (mj j) compatible with77

the mass of the Higgs boson, mH = 125.09 GeV [3]. Events with one or two b-tagged jets are classified78

into separate signal regions. Two analysis selections are defined, one which is more sensitive at the low79

end of the resonance mass range and the other which is more sensitive for high masses – hereafter these80

are termed the ‘low mass’ and ‘high mass’ selections. For non-resonant production, the signal consists81

of a narrow peak around mH in the diphoton invariant mass (m��) spectrum on top of a smoothly falling82

background and can be extracted using an appropriate fit to the m�� distribution of the selected events.83

For resonant production, the signal consists of a peak in the four-object invariant mass (m�� j j) spectrum84
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LO diagrams contributing with negative 
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Box diagram dominates inclusive production
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produced, for example, through the gluon-fusion mode shown in Figure 1 (c). Models with two Higgs53

doublets [5], such as the minimal supersymmetric extension of the SM [6], twin Higgs models [7] and54

composite Higgs models [8, 9] involve the addition of a second complex scalar doublet. This implies55

the existence of a heavy Higgs boson that could then decay to two of its lighter, SM-like, partners. In56

addition, the Randall-Sundrum model of warped extra dimensions [10] predicts both spin-0 radions and57

spin-2 gravitons that could couple to a Higgs boson pair in this way.58

In addition to the resonant production discussed above, there can also be non-resonant enhancements to59

the di-Higgs cross-section. These can either come through loop-corrections from new particles, such as60

light, coloured scalars [11], or through non-SM couplings: either additional couplings not present in the61

SM or alterations to SM couplings between the Higgs boson and other particles. Anomalous couplings,62

such as contact interactions between two top quarks and two Higgs bosons [12], can also enhance the63

SM cross-section, although no interpretation in terms of such processes is considered here. Deviations64

from SM couplings can be quantified using �, which measures deviations in the Higgs self-coupling65

(� = �HHH/�SM), and t , which measures deviations in the Yukawa coupling between the top quark and66

the Higgs boson (t = yt/yt,SM ), where the SM subscript refers to the SM value of these parameters.67
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Figure 1: Leading-order production modes for Higgs boson pairs. In the SM, there is destructive interference between
(a) the heavy-quark loop and (b) the Higgs self-coupling production modes, which reduces the overall cross-section.
BSM Higgs boson pair production could proceed through changes to the Higgs couplings, for example the tt̄H (red
vertices) or HHH (blue vertices) couplings which contribute to (a) and (b), or through an intermediate resonance,
X , which could, for example, be produced through a quark loop as shown in (c).

This paper describes a search for the production of pairs of Higgs bosons in pp collisions at the LHC. The68

search is carried out in the ��bb̄ final state, and considers both resonant and non-resonant contributions.69

For the resonant search, the narrow-width approximation is used, focusing on a resonance with mass (mX)70

in the range 260 GeV < mX < 1000 GeV. Although this search is for a generic scalar decaying to a pair71

of Higgs bosons, the simulated samples used to optimise the search were produced in the gluon-fusion72

mode. Previous searches have been carried out by the ATLAS [13] and CMS [14] collaborations in the73

��bb̄ channel at
p

s = 8 TeV, as well as in other final state searches [15–18] performed at both
p

s = 8 TeV74

and
p

s = 13 TeV.75

Events are required to have two isolated photons, accompanied by two jets, at least one of which is tagged76

as originating from a b-quark. These jets are required to have dijet invariant mass (mj j) compatible with77

the mass of the Higgs boson, mH = 125.09 GeV [3]. Events with one or two b-tagged jets are classified78

into separate signal regions. Two analysis selections are defined, one which is more sensitive at the low79

end of the resonance mass range and the other which is more sensitive for high masses – hereafter these80

are termed the ‘low mass’ and ‘high mass’ selections. For non-resonant production, the signal consists81

of a narrow peak around mH in the diphoton invariant mass (m��) spectrum on top of a smoothly falling82

background and can be extracted using an appropriate fit to the m�� distribution of the selected events.83

For resonant production, the signal consists of a peak in the four-object invariant mass (m�� j j) spectrum84

6th April 2018 – 16:49 5

Di-Higgs production 

56

HH ggF cross section predicted to 34 fb at 13 TeV,                                    
>1000 times smaller than single Higgs production
Sophisticated analyses needed, room for innovation
Best channels: bbgg (BR = 0.26%), bbtt (7.3%), bbbb (34%)
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produced, for example, through the gluon-fusion mode shown in Figure 1 (c). Models with two Higgs53

doublets [5], such as the minimal supersymmetric extension of the SM [6], twin Higgs models [7] and54

composite Higgs models [8, 9] involve the addition of a second complex scalar doublet. This implies55

the existence of a heavy Higgs boson that could then decay to two of its lighter, SM-like, partners. In56

addition, the Randall-Sundrum model of warped extra dimensions [10] predicts both spin-0 radions and57

spin-2 gravitons that could couple to a Higgs boson pair in this way.58

In addition to the resonant production discussed above, there can also be non-resonant enhancements to59

the di-Higgs cross-section. These can either come through loop-corrections from new particles, such as60

light, coloured scalars [11], or through non-SM couplings: either additional couplings not present in the61

SM or alterations to SM couplings between the Higgs boson and other particles. Anomalous couplings,62

such as contact interactions between two top quarks and two Higgs bosons [12], can also enhance the63

SM cross-section, although no interpretation in terms of such processes is considered here. Deviations64

from SM couplings can be quantified using �, which measures deviations in the Higgs self-coupling65

(� = �HHH/�SM), and t , which measures deviations in the Yukawa coupling between the top quark and66

the Higgs boson (t = yt/yt,SM ), where the SM subscript refers to the SM value of these parameters.67
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Figure 1: Leading-order production modes for Higgs boson pairs. In the SM, there is destructive interference between
(a) the heavy-quark loop and (b) the Higgs self-coupling production modes, which reduces the overall cross-section.
BSM Higgs boson pair production could proceed through changes to the Higgs couplings, for example the tt̄H (red
vertices) or HHH (blue vertices) couplings which contribute to (a) and (b), or through an intermediate resonance,
X , which could, for example, be produced through a quark loop as shown in (c).

This paper describes a search for the production of pairs of Higgs bosons in pp collisions at the LHC. The68

search is carried out in the ��bb̄ final state, and considers both resonant and non-resonant contributions.69

For the resonant search, the narrow-width approximation is used, focusing on a resonance with mass (mX)70

in the range 260 GeV < mX < 1000 GeV. Although this search is for a generic scalar decaying to a pair71

of Higgs bosons, the simulated samples used to optimise the search were produced in the gluon-fusion72

mode. Previous searches have been carried out by the ATLAS [13] and CMS [14] collaborations in the73

��bb̄ channel at
p

s = 8 TeV, as well as in other final state searches [15–18] performed at both
p

s = 8 TeV74

and
p

s = 13 TeV.75

Events are required to have two isolated photons, accompanied by two jets, at least one of which is tagged76

as originating from a b-quark. These jets are required to have dijet invariant mass (mj j) compatible with77

the mass of the Higgs boson, mH = 125.09 GeV [3]. Events with one or two b-tagged jets are classified78

into separate signal regions. Two analysis selections are defined, one which is more sensitive at the low79

end of the resonance mass range and the other which is more sensitive for high masses – hereafter these80

are termed the ‘low mass’ and ‘high mass’ selections. For non-resonant production, the signal consists81

of a narrow peak around mH in the diphoton invariant mass (m��) spectrum on top of a smoothly falling82

background and can be extracted using an appropriate fit to the m�� distribution of the selected events.83

For resonant production, the signal consists of a peak in the four-object invariant mass (m�� j j) spectrum84
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produced, for example, through the gluon-fusion mode shown in Figure 1 (c). Models with two Higgs53

doublets [5], such as the minimal supersymmetric extension of the SM [6], twin Higgs models [7] and54

composite Higgs models [8, 9] involve the addition of a second complex scalar doublet. This implies55

the existence of a heavy Higgs boson that could then decay to two of its lighter, SM-like, partners. In56

addition, the Randall-Sundrum model of warped extra dimensions [10] predicts both spin-0 radions and57

spin-2 gravitons that could couple to a Higgs boson pair in this way.58

In addition to the resonant production discussed above, there can also be non-resonant enhancements to59

the di-Higgs cross-section. These can either come through loop-corrections from new particles, such as60

light, coloured scalars [11], or through non-SM couplings: either additional couplings not present in the61

SM or alterations to SM couplings between the Higgs boson and other particles. Anomalous couplings,62

such as contact interactions between two top quarks and two Higgs bosons [12], can also enhance the63

SM cross-section, although no interpretation in terms of such processes is considered here. Deviations64

from SM couplings can be quantified using �, which measures deviations in the Higgs self-coupling65

(� = �HHH/�SM), and t , which measures deviations in the Yukawa coupling between the top quark and66

the Higgs boson (t = yt/yt,SM ), where the SM subscript refers to the SM value of these parameters.67
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Figure 1: Leading-order production modes for Higgs boson pairs. In the SM, there is destructive interference between
(a) the heavy-quark loop and (b) the Higgs self-coupling production modes, which reduces the overall cross-section.
BSM Higgs boson pair production could proceed through changes to the Higgs couplings, for example the tt̄H (red
vertices) or HHH (blue vertices) couplings which contribute to (a) and (b), or through an intermediate resonance,
X , which could, for example, be produced through a quark loop as shown in (c).

This paper describes a search for the production of pairs of Higgs bosons in pp collisions at the LHC. The68

search is carried out in the ��bb̄ final state, and considers both resonant and non-resonant contributions.69

For the resonant search, the narrow-width approximation is used, focusing on a resonance with mass (mX)70

in the range 260 GeV < mX < 1000 GeV. Although this search is for a generic scalar decaying to a pair71

of Higgs bosons, the simulated samples used to optimise the search were produced in the gluon-fusion72

mode. Previous searches have been carried out by the ATLAS [13] and CMS [14] collaborations in the73

��bb̄ channel at
p

s = 8 TeV, as well as in other final state searches [15–18] performed at both
p

s = 8 TeV74

and
p

s = 13 TeV.75

Events are required to have two isolated photons, accompanied by two jets, at least one of which is tagged76

as originating from a b-quark. These jets are required to have dijet invariant mass (mj j) compatible with77

the mass of the Higgs boson, mH = 125.09 GeV [3]. Events with one or two b-tagged jets are classified78

into separate signal regions. Two analysis selections are defined, one which is more sensitive at the low79

end of the resonance mass range and the other which is more sensitive for high masses – hereafter these80

are termed the ‘low mass’ and ‘high mass’ selections. For non-resonant production, the signal consists81

of a narrow peak around mH in the diphoton invariant mass (m��) spectrum on top of a smoothly falling82

background and can be extracted using an appropriate fit to the m�� distribution of the selected events.83

For resonant production, the signal consists of a peak in the four-object invariant mass (m�� j j) spectrum84
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HH ggF cross section predicted to 34 fb at 13 TeV,                                    
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produced, for example, through the gluon-fusion mode shown in Figure 1 (c). Models with two Higgs53

doublets [5], such as the minimal supersymmetric extension of the SM [6], twin Higgs models [7] and54

composite Higgs models [8, 9] involve the addition of a second complex scalar doublet. This implies55

the existence of a heavy Higgs boson that could then decay to two of its lighter, SM-like, partners. In56

addition, the Randall-Sundrum model of warped extra dimensions [10] predicts both spin-0 radions and57

spin-2 gravitons that could couple to a Higgs boson pair in this way.58

In addition to the resonant production discussed above, there can also be non-resonant enhancements to59

the di-Higgs cross-section. These can either come through loop-corrections from new particles, such as60

light, coloured scalars [11], or through non-SM couplings: either additional couplings not present in the61

SM or alterations to SM couplings between the Higgs boson and other particles. Anomalous couplings,62

such as contact interactions between two top quarks and two Higgs bosons [12], can also enhance the63

SM cross-section, although no interpretation in terms of such processes is considered here. Deviations64

from SM couplings can be quantified using �, which measures deviations in the Higgs self-coupling65

(� = �HHH/�SM), and t , which measures deviations in the Yukawa coupling between the top quark and66

the Higgs boson (t = yt/yt,SM ), where the SM subscript refers to the SM value of these parameters.67

(a) (b) (c)

Figure 1: Leading-order production modes for Higgs boson pairs. In the SM, there is destructive interference between
(a) the heavy-quark loop and (b) the Higgs self-coupling production modes, which reduces the overall cross-section.
BSM Higgs boson pair production could proceed through changes to the Higgs couplings, for example the tt̄H (red
vertices) or HHH (blue vertices) couplings which contribute to (a) and (b), or through an intermediate resonance,
X , which could, for example, be produced through a quark loop as shown in (c).

This paper describes a search for the production of pairs of Higgs bosons in pp collisions at the LHC. The68

search is carried out in the ��bb̄ final state, and considers both resonant and non-resonant contributions.69

For the resonant search, the narrow-width approximation is used, focusing on a resonance with mass (mX)70

in the range 260 GeV < mX < 1000 GeV. Although this search is for a generic scalar decaying to a pair71

of Higgs bosons, the simulated samples used to optimise the search were produced in the gluon-fusion72

mode. Previous searches have been carried out by the ATLAS [13] and CMS [14] collaborations in the73

��bb̄ channel at
p

s = 8 TeV, as well as in other final state searches [15–18] performed at both
p

s = 8 TeV74

and
p

s = 13 TeV.75

Events are required to have two isolated photons, accompanied by two jets, at least one of which is tagged76

as originating from a b-quark. These jets are required to have dijet invariant mass (mj j) compatible with77

the mass of the Higgs boson, mH = 125.09 GeV [3]. Events with one or two b-tagged jets are classified78

into separate signal regions. Two analysis selections are defined, one which is more sensitive at the low79

end of the resonance mass range and the other which is more sensitive for high masses – hereafter these80

are termed the ‘low mass’ and ‘high mass’ selections. For non-resonant production, the signal consists81

of a narrow peak around mH in the diphoton invariant mass (m��) spectrum on top of a smoothly falling82
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produced, for example, through the gluon-fusion mode shown in Figure 1 (c). Models with two Higgs53
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the Higgs boson (t = yt/yt,SM ), where the SM subscript refers to the SM value of these parameters.67

(a) (b) (c)

Figure 1: Leading-order production modes for Higgs boson pairs. In the SM, there is destructive interference between
(a) the heavy-quark loop and (b) the Higgs self-coupling production modes, which reduces the overall cross-section.
BSM Higgs boson pair production could proceed through changes to the Higgs couplings, for example the tt̄H (red
vertices) or HHH (blue vertices) couplings which contribute to (a) and (b), or through an intermediate resonance,
X , which could, for example, be produced through a quark loop as shown in (c).
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into separate signal regions. Two analysis selections are defined, one which is more sensitive at the low79

end of the resonance mass range and the other which is more sensitive for high masses – hereafter these80

are termed the ‘low mass’ and ‘high mass’ selections. For non-resonant production, the signal consists81

of a narrow peak around mH in the diphoton invariant mass (m��) spectrum on top of a smoothly falling82

background and can be extracted using an appropriate fit to the m�� distribution of the selected events.83

For resonant production, the signal consists of a peak in the four-object invariant mass (m�� j j) spectrum84
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First CMS result on VH, H→cc  
• final results from combination of resolved & merged jet analyses

Moving to the 2nd generation

!14W. Adam: Highlights from the CMS experiment

Combined results on signal strength: 
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• "μ(VH, H → cc̄) = 36+ 20
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The Run 2 legacy 
´ LHC data collected during Run-2 (~140 fb-1 / exp.) are being analysed now 

´ Fantastic results have been already achieved, and more are in the pipeline:
´ Broad and diverse research programme à data-driven times – experiments take the lead 

´ New physics searches continue to improve their sensitivity and probe new signatures 

24/9/19Monica D'Onofrio, UK IoP HEP Meeting4

EPS-HEP 2019

Classical high-mass  
resonance search 
• can be interpreted in a wide 

range of BSM models  
predicting particles decaying  
to gg, gq, or qq 

• keep to improve analysis 
with new techniques: 
- replace parameteric  

background shape by 
measurement in data 
sideband region 

- consistent predictions, 
higher sensitivity for 
masses > 3TeV

Resonant decays to two jets

!26W. Adam: Highlights from the CMS experiment
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Elusive supersymmetry (could solve naturalness problem, unification, dark matter) Full Run-2

New search addresses specific soft (“3-body”) 
region of stop-pair production
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Limits on gluinos reach up to >2 TeV, focus on naturalness-driven 
searches for early analyses of full Run-2 dataset. More complex 
approaches (MVA, multi-binned fits) 

ATLAS-CONF-2019-017

Very diverse signatures. Missing-ET based searches for scenarios 
with R-parity conservation, Exotics-like signatures otherwise
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New searches address “difficult” 
regions with diverse techniques 
that push the capabilities of the 
detectors 

Soft-leptons for top squarks

Elusive supersymmetry (could solve naturalness problem, unification, dark matter) Full Run-2

New search addresses specific soft (“3-body”) 
region of stop-pair production
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EPS-HEP 2019

Jet timing using ECAL 
• Long-lived gluinos give rise to jets from displaced vertex 

- Delay due to differences in velocity and in path length 
• uses median time of all ECAL cells in the jet cone

Delayed jets

!23W. Adam: Highlights from the CMS experiment
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tracker-based searches

The Run 2 legacy 
´ LHC data collected during Run-2 (~140 fb-1 / exp.) are being analysed now 

´ Fantastic results have been already achieved, and more are in the pipeline:
´ Broad and diverse research programme à data-driven times – experiments take the lead 

´ New physics searches continue to improve their sensitivity and probe new signatures 
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Classical high-mass  
resonance search 
• can be interpreted in a wide 

range of BSM models  
predicting particles decaying  
to gg, gq, or qq 

• keep to improve analysis 
with new techniques: 
- replace parameteric  

background shape by 
measurement in data 
sideband region 

- consistent predictions, 
higher sensitivity for 
masses > 3TeV

Resonant decays to two jets

!26W. Adam: Highlights from the CMS experiment
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New searches address “difficult” 
regions with diverse techniques 
that push the capabilities of the 
detectors 

Delayed jets for Long-Lived 
gluinos



The Run 2 legacy 
´ LHC data collected during Run-2 (~140 fb-1 / exp.) are being analysed now 

´ Fantastic results have been already achieved, and more are in the pipeline:
´ Broad and diverse research programme à data-driven times – experiments take the lead 

´ Synergies with other experiments being exploited: i.e. Dark Matter and Dark Sectors  
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Search for dark matter through invisibly decaying Higgs

Invisible Higgs 
decays can be 
probed by 
associated 
production 
(VBF, VH, …)
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Thoroughly investigating the SM… 

24/9/19Monica D'Onofrio, UK IoP HEP Meeting7
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LHC Run-2 (2015–2018)
√s = 13 TeV

The LHC is an everything factory

Broad physics potential by probing with high-precision Higgs and other Standard Model processes, 
detecting very rare processes, and exploring new physics via direct and indirect measurements 

Particle Produced in 139 fb–1 at √s = 13 TeV

Higgs boson 7.7 million

Top quark 275 million

Z boson 2.8 billion (® ℓℓ, 290 million)

W boson 12 billion (® ℓ", 3.7 billion)

Bottom quark ~40 trillion (significantly reduced by acceptance)
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Theory so far agrees with all measured cross sections
Across widely different processes

11

Harvest of ATLAS cross 
section measurements 
confirms the predictive 
power of the Standard 
Model

Also huge progress on 
theoretical calculations 
(NNLO revolution)

Many more detailed fiducial 
and differential cross section 
measurements

> 4σ Evidence 
for weak triboson 
production by 
ATLAS using 
2015–2017 data 
arXiv:1903.10415
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Standard Model Production Cross Section Measurements

EPS-HEP 2019

Summary SM cross sections

!50W. Adam: Highlights from the CMS experiment

Probing over 14 orders of magnitude in 
cross section, as well as regions of phase 
space also useful for searches beyond SM



..and searching everywhere 
Model-dependent searches as well as theory-

agnostic and signature-based ones
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VLQ

LLP



A long and bright future: the road for the HL-LHC 
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Phase-II:
The High-Luminosity LHC

We are here



• ATLAS Liquid Argon Calorimeter
• Increase in cell granularity

• Original Dh x Df = 0.1 x 0.1
• NewSuperCell Dh x Df = 0.025 x 0.1

• Improves
• Energy resolution, efficiency for electrons, photons, 

tau leptons, jets and transverse missing energy.
• L1 calorimeter feature extractors

• eFEX, jFEX, gFEX, fFEX
• electron Feature Extractor eFEX

• Hardware, firmware and software
• Respond to new inputs and transmission,in presence

of increased pile-up using existing latency
• Integrate with neighbouring modules in the RO chain
• Exploit improved granularity
• Improved electron, photon, tau-hadron triggering
• Improved isolation strategy
• Output primitive objects for global trigger
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Upgraded Calorimeter electronics– Phase I
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Short-term future: Run 3
´ First round of upgrades for ATLAS and CMS detectors being finalized 

24/9/19Monica D'Onofrio, UK IoP HEP Meeting10

Phase-1 upgrades of CMS 
• Calorimeter (HCAL barrel): installation 

of new readout system
• Tracker (Pixel detector): replacement 

of layer 1 and DCDC converters  

Phase-1 upgrades of ATLAS
• Trigger DAQ upgrade: L1 Calo, L1 

Muon, High Level Trigger, readout  
• New Small Muon Wheels 
• Forward detector system

New Small Wheels (NSW) – Phase I
• Replaces the first layer of EndCap muon instrumentation and provides 

instrumentation and improved triggering – compatable with Phase II

• need <1mrad angular resolution and associated trigger vector capability

• 2 sTGC quadruplets for trigger, bunch id and vector tracking with <1mrad 
resolution

• 2 MicroMegas quadruplets for tracking with resolution <100mm
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TDAQ
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Short-term future: Run 3
´ Run 3 provides the opportunity to implement novel trigger and new analysis 

methods and approaches (e.g. machine learning)
´ Unprecedented accuracy and search reach.

´ A couple of examples 
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Additional scalar particles below the higgs mass 
Looking at h à gg with m(gg) < 65 GeV

Axion-like scalar particles 

https://arxiv.org/abs/1710.01743

Major limitation in trigger, plans to lower 
thresholds and improve triggers at L1



Short-term future: Run 3
´ Run 3 provides the opportunity to implement novel trigger and new analysis 

methods and approaches (e.g. machine learning)
´ Unprecedented accuracy and search reach.

´ A couple of examples 
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New particles might be long-lived (from SUSY to heavy 
Majorana neutrinos… a wide area not yet fully covered)

Displaced vertex at Trigger level

Use L1 object to identify the Primary Vertex and area 
of interest

OR

Improve selection at trigger level associating displaced 
leptons or tracks to standard object 

MORE ON DISPLACED VERTICES
Can we find displaced vertices in regular HLT ? 

Full tracking is way too CPU extensive (and large d0 makes it even 
worse!) 

Use L1 object to identify primary vertex and area of interest 

Find displaced vertex candidates from silicon hits, without tracking, 
using a neural network

Currently training neural network, need to demonstrate performance 
and speed 

Proposed approach

Two problems: Is there a DV? Where is it? 

Two step procedure: 

• Find approx. PV and use HLT objects 
constrain search space 

• Search constrained space for DV

 4

PV

High pT muon

Beam axis

Area of interest
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ATLAS DRAFT

Figure 2: Typical process by which a W boson would decay into a long-lived HNL by mixing with a neutrino. The
prompt charged lepton is essential for triggering and the displaced vertex allows an e�cient background rejection.
The leptons from the W decay and the HNL decay can have either opposite or same charge due to the Majorana
nature of the HNL, and they can be all three flavours depending on the HNL mixing matrix. The hadronic HNL
decay mode (into a charged lepton and two quarks) and the leptonic mode (into two charged leptons and a neutrino)
have their respective advantages.

2]. Being neutral with respect to the electromagnetic, weak, and strong interactions, HNLs are extremely88

elusive particles which could manifest themselves only through gravitational interactions and by mixing89

with left-handed neutrinos (that can interact weakly). This mixing is required to obtain neutrino masses90

through the seesaw mechanism but needs to be tiny to generate matter-antimatter asymmetry and to satisfy91

existing experimental constraints. This means that HNL production in a laboratory would only be possible92

at the highest beam intensities [3]. High beam energies are also required to access high HNL masses. The93

small mixing leads to a long lifetime, leading to the typical signature of a displaced decay. The best current94

constraints in the HNL mass range 2 � 75 GeV come from an analysis with the Delphi experiment at LEP195

using ⇠ 106 neutrinos from Z decays [4]. For masses below 2 GeV, the best constraints are from proton96

beam-dump experiments, using HNL production in strange and charm decays [5–7].97

The very high rate of W boson production at the LHC (⇠ 109 for every 30 fb�1 in ATLAS run-2), combined98

with the capability of ATLAS to reconstruct displaced vertices in its inner detector, makes it possible for99

the first time at a hadron collider to perform a search for HNLs in regions of the parameter space where they100

could account for matter-antimatter asymmetry [8]. The process of HNL production through on-shell Ws101

and its subsequent decay is illustrated in Fig. 2. It o�ers two important advantages: the possibility to trigger102

on the prompt charged lepton from the W decay, and the possibility to e�ciently reduce backgrounds103

by requiring a displaced (>few mm) vertex. Searches using displaced-vertex signatures performed so104

far at ATLAS [9–15] and CMS [16–19] considered the new neutral particles to be decay products of105

other massive particles with relatively large branching ratios, leading to high transverse momentum (pT )106

displaced decay products. None of these provided any relevant sensitivity to HNLs due to the high-pT107

requirements on the particles from the displaced vertex or to the requirement that two displaced vertices108

should be reconstructed in the same event. However, these searches demonstrate that displaced vertices can109

be reconstructed with a reasonable e�ciency in ATLAS and CMS, and that backgrounds that give rise110

to such displaced vertices can be kept under control. A well-designed analysis at ATLAS or CMS can111

potentially probe for the existence of HNLs with masses in the range 3 � 30 GeV with a sensitivity which112

largely surpasses existing LEP constraints and is relevant for matter-antimatter asymmetry [8, 20, 21].113
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X+DV triggers  

A DV trigger (either FTK or HLT) would be very useful for many 
physics channels 

Example : HNL from W decay. Currently relying on single lepton 
trigger from the W. 

Additional displaced leptons or tracks from the decay chain 
would allow to gain acceptance. 

MORE ON DISPLACED VERTICES
Can we find displaced vertices in regular HLT ? 

Full tracking is way too CPU extensive (and large d0 makes it even 
worse!) 

Use L1 object to identify primary vertex and area of interest 

Find displaced vertex candidates from silicon hits, without tracking, 
using a neural network

Currently training neural network, need to demonstrate performance 
and speed 

Proposed approach

Two problems: Is there a DV? Where is it? 

Two step procedure: 

• Find approx. PV and use HLT objects 
constrain search space 

• Search constrained space for DV
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Figure 2: Typical process by which a W boson would decay into a long-lived HNL by mixing with a neutrino. The
prompt charged lepton is essential for triggering and the displaced vertex allows an e�cient background rejection.
The leptons from the W decay and the HNL decay can have either opposite or same charge due to the Majorana
nature of the HNL, and they can be all three flavours depending on the HNL mixing matrix. The hadronic HNL
decay mode (into a charged lepton and two quarks) and the leptonic mode (into two charged leptons and a neutrino)
have their respective advantages.

2]. Being neutral with respect to the electromagnetic, weak, and strong interactions, HNLs are extremely88

elusive particles which could manifest themselves only through gravitational interactions and by mixing89

with left-handed neutrinos (that can interact weakly). This mixing is required to obtain neutrino masses90

through the seesaw mechanism but needs to be tiny to generate matter-antimatter asymmetry and to satisfy91

existing experimental constraints. This means that HNL production in a laboratory would only be possible92

at the highest beam intensities [3]. High beam energies are also required to access high HNL masses. The93

small mixing leads to a long lifetime, leading to the typical signature of a displaced decay. The best current94

constraints in the HNL mass range 2 � 75 GeV come from an analysis with the Delphi experiment at LEP195

using ⇠ 106 neutrinos from Z decays [4]. For masses below 2 GeV, the best constraints are from proton96

beam-dump experiments, using HNL production in strange and charm decays [5–7].97

The very high rate of W boson production at the LHC (⇠ 109 for every 30 fb�1 in ATLAS run-2), combined98

with the capability of ATLAS to reconstruct displaced vertices in its inner detector, makes it possible for99

the first time at a hadron collider to perform a search for HNLs in regions of the parameter space where they100

could account for matter-antimatter asymmetry [8]. The process of HNL production through on-shell Ws101

and its subsequent decay is illustrated in Fig. 2. It o�ers two important advantages: the possibility to trigger102

on the prompt charged lepton from the W decay, and the possibility to e�ciently reduce backgrounds103

by requiring a displaced (>few mm) vertex. Searches using displaced-vertex signatures performed so104

far at ATLAS [9–15] and CMS [16–19] considered the new neutral particles to be decay products of105

other massive particles with relatively large branching ratios, leading to high transverse momentum (pT )106

displaced decay products. None of these provided any relevant sensitivity to HNLs due to the high-pT107

requirements on the particles from the displaced vertex or to the requirement that two displaced vertices108

should be reconstructed in the same event. However, these searches demonstrate that displaced vertices can109

be reconstructed with a reasonable e�ciency in ATLAS and CMS, and that backgrounds that give rise110

to such displaced vertices can be kept under control. A well-designed analysis at ATLAS or CMS can111

potentially probe for the existence of HNLs with masses in the range 3 � 30 GeV with a sensitivity which112

largely surpasses existing LEP constraints and is relevant for matter-antimatter asymmetry [8, 20, 21].113
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X+DV triggers  

A DV trigger (either FTK or HLT) would be very useful for many 
physics channels 

Example : HNL from W decay. Currently relying on single lepton 
trigger from the W. 

Additional displaced leptons or tracks from the decay chain 
would allow to gain acceptance. 

Lot of room to try new 
approaches and ideas



Medium-long term: Run 4, better known as HL-LHC
´ Major upgrades for ATLAS and CMS detectors expected and in track
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EPS-HEP 2019

Upgrades for HL-LHC

!37W. Adam: Highlights from the CMS experiment

Trigger 
• incl. tracker at 40MHz 
• increase max. rate to  
750kHz (L1) /7.5kHz (HLT) 

Calorimeter endcaps 
• Si-based high-granularity  
calorimeter 

• 3D shower measurement 
+ timing

Tracker 
• increased granularity & 
extension to c=3.8 

• tracking @ L1

Barrel calorimeters 
• ECAL crystal-granularity  
readout @ 40MHz 

• new ECAL&HCAL  
backend boards

MIP timing detector 
• Precision timing  
for barrel & endcaps

Many new &  
Innovative elements!

Phase-2 upgrade  
starts now!

Muon detectors 
• new GEM & RPC  
fwd. detectors 

• extended coverage to |!|=3 
• upgraded readout 
for CSC, DT, RPC

Phase-2 upgrades of CMS 

Taken from



Medium-long term: Run 4, better known as HL-LHC
´ Major upgrades for ATLAS and CMS detectors expected and in track
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Phase-2 upgrades of ATLAS 
ATLAS - Upgrades - Phase 2

.

10/09/2019 S. McMahon : PPAP Meeting Birmingham 7

• All new Inner Tracking Detector ITk
• Strips and Pixels 

• Muon system upgrade.
• Upgrades to the LAr & Tile Calorimeters

• & associated Triggering
• Upgraded TDAQ System

• DAQ
• Event triggering & filtering, 

• Computing
• Offline software
• Simulation & reconstruction

• High Granularity Timing Detector HGTD

Upgraded Tracker : General Design Considerations

Rapidity reach extended to |h| = 4
Total Integrated luminosity up to 4,000 fb-1

Inner Pixel section replaced after 2,000 fb-1

Instantaneous luminosity up to 7.5 x 1034 cm-2 s-1

200 inelastic proton-proton collisions per crossing
10 years of operational lifetime

2017 The Strip tracker Technical Design Report 
https://cds.cern.ch/record/2257755/files/ATLAS-TDR-025.pdf
2018 The Pixel tracker Technical Design Report 
https://cds.cern.ch/record/2285585/files/ATLAS-TDR-030.pdf

Replaces the existing Inner Detector (ID)
All silicon design

Design based on ~10 years of operation with existing tracker
Monolithic all silicon design
5 barrel pixel layers & forward disks to high h 
4 barrel strip layers & 6 end cap discs on each side

Designed for 
low mass, high tracking efficiency, low fake rake
tracks PT > 1 GeV, primary & secondary VTX reco
fault tolerant against limited component losses
accommodate timing detector at high h
1 MHz readout L0 Only, 4 MHz L0-L1

Where possible reused existing services HV,LV cable & gas
New C02 cooling
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Muon Spectrometer Upgrade

• Replacement of all frontend on-and off-detector readout and trigger 
electronics.  Enhanced triggering, all data shipped to USA15

• Major improvement in trigger capability, robustness, background suppression 
and increased acceptance by adding new detectors: BI RPC, sMDT, EIL4 TGC

• Present MS has three RPC layers. Addition of fourth RPC layer (triplet) => 
major improvement in robustness!

• Replacement of the HV and LV supplies 

CERN-LHCC-2017-017
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High Granularity Timing Detector
• Timing detector that can be used in addition to track ID z0 to separate vertices from 

different pp interactions in a high pileup environment

• ~4 layers of low-gain avalanche detectors with 30-50 ps time resolution, to be installed

in space between ID and calorimeter end-caps

CERN-LHCC-2018-023
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New Inner Tracking detector (ITK)
Strips and pixels 

High Granularity Timing detector

Upgraded Muon system

TDAQ Upgrade 
and more 



The HL-LHC potential 
´ The physics potential of the HL-LHC and a possible HE upgrade has been studied in detail for the 

European Strategy. Open symposium in Granada – May 2019
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´ Prospects were presented in all areas: 

´ 5 Working Groups (SM, Higgs, BSM, Flavour, Heavy 
Ion): ATLAS, CMS, LHCb, ALICE exp. and theorists 
worked to enrich and consolidate the HL physics 
program: precision, exploration potential and breadth  

´ Prospects for a 27 TeV HE-LHC are also studied 

´ Five dedicated reports and two executive summaries 
for HL and HE have been released in December ‘’18 
and updated in February ‘19 à over 1000 pages of 
documents! 

´ See also: HLHELHCWorkshop

The physics potential of HE-LHC
Editors:

Workshop steering group: A. Dainese, M.L. Mangano, A.B. Meyer, A. Nisati, G.P. Salam, M. Vesterinen
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WG2 conveners: M. Cepeda, S. Gori, P. J. Ilten, M. Kado, and F. Riva,
WG3 conveners: X. Cid-Vidal, M. D’Onofrio, P. J. Fox, R. Torre, and K. Ulmer
WG4 conveners: A. Cerri, V.V. Gligorov, S. Malvezzi, J. Martin Camalich, and J. Zupan
WG5 conveners: Z. Citron, J. F. Grosse-Oetringhaus, J. M. Jowett, Y.-J. Lee, U. Wiedemann, M. Winn

Contributing authors: see Addendum

ABSTRACT

This document summarizes the physics potential of the High-Energy LHC (HE-LHC), under consideration as a possible future
project at CERN. The HE-LHC is a 27 TeV pp collider, to be installed in the LHC tunnel, relying on the 16 T magnet technology
being developed for the 100 TeV Future Circular Collider (FCC-hh). The HE-LHC is designed to deliver 10-15 ab�1of integrated
luminosity to two general purpose detectors, during 20 years of operation. As for the LHC, the facility could host a dedicated
interaction point focused on flavour physics, delivering 3 ab�1 of integrated luminosity to an upgraded LHCb detector, and would
continue the programme of heavy ion collisions. The results presented here were obtained in the context of the Workshop on
“The physics of HL-LHC, and perspectives on HE-LHC”, which ran for over a year after its kick-off meeting on 30 October – 1
November 2017. These studies complemented those focused on the engineering and technological aspects of the project,
performed in the context of the FCC conceptual design report (CDR) for the HE-LHC, and documented elsewhere [1].
The activity has been carried out by five working groups (WGs): “Standard Model” (WG1), “Higgs” (WG2), “Beyond the
Standard Model” (WG3), “Flavour” (WG4) and “QCD matter at high density” (WG5). The reports from the WGs, extending this
executive summary with much more detail and many more results, are available on the CERN Document Server [2–6], and will
appear on arXiv. The documents describing in full detail the HL-LHC and HE-LHC studies performed by the ATLAS and CMS
Collaborations can be found in Ref. [7] (available in early 2019).
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ABSTRACT
This document presents the executive summary of the findings of the Workshop on "The physics of HL-LHC, and perspectives
on HE-LHC", which has run for over a year since its kick-off meeting on 30 October – 1 November 2017. We discuss here the
HL-LHC physics programme. As approved today, this covers (a) pp collisions at 14 TeV with an integrated luminosity of 3 ab�1

each for ATLAS and CMS, and 50 fb�1 for LHCb, and (b) Pb–Pb and p–Pb collisions with integrated luminosities of 13 nb�1

and 50 nb�1, respectively. In view of possible further upgrades of LHCb and of the ions programme, the WG reports assume
300 fb�1 of luminosity delivered to an Upgrade II of LHCb, 1.2 pb�1 of integrated luminosity for p–Pb collisions, and the addition
of collisions with other nuclear species. A separate submission covers the HE-LHC results.
The activity has been carried out by five working groups (WGs): “Standard Model” (WG1), “Higgs” (WG2), “Beyond the Standard
Model” (WG3), “Flavour” (WG4) and “QCD matter at high density” (WG5). Their reports, extending this executive summary
with more results and details, are available on the CERN Document Server [1–5], and will appear on arXiv. The WG results
include both phenomenological studies and detailed simulations of the anticipated performance of the LHC detectors under
HL-LHC conditions. These latter studies implement the knowledge acquired during the preparation of the technical design
reports for the upgraded detectors, and reflect the experience gained by the experiments during the first two runs of the LHC.
The documents describing in full detail the HL-LHC studies performed by the experiments can be found in Ref. [6] (available in
early 2019) and in Ref. [7].
Three goals have been set for the Workshop: (i) to update and extend the projections for the precision and reach of the
HL-LHC measurements, and for their interpretation; (ii) to highlight new opportunities for discovery of phenomena beyond the
Standard Model (BSM), in view of the latest theoretical developments and of recent data; (iii) to explore possible new directions
and/or extensions of the approved HL-LHC programme, particularly in the area of flavour, in the search for elusive BSM
phenomena, and in the study of QCD matter at high density. In addition to enriching and consolidating the physics plans for
HL-LHC, and highlighting the significant advances that the full HL-LHC programme will bring relative to today’s landscape, this
contribution to the European Strategy for Particle Physics Update process is intended to help put in perspective the physics
potential of future projects beyond HL-LHC.
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This document presents the executive summary of the findings of the Workshop on "The physics of HL-LHC, and perspectives
on HE-LHC", which has run for over a year since its kick-off meeting on 30 October – 1 November 2017. We discuss here the
HL-LHC physics programme. As approved today, this covers (a) pp collisions at 14 TeV with an integrated luminosity of 3 ab�1

each for ATLAS and CMS, and 50 fb�1 for LHCb, and (b) Pb–Pb and p–Pb collisions with integrated luminosities of 13 nb�1

and 50 nb�1, respectively. In view of possible further upgrades of LHCb and of the ions programme, the WG reports assume
300 fb�1 of luminosity delivered to an Upgrade II of LHCb, 1.2 pb�1 of integrated luminosity for p–Pb collisions, and the addition
of collisions with other nuclear species. A separate submission covers the HE-LHC results.
The activity has been carried out by five working groups (WGs): “Standard Model” (WG1), “Higgs” (WG2), “Beyond the Standard
Model” (WG3), “Flavour” (WG4) and “QCD matter at high density” (WG5). Their reports, extending this executive summary
with more results and details, are available on the CERN Document Server [1–5], and will appear on arXiv. The WG results
include both phenomenological studies and detailed simulations of the anticipated performance of the LHC detectors under
HL-LHC conditions. These latter studies implement the knowledge acquired during the preparation of the technical design
reports for the upgraded detectors, and reflect the experience gained by the experiments during the first two runs of the LHC.
The documents describing in full detail the HL-LHC studies performed by the experiments can be found in Ref. [6] (available in
early 2019) and in Ref. [7].
Three goals have been set for the Workshop: (i) to update and extend the projections for the precision and reach of the
HL-LHC measurements, and for their interpretation; (ii) to highlight new opportunities for discovery of phenomena beyond the
Standard Model (BSM), in view of the latest theoretical developments and of recent data; (iii) to explore possible new directions
and/or extensions of the approved HL-LHC programme, particularly in the area of flavour, in the search for elusive BSM
phenomena, and in the study of QCD matter at high density. In addition to enriching and consolidating the physics plans for
HL-LHC, and highlighting the significant advances that the full HL-LHC programme will bring relative to today’s landscape, this
contribution to the European Strategy for Particle Physics Update process is intended to help put in perspective the physics
potential of future projects beyond HL-LHC.
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Analyses strategies    
´ Different approaches have been used by experiments and in theoretical prospects

´ Extrapolations of existing results using simple scale factors on individual processes 

´ Fast-simulations, e.g. using DELPHES (CMS, theorists) and common HL-LHC cards   

´ Parametric-simulations, using particle-level definitions for the main objects and taking into account the 
pile-up conditions, effects of an upgraded detector taken into account by applying smearing functions.  

´ Systematic uncertainties are based on existing data analyses and estimated using common guidelines for 
projecting the expected improvements foreseen thanks to large dataset and upgraded detectors
´ intrinsic statistical uncertainty is reduced by a factor 1/√L 
´ Theoretical uncertainties are halved or divided by 4; PDF reduced up to 20-50% 
´ Detector-related uncertainties (JES, JER, b-tagging, e/g/µ/t ID) are ~ halved 
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4 QCD studies
4.1 PDF inputs
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Figure 6. Reduction of the PDF uncertainty in
the predicted cross section for jets. From Ref. [1].

All hard production processes at the LHC start from a partonic colli-
sion, and their rate is determined by the PDFs. The knowledge of the
PDFs is required to extract fundamental couplings from cross-section
measurements (e.g. Higgs couplings from Higgs production rates), or
from distributions (e.g. sin2 qeff from forward-backward asymmetries
in Z0 ! `+`�). PDFs are also needed to predict the tails of SM dis-
tributions at large Q

2 (e.g. the jet pT spectrum or the Drell-Yan (DY)
mass distribution at large di-lepton mass), to probe the existence of new
physics at high scales.

Today’s knowledge of PDFs will be improved at the HL-LHC by
measuring a range of SM processes with jets, top quarks, photons and
EW gauge bosons in the final state. The use of LHCb data, and access to
large rapidities in ATLAS and CMS, will enhance the PDF sensitivity of
these measurements. In the invariant mass region M > 100 GeV, the HL-LHC can improve the PDF uncertainties by a factor
between 2 and 4, depending on the dominant partonic process and on the scenario for the systematic errors [1]. Two scenarios,
A and C, were assumed, with a reduction by a factor of 2 and 5, respectively, of the experimental cross-section systematics
relative to Run 2. These improvements will feed into improved theoretical predictions for a range of phenomenologically
relevant processes both within and beyond the SM. As an example, Fig. 6 shows the impact of HL-LHC PDF data on the
uncertainties for dijet production rates. For the gg ! H process, the PDF systematics will be reduced to below 2%. More
examples of the impact of these “ultimate" HL-LHC PDFs are discussed in Sect. 2.2. We also notice that high precision of
cross-section measurements rely on further improvements in the determination of the integrated luminosity. For the HL-LHC,
high precision luminosity detectors are currently being designed. Refined analysis techniques for the van der Meer scans, and
novel approaches, such as the measurement of fiducial Z

0 boson production rates exploiting in-situ efficiency determination,
can lead to further advances towards the percent level.

4.2 High-Q2 processes
Studies of jet production at HL-LHC show that the experimental uncertainty on the cross-section measurements in the jet pT

range of 0.1–3 TeV, dominated by the jet energy scale, can be reduced to a 2.5�5% level. This is a factor of 2 improvement
with respect to Run 2 data, thanks to the large statistics available from data for the calibration at high pT . Inclusive jet and
di-jet samples in a central rapidity range will respectively extend the reach in jet pT from 3.5 TeV in Run-2 up to about 5 TeV,
and the dijet invariant mass (m j j) from 9 TeV in Run-2 up to about 11 TeV.

Similar studies for inclusive production of isolated-photons (in association with a jet) show an extension of the kinematic
reach from 1.5 TeV (mg� jet = 3.3 TeV) in Run-2 to about ET = 3.5 TeV (mg� jet = 7 TeV). Measurements of jet and photon
production at the HL-LHC will therefore probe QCD perturbation theory at unprecedented energy scales. The combined
reduction in experimental, theoretical and PDF systematics will also significantly increase the sensitivity to possible new
physics.

5 Searches for new physics at high mass
The HL-LHC will offer new possibilities to test many BSM scenarios, motivated by long-standing problems such as EW
naturalness, dark matter (DM), the flavour problem, neutrino masses, the strong CP problem, and baryogenesis. All these new
physics manifestations predict the existence of new particles, which can be searched for at HL-LHC profiting from the much
larger statistics, slightly higher energy (14 TeV), and upgraded detectors. We highlight a subset of key results, selected among a
large number of studies for different new physics scenarios [4]. All quoted exclusion (discovery) reaches refer to 95% CL (5s ).

5.1 Supersymmetry
The extension of the kinematic reach for supersymmetry (SUSY) searches at the HL-LHC is reflected foremost in the sensitivity
to EW states, including sleptons, but also for gluinos and squarks. Studies under various hypothesis were made [3], including
prompt and long-lived SUSY particle decays. Wino-like (w̃) chargino pair production processes are studied considering
dilepton final states. Masses up to 840 (660) GeV can be excluded (discovered) for charginos decaying as c̃±

1 ! W
(⇤)c̃0

1 , in
R-parity conserving scenarios with c̃0

1 as the lightest supersymmetric particle (LSP). The results extend the mass reach obtained
with 80 fb�1 of 13 TeV pp collisions by about 500 GeV, and extend beyond the LEP limit by almost an order of magnitude.
Compressed SUSY spectra are theoretically well motivated but are among the most challenging scenarios experimentally, and
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Higgs physics: properties  
´ The exploration of the Higgs sector includes precision measurements, as well as searches for 

rare production and decay processes:
´ All production modes/decays including rare ones such as h à µ+µ- and h à Zg will be observable at HL 
´ Rate measurements show that percent level precision can be reached for most couplings 
´ With minimal assumptions, the total width GH  will be constrained with a 5% precision and an upper limit on the 

Higgs invisible BR of 2.5% will be reached. 
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Fig. 25: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the ggH (top) and VBF (bottom) production cross sections in the different decay modes
normalised to the SM predictions for ATLAS(blue) and CMS (red). The filled coloured box corresponds
to the statistical and experimental systematic uncertainties, while the hatched grey area represent the
additional contribution to the total uncertainty due to theoretical systematic uncertainties. In the cases
where the extrapolation is performed only by one experiment, same performances are assumed for the
other experiment and this is indicated by a hatched bar. (right) Summary plot showing the total expected
±1� uncertainties in S2 (with YR18 systematic uncertainties) on the ggH (top) and VBF (bottom) pro-
duction cross sections in the different decay modes normalised to the SM predictions for the combination
of ATLAS and CMS extrapolations. For each measurement, the total uncertainty is indicated by a grey
box while the statistical, experimental and theory uncertainties are indicated by a blue, green and red line
respectively. In addition, the numerical values are also reported.
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Fig. 25: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the ggH (top) and VBF (bottom) production cross sections in the different decay modes
normalised to the SM predictions for ATLAS(blue) and CMS (red). The filled coloured box corresponds
to the statistical and experimental systematic uncertainties, while the hatched grey area represent the
additional contribution to the total uncertainty due to theoretical systematic uncertainties. In the cases
where the extrapolation is performed only by one experiment, same performances are assumed for the
other experiment and this is indicated by a hatched bar. (right) Summary plot showing the total expected
±1� uncertainties in S2 (with YR18 systematic uncertainties) on the ggH (top) and VBF (bottom) pro-
duction cross sections in the different decay modes normalised to the SM predictions for the combination
of ATLAS and CMS extrapolations. For each measurement, the total uncertainty is indicated by a grey
box while the statistical, experimental and theory uncertainties are indicated by a blue, green and red line
respectively. In addition, the numerical values are also reported.
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Higgs physics: properties  
´ The exploration of the Higgs sector includes precision measurements, as well as searches for 

rare production and decay processes:
´ All production modes/decays including rare ones such as h à µ+µ- and h à Zg will be observable at HL 
´ Rate measurements show that percent level precision can be reached for most couplings 
´ With minimal assumptions, the total width GH  will be constrained with a 5% precision and an upper limit on the 

Higgs invisible BR of 2.5% will be reached. 
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2.4.2.2 Differential cross-section results
In order to account for resolution effects, the signal events are separated based on the p

H
T at generator

level. Signal and background models are constructed using the simulated events in each category. The
signal model accounts for the relative populations of events from the different production processes
as well as from different pT

H bins, and the di-photon mass resolution expected from events in each
category. The background model is constructed from a fit of smoothly falling functions to the weighted
sum of simulated background samples, accounting for the different fake photon rates for each source of
background and normalised to the total background yield expected in 3000 fb�

1 of High-Luminosity
LHC data. The differential cross-section is determined from a simultaneous maximum likelihood fit to
an Asimov data set [163] corresponding to 3 ab�1, and assuming SM Higgs boson production in each
category. Systematic uncertainties are accounted for through the introduction of constrained nuisance
parameters in the log-likelihood, which are profiled.

The results of this fit are given in figure 18. The results shown are unfolded back to a fiducial
region which is common to both the hadronic and leptonic selections, and shown using only the hadronic
or leptonic categories, and their combination. The theoretical uncertainties displayed on the predicted
ttH + tH cross section are calculated by modifying the renormalisation and factorisation scales up and
down by a factor of 2.
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Fig. 18: The expected p
H
T differential ttH + tH cross sections times branching ratio, along with their

uncertainties [162]. 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 contamination,
which is subtracted in the fit. The cross section for pT

H > 350 GeV is scaled by the width of the previous
bin. The expected ttH + tH cross sections for anomalous values of the Higgs boson self-coupling (� = 10
and � = -5) are shown by the horizontal dashed lines.

2.5 Direct and indirect probing of top Yukawa coupling18

2.5.1 Measurements in ttH and tH production modes19

One of the main targets of the High-Luminosity LHC upgrade is to achieve precision measurements of the
Higgs boson properties. The Yukawa coupling of the Higgs boson to the top quark is expected to be of the
order of unity and could be partially sensitive to effects beyond the Standard Model. Therefore, a direct
measurement of the coupling of the Higgs boson to top quarks is extremely important to access possible

18 Contacts: A. Calandri, P. Das, K. El Morabit, S. Folgueras, S. Gadatsch, A. Gilbert, P. Keicher, T. Klijnsma, K. Mazumdar,
M. Schröder

19 Contacts: A. Calandri, M. Schröder
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SM prediction of ΓH ∼ 4 MeV 
Off-shell methods used by 
ATLAS and CMS (Hà4l, ggF, 
VBF and VH productions) 

Combination of the results:
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Fig. 106: Likelihood scans for projections on �H at 3000 fb
�1 [139]. Scenarios S2 (solid magenta) and

S1 (dotted red) are compared to the case where all systematics (dashed black) are removed. The dashed
horizontal lines indicate the 68% and 95% CLs.

– The background to signal k-factor ratio RB
H(mZZ) uncertainty, two benchmarks are considered:

10% and 30%.

The expected precision on �H at 3000 fb
�1 is 4.2+1.5

�2.1 MeV as shown in Fig. 107. It is more conservative
than the CMS result, and the cause of it was discussed above.
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Fig. 107: Likelihood scans on µo↵�shell with and without systematic uncertainties. The error on µ is
computed at the 1� level and the uncertainty on RB

H(mZZ) is set to 30%.

In conclusion, it is reasonable to believe the realistic precision from ATLAS at 3000 fb
�1 will be

better than the number above. Using the CMS numbers, we con estimate that with CMS and ATLAS
measurements combined, the precision on the width can reach 4.1+0.7

�0.8 MeV.
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GH = 4.1 +0.7 
-0.8 MeV 

(mass unc. foreseen to be reduced to 10-20 MeV)
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Fig. 112: Distributions of Mjj (left) and /ET (right) in the signal region for the final selection, Mjj >
2500 GeV and /ET > 190 GeV [553].
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Fig. 113: Left: 95% CL limits on B(H ! inv.) as a function of the minimum threshold on /ET , for
Mjj > 2500 GeV and an integrated luminosity of 3000 fb�1 [553]. Right: 95% CL limits for scenarios
with different integrated luminosities.

can vary by a factor of 4 when no explicit pileup jet mitigation is used to the case when truth information
is used to remove all pileup jets. Therefore, the development of improved pileup jet mitigation will be
an important development to empower the invisible Higgs decay analyses in the future.

6.2 Interpretation and combination with precision Higgs boson measurements
6.2.1 Experimental input
For the VBF production channel, the projected HL-LHC limit on the invisible Higgs decay rate from the
CMS experiment amounts to 4%, see Section 6.1. For the V H production channel ATLAS projected
a limit of around 8% in 2013 [523]. Assuming ATLAS (CMS) performs equally well as CMS (AT-

190

Higgs invisible in 
VBF, Mjj>2500 GeV

ATLAS+CMS, 
VBF and VH

LAS) in the VBF (V H) channel, and neglecting possible correlations of experimental and theoretical
uncertainties [560], a combination of these limits results in

�
µVBF,V H · BRinv

�HL-LHC
 2.5%, (126)

where µVBF,V H is a common signal strength modifier of the VBF and V H production cross sections. In
our theory interpretations below, we take Eq. (126) as a benchmark value for the prospective ATLAS and
CMS combined limit on BRinv.

We implemented the ATLAS and CMS HL-LHC projections for Higgs signal strength measure-
ments for the individual production times decay modes (see Section 2.6) into the code HiggsSignals [561,
562], including the corresponding correlation matrices. We consider the projections for both future sce-
narios S1 (with Run 2 systematic uncertainties) and S2 (with YR18 systematic uncertainties) [119], see
Sec. 2.6.1, Tab. 35. Note that correlations of theoretical rate uncertainties between the future ATLAS
and CMS measurements are taken into account in our fit via HiggsSignals.

We furthermore study the impact of a future electron-proton collider option (LHeC) at CERN [563,
564, 565, 566], assuming a 60 GeV electron beam, a 7 TeV proton beam and an integrated luminos-
ity of 1 ab

�1. We implemented the prospective signal strength measurements at the LHeC presented
in Ref. [564] into HiggsSignals.86 The projected limit on the invisible Higgs decay rate is around
5% [564, 567, 568, 569, 570, 565] 87. In combination with the above CMS and ATLAS projections, we
obtain �

µVBF,V H,NC · BRinv
�HL-LHC� LHeC

 2.25%

as upper limit on the branching ratio of an invisible Higgs decay mode. Here, we assume the common
signal strength modifier µ also applies to the neutral current (NC) Higgs production cross section at the
LHeC.

6.2.2 Effective description of Higgs portal models
In this section we discuss the HL-LHC prospects in the context of an effective parametrisation of Higgs
rate modifications that are commonly predicted by Higgs portal models, using the coupling scale factor
() framework [42] (see also Section 2.7). Herein, the scale factors X (X = W, Z, g, �, b, ⌧, . . . ) are
introduced for every relevant Higgs coupling to SM particle X . The partial widths and cross sections
associated with these Higgs couplings are then rescaled by 2

X (see Refs. [42, 562] for more details). In
addition, we treat the branching fraction for invisible Higgs decays, BRinv, as free parameter.

In particular, we investigate two scenarios for the Higgs coupling modifications:

(i) a universal scale factor for all Higgs couplings to SM particles,  ⌘ X (X = W, Z, g, �, b, ⌧, . . . );
(ii) additional free parameters g and � that rescale the loop-induced Higgs couplings to gluons

and photons, respectively. The remaining (tree-level) Higgs couplings to SM particles are again
rescaled universally with  ⌘ X (X = W, Z, b, ⌧, . . . ).

We employ the program HiggsSignals [561, 562] to perform a �2 fit to the projected HL-
LHC and/or LHeC Higgs rate measurements (see Section 6.2.1) in each scenario. The resulting future
95% C.L. limit is shown in Fig. 114 as a light and dark green area for scenario (i) and (ii), respectively.
The top panels display the HL-LHC projections for future scenarios S1 [with Run 2 systematic uncer-
tainties] (left) and S2 [with YR18 systematic uncertainties] (right), while the bottom panels show the
projections for LHeC (left) and the combination of LHeC with HL-LHC S2 measurements (right). In

86In addition to the experimental precision quoted in Ref. [564] we assume a theoretical uncertainty of 1% (1.5%) on the
charged (neutral) current production cross section, as well as a 1% luminosity uncertainty.

87Optimisation of the signal selection, advanced background estimation techniques and details of the detector design may
improve this limit down to about (3 � 4)% [571].
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Higgs physics: di-higgs
´ ggF HHà 4b / bbtt / bbgg with detailed analysis of systematic uncertainties impact 

´ Assuming SM Higgs self-coupling l: observation sensitivity of 3 s.d. per exp., 4 s.d. combined
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Figure 3. Left: Projected combined HL-LHC sensitivity to Higgs trilinear coupling from direct search channels. Right:
sensitivity to BSM Higgs bosons, in the H/A ! tt channel. From Ref. [2].

self-coupling l , ATLAS and CMS project a sensitivity to the HH signal of approximately 3 s.d. per experiment, leading to
a combined observation sensitivity of 4 s.d. These analyses, which make use also of the HH mass spectrum shape, result in
the likelihood profile as a function of kl shown in Fig. 3 (left). An important feature of these analyses is the presence of the
secondary minimum in the likelihood lineshape, due to the degeneracy in the total number of HH signal events for different kl
values. We note that at the HL-LHC the secondary minimum can be excluded at 99.4% CL, with a constraint on the Higgs
self-coupling of 0.5 < kl < 1.5 at the 68% CL. The results on HH production studies are statistics limited, therefore a dataset
of at least 6 ab�1 (ATLAS and CMS combined) is essential to achieve this objective.

Higgs studies at HL-LHC will enhance the sensitivity to BSM physics, exploiting indirect probes via precision measurements,
and a multitude of direct search targets, ranging from exotic decays of the 125 GeV Higgs boson (e.g. decays including light
scalars, light dark photons or axion-like particles, and decays to long-lived BSM particles) to the production of new Higgs
bosons, neutral and charged, at masses above or below 125 GeV. As an example, Fig. 3 (right) shows a summary of the MSSM
regions of parameter space that will be probed by ATLAS and CMS. The expected exclusion limit for H/A ! tt is presented
in black-dashed and compared to the present limit (in red and green for ATLAS and CMS, respectively). The HL-LHC will
have access to new Higgs bosons as heavy as 2.5 TeV for tanb > 50. In the figure, we also present the expected bound coming
from Higgs precision coupling measurements which excludes Higgs bosons with masses lower than approximately 1 TeV over
a large range of tanb .

Precision measurements provide an important tool to search for BSM physics associated to mass scales beyond the LHC
direct reach. The EFT framework, where the SM Lagrangian is supplemented with dimension-6 operators Âi ciO

(6)
i

/L2, allows
one to systematically parametrise BSM effects and how they modify SM processes. Figure 2 (right) shows the results of a global
fit to observables in Higgs physics, as well as diboson and Drell-Yan processes at high energy. The fit includes all operators
generated by new physics that only couples to SM bosons. These operators can either modify SM amplitudes, or generate new
amplitudes. In the former case, the best LHC probes are, for example, precision measurements of Higgs branching ratios. In the
case of the operator OH , for example, the constraints in Fig. 2 (right) translate into a sensitivity to the Higgs compositeness
scale f > 1.6 TeV, corresponding to a new physics mass scale of 20 TeV for an underlying strongly coupled theory. The effects
associated with some new amplitudes grow quadratically with the energy. For example, Drell-Yan production at large mass can
access, via the operators O2W,2B, energy scales of order 12 TeV (Fig. 2).

2.1 Production of multiple EW gauge bosons
The measurement of production of pairs or triplets of EW gauge boson will be of great importance to test the mechanism of EW
symmetry breaking, since it can signal the presence of anomalous EW couplings, and of new physics at energy scales beyond
the reach of direct resonance production. First observations of EW multiboson interactions have recently been achieved in
vector boson scattering (VBS) of WW and WZ and we expect a fuller picture to be accessible at HL-LHC, by statistics, but also
through improved detector instrumentation and acceptance in the forward direction. Table 1 summarizes the expected SM yields,
quoting the expected precision and significance for several HL-LHC measurements. In particular, the extraction of individual
polarization contributions to same-sign WW scattering will yield a > 3 s.d. evidence for WLWL production, combining ATLAS
and CMS results.

3

likelihood profile as a function of κλ

The secondary minimum can be excluded at 99.4% CL, with a 
constraint on the Higgs self-coupling of 0.5 < κλ < 1.5 at the 68% CL. ATL-PHYS-PUB-2018-053
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Higgs physics: portals to NP  
HL-LHC will enhance the sensitivity to BSM physics. For example:
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Minimal Higgs – Dark Matter portal models 

Table 78: Comparison of prospective 95% C.L. limits on the Higgs signal strength for SM final states,
2

(1 � BRinv), and the invisible Higgs decay rate, BRinv (assuming SM Higgs couplings,  = 1), for
HL-LHC scenarios S1 and S2, LHeC, and the combination of LHeC and HL-LHC (assuming scenario
S2). First (second) row shows the results obtained in the fit parametrisation (i) [(ii)].

fit setup quantity HL-LHC S1 HL-LHC S2 LHeC LHeC � HL-LHC S2

(, BRinv)
2

(1 � BRinv) � 0.933 � 0.958 � 0.959 � 0.967

BRinv ( ⌘ 1)  6.7%  4.2%  4.1%  3.3%

(, g, � , BRinv)
2

(1 � BRinv) � 0.930 � 0.954 � 0.959 � 0.966

BRinv ( ⌘ 1)  7.0%  4.6%  4.1%  3.4%

At the LHeC the prospective indirect Higgs rate constraints are comparable to the HL-LHC S2
prospects, reaching a precision of � . (2.1 � 2.3)% independently of the invisible Higgs decay rate,
in both fit parametrisations considered here.88 On the other hand, the direct invisible Higgs searches at
the LHeC are weaker than at the HL-LHC. In combination with the HL-LHC (assuming future scenario
S2), the bounds from the Higgs rates can further be improved to coupling deviations of � . 1.7%.

Compared with the sensitivity of Higgs rate measurements during Run 1 of the LHC [144] to the
invisible decay rate, BRinv . O(20%) (at 95% C.L.), we find that the sensitivity improves by roughly
a factor of 3–5 at the HL-LHC (depending on the evolution of systematic uncertainties). In combination
with LHeC results we expect the indirect limit to improve by a factor of up to 6.

6.3 Higgs portal interpretations
6.3.1 Minimal Higgs Portal
In the minimal Higgs portal model, we impose a quartic interaction of the SM Higgs doublet field H
with the DM field, which could be either a scalar (S) [572], a vector (V µ) [573] or a fermion (�) [574]
(see Refs. [575, 576] for a comprehensive overview):

L � �
1
4�hSSH†HS2

(scalar DM) or (127)

L � +
1
4�hV V H†HVµV µ

(vector DM) or (128)

L � �
1
4

�h��

⇤ H†H�̄� (fermion DM), (129)

respectively. Besides these operators the Lagrangian contains an explicit mass term of the DM field,
allowing us to use the mass of the DM particle, MDM, as a free model parameter. In addition, the
Lagrangian L contains DM self-interaction operators, however, these are irrelevant to our study.

If DM is light, MDM < MH/2 ' 62.5GeV, the above interactions lead to the invisible Higgs
decay into two DM particles. An upper limit on BRinv can therefore be translated into an upper limit on
the portal coupling � of above operators, Eqs. (127)-(129), depending on MDM. At the same time, the
portal coupling � governs the DM phenomenology. For DM masses MDM . MH/2 the relic abundance
of the DM particles is driven by the s-channel annihilation through the exchange of the Higgs boson.89

As the DM–nucleon elastic scattering amplitudes are directly proportional to the portal coupling [575],
it can be additionally constrained by DM direct detection experiments. These are sensitive to the elastic
scattering of the DM particles with nuclei, mediated by the Higgs boson. Hence, in turn, the upper limit
on � can be translated into an upper limit on the (spin-independent) DM-nucleon scattering cross section,
�DM�nucleon (see Refs. [575, 576]).

88The complementarity of LHeC and HL-LHC Higgs rate measurements is much stronger in more general coupling fit setups,
e.g., when independent scale factors for the Higgs-W -W and Higgs-Z-Z couplings are considered [564].

89Assuming a standard cosmological history and thermal freeze-out dark matter, the minimal Higgs portal scenario with light
DM is tightly constrained, with only a narrow mass range around MDM ' MH/2 being allowed. However, this can be relaxed
in alternative cosmological scenarios and DM production mechanisms, see e.g. Refs. [577, 578, 579].
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prospects, reaching a precision of � . (2.1 � 2.3)% independently of the invisible Higgs decay rate,
in both fit parametrisations considered here.88 On the other hand, the direct invisible Higgs searches at
the LHeC are weaker than at the HL-LHC. In combination with the HL-LHC (assuming future scenario
S2), the bounds from the Higgs rates can further be improved to coupling deviations of � . 1.7%.

Compared with the sensitivity of Higgs rate measurements during Run 1 of the LHC [144] to the
invisible decay rate, BRinv . O(20%) (at 95% C.L.), we find that the sensitivity improves by roughly
a factor of 3–5 at the HL-LHC (depending on the evolution of systematic uncertainties). In combination
with LHeC results we expect the indirect limit to improve by a factor of up to 6.

6.3 Higgs portal interpretations
6.3.1 Minimal Higgs Portal
In the minimal Higgs portal model, we impose a quartic interaction of the SM Higgs doublet field H
with the DM field, which could be either a scalar (S) [572], a vector (V µ) [573] or a fermion (�) [574]
(see Refs. [575, 576] for a comprehensive overview):
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respectively. Besides these operators the Lagrangian contains an explicit mass term of the DM field,
allowing us to use the mass of the DM particle, MDM, as a free model parameter. In addition, the
Lagrangian L contains DM self-interaction operators, however, these are irrelevant to our study.

If DM is light, MDM < MH/2 ' 62.5GeV, the above interactions lead to the invisible Higgs
decay into two DM particles. An upper limit on BRinv can therefore be translated into an upper limit on
the portal coupling � of above operators, Eqs. (127)-(129), depending on MDM. At the same time, the
portal coupling � governs the DM phenomenology. For DM masses MDM . MH/2 the relic abundance
of the DM particles is driven by the s-channel annihilation through the exchange of the Higgs boson.89

As the DM–nucleon elastic scattering amplitudes are directly proportional to the portal coupling [575],
it can be additionally constrained by DM direct detection experiments. These are sensitive to the elastic
scattering of the DM particles with nuclei, mediated by the Higgs boson. Hence, in turn, the upper limit
on � can be translated into an upper limit on the (spin-independent) DM-nucleon scattering cross section,
�DM�nucleon (see Refs. [575, 576]).

88The complementarity of LHeC and HL-LHC Higgs rate measurements is much stronger in more general coupling fit setups,
e.g., when independent scale factors for the Higgs-W -W and Higgs-Z-Z couplings are considered [564].

89Assuming a standard cosmological history and thermal freeze-out dark matter, the minimal Higgs portal scenario with light
DM is tightly constrained, with only a narrow mass range around MDM ' MH/2 being allowed. However, this can be relaxed
in alternative cosmological scenarios and DM production mechanisms, see e.g. Refs. [577, 578, 579].
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SM measurements and top 
physics

HL-LHC will be critical to reduce systematics or bypass their 
limitations with new analyses, lead to measurements of 
unanticipated precision and give access to rare phenomena

Some examples in the following 



Multi-boson production @ HL-LHC
´ Prospects for same-sign WW

´ Also > 3 s.d. evidence for WLWL production

´ Excellent prospects for multiboson productions
´ Interesting differential cross section measurements

´ Results can be used to constrain anomalous couplings 
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Table 1. Expected precision and
significance for the measurement of
several EW multiboson processes [1].

Process W
±

W
±

WZ WV ZZ WWW WWZ WZZ

Final state `±`±jj 3`jj `jjjj 4`jj 3`3n 4`2n 5`n
Precision 6% 6% 6.5% 10–40% 11% 27% 36%
Significance > 5s > 5s > 5s > 5s > 5s 3.0s 3.0s

2.2 sin2 qeffsin2 qeffsin2 qeff, mWmWmW and mtopmtopmtop

The current world average of the weak mixing angle sin2 qeff = 0.23153 ± 0.00016 is dominated by determinations based on
data from LEP and from SLD. Those determinations, however, differ by over 3 s.d.. A precision extraction using HL-LHC data
can help settle this long-standing issue, giving insight into the source of tension between LEP and SLD, whether this is the result
of systematics, or of new physics. The statistical precision of sin2 qeff measurements with ATLAS, CMS and LHCb will be
better than 5 ·10�5. The overall uncertainty will remain dominated by the PDFs, which can be reduced to 10�16 ·10�5 using
in situ constraints, with an overall uncertainty below 18 ·10�5. The PDF uncertainty on sin2 qeff can be reduced by 10%�25%
using the global fits to HL-LHC data, as discussed in Sec. 4.1. Data from the LHeC collider would have the potential to reduce
the PDF uncertainties by an additional factor of 5.

Another key target of the LHC is to improve the knowledge of the W boson mass, mW . The HL-LHC will greatly reduce
the systematics, by limiting the PDF sensitivity via the extended leptonic coverage |h | < 4, and via its own PDF constraints.
Dedicated low-pileup runs will provide the required conditions to optimize the reconstruction of missing transverse momentum,
and five to ten weeks of data taking in the course of the HL-LHC will lead to a statistical precision of about 3 MeV. Experimental
systematic uncertainties are largely of statistical nature, and with adequate efforts and exploiting the full available data sample,
their impact can be maintained at a level similar to the statistical uncertainty. Assuming the extended lepton coverage allowed
by the HL-LHC detectors, the impact of PDF uncertainties on the mW measurement, using today’s PDF sets, would amount to
5-8 MeV. These uncertainties are further reduced to about 4 MeV when using the HL-LHC ultimate PDF set (Sec. 4.1), leading
to an overall HL-LHC target of DmW = ±6 MeV. LHeC measurements could further reduce the PDF systematics to 2 MeV.

The projections for the top mass measurements are collected in Table 2. With a mostly negligible statistical uncertainty, they
reflect the anticipated measurement and modeling systematics, but do not include the uncertainty in the interpretation in terms of
a theoretically well defined mass (see the discussion in Ref. [1]). Progress here will be driven by future theoretical developments,
supported by the large amount of data and of probes of the top mass subject to independent theoretical systematics.

Table 2. Projected total uncertainties on the
top quark mass, obtained with different
methods. From Ref. [1].

Method: tt̄ lepton+jets t-channel single top mSV ` J/y stt̄

Dmtop (GeV): 0.17 0.45 0.62 0.50 1.2

3 Flavour physics
The LHCb experiment has demonstrated emphatically that the LHC is an ideal laboratory for a comprehensive programme
of flavour physics. The LHCb Upgrade II, combined with the enhanced B-physics capabilities of the Phase II upgrades of
ATLAS and CMS, will enable a wide range of flavour observables to be determined at HL-LHC with unprecedented precision,
complementing and extending the reach of Belle II, and of the high-pT physics programme. Some highlights are given here,
see Ref. [4] for a comprehensive overview.

3.1 Testing CKM unitarity
The unitary nature of the CKM matrix, and the assumptions of the SM, impose nontrivial relations between the CKM elements,
implying the closure of the vertices of the standard unitarity triangle, Fig. 4. The angle g can be extracted with small
experimental and theoretical systematics, but is the least well known (±5�), due to statistics. LHCb Upgrade II will improve
the precision by an order of magnitude, or better. The precision measurement of the Bs weak mixing phase will be another
highlight of the programme. The expected precision on f cc̄s

s
at the end of the HL-LHC period will be ⇠ 5 mrad for ATLAS and

CMS, and ⇠ 3 mrad for LHCb . This will be at the same level as the current precision on the indirect determination based
on the CKM fit using tree-level measurements. The anticipated impact of these improvements can be seen in Fig. 4. The
increased sensitivity will allow for extremely precise tests of the CKM paradigm. In particular, it will permit the tree-level
observables, which provide SM benchmarks, to be assessed against those with loop contributions, which are more susceptible
to new physics.

3.2 Bottom quark probes of new physics and prospects for B-anomalies
The flavour-changing neutral current (FCNC) transitions b ! s(d)`+`+ provide some of the most sensitive probes of new
physics. For most of the corresponding observables, this sensitivity is statistics limited. The HL-LHC, combining ATLAS, CMS
and LHCb Upgrade II, is the only facility with the potential to distinguish between some plausible new physics scenarios. As an
example, Fig. 5 shows the potential sensitivity to the C9 and C10 Wilson coefficients, illustrating scenarios with modifications
of just C9 (vector current) and of both C9 = �C10 (pure left-handed current). The fits use the measurements of the branching
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Fig. 14: The distribution of the invariant mass of the two leading jets after the selection requirements for
an integrated luminosity of 3000 fb�1, for CMS (left) and ATLAS (right).
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Fig. 15: The estimated uncertainty of the EW W±W± cross section measurement as a function of
the integrated luminosity, for CMS (left), only statistical and experimental systematic uncertainties are
considered, and ATLAS (right).

section for jet pT > 50GeV. The difference in azimuthal angle between the two leading jets, ��jj , has
the potential for discriminating the LL component of the VBS scattering from TT and LT contributions.
Since the signal-to-background separation for the EW W±W±jj process improves with increasing mjj

as shown in Fig. 14 (left), the ��jj distributions are studied in two ranges of mjj : for 500-1100 GeV
and above 1100 GeV. Figure 17 shows the combination of signal and background yields as a function
of ��jj for high mjj regions. Using a simultaneous fit to two mass regions8, the significance for the
observation of the LL process is estimated as a function of integrated luminosity. The significance
is found to be up to 2.7 standard deviations for L = 3000 fb�1. The gradual improvement of signal
significance as a function of integrated luminosity is shown in Fig. 18 right. A combination of ATLAS
and CMS results, using fully simulated ATLAS events and improved electron efficiency, is expected to
reach an expected significance of 3 standard deviations with 2000 fb�1 per experiment. In addition,

8The low mjj region serves to constrain the tt̄/fake background.
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For both centre-of-mass energies the same type of event selections has been used. These predictions
represent important benchmarks as they indicate the expected rates when accounting for NLO EW cor-
rections. The NLO EW corrections have been shown to be very large for VBS processes [103] and
even the dominating NLO contribution for same-sign WW scattering [111]. Nonetheless, the inclusion
of NLO QCD corrections is necessary as they can significantly distort the shape of jet-related observ-
ables [111,371–379]. In addition, they drastically reduce theoretical uncertainties. The QCD corrections
for all VBS signatures can be obtained from public programs such as MADGRAPH5_AMC@NLO [12],
POWHEG [151, 314, 380], SHERPA [84, 381], or VBFNLO [247, 248, 341].

In this study, the NLO EW corrections have been obtained from MOCANLO+RECOLA [82, 82,
91] based on a full NLO computation [111] for the same-sign WW signature. While the exact value of
the corrections is expected to be different for other signatures, their magnitudes and nature should be
similar.

The hadronic scattering processes are simulated at the LHC with a centre-of-mass energies
p
s =

14TeV and
p
s = 27TeV. The NNNPDF 3.1 LUXQED parton distribution functions (PDFs) [224]

with five massless flavours,10 NLO-QCD evolution, and a strong coupling constant ↵s(MZ) = 0.118 are
employed.11 Initial-state collinear singularities are factorised according to the MS scheme, consistently
with the conventions in the NNPDF set.

The other input parameters have been chosen as in Ref. [378]. For the massive particles, the
following masses and decay widths are used:

mt = 173.21GeV, �t = 0GeV,

MOS
Z = 91.1876GeV, �OS

Z = 2.4952GeV,

MOS
W = 80.385GeV, �OS

W = 2.085GeV,

MH = 125.0GeV, �H = 4.07⇥ 10�3 GeV. (8)

The measured on-shell (OS) values for the masses and widths of the W and Z bosons are converted into

10For the process considered, no bottom (anti-)quarks appear in the initial or final state at LO and NLO, as they would lead
to top quarks rather than light jets in the final state.

11The corresponding identifier lhaid in the program LHAPDF6 [202] is 324900.
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The projected measurement uncertainty from the CMS analysis is 9.8% (8.8%) for the Run-2
(YR18) scenario and for a 10% uncertainty in the loop-induced ggZZ background yield, for an inte-
grated luminosity of 3000 fb�1and a coverage of up to |⌘| = 3 for electrons. Extending the coverage up
to |⌘| = 4 for electrons, the expected measurement uncertainty becomes 9.5% and 8.5%, respectively.
In these estimates it is assumed that a fiducial cross section close to the detector volume is used, such
that the measurement is to first order insensitive to theoretical uncertainties in the signal cross section.

In addition, the expected differential cross section measurements of the EW-ZZjj processes at
14 TeV have been studied in the defined phase space, as a function of mjj , and mZZ , as shown in
Fig. 29. The expected differential cross section measurements are calculated bin by bin as

� =
Npseudo�data �NQCD�ZZjj

L ⇤ CEW�ZZjj
, CEW�ZZjj =

Ndet.
EW�ZZjj

Npart.
EW�ZZjj

, (19)

where Npseudo�data is the expected number of data events with 3000 fb�1 luminosity, and NQCD�ZZjj

and NEW�ZZjj are the number of predicted events from QCD-ZZjj and EW-ZZjj processes, respec-
tively. The CEW�ZZjj factor refers to the detector efficiency for EW-ZZjj processes, calculated as
number of selected signal events at detector level (Ndet.

EW�ZZjj), divided by number of selected events at
particle level in the fiducial phase space (Npart.

EW�ZZjj). Both the statistical only case (statistical uncer-
tainty is estimated from expected data yield at 14 TeV with 3000 fb�1) and the ones with different sizes
of theoretical uncertainties on the background modeling are shown in Fig. 29.
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Fig. 29: Expected differential cross sections at 14 TeV for the EW-ZZjj processes as a function of
mjj(left) and mZZ (right). Results are shown with different sizes of systematic uncertainties.

The decay angle cos ✓⇤ of the lepton direction in the Z decay rest frame with respect to the Z mo-
mentum direction in the laboratory frame is the most distinctive feature of longitudinal Z bosons (ZL).
The Z boson pT and ⌘ distributions also carry information on ZLZL production, in particular longitu-
dinal Z bosons are produced with a lower pT and more forward, compared to transverse polarizations
(ZT). The distributions of cos ✓⇤, pT and ⌘ of both Z bosons, together with the distributions of all ob-
servables used to separate VBS processes from QCD backgrounds and described above are employed as
input to a BDT to separate the VBS ZLZL signal from all backgrounds. The BDT is trained separately
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W and top mass precision measurements
´ W mass precision measurement uses dedicated dataset at low <mu> 

à exploit the extended leptonic coverage 

´ Precision better than 5 · 10−5 for sin2θeff

´ Top mass precision measurement 
´ Several methods compared

24/9/19Monica D'Onofrio, UK IoP HEP Meeting

∆mW = ±6 MeV (with reduced PDF unc from HL LHC)
∆mW = ±2 MeV (with improved PDF from LHeC) 

Table 1. Expected precision and
significance for the measurement of
several EW multiboson processes [1].

Process W
±

W
±

WZ WV ZZ WWW WWZ WZZ

Final state `±`±jj 3`jj `jjjj 4`jj 3`3n 4`2n 5`n
Precision 6% 6% 6.5% 10–40% 11% 27% 36%
Significance > 5s > 5s > 5s > 5s > 5s 3.0s 3.0s

2.2 sin2 qeffsin2 qeffsin2 qeff, mWmWmW and mtopmtopmtop

The current world average of the weak mixing angle sin2 qeff = 0.23153 ± 0.00016 is dominated by determinations based on
data from LEP and from SLD. Those determinations, however, differ by over 3 s.d.. A precision extraction using HL-LHC data
can help settle this long-standing issue, giving insight into the source of tension between LEP and SLD, whether this is the result
of systematics, or of new physics. The statistical precision of sin2 qeff measurements with ATLAS, CMS and LHCb will be
better than 5 ·10�5. The overall uncertainty will remain dominated by the PDFs, which can be reduced to 10�16 ·10�5 using
in situ constraints, with an overall uncertainty below 18 ·10�5. The PDF uncertainty on sin2 qeff can be reduced by 10%�25%
using the global fits to HL-LHC data, as discussed in Sec. 4.1. Data from the LHeC collider would have the potential to reduce
the PDF uncertainties by an additional factor of 5.

Another key target of the LHC is to improve the knowledge of the W boson mass, mW . The HL-LHC will greatly reduce
the systematics, by limiting the PDF sensitivity via the extended leptonic coverage |h | < 4, and via its own PDF constraints.
Dedicated low-pileup runs will provide the required conditions to optimize the reconstruction of missing transverse momentum,
and five to ten weeks of data taking in the course of the HL-LHC will lead to a statistical precision of about 3 MeV. Experimental
systematic uncertainties are largely of statistical nature, and with adequate efforts and exploiting the full available data sample,
their impact can be maintained at a level similar to the statistical uncertainty. Assuming the extended lepton coverage allowed
by the HL-LHC detectors, the impact of PDF uncertainties on the mW measurement, using today’s PDF sets, would amount to
5-8 MeV. These uncertainties are further reduced to about 4 MeV when using the HL-LHC ultimate PDF set (Sec. 4.1), leading
to an overall HL-LHC target of DmW = ±6 MeV. LHeC measurements could further reduce the PDF systematics to 2 MeV.

The projections for the top mass measurements are collected in Table 2. With a mostly negligible statistical uncertainty, they
reflect the anticipated measurement and modeling systematics, but do not include the uncertainty in the interpretation in terms of
a theoretically well defined mass (see the discussion in Ref. [1]). Progress here will be driven by future theoretical developments,
supported by the large amount of data and of probes of the top mass subject to independent theoretical systematics.

Table 2. Projected total uncertainties on the
top quark mass, obtained with different
methods. From Ref. [1].

Method: tt̄ lepton+jets t-channel single top mSV ` J/y stt̄

Dmtop (GeV): 0.17 0.45 0.62 0.50 1.2

3 Flavour physics
The LHCb experiment has demonstrated emphatically that the LHC is an ideal laboratory for a comprehensive programme
of flavour physics. The LHCb Upgrade II, combined with the enhanced B-physics capabilities of the Phase II upgrades of
ATLAS and CMS, will enable a wide range of flavour observables to be determined at HL-LHC with unprecedented precision,
complementing and extending the reach of Belle II, and of the high-pT physics programme. Some highlights are given here,
see Ref. [4] for a comprehensive overview.

3.1 Testing CKM unitarity
The unitary nature of the CKM matrix, and the assumptions of the SM, impose nontrivial relations between the CKM elements,
implying the closure of the vertices of the standard unitarity triangle, Fig. 4. The angle g can be extracted with small
experimental and theoretical systematics, but is the least well known (±5�), due to statistics. LHCb Upgrade II will improve
the precision by an order of magnitude, or better. The precision measurement of the Bs weak mixing phase will be another
highlight of the programme. The expected precision on f cc̄s

s
at the end of the HL-LHC period will be ⇠ 5 mrad for ATLAS and

CMS, and ⇠ 3 mrad for LHCb . This will be at the same level as the current precision on the indirect determination based
on the CKM fit using tree-level measurements. The anticipated impact of these improvements can be seen in Fig. 4. The
increased sensitivity will allow for extremely precise tests of the CKM paradigm. In particular, it will permit the tree-level
observables, which provide SM benchmarks, to be assessed against those with loop contributions, which are more susceptible
to new physics.

3.2 Bottom quark probes of new physics and prospects for B-anomalies
The flavour-changing neutral current (FCNC) transitions b ! s(d)`+`+ provide some of the most sensitive probes of new
physics. For most of the corresponding observables, this sensitivity is statistics limited. The HL-LHC, combining ATLAS, CMS
and LHCb Upgrade II, is the only facility with the potential to distinguish between some plausible new physics scenarios. As an
example, Fig. 5 shows the potential sensitivity to the C9 and C10 Wilson coefficients, illustrating scenarios with modifications
of just C9 (vector current) and of both C9 = �C10 (pure left-handed current). The fits use the measurements of the branching

4

Progress on ∆mt will be driven by future theoretical developments 

ATL-PH
YS-PU

B-2018-026

illustrated in Fig. 46 where one can see the comparison between direct (i.e. experimental) and indirect
constraints on the fit input parameters given for both the current and HL-LHC scenarios in the MW vs.
mt and the MW vs. sin2 ✓lepte↵ planes respectively.
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Fig. 46: Comparison of the indirect constraints on MW and mt with the current experimental mea-
surements and the expected improvements at the HL-LHC (left). The same in the MW -sin2 ✓lepte↵ plane
(right).

The EWPO, being measured in processes mediated by the exchange of a Z or W boson, are extremely
sensitive to any new physics that modifies the propagation of such particles. This results in a universal
modification of the interactions between the EW gauge bosons and the SM fermions, which, from the
point of view of EWPO, can be described in terms of only three parameters: the well-known S, T , and
U oblique parameters [521]. The study of the constraints on the S, T , and U parameters is one of the
classical benchmarks in the study of EW precision constraints on new physics, and it is well motivated
from a theory point of view, within the context of universal theories. The results of the fit to the S, T ,
and U parameters are given in Table 29. The results are presents in terms of the full (S,T ,U ) fit and also
assuming U = 0, which is motivated in theories where EW symmetry breaking is realised linearly, since
in that case U ⌧ S, T . In both cases the current constraints are compared with the expected precision at
the HL-LHC, which, in some cases, could improve the sensitivity to such new physics effects by up to
⇠ 30%. The results for the ST fit (U = 0) are shown in Fig. 47, illustrating also the constraints imposed
by the different EWPO.

Table 29: Results of the fit for the oblique parameters S, T , U ; and S, T (U = 0). Projections for the
uncertainties at the HL-LHC are given in the last column.

Result Correlation Matrix Precision at HL-LHC
S 0.04± 0.10 1.00 0.09
T 0.08± 0.12 0.90 1.00 0.12
U 0.00± 0.09 �0.62 �0.84 1.00 0.08
S 0.04± 0.08 1.00 0.06
T 0.08± 0.06 0.90 1.00 0.05

(U = 0)

As stressed above, the STU parameterisation only describes universal deformations with respect to

89

EW fits:
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Rare top processes and FCNC
´ Prospects for measurements of rare top processes 

(1) tttt (4 tops): also a probe for new physics 

´ Flavor changing neutral currents are forbidden at tree level, and strongly suppressed by GIM 
mechanism – SM predicts O(10-12 – 10-16), BSM extensions allow significant enhancements

´ Anomalous couplings:  

´ top-g/g/Z/H 
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Figure 4. Left: Discovery reach for a RS Graviton decaying to tt̄ at the HE-LHC. Right: Upper limit for a HVT Z
0 !WW via

ggF/qq̄ production. From Ref. [4].

right-handed heavy WR boson decaying to a Majorana neutrino can be discovered up to ⇠ 10.5 TeV with 5 ab�1 , and excluded
up to masses of around ⇠ 16 TeV with an integrated luminosity of 15 ab�1. This increases the reach of HL-LHC by about
10 TeV. Doubly charged scalars in type-II seesaw models, can also be searched for in multi-lepton signatures, with a reach in
the 1.5 TeV region. Heavy leptons in type-III seesaw models, giving rise to final states with two leptons, jets and b-jets can be
excluded (discovered) up to 3.8 (3.2) TeV. For comparison, the exclusion reach for the HL-LHC is about 1.6 TeV.

2.4 Exploring the largest Q2 values
The increase in energy and integrated luminosity at the HE-LHC will allow to probe QCD at the highest values of Q

2, searching
for deviations induced by new physics at energy scales well beyond the reach of the HL-LHC. The HE-LHC kinematic reach
will extend up to 10 TeV in the jet transverse momentum pT and up to 22 TeV in the di-jet invariant mass m j j. The inclusive
production of isolated-photons and jets will reach up to 5 TeV in the photon ET and jet pT , and up to 12 TeV in the photon-jet
invariant mass. In Table 2, event yields for various processes involving top quarks are listed. The typical increase in inclusive
event yield for top quark production will be roughly a factor 20, providing ample statistics for all single-top processes as well
as for the associated production of top quarks with heavy particles. The expected increase for tt̄ events with p

top
T

> 2 TeV is
about a factor 500. Production of events with four top quarks in the final state is enhanced by about a factor of 40, leading to an
expected statistical uncertainty in the cross section measurement of 1%.

Table 2. Approximate event yields at HL-LHC (3 ab�1) and
HE-LHC (15 ab�1) for top quark production, for inclusive and
high-Q2

tt̄ final states, for single top production in the
t-channel, s-channel, associated Wt production, for t-channel
production in association with a Z boson, and for tt̄W , tt̄Z, tt̄H,
tH and tt̄tt̄ inclusive final states. The values for single top
quark processes refer to the sum of top quark and top antiquark
production. From Ref. [2].

Process HL-LHC HE-LHC
tt̄ 3⇥109 5⇥1010

tt̄ (p
top
T

> 2 TeV) 3⇥102 1.5⇥105

t-channel 8⇥108 1⇥1010

Wt 2⇥108 2⇥109

s-channel 3⇥107 4⇥108

tqZ 3⇥106 6⇥107

tt̄W 2⇥106 4⇥107

tt̄Z 3⇥106 7⇥107

tt̄H 2⇥106 4⇥107

tH 3⇥105 6⇥106

tt̄tt̄ 5⇥104 2⇥106

4

Table 38: tt̄tt̄: �(N)LO
i
/�LOQCD

ratios at 14 and 27 TeV, for different values of µ = µR = µF . See
Ref. [115] for details.

�[%]
14 TeV 27 TeV

µ = HT/8 µ = HT/4 µ = HT/2 µ = HT/8 µ = HT/4 µ = HT/2

LO2 �25.8 �28.1 �30.4 �23.6 �25.9 �28.2
LO3 32.5 38.9 45.8 30.7 37.0 43.8
LO4 0.2 0.3 0.4 0.1 0.2 0.2
LO5 0.0 0.0 0.1 0.0 0.0 0.1

NLO1 14.7 62.9 103.3 21.7 65.1 101.9
NLO2 8.1 �3.5 �15.1 5.0 �4.4 �13.9
NLO3 �10.0 1.8 15.8 �7.8 1.6 13.2
NLO4 2.2 2.7 3.4 1.6 2.0 2.4
NLO5 0.1 0.2 0.2 0.1 0.2 0.2
NLO6 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1

NLO2 +NLO3 �1.9 �1.7 0.7 �2.8 �2.8 �0.7

and exactly 3 b-jets. Overall the impact of the systematic uncertainties remain limited as a fit without
systematic uncertainties leads to a precision of 9% on the extracted tt̄tt̄ cross section.

Fig. 76: Event yields of signal and background processes in the different signal regions used to extract
the tt̄tt̄ cross section for an integrated luminosity of 3000 fb�1 [636].

The most sensitive result of the CMS collaboration on the Standard Model tt̄tt̄ process [627] is
based on an integrated luminosity of 35.9 fb�1and a centre-of-mass energy of 13 TeV, and relies on
events with 2 same-sign leptons or 3 or more leptons. This Run-2 analysis sets an expected 95% CL
upper limit on the tt̄tt̄ production cross section of 20.8+11.2

�6.9 fb, and an expected significance (based on
a cross section of 9.2 fb) of 1.0 standard deviations above the background-only hypothesis.

The result of Ref. [627] is used to derive extrapolations for HL and HE-LHC, which are described
in Ref. [637] and summarized below. The extrapolations rely on a simple rescaling of the signal and
background cross sections, and make different assumptions on the systematic uncertainties. First, the
statistical uncertainties are considered, then the same systematic uncertainties as the Run-2 published
result are used, and finally these systematics are progressively reduced as a function of the integrated
luminosity.

133

(2) ttg: fiducial differential cross 
section measurements

5-10% uncertainties

26

Figure 4. Projected constraints in the
r̄ � h̄ plane from LHCb measurements
and lattice QCD calculations alone, after
300 fb�1 at the end of HL-LHC. From
Ref. [4].
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fraction Bs ! µ+µ� and the angular observables from the decay B
0 ! K

⇤0µ+µ� in the low-q2 region (e.g. P
0
5). The reach

for generic new physics at tree-level is found to exceed 100 TeV, doubling the reach prior to the HL-LHC. An example of the
impact of new physics on the ratio of branching fractions B(Bd ! µ+µ�)/B(Bs ! µ+µ�) is shown on the right of Fig. 5,
where a scatter plot of BSM models currently allowed by data is compared against the future 10% HL-LHC sensitivity.

Figure 5. Left: Potential HL-LHC sensitivity
to the Wilson coefficients C9 (vector current) and
C9 = �C10 (pure left-handed current),
combining LHCb, ATLAS and CMS. Right:
BR(B0

s ! µ+µ�) vs. BR(B0
d

! µ+µ�) in the
SM (black mark), and in sets of BSM models
with FCNC interactions consistent with current
data (green points). The coloured contours show
the expected 1 s.d. HL-LHC sensitivity of
ATLAS, CMS, and LHCb Upgrade II. See
Ref. [4] for details.
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3.3 Top FCNC
The top quark is characterized by its large mass and its O(1) coupling to the Higgs, quite distinct from any other SM fermion.
Studying top quark properties may shed light on the resolution of the SM flavour puzzle, or at least as to why one and only
one Yukawa coupling is large. BSM models addressing the hierarchy problem may thus well leave an imprint in the top quark
properties and decays. For instance, the top FCNCs, t ! cg,cZ,cg are null tests of the SM and are used as BSM probes.
The search for these transitions is typically statistics limited, and will greatly benefit from the HL-LHC statistics. Current
projections are shown in Table 3.

t ! gu t ! gc t ! qZ t ! gu t ! gc t ! Hq

3.8⇥10�6 3.2⇥10�5 2.4�5.8⇥10�5 8.6⇥10�6 7.4⇥10�5 10�4

Table 3. Projected reach for the 95%
C.L. limits on the branching ratio for
anomalous flavor changing top quark
couplings [1].

3.4 Probing new physics with 2nd generation quarks and t leptons
Indirect CP violation in the charm system is predicted to be very small in the SM, O(10�4) or less. In the absence of new
physics contributions, the LHCb Upgrade II may well be the only facility with a realistic probability of observing it, reaching a
sensitivity of O(10�5). A full programme of direct CP-violation searches in charm will also be performed, with complementary
approaches and probing modes sensitive to both SM and new physics. Additionally, t lepton decays offer a rich landscape
to search for charged lepton flavour violation. The HL-LHC will be competitive with Belle-II in the t ! µµµ decay, with
ATLAS, CMS and LHCb all approaching O(10�9) sensitivity on the branching ratio.

3.5 Hadron spectroscopy and QCD exotica
The LHC has had a transformative impact on the field of hadron spectroscopy, but this is only the beginning of a new era of
measurements on the known states to determine their nature and opportunities for further particles to be observed. Due to
its ability to reconstruct and analyze all collisions in real-time, LHCb Upgrade II will be able to collect a unique dataset for
hadronic spectroscopy. This will enable a detailed and broad understanding of tetraquarks, pentaquarks, baryons containing
multiple heavy quarks, and other yet-to-be-discovered exotic hadrons. While not directly sensitive to BSM effects, these
measurements will play an important role in sharpening our understanding of QCD at the energy scales relevant for flavour
physics, and hence make an important contribution to the accurate interpretation of any observed BSM anomalies.

5



Beyond Standard Model

Foreword 

the discussion of the future in HEP must start from the 
understanding that there is no experiment/facility, proposed 
or conceivable, in the lab or in space, accelerator or non-
accelerator driven, which can guarantee discoveries 
beyond the SM, and answers to the big questions of the 
field:

• What’s the origin of Dark matter / energy ?

• What’s the origin of baryon asymmetry in the universe?

• What’s the origin of neutrino masses?

• What’s the origin of EW symmetry breaking?

• What’s the origin of the flavour structure of the SM?

• What’s the solution to the hierarchy problem?

• ..

2

Everything is a BSM search in the end …. 



Searching for new physics: what 

Monica D'Onofrio, UK IoP HEP Meeting

SUSY, SUSY-inspired            
u many variants and kind (MSSM, NMSSM, R-

parity conservation or violation..)  
u mostly heavy super-partners, prompt or 

long-lived, several Higgs bosons 

Non minimal Higgs sector
u Exotics / Rare / Invisible decays 
u Higgs as portal to DM
u Extended: Two-Higgs-Doublet-

Models, MSSM, NMSSM and more  
u Charged Scalars  
u Composite Higgs  

“Exotics”: referred to a large variety 
of theories and models
u Heavy vector bosons, vector-like 

quarks, excited quarks, non-SUSY Dark-
Matter models, lepto-quarks, 
dark/hidden sectors and more  

u The unknown! 
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SUSY: strong production
´ Top squarks might have a prominent role for regularization of the higgs mass 

´ Analyses for large and 

medium DM (stop, neutralino)

´ Compressed scenarios, small DM = mstop – mLSP : 
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Fig. 2.1.3: Final 95% C.L. exclusion reach and 5� discovery contour corresponding to 3 ab�1of proton-proton
collisions collected by ATLAS at the HL-LHC.

top quarks and W -bosons in the final state. For the evaluation of the final exclusion sensitivity, a set
of mutually exclusive signal regions is defined. The events are classified in 30 different signal regions
according to the number of identified b-jets, the value of the mass of the second (ordering done in mass)
reclustered jet reconstructed with distance parameter R = 1.2, manti-k1.2t

2 mass, and the value of the
Emiss

T . For the evaluation of the discovery sensitivity, a set of single bin cut-and-count signal regions
is defined, which apply the full preselection, and then require Nb�jet � 2, manti-k1.2t

2 > 120 GeV.
Four different thresholds in Emiss

T are then defined to achieve optimal sensitivity for a 5� discovery:
Emiss

T > 400, 600, 800, 1000 GeV. For each model considered, the signal region giving the lowest p-
value against the background-only hypothesis in presence of the signal is used. The basic idea of the
diagonal analysis arises from the fact that, given the mass relation between the stop and the neutralino,
the stop decay products (the top quark and the neutralino) are produced nearly at rest in the stop reference
frame. When looked at from the lab reference frame, the transverse momentum acquired by the decay
products will be proportional to their mass. If pISR

T is the transverse momentum of everything that recoils
against the stop pair, it can be shown that

RISR ⌘
Emiss

T

pISR
T

⇠

m
⇣
�̃0

1

⌘

m
�
t̃1

� . (2.1.1)

Following this considerations, a recursive jigsaw reconstruction is performed, which makes assumptions
that allow the definition of a set of variables in different reference frames. The final strategy for the
assessment of exclusion sensitivity for the diagonal analysis is thus to use a set of mutually exclusive
signal region defined in bins of RISR and Emiss

T . For the evaluation of the discovery sensitivity, four
cut-and-count signal regions are defined, which apply the full preselection, and then require RISR > 0.7
and Emiss

T > 500, 700, 900, 1100 GeV. For each model considered, the signal region giving the lowest
p-value against the SM hypothesis in presence of signal is used.

The final Emiss
T distribution in the bins with manti-k1.2t

2 > 120 GeV, Nb�jet � 2 (for the large �m
analysis) and RISR > 0.65 (for the diagonal analysis) are shown in Fig. 2.1.2. In all cases, the main
background process is tt̄, with significant contribution of W+jets events for the large �m analysis. A
15% uncertainty is retained as a baseline value of the expected uncertainty for both analyses to determine
both the 5� and the 95% C.L. exclusion reach of the analysis. For the case of the estimation of the
95% C.L. exclusion sensitivity, a further scenario with doubled uncertainty (30%) is also evaluated.

The final exclusion sensitivity evaluation is done by performing a profile-likelihood fit to a set of
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Fig. 2.1.5: MR-R2 distributions shown in a one-dimensional representation for background predictions obtained
for the W 4-5 jet (upper left), W 6 jet (upper right), and Top (lower) categories for the HL-LHC. Statistical and
systematic uncertainties for the YR18 scenario are shown with the hatched and shaded error bars, respectively.
Also shown are the signal benchmark models T5ttcc with mg̃ = 2 TeV, m

t̃
= 320 GeV and m

�̃
0
1

= 300 GeV;
T1tttt with mg̃ = 2 TeV and m

�̃
0
1

= 300 GeV; and T2tt with m
t̃
= 1.2 TeV and m

�̃
0
1

= 100 GeV.

tematic uncertainties, and statistical-only scenarios for the HL-LHC case. Furthermore, projections of
expected discovery sensitivity in the presence of a signal were computed. The p-values for the sig-
nal plus background and background-only hypotheses were used to obtain the expected significances in
terms of number of standard deviations. Figure 2.1.7 shows the projected expected significance for the
T5ttcc, T1tttt, and T2tt models based on the YR18 systematic uncertainties, along with the discovery
upper bounds on the gluino/top squark versus neutralino masses for the three uncertainty scenarios for
the HL-LHC.
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Fig. 2.1.6: Projected expected upper limits on the signal cross sections for the HL-LHC using the asymptotic
CLs method versus gluino/top squark and neutralino masses for the T5ttcc (top left), T1tttt (top right), and T2tt
(bottom) models for the combined W 4-5 jet, W 6 jet, and Top categories for the YR18 scenario. The contours
show the expected lower limits on the gluino/top squark and neutralino masses based on the Run-2 systematic
uncertainties, YR18 systematic uncertainties, and statistical-only scenarios, along with the 2016 razor boost limit
and the 300 fb�1 limit for comparison.

The projection results show that HL-LHC would improve the gluino mass exclusion limits via top-
quark by around 750 GeV, while making discovery possible for gluinos up to masses of 2.4 TeV. For
top squark pair production, the discovery reach is up to 1.4 TeV, consistent with the ATLAS prospect
studies in Section 2.1.2.
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à Might be conservative: e.g. recoil-jet pt
thresholds can be adjusted

Projections with ColliderReachTool: 
HL-LHC à 0.95 TeV;

[confirmed by theorists’ studies] Good potential from analyses:
(1) monojet (DM ~ 2 – 10 GeV)
(2) soft leptons 

JHEP 09 (2018) 050

In addition: Gluino masses will also be constrained up to >3 TeV
(20-50% increase depending on model assumptions)

http://collider-reach.web.cern.ch/collider-reach/
https://link.springer.com/article/10.1007/JHEP09(2018)050


SUSY EWK production: Phenomenology 
´ Mass and hierarchy of the four neutralinos and the two charginos, as well as their production cross 

sections and decay modes, depend on the M1, M2, µ (bino, wino, higgsino) values and hierarchy

´ EWK phenomenology broadly driven by the LSP and Next-LSP nature

´ Examples of classifications (cf: arXiV: 1309.5966)   

24/9/19Monica D'Onofrio, UK IoP HEP Meeting30 FIG. 2: Decay patterns of NLSP’s for all the six cases AI−CII.

branching fractions in Figs. 3−8. The partial width formulae are collected in the Appendix. The

transitional decays among the degenerate Winos or Higgsinos NLSPs (e.g. χ0
2 ↔ χ±

1 ) are almost

always suppressed due to the small mass splitting among the multiplets. Dominant decay modes

for NLSPs are always those directly down to the Bino-like LSP.

For Cases AI and AII with Wino and Higgsino NLSPs, respectively, the two-body decay of

χ±
1 → χ0

1W dominates leading to f f̄ ′χ0
1 of about a 100% branching fraction. Leptonic and

hadronic final states are essentially governed by the W decay branching fractions to the SM

fermions, namely about 67% for χ0
1qq

′, and 11% for χ0
1ℓνℓ for each lepton flavor.

9

Bino LSP 

Wino LSP

Higgsino LSP

• Scenario A:M1 < M2, |µ|

This is the usual canonical scenario, which is strongly motivated by the Bino-like (LSP) dark

matter [6] and by the grand unified theories with gaugino mass unification [21]. There are two

qualitatively different physics cases we would like to explore, namely

Case AI : M2 < |µ|, χ±
1 ,χ

0
2 are Wino− like; χ±

2 ,χ
0
3,4 are Higgino− like; (5)

Case AII : |µ| < M2, χ±
1 ,χ

0
2,3 are Higgino− like; χ±

2 ,χ
0
4 are Wino − like. (6)

For Case AI, the Winos are lighter than Higgsinos, and thus are the next to the LSP (denoted by

NLSPs), while for Case AII, it is the reverse and thus the Higgsino NLSPs. Without losing much

generality, for illustrative purposes in Sections II and III, we vary M2 while fixing |µ| = 1 TeV

for Case AI, and vary µ while fixing M2 = 1 TeV for Case AII, along with tan β = 10. We

will explore the characteristic differences for the observable signals in these two cases. Whenever

appropriate, we will also illustrate the features with different values of tanβ.

In Fig. 1, we present the physical masses of the lower lying neutralinos and charginos. The mass

spectrum, as well as decay branching fractions for neutralinos and charginos are calculated using

SUSY-HIT 1.3 [32]. Figures 1(a) and (b) are for Case AI versus the mass parametersM2 and for

Case AII versus µwithM1 = 100GeV. The LSP, χ0
1, is mostly Bino for both cases with mass close

toM1. The sub-leading mixing component in the LSP is at the order ofO(mZ/µ) for the Higgsino

component, and O(m2
Z/µ

2) for the Wino component. The Higgsino component in Case AII, on

the other hand, is less suppressed in particular at the smaller values of µ, as shown in Fig. 1(b).

For Case AI, χ±
1 and χ0

2 are mostly Winos, with mass aroundM2. The mass splitting between χ0
2

and χ±
1 is very small. In fact, the nearly degeneracy of these states calls for a new convention to

call them NLSPs altogether. The convenience will be seen more clearly later when discussing the

decays. For Case AII, both the light chargino χ±
1 and the second and the third neutralinos χ0

2,3 are

mostly Higgsinos, with mass around |µ|. The mass splittings between those Higgsino-like states

are small for µ larger than about 200 GeV. For small values of µ however, mass splittings as large

as 20−30 GeV could occur, as seen in Fig. 1(b). These differences in masses gets smaller as µ

increases, thus referred to as naturally compressed spectra [33]. In particular, this would lead to

unsuppressed decays of χ0
3 to χ0

2/χ
±
1 in the small µ case. Heavier states, χ

±
2 and χ0

4, become out

of reach.

To a large extent, the electroweakino phenomenology is governed by the NLSP decays. We

depict the NLSP decay patterns for all the six cases in Fig. 2, and their corresponding decay

7

enhanced since Br(χ0
2,3 → χ0

1h) : Br(χ
0
2,3 → χ0

1Z) ≈ (sβ ± cβ)2 : (sβ ∓ cβ)2.

Flipping the sign of µ also lead to the reversal of branching fractions into h and Z modes for

large tan β. However, since χ0
2 and χ0

3 are either pair produced at colliders as χ0
2χ

0
3 or they are

produced in associated with χ±
1 with similar cross sections at the LHC, changing the sign of µ has

little impact on the overall cross sections of the observed final states.

For small |µ±M1| ∼ mZ , the mass splittings between the Higgsino multiplets χ0
3 and χ0

2/χ
±
1

could reach 20 − 30 GeV. Although not shown in the figures, there are leading decay modes

between Higgsino states:

χ0
3 → χ±

1 W
∗, χ0

2Z
∗. (8)

Even with the phase space suppression comparing to the decay of χ0
3 directly down to χ0

1, the

branching fractions for χ0
3 → χ±

1 W
∗ could dominate over χ0

3 → χ0
1Z

∗ since the coupling χ0
3χ

±
1 W

is unsuppressed, while χ0
3χ

0
1Z suffers from Bino-Higgsino mixing. It should be noted, however,

that the decay products will be very soft due to the small mass difference, so that it renders the

experimental observation difficult at hadron colliders. At an ILC, however, the clean experimental

environment may allow the observation of those decay modes.

• Scenario B:M2 < M1, |µ|

This is the situation of Wino LSP, as often realized in anomaly mediated SUSY breaking sce-

narios [34]. The lightest states χ0
1 and χ

±
1 are nearly degenerate in mass close toM2. It thus makes

more sense to follow the newly introduced convention to call them all “LSPs”.4 In this scenario,

there are two possible mass relations we will explore

Case BI : M1 < |µ|, χ0
2 Bino− like; χ±

2 , χ
0
3,4 Higgsino− like; (9)

Case BII : |µ| < M1, χ±
2 , χ

0
2,3 Higgsino− like; χ0

4 Bino− like. (10)

In Figs. 1(c) and (d), we present the physical masses of the lower-lying neutralinos and

charginos with M2 = 100 GeV, for Case BI versus the mass parameters M1 while fixing µ = 1

TeV; and for Case BII versus µ while fixing M1 = 1 TeV. Similar to Scenario A, there is almost

no mixing in Wino- and Bino-like states for large µ as in Case AI. The Bino-like χ0
2 is NLSP, and

4 Note that in the usual convention, the neutral Wino χ0
1 is called the LSP and the charged Wino χ±

1
is called the

NLSP.
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For χ±
2 , the dominant decay modes are

χ±
2 → χ0

1W,χ±
1 Z, χ

±
1 h. (13)

Under the limit of |µ±M2| ≫ mZ , the ratios of the partial decay widths is roughly Γχ0
1
W : Γχ±

1 Z :

Γχ±
1 h ≈ 1 : 1 : 1, with small deviation caused by phase space effects. The tan β dependence is

very weak, especially for large µ. For µ = 500 GeV, the branching fractions of χ±
2 toW , Z and h

channels are roughly 35%, 35%, and 30%, respectively.

The decay channels for the second and the third neutralinos5 χ0
2,3 ≈ 1√

2
(H̃0

d ± H̃0
u), with+ sign

for χ0
2 and − sign for χ0

3, are

χ0
2,3 → χ±

1 W
∓,χ0

1Z, χ
0
1h. (14)

Under the limit of |µ ± M2| ≫ mZ , the following simplified relation holds for the partial decay

widths (and decay branching fractions as well) of χ0
2,3:

Γχ+
1
W− = Γχ−

1
W+ ≈ Γχ0

1Z
+ Γχ0

1h
. (15)

For both χ0
2 and χ0

3, decay toW dominates since both χ+
1 W

− and χ−
1 W

+ contribute. χ0
2 is more

likely to decay to Z while χ0
3 is more likely to decay to h for µ > 0.

The tanβ dependence of the branching fractions into Z and h channels is similar to that of

Case BII. Br(χ0
2 → χ0

1Z(h)) varies between 30% − 24% (3% − 9%) for tan β between 3 − 50,

and similarly for χ0
3 decay with the branching fraction for the Z and hmodes switched. Br(χ0

2,3 →

χ±W∓), however, is almost independent of tan β. For µ = 500 GeV, the branching fraction of

χ0
2(χ

0
3) is 67% (68%), 26% (8%), and 7% (24%) for W, Z and h channels, respectively. In the

limit of large tanβ and very heavy Higgsino mass, Br(χ0
2,3 → χ±

1 W
∓) ≈ 4Br(χ0

2,3 → χ0
1h) ≈

4Br(χ0
2,3 → χ0

1Z) ≈ 68%. Flipping the sign of µ has similar effects on the χ0
2,3 decay branching

fractions as in Case AII for the Z and h modes, while affects little of theW mode.

• Scenario C: |µ| < M1, M2

This is the situation of Higgsino LSP [5], with the lightest states χ0
1,2 and χ

±
1 being Higgsino-

like. The two possible mass relations here are

Case CI : M1 < M2, χ0
3 Bino− like; χ±

2 , χ
0
4 Wino− like; (16)

Case CII : M2 < M1, χ±
2 , χ

0
3 Wino − like; χ0

4 Bino− like. (17)

5 Note that the composition of χ0
2,3 in Case BII is opposite to that of χ0

2,3 in Case AII.
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Used as benchmarks:
• Bino LSP, wino-bino cross sections 

(1) Mass(c±
1) = Mass (c0

2) 
(2) c+

1c-1 and c±
1c0

2 processes

• Higgsino-LSP, higgsino-like cross sections
(1) Small mass splitting c0

1 , c±
1,  c0

2

(2) Consider triplets for cross sections
(3) Role of high-multiplicity neutralinos and 

charginos also relevant 

sW(c±
1c0

2)~2 sW(c+
1c-1) 

sH(c±
1c0

2 +c+
1c-1 +c±

1c0
1 ) 

< 0.7 sW(c±
1c0

2) 
[depending on masses!]

https://arxiv.org/pdf/1309.5966.pdf


Charginos and neutralinos
´ The sensitivity to EW states will extend considerably at the HL-LHC 

24/9/19Monica D'Onofrio, UK IoP HEP Meeting

) [GeV]±

1
χ∼m(

200 300 400 500 600 700 800 900 1000

) [
G

eV
]

0 1χ∼
m

(

0

100

200

300

400

500

600

700

800

Kinematically Forbidden

W
) = m0
1χ

∼
)-m

(
±

1χ
∼

m(

-1ATLAS 13 TeV, 80 fb
), multi-binexpσ1 ±95% CL exclusion (

 discovery, inclusiveσ5

 2L + MET final state→ 0
1
χ∼  - W0

1
χ∼ + W→ -

1
χ∼ +

1
χ∼Wino 

-1=14 TeV, 3000 fbs

All limits at 95% CL

Baseline UncertaintiesATLAS Simulation Preliminary

Fig. 2.2.2: The 95% C.L. exclusion and discovery potential for �̃+

1 �̃�
1 production at the HL-LHC (3 ab�1 at

p
s=14 TeV), assuming �̃±

1 ! W �̃0

1 with a BR of 100%, for an uncertainty on the modelling of the SM background
of 5% (baseline uncertainty). The observed limits from the analyses of 13 TeV data [82] are also shown.

The signal region is divided into two disjoint regions with a Same Flavour Opposite Sign (SFOS:
e+e�, µ+µ�) or Different Flavour Opposite Sign (DFOS: e±µ⌥) lepton pair to take advantage of the
differing SM background composition for each flavour combination. The SFOS and DFOS regions
are divided again into events with exactly zero jets or one jet, which target scenarios with large or
small �̃±

1 � �̃0

1 mass splittings, respectively. One lepton must have pT > 40 GeV to suppress the
SM background, and with p`1T > 40 GeV and p`2T > 20 GeV, either the single or double lepton triggers
may be used to accept the event at the HL-LHC. Events with SFOS lepton pairs with an invariant mass
within 30 GeV of the Z boson mass are rejected to suppress the large Z ! `` SM background. Events

with Emiss

T larger than 110 GeV and Emiss

T significance (defined as Emiss

T /
qP

~p leptons, jets

T
) larger than

10 GeV1/2 are selected in to suppress Z+jets events with poorly measured leptons.
The stransverse mass mT2 is calculated using the two leptons and Emiss

T , and used as the main
discriminator in the SR selection to suppress the SM background. For tt̄ or WW decays, assuming an
ideal detector with perfect momentum resolution, mT2(`, `, E

miss

T ) has a kinematic endpoint at the mass
of the W boson. Signal models with sufficient mass splittings between the �̃±

1 and the �̃0

1 feature mT2

distributions that extend beyond this kinematic endpoint expected for the dominant SM backgrounds.
Therefore, events in this search are required to have high mT2 values. A set of disjoint signal regions
“binned” in mT2 are used to maximise model-dependent exclusion sensitivity. Each SR is identified by
the lepton flavour combination (SFOS or DFOS), number of jets (-0J or -1J) and the range of the mT2

interval. Ten high mT2 intervals: [120,140], [140,160], [160,180], [180,200], [200,250], [250,300],
[300,350], [350,400], [400,500] and [500,1], are used to maximise the sensitivity to �̃+

1 �̃�
1 production.

After the application of the full selection criteria, no Z+jets or W+jets events remain. The diboson
process WW is seen to dominate the total SM background across all signal regions, due to its similarity
with the SUSY signal. The stransverse mass mT2 of SM and SUSY events in the signal regions is shown
in Fig. 2.2.1, for events passing mT2 > 100 GeV. The SM background drops off at lower mT2 values
(around the W mass), while the SUSY signal is seen to have long tails to high mT2 values. The 2`
diboson SM processes show long mT2 tails, which is mostly from ZZ ! `+`�⌫⌫̄ production; a small
contribution from WW will be present due to the imperfect measurement of the leptons and Emiss

T .
To calculate the expected sensitivity to �̃+

1 �̃�
1 production and decay via W bosons, the uncertain-

ties from the normalisation of the WW background are assumed to scale inversely with the increase in
luminosity, and thus decrease to ⇠ 1%, while a better understanding of WW could halve the theoretical
uncertainties to ⇠ 2.5 � 5%. It is assumed that the experimental uncertainties will be understood to
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Fig. 2.2.5: Distributions of the BDT responses in the three signal regions for the events that pass the preselection
and are within mbb mass window of [105, 135] GeV. The contributions from all SM background are shown as
stacked, and the expected distribution from the benchmark signal models are overlaid.
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Fig. 2.2.6: Expected 95% C.L. exclusion and 5� discovery contours in the m(�̃0

1), m(�̃±
1 /�̃0

2) masses plane for
the Wh-mediated simplified model.

this approach, three independent BDTs (referred to as M1, M2 and M3), are trained separately in each
signal region for events passing the preselection and within the mbb mass window of [105, 135] GeV. In
all regions, the following seven variables are used as inputs: Emiss

T , mT, mCT, the leading lepton pT, the
leading and sub-leading b-jet pT, as well as the angular separation of the two b-jets �R(b1, b2). The BDT
output distributions are then used to optimise signal regions maximising the expected significance ZN

of the benchmark signal model. Examples of the BDT output distributions are shown in Fig. 2.2.5. The
resulting signal region regions targeting models with low (SR-M1), medium (SR-M3) and high (SR-M3)
�m, are defined by requiring the BDT ranged larger than 0.25, 0.35 and 0.30, respectively.

The SM background is dominated by the top backgrounds, including both the tt̄ and single top
processes. The largest systematic uncertainties arise from the theoretical modelling of the irreducible
backgrounds of tt̄ and single top, mainly from the generator difference, renormalisation and factorisa-
tion scale variations and the interference between the tt̄ and single top background. The total theoretical
uncertainty is estimated to be about 7%. Experimental uncertainties are dominated by the jet energy scale
(JES) and jet energy resolution (JER), on the order of 6%. Figure 2.2.6 shows the expected 95% C.L. ex-
clusion and 5� discovery contours for the simplified models described earlier. In this model, masses of
�̃±
1 /�̃0

2 up to about 1280 GeV are excluded at 95% C.L. for a massless �̃0

1. The discovery potential at 5�
can be extended up to 1080 GeV for a massless �̃0

1.
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Wino-like cross section: Reach above 800 GeV - 1 TeV Higgsino-like compressed scenarios: 
challenging but not impossible 

450 500 550 600 650 700 750 800 850 900 950
) [GeV]2
±χ∼) = m(4

0χ∼m(

1−10

1

10

210

310

410

510

) [
fb

]
±

W±
 W

→ 40 χ∼
2± χ∼  

→
(p

p 
σ

95
%

 C
L 

lim
it 

on
 

1

±χ∼±  W1
0χ∼± W→ 4

0χ∼
2
±χ∼ →pp 

) = 25%±W± W→ 4
0χ∼

2
±χ∼BR(

) = 1 GeV1
0χ∼) - m(1

±χ∼m(

, 14 TeV-1PU 200, 3 abCMS Delphes Phase II Simulation

) = 250 GeV1
0χ∼Exp., m(
) = 150 GeV1

0χ∼Exp., m(
 1 s.d.±Expected 
 2 s.d.±Expected 

NLO+NLLσTheoretical 

Fig. 2.2.9: Upper limit on the production cross-section of pair produced e�±
2 e�0

4 decaying into a final state with two
same charge W boson with a BR of 25% for two assumptions on the e�0

1 mass.
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Fig. 2.2.10: Example Feynman diagrams for e�±
1 e�0

2 (left) and e�0

2e�0

1 (right) s-channel pair production, followed by
the leptonic decay of the e�0

2.

mass eigenstates, which is determined by the specific values of M1 and M2. Investigating either of these
scenarios, with very small mass splitting between the lightest electroweakinos, is particularly challenging
at hadron colliders, both due to the small cross-sections and the small transverse momenta of the final
state particles. As of writing the ATLAS and CMS collaborations have searched for higgsinos in up to
36 fb�1 of proton-proton collision data [96, 98] and just started probing the parameter space beyond the
LEP experiments’ limits [99,100]. By providing 3 ab�1of proton-proton collision data at a c.o.m. energy
of 14 TeV, the HL-LHC has the potential to significantly extend the sensitivity to higgsinos and thus to
natural SUSY. This is depicted also in Section 2.4.2 of this report.

The model used for the development of the searches for higgsino-like e�±
i and e�0

j by ATLAS and
CMS is a SUSY simplified model where the higgsino-like e�±

1 and e�0
2 are assumed to be quasi mass-

degenerate and produced in pairs. The model contains both the e�±
1 e�0

2 and the e�0
2e�0

1 production, where
e�±

1 decays into W⇤e�0
1 and e�0

2 into Z⇤e�0
1, respectively, with a branching fraction of 100% (Fig. 2.2.10).

Both ATLAS and CMS analyses presented in the following exploit the presence of charged leptons
with low transverse momenta arising from the off-shell W and Z bosons in the �̃±

1 ! W ⇤�̃0
1 and

�̃0
2 ! Z⇤�̃0

1 decays, and large missing transverse momentum due to the presence of an ISR jet.

2.2.5.1 Higgsino search prospects at HL- and HE-LHC at CMS

Contributors: A. Canepa, J. Hogan, S. Kulkarni, B. Schneider, CMS

The results presented here are from Ref. [101] from the CMS Collaboration. If the e�±
1 , e�0

2, and
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Fig. 2.2.13: 5� discovery contours and expected 95% C.L. exclusion contours for the combined e�±
1 e�0

2 and e�0

2 e�0

1

production (left). Projection of the HL-LHC 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0

2 and e�0

2 e�0

1 production for a centre-of-mass energy of 27 TeV and an integrated luminosity
of 15 ab�1 (HE-LHC). Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not
modified (right). Results are presented for �M(e�0

2, e�0

1) > 7.5 GeV.

uncertainty of 10% in the signal acceptance, similar to the value from Ref. [96], is included to account
for the modelling of the ISR jet.

The upper limit on the cross sections is computed at 95% C.L. and shown in Fig. 2.2.13. Higgsino-
like mass-degenerate e�±

1 and e�0
2 are excluded for masses up to 360 GeV if the mass difference with

respect to the lightest neutralino e�0
1 is 15 GeV, extending the sensitivity achieved in Ref. [96] by

⇡210 GeV. Figure 2.2.13 also shows the 5� discovery contour, computed using all signal regions with-
out taking the look-elsewhere-effect into account. Under this assumption e�±

1 and e�0
2 can be discovered

for masses as large as 250 GeV. These results demonstrate that the HL-LHC can significantly improve
the sensitivity to natural SUSY.

Figure 2.2.13 also shows the 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0
2 and e�0

2 e�0
1 production for the HE-LHC. The main gain in sensitivity comes from the

increased luminosity, since the cross section increase for signal is the same order as that for background.
Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not modified for
this HE-LHC projection.

2.2.5.2 Higgsino search prospects at HL-LHC at ATLAS

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 presented dilepton search [102] investigates final states containing two soft muons and a large
transverse momentum imbalance, which arise in scenarios where �̃0

2 and �̃±
1 are produced and decay via

an off-shell Z and W boson, as depicted in Fig. 2.2.10. Considering the Z ! ee decay is beyond the
scope of this prospect study, but could further improve the sensitivity to these scenarios. Due to the very
small mass splitting of the electroweakinos in this scenario, a jet arising from initial-state radiation (ISR)
is required, to boost the sparticle system. First constraints surpassing the LEP limits have recently been
set by the ATLAS experiment [98], excluding mass splittings down to 2.5 GeV for m(�̃0

1) = 100 GeV.
The search targets scenarios that contain low pT muons selected with pT > 3 GeV and |⌘| < 2.5.

Muons that originate from pile up interactions or from heavy flavour decays, referred as fake or non-
prompt muons, are rejected by applying an isolation to the muon candidates. The main source of
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Fig. 2.2.13: 5� discovery contours and expected 95% C.L. exclusion contours for the combined e�±
1 e�0

2 and e�0

2 e�0

1

production (left). Projection of the HL-LHC 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0

2 and e�0

2 e�0

1 production for a centre-of-mass energy of 27 TeV and an integrated luminosity
of 15 ab�1 (HE-LHC). Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not
modified (right). Results are presented for �M(e�0

2, e�0

1) > 7.5 GeV.

uncertainty of 10% in the signal acceptance, similar to the value from Ref. [96], is included to account
for the modelling of the ISR jet.

The upper limit on the cross sections is computed at 95% C.L. and shown in Fig. 2.2.13. Higgsino-
like mass-degenerate e�±

1 and e�0
2 are excluded for masses up to 360 GeV if the mass difference with

respect to the lightest neutralino e�0
1 is 15 GeV, extending the sensitivity achieved in Ref. [96] by

⇡210 GeV. Figure 2.2.13 also shows the 5� discovery contour, computed using all signal regions with-
out taking the look-elsewhere-effect into account. Under this assumption e�±

1 and e�0
2 can be discovered

for masses as large as 250 GeV. These results demonstrate that the HL-LHC can significantly improve
the sensitivity to natural SUSY.

Figure 2.2.13 also shows the 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0
2 and e�0

2 e�0
1 production for the HE-LHC. The main gain in sensitivity comes from the

increased luminosity, since the cross section increase for signal is the same order as that for background.
Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not modified for
this HE-LHC projection.

2.2.5.2 Higgsino search prospects at HL-LHC at ATLAS

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 presented dilepton search [102] investigates final states containing two soft muons and a large
transverse momentum imbalance, which arise in scenarios where �̃0

2 and �̃±
1 are produced and decay via

an off-shell Z and W boson, as depicted in Fig. 2.2.10. Considering the Z ! ee decay is beyond the
scope of this prospect study, but could further improve the sensitivity to these scenarios. Due to the very
small mass splitting of the electroweakinos in this scenario, a jet arising from initial-state radiation (ISR)
is required, to boost the sparticle system. First constraints surpassing the LEP limits have recently been
set by the ATLAS experiment [98], excluding mass splittings down to 2.5 GeV for m(�̃0

1) = 100 GeV.
The search targets scenarios that contain low pT muons selected with pT > 3 GeV and |⌘| < 2.5.

Muons that originate from pile up interactions or from heavy flavour decays, referred as fake or non-
prompt muons, are rejected by applying an isolation to the muon candidates. The main source of
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Fig. 2.2.15: Expected exclusion limit (dashed line) in the �m(�̃0

2, �̃
0

1), m(�̃0

2) mass plane, at 95% C.L. from
the dilepton analysis with 3 ab�1of 14 TeV, proton-proton collision data in the context of a pure Higgsino LSP
with ±1� (yellow band) from the associated systematic uncertainties. The blue curve presents the 5� discovery
potential of the search. The purple contour is the observed exclusion limit from the Run-2 analysis. The figure also
presents the limits on chargino production from LEP. The relationship between the masses of the chargino and the
two lightest neutralinos in this scenario is m(�̃±

1 ) = 1

2
(m(�̃0

1) + m(�̃0

2)).

they forbid any R-parity violating operators thanks to the gauged B �L symmetry. To naturally describe
the small magnitude of the neutrino masses and preserve R-parity, the model superfield content includes
both SU(2)L and SU(2)R triplets of Higgs supermultiplets. The neutral component of the SU(2)R
Higgs scalar field then acquires a large vacuum expectation value vR, which breaks the LR symmetry and
makes the SU(2)R gauge sector heavy. In order to prevent the tree-level vacuum from being a charge-
breaking one, we can either rely on spontaneous R-parity violation [105], one-loop corrections [106],
higher-dimensional operators [107] or additional B �L = 0 triplets [108]. Whereas the first two options
restrict vR to be of at most about 10 TeV, the latter ones enforce vR to lie above 1010 GeV. In this work,
we rely on radiative corrections to stabilise the vacuum, so that the lightest supersymmetric particle
(LSP) is stable and can act as a dark matter candidate.

Two viable LSP options emerge from LRSUSY, neutralinos and right sneutrinos. Out of the 12
neutralinos, gauginos and LR bidoublet, higgsinos can generally be lighter than 1 TeV. The correct relic
density can be accommodated with dominantly-bino LSPs with a mass close to mh/2 [109], whilst in
the bidoublet higgsinos case (featuring four neutralinos and two charginos that are nearly-degenerate),
co-annihilations play a crucial role and impose higgsino masses close to 700 GeV. In this setup, the rest
of the spectrum is always heavier, so that SUSY could be challenging to discover. Right sneutrino LSP
annihilate via the exchange of an s-channel Higgs boson through gauge interactions stemming from the
D-terms [109]. Without options for co-annihilating, the LSP sneutrino mass must lie between 250 and
300 GeV. However, potential co-annihilations with neutralinos enhance the effective annihilation cross
section so that the relic density constraints can be satisfied with heavier sneutrinos. The fully degenerate
sneutrinos and higgsinos case impose an upper limit on the sneutrino mass of 700 GeV. Additionally,
right neutrinos can also be part of the dark sector, together with the LSP [110].

Direct detection constraints imposed by the XENON1T [111] and PANDA [112] collaborations
put light DM scenarios under severe scrutiny. Hence, in LRSUSY, in order to account for the relic
density and direct detection constraints simultaneously, we need to focus on various co-annihilation
options. In this work, we consider one right sneutrino and one higgsino LSP scenario and highlight
the corresponding implications for WR searches at the LHC. A robust signal of left-right symmetry
consists in the discovery of a right gauge boson WR, possibly together with a right neutrino NR. Both
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Fig. 2.2.13: 5� discovery contours and expected 95% C.L. exclusion contours for the combined e�±
1 e�0

2 and e�0

2 e�0

1

production (left). Projection of the HL-LHC 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0

2 and e�0

2 e�0

1 production for a centre-of-mass energy of 27 TeV and an integrated luminosity
of 15 ab�1 (HE-LHC). Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not
modified (right). Results are presented for �M(e�0

2, e�0

1) > 7.5 GeV.

uncertainty of 10% in the signal acceptance, similar to the value from Ref. [96], is included to account
for the modelling of the ISR jet.

The upper limit on the cross sections is computed at 95% C.L. and shown in Fig. 2.2.13. Higgsino-
like mass-degenerate e�±

1 and e�0
2 are excluded for masses up to 360 GeV if the mass difference with

respect to the lightest neutralino e�0
1 is 15 GeV, extending the sensitivity achieved in Ref. [96] by

⇡210 GeV. Figure 2.2.13 also shows the 5� discovery contour, computed using all signal regions with-
out taking the look-elsewhere-effect into account. Under this assumption e�±

1 and e�0
2 can be discovered

for masses as large as 250 GeV. These results demonstrate that the HL-LHC can significantly improve
the sensitivity to natural SUSY.

Figure 2.2.13 also shows the 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0
2 and e�0

2 e�0
1 production for the HE-LHC. The main gain in sensitivity comes from the

increased luminosity, since the cross section increase for signal is the same order as that for background.
Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not modified for
this HE-LHC projection.

2.2.5.2 Higgsino search prospects at HL-LHC at ATLAS

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 presented dilepton search [102] investigates final states containing two soft muons and a large
transverse momentum imbalance, which arise in scenarios where �̃0

2 and �̃±
1 are produced and decay via

an off-shell Z and W boson, as depicted in Fig. 2.2.10. Considering the Z ! ee decay is beyond the
scope of this prospect study, but could further improve the sensitivity to these scenarios. Due to the very
small mass splitting of the electroweakinos in this scenario, a jet arising from initial-state radiation (ISR)
is required, to boost the sparticle system. First constraints surpassing the LEP limits have recently been
set by the ATLAS experiment [98], excluding mass splittings down to 2.5 GeV for m(�̃0

1) = 100 GeV.
The search targets scenarios that contain low pT muons selected with pT > 3 GeV and |⌘| < 2.5.

Muons that originate from pile up interactions or from heavy flavour decays, referred as fake or non-
prompt muons, are rejected by applying an isolation to the muon candidates. The main source of
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Direct searches for new physics: Dark Matter 
´ Several searches for DM candidates, SUSY-like and beyond

´ Mono-X searches reach sensitivity 2-8 times better than Run 2

´ Good complementarity ATLAS – CMS, with various scenarios covered 

´ Monojet, MET+HF, monotop, monophoton and VBF prospects (ATLAS)

´ Mono-Z - CMS 

´Also complementary with 4-top 2HDM-a model studies 
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Fig. 3.2.3: Comparison of the 90% CL limits on the spin-independent DM-nucleon cross-section as a function of
DM mass between these results and the direct-detection experiments, in the context of the colour-neutral simpli-
fied model with scalar mediator. The green contour indicates the 5� discovery potential at HL–LHC. The lower
horizontal line of the DM–nucleon scattering cross-section for the red (green) contour corresponds to value of the
cross section for m(�) = 430 GeV (m(�) = 105 GeV). The grey contour indicates the exclusion derived from
the observed limits for Run-2 taken from Ref. [209]. The results are compared with limits from direct detection
experiments.

a DM mass of 1 GeV and a coupling (g) of 1.0. The limits are shown in Fig. 3.2.2 for �/a ! ��̄1972

production in association with either bottom quarks or top quarks for L = 3 ab�1 at
p

s = 14 TeV. Also1973

shown for comparison are the corresponding limits at 13 TeV with 36.1 fb�1 taken from the previous1974

Run-2 analysis.1975

For �/a + bb̄, the exclusion potential at the HL-LHC is found to improve by a factor of ⇠3–1976

8.7 with respect to Run-2. In the context of the 2HDM+a model with m(A) � m(a), sin ✓ = 0.351977

and y� = 1, the HL-LHC limits translate to an approximate upper bound on tan � ranging from ⇠191978

for m(a) = 10 GeV to ⇠100 for m(a) = 500 GeV, significantly extending the current phase space1979

coverage. In final states with one or two leptonically-decaying top quarks, the mass range for which1980

a colour-neutral scalar mediator is excluded extends from 80 GeV to 405 GeV. Similarly, exclusion of1981

pseudoscalar masses up to 385 GeV is expected. In the case of the scalar mediator model, this represents1982

a factor of 5 improvement with respect to the 36 fb�1 13 TeV results in the same channel. An additional1983

improvement of approximately 3 is possible when considering a statistical combination of all relevant1984

top decay channels [210], which is not explored for the HL-LHC in this work.1985

For each DM and mediator mass pair, the exclusion limit on the cross-section for producing colour-1986

neutral scalar mediator particles can be converted into a limit on the cross-section for spin-independent1987

DM-nucleon scattering with the procedure described in Ref. [211]. Limits on the tt̄ + � model at 90%1988

C.L. - corresponding to exclusion of mediator masses up to m(�) = 430 GeV - are used for this purpose.1989

Fig. 3.2.3 shows the resulting constraints in the plane defined by the DM mass and the scattering cross-1990

section. The maximum value of the DM-nucleon scattering cross-section depicted in the plot corresponds1991

to the value of the cross section for a mediator mass of 10 GeV. The exclusion limits at 90% C.L. are1992

shown in red and the 5� discovery potential is illustrated in green. The lower horizontal line in the green1993

(red) contour corresponds to the value of the cross section for m(�) = 105 GeV (m(�) = 430 GeV).1994

Overlaid for comparison are the most stringent limits to date from several DM direct detection experi-1995

ments.1996
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Fig. 3.2.9: Exclusion limits at 95% C.L. for Same-Sign and Multi-lep SRs in terms of excluded cross-section
(�) over the cross-section predicted by the model (�theory). Limits are derived from the analysis of 3 ab�1 of
14 TeV proton-proton collision data as a function of ma (left) or as a function of sin ✓ (right) for each parameter
assumptions described and indicated in the legend. The 1� variation of the total uncertainty on the limit is indicated
as a band around each exclusion line.

to contain at least three b-jets. The up to four leading leptons and up to four leading b-jets in the event2260

are grouped respectively in two systems, called S` and Sb. A signal system S is defined by S = S` [ Sb.2261

Different discriminators and kinematic variables are used in the analysis to separate the signal from the2262

SM background.2263

- pT (S`): the vector sum of the lepton four momenta in S`;2264

- �R(S`, Sb): the �R between the vectorial sum of the leptons in S` and the vectorial sum of the2265

b-jets in Sb;2266

- m(S): the invariant mass of the signal system S;2267

A common selection is applied to all events, before further categorisations. Events are required to have2268

at least two jets with a pT > 50 GeV. In events with exactly two (anti-)electrons, the contribution of SM2269

processes including an on-shell Z boson decaying leptonically with a lepton charge misidentification is2270

reduced by vetoing events with 81.2 GeV < m`` < 101.2 GeV. Furthermore, low mass resonances2271

are vetoed by requiring m`` > 15 GeV. Two signal regions (SRs) are defined selecting events with2272

exactly two charged leptons with the same electric charge (denoted Same-Sign) or three or more charged2273

leptons (denoted Multi-lep). Figure 3.2.8 shows two key distributions (�R(S`, Sb) and m(S)) for events2274

passing one set of SRs requirements except for the requirement on the shown variable itself. The main2275

backgrounds that survive the selections are the irreducible tt̄tt̄ and tt̄+V/h channels. The dominant2276

uncertainties are expected to be due to theoretical modelling of the irreducible backgrounds and, to a2277

lesser extent, to the jet energy scale and resolution, and the b-tagging efficiency. Owing to the reduced2278

statistical uncertainty and a better understanding of the physics models, it is expected that JES, JER, b-2279

tagging efficiency and irreducible background modelling uncertainties will all be reduced. This leads to2280

an estimate of the total background uncertainty of about 20%. The resulting experimental uncertainty is2281

assumed to be fully correlated between the background and the signal when setting 95% C.L. exclusion2282

limits. Furthermore, an additional systematic of 5% is considered for the signal, in order to account for2283

the theoretical systematic uncertainty on the model.2284

Scans of expected exclusion limits at 95% C.L. are shown in Figures 3.2.9 as a function of ma, for2285

fixed mH and sin ✓ and as a function of sin ✓ for fixed ma and mH . In all benchmarks, it is assumed that2286

tan � = 1 and m� = 10 GeV. For light pseudoscalar masses above the tt̄ decay threshold, a significance2287

of about 3� is expected if mH = 600 GeV and sin ✓ = 0.35. The same benchmark is expected to be2288

excluded for all light-pseudoscalar masses and for sin ✓ < 0.35 if ma = 200 GeV. Mixing angles2289

such that sin ✓ > 0.95 are also expected to be excluded for ma = 350 GeV, mH = 1 TeV and,2290
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Fig. 3.2.7: Left: expected post-fit Emiss

T distribution in the signal region. The stack distribution shows the tt̄ and
non-tt̄ background predictions. Solid and dashed lines represent the signal corresponding to a mediator mass of
2.5 and 4.0 TeV, respectively. The signal event samples are normalised to the number of background events. The
binning is the same as the optimised, non-equidistant binning used in the fit. Last bin includes overflow events.
Right: expected 95% C.L. upper limits on the signal cross-section as a function of the mass of the mediator for
the non-resonant model assuming m� = 1 GeV, a = 0.5 and g� = 1 using a BDT analysis. The MC statistical
uncertainty is not considered but the full set of systematics, extrapolated from the 13 TeV analysis, is used.

like pT of jets and b-jets, and angular distances. The variables selected are the ones showing the best2206

discriminating power. In particular, ��(`, Emiss

T ) and mT(`, Emiss

T ) are found to be the most effective2207

variables. Only events with BDT response > 0.9 and Emiss

T > 150 GeV enter in the signal region and are2208

used in the extraction of the result. The shape of the Emiss

T distribution is used in the statistical analysis,2209

as it is expected to be the most sensitive variable to the presence of new physics. The binning of this2210

distribution is optimised for the sensitivity of the analysis in the signal region while ensuring the stability2211

of the fit. This results in a non-equidistant binning which exhibits wider bins in regions with a large2212

signal contribution, while preserving a sufficiently large number of background events in each bin.2213

Figure 3.2.7 (left) shows the post-fit Emiss

T distribution in the signal region. The result does not2214

include MC statistical uncertainties but incorporates effects of systematic uncertainties. The theoretical2215

modelling of signal and background has the largest prior, 15%. The second largest source of uncertainty2216

is the one relative to the Emiss

T reconstruction, with 6% prior. Jet energy scale (JES) and jet energy2217

resolution (JER) contribute with a total of 5%. The uncertainty on the requirements for pile-up jets2218

rejection is 5%, whilst uncertainties on lepton identification, b-tagging efficiencies and luminosity are2219

1.2%, 2.5% and 1%, respectively.2220

Figure 3.2.7 (right) shows the expected 95% C.L. upper limits as a function of the mediator mass2221

for the non-resonant model assuming m� = 1 GeV, a = 0.5 and g� = 1. After the fit, the largest impact on2222

the result is coming from the uncertainty on the Emiss

T reconstruction. This is expected since the Emiss

T2223

is the final discriminant in the analysis. The second largest contribution is coming from background and2224

signal modelling. The other contributions are, in order of importance: pile-up jet rejection requirements,2225

JES and JER, lepton reconstruction efficiency and b-tagging efficiency. The uncertainty on the expected2226

luminosity is found to have the smallest effect. The expected mass limit at 95% C.L. is 4.6 TeV while2227

the discovery reach (based on 5� significance) is 4.0 TeV. For the current analysis the effect of possible2228

improvements in the systematic uncertainties is estimated by reducing by half the uncertainties. This has2229

the effect of increasing the exclusion limit (discovery reach) by 80 (50) GeV. The expectation for the2230

equivalent of Run-3 integrated luminosity (300 fb�1) is checked, obtaining an exclusion limit (discovery2231

reach) of 3.7 TeV (3.2 TeV).2232
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Non-prompt signatures and DM 
´ Disappearing track analyses are quite relevant for DM WIMPs searches 
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Fig. 4.1.2: Expected exclusion limits at 95% C.L. from the disappearing track search using of 3 ab�1 of 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.

of the analysis would allow for the discovery of wino-like (higgsino-like) charginos of mass 100 GeV3113

with lifetimes between 20 ps and 700 ns (30 ps and 250 ns), or for a lifetime of 1 ns would allow the3114

discovery of wino-like (higgsino-like) charginos of mass up to 800 GeV (600 GeV).3115

Finally, Fig. 4.1.3 presents the 95% expected exclusion limits in the �̃0

1, �m(�̃±
1 , �̃0

1) mass plane,3116

from both the disappearing track and dilepton searches. The yellow contour shows the expected exclu-3117

sion limit from the disappearing track search, with the possibility to exclude m(�̃±
1 ) up to 600 GeV for3118

�m(�̃±
1 , �̃0

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

1) = 0.4 GeV for m(�̃±
1 ) = 100 GeV.3119

The blue curve presents the expected exclusion limits from the dilepton search, which could exclude up3120

to 350 GeV in m(�̃±
1 ), and for a light chargino mass of 100 GeV would exclude mass differences be-3121

tween 2 and 15 GeV. Improvements that are expected with the upgraded detector, and search technique3122

improvements may further enhance the sensitivity to these models. For example the sensitivity of the3123

disappearing tracks search can be enhanced by optimising the tracking algorithms used for the upgraded3124

ATLAS detector allowing for an increase in tracklet efficiency, the possibility of shorter tracklets pro-3125

duced requiring 3 or 4 hits, and further suppression of the fake tracklet component. The dilepton search3126

sensitivity would be expected to improve by increasing the reconstruction efficiency for low pT leptons.3127

The addition of the electron channel would also further enhance the search sensitivity.3128

4.1.2 Complementarities between LHeC and HL-LHC for disappearing track searches3129

Contributors: K. Deshpande, O. Fischer, J. Zurita3130

In higgsino-like SUSY models, the Higgsinos’ tiny mass splittings give rise to finite lifetimes for3131

the charginos, which is enhanced by the significant boost of the c.o.m. system and can be used to suppress3132

SM backgrounds [324]. The small mass splittings allow the Higgsinos to decay into ⇡±, e±, µ± +3133

invisible particles, with the single visible charged particle having transverse momenta in the O(0.1) GeV3134

range. In the clean environment (i.e. low pile up) of the e�p collider, such single low-energy charged3135

tracks can be reliably reconstructed, if the minimum displacement between primary and secondary vertex3136

is at least 40 µm, and the minimum pT of the charged SM particle is at least 100 MeV. It was shown in3137

105
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DM: Classic WIMPs  
■  Two “extremes”, pure Wino, pure Higgsino 

◆  Main “tools”: disappearing track, propagator modifications 
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Long-lived particles
´ Various feebly interacting particle cases studied for HL-LHC 

´ Examples: displaced muons, lepton-jets – e.g. targeting dark photons  
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Fig. 3.4.1: Current limits (grey fills), current LHCb limits (black band), and proposed future experimental reach
(coloured bands) on A0 parameter space. The arrows indicate the available mass range from light meson decays
into e+e��.

to an e+e� pair and in the second to a µ+µ� pair. The advantage of these approaches is that they2749

do not require the calculation of absolute efficiencies. In both cases, the signal can be normalised to2750

the di-lepton mass sidebands near the A0 resonance, where dark photon mixing with the SM virtual2751

photon is negligible. In general, these search strategies depend on three core capabilities of LHCb:2752

excellent secondary vertex resolution, particle identification, and real-time data-analysis. These features2753

are also important for flavour physics, which mainly drives the design of the detector and its upgrades. In2754

particular, the improvement in the impact parameter resolution, expected after the upgrade of the LHCb2755

vertex locator, will be key to tackle the background produced by heavy quark decays.2756

For the LHCb sensitivities in Fig. 3.4.1, the sensitivity calculated using D⇤0
! D0e+e� de-2757

cays [306] is based on the normalisation to this channel, which at the same time is the main background2758

for the prompt search. D⇤0
! D0e+e� decays are generated using Pythia 8 [50], and the D0 is recon-2759

structed or partially reconstructed through its decay into at least two charged particles. The selection is2760

designed to maximise the e+e� mass resolution and to minimise the background. The resolution and2761

efficiencies are obtained using public LHCb information, combined with a simplified simulation of the2762

upgraded vertex locator. For the di-muon search [307], a fiducial selection is designed so that the re-2763

construction efficiency is essentially flat across the dark photon parameter space, while minimising the2764

presence of background. The relevant experimental resolutions and efficiencies, including those foreseen2765

after subsequent detector upgrades, are taken from public LHCb documents. The normalisation channel,2766

i.e µ+µ� production originating from electromagnetic processes, and backgrounds are again studied2767

using Pythia 8, corrected with experimental LHC inputs.2768

A first inclusive search for A0 bosons decaying into muon pairs was performed by the LHCb2769

collaboration [305] (black band in Fig. 3.4.1). This search, an implementation of the second strategy2770

described above, used a data sample corresponding to an integrated luminosity of 1.6 fb�1 from pp2771

collisions taken at
p

s = 13 TeV. Although the data sample used was significantly smaller than the one2772

that will be available at the HL-LHC, this search already produced world-best upper limits in regions of2773

"2 � m
A

0 space. This search was limited by the presence of the LHCb hardware trigger, which severely2774

compromised the detection efficiency of low mass dark photons at LHCb. However, this hardware level2775

trigger will be removed from Run 3 of the LHC onwards. At the same time, this was the first simultaneous2776

prompt and displaced A0 search. With around 300 fb�1, LHCb will either confirm or reject the presence2777

of a dark photon for significant portions of the theoretically favored parameter space. It should be noted2778

that, in non-minimal models, such as those producing dark photons through the Higgs portal, part of this2779
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Fig. 3.4.3: Feynman diagram of the decay of SM Higgs boson to a final state containing two or more muons in
Dark SUSY models. Decay chain leading to a final state containing exactly two (left) or four (right) muons.

the final event reconstruction, especially when the long lived particle decays outside the tracker volume2810

and the precision of the tracker cannot be used for the analysis. To identify displacements of physical2811

objects during reconstruction, the transverse impact parameter d0 of the reconstructed track with respect2812

to the primary interaction vertex is used. This analysis from CMS [311] relies on a dedicated muon2813

reconstruction algorithm that is designed for non-prompt muons leaving hits only in the muon system.2814

This is the displaced standalone (DSA) algorithm, using the same reconstruction techniques as prompt2815

muons, but removing any constraint to the interaction point which is still present in the standard stan-2816

dalone (SA) algorithm. The DSA muon algorithm improves transverse impact parameter and transverse2817

momentum (pT ) resolutions for displaced muons compared to the SA muon algorithm [312].2818

In the model studied here [311], dark photons are produced in cascade decays of the SM Higgs2819

boson that would first decay to a pair of MSSM-like lightest neutralinos (n1), each of which can decay2820

further to a dark sector neutralino (nD) and the dark photon, as shown in Fig. 3.4.3. For the branching2821

fraction BR(H ! 2�D+X), where X denotes the particles produced in the decay of the SM Higgs boson2822

apart from the dark photons, 20% is used. This value is in agreement with recent Run-2 studies [313] and2823

taking into account the upper limit on invisible/non-conventional decays of the SM Higgs boson [314].2824

We assume neutralino masses m(n1) = 50 GeV and m(nD) = 1 GeV, and explore the search sensitivity2825

for dark photon masses and lifetimes in the following ranges: m(�D) = (1, 5, 10, 20, 30) GeV and2826

c⌧ = (10, 10
2, 10

3, 5⇥10
3, 10

4
) mm. Final states with two and four muons are included in the analysis.2827

In the former case, one dark photon decays to a pair of muons while the other dark photon decays to some2828

other fermions (2-muon final state). In the latter case, both dark photons decay to muon pairs (4-muon2829

final state). Both decay chains are shown in Fig. 3.4.3. The assumed Higgs production cross section via2830

gluon-gluon fusion is 49.97 pb [315].2831

The main background for this search comes from multi-jet production (QCD), tt̄ production, and2832

Z/DY ! `` events where large impact parameters are (mis)reconstructed. Cosmic ray muons can travel2833

through the detector far away from the primary vertex and mimic the signature of displaced muons.2834

However, thanks to their striking detector signature, muons from cosmic rays can be suppressed by2835

rejecting back-to-back kinematics.2836

For each event, at least two DSA muons are required. If more than two exist, the ones with the2837

highest pT are chosen. The two muons must have opposite charge (qµ,1·qµ,2 = �1) and must be separated2838

by �R =

q
��2

+ �⌘2 > 0.05. The three-dimensional angle between the two displaced muons2839

is required to be less than ⇡ � 0.05 (not back-to-back) in order to suppress cosmic ray backgrounds.2840

Additionally, pmiss

T � 50 GeV is imposed to account for the dark neutralinos escaping the detector2841

without leaving any signal.2842

In order to discriminate between background and signal, the three-dimensional distance from the2843

primary vertex to the point of closest approach of the extrapolated displaced muon track, called RMuon,2844

is used. The event yield after full event selection of both selected muons as a function of RMuon�1 and2845
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Direct searches for new physics: Resonances 
´ Searches for Z’ and W’ have been performed in a variety of final states
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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.
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Fig. 6.2.13: Expected (dashed black line) upper limit on cross section times branching fraction (� ⇥ B) as a
function of the W 0 boson mass in the electron, muon, and combined electron and muon channels of the W 0

! `⌫

search assuming 3 ab�1 of data. The 1� (green) and 2� (yellow) expected limit bands are also shown. The
predicted � ⇥ B for W 0 production in the SSM is shown as a black line. These limits are based on a NNLO cross-
section calculation including off-shell production (pp ! W

0
/W

0⇤
! `⌫). The blue marker shows the current

limits obtained with the latest Run 2 analysis based on 79.8 fb�1 of data.

Decay Exclusion [TeV] Discovery [TeV]
W 0

SSM ! e⌫ 7.6 7.5
W 0

SSM ! µ⌫ 7.3 7.1
W 0

SSM ! `⌫ 7.9 7.7

Table 6.2.4: Expected 95% C.L. lower limit on the W 0 mass in the electron and muon channels as well as their
combination in the context of the SSM assuming 3 ab�1 of data. In addition, the discovery reach for finding such
new heavy particles is shown. These limits are based on a NNLO cross-section calculation including off-shell
production (pp ! W

0
/W

0⇤
! `⌫).

of LHC Run 3.
The discovery reach is based on a 5-� significance. In the context of the SSM, W 0 bosons can

be discovered up to masses of 7.7 TeV. The discovery reach is shown in Table 6.2.4 together with the
exclusion limits discussed above. As can be seen, the discovery reach typically is only few hundred
GeV lower than the mass limits obtained with a background-only hypothesis. The similarity of the
values for the discovery reach and the exclusion limit is expected, as in the high-mT tail the background
contribution approaches zero, while the number of signal events is about three. The expected reach with
300 fb�1 of data will be 1.2 TeV lower assuming the same detector performance.

Resonances decaying into a top quark and a bottom quark

The search for W 0 bosons in the lepton plus neutrino channel is sensitive to large mass scales but it
is not sensitive to right-handed W 0 bosons. This can be alleviated by searching for W 0

R ! t b̄ decays
with subsequent decays t ! Wb and W ! `⌫. The final-state signature consists of two b-quarks, one
charged lepton (electron or muon) and Emiss

T from the escaping neutrino.
Events are required to pass one of the single-lepton triggers: at least one electron with pT >

22 GeV and |⌘| < 2.5 or at least one muon with pT > 20 GeV and |⌘| < 2.65. Electrons must satisfy the
tight identification requirements [670] requirements and have pT > 25 GeV and |⌘| < 2.47 but outside
the barrel–endcap transition region, 1.37 < |⌘| < 1.52. Similarly, muon candidates must meet the tight
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The discovery reach is based on a 5-� significance. In the context of the SSM, W 0 bosons can

be discovered up to masses of 7.7 TeV. The discovery reach is shown in Table 6.2.4 together with the
exclusion limits discussed above. As can be seen, the discovery reach typically is only few hundred
GeV lower than the mass limits obtained with a background-only hypothesis. The similarity of the
values for the discovery reach and the exclusion limit is expected, as in the high-mT tail the background
contribution approaches zero, while the number of signal events is about three. The expected reach with
300 fb�1 of data will be 1.2 TeV lower assuming the same detector performance.
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The search for W 0 bosons in the lepton plus neutrino channel is sensitive to large mass scales but it
is not sensitive to right-handed W 0 bosons. This can be alleviated by searching for W 0

R ! t b̄ decays
with subsequent decays t ! Wb and W ! `⌫. The final-state signature consists of two b-quarks, one
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W’ mass reach improves by more than 2 TeV w.r.t. the Run 2, by more than 1TeV w.r.t. 300 fb−1

For Z’SSM  and Z’ψ in dilepton final 
states, exclusion (discovery) is 
up to masses of 6.5TeV 
(6.4TeV) and 5.8 TeV (5.7 TeV)

The results are interpreted in the context of the sequential standard model (SSM) [639] in terms of5598

W0 mass and coupling strength. A model-independent cross section limit allows interpretations in other5599

models. The signal was simulated in LO and the detector performance simulated with DELPHES. The W0
5600

boson coupling strength, gW0 , is given in terms of the SM weak coupling strength gW = e/ sin
2 ✓W ⇡5601

0.65. Here, ✓W is the weak mixing angle. If the W0 boson is a heavier copy of the SM W boson, their5602

coupling ratio is gW0/gW = 1 and the SSM W0 boson theoretical cross sections, signal shapes, and widths5603

apply. However, different couplings are possible. Because of the dependence of the width of a particle5604

on its couplings the consequent effect on the transverse mass distribution, a limit can also be set on the5605

coupling strength.5606

The dominant background appears in the off-shell tail of the MT distribution of the SM W boson.5607

Subleading background contributions arise from tt̄ and QCD multijet events. The number of background5608

events is reduced by the event selection. These backgrounds primarily arise as a consequence of jets5609

misidentified as ⌧h candidates and populate the lower transverse masses while the signal exhibits an5610

excess of events at high MT . Events with one hadronically decaying ⌧ and pmiss

T are selected if the ratio5611

of p⌧
T

to pmiss

T satisfies 0.7 < p⌧
T
/pmiss

T < 1.3 and the angle ��( ~pT
⌧ , ~pTmiss

) is greater than 2.4 radians.5612

The physics sensitivity is studied based on the MT distribution in Fig. 6.2.16-right. Signal events5613

are expected to be particularly prominent at the upper end of the MT distribution, where the expected5614

SM background is low. So far, there are no indications for the existence of a SSM W0 boson [680]. With5615

the high luminosity during Phase-2, the W0 mass reach for potential observation increases to 6.9 TeV5616

and 6.4 TeV for 3 � evidence and 5 � discovery, respectively, as shown in Fig. 6.2.17-left. Alternatively,5617

in case of no observation, one can exclude SSM W0 boson masses up to 7.0 TeV with 3 ab�1. These are5618

multi-bin limits taking into account the full MT shape.5619

While the SSM model assumes SM-like couplings of the fermions, the couplings could well be5620

weaker if further decays occur. The HL-LHC has good sensitivity to study these couplings. The sensitiv-5621

ity to weaker couplings extends significantly. A model-independent cross section limit for new physics5622

with ⌧+MET in the final state is depicted in Fig. 6.2.17-right, calculated as a single-bin limit by counting5623

the number of events above a sliding threshold Mmin

T .5624
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Fig. 6.2.17: Left: Discovery significance for SSM W0 to tau leptons. Right: Model-independent cross section
limit. For this, a single-bin limit is calculated for increasing Mmin

T while keeping the signal yield constant in order
to avoid including any signal shape information on this limit calculation.

6.2.8 HL- and HE-LHC sensitivity to 2HDMs with U(1)X Gauge Symmetries5625

Contributors: D. A. Camargo, L. Delle Rose, S. Moretti, F. S. Queiroz5626

Extended Higgs sectors belonging to various BSM scenarios offer the possibility to solve some5627
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good complementarity and agreement for 
top-like final states

Indirect constraints from interference 
effects modifying DY also very powerful 
(see back-up)
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Flavor physics: a wide program relevant for NP  
´ There is a wide program of studies 

with progressive improvements which 
provides also a window for NP
´ “High pT” flavor physics 

´ CKM unitarity and related observables 

´ Charm-quark probes for NP

´ Strange-quark probes for NP

´ Tau leptons and LFV

´ Hadron spectroscopy 

´ Bottom probes and B-anomalies  
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Table 1: Summary of prospects for future measurements of selected flavour observables for LHCb. The projected
LHCb sensitivities take no account of potential detector improvements, apart from in the trigger. See subsequent
chapters for definitions.

Observable Current LHCb LHCb 2025 Upgrade II
EW Penguins
RK (1 < q2 < 6 GeV

2c4
) 0.1 [5] 0.025 0.007

R
K

⇤ (1 < q2 < 6 GeV
2c4

) 0.1 [6] 0.031 0.008
R�, RpK , R⇡ – 0.08, 0.06, 0.18 0.02, 0.02, 0.05

CKM tests
�, with B0

s ! D+

s K�
(
+17

�22)
� [7] 4� 1�

�, all modes (
+5.0

�5.8)
� [8] 1.5�

0.35
�

sin 2�, with B0 ! J/ K0

S 0.04 [9] 0.011 0.003

�s, with B0

s ! J/ � 49 mrad [10] 14 mrad 4 mrad
�s, with B0

s ! D+

s D�
s 170 mrad [11] 35 mrad 9 mrad

�ss̄s

s , with B0

s ! �� 154 mrad [12] 39 mrad 11 mrad
as

sl 33 ⇥ 10
�4 [13] 10 ⇥ 10

�4
3 ⇥ 10

�4

|Vub|/|Vcb| 6% [14] 3% 1%

B0
s , B

0!µ+µ�

B(B0 ! µ+µ�
)/B(B0

s ! µ+µ�
) 90% [15] 34% 10%

⌧
B

0
s!µ

+
µ

� 22% [15] 8% 2%
Sµµ – – 0.2

b ! c`�⌫̄l LUV studies
R(D⇤

) 0.026 [16, 17] 0.0072 0.002
R(J/ ) 0.24 [18] 0.071 0.02

Charm
�ACP (KK � ⇡⇡) 8.5 ⇥ 10

�4 [19] 1.7 ⇥ 10
�4

3.0 ⇥ 10
�5

A� (⇡ x sin�) 2.8 ⇥ 10
�4 [20] 4.3 ⇥ 10

�5
1.0 ⇥ 10

�5

x sin� from D0 ! K+⇡�
13 ⇥ 10

�4 [21] 3.2 ⇥ 10
�4

8.0 ⇥ 10
�5

x sin� from multibody decays – (K3⇡) 4.0 ⇥ 10
�5 (K3⇡) 8.0 ⇥ 10

�6

tree-level in Upgrade II is found to exceed 100 TeV.
2. It will be essential to widen the set of observables under study beyond those accessible at the

current LHCb experiment or its first upgrade, e.g. by including additional important measurements
involving b ! s`+`�, b ! d`+`� and b ! c`�⌫̄l decays. Improving our knowledge of the
flavour sector both through better measurements and through new observables will be essential in
searching for and then characterising NP in the HL-LHC era.

3. Due to its ability to reconstruct and analyze all collisions in real-time and the statistical power of
the HL-LHC dataset, LHCb Upgrade II will be able to collect a unique dataset for hadronic spec-
troscopy. This will enable not only the precise understanding of higher-excited states of mesons
and baryons, but also a detailed and broad understanding of multiquark systems, containing (or
not) multiple heavy quarks, and other yet-to-be-discovered exotic states of matter. While not di-
rectly sensitive to BSM effects, these measurements will play an important role in sharpening
our understanding of QCD at the energy scales relevant for flavour physics, and hence make an
important contribution to the accurate interpretation of any BSM anomalies observed.

The intention to operate a flavour-physics experiment at luminosities of 10
34

cm
�2

s
�1 is already an

17

[more in Heavy Flavour talk]
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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

High-pT flavour-related studies
´ High pT searches for possible motivation of flavour anomalies: 

´ Test of Z’ and lepto-quark models which could explain them 

´ Searches for LQ:  

´ b+tau projections 

´ top+tau/mu projections 

´ Results can be interpreted in terms of scalar/vector LQ 
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Fig. 5.2.11: Expected exclusion limits at 95% CL on the Yukawa coupling � at the LQ-lepton-quark vertex, as a
function of the LQ mass. A unit branching fraction � of the LQ to a ⌧ lepton and a bottom quark is assumed. Future
projections for 300 fb�1 and 3 ab�1 are shown for both the stat. only and stat.+syst. scenarios, shown as dashed
and filled lines respectively, and for both the single LQ and LQ pair production, where the latter corresponds to the
vertical line (since it does not depend on �). The left hand side of the lines represents the exclusion region for each
of the projections, whereas the region with diagonal blue hatching shows the parameter space preferred by one of
the models proposed to explain anomalies observed in B physics [424].

 [GeV]LQM
600 800 1000 1200 1400 1600 1800 2000

)
σ

Si
gn

ifi
ca

nc
e 

(

0

1

2

3

4

5

6

7

8

9

10

   Expected significance
    (Single LQ production)

, stat. only-1 =   300 fbL

, stat. only-1 = 3000 fbL

, stat. + syst.-1 =   300 fbL

, stat. + syst.-1 = 3000 fbL

(14 TeV)CMS Phase-2 Simulation Preliminary

 [GeV]LQM
600 800 1000 1200 1400 1600 1800 2000

)
σ

Si
gn

ifi
ca

nc
e 

(

0

1

2

3

4

5

6

7

8

9

10

   Expected significance
    (LQ pair production)

, stat. only-1 =   300 fbL
, stat. only-1 = 3000 fbL
, stat. + syst.-1 =   300 fbL
, stat. + syst.-1 = 3000 fbL

(14 TeV)CMS Phase-2 Simulation Preliminary

Fig. 5.2.12: Expected local significance of a signal-like excess as a function of the LQ mass, for the two high
luminosity projections, 300 fb�1 (red) and 3 ab�1 (orange), assuming the theoretical prediction for the LQ cross
section at NLO [422], calculated with � = 1 and � = 1. Projections are calculated for both single LQ (left) and
LQ pair production (right).

TeV and compared to the predicted shapes in the ST distribution from the existing CMS analysis [425].4008

After we verified the 13 TeV analysis, we simulated the signal and the dominant background events at 274009

TeV. From these samples, we selected all events satisfying the particle content requirements and applied4010

the lower cut in the ST variable. The cut threshold was chosen to maximise s/
p

b while requiring at4011

least 2 expected signal events at an integrated luminosity of 15 ab�1. In the case of the vector leptoquark4012

we considered the Yang-Mills ( = 1) and the minimal coupling ( = 0) scenarios [422]. From the4013

simulations of the scalar and vector leptoquark events, we found the ratio of the cross-sections, and4014

assuming similar kinematics, we estimated the sensitivity also for the vector leptoquark U1.4015
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Fig. 5.2.1: Expected significances for an LQ decaying exclusively to top quarks and muons (left) or ⌧ leptons
(right).
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Fig. 5.2.2: Expected upper limits on the LQ pair production cross section at the 95% C.L. for an LQ decaying
exclusively to top quarks and muons (left) or ⌧ leptons (right).

are scaled by a factor of 1/
p

f , with f = L
target
int /35.9 fb�1, until they reach a defined lower limit based4001

on estimates of the achievable accuracy with the upgraded detector [8] as described in Section 1.2. The4002

relative theoretical systematic uncertainties are halved. In the second scenario (denoted “w/ stat. uncert.4003

only”), no systematic uncertainties are considered. The relative statistical uncertainties in both scenarios4004

are scaled by 1/
p

f .4005

Figure 5.2.1 presents the expected signal significances of the analyses as a function of the LQ4006

mass for different assumed integrated luminosities in the “w/ YR18 syst. uncert.” and “w/ stat. uncert.4007

only” scenarios. Increasing the target integrated luminosity to L
target
int = 3 ab

�1 greatly increases the4008

discovery potential of both analyses. The LQ mass corresponding to a discovery at 5� significance4009

with a dataset corresponding to 3 ab�1 increases by more than 500 GeV compared to the situation at4010

L
target
int = 35.9 fb�1, from about 1200 GeV to roughly 1700 GeV, in the LQ ! tµ decay channel. For4011

LQs decaying exclusively to top quarks and ⌧ leptons, a gain of 400 GeV is expected, pushing the LQ4012

mass in reach for a 5� discovery from 800 GeV to 1200 GeV.4013

In Fig. 5.2.2, the expected projected exclusion limits on the LQ pair production cross section are4014

shown. Leptoquarks decaying only to top quarks and muons are expected to be excluded below masses4015

of 1900 GeV for 3 ab�1, which is a gain of 500 GeV compared to the limit of 1420 GeV obtained in the4016

published analysis of the 2016 dataset [407]. The mass exclusion limit for LQs decaying exclusively4017

to top quarks and ⌧ leptons are expected to be increased by 500 GeV, from 900 GeV to approximately4018

1400 GeV.4019
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Room for improvementsb-tau
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BSM summary plots
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HL/HE-LHC SUSY Searches Simulation Preliminary√
s = 14, 27 TeV

 J. Alcaraz, Resonances and EWSB, ESU19 Symposium

Many BSM studies with high-energy probes

4

● Focus on searches studied at a maximum number of colliders for comparisons:
○ Largely driven by the overlap with FCC-hh studies, which have been also used to assess the 

performance for leptons, jets and merged topologies at ultra-high momenta
○ No time to be comprehensive: specific details on most of the experimental inputs can be 

found in backup, as well as a list of uncovered studies (many from HL-LHC, unfortunately) 
● Unless stated otherwise, maximum nominal accelerator energies and luminosities 

(see backup slides) should be assumed in the slides. For hadron colliders:
○ HL-LHC: 14 TeV, 3 ab-1; HE-LHC: 27 TeV, 15 ab-1; FCC-hh: 100 TeV, 30 ab-1
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Conclusions 
´ Run 2 results are being released using the full data-set: very high precision SM measurements, 

access to rare processes, wide programme of searches, and much more to be investigated! 

´ The Run-3 and Run-4 (HL-LHC) upgrades are well on-track 

´ Preparation for HL-LHC in terms of physics programme has seen a big boost in the past ~2 years 
in view of the European Strategy. Five documents have been delivered on SM, Higgs, BSM, 
Flavor physics and Heavy Ions for a total of +1K pages plus two short summaries.

´ Overall a very strong programme for the HL-LHC:
´ Impressive potential in the higgs sector for properties and BSM prospects  [CMS-ATLAS combined]

´ Impressive expectations for di-higgs production using bb+X modes [CMS-ATLAS combined]

´ Possibilities to discover new particles, i.e. in the EWK SUSY sector, and/or at high mass 

´ Precision SM measurements that allow reduction of uncertainties and provide indirect probe to 
searches for NP 

´ interesting studies possible in the context of Heavy Ion and forward physics (some in back-up)

´ Now, let’s build the new detectors (while waiting to see what comes next…)
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Higgs physics: properties  
´ The exploration of the Higgs sector includes precision measurements, as well as searches for 

rare production and decay processes:
´ All production modes/decays including rare ones such as h à µ+µ- and h à Zg will be observable at HL 
´ Rate measurements show that percent level precision can be reached for most couplings 
´ With minimal assumptions, the total width GH  will be constrained with a 5% precision and an upper limit on the 

Higgs invisible BR of 2.5% will be reached. 
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These coupling measurements assume the absence of sizable
additional contributions to GH . As recently suggested, the patterns
of quantum interference between background and Higgs-mediated
production of photon pairs or four leptons are sensitive to GH .
Measuring the off-shell four-fermion final states, and assuming
the Higgs couplings to gluons and ZZ evolve off-shell as in the
SM, the HL-LHC will extract GH with a 20% precision at 68% CL.
Furthermore, combining all Higgs channels, and with the sole
assumption that the couplings to vector bosons are not larger than
the SM ones (kV  1), will constrain GH with a 5% precision at
95% CL. Invisible Higgs boson decays will be searched for at
HL-LHC in all production channels, VBF being the most sensitive.
The combination of ATLAS and CMS Higgs boson coupling mea-
surements will set an upper limit on the Higgs invisible branching
ratio of 2.5%, at the 95% CL. The precision reach in the mea-
surements of ratios will be at the percent level, with particularly
interesting measurements of kg/kZ, which serves as a probe of
new physics entering the H ! gg loop, can be measured with an
uncertainty of 1.4%, and kt/kg, which serves as probe of new
physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-
eration quarks from a variety of observables is given in Fig. 2
(left). It includes: (i) HL-LHC projections for exclusive decays of
the Higgs into quarkonia; (ii) constraints from fits to differential
cross sections of kinematic observables (in particular pT); (iii)
constraints on the total width GH relying on different assumptions
(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
constraint of 5% on the width mentioned herein); and (v) the direct search for Higgs decays to cc using inclusive charm tagging
techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of kc / 2. A combination of
ATLAS, CMS and LHCb results would further improve this constraint to kc / 1.

The Run 2 experience in searches for Higgs pair production led to a reappraisal of the HL-LHC sensitivity, including several
channels, some of which were not considered in previous projections: 2b2g , 2b2t , 4b, 2bWW, 2bZZ. Assuming the SM Higgs

Figure 2. Left: Summary of the projected HL-LHC limits on the quark Yukawa couplings. Right: Summary of constraints on
the SMEFT operators considered. The shaded bounds arise from a global fit of all operators, those assuming the existence of a
single operator are labeled as "exclusive". From Ref. [2].

2

ki : coupling strength modified parameters



Higgs physics: Effective Field Theory  

´ The EFT framework, where the SM Lagrangian is supplemented with dimension-6 operators, allows to 
systematically parametrise BSM effects

´ E.g.. Constraints translate into a sensitivity to the Higgs compositeness scale f > 1.6 TeV, corresponding to a 
new physics mass scale of 20 TeV for an underlying strongly coupled theory. 
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Global fit to observables in Higgs physics, diboson and DY 
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Higgs physics: BSM  
HL-LHC will enhance the sensitivity to BSM physics. For example:

H/A à tt (in ggF and b-associated production)
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thad and tlep
tau ID efficiency and careful assessment of 
systematics are fundamental 

Expected bound coming from Higgs 
precision coupling measurements

access to new Higgs bosons as heavy as 2.5 TeV for tan β > 50 
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illustrated in Fig. 46 where one can see the comparison between direct (i.e. experimental) and indirect
constraints on the fit input parameters given for both the current and HL-LHC scenarios in the MW vs.
mt and the MW vs. sin2 ✓lepte↵ planes respectively.
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Fig. 46: Comparison of the indirect constraints on MW and mt with the current experimental mea-
surements and the expected improvements at the HL-LHC (left). The same in the MW -sin2 ✓lepte↵ plane
(right).

The EWPO, being measured in processes mediated by the exchange of a Z or W boson, are extremely
sensitive to any new physics that modifies the propagation of such particles. This results in a universal
modification of the interactions between the EW gauge bosons and the SM fermions, which, from the
point of view of EWPO, can be described in terms of only three parameters: the well-known S, T , and
U oblique parameters [521]. The study of the constraints on the S, T , and U parameters is one of the
classical benchmarks in the study of EW precision constraints on new physics, and it is well motivated
from a theory point of view, within the context of universal theories. The results of the fit to the S, T ,
and U parameters are given in Table 29. The results are presents in terms of the full (S,T ,U ) fit and also
assuming U = 0, which is motivated in theories where EW symmetry breaking is realised linearly, since
in that case U ⌧ S, T . In both cases the current constraints are compared with the expected precision at
the HL-LHC, which, in some cases, could improve the sensitivity to such new physics effects by up to
⇠ 30%. The results for the ST fit (U = 0) are shown in Fig. 47, illustrating also the constraints imposed
by the different EWPO.

Table 29: Results of the fit for the oblique parameters S, T , U ; and S, T (U = 0). Projections for the
uncertainties at the HL-LHC are given in the last column.

Result Correlation Matrix Precision at HL-LHC
S 0.04± 0.10 1.00 0.09
T 0.08± 0.12 0.90 1.00 0.12
U 0.00± 0.09 �0.62 �0.84 1.00 0.08
S 0.04± 0.08 1.00 0.06
T 0.08± 0.06 0.90 1.00 0.05

(U = 0)

As stressed above, the STU parameterisation only describes universal deformations with respect to
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Weak mixing angle 
´ Prospects for the measurement of the effective weak mixing angle using the forward-backward 

asymmetry, AFB, in Drell-Yan di-lepton events. LHCb data used for high rapidity coverage 

´ Precision better than 5 · 10−5 for sin2θeff à 1 · 10−5 if PDF unc. are improved with LHeC
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Table 27: The value of sin2 ✓lept
eff with the breakdown of uncertainties from the ATLAS preliminary

results at
p
s = 8 TeV with 20 fb�1 [499] is compared to the projected sin2 ✓lept

eff measurements with
3000 fb�1 of data at

p
s = 14 TeV for two PDF sets considered in this note. All the numbers values

are given in units of 10�5. Note that other sources of systematic uncertainties, such as the impact of the
MC statistical uncertainty, evaluated in Ref. [499] are not considered in this prospect analysis. For the
HL-LHC prospect PDFs the "ultimate" scenario is chosen.

ATLAS
p
s = 8 TeV ATLAS

p
s = 14 TeV ATLAS

p
s = 14 TeV

L [fb�1] 20 3000 3000
PDF set MMHT14 CT14 PDF4LHC15HL�LHC

sin2 ✓lept
eff [⇥10

�5
] 23140 23153 23153

Stat. ± 21 ± 4 ± 4
PDFs ± 24 ± 16 ± 13
Experimental Syst. ± 9 ± 8 ± 6
Other Syst. ± 13 - -
Total ± 36 ± 18 ± 15

Drell-Yan measurements performed with the data collected during the high luminosity phase of the LHC
and at the LHeC collider.

4.4.6 The global EW fit22

The measurement of the Higgs Boson mass (MH ) at the Large Hadron Collider (LHC) has provided the
last input to the global fit of electroweak (EW) precision observables (EWPO), which can now be used
to effectively constrain new physics. Moreover, the measurement of Higgs-boson production and decay
rates that is at the core of the physics program of the LHC Run-2 will further constrain those interactions
that directly affect Higgs-boson physics.
The HL-LHC will have the potential to provide more constraining bounds on new physics via the global
fit to EWPO and Higgs data, thanks to the higher precision it will reach both in the measurement of
some of the crucial input parameters of global EW fits (e.g. MW , mt, MH , and sin2 ✓lepte↵ ), and in
the measurement of Higgs-boson total and differential rates. In this study the reach of the HL-LHC in
constraining new physics is explored via a global fit to EWPO. Earlier studies on the prospects for the
LHC were performed in [500, 501].
In the following, details are provided first on the parameters and procedure of the global EW fit. Next
the results are interpreted within the Standard Model (SM). Finally, the EW fit is used to constrain new
physics beyond the SM. The results are presented for both the current data and the projections in the
HL-LHC scenario.
The global fit of EWPO is performed using the HEPFIT package [502], a general tool to combine direct
and indirect constraints on the SM and its extensions in any statistical framework. The default fit proce-
dure, used here, follows a Bayesian statistical approach and uses BAT (Bayesian Analysis Toolkit) [503].
Flat priors are used for all input parameters, and the likelihoods are built assuming Gaussian distributions
for all experimental measurements. The output of the fit is therefore given as the posterior distributions
for each input parameters and observables, calculated using a Markov Chain Monte Carlo method.
All EWPO are calculated as a SM core plus corrections. The SM core includes all available higher-order

22Contribution by J. de Blas, M. Ciuchini, E. Franco, S. Mishima, M. Pierini, L. Reina, and L. Silvestrini.
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Fig. 43: The fraction of events where the Z boson travels in the same direction along the z-axis as the
colliding quark, in proton-proton collisions with

p
s = 14 TeV. This increases as the event becomes

more forward, reaching a maximum in the region probed by LHCb. The decrease once the rapidity is
greater than 4 is because the fraction of collisions involving valence quarks decreases (the Bjorken-x
value of the high momentum quark in these collisions is typically greater than 0.3). No detector effects
are simulated for this figure.

performed at generator level without the effect of smearing due to detector effects20 while for LHCb,
a smearing is performed where the momentum resolution and reconstruction efficiency is assumed to
be similar to the performance of the current detector [493]. In the case of ATLAS, events are gener-
ated with POWHEG and overlaid with additional inelastic pp collisions per bunch-crossing simulated
with PYTHIA. Parameterisations of the expected ATLAS detector performances during the HL-LHC
runs [494] are then applied on particle-level objects to emulate the detector response. Lepton trigger and
identification efficiencies are derived as a function of ⌘ and pT and used to estimate the likelihood of a
given lepton to fulfil either the trigger or identification requirements, which have been optimised for the
level of pile-up expected at the HL-LHC [410]. The AFB distributions are generated, at leading order
(LO) in QCD, with DYTURBO, an optimised version of DYRES/DYNNLO [495] with NNLO CT14
PDF and the world average value for sin2 ✓lept

eff = 0.23153.
The HL-LHC CMS detector will extend the pseudorapidity, ⌘, coverage of the muon reconstruction
from the current configuration of 2.4 to 2.8. In the CMS analysis an event is selected if there are at
least two muons with |⌘| < 2.8 and with the leading pT muon pT > 25 GeV and the second leading
muon pT > 15 GeV. Figure 44 shows the AFB distributions in bins of dimuon mass and rapidity
for different energies and pseudorapidity acceptances. As expected, at higher centre-of-mass energies
the observed AFB is smaller because the interacting partons have smaller x-values which results in a
smaller fraction of dimuon events produced by the valence quarks, which also means more dilution. The
samples are normalised to the integrated luminosities of 19 fb�1 for

p
s = 8 TeV and to 10 – 3000 fb�1

for
p
s = 14 TeV samples and the simulated data are shown for

p
s = 8 TeV and

p
s = 14 TeV

for two different selection requirements, |⌘| < 2.4 and 2.8. Extending the pseudorapidity acceptance
significantly increases the coverage for larger x-values in the production and reduces both the statistical
and PDF uncertainties, as shown below.
In the case of the 14 TeV analysis with a large number of events (> 200 fb�1), the pseudo-data are too
precise to estimate the PDF uncertainties with the Bayesian reweighting approach because the replica

20A comparison of 8 TeV predictions and measured values suggests the effect is not significant.
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Fig. 44: Forward-backward asymmetry distribution, AFB(Mµµ, Yµµ), in dimuon events at
p
s = 8 TeV

and 14 TeV. The distributions are made with POWHEG event generator using NNPDF3.0 PDFs and
interfaced with PYTHIA v8 for parton-showering, QED final-state radiation (FSR) and hadronization.
Following acceptance selections are applied to the generated muons after FSR: |⌘| < 2.4 (or |⌘| < 2.8),
pleadT > 25 GeV, ptrailT > 15 GeV. The error bars represent the statistical uncertainties for the integrated
luminosities corresponding to 19 fb�1 at

p
s = 8 TeV and 3000 fb�1 at

p
s = 14 TeV.

distributions are too sparse compared to the statistical uncertainties. Therefore, the PDF uncertainties
after the Bayesian reweighting are estimated by extrapolating from the lower values of integrated lumi-
nosities.
The corresponding values for various luminosities at CMS are summarized in Table 26. One can see
from the table that with the extended pseudorapidity coverage of |⌘| < 2.8, the statistical uncertainties
are reduced by about 30% and the PDF uncertainties are reduced by about 20%, compared to |⌘| < 2.4
regardless of the target integrated luminosity and for both nominal and constrained PDF uncertainties.
The LHCb detector has coverage in the pseudorapidity range 2 < ⌘ < 5 and expects to install its
‘Upgrade II’ in Long Shutdown 4. Following this upgrade, LHCb will collect at least 300 fb�1 of data,
allowing high precision measurements. The forward acceptance of LHCb brings a number of benefits
in measurements of sin2 ✓lept

eff at the LHC. The lower level of dilution in the forward region results in a
larger sensitivity to sin2 ✓lept

eff and the PDF effects are (in relative terms) smaller, providing both statistical
precision in measurements of the weak mixing angle and a reduction in PDF uncertainties. In addition,
LHCb does not simply probe forward rapidities of the Z boson: the leptons themselves are located over
a significant range of rapidities, allowing extremal values of cos ✓⇤ to be probed, increasing sensitivity to
the weak mixing angle. Finally, LHCb has the ability to select events at low momentum using a flexible
full software trigger and real time analysis scheme (from Run-3 onwards). It is therefore foreseen that
the LHCb Upgrade II will be able to select Z boson decays where one lepton has transverse momentum
above 20 GeV, while the other lepton has a transverse momentum above 5 GeV. Such low thresholds
again increase the sensitivity to asymmetric events at high | cos ✓⇤|. In addition to the advantages of the

83

 (GeV)µµM

FBA

0.15−

0.1−

0.05−

0

0.05

0.1

0.15

0.2

0.25

| < 0.4
µµ

 |Y≤0.0 | < 0.8
µµ

 |Y≤0.4 | < 1.2
µµ

 |Y≤0.8 | < 1.6
µµ

 |Y≤1.2 | < 2.0
µµ

 |Y≤1.6 | < 2.4
µµ

 |Y≤2.0 | < 2.8
µµ

 |Y≤2.4 

70 90 110 70 90 110 70 90 110 70 90 110 70 90 110 70 90 110 70 90 110

| < 2.4 η, |-1  8 TeV,     19 fb
| < 2.4 η, |-114 TeV, 3000 fb
| < 2.8 η, |-114 TeV, 3000 fb

CMS Phase-2 Simulation Preliminary

Fig. 44: Forward-backward asymmetry distribution, AFB(Mµµ, Yµµ), in dimuon events at
p
s = 8 TeV

and 14 TeV. The distributions are made with POWHEG event generator using NNPDF3.0 PDFs and
interfaced with PYTHIA v8 for parton-showering, QED final-state radiation (FSR) and hadronization.
Following acceptance selections are applied to the generated muons after FSR: |⌘| < 2.4 (or |⌘| < 2.8),
pleadT > 25 GeV, ptrailT > 15 GeV. The error bars represent the statistical uncertainties for the integrated
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distributions are too sparse compared to the statistical uncertainties. Therefore, the PDF uncertainties
after the Bayesian reweighting are estimated by extrapolating from the lower values of integrated lumi-
nosities.
The corresponding values for various luminosities at CMS are summarized in Table 26. One can see
from the table that with the extended pseudorapidity coverage of |⌘| < 2.8, the statistical uncertainties
are reduced by about 30% and the PDF uncertainties are reduced by about 20%, compared to |⌘| < 2.4
regardless of the target integrated luminosity and for both nominal and constrained PDF uncertainties.
The LHCb detector has coverage in the pseudorapidity range 2 < ⌘ < 5 and expects to install its
‘Upgrade II’ in Long Shutdown 4. Following this upgrade, LHCb will collect at least 300 fb�1 of data,
allowing high precision measurements. The forward acceptance of LHCb brings a number of benefits
in measurements of sin2 ✓lept

eff at the LHC. The lower level of dilution in the forward region results in a
larger sensitivity to sin2 ✓lept

eff and the PDF effects are (in relative terms) smaller, providing both statistical
precision in measurements of the weak mixing angle and a reduction in PDF uncertainties. In addition,
LHCb does not simply probe forward rapidities of the Z boson: the leptons themselves are located over
a significant range of rapidities, allowing extremal values of cos ✓⇤ to be probed, increasing sensitivity to
the weak mixing angle. Finally, LHCb has the ability to select events at low momentum using a flexible
full software trigger and real time analysis scheme (from Run-3 onwards). It is therefore foreseen that
the LHCb Upgrade II will be able to select Z boson decays where one lepton has transverse momentum
above 20 GeV, while the other lepton has a transverse momentum above 5 GeV. Such low thresholds
again increase the sensitivity to asymmetric events at high | cos ✓⇤|. In addition to the advantages of the
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WW/WZ at HE-LHC 
´ HE-LHC will certainly improve high-pT measurements

´ However, the experimental environment is expected to be challenging at the HE-LHC

´ assess the performance of pile-up mitigation technique at the HE-LHC in order to have a 
reliable estimate of the search sensitivity [reminder, pile-up @ HE is ~ 800!] 
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Fig. 32: Leading large-R jet mass (left) after applying the PUPPI algorithm at an integrated luminosity
of 1 ab�1 at

p
s = 27 TeV with five different pile-up overlay conditions of µpileup = 0, 100, 200, 400

and 800. The right plots shows the same distribution but after additionally requiring that the jets are
trimmed with the conditions described in the text.

boson tagging. The VBS signal events are produced with the overlay of minimum-bias pp interactions
generated using PYTHIA 8. The minimum-bias interactions are overlaid onto hard scattering event
using Poisson probability distribution with the mean number of interactions (µpileup) varied from 0 to
100, 200, 400 and 800. Furthermore, the minimum-bias interactions are distributed randomly in z and
timing using Gaussian profiles of �z = 5.3 cm and �t = 160 ps, respectively (z=0 at the detector centre
and t=0 for hard scattering event). The overlaid VBS signal events are processed through DELPHES
with two pile-up mitigation techniques: the Pile-up Per Particle Identification (PUPPI) algorithm [365]
used in CMS and the trimming procedure used in ATLAS. The trimming parameters of the pT fraction
cut and the sub-jet reclustering radius are chosen to be the same as those used in ATLAS. For the PUPPI
algorithm the standard DELPHES implementation is used.

Figure 32 shows the leading large-R jet mass (mJ ) for the PUPPI-only jets and the PUPPI+trimmed
jets, both required to have pT > 200 GeV. The mJ distribution get shifted towards lower values with
the trimming applied, enhancing the peak around mW . The residual pile-up effect is still visible as a
shift towards larger values with increasing µpileup, but the overall signal yield after the mass-window and
D2 requirements (e.g, D2 < 1.5) is largely stable. This indicates that an impact to the W /Z-boson tag-
ging performance from expected pile-up collisions at the HE-LHC can be mitigated to the level where
the tagging performance is similar to what is expected at Run-2 or the HL-LHC. Therefore, the study
presented in the rest of this note is based on the W /Z-boson tagging performance at Run-2.

The sensitivity to the VBS signal at 27 TeV is extracted in the same manner as the HL-LHC anal-
ysis. The event selection is similar and a BDT is built using the same variables both in the resolved and
boosted channel. For more details about the BDT and the setup used please refer to citation. Figure 33
shows the expected cross section uncertainty as function of integrated luminosity at 27 TeV compared
to the one obtained at 14 TeV. The results are very consistent and show that given the same luminosity
the same uncertainty can be reached at 27 TeV. Prospects are also presented for the extraction of the
longitudinal component of the WW scattering. For the extraction of the longitudinal component in
VBS processes, the electroweak WWjj samples are generated with the DECAY program to identify
the polarization state of the produced V bosons. The generated events are then classified according to
the polarization state: both V bosons are longitudinally (LL) or transversely (TT) polarized, or in the
mixed state (LT). Each event is showered using PYTHIA and then processed through the DELPHES
simulation.
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Fig. 33: The expected cross section uncertainty as function of integrated luminosity at 27 TeV compared
to the one obtained at 14 TeV (left). Right: Observed significance as a function of the luminosity and
expected uncertainty for the EW WLWL signal assuming a 10% fraction predicted by MADGRAPH
(right). One line shows the results obtained by fitting a single variable, the total invariant mass of
the system and the other one shows the expected significance using the BDT. The third line shows
the expected significance assuming the combination of all three semi-leptonic channels with the same
sensitivity.

In this case a BDT is built training the signal samples (WW LL) against the sum of the back-
grounds which include the TT and LT component of the electroweak WWjj samples. The observed
significance expected with this simple setup is shown in the right figure of Fig. 33. One line shows
the results obtained by fitting a single variable, the total invariant mass of the system and the other one
shows the expected significance using the BDT. The third line shows the expected significance assuming
the combination of all three semi-leptonic channels with the same sensitivity. It is expected to reach 5�
sensitivities with 3000 fb�1 combining all the semileptonic channels.

4.3 Tri-boson production
The production of multiple heavy gauge bosons V (= W±, Z) opens up a multitude of potential de-
cay channels categorised according to the number of charged leptons in the final state. The sen-
sitivity prospect studies have been performed related to the production of W±W±W⌥, W±W⌥Z
or W±ZZ followed by the fully leptonic or semi-hadronic13 decays: W±W±W⌥

! `±⌫`±⌫`⌥⌫,
W±W±W⌥

! `±⌫`±⌫jj, W±W⌥Z ! `±⌫`±⌫`+`�, W±W⌥Z ! `±⌫jj`+`�, W±ZZ !

`±⌫`+`�`+`�, W±ZZ ! `±⌫`+`�⌫⌫, W±ZZ ! jj`+`�`+`� and W±ZZ ! `±⌫`+`�jj, with
` = e or µ. Prospect studies have been performed, using a cut-based analysis, corresponding to an inte-
grated luminosity of 3000 fb�1 and 4000 fb�1 of proton–proton collisions at a centre-of-mass energy of
p
s = 14 TeV, expected to be collected by the ATLAS detector at the HL-LHC [422,423]. In this section

we summarize only results that are expected to provide the best sensitivity according to the full prospect
studies documented in [424].

Monte Carlo (MC) simulated event samples are used to predict the background from SM pro-
cesses and to model the multi-boson signal production. The effects of an upgraded ATLAS detector are
taken into account by applying energy smearing, efficiencies and fake rates to generator level quantities,
following parameterisations based on detector performance studies with full simulation and HL-LHC
conditions. The most relevant MC samples have equivalent luminosities (at 14 TeV) of at least 3000
fb�1. Several MC generators are used to model the production of signal and dominant SM background

13In case of semi-hadronic channels we assume that one of the vector bosons decays hadronically while the other two decay
leptonically.
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Possibility of using reliable techniques to identify W/Z boson 
improve the expected significance for VBS WLWL analyses
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A way to quantify this: global fits 

´ global significance of the tensions can be 
defined in a specific framework of NP 
´ Sensitivity to Wilson-Coefficient C9 and C10

´ illustrating scenarios with modifications of just C9

(vector current) and of both C9 = −C10 (pure left-handed 

current). 

´ Use BS à µµ and the angular observables from the 

decay B0 → K∗0µ+µ− in the low-q2 region (e.g. P′5). 
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Reach for generic new physics at tree-level is found to exceed 100 TeV
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Foreword 
Common assumptions: 

´ HL-LHC: 3/ab @ 14 TeV c.o.m. with <µ>=200

´For LHCb: luminosity of 50/fb and 300/fb 
assumed for Phase1b and 2 upgrades

´ HE-LHC: 15/ab @ 27 TeV c.o.m. (<µ>=800)

24/9/19Monica D'Onofrio, UK IoP HEP Meeting

NOTE: results for BSM searches and SM measurements 
often refer to a single experiment 
BUT: Statistical combinations in case of Higgs studies 

Table 1. Summary of the future colliders considered in this report. The number of detectors given is the number of detectors
running concurrently, and only counting those relevant to the entire Higgs physics programme. The instantaneous and
integrated luminosities provided are that used in the individual reports, and for e+e� colliders the integrated luminosity
corresponds to the sum of those recorded by the detectors. For HL-LHC this is also the case while for HE-LHC and FCChh it
corresponds to 75% of that. The values for

p
s are approximate, e.g. when a scan is proposed as part of the programme this is

included in the closest value (most relevant for the Z, W and t programme). For the polarisation, the values given correspond to
the electron and positron beam, respectively. For HL-LHC, HE-LHC, FCC, CLIC and LHeC the instantaneous and integrated
luminosity values are taken from Ref. [9]. For these colliders the number of seconds per year is 1.2⇥107 based on CERN
experience [9]. CEPC (ILC) assumes 1.3⇥107 (1.6⇥107) seconds for the annual integrated luminosity calculation. When two
values for the instantaneous luminosity are given these are before and after a luminosity upgrade planned. The last column
gives the abbreviation used in this report in the following sections. When the entire programme is discussed, the highest energy
value label is used, e.g. ILC500 or CLIC3000. It is always inclusive, i.e. includes the results of the lower-energy versions of that
collider. Also given are the shutdowns (SDs) needed between energy stages of the machine. SDs planned during a run at a
given energy are included in the respective energy line.

Collider Type
p

s P [%] N(Det.) Linst L Time Refs. Abbreviation
[e�/e+] [1034] cm�2s�1 [ab�1] [years]

HL-LHC pp 14 TeV - 2 5 6.0 12 [10] HL-LHC
HE-LHC pp 27 TeV - 2 16 15.0 20 [10] HE-LHC
FCC-hh pp 100 TeV - 2 30 30.0 25 [1] FCC-hh
FCC-ee ee MZ 0/0 2 100/200 150 4 [1]

2MW 0/0 2 25 10 1-2
240 GeV 0/0 2 7 5 3 FCC-ee240

2mtop 0/0 2 0.8/1.4 1.5 5 FCC-ee365
(+1) (1y SD before 2mtop run)

ILC ee 250 GeV ±80/±30 1 1.35/2.7 2.0 11.5 [3, 11] ILC250
350 GeV ±80/±30 1 1.6 0.2 1 ILC350
500 GeV ±80/±30 1 1.8/3.6 4.0 8.5 ILC500

(+1) (1y SD after 250 GeV run)
CEPC ee MZ 0/0 2 17/32 16 2 [2] CEPC

2MW 0/0 2 10 2.6 1
240 GeV 0/0 2 3 5.6 7

CLIC ee 380 GeV ±80/0 1 1.5 1.0 8 [12] CLIC380
1.5 TeV ±80/0 1 3.7 2.5 7 CLIC1500
3.0 TeV ±80/0 1 6.0 5.0 8 CLIC3000

(+4) (2y SDs between energy stages)
LHeC ep 1.3 TeV - 1 0.8 1.0 15 [9] LHeC

HE-LHeC ep 2.6 TeV - 1 1.5 2.0 20 [1] HE-LHeC
FCC-eh ep 3.5 TeV - 1 1.5 2.0 25 [1] FCC-eh

3/58

(arXiV:1905.03764)

HE-LHC: 10/ab per experiment in 20 years
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Prospects for High-Energy
´ Higgs samples will typically increase by a factor between 10 and 25

´ Potential reduction in the statistical uncertainties by factors of 3 to 5

´ Biggest improvements arise for the channels favoured by the higher energy, such as ttH and HH. 
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Table 39: The expected ±1� uncertainties, expressed as percentages, on the ratios of coupling modifier
parameters for ATLAS and CMS [126, 139]. Values are given for both S1 (with Run 2 systematic uncer-
tainties [182]) and S2 (with YR18 systematic uncertainties). The total uncertainty is decomposed into
four components: statistical (Stat), signal theory (SigTh), background theory (BkgTh) and experimental
(Exp).

ATLAS
3000 fb�1 uncertainty [%]

Total Stat SigTh BkgTh Exp

gZ

S1 3.4 0.8 2.8 0.9 1.5
S2 2.2 0.8 1.5 0.5 1.3

��Z

S1 3.1 1.0 1.5 0.6 2.4
S2 2.2 1.0 0.7 0.5 1.7

�WZ

S1 2.7 0.9 1.5 1.3 1.5
S2 2.2 0.9 1.0 1.0 1.4

�Zg

S1 4.5 1.3 3.7 1.6 1.6
S2 3.4 1.3 2.4 1.3 1.4

�tg

S1 6.1 1.3 5.4 1.8 1.8
S2 3.9 1.3 3.0 1.3 1.7

�bZ

S1 5.3 1.6 3.1 3.3 2.2
S2 3.9 1.6 1.8 2.3 2.0

�⌧Z

S1 3.4 1.2 2.3 1.4 1.8
S2 2.6 1.2 1.3 1.0 1.7

�µZ

S1 7.7 6.4 3.6 0.9 2.1
S2 7.0 6.4 1.9 0.5 1.9

�Z�Z

S1 12.7 10.2 6.9 1.0 2.6
S2 12.3 10.2 6.3 0.5 2.5

CMS
3000 fb�1 uncertainty [%]

Total Stat SigTh BkgTh Exp

gZ

S1 3.2 0.8 2.7 0.9 1.2
S2 1.9 0.8 1.4 0.4 0.8

��Z

S1 2.6 1.0 1.1 1.0 1.8
S2 1.8 1.0 0.7 0.2 1.2

�WZ

S1 2.3 0.9 1.4 1.0 1.3
S2 1.6 0.9 0.8 0.5 0.9

�Zg

S1 3.9 1.4 3.2 1.1 1.4
S2 2.6 1.4 1.8 0.7 1.1

�tg

S1 5.8 1.2 5.0 1.8 1.9
S2 3.5 1.2 2.5 1.3 1.6

�bZ

S1 5.2 1.7 3.4 2.6 2.3
S2 3.4 1.7 1.7 1.7 1.7

�⌧Z

S1 2.6 1.2 1.2 1.2 1.6
S2 1.9 1.2 0.9 0.4 1.2

�µZ

S1 6.6 4.7 2.2 1.1 4.0
S2 5.0 4.7 1.1 0.4 1.2

Table 40: Projected sensitivities of the measurements of Higgs boson couplings at HE-LHC.

Coupling S2 S2
0

k� 1.6 1.2
kW 1.5 1.0
kZ 1.3 0.8
kg 2.2 1.3
kt 3.2 1.9
kb 3.5 2.1
k⌧ 1.7 1.1
kµ 2.2 1.7
kZ� 6.9 4.1
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Fig. 78: Expected sensitivity for the measurement of the Higgs trilinear coupling through the measure-
ment of direct HH production at HE-LHC. The black line corresponds to the combination of ATLAS
and CMS measurements with HL-LHC data presented in Section 3.2.3, with systematic uncertainties
considered. The red band corresponds to an estimate of the sensitivity using a combination of the bb̄��
and bb̄⌧⌧ channels, without systematic uncertainties considered.

smaller, but for single-Higgs production processes the precision of the experimental measurements is and
will be much better than for double-Higgs production. This, and the fact that for single-Higgs production
many different final states and both inclusive as well as differential measurements are possible will lead
to competitive indirect determinations of the trilinear Higgs self coupling. In [373, 374] also electroweak
precision observables have been considered to this purpose.

3.5.1 Indirect probes through single Higgs boson production44

In the following subsection, we will briefly recall the calculation framework introduced in [365, 366].
We also provide numerical results for the effects due to a modified trilinear Higgs coupling in the most
important inclusive and differential single-Higgs production cross sections as well as the Higgs branching
ratios. Based on these results, we will analyse the sensitivity of the HL-LHC and HE-LHC in constraining
the trilinear Higgs self interactions.

3.5.1.1 Theoretical framework

The effects of anomalous Higgs interactions can be extracted from experimental data via the signal
strength parameters µf

i , which are defined for any specific combination of production and decay channel
i ! H ! f as follows

µf
i ⌘ µi ⇥ µf

=
�(i)

�SM
(i)

⇥
BR(f)

BR
SM

(f)

. (53)

Here the quantities µi and µf are the production cross sections �(i) (i = ggF, VBF, WH , ZH , tt̄H ,
tHj) and the branching ratios BR(f) (f = ��, ZZ, WW, bb̄, ⌧⌧, µµ) normalised to their SM values,

44 Contacts: W. Bizon, M. Gorbahn, U. Haisch, F. Maltoni, D. Pagani, A. Shivaji, G. Zanderighi, X. Zhao
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Figure 6. Left:
correlation between the
observables ry and AFB,
described in the text, for
various Z0 models. Right:
fitted cross-section of the
three hadronic analyses.
Statistical and full
uncertainties are shown on
each point. From Ref. [4].
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modes (e.g. H!cc̄), of rare (e.g. H!Zg), invisible or forbidden decays become accessible. At the same time, Higgs boson
production can be explored at very large transverse momenta. Projections presented in this section are exploratory and provide
qualitative results, due to the absence of clearly defined reference detectors, and in view of the highly challenging pile-up
environment. Several approaches have been followed to address this issue, typically assuming experimental performances
similar to those currently achieved by LHC detectors. Other studies focused on Higgs bosons produced at finite transverse
momentum (pT > 50 GeV), to reduce the impact of pile-up. The selection of fiducial regions in pT and rapidity, furthermore,
allows measurements of the ratios of rates for different final states, free of uncertainties related to the production dynamics and
to luminosity.

Table 3. Higgs production event rates for selected processes at 27 TeV (N27) and statistical increase with respect to the
statistics of the HL-LHC (N27 = s27 TeV ⇥15 ab�1, N14 = s14 TeV ⇥3 ab�1).

gg!H VBF WH ZH tt̄H HH
N27 2.2⇥109 1.8⇥108 5.4⇥107 3.7⇥107 4⇥107 2.1⇥106

N27/N14 13 14 12 13 23 19

The statistics expected for some reference production processes, and the increase with respect to the HL-LHC, are shown
in Table 3. The Higgs samples will typically increase by a factor between 10 and 25, in part as a result of the 5 times larger
luminosity, leading to a potential reduction in the statistical uncertainties by factors of 3 to 5. The biggest improvements arise
for the channels favoured by the higher energy, such as ttH and HH.

Figure 7. Projected
95%CL sensitivities at
HE-LHC (blue regions)
for Z0 models explaining
the R

K(⇤) anomaly,
assuming narrow-width
resonances (G < 0.1MZ0).
The red region is
excluded from Bs � B̄s

mixing measurements.
See Refs. [4, 5] for the
details.

6

precision of 10% to 20% from the combina4on of 
b b̄γγ and b b̄τ τ channels alone. 
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Prospects for High-Energy (2)
´ For Higgs boson transverse momenta between 50 

and 500 GeV, a precision in the range of 2-4% is 
achievable for the ratios BR(H→µµ)/BR(H→gg) and 
BR(H→ 4l)/BR(H→gg), and therefore of order 1-2% 
for the ratios of the relevant Higgs couplings.
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Figure 9. Projected precision for the measurement of ratios of rates of different Higgs final states, in the gg!H production
channel. The label ”lumi” indicates the inclusion of a 1% overall uncertainty. The systematics labeled as ”syst” reflects today’s
uncertainties on etections efficiencies. The systematics of conservative scenario (cons) is twice as large as the reference one
(optim).

transverse momenta, providing a new opportunity: a 10% measurement at 1 TeV energy corresponds roughly to a permille
precision measurement at the Higgs mass. In the context of EW physics this will allow to test, via Drell-Yan processes and
the operators O2W,2B, energy scales of order 25 TeV; or, via WZ diboson processes, mass scales of roughly 6 (100) TeV if the
underlying new physics is weakly (strongly) coupled. Figure 10 shows the results of a global fit to observables in Higgs physics,
as well as diboson and Drell-Yan processes at high energy.

Another important high-energy measurement concerns the scattering of longitudinally polarised vector bosons: departures
from its SM value could betray a composite nature of the Higgs. The decomposition of measurements of VBS cross-sections
into the polarised components based on the decays of the individual vector bosons is experimentally challenging. Preliminary
studies show that, thanks to pile-up mitigation techniques that retain Run-2 performance of hadronically decaying W/Z-boson
tagging, the precision on the VBS cross section measurement in the semileptonic WV + jj ! `n + jjjj channel can be reduced
from 6.5 % (HL-LHC) to about 2 % at HE-LHC. From this measurement and from the measurement of the EW production of a
Z boson pair, the purely longitudinal final state of the WW and ZZ scattering processes can be extracted with a significance of
5s or more. Similarly, the reach for vector-boson-scattering will be extended by roughly a factor of two in the energy scale of
BSM physics, i.e. the sensitivity of the HE-LHC to Wilson coefficients, f/L4, of dimension eight operators, which describe
anomalous quartic gauge couplings, improves by a factor 10-20.

BSM theories generally predict the Higgs couplings to deviate from the SM predictions. In parallel, the HE-LHC will
have a broad reach for models predicting exotic decays of the 125 GeV Higgs boson (e.g. decays including intermediate BSM

8
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transverse momenta, providing a new opportunity: a 10% measurement at 1 TeV energy corresponds roughly to a permille
precision measurement at the Higgs mass. In the context of EW physics this will allow to test, via Drell-Yan processes and
the operators O2W,2B, energy scales of order 25 TeV; or, via WZ diboson processes, mass scales of roughly 6 (100) TeV if the
underlying new physics is weakly (strongly) coupled. Figure 10 shows the results of a global fit to observables in Higgs physics,
as well as diboson and Drell-Yan processes at high energy.

Another important high-energy measurement concerns the scattering of longitudinally polarised vector bosons: departures
from its SM value could betray a composite nature of the Higgs. The decomposition of measurements of VBS cross-sections
into the polarised components based on the decays of the individual vector bosons is experimentally challenging. Preliminary
studies show that, thanks to pile-up mitigation techniques that retain Run-2 performance of hadronically decaying W/Z-boson
tagging, the precision on the VBS cross section measurement in the semileptonic WV + jj ! `n + jjjj channel can be reduced
from 6.5 % (HL-LHC) to about 2 % at HE-LHC. From this measurement and from the measurement of the EW production of a
Z boson pair, the purely longitudinal final state of the WW and ZZ scattering processes can be extracted with a significance of
5s or more. Similarly, the reach for vector-boson-scattering will be extended by roughly a factor of two in the energy scale of
BSM physics, i.e. the sensitivity of the HE-LHC to Wilson coefficients, f/L4, of dimension eight operators, which describe
anomalous quartic gauge couplings, improves by a factor 10-20.

BSM theories generally predict the Higgs couplings to deviate from the SM predictions. In parallel, the HE-LHC will
have a broad reach for models predicting exotic decays of the 125 GeV Higgs boson (e.g. decays including intermediate BSM

8

´ Potential for discovery of deviations will grow 
considerably, allowing to test energy scales ~ 
25 TeV

´ Other highlights: longitudinal scattering, 
exotics Higgs decays, heavier additional 
higgses

constraints on the EFT operators 
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Fig. 2.1.1: Expected reach of HL- and HE-LHC in probing gluinos, in the gluino-LSP mass plane. The left (right) plots show
the gluino mass reach in 14 (27) TeV pp collisions with 3 ab�1 (15 ab�1) of data. The decay g̃ ! qq̄�̃

0
1 is assumed to occur

with 100% branching fraction, with a bino-like LSP. Both 2� exclusion (dashed) and 5� discovery contours are shown.

upgraded ATLAS and CMS detectors prescribing anti-kT jets [34] with radius 0.4. Effects due to high
pile-up are not taken into account, as we expect it to have a negligible impact on our results [66]. An
overall systematic uncertainty of 20% is assumed on the SM background contributions covering, among
others, jet energy scale and resolution uncertainties. A generic 10% uncertainty is assumed on the signal.
This does not take into account PDF-related uncertainty which might be as large as 50% for gluinos
around 3 TeV, although the impact of an uncertainty of this kind is presented below for a massless LSP
scenario.

Following previous works [62,66,69], we apply a set of baseline selections at both 14 and 27 TeV.
We require that signal events contain no electrons (muons) with pT above 10 (10) GeV and |⌘| below
2.47 (2.4). Events are also required to contain a leading jet with pT > 160 GeV and three additional
jets with pT > 60 GeV. In addition, a minimum missing transverse momentum of 160 GeV is required
to fulfil trigger-based requirements. We reject events with ��(j, Emiss

T ) > 0.4 for any of the first
three jets to avoid contamination from multi-jet background with mis-measured jets. To further reduce
SM contributions, we demand Emiss

T /
p

HT > 10 GeV1/2 and pT (j4)/HT > 0.1 where j4 indicates
the fourth leading jet and HT is the sum of the transverse momentum of the jets considered in the
analysis. After this baseline selection, a two dimensional optimisation over selections on Emiss

T and
HT is performed to obtain the maximum significance. For the HL-LHC (HE-LHC), we vary Emiss

T

in steps of 0.5 (0.5) TeV from 0.5 (0.5) up to 3.0 (7.0) TeV and HT in steps of 0.5 (0.5) TeV from
0.5 (0.5) up to 5.0 (7.0) TeV. The optimisation aims to maximise the signal significance, defined as

S/
q

(B + (sysB)2B2 + (sysS)2S2), where S indicates the number of signal events, B the total SM
background events, and sysB = 0.2 and sysS = 0.1 are the systematic uncertainties on background
and signal, respectively. Thanks to the optimisation procedure used in this study, the results present
an improvement with respect to the existing ATLAS HL-LHC study [62], although the impact related
to different assumptions on systematic uncertainties and pile-up conditions might play a non-negligible
role.

Exclusion and discovery contours are shown in Fig. 2.1.1 as 2� and 5� contours of the signifi-
cance previously defined. For a massless LSP, a gluino of approximately 3.2 TeV can be probed by the
HL-LHC with 3 ab�1 of integrated luminosity, with a discovery potential up to 2.9 TeV. At 27 TeV
with 15 ab�1of integrated luminosity, the exclusion (discovery) reach is roughly 5.7 (5.2) TeV for mass-
less LSP. With the signal varied within a 50% band, mimicking current PDF uncertainties for high mass
gluinos, the HL-LHC (HE-LHC) exclusion reach will decrease by about 200 (400) GeV and become

16

SUSY: strong production (1) 

´ At the HL-LHC, exclusion 3.2 TeV (qqc0), 2.5 TeV (ttc0), 2.6 TeV (tcc0)

´ Valid for low c0 mass; reach deteriorates when increasing mass of the lightest SUSY particle, c0
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0
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1 0 4 jets m(�̃

0
1)=0 2.1.1g̃ 5.7g̃̃g 5.2g̃ 5.2 (5.7) TeV

g̃g̃, g̃!tt̄�̃0
1 0 Multiple m(�̃

0
1)=0 2.1.3g̃̃g 2.3 (2.5) TeV

g̃g̃, g̃!tc̄�̃0
1 0 Multiple m(�̃

0
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1, �̃

0
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�̃+1 �̃
�
1 , �̃

±
1!W±�̃0
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0
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1
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2 /�̃
0
4

�̃±
2 /�̃

0
4 0.9 TeV

�̃±1 �̃
0
2 + �̃

0
2�̃

0
1, �̃

0
2!Z�̃0

1,�̃
±
1!W�̃0

1 2 e, µ 1 jet m(�̃
0
1)=15 GeV 2.2.5.1�̃±

1 /�̃
0
2

�̃±
1 /�̃

0
2 0.25 (0.36) TeV

�̃±1 �̃
0
2 + �̃

0
2�̃

0
1, �̃

0
2!Z�̃0

1,�̃
±
1!W�̃0

1 2 e, µ 1 jet m(�̃
0
1)=15 GeV 2.2.5.1�̃±1 /�̃

0
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Fig. 7.1: A summary of the expected mass reach for 5� discovery and 95% C.L. exclusion at the HL/HE-LHC, as
presented in Section 2.

decaying ⌧ and missing ET , will be sensitive to currently unconstrained pair-produced ⌧̃ : exclusion
(discovery) for m⌧̃ up to around 700 (500) GeV can be achieved under realistic assumptions of perfor-
mance and systematic uncertainties.

In the strong SUSY sector, HL-LHC will probe gluino masses up to 3.2 TeV, with discovery reach
around 3 TeV, in R-parity conserving scenarios and under a variety of assumptions on the g̃ prompt
decay mode. This is about 0.8 � 1 TeV above the Run-2 g̃ mass reach for 80 fb�1. Pair-production
of top squarks has been studied assuming t̃1 ! t�̃0

1 and fully hadronic final states with large missing
ET . Top squarks can be discovered (excluded) up to masses of 1.25 (1.7) TeV for massless neutralinos,
i.e. �m(t̃1, �̃

0
1) � mt, under realistic uncertainty assumptions. This extends by about 700 GeV the

reach of Run-2 for 80 fb�1. The reach in m
t̃

degrades for larger �̃0
1 masses. If �m(t̃1, �̃

0
1) ⇠ mt, the

discovery (exclusion) reach is 650 (850) GeV.

Dark Matter and Dark Sectors
Compressed SUSY scenarios, as well as other DM models, can be targeted using signatures such

as mono-jet, mono-photon and vector-boson-fusion production. Mono-photon and VBF events allow
targeting an EW fermionic triplet (minimal DM), equivalent to a wino-like signature in SUSY, for which
there is no sensitivity in Run-2 searches with 36 fb�1. Masses of the �̃0

1 up to 310 (130) GeV can
be excluded by the mono-photon (VBF) channel, with improvements possible, reducing the theoreti-
cal uncertainties. Projections for searches for a mono-Z signature, with Z ! `+`� recoiling against
missing ET , have been interpreted in terms of models with a spin-1 mediator, and models with two
Higgs doublets and an additional pseudoscalar mediator a coupling to DM (2HDMa). The exclusion is
expected for mediator masses up to 1.5 TeV, and for DM and pseudoscalar masses up to 600 GeV, a
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Fig. 7.1: A summary of the expected mass reach for 5� discovery and 95% C.L. exclusion at the HL/HE-LHC, as
presented in Section 2.

decaying ⌧ and missing ET , will be sensitive to currently unconstrained pair-produced ⌧̃ : exclusion
(discovery) for m⌧̃ up to around 700 (500) GeV can be achieved under realistic assumptions of perfor-
mance and systematic uncertainties.

In the strong SUSY sector, HL-LHC will probe gluino masses up to 3.2 TeV, with discovery reach
around 3 TeV, in R-parity conserving scenarios and under a variety of assumptions on the g̃ prompt
decay mode. This is about 0.8 � 1 TeV above the Run-2 g̃ mass reach for 80 fb�1. Pair-production
of top squarks has been studied assuming t̃1 ! t�̃0

1 and fully hadronic final states with large missing
ET . Top squarks can be discovered (excluded) up to masses of 1.25 (1.7) TeV for massless neutralinos,
i.e. �m(t̃1, �̃

0
1) � mt, under realistic uncertainty assumptions. This extends by about 700 GeV the

reach of Run-2 for 80 fb�1. The reach in m
t̃

degrades for larger �̃0
1 masses. If �m(t̃1, �̃

0
1) ⇠ mt, the

discovery (exclusion) reach is 650 (850) GeV.

Dark Matter and Dark Sectors
Compressed SUSY scenarios, as well as other DM models, can be targeted using signatures such

as mono-jet, mono-photon and vector-boson-fusion production. Mono-photon and VBF events allow
targeting an EW fermionic triplet (minimal DM), equivalent to a wino-like signature in SUSY, for which
there is no sensitivity in Run-2 searches with 36 fb�1. Masses of the �̃0

1 up to 310 (130) GeV can
be excluded by the mono-photon (VBF) channel, with improvements possible, reducing the theoreti-
cal uncertainties. Projections for searches for a mono-Z signature, with Z ! `+`� recoiling against
missing ET , have been interpreted in terms of models with a spin-1 mediator, and models with two
Higgs doublets and an additional pseudoscalar mediator a coupling to DM (2HDMa). The exclusion is
expected for mediator masses up to 1.5 TeV, and for DM and pseudoscalar masses up to 600 GeV, a
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Fig. 2.1.5: MR-R2 distributions shown in a one-dimensional representation for background predictions obtained
for the W 4-5 jet (upper left), W 6 jet (upper right), and Top (lower) categories for the HL-LHC. Statistical and
systematic uncertainties for the YR18 scenario are shown with the hatched and shaded error bars, respectively.
Also shown are the signal benchmark models T5ttcc with mg̃ = 2 TeV, m

t̃
= 320 GeV and m

�̃
0
1

= 300 GeV;
T1tttt with mg̃ = 2 TeV and m

�̃
0
1

= 300 GeV; and T2tt with m
t̃
= 1.2 TeV and m

�̃
0
1

= 100 GeV.

tematic uncertainties, and statistical-only scenarios for the HL-LHC case. Furthermore, projections of
expected discovery sensitivity in the presence of a signal were computed. The p-values for the sig-
nal plus background and background-only hypotheses were used to obtain the expected significances in
terms of number of standard deviations. Figure 2.1.7 shows the projected expected significance for the
T5ttcc, T1tttt, and T2tt models based on the YR18 systematic uncertainties, along with the discovery
upper bounds on the gluino/top squark versus neutralino masses for the three uncertainty scenarios for
the HL-LHC.
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Fig. 2.1.6: Projected expected upper limits on the signal cross sections for the HL-LHC using the asymptotic
CLs method versus gluino/top squark and neutralino masses for the T5ttcc (top left), T1tttt (top right), and T2tt
(bottom) models for the combined W 4-5 jet, W 6 jet, and Top categories for the YR18 scenario. The contours
show the expected lower limits on the gluino/top squark and neutralino masses based on the Run-2 systematic
uncertainties, YR18 systematic uncertainties, and statistical-only scenarios, along with the 2016 razor boost limit
and the 300 fb�1 limit for comparison.

The projection results show that HL-LHC would improve the gluino mass exclusion limits via top-
quark by around 750 GeV, while making discovery possible for gluinos up to masses of 2.4 TeV. For
top squark pair production, the discovery reach is up to 1.4 TeV, consistent with the ATLAS prospect
studies in Section 2.1.2.
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Fig. 2.2.2: The 95% C.L. exclusion and discovery potential for �̃+

1 �̃�
1 production at the HL-LHC (3 ab�1 at

p
s=14 TeV), assuming �̃±

1 ! W �̃0

1 with a BR of 100%, for an uncertainty on the modelling of the SM background
of 5% (baseline uncertainty). The observed limits from the analyses of 13 TeV data [82] are also shown.

The signal region is divided into two disjoint regions with a Same Flavour Opposite Sign (SFOS:
e+e�, µ+µ�) or Different Flavour Opposite Sign (DFOS: e±µ⌥) lepton pair to take advantage of the
differing SM background composition for each flavour combination. The SFOS and DFOS regions
are divided again into events with exactly zero jets or one jet, which target scenarios with large or
small �̃±

1 � �̃0

1 mass splittings, respectively. One lepton must have pT > 40 GeV to suppress the
SM background, and with p`1T > 40 GeV and p`2T > 20 GeV, either the single or double lepton triggers
may be used to accept the event at the HL-LHC. Events with SFOS lepton pairs with an invariant mass
within 30 GeV of the Z boson mass are rejected to suppress the large Z ! `` SM background. Events

with Emiss

T larger than 110 GeV and Emiss

T significance (defined as Emiss

T /
qP

~p leptons, jets

T
) larger than

10 GeV1/2 are selected in to suppress Z+jets events with poorly measured leptons.
The stransverse mass mT2 is calculated using the two leptons and Emiss

T , and used as the main
discriminator in the SR selection to suppress the SM background. For tt̄ or WW decays, assuming an
ideal detector with perfect momentum resolution, mT2(`, `, E

miss

T ) has a kinematic endpoint at the mass
of the W boson. Signal models with sufficient mass splittings between the �̃±

1 and the �̃0

1 feature mT2

distributions that extend beyond this kinematic endpoint expected for the dominant SM backgrounds.
Therefore, events in this search are required to have high mT2 values. A set of disjoint signal regions
“binned” in mT2 are used to maximise model-dependent exclusion sensitivity. Each SR is identified by
the lepton flavour combination (SFOS or DFOS), number of jets (-0J or -1J) and the range of the mT2

interval. Ten high mT2 intervals: [120,140], [140,160], [160,180], [180,200], [200,250], [250,300],
[300,350], [350,400], [400,500] and [500,1], are used to maximise the sensitivity to �̃+

1 �̃�
1 production.

After the application of the full selection criteria, no Z+jets or W+jets events remain. The diboson
process WW is seen to dominate the total SM background across all signal regions, due to its similarity
with the SUSY signal. The stransverse mass mT2 of SM and SUSY events in the signal regions is shown
in Fig. 2.2.1, for events passing mT2 > 100 GeV. The SM background drops off at lower mT2 values
(around the W mass), while the SUSY signal is seen to have long tails to high mT2 values. The 2`
diboson SM processes show long mT2 tails, which is mostly from ZZ ! `+`�⌫⌫̄ production; a small
contribution from WW will be present due to the imperfect measurement of the leptons and Emiss

T .
To calculate the expected sensitivity to �̃+

1 �̃�
1 production and decay via W bosons, the uncertain-

ties from the normalisation of the WW background are assumed to scale inversely with the increase in
luminosity, and thus decrease to ⇠ 1%, while a better understanding of WW could halve the theoretical
uncertainties to ⇠ 2.5 � 5%. It is assumed that the experimental uncertainties will be understood to
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Fig. 2.2.4: Expected exclusion limit and discovery potential on SUSY simplified models for (�̃±
1 /�̃0

2) production
with decays via W/Z bosons, assuming 15% uncertainty on the modelling of the SM backgrounds.

events if the next-to-lightest neutralino decays into a SM-like Higgs boson and the LSP [80]. The Higgs
decay mode into two b-quarks is exploited. Signal models with �̃±

1 and �̃0

2 masses up to 1500 GeV are
considered in this search. The analysis is performed separately in three signal regions targeting signal
models with different values of mass difference �m = m(�̃±

1 /�̃0

2) � m(�̃0

1): low (�m < 300 GeV),
medium (�m 2 [300, 600] GeV) and high (�m > 600 GeV).

The expected SM background is dominated by top quark pair-production tt̄ and single top produc-
tion, with smaller contributions from vector boson production W+jets, associated production of tt̄ and a
vector boson tt̄V and dibosons.

The event selection follows a similar strategy as in the previous studies documented in Ref. [84].
Candidate leptons (electrons or muons) are required to have pT > 25 GeV and |⌘| < 2.47 (2.7), and
pass “tight" and “medium" identification criteria for electrons and muons respectively. Candidate jets
are reconstructed using the anti-kt algorithm with R = 0.4, are required to have pT greater than 25 GeV
and |⌘| < 2.5. The jets tagged as originating from b-decays are required to pass the jet requirements
described previously, and pass the MV2c10 tagging algorithm operating at 77% b-jet tagging efficiency.
Candidate jets and electrons are required to satisfy �R(e, jet) > 0.2. Any leptons within �R = 0.4
of the remaining jet are removed. The Emiss

T at generator level is calculated as the vectorial sum of the
momenta of neutral weakly-interacting particles, in this case neutrinos and neutralinos.

Events containing exactly one lepton, and two or three jets passing the above object definitions are
selected. Two of the jets are required to be b-tagged with the criteria defined above. Four key variables are
further used to discriminate signal from background: the invariant mass of the two b-tagged jets, mbb, the
transverse momentum imbalance in the event, Emiss

T , the transverse mass constructed using the leading
lepton pT and the Emiss

T , mT, and the contransverse mass constructed using the two b-tagged jets, mCT.
The mbb is used to select events which have dijet masses within a window of the Higgs boson mass. The
transverse mass variable mT, defined from the Emiss

T and the leading lepton in the event, is effective at
suppressing SM backgrounds containing W bosons due to the expected kinematic endpoint around the
W boson mass assuming an ideal detector with perfect momentum resolution. The contransverse mass
variable mCT is defined for the bb̄ system as mCT = 2pb1

T
pb2
T

(1 + cos ��bb), where pb1
T

and pb2
T

are
transverse momenta of the two leading b�jets and ��bb is the azimuthal angle between them. It is an
effective variable to select Higgs boson decays into b�quarks and to suppress the tt̄ backgrounds.

A set of common loose requirements, referred to as preselection, are applied first to suppress the
fully hadronic multijet and W+jets backgrounds: mT > 40 GeV, mbb > 50 GeV, Emiss

T > 200 GeV. A
multivariate method based on boosted decision trees (BDT) is then chosen for the optimal sensitivity. In
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Fig. 2.2.5: Distributions of the BDT responses in the three signal regions for the events that pass the preselection
and are within mbb mass window of [105, 135] GeV. The contributions from all SM background are shown as
stacked, and the expected distribution from the benchmark signal models are overlaid.
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Fig. 2.2.6: Expected 95% C.L. exclusion and 5� discovery contours in the m(�̃0

1), m(�̃±
1 /�̃0

2) masses plane for
the Wh-mediated simplified model.

this approach, three independent BDTs (referred to as M1, M2 and M3), are trained separately in each
signal region for events passing the preselection and within the mbb mass window of [105, 135] GeV. In
all regions, the following seven variables are used as inputs: Emiss

T , mT, mCT, the leading lepton pT, the
leading and sub-leading b-jet pT, as well as the angular separation of the two b-jets �R(b1, b2). The BDT
output distributions are then used to optimise signal regions maximising the expected significance ZN

of the benchmark signal model. Examples of the BDT output distributions are shown in Fig. 2.2.5. The
resulting signal region regions targeting models with low (SR-M1), medium (SR-M3) and high (SR-M3)
�m, are defined by requiring the BDT ranged larger than 0.25, 0.35 and 0.30, respectively.

The SM background is dominated by the top backgrounds, including both the tt̄ and single top
processes. The largest systematic uncertainties arise from the theoretical modelling of the irreducible
backgrounds of tt̄ and single top, mainly from the generator difference, renormalisation and factorisa-
tion scale variations and the interference between the tt̄ and single top background. The total theoretical
uncertainty is estimated to be about 7%. Experimental uncertainties are dominated by the jet energy scale
(JES) and jet energy resolution (JER), on the order of 6%. Figure 2.2.6 shows the expected 95% C.L. ex-
clusion and 5� discovery contours for the simplified models described earlier. In this model, masses of
�̃±
1 /�̃0

2 up to about 1280 GeV are excluded at 95% C.L. for a massless �̃0

1. The discovery potential at 5�
can be extended up to 1080 GeV for a massless �̃0

1.
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Fig. 2.2.13: 5� discovery contours and expected 95% C.L. exclusion contours for the combined e�±

1 e�0

2 and e�0

2 e�0

1

production (left). Projection of the HL-LHC 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0

2 and e�0

2 e�0

1 production for a center-of-mass energy of 27 TeV and an integrated luminosity
of 15 ab�1 (HE-LHC). Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not
modified (right). Results are presented for �M(e�0

2, e�0

1) > 7.5 GeV.

the sensitivity to natural SUSY.1018

Figure 2.2.13 also shows the projection of the HL-LHC 5� discovery contours and expected 95%1019

CL exclusion contours for the combined e�±
1 e�0

2 and e�0

2 e�0

1 production for a center-of-mass energy of1020

27 TeV and an integrated luminosity of 15 ab�1 (HE-LHC). Except for the cross sections and the inte-1021

grated luminosity, the HL-LHC analysis was not modified.1022

2.2.5.2 Higgsino search prospects at HL-LHC at ATLAS1023

Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.1024

Sawada, P. Tornambe, M. Weber, ATLAS1025

The presented dilepton search [98] investigates final states containing two soft muons and a large1026

transverse momentum imbalance, which arise in scenarios where �̃0

2 and �̃±
1 are produced and decay via1027

an off-shell Z and W boson, as depicted in Fig. 2.2.10. Considering the Z ! ee decay is beyond the1028

scope of this prospect study, but could further improve the sensitivity to these scenarios. Due to the very1029

small mass splitting of the electroweakinos in this scenario, a jet arising from initial-state radiation (ISR)1030

is required, to boost the sparticle system. First constraints surpassing the LEP limits have recently been1031

set by the ATLAS experiment [94], excluding mass splittings down to 2.5 GeV for m(�̃0

1) = 100GeV.1032

The search targets scenarios that contain low pT muons selected with pT >3 GeV and |⌘| <1033

2.5. Muons that originate from pile up interactions or from heavy flavour decays, referred as fake or1034

non-prompt muons, are rejected by applying an isolation to the muon candidates. The main source of1035

these fake muons are decays from heavy flavour mesons and baryons created in the quark hadronisation1036

process. The signal region (SR) optimisation is performed by scanning a set of variables which are1037

expected to provide discrimination between the signal scenario under consideration and the expected1038

SM background processes. Only events with two opposite-sign muons are used in the final selection, as1039

the muon reconstruction rate is not expected to fall dramatically and the muon fake rate is not expected to1040

grow largely with increased pile-up. Additional requirements are applied on the leading jet of pT (jet1) >1041

100 GeV, and on the azimuthal separation ��(jet1, E
miss

T ) > 2.0. In order to discriminate the signal1042

from SM background processes, kinematic variables are used such as the total number of muons in the1043

event, the total number of jets and b-jets with pT > 30 GeV, the Emiss

T , the invariant mass of the dilepton1044

system (m``), the angular separation between the leptons (�R(`, `)) and more.1045

33

Discovery potential up to ~ 200 GeV 
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Fig. 2.2.15: Expected exclusion limit (dashed line) in the �m(�̃0

2, �̃
0

1), m(�̃0

2) mass plane, at 95% C.L. from
the dilepton analysis with 3 ab�1of 14 TeV, proton-proton collision data in the context of a pure Higgsino LSP
with ±1� (yellow band) from the associated systematic uncertainties. The blue curve presents the 5� discovery
potential of the search. The purple contour is the observed exclusion limit from the Run-2 analysis. The figure also
presents the limits on chargino production from LEP. The relationship between the masses of the chargino and the
two lightest neutralinos in this scenario is m(�̃±

1 ) = 1

2
(m(�̃0

1) + m(�̃0

2)).

they forbid any R-parity violating operators thanks to the gauged B �L symmetry. To naturally describe
the small magnitude of the neutrino masses and preserve R-parity, the model superfield content includes
both SU(2)L and SU(2)R triplets of Higgs supermultiplets. The neutral component of the SU(2)R
Higgs scalar field then acquires a large vacuum expectation value vR, which breaks the LR symmetry and
makes the SU(2)R gauge sector heavy. In order to prevent the tree-level vacuum from being a charge-
breaking one, we can either rely on spontaneous R-parity violation [105], one-loop corrections [106],
higher-dimensional operators [107] or additional B �L = 0 triplets [108]. Whereas the first two options
restrict vR to be of at most about 10 TeV, the latter ones enforce vR to lie above 1010 GeV. In this work,
we rely on radiative corrections to stabilise the vacuum, so that the lightest supersymmetric particle
(LSP) is stable and can act as a dark matter candidate.

Two viable LSP options emerge from LRSUSY, neutralinos and right sneutrinos. Out of the 12
neutralinos, gauginos and LR bidoublet, higgsinos can generally be lighter than 1 TeV. The correct relic
density can be accommodated with dominantly-bino LSPs with a mass close to mh/2 [109], whilst in
the bidoublet higgsinos case (featuring four neutralinos and two charginos that are nearly-degenerate),
co-annihilations play a crucial role and impose higgsino masses close to 700 GeV. In this setup, the rest
of the spectrum is always heavier, so that SUSY could be challenging to discover. Right sneutrino LSP
annihilate via the exchange of an s-channel Higgs boson through gauge interactions stemming from the
D-terms [109]. Without options for co-annihilating, the LSP sneutrino mass must lie between 250 and
300 GeV. However, potential co-annihilations with neutralinos enhance the effective annihilation cross
section so that the relic density constraints can be satisfied with heavier sneutrinos. The fully degenerate
sneutrinos and higgsinos case impose an upper limit on the sneutrino mass of 700 GeV. Additionally,
right neutrinos can also be part of the dark sector, together with the LSP [110].

Direct detection constraints imposed by the XENON1T [111] and PANDA [112] collaborations
put light DM scenarios under severe scrutiny. Hence, in LRSUSY, in order to account for the relic
density and direct detection constraints simultaneously, we need to focus on various co-annihilation
options. In this work, we consider one right sneutrino and one higgsino LSP scenario and highlight
the corresponding implications for WR searches at the LHC. A robust signal of left-right symmetry
consists in the discovery of a right gauge boson WR, possibly together with a right neutrino NR. Both
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1 (right) s-channel pair production, followed by
the leptonic decay of the e�0

2.

mass eigenstates, which is determined by the specific values of M1 and M2. Investigating either of these
scenarios, with very small mass splitting between the lightest electroweakinos, is particularly challenging
at hadron colliders, both due to the small cross-sections and the small transverse momenta of the final
state particles. As of writing the ATLAS and CMS collaborations have searched for higgsinos in up to
36 fb�1 of proton-proton collision data [96, 98] and just started probing the parameter space beyond the
LEP experiments’ limits [99,100]. By providing 3 ab�1of proton-proton collision data at a c.o.m. energy
of 14 TeV, the HL-LHC has the potential to significantly extend the sensitivity to higgsinos and thus to
natural SUSY. This is depicted also in Section 2.4.2 of this report.

The model used for the development of the searches for higgsino-like e�±
i and e�0

j by ATLAS and
CMS is a SUSY simplified model where the higgsino-like e�±

1 and e�0
2 are assumed to be quasi mass-

degenerate and produced in pairs. The model contains both the e�±
1 e�0

2 and the e�0
2e�0

1 production, where
e�±

1 decays into W⇤e�0
1 and e�0

2 into Z⇤e�0
1, respectively, with a branching fraction of 100% (Fig. 2.2.10).

Both ATLAS and CMS analyses presented in the following exploit the presence of charged leptons
with low transverse momenta arising from the off-shell W and Z bosons in the �̃±

1 ! W ⇤�̃0
1 and

�̃0
2 ! Z⇤�̃0

1 decays, and large missing transverse momentum due to the presence of an ISR jet.

2.2.5.1 Higgsino search prospects at HL- and HE-LHC at CMS

Contributors: A. Canepa, J. Hogan, S. Kulkarni, B. Schneider, CMS

The results presented here are from Ref. [101] from the CMS Collaboration. If the e�±
1 , e�0

2, and
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and combined ⌧̃L⌧̃L, ⌧̃R⌧̃R production in HL-LHC under the baseline systematic uncertainty assumptions.

is ⇠ 14%. Another scenario is also considered, where the expected uncertainties at the HL-LHC do not
improve upon the 13 TeV studies for the SM background and signal. This results in a total background
uncertainty of ⇠ 38% and a signal uncertainty of ⇠ 21% and is referred to as "Run-2 scenario".

To calculate the discovery potential, SR-low, SR-med and SR-High defined in Table 2.3.1 are used,
while for the final exclusion limit, the best expected exclusion resulting from these and one additional
region, SR-exclHigh, are used. The 95% C.L. exclusion limits and 5� discovery contours on the com-
bined ⌧̃L⌧̃L and ⌧̃R⌧̃R production, and separate ⌧̃L⌧̃L and ⌧̃R⌧̃R productions under baseline systematic
uncertainty assumptions are shown in Fig. 2.3.3. The exclusion limit reaches 730 GeV in ⌧̃ mass for the
combined ⌧̃L⌧̃L and ⌧̃R⌧̃R production, and 690 GeV (430 GeV) for pure ⌧̃L⌧̃L (pure ⌧̃R⌧̃R) production
with a massless �̃0

1. The discovery sensitivity reaches 110�530 GeV (110�500 GeV) in ⌧̃ mass for the
combined ⌧̃L⌧̃L and ⌧̃R⌧̃R (pure ⌧̃L⌧̃L) production with a massless �̃0

1. No discovery sensitivity is found
for pure ⌧̃R⌧̃R production as the production cross section is very small although a further reduction of
the systematic uncertainties might open a window for discovery in the 100 � 200 GeV mass range. In
general, sensitivity is achieved for scenarios with large mass difference between the stau and neutralino,
i.e. �m(⌧̃ , �̃0

1) > 100 GeV.
Under the assumption where the expected uncertainties at the HL-LHC do not improve upon the

13 TeV (Run-2 scenario), the exclusion limit is reduced slightly, which down to 720 GeV in ⌧̃ mass for
the combined ⌧̃L⌧̃L and ⌧̃R⌧̃R production and 670 GeV (400 GeV) for pure ⌧̃L⌧̃L (pure ⌧̃R⌧̃R) production
with a massless �̃0

1. The discovery sensitivity is also slightly reduced by about 20 � 50 GeV.

2.3.2 Searches for ⌧̃ pair production in the ⌧h⌧h and ⌧`⌧h channels at CMS at the HL-LHC

Contributors: I. Babounikau, A. Canepa, O. Colegrove, V. Dutta, I. Melzer-Pellmann, CMS

CMS investigates the expected reach for direct stau (⌧̃ ) pair production, where the ⌧̃ decays to
a ⌧ and the lightest SUSY particle, the neutralino (ec0

1) [128]. Final states with either two hadronically
decaying tau leptons (⌧h) or one ⌧h and one electron or muon, referred to in the following as the ⌧⌧ and
`⌧ channels, respectively, are considered. In both cases we expect missing transverse momentum from
the two LSPs.

The search assumes ⌧̃ pair production in the mass-degenerate scenario. The cross-sections have
been computed for

p
s = 14 TeV at NLO using the Prospino code [129]. Final values are calculated

using the PDF4LHC recommendations for the two sets of cross sections following the prescriptions of
the LHC SUSY Cross Section Working Group [61].
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verse mass, MT (`, ~pTm
iss) ⌘

q
2p`p

miss
T (1 � cos ��(~p`, ~pTmiss

)), where ` represents the lepton.
In addition, the scalar sum of the MT calculated with the highest pT (`1) and second highest pT
(`2) lepton and the missing transverse momentum is used to further reduce the background events:P

MT = MT (`1, ~pTmiss
) + MT (`2, ~pTmiss

). Finally the stransverse mass MT2 [130, 131] is used to
discriminate the signal from the background.

The main variables that are used to define the search regions in the ⌧⌧ final state are ⌃MT and
MT2, where the former is shown for the baseline selection in Fig. 2.3.4 (left). While we apply a stringent
requirement of at least 400 GeV for ⌃MT , we require MT2 to be above 50 GeV. The ⌧⌧ search regions
are then binned in MT2, ⌃MT , and the number of jets njet.

In the `⌧ final state, we require MT (µ, ~pTmiss
) > 120 GeV, which reduces the W+jets back-

ground significantly. To further suppress the SM background in the leptonic final states, pmiss
T has to be

above 150 GeV, which mainly reduces QCD multijets and Drell Yan events. Additional binning in MT2

and the pT of the ⌧h is applied to define the search regions in the `⌧ selection. Figure 2.3.4 (right) shows
the MT2 distribution after the baseline selection.

The dominant experimental uncertainties are those originating from jets being misidentified as
⌧h (15%), ⌧h identification efficiency (2.5%), the muon identification efficiency (0.5%), the electron
identification efficiency (1%), the jet energy scale (1�3.5%) and resolution (3�5%), b-tagging efficiency
(1%) and the integrated luminosity (1%). These systematic uncertainties are correlated between the
signal and the irreducible background yields.

The expected upper limits and the discovery potential are given in Fig. 2.3.5. In mass-degenerate
scenarios, degenerate production of ⌧ sleptons are excluded up to 650 GeV with the discovery contour
reaching up to 470 GeV for a massless neutralino. The ⌧⌧ analysis has been found to drive the sensitivity,
but adding the `⌧ channel enlarges the exclusion bounds by about 60 � 80 GeV.

2.3.3 Remarks on stau pair production searches at HL-LHC
Prospects for stau pair production presented by ATLAS and CMS in the previous sections generally cover
a similar region of the stau-neutralino mass plane. Stau masses up to 730 GeV are excluded by ATLAS
for scenarios with large mass difference between stau and neutralino, i.e. �m(⌧̃ , �̃0

1) > 100 GeV. CMS
contours reach up to about 650 GeV covering a similar region in the parameter space. Differences in
the reaches are small but noticeable, and are briefly highlighted in the following. The main difference
between the ATLAS and CMS searches is the definition of the tau object. ATLAS has optimised the

46

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

5−10

4−10

3−10

2−10

1−10

1

 [GeV]τ∼m
200 400 600 800 1000

 [G
eV

]
LS

P
m

50

100

150

200

250

300
Expected exclusion  Expected discovery  

 (YR18 syst. uncert.)
Lτ
∼  = m

Rτ
∼ , mτ∼τ∼ →pp 

 HE-LHC SimulationCMS  (27 TeV)-115 ab

Fig. 2.3.6: Expected upper limits at the 95% C.L. (red line) and the 5� discovery potential (black line) for the
combination of the results of the ⌧⌧ and `⌧ channels for HE-LHC.

so-called working point (WP), i.e. the combination of selection requirements leading to a certain level of
identification efficiency and jet-rejection rate, and chosen a WP leading to 45% to 60% efficiency as a
function of pT and an average jet-rejection rate of 0.6% (0.02%) for 1-prong (3-prong) taus. The CMS
analysis considers a tighter WP, resulting in an almost negligible level of misidentified taus but with
lower efficiency (⇠ 30%). This leads to a small difference in terms of acceptance ⇥ efficiency which
translates to 80 (50) GeV differences in the exclusion (discovery) contours.

Finally, we underline that the sensitivity to more compressed scenarios, as predicted in theoreti-
cally favoured co-annihilation scenarios, might be partially recovered exploiting the presence of a high
pT ISR jet, similarly to studies presented in Section 2.2.5. For this, identification of tau objects at low
pT will be crucial.

2.3.4 Searches for ⌧̃ pair production in the ⌧h⌧h and ⌧`⌧h channels at CMS at HE-LHC
Contributors: I. Babounikau, A. Canepa, O. Colegrove, V. Dutta, I. Melzer-Pellmann, CMS

On top of the CMS HL-LHC analysis, we also study the influence of the increased cross section
for 27 TeV and the increased luminosity of 15 ab�1 expected to be achieved in HE-LHC [128]. For this
study the cross sections of all backgrounds and signal contributions are recalculated for

p
s = 27 TeV at

NLO using PROSPINO. The signal region definition and kinematic distributions are the same as described
in Section 2.3.2 for the HL-LHC study, but are scaled with the new cross sections and luminosity. The
main gain in sensitivity comes from the increased luminosity, since the cross section increase for signal
is the same order as that for background. The applied uncertainties are the same as for HL-LHC study
described in Section 2.3.2.

The expected upper limits and the discovery potential are given in Fig. 2.3.6. In the mass-
degenerate scenario, ⌧ slepton production is excluded up to 1150 GeV with the discovery contour
reaching up to 810 GeV for a massless neutralino. Signal events were generated up to neutralino
mass of 300 GeV, at which point the discovery (exclusion) potential ranges from 400 � 800 GeV
(350 � 1100 GeV).

2.4 Other SUSY signatures and implications on SUSY models
Supersymmetry might manifest in different ways at hadron colliders. Simplified models help in setting
the search strategy and illustrate the reach for individual processes, as shown in the prospects presented
in previous sections. In this section, analyses of the discovery potential of HL- and HE-LHC are reported
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´ If mZ’>>5 TeV, main contributions from interference effects modifying DY 

´ Complementarities hadron / lepton colliders

´ Hadron colliders relevant for gZ’>gSM

couplings: [mass/coupling] ≫ 0.5√s 

(lepton colliders; sensitive to [mass/coupling] ≫ √s) 
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The Large Hadron Collider (LHC) is sensitive to new heavy gauge bosons that produce narrow
peaks in the dilepton invariant mass spectrum up to about mZ0 ⇠ 5 TeV. Z0s that are too heavy to
produce directly can reveal their presence through interference with Standard Model dilepton pro-
duction. We show that the LHC can significantly extend the mass reach for such Z

0s by performing
precision measurements of the shape of the dilepton invariant mass spectrum. The high luminosity
LHC can exclude, with 95% confidence, new gauge bosons as heavy as mZ0 ⇠ 10 � 20 TeV that
couple with gauge coupling strength of gZ0 ⇠ 1� 2.

Introduction.— Apart from gravity and the Higgs
force, all known forces are mediated by spin-1 particles:
the photon for electromagnetism, theW/Z bosons for the
weak force, and gluons for the strong force.

The search for new forces and their massive media-
tors is a well-motivated arena for both experiment and
theory. New short range abelian gauge forces appear in
many extensions of the Standard Model (SM) [1–22] (see
also [23, 24] for reviews), are an active area of investiga-
tion at the LHC [25–31], and serve as standard bench-
marks to test the performances of future colliders [32–
39]. Additional non-anomalous U(1) gauge groups [40–
49] are a relatively innocuous extension of the SM as the
masses of the associated vector bosons do not require
the existence of additional scalar degrees of freedom and
consequently, a worsening of the hierarchy problem.

The traditional strategy to search for Z
0s at colliders

has been to perform “bump hunts.” For Z 0s decaying to
leptons, the dilepton invariant mass distribution is scru-
tinized for narrow peaks rising above the monotonically
falling background. Searches at the LHC are sensitive to
Z

0
s with masses up to about 5 TeV [25–29].
For masses above 5 TeV, bump hunts lose sensitivity

as the cross section for direct production vanishes. When
the massM of the new vector boson is too large for direct
production, the main contribution of the Z

0 at energies
E ⌧ M are interference e↵ects [50–53], which modify the
shapes of kinematical distributions. If the Z

0 couples to
both quarks and leptons, it modifies the invariant mass
distribution of Drell-Yan processes pp ! `

+
`
�, ` = e, µ.

The interference e↵ects can be captured by a small num-
ber of higher dimension operators, obtained by integrat-
ing out the Z

0 (see Fig. 1), and are therefore relatively
insensitive to the specific details of the Z

0 model.
In this letter, we assess the reach of the LHC to probe

FIG. 1. At energies E much smaller than the mass M of the
heavy gauge boson Z

0, the e↵ect of the new physics on the
Drell-Yan process, pp ! `

+
`
�, is encoded by a finite set of

four-fermion contact operators.

heavy Z
0
s through precision fits to the shape of the in-

variant mass spectrum of dileptons. Previous studies of
the interference of heavy Z’s at the LHC found that a 5
sigma discovery will be di�cult [12], and estimated the
reach of early 13 TeV measurements [22]. We go beyond
these preliminary studies by performing the first com-
prehensive study of theoretical uncertainties and their
correlations, and by mapping the future reach of the full
LHC dataset. We find that a vast parameter space of
Z’s will be probed at the LHC. Deviations in the shape
of the Drell-Yan distribution have also been used to con-
strain e↵ective operators [54], the running of electroweak
gauge couplings [55, 56], and other radiative e↵ects of
new electroweak states [57].
The rest of this letter is organized as follows. We be-

gin by reviewing the class of Z 0 models that we study.
Then we present the reach we find of the LHC to the
interference e↵ects of heavy Z

0
s. We finish with our con-

clusions. We include appendices that contain a technical
description of our SM prediction, projections with future
higher energy colliders, and a comparison of our bounds
with experimental contact operator bounds.
The Minimal Model.— A class of Z

0 models moti-
vated by their simplicity and minimality has been stud-
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Direct high-mass searches: peak vs mass tails

9

Seeing the “peak”. Mass reach: 
● mass < √s for lepton colliders
● mass ≲ 0.3-0.5 √s in hadron colliders 

for couplings ~ weak couplings

Deviations in high-mass tails: 
● Better suited for lepton colliders; 

sensitive to [mass/coupling] ≫ √s
● Hadron colliders relevant for gZ’>gSM 

couplings: [mass/coupling] ≫ 0.5√s

J. De Blas



Characterizing a discovery @ HE-LHC 
´ IF a Z’ resonance of 6 TeV is seen at HL-LHC, it can be “characterized” at HE-LHC 

via cross sections, AFB and central/forward ratios 
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Fig. 6.2.18: Left: �Bl in the NWA for the Z 0 production at the
p

s = 14 TeV LHC as functions of the Z 0 mass:
SSM(red), LRM (blue),  (green), �(magenta), ⌘(cyan), I(yellow). Right: �Bl of Z 0 in models described in (left)
at

p
s = 27 TeV.

6.2.9 Z0 discrimination at HE-LHC in case of an evidence/discovery after the HL-LHC
Contributors: C. Helsens, D. Jamin, M. L. Mangano, T. Rizzo, M. Selvaggi

Context of the study and HL-LHC bounds
It is still legitimate to assume that a heavy resonance could be seen at the end of HL-LHC. If that is the
case a new collider with higher energy in the c.o.m. is needed to study its properties as too few events
will be available at

p
s = 14 TeV. In this section we present the discrimination potential between six

Z 0 models of a HE-LHC with an assumed c.o.m. energy of 27 TeV and an integrated luminosity of
L = 15 ab�1. Under the assumption that these Z 0’s decay only to SM particles, we show that there are
sufficient observables to perform this model differentiation in most cases.

As a starting point it is needed to estimate what are, for
p

s = 14 TeV, the typical exclu-
sion/discovery reaches for standard reference Z 0 models assuming L = 3 ab�1 employing only the
e+e� and µ+µ� channels. The production cross section times leptonic branching fraction is shown in
Fig. 6.2.18 (left) for these models at

p
s = 14 TeV in the narrow width approximation (NWA). It has

been and will be assumed here that these Z 0 states only decay to SM particles.
Studies presented in this report on prospects for searches of Z 0 by ATLAS (see Section 6.2.5)

shows that discovery and exclusion reaches are between 5 and 6.5 TeV in M
Z

0 depending on the model
assumption. Based on these results, we will assume in our study below that we are dealing with a Z 0 of
mass 6 TeV. Figure 6.2.18 (right) shows the NWA cross sections for the same set of models but now at
p

s = 27 TeV with L = 15 ab�1. We note that very large statistical samples will be available for the
case of M

Z
0 = 6 TeV for each dilepton channel.

Definition of the discriminating variables
The various Z 0 models can be disentangled with the help of 3 inclusive observables: the production cross
section times leptonic branching fraction �Bl, the forward-backward asymmetry AFB and the rapidity
ratio ry. The variable AFB can be seen as an estimate of the charge asymmetry

AFB = AC =
�(�|y| > 0) � �(�|y| < 0)

�(�|y| > 0) + �(�|y| < 0)
, (6.2.6)

where �|y| = |yl| � |y
l̄
|. It has been checked that this definition is equivalent to defining

AFB =
�F � �B
�F + �B

, (6.2.7)
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Fig. 6.3.1: Feynman diagram of the production of excited leptons in ``� final states.

In summary, in this section we studied the discrimination potential of six Z 0 models at HE-LHC
with an assumed c.o.m. energy of 27 TeV and an integrated luminosity of L = 15 ab�1. The exercise has
been performed assuming the evidence of an excess observed at

p
s = 14 TeV at a mass m

Z
0 ⇡ 6 TeV.

Overall it was found that it is possible to distinguish among most models. Finally, it should be noted
that further studies, perhaps employing 3-body decay modes or associated Z’ production will be clearly
needed to be pursued in case of discovery to further characterise the resonance properties.

6.3 Spin 1/2 resonances
In this section, prospect studies for spin-1/2 resonances are presented, targeting excited leptons and
heavy vector-like quarks. Resonances coupled to leptons and quarks or gauge bosons and quarks are
considered.

6.3.1 Search for excited leptons at HL-LHC
Contributors: S. Ha, B. Kim, M. S. Kim, K. Nam, S. W. Lee, H. D. Yoo, CMS

A search for excited leptons (electrons and muons) is studied at the HL-LHC with the upgraded
CMS detector using simulation [700]. Excited leptons are predicted by many BSM theories where quarks
and leptons are not elementary but instead are themselves composite objects. The HL-LHC environment
(a c.o.m.energy of 14 TeV and an integrated luminosity of 3 ab�1) allows to extend the discovery poten-
tial of excited leptons. This analysis presents a search for excited leptons (`⇤ = e⇤, µ⇤) in ``� (` = e, µ)
final states where the excited lepton decays to a SM lepton and a photon (`⇤

! `�). An illustration of
the production decay mode is shown in Fig. 6.3.1.
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cs is the Collins-Soper frame angle. The

variable ry is defined as the ratio of central over forward events:

ry =
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Z
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where y1 = 0.5 and y2 = 2.5.

Model discrimination
The model discrimination presented in this section has been performed assuming the HE-LHC detec-
tor parametrisation [699] in DELPHES [33]. In such a detector, muons at ⌘ ⇡ 0 are assumed to be
reconstructed with a resolution �(p)/p ⇡ 7% for pT = 3 TeV.

Leptonic final states The potential for discriminating various Z 0 models is first investigated
using the leptonic ee and µµ final states only. The signal samples for the 6 models and the Drell-Yan
backgrounds have been generated with PYTHIA 8.230 [68] including the interference between the signal
and background. The Z 0 decays assume lepton flavour universality. For a description of the event
selection and a discussion of the discovery potential in leptonic final states for the list of Z 0 models being
discussed here, the reader should refer to Section 6.2.4. We simply point out here that with L = 15 ab�1,
all Z 0 models with m

Z
0 . 10 TeV can be excluded at

p
s = 27 TeV.

Figure 6.2.19 (left) shows the correlated predictions for the AFB and the rapidity ratio ry observ-
ables defined previously for these six models given the above assumptions. Although the interference
with the SM background was included in the simulation, its effect is unimportant due to the narrowness
of the mass window around the resonance that was employed. Furthermore, the influence of the back-
ground uncertainty on the results has been found to have little to no impact on the model discrimination
potential. Therefore the displayed errors on AFB and ry are of statistical origin only. The results show
that apart from a possible near degeneracy in models  and ⌘, a reasonable Z 0 model separation can
indeed be achieved.

Using a profile likelihood technique, the signal strength µ, or equivalently, �Bl, can be fitted
together with its corresponding error using the the di-lepton invariant mass shape. The quantity �Bl and
its total estimated uncertainty is shown in Fig. 6.2.19 (centre) as a function of the integrated luminosity.
The �Bl measurement seems to be able to resolve the degeneracy between the  and ⌘ models with
L = 15 ab�1. It should be noted however that since the cross-section can easily be modified by an
overall rescaling of the couplings, further handles will be needed for a convincing discrimination.

Hadronic final states Model discrimination can be improved by including an analysis involving
three Z 0 addition hadronic final states: tt̄, bb̄ and qq̄, where q = u, d, c, s. The sample production and
event selection for the tt̄, qq̄ final states will be described to some extent in Section 6.4.6. We simply
remind the reader that the analysis involves requiring the presence of two central high pT jets. In order to
ensure complete orthogonality between the various final states, jets are required to be tagged as follows.
In the Z 0

! tt̄ analysis both jets should be top-tagged. For the Z 0
! bb̄ final state both jets are required

to be b-tagged and we veto events containing at least one top-tagged jet. Finally, in the Z 0
! qq̄ analysis,

we veto events that contain at least one b-tagged or top-tagged jet.
Figure 6.2.19 (right) summarises the discrimination potential in terms of fitted cross-section of the

different models considering the three aforementioned hadronic decays, tt̄, bb̄ and qq̄. An good overall
discrimination among the various models can be achieved using all possible final states. For example,
the SSM and  models, which have very close predictions for ry and AFB , have measurably different
fractions of tt̄ or bb̄ final states. We note however that the degeneracy between ⌘ and  can only be
partially resolved resolved at ⇡ 1� by exploiting the difference in tt̄ yield.
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CKM unitarity triangle
´ Improved knowledge of parameters 

´ The evolving constraints in the ρ ̄ − η ̄ plane from 
LHCb inputs and lattice-QCD calculations are 
shown standalone. 
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Fig. 1: Evolving constraints in the ⇢̄ � ⌘̄ plane from LHCb measurements and lattice QCD calculations, alone,
with current inputs (2018), and the anticipated improvements from the data accumulated by 2025 (23 fb�1) and
2035 (300 fb�1). More information on the fits may be found in Sec. 2 and [22].
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Table 1: Summary of prospects for future measurements of selected flavour observables for LHCb. The projected
LHCb sensitivities take no account of potential detector improvements, apart from in the trigger. See subsequent
chapters for definitions.

Observable Current LHCb LHCb 2025 Upgrade II
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tree-level in Upgrade II is found to exceed 100 TeV.
2. It will be essential to widen the set of observables under study beyond those accessible at the

current LHCb experiment or its first upgrade, e.g. by including additional important measurements
involving b ! s`+`�, b ! d`+`� and b ! c`�⌫̄l decays. Improving our knowledge of the
flavour sector both through better measurements and through new observables will be essential in
searching for and then characterising NP in the HL-LHC era.

3. Due to its ability to reconstruct and analyze all collisions in real-time and the statistical power of
the HL-LHC dataset, LHCb Upgrade II will be able to collect a unique dataset for hadronic spec-
troscopy. This will enable not only the precise understanding of higher-excited states of mesons
and baryons, but also a detailed and broad understanding of multiquark systems, containing (or
not) multiple heavy quarks, and other yet-to-be-discovered exotic states of matter. While not di-
rectly sensitive to BSM effects, these measurements will play an important role in sharpening
our understanding of QCD at the energy scales relevant for flavour physics, and hence make an
important contribution to the accurate interpretation of any BSM anomalies observed.

The intention to operate a flavour-physics experiment at luminosities of 10
34

cm
�2

s
�1 is already an

17
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prospects for B-anomalies
´ Good prospects for confirming 

or discarding anomalies 

´ Large improvements predicted 
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Lepton Flavour Violation in τ decays
´ Bounds on Tau Lepton Flavour Data from the existing experiments are compiled by HFLAV 
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provide the best limit on LFV Z decays. The detection of a signal in the Z0 ! ``0 channel, in combina-
tion with the information from charged lepton LFV decays, would also allow one to learn about features
of the underlying LFV dynamics. An explicit example is provided by the Inverse Seesaw (ISS) and
“3+1” effective models which add one or more sterile neutrinos to the particle content of the SM [408]
(see also, e.g., Ref. [409–411]).

5.2.1 Lepton Flavour Violation in ⌧ decays
Tau decays offer a rich landscape to search for CLFV. The ⌧ lepton is heavy enough to decay into hadrons.
Until now already 48 LFV modes have been bounded at the level of 10

�8 [197], as can be seen in Fig. 35.
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Fig. 35: Bounds on Tau Lepton Flavour Data from the existing experiments are compiled by
HFLAV [197]; projections of the Belle-II bounds were performed by the Belle-II collaboration assuming
50 ab�1 of integrated luminosity [196].

The B factories, BaBar and Belle, have improved by more than an order of magnitude [412–424]
the previous CLEO bounds [425–427] for a significant number of modes. Some of the modes, for
instance, ⌧ ! `!, have been bounded for the first time [413].

Table 23 shows a list of limits obtained for the ⌧ ! 3µ channel by different experiments. The
strongest limits come from the B-factories, with a competitive limit obtained by LHCb [428]. Table 23
also contains the recent measurement by ATLAS [429], as well as the expected limit from the Belle-
II experiment at the SuperKEKB collider, which will improve current limits by almost two orders of
magnitude [196]. Finally, Table 23 also summarizes the expected limits from the HL-LHC that we
discuss in more detail below.

The physics reach and model-discriminating power of LFV tau decays is most efficiently analyzed
above the electroweak scale using SMEFT, and in a corresponding low-energy EFT when below the weak
scale [430]. Several classes of dimension-six operators contribute to LFV tau decays at the low-scale,
with effective couplings denoted by Ci/⇤

2. Loop-induced dipole operators mediate radiative decays
⌧ ! `� as well as purely leptonic ⌧ ! 3` and semi-leptonic decays. Four-fermion – both four-lepton
and semi-leptonic – operators with different Dirac structures can be induced at tree-level or loop-level,
and contribute to ⌧ ! 3` and ⌧ ! ` + hadrons. As a typical example, we note that current limits
on ⌧ ! µ� probe scales on the order of ⇤/

p
CDipole ⇠ 500 TeV. Besides probing high scales, LFV ⌧

decays offer two main handles to discriminate among underlying models of NP, i.e., to identify which
operators are present at low energy and what is their relative strength: (i) correlations among different
LFV ⌧ decay rates [430]; (ii) differential distributions in higher multiplicity decays, such as the ⇡⇡
invariant mass in ⌧ ! µ⇡⇡ [430] and the Dalitz plot in ⌧ ! 3µ [431, 432].
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Table 23: Actual and expected limits on BR(⌧ ! 3µ) for different experiments and facilities. The
ATLAS projections are given for the medium background scenario, see main text for further details.

BR(⌧ ! 3µ) Ref. Comments
(90% CL limit)
3.8 ⇥ 10

�7 ATLAS [429] Actual limit (Run 1)
4.6 ⇥ 10

�8 LHCb [428] Actual limit (Run 1)
3.3 ⇥ 10

�8 BaBar [417] Actual limit
2.1 ⇥ 10

�8 Belle [423] Actual limit
3.7 ⇥ 10

�9 CMS HF-channel at HL-LHC Expected limit (3000 fb�1)
6 ⇥ 10

�9 ATLAS W-channel at HL-LHC Expected limit (3000 fb�1)
2.3 ⇥ 10

�9 ATLAS HF-channel at HL-LHC Expected limit (3000 fb�1)
O(10

�9
) LHCb at HL-LHC Expected limit (300 fb�1)

3.3 ⇥ 10
�10 Belle-II [196] Expected limit (50 ab�1)

In addition to Belle-II, HL/HE LHC will be able to search for the “background-free” ⌧ ! 3µ. A
detailed summary of projected sensitivities is given below. This is a particularly crucial discovery mode
when LFV is introduced at tree-level, for example by the exchange of Z 0 or doubly charged Higgs bosons.
Efforts should also go into understanding the backgrounds and improving the sensitivity in semi-leptonic
three-body decays ⌧ ! µ⇡+⇡� and ⌧ ! µKK̄, which have a particularly high discovery potential in
Higgs-mediated [433–435] or leptoquark-mediated LFV. If LFV is discovered, these modes also have
significant model-diagnosing power because of their Dalitz structure, and therefore also probe a wider
class of models than the dominant one-loop-induced LFV process ⌧ ! µ�. Of particular interest is the
sensitivity of ⌧ ! µ⇡⇡ to extended Higgs sectors and to non-standard Yukawa couplings of the SM
Higgs to light quarks and leptons [430, 434]. This channel also allows a particularly robust theoretical
interpretation thanks to advances in the calculation of all the relevant hadronic form factors [434].

5.2.2 HL-LHC experimental prospects
The LHC proton collisions at 13 TeV produce ⌧ leptons with a cross-section five orders of magnitude
larger than at Belle II. As a result, during the HL-LHC running period, about 10

15 ⌧ leptons will be
produced in 4⇡. Most will be produced in the decay of heavy flavour hadrons, specifically Ds meson
decays. This high production cross-section compensates for the higher background levels and lower
integrated luminosity, in particular for the ⌧ ! 3µ golden mode. Background events arise dominantly
from badly reconstructed heavy flavour decays like D+

s ! ⌘(µ+µ��)µ+⌫µ, lepton fakes from hadrons
(cc̄/bb̄ ! Xµµ), and pile-up. A particular challenge for this production channel is the soft momentum
spectrum of the ⌧ decay products, which places stringent requirements on both the trigger and offline
reconstructions of all the HL-LHC experiments.

W and Z bosons offer a complementary source of ⌧ leptons. Their production cross sections are
considerably smaller than those for B and D mesons, but ⌧ leptons from W and Z afford much cleaner
experimental signatures with far better signal-to-background ratios for CMS and ATLAS; the LHCb
forward geometry is less well suited to exploting these decays. For instance, in a ⌧ ! 3µ search relying
on W ! ⌧⌫ decays as a source of ⌧ leptons, one can benefit from ⌧ leptons having relatively large
transverse momenta and being isolated, from large missing transverse momentum pmiss

T in an event, and
from the transverse mass of the ⌧ -pmiss

T system being close to the W mass.
Detector improvements planned for the HL-LHC period will significantly enhance the capabilities

of all three experiments in this area. In the case of ATLAS, the installation of a new tracking system
will improve the vertex and momentum resolution. The trigger system upgrade will include additional
capabilities, ultimately improving the online selection, and allowing to maintain a low muon triggering
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Fig. 36: (Top) Comparison of ATLAS tau mass resolutions in the W - (left) and HF-channels (right)
in Run-2 and under HL-LHC detector conditions. Widths are estimated from a double-Gaussian fit.
(Bottom) CMS trimuon invariant mass m3µ for the ⌧ ! 3µ signal (red) and background (blue) after all
event selection cuts, for Category 1 (left) and Category 2 (right) events, as defined in the text. The signal
is shown for B(⌧ ! 3µ) = 2 ⇥ 10

�8. CMS results refer to the HF channel; plots are taken from [436] .

threshold. The CMS upgraded muon system, whose coverage is extended from |⌘| = 2.4 to 2.8, in-
creases the signal fiducial acceptance by a factor of two and, also, enhances the capability to trigger on
and reconstruct low momentum muons [436]. The additional events with muons at high |⌘| have worse
trimuon mass resolution. Hence, two event categories are introduced: Category 1 for events with all
three muons reconstructed only with the Phase-1 detectors, and Category 2 for events with at least one
muon reconstructed by the new triple Gas Electron Multiplier (GEM) detectors, which will be installed
in the first station of the upgraded muon system. The impact of the proposed ATLAS detector upgrades
and CMS event categories is shown in Fig. 36. In the case of LHCb, the deployment of a fully software
trigger will remove one of the key sources of inefficiency in the current analysis. In addition, the pro-
posed calorimeter improvements during the LHCb Upgrade II will play an important role in suppressing
backgrounds such as D+

s ! ⌘(µ+µ��)µ+⌫µ.
The extrapolated sensitivities for ATLAS and CMS are shown in Fig. 37 and Tables 24 and 25. The

ATLAS sensitivities [437] are extrapolated based on the Run 1 measurement [429] taking into account the
expected detector improvements. Three scenarios for the acceptance, efficiency and background yields
are considered. Systematic uncertainties are extrapolated from the Run-1 measurement scaling down by
the increased statistics with preserved constant terms for the reconstruction efficiency. A 15% systematic
uncertainty dominated by the background estimation is derived. Varying the systematic uncertainty by
5% translates into a 10% change of the expected upper limit. Limits of up to B(⌧ ! 3µ) = 1.03(5.36)⇥
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Flavour physics @ ATLAS and CMS 
´ Interesting and competitive studies can be performed at HL-LHC ATLAS and CMS also in B/C sectors thanks 

to the enhanced B-physics capabilities of the upgrades. E.g.:

´ Measurements of the CP-violating phase fs, potentially sensitive to BSM, in Bs
0 → J/ψ f channel

´ Prospects for measuring the BR of the very rare decays B0
s→µ+µ- and B0→µ+µ-
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Exploit improvements on the proper decay time resolution 
thanks to ITk à by 20% (40%) wrt Run 2 (Run 1)

Results strongly depend on 
the trigger thresholds 

The resulting number of expected signal events Nsig and the signal fractions fsig are shown in the Table 1
together with the results obtained in Section 7.

6 ATLAS Upgrade performance

The precision of the CPV phase �s strongly depends on the B0
s

meson proper decay time uncertainty. The
upgraded ATLAS tracking system is expected to improve tracking and vertexing precision, as documented
in the Pixel TDR [6]. These improvements are propagated to the B0

s
meson reconstruction, using the

dedicated HL-LHC B0
s
! J/ � signal MC samples. The proper decay time resolution2 as a function of

the B0
s

meson transverse momentum is extracted from HL-LHC simulations and compared in Figure 3 (left)
with the Run 1 and Run 2 simulated detector performances. The ITk is expected to improve the proper
decay time resolution by 21% and 39%, compared to Run 2 and Run 1 ATLAS tracking systems (with and
without IBL). Stability of the resolution in the HL-LHC pile-up conditions (hµi = 200) is demonstrated in
the Figure 2 (left), showing the resolution as a function of the number of reconstructed primary vertices.
The results shown in Figure 3 update previous studies from Ref. [6] with updated simulations of the detector
geometry and more realistic material descriptions.

With the ITk is also expected to improve the B0
s

invariant mass resolution by 30%. The e�ect of this
improvement on the �s precision is not trivial and is neglected in this paper.
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Figure 3: Dependence of the proper decay time resolution of the B0
s

meson of the signal B0
s
! J/ � decay on B0

s
pT.

Per-candidate resolutions corrected for scale-factors are shown, comparing the performance in Run 1 (ID), Run 2
(IBL) and upgrade HL-LHC MC simulations. All samples use 6 GeV muon pT cuts.

2 The ATLAS B0
s ! J/ � analyses use per-candidate reconstructed proper decay time resolutions, where uncertainties on the

track parameters are propagated to the proper decay time calculation. The presented proper decay time resolution is thus defined
as the RMS of the multi-Gaussian distribution constructed from Gaussians with � equal to the per-candidate errors. Since the
errors on the track parameters do not fully describe the real track resolution, the per-candidate errors are further corrected by a
global scale-factor St . St is extracted from the comparison of the per-candidate resolution and the MC-truth based resolution.
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Fundamental probe for BSM and/or LFV: 
à HL-LHC will provide increased mass 

resolution and large statistics 
à Statistics can be improved but 

depends on triggers

Figure 4. Projected constraints in the
r̄ � h̄ plane from LHCb measurements
and lattice QCD calculations alone, after
300 fb�1 at the end of HL-LHC. From
Ref. [4].
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fraction Bs ! µ+µ� and the angular observables from the decay B
0 ! K

⇤0µ+µ� in the low-q2 region (e.g. P
0
5). The reach

for generic new physics at tree-level is found to exceed 100 TeV, doubling the reach prior to the HL-LHC. An example of the
impact of new physics on the ratio of branching fractions B(Bd ! µ+µ�)/B(Bs ! µ+µ�) is shown on the right of Fig. 5,
where a scatter plot of BSM models currently allowed by data is compared against the future 10% HL-LHC sensitivity.

Figure 5. Left: Potential HL-LHC sensitivity
to the Wilson coefficients C9 (vector current) and
C9 = �C10 (pure left-handed current),
combining LHCb, ATLAS and CMS. Right:
BR(B0

s ! µ+µ�) vs. BR(B0
d

! µ+µ�) in the
SM (black mark), and in sets of BSM models
with FCNC interactions consistent with current
data (green points). The coloured contours show
the expected 1 s.d. HL-LHC sensitivity of
ATLAS, CMS, and LHCb Upgrade II. See
Ref. [4] for details.
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3.3 Top FCNC
The top quark is characterized by its large mass and its O(1) coupling to the Higgs, quite distinct from any other SM fermion.
Studying top quark properties may shed light on the resolution of the SM flavour puzzle, or at least as to why one and only
one Yukawa coupling is large. BSM models addressing the hierarchy problem may thus well leave an imprint in the top quark
properties and decays. For instance, the top FCNCs, t ! cg,cZ,cg are null tests of the SM and are used as BSM probes.
The search for these transitions is typically statistics limited, and will greatly benefit from the HL-LHC statistics. Current
projections are shown in Table 3.

t ! gu t ! gc t ! qZ t ! gu t ! gc t ! Hq

3.8⇥10�6 3.2⇥10�5 2.4�5.8⇥10�5 8.6⇥10�6 7.4⇥10�5 10�4

Table 3. Projected reach for the 95%
C.L. limits on the branching ratio for
anomalous flavor changing top quark
couplings [1].

3.4 Probing new physics with 2nd generation quarks and t leptons
Indirect CP violation in the charm system is predicted to be very small in the SM, O(10�4) or less. In the absence of new
physics contributions, the LHCb Upgrade II may well be the only facility with a realistic probability of observing it, reaching a
sensitivity of O(10�5). A full programme of direct CP-violation searches in charm will also be performed, with complementary
approaches and probing modes sensitive to both SM and new physics. Additionally, t lepton decays offer a rich landscape
to search for charged lepton flavour violation. The HL-LHC will be competitive with Belle-II in the t ! µµµ decay, with
ATLAS, CMS and LHCb all approaching O(10�9) sensitivity on the branching ratio.

3.5 Hadron spectroscopy and QCD exotica
The LHC has had a transformative impact on the field of hadron spectroscopy, but this is only the beginning of a new era of
measurements on the known states to determine their nature and opportunities for further particles to be observed. Due to
its ability to reconstruct and analyze all collisions in real-time, LHCb Upgrade II will be able to collect a unique dataset for
hadronic spectroscopy. This will enable a detailed and broad understanding of tetraquarks, pentaquarks, baryons containing
multiple heavy quarks, and other yet-to-be-discovered exotic hadrons. While not directly sensitive to BSM effects, these
measurements will play an important role in sharpening our understanding of QCD at the energy scales relevant for flavour
physics, and hence make an important contribution to the accurate interpretation of any observed BSM anomalies.
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Heavy Ion physics 
´ Very detailed research programme

´ The integrated luminosity target of 13 nb−1 by the end of Run 4 (= a seven-fold increase wrt Run 2) 

´ high-density QCD and the Quark-Gluon Plasma (QGP) 

´ Goals: 
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6 Forward Physics
Central exclusive production (CEP) corresponds to the production of a central system X , and nothing else, with two outgoing
intact protons: pp ! p + X + p. Such a process may be mediated by photon exchange, with the elastic photon emission
vertex leaving the protons intact. A range of SM (e.g. X = gg , Zg , ZZ, ` ¯̀) and BSM states (e.g. X = axion–like particles,
monopoles, SUSY particles) may be produced in this way. CEP therefore allows one to use the LHC as a high-energy gg
collider, operating in a clean and well understood environment. These processes, in particular at higher mass, have small cross
sections, and their detection requires taking data during the during standard LHC runs, with tagged protons. The HL-LHC
statistics will make it possible to extend the sensitivity to higher masses and lower cross sections, increasing the discovery
potential. New physics manifestations can be described by an effective Lagrangian with high-dimension operators. Among
these operators, pure photon dimension-eight operators in the gggg interaction can be probed in pp ! p(gg ! gg)p reactions.
With proton tagging, one can probe gg ! gg collisions, with the invariant mass of the gg system ranging from about 300 GeV
to 2 TeV. The expected bounds on the most sensitive anomalous couplings will be reduced by a factor of 5 at the HL-LHC
compared to 300 fb�1, without using time-of-flight information, and can be further improved by 20% with a 10 ps time-of-flight
resolution. Similarly, at the HL-LHC we can study the anomalous gg ! gZ scattering that can be probed in pp ! p(gg ! gZ)p

reactions. The sensitivity on the best probed anomalous coupling can be reduced by a factor of 10 compared to 300 fb�1. The
time-of-flight measurement can further improve the expected bounds by a factor of ⇠ 2 .

7 High-density QCD with heavy-ion and proton beams
Experiments with heavy-ion collisions at the LHC study strongly-interacting matter (“QCD matter”) under the most extreme
conditions of density and temperature accessible in the laboratory. The main focus at the LHC is learning how collective
phenomena and macroscopic properties, involving many degrees of freedom, emerge from strong-interaction physics in the
non-perturbative regime at the microscopic (quark, gluon) level. The high-luminosity heavy-ion programme starts in Run 3,
when the peak Pb–Pb luminosity will be ⇠ 10⇥ the original LHC design value. The integrated luminosity target of 13 nb�1

by the end of Run 4 represents a seven-fold increase with respect to Run 2. This programme offers the unique opportunity to
investigate high-density QCD and the Quark-Gluon Plasma (QGP) towards four main goals:

1. Characterizing the macroscopic long-wavelength properties of the QGP with unprecedented precision.
2. Accessing the microscopic parton dynamics underlying QGP properties.
3. Developing a unified picture of QCD particle production from small (pp) to larger (pA and AA) systems.
4. Probing nuclear PDFs in a broad (x, Q

2) range, searching for the possible onset of parton saturation.
Each goal comprises a large set of new or highly-improved measurements, enabled by the detector upgrades of the four
experiments, and requiring the updated programme (systems and luminosity targets) outlined at the end of the section. At the
same time, a strong collaboration between theoretical and experimental groups leading to a sustained development on theory
and modelling is crucial for achieving these goals. A subset of these measurements is described in the following.
Macroscopic properties of the QGP. It is by now well established that the long-wavelength behaviour of hot and dense QCD
matter can be described in terms of fluid- and thermo-dynamic concepts. This behaviour is experimentally investigated using
measurements of low-momentum (< 5 GeV/c) hadron production and flow patterns, as well as of electromagnetic radiation.
Among the macroscopic properties of the QGP that will strongly benefit from the large luminosity increase, the temperature will
be, for the first time at the LHC, determined with an accuracy of about 20% by measuring thermal radiation. Another notable
example is the heavy-quark diffusion coefficient 2pT Ds, which at a temperature T of 1–2⇥ the QCD critical temperature Tc

will be constrained with a 2⇥ improved accuracy, as shown in Fig. 10, using measurements of the production and flow of
several charm meson and baryon species.
Microscopic structure and inner workings of the QGP. For the first time the nature of the effective constituents of QCD
matter and its characteristic length scales can be studied experimentally with high precision. Hard processes provide us with
probes that should resolve the scale of the constituents and test its inner workings, that is the microscopic-level (point-like)
interactions. Multi-differential jet measurements are one of the main avenues for these investigations. These include the Z–jet
recoil measurements with 4⇥ reduced uncertainties (see Fig. 11-left) and novel jet-substructure studies that are sensitive to
the details of energy-loss mechanisms and to the medium degrees of freedom at small length scales. The aforementioned
heavy-quark diffusion studies probe instead the degrees of freedom at larger length scales. Measurements of the production of
charmonium and bottomonium states with different binding energies give access to a well-defined set of length scales for the
study of the QCD potential and its modification in a colour-deconfined medium via the characterization of the mechanisms of
melting and regeneration.
QCD dynamics from small to larger systems. Recent discoveries of collective patterns and strangeness content in particle
production in pp and p–Pb collisions question both the view of pp collisions as a superposition of quasi-independent parton–
parton scatterings and the view of nucleus–nucleus (large volume) collisions as a required precondition for a hydrodynamic
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ALICE dominates but 
interesting results from 
ATLAS and CMS as well 

Z–jet momentum 
imbalance in Pb–Pb

J/ψ ellip3c flow in p–Pb
and Pb–Pb (ALICE)

and opaque medium to form. High-precision studies of rare probes in small systems motivate an extension of the original
programme, to address outstanding open questions on the existence of a medium in these collisions and on the possible
formulation of a common picture of QCD multi-particle dynamics across all collision systems. Example studies that require
very large integrated luminosity in both high-multiplicity pp and p–Pb collisions include the comparison of heavy-quark and
quarkonium flow in small and large systems (see Fig. 11-middle) and the searches for thermal radiation and partonic energy loss
(see Fig. 11-right, using hadron-jet recoil to search for a shift in jet momentum). The latter is an outstanding puzzle because the
observed collective patterns require final-state interactions that should also lead to energy loss. The study of pp, p–Pb as well as
O–O collisions promises to solve this puzzle.

Figure 10. Charm diffusion coefficient as
a function of temperature relative to the
critical temperature Tc (ALICE and CMS
combined) [5].

Nuclear parton densities and search for saturation. High-luminosity p–Pb
and Pb–Pb runs, which also produce g–Pb collisions, will provide highly-
improved precision and kinematic coverage for measurements of the PDFs
in nuclei, from the high-Q2 and x ⇠ 10�3–10�1 region, with Z, W , dijets, and
top quarks, down to the presently-uncovered small-x region below 10�4 with
forward Drell-Yan and photons, where non-linear QCD evolution and parton
phase-space saturation could set in. For example, W asymmetry measurements
as a function of rapidity in p–Pb collisions are expected to reduce by 3–4⇥ the un-
certainty on the modification of the gluon PDF at x = 10�2 and Q

2 = 100 GeV2.
These studies, besides their intrinsic interest, are crucial inputs for the initial
conditions of heavy-ion collisions and they contribute to motivating the proposal
for an extension of the p–Pb programme.
To accomplish this physics programme, the following colliding systems and
luminosities are proposed.

• Pb–Pb (A = 208) at
p

sNN = 5.5 TeV (research goals 1 and 2): Lint =
13 nb�1 and pp reference at the same energy

• p–Pb at
p

sNN = 8.8 TeV (research goals 3 and 4): 1.2 pb�1 ATLAS/CMS,
0.6 pb�1 ALICE/LHCb, and pp reference

• pp at
p

s = 14 TeV (research goal 3): 200 pb�1 in low-pileup conditions
allows one to study extreme multiplicity events as large as 15⇥ the average multiplicity, being equivalent to mid-peripheral
(60–65% centrality) Pb–Pb collisions

• O–O (A = 16) at
p

sNN = 7 TeV (research goal 3): a one week period, also
accommodating a short p–O run to provide crucial input for cosmic-ray
particle production models

Furthermore, it is pointed out that collisions of lighter ions, e.g. Ar–Ar (A = 40), represent an interesting case for extending
the heavy-ion programme in Run 5. This would enable a > 10⇥ increase of the nucleon–nucleon luminosity, giving access to
novel observables in the sectors of hard and electromagnetic probes of the QGP.
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Figure 11. Z–jet momentum imbalance in Pb–Pb (CMS); J/y elliptic flow in p–Pb and Pb–Pb (ALICE); limit on jet
momentum shift from hadron–jet recoil in Pb–Pb and in high-multiplicity pp and p–Pb collisions (ALICE). From Ref. [5].
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Heavy Ion physics (2) 
´ Very detailed research programme

´ The integrated luminosity target of 13 nb−1 by the end of Run 4 (= a seven-fold increase wrt Run 2) 

´ high-density QCD and the Quark-Gluon Plasma (QGP) 

´ Also, searches for new physics! 
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Measurements of Photon-Induced Processes in Ultra-Peripheral Collisions of Heavy Ions
Photon-photon interactions in lead-lead collisions
Good potential for axion-like particle searches 

Just one example: ATL-PHYS-PUB-2018-018
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