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Status: July 2018

ATLAS Preliminary

Run 1,2
p
s = 7,8,13 TeV

Theory

LHC pp
p
s = 7 TeV

Data 4.5 � 4.9 fb
�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb
�1

LHC pp
p
s = 13 TeV

Data 3.2 � 79.8 fb
�1

Standard Model Production Cross Section Measurements

Introduction
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The success of the Standard Model

The Higgs Boson
• What have we 

learned?
– Existence
– Mass to 0.2%
– Spin-parity
– Couplings to SM 

gauge bosons and 
(all 3rd generation) 
fermions

– Production: total and 
fiducial cross-
sections

– Production: 
Differential cross-
sections

• HL-LHC will sharpen 
these measurements 
considerably

7

Measurement of the W Boson Mass
• Uses 4.6 fb-1 of 7 TeV data (Wàen/µn)
• Huge amount of work since 2011 to 

understand detector response and modelling
of kinematic quantities, e.g. lepton pT, ETmiss

• Similar precision to best previous single 
experiment measurement (from CDF)

• Result consistent with SM expectation
• Further progress requires improved modeling

15

mW = 80.370 ± 0.019 GeV
[± 7 MeV (stat.) ± 11 MeV (syst.) ± 14 MeV (modeling)]
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Standard Model shortcomings

Even with such a successful description of Nature, a few, but major, pieces are
missing in the puzzle: 

• Neutrino masses (and flavour oscillation) not predicted

• Matter-antimatter imbalance

• Unification of forces

• No gravity

• Missing dark matter/energy
candidates

• Hierarchy problem

• …

| DISCRETE18 | Federico Meloni, 28/11/2018
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Dark Matter

The Standard Model can 
account only for a small 
fraction of the total energy in 
the Universe.

In order to explain Dark Matter, 
we need a particle that is:

• Stable

• Weakly interacting (we 
hope)

• Massive

| HASCO 2018 | Federico Meloni, 24/07/2018

Dark Matter
27%

Ordinary 
Matter

5%

Dark 
Energy

68%
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But…

| DISCRETE18 | Federico Meloni, 28/11/2018
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Where to look?

LHC (and future colliders) offer a 

unique place where to look directly for

new particles.

Precision measurements of SM

• Each deviation could be an hint of

new physics! 

Direct BSM searches

• A plethora of kinematic regions and

possible new resonances from

heavy particles

Other focused experiments give

alternative and fundamental 

opportunities!
| DISCRETE18 | Federico Meloni, 28/11/2018
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Particle physics at colliders

Broad exploration potential

• target well justified BSM scenarios but also have sensitivity to the unknown 

Flexibility

• if (indirect) hints of NP arise somewhere, need to be able to re-direct efforts 

Guaranteed deliverables

• if not a discovery, precision measurements! 

Physics at Colliders fulfils all the above conditions, so it’s important to 
guarantee a continuous progression in this direction with sufficient 
complementarity 

| DISCRETE18 | Federico Meloni, 28/11/2018

Why?

à à
Tevatron/HERA/LEP

(fermiscale)
LHC à HL-LHC

(Terascale)
pp/(ep)/ee?

(multi-Terascale)

PAST

PRESENT FUTURE
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Other (future?) “colliders” 

3/07/2018 Monica D'Onofrio, Durham 

}  Proton-proton  

}  HE-LHC à 27 TeV com energy, beyond 2038  
}  FCC-hh à 100 TeV com energy, beyond 2045 (so far, after FCC-ee), up to 30/ab 

}  Electron-positron  

 

}  Electron-proton  
•  LHeC à Ee = 60 GeV, p from LHC, up to 1/ab, running at the same time as HL-LHC    
•  HE-LHeC à upgrade in parallel to HL-LHC 
•  FCC-eh à Ee = 60 GeV vs 50 TeV, up to 3/ab  

}  Linear collider:  
}  ILC à Ecm≈ 500 GeV with staging at 250 GeV,  
}  CLIC à three stages  Ecm≈ 380 GeV, 1.5 TeV and 

3 TeV for 500/fb, 1.5/ab and 3/ab respectively, 
data taking after HL-LHC for ~ 20 yrs 

}  Circular collider:  
}  CepC à At least two stages, Ecm ≈ 91 and 240 

GeV, 2IP, data-taking 2030-2040 [Upgradable to 
pp collision 50-100 TeV, with ep and HI option)   

}  FCC-ee à 2IP, beyond 2045, Operation model 
foresees, 5 different stages and lumi   

FCC Amsterdam, April 2018 

8 

(Possible) future colliders

High Energy - LHC √s = 27 TeV, beyond 2038

FCC - hh √s = 100 TeV, beyond 2045 (after FCC-ee), up to 30/ab

| DISCRETE18 | Federico Meloni, 28/11/2018

Options for the next 30+ years 
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ILC √s ≈ 500 GeV with staging at 250 GeV

CLIC three stages √s ≈ 380 GeV, 1.5 TeV and 3 TeV for 
500/fb, 1.5/ab and 3/ab respectively, data taking after HL-
LHC for ~ 20 yrs

CepC >= two stages, √s ≈ 91 and 240 GeV, data-taking 
2030-2040 (upgradable to pp, with ep and HI options)

FCC - ee beyond 2045, 5 different stages and luminosities

LHeC Ee = 60 GeV, p from LHC, up to 1/ab, 
running at the same time as HL-LHC

FCC-eh Ee = 60 GeV vs 50 TeV, up to 3/ab
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The HL-LHC and the 2018 Yellow Report

√s = 14 TeV, up to 3000 or 4000 fb-1 (300fb-1 for LHCb)

The only facility approved so far, on which most studies have been made

• ATLAS, CMS and LHCb detectors upgrade well on-going

• Data taking: 2025-2038

• Yellow Report for EU strategy expected in December 2018 summarize studies
and projections by experiments and theory community on SM&Top, Higgs, 
BSM, Heavy Flavor and Heavy Ions 

ESPP update due for approval by CERN council in May 2020

• Feedback gathered and discussed at the HL-/HE-LHC Workshops

| DISCRETE18 | Federico Meloni, 28/11/2018

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCWorkshop
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Yellow report studies

Three main approaches:

• Full simulation

• Analysis with parameterized detector performance (e.g. DELPHES with up-to-
date phase-2 detector performance)

• Projections using Run-2 signal and background samples scaled at 14 TeV

Harmonised treatment of detector and theory uncertainties evolution with time

• Agreement between experimental collaborations and theorists involved in the 
Yellow Report

• General “rule of thumb”: detector and theory/modelling uncertainties will be 
halved, MC statistics are supposed to be infinite 

| DISCRETE18 | Federico Meloni, 28/11/2018

Some commonalities
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Outline

I will discuss a personal (arbitrary/incomplete) selection
of physics goals that we can achieve by the end of HL-
LHC and complementarities with other facilities.

Start with indirect searches

• Precision measurements in the electro-weak sector

• Characterisation of the Higgs boson and its potential

Close with direct searches

• Supersymmetry

• New resonances

• Simplified dark matter models
| DISCRETE18 | Federico Meloni, 28/11/2018

 outline  

3/07/2018 Monica D'Onofrio, Durham 

}  At the LHC, hundreds of searches for new 
physics are on-going targeting many models 
proposed in the past thirty years. 

}  HL LHC studies on-going  

}  This is not a review talk, rather a 
discussion about goals and synergies  
}  Will illustrate what data might tell us at the 

end of HL-LHC and complementarities with 
other facilities (e.g. e+e-, e-p) 

}  Consider some benchmark routes  
}  New heavy resonances and high pT physics 

}  Supersymmetry  

}  Dark matter  

}  Long-lived particles and their role in hidden/
dark sectors, sterile neutrinos  

Higgs Boson 
discovery 2012 

2010 

You are here! 

“Patience is the virtue of the strong” 

2000 

1990 

1980 

1970 

1960 

Top quark 
discovery 1995 

Tau lepton discovery 1976 
J/psi discovery 1974 

W and Z bosons discovery 1983 

B-quark discovery 1977 

Partons observed in DIS and 
raise of the quark model 1969 

Tau neutrino discovery 2000 

9 Image credit: M. D’Onofrio



Precision physics

Weak mixing angle

W boson mass

Vector boson scattering

Higgs boson properties
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Measurement of the Weak Mixing Angle 
Measure the leptonic effective weak mixing angle (sin2θlept) in 

dilepton events.

• Tension of about 3s between the two most precise

measurements (LEP and SLD)

• Minimizing the χ2 value between the simulated data

and template AFB distributions in 72 dilepton mass
and rapidity bins

• The analysis is done at the generator level

| DISCRETE18 | Federico Meloni, 28/11/2018
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1 Introduction19

In the Standard Model (SM), the Z boson couplings di�er for left- and right-handed fermions. The20

di�erence leads to an asymmetry in the angular distribution of positively and negatively charged leptons21

produced in Z boson decays. This asymmetry depends on the weak mixing angle (sin2 ✓W ) between the22

neutral states associated to the U(1) and SU(2) gauge groups, i.e. the relative coupling strengths between23

the photon and the Z boson. The di�erential cross section for the decay of the Z/�⇤ to dilepton final state24

can be written at leading order as:25

d�
d(cos ✓)

=
↵2

4s

"
3
8

A(1 + cos2 ✓) + B cos ✓
#
, (1)

where
p

s is the centre-of-mass energy of the quark and anti-quark, and ✓ is the angle between the negative26

lepton and the quark. The coe�cients A and B and depend on the charge of the fermions (Q f ) are define27

as [1]:28

A = Q2
l
Q2

q
� 2Qlg

q

V
gl
V
�1 + (gq

A

2
+ gq

V

2)(gl
A

2
+ gl

V

2) �2 ,

B = �4Qlg
q

A
gl
A
�1 + 8gq

A
gq
V
gl
A
gl
V
�2 ,

(2)

where �1 is the interference between Z and �⇤ contributions and �2 is the Z Breit-Wigner. The vector and29

axial-vector couplings of the fermions to the Z-boson are define respectively as g f

V
= t f3 � (2Q f ⇥ sin2 ✓W )30

and g f

A
= t f3 . The vector coupling depends on the charge and on the weak isospin ( t f3 ) of the fermions31

and on the weak mixing angle (✓W ) . The coe�cient B introduces a forward-backward asymmetry in ✓32

arising from the presence of both vector and axial-vector couplings.33

Experimentally this asymmetry can be express simply as:34

AFB =
N (cos ✓⇤ > 0) � N (cos ✓⇤ < 0)
N (cos ✓⇤ > 0) + N (cos ✓⇤ < 0)

=
3
8

B
A
, (3)

where ✓⇤ is the angle between the negative lepton and the quark in the Collins-Soper frame [2] of the35

dilepton system and N represents the number of forward decays ( cos ✓⇤ > 0) and the number of backward36

decays (cos ✓⇤ < 0) . This forward-backward asymmetry is enhanced by the Z/�⇤ interference and exhibits37

significant dependence on the dilepton rapidity and invariant mass taking a di�erent sign at high mass and38

at low mass. Since the asymmetry depends directly on the vector and axial-vector couplings, it is sensitive39

to the weak mixing angle which relates the two. In order to compare this sensitivity studies with previous40

experimental determinations, a scheme is adopted in which the higher order corrections to the Z boson41

2

1

1 Introduction
We report on a proposal for the measurement of the effective weak mixing angle using the
forward-backward asymmetry, AFB, in Drell-Yan µµ events at the HL-LHC at CMS. The pro-
posal is based on techniques used in Ref. [1] for such a measurement at

p
s = 8 TeV.

In leading order dilepton pairs are produced through the annihilation of a quark and antiquark
via the exchange of a Z boson or a virtual photon: qq̄ ! Z/g⇤ ! `+`�. The definition of AFB
is based on the angle q⇤ of the lepton (`�) in the Collins-Soper [2] frame of the dilepton system:

AFB =
sF � sB

sF + sB
, (1)

where sF and sB are the cross sections in the forward (cos q⇤ > 0) and backward (cos q⇤ < 0)
hemispheres, respectively. In this frame the q⇤ is the angle of the `� direction with respect to
the axis that bisects the angle between the direction of the quark and opposite direction of the
anti-quark. In pp collisions the direction of the quark is assumed to be in the boost direction of
the dilepton pair. Here, cos q⇤ is calculated using laboratory-frame quantities as follows:

cos q⇤ =
2(p

+
1 p

�
2 � p

�
1 p

+
2 )q

M2(M2 + P
2
T)

⇥ Pz

|Pz|
, (2)

where M, PT, and Pz are the mass, transverse momentum, and longitudinal momentum, respec-
tively, of the dilepton system, and p1(p2) are defined in terms of energy, e1(e2), and longitudinal
momentum, pz,1(pz,2), of the negatively (positively) charged lepton as p

±
i = (ei ± pz,i)/

p
2 [2].

A non-zero AFB in dilepton events arises from the vector and axial-vector couplings of elec-
troweak bosons to fermions. At tree level, the vector vf and axial-vector af couplings of Z
bosons to fermions (f) are:

vf = T
f
3 � 2Qf sin2 qW, (3)

af = T
f
3, (4)

where T
f
3 and Qf are the third component of the weak isospin and the charge of the fermion,

respectively, and sin2 qW is the weak mixing angle, which is related to the masses of the W
and Z bosons by the relation sin2 qW = 1 � M

2
W/M

2
Z. Electroweak radiative corrections affect

these leading-order relations. An effective weak mixing angle, sin2 qf
eff, is defined based on

the relation between these couplings: vf/af = 1 � 4|Qf| sin2 qf
eff, with sin2 qf

eff = kf sin2 qW,
where flavor-dependent kf is determined by electroweak corrections. AFB for dilepton events
is primarily sensitive to the leptonic effective weak mixing angle (sin2 q

lept
eff ).

In this analysis we measure the leptonic effective weak mixing angle (sin2 q
lept
eff ) by fitting the

mass and rapidity dependence of the observed AFB in dilepton events. The most precise pre-
vious measurements of sin2 q

lept
eff were performed by the LEP and SLD experiments [3]. There

is, however, a known tension of about 3 standard deviations between the two most precise
measurements. Measurements of sin2 q

lept
eff were also reported by the LHC and Tevatron exper-

iments [4–9]. The latest and the most precise LHC measurement was done by CMS [1], and its
machinery is used in this analysis.

The analysis is based on samples of pp collisions simulated at
p

s = 8 and 14 TeV with next-
to-leading order (NLO) matrix element implemented in the POWHEG event generator [10–13]

CMS-PAS-FTR-17-001
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Measurement of the W boson mass

| DISCRETE18 | Federico Meloni, 28/11/2018

W boson mass measurement by 

ATLAS

• study potential of low pile-up data 

• extended pseudo-rapidity range 

effect on decorrelation of PDF

• include PDF uncertainties from 

different sets

p
s [TeV] Lepton acceptance Uncertainty in mW [MeV]

CT10 CT14 MMHT2014
14 |⌘` | < 2.4 16.0 (10.6 � 12.0) 17.3 (11.4 � 13.0) 15.4 (10.7 � 11.1)
14 |⌘` | < 4 11.9 (8.8 � 8.0) 12.4 (9.2 � 8.4) 10.3 (9.0 � 5.1)
27 |⌘` | < 2.4 18.3 (10.2 � 15.1) 18.8 (10.5 � 15.5) 16.5 (9.4 � 13.5)
27 |⌘` | < 4 12.3 (7.5 � 9.8) 12.7 (8.2 � 9.7) 11.4 (7.9 � 8.3)

14+27 |⌘` | < 4 10.1 (6.3 � 7.9) 10.1 (6.9 � 7.4) 8.6 (6.5 � 5.5)

p
s [TeV] Lepton acceptance Uncertainty in mW [MeV]

HL-LHC LHeC
14 |⌘` | < 2.4 11.5 (10.0 � 5.8 ) 10.2 (9.9 � 2.2)
14 |⌘` | < 4 9.3 (8.6 � 3.7) 8.7 (8.5 � 1.6)

Table 3: Measurement uncertainty for di�erent lepton acceptance regions, centre-of-mass energies and PDF sets,
combined fits to the p

`
T and mT distributions, and for 200 pb�1collected at each energy. The numbers quoted for

0 < |⌘` | < 2.4 correspond to the combination of the four pseudorapidity bins in this range. In each case, the first
number corresponds to the sum of statistical and PDF uncertainties, and the numbers between parentheses are the
statistical and PDF components, respectively.
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Figure 6: Measurement uncertainty for di�erent PDF sets, combining p
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p

s = 14 TeV.
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Figure 2: Generator- and detector-level p
`
T (a) and mT (b) distributions for selected signal events. The detector-level

distributions are shown as predicted by the full simulation and by the parameterised resolution corrections described
in the text.

applying the following event weight to the reference samples:

w(m,mW,m
ref
W ) =

(m2 � m
ref
W

2)2 + m
4�ref

W
2/m

ref
W

2

(m2 � m
2
W )2 + m4�2

W/m
2
W

, (4)

which represents the ratio of the Breit–Wigner densities corresponding to mW and m
ref
W , for a given value

of the final state invariant mass m.

A similar event weight, calculated internally by P����� and corresponding to the ratio of the event
cross sections predicted by CT10 and several alternate PDFs, is used to obtain final state distributions
corresponding to the CT14 [15], MMHT2014 [16], HL-LHC [17] and LHeC [18] PDF sets and their
associated uncertainties. Compared to current sets such as CT14 and MMHT2014, the HL-LHC set
incorporates the expected constraints from present and future LHC data; it starts from the PDF4LHC
convention [19] and comes in three scenarios corresponding to more or less optimistic projections of
the experimental uncertainties. The LHeC PDF set represents the impact of a proposed future high-
energy, high-luminosity ep scattering experiment [5] on the uncertainties in the proton structure, using
the theoretically best understood process for this purpose.

The shift in the measured value of mW resulting from a change in the assumed PDF set is estimated as
follows. Considering a set of template distributions obtained for di�erent values of mW and a given refer-
ence PDF set, and “pseudo-data” distributions obtained for mW = m

ref
W and an alternate set i (representing,

for example, uncertainty variations with respect to the reference set), the preferred value of mW for this
set is determined by minimizing the �2 between the pseudo-data and the templates. The preferred value
is denoted m

i
W , and the corresponding bias is defined as �mi

W = m
i
W �m

ref
W . The statistical uncertainty on

the measurement is estimated from the half width of the �2 function one unit above the minimum.

The present study considers measurements of mW in separate categories, corresponding to W
+ and W

�

events; five pseudorapidity bins, |⌘` | < 0.6, 0.6 < |⌘` | < 1.2, 1.2 < |⌘` | < 1.8, 1.8 < |⌘` | < 2.4, and
2.4 < |⌘` | < 4; p

`
T and mT distribution fits; and two centre-of-mass energies (

p
s = 14 and 27 TeV). For

5

p
s [TeV] Lepton acceptance Uncertainty in mW [MeV]

CT10 CT14 MMHT2014
14 |⌘` | < 2.4 16.0 (10.6 � 12.0) 17.3 (11.4 � 13.0) 15.4 (10.7 � 11.1)
14 |⌘` | < 4 11.9 (8.8 � 8.0) 12.4 (9.2 � 8.4) 10.3 (9.0 � 5.1)
27 |⌘` | < 2.4 18.3 (10.2 � 15.1) 18.8 (10.5 � 15.5) 16.5 (9.4 � 13.5)
27 |⌘` | < 4 12.3 (7.5 � 9.8) 12.7 (8.2 � 9.7) 11.4 (7.9 � 8.3)

14+27 |⌘` | < 4 10.1 (6.3 � 7.9) 10.1 (6.9 � 7.4) 8.6 (6.5 � 5.5)

p
s [TeV] Lepton acceptance Uncertainty in mW [MeV]

HL-LHC LHeC
14 |⌘` | < 2.4 11.5 (10.0 � 5.8 ) 10.2 (9.9 � 2.2)
14 |⌘` | < 4 9.3 (8.6 � 3.7) 8.7 (8.5 � 1.6)

Table 3: Measurement uncertainty for di�erent lepton acceptance regions, centre-of-mass energies and PDF sets,
combined fits to the p

`
T and mT distributions, and for 200 pb�1collected at each energy. The numbers quoted for

0 < |⌘` | < 2.4 correspond to the combination of the four pseudorapidity bins in this range. In each case, the first
number corresponds to the sum of statistical and PDF uncertainties, and the numbers between parentheses are the
statistical and PDF components, respectively.
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Figure 6: Measurement uncertainty for di�erent PDF sets, combining p
`
T and mT fits for |⌘` | < 4, and for 200 pb�1and

1 fb�1collected at
p

s = 14 TeV.
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p
s [TeV] Lepton acceptance Uncertainty in mW [MeV]

CT10 CT14 MMHT2014
14 |⌘` | < 2.4 16.0 (10.6 � 12.0) 17.3 (11.4 � 13.0) 15.4 (10.7 � 11.1)
14 |⌘` | < 4 11.9 (8.8 � 8.0) 12.4 (9.2 � 8.4) 10.3 (9.0 � 5.1)
27 |⌘` | < 2.4 18.3 (10.2 � 15.1) 18.8 (10.5 � 15.5) 16.5 (9.4 � 13.5)
27 |⌘` | < 4 12.3 (7.5 � 9.8) 12.7 (8.2 � 9.7) 11.4 (7.9 � 8.3)

14+27 |⌘` | < 4 10.1 (6.3 � 7.9) 10.1 (6.9 � 7.4) 8.6 (6.5 � 5.5)

p
s [TeV] Lepton acceptance Uncertainty in mW [MeV]

HL-LHC LHeC
14 |⌘` | < 2.4 11.5 (10.0 � 5.8 ) 10.2 (9.9 � 2.2)
14 |⌘` | < 4 9.3 (8.6 � 3.7) 8.7 (8.5 � 1.6)

Table 3: Measurement uncertainty for di�erent lepton acceptance regions, centre-of-mass energies and PDF sets,
combined fits to the p

`
T and mT distributions, and for 200 pb�1collected at each energy. The numbers quoted for

0 < |⌘` | < 2.4 correspond to the combination of the four pseudorapidity bins in this range. In each case, the first
number corresponds to the sum of statistical and PDF uncertainties, and the numbers between parentheses are the
statistical and PDF components, respectively.
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Vector boson scattering

VBS is crucial for probing the 
mechanism of electroweak symmetry 
breaking in the Standard Model.

• At the HL-LHC, evidence of the EW-
ZZjj processes becomes possible 

Four lepton channel: two high-energy 
jets in the back and forward regions, 
with two vector bosons. 

• Exploit the ZZ centrality

| DISCRETE18 | Federico Meloni, 28/11/2018

Electroweak production of a Z boson pair plus two jets

ATL-PHYS-PUB-2018-029 
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Future colliders (FCC-ee)

| DISCRETE18 | Federico Meloni, 28/11/2018
Table credit: A. Blondel
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Characterising the Higgs boson

| DISCRETE18 | Federico Meloni, 28/11/2018

Complementarity and availability of results

Based as much as possible on the 
knowledge gathered from most 
recent analyses 

• projections from the coupling 
combination

• dedicated truth-smearing 
studies for key analyses

Collaboration with LHC Higgs cross 
section Working Group

• 14 TeV and 27 TeV

• evaluated theory systematics

ATLAS CMS
Couplings ✓✓✓ ✓✓✓

Differential xsec ✓✓ ✓✓
Width ✓

CPV ✓ ✓✓
Rare decays ✓✓✓ ✓✓

Di-Higgs ✓✓✓ ✓✓✓
BSM ✓✓ ✓✓

Legend: Past studies, 2017 TDRs, 2018 YR

Latest results: ATLAS CMS

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR/index.html
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Higgs to pairs of muons

• Opposite-charge muons with 
pT > 15 GeV and |η| < 2.5

• Leading muon pT > 25 GeV 

• 110 < mμμ < 160 GeV

Split the selected sample in 
subsets with different signal-to-
background ratios

• a maximum likelihood fit to
the di-muon invariant mass

• Systematic uncertainties are
incorporated as nuisance
parameters in the final fit

| DISCRETE18 | Federico Meloni, 28/11/2018

Couplings to second-generation fermions

6. Summary

An updated study has been presented of the prospects for the measurement of the rare Higgs boson decay
H ! µµ using 3000 fb�1 of proton-proton collisions at

p
s = 14 TeV recorded with the ATLAS detector

at the high-luminosity LHC. The studies assume an average number of interactions per bunch crossing
hµi = 200 and the latest performance assumptions for the various subdetectors, in three di�erent upgrade
scenarios.

The muonic Higgs boson decay has not been observed yet and constitutes the best way at the LHC to
access the couplings of the Higgs boson to fermions of the second generation of matter particles.

The results for the estimated signal significance and the uncertainty on the signal strength are summarised
in Table 6.

Table 6: The table compares the overall significance and signal strength uncertainty achievable with 3000 fb�1 in the
three di�erent detector scenarios defined in the ATLAS Scoping Document, based on the event categories defined
in the text.

Scoping Scenario hµi Overall significance �µ �µ
w/ syst. errors w/o syst. errors

reference 200 9.5 ±0.13 ±0.12
middle 200 9.4 ±0.14 ±0.12

low 200 9.2 ±0.14 ±0.13

The muon e�ciencies and resolutions between the three detector upgrade scenarios in the selected phase
space are quite similar. This translates in significances that improve only slightly between the di�erent
scenarios. The overall signal strength uncertainties are very similar in all three scenarios.

No significant gain is found (without further re-optimisation) for the reference detector scenario when
selecting muons with rapidities up to 4.0 instead of 2.5 as in the default analysis, due to the poor muon
momentum resolution translating into a poor signal-vs-background separation in the distribution of the
discriminating variable mµµ.

Finally, the comparison with the full simulation samples method based on parametrized e�ciency and
resolution functions.
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Figure 6: Invariant mass distribution of selected signal and background candidates, scaled to 3000 fb�1, for the
reference detector scenario, assuming hµi = 200.

Table 5: Expected signal and background yields and signal significance in a ±1.5�G invariant-mass window around
mµµ = 125 GeV for each category, where �G is the resolution of the core of the invariant mass distribution of
signal events. The last rows shows the total signal and background yields, the average invariant mass resolution, and
the sum in quadrature of the significance of each category. The projections correspond to an integrated luminosityR
Ldt = 3000 fb�1 for a center-of-mass energy

p
s=14 TeV for the reference detector scenario.

Category S VBF B FWHM �G S/
p
S + B

[GeV] [GeV]
VBF-like 386 197 19430 4.37 1.88 2.75
low pT, central 921 11 350500 3.21 1.37 1.55
med pT, central 2210 84 300500 3.08 1.32 4.01
hi pT, central 1810 242 211800 3.50 1.56 3.91
low pT, non central 2460 28 1740500 4.11 1.79 1.86
med pT, non central 5860 230 1483600 4.24 1.80 4.80
hi pT, non central 4380 588 829000 4.70 1.92 4.80
Total 18020 1380 4935500 3.93 1.69 9.53

15

ATL-PHYS-PUB-2018-006 
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Double Higgs production

| DISCRETE18 | Federico Meloni, 28/11/2018

Ultra-rare processes

HL-HE-LHC WS , April 2018 Jezequel S. (LAPP) 13

3. DiHiggs @ HL-LHC

lHHH kt
t

t

ATLAS bbgg
TDR Pixel

Strong dependance on p
T
(4jets) trigger threshold

Precision limited by QCD multijet uncertainty 

Context : 

120 k events produced

High background (bbbb, bbtt)or low B.R. (bbgg)
Targets : 

First observation of HH production

Measure lHHH and kt (top-Yukawa coupling)

C. Vernieri, P. Bokan, M. Ramsey-Musolf

Plan to perform a combination to probe 
the expected reach for di-Higgs

• Measure lHHH ( and kt )

• Combination with CMS crucial

• Exploit three decay channels: bbbb, 
bbgg and bbtt

ATLAS-TDR-030

bbgg

bbbb

• Limited sensitivity (~1s)

• Expect improvements and channel 
combination for YR



Page 19

Higgs boson couplings

| DISCRETE18 | Federico Meloni, 28/11/2018

HL-LHC and beyond

Expected uncertainty
0 0.05 0.1 0.15 0.2

µk

tk

bk

tk

gk

Zk

Wk

gk

0.05 (Stat); 0.05 (S2); 0.07 (S1)

0.01 (Stat); 0.02 (S2); 0.03 (S1)

0.02 (Stat); 0.04 (S2); 0.06 (S1)

0.01 (Stat); 0.03 (S2); 0.06 (S1)

0.01 (Stat); 0.02 (S2); 0.04 (S1)

0.01 (Stat); 0.02 (S2); 0.02 (S1)

0.01 (Stat); 0.02 (S2); 0.03 (S1)

0.01 (Stat); 0.02 (S2); 0.03 (S1)

 (13 TeV)-13000 fb

CMS
Projection

 = 0BSMB

w/ Run 2 syst. uncert. (S1)

w/ YR18 syst. uncert. (S2)

w/ Stat. uncert. only

gHxx FCC-ee FCC-hh FCC-eh

ZZ 0.15 %

WW 0.20%

ΓH 1%

γγ 1.5% <1%

Zγ -- 1%

tt 13% 1%

bb 0.4% 0.5%

ττ 0.5%

cc 0.7% 1.8%

µµ 6.2% 2%

uu,dd H! ργ? H! ργ?

ss H! φγ ? H! φγ ?

ee ee ! H 

HH 30% ~3% 20%

inv, exo <0.45% 10-3 5%

HIGGS PHYSICS

hh, eh precisions assume 
SM or ee measurements

14/03/2018 Alain Blondel The FCCs 57

Higgs couplings gHxx precisions

Table credit: A. Blondel

C
M

S-
PA

S-
FT

R-
18

-0
11

CMS prospects for measuring Higgs boson

couplings.

• Extrapolated from Run-2 results with 36 fb-1

• Identical detector performances

• Two systematic

uncertainty

scenarios

(Run-2 and

halved)



Beyond the Standard 
Model

Image credit xkcd: https://xkcd.com/1621/

Supersymmetry

New resonances

Searches for dark matter
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Supersymmetry 

Lot of interesting consequences, theoretically sound, 
predictive framework, what about naturalness ?  

•  Current LHC: m(gluino)>2 TeV, m(stop)>1 TeV 
•   compare: Barbieri-Giudice 3% naturalness:  
    à m(gluino)<~1000 GeV; m(t1)<~500 GeV 
•   LHC limits way beyond naturalness bounds 
    à is SUSY unnatural? Is SUSY dead? NO  
        (and it’s not me saying that … ) 
 
Using electroweak fine-tuning (ΔEW), SUSY is 
natural (3-10%) with: gluinos up to 5-6 TeV, 
stop up to 2-3 TeV, squarks up to 10-20 TeV, + 
need low µH ~ 100-300 GeV 

H. Baer, FNAL HL/HE-LHC workshop 

higgsino is LSP, higgsino-like WIMP~100-300 GeV thermally under-produced as 
DM candidate: augment with e.g. axion 

EPJC77 (2017) 499 

| LHC Physics Discussion: SUSY  | Federico Meloni, 19/11/2018

Theoretically sound, predictive framework

~
~

~
~

~

500 550 600 650 700 750 800 850 900 950
) [GeV]1t

~m(

200

300

400

500

600

700

) [
G

eV
]

10 c~
m

(

0
1,2,3
c~, b ±

1
c~ t ® 1b~    0

1,2,3
c~, t ±

1
c~ b ® 1t

~

0
1,2
c~, Z*/h* ±

1
c~ W* ® 0

3
c~        0

1,2
c~ W* ® ±

1
c~

0
1
c~ Z*/h* ® 0

2
c~

 0L/1LLt
~ » 1t

~Best Observed limit 
 0L/1LRt

~ » 1t
~Best Observed limit 

Expected limit 0L [1709.04183]
Expected limit 1L [1711.11520]

) = 20-50 GeV, March 20180
1
c~, 0

2
c~m(D production, 1b~1b~, 1t

~
1t

~Bino/Higgsino Mix Model: 

-1 = 13 TeV, 36.1 fbs
All limits at 95% CL

ATLAS Preliminary

But where is SUSY?

• Barbieri-Giudice 3% naturalness
m(g) ≲ 1000 GeV
m(t1) ≲ 500 GeV

• LHC limits severly constraining these models

Is SUSY unnatural? Is it dead? Not really…

• Considering the electroweak fine-tuning 
(ΔEW), SUSY is natural (3-10%) with: 

m(g) ≲ 5-6 TeV
m(t1) ≲ 2-3 TeV
m(q) ≲ 10-20 TeV

• Need low µ ~ 100-300 GeV

Supersymmetry
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Disappearing tracks
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Theory

Search for Higgsinos

Disappearing tracks (long-lived charginos)

• New reconstruction options

• Challenging tracking environment!
| DISCRETE18 | Federico Meloni, 28/11/2018

One of the focuses of the HL-LHC programme

Exploit ISR jet + ETmiss + soft 
leptons 

• Challenging lepton 
identification

Gap that needs to be filled!

• Mono photon from FSR? VBF?N
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Figure 1: Diagrams depicting (left) �̃±1 �̃
0
1 production and (right) �̃±1 �̃

0
2 production.

Figure 2: Schematic illustration of a pp ! �̃±1 �̃
0
1 + jet event in the HL-LHC ATLAS detector, with a long-lived

chargino. Particles produced in pile-up pp interactions are not shown. The �̃+1 decays into a low-momentum pion
and a �̃0

1 after leaving hits in the five pixel layers (indicated by red makers).

surpassing the LEP limits have recently been set by the ATLAS experiment [16], excluding mass splittings59

down to 2.5 GeV for m( �̃0
1 ) = 100 GeV. Scenarios with direct �̃±1 pair production are also considered.60

2 ATLAS Detector61

The proposal for the upgraded ATLAS detector [17] which will operate at the HL-LHC includes a new all-62

silicon inner tracking detector, the Inner Tracker (ITk) [18, 19], composed of five layers of pixel detectors63

and four layers of double-sided silicon strip sensors, allowing for the reconstruction of the trajectory of64

charged particles within a pseudorapidity range |⌘ | < 4. The inner tracker is immersed in a 2 T axial65

magnetic field, enabling the momentum measurement of the charged particles travelling through the inner66

tracker. The electromagnetic and hadronic calorimeters [20, 21] are located outside of the solenoid and67

provide high granularity energy measurements within |⌘ | < 4.9. Beyond the calorimeters lies the muon68

spectrometer [22], consisting of a set of superconducting torodial magnets and three layers of gaseous69

chambers, allowing for the trajectories of muons to be measured up to |⌘ | < 2.7. In addition to this fast70

detectors are also installed in the muon spectrometer for triggering purposes, with a range up to |⌘ | < 2.4.71

The on-line trigger system will also be replaced by a new system, which will be capable of processing72

the rate increase anticipated at the HL-LHC. Both searches plan to use an E
miss
T requirement to accepting73

events in the trigger, and the E
miss
T selection used in the searches are expected to be in the E

miss
T trigger74

plateau [23].75
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Figure 1: Diagrams depicting (left) �̃±1 �̃
0
1 production and (right) �̃±1 �̃

0
2 production.

Figure 2: Schematic illustration of a pp ! �̃±1 �̃
0
1 + jet event in the HL-LHC ATLAS detector, with a long-lived

chargino. Particles produced in pile-up pp interactions are not shown. The �̃+1 decays into a low-momentum pion
and a �̃0

1 after leaving hits in the five pixel layers (indicated by red makers).

surpassing the LEP limits have recently been set by the ATLAS experiment [16], excluding mass splittings59

down to 2.5 GeV for m( �̃0
1 ) = 100 GeV. Scenarios with direct �̃±1 pair production are also considered.60

2 ATLAS Detector61

The proposal for the upgraded ATLAS detector [17] which will operate at the HL-LHC includes a new all-62

silicon inner tracking detector, the Inner Tracker (ITk) [18, 19], composed of five layers of pixel detectors63

and four layers of double-sided silicon strip sensors, allowing for the reconstruction of the trajectory of64

charged particles within a pseudorapidity range |⌘ | < 4. The inner tracker is immersed in a 2 T axial65

magnetic field, enabling the momentum measurement of the charged particles travelling through the inner66

tracker. The electromagnetic and hadronic calorimeters [20, 21] are located outside of the solenoid and67

provide high granularity energy measurements within |⌘ | < 4.9. Beyond the calorimeters lies the muon68

spectrometer [22], consisting of a set of superconducting torodial magnets and three layers of gaseous69

chambers, allowing for the trajectories of muons to be measured up to |⌘ | < 2.7. In addition to this fast70

detectors are also installed in the muon spectrometer for triggering purposes, with a range up to |⌘ | < 2.4.71

The on-line trigger system will also be replaced by a new system, which will be capable of processing72

the rate increase anticipated at the HL-LHC. Both searches plan to use an E
miss
T requirement to accepting73

events in the trigger, and the E
miss
T selection used in the searches are expected to be in the E

miss
T trigger74

plateau [23].75
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Expected reach with HE-LHC in strong sector 

3/07/2018 Monica D'Onofrio, Durham 

}  Baer 

HB, Barger, Gainer, Huang, Savoy, Serce, Tata, PRD96 (2017) 115008 

@ HE-LHC reach extends to  
m(gl)~6 TeV; m(t1)~3-3.8 TeV 

 
Stringent constraints on SUSY 

natural models  

21 

A brief outlook on SUSY reach 

3/07/2018 Monica D'Onofrio, Durham 

}  Sleptons projections not yet available everywhere. Potential at ILC and 
CLIC (not for higgsinos).  

}  using mono-jet signatures 
}  A signature relevant for many  

NP models (DM-oriented) 

à 1 TeC boundary reached only by FCC-hh 

case, but all channels are still through an s-channel W± or Z.
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Figure 5: Chargino track distributions for the pure higgsino scenario showing the number

of tracks for a given track length (left) and the number of tracks for a given higgsino mass

(right). The dashed lines shows the same plots with a neutralino-chargino mass splitting

half the standard value, and the dashed-dotted lines show the same plots with a neutralino-

chargino mass splitting twice the standard value. Only events passing the analysis cuts in

App. A and containing at least one chargino track with pT > 500 GeV are considered.

Fig. 4 shows the mass reach in the monojet channel for the pure higgsino scenario. As in

the wino case, there is a factor 4-5 enhancement in reach for the 100 TeV collider relative to

the LHC. The reach is weaker than that for winos, mainly due to the reduction in production

cross-section.

– 10 –

dark matter 
prediction

• Low, Wang, JHEP 1408, 161 (2014) • Mahbubani, Schwaller, Zurita, JHEP 1706, 119 (2017)
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Figure 1: Production of a charged state
with proper lifetime ⌧ . 1 ns and decay
products that are invisible at colliders will
lead to a charged track that ends (‘disap-
pears’) within the extent of a tracker sub-
system.

splittings that are twice as large, the decay width being strongly dependent on the splitting.
Pure Higgsino dark matter is also particularly di�cult to access directly by other means,
since its tiny indirect and direct detection cross sections are beyond even the projected
sensitivity of any dark matter experiment currently under consideration.

In this work, we explore the dependence of the reach for such intermediate-lifetime
charged particles, on the tracker properties at a hadron colliders, using the disappearing
track signature.1 Unlike many existing searches for compressed electroweak-charged states
[9–23], we operate under the assumption that no information can be obtained from their
decay products, making us less sensitive to the origin and properties of the parent. We
then express our results in the parameter space of thermal Higgsino dark matter, and show
that full coverage of the elusive pure Higgsino region (m� . 1.1 TeV) can be achieved
with a total integrated luminosity of 3000 fb�1. While our main focus is a 100 TeV proton-
proton collider (FCC-hh), we also examine similar upgrades to ATLAS and CMS that could
improve the LHC reach for compressed Higgsinos at its high-luminosity run (LHC14-HL).
In a companion paper [24] we study the reach in the di-lepton plus missing transverse
energy channel, which doesn’t assume the presence of an electrically-charged state, but
relies instead on additional weak radiation from the initial state, in the form of a leptonic
Z-boson.

2 Simplified model

Our disappearing track search will be relevant to any scenario containing a charged particle
with proper lifetime ⌧ below 10 picoseconds, and whose decay products are invisible, either
due to small energies or small couplings to the SM, see Fig 1. Such states are too short-lived
to be covered by conventional disappearing track searches at current [25, 26] or future [5]
colliders. We attribute to the charged state a ‘nominal decay length’ c⌧ , which translates
into an average lab-frame decay length of ��c⌧ for a particle with velocity � = v/c and
Lorentz boost �. Converting this to an actual charged track length requires us to take into
account the Poissonian nature of the decay process, and weight the decay length by the
probability that the chargino will travel a distance d without decaying, given by

P(d) = exp

✓
�

d

��c⌧

◆
. (2.1)

We carry out our simulation and analysis within a specific framework containing such a
particle, where the usual Standard Model field content is supplemented with a new vector-

1
For recent work on long-lived electrically charged particles at the LHC, see [7, 8].
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splittings that are twice as large, the decay width being strongly dependent on the splitting.
Pure Higgsino dark matter is also particularly di�cult to access directly by other means,
since its tiny indirect and direct detection cross sections are beyond even the projected
sensitivity of any dark matter experiment currently under consideration.

In this work, we explore the dependence of the reach for such intermediate-lifetime
charged particles, on the tracker properties at a hadron colliders, using the disappearing
track signature.1 Unlike many existing searches for compressed electroweak-charged states
[9–23], we operate under the assumption that no information can be obtained from their
decay products, making us less sensitive to the origin and properties of the parent. We
then express our results in the parameter space of thermal Higgsino dark matter, and show
that full coverage of the elusive pure Higgsino region (m� . 1.1 TeV) can be achieved
with a total integrated luminosity of 3000 fb�1. While our main focus is a 100 TeV proton-
proton collider (FCC-hh), we also examine similar upgrades to ATLAS and CMS that could
improve the LHC reach for compressed Higgsinos at its high-luminosity run (LHC14-HL).
In a companion paper [24] we study the reach in the di-lepton plus missing transverse
energy channel, which doesn’t assume the presence of an electrically-charged state, but
relies instead on additional weak radiation from the initial state, in the form of a leptonic
Z-boson.

2 Simplified model

Our disappearing track search will be relevant to any scenario containing a charged particle
with proper lifetime ⌧ below 10 picoseconds, and whose decay products are invisible, either
due to small energies or small couplings to the SM, see Fig 1. Such states are too short-lived
to be covered by conventional disappearing track searches at current [25, 26] or future [5]
colliders. We attribute to the charged state a ‘nominal decay length’ c⌧ , which translates
into an average lab-frame decay length of ��c⌧ for a particle with velocity � = v/c and
Lorentz boost �. Converting this to an actual charged track length requires us to take into
account the Poissonian nature of the decay process, and weight the decay length by the
probability that the chargino will travel a distance d without decaying, given by

P(d) = exp
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We carry out our simulation and analysis within a specific framework containing such a
particle, where the usual Standard Model field content is supplemented with a new vector-

1
For recent work on long-lived electrically charged particles at the LHC, see [7, 8].

– 3 –

jet

c⌧ ⇠ 7 mm

disappearing tracks

FCC-hh vs. Higgsino Dark Matter

8yy eyy dyy 3yy Nyy Ryyy RRyy Rkyy Rjyy R9yy
*?�`;2/ T�`iB+H2 K�bb m� U:2oV

k

8

Ry

ky

c�
UK

K
V

L4
jyyy

7#
�

1X
p

T
,j

1 ,
/E

T
,p

T
,i`

�
1

h2o
-
0


|⌘
|

2

9

Ry

jy

Ryy

Ryyy

Ryyyy

kyyyyy
kyyyyy

1z2+iBp2 +`Qbb b2+iBQM U7#V 7Q` Ry 2p2Mib ! `4Ry +K- 6**@??

(a)

8yy eyy dyy 3yy Nyy Ryyy RRyy Rkyy Rjyy R9yy
q2�F /Qm#H2i K�bb m� U:2oV

R

k

8

Ry

ky

c�
UK

K
V

L4
jyyy

7#
�

1-
p

T
,j

1 ,
/E

T
,p

T
,i

r
�

1
h2o

-
0


|⌘
|


2

R

Ry

8y

kyy
8yyRyyy

LmK#2` Q7 2p2Mib �M/ 6**@?? b2MbBiBpBiv ! `4Ry+K

k� HBKBi
8� HBKBi

(b)

Figure 5: Results of conventional analysis: (a) E↵ective charged particle production cross
section (definition in text) required in order to obtain 10 disappearing charged track events
in conventional analysis at r = 10 cm, and (b) number of disappearing charged tracks
and sensitivity, normalized to the NLO pair-production cross section of a weak-doublet
fermion with Dirac mass m� and nominal decay length c⌧ . The plots are for a pp collider
at

p
s = 100 TeV with 3000 fb�1 of integrated luminosity. The c⌧ corresponding to a pure

Higgsino state is shown as a dotted line. Superimposed onto the right panel (grey shaded
region) is the FCC-hh sensitivity in this channel for a 50% background systematic, with
the estimated uncertainties in the 5� (2�) contours shaded in blue (green).

a 100 TeV pp collider with 3000 fb�1 of integrated luminosity. In both cases the c⌧ for a
pure Higgsino state is shown as a dotted line.

Converting a number of tracks to a discovery/exclusion significance requires some
knowledge of the size of SM backgrounds to this process. There are no real backgrounds
satisfying the analysis criteria. Fake backgrounds consist of interacting hadron tracks,
leptons failing identification criteria at low track pT , and tracks with mismeasured pT due
to “a high density of silicon hits, hadronic interactions and scattering”[25] at large track
pT . These fakes are not well-described by Monte Carlo simulations at the LHC at 8 TeV
centre-of-mass. Instead, their pT spectra are fit to data in a ‘control’ region and subtracted,
rendering their extrapolation to 100 TeV rather di�cult. In addition their composition and
spectra are characteristic of the particular detector in which they are measured (ATLAS in
this instance), and a naive extrapolation to a hypothetical detector for a 100 TeV hadron
machine, with unknown properties, would be crude at best. Nevertheless we will make some
attempt to do this. First, we assume that the fake backgrounds at FCC-hh have a similar
composition and are again dominated at high track pT by the mismeasured hadronic tracks
satisfying the ATLAS 8 TeV disappearing track selection. We assume the hadronic fakes
satisfying our modified selection criteria retain the same scaling with track pT as the original
(p�a

T,track with a = 1.78 ± 0.5), with a floating overall normalization that parametrizes our
uncertainty. This normalization constant can be estimated using the scaling of some chosen
process with centre-of-mass energy. Previous works [5, 6] used Standard Model (Z ! ⌫⌫)
plus jets, the rate for this process scales with the product of the quark and gluon PDFs.
In order to be maximally conservative, we will also show the outcome using the scaling
of SM multijets, with large fake MET. This is glue-glue-initiated, and hence grows faster
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case, but all channels are still through an s-channel W± or Z.
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Fig. 4 shows the mass reach in the monojet channel for the pure higgsino scenario. As in

the wino case, there is a factor 4-5 enhancement in reach for the 100 TeV collider relative to

the LHC. The reach is weaker than that for winos, mainly due to the reduction in production

cross-section.
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Figure 1: Production of a charged state
with proper lifetime ⌧ . 1 ns and decay
products that are invisible at colliders will
lead to a charged track that ends (‘disap-
pears’) within the extent of a tracker sub-
system.

splittings that are twice as large, the decay width being strongly dependent on the splitting.
Pure Higgsino dark matter is also particularly di�cult to access directly by other means,
since its tiny indirect and direct detection cross sections are beyond even the projected
sensitivity of any dark matter experiment currently under consideration.

In this work, we explore the dependence of the reach for such intermediate-lifetime
charged particles, on the tracker properties at a hadron colliders, using the disappearing
track signature.1 Unlike many existing searches for compressed electroweak-charged states
[9–23], we operate under the assumption that no information can be obtained from their
decay products, making us less sensitive to the origin and properties of the parent. We
then express our results in the parameter space of thermal Higgsino dark matter, and show
that full coverage of the elusive pure Higgsino region (m� . 1.1 TeV) can be achieved
with a total integrated luminosity of 3000 fb�1. While our main focus is a 100 TeV proton-
proton collider (FCC-hh), we also examine similar upgrades to ATLAS and CMS that could
improve the LHC reach for compressed Higgsinos at its high-luminosity run (LHC14-HL).
In a companion paper [24] we study the reach in the di-lepton plus missing transverse
energy channel, which doesn’t assume the presence of an electrically-charged state, but
relies instead on additional weak radiation from the initial state, in the form of a leptonic
Z-boson.

2 Simplified model

Our disappearing track search will be relevant to any scenario containing a charged particle
with proper lifetime ⌧ below 10 picoseconds, and whose decay products are invisible, either
due to small energies or small couplings to the SM, see Fig 1. Such states are too short-lived
to be covered by conventional disappearing track searches at current [25, 26] or future [5]
colliders. We attribute to the charged state a ‘nominal decay length’ c⌧ , which translates
into an average lab-frame decay length of ��c⌧ for a particle with velocity � = v/c and
Lorentz boost �. Converting this to an actual charged track length requires us to take into
account the Poissonian nature of the decay process, and weight the decay length by the
probability that the chargino will travel a distance d without decaying, given by

P(d) = exp

✓
�

d

��c⌧

◆
. (2.1)

We carry out our simulation and analysis within a specific framework containing such a
particle, where the usual Standard Model field content is supplemented with a new vector-

1
For recent work on long-lived electrically charged particles at the LHC, see [7, 8].
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splittings that are twice as large, the decay width being strongly dependent on the splitting.
Pure Higgsino dark matter is also particularly di�cult to access directly by other means,
since its tiny indirect and direct detection cross sections are beyond even the projected
sensitivity of any dark matter experiment currently under consideration.

In this work, we explore the dependence of the reach for such intermediate-lifetime
charged particles, on the tracker properties at a hadron colliders, using the disappearing
track signature.1 Unlike many existing searches for compressed electroweak-charged states
[9–23], we operate under the assumption that no information can be obtained from their
decay products, making us less sensitive to the origin and properties of the parent. We
then express our results in the parameter space of thermal Higgsino dark matter, and show
that full coverage of the elusive pure Higgsino region (m� . 1.1 TeV) can be achieved
with a total integrated luminosity of 3000 fb�1. While our main focus is a 100 TeV proton-
proton collider (FCC-hh), we also examine similar upgrades to ATLAS and CMS that could
improve the LHC reach for compressed Higgsinos at its high-luminosity run (LHC14-HL).
In a companion paper [24] we study the reach in the di-lepton plus missing transverse
energy channel, which doesn’t assume the presence of an electrically-charged state, but
relies instead on additional weak radiation from the initial state, in the form of a leptonic
Z-boson.

2 Simplified model

Our disappearing track search will be relevant to any scenario containing a charged particle
with proper lifetime ⌧ below 10 picoseconds, and whose decay products are invisible, either
due to small energies or small couplings to the SM, see Fig 1. Such states are too short-lived
to be covered by conventional disappearing track searches at current [25, 26] or future [5]
colliders. We attribute to the charged state a ‘nominal decay length’ c⌧ , which translates
into an average lab-frame decay length of ��c⌧ for a particle with velocity � = v/c and
Lorentz boost �. Converting this to an actual charged track length requires us to take into
account the Poissonian nature of the decay process, and weight the decay length by the
probability that the chargino will travel a distance d without decaying, given by

P(d) = exp
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We carry out our simulation and analysis within a specific framework containing such a
particle, where the usual Standard Model field content is supplemented with a new vector-
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For recent work on long-lived electrically charged particles at the LHC, see [7, 8].

– 3 –

jet

c⌧ ⇠ 7 mm

disappearing tracks

FCC-hh vs. Higgsino Dark Matter

8yy eyy dyy 3yy Nyy Ryyy RRyy Rkyy Rjyy R9yy
*?�`;2/ T�`iB+H2 K�bb m� U:2oV

k

8

Ry

ky

c�
UK

K
V

L4
jyyy

7#
�

1X
p

T
,j

1 ,
/E

T
,p

T
,i`

�
1

h2o
-
0


|⌘
|

2

9

Ry

jy

Ryy

Ryyy

Ryyyy

kyyyyy
kyyyyy

1z2+iBp2 +`Qbb b2+iBQM U7#V 7Q` Ry 2p2Mib ! `4Ry +K- 6**@??

(a)

8yy eyy dyy 3yy Nyy Ryyy RRyy Rkyy Rjyy R9yy
q2�F /Qm#H2i K�bb m� U:2oV

R

k

8

Ry

ky

c�
UK

K
V

L4
jyyy

7#
�

1-
p

T
,j

1 ,
/E

T
,p

T
,i

r
�

1
h2o

-
0


|⌘
|


2

R

Ry

8y

kyy
8yyRyyy

LmK#2` Q7 2p2Mib �M/ 6**@?? b2MbBiBpBiv ! `4Ry+K

k� HBKBi
8� HBKBi

(b)

Figure 5: Results of conventional analysis: (a) E↵ective charged particle production cross
section (definition in text) required in order to obtain 10 disappearing charged track events
in conventional analysis at r = 10 cm, and (b) number of disappearing charged tracks
and sensitivity, normalized to the NLO pair-production cross section of a weak-doublet
fermion with Dirac mass m� and nominal decay length c⌧ . The plots are for a pp collider
at

p
s = 100 TeV with 3000 fb�1 of integrated luminosity. The c⌧ corresponding to a pure

Higgsino state is shown as a dotted line. Superimposed onto the right panel (grey shaded
region) is the FCC-hh sensitivity in this channel for a 50% background systematic, with
the estimated uncertainties in the 5� (2�) contours shaded in blue (green).

a 100 TeV pp collider with 3000 fb�1 of integrated luminosity. In both cases the c⌧ for a
pure Higgsino state is shown as a dotted line.

Converting a number of tracks to a discovery/exclusion significance requires some
knowledge of the size of SM backgrounds to this process. There are no real backgrounds
satisfying the analysis criteria. Fake backgrounds consist of interacting hadron tracks,
leptons failing identification criteria at low track pT , and tracks with mismeasured pT due
to “a high density of silicon hits, hadronic interactions and scattering”[25] at large track
pT . These fakes are not well-described by Monte Carlo simulations at the LHC at 8 TeV
centre-of-mass. Instead, their pT spectra are fit to data in a ‘control’ region and subtracted,
rendering their extrapolation to 100 TeV rather di�cult. In addition their composition and
spectra are characteristic of the particular detector in which they are measured (ATLAS in
this instance), and a naive extrapolation to a hypothetical detector for a 100 TeV hadron
machine, with unknown properties, would be crude at best. Nevertheless we will make some
attempt to do this. First, we assume that the fake backgrounds at FCC-hh have a similar
composition and are again dominated at high track pT by the mismeasured hadronic tracks
satisfying the ATLAS 8 TeV disappearing track selection. We assume the hadronic fakes
satisfying our modified selection criteria retain the same scaling with track pT as the original
(p�a

T,track with a = 1.78 ± 0.5), with a floating overall normalization that parametrizes our
uncertainty. This normalization constant can be estimated using the scaling of some chosen
process with centre-of-mass energy. Previous works [5, 6] used Standard Model (Z ! ⌫⌫)
plus jets, the rate for this process scales with the product of the quark and gluon PDFs.
In order to be maximally conservative, we will also show the outcome using the scaling
of SM multijets, with large fake MET. This is glue-glue-initiated, and hence grows faster
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The hunt for the natural spectrum
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Even with squarks removed from spectrum gluino 
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Heavy W prime

Projection assumes narrow width approximation from early Run-2 analyses.

• Studied dependency on uncertainty evolution

Heavy resonances at future colliders: the higher the energy, the better… 

| DISCRETE18 | Federico Meloni, 28/11/2018

Search in tb channel
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 Non-resonant model

Dark Matter searches

Foreseen by full theories as SUSY but also 

searched with ‘simplified models’

Strategy: search for associated production with one of many SM tags: 

• jet, photon, Z, single/double top, bottom, Higgs

| DISCRETE18 | Federico Meloni, 28/11/2018

Dark matter searches at HL-LHC (I) 

3/07/2018 Monica D'Onofrio, Durham 

}  m 

June 18th, 2018 A. Albert - HL/HE-LHC DM overview 2

Dark Ma�er at the LHC

Like Drell-Yan Like Higgs (Yukawa!)

Spin-0 mediatorSpin-1 mediator

DMDM

Simpli4ed models with few free parameters:

m
med,

 m
DM

, mediator-quark coupling, mediator-DM coupling

Search for associated produc�on with one of many SM tags:

Jet, photon, Z, single/double top, b, H

Simplified models with few free parameters: 
 
mmed, mDM, med-quark coupling, med-DM coupling  
 

Strategy: Search for 
associated production 
with one of many SM 
tags: Jet, photon, Z, 
single/double top, b, H 

The classic: monojet  

June 18th, 2018 A. Albert - HL/HE-LHC DM overview 4

Monojet
● At least one jet pT > 250 GeV

● Δφ(jet,MET) >~ 0.4

● MET >~ 250 GeV

W(lD)+j, lepton lost

Z(DD)+j signal like

Low end of search region

de4ned by trigger
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June 18th, 2018 A. Albert - HL/HE-LHC DM overview 5

Monojet projec�ons CMS

● Analysis on DELPHES 14 TeV samples, PU0

● Thresholds, selec�on like Run-II

● Background processes like Run II → Z and W

● Extended binning 

Last bin in Run II

Extend for PhaseII

CMS-PAS-FTR-16-005

June 18th, 2018 A. Albert - HL/HE-LHC DM overview 6

 

2016 2016

Monojet projec�ons CMS

Pseudo

scalar

Axial-

vector

● Standard DMWG coupling scenarios

● Bo�om line: Systema�cs ma�er for mass exclusion

● (Already signi4cantly reduced during RunII wrt to “current”)

CMS-PAS-FTR-16-005

ATLAS update for 
Yellow Report in 
progress 

28 
Mono-top+MET

Mono-Z+MET

CMS-PAS-FTR-18-007ATL-PHYS-PUB-2018-024



Page 26

Four top quarks in 2HDM+a

2HDM+a models are considered

• type-II coupling structure

• the lightest CP-even state of the 
Higgs-sector, h, can be identified 
with the SM Higgs boson 

Select at least two leptons with the 
same electric charge or at least three 
or more leptons

• Potential observations for a range of
masses and mixings

• Adding the fully hadronic, semi-
leptonic can further improve

| DISCRETE18 | Federico Meloni, 28/11/2018

Search in multi-lepton channel

ATL-PHYS-PUB-2018-027 
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Complementarity with Direct Detection

Recasting a di-

lepton search 

for DM+top
quark pairs

• Search for 

scalar/pseu

doscalar

mediator 

decaying to 

invisible

• Yukawa-like 

interactions

| DISCRETE18 | Federico Meloni, 28/11/2018
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Dark matter at the FCC-hh

Assume wino-like DM particles

• Extrapolation of mono-jet and disappearing track searches are expected to 
start covering the multi-TeV range

• Higgsino-like sensitivity just below the TeV

| DISCRETE18 | Federico Meloni, 28/11/2018
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Figure 21: Left: The mass reach for the pure wino in the monojet channel with L = 3 ab�1

for the 14 TeV LHC (blue) and at 100 TeV (red). The bands are generated by varying
the background systematics between 1 � 2% and the signal systematic uncertainty is set
to 10% [68]. Right: The mass reach in the pure wino scenario in the disappearing track
channel with L = 3 ab�1 for the 14 TeV LHC (blue) and at 100 TeV (red). The bands
are generated by varying the background normalization between 20 � 500% [68].

4.2.1. Pure Wino
The pure wino has nearly degenerate charged and neutral states. The

pair production of the chargino proceeds via Drell-Yan production through
an s-channel Z/�⇤, while the production of a chargino/neutralino proceeds
through an s-channel W . The charginos decay to the neutralino and a soft
pion.

The mass reach in the monojet channel for a pure wino is shown in Fig. 21.
The dominant uncertainty in the reach comes from the systematics of the
background, which is varied between 1�2%, generating the bands in the plot.
Naively scaling by total event rates the systematics from current ATLAS
studies [69] (see Ref. [70] for the CMS study) would yield 0.5% for 3 ab�1,
but this is clearly overly optimistic. Choosing the systematic error ⇠ 1� 2%
as we have done may also be optimistic, but it sets a reasonable benchmark,
and underscores that minimizing these systematics should be a crucial factor
taken into account in the design of the 100 TeV detectors. Given the same
integrated luminosity, the monojet search increases the reach relative to the
LHC by nearly a factor of 5, as shown in the left panel of Fig. 21 .

Due to the tiny mass splitting �m = 166 MeV between the chargino and
the neutralino, the decay lifetime can be long. The resulting disappearing
track is a very distinctive signal in this case. Since the dominant background
for a disappearing track search would be mis-measured low-pT tracks, we
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Summary

Several SM shortcomings require investigations that are expected to extend
beyond the scope of the LHC.

I have presented some examples highlighting the reach of:

• Crucial SM precision measurements

• Direct searches for BSM phenomena

in the context of a variety of (possible) future collider facilities.

Other 50+ years of interesting physics lie ahead!

| DISCRETE18 | Federico Meloni, 28/11/2018
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