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Searching for new physics: what  

Monica D'Onofrio, Durham 

“Exotics” 

3/07/2018 

2010: clear guidance for the 
LHC: EWSB and the Higgs 
boson, and we discovered it… 

Today: Evidence of NP BSM (Dark Universe, neutrinos, baryogenesis..) 
 

… but not of where/what BSM is !  
 

à  arguments as naturalness/tuning possibly pushed to boundaries  
à  precision tests perfectly healthy (so far), no need for NP at the EW scale 
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Searching for new physics: what  

Monica D'Onofrio, Durham 

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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Searching for new physics: where 

Monica D'Onofrio, Durham 

}  LHC (and future pp colliders) offer a 
unique place where to look directly 
for new particles:  

}  possibility to search for excesses in 
number of events in a plethora of 
kinematic regions and for resonances 
from new heavy particles  
    [The main focus of this talk]  

}  perform precision measurements of 
SM parameters à Each deviation 
could be an hint of new physics!   
     [not really covered here] 

3/07/2018 

}  Other colliders/experiments give alternative but fundamental opportunities:  
}  hidden sector particles (NA62), precision measurements leading to loop-induced 

deviations (g-2, EDM); LFV experiments (m2e, m3e); BC experiments for ALPs. @ 
colliders: EWK SUSY, Higgs precision (ee), LQ and contact interactions (ep), and more 
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 Why colliders 

3/07/2018 Monica D'Onofrio, Durham 

 

}  access a WIDE and BROAD exploration potential à target well 
justified BSM scenarios but also have sensitivity to the unknown 

}  guarantee flexibility à if (indirect) hints of NP arise somewhere, need 
to be able to re-direct efforts   

}  guarantee deliverables à if not a discovery, precision measurements!  
}  have the potential to provide conclusive and quantitative answers to 

the relevant questions    

Physics at Colliders fulfill all of the above conditions so it is 
mandatory to guarantee a continuous progression in this 

direction with sufficient complementarity     

Tevatron/HERA/LEP  à  LHC à HL-LHC à Again pp/(ep)/ee ?  
(fermiscale)                                (Terascale)                       (multi-Terascale) 
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HL-LHC 
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}  14 TeV com energy, 2025-2038, up to 3000 or 4000/fb  (300/fb for LHCb) 
}  The only one really approved, on which most studies have been made 

}  ATLAS, CMS and LHCb detectors upgrade well on-going  
}  Start time 2025  
}  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  

}  WG3 (=BSM) has more than 80 contributions foreseen  
}  Half and half between experiments and theorists  

Section 1: Intro and review 
Section 2: SUSY 
Section 3: DM 
Section 4: LLP 
Section 5: Dark sectors 
Sections 6 and 7: Resonances, VLQ (to be 
decided on possible merging)  
Section 8: Flavor-related and Miscellanea  

HE projections studies also included  

https://twiki.cern.ch/twiki/bin/view/
LHCPhysics/HLHEWG3 
 

Conveners: MD (ATLAS) Keith Ulmer (CMS), Xabier 
Vidal (LHCb), Riccardo Torre (TH), Paddy Fox (TH)  



Status of WG3 document so far 
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}  113 pages, theoretical contributions only, experimental results in 
preparation for september  
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Other (future?) “colliders” 
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}  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 
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 outline  
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}  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 
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New resonances (and high pT searches) 

     Where high luminosity and high center of mass energy 
help the most 

•  Sensitive to many BSM scenarios  
Heavy higgses (A/H), Extra-dimensions, new gauge bosons… without 
mentioning the role of dijet searches for DM 
 

•  Consider all relevant combinations of final state objects 

•  Example of flexibility/synergy: strong focus on 3rd generation: 
can help explaining anomalies in B-sector and beyond 
à Leptoquarks, Z’, W’   



Reach with HL-LHC: Z’ àttbar 
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}  Resolved and boosted top systems  
}  Large R-jets considered  
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(a) Resolved Electron Channel.
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(b) Resolved Muon Channel.
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(c) Boosted Electron Channel.

 [TeV]
tt

m
0 1 2 3 4 5 6 7

E
v
e
n
ts

1

10

210

310

410

510

610

710

810

910

1010
 50)× σ = 2 TeV (Z’m

 50)× σ = 3 TeV (Z’m

 < 1.1 TeV)
tt

 (truth mtt

 > 1.1 TeV)
tt

 (truth mtt

W+jets

single top

Z+jets

 = 14 TeVs

-1
 L = 3000 fb∫

ATLAS Simulation Preliminary

 

(d) Boosted Muon Channel.

Figure 1: The reconstructed mass spectrum of tt̄ pairs selected from signal and background events with 3000 fb�1

of simulated
p

s = 14 TeV p-p collisions. The background normalisations are obtained from the theoretical cross
sections. Standard Model tt̄, W+jets, Z+ jets and single top evenst are included. The cross sections of the signal
samples, Z’ (2 TeV) and Z’ (3 TeV), are multiplied by 50 for visibility and shown on the boosted channel plots.
These signals are not visible in the resolved channel, so a Z’ (1 TeV) sample is shown on the resovled channel plots,
with its cross section multiplied by 50.

8

(a) Upper cross section limits for 300 fb�1. (b) Upper cross section limits for 3000 fb�1.

Figure 2: The expected upper limits set on the cross section ⇥ branching ratio of the Topcolour Z’ boson for masses
1-7 TeV, with 300 fb�1 (a) and 3000 fb�1 (b) of simulated

p
s = 14 TeV p-p collisions. The theoretical signal cross

section intersects with the 300 fb�1 limits line at ' 3 TeV and with the 3000 fb�1 line at ' 4 TeV. We can expect to
exclude this resonance for m

Z

0 < ⇠3 TeV after Run 3 and m
Z

0 < ⇠4 TeV after HL-LHC.

9

Reach: beyond 4 TeV (1 TeV gained with HL-LHC) 
 

ATL-PHYS-PUB-2017-002 
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Reach with HL-LHC: W’àtb 

3/07/2018 Monica D'Onofrio, Durham 

}  Projections performed – 
assuming NWA using 2015 
and 2016 analyses  

Introduction

69

Projections
Projections

Again, dependence on assumptions on 
uncertainties 

 CMS DP016_064  

“no” unc. 

Reach: beyond 4 TeV 
For W’ in eν and µν à reach up to 7 TeV  
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Reach with HL-LHC: Z’àll 

3/07/2018 Monica D'Onofrio, Durham 

}  ATLAS  
}  Search in the ee and µµ final states 

using MC truth + smearing  
}  Exclusion limits shown in LAr TDR  
}  Also plans for property studies  

}  CMS (CMS-PAS-EXO-14-007) 
}  Study ee final state  
}  Existing full sim property study 

using AFB in 2014  
à updates on the possibility to 
characterize signals being followed up 
by ATLAS and CMS and for HE-LHC 

Z’�ℓℓ

ATLAS
Studying ee and µµ final states 
using MC truth + smearing

Exclusion limits shown in LAr TDR
Plan to show exclusion and 
discovery limits for various Z’ 
models for √s = 13, 14, 15, 27 TeV
Also plans for property studies

CMS (CMS-PAS-EXO-14-007)
Study ee final state
Existing full sim property study 
using AFB in 2014

No plan to update results

20/06/2018 Monika Wielers (RAL) 5

cosq, |yee|

Z’�ℓℓ

ATLAS
Studying ee and µµ final states 
using MC truth + smearing

Exclusion limits shown in LAr TDR
Plan to show exclusion and 
discovery limits for various Z’ 
models for √s = 13, 14, 15, 27 TeV
Also plans for property studies

CMS (CMS-PAS-EXO-14-007)
Study ee final state
Existing full sim property study 
using AFB in 2014

No plan to update results

20/06/2018 Monika Wielers (RAL) 5

cosq, |yee|
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For Z’àee, exclusion up to 6.4 TeV, 
discovery reach ~ 5.9 TeV 

ATLAS and CMS 
update for Yellow 
Report in progress 



The (far) future 

3/07/2018 Monica D'Onofrio, Durham 

}  Clearly, the higher c.o.m. energy, the better 
}  If nothing is found by HL-LHC, only option for direct observation 
}  @100 TeV collider would increase the reach of a factor 10 with full dataset 

(30/ab) [question: to discover an m=6-10 TeV new particle produced via gluon-
fusion, do we wait for FCC-hh or is HE-LHC enough? What do we need?] 

Z’àll 
Graviton in WW 
 

On the optimistic side: if deviations are observed in Run 3, HL-LHC will allow to study new 
physics properties with high statistics in characteristic distributions, e.g. AFB.  

14 



Indirect constraints on Z’  

3/07/2018 Monica D'Onofrio, Durham 

}  If mZ’>>5 TeV, main contributions from interference effects modifying DY  
}  HL-LHC can do a lot à but need very precise predictions of SM DY – again PDF! 
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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 Z0s 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 0s 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 Z0, 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 0s 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 0s. 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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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 0s 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 Z0, 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 0s 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 0s. 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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FIG. 2. Left panel: Ratio of the dilepton invariant mass distribution in the Z0 model to the SM. The solid lines are calculated
using the full model of Eq. 1, while the dashed lines are calculated using the EFT of Eq. 5. In the gray region, there are 3
expected SM events with a luminosity of 3 ab�1. Right panel: Systematic theoretical uncertainties used in our analysis. We
also show the size of the statistical uncertainty associated to the SM prediction.

ied in [40–49]. These Minimal Z 0 Models are defined by
the requirement that the new U(1) vector boson gauges a
linear combination of the hypercharge (Y ) and the di↵er-
ence between baryon and lepton number (B�L) currents.
This ensures that the model is anomaly free as long as
right-handed neutrinos are present. The gauge structure
also ensures flavor universal interactions for the new vec-
tor field.

The Lagrangian describing the interactions of the new
vector boson Z can be written as

L =�1

4
Z2

µ⌫+
M2

2
Z2

µ�Zµ(gY J
µ
H+gY J

µ
Y +gBLJ

µ
BL) , (1)

where Jµ
Y =

P
f Q

(f)
Y f̄�µf and Jµ

BL =
P

f Q
(f)
BLf̄�

µf are
the fermionic hypercharge and B � L currents, respec-

tively, and Jµ
H ⌘ iQ

(H)

Y (H†DµH � DµH†H). The SM
field charges QY and QBL are shown in Table I. The cou-
plings gY and gBL define the strength of the interactions
between the Z boson and the respective currents.

The spectrum contains three neutral vector bosons: a
massless photon and two massive vectors, to be iden-
tified with the Z boson and the heavy Z 0. When
gY 6= 0, the coupling between Z and the Higgs bo-
son current leads to a mixing between the Z boson and
Z. Their masses are approximately given by mZ ⇡
gZv/2 ⌘ mZ0 and mZ0 ⇡ M with g2Z ⌘ g02 + g2

2

and
v = 246GeV. Corrections to this equations are small, of
order (g2Y /g

2

Z)(m
2

Z0
/M2), which is also the typical size of

the corrections to electroweak observables. In terms of
the gauge eigenstates B, W

3

, and Z,

Z = cos↵Z
0

� sin↵Z, Z 0 = sin↵Z
0

+ cos↵Z , (2)

where Z
0

is the unperturbed Z boson wave function Z
0

/
g
2

W
3

� g0B and

tan 2↵ =
2gY /gZ m2

Z0

M2 �m2

Z0
(1� g2Y /g

2

Z)
⇡ 2

gY
gZ

m2

Z0

M2

. (3)

f H `L eR qL uR dR

QY 1/2 �1/2 �1 1/6 2/3 �1/3

QBL 0 �1 �1 1/3 1/3 1/3

TABLE I. Hypercharge and B � L charges.

The coupling of the physical vector bosons to SM
fermions are

Jµ
Z = cos↵Jµ

Z0
�sin↵Jµ

Z

, Jµ
Z0 = sin↵Jµ

Z0
+cos↵Jµ

Z

(4)

where Jµ
Z0

is the Z boson current in the SM, Jµ
Z0

=

gZ
P

f f̄�
µ(T

3L�sin2 ✓WQ)f , and Jµ
Z

= gY J
µ
Y +gBLJ

µ
BL.

At energies E ⌧ M the physics described by Eq. 1 is
captured by an E↵ective Field Theory (EFT) obtained
by integrating out Z. At leading order in 1/M this is
given by

LEFT = � 1

2M2

(gY J
µ
H + gY J

µ
Y + gBLJ

µ
BL)

2

. (5)

In the left panel of Fig. 2 we show the ratio of the
dilepton invariant mass distribution in the presence of
a Z 0 to the SM, and compare the results obtained from
the full theory in Eq. 1 to the EFT of Eq. 5. The two
calculations agree for invariant masses within the reach
of the LHC, when the Z 0 is heavy and not too wide.
Existing bounds and projections.— In our analysis we

consider two kinds of constraints on Minimal Z 0 Models.
The first set comes from low energy measurements, in-
cluding constraints from LEPI and LEPII [58, 59]. These
can be evaluated using the low energy Lagrangian in
Eq. 5, and depend on the parameter combinations gY /M
and gBL/M . We extract these bounds from the global fit
in [60].
The second set of constraints comes from the LHC

measurements of the dilepton invariant mass distribution

4

FIG. 4. Left panel: 95% CL lower bound on M/R as a function of m`` cut, for three example models, defined by specific
choices of ✓ (see Fig. 3). Right panel: 95% CL lower bound on M/R for the hypercharge model (✓ = ⇡/2) as a function of
m`` cut. We show how the bound di↵ers using two di↵erent choices for the total integrated luminosity (300 fb�1 and 3 ab�1) and
switching o↵ the theoretical uncertainty on higher order EW corrections.

is dominated by the statistical uncertainty.
It is natural to ask how the bounds on a given Z 0

model, obtained from the full theory in Eq. 1, compare
with those extracted from the EFT of Eq. 5. Using
the hypercharge model as a benchmark, Fig 5 shows the
95% CL upper bound on the coupling gY , using the full
model in Eq. 1. We compare to the exclusion obtained
from the EFT, where we choose either m`` cut = 1 or
m`` cut = M � 2.5⇥ �Z0 .

Fig. 5 shows that for small enough M . 5.5TeV,

103 30
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FIG. 5. Comparison between the 95% CL upper bound on
gY extracted using the EFT of Eq. 5, with m`` cut = M �
2.5⇥�Z0 , and the full model Eq. 5. The two bounds agree for
masses 5.5TeV . M . 25TeV. For smaller M , the EFT does
not capture on-shell Z0 production and the bound extracted
from the full model is much stronger. At larger masses and
couplings, finite Z0 width e↵ects, which are not included in the
EFT calculation, become important and lead to a weakening of
the bound in the full model. The gray region shows the region
which is excluded by low energy measurements.

the EFT bound is much weaker than the one obtained
from the full model. In this region, the cross section is
dominated by on-shell pp ! Z 0 production, followed by
Z 0 ! `+`� decay. The bound in this region approxi-
mates the reach of bump hunt searches, and we find a
result consistent, within a factor of 2 in cross section,
to prior bump-hunt studies [35, 38]. At larger masses,
the bound on gY agrees when using the full model ver-
sus the EFT. The agreement stops around M ⇠ 25TeV
and gY /gZ & 2.5. At large coupling, the Z 0 width is cor-
respondingly larger and �Z0/M corrections become im-
portant. These lead to a cancellation in the size of the
deviation from the SM prediction (see the red curve in
Fig 2).

Here we have focused on 2� exclusions. When M &
5.5 TeV, we find that a 5� discovery is not possible at at
the LHC, given LEP bounds. However it is possible to
have a signal with 3� significance. Additional 95% C.L.
projections for a pp collider with a larger center of mass
energy (27 and 100TeV) are shown in the Appendix.

Conclusions.—In this letter we have shown that pre-
cision measurements of the shape of the dilepton invari-
ant mass spectrum have broad reach to probe o↵-shell
Z 0s, extending the mass reach of direct searches. Un-
like bump hunts, o↵-shell interference is insensitive to
the presence of other decay modes. Our results only rely
on the invariant mass distribution, but it would be in-
teresting to explore how much sensitivity is gained by
also using angular information. We have demonstrated
significant reach for Z 0s, after a careful accounting of the-
oretical uncertainties. In order to fully realize this reach,
our results motivate a concerted e↵ort to control experi-
mental uncertainties in energetic dilepton tails. The LHC
may retain significant power, even if new physics is too
heavy for direct production.



Other resonances: di-higgs 

3/07/2018 Monica D'Onofrio, Durham 

}  NP in the higgs sector can manifest in various ways 
}  E.g.: heavy particles decaying into higgs  
}  Very recent result from CMS released for the HL-LHC Yellow Report HH�4b

CMS (CMS-PAS-FTR-18-003)
New result!
Look at VBF HH channel

VBF signature has higher significance 
w.r.t. to presently studied s-channel

See talk by Devdetta Majumber
ATLAS (CERN-LHCC-2015-020)

Old truth+smearing-based study of 
G*KK→HH production 

bb-system from H highly boosted
Exclude G*KK→HH for m < 2.2 TeV 

Update analysis
Improved selections
bootstrap bkd estimate from Run 2

20/06/2018 Monika Wielers (RAL) 9

VBF signatures: very good potential at HL-LHC 
 
Search for di-higgs resonance in the 4b channel 
à Substructure + boosted b-tagging helps to 

suppress large QCD multijets background.  
à Bump-hunt on mJJ (J = Large R jet from hàbb) 
   

VBF search: Motivation

20June2018 D. Majumder/ HE-HL LHC Workshop/ CERN 5

Figure 4.4: Composition of the Gjj production cross section in sub-channels. The continuous
curves stand for the RS1 scenario, where brown stand for the VBF-only component and red
for the associated production with an hadronic vector boson. The dashed line stand for the
VBF-only component in the bulk scenario.

Figure 4.5: Branching fractions of G⇤. Left: RS1 scenario. The symbol q stands for the sum
of light quarks (u, d, s, c, b), while l represents the sum of the three flavors of leptons (e, µ, ⌧)
or neutrinos. Right: Bulk scenario comparing two hypothesis of fermion embedding. The
branching ratios are independent of k parameter.
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Branching fraction to HH depends on mass:
~ 10% for high masses

VBF production cross section about 1/10 
of gluon-gluon fusion cross section

A. Oliveira arXiv:1404.0102

Searching for a resonance X->HH in the 4b final 
state:
- Largest Higgs boson branching fraction: ~58%
- Substructure + boosted b-tagging helps to

suppress large QCD multijets background.

Brand new search: Not done in Run 1 or 2.
Highlights the possibilities of the HL-LHC physics programme.
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Background estimation

20June2018 D. Majumder/ HE-HL LHC Workshop/ CERN 13
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qWe perform a “bump hunt” using the background and the 
signal mJJ shapes.

v An actual background estimation technique should be able to 
predict both the shapes and the yields of the background.

v Used in CMS analyses: B2G-16-026 B2G-17-019Results

20June2018 D. Majumder/ HE-HL LHC Workshop/ CERN 15

q With 3 ab-1, we can reach a sensitivity of up to four for very massive 
resonances decaying to HH.

q Expect even greater improvements from jet substructures, b-
tagging.
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New from CMS for 
Yellow Report  



Follow the anomalies ? 

3/07/2018 Monica D'Onofrio, Durham 

}  B-physics anomalies could be explained by LQ-like or Z’-like mediators   
}  TeV-scale and 3rd generation favored  

}  LQ could also explain g-2  

17 



LQ: à τ + b and beyond 

3/07/2018 Monica D'Onofrio, Durham 

}  Projections for HL-LHC not yet available, but likely to cover part of 
the interesting phase-space regions 
}  ~2.9-3 TeV in mass, according to back-of the envelope extrapolations   

Pure 3G (scalar) LQ are not the only option: 
 

à Mixed generation LQ models have also 
been proposed to explain LFV anomalies 

à Left-, right- handed muons-top coupling 
could explain g-2 (arXiv:1612.06858) 

(e.g. see A. Crivellin talk at Moriond 2018) 
 

àCMS HL-LHC studies and projections 
expected for September 

  

18 

Note: depending on mixture and mass, studies 
could be also possible at e-p (limited by c.o.m energy) 

ATLAS and CMS 
update for Yellow 
Report in progress 



 
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 



SUSY @ HL-LHC: strong sector 

3/07/2018 Monica D'Onofrio, Durham 

}  In strong production, can push the reach to much higher masses  
}  Question: is this sufficient to exclude natural SUSY? Probably not  

}  With HL-LHC, gain several hundred GeV in discovery potential for 
pair-produced gluinos or squarks (including stop).  

}    ATL-PHYS-PUB-2014-010 

Large uncertainties from PDF à improvements expected with 
LHC data and, possibly, new facilities (LHeC)  
 

Analyses being re-assessed:  
Exp. gluino reach up to 3 TeV  

M(stop) can range up to 3 TeV with little cost 
to naturalness. HL-LHC Stop reach: 1.4-1.5 
TeV (1.9 TeV with new analyses, but for 
compressed scenarios ~ 700 GeV) 

Baer et al., EPJC77 (2017) 499 

ATLAS update 
for Yellow Report 
in progress 
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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 



SUSY @ HL-LHC: challenging scenarios (stop) 

3/07/2018 Monica D'Onofrio, Durham 

}  Target compressed scenarios and use ISR jets 
}  mT2 as discriminating quantity, 2l + 2b + MET 

}  Not simple to target those! 

ATL-PHYS-PUB-2016-022 

1 Introduction

Supersymmetry (SUSY) [1–6] is one of the most studied extensions of the Standard Model (SM). It
predicts new bosonic partners for the existing fermions and fermionic partners for the known bosons. If
R-parity is conserved [7], SUSY particles are produced in pairs and the lightest supersymmetric particle
(LSP) is stable, providing a possible dark matter candidate. To address the SM hierarchy problem [8–11],
TeV-scale masses are required [12, 13] for the supersymmetric partners of the gluons (gluinos, g̃) and the
top quarks (top squarks, t̃) [14, 15]. The SUSY partners of the charged (neutral) Higgs and electroweak
gauge bosons mix to form the mass eigenstates known as charginos, �̃±l , l = 1, 2 (neutralinos, �̃0

m ,
m = 1, . . . , 4) where the increasing index denotes increasing mass. The scalar partners of right-handed
and left-handed quarks, q̃R and q̃L, mix to form two mass eigenstates, q̃1 and q̃2, with q̃1 defined to be the
lighter of the two.

Searches for direct pair production of the lightest top squark mass eigenstate (t̃1) have been performed
by the ATLAS [16–20] and CMS [21–26] collaborations. Searches for t̃1 ! t �̃0

1 have little sensitivity to
scenarios where the lightest stop is only slightly heavier than the sum of the masses of the top quark and
the �̃0

1, due to the similarities in kinematics with SM top quark pair production (tt̄). This family of models
has been directly targeted with the analysis of spin correlations of tt̄ events in dileptonic final states [17],
or with ISR-based selections [20], excluding at 95% CL top squark masses between the top quark mass
and 191 GeV and between 230 GeV and 380 GeV.

This note presents the expected discovery and exclusion reach for top squark pair production in R-
parity conserving SUSY models analysing up to ⇠3000 fb�1 of proton–proton collision data at the High
Luminosity LHC (HL–LHC) with

p
s=14 TeV. The top squark pairs are assumed to decay via t̃1 ! t �̃0

1, as
shown in Figure 1, with both top quarks decaying leptonically. This choice is motivated by the interest in
performing measurements of possible new phenomena exploiting this final state. Models with compressed
mass spectra are targeted, complementing the prospects presented in [27].

t̃

t̃
p

p

�̃0
1

t

�̃0
1

t

Figure 1: Diagram of the t̃1 pair production process with t̃1 ! t �̃0
1 considered in this analysis prospect.

1.1 The LHC and HL–LHC

In the present data-taking period, the LHC will collect ⇠100 fb�1 of proton-proton collisions with an
instantaneous luminosity of ⇠1⇥1034 cm�2s�1 and an average number of collisions per bunch crossing
of hµi ⇠ 25. A second long shutdown (LS2) will follow, during which the injection chain is foreseen
to be modified to allow for instantaneous luminosities up to ⇠2⇥1034 cm�2s�1. The average number of

2
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Figure 2: Distributions of Emiss
T (left) and the leading ISR jet pT (right) for events passing the m`` ,

min{��(jetISR, E
miss
T )} and ��(jetISR1, Emiss

T ) requirements described in Section 4 and with Emiss
T >300 GeV.

The contributions from all SM backgrounds are shown, and the hashed band represents the statistical uncertainty
on the total SM background prediction. The expected distributions for signal models with mt̃1 = 350 GeV and
mt̃1 = 700 GeV are also shown as dashed lines for comparison.
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Figure 3: Distributions of mT2 for events passing all SR selection requirements, except that on mT2 itself. The
contributions from all SM backgrounds are shown, and the hashed band represents the statistical uncertainty on
the total SM background prediction. The expected distributions for signal models with mt̃1 = 350 GeV and
mt̃1 = 700 GeV are also shown as dashed lines for comparison.

5 Expected Sensitivity

Table 2 shows the expected yields in the SR for each background source, together with two benchmark
signal models.

7

Direct stop pair production with 
compressed mass spectra  

19 

Scenario with low stop-neutralino mass difference  
 
Project sensitivity of 2-lepton channel (needs 
luminosity), key to study stop properties (e.g. spin). 
Signature: 2 leptons + 2 b-jets + MET 

Discovery reach  
500GeV@3/ab 

Compressed mass spectra 
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Marco Rimoldi- AEC-LHEP Universität Bern, Bern, Switzerland

The sensitivity to top squark pair production is expected to increase in the High Luminosity Phase of the LHC, in
particular in the compressed mass spectra.

• Two	SUSY	particles:
stop	!"# and	
its	daughter	neutralino $%#&

• Mass	difference
between	the !"#	and	the	 $%#&
is	about	the	mass	of	the	top	quark

m2
T2(~p

l1
T , ~p l2

T , ~pmiss
T ) = min

~p miss1
T +~p miss2

T =~p miss
T

max(m2
T (p

l1
T , ~p miss1

T ),m2
T (p

l2
T , ~p miss2

T ))

Signal	Region	(SR)	optimised for	DISCOVERY with	cut	and	count	approach.
Small mass splitting between stop and neutralino implies that top quarks are produced with very small momentum.
Select event where the stop-stop system recoil of at least one energetic ISR jet to enhance the missing transverse
momentum.
• Stop System: defined by the two OS leptons plus the two leading b-jets in the event.
• ISR	System	composed	by	all	the	other	jets.

The final discriminant variable is the stransverse mass (mT2).
Most of SM Backgrounds bound by the W mass, while signal extend above that.

Signal Region Selection
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Simplified Model

• Two	Isolated	Leptons
(electrons	or	muons)with	opposite	electric	charge.

• Large Missing Momentum (ETmiss).
• Analysis	done	on	simulated	data (3000	fb-1)	using	

a smearing	function	to	mimic	the detector response.

()*+,,

Signature and Detection
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Results

Cut-and-count, optimized for discovery 

ATLAS update on stops in progress 
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SUSY@ HL-LHC: EWK sector   

3/07/2018 Monica D'Onofrio, Durham 

}  EWK SUSY fundamental e.g. for DM  

}  HL-LHC dataset has the potential to increase the 
sensitivity to EWK SUSY enormously  

}  HE-LHC at 27 TeV can lead to a ~2x increase of signal 
xs for sub-TeV EKW-inos 
}  But unclear if it is really an advantage  

}  Sensitivity strongly depends on EWK-inos composition 
and consequent decay 

}  Decays via higgs very challenging 

 

Low cross section  Direct Production of Chargino        
and Neutralino         decaying to Wh  
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Signature: 
• Chargino to W (leptonic) = clear signature 
• Neutralino to h(bb) = large impact of 

upgraded detector design 
• Large MET 
Main background: W+jets, ttbar, single t, ttV  
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CERN-LHCC-2015-020 

Reference, middle, low – 
scenarios considered 
in ATLAS scoping 
document 
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Results depend on the PU conditions as 
well as on the approach  

ATLAS and CMS 
update for Yellow 
Report in progress 
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SUSY@ HL-LHC: EWK sector (II)   

3/07/2018 Monica D'Onofrio, Durham 

}  EWK SUSY fundamental e.g. for DM  

}  HL-LHC dataset has the potential to increase the 
sensitivity to EWK SUSY enormously  

}  HE-LHC at 27 TeV can lead to a ~2x increase of signal 
xs for sub-TeV EKW-inos 
}  But unclear if it is really an advantage  

}  Sensitivity strongly depends on EWK-inos composition 
and consequent decay 

}  Slepton production also very challenging  
}  E.g. current LHC stau results DO NOT provide constraints  

 

Low cross section  

Direct Production of stau Pairs 
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• 2 tau jets (hadronically decaying tau) 
• Large MET (from      ) 
Main background: W+jets, ttbar 

0
1
~F

AT
L-

PH
YS

-P
UB

-2
01

6-
02

1 

Selection: 2 OS taus, loose jet and Z-veto, MET>280 GeV 
Define signal region (SR) in mT(W1) + mT(W2) 

Precision of bkg 
impacts sensitivity 

Discovery reach  
430-520 GeV @ 3/ab depending on bkg 

Direct Production of stau Pairs 

17 

Assume 100% BR to SM tau and LSP. 
Signature: 

• 2 tau jets (hadronically decaying tau) 
• Large MET (from      ) 
Main background: W+jets, ttbar 

0
1
~F

AT
L-

PH
YS

-P
UB

-2
01

6-
02

1 

Selection: 2 OS taus, loose jet and Z-veto, MET>280 GeV 
Define signal region (SR) in mT(W1) + mT(W2) 

Precision of bkg 
impacts sensitivity 

Discovery reach  
430-520 GeV @ 3/ab depending on bkg 
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ATLAS and CMS 
update for Yellow 
Report in progress 

24 



SUSY@ HL-LHC: EWK sector (III)   

3/07/2018 Monica D'Onofrio, Durham 

}  SUSY higgsino-like scenarios also difficult (and very relevant for DM) 
}  Low x-section, compressed à decay products are soft/invisible  

 
 
 

}  And if you wonder about  
higgsino-DM and direct detection … 
 
  

 

Search for events with Higgsinos 
produced in association with an ISR jet 

Profit of additional charginos 
and neutralinos 

little sensitivity at the LHC for higgsino 
scenarios à new ideas coming in! 

DM DM

time

p,n p,n

Direct Detection 

⌫ background
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• Cirelli, Fornengo, Strumia  Nucl. Phys. B 753, 178 (2006) 
• Hill, Solon, Phys. Rev. Lett. 112, 211602 (2014) 
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Figure 1: (a) Diagram contributing to the anomalous Higgs boson vertices of the neu-
tralino and (b) box diagram contributing to the χ̃0–N scattering in the case of the wino-
like LSP.

4 Elastic scattering induced by one-loop effective ac-

tion

In the previous section, we discuss that the interactions responsible for the χ̃0–N scattering

are suppressed by the gaugino-Higgsino mixing or squark masses at tree level. However,

this is not true for the radiative corrections to the effective interactions if the dark matter

is wino- or Higgsino-like, because of the mass degeneracy between the LSP and its SU(2)

partner. In this section, we derive radiative corrections to the effective interactions in

Eqs. (2), (3) and (11), and it is found that some of them are only suppressed by the weak

gauge boson mass at most.

We first discuss the anomalous Higgs boson vertices of the neutralino and the box

diagram contributions involving the W bosons to the effective interactions for the case of

the wino-like LSP. The numerical result will be shown in the next section. For the case

of the Higgsino-like LSP, we present the explicit formula for the radiative corrections in

Appendix.

The gauge interactions of the wino-like neutralino and chargino are

Lint = −
e

sW

(

χ̃0γµχ̃−W †
µ + h.c.

)

+ e
cW

sW
χ̃−γµχ̃−Zµ + eχ̃−γµχ̃−Aµ . (33)

Here we ignore the mixings of the neutralinos and charginos for simplicity. These interac-
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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 4: The mass reach in the pure higgsino scenario in the monojet channel with L =

3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background systematics between 1 � 2% and the signal

systematic uncertainty is set to 10%.
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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.
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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-

1For 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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. (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-

1For recent work on long-lived electrically charged particles at the LHC, see [7, 8].
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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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systematic uncertainty is set to 10%.
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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.
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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

✓
� 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-

1For 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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. (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-

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

Most wanted after the higgs! 
 

Foreseen by full theories as SUSY but 
nowdays searched under ‘simplified 
models’ assumptions  

 
Complementarities with non-collider 
experiments to be exploited more  



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
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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 
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Dark matter searches at HL-LHC (II) 

3/07/2018 Monica D'Onofrio, Durham 

}  DM + heavy flavor: great potential, lot of studies in 
progress (CMS, ATLAS, theory) 

 
}  Also including DM + single-top 

}  E.g.: 
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Figure 9. Value of the signal strength that can be excluded at 95% CL as a function of the mass
for scalar (left) and pseudoscalar (right) mediators. The reach with 300 fb

�1 of
p

s = 14 TeV data
is given for a simple counting experiment assuming a 20% systematic background uncertainty (red
curves) and for 5-bin shape fits with both 30% (yellow curves) and 20% (green curves) errors.
A hypothetical shape-fit scenario based on 3 ab

�1 and 20% systematics is also shown (blue curves).

during LHC Run I. As expected from the shapes of the distributions in Figures 7 and 8,
the 5-bin likelihood fit provides a significant improvement over the counting experiment for
high-mass mediators irrespectively of their CP nature. The gain in sensitivity at lower mass
depends strongly on the assumption on the systematic uncertainty of the SM background.
For instance assuming a 20% systematics on the counting experiment and a 30% background
error on the shape fit, we find that the shape analysis will have larger discriminating power
than the simple cut-and-count strategy for M� & 300 GeV and Ma & 100 GeV with 300 fb

�1

of integrated luminosity. If the background for the shape fit can instead be estimated with
an error of 20%, including shape information is expected to be the superior strategy over
almost the entire range of considered masses. In fact, at the LHC with 3 ab

�1 of data
it should be possible to exclude spin-0 models that predict µ = 1 for mediator masses
up to around 400 GeV using the 5-bin likelihood fit employed in our study. The observed
strong dependence of the reach on the assumption on the systematic background uncertainty
shows that a good experimental understanding of t

¯

tZ production within the SM will be a
key ingredient to a possible discovery of DM in the t

¯

t + E

miss
T channel.

We also perform a hypothesis test between the scalar and pseudoscalar mediator hy-
potheses as a function of the mediator mass. Figure 10 shows the value of µ for which
the scalar hypothesis can be excluded at 95% CL in favour of the pseudoscalar one (blue
curve) and vice versa (red curve). Our statistical analysis is based on a 5-bin shape fit
of the |cos ✓``| distributions and employs standard maximum likelihood estimator tech-
niques (see for instance [64]) that are implemented in the RooFit/RooStat package [65].
From the figure it is evident that based on 300 fb

�1 of
p

s = 14TeV data and under the
assumption that the SM backgrounds can be determined with an uncertainty of 20%, it
should be possible to distinguish between the two CP hypotheses for masses M . 200 GeV
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Figure 8. Distribution of the |cos ✓``| variable after employing the full selection requirements as
specified in Section 5. The normalisation corresponds to the numbers of events expected for 100 fb

�1

at
p

s = 14TeV. The error bars indicate the errors on the generated MC statistics.

Our sensitivity study is performed in two ways. First by performing a simple counting
experiment and second by including shape information in the form of a 5-bin likelihood fit
to the |cos ✓``| distributions. The inclusion of shape information is motivated by the obser-
vation that the distributions of events as a function of the pseudorapidity difference of the
dilepton pair is different for signal and background. This feature is illustrated in Figure 8
which compares the predictions for a scalar (blue curve) and pseudoscalar (red curve) as-
suming M = 100GeV, m� = 1GeV and g� = gt = 1 with the SM background (black curve).

Given the presence of a sizeable irreducible background surviving all the selections,
the experimental sensitivity will be largely determined by the systematic uncertainty on
the estimate of the SM backgrounds. Such an error has two main sources: on the one
hand, uncertainties on the parameters of the detector performance such as the energy
scale for hadronic jets and the identification efficiency for leptons, and on the other hand,
uncertainties plaguing the MC modelling of SM processes. Depending on the process and on
the kinematic selection, the total uncertainty can vary between a few percent and a few tens
of percent. The present analysis does not select extreme kinematic configurations for the
dominant t

¯

tZ background, and it therefore should be possible to control the experimental
systematics at the 10% to 30% level. In the following, we will assume a systematic error
of 20% on the backgrounds in the case of the counting experiment. In the case of the 5-bin
shape fits we will consider background uncertainties of both 30% and 20%, fully correlated
across the bins. We have checked that in the absence of an external measurement (e.g. a
background control region) which profiles uncertainties, the use of correlated uncertainties
in the shape fit provides the most conservative results.

The results of our sensitivity study are displayed in Figure 9. Notice that the results
shown for 3 ab

�1 rely on the assumption that the E

miss
T measurement performance in the

very harsh experimental conditions of the HL-LHC will be equivalent to the one achieved

– 15 –
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DM + Single Top (II)

● 30% sensi�vity improvement

w/o analysis op�miza�on

● Gain with more lumi!

Projec�ons ongoing

ATLAS:

● 2L 4nal state

● Exploit angular correla�ons

● Truth + smear

CMS

● Hadronic 4nal state

● �bar analysis strategy

● DELPHES

Phys. Rev. D 96, 035031

June 18th, 2018 A. Albert - HL/HE-LHC DM overview 11

DM + Single Top (I)

Same simpli4ed model also gives us DM + 1 top + W, q, b

● XS can be ≈ same or greater than �bar

● Signature very similar to DM+�bar

Phys. Rev. D 96, 035031
ATLAS and CMS 
update for Yellow 
Report in progress 

29 

Forward tracking will increase sensitivity to DM+HF 



Dark Matter searches at HL-LHC (III) 

3/07/2018 Monica D'Onofrio, Durham 

}  Can also target models with pure wino DM.  
}  Studied using various signatures (monojet, disappearing tracks, photons, VBF…) 
}  Monophoton: 

June 18th, 2018 A. Albert - HL/HE-LHC DM overview 17

Monophoton  and VBF: SU(2) Triplet DM

Monophoton: γ radia�on not just ISR

arxiv:1407.7058
a
rx

iv
:1

4
0

7
.7

0
5

8

ATLAS projec�ons ongoing

Rescaling Run-II results

Monophoton: ≈ 300 GeV reach if syst small

VBF: ≈ 100-150 GeV reach

Looks just like Wino produc�on

● Small mass gap between χ±, χ0 → pion lost

● Constraints from disappearing tracks!

ATLAS update for 
Yellow Report in 
progress 

(for comparison, also under study) 
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Complementarities  

3/07/2018 Monica D'Onofrio, Durham 

}  Just two examples to show the complementarities with 
DM direct detection experiments 

g

g t (b)

)b (t

χ

χ

/aφ

Classical jet + MET  DM Channel 
Suppressed in direct detection. LHC provides complementary sensitivity for AV. 
Full analysis in DELPHES. 
Benchmark among many DM collider searches. 
Interpretation in simplified model following                  
LHC DM forum (arXiv: 1507.00996) with 

 
 
 
Final state: large MET (>200 GeV) (FF) + jet  
Main bkgr: 70% Z(vv)+j  ; 30% W(lv)+j                                                    
Æ data-driven using muons Z(PP), W(Pv)   
 
 
 
Analysis procedure 
Bin MET distribution in 22 exclusive bins.                                                 
At HL-LHC extend to MET > 2.4 TeV                                                     
(now 1.2 TeV). 
 

13 

4 parameters (Mmed, mDM, gSM, gDM)  

- 

Spin-1 mediator, axialvector 
gSM = 0.25, gDM = 1 

2D exclusion limit 
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DM 
signal 
example 

Assumptions needed 
But complementarities clear 

spin-dependent DM-neutron 
scattering cross section plane spin-independent DM--nucleon cross-section 
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Long-lived particle, dark sectors and 
sterile neutrinos  

LLP à Hot topic of the past 2-3 years  

Great discovery potential: many NP models predict LLPs  

}  small couplings: RPV decays, dark sector coupling  
}  small mass-splittings: degenerate next-LSP  
}  heavy messengers, split SUSY, hidden valley      
 
Signature space quite complex à joined exp/theory efforts to review all modes 



Long-lived particles  

3/07/2018 Monica D'Onofrio, Durham 

}  Particles decaying non-promptly are one of the major 
targets of HL-LHC experiments and beyond   

Synergy among ATLAS, CMS and LHCb experiments 
•  Target complementary lifetimes and mass ranges A few examples 

Run 2 LLP analyses on ATLAS

3 graphic credit: Heather Russell
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Long-lived higgsinos 

3/07/2018 Monica D'Onofrio, Durham 

}  If DM(charg-neut) ~ 200 MeV, higgsinos might be long-lived 
}  charged particle with lifetime ~10 ps - 10 ns which 
decays to “invisible” 

}  pure higgsino case: ~0.05 ns (wino: 0.2 ns) 

}  Studies for HL-LHC are in progress  
}  Current results promising, but challenging – need excellent tracking! 
}  Results so far for pure Wino models 

}  Higher cross sections wrt higgsinos Disappearing Tracks
• Results

• with 3000 fb-1, expect to exclude at least
• > 800 GeV for pure wino, τ = 0.2 ns
• > 250 GeV for pure higgsino, τ = 0.05 ns

• Interesting observations
• fakes significant, can add more signal 

regions (3,4,5 hits)
• standard tracking produces more kinked 

tracks for pions than current ID
• one of the few analyses that loses 

efficiency (at low lifetimes) from detector 
design

• Next steps
• further optimization of selection to reject 

fakes
• some interest in an HE-LHC projection

7

Tracking efficiency versus decay radius

HL-HLC projection for pure wino LSP

Question to theorists: how much 
interest in longer tracklets?

@higgsinos: expect to exclude up to 250 
GeV for pure higgsino (τ = 0.05 ns) 

ATLAS and CMS 
update for Yellow 
Report in progress 

34 

Disappearing tracks

Prompt EWK SUSY case ! see talk by Marco.

Charged particle decaying into invisible:
Sensitivity in lifetime from 10 ps to 10 ns.
Pure wino (higgsino) SUSY LSP, ⌧ = 0.2 (0.05) ns.

Selection (in Pixel TDR - to be reoptimised):
MET > 450 GeV + one jet > 300 GeV.
Tracklet with 4 pixel hits and pT > 250 GeV disappearing in strips.
Background is mostly fake tracklets (estimated using Upgrade MC & Run 2 data).

HL-LHC projection for pure wino LSP & tracking e�ciency below:
Standard tracking produces more kinked tracks for pions than current ID.
Fakes significant ! further optimisation of selection to reject fakes.
Expect to exclude > 800 GeV (> 250 GeV) for pure wino (higgsino) with 3000 fb�1 data.

Carlos Vázquez Sierra HL/HE-LHC workshop June 18, 2018 7 / 23



Long-lived higgsinos: long term future? 

3/07/2018 Monica D'Onofrio, Durham 

}  At FCC-hh, sensitivity will depend on the bkg (very high PU) 

 
}  Also possible at ep-colliders:  
advantage from low bkg and low PU 

HL-LHC and FCC-hh bound from 
disappearing track analyses 

Maybe optimistic on Pile Up 
 
Only sensitive to cτ>10-2 
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HL-LHC 

Curtin, Deshpande, Fischer, Zurita arXiV: 1712.07135   



Long-lived higgsinos: long term future? 

3/07/2018 Monica D'Onofrio, Durham 

}  At FCC-hh, sensitivity will depend on the bkg (very high PU) 

 
}  Also possible at ep-colliders:  
advantage from low bkg and low PU 

HL-LHC and FCC-hh bound from 
disappearing track analyses 

Maybe optimistic on Pile Up 
 
Only sensitive to cτ>10-2 
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Curtin, Deshpande, Fischer, Zurita arXiV: 1712.07135   



Displaced muons   

3/07/2018 Monica D'Onofrio, Durham 

}  New studies from CMS:  
}  Smuons  

Displaced	Muons

Experimental challenge:  
à  trigger displaced signatures 
à  Vertex constrains reduce efficiency  
à  Dedicated algorithms needed for displaced 

muons to recover efficiency Quite an improvement in sensitivity! 

Displaced Muons from LLP  
Long-lived neutral particle (X) decays after 
some cW to displaced leptons or jets. 
Example signature: displaced muons 
(possibly collimated)    

22 

Experimental challenge: 
trigger such displaced 
signatures (note: phase-II 
track triggers with vertex 
constraint).  

ATLAS EXOT 

Possible models: dark photons, inelastic 
thermal-relic DM, etc. 

Ref = TP and GE1/1 TDR 

See also talk by Alexei Safonov on 
CMS muon performance & trigger 

Mu-only, no vtx 
constraint 
Phase-II track 
trigger Tr
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ffi
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 CMS TDR (NEW) 
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Martino Borsato - USC
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Figure 2: Dijet invariant mass distribution in the di�erent Rxy bins, for the 2012 data sample.
For illustration, the best fit with a signal fi

v

model with mass 35 GeV/c2 and lifetime 10 ps is
overlaid. The solid blue line indicates the total background model, the short-dashed green line
indicates the signal model for signal strength µ = 1, and the long-dashed red line indicates the
best-fit signal strength.
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Figure 2: Dijet invariant mass distribution in the di�erent Rxy bins, for the 2012 data sample.
For illustration, the best fit with a signal fi

v

model with mass 35 GeV/c2 and lifetime 10 ps is
overlaid. The solid blue line indicates the total background model, the short-dashed green line
indicates the signal model for signal strength µ = 1, and the long-dashed red line indicates the
best-fit signal strength.
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LLP → jet jet
๏ Signature: single displaced 

vertex with two (b-) jets 
(previously searched double)

๏ Model: hidden-valley dark pions 
from SM Higgs decay 

๏ Using 2 /fb of 7 and 8 TeV pp data

๏ Triggering on displaced vertex

๏ Quality requirement on jets, di-jet 
pointing, material veto

๏ Signal from di-jet mass fit in bins 
of beam-axis displacement Rxy

13
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Hidden	Valley	v-pions	decaying	to	jet	pairs	at	LHCb	

•  model:	Higgs	decay	to	two	LLPs	each	decaying	to	two	fermions	

•  LHCb	signature:	single	displaced	
vertex	with	two	associated	jets	
(LHCb	acceptance	for	all	4	jets	is	
small,	only	few	%)	

LHCb-PAPER-2016-065	

•  analysis	strategy	
•  trigger	on	displaced	vertex	
•  find	two	associated	jets	
•  extract	signal	from	fit	to		

di-jet	mass	in	bins	of	
distance	to	beam	axis	(Rxy)	
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QCD	background	

hypotheEcal	
35	GeV	signal	

14	

LHCb,	2.0/t,	7,8	TeV	
preliminary	

LHCb acceptance for  
all 4 jets is only few %

LHCb-PAPER-2016-065 arXiv:1705.07332  

QCD

%V (35 GeV, 10 ps) 
best fit, BR=1

QCD

%V (35 GeV, 10 ps) 
best fit, BR=1

EUR. PHYS. J. C (2016) 76: 664

Displaced jets 

3/07/2018 Monica D'Onofrio, Durham 

}  Aim to exploit at best the complementarities among detectors 
}  LHCb sensitive to lighter mass and low τ wrt ATLAS and CMS 

}  E.g. hidden valley dark pions from Higgs   
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extrapolation to 300 fb-1

• signal and background scaled to 14 TeV 

• conservative assumptions on detector performance (trigger, material interaction, 
jet reco) 

• optimistic assumptions on the effect of pile-up
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BR > 50%

upper limits set on SM-Higgs BR to dark pions

competitive and complementary 
limits to ATLAS and CMS!

what about HL-LHC?

pushing to low 
mass and lifetime

Eur. Phys. J. C77 (2017) 812
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extrapolation to 300 fb-1

• signal and background scaled to 14 TeV 

• conservative assumptions on detector performance (trigger, material interaction, 
jet reco) 

• optimistic assumptions on the effect of pile-up

10�4 10�3 10�2 10�1 100 101

⇡V c⌧ [m]

10

20

30

40

50

60

70

m
⇡

V
[G

eV
/c

2
]

A
TL

A
S

do
m

in
at

ed

CMS dominated

LHCb jet substructure

LHCb preliminary

Different constraints on B(H0 ! ⇡V ⇡V ) at 95% CL with 300 fb�1 at LHCb

B > 50% excl.
B > 5% excl.
B > 2% excl.
B > 1% excl.

(E Dell’Occo, FNAL workshop 4-6 April 2018) 

For short-lifetimes, this could be complemented by CepC ! 
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LLP and Dark sectors  

3/07/2018 Monica D'Onofrio, Durham 

 

}  Higgs-portal models  
}  B and exotic decays 

¨  ϕ = light CP-even scalar  
mixing with the higgs 

}  Projections promising ! 

}  Additional gain from proposal  
for a new detector (CodeX-b) 

 Significant extension of LHCb coverage 

arXiv:1708.09395 

Relation between Dark sector and Long-lived particle have led to many 
new ideas for new detectors and experiments  
à big interplay with Physics Beyond collider experiments 
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LLP and Dark sectors: PBC proposals 

3/07/2018 Monica D'Onofrio, Durham 

Complementary experimental ideas

SHIP

⇠ 1000 m3, ⇠ 100M CHF

Alekhin et al. (2015)

MATHUSLA

⇠
2⇥ 105 m3 ⇠1 IKEA, $50M

Chou, Curtin & Lubatti (2016)

Curtin & Peskin (2017)

CODEX-b

⇠ 1000 m3

Gligorov, Knapen, Papucci, Robinson (2016)

FASER

⇠ 1 m3 ⇠ 5µIKEAs

Feng, Galon, Kling & Trojanowski (2017)

Iftah Galon - Rutgers, NHETC April 4, 2018 HL/HE LHC Meeting 30

Credits: I. Galon at FNAL workshop on HL/HE-LHC (4-6 April 2018) 

Target complementary life-time and kinematic regions (forward and central, short and long) 
Note: CepC and FCC could incorporate the basic of these experiments from the beginning  

L = 480 m downstream 
from ATLAS/CMS IP 
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Dark photons @ HL-LHC 

3/07/2018 Monica D'Onofrio, Durham 

}  Dedicated worldwide effort to search for dark photons  
}  E.g., can exploit the A’àµµ mode: at LHCb – impressive prospects:   

}  curves assume Run 3 performance with more luminosity [triggerless detector readout in 
Run 3 will have a huge impact on low-mass BSM searches, including dark photons]  

}  Magnet chambers would help with soft A’ decays to e+e- (efficiency and/or resolution). 
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�� Insights on detector implications 
(vertex resolution, VELO size) and 
on the analysis in dedicated talk 
 
Exclusive charm decay mode  
D*0 à D0A’(ee) suitable for low-
mass DP (2me-142 MeV) 
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  e.g. 1603.08926   

FASER 

CepC 

More on FASER/CepC impact in back-up 
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LLP and heavy sterile neutrinos 

3/07/2018 Monica D'Onofrio, Durham 

}  Low-scale type I seesaw with sterile neutrinos 
}  heavy neutrino mass eigenstates with M ~ vEW 
}  Neutrino mixing |θα|,α=e,µ,τ ⇒ Weak current production.  

}  Present constraints: |θe | ≤ 10−3 , can be long-lived 

}  Projections (LHCb)   
arXiv:1612.00945 
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LLP and heavy sterile neutrinos 

3/07/2018 Monica D'Onofrio, Durham 

}  Low-scale type I seesaw with sterile neutrinos 
}  heavy neutrino mass eigenstates with M ~ vEW 
}  Neutrino mixing |θα|,α=e,µ,τ ⇒ Weak current production.  

}  Present constraints: |θe | ≤ 10−3 , can be long-lived 

}  Potential at e-e colliders, complementarities of FCC-hh, eh, ee   

FCC 
A long way before constraining the full mass/mixing ranges 
 

A good news worth further investigation: Heavy neutrino-
antineutrino oscillations could be resolvable and hh and eh 

Fischer, Cazzato, arXiV: 1709.03797 
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Summary 

3/07/2018 Monica D'Onofrio, Durham 

}  In the past years, experiments have focused on the completion of the 
detector proposals and optimization of performance  
}  Lot of benchmark studies have been carried out, with continued efforts to 

evaluate the prospects of BSM searches in parallel to data analyses  
}  New ideas are being explored 

}  Never underestimate physicists ingenuity J We did not find NP yet, but 
pushed the boundaries well beyond initial projections 

}  There is huge potential also in terms of complementarities:  
}  Push for a synergic approach across HL-LHC experiments i.e. in NP 

scenarios characterized by long-lived particles and dark sectors 
}  Work to fully exploit the HL-LHC potential also considering new detectors/

facilities (e.g. for long-lived particles) 

}  In YR WG3, more than 80 contributions being finalized   
 

Lot of exciting physics can be done at HL-LHC and ‘around’, and a 
great physics case is being developed 
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Outlook  

3/07/2018 Monica D'Onofrio, Durham 

}  At the moment, it is not possible to define a preferred direction 
}  Direct searches limited by kinematic reach, indirect searches limited (e.g.) by 

precisions à not a unique recipe  

}  Directions: HARD until we see some deviations from SM predictions!  
}  Not necessarily at LHC, could be on any other related field (cosmo, neutrino…)   

}  Correlations LHC/non-LHC signals could be pursued, hints of DM candidates and more could 
indicate the scale  

}  A proton-proton machine provides a wide range for exploration of NP 

}  Is that enough ?  

Tevatron/HERA/LEP  à  LHC à HL-LHC (ep?) à HE-LHC/(ep)/ee(CepC?,ILC)   
(fermiscale)                                   (Terascale)                                           (multi-Terascale) 
 

“there is no experiment nor 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” (98th ECFA, November 2015)  
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Reach with HL-LHC: Z’àee (ATLAS) 

3/07/2018 Monica D'Onofrio, Durham 

}  LAr calorimeter has a direct impact on the ee invariant mass resolution  
}  Consider Sequential SM Z’ as benchmark  
}  2 electrons with pT>25 GeV 

}  exclusion up to to 6.4 TeV, discovery reach ~ 5.9 TeV 

}  Constraints are about 200 GeV more stringent than for muons, thanks to the 
resolution for high pT electron  
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06/10/2014 Philipp Roloff Higgs and BSM at CLIC 25

Reconstruction of SUSY particles

Endpoints of energy spectra:

Complex final states:

e+e- → HA → bbbb
e+e- → H+H- → tbbt

≈0.3% precision on 
hevay Higgs masses

Jet reconstruction

Precision on the 
measured gaugino 
masses 
(few hundred GeV):
1 - 1.5%

CDR

CDR

CDR CDR

 SUSY @ electron-positron machines (II) 

3/07/2018 Monica D'Onofrio, Durham 

06/10/2014 Philipp Roloff Higgs and BSM at CLIC 25

Reconstruction of SUSY particles

Endpoints of energy spectra:

Complex final states:

e+e- → HA → bbbb
e+e- → H+H- → tbbt

≈0.3% precision on 
hevay Higgs masses

Jet reconstruction

Precision on the 
measured gaugino 
masses 
(few hundred GeV):
1 - 1.5%

CDR

CDR

CDR CDR

Precision on the 
measured chargino/
neutralino masses 
(few hundred GeV): 
1 - 1.5% 

Chargino/neut @ CLIC (Stage 2: 1.5 TeV) 

(M(charg/neut2)=487 GeV) 

Similar studies in progress for circular colliders 

Closing the loopholes

At the ILC, a systematic search for the NLSP is possible without leaving loopholes, covering even the cases
that may be very difficult to test at the LHC.

In the case of a very small mass difference between the LSP and the NLSP - less than a few GeV - the
clean environment at the ILC nevertheless allows for a good detection efficiency. If

√
s is much larger than

the threshold for the NLSP-pair production, the NLSPs themselves will be highly boosted in the detector
frame, and most of the spectrum of the decay products will be easily detected. In this case, the precise
knowledge of the initial state at the ILC is of paramount importance to recognize the signal, by the slight
discrepancy in energy, momentum and acolinearity between signal and background from pair production
of the NLSP’s SM partner. In the case the threshold is not much below

√
s, the background to fight is

γγ → f f̄ where the γ’s are virtual ones radiated off the beam-electrons. The beam-electrons themselves
are deflected so little that they leave the detector undetected through the outgoing beam-pipes. Under the
clean conditions at the ILC, this background can be kept under control by demanding that there is a visible
ISR photon accompanying the soft NLSP decay products. If such an ISR is present in a γγ event, the
beam-remnant will also be detected, and the event can be rejected.

If the LSP is unstable due to R-parity violation, the ILC reach would be better or equal to the R-
conserving case, both for long-lived and short-lived LSP’s and whether the LSP is charged or neutral.

Also in the case of an NLSP which is a mass-state mixed between the hyper-charge states, the procedure
is viable. One will have one more parameter - the mixing angle. However, as the couplings to the Z of both
states are known from the SUSY principle, so is the coupling with any mixed state. There will then be
one mixing-angle that represents a possible “worst case”, which allows to determine the reach whatever the
mixing is - namely the reach in this “worst case”.

Finally, the case of “several” NLSPs– i.e. a group of near-degenerate sparticles– can be disentangled due
to the possibility to precisely choose the beam energy at the ILC. This will make it possible to study the
“real” NLSP below the threshold of its nearby partner.
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Figure 3: Discovery reach for a µ̃R NLSP after collecting 500 fb−1 at
√
s = 500 GeV. Left: full scale, Right:

zoom to last few GeV before the kinematic limit.

The strategy

At an e+e−-collider, the following typical features of NLSP production and decay can be exploited: missing
energy and momentum, high acolinearity, expected particle or jet flavor identification, as well as invariant
di-jet/di-lepton mass conditions, optionally using constrained kinematic fitting. A very powerful feature due

9

arXiV:1307.5248 

to the known initial state at the ILC is that the kinematic edges of the detected systems can be precisely
calculated at any point in the MNLSP −MLSP plane. In particular, close to kinematic limit where the width
of the decay product spectrum is quite small, this feature allows for an almost background-free signal with
high efficiency.

To estimate the background at each point, correctly normalized samples of events from all SM processes
are generated, passed through detector simulation, and the analysis chain. If the number of observed events
passing the selection criteria for a given NLSP nature exceeds the expected background passing the same
cuts by more than 5σ, one can claim discovery of the NLSP. If, on the other hand, the observed number
does not exceed the expected background by more than 2σ, exclusion can be claimed. As this procedure is
performed for every possible NLSP, it will constitute a complete and model-independent search for SUSY.

In order to estimate what the expected Discovery Reach or Exclusion Reach of the experiment is, it is
enough to simulate the signal for each possible NLSP in a fine grid in the MNLSP − MLSP at the given√
s, calculate the production cross section from the SUSY principle and kinematics, and confront it to the

relevant selection criteria.
In Fig. 2, the cross section at

√
s = 500 GeV as a function of MNLSP is shown for a selection of NLSP

candidates, and in Fig. 3 (Fig. 4), as example, the 5σ discovery and 2σ exclusion reach for a µ̃R NLSP (τ̃1
NLSP) after collecting 500 fb−1 at

√
s = 500 GeV.
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Figure 4: Discovery reach for a τ̃1 NLSP after collecting 500 fb−1 at
√
s = 500 GeV. Left: full scale, Right:

zoom of the region close to the kinematic limit.

4.3 LHC and ILC complementarity: SUSY is complex!

In full SUSY models, the higher states of the spectrum can have many decay modes leading to potentially
long decay chains [34]. This means that the simplified approach in general does not apply beyond the direct
NLSP production case discussed in the previous section, which renders the interpretation of exclusion limits
formulated in the simplified approach non-trivial. Furthermore, also many production channels may be open,
making SUSY the most serious background to itself.

Take as an example the regions in parameter space which gained the highest likelihood in fits to all
pre-LHC experimental data within the constrained MSSM [35, 36]. These fits preferred scenarios with a
small mass difference of about 10 GeV between the τ̃ NLSP and the χ̃0

1 LSP, as illustrated by the likelihood
distribution in the left panel of Fig. 5. Without the restriction of mass unification at the GUT scale, the
part of the spectrum which is of interest to electroweak and flavor precision observables and dark matter,
i.e. which is decisive for the fit outcome, is not at all in conflict with LHC results. The right part of Fig. 5

10

Sleptons @ ILC (500 GeV) 
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Heavy Stable charged particles  

3/07/2018 Monica D'Onofrio, Durham 

}  Dedicated studies showed the need to keep 
good dE/dx capabilities  

}  New 200 PU studies:  
}  consider stau and gluinos models 
}  pT>55 GeV tracks, show also N of high threshold 

clusters with HI particle    

Additional CMS studies on 
performance for Heavy 
stable charged particle via 
muon system also available 
(more in dedicated talk) 

Impact of Detector Capabilities 
Impact of dE/dx  readout  in CMS tracker 
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dE/dx information used in searches for 
heavy stable charged particles (HSCP), 
fractionally/multiple charged particles. 
But also to identify  noise and 
background in „standard analyses“. 

End of phase-I 

Without dE/dx no 
improvement in 
phase-II 

Physics studied demonstrated the 

need to keep dE/dx  capability. 

 CMS TDR (NEW) 
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Dark photons: future potential  

3/07/2018 Monica D'Onofrio, Durham 

}  FASER predictions  }  CepC potential 

 
Felix Yu – Dark Sectors at CEPC  

I. Galon at FNAL workshop on HL/HE-LHC (4-6 April 2018) 

ε	
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Indirect constraints on Z’  

3/07/2018 Monica D'Onofrio, Durham 

}  If mZ’>>5 TeV, main contributions from interference effects modifying DY  
}  The precision of e+e- colliders help but LHC (and HL-LHC) can do a lot  
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Duccio Pappadopulo‡ and Joshua T. Ruderman§

Center for Cosmology and Particle Physics, Department of Physics,
New York University, New York, NY 10003, USA.

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 Z0s 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 0s 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 Z0, 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 0s 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 0s. 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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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 Z0s 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 0s 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 Z0, 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 0s 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 0s. 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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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 Z0s 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 0s 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 Z0, 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 0s 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 0s. 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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 potential @ electron-positron machines 

3/07/2018 Monica D'Onofrio, Durham 

}  Sensitive to EWK processes and useful to target compressed scenarios  
}  Caveat: depends on the center of of mass energy 
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Figure 2: Sparticle production cross sections vs.
√
s for unpolarized beams at an e+e− collider

for the ILC1 benchmark point listed in Table 1.

the case of right polarized electron beam, σ(W̃+
1 W̃−

1 ) diminishes by a factor of about 4

and instead σ(Z̃1Z̃2), which is much less sensitive to beam polarization, is dominant. The

comparable rates (within an order of magnitude) for both both chargino and neutralino pair

production (solid curves), together with the relatively mild polarization is characteristic

of the production of higgsino-like charginos and neutralinos. For wino-like gauginos in

the kinematically accessible range, chargino production would occur at a high rate, but

neutralino pair production would be strongly suppressed because SU(2)L × U(1)Y gauge

symmetry forbids couplings of the Z and γ to both binos and (neutral) winos.6 This can

be seen in the dashed curve in Fig. 3 which shows the cross section for W̃1W̃1 production

for the ILC1 NUHM2 model point except that m1/2 and µ are now chosen so that the weak

scale values of M2 and µ are essentially exchanged. In this case, the masses of the wino-like

W̃1 and Z̃2 is about the same as for the higgsinos of the ILC1 point. The neutralino-pair

6This assumes that the selectron is heavy so that neutralino production via t-channel selectron production

is negligible. Neutralino production via t-channel selectron exchange also yields a large rate for Z̃2Z̃2

production, so should be readily distinguishable since there would be events also in the 4ℓ, 2ℓ2j and

4j+Emiss
T channels. The angular distributions of the neutralinos will also be different if t-channel exchange

contributions are significant.
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}  Already at HL-LHC, limitations arise from difficulties to identify 
high pT / boosted objects, but also from modeling of SM processes  
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}  Modified 2HDMa models lead to Wt+MET signatures 

directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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Figure 1: Representative diagrams for t-channel production of DM in associa-
tion with a single top quark.

the DMtt̄ signature, as discussed in [29, 31–33, 41–43], gives
through the study of the kinematics of the top-anti-top pair, ac-
cess to CP properties of the mediator and is therefore of great
phenomenological interest in case of the future observation of
a non-SM Emiss

T signal.
A complementary signature with heavy quarks in the final

state is the associated production of a single top quark with
DM (DMt). This signature has typically lower cross-section
than DMtt̄, and has received little attention in the literature. A
recent study [44] based on a simplified model with a singlet
scalar or pseudoscalar mediator shows that the consideration of
this process increases the coverage of existing analyses target-
ing the DMtt̄ process. Given the promising result, it is worth-
while to extend the investigation of [44] in two directions. On
the one hand it is necessary to check whether the DMt sig-
nature is still promising in a more complete model that is not
plagued by unitarity issues, as discussed above. We choose the
2HDM+a model of [39] as a benchmark model for this pur-
pose. On the other hand, the possible interest of the signature
for future searches at the LHC can only be properly assessed if
a dedicated experimental analysis is developed, fully exploiting
the final state topology of the signal in order to suppress the SM
backgrounds.

The aim of this article is therefore to develop an experimental
search strategy at the LHC for the DMt signature, and to explore
the parameter space of the chosen model that can be covered
with the full LHC Run 3 statistics of 300 fb�1 taken at a centre-
of-mass energy of 14 TeV.

2. The 2HDM+a model

The extension to the SM proposed in [39] includes a scalar
sector with two Higgs doublets (see for example [45, 46]),
where the parameters relevant for phenomenology are ↵, the
mixing angle of the two doublets and tan �, the ratio of the vac-
uum expectation values (VEVs) of the two doublets. The an-
gles ↵ and � are chosen according to the well-motivated align-
ment/decoupling limit of the 2HDM where ↵ = � � ⇡/2. In
this case sin (� � ↵) = 1 meaning that the field h has SM-like
EW gauge boson couplings. It can therefore be identified with
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Figure 2: Representative diagrams for tW production of DM in association with
a single top quark and a W boson.

the boson of mass m(h) ' 125 GeV discovered at the LHC
[47, 48].

Dark matter is coupled to the SM by mixing a SU(2) singlet
CP-odd mediator P with the CP-odd Higgs that arises from the
2HDM potential. The relevant interactions terms read

VP =
1
2

m2
PP2 + P

⇣
ibPH†1 H2 + h.c.

⌘

+ P2
⇣
�P1H†1 H1 + �P2H†2 H2

⌘
,

(1)

where mP and bP are parameters with dimensions of mass.
The quartic portal interactions with couplings �P1 and �P2 do
not a↵ect the phenomenology studied in this paper, and �P1
and �P2 are thus set to zero hereafter. The portal coupling bP
appearing in (1) mixes the two neutral CP-odd weak eigen-
states with ✓ representing the associated mixing angle which
emerges from the diagonalisation the mass-squared matrices of
the scalar states. The resulting CP-even mass eigenstates will
be denoted by h and H, while in the CP-odd sector the states
will be called A and a, where a denotes the mixing of the CP-
odd scalar from the 2HDM and of the CP-odd mediator with
weights sin ✓ and cos ✓, respectively. The scalar spectrum also
contains two charged mass eigenstates H± of identical mass.

The Yukawa sector is built by respecting the so-called natural
flavour conservation hypothesis, requiring that not more than
one of the Higgs doublets couples to fermions of a given charge
[49, 50]. In the following we consider a 2HDM Yukawa assign-
ment of type II yielding a coupling of the top quark (bottom
quark and ⌧ lepton) proportional to � cot � (tan �) respectively.

The DM is taken to be a Dirac fermion � and is coupled to
the pseudoscalar mediator P through the interaction term

L� = �iy�P�̄�5� . (2)

The DM coupling strength y� and the DM mass m� are fur-
ther free parameters and are fixed as y� = 1 and m� = 1 GeV
throughout our work. The choice of the value of m� has no im-
pact on the phenomenology addressed in this study as long as
the decays A, a! ��̄ are kinematically open.

To avoid constraints from EW precision measurements, we
furthermore assume that m(H) = m(A) = m(H±). Together with
the restrictions specified above, this leaves a four-dimensional
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Figure 3: Cross-section for the associated production of a top quark and DM for pp collisions at 14 TeV as a function of tan � for m(a) = 150 GeV and
m(H±) = 500 GeV (a) and 100 GeV (b). The full line corresponds to the tW channel, while the dotted line shows the result for t-channel production. The dashed
line indicates the contribution to tW production that arises from the on-shell production of a H± boson cascading into a W± and a DM pair.

work. Based on ATLAS experimental results [10], we estimate
these backgrounds not to exceed around 15% for the selec-
tions considered in this paper. The backgrounds from tt̄ [56],
tW [57], WW, WZ and ZZ production [58, 59] were all gen-
erated at next-to-leading order (NLO) with POWHEG BOX [60].
The jets + Z and jets + W samples are generated at LO with
MadGraph5_aMC@NLO and considering up to four jets for the
matrix element calculation. MadGraph5_aMC@NLO is also used
to simulate the tt̄V backgrounds with V = W,Z at LO with a
multiplicity of up to two jets, and the tZ and tWZ backgrounds
at LO. The samples produced with POWHEG BOX are normalised
to the NLO cross section given by the generator, except tt̄ which
is normalised to the cross section obtained at next-to-next-to-
leading order (NNLO) plus next-to-next-to-leading logarithmic
accuracy [61, 62]. The jets + W/Z samples are normalised to
the known NNLO cross sections [63, 64], and finally the NLO
cross sections calculated with MadGraph5_aMC@NLO are used
as normalisations for the tt̄V samples .

4.3. Detector smearing
Muons, electrons, photons, jets and Emiss

T are constructed
from the the stable particles in the generator output. Jets are
constucted by clustering the true momenta of all the particles
interacting in the calorimeters, with the exception of muons. An
anti-kt algorithm [65] with a parameter R = 0.4 is used, as im-
plemented in FastJet [66]. Jets originating from the hadroni-
sation of bottom-quarks (b-jets) are experimentally tagged with
high e�ciency (b-tagged jets). The variable ~p miss

T with magni-
tude Emiss

T is defined at truth level, i.e. before applying detec-
tor e↵ects, as the negative of the vector sum of the pTs of all

the invisible particles (neutrinos and DM particles in our case).
The e↵ect of the detector on the kinematic quantities utilised in
the analysis is simulated by applying a Gaussian smearing to
the momenta of the di↵erent reconstructed objects and recon-
struction and tagging e�ciency factors. The parametrisation of
the smearing and the reconstruction and tagging e�ciencies is
tuned to mimic the performance of the ATLAS detector [67, 68]
and is defined as a function of momentum and pseudorapid-
ity of the objects. The discrimination of the signal from the
background is greatly a↵ected by the experimental smearing
assumed for the Emiss

T , which is the main handle to tame the
large tt̄ background. To this aim, the transverse momenta of
unsmeared electrons, muons and jets are subtracted from the
truth Emiss

T and replaced by the corresponding smeared quanti-
ties. The residual truth imbalance is then smeared as a function
of the scalar sum of the transverse momenta of the particles
not assigned to jets or electrons. The final selections and re-
sults are derived by analysing the simulated sample using the
TDataFrame tool [69].

5. Kinematic properties of DMt and analysis strategy

The discussion of the DMt signal in Section 2 should have
made clear that the tW channel is the dominant production
mechanisms for all parameter choices in which the H± can de-
cay on-shell into the pseudoscalar mediator and a W boson. In
order to search for this signal, we consider two di↵erent final
states in our analysis, containing either one or two leptons. In
both cases the leptons are produced in the decay of a W boson,
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Figure 5: Distribution of the transverse mass variables used in the (a) one-lepton and (b) two-lepton selections after all requirements described in Sec. 5, except for
the one on the plotted variable which is indicated with an arrow instead. The expected SM backgrounds and two signal benchmarks are compared in the figure for
an integrated luminosity of 300 fb�1 at the 14 TeV LHC.

~p miss
T and the vector sum of ~p miss

T and the transverse momenta
of the leptons must satisfy the requirement |��boost| < 1. The re-
ducible backgrounds are suppressed by requiring that the invari-
ant mass of at least one lepton with the leading b-jet is smaller
than 150 GeV, and thence compatible with the decay of a top
quark. The dominant tt̄ backgrounds have a second b-tagged
jet, with pT typically in excess of 50 GeV, whereas the signal
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Figure 6: The invariant mass of the lepton and the leading b-tagged jet
(m(b1, `)) and of the leading light jet and the leading b-tagged jet (m(b1, j1))
are displayed for the lepton and hadronic decays of the H± in the tW channel.
For comparison also the distributions for t-channel production are shown. All
results correspond to m(H±) = 800 GeV and tan � = 20.

has only one top decay. The requirement that the scalar sum of
the transverse momenta of all the jets observed in the event be
lower than 150 GeV suppresses events with two real top quarks.
The final cut, following [43] is based on the following linear
combination of Emiss

T and mT2:

Cem ⌘ mT2 + 0.2 · Emiss
T . (3)

The requirement that this variable be larger than 180 GeV, to-
gether with the cut mT2 > 100 GeV reduces the background
from tt̄ production well below the irreducible tt̄+Z background.
This is shown in the right panel of Figure 5.

6. Results

On the basis of the selection criteria defined in the previous
section, we study the LHC sensitivity to the DMt signature for
an integrated luminosity of 300 fb�1 at

p
s = 14 TeV.

The total background in the one-lepton selection is approxi-
mately 25 events. More than half of the background contribu-
tion is coming from tt + V and tZ processes and the rest is due
to the contribution of top pairs (dileptonic decays) and single
top tW channel in an approximate ratio of 2 to 1. In the charged
Higgs mass range from 500 GeV to 1 TeV the acceptance for
signal events containing at least one lepton amounts to [0.5, 1]%
([0.2, 0.8]%) for m(a) = 150 GeV and tan � = 1 (20). The to-
tal background in the two-lepton selection is approximately 10
events, dominantly composed of the tt̄+V and tWZ background
processes. For m(H±) between 300 GeV to 700 GeV the ac-
ceptance for signal events containing at least two leptons is in
the range [0.1, 0.7]% ([0.06, 0.5]%) for m(a) = 150 GeV and
tan � = 1 (20).
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has only one top decay. The requirement that the scalar sum of
the transverse momenta of all the jets observed in the event be
lower than 150 GeV suppresses events with two real top quarks.
The final cut, following [43] is based on the following linear
combination of Emiss

T and mT2:

Cem ⌘ mT2 + 0.2 · Emiss
T . (3)

The requirement that this variable be larger than 180 GeV, to-
gether with the cut mT2 > 100 GeV reduces the background
from tt̄ production well below the irreducible tt̄+Z background.
This is shown in the right panel of Figure 5.

6. Results

On the basis of the selection criteria defined in the previous
section, we study the LHC sensitivity to the DMt signature for
an integrated luminosity of 300 fb�1 at

p
s = 14 TeV.

The total background in the one-lepton selection is approxi-
mately 25 events. More than half of the background contribu-
tion is coming from tt + V and tZ processes and the rest is due
to the contribution of top pairs (dileptonic decays) and single
top tW channel in an approximate ratio of 2 to 1. In the charged
Higgs mass range from 500 GeV to 1 TeV the acceptance for
signal events containing at least one lepton amounts to [0.5, 1]%
([0.2, 0.8]%) for m(a) = 150 GeV and tan � = 1 (20). The to-
tal background in the two-lepton selection is approximately 10
events, dominantly composed of the tt̄+V and tWZ background
processes. For m(H±) between 300 GeV to 700 GeV the ac-
ceptance for signal events containing at least two leptons is in
the range [0.1, 0.7]% ([0.06, 0.5]%) for m(a) = 150 GeV and
tan � = 1 (20).
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A profiled likelihood ratio test statistic is used to evaluate the
upper limit on the ratio of the signal yield to that predicted in
the 2HDM+a model. The CLs method [75] is used to derive
exclusion limits at 95% Confidence Level (CL). The statistical
analysis has been performed by employing the RooStat toolkit
[76]. The results are interpreted in terms of relevant parameters
defining the model, namely m(H±), m(a) and tan �. The masses
of the other Higgs bosons, except for the SM one, are set to the
mass of the charged Higgs.
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Figure 7: Upper limits at 95% CL on the ratio of the signal yield to that pre-
dicted in the 2HDM+a model using the combination of the one-lepton and two-
lepton selections described in the text. The limits are presented in (a) as a func-
tion of tan � for di↵erent m(H±) masses and m(a) = 150 GeV, and in (b) as
a function of m(a) for m(H±) = 500 GeV and tan � = 1. The reach assumes
300 fb�1 of 14 TeV LHC data and a systematic uncertainty of 20% (5%) on the
SM background (signal).

Given the relatively large irreducible background surviving
all the selections, the experimental sensitivity will be domi-
nantly determined by the systematic uncertainty on the esti-
mate of the SM backgrounds. Such uncertainty has two main
sources: the uncertainties a↵ecting the detector performance
such as the energy scale for hadronic jets and the identification
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Figure 8: Regions in the (m(H±), tan �) plane which can be excluded at 95% CL
through the one-lepton and two-lepton searches described in the text. The reach
assumes 300 fb�1 of 14 TeV LHC data and a systematic uncertainty of 20%
(5%) on the SM background (signal).

e�ciency for leptons, and, in addition, the uncertainties plagu-
ing the evaluation procedure for the background which typically
includes a mix of theoretical uncertainties on the MC modelling
of SM processes and uncertainties on the data-driven estimates
of the main backgrounds. Depending on the process and on the
kinematic selection, the total uncertainty can vary between a
few percent and a few tens of percent. Since the present anal-
ysis does not select an extreme kinematic phase space for the
dominant tt̄Z background, it should be possible to control the
systematic uncertainties at the 10% to 30% level. In the follow-
ing, we will assume a 20% uncertainty on the backgrounds and,
furthermore, a 5% uncertainty on the signal, which accounts
for the impacto of scale and PDF variations on the signal mod-
elling.

Since the one-lepton and two-lepton analyses select two or-
thogonal event samples, they can be statistically combined, in
order to assess the potential gain in sensitivity deriving from
such treatment. In the combination, both signal and background
uncertainties are treated as correlated.

Figure 7a shows the exclusion limits obtained by the com-
bination of the one-lepton and two-lepton selections for di↵er-
ent charged Higgs masses as a function of tan �. The sensitiv-
ity trend closely follows the cross-section distribution shown
in Figure 3. The maximum of the sensitivity is found for
m(H±) = 500 GeV, while �excl/�th is relatively flat for masses
between 400 GeV and 700 GeV. In Figure 7b we instead show
the exclusion limits as a function of the light pseudoscalar mass
for m(H±) and tan � set to 500 GeV and 1 respectively. One
observes that the sensitivity is relatively flat for m(a) values be-
tween 50 GeV and 200 GeV, and that for the chosen parame-
ters �excl/�th < 1 for m(a) . 300 GeV.
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}  One more final states being considered: 4-top 

Look for final state with at least one 
lepton, multi-bjets and MET  
 
Scan various sets of parameters:   
- e.g. scan in m(a) for benchmark 
values of mH  

Analysis for Run 2 released with 3.2/fb  

ttbar+bb main background  
Difficult to model with MC but we can assume a 
better understanding of this process at HL-LHC! 


