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 A premise  
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}  I have been asked to review the expected reach of HL-LHC and 
prospects beyond that in the context of BSM searches  
}  which projects would enable better reach, what are potential 

developments, experimental possibilities (beyond HL-LHC), possible choices 
for the strategy and UK inputs   

}  A very broad remit!  
}  I will give my (personal) view as experimentalist at collider, with an 

eye to what our theory community suggest us to do to answer the 
major open questions …  

Foreword 

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

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

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

• What’s the origin of neutrino masses?

• What’s the origin of EW symmetry breaking?

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

• What’s the solution to the hierarchy problem?

• ..

2DM, DE and some of the above in other talks at this meeting – although… 



1 slide of DM at colliders  
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}  Just two examples to show the complementarities with 
DM direct detection experiments 

g
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χ
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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). 
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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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}  I have been asked to review the expected reach of HL-LHC and 
prospects beyond that in the context of BSM searches  
}  which projects would enable better reach, what are potential 

developments, experimental possibilities (beyond HL-LHC), possible choices 
for the strategy and UK inputs   

}  A very broad remit!  
}  I will give my (personal) view as experimentalist at collider, with an 

eye to what our theory community suggest us to do to answer the 
major open questions …  

“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” (M.Mangano, 98th ECFA, November 2015)  



Searching for new physics: what  
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“Exotics” 
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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 



Searching for new physics: what  
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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  

“Exotics” 

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!  

17/04/2018 6 



Searching for new physics: where 
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}  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] 
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}  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 



 Why colliders 
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}  As for today, we need to plan future facilities to 
}  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) 
 



Which colliders: proposals made   

17/04/2018 Monica D'Onofrio, UK Inputs, IPPP 9 

}  Proton-proton  
}  HL-LHC à 14 TeV com energy, 2025-2038, up to 4000/fb   
}  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, 

Lumi ~1.8×1034 cm-2s-1   
}  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 



 benchmark routes @ colliders 
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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. 
}  Leaving no stones unturned, searching for direct 

signs of NP or carrying out precision measurements 
which might be an indirect sign of it 

}  HL-LHC physics studies are being finalized 
}  Yellow report in preparation for EU strategy 
}  Include also HE-LHC prospects studies   

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

end of HL-LHC and which directions we could 
take depending on the outcome 

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



 
 

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 (see dedicated talk) 

•  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 

Leptoquarks, Z’, W’   



Anomalies on the market (from LHCb) 
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}  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  



LQ: à τ + b and beyond 
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}  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) 
 

à More to be done by ATLAS/CMS HL-LHC  
  



Reach with HL-LHC: Z’ àttbar 
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}  ATLAS à full analysis 
}  Resolved and boosted  
}  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.
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(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) 
For Zàee, exclusion up to 6.4 TeV, discovery reach ~ 5.9 TeV 
 

ATL-PHYS-PUB-2017-002 



Reach with HL-LHC: W’àtb 
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}  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  



The (far) future 
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}  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. On LQ, 
depending on mixture and mass, studies could be also possible at e-p (limited by com energy) 



Indirect constraints on Z’  

17/04/2018 Monica D'Onofrio, UK Inputs, IPPP 17 

}  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  

1 3 5 10 30 50 100 3000.0

0.5

1.0

1.5

2.0

2.5

3.0

mZ' @TeVD
g Y
êg Z LEP

TLEP

HL-LHC

100 TeV

1 ab-1

10 ab-1

bump

interference

CERN-TH-2017-230
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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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ing out the Z 0 (see Fig. 1), and are therefore relatively
insensitive to the specific details of the Z 0 model.
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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.
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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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M in TeV

g Y
/g
Z

EWPT
ATLAS 13TeV (36.1/fb)

EFT
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300 fb-1 (dashed)
3 ab-1 (solid)

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.
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FIG. 7. 95% C.L. bounds on the Z0

Y model from pp ! `+`�, extracted using the EFT approximation (shaded orange area) and
the full model (blue contours). We show projections for two di↵erent collider center of mass energies: 27TeV (left panel) and
100TeV (right panel). We compare the 27TeV bounds with LEP constraints on the Z0

Y model, and the 100TeV bounds with
projected TLEP limits on the Y parameter [54].

and experimental uncertainties with correlations are not
provided by [31]), this comparison allows us to check if
our procedure leads to similar sensitivity to experimen-
tal bounds. We find that our projections agree with the
ATLAS bounds on the operator scale within ⇠ 10�30%,
as shown in Table II.

ATLAS (TeV) Our Fit (TeV)

⇤LL 22.7/30.9 24.5/35.2

⇤LR 23.8/28.2 26.7/31.1

⇤RL 24.0/28.0 26.3/31.3

⇤RR 23.5/28.3 25.1/34.6

TABLE II. Bound on the scale ⇤ for the operators
in Eq. 7 obtained in [31] by the ATLAS collaboration
and the limit extracted with our fitting procedure. The
weaker/stronger bounds are for ⇣=+1/�1 corresponding to
destructive/constructive interference with the SM.
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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  

ATLAS-epWZ16-EIG
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“Troubles” at low and high x  
 
LHeC (and then FCC-eh) can improve 
low and high M(ll) and M(lv) precision for 
searches for new physics 

Christoph Borschensky 
Michael Kramer Impact on PDF unc for any gluon-

gluon production at relative high x 

U. Klein 



 
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 
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}  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 



Expected reach with HE-LHC in strong sector 
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}  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  
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}  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 

17 

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

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

~ 1 TeV: maximum mass for the 
Higgsinos such that their relic 
abundance is at most ΩDM  
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}  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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Cross-section for higgsinos 
too low also for CLIC? 
arXiV:1801.05192 

Sensitivity for sleptons and charg/neut up to ~√s/2 
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}  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) 
Sensitivity also for FCC-eh (lower)   
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].

– 3 –

p

p

Invisible

Invisible

j/Z/� · · ·

�

+

�

�

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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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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Figure 4: The mass reach in the pure higgsino scenario in the monojet channel with L =
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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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Long-lived higgsinos 
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}  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! 

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?

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



Long-lived higgsinos: long term future? 

17/04/2018 Monica D'Onofrio, UK Inputs, IPPP 27 

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

 
}  Also possible at FCC-eh:  
advantage from low bkg and low PU 8
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FIG. 6. Sketch of our LLP search strategy at e�p colliders. Sin-
gle or pair-production of weak-scale Higgsino LLPs (red) is practi-
cally always associated with the production of a hard jet (A) with
pT > 20 GeV and |⌘| < 4.7 which reaches the tracker and passes
the trigger. The charged jet constituents (black) identify the primary
vertex (PV). For Higgsinos decaying into e/µ/⇡± + �0

1,2 (B), the
LLP is detected if the charged particle trajectory (black solid and
dashed) is reconstructed with pT > pmin

T and has impact parameter
greater than rmin. For LLPs decaying into two or more charged par-
ticles (C), a DV can be reconstructed, and the LLP is identified if the
distance to the PV is more than rmin. The electron or neutrino in the
event as well as neutral final states of LLP decay are not shown.

single charged particle is depicted in Fig. 6 (B). The charged
track has an impact parameter with respect to the PV. If the im-
pact parameter with respect to the PV is greater than a given
rmin we can tag this track as originating from an LLP decay,
which holds also when the LLP decays within the interaction
region. This heavily relies on backgrounds due to pile-up be-
ing either absent or controllable.

If the chargino decays to two or more charged particles,
a conventional displaced vertex can be reconstructed (C). In
that case, the PV-DV distance has to be greater than rmin to
identify an LLP decay.10

The most relevant parameter of our search strategy is thus
r
min

. Our benchmark value is rmin = 40µm, which corre-
sponds to about 5 nominal detector resolutions. We also con-
sider the case of 5 ‘optimistic’ detector resolutions (rmin =

25µm) and a pessimistic scenario with rmin = 80µm. More-
over, the pT threshold for reconstruction of a single charged
particle is also relevant. In order to study the impact of
the pT threshold, we will consider a benchmark value of
pmin

T = 100 MeV, corresponding to a gyromagnetic radius
of O(10cm) for the B field of 3.5 T. We also consider an opti-
mistic scenario of pmin

T = 50 MeV and a pessimistic scenario
of pmin

T = 400 MeV, which corresponds to the threshold
for track ID at ATLAS and CMS in a high pile-up environ-
ment [133]. 11

10 In a realistic analysis, rmin can be different for displaced tracks and ver-
tices, but for our analysis it is sufficient to take them to be identical.

11 At an e�p collider the full four momentum can be measured, and em-
ploying |p| rather than pT would lead to a slight increase in sensitivity.

We assume 100% reconstruction efficiency for displaced
tracks and vertices. The estimation of the realistic (expected-
to-be O(1)) efficiencies requires a full simulation of the de-
tector response to our signal, which is beyond the scope of
our paper and will be left for future work. We do not expect
this to significantly affect our conclusions.

Event simulation and analysis

The production of MSSM Higgsinos is simulated in
MG5 aMC@NLO [134] at parton-level, which is sufficient
given the almost purely geometrical nature of our signal. For
each chargino k the probability of detecting it as an LLP is

P
(k)

detect

=

X

i

Bri(�m(c⌧))Pi(c⌧) , (2)

where k = 1, 2 for chargino pair production events. The in-
dex i stands for the decay processes in Fig. 2, with branching
ratios Bri. Pi is the probability of detecting this particular
chargino if it decays via process i. For 2- and 3-body de-
cays to a single charged particle, it is computed by choosing
the charged particle momentum from the appropriate phase
space distribution in the chargino rest frame, then computing
the minimum distance the chargino must travel for the im-
pact parameter of the resulting charged track to be greater than
rmin. Pi is the chance of the chargino traveling at least that
distance given its boost and the chosen lifetime c⌧ . Pi = 0 if
the charged particle pT lies below threshold or it does not hit
the tracker.

For decays to “jets”, defined as three charged pions (all
hadronic decays) for �m below (above) �m

⇤

, we examine
two possibilities. Optimistically, one would expect the jet to
contain two or more relatively energetic charged particles, al-
lowing a DV to be reconstructed. Pjet is then computed sim-
ply by requiring the chargino to travel at least rmin from the
PV. Pessimistically the jet has to contain at least one charged
particle, and we assign Pjet = P⇡±⇡0⇡0 . The difference be-
tween the optimistic and pessimistic Pjet scenarios represents
an uncertainty on our sensitivity estimate.

For each event with one chargino, P
(1)

detect

represents the
chance of detecting a single LLP in the event. For each event
with two charginos, 1 � (1 � P

(1)

detect

)(1 � P
(2)

detect

) is the
chance of observing at least one LLP, while P

(1)

detect

P
(2)

detect

is
the chance of observing two LLPs. This allows us to com-
pute the number of observed events with at least one or two
LLPs, N

1+LLP

and N
2LLP

, as a function of chargino mass
and chargino lifetime.

We show contours of N
1+LLP

and N
2LLP

in Fig. 7 for
µ > 0. The darker (lighter) shading represents the contour
with the lowest (highest) estimate of event yield, obtained by

However, in order to be comparable with pp collider thresholds, we use
pT in the following.
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FIG. 8. Regions in the (m�± , c⌧) Higgsino parameter plane where more than the indicated number of one (top) or two (bottom) LLPs
are observed at the FCC-eh with a 60 GeV electron beam and 1 ab�1 (left) or 10 ab�1 (right) of luminosity. Light shading indicates the
uncertainty in the predicted number of events due to different hadronization and LLP reconstruction assumptions. As for the LHeC estimate
in Fig. 7, the green region represents our 2� sensitivity estimate in the presence of ⌧ backgrounds. For 10 ab�1, red shading is an optimistic
sensitivity estimate in case background rejection is better than we anticipate. For comparison, the black curves are projected bounds from
disappearing track searches, for the HL-LHC (optimistic and pessimistic) and the FCC-hh, see Fig. 3.

FIG. 9. Same as Fig. 8 for the FCC-eh with a 240 GeV electron beam.

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

Curtin, Deshpande, Fischer, Zurita arXiV: 1712.07135   
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Long-lived particle, dark sectors and 
sterile neutrinos  

LLP à Hot topic of the past 2-3 years  
Not only for the higgsinos…  

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  
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}  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



Displaced muons   
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}  New studies from CMS on SUSY:  
}  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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 CMS TDR (NEW) 
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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
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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 
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}  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
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(E Dell’Occo, FNAL workshop 4-6 April 2018) 

For short-lifetimes, this could be complemented by CepC ! 



LLP and Dark sectors  
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}  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 so-called PBC experiments 
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FIG. 3. Reach for B ! Xs' in the s2✓–m' plane. Solid
(dashed) blue line assume 100% (Tab. I) tracking e�ciency.
The light shaded region (with dash-dotted boundary) assumes
the spectator model for the ' decays in order to compare with
the SHiP projection [79].

sume a bb̄ production cross-section of 500 µb. For the pro-
jected LHCb reach we rescaled the existing B ! K(' !
µµ) limit [37] under the (optimistic) assumption of zero
background, implying that the limit on the fiducial rate
scales linearly with the integrated luminosity. (A similar
limit from B ! K

⇤(' ! µµ) is slightly weaker [38].) The
lower extent of the reach in s

2
✓ is determined by the to-

tal number of beauty hadrons and the CODEX-b fiducial
e�ciency, while the upper extent of the s

2
✓ reach is con-

trolled by the ' lifetime: A larger s

2
✓ implies a larger rate

of ' production along with a shorter ' lifetime, such that
most '’s decay before they reach the detector. One finds
that CODEX-b would significantly extend the reach of
LHCb, and complement part of the projected parameter
reach for SHiP [79], as well as for MATHUSLA [90].

One may also consider more general portals that do
not feature the fixed branching ratio-lifetime relations
predicted by the simplest Higgs portal models. In Fig. 4
we show the branching ratio reach for such theories, for
various ' mass benchmarks. Compared to LHCb, which
searches for B ! K(' ! µµ), a key advantage is that
the reach is not sensitive to the model-dependent muonic
branching ratio, only requiring instead that the final
states are trackable. While the muon branching ratio
is typically O(1) for m' < 2mK from kinematic con-
siderations, at higher masses this branching ratio may
drop precipitously to the sub-percent level. As an ex-
ample, we show the projected LHCb reach in Fig. 4 for
m' = 0.5 GeV compared to m' = 1GeV.

FIG. 4. Inclusive B ! Xs' reach (solid lines). The shaded
regions (dashed lines) indicate current limits (300 fb�1 pro-
jection) from B ! K(' ! µµ), rescaled to the inclusive
process using the ratio of Eq. (4) and the theory predic-
tions for the exclusive branching ratio [91, 92], and assum-
ing Br[' ! µµ] ' 30% and 10% for m' = 0.5 GeV and
1GeV, respectively. Approximate current [65] and Belle II
projected [93] limits from B ! K(⇤)⌫⌫̄ precision measure-
ments are also shown (gray shading and dashed line).

B. Exotic Higgs decays

Exotic Higgs decays to two dark photons may be gener-
ated by a kinetic mixing portal (e.g. [51–54]). In the short
lifetime limit, dark photons can be searched for with the
main LHCb detector, in D

⇤ decays [94] or with an inclu-
sive search [95]. To estimate the CODEX-b fiducial e�-
ciency, we simulate gluon fusion Higgs production at IP8
with Pythia 8, with subsequent h ! �d�d decay. The
dark photon branching ratios to various SM final states
are approximated from existing e

+
e

� data [96], which is
relevant if one exploits the muon shadow. In Fig. 5 we
show the expected reach in Br[h ! �d�d] for m�d = 0.5
and 10 GeV benchmarks as a function of dark photon life-
time, for both the CODEX-b fiducial volume and for the
case that the muon shadow can be used. For the 0.5 GeV
benchmark, the kinematically enhanced branching ratio
to muons enhances the reach of the muon shadow, com-
pared to the 10 GeV case.

A displaced vertex search at ATLAS/CMS has geo-
metric acceptance ⇠ 1 (normalized to 4⇡), and approxi-
mately 10 times higher luminosity. Other than the trig-
ger challenges associated with LLPs, a second crucial dis-
tinction is that the calorimeters comprise only ⇠ 10� of
shielding compared to the 32� shield in the CODEX-b
setup. Searches for light displaced objects in the AT-
LAS/CMS muon system are therefore expected to su↵er
from significant backgrounds from punch-through jets.
To heavily reduce these backgrounds, it is often neces-
sary to require two displaced objects, which is a signif-
icant penalty in reach for the long lifetime regime. We

25

CODEX-b

Elena Dall’OccoHL/HE LHC - 04/04/2018

LHCb Cavern
Pre-Run 3 (2020): Data AcQuistion will be moved to surface.

General strategy: Look for decays-in-flight of LLPs from IP8
Dean Robinson dean.robinson@uc.edu CODEX-b 2 | 15

strategy:  
look for decays-in-flight of LLPs 
from IP8 

Five benchmark LLP scenarios:  

• Massive dark photon γd (kinetic mixing)  
• Light O(GeV) scalar φ (Higgs mixing)  
• Heavy neutral lepton (mixing with the  

active neutrinos)  
• h → dark glueballs (twin Higgs mixing  

portal)  
• QCD coupled ALP ma < 3π (diphoton  

channel!) 

arXiv:1708.09395



LLP and Dark sectors: PBC proposals 
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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 



Dark photons @ HL-LHC 
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}  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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FASER 

CepC 

More on FASER/CepC impact in back-up 
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}  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 



Sterile neutrino prospects at electron-proton colliders

Displaced vertices:

I Heavy neutrino-antineutrino oscillations

I Oscillation from �m2
⌫ , can be ⇠ mm.

Antusch et al. ; [1709.03797]
Lepton flavor violation:

I Unambiguous: µ+jets, ⌧ +jets, µ⌧ + jets

I Highest sensitivity to |✓e✓↵|2, ↵ = µ, ⌧
Antusch et al. ; Int. J. Mod. Phys. A 32 (2017) no.14, 1750078

pp

ep

ee

LLP and heavy sterile neutrinos 
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}  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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}  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) 
 

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

}  For the long-term and UK strategy …. 



Some points for discussion 
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}  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 
}  My take: the potential of HE-LHC is huge for new particles up to ~10+ TeV with large 

datasets. FCC-hh is great, but far away in time (after FCC-ee) 
}  We should ask ourselves how long should we wait to reach (ie) 40 TeV in Z’? 

}  Help in improving SM predictions could come from additional e-p option (also for HL-LHC) 

}  Unfortunately, won’t be able to constrain higgsinos up to 1 TeV without FCC-hh (?) 

}  HE-LHC pp (+ep) running at the same time of a e+e- machine in 25-30 yrs from now? 
}  Lot of advantages also for retaining expertise, develop detector technology, FCC-hh later ?    

Tevatron/HERA/LEP  à  LHC à HL-LHC (ep?) à HE-LHC/(ep)/ee(CepC?,ILC)   
(fermiscale)                                   (Terascale)                                           (multi-Terascale) 
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}  An e+e- machine provides high precision  
}  Precision vs energy à preference largely depends on the NP model  

}  Low center-of-mass energy:  
}  “blind” to most open NP scenarios in terms of direct detection (CepC, but also ILC 

and FCC-ee in its first phases) 

}  Sufficient for indirect constrains (EFT) and some of the dark sectors  

}  High center-of-mass energy: 
}  Certainly higher potential (e.g. SUSY @ ILC-500 and CLIC) 
}  Yet not conclusive for most NP models  

}  My take: e+e- is great for precision measurements and higgs physics; for 
most of BSM scenarios does not provide conclusive results   
}  CepC enough for indirect fits, ILC and FCC-ee would be great for EWK SUSY  

}  CLIC clearly superior in terms of NP reach for some NP models – not enough anyway?   

}  Potential for long-lived particles to be retained as much as possible  
}  Invest more for future facilities / experiments complementing LHC and embed what 

we have learned in future facilities  



Back up 
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Reach with HL-LHC: Z’àee (ATLAS) 

17/04/2018 Monica D'Onofrio, UK Inputs, IPPP 41 

}  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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SUSY @ HL-LHC: challenging scenarios (stop) 
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}  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

where mT indicates the transverse mass2, pT,1 and pT,2 are the transverse momentum vectors of the
two particles (assumed to be massless), and qT,1 and qT,2 are the unknown transverse momentum
vectors of the invisible particles, with qT = qT,1 + qT,2. The minimisation is performed over all
the possible decompositions of qT. For tt̄ or WW events, where the transverse momenta of the two
leptons in each event are taken as pT,1 and pT,2, and Emiss

T as qT, mT2(`, `, Emiss
T ) is bounded sharply

from above by the mass of the W boson [56, 57], while signal events do not respect this bound
because of the additional Emiss

T coming from the �̃0
1.

The contribution of SM processes including an on-shell Z boson decaying leptonically is reduced by
vetoing events with a same flavour opposite sign lepton pair with 81.2 GeV < m`` < 101.2 GeV.
Furthermore, min{��(jetISR, E

miss
T )} is required to be larger than 0.4, to reject events where the Emiss

T
comes from mis-measured jets.

Events are required to have at least one jet associated to the ISR system and ��(jetISR1, Emiss
T ) > 2, to

ensure to be in the recoiling configuration. Figure 2 shows the expected Emiss
T and leading ISR jet pT

distributions for events passing all the requirements described so far.

The R`` is required to be above 6, to further reduce the SM backgrounds, which peak at lower values.
A final signal region (SR) is defined selecting events with Emiss

T > 350 GeV, a leading ISR jet with
pT > 300 GeV and mT2 > 100 GeV. Figure 3 shows the mT2 distribution for events passing all the SR
requirements except for the one on mT2 itself. The main backgrounds that survive the selections are tt̄
events that exceed the expected mT2 endpoint at the W mass because of the finite detector resolution, and
the irreducible tt̄ + Z (with Z ! ⌫⌫) background. This set of selection requirements has been found
to be close to optimal when considering only the dataset collected up to LS3 (SR300). The sensitivity
expectation in this scenario is expected to be pessimistic, since it has been evaluated using the same
response functions derived for the HL–LHC.

A summary of the analysis selections is also presented in Table 1.

Table 1: Summary of the analysis selection criteria (see text for details).

SR

m`` [GeV] (SF lepton pairs only) 81.2 < m`` < 101.2
min{��(jetISR, E

miss
T )} > 0.4

��(jetISR1, Emiss
T ) > 2

R`` > 6
Emiss

T [GeV] > 350
Leading ISR jet pT [GeV] > 300
mT2 [GeV] > 100

2 The transverse mass is defined as mT =
p

2|pT,1 | |pT,2 |(1 � cos(��)), where �� is the angle between the particles with
transverse momenta pT,1 and pT,2 in the plane perpendicular to the beam axis.
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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.
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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 



SUSY@ HL-LHC: EWK sector   
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}  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 

Very challenging:  
 

Low cross section  Direct Production of Chargino        
and Neutralino         decaying to Wh  

18 

)~( 0F

)~( rF

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  

AT
LA

S 
sc

op
e 

do
cu

m
en

t 
CE

RN
-L

H
CC

-2
01

5-
02

0 
Si

m
ila

r 
st

ud
y 

bc
 C

M
S 

in
 C

M
S 

te
ch

ni
ca

l p
ro

po
sa

l 

Discriminating variable: transverse 
lepton mass mT 

Discovery reach @ 3/ab: 
850 GeV reference detector  
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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  
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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) 

17/04/2018 Monica D'Onofrio, UK Inputs, IPPP 44 

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
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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
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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

√
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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
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}  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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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-

ar
X

iv
:1

71
2.

02
34

7v
1 

 [h
ep

-p
h]

  6
 D

ec
 2

01
7

Looking for a Z’: Direct Search vs. EFT

Alioli, Farina, Pappadopulo, JTR, Phys. Rev. Lett. 120, no. 10, 101801 (2018)

FC
C-
ee

Y

1

⇤2
Y

(@⇢Bµ⌫)
2

1 3 5 10 30 50 100 3000.0

0.5

1.0

1.5

2.0

2.5

3.0

mZ' @TeVD

g Y
êg Z LEP

TLEP

HL-LHC

100 TeV

1 ab-1

10 ab-1

bump

interference

CERN-TH-2017-230

Catching a New Force by the Tail

Simone Alioli⇤

CERN Theory Division, CH-1211, Geneva 23, Switzerland & Universita’
degli Studi di Milano Bicocca, Piazza della Scienza 3, 20126 Milan, Italy

Marco Farina†

New High Energy Theory Center, Department of Physics,
Rutgers University, 136 Frelinghuisen Road, Piscataway, NJ 08854, USA

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-
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Similar Cost for 3 of the 4 

•  No cost available for FCC-ee at this moment 

CLIC (380 
GeV) 

ILC (250 GeV) 

总价（万元）
100公里

3606984.81
2323610.85
250227.56
32635.00

1000511.40

CEPC (100 
km) 

ILC	

CoM. 
Energy	 250	 500	

Site Length	 ~21	 31	

Luminosity	 0.82	 1.8	

AC Power  129	 163	

Value Cost 
in TDR TBD	 7.98	

($5.5B
) 

($5 - 6B?) 


