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Public projections at a glance
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• W’ → 𝜏 ν search using 
hadronic tau leptons 

• Limits up to 7 TeV for 
HL-LHC
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• Heavy scalar→ZZ→2l 
2q 

• Search over mass 
range 550-3000 GeV 

• Cross section limits 
improved by factor of 
10 wrt 2016 analysis

CMS-FTR-18-009

• ttbar resonance (RS 
gluon) 

• Single lepton and all 
hadronic final states 

• Jet substructure 
tagging for high-pT top 
quarks 

• Limits up to 6.6 TeV for 
HL-LHC
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Z’ → dilepton
• Run 2 result 2103.02708: 

• Z’(SSM) exclusion up to 5.2 TeV 
• dimuon to dielectron flavor ratio 

• Currently planning / working on extrapolations for both 
• With full HL-LHC dataset of 3/ab, lower mass limit of ~6.7 TeV expected 
• Exclusive searches could profit more from the larger dataset
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https://link.springer.com/article/10.1007/JHEP07(2021)208
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Z’ → dilepton + MET

• Limits for Z’ from Run 2 already reach up to 
several TeV 

• Leptophobic Z’ much less constrained, e.g. 
JHEP02(2018)092, Nucl. Phys. B 866(3) 
(2013)293–336, Eur. Phys. J. C (2015)75:264 
• Z’ decay to SUSY particles → nonresonant 

dilepton + MET final state 
• DNN can help suppressing dilepton backgrounds 

(ttbar, DY, tt+X) 
• Expect sensitivity up to ~2 TeV, depending on 

chargino and neutralino masses 
• This analysis is currently categorized in EF08 

(model specific)
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Table 6 Chargino χ̃+
1 decay rates in the reference point for the Z ′

ψ
model

Final state χ+
1 branching ratio (%)

χ̃0
1 ud̄ 34.3

χ̃0
1 uc̄ 1.8

χ̃0
1 cd̄ 1.6

χ̃0
1 cs̄ 29.3

χ̃0
1 e+νe 12.0

χ̃0
1 µ+νµ 12.0

χ̃0
1 τ+ντ 8.9

into chargino pairs χ̃+
1 χ̃−

1 accounts for about 10 %, whereas
the ratios into neutralino pairs vary from 0.2 % (χ̃0

1 χ̃0
3 ) to

8 % (χ̃0
4 χ̃0

4 ). Decays into pairs of the lightest neutralinos,
i.e. χ̃0

1 χ̃0
1 , possibly relevant for the searches for Dark Matter

candidates, have non-negligible branching ratio, accounting
for about 5 %.

Since the highest BSM rate is the one into chargino pairs,
it is worthwhile carrying out the phenomenological analysis
for final states originated from a Z ′

ψ → χ̃+
1 χ̃−

1 process. As
discussed in [8,9], primary decays into chargino pairs can
lead to a chain yielding charged leptons and missing energy
in the final states. To gauge the rates of the different final
states, one must compute the branching ratios of the 2- and 3-
body decays of the charginos χ̃±

1 : these numbers, calculated
by means of SPheno, are quoted in Table 6.

As hadronic final states are likely affected by large QCD
backgrounds, I shall focus on the modes with neutralinos and
leptons, which will eventually lead to the following decay
chain:

pp → Z ′
ψ → χ̃+

1 χ̃−
1 → (χ̃0

1 %+ν%)(χ̃
0
1 %−ν̄%), (23)

with % = µ, e. The neutrinos and neutralinos in (23) will
give rise to some missing energy; the diagram of such a
process is presented in Fig. 1. The U(1)′ψ /MSSM masses
and coupling constants, in the UFO format, can be used
by MadGraph to generate parton-level events and then by
HERWIG to simulate showers and hadronization. The cross
section for the process pp → Z ′

ψ , computed by Mad-
Graph at LO, by using the CTEQL1 set [27] for the initial-
state parton distributions, is σ (pp → Z ′

ψ ) $ 0.13 pb.
The cross section for the decay chain (23) is then given by
σ (pp → Z ′

ψ → %+%− + MET) $ 7.9 × 10−4 pb at 14
TeV. This means that such events can be, e.g., about 80 for a
luminosity L $ 100 fb−1, almost 240 at 300 fb−1, and so on.
Though being less likely than SM channels, supersymmet-
ric decays are nevertheless pretty interesting, since, unlike
direct production of squark, slepton, and gaugino pairs in pp
collisions, the final state with two charginos decaying in two
charged leptons and two neutrinos has a fixed invariant mass.

Z

χ̃−
1

χ̃0
1

W−

ν̄

−

χ̃+
1

χ̃0
1

W+
ν

+

Fig. 1 Final state with two charged leptons and missing energy, due
to neutrinos and neutralinos, through a primary decay of the Z ′ into a
chargino pair

In the following, I will present some relevant leptonic dis-
tributions and compare them with those from direct decays
Z ′

ψ → %+%−, accounted in the LHC searches for Z ′ bosons
carried out so far. Furthermore, the final state in process (23)
can even occur in events with direct chargino production, i.e.

pp → χ̃+
1 χ̃−

1 → (χ̃0
1 %+ν%)(χ̃

0
1 %−ν̄%), (24)

which represent a sort of supersymmetric background for the
events initiated by a Z ′

ψ decay. In the chosen reference point,
the LO cross section for direct χ̃+

1 χ̃−
1 production is σ (pp →

χ̃+
1 χ̃−

1 ) $ 0.2 pb; accounting for the chargino branching
ratios into neutralinos and leptons (muons and electrons),
the rate of the process (24) is then given by σ $ 1.15 ×
10−2 pb, higher than in the chain (23). Before presenting
some distributions and comparisons, one can anticipate that,
while in processes like (23) the chargino-pair invariant mass
is forced to reproduce mZ ′ , in (24) the charginos do not have
this constraint and can therefore be very soft: the kinematics
of the leptons produced in chargino decays will in fact reflect
this property.

Figure 2 presents the transverse momentum spectrum
of leptons produced in all three processes: Z ′

ψ → %+%−

Z ′
ψ → χ̃+

1 χ̃−
1 , i.e. Eq. (23), and direct chargino-pair pro-

duction, like in Eq. (24). Since the kinematics of %+ and %−

is symmetric, the histograms contain the pT of both leptons.
For direct production (Fig. 2, left), the pT distribution starts to
be non-negligible for pT > 200 GeV, i.e. aboutmZ ′/10, then
increases and reaches a peak about pT $ mZ ′/2 = 1 TeV;
above 1 TeV the spectrum rapidly decreases. In the case of
the decay chain (23), the lepton transverse momentum has
a completely different behavior: there are nearly no events
below pT $ 8 GeV, then the spectrum increases, reaches its
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H±± → 4 leptons
• Doubly-charged Higgs with decays to 

same-sign lepton pairs 
• Predicted in a variety of BSM theories, e.g. 

left-right symmetric models (LRS) 
• Predominant production via Drell-Yan 

process 
• Decay to leptons or W bosons, 

depending on triplet VEV 
• Current lower limits on mass: 

• 770 - 870 GeV, ATLAS 13 TeV 
• ~600 GeV, CMS 8 TeV, CMS 7 TeV  

• Goal for Snowmass: Analysis in muon 
channel with estimate on cross section / 
mass sensitivity for HL-LHC
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Figure 1: Feynman diagram of the pair production process pp ! H++H��. The analysis studies only the
electron and muon channels, where at least one of the lepton pairs is e±e±, e±µ±, or µ±µ±.

Additional motivation to study cases with B(H±± ! `±`±) < 100% is given by type-II see-saw models
with specific neutrino mass hypotheses resulting in a fixed branching ratio combination [13, 25, 26]
which does not necessarily correspond to B(H±± ! `±`±) = 100%.

The ATLAS Collaboration previously analysed data corresponding to 20.3 fb=1 of integrated lumin-
osity which were recorded in 2012 at a centre-of-mass energy of 8 TeV [27]. This study resulted
in the most stringent lower limits on the mass of a potential H±±L particle. Depending on the fla-
vour of the final-state leptons, the observed limits vary between 465 GeV and 550 GeV assuming
B(H±±L ! `±`±) = 100%. The analysis presented in this paper extends the one described in Ref. [27]
and is based on 36.1 fb=1 of integrated luminosity collected in 2015 and 2016 at a centre-of-mass
energy of 13 TeV. A similar search has also been performed by the CMS Collaboration [28].

2 ATLAS detector

The ATLAS detector [29] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and an almost 4⇡ coverage in solid angle.1 It consists of an inner
tracking detector (ID) surrounded by a thin superconducting solenoid providing a 2 T axial magnetic
field, electromagnetic (EM) and hadronic calorimeters, and a muon spectrometer. The inner tracking
detector covers the pseudorapidity range |⌘| < 2.5. It is composed of silicon pixel, silicon micro-
strip, and transition radiation tracking detectors. A new innermost layer of pixel detectors [30] was
installed prior to the start of data taking in 2015. Lead/liquid-argon (LAr) sampling calorimeters
provide electromagnetic energy measurements with high granularity. A hadronic (steel/scintillator-
tile) calorimeter covers the central pseudorapidity range (|⌘| < 1.7). The end-cap and forward re-
gions are instrumented with LAr calorimeters for both EM and hadronic energy measurements up to
|⌘| = 4.9. The muon spectrometer surrounds the calorimeters and features three large air-core toroidal
superconducting magnets with eight coils each. The field integral of the toroids ranges between 2.0 to

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis
points upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the
z-axis. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in
units of �R ⌘

p
(�⌘)2 + (��)2. Rapidity is defined as y ⌘ 0.5 ln [(E + pz)/(E � pz)] where E denotes the energy and pz

is the momentum component along the beam direction.
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Figure 8: Limits for 3` and 4` final states for 100% decay to µµ.
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Figure 9: Limits for 3` and 4` final states for 100% decay to µt.
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Figure 10: Limits for 3` and 4` final states for Benchmark 1.
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Summary

• Several contributions for Snowmass are ready (public results 
from YR) 

• Working on new projections for two different Z’ and doubly-
charged Higgs models 

• All public CMS HL-LHC physics projections available here
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BACKUP
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Dark photons

• Dark matter charged under non-Abelian 
gauge symmetry (dark sector) 

• Dark gauge boson (dark photon) with 
mass around 1 GeV 
• Leptons from decays very close in 

ΔR → leptonic jets 
• SUSY or Higgs portal models with 

different decay chains 
• ATLAS search at 8 TeV: JHEP 02 (2016) 

062, CMS at 8 TeV: Phys. Lett. B752 
(2016)
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Figure 1. Feynman diagram illustrating the dark-photon production in the 2γd final-state (left),
and 4γd final-state (right).

sector particles and one or more dark photons. In the Higgs-portal model (section 3.2),

the SM Higgs boson decays into a pair of dark fermions, each of which decays into one or

more dark photons in cascades. For both models, the dark photons decay into lepton pairs,

that can be reconstructed as a lepton-jet, or light hadrons, depending on the branching

fractions. Monte Carlo (MC) simulated samples are produced for the two models. All sig-

nal MC events are processed with the Geant4-based ATLAS detector simulation [38, 39]

and then analysed with the standard ATLAS reconstruction software. The branching ratio

(BR) values for the dark-photon decays to leptons are taken from ref. [4]. In all signal

models used to interpret the results the dark photons are required to decay promptly with

mean life time (cτ) close to zero. For the Higgs-portal model, long-lived dark photon sam-

ples with cτ = 47 mm are used to extrapolate the signal efficiency of zero cτ dark photons

to non-zero cτ dark photons (section 9).

3.1 SUSY-portal lepton-jet MC simulation

A benchmark SUSY model [3] is used to simulate SUSY production of dark-sector particles

and dark photons. Simulated samples are produced in several steps. Squark (q̃) pair

events are generated with Madgraph [40], version 5, in a simplified model with light-

flavour squark pairs with decoupled gluinos [41, 42].2 Then Bridge [44], interfaced with

Madgraph, simulates squark decays into neutralinos. The neutralinos decay into dark-

sector particles, which decay to SM particles as shown in figure 1. The squarks are set to

decay with a 100% BR into a quark and a neutralino (χ̃0
1). The neutralinos decay into dark-

sector particles in two ways: χ̃0
1 → γdχ̃d or χ̃0

1 → sdχ̃d, where sd is a dark scalar particle

that decays to γdγd and χ̃d is a dark neutralino. In this model, the stable dark-matter

particle is the dark neutralino which is invisible in the detector. For fragmentation and

hadronization Pythia 8 [45, 46] is used, with the CTEQ6L1 1 [47] PDF parton distribution

function (PDF) set, and the AUET2 [48] set of tuned parameters.

As the dark-sector is loosely constrained experimentally, the squark mass, the dark-

photon mass, and all intermediate masses are chosen to correspond to well-motivated nom-

2This is the same simplified model used in a previous ATLAS search and shown in the third plot of

figure 10 in ref. [43]. In the analysis context, the fact that gluinos are decoupled implies the 2 → 2

production, such that there are two SUSY particles at the hard scatter producing two lepton-jets per event.
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Figure 10. The 95% CL observed and expected upper limits on the cross section times branching
ratio into final-states with two lepton-jets in the case of 2γd + X production via the SUSY-portal
topology based on the combined results of the eLJ-eLJ, muLJ-muLJ, eLJ-muLJ channels. The
limit is plotted as a function of dark-photon mass mγd , and changes with mass due to a small
dependence of signal efficiency on the γd mass.

the signal efficiencies are derived from the MC sample for the Higgs-portal in the eLJ-eLJ,

muLJ-muLJ and eLJ-muLJ channels for that benchmark. For other γd mass benchmarks,

the extrapolation corrections for all γd masses are obtained using the SUSY-portal MC

samples. These correction factors are then used to rescale the efficiency at 0.4GeV in

the H → 2γd + X topology to derive efficiencies for other γd masses in the [0.1–2.0] GeV

interval. As the efficiency dependence is found to be small for the SUSY samples across

various dark-photon mass points in the 2γd+X topology, it is assumed for the Higgs-portal

model that the efficiencies scale the same way as for the SUSY-portal samples with respect

to 0.4GeV dark-photon sample. Based on the variations in efficiencies across different dark-

photon masses with respect to 0.4GeV dark-photon sample, the following uncertainties are

assigned to the efficiencies: 60% on the eLJ-eLJ channel, 200% on the muLJ-muLJ and

30% on the eLJ-muLJ channel.

In order to allow a comparison with the displaced lepton-jets analysis [18], 90% confi-

dence-level exclusion limits are derived for H → 2γd +X production for various (5%, 10%,

20%, 40%) branching fractions by combining the results from the eLJ-eLJ, muLJ-muLJ

and eLJ-muLJ channels after taking into account all systematic uncertainties.

Figure 13 shows the 90% confidence-level exclusion contour interpreted in the ε and

γd mass plane in the ε region 10−2–10−6 and in the mass region [0.1–2] GeV for 5%, 10%,

20%, 40% branching fractions of the Higgs boson decay to 2γd + X. In the low-mass

region, below the µ+µ− threshold, only the results from the eLJ-eLJ channel contribute.

The results shown in the figure depend on the coupling of the dark photon to the SM photon

ε, and on the mass of the dark photon. The figure also shows other excluded regions from

a search for non-prompt lepton-jets at ATLAS [18] and from other experiments. Shown

– 23 –
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