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Introduction 

Generalities, some cautionary comments 



Introduction – some cautionary comments 
■  BSM space is huge.  As in Huge. 

◆  Impossible to cover everything. (IMPOSSIBLE) 
■  We are not providing an exhaustive list of reach for 

each and every model/parameter hypothesis. 
◆  Rather, concentrate(d) on wide comparisons that cover the 

essence of each thematic area 
■  Caution: inputs used have had very different levels of 

detail, simulation/precision and analysis maturity. 
◆  From full simulation to DELPHES to scaling by Lumi… 

■  We have looked at the easy part: the “reach” of the 
various options. 
◆  This means mostly “limits”.  In some cases, also discovery. 
◆  Next level: FTC [Future To-be-defined Collider] observes 

excess in jets+MET → What next?  Another major issue. 
●  Characterization of new signals → next Strategy Update. 
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The Big Questions (BQs) 
■  The four big questions for BSM (@colliders): 

◆  To what extent can we tell whether the Higgs is fundamental or 
composite? 

◆  Are there new interactions or new particles around or above 
the electroweak scale? 

◆  What cases of thermal relic WIMPs are still unprobed and can 
be fully covered by future collider searches? 

◆  To what extent can current or future accelerators probe feebly 
interacting sectors? 

May 16, 2019 PPG: BSM physics  4 



Topics in BSM 
1) Electroweak breaking dynamics and resonances (EWSB/NewR) 

Andrea Wulzer (CERN) & Juan Alcaraz (CIEMAT)  
Composite Higgs, top partners, particles associated with EW symmetry 
breaking, heavy Z’ and W’ 

2) Supersymmetry (SUSY) 
Andreas Weiler (TUM) & Monica D'Onofrio (Liverpool) 
Collider searches, motivations for supersymmetry after the LHC, unexplored 
corners, new models 

3) Extended Higgs sectors & High-energy flavor dynamics (Ext-H/FD) 
Veronica Sanz (Sussex) & Philipp Roloff (CERN) 
Two Higgs doublets, singlets, new particles accompanying the Higgs, 
leptoquarks, particles related to flavour dynamics at the EW scale, rare top 
decays 

4) Dark matter (DM) 
Matthew McCullough (CERN) & Caterina Doglioni (Lund) 
Collider searches, simplified models, comparisons with direct/indirect 
searches 

5) Feebly-interacting particles (FIPs) 
Gilad Perez (Weizmann) & Gaia Lanfranchi (INFN, Frascati)  
Long-lived particles, right-handed neutrinos at the EW scale, dark photons at 
colliders, dark scalar/relaxion, ALPs at colliders 
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The Big Questions (BQs) 
■  The four big questions for BSM (@colliders): 

◆  To what extent can we tell whether the Higgs is fundamental or 
composite? 

●  EWSB/NewReson, SUSY 
◆  Are there new interactions or new particles around or above 

the electroweak scale? 
●  EWSB/NewReson, SUSY, Ext-H/FlavorDyn, DM, FIPs 

◆  What cases of thermal relic WIMPs are still unprobed and can 
be fully covered by future collider searches? 

●  DM, FIPs, SUSY 
◆  To what extent can current or future accelerators probe feebly 

interacting sectors? 
●  FIPs, SUSY 
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EFTs, and the world of direct vs indirect 
■  BSM searches: direct ones, where one can use specific 

models (or classes of models, e.g. SUSY); important 
info also from precision measurements.  
◆  Maximal expression of our ignorance: “SM is an EFT” → write 

down all possible dim-6 operators and see what new things we 
would see or what we would learn from limiting size of terms 
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Scaling all Higgs couplings 
by a common factor 

4-fermion contact ints., 
 W’, Z’ resonances 

2 fermion–2 boson contact interactions, 
S parameter 

Modify top and bottom 
Yukawa couplings 

+ ... And much, much more… 



Partial Answers to the  
Big Questions (I) 
Is the Higgs fundamental? 

 



Higgs Compositeness? 
■  Using fits from EWK/Higgs group (arXiv:1905.03764) 

◆  Connection between notations:  

◆  Deviations ~1% in Higgs couplings for mass/coupling ~2 TeV 
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Higgs Compositeness? 
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Higgs Compositeness? + New question  
■  Corollary question: is it “natural”? 
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Partial Answers to the  
Big Questions (II) 

Are there new interactions or new 
particles around or above the 

electroweak scale? 
 
 



New resonances/particles/forces? 
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Seeing the peak. Reach:  
●  M < √s for lepton colliders 
●  M ≲ 0.3-0.5 √s in hadron colliders   

for couplings ~ weak couplings 

Deviations in high-M tails:  
●  Better suited for lepton colliders; sensitive to 

[mass/coupling] ≫ √s 
●  Hadron colliders relevant for gZ’>gSM 

couplings: [mass/coupling] ≫ 0.5√s 

In what follows: using very simple 
model as example. 
Universal Z’. Clearly, many models 
with flavor dependence etc.  

Courtesy: 
J. De Blas 



New resonances/particles/forces? 
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Contact Interactions 
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HL-LHC HE-LHC CLIC 

Sensitivity for ee colliders enhanced for couplings ≳ 1  
 (weak couplings → direct searches become more sensitive) 

Searches for W’ & charged fermion currents more effective at hadron colliders 

FCChh 



Extended Scalar Sectors? 
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14/05/2019 Philipp Roloff    Extended Higgs & high-energy flavour 1

Standard Model + real scalar singlet

Potential for SM Higgs and a single real scalar

Higgs-singlet mixing:
h = h

0
 cosγ + S sinγ

ɸ = S cosγ - h
0
 sinγ

Sensitivity from Higgs couplings:
c

H
 is overall scaling of the Higgs couplings

(using sensitivity for this individual operator)

Sensitivity from EW precision observables:
S and T parameters derived from from c

ɸWB
 and c

T

(simultaneous fit of both operators)

Equivalence theorem:
BR(ɸ→hh) = BR(ɸ→ZZ) = 25%

V
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Facility 95% C.L. lumit on sin2γ

HL-LHC 0.034

LHeC 0.013

HE-LHC 0.018

ILC 250 GeV 0.0073

ILC 500 GeV 0.0050

CLIC 380 GeV 0.0093

CLIC 1.5 TeV 0.0048

CLIC 3 TeV 0.0033

CEPC 0.0046

FCC-ee 240 GeV 0.0053

FCC-ee 0.0046

FCC-ee/-eh/-hh 0.0034

Facility Sin2γ lim 
(95% CL) 

HL-LHC 0.034 
LHeC 0.013 

HE-LHC 0.018 
ILC 250 0.0073 
ILC 500 0.0050 

CLIC 380 0.0093 
CLIC 1.5 0.0048 
CLIC 3 0.0033 
CEPC 0.0046 

FCCee 240 0.0053 
FCC-ee 0.0046 
FCC-all 0.0034 

h & S can mix 
h = h0 cosγ + S sinγ 
φ = S cosγ – h0 sinγ 

Indirect: H couplings 
+ EWK PO 

Direct searches: pp: main LHC result ZZ; hadron 
colliders: extrap in √s; e+e−→ννφ; φ→hh→bbbb 
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Direct & indirect: provide 
complementary info 
(HL-LHC, HE-LHC & CLIC) 

Direct reach at FCC-hh 
better than precision H 
couplings for mφ<12 TeV 

Direct + Indirect 
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Direct:
FCC-hh LISA preliminary

Extended Scalar Sectors? (zero mixing) 
■  Corollary question: is it a first-order phase transition? 
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Direct search: VBF φφjj, φ→ΜΕΤ 
 
Indirect info more powerful; 
CLIC3.0 = FCC-all 

Large area where first-
order PT is possible 
[green] can be probed; 
not completely, though. 
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Extended Scalar sectors: MSSM 
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pp → bbH0/A → bbττ (large tanβ) 
pp → bbH0/A → ttbb (int. tanβ) 
pp → ttH0/A → tttt (low tanβ) 

pp → btH± → bbτν 
pp → btH± → tbtb 

H0/A: exclusion limits > 5 TeV  
 (20 TeV at low tan β) 

H±: exclusion limits ~10 - 15 TeV 

Hadron 
colliders 
LHC+HL-LHC FCC-hh FCC-hh 

Indirect info also probes 
additional h bosons 
(e.g. κb~mZ

2/mA
2)  



Flavor Dynamics (FCNC) 
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CLIC380 vs ILC500 



Model
∫
L dt[ab−1]

√
s [TeV] Mass limit (95% CL exclusion) Conditions

H
L

-L
H

C
H

E
-L

H
C

F
C

C
-h

h

g̃g̃, g̃→qq̄χ̃
0
1 3 14 m(χ̃

0
1)=03.2 TeV

g̃g̃, g̃→qq̄χ̃
0
1 3 14 m(g̃) ∼ m(χ̃

0
1)+10 GeV1.5 TeV

g̃g̃, g̃→tt̄χ̃
0
1 3 14 m(χ̃

0
1)=02.5 TeV

g̃g̃, g̃→tc̄χ̃
0
1 3 14 m(χ̃

0
1)=500 GeV2.6 TeV

g̃g̃, g̃→qq̄χ̃
0
1 15 27 m(χ̃

0
1)=05.7 TeV

g̃g̃, g̃→qq̄χ̃
0
1 15 27 m(g̃) ∼ m(χ̃

0
1)+10 GeV2.6 TeV

NUHM2, g̃→tt̃ 15 27 m(χ̃
0
1)=05.9 TeV

g̃g̃, g̃→qq̄χ̃
0
1 30 100 m(χ̃

0
1)=017.0 TeV

g̃g̃, g̃→qq̄χ̃
0
1 30 100 m(g̃) ∼ m(χ̃

0
1)+10 GeV (*)7.5 TeV

g̃g̃, g̃→tt̄χ̃
0
1 30 100 m(χ̃

0
1)=011.0 TeV

Mass scale [TeV]10

Hadron Colliders: gluino projections

(R-parity conserving SUSY, prompt searches)

Preliminary Granada 2019

Extra particles at ~ TeV? SUSY has many… 
■  Corollary questions: 

◆  If {SUSY} which masses (and mass differences) of strongly- or 
weakly coupled super-partners can we reach?  

◆  Is nature fundamentally fine-tuned? If the solution is SUSY, 
how well can we test this? 

◆  Is dark matter a thermal SUSY WIMP? 
■  Strongly-interacting SUSY (gluinos and squarks): the 

purview of hadron colliders 
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Model
∫
L dt[ab−1]

√
s [TeV] Mass limit (95% CL exclusion) Conditions

H
L

-L
H

C
H

E
-L

H
C

IL
C

C
L

IC
S

t.
2

C
L

IC
S

t.
3

F
C

C
-h

h

t̃1 t̃1, t̃1→tχ̃
0

1
3 14 m(χ̃

0

1)=01.7 TeV

t̃1 t̃1, t̃1→tχ̃
0

1/3 body 3 14 ∆m(t̃1, χ̃
0

1)∼ m(t)0.85 TeV

t̃1 t̃1, t̃1→cχ̃
0

1/4 body 3 14 ∆m(t̃1, χ̃
0

1)∼ 5 GeV, monojet (*)0.95 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1, χ̃
0

2 15 27 m(χ̃
0

1)=03.65 TeV

t̃1 t̃1, t̃1→tχ̃
0

1/3-body 15 27 ∆m(t̃1, χ̃
0

1)∼ m(t) (*)1.8 TeV

t̃1 t̃1, t̃1→cχ̃
0

1/4-body 15 27 ∆m(t̃1, χ̃
0

1)∼ 5 GeV, monojet (*)2.0 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 4 0.5 m(χ̃
0

1)=0 (tbc)0.25 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 4 0.5 ∆m(t̃1, χ̃
0

1)∼ m(t)0.25 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 4 0.5 ∆m(t̃1, χ̃
0

1)∼ 10 GeV0.25 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 2.5 1.5 m(χ̃
0

1)=00.75 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 2.5 1.5 ∆m(t̃1, χ̃
0

1)∼ m(t)0.75 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 2.5 1.5 ∆m(t̃1, χ̃
0

1)∼ 50 GeV(0.75 - ϵ) TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 5 3.0 m(χ̃
0

1)∼350 GeV1.5 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 5 3.0 ∆m(t̃1, χ̃
0

1)∼ m(t)1.5 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 5 3.0 ∆m(t̃1, χ̃
0

1)∼ 50 GeV(1.5 - ϵ) TeV

t̃1 t̃1, t̃1→tχ̃
0

1
30 100 m(χ̃

0

1)=010.8 TeV

t̃1 t̃1, t̃1→tχ̃
0

1/3-body 30 100 m(χ̃
0

1) up to 4 TeV10.0 TeV

t̃1 t̃1, t̃1→cχ̃
0

1/4-body 30 100 ∆m(t̃1, χ̃
0

1)∼ 5 GeV, monojet (*)5.0 TeV

Mass scale [TeV]10−1 1

All Colliders: Top squark projections
(R-parity conserving SUSY, prompt searches)

(*) indicates projection of existing experimental searches

ϵ indicates a possible non-evaluated loss in sensitivity

Preliminary Granada 2019

HE-LHC: ~ 2 x MHL-LHC 
FCChh:   ~ 5 x MHL-LHC 
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Preliminary Granada 2019

95% CL exclusion

Wino-like cross sectionsLHC 36/fb, 13 TeV
HL-LHC 3/ab, 14 TeV (3L search)
HL-LHC compressed 3/ab, 14 TeV
HE-LHC 15/ab (projection)
HE-LHC compressed 15/ab (projection)
ILC500 0.5/ab
CLIC 1.5 TeV
CLIC 3 TeV
FCC-hh (3L search, 3/ab)

SUSY: EWK sector 
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SUSY: any “holes”?  
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Fig. 2.2.13: 5� discovery contours and expected 95% C.L. exclusion contours for the combined e�±
1 e�0

2 and e�0

2 e�0

1

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

1 e�0

2 and e�0

2 e�0

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

2, e�0

1) > 7.5 GeV.

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

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

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

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

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

1 and e�0
2 can be discovered

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

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

1 e�0
2 and e�0

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

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

2.2.5.2 Higgsino search prospects at HL-LHC at ATLAS

Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

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

2 and �̃±
1 are produced and decay via

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

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

Muons that originate from pile up interactions or from heavy flavour decays, referred as fake or non-
prompt muons, are rejected by applying an isolation to the muon candidates. The main source of
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Indeed, after LHC, there will be holes [in low mass regions]; closing or looking at 
how to close them at HL-LHC; for EWKinos, some regions will remain difficult @ pp.  
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Fig. 2.2.15: Expected exclusion limit (dashed line) in the �m(�̃0

2, �̃
0

1), m(�̃0

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

1 ) = 1

2
(m(�̃0

1) + m(�̃0

2)).

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

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

Direct detection constraints imposed by the XENON1T [111] and PANDA [112] collaborations
put light DM scenarios under severe scrutiny. Hence, in LRSUSY, in order to account for the relic
density and direct detection constraints simultaneously, we need to focus on various co-annihilation
options. In this work, we consider one right sneutrino and one higgsino LSP scenario and highlight
the corresponding implications for WR searches at the LHC. A robust signal of left-right symmetry
consists in the discovery of a right gauge boson WR, possibly together with a right neutrino NR. Both
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–:  
Info only 
from LHC 
(& only 
for stop). 
+:  
based on 
data!  



Long-lived SUSY? 
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Long-lived particles  

30/10/2017 Monica D'Onofrio, HL/HE-LHC Workshop 16 

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

}  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      Special Signatures from LLP 
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Issues and opportunities with LLP signatures: 

• Non-standard objects, custom trigger/reconstruction/simulation 

• Need to maintain dedicated detector capabilities 

Potential gains from HL-LHC from high luminosity, track-trigger, fast timing, 

better directionality. 

 

Variety of dedicated techniques to 
cover whole range of lifetimes (cW) 

Synergy among ATLAS, CMS 
and LHCb experiments 
•  Target complementary 

lifetimes and mass ranges 
•  Use different ‘signatures’ 

A few examples here, more  
in dedicated talks 

BSM parallel session: 
ATLAS talk: S. Pagan Riso 
CMS talk: J. Alimena;  LHCb talk: C.  Sierra 
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Fig. 4.1.2: Expected exclusion limits at 95% C.L. from the disappearing track search using of 3 ab�1of 14 TeV

proton-proton collision data as a function of the �̃±
1 mass and lifetime. Simplified models including both chargino

pair production and associated production �̃±
1 �̃0

1 are considered assuming pure-wino production cross sections
(left) and pure-higgsino production cross sections (right). The yellow band shows the 1� region of the distribution
of the expected limits. The median of the expected limits is shown by a dashed line. The red line presents the
current limits from the Run-2 analysis and the hashed region is used to show the direction of the exclusion. The
expected limits with the upgraded ATLAS detector would extend these limits significantly. The chargino lifetime
as a function of the chargino mass is shown in the almost pure wino LSP scenario (light grey) calculated at one
loop level. The relationship between the masses of the chargino and the two lightest neutralinos in this scenario is
m(�̃±

1 ) = (m(�̃0

1) + m(�̃0

2))/2. The theory curve is a prediction from a pure higgsino scenario.

potential of the analysis would allow for the discovery of wino-like (higgsino-like) charginos of mass
100 GeV with lifetimes between 20 ps and 700 ns (30 ps and 250 ns), or for a lifetime of 1 ns would
allow the discovery of wino-like (higgsino-like) charginos of mass up to 800 GeV (600 GeV).

Finally, Fig. 4.1.3 presents the 95% C.L. expected exclusion limits in the �̃0
1, �m(�̃±

1 , �̃0
1) mass

plane, from both the disappearing track and dilepton searches. The yellow contour shows the expected
exclusion limit from the disappearing track search, with the possibility to exclude m(�̃±

1 ) up to 600 GeV
for �m(�̃±

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

1 , �̃0
1) = 0.4 GeV for m(�̃±

1 ) = 100 GeV.
The blue curve presents the expected exclusion limits from the dilepton search, which could exclude up
to 350 GeV in m(�̃±

1 ), and for a light chargino mass of 100 GeV would exclude mass differences be-
tween 2 and 15 GeV. Improvements that are expected with the upgraded detector, and search technique
improvements may further enhance the sensitivity to these models. For example the sensitivity of the
disappearing tracks search can be enhanced by optimising the tracking algorithms used for the upgraded
ATLAS detector allowing for an increase in tracklet efficiency, the possibility of shorter tracklets pro-
duced requiring 3 or 4 hits, and further suppression of the fake tracklet component. The dilepton search
sensitivity would be expected to improve by increasing the reconstruction efficiency for low pT leptons.
The addition of the electron channel would also further enhance the search sensitivity.

4.1.2 Complementarities between LHeC and HL-LHC for disappearing track searches
Contributors: K. Deshpande, O. Fischer, J. Zurita

In higgsino-like SUSY models, the Higgsinos’ tiny mass splittings give rise to finite lifetimes
for the charginos, which is enhanced by the significant boost of the c.o.m. system and can be used
to suppress SM backgrounds [330]. The small mass splittings allow the Higgsinos to decay into
⇡±, e±, µ± + invisible particles, with the single visible charged particle having transverse momenta in
the O(0.1) GeV range. In the clean environment (i.e. low pile up) of the e�p collider, such single low-
energy charged tracks can be reliably reconstructed, if the minimum displacement between primary and
secondary vertex is at least 40 µm, and the minimum pT of the charged SM particle is at least 100 MeV.

107

Pure-wino σ
Pure-higgsino σ

HL-LHC 

Figure 74: The 95% CLIC exclusion reach for pure higgsinos in each of the eight analysis strategies,
assuming zero background in each analysis.

Figure 75: Contours in the place lifetime-mass for N=3 (solid) and N=30 (dashed) higgsino events in the
acceptance defined by Eq. (222) at the three stages of CLIC: 380 GeV 0.5 ab�1 (blue), 1.5 TeV 1.5 ab�1

(yellow), and 3.0 TeV 3 ab�1 (green).

5.3.1 Minimal (milli-charged) dark matter
The idea behind Minimal Dark Matter (MDM) [526] is to introduce a single EW multiplet � which is
accidentally stable at the renormalizable level due to the SM gauge symmetry. One further assumes
Y = 0 (to avoid direct detection bounds from Z exchange) and that the lightest particle (LP) in the
multiplet is neutral. This is actually a prediction if the mass splitting is purely radiative as in the case
of fermions, while scalars can receive a tree-level splitting from the scalar potential which is assumed
to be sub-leading. The contribution to the relic density is then completely fixed by known EW gauge
interactions and the mass of the new state m�, thus making the framework extremely predictive. If
one further requires that the theory remains weakly coupled up to the Planck scale and that d < 6 �-
decay operators are not allowed (otherwise they would lead to a too fast � decay, even with a Planck
scale cutoff), this leads to one single option: the Majorana fermion representation (1, 5, 0)MF.67 In the
following, we use the labels RS, CS, MF, and DF to denote a real scalar, complex scalar, Majorana
fermion, and Dirac fermion representation, respectively.

The MDM framework was extended in [528] to contemplate the possibility of a milli-charge ✏ ⌧

1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence no bearing on collider
physics, but it ensures the (exact) stability of the LP in the EW multiplet. The various MDM candidates

67Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in [527] that a
previously overlooked d = 5 operator leads to a loop-induced decay of the neutral component in �, whose lifetime is shorter
that the age of the Universe.
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Charged stub + photon 



SUSY: what does it mean? 
■  Corollary question: 

is SUSY natural? 
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MSSM: already unnatural 

■  What do we learn from indirect 
information? 

�OSUSY

OSM
⇠

m2
SM

m2
SUSY

<latexit sha1_base64="pmwqF8CTyPPyz7KPn+cMAUcKv/0="></latexit>

For Xt
max: mh already beyond reach of κg 

FCCall 

CLIC3/
ILC500 

rg � 1 ⇡ 1

4

m2
t

m2
t̃1

⇡ 0.7%

 
1TeV

m2
t̃1

!2

<latexit sha1_base64="c19bS2oS5DK/NpknPW7ZZrYzgyc="></latexit>

Xt = 0
<latexit sha1_base64="JL+ISp5HI3EtnjHoTo0g2ZiXn3g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oBehIILHCvYD2lA22027dLMJuxOhhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etUycasabLJax7gTUcCkUb6JAyTuJ5jQKJG8H49uZ337i2ohYPeIk4X5Eh0qEglG0UrvTR3JD3H654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzc6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJlWwI3vLLq6R1UfUuq95DrVK/y+Mowgmcwjl4cAV1uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/h9I6e</latexit>

Xt = Xmax
t

<latexit sha1_base64="UVMYwDMcUZrLK/yOTuvu+IA8nKc=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRIVdCMURHBZwT6gjWEynbRDZ5IwcyOtofgrblwo4tb/cOffOG2z0NYD93I4517mzgkSwTU4zre1sLi0vLJaWCuub2xubds7u3Udp4qyGo1FrJoB0UzwiNWAg2DNRDEiA8EaQf9q7DcemNI8ju5gmDBPkm7EQ04JGMm395s+4Ets+n0b2AAySQYj3y45ZWcCPE/cnJRQjqpvf7U7MU0li4AKonXLdRLwMqKAU8FGxXaqWUJon3RZy9CISKa9bHL9CB8ZpYPDWJmKAE/U3xsZkVoPZWAmJYGenvXG4n9eK4Xwwst4lKTAIjp9KEwFhhiPo8AdrhgFMTSEUMXNrZj2iCIUTGBFE4I7++V5Uj8pu6dl9/asVLnO4yigA3SIjpGLzlEF3aAqqiGKHtEzekVv1pP1Yr1bH9PRBSvf2UN/YH3+ACDglQk=</latexit>

With HL-
LHC stop 
limit: also 
for Xt=0 

Δ = 10 Δ = 100 Δ = 300

0.5%1.%2.%

125

500 1000 1500 2000 2500 3000
0

100

200

300

400

mt
∼
1
(GeV)

m
t∼ 2
-
m
t∼ 1
(G
eV

)

From hgg 



Partial Answers to the  
Big Questions (III) 

What cases of thermal relic WIMPs   
are still unprobed and can be fully 

covered by future collider searches? 
 



Thermal relic WIMPs 
■  Motivation for direct, indirect and collider searchers: 
 
 

◆  WIMP miracle has moved upwards – to ~TeV. 
■  Focus of BSM group: GeV–TeV region; two classes 

◆  Classic electroweak WIMP candidates (SUSY inspired) 
●  Winos and Higgsinos (and linear combinations…) 

◆  Simplified models with mediator particles 
●  Axial-vector simplified models 
●  Scalar simplified models 
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Simplified Models
Write down simple models for dark matter 
interactions.  Capture simplest experimental 
features.

Missing
Energy

Dijet/Dilepton
Resonances

Relic
Density

Consider a scenario where dark 
matter interacts via a new 
resonance: 

These interactions, combined with 
the particle masses, let us calculate 
basic features.
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DM: Classic WIMPs  
■  Two “extremes”, pure Wino, pure Higgsino 

◆  Main “tools”: disappearing track, propagator modifications 
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Simplified Models: axial vector  
■  Light DM, mχ=1GeV 
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Projected Axial-Vector Limits

Lepton collider limit 
assuming mediator 
couplings to leptons 
only.  Also in EFT 
limit, so can be 
easily rescaled for 
modified couplings.��� ��� � � ��
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ee: assumes mediator 
couplings to leptons only.  
Also in EFT limit, so can 
be easily rescaled for 
modified couplings. 

Note: taking EFT scale as free 
parameter, MDM reach ~kinematic 
reach of collider. 

pp: assumes mediator 
couplings to quarks only. 
   750 GeV, HL-LHC 
   1.5 TeV, HE-LHC 
   3.9 TeV for FCC-hh 
Dependence on 
couplings! 

Significant model dependence.  UV models may have comparable quark 
and lepton couplings.  If both present, can also use dilepton resonances. 



SM scalar mediator: Higgs portal 
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A collider discovery 
will need confirmation 
from DD/ID for 
cosmological origin 
 
A DD/ID discovery 
will need confirmation 
from colliders to 
understand the 
nature of the 
interaction 

A future collider program that optimizes sensitivity to invisible particles 
coherently with DD/ID serves us well. Need maximum overlap with DD/ID! 

   Best range 



BSM scalar mediator 
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A collider discovery 
will need confirmation 
from DD/ID for 
cosmological origin 
 
A DD/ID discovery 
will need confirmation 
from colliders to 
understand the 
nature of the 
interaction 

     Best range 

A future collider program that optimizes sensitivity to invisible particles 
coherently with DD/ID serves us well. Need maximum overlap with DD/ID! 



DM: summary 
■  Strengths in WIMP searches both in future lepton and 

hadron options: 
◆  Combined FCC program shows best sensitivity to benchmarks 
◆  Still, needs complementary experiments: DM ≠ WIMP (only) 

■  We can probe the thermal WIMP parameter region 
■  Large (& yet unknown) parts of phase space can be 

probed by precision environment/lower bkg in ee 
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Synergies with DD/ID 
communities welcome 

(and necessary) 

cosmological 
origin 
DD/ID/astrophysics 

nature of DM-SM 
interaction 
colliders(/beam dumps) 



Partial Answers to the  
Big Questions (IV) 

To what extent can  
current or future accelerators  

probe feebly interacting sectors? 
 



Feebly Interacting Particles (FIPs) 

May 16, 2019 PPG: BSM physics  33 

Astro Fontier 

Precision 
Fontier 

Accelerator 
Fontier 

courtesy: Elina Fuchs  

Plus: light DM, 
typically → light 
mediator, e.g. 
dark-photon 



Feebly Interacting Particles (FIPs) 
■  Very wide range of possibilities .AND. Models 

◆  How to search for such broad class of models?  
●  Simplified models 

◆  How to compare frontiers? Experiments?  
●  Use benchmarks.  

◆  Simplified models: four “portals” 

 

 
◆  From portals: identify benchmark cases to evaluate 

experimental sensitivities. Common ground to compare 
machines/experiments and put them in worldwide context  
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HNLs, LDM & Light mediators, ALPs must be SM singlets, hence  options limited by SM gauge invariance:
According to generic quantum field theory, the lowest dimension canonical operators are  the most important:

Simplified (simplest?) models: the four portals

From portals we can identify benchmark cases to evaluate the experimental sensitivities
A common ground to compare the proposals against each other and put them in worldwide context

PBC report, arXiv:1901.09966

(Relaxion toy model, mixes \w Higgs)

Allowing CP violation => axion acquires scalar couplings (not included). 

4



FIPs: Vector Portal (Dark Photon) 
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Beam dump expts: very low 
couplings at very low masses

LHCb: D*0 ⟶ D0  e+ e– 
& pp ⟶ Aʹ ⟶ µ+µ–  

FASER & 
MATHUSLA

HL-LHC: pp→Aʹ→µ+µ–  

FCC-hh 
Aʹ→µ+µ–  

CePC FCC-ee 

ILC 

LHeC 
FCCeh 

ee→Aʹγ→µ+µ–γ  



FIPS: Scalar Portal (Dark Higgs) 
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SHiP & beam-dump/fixed target expts 

MATHUSLA, CODEX, FASER: H→SS; 
LHCb: B→KH*→K µ+µ−  

sensitivity overestimated below 10 GeV 
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 NP →LHC Run 1 - h 

 NP  →, h -1HL-LHC, 6 ab

 NP  →, h -1HE-LHC, 15 ab

 NP  →, h -1ILC250+350+500, 6.2 ab

 NP  →, h -1CEPC, 5.6 ab

 NP  →, h -1FCC-ee, 5.0 ab

 NP  →, h -1CLIC-380, 1 ab

 NP  →, h -1CLIC-1500, 2.5 ab

 NP  →, h -1CLIC-3000, 5.0 ab

HL/HE-LHC: indirect Higgs;  
ee: √s>MZ→ ZH*; √s=MZ→ µµH*;  

sensitivity 
overestimated 
below 10 GeV 



FIPs: Pseudo-Scalar Portal (Axions, ALPs) 
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LHeC 
FCCeh 

CLIC 

FCC-hh (Z→γa→3γ) FCC-ee comb  
Z, WW, 240 GeV 



FIPs: Sterile Neutrinos 
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FIPs… 
■  FIPs represent a new paradigm that requires 

systematic exploration on multiple fronts 
■  FIP mass(es) can span several orders of magnitude 

◆  However, there are preferred regions for motivated models 
(Dark photon for thermal dark matter, relaxion in its natural 
region, right-handed neutrinos below EW scale down to the 
see-saw limit) that are within reach for accelerator-based 
experiments 

■  Beam dump and collider experiments: complementary 
in reach 
◆  Very significant reach in several places. Not exhaustive – but 

this is only the beginning. 
●  Note: invisible counterpart in summary talk from DM group 
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Outlook 

Some lessons learned 



Summary/Outlook 
■  We are trying to provide a meaningful comparison between 

the different machines and experiments 
◆  And to see what we really learn in response to “big questions” 

■  We do learn a lot 
◆  But not everything we would like – answers, unfortunately, are not 

absolute.  As expected, they are expressed in terms of reach in 
BSM energy/mass scale (and some extra parameters) 

■  Next step: condense detailed reviews into a super-short 
summary 
◆  And document the (much) longer story behind the Super Short 

Summary; suggestions welcome. 
■  We are very thankful to all the collaborations  

◆  For the effort put into submissions & accompanying materials 
◆  For answering our questions and for running some extra 

scenarios [or existing scenarios with different parameters, etc] 
◆  For participating in the discussion sessions and making insightful 

comments 
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