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Introduction and outline 

´ Several excellent talks at this workshop have shown the potential of LHeC (and FCC-eh in 
some cases), covering a broad number of topics 
´ PDF, small-x physics, Heavy flavor physics, eA physics (A. Stasto, C. Gwenlan, L. Harland-Lang, O. 

Zenaiev, F. Hautmann, P. Newman, N.A. Perez) 

´ Higgs, Top and EWK physics (B. Mellado, C Schwanenberger, D. Britzger, L. Aperio Bella, M. 
Boonekamp)

´ BSM searches (G. Azuelos, O. Fischer) 

´ In this talk, I will show a few highlights for FCC-eh (and complementarities with FCC-hh), 
as well as the potential of possible ‘intermediate’ stage(s) between LHeC and FCC-eh
´ HE-LHeC or Low Energy FCC

´ Complementarities and reach for e-p [using only a few available examples]

´ Status of the art  
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Fig. 4.1: Kinematic (x,Q2) plane probed in e� p (left) and e�A processes (right): existing data
compared to proposed particle and nuclear DIS facilities [118, 119].

At the energy frontier, the CERN-based hadron-electron colliders (LHeC, FCC-eh), with
c.m. energies above that of HERA, will resolve the flavour structure of unpolarised nucleons
from x about 10�6 to near 1, measure as(mZ) to per mille accuracy, and discover new parton
dynamics (gluon saturation). The LHeC and FCC-eh are precision Higgs- and EW-physics fa-
cilities with a remarkable BSM discovery potential. The ep c.m. energies are 1.3 TeV for LHeC
using 7 TeV p from HL-LHC, and 3.5 (2.2) TeV for FCC-eh using 50 (20) TeV p from FCC-hh.
The high-energy electron beams are produced using novel energy recovery acceleration tech-
niques (ERL), transforming the hadron colliders into an eh and hh twin collider complex. Such
a synergy will establish physics programmes reaching much further than those of the HL-LHC
and of future hh colliders alone.

4.3.1 Electron-ion collisions (LHeC, EIC, FCC)
Several electron-ion (eA) colliders with per nucleon luminosities ⇠ 1033 � 1034 cm�2s�1 are
projected to start operating in the 2030s. Colliding electrons from an ERL with the HL-LHC
or FCC nuclear beams, the LHeC is the most powerful eA facility that one can build in the next
decades. It will clarify the partonic substructure and dynamics in nuclei in an unprecedented
kinematic range. Also, it will unequivocally probe the new non-linear partonic regime of QCD
through density effects in ep and eA, that increase both with 1/x and mass number A. The LHeC
will provide an accurate benchmark for perturbative probes, the initial conditions for collective
expansion, for the understanding of the prior dynamics and the collective behaviour in pp and
pA collisions.

The EICs in the US [43] and China [120], with c.m. energies below 100 GeV/nucleon,
are dedicated to a detailed mapping of nuclear structure and its A dependence in the medium x,
lower Q2 region, extending the kinematic (Q2,1/x) range as compared to existing DIS data by
up to a factor of 30. The flexible choice of lower energy but polarised beams, while limiting
access to small x, is optimal for pursuing a unique proton (and light ion) spin programme.

The development of a broad QCD programme for the 2030s based on synergies and com-

From LHeC to FCC-eh
´ Cases studied so far: 
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Additional proposal for a low-energy 
(LE)-FCC à proton beam ~ 19 TeV

p-p c.o.m. ~ 38 TeV

LE-FCC-eh: 60 GeV Ee – 19 TeV Ep

e-p c.o.m. à 2.1 TeV

Luminosity for LHeC, HE-LHeC and FCC 

Contains  update on eA: 
6x1032 in e-Pb for LHeC. 

7 

Luminosity for LHeC, HE-LHeC and FCC 

Contains  update on eA: 
6x1032 in e-Pb for LHeC. 

7 

LE-FCC-eh

Interesting to notice that c.o.m. energy is equivalent 
to having an electron beam Ee ~140-150 GeV and a 
proton beam of 7 TeV
[of course, events would be very different!] e-A collisions equally possible for LE-FCC



HL-LHC/HE-LHC/LE-FCC/FCC
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´ The physics potential of the HL-LHC (14 TeV) and a possible HE upgrade (27 TeV) has been 
studied in detail for the Update to the European Strategy. 

´ FCC CDR illustrates the potential of FCC-hh with complementarities to ep and physics at e+e-
(several results are even presented conjunctly) 

´ The low-energy option for FCC-hh has been considered after the symposium

´ https://cds.cern.ch/record/2681366/files/CERN-FCC-PHYS-2019-0001.pdf

´ Idea is to present a scenario where costs are minimized for a future hadron collider hosted in the FCC 
100km tunnel: 6 T dipoles, operating at 1.9K, leading to a centre of mass energy of 37.5 TeV, with an 
expected integrated luminosity of 10 ab−1 during the 20-year lifetime. 

´ Pileup conditions for the experiments will be similar to those of the HE-LHC or FCC-hh

The briefing book for ES is now out and include all these options: 
http://cds.cern.ch/record/2691414

Several results presented for LHeC / FCC-eh and intermediate options for strong interactions, 
electroweak physics, Higgs, new physics searches, dark matter, heavy ion physics and more 
4

https://cds.cern.ch/record/2681366/files/CERN-FCC-PHYS-2019-0001.pdf
http://cds.cern.ch/record/2691414


Strong interactions: PDF @ FCC-eh and small-x 
´ FCC-eh [as LHeC] allows high precision on PDF and reaches 1 or more  

additional orders of magnitude at low x. 
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Strong interactions: eA and nuclear structure
´ Extraction of Pb-only PDFs by fitting NC+CC 

pseudodata, using xFitter
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Fig. 4.1: Kinematic (x,Q2) plane probed in e� p (left) and e�A processes (right): existing data
compared to proposed particle and nuclear DIS facilities [118, 119].

At the energy frontier, the CERN-based hadron-electron colliders (LHeC, FCC-eh), with
c.m. energies above that of HERA, will resolve the flavour structure of unpolarised nucleons
from x about 10�6 to near 1, measure as(mZ) to per mille accuracy, and discover new parton
dynamics (gluon saturation). The LHeC and FCC-eh are precision Higgs- and EW-physics fa-
cilities with a remarkable BSM discovery potential. The ep c.m. energies are 1.3 TeV for LHeC
using 7 TeV p from HL-LHC, and 3.5 (2.2) TeV for FCC-eh using 50 (20) TeV p from FCC-hh.
The high-energy electron beams are produced using novel energy recovery acceleration tech-
niques (ERL), transforming the hadron colliders into an eh and hh twin collider complex. Such
a synergy will establish physics programmes reaching much further than those of the HL-LHC
and of future hh colliders alone.

4.3.1 Electron-ion collisions (LHeC, EIC, FCC)
Several electron-ion (eA) colliders with per nucleon luminosities ⇠ 1033 � 1034 cm�2s�1 are
projected to start operating in the 2030s. Colliding electrons from an ERL with the HL-LHC
or FCC nuclear beams, the LHeC is the most powerful eA facility that one can build in the next
decades. It will clarify the partonic substructure and dynamics in nuclei in an unprecedented
kinematic range. Also, it will unequivocally probe the new non-linear partonic regime of QCD
through density effects in ep and eA, that increase both with 1/x and mass number A. The LHeC
will provide an accurate benchmark for perturbative probes, the initial conditions for collective
expansion, for the understanding of the prior dynamics and the collective behaviour in pp and
pA collisions.

The EICs in the US [43] and China [120], with c.m. energies below 100 GeV/nucleon,
are dedicated to a detailed mapping of nuclear structure and its A dependence in the medium x,
lower Q2 region, extending the kinematic (Q2,1/x) range as compared to existing DIS data by
up to a factor of 30. The flexible choice of lower energy but polarised beams, while limiting
access to small x, is optimal for pursuing a unique proton (and light ion) spin programme.

The development of a broad QCD programme for the 2030s based on synergies and com-

Large improvements at all x

Fit to a single nucleus possible



Impact on W mass and sin2θeff   precision measurements
´ @ HL-LHC W mass precision measurement uses dedicated dataset at low <mu> 

à exploit the extended leptonic coverage 
à LHeC will provide additional precision through PDF

´ Precision better than 
5 · 10−5 for sin2θeff 
à 1 · 10−5 if PDF uncertainties 

are improved with LHeC
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∆mW= ±6 MeV (with reduced PDF unc from HL LHC)
∆mW = ±2 MeV (with improved PDF from LHeC) 

ATL-PH
YS-PU

B-2018-026
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illustrated in Fig. 46 where one can see the comparison between direct (i.e. experimental) and indirect
constraints on the fit input parameters given for both the current and HL-LHC scenarios in the MW vs.
mt and the MW vs. sin2 ✓lepte↵ planes respectively.
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Fig. 46: Comparison of the indirect constraints on MW and mt with the current experimental mea-
surements and the expected improvements at the HL-LHC (left). The same in the MW -sin2 ✓lepte↵ plane
(right).

The EWPO, being measured in processes mediated by the exchange of a Z or W boson, are extremely
sensitive to any new physics that modifies the propagation of such particles. This results in a universal
modification of the interactions between the EW gauge bosons and the SM fermions, which, from the
point of view of EWPO, can be described in terms of only three parameters: the well-known S, T , and
U oblique parameters [521]. The study of the constraints on the S, T , and U parameters is one of the
classical benchmarks in the study of EW precision constraints on new physics, and it is well motivated
from a theory point of view, within the context of universal theories. The results of the fit to the S, T ,
and U parameters are given in Table 29. The results are presents in terms of the full (S,T ,U ) fit and also
assuming U = 0, which is motivated in theories where EW symmetry breaking is realised linearly, since
in that case U ⌧ S, T . In both cases the current constraints are compared with the expected precision at
the HL-LHC, which, in some cases, could improve the sensitivity to such new physics effects by up to
⇠ 30%. The results for the ST fit (U = 0) are shown in Fig. 47, illustrating also the constraints imposed
by the different EWPO.

Table 29: Results of the fit for the oblique parameters S, T , U ; and S, T (U = 0). Projections for the
uncertainties at the HL-LHC are given in the last column.

Result Correlation Matrix Precision at HL-LHC
S 0.04± 0.10 1.00 0.09
T 0.08± 0.12 0.90 1.00 0.12
U 0.00± 0.09 �0.62 �0.84 1.00 0.08
S 0.04± 0.08 1.00 0.06
T 0.08± 0.06 0.90 1.00 0.05

(U = 0)

As stressed above, the STU parameterisation only describes universal deformations with respect to

89

EW global fits

à Difficult to fold in the additional
value of a LE-FCC although it is 
clear that improved PDF have an 
enormous impact on EWK 
parameters 



Higgs physics at (LE)FCC eh and hh
´ At the end of HL-LHC, rate measurements will reach percent level precision for 

most couplings – no real sensitivity expected for charm couplings
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Charm?

Results of a fit corresponding on the 
Effective Field Theory benchmark, 
expressed in terms of effective 
couplings 

Hcc not estimated for HL-LHC

HL-LHC+LHeC and HL+FCC ee/eh/hh
(dominated by eh) will be as 
effective as e+e- colliders   



Higgs physics at (LE)FCC eh and hh
´ At the end of HL-LHC, rate measurements will reach percent level precision for 

most couplings – no real sensitivity expected for charm couplings à LHeC!
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Charm?

Significant improvements from 
LHeC also for Hbb and Htt à
better than HL+HE !
LE-FCC-eh + hh could lead to 
< 2% dg/gCC

< 1.5% dg/gbb
< 1.5% dg/gtt



Higgs physics at (LE)FCC eh and hh
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Fig. 3.8: Expected relative precision of the k parameters and 95% CL upper limits on the
branching ratios to invisible and untagged particles for the various colliders. All values are
given in %. For the hadron colliders, a constraint |kV |  1 is applied, and all future colliders are
combined with HL-LHC. For colliders with several proposed energy stages it is also assumed
that data taken in later years are combined with data taken earlier. Figure is from Ref. [39].

hadron colliders uncertainties on the Higgs production cross section are included. For decay
branching ratios only the parametric uncertainties are included while the intrinsic uncertainties
are neglected, see discussion in Ref. [39] and Sect. 3.2.3.

At the HL-LHC the Higgs boson couplings can be determined with an accuracy of O(1�
3%) in most cases, under the assumption |kV |  1. Ratios of couplings are (mostly) model
independent, and an accuracy of O(1�3%) is expected in many cases [23]. Based on analyses
of final states with large Emiss

T , produced in Higgs VBF and V H (V =W and Z) processes, BRinv
values of 1.9% will be probed at 95% CL. The constraint from the k-fit on the BR to untagged
final states is 4.0% at 95% CL. The HE-LHC improves the precision typically by a factor of
two, although much of the improvement comes from the assumption of a further reduction by a
factor of two in the theoretical uncertainty, scheme S20 [23].

Lepton colliders allow a measurement of the ZH total production cross section, indepen-
dently of its decay making use of the collision energy constraint. This measurement, together
with measurements where the decay products of the Higgs boson are identified, can be inter-
preted as a nearly model-independent measurement of the total decay width. Therefore the
constraint |kV |  1, used for hadron colliders, is not needed for lepton colliders.

Future e+e� colliders improve the accuracy on Higgs coupling determination typically
by factors between 2 and 10, except for kt , kg , kµ and kZg where no substantial improvement
compared to HL-LHC is seen. LHeC achieves a significant improvement for kW , kZ and kb. At
e+e� colliders, the couplings to vector bosons will be probed with a few 0.1% accuracy. Higgs
boson couplings to b-quarks can be measured with an accuracy between 0.5% and 1.0%, a factor
of 2 � 4 better than at the HL-LHC. The coupling to the charm quark, not easily accessible at
HL-LHC, is expected to be measured with an accuracy of O(1%). The various e+e� colliders
do not differ significantly in their initial energy stages.

´ ki : coupling strength modified 
parameters

From the briefing book: uncertainties on ki

bb 0.9
WW   0.3
gg 1.7
tau    1.5
cc     1.9
ZZ     0.5
gg 3.3

in percent. SM width. 

Uncertainties on kappa
Decay FCCep

Results for FCC-eh at
20 TeV Ep x 60 GeV Ee

M. Klein

FCC Physics Opportunities

0	

10	

20	

30	

40	

50	

bb	WW	gg	 ττ	 cc	 ZZ	 γγ	 bb	WW	gg	 ττ	 cc	 ZZ	 γγ	

LHeC	

HE	LHeC	

FCCeh	

Charged	Currents:	ep	à	νHX	

Neutral	Currents:	ep	à	eHX	

δμ/μ	[%]	

Figure 4.11: Uncertainties of signal strength determinations in the seven most abundant SM Higgs decay
channels for the FCC-eh (green, 2 ab�1), the HE-LHeC (brown, 2 ab�1) and LHeC (blue, 1 ab�1), in
charged and neutral current DIS production.

4.5.2 Determination of Higgs Couplings
The amplitude of the subprocess, VV!H!XX (X=b, W, g, t, c, Z, g) involves a coupling to the vector
boson V, scaling as V , and the coupling to the decay particle X, proportional to X , modulated by a 
dependent factor due to the total decay width. This leads to the following scaling of the signal strength

µV
X = 2

V · 2
X · 1

P
j 2

jBRj

, (4.1)

which is the ratio of the experimental to the theoretical cross sections, expected to be 1 in the SM.
Measurements of this quantity at the LHC are currently accurate to O(20) % and will reach the O(5) %
level at the HL-LHC. With the joint CC and NC measurements of the various decays, considering the

0.00	

2.00	

4.00	

6.00	

8.00	

bb	 WW	 gg	 ττ	 cc	 ZZ	 γγ	

LHeC	

HE	LHeC	
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Figure 4.12: Determination of the  scaling parameter uncertainties, from a joint SM fit of CC and NC
signal strength results for the FCC-eh (green, 2 ab�1), the HE LHeC (brown, 2 ab�1) and LHeC (blue,
1 ab�1).

seven most abundant ones illustrated in Fig. 4.11, one constrains with the above equation the seven X

parameters. The joint measurement of NC and CC Higgs decays provides 9 constraints on W and 9 on
Z together with 2 each for the five other decay channels considered. Since the dominating channel of

46
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Di-higgs prospects @ (LE)FCC eh and hh
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Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter k3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on k3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [75] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

p
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e� and pp
colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings
at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to
the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.
At the e+e� Higgs factories detailed measurements of the electroweak Higgs production cross
sections and (independently) of the decay branching ratios will be performed. Higgs couplings
will be probed at approaching the per mille level. At e+e� colliders, a campaign of electroweak
measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of
Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors
will decrease by as much as two orders of magnitude at the future machines. As a consequence
of this increased statistical precision, the requirements on the theoretical errors for EWPO [78]
are even more stringent than for precision Higgs physics.

To interpret these precise results significant theoretical improvements in several directions
are required. The first is the increase of the accuracy of fixed order computations of inclusive
quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and
beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-
over unknown higher order terms in the perturbative expansion. Another important element is
the accuracy in the logarithmic resummations that are needed to account for effects of multiple
gluon or photon radiation in a large class of observables. In this case, different techniques and
results are available, some numerical and some analytic, of different accuracy (from next-to-
leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-

Assuming SM Higgs self-coupling l
´ @ HL-LHC observation sensitivity of 3 s.d. per exp., 4 s.d. combined 
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Figure 3. Left: Projected combined HL-LHC sensitivity to Higgs trilinear coupling from direct search channels. Right:
sensitivity to BSM Higgs bosons, in the H/A ! tt channel. From Ref. [2].

self-coupling l , ATLAS and CMS project a sensitivity to the HH signal of approximately 3 s.d. per experiment, leading to
a combined observation sensitivity of 4 s.d. These analyses, which make use also of the HH mass spectrum shape, result in
the likelihood profile as a function of kl shown in Fig. 3 (left). An important feature of these analyses is the presence of the
secondary minimum in the likelihood lineshape, due to the degeneracy in the total number of HH signal events for different kl
values. We note that at the HL-LHC the secondary minimum can be excluded at 99.4% CL, with a constraint on the Higgs
self-coupling of 0.5 < kl < 1.5 at the 68% CL. The results on HH production studies are statistics limited, therefore a dataset
of at least 6 ab�1 (ATLAS and CMS combined) is essential to achieve this objective.

Higgs studies at HL-LHC will enhance the sensitivity to BSM physics, exploiting indirect probes via precision measurements,
and a multitude of direct search targets, ranging from exotic decays of the 125 GeV Higgs boson (e.g. decays including light
scalars, light dark photons or axion-like particles, and decays to long-lived BSM particles) to the production of new Higgs
bosons, neutral and charged, at masses above or below 125 GeV. As an example, Fig. 3 (right) shows a summary of the MSSM
regions of parameter space that will be probed by ATLAS and CMS. The expected exclusion limit for H/A ! tt is presented
in black-dashed and compared to the present limit (in red and green for ATLAS and CMS, respectively). The HL-LHC will
have access to new Higgs bosons as heavy as 2.5 TeV for tanb > 50. In the figure, we also present the expected bound coming
from Higgs precision coupling measurements which excludes Higgs bosons with masses lower than approximately 1 TeV over
a large range of tanb .

Precision measurements provide an important tool to search for BSM physics associated to mass scales beyond the LHC
direct reach. The EFT framework, where the SM Lagrangian is supplemented with dimension-6 operators Âi ciO

(6)
i

/L2, allows
one to systematically parametrise BSM effects and how they modify SM processes. Figure 2 (right) shows the results of a global
fit to observables in Higgs physics, as well as diboson and Drell-Yan processes at high energy. The fit includes all operators
generated by new physics that only couples to SM bosons. These operators can either modify SM amplitudes, or generate new
amplitudes. In the former case, the best LHC probes are, for example, precision measurements of Higgs branching ratios. In the
case of the operator OH , for example, the constraints in Fig. 2 (right) translate into a sensitivity to the Higgs compositeness
scale f > 1.6 TeV, corresponding to a new physics mass scale of 20 TeV for an underlying strongly coupled theory. The effects
associated with some new amplitudes grow quadratically with the energy. For example, Drell-Yan production at large mass can
access, via the operators O2W,2B, energy scales of order 12 TeV (Fig. 2).

2.1 Production of multiple EW gauge bosons
The measurement of production of pairs or triplets of EW gauge boson will be of great importance to test the mechanism of EW
symmetry breaking, since it can signal the presence of anomalous EW couplings, and of new physics at energy scales beyond
the reach of direct resonance production. First observations of EW multiboson interactions have recently been achieved in
vector boson scattering (VBS) of WW and WZ and we expect a fuller picture to be accessible at HL-LHC, by statistics, but also
through improved detector instrumentation and acceptance in the forward direction. Table 1 summarizes the expected SM yields,
quoting the expected precision and significance for several HL-LHC measurements. In particular, the extraction of individual
polarization contributions to same-sign WW scattering will yield a > 3 s.d. evidence for WLWL production, combining ATLAS
and CMS results.
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Table 78: Comparison of prospective 95% C.L. limits on the Higgs signal strength for SM final states,
2

(1 � BRinv), and the invisible Higgs decay rate, BRinv (assuming SM Higgs couplings,  = 1), for
HL-LHC scenarios S1 and S2, LHeC, and the combination of LHeC and HL-LHC (assuming scenario
S2). First (second) row shows the results obtained in the fit parametrisation (i) [(ii)].

fit setup quantity HL-LHC S1 HL-LHC S2 LHeC LHeC � HL-LHC S2

(, BRinv)
2

(1 � BRinv) � 0.933 � 0.958 � 0.959 � 0.967

BRinv ( ⌘ 1)  6.7%  4.2%  4.1%  3.3%

(, g, � , BRinv)
2

(1 � BRinv) � 0.930 � 0.954 � 0.959 � 0.966

BRinv ( ⌘ 1)  7.0%  4.6%  4.1%  3.4%

At the LHeC the prospective indirect Higgs rate constraints are comparable to the HL-LHC S2
prospects, reaching a precision of � . (2.1 � 2.3)% independently of the invisible Higgs decay rate,
in both fit parametrisations considered here.88 On the other hand, the direct invisible Higgs searches at
the LHeC are weaker than at the HL-LHC. In combination with the HL-LHC (assuming future scenario
S2), the bounds from the Higgs rates can further be improved to coupling deviations of � . 1.7%.

Compared with the sensitivity of Higgs rate measurements during Run 1 of the LHC [144] to the
invisible decay rate, BRinv . O(20%) (at 95% C.L.), we find that the sensitivity improves by roughly
a factor of 3–5 at the HL-LHC (depending on the evolution of systematic uncertainties). In combination
with LHeC results we expect the indirect limit to improve by a factor of up to 6.

6.3 Higgs portal interpretations
6.3.1 Minimal Higgs Portal
In the minimal Higgs portal model, we impose a quartic interaction of the SM Higgs doublet field H
with the DM field, which could be either a scalar (S) [572], a vector (V µ) [573] or a fermion (�) [574]
(see Refs. [575, 576] for a comprehensive overview):

L � �
1
4�hSSH†HS2

(scalar DM) or (127)

L � +
1
4�hV V H†HVµV µ

(vector DM) or (128)

L � �
1
4

�h��

⇤ H†H�̄� (fermion DM), (129)

respectively. Besides these operators the Lagrangian contains an explicit mass term of the DM field,
allowing us to use the mass of the DM particle, MDM, as a free model parameter. In addition, the
Lagrangian L contains DM self-interaction operators, however, these are irrelevant to our study.

If DM is light, MDM < MH/2 ' 62.5GeV, the above interactions lead to the invisible Higgs
decay into two DM particles. An upper limit on BRinv can therefore be translated into an upper limit on
the portal coupling � of above operators, Eqs. (127)-(129), depending on MDM. At the same time, the
portal coupling � governs the DM phenomenology. For DM masses MDM . MH/2 the relic abundance
of the DM particles is driven by the s-channel annihilation through the exchange of the Higgs boson.89

As the DM–nucleon elastic scattering amplitudes are directly proportional to the portal coupling [575],
it can be additionally constrained by DM direct detection experiments. These are sensitive to the elastic
scattering of the DM particles with nuclei, mediated by the Higgs boson. Hence, in turn, the upper limit
on � can be translated into an upper limit on the (spin-independent) DM-nucleon scattering cross section,
�DM�nucleon (see Refs. [575, 576]).

88The complementarity of LHeC and HL-LHC Higgs rate measurements is much stronger in more general coupling fit setups,
e.g., when independent scale factors for the Higgs-W -W and Higgs-Z-Z couplings are considered [564].

89Assuming a standard cosmological history and thermal freeze-out dark matter, the minimal Higgs portal scenario with light
DM is tightly constrained, with only a narrow mass range around MDM ' MH/2 being allowed. However, this can be relaxed
in alternative cosmological scenarios and DM production mechanisms, see e.g. Refs. [577, 578, 579].
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allowing us to use the mass of the DM particle, MDM, as a free model parameter. In addition, the
Lagrangian L contains DM self-interaction operators, however, these are irrelevant to our study.

If DM is light, MDM < MH/2 ' 62.5GeV, the above interactions lead to the invisible Higgs
decay into two DM particles. An upper limit on BRinv can therefore be translated into an upper limit on
the portal coupling � of above operators, Eqs. (127)-(129), depending on MDM. At the same time, the
portal coupling � governs the DM phenomenology. For DM masses MDM . MH/2 the relic abundance
of the DM particles is driven by the s-channel annihilation through the exchange of the Higgs boson.89
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scattering of the DM particles with nuclei, mediated by the Higgs boson. Hence, in turn, the upper limit
on � can be translated into an upper limit on the (spin-independent) DM-nucleon scattering cross section,
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e.g., when independent scale factors for the Higgs-W -W and Higgs-Z-Z couplings are considered [564].
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Fig. 9.3: Comparison of projected limits from future colliders (direct searches for invisible
decays of the Higgs boson) with constraints from current and future direct detection experiments
on the spin-independent WIMP–nucleon scattering cross section for a simplified model with
the Higgs boson decaying to invisible (DM) particles, either Majorana (top) or scalar (bottom).
Collider limits are shown at 95% CL and direct detection limits at 90% CL. Collider searches
and DD experiments exclude the areas above the curves.

LE-FCC could push constraints at the same level as CEPC,FCC-ee,ILC

Possible LE-FCC

Important e-p contributions to higgs
invisible sensitivity 



New physics: FCNC
Flavor changing neutral currents are forbidden at tree level, and strongly suppressed by GIM 
mechanism – SM predicts O(10-12 – 10-16), BSM extensions allow significant enhancements

25/10/19Monica D'Onofrio, LHeC/FCC-eh workshop 13

LHeC LE-FCC FCCHE



Searching for New Physics: much more to look for! 

Monica D'Onofrio, LHeC/FCC-eh workshop 

SUSY, SUSY-inspired            
u many variants and kind (MSSM, NMSSM, R-

parity conservation or violation..)  
u mostly heavy super-partners, prompt or 

long-lived, several Higgs bosons 

Non minimal Higgs sector
u Exotics / Rare / Invisible decays 
u Higgs as portal to DM
u Extended: Two-Higgs-Doublet-

Models, MSSM, NMSSM and more  
u Charged Scalars  
u Composite Higgs  

“Exotics”: referred to a large variety 
of theories and models
u Heavy vector bosons, vector-like 

quarks, excited quarks, non-SUSY Dark-
Matter models, lepto-quarks, 
dark/hidden sectors and more  

u The unknown! 

25/10/1914



pp reach for BSM 
´ Strongly-produced new particles (e.g. top squarks, gluinos) and high mass 

resonances (Z’, W’) will be totally dominated by pp high energy colliders 

25/10/19Monica D'Onofrio, LHeC/FCC-eh workshop 15
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Fig. 8.6: Gluino exclusion reach of different hadron colliders: HL- and HE-LHC [442], and
FCC-hh [138, 447]. Results for low-energy FCC-hh are obtained with a simple extrapolation.

analysis approaches are considered: massless neutralino (from jets+pmiss
T searches) and mass

splitting of 5 GeV between the squark and neutralino (inferred from monojet searches). The
results are shown in Fig. 8.7. Extrapolated prospects for the LE-FCC are also reported, as well
as the reach for CLIC3000 [453] and results of dedicated studies at the FCC-hh [447].
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Fig. 8.7: Exclusion reach of different hadron and lepton colliders for first- and second-
generation squarks.

Most studies of top squark (t̃1) pair-production at hadron colliders assume t̃1 ! t c̃0
1 and

fully hadronic or semi-leptonic final states with large pmiss
T . The best experimental sensitiv-

8.3. SUPERSYMMETRY 121

ity is achieved for m(c̃0
1 ) ⇡ 0 (i.e. Dm(t̃, c̃0

1 ) � mt), while the reach in mt̃ degrades for larger
c̃0

1 masses. For this reason, high-energy lepton colliders, e.g. CLIC3000, might become com-
petitive with HL-LHC in these topologies, as their stop mass reach is close to

p
s/2 even for

low Dm(t̃, c̃0
1 ). Lower centre-of-mass energy lepton facilities do not have sufficient kinematic

reach. The exclusion limits are summarised in Fig. 8.8; the discovery potential in all channels
is about 5% lower. If the t̃�c̃0

1 mass splitting is such that final states include very off-shell W
and b-jets, t̃ masses up to about 1 TeV can be excluded at the HL-LHC [442]. A two-fold and
five-fold increase in reach is expected for the HE-LHC [442] and FCC-hh [138] respectively,
with potential of improvements, especially in very compressed scenarios, via optimisation of
monojet searches [454].
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Fig. 8.8: Top squark exclusion reach of different hadron and lepton colliders. All references
are reported in the text. Results for CLIC have been communicated privately by the authors.
Results for LE-FCC are extrapolated from HL- and HE-LHC studies.

Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop
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95% CL scale limits on 2-fermion 2-boson contact interactions

Fig. 8.2: Exclusion reach of different colliders on the two-fermion/two-boson contact inter-
actions from the operator OW and OB. The blue bars give the reach on the effective scale
L/(g2

2
pcW ) and the orange bars on L/(g2

1
pcB), where cW,B are the Wilson coefficients of the

corresponding operators and the gauge couplings come from the use of the equations of motion.
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [442, 443], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.

representative example of classes of theories 
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Scale / coupling [TeV]
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95% CL scale limits on 4-fermion contact interactions

Fig. 8.1: Exclusion reach of different colliders on four-fermion contact interactions from the
operators O2W and O2B. The blue bars give the reach on the effective scale L/(g2

2
pc2W ) and

the orange bars on L/(g2
1
pc2B), where c2W,2B are the Wilson coefficients of the corresponding

operators and the gauge couplings come from the use of the equations of motion.

effective scales of the operators OW and OB is shown in Fig. 8.2. The projected limits come from
new-physics contributions that can interfere with SM di-boson production processes. For CLIC,
the leading sensitivity on OW comes from a detailed differential analysis of e+e� ! ZH [439],
whereas the power of FCC-hh comes through an analysis of the pT distribution of the Z in
pp ! WZ [440]. The largest sensitivity of lepton colliders at lower

p
s and even on the OB

operator alone at large
p

s comes from EW precision measurements of the oblique parameter S,
which constrains directly the combination OW +OB [438].

8.2.2 New vector bosons: the Y -Universal Z0

New vector bosons are common in many BSM theories, ranging from new models of EWSB
to extensions of the SM gauge group. As a representative example of these classes of theories,
the “Y -Universal Z0” (see e.g. [441]) is considered. The model consists of a new neutral gauge
boson Z0 with mass M and charges to SM particles equal to hypercharge, although the coupling
constant gZ0 is taken to be a free parameter, in general different from the one of the SM U(1)Y .
The perturbative limit is taken to correspond to gZ0 < 1.5 since for larger values the width of the
Z0 exceeds 0.3M.

The Y -Universal Z0 is selected instead of one of the standard benchmarks (such as the
Sequential or B � L models) for several reasons. It has comparable couplings to quarks and
leptons, allowing for a fair comparison between hadron and lepton colliders. Its couplings are
flavour-diagonal, making the model safely compatible with flavour constraints. When integrated
out at tree-level, it generates only the universal operator O2B in the SM EFT, with coefficient
c2B/L2 = g2

Z0/(g4
1M2). Since the sensitivity to O2B is available for all colliders [39], a straight-

forward and rigorous assessment of the indirect reach is possible for the Y -Universal Z0 model,
while additional input would be needed for the standard benchmarks.

Contact interactions also reaching o(20-50 TeV)
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Fig. 8.14: Summary of 2s sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.

representative examples [482] are chosen.
In both cases, the DM particle is a massive Dirac fermion (c). In the first example,

the mediator is a spin-1 particle (Z0) coupled to an axial-vector current in the Lagrangian as
�Z0

µ(gDM c̄gµg5c +g f Â f f̄ gµg5 f ), where f are SM fermions. This model is particularly inter-
esting for collider searches because the reach of direct DM searches is limited, as the interaction
in the non-relativistic limit is purely spin-dependent. In the second example, the mediator is a
spin-0 particle (f ) with interactions f(gDM c̄c � g f Â f y f f̄ f /

p
2). This model can serve as a

prototype for various extensions of the SM involving enlarged Higgs sectors.
In Fig. 8.15 a compilation of future collider sensitivities to the two Simplified Models

under consideration, with a choice of couplings of (gf = 0.25, gDM = 1.0) for the axial-vector
model and (gf = 1.0, gDM = 1.0) for the scalar model, are shown. The reach of collider experi-
ments to this kind of models is strongly dependent on the choice of couplings. As an example,
the sensitivity of dijet and monojet searches decreases significantly with decreased quark cou-
plings: with 36 fb�1 of LHC data [483] and assuming a DM mass of 300 GeV and gDM = 1.0,
the limits from dijet searches on the axial-vector mediator mass decrease from 2.6 TeV for a
quark coupling of gq = 0.25 to 900 GeV for gq = 0.1, while the monojet limits decrease from
1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).

The mono-photon constraints at lepton colliders result from the mediator coupling to
leptons, whereas at hadron colliders only the quark couplings are relevant. As a result, the
two cases cannot be compared like-for-like, although the results illustrate the relevant strengths
for exploring the dark sector in a broad sense. Furthermore, mono-photon constraints apply in
a general EFT context, hence additional complementary coupling-dependent constraints, such
as on four-electron interactions, may be relevant.

Constraints for HL-LHC and HE-LHC are taken from [442, 484]. The FCC-hh monojet
constraints for the axial-vector model are estimated using the collider reach tool, with results
consistent with the analysis performed in [138]. Estimates for FCC-hh, in the case of the scalar
model, are taken from [485]. Estimates for low-energy FCC-hh (LE-FCC) are generated from
the collider reach tool alone. Complementary dijet-resonance constraints for the axial-vector

DM: Classic WIMPs  
■  Two “extremes”, pure Wino, pure Higgsino 

◆  Main “tools”: disappearing track, propagator modifications 
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Complementarity of e-p
´ Weakly produced and/or non-promptly decaying particles very challenging at pp 

and ee colliders à good complementarity with e-p colliders 
´ @ pp: low production cross section, high background and very high level of pile-up 

´ Few examples:
´ dark matter (SUSY-inspired wino and higgsino)  

´Using mono-jet (prompt) à more difficult!
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Fig. 8.10: Exclusion reach for Higgsino-like charginos and next-to-lightest neutralinos with
equal mass m (NLSP), as a function of the mass difference Dm between NLSP and LSP. Exclu-
sion reaches using monojet searches at pp and ep colliders are also superimposed (see text for
details).

Collider experiments have significant sensitivity also to sleptons. Searches for staus, su-
perpartners of t leptons, might be particularly challenging at pp facilities due to the complex-
ity of identifying hadronically-decaying taus and reject misidentified candidates. Analysis of
events characterised by the presence of at least one hadronically-decaying t and pmiss

T show
that the HL-LHC will be sensitive to currently unconstrained pair-produced t̃ with discov-
ery (exclusion) potential for mt̃ up to around 550 (800) GeV [442]. The reach depends on
whether one considers t̃ partners of the left-handed or the right-handed tau lepton (t̃R or
t̃L, respectively), with substantial reduction of the sensitivity in case of t̃R. The HE-LHC
would provide sensitivity up to 1.1 TeV [442], and an additional three-fold increase is ex-
pected for the FCC-hh (extrapolation). Lepton colliders could again provide complementary
sensitivity especially in compressed scenarios: ILC500 [427] would allow discovery of t̃ up to
230 GeV even with small datasets, whilst CLIC3000 would allow reach up to mt̃ = 1.25 TeV
and Dm(t̃,c0

1 ) = 50 GeV [453].

8.3.3 Non-prompt SUSY particles decays
There are numerous examples of SUSY models where new particles can be long-lived and may
travel macroscopic distances before decaying. Long lifetimes may be due to small mass split-
tings, as in the case of pure Higgsino/Wino scenarios, or due to small couplings, as in R-parity
violating SUSY models, or due to heavy mediators, as in Split SUSY. For HL-LHC [442], stud-
ies are available on long-lived gluinos and sleptons. Exclusion limits on gluinos with lifetimes
t > 0.1 ns can reach about 3.5 TeV, using reconstructed massive displaced vertices. Muons dis-

àbetter prospects are expected for models with 
intermediate coannihilator particles [e.g. sleptons]

K.Wang et al. in preparation
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HL-LHC FCC-hh/SppC

Figure 10: First look at the possible 1� sensitivity of the lepton-number-conserving signatures (see tab. 4) for sterile neutrino searches at pp
colliders. We consider an integrated total luminosity of 3 and 20 ab�1 for the HL-LHC (

p
s = 14 TeV) and the FCC-hh/SppC (

p
s = 100 TeV),

respectively. The grey horizontal line denotes the present upper bound on the mixing angle |✓⌧ |2 at the 90% confidence level. For details on the
calculation of the sensitivities on the parton level, see section A.3 in the appendix.

ergies up to 3.5 TeV with comparable luminosities to the
LHeC, cf. ref. [105].

First studies of right-handed currents and heavy neutrinos
in high-energy e�p collisions [106,107] have been conducted
for HERA at DESY, which was the first machine of this kind
and operated from 1992 to 2007. They were motivated by
extended gauge sectors, such as left-right symmetric mod-
els, or quark-lepton unified gauge groups. The discussion of
searches for heavy neutrinos at an LHeC-like collider started
with ref. [108] soon after the commissioning of HERA. Re-
cently, right-handed neutrino searches at e�p colliders were
investigated in the context of seesaw models [109–111], e↵ec-
tive field theories [112], and in left-right symmetric [113,114]
theories.

5.1 Production mechanism

At e�p colliders the heavy neutrinos can be produced e�-
ciently from the incident electron beam via the production
channel Wt, see also sec. 2.2.1. When the electron interacts
with the quark current of the proton, the heavy neutrino is
produced together with a quark jet and we label this chan-
nel Wt

(q) (see in fig. 12 (top)). On the other hand, W�-
fusion gives rise to a heavy neutrino with a W� boson when
the electron interacts with an initial state photon stemming
from the proton. We label this channel Wt

(�) (see in fig. 12
(bottom)) and remark that it is suppressed by the parton
distribution function of the photon.

Both production channels are dependent on the active-
sterile mixing parameter |✓e|. We show the production cross
section �N divided by |✓e|2 for heavy neutrinos via Wt

(q)

and Wt
(�), respectively, at the LHeC and the FCC-eh in

fig. 13 as a function of the heavy neutrino mass M .

production channel: Wt
(q)

production channel: Wt
(�)

Figure 12: Feynman diagrams denoting the production channels for
heavy neutrinos in electron-proton scattering at the leading order. The
dominant and suppressed production channel proceeds via t-channelW
boson exchange and gauge boson fusion, respectively.
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Figure 2: Pictographic representation of the di↵erent heavy neutrino production and decay channels at leading order, including the dependency
of the active-sterile mixing parameters. These production and decay channels yield possible final states for sterile neutrino searches at di↵erent
collider types.

the t-channel, labelled with Wt in fig. 2, where X = `e
in the initial state is the anti particle to `e = e�, e+

and Y = ⌫ (where we suppressed the indices of the light
neutrino mass eigenstates for simplicity). Another pro-
duction channel is depicted by the diagram labelled Zs,
where the initial states {X,X} are the electron positron
pair {`e, `e}. A sub-dominant channel is given by Higgs
boson decays into heavy and light neutrinos, given by
the diagram labelled h. The Higgs boson can be pro-
duced for instance via Higgs strahlung or WW boson
fusion. We note that its production from the e�e+ pair
is usually negligible, due to the smallness of the elec-
tron Yukawa coupling. The sub-dominant channel via
the Higgs can be relevant when the heavy neutrino mass
M is below the Higgs boson mass mh.

• pp colliders: The dominant production channels for
heavy neutrinos in proton-proton collisions are Drell-
Yan processes. In fig. 2 they are denoted by the dia-
grams labelledWs, with {X,X 0} = {qu, qd} or {qd, qu},
and Zs, with {X,X} = {q, q}, where qu, qd, q are up-
type quarks, down-type quarks, and constituents of the
proton, respectively. A sub-dominant process at higher
order is given by W� fusion with initial states {q, �},

which is further suppressed by the photon’s parton dis-
tribution function (PDF). Also at pp colliders, the pro-
duction of heavy neutrinos from diagram h are sub-
dominant. The Higgs boson can be produced, for in-
stance, via vector boson fusion (including gluons).

• e�p colliders: The dominant production channel for
heavy neutrinos is given by the diagram Wt in fig. 2.
In electron-proton collisions, X is a proton constituent
(e.g. a quark) and Y is the isospin partner of X. An-
other leading order production channel is given by W�

fusion, labelled W (�)
t , with X = � and Y = W� which

is, contrary to the pp colliders, only suppressed by the
photon’s PDF. Furthermore, for M < mh the produc-
tion via the Higgs boson is possible, when the latter is
produced via vector boson fusion, which is, however a
process of higher order.

2.2.2 Signal channels

For the here considered sterile neutrino masses, all the heavy
neutrino mass eigenstates will decay according to the second
column of fig. 2. Also the Z,W and Higgs bosons decay
further into SM particles. The possible final states from

4

Different analyses 
depending on m(N) and 
m(W) relations
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Covering important regions 
between pp and ee / low-
energy experiments

Intermediate coverage 
expected for LE-FCC
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H†H operator of the SM. The minimal scalar portal model operates with one extra singlet field
S and two types of couplings, µ (or sinq ) and lHS [352]. The coupling constant lHS leads to
pair-production of S but cannot induce its decay, which requires a non-vanishing sinq . This
portal has several theoretical motivations. The new scalar can generate the baryon asymmetry
of the Universe [511] and play the role of mediator between SM particles and light DM in
case of secluded annihilations (cc ! ff , where c is the light DM particle and f the light
scalar mediator) [512]. It can also address the Higgs fine-tuning problem (via the relaxion
mechanism [513]), which generically leads to relaxion-Higgs mixing [514] and provides an
alternative baryogenesis mechanism [515] and a DM candidate [516, 517].

The experimental sensitivities are shown in Fig. 8.17. Shaded grey areas are already ex-
cluded, as detailed in Ref. [360]. The low-mass (< 10 GeV, see Chapter 9), low-coupling range
is optimally covered by SHiP at the Beam Dump Facility and MATHUSLA200. FASER2, with
3 ab�1 will explore the region above few GeV compatible with that of CODEX-b. MATH-
USLA200 has a unique reach in the high-mass and very low-coupling regime. Vertical lines
correspond to the bounds on the Higgs/dark-Higgs quartic coupling lHS and on m2

S/v2 from the
projections for the untagged-Higgs at future colliders [39] (see discussion in [518]). The mass
range above a few GeV can be explored also by CLIC and LHeC/FCC-eh using the displaced-
vertex technique. The large-coupling regime is covered by e+e� colliders using the recoil
technique (e+e� ! ZS) or running at the Z-pole, via the process e+e� ! Z ! S`+`�.

Fig. 8.17: Exclusion limits for a Dark Scalar mixing with the Higgs boson. LHeC, FCC-eh,
CLIC (all stages) curves and the vertical lines correspond to 95% CL exclusion limits, while all
others to 90% CL exclusion limits. See text for details.

In the limit of small mixing angle, one can bound the Higgs/dark-Higgs quartic coupling lHS
via the Higgs invisible width, which is naturally expected to satisfy the relation lHS . m2

S/v2.
In Table 8.3 projections for the constraints on lHS and the scalar mass for various future collider
options are provided.
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have not been detected because they interact too feebly with SM particles. These particles
would belong to an entirely new sector, the so-called hidden or dark sector. While masses and
interactions of particles in the dark sector are largely unknown, the mass range between the
MeV and tens of GeV appears particularly interesting, both theoretically and experimentally,
and is the subject of this section.

An important motivation for new physics in this mass range is DM (see Chapter 9), which
could be made of light particles, with either a thermal or non-thermal cosmological origin. Ther-
mal DM in the MeV–GeV range with SM interactions is overproduced in the early Universe
and therefore viable scenarios require additional SM neutral mediators to deplete the overabun-
dance [490–495]. These mediators, which must be singlets under the SM gauge symmetry, can
lead to couplings of feebly-interacting particles to the SM through portal operators.

8.6.1 The formalism of portals
Portals are the lowest canonical-dimension operators that mix new dark-sector states with gauge-
invariant (but not necessarily Lorentz-invariant) combinations of SM fields. Following closely
the scheme used in the Physics Beyond Colliders study [360], four types of portal are consid-
ered:

Portal Coupling
Vector (Dark Photon, Aµ ) � e

2cosqW
F 0

µnBµn

Scalar (Dark Higgs, S) (µS +lHSS2)H†H
Fermion (Sterile Neutrino, N) yNLHN

Pseudo-scalar (Axion, a) a
fa

Fµn F̃µn , a
fa

Gi,µnG̃µn
i ,

∂µ a
fa

ygµg5y

Here F 0
µn is the field strength for the dark photon, which mixes with the hypercharge field

strength Bµn ; S is the dark Higgs, a new scalar singlet that couples to the SM Higgs doublet H;
and N is a heavy neutral lepton (HNL) that couples to the SM left-handed leptons. These three
cases are the only possible renormalisable portal interactions. While many new operators can
be written at the non-renormalisable level, a particularly important example is provided by the
axion (or axion-like) particle a that couples to gauge and fermion fields at dimension five.

8.6.2 Experimental sensitivities
The portal framework is used to define some benchmark cases, for which sensitivities of dif-
ferent experimental proposals are evaluated and compared with each other. Unless otherwise
stated, all limits presented in this section correspond to 90% CL, since the majority of the liter-
ature has been using this standard.
Vector portal
New light vector particles mixed with the photon are not uncommon in BSM models containing
hidden sectors, possibly related to the DM problem. The parameters describing this class of
models are e , aD, mA0 and mc , where e is the mixing parameter between the dark and ordinary
photon; aD = g2

D/4p is the coupling strength of the dark photon with DM; and mA0 and mc
are the dark photon and DM particle mass, respectively. The study of experimental sensitivities
at future colliders is performed in the plane of e versus mA0 , assuming aD to be negligible
with respect to e . It is important to note that only minimal Dark Photon models have been
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Figure 1: Feynman diagrams for the dark photon production processes in electron-proton collisions. Here p and X denotes a parton
from the beam proton before and after the scattering process, respectively.

Figure 2: Production cross section for dark photons, via the process e�p ! e��0X, with X denoting a number of hadrons. The
dashed and solid line represents the lower transverse momentum cut on X to be 5 and 10 GeV, respectively.

comparable (larger) cross section and results in larger (smaller) angles for the �0 emission. We expect that
these processes could potentially increase the signal strength. Nonetheless, a quantitative statement requires a
dedicated analysis, which is beyond the scope of this paper.

The signal is given by the process e�p ! e�X�0, where X denotes the final state hadrons, and the dark
photon �0 decays into two charged fermions. This process is shown schematically in Fig. 3. In general in collisions
with low momentum transfer the scattering angles of the electron and X are small compared to the respective
beams. Therefore the electron and proton beams are used to define the backward and forward hemispheres of the
detector, which are optimized for low energy electromagnetic radiation and high energy hadrons, respectively.

Characteristic for the DIS production process of the dark photon are the small scattering angles of the de-
flected electron and parton from the beam interaction, which are, however, still within the geometric acceptance
of the LHeC and FCC-he detectors. The �0 is typically emitted from the electron and has a very small emission
angle. We find in our numerical simulation that the decay products, the fermion pair, carry a low momentum,
and a transverse momentum that is roughly twice the dark photon mass. For m�0 > 10 MeV, the resulting
transverse momentum together with the magnetic field in the detector with B = 3.5 T yields a gyroradius for
electrons that is larger than the radius of the beam pipe (which is asymmetric: on three sides 2.2 cm and 11 cm

Figure 3: Sketch of the signal signature of a displaced dark photon decay. The proton (electron) beam is denoted by the larger
(smaller) arrow from left to right (from right to left). The position of the primary vertex is inferred from the hadronic final state
X and the scattered electron e. From the primary vertex (labeled “PV” ) inside the interaction region the dark photon �0 emerges
and decays after some finite distance into the two charged particles f+ and f�.
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Fig. 8.16: Sensitivity for Dark Photons in the plane mixing parameter e versus Dark Photon
mass. HL-LHC, CEPC, FCC-ee and FCC-hh curves correspond to 95% CL exclusion limits,
LHeC and FCC-eh curves correspond to the observation of 10 signal events, and all other curves
are expressed as 90% CL exclusion limits. The sensitivity of future colliders, mostly covers the
large-mass, large-coupling range, and is fully complementary to the the low-mass, very low-
coupling regime where beam-dump and fixed-target experiments are most sensitive.

considered in this study. Non-minimal models used by, e.g. the HL-LHC experiments [442]
and other future facilities, are not addressed here. The results are shown in Fig. 8.16.

Visible decays of vector mediators are mostly constrained from searches for di-electron or
di-muon resonances and from the re-interpretation of data from fixed target or neutrino experi-
ments in the low (< 1 GeV) mass region. NA48/2 [496], A1 [497] and BaBar [498] experiments
put the strongest bounds for e > 10�3 in the 0.01�10 GeV mass range. These results are com-
plemented by those from beam dump experiments, such as E141 [499] and E137 [500, 501] at
SLAC, E774 at Fermilab [502], CHARM [503] and NuCal [504].

The low-mass range (0.01–1 GeV, see Chapter 9) is best covered by beam-dump exper-
iments (SHiP [430], NA62 in dump mode [505]), and by FASER at the ATLAS interaction
point [506] in the very low-coupling regime (e < 10�4). These are complemented by the LHCb
Upgrade [507] and Belle-II [339]. Future collider experiments (HL-LHC [488], CEPC [508],
FCC-ee [509], FCC-eh [510], FCC-hh [488], ILC500) have unique coverage in the high-mass
range (> 10 GeV) down to e ⇠ 10�4. FCC-eh could fill the gap left by LHCb in the low-mass
region. There is an interesting complementarity between future collider experiments, which
cover the high-mass large-coupling regime, and beam-dump experiments, which cover the low-
mass, very low-coupling regime.

Scalar portal
In the scalar or Higgs portal, the dark sector is coupled to the Higgs boson via the bilinear

Covering important 
regions between pp 
and ee / low-energy 
experiments



Conclusions 

´ FCC-eh offers a variety of opportunities for Higgs measurements, strong
interactions, top physics and BSM searches in a lot of expected and maybe 
unexpected scenarios

´ A low-energy version of FCC, with concurrent ep and pp would have lot of potential 
in several scenarios, although it has not been fully quantified 

´ Several new ideas still being explored and on-going – potential as a function of 
c.o.m. energy depending on proton beam energy to be fully explored, e.g. 
´ Potential on higgs measurements, and di-higgs studies 

´ Lepto-quarks 

´ SUSY EWK studies 

´ Dark scalars in Higgs decays 

´ Anomalous couplings
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Great opportunity for new ideas – all
being documented in the CDR ! 



Back up



The LE-FCC hh physics case in a nutshell
´ Studies utilize extrapolations from HE-LHC or FCC-hh

´ concrete studies at 27 and 100 TeV allows to test the validity of the PDF extrapolation, and to 
justify the interpolation to 37.5 TeV

´ New physics reach at high mass: “easier” extrapolation, compare with HE and FCC

´ Most difficult: Higgs properties and precision measurements  
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Table 1. 5s discovery reach for various resonances [4]: excited quarks Q⇤, Randall-Sundrum gravitons GRS, Z0 bosons in the sequential
SM and in top-colour (TC) models. Various collider configurations are compared. The rows labeled by CR are obtained by scaling the reach
using the Collider Reach PDF extrapolation. The rows 3 and 4 show the scaling factors between HE-LHC and FCC obtained in the full
analyses [4] and using CR, showing an agreement at the 10% level.

Collider Z0
SSM! t+t� Z0

SSM! tt GRS !WW Z0
TC! tt Q⇤ !jj Z0

SSM! `+`�

FCC [4] (TeV) 18 18 22 23 40 43
HE-LHC [4] (TeV) 6 6 7 8 12 13
FCC/HE-LHC 3 3 3.1 2.9 3.3 3.3
FCC/HE CR 2.7 2.7 2.9 2.9 3.1 3.2
LE-FCC CR (TeV) 7.5 7.5 9 10 16 17
LE-FCC/HE-LHC 1.25 1.25 1.3 1.25 1.3 1.3

The detailed analyses give projections that are mostly slightly below this optimal increase, except for the stop case (where a
broader set of final states was used in the HE-LHC study). The overall agreement between complete studies and extrapolation
is nevertheless within a factor of 15%, and therefore we use CR to derive the projections from HE-LHC to LE-FCC, shown
in the last row of Table 2. The increase w.r.t. HE-LHC is again in the range of 20-25%. For reference, the FCC reach for
gluinos and stops, assuming final states comparable to those considered in the HE-LHC analyses, is of 17 TeV and 10 TeV,
respectively [2, 3, 6]. That is a factor 2.5 higher than for LE-FCC.

Table 2. 5s discovery reach for various SUSY particles at HL and HE-LHC, as reported in Table 7.1 of Ref. [1]. Rows 3 and 4 show the
scaling factors from HL-LHC to HE-LHC, obtained in the full analyses and using CR, respectively. Row 5 gives the PDF LE-FCC
extrapolation from HE-LHC.

Collider g̃ ! qq̄c̃0 t̃ ! t c̃0 c̃±
1 !W±c̃0 , c̃0

2 ! Z0c̃0 t̃ ! c̃0t
HL-LHC (TeV) 2.9 1.4 0.25 0.47
HE-LHC (TeV) 5.2 3.2 0.42 0.81
HE-LHC/HL-LHC 1.8 2.3 1.7 1.7
HE-LHC/HL-LHC CR 1.9 2.0 2.0 2.0
LE-FCC CR (TeV) 6.8 4.1 0.5 0.98

3 WIMP Dark Matter

One of the key targets of the 100 TeV FCC is to prove or disprove the existence of weakly interacting massive particles (WIMPs)
providing a source of dark matter. In the case of neutral fermions belonging to SU(2) doublet (”higgsino”) or triplet (”wino”)
representations, the upper limits imposed by cosmology are in the range of 1 and 3 TeV, respectively. At these mass values, the
neutral and charged members of the SU(2) multiplets are almost degenerate, up to mass splittings of order 100 MeV induced
by EM interactions. Typical collider DM signals of /ET are strongly suppressed, and the most effective signature is that of a
disappearing track, from the decay of a charged WIMP to the neutral DM candidate, plus a soft charged pion. Table 3 shows
the projections presented in the HL/HE-LHC report [1], and in more detail in Ref. [7]. A more detailed analysis for 100 TeV,
based on the simulation of FCC-hh tracker designs and realistic pileup conditions, is given in Ref. [8], and leads to results for
FCC comparable to those in Ref. [7]. The bottom line of these studies is that FCC-hh can cover the desired mass range.

Table 3 indicates that the PDF extrapolation from HL-LHC to HE-LHC, and from HE-LHC to FCC, underestimates by about
30% the improvement in the discovery reach. This is likely due to the details of the analysis, which requires the production of
an additional recoil high-pT trigger jet, and which benefits from the higher boost of the charged WIMP, leaving a longer track.
We therefore include this additional factor of 1.3 in the CR-based extrapolation from HE-LHC to LE-FCC. The projections
nevertheless fall short of meeting the targets required to prove or disprove the WIMP nature of DM.

4 Nature of the EW Phase Transition

The goal of this part of the future research programme is to establish the nature of the electroweak (EW) phase transition
(EWPT) in the early universe. The SM predicts that, for a Higgs mass above ⇠ 80 GeV, the transition is just a smooth cross-over.
But new Higgs interactions with other fields beyond the SM can modify the shape of the Higgs potential, leading to a strong

2

Figure 2. Integrated Higgs pT spectra at 37.5 TeV (left, in pb), and at 100 TeV (right, normalized to an integrated luminosity
of 30 ab�1).

Table 5. Target precision (stat+syst) for the measurement of ratios of Higgs decay branching ratios, for the rare decay
processes that are complementary to the targets of the ee Higgs factories. Notice that Lagrangian couplings have a precision
that is typically half that of a branching ratio, since the former depend quadratically on the couplings.

dR/R HE-LHC LE-FCC FCC-hh
R = B(H!gg)/B(H! 2e2m) 1.7% 1.5% 0.8%
R = B(H!mm)/B(H!4m) 3.6% 2.9% 1.3%
R = B(H!mmg)/B(H!mm) 8.4% 6% 1.8%
R = B(H!gg)/B(H! 2m) 3.5 % 2.8% 1.4%

energies, the precision deteriorates according to statistics, since even at 100 TeV statistics is the main responsible (⇠ 5% for the
bbgg channel) for the quoted overall 6.5%: more events would allow to better measure the backgrounds, and to include more
rate-suppressed final states. If we use the statistical criterion to extrapolate from 100 TeV to 27 TeV, the reduction in number
of events by a factor of ⇠ 18 leads to a statistical uncertainty on the selfcoupling of about 20%, consistent with the already
available HE-LHC projections. Using the factor of 10 rate decrease between 100 and 37.5 TeV, would give a ⇠ 15% statistical
precision on the Higgs selfcoupling, and factor of ⇠ 2�3 deterioration w.r.t. to the projected FCC-hh precision.

6 Conclusions

We considered a set of important physics goals of the FCC-hh 100 TeV collider, and assessed the impact of reducing its energy
to 37.5 TeV, and its luminosity to 15 ab�1. In the case of high-mass searches, where the sensitivity is driven mostly by energy
and luminosity, and much less by systematics and the details of the analyses, the mass reach is decreased by a factor of ⇠ 3.
The increase relative to the HE-LHC, on the other hand, is of about 20-25%. These general statements have been illustrated in
the case of s-channel resonances and of pair production of supersymmetric particles.

In the case of DM searches, higgsinos and winos can be discovered up to 650 GeV and 2.3 TeV, which is not sufficient to
saturate the upper limits of ⇠ 1 and 3 TeV, respectively.

The Higgs couplings would be measured with a precision comparable to HE-LHC, namely a factor of ⇠ 2�3 degradation
relative to the FCC-hh targets.

Needless to say all of these results could be improved with better and more ambitious analyses. In particular, Higgs
measurements could well be improved, implementing the sophisticated approaches that are being developed for the HL-LHC.
Considering the comparable pileup environments at LE-FCC and FCC-hh, it is likely however that any improvement in the
LE-FCC projections would carry over to the FCC, and likely be enhanced by the extra flexibility given by higher rates and
extended kinematical reach.
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~ gain 25-30% wrt to HE-LHC

true for final states like WW, tt or bb, for which observables like /ET , or like the final state invariant mass, are particularly
sensitive to pileup and detector performance. To provide CDR results that we claim are reliable and robust, we focused on
observables for which we believe the systematics can be trusted. For example:

• we used fully reconstructed H final states, exploiting therefore an ideal mass resolution to reduce backgrounds (gg , 4`,
µµ , gZ[! ``]). These are also the decays for which an e+e� Higgs factory has limited statistics, making the hadronic
collider essential.

• We used boosted Higgses, to reduce experimental systematics on the lepton/photon trigger, isolation and identification
efficiencies, but also to have the Higgs signal stand out more clearly from the huge pileup, due to the large pT and
”simplicity” of the individual decay objects

• In the case of ttH, where we considered the H ! bb̄ decay, we used boosted Higgses, but also focused on the ratio
H ! bb̄/Z ! bb̄. In this case, pileup systematics related to the b-tagging, the fat-jet tagging, etc, as well as theory
systematics, will cancel due to the closeness in mass of H and Z.

• In the case of the HH ! bb̄gg channel, the precision target is not %, it is 5-10%, so systematics that would arise at the %
level are not a concern here. The study of HH final states is by and large still statistics limited even at the FCC.

It turns out that, with the inputs from the ee collider, the results we generated for the CDR provide a complete picture, which
optimizes the FCC-hh Higgs output: rare BRs to sub-% (using absolute BR(H!ZZ) from ee), ttH coupling to% (using ttZ
couplings and BR(H!bb) from ee), H selfcoupling from bb+gg to 7% (using ttH at the % level). If we take out any of these ee
inputs, we need to extend the set of hadron-collider measurements, along the lines of what is done with HL-LHC, and with the
same eventual limitations (eg lack of an absolute model independent G(H)). We assume here that the framework of the LE-FCC
project, even in absence of a FCC-ee phase, foresees the existence of an e+e� Higgs factory somewhere in the world. Thus we
limit ourselves here to extrapolating the study of Higgs couplings considered in the FCC-hh CDR.

We start by showing the Higgs production cross sections at 37.5 TeV in Table 4. The table also shows the ratio of cross
sections at different energies. We notice that the increase from HE-LHC to LE-FCC lies in the range 50-100%, depending on
the process. Figure 2 compares the inclusive pT rate of the Higgs at LE-FCC and FCC.

Table 4. First row: Higgs production cross section at
p

S = 37.5 TeV, for the dominant production channels. Following rows: cross section
rates, for various CM energies (no luminosity factors included here).

gg ! H VBF WH ZH ttH HH
s (37.5 TeV) (pb) 230 19 5 3 5.8 0.26
27/14 2.7 2.7 2.3 2.4 4.8 3.8
37.5/14 4.2 4.4 3.3 3.5 9.5 7.0
100/14 15 16 10 13 53 34
37.5/27 1.6 1.6 1.5 1.5 2.0 1.8

Figure 3 shows the precision in the extraction of BR ratios for the interesting decay channels at 37.5 TeV, relative to H! 4`
coupling, which is supposedly known at the ⇠ 2�3 per mille level from the ee colliders. Here we followed the approach of the
FCC-hh CDR, and compare with the results at 27 and 100 TeV. Given the closeness of the rates at 27 and 37.5 TeV (see the last
row of Table 4), it is not surprising that the precision at LE-FCC is similar to that at HE-LHC. We notice that the main handicap
at the lower energies is the limited statistics at large pT , where the efficiency systematics are the smallest. While at FCC-hh the
minimum of the combined stat+syst uncertainties is reached for pT (H) in the range of 200 GeV, the uncertainty curves at 27
and 37.5 TeV increase monotonically in the range pT (H)>50 GeV. To optimize the precision, one is therefore pushed to the
low-pT (H) region, where much more work would be needed to establish credible precision targets. Table 5 summarizes the
precision reach of the various collider configurations, working in the pT (H)>50 GeV range.

The estimates for the top Yukawa coupling at 100 TeV relied on the study of the ratio ttH/ttZ in the boosted H regime,
with Z/h! bb̄, resulting in the CDR estimate of dstatgttH/gttH ⇠ 0.5% The statistical scaling of this analysis would lead for
37.5 TeV to a decrease in precision by a factor of ⇠ 3, leading to dstatgttH/gttH ⇠ 1.5%. Inclusion of systematics at FCC almost
doubled the uncertainty on gttH , to about 1%. The HL-LHC projection, based on extrapolations of LHC-like analyses and the
combination of several Higgs decay modes, gives 3.4%. One therefore expects the projection for LE-FCC to be in the range of
2-3%.

For what concerns the Higgs selfcoupling: this is a complex analysis, given the large number of background processes
and the various sources of systematics. But it is a good approximation to assume that, extrapolating from 100 TeV to lower

4

Cross section increase ~ 50-100% depending on process precision reach for some rare processes 



Prospects for High-Energy 
´ For Higgs boson transverse momenta between 50 

and 500 GeV, a precision in the range of 2-4% is 
achievable for the ratios BR(H→µµ)/BR(H→gg) and 
BR(H→ 4l)/BR(H→gg), and therefore of order 1-2% 
for the ratios of the relevant Higgs couplings.

25/10/19Monica D'Onofrio, LHeC/FCC-eh workshop 

 [GeV]H
T,min

p
50 100 150 200 250 300 350 400 450 500

) )
 (%

)
µ
µ

 e
e

→
) /

 B
R

(H
 

γγ 
→

 ( 
BR

(H
 

δ

1

10

210 stat + syst (cons.)

stat + syst (optim.)

stat. only

stat + syst (cons.)

stat + syst (optim.)

stat. only

HE-LHC Simulation (Delphes)

 = 27 TeVs
-1 L = 15  ab

)µµ ee→BR(H 
)γγ →BR(H  

 [GeV]H
T,min

p
50 100 150 200 250 300 350 400 450 500

) )
 (%

)
µ
µ 

→
) /

 B
R

(H
 

γγ 
→

 ( 
BR

(H
 

δ

1

10

210

stat + syst (cons.)

stat + syst (optim.)

stat. only

stat + syst (cons.)

stat + syst (optim.)

stat. only

HE-LHC Simulation (Delphes)

 = 27 TeVs
-1 L = 15  ab

)µµ →BR(H 
)γγ →BR(H  

 [GeV]H
T,min

p
50 100 150 200 250 300 350 400 450 500

) )
 (%

)
µ
µ
µ
µ 

→
) /

 B
R

(H
 

µ
µ 

→
 ( 

BR
(H

 
δ

1

10

210

stat + syst (cons.)

stat + syst (optim.)

stat. only

stat + syst (cons.)

stat + syst (optim.)

stat. only

HE-LHC Simulation (Delphes)

 = 27 TeVs
-1 L = 15  ab

)µµµµ →BR(H 
)µµ →BR(H  

 [GeV]H
T,min

p
50 100 150 200 250 300 350 400 450 500

) )
 (%

)
µ
µ
µ
µ 

→
) /

 B
R

(H
 

γ
µ
µ 

→
 ( 

BR
(H

 
δ

1

10

210

stat + syst (cons.)

stat + syst (optim.)

stat. only

stat + syst (cons.)

stat + syst (optim.)

stat. only

HE-LHC Simulation (Delphes)

 = 27 TeVs
-1 L = 15  ab

)µµµµ →BR(H 
)γµµ →BR(H  

Figure 9. Projected precision for the measurement of ratios of rates of different Higgs final states, in the gg!H production
channel. The label ”lumi” indicates the inclusion of a 1% overall uncertainty. The systematics labeled as ”syst” reflects today’s
uncertainties on etections efficiencies. The systematics of conservative scenario (cons) is twice as large as the reference one
(optim).

transverse momenta, providing a new opportunity: a 10% measurement at 1 TeV energy corresponds roughly to a permille
precision measurement at the Higgs mass. In the context of EW physics this will allow to test, via Drell-Yan processes and
the operators O2W,2B, energy scales of order 25 TeV; or, via WZ diboson processes, mass scales of roughly 6 (100) TeV if the
underlying new physics is weakly (strongly) coupled. Figure 10 shows the results of a global fit to observables in Higgs physics,
as well as diboson and Drell-Yan processes at high energy.

Another important high-energy measurement concerns the scattering of longitudinally polarised vector bosons: departures
from its SM value could betray a composite nature of the Higgs. The decomposition of measurements of VBS cross-sections
into the polarised components based on the decays of the individual vector bosons is experimentally challenging. Preliminary
studies show that, thanks to pile-up mitigation techniques that retain Run-2 performance of hadronically decaying W/Z-boson
tagging, the precision on the VBS cross section measurement in the semileptonic WV + jj ! `n + jjjj channel can be reduced
from 6.5 % (HL-LHC) to about 2 % at HE-LHC. From this measurement and from the measurement of the EW production of a
Z boson pair, the purely longitudinal final state of the WW and ZZ scattering processes can be extracted with a significance of
5s or more. Similarly, the reach for vector-boson-scattering will be extended by roughly a factor of two in the energy scale of
BSM physics, i.e. the sensitivity of the HE-LHC to Wilson coefficients, f/L4, of dimension eight operators, which describe
anomalous quartic gauge couplings, improves by a factor 10-20.

BSM theories generally predict the Higgs couplings to deviate from the SM predictions. In parallel, the HE-LHC will
have a broad reach for models predicting exotic decays of the 125 GeV Higgs boson (e.g. decays including intermediate BSM
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underlying new physics is weakly (strongly) coupled. Figure 10 shows the results of a global fit to observables in Higgs physics,
as well as diboson and Drell-Yan processes at high energy.

Another important high-energy measurement concerns the scattering of longitudinally polarised vector bosons: departures
from its SM value could betray a composite nature of the Higgs. The decomposition of measurements of VBS cross-sections
into the polarised components based on the decays of the individual vector bosons is experimentally challenging. Preliminary
studies show that, thanks to pile-up mitigation techniques that retain Run-2 performance of hadronically decaying W/Z-boson
tagging, the precision on the VBS cross section measurement in the semileptonic WV + jj ! `n + jjjj channel can be reduced
from 6.5 % (HL-LHC) to about 2 % at HE-LHC. From this measurement and from the measurement of the EW production of a
Z boson pair, the purely longitudinal final state of the WW and ZZ scattering processes can be extracted with a significance of
5s or more. Similarly, the reach for vector-boson-scattering will be extended by roughly a factor of two in the energy scale of
BSM physics, i.e. the sensitivity of the HE-LHC to Wilson coefficients, f/L4, of dimension eight operators, which describe
anomalous quartic gauge couplings, improves by a factor 10-20.

BSM theories generally predict the Higgs couplings to deviate from the SM predictions. In parallel, the HE-LHC will
have a broad reach for models predicting exotic decays of the 125 GeV Higgs boson (e.g. decays including intermediate BSM
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´ Potential for discovery of deviations will grow 
considerably, allowing to test energy scales ~ 
25 TeV

´ Other highlights: longitudinal scattering, 
exotics Higgs decays, heavier additional 
higgses

constraints on the EFT operators 
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´ If mZ’>>5 TeV, main contributions from interference effects modifying DY 

´ Complementarities hadron / lepton colliders

´ Hadron colliders relevant for gZ’>gSM

couplings: [mass/coupling] ≫ 0.5√s 

(lepton colliders; sensitive to [mass/coupling] ≫ √s) 
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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 Z

0s 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

0
s 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 Z

0, 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
0
s 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

0
s. 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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Direct high-mass searches: peak vs mass tails

9

Seeing the “peak”. Mass reach: 
● mass < √s for lepton colliders
● mass ≲ 0.3-0.5 √s in hadron colliders 

for couplings ~ weak couplings

Deviations in high-mass tails: 
● Better suited for lepton colliders; 

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

couplings: [mass/coupling] ≫ 0.5√s

J. De Blas



Characterizing a discovery @ HE-LHC 
´ IF a Z’ resonance of 6 TeV is seen at HL-LHC, it can be “characterized” at HE-LHC 

via cross sections, AFB and central/forward ratios 

25/10/19Monica D'Onofrio, LHeC/FCC-eh workshop 

Fig. 6.2.18: Left: �Bl in the NWA for the Z 0 production at the
p

s = 14 TeV LHC as functions of the Z 0 mass:
SSM(red), LRM (blue),  (green), �(magenta), ⌘(cyan), I(yellow). Right: �Bl of Z 0 in models described in (left)
at

p
s = 27 TeV.

6.2.9 Z0 discrimination at HE-LHC in case of an evidence/discovery after the HL-LHC
Contributors: C. Helsens, D. Jamin, M. L. Mangano, T. Rizzo, M. Selvaggi

Context of the study and HL-LHC bounds
It is still legitimate to assume that a heavy resonance could be seen at the end of HL-LHC. If that is the
case a new collider with higher energy in the c.o.m. is needed to study its properties as too few events
will be available at

p
s = 14 TeV. In this section we present the discrimination potential between six

Z 0 models of a HE-LHC with an assumed c.o.m. energy of 27 TeV and an integrated luminosity of
L = 15 ab�1. Under the assumption that these Z 0’s decay only to SM particles, we show that there are
sufficient observables to perform this model differentiation in most cases.

As a starting point it is needed to estimate what are, for
p

s = 14 TeV, the typical exclu-
sion/discovery reaches for standard reference Z 0 models assuming L = 3 ab�1 employing only the
e+e� and µ+µ� channels. The production cross section times leptonic branching fraction is shown in
Fig. 6.2.18 (left) for these models at

p
s = 14 TeV in the narrow width approximation (NWA). It has

been and will be assumed here that these Z 0 states only decay to SM particles.
Studies presented in this report on prospects for searches of Z 0 by ATLAS (see Section 6.2.5)

shows that discovery and exclusion reaches are between 5 and 6.5 TeV in M
Z

0 depending on the model
assumption. Based on these results, we will assume in our study below that we are dealing with a Z 0 of
mass 6 TeV. Figure 6.2.18 (right) shows the NWA cross sections for the same set of models but now at
p

s = 27 TeV with L = 15 ab�1. We note that very large statistical samples will be available for the
case of M

Z
0 = 6 TeV for each dilepton channel.

Definition of the discriminating variables
The various Z 0 models can be disentangled with the help of 3 inclusive observables: the production cross
section times leptonic branching fraction �Bl, the forward-backward asymmetry AFB and the rapidity
ratio ry. The variable AFB can be seen as an estimate of the charge asymmetry

AFB = AC =
�(�|y| > 0) � �(�|y| < 0)

�(�|y| > 0) + �(�|y| < 0)
, (6.2.6)

where �|y| = |yl| � |y
l̄
|. It has been checked that this definition is equivalent to defining

AFB =
�F � �B
�F + �B

, (6.2.7)
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Fig. 6.3.1: Feynman diagram of the production of excited leptons in ``� final states.

In summary, in this section we studied the discrimination potential of six Z 0 models at HE-LHC
with an assumed c.o.m. energy of 27 TeV and an integrated luminosity of L = 15 ab�1. The exercise has
been performed assuming the evidence of an excess observed at

p
s = 14 TeV at a mass m

Z
0 ⇡ 6 TeV.

Overall it was found that it is possible to distinguish among most models. Finally, it should be noted
that further studies, perhaps employing 3-body decay modes or associated Z’ production will be clearly
needed to be pursued in case of discovery to further characterise the resonance properties.

6.3 Spin 1/2 resonances
In this section, prospect studies for spin-1/2 resonances are presented, targeting excited leptons and
heavy vector-like quarks. Resonances coupled to leptons and quarks or gauge bosons and quarks are
considered.

6.3.1 Search for excited leptons at HL-LHC
Contributors: S. Ha, B. Kim, M. S. Kim, K. Nam, S. W. Lee, H. D. Yoo, CMS

A search for excited leptons (electrons and muons) is studied at the HL-LHC with the upgraded
CMS detector using simulation [700]. Excited leptons are predicted by many BSM theories where quarks
and leptons are not elementary but instead are themselves composite objects. The HL-LHC environment
(a c.o.m.energy of 14 TeV and an integrated luminosity of 3 ab�1) allows to extend the discovery poten-
tial of excited leptons. This analysis presents a search for excited leptons (`⇤ = e⇤, µ⇤) in ``� (` = e, µ)
final states where the excited lepton decays to a SM lepton and a photon (`⇤

! `�). An illustration of
the production decay mode is shown in Fig. 6.3.1.
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with �F = �(cos✓⇤
cs) > 0 and �B = �(cos✓⇤

cs) < 0 where ✓⇤
cs is the Collins-Soper frame angle. The

variable ry is defined as the ratio of central over forward events:

ry =
�(|y

Z
0 | < y1)

�(y1 < |y
Z

0 | < y2)
, (6.2.8)

where y1 = 0.5 and y2 = 2.5.

Model discrimination
The model discrimination presented in this section has been performed assuming the HE-LHC detec-
tor parametrisation [699] in DELPHES [33]. In such a detector, muons at ⌘ ⇡ 0 are assumed to be
reconstructed with a resolution �(p)/p ⇡ 7% for pT = 3 TeV.

Leptonic final states The potential for discriminating various Z 0 models is first investigated
using the leptonic ee and µµ final states only. The signal samples for the 6 models and the Drell-Yan
backgrounds have been generated with PYTHIA 8.230 [68] including the interference between the signal
and background. The Z 0 decays assume lepton flavour universality. For a description of the event
selection and a discussion of the discovery potential in leptonic final states for the list of Z 0 models being
discussed here, the reader should refer to Section 6.2.4. We simply point out here that with L = 15 ab�1,
all Z 0 models with m

Z
0 . 10 TeV can be excluded at

p
s = 27 TeV.

Figure 6.2.19 (left) shows the correlated predictions for the AFB and the rapidity ratio ry observ-
ables defined previously for these six models given the above assumptions. Although the interference
with the SM background was included in the simulation, its effect is unimportant due to the narrowness
of the mass window around the resonance that was employed. Furthermore, the influence of the back-
ground uncertainty on the results has been found to have little to no impact on the model discrimination
potential. Therefore the displayed errors on AFB and ry are of statistical origin only. The results show
that apart from a possible near degeneracy in models  and ⌘, a reasonable Z 0 model separation can
indeed be achieved.

Using a profile likelihood technique, the signal strength µ, or equivalently, �Bl, can be fitted
together with its corresponding error using the the di-lepton invariant mass shape. The quantity �Bl and
its total estimated uncertainty is shown in Fig. 6.2.19 (centre) as a function of the integrated luminosity.
The �Bl measurement seems to be able to resolve the degeneracy between the  and ⌘ models with
L = 15 ab�1. It should be noted however that since the cross-section can easily be modified by an
overall rescaling of the couplings, further handles will be needed for a convincing discrimination.

Hadronic final states Model discrimination can be improved by including an analysis involving
three Z 0 addition hadronic final states: tt̄, bb̄ and qq̄, where q = u, d, c, s. The sample production and
event selection for the tt̄, qq̄ final states will be described to some extent in Section 6.4.6. We simply
remind the reader that the analysis involves requiring the presence of two central high pT jets. In order to
ensure complete orthogonality between the various final states, jets are required to be tagged as follows.
In the Z 0

! tt̄ analysis both jets should be top-tagged. For the Z 0
! bb̄ final state both jets are required

to be b-tagged and we veto events containing at least one top-tagged jet. Finally, in the Z 0
! qq̄ analysis,

we veto events that contain at least one b-tagged or top-tagged jet.
Figure 6.2.19 (right) summarises the discrimination potential in terms of fitted cross-section of the

different models considering the three aforementioned hadronic decays, tt̄, bb̄ and qq̄. An good overall
discrimination among the various models can be achieved using all possible final states. For example,
the SSM and  models, which have very close predictions for ry and AFB , have measurably different
fractions of tt̄ or bb̄ final states. We note however that the degeneracy between ⌘ and  can only be
partially resolved resolved at ⇡ 1� by exploiting the difference in tt̄ yield.
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SUSY EWK production: Phenomenology 
´ Mass and hierarchy of the four neutralinos and the two charginos, as well as their production cross 

sections and decay modes, depend on the M1, M2, µ (bino, wino, higgsino) values and hierarchy

´ EWK phenomenology broadly driven by the LSP and Next-LSP nature

´ Examples of classifications (cf: arXiV: 1309.5966)   

25/10/19Monica D'Onofrio, LHeC/FCC-eh workshop 29 FIG. 2: Decay patterns of NLSP’s for all the six cases AI−CII.

branching fractions in Figs. 3−8. The partial width formulae are collected in the Appendix. The

transitional decays among the degenerate Winos or Higgsinos NLSPs (e.g. χ0
2 ↔ χ±

1 ) are almost

always suppressed due to the small mass splitting among the multiplets. Dominant decay modes

for NLSPs are always those directly down to the Bino-like LSP.

For Cases AI and AII with Wino and Higgsino NLSPs, respectively, the two-body decay of

χ±
1 → χ0

1W dominates leading to f f̄ ′χ0
1 of about a 100% branching fraction. Leptonic and

hadronic final states are essentially governed by the W decay branching fractions to the SM

fermions, namely about 67% for χ0
1qq

′, and 11% for χ0
1ℓνℓ for each lepton flavor.
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Bino LSP 

Wino LSP

Higgsino LSP

• Scenario A:M1 < M2, |µ|

This is the usual canonical scenario, which is strongly motivated by the Bino-like (LSP) dark

matter [6] and by the grand unified theories with gaugino mass unification [21]. There are two

qualitatively different physics cases we would like to explore, namely

Case AI : M2 < |µ|, χ±
1 ,χ

0
2 are Wino− like; χ±

2 ,χ
0
3,4 are Higgino− like; (5)

Case AII : |µ| < M2, χ±
1 ,χ

0
2,3 are Higgino− like; χ±

2 ,χ
0
4 are Wino − like. (6)

For Case AI, the Winos are lighter than Higgsinos, and thus are the next to the LSP (denoted by

NLSPs), while for Case AII, it is the reverse and thus the Higgsino NLSPs. Without losing much

generality, for illustrative purposes in Sections II and III, we vary M2 while fixing |µ| = 1 TeV

for Case AI, and vary µ while fixing M2 = 1 TeV for Case AII, along with tan β = 10. We

will explore the characteristic differences for the observable signals in these two cases. Whenever

appropriate, we will also illustrate the features with different values of tanβ.

In Fig. 1, we present the physical masses of the lower lying neutralinos and charginos. The mass

spectrum, as well as decay branching fractions for neutralinos and charginos are calculated using

SUSY-HIT 1.3 [32]. Figures 1(a) and (b) are for Case AI versus the mass parametersM2 and for

Case AII versus µwithM1 = 100GeV. The LSP, χ0
1, is mostly Bino for both cases with mass close

toM1. The sub-leading mixing component in the LSP is at the order ofO(mZ/µ) for the Higgsino

component, and O(m2
Z/µ

2) for the Wino component. The Higgsino component in Case AII, on

the other hand, is less suppressed in particular at the smaller values of µ, as shown in Fig. 1(b).

For Case AI, χ±
1 and χ0

2 are mostly Winos, with mass aroundM2. The mass splitting between χ0
2

and χ±
1 is very small. In fact, the nearly degeneracy of these states calls for a new convention to

call them NLSPs altogether. The convenience will be seen more clearly later when discussing the

decays. For Case AII, both the light chargino χ±
1 and the second and the third neutralinos χ0

2,3 are

mostly Higgsinos, with mass around |µ|. The mass splittings between those Higgsino-like states

are small for µ larger than about 200 GeV. For small values of µ however, mass splittings as large

as 20−30 GeV could occur, as seen in Fig. 1(b). These differences in masses gets smaller as µ

increases, thus referred to as naturally compressed spectra [33]. In particular, this would lead to

unsuppressed decays of χ0
3 to χ0

2/χ
±
1 in the small µ case. Heavier states, χ

±
2 and χ0

4, become out

of reach.

To a large extent, the electroweakino phenomenology is governed by the NLSP decays. We

depict the NLSP decay patterns for all the six cases in Fig. 2, and their corresponding decay
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enhanced since Br(χ0
2,3 → χ0

1h) : Br(χ
0
2,3 → χ0

1Z) ≈ (sβ ± cβ)2 : (sβ ∓ cβ)2.

Flipping the sign of µ also lead to the reversal of branching fractions into h and Z modes for

large tan β. However, since χ0
2 and χ0

3 are either pair produced at colliders as χ0
2χ

0
3 or they are

produced in associated with χ±
1 with similar cross sections at the LHC, changing the sign of µ has

little impact on the overall cross sections of the observed final states.

For small |µ±M1| ∼ mZ , the mass splittings between the Higgsino multiplets χ0
3 and χ0

2/χ
±
1

could reach 20 − 30 GeV. Although not shown in the figures, there are leading decay modes

between Higgsino states:

χ0
3 → χ±

1 W
∗, χ0

2Z
∗. (8)

Even with the phase space suppression comparing to the decay of χ0
3 directly down to χ0

1, the

branching fractions for χ0
3 → χ±

1 W
∗ could dominate over χ0

3 → χ0
1Z

∗ since the coupling χ0
3χ

±
1 W

is unsuppressed, while χ0
3χ

0
1Z suffers from Bino-Higgsino mixing. It should be noted, however,

that the decay products will be very soft due to the small mass difference, so that it renders the

experimental observation difficult at hadron colliders. At an ILC, however, the clean experimental

environment may allow the observation of those decay modes.

• Scenario B:M2 < M1, |µ|

This is the situation of Wino LSP, as often realized in anomaly mediated SUSY breaking sce-

narios [34]. The lightest states χ0
1 and χ

±
1 are nearly degenerate in mass close toM2. It thus makes

more sense to follow the newly introduced convention to call them all “LSPs”.4 In this scenario,

there are two possible mass relations we will explore

Case BI : M1 < |µ|, χ0
2 Bino− like; χ±

2 , χ
0
3,4 Higgsino− like; (9)

Case BII : |µ| < M1, χ±
2 , χ

0
2,3 Higgsino− like; χ0

4 Bino− like. (10)

In Figs. 1(c) and (d), we present the physical masses of the lower-lying neutralinos and

charginos with M2 = 100 GeV, for Case BI versus the mass parameters M1 while fixing µ = 1

TeV; and for Case BII versus µ while fixing M1 = 1 TeV. Similar to Scenario A, there is almost

no mixing in Wino- and Bino-like states for large µ as in Case AI. The Bino-like χ0
2 is NLSP, and

4 Note that in the usual convention, the neutral Wino χ0
1 is called the LSP and the charged Wino χ±

1
is called the

NLSP.
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For χ±
2 , the dominant decay modes are

χ±
2 → χ0

1W,χ±
1 Z, χ

±
1 h. (13)

Under the limit of |µ±M2| ≫ mZ , the ratios of the partial decay widths is roughly Γχ0
1
W : Γχ±

1 Z :

Γχ±
1 h ≈ 1 : 1 : 1, with small deviation caused by phase space effects. The tan β dependence is

very weak, especially for large µ. For µ = 500 GeV, the branching fractions of χ±
2 toW , Z and h

channels are roughly 35%, 35%, and 30%, respectively.

The decay channels for the second and the third neutralinos5 χ0
2,3 ≈ 1√

2
(H̃0

d ± H̃0
u), with+ sign

for χ0
2 and − sign for χ0

3, are

χ0
2,3 → χ±

1 W
∓,χ0

1Z, χ
0
1h. (14)

Under the limit of |µ ± M2| ≫ mZ , the following simplified relation holds for the partial decay

widths (and decay branching fractions as well) of χ0
2,3:

Γχ+
1
W− = Γχ−

1
W+ ≈ Γχ0

1Z
+ Γχ0

1h
. (15)

For both χ0
2 and χ0

3, decay toW dominates since both χ+
1 W

− and χ−
1 W

+ contribute. χ0
2 is more

likely to decay to Z while χ0
3 is more likely to decay to h for µ > 0.

The tanβ dependence of the branching fractions into Z and h channels is similar to that of

Case BII. Br(χ0
2 → χ0

1Z(h)) varies between 30% − 24% (3% − 9%) for tan β between 3 − 50,

and similarly for χ0
3 decay with the branching fraction for the Z and hmodes switched. Br(χ0

2,3 →

χ±W∓), however, is almost independent of tan β. For µ = 500 GeV, the branching fraction of

χ0
2(χ

0
3) is 67% (68%), 26% (8%), and 7% (24%) for W, Z and h channels, respectively. In the

limit of large tanβ and very heavy Higgsino mass, Br(χ0
2,3 → χ±

1 W
∓) ≈ 4Br(χ0

2,3 → χ0
1h) ≈

4Br(χ0
2,3 → χ0

1Z) ≈ 68%. Flipping the sign of µ has similar effects on the χ0
2,3 decay branching

fractions as in Case AII for the Z and h modes, while affects little of theW mode.

• Scenario C: |µ| < M1, M2

This is the situation of Higgsino LSP [5], with the lightest states χ0
1,2 and χ

±
1 being Higgsino-

like. The two possible mass relations here are

Case CI : M1 < M2, χ0
3 Bino− like; χ±

2 , χ
0
4 Wino− like; (16)

Case CII : M2 < M1, χ±
2 , χ

0
3 Wino − like; χ0

4 Bino− like. (17)

5 Note that the composition of χ0
2,3 in Case BII is opposite to that of χ0

2,3 in Case AII.
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Used as benchmarks:
• Bino LSP, wino-bino cross sections 

(1) Mass(c±
1) = Mass (c0

2) 
(2) c+

1c-1 and c±
1c0

2 processes

• Higgsino-LSP, higgsino-like cross sections
(1) Small mass splitting c0

1 , c±
1,  c0

2

(2) Consider triplets for cross sections
(3) Role of high-multiplicity neutralinos and 

charginos also relevant 

sW(c±
1c0

2)~2 sW(c+
1c-1) 

sH(c±
1c0

2 +c+
1c-1 +c±

1c0
1 ) 

< 0.7 sW(c±
1c0

2) 
[depending on masses!]
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