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Outline 

More details, 
see [Monica D’Onofrio’s talk “BSM searches at FCC-eh (selected topics)” in the 1st FCC Physics week,  
https://indico.cern.ch/event/550509/contributions/2413829/attachments/1398547/2133088/FCCPhysics_BSMJan2017.pdf ] 

«  Indirect impact from improved PDF 
 
« Direct Searches 
    w Leptoquarks: limits, quantum # & couplings 

    w Contact interactions: eeqq 

    w Anomalous gauge couplings: VVV 

    w Vector boson scattering 
    w BSM in the top sector 

     w RPC SUSY: DM, sleptons 

    w RPV SUSY: neutralinos, squarks 

    w BSM Higgs: exotic (invisible) decay; H+, H++   

     w Sterile neutrinos 
 
« Outlook & Summary 

Aim of this talk: 
à Review BSM studies @ ep; 
à Encourage more future 
     studies @ ep colliders. 
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Improved PDF Measurements @ LHeC & FCC-eh 

See also [Max Klein’s talk “FCC-eh – Status and CDR Plan” in FCC week ] 

à FCC-eh: access to much smaller x, larger Q2  
à important for the FCC-hh as it will probe 
much lower x regions for standard processes 

  FCC week 2017| CERN

Potential of FCCeh on PDFs vs current state of the art PDFs

17

PDF4LHC set
vs 

FCCeh (+HERA) 

Gluon Sea

ubar dbar

at starting scale

FCCeh brings 
substantial impact at 

low x

important for the FCCpp
as it will probe much lower x 

regions for standard
processes 

à low-x: no current data to constrain x ≤ 10-4; 
     better but not much after HL-LHC;  
à mid-x: need higher precision for Higgs 
à high-x: very poorly constrained; 
     limits searches for new, heavy particles 
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Indirect Impact on BSM from Improved PDF 
Example: gluon-gluon initiated processes 
à large uncertainties in high x   PDFs limit searches for new 
physics at high scales 

à many interesting processes at LHC are gluon-gluon initiated: 
top, Higgs, … and BSM processes, such as gluino pair 
production 

Christoph Borschensky 
Michael Kramer 

Christoph Borschensky 
Michael Kramer 
[arXiv:1211.5102] 

< x > ~ 0.4  

At FCC-hh, 
Similar x range for sensitive region 
=> reducing PDF uncertainties by ep 
might be crucial to improve the pp 
limits. 

At HL-LHC,  
~ 40-50% uncertainties on the gluon-
gluon initiated gluino production cross 
section in high x  region . 
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Outline 

«  Indirect impact from improved PDF 
 
« Direct Searches 
    w Leptoquarks: limits, quantum # & couplings 

    w Contact interactions: eeqq 

    w Anomalous gauge couplings: VVV 

    w Vector boson scattering 
    w BSM in the top sector: see [Orhan Cakir’s talk “Top Physics” ] 

     w RPC SUSY: DM, sleptons 

    w RPV SUSY: neutralinos, squarks 

    w BSM Higgs: exotic (invisible) decay; H+, H++   

     w Sterile neutrinos 
 
« Outlook & Summary 
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Leptoquarks 

5.2 Leptoquarks and leptogluons

The high energy of the LHeC extends the kinematic range of DIS physics to much higher
values of electron-quark massM =

⌅
sx, beyond those of HERA. By providing both baryonic

and leptonic quantum numbers in the initial state, it is ideally suited to a study of the
properties of new bosons possessing couplings to an electron-quark pair in this new mass
range. Such particles can be squarks in supersymmetric models with R-parity violation
( ⇤Rp), or first-generation leptoquark (LQ) bosons which appear naturally in various unifying
theories beyond the Standard Model (SM) such as: E6 [44], where new fields can mediate
interactions between leptons and quarks; extended technicolor [47, 538], where leptoquarks
result from bound states of technifermions; the Pati-Salam model [45], where the leptonic
quantum number is a fourth colour of the quarks or in lepton-quark compositeness models.
They are produced as single s�channel resonances via the fusion of incoming electrons with
quarks in the proton. They are generically referred to as “leptoquarks” in what follows.
The case of “leptogluons”, which could be produced in ep collisions as a fusion between the
electron and a gluon, is also addressed at the end of this section.

5.2.1 Phenomenology of leptoquarks in ep collisions

In ep collisions, LQs may be produced resonantly up to the kinematic limit of
⌅
s via the

fusion of the incident lepton with a quark or antiquark coming from the proton, or exchanged
in the u channel, as illustrated in Fig. 5.5. The coupling � at the LQ � e � q vertex is an

e+

d

LQ

e+

d
(a)

e+ e+

LQ

d– d–

(b)

Figure 5.5: Example diagrams for resonant production in the s-channel (a) and exchange
in the u-channel (b) of a LQ with fermion number F = 0. The corresponding diagrams for
|F | = 2 LQs are obtained from those depicted by exchanging the quark and antiquark.

unknown parameter of the model.

In the narrow-width approximation, the resonant production cross section is proportional
to �2q(x) where q(x) is the density of the struck parton in the incoming proton.

The resonant production or u-channel exchange of a leptoquark gives e+ q or ⇥+ q� final
states leading to individual events indistinguishable from SM NC and CC DIS respectively.
For the process eq ⇥ LQ ⇥ eq, the distribution of the transverse energy ET,e of the final
state lepton shows a Jacobian peak at MLQ/2, MLQ being the LQ mass. Hence the strategy
to search for a LQ signal in ep collisions is to look, among high Q2 (i.e. high ET,e) DIS
event candidates, for a peak in the invariant mass M of the final e� q pair. Moreover, the
significance of the LQ signal over the SM DIS background can be enhanced by exploiting
the specific angular distribution of the LQ decay products (see spin determination, below).

188

λ λ

à appear in several extensions to SM: 
production s ~ 
à can be scalar or vector, with fermion 
number 0 (e- qbar) or 2 (e- q) 
At the p-p  

à mostly pair production (from gg or qq) 
à not sensitive to the LQ-q-l coupling λ

Leptoquarks (LQs)  

à single, resonant production 
à sensitive to λ

At the e-p 
à both baryon & lepton quantum numbers  
à ideally suited to search for and study 
properties of new particles coupling to both 
leptons and quarks 
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Leptoquarks 

LQM

0 500 1000 1500 2000 2500 3000 3500

LQλ

-310

-210

LHeC 

FCC-eh 60GeV 

ep collider:  
sensitive to λ << e=√4πα=0.03 

  
(λLQ  = 0.03 = LHC ‘usual’ λ)

Sensitivity @ HL-LHC ~ 2.9 TeV  
à Close to the reach for FCC-eh  
 
 
If deviations are found by the end of 
HL-LHC, FCC-hh will definitely see 
them, and FCC-eh can characterize 
those signals ! Current LHC 

3000/fb @ 14 TeV ~ 2.9 TeV reach 
(use http://collider-reach.web.cern.ch) 
 

LFCC-eh = 500fb-1

Limits of Leptoquarks 

=> LHeC / FCC-eh offer opportunity to evaluate quantum numbers & couplings 
    (fermion number, spin, couple chirally, ... )   
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Contact Interactions 
Contact interaction eeqq 

•  if new physics enters at higher energy scales: Λ>> √s 

•  such indirect signatures can be seen as effective 4-fermion interaction 

�  New currents or heavy bosons may produce 
indirect effect via new particle exchange 
interfering with γ/Z fields. 
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VV: all couplings with +ve sign  
LL: only LL couplings between q and e 

à comparable to FCC-hh for  
    some of the couplings  
à same as HL-LHC vs LHeC 
à need more calculations !  

 à VV: ~290 TeV; LL: ~160 TeV 
[LHeC results: see CDR 2012] 

�  Reach for Λ 

e 

q 

e 

q 
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Anomalous Gauge Couplings 

à Precisely defined in SM 
à Parameterize possible new physics contributions to this 
vertex 
à Current constraints (best from LEP) use various assumptions  

Noting that the terms in Θ(∆κ)
µνρ also appear in Θ(SM)

µνρ , one can also combine the terms and use

κγ = 1 +∆κγ , but in this paper we have used only ∆κγ , which agrees with the common usage by

most experimental collaborations.

These anomalous TGV’s have been studied in some detail in many processes, both at low energies

and at high energies [8]. No evidence for any deviation from the SM has been found till date, as

a result of which, we have fairly stringent upper bounds on the anomalous couplings ∆κγ and λγ .

The strongest bounds come from the study of W+W− production at the Large Electron Positron

(LEP) collider at CERN, Geneva [9]. The early runs of the LHC have also yielded bounds published

by both the ATLAS and the CMS Collaborations [10, 11], but these are not, as yet, competitive

with the LEP bounds. A summary of the best available constraints on ∆κγ and λγ is given in

Table 1.

LEP [9] CDF [12] D0 [13] ATLAS [10] CMS [11]

∆κγ [-0.099, 0.066] [-0.460, 0.390] [-0.158, 0.255] [-0.135, 0.190] [-0.210, 0.220]

λγ [-0.059, 0.017] [-0.180, 0.170] [-0.036, 0.044] [-0.065, 0.061] [-0.048, 0.037]

Table 1: Allowed ranges, at 95% C.L., on the anomalous WWγ couplings from the data collected at the LEP,

Tevatron and LHC experiments. In each case, the most restrictive of the reported measurements is taken.

Although these constraints – especially the ones from the LEP data – are fairly stringent, they

come with some caveats, viz. the fact that the processes used to put these bounds on the WWγ

anomalous TGV’s are often affected by the WWZ anomalous TGV’s. For example, if we consider

the LEP process e+e− → W+W− through an s-channel photon exchange, there is also a similar

process through an s-channel Z0 exchange. The bounds quoted in Table 1 are sometimes obtained

with the assumption that there are anomalous couplings in the WWγ vertex alone, but not in the

WWZ vertex, and sometimes by assuming both kinds of anomalous couplings exist and may or

may not be equal. Moreover, since these anomalous couplings lead to unitarity violation at high

energies, sometimes they are taken with arbitrary factors of the form (1 + s/Λ2)α, where Λ is a

high energy scale, and α is an adjustable exponent [12]. Not every experimental collaboration,

however, uses these factors, and hence comparison of the different constraints could be deceptive.

Further, there always remains a possibility that there may be anomalous couplings in both WWγ

and WWZ vertices such that these interfere destructively to produce a very small effect. In such

a situation, many of the above bounds could be rendered invalid. A cleaner mode is the study

of Wγ (or WZ) final states at a hadron collider, but this suffers from the problem of low cross

sections and large SM backgrounds. Photoproduction of W and Z bosons have also been studied

in the context of ep colliders like the DESY HERA [14] and the proposed CERN LHeC [15], but

these do not probe very small values of the anomalous TGV couplings, and moreover, γ∗ → WW

production can easily get mixed with Z∗ → WW processes.

2

[http://arxiv.org/pdf/1405.6056v1.pdf ] 
[https://arxiv.org/abs/1406.7696 ] 

à can clearly distinguish between CC events e + p → νe + jet (W-exchange)  
    and NC events e + p → e + jet (photon or Z boson exchange)  
à triggering on a final state photon, can provide very clean bounds on the  
    anomalous TGC’s !  

At the e-p: 

The Standard Model (SM) of elementary particle physics, originally proposed [1] in the 1960’s,

has achieved completion with the near-certain discovery in 2012 [2] of the long-predicted Higgs

boson [3]. This became possible only because of the commissioning of the Large Hadron Collider

(LHC) at CERN, Geneva, a high energy machine which runs with a greater collision energy than

any of its predecessors could achieve. The LHC is currently shut down for significant upgrades in

energy and luminosity intended for its next run in 2015. In the community of high energy physicists

there are high expectations that in that run, or in following years, the LHC might conclusively find

some signals that the Standard Model of particle physics is not the final theory, but simply an

effective theory which has worked efficiently to explain the experimental results collected till date,

but which will prove inadequate when we go to higher energies. In this article, we do not plan to

go into the multiple reasons for such an expectation, which are well-discussed in the literature [4],

but instead focus on one of the possible ways in which such signals for new physics beyond the SM

could be found.

W +
µ W −

ν

p
3

p
2

p
1

Vρ

Figure 1: Illustrating momentum assignments for the

generic WWV vertex.

The specific part of the SM on which we focus

is one of the triple gauge boson vertices (TGV’s)

in the Standard Model — more specifically, the

W+W−V vertex. Here V can denote any one of

the neutral vector bosons γ or Z, but in this work,

we focus on the specific case V = γ. In the Stan-

dard Model, of course, this vertex is precisely de-

fined [5]. However, it is also possible to parametrise

possible new physics contributions to this vertex [6]

in the form of a pair of undetermined parameters

(∆κγ ,λγ).

If we denote theW+
µ (p1)W−

ν (p2)Aρ(p3) vertex by iΓ(WWγ)
µνρ (p1, p2, p3), then it can be neatly parametrised

in the form of three separate terms, viz.

iΓ(WWγ)
µνρ (p1, p2, p3) = ie

!

Θ(SM)
µνρ (p1, p2, p3) +∆κγΘ

(∆κ)
µνρ (p1, p2, p3) +

λγ

M2
W

Θ(λ)
µνρ(p1, p2, p3)

"

(1)

where the Θ tensors are, respectively,

Θ(SM)
µνρ (p1, p2, p3) = gµν (p1 − p2)ρ + gνρ (p2 − p3)µ + gρµ (p3 − p1)ν (2)

Θ(∆κ)
µνρ (p1, p2, p3) = gµρp3ν − gνρp3µ

Θ(λ)
µνρ (p1, p2, p3) = p1ρp2µp3ν − p1νp2ρp3µ − gµν (p1ρp2 · p3 − p2ρp3 · p1)

− gνρ (p2µp3 · p1 − p3µp1 · p2)− gµρ (p3νp1 · p2 − p1νp2 · p3)

This is the most general form consistent with the gauge and Lorentz symmetries of the SM [7]. The

extra terms whose coefficients are ∆κγ and λγ respectively are known as the anomalous TGV’s.

1

Triple Gauge Couplings (WWV, V = γ, Z) 
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[A. Senol, O. Cakir, I. Turk Cakir] 

Analysis of the signal & backgrounds  
for Z à ll’(l = e, µ) 

 

 

couplings țȖ=țZ=1 and ȜȖ=ȜZ=0 correspond to the case of the 

SM. Since unitarity restricts the WWȖ and WWZ couplings to 
their SM values at very high energies, the triple gauge 
couplings are modified as ǻțV(q2)=ǻțV(0)/(1+q2/ȁ2)2 and 

ȜV(q2)=ȜV(0)/(1+q2/ȁ2)2 where V=Ȗ,Z. The q2 is the square of 

momentum transfer into the process and ȁ is the new physics 
energy scale. The ǻțV(0) and ȜV(0) are the values of the 

anomalous couplings at q2=0. We assume the values of the 
anomalous couplings remain approximate constant in the 
interested energy scale (ȁ2>q2). We take ǻțV and ȜV as free 

parameters in the considered range and find the bounds on 
these couplings effectively. For the numerical calculations, we 
have implemented interactions terms in the CalcHEP [20]. 

 

 
Fig. 1 Representative Feynman diagrams for subprocess eqĺȞeȖq' 

 

 
Fig. 2 Representative Feynman diagrams for subprocess eqĺȞeZq' 

III. PRODUCTION CROSS SECTIONS FOR LHEC 
According to the effective Lagrangian, the anomalous 

vertices for triple gauge interactions WWȖ and WWZ are 
presented in the Feynman graphs as shown in Figs. 1 and 2. In 
order to calculate the cross sections for the process epĺȞeqȖX 

and epĺȞeqZX, we apply the transverse momentum cut on 

photon and jet as ்ఊ  ͷͲ GeV, ்  20 GeV; missing 
transverse momentum cut ఔ்  20 GeV, pseudorapidity cuts 
ȁߟఊǡȁ < 3.5; a cone radius cut between photons and jets ȟܴఊǡ> 
1.5. Using these cuts and the parton distribution functions of 
CTEQ6L [21], the total cross sections of the process epĺȞeqȖX 

as a function of anomalous couplings ǻțȖ and ȜȖ for Ee=140 

GeV with electron beam polarizations Pe=±0.8 and Pe=0 are 

presented in Figs. 3 and 4. In Figs. 5 and 6, the total cross 
sections of the epĺȞeqZX process are given for the same 

energy. It is clear from these figures that the polarization 
(Pe=í0.8) enhances the cross sections according to the 

unpolarized case.  
 

 

Fig. 3 The cross section depending on anomalous coupling 'NJ of the 
process epĺȞeqȖX at Ee=140 GeV for different electron beam b 

polarizations 
 

 

Fig. 4 The cross section depending on anomalous coupling OJ of the 
process epĺȞeqȖX at Ee=140 GeV for different electron beam 

polarizations 
 

 
Fig. 5 The cross section depending on anomalous ǻțZ coupling of the 

process epĺȞeqZX for Ee=140 GeV 
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� 
Abstract—We study the anomalous WWJ and WWZ couplings by 

calculating total cross sections of two processes at the LHeC with 
electron beam energy Ee=140 GeV and the proton beam energy Ep=7 
TeV, and at the FCC-ep collider with the polarized electron beam 
energy Ee=80 GeV and the proton beam energy Ep=50 TeV. At the 
LHeC with electron beam polarization, we obtain the results for the 
difference of upper and lower bounds as (0.975, 0.118) and (0.285, 
0.009) for the anomalous ('NJ, OJ) and ('Nz, Oz) couplings, 
respectively. As for FCC-ep collider, these bounds are obtained as 
(1.101, 0.065) and (0.320, 0.002) at an integrated luminosity of 
Lint=100 fb-1.  

 
Keywords—Anomalous Couplings, Future Circular Collider, 

Large Hadron electron Collider, W-boson and Z-boson. 

I. INTRODUCTION 

HE SU(2)×U(1) gauge symmetry of the Standard Model 
(SM) results in the triple gauge boson interactions. A 

precise determination of the trilinear gauge boson couplings is 
necessary to test the validity of the SM and the presence of 
new physics up to a high energy scale. Since the tree-level 
couplings of the WWȖ and WWZ vertices are fixed by the SM, 
any deviations from their SM values would indicate the new 
physics beyond the SM. The photoproduction of the W and Z 
bosons through triple gauge boson interactions in the lepton-
hadron colliders HERA+LC and in the Large Hadron electron 
Collider (LHeC) has been studied theoretically in the papers 
[1]-[3] and [4], respectively. An investigation of the potential 
of the LHeC to probe anomalous WWȖ coupling has been 
presented in [5], [6].  

The present bounds on the anomalous WWȖ and WWZ 
couplings are provided by the LEP [7], Tevatron [8], [9] and 
LHC [10], [11] experiments. 

Recently, the ATLAS [10], [11] and CMS [12], [13] 
Collaborations have established updated constraints on the 
anomalous WWȖ and WWZ couplings from the ȖW(Z) and 
W+W- production processes. The results from ATLAS and 
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CMS experiments based on two-parameter analysis of the 
anomalous couplings are given in Table I. 

In this work, we investigate the epĺȞeqȖX and epĺȞeqZX 

processes with anomalous WWȖ and WWZ couplings at the 
high energy electron-proton collider LHeC and FCC-ep 
(Future Circular Collider-electron proton) collider [14]. LHeC 
is considered to be realised by accelerating electrons 140 GeV 
and colliding them with the 7 TeV protons. We take into 
account the energies of the FCC-ep as 80 GeV for electron 
beam and 50 TeV for proton beam. We also consider the 
possibility of the electron beam polarization at LHeC [15] and 
FCC-ep which extends the sensitivity to anomalous triple 
gauge boson couplings.  

 
TABLE I 

THE AVAILABLE 95% C.L. TWO-PARAMETER BOUNDS ON ANOMALOUS 

COUPLINGS ('NJ, OJ) AND (¨ȀZ, OZ) FROM THE ATLAS AND CMS 

EXPERIMENTS 

 ATLAS CMS ATLAS (upper-
lower) 

CMS (upper-
lower) 

'NJ -0.420,0.480 -0.250, 0.250 0.900 0.500 

OJ -0.068,0.062 -0.050, 0.042 0.130 0.092 

'Nz -0.045,0.045 -0.160, 0.180 0.090 0.340 

Oz -0.063,0.063 -0.055, 0.055 0.126 0.110 

II. ANOMALOUS COUPLINGS 

The WWȖ and WWZ interaction vertices are described by an 
effective Lagrangian with the coupling constants gWWJ and 
gWWZ and dimensionless parameter pairs ('NJ,OJ) and ('Nz, 

Oz)  
 
ܮ ൌ ఊሾ݃ଵఊ൫ݓݓ݃݅ ఓܹఔ

றܹఓܣఔ െܹఓఔ
ఓܹ
றܣఔ൯  ఊߢ ఓܹ

ற
ఔܹܣఓఔ  ఒം

ೈమ
ఘܹఓ
ற

ఔܹ
ఓܣఔఘሿ 

ሾ݃ଵ൫ݓݓ݃݅ ఓܹఔ
றܹఓܼఔ െܹఓఔ

ఓܹ
றܼఔ൯  ߢ ఓܹ

ற
ఔܹܼఓఔ  ఒೋ

ೈమ
ఘܹఓ
ற

ఔܹ
ఓܼఔఘሿ  (1) 

 
where ݃ௐௐఊ ൌ ݃ ൌ ݃ ��� ௐ and ݃ௐௐߠ ൌ ݃ ���  ௐ. In generalߠ
these vertices involve six C and P conserving couplings [16]. 
However, the electromagnetic gauge invariance requires that 
݃ଵఊ ൌ ͳ. The anomalous couplings are defined as ߢ ൌ ͳ  ȟߢ 
where V=Ȗ, Z and ݃ଵ ൌ ͳ  ȟ݃ଵ. The WȝȞ, ZȝȞ and AȝȞ are the 

field strength tensors for the W- boson, Z - boson and photon, 
respectively.  

The one-loop corrections to the WWȖ and WWZ vertices 
within the framework of the SM have been studied in [17]-
[19]. These corrections to the ǻțV and ȜV have been found to 

be of the order of 10-2 and 10-3, respectively. The values of the 

Probing Anomalous WW Ȗ and WWZ Couplings with 
Polarized Electron Beam at the LHeC and FCC-Ep 

Collider 

I. Turk Cakir, A. Senol, A. T. Tasci, O. Cakir 

T
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Anomalous Gauge Couplings 
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P(e-) = -0.8  

Triple Gauge Couplings (WWV, V = γ, Z) 

Sensitivities to anomalous couplings λZ  ~ 10-3 

 

For comparison: 
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R-Parity Conserving SUSY 
Dark matter via kinematical observables 
Preliminary results from [K. Wang, S. Iwamoto, M. D’Onofrio, G. Azuelos] 

FCC-eh 

If DM ~ Wino, Higgsino, 
challenging @ pp via kinematical obs. 
ß decay products are too soft 

Unpolarized beam P(e-) = 0 
Distributions at parton level 

Simple Cut-based analysis at parton-
level leads to a signal significance >= 1 
with 1000/fb 
MVA analyses would be beneficial 
 
à Possible to discover / exclude Wino/
Higgsino DM in certain mass range 
à preliminary, worth more investigating  
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DM & Sleptons via disappearing tracks 
Long-lived charged particles with cτ >~ 10mm  

R-Parity Conserving SUSY 

based on [slide from Sho Iwamoto] 

Simplest models at FCC-eh: 

à Cross section enhanced  
     with “3-body production” 

Simple efficiency analysis	

[llcp_at_he @ 27 May. 2017 23:40:47]

Figure 1: Overall crosssection of LLCP production. Top: Pure-wino scenarios. The thicker
(thinner) lines are the scenarios with (without) co-production. For the LHC, they
overlap each other. For co-production models we fixed tan� = 3 and mẽL = m�̃0

1
+

9GeV, though the cross section is insensitive to the parameters. Middle: Pure-
Higgsino scenario. Bottom: Slepton scenarios, where LLCPs are always produced in
pair. The thicker (thinner) lines are the scenarios with (without) co-production. For
the LHC, they overlap each other.
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With no polarization; 

à Requiring minimal detection length lmin 
à Charginos (Wino) with selectron 
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Neutralinos Higgs by vector boson fusion at LHeC 

!  WWH and ZZH couplings can be probed uniquely 
!  high electron polarisation " doubling of rate 
!    

G. Azuelos - POETIC 2014, Yale, New Haven, CT 11 
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 q fwd jet 
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CC signal:  H →bb ∼ 0.16 pb at s = 2.0 TeV
backgrounds:
  ν

e
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  single top: ~ 4.1 pb
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FIG. 1: Higgs boson production at an ep collider through
WW fusion and the HWW vertex.

in such studies [8–10]. As pointed out in Refs. [11, 12]
a study of e+e− → tt̄H0 production offers the possibil-
ity of a clear and unambiguous determination of the CP
properties of the H0; however, at the LHC this process
may be accessible only in the high energy and luminosity
phase. However, it is interesting to note that the pro-
duction of a Higgs boson in the WW fusion process in
the charged current reactions e + p → νH0X [13, 14]
or ν + p → eH0X [15] arise only from a single Feyn-
man diagram involving the HWW vertex as shown in

the Figure 1 for e + p → νe +X +H(bb̄). These modi-
fied charged current (CC) processes not only provide the
best way to observe the H → bb̄ decay, but also render
the measurement of the HWW vertex free from possi-
ble contamination by contributions from HZZ or Hγγ
vertices. Moreover, the ep collision has an additional ad-
vantage over the LHC in that the initial states would be
asymmetric. Thus, we can disentangle backward scatter-
ing from forward scattering and study these separately,
which is not possible at the LHC. In this letter, there-
fore, we focus on the measurement of the HWW vertex
in such CC events at the high-energy high-luminosity ep
collider envisaged in the LHeC proposal [13], where a
high energy (∼ 50 − 150 GeV) beam of electrons would
be made to collide with the multi-TeV beams from the
LHC. Such a machine will have a centre-of-mass energy
as high as 1 − 1.5 TeV and can therefore produce H0

events copiously [13, 14].
A glance at Figure 1 will show that the final state has

missing transverse energy (MET) and three jets J1, J2
and J3, of which two (say J2 and J3) can be tagged as b-
jets. At the parton level, the squared and spin-summed-
averaged matrix element for the process

e−(k1) + q(k2) −→ νe(p1) + q′(p2) +H(p3)

can now be worked out to be

|M|2 =

!
4π3α3

sin6 θW

"
1

M2
W (t̂1 −M2

W )2 (û2 −M2
W )2

×

#
4M4

W ŝŝ1

+ λ2
$
t̂1û2(ŝ

2 + ŝ21 + t̂1û2 − 2t̂2û1) + (ŝŝ1 − t̂2û1)
2
%
+ 2λM2

W (ŝ+ ŝ1)(ŝŝ1 + t̂1û2 − t̂2û1)

+ λ′2
$
t̂1û2(ŝ

2 + ŝ21 − t̂1û2 + 2t̂2û1)− (ŝŝ1 − t̂2û1)
2
%
− 2λ′M2

W (ŝ− ŝ1)(ŝŝ1 + t̂1û2 − t̂2û1)

+ 2λλ′t̂1û2(ŝ
2
1 − ŝ2)

&
(4)

where the invariant variables are defined by ŝ = (k1 +
k2)2, t̂1 = (k1 − p1)2, û1 = (k1 − p2)2, ŝ1 = (p1 + p2)2,
t̂2 = (k2 − p1)2 and û2 = (k2 − p2)2. The first term in-
side the square brackets is the SM contribution and is,
of course, just the beta decay matrix element. The other
terms include direct and interference BSM contributions
of both CP -conserving and CP -violating types and even
a crossed term between the two types of BSM contribu-
tions.
The expression in Eqn. (4), though exact, is not very

transparent. It can be shown [4], however, that in the
limit when there is practically no energy transfer to the
W bosons and the final states are very forward, the CP -
conserving (CP -violating) coupling λ (λ′) contributes to
the matrix element for this process a term of the form

Mλ ∝ +λ p⃗T1.p⃗T2 M′
λ ∝ −λ′ p⃗T1.p⃗T2 , (5)

where p⃗T1 is the vector of the missing transverse energy.
These terms Mλ and M′

λ both go through a zero when
the azimuthal angle ∆ϕMET−J between the non-b jet J1

(arising from the parton q′) and the missing transverse
energy is π/2 or 3π/2. When Mλ and M′

λ are added
to the relatively flat (in ∆ϕMET−J) SM background, one
predicts a curve with a peak (dip) around ∆ϕMET−J ≈
0(π) for the λ operator and the opposite behaviour for
the λ′ operator, when the signs of λ,λ′ are positive and
vice versa when they are negative. The exact behaviour is
illustrated in Figure 2, which was generated for the case
of a 140 GeV electron colliding with a 6.5 TeV proton
and setting the Higgs boson mass to 125 GeV. Since the
approximations which reduce Eqn. (4) to Eqn. (5) are
somewhat too drastic, these curves show the expected
qualitative behaviour but the peaks (dips) are somewhat
displaced from the values quoted above.

In generating these ‘theoretical’ distributions, no kine-
matic cuts were applied. The choices of λ,λ′ = 0,±1
in Figure 2 are completely ad hoc – in a specific BSM
model the actual value can vary considerably – but they
serve the purposes of illustration well. Of course, the
precise value of λ (or λ′) is crucial to any actual study

Some statistics: Nexp = L × s(h) × BR(hàχ1
0χ1

0) ×  [BR(χ1
0 àjjj)]2 

In 1/ab, s(h)=850 fb (CC), assuming BR(hàχ1
0 χ1

0) = 10%    
N exp = 85000 ×  [BR(χ1

0 àjjj)]2    

à sizable dataset if BR(χ1
0 àjjj) not too small 

}  In addition to the higgs to invisible and higgs to 4b,  
    there are several other RPV cases to be considered. E.g.  

}  Neutralino might decay in 3 jets (UDD terms)    
   h→ !χ1

0 !χ1
0 → 3 j 3 j  (resonances)

R-Parity Violating SUSY 

Single Sbottom/Stop production (signal like leptoquarks, with generation mixing) 
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BSM Higgs 

}  Higgs exotic production & decays 
}  See [Kechen Wang, “Higgs Physics at the LHeC and FCC-eh” ] 
}  exotic decays 
     à invisible decay: h -> invisible 
     à h -> 2 Φ -> (bb)(bb) 

         à Anomalous HVV couplings  
 
}  BSM higgs 
     à H--,  
     à H+, [J. Hernández-Sánchez, etc. 1612.06316] 
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BSM Higgs 
Double charged Higgs H--  

Signal in the Georgi-Machacek model 
via WW-fusion 

  

S: e-p→ν
e
(H

5
−−→W −W −) j

→ν
e
ν
µ
ν
µ
µ−µ− j

  
B: e-p→ν

e
ν
µ
ν
µ
µ−µ− j

µ−

ν

µ−

ν

from [Hao Sun & Xuan Luo’s study] 

Discovery significance 
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Sterile Neutrinos 

limits for LNC signatures 

Slide from [Oliver Fischer ] 
Heavy neutrino production at electron-proton colliders

W

(q)
t

W

(�)
t

I Leading order production of heavy neutrino mass eigenstate.

I
W

(q)
t

: dominant at lower center-of-mass energies.

I
W

(�)
t

: relevant for larger masses.

Oliver Fischer Searches for Sterile Neutrinos at Future ep Colliders 6 / 13

Related articles considering electron-proton colliders 
[“Polarized window for left-right symmetry and a right-handed neutrino 
at the Large Hadron-Electron Collider”, S. Mondal, S. K. Rai, Phys. 
Rev. D 93 (2016) no.1, 011702 ] 
[“Probing the Heavy Neutrinos of Inverse Seesaw Model at the 
LHeC”,  S. Mondal, S. K. Rai; Phys. Rev. D 94 (2016) no.3, 033008 ] 

[“Left-Right Symmetry and Lepton Number Violation at the Large 
Hadron Electron Collider”, M. Lindner, F. S. Queiroz, W. Rodejohann, 
C. E. Yaguna; JHEP 1606 (2016) 140 ] 

[ S. Antusch, E. Cazzato, O. Fischer, 1612.02728 ] 
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Summary & Outlook 

«  ep offers a variety of opportunities for BSM searches 
      à precision measurements, complementary searches;  
          distinguishing & characterization new physics theories; 
 
«  Improving pp limits indirectly by improved PDF (@ high and low x)  
 
«  Fruitful BSM physics scenarios:  
       à Leptoquarks, Contact interactions, Anomalous gauge couplings, Vector boson  
            scattering, BSM top physics, SUSY (RPV & RPC), BSM Higgs,  
            Sterile neutrinos... 
 
«  Ideal to search and study properties of new particles with  
     à couplings to electron-quark, EW production, multi-jets final states 
 
«  Compare with pp colliders 
     à Some promising: clean environment (samller bkg), forward objects  
     à Some difficult: small production due to small sqrt(s) 
 
«  Physics potential yet to be fully exploited 
      à Detector-level studies crucial for next phase  
      à You are welcome to join our team !!! 
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General introduction & accelerators, 
see [Frank Zimmermann’s talk “HE-LHC and FCC-eh  CDR plan and status” ] 

Related previous talks at FCC week 2017 

General introduction, physics, detector, CDR, 
see [Max Klein’s talk “FCC-eh – Status and CDR Plan” ] 

[Daniel Britzger, “Hard QCD, PDFs and EW” ] 

[Uta Klein, “SM and BSM Higgs” ] 

[Orhan Cakir, “Top Physics” ] 

Backup Slides 

Sterile neutrinos, 
see [Oliver Fischer’s talk “An example of synergy in BSM physics:  
        Right-handed neutrinos”] 
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Indirect Impact on BSM from Improved PDF 

Example: High mass Drell-Yan 

ATLAS-epWZ16-EIG

JR14VF
NNPDF3.0
ABM12lhc
MMHT2014
HERA2.0
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from [Uta Klein, VRAP 0.9 for NNLO QCD] à Non resonant searches for 
extra dimension (interference) 
sensitive to tails of DY distributions 
thus to PDF. Predominantly q-qbar 
 
à  “Troubles” at low and high x 

ATLAS-epWZ16-EIG

JR14VF
NNPDF3.0
ABM12lhc
MMHT2014
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W-   Mli (GeV)

N
N

LO
/C

T1
4n

nl
o 

P
D

F

0

0.5

1

1.5

2

2.5

3

10 102 10 3 10 4 à FCCeh (and before, LHeC) can 
improve low and high M(ll) and 
M(lv) precision for standard candle 
measurements and searches for 
new physics 
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Leptoquarks 
Quantum # & Couplings 

0 for F=2
0 for F=0

e e

e e

A
σ σ
σ σ

− +

− +

− >⎧
= ⎨+ <⎩

e− e−

q q
2F =

e+

q

e+

q
0F =

}  Fermion number 
}  can be obtained from asymmetry in single LQ production, since  q  have 

higher x than  
}  At pp: very poor asymmetry precision achievable in single LQ production 

 q

}  spin 
}  At p-p, pair production of LQ-LQ leads to angular distributions which 

depend on the g-LQ-LQ coupling  
    -> may need to look for spin correlations 
}  At e-p, cos q* distribution is sensitive to the spin 
}  vector leptoquarks can have anomalous couplings 

}  couple chirally (i.e. to L or R but not both) ? 
}  could be probed by measuring sensitivity of cross sections to 

polarization of the electron beam 
}  generation mixing ? 

}  does LQ decay to 2nd generation? 
}  BR to neutrino,  good S/B in νj channel 3L L e Le u S dν− → →
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Vector Boson Scattering 

  e
−q →e−(q )WZ , (νq )WZ

 e

 q

  W /Z

  W /Z à Challenging at p-p (high QCD bkg, pile-up) 
à Cleaner at FCC-eh 

For a 2 TeV resonance m(WZ), background 
Preliminary results from [Georges Azuelos’s study] 

New resonances possibly relevant for unitarity restoring 
à expect below ~ 2-3 TeV 
à look for deviations from SM predictions 

à kinematics distinct between signal &  
    background 
à cleaner, small background for masses ~ 2TeV 

à low cross section [1402.4431] 
à there is some potential to study  
    VBS at high mass 
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Dark matter via kinematical observables 

Unpolarized beam P(e-) = 0 Distributions at parton level 

R-Parity Conserving SUSY 

Benchmark point: 
pure Wino DM:  
M2 ~ 200 GeV; M1, µ >> M2; 
m(neutrino1) ~ m(chargino1) ~ 200 GeV. 
chargino1: Wino with 0.3% Higgsino 

Backgrounds 
à Similar to Higgs->invisible 
à Generating inclusively 
à Including "W j v", "Z j e",  
    "e- j v v (via ZZ/WZ/WA fusion )” 
à Missing “W j e-”, single top 
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Signal MadGraph generating: 
import  model mssm 
define dm = n1 n2 x1+ x1- 
generate p e- > j e- dm dm 

Background MadGraph generating: 
“import model sm-full 
define dm = ve vm vt ve~ vm~ vt~ 
generate p e- > j e- dm dm ” 

Dark matter via kinematical observables 

R-Parity Conserving SUSY 

Basic selections on pT jets, electron, 
eta range: signal and background 
‘efficiency’  
à eff_S = 28%, eff_B = 4.7% 
 
MET>100 GeV, MT(met, j)>150 GeV ,  
Δφ(MET,j)> 3.0, Δφ(e,j)<2.0, 
Δη(e,j)>5.0, M(j+e)>350 GeV, 
MT(MET, j+e) > 500 GeV 
à eff_S = 4%, eff_B = 0.05% 
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Simplest models at FCC-eh: 
à Small cross section with “4-body production”  
Charginos (Wino or Higgsino) disappearing track	

LLCPs 

degenerate in mass 

à Cross section enhanced with “3-body production” 
•  Chargino (Wino) with selectron •  Selectrons with neutralino 

DM & Sleptons via disappearing tracks 
Long-lived charged particles with cτ >~ 10mm  

based on [slide from Sho Iwamoto] 

R-Parity Conserving SUSY 
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[llcp_at_he @ 27 May. 2017 23:40:47]

Figure 1: Overall crosssection of LLCP production. Top: Pure-wino scenarios. The thicker
(thinner) lines are the scenarios with (without) co-production. For the LHC, they
overlap each other. For co-production models we fixed tan� = 3 and mẽL = m�̃0

1
+

9GeV, though the cross section is insensitive to the parameters. Middle: Pure-
Higgsino scenario. Bottom: Slepton scenarios, where LLCPs are always produced in
pair. The thicker (thinner) lines are the scenarios with (without) co-production. For
the LHC, they overlap each other.
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Simple efficiency analysis	

With no polarization; 

Sleptons w/ neutralino (Bino) 
(“3-body production”) 
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R-Parity Conserving SUSY 
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DM & Sleptons via disappearing tracks 
Long-lived charged particles with cτ >~ 10mm  

based on [slide from Sho Iwamoto] 
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Simplest models at FCC-he 

disappearing track (or “kink”)	

R-parity violation or 
 gravitational interaction 

•  Sleptons decaying via 
•  gravitational interaction 
•  R-parity violation 

26 

R-Parity Conserving SUSY 
DM & Sleptons via disappearing tracks 
Long-lived charged particles with cτ >~ 10mm  

[slide from Sho Iwamoto] 



With no polarization. 
 
Shaded region is excluded by ATLAS (13TeV, 36/fb) 
 
FCC-he “3-body” process assumes 

[llcp_at_he @ 27 May. 2017 23:40:47]

Figure 1: Overall crosssection of LLCP production. Top: Pure-wino scenarios. The thicker
(thinner) lines are the scenarios with (without) co-production. For the LHC, they
overlap each other. For co-production models we fixed tan� = 3 and mẽL = m�̃0

1
+

9GeV, though the cross section is insensitive to the parameters. Middle: Pure-
Higgsino scenario. Bottom: Slepton scenarios, where LLCPs are always produced in
pair. The thicker (thinner) lines are the scenarios with (without) co-production. For
the LHC, they overlap each other.
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R-Parity Conserving SUSY 
DM & Sleptons via disappearing tracks 
Long-lived charged particles with cτ >~ 10mm  

[slide from Sho Iwamoto] 



Plethora of new couplings, only partially constraints (m/100 GeV)  
ΔL =1, 9 λ couplings, 27 λ’ couplings 

Various strong constraints already 
from LHC on λ and λ” (from 
multilepton and multijet searches) 

R-Parity Violating SUSY 
Squarks ß an example of “Leptoquarks” 

28 



low energy nucleon experiments, the baryon number violating ÛD̂D̂ couplings are negli-

gibly small, for example λ
′′

11k are less than 10−7 given by nucleon-antinucleon oscillation

measurements, and thus mechanics of RPV squark resonance production at TeV hadron

colliders are highly suppressed. On the other hand, at the proposed Large Hadron electron

Collider (LHeC) [11], which provides complement to the LHC by using the existing 7 TeV

proton beam, single squark can be produced and detected via L̂Q̂D̂ couplings in the next

generation of electron-proton e−p collision experiments. In this paper we investigate the

potential of searching stop quark via e− + p → t̃∗1 → µ− + b̄ resonance process, which

provides a new prospect to probe the RPV lepton flavor violating interactions.

2. Signal and Background at the LHeC

Under the single dominance hypothesis [4] that t̃1, the lighter mass eigenstate of the two

stop quarks, is simply governed by L̂Q̂D̂ couplings λ
′

131 and λ
′

233, the parton-level signal

process can be denoted as e−(p1)+ d̄(p2) → t̃∗1 → µ−(p3)+ b̄(p4), depicted by the Feynman

diagram in FIG. 1.

)
1

(p-e

)
2

(pd

’
113λ ’

233λ
t~

)
3

(p-µ

)
4

(pb
Figure 1: The parton-level Feynman diagram of RPV signal e−d̄ → µ−b̄.

The amplitude of the signal process at parton-level can be written as

M = v̄(p2)

!

λ
′

131
1− γ5

2

"

u(p1) ·
−i

ŝ−M2 + iMΓ
· ū(p3)

!

λ
′

233
1− γ5

2

"

v(p4) (2.1)

where
√
ŝ = Mµb is the center-of-mass energy of the hard scattering and equivalent to the

final state invariant mass. The parameter M and Γ denote the mass and total width of the

lighter stop quark t̃1 respectively, while the lighter stop is assumed only decaying through

ed and µb modes.

Γ =
λ

′

233
2

16π
·
(M2 −m2

b)
2

M(M2 +m2
b)

+
λ

′

131
2

16π
·M (2.2)

The parton-level differential cross section for signal in the rest frame of final muon and

b-quark states can be written as

dσ̂

dΩ
=

(λ
′

131λ
′

233)
2

(16π)2ŝ

(ŝ−m2
b)

2

(ŝ−M2)2 + (ΓM)2
(2.3)

For the particle level signal process e− + p → t̃∗1 → µ− + b̄ at the LHeC, the cross section

and kinematic distributions can be obtained by convoluting the parton-level subprocess

with the parton distribution function (PDF) of the proton.

– 2 –

Single Sbottom/Stop production (signal like leptoquarks, with generation mixing) 

stop 

λ’131< 0.03 
also stronger bounds from ββ0ν 

http://arxiv.org/pdf/1107.4461v2.pdf 
 

Probe RPV LQD terms:  
In this case (λ’131 x  λ’233 )
 

e−

u

b̃1

e−

u

Figure 1: Feynman diagram for the parton level RPV signal process e−u → b̃1 → e−u.

level has the form as
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,

where
√
ŝ is the center-of-mass (c.m.) colliding energy of the hard scattering and equivalent to the

final state invariant mass, and θb̃ the sbottom mixing angle defined as

#

b̃1
b̃2

$

=

#

cos θb̃ sin θb̃
− sin θb̃ cos θb̃

$#

b̃L
b̃R

$

. (2.3)

Then the differential cross section for the parton level signal process in the c.m. system can be

expressed as

dσ̂

dΩ
=

1

256π2
|λ′

113|4 sin4 θb̃
ŝ

(ŝ−m2

b̃1
)2 +m2

b̃1
Γ2

b̃1

, (2.4)

where the total decay width of the lighter sbottom, Γb̃1
, can be written out as

Γb̃1
=

1

16π
|λ′

113|2 sin2 θb̃mb̃1
. (2.5)

In this paper, we take sin θb̃ = 1 and therefore b̃1 = b̃R, by assuming that mb = 0 and mb̃R
< mb̃L

.

For the parent level signal process e−p → b̃1 → e− + jet + X, the kinematic distributions and

integrated cross section can be obtained by convoluting the parton level process with the parton

distribution function (PDF) [20] of up quark in the proton,

dσ(e−p → b̃1 → e− + jet+X) =

%

dxGu/P (x, µf )dσ̂(e
−u → b̃1 → e−u,

√
ŝ = 2

&

xEeEp). (2.6)

The RPV signal is dominated by the s-channel resonant production, and thus dramatically en-

hanced and sharply peaked around the sbottom mass in the final state invariant mass spectrum in

5

λ’131 

http://xxx.tau.ac.il/abs/1401.4266 
 sbottom 

Probe RPV LQD terms: (λ’113)2 

•  requires good b-tagging 
•  λ’223 < 0.45 (constraints not sensitive to it 

down to ~ 0.05) 
•  Dependency on λ’131 :   

•  LHeC (1/fb): 300 GeV, λ’131 = 0.005 
•  FCC-eh potential to be evaluated 

of the lighter sbottom resonance via e− + jet final state at the LHeC, with λ′

113 = 0.02, for both the

low and the high electron beam energy configurations. It can be seen that the Ee = 150 GeV electron

beam option is more powerful than the Ee = 50 GeV configuration in searching for the lighter sbottom

resonance RPV signal, particularly in the mass range of mb̃1
> 700 GeV. If there is no significant

deviation from the SM prediction on the deep inelastic scattering observed with certain accumulated

luminosity at the LHeC, e.g. L = 1 fb−1, the exclusion on the L-violating coupling λ′

113 can be drawn

at 95% confidence level (C.L.), as shown in Fig.7. It shows that the direct search for the lighter
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Figure 7: 95% C.L. upper bounds on λ′

113 as functions of mb̃1
.

sbottom resonance via e− + jet final state at the LHeC would give much more stringent limit on the

L-violating coupling λ′

113 than the low energy experiments, especially in high sbottom mass region.

For example, at mb̃1
= 1 TeV mass point, a new 95% C.L. upper bound on λ

′

113 can be derived as

small as 0.013, at the LHeC with 1 fb−1 data expected in 150 GeV electron beam collision, which is

about 15 times smaller than the 2σ upper limit obtained from the Vud measurement given by Eq.(3.1).

Some issues should be addressed here:

• The resonant productions of top and bottom squarks at the LHeC have been investigated in

Refs.[18, 19] via µ+ jet final state. Due to the lepton-flavor violation, two different L-violating

L̂Q̂D̂ Yukawa couplings (with different lepton flavors) are involved in the signal processes and

there is no SM irreducible background. Only the upper bounds on the quadratic L-violating

12

Ep = 7 TeV 

@FCC-eh: same analysis as for LQ à 
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(Here, εb = 0.50,εc = 0.1 and ε j = 0.01, where j = u,d,s,g)
S B S = S/B1/2

Ia (X = 5,Y = 5) 243.4 3835.1 3.9
Ib (X = 5,Y = 5) 249.5 3835.1 4.0
II (X = 32,Y = 0.5) 230 3835.1 3.7
Y (X = 32,Y = 0.5) 187.8 3835.1 3.0

Table 2: Significances after 100 fb−1 for a few optimistic benchmark points in the 2HDM-III as a 2HDM-I,
-II and -Y configuration. Here we have considered at parton level the signal reduced by the factor ε2b .εc
while the background from the SM is scaled by ε2b .ε j.
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Figure 2: The same as the previous plot for Scenario IIa (left panel) and Scenario Ya (right panel).

2HDM X Y Z m±
H = 110 GeV
cb σ .cb

Ia 5 5 5 0.99 97.36
Ib 5 5 5 0.99 99.80
IIa 32 0.5 32 0.99 92.00
Ya 32 0.5 0.5 0.99 75.12

Table 1: Parameters for a few optimistic benchmark points in the 2HDM-III as a 2HDM-I, -II and -Y
configuration. Here cb stands for BR(H+ → cb̄+h.c.) while σ .cb stands for the cross section multiplied by
the above BR as obtained at the LHeC in units of fb. We have analyzed only the benchmarks where σ .cb is
greater than 0.15 fb, so that at least 15 events are produced for 100 fb−1.

events for 100 fb−1 of integrated luminosity are given in Ref. [6]. Then, we ought to consider,
still at parton level (the hadron level analysis is in progress), that the b-jets in both signal and
background can only be tagged with probability εb = 0.5. In the same way, we also adopted
mistagging of non-b jets, i.e., treated gluon/light-flavor jets as well as c-jets with a probability of
ε j = 0.01 (for j = u, d, s, g) and εc = 0.1, respectively. With this information, we can apply the
tagging probability ε2b .εc to the signal S and ε2b .ε j to the background B. Taking in account these
probabilities, we can get the significance at parton level for our benchmark points, which are shown
in Tab. 2. With these results one can obtain a significance of 3–4 σ , with 100 fb−1 of integrated
luminosity for a charged Higgs mass mH± = 110 GeV, X =Y = 5 in Scenario Ia and Ib. In fact, the
same happens for Scenarios IIa and Ya when X = 32 and Y = 0.5.

6. Conclusions

At the future LHeC, with a integrated luminosity of 100 fb−1, we found at parton level that a
charged Higgs boson of the 2HDM-III would be observed with approximately a 3–4 σ significance.
At the end of the LHeC era, with 1000 fb−1 of data, the detection of such a charged Higgs boson
would be certain.

5
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S B S = S/B1/2
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Ib (X = 5,Y = 5) 249.5 3835.1 4.0
II (X = 32,Y = 0.5) 230 3835.1 3.7
Y (X = 32,Y = 0.5) 187.8 3835.1 3.0

Table 2: Significances after 100 fb−1 for a few optimistic benchmark points in the 2HDM-III as a 2HDM-I,
-II and -Y configuration. Here we have considered at parton level the signal reduced by the factor ε2b .εc
while the background from the SM is scaled by ε2b .ε j.
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