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Introduction 
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}  ep collider is ideal to study common features of electrons 
and quarks with  
}  EW / VBF production, LQ,multi-jet final states, forward objects  

}  Broad BSM program at the FCC-eh in terms of  
}  Exploration of new and/or challenging scenarios  
}  Characterization of hints for new physics if some excess or deviations 

from the SM are found at pp colliders  

}  Differences and complementarities with pp colliders  
}  Some promising aspects: 
à  small background due to absence of QCD interaction between e and p  
à  very low pileup  
}  Some difficult aspects: 
à low production rate for NP processes due to small 𝑠  

}  Lately, great engagement from theory community 
working with experimentalists   
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A wide programme of searches on going… 
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Outline 

12 April 2018 Monica D'Onofrio, FCC Week Amsterdam 

}  I will give an overview on on-going studies 
focusing on a selected list of topics  

}  Direct searches for BSM  
}  BSM Higgs (new charged higgses) 

}  SUSY:  
¨  RPC (EWK, Higgsinos prompt and long-lived)  

¨  RPV (3rd generation squarks)  

}  Leptoquarks  

}  Sterile neutrinos  

}  anomalous couplings (VVV) 

}  [in back-up] Indirect impact on search 
potential for FCC-hh: improved PDF 

}  Outlook and summary  
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HERA–LHeC–FCC-eh:                       
finest microscopes, resolution as 1/Q 

QCD 
Parton 
Dynamics 

Higgs 
LQ 

� ep collider is ideal to study common features of electrons and quarks with 
Æ EW / VBF production, LQ, multi-jet final states, forward objects 

� Differences and complementarities with pp colliders

Aim of this talk:
Æ report on most recent studies and progress
Æ brief overview of previously finalized studies
Æ encourage future studies and synergies 

Introduction

Indirect Impact Other Direct Searches SummaryBSM Higgs
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9 Some promising aspects: 
Æ small background due to absence of QCD interaction between e and p
Æ very low pileup

u Some difficulties: 
Æ low production rate for NP processes due to small 𝑠



BSM Higgs  
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}  Higgs invisible decays 
}  h → Chi0 Chi0 → 𝑖𝑛𝑣𝑖𝑠𝑖𝑏𝑙𝑒 

}  Higgs exotic decays 
}  h → 2𝜙 → 𝑏𝑏 (𝑏𝑏) [arXiV1608.08458 ] 

}  Charged Higgs 
}  𝐻±, in Vector Boson Scattering  

[Georges Azuelos, Hao Sun, and Kechen Wang, 1712.07505 ]  

}  𝐻±±, in Vector Boson Scattering [in back-up] 
[H. Sun, X. Luo, W. Wei and T. Liu, Phys. Rev. D 96, 095003 (2017) ]  

}  𝐻+, in 2HDM type III, 𝑝 𝑒 → 𝜈𝑗𝐻 → 𝜈𝑗 𝑐𝑏  
[J. Hernández-Sánchez, etc. 1612.06316]  
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Just seen in Uta’s talk 

(see also talk by K. Wang at 2nd FCC Physics Week, Jan 2018) 



𝐻±, 𝐻±± in Vector Boson Scattering  
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}  Georgi-Machacek Model: 
}  No fundamental reason for a minimal Higgs sector => 

extend scalar sector with higher isospin multiplets  

}  Might generate Majorana mass for neutrinos via type-II 
seesaw mechanism  

6 

Signal production cross section
p e-Æ j e- 𝐻ହ

±, (𝐻ହ
± Æ Z 𝑊±)

Signal: 
Production of 𝐻ହା & 𝐻ହି in the GM Model
Æ Final state: 1 e- + 1 j + 1 Z(-> l+ l-) + 1 W(-> j j); l = e,μ.

SM Background
B1: p e- > j e- Z V, VÆ jj
B2: p e- > j e- Z jj, jets from QCD radiation

[Georges Azuelos, Hao Sun, and Kechen Wang, 1712.07505 ]

𝐻± in Vector Boson Scattering

12 / 23

Indirect Impact Other Direct Searches SummaryBSM Higgs

𝐻±±, 𝐻± in Vector Boson Scattering
Scalar sector of the GM model:
complex isospin doublet (𝜙ା, 𝜙଴) 
with hypercharge Y=1;
real triplet (𝜉ା, 𝜉଴, 𝜉ି)  with Y=0;
complex triplet (𝜒ାା, 𝜒ା, 𝜒଴) with Y = 2;

+ + + 0 - --
5 5 5 5 5 5 - plet  H , H , H , H , H

+ 0 -
3 3 33 - plet H , H , H

'0
1singlet H

Physical fields under the custodial SU(2) symmetryvଶ = v஍ଶ + 8v୼ଶ

sin 𝜃ு =
2 2 v୼

v

cos 𝜃ு =
v஍
v

i Have a common mass M(H5);
i Do not couple to fermions;
i Tree-level 𝐻ହ𝑉𝑉 interaction;
i Production via VBF;
i g(𝐻ହ𝑉𝑉) v sin 𝜃ு

=> 𝜎 𝑉𝐵𝐹 → 𝐻ହ v sinଶ𝜃ு;
i BR 𝐻ହ

± → 𝑊±𝑍 | 100 % ;
BR 𝐻ହ

±± → 𝑊±𝑊± | 100 % ;
i 2 free pars. M(H5), sin 𝜃ு .

'

)
THmixing :

0
1singlet H

Dmixing :

h

H

125GeV Higgs

Signatures of the five-plet in GM model: 
[H. Logan, M. Zaro, LHCHXSWG-2015-001]

Theoretical Motivation of Georgi-Machacek Model:
Æ No fundamental reason for a minimal Higgs sector => important 

to extending scalar sector with higher isospoin multiplets
Æ Might generate a Majorana mass for neutrinos via the type-II 

seesaw mechanism
Æ It preserves the custodial SU(2)C symmetry at tree level => 

keeping the EW 𝜌 parameter ~ 1 => less constrained 
experimentally 
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𝐻± 

Signal production cross section
p e-Æ j e- 𝐻ହ

±, (𝐻ହ
± Æ Z 𝑊±)

Signal: 
Production of 𝐻ହା & 𝐻ହି in the GM Model
Æ Final state: 1 e- + 1 j + 1 Z(-> l+ l-) + 1 W(-> j j); l = e,μ.

SM Background
B1: p e- > j e- Z V, VÆ jj
B2: p e- > j e- Z jj, jets from QCD radiation

[Georges Azuelos, Hao Sun, and Kechen Wang, 1712.07505 ]

𝐻± in Vector Boson Scattering
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𝐻± in Vector Boson Scattering  
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}  MVA BDT analysis @ detector-level 
Limits for 𝐻ହ

± Search
Æ 10% systematic uncertainty on background included

Æ MVA-BDT analysis @ detector-level

FCC-eh, unpol.
M(H5) = 600 GeV

[arXiv:1709.05822 ]
35.9 fb-1 @ 13 TeV[Phys.Rev.Lett. 119 (2017) ]

15.2 fb-1 @ 13 TeV

𝐻± in Vector Boson Scattering

Æ sin 𝜃ு < 0.15 @ 2-𝜎, for 600 GeV
Æ Compared with present CMS limits, FCC-eh limits

are much stronger around 500 GeV. 13 / 23
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FIG. 5. The significance contour bands in the plane of produc-
tion cross section times branching ratio �(p e� ! je�H±

5 )⇥
BR(H±

5 ! ZW±) vs. M
H±

5
, for the FCC-eh and LHeC with

unpolarized electron beams and luminosity of 1 ab�1. For
each band, the bottom (top) of the shaded region denotes the
significance curve with 0% (10%) systematic uncertainty on
the background.

background has a negligible e↵ect on the sensitivity of
the measurement. For the benchmark 600 GeV point at
the FCC-eh, considering 10% systematic uncertainty on
the background, the cross sections corresponding to the
2, 3, 5-� significances are 0.59, 0.95, 1.78 fb, respectively.
At the LHeC with 10% systematic uncertainty on the
background, for the 200 GeV benchmark point, the cross
sections corresponding to the 2-� significance is 3.69 fb.

FIG. 6. The significance contour bands in the plane of sin ✓H
vs. MH5 for the FCC-eh and LHeC with unpolarized electron
beams and luminosity of 1 ab�1. For each band, the bottom
(top) of the shaded region denotes the significance curve with
0% (10%) systematic uncertainty on the background. The
blue dotted curve gives the 95% CL limit on the singly charged
H±

5 searches at the CMS from Ref. [14], while the blue dashed
curve denotes the 95% CL limit on the doubly charged H±±

5

searches at the CMS from Ref. [15].

Fig. 6 shows the significance contour bands in the plane
of sin ✓H vs. the five-plet mass MH5 for the FCC-eh
and LHeC, with unpolarized electron beams and lumi-

nosity of 1 ab�1. Also shown are the current 95% CL
limits on the singly charged H±

5 searches [14] and on the
doubly charged H±±

5 searches [15] obtained by the CMS
Collaboration. At the FCC-eh with 10% systematic un-
certainty on the background, the 2 (5)-� limits on the
model parameter sin ✓H are found to be 0.15 (0.26) for
the benchmark 600 GeV mass. For the benchmark 200
GeV mass point at the LHeC, with 10% systematic un-
certainty on the background the 2-� limits on the sin ✓H
is 0.41. Compared with the current CMS limits from
the singly charged Higgs searches, based on 15.2 fb�1 of
data at 13 TeV, the LHeC 2-� limits are still stronger
for the lower masses, while the FCC-eh 2-� limits are
much stronger for all masses. The current doubly charged
Higgs searches by CMS, based on 35.9 fb�1 of data at 13
TeV, obtain similar limits for 200 GeV and for 1000 GeV
masses to those of the FCC-eh. However, the CMS limits
are much weaker for masses around 500 GeV. It is worth
emphasizing that we have assumed degenerate masses for
H±±

5 and H±
5 here, which may not be the case in a more

generic model.
As shown in the Fig. 2, at the FCC-eh for a given mass,

a -80% (+80%) polarization of electron beam increases
(decreases) the production cross section of the signal by a
factor of about 10% compared with the case of an unpo-
larized beam. It is found that with the same beam polar-
izations the cross section of backgrounds B1 and B2 will
also increase (decrease) by factors of about 10% and 25%,
respectively. Moreover, we find that the kinematical
distributions of some input observables such as ⌘(efwd),
pT (efwd), �⌘(efwd, jfwd), ��(efwd, jfwd), pT (efwd + jfwd),
are quite di↵erent in the two cases. It is therefore not pos-
sible to simply scale the cross sections to infer the limits
with polarized beams. For the benchmark MH±

5
= 600

GeV, after performing the full analysis with simulation
of both the signal and background data in the polarized
electron beam cases, we find at the FCC-eh with 1 ab�1

luminosity, the 2-� limits on the sin ✓H change only from
0.152 in the case of unpolarized beam to 0.157 (0.148) in
the cases of -80% (+80%) polarization. Therefore, beam
polarization has a very limited e↵ect on the sensitivity of
signal for this study.

IV. CONCLUSIONS

We develop the search strategy for the singly charged
5-plet Higgs in the Georgi-Machacek model at the ep col-
liders. The charged Higgs are produced by vector bo-
son fusion process, p e� ! j e� H±

5 , and followed by the
decays of H±

5 ! ZW± ! (l+l�) (jj). With a detec-
tor simulation, we adopt the BDT method to perform
the multivariate analysis and extract the potential signal
from the background. Assuming 10% uncertainty on the
background, at the FCC-eh with an unpolarized electron
beam and an integrated luminosity of 1 ab�1, we find the
2, 3, and 5-� limits on the production cross section times
branching ratio �(p e� ! je�H±

5 ) ⇥ BR(H±
5 ! ZW±)

Limits for 𝐻± assuming 10% systematic 
uncertainty on the background   

sin 𝜃𝐻 < 0.15 @ 2-𝜎, for 600 GeV 
 

Around 500-600 GeV, strong constraints in comparison to the existing (CMS) ones 



H+ in 2HDM type III models  
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}  CC production, various scenarios considered   
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𝐻ା in 2HDM type III

𝑝 𝑒ି → 𝜈𝑗𝐻ା → 𝜈𝑗 𝑐ത𝑏Charge current production processes 

Decay H+ → cb̄+ c.c.at the LHeC J. Hernández-Sánchez

(Here, eb = 0.50,ec = 0.1 and e 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 e2b.ec
while the background from the SM is scaled by e 2b.e j.
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Decay H+ → cb̄+ c.c.at the LHeC J. Hernández-Sánchez

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 s .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 s .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 s .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 eb = 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
e j = 0.01 (for j = u,d,s,g) and ec = 0.1, respectively. With this information, we can apply the
tagging probability e 2b.ec to the signal S and e 2b.e 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 s , 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 s 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

Parameters for a few optimistic benchmark 
points in the 2HDM-III as a 2HDM-I, -II and -Y 
configuration.

Significances with 100 fb−1 @ parton level 

Æ 𝐻ା of the 2HDM-III with mass 110 GeV would be observed with ~ 3–4 σ significance @ LHeC with 100 fb-1

Æ Challenging at pp due to large background for multi-jet final state
Æ Good discovery potential at FCC-eh

[fb]
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while the background from the SM is scaled by e 2b.e 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.
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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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(Here, eb = 0.50,ec = 0.1 and e j = 0.01, where j = u,d,s,g)
S B S = S/B1/2
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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 e2b.ec
while the background from the SM is scaled by e 2b.e 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 s .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 s .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 s .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 eb = 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
e j = 0.01 (for j = u,d,s,g) and ec = 0.1, respectively. With this information, we can apply the
tagging probability e 2b.ec to the signal S and e 2b.e 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 s , 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 s 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.
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Parameters for a few optimistic benchmark 
points in the 2HDM-III as a 2HDM-I, -II and -Y 
configuration.

Significances with 100 fb−1 @ parton level 

Æ 𝐻ା of the 2HDM-III with mass 110 GeV would be observed with ~ 3–4 σ significance @ LHeC with 100 fb-1

Æ Challenging at pp due to large background for multi-jet final state
Æ Good discovery potential at FCC-eh

[fb]
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(Here, eb = 0.50,ec = 0.1 and e 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 e2b.ec
while the background from the SM is scaled by e 2b.e j.
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Parameters for a few optimistic 
benchmark points in the 2HDM-III as a 
2HDM-I, -II and -Y configuration. 

Masses O(100 GeV) are very  
challenging at p-p due to large 
bkg from multi-jet bkg 
 

@ LHeC with 100/fb only 

Good discovery potential at FCC-eh [ work in progress ]  



EWK SUSY sector: higgsinos and more 

12 April 2018 Monica D'Onofrio, FCC Week Amsterdam 

}  SUSY EWK sector remains the most challenging for pp colliders in 
favored regions of the parameter space  
}  Higgsino scenarios (~ mass degenerate, low cross sections) 
}  Wino/bino compressed (sleptons heavier than charg/neut) 
}  Promptly decaying or long-lived (exp. short lifetimes) 
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(prompt) Higgsino 

12 April 2018 Monica D'Onofrio, FCC Week Amsterdam 

}  C. Han, R. Li, R. Pan, K. Wang arXiv:1802.03679 
}  Clearly a difficult scenario to probe at the LHC (JHEP 1402 (2014) 049) 

10 

C 

Typical signal: electron + jet + missing energy


preliminary 
result 

Standard model main backgrounds




(long-lived) Higgsino  

12 April 2018 Monica D'Onofrio, FCC Week Amsterdam 11 

}  Production at e-p via vector boson fusion 

Beam remnant jet ⇒ primary 
vertex with O(10) µm precision 

Discovering Higgsino LLPs in electron-proton collisions
e� e�, �e

q q�

V

V

�±

��, �0
1,2

e� e�, �e

q q�

V

V

H

I Pure Higgsinos (challenging@pp):
decay products PT = O(100) MeV
very short lifetime c⌧ ⇠ µm

I Production via vector boson fusion

I Beam remnant jet ) primary
vertex with O(10)µm precision

I Signal: single soft displaced pion.

I Looks like hadronic noise, but can
be detected at ep colliders!

1.1 TeV Higgsino (thermal relic DM) can be discovered with 240 GeV electron beams and 10/ab.

Oliver Fischer The LHCb hunt for heavy neutrinos: Pitfalls and opportunities 5 / 5

Signal: single soft displaced pion 

softly decaying, short-lived (∼ µm) 
long-lived particles 

Curtin, Deshpande, Fischer, Zurita, 
arXiv:1712.07135 (2017) 

~ 450 GeV higgsino (thermal relic DM)  
can be discovered with 1/ab  
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FIG. 4. Example of dominant Higgsino (left) and Higgs (right)
production processes at e�p colliders. V = W± or Z as required.

see e.g. ref. [101]. Sensitivity projections are summarized
in Fig. 3 (bottom), and notably constrain short lifetimes but
not long ones. This is due to the coupling to the Higgs bo-
son, which mediates nuclear scattering and depends on the
Higgsino-Bino mixing angle, or, equivalently, �m � �

1�loop

and only becomes appreciable for mass splittings ⇠ GeV.
Hence, the lack of signals in direct detection strongly favors
a highly compressed spectra.8 The most sensitive of these
future experiments is DARWIN [122], which will be able to
probe DM-nucleon cross sections very close to the so-called
neutrino floor, where backgrounds from solar, cosmic and
atmospheric neutrinos become relevant. For thermal Hig-
gsino DM, this scattering rate corresponds to mass splittings
of about 0.5 GeV.9 Probing cross sections below the neutrino
floor will be much more challenging.

Indirect detection experiments search for signs of dark mat-
ter annihilation in the cosmic ray spectra. Assuming a thermal
relic abundance, current bounds from Fermi disfavor masses
below 280 GeV, with proposed CTA measurements being sen-
sitive to m� ⇠ 350 GeV [131]. AMS antiproton data might
exclude somewhat higher masses [132], but that bound is sub-
ject to very large uncertainties.

While these cosmological bounds complement collider
searches, they are much more model-dependent. One can
imagine a Higgsino-like inert doublet scenario which does not
give rise to a stable dark matter candidate (e.g. the lightest
neutral state could decay to additional hidden sector states),
making colliders the only direct way to probe their exis-
tence. Even if the assumptions about cosmology hold, col-
lider searches are vital to fill in the blind spots below the neu-
trino floor. If a direct detection signal is found, the precise
nature of dark matter would then have to be confirmed with
collider searches. Finally, even with the most optimistic pro-
jections there are regions of parameter space at intermediate
mass splitting (lifetimes . mm) that are difficult to probe us-
ing both direct detection and current strategies at pp colliders.

8 It is also possible to have an accidentally small (or null) coupling of Higgs
to dark matter in the so called blind-spots [130]. We will not consider this
option further in this work.

9 This implies a lower bound on the singlet mass of 10 TeV. The singlet might
then be well outside the reach of both the present and future generation of
collider experiments.
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FIG. 5. Production rate of Higgsinos at e�p colliders. The fraction
of events with two charged Higgsino LLPs is ⇠ 40� 50%.

C. Higgsino search at e�p colliders

At e�p colliders, Higgsinos are produced dominantly in
VBF processes as shown in Fig. 4 (left). Since the produc-
tion process is 2 ! 4 it suffers significant phase space sup-
pression and has a rather small cross section, as shown in
Fig. 5. Fortunately, the spectacular nature of the LLP sig-
nal, and the clean experimental environment, still allows for
significant improvements in reach compared to the existing
search strategies outlined in the previous subsection.

LLP signature

We first consider searches at the LHeC. Weak-scale Higgsi-
nos are produced in association with a recoiling, highly ener-
getic jet with pT > 20 GeV. This jet alone will ensure that
the event passes trigger thresholds and is recorded for offline
analysis. Crucially, the measurement of this jet will also deter-
mine the position of the primary vertex (PV) associated with
the Higgsino production process.

Due to the asymmetric beams the center-of-mass frame of
the process is boosted by b

com

⇡ 1

2

p
Ee/Ep ⇡ 5.5 with re-

spect to the lab frame. Subsequently, the long lived charginos
are typically significantly boosted along the proton beam di-
rection, which increases their lifetime in the laboratory frame.

For small mass splittings . 1 GeV considered here,
the dominant decay modes of the Higgsinos are to single
⇡±, e±, µ± + invisible particles. The single visible charged
particle typically has transverse momenta in the O(0.1 GeV)

range. In the clean environment (i.e. low pile up) of the e�p
collider, such single low-energy charged tracks can be reliably
reconstructed.

Analysis strategy

The following offline analysis strategy is sketched out in
Fig. 6. One or two charginos are produced at the PV, which is
identified by the triggering jet (A). A chargino decaying to a
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FIG. 8. Regions in the (m�± , c⌧) Higgsino parameter plane where more than the indicated number of one (top) or two (bottom) LLPs
are observed at the FCC-eh with a 60 GeV electron beam and 1 ab�1 (left) or 10 ab�1 (right) of luminosity. Light shading indicates the
uncertainty in the predicted number of events due to different hadronization and LLP reconstruction assumptions. As for the LHeC estimate
in Fig. 7, the green region represents our 2� sensitivity estimate in the presence of ⌧ backgrounds. For 10 ab�1, red shading is an optimistic
sensitivity estimate in case background rejection is better than we anticipate. For comparison, the black curves are projected bounds from
disappearing track searches, for the HL-LHC (optimistic and pessimistic) and the FCC-hh, see Fig. 3.

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

Long-lived particles at FCC

I Long-lived particles (LLPs) are very well motivated, e.g. by
approximate symmetries, or sequestration of sectors.

I Many theories have natural LLPs:
- WIMP Baryogenesis (Cui et al. [1212.2973])

- FIMP DM (Hall et al. [0911.1120]),

- Exotic Higgs decays (Curtin et al. [1312.4992]),

- ⌫MSM (Shaposhnikov et al. [0705.1729]).

m�+ (GeV)

I Spectacular new physics signals:
I Monojet, monophoton, mono-Z,

mono-Higgs searches.
I Displaced secondary vertices.
I Disappearing or kinked tracks.

e� p

jet A

BC

rmin

Tracker

Interaction
Region PV
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“light” sleptons (m > charg, neut) 

12 April 2018 Monica D'Onofrio, FCC Week Amsterdam 

}  Sleptons might be a bit heavier than EWKinos 
}  Motivated by g-2 anomalies  
}  Would play no role in the decay of charginos and next-to-lightest 

neutralino – phenomenology unchanged at pp  
}  At e-p, cross section is enhanced  
}    
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Production cross sections

Example input observablesMVA-BDT analysis @ detector-level
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Dark matter via kinematical observables
Preliminary results from [Kechen Wang, Sho Iwamoto, Monica D’Onofrio, Georges Azuelos]  

Limits on DM mass

1 ab-1 @ FCC-eh:
> 560 GeV @ 2-𝜎

Complementary between ep and pp
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}  If charginos are long-lived  
}    
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DM & Sleptons via disappearing tracks
Long-lived charged particles (LLCP) with cτ >~ 10 mm 
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Other scenarios at FCC-eh:

Æ Cross section enhanced 
with “3-body production”

Simple efficiency analysis

9 GeV
With no polarization;

Æ Requiring minimal detection length lmin
Æ Charginos (Wino) with selectron

Higgsino: 
disappearing tracks + soft pion (from chargino decay)
see [Kaustubh Deshpande’s talk “LLPs at FCC” ]
[David Curtin, Kaustubh Deshpande, Oliver Fischer, Jose Zurita, 1712.07135 ]

Æ More scenarios are in progress.

FCC-eh

1 ab-1 @ FCC-eh:
cτ > 100 mm
~ 40 events for 600 GeV
~ 10 events for 750 GeV
Æ excellent discovery potential

Preliminary results from [Kechen Wang, Sho Iwamoto, Monica D’Onofrio, Georges Azuelos]  
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~ 40 events for 600 GeV 
~ 10 events for 750 GeV  
excellent discovery potential 
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Most studied at e-p colliders 

Various strong constrains from LHC on λ and λ’’ (from multilepton and multijet 
searches). At e-p colliders, studies made on stop and sbottom:  

Couplings with third gen quarks  
In e-p production rate depending on: 

e-d-t: λ’131 (constraint: < 0.03) 

q 

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 –

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

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

FCC-eh potential being re-evaluated:  
(Ren-You Zhang, Liang Han et al)  
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    single RPV sbottom production 
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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

MRPV = −|λ′

113|2 sin2 θb̃

[

uce(p1)
1− γ5

2
uu(p2)

]

i

ŝ−m2

b̃1
+ imb̃1

Γb̃1

[

uu(p4)
1 + γ5

2
uce(p3)

]

(2.2)

Fierz−→ −
|λ′

113|2

2
sin2 θb̃

[

ue(p3)γ
µ 1− γ5

2
ue(p1)

]

i

ŝ−m2

b̃1
+ imb̃1

Γb̃1

[

uu(p4)γµ
1− γ5

2
uu(p2)

]

,

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

@FCC-eh: expect to have  
Sensitivity up to 2.5 TeV for λ’113<0.02 
[work in progress for FCC CDR]   

" LHeC can extend the limits of LQD  
couplings up to 10-3 for just 1 fb-1 
integrated luminosity at the %95 C.L. 
with 60 GeV e- beam option. 

Ep = 7 TeV  

-0.8 polarisation of e- beam 
gives a higher cross section 

Recent coupling limits 

Preliminary results (Sinan Kuday, in prep.)  



Lepto-quark production  
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à  lately, LQs raised a lot of attention as possible motivation for LHCb 
anomalies (mostly involving 3rd generation LQ)  

à  Phenomenology pretty equivalent to SUSY RPV  

•  At the p-p, mostly pair production (from gg or qq) 
}   if λ not too strong (0.3 or lower) cross section independent on λ	
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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 

•  At the e-p: ideally suited to search for and 
study properties of new particles coupling to 
both leptons and quarks 

•  single, resonant production; sensitive to λ 
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LQ reach at FCC -eh 

LHeC 

FCC-eh 60GeV 

1st generation LQs à Current constraints almost there with 3.2/fb @ 13 TeV   

e-p scenario:  
sensitive to λ << e=√4πα=0.03 

12 April 2018 

  
(λLQ  = 0.03 = LHC ‘usual’ l)	

Sensitivity of HL-LHC could go 
to ~2.8 – 2.9 TeV  
à Close to the reach for FCC-eh  
à Dependence on λ	
 
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 @ HL-LHC 14 TeV 

LFCC-eh = 500fb-1	

(CMS also excluded single production 1st gen LQ < 860 GeV) 
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LQ reach at FCC -eh 

LHeC 

FCC-eh 60GeV 

1st generation LQs à Current constraints almost there with 3.2/fb @ 13 TeV   

e-p scenario:  
sensitive to λ << e=√4πα=0.03 

12 April 2018 

  
(λLQ  = 0.03 = LHC ‘usual’ l)	

Results being revisited, see for example  
Mod.Phys.Lett. A33 (2018) no.06, 1850039 
 
More ideas being explored about 
mixed generation LQ. E.g.:  

Current LHC 

LFCC-eh = 500fb-1	

(CMS also excluded single production 1st gen LQ < 860 GeV) 

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
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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.
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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).
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e.g. reach equivalent to RPV SUSY  



Sterile neutrinos  
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}  Neutrino oscillations are evidence for non-zero mν  
}  Low scale type I seesaw with sterile neutrinos 
→ heavy neutrino mass eigenstates with M ∼ vEW  

}  Neutrino mixing |θα|,α=e,µ,τ ⇒ Weak current production.  

}  Present constraints: |θe | ≤ 10−3 ⇒ sizable cross sections at ep.  

19 

Sterile neutrinos at electron proton colliders
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I Neutrino oscillations are evidence for non-zero m⌫ .

I Lowscale type I seesaw with sterile neutrinos
! heavy neutrino mass eigenstates with M ⇠ vEW

I Neutrino mixing |✓↵|, ↵ = e, µ, ⌧ ) Weak current production.

I Present constraints: |✓e |  10�3 ) sizable cross sections at ep.
Antusch, Fischer; JHEP 1410 (2014) 094
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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.

16

σ divided by the square of the active-
sterile mixing parameter |θe |2 

Production Decay
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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 m

h

.

• 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} = {q
u

, q

d

} or {q
d

, q

u

},
and Zs, with {X,X} = {q, q}, where q

u

, q

d

, 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 < m

h

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
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}  LNV/LFV indicates 
that an unambiguous 
signal (with no 
neutrinos in the final 
states) for LNV and/or 
LFV is possible  

}  Signatures can be 
prompt or long-lived 
(displaced vertex)  
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Name Final State Channel [production,decay] |✓
↵

| dependency LNV/LFV

lepton-trijet jjj`

↵
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,W ]
|✓

e

✓

↵

|2
✓

2
X/X
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±
↵

`

⌥
�

⌫ [Wt
(q)

, {W,Z(h)}]
(

|✓
e

✓

↵

|2
✓

2

(⇤)

, |✓
e

|2(⇤)
)

⇥/X

trijet jjj⌫ [Wt
(q)

, Z(h)] |✓
e

|2 ⇥

monojet j⌫⌫⌫ [Wt
(q)

, Z] |✓
e

|2 ⇥

lepton-quadrijet jjjj`

↵

[Wt
(�)

,W ]
|✓

e

✓

↵

|2
✓

2
X/X

dilepton-dijet `

↵

`

�

⌫jj [Wt
(�)

, {W,Z(h)}]
(

|✓
e

✓

↵

|2
✓

2

(⇤)

, |✓
e

|2(⇤)
)

⇥/X

trilepton `

�
↵

`

�
�

`

+
�

⌫⌫ [Wt
(�)

, {W,Z(h)}]
(

|✓
e

✓

↵

|2
✓

2

(⇤)
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e

|2(⇤)
)

⇥/X

quadrijet jjjj⌫ [Wt
(�)

, Z(h)] |✓
e

|2 ⇥

lepton-dijet `

�
↵

jj⌫⌫ [Wt
(�)

, Z(h)] |✓
e

|2 ⇥

dijet jj⌫⌫⌫ [Wt
(�)

, Z] |✓
e

|2 ⇥

monolepton `

�
↵

⌫⌫⌫⌫ [Wt
(�)

, Z] |✓
e

|2 ⇥

Table 5: Signatures of sterile neutrinos at leading order for e�p colliders with their corresponding final states, production and decay channels
(cf. section 2.2), and their dependency on the active-sterile mixing parameters. A checkmark in the “LNV/LFV” column indicates that an
unambiguous signal for LNV and/or LFV is possible (cf. discussion in sections 2.2.3 and 2.2.4). The upper and lower part of the table contains

signatures where the heavy neutrino is produced via electron-quark scattering (W
(q)
t ) and W�-fusion (W

(�)
t ), respectively.

(⇤) : The dependency on the active-sterile mixing can be inferred when the origin of the charged leptons is known.

the appendix A.3). Without the backgrounds, sensitivities
as small as ⇠ O(10�5) and ⇠ O(10�7) would be possible for
the LHeC and the FCC-eh, respectively.

5.2.3 Trijet

The trijet final state jjj⌫, with the light neutrino giving

rise to missing transverse momentum, results from W
(q)
t

produced heavy neutrinos that decay hadronically via the Z
or Higgs boson. Consequently, the invariant mass of two jets
is compatible with m

Z

or m
h

, which may be helpful to reject
some of the backgrounds. Furthermore in the case of the
Higgs decays, the jets are most likely to stem from b quarks
and b-tagging may help to further separate the backgrounds.
This process is sensitive to |✓

e

|2 and its sensitivity to the
neutrino parameters via the Higgs decays is denoted by the
the orange line in fig. 14.

5.2.4 Monojet

The production of a heavy neutrino via W
(q)
t and its subse-

quent invisible decay into light neutrinos via an intermedi-
ate Z boson leads to the final state j⌫⌫⌫, a jet and missing
energy, referred to as monojet. The Higgs boson can also
decay into light neutrinos, which allows to test the Higgs
invisible decay width in this channel, but it is suppressed
by one further order in |✓

↵

|. The monojet signature from
heavy neutrinos is sensitive to |✓

e

|2 and our estimate for the
sensitivity is shown by the light blue line in fig. 14.

5.2.5 Five fermion final states from W�-fusion

Heavy neutrinos produced via W�-fusion (W(�)
t ) give rise

to five-fermion final states at the leading order. These signa-
tures are suppressed by the parton distribution function of
the photon, however they can include final states with sup-
pressed SM backgrounds. For a complete list of these signa-
tures, including the respective five-fermion final states, de-

18

Leading order signatures 
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Sterile Neutrinos at ep colliders 
O.Fischer 

Sterile neutrinos (III)  
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}  Displaced vertices: 
•  Heavy neutrino-antineutrino oscillations 

•  Oscillation from Δm2
ν	

}  Lepton flavor violation: 
•  Unambiguous: µ+jets, τ+jets, µτ + jets	
•  highest sensitivity to |θεθα|2, α = µ, τ	

21 

Prospects for future searches

Displaced vertices:

I Heavy neutrino-antineutrino oscillations

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

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

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

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

      complementarities ee-pp-ep 
 
 

Prospects for future searches

Displaced vertices:

I Heavy neutrino-antineutrino oscillations

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

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

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

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

|�e�|

|�e�|

��-jjj (�=�,�)
�-�+j�

500 1000 1500 2000 2500 3000
10-6

10-5

10-4

0.001

0.010

M [GeV]

|�
2



More: “Effective” majorana neutrinos  
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}  m 
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(Duarte, Zapata, Sampayo) 



Anomalous gauge coupling 
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}  Triple gauge boson vertices WWV, V=γ,Z 
}  Precisely defined in SM 
}  Parametrise possible new physics contributions to this vertex 
}  Current constraints (best from LEP) use various assumptions  
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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

[A. Senol, O. Cakir, I. Turk Cakir]

Analysis of the signal & backgrounds 
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https://cds.cern.ch/record/2209389/?ln=en 
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}  Triple gauge boson vertices WWV, V=γ,Z 
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Triple Gauge Couplings (WWV, V = J, Z)
[R. Li, X. Shen, K. Wang, T. Xu, L. Zhang and G. Zhu, 1711.05607 ]

Process 𝑝 𝑒ି → 𝑗 𝑒ି 𝜇ା𝜈

Limits via shape analysis by constructing χଶ from all bins 

Æ Sensitivity ~ 10-3 @ LHeC with 2-3 ab-1

Æ Better sensitivity @ FCC-eh, in progress 

Δ𝜙௘௝ -- azimuthal angle difference between scattered 
beam electron and jet
𝜃ఓௐ -- angle between decay product 𝜇ା in the 𝑊ା rest 
frame and the 𝑊ା direction in the collision rest frame 
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Anomalous Gauge Couplings

Limits via shape analysis by 
constructing χ2 from all bins 

Sensitivity ~ 10-3 @ LHeC with 2-3 ab-1 à Better @ FCC-eh! Work in progress 
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Anomalous Gauge Couplings

Δ𝜙𝑒𝑗 : azimuthal angle 
between scattered beam 
electron and jet 

𝜃µW angle between decay µW angle between decay 
product 𝜇+ in the 𝑊+ rest 
frame and the 𝑊+ direction in 
the collision rest frame 



Summary and outlook   
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}  FCC-eh offers a variety of opportunities for BSM searches in a lot of 
expected and maybe unexpected scenarios 
}  LQ and RPV SUSY but also  
}  EWK SUSY and DM  
}  BSM Higgs 

}  Sterile neutrinos  

}  Prompt and non-prompt signatures are being explored  
}  Potential for LLP is huge thanks to the low expectation of bkg   

}  Ideal to study properties of new particles with couplings to electron-
quark  

}  Ideal to improve precision of measurements and searches thanks to 
PDF improvements (see other talks this conference and in back-up) 

Great opportunity for new ideas – all being documented in the CDR !  
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Signal via WW-fusion in the GM model
𝑝 𝑒ି → 𝑗 𝜈௘ (Hହିି→ Wି Wି) → j 𝜈௘ (𝜇ି 𝜈ఓ)(𝜇ି 𝜈ఓ)
Final state: t 1 j + 2 𝜇ି + MET
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𝐻±± in Vector Boson Scattering

}  Signal via WW-fusion 

Cut-and-count analysis @ 
detector-level 
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Cut-and-count analysis @ detector-level

[H. Sun, X. Luo, W. Wei and T. Liu, Phys. Rev. D 96, 095003 (2017) ]

FCC-eh, unpol.

0.21

FCC-eh, pol.

0.18

CMS 𝑯±± limit from
[CMS PAS SMP-17-004 ] 

LHC limit from
[ Phys. Rev. D 90, 115025 (2014) ]
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Indirect Impact Other Direct Searches SummaryBSM Higgs

𝐻±± in Vector Boson Scattering
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ª  Quantum numbers and couplings: 
o  Fermion number: 

§  can be obtained from asymmetry in single LQ production, since    
have higher    than 

§  At pp: very poor asymmetry precision achievable in single LQ 
production 

 
o  spin 

§  At p-p, pair production of LQ-LQ leads to angular distributions which 
depend on the g-LQ-LQ coupling  
     è may need to look for spin correlations 

§  At e-p, cos θ* distribution is sensitive to the spin 
§  vector leptoquarks can have anomalous couplings 

o  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 
o  generation mixing ? 

§  does LQ decay to 2nd generation? 
o  BR to neutrino,  good S/B in νj channel 

3L L e Le u S dν− → →

Measuring the LQ quantum numbers in e-p 
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   Contact interactions 

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

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

L =
4π
2Λ2 jµ

(e) jµ (q);

⇒   all combinations of couplings ηij =ηi
(e)η j

(q); q = u,d

jµ
( f =e,q) =ηL fLγµ fL +ηR fRγµ fR + h.c.

•  may be applied very generally to new phenomena 

LQ mass >> √s 
Planck scale (Ms) of extra dimensional models 

compositeness scale 

… 

Λ 

12 April 2018 

Sensitivity to fermion radius recalculated 
with current expectations at the FCC-eh  

R à 3(1.5) x 10-20m  
pessimistic(optimistic) calculations 

 form factor: f (Q2 ) =1− 1
6
r2 Q2

dσ
dQ2

=
dσ SM

dQ2
fe
2(Q2 ) fq

2(Q2 )



Contact interactions (eeqq) 
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}  New currents or heavy bosons may produce indirect effect via new particle 
exchange interfering with γ/Z fields.  

}  Reach for Λ (CI eeqq): VV: ~290 TeV; LL: ~160 TeV  

30 

~ equivalent sensitivity at the FCC-hh at least for some of the 
couplings (same as HL-LHC vs LHeC) but need more calculations!  

VV: all couplings with +ve sign 
 
LL: only LL couplings between q 
and e !"
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E-p “specific” searches: Instantons  
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}  New physics as non-perturbative QCD 
effect at high energies  
}  Instantons à non-perturbative 

fluctuations of the gluon field  
}  Photon-gluon fusion process 

}  HERA recent results start probing 
interesting theoretical scenarios 

}  Feasibility could / should be considered 
for the future  
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where g, qR (q̄R) denotes gluons, right-handed quarks (anti-quarks), and ng is the number of
gluons produced. The chirality violation2 is induced for each flavour, in accord with the corre-
sponding axial anomaly [2]. In consequence, in every instanton event, quark anti-quark pairs of
each of the nf flavours occur precisely once. Right-handed quarks are produced in instanton-
induced processes (I), left-handed quarks are produced in anti-instanton (Ī) processes. The
final state induced by instantons or anti-instantons can be distinguished only by the chirality of
the quarks. Experimental signatures sensitive to instanton-induced chirality violation are, how-
ever, not exploited in this analysis. Both instanton and anti-instanton processes enter likewise
in the calculation of the total cross section.

I

q"

IW
2 2

q´�

e´�
e

W
ŝ�

P

g =    Pξ

γ

NC DIS variables:
s = (e+ P )2

Q2 = −γ2 = −(e− e′)2

x = Q2/ (2P · γ)
y = Q2/ (s x)
W 2 = (γ + P )2 = Q2(1− x)/x
ŝ = (γ + g)2

ξ = x (1 + ŝ/Q2)

Variables of the instanton subprocess:
Q′2 ≡ −q′2 = −(γ − q′′)2

x′ ≡ Q′2 / (2 g · q′)
W 2

I ≡ (q′ + g)2 = Q′2 (1− x′ )/x′

Figure 1: Kinematic variables of the dominant instanton-induced process in DIS. The virtual
photon ( γ = e − e′, virtuality Q2), emitted by the incoming electron e, fuses with a gluon (g)
radiated from the proton (P ). The gluon carries a fraction ξ of the longitudinal proton momen-
tum. The virtual quark (q′) is viewed as entering the instanton subprocess and the outgoing
quark q′′ from the photon splitting process is viewed as the current quark. The invariant mass of
the quark gluon (q′g) system isWI ,W denotes the invariant mass of the total hadronic system
(the γP system) and ŝ refers to the invariant mass squared of the γg system.

In photon-gluon fusion processes, a photon splits into a quark anti-quark pair in the back-
ground of an instanton or an anti-instanton field, as shown in figure 1 . The so-called instan-
ton subprocess q′ + g

(I,Ī)→ X is induced by the quark or the anti-quark fusing with a gluon
g from the proton. The partonic system X contains 2nf quarks and anti-quarks, where one
of the quarks (anti-quarks) acts as the current quark (q′′). In addition, an average number of
⟨ng⟩ ∼ O(1/αs) ∼ 3 gluons is emitted in the instanton subprocess.

The quarks and gluons emerging from the instanton subprocess are distributed isotropically
in the instanton rest system defined by q⃗′ + g⃗ = 0. Therefore one expects to find a pseudo-
rapidity3 (η) region with a width of typically 2 units in η, densely populated with particles of
relatively high transverse momentum and isotropically distributed in azimuth, measured in the

2∆chirality = 2 nf , where∆chirality = # (qR + q̄R)− # (qL + q̄L), and nf is the number of quark flavours.
3The pseudo-rapidity of a particle is defined as η ≡ − ln tan(θ/2), where θ is the polar angle with respect to

the proton direction defining the +z-axis.
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Figure 6: Distribution of the bin weights wi as a function of the discriminator D. The bin
weights are calculated using the signal and background predictions together with their system-
atic uncertainties and the respective bin-to-bin correlations.
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Vector Boson Scattering 
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Typical cross sections for 2 TeV resonance (cF=0, cH=1, gV=3, 60 GeV x 50 TeV) 
     Heavy Vector Triplet model, D. Pappadopoulo et al., JHEP 1409 (2014) 060, 1402.4431 

§  highly dependent on acceptance and performance of detector  
§  FCC-eh (2 TeV resonance):   S = 0.01 fb,   BEW = 100 fb 
(for comparison, LHC14:  S = 0.12 fb   BQCD = 4.2 pb    BEW = 300 fb) 

low cross section, but kinematics of signal distinct from background 
(invariant mass, rapidity of the objects, can use W/Z boosted hadronic decays)  

à  Need very good detector performance  
 

2 TeV resonance 
m(WZ), background 

Georges Azuelos 

e−q→ e−(q)WZ , (νq)WZ



Improving PDFs with the LHeC 
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•  low-x: no current data to constrain              
x ≤ 10-4; better but not much after HL-LHC; 
rely purely on extrapolation non-linear 
equations, gluon saturation? 

•  mid-x: need higher precision for Higgs 

•  high-x: very poorly constrained –  limits 
searches for new, heavy particles 

no data!

FCC-eh: access to much smaller x, larger Q2  

 
Impact on PDF à also depends on 
whether LHeC is realized or not 

 

FCC-eh: (Q2,x)max=107 GeV2, 0.8 

FCC-eh: xmin ≤ 10-7 



Potential of FCCeh on PDFs 
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See Stefano and Voica’s presentation 
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  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 



Impact of PDF: High mass Drell-Yan 
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}  Non resonant searches for ED (interference) sensitive to tails of DY 
distributions thus to PDF. Predominantly q-qbar  
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“Troubles” at low and high x  
 
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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Uta Klein 
VRAP 0.9 for NNLO QCD 
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   Impact of PDF @ High x 
•  large uncertainties in high x PDFs limit searches for new physics at high scales 

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

Monica D'Onofrio, FCC Week Amsterdam 
arXiv:1211.5102 

12 April 2018 
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•  For HL-LHC à studied in detail impact of LHeC  

Christoph Borschensky 
Michael Kramer 

}  Studies updated with modern PDF sets!  
}  M(squark)=M(gluino)=µR=µF 

}  LHeC PDF uncertainties unchanged  
}  Normalized to MMHT14 

NNPDF30nlo become negative at high 
masses despite positive constraints 
applied to the fitting procedure   

< x > ~ 0.4  
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   Impact of PDF @ High x 
•  large uncertainties in high x PDFs limit searches for new physics at high scales 

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

Monica D'Onofrio, FCC Week Amsterdam 
arXiv:1211.5102 

12 April 2018 
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•  For HL-LHC à studied in detail impact of LHeC  

Christoph Borschensky 
Michael Kramer 

}  Studies updated with modern PDF sets!  
}  M(squark)=M(gluino)=µR=µF 

}  LHeC PDF uncertainties unchanged  
}  Normalized to MMHT14 Christoph Borschensky 

Michael Kramer 
Use prescription from J. Rojo to avoid 
negative x-section at at high masses for 
NNPDF30nlo à x-section calculation unstable 

< x > ~ 0.4  



Mass ranges motivated by:
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Summary from

FCC Report:
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   Impact of PDF @ High x: FCC 
•  FCC-hh reach up to 13(16) TeV for gluino 

pair production,  17(20) TeV for non-
decoupled squark/gluino for 3(30)/ab-1 

•  Similar x range for the sensitive region  
    (<x> ~ 0.4) à ~40-50% uncertainties on the     
   prediction of gluon-gluon initiated processes  

•  Might be an issue also for central values 
 
Other aspects might play a non-negligible role:   

Monica D'Onofrio, FCC Week Amsterdam 
12 April 2018 

No doubts that having an e-p machine running in 
parallel with p-p will be very important 

 
Top PDF: at the very high Q2, top becomes small 
and will have to be included as 6F PDFs 

 

  FCC week 2017| CERN

What can/will matter for FCC:
❖ Top PDF: at the very high Q2, top becomes small and will have to be included as 6f PDFs

❖ Photon PDF:  will become important as energies increase
❖ the LHC is a γγ collider —>  more photons at 100 TeV collider

❖ NNNLO PDFs:  might be needed if the scale is not a dominant uncertainty and the 
precision of the data is such that it needs a better theory discrimination

—> it’s important to learn what is ok to absorb in PDF and what is not!
28

inclusion of top
affects the gluon

substantial uncertainties
 from large x-region 

@10 TeV 


