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Introduction 

27 June 2018 Monica D'Onofrio, LHeC Workshop at Orsay 

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

}  BSM programme at e-p aims to  
}  Explore new and/or challenging scenarios  
}  Characterize 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, good engagement from theory community working 
with experimentalists   
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A wide programme of searches on going… 
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Outline 

27 June 2018 Monica D'Onofrio, LHeC Workshop at Orsay 

}  I will give an overview of on-going studies focusing on a selected list of 
topics with complementarities and expectations from HL-LHC  

}  Direct searches for BSM  
}  Leptoquarks and R-parity violating SUSY  

}  R-parity conserving SUSY: EWK, Higgsinos prompt and long-lived (LL)  

}  BSM Higgs: higgs decays into LL neutralinos and charged higgs  

}  [ anomalous couplings (VVV), CI and more in back-up ]  

}  Sterile neutrinos à Oliver Fischer 

}  Indirect impact on search potential for FCC-hh: improved PDF 

}  Plans for Yellow Report and FCC CDR  

}  Outlook and summary  
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Lepto-quark production  

27 June 2018 Monica D'Onofrio, LHeC Workshop at Orsay 

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
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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 

27 June 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	

Now also up to 1 TeV 
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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 

27 June 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	
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and leptonic quantum numbers in the initial state, it is ideally suited to a study of the
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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  

Now also up to 1 TeV 



R-parity violating SUSY 
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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.

)
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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−
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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 with 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.)  



EWK SUSY sector: higgsinos and more  
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}  Strong interest in EWK SUSY sector   
}  Relevant for DM:  

 
}  Difficult at LHC à decay products 

are soft/invisible. Higgsino-like LSP:   
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Search for events with Higgsinos 
produced in association with an ISR jet 

Profit of additional charginos 
and neutralinos 

DM DM

time

p,n p,n

Direct Detection 

⌫ background
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• Cirelli, Fornengo, Strumia  Nucl. Phys. B 753, 178 (2006) 
• Hill, Solon, Phys. Rev. Lett. 112, 211602 (2014) 
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Figure 1: (a) Diagram contributing to the anomalous Higgs boson vertices of the neu-
tralino and (b) box diagram contributing to the χ̃0–N scattering in the case of the wino-
like LSP.

4 Elastic scattering induced by one-loop effective ac-

tion

In the previous section, we discuss that the interactions responsible for the χ̃0–N scattering

are suppressed by the gaugino-Higgsino mixing or squark masses at tree level. However,

this is not true for the radiative corrections to the effective interactions if the dark matter

is wino- or Higgsino-like, because of the mass degeneracy between the LSP and its SU(2)

partner. In this section, we derive radiative corrections to the effective interactions in

Eqs. (2), (3) and (11), and it is found that some of them are only suppressed by the weak

gauge boson mass at most.

We first discuss the anomalous Higgs boson vertices of the neutralino and the box

diagram contributions involving the W bosons to the effective interactions for the case of

the wino-like LSP. The numerical result will be shown in the next section. For the case

of the Higgsino-like LSP, we present the explicit formula for the radiative corrections in

Appendix.

The gauge interactions of the wino-like neutralino and chargino are

Lint = −
e

sW

!

χ̃0γµχ̃−W †
µ + h.c.

"

+ e
cW

sW
χ̃−γµχ̃−Zµ + eχ̃−γµχ̃−Aµ . (33)

Here we ignore the mixings of the neutralinos and charginos for simplicity. These interac-

12

J. Ruderman, FCC week 
Amsterdam (April 2018) 

(for prompt production)  

E.g. Higgsino-like LSP can be a good DM 
candidates  
 
~ 1 TeV: maximum mass for the Higgsinos such 
that their relic abundance is at most ΩDM  
 

80 100 120 140 160 180 200

m(�̃±
1 ) [GeV]

0.2

0.5

1

2

5

10

20

50

�
m

(�̃
± 1

,�̃
0 1)

[G
eV

]

2` compressed, arXiv:1712.08119, m(�̃0
2) = m(�̃0

1) + 2�m(�̃±
1 , �̃0

1)
Disappearing track, PHYS-PUB-2017-019, m(�̃0

2) = m(�̃0
1)

LEP2 �̃±
1 excluded

Theoretical prediction for pure Higgsino

All limits at 95% CL
Observed limits
Expected limits

All limits at 95% CL
Observed limits
Expected limits

ATLAS Preliminaryp
s = 13 TeV, 36.1 fb�1

pp ! �̃0
2�̃

±
1 , �̃0

2�̃
0
1, �̃+

1�̃
�
1 , �̃±

1 �̃0
1 (Higgsino)

March 2018 Currently on-going at HL-LHC for YR 



EWK SUSY sector: higgsinos and more (II) 
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}  In general SUSY EWK sector remains the most challenging for pp 
colliders in favored regions of the parameter space  
}  As seen: 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 @ LHeC 

27 June 2018 Monica D'Onofrio, LHeC Workshop at Orsay 

}  C. Han, R. Li, R. Pan, K. Wang arXiv:1802.03679 
}  Very small cross sections:  

12 

C 

Standard model main backgrounds


The Monte-Carlo events are generated by MadGraph5 v2.4.2 [27] for parton-level analysis.

The basic cuts are

• pjT > 20 GeV

• p`T > 5 GeV

• |⌘`,j| < 5

• �Rj` > 0.4 and �R`` > 0.4 .

The production cross sections for Higgsino pairs as a function of Higgsino mass µ is given in Fig.2

for different Ee and channels respectively. When Ee = 140(60) GeV, the total cross section can

be as large as 1.3(0.384) fb for µ = 100 GeV.
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FIG. 2: The partonic level cross section of the signals varying with the Higgsino mass µ. The

combination of the cross section of all final states in the signal is defined as “Total”. Where the

solid lines represent the signal when Ee = 140 GeV, while the dashed line represents Ee =

60 GeV.

Since all the light Higgsino states are invisible in the detector, the final states consist of for-

ward/backward jet and electron with ��ET . The irreducible background can be classified into two

categories:

e�p ! e�j⌫e⌫̄e

e�p ! e�j⌫µ,⌧ ⌫̄µ,⌧

5

Typical signal: electron + jet + missing energy


Interesting study of kinematic variables which 
could be helpful for signatures of this kind  

Discovering Higgsino LLPs in electron-proton collisions
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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
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Standard model main backgrounds


from scattering with the initial electron. On the other hand, the missing transverse energy tend

to be larger when the Higgsino mass increase, as shown in Fig. 3 when electron beam energy is

140 GeV.

Comparing the signal with the background events, the signal electron in WBF final state is

forward, while in the leading SM background the electron is from W� decay. Therefore, one

expects the signal electron has larger rapidity but less pT . For the background, the electrons from

W ! e�⌫̄e have larger pT as the Jacobian peak mW/2 and are more in the central region.

The other typical WBF cut is the invariant mass between the forward/backward jet/electron

mej . The inelasticity variable y introduced in [28] is defined as

y =
kP · (ke � pe)

ke · pe (2)

where kP is the 4-momenta of the initial proton, ke is the 4-momenta of the initial electron, pe is

the 4-momenta of the out-going electron. This inelasticity variable is used to reflect the momen-

tum transformation between the initial and final states. In Fig.4, the invariant mass mej and the

inelasticity y distributions are plotted respectively.
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FIG. 4: The invariant mass of the electron and the forward jet mej (left panel) and the inelasticity

variable y distributions (left panel) varying with the Higgsino mass µ after cuts i-iii when Ee = 140

GeV respectively.

Therefore, additional cuts are imposed as the following:

i. Missing transverse energy cut: /ET > 30 GeV.
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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
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}  Depending on the Δm between the lightest and next-to-lightest neutralinos 
(and charginos), we could have very different signatures  

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

Curtin, Deshpande, Fischer, Zurita, arXiv:1712.07135 (2017) 
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m�0
2
. Upscattering in direct detection experiments [115, 116]

forces �

0

& 0.1 MeV, which implies an upper bound on
M

1

. 20 PeV.

The neutralino couplings to the gauge bosons follow from
the EW charges. The three particles with masses ⇠ |µ| are
‘almost-doublets’, and hence the Z-current couples �0

1

and �0

2

with ’almost-full’ strength. Both the Z and Higgs interactions
with the DM candidate �0

1

arise from doublet-singlet mixing,
and hence they are suppressed by powers of mZ/|µ|, mZ/M

1

,
which also suppresses the direct detection cross section, see
section III B below.

The decay modes of the long-lived chargino are computed
using the expressions in refs. [117, 118] and shown in Fig. 2.
Chargino decays to �0

1

are always allowed with a mass split-
ting greater than �

1�loop

, which sets the maximum possible
lifetime in this model (though longer lifetimes can be consid-
ered in more general scenarios). If M

1

is much larger than
|µ|, the lifetime gets reduced by a factor of 2, as the chargino
decays with a similar width to each neutralino. Note that this
is unlike the Wino case, where there is only one neutralino
in the low energy spectrum. For lower values of M

1

, the
chargino decays to �0

2

become smaller. The hadronic decay
widths require some care due to the small mass splitting. For
�m . 1 GeV, one must compute partial widths to exclusive
hadron final state like ⇡+�0

1

. For �m � 1 GeV, quarks are
the relevant degrees of freedom, and hadronic decays give rise
to jets which shower and hadronize.

In practice, we compute hadronic final states both in the ex-
clusive hadron picture and the inclusive quark picture, and de-
fine �m

⇤

as the mass splitting where
P

�(�± ! hadrons +

�0

1

) =

P
�(�± ! quarks + �0

1

). For �m < �m
⇤

we
then use the hadron picture and for �m > �m

⇤

we use the
quark picture, which is responsible for the sharp turn-over at
�m ⇡ 1.75 GeV in Fig. 2. This unphysical sharp turn-over
between the two regimes is sufficient at the level of detail of
our study. To capture the effect of hadronization uncertainties,
we follow ref. [117] and compute the partial decay widths to
quarks assuming md = 0.5 GeV and 0 GeV, with different
�m

⇤

for each case.

We note a few important features of the branching ratios in
Fig. 2. At small mass splitting, decays to both �0

1

and �0

2

are
kinematically allowed while for larger mass splittings all de-
cays are to �0

1

. Our region of interest for displaced searches is
c⌧ & µm, corresponding to �m . 2.5 GeV. The branching
fractions have some quantitative (but not qualitative) depen-
dence on sign(µ), but very little dependence on m�± itself.
As mentioned above, the minimal mass splitting is given by
�

1�loop

and larger mass splittings are possible when M
1

is
closer to µ, although for our region of interest M

1

is still sev-
eral TeV to tens of TeV.

On our scenario, LEP excludes �+ masses below 104 GeV
[88]. The existing LHC searches for soft leptons [119] are
currently only sensitive to � ⇠ 20 GeV. The prospects of the
HL-LHC and of future colliders are summarized below.
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FIG. 2. Decay branching ratios for a 400 GeV charged Higgsino as
a function of �m = m�±

1 ��0
1

and µ < 0. Note the chargino life-
time on the upper vertical axis. Hadronic decay widths are computed
assuming md = 0.5 GeV. The switch from an exclusive hadronic
final state description to an inclusive jet final state description occurs
at around �m ⇡ 1.75 GeV, which decreases to 1.3 GeV if the as-
sumed mD is taken to zero. The µ > 0 case is qualitatively very
similar, and there is very little dependence on the Higgsino mass.

B. Probing Higgsinos with pp colliders and cosmology

To understand the unique role e�p colliders could play in
the exploration of Higgsino parameter space, we briefly re-
view the reach of future pp colldiers, as well as projected cos-
mological bounds from dark matter direct and indirect detec-
tion. This is summarized in Fig. 3.

Searches at future pp colliders

The dominant production mode for EWinos at pp colliders
are s-channel Drell-Yan-like processes. The cross section is
much larger than at e�p colliders, which offers opportunities
to search for pure Winos with large decay lengths. A chal-
lenge in the high-energy environment of pp collisions is that
the SM final state from the chargino decays are often very soft
(sometimes just a single pion) which cannot be reliably recon-
structed. It is therefore difficult to find the corresponding dis-
placed secondary vertex in this environment: the signal gets
swamped by the surrounding hadronic activity, and becomes
part of the “hadronic noise”.

One promising search strategy is the so-called “disappear-
ing track search”, which targets the traces that the long-lived
chargino leaves in the tracker of the detector. This strategy
relies on the chargino to reach the first few inner tracking lay-
ers, which severely limits the sensitivity for short lifetimes.
At the HL-LHC the disappearing track searches have a mass
reach up to ⇠ 200 GeV with standard tracking if c⌧ ⇠ 7mm
(�m = �

1�loop

) [89, 91, 92]. Hypothetical upgrades to the
HL-LHC trackers in the high-rapidity region could increase
mass reach to about 380 GeV. We show these two scenarios
in Fig. 3 (top), using the results from [91]. (This study exam-
ined Higgsinos heavier than 200 GeV, but the proposed search

Decay products PT = O(100) MeV very short lifetime cτ ∼ µm 
•  Beam remnant jet ⇒ primary vertex with O(10) µm precision 
•  For small Δm (200 MeV – 1 GeV): single soft displaced pion. 
•  Looks like hadronic noise, but can be detected at ep colliders! 
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}  Long-lived particles reconstruction: 
}  Single or pair production of LLPs associated 

with production of hard jet (from ISR) 

}  LLP detected if charged particle trajectory is 
reconstructed with pT>pTmin and impact 
parameter > rmin  

}  LLPs decaying into two or more charged 
particles are identified with displaced vertex 
reconstructed   

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

Interaction
Region PV

FIG. 6. Sketch of our LLP search strategy at e�p colliders. Sin-
gle or pair-production of weak-scale Higgsino LLPs (red) is practi-
cally always associated with the production of a hard jet (A) with
pT > 20 GeV and |⌘| < 4.7 which reaches the tracker and passes
the trigger. The charged jet constituents (black) identify the primary
vertex (PV). For Higgsinos decaying into e/µ/⇡± + �0

1,2 (B), the
LLP is detected if the charged particle trajectory (black solid and
dashed) is reconstructed with pT > pmin

T and has impact parameter
greater than rmin. For LLPs decaying into two or more charged par-
ticles (C), a DV can be reconstructed, and the LLP is identified if the
distance to the PV is more than rmin. The electron or neutrino in the
event as well as neutral final states of LLP decay are not shown.

single charged particle is depicted in Fig. 6 (B). The charged
track has an impact parameter with respect to the PV. If the im-
pact parameter with respect to the PV is greater than a given
rmin we can tag this track as originating from an LLP decay,
which holds also when the LLP decays within the interaction
region. This heavily relies on backgrounds due to pile-up be-
ing either absent or controllable.

If the chargino decays to two or more charged particles,
a conventional displaced vertex can be reconstructed (C). In
that case, the PV-DV distance has to be greater than rmin to
identify an LLP decay.10

The most relevant parameter of our search strategy is thus
r
min

. Our benchmark value is rmin = 40µm, which corre-
sponds to about 5 nominal detector resolutions. We also con-
sider the case of 5 ‘optimistic’ detector resolutions (rmin =

25µm) and a pessimistic scenario with rmin = 80µm. More-
over, the pT threshold for reconstruction of a single charged
particle is also relevant. In order to study the impact of
the pT threshold, we will consider a benchmark value of
pmin

T = 100 MeV, corresponding to a gyromagnetic radius
of O(10cm) for the B field of 3.5 T. We also consider an opti-
mistic scenario of pmin

T = 50 MeV and a pessimistic scenario
of pmin

T = 400 MeV, which corresponds to the threshold
for track ID at ATLAS and CMS in a high pile-up environ-
ment [133]. 11

10 In a realistic analysis, rmin can be different for displaced tracks and ver-
tices, but for our analysis it is sufficient to take them to be identical.

11 At an e�p collider the full four momentum can be measured, and em-
ploying |p| rather than pT would lead to a slight increase in sensitivity.

We assume 100% reconstruction efficiency for displaced
tracks and vertices. The estimation of the realistic (expected-
to-be O(1)) efficiencies requires a full simulation of the de-
tector response to our signal, which is beyond the scope of
our paper and will be left for future work. We do not expect
this to significantly affect our conclusions.

Event simulation and analysis

The production of MSSM Higgsinos is simulated in
MG5 aMC@NLO [134] at parton-level, which is sufficient
given the almost purely geometrical nature of our signal. For
each chargino k the probability of detecting it as an LLP is

P
(k)

detect

=

X

i

Bri(�m(c⌧))Pi(c⌧) , (2)

where k = 1, 2 for chargino pair production events. The in-
dex i stands for the decay processes in Fig. 2, with branching
ratios Bri. Pi is the probability of detecting this particular
chargino if it decays via process i. For 2- and 3-body de-
cays to a single charged particle, it is computed by choosing
the charged particle momentum from the appropriate phase
space distribution in the chargino rest frame, then computing
the minimum distance the chargino must travel for the im-
pact parameter of the resulting charged track to be greater than
rmin. Pi is the chance of the chargino traveling at least that
distance given its boost and the chosen lifetime c⌧ . Pi = 0 if
the charged particle pT lies below threshold or it does not hit
the tracker.

For decays to “jets”, defined as three charged pions (all
hadronic decays) for �m below (above) �m

⇤

, we examine
two possibilities. Optimistically, one would expect the jet to
contain two or more relatively energetic charged particles, al-
lowing a DV to be reconstructed. Pjet is then computed sim-
ply by requiring the chargino to travel at least rmin from the
PV. Pessimistically the jet has to contain at least one charged
particle, and we assign Pjet = P⇡±⇡0⇡0 . The difference be-
tween the optimistic and pessimistic Pjet scenarios represents
an uncertainty on our sensitivity estimate.

For each event with one chargino, P
(1)

detect

represents the
chance of detecting a single LLP in the event. For each event
with two charginos, 1 � (1 � P

(1)

detect

)(1 � P
(2)

detect

) is the
chance of observing at least one LLP, while P

(1)

detect

P
(2)

detect

is
the chance of observing two LLPs. This allows us to com-
pute the number of observed events with at least one or two
LLPs, N

1+LLP

and N
2LLP

, as a function of chargino mass
and chargino lifetime.

We show contours of N
1+LLP

and N
2LLP

in Fig. 7 for
µ > 0. The darker (lighter) shading represents the contour
with the lowest (highest) estimate of event yield, obtained by

However, in order to be comparable with pp collider thresholds, we use
pT in the following.
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FIG. 7. Regions in the (m�± , c⌧) Higgsino parameter plane where
more than 10 or 100 events with at least one (top) or two (bottom)
LLPs are observed at the LHeC. Light shading indicates the uncer-
tainty in the predicted number of events due to different hadroniza-
tion and LLP reconstruction assumptions. Approximately 10 signal
events should be descernable against the ⌧ -background at 2�, in par-
ticular for 2 LLPs, so the green shaded region represents an estimate
of the exclusion sensitivity. For comparison, the black curves are
the optimistic and pessimistic projected bounds from HL-LHC dis-
appearing track searches, see Fig. 3.

minimizing (maximizing) with respect to the two hadroniza-
tion scenarios of md = 0 or 0.5 GeV, and adopting the pes-
simistic (optimistic) Pjet reconstruction assumption. The dif-
ference between the light and dark shaded regions can be in-
terpreted as a range of uncertainty in projected reach.12 The
µ < 0 case is very similar in all of our studies, so we only
show the positive case.

Backgrounds

An important and irreducible background SM background
to our LLP signature is the decays of tau leptons, which have

12 We note that the abrupt “bite” in the green shaded region of the top plot
around (m�, c⌧) ⇠ (140 GeV, 10�5m) is an artifact of assuming
100% DV reconstruction once the Higgsino decays to jets of two or more
charged particles turn on at larger mass splitting (under the optimistic re-
construction assumption). In reality, this intermediate region would likely
be smoothly interpolated by a gradual turn-on, when more efficiently re-
constructed DVs start dominating over displaced single tracks.

a proper lifetime of ⇠ 0.1mm and beta-decay into the same
range of final states as the charginos. Events with one (⌧+⌫⌧ )
and two taus (⌧+⌧�) are produced via VBF together with a
jet with pT > 20 GeV, |⌘| < 4.7 at LHeC with cross sections
of ⇠ 0.6 and ⇠ 0.3 pb, respectively.

Since the ⌧ ’s originate from the decay of on-shell W and
Z bosons, their decay products are much more central and
energetic than those of charginos. Consequently, despite this
background being much larger than the Higgsino signal, it can
be suppressed considerably with simple kinematic cuts.

Specifically, by requiring the final states of LLP decay to
be forward (|⌘| > 1 in the proton beam direction), the missing
energy to be high (MET & 30 GeV) and the LLP final state
energy to be very low (. 1.5�m for a given chargino life-
time), a background rejection of 10

�3 (10

�4) can be achieved
for events requiring at least one (two) reconstructed LLPs
while keeping a large O(1) fraction of the Higgsino signal.

Given the above background cross sections, the number
of signal events that would be excludable at the 95% confi-
dence level (2�) above the background are then about 50 (10)
for at least one (two) observed LLPs. This purely kinematic
background rejection is very effective, but still underestimates
the sensitivity. In the space of possible final states and de-
cay lengths, ⌧ ’s will populate very different regions than the
chargino signal. While an in-depth study of such an analysis
is beyond our scope, a comparison of the observed LLP data
to a background template in that space will clearly increase
sensitivity even further.

It is with this in mind that we have shown contours of
N

1+LLP,2LLP

> 10 and > 100. By the above arguments,
the former constitutes a realistic expectation for the approxi-
mate number of LLPs which should be excludable at 2�, while
the latter shows how sensitivity is affected if backgrounds are
much harder to reject than we anticipated.

FCC-eh

We repeat the above analysis for the FCC-eh scenarios. We
assume the same detector dimensions, triggers, and thresh-
olds. The kinematic rejection of ⌧ backgrounds improves,
with rejections in the range of 10

�4 �10

�3 (10

�5 �10

�4) for
one (two) ⌧ events, more than offsetting the modest growth in
⌧ -cross section, which is 2.1 (0.8) pb at the FCC-eh with a 60
GeV electron beam, and 4.4 (1.1) pb with a 240 GeV electron
beam.

Figs. 8 and 9 show the number of observed events with
at least 1 or 2 LLPs at the FCC-eh (60) and FCC-eh (240).
We recall that we here consider benchmark luminosities of 1
and 10 ab

�1. For the latter, we show contours of 300 and
30 events instead of 100 and 10 to estimate sensitivity. This
roughly accounts for the

p
10 larger number of signal events

required to stand out against the same background cross sec-
tion with a factor of 10 higher luminosity. However, we also
show contours for 10 events, in the event that background
rejection is very good and sensitivity scales more linearly
with luminosity. We emphasize that the FCC-eh (240) with
10 ab

�1 of luminosity may be able to probe the 1.1 TeV ther-
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background being much larger than the Higgsino signal, it can
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energy to be high (MET & 30 GeV) and the LLP final state
energy to be very low (. 1.5�m for a given chargino life-
time), a background rejection of 10

�3 (10

�4) can be achieved
for events requiring at least one (two) reconstructed LLPs
while keeping a large O(1) fraction of the Higgsino signal.

Given the above background cross sections, the number
of signal events that would be excludable at the 95% confi-
dence level (2�) above the background are then about 50 (10)
for at least one (two) observed LLPs. This purely kinematic
background rejection is very effective, but still underestimates
the sensitivity. In the space of possible final states and de-
cay lengths, ⌧ ’s will populate very different regions than the
chargino signal. While an in-depth study of such an analysis
is beyond our scope, a comparison of the observed LLP data
to a background template in that space will clearly increase
sensitivity even further.

It is with this in mind that we have shown contours of
N

1+LLP,2LLP

> 10 and > 100. By the above arguments,
the former constitutes a realistic expectation for the approxi-
mate number of LLPs which should be excludable at 2�, while
the latter shows how sensitivity is affected if backgrounds are
much harder to reject than we anticipated.

FCC-eh

We repeat the above analysis for the FCC-eh scenarios. We
assume the same detector dimensions, triggers, and thresh-
olds. The kinematic rejection of ⌧ backgrounds improves,
with rejections in the range of 10

�4 �10

�3 (10

�5 �10

�4) for
one (two) ⌧ events, more than offsetting the modest growth in
⌧ -cross section, which is 2.1 (0.8) pb at the FCC-eh with a 60
GeV electron beam, and 4.4 (1.1) pb with a 240 GeV electron
beam.

Figs. 8 and 9 show the number of observed events with
at least 1 or 2 LLPs at the FCC-eh (60) and FCC-eh (240).
We recall that we here consider benchmark luminosities of 1
and 10 ab

�1. For the latter, we show contours of 300 and
30 events instead of 100 and 10 to estimate sensitivity. This
roughly accounts for the

p
10 larger number of signal events

required to stand out against the same background cross sec-
tion with a factor of 10 higher luminosity. However, we also
show contours for 10 events, in the event that background
rejection is very good and sensitivity scales more linearly
with luminosity. We emphasize that the FCC-eh (240) with
10 ab

�1 of luminosity may be able to probe the 1.1 TeV ther-

Assuming that ~ 10 LLP events are distinguishable wrt tau-lepton and other bkg 

@HL-LHC: expect to exclude up to 250 GeV for pure higgsino (τ = 0.05 ns) – hence the 
reach is not so different  
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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.
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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.
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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

Higher cross section of course ! 
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}  Sleptons might be a bit heavier than EWKinos but still light 
}  Motivated by g-2 anomalies  
}  Would play no role in the decay of charginos and next-to-lightest 

neutralino. At pp, could have an enhancement of soft leptons from 
slepton pair production, but also very challenging! 

}  In addition to processes as seen for higgsino scenarios, processes as:  
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}  Pre-selections:  
 

}  MVA-BDT analysis considering 17 discriminant observables. Reach in terms of 
significance    

}    
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fixed to be 30, such that the mass di↵erence between l̃L
and ⌫̃ is around 9 GeV. In such a scenario, regarding to
the leptonic decays of l̃L and ⌫̃, the branching ratios are
BR(l̃L ! �̃0

2,1+e�) ⇡ 40% and BR(⌫̃ ! �̃±

1 +e�) ⇡ 60%.
We derive the discovery sensitivities for such a senario at
both the FCC-eh and LHeC. The benchmark mass for
�̃±

1 , �̃
0
2 are chosen to be 400 GeV and 250 GeV at the

FCC-eh and LHeC, respectively.
In Fig. 8, we show the kinematial distributions of some

selected input obervables for signal j e� �̃�̃ with M�̃±
1 ,�̃0

2

= 400 GeV (black with filled area) in the light slepton
scenario, and the SM background of the j e� ⌫⌫ (red) and
j e� l⌫ (blue) processes after applying the pre-selection
cuts at the FCC-eh with the unpolarized electron beam.
The similar plots at the LHeC for signal with M�̃±

1 ,�̃0
2
=

250 GeV and SM background processes are presented in
the Fig. 9.

FIG. 2. Distributions of BDT response at the FCC-eh (upper)
and the LHeC (lower) with the unpolarized electron beam
for signal j e� �̃�̃ (black with filled area) in the light slepton
scenario, and the SM backgrounds of the j e� ⌫⌫ (red) and
j e� l⌫ (blue) processes after applying the pre-selection cuts.
For the signals, M�̃±

1 ,�̃0
2
is 400 GeV and 250 GeV at the FCC-

eh and LHeC, respectively.

The observables are input to the TMVA package and
the Boosted Decision Trees (BDT) method is adopted
to perform the MVA analysis. In the uppper plot of
Fig. 2, we show the distributions of BDT response for
signal j e� �̃�̃ with M�̃±

1 ,�̃0
2
= 400 GeV (black with filled

area) in the light slepton scenario, and for the SM back-
grounds of the j e� ⌫⌫ (red) and j e� l⌫ (blue) processes
after applying the pre-selection cuts at the FCC-eh with
the unpolarized electron beam. The lower plot shows the
distributions of BDT response at the LHeC for signal
with M�̃±

1 ,�̃0
2
= 250 GeV and SM background processes.

In Table I, we show the numbers of events at each
cut stage for signal with M�̃±

1 ,�̃0
2
= 400 GeV in the light

slepton scenario, and for the SM background processes
at the FCC-eh with unpolarized electron beam and an
integrated luminosity of 1 ab�1.
For this study, the stastical significance, �stat, of the

potential signal is evaluated as

�stat =

r
2[(Ns +Nb)ln(1 +

Ns

Nb
)�Ns] (1)

where Ns (Nb) are the expected number of events for
signal (background). Taking into account a systematic
uncertainty of �b in the evaluation of the number of back-
ground events, Eq. (2) will be used to evaluate the sig-
nificance:

�stat+syst =

"
2

✓
( Ns +Nb)ln

(Ns +Nb)(Nb + �2
b )

N2
b + (Ns +Nb)�2

b

� N2
b

�2
b

ln(1 +
�2
bNs

Nb(Nb + �2
b )
)

◆#1/2

(2)

The benchmark mass point has �M = 35 GeV, which
corresponds to the column with m�̃ = 400 GeV and ml̃
= 435 GeV in Table I. The number of signal and back-
ground events after applying the pre-selection cuts and
the optimized BDT cut are 149 and 686.5, respectively.
When considering a systematic uncertainty of 5% on the
background (i.e., �b = 5%Nb), using the Eq. 2, the sig-
nificance for the benchmark pont is 3.28, which is shown
in the last row of the Table I.
The cut flow Table II shows the numbers of events

at the LHeC with unpolarized electron beam for signal
with M�̃±

1 ,�̃0
2
= 250 GeV and for the SM background

processes.The numbers corresponds to an integrated lu-
minosity of 1 ab�1. When including 5% systematic un-
certainty, the significance of 1.03 can be achieved for this
benchmark mass.
Since the kinematical distributions vary with M�̃±

1 ,�̃0
2
,

the BDT distributions will also change for di↵erent
masses. Therefore, We scan the masses and re-optimze
the BDT cut for each mass case. In the upper plot of
Fig. 3, we present the significance curve relative to the
masses of �̃±

1 and �̃0
2 for the light slepton scenario at

the FCC-eh with unpolarized electron beam and inte-
grated luminosities of 1 ab�1 (blue) and 2.5 ab�1 (red).
For dashed (solid) curve, a systematic uncertainty of 0%
(5%) on the background is included. When considering
0% (5%) systematic uncertainty on the background, the
2-� limits on the �̃±

1 , �̃
0
2 mass are 567 (451) GeV for 1

ab�1 luminosity and 616 (466) GeV for 2.5 ab�1 lumi-
nosity, while the 5-� limits are 464 (355) GeV for 1 ab�1

luminosity and 517 (367) GeV for 2.5 ab�1 luminosity,
respectively. Therefore, the systematic uncertainty can
a↵ect the limits a lot. In order to enhance the discovery
power of SUSY electroweakinos at the future ep collid-
ers, the controlling of the systematic uncertainty is very
important.

5

FCC-eh [1 ab�1] Signal Background
m�̃ [GeV] 400 400 400 400 400 400

j e� ⌫⌫ j e� l⌫
ml̃ [GeV] 405 412 420 435 450 465
initial 4133 4583 4765 4564 4315 4067 1.08⇥ 106 7.96⇥ 106

Pre-selection 290 591 2255 3000 2967 2847 3.87⇥ 105 5.71⇥ 105

BDT > 0.2257 35.7 - - - - - 24.8 14.4
BDT > 0.2459 - 30.5 - - - - 17.8 5.1
BDT > 0.2600 - - 139 - - - 132 59.6
BDT > 0.2624 - - - 149 - - 600 86.5
BDT > 0.2597 - - - - 102 - 586 34.9
BDT > 0.2461 - - - - - 93.3 641 75.4

�stat+syst 4.78 5.23 7.23 3.28 2.47 2.02

TABLE I. Cut-flow talbe for signal j e� �̃�̃ with M�̃±
1 ,�̃0

2
= 400 GeV in the light slepton scenario, and the SM background

processes of j e� ⌫⌫ and j e� l⌫. The numbers of events correspond to an integrated luminosity of 1 ab�1 at the FCC-eh with
unpolarized electron beam. The significance including 5% systemtic uncertainties on the background are presented in the last
row.

LHeC [1 ab�1] Signal Background
m�̃ [GeV] 250

j e� ⌫⌫ j e� l⌫
ml̃ [GeV] 285
initial 1231 2.80⇥ 105 2.01⇥ 106

Pre-selection 453 6.60⇥ 104 1.66⇥ 105

BDT > 0.1717 49.5 486 278
�stat+syst 1.03

TABLE II. Cut-flow talbe for signal j e� �̃�̃ with M�̃±
1 ,�̃0

2
=

250 GeV in the light slepton scenario, and the SM background
processes of j e� ⌫⌫ and j e� l⌫. The numbers of events cor-
respond to an integrated luminosity of 1 ab�1 at the LHeC
with unpolarized electron beam. The significances including
5% systemtic uncertainties on the background are presented
in the last row.

The lower plot of Fig. 3 shows the significance curve
at the LHeC with unpolarized electron beam and an in-
tegrated luminosity of 1 ab�1. With 0% (5%) systematic
uncertainty on the background, the limits on the mass
are 266 (224) GeV and 227 (187) GeV corresponding to
the 2 and 5-� significances, respectively.

B. E↵ects When Varying �M

When the masses of �̃±

1 and �̃0
2 are fixed, di↵erent l̃

mass also leads to the changing in the kinematical dis-
tributions. To investigate the sensitivities when varying
the mass di↵erence �M between �̃±

1 and l̃, we fix the
M�̃±

1 ,�̃0
2
= 400 GeV and vary the �M from 5 GeV to 65

GeV.
The distributions of the BDT response at the FCC-eh

corresponding to di↵erent�M values are shown in Fig. 4.
One can see that as �M increases, the 2-neutrino back-
ground j e� ⌫⌫ (red) has larger overlap with the signal
j e� �̃�̃ (black with filled area), while when �M > 35
GeV the 1-neutrino background j e� ⌫⌫ (blue) also over-

FIG. 3. Significances as varying the masses of �̃±

1 and �̃0
2 for

the light slepton scenario. Upper plot: at the FCC-eh with
unpolarized beams and integrated luminosities of 1 ab�1 and
2.5 ab�1; Lower plot: at the LHeC with unpolarized beams
and 1 ab�1 luminosity. For dashed (solid) curve, a systematic
uncertainty of 0% (5%) on the background is considered.

laps a lot with the signal. Thus, due to much better sep-
arations between the signal and background, it is easier
to reject the SM background for small �M .

In Table I, we show the numbers of events at the each
cut stage for the signals with di↵erent �M values and
background processes. Here, the numbers correspond
to FCC-eh with an integrated luminosity of 1 ab�1 and
the BDT cut is optimized according to each �M value.
The significances including 5% systematic uncertainties
on the background are presented in the last row.
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scribed by direct production of neutralinos and charginos.
In our light slepton scenario, the left-handed slepton l̃L
and sneutrino ⌫̃ are also within the collider access and
are assumed to be slightly heavier than �̃±

1 and �̃0
2. Be-

sides the direct productions of neutralinos and charginos
p e� ! j e� �̃�̃, the signal process will also include the di-
rect production of l̃L and ⌫̃, i.e., p e� ! j �̃ l̃L, j �̃ ⌫̃, fol-
lowing by the decays of l̃L ! �̃0

2,1+e� and ⌫̃ ! �̃+
1 +e�.

In this artice, we consider the masses of the sleptons and
sneutrinos such that the sleptons and sneutrinos are pro-
duced on its mass shell. When sletptons and sneutrinos
are very heavy, they can be o↵-shell produced, which in-
duces the direct four-body production. ( Here, I think
we should say that the slepton can be o↵-shell yielding
to direct three-body decay, or it could be on its mass
shell. ) ( For me, so far I am not very clear the o↵-shell
situation. Please check whether the new sentences are
correct. )

FIG. 1. Production cross sections �(p e� ! j e� �̃�̃) in fb for
the light slepton and heavy slepton scenarios at the FCC-eh
(upper) and for the light slepton scenario at the LHeC (lower)
with unpolarized electron beam as varying the masses of �̃±

1

and �̃0
2. ( Should we remove the 2.5 ab�1 curve for LHeC ? )

In Fig. 1, we show the production cross sections in
fb for both the light slepton and heavy slepton scenar-
ios at the FCC-eh and for the light slepton scenario at
the LHeC with unpolarized electron beam as varying the
masses of �̃±

1 and �̃0
2. The cross sections are calculated

using MadGraph5 aMC@NLO by importing the general
MSSM model with the model parameter file generated
by the SUSY-HIT package [39].

Due to the presence of large missing energy in the
final state, processes with production of neutrinos will
contribute to the SM background. We separate the
background into two categories: the 2-neutrino process
“p e� ! j e� ⌫⌫” and the 1-neutrino process “p e� !

j e� l⌫”, where all flavors of leptons e, ⌫, ⌧ are included.
The 2-neutrino process has the same final state as the
signal and is an irreducible background. The 1-neutrino
process has a large cross section and will therefore have
a non-negligible contribution to the background if one of
the two leptons is undetected.
We firstly choose the final states with the following

pre-selection cuts:

1. At least 1 jet with pT > 20 GeV;

2. Exactly 1 electron with pT > 10 GeV;

3. No b-jet with pT > 20 GeV;

4. No muon or tau with pT > 10 GeV;

5. Missing energy�ET > 50 GeV.

After the pre-selection cuts, the following 17 observ-
ables are input to the TMVA package [40] to perform the
Multi-Variant Analysis (MVA).

1. global observables:

1.1. the missing energy�ET ;

1.2. the scalar sum of the transverse momentum
pT of all jets HT .

2. observables for the visible objects:

2.1. pT and the pseudorapidity ⌘ of the first lead-
ing jet j1 and the first leaing electron e1:
pT (j1), ⌘(j1), pT (e1), ⌘(e1);

2.2. the pseudorapidity di↵erence �⌘ and the az-
imuthal angle di↵erence �� between j1 and
e1: �⌘(j1, e1), ��(j1, e1);

2.3. the invariant mass M , pT and ⌘ of the system
of j1 and e1: M(j1+e1), pT (j1+e1), ⌘(j1+e1).

3. observables between�ET and visible objects:

3.1. �� between �ET and j1, e1, or the combi-
nation of j1 + e1: ��(�ET , j1), ��(�ET , e1),
��(�ET , j1 + e1);

3.2. the transverse mass MT of the system of �ET

and j1, e1 or the combination of j1 + e1:
MT (�ET , j1), MT (�ET , e1), MT (�ET , j1 + e1).

III. RESULTS IN LIGHT SLEPTON SCENARIO

A. Results When Fixing �M = Ml̃ �M�̃±
1 ,�̃0

2

In the light slepton scenario, besides the �̃0
1, �̃

±

1 and
�̃0
2, the left-handed slepton l̃L and the sneutrino ⌫̃ are also

assumed to be within the collider access. Other SUSY
particles are heavy and decoupled. In this subsection, the
mass di↵erent between l̃L and �̃±

1 is fixed to be 35 GeV
(i.e., �M = Ml̃ �M�̃±

1 ,�̃0
2
= 35 GeV). The tan� value is

3
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are very heavy, they can be o↵-shell produced, which in-
duces the direct four-body production. ( Here, I think
we should say that the slepton can be o↵-shell yielding
to direct three-body decay, or it could be on its mass
shell. ) ( For me, so far I am not very clear the o↵-shell
situation. Please check whether the new sentences are
correct. )

FIG. 1. Production cross sections �(p e� ! j e� �̃�̃) in fb for
the light slepton and heavy slepton scenarios at the FCC-eh
(upper) and for the light slepton scenario at the LHeC (lower)
with unpolarized electron beam as varying the masses of �̃±

1

and �̃0
2. ( Should we remove the 2.5 ab�1 curve for LHeC ? )

In Fig. 1, we show the production cross sections in
fb for both the light slepton and heavy slepton scenar-
ios at the FCC-eh and for the light slepton scenario at
the LHeC with unpolarized electron beam as varying the
masses of �̃±

1 and �̃0
2. The cross sections are calculated

using MadGraph5 aMC@NLO by importing the general
MSSM model with the model parameter file generated
by the SUSY-HIT package [39].

Due to the presence of large missing energy in the
final state, processes with production of neutrinos will
contribute to the SM background. We separate the
background into two categories: the 2-neutrino process
“p e� ! j e� ⌫⌫” and the 1-neutrino process “p e� !

j e� l⌫”, where all flavors of leptons e, ⌫, ⌧ are included.
The 2-neutrino process has the same final state as the
signal and is an irreducible background. The 1-neutrino
process has a large cross section and will therefore have
a non-negligible contribution to the background if one of
the two leptons is undetected.
We firstly choose the final states with the following

pre-selection cuts:

1. At least 1 jet with pT > 20 GeV;

2. Exactly 1 electron with pT > 10 GeV;

3. No b-jet with pT > 20 GeV;

4. No muon or tau with pT > 10 GeV;

5. Missing energy�ET > 50 GeV.

After the pre-selection cuts, the following 17 observ-
ables are input to the TMVA package [40] to perform the
Multi-Variant Analysis (MVA).

1. global observables:

1.1. the missing energy�ET ;

1.2. the scalar sum of the transverse momentum
pT of all jets HT .

2. observables for the visible objects:

2.1. pT and the pseudorapidity ⌘ of the first lead-
ing jet j1 and the first leaing electron e1:
pT (j1), ⌘(j1), pT (e1), ⌘(e1);

2.2. the pseudorapidity di↵erence �⌘ and the az-
imuthal angle di↵erence �� between j1 and
e1: �⌘(j1, e1), ��(j1, e1);

2.3. the invariant mass M , pT and ⌘ of the system
of j1 and e1: M(j1+e1), pT (j1+e1), ⌘(j1+e1).

3. observables between�ET and visible objects:

3.1. �� between �ET and j1, e1, or the combi-
nation of j1 + e1: ��(�ET , j1), ��(�ET , e1),
��(�ET , j1 + e1);

3.2. the transverse mass MT of the system of �ET

and j1, e1 or the combination of j1 + e1:
MT (�ET , j1), MT (�ET , e1), MT (�ET , j1 + e1).
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In the light slepton scenario, besides the �̃0
1, �̃

±

1 and
�̃0
2, the left-handed slepton l̃L and the sneutrino ⌫̃ are also

assumed to be within the collider access. Other SUSY
particles are heavy and decoupled. In this subsection, the
mass di↵erent between l̃L and �̃±

1 is fixed to be 35 GeV
(i.e., �M = Ml̃ �M�̃±
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2
= 35 GeV). The tan� value is
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FCC-eh [1 ab�1] Signal Background
m�̃ [GeV] 400 400 400 400 400 400

j e� ⌫⌫ j e� l⌫
ml̃ [GeV] 405 412 420 435 450 465
initial 4133 4583 4765 4564 4315 4067 1.08⇥ 106 7.96⇥ 106

Pre-selection 290 591 2255 3000 2967 2847 3.87⇥ 105 5.71⇥ 105

BDT > 0.2257 35.7 - - - - - 24.8 14.4
BDT > 0.2459 - 30.5 - - - - 17.8 5.1
BDT > 0.2600 - - 139 - - - 132 59.6
BDT > 0.2624 - - - 149 - - 600 86.5
BDT > 0.2597 - - - - 102 - 586 34.9
BDT > 0.2461 - - - - - 93.3 641 75.4

�stat+syst 4.78 5.23 7.23 3.28 2.47 2.02

TABLE I. Cut-flow talbe for signal j e� �̃�̃ with M�̃±
1 ,�̃0

2
= 400 GeV in the light slepton scenario, and the SM background

processes of j e� ⌫⌫ and j e� l⌫. The numbers of events correspond to an integrated luminosity of 1 ab�1 at the FCC-eh with
unpolarized electron beam. The significance including 5% systemtic uncertainties on the background are presented in the last
row.

LHeC [1 ab�1] Signal Background
m�̃ [GeV] 250

j e� ⌫⌫ j e� l⌫
ml̃ [GeV] 285
initial 1231 2.80⇥ 105 2.01⇥ 106

Pre-selection 453 6.60⇥ 104 1.66⇥ 105

BDT > 0.1717 49.5 486 278
�stat+syst 1.03

TABLE II. Cut-flow talbe for signal j e� �̃�̃ with M�̃±
1 ,�̃0

2
=

250 GeV in the light slepton scenario, and the SM background
processes of j e� ⌫⌫ and j e� l⌫. The numbers of events cor-
respond to an integrated luminosity of 1 ab�1 at the LHeC
with unpolarized electron beam. The significances including
5% systemtic uncertainties on the background are presented
in the last row.

The lower plot of Fig. 3 shows the significance curve
at the LHeC with unpolarized electron beam and an in-
tegrated luminosity of 1 ab�1. With 0% (5%) systematic
uncertainty on the background, the limits on the mass
are 266 (224) GeV and 227 (187) GeV corresponding to
the 2 and 5-� significances, respectively.

B. E↵ects When Varying �M

When the masses of �̃±

1 and �̃0
2 are fixed, di↵erent l̃

mass also leads to the changing in the kinematical dis-
tributions. To investigate the sensitivities when varying
the mass di↵erence �M between �̃±

1 and l̃, we fix the
M�̃±

1 ,�̃0
2
= 400 GeV and vary the �M from 5 GeV to 65

GeV.
The distributions of the BDT response at the FCC-eh

corresponding to di↵erent�M values are shown in Fig. 4.
One can see that as �M increases, the 2-neutrino back-
ground j e� ⌫⌫ (red) has larger overlap with the signal
j e� �̃�̃ (black with filled area), while when �M > 35
GeV the 1-neutrino background j e� ⌫⌫ (blue) also over-

FIG. 3. Significances as varying the masses of �̃±

1 and �̃0
2 for

the light slepton scenario. Upper plot: at the FCC-eh with
unpolarized beams and integrated luminosities of 1 ab�1 and
2.5 ab�1; Lower plot: at the LHeC with unpolarized beams
and 1 ab�1 luminosity. For dashed (solid) curve, a systematic
uncertainty of 0% (5%) on the background is considered.

laps a lot with the signal. Thus, due to much better sep-
arations between the signal and background, it is easier
to reject the SM background for small �M .

In Table I, we show the numbers of events at the each
cut stage for the signals with di↵erent �M values and
background processes. Here, the numbers correspond
to FCC-eh with an integrated luminosity of 1 ab�1 and
the BDT cut is optimized according to each �M value.
The significances including 5% systematic uncertainties
on the background are presented in the last row.

Reasonable N events, low syst expected, we 
are being very conservative! 
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scribed by direct production of neutralinos and charginos.
In our light slepton scenario, the left-handed slepton l̃L
and sneutrino ⌫̃ are also within the collider access and
are assumed to be slightly heavier than �̃±

1 and �̃0
2. Be-

sides the direct productions of neutralinos and charginos
p e� ! j e� �̃�̃, the signal process will also include the di-
rect production of l̃L and ⌫̃, i.e., p e� ! j �̃ l̃L, j �̃ ⌫̃, fol-
lowing by the decays of l̃L ! �̃0

2,1+e� and ⌫̃ ! �̃+
1 +e�.

In this artice, we consider the masses of the sleptons and
sneutrinos such that the sleptons and sneutrinos are pro-
duced on its mass shell. When sletptons and sneutrinos
are very heavy, they can be o↵-shell produced, which in-
duces the direct four-body production. ( Here, I think
we should say that the slepton can be o↵-shell yielding
to direct three-body decay, or it could be on its mass
shell. ) ( For me, so far I am not very clear the o↵-shell
situation. Please check whether the new sentences are
correct. )

FIG. 1. Production cross sections �(p e� ! j e� �̃�̃) in fb for
the light slepton and heavy slepton scenarios at the FCC-eh
(upper) and for the light slepton scenario at the LHeC (lower)
with unpolarized electron beam as varying the masses of �̃±

1

and �̃0
2. ( Should we remove the 2.5 ab�1 curve for LHeC ? )

In Fig. 1, we show the production cross sections in
fb for both the light slepton and heavy slepton scenar-
ios at the FCC-eh and for the light slepton scenario at
the LHeC with unpolarized electron beam as varying the
masses of �̃±

1 and �̃0
2. The cross sections are calculated

using MadGraph5 aMC@NLO by importing the general
MSSM model with the model parameter file generated
by the SUSY-HIT package [39].

Due to the presence of large missing energy in the
final state, processes with production of neutrinos will
contribute to the SM background. We separate the
background into two categories: the 2-neutrino process
“p e� ! j e� ⌫⌫” and the 1-neutrino process “p e� !

j e� l⌫”, where all flavors of leptons e, ⌫, ⌧ are included.
The 2-neutrino process has the same final state as the
signal and is an irreducible background. The 1-neutrino
process has a large cross section and will therefore have
a non-negligible contribution to the background if one of
the two leptons is undetected.
We firstly choose the final states with the following

pre-selection cuts:

1. At least 1 jet with pT > 20 GeV;

2. Exactly 1 electron with pT > 10 GeV;

3. No b-jet with pT > 20 GeV;

4. No muon or tau with pT > 10 GeV;

5. Missing energy�ET > 50 GeV.

After the pre-selection cuts, the following 17 observ-
ables are input to the TMVA package [40] to perform the
Multi-Variant Analysis (MVA).

1. global observables:

1.1. the missing energy�ET ;

1.2. the scalar sum of the transverse momentum
pT of all jets HT .

2. observables for the visible objects:

2.1. pT and the pseudorapidity ⌘ of the first lead-
ing jet j1 and the first leaing electron e1:
pT (j1), ⌘(j1), pT (e1), ⌘(e1);

2.2. the pseudorapidity di↵erence �⌘ and the az-
imuthal angle di↵erence �� between j1 and
e1: �⌘(j1, e1), ��(j1, e1);

2.3. the invariant mass M , pT and ⌘ of the system
of j1 and e1: M(j1+e1), pT (j1+e1), ⌘(j1+e1).

3. observables between�ET and visible objects:

3.1. �� between �ET and j1, e1, or the combi-
nation of j1 + e1: ��(�ET , j1), ��(�ET , e1),
��(�ET , j1 + e1);

3.2. the transverse mass MT of the system of �ET

and j1, e1 or the combination of j1 + e1:
MT (�ET , j1), MT (�ET , e1), MT (�ET , j1 + e1).

III. RESULTS IN LIGHT SLEPTON SCENARIO

A. Results When Fixing �M = Ml̃ �M�̃±
1 ,�̃0

2

In the light slepton scenario, besides the �̃0
1, �̃

±

1 and
�̃0
2, the left-handed slepton l̃L and the sneutrino ⌫̃ are also

assumed to be within the collider access. Other SUSY
particles are heavy and decoupled. In this subsection, the
mass di↵erent between l̃L and �̃±

1 is fixed to be 35 GeV
(i.e., �M = Ml̃ �M�̃±
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2
= 35 GeV). The tan� value is
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In our light slepton scenario, the left-handed slepton l̃L
and sneutrino ⌫̃ are also within the collider access and
are assumed to be slightly heavier than �̃±

1 and �̃0
2. Be-

sides the direct productions of neutralinos and charginos
p e� ! j e� �̃�̃, the signal process will also include the di-
rect production of l̃L and ⌫̃, i.e., p e� ! j �̃ l̃L, j �̃ ⌫̃, fol-
lowing by the decays of l̃L ! �̃0

2,1+e� and ⌫̃ ! �̃+
1 +e�.

In this artice, we consider the masses of the sleptons and
sneutrinos such that the sleptons and sneutrinos are pro-
duced on its mass shell. When sletptons and sneutrinos
are very heavy, they can be o↵-shell produced, which in-
duces the direct four-body production. ( Here, I think
we should say that the slepton can be o↵-shell yielding
to direct three-body decay, or it could be on its mass
shell. ) ( For me, so far I am not very clear the o↵-shell
situation. Please check whether the new sentences are
correct. )

FIG. 1. Production cross sections �(p e� ! j e� �̃�̃) in fb for
the light slepton and heavy slepton scenarios at the FCC-eh
(upper) and for the light slepton scenario at the LHeC (lower)
with unpolarized electron beam as varying the masses of �̃±

1

and �̃0
2. ( Should we remove the 2.5 ab�1 curve for LHeC ? )

In Fig. 1, we show the production cross sections in
fb for both the light slepton and heavy slepton scenar-
ios at the FCC-eh and for the light slepton scenario at
the LHeC with unpolarized electron beam as varying the
masses of �̃±

1 and �̃0
2. The cross sections are calculated

using MadGraph5 aMC@NLO by importing the general
MSSM model with the model parameter file generated
by the SUSY-HIT package [39].

Due to the presence of large missing energy in the
final state, processes with production of neutrinos will
contribute to the SM background. We separate the
background into two categories: the 2-neutrino process
“p e� ! j e� ⌫⌫” and the 1-neutrino process “p e� !

j e� l⌫”, where all flavors of leptons e, ⌫, ⌧ are included.
The 2-neutrino process has the same final state as the
signal and is an irreducible background. The 1-neutrino
process has a large cross section and will therefore have
a non-negligible contribution to the background if one of
the two leptons is undetected.
We firstly choose the final states with the following

pre-selection cuts:

1. At least 1 jet with pT > 20 GeV;

2. Exactly 1 electron with pT > 10 GeV;

3. No b-jet with pT > 20 GeV;

4. No muon or tau with pT > 10 GeV;

5. Missing energy�ET > 50 GeV.

After the pre-selection cuts, the following 17 observ-
ables are input to the TMVA package [40] to perform the
Multi-Variant Analysis (MVA).

1. global observables:

1.1. the missing energy�ET ;

1.2. the scalar sum of the transverse momentum
pT of all jets HT .

2. observables for the visible objects:

2.1. pT and the pseudorapidity ⌘ of the first lead-
ing jet j1 and the first leaing electron e1:
pT (j1), ⌘(j1), pT (e1), ⌘(e1);

2.2. the pseudorapidity di↵erence �⌘ and the az-
imuthal angle di↵erence �� between j1 and
e1: �⌘(j1, e1), ��(j1, e1);

2.3. the invariant mass M , pT and ⌘ of the system
of j1 and e1: M(j1+e1), pT (j1+e1), ⌘(j1+e1).

3. observables between�ET and visible objects:

3.1. �� between �ET and j1, e1, or the combi-
nation of j1 + e1: ��(�ET , j1), ��(�ET , e1),
��(�ET , j1 + e1);

3.2. the transverse mass MT of the system of �ET

and j1, e1 or the combination of j1 + e1:
MT (�ET , j1), MT (�ET , e1), MT (�ET , j1 + e1).
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In the light slepton scenario, besides the �̃0
1, �̃

±

1 and
�̃0
2, the left-handed slepton l̃L and the sneutrino ⌫̃ are also

assumed to be within the collider access. Other SUSY
particles are heavy and decoupled. In this subsection, the
mass di↵erent between l̃L and �̃±

1 is fixed to be 35 GeV
(i.e., �M = Ml̃ �M�̃±
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Dependence on DM slepton – charg is also studied 
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FIG. 4. Distributions of the BDT response when fixing slep-
ton mass M�̃±

1 ,�̃0
2
= 400 GeV and varying the mass di↵erence

�M = Ml̃�M�̃±
1 ,�̃0

2
in the light slepton scenario at the FCC-

eh. ( Should we remove �M = 35 GeV plot since it has been
shown in Fig. 2 ? )

FIG. 5. Significances as varying the mass di↵erence of �M =
Ml̃ �M�̃±

1 ,�̃0
2
and �̃0

2 when fixing the slepton mass M�̃±
1 ,�̃0

2
=

400 GeV in the light slepton scenario at the FCC-eh.

The significances with both 5% and 0% systematic un-
certainties on the background as varying the mass di↵er-
ences �M are also plotted in the Fig. 5. The blue (red)
curves corresponds to 1 (2.5) ab�1 luminosity, while for
the dashed (solid) curve, a 0% (5%) systematic uncer-
tainty on the background is considered. One can see that
the �M = 20 GeV gives the maximal significances. This
is because firstly, as shown in 4, for small �M cases, the
BDT distritutions have better separations between the
signal and background, which makes the BDT cut more
e↵ectively to reject the SM background. Morover, when
�M < 20, the electron from the slepton and sneutrino
decays will become too soft to pass the pre-selection cuts

pT (e�) > 10 GeV, which will reduce the signal number
of events a lot. Therefore, with better signal and back-
ground sepration and relatively large signal number of
events after the pre-selection cuts, the maximal signifi-
cances is achieved when �M is around 20 GeV.
It is worth noting that, although the significances for

�M = 12 and 5 GeV are slightly lower than the that
for �M = 20 GeV, they are still larger than our bench-
mark case where �M = 35 GeV when 5% systematic
uncertainty on background is included. However, when
no systematic uncertainty on background is considred,
�M = 35 GeV gives larger significances compared to
�M = 5 GeV. This means that if the systematic un-
certainty is small, the expected discovery mass reach for
very compressed senarios (for example, �M ⇠ 5 GeV)
could be stronger than or at least comparable to our lim-
its obtained for the �M = 35 GeV case, while if the
systematic uncertainty is large, the mass reach for very
compressed senarios will be much weaker than our limits
obtained for the �M = 35 GeV case. Therefore, to en-
hance the discovery power of the very compressed SUSY
electroweakino senarios, the controlling of the systematic
uncertainty can be very important.

IV. RESULTS IN HEAVY SLEPTON SCENARIO

In the heavy slepton scenario, only �̃0
1, �̃

±

1 and �̃0
2 are

assumed to be within the collider access and all other
SUSY particles are assumed to be heavy and decoupled.
Because of the lack of slepton and sneutrino produc-
tions, the signal is produced from the direct production
of charginos and neutralinos only. Thus, the signal pro-
duction cross section is much lower in the heavy slepton
scenario than that in the light slepton scenario (cf. the
upper plot of Fig. 1). In this section, we show our analy-
sis results for the heavy slepton scenario at the FCC-eh.
In Fig. 10, we present the kinematial distributions of

some selected input obervables at the FCC-eh for signal
j e� �̃�̃ with M�̃±

1 ,�̃0
2
= 250 GeV (black with filled area)

in the heavy slepton scenario, and the SM background
of the j e� ⌫⌫ (red) and j e� l⌫ (blue) processes after ap-
plying the pre-selection cuts.
The distributions of BDT response at the FCC-eh for

signal j e� �̃�̃ with M�̃±
1 ,�̃0

2
= 250 GeV (black with filled

area) in the heavy slepton scenario, and the SM back-
ground of the j e� ⌫⌫ (red) and j e� l⌫ (blue) processes
after applying the pre-selection cuts are shown in Fig. 6.
The numbers of events at each cut stage for signal

j e� �̃�̃ with M�̃±
1 ,�̃0

2
= 250 GeV in the heavy slepton

scenario, and the SM background processes j e� ⌫⌫ and
j e� l⌫ are presented in Table III. The numbers corre-
spond to an integrated luminosity of 1 ab�1 at the FCC-
eh with unpolarized electron beam. The significance in-
cluding 5% systemtic uncertainty on the background are
presented in the last row.
In Fig. 7, we show the significance plot as varying the
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The significances with both 5% and 0% systematic un-
certainties on the background as varying the mass di↵er-
ences �M are also plotted in the Fig. 5. The blue (red)
curves corresponds to 1 (2.5) ab�1 luminosity, while for
the dashed (solid) curve, a 0% (5%) systematic uncer-
tainty on the background is considered. One can see that
the �M = 20 GeV gives the maximal significances. This
is because firstly, as shown in 4, for small �M cases, the
BDT distritutions have better separations between the
signal and background, which makes the BDT cut more
e↵ectively to reject the SM background. Morover, when
�M < 20, the electron from the slepton and sneutrino
decays will become too soft to pass the pre-selection cuts

pT (e�) > 10 GeV, which will reduce the signal number
of events a lot. Therefore, with better signal and back-
ground sepration and relatively large signal number of
events after the pre-selection cuts, the maximal signifi-
cances is achieved when �M is around 20 GeV.
It is worth noting that, although the significances for

�M = 12 and 5 GeV are slightly lower than the that
for �M = 20 GeV, they are still larger than our bench-
mark case where �M = 35 GeV when 5% systematic
uncertainty on background is included. However, when
no systematic uncertainty on background is considred,
�M = 35 GeV gives larger significances compared to
�M = 5 GeV. This means that if the systematic un-
certainty is small, the expected discovery mass reach for
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could be stronger than or at least comparable to our lim-
its obtained for the �M = 35 GeV case, while if the
systematic uncertainty is large, the mass reach for very
compressed senarios will be much weaker than our limits
obtained for the �M = 35 GeV case. Therefore, to en-
hance the discovery power of the very compressed SUSY
electroweakino senarios, the controlling of the systematic
uncertainty can be very important.
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2 are

assumed to be within the collider access and all other
SUSY particles are assumed to be heavy and decoupled.
Because of the lack of slepton and sneutrino produc-
tions, the signal is produced from the direct production
of charginos and neutralinos only. Thus, the signal pro-
duction cross section is much lower in the heavy slepton
scenario than that in the light slepton scenario (cf. the
upper plot of Fig. 1). In this section, we show our analy-
sis results for the heavy slepton scenario at the FCC-eh.
In Fig. 10, we present the kinematial distributions of

some selected input obervables at the FCC-eh for signal
j e� �̃�̃ with M�̃±

1 ,�̃0
2
= 250 GeV (black with filled area)

in the heavy slepton scenario, and the SM background
of the j e� ⌫⌫ (red) and j e� l⌫ (blue) processes after ap-
plying the pre-selection cuts.
The distributions of BDT response at the FCC-eh for
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“light” sleptons (m > charg, neut), long-lived 
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}  If charginos are long-lived  
}    

20 

Production cross sections

Example input observablesMVA-BDT analysis @ detector-level

FCC-eh
m(chargino1) = 500 GeV

R-Parity Conserving SUSY
Dark matter via kinematical observables
Preliminary results from [Kechen Wang, Sho Iwamoto, Monica D’Onofrio, Georges Azuelos]  

BDT Distribution

16 / 23

Indirect Impact Other Direct Searches SummaryBSM Higgs

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

R-Parity Conserving SUSY

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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Simple efficiency analysis 
-  Requiring minimal detection length lmin  
-  Charginos (Wino) with selectron 

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



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

}  If χ is not decaying promptly: Higgs decays into two LLP  
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seen in Masahiro’s talk 
Exotic Higgs decays into LLPs
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Curtin, Deshpande, Fischer, Zurita; [arXiv:1712.07135]

I Higgs decays into a pair of long-lived fermionic particles X .

I Exotic branching fraction Br(h ! XX ) and LLP lifetime c⌧
both free parameters.

I Assumption: PT > 400 MeV, displacement > 50µm with
100% detection e�ciency

Oliver Fischer BSM searches at electron-proton colliders overview 6 / 12
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Oliver Fischer BSM searches at electron-proton colliders overview 6 / 12

BR=10% 



Potential for more exotics higgs decays? 

27 June 2018 Monica D'Onofrio, LHeC Workshop at Orsay 

}  Similarly to LLP studies, Higgs decays in other exotics 
particles could be targeted.   

}  Already addressed: h à aa à bb bb  
}  More on axions and dark photons?  

}  E.g. h à aa à γγ γγ  
}  Especially if decays are not prompt  

}  Dark photons  

22 

Displaced vertices in muon spectrometer

Neutral LLP decays before muon spectrometer:
Decays into pairs of multiple pairs of collimated leptons.

HV models with dark photon decays into leptons:
Plan to produce physics projections for this search ! [ATLAS-CONF-2016-042] for Run 2 results.

Current trigger:
Di-muon resolution limited to �� ⇠ 0.2 & single muon pT threshold ⇠ 25 GeV.

Upgraded (Phase 2) trigger:
New muon sector logic and trigger processors ! di-muon trigger with RoI.
Threshold reduced to ⇠10 GeV for �� = 0.01 (see right plot below).
Significant gain for close muons in trigger e�ciency.
Further optimisations foreseen for di-muon �� with the new algorithm.
Studies of e�ciency gain versus lifetime to be done.

Carlos Vázquez Sierra HL/HE-LHC workshop June 18, 2018 9 / 23

Exotic Higgs Decays @ LHeC & FCC-eh�

[ S. Liu, Y. Tang, C. Zhang, S. Zhu, 1608.08458 ] 

Final state: 1 fwd j + 4 b + MET�

=> mϕ = 20, 40, 60 GeV, 0.3%, 0.2%, 0.1% precisions at 95% C.L.  
     for   

2

the Next to Minimal Supersymmetric Standard Model
(NMSSM), Higgs singlet extension of the SM, general
extended Higgs sector models [6], and Little Higgs Mod-
els. Quite a few phenomenology studies already exist
with respect to this channel at the LHC [7,8,9,10,11],
with or without using jet substructure techniques. Due
to large QCD backgrounds in gluon fusion and vector
boson fusion channels, the LHC searches generally fo-
cus on the VH associated production channel. However
this channel su↵ers from large top quark backgrounds.
A recent ATLAS analysis [12] using 3.2 fb�1 13 TeV
data made the first attempt to constrain this channel
using WH associated production but the sensitivity is
currently quite weak (even Br(h ! �� ! 4b) = 100%
cannot be constrained assuming V = 1).

The not-so-clean hadron-hadron collision environ-
ment motivates us to consider better places to search
for this exotic Higgs decay channel. Here we consider us-
ing the Large Hadron Electron Collider (LHeC) [13] to
explore h ! �� ! 4b. The LHeC is a proposed lepton-
hadron collider which is designed to collide a 60 GeV
electron beam with the 7 TeV proton beam of the HL-
LHC. It is supposed to run synchronously with the HL-
LHC and may deliver an integrated luminosity as high
as 1000 fb�1 [14]. The electron beam may have �0.9
polarization [14]. It is worth noticing that with such
high collision energy and luminosity, the LHeC indeed
becomes a Higgs boson factory [14]. With Higgs boson
production cross section of about 200 fb�1, the LHeC
will provide amazing opportunities for precision Higgs
physics, due to the fact that major QCD backgrounds
will be much smaller than LHC and the complication
due to pile-up will be greatly reduced. Previous stud-
ies on Higgs physics at the LHeC include measuring
bottom Yukawa coupling [15,16,13], anomalous gauge-
Higgs coupling [17,18,19], invisible Higgs decay [20] and
MSSM Higgs production [21]. Studies on charm Yukawa
measurements has been reported in [22]. The impact
of double Higgs production at the higher energy ep col-
lider FCC-he on Higgs-self coupling measurement has
also been studied [23,24].

To quantitatively estimate the sensitivity of the LHeC
to the exotic Higgs decay h ! �� ! 4b, we perform
a parton level study for the signal and background in
the next section. The signal definition depends on the
required number of b-tagged jets. Here for simplicity
and a clear identification of signal we require tagging
at least 4 b�tagged jets. We provide the expected LHeC
sensitivity for � mass between 15 GeV and 60 GeV and
investigate the robustness of our results under variation
of b-tagging performance and pseudorapidity coverage.
We also translate our results into the expected exclu-
sion power in the parameter space of the Higgs singlet

extension of the SM. In the last section we present our
discussion and conclusion.

2 Collider Sensitivity

The exotic Higgs dacay h ! �� ! 4b can be simply
characterized by the following e↵ective interaction La-
grangian for a new real scalar degree of freedom �,

Leff = �hvh�
2 + �b�b̄b+ L� decay,other

(1)

In the above v = 246 GeV. �h and �b are real dimen-
sionless parameters and L� decay,other

denotes the part
of Lagrangian which mediates the decay of � into final
states other than bb̄. The part of Lagrangian Leff �
L� decay,other

has been taken as CP-even without loss
of generality. New physics may also modify hV V (V =
W,Z) coupling which a↵ects the Higgs production rate
and kinematics. We assume the hV V (V = W,Z) cou-
pling is purely CP-even. Assuming narrow width ap-
proximation is valid for both h and �, we can express
the collider reach for h ! �� ! 4b via the following
quantity

C

2

4b = 

2

V ⇥ Br(h ! ��)⇥ Br2(� ! bb̄) (2)

for a given value of the � mass m�.
There are two major Higgs production channels at

the LHeC: charged current (CC) and neutral current
(NC). Due to the accidentally suppressed electron NC
coupling, NC Higgs cross section is much less than that
of CC [16]. Therefore in the following we only focus
on CC process, although in a more detailed analysis
the NC process should also be included to enhance the
overall statistical significance.

e� ⌫e

W�

W+

h

q q0

�

�

b

b̄

b

b̄

Fig. 1 Feynman diagram of the CC signal process.

The signal process of CC Higgs production is

eq ! ⌫ehq
0 ! ⌫e��q

0 ! ⌫ebb̄bb̄q
0 (3)

BDT Analysis @ FCC-eh, Delphes detector level 
[ Uta Klein, Michael o’Keefe  (U of Liverpool) ] 

Cut-based Analysis @ LHeC, with 1000 fb-1, parton-level�

Pe=-80%, L=1000 fb-1�

Significances after BDT > 0. 

Precisions: 
BR ~ 1% for 1000 fb-1 
BR ~ 10% for 100 fb-1  

              (within 1 year ) 

Introducing a new real scalar ϕ with effective interaction�

�	�/ 25�Kechen Wang                                                       Higgs Physics at FCC-eh / LHeC� �	 / 17�

Not yet followed up, would be good 
to have some studies on projections  
 
(even beyond higgs exotics decays, 
e.g. production rates for dark 
photons or R-axions at e-p ? )  



Charged Higgs @ FCC-eh   
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}  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 see yesterday‘s talk]  
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(see also talk by K. Wang at 2nd FCC Physics Week, Jan 2018) 



𝐻±, 𝐻±± in Vector Boson Scattering  

27 June 2018 Monica D'Onofrio, LHeC Workshop at Orsay 

}  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  

24 

Signal production cross section
p e-Æ j e- 𝐻±, (𝐻± Æ Z 𝑊±)

Signal: 
Production of 𝐻 & 𝐻 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
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𝐻±±, 𝐻± in Vector Boson Scattering
Scalar sector of the GM model:
complex isospin doublet (𝜙 ,𝜙 ) 
with hypercharge Y=1;
real triplet (𝜉 , 𝜉 , 𝜉 )  with Y=0;
complex triplet (𝜒 , 𝜒 , 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) symmetryv = v + 8v

sin 𝜃 =
2 2 v

v

cos 𝜃 =
v
v

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

=> 𝜎 𝑉𝐵𝐹 → 𝐻 v sin 𝜃 ;
i BR 𝐻± → 𝑊±𝑍 | 100 % ;
BR 𝐻±± → 𝑊±𝑊± | 100 % ;

i 2 free pars. M(H5), sin 𝜃 .

'

)
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- 𝐻±, (𝐻± Æ Z 𝑊±)

Signal: 
Production of 𝐻 & 𝐻 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 𝐻± 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 𝜃 < 0.15 @ 2-𝜎, for 600 GeV
Æ Compared with present CMS limits, FCC-eh limits

are much stronger around 500 GeV. 13 / 23

Indirect Impact Other Direct Searches SummaryBSM Higgs

5

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 
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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, LHeC Workshop at Orsay 
arXiv:1211.5102 

27 June 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  



Current gluino reach and impact of PDF 

27 June 2018 Monica D'Onofrio, LHeC Workshop at Orsay 

}  Official NLO+NNLO cross sections have an uncertainty of 
~65% for gluinos at 3 TeV à this is the HL-LHC reach!  

 à limits change of about to about 200 GeV if considering these uncertainty 
(but could be worse if nominal changes)  
 à inputs from LHeC could come early: very important for searches at HL-LHC 
}  Will be even more problematic at HE-LHC 

27 

HB, Barger, Gainer, Huang, Savoy, Serce, Tata, PRD96 (2017) 115008 

@ HE-LHC reach extends to  
m(gl)~6 TeV;  



Relevance of PDF: Indirect constraints on Z’  

27 June 2018 Monica D'Onofrio, LHeC Workshop at Orsay 28 

}  If mZ’>>5 TeV, main contributions from interference effects modifying DY  
}  HL-LHC can do a lot à but need very precise predictions of SM DY – again PDF! 
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Catching a New Force by the Tail
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The Large Hadron Collider (LHC) is sensitive to new heavy gauge bosons that produce narrow
peaks in the dilepton invariant mass spectrum up to about mZ0 ⇠ 5 TeV. Z0s that are too heavy to
produce directly can reveal their presence through interference with Standard Model dilepton pro-
duction. We show that the LHC can significantly extend the mass reach for such Z0s by performing
precision measurements of the shape of the dilepton invariant mass spectrum. The high luminosity
LHC can exclude, with 95% confidence, new gauge bosons as heavy as mZ0 ⇠ 10 � 20 TeV that
couple with gauge coupling strength of gZ0 ⇠ 1� 2.

Introduction.— Apart from gravity and the Higgs
force, all known forces are mediated by spin-1 particles:
the photon for electromagnetism, theW/Z bosons for the
weak force, and gluons for the strong force.

The search for new forces and their massive media-
tors is a well-motivated arena for both experiment and
theory. New short range abelian gauge forces appear in
many extensions of the Standard Model (SM) [1–22] (see
also [23, 24] for reviews), are an active area of investiga-
tion at the LHC [25–31], and serve as standard bench-
marks to test the performances of future colliders [32–
39]. Additional non-anomalous U(1) gauge groups [40–
49] are a relatively innocuous extension of the SM as the
masses of the associated vector bosons do not require
the existence of additional scalar degrees of freedom and
consequently, a worsening of the hierarchy problem.

The traditional strategy to search for Z 0s at colliders
has been to perform “bump hunts.” For Z 0s decaying to
leptons, the dilepton invariant mass distribution is scru-
tinized for narrow peaks rising above the monotonically
falling background. Searches at the LHC are sensitive to
Z 0s with masses up to about 5 TeV [25–29].

For masses above 5 TeV, bump hunts lose sensitivity
as the cross section for direct production vanishes. When
the massM of the new vector boson is too large for direct
production, the main contribution of the Z 0 at energies
E ⌧ M are interference e↵ects [50–53], which modify the
shapes of kinematical distributions. If the Z 0 couples to
both quarks and leptons, it modifies the invariant mass
distribution of Drell-Yan processes pp ! `+`�, ` = e, µ.
The interference e↵ects can be captured by a small num-
ber of higher dimension operators, obtained by integrat-
ing out the Z 0 (see Fig. 1), and are therefore relatively
insensitive to the specific details of the Z 0 model.

In this letter, we assess the reach of the LHC to probe

FIG. 1. At energies E much smaller than the mass M of the
heavy gauge boson Z0, the e↵ect of the new physics on the
Drell-Yan process, pp ! `+`�, is encoded by a finite set of
four-fermion contact operators.

heavy Z 0s through precision fits to the shape of the in-
variant mass spectrum of dileptons. Previous studies of
the interference of heavy Z’s at the LHC found that a 5
sigma discovery will be di�cult [12], and estimated the
reach of early 13 TeV measurements [22]. We go beyond
these preliminary studies by performing the first com-
prehensive study of theoretical uncertainties and their
correlations, and by mapping the future reach of the full
LHC dataset. We find that a vast parameter space of
Z’s will be probed at the LHC. Deviations in the shape
of the Drell-Yan distribution have also been used to con-
strain e↵ective operators [54], the running of electroweak
gauge couplings [55, 56], and other radiative e↵ects of
new electroweak states [57].
The rest of this letter is organized as follows. We be-

gin by reviewing the class of Z 0 models that we study.
Then we present the reach we find of the LHC to the
interference e↵ects of heavy Z 0s. We finish with our con-
clusions. We include appendices that contain a technical
description of our SM prediction, projections with future
higher energy colliders, and a comparison of our bounds
with experimental contact operator bounds.
The Minimal Model.— A class of Z 0 models moti-

vated by their simplicity and minimality has been stud-
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Introduction.— Apart from gravity and the Higgs
force, all known forces are mediated by spin-1 particles:
the photon for electromagnetism, theW/Z bosons for the
weak force, and gluons for the strong force.

The search for new forces and their massive media-
tors is a well-motivated arena for both experiment and
theory. New short range abelian gauge forces appear in
many extensions of the Standard Model (SM) [1–22] (see
also [23, 24] for reviews), are an active area of investiga-
tion at the LHC [25–31], and serve as standard bench-
marks to test the performances of future colliders [32–
39]. Additional non-anomalous U(1) gauge groups [40–
49] are a relatively innocuous extension of the SM as the
masses of the associated vector bosons do not require
the existence of additional scalar degrees of freedom and
consequently, a worsening of the hierarchy problem.

The traditional strategy to search for Z 0s at colliders
has been to perform “bump hunts.” For Z 0s decaying to
leptons, the dilepton invariant mass distribution is scru-
tinized for narrow peaks rising above the monotonically
falling background. Searches at the LHC are sensitive to
Z 0s with masses up to about 5 TeV [25–29].

For masses above 5 TeV, bump hunts lose sensitivity
as the cross section for direct production vanishes. When
the massM of the new vector boson is too large for direct
production, the main contribution of the Z 0 at energies
E ⌧ M are interference e↵ects [50–53], which modify the
shapes of kinematical distributions. If the Z 0 couples to
both quarks and leptons, it modifies the invariant mass
distribution of Drell-Yan processes pp ! `+`�, ` = e, µ.
The interference e↵ects can be captured by a small num-
ber of higher dimension operators, obtained by integrat-
ing out the Z 0 (see Fig. 1), and are therefore relatively
insensitive to the specific details of the Z 0 model.

In this letter, we assess the reach of the LHC to probe

FIG. 1. At energies E much smaller than the mass M of the
heavy gauge boson Z0, the e↵ect of the new physics on the
Drell-Yan process, pp ! `+`�, is encoded by a finite set of
four-fermion contact operators.

heavy Z 0s through precision fits to the shape of the in-
variant mass spectrum of dileptons. Previous studies of
the interference of heavy Z’s at the LHC found that a 5
sigma discovery will be di�cult [12], and estimated the
reach of early 13 TeV measurements [22]. We go beyond
these preliminary studies by performing the first com-
prehensive study of theoretical uncertainties and their
correlations, and by mapping the future reach of the full
LHC dataset. We find that a vast parameter space of
Z’s will be probed at the LHC. Deviations in the shape
of the Drell-Yan distribution have also been used to con-
strain e↵ective operators [54], the running of electroweak
gauge couplings [55, 56], and other radiative e↵ects of
new electroweak states [57].
The rest of this letter is organized as follows. We be-

gin by reviewing the class of Z 0 models that we study.
Then we present the reach we find of the LHC to the
interference e↵ects of heavy Z 0s. We finish with our con-
clusions. We include appendices that contain a technical
description of our SM prediction, projections with future
higher energy colliders, and a comparison of our bounds
with experimental contact operator bounds.
The Minimal Model.— A class of Z 0 models moti-

vated by their simplicity and minimality has been stud-
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FIG. 2. Left panel: Ratio of the dilepton invariant mass distribution in the Z0 model to the SM. The solid lines are calculated
using the full model of Eq. 1, while the dashed lines are calculated using the EFT of Eq. 5. In the gray region, there are 3
expected SM events with a luminosity of 3 ab�1. Right panel: Systematic theoretical uncertainties used in our analysis. We
also show the size of the statistical uncertainty associated to the SM prediction.

ied in [40–49]. These Minimal Z 0 Models are defined by
the requirement that the new U(1) vector boson gauges a
linear combination of the hypercharge (Y ) and the di↵er-
ence between baryon and lepton number (B�L) currents.
This ensures that the model is anomaly free as long as
right-handed neutrinos are present. The gauge structure
also ensures flavor universal interactions for the new vec-
tor field.

The Lagrangian describing the interactions of the new
vector boson Z can be written as

L =�1

4
Z2

µ⌫+
M2

2
Z2

µ�Zµ(gY J
µ
H+gY J

µ
Y +gBLJ

µ
BL) , (1)

where Jµ
Y =

P
f Q

(f)
Y f̄�µf and Jµ

BL =
P

f Q
(f)
BLf̄�

µf are
the fermionic hypercharge and B � L currents, respec-

tively, and Jµ
H ⌘ iQ

(H)

Y (H†DµH � DµH†H). The SM
field charges QY and QBL are shown in Table I. The cou-
plings gY and gBL define the strength of the interactions
between the Z boson and the respective currents.

The spectrum contains three neutral vector bosons: a
massless photon and two massive vectors, to be iden-
tified with the Z boson and the heavy Z 0. When
gY 6= 0, the coupling between Z and the Higgs bo-
son current leads to a mixing between the Z boson and
Z. Their masses are approximately given by mZ ⇡
gZv/2 ⌘ mZ0 and mZ0 ⇡ M with g2Z ⌘ g02 + g2

2

and
v = 246GeV. Corrections to this equations are small, of
order (g2Y /g

2

Z)(m
2

Z0
/M2), which is also the typical size of

the corrections to electroweak observables. In terms of
the gauge eigenstates B, W

3

, and Z,

Z = cos↵Z
0

� sin↵Z, Z 0 = sin↵Z
0

+ cos↵Z , (2)

where Z
0

is the unperturbed Z boson wave function Z
0

/
g
2

W
3

� g0B and

tan 2↵ =
2gY /gZ m2

Z0

M2 �m2

Z0
(1� g2Y /g

2

Z)
⇡ 2

gY
gZ

m2

Z0

M2

. (3)

f H `L eR qL uR dR

QY 1/2 �1/2 �1 1/6 2/3 �1/3

QBL 0 �1 �1 1/3 1/3 1/3

TABLE I. Hypercharge and B � L charges.

The coupling of the physical vector bosons to SM
fermions are

Jµ
Z = cos↵Jµ

Z0
�sin↵Jµ

Z

, Jµ
Z0 = sin↵Jµ

Z0
+cos↵Jµ

Z

(4)

where Jµ
Z0

is the Z boson current in the SM, Jµ
Z0

=

gZ
P

f f̄�
µ(T

3L�sin2 ✓WQ)f , and Jµ
Z

= gY J
µ
Y +gBLJ

µ
BL.

At energies E ⌧ M the physics described by Eq. 1 is
captured by an E↵ective Field Theory (EFT) obtained
by integrating out Z. At leading order in 1/M this is
given by

LEFT = � 1

2M2

(gY J
µ
H + gY J

µ
Y + gBLJ

µ
BL)

2

. (5)

In the left panel of Fig. 2 we show the ratio of the
dilepton invariant mass distribution in the presence of
a Z 0 to the SM, and compare the results obtained from
the full theory in Eq. 1 to the EFT of Eq. 5. The two
calculations agree for invariant masses within the reach
of the LHC, when the Z 0 is heavy and not too wide.
Existing bounds and projections.— In our analysis we

consider two kinds of constraints on Minimal Z 0 Models.
The first set comes from low energy measurements, in-
cluding constraints from LEPI and LEPII [58, 59]. These
can be evaluated using the low energy Lagrangian in
Eq. 5, and depend on the parameter combinations gY /M
and gBL/M . We extract these bounds from the global fit
in [60].
The second set of constraints comes from the LHC

measurements of the dilepton invariant mass distribution

4

FIG. 4. Left panel: 95% CL lower bound on M/R as a function of m`` cut, for three example models, defined by specific
choices of ✓ (see Fig. 3). Right panel: 95% CL lower bound on M/R for the hypercharge model (✓ = ⇡/2) as a function of
m`` cut. We show how the bound di↵ers using two di↵erent choices for the total integrated luminosity (300 fb�1 and 3 ab�1) and
switching o↵ the theoretical uncertainty on higher order EW corrections.

is dominated by the statistical uncertainty.
It is natural to ask how the bounds on a given Z 0

model, obtained from the full theory in Eq. 1, compare
with those extracted from the EFT of Eq. 5. Using
the hypercharge model as a benchmark, Fig 5 shows the
95% CL upper bound on the coupling gY , using the full
model in Eq. 1. We compare to the exclusion obtained
from the EFT, where we choose either m`` cut = 1 or
m`` cut = M � 2.5⇥ �Z0 .

Fig. 5 shows that for small enough M . 5.5TeV,
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FIG. 5. Comparison between the 95% CL upper bound on
gY extracted using the EFT of Eq. 5, with m`` cut = M �
2.5⇥�Z0 , and the full model Eq. 5. The two bounds agree for
masses 5.5TeV . M . 25TeV. For smaller M , the EFT does
not capture on-shell Z0 production and the bound extracted
from the full model is much stronger. At larger masses and
couplings, finite Z0 width e↵ects, which are not included in the
EFT calculation, become important and lead to a weakening of
the bound in the full model. The gray region shows the region
which is excluded by low energy measurements.

the EFT bound is much weaker than the one obtained
from the full model. In this region, the cross section is
dominated by on-shell pp ! Z 0 production, followed by
Z 0 ! `+`� decay. The bound in this region approxi-
mates the reach of bump hunt searches, and we find a
result consistent, within a factor of 2 in cross section,
to prior bump-hunt studies [35, 38]. At larger masses,
the bound on gY agrees when using the full model ver-
sus the EFT. The agreement stops around M ⇠ 25TeV
and gY /gZ & 2.5. At large coupling, the Z 0 width is cor-
respondingly larger and �Z0/M corrections become im-
portant. These lead to a cancellation in the size of the
deviation from the SM prediction (see the red curve in
Fig 2).

Here we have focused on 2� exclusions. When M &
5.5 TeV, we find that a 5� discovery is not possible at at
the LHC, given LEP bounds. However it is possible to
have a signal with 3� significance. Additional 95% C.L.
projections for a pp collider with a larger center of mass
energy (27 and 100TeV) are shown in the Appendix.

Conclusions.—In this letter we have shown that pre-
cision measurements of the shape of the dilepton invari-
ant mass spectrum have broad reach to probe o↵-shell
Z 0s, extending the mass reach of direct searches. Un-
like bump hunts, o↵-shell interference is insensitive to
the presence of other decay modes. Our results only rely
on the invariant mass distribution, but it would be in-
teresting to explore how much sensitivity is gained by
also using angular information. We have demonstrated
significant reach for Z 0s, after a careful accounting of the-
oretical uncertainties. In order to fully realize this reach,
our results motivate a concerted e↵ort to control experi-
mental uncertainties in energetic dilepton tails. The LHC
may retain significant power, even if new physics is too
heavy for direct production.

Effects of PDF ?  



Summary and outlook   

27 June 2018 Monica D'Onofrio, LHeC Workshop at Orsay 

}  LHeC and FCC-eh offer 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  … and more  

}  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  
Documentation: 
LHeC work: selected topics included in WG3 Yellow Report 
(higgsinos, LLP and possibly ROV)  
FCC-eh: being documented for the CDR !  
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Back-up 



Anomalous gauge coupling 

27 June 2018 Monica D'Onofrio, LHeC Workshop at Orsay 

}  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.
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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 𝑒 → 𝑗 𝑒 𝜇 𝜈

Limits via shape analysis by constructing χ 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
𝜃 -- angle between decay product 𝜇 in the 𝑊 rest 
frame and the 𝑊 direction in the collision rest frame 
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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 
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Signal via WW-fusion in the GM model
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}  Signal via WW-fusion 

Cut-and-count analysis @ 
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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 

27 June 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  

36 

~ 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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Figure 8: Instanton production exclusion limits as a function of x′
min and Q′2

min. The regions
excluded at confidence levels of 90%, 95% and 99% are shown. The region of validity of
instanton perturbation theory is indicated (dashed line).
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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 

27 June 2018 Monica D'Onofrio, LHeC Workshop at Orsay 39 

x
Q

2  / 
G

eV
2

FCC-he
LHeC
HERA
NMC
BCDMS
SLAC

10
-1

1

10

10 2

10 3

10 4

10 5

10 6

10 7

10 -8 10 -7 10 -6 10 -5 10 -4 10 -3 10 -2 10 -1 1

x
-610 -510 -410 -310 -210 -110 1

Ra
tio

-10
-8
-6
-4
-2
0
2
4
6
8

10
xg(x,Q), comparison

CT10 NNLO
NNPDF3.0 NNLO
HERAPDF1.5 NNLO
MMHT14 NNLO
Q = 1.41e+00 GeV

G
en

er
at

ed
 w

ith
 A

PF
EL

 3
.0

.0
 W

eb

•  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 

40 

  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 



Mass ranges motivated by:













Supersymmetry

Dark 
Matter

Higgs
Mass

Naturalness
Unification

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, LHeC Workshop at Orsay 
27 June 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 


