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Prelude 
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 The HL-LHC results will be crucial to re-focus the 

BSM program at the FCC in terms of 

 Characterization of hints for new physics if some 

excess or deviations from the SM are found 

 Constraints of new physics models and complementary 

searches wrt the hh/ee cases  

 Exploration of new scenarios 

 Not an easy task at the moment

 Wish: engage the theory community! 
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Some examples at this meeting
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 Heavy neutrinos (see Eros Cazzato’s and Oliver Fischer’s talks 

yesterday) 

 @ FCC-eh: LFV signatures and

displaced vertex search

 lepton-flavor-conserving signatures  Top physics and FCNC 

 See later this afternoon

(Orhan Cakir’s talk)

 Poster on FCNC couplings of 

Higgs-top by B. Hacisahinoglu

 Anomalous HVV couplings

 (see poster M. Altinli et al.)

 Preonic models 

 Saleh Sultansoy’s talk after this



Outline
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 Interesting BSM-eh cases made at this 

workshop

 In this talk I will hint a few more topics 

 Indirect impact on search potential for FCC-hh: 

improved PDF

 Direct searches for BSM 

 Leptoquark

 contact interactions

 anomalous couplings (VVV)

 Vector Boson scattering

 SUSY: RPV and RPC 

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

QCD

Parton 

Dynamic

s

Higgs

LQ

continuing studies to get better precision on

potential discoveries and constraints on BSM models

Detector performance simulation in progress



Indirect impact on search potential 

for FCC-hh: improved PDF
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Improving PDFs with the LHeC
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• low-x: no current data to constrain              

x ≤ 10-4; better but not much after HL-LHC; 

rely purely on extrapolation non-linear 

equations, gluon saturation?

• mid-x: need higher precision for Higgs

• high-x: very poorly constrained – limits 

searches for new, heavy particles

no 

data

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

Impact on PDF  also depends on 

whether LHeC is realized or not

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

FCC-eh: xmin ≤ 10-7



Potential of FCCeh on PDFs
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See Stefano and Voica’s presentation
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  FCC week 2017| CERN

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

17

PDF4LHC set

vs 

FCCeh (+HERA) 

Gluon Sea

ubar dbar

at starting scale

FCCeh brings 

substantial impact at 

low x

important for the FCCpp

as it will probe much lower x 

regions for standard

processes 



Impact of PDF: High mass Drell-Yan
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 Non resonant searches for ED (interference) sensitive to tails of DY 

distributions thus to PDF. Predominantly q-qbar

8

“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

Uta Klein

VRAP 0.9 for NNLO QCD
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Impact of PDF @ High x
• large uncertainties in high x PDFs limit searches for new physics at high scales

many interesting processes at LHC are gluon-gluon initiated:                                        

top, Higgs, … and BSM processes, such as gluino pair production

Monica D'Onofrio, 1st FCC physics week
arXiv:1211.5102

1/19/2017

• For HL-LHC  studied in detail impact of LHeC

Christoph Borschensky

Michael Kramer

 Studies updated with modern PDF 
sets! 

 M(squark)=M(gluino)=mR=mF

 LHeC PDF uncertainties unchanged 

 Normalized to MMHT14
NNPDF30nlo become negative at high 

masses despite positive constraints 

applied to the fitting procedure  

< x > ~ 0.4 
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• 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
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arXiv:1211.5102

1/19/2017

• For HL-LHC  studied in detail impact of LHeC

Christoph Borschensky

Michael Kramer

 Studies updated with modern PDF 
sets! 

 M(squark)=M(gluino)=mR=mF

 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  x-section calculation unstable

< x > ~ 0.4 
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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)  ~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, 1st FCC physics week
1/19/2017

No doubts that having an e-p machine running in 

parallel with p-p will be very important

See also Stefano’s talk

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 



Direct searches at FCC-eh
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LQ production 
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Leptoquarks (LQs) appear in several extensions to SM: production s ~

can be scalar or vector, with fermion number 0 (e-qbar) or 2 (e-q)

• At the p-p, mostly pair production (from gg or qq)

 if l not too strong (0.3 or lower)

cross section independent on l

13

λ λ

• At the e-p: both baryon and lepton quantum 

numbers – 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 status and reach at FCC -eh

LHeC

FCC-eh 60GeV

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

ep scenario: 

sensitive to λ << e=√4πα=0.03

1/19/2017

(lLQ = 0.03 = LHC ‘usual’ l)

Sensitivity of HL-LHC could go 

to ~2.8 – 2.9 TeV

 Close to the reach for FCC-eh 

 Dependence on lambda

If deviations are found by the 

end of HL-LHC, FCC-hh will 

definitely see them, and FCC-eh 

can characterize those signals!
Current LHC

3000/fb @ 14 TeV ~ 2.9 TeV reach

(use http://collider-reach.web.cern.ch)

LFCC-eh = 500fb-1

http://collider-reach.web.cern.ch


 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 
 may need to look for spin correlations

 At e-p, cos q* 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 nj channel
3L L e L

e u S dn  

Measuring the LQ quantum numbers in e-p

1/19/2017Monica D'Onofrio, 1st FCC physics week15
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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

• may be applied very generally to new phenomena

LQ mass >> √s

Planck scale (Ms) of extra dimensional models

compositeness scale

…

Λ

1/19/2017

Sensitivity to fermion radius recalculated 

with current expectations at the FCC-eh 

R  3(1.5) x 10-20m 

pessimistic(optimistic) calculations



Contact interactions (eeqq)
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 New currents or heavy bosons may produce indirect effect via new particle

exchange interfering with g/Z fields. 

 Reach for L (CI eeqq): VV: ~290 TeV; LL: ~160 TeV

17

~ 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

Reach&for&&
L&(CI&eeqq):&&

VV& LL&

! "

! "



E-p “specific” searches: Instantons
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 New physics as non-perturbative QCD 

effect at high energies 

 Instantons  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 =    Px

g

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 is WI , 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 = 2nf , 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.

5

Eur.Phys.J. C76 (2016) no.7, 381



BSM in Vector Boson (VB) scattering 

1/19/2017Monica D'Onofrio, 1st FCC physics week19

 VB scattering at high mass: 

 anomalous TGC, QGC couplings in VVV, VVVV ? 

 New resonances possibly relevant for unitarity restoring

 expect below ~ 2-3 TeV → look for deviations from SM predictions:

Challenging at p-p (high QCD bkg, 

pile-up), cleaner at FCC-eh



Anomalous couplings WWV
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 Triple gauge boson vertices WWV, V=g,Z: 

 Precisely defined in SM

 Parametrise possible new physics contributions to 

this vertex

 Current constraints (best from LEP) use various 

assumptions 

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

has achieved complet ion 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 current ly 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 expectat ions that in that run, or in following years, the LHC might conclusively find

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

effect ive theory which has worked efficient ly to explain the experimental results collected t ill date,

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

go into the mult iple reasons for such an expectat ion, 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
+

m W
−

n

p
3

p
2

p
1

Vr

Figure 1: I llust rat ing momentum assignments for the

generic W W V vertex.

The specific part of the SM on which we focus

is one of the tr iple 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 isalso possibleto parametrise

possiblenew physicscontribut ions to thisvertex [6]

in the form of a pair of undetermined parameters

(∆ κγ , λγ ).

If wedenotetheW +
µ (p1)W −

ν (p2)Aρ(p3) vertex by iΓ
(W W γ)
µνρ (p1, p2, p3), then it can beneat ly parametrised

in the form of three separate terms, viz.

iΓ (W W γ)
µνρ (p1, p2, p3) = ie Θ(SM )

µνρ (p1, p2, p3) + ∆ κγΘ
(∆ κ)
µνρ (p1, p2, p3) +

λγ

M 2
W

Θ(λ )
µνρ(p1, p2, p3) (1)

where the Θ tensors are, respect ively,

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 respect ively are known as the anomalous TGV’s.

1

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

has achieved complet ion 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 current ly shut down for significant upgrades in

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

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

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

effect ive theory which has worked efficient ly to explain the experimental results collected t ill date,

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

go into the mult iple reasons for such an expectat ion, 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
+

m W
−

n

p
3

p
2

p
1

Vr

Figure 1: I llust rat ing momentum assignments for the

generic W W V 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 isalso possibleto parametrise

possiblenew physicscontribut ions to thisvertex [6]

in the form of a pair of undetermined parameters

(∆ κγ , λγ ).

If wedenotetheW+
µ (p1)W−

ν (p2)Aρ(p3) vertex by iΓ
(W W γ)
µνρ (p1, p2, p3), then it can beneat ly parametrised

in the form of three separate terms, viz.

iΓ(W Wγ)
µνρ (p1, p2, p3) = ie Θ(SM)

µνρ (p1, p2, p3) + ∆ κγΘ
(∆ κ)
µνρ (p1, p2, p3) +

λγ

M 2
W

Θ(λ)
µνρ(p1, p2, p3) (1)

where theΘ tensors are, respect ively,

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 respect ively are known as the anomalous TGV’s.

1

Not ing that the terms in Θ
(∆ κ)
µνρ also appear in Θ

(SM )
µνρ , one can also combine the terms and use

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

most experimental collaborat ions.

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

and at high energies [8]. No evidence for any deviat ion from the SM has been found t ill date, as

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

The strongest bounds come from the study of W + W − product ion at the Large Electron Posit ron

(LEP) collider at CERN, Geneva [9]. Theearly runsof the LHC have also yielded boundspublished

by both the ATLAS and the CMS Collaborat ions [10, 11], but these are not , as yet , compet it ive

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

Table 1.

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

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

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

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

Tevat ron and LHC experiments. In each case, the most rest rict ive of the reported measurements is taken.

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

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

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

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

process through an s-channel Z 0 exchange. The bounds quoted in Table 1 are somet imes obtained

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

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

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

energies, somet imes they are taken with arbit rary factors of the form (1 + s/ Λ2)α , where Λ is a

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

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

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

and WWZ vert ices such that these interfere destruct ively to produce a very small effect . In such

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

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

sect ions and large SM backgrounds. Photoproduct ion of W and Z bosons have also been studied

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

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

product ion can easily get mixed with Z ∗ → WW processes.

2

At the e-p:
- can clearly distinguish between CC events e + p → νe + jet (W-exchange) and 

NC events e + p → e + jet (photon or Z boson exchange) 

- triggering on a final state photon, can provide very clean bounds on the 

anomalous TGV’s! 

http://arxiv.org/pdf/1405.6056v1.pdf

https://arxiv.org/abs/1406.7696

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


FCC-eh Anomalous WW γ and WWZ Couplings
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 Study for FCC-eh 

 https://cds.cern.ch/record/2209389/?ln=en

 Report studies for Ee = 80 GeV

 Update here for Ee = 60 GeV
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Anomalous WWγ Couplings
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Two dimensional 95% C.L contour plot anomalous couplings in the λγ−Δκγ

plane for the integrated luminosity of 10 fb-1 and 100 fb-1 at FCC-ep with 

electron beam energy Ee =60 GeV with polarization P =−0.8 . 

A. Senol, O. Cakir, I. Turk Cakirç

Sensitivities to anomalous 

couplings lg ~ 102

For comparison:



Anomalous WWZ Couplings
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Two-dimensional 95% C.L contour plot of anomalous couplings in the λZ −ΔκZ

plane for the integrated luminosity of 10fb-1 and 100 fb-1 at FCC-ep with 

electron beam energy Ee=60 GeV with polarization P=-0.8.

A. Senol, O. Cakir, I. Turk Cakirç

Sensitivities to anomalous 

couplings lZ ~ 103

For comparison:

analysis of the signal and backgrounds 

for Z  ll’(l = e, m)



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) 

 Need very good detector performance 

2 TeV resonance

m(WZ), background

Georges Azuelos

http://arxiv.org/abs/1402.4431


R-parity violating SUSY
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Plethora of new couplings, only partially constraints (m/100 GeV) 

DL =1, 9 l couplings, 27 l’ couplings

Squarks in RPV models could be an example of ‘Leptoquarks’

Various strong constraints

already from LHC on l and 

l’’ (from multilepton and 

multijet searches)

Couplings with third gen quarks 

In e-p production rate depending on:

e-d-t: l’131 (constraint: < 0.03)

e-u-b: l’113  (constraint: < 0.02)
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SUSY – R-parity violating

low energy nucleon experiments, the baryon number violat ing ÛD̂ D̂ couplings are negli-

gibly small, for example λ11k are less than 10− 7 given by nucleon-ant inucleon oscillat ion

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

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

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

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

generat ion of elect ron-proton e− p collision experiments. In this paper we invest igate the

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

provides a new prospect to probe the RPV lepton flavor violat ing interact ions.

2. Signal and Background at t he LH eC

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

stop quarks, is simply governed by L̂ Q̂D̂ couplings λ131 and λ233, the parton-level signal

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

diagram in FIG. 1.

)
1

(p-e

)
2

(pd

’
113l ’

233l

t
~

)
3

(p-m

)
4

(pb

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

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

M = v̄(p2) λ131

1− γ5

2
u(p1) ·

− i

ŝ − M 2 + iM Γ
· ū(p3) λ233

1− γ5

2
v(p4) (2.1)

where
√

ŝ = M µb is the center-of-mass energy of the hard scat tering 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 respect ively, while the lighter stop is assumed only decaying through

ed and µbmodes.

Γ =
λ233

2

16π
·

(M 2 − m2
b)

2

M (M 2 + m2
b)

+
λ131

2

16π
·M (2.2)

The parton-level different ial cross sect ion for signal in the rest frame of final muon and

b-quark states can be writ ten as

dσ̂

dΩ
=

(λ131λ233)2

(16π)2ŝ

(ŝ − m2
b)2

(ŝ − M 2)2 + (ΓM )2
(2.3)

For the part icle level signal process e− + p → t̃∗1 → µ− + b̄ at the LHeC, the cross sect ion

and kinemat ic dist ribut ions can be obtained by convolut ing the parton-level subprocess

with the parton dist ribut ion funct ion (PDF) of the proton.

– 2 –

single sbottom/stop production (signal like leptoquarks, with generation mixing)

stop

Λ’131< 0.03
also stronger bounds from ββ0ν

• requires good b-tagging

• l’223 < 0.45 (constraints not sensitive to 

it down to ~ 0.05)

• Dependency on l’131 : 

• LHeC (1/fb): 300 GeV, l’131 = 0.005

• FCC-eh potential to be evaluated

1/19/2017Monica D'Onofrio, 1st FCC physics week

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

Probe RPV LQD terms: 

In this case l’131 x l ’233

e−

u

b̃1

e−

u

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

level has the form as

M RP V = − |λ113|2 sin2 θ̃b uc
e(p1)

1 − γ5

2
uu(p2)

i

ŝ − m2
b̃1

+ im
b̃1
Γ

b̃1

uu(p4)
1 + γ5

2
uc

e(p3) (2.2)

Fierz
−→ −

|λ113|2

2
sin2 θ̃

b
ue(p3)γµ

1 − γ5

2
ue(p1)

i

ŝ − m2
b̃1

+ imb̃1
Γ b̃1

uu(p4)γµ
1 − γ5

2
uu(p2) ,

where
√

ŝ is the center-of-mass (c.m.) colliding energy of the hard scat tering and equivalent to the

final state invariant mass, and θ̃
b

the sbot tom mixing angle defined as

b̃1

b̃2
=

cosθ̃b sin θ̃b

− sin θ̃b cosθ̃b

b̃L

b̃R
. (2.3)

Then the different ial cross sect ion for the parton level signal process in the c.m. system can be

expressed as

dσ̂

dΩ
=

1

256π2
|λ113|4 sin4 θ̃b

ŝ

(ŝ − m2
b̃1

)2 + m2
b̃1
Γ2

b̃1

, (2.4)

where the total decay width of the lighter sbot tom, Γ b̃1
, can be writ ten out as

Γ b̃1
=

1

16π
|λ113|2 sin2 θ̃bmb̃1

. (2.5)

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

.

For the parent level signal process e− p → b̃1 → e− + j et + X , the kinemat ic dist ribut ions and

integrated cross sect ion can be obtained by convolut ing the parton level process with the parton

dist ribut ion funct ion (PDF) [20] of up quark in the proton,

dσ(e− p → b̃1 → e− + j et + 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 product ion, and thus dramat ically en-

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

5

l’ 131

l’113

l’113

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

sbottom

Probe RPV LQD terms: (l’113)
2

Ep=7000 GeV

@FCC-eh: same analysis as for LQ 

Sensitivity up to 2.5 TeV for l’113<0.02

http://arxiv.org/pdf/1107.4461v2.pdf
http://xxx.tau.ac.il/abs/1401.4266


A “different” SUSY RPV: Single-top + neutralino
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 Studies carried out in the past (for LHeC) shows potentially interesting 

signatures  resonant / non-resonant top+neutralino production 

http://arxiv.org/pdf/1307.2308v2.pdf

 Could lead to interesting discovery e.g. neutralinos decays in RPV scenarios 
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(a)

e(p1)

dk(p2)

t(p3)

χ̃0
1(p4)t̃w

(b)

e(p1)

dk(p2)

t(p3)

χ̃0
1(p4)

d̃k,w

(c)

e(p1)

dk(p2)

t(p3)

χ̃0
1(p4)

ẽw

Figure 1: The tree-level Feynman diagrams for the e+ dk → tχ̃0
1 partonic process, where the

lower indices k, w = 1, 2.

Fig.1. The two top squarks (t̃w = t̃1,2) in Fig.1(a) are potent ially resonant . At the LHeC the

main contribut ion to the e− p(e+ p) → t̄χ̃0
1(tχ̃0

1) + X process is from the s− channel diagrams with

top squark exchanges, and the contribut ions from the t− and u− channel diagrams normally are

small. But in some SUSY parameter space where the top squarks are relat ively heavy and the

selectrons are relat ively light , the u- and t-channel contribut ions normally cannot be neglected,

part icularly in the NLO QCD precision calculat ions. For disposal of the singularit ies due to stop

quark resonances in the calculat ions, the complex mass scheme (CMS) is adopted [27]. In the

CMS approach the complex masses for all related unstable part icles should be taken everywhere

in both tree-level and one-loop level calculat ions. Then the gauge invariance is kept and the

real poles of propagators are avoided. We int roduce the decay widths of t̃1 and t̃2, and make

the following replacements in the amplitudes:

1

ŝ − m2
t̃ i

→
1

ŝ − m2
t̃ i

+ im t̃ i
Γ t̃ i

=
1

ŝ − µ2
t̃ i

, (i = 1, 2), (3)

where Γ t̃ i
represents the decay width of t̃ i , and µ2

t̃ i
is the complex mass squared of t̃ i defined as

µ2
t̃ i

= m2
t̃ i
− im t̃ i

Γ t̃ i
.

The LO cross sect ion for the partonic process e+ dk → tχ̃0
1 can be writ ten as

σ̂0(e+ dk → tχ̃0
1) =

1

4

1

3

1

2ŝ

color

spi n

|M L O(e+ dk → tχ̃0
1)|2dΩ2, (4)

where the factors 1
4

and 1
3

come from the averaging over the spins and colors of the init ial

partons respect ively, ŝ is the partonic center-of-mass energy squared, and M L O(e+ dk → tχ̃0
1) is

the amplitude for the tree-level Feynman diagrams shown in Fig.1. The summat ion in Eq.(4)

is taken over the spins and colors of all the relevant init ial and final part icles. The phase space

element dΩ2 is expressed as

dΩ2 = (2π)4δ(4) (p1 + p2 − p3 − p4)

i = 3,4

d3p i

(2π)32E i
. (5)

The LO cross sect ion for the parent process e+ p → tχ̃0
1 + X at the LHeC can be obtained by

performing the following integrat ions:

σL O =

k= 1,2

1

0

dxσ̂0(e+ dk → tχ̃0
1) Gdk / P (x, µf ) , (6)

4
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Figure 11: The LO, NLO QCD corrected dist ribut ions of the pT of final (ant i-)top quark and the

corresponding K -factors K (pT ) ≡ dσN L O

dpT
/ dσL O

dpT
at the benchmark point at the Ee = 50 GeV

and Ep = 7 TeV LHeC. (i) The process e+ p → tχ̃0
1 + X in case (1). (ii) The process e− p →

t̄χ̃0
1 + X in case (1). (iii) The process e+ p → tχ̃0

1 + X in case (2).

17

http://arxiv.org/pdf/1307.2308v2.pdf


SUSY RPV in Higgs Sector 

 In addition to the higgs to invisible and higgs to 4b, there are several other 

RPV cases to be considered. E.g. 

 Neut1 might decay in 3 jets (UDD terms)   

 Neut1 might decay also in lepton+neutrinos (LLE terms) 

 Prompt or delayed: displaced vertex doable but not yet explored 

Some statistics: N_exp = L × s(h) × BR(hc1
0c1

0) × [BR(c1
0 
X)]2

In 1/ab, s(h)=850 fb (CC), assuming BR(hc1
0c1

0) = 10%

N exp = 85000 × [BR(c1
0 
X)]2 

 sizable dataset if BR not too small 

1/19/2017Monica D'Onofrio, 1st FCC physics week28

See also Uta Klein’s talk yesterday



Hopes for RPC SUSY? EWK RPC
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 Charginos (C) and Neutralinos (N) fundamental for SUSY

 Expected to be light in most scenarios (C1, N1, N2 in particular)

 N1 is often the LSP and one of the preferred DM candidate  

 One of the most difficult scenarios for the p-p: medium-compressed N1, C1, 

N2 (DM few GeV)

 Not visible in direct searches, mono-photon and mono-jet searches

possibly not sensitive because of systematic uncertatinties VS tiny xsect.

 VBF scenarios investigated for 14 TeV LHC  

29

50 fb xsection for pure Wino-

like N1

Promising for low N1, but

possibly large bkg from SM 

(ie Z,higgs production) 



EWK RPC-SUSY production
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 Question: can anything be done at the FCC-eh ? 

 Production of monojet-like signatures  not feasible

 Production of the kind e+j+MET  possible

 First look, using Madgraph:

30

• Example of diagram for C1C1. 

Production of N1N1 and C1N2 

equivalent for almost

degenerate masses

• Coupling strenghts depend on 

the Wino-Higgsino mixture

Signal Event Generating

Kechen Wang (and MD)

will use P=-0.8 for next round



EWK RPC-SUSY production

1/19/2017Monica D'Onofrio, 1st FCC physics week

 Question: can anything be done at the FCC-eh ? 

 Production of monojet-like signatures  not feasible

 Production of the kind e+j+MET  possible

 Polarization -0.8 lead to a 30% increase in x-sections, 

which are anyway small:

31

Kechen Wang



SUSY EWK production
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 b

32

s(Wino 200 GeV, P=0.0) = 3 fb

Bkg: j e MET including W/Z processes 

Basic selections on pT jets, electron, eta 

range: signal and background ‘efficiency’ 

 eff_S = 25%, eff_B = 0.04%

MET>100 GeV, MT(met, j)>150 GeV , 

Dphi(MET,jet)> 3, Dphi (e,j)<2, MT(MET, 

j+e)  eff_S = 15%, eff_B = 0.02%

Simple cut-and-count analysis based on 

‘TRUTH’ studies lead to a signal 

significance >= 1 with 1000/fb (fake-MET 

bkg also missing)

MVA analyses would be beneficial (as in 

hInv case, see Uta’s talk) 

Just started but worth investigating 



Summary and outlook  
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 FCC-eh offers a variety of opportunities for BSM searches 

 Crucial interplay in the context of PDF sets (@ high and low x) 

 Ideal to search and study properties of new particles with couplings

to electron-quark 

 Nice prospects for “classic” searches on leptoquarks, contact

interactions, anomalous couplings and RPV/RPC SUSY

 Some promising, some difficult

 Physics potential yet to be fully exploited

 Engagement from theory community is really important 

leading to very interesting results where it started!

 Detector-level studies crucial for next phase

33



Back-up



LHeC Prospects for WWg
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 Select on pT of g and jet 

 Sensitivity to Df (g-jet)

35

Competitive constraints at LHeC already for ~ 100 fb-1 

Can access a space inaccessible for LEP 

(Note: E(e)=100 GeV  expect slightly worse for 60 GeV, but not much)

http://arxiv.org/pdf/1405.6056v1.pdf

http://arxiv.org/pdf/1405.6056v1.pdf


heavy leptons:

• vector-like leptons: left and right chiralities have same transformation 

properties

• predicted in GUT theories (E6) or in Composite Higgs Models

• couplings:

• Majorana Neutrino Production in an Effective Approach 

(L. Duarte et al. 1412.1433)

SM background from

able to discover Majorana neutrinos up to 700 GeV (for Ee = 50 GeV) 

vector-like quarks

• single production of top partners, 

sensitive to couplings: 

(coupling to light quarks)

REMOVE ??? 

diquarks

• predicted in superstring inspired E6 and composite models

• could carry charge 1/3, 2/3, 4/3 and be scalar or vector

• in gp production

e

e

g

p

, ,Z Wg

Heavy fermions/ colored bosons: covered in other talks 
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LHeC reach excluded

vector and scalar diquarks can be distinguished by the angular distribution of their decays

M Şahin and O. Çakir, arXiv:0911.0496


