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Introduction 
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 BSM physics is a broad topic! 

 We have already seen a lot in this workshop 

 BSM Higgs physics, intended as new decays of the SM higgs boson 

or as production of new (usually heavy) additional higgs bosons 

 BSM Top physics, e.g. FCNC in the top sector 

 In this session, we will see more on what LHeC and FCC-

eh can do in the hunt for new physics

 Indirect complementarities with HL-LHC and FCC-hh

 Direct searches 

 The “classic”: leptoquarks, contact interactions, RPV SUSY

 Anomalous couplings, instantons and more… 

 New fronts: long-lived particles, EWK SUSY searches 
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Some examples at this meeting
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 Heavy and sterile neutrinos (see Oliver Fischer’s talk today) 

 @ LFV signatures and

displaced vertex search

 this is how it was in January … 

 lepton-flavor-conserving 

signatures
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Impact of PDF @ High x
• large uncertainties in high x PDFs limit searches for NP

many interesting processes at LHC are gluon-gluon initiated:                                        

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

Monica D'Onofrio, Georges Azuelos - LHeC workshop
arXiv:1211.5102

11/9/2017

• 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

prescription from J. Rojo to avoid 

negative x-section at at high masses 

for NNPDF30nlo  x-section 

calculation unstable
< x > ~ 0.4 

Hopefully, we will update studies 

with LHeC PDF unc in performing 

studies for the HL-LHC Yellow 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)  ~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, Georges Azuelos - LHeC workshop
11/9/2017

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 



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

Uta Klein

VRAP 0.9 for NNLO QCD
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Direct searches: Lepto-quarks 

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

11/9/2017

(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

λ λ

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

11/9/2017

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

Feasibility is now been considered  code to 

generate it with new Herwig7 being tested 

but still issues in compiling it (S. Amoroso) 



BSM in Vector Boson (VB) scattering 
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 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
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p
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p
2

p
1
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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.
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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.
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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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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:
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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)
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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) 

 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)

Very recently, H. Dreiner et al. released an 

extremely comprehensive review of the 

current constraints on LLE, LQD and UUD 

couplings https://arxiv.org/abs/1706.09418

https://arxiv.org/abs/1706.09418
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SUSY – R-parity violating
single sbottom/stop production (signal like leptoquarks, with generation mixing)
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e−

u

b̃1

e−

u

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

level has the form as

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’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

l’113 can be more strongly constrained under 

certain assumptions. At the LHC, current 

constraints on other sparticles are tight but 

yet ‘reasonable’ and not on sbottom

http://xxx.tau.ac.il/abs/1401.4266
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LHeC Prospects for WWg

11/9/2017Monica D'Onofrio, Georges Azuelos - LHeC workshop

 Select on pT of g and jet 

 Sensitivity to Df (g-jet)

20

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 

11/9/2017Monica D'Onofrio, Georges Azuelos - LHeC workshop21

DQ


g

q

DQ

 1 2 1 12 3
 + h.c.

/

c c c

L L L R R RB
g Q i Q g u d DQ


 L

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



 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

11/9/2017Monica D'Onofrio, Georges Azuelos - LHeC workshop22
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