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 Indirect impact from improved PDF

 Direct Searches

 BSM Higgs: invisible decay; H->4b, H->multi-j,  H+, H++

 SUSY: DM, sleptons

 Anomalous gauge couplings: VVV, VVVV updated

 Leptoquarks: RPV SUSY squarks, limits, quantum # & couplings; B anomaly (LHCb); 1-page 

 Contact interactions: eeqq (very heavy LQ, compositeness)

 Vector boson scattering

 BSM in the top sector

 Sterile neutrinos

 Outlook & Summary

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

& [Kechen Wang’s talk “BSM Physics at Energy-frontier Lepton-hadron Colliders” in the EPS-HEP Conference 2017, 

https://indico.cern.ch/event/466934/contributions/2583549/attachments/1489690/2314998/EPS-HEP_BSM_at_ep_colliders_2.pdf ]

Aim of this talk:

 List promising topics

 show progress of BSM studies @ ep;

focus on just updated one’s / recent studies;

 Encourage more future studies

https://indico.cern.ch/event/550509/contributions/2413829/attachments/1398547/2133088/FCCPhysics_BSMJan2017.pdf
https://indico.cern.ch/event/466934/contributions/2583549/attachments/1489690/2314998/EPS-HEP_BSM_at_ep_colliders_2.pdf
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 Indirect impact from improved PDF

 Direct Searches

 BSM Higgs: exotic (invisible) decay; H->4b, H+, H++

 RPC SUSY: DM, sleptons

 RPV SUSY: neutralinos, squarks

 Anomalous gauge couplings: VVV, VVVV updated

 Leptoquarks: limits, quantum # & couplings; 

 Contact interactions: eeqq (very heavy LQ, compositeness)

 Vector boson scattering

 BSM in the top sector [Christian Schwanenberger, “Top physics in ep” ]

 Sterile neutrinos [Oliver Fischer’s talk “Heavy neutrino discovery prospects at FCC”]

 Outlook & Summary

 Ideal to search and study properties of new particles with 
 couplings to electron-quark / vector bosons, 

EW / VBF production, multi-jets final states

 Compared with pp colliders

 Some promising: 

clean environment (samller bkg, low pileup), forward objects

 Some difficult: 

small production due to small 𝑠



Indirect Impact on BSM from Improved PDF

Example: gluon-gluon initiated processes

 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

Christoph Borschensky

Michael Kramer

Christoph Borschensky

Michael Kramer

[arXiv:1211.5102]

< x > ~ 0.4 

At FCC-hh,

Similar x range for sensitive region

=> reducing PDF uncertainties by ep might 

be crucial to improve the pp limits.

At HL-LHC, 

~ 40-50% uncertainties on the gluon-

gluon initiated gluino production cross 

section in high-x region .

comment on [Claire Gwenlan’s talk “PDFs at the FCC-eh” ], before



BSM Higgs

 Higgs invisible decays

 ℎ → 𝑖𝑛𝑣𝑖𝑠𝑖𝑏𝑙𝑒, [Uta Klein’s talk “Higgs SM Couplings at FCC-ep” ]

 Higgs exotic decays

 ℎ → 2𝜙 → 𝑏ത𝑏 (𝑏ത𝑏)

 ℎ → χ1
0 χ1

0 → (3𝑗)(3𝑗) in RPV SUSY

 Charged Higgs

 𝐻+, in 2HDM type III, 𝑝 𝑒− → 𝜈𝑗𝐻+ → 𝜈𝑗 𝑐ത𝑏 ,

[J. Hernández-Sánchez, etc. 1612.06316]

 𝐻±±, 𝐻± in Vector Boson Scattering



BSM Higgs
[ Slide from Uta Klein  ]

ℎ → 2𝜙 → 𝑏ത𝑏 (𝑏ത𝑏)



Some statistics: Nexp = L × 𝜎ℎ × BR(ℎ → χ1
0 χ1

0) × [BR(χ1
0
jjj)]2

In 1 ab-1, 𝜎ℎ=850 fb (CC), assuming BR(ℎ → χ1
0 χ1

0) = 10%

Nexp = 85000 × [BR(χ1
0
jjj)]2 

 sizable dataset if BR(χ1
0
jjj) not too small

 In addition to the higgs to invisible and higgs to 4b, 

there are several other RPV cases to be considered. E.g. 

 Neutralino might decay in 3 jets (UDD terms)   

BSM Higgs

ℎ → χ1
0 χ1

0 → (3𝑗)(3𝑗) in RPV SUSY 



BSM Higgs

L RUsing SU(2) SU(2)  covariant forms of the fields:

0*

- 0

 

 

 
   

 

0*

0

0

  

  

  

 

 

 

 
 

   
 
 

Georgi – Machacek (GM) Model

Scalar sector of the GM model:

complex isospin doublet (𝜙+, 𝜙0) with hypercharge Y=1 ;

real triplet (𝜉+, 𝜉0, 𝜉−)  with Y=0;

complex triplet (𝜒++, 𝜒+, 𝜒0) with Y = 2;

+ + + 0 - --

5 5 5 5 5
 5 - plet  H , H , H , H , H

+ 0 -

3 3 3
3 - plet H , H , H

'0

1
singlet H

Physical fields under the custodial SU(2) symmetryv2 = vΦ
2 + 8vΔ

2

sin 𝜃𝐻 =
2 2 vΔ

v

cos 𝜃𝐻 =
vΦ
v

 Have a common mass M(H5);

 Do not couple to fermions;

 Tree-level 𝐻5𝑉𝑉 interaction;

 Production via VBF;

 g(𝐻5𝑉𝑉)  sin 𝜃𝐻
=> 𝜎 𝑉𝐵𝐹 → 𝐻5  sin2𝜃𝐻;

 BR 𝐻5
± → 𝑊±𝑍  100 % ;

BR 𝐻5
±± → 𝑊±𝑊±  100 % ;

 2 free pars. M(H5), sin 𝜃𝐻 .

 Scalar potential is chosen to preserve a global 

SU(2)L  SU(2)R symmetry






H

mixing :

0

1
singlet H

mixing :

h

H

125GeV Higgs

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



Signal via WW-fusion in the Georgi-Machacek model

𝑝 𝑒− → 𝑗 𝜈𝑒 (H5
−−→ W− W−) → j 𝜈𝑒 (𝜇

− 𝜈𝜇)(𝜇
− 𝜈𝜇)

Final state:  1 j + 2 𝜇− + MET

T
j,

T
j

jj j

               E 10GeV

               p 10GeV

               |η | 5, |η | 2.5,
ΔR 0.4, ΔR 0.4, ΔR 0.4

 



 
  

Basic cut

Optimized

Basic selection -

T E 2μ 1jet(s)   

μμ

μμ

inv
μμ

T

(-π,-1.28) or (1.36,π)
           M >75GeV

           M >40GeV

 

R

Event selection:

Simulation by "MadGraph + PYTHIA + Delphes".

BSM Higgs
Double charged Higgs 𝑯±±

[study by H. Sun, X. Luo, W. Wei and T. Liu ]

Significances in sin 𝜃𝐻 vs.M𝐻5 Plain

 Lum = 1 ab-1, systematic uncertainty sys = 10%

FCC-eh, unpol.

0.21

0.18

FCC-eh, pol.



BSM Higgs

Signal Scenarios for 𝐻5
± Search

Collider:  FCC-eh & LHeC Signal production cross section

p e-  j e- 𝐻5
±, (𝐻5

±
 Z 𝑊±)Signal: 

Production of 𝐻5
+ & 𝐻5

− in the Georgi – Machacek Model
 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, V  jj

B2: p e- > j e- Z jj, jets from QCD radiation

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



BSM Higgs

Limits for 𝐻5
± Search

 10% systematic uncertainty on background included

 MVA-BDT analysis @ detector-level

FCC-eh, unpol.

M(H5) = 600 GeV



R-Parity Conserving SUSY
Dark matter via kinematical observables

Preliminary results from [Kechen Wang, Sho Iwamoto, Monica D’Onofrio, Georges Azuelos]

Collider:

FCC-eh ( Ep = 50 TeV, Ee = 60 GeV ).

Signal scenarios:
Bino: m_{neutralino1};

Wino: m_{chargino1} = m_{neutralino2} = m_{neutralino1} + 1 GeV;

(1) Light slepton scenario 

Slepton: m_{slepton_L} = m_{chargino1} + 35 GeV;

Sneutrino: m_{sneutrino} ~ m{slepton_L} - 9 GeV (tanβ = 30)

BR(   slepton -> neutralino2,1  e-): 40%

BR(sneutrino ->      chargino1  e-): 60%

(2) Heavy slepton scenario

Slepton & Sneutrino: Heavy and decoupled.

Motivations:
(a) Compressed Scenarios:

decay products are very soft, challenging at pp colliders.

(b) Light sleptons:

Can be motivited by the "muon g-2"

DM production can be enhanced by the slepton decays.



R-Parity Conserving SUSY
Dark matter via kinematical observables

Preliminary results from [K. Wang, S. Iwamoto, M. D’Onofrio, G. Azuelos], should be updated

Current LHC limits on SUSY sleptons
Direct slepton pair production [ATLAS-CONF-2017-039]

Current LHC limits on SUSY DM:
Slepton is heavy [arXiv:1509.07152]: 

Limits via MVA-BDT analysis @ detector-level

Production cross sections



DM & Sleptons via disappearing tracks

Long-lived charged particles with cτ >~ 10mm 

R-Parity Conserving SUSY

based on [slide from Sho Iwamoto]

Simplest models at FCC-eh:

 Cross section enhanced 

with “3-body production”

Simple efficiency analysis

9 GeV
With no polarization;

 Requiring minimal detection length lmin

 Charginos (Wino) with selectron

FCC-eh

comment on [Kaustubh Deshpande’s talk “LLPs at FCC” ], before

 More scenarios are in progress.



Leptoquarks

LHeC

FCC-eh 60GeV

ep collider: sensitive to  < 0.03
(LQ  = 0.03 = LHC ‘usual’ )

Sensitivity @ HL-LHC ~ 2.9 TeV 

 Close to the reach for FCC-eh 

If deviations are found by the end of 

HL-LHC, FCC-hh will definitely see 

them, and FCC-eh can characterize 

those signals !Current LHC

3000/fb @ 14 TeV ~ 2.9 TeV reach

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

LFCC-eh = 500fb-1

Limits of Leptoquarks

=> LHeC / FCC-eh offer opportunity to evaluate quantum numbers & couplings

(fermion number, spin, couple chirally, ... ) 

B anomaly (LHCb); 1-page

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


Contact Interactions
Contact interaction eeqq

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

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

 New currents or heavy bosons may produce 

indirect effect via new particle exchange 

interfering with /Z fields.

VV: all couplings with +ve sign 

LL: only LL couplings between q and e

 comparable to FCC-hh for 

some of the couplings

 same as HL-LHC vs LHeC

 need more calculations ! 

 VV: ~290 TeV; LL: ~160 TeV

[LHeC results: see CDR 2012]

 Reach for Λ

e

q

e

q



Anomalous Gauge Couplings

 Precisely defined in SM

 Parameterize possible new physics contributions to this 

vertex (Δ𝜅𝛾, 𝜆𝛾)

 Current constraints (best from LEP) use various assumptions 

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 W γ 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

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

[https://arxiv.org/abs/1406.7696 ]

 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 TGC’s ! 

At the e-p:

Triple Gauge Couplings (WWV, V = , Z)
Comment on [Daniel Britzger’s talk “EW measurements in ep” ], before

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


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

Analysis of the signal & backgrounds 

for Z  ll’(l = e, μ)

Anomalous Gauge Couplings

10 fb
-1

100fb
-1

-0.01 -0.005  0  0.005  0.01

lZ

-0.6

-0.4

-0.2

 0

 0.2

 0.4

 0.6

D
k

Z

FCC-eh

P(e-) = -0.8 

Triple Gauge Couplings (WWV, V = , Z)

Sensitivities to anomalous couplings Z ~ 10-3

For comparison:



Complementary between ep and pp
From [Georges Azuelos and Monica D’Onofrio ]

Compositeness • 4-fermion EFT: Lepton-quark compositeness scale

• Quark radius

Leptoquarks and RPV squark decay • Accessible range largely excluded, but not completely

• Better measure of LQ characteristics, if they exist

Anomalous Triple Gauge Couplings • Comparable to LHC

Top FCNC couplings • 𝑡𝑢𝛾, 𝑡𝑐𝛾, 𝑡𝑢𝐻 couplings 

Vector-like leptons, heavy/excited leptons, bileptons, 

higher isospin lepton multiplets

• No constraints on VLL, so far, at LHC

• Extend sensitivity to 𝑒𝛾 for lower masses

Heavy neutrinos, Majorana neutrinos, sterile neutrinos • Symmetry-protected see-saw model

SUSY EW: compressed scenario, Higgsino, (dark sector) • Long-lived neutral particles

• Disppearing tracks

Anomalous Quartic Gauge Couplings • Better control on background: 

no gluon exchange diagrams (mostly FCC?)

Extended Higgs sector: higher isospin multiplet • Singly- and doubly- charged higgs by VBF (mostly FCC)



Summary & Outlook

 ep offers a variety of opportunities for BSM searches
 precision measurements, complementary searches; 

distinguishing & characterization new physics theories;

 Improving pp limits indirectly by improved PDF (@ high and low x) 

 Fruitful BSM physics scenarios: 
 Leptoquarks, Contact interactions, Anomalous gauge couplings, Vector boson 

scattering, BSM top physics, SUSY (RPV & RPC), BSM Higgs, 

Sterile neutrinos...

 Ideal to search and study properties of new particles with 
 couplings to electron-quark, EW production, multi-jets final states

 Compare with pp colliders

 Some promising: clean environment (samller bkg), forward objects

 Some difficult: small production due to small sqrt(s)

 Physics potential yet to be fully exploited
 Detector-level studies crucial for next phase

 You are welcome to join our team !!!



Backup Slides



Improved PDF Measurements @ LHeC & FCC-eh

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

 important for the FCC-hh as it will probe 

much lower x regions for standard processes

  FCC week 2017| CERN

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

17

PDF4LHC set

vs 

FCCeh (+HERA) 

Gluon Sea

ubar dbar

at starting scale

FCCeh brings 

substantial impact at 

low x

important for the FCCpp

as it will probe much lower x 

regions for standard

processes 

 low-x: no current data to constrain x ≤ 10-4;

better but not much after HL-LHC; 

 mid-x: need higher precision for Higgs

 high-x: very poorly constrained;

limits searches for new, heavy particles



Searches to be followed in a nutshell

From [Georges Azuelos and Monica D’Onofrio ]



Leptoquarks

 

 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)

 not sensitive to the LQ-q-l coupling 

Leptoquarks (LQs) 

 single, resonant production

 sensitive to 

At the e-p

 both baryon & lepton quantum numbers 

 ideally suited to search for and study 

properties of new particles coupling to both 

leptons and quarks



Vector Boson Scattering

 Challenging at p-p (high QCD bkg, pile-up)

 Cleaner at FCC-eh

For a 2 TeV resonance m(WZ), background

Preliminary results from [Georges Azuelos’s study]

New resonances possibly relevant for unitarity restoring

 expect below ~ 2-3 TeV

 look for deviations from SM predictions

 kinematics distinct between signal & background

 cleaner, small background for masses ~ 2TeV

 low pile-up

 low cross section [1402.4431]

 there is some potential to study 

VBS at high mass



Sterile Neutrinos

limits for LNC signatures

Slide from [Oliver Fischer ]

Heavy neutrino production at electron-proton colliders

W
(q)
t W

(γ )
t

I Leading order production of heavy neutrino mass eigenstate.

I W
(q)
t : dominant at lower center-of-mass energies.

I W
(γ )
t : relevant for larger masses.

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

Related articles considering electron-proton colliders

[“Polarized window for left-right symmetry and a right-handed 

neutrino at the Large Hadron-Electron Collider”, S. Mondal, S. K. Rai, 

Phys. Rev. D 93 (2016) no.1, 011702 ]

[“Probing the Heavy Neutrinos of Inverse Seesaw Model at the

LHeC”,  S. Mondal, S. K. Rai; Phys. Rev. D 94 (2016) no.3, 033008 ]

[“Left-Right Symmetry and Lepton Number Violation at the Large 

Hadron Electron Collider”, M. Lindner, F. S. Queiroz, W. Rodejohann, 

C. E. Yaguna; JHEP 1606 (2016) 140 ]

[ S. Antusch, E. Cazzato, O. Fischer, 1612.02728 ]



Related previous talks at FCC week 2018

General introduction, physics, detector, CDR,

see [Claire Gwenlan’s talk “PDFs at the FCC-eh” ], before

see [Uta Klein’s talk “Higgs SM Couplings at FCC-ep” ], before

[Daniel Britzger, “EW measurements in ep” ], before

Sterile neutrinos,

see [Oliver Fischer’s talk “Heavy neutrino discovery prospects at FCC”], before

After:

[Christian Schwanenberger, “Top physics in ep” ]

[Kaustubh Deshpande, “LLPs at FCC” ], before


