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Layout & Civil Engineering

LHeC / FCC-he

LHC P8 & FCC PB 

Independent FCC-he 

Point L, F, H or B 

[ C. Cook @ FCC week in Rome ]

60 GeV acceleration with Recirculating Linacs:

Three accelerating passes through each of the two 10 GeV linacs

(efficient use of LINAC installation!)

 60 GeV beam energy

Animation from [ A. Bogacz (JLab) @ ERL’15 ]

Proton beam

Electron Beam

ep Collider Design 
Slide based on [Oliver Brüning, FCC week 2017 in Berlin, “FCC-eh Configuration and Performance” ]
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 ep collider is ideal to study common features of electrons and quarks with 
 EW / VBF production, LQ, multi-jet final states, forward objects 

 Differences and complementarities with pp colliders

Aim of this talk:

 report on most recent studies and progress

 brief overview of previously finalized studies

 encourage future studies and synergies 

Introduction
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 Some promising aspects: 
 small background due to absence of QCD interaction between e and p

 very low pileup

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



Outline
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More details, see  [ https://twiki.cern.ch/twiki/bin/viewauth/LHeC/LHeCFCCehBSM ]

 Indirect impact from improved PDF

 Direct Searches

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

 RPC SUSY: DM, sleptons

 Anomalous gauge couplings: VVV   , VVVV

 Leptoquarks & RPV SUSY squarks: (limits, quantum # & couplings) 

 Contact interactions: eeqq (very heavy LQ, compositeness)

 Vector boson scattering

 BSM in the top sector: see [Christian Schwanenberger’s talk “Top physics in ep” ]

 Sterile neutrinos & more long-lived particles: see [Oliver Fischer’s talk “Heavy neutrino discovery prospects at FCC”]

 Outlook & Summary
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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 can

be crucial to improve the pp BSM limits.

At HL-LHC, 

~ 40-50% uncertainties on the gluon-

gluon initiated gluino production cross 

section in high-x region .

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

No doubts that having an e-p machine running in 

parallel with p-p will be very important.
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BSM Higgs

 Higgs invisible decays

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

 Higgs exotic decays

 ℎ → χ1
0 χ1

0 → (3𝑗)(3𝑗) in RPV SUSY

 ℎ → 2𝜙 → 𝑏ത𝑏 (𝑏ത𝑏) [ S. Liu, Y. Tang, C. Zhang, S. Zhu, 1608.08458 ]

 Charged Higgs

 𝐻±±, in Vector Boson Scattering

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

 𝐻±, in Vector Boson Scattering
[Georges Azuelos, Hao Sun, and Kechen Wang, 1712.07505 ]

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

[J. Hernández-Sánchez, etc. 1612.06316]
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Higgs Exotic Decays
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𝒉 → 𝝌𝟏
𝟎 𝝌𝟏

𝟎 → (𝟑𝒋)(𝟑𝒋) in RPV SUSY 𝑗
𝑗

𝑗

𝑗

𝑗
𝑗

 Neutralino might decay in 3 jets (UDD terms) 

Some estimates:

Nexp = L×𝜎ℎ×BR(ℎ → χ1
0 χ1

0)×[BR(χ1
0
jjj)]2

In 1 ab-1, 𝜎ℎ=1008 fb (CC with P=-80%), 

assuming BR(ℎ → χ1
0 χ1

0) = 10%,

Nexp = 108000×[BR(χ1
0
jjj)]2 ~ 1000 with 1 ab-1

 if BR(χ1
0
jjj ) ~ 10%, good potential at FCC-eh

Final state: 1 fwd j + 4 b + MET

Introducing a new real scalar ϕ with effective interaction

𝒉 → 𝟐𝝓 → 𝒃ഥ𝒃 (𝒃ഥ𝒃) [ S. Liu, Y. Tang, C. Zhang, S. Zhu, 1608.08458 ]



Higgs Exotic Decays

LHeC
𝜖𝑏 b-tagging efficiency

𝜖𝑐,𝑔,𝑢,𝑑,𝑠 fake rate of j->b
Excluded by LEP
@ 95% CL

Cut-based Analysis @ parton-level

[ S. Liu, Y. Tang, C. Zhang, S. Zhu, 1608.08458 ]𝒉 → 𝟐𝝓 → 𝒃ഥ𝒃 (𝒃ഥ𝒃)

LHeC, with 1 ab-1,

=> mϕ = 20 ~ 60 GeV, 𝐶4𝑏
2 < 3 × 10−3 @ 95% C.L. 

 Analysis @ FCC-eh in progress

 Much better limits expected.
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MVA-BDT Analysis @ FCC-eh, detector 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 )

Higgs Exotic Decays

[Uta Klein, Michael o’Keefe ]𝒉 → 𝟐𝝓 → 𝒃ഥ𝒃 (𝒃ഥ𝒃)
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𝐻±±, 𝐻± in Vector Boson Scattering
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 .






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]

Theoretical Motivation of Georgi-Machacek Model:

 No fundamental reason for a minimal Higgs sector => important 

to extending scalar sector with higher isospoin multiplets

 Might generate a Majorana mass for neutrinos via the type-II 

seesaw mechanism

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

keeping the EW 𝜌 parameter ~ 1 => less constrained 

experimentally 
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Signal via WW-fusion in the GM 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

 



 
  

l

l

l l l

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

Cut-and-count analysis @ detector-level

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

FCC-eh, unpol.

0.21

FCC-eh, pol.

0.18

CMS 𝑯±± limit from

[CMS PAS SMP-17-004 ] 

LHC limit from

[ Phys. Rev. D 90, 115025 (2014) ]
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Signal production cross section

p e-  j e- 𝐻5
±, (𝐻5

±
 Z 𝑊±)

Signal: 
Production of 𝐻5

+ & 𝐻5
− in the GM 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 ]

𝐻± in Vector Boson Scattering
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Limits for 𝐻5
± Search

 10% systematic uncertainty on background included

 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

 sin 𝜃𝐻 < 0.15 @ 2-𝜎, for 600 GeV

 Compared with present CMS limits, FCC-eh limits

are much stronger around 500 GeV. 13 / 23
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𝐻+ in 2HDM type III

𝑝 𝑒− → 𝜈𝑗𝐻+ → 𝜈𝑗 𝑐ത𝑏Charge current production processes 

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

(Here, eb = 0.50,ec = 0.1 and e j = 0.01, where j = u,d,s,g)

S B S = S/B1/2

Ia (X = 5,Y = 5) 243.4 3835.1 3.9

Ib (X = 5,Y = 5) 249.5 3835.1 4.0

II (X = 32,Y = 0.5) 230 3835.1 3.7

Y (X = 32,Y = 0.5) 187.8 3835.1 3.0

Table 2: Significances after 100 fb− 1 for a few optimistic benchmark points in the 2HDM-III as a 2HDM-I,

-II and -Y configuration. Here we have considered at parton level the signal reduced by the factor e2
b.ec

while the background from the SM is scaled by e2
b.e j.
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Decay H+ → cb̄+ c.c.at the LHeC J. Hernández-Sánchez

Figure 2: The same as the previous plot for Scenario IIa (left panel) and Scenario Ya (right panel).

2HDM X Y Z m±
H = 110 GeV

cb s.cb

Ia 5 5 5 0.99 97.36

Ib 5 5 5 0.99 99.80

IIa 32 0.5 32 0.99 92.00

Ya 32 0.5 0.5 0.99 75.12

Table 1: Parameters for a few optimistic benchmark points in the 2HDM-III as a 2HDM-I, -II and -Y

configuration. Here cb stands for BR(H+ → cb̄+ h.c.) while s .cb stands for the cross section multiplied by

the above BR as obtained at the LHeC in units of fb. We have analyzed only the benchmarks where s.cb is

greater than 0.15 fb, so that at least 15 events are produced for 100 fb− 1.

events for 100 fb− 1 of integrated luminosity are given in Ref. [6]. Then, we ought to consider,

still at parton level (the hadron level analysis is in progress), that the b-jets in both signal and

background can only be tagged with probability eb = 0.5. In the same way, we also adopted

mistagging of non-b jets, i.e., treated gluon/light-flavor jets as well as c-jets with a probability of

e j = 0.01 (for j = u,d,s,g) and ec = 0.1, respectively. With this information, we can apply the

tagging probability e2
b.ec to the signal S and e2

b.e j to the background B. Taking in account these

probabilities, we can get the significance at parton level for our benchmark points, which are shown

in Tab. 2. With these results one can obtain a significance of 3–4 s , with 100 fb− 1 of integrated

luminosity for a charged Higgs mass mH± = 110 GeV, X = Y = 5 in Scenario Ia and Ib. In fact, the

same happens for Scenarios IIa and Ya when X = 32 and Y = 0.5.

6. Conclusions

At the future LHeC, with a integrated luminosity of 100 fb− 1, we found at parton level that a

charged Higgs boson of the 2HDM-III would be observed with approximately a 3–4 s significance.

At the end of the LHeC era, with 1000 fb− 1 of data, the detection of such a charged Higgs boson

would be certain.

5

Parameters for a few optimistic benchmark 

points in the 2HDM-III as a 2HDM-I, -II and -Y 

configuration.

Significances with 100 fb−1 @ parton level 

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

 Challenging at pp due to large background for multi-jet final state

 Good discovery potential at FCC-eh

[fb]

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

(Here, eb = 0.50,ec = 0.1 and e j = 0.01, where j = u,d,s,g)

S B S = S/B1/2

Ia (X = 5,Y = 5) 243.4 3835.1 3.9

Ib (X = 5,Y = 5) 249.5 3835.1 4.0

II (X = 32,Y = 0.5) 230 3835.1 3.7

Y (X = 32,Y = 0.5) 187.8 3835.1 3.0

Table 2: Significances after 100 fb− 1 for a few optimistic benchmark points in the 2HDM-III as a 2HDM-I,

-II and -Y configuration. Here we have considered at parton level the signal reduced by the factor e2
b.ec

while the background from the SM is scaled by e2
b.e j.
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R-Parity Conserving SUSY

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]: Complementary at ep:

(a) Compressed Scenarios:

 decay products are very soft, challenging @ pp

 fwd j/e, low bkg, feasible @ ep

(b) Light sleptons:

 can be motivited by the "muon g-2"

 DM production can be enhanced by the slepton decays.

Signal scenarios:
Bino: Mχ 1

0

Wino: M
χ 1
± ~ Mχ 2

0= Mχ 1
0 + 1 GeV

(1) Slepton slightly heavier (light 

slepton case)

Slepton: M෩𝑙 𝐿
= M

χ 1
± + 35 GeV

Sneutrino: M𝜈 ~M෩𝑙 𝐿
– 9 GeV

(2) Slepton & Sneutrino heavy 

and decoupled (heavy slepton 

case)
15 / 23
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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
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Dark matter via kinematical observables
Preliminary results from [Kechen Wang, Sho Iwamoto, Monica D’Onofrio, Georges Azuelos]  

Limits on DM mass

1 ab-1 @ FCC-eh:

> 560 GeV @ 2-𝜎

Complementary between ep and pp

17 / 23
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DM & Sleptons via disappearing tracks

Long-lived charged particles (LLCP) with cτ >~ 10 mm 

R-Parity Conserving SUSY

Other scenarios 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

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 ]

 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

 excellent discovery potential

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

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, ... ) 

(increased interest in LQ due to recent B anomalies)

Contact interaction eeqq (very heavy LQ, compositeness)

 VV: ~290 TeV; LL: ~160 TeV

[LHeC results: see CDR 2012]

Reach for Λ @ FCC-eh with 2 ab-1

19 / 23
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If deviations are confirmed by the end of HL-LHC, 

FCC-hh will see them, and FCC-eh can characterize 

those signals !

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


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

Analysis of the signal & backgrounds 

Anomalous Gauge Couplings

Triple Gauge Couplings (WWV, V = , Z)

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 

Sensitivities to anomalous couplings Z ~ 10-3
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Triple Gauge Couplings (WWV, V = , 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 χ2 from all bins 

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

 Better sensitivity @ FCC-eh, in progress 

Δ𝜙𝑒𝑗 -- azimuthal angle difference between scattered 

beam electron and jet

𝜃𝜇𝑊 -- angle between decay product 𝜇+ in the 𝑊+ rest 

frame and the 𝑊+ direction in the collision rest frame 

21 / 23

Indirect Impact Other Direct Searches SummaryBSM Higgs

Anomalous Gauge Couplings



Summary and 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: sleptons, Higgsino, (dark sector) • kinematical observables for compressed scenario

• 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)
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Conclusion & Outlook

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

distinguishing & characterization new physics theories;

 Can be done in parallel to pp machines (HL-LHC/HE-LHC/FCC-hh) by adding

an electron beam

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

 Fruitful BSM physics scenarios: 
 Leptoquarks (RPV SUSY), Contact interactions, Anomalous gauge couplings,

Vector boson scattering, BSM top physics, RPC SUSY, BSM Higgs, LLCPs,

Sterile neutrinos...

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

 You are welcome to join our team !
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Backup Slides
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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

  FC C  w eek 2017| C ER N

Potential of FC C eh on PD Fs vs current state of the art PD Fs

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
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Slide from [Dec. 14, 2017, https://indico.desy.de/indico/event/18276/contribution/1/material/slides/0.pdf ]

Leptoquarks and B-anomalies

26



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 LQ-q-l coupling 

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
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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
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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 29



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 

N oting that the term s in Θ
(∆ κ)
µνρ also appear in Θ

(SM )
µνρ , one can also com bine the term s and use

κγ = 1 + ∆ κγ,but in this paper w e have used only ∆ κγ,w hich agrees w ith the com m on usage by

m ost experim entalcollaborations.

T hese anom alous T G V’s have been studied in som e detailin m any processes,both at low energies

and at high energies [8]. N o evidence for any deviation from the SM has been found till date, as

a result ofw hich,w e have fairly stringent upper bounds on the anom alous couplings ∆ κγ and λγ.

T he strongest bounds com e from the study of W + W − production at the Large E lectron Positron

(LE P )collider atC E R N ,G eneva [9]. T he early runsofthe LH C have also yielded boundspublished

by both the A T LA S and the C M S C ollaborations [10,11], but these are not, as yet, com petitive

w ith the LE P bounds. A sum m ary of the best available constraints on ∆ κγ and λγ is given in

Table 1.

LE P [9] C D F [12] D 0 [13] A T LA S [10] C M S [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: A llow ed ranges, at 95% C .L., on the anom alous W W γ couplings from the data collected at the LE P,

Tevatron and LH C experim ents. In each case,the m ost restrictive of the reported m easurem ents is taken.

A lthough these constraints –especially the ones from the LE P data –are fairly stringent, they

com e w ith som e caveats, viz. the fact that the processes used to put these bounds on the W W γ

anom alous T G V’s are often affected by the W W Z anom alous T G V’s. For exam ple,ifw e consider

the LE P process e+ e− → W + W − through an s-channel photon exchange, there is also a sim ilar

process through an s-channelZ 0 exchange. T he bounds quoted in Table 1 are som etim es obtained

w ith the assum ption that there are anom alous couplings in the W W γ vertex alone,but not in the

W W Z vertex, and som etim es by assum ing both kinds of anom alous couplings exist and m ay or

m ay not be equal. M oreover, since these anom alous couplings lead to unitarity violation at high

energies, som etim es they are taken w ith arbitrary factors of the form (1 + s/Λ2)α, w here Λ is a

high energy scale, and α is an adjustable exponent [12]. N ot every experim ental collaboration,

how ever, uses these factors,and hence com parison of the different constraints could be deceptive.

Further,there alw ays rem ains a possibility that there m ay be anom alous couplings in both W W γ

and W W Z vertices such that these interfere destructively to produce a very sm alleffect. In such

a situation, m any of the above bounds could be rendered invalid. A cleaner m ode is the study

of W γ (or W Z ) final states at a hadron collider, but this suffers from the problem of low cross

sections and large SM backgrounds. P hotoproduction of W and Z bosons have also been studied

in the context of ep colliders like the D E SY H E R A [14]and the proposed C E R N LH eC [15], but

these do not probe very sm allvalues of the anom alous T G V couplings,and m oreover,γ∗ → W W

production can easily get m ixed w ith Z ∗ → W W processes.

2

 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 ep:

Triple Gauge Couplings (WWV, V = , Z)

Existing limits:
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L RUsing SU(2) SU(2)  covariant forms of the fields:
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Triple Gauge Couplings (WWV, V = , Z) GM model
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