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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 at the FCC-eh

production
channel:
W t ! |! e|2

Signatures of heavy! for e! p colliders at leading order

Name Final State |! ! | dependency LNV/ LFV

lepton-trijet jjj " !
|! e ! ! |2

! 2
! / !

jet-dilepton ( ! ) j " ±
! " "

" #
|! e ! ! |2

! 2
" / !

trijet jjj # |! e |2 "

monojet j ### |! e |2 "

"!
$ jjj with # "= e as unambi-

guous signal for LFV (with no
SM background at the parton
level).

e+ jjj as unambiguous signal
of LNV, in SPSS suppres-
sed by the protective Òlepton
numberÓ-like symmetry.

Eros Cazzato (University of Basel) Golden channels for neavy neutrinos CERN, 18 January 2017 17

! ! Heavy neutrinos (see Eros CazzatoÕs and Oliver FischerÕs talks 
yesterday)  
! ! @ FCC-eh: LFV signatures and 
 displaced vertex search 

 
 

 

 

! ! lepton-flavor-conserving signatures ! ! Top physics and FCNC  
! ! See later this afternoon 

    (Orhan CakirÕs talk) 

! ! Poster on FCNC couplings of 
Higgs-top by B. Hacisahinoglu 

! ! Anomalous HVV couplings 
! ! (see poster M. Altinli  et al.) 

! ! Preonic models  
! ! Saleh SultansoyÕs 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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HERAÐLHeCÐFCC-eh:                       
finest microscopes, resolution as 1/Q 

QCD 

Parton 
Dynamics 

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 Ð  limits 
searches for new, heavy particles 

no data!

FCC-eh: access to much smaller x, larger Q 2  

 
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  
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ÒTroublesÓ at low and high x  
 
FCCeh (and before, LHeC) can improve low 
and high M(ll ) and M(lv) precision for 
standard candle measurements and searches 
for new physics 
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Uta Klein 
VRAP 0.9 for NNLO QCD 
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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, É and BSM processes, such as gluino pair production 

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

1/19/2017  
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¥! For HL-LHC !  studied in detail impact of LHeC  

Christoph Borschensky 
Michael Kramer 

! ! Studies updated with modern PDF sets!  
! ! M(squark)=M(gluino)=µR=µF 

! ! LHeC PDF uncertainties unchanged  

! ! Normalized to MMHT14 

NNPDF30nlo become negative at high 
masses despite positive constraints 
applied to the fitting procedure   

< x > ~ 0.4  
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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, É and BSM processes, such as gluino pair production 

Monica D'Onofrio, 1st FCC physics week 
arXiv:1211.5102 
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 = 60&µ', -1 disc., 300 fb#5

ATLAS Simulation Preliminary

¥! For HL-LHC !  studied in detail impact of LHeC  

Christoph Borschensky 
Michael Kramer 

! ! Studies updated with modern PDF sets!  
! ! M(squark)=M(gluino)=µR=µF 

! ! LHeC PDF uncertainties unchanged  

! ! Normalized to MMHT14 Christoph Borschensky 
Michael Kramer 

Use prescription from J. Rojo to avoid 
negative x-section at at high masses for 
NNPDF30nlo !  x-section calculation unstable  

< x > ~ 0.4  



Mass ranges motivated by: !
!
!
!
!
!
!
!
!
!
!
!
!

Supersymmetry !

Dark 
Matter !

Higgs !
Mass!

Naturalness !
UniÞcation !

Summary from !
FCC Report: !
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   Impact of PDF @ High x: FCC 
¥! FCC-hh reach up to 13(16) TeV for gluino  

pair production,  17(20) TeV for non-
decoupled squark /gluino  for 3(30)/ab -1 

¥! Similar x range for the sensitive region  
    (<x> ~ 0.4) !  ~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 !!  collider Ñ>  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

Ñ> itÕs 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 ! "#

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  $ not too strong (0.3 or lower ) 

cross section independent  on $#

13 

5.2 Leptoquarks and leptogluons

The high energy of the LHeC extends the kinematic range of DIS physics to much higher
values of electron-quark massM =

!
sx, beyond those of HERA. By providing both baryonic

and leptonic quantum numbers in the initial state, it is ideally suited to a study of the
properties of new bosons possessing couplings to an electron-quark pair in this new mass
range. Such particles can be squarks in supersymmetric models withR-parity violation
("Rp), or Þrst-generation leptoquark (LQ) bosons which appear naturally in various unifying
theories beyond the Standard Model (SM) such as:E6 [44], where new Þelds can mediate
interactions between leptons and quarks; extended technicolor [47, 538], where leptoquarks
result from bound states of technifermions; the Pati-Salam model [45], where the leptonic
quantum number is a fourth colour of the quarks or in lepton-quark compositeness models.
They are produced as singles# channel resonances via the fusion of incoming electrons with
quarks in the proton. They are generically referred to as ÒleptoquarksÓ in what follows.
The case of ÒleptogluonsÓ, which could be produced inep collisions as a fusion between the
electron and a gluon, is also addressed at the end of this section.

5.2.1 Phenomenology of leptoquarks in ep collisions

In ep collisions, LQs may be produced resonantly up to the kinematic limit of
!

s via the
fusion of the incident lepton with a quark or antiquark coming from the proton, or exchanged
in the u channel, as illustrated in Fig. 5.5. The coupling! at the LQ # e # q vertex is an

e+

d

LQ

e+

d
(a)

e+ e+

LQ

d
Ð

d
Ð

(b)

Figure 5.5: Example diagrams for resonant production in thes-channel (a) and exchange
in the u-channel (b) of a LQ with fermion number F = 0. The corresponding diagrams for
|F | = 2 LQs are obtained from those depicted by exchanging the quark and antiquark.

unknown parameter of the model.
In the narrow-width approximation, the resonant production cross section is proportional

to ! 2q(x) where q(x) is the density of the struck parton in the incoming proton.
The resonant production or u-channel exchange of a leptoquark givese+ q or " + q! Þnal

states leading to individual events indistinguishable from SM NC and CC DIS respectively.
For the processeq $ LQ $ eq, the distribution of the transverse energy ET,e of the Þnal
state lepton shows a Jacobian peak atM LQ / 2, M LQ being the LQ mass. Hence the strategy
to search for a LQ signal in ep collisions is to look, among highQ2 (i.e. high ET,e ) DIS
event candidates, for a peak in the invariant massM of the Þnal e# q pair. Moreover, the
signiÞcance of the LQ signal over the SM DIS background can be enhanced by exploiting
the speciÞc angular distribution of the LQ decay products (see spin determination, below).

188

!  !  

¥! At the e-p : both baryon and lepton  quantum 
numbers Ð ideally suited to search for and 
study properties of new particles coupling to 
both leptons and quarks 

¥! single, resonant production; sensitive to !  
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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 "  << e=#4$%=0.03 

1/19/2017  

  
($LQ  = 0.03 = LHC ÔusualÕ l)!

Sensitivity of HL-LHC could go 
to ~2.8 Ð 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!



" ! 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 %* 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 &j  channel 

3! ! " !" # $ %!" # #

Measuring the LQ quantum numbers in e-p 
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   Contact interactions 

¥! if new physics enters at higher scales: " >> #s 

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

L =
4!
2! 2

jµ
(e) j µ (q);

!   all combinations of couplings ! ij = ! i
(e)! j

(q); q = u,d

jµ
( f =e,q) = ! L fL! µ fL +! R fR! µ fR +h.c.

¥! may be applied very generally to new phenomena  

LQ mass >> #s 

Planck scale (Ms) of extra dimensional models 

compositeness scale 

É 

"  

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 

 form factor: f (Q2) =1!
1
6

r 2 Q2

d!
dQ2

=
d! SM

dQ2
fe

2(Q2) fq
2(Q2)



Contact  interactions  (eeqq) 

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

! ! New currents or heavy bosons may produce indirect  effect  via new particle  
exchange interfering  with ' /Z fields .  

! ! Reach for (  (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 !"
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E-p ÒspecificÓ 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  

18 

whereg, qR (øqR) denotes gluons, right-handed quarks (anti-quarks), andng is the number of
gluons produced. The chirality violation2 is induced for each ßavour, in accord with the corre-
sponding axial anomaly [2]. In consequence, in every instanton event, quark anti-quark pairs of
each of thenf ßavours occur precisely once. Right-handed quarks are produced in instanton-
induced processes(I ), left-handed quarks are produced in anti-instanton( øI ) processes. The
Þnal 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
sö�

P

g =    P!

"

NC DIS variables:
s = ( e+ P)2

Q2 = ! ! 2 = ! (e ! e!)2

x = Q2/ (2P á! )
y = Q2/ (s x)
W 2 = ( ! + P)2 = Q2(1 ! x)/x
ös = ( ! + g)2

" = x (1 + ös/Q 2)

Variables of the instanton subprocess:
Q!2 " ! q!2 = ! (! ! q!!)2

x! " Q!2 / (2 g áq!)
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 (! = e ! e!, virtuality Q2), emitted by the incoming electrone, fuses with a gluon (g)
radiated from the proton (P). The gluon carries a fraction" of the longitudinal proton momen-
tum. The virtual quark(q!) is viewed as entering the instanton subprocess and the outgoing
quarkq!! from the photon splitting process is viewed as the current quark. The invariant mass of
the quark gluon (q!g) system isWI , W denotes the invariant mass of the total hadronic system
(the! P system) andös refers to the invariant mass squared of the! g 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 Þeld, as shown inÞgure 1 . The so-called instan-

ton subprocessq! + g
(I, øI )
# X is induced by the quark or the anti-quark fusing with a gluon

g from the proton. The partonic systemX contains2nf 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/ #s) & 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 deÞned by$q! + $g = 0. Therefore one expects to Þnd a pseudo-
rapidity3 (%) region with a width of typically2 units in%, densely populated with particles of
relatively high transverse momentum and isotropically distributed in azimuth, measured in the

2! chirality = 2 n f , where! chirality = # (qR + øqR )! # (qL + øqL ), andnf is the number of quark ßavours.
3The pseudo-rapidity of a particle is deÞned as! " ! ln tan( " / 2), where" is the polar angle with respect to

the proton direction deÞning the+ z-axis.
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Figure 6: Distribution of the bin weightswi as a function of the discriminatorD. The bin
weights are calculated using the signal and background predictions together with their system-
atic uncertainties and the respective bin-to-bin correlations.
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 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 B»  look for deviations from SM predictions: 

  e
! q " e! (q)W Z , (#q)W Z

 e

 q

  W /Z

  W /Z

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=' ,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 particle physics, originally proposed [1] in the 1960Õs,

has achieved completion with the near-certain discovery in2012 [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 agreater collision energy than

any of its predecessors could achieve. The LHC is currently shut down for signiÞcant upgrades in

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

there are high expectations that in that run, or in following years, the LHC might conclusively Þnd

some signals that the Standard Model of particle physics is not the Þnal theory, but simply an

e! ective theory which has worked e" ciently to explain the experimental results collected till date,

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

go into the multiple reasons for such an expectation, which are well-discussed in the literature [4],

but instead focus on one of the possible ways in which such signals for new physics beyond the SM

could be found.
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Figure 1: Illustrating momentum assignments for the

generic W W V vertex.

The speciÞc part of the SM on which we focus

is one of the triple gauge boson vertices(TGVÕs)

in the Standard Model Ñ more speciÞcally, the

W + W ! V vertex. Here V can denote any one of

the neutral vector bosons! or Z , but in this work,

we focus on the speciÞc caseV = ! . In the Stan-

dard Model, of course, this vertex is precisely de-

Þned [5]. However, it is also possible to parametrise

possible new physics contributions to this vertex [6]

in the form of a pair of undetermined parameters

(# " ! , #! ).

If we denote theW +
µ (p1)W !

" (p2)A#(p3) vertex by i$(W W ! )
µ"# (p1, p2, p3), then it can be neatly parametrised

in the form of three separate terms, viz.

i$(W W ! )
µ"# (p1, p2, p3) = ie

!
%(SM)

µ"# (p1, p2, p3) + # " ! %(! $)
µ"# (p1, p2, p3) +

#!

M 2
W

%(%)
µ"# (p1, p2, p3)

"
(1)

where the % tensors are, respectively,

%(SM)
µ"# (p1, p2, p3) = gµ" (p1 ! p2)# + g"# (p2 ! p3)µ + g#µ (p3 ! p1)" (2)

%(! $)
µ"# (p1, p2, p3) = gµ#p3" ! g"# p3µ

%(%)
µ"# (p1, p2, p3) = p1#p2µp3" ! p1" p2#p3µ ! gµ" (p1#p2 áp3 ! p2#p3 áp1)

! g"# (p2µp3 áp1 ! p3µp1 áp2) ! gµ# (p3" p1 áp2 ! p1" p2 áp3)

This is the most general form consistent with the gauge and Lorentz symmetries of the SM [7]. The

extra terms whose coe" cients are # " ! and #! respectively are known as theanomalous TGVÕs.
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Noting that the terms in ! (! ! )
µ"# also appear in ! (SM)

µ"# , one can also combine the terms and use

! $ = 1 + " ! $, but in this paper we have used only" ! $, which agrees with the common usage by

most experimental collaborations.

These anomalous TGVÕs have been studied in some detail in many processes, both at low energies

and at high energies [8]. No evidence for any deviation from the SM has been found till date, as

a result of which, we have fairly stringent upper bounds on the anomalous couplings" ! $ and " $.

The strongest bounds come from the study ofW + W ! production at the Large Electron Positron

(LEP) collider at CERN, Geneva [9]. The early runs of the LHC have also yielded bounds published

by both the ATLAS and the CMS Collaborations [10, 11], but these are not, as yet, competitive

with the LEP bounds. A summary of the best available constraints on " ! $ and " $ is given in

Table 1.

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

" ! $ [-0.099, 0.066] [-0.460, 0.390] [-0.158, 0.255] [-0.135, 0.190] [-0.210, 0.220]

" $ [-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 ! couplings from the data collected at the LEP,

Tevatron and LHC experiments. In each case, the most restrictive of the reported measurements is taken.

Although these constraints Ð especially the ones from the LEP data Ð are fairly stringent, they

come with some caveats, viz. the fact that the processes usedto put these bounds on theW W #

anomalous TGVÕs are often a#ected by the W W Z anomalous TGVÕs. For example, if we consider

the LEP processe+ e! ! W + W ! through an s-channel photon exchange, there is also a similar

process through ans-channel Z 0 exchange. The bounds quoted in Table 1 are sometimes obtained

with the assumption that there are anomalous couplings in the W W # vertex alone, but not in the

W W Z vertex, and sometimes by assuming both kinds of anomalous couplings exist and may or

may not be equal. Moreover, since these anomalous couplingslead to unitarity violation at high

energies, sometimes they are taken with arbitrary factors of the form (1 + s/ $ 2)%, where $ is a

high energy scale, and$ is an adjustable exponent [12]. Not every experimental collaboration,

however, uses these factors, and hence comparison of the di#erent constraints could be deceptive.

Further, there always remains a possibility that there may be anomalous couplings in bothW W #

and W W Z vertices such that these interfere destructively to produce a very small e#ect. In such

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

of W # (or W Z ) Þnal states at a hadron collider, but this su#ers from the problem of low cross

sections and large SM backgrounds. Photoproduction ofW 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,#" ! W W

production can easily get mixed with Z " ! W W processes.

2

At the e-p: 
-! can clearly distinguish between CC events e + p B» &e + jet (W-exchange) and 

NC events e + p B» e + jet (photon or Z boson exchange)  
-   triggering on a final state photon, can provide very clean bounds on the 
anomalous TGVÕs!  
 

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

https://arxiv.org/abs/1406.7696  
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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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In this context, we wish to point out that at an ep collider one can clearly distinguish between

charged current (CC) eventse+ p ! ! e + jet arising from W boson exchange, and neutral current

(NC) events e+ p ! e+ jet arising from photon or Z boson exchange, simply by triggering on the

missing energy or the electron in the Þnal state. Considering the CC events, if a photon is radiated

from the exchangedW boson, we can trigger on a Þnal state with a photon, one (or more) jets and

missing energy. The crucial point to note is that if we trigger on a Þnal state photon, there will be

no interference from theW W Z vertex, anomalous or otherwise. Thus, if we trigger on a Þnalstate

photon, an ep collider can provide very clean bounds on the anomalous TGVÕs and this is what is

investigated in the present work.

The possible diagrams which give rise to the processe+ p ! ! e + jet in the framework of the SM

are given in Fig. 2. The graph marked Ô1Õ has a red dot indicating the contribution of possible

anomalousW W " coupling terms.
_
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Figure 2: Feynman diagrams contributing at parton level to the proces s e! p ! ! e + " + jet. The red dot in the

diagram marked Õ1Õ corresponds to the anomalous TGV.

Evaluation of the diagrams in Fig. 2 leads to a matrix elementof the form

M = M 0 + ∆#! M 1 + $! M 2 (3)

where the dominant term M 0 is the Standard Model contribution, which arises from all four

diagrams, and the trailing terms ∆#! M 1 and $! M 1 get contributions only from the diagram

marked Ô1Õ. Squaring and spin-summing/averaging this matrix element and integrating it over the

accessible phase space leads, then to a parton-level cross-section of the generic form

ö%= ö%00 + ∆#2
! ö%11 + $2

! ö%22 + ∆#! ö%01 + $! ö%02 + ∆#! $! ö%12 (4)

where, in general, ö%ij arises from integration of terms of the form
!

s M  
i M j . Given the small

values of∆#! and $! allowed by the experimental data (see Table 1), it is clear that the dominant

new physics contributions will come from the interference terms ∆#! ö%01 and $! ö%02, which vary

linearly with the anomalous coupling parameters∆#! and $! .Thus, the main question is whether

these terms can be at all signiÞcant when compared to the dominant SM term ö%00.

3

A. Senol, O. Cakir, 
I. Turk Cakirç 
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Anomalous WWZ Couplings 
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Two-dimensional 95% C.L contour plot of anomalous couplings in the " Z ( )* Z 
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 
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For comparison: 
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Vector Boson Scattering 

1/19/2017  Monica D'Onofrio, 1st FCC physics week 24 

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 

e! q " e! (q)WZ, (! q)WZ



R-parity violating SUSY 

1/19/2017  Monica D'Onofrio, 1st FCC physics week 25 

Plethora of new couplings, only partially constraints (m/100 GeV)  
* L =1, 9 $ couplings, 27 $Õ couplings 

Squarks in RPV models could be an example of ÔLeptoquarksÕ 

Various strong constraints  
already  from LHC on $ and 
$ÕÕ (from multilepton  and 
multijet  searches) 

Couplings with third gen quarks  
In e-p production rate depending on: 

e-d-t : $Õ131 (constraint: < 0.03)  
e-u-b: $Õ113  (constraint: < 0.02)  
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    SUSY Ð R-parity violating 

low energy nucleon experiments, the baryon number violating öU öD öD couplings are negli-
gibly small, for example !

!!

11k are less than 10! 7 given by nucleon-antinucleon oscillation
measurements, and thus mechanics of RPV squark resonance production at TeV hadron
colliders are highly suppressed. On the other hand, at the proposed Large Hadron electron
Collider (LHeC) [11], which provides complement to the LHC by using the existing 7 TeV
proton beam, single squark can be produced and detected viaöL öQ öD couplings in the next
generation of electron-proton e! p collision experiments. In this paper we investigate the
potential of searching stop quark via e! + p ! ÷t"

1 ! µ! + øb resonance process, which
provides a new prospect to probe the RPV lepton ßavor violating interactions.

2. Signal and Background at the LHeC

Under the single dominance hypothesis [4] that÷t1, the lighter mass eigenstate of the two
stop quarks, is simply governed byöL öQ öD couplings !

!

131 and !
!

233, the parton-level signal
process can be denoted ase! (p1) + ød(p2) ! ÷t"

1 ! µ! (p3) + øb(p4), depicted by the Feynman
diagram in FIG. 1.

)
1

(p-e

)
2

(pd

Õ
113! Õ

233!
t
~

)
3

(p-µ

)
4

(pb

Figure 1: The parton-level Feynman diagram of RPV signale! ød ! µ! øb.

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

M = øv( p2)
!
!

!

131
1 " " 5

2

"
u(p1) á

" i
ös " M 2 + iM !

áøu(p3)
!
!

!

233
1 " " 5

2

"
v(p4) (2.1)

where
#

ös = M µb is the center-of-mass energy of the hard scattering and equivalent to the
Þnal state invariant mass. The parameterM and ! denote the mass and total width of the
lighter stop quark ÷t1 respectively, while the lighter stop is assumed only decaying through
ed and µb modes.

! =
!

!

233
2

16#
á

(M 2 " m2
b)2

M (M 2 + m2
b)

+
!

!

131
2

16#
áM (2.2)

The parton-level di" erential cross section for signal in therest frame of Þnal muon and
b-quark states can be written as

dö$
d#

=
(!

!

131!
!

233)2

(16#)2ös
(ös " m2

b)2

(ös " M 2)2 + ( ! M )2 (2.3)

For the particle level signal processe! + p ! ÷t"
1 ! µ! + øb at the LHeC, the cross section

and kinematic distributions can be obtained by convoluting the parton-level subprocess
with the parton distribution function (PDF) of the proton.

Ð 2 Ð

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

stop 

+Õ131< 0.03 
also stronger bounds from ,,0&  

¥! requires good b-tagging 
¥! $Õ223 < 0.45 (constraints not sensitive to 

it down to ~ 0.05) 
¥! Dependency on $Õ131 :   

¥! LHeC (1/ fb): 300 GeV, $Õ131 = 0.005 
¥! FCC-eh potential to be evaluated 

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

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

Probe RPV LQD terms:  
In this case $Õ131 x $ Õ233 

 

e!

u

÷b1

e!

u

Figure 1: Feynman diagram for the parton level RPV signal processe! u ! ÷b1 ! e! u.

level has the form as

M RP V = " |! "
113|2 sin2 "÷b

!
uc

e(p1)
1 " #5

2
uu(p2)

"
i

ös " m2
÷b1

+ im ÷b1
! ÷b1

!
uu(p4)

1 + #5

2
uc

e(p3)
"

(2.2)

Fierz"! "
|! "

113|2

2
sin2 "÷b

!
ue(p3)#µ 1 " #5

2
ue(p1)

"
i

ös " m2
÷b1

+ im ÷b1
! ÷b1

!
uu(p4)#µ

1 " #5

2
uu(p2)

"
,

where
#

ös is the center-of-mass (c.m.) colliding energy of the hard scattering and equivalent to the

Þnal state invariant mass, and"÷b the sbottom mixing angle deÞned as

# ÷b1
÷b2

$
=

#
cos"÷b sin"÷b

" sin"÷b cos"÷b

$ # ÷bL
÷bR

$
. (2.3)

Then the di" erential cross section for the parton level signal process in the c.m. system can be

expressed as

dö$
d#

=
1

256%2 |! "
113|4 sin4 "÷b

ös
(ös " m2

÷b1
)2 + m2

÷b1
! 2

÷b1

, (2.4)

where the total decay width of the lighter sbottom, ! ÷b1
, can be written out as

! ÷b1
=

1
16%

|! "
113|2 sin2 "÷bm÷b1

. (2.5)

In this paper, we take sin"÷b = 1 and therefore ÷b1 = ÷bR, by assuming that mb = 0 and m÷bR
< m ÷bL

.

For the parent level signal processe! p ! ÷b1 ! e! + jet + X , the kinematic distributions and

integrated cross section can be obtained by convoluting theparton level process with the parton

distribution function (PDF) [20] of up quark in the proton,

d$(e! p ! ÷b1 ! e! + jet + X ) =
%

dxGu/P (x, µ f )dö$(e! u ! ÷b1 ! e! u,
#

ös = 2
&

xE eEp). (2.6)

The RPV signal is dominated by the s-channel resonant production, and thus dramatically en-

hanced and sharply peaked around the sbottom mass in the Þnalstate invariant mass spectrum in

5

$Õ 131 

$Õ113 
$Õ113 

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

Probe RPV LQD terms: ($Õ113)2 

of the lighter sbottom resonance viae! + jet Þnal state at the LHeC, with ! "
113 = 0 .02, for both the

low and the high electron beam energy conÞgurations. It can be seen that theEe = 150 GeV electron

beam option is more powerful than theEe = 50 GeV conÞguration in searching for the lighter sbottom

resonance RPV signal, particularly in the mass range ofm÷b1
> 700 GeV. If there is no signiÞcant

deviation from the SM prediction on the deep inelastic scattering observed with certain accumulated

luminosity at the LHeC, e.g. L = 1 fb! 1, the exclusion on theL-violating coupling ! "
113 can be drawn

at 95% conÞdence level (C.L.), as shown in Fig.7. It shows that the direct search for the lighter

 (GeV)
1

b
~
 

m
100 200 300 400 500 600 700 800 900 1000

  (
95

%
 C

.L
.)

11
3

Õ !

0.005

0.01

0.015

0.02

0.025

0.03

0.035

 =  50 GeVeE

 = 150 GeVeE

-1L = 1.0 fb

Figure 7: 95% C.L. upper bounds on! "
113 as functions ofm÷b1

.

sbottom resonance viae! + jet Þnal state at the LHeC would give much more stringent limit on the

L-violating coupling ! "
113 than the low energy experiments, especially in high sbottommass region.

For example, at m÷b1
= 1 TeV mass point, a new 95% C.L. upper bound on!

!

113 can be derived as

small as 0.013, at the LHeC with 1 fb! 1 data expected in 150 GeV electron beam collision, which is

about 15 times smaller than the 2" upper limit obtained from the Vud measurement given by Eq.(3.1).

Some issues should be addressed here:

¥ The resonant productions of top and bottom squarks at the LHeC have been investigated in

Refs.[18, 19] viaµ + jet Þnal state. Due to the lepton-ßavor violation, two di! erent L -violating

öL öQ öD Yukawa couplings (with di ! erent lepton ßavors) are involvedin the signal processes and

there is no SM irreducible background. Only the upper boundson the quadratic L -violating

12

Ep=7000 GeV 

@FCC-eh: same analysis as for LQ !  
Sensitivity up to 2.5 TeV for $Õ113<0.02 
  



A ÒdifferentÓ SUSY RPV: Single-top + neutralino  

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

! ! 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)

÷! 0
1(p4)÷tw

(b)

e(p1)

dk(p2)

t(p3)

÷! 0
1(p4)

÷dk,w

(c)

e(p1)

dk(p2)

t(p3)

÷! 0
1(p4)

÷ew

Figure 1: The tree-level Feynman diagrams for thee+ dk ! t ÷! 0
1 partonic process, where the

lower indicesk, w = 1 , 2.

Fig.1. The two top squarks (÷tw = ÷t1,2) in Fig.1(a) are potentially resonant. At the LHeC the
main contribution to the e! p(e+ p) ! øt ÷! 0

1(t ÷! 0
1)+ X process is from thes" channel diagrams with

top squark exchanges, and the contributions from thet" and u" channel diagrams normally are
small. But in some SUSY parameter space where the top squarksare relatively heavy and the
selectrons are relatively light, the u- and t-channel contributions normally cannot be neglected,
particularly in the NLO QCD precision calculations. For dis posal of the singularities due to stop
quark resonances in the calculations, the complex mass scheme (CMS) is adopted [27]. In the
CMS approach the complex masses for all related unstable particles should be taken everywhere
in both tree-level and one-loop level calculations. Then the gauge invariance is kept and the
real poles of propagators are avoided. We introduce the decay widths of ÷t1 and ÷t2, and make
the following replacements in the amplitudes:

1
ös " m2

÷t i

!
1

ös " m2
÷t i

+ im ÷t i
! ÷t i

=
1

ös " µ2
÷t i

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

where ! ÷t i
represents the decay width of÷t i , and µ2

÷t i
is the complex mass squared of÷t i deÞned as

µ2
÷t i

= m2
÷t i

" im ÷t i
! ÷t i

.

The LO cross section for the partonic processe+ dk ! t ÷! 0
1 can be written as

ö" 0(e+ dk ! t ÷! 0
1) =

1
4

1
3

1
2ös

! color"

spin

|M LO (e+ dk ! t ÷! 0
1)|2d" 2, (4)

where the factors 1
4 and 1

3 come from the averaging over the spins and colors of the initial
partons respectively, ös is the partonic center-of-mass energy squared, andM LO (e+ dk ! t ÷! 0

1) is
the amplitude for the tree-level Feynman diagrams shown in Fig.1. The summation in Eq.(4)
is taken over the spins and colors of all the relevant initialand Þnal particles. The phase space
element d" 2 is expressed as

d" 2 = (2 #)4$(4) (p1 + p2 " p3 " p4)
#

i =3 ,4

d3p i

(2#)32Ei
. (5)

The LO cross section for the parent processe+ p ! t ÷! 0
1 + X at the LHeC can be obtained by

performing the following integrations:

" LO =
"

k=1 ,2

! 1

0
dxö" 0(e+ dk ! t ÷! 0

1)
$
Gdk /P (x, µ f )

%
, (6)

4

Figure 7: The LO, NLO QCD corrected cross sections and the correspondingK -factors versus
the mass of top squarkm÷t1

at the Ee = 50 GeV and Ep = 7 T eV LHeC. The curves labeled
with (a), (b), and (c) indicate for the processese+ p ! t ÷! 0

1 + X , e! p ! øt ÷! 0
1 + X in case (1) and

e+ p ! t ÷! 0
1 + X in case (2), respectively.

of the lightest neutralino mass for the processese+ p ! t ÷! 0
1 + X , e! p !! øt ÷! 0

1 + X in case (1)
and e+ p ! t ÷! 0

1 + X in case (2), at the Ee = 50 GeV and Ep = 7 T eV LHeC are depicted in
Fig.8, separately. In Fig.8 we keep all the related pMSSM-19parameters as the values at the
benchmark point shown in Eq.(33) except the lightest neutralino mass. The results show that
the NLO QCD corrections always increase the corresponding LO cross sections whenm ÷! 0

1
varies

from 50 GeV to 130 GeV.
We depict the LO, NLO QCD corrected cross sections and the correspondingK -factors versus

the ratio of the vacuum expectation values (VEVs), tan" , for the processese+ p ! t ÷! 0
1 + X ,

e! p ! øt ÷! 0
1 + X in case (1) ande+ p ! t ÷! 0

1 + X in case (2), at the Ee = 50 GeV and Ep =
7 T eV LHeC in Fig.9, respectively. There all the related pMSSM-19parameters are Þxed at
the benchmark point and remain unchanged except tan" . The curves in the Þgure demonstrate
that the cross sections decrease as tan" increases in the range of tan" < 7. While when tan "
goes beyond 10, the cross section is almost independent of tan " .

The NLO QCD correction ! #NLO (" #NLO # #LO ) and the corresponding! K " ! #NLO / #LO

versus the gluino massm÷g at the Ee = 50 GeV and Ep = 7 T eV LHeC, are demonstrated in
Fig.10 for the processese+ p ! t ÷! 0

1 + X , e! p ! øt ÷! 0
1 + X in case (1) ande+ p ! t ÷! 0

1 + X in case
(2), around the benchmark point with SUSY parameters in Eq.(33). In these Þgures we keep
all the related SUSY parameters remain unchanged exceptm÷g. It shows that when the gluino
mass runs from 1500GeV to 3500 GeV, the ! K increases slowly for each of the three curves.

We show the transverse momentum distributions of the Þnal (anti-)top quark and the cor-
responding K -factors for the processese+ p ! t ÷! 0

1 + X , e! p ! øt ÷! 0
1 + X in case (1) and

e+ p ! t ÷! 0
1 + X in case (2), at the benchmark point mentioned above at theEe = 50 GeV and

Ep = 7 T eV LHeC in Figs.11(i), 11(ii), and 11(iii), respectively. The transverse momentum dis-
tributions in Fig.11 show that there exist peaks located at the position aboutpt

T (pøt
T ) $ 345GeV.

Those peaks originate from the resonant÷t1 e" ects in the s# channel diagrams. We can see that
the peak on the NLO transverse momentum distribution curve is lower than that on the corre-
sponding LO curve in Figs.11(i) and 11(ii). The K -factor reaches the lowest value at the peak of
transverse momentum distribution, and then leaps to a very high value whenpT goes up beyond
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Figure 11: The LO, NLO QCD corrected distributions of the pT of Þnal (anti-)top quark and the

correspondingK -factors
!

K (pT ) ! d! NLO
dpT

/ d! LO
dpT

"
at the benchmark point at the Ee = 50 GeV

and Ep = 7 T eV LHeC. (i) The process e+ p " t ÷! 0
1 + X in case (1). (ii) The processe! p "

øt ÷! 0
1 + X in case (1). (iii) The processe+ p " t ÷! 0

1 + X in case (2).
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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 - !( h) - BR(h! +1
0+1

0) -   [BR(+1
0 ! X)]2 

In 1/ ab, !( h)=850 fb  (CC), assuming BR(h! +1
0+1

0) = 10%    
N exp = 85000 -   [BR(+1

0 ! X)]2   !  sizable dataset if BR not too small  
  
                                          

Higgs by vector boson fusion at LHeC 

! ! WWH and ZZH couplings can be probed uniquely 
! ! high electron polarisation "  doubling of rate 
! !   

G. Azuelos - POETIC 2014, Yale, New Haven, CT 11 

  e (polarised)

 q fwd jet 

   ! e  (ET
miss )

 W

 W

 H
 W W H

  e (polarised)

 q fwd jet 

 e

 Z

 Z

 H
 ZZH

Charged Current Neutral Current 

    

CC signal:  H ! bb ! 0.16 pb at s = 2.0 TeV

backgrounds:

  " e +3j : ~ 57 pb

  single top: ~ 4.1 pb

  Z ! bb( ) +" e + j : ~ 0.11 pb

   NC: g +e ! j bb " e: ~ 1.1 nb
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h ! ! 1
0! 1

0 ! 3j 3j  (resonances)

2

_
b

e!

H

W

W

b

p

e

q

qÕ

FIG. 1: Higgs boson production at an ep collider through
W W fusion and the HW W vertex.

in such studies [8Ð10]. As pointed out in Refs. [11, 12]
a study of e+ e! ! tøtH 0 production o! ers the possibil-
ity of a clear and unambiguous determination of the CP
properties of the H 0; however, at the LHC this process
may be accessible only in the high energy and luminosity
phase. However, it is interesting to note that the pro-
duction of a Higgs boson in the WW fusion process in
the charged current reactionse + p ! ! H 0X [13, 14]
or ! + p ! eH0X [15] arise only from a single Feyn-
man diagram involving the HW W vertex as shown in

the Figure 1 for e + p ! ! e + X + H (bøb). These modi-
Þed charged current (CC) processes not only provide the
best way to observe theH ! bøb decay, but also render
the measurement of theHW W vertex free from possi-
ble contamination by contributions from HZZ or H ""
vertices. Moreover, theep collision has an additional ad-
vantage over the LHC in that the initial states would be
asymmetric. Thus, we can disentangle backward scatter-
ing from forward scattering and study these separately,
which is not possible at the LHC. In this letter, there-
fore, we focus on the measurement of theHW W vertex
in such CC events at the high-energy high-luminosityep
collider envisaged in the LHeC proposal [13], where a
high energy (" 50# 150 GeV) beam of electrons would
be made to collide with the multi-TeV beams from the
LHC. Such a machine will have a centre-of-mass energy
as high as 1# 1.5 TeV and can therefore produceH 0

events copiously [13, 14].
A glance at Figure 1 will show that the Þnal state has

missing transverse energy (MET) and three jetsJ1, J2
and J3, of which two (say J2 and J3) can be tagged asb-
jets. At the parton level, the squared and spin-summed-
averaged matrix element for the process

e! (k1) + q(k2) #! ! e(p1) + q"(p2) + H (p3)

can now be worked out to be

|M| 2 =
!

4#3$3

sin6 %W

"
1

M 2
W (öt1 # M 2

W )2 (öu2 # M 2
W )2

$
#
4M 4

W ösös1

+ &2 $
öt1öu2(ös2 + ös2

1 + öt1 öu2 # 2öt2öu1) + (ösös1 # öt2öu1)2%
+ 2 &M 2

W (ös + ös1)(ösös1 + öt1 öu2 # öt2 öu1)

+ &"2 $
öt1öu2(ös2 + ös2

1 # öt1 öu2 + 2 öt2öu1) # (ösös1 # öt2öu1)2%
# 2&"M 2

W (ös # ös1)(ösös1 + öt1 öu2 # öt2öu1)

+ 2 &&"öt1 öu2(ös2
1 # ös2)

&
(4)

where the invariant variables are deÞned by ös = ( k1 +
k2)2, öt1 = ( k1 # p1)2, öu1 = ( k1 # p2)2, ös1 = ( p1 + p2)2,
öt2 = ( k2 # p1)2 and öu2 = ( k2 # p2)2. The Þrst term in-
side the square brackets is the SM contribution and is,
of course, just the beta decay matrix element. The other
terms include direct and interference BSM contributions
of both CP-conserving andCP-violating types and even
a crossed term between the two types of BSM contribu-
tions.

The expression in Eqn. (4), though exact, is not very
transparent. It can be shown [4], however, that in the
limit when there is practically no energy transfer to the
W bosons and the Þnal states are very forward, theCP-
conserving (CP-violating) coupling & (&") contributes to
the matrix element for this process a term of the form

M ! % + & 'pT 1.'pT 2 M "
! % #&" 'pT 1.'pT 2 , (5)

where 'pT 1 is the vector of the missing transverse energy.
These termsM ! and M "

! both go through a zero when
the azimuthal angle " ( MET ! J between the non-b jet J1

(arising from the parton q") and the missing transverse
energy is #/ 2 or 3#/ 2. When M ! and M "

! are added
to the relatively ßat (in " ( MET ! J ) SM background, one
predicts a curve with a peak (dip) around " ( MET ! J &
0(#) for the & operator and the opposite behaviour for
the &" operator, when the signs of&, &" are positive and
vice versa when they are negative. The exact behaviour is
illustrated in Figure 2, which was generated for the case
of a 140 GeV electron colliding with a 6.5 TeV proton
and setting the Higgs boson mass to 125 GeV. Since the
approximations which reduce Eqn. (4) to Eqn. (5) are
somewhat too drastic, these curves show the expected
qualitative behaviour but the peaks (dips) are somewhat
displaced from the values quoted above.

In generating these ÔtheoreticalÕ distributions, no kine-
matic cuts were applied. The choices of&, &" = 0 , ± 1
in Figure 2 are completely ad hoc Ð in a speciÞc BSM
model the actual value can vary considerably Ð but they
serve the purposes of illustration well. Of course, the
precise value of& (or &") is crucial to any actual study

! 1
0

! 1
0

h ! ! 1
0! 1

0 ! jjjjvv (non-resonant, with MET)

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   
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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: 
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¥! 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��

����

Signal Event Generating��

MadGraph generating: 
Òimport  model mssm-full 
define dm = n1 n2 x1+ x1- 
generate p e- > dm dm e- j / go ul cl t1 ur cr t2 dl sl b1 dr sr b2 ul\ 
~ cl~ t1~ ur~ cr~ t2~ dl~ sl~ b1~ dr~ sr~ b2~  h2 h3 h+ h- sve svm svt\ 
 el- mul- ta1- er- mur- ta2- sve~ svm~ svt~ el+ mul+ ta1+ er+ mur+ ta2\ 
+ n3 n4 x2+ x2- QCD=0 QED=4 Ó 

Collider: 
FCC-eh ( Ep = 50 TeV, Ee = 60 GeV with no polarization ). 
 
Benchmark point: 
pure Wino DM: M2 ~ 200 GeV; M1, \mu >> M2; 
m(neutrino1) ~ m(chargino1) ~ 200 GeV. 

����

Signal Event Generating��

MadGraph generating: 
Òimport  model mssm-full 
define dm = n1 n2 x1+ x1- 
generate p e- > dm dm e- j / go ul cl t1 ur cr t2 dl sl b1 dr sr b2 ul\ 
~ cl~ t1~ ur~ cr~ t2~ dl~ sl~ b1~ dr~ sr~ b2~  h2 h3 h+ h- sve svm svt\ 
 el- mul- ta1- er- mur- ta2- sve~ svm~ svt~ el+ mul+ ta1+ er+ mur+ ta2\ 
+ n3 n4 x2+ x2- QCD=0 QED=4 Ó 

Collider: 
FCC-eh ( Ep = 50 TeV, Ee = 60 GeV with no polarization ). 
 
Benchmark point: 
pure Wino DM: M2 ~ 200 GeV; M1, \mu >> M2; 
m(neutrino1) ~ m(chargino1) ~ 200 GeV. 

����

Kechen Wang (and MD) 

will use P=-0.8 for next round 



EWK RPC-SUSY production 

1/19/2017  Monica 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: 
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Kechen Wang 



SUSY EWK production 
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! ! b 
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Distributions��

����

Distributions��

������

! (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 ÔefficiencyÕ  
!  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 
ÔTRUTHÕ 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 UtaÕs 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 ÒclassicÓ 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  
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Back-up 



LHeC Prospects for WW' #
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! ! Select on pT of '  and jet  
! ! Sensitivity to *,  (' -jet) 
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In this context, we wish to point out that at an ep collider one can clearly distinguish between

charged current (CC) eventse+ p ! ! e + jet arising from W boson exchange, and neutral current

(NC) events e+ p ! e+ jet arising from photon or Z boson exchange, simply by triggering on the

missing energy or the electron in the Þnal state. Considering the CC events, if a photon is radiated

from the exchangedW boson, we can trigger on a Þnal state with a photon, one (or more) jets and

missing energy. The crucial point to note is that if we trigger on a Þnal state photon, there will be

no interference from theW W Z vertex, anomalous or otherwise. Thus, if we trigger on a Þnalstate

photon, an ep collider can provide very clean bounds on the anomalous TGVÕs and this is what is

investigated in the present work.

The possible diagrams which give rise to the processe+ p ! ! e + jet in the framework of the SM

are given in Fig. 2. The graph marked Ô1Õ has a red dot indicating the contribution of possible

anomalousW W " coupling terms.
_

e !e

du

"W

W

_
e !e

u

u

"

d

W

_
e

!e

du

W

"

e

_
e !e

W

d

"

u

d

3 421

Figure 2: Feynman diagrams contributing at parton level to the proces s e! p ! ! e + " + jet. The red dot in the

diagram marked Õ1Õ corresponds to the anomalous TGV.

Evaluation of the diagrams in Fig. 2 leads to a matrix elementof the form

M = M 0 + ∆#! M 1 + $! M 2 (3)

where the dominant term M 0 is the Standard Model contribution, which arises from all four

diagrams, and the trailing terms ∆#! M 1 and $! M 1 get contributions only from the diagram

marked Ô1Õ. Squaring and spin-summing/averaging this matrix element and integrating it over the

accessible phase space leads, then to a parton-level cross-section of the generic form

ö%= ö%00 + ∆#2
! ö%11 + $2

! ö%22 + ∆#! ö%01 + $! ö%02 + ∆#! $! ö%12 (4)

where, in general, ö%ij arises from integration of terms of the form
!

s M  
i M j . Given the small

values of∆#! and $! allowed by the experimental data (see Table 1), it is clear that the dominant

new physics contributions will come from the interference terms ∆#! ö%01 and $! ö%02, which vary

linearly with the anomalous coupling parameters∆#! and $! .Thus, the main question is whether

these terms can be at all signiÞcant when compared to the dominant SM term ö%00.
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obtain a value of ! 2 ! 23.268 at 95% C.L.. The criterion for a 95% C.L. discovery, then,is simply

! 2(! " ! , #! ) > 23.268 . (8)

The usefulness of this criterion is illustrated below, in Fig. 4. Here we have set#! = 0 and plotted,

as a function of the integrated luminosity L , the minimum value of ! " ! for which the criterion in

Eqn. 8 is satisÞed, i.e. the anomalous coupling! " ! is discoverable at the LHeC.

[fb   ]! 1Integrated Luminosity

!"
#

ATLAS

ATLAS

CMS

CMS

LEP

LEP

! 0.3

! 0.2

! 0.1

 0

 0.1

 0.2

 0.3

 1  10  100  1000

10020
0

100200

Figure 4: The 95% C.L. discovery reach of the LHeC in ! ! ! (as-

suming " ! = 0) as a function of the integrated luminosity. The best

experimental bounds at 95% C.L. are as indicated on the graph.

The three solid lines correspond respectively to electron beam en-

ergies of 100 GeV (marked), 140 GeV and 200 GeV (marked).

In Fig. 4, the three solid curves represent

three possible energies, viz. 100 GeV,

140 GeV and 200 GeV of the electrons

colliding with 7 TeV protons. As may be

expected from the high momentum de-

pendence of the anomalous couplings, we

get somewhat better results with higher

energy electrons than with lower energy

electrons, though the di" erence is not all

that important. On the other hand, in-

crease of luminosity allows us to probe

smaller and smaller values of|! " ! |, as is

apparent from the the converging lines in

the Þgure. For comparison, we have also

plotted the constraints on ! " ! from the

ATLAS and CMS experiments, as well as

the combined LEP collaborations. The

LEP bounds, which are the most restric-

tive, are highlighted in yellow to make

the comparison easy.

It may be immediately noted that, as of now, only the LEP bounds will be comparable with the

LHeC results, using the azimuthal angle variable, as soon asthe integrated luminosity crosses a few

tens of fb! 1. However, in order to better the LEP results, we will require an integrated luminosity

of about 50, 70 or 100 fb! 1 for ! " ! > 0 for an electron beam energy of 200, 140 or 100 GeV

respectively. For ! " ! < 0, the corresponding values are about 25, 30 and 50 GeV respectively.

Thus, we may conclude that an integrated luminosity of 100 fb! 1, or more, will enable the LHeC

to become the most powerful probe of the anomalous TGV! " ! till now.

The graphs in Fig. 4 do not tell the whole story, however, for they represent the speciÞc case

when #! = 0. In general, as we have seen in Fig. 3, the results will be di" erent when both types

of anomalous couplings assume non-zero values. We have, therefore, made a study of the joint

variation of the ! 2 variable in Eqn. 7 with both ! " ! and #! varying over their allowed ranges.
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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) 

Our results are illustrated in Fig. 5, where we have plotted discovery limits as contours in the

plane of ! ! ! and " ! . Obviously, the black dot in the centre of the graph, which corresponds to

! ! ! = " ! = 0, is the SM prediction. i.e. no anomalous TGVÕs.

The solid (black) contours in Fig. 5 rep-

resent the discovery reach of the LHeC,

using the azimuthal angle di" erence vari-

able ! #(J !pT ) and the $2 technique of

Eqns. 7 and 8. In each case the in-

tegrated luminosity, in fb ! 1, is marked

alongside the relevent contour.Regions

lying between the central point ! ! ! =

" ! = 0 and each contour are inaccessi-

ble for that value of integrated luminos-

ity. For this graph, we have assumed an

electron beam energy of 140 GeV. Obvi-

ously the contours will shrink marginally

if the electron energy is increased and

vice versa. For comparison, we have also

superposed on these contour plots the

correlated 95% C.L. constraints from (a)

the CDF and D0 Collaborations (dashes,

green) at the Fermilab Tevatron, (b) the

ATLAS and CMS constraints (dashes,

blue) from the LHC, and (c) the LEP

constraints (solid, red and shaded yel-

low).

!" #

   
$ #
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CDF
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Figure 5: 95% C.L. discovery contours in the ! ! ! Ð" ! plane cor-

responding to an electron beam energy of 140 GeV. The dot in the

centre represents the Standard Model value. The region between

this dot and each contour is not discoverable for the luminosity (in

fb! 1) marked alongside the contour. The di " erent experimental

bounds at 95% C.L. are also exhibited.

It is immediately obvious from Fig. 5 that even with L = 100 fb! 1, the LHeC can already access

part of the parameter space which was inaccessible to the LEPand has been hitherto inaccessible

at hadron colliders as well. With L = 200 fb! 1 it is apparent that the LHeC results will surpass all

existing bounds, and it is easy to guess that the inaccessible region shrinks to really small values if

the luminosity can be taken as high asL = 1000 fb! 1.

In this work, therefore, we have shown that the LHeC can provide a very powerful probe of the

anomalous TGVÕs, if we use the azimuthal angle di" erence variable hitherto mainly proposed to

study Higgs boson physics. It is still unknown how well thesediscovery limits will compare with

the results of the LHC, when we consider its run at 13-14 TeV and an integrated luminosity of a

thousand fb! 1 or more, for the same variable can be used to complement and enhance other studies

proposed using the transverse momentum and other, more conventional distributions. Irrespective
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http://arxiv.org/pdf/1405.6056v1.pdf  
 



heavy leptons:  
¥! vector-like leptons: left and right chiralities  have same transformation 

properties 
¥! predicted in GUT theories (E 6) 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  

!

!

  L ,N

!

!

, ,! "!

Heavy fermions/ colored bosons: covered in other talks  
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  eEZ , ! EW ,eEH ; ! NZ ,eNW , ! NH

  qQZ ,qQW ,qQH ;

! "!

!

!

! "

( )1 2 1 12 3  + h.c./
! ! !

" " " # # #$ % & ' & % ( ) * &!= = +L

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

M %ahin and O. ‚akir , arXiv:0911.0496  

   p! " ! + +3j +# pe$ " e+ +3j +2#e

   N ! ! + +  jets e  e

 Z

 q  Q


