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e-p at HERA .. and beyond    

6/24/2015 Monica D'Onofrio, LHeC Workshop, CERN/Chavannes 

}  At HERA, extensive tests of QCD, 
measurements of αS and base for 
PDF fits in x range relevant for 
hadron colliders  

}  But also: 
}  New limits for leptoquarks, excited 

electrons and neutrinos, quark 
substructure and compositness, RPV 
SUSY etc. 
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Tevatron/HERA/LEP  à  HL-LHC/LHeC/(ILC?)    
(fermiscale)                                (Terascale) 

(or, the complementarity pattern) 

The idea of an e-p collider at CERN, the LHeC, proposed in 2005, has 
been developed in the last years: http://cern.ch/LHeC 
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  Lepton-proton facilities 
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HERA–LHeC–FCC-eh:                       
finest microscopes, resolution as 1/Q 
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LHeC: √s= 1.3 TeV 
×100–1000 HERA lumi.#

FCC-eh: 
√s= 3.5 TeV#

LHC (and, beyond, the FCC-hh) is/will be main discovery machine 
LHeC not a competitor! Complementary & synchronous with HL-LHC 

QCD 
Parton 
Dynamics 

Higgs 
LQ 

6/24/2015 Monica D'Onofrio, LHeC Workshop, CERN/Chavannes 



The LHeC as electron-proton Collider 
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}  Unique opportunity to take lepton-hadron physics to the TeV centre-of-
mass scale at high luminosity 
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Designed to exploit 
intense hadron beams 
in high luminosity phase 
of LHC:  
 
à Use 7 TeV protons 
 
à Add an electron 
beam to the LHC  
 

LHeC: Ee=60 GeV, √s = 1.3 TeV 

LHC&Electron&Beam&Upgrade&

Luminosity%of%order%1034cmM2%sM1%
in%concurrent%epMpp%operaAon%

UFinest&microscope&of&the&world&
UThe&next&machine&which&sees&H&
UTransforms&LHC&in&precision&lab.&
UPDFs&gain&O(.5)TeV&search&range&
URevolu:on&of&nuclear&structure&

LHeC&

Max&Klein&U&Future&HEP&U&1.5.15&at&DIS2015&Dallas,&Texas&

ERL&Facility:&
Two&LINACS&150&MeV,&3&passes&
with&energy&recovery&!&900MeV&
&
Design&Concept&2015&&
AsTEC,&BINP,&CERN,&Jlab&+&
scRF,&ERL,&Physics,&Tests&

transforms p-p machines into 
high precision facilities 
Plus, wealth of ‘new’ physics in 
its own right 



LHeC as electron-Ion Collider 
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}  Four orders of magnitude increase in kinematic range over 
previous DIS experiments  
     à will change QCD view of the structure of nuclear matter 
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Study interactions of densely 
packed but weakly coupled 
partons 
 
Precision QCD study of parton 
dynamics in nuclei 
 
May lead to genuine surprises: 
-  no saturation of xg(x,Q2),  
-  broken isospin invariance  
-  …  



Baseline parameters 

6/24/2015 Monica D'Onofrio, LHeC Workshop, CERN/Chavannes 

}  ep Luminosity: up to 1034  cm-2 s-1  
}  Integrated lumi: Up to 100 fb-1 per year 
}  Up to 1 ab-1 total 
}  eD and eA collisions integral part of the programme 

}  E-nucleon Lumi estimates à 1031 (1032) cm-2 s-1 for eD (ePb) 
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ep collisions (possibly with 
similar luminosity) 
à 60 GeV (ele), 7 TeV 
proton 
 
High polarization 

Operations 
simultaneous with 
HL-LHC pp physics 

1034 cm-2 s-1 Luminosity reach PROTONS ELECTRONS 

Beam Energy [GeV] 7000 60 

Luminosity [1033cm-2s-1] 16 16 

Normalized emittance γεx,y [µm] 2.5 20 

Beta Funtion β*x,y [m] 0.05 0.10 

rms Beam size σ*x,y [µm]  4 4 

rms Beam divergence σ’*x,y [µrad]  80 40 

Beam Current @ IP[mA] 1112 25 

Bunch Spacing [ns] 25 25 

Bunch Population 2.2*1011 4*109 

Bunch charge [nC] 35 0.64 



Coordination team  
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[M.Klein, ICFA Seminar, Bejing, China – October 2014] 
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Highlights in this talk: LHeC as … 
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}  the finest microscope of the world 
}  HERA established the validity of pQCD (very high lever arm in Q2) à 

Extension of both x and Q2 ranges crucial for new experiments and 
HEP theory developments 

}  PDF fits, measurements of αS and impact on higgs/BSM  

}  the next machine to see the Higgs 
}  Measurements of H to bbbar and more 

}  complement to LHC for EWK measurements and new 
physics 
}  EWK interactions  

}  Top quark: anomalous couplings, Flavor Changing Neutral Current 
}  Measurements of sin2θW   

}  Beyond SM physics: CI, LQ, SUSY 

}  revolution of nuclear structure  
}  Electron-Ion highlights  
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Improving PDFs with the LHeC 
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•  low-x: no current data to constrain              
x ≤ 10-4; rely purely on extrapolation 
non-linear equations, gluon saturation? 

•  mid-x: need higher precision for Higgs 

•  high-x: very poorly constrained –  
limits searches for new, heavy particles 

no data!

LHeC: access to much smaller x, 
larger Q2 (1000× HERA luminosity);  

 
and FCC-he extends even further    

LHeC: (Q2,x)max=106 GeV2, 0.8 

LHeC: xmin ≤ 10-6 



 [GeV]XM10 210 310 410

R
at

io

0.8
0.85
0.9

0.95
1

1.05
1.1

1.15
1.2

1.25
1.3

Quark-Antiquark, luminosityQuark-Antiquark, luminosity

CT14
NNPDF3.0
MMHT2014

G
en

er
at

ed
 w

ith
 A

PF
EL

 2
.4

.0
 W

eb

 [GeV]XM
210 310

R
at

io

0.8
0.85
0.9

0.95
1

1.05
1.1

1.15
1.2

1.25
1.3

Gluon-Gluon, luminosity

CT14
NNPDF3.0_as_0.118
MMHT2014_LH5

 = 1.30e+04 GeVS

G
en

er
at

ed
 w

ith
 A

PF
EL

 3
.0

.0
 W

eb

10 

Proton PDFs, today 

•  need to know PDFs much better than today, for: 
nucleon structure; q-g dynamics; Higgs; BSM searches; 
future colliders, FCC-pp; development of QCD; ..  

•  LHC will provide further constraints, but cannot 
resolve precisely (shown are latest global PDFs, 

also including available LHC data) 
 Monica D'Onofrio, LHeC Workshop, CERN/

Chavannes 
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current: 13TeV!
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Courtesy of Joey Huston!

NNLO PDFs, 68% CL#

100TeV!

100TeV!

100TeV!

6/24/2015 
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CDR study: LHeC simulated NC, CC e±p, P=±0.4, including projected systematics                  
HERAfitter framework with HERAPDF1.0 NLO settings 
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Valence quarks 

now… 
…then 

dval!

uval!

precision determination, free from higher twist corrections and nuclear uncertainties 
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dval!

uval! NLO PDFs, 68% CL#
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~ 2%  

~ 4%  
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Gluon PDF at high and low x 

gluon PDF at high x poorly known 
•  gluon and sea evolution intimately related 
•  important to disentangle sea from valence 

at large x – can be done with precise LHeC 
measurements of CC cross sections and NC 
F2γZ, xF3γZ 

Monica D'Onofrio, LHeC Workshop, CERN/Chavannes 

now… 

then… 

6/24/2015 

Example gluon PDF at the LHeC (blue band): < 5% at x=10-6 and x=0.5  

Low x high x Low x high x 
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   High x PDFs: link to LHC 
•  large uncertainties in high x PDFs limit searches for new physics at high scales 

many interesting processes at LHC are gluon-gluon initiated:                                        
top, Higgs, … and BSM processes, such as gluino pair production 

Monica D'Onofrio, LHeC Workshop, CERN/Chavannes 

current BSM search in dilepton final state; 
uncertainties on high-x (anti)quarks dominate 

LHeC PDF 

arXiv:1211.5102 

arXiv:1407.2410 

6/24/2015 
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   Low x and gluon saturation    
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gluon measurement down to x=10-6 à < 5%  
-   FL measurements would improve further 
-  Allow understanding of possible non-linear evolution (not accommodated by 

DGLAP fits) leading to saturation at low x (tension between F2 and FL) 
-  Important for high energy neutrino cross sections 

à E.g. essential input for ICECUBE observations  

now… 
then… 

6/24/2015 Monica D'Onofrio, LHeC Workshop, CERN/Chavannes 



LHeC can explore very low values of
New domain of diffractive masses.

MX can include W/Z/beauty or any state with

•  5-10% data, depending on detector 
•  DPDFs / fac’n in much bigger range 
•  Enhanced parton satn sensitivity? 
•  Exclusive production of any 1– state 
with Mx up to ~ 250 GeV 

 ! X including W, Z, b, exotics? 

[Forshaw, 
Marquet, 
PN] 

1o acceptance,  
2 fb-1 
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Figure 6.41: Simulated distributions in the invariant mass MX according to the RAPGAP Monte Carlo
model for samples of events obtainable with xP < 0.05 Left: one year of high acceptance LHeC running at
Ee = 50 GeV compared with HERA (full luminosity for a single experiment). Right: comparison between
three di�erent high acceptance LHeC luminosity and Ee scenarios.

towards larger Q2 increases the lever-arm for extracting the di�ractive gluon density and opens the possibility4121

of significant weak gauge boson exchange, which would allow a quark flavour decomposition for the first time.4122

Proton vertex factorisation can be tested precisely by comparing the LHeC � and Q2 dependences at4123

di�erent small xP values in their considerable regions of overlap. The production of dijets or heavy quarks as4124

components of the di�ractive system X will provide a means of testing QCD collinear factorisation. These4125

processes are driven by boson-gluon fusion (⇥�g � qq̄) and thus provide complementary sensitivity to the4126

di�ractive gluon density to be compared with that from the scaling violations of the inclusive cross section.4127

Factorisation tests of this sort have been carried out on many occasions at HERA, with NLO calculations4128

based on DPDFs predicting jet and heavy flavour cross sections which are in good agreement with data at4129

large Q2 [518, 519]. However, due to the relatively small accessible jet transverse momenta at HERA, the4130

precision is limited by scale uncertainties on the theoretical predictions. At the LHeC, much larger di�ractive4131

jet transverse momenta are measurable (pT
<⇥ MX/2), which should lead to much more precise tests [520].4132

The simulated measurement of the longitudinal proton structure function, FL described in subsec-4133

tion 4.1.5, could also be extended to extract the di�ractive analogue, FD
L . At small �, where the cross4134

section for longitudinally polarised photons is expected to be dominated by a leading twist contribution, an4135

FD
L measurement provides further complementary constraints on the role of gluons in the di�ractive PDFs.4136

As � � 1, a higher twist contribution from longitudinally polarised photons, closely related to that driving4137

vector meson electroproduction, dominates the di�ractive cross section in many models [521] and a mea-4138

surement to even modest precision would give considerable insight. A first measurement of this quantity has4139

recently been reported by the H1 Collaboration [522], though the precision is strongly limited by statistical4140

uncertainties. The LHeC provides the opportunity to explore it in much finer detail.4141

In contrast to leading proton production, the production of leading neutrons in DIS (ep� eXn) requires4142

the exchange of a net isovector system. Data from HERA have supported the view that this process is4143

driven dominantly by charged pion exchange over a wide range of neutron energies [523]. With the planned4144

171

RAPGAP simulation

�

1�

 diffractive DIS 

6/24/2015 Monica D'Onofrio, LHeC Workshop, CERN/Chavannes 

}  Unique program for diffractive PDF and generalized parton 
distributions. DIS diffraction brought to a completely new regime 
with the extended kinematic range and higher luminosity 

15 

Diffractive kinematics

Methods for selection of diffractive events:
 Leading proton tagging, large rapidity gap selection
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   strong coupling 

4 Working group report: QCD

the total width of the Higgs boson at future lepton colliders, where the experimental uncertainty no longer
dominates [1]. The size of �s is not given by theory, but can be extracted from experimental measurements
at e+e�, ep, pp, and pp̄ colliders, as well as from lattice QCD calculations.

A recent review on the determination of �s may be found in the 2012 PDG review [2]. The current world
average presented in the 2012 PDG review is:

�s(M
2
Z) = 0.1184± 0.0007

which has 0.6% relative uncertainty and is summarized in Fig. 20-1. The quoted uncertainty is a factor of
4 better than the value in the PDG review in 1992 [3], showing a significant progress on the determination
of �s over the last two decades. As demonstrated in [2], the central value of the world average of �s(M2

Z)
is rather stable against di�erent inputs to this average. The result from lattice calculations, which has the
smallest assigned uncertainty, agrees well with the exclusive average of the other results; however, it largely
determines the size of the overall uncertainty.

0.11 0.12 0.13

αα    ((ΜΜ    ))s ΖΖ

Lattice

DIS 

e+e- annihilation

τ-decays 

Z pole fits 

Figure 20-1. Summary of values of �s(M
2
Z) obtained for various sub-classes of measurements. The world

average value of �s(M
2
Z) = 0.1184 ± 0.0007 is indicated by the dashed line and the shaded band. Figure

taken from [2].

Below we discuss various approaches to determine �s and future possibilities to further improve the de-
termination of �s with measurements at the LHC and future accelerator facilities and with lattice QCD
calculations. Given the current �s(M2

Z) uncertainty, the main theme is to see if and/or how we can potentially
reduce its uncertainty to the level of 0.1% relative or 0.0001 absolute [4].

20.3.1 Strong coupling from e+e� colliders

Various studies on �s have been performed using e+e� annihilation data. They include the determination
of �s from hadronic ⇥ decays, heavy quarkonia decays, event shapes, jet rates, and the hadronic Z decay
rate. Future prospects with some of these approaches are discussed below.

20.3.1.1 Hadronic final states of e+e� annihilations

Jet rates and hadronic event shapes have a strong sensitivity to �s, and they have been studied extensively in
the past. For these observables, the theoretical predictions are calculated up to NNLO and the resummation
is achieved up to NNLL or N3LL.

Community Planning Study: Snowmass 2013
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Figure 3: Precision electroweak and strong interaction coupling determinations with the LHeC. Left: Total experimental
uncertainty of the vector and axial-vector NC down-quark couplings from the LHeC (red ellipse) compared to present determi-
nations from HERA, Tevatron and LEP; Right: Extrapolation of the coupling constants (1/�) within SUSY (CMSSM40.2.5) [4]
to the Planck scale. The width of the red line is the uncertainty of the world average of �s, which is dominated by the lattice
QCD calculation chosen for the PDG average. The black band is the LHeC projected experimental uncertainty [1].

LHeC �s measurement is not just a single experiment but represents a whole programme, which renews
the physics of DIS and revisits the scale uncertainties in pQCD at the next-to-next-to-next-to leading order
level. The LHeC itself provides the necessary basis for such a programme, mainly with a complete set of
high precision PDF measurements, including for example the prospect to measure the charm mass to 3MeV
as compared to 30MeV at HERA (from F cc

2 ), and with the identification of the limits of applicability of
DGLAP QCD by discovering or rejecting saturation of the gluon density.

3.3 Low x Physics

The parton densities extracted from HERA data exhibit a strong rise towards low x at fixed Q2. The
low x regime of proton structure is a largely unexplored territory whose dynamics are those of a densely
packed, gluon dominated, partonic system. It o�ers unique insights into the gluon field which confines quarks
within hadrons and is responsible for the generation of most of the mass of hadrons. Understanding low x
proton structure is also important for the precision study of cosmic ray air showers and ultra-high energy
neutrinos and may be related to the string theory of gravity. The most pressing issue in low x physics is
the need for a mechanism to tame the growth of the partons, which, from very general considerations, is
expected to be modified in the region of LHeC sensitivity. There is a wide, though non-universal, consensus,
that non-linear contributions to parton evolution (for example via gluon recombinations gg � g) eventually
become relevant and the parton densities ‘saturate’. The LHeC o�ers the unique possibility of observing
these non-perturbative dynamics at su⇤ciently large Q2 values for weak coupling theoretical methods to
be applied, suggesting the exciting possibility of a parton-level understanding of the collective properties of
QCD. A two-pronged approach to mapping out the newly accessed LHeC low x region is proposed in [1].
On the one hand, the density of partons can be increased by overlapping many nucleons in eA scattering
(see next section). On the other hand, the density of a single nucleon source can be increased by probing at
lower x in ep scattering. Many observables are considered in [1], from which two illustrative examples are
chosen here.

10

strong coupling αs is fundamental 
parameter, not given by theory          
extracted from experimental measurements in e
+e-, ep, pp, and from lattice QCD calculations 

precise αs(MZ) important to constrain 
GUT scenarios, and for cross section 

predictions, such as Higgs  but, measurements not all consistent –  
what is true central value; true uncertainty; 
role of lattice calculations? 

PDG world ave.: αs(MZ)=0.1184±0.0006##
without lattice input: αs(MZ)=0.1183±0.0012#

6/24/2015 
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strong coupling: some comparisons 
20.4 Quark masses and strong coupling from lattice QCD 9

Method Current relative precision Future relative precision

e+e� evt shapes
expt � 1% (LEP) < 1% possible (ILC/TLEP)

thry � 1–3% (NNLO+up to N3LL, n.p. signif.) [27] � 1% (control n.p. via Q2-dep.)

e+e� jet rates
expt � 2% (LEP) < 1% possible (ILC/TLEP)

thry � 1% (NNLO, n.p. moderate) [28] � 0.5% (NLL missing)

precision EW
expt � 3% (RZ , LEP) 0.1% (TLEP [10]), 0.5% (ILC [11])

thry � 0.5% (N3LO, n.p. small) [9, 29] � 0.3% (N4LO feasible, � 10 yrs)

⇥ decays
expt � 0.5% (LEP, B-factories) < 0.2% possible (ILC/TLEP)

thry � 2% (N3LO, n.p. small) [8] � 1% (N4LO feasible, � 10 yrs)

ep colliders
� 1–2% (pdf fit dependent) [30, 31], 0.1% (LHeC + HERA [23])

(mostly theory, NNLO) [32,33] � 0.5% (at least N3LO required)

hadron colliders
� 4% (Tev. jets), � 3% (LHC tt̄) < 1% challenging

(NLO jets, NNLO tt̄, gluon uncert.) [17, 21, 34] (NNLO jets imminent [22])

lattice
� 0.5% (Wilson loops, correlators, ...) � 0.3%

(limited by accuracy of pert. th.) [35–37] (� 5 yrs [38])

Table 20-1. Summary of current uncertainties in extractions of �s(M
2
Z) and targets for future (5�25 years)

determinations. For the cases where theory uncertainties are considered separately, the theory uncertainties
for future targets reflect a reduction by a factor of about two.

uncertainties. For example, if mc is obtained from the pseudoscalar correlator, choosing m�c to set the energy
scale reduces sensitivity to the tuning of the bare charm-quark mass. Using these methods, the HPQCD
Collaboration obtains mc(mc, nf = 4) = 1.273(6) GeV in the MS scheme [35]. By contrast, the Karlsruhe
group obtains mc(mc, nf = 4) = 1.279(13) GeV from e+e� experimental data [39]. The most important
reason for the greater precision of the lattice determination is that the data for the lattice correlation functions
is much cleaner than the e+e� annihilation data. The uncertainty is dominated by continuum perturbation
theory, and therefore may improve only modestly unless another order of perturbation theory is calculated.
However, these charm correlation functions are very easy to calculate with lattice QCD. The lattice part of
this determination will be checked by many lattice groups and should be very robust.

The b quark mass can also be obtained in this way, with the result mb(mb, nf = 5) = 4.164(23) GeV [35].
The sources of systematic uncertainty are completely di�erent than for mc. Perturbative uncertainties are
tiny because �s(mb)

4 ⇥ �s(mc)
4. However, the method requires treating the b quark as a light quark, which

is just barely working at lattice spacings used so far. Discretization errors dominate the current uncertainty,
followed by statistical errors. The lattice result for mb is not currently as precise as the result from e+e�

experimental data, mb(mb, nf = 5) = 4.163(16) GeV [39]. Discretization and statistical errors should be
straightforward to reduce by brute force computing power, and so are likely to come down by a factor of
two in the next few years, perhaps to 0.011 GeV or better. Precisions of that order for mb have already
been claimed from e+e� data from reanalyses of the data and perturbation theory [39], and coming lattice
calculations will be able to check these using the computing power expected in the next few years.

The strong coupling constant, �s, is also an output of these lattice calculations. A very precise value
of �s(MZ , nf = 5) = 0.1183(7) has been obtained [35], with an uncertainty dominated by continuum
perturbation theory. Unlike the heavy-quark masses, for which the correlation function methods give the
most precise results at present, there are numerous good ways of obtaining �s with both continuum and lattice
methods. HPQCD has also obtained �s from Wilson loops, obtaining �s(M2

Z) = 0.1184(6), comparable to

Community Planning Study: Snowmass 2013

Snowmass13 report – arXiv:1310.5189#

per mille accuracy can challenge QCD lattice calculations 

TLEP = old name for FCC-ee#

per mille!

per mille!

6/24/2015 



PDF, αS uncertainties and the Higgs 

6/24/2015 Monica D'Onofrio, LHeC Workshop, CERN/Chavannes 

}  With LHeC: huge improvements in PDFs and precision in αS à full 
exploitation of LHC data for Higgs physics  
}  PDF and αS uncertainties as limiting factor for several channels at the HL-LHC 

}  Change of 0.005 on αs corresponds to a 10% on cross section (@LHeC: 0.0002!)  
}  ) 
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Dashed regions: 
scale & PDF 
contributions 

Expect to reduce uncertainties on predicted LHC σH to 0.4% due to PDF and αs  

44

46

48

50

52

54

56

58

60

Higgs@LHC needs N3LO: now calculated à need N3LO PDFs à only from LHeC!  



PDF, αS uncertainties and the Higgs 
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}  With LHeC: huge improvements in PDFs and precision in αS à full 
exploitation of LHC data for Higgs physics  
}  PDF and αS uncertainties as limiting factor for several channels at the HL-LHC 

}  HQ treatment is crucial subject in QCD and matters at high scales! 
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CTEQ Belyayev et 
al. JHEP 
0601:069,2006  

LHeC  F2
bb  (RAPGAP MC, 7 TeV x 100 GeV, 10 fb-1, εb=0.5)
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Figure 3.24: F bb
2 projections for LHeC compared to HERA data [151] from H1, shown

as a function of x for various Q2 values. The expected LHeC results obtained with the
RAPGAP MC simulation are shown as points with error bars representing the statistical
uncertainties. The dashed lines are interpolating curves between the points. For the open
points the detector acceptance is assumed to cover the whole polar angle range. For the
grey shaded and black points events are only accepted if at least one beauty quark is found
with polar angles �b > 20 and �b > 100, respectively. For further details of the LHeC
simulation see the main text. The HERA results from H1 are shown as triangles with error
bars representing their total uncertainty.

data are presented as points with error bars which (where visible) indicate the estimated
statistical uncertainties. For the open points the detector acceptance is assumed to cover
the whole polar angle range. For the grey shaded and black points events are only accepted
if at least one charm quark is found with polar angles �c > 20 and �c > 100, respectively.

75

At LHeC: flavor decomposition (charm/
beauty) à 20 times better precision for 
charm and bottom mass 
 
E.g. relevant for MSSM Higgs production 
with A produced predominantly via bbbar 



Direct Higgs measurements  
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}  In e-p: Higgs radiated from W or Z à unique production mode, with 
low theoretical uncertainties: clean and well distinct signatures    

20 

mH = 125 GeV LHeC: Ee=60 GeV, √s = 1.3 TeV 
 
High production cross sections 

à In ep, direction of quark (FS) is well defined 

The LHeC with high lumi is in itself a 
precision Higgs facility 



VBF Higgs production: e-p vs p-p  
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}  Higgs production in ep 
comes uniquely from either 
CC or NC  
}  Pile-up in e-p at 1034 = 0.1 
}  Clean(er) bb final state, S/B 

~ 1  
à Clean, precise 
reconstruction and easy 
distinction of ZZH and WWH  

}  Higgs production in pp 
comes predominantly from 
ggàH  
}  VBF cross section about 200 

fb (about as large as at the 
ILC).  

}  Pile-up in pp at 5 x 1034 is 
150, S/B very small for bb  

}  Precision needs accurate 
PDFs  

21 

VBF Higgs Production in ep (top)  

                                                           and pp (bottom) 

Uta$Klein,$Higgs$in$ep$ 6 

OR$

Z$

Z$

e$ Higgs$produc<on$in$ep$comes$
uniquely$from$either$CC$or$NC$
$
Pile4up$in$ep$at$1034$is$0.1,$25ns$
Clean(er)$bb$final$state,$S/B$~$1$
e4h$Cross$Calibra<on$"$Precision$
$$$$$$$$$$$$$$$$$$$$$$$$$$ep:$
Clean,$precise$reconstruc<on$and$
easy$dis<nc<on$of$WWZ$and$WWH$

Higgs$produc<on$in$pp$comes$
predominantly$from$gg"$H$
$
VBF$cross$sec<on$about$200_$
(about$as$large$as$$at$the$LHeC).$
$
Pile4up$in$pp$at$5$1034$is$150,$25ns$
$S/B$$very$small$for$bb$
$
Precision$needs$accurate$PDFs$

ep 

pp 



Latest Higgs results (ATLAS) 
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}  Theory will soon dominate 
the uncertainty. Can we get 
10 times better? 
[N3LO, PDFs, αs]  

}  LHeC: 1% accuracy   
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Latest Higgs Results (ATLAS) 

Uta$Klein,$Higgs$in$ep$ 7 

Theory$will$soon$
dominate$the$$
uncertainty.$
Can$we$
get$10$<mes$$
beVer?$
[N3LO,$PDFs,$αs]$
LHeC:$1%$accuracy$

60%$of$H$decays$to$bb$"%
LHeC:$1%$accuracy$

The$LHC$is$all$we$
currently$have$and$
it$must$be$best$
exploited.$Following$
HL4LHC$upgrade$we$$
have$been$considering$
an$electron$beam$$
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Latest Higgs Results (ATLAS) 

Uta$Klein,$Higgs$in$ep$ 7 

Theory$will$soon$
dominate$the$$
uncertainty.$
Can$we$
get$10$<mes$$
beVer?$
[N3LO,$PDFs,$αs]$
LHeC:$1%$accuracy$

60%$of$H$decays$to$bb$"%
LHeC:$1%$accuracy$

The$LHC$is$all$we$
currently$have$and$
it$must$be$best$
exploited.$Following$
HL4LHC$upgrade$we$$
have$been$considering$
an$electron$beam$$

60% H to bb: strong potential at LHeC 



Hà bb @ LHeC   
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}  Clear signal obtained already with just cut based analysis 

 
}  Complex neural network analysis being performed for bb/cc 
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LHeC: E(e) = 60 GeV, Pe=-80%  

Work in Progress : SM Higgs in ep 

Uta$Klein,$Higgs$in$ep$ 20 

$
This$reconstructs$60%$of$H$in$ep$with$comfortable$S/B$~1$,$in$CC$and$NC$
" Enables%BSM%Higgs%(tensor%structure%of%HVV,%CP,%dark%H?)%,%QCD(H)%at%low%costs%
" O(1)%%precision%on%HJbb%couplings%with%small%thy%uncertainty.$H4cc$studies$ongoing$$

ep"%νH(bb)X%
charged$currents$
σBR~120$_$

μ=0.1$
S/B$~142$$
Cut$based$only$
" ongoing$:$MVA$

and$life<me$tags$
" detector$

op<misa<on$
[LHC:$VH$4$BDT’s$
σ(VH)$~$130_$8$TeV$
arXiv:1409.6212]$

Post4CDR$simula<on$of$H"$bb$measurement$at$the$LHeC,$100%oJ1%

"$first$aVempt$to$simulate$photoproduc<on$"$ongoing$effort$

[Pe=40.8,$BR=0.577]$

[Master$thesis$by$Ellis$Kay,$
Liverpool$2014]%

[ after Higgs discovery MH=125 GeV,  Ep=7 TeV]  Work in Progress : SM Higgs in ep 
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Pe=-0.8 

Include also photo-production background Allow H-bbbar coupling measurements with 1% statistical precision (1 ab-1) but 
more work ON-going! Updates will be presented tomorrow at this Workshop 

CC and NC 

Total event rate for 10 
fb-1 = 1 month  
à 1100 events H à bb  



Putting this in context 
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&Luminosity&Upgrade&U&Higgs&

ATLUPHYSUPUBU2014U016&

LHeC,&1abU1&
Work&in&progress&
Br:&b&59%&c&3%&&

c&

Max&Klein&U&Future&HEP&U&1.5.15&at&DIS2015&Dallas,&Texas&

Hàccbar channel 
•  Low but still 

‘taggable’ charm-
jets 

•  Clean environment 
wrt pp 

•  Challenging! bb is 
background  



Putting this in context 
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&Luminosity&Upgrade&U&Higgs&

ATLUPHYSUPUBU2014U016&

LHeC,&1abU1&
Work&in&progress&
Br:&b&59%&c&3%&&

c&

Max&Klein&U&Future&HEP&U&1.5.15&at&DIS2015&Dallas,&Texas&

Hàccbar channel 
•  Low but still 

‘taggable’ charm-
jets 

•  Clean environment 
wrt pp 

•  Challenging! bb is 
background  

!Luminosity!Upgrade!2!Higgs!

ATL2PHYS2PUB220142016!

LHeC,!1ab21!
Work!in!progress!

Br:!b!59%!c!3%!!

c&

Max!Klein!2!Future!HEP!2!1.5.15!at!DIS2015!Dallas,!Texas!

More tomorrow!! 



Higgs production rate 
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With the full dataset, high production rate also for rarer modes: 
14000 events H àττ, 6000 events H à ccbar  



Higgs production rate: LHeC à FCC-he 
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E(e)=60 GeV 

E(e)=120 GeV 

}  With an eye to the far future à FCC-he HH production! 



Double higgs production @ 50 TeV  
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}  Electron-proton collisions offer the advantage of reduced 
QCD backgrounds and negligible pile-up with the possibility 
of using the 4b final state (σ×BR(HHà4b)=0.08 fb). 

28 

Cross-sections for CC HH->4b 
(branching ratios included) 
for unpolarized electron beam 



Feasibility studies:  HH at FCC-ep 
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}  Publication in preparation 
}  Assume E(e) = 60 GeV, polarized beam 
}  proton energy = 50 TeV  

}  Double Hàbbar: 

29 

Results assume 70% b-tagging 
efficiency, 0.1 (0.01) fake 
rates for c (light) jets   

Double - H-bb reconstruction  

Uta$Klein,$Higgs$in$ep$ 28 

Dominant$background$sources$are$$from$photoproduc<on$processes$and$ZZ$in$CC$
Note$that$in$DIS$the$photoproduc<on$process$can$be$experimentally$subtracted$
by$use$of$a$low$Q2$electron$tagger$system$(subject$to$its$acceptance$uncertainty)$

Dominant background sources are from  
photoproduction processes and ZZ in CC 

Will be shown at the workshop! 
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   EWK measurements and BSM prospects 

LHC (FCC-hh, …) main discovery machine, at energy frontier 
 

•  However, LHeC (and later, FCC-eh) have the potential for improving, 
or possibly discovering, new physics  

 
•  Via EWK precision measurements: 

 
•  W/Z sector: sin2θW 
  
•  Top sector: Anomalous couplings, FCNC  

•  Higgs sector: CP properties  

•  Genuine BSM searches: BSM Higgs decays, Vector Boson 
production, R-parity violating SUSY, lepto-quarks, contact 
interactions etc.. 

Only selected results shown here 

6/24/2015 



Electroweak Physics in ep: sin2θW 

}  EWK precision measurements relevant for NP 
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Scale dependence of  sin2θW 
}  Preliminary estimate  

LHeC(FCC-eh) 
-  Energy range 10-400(2000) GeV 
-  Sensitivity from: 

-  ALR at high Q2  
-  σNC/σCC at lower Q2 
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Precise measurement of couplings between 
SM bosons and fermions sensitive test of new 
physics (search for deviations) :  
à top quark expected to be most sensitive 
to BSM physics, due to large mass 
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   Top quark electroweak interactions 

- Christian Schwanenberger -Top Quark Physics DIS 2015

Top Quark EWK Interactions 

1

• high precision measurement of Vtb and 
search for anomalous Wtb couplings

• measurement of top isospin and 
search for anomalous ttZ couplings 
(e.g. EDM, MDM)

• direct measurement of top quark 
charge and search for anomalous ttγ 
couplings (e.g EDM, MDM)

! important studies of top couplings with EWK gauge bosons 

• sensitive search for FCNC couplings will 
constrain BSM models that predict FCNC 
(e.g. SUSY, little Higgs, technicolor)

_

_

High precision measurements of Vtb                     Search for anomalous Wtb couplings 

6/24/2015 
- Christian Schwanenberger -Top Quark Physics DIS 2015

Direct Measurement of |Vtb|

14

➞ high precision measurement

LHeC, 100 fb-1

1.000 ± 0.005 (expected)

- Christian Schwanenberger -Top Quark Physics DIS 2015

Search for Anomalous Wtb Couplings

= 1 in SM

fVR=+0.5

fTR=
+0.5 fTL=-0.5

fTL=+0.5

+ other variables sensitive on W helicity

SM top+bckg.

SM top+bckg.

Dutta, Goyal, Kumar, 
Mellado, arXiv:1307.1688

17

- Christian Schwanenberger -Top Quark Physics DIS 2015

Search for Anomalous Wtb Couplings

= 1 in SM

P

P

fTL

fTR

20



Precise measurement of couplings between 
SM bosons and fermions sensitive test of new 
physics (search for deviations) :  
à top quark expected to be most sensitive 
to BSM physics, due to large mass 
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   Top quark electroweak interactions 

6/24/2015 

- Christian Schwanenberger -Top Quark Physics DIS 2015

Top Quark EWK Interactions 

1

• high precision measurement of Vtb and 
search for anomalous Wtb couplings

• measurement of top isospin and 
search for anomalous ttZ couplings 
(e.g. EDM, MDM)

• direct measurement of top quark 
charge and search for anomalous ttγ 
couplings (e.g EDM, MDM)

! important studies of top couplings with EWK gauge bosons 

• sensitive search for FCNC couplings will 
constrain BSM models that predict FCNC 
(e.g. SUSY, little Higgs, technicolor)

_

_

Direct measurement of top quark charge 
 
Search for anomalous ttbarγ couplings 
(and searches for anomalous ttbarZ) 

- Christian Schwanenberger -Top Quark Physics DIS 2015

Search for Anomalous ttγ Couplings

27

κ, κ~
electric dipole moment: κ~

magnetic dipole moment: κ

LHC with
5% accuracy

LHeC:
10% and 18% accuracy

Bouzas, Larios, 
Physical Review D 88, 094007 (2013)

-

27% accuracy
(4.59fb-1, 7 TeV)
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LHeC operating as γp collider! 



Precise measurement of couplings between 
SM bosons and fermions sensitive test of new 
physics (search for deviations) :  
à top quark expected to be most sensitive 
to BSM physics, due to large mass 
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- Christian Schwanenberger -Top Quark Physics DIS 2015

Top Quark EWK Interactions 

1

• high precision measurement of Vtb and 
search for anomalous Wtb couplings

• measurement of top isospin and 
search for anomalous ttZ couplings 
(e.g. EDM, MDM)

• direct measurement of top quark 
charge and search for anomalous ttγ 
couplings (e.g EDM, MDM)

! important studies of top couplings with EWK gauge bosons 

• sensitive search for FCNC couplings will 
constrain BSM models that predict FCNC 
(e.g. SUSY, little Higgs, technicolor)

_

_
sensitive search for FCNC couplings  

- Christian Schwanenberger -Top Quark Physics DIS 2015 36
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new physics models: 
SUSY, technicolour, 
little Higgs, extra 
dimensions, ..  
à  predict  BR=O(10-5) 
à  LHeC can access 

this!  
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FIG. 1: Higgs boson production at an ep collider through
WW fusion and the HWW vertex.

in such studies [8–10]. As pointed out in Refs. [11, 12]
a study of e+e− → tt̄H0 production offers the possibil-
ity of a clear and unambiguous determination of the CP
properties of the H0; 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 reactions e + p → νH0X [13, 14]
or ν + p → eH0X [15] arise only from a single Feyn-
man diagram involving the HWW vertex as shown in

the Figure 1 for e + p → νe +X +H(bb̄). These modi-
fied charged current (CC) processes not only provide the
best way to observe the H → bb̄ decay, but also render
the measurement of the HWW vertex free from possi-
ble contamination by contributions from HZZ or Hγγ
vertices. Moreover, the ep 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 the HWW vertex
in such CC events at the high-energy high-luminosity ep
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 produce H0

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

missing transverse energy (MET) and three jets J1, J2
and J3, of which two (say J2 and J3) can be tagged as b-
jets. At the parton level, the squared and spin-summed-
averaged matrix element for the process

e−(k1) + q(k2) −→ νe(p1) + q′(p2) +H(p3)

can now be worked out to be

|M|2 =

(
4π3α3

sin6 θW

)
1

M2
W (t̂1 −M2

W )2 (û2 −M2
W )2

×

[
4M4

W ŝŝ1

+ λ2
{
t̂1û2(ŝ

2 + ŝ21 + t̂1û2 − 2t̂2û1) + (ŝŝ1 − t̂2û1)
2
}
+ 2λM2

W (ŝ+ ŝ1)(ŝŝ1 + t̂1û2 − t̂2û1)

+ λ′2
{
t̂1û2(ŝ

2 + ŝ21 − t̂1û2 + 2t̂2û1)− (ŝŝ1 − t̂2û1)
2
}
− 2λ′M2

W (ŝ− ŝ1)(ŝŝ1 + t̂1û2 − t̂2û1)

+ 2λλ′t̂1û2(ŝ
2
1 − ŝ2)

]
(4)

where the invariant variables are defined by ŝ = (k1 +
k2)2, t̂1 = (k1 − p1)2, û1 = (k1 − p2)2, ŝ1 = (p1 + p2)2,
t̂2 = (k2 − p1)2 and û2 = (k2 − p2)2. The first 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 and CP -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 final states are very forward, the CP -
conserving (CP -violating) coupling λ (λ′) contributes to
the matrix element for this process a term of the form

Mλ ∝ +λ p⃗T1.p⃗T2 M′
λ ∝ −λ′ p⃗T1.p⃗T2 , (5)

where p⃗T1 is the vector of the missing transverse energy.
These terms Mλ and M′

λ both go through a zero when
the azimuthal angle ∆ϕMET−J between the non-b jet J1

(arising from the parton q′) and the missing transverse
energy is π/2 or 3π/2. When Mλ and M′

λ are added
to the relatively flat (in ∆ϕMET−J) SM background, one
predicts a curve with a peak (dip) around ∆ϕMET−J ≈
0(π) for the λ operator and the opposite behaviour for
the λ′ operator, when the signs of λ,λ′ 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 ‘theoretical’ distributions, no kine-
matic cuts were applied. The choices of λ,λ′ = 0,±1
in Figure 2 are completely ad hoc – in a specific BSM
model the actual value can vary considerably – but they
serve the purposes of illustration well. Of course, the
precise value of λ (or λ′) is crucial to any actual study
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•  LHC has shown that discovered Higgs boson consistent                                 
with 0+ state, but: are there small additional dimension-5                                    
anomalous couplings to the HWW vertex? 

   (BSM will modify CP even (λ) and odd (λ’) states differently) 

•  measure azimuthal angular distribution                             
between ETmiss and forward jets 

forward jet#

HWW#

•  sensitive probe of nature of HWW vertex 
and hence CP properties 

(T. Plenh et al, hep-ph/0105325  
S. Biswal et al, arXiv:1203.6285, and update) 

6/24/2015 

with 50 fb-1, sensitivity up to 
 λ ~ 0.05 and λ’ ~ 0.2 
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}  VB Higgs production with BSM decay 
}  explore SUSY-R-parity Violating cases. E.g.  

 

}  BUT need to understand background… 

}  VB scattering at high mass (more for FCC-he) :  
}  Mass dependence of cross section  
}  anomalous TGC, QGC couplings in VVV, VVVV ?  

I.T. Cakir et al, 1406.7696 →  sensitivity comparable to LHC 
}  Is unitarity restored only by Higgs?  Are there new resonances ( CH model) ? 

}  expect below ~ 2-3 TeV 

      →  look for deviations from SM predictions: 
}  high background from QCD diagrams at LHC, absent at FCC-eh 
}  challenging at LHC if no lepton trigger is used, and because of pileup 
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FIG. 1: Higgs boson production at an ep collider through
WW fusion and the HWW vertex.

in such studies [8–10]. As pointed out in Refs. [11, 12]
a study of e+e− → tt̄H0 production offers the possibil-
ity of a clear and unambiguous determination of the CP
properties of the H0; 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 reactions e + p → νH0X [13, 14]
or ν + p → eH0X [15] arise only from a single Feyn-
man diagram involving the HWW vertex as shown in

the Figure 1 for e + p → νe +X +H(bb̄). These modi-
fied charged current (CC) processes not only provide the
best way to observe the H → bb̄ decay, but also render
the measurement of the HWW vertex free from possi-
ble contamination by contributions from HZZ or Hγγ
vertices. Moreover, the ep 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 the HWW vertex
in such CC events at the high-energy high-luminosity ep
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 produce H0

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

missing transverse energy (MET) and three jets J1, J2
and J3, of which two (say J2 and J3) can be tagged as b-
jets. At the parton level, the squared and spin-summed-
averaged matrix element for the process

e−(k1) + q(k2) −→ νe(p1) + q′(p2) +H(p3)

can now be worked out to be
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where the invariant variables are defined by ŝ = (k1 +
k2)2, t̂1 = (k1 − p1)2, û1 = (k1 − p2)2, ŝ1 = (p1 + p2)2,
t̂2 = (k2 − p1)2 and û2 = (k2 − p2)2. The first 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 and CP -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 final states are very forward, the CP -
conserving (CP -violating) coupling λ (λ′) contributes to
the matrix element for this process a term of the form

Mλ ∝ +λ p⃗T1.p⃗T2 M′
λ ∝ −λ′ p⃗T1.p⃗T2 , (5)

where p⃗T1 is the vector of the missing transverse energy.
These terms Mλ and M′

λ both go through a zero when
the azimuthal angle ∆ϕMET−J between the non-b jet J1

(arising from the parton q′) and the missing transverse
energy is π/2 or 3π/2. When Mλ and M′

λ are added
to the relatively flat (in ∆ϕMET−J) SM background, one
predicts a curve with a peak (dip) around ∆ϕMET−J ≈
0(π) for the λ operator and the opposite behaviour for
the λ′ operator, when the signs of λ,λ′ 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 ‘theoretical’ distributions, no kine-
matic cuts were applied. The choices of λ,λ′ = 0,±1
in Figure 2 are completely ad hoc – in a specific BSM
model the actual value can vary considerably – but they
serve the purposes of illustration well. Of course, the
precise value of λ (or λ′) is crucial to any actual study
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mass and the electron beam configuration, and would be mixed with those for the SM background.

On the other hand, transferred back to the c.m. frame of the final state, the distributions of the

ey
-3 -2 -1 0 1 2 3

σ)/ e
/d

y
σ

(d
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

(a)

 = 50 GeVeE

 = 150 GeV
1b~ m
 = 500 GeV

1b~ m
SM background

ey
-3 -2 -1 0 1 2 3

σ)/ e
/d

y
σ

(d

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

(b)

 = 150 GeVeE

 = 150 GeV
1b~ m
 = 500 GeV

1b~ m
SM background

Figure 2: Normalized distributions of the final state electron rapidity in the lab frame with baseline
cuts at the LHeC with (a) 50 GeV and (b) 150 GeV electron beams.

electron scattering angle for the RPV signal are independent of the colliding energy and the /Rp-

MSSM input parameters, and are distinguishable from the SM deep inelastic scattering, as depicted

in Fig.3. Therefore, a uniform cut on the electron scattering angle in the c.m. frame of the final state

would efficiently separate the RPV signal from the SM background.

Second, due to the weak L̂Q̂D̂ coupling strength, the total decay width of the lighter sbottom is

only about O(1) MeV, and consequently will not only enhance the signal production rate via resonance
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    SUSY – R-parity violating 

low energy nucleon experiments, the baryon number violating ÛD̂D̂ couplings are negli-

gibly small, for example λ
′′

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 via L̂Q̂D̂ 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 → t̃∗1 → µ− + b̄ resonance process, which

provides a new prospect to probe the RPV lepton flavor violating interactions.

2. Signal and Background at the LHeC

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

stop quarks, is simply governed by L̂Q̂D̂ couplings λ
′

131 and λ
′

233, the parton-level signal

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

diagram in FIG. 1.

)
1

(p-e

)
2

(pd

’
113λ ’

233λ
t~

)
3

(p-µ

)
4

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

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

M = v̄(p2)

[

λ
′

131
1− γ5

2

]

u(p1) ·
−i

ŝ−M2 + iMΓ
· ū(p3)

[

λ
′

233
1− γ5

2

]

v(p4) (2.1)

where
√
ŝ = Mµb is the center-of-mass energy of the hard scattering and equivalent to the

final state invariant mass. The parameter M and Γ denote the mass and total width of the

lighter stop quark t̃1 respectively, while the lighter stop is assumed only decaying through

ed and µb modes.

Γ =
λ

′

233
2

16π
·
(M2 −m2

b)
2

M(M2 +m2
b)

+
λ

′

131
2

16π
·M (2.2)

The parton-level differential cross section for signal in the rest frame of final muon and

b-quark states can be written as

dσ̂

dΩ
=

(λ
′

131λ
′

233)
2

(16π)2ŝ

(ŝ−m2
b)

2

(ŝ−M2)2 + (ΓM)2
(2.3)

For the particle level signal process e− + p → t̃∗1 → µ− + b̄ 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.

– 2 –

Figure 7: The upper bounds on λ
′

233 at given λ
′

131 as functions of stop masses at 70GeV e−p
collider.

Thus, the event selection strategy developed above is practicable and moderate, which

is far from strict enough to optimize the signal significance. The constraints on R-

violating L̂Q̂D̂ couplings derived are conservative and easy to achieve in experiment.

For example, more severe moun b-jet mass window cut or binned likelihood method

on Mµb can be employed while searching signal in high mass region, which would

significantly improve sensitivity for M > 500GeV easily.

• The large signal cross section of positron configuration e+p over electron beam e−p in

direct searching stop t̃1 quark resonance, is simply due to the large density of valance

d-quark in proton. On the other hand, electron beams will take advantage over

much larger luminosity; moreover, the single sbottom quark b̃ resonance production

and decay at the LHeC, i.e. e− + p → b̃ → µ− + uk analogically could be dominant.

Therefore, the electron beam configuration can provide excellent opportunity to probe

λ
′

113 and λ
′

2k3 interactions.

4. Summary

In this paper, the possibility of probing lepton flavor changing RPV L̂Q̂D̂ interactions

via e + p → t̃ → µ + b process at the LHeC collider is investigated. Under the single

dominance hypothesis, the resonance of stop quark can be produced and dominantly decay

into muon and b-quark final states. An event selection strategy is developed to optimize

the sensitivity of signal over SM background. Taking advantage of the enhancement of the

direct resonance production of squark and the distinctive kinematics distributions between

the signal and SM predictions, we come to conclusions that if there is no apparent excess of

SM predictions on µ+b final states, the sensitivity of RPV interactions can be measured at

an unprecedented level compared to all the knowledge derived from indirect measurements.
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level has the form as

MRPV = −|λ′

113|2 sin2 θb̃

[

uce(p1)
1− γ5

2
uu(p2)

]

i

ŝ−m2

b̃1
+ imb̃1

Γb̃1

[

uu(p4)
1 + γ5

2
uce(p3)

]

(2.2)

Fierz−→ −
|λ′

113|2

2
sin2 θb̃

[

ue(p3)γ
µ 1− γ5

2
ue(p1)

]

i

ŝ−m2

b̃1
+ imb̃1

Γb̃1

[

uu(p4)γµ
1− γ5

2
uu(p2)

]

,

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

final state invariant mass, and θb̃ the sbottom mixing angle defined as

(

b̃1
b̃2

)

=

(

cos θb̃ sin θb̃
− sin θb̃ cos θb̃

)(

b̃L
b̃R

)

. (2.3)

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

expressed as

dσ̂

dΩ
=

1

256π2
|λ′

113|4 sin4 θb̃
ŝ

(ŝ−m2

b̃1
)2 +m2

b̃1
Γ2

b̃1

, (2.4)

where the total decay width of the lighter sbottom, Γb̃1
, can be written out as

Γb̃1
=

1

16π
|λ′

113|2 sin2 θb̃mb̃1
. (2.5)

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

.

For the parent level signal process e−p → b̃1 → e− + jet + X, the kinematic distributions and

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

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

dσ(e−p → b̃1 → e− + jet+X) =

∫

dxGu/P (x, µf )dσ̂(e
−u → b̃1 → e−u,

√
ŝ = 2

√

xEeEp). (2.6)

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

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

5

single squark production, in RPV SUSY (signal like leptoquarks, with generation mixing) 
[general LQ studies and more – in back-up] 

stop 
Λ’131< 0.03 

also stronger bounds from ββ0ν 

RPV interaction can be probed at unprecedented levels 

•  < 100 fb-1 needed for 1TeV RPV sbottom discovery 

•  sensitivity up to 700 – 800 GeV with only 1fb-1 

•  LHC will also provide constraints 
•  very promising with high luminosity, 100 fb-1 

•  requires good b-tagging 

Λ’131< 0.02 
also stronger bounds from ββ0ν 

sbottom 

arXiv:
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Contact Interactions at future colliders 

present LHC constraints 

on scale of qqll contact 

interactions: 15 – 26 TeV, 

depending on model 

(expected up to 40 TeV 
at LHC@14TeV) 

also advantages over, and 
complementarities with, pp 
(and e+e-) in characterising 

nature of new physics 

FCC rough scaling only, preliminary 

6/24/2015 

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

I Deep inelastic scattering (DIS):
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Figure 1: The kinematics of the deep inelastic neutrino scattering from a nu-

cleon.
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I Measured structure functions Fi(x, Q

2
) can be directly related to

parton distribution functions (PDFs)
I Also other interesting (non-inclusive) measurements in e + p/A!
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Structure functions are modified in Nuclear collisions 
Get process independent nuclear PDF 

Nuclear PDFs

I Structure functions modified in nuclear collisions:
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Nuclear PDFs in the beginning of the LHC era

Hannu Paukkunen

Department of Physics, University of Jyväskylä, P.O. Box 35, FI-40014, Finland

Helsinki Institute of Physics, University of Helsinki, P.O. Box 64, FI-00014, Finland

Abstract

The status of the global fits of nuclear parton distributions (nPDFs) is reviewed. In addition

to comparing the contemporary analyses of nPDFs, di�culties and controversies posed by the

neutrino-nucleus deeply inelastic scattering data is overviewed. At the end, the first dijet data

from the LHC proton+lead collisions is briefly discussed.

1. Introduction

The experimental evidence for the appearance of non-trivial nuclear modifications in hard-

process cross sections is nowadays well known. The “canonical” example is the deeply inelastic

scattering (DIS), in which the ratio �(�

±
+nucleus)/�(�

±
+deuteron) displays the typical pattern of

nuclear e�ects [1]: small-x shadowing, antishadowing, EMC-e�ect, and Fermi motion. A cartoonic

picture is shown in Fig. 1. The central theme in the global analyses of nuclear parton distributions

Figure 1: Typical nuclear e�ects seen in the DIS measurements.
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Nuclear modifications 

Kinematic coverage of data in current nPDF fits
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I LHeC data would provide a huge
improve for the kinematic reach!

I
e+A much cleaner measurement
than p+A
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now… With LHeC… 

LHeC improves 
greatly the 
kinematic range 
 
e+A much cleaner 
than p+A 
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Get process independent nuclear PDF 
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Helsinki Institute of Physics, University of Helsinki, P.O. Box 64, FI-00014, Finland

Abstract

The status of the global fits of nuclear parton distributions (nPDFs) is reviewed. In addition

to comparing the contemporary analyses of nPDFs, di�culties and controversies posed by the

neutrino-nucleus deeply inelastic scattering data is overviewed. At the end, the first dijet data

from the LHC proton+lead collisions is briefly discussed.

1. Introduction

The experimental evidence for the appearance of non-trivial nuclear modifications in hard-

process cross sections is nowadays well known. The “canonical” example is the deeply inelastic

scattering (DIS), in which the ratio �(�

±
+nucleus)/�(�

±
+deuteron) displays the typical pattern of

nuclear e�ects [1]: small-x shadowing, antishadowing, EMC-e�ect, and Fermi motion. A cartoonic

picture is shown in Fig. 1. The central theme in the global analyses of nuclear parton distributions

Figure 1: Typical nuclear e�ects seen in the DIS measurements.

f

A
i (nPDFs), is to find out whether, and to what extent (in which processes, in which kinematic

conditions) such e�ects can be interpreted in terms of standard collinear factorization [2, 3], for

example, in the case of DIS,

�

�+A
DIS =

�

i

f

A
i (µ

2
fact)� �� �

nuclear PDFs, obey
the usual DGLAP

� �̂

�+i
DIS(µ

2
fact, µ

2
ren)

� �� �
usual pQCD

coe�cient functions

+ O (1/Q

n
) , (1)

Email address: hannu.paukkunen@jyu.fi (Hannu Paukkunen)

Preprint submitted to Nuclear Physics A April 10, 2014

[from H. Paukkunen]
I Modifications absorbed into process independent nuclear PDFs:

f

A
i (x, Q

2
) = R

A
i (x, Q

2
)fi(x, Q

2
)

I Global DGLAP analyses
I Provide the nuclear modifications R

A
i (x, Q

2
)

I Test factorization of nuclear effects

DIS2015 28.4.2015 5/16 I. Helenius (Lund U.)

Nuclear modifications 

Impact of LHeC data

I Impact to the nPDF uncertainties
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[H. Paukkunen, preliminary]
I Huge reduction of the small-x uncertainties for gluons and sea quarks
I Results still preliminary: the form of the fit function at low x might

have impact also to size of the uncertainties
I Charged current (c and b) data should constrain flavor dependence

(Currently unconstrained, some constraints from W

± in p+Pb)

DIS2015 28.4.2015 11/16 I. Helenius (Lund U.)

Huge reduction of 
the small-x 
uncertainties for 
gluons and sea 
quarks 

Other e+A physics: Clean environment to study small-x phenomena as saturation 

new results at the workshop! 



 summary and conclusion 

6/24/2015 Monica D'Onofrio, LHeC Workshop, CERN/Chavannes 

The LHeC is going to be:  
}  the finest microscope of the world 

}  PDF fits, measurements of αS and impact on higgs/BSM  
}  the next machine to see the Higgs 

}  Measurements of H to bbbar and more 
}  complement to LHC for EWK measurements and new physics 

}  EWK interactions  
}  Top quark: anomalous couplings, Flavor Changing Neutral Current 
}  Measurements of sin2θW   

}  Beyond SM physics: CI, LQ, SUSY 
}  revolution of nuclear structure  

}  Electron-Ion highlights  
 
The Physics potential of this machine deserves strong support 
from the community while studies evolve as the LHC runs ..  
 

We have simulated part of the “known”, but surprises could be 
around the corner and we shall be ready for that  
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Back-up 



LHeC: Conceptual Design Report (July 2012) and more 

6/24/2015 Monica D'Onofrio, LHeC Workshop, CERN/Chavannes 

}  630 pages summarising 5 years 
of studies commissioned by 
CERN, ECFA and NuPECC 

}  About 200 participants, 69 
institutes 

}  Further updates 
}  ‘A Large Hadron Electron Collider at 

CERN’ arXiV:1211.4831 
}  ‘On the relation of the LHeC and the 

LHC’ arXZiV:1211.5102 
}  ‘The Large Hadron Electron 

Collider’ arXiV:1305.2090 
}  ‘Dig Deeper’ Nature Physics 9 

(2013) 448 
}  More in the list … 

}  Regular workshops and 
presentations in Conferences 

44 
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Total cross sections in ep collisions
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Figure 3.22: Total production cross section predictions for various heavy quark processes at
the LHeC (with 7 TeV proton energy), as a function of the lepton beam energy. The following
processes are covered: charm and beauty production in photoproduction (Q2 < 1 GeV2)
and DIS (Q2 > 2 GeV2), the charged current processes sW � c and bW � t and top pair
production in photoproduction and DIS. The flavour inclusive charged current total cross
section is also shown. All predictions are taken from Monte Carlo simulations, some details
can be found in Table 3.5. For comparison also the predicted cross sections at HERA (with
920 GeV proton energy) are shown.

was a�ected by a large pollution from light quark background events due to the limited
detector capabilities to separate secondary from primary vertices. At LHeC one can expect
a much better secondary vertex identification and thus a very strong background reduction.
It is di⌅cult to predict exactly how much background pollution will remain at LHeC, so for
the purpose of this simulation study it was completely neglected. Systematic uncertainties
were neglected for the illustrations presented here, but an estimate was provided for the
subsequent investigation of the determination of the charm mass.

Figures 3.23 and 3.24 show the resulting RAPGAP predictions at LHeC for the structure

73

LHeC heavy flavour cross sections 

6/24/2015 
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Strong coupling from LHeC 

combined fit to PDFs+αs using LHeC data  

~ 0.3% precision from LHeC#
#

LHeC could resolve a > 30-year old puzzle: 
αs consistent in inclusive DIS, versus jets?   

Voica Radescu |        |Washington, D.C. | 2015 

Strong coupling from FCC eh
! The much reduced PDFs impose better constraints on various SM and BSM parameters:!

!
! alphas small in DIS or high with jets?!

 !     [over 30 years old puzzle HERA couldn't solve]!
!

!
!

!
!
!
!
!
!
!
!
!
!
!

14

~0.3 % precision from LHeC
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Figure 63: ∆χ2 = χ2 − χ2min vs. αs(M
2
Z) for pQCD fits with different Q2min using data on (a)

inclusive, charm and jet production at NLO, (b) inclusive ep scattering only at NLO and (c)
inclusive ep scattering only at NNLO.

132

NC,CC#
NC,CC+F2c#

expected 0.1% precision when combined with HERA 
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Why small x is interesting?
Important lesson from HERA : 

Observation of strong growth of the  proton structure function at small x.
It is driven by the growth of the gluon density.

sum of parton 
densities

• Parton evolution needs to be modified to include potentially very large logs, 
resummation of log(1/x)

• Further increase in the energy could lead to the importance of the 
recombination effects. Unitarity of the scattering amplitude.

• Modification of parton evolution by including non-linear or saturation effects in 
the parton density.

DIS 2015, A.Stasto 



Small x, saturation regime
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The boundary between the two regimes needs to be determined experimentally.

Unique feature of the  LHeC: can access the dense regime at fixed, semihard scales 
Q, while decreasing x. 

Theory predicts the existence of the 
energy dependent (x dependent) 

saturation scale.

At HERA the data consistent with very low saturation scale,            
therefore partonic interpretation rather uncertain.

Saturation studies within the context of dipole models.

Saturation in perturbative QCD2316

The original approach to implement unitarity and rescattering e�ects in high-energy hadron scattering was2317

developed by Gribov [56,192,215]. Models based on this non-perturbative Regge-Gribov framework are quite2318

successful in describing existing data on inclusive and di�ractive ep and eA scattering (see e.g. [216,217] and2319

references therein). However, they lack solid theoretical foundations within QCD.2320

On the other hand, attempts have been going on for the last 30 years to implement parton rescattering2321

or recombination2 in perturbative QCD in order to describe its high-energy behaviour. In the pioneering2322

work in [195,218], a non-linear evolution equation in lnQ2 was proposed to provide the first correction to the2323

linear equations. A non-linear term appeared, which was proportional to the local density of color charges2324

seen by the probe (the virtual photon).2325

An alternative, independent approach was developed in [219], where the amplitudes for di�ractive pro-2326

cesses in the triple Regge limit were calculated. This resulted in the extraction of the triple Pomeron vertex2327

in QCD at small x, which is responsible for the non-linear term in the evolution equations.2328

Later on these ideas were further developed to include all corrections enhanced by the local parton density,2329

to constitute what is called the Color Glass Condensate (CGC) [196–199,220–227] (see also the most recent2330

developments in [228–231]). The CGC provides a non-perturbative, but weak-coupling, realization of parton2331

saturation ideas within QCD. The linear limit of the basic CGC equation is the BFKL equation, which is2332

the linear evolution equation derived in the high-energy limit. As illustrated in Fig. 5.1, the evolution in the2333

lnQ2 � ln 1/x plane is driven by both linear equations: along lnQ2 for DGLAP and along ln 1/x for BFKL.2334

The basic framework in which saturation ideas are discussed is illustrated in Fig. 5.2. One is considering2335

the hadron wave function at high energy. Its partonic components can be separated into those partons with2336

a large momentum fraction x and those with small x. The large-x components form dilute systems and2337

provide color sources for the corresponding small-x components. Due to multiple splittings of the small-x2338

gluons, a dense system is eventually formed. One can then construct within this formalism an evolution2339

equation for the gluon correlators in the hadron wave function which is a renormalization group equation2340

with respect to the rapidity separating large- and small-x partons. This renormalization procedure assumes2341

perturbative gluon emissions from the large-x partons which imply a redefinition of the source at each step2342

in rapidity.2343

The mean field version of the CGC evolution equations, the Balitsky-Kovchegov (BK) equation [198,199],2344

provides a non-linear evolution equation for the so-called unintegrated gluon densities. These distributions,2345

unlike the standard integrated densities, contain the information about the transverse momenta of the2346

partons. They naturally appear in the theoretical formulations of small-x physics. A detailed description of2347

these distributions as well as the prospects of their precise determination at the LHeC through a variety of2348

processes are discussed in Subsec. 5.2.5.2349

It turns out that the BK approach results in a gluon density which, for a fixed resolution of the probe,2350

is saturated for small longitudinal momentum fractions x, whereas at large values of x, the non-linear2351

term is negligible. The separation between these two limits is given by a dynamically generated saturation2352

momentum Qs(x) which increases with decreasing x (c.f. Fig. 5.1), and therefore saturation is determined2353

by the condition Q < Qs(x). Then, for large energies or small x, the system is in a dense regime of high2354

gluon fields (thus non-perturbative) but the typical gluon momentum, ⇤ Qs, is large (thus the coupling2355

constant which determines gluon interactions is weak). The qualitative behaviour of the saturation scale2356

with energy and nuclear size can be argued as follows. The transition from a dilute to a dense regime occurs2357

when the packing factor (in this case, the product of the density of gluons per unit transverse area times the2358

gluon-gluon cross section) becomes of order unity i.e.2359

A⇥ xg(x,Q2
s)

⇥A2/3
⇥ �s(Q2

s)
Q2

s

⇤ 1 =⌅ Q2
s ⇤ A1/3Q2

0

�
1
x

⇥�

, (5.2)

where the growth of the gluon density at small x in the dilute system has been approximated by a power2360

law, xg(x,Q2) ⇤ x��, logarithms are neglected and the nucleus is considered a simple superposition of2361

2Note that the rescattering and recombination concepts correspond to the same physical mechanism viewed in the rest frame
and the infinite momentum frame of the hadron, respectively.
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the hadron wave function at high energy. Its partonic components can be separated into those partons with2336

a large momentum fraction x and those with small x. The large-x components form dilute systems and2337

provide color sources for the corresponding small-x components. Due to multiple splittings of the small-x2338

gluons, a dense system is eventually formed. One can then construct within this formalism an evolution2339

equation for the gluon correlators in the hadron wave function which is a renormalization group equation2340

with respect to the rapidity separating large- and small-x partons. This renormalization procedure assumes2341

perturbative gluon emissions from the large-x partons which imply a redefinition of the source at each step2342

in rapidity.2343

The mean field version of the CGC evolution equations, the Balitsky-Kovchegov (BK) equation [198,199],2344

provides a non-linear evolution equation for the so-called unintegrated gluon densities. These distributions,2345

unlike the standard integrated densities, contain the information about the transverse momenta of the2346

partons. They naturally appear in the theoretical formulations of small-x physics. A detailed description of2347

these distributions as well as the prospects of their precise determination at the LHeC through a variety of2348

processes are discussed in Subsec. 5.2.5.2349

It turns out that the BK approach results in a gluon density which, for a fixed resolution of the probe,2350

is saturated for small longitudinal momentum fractions x, whereas at large values of x, the non-linear2351

term is negligible. The separation between these two limits is given by a dynamically generated saturation2352

momentum Qs(x) which increases with decreasing x (c.f. Fig. 5.1), and therefore saturation is determined2353

by the condition Q < Qs(x). Then, for large energies or small x, the system is in a dense regime of high2354

gluon fields (thus non-perturbative) but the typical gluon momentum, ⇤ Qs, is large (thus the coupling2355

constant which determines gluon interactions is weak). The qualitative behaviour of the saturation scale2356

with energy and nuclear size can be argued as follows. The transition from a dilute to a dense regime occurs2357

when the packing factor (in this case, the product of the density of gluons per unit transverse area times the2358

gluon-gluon cross section) becomes of order unity i.e.2359

A⇥ xg(x,Q2
s)

⇥A2/3
⇥ �s(Q2

s)
Q2

s

⇤ 1 =⌅ Q2
s ⇤ A1/3Q2

0

�
1
x

⇥�

, (5.2)

where the growth of the gluon density at small x in the dilute system has been approximated by a power2360

law, xg(x,Q2) ⇤ x��, logarithms are neglected and the nucleus is considered a simple superposition of2361

2Note that the rescattering and recombination concepts correspond to the same physical mechanism viewed in the rest frame
and the infinite momentum frame of the hadron, respectively.
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Q2

s  1 GeV2
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CI at LHC and LHeC  

6/24/2015 Monica D'Onofrio, LHeC Workshop, CERN/Chavannes 

}  LHC: Variation of DY cross section for CI model 
}  Cannot determine simultaneously Λ and sign of interference of the new 

amplitudes wrt SM (ε)   

49 

Ex: negative interference too 
small to be disentagled 

LHeC: sign ε from asymmetry  
of σ/σsm in e+p and e-p data  
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   Leptoquarks 

•  LHeC: both baryon and lepton quantum numbers – ideally suited to search for 
and study properties of new particles coupling to both leptons and quarks 

•  leptoquarks (LQs) appear in several extensions to SM 
•  can be scalar or vector, with fermion number                                                                      

0 (e-qbar) or 2 (e-q) 

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 with R-parity violation
( ⇤Rp), or first-generation leptoquark (LQ) bosons which appear naturally in various unifying
theories beyond the Standard Model (SM) such as: E6 [44], where new fields 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 single s�channel resonances via the fusion of incoming electrons with
quarks in the proton. They are generically referred to as “leptoquarks” in what follows.
The case of “leptogluons”, which could be produced in ep 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– d–

(b)

Figure 5.5: Example diagrams for resonant production in the s-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 gives e+ q or ⇥+ q� final
states leading to individual events indistinguishable from SM NC and CC DIS respectively.
For the process eq ⇥ LQ ⇥ eq, the distribution of the transverse energy ET,e of the final
state lepton shows a Jacobian peak at MLQ/2, MLQ being the LQ mass. Hence the strategy
to search for a LQ signal in ep collisions is to look, among high Q2 (i.e. high ET,e) DIS
event candidates, for a peak in the invariant mass M of the final e� q pair. Moreover, the
significance of the LQ signal over the SM DIS background can be enhanced by exploiting
the specific angular distribution of the LQ decay products (see spin determination, below).

188

•  LHC: mainly pair-production via gg or qq – 
essentially insensitive to LQ q–e coupling, λ 

•  LHeC: single, resonant production; sensitive to λ 

λ λ 

6/24/2015 
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LQs: comparison with current LHC bounds 

LHeC 
FCC-eh 60GeV 

FCC-eh 175GeV 

1st generation LQs; β=BR(LQèeq)=1  
ATLAS+CMS (20fb-1): mLQ ≤ 1000 GeV 
expect up to 1.2 (1.5)TeV (pair production) with 
300fb-1 at LHC@14TeV for scalar (vector) 

PAS-EXO-12-041!

ep scenarios:  
also sensitive to λ << e=√4πα=0.3 

preliminary study: in progress 

6/24/2015 
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   Contact interactions 

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

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

L =
4π
2Λ2 jµ

(e) jµ (q);

⇒   all combinations of couplings ηij =ηi
(e)η j

(q); q = u,d

jµ
( f =e,q) =ηL fLγµ fL +ηR fRγµ fR + h.c.

•  may be applied very generally to new phenomena 

LQ mass >> √s 
Planck scale (Ms) of extra dimensional models 

compositeness scale 

… 

Λ 

present LHC constraints 

on scale of qqll contact 

interactions: 15 – 26 

TeV, depending on 

model (expected up to 

40 TeV at LHC@14TeV) 

•  sensitivity to fermion radius 
below 10-19–10-20m at LHeC           
(FCC-eh) 

dσ
dQ2

=
dσ SM

dQ2
fe
2(Q2 ) fq

2(Q2 )

 form factor: f (Q2 ) =1− 1
6
r2 Q2

    

!c
1.3 TeV

=1.5×10−4 fm

6/24/2015 



Contact interactions (eeqq) 

6/24/2015 Monica D'Onofrio, LHeC Workshop, CERN/Chavannes 

}  New currents or heavy bosons may produce indirect effect via new particle 
exchange interfering with γ/Z fields.  

}  Reach for Λ (CI eeqq): 40-65 TeV with 100 fb-1 of data depending on the model 
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ATLAS and CMS constraints on  
eeqq CI (expected up to 30-40  
TeV at c.o.m. 14 TeV LHC) 

Similar to LHC  



Ttbar-gamma details 

6/24/2015 Monica D'Onofrio, LHeC Workshop, CERN/Chavannes 

}  From http://arxiv.org/pdf/1308.5634v2.pdf 
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have already probed these couplings for values smaller by one order of magnitude. For that

reason, we will not consider the anomalous top-gluon couplings further in this study.

As is common practice in the literature, we can write down the effective ttγ, ttZ and tbW

couplings in terms of form factors:

Lttγ =
g√
2
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)
t

+
g

2cW
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The relation between the form factors and the operator coefficients Cr
x is given by:
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FL
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Λ2
(sWCr

tW + cWCr
tB) , κZ =

4
√
2

e

vmt

Λ2
sW cW (cWCr

tW − sWCr
tB) .

The imaginary parts of the coefficients generate CP -odd interactions. For instance, the

expressions for κ̃ and κ̃Z are the same as in Eq. (3) but with Cr
tW and Cr

tB replaced by C i
tW

and C i
tB. Our main interests here are the anomalous MDM and EDM of the top quark, κ

and κ̃, respectively. Comparing with other definitions we obtain the following relations:

κ = −F γ
2V =

2mt

e
µt = Qtat ,

κ̃ = F γ
2A =

2mt

e
dt, (4)

where at = (gt − 2)/2 is the anomalous MDM in terms of the gyromagnetic factor gt. The

factors F γ
2V and F γ

2A are used in Ref. [25]. Recent constraints coming from the branching

ratio and a CP asymmetry for b → sγ can be found in Ref. [19]: −2.0 < κ < 0.3 and

−0.5 < κ̃ < 1.5.
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Recent constraints coming from the branching 
ratio and a CP-asymmetry for bàs γ	





Feasibility studies: HH at FCC-ep  

6/24/2015 Monica D'Onofrio, LHeC Workshop, CERN/Chavannes 

}  Publication in preparation 
}  Assume E(e) = 60 GeV, polarized beam 
}  proton energy = 50 TeV  

}  Double Hàbbar: 
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Results assume 70% b-tagging 
efficiency, 0.1 (0.01) fake 
rates for c (light) jets   

Preliminary Results 

Uta$Klein,$Higgs$in$ep$ 29 

Cross$sec<on$varies$with$$gHHH$
because$of$interference$of$$
resonant$and$non4resonant$
HH$diagrams$in$CC$ep$(Fig.1)$
Minimum$is$reached$at$1.6$
$
For$the$SM$value$gHHH$=$1$
the$H4HH$coupling$can$be$
measured$to$5410$std:$$$
f(Ee,$eta$acceptance,$lumi,$syst.)$

High%precision%single%Higgs%produc<on,%HHH%"%there%is%a%HUGE%poten<al%to%be%looked%at%
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$
For$the$SM$value$gHHH$=$1$
the$H4HH$coupling$can$be$
measured$to$5410$std:$$$
f(Ee,$eta$acceptance,$lumi,$syst.)$

High%precision%single%Higgs%produc<on,%HHH%"%there%is%a%HUGE%poten<al%to%be%looked%at%

Coupling HHH: there is a HUGE 
potential to be looked at 

Will be shown at the workshop! 



Electroweak Physics in ep: sin2θW  

In Deep Inelastic Scattering: 
 
Polarisation Asymmetry A-(Q) 
 
NC-to-CC Ratio R- for P=±0.8 
 
Measure weak mixing angle 
redundantly with very  
high precision of about 0.0001 
as a function of the scale. 
 
1% δMtop  is about δ = 0.0001 
 
PDF uncertainty comes in at  
second order and e-p provides 
very precise PDFs 

LHeC 
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