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Abstract. The LHeC, a possible addition to the LHC, allows for electron beams within the
LHC. In this report new possibilities for investigating beyond the Standard Model with the
LHeC are explored. An investigation of anomalous Higgs couplings in electron and positron
collisions is presented, with promising results for detection of beyond Standard Model physics
using the LHeC.

1. Feasibility study for beyond Standard Model research
1.1. The LHeC
The LHeC is a proposed project investigating the possibility of extending the collision types and
energies at the LHC. The idea for achieving a wider range of collision possibilities is achieved by
colliding an electron beam from a new accelerator with the already existent proton beam of the
LHC. Preliminary studies indicate that a luminosity of 1033 cm−2 s−1 would be possible, with a
centre of mass energy beyond 1T eV .[1]
There are a number of proposed designs for the LHeC layout. The first is a new electron ring
on top of the current proton ring in the LHC tunnel, this yields the largest luminosities of the
considered designs. Such an electron accelerator based inside the LHC tunnel can conceivably
produce an electron beam of 50GeV and a luminosity of 5 × 1033 cm−2 s−1 which corresponds
to an integrated luminosity of order 100f b−1 . Alternatively, a linear accelerator can be used
instead. The advantages of such a design include the construction of the LHeC to be largely
separate from the existing LHC site, reducing complexity and cost, and larger electron beam
energies are a possibility.[2] Energies up to 150GeV are in consideration, with the design largely
limited by cost. In contrast with the electron ring design, the linear accelerator may provide an
electron beam of 150GeV , a luminosity of 5×1032 cm−2 s−1 and an integrated luminosity of order
10f b−1 . Of course, in either case, there is the added possibility of using a lead ion beam instead
of protons further increasing the range of possible collision types and energies. In the example
of the electron-ring LHeC, 2.7T eV per nucleon is likely with a luminosity of 1031 cm−2 s−1 .
Physics programs stand to gain a lot from the LHeC. For example, the largely unexplored
Standard Model (SM) processes which have prohibitively small cross-sections with the current
LHC set-up can now be studied. These include the production of a light Higgs and a single
top-quark. Undiscovered particles and new physics on distance scales below 10−19 m are more
sensitive to probing, promising channels include lepton-quark bound states, super-symmetric
electrons and excited leptons. The determination of nucleon structure with greater precision

is now a possibility, fixing the poor knowledge of gluon density and d/u ratio. In addition,
more precise measurements of the SM electroweak and strong parameters can be made. Using
heavy-ion beams instead of protons opens the door to further measurement of the deep inelastic
structure of nuclei which would be a welcome change from the previous lepton-nucleon scattering
experiments which relied on fixed target nucleons. Measurements of this kind would be four
orders of magnitude larger beyond the accessible kinematic range of prior experiments.
1.2. Investigating beyond the SM
Symmetry breaking is transmitted from the scalar sector to the gauge sector by having gauge
boson-scalar couplings from the assignment of non-trivial gauge quantum numbers to the scalar
fields in the theory. The precise couplings of the SM Higgs to the heavy electroweak gauge
bosons W ± and Z come out as
1
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The constants g, MW and θW are all accurately measured, this vertex being fully determined
in the SM. In confirming that the SM mechanism for breaking electroweak symmetry is the
correct one, independent measurement of these vertices is required. In addition to these vertices
requiring copious amounts of Higgs productions for convincing statistical results, these vertices
are also sensitive to Beyond Standard Model (BSM) physics. The H(k)−Wµ+ (p)−Wν− (q) vertex
can be parametrised in the following form[3]
iΓµν (p, q)m u(p)∗ν (q).

(2)

µν would indicate the presence of BSM
Deviations from the SM form of Γµν
SM (p, q) = −gMW g
physics. These BSM deviations can be specified using the following formula

ΓBSM
(p, q) =
µν

g
[λ(p.qgµν − pν qµ ) + λ0 µνρσ pρ q σ ]
MW
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where λ and λ0 are the effective strengths for the anomalous CP-conserving and CP-violating
operators respectively. Whilst the CP properties are difficult to measure directly, they can be
known if the couplings λ and λ0 can be determined with good precision and accuracy.
1.3. Computational Research
The computational research in this paper will analyse the e+ + e− → h + ν + ν process and see
if there are any BSM physics involved. MadGraph version 1.5.9, a program used to do Monte
Carlo simulations allowing the user to calculate cross sections and to obtain unweighted events,
was installed. [4]FeynRules is a Mathematica package that allows the calculation of Feynman
rules in momentum space for any QFT physics model.[5] The minimal information to describe
the new model including BSM higgs couplings is contained in the model-file. This information
is then used to calculate the Feynman rules associated with the Lagrangian. The Feynman rules
generated are then implemented into MadGraph. The number of events to be simulated were
set to 100 000.
In generating histograms of the data, the programming language ROOT was used. ROOT
is an object-oriented program and library developed by CERN designed specifically for particle
physics data analysis and is significantly faster at handling events than Mathematica.[6]
Simulated event data is stored in ‘.lhe’ files. The Les Houches Events (LHE) file format is
an agreement between Monte Carlo event generators and theorists to define Matrix Element
level event listings in a common language.[7] Adding the Pythia extension to MadGraph allows
MadGraph to store the events, usually in a ‘.lhe’ extension in ‘.root’ files. The different

format being more easily used within the ROOT programming language. All events utilise
what is known as a Monte Carlo Numbering Scheme. This convention facilitates between event
generators, detectors and analysis packages.
1.4. Results and Analysis
There are two ways, or channels, in which the process e+ + e− → h + νe + ν e can occur. An
S-channel is the joining of colliding particles into an intermediate particle that eventually splits
into other particles. A T-channel is where two colliding particles interact via the emission of an
intermediate particle from one of them. The S-channel features the production of the neutrinos
through the decay of a Z-boson.
e+ + e− → z → h + νe + ν e .

(4)

The equation above meaning that the simulated events for the production of the Higgs and two
neutrinos must come from the production of Z boson that decays. In contrast the T-channel
features the production of the Higgs and neutrino pair through vector boson fusion.
e+ + e− → h + νe + ν e \ Z.

(5)

The ‘\Z’ means that processes contributing to the final state resulting from the decay of the Z
boson are excluded.
In understanding what contributions to the complete process are made from the two channels
it is possible to learn how to distinguish between the sources of the data that are accrued by
the detector.
Having run simulations of the two channels separately histograms were plotted for beam
energy of 125GeV . At the centre of mass (COM) energy of 250, five different simulations were
done. All differed on the strength of the extra terms λ and λ0 using values of ±1 arbitrarily. For
all the histograms that follow, the SM plot is in black for convenience of easy distinction from
the coloured, or BSM, physics. λ equal to one and negative one are red and green respectively.
λ0 equal to one and negative one are purple and blue respectively.
Of all the many possible histograms that can be shown, only two kinds were selected for
their useful insights and strikingly apparent differences between the physics models. Those
selected are of the Higgs angle phi and a two-dimensional histogram showing the correspondence
between theta and momentum of the Higgs.[8] BSM physics simulated outcomes share the same
general properties of the SM two-dimensional histogram but were excluded as they have minor
differences and would take up considerable space in a already plot-filled paper. Histograms
featuring properties of the emitted neutrinos were omitted as they, whilst showing appreciable
differences, are near impossible to investigate with the detectors of the LHC. Looking at the
S-channel momentum of the Higgs particle it is immediately apparent that there is a Gaussian
distribution centred around 61GeV . If this is the case then it may make for easy separation of the
two channels by merely excluding all measurements of the Higgs momentum in the near range
of the S-channel momentum peak. A quick glance at the Higgs theta distribution shows that the
λ = ±1 processes differ slightly to the SM prediction, however the λ0 = ±1 processes introduce
a strong asymmetry about the line θ = π2 which can be used to determine if the true value of
λ0 is non-zero. The two-dimensional histogram really illustrates this spike in momentum-theta
phase space for the S-channel.
In contrast with the S-channel, it can be seen that the T-channel Higgs momentum has a
wide range of accessible values. So in excluding the peak of the S-channel it is quite possible
to explore the T-channel and any variations from the SM. Compared to the S-channel, we see
all the BSM parameters do affect the T-channel Higgs theta distribution, but unfortunately no
asymmetry about π2 which can be exploited as in the case of the S-channel. It is apparent in

Figure 1. Higgs theta distribution from the S-channel at COM energy of 250GeV .

Figure 2. Two-dimensional histogram showing the correlation of the S-channel Higgs
momentum and theta at COM energy 250GeV .
the T-channel that there is a much more widely distributed momentum and theta correlation
that that of the S-Channel. As you can see, what makes for a very effective separation of
the signal from the background is that the S-channel features a very strong peak of the Higgs
momentum at a certain energy. In cutting out the momentum window it is not so simple as
excluding a particular range of detected events without considering the specifics of the detector.
The momentum of the the Higgs particle cannot be measured directly as it decays very rapidly.
Primarily decaying to a b − b quark pair, each producing a jet of particles, it is the measured
momentum of these jets that tells us about the momentum of the initial Higgs boson. The
√ , the resolution of the
resolution of the initial energy of the b quark has been found to be 60%
E

Figure 3. Higgs theta distribution from the T-channel at COM energy of 250GeV .

Figure 4. Two dimensional histogram showing the correlation of the T-channel Higgs
momentum and theta at COM energy 250GeV .
√
√ . In excluding a two sigma
Higgs momentum, the sum of the two b-jets is then given by 2 60%
E
window on either side of the peak we ensure that 95% of the events within the range are cut
out, however there will be a 5% migration of some events that were within the window, being
detected as having been from without.
The cross-sections are given from the outcome of the MadGraph run. Such output will have
to be modified by the cuts we imposed and other considerations. In all the simulations the
output state was stated to involve an electron and anti-electron neutrino pair. However the
lepton universality allows for end-states involving tau and muon neutrino pairs also, as such
the MadGraph given cross-section needs to be multiplied by three. The cuts on the allowed
momentum too will affect the cross-section. The fraction of events that survive the cut, times

the cross-section signifies the cross-section for the process. Finally, the Higgs to b − b branching
ratio of 57.7% must also be considered. This simply means that the cross-section must be
multiplied by 0.577.
1.5. Prospects for the Future
Many avenues of further research still remain. Using results derived from Wilks and Wald,
confidence intervals on the model parameters can be obtained, accounting for systematic
uncertainties in test procedures. In this way the results of the experiment, especially the twodimensional distributions, can be used to determine the values of λ and λ0 even possibly finding
them to be complex valued which was not explored in this paper. As with any simulation, higher
order corrections may be explored, increasing accuracy at the cost of CPU time. Higher order
corrections would be the inclusion of more Feynman diagrams and the multiple decay paths of
the Higgs. The study was almost entirely focused on parton-level, a more comprehensive and
involved study would include the Higgs decay and hadronization of the resultant jets. Finally, it
should not be said that all criterion useful for evaluating the BSM parameters were discovered.
For instance, the asymmetry in Higgs theta distribution as a result of λ0 values may be exploited
to further increase the accuracy obtained from the two dimensional distributions.
2. Conclusion
In conclusion, it is seen that the existence of BSM physics parameters can make a significant and
detectable difference to Higgs production. A useful ratio was discovered to discover differences
from the SM and with further statistical based work can be expanded to determine BSM
parameters and their respective confidence intervals. The construction of the LHeC would
go a long way toward studying BSM physics in a significantly less convoluted way than the LHC
alone could.
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