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Electron-hadron colliders at the high-energy, high-intensity frontier would be the super-microscopes to
resolve unambiguously parton dynamics using deep inelastic scattering (DIS) in the TeV regime. Adding
a 60 GeV polarised electron beam onto the existing LHC and planned FCC-hh proton beams at CERN, a
Large Hadron-electron Collider (LHeC) and a FCC-eh, with instantaneous luminosities of 10** cm™'s~!,
could produce Higgs bosons abundantly and most importantly, also synchronously to any proton-proton data
taking. With an expected Standard Model Charged Current DIS cross section of around 200 (1000) fb at
the LHeC (FCC-eh), the opportunities to study the dominant Higgs boson couplings with high precision are
presented. The compelling complementarity in measuring Higgs boson couplings at the LHeC (FCC-eh)
and the respective hadronic HL-LHC (FCC-hh) colliders and between the potential e*e~ Higgs factories

will be emphasised and the gain in the combined achieved accuracy highlighted.
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Higgsin ep Uta Klein

1. Motivation

The unique physics of the scalar Higgs boson has become a central theme of the worldwide particle physics
community driven by the theoretical and experimental programme pursued with the Large Hadron Collider
(LHC) and its high luminosity upgrade at v/s ~ 14 TeV, the HL-LHC, as discussed in great detail at this
conference and e.g. Ref. [1]. Why is hunting for more precision of the Higgs properties so intriguing and
mandatory although all measurements point to a Standard Model-like Higgs boson at present? Regardless of
the immense progress since its discovery in 2012, the current precision is insufficient yet to answer important
questions about a possible compositeness of the Higgs boson and if the Higgs couples to itself as predicted.
Thus the HL-LHC Higgs boson coupling measurements to a few percent (see e.g. Ref. [2]) will be crucial
to constrain further possible Beyond the Standard Model (BSM) contributions in the Higgs boson production
and decay. This focus to precisely study the properties of the Higgs mechanism and using the neutral Higgs
boson for example as a portal to complex dark matter particle searches has been one of the most convincing
motivations towards the developments of new high-energy collider projects. A Large Hadron-electron Collider
(LHeC), as detailed in [3], would add a polarised 60 GeV electron beam onto the existing LHC proton beam
thus constructing a new kind of a energy-frontier twin collider facility enabling synchronous pp and ep
data taking. A similar concept is being developed with an FCC-eh in combination with the hadronic Future
Circular Collider option at /s ~ 100 TeV, FCC-hh.

The LHeC with c.m.s. energies of 4/s ~ 1.3 TeV (FCC-eh with /s ~ 3.5 TeV) provides striking opportunities
for exploring the physics of the Higgs boson in ep collisions' due to the following features: i) the theoretically
well controlled Neutral (NC) and Charged Current (CC) DIS production processes uniquely distinguish the
HZZ (inNC) and HWW (in CC) vertices; ii) the Higgs production through vector boson fusion in the t-channel
has a CC DIS cross section of order 200 fb (1000 fb), comparable to that of Higgs radiation from a Z boson
at e*te™ colliders with v/s ~ 250 GeV (at /s ~ 3.5 TeV, the Higgs is produced via WWH in e*te™ with a
slightly smaller cross section than in ep); iii) the clean semi-leptonic final state which is free of multiple
beam-particle interactions (so-called pile-up which is negligible at LHeC and about 1 at FCC-eh); iv) the
impressive empowerment of the outstanding Higgs measurement programme at HL-LHC, also through the
unambiguous resolution of important remaining uncertainties related to QCD dynamics (see e.g. Ref. [5])
such as the flavour decomposition of the proton structure, the value of the strong coupling @, and the quest

for gluon saturation, the possible non-linear gluon dynamics at small Bjorken-x.

2. Methodology

The techniques to estimate SM Higgs couplings expectations at LHeC (FCC-eh) follow state-of-the art
established procedures using the MadGraph generator package interfaced with Pythia simulation for signal and
background sample productions, modern fast detector response parameterisations and neural-network-based

analyses, as described as a part of the updated LHeC Conceptual Design [3]. Ref. [3] also includes the overall

IRemarkably, R. Heuer mentioned in the ICHEP2012 closing remarks the LHeC and its Higgs measurement potential, see Ref. [4].
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ep physics goals, the accelerator complex and principal detector design considerations as well as integrated

luminosity projections of 100/fb per year based on instantaneous luminosity profiles of 103* cm™!s™!.

In deep inelastic electron-proton scattering, the SM-Higgs boson is predominantly produced through WW
fusion in Charged Current DIS scattering, while the ZZ — H fusion in Neutral Current DIS scattering is only
about a quarter of it. However, in NC DIS the forward (i.e. in proton beam direction in the HERA convention)
scattered particle jet together with the scattered electron fixes the event kinematics more accurately than
the particle jet together with the missing energy (due to the neutrino escaping detection) in the CC DIS
process. These clearly identified final states per event provide a precise distinction between the WWH and
ZZH production vertices in ep, while in pp the WW and ZZ Higgs boson vertices are hardly distinguishable
event-wise. Kinematics reconstruction in DIS is very precise and in NC DIS redundant, which leads to
important tracking and calorimeter cross calibrations and significant reduction of systematic uncertainties.
Electron-proton scattering is thus an outstanding environment for most accurate measurements of particle
physics processes without the pile-up complications of the LHC analyses. The significant asymmetry in
the energies of the electron and proton beams causes constraints on the design of the detector to provide
the necessary angular acceptance for the scattered lepton, the Higgs decay and further final state particles
emerging at the virtual W/Z-Higgs-interaction vertex. Even for the most asymmetric energy configuration
of the FCC-eh, studies in Ref. [3] showed that the complete final state can be very well reconstructed, with
emphasis on the very forward direction for the hadronic final state particles. The Higgs boson and its decay
products are well confined in the apparatus, appearing near a pseudorapidity n value of around 2 which
corresponds to a polar angle of about 8 =15°, where n = —Intan 6/2.

The CC and NC DIS Higgs cross sections, including the decay i of the Higgs boson into a pair of particles
can be written as
Fi 1—‘i
oi,cc =0cc -~ and 0jNCc =ONC T (1)
FH FH
Here the ratio of the partial (I';) to the total SM Higgs (I'yy) decay width defines the branching ratio, br;,
for each decay i. The size of the ep Higgs production cross section and the 1000/fb integrated luminosity
prospect enable to consider the seven most frequent SM Higgs decays, i.e. those into fermion (bb, c¢, T+77)

and into gauge particle pairs (WW, ZZ, gg, yy) with high precision at the LHeC (FCC-eh).

Initially, detailed simulations and Higgs extraction studies for LHeC were made for the dominant H — bb
decay, see Ref. [4]. The focus on the H — bb decay has been strongly motivated by its large 58% branching
fraction and the difficulty of its accurate reconstruction in hadronic LHC collisions. For ep, it seemed natural
to extend this to the H — c¢ decay, especially because that channel is currently considered not to be observable
at the HL-LHC, for permutation and large background reasons. These analyses used first simple kinematic

requirements and later neural network techniques (Boosted Decision Tree aka BDT).

For the FCC-eh collider setup, a detailed analysis was performed for the H — W*W~ decay based on complete
signal and background simulations and eventual BDT analysis. For this channel, CC DIS cleanly determines
the HWW coupling to its fourth power assuming SM production and decay. Results on other channels,
were obtained using an acceptance, efficiency and signal-to-background scale factor approach which was

successfully benchmarked with the detailed simulations for heavy quark and W decays, see Ref. [3].
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3. Results

The sum of the branching ratios for the seven Higgs decay channels accessible in ep adds up to 99.87 % of the
total SM width. Significant constraints of the H — invisible decay can be set with ep to a few percent level,
see Ref. [3], albeit not being able to exclude exotic, unnoticed Higgs decays. The accurate reconstruction of
all decays considered here will present a severe constraint on the total cross section and with that of the total
decay width of the Higgs boson in the SM. The evaluation of the expected measurement accuracy for a Higgs
boson decay channel i is based on the relative signal strengths y; in NC and CC DIS with respect to the SM
Higgs cross section for the LHeC, the HE-LHeC and the FCC-eh. The results are displayed in Figure 1 for
the specific collider setups and assumed integrated luminosities (denoted with £). The Higgs signal strength
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Figure 1: Expected uncertainties of SM signal strength determinations, du/u in percent, in the seven most abundant
SM Higgs decay channels in CC and NC DIS production using a polarised (P = —0.8) electron beam of E, = 60 GeV
for three ep-collider configurations: LHeC (blue, L = 1/ab, E, = 7TeV), HE LHeC (brown, £ = 2/ab, E,, = 14TeV),
and FCC-eh (green, £ = 2 /ab, E,, = 50 TeV). From Ref. [3].

uncertainties are input to joint coupling constant analyses performed in the so-called « framework, see e.g.
also Ref. [2] for HL-LHC projections, or e.g. in formalisms embedded in SM effective field theories. The «
2

7w and
the decay width I'; o K? for channel i. This leads to replacing I'y; by the sum X;«;I";, for SM Higgs boson

parameters are factors to the various Higgs couplings, equal to 1 in the SM, which scale oy c/cc o«

decays only. It defines the following modifications of the cross sections given in Eq. 1

1 1
SM p SM 2 2 _ SM p SM 2 2
ool briM i i s—  and  oiNc =oye briT - kgK; S 2
2 Kibr; 2 Kb

gi,cc =
where the superscripts "SM" identify clearly the used SM assumptions. Dividing these expressions by the
SM cross section predictions, one obtains the relative signal strengths, y;, and their uncertainties, oy;, for a

decay channel i. Hence the relative signal strengths measured in CC and NC DIS and their « dependence are

2
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Using the signal strength uncertainties for both NC and CC DIS reactions as displayed in Figure 1, a minimi-
sation procedure has been performed to determine the resulting uncertainties for the « parameters for each

ep-collider configuration. With seven decay channels from both CC and NC DIS processes, one finds eight
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constraints on «yw and kz and two constraints on the other five « parameters. Due to the dominance of H — bb
in the total Higgs decay width and owing to the sensitivity to both the ZZH and WW H couplings in the initial
state, ky gains particularly due to the H — WW decay in CC DIS that measures K“‘,V. The results listed in
Table 1 exhibit amazing precisions for the LHeC to the FCC-eh collider setups on both kz and xw with 1.2
to 0.35% and 0.7 to 0.2%, respectively. The Higgs coupling to the b quark, x5, becomes with 1.9 to 0.6%
relatively less precise than 6up, while strikingly the Higgs coupling to the ¢ quark, ., becomes with 3.8 to
1.2% relatively more precise than dpc..

Setup Vs L[l/ab] bb WW gg 1T & ZZ yy
LHeC 1.3 1 1.9 070 35 31 38 12 6.8
HE-LHeC 2.0 2 1.0 038 18 16 19 06 35

FCC-eh 35 2 060 022 1.1 093 12 035 2.1

Table 1: Summary of expected (statistical and further small systematic and theoretical) uncertainties of the x parameters
as obtained from fits to the SM signal strength uncertainty estimates for the seven most abundant Higgs decay channels,
in CC and NC DIS production using a polarised (P = —0.8) electron beam of E, = 60 GeV for three ep-collider
configurations: LHeC (E, = 7TeV), HE-LHeC (E, = 14 TeV), and FCC-eh (E, = 50 TeV). From Ref. [6]

4. Outlook

The potential of LHeC Higgs measurements can be compared and jointly interpreted with the anticipated
results from the HL-LHC as shown in Figure 2. Figure 2 displays the HL-LHC projections for the precision
of the different x parameters from a global fit to the Higgs projected uncertainties, the « interpretation for the
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Figure 2: Upper panel: Projected uncertainty (in percent) in the determination of the modified Higgs couplings in terms
of the scaling parameters «; at the HL-LHC (light blue), LHeC (gold) and the combination HL-LHC with the LHeC
(dark blue), see text. The bottom panel shows the improvement factors in the determination of the x parameters with
respect to the HL-LHC prospects by adding LHeC prospected measurements (NaN for «.). From Ref. [3].
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LHeC, and the HL-LHC+LHeC combination. The lower panel of Figure 2 shows the results from joining
pp and ep scenarios and by how much the LHeC Higgs physics programme could improve the precision
of several of the HL-LHC projections numerically with respect to the HL-LHC alone. Most notably, LHeC
would add a first measurement of the Higgs coupling to the ¢ quark, ., and improve the Higgs couplings to the
b quark, k3, and the W/Z bosons, k7, respectively, by factors 2 to 3 as could be expected from Table 1. The
complementarity between the pp and ep Higgs physics programmes is remarkable indeed: the LHeC, for its
clean environment, adds precision and the possibility of measuring the charm coupling, «., during the lifetime
of HL-LHC, while only hadronic colliders like HL-LHC and later FCC-hh lead to precision measurements
of rare and very rare decays, such as H — pu*u~, H — Zv, and eventually to H — HH owing to their high
luminosities and large Higgs production cross sections.

In summary, high-energy, high-intensity ep-colliders like LHeC and FCC-eh could measure the dominant
Higgs couplings to high precision due to the unambiguous distinction of the WWH and ZZH production
vertices, with clean final states and without pile-up. Furthermore, Higgs cross section measurements in ep
are self-consistent, experimentally and theoretically, based on DIS cross sections with very small theoretical
systematic uncertainties. There are striking synergies of TeV-pp collisions with ep at /s > 1 TeV and its
unique sensitivity to WWH and with ete™ Higgs factories at v/s ~ 250-350 GeV and their sensitivities
to HZZ and the total Higgs width. Together, those collider setups could map the complete landscape of
Higgs coupling measurements and remove the otherwise hard to decoupling HZZ and HWW and further
correlations while probing possible BSM contributions with unprecedented precision. Through high-precision
QCD measurements like the flavour separated proton structure functions at N>LO and determination of the
strong coupling as to per mille accuracy, energy-frontier ep would empower the physics potential of all high-
energy hadronic colliders not only for Higgs boson physics. Combining pp with ep, a very powerful twin
collider Higgs facility could be established at the HL-LHC already in the late 30ties and, later, at the FCC-hh.
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