Hindawi

Advances in High Energy Physics
Volume 2021, Article ID 6693618, 6 pages
https://doi.org/10.1155/2021/6693618

Research Article

Hindawi

The Physics Case for an Electron-Muon Collider

Meng Lu, Andrew Michael Levin
Fangiang Meng ("), Sitian Qian

, Congqiao Li, Antonios Agapitos
, Jie Xiao, and Tianyi Yang

» Qiang Li(,

Department of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China

Correspondence should be addressed to Qiang Li; qliphy0@pku.edu.cn

Received 10 December 2020; Accepted 8 February 2021; Published 26 February 2021

Academic Editor: Mariana Frank

Copyright © 2021 Meng Lu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. The
publication of this article was funded by SCOAP”.

An electron-muon collider with an asymmetric collision profile targeting multi-ab™" integrated luminosity is proposed. This
novel collider, operating at collision energies of, e.g., 20-200 GeV, 50-1000GeV, and 100-3000 GeV, would be able to
probe charged lepton flavor violation and measure Higgs boson properties precisely. The collision of an electron and
muon beam leads to less physics background compared with either an electron-electron or a muon-muon collider, since
electron-muon interactions proceed mostly through higher-order vector boson fusion and vector boson scattering processes.
The asymmetric collision profile results in collision products that are boosted towards the electron beam side, which can be
exploited to reduce beam-induced background from the muon beam to a large extent. With this in mind, one can imagine a
lepton collider complex, starting from colliding order 10 GeV electron and muon beams for the first time in history and to
probe charged lepton flavor violation, then to be upgraded to a collider with 50-100 GeV electron and 1-3 TeV muon beams to
measure Higgs properties and search for new physics and finally to be transformed to a TeV-scale muon-muon collider. The
cost should vary from order 100 million to a few billion dollars, corresponding to different stages, which make the funding

situation more practical.

The discovery [1, 2] and property measurements [3-8] of the
Higgs boson are a triumph of the Standard Model (SM) of
particle physics and also the Large Hadron Collider (LHC).
In the next 10-20 years, the LHC and the High-Luminosity
LHC (HL-LHC) will be further exploring the SM and search-
ing for physics beyond that. The 2020 update of the European
Strategy for Particle Physics [9] proposes a vision for both the
near- and the long-term future of the field, highlighting the
need to pursue, as the highest-priority facility after the
LHC, an electron-electron collider acting as a Higgs factory,
such as the proposed International Linear Collider (ILC),
the Compact Linear Collider (CLIC), the Future Circular
Collider (FCC), or the Circular Electron Positron Collider
(CEPC). These future colliders may, at various stages in their
lifecycles, also serve as Z or top quark factories or operate at
the TeV scale for the purpose of new physics searches. The
FCC and CEPC projects also aim for an upgrade to an order
100 TeV hadron collider. Other colliders that have been pro-
posed with similar objectives are the High-Energy LHC (HE-

LHC) [10], a Large Hadron electron Collider (LHeC) [11],
and a muon collider [12].

Recently, there has been a large amount of interest [13]
in a muon-muon collider with center-of-mass energies in
the multi-TeV range, which has some of the advantages of
both hadron-hadron and electron-electron colliders [14-
16]. Because muon beams emit much less synchrotron radi-
ation than electron beams, muons can be accelerated in a
circular collider to much higher energies. On the other
hand, because the proton is a composite particle, muon-
muon collisions are cleaner than proton-proton collisions
and also can lead to higher effective center-of-mass ener-
gies. However, due to the short lifetime of the muon, the
beam-induced background (BIB) from muon decays needs
to be examined and reduced properly. Based on a realistic
simulation at /s=1.5TeV with BIB included, Ref. [17]
found that the coupling between the Higgs boson and the
b-quark can be measured at the percent level with order
ab™' of collected data.
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Here, we propose an electron-muon collider with an
asymmetric collision profile of, eg., 20-200GeV, 50-
1000 GeV, and 100-3000GeV, for the electron-muon
beam energy, respectively, corresponding to the center-
of-mass energy as 126.5GeV, 447.2GeV, and 1095.4 GeV.
In history, CERN and Brookhaven scattered muons in
the 1960s, using accelerator-produced muons at GeV scale
on electrons in targets, and measured the elastic scattering
cross-section [18-20]. In the late 1990s, the scattering of
muons off polarized electrons was used by the SMC col-
laboration at CERN as a polarimeter for high-energy
muon beams [21]. Recently, a new experiment, MUonE
[22], has been proposed, through elastic scattering of
high-energy muons at around 150 GeV on atomic elec-
trons, to determine the leading hadronic contribution to
the muon g-2. A head-on electron-muon collider was first
proposed in the 1990s [23-25] mainly to probe charged
lepton flavor violation (CLFV) [26], which, however, has
not been followed up much by the community. Here, we
propose for the first time an electron-muon collider with
more detailed configurations to run at both low and high
energy, with broader physics goals to cover both CLFV
and Higgs studies.

We now elaborate on the physics case for an electron-
muon collider. The asymmetric collision profile proposed
above is motivated by the fact that muons can be acceler-
ated to higher energies much more easily than electrons.
An asymmetric electron-muon collider operating at the
energies proposed above can serve as an intermediate step
between an electron-electron collider and a muon-muon
collider. The advantages of such a novel collider are that
it enables a direct study of charged lepton flavor violation
in a nearly background-free environment, in contrast with
other lepton colliders. The collision of an electron and a
muon beam leads to less physics background compared
with either an electron-electron or a muon-muon beam
because the background physics processes are mostly
higher-order vector boson fusion or scattering processes.
Moreover, the asymmetric beam profile tends to create
collision products that are boosted towards the electron
beam side, which can be exploited to reduce muon BIB
from muon beam upstream to a large extent, for example,
by adding a shielding nozzle in the muon side with a large
cone size without much loss on acceptance.

The cross-section dependence on the center-of-mass
energy for six of the dominant SM processes at an electron-
muon collider is shown in Figure 1. The two leading pro-
cesses in Figure 1 are the vector boson fusion or scattering
processes e y* — v,v,Z and e"y" — v, v,H. The cross-

section of e yut — ve\?HZ is 291 fb (863 fb) at 1/s=0.5TeV
(1.0TeV), and the cross-section of e " — v, v, H is 751b

(2091b) at 1/s=0.5TeV (1.0 TeV).

An electron-muon collider could operate at multiple
energies to search for CLFV in ey — Z and H, or ey —
ee, etc. Here, we take Higgs CLFV as an example (some other
examples are discussed in [26]), which is interesting because
its observation may provide insight into some fundamental
questions in nature, e.g., whether there is a secondary mech-
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anism for the electroweak symmetry breaking. H — ey has
already been studied at the LHC [27, 28], and the most strin-
gent limit so far, from ATLAS, is Br(H — eu) < 6.2 x 107
[28]. The CEPC projected limit is Br(H — ey) < 1.2x 107
[29]. In this paper, we implement the Higgs CLFV model
[27] in MadGraph5_aMC@NLO [30], with the CLFV
Yukawa couplings |Y,, | set by default to match the current
limit on Br(H — ey) from Ref. [28]. In Figure 2, we show
an energy scan near /s = 125GeV (with, e.g., 20-200 GeV
for the electron-muon beam energy) for Higgs CLFV produc-
tion ey — H — bb with and without initial state radiation
(ISR) effects [31, 32], and the dominant background ey —
VYV L— vefzﬂbl; at an electron-muon collider. The signal
peak cross-section is around 5.3 pb, while the background
cross-section is around 0.1 fb. Based on a simple estimation
with the signal and background yields, with 1fb™" of data at
around +/s=125GeV, an electron-muon collider should
already be able to obtain a 100 times better limit on Higgs
CLFV than the current best result from ATLAS. As a caveat,
the actual Higgs production rate will depend on the convolu-
tion of the muon beam energy profile with the Higgs produc-
tion cross-section, not just the peak cross-section, as
discussed in Ref. [14].

An electron-muon collider can also serve as a Higgs fac-
tory, with asymmetric collision profile of, e.g., 50-1000 GeV
and 100-3000GeV for the electron-muon beam energy,
respectively, corresponding to the center-of-mass energy as
447.2 GeV and 1095.4 GeV. We would like to highlight two
advantages of an electron-muon collider: (1) as there is no
CLFV in the SM, one gets less physics backgrounds com-
pared with the case of other same-flavor leptonic colliders.
The dominant background to e " — v, v, H with H —
bb is e pu* — vV, Z with Z — bb which can be further
reduced effectively by imposing selections on the invariant
mass of di-b jets; (2) the asymmetric beam energies tend to
have collision products boosted towards the electron beam
side, as shown in Figure 3, which can be exploited to reduce
muon BIB to a large extent, for example, by adding a shield-
ing nozzle in the muon side with large cone size without
much loss on acceptance.

The cross-section of e " — v, v,H with H— bb
depends on

0y Jiwwi
o =g(vvH) - BR(H — bb) = ZHWWIHED | (1)
H

where gy is the coupling of the Higgs boson to the W
boson, gy, is the coupling of the Higgs boson to the b quark,
and I'y is the Higgs boson width. From the formula above,
we can further obtain the uncertainty of g, as

Ay _ 1\/(@)2 + <Ag%-lWW/FH>2. )

Juwp 2 o Fiww/Tu
To roughly estimate the precision of a g;y,,,, measurement
with an electron-muon collider, we assume that giw/I'n
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FIGURE 1: Cross-section dependence on center-of-mass energy of six dominant physics processes at an electron-muon collider.
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FIGURE 2: Energy scan near /s = 125 GeV for Higgs CLFV production ey — H — bb and the dominant background eyt — vvZ — vvbb
at an electron-muon collider. The CLFV Yukawa couplings |Ye# | is set by default to match the current limit on Br(H — ey) from ATLAS

experiment [28].
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F1GURE 3: The # distributions of the leading and subleading b-jet
from Higgs and Z boson decay. The electron-beam (100 GeV) and
muon-beam (3000 GeV) come from the negative and positive %
partition. The detector simulation is implemented through
Delphes using the muon detector configuration. The Valencia
algorithm [37] is used for jet reconstruction with the jet cone size
as 0.5. The b-jets are required with p; > 20 GeV and || <2.5, with
the b-tagging efficiency 70%. The # distributions indicate that jets
are boosted towards the electron-beam side.

can be measured with the same precision as in CLIC [33],
with a 3% uncertainty conservatively. The cross-section
uncertainty can be approximated as

Ao - \/N+B’ 3)

a2 N

where N and B are the number of H — bb and background
events, respectively.

H—bb and Z—bb samples are generated using
MadGraph5_aMC@NLO [30] and interfaced with Pythia
[34] for parton showering and hadronization. A fast simula-
tion is performed using Delphes version 3 [35] with the
muon collider configuration. We require that the leading
and subleading b-tagged jets satisfy p>40GeV and -2.5
<1 <1 (corresponding to a 40.4° shielding nozzle on the
muon beam side). Figure 4 shows the invariant mass distri-
bution of the two b-tagged jets after this selection.

We require that 100 < my;, < 150 GeV to suppress the
background and then evaluate the uncertainty on the cross-
section based on equation (3). Taking into account the
Ihoww/T'1 uncertainty, we estimate the precision of gy, in
different collision schemes using the number of the signal
and background events after the selection. The results are
listed in Table 1, showing that the measured precision of
iy at an electron-muon collider is at the few percent level
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FIGURE 4: The invariant mass distribution of two b-tagged jets for
the signal H——bb and background Z—bb process, after
requiring pb>40GeV and -2.5<#’<1, at a 100-3000 GeV
electron-muon collider.

TaBLE 1: Summary of collider parameters and the corresponding
uncertainties on the Higgs boson coupling to b-quarks. /s = 447.2
(1095.3) GeV corresponds to a 50 (100) GeV electron beam and a
1 (3) TeV muon beam.

Line (abfl) V5 (GeV) 42 (%) Agzi‘wiw/rﬂ (%) (Aguw/Frn) (%)
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05 s 14 O 7
1S lea o8 Y
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with order ab™' of data and is dominated by the uncertainty
on ghww/Tu-

The physical infrastructure needed to generate electron
and muon beams with energies below 100 GeV would be
either a small linear or circular accelerator. A muon beam
at the TeV scale can be achieved in a kilometer-sized storage
ring. A set-up that can generate both electron and positron
beams, or both muon and antimuon beams, or polarized
beams, should be considered to further enrich the physics
outcome. Such a lepton collider complex can start from col-
liding order 10 GeV electron and muon beams for the first
time in history and to probe CLFV, then to be upgraded to
a collider with 50-100GeV electron and 1-3TeV muon
beams to measure Higgs properties and probe new physics
beyond the SM including CLFV further and finally to be
transformed to a TeV-scale muon-muon collider. The cost
should vary from order 100 million to a few billion dollars
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[36], corresponding to different stages, which make the fund-
ing situation more practical. Note that such a lepton collider
complex can also serve as a muon source at various energy
scales for general science research.

In summary, we have proposed a novel collider, with col-
liding electron and muon beams with asymmetric energies,
and shown that it has great potential to probe charged lepton
flavor violation and to measure Higgs properties precisely.
An electron-muon collider has less physics backgrounds than
either an electron-electron collider or a muon-muon collider.
The asymmetric beam energies lead to collision products that
are boosted towards the electron beam side, which can be
exploited to reduce muon BIB to a large extent. Such a
collider can operate at center-of-mass energies up to a few
TeV and can serve as an intermediate step towards a future
higher-energy physics facility. We urge the community to
consider this new option seriously.
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