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An electron-muon collider: what can be probed with it?
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Collisions of electrons against muons provide a very clean environment for many beyond SM signals. We consider the case of two-to-two
flavor changing processes that are absent in the SM. The sensitivity of theeµ collider to the four-fermion dimension six operators is about
the same order of magnitude as the one based on low energy measurements.
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1. Introduction

The collision of muons vs. electrons to search for physics be-
yond the Standard Model has been considered for some time.
For example, Lepton Flavor Violation (LFV) at very low en-
ergy collisions of a few GeV (Center of Mass energy) was
presented in Ref. [1] back in 1997, and even up to present
times there is significant interest in new physics effects of the
muon lepton that can be probed at the low energy MUonE
machine [2]. Nevertheless, high energy collisions of order 1
or more TeV have also been considered of interest back in the
same year 1997 [3]. On the other hand, studies that were not
based on LFV were presented in Refs. [4–7]. Recently, as the
prospect of a muon collider has become more compelling due
to the very high energies that could be achieved [8], the in-
terest on high energyeµ collisions has been brought up again
by [9] in 2020 and by [10] in 2021. Clearly, observation of
LFV processes is a topic of prime interest: in Ref. [9] a heavy
Z ′ with generic couplings to leptons was considered and it
is found that thee−µ+ → e+µ− process that violates fla-
vor number by two units would give better constraints on the
Z ′µe coupling than the low energy rare muon decays. Sim-
ilarly, in Ref. [10] the authors propose the construction of a
high energyeµ collider that could be a better probe of, not
only a flavor changing coupling likeHµe, but even of the
SM Hbb vertex as compared to the LHC.

In this talk, we refer to a study on two-to-two processes
at aµ+e− collider for center-of-mass (CM) energies of or-
der a few TeV [11]. In Ref. [11] we consider four-fermion
µeff̄ effective interactions and obtain limits from a non-
observation offf̄ final states in two-to-two interactions. In
addition, we consider the dimension 6 flavor changing mag-
netic dipoleeµγ coupling as well as the dimension 8 contact
termeµγγ for thee−µ+ → γγ annihilation process. In this
case we have done a signal vs background analysis at detector
level to further validate our prediction on the sensitivity.

2. Two-to-two processes

At tree level, the SM predicts only two kinds of these pro-
duction processes: elastice−µ+ → e−µ+ ande−µ+ anni-
hilation into two neutrinos; as shown in Fig. 1. Emission of
an additional photon is the only possibility for two-to-three
processes and thee−µ+ collider thus provides such a clean
environment that in Ref. [10] it is shown that even a process
that does not involve flavor violation like Higgs production
and decay tobb̄ can be a competitive probe of theHbb cou-
pling.

With the idea of taking advantage of the (almost) ab-
sence of SM backgrounds for two-to-two processes we turn
our attention to four-fermion couplings that involve theeµ
pair and two other leptons or quarks [11]. These couplings
can be probed with low energy measurements likeµ → eγ,
µ− → e−e+e− andµA → eA conversion reactions in nu-
clei [12].

The framework that we use is the SM effective La-
grangian with dimension six operators that is known as the
Warsawbasis [13]. There are 13 four-fermion operators that
involve theeµ pair:

FIGURE 1. The tree level SM processes ine−µ+ collisions with 2
or 3 final state particles.
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Q
(1)
lq = l̄pγµlr q̄sγ

µqt, Q
(3)
lq = l̄pγµτklr q̄sγ

µτkqt,

Qll = l̄pγµlr l̄sγ
µlt, Qee = ēpγµer ēsγ

µet,

Qeu = ēpγµerūsγ
µut, Qed = ēpγµerd̄sγ

µdt,

Qle = l̄pγµlr ēsγ
µet, Qlu = l̄pγµlrūsγ

µut,

Qld = l̄pγµlrd̄sγ
µdt, Qqe = q̄pγµqr ēsγ

µet,

Qledq = l̄perd̄sqt, Q
(1)
lequ = l̄jperεjk q̄k

s ut,

Q
(3)
lequ = l̄jpσ

µνer, εjk q̄k
s σµνut . (1)

Theprst are fermion family indices that we have set as
21jj for j = 1, 2, 3 that is all the charged leptons (eµτ ), the
down quarks (dsb) and the up quarks (uc). (Top quark pro-
duction belongs to the case of two-to-four processes.) For left
helicity massless fermions we havel andq doublets, whereas
right helicity fermions are denoted ase, u andd [13]. We then
show four types of cross sections depending on the helicities
of the collidinge− andµ+.

A general expression of the cross section for colliding
beams with some degree of polarization is written as:
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The dimension 6 operators of Eq. (1) yield the following
cross sections:
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Where theσ−− term does not appear for the flavor index as-
signment2111, but the operators that generateσ++ would
also generateσ−− with the assignment1211.

By requiring that the value of aCQ coefficient be enough
to yield the minimum0.04fb of production cross section,
we obtain the following lower limits forEe = 100, Eµ =
3000 GeV:

TABLE I. The ratio of limits based on low energy observables and
limits from theeµ collider.

CQ CLow/CColl CLow/CColl

e−µ+ → µ−µ+ e−µ+ → τ−τ+

Cll 0.34 0.69

Cee 0.34 0.69

Cle 1.20 1.19

e−µ+ → ss̄ e−µ+ → bb̄

C
(1)
lq 0.96 1.50

C
(3)
lq 0.37 1.50

Cld 1.19 1.50

Cqe 1.19 1.50

Ced 0.95 1.51

Cledq 5.8× 10−3 0.19

e−µ+ → cc̄ −−−
Clu 0.53

Ceu 0.54

C
(1)
lequ 0.05

C
(3)
lequ 6.4× 10−4

Cll , Cee ≥ 2.88× 10−2,

Cledq , C
(1)
lequ ≥ 1.92× 10−2,

Cle , Clu , Cld , Cqe ≥ 1.66× 10−2, (4)

Ceu , Ced , C
(1)
lq , C

(3)
lq ≥ 1.66× 10−2,

C
(3)
lequ ≥ 0.83× 10−2.

In Table I, we show the comparison between these limits
and those based on low energy measurements. It should be
noted that for the latter, theµA → eA conversion in nuclei is
the most sensitive probe [12]. Without thisµA → eA input
the limits in Ref. [12] would be much weaker and the rela-
tive sensitivity shown in Table I would favor the potential
of theeµ collider. The limits for the first family fermions are
not shown in Table I but can be seen in Ref. [11]. They turn
out to be two or three orders of magnitude weaker than those
reported in Ref. [12].

In addition to the dimension six operators, we have also
included some of the four-fermion dimension eight operators
that were also addressed in Ref. [14]:

Q
(8)
le = l̄pHer l̄sHet, Q

(8)
Tle = l̄pHσµνer l̄sHσµνet,

Q
(8)
leqd1 = l̄pHer q̄sHdt, Q

(8)
leuq = l̄pHerūsH̃

†qt,

Q
(8)
leqd3 = l̄pHσµνer q̄sHσµνdt, (5)
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FIGURE 2. Diagrams for the signal processe−µ+ → γγ.

whereH is the Higgs doublet [14]. The dimension 8 opera-
tors of Eq. (5) yield the following cross sections:

σ++

σ1234
(e−Re+
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4Λ4

(
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leqd1|2 + Nc|C(8)
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+
16
3

Nc|C(8)
leqd3|2 +

16
3
|C(8)

Tle|2
)
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σ1234
(e−Le+

R) =
v4

4Λ4

(
1
3
|C(8)
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112
3
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Tle|2

)
. (6)

The scaleΛ was chosen to be 4 TeV in Ref. [11]i. In this case
the relative sensitivity is much lower for theeµ collider, see
Table 4 in Ref. [11]. In the following section, we consider
the other case of two-to-two processes where the final state is
a pair of photons.

3. The processe−µ+ → γγ

We now consider the magnetic dipole operatorsQuB and
QuW of theWarsawbasis. We are only interested in the ef-
fective couplings that involve the photon, so let us focus on
the FCNC magnetic dipole operator that arises from a com-
bination ofQuB andQuW :

QeA = l̄µσµνeeHFµν , (7)

where lµ is the left-handed doublet with the muon andee

the right-handed singlet of the electron. In Fig. 2 we show
the corresponding Feynman diagrams. Another contribution
comes from the dimension 8 operatorii

QeAA = l̄µeeHFµνFµν . (8)

This operator generates an effectiveeµγγ coupling as shown
in Fig. 2. We have two chiral versions for each operator:
(QeAL,QeAR) and (QeAAL, QeAAR) referring to left-handed
and right-handed electron, respectively [11].

Both operators give rise to amplitudes that do not depend
on angles:

∑
|M|2 =

(|CeAL|2 + |CeAR|2
)
e2 v2

Λ4
48s

+
(|CeAAL|2 + |CeAAR|2

) v2

Λ8
4s3. (9)

They yield the total cross sections:

σ−− + σ++ =
(|CeAL|2 + |CeAR|2

) 3e2v2

2πΛ4

=
(|CeAL|2 + |CeAR|2

)
4.32fb, (10)

σ−− + σ++ =
(|CeAAL|2 + |CeAAR|2

) v2

8πΛ8
s2

=
(|CeAAL|2 + |CeAAR|2

)
0.0206fb,

where the numerical value on the second line is independent
of the collision energy, but the numerical value on the fourth
line is taken at

√
s = 1.095 TeV.

Based on the same minimum cross section requirement as
for the four-fermion operators, we find that the coefficients
CeAL(R) andCeAAL(R) should be of order0.1 and

√
2 re-

spectively for a measurable signal.
The current limit fromµ → eγ is of order5 × 10−6 for

the dipole coefficientCeAL(R). However, for theeµγγ con-
tact term coefficientCeAAL(R) the sensitivity fromµA →
eA transitions is six orders of magnitude less stringent:
CeAAL(R) ≤ 3.2 [17]. We observe that in this case theeµ
collider yields the highest sensitivity as compared to the low
energy measurements.

We now perform a complete analysis of thee−µ+γγ sig-
nal, taking into account the SM backgrounds, to corroborate
the sensitivity estimated forCeAL(R) andCeAAL(R), for a
detailed discussion we refer to Ref. [11]. First of all, we
point out that, as mentioned above, the amplitudes squared
for e−µ+ → γγ do not depend on the polar angle. That
means that in terms of rapidity, for instancey = y∗3 in the
CM frame we have the differential cross section:

dσ

dy
=

dσ

dcθ

dcθ

dy
= a0

4 exp(2y)
(1 + exp(2y))2

, (11)

with a0 a constant. The shape of the rapidity distribution in
the CM frame is then centered around zero with a width of
approximately2 units. In the lab frame, the rapiditiesy are
shifted with respect to thosey∗ in the CM frame [11]:

y = y∗ − y0 , with y0 =
1
2

ln
(

Eµ

Ee

)
= 1.70 , (12)

wherey0 = 1.7 is the shift value forEµ/Ee = 30. The muon
beam goes in the direction of−k̂ and so the event products
usually appear on the backwards hemisphere.

The background processes are given bye−µ+ → γγν̄µνe

as well ase−µ+ → e−e+ν̄µνe. For illustration one diagram
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FIGURE 3. Representative diagrams fore−µ+ → γγ background processes.

for each process is shown in Fig. 3. Being two-to-four pro-
cesses theγ pair should have a drastically different kinemat-
ics and be very easy to be separated from the signalγ’s. In
particular, we point out three clear differences: In the two-
body signal process the CMγγ energies are fixed at half of
the total: E∗

3 = E∗
4 =

√
s/2, whereas in the background

process photon pair only part of the total energy is available
and not necessarily shared equally. Regarding transverse mo-
menta, for the signal process we have|~p3T + ~p4T | = 0, but
for the backgrounds|~p3T + ~p4T | = 6 ET which has a con-
tinuous range of values. Thirdly, the final-state photons, in
the signal process, are very central in the CM frame, with
|y∗3,4| = |y3,4 + y0| . 2.5 for the vast majority.

We have simulated the signal and background processes
with MADGRAPH 2.6 [18], with beam energies(Ee, Eµ) =
(100, 3000), (150, 4500) and (200, 6000) GeV. We then have√

s = 1.095, 1.643 and 2.191 TeV, respectively.
Based on the previous considerations, we have applied

the following set of phase-space cuts:

C0 : p3T , p4T > 1.0 GeV,

C1 : E∗
3 , E∗

4 > 500.0 GeV,

C2 : ptot
T = |~p3T + ~p4T | < 20.0 GeV,

C3 : |y3 + y0|, |y4 + y0| < 1.75 GeV. (13)

The cutC0 is necessary to control infrared divergences. As
expected, the cutsC1,2,3 in Eq. (13) have negligible effects
on the signal cross section, but they substantially decrease
the cross section for the backgrounds.

The effect of the cuts (13) on the cross sections for the
signal and background processes is illustrated at(Ee, Eµ) =
(100, 3000) GeV in Table II.

The cross sectionσ(3)
γγ refers to the signal process with

only the trivalenteµγ vertex and the Wilson coefficients
CeAL = CeAR = 1. Similarly, σ

(4)
γγ refers to the signal

produced by theeµγγ vertex and the coefficientsCeAAL =
CeAAR = 1. The numerical results agree with (10).

We expect the results for cross sections with cuts in Ta-
ble II to be quite realistic, although detector efficiencies and
acceptances have not been allowed for in those results. How-
ever, we expect the rapidity acceptance effects to be taken
into account by the cutC3 in Eq. (13), and we also expect the

TABLE II. Cumulative effects of the cuts (13) on the cross sections
for the signal and background processes atEe = 100 GeV,Eµ =
3 TeV. Cross sectionsσ given in units of fb.

Pµ Pe cuts σ
(3)
γγ σ

(4)
γγ σννγγ σννee

0.0 0.0 C0 2.16 0.0103 770.2 426.6

0.0 0.0 C0,1 2.16 0.0103 0.0049 0.073

0.0 0.0 C0-2 2.16 0.0103 0.0015 0.0081

0.0 0.0 C0-3 2.04 0.0097 3× 10−5 0.0011

0.4 0.8 C0,1 2.86 0.0136 0.0014 0.081

0.4 0.8 C0-2 2.69 0.0128 0.00043 0.0082

0.4 0.8 C0-3 2.69 0.0128 1× 10−5 0.0038

efficiency for photon identification to be no less than 90%, so
that detector effects should be modest.

The important exception to this, however, is the back-
ground processe−µ+ → e−e+ν̄µνe that in Table II seems
to be not much smaller thanσ(4)

γγ , but which must actually
be adjusted for the electron-photon misidentification proba-
bility. In order to settle this issue, we carried out a detector
simulation using Delphes 3.4 [19] and we observed a signif-
icant reduction of two orders of magnitude from the values
shown in Table II once the misidentification is taken into ac-
count. For a more detailed discussion we refer the reader to
Ref. [11].

4. Conclusion

In conclusion, aneµ collider would be able to provide direct
evidence or limits for flavor changingeµ reactions, and with
the absence of so much SM background activity, it would
even become a good experiment to test flavor non-violating
processes like Higgs production and decay.
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i. The scale could have been chosen to have a different value, and
it is easy to translate the limits presented from one scale to an-
other. Strictly speaking, we do not know what the actual scale
of new physics is, and sometimes the bounds provided in the
literature refer to the operator coefficient divided byΛ2 in units
TeV−2. SometimesΛ is set equal to 1 TeV.

ii. The common framework of the effective SM Lagrangian con-
tains operators of dimension higher than 4. There is one possi-
ble dimension 5 operator, but it is at dimension 6 that a long list
of phenomenologically relevant operators appear [13]. Then,
there are a few operators of dimension 7 [15], but they do not
generate the two-photon vertex of our interest. For such, we
have to refer to the list of dimension 8 operators [16].
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