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ABSTRACT: We investigate the sensitivity of electron-proton (ep) colliders for charged lep-
ton flavor violation (cLFV) in an effective theory approach, considering a general effective
Lagrangian for the conversion of an electron into a muon or a tau via the effective coupling
to a neutral gauge boson or a neutral scalar field. For the photon, the Z boson and the
Higgs particle of the Standard Model, we present the sensitivities of the LHeC for the co-
efficients of the effective operators, calculated from an analysis at the reconstructed level.
As an example model where such flavor changing neutral current (FCNC) operators are
generated at loop level, we consider the extension of the Standard Model by sterile neutri-
nos. We show that the LHeC could already probe the LF'V conversion of an electron into
a muon beyond the current experimental bounds, and could reach more than an order of
magnitude higher sensitivity than the present limits for LF'V conversion of an electron into
a tau. We discuss that the high sensitivities are possible because the converted charged
lepton is dominantly emitted in the backward direction, enabling an efficient separation of
the signal from the background.
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1 Introduction

Experimental searches for charged lepton flavor violation are among the most sensitive
probes of new physics beyond the Standard Model (SM) of elementary particles. In the
SM, such flavor changing neutral current interactions in the lepton sector are absent at
tree level and with massless neutrinos, and even when neutrino masses are introduced in
an effective theory approach via the dimension five neutrino mass operator, they only get
induced at loop level at tiny rates far below envisioned observational possibilities.

As an indirect probe of new physics, cLFV is known to be sensitive to extensions of
the SM at scales far beyond the reach of direct searches at present and currently discussed
future colliders. At present, particularly strong limits on LFV p — e transitions come from
Br(u — ey) < 4.2x10713 [1], and on LFV 7—e transitions from Br(r — ey) < 3.3x1078 [2]
and Br(T — 3e) < 2.7 x 1078 [3]. Planned experiments to extend the cLFV searches
beyond these limits include MEG II [4], which could reach a sensitivity for Br(u — ey)
down to 6 x 107, Furthermore, the Mu3e experiment plans to reach a sensitivity for
Br(p — 3e) down to 2 x 1071 [5]. Regarding muon to electron conversion, the MuZ2e
and COMET experiments have the goal to increase the sensitivity to the y — e conversion
rate by four orders of magnitude down to 3 x 107!7 [6, 7], and the PRISM project even
aims at a sensitivity down to 1071® [8]. Both B-factories BABAR and BELLE II aim to
improve the sensitivity on LFV 7 decays by more than an order of magnitude down to
Br(t — ey) <3 x 107 and Br(r — 3e) < 1.2 x 1072 [9-11].



In this paper, we show that future electron-proton (ep) colliders such as the LHeC
would be excellent facilities for probing the cLFV conversion of an electron into a muon or
a tau via the effective coupling to a neutral gauge boson or a neutral scalar. To explore
the potential for discovering cLFV induced by heavy new physics in a model-independent
way, we consider a general effective Lagrangian for our sensitivity calculations via collider
simulations at the reconstructed level. In addition, as an example model where flavor
changing neutral current (FCNC) operators inducing cLFV are generated at loop level, we
consider the extension of the Standard Model by sterile neutrinos. There we show that
the LHeC could probe the LFV conversion of an electron into a muon beyond the current
experimental bounds, and could reach more than an order of magnitude higher sensitivity
for the LF'V conversion of an electron into a tau.

2 High sensitivity to cLFV at ep colliders

Compared to electron-positron colliders, the high center-of-mass energy at ep colliders can
provide an environment to test the SM at high energies with comparably low rates of
background. Two examples of possible future ep colliders are the Large Hadron electron
Collider (LHeC) [12-15] and the ep mode of the Future Circular Collider (FCC). At the
LHeC, the center-of-mass energy of 1.3 TeV with a total of 3 ab™! integrated luminosity
would be achieved by the use of the 7TeV proton beam of the LHC in addition to a
60 GeV electron beam with up to 80% polarization. Moreover, the proposed electron-
proton experiment at the FCC (FCC-eh) is designed with the same energy level of the
electron beam from the LHeC electron linac, but with the upgraded proton beam with
energy of 50TeV from the FCC-hh. This will achieve a center of mass energy of 3.5 TeV.
This environment can be employed for significantly improving the PDF measurements and
lower the associated systematic uncertainties. At the same time, an impact on the precision
of some Higgs measurements is anticipated. In general, electron-proton colliders would be
a great environment for testing certain types of new physics beyond the Standard Model,
as has been explored in various studies (cf. e.g. [16-22]).

2.1 cLFYV via effective vertices at ep colliders

Charged lepton flavor violating processes can occur at the LHeC through an effective
vertex that couples the incoming electron to a muon or a tau and a neutral scalar or
vector boson. With the neutral scalar or vector boson in the ¢-channel, the effective flavor
changing neutral current (FCNC) interactions can lead to e — p or e — 7 flavor transitions,
as shown in figure 1. The processes have a specific kinematics that can be used to efficiently
discriminate the signal from the SM background. A particularly useful feature, as we will
discuss below in section 2.2, is that at low momentum transfer the final state lepton, i.e.
the p or 7, is dominantly emitted in the backward region of the detector (cf. [12, 14]). At
the LHeC, we will show that this allows to almost completely suppress the relevant SM
backgrounds in some cases.

The effective FCNC Lagrangian for charged leptons contains effective operators cou-
pling the charged leptons to neutral scalars and neutral vector bosons. The effective La-
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Figure 1. Feynman diagrams for cLFV processes at the LHeC induced by effective operators
(represented by blobs in the diagrams) that couple the incoming electron to a muon or a tau and
a vector bosons V,, (left) or a scalar S (right).

grangian for the couplings to neutral scalars is given by
Ezcﬁalar = ZaPL,Réﬁs NL7R, (21)

with £g, £, S representing the incoming and outgoing charged leptons and the neutral scalar
boson of the effective vertex, respectively. Ny g represents the left and right form factors
of the effective scalar operator and Pr, g are the chiral projection operators. We note that
expressions like Pr, RNy, r are shorthand notations for the sum over both combinations,
Pr Ny + PrNpR. The part of the effective Lagrangian for the coupling to vector bosons
can be expressed in terms of monopole and dipole operators. The effective Lagrangian
containing the monopole operators is given by

LI = Ly PLrls [ALg 9" + BLr(9" @ — ¢"¢")| Vi, (22)

where ¢ is the momentum of the gauge boson V,, and where in the SM V,, is either Z or ~.
Ar.r and B g are the form factors of the monopole operators. The effective Lagrangian
containing the dipole operator is given by

Lglifpole — EQU”VPL’REQ qMVV DL,P” (2'3)

with o = %[fy“,v”] and Dy g denoting the left and right form factors of the dipole
operator.

2.2 Low background for cLFV due to specific kinematics

The differential cross sections of the cLFV processes (cf. figure 1) depend on the center
of mass energy s and the two kinematic variables ¢* and the Bjorken variable z. At the
electron-proton colliders, the Bjorken z can be obtained from the measurement of the
inelasticity y. as [23]

E
= ith =1— —£(1—-cosb 2.4
p= o with ge=1- ok (1-cost), (2.4)
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Figure 2. Examples for the muon angular distributions at the reconstructed level for the photon
(red), Z boson (blue) and Higgs boson (black) mediated cLFV processes shown in figure 1. The
distributions in the plot correspond to the contributions from the form factors Af/ »and N f R
with total number of events normalized to one. Note that the y-axis has a logarithmic scale. The
forward direction is the proton beam direction and the backward direction is the electron beam
direction.

with E,,, F. being the energies of the scattered muon and the incoming electron, respec-
tively. The scattering angle 6 is defined between the direction of the outgoing particles and
the proton beam. For the region of the parameter space with z ~ E./E,, the energy of the
scattered muon is approximately equal to the electron beam, which causes the cross section
to peak in the backward direction of the detector. For larger ¢2, z is larger due to the
larger energy transfer from the proton beam that pushes the scattered muons somewhat
more in the forward direction [14].

The SM background processes take place through the charged and neutral currents
with W¥ and Z/H bosons exchange. For the charged current, a (¢-channel) W boson can
radiate a Z/~* which then generates a ¢ pair. For the neutral currents, a (t-channel) Z/H
boson can generate charged leptons via radiating weak gauge bosons which then decay
leptonically. Other backgrounds come from the decay of the on-shell produced bosons,
e.g. pe— — Ze " j,Z — pTpuF. The production of the on-shell Z boson requires a large
energy transfer, and thus the dimuons will be detected mainly in the forward region of
the detector. Accordingly, the cLFV process at the LHeC through an effective vertex can
provide a unique signal in the backward direction which is almost background free.

In figure 2, we show examples for the angular distribution of the scattered muons at
the LHeC, for the case of exchanged photons, Z bosons, and SM Higgs particles (showing
as examples the form factors AL/ 5 and N f r)- As one can see, the scattered muons are
dominantly emitted in the backward direction. For the massive mediators (Z, H), the
cross section maximizes at g2 = M? and thus the peak shifts towards the forward direction
compared to the photon case. A similar effect occurs for the form factors with momentum
dependence, B} / 7 and Df/ g , which will be discussed in section 4 (with angular distributions
shown in figure 7).

For the simulation, we have implemented the effective vertices in MadGraph [24]. After
generating the events by MadGraph, Pythia [25] is used for showering and hadronization.



For fast LHeC detector simulation we use Delphes [26]. The event reconstruction has been
done by MadAnalysis5 [27] with the requirement that the scattered muons have to be hard,
with Pr > 25 GeV.

3 LHeC sensitivity to cLFV from heavy neutral leptons

In this section, before we turn to the model-independent analysis, we investigate the sensi-
tivity of the LHeC for cLFV induced by heavy neutral leptons (also referred to as “heavy
neutrinos” or “sterile neutrinos”). In particular, we will explore the LHeC sensitivity to
the combinations [0.07| and |0.07| of active-sterile neutrino mixing angles within the “Sym-
metry Protected Seesaw Scenario” (SPSS) benchmark scenario (cf. [28, 29]), and compare
it with the current bounds from non-collider experiments. The most relevant present con-
straints on the mixing parameters come from the two body decays, e.g. o, — £y [1, 2], and
the three body decays ¢, — 3£, [3, 30, 31] of taus and muons (o = u, 7). For final state
muons we also consider the constraint from the p1—e conversion search at SINDRUM II [32].

3.1 Benchmark scenario: SPSS

For the analysis of the LHeC sensitivities and the comparison to the present experimental
constraints, we consider the SPSS benchmark model. In this subsection, we will only
give a brief summary to the SPSS and refer for details to [28, 29]. Beyond the particle
content of the SM, the scenario includes two sterile neutrinos with opposite charges under
an approximate “lepton number”-like symmetry. The small observed neutrino masses arise
from the small breaking of the “lepton number”-like symmetry. For the study of cLFV, we
can treat the protective “lepton number”-like symmetry as being exact, such that lepton
number is conserved. A discussion for which parameter regions the lepton number violating
effects can be observable in the SPSS benchmark model with small symmetry breaking can
be found in [33].

The Lagrangian density of the SPSS benchmark model, including the sterile neutrino
pair N}, and N, is given by:

L= Loy — NyMyN3E — 4y, Nho! L® + Hee. + ..., (3.1)

where L* (a = e,u,7) and ¢ are the lepton and Higgs doublets, respectively, and the
parameters y,,, denote the complex-valued neutrino Yukawa couplings. My is the heavy
neutral lepton (Majorana) mass parameter. The dots indicate additional terms which can
be neglected in this study. They may contain additional heavy neutral leptons that are
decoupled from collider phenomenology and indirect searches as well as the terms which
slightly break the “lepton number”-like symmetry.

After electroweak symmetry breaking the neutral leptons (i.e. the active and sterile
neutrinos) have a symmetric mass matrix, which can be diagonalized by a unitary 5 x
5 matrix U, cf. [28]. The mass eigenstates are n; = (v, Vg,yg,N4,N5)JT = U;ana. They
include the three light neutrinos (which are actually massless in the symmetry limit) and
two heavy neutrinos with (in the symmetry limit) degenerate mass eigenvalues Mpy. The
off-diagonal block of the mixing matrix U governs the interactions of the heavy neutrinos.



It can be quantified by the active-sterile neutrino mixing angles 6, related to the neutrino
Yukawa couplings y,,, via

Yy VEW 2 2
0, = Zbo EW 02 =Y |6a?, 3.2

where vgw = 246.22 GeV denotes the vacuum expectation value of the Higgs field. Due

to the mixing of the active and sterile neutrinos, the heavy neutrino mass eigenstates
participate in the weak interactions as

it o g Oa lo v, Py (—iNy + Ns) + Hee. | (3.3)
5
-0 g — -
W= Fer ]221 Vi iy P , (3.4)
My & . _
Lyuk, D 5 NE + 0% NE) Hu; + He. . 3.5
Yuk. UEW?%(M 11t Vis 5) vi+H.c (3.5)

g is the weak coupling constant, cy the cosine of the Weinberg angle and P, = %(1 —79)
is the left-chiral projection operator. H denotes the real scalar Higgs boson and 9;; :=
Za:e,u,r UiTaUaj‘

Finally, we note that in the symmetry limit of the SPSS benchmark model, only the
moduli |6, |6,| and |6-| of the active-sterile mixing angles and the (w.l.o.g. real and
positive) mass parameter My are physical. Furthermore, we remark that via the relation
[Van|? = |0a/?, one can readily translate our results (which we will give in terms of the
active-sterile neutrino mixing angles 6,,) to the neutrino mixing matrix elements V,,n often
used in the literature.

3.2 Calculation of the form factors for the cLFV operators

To calculate the form factors for the cLFV operators within the SPSS from the respective
penguin diagrams (cf. figure 3), we use the package PengdBSMQLO [34]. PengdBSMQLO
is a Mathematica package that calculates the contributions of the form factors of certain
effective operators originating from one-loop penguin Feynman diagrams. In order to
allow for generic finite form factors, the package calculates the form factors as the first
order expansion of the small masses and momenta of the external fermions. We remark
that all cLFV penguin processes have no tree level amplitude, and are thus finite at the
one-loop level. The UV-divergence vanishes when we sum up over all diagrams and apply
the unitarity condition of the leptonic mixing matrix U.

We find (using PengdBSM@LO [34]) that the form factors in the SM extension by
heavy neutral leptons (within the SPSS benchmark scenario) are given by

5

e2|6.0%|
BY = ¢ o 2_1)(3 2224522 —1
" ; 11527203, sin® Oy (1—a2)" [(@i—1)(Be vew @ (2ai+5ei—1)

— My sin Oy (112§ —2724 +9021 —20))+12( My sin Oz (v —4z;+12)—3e vpw z§) In(zy)]

o =i e? M.[0.0;] 25: 7—34x§+63x;—34x2—2x8—(48332—1233@1n(zk))
b 384m? MR, singy, £~ (1—a22)* ’



g a
Dy, =

i ¢ M,|0.6%] Z (7—3435%—1—63:13%—34332—2968—(48352—1295%)ln(mk))

38472 M2, sind, Pt (1—z2)*
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B, =A% =B =A] =0.

In the above equations, we have defined zj := AA/Z;’; e is the electric charge, M, is the
mass of the charged lepton ¢, (with a = p, 7) and Oy denotes the weak mixing angle.

We note that the lepton self energy diagrams with virtual photon exchange do not
contribute to the amplitude since they cancel out with terms from W boson and Goldstone
boson diagrams. The monopole term that is proportional to g,gq,, cf. eq. (2.2), vanishes
as it should because it would violate quark current conservation. For the case of Z boson
exchange the dipole form factors, D,{ r» flip the chirality of the outgoing fermions. They
are suppressed since they are proportional to the lepton mass [35-37]. We have neglected
the contributions from the effective operators with the SM Higgs boson, because they are
suppressed by the small couplings of the Higgs to the beam quarks.
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Figure 3. Feynman diagrams generating the effective vertices for e~ — f,v and e~ — ¢, Z in
extensions of the SM by heavy neutral leptons. 7, runs over all (light and heavy) neutral lepton
mass eigenstates.

3.3 Method for obtaining the cLFV sensitivity at the LHeC

In the following, we assume that the heavy neutral leptons have sufficiently large masses
that they cannot be directly produced at the LHeC. With this condition satisfied, we will
apply the effective operator treatment. The amplitudes for the e — /e — 7 conversion
processes pe” — u”j/pe” — 77 j are given by

Mrbec = My + Mz, (3.6)

with M+ and Mz denoting the amplitudes for virtual photon and Z boson exchange

M-

_ . —ie g, _
ug,, [BZJDLPL,R ¢y —iot g, DZ,RPL,R] Ue <q2W) Ug(—ieQq¥")vg ,

_ig;w

Mz = uy,, [Af,RPL,R’YVJFBfRPL,RqQ’YV*Z‘UuyquDgRPL,R} Ue <qQ]\/[2
iz

)uq(v’“‘ 9L,rRPL.R)Vg.
Q4 is the quark charge and g g are the left and right couplings of the Z boson with
quarks (where again expressions like gr, rPr g stand for the sums, ie. grPr + grPR).
BZ’R,DZ’R,AfR,BgR and vaR are the effective form factors of the one-loop penguin
diagrams in figure 3, with results given in the previous subsection.

In the following we will carry out the cLFV sensitivity analysis for the case of muons in
the final state, pe™ — u~j, and taus in the final state, pe~ — 77 j, separately. These two
searches at the LHeC can test the combinations [0.0}| and |6.07| of the flavor-dependent



# Backgrounds 7 final state o(Luec) [PD] # Backgrounds p final state o (Liec) [ PD]
bkgl pe” = Z/y (=1 )y g 0.0316 bkgl pe” = Z/y (= ppt) vy g 0.0316
bkg2 pe” = WE(= 1t u) e j 0.2657 bkg2 pe” = WE(—=puFv) e j 0.2657
bkg3 pe” = ZZ(—= 11y j 1.1x107° bkeg3 | pe™ — Z/y*(— 777 — leptons) vy j | 9.1x107*
bkgd | pe” — Z(—= 7 rT)WE (= 7% vy) 1 5 | 2.64x107° bkgd | pe” — W*(— 7% v, — leptons) e~ j 0.0451

bkgh pe” = ZZ(— ppt) vy j 1.1x107°
bkg6 | pe™ — Z(— p~pH)WE(—= pF v,) v j | 2.64x107°

Table 1. Dominant background processes considered in our analysis and their total cross sections
for final state taus (left) and final state muons (right). The cross sections are obtained from
MadGraph, while for the later tau decays we utilize Pythia. The samples have been produced with
the following parton level cuts: Pr(j) > 5GeV, Pp(l) > 2GeV and |n(l/j)| < 4.5.

active-sterile mixing angles, respectively, for a given heavy neutrino mass Mpy. In the
analysis with muons in the final state, we initially fix |00 = 1073 with . = 6, and
0, = 0, and for the analysis with taus in the final state we fix [0.0%| = 1073 with 6, = 6,
and 6, = 0. We then use MadGraph [24] to calculate the total cross section and generate the
events, where the form factors and its Lorentz structure have been carefully implemented
as described in [38]. The parton shower and hadronisation are done by Pythia [25]. For
fast detector simulation we use Delphes [26]. For event reconstruction and analysis we use
MadAnalysis [27, 39].

3.4 Event reconstruction and analysis

For signal reconstruction (at the reconstructed level after detector simulation), we require at
least one muon with Pr > 25 GeV and jets with Pr > 5 GeV. For tau lepton reconstruction,
we use an identification efficiency rate of 75% for tau leptons with Pp > 25GeV and
misidentification rate about 1% [40, 41]. For the process with final state taus, we use
Pythia for tau decays and then we use the Delphes analysis module to reconstruct the
hadronic tau jet with identification efficiency rate of 75% for the signal and identification
efficiency rate of 60% for the background. The most relevant backgrounds and their total
cross sections are shown in table 1 for final state taus (left) and final state muons (right).

It is worth mentioning that other backgrounds like pe™ — hvj with the SM Higgs
decaying to a lepton pair are suppressed by the small Yukawa couplings, while the process
of single top production pe~ — vt is suppressed by the small involved CKM mixing matrix
element.

In order to enhance the signal-to-background rate, we reconstruct four variables that
can distinguish between the signal and all relevant backgrounds. In figure 4, we show
the kinematic distributions of the signal with final state muons versus all backgrounds
superimposed. The most important variable is the angular distribution of the final state
hard leptons (u/7). They are mainly detected in the backward region of the detector
while all the background processes produce hard leptons (x/7) in the forward region of the
detector. For the case of signals with hard muons in the final state, the signal events have
very low missing energy, while for taus in the final state there is a larger source of missing
energy due to the hadronic tau reconstruction. Additionally, the transverse momenta of
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Figure 4. Distributions of kinematic variables (before any cuts applied) for the signal events with
Mpy = 1TeV, for the process pe~ — p~j with muons in the final state, and with all relevant
background events in table 1 (right) superimposed and normalized to one. Upper left: angular
distribution in radians for hard muons in the final state. Upper right: transverse missing energy.
Down left: transverse momentum for anti-muons. Down right: transverse momentum for final state
electrons.

electrons or u™ /7 in the signal events are very small since the only source for them is the
decay of radiated photons. In order to enhance the signal to background ratio, we optimize
the cuts on these reconstructed kinematic variables as shown in table 2 (left) for tau final
states and (right) for muon final states for the benchmark point with My = 1 TeV.

3.5 Results: sensitivities to the active-sterile mixing angles at the LHeC

Given the number of signal events and the number of background events after the optimized
cuts, the LHeC sensitivity at 90% confidence level (CL) is obtained for rejecting the signal
plus background over the background-only hypothesis and by using the formula [42, 43]

1/2
(Ns + No)(No +05)  Ng | - oy Ny

—_— , (3.7
N+ (No+ Noop o NNy + o7) 37

Osys = |2 | (Ns+ Np) In

with Ng and N, being the number of signal and background events, and with o, being the
systematic uncertainty, taken to be 2% [14] for background events only. For obtaining the
current limits from non-collider experiments we use the following experimental constraints

at 90% CL:

Br(p— ey) <4.2x 1071 [1],
Br(t — ey) <33 x107% 2],

~10 -



Cut Background events | Signal events Cut Background events | Signal events
Normalized events (no cut) 297528 8147 Normalized events (no cut) 343600 11639
Pr(rt) <10 GeV 137986 8117 Pr(pt) <10GeV 180114 11596.75
P <100 GeV 132844 8110 B <50GeV 126183 11517.4
Pr(e) < 10GeV 14036 8110 Pr(e) < 10GeV 12705 11517.3
0(7~) > Lorad 3561 5302 () > 1.51ad 48228 8925.9

Table 2. Cut efficiency, i.e. number of signal events and all backgrounds summed, for the processes
pe” — 775 (left table) and pe™ — p~j (right table) at the LHeC with integrated luminosity
3 ab~!. For the signal events with final state taus we fix 6. = 6., 6, = 0 and |0.0%| = 1073, which
corresponds to a total cross section of 0.01173 Pb (before the tau decays). For the signal events
with muons in the final state we fix 6. = 6, 0, = 0 and |969; = 1073, which corresponds to a total
cross section of 0.01164 Pb. The heavy neutrino mass parameter My has been set to 1 TeV. The
numbers of signal and background events without cuts correspond to the above-given total cross
sections and integrated luminosity.

Br(p— e ete™) < 1.x 10712 30, 31],
Br(t — e ete”) <2.7x 1078 [3],
Cr(p—e, ¥7Au) <7 x 10713 [44].

From the bounds on the branching (or conversion) ratios for ¢, — ey, ¢, — 3e and
i — e conversion in nuclei, we calculate the limits on the active-sterile neutrino mixing
angles using the formulae given in [45]. It is worth mentioning that the processes £, — 3e
and p — e conversion in nuclei have an energy scale of ¢> = M2 (with o = u,7), which
implies that the Z boson contribution is suppressed by the squared mass difference in the
propagator due to the small energy transfer [46]. On the other hand, at the LHeC the
energy scale is ~ 1.3 TeV and thus the Z boson can have a much larger contribution. The
largest contribution indeed comes from the from the effective operator with form factor A%.

In figure 5 we present our results for the LHeC sensitivities to the active-sterile neutrino
mixing angles and compare them with the current limits from non-collider experiments.
The result with muons in the final state (where the process is sensitive to [0.0|) is shown
in the upper plot, while the one with taus in the final state (sensitive to |0.0%|) is shown
in the lower plot. The results show that with sensitivities down to |0.0}| < 2 x 1075 and
0.0%| < 3x 1075 (for the example of My = 1TeV), the LHeC can provide better sensitivity
than the current limit in both cases.

Let us now also compare with the planned future experiments, using the sensitivity
goals stated in section 1. Regarding the mixing parameter combination |t9€9/’;|, the future
run of MEG II will improve the sensitivity to about 9 x 1076, while the Mu3e experiment
The future
PRISM even aims at a sensitivity of 2.5 x 107%. These sensitivities would be better than
the ones reachable at LHeC.

Regarding the mixing parameter combination |6.60%| responsible for the conversion of

will be sensitive to this mixing parameter combination down to 4.8 x 1076.

an electron into a tau, the sensitivity at the LHeC can be better than the current limits
by more than an order of magnitude. Furthermore, the LHeC can even provide a better
sensitivity than the future runs of the B-factories BABAR and BELLE II, which can probe
the mixing parameter combination |0.0%| down to 4 x 10~* and 9 x 10~*, respectively.
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Figure 5. Estimated sensitivities to the active-sterile neutrino mixing angle combinations |00}
(upper panel) and |0.0%| (lower panel). The black lines show our results for the LHeC sensitivity
from the processes pe™ — u~j and pe~ — 77 j, respectively, with 1.3 TeV center-of-mass energy
and integrated luminosity of 3 ab™'. The green line in the upper panel corresponds the current
limit from p — e conversion, the red and blue lines in both panels show the current limits from
Ly, — 3e and £, — ey (taken from [45]), respectively.

Very sensitive test to the active-sterile neutrino mixing angles would also be possible
at the FCC-ee [47], via the accurate measurement of electroweak precision observables
(EWPOs). On the other hand, the EWPOs are not sensitive to the same parameter
combinations, but rather to 0.|? + [0,|? and |6-%. In the large mass limit for the heavy
neutral leptons, sensitivities down to about |6.|? + 6, ~ 1075 and [0, ~ 6 x 1074
could be achieved [28, 29, 48]. We remark that e.g. for both |0.| and |0;| slightly below
the (maximal) FCC-ee sensitivities from EWPOs, this would imply |6.0%] < 8 x 1072,
potentially still within reach of LHeC.

4 Model-independent results

In this section, we calculate the model independent LHeC sensitivities for the form factors
of the FCNC operators inducing cLFV given in section 2.1. The results can be used to
estimate the LHeC discovery potential for generic heavy new physics that generates these
effective operators. To calculate the LHeC sensitivities, we again analyse the processes
pe~ — u~j and pe” — 7 7, mediated by a cLFV effective coupling to photon, Z boson,
and SM Higgs. In the following, we use the form factors with superscripts to identify the

- 12 —
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Figure 6. Total cross section for the process pe™ — pj as function of the size of the individual form
factors given in eqs. (2.1), (2.2) and (2.3), for the LHeC with 7 TeV protons and 60 GeV electrons
with 80% polarization. For the form factors Bf/ A and Df/ », the z-axis shows their size in units of
GeV~2 and GeV !, respectively.

considered boson, i.e. v, Z or H. To obtain the LHeC sensitivities, we follow the same
procedure used in the previous section and perform an analysis at the reconstructed level,
switching on only one form factor at a time.

In figure 6 we show the total cross section of pe™ — ™7 in picobarn as a function of the
size of the individual form factors. One can see that the largest cross sections come from

the monopole form factors Bf/ g , which is due to the momentum transfer squared attached

to the effective vertex. The dipole form factors, Df/ ; , also have comparatively large cross

section due to the attached ¢” in the effective vertex. The form factors corresponding to
the SM Higgs contribution have the lowest cross sections since the coupling of the SM
Higgs with the proton beam is suppressed by the small Yukawa couplings. We remark
that all considered kinematic distributions of the final state particles, except the angular
distribution of the final state lepton, do not change by considering different form factors.
On the other hand, due to the dependence of the monopole and dipole form factors on
the momentum of the mediator particle, the angular distributions of the final state leptons
are shifted towards the forward direction. In figure 7, we show the angular distributions of
the final state muons for the process pe™ — p~j, with total event number normalized to
one. The shifting of the angular distributions towards the forward direction (in addition
to the earlier discussed shifting for the processes with massive mediators compared to the
photon-mediated processes) indeed weakens the signal vs. background separation, but still
other characteristics such as Pr(I™), Hr, and Pr(e) can be used to improve the sensitivity.
Our model-independent results are presented in tables 3 and 4, where we show the
LHeC sensitivities to the individual form factors at 90% CL, based on the processes pe™ —
1~ j and pe” — 77 j, respectively. For the analysis, we initially fix the values of the
considered form factor to 1073, with all other form factors set to zero, to calculate the
total initial cross section which is used to normalize the generated events with integrated
luminosity 3 ab™!. In order to increase the signal over background yield, the cuts have been
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Figure 7. Angular distribution of the muons for the process pe™ — p~j at the reconstructed
level, considering the monopole and dipole form factors for the effective operators that mediate the
process via photon and Z boson exchange. The total event numbers are normalized to one. The
forward direction is the proton beam direction and the backward direction is the electron beam
direction.

optimized for each form factor individually. Given the number of signal and background
events after each cut we have calculated the LHeC sensitivity at 90% CL for rejecting the
signal plus background over the background-only hypothesis using the formula in eq. (3.7).

5 Summary and conclusions

In this work we have investigated the sensitivity of electron-proton (ep) colliders, in particu-
lar of the LHeC, for charged lepton flavor violation (cLFV). In an effective theory approach,
we have considered a general effective Lagrangian for the conversion of an electron into a
muon or a tau via the effective coupling of the charged leptons to a neutral gauge boson
or a neutral scalar field.

For the photon, the Z boson and the Higgs particle of the SM, we have presented the
sensitivities of the LHeC (with 3 ab™! integrated luminosity) for the coefficients of the
effective operators (cf. section 4 and table 3 for the results with muons and table 4 for the
results with taus in the final state), calculated from an analysis at the reconstructed level.

As an example for a model where such flavor changing neutral current (FCNC) oper-
ators are generated at loop level, we have considered the extension of the Standard Model
by sterile neutrinos in the context of the SPSS benchmark model. Our results for the
sensitivities to the active-sterile neutrino mixing angle combinations [6.0;,| and [0.0;| are
shown in figure 5.

Our results show that the LHeC (with 3 ab™! integrated luminosity) could be sensitive
for the LF'V conversion of an electron into a muon beyond the current experimental bounds,
and could reach more than an order of magnitude higher sensitivity than the present limits
for the LF'V conversion of an electron into a tau.

We have argued that the very high sensitivities at the LHeC for some of the form
factors are possible because the converted charged lepton is dominantly emitted in the
backward direction, enabling an efficient separation of the signal from the background.
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Form Factors Cut Background events Signal events LHeC sensitivity 90% CL
NH/NH Normalized events (no cut) 343600 274/33 4.49x1073/3.55 x 1072
NH/NH Pr(ut) < 10GeV 180114 274/33 3.08x1073/2.57 x 1072
NH/NH B < 50GeV 126183 269/32 2.65%1073/2.22 x 1072
NH/NH Pr(e) < 10GeV 12705 269/32 8.41x107%/7.05 x 1073
NH/NH 6(p~) > 0.5rad 9322 232/28 8.36x107%/6.90 x 1073
Form Factors Cut Background events Signal events LHeC sensitivity 90% CL
Al JAY, Normalized events (no cut) 343600 69000/7875 1.75 x 107°/1.50 x 104
Al JAY Pr(ut) <10GeV 180114 68700/7840 1.31 x 1075/1.09 x 10~*
Al AT, Fr <50GeV 126183 68673/7837 1.11 x 107°/9.12 x 10~°
Al JAY, Pr(e) <10GeV 12705 68673,/7837 4.93 x 1079/3.12 x 107
A} /AL O(p~) > 1.5rad 4823 67586/7713 3.94 x 107%/2.16 x 107
Form Factors Cut Background events Signal events LHeC sensitivity 90% CL
D} /DY [GeV™!] | Normalized events (no cut) 343600 2.41x107/2.66 x 10% | 1.58 x 1077/1.42 x 1076
D} /DY [GeV ™ Pr(p™) <10GeV 180114 2.39x107/2.65 x 10% | 1.46 x 1077/1.31 x 1076
D} /D}, [GeV ™ Fr <50GeV 126183 2.37x107/2.63 x 10% | 1.41 x 1077/1.27 x 1076
D} /D [GeV ] Pr(e) <10GeV 12705 2.37x107/2.63 x 10% | 1.12 x 1077/1.01 x 1076
D} /D3 [Gev™! 6(u~) > 0.3rad 10935 2.37x107/2.63 x 10% | 1.05 x 1077/9.44 x 1077

Form Factors Cut Background events Signal events LHeC sensitivity 90% CL
B}/B}, [GeV™?] | Normalized events (no cut) 343600 9.52 x 1019/9.99 x 10° | 1.35 x 1079/1.28 x 1078
B}/B}, [GeV 2 Pr(ut) <10GeV 180114 9.52 x 1010/9.99 x 10° | 1.31 x 1079/1.25 x 1078
B}/B}, [Gev™?) Fr <50GeV 126183 9.26 x 1019/9.74 x 10° | 1.31 x 1079/1.25 x 1078
B} /B}, [GeV™Y Pr(e) <10GeV 12705 9.26 x 1010/9.74 x 10° | 1.21 x 1079/1.15 x 1078
B}/B}, [GeV?) O(p~) > 0.1rad 11898 9.25 x 1019/9.73 x 10° | 1.20 x 1079/1.14 x 1078
Form Factors Cut Background events Signal events LHeC sensitivity 90% CL
AZ A% Normalized events (no cut) 343600 17458/2182 6.77 x 1075/5.37 x 1074
AZ A% Pr(ut) <10GeV 180114 17394/2174 5.00 x 1075/3.91 x 1074
AZJA% Br < 50GeV 126183 17276/2159 4.20 x 107°/3.30 x 1074
Af /A% Pr(e) < 10GeV 12705 17276/2159 1.54 x 107°/1.07 x 107*
AZ A% O(p~) > 1.5rad 4823 13389/1674 1.36 x 107°/8.74 x 107°
Form Factors Cut Background events Signal events LHeC sensitivity 90% CL
D%/D% [GeV™'] | Normalized events (no cut) 343600 3.69 x 105/4.22 x 10° | 5.66 x 1077/4.95 x 1076
D#/D% [GeV™ Pr(ut) <10GeV 180114 3.68 x 105/4.21 x 10° | 4.96 x 1077/4.33 x 10~¢
D#/D% [Gev™H Br <50GeV 126183 3.55 x 105/4.06 x 10° | 4.75 x 1077/4.15 x 1076
D?/D% [Gev™H Pr(e) < 10GeV 12705 3.55 x 105/4.06 x 10° | 3.48 x 1077/3.04 x 1076
D% /D% [Gev™ 6(p~) > 0.1rad 11898 3.55 x 109/4.06 x 10° | 3.45 x 1077/3.01 x 1076

Form Factors Cut Background events Signal events LHeC sensitivity 90% CL
BZ/B% [GeV™?] | Normalized events (no cut) 343600 6.99 x 1010/5.42 x 10° | 1.60 x 1079/2.07 x 1078
BZ/B% [GeV™Y Pr(u™) <10GeV 180114 6.96 x 1010/5.39 x 10° | 1.56 x 1079/2.01 x 1078
BZ/B% [GeV™H Fr <50GeV 126183 6.95 x 1010/5.39 x 10° | 1.53 x 1079/1.97 x 1078
BZ/B% [GeV Y Pr(e) <10GeV 12705 6.95 x 1010/5.39 x 10° | 1.41 x 1079/1.82 x 1078

Table 3. LHeC sensitivities and cut efficiencies for the individual form factors (cf. section 2.1) of
the FCNC operators inducing cLFV e — p conversion, from the process pe™ — p~j and with an
integrated luminosity of 3 ab™?.
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Form Factors Cut Background events Signal events LHeC sensitivity 90% CL

NH/NH Normalized events (no cut) 297528 148/17 8.62 x 1073/3.17 x 1072
NH/NH Pr(tT) <10GeV 137986 148/17 5.12 x 1073/2.12 x 1072
NH/NH Ep <100 GeV 132844 147/16 5.09 x 1073/2.01 x 1072
NH/NH Pr(e) < 10GeV 14036 147/16 1.61 x 1073/1.48 x 1072
NH/NH 6(r~) > 0.5rad 8641 126/14 1.47 x 1073/1.32 x 1072
Form Factors Cut Background events Signal events LHeC sensitivity 90% CL
Al JAY, Normalized events (no cut) 297528 37260/4252 2.98 x 1075/2.57 x 1074

Al JAY Pr(rT) <10GeV 137986 37098/4234 2.09 x 1075/1.76 x 1074

A} /AT, Fr <100GeV 132844 37096/4234 2.05 x 107°/1.73 x 1074

Al JAY, Pr(e) <10GeV 14036 37096,/4234 8.30 x 1079/5.86 x 1075

Al JAY 6(77) > L.5rad 3561 36504,/4166 5.75 x 1079/3.33 x 1075
Form Factors Cut Background events Signal events LHeC sensitivity 90% CL
D} /DY [GeV™!] | Normalized events (no cut) 297528 1.30 x 107/1.44 x 105 | 2.31 x 1077/2.08 x 1076
D} /DY [GeV ™ Pp(r+) <10GeV 137986 1.29 x 107/1.43 x 105 | 2.07 x 1077/1.86 x 107°
D} /D}, [GeV ™ Fr <100 GeV 132844 1.29 x 107/1.43 x 105 | 2.06 x 1077/1.85 x 1076
D} /D [GeV ] Pr(e) <10GeV 14036 1.29 x 107/1.43 x 105 | 1.62 x 1077/1.45 x 1076
D} /D3 [Gev™! 6(77) > 0.3rad 11993 1.29 x 107/1.43 x 105 | 1.61 x 1077/1.45 x 1076
Form Factors Cut Background events Signal events LHeC sensitivity 90% CL
B}/B}, [GeV™?] | Normalized events (no cut) 297528 5.14 x 1010/5.41 x 10° | 1.88 x 1079/1.79 x 1078
B}/B}, [GeV 2 Pr(rT) <10GeV 137986 5.14 x 1010/5.41 x 10° | 1.82 x 1079/1.73 x 1078
B}/B}, [Gev™?) Fr <100 GeV 132844 5.10 x 101°/5.43 x 10° | 1.81 x 1079/1.72 x 1078
B} /B}, [GeV™Y Pr(e) <10GeV 14036 5.10 x 1010/5.43 x 10° | 1.67 x 1079/1.59 x 1078
B}/B}, [GeV?) 6(r7) > 0.1rad 12993 5.10 x 1010/5.43 x 10° | 1.66 x 1079/1.58 x 1078
Form Factors Cut Background events Signal events LHeC sensitivity 90% CL
AZ A% Normalized events (no cut) 297528 12221/1222 9.00 x 1075/9.01 x 1074

AZ A% Pr(r%) <10GeV 137986 12176/1218 6.19 x 1075/6.18 x 1074

AZ A% Er <100 GeV 132844 12165/1217 6.08 x 107°/6.07 x 104

Af /A% Pr(e) < 10GeV 14036 12165/1217 2.19 x 107°/2.18 x 1074

AZ A% 6(r7) > L.5rad 3561 7953/795 1.89 x 107°/1.88 x 10~*
Form Factors Cut Background events Signal events LHeC sensitivity 90% CL
D%/D% [GeV™'] | Normalized events (no cut) 297528 1.99 x 10%/2.28 x 10° | 8.64 x 1077/5.33 x 1076
D#/D% [GeV™ Pr(rT) <10GeV 137986 1.98 x 10%/2.27 x 10> | 7.24 x 1077/3.95 x 1076
D#/D% [Gev™H Fr <100GeV 132844 1.97 x 10%/2.25 x 10> | 7.22 x 1077/3.92 x 1076
D?/D% [Gev™H Pr(e) < 10GeV 14036 1.97 x 106/2.25 x 10° | 5.05 x 1077/2.10 x 107¢
D% /D% [Gev™ 6(77) > 0.1rad 12993 1.97 x 10%/2.25 x 10> | 5.00 x 1077/2.07 x 1076
Form Factors Cut Background events Signal events LHeC sensitivity 90% CL
BZ/B% [GeV™?] | Normalized events (no cut) 297528 3.78 x 1019/2.93 x 10° | 2.22 x 1079/9.13 x 107
BZ/B% [GeV™Y Pr(rT) <10GeV 137986 3.77 x 1019/2.91 x 10° | 2.15 x 1079/8.75 x 107
BZ/B% [GeV™H Fr <100 GeV 132844 3.77 x 1010/2.91 x 10° | 2.18 x 1079/8.88 x 107°
BZ/B% [GeV Y Pr(e) <10GeV 14036 3.77 x 1010/2.91 x 10° | 2.00 x 1079/7.94 x 107

Table 4. LHeC sensitivities and cut efficiencies for the individual form factors (cf. section 2.1) of
the FCNC operators inducing cLFV e — 7 conversion, from the process pe~ — 77 j and with an
integrated luminosity of 3 ab™?.
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The LHeC reach we obtained is in fact mainly statistics limited, and higher sensitivities
could be achieved with higher integrated luminosity.

In summary, ep colliders such as the proposed LHeC would be excellent facilities for
probing cLFV. Especially for the case of cLFV electron-tau conversion, they could reach the
best sensitivities among all currently envisioned experiments, opening up a great discovery
potential for new physics beyond the SM.
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