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The Zee-Babu model is a minimal realization of radiative neutrino mass generation mechanism at the
two-loop level. We study the phenomenology of this model at future multi-TeV muon colliders. After
imposing all theoretical and low-energy experimental constraints on the model parameters, we find that the
Zee-Babu states are expected not to reside below the TeV scale, making it challenging to probe them at the
LHC. We first analyze the production rates for various channels, including multi singly charged and/or
doubly charged scalars at muon colliders. For concreteness, we study several benchmark points that satisfy
neutrino oscillation data and other constraints and find that most channels have large production rates. We
then analyze the discovery reach of the model using two specific channels: the pair production of singly and
doubly charged scalars. For the phenomenologically viable scenarios considered in this study, charged
scalars with masses up to O(3-4) TeV can be probed for the center-of-mass energy of 10 TeV and total

luminosity of 10 ab™!.
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I. INTRODUCTION

Although the Standard Model (SM) of particle physics is
the most successful theory to describe nature at the
fundamental scale, it has several drawbacks. Among its
shortcoming, the most prominent is that neutrinos are
massless in the SM. However, several experiments [1-7]
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have discovered neutrino oscillations that firmly established
nonzero neutrino masses for at least two generations.
Observations of nonzero neutrino masses unquestionably
call for physics beyond the SM (BSM). A well-motivated
class of models explaining the origin and the smallness of
the neutrino mass is the radiative neutrino mass [8] gen-
eration mechanism where the neutrino mass is generated at
one or more loops with the BSM particles whose masses are
typically not too above the TeV scale. An economical way
of generating neutrino masses, which only extends the
scalar sector of the SM, are the Zee model [9,10] and the
Zee-Babu model [11,12]. In the former case, a singly
charged scalar and a second Higgs doublet are introduced,
and neutrino masses appear at the one-loop level. The latter
model extends the SM scalar sector by only a singly charged
scalar and a doubly charged scalar, and, consequently,
neutrino masses arise at two-loop order. This model
has been widely studied in the literature [13-19] (see
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also Ref. [20] for a comprehensive review), and different
versions are also proposed. For example, colored versions of
the Zee-Babu model are studied in Refs. [21-26].

In this work, we focus on the minimal version of the Zee-
Babu model and consider the possibilities of observing the
new physics states, namely, the single-charged and doubly
charged scalars at the muon colliders. A salient feature of
this model is that owing to two-loop suppression, obtaining
the correct neutrino mass scale requires that the new physics
states are not too heavy or the Yukawa couplings are not too
small. For the BSM scalars of masses O(100) GeV, there is
a lower bound of > 1072 on the largest of the Yukawa
couplings. Consequently, several lepton flavor violating
(LFV) processes mediated by the Zee-Babu scalars can
become observable. Among them, the most promising LFV
process is 4 — ey, which cannot be arbitrarily small. As will
be explained later, if fine-tuned regions of the parameter
space are not considered, then nonobservation of LFV
signals and reproducing the observed neutrino oscillation
data prefer the new physics states to reside at or above
~TeV. Moreover, a recent analysis of the LHC puts a lower
limit of about TeV on the mass of the doubly charged
scalars.

Recently, multi-TeV muon colliders have attracted inter-
est in discovering new physics at the TeV scale and beyond
(for a review see Refs. [27-30]). One of the important
aspects of multi-TeV muon colliders is that we can achieve
both a high center-of-mass energy and a clean environment
since the backgrounds are mostly of electroweak origin. For
example, a signal-to-background ratio for Higgs boson
production at muon colliders is about 1072 for all the
center-of-mass energies while it is about 107 at the LHC.
This would imply that the multi-TeV muon colliders are the
perfect colliders for discovery, precision measurements,
and even new physics characterization. Phenomenological
analyses have been extensively carried out at future muon
colliders both for the SM and new physics [31-55]. In this
work, we show that multi-TeV muon colliders have great
potential to discover charged scalar states. One of the main
reasons for this is that new physics states typically couple
with muons stronger than the other generations within this
framework. Moreover, the doubly charged scalar may leave
some clean signatures through which this model can be
efficiently probed at future muon colliders. In particular,
using a fully fledged analysis at the detector level, we show
that singly and doubly charged scalars of masses about
1.25-3.75 TeV can be efficiently probed at muon colliders.

The study performed in this work for searching Zee-Babu
states in muon colliders may also apply to various models.
Because, apart from the Zee and Zee-Babu models, there is
a plethora of radiative neutrino mass models for which
charged scalars are essential ingredients. The scotogenic
model [56] that links dark matter to the radiative generation
of neutrino masses comes with a singly charged scalar
originating from an inert doublet. Moreover, going beyond
two-loop, there are three minimal three-loop neutrino mass

models, namely (i) the Krauss-Nasri-Trodden (KNT) model
[57], (i1) the Aoki-Kanemura-Seto (AKS) model [58], and
(ii1) the cocktail model [59]. The KNT model consists of
two singly charged scalars and three copies of right-handed
neutrinos. The AKS model extends the SM scalar sector
with a second Higgs doublet, a SM singlet, and a singly
charged scalar. In addition to the Zee-Babu states, the
cocktail model introduces an inert doublet. In this model,
however, the singly charged scalar carries a discrete charge,
and the Zee-Babu loop is not allowed. Another model worth
mentioning is the Babu-Nandi-Tavartkiladze model [60],
which, in addition to a singly charged and a doubly charged
scalars also predict the existence of a triply charged scalar.
All the models mentioned so far assume neutrinos are
Majorana particles; however, neutrinos can also be Dirac.
The minimal radiative Dirac neutrino mass models also
predict the existence of charged scalars [61-64]. The above
list does not provide a complete set of references, and we
refer the reader to the recent review Ref. [65].

This work is organized in the following way. After
introducing the model in Sec. II, we discuss various
theoretical and experimental constraints on model param-
eters in Sec. III. By imposing the derived constraints, we
perform numerical fit to the neutrino oscillation data in
Sec. IV and present five benchmark case studies. A detailed
analysis of the production rates of new scalar states at muon
colliders is then carried out in Sec. V and discovery
prospects for two production channels are illustrated in
Sec. VI. Finally, we conclude in Sec. VIIL

II. MODEL

The details of Zee-Babu model [11,12] are presented in
this section. The particle content of the SM is extended with
only a singly charged and a doubly charged scalars,

ot ~(1,1,1),

The kinetic part of the Lagrangian for these two fields is
given by

Kt~ (1,1,2). (1)

LY = (D,9)" (D) + (D) (D,x), (2)

D, =0, +igyY,B,, Y, =+1, Ye=+42. (3)

The scalar potential of this theory also takes a simple form,

VNP = (2102 + Aglpl* + 21k + Akl + 2gul p Ik
A HPIGP + Al HPIKP + 2|21
(Ut + He), 4)

where H ~ (1,2, 1/2) denotes the SM Higgs. The last term
in VNP plays a crucial role in generating Majorana neutrino
masses.

Moreover, the Yukawa couplings associated to these new
states take the following form:
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FIG. 1. Neutrino mass generation at the two-loop order.

LY = fiL{TCLYewdp™ + g;i¢ 1 CC k™ +He. (5)

Here, we have used the notation L ~ (1,2,-1/2)~
(v, )" and €~ (1,1,-1) = ¢, and i, j (a, b) are
family (weak) indices. The 3 x 3 Yukawa coupling matri-
ces f and g are antisymmetric and symmetric, respectively,
in the family space. Therefore, f has three independent
entries (fewfe'r’ f;n) and g has  six (geev gew Yer> gy;u
Gy Gre)- For the simplicity of the analysis, we take all
parameters to be real.

If we assign two units of lepton number (L) to the BSM
states, i.e., L[¢p] = =2, L[x] = —2, then all terms in the
entire Lagrangian conserve lepton number except the term
¢t k™~ in the scalar potential. Consequently, lepton
number is broken by two units and neutrinos acquire
Majorana mass at the two-loop level as depicted in Fig. 1.

This two-loop diagram is calculable, and neutrino mass
formula takes the following form [15]:

M'fj = 16ufumigymifiilu, (6)
where charged lepton masses are denoted by m;. Since the
masses of the charged leptons are much smaller than the
charged scalar masses, they can be neglected from
the corresponding propagators in the loop integral. Then
the corresponding loop function becomes essentially gen-
eration independent, and is given by

with

TABLE L

y(1-y)
Z+xy

-y
(x—1)y+y?

(8)

1-z
/dz/ dy

In some special cases, the loop function takes the follow-
ing simple forms:

~ log>x+7%/3-1
m—{
n?/3,

x> 1 )

x—>0.

For numerical analysis, we evaluate the integral given in
Eq. (8), and use the following expression for the neutrino
mass matrix:

_ 16ﬂ7[ /m¢] dia; dia
— (162%)*m frg g mgf

v

(10)

In the above equation, deiag represents the diagonal charged

lepton mass matrix, namely mE = diag(m,,m,,m,).

Note that due to the antisymmetric nature of the Yukawa
matrix f, the determinant of the neutrino mass matrix
vanishes. Therefore, lightest of the neutrinos remain
massless at two-loop order. In general, the neutrino mass
matrix given in Eq. (6) can satisfy both the normal and
inverted mass ordering. Neutrino oscillation data for these
two cases are collected in Table 1.

Interestingly, due to the two-loop suppression, the larger
of the couplings have to be =107 to reproduce the correct
neutrino mass scale. Consequently, this model can be
efficiently probed through the rare charged lepton flavor
violating processes. For analyzing the implications in muon
colliders, we are particularly interested in coupling of order
~Q(1), especially the up coupling to new physics states.
Before we perform a fit to the neutrino masses and mixings,
in the next section, we summarize the theoretical and
experimental constraints on the model parameters.

Neutrino oscillation parameters taken from Ref. [66]. Here, Am%1 > (0 for NH and Am%2 < 0 for

inverted hierarchy. Here “bfv” represents best fit values obtained from global fit [66].

Normal ordering

Inverted ordering

bfv £lo 30 range bfv £lo 30 range
sin” 0, 0.30410013 0.269 — 0.343 0.30479012 0.269 — 0.343
sin® 03 0.573:003 0.405 — 0.620 0.57870%1 0.410 — 0.623
sin? 0 0.02220 0 000 0.02034 — 0.02430 0.02238+0:00004 0.02053 — 0.02434
Ay ev2 742503 6.82 — 8.04 7.42+021 6.82 - 8.04
Al(r)n eV2 25151008 2.431 - 2.599 —2.498100%% —2.584 — —2.413
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III. THEORETICAL AND EXPERIMENTAL
CONSTRAINTS

In this section, we summarize various theoretical as well
as experimental constraints on the model parameters.

A. Theoretical constraints

Model parameters that play role in neutrino mass
generation are the Yukawa couplings f;, g;; and the cubic
coupling u. Therefore, we are interested in finding the
constraints on these parameters. First, due to the perturba-
tivity of the Yukawa couplings, we restrict ourselves to
fij»9ij < 1. As for the cubic coupling, the most crucial
bound arises from loop effects. In particular, due to the
cubic coupling ¢+ ¢k, effective quartic interactions for
¢t and kT are generated at one-loop level. These effective
quartic coupling are negative, and with m,, m, masses of
similar order, they are given by A ~ —u*/(62>my) [13].
Hence, the tree-level quartic couplings (14, 4, 44,) must be
positive and larger in magnitude such that the net effective
quartic couplings are positive to ensure the vacuum
stability. Then, assuming perturbitivity and restricting to
values Ay, A, A4 < 1, constraints on the cubic coupling

parameter is obtained [13], which read

my, x (622)1/4,
u< S myx (2n%)V4,

m,czm(p
m, <K my,. (11)

my x (24714, me>m,

Since all the cases we study are such that m, and m, are
closer in mass, while performing a numerical analysis, we
impose the first constraint listed above.

As will be shown in the next section, a fit to the neutrino
oscillation data prefers somewhat larger values of . Such a
large value compared to the masses of the scalars can be
dangerous if it leads to a deeper minimum of the scalar
potential for nonvanishing values of charged scalars leading
to charge-breaking minimum. One must impose relevant
constraints to avoid charge breaking minimum, which, for
example, are studied in Refs. [67—69]. By applying a similar
method to the Zee-Babu model, a conservative bound on the
cubic coupling is obtained in Ref. [18],

p S 8 max (my, my). (12)
However, a much more restrictive bound on this parameter
is suggested in Ref. [18] (see also Ref. [17]), which is
given by

u S 4x min(my, my). (13)

In our numerical analysis, we make sure that all these
conditions, Egs. (11) (the first line), (12), and (13) are met.

B. Low-energy experimental constraints

The Yukawa couplings that give rise to neutrino masses
also participate in rare charged lepton violating (cLFV)
processes. Such cLFV processes ¢; — f;rf,:fl‘ already
take place at tree level and £; — f;“y appears at one-loop

level. The partial widths for these decays are given by [15]

o (7 — ¢5y)
Re(£7 = £5y) Em
_a (DN (995
_48nG%{< 2 J) - 16<m—%j> }
(14)
and

(¢ = ¢ 6cer)
r¢; - f;l/ﬂ)
1

- = g.d" 12 (15

Rr(¢7 — fjf;fl—) =

In the last formula, ;; takes into account the possibility
of having two identical particles in the final state. Utili-
zing the above formulas, the relevant branching frac-
tions are obtained by computing BR(Z; — fj*z,”;fl‘) =
Re(¢; =€ ¢ ¢7) xBR(¢7 = £5vp) and BR(£7 —» £5y) =
Rp(¢7 = ¢5r)xBR(&7 = ¢5um).

At one loop, new physics contribution to the anomalous
magnetic moment of the ith generation of lepton reads [15]

R

_9) — _
89 =2); 247> | my m?2

Furthermore, another LFV process, namely, the muonium-
antimuonium transition is also mediated via the tree-
level interactions. Consequently, the following effective
Lagrangian coupling coefficient is generated [15,70]

1
Gt = ———— G119 17
MM 4\/2}1’1,%911922 ( )

The interactions of the singly charged scalar generate
four-fermion operators that lead to a charged current
involving four leptons #; — #;juv. These processes are
highly constrained from lepton universality tests. The
current constraints are given by [71]

i :’ L8 = mv)l 6029 £ 0.0014,  (18)
ge |14+6(p— ew)

146
@_‘M = 1.0018 £0.0014, (19)

ge |1+68(z— ew)
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TABLE II.

Constraints from tree-level lepton flavor violating decays. Experimental limits are taken from [73,74].

Process

Experiment (90% CL)

Bound (90% CL)

U —ete e BR < 1.0 x 10712

77— etee” BR <2.7x 1078
T = eteu BR < 1.8 x 1078
T s ety BR < 1.7x 1078
T > ute e BR < 1.5x 1078
T o uteT BR <2.7x 1078
T ot BR < 2.1 x1078

prem = pet

Gy < 0.003 x G

<233 x 1071 Gev—2
<9.07 x 107 GeV—2
<523 %x107° GeV2
<720 x107° GeV~2
< 6.85%x107° GeV2
< 6.50 x 107° GeV—2
< 8.11 x 1072 GeV2
<197 x 1077 GeV~2

|GepGie|/mi
|GecGeel / mic
|GecGoul /i
|GecGoul /M3
|GucTiel /i
|GueGiul /5
|G G|/ 5%
GeeGpul/mid

9r _‘ 146> ew)| 1 0010+ 0.0014.

Gy |1+8(u— ew)

(20)

We impose 20 constraints on these quantities, and § is
defined as

8(¢; = ) = |f ;[P0 my, (21)

where as usual v = 246 GeV. Furthermore, not to change
the Fermi constant from the SM prediction, we impose
26(u — ewv) < 0.002 [72].

The singly and the doubly charged scalars do not interact
with the quarks; therefore, lepton flavor violating y — e
conversion in the nuclei is forbidden at the tree level. Such
processes are then induced at one-loop level and are
strongly correlated with 4 — ey. However, as long as the
latter mode satisfies the current experimental bounds, the
1 — e conversion is also below the present bound. This is
why we do not include the corresponding bounds in our
analysis.

The current experimental bounds and the associated
constraints on the model parameters arising from tree-level
mediated cLFV processes are summarized in Table II.
Similarly, the current limits on cLFV decays and lepton
anomalous magnetic moment that happen at the one-loop
level along with the constraints are recapitulate in Table III.

TABLE III.

C. Current collider constraints

At the LHC, both the singly and the doubly charged
scalars are pair produced via Drell-Yan mechanism.
Recently, ATLAS collaboration has presented their updated
search on the doubly charged scalar in the same-charge
two-lepton invariant mass spectrum. In the context of Zee-
Babu model, their study includes e*e®, e*u*, and p*u*
final states with the identification of three/four leptons.
With 139 fb~! of data from proton-proton collisions at
/s =13 TeV, no significant excess above the SM pre-
diction was found. This rules out the Zee-Babu state, x**
with masses smaller than 900 GeV [77], whereas, the
projected sensitivity with 3 ab~! of data at \/s = 13 TeV,
the limit is 1110 GeV [78]. However, there are no dedicated
searches for the weak-singlet singly charged scalar at the
LHC. Recently, Ref. [79] performed an analysis of such
scalars and found that a charged scalar decaying exclu-
sively into e* and p* can be excluded up to masses of
500 GeV with an integrated luminosity of 200 fb~! data.

IV. NUMERICAL ANALYSIS

In this section, we perform a numerical fit to the neutrino
oscillation data. The neutrino mass matrix is given in
Eg. (6) that contains nine Yukawa couplings f;;, g;; and a
cubic coupling constant y. Without loss of generality, the
charged lepton mass matrix can be made real, diagonal, and
positive. In this basis, via field redefinition, one can make

Constraints from loop-level lepton flavor violating interactions and anomalous

magnetic moments. Experimental limits are taken from [75,76].

Experiment

Bound (90% CL)

sa, = 2.8 x 10713

Sa, =2.61 x 107

|fe;1‘ +2‘f” + 4‘992‘ +‘9;;4‘ +|ger‘ < 2. 53 x 10~ —4 GeV_

m

BR(y — ey) <42x 1078

‘fzu‘ +‘f;4r|2 +4‘gt’ﬂ‘2+‘(}}4ﬂ‘ H’];r‘ <553 %10~ -5 Gev—

m

‘fer.f;n + 16\gw.og,ﬁgmgwwaym < 1.10 x 10-18 Gev—*

™y
BR(z - ey) <3.3x 1078

‘fu fm + ]6‘11(1(}(1+(1(; (Jyr+q(1q7‘ < 4. 85 x 10~ 13 GeV~ —4

BR(7 — puy) < 4.4 x 1078

\f(”fez\ + 16|J¢,‘Jn+ngw+g,ngn\ < 6.65 x 10-13 GeV—*
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elements of f real. By further field redefinition, one of the
phases from g can be removed as well as the cubic coupling
can be made real. This leaves us with ten real parameters
and five phases. However, for the simplicity of our analysis,
we consider all parameters to be real (i.e., set all phases to
zero). For the masses of the charged leptons appearing in
the neutrino mass formula, we use the particle data group
values [80]. In the fitting procedure, we make sure that the
parameters (f;;, g;;, #) satisfy all the theoretical constraints
mentioned above. Furthermore, the loop function entering
in neutrino mass formula involves masses of the two
scalars, which we fix to certain values.

This numerical study is based on a y° analysis, and
which is defined as

2oy @

i

Here o; represents experimental uncertainty; E; and T
stand for experimental central value and theoretical
prediction for the ith observable respectively. In the above
equation, i is summed over five observables, two neutrino
mass-squared differences and three mixing angles.
Experimental values of these quantities are given in
Table I. In this fitting procedure, we do not include the
CP violating phase, &, in the > function. This phase has
not been measured yet in the experiments, and a global fit
to the neutrino oscillation data currently allows almost the
entire range from 0 to 2.

TABLE IV. The benchmark points used in this study. Here we show also some of its characteristics like the decay branching ratios of
the singly charged (¢*) and doubly charged (k**) scalars. These benchmark parameters along with the neutrino mass matrix can be

provided as a text file upon request.

Benchmark point BP1 BP2 BP3 BP4 BP5
Parameters

m, (GeV) 1250 1250 2500 1250 3750
my (GeV) 1250 2500 1250 3750 1250

u (GeV) 1903.01 1957.01 1994.75 1730.09 2067.06
Sen —0.03809 —0.06687 -0.02157 —0.1026 —0.03558
fer 0.02037 0.03577 0.02918 0.05487 0.01925
Sz 0.06297 0.11052 0.05291 0.16973 0.05893
Gee —0.19669 —0.02474 —0.02499 —0.01731 —0.00269
Ye 9.89 x 107° —5.05 x 107* —0.00237 —0.00160 0.00132
Ger 0.00462 0.00289 0.04409 0.02005 —0.00699
uu 0.48 0.487 0.99 0.488 1.0

Gz 0.02542 0.02579 0.05029 0.02582 0.05270
ez 0.00222 0.00225 0.00420 0.00225 0.00457

Decays of ¢p*
BR(¢p" — u'r,) 3.33 x 107! 3.27 x 107! 3.33 x 107! 3.23 x 107! 3.32x 107!
BR(¢" — 77D,) 3.33 x 107! 3.27 x 107! 3.33x 107! 3.23 x 107! 3.32x 107!
BR(¢t — e'D,) 1.22 x 107! 1.19 x 107! 5.52 x 1072 1.18 x 107! 1.21 x 107!
BR(¢" - u'rD,) 1.22 x 107! 1.19 x 107! 5.52 x 1072 1.18 x 107! 1.21 x 107!
BR(¢p" — eD;) 3.48 x 1072 3.42 x 1072 1.01 x 107! 3.38 x 1072 3.54 x 1072
BR(¢p™ - t77,) 3.48 x 1072 3.42 x 1072 1.01 x 107! 3.38 x 1072 3.54 x 1072
BR(¢" —» WD) 1.48 x 1072 2.72 x 1072 1.52 x 1072 4.97 x 1072 1.95 x 1072
[y (GeV) 1.18 7.43 0.84 26.59 1.04
Decays of k*=*

BR(x™ — utu™) 8.52 x 107! 9.92 x 107! 9.75 x 107! 9.89 x 107! 8.11 x 107!
BR(xkT" — ete™) 1.43 x 1073 2.55x 1074 6.21 x 107* 1.24 x 1073 5.87 x 107°
BR(ktt — uteh) 478 x 1073 5.56 x 1073 5.03 x 1073 5.97 x 1073 451 x 1073
BR(x™t — etr7) 1.57 x 107 6.98 x 1073 3.87 x 1073 3.34 x 1073 7.93 x 1073
BR(x™" — rt¢T) 1.82 x 1073 2.11 x 1073 1.75 x 1073 2.10 x 1073 1.69 x 1073
BR(x™ — etu™) 6.80 x 10710 2.13x 1076 1.12x 1073 2,12 x 1073 2.82 x 1076
BR(x™ — ¢Top™) 0 0 0 0 1.84 x 107!
s (GeV) 13.45 11.89 99.95 11.97 183.84
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TABLE V. Predictions of the model of the neutrino masses and mixings, and lepton-flavor violating decay branching ratios. The
neutrinoless double beta decay parameter is defined as mys = | >, U 2.m;|. Predictions of the cLFV modes that are just below the current
bound and will be fully tested in the next upgrades are highlighted with boldface.

Benchmark point BP1 BP2 BP3 BP4 BP5
Neutrino-oscillation data
my (eV) 0 0 0 0 0
my (eV) 0.0086 0.0086 0.0086 0.0086 0.0086
ms (eV) 0.0501 0.0501 0.0501 0.0501 0.0501
Am3, /1073 (eV?) 7.425 7.425 7.426 7.425 7.366
Am3, /1073 (eV?) 2515 2,515 2514 2,511 2511
sin? 6, 0.3045 0.3046 0.3045 0.3044 0.3049
sin? 05 0.02223 0.02222 0.02223 0.02223 0.02217
sin” 0,5 0.572 0.572 0.573 0.573 0.568
my; (meV) 3.68 3.68 1.45 3.67 3.67
BR(u — ey) 293 x 10713 215 x 10713 373x 10713 3.06 x 10713 229 x 10713
BR(z — ¢y) 5.19 x 10713 9.77 x 10~ 6.62 x 1071 1.56 x 10713 1.22 x 10713
BR(z — uy) 6.51 x 10711 6.90 x 10! 6.74 x 10711 6.91 x 107! 1.50 x 10~
BR(u™ — eteve™) 2.85x 1071 117 x 10713 1.65 x 10~13 578 x 10713 1.18 x 1016
BR(7™ — eTe e) 1.11 x 10710 6.88 x 10°13 1.02 x 1071 1.62 x 107! 5.87 x 10710
BR(t™ — ete ) 5.06 x 10719 5.74 x 10710 1.84 x 10713 2.67 x 10713 2.84 x 10710
BR(t™ — et u™) 6.59 x 10710 2.66 x 10710 1.59 x 10~® 1.28 x 1078 8.11 x 107
BR(7™ — utee™) 3.26 x 107° 5.32x 107! 1.29 x 10711 2.61 x 10711 324 x 10714
BR(z™ = ute ) 1.65 x 107" 444 x 10714 232 x 10713 4.46 x 10713 1.57 x 10~
BR(t™ — ptpu") 1.94 x 108 2.06 x 1078 2.02 x 1078 2.07 x 1078 4.48 x 10~°

Since the parameters, for a fixed set of masses (m,, m,),
are severely constrained by the flavor violating processes,
we perform a constrained minimization. In this procedure,
the y? function is subject to all constraints, theoretical as
well as experimental, discussed in Sec. III. Since it is highly
challenging to explore the entire parameter space, we
consider five benchmark points. Fit parameters obtained
for the benchmark points are listed in Table I'V. Moreover, in
the same table, we summarize various branching ratios for
¢* and k** decay modes. The outcome of these benchmark
fits are presented in Table V. In this work, we only focus on
normal ordering for the neutrino masses, which demands
the largest Yukawa coupling to be g,,,, hence has profound
implication in the muon colliders. If instead, inverted
ordering is considered, the largest Yukawa coupling
becomes g, (see, for example, Ref. [18]).

From our numerical analysis, we find that the most
stringent constraint on the Yukawa parameters and the
masses of the Zee-Babu states arise from the charged lepton
flavor violating u — ey process. In particular, our result
shows that without going to a fine-tuned part of the
parameter space, the minimum masses possible for the
Zee-Babu states is close to ~900 GeV, which is fully
consistent with the previous findings [17,18]. Fine-tuned

regions of the parameter space do allow Zee-Babu states to
have masses as low as ~O(200) GeV [18]. It is important
to note that even if other important flavor violating
processes, for example, 4 — 3e, may be suppressed by
taking vanishing g,, or g,,, however, u — ey cannot be
suppressed to arbitrarily small values since both the
Yukawa couplings f and g contribute to it that cannot
taken to be zero simultaneously. We emphasize that it is still
difficult to fully rule out the Zee-Babu model from cLFV
constraints. Moreover, the BSM scalars can be as heavy as
~QO(100) TeV depending on perturbativity conditions
imposed; for a detailed discussion on these, we refer the
readers to Refs. [17-19].

A fit to the neutrino oscillation data requires the largest
entry to be the uu coupling with the doubly charged scalar.
The coupling of the singlet is also expected to be sizable
with the muon. This is why, muon colliders are the perfect
machines to search for these states that have masses in the
multi TeV range. In our studied five benchmark scenarios,
we have fixed the masses of these states to be (m,, m,) =
(m,m), 2m,m), (m,2m), (3m,m), and (m,3m) (with
m = 1250 GeV), which have great potential to be dis-
covered in the muon colliders. All these benchmark
scenarios also predict large flavor violating processes in
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the muon and tau decays, specifically y — ey, 4 — 3e, and
7 — 3u, T = e uj modes are lying just below the current
limit and will be observed in the near future, see Table V.
The future sensitivities of these flavor violating processes
are BR ~ 6 x 107 for u — ey [81], BR ~ 107! for y —
3e [82], and BR ~ 107 for 7 — 3u, 7 — e*puji [83]. These
promising flavor violating processes that are within reach
of near future experiments are highlighted with boldface
in Table V.

Before concluding this section, we remark that another
interesting neutrino mass model, namely, the type II seesaw
that leads to neutrino mass at tree level, also predicts a
singly and a doubly charged scalars arising from a scalar
weak triplet. Phenomenology of this model is different
from that of Zee-Babu model and there are much more
freedom in choosing the Yukawa couplings to fit oscillation
data. A comprehensive study of type II seesaw model and
distinguishing between these two models at muon colliders
will be presented in a future work.

V. THE ZEE-BABU MODEL AT MUON
COLLIDERS: PRODUCTION RATES

In this section, we analyze the production rates for the
Zee-Babu states at multi-TeV muon colliders. The different
production channels can be categorized into three classes:
(i) the production of charged lepton pairs, (ii) the produc-
tion of singly charged scalars, and (iii) the production of
doubly charged scalars. For all the calculations of the
production rates, we make use of MadGraph5_aMC@NLO
version 3.4.2 [84] with the use of the publicly available
FeynRules [85] model file, which can be found at [86].

A. Charged lepton pair production

For charged lepton pair production, we consider both the
flavor-conserving (FC) as well as the flavor-violating (FV)
channels (see Fig. 2). The FC lepton pair production cross
section is shown in Fig. 3. The contribution of the doubly
charged scalar to the production cross section for the lepton
flavor £ is proportional to g%,. As per the benchmark points
we have chosen a noticeable effect can be seen in the muon
channel since the g,,, coupling can be of order O(1). While

a suppression of the muonic cross section is caused by the
o my/m? factor. Such effects can be seen clearly in the right
panel of Fig. 3. We can see that the effects of the doubly
charged scalars are mainly driven by the value of the g,
coupling since we can see that the predictions for m, =
2.5 TeV (green) and m, = 3.75 TeV (blue) are exactly the
same because they correspond to the benchmark points BP3
and BPS for which g,, ~ 1. For the case of the electron
channel, the contribution of the doubly charged scalar is
negligibly small since the corresponding coupling is of
order O(1072-107") and therefore the value of the corre-
sponding cross section is mainly driven by the contribution
of the gauge-boson Feynman diagrams. The contribution to
the z-lepton pair production is much smaller, for which
reason we do not show the corresponding result in this
paper. The cross section for the FV lepton pair production is
shown in Fig. 4. Contrarily to the FC case, the cross section
in this case receives only contribution from the #-channel
diagrams and has the following behavior:

. . 2 2 .2 .22
Opty® - OptyF - Oyt e X Guyley - geyg;zrr G 9ue- (23)

From the choice of the couplings g;; in our benchmark
scenarios, it is expected to have 6+ > 6,4, > 0,7 a
feature that can be clearly seen in Fig. 4. We note that the
cross section for the e* 7T channel is orders of magnitudes
smaller and therefore we do not show it here. We note that
these processes are strongly correlated to charged lepton
flavor violating decays. However, for our benchmark
scenarios the most important probe would be the search
for the production of uTzT given that the other two are
suppressed and therefore we do not expect them to give
additional information.

B. Production of singly charged scalars

We turn now into the discussion of the production
mechanisms of the singly charged scalars at muon
colliders. We analyze two production channels: (i) the
pair production mode (upper panel of Fig. 5) and (ii)
the production of four scalars (lower panel of Fig. 5).

3

FIG. 2. Examples of Feynman diagrams for the pair production of charged leptons at muon colliders. The Drell-Yan type diagram on
the left contributes only for the case of flavor-conserving case while the #-channel diagram on the right contributes to both the flavor
conserving (@ = f) and the flavor violating (a # f#) production channels.
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Production cross section in femtobarn of FC lepton pair production as function of the center-of-mass energy for the muon

channel (left) and electron channel (right). The results are shown for m, = 1250 GeV (red), m, = 2500 GeV (green), and m, =
3750 GeV (blue). The results for m, = 2500 GeV and m, = 3750 GeV for uu production on the left panel are equal. We provide more

details about this on the text.

The production rate for singly charged scalar pairs receive
two contributions: a Drell-Yan type contribution (left
upper panel of Fig. 5) and #-channel contribution (right
upper panel of Fig. 5). We note that the second contri-
bution is always suppressed as was checked out since the
relevant couplings—f,, and f,—are small in all the
benchmark scenarios under consideration. The production
cross section for ¢p*¢p~ fall as 1/s (y/s is the center-of-
mass energy) as can clearly be seen in the left panel of

Fig. 6 with the maximum being about 0.5 fb for the
P S I T T S ! |
] —

0 — BP2
10 3 — BP3  E
— . BP4 |
= n BPs |
— i L
4107t 4 3
= 3 =
T ] -
5 ~
21073 =
© 3 =
1073 = =
B T T T 1T T T T 1 T T T 1 T 17 |
20 40 60 80 100

V5 (TeV)

benchmark points corresponding to m, = 1.25 TeV (BP1,
BP3, and BP5). We can see also that the total cross section
for this mass value does not depend on the values of
the Yukawa-type couplings which is another test of the
negligible contribution of the #-channel diagrams in this
process. For the other benchmark points, the production
cross section reaches a maximum just above the threshold
and then decreases as 1/s with the cross section for
BP2 (my =2.5TeV) is always larger than for BP4
(mgy = 3.75 TeV).

R I I T T T T I |
107~

1073

10~

1077 3 L

o(ptu” — e p) [

107 L

| N N N B N B B N B BN B B

20 40 60 80
V5 (TeV)

FIG. 4. Production cross section in femtobarn of FV lepton pair production as function of the center-of-mass energy for the y*zF
channel (left) and e* T channel (right). The results are shown for BP1 (red), BP2 (green), BP3 (blue), BP4 (cyan), and BP5 (orange).
Note that for the production of the e*uT, the cross section in BP1 is not shown as it is well below 1073 fb.
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For the production of four singly charged scalars, there
are multiple contributions that can be categorized into four
classes: (i) the gauge-boson contribution through the
exchange of a photon or a Z-boson and which occurs
always in s channel, (ii) the contribution of charged
leptons and neutrinos through the ¢ channel, which is
shown on the left lower panel of Fig. 5, (iii) the con-
tribution of the SM Higgs boson with a neutrino
exchanged in the ¢ channel, and (iv) the contribution of
a doubly charged scalar. We note that the contribution
of the leptons is always subleading since it involves at
three propagators and a factor of f., fﬁfﬂ f%fﬂ’ which

implies a suppression of about O(1078-107'2). The second

BP1

1071

o(prn™ — ¢t [M]

1072

T T T T 1
20

T T T T T T T T T T T
40 60 80

Vs (TeV)

—
(e}
o

Example of Feynman diagrams for the production of ¢*¢~ (upper panel) and of ¢t¢p" ¢~ ¢~ (lower panel).

contribution of the SM Higgs is proportional to the scalar
quartic coupling 4,4, which we have chosen to be equal to
one. The last contribution is the most dominant as it is
proportional to #* and which has been chosen to be large in
this analysis. Note that in this case, the cross section get
threshold enhancement in scenarios where m, > 2my,
which is the case for BP3 and BP5. We can see clearly
these features in the right panel of Fig. 6 as the cross
section for these benchmark points can reach up to 30 fb
near the production threshold. For BP1 where m, = my,
the cross section is about three orders of magnitude
smaller. For heavy singly charged scalars (BP2 and
BP4) the cross section do not go above ~10™* fb.

! | N N I Y Y T I L
10d /] \—
= -
— 103 =
o = F
n . r
< 107! 3 =
‘s E — B F
* 5 — BP2 [
? 1072 3 — B8P3 [
‘ 3 BP4 F
2107 B E
= 3 =
© 10 E \g
1075 4 L

| L L L L L L L L
20 40 60 80 100

Vs (TeV)

FIG. 6. Same as in Fig. 4 but for the production of ¢*¢~ (left) and of ¢pT =T~ (right).
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FIG. 7. Example of Feynman diagrams for the production of x™+x~~ (upper panel) and of x**x"+tx~~k™~ (lower panel).

C. Production of doubly charged scalars

We now analyse the production of doubly charged
scalars at muon colliders. Similarly to the production of
singly charged scalars we study both the production of two
scalars and of four scalars. Examples of the Feynman
diagrams are depicted in Fig. 7. The pair production of
doubly charged scalars proceeds through the contribution
of Drell-Yan s-channel diagrams (left upper panel of
Fig. 7) and through ¢-channel diagram with the exchange
of charged leptons (right upper panel of Fig. 7). Unlike the
singly charged case, the contribution of the -channel
diagram to the total rate of doubly charged pair production
is very important thanks to the magnitude of the g,,

10°

) [fb]

102

(
| \\HHl—‘

T T T T T T T T T T 11
20 40 60 80 100

V5 (TeV)

FIG. 8.

coupling. In fact, we have checked that this contribution is
the most important for all of the benchmark points; for
example, it is about 20 times larger than the s-channel
Drell-Yan diagram for BP1 at /s = 3 TeV and becomes
much larger for higher energies. On the other hand, the
t-channel contribution is found to interfere destructively
with the s-channel contribution (I =2Re(M;Mpy)/
|Mo|> ~ —=0.24 at /s =3 TeV for BPI). In the left
panel of Fig. 8 we show the rate of the pair production
cross section of doubly charged scalars as function of /s.
We can see that the production cross section in this case is
more important for BP3 and BP5 for which case g,, is
equal to 1. It falls with the center-of-mass energy but with a

PN N I N NN A NN EA BN B
= 107" 3 =
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\ & g
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Same as in Fig. 4 but for the production of x™"x~~ (left) and of k™ "xk "k Tk~ (right).
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minimum of about ~2 fb for BP4, which is a clear sign of
the effect of the r-channel diagrams.

We close this section by a brief discussion of the
production rate of four doubly charged scalars at muon
colliders. The Feynman diagrams are displayed on the
lower panel of Fig. 7 and the production cross section is
shown on the right panel of Fig. 8. In addition to the gauge-
boson contribution, this process receives similar contribu-
tion as in the case of the singly charged scalars except that
there is no contribution from the y term. This would imply
that the total cross section is smaller than in the case of
four singly charged scalars. We can see from Fig. 8 that
the corresponding cross section varies in the range of
1073-107" fb. Two important remarks are in order here.
First it seems from the same figure that the cross section
violates unitarity but we have checked that basically for
energies above /s ~ 200 TeV the cross section starts to
decrease. Finally, despite the smallness of the correspond-
ing cross section this channel leads to a final state of eight
highly energetic muons, which can be considered as golden
channel for discovering the doubly charged scalar at muon
colliders.

VI. SENSITIVITY REACH

In this section we discuss the prospects of detecting Zee-
Babu states at multi-TeV muon colliders. We will perform a
simple estimates of the signal-to-background ratios at both
the parton and the detector levels. For this task, we will only
study two channels: the pair production of the singly
charged scalars and the doubly charged scalars. In this
study we consider the sensitivity reach for /s = 10 TeV
and £ = 10 fb~! assuming that the integrated luminosity
increases linearly with the center-of-mass energy to com-
pensate for the 1/s decrease in the cross section of the most
processes that we can encounter at future muon colliders.

A. Technical setup

We consider the sensitivity reach of the Zee-Babu model
at future muon colliders in the ¢y "¢~ and k™"« channels.
For each case, we consider first a simple analysis at the
parton level by comparing the signal and the background
cross sections as a function of the minimum cut on the
lepton transverse momentum. To get realistic estimates of
the expected sensitivity reach, we also perform a fully
fledged signal-to-background optimization taking into
account all the parton-shower and detector effects. In the
detector-level part of the study, we consider only the
muonic decay channels, i.e.,

P = (= ptve)p (= wop),
P =k (= p )T (o ). (24)

In this case, we have signatures consisting of two muons and
missing energy for the ¢ ¢~ channel and four muons for the

kTt k= channel. In this subsection, we describe in detail the
technical setup, including the Monte Carlo event generation
and the detector simulation setup. For the background
processes, the main contribution arises from the production
of two massive gauge bosons. The two muons plus missing
energy signature receives background contributions from the
production of WTW-, W=*Z, and ZZ. For all these back-
grounds, we consider both the production through the gy~
annihilation and the vector boson fusion (VBF) fusion,
which is estimated using the prescription of Ref. [51]. The
cross sections for the WW /WZ and ZZ processes, including
the decays into muons and neutrinos, are 0.65 and 0.06 fb,
respectively. In the case of four muon signature relevant to
the pair production of doubly charged scalars, the only
background contribution arises from the production of ZZ,
which can be categorized into two categories: s-channel-like
production of ZZ and VBF production of ZZ with cross
sections of order 1073-107! fb including their decay
branching ratios into muons.' Events are generated using
MadGraph5_aMC@NLO version 3.4.2 [84] and then passed to
PYTHIA version 8310 [87] to add parton showering and
hadronization. To reduce the effects of statistical fluctuations
in the tails of the kinematical distributions, we have
generated about 3-5 million events for the background
processes depending on the respective cross sections. To
take into account detector effects, we use the simplified fast
simulator module [88] in MadAnalysis 5 [89-94]. The smearing
and identification efficiencies of charged leptons and pho-
tons are implemented using the detector projection shipped
with DELPHES version 3.4.0 [95].2 For charged muons, we
require them to be tightly isolated in the sense that the sum of
the transverse momenta of all the tracks within AR = (0.2 of
the muon candidate excluding the muon itself to satisfy

L= Y pr<0.1xph (25)

i € tracks

To estimate the sensitivity reach, we compute the signal
significance defined using the Asimov formula [97]

S= \/2<(ns + nb)log<1 +Z—b) - ns) (26)

On the other hand, we also consider the case where the
background yields have some uncertainty denoted by o. In
that case, the significance formula in Eq. (26) becomes

'The contribution from the production of three and four gauge
boson processes is subleading. On the other hand, the contribu-
tion of the backgrounds from the production of 7 leptons
decaying into uv,v, is much smaller given the isolation criteria
that we have defined to select muon candidates. Therefore, these
subleading contributions will not be considered in this study.

*More details about the identification and resolution maps for
this study can be found in Ref. [96].
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nb 6%)1’15 >:| 1/2
——10g<1 L S | 27
5 nn0ty + 32 (27)

where n; and n, refer to the number of signal and back-
ground events, respectively, and J, = xn,, is the uncertainty
on the background yield.

B. Sensitivity reach in the ¢p* ¢~ channel

1. Parton level

We start by the pair production of the singly charged
scalars at future muon colliders. From the choices of the

parameters in the different benchmark points, we found that
the outcome of BP1, BP3, and BPS5 is the same since they
correspond to m, = 1.25 TeV. The corresponding branch-
ing ratios of the charged scalars are quite similar in these
three benchmark points (see Table IV). Therefore, we will
study the sensitivity reach for BP1, BP2, and BP4 at
/s = 10 TeV. At the parton level, we consider three final
states: uteT 4+ EPSS, pFeF + ETS and ptuT 4+ EPSS,
The dominant backgrounds to these production channels
are the diboson production: W W~ and ZZ where in the
first background, both the two gauge bosons decay leptoni-
cally while in the second, only one of them decays
leptonically and the other decays invisibly. The number
of signal and background events is defined for the y*e™ +
EMiss as

Ny =2xLxo(pT¢p™) x [BR(¢+ - u'0,)BR(¢p™ = e7v,) +BR(¢p" = u'7,)BR(¢p™ — e_l/ﬂ)],
Ny, =2xLxo(WW~)x [BRIW' - 40, BR(IW™ = e71,)]. (28)

where the factor 2 is included to take into account combinatorics. Similarly, we can define the number of signal and
background events for the case of the p*7¥ + EP channel as

N, =2XxLxo(p ™) x [BR((ﬁJr - u'0,)BR(¢p™ = 771,) + BR(¢p" = u*0,)BR(p™ = T_I/M)],
Ny =2xLxo(WW~)x [BRIW' - u*5,)BR(IW™ - 771,)], (29)

and of the p*uT + EF channel as

N, =L xo(¢pt¢p) x [BR(¢* > p*5,)> + BR(¢™ = u70,)? +2 x BR(¢* — u*0,)BR(¢™ > 7v,)].
Ny =Lx [c(WW7)BRW*' - py0,)?> +2 x 6(ZZ) x BR(Z = p"u~)BR(Z - v,0,)]. (30)

where in the calculation of the number of events for the
signal case we have not included decay channels with
branching ratios smaller than 4%.

For this analysis, we have required the leptons to have at
least pr > 25 GeV and [y < 2.5, which removes the
contribution of charged leptons produced in the forward
and backward regions. We also required that the magnitude
of the missing transverse energy to be at least 50 GeV. We
then scanned over the threshold of selection on the trans-
verse momentum of the charged lepton from 25 to
1000 GeV and computed the significance for each selection
threshold, including a 5% uncertainty on the background
events. The results are shown in Fig. 9. We can see that the
signal significance can easily reach 5 for the y*zF and
T channels at 10 TeV. The sensitivity reach for the
ueT channel is not so promising except in BP2.

2. Detector level

We now turn into a realistic analysis of the ¢*¢~
channel at the detector level in the 2 muons plus missing
energy final state. The basic kinematic observables are
shown in Fig. 10 while the cutflow table for the event
selection is displayed in Table VI. First, we require events
to satisfy EP > 100 GeV. We also veto events that
contain one isolated electron with p; > 10 GeV and
In| < 2.5, one tau lepton with p; > 25 GeV and |n| <
2.5 and one photon with p; > 100 GeV and |y| < 2.5.
Since the two singly charged scalars decay exclusively into
muons, we require the presence of exactly two muons with
pr > 30 GeV and || < 2.5. The two muons are required
to have opposite electric charge. The ZZ backgrounds can
be further suppressed by requiring that the invariant mass
of the two muon system to be larger than 100 GeV. After
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FIG. 9. The signal significance as a function of the cut on the transverse momentum of the charged leptons for BP1 (left panel), BP2
(middle panel), and BP4 (right panel). Here we show the sensitivity for the yTe™ + ET* (red), urtrt ET'™ (green), and wrut o+ E7'

(blue). The solid and dashed lines for each BP and each channel represents the result without and with 20% uncertainty on the
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FIG. 10. Kinematic distributions for the two muons plus missing energy final state at /s = 10 TeV and £ = 10 ab~!. From top left to
bottom right we show the transverse momentum of the leading muon (p7 ,, ), the transverse missing energy (Ess), the stransverse mass
(M ,), the invariant mass of dimuon system (M ,), and the difference in the azimuthal angle between the leading muon and the missing

energy momentum [A¢ (u;, pmiss)]- The backgrounds are stacked on the top of each other where we show ZZ (yellow) and WW/WZ
(cyan). The signal is shown for BP1 (red), BP2 (green), and BP4 (blue).
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TABLE VL

Cutflow tables for the two muons plus missing energy analysis. Here we show the two backgrounds (WW/WZ and ZZ)

and two benchmark points (BP1 and BP2). For each selection step we also calculate the uncertainty on the number of events and the
efficiency defined as e = N;/N,_; where N, refers to the number of events after the selection step k. All the events are normalized to

10 ab™! of luminosity.

WW/WZ 4 BP1 BP2

Events € Events £ Events £ Events €
Initial 6548.8 641.0 482.5 575.0 .
E’Tniss > 100 GeV 18514+1.3 0.283 554.0 £ 0.1 0.864 4779 £0.1 0.990 572.0 £ 0.0 0.995
Electron veto 1842.8 £ 1.3 0.995 470.0 £0.2 0.848 4757 £0.1 0.995 569.5 £ 0.1 0.996
7 veto 1842.5 1.3 1.000 470.0 £0.2 1.000 475.7 £0.1 1.000 569.4 + 0.1 1.000
Photon veto 1607.7 £ 1.1 0.873 461.4+£0.2 0.982 450.1 £0.1 0.946 540.6 £ 0.1 0.949
n, =2 132754+ 1.0 0.886 213.6 = 0.1 0.474 417.0 £0.2 0.964 505.0 +0.2 0.972
2 Same flavor opposite sign 1327.5£1.0 1.000 213.3+0.1 0.999 417.0£0.2 1.000 505.0 £ 0.2 1.000
My, > My, 1327.54+1.0 1.000 98.8 £0.1 0.463 416.8 £0.2 1.000 505.0+0.2 1.000
My, > 100 GeV 5.74+0.0 0.004 97.2£0.1 0.984 367.6 £0.2 0.882 468.8 + 0.2 0.928
A@(H1, Priss) > 0.5 33+£0.0 0.999 58.7 £ 0.0 1.000 340.8 0.2 0.998 4494+ 0.2 0.999
M, €]200,5000] GeV 1.24+0.0 0.362 0.2+0.0 0.004 2145+0.2 0.630 298.0+ 0.2 0.663

this selection, about 50% of ZZ background events are
removed while the contribution of WW/WZ backgrounds
remains unchanged. The stransverse mass (M7,) is a useful
kinematic variable that can be employed to reduce the
contributions of the WW backgrounds [98—100]. Denoting
the two charged lepton momenta by p(Tl ) and p(T2 ), and the

missing particle momenta as q(Tl ) and q(T2 ), the M, variable

is calculated as follows:

{max{M,(p}".q1) . Mr (PP, )}

(31)

M= )
dr +qT = Pmiss

where q(T1 ) and q(T2 ) are combined to form the total missing

momentum. The calculation of the M4, also relies on the
test mass for the invisible particle, which we choose to be
equal to zero. For this choice, the My, distribution will
have an end point at around the mass of the parent particle,
which can be seen clearly in the top right panel of Fig. 10
where the end of point of My, is at around 1.25 TeV
(BP1), 2.5 TeV (BP2), and 3.75 TeV (BP4). There are
exceptions for the SM backgrounds since we have con-
tributions of VBF diagrams that affect the expected
behavior in s-channel mediated processes. We further
require M, > 100 GeV, which is enough to suppress the
WW/WZ and ZZ backgrounds by 99% and 2%, respec-
tively. To further reduce the contribution of ZZ back-
grounds, we also impose the condition A@ (i1, Pmiss) >
0.5 where ji; is the 3-momentum of the leading muon.
This selection reduces the yields of the two backgrounds
by about 50%. Finally, we impose that M., falls in the
range ]200, 5000] GeV, which dramatically reduces the
number of events for the ZZ backgrounds. The final

selection efficiency for the signal events is of order
449%-56% (higher for higher scalar masses).

We finally calculate the signal significance in the signal
region defined as the last step of the selection in Table VI. In
this we assume that the number of backgrounds is the same
for all the luminosities (n, = Ny + Nzz = 1.4), and we
take into account two assumptions on the background
uncertainty, i.e., assuming that 6 = 0% [Eq. (26)] and 6 =
20% [Eq. (27)]. The results are shown in Fig. 11 where we
can see that luminosities of about 200400 fb~! are enough
to discover or exclude our signal benchmark points,

T T T T TTTT T T

- —— BPI R
— BP2
— BP4

© 10! |

Il Il L1111l Il Il
102 10 104
Integrated Luminosity (fb™)

FIG. 11. Signal significance for the discovery reach of the
singly charged scalar in the g u~ + EF* final state as a function
of the luminosity. Here we show the results for BP1 (red), BP2
(blue), and BP4 (green). The results shown assuming 0% and
20% uncertainty on the background yields in dashed and solid
lines, respectively.
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FIG. 12. Signal significance as a function of the cut on the transverse momentum of the charged lepton for the x**x~~ channel for BP1

(left panel), BP3 (middle panel), and BP5 (right panel).

therefore competing with or even outperforming the sensi-
tivity reach of the HL-LHC.

C. Sensitivity reach in the «* *x~~ channel

1. Parton level

The case of the pair production of doubly charged scalars
is much more simpler since they decay predominantly into
up with branching ratios of 93.6%-99.7% except in the
case of BP5 where the decay branching ratio into muons is
63.1%. Using similar arguments regarding mass choices in
our benchmark points, we find that BP1, BP2, and BP4 will
lead to similar consequences since they correspond to
m, = 1.25 TeV. Therefore, in this channel, we will analyze
the sensitivity reach in the following benchmark points:
BP1, BP3, and BPS. The number of signal and background
events is defined as

Ny, =L x o(kt ) x BR(ktt = ptput)?,

N, =L x06(ZZ) x BR(Z = ptu~)%. (32)

It is clear that we can easily reach signal significance
larger than O(1) given the smallness of the associated
background cross sections. We do not include the back-
grounds from vector-boson fusion since they involve
missing energy and extra leptons, and therefore, their
inclusion would require a dedicated analysis strategy,
which we will discuss in the next section. We first select
events that contain exactly four muons with transverse
momentum of at least 25 GeV and pseudorapidity smaller
than 2.5. We also require that muons with opposite sign to
be combined with each other to form a Z-boson candidate.

To further reduce the background contribution, we
require that the invariant mass of these Z-boson candidates
to be larger than 100 GeV (which kills most of the Z-boson
contribution to the background). We then scan over the
minimum transverse momentum of the muon for the range
of 25-1000 GeV and compute the signal significance as
defined in Eqgs. (26) and (27) including a 20% background

uncertainty (dashed lines). The results are shown in Fig. 12,
where we can see that the signal significance is very large
for all the benchmark points. We conclude that the muon
colliders will have a great potential to discover the Zee-
Babu model, at least in channels involving doubly charged
scalars. We notice the importance of a dedicated analysis
involving state-of-art Monte Carlo tools to comprehensively
study the model at muon colliders, especially concerning
reconstructions of scalars at muon colliders and their
characterization. This will be discussed in the next section.

2. Detector level

We now turn to the analysis at the detector level using the
same technical setup discussed in Sec. VI A. The contri-
bution of the ZZ production through VBF can be drasti-
cally reduced by imposing cuts on missing energy (in case
of charged-current production) and requiring exactly four
muons (in case of neutral-current production). The cutflow
table for this channel is shown in Table VII. We first select
events if the total transverse missing energy is smaller than
100 GeV. Such a choice is motivated by the fact that the
signal process does not involve any missing energy besides
some minor contribution from misidentification of muon
candidates. This selection step reduces the contribution of
VBF ZZ by 93% while slightly affecting both the ZZ
contribution through s-channel and the signal events for all
the benchmark points. We then apply a number of vetoes on
several objects like electrons with p; > 15 GeV and
In| < 2.5, v leptons with py > 25 GeV and [y| < 2.5,
photons with py > 100 GeV and jets with py > 30 GeV
and 5| < 2.5. We then require the existence of four charged
muons forming two pairs of same electric charge. Those
pairs will be used to form doubly charged scalar candidates.
The invariant mass of these candidates is required to be
larger than 1000 GeV. The final efficiency for the back-
grounds is small (0.09 for s-channel ZZ and 5.5 x 10~* for
VBF ZZ). On the other hand, the signal efficiency is
>50%. To check the ability of our analysis in reconstruct-
ing the invariant mass of the x candidates, we display the
invariant mass of the system formed by same sign same
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TABLE VII. Same as in Table VI but for the case of the four muon final state.
ZZ (s-ch) ZZ (VBF) BP1 BP3

Events £ Events € Events £ Events €
Initial 37.4 2352.9 6.4 x 10° : 7.5 x 10° .
E’Tniss < 100 GeV 31.5£0.0 0.843 142.5+0.1 0.061 50x10°+2648 0.775 5.7x10°+3137.0 0.759
Electron veto 31.54+£0.0 0999 1424+0.1 0999 50x10°+£2662 0993 57x10°+3149.1 0.993
T veto 31.5+£0.0 1.000 1424+0.1 1.000 50x10°+2662 1.000 5.7x10°+3149.3 1.000
Photon veto 309+0.0 0982 141.7+0.1 0995 44x10°+2768 0.896 52x10°+3233.0 0919
Jet veto 298 +0.0 0964 137.0+0.1 0967 39x10°+273.2 0.868 4.7x10°+3222.1 0.902
n, =4 3.74+£0.0 0.125 129+00 0.094 38x10°+272.3 0988 4.7 x10°+3218.1 0.993
2 Same flavor same sign ~ 3.7+0.0 1.000 129+0.0 1.000 3.8x10°+2723 1.000 4.7 x10°+3218.1 1.000
M,, > 1000 GeV 3.6+0.0 0971 1.3£0.0 0.104 3.6x10°4+268.1 0951 47x10°+3216.1 0.997

flavor muons in Fig. 13 for BP1 (red), BP3 (blue), and BPS
(green). We can see from that the peak of the invariant mass
distribution is centered around the mass of the doubly
charged scalar candidate, and the width of the distribution
grows with the mass reflecting the full off-shell effects
taken into account in our simulation. Given the large
number of events that survive the final selection, we can
conclude that the discovery reach for the case of k*"x~~ is
even much more promising than the case of ¢'¢~
production.

VII. SUMMARY AND CONCLUSIONS

In this work, we have studied the phenomenology of the
Zee-Babu model at future muon colliders. This model
provides a natural explanation of the smallness of neutrino
mass through two-loop radiative neutrino mass generation
mechanism and with the exchange of two new SU(2),

—
Vo = 10 TeV, £ =10 ab™! 1
pwhp™ = ptpt e E

10°

1% ZZ (VBF)
F 27 (s-ch)
1 BPL
1 BP3
[ BPS

N events

10
10! E

10

s s |
2000

3000
AIUJ’#* [GGV}

P
5000

10—1‘ P I
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4000 6000

FIG. 13. Invariant mass distribution of the u*u™ for the
backgrounds (yellow and cyan) and three benchmark points of
the signal (BP1, BP3, and BP5).

singlet scalars: a singly charged and a doubly charged
scalars. After studying the impact of the constraints from
neutrino oscillation data, lepton flavor violation, and
lepton flavor universality tests, we have selected five
phenomenologically viable benchmark points that depend
on the masses of the charged scalars of the model. We then
analyzed the production rates for various channels that
include charged leptons (both FC and FV channels),
singly charged scalars and doubly charged scalars for
the five benchmark points. A special attention was given
to channels that not only probe the Yukawa-type couplings
connected to the lepton sector but also channels that are
sensitive to the nature of the scalar potential, in particular,
the lepton-number violating coupling. These channels
involve n > 4 scalars and are enjoying almost a back-
ground-free environment even that the production cross
sections are of order 107-10° fb. In particular, the
production of four doubly charged scalars lead to a golden
channel consisting of eight highly energetic muons. We
finally analyzed the signal-to-background ratio for the pair
production of two charged scalars: ¢"¢~ and x™x~~ at
/s =10 TeV both at the parton level and the detector
level. For the pair production of singly charged scalars
(¢T¢™), we have analyzed three channels, i.e., eTuT+
EPss ¥ 4+ EMSSand ptu® + EMSS. For the pair
production of doubly charged scalars, we have analyzed
the production of u"u~p*u~ and we found even more
promising sensitivity.
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