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Light flavon signals at electron-photon colliders
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Flavor symmetries are useful to realize fermion flavor structures in the standard model (SM). In particular,
the discrete A, symmetry is used to realize lepton flavor structures, and some scalars—called flavons—are
introduced to break this symmetry. In many models, flavons are assumed to be much heavier than the
electroweak scale. However, our previous work showed that a flavon mass around 100 GeV is allowed by
experimental constraints in the A4 symmetric model with a residual Z; symmetry. In this paper, we discuss
collider searches for such a light flavon ¢;. We find that electron-photon collisions at the International Linear
Collider have advantages for searching for these signals. In electron-photon collisions, flavons are produced as
e~y — [~ @7 and decay into two charged leptons. Then, we analyze signals of the flavor-conserving final state
777 e™ and the flavor-violating final states z"u~p~ and u"z~ 7~ by carrying out numerical simulations. For
the former final state, SM background can be strongly suppressed by imposing cuts on the invariant masses of
final-state leptons. For the latter final states, SM background is extremely small, because in the SM there are no
such flavor-violating final states. We then find that sufficient discovery significance can be obtained, even if

flavons are heavier than the lower limits from flavor physics.

DOI: 10.1103/PhysRevD.97.015003

I. INTRODUCTION

The standard model (SM) particles were completed with
the discovery of the Higgs boson. However, the origin of
the generation and flavor structure of the SM fermions is
not clear. In order to explain the flavor structure of the SM
fermions, we can introduce flavor symmetries and scalar
fields—so-called “flavons.” After flavons take vacuum
expectation values (VEVs), flavor symmetries are broken
and SM fermions obtain a flavor structure.

In the SM, neutrinos are massless. However, neutrino
oscillation experiments reveal neutrino mass-squared
differences and large lepton mixing angles [1-5]. In order
to explain large lepton mixing angles, many authors have
studied the lepton flavor structure by using non-Abelian
discrete symmetries as a flavor symmetry (for a review, see
Refs. [6-9]). The non-Abelian discrete flavor symmetry can
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easily derive the large lepton mixing angles, e.g., tribimaximal
mixing (TBM) which is a simple paradigm of the lepton
mixing matrix. Indeed, Altarelli and Feruglio (AF) proposed
an A, flavor model [10,11] which introduces gauge singlet
flavons in addition to the SU(2) doublet SM Higgs field.
In the AF model, the lepton mixing matrix is the exact
TBM one. However, the observation of the nonzero reactor
angle forces us to study the deviation from the TBM or study
other flavor paradigms. In Ref. [12], the authors predicted the
nonzero reactor angle with broken TBM by adding an extra
flavon to the AF model.

From the experimental point of view, flavor sym-
metries have not been confirmed yet. Many authors have
tried to predict the Dirac CP-violating phase, Majorana
phases, and effective mass for the neutrinoless double beta
decay, which could be indirect evidence for flavons. In
Refs. [13-16], the authors discussed the mass restriction on
the flavons which mix with the SM Higgs, from lepton
flavor violation (LFV) and collider physics. On the other
hand, in our previous work [17] we studied experimental
constraints for flavons which do not mix with the SM
Higgs. From LFV constraints the lower limit of the flavon
masses is around 60 GeV. Such a light flavon mass limit
comes from the residual Z; symmetry.

Because of the light flavon mass limit we can expect
direct flavon signals at colliders. First, we examine this
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TABLE 1. The production cross sections at the LHC for each flavon, where /s =14 TeV and the flavon masses are
vp =2m,, =m,, =m, =65GeV.In this calculation we use MADGRAPH with default momentum and rapidity cuts.

Final state P17 U, orT Tt P27 U, QT " P37 Ve Pt e’
Cross section [fb] 2.2 1.5x 107! 1.7x 107 8.4 x 1070 1.7x 107 8.4 x10°°
possibility at the Large Hadron Collider (LHC). However, Ly =y (brherha/ A+ y,(prurha/ A

as we will show it is hard to find flavon signals at the LHC. + v, (¢prD)trhy/A +He., (4)

Then, we examine other possibilities at lepton colliders.
In particular, we find that an electron-photon collider has
many advantages for searching for flavon signals. The
photon beam is obtained from backscattered Compton
photons [18,19], and therefore electron-photon collisions
could be realized at future lepton colliders. The possibility
of an electron-photon collider has been discussed for a long
time [18,20,21]. The phenomenology of electron-photon
collisions has been discussed in the context of the
International Linear Collider (ILC) [22,23]. In this paper,
we show that sufficient discovery significance can be
obtained in electron-photon collisions at the ILC.

This paper is organized as follows. In Sec. II, we
summarize the modified AF model. In Sec. III, we examine
flavon signals at the LHC. In Sec. IV, we show the
advantages for searching for flavon signals in electron-
photon collisions at the ILC. Moreover, we show flavon
signals in flavor-conserving processes and flavor-violating
processes. Our summary and discussion are given in Sec. V.

II. A, FLAVOR MODEL

In this section, we briefly summarize the modified AF
model [17]. First of all, we discuss the mass of the flavon
¢ which is a triplet under the A4 group and couples to the
charged leptons. One of the solutions of the potential
minimum in Refs. [17,24] leads to the following value for
the VEV of ¢, vy:

3M

where M is a mass parameter and ¢ is a trilinear coupling in
the flavon potential. By using the VEV in Eq. (1), we can
calculate the mass of the flavon ¢7. We expand the flavon
field around the VEV v as

<¢T> - UT(LO’ O)a vr

dr = (br1> bros br3) = (vr + @11, @12, 073), (2)

where ¢7; are complex scalar fields. Then, the masses of

the scalar fields m,,. are obtained as

2 2

(m(ﬂrl’m(ﬂrz’m(zﬂn) - (2M2’8M2’8M2)’ (3)

and ¢7; do not mix with each other. Hereafter, we assume
that vy =2m,, = m, = m,  for simplicity.

Next, we discuss the charged Ilepton sector. The
Lagrangian, including the SM Yukawa and flavon
Yukawa interactions, is written as follows [17]:

where y,(a = e, pu,7) are Yukawa couplings, A is an Ay
cutoff scale, and h, is an SU(2) doublet Higgs. The left-
handed lepton doublets /= (l,,1,.1;) are assigned to
triplets under the A, group, while the right-handed charged
leptons ey, g, and 7y are assigned to singlets denoted as 1,
17, and 1’, respectively. After expanding ¢; around vy as in
Eq. (2) and taking the VEV of the SU(2) doublet Higgs A,
(denoted as v,), the charged lepton mass term L}** is

written as

2Ly 0 0 er
Lps=(e, p )| 0 oy 0 HR
0 O ervdvT TR
+ H.c.
m, 0 O er
=(e, p, 7)[ 0 m, O ug | +Hec.
0 0 m, TR

(5)
In our model, charged leptons in the interaction basis are
equal to those in the mass basis. Therefore, there is no
mixing in the charged lepton sector at the leading-order
level. Moreover, the charged lepton and flavon interaction
term £EY is obtained as
Ze 0

vr

0
Ly =(e, pp 7)| O r:_: 0 MR | P11

0 T 0\ /e
+(ep mp 7)) 0 0 Tl ug |on
2"_—; 0 0 TR
0 0 "\ s,
+(e, ap 7)) 00 KR | P13
0 'Z—;‘ 0 TR
+Hec. (6)

We find that ¢ exchange does not induce flavor violation,
while the other flavon exchanges induce flavor violation.
We also find that the couplings are fixed by charged lepton
masses except for vr.
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FIG. 1.

Before closing this section, we mention the lower bound
of the flavon mass, which was discussed in Ref. [17]. After
taking the VEV of the flavon, the A, symmetry is broken
down to the residual Z; symmetry. Thanks to the residual
Z5 symmetry, many lepton-flavor-violating decay modes,
such as y — ey and u — 3e, are forbidden.! Because
lepton-flavor-violating decay modes (which have severe
constraints) are forbidden, the mass lower bound of the
flavon is found to be 60 GeV which comes from the 7
three-body decay mode 7% — y*u*e™T. In addition, if we
assume the Yukawa coupling y, to be O(1) the cutoff scale
is typically O(10) TeV.

III. FLAVON SIGNALS AT
PROTON-PROTON COLLIDERS

In our previous paper [ 17], we showed that in our model the
flavon can be light, and therefore we expect flavon signals at
colliders. Hence, we show the flavon production cross section
at the LHC. In Table I, we summarize the flavon production
cross section calculated in Ref. [17]. In this calculation we set
/s = 14 TeV and the flavon masses around the lower bound
vy =2my,  =m, =m, =65GeV. To calculate these
values we use MADGRAPHS [26] with default momentum and
rapidity cuts.” We find that the @71 production cross sections
are larger than other flavon production cross sections because
@ 1s lighter than the other flavons. Moreover, ¢, produc-
tion cross sections are O(1) fb, and therefore we can expect
the A4 flavon signals at the LHC.

Because ¢7; mainly decays into tau and antitau leptons, the
expected flavon signal processes at proton-proton colliders
include at least three tau leptons. In collider experiments the
identification of tau leptons is more difficult than that of the
other charged leptons. Therefore, we have to consider
whether all tau leptons in flavon signal processes can be
identified. To do so, we perform detector simulations using
MADGRAPHS [26], PyTHIA [27], and DELPHES [28]. We
generate events for pp — ™t 7 0, and 77t~ r T processes

'In some models with the A, symmetry, LFVs that come from
Z3-breaking effects were discussed [25].

Because of the momentum and rapidity cuts, the values of the
production cross sections are not the same as the values in Table 2
in the previous paper [17].

e

€ \ @711

One of the diagrams which produces the flavon ¢, at an electron-positron collider (left) and an electron-photon collider (right).

through @7, production and perform detector simulations
based on the LHC detector performance. Then, we count the
number of events in which all tau leptons are identified as tau-
tagged jets, and find that the expected number of events is less
than one for both final states when 3000 fb~! data are
collected. Therefore, it is impossible to get sufficient discov-
ery significance for our flavon at the LHC. This feature is due
to the low momentum cut for tau jets which come from the
flavon decay.3 In the low-flavon-mass region, although the
flavon production cross section is large, charged leptons from
the light flavon decay tend to have low momenta.

IV. ELECTRON-PHOTON COLLIDER

At lepton colliders, flavons are produced by ete™ —
I I~ processes. As with flavon production processes at the
LHC, we find that it is hard to obtain sufficient discovery
significance from these flavon processes at the ILC.* As an
alternative possibility for obtaining flavon signals at lepton
colliders, we consider electron-photon collisions as an option
for future lepton collider experiments such as the ILC. At
lepton colliders, a high-energy photon beam can be produced
by Compton backscattering of laser photons with electrons.
In electron-photon collisions, the lowest-order process for
flavon productionis e"y — ¢~ ¢r. In Fig. 1, we show one of
the diagrams for ¢, production at an electron-positron
collider (left) and at an electron-photon collider (right).
Because of the order of QED interactions and the final-state
phase-space volume, we expect the flavon production cross
section to be larger at the electron-photon collider than that at
the electron-positron collider. By including the decay of
@1 — 71" the process contains three leptons, all of which
are expected to have larger momenta.

Here we discuss the luminosity of electron-photon colli-
sions that could be realized at the ILC. The photon beam can

3Signals with leptonic decays of tau leptons were studied in
Ref. [29]. Because the charged leptons from tau decays tend to
have a small momentum fraction, these signals also suffer from
the low momentum cut of leptons.

Another flavon signal at lepton colliders is a f-channel
process, such as an eTe™ — [T~ process. In our previous paper
[17], we discussed a constraint from this process at the LEP
experiment [30] and showed that this constraint is weaker than
the constraint from 7 lepton-flavor-violating decays.
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TABLE II. The beam energies and luminosities to calculate flavon signals.

ILC upgraded ILC
Beam energy [GeV?] 250 x 200 125 x 100 500 x 400 250 x 200 125 x 100
Luminosity [fb~!] 300 300 4800 2400 1200

be obtained from an e~ beam by applying the energy
spectrum of backscattered Compton photons [18,19]. The
luminosity for e~e™ can be higher than the expected e e~
luminosity by a factor greater than 3 [31,32]. Then,
the luminosity for photon-photon collisions is estimated
to be L, =L,, x3.6%, where we assume a 3.6%
decreasing effect from the photon energy distri-
bution [32-34]. Since we have one photon beam for
electron-photon collisions, we guess that the luminosity is
roughly L,-,~v0.036L,-,-~3+/0.036L,+,-. Therefore,
L,-, would be around 50-60% of that of electron-positron
collisions, and we simply apply the factor of 60% in our
following analysis. For the collision energy, the energy
distribution of the initial photon has a peak at around 80% of
the electron energy. In our analysis we simply assume the
photon energy is 80% of the electron’s one. Thus, we
consider electron-photon collisions with beam energies of
125 x 100, 250 x 200, and 500 x 400 where the numbers
before/after x indicate the electron/photon energy in units
of [GeV].

In this paper we calculate flavon signals with the beam
energies and luminosities that are summarized in Table II.
We estimate these numbers based on the planned beam
energy and luminosity at the ILC [35].

A. Flavor-conserving processes

As the flavon Yukawa couplings that are proportional to
m, induce large cross sections, we would expect to observe
them in the process ey — t7z7¢~. This process mainly
comes from ¢ flavon production e”y — 7~ ¢73, followed
by @3 decays into e~ and 7. SM background processes
are e"y = e~ Z/y*, followed by Z/y* — 7+¢™. Therefore,
to reduce the background events, cuts on the invariant mass
of a tau pair are useful. Moreover, the invariant mass of e~
and 7" shows significant evidence for this signal.

In Table III we summarize the cross section of the e”y —
777 e™ process for each beam energy. In this calculation
we use MADGRAPHS [26] and vy =2m,, =m,, =
TABLE III.  The cross section of the e"y — 777~ ¢~ process for
each beam energy where vy =2m, =m, =m, =
65 GeV. In this calculation we use a minimal pr = 0.1 GeV
and a maximal || = 4.0 for the final-state charged leptons.

Beam energy [GeV?] 500 x 400 250 x 200 125 x 100
Signal cross section [fb] 2.2 8.6 3.1 x10
Background cross 30x10  1.1x10® 3.6x10?

section [fb]

m,,. = 65 GeV. In this calculation we use a minimal
pr = 0.1 GeV and a maximal |n| = 4.0 for the final-state
charged leptons. In Table III, this cross section becomes
small as the beam energy becomes large, and thus we
would be unlikely to detect this signal with the beam
energy 500 x 400 GeV?>.

Hereinafter, we study event selection cuts to obtain suffi-
cientdiscovery significance. We perform detector simulations
using MADGRAPHS [26], PYTHIA [27], and DELPHES [28].
First, we generate events for the signal process and SM
background process, and perform the detector simulations
based on the ILC detector proposal [36].” Next, we count the
number of events which satisfy our selection rules. Our first
selection rule is whether an event contains two tau jets z;, and
one electron e~. The second selection rule involves applying a
cut on the invariant mass of the tau-jet pair Mt 10 reduce the

events which come from the SM. Finally, to collect the events
which come from the signal process, we use the invariant
masses of e~ and 7, m,-+.

The left panel of Fig. 2 shows the m, . distribution
after the first selection where the beam energy is
250 x 200 GeV?. In this calculation we consider only
the signal process and generate 10 times the expected
number of events at the ILC. This distribution has a jump
at 70 GeV. This jump comes from the py cut
pr(t;) <10 GeV. The right panel of Fig. 2 shows the
distribution where the horizontal axis is py(z") and the
vertical axis is m,-,+ in a parton-level simulation. As with
the left plot, we consider only the signal process and
generate 10 times the expected number of events at the ILC.
This picture shows that py(z") and m,-.+ are positively
correlated because, if 7T travels in the same direction as 7,
m-.+ is small and py(z7) is small to realize the momentum
conservation. Therefore, for py(z) > 10 GeV there are a
few events which have small m,- + % On the other hand, in

°In this paper, we use a default tau-tagging efficiency of 40%
(as in Ref. [36]). In reality, at the ILC the tau-tagging efficiency
may be higher; for example, in Ref. [37] the tau-tagging
efficiency was quoted as 60%. The expected event numbers
for the events with n 7’s would be multiplied by roughly the nth
power of the enhancement rate of the tau-tagging efficiency.

®Because this picture comes from the parton-level simulation,
pr(zh) is the tau-lepton transverse momentum. On the other
hand, in the detector-level simulation transverse momentum cuts
are applied to the tau hadron. Although there is a difference
between the transverse momenta of the tau lepton and tau hadron,
we can understand the effect of py(z}) cuts on Mot
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FIG.2. The m,-.+ distribution after the first selection (left) and the distribution, where the horizontal axis is the transverse momentum
of an antitau lepton p;(z") and the vertical axis is the m,-,+ in a parton-level simulation (right). In these calculations we consider only
the signal process and generate 10 times the expected number of events at the ILC.

the SM background process the m,-. distribution has a

peak at around the Z-boson mass M . For these reasons,
our second selection rule works well to select signal events
in our model.

In Table IV we summarize the ratios of the signal event
rate and background event rate. Here the event rate means
the ratio of the number of events after the cuts to the
number of events before the cuts. Moreover, we summarize
the ratios of the number of signal events and background
events, and the significances of the signal after applying our
selection cuts at the ILC and upgraded ILC. As we calculate
in Table III, the flavon masses are fixed to vy = 2m,, =
my,., = m, =65 GeV in this calculation. The back-
ground event number is strongly suppressed, and therefore
we use a significance which is based on the Poisson
distribution S.; [38]. S, is defined by

Se=+/2((Ns+Npg)In(1+Ng/Np)—Ns), (7)

where Ny is the signal event number, and Npg; is the
background event number. In our second selection rule, we
remove events with larger My as the beam energy

becomes larger. This is because the Mo jump position

which we showed in Fig. 2 becomes higher as the beam
energy becomes larger. Table IV shows that when the beam
energy is 250 x 200 GeV? and 125 x 100 GeV? we can
expect sufficient discovery significance for the flavon mass
around the lower limit. When the beam energy is
500 x 400 GeV?, the discovery significance is sufficient
even though the signal cross section is small, because at the
upgraded ILC we can expect large integrated luminosity.

TABLE IV. Ratios of the signal event rate and background event rate (Rg/Rps), ratios of the signal event number
and background event number (Ng/N ), and significances of the signal S,; after applying our selection rules at the

ILC and upgraded ILC. In this calculation we use vy = 2m,, = m,, = m, =65 GeV.

250 x 200 [GeV?] Rs [%] Rpg [%] Ns/Ngg Ser
contain 7, 7; e~ 1.7/1.8 45/590 1.8
M > M7z +15.0 [GeV] 1.6/0.15 41/49 53
30 [GeV] < Mt < 65 [GeV] 1.5/0.00093 38/3.1 12
125 x 100 [GeV?] Rs [%] Rpg [%] Ns/Npg Ser
contain 7, 7€~ 1.8/1.9 170/2100 3.7
Mg > M7z + 5.0 [GeV] 1.0/0.089 96/96 8.6
25 [GeV] < My <70 [GeV] 1.0/0.028 95/31 13
500 x 400 [GeV?] Ry [%] Rpg (%] Ns/Npg Ser
contain 7; 7j e~ 091/14 97/2100 2.1
Mg+ > 290 [GeV] 0.68/0.12 72/170 52
25 [GeV] < M- < 70 [GeV] 0.67/0.0036 72/5.2 17
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FIG.3. The m,-+ distribution after the second selection rule for the beam energies 250 x 200 GeV? (left) and 125 x 100 GeV? (right)
at the TLC. The red solid histograms are for both the SM and flavon processes, while the black dashed histograms are for only the SM

process. In this calculation we fix the flavon masses to be vy = 2m,,,, = m,,, = m,, = 65 GeV.

The left and right panels in Fig. 3 show the Mgt the beam energy 500 x 400 GeV? is clearer than those for
distribution after the second selection rule for the beam the beam energies 250 x 200 GeV? and 125 x 100 GeV?.
energies 250 x 200 GeV? and 125 x 100 GeV? at the ILC, This is because the number of events in the small-
respectively. The red solid histograms are for both the SM m,-,+ region is tiny in the SM for the beam energy
and flavon processes, while the black dashed histograms 500 x 400 GeV?2. This feature comes from the antitau-
are for only the SM process. In this calculation we fix the hadron transverse momentum cuts as we showed above.
flavon masses to be vy =2m,, =m, =m, =65GeV. Finally, we study the discovery significance for different
Both figures show a clear peak around the flavon mass. flavon masses at the upgraded ILC. We consider the flavon
Figure 4 is the same as Fig. 3, but for the beam energy ~ masses vy =2m,_ =m, =m, =100,150, and 200 GeV.
500 x 400 GeV? at the upgraded ILC. This figure also ~ When the beam energy is 250 x 200 GeV?, we find suffi-
show a clear peak around the flavon mass. From Table 1V, cient discovery significance for the flavon masses 100 and
the significance for the beam energy 500 x 400 GeV? 150 GeV. When the beam energy is 125 x 100 GeV?, we
is not larger than those for the beam energies 250 x find sufficient discovery significance for the flavon mass
200 GeV? and 125 x 100 GeV? after the second selection ~ 100 GeV. Figure 5 shows the m, .. distribution at the
rule. On the other hand, the peak around the flavon mass for ~ upgraded ILC. The left panel is for the flavon mass 150 GeV

and the beam energy 250 x 200 GeV?2, and the right panel is

25 — favon signal + SM BG for the flavon mass 100 GeV .a.nd th'e beam energy
r—— SM BG 125 x 100 GeV?. We expect sufficient discovery signifi-
20} ] cance for flavon masses lighter than 150 GeV.
g
el 151 — [ . .
§ B. Flavor-violating processes
Z .
2 10 In our model, there are the following three lepton-flavor-
e I violating processes: e”y = ttu~u~, pTtTr, and et
. The amplitudes of these flavor-violating processes are propor-
51 1 tional to at least two charged lepton masses. The cross section
for the e "7~ final state is smaller than the cross sections for
0 b =1_}=]1_F - —_ | =1 .
0 =0 00 50 00 the other two final states, because this process comes from the

coupling which is proportional to m,. Therefore in this paper
we consider e"y — v u~p~ and e"y — uTTT T processes.
The cross sections for both final states are nearly the same.

m,_+ [GeV]

FIG. 4. The m,-+ distribution where the beam energy is 500 x . LT
400 GeV? at the up'graded ILC. The red solid histograms indicate Becagse Fhese processes induce lepton flavor Vlolatlon,_ SM
the number of events which come from the SM and flavon  contributions are extremely suppressed. Therefore even if we
interactions, and the black dashed histograms indicate the number detect a few events for these final states, it can be a strong
of events which come from only the SM interactions. In this evidence for our model.

calculation the flavon masses are vy = 2m,, = m,,, =m,, = In Table V we summarize the cross sections of the e”y —

P2 Pr3
65 GeV. ttu~u~ process for each beam energy. Here we adopt

015003-6



LIGHT FLAVON SIGNALS AT ELECTRON-PHOTON COLLIDERS

PHYS. REV. D 97, 015003 (2018)

35

—= flavon signal + SM BG
——= SM BG

30}
25}

20

15} -1 - e

Event Number
1
|

10}

100
m,_+ [GeV]

150

FIG. 5.

200

Event Number

90
80
70
60}
50 F
40t | -1

—= flavon signal + SM BG
——= SM BG

30F
20
10} — 4

o= 1 | i
0 50

100 150 200

m,_+ [GeV]

The m,-,+ distribution where the beam energies are 250 x 200 GeV? (left) and 125 x 100 GeV? (right) at the upgraded ILC.

The red solid histograms indicate the number of events which come from the SM and flavon interactions, and the black dashed
histograms indicate the number of events which come from only the SM interactions. In this calculation the flavon masses are

Ur = zm(ﬂﬂ = m(”rz = mC'JT}

vp =2m,  =m, =m, =65 GeV.The cross sections
are calculated using MADGRAPHS [26] with the following
kinematical cuts: a minimal p is 0.1 GeV, and a maximal
7] is 4.0 for the final-state charged leptons. Table V shows
that around the flavon lower mass limit the 250 x 200
and 125 x 100 GeV? beam energies are favored for
detecting the flavor-violating processes. Moreover, when
0(10-100) fb~! data are collected, we will detect these
lepton-flavor-violating processes at the ILC.

As we mentioned in Sec. III, the identification of
tau leptons is not straightforward. Our signal processes
have a tau lepton, and therefore we perform detector
simulations. We generate 10* events for each process
using MADGRAPHS [26] and select events with three
charged leptons and lepton flavor violation. For the

TABLE V. The cross sections of the e"y — 7"~ u~ process for each beam energy where vy = 2m,,
= 65 GeV. In this calculation we use a minimal p; = 0.1 GeV, and a maximal |57| = 4.0 for the final-state

m(/77'3
charged leptons.

= 150 GeV (left) and 100 GeV (right).

detector simulations we use PYTHIA [27] and DELPHES
[28] based on the ILC detector proposal [36]. In Table VI
we summarize event rates and expected event numbers
for each process at the ILC and upgraded ILC. In this
table we consider the 250 x 200 and 125 x 100 GeV?
beam energies and vy =2m, =m, =m, =65GeV.
In the y"z77~ mode there are final states which include
e”, such as u"r7e” and uTe"e”. However these final
states have large SM background which comes from
flavor-conserving processes e"y — vt~ e~. Therefore in
this calculation we ignore these final states. This table
shows that around the flavon mass lower limit observa-
tions of the lepton-flavor-violating signals are expected
at the ILC. Moreover, at the upgraded ILC we can expect
to observe about 20 (40) flavor-violating events for the

= m'/’rz =

500 x 400
7.9 %1073

Beam energy [GeV?]
Cross section [fb]

125 x 100
1.1 x 107!

250 x 200
3.1x 1072

TABLE VL

and vy = zm!ﬂrl = Mypy = Myyy

Event rates and expected event numbers for each final state where the beam energy is 250 x 200 GeV? (125 x 100 GeV?)
=65 GeV at the ILC and upgraded ILC.

Final Event rate Event number at Event number at
Cross section [fb] state [%] 300(300) [fb~'] 2400(1200) [fb!]
7 u~u~ mode 3.1 x 1072 (1.1 x 107 sum 19(23) 1.8(7.4) 14(30)
1;;4‘/4‘ 6.5(8.9) 0.59(2.9) 4.8(12)
wrp 6.5(7.2) 0.59(2.3) 4.7(9.3)
ety 6.5(6.8) 0.60(2.2) 4.8(8.8)
w7777 mode 3.1x 1072 (1.1 x 1071) sum 6.5(7.1) 0.59(2.3) 4.8(9.2)
wro 3.2(3.5) 0.29(1.1) 2.3(4.6)
ut T, 2.2(2.3) 0.20(0.76) 1.6(3.0)
urp 1.1(1.2) 0.10(0.40) 0.84(1.6)
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— 250 x 200 GeV?ILC

401\ 1
\ --- 250 x 200 GeV? upgraded ILC

— 125 x 100 GeV? ILC

301 \\\ --- 125 x 100 GeV? upgraded ILC |

20},

Event number

10+

100 150 200
Flavon mass vr=2my,, =my,=my, . [GeV]

FIG. 6. The flavon mass dependence for the event number of
the lepton-flavor-violating process where the beam energy and
luminosity is 250 x 200 GeV? at the ILC (black solid line),
125 x 100 GeV? at the ILC (red solid line), 250 x 200 GeV? at
the upgraded ILC (black dashed line), and 125 x 100 GeV? at the
upgraded ILC (red dashed line).

250 x 200 GeV? (125 x 100 GeV?) beam energy. If many
flavor-violating events are observed, we can test this
model by using a ratio of the event numbers for each
process.

In this subsection we do not consider background events
from the SM interactions. Because these signals have large
lepton flavor violation, for example, the e™y — v~ u~
process induces AN, = -1, AN, = +2, and AN, = —1.
In the SM, lepton flavor violations are induced via the weak
interactions, and the weak interactions produce neutrinos.
Therefore even if the number of background events from
the SM interactions is sizable, we can identify signals by
using a missing momentum cut.

Figure 6 shows the flavon mass dependence for the sum
of the event numbers of the flavor-violating signals. In
this calculation we assume that the beam energies are
250 x 200 and 125 x 100 GeV2. The black solid, red
solid, black dashed, and red dashed lines show the event
numbers for the 250 x 200 GeV? beam energy at the ILC,
125 x 100 GeV? beam energy at the ILC, 250 x 200 GeV?
beam energy at the upgraded ILC, and 125 x 200 GeV?
beam energy at the upgraded ILC, respectively. The red lines
have a sharp cutoff at around m,, = m, =225 GeV,
because of the loss of the phase space. We can expect a
greater number of events for the 125 x 100 GeV? beam
energy than for the 250 x 200 GeV? beam energy, while we
can search for wider mass regions with the 250 x 200 GeV?>
beam energy.

If we assume that the number of background events is
one, the minimal number of signal events which gives
S.. =3 is four. We estimate the mass upper limits that

satisfy S.; = 3 for any flavon mass. At the ILC, it is not
possible to satisfy S., =3 when the beam energy is
250 x 200 GeV2. On the other hand, when the beam
energy is 125 x 100 GeV? it is possible to satisfy
Scr =3 below the flavon mass m,_ =m, =96 GeV.
In the upgraded ILC case when the beam energy is
250 x 200 GeV?, it is possible to satisfy S, =3 below
the flavon mass m,,,, = m,, . = 150 GeV. Moreover, when

the beam energy is 125 x 100 GeV? it is possible to satisfy
S.; = 3 below the cross section decreases at a flavon mass
of around m,, = m,, =225 GeV.

V. SUMMARY AND DISCUSSION

In this paper, we discussed collider signals of the light
flavons ¢; which were introduced in the modified AF
model. At the LHC and in electron-positron collisions at
the ILC, we cannot obtain sufficient discovery significance.
We found that electron-photon collisions at the ILC have
advantages for searching for signals where flavons are
produced, as e"y — [“@7 and decay into two charged
leptons. Then, we analyzed signals of the flavor-conserving
final state 77z~ ¢~ and flavor-violating final states t+u~u~
and y*t~ 7 by carrying out numerical simulations. For the
former final state, SM background can be strongly sup-
pressed by imposing cuts on the invariant masses of the
final-state leptons. As a result, around the flavon mass
lower limit we can obtain sufficient discovery significance
for each beam energy. Moreover, at the upgraded ILC we
expect sufficient discovery significance for flavon masses
lighter than 150 GeV. For the latter final states, we found
that at the ILC we can expect signal observation, and at the
upgraded ILC we can expect sufficient signal observation
to test this model. In particular, at the upgraded ILC we
expect sufficient discovery significance for flavon masses
lighter than 225 GeV. Therefore, stronger flavon mass
constraints could be obtained from future collider experi-
ments compared to those from the flavor-violating decay of
leptons.
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