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The scalar particle discovered at the Large Hadron Collider (LHC) has properties very similar to that of a
standard model (SM) Higgs boson. Limited experimental knowledge of its model origin, as of now, however,
does not rule out the possibility of accommodating this new particle into a beyond the SM (BSM) framework.
A few of these schemes suggest that the observed scalar is just the lightest candidate of an enriched sector with
several other heavier states awaiting to be detected. Such models with nonminimal scalar sector also
accommodate other neutral and electrically charged (singly, doubly, triply, etc.) component fields as
prescribed by the specific model. Depending on the mass and electric charge, these new states can produce
potential signatures at colliders as well as in low-energy experiments. The presence of a doubly charged
scalar, when accompanied by other neutral or charged scalar(s), can also generate neutrino masses. Adopting
the second scenario, e.g., Babu-Zee construction, constraints from neutrino physics have been effaced in this
study. Here, we investigate a few phenomenological consequences of a uncolored doubly charged scalar
which couples to the charged leptons as well as gauge bosons. Restricting ourselves in the regime of
conserved charged-parity (CP), we assume only a few nonzero Yukawa couplings (y,,, where ¢ = e, y1, 7)
between the doubly charged scalar and the charged leptons. Our choices allow the doubly charged scalar to
impinge low-energy processes like anomalous magnetic moment of muon and a few possible charged lepton
flavor violating (CLFV) processes. These same Yukawa couplings are also instrumental in producing same-
sign dilepton signatures at the LHC. In this article we examine the impact of individual contributions from the
diagonal and off-diagonal Yukawa couplings in the light of muon (g — 2) excess. Subsequently, we use the
derived information to inquire the possible CLFV processes and finally the collider signals from the decay of
adoubly charged scalar. Our simplified analyses, depending on the mass of doubly charged scalar, provide a
good estimate for the magnitude of the concerned Yukawa couplings. Our findings would appear resourceful
to test the phenomenological significance of a doubly charged scalar by using complementary information

from muon (g — 2), CLFV and the collider experiments.
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I. INTRODUCTION

Discovery of a new scalar [1,2] has already proclaimed
the success of LHC. This scalar has properties [3.4] quite
identical to that of the SM Higgs boson, the only funda-
mental scalar within the SM framework. In the SM, the
Higgs field emerges from an SU(2) complex scalar
doublet. A complete knowledge of the SM Higgs sector
would require (i) measurements of the vacuum expectation
value (VEV) acquired by the electrically neutral CP-even
component of the aforementioned complex scalar doublet,
(i) the Higgs boson mass and (iii) the Higgs self coupling.
At present, we have already probed the VEV of the
SM through experimental measurements [5] and, have
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estimated the mass of a Higgs-like scalar boson at the
LHC [3]. Thus, it remains to examine the only remaining
parameter of the SM-Higgs sector, namely, the self-
coupling. Unfortunately, the experimental sensitivity for
the latter is very poor at the LHC and one perhaps needs to
wait for the future colliders [6]. Hence, the possibility of
having a Higgs-like scalar from BSM theories is certainly
not redundant till date, especially when several other
observations already ask for such an extension, e.g., non-
zero neutrino masses and mixing [7-9]. Furthermore, mass
of the newly discovered scalar [3] and the top-quark mass
[5] strongly prefer the presence of one or more BSM scalars
in the theory before 10°-10'! GeV [10-13]" (see also
Refs. [15,16] for review). Introduction of these new scalars

'Some counter arguments also exist in this connection, as
addressed in Ref. [14].
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assures stability of the SM-Higgs potential up to the Planck
scale. Combining these observations, an extension of the
SM Higgs sector seems rather plausible. For example, one
can add extra scalar states which are encapsulated in
different multiplets guided by the gauge symmetry and/
or pattern of the symmetry breaking. A plethora of analyses
[11,17-70] already exists in this connection where addi-
tional scalar mulitiplets are introduced to solve different
shortcomings of the SM, like stability of the scalar potential
up to the Planck scale, dark-matter, neutrino masses and
mixing, etc.

These BSM scalar multiplets in general contain not only
the electrically neutral fields but the charged (singly, doubly,
triply, etc.) ones also. Phenomenology of these states may be
constrained from the electroweak precision tests [5], e.g., see
Refs. [55,71-73] for an extension with SU(2) triplet Higgs.
The presence of charged scalars, depending on the structure
of the associated multiplet, at the same time can produce
novel signals at the collider experiments, e.g., same-sign
multileptons. Several analyses [42,52,72,74-109] are
already performed in this direction, including experimental
ones [110-126]. These charged scalars, apart from atypical
LHC signatures, can also contribute to a class of low-energy
phenomena that lead to lepton number as well as flavor
violating processes. Such processes include CLFV (e.g.
u— ey, p to e conversion in atomic nuclei etc.)
[58,62,76,94,107,127-141], neutrinoless double beta decay
Ouvpp) 142,53,58,62,88,107,134,142—-147], rare meson
decays (e.g., M=>M';(;, M — M'¢,¢;¢,,¢,) [148-151],
muon (g — 2) [136,152] etc. Some of these processes, e.g.,
Ovpp, rare-meson decays, etc. have one thing in common,
i.e., they violate lepton number by 2 units which is the
characteristic of a doubly-charged scalar.” The same doubly
charged scalar can also participate in the CLFV processes
and muon (g — 2). Several investigations, as aforesaid, do
already exist concerning various phenomenological aspects
of a doubly charged scalar. A dedicated entangled phenom-
enological inspection of the doubly-charged scalars, in the
context of collider and low-energy experiments at the same
time, however, still remains somewhat incomplete. This is
exactly what we plan to do here and the current article is the
first step toward a complete investigation. In passing we note
that the other part of multiplets, i.e., the neutral scalar states
can also show their own distinctive signals. For example,
if these BSM neutral scalars are light, they can affect
the SM-Higgs decay phenomenology through mixing.
Phenomenological implications of additional neutral scalars
are however, beyond the theme of this article and will not be
addressed further.

We initiate our investigation with the discrepancy in

anomalous magnetic moment of muon Aa, = a,"’ — af,

*Presence of a Majorana fermion, for example right-handed
neutrino, can also serve the same purpose, see Ref. [153] and
references therein.
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which can be explained well in the presence of a
doubly-charged scalar, A**. Subsequently, we use this
information to constrain only the most relevant associated
Yukawa couplings that connect the doubly charged scalar
with the charged leptons, i.e., y,, with £ = e, p, 7. In the
next step, we investigate the allowed relevant CLFV
processes in the presence of the same set of Yukawa
couplings. At this level we scrutinize a new set of
constraints on that same set of Yukawa couplings from
the experimental limits on different CLFV processes.
Finally, we explore the collider signals of a doubly charged
scalar that appear feasible with the chosen set of Yukawa
couplings and, are in agreement with the experimental
constraints of (g—2), and the relevant CLFV processes.
However, like the existing literature we do not work in the
context of any specific model. Rather, we parametrize the
unknown model of doubly charged scalar in terms of a few
relevant Yukawa couplings and the mass of the doubly
charged scalar (my++) that are resourceful to probe the
existence of a doubly charged scalar experimentally. As a
first attempt, we also stick to the regime of conserved CP. It
is also important to emphasise that we focus on the range
of 400 GeV [126] <mp-= <1000 GeV which is well
accessible during run-II of the LHC.* Thus, in a nutshell, in
this work we explore the possible correlations among 1, ++
and y,, as well as between different y,, in the context of
(i) (9 —2), and (ii) a few CLFV processes. Thereafter, we
use these information to study the possible A™* — £5¢5
processes (i.e., same-sign dileptons) at the LHC.

It remains to mention one more important aspect
associated with a A**, i.e., the generation of nonzero
neutrino masses and mixing. Accommodating massive
neutrinos in the presence of a A** depends on the chosen
theory framework which we will discuss later in Sec. II.
Models of these kinds typically contain additional scalars
(neutral, charged or both, depending on the concerned
model) and a larger set of Yukawa couplings. This non-
minimal set of Yukawa couplings (compared to y,,) is
essential to accommodate massive neutrinos simultane-
ously with an explanation for the (g — 2) , anomaly, in the
presence of a few CLFV processes. In the context of a
minimal model (described later), we observed that the set of
constraints on the relevant Yukawa couplings coming from
the anomalous (g —2), and nonobservation of the CLFV
processes is rather independent to the ones required to
satisfy the observed three flavor global neutrino data [7-9].

The paper is organized as follows, after the introduction
we present a concise description of the underlying

The exclusion limit depends on the leptonic decay branching
fractions of A** and one can safely take m,++ > 400 GeV.

One can always consider a large value for m,++ to suppress
the CLFV processes. However, a heavier A** would result in a
smaller production cross-section at the LHC and thereby ends in
smaller number of signal events.
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theoretical framework in Sec. II. Analytical expressions for
the muon (g — 2) and a few possible CLFV processes are
given in Secs. III and IV, respectively. We present results of
our numerical analyses on Aa, and the allowed CLFV
processes in Sec. V. Collider phenomenology of the
A** — £, ¢ processes, following findings of the pre-
vious section is addressed in Sec. VI. Our conclusions are
given in Sec. VIL Finally, a detail computation of the
anomalous magnetic moment of muon through a doubly
charged scalar is relegated in the appendix.

II. THE THEORY FRAMEWORK

The presence of a doubly charged scalar is possible in
various representations, for example (i) an SU(2) triplet’
6T = (5+, 6%, 8°) with hypercharge, Y = 1[21-25], (ii) an
SU(2) singlet k" with ¥ =2 [33,53,155], (iii) left-right
symmetric model [17-20], (iv) a quadruplet X7 =
(=, 2F, 20, %7) with Y = 1/2 [137], (v) another doublet
x'=(tyt) with Y=3/2 [52,74,89,156], (vi) a
quintuplet Q7 = (Q*+, Q" Q% Q=,Q ") with Y =0
etc. The mulitiplets £ and y give rise to dimension-five
while Q produces dimension-six neutrino mass operators
through their respective interactions with the SM fields. It is
worth mentioning that a doubly charged scalar can also
appear in a quintuplet with ¥ > 0 or in multiplets with
larger isospins [50,98,137,157-159].

Phenomenological aspects of these multiplets are con-
strained from the -electroweak precision observables
[30,31,55,71-73,160-163], especially if the multiplet con-
tains an electrically neutral component which develops a
VEV. For the simplicity of analysis we however, focus solely
on the doubly charged scalar without caring about the rest
of multiplet members. This approach helps us to pin down
the precise contributions from the doubly charged scalar.
Furthermore, we assume negligible to vanishingly small
VEV for the neutral scalar member of the associated
multiplet, if any. The latter choice not only protects the p-
parameter [5], but also guarantees the absence and(or) severe
suppression of some of the couplings, e.g., A¥*WTWT,

We are now ready to write down the relevant terms for
our analysis. For the purpose of (g—2)ﬂ one needs to
consider only terms like y,,A**uF£F. All other Yukawa
couplings are taken to be zero and further, we assume y,, =
Yeu as well as y,, = y,,. One must remain careful while
interpreting these y,, where information about the specific
model (see Refs. [99,101]) are also embedded. Our
simplified choice of y,, leaves us with only three free

It has been mentioned in Refs. [136,154], that in the context
of neutrino mass generation using a scalar SU(2) triplet, i.e.,
Type-II seesaw, it is normally difficult to generate additive
contributions to muon (g —2) from (y*y)W. One can never-
theless, generate an additive contribution to (g —2), with (y?),,,

or (yW)2 [136].
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parameters, namely y,,,. Y,.(= ¥,;) and m:: relevant for
our analysis. It is apparent from our choice of Yukawa
couplings that, along with (g —2),,, a few CLFV processes
like y — ey, © — py, uN — eN* (u to e conversion in
atomic nuclei) etc. are automatically switched on. We will
elaborate this issue further in Sec. IV. Finally, we
need to write down the relevant terms which lead to pp —
A**ATF process at the LHC. The necessary trilinear
couplings between A** and the electroweak gauge-
bosons, in the absence of VEV for the new multiplet,
are given as [101]: 2ig,sin@yATFATTA p° and
i(g2/ cos Oy)(2 = Y — 2sin® Oy ) ATFATFZ,_p°, where p°
is the momentum transfer at these vertices. Here, Y is
hypercharge of the scalar multiplet that contains A**, g, is
the SU(2) gauge coupling and 6y, is Weinberg angle [5]. It
is important to note the structure of A**AFFZ, vertex,
where some knowledge of the underlying multiplet appears
necessary through the hypercharge quantum number.

A. Massive neutrinos with a A=+

In this subsection, as mentioned in the beginning, we aim
to present a brief discussion about the neutrino mass
generation in the presence of a A**. Accommodating tiny
neutrino masses in a model with A** can be achieved in
different ways, e.g., in the tree-level from a Type-II seesaw
mechanism using an SU(2) triplet [21-25] or in the loop-
level with an SU(2) singlet doubly and another SU(2)
singlet singly (S*) charged scalar [33] etc. However, a A**
gets directly involved in the mechanism of neutrino mass
generation only for the latter model and thus, we restrict our
discussion only for this framework.

It turns out for the aforesaid scenario, better known as the
Babu-Zee model [26,29,32,33], one needs a St along with
a A** to generate neutrino masses (m,) in the two-loop
level. Now, let us assume that y} ., y‘; , represent the
generic real Yukawa couplings between the charged
leptons and ST, A**, respectively with the following
property: y;(;,) = y‘;(,;). At this point if we set the scale
of new physics (i.e., masses of S*, A** and any other
relevant parameter) ~O(1 TeV), just for an example, then
following Ref. [33] one can extract the following
conditions:

@) 2oy out 2 Yaeye,~O(10) (from (g - 2),, [164]),

(D) Doyeeys, +2oy6ye, <O(0.001)

[165]) and
(i) e (Ve + i+ ¥5)/ (Ve + Vi) ~0.06 and (yi; +
Vie)yd ~2x 107 (assuming m, ~ 0.1 eV [166]).

At this point, let us assume that only y5,, y4, are ~O(1)

while other associated y*, y? values remain at least <0.1.

(from pu — ey

°A complete knowledge of the underlying multiplet would also
require information of the isospin.
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FIG. 1.
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Possible Feynman diagrams showing contributions to the muon anomalous magnetic moment through the exchange of a

doubly charged scalar and the selected y,,. The arrows represent the direction of electric charge flow.

Now one can easily satisfy condition (i) with y;, ~ 3 and
y,‘fﬂ ~ 1. These chosen values can safely coexist with
condition (i1) as long as (at least) yiﬂ,yeﬂ <0.001 and
yS.,y% < 0.01. With these estimations one can rewrlte
condition (iii), up to a good approximation, as: yﬂﬂym ~
0.06 and yff,y‘f, ~2 x 107*. The former is trivially satisfied
with y4, ~1 and y5, < O(0.1). The latter with y;, <
0(0.1) hints y¢. ~ O(0.01). Making the scale of new
physics ~O(500 GeV) one can get similar results, how-
ever, with reduced upper bounds on the concerned Yukawa
couplings.

Collectively, playing with a larger set of Yukawa
couplings, e.g., imposing hierarchical structures between
y? and y* as well as among different flavor indices, one can
always satisfy all the three aforementioned criteria. It is
evident from conditions (i)—(iii), that the constraints from
neutrino mass simultaneously put bounds on the off-
diagonal y* and diagonal y. On the contrary, limits from
(9—2) , and CLFV processes constrain independently both

the diagonal and off-diagonal y*,y? couplings. Thus,
without emphasising the neutrino physics, one can safely
work in a scenario when y* — 0. The remaining Yukawa
couplings, namely y“s, however, remain tightly constrained
from the experimental limits on muon (g — 2) and CLFV
processes. An analysis of the said kind, thus, provides
maximum estimates for the associated y“-type couplings.
Any further attempt to add additional requirements for the
same model, like neutrino mass generation, would only
provide reduced upper bounds on the involved y?s. Hence,
for the rest of the work we keep on working with only y,-
type Yukawa couplings (henceforth read as y,,), imposing
a minimal structure essential to account for the muon
(g —2) anomaly. We note in passing that, unless compen-
sated by the relative mass hierarchies, the contribution to
muon (g — 2) from a A** normally exceeds the same from
a ST since AT*ATTy, SE5Fy vertices are sensitive to the
electric charges of the concerned fields.

III. MUON (g — 2) WITH A+

Precision measurements of the different low-energy
processes always provide an acid test for the BSM theories.
Observation of any possible disparity for these processes,
compared to the corresponding SM predictions, provides a

golden opportunity to explore as well as constrain various
BSM models. The observed discrepancy in the anomalous
magnetic moment of muon, Aa, is a very intriguing
example of this kind.

In the SM, anomalous magnetic moment of muon is
associated with the coupling ig, sin @y, iy’uA,. However,
even including the higher order contributions within the
SM one can not explain the observed discrepancy Aa, =
a;* [167,168]-af [169-172]. Here a;," is the experimen-
tally measured value of (g —2), and all is the theoretical
estimate of (g —2), in the context of the SM. The latest
numerical value’ following Ref. [164] is given by

Aa, = a;* —a = (293 £9.0) x 107'°. (1)

The presence of any possible BSM contribution will
generally affect the 4 — uy process at the loop level. In
the presence of a A**, the new BSM contributions to
(9—2) ,, are shown in Fig. 1. From this figure one can see
that a A** can contribute to (g — 2), through two possible
ways. Following Refs. [174,175], new contribution® to
(9—2),, in the presence of A** and allowing all the
charged leptons in the loop, is given by:

my 2
Ay ™ Fliy e v 2(p 450" =p)
T8 o P+ mE o —m2)p+ (1-p)md]
T 0 /4,0 Aii my)p p)my

—/ld (p*=p*+5Ep?) 2
o VT2 (m—mdp+ (1—p)m])’

where m,, is the mass of muon [5] and m, is the mass of
charged lepton “#””. We have also assumed real y,., so that
yuel* = ¥}, Further details of the computation are rel-

egated to the appendix. In Eq. (2), f,, is equal to 1 for
¢ = e, T while equals to 4 for £ = u. This multiplicative
factor appears due to the presence of two identical fields in
the interaction term.

"One should note that depending on the calculation of a}f‘, the
Value of Aa, may change as pointed out in Ref. [173].

We derlve contributions from a A** (see appendix) in a way
similar to the Higgs type contribution as shown in these
references.
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FIG. 2. Possible Feynman diagrams showing contributions to 4 — ey(a,b),7 — ey, — uy(c,d), 7 = 3u,7 — eu " (e) and uN —

eN*(f, g) processes in the presence of a A**

represent the direction of electric charge flow.

IV. CLFV AND A+

The most general Yukawa interactions between the
charged leptons and a A** contains off-diagonal Yukawa
couplings that are instrumental in producing CLFV proc-
esses like &; = ¢y, €, = £,0 ¢, etc. In this article,
however, we have assumed a minimal set of Yukawa
couplings focusing on the muon anomalous magnetic
moment. Thus, as already stated in Sec. II, our Yukawa
sector contains only y,,,, y,, and y,., with y,, = y,.. Such a
parameter choice would allow only six CLFV processes,
namely yu — ey, T = ey, T — uy, T = 3u, T — ep "y~ and
uUN — eN* at the respective leading orders, that too with
only a few possible diagrams. For the clarity of reading, we
describe all such diagrams in Fig. 2. At this stage, it appears
crucial to explain the phrase “only six CLFV processes at the
leading orders” in order to ameliorate any possible delusion.
Itis absolutely true that the chosen set of y,,» forbids tree-level

processes like u — 3e,7 — pete™ through an off-shell A**,
as sketched for 7 — epu™ u™ process in diagram (e) of Fig. 2.0

These processes can show-up at the one-loop level via Z/y*
mediator. Depending on the set of involved parameters process
like £, — ¢;¢;¢) and also u — e conversion in the nuclei may
enjoy an extra enhancement from Z-penguin [176]. The latter can
offer severe constraints on the parameter space compared to £; —
Cjy processes [177-181], which normally holds true in the
reverse order. However, following Ref. [181] one can conclude
that such enhancement will not modify the scale of new physics
(my++ in our analysis) by orders of magnitudes. We, thus, do not
consider these “enhancements” in our present analysis.

and the selected y,s. Here, N represents the concerned atomic nucleus. The arrows

All the relevant branching fractions (Br) for the set of
processes shown in Fig. 2 are given below [76,132,138,182]:

2o N2 _
By = 1) = e (0")o Bl = et
(3)
27a _
BI'(T - 67/) - m |(ny)e‘r|2Br(T - ey@y‘f)’
(4)
2o ) -
Br(z — uy) = 6471'G%—:1niﬁ |<ny)/u'| Br(z — Iul/”l/r)’
(5)
_ 2 2 -
BT(T—’3M)—m|ym| |y,,,,| Br(T—’/‘”ﬂ’/r)’ and
(6)
1 o _
Br(z — ppe) = m [Yeul*[Vue " Br(z — p,vs),
A

(7)

where a., = g3 sin? Oy, /4x, G is the Fermi constant [5],
Br(u = et,v,) = 100%, Br(z — eb,v,) = 17.83% and
Br(r — pb,v,) = 17.41% [5].
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The rate of 4 — e conversion in atomic nuclei with the
chosen set of y,, is written as

R(uN — eN*) = (aemmﬂ)szgffZ|F(‘]>|2 yzl‘yﬂﬂF(r’ Su)
4”4m1itrcapt 3
3(vTy),, 2
_M , Where (8)
8
4S 2S 4S
— H H "
Fros =, 5 (150 (1477
V(2 1
X InF+————,
(145 -1
2 2
q m
r=——, Sy =—5—. (9)
mAii mAﬁ

Here, Z is the atomic number of the concerned nucleus.
Values of Zegy, Doy and F(g?= —m2) for the different
atomic nuclei can be obtained from Ref. [183].

Finally, before we start discussing our results in the next
section, we summarize the present and the expected future
limits of the considered CLFV processes in Table I.

V. RESULTS

We initiate exploring our findings with the muon
anomalous magnetic moment in the context of BSM
input parameters my++ and y,,(=yz,). A self-developed
FORTRAN code has been used for the purpose of numerical
analyses. In our investigation we perform a scan over three
free parameters y,,,, ¥,.(=y,,) and my++ in the following
ranges: 107 <y, v, S1.2 and 400 GeVSmpes S
1000 GeV, respectively. For the analysis of (g —2), we
do not consider any constraints from the list of CLFV
processes shown in Table I. In Fig. 3, we plot the variation
of y,, with m,+ when (i) only y,, is contributing to Aa,
(left plot), that is # = p in Fig. 1 and, (ii) all the chosen y, s
are contributing to Aa, (right plot). The left plot of Fig. 3
shows a copacetic correlation between my++ and y,,, as
expected for an analysis with only two free parameters [see
Eq. (2) with y,, = 0 for £ # pu]. The smooth increase of y,,
with larger m:= values is also well understood from the
same equation since y,, appears in the numerator while
my++ in the denominator. Hence, larger y,,, values appear a
must to satisfy the constraint on Aa, with increasing m .
The blue and the green lines represent lower and upper
bounds of the allowed one and two sigma (16—20¢) ranges
for Aa, [see Eq. (1)], respectively. From the left plot one
can also extract the possible range for y,,, i.., between
0.1-0.65 when m =+ varies within 400 GeV-1000 GeV.
The astonishing correlation between y,, and my«= gets

PHYSICAL REVIEW D 93, 115004 (2016)

TABLE 1. The present and the expected future limits of the
concerned CLFV processes.

CLFV processes Present limit Future limit

BR(u — ey) 5.7 x 10713 [165] 6.0 x 1071* [184]
BR(z — ey) 33 x 1078 [185] 3.0 x 107° [186]
BR(7 — uy) 4.4 x 1078 [185]  3.0x 107 [186]
BR(z — 3u) 2.1 x 1078 [187] 1.0 x 107 [186]

BR(z = euu™) 2.7x 1078 [187] 1.0 x 1077 [186]
R(uN — eN*) (for Au) 7.0 x 10713 [188] 2.87 x 10~'7 [189]

distorted when one switches on the other off-diagonal
Yukawa couplings, namely y,, and y,., as shown in the
right plot of Fig. 3. These distortions are apparent only for
the upper bands of allowed one and two sigma Aa,, values
while the lower bands remain practically the same as the
scenario with only y,,. Two conclusions become apparent
from the right plot of Fig. 3: (1) off-diagonal Yukawa
couplings can produce significant contributions to Aa,, and,
(2) these new contributions are normally negative and thus,
one needs larger y,, values to accommodate the Aa, data.
At the same time, the similarity of the lower one and two
sigma lines, in both of the plots, implies that contributions
from the off-diagonal y,.s are typically smaller compared
to the same from Vouu Unlike the left plot, here one does not
get a smooth increase in y,, value with increasing myz=.
One can however, still estimate a range for Vs 1e.,0.1-1.2
for 400 GeV < my=+ <1000 GeV.

In order to understand the relative contributions from y,,
and y,, y,, to the computation of Aa,, we plot the four
possible variations in Fig. 4. We consider the same range of
Mpz=, 1.e., 400 GeV < mp=e <1000 GeV for these plots,
similar to Fig. 3. All these data points (deep and light
greens) satisfy the one and two sigma bounds on Aa,
(represented by the light-brown and golden colored bands,
respectively), as given in Eq. (1). Two plots in the top row
of Fig. 4 show the variations of Aa,};““ with respect to y,,
and the off-diagonal Yukawa couplings. Two of the bottom
row plots represent the same but for \Aai’“’ﬂ‘” . Here, Aa,”
is that part of Aa, which arises solely from y,, while
|Aaf,”“+y”’ represents the same from y,, with £ # u [see
Eq. (2)]. From the top-left plot of Fig. 4, it is evident that in
the presence of off-diagonal Yukawas, y,, 2 0.3 can yield a
large contribution to muon (g — 2) beyond 2¢. Thus, if we
assume that contribution to Aa, arises solely from y,,,

ie., Aa, ~ Aa,", all points above the golden band remain
experimentally excluded. The situation remains the same
for Aa,y/“ in the context of off-diagonal y,, when y,, or
Yur 2 0.2 (top-right plot for Fig. 4). Beyond y,, = 0.2, the
sizeable but opposite sign contributions (—|Aaf;”“+y ) from
Ve adjust the positive over-growth of Aa,y/“ beyond 26 for
Yuu 2 0.3, as shown in the bottom-right plot of Fig. 4. One

more observation is apparent from the bottom-right plot of
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from y,,, while in the right plot contributions from other off-diagonal y,.s are also included. The blue and the green lines represent the
one and two sigma bands of the allowed Aa, values, as given by Eq. (1).
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are explained in the text. The light-brown and golden colored bands
represent the measured 1o and 20 ranges of Aa,, [see Eq. (1)]. The deep-green (light-green) colored point represents whether it satisfies
the constraint on Aa, at the 16(20) interval. We consider 400 GeV < my++ < 1000 GeV for these plots.
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Fig. 4, that the contribution from |Aa,);“+y " in the
determination of Aa, is practically negligible for

Yue < 0.01. On the contrary, as can be seen from the
Ve tVur

bottom-left plot of Fig. 4, that |Aa), shows hardly
any sensitivity to y,, below y,,, < 0.3. Only in the regime of

Yuu 2 0.3, \Aa,y/”ﬂ *"| grows with y,,,. This growth becomes
prominent for y,, 2 0.7. So one can conclude that:

(1) For the region 1y, <03, y,(=y.) <001,
Aa, = Aa" + Aaﬁ“"ﬂ "~ Aay". This is the reason
why the lower one and two sigma lines for the two
plots of Fig. 3 remain almost unaltered.

(2) In a tiny region: 03<y, <07, 0.0IZ
Vue(=Yu) $0.2, both of the contributions remain
comparable to the measured Aa, [see Eq. (1)], i.e.,

etV
|Aay ™| ~ Aay ~ O(Aa,). Hence, the measured

constraint on Aa, appears feasible after a runed

. Y Vet Ve
cancellation between Aa,” and Aa,/ ™.
Vuu 2 0.7,

(3) Finally, in the region with
Yue(=Y4uz) Z 0.2, both of the contributions are larger
than the measured Aa, (beyond the golden band at

26 level). In other words, |Aa)"™"|~ Aa)"
> O(Aa,). Clearly, for this region, the parameter
space that remains compatible with the measured
constraint of Aa, appears through a much-tuned
/y/ﬁym‘

cancellation between Aa,” and Aa
These last two features are also reflected in the erratic
variation of y,,, as shown in the right panel of Fig. 3.
A pictorial representation of these three aforesaid obser-
vations is shown in Fig. 5. Here, we plot the variations of

1078

20 |Aafpetver|

lo [Aayetvnr]

20 Aalpr -
lo Aajr -
10710 s sl aaaaal g
1010 1079 10°8 1077
Aacontribution
FIG. 5. Plot showing variations of the individual components,

ie., |Aa) | and Aa) with the total Aa,(=Aay"). The deep-
green (light-green) colored point represents whether it satisfies
the constraint of Aa, at the 16(20) interval for |Aa) . The
deep-blue (light-blue) colored points represent the same for
Aaﬁ”“. Remaining details are the same as Fig. 4.
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individual components, i.e., |Aa,y;’”+’v "1 and Aa;‘)‘” with the
total Aa,(=Aay"). It is apparent from this plot that
the contribution of A" in the evaluation of Aa® is
either the leading one (regime of overlap with the golden
colored band at the 2¢ interval) or overshooting. On the
other hand, for a novel region of the parameter space
|Aai;"”+’y‘” remains subleading (left-hand side of the golden
colored band) or comparable to Aaf[‘" (regime of overlap
with the golden band at the 2¢ interval). Further, for
Yur(€ # 1) 2 0.2, |Aa,y/“+y‘”| can also overshoot Aay" like
Aa,y}‘“ (right-hand side of the golden band). However, this
excess is opposite in sign to that of the Aa,y/" and thus,
together they respect the 2¢ constraint on (g —2),.

The discussion presented so far in the context of Aa,,
using the information available from Figs. 3, 4, and 5, can
be summarized as follows:

(1) For most of the parameter space, the dominant
contribution to Aa, is coming from y,,, irrespective
of y,,(£ # u) or my==. This region is y,,(=y,.)<
0.01, 0.1 < y,, <0.3.

(2) The contribution of y,, in Aa, is always negative
and practically negligible till y,, ~ 0.01. In the range
of 0.01 < y,, 0.2, y,, can yield a contribution to
(9—2), comparable to that from y,, (i.e., when
0.3 <y, <0.7) but with an opposite sign. Lastly,
beyond y,,~0.2, a large negative contribution
from this parameter helps to nullify the positive
overshooting contribution to Aa, from y,, with
Yuu > 0.7.

(3) Depending on the chosen range of my=:, ie.,
400 GeV < mp== <1000 GeV, one can extract
the upper bounds for the parameters y,, and
Yur(€ # p) from our analyses as 1.2 (see right-panel
plot of Fig. 3) and 0.6 (see top-right plot of Fig. 4),
respectively. These are the absolute possible upper
limits of the respective parameters, as extracted
through a simplified analysis. Adding other off-
diagonal Yukawa couplings or introducing complex
phases will in general result smaller upper bounds
for the concerned parameters. The only trivial way to
raise'’ these bounds is to consider a higher m,--.
This in turn would yield a smaller production cross-
section for the process pp — AT*AFT at the LHC
and thereby enhancing the possibility of escaping
the detection.

The investigation of muon (g — 2) has given us some
useful information about the parameters y,,, v,,(£ # p)
and m,==. We are now in a perfect platform to analyze the
importance of these parameters in the context of suitable

"In the same spirit one can consider a lower m A=+ to reduce
the upper bounds on y,,, y,,. However, n,+: below 400 GeV is
already at the edge of the experimentally excluded regions [126].
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and relevant CLFV processes, as given in Table L. In order
to perform this task, we do not consider the constraint from
(9—2),- In this way, we can explore the other allowed
corner of the parameter space for y,, and y,,, focusing
only on the CLFV processes. Subsequently, we will
scrutinize mutual compatibility of the two allowed regions
in y,, and y, parameter space, as obtained from the
(9—2), and CLFV processes. However, to simplify our
analysis we will use one key observation from our
discussion of Aa,, i.e., in general y,, > y,/.

The expressions for the branching fractions or the rate of
different CLFV processes are given in Egs. (3)—(8). From
these formulas it is evident that the allowed region in y,, —
Y, parameter space, consistent with the bounds shown in
Table I, will expand with larger m,+= values. One can
further extract another useful information from these
expressions, i.e., Br(z — ey) and Br(r — euu) are the
only two CLFV decays without any y,, contribution.
Both of these processes are Y,zm and thus, are in general
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suppressed compared to Br(z — py) and Br(r — 3u),
respectively. At the same time, from the view point
of present and the expected future limits (see Table 1),
Br(t —> ey) ~O (Br(z — uy)) and Br(z - euu) ~O
(Br(z — 3u)). Hence, one can safely neglect the
constraints coming from those two processes on the
Yuu — Yur parameter space without any loss of generality.
The latter statement has also been verified numerically.
Thus, we do not consider constraints from these two
channels in our numerical analysis as they will not affect
our conclusions anyway.

We plot the allowed region of y,,, — y,, parameter space
in Fig. 6 using the individual constraints on different CLFV
processes as well as on Aa,, adopting one at a time.
Further, we consider two extreme values of my::, i.e.,
400 GeV and 1000 GeV which cover the entire span. This
choice would help us to understand the relative modifica-
tion of the surviving y,,, — y,, parameter space for a change
in my++ value. It is clear from all the plots of Fig. 6 that

Present, maz+ = 1000 GeV
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FIG. 6. Plots showing variations of y,,, with yﬂe(zym) in the context of CLFV processes: y — ey, 7 — uy (collectively phrased as
Zi = €jy), T = 3u, uN — eN* and Aaq,. The plots of the top row are drawn for my++ = 400 GeV (top-left) and m,-+ = 1000 GeV
(top-right) assuming the existing constraints on various CLFV processes (see Table I). The sky-blue (deep-green) colored point
represents whether it satisfies the constraint of Aa, at the 26(10) interval. The golden colored points (for all the four plots) are those
which satisfy the constraint of only Br(z — 3p). Deep-blue and dark-red colors (top-row) are used to represent those points which satisfy
the constraint from only uN — eN* process and only £; — £y process, respectively. The red and orange colored points are used to
represent the same two quantities in the bottom row plots. The plots of the bottom row are drawn using the expected future limits on

different allowed CLFV processes.
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unlike (g —2),, the scales of y,, and y,, maintain some
kind of reciprocal behavior. This phenomenon is expected
since all the formulas of Egs. (3)—(8) contain the product of
Yukawa couplings in the form of (y,,y,,). The relative
arenas of the allowed y,, —y,, regions for the different
CLFV processes are also well understood. It is apparent
from Table I that at present the most stringent limit is
coming from y — ey, followed by uN — eN*. On the other
hand, the CLFV tau decays have much larger lower bounds,
O(107%). Hence, as expected, the allowed Yuu = Yut
parameter space for u — ey (thus for £; — £;y) lies in
the bottom (dark-red points in the top-row plots of Fig. 6).
This region is followed by the survived y,,, — y,, parameter
space from uN — eN* process, since the present limit on
R(uN — eN*) is marginally larger compared to the present
bound on Br(u — ey). This feature is evident from the
narrow visible strip of blue colored points as can be seen in
both of the top-row plots of Fig. 6. Finally, rather high
lower limit for 7 — 3y decay leaves a large allowed region
in the y,, —y,, space which is shown by the golden
colored points. The strip in the y,, — y,, parameter space
which respects the constraint of Aa, is very narrow and
given by the sky-blue (dark-green) colored points for the
respective 2¢(1o) limit [see Eq. (1)]. The presence of n,++
in the denominators [see Eqs. (3)—(8)] suggests an increase
of the allowed y,,, — y,, parameter space with higher m -+«
values. This behavior is visible from the two top-row plots
of Fig. 6 where the surviving y,,, — v, region grows larger
for mp+: = 1000 GeV (top-right plot) compared to
mp= = 400 GeV scenario (top-left plot). Independent
study of the allowed CLFV processes and (g — 2),, suggests
that only a very narrow region of the y,, — y,, parameter
space can survive the combined constraints from both. This
region is about 0.15-0.3 for y,,, while 0.0001-0.0004 for
Ve When myse =400 GeV (top-left plot of Fig. 6). The
span for y,, increases slightly, i.e., 0.0001-0.0008 when
one moves to my++ = 1000 GeV (top-right plot of Fig. 6).
The quantity y,,, at the same time, just makes a small shift
toward larger values, i.e., 0.3-0.6 without expanding the
allowed region.

The two plots in the bottom row of Fig. 6 trail more or
less a similar discussion, especially in the context of Aa,
for which the allowed y,, — y,, parameter space remains
the same. This is not true for other processes since these
plots are made using the expected future sensitivities of the
allowed CLFV processes (see Table I). Now in the future,
the quantity R(uN — eN*) is expected to achieve a lower
limit which is about four orders of magnitude smaller than
the current bound. On the contrary, future sensitivities for
u — ey process and CLFV tau decays are only one order of
magnitude smaller than the existing ones. Thus, in the
future the most stringent constraint on the y,, —y,,
parameter space would come from R(uN — eN*), as
shown by the red colored points in the two bottom-row

PHYSICAL REVIEW D 93, 115004 (2016)

plots. The next most severe constraint will appear from
u — ey (hence for £; — £;y) which is represented by
orange colored points. The golden colored points represent
the surviving y,, —y,, region from the constraint of
7 — 3pu process. Once again, for each of these concerned
processes, a larger allowed region in the y,, — y,, param-
eter space appears as we move from m,-: = 400 GeV
(bottom-left plot) to mp=z: = 1000 GeV (bottom-right
plot). The relative shrink of the allowed parameter space
while using improved future bounds, compared to that
with the present constraints, is natural. However, the
important observation from the bottom-row plots of
Fig. 6 is the complete disappearance of the region of
overlap between the surviving y,, — y,, parameter spaces
from R(uN — eN*) and (g —2),. The situation is practi-
cally the same for Br(u — ey) and (g — 2),, although a tiny
region of overlap would remain for m,-= = 1000 GeV
(bottom-right plot). A sizeable region of overlap will still
exist between Br(z — 3u) and (g —2), processes, how-
ever, smaller compared to the same with present con-
straints. So the region of y,,, — y,, parameter space that can
survive the combined constraints from the possible CLFV
processes and (g —2), may disappear in the future. This
missing area of overlap will certainly rule out the possibility
of accommodating both the CLFV processes and (g — 2),, in
the context of a doubly charged scalar in the mass window
of 400 GeV < mp+= S 1000 GeV. Nevertheless, one may
observe a region of overlap like that of the top-row plots with
larger values of m -+. The latter, as already stated, has rather
less appealing collider phenomenology.

VI. A** AT THE LHC

In this final section of our analysis we investigate the
collider phenomenology of a A** in the light of LHC run-
II. Our knowledge about the parameters y,,, y,.(=y,.) and
mp=+, as we have acquainted in the last section thus, will
appear resourceful. For the clarity of reading, it is important
to reemphasize that so far we considered a few low-
energy signatures solely from a A**. Here, we study the
pair-production of these A** having hypercharge Y = 1 at
the LHC and so, for our collider analysis. Thus, the
coupling for A¥**AFFZ_ vertex (see Sec. II) goes'' as
i(g, cos 20y, / cos Oy ) p°. For other choices of the hyper-
charge one can simply scale this production cross-section,

a(ppz—>/yAiiA¢jF)y:] as a function of g,,Y and sin® @y.
Further, we also assume a negligible/vanishingly small
VEV for the possible neutral scalar component of this
Y = 1 multiplet and hence, process like A** — W=W+
becomes irrelevant. In this scenario, the leading decay

"It is interesting to note that A¥=AFFZ_ coupling reduces as
ones goes from ¥ =0 to ¥ =2. For Y > 2 or for a negative
hypercharge, this coupling enhances.
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modes for a A** are £ ¢j; which are controlled by y,,, and
Yue/Yue- 1t is thus apparent that a set of unconstrained
Yur(€ = e, p, 7) couplings will not only produce the same-
sign same-flavor dileptons, e.g., A™* — u*u* but will also
generate same-sign different-flavor dileptons, e.g., A+ —
ute®, ytrt with equal branching fractions. The last two
decays are example of lepton flavor violating scalar decays.

At this point, our knowledge of ., ¥, (=y,.) and m+-
from Sec. V appears very meaningful to estimate the
relative strengths of different possible A** — £, ¢ proc-
esses. For our collider analysis, just like our two previous
investigations of a few CLFV processes and (g —2),, we
consider 400 GeV < my:= <1000 GeV, following the
exclusion limit set by the LHC run-I data-set [126]. At
the same time, from Sec. V, we can observe an allowed
region in the y,, —v,,(£ # p) parameter space that sur-
vives the combined set of present constraints from muon
(9g—2) and a few CLFV processes. In this region of
survival, one gets y,,~O(107*) while y,, ~O(107")
(see two top-row plots of Fig. 6). It is hence needless to
mention that at the LHC processes like A** — y*e® or
A** — y*7t will remain orders of magnitude suppressed
compared to A** — y*u* mode, provided one respects
the combined constraints coming from (g —2), and a few
CLFV processes. Unfortunately, as discussed in Sec. V,
such a conclusion would not hold true in the future when
the y,, — v,,(£ # p) parameter space that can survive the
combined constraints of (g—2), and CLFV processes
remains missing. One should note that such a region in
the parameter space can reappear for large m =+ values, but

at the cost of a diminished o(p pZ—>/7AiiA:F”F). From the

aforementioned discussion one can conclude that with our
simplified parameter choice, the region of parameter space
which respects the combined constraints of muon (g — 2)
and some CLFV processes will predominantly yield four-
muon (pp — ATFATT — 24%247) final state at the LHC.

For the sake of numerical analyses, the parton level
signal events are generated using calcHEP [190]. These
events are then passed through PYTHIA v6.4.28 [191] for
decay, showering, hadronization, and fragmentation.
PYCELL has been used for the purpose of jet construction.
We have used CTEQOL parton distribution function [192]
while generating the events. Factorization and renormali-
zation scales are set at /3 (i.e, ug = up = V/3), where /5
is the parton level center-of-mass energy. We work in the
context of LHC with 13 TeV center-of-mass energy and
used the following set of basic selection cuts to identify
isolated leptons12 (I = e, u) and jets (hadronic) in the final
states:

"Final states with 7-jets (from a hadronically decaying tau) are
discarded.
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(i) A final state lepton must have ph > 10 GeV
and |n'| < 2.5. _
(i) A final state jet is selected if pJ > 20 GeV
and /| < 2.5.
(iii) Lepton-lepton separation,13 AR; > 0.2.
(iv) Lepton-photon separation, AR;, > 0.2.
(v) Lepton-jet separation, AR;; > 0.4.

(vi) Hadronic energy deposition, > phd around an
isolated lepton must be < 0.2 x pk.

(vii) Final states with four-leptons are selected if the
leading and subleading leptons have p} > 30 GeV
while for the remaining two, p} > 20 GeV.

Leading SM background contribution will arise from
ttZ/y* or ZZ/y* events. However, one can use the two
following characteristics to suppress these backgrounds:
(1) Four-lepton final states from f7Z/y* channels always
appear with certain amount of missing transverse energy
(E7). (2) The set of four-leptons coming from ZZ process
contains pairwise same flavor opposite-sign leptons
from a Z-decay, and can easily be eliminated using
appropriate invariant mass (m™") cuts which is isomorphic
to Z-veto. Background events are generated using
MadGraphS @aMcCNLO v2.2.3 [193,194] and subsequently
showered with PYTHIA. In our background simulations, we
switched on all the possible processes that lead to pp —
2uT 247 final state with at most two jets (light or b-tagged).
At this stage, after a careful scrutiny of the different
kinematic distributions for both the signal (S) and back-
ground (B) events, we have introduced the following set of
advanced cuts to guarantee an optimized signal to back-
ground event ratio:

C1: Within the chosen framework a A** decays only into
U= (¢ = e, u,t) and hence, one would expect no had-
ronic jets for the final states. However, hadronic jets may
appear while showering and we therefore, limit the final
state hadronic jet multiplicity up to one.

C2: We further impose another criterion on the possible
final state hadronic-jet, i.e., it must not be a b-tagged jet.
This choice helps to reduce the t7Z/y* background.

C3: Theoretically, no source of E; exists for the predomi-
nant decay mode A** — y*u* although nonzero E; can
appear from subleading A*™ — y*7* mode. The latter, as
discussed in Sec. V, remains highly suppressed. Hence, we
consider an upper limit of 30 GeV on the E7.

C4: In our analysis, a pair of same-sign leptons emerges
from a A** whereas for the backgrounds, a pair of
opposite-sign leptons shares the same source. We therefore,
construct m™ for all the possible final state opposite-
sign lepton pairs and discard all those events with

ImitY_ —my| <15 GeV. Here, my is the mass of Z-boson.

PAR is defined as +/(A®)? + (An)%, where A® is the
difference in involved azimuthal angles while A# is the difference
of concerned pseudorapidities, respectively.
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TABLE II
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Signal cross-sections for the three chosen benchmark points before and after applying the selection-

cuts as described in the text. The final row represents the total cross-section from all the possible SM backgrounds
which contain four-muon final states with a maximum hadronic-jet multiplicity of two.

Parameters
Benchmark points mpse (GeV) Vouu Production cross-section (fb) Cross-section after cuts (fb)
BP1 600 0.29 1.52 0.286
BP2 800 0.46 0.33 0.061
BP3 1000 0.47 0.08 0.014
SM backgrounds All inclusive 11.56 0.01

This cut appears useful to suppress backgrounds from
Z-boson decay.

In Table II, we show the signal cross-sections prior and
after implementing all the basic and advanced cuts. In this
context, following the discussion of last section, we
consider a set of three representative benchmark points
which simultaneously satisfies the present set of bounds on
CLFV processes and (g — 2) of muon. The same discussion
also predicts y,, > y,,(¢ #u) with y,, ~O(0.1) and
Yue ~ O(107*). Thus, we do not explicitly mention the
corresponding values of y,.(=y,,) in Table IL. In the
context of numbers presented in Table II, it is interesting
to explore the effectiveness of the advanced cuts, e.g., C3,
C4. We have observed that the advanced selection cut C3
reduces 22% of the background events while diminishes
18% of the signal events (BP1 for example). Subsequent
application of cut C4 Kkills 4% of the surviving events for
the signal (BP1) whereas removes 99% of the surviving
background events.

Finally, in Fig. 7 we show the variation of statistical
signiﬁcance]4 as a function of the integrated luminosity
(L), for a set of three possible benchmark points (see
Table II). The integrated luminosity range (starting from
1 fb~! up to the proposed maximum) for the LHC and the
high-luminosity LHC (HL-LHC) [195]) are represented
with golden and dark-golden color, respectively. The
horizontal black colored line represents a 3¢ statistical
significance. The diminishing nature of statistical signifi-
cance with increasing m:- (see benchmark points in
Table II) is a natural consequence of reducing
o(pp —» AT*ATT). One can compensate this reduction
with a higher center-of-mass energy or larger £, as can be
seen from Fig. 7. It is evident from this figure that one
would expect strong experimental evidence (statistical
significance > 406) of a A** (as sketched within our
construction) up to my+= ~ 800 GeV during the ongoing
LHC run-II. The exact time line is however, m++ depen-
dent. For example, a discovery (statistical significance
> 50) of the studied A** up to m,++ ~ 600 GeV appears

“Calculated as S/+/S + B where S(B) represents the number
of signal(background) events.

possible with £ = 100 fb~!, which is well envisaged by
2017-2018. A similar conclusion for m,== = 800 GeV at
the 4o level however, needs £ = 300 fb~! and hence,
could appear feasible around 2020. For a more massive
ATt discovery, e.g., mp:: = 1000 GeV, one would
undoubtedly require a larger £ like 3000 fb~!. Necessity
of such a high £ would leave a massive A** undetected at
the LHC. The proposed high-luminosity extension of the
LHC, HL-LHC [195], however, will certainly explore this
scenario. We note in passing that a A** much heavier than
1000 GeV would remain hidden even in such a powerful
machine. The latter, however, will leave its imprints
through a region in the y,, — v,,(£ # p) parameter space
(see Fig. 6) that would simultaneously respect the improved
future bounds on a few CLFV processes and muon (g — 2).

VII. SUMMARY AND CONCLUSIONS

Discovery of a “Higgs-like” scalar at the LHC and
hitherto incomplete knowledge about its origin have
revived the quest for an extended scalar sector beyond
the SM. An interesting possibility is to consider these

4
8
=} 3
g
g
2
w0
EHL—LHC
1 LLHC
BP1 ——
BP2 ——
0 ; ‘ " s .
10° 10! 102 103 10
Integrated luminosity (fb!)
FIG. 7. Variation of the statistical significance as a function of

the integrated luminosity (£) for the three different benchmark
points (see Table II). The black colored horizontal line represents
a 30 statistical significance. The golden (dark-golden) colored
band represents the luminosity range (with a chosen lower
limit of 1 fb~!) for the LHC (proposed high luminosity LHC,
HL-LHC).
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extensions through different spin-zero multiplets that con-
tain various electrically charged (singly, doubly, triply etc.)
and often also neutral fields. In this paper we have
entangled the CLFV and muon (g-2) data to constrain
the relevant parameters associated with a doubly charged
scalar through a simplified structure and also discuss the
possible collider signatures. Further, focusing on the muon
anomalous magnetic moment, we have assumed only a few
non-zero Yukawa couplings, namely y,, with £ = e, u, 7,
between the doubly charged scalar and the charged leptons.
Furthermore, for simplicity we have chosen them real as
well as y,, = y,, and thus, left with only three relevant free
parameters, namely ¥, Y. (=y,.) and my:-.

This simplified framework gives two additional contri-
butions to the muon anomalous magnetic moment, as
shown in Fig. 1. To start with we have computed con-
tributions of these two new diagrams in (g-—2), as
functions of the parameters y,,,y,.(=y,,) and my:-.
Subsequently, we have scrutinized the impact of individual
as well as combined contributions from y,, and y,.(=y,.)
on the (g — 2),,, for different choices of m, .. We have also
explored various correlations among these three free
parameters while analyzing Figs. 3-5. These correlations
were used to extract the upper bounds on parameters y,,
and y,.(=y,.) as 1.2 and 0.3, respectively, keeping in mind
their real nature and the span in m-«, i.e., 400 GeV—
1000 GeV. In addition, these plots also provide the
following observations: (1) Contribution from y,.(=y,.)
in the evaluation of Aa, is always negative. (2) The size of
this contribution is negligible for y,.(=y,,) < 0.01. In this
region, the constraint on Aa, gets satisfied solely from
Yy With 0.1 <y, <03. (3) In the span of 0.01<
Vue(=yu) S 0.1, this contribution is comparable to the
same coming from y,, (i.e., when 0.3 <y, <0.6) and,
together they satisfy the constraint on Aa,, through a tuned
cancellation. (4) In the region 0.1 <y, (=y,) <03, a
large negative contribution from this parameter appears
useful to compensate the large positive contribution from
Yuu With y,, 2 0.6. In this corner of the parameter space,
two large but opposite sign contributions partially cancel
each other in a much-tuned way to satisfy the experimental
bound on Aa,.

The chosen set of Yukawa couplings also generates new
contributions to a class of CLFV processes, as addressed in
Sec. IV. We have also investigated these processes in this
paper in the light of parameters y,,,y,.(=y,.) and my+=,
independent of the (g — 2) , process. In the context of these
analyses we observed that the allowed y,, — v,/( # p)
parameter space prefers reciprocal behavior between the
two aforementioned parameters. This feature is evident
from Fig. 6. In these same set of plots we observed a
significant enhancement of the surviving y,, — y,, param-
eter space as one considers larger my:+ values. On the
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contrary, the allowed region in the y,, —y,, parameter
space shrinks when one considers more stringent expected
future limits on different CLFV processes. As a final step of
our analysis, we have explored the region of overlap among
the different possible y,, —y,, planes that can survive
the individual constraints of various CLFV processes and
(9—2) 4+ Our investigation predicts a regime of overlap,
ie., 0.0001 <y, (=y,) <0.0004, 0.1<y,, <03 for
mpz= = 400 GeV where all the present constraints on
various CLFV processes and (g —2), are simultaneously
satisfied. This region, as can be seen from Fig. 6, expands
slightly for y,,, i.e., 0.0001 < y,.(=y,.) < 0.0006 while
shifts for y,,, ie., 0.3 <y, <0.6 when one considers
mp=+ = 1000 GeV. Expected improvements of the lower
bounds for CLFV processes by a few orders of magnitude
in the future, e.g., R(uN — eN*) would washout any such
common region where constraints on the CLFV processes
and Aaq, are simultaneously satisfied. Hence, any future
measurements in this direction will discard the possibility
that only a doubly charged scalar is instrumental for both
the CLFV processes and the muon anomalous magnetic
moment. In other words, given that one can achieve the
proposed sensitivities for the CLFV processes in future and
observe a region of overlap, the presence of certain other
BSM patrticles is definitely guaranteed. One can never-
theless, revive some regime of overlap, even when only a
doubly charged scalar is present, by considering a much
larger m <= which is experimentally less appealing.
Finally, we used our knowledge of y,,, v,.(=y,,) and
mp==, that we have gathered while investigating a few
CLFV processes and Aa,,, in the context of a LHC study for
pp = ATEATT - 2f§2f; processes. Our analysis of the
Sec. V suggests that y,,, > v,,(£ # u) when one simulta-
neously considers the existing set of constraints on the two
concerned processes. Thus, in the context of the chosen
simplified model framework, the decay mode A** —
uFu* dominates over the flavor violating A** decays.
We have addressed the possibility of detecting our con-
struction at the run-IT of LHC with 13 TeV center-of-mass
energy as a function of the integrated luminosity, for the
three different sets of model parameters (see Fig. 7). One
can conclude from the same plot that, provided the LHC
will attain the proposed integrated luminosity of 300 fb~!,
a statistically significant (i.e., > 40) detection of the studied
A** would remain well envisaged till m -+ ~ 800 GeV.
Probing higher m,:- values would require a high-
luminosity collider. Lastly, we conclude that experimental
status of the studied scenario with future generation CLFV
measurements is rather critical, because: (1) One observes a
region in the y,, —y,, parameter space which satisfies
both the constraints of muon (g — 2) and the set of leading
CLFV processes for the range of 400 GeV < mpz=<
1000 GeV. Such an observation would signify the presence
of some new particles, apart from a A**. However, any
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FIG. 8.
momentum is from left to right and k = k; + g.

such additional information will increase the complexity
of the underlying model at the cost of reduced predict-
ability. (2) A similar region in the y,, —y,, para-
meter space appears for a higher my,:+ value, ie.,
mp== > 1000 GeV. In this case, as can be seen from
Fig. 7, the collider prospects of detecting such a heavy
m =+ would appear rather poor, even at the proposed high
luminosity LHC (HL-LHC) with an integrated luminosity
of 3000 fb~!.

ACKNOWLEDGMENTS

The work of J.C. is supported by the Department of
Science & Technology, Government of INDIA under the
Grant Agreement No. IFA12-PH-34 (INSPIRE Faculty
Award). P.G. acknowledges the support from P2IO
Excellence Laboratory (LABEX). The work of S. M. is
partially supported by funding available from the
Department of Atomic Energy, Government of India, for
the Regional Centre for Accelerator-based Particle Physics
(RECAPP), Harish-Chandra Research Institute.

APPENDIX:

In this appendix we present the calculation needed for
the computation of (g —2), through a A**, as shown in
Fig. 8. One may write down these two processes as
u(ky + q) = pu(ky) +y(gq), where ky,q represent four-
momentum of the incoming muon, the outgoing muon,
and the outgoing photon, respectively.

The Feynman amplitude for the process leading to
anomalous magnetic moment of muon can be written as:

oq,
it = iealks + ) (1) + 1 Fala?) Juth)|.
2m,
(A1)
where F,|,_, is the form factor which needs to be
calculated.
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7(q)

(b)

+ —
(F(ky—r+q) Fik=r)

pF (ki +q)

(¥ (ki)

Relevant details needed to compute Feynman amplitudes for the two diagrams shown in Fig. 1. The direction for all the

The amplitude for the process shown in Fig. 8(a) is
written as:

d*r i(F+myg)
i 2k ¢
lMl /(2”>4 u( I+Q)yﬂf )"2 _m§ yﬂf
i i

ki —r+4q)* —my.. (ky —r)> —m}..

X [=iQps+[(ky — 7+ q) + ky — 7], Ju(ky),

1
(A2)

where Q,:+ = 2e is the electric charge of the doubly
charged scalar.

With the same spirit one can compute the contribution
from the second diagram, as shown in Fig. 8(b), where the
amplitude reads as:

. d*r ki —F+ .
IME = / (27:) (k1 + Q)yﬂf(sclr—)z_n;%z(—leyﬂ)
i(ky —#+4+my) i
- (ky —r+q)* —m3 Yt (r - miﬁ) ulki)- (A3)

After combining these two contributions [Eqs. (A2),
(A3)] and extracting the coefficient of o,,, after a few
intermediate steps, we find the total contribution to muon
(g—2) as:

Aa, =

Fu2Y2 [ [ 2(p+55)(0*=p)
T8 [/ dp[ 2 (M —my)p+ (1= p)m7]

L (p*=p*+55p%)
_A T+ (mZ—m2)p+ (1—p)m.])
(A4)

Here f,, is a multiplicative factor which is equal to 1 for
¢ = e, T while equals to 4 for £ = u. The latter appears due
to the presence of two identical fields in the interac-
tion term.
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