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Recent precise measurement of the electron anomalous magnetic moment (AMM) adds to the
longstanding tension of the muon AMM and together strongly point toward physics beyond the Standard
Model (BSM). In this work, we propose a solution to both anomalies in an economical fashion via a light
scalar that emerges from a second Higgs doublet and resides in the O(10)-MeV to O(1)-GeV mass range
yielding the right sizes and signs for these deviations due to one-loop and two-loop dominance for the
muon and the electron, respectively. A scalar of this type is subject to a number of various experimental
constraints, however, as we show, it can remain sufficiently light by evading all experimental bounds and
has the great potential to be discovered in the near-future low-energy experiments. The analysis provided
here is equally applicable to any BSM scenario for which a light scalar is allowed to have sizable flavor-
diagonal couplings to the charged leptons. In addition to the light scalar, our theory predicts the existence of
a nearly degenerate charged scalar and a pseudoscalar, which have masses of the order of the electroweak
scale. We analyze possible ways to probe new-physics signals at colliders and find that this scenario can be
tested at the LHC by looking at the novel process pp — HY*H*jj — [*I*jj+ Er via same-sign pair

production of charged Higgs bosons.
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I. INTRODUCTION

For a charged elementary particle with half-integer
intrinsic spin, the Landé g-factor at the tree-level has the
value g = 2. Any departure from this is called the anomalous
magnetic moment (AMM) defined by a = (g —2)/2. The
first radiative correction to this value at the one-loop level
was performed by Schwinger [1]. Our current best under-
standing of physics at the fundamental scale is precisely
described by the Standard Model (SM) and, within this
theory, contribution to agy; arises from loops containing
quantum electrodynamics (QED) corrections, hadronic
(QCD) processes, and electroweak (EW) pieces. For the
electron and the muon, the QED contributions [1-18] to the
AMMs, which are the most dominant corrections, have
been computed up to 5-loop order [19-21]. Furthermore,
within the SM the accurately computed corrections from
QCD [22-44] and EW [45-50] interactions can be important
due to the current experimental precision.

fsudip. jana@mpi-hd.mpg.de
fvipadma @okstate.edu
*shaikh.saad @ okstate.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2020,/101(11)/115037(13)

115037-1

Since the electron and the muon AMMs a,, can be
measured with great precision in the experiments, and
simultaneously can be computed with outstanding accuracy
within the SM, these two quantities are the most crucial
observables in particle physics. A slight deviation of these
measured quantities from the SM values will be a direct
indication of physics beyond the SM (BSM). Hence, any
BSM particle that couples to a lepton (£ = e and/or u),
either directly or indirectly, and contributes to its AMM a,
can be probed in the experiments.

In the muon sector, there has been a longstanding tension
between the theoretical prediction and the value measured
at the Brookhaven National Laboratory [51], corresponding
to a deviation:

Aa, = (2744 0.73) x 107, (1)

Since their first measurement of Aa, [52], the discrepancy
has been slowly growing due to the reduction of both
theoretical and experimental uncertainties and has gained a
lot of attention to the theory community over the last almost
two decades; for reviews see e.g., Refs. [53,54]. In the near
future, Fermilab’s E989 Muon g — 2 experiment [55] that
has the precision a factor of four times better than the
previous experimental measurements, is likely to publish
their first result, which makes the scenario even more
exciting. Additionally, the future J-PARC experiment [56]
developed by the E34 collaboration also aims to measure
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muon AMM with similar precision. Moreover, the objec-
tive of the recently proposed MUonE experiment [57]
at CERN is to determine the hadronic contribution to
muon AMM with a precision smaller than the theoretical
uncertainty originating from leading-order QCD proc-
esses. For discussions on possible new-physics (NP)
effects on the measurements of the MUonE experiment,
see Refs. [58,59].

On the other hand, just recently an improved measure-
ment [60] of the fine-structure constant @ using Caesium
atom points toward a deviation in the electron AMM from
theoretical prediction as well:

Aa, = —(8.7+£3.6) x 10713, (2)

Equation (2) corresponds to a negative ~2.4¢ discrepancy
for the electron, whereas Eq. (1) for the muon signifies a
positive ~3.7¢ deviation from the SM predictions. These
tantalizing disparities could play a significant role in
finding clues of NP BSM. Note however that having
opposite signs of these two anomalies, along with the fact
that the mass ratio of the muon to the electron is ~O(100),
makes it more difficult to explain them simultaneously
within a common BSM origin.

In the literature, a few different mechanisms are
proposed to take into account these deviations, e.g., by
introducing scalar degrees of freedom [61-68], in the
supersymmetric context [69—72], utilizing vectorlike fer-
mions [73-75], in models with gauge-extensions [76-78],
and considering nonlocal QED effects [79]. Whereas
most of the constructions are effective theories or require
the presence of additional fermionic states, in this work,
we propose a simple ultraviolet (UV) complete model
without extending the gauge sector of the SM and without
introducing BSM fermionic states. In our framework,
the observed disparities of the lepton AMMSs given in
Egs. (1)-(2) have a common origin, and proper explanation
of both these anomalies relies on the existence of a new
light scalar degree of freedom that resides in the
O(10)-MeV to O(1)-GeV mass range. NP around this
low-energy regime is very interesting and has the potential
to be probed in the ongoing, as well as in the upcoming
experiments. As we will show, such a light scalar, even
though subject to a number of various experimental
constraints, can simultaneously incorporate the deviations
observed in the muon and the electron AMMs.

Our UV-complete theory is the well-motivated two-
Higgs-doublet-model (2HDM) [80,81], which is one of
the simplest extensions of the SM. A variety of theories
beyond the SM naturally contain a second Higgs doublet,
such as supersymmetric theories [82], axion models to
solve the strong CP-problem [83,84], left-right symmetric
models [85], and more. In this theory, in addition to the
SM Higgs h, there exist one CP-even H, one CP-odd A,
and a charged H™ physical scalars. We show that the new

CP-even state can remain significantly light (my < my,
my, my+) evading all experimental constraints and
contribute to both a, and a, to the right amounts. Even
though the corrections to each of the AMMs arise from H
mediated one-loop and two-loop processes, a positive one-
loop quantum correction dominates for the muon AMM,
whereas the required contribution to the electron AMM
originates primarily from a two-loop diagram that has
a sign ambiguity. For elaborated discussions on loop-
mediated contributions to lepton AMMSs via scalars see
e.g., Refs. [86,87]. For explanations of only the muon g — 2
within the 2HDM see e.g., Refs. [88—112]. It should be
stressed that the analysis provided in this work is equally
applicable to any BSM scenario for which the effective
theory consists of a light CP-even state [113] having
sizable flavor-diagonal couplings to charged leptons and
negligible mixing with the SM Higgs.

In the next section we introduce the proposed model,
then in Sec. IIl we summarize experimental constraints
relevant to our study and present detailed results, and
finally, we conclude in Sec. IV.

II. MODEL

A. Scalar sector

In 4our proposed model, the SM containing a Higgs
doublet @, is extended by a second Higgs doublet ®,, each
carrying hypercharge = 1/2. Both the Higgs doublets can
acquire vacuum expectation values (VEVs) (®;) = v;, such
that v;0;6;; = v* = (246 GeV)?. This introduces a param-
eter in the theory defined as: tan # = v,/v,. However, one
can choose a particularly convenient rotated basis in which
only one neutral Higgs has a nonzero vacuum expectation
value. The most general scalar potential of 2HDM written
in this so-called Higgs-basis is given by [81,114-116]:

V =m} HH, +myHH, — {m},H H, + Hc.}
p p .
+ 31 (H{H,)? + 32 (HYH»)? + A3(H Hy) (HyH,)
- - A -
) ) + {5 (] e
+ {[A(H Hy) + 27 (HyH,)|H{H, + Hec.}. (3)

Here m?,, and 4s 67 can be complex in general, whereas the
rest of the parameters are real. We work in the CP-
conserving limit and take all the parameters to be real.
The Higgs-basis and the original basis are related by the
following transformations:

H| = cos p®; + sin fD,, (4)
H, = —sin @, + cos pd,. (5)

Note that in this basis, only H; has nonzero VEV [116],
and these fields can be parametrized as:
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G* H*
Hy = <v+H?+iG°>, H, = <Hg+iA0>. (6)
V2 V2

Here G* and G° are the Goldstone bosons eaten up
by the gauge bosons after the EW symmetry is broken.
Furthermore, HY, are the CP-even neutral and A° is the
CP-odd neutral scalars. The mass eigenstates of the CP-
even neutral scalars are as follows [116]:

h = cos(a — B)HY + sin(a — ) HY, (7)
H = —sin(a — f)H" + cos(a — B)HY. (8)

Here the corresponding mixing angle is defined as [116]:

. 2021,
sin2(a — f) :r_fnz. 9)
H

In our study, we work in the alignment limit [81,116-118],
which by following the above definitions corresponds to
a= p [116]. In this limit, H(l) ~ h is the SM Higgs and
almost decouples from the other CP-even state H) ~ H.
Then the masses of all the physical scalars in this theory are
given by [116]:

2

v
m% :/11’[}27 mz:mgz‘l'?(i% +i4+15)7 (10)

2

v
?_Ii :m%[_?(/14+/15) (ll)

m% = m¥ — v*2s, m

As aforementioned, we are interested in the scenario with
a mass hierarchy of the form: m3; < m?.,m3. With this
choice, the EW precision measurements put restrictions
on the mass splitting between H* and A states, hence, for
simplicity, we take them to be degenerate, m? . = m7,.
This demands, A, = A5(=4), and consequently one finds:
m2,, = m} = —v*A (here we have neglected the small mass
of H scalar). From this, it is evident that masses of the
heavy scalars H* and A cannot be made arbitrarily large.
Perturbatively of the couplings |A| <2 (or v/4x) provides
an upper bound on the mass of the heavy states my+ =
my < 350 (or 460) GeV, as long as my =~ 0.

On the other hand, a lower bound on the charged Higgs
mass utilizing LEP constraints in our scenario is found to
be my+~ > 110 GeV as will be discussed later in the text.
For the simplicity of our analysis, we fix its mass to be
110 GeV for the rest of this work that corresponds to
the case Am = my — my- = —110 GeV. This bound can
be then translated to A = Am?/v?> = —0.199, which essen-
tially remains the same for a wide range of mass
0 GeV <my <1 GeV, but can be significantly different
in the larger mass region.

B. Yukawa sector

The Yukawa coupling of this theory is given by
[81,114,115]:

~Ly 2 V2V )@, + Y @)k, kg + He. (12)

Here for quarks k; =Q; ,kr =ug,dg, for leptons k; = L,
kr = Cp, and in the up-quark sector ® — iz,®* must be
made. In the Higgs-basis the Lagrangian has the same
form as that of Eq. (12) with the replacements: ®; — H,,

and {Yil), Y,((z)} — {¥, Y}, where we have defined: ¥, =
Yﬁcl) cos ff + Y,(cz) sinf and Y, = —Y,(Cl) sinf + Y§€2) cos 3.
Note that ¥, and Y, are independent 3 x 3 Yukawa
coupling matrices. Since in the Higgs-basis only H;
acquires a VEV, the masses of the fermions are entirely
coming from ¥, Yukawa couplings that follow the relations

Y, = gM «» Whereas Y, are free parameters. We work in a
basis, where the mass matrices are real and diagonal. In this
chosen basis, the second set of Yukawa coupling matrices,
Y, are in general arbitrary nondiagonal matrices and we
denote these rotated matrices by Y;. However, Y, are
subject to stringent phenomenological constraints, since
they mediate dangerous flavor violating processes. In the
quark sector, even if one starts with diagonal Y, off-
diagonal entries reappear in Y; matrices due to nonvanish-
ing CKM entries. This is why we assume all entries in
both the up-type and down-type quarks to be sufficiently
small Y, ; Y47 < 1, and focus only on the lepton sector.
Following the above discussions, the Yukawa interactions
of the leptons with the physical scalars are then given by:

—Ly D [YHLHO + YD, A%, it
+Y;{;]DLIKRJH+\/§+HC? (13)

here, Y{ZO = Yf}o =y " =Y. For this lepton Yukawa matrix,
we assume a texture of the form: Y, = diag(y,.y,.y),
where, couplings y, are uncorrelated to the masses of the
leptons and we take them to be real. This choice of Yukawa
texture is taken purely due to phenomenological consid-
erations to avoid dangerous flavor violating processes.

C. Lepton anomalous magnetic moments

We remind the readers that the SM Higgs does not mix
with the BSM states. Consequently the contributions of &
via the one-loop and two-loop diagrams of Fig. 1 remain
the same as that of SM, which is already a part of a3™. Now
we compute all possible BSM contributions to lepton
AMMs (Aa,) within our framework. We first derive the
one-loop contributions as shown in Fig. 1 (diagram on the
left) arising from the charged, CP-even, and CP-odd
scalars which are given by [119]:
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FIG. 1.

One-loop (left) and two-loop (right) contributions to lepton AMMs arising from beyond-SM neutral scalars. The one-loop

contribution due to the charged scalar is not presented here. For our choice of diagonal Yukawa couplings, the only term that contributes

for the one-loop diagram corresponds to ¢/ = 7.

Aaf} = %FH+ [z5+]s (14)
Ad?, = < 2;0:@ YO )’F 2], (15)
e = ";’j Zp = Z"’; (16)
Fplpl = A K xzzilzgoj(cli—ll)f) (18)

In deriving the above formulas, we have adopted the
scenario of diagonal Yukawa couplings. Moreover, in the

F 4 formula, + and — corresponds to the cases ¢° = H and
¢° = A, respectively.

Within our set-up, the neutral scalars with the help of
fermion loops can contribute to lepton AMMS via a two-
loop Barr-Zee diagram [120,121] as shown in Fig. 1
(diagram on the right). We further derive these two-loop
contributions to Aa, , and find these corrections to be

HA N 2Y¢ m3
0 a
sl mf y Z Z f [—zf} . (19)
A m¢0
1 W 0 X(l - x)
F _ dx ¢ In ., (20
P [Z{/,o] Z¢0 A x(l _x) _ Z,/)O z{/)n ( )

wy =2x(1 —x) -1, wy = L. (21)

In Eq. (19), the sum over the internal fermions is taken over
f=epr
Note that in the two-loop diagram shown in Fig. 1, the

fermions f running inside the loop can be replaced by
charged scalar H*. Contribution of this type originates only

from the A, term in the scalar potential, and this quartic
coupling plays no role in giving masses to the scalars. In
our analysis we take this coupling to be small just for
simplicity, and consequently do not include the diagram
involving charged scalar loop. It is to be mentioned that
adding this contribution to Aa, will not change the results
of this work, since m3; > my.

As aforementioned, we are interested in an interesting
regime of the 2HDM where the CP-even state H, emerging
from the second Higgs doublet remains sufficiently light
compared to its partners. In our scenario, a mass splitting
of this type is essential for concurrent explanation of Aa,
and Aa,. As will be apparent from the detailed analysis
performed in the next section, the experimentally allowed
mass window is O(10)-MeV to O(1)-GeV for the light
scalar. In this scheme, only the contribution of the light
state to the lepton AMMs is significant, since our case
corresponds to my+ = m, > my. Here we investigate the
viability of attaining right sizes and signs for both the
deviations observed in g, — 2 and g, — 2 measurements via
CP-even scalar H. For completeness we have also included
the contributions from H* and A that can provide sizable
corrections at the higher mass regime. To get an under-
standing of the relative magnitudes, in Fig. 2, we show both
the one-loop (dotted line) and the two-loop (dashed line)
contributions to AMMs for two different values of the
Yukawa couplings as a function of its mass my. The solid
lines correspond to overall contributions to |Aa, .|, and the
horizontal gray bands indicate the experimental measure-
ments within their 2o values. From Fig. 2, one finds that
within the mass range under consideration, the positive
one-loop contribution is the primary source of Aa,,
whereas the two-loop correction with a negative sign must
dominate over the positive one-loop correction to Aa,, to
properly take into account the observed data given in
Egs. (1)-(2).

In making these plots as well as for the rest of the
analysis, we fix the tau Yukawa coupling to be y, = 0.1,
which is allowed by the experiment data to be discussed
later in the text. From the above analysis, it is clear that the
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FIG.2. Magnitudes of one-loop (dotted) and two-loop (dashed) contributions to Aa, (¢ = e, u) by the BSM states of the theory. Solid
lines represent the total magnitude of Aa, by assuming negative two-loop contributions. The horizontal bands indicate the experimental

20 allowed region.

choice of y, plays significant role in explaining Aa, data.
The two-loop contribution to Aa, is directly proportional to
the product of the Yukawa couplings Aa, < y,y,. As a
result, a choice of smaller values of y, demands larger
values of y, to compensate the decrease in tau Yukawa
coupling. As will be apparent from our detailed analysis,
taking a value of y, (y,), for example one order smaller
(larger) than the above-mentioned choice will rule out
almost the entire parameter space to accommodate Aa,
within its 1o measured value (see Fig. 5). Additionally,
since the Barr-Zee diagram provides a negative contribu-
tion (apart from the sign of the Yukawa couplings) to AMM
for a neutral CP-even scalar, the sign of the product of the
Yukawa couplings must be positive.

III. EXPERIMENTAL CONSTRAINTS AND
FUTURE PROSPECTS

As demonstrated above, a relatively light scalar com-
pared to the EW scale can naturally explain the observed
deviations of both the electron and the muon AMMs.
However, a light scalar of mass my < TeV, having sizable
couplings to the SM charged leptons is subject to diverse
experimental constraints. In search of finding the allowed
parameter space of our theory, in the following, we
summarize and analyze in great detail all the relevant
experimental constraints, and discuss the feasibility as well
as, testability of this theory.

A Fixed-target experiments

Electron beam-dump experiments [122—124] can probe
light scalars that have coupling with the electrons. In these
experiments light scalars can be produced via bremsstrah-
lung-like processes: e + N — ¢ + N + H. For a scalar of
mass my < 2m,, after traveling macroscopic distances, it
would decay back to electron pairs. The lack of such events
at the electron beam-dump experiments provide stringent
constraints [125,126] on the mass of the light scalar and its
corresponding couplings to the electrons, which is depicted
in the brown-shaded exclusion region in Fig. 5.

Another low-energy fixed-target experiment, HPS at the
JLab [127] is designed to search for heavy-photons.
Displaced decays of scalars that are produced via their
couplings to electrons can be detected in this experiment
within a few cm from the target [126]. The HPS projection
for a light scalar that couples to the electron is plotted as a
dashed-purple line in Fig. 5.

B. Dark photon searches

There are several experiments that search for the pres-
ence of dark-photons and their null observations can be
translated to provide stringent constraints on the allowed
parameter space of light scalars. KLOE collaboration [128]
searches for the dark-photons A, through the process:
ete” = yA,, with A; — e e™. The lack of such signals at
this experiment can be used to set constraints on the light
scalars [129] that have coupling with the electrons, which is
indicated by cyan-shaded region in Fig. 5.

Through a similar process, the BABAR collaboration
[130] also searches for the dark-photons with A; — £+¢~.
By recasting the results from BABAR, Ref. [131] provides
exclusion regions in the light scalar mass and Yukawa
coupling plane, which is depicted by a light-black shaded
region in Fig. 5. The dashed black line below this region
represents the projected sensitivity from the Belle-1I experi-
ment [132,133] for a similar process [126]. For a scalar
mass mpy > 200 MeV the dark-boson searches at the
BABAR [134] can be used to impose limits on Hutu~
coupling via e™e™ — uu~H process [126,135]. We recast
this result for our scenario, which is shown as light brown
shaded region in Fig. 5. The corresponding projected
sensitivity from Belle-II experiment [126,133] is also
presented by a dashed brown line.

C. Rare Z-decay constraints

Exotic Z decay of the type Z — 4u has been searched by
both the ATLAS [136] and the CMS [137] collaborations
at the LHC with 7 TeV, as well as 8 TeV data. The LHC
results have been interpreted as constraints on the process
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Z — utuH, with H — pu*u~ by Ref. [135]. We recast the
LHC results for our model, which is plotted as a purple
region in Fig. 5.

D. LEP and LHC constraints

Here, we discuss the existing collider constraints on the
neutral and charged scalars relevant for our setup.
Collisions of electron-positron at center-of-mass energies
above the Z-boson mass are carried-out at LEP experiment
[138], which impose stringent constraints on contact
interactions involving ete™ — ff processes. If a neutral
scalar (¢° = H, A) is heavy enough, integrating it out leads
to a d = 6 effective operator to describe the associated
contact interactions. LEP constraints are then directly
translated into the lower bounds on the mass of the scalar
for a given Yukawa coupling. The most constraining
process is the one with electrons in the final states and
the associated bound is found to be my/[y,| > 1.99 TeV
[139]. However, if the neutral scalar is light, the afore-
mentioned bound is no longer applicable. To properly
incorporate such a scenario, we implement our model file in
FEYNRULES package [140] and compute the cross section of
the process et e~ — ff using MADGRAPHS event generator
[141]. The generated data set is then compared with the
measured cross sections [138,142] to find the limits on
the mass m o as a function of its Yukawa couplings. The
obtained LEP bounds for our model is then projected in
Fig. 5 in blue-shaded region. As far as the LHC bounds,
most of the searches for heavy neutral scalars are done in
the context of either MSSM or generic 2HDM, which are
not directly applicable in our scenario since, ¢° has
negligible couplings to quarks, and therefore, cannot be
produced via gluon fusion. However, LHC bounds on
neutral scalars come out to be weaker than the LEP bounds
as discussed above due to its leptophilic nature.

Even though the charged scalars, H* do not couple to the
quarks, they can still be pair-produced through s-channel
Drell-Yan process mediated by Z or y at LEP. In our model,
each charged scalar produced, will then decay into £ + v.
These leptonic final states exactly mimic slepton searches
in supersymmetric models, and we use the associated LEP
limits and recast these results for our scenario, which
provides a lower bound for its mass my= > 110 GeV. The
collider constraints of this type of leptophilic charged
scalars are analyzed and discussed in detail in
Ref. [139]. At the LHC, the charged scalars can also be
pair produced via Drell-Yan process followed by leptonic
decays H* — ¢v. Such a leptophiliclike charged scalar will
be constrained from the LHC searches by processes
involving the left-handed selectrons/smuons/staus [143—
1451 pp — ¢} ¢1 — ¢;7°¢77°, which will mimic the
similar final states £Tv¢~v from HTH~ decays in the
massless neutralino limit. We adapt the /s = 13 TeV
CMS selectron search [145] limit and the current limits

[143] on stau searches, and translate into a bound on the
charged scalar mass. It is quite evident that the LHC limits
can be evaded by going to larger BR,, = 0.4, which is
achieved in our scenario by choosing an appropriate
Yukawa coupling y, ~0.1. The LHC searches do not put
any stronger bound on the mass of the leptophilic charged
scalar due to its tau-philic (mostly) nature.

It is quite important to mention that there will not be any
significant constraints from Higgs observables since we are
considering a scenario with almost no mixing between SM
Higgs, h and the other CP-even scalar, H. However, there
would still be a coupling between the SM Higgs and a pair
of the new neutral scalar (H). This would imply that the SM
like Higgs should have a decay to these light scalar pairs
and each of these light scalar will further decay into two
charged leptons. This four lepton final state signature will
be similar to the h — ZZ* — [TI11~]~ except the fact that
dilepton invariant mass can be reconstructed at the light
resonance instead of Z-boson mass. However, for simpli-
city, the relevant combination of quartic couplings between
the SM Higgs (h) and the light scalar H is chosen to be
small to avoid this constraint. The part of the scalar
potential that contains this vertex is as follows:

V D vhH? </1 + %) . (22)
The above-mentioned goal can be readily achieved by
assuming A3 &~ —24. This choice is completely consistent
and in this limit, the mass of H is entirely determined by the
free parameter m,,, whereas masses of A and H* remain
unaltered.

Moreover, it is quite interesting to mention that a light
neutral scalar in the mass range of (10 MeV—1 GeV) could
be probed via this Higgs-portal coupling looking at
4-lepton resonant search for the SM Higgs boson. This
is a smoking gun signal of our model. The investigation of
this effect is beyond the scope of this paper and shall be
presented in future work.

E. Electroweak precision constraints

The effects of NP on the self-energies of the gauge
bosons are parametrized in terms of oblique parameters S,
T, and U. From the EW precision data, these parameters
impose strong constraints on any NP beyond the SM and
have been calculated at the one-loop level for general
multi-Higgs-doublet models in Refs. [116,146—148]. In the
alignment limit, the 7" parameter in the 2HDM can be
expressed as:

1

T: f 2+7 2 f 2+9 2 _F 2’ 2 k)
st i )+ F iy )= F ()}

(23)
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FIG. 3. Scalar mass splittings allowed by the T parameter

constraint in the 2HDM. The yellow and green shaded regions
represent the 16 and 26 exclusion regions from the 7' parameter
constraint [19]. The horizontal and vertical grey shaded regions
indicate the positivity criteria for my > 0 and m, > 0, respec-
tively. Here, we set my= = 110 GeV.

where the symmetric function F is given by

o _ 1. 5 2 mim3 (”ﬁ)
F(my,ms) = 2(m1 + mj3) e In ) (24)
By analyzing these additional contributions, we find that
the bound on the T parameter imposes strong restrictions on
the mass splittings among the scalars in our scenario. As
discussed above, in this work we set my: = 110 GeV,
which is consistent with the aforementioned LEP precision
data. We then turn on the mass splitting between charged
scalar and the CP-even neutral scalar H as well as between
the charged scalar and the CP-odd neutral scalar A. Now,
we investigate the maximum possible mass splittings
allowed by the T parameter constraints. The corresponding
region plot is shown in Fig. 3. The yellow and green shaded
regions indicate the 1o and 2o exclusion regions from the T
parameter constraint, respectively. The horizontal and
vertical gray shaded regions corresponds to the positivity
criteria for my > 0 and m, > 0, respectively. From this
figure it is apparent that our scenario: m3; < m3,. = mj ~
O(110) GeV is well consistent with the EW precision
constraints.

F. Future implications at collider

Here we discuss the testability of the proposed scenario
in the upcoming experiments. As we discussed earlier,
explanations of the experimental data of Aa,, solely
depend on the existence of a light CP-even scalar. This
scenario can be tested at the LHC by looking at the novel

q q

FIG. 4. Representative Feynman diagram for the signal
pp — t7t"jj + Er at the LHC.

process pp — H*H*jj — 15t%jj + F;, and the corres-
ponding representative Feynman diagram is presented in
Fig. 4. It is interesting to note that if the mass splitting
between the CP-even and CP-odd neutral scalars is turned
off, then the amplitude for this process will be exactly zero.
Correspondingly, our scenario will fail to explain the lepton
AMMs, since a large mass splitting is essential to properly
incorporate Aa, , data as discussed above. Hence, observed
deviations in the lepton AMMs are directly correlated with
the signal pp — t*t%jj + [ in our set-up. Due to this
complementarity, this particular explanation of the electron
and the muon g — 2 within the 2HDM can be tested by this
novel same sign charge lepton process. This same-sign
charged lepton signature via vector-boson fusion process at
the LHC has been studied extensively in Ref. [149],
although in a different context. We recast this analysis
for our case and obtain the projected sensitivity for the
signal pp - H*H*jj — t*7%jj + F; at the LHC for
center of mass energy 14 TeV with integrated luminosity
L = 3 ab~! and also for the center of mass energy 27 TeV
with integrated luminosity £ = 15 ab=!. We find that a
charged scalar of mass 282 GeV (630 GeV) can be probed
at the 14 TeV (27 TeV) LHC with integrated luminosity
L =3ab! (£L=15ab™!) while there is 110 GeV mass
splitting between CP-even (H) and CP-odd (A) scalar.
These projected sensitivities are shown in Fig. 5 by
black dashed lines. Another interesting collider prospect
that we briefly mention here is the decay of the SM Higgs
into a pair of light scalars. As can be seen from Fig. 5
that the light scalar of mass ~((200) MeV, which is
experimentally allowed can incorporate the deviations
in the lepton AMMs. A light scalar around this mass
region is particularly interesting since, the pair produced
light scalars from the decay of the SM Higgs, will further
decay into two electrons or two muons. The process
pp = h— HH — ptu"u~u~, which is consistent with
current experimental observations, however, this can be
tested in future experiments, such as, HL-LHC and/or
FCC-hh. The associated detailed collider studies are
beyond the scope of this paper and are left for future work.
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FIG. 5. The parameter space in Yukawa coupling (y;, whrere / = e or u) vs mass (my) plane consistent with both the electron and
muon AMMs. The green (red) and yellow (pink) regions represent the experimental 1o and 26 bands for the electron (muon) AMM Agq,
(Aay). The color shaded regions with solid boundary denote the excluded parameter space by current experiments: brown region from
the electron beam-dump experiments [122—124]; cyan and light black regions from the dark-photon searches through e*e™ — yH
process at KLOE [128] and BABAR [130] respectively; light brown region from the e™e™ — p*u~H searches at BABAR [134]; blue
shaded region from LEP [138]; purple region from CMS [137]. In this plot, we also present the projected sensitivities from several
proposed experiments: heavy-photon searches (HPS) from JLab experiment (dashed purple line) [127]; dark-photon searches through
ete™ — yH process and ete™ — u'p~ H process from Belle-II (dashed black and dashed light brown lines respectively) [132,133]. The
projected sensitivities for the signal pp — H*H*jj — t*t%jj + F; at the LHC for center of mass energy 14 TeV with integrated
luminosity £ = 3 ab™! and also for the center of mass energy 27 TeV with integrated luminosity £ = 15 ab™! are shown by black
dashed vertical lines. The y, coupling is independently constrained from electron beam-dump experiments [122—124], the dark-photon
searches through ee™ — yH process at KLOE [128], BABAR [130] and LEP [138] experiment; whereas the ¥, coupling is constrained

from the ete™ — u"pu~H searches at BABAR [134] and LHC [137] experiments.

G. Synopsis

All the aforementioned current experimental constraints
applicable to our model, along with the future sensitivities
are summarized in Fig. 5. On top of that, we have also
plotted the experimentally measured values of AMMs of
the electron and muon within 2¢ allowed range that
arise from all the BSM degrees of freedom within this
scenario. It is evident from this summary plot that despite
numerous tight constraints, the CP-even scalar H can
remain light and live in the O(10)-MeV to O(1)-GeV
mass range, and contribute simultaneously to both Aa,,
with correct magnitudes and signs. In the lower mass
regime my < O(10) MeV, it is incapable of explaining
observed values of Aa, and Aa, simultaneously regardless
of other experimental constraints. On the contrary, in the
opposite side of the parameter space, i.e., for my >
O(1) GeV, even though a concurrent explanation of
both Aa, and Aa, is possible, however, various exper-
imental constraints kill this portion of the parameter space.
Concerning these bounds depicted in Fig. 5, a few com-
ments are in order. The y, coupling is independently
constrained from electron beam-dump experiments
[122-124], the dark-photon searches through ete™ —
yH process at KLOE [128], BABAR [130] and LEP [138]
experiment; whereas the y, coupling is constrained from
the eTe™ — utuH searches at BABAR [134] and LHC
[137] experiments. The eTe™ — utu~H searches at
BABAR [134] and ete™ — uTu~ searches at LEP [138]

depend on both the Yukawa couplings y, and y,. However,
the constraints from e*e™ — p™u~H is uniquely imposed
on y, since this process is mostly dictated by the s— channel
Z/y exchange for somewhat smaller values of the Yukawa
couplings relevant to our study. It is needless to mention that
the process e"e™ — u"u~H can be possible with the H,
emitted from e~ or e? in the initial states. This process is
solely dependent on the Yukawa coupling y, and which is
already taken into account under the dark-photon searches
through e*e™ — yH. Note that the ete™ — u*u~ searches
at LEP [138] can not impose bounds on y, independently.
On the contrary, bounds from ete™ — e'e™ searches at
LEP [138] are more stringent and over-shade the bounded
parameter space from e™e™ — uT ™ searches for the region
of our interest.

To make it more vivid, in Fig. 6, we show the parameter
space in the Yukawa coupling plane (y, —y,) which can
explain the electron (muon) AMM Aa, (Aa,) consistent
with all the experimental constraints considered in Fig. 5
for two benchmark values corresponding to my =
100 MeV (left panel) and 1 GeV (right panel). As one
can see from Fig. 6, any values of y, within the green and
yellow bands can explain the electron AMM at 1o and 20
level, which is independent of the other Yukawa coupling
y,- Similarly, y, values within the red and pink bands can
satisfy the muon AMM at 1o and 20 level, regardless of y,.
In these plots, we allow the values of y, and y, such that the
upper limits on the y, and y, obey the stringent limits,
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FIG. 6. The green (red) and yellow (pink) regions represent the experimental 1o and 2¢ bands for the electron (muon) AMM Aaq,
(Aa,)iny, — y, plane consistent with all the experimental constraints. We set my = 100 MeV (1 GeV) for the left (right) panel. These
plots demonstrate the required values of the electron and muon Yukawa couplings for simultaneously explanations of Aa, and Aa, for a
fixed value of my. It should be understood that as long as the Yukawa couplings are within the red (pink) and green (yellow) bands for
the muon and the electron, respectively, a simultaneously solution to both Aa, and Aa,, are achieved within their 16 (20) experimental

measured values.

mainly coming from the BABAR experiments. It should be
understood that as long as the Yukawa couplings are within
the red (pink) and green (yellow) bands for the muon and
the electron, respectively, a simultaneously solution to both
Aa, and Aa, are achieved within their 16 (20) experi-
mental measured values. Moreover, the overlapping region
does not carry any special significance.

IV. CONCLUSION

Motivated by the recent precise measurement of the
electron AMM a,, which shows a significant deviation
from the SM prediction, together with the intriguing
deviation observed in the muon AMM a,, we have
proposed a novel scenario consisting of a light neutral
scalar H that is behind the origin of both these anomalies.
By properly taking into account theoretical and all existing
experimental constraints, we have shown that a wide range
of parameter space O(10) MeV < my < O(1) GeV is still
allowed, which provides correct sizes and signs for both the
a, and a,. This is a highly nontrivial task since the light

scalar is required to have sizable couplings to all the SM
charged leptons, and consequently is under severe experi-
mental constraints. We have demonstrated how such a light
CP-even scalar naturally arises from general 2HDM and
serves the required purpose. Our model predicts that the
light scalar H must be accompanied by nearly degenerate
charged scalar H' and a pseudoscalar A that have masses
of the order of the EW symmetry breaking scale. As we
have shown by detailed analysis, the currently allowed
parameter space can be probed entirely in the upcoming
experiments, which will either discover NP or completely
rule out our scenario. A complementarity test of this
scenario at the LHC by seeking the novel process pp —
H*H*jj — I*I*jj+ [ via same-sign pair production of
charged Higgs bosons is also discussed.
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