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We explain anomalies currently present in various data samples used for the measurement of the
anomalous magnetic moment of electron (a.) and muon (a,) in terms of an Aligned 2-Higgs Doublet
Model with right-handed neutrinos. The explanation is driven by one and two-loop topologies
wherein a very light CP-odd neutral Higgs state (A) contributes significantly to a, but negligibly
to ae, SO as to revert the sign of the new physics corrections in the former case with respect to the
latter, wherein the dominant contribution is due to a charged Higgs boson (H i) and heavy neutrinos
with mass at the electroweak scale. For the region of parameter space of our new physics model
which explains the aforementioned anomalies we also predict an almost background-free smoking-
gun signature of it, consisting of HT A production followed by Higgs boson decays yielding multi-r
final states, which can be pursued at the Large Hadron Collider.

I. INTRODUCTION

the anomalous magnetic moments of muon and electrons [II 2]:

da, = af® — aiM = (278 £88) x 1071,

dae = a®P — M = (—87 £ 36) x 10714,
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analysed as possible origin of the results in .

It is tempting to conclude that the time-honoured discrepancy between the Standard Model (SM) prediction for
the muon anomalous magnetic moment and its experimental measurement is a firm indication of New Physics (NP)
Beyond the SM (BSM). Moreover, after improving the determination of the fine structure constant, it recently turned
out that there is also a significant difference between the experimental result of the electron anomalous magnetic
moment and the corresponding SM prediction. According to the latest results, we have the following deviations in

which indicate a 3.10 and 2.40 discrepancy between theory and experiment, respectively. Fermilab and J-PARC
experiments [3, 4] are going to explore these anomalies in the near future with much higher precision, but now it is
worthwhile speculating what possible NP phenomena might lie behind these two measurements. In doing so, it should
be noted that da. and da, have opposite signs, which provides a challenge for any BSM explanation attempting to
account for both of them simultaneously. This generated growing interest and several extensions of the SM have been

It is clear that any Electro-Weak (EW) scale NP effects that may explain the a, result will lead to corrections to
ae of order 1075 times smaller, due to the typical relative suppression generated by the mass ratio (m./m,)?, and,
crucially, with the same sign. Therefore, the anomalies of a, and a. cannot be resolved simultaneously with the
same NP contribution, unless it violates lepton flavour universality in a very peculiar way, so as to give a positive

contribution to a, and a negative one to a.. Some attempts along this line were in fact pursued by Ref. [5H26].

In this paper, we analyse the anomalous magnetic moment of muon and electron in a 2HDM with RH neutrinos
and aligned Yukawa couplings. We emphasise that, in this class of models, one can account for the a. through one-
loop effects generated by the exchange of RH neutrinos and charged Higgs bosons. At the same time, the measured
value of a, can be obtained accurately through two-loop effects generated by a light CP-odd neutral Higgs state in
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combination with charged leptons. This phenomenology requires the H* and A states to be relatively light, so that
their pair production process has a sizeable cross section at the Large Hadron Collider (LHC), thereby enabling one
to fingerprint this A2HDM with RH neutrinos in the years to come.

The plan of this paper is as follows. In the next section we describe our NP scenario. In the following one we
present the formulae for a. and a,. After this, we present our results for the two anomalous magnetic moments and
the aforementioned H* A signature in two separate subsections. We then conclude.

II. A2HDM WITH RH NEUTRINOS

The most general Yukawa Lagrangian of the 2HDM can be written as
—Ly = QY (Y{4®1 + Y34®2) df + Q7 (Y{u‘il + Yéuci’z) up + L, (Y{, @1 + Y3, ®2) U
+ Iy, (Y], @1+ Y5,®2 ) v + hoc, (2)

where the quark Q , v, dr and lepton L', £, v}, fields are defined in the weak interaction basis and we also included
the couplings of the Left-Handed (LH) lepton doublets with the RH neutrinos. The ®; 2 fields are the two Higgs
doublets in the Higgs basis and, as customary, P, = io?®;. The Yukawa couplings Yl’j and Yz’j, with j = u,d, ?,
are 3 X 3 complex matrices while Y7, and Y3, are 3 X np matrices, with nr being the number of RH neutrinos.
Besides implementing the standard Z5 symmetry, potentially dangerous tree-level Flavour Changing Neutral Currents
(FCNCs) can be tamed by requiring the alignment in flavour space of the two Yukawa matrices that couple to the
same right-handed quark or lepton. This impliesﬂ

V3a=CY1a=CaVe, Yo, =GY . =CYs Yo, =CY{,=4Y, Y3, =0Y{,=0Y,. 3)

Renormalisation group effects can introduce some misalignment in the Yukawa couplings. These provide negligible
FCNC contributions in the quark sector suppressed by mass hierarchies mqm?, /v® [27, 28].

lAligned Type I Type II Type III Type IV‘
Cu cot 5 cotf3 cot 3 cot 3
Ca cotB —tanfB —tanf cotpf
G cotf —tanf cotf —tanf

TABLE I. Relation between the (5 couplings of the A2HDM and the ones of the Z> symmetric scenarios.

The Yukawa Lagrangian in Eq. generates a Dirac mass matrix for the standard neutrinos and can also be
supplemented by a Majorana mass term M}, for the RH ones

1
Ly = il/}zTCM}%z/}{ +h.c., (4)

where C' is the charge-conjugation operator. In particular, by exploiting a bi-unitary transformation in the charged
lepton sector and a unitary transformation on the RH neutrinos, L) = UL Ly, E’R = Uf% lr and u}% = Ui g, it is
always possible to diagonalise (with real eigenvalues) the charged lepton and Majorana mass matrices at the same
time,

2
U},YZUI% = Yé = %diag(mev m#a m‘r) 9
Ut MpUY% = Mg = diag(My, ... M,,,), (5)

while Y, = UzYlfU}’% remains non-diagonal. In this basis the neutrino mass matrix can be written as

7]_ T 71 T T 0 Mp 12
7EMV*§NLCMNL+h'C'7§(VL vy )C(Mg Mp, ve | (6)

1 We have assumed real ¢s. Notice also that the alignment in the neutrino sector is not a a consequence of the requirement of the
absence of FCNCs. Nevertheless, we assume that the same mechanism that provides the alignment in the SM flavour space also holds
for neutrinos.
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FIG. 1. Relevant Feynman diagrams contributing to the g — 2 of the electron at one-loop order. Only the charges vector (Wi)
and charged Higgs (H i) currents are shown.

with Mp = 5V, being the neutrino Dirac mass. This can be diagonalised with a unitary (3+ngr) x (3+ng) matrix

U, via
v\ vi N\ _( U UL v
()= (i) = (o o ) () @

such that M, = UT MU provides the masses of the three light active neutrinos v; and of the remaining np heavy
sterile neutrinos vy,.
The Yukawa interactions of the physical (pseudo)scalarsﬂ with the mass eigenstate fermions are then described by

V2T _
—Ly = o [U(—Cu My Vua Pr + Ca Vama Pr)d + 71(—C, ma, UL, Py + G U, me Pr)e

+ op(—C My, Uzh Pp+¢ Uzh mye PR)E] HT +he.

1 - 1
t= > Y GefmpPrf+— Y & mUL + UL Pr(Usim, vf + Uwm, v5) + he., (8)
v v
¢=h,H,A f=u,d,l ¢=h,H,A

where the couplings of the neutral Higgs states to the fermions are given by
£, =Ri1 + (Ria — iRis)(; fie =Ri1 + (Riz + iRi3)Cae, (9)

where the matrix R diagonalises the scalar mass matrix. Because of the alignment of the Yukawa matrices all
the couplings of the (pseudo)scalar fields to fermions are proportional to the corresponding mass matrices, hence
the A2HDM acronym. Therefore, this 2HDM realisation is notably different from the standard four Types [29H31],
wherein the Yukawa couplings are fixed to well defined functions of the ratio of the Vacuum Expectation Values
(VEVs) of the two Higgs doublets, denoted by tan 3, see Tab.

Then, the charged Higgs boson currents in the lepton sector are given by:

V2 V2

2
—£50 = 226 | UL + 0 UL me Prt] HY = 220, (U] my, 4+ 20 U my, ) PLe) H +hie. (10)

v

Finally, the neutral and charged gauge boson interactions of the neutrinos are

Lz = m(ﬂl Uzl +n U}:h)'yu(ULl v +Urn Vh)Zp,,
Lw = _\% [(Dl ULy + o L7 Pr 4 W, +he. (11)

We refer to [32] for further details on the model.

2 Note that, in a generic 2HDM with complex Higgs doublet fields, of the initial 8 degrees of freedom, upon EW Symmetry Breaking
(EWSB), 5 survive as physical Higgs states: 2 CP-even, h and H (with, conventionally, m; < mp), 1 CP-odd, A, and 2 charged ones
with undefined CP, HE.



IIT. ANOMALOUS MAGNETIC MOMENTS

The one-loop contributions to the anomalous magnetic moment of either lepton are

Grm
a= 4272 [g(a) +9@) + 9(e) + 9(a) + g2mpM]

where the individual terms are

: 5 1 m?
st =2 YO [§ + 17| + Ot
=1

5 m;,
g 9w M2

: 2 C€2 L? 4
9e) =2 E [(ULi)eql {— } +O0(my),
gt ’ 12 M2

ngr
9w =2 |(Urn)esl +0(mj),
=1

nRr m2
9y = QZ|(ULh)M|2gHi <M2 > +0(m3),

i=1

gonpm = O(m3),

with
Gus (x) = —x + 622 — 323 — 22* + 623 logx
WE = Az — 1) ’
2 2(—1+ 2% —2zlog )
Grrs (1) = 5 Gw=(0) + GG

(14)

The index of the contributions corresponds to the different subfigures in Fig. [I] where, for simplicity, we show only the
diagrams determined by the charged currents. The contribution g(,) alone would exactly correspond to the SM case
if it were not for the rescaling induced by the neutrino mixing matrix. Nevertheless, the constant terms in g(,) and
g(v) sums up to the SM result of 5/3 due to the unitarity of such a mixing matrix. Therefore, these can be neglected
since they do not contribute to the NP part. The term goppym contains all the neutral Higgs boson contributions
which are typical of the 2HDM alone. These are typically suppressed by a factor of mf / mi, with ¢ being one of the

neutral (pseudo)scalar states of the 2HDM.

We can then write the contribution to (g — 2)¢, £ = e, i1, due to charged currents as follows:

o w*

n 2
H* Gpm,% R 2 muh my,

= = U l 2
% =0t 2\/%221.:1‘( en)eil” |G M3, 9= | 3p

The contribution to (g — 2)g, £ = e, u, from the neutral (pseudo)scalars is

Gpm? m2 m2

0 ¢ F 1oy 2 e L

a; = E a? = E 7
¢ 7 £ 422 é=h,H A(€Z) m¢> 7 (mi>

where

7 11
Fh(x):FH(x):féflogx, fA(x)ngrlogx.

For the sake of completeness, we also give the Barr-Zee two-loop diagram contributions, [33H38]

G m2a m 2
two-loop Fllty c ¢ €

a = —— N$Q )
£ 4/273 Z Z f fgé 5 ( )

¢=h,H,A f ¢

where N/ is the number of colours and @ the electric charge while

G¢(x)=/0 & : Jo(2) log z(l—z)’ with  §y(z) = { 22(1—2)—1, gzﬁih,H

2(1—2)—x x

(16)

(17)



two-loop

The total contribution to the g — 2 is thus given by a, = azt + af} +a,
Finally we present the Branching Ratio (BR) of the Lepton Flavour Violating (LFV) decays ¢, — {gvy (with
a, =e,u,1), as follows:

"R mgh m?,h
BR(ga - 657) =C Z(Uzh)ai(ULh)ﬁi [gwi <M21> + G+ <M2 - )1 ’ (20)
i=1 w H=*
with
_ a%/VS%/V Mg, ! mge, (21)
25672 \ My ) Ty’

where 'y is the total decay width of the lepton ¢, and the loop functions are given above. The structure of the
loop corrections is obviously the same as the one appearing above in the charged current corrections to (g — 2),. The
measured BR of these LF'V decays will act as a constraint in our analysis.

IV. RESULTS

The solution of the a, anomaly relies upon a light pseudoscalar state A contributing to the dominant two-loop
Barr-Zee diagrams, as customary in 2HDMs. The explanation of the anomaly is particularly simple in the ‘lepton-
specific’ 2HDM scenario, also dubbed Type-IV, in which the couplings of the A and H* bosons to the leptons can be
enhanced (for large tan 3) while those to the quarks are suppressed (being proportional to tan~! 3). Indeed, while it
is always possibile to enhance the couplings to the leptons in any of the four standard realisations of the 2HDM, in
Type-I and -IIT this is done at the cost of increasing the couplings to the up quark (for small tan 3). As a consequence,
one faces a strong constraint from the perturbativity of the top-quark Yukawa coupling. In the Type-II, instead, the
couplings to the down-quarks are enhanced (for large tan 3) and severe bounds are imposed by flavour physics and
direct searches for extra Higgs bosons. These issues can be much more easily addressed in the A2HDM since the
couplings to leptons and quarks are disentangled and (, can be raised independently of ,, and (.

It is worth emphasising that a simultaneous explanation of both the a. and a, anomalies cannot be achieved
neither in the Z5 symmetric scenarios of the 2HDM nor in the pure A2HDM, since the contributions to the anomalous
moments have a fixed sign as they both originate from the same {;. In [26], this constraint has been overcome by
decoupling the electron and muon sectors, where all Yukawa matrices can be made diagonal in the fermion mass basis
[39, [40]. Here, instead, the degeneracy will be broken by exploiting the lepton non-universality that naturally arises
in RH neutrino models: augmenting the A2HDM with RH neutrinos can allow for an independent solution to ae.
This is obtained with the one-loop diagrams shown in Fig. [1| provided that the charged Higgs boson is not too heavy
to suppress the loop corrections.

The mass of the charged Higgs boson is bounded from below by direct searches at LEP II. In particular, searches for
H? pair production provide my+ > 93.5 GeV at 95 % Confidence Level (CL) [41] assuming the charged Higgs only
decays leptonically into 7v. Since the mass of the pseudoscalar A state is thus required to be much lighter than the
charged one, our scenarios realises the mass hierarchy m4 < mg+ ~ mpy. The almost degeneracy between the heavy
neutral scalar and the charged Higgs state is induced by the constraints on the EW Precision Observables (EWPOs),
i.e., S,T and U. Indeed, the most stringent one arises from custodial symmetry and reads asﬂ

myg

AT ~ ——=
32m2qu?

(myg+s —mp), (22)
which fixes the mass splitting to (my+ —mpg) ~ O(10 GeV).

As quoted above, the scenarios with light scalar states is strongly constrained by flavour physics, in particular
by neutral meson mixings (AM, and ex), leptonic decays of neutral and charged mesons as well as radiative B
decays (b — sv). These mostly depend on mpy=+, (4. Such measurements are reconciled in our setup simply by
requiring a sufficiently small ¢, 4 which we will set to zero for the sake of simplicity. This in turn implies that the
Yukawa interactions in our BSM scenario are purely leptophilic. This configuration also naturally complies with void
searches for extra (pseudo)scalars at the LHC. In this respect, we have required that the Higgs sector of our model
is compliant with the experimental constraints implemented in HiggsSignals [42] (capturing the LHC measurements

3 The expression for AT assumes the mass hierarchy m4 < myz < mpg+ ~mpy and sin(8 — a) ~ 1.
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FIG. 2. The 1 and 20 regions of the anomalous magnetic moment of the muon in the parameter space of m4 and {,. For the
sake of definiteness, the mass of the charged Higgs has been chosen as my+ = 200 GeV.

of the discovered Higgs bosorED and in HiggsBounds [43] (enforcing limits following the aforementioned void searches
for the H, A and H* states at past and present colliders).

Contributions mediated by the charged Higgs states also affect the leptonic decays ¢; — £;vv at tree level, with
the stronger constraint coming from 7 — uvv [44, [@5]. The corresponding bound projects onto the ratio z =
¢ mymy/m?3,. and gives |z| < 0.72 at 95% CL [46].

Finally, upper bounds on LFV processes, (BR(u — ey) < 4.2 x 107, BR(t — evy) < 3.3 x 1078, BR(7 —
wy) < 4.4 x 1078 at 90% CL) constrain the RH neutrinos interactions with the charged leptons. The charged Higgs
boson also affects these decays with a large contribution. Since a RH neutrino is only employed in the explanation
of the a. anomaly, a non-negligible mixing is strictly required with the electron family. Therefore, the stringent
constraint from p — ey and the milder one from 7 — ey can be satisfied by simply relying on the hierarchy
|(ULh) 7 v, ‘(ULh)#Vh,| < |(ULn)ew, |-

A. Predictions for da. and da,

The contribution to da. arising from the W+, encoded in the Gy + function defined in Eq. , is negative but
it can never be enhanced being fixed by the gauge interactions. For mﬁhv J/ME, > 1, G+ ~ —1/2. The impact of
the charged Higgs boson in the loop functions is, however, much different. As an example, for large heavy neutrino
masses, it saturates to Gy ~ (¢, /2 — (2 /6 or behaves as Gy ~ ((1(, /2 — (2/12)(m2, /m7,.) for larger my+. In
both cases, the solution of the a. anomaly is facilitated by large and opposite (; and (,,. The same effect would also
push the predicted a, in the opposite direction with respect to the current measurement. This is not an issue since
the same hierarchy |(Urn)uw,| < [(ULh)ew, | required to prevent the LEV bounds also suppresses the contribution of
the charged Higgs boson to the muon g — 2. As well known in the literature, the latter can be explained in the 2HDM
by the two-loop Barr-Zee diagrams of the neutral scalars which provide a positive correction for sufficiently light A.
This contribution may compete in a. against the one-loop effects discussed above but it is found to be subdominant
in most of the parameter space.

The results of our analysis are depicted in Figs. |2| and El The former shows the regions in which the predicted a,,
is within 1 and 20 around the measured central value. These are projected onto the most relevant parameter space
defined by my4 and (;. The mass of the charged Higgs boson has been fixed at a reference value of my+ = 200 GeV.
Different choices of my+ slightly modify the contours shown in the plot. In Fig. [3] we show the prediction for a..
The points are generated by scanning over the parameter space of the model and comply with the experimental and
theoretical bounds quoted above while reproducing a,, within the 20 range. The parameters are scanned as follows:
m,, € (200,2000) GeV, mgi,my € (100,1000) GeV, ma € (10,60) GeV, (¢ € (—150,150) and |(Urp)uw, | €
(1075,1073). In Fig. a) and (b), (g — 2). is plotted, respectively, against ¢, and the effective coupling ¢, Y, which
characterises this model and that has been extensively discussed in [32]. The vertical dashed line shows the maximum

4 In our BSM scenario this is the h state.
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FIG. 3. The anomalous magnetic moment of the electron as a function of (a) {, and (b) the effective neutrino coupling (. Y..
The horizontal solid, dashed and dot-dashed lines correspond, respectively, to the central value, the upper 1o band and the
upper 20 band. The vertical dashed line in (b) represents the maximum allowed value for Yeg = (.Y, from perturbativity.
All the points satisfy the experimental and theoretical constraints as explained in the text and reproduce a, at 2o level. (c)
Distribution of points in the ({,,{¢) plane complying with all current experimental and theoretical bounds as well as with the
solution of the a. and a, anomalies at 20.

allowed value required by pertubativity. Finally, Fig. c) shows the distribution of points along the (, and (,
directions compliant with all the bounds discussed above as well as a. and a, measurements within 20. As mentioned
already, the two couplings must necessarily have opposite signs.

B. LHC phenomenology of the extra (pseudo)scalar bosons

In the leptophilic scenario delineated above, the light pseudoscalar state A can decay at tree-level via A — 77 with
BR close to 100%. For the charged Higgs boson, instead, the two main open decay modes are H* — AW =, where the
interaction is completely fixed by the SU(2), gauge coupling, and H* — 7%, which is controlled by the ¢, coupling.
Analogously, for the heavy neutral scalar state H the two leading decay modes are H — 77 and H — AZ. For large

mpy+,my, the BRs of the H* and H are solely controlled by the coupling g, = ¢, m,/mpy+ and are approximated
by

1 297
. BR(H* — 7*v) = BR(H — = £ _ 23
15282 ( V) ( TT) 1+ 242 (23)

Since the couplings to the quarks are suppressed, the main production modes proceed through the EW interactions.
The relevant processes are

pp—>HTA,  pp—HA, pp—H*H, pp—>H'H", (24)

BR(H* — AW*) =BR(H — AZ) =

with the corresponding cross sections being only functions of the masses of the corresponding particles. The cross
sections at the LHC are computed with MadGraph [47] and are shown in Fig. [d] The largest contributions arise from
H*A and HA.

The main signatures resulting from these processes are characterised by final states with several 7 leptons
3r+ Er, 4 + W, 4r, 47+ Z, (25)

where the first two stem from H* A production (with a subleading component from H* H) while the last two arise
from the HA production. A thorough analysis is beyond the scope of this paper. In order to get a feeling of the
potential of these channels, here we list only an estimate of the inclusive cross section for the corresponding SM
background
osm(ZW*E = 37+ Fr) ~94fb,  osu(ZZWE = 47 + WF) ~ 3.2 x 1072 fb,
osm(ZZ — 47) ~ 111b, osm(Z27Z — 4t + Z) ~ 1.1 x 1072 fb. (26)

5 We neglected small deviations from sin(8 — a) = 1.
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FIG. 4. The LHC production cross sections of pairs of the extra Higgs bosons as functions of ma and mgy+ = mg.

V. CONCLUSIONS

The measurements of the the anomalous magnetic moment of electron and muon are amongst the most precise ones
in the whole of particle physics, probing not only the structure of the SM but also the possibility of BSM theories
entering these experimental observables. Intriguingly, both of these are currently showing some anomalies with respect
to the SM predictions. Crucially, the two results go in different directions, i.e., the measurement of a, exceeds the
SM result while that of a. lies below the corresponding SM yield. This circumstance makes it difficult to find BSM
solutions, as multiple new particles are generally needed, each contributing its corrections in different directions, i.e.,
with different signs, unless significant violation of discrete quantum numbers is exploited.

In this paper, we adopted an A2HDM supplemented by RH neutrinos, respecting all the SM symmetries. In such a
BSM framework, a possible explanation to the aforementioned anomalies can be attained through one and two-loop
topologies wherein the contribution from a very light CP-odd neutral Higgs state interacting with leptons, is tensioned
against the one due to a charged Higgs boson interacting with the new heavy neutrinos, the latter with mass at the
EW scale. Crucially, such a spectrum is able to explain the two leptonic anomalous magnetic moment measurements
while also predicting new hallmark signals in the form of ¢ — H* A production yielding multi-r final states, which
are almost background free at the LHC and thus accessible already with current data samples.
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